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Abstract 

 

Electroactive polymers are a new class of materials that are capable of converting electric energy into mechanical work or 
vice versa. Dielectric elastomer transducers consist of a dielectric elastomer between two compliant electrodes. When the 
elastic capacitor is electrically charged, the dielectric elastomer elongates until a balance of elastic and electrostatic force is 
reached (actuator mode). Electrical energy is converted into mechanical work. Contrary, in the generator mode, the capaci-
tor is stretched by an outside mechanical force. The mechanical work is converted into electrical energy due to the change 
of capacitance. In sensors, the mechanical stress deforms the elastic capacitors and the change in capacitance can be used 
for sensing. 

 

The need of a high voltage power supply is the main obstacle for the elastomer transducer technology in various applica-
tions. Siloxane elastomers are the most frequently tested elastomers with excellent mechanical stability, processability and 
electrically insulating properties. It is well-known that an increase in permittivity of the silicone elastomer would allow a re-
duction of the driving voltage of the elastic transducer. Hence, manifold research activities have been initiated to enhance 
the permittivity of siloxane elastomers. Several high permittivity silicone elastomers and silicone composites were reported. 
However, those materials could not prove the same mechanical stability or processability like well-stablished silicone elas-
tomers.    

 

In the present work, siloxane elastomers were developed that combined increased permittivity with high mechanical stabil-
ity and cost-efficient processability of the siloxane materials. The synthesis of polar thiols as the first step of siloxane func-
tionalization was studied. Serious challenges in the synthesis of polar groups that can be integrated by thiol-ene addition as 
side group of polysiloxanes were found. Therefore, commercially available alkylthiols were selected for the functionaliza-
tion of siloxane due to their chemical stability. 

 

The alkylthiols were grafted onto the polysiloxane by thiol-ene addition and subsequently cross-linked in the well-
established organotin-catalyzed condensation reaction. The impact of different types of cross-linker on the electro-
mechanical properties of the polar siloxane elastomers was analyzed. A significant improvement in the performance of ac-
tuator test devices was demonstrated. In addition, the electromechanical stability of the polar siloxane elastomer was illus-
trated by 50.000 actuation cycles. However, solvent had to be used in the production process of the siloxane elastomers 
and the cross-linking reaction time was about two days.  

 

Apart from their application in thin film actuators, these polar siloxane elastomers were studied with respect to their per-
formance in dielectric elastomer generators together with siloxane composites. Nanospring carbon nanotubes were blend-
ed as high permittivity fillers in siloxanes subsequent to cross-linking. Indeed, improved performances of the high permittiv-
ity silicone elastomers were found and a deeper understanding for the design of dielectric elastomers for generator 
applications was gained. 

 

The most significant result of this work was the development of polar siloxane elastomers that could be processed into thin 
film elastomers without any solvent within a few minutes. Two different synthetic approaches were developed based on 
low viscosity mixtures of cross-linkable oligo(ethylthioethyl)(methyl)siloxanes and multifunctional thiol cross-linkers. The 
cross-linking reaction was selectively initiated by UV-induced radical formation. These siloxane elastomers possessed an in-
creased permittivity and showed a high electromechanical stability in actuator tests illustrated by 180.000 actuation cycles. 
This novel synthetic approach to polar silicone elastomers might be applied to other interesting polar siloxanes.   

 

 Keywords: dielectric elastomers, dielectric elastomer transducer, siloxanes, polar silicone elastomers, permittivity, thiol-
ene addition, cross-linking reactions.    
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Zusammenfassung 

 

Elektroaktive Polymere sind eine neue Materialklasse, die elektrische Energie in mechanische Arbeit umwandeln und um-
gekehrt. Ein dielektrisch-elastischer Wandler ist ein Kondensator bestehend aus einem elastischen Dielektrikum fixiert zwi-
schen zwei flexiblen Elektroden. Wenn dieser elastische Kondensator aufgeladen wird, verformt sich das Elastomer bis ein 
Gleichgewicht aus elastischem und elektrostatischem Druck erreicht ist. Elektrische Energie wird dabei in mechanische Ar-
beit umgewandelt. Ein solches Bauteil wird als dielektrisch-elastischer Aktor bezeichnet. Umgekehrt wird ein aufgeladener 
dielektrisch-elastischer Generator durch einen äusseren mechanischen Druck gedehnt und dadurch elektrische Energie ge-
wonnen. In Sensoren deformiert der äussere mechanische Druck den elastischen Kondensator, was zu einer entsprechen-
den Änderung der Kapazität führt, die gemessen werden kann.  

 

Die hohen Betriebsspannungen sind das Haupthindernis der dielektrischen Elastomer-Technologie in vielen Anwendungs-
gebieten. Silikon-elastomere gehören zu den oftmals verwendeten Elastomeren aufgrund ihrer exzellenten mechanischen 
Stabilität, Verarbeitungsmöglichkeiten und elektrisch-isolierenden Eigenschaften. Bekanntermaßen würde eine Erhöhung 
der Permittivität des Silikonelastomers eine Erniedrigung der Betriebsspannung ermöglichen. Deshalb wurden einige For-
schungsanstrengungen unternommen, die Permittivität des dielektrischen Elastomers zu erhöhen. Unzählige Silikonelasto-
mere und Silikonkomposite mit erhöhter Permittivität sind bekannt aus der Literatur. Jedoch konnten diese Materialien 
bisher nicht die gleiche mechanische Stabilität und Verarbeitbarkeit von industriellen Silikonelastomeren nachweisen.    

 

In der hier vorgelegten Arbeit wurden Silikonelastomere entwickelt, die eine erhöhte Permittivität mit hoher mechanischer 
Stabilität und kostengünstiger Verarbeitung der Siloxane kombinieren. Zunächst wurden die Möglichkeiten der Synthese 
polarer Thiole erforscht. Dies war der erste Schritt der Funktionalisierung des Siloxans. Ernsthafte Schwierigkeiten bezüglich 
der Synthesemöglichkeiten polarer Gruppen, die mittels Thiol-En Addition als Nebengruppe des Siloxans integriert werden 
können, wurden entdeckt. Dementsprechend wurden kommerziell erhältliche und chemisch unreaktive Alkylthiole für die 
Funktionalisierung des Siloxans ausgewählt. 

 

Die Alkylthiole wurden mittels Thiol-En Addition an das Siloxan gebunden und anschliessend durch die wohlbekannte Silo-
xankondensationsreaktion unter Organozinnkatalyse vernetzt. Der Einfluss unterschiedlicher Typen des Vernetzermoleküls 
auf die elektromechanischen Eigenschaften wurde untersucht. Eine signifikante Verbesserung der Leistungsfähigkeit des 
Aktors wurde festgestellt. Zusätzlich zeigte sich die mechanische Stabilität des polaren Silikonelastomers anhand von 
50.000 Lebenszyklen des Aktor-Bauteils. Allerdings muss erwähnt werden, dass die Herstellung des Silikonelastomers unter 
Einsatz von Lösungsmitteln erfolgte und die Vernetzungsreaktion ungefähr zwei Tage in Anspruch nahm.  

 

Zudem wurde die Leistungsfähigkeit des polaren Silikonelastomers, zusammen mit Silikonkompositen, auch in Bezug auf 
dielektrisch-elastische Generatoren getestet. Zyklische Kohlenstoffnanoröhren wurden als Füllstoffe mit hoher Permittivität 
mit Siloxanen vermischt und anschliessend vernetzt. Tatsächlich konnte eine verbesserte Leistung des maßangefertigten 
Generatorbauteils festgestellt werden. Zudem wurde das Verständnis für die Konstruktion dieser dielektrisch-elastischen 
Generatoren vertieft.  

 

Das bedeutendste Ergebnis dieser Arbeit war die Entwicklung von polaren Silikonelastomeren, die lösungsmittelfrei in we-
nigen Minuten durch Vernetzungsreaktion in dünnen Filmen hergestellt werden konnten. Zwei unterschiedliche Synthese-
wege wurden erprobt, basierend auf dem Konzept der niedrig-viskosen Mischungen aus Oligosiloxanen und multivalenten 
Thiol-Vernetzungsmolekülen. Die Vernetzungsreaktion wurde durch UV-induzierte Radikalbildung gesteuert. Die Sili-
konelastomere zeigten eine erhöhte Permittivität gepaart mit hoher elektromechanischer Stabilität in elektromechanischen 
Aktoren-Tests. Die dielectrisch-elastischen Aktoren erreichten bis zu 180.000 Lebenszyklen. Diese neu entwickelte Synthe-
sestrategie für polar Silikonelastomere wird sich in Zukunft womöglich auf weitere polare Siloxane übertragen lassen.  
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Chapter 1 Introduction 

 

1.1 Electroactive polymers  

 
The term electroactive polymers (EAPs) describes a broad range of polymeric materials that respond mechanically to an ex-
ternal electric pulse.[1]  These polymeric materials are categorized in two main branches i.e. ionic EAPs and electronic EAPs. 
Figure 1.1 gives an overview of various polymeric materials that are classified as EAPs.[2] The working principle of ionic EAPs 
is based on the diffusion of ions in an applied electric field which results in mechanical deformation of the material. Promis-
ing materials are carbon nanotubes (CNTs) composites,[3] polymer gels,[4] conjugated polymers,[5] and polymer-metal-
composites[6]. Due to the low driving voltages of about 1-2 Volts, these materials are particularly in the focus of biological 
applications.[7–10] Electronic EAPs are electrically insulating materials. The mechanical deformation of the electronic EAP is 
related to the electric field created by the electronic charges on its surface. Polymer classes associated with electronic EAPs 
are ferroelectric polymers,[11] piezoelectric polymers,[12] electrostrictive polymers,[13] liquid crystal elastomers,[14] and die-
lectric elastomers. Dielectric elastomers are of particular interest in this work as their need of high driving voltages has pre-
vented broader applicability so far.[15]  

 

 
Figure 1.1 Classification of electroactive polymers (EAPs). 

 

Dielectric elastomer thin films placed between two compliant electrodes to form an elastic capacitor are referred to as die-
lectric elastomer transducers (DETs). Due to the charging of the capacitor, electrostatic forces are created between the 
charges on the surface of the compliant electrodes. The overall electrostatic force results in a mechanical pressure on the 
incompressible dielectric elastomer (DE) that leads to a lateral strain until a balance of elastic and electrostatic pressure is 
reached. After discharging of the compliant electrodes by the external voltage source the dielectric elastomer relaxes back 
to its original shape.[16] In dielectric elastomer actuators (DEAs), electrical energy is converted into mechanical work. In die-
lectric elastomer generators (DEGs), external mechanical work is applied on the flexible capacitor before charging by an ex-
ternal voltage source. The stored elastic energy of the dielectric elastomer is the driving force in regaining its original shape 
after the external voltage source is switched off. The increase in thickness and the reduction of the electrode area of the 
flexible capacitor result in a decrease of capacitance and an elevated voltage. The potential difference of the electric charg-
es on the relaxed DEG can be harvested.[17]  In dielectric elastomer sensors (DESs), the variation of capacitance caused by 
the external pressure is utilized for sensing.[18] 
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1.1.1 Dielectric elastomer actuators  

 
Already in 1880 C.W. Roentgen described the reversible actuation of a thin film of natural rubber after charging the oppo-
site surfaces by corona discharge.[16] More than a century later, since the late 1990s the actuation of dielectric elastomers 
and its technological relevance have gained attraction by many scientists and engineers until today.[19–22]  

Illustrated in Figure 1.2, the dielectric elastomer actuator (DEA) consists of two compliant electrodes separated by the die-
lectric elastomer. Various materials[23] e.g. carbon black powder,[24] carbon black rubber composites,[25] carbon 
nanotubes,[26] patterned gold,[27,28] and patterned gold/chromium alloys,[29] can be used as compliant electrodes. As dielec-
tric elastomers polyacrylates, polyurethanes, polysiloxanes and natural rubber are the most prominent candidates.[2,30–34]  
Typically, the thickness of the DE ranges from 20-200 µm.  

 

 
Figure 1.2 The working principle of DEAs. Left: The dielectric elastomer (DE) film is coated on the top and bottom side with 
compliant electrodes. The surface area A is defined by the length x and the width y. Right: Electrical charging leads to a lat-
eral strain dx and dy of the DE accompanied by a decrease in thickness dz. The repulsive Coulombic forces of the likewise 
charges and attractive Coulumbic forces of the unlike charges are at equilibrium with the elastic force of the DE. In the line-
ar elastic regime, the elastic forces are directly proportional to the strain according to Hooke's law. Electrical discharging al-
lows the DE to regain its original shape driven by the elastic forces of the DE.    

 

DEAs prove to show a quick response upon applying an electric field (< 1ms) with an actuation force of up to 2 MPa[22] and a 
noise-free actuation strain of more than 100%.[35] Also, the ability to remain in the strained state after charging without ad-
ditional energy consumption is advantageous.[31]  In addition, to increase the overall mechanical work output the stacking of 
multiple layers of DEAs can be technically realized.[36–40] A number of novel devices including DEAs has emerged over the 
last years in various application fields[41] i.e. robotics,[42,43] haptic displays,[44] brailles,[45] micro-pumps,[46,47] gas valves,[48] 
optics,[49–52] and loud speakers[53]. DEA products e.g. microfluidic-pumps, laser speckle reducers[54,55] and multi-layer actua-
tors[56,57] are already commercialized. The main obstacle in the commercialization of DEAs is their need of a high voltage 
power supply (kV regime) which raises questions regarding product safety[58] and cost efficiency.[59]    

    

Pelrine et al.[60] introduced a mathematical approximation that allows the correlation of the intrinsic material properties of 
the DE and the macroscopic behavior of the DEA. Focusing on the plate capacitor arrangement the stored electrical energy 
Ue is given in Equation 1.1 where the capacitance C is only depending on the vacuum permittivity 𝜀𝜀0 (8.85 10−12 F⋅m−1), the 
relative permittivity ε', the area A and the thickness z of the dielectric.  

 

𝑈𝑈𝑒𝑒 =  1
2
𝐶𝐶 𝑉𝑉2 =  1

2
𝜀𝜀0𝜀𝜀′𝐴𝐴
𝑧𝑧

 𝑉𝑉2           Eq. 1.1

             

Assuming constant volume ((𝑥𝑥𝑥𝑥)𝑑𝑑𝑑𝑑 + (𝑑𝑑𝑥𝑥)𝑑𝑑𝑥𝑥 + (𝑥𝑥𝑑𝑑)𝑑𝑑𝑥𝑥 = 0) of the DE the actuation pressure p (mechanical force F per 

unit strain dz and unit area A: 𝐹𝐹
𝑑𝑑𝑧𝑧 𝐴𝐴

 ) on the DE can be described by Equation 1.2.[21,22]   
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𝑧𝑧
�
2

=  𝜀𝜀0𝜀𝜀′𝐸𝐸2              Eq. 1.2 
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V is the applied voltage on the DE, and z the thickness of the DE. (𝑉𝑉
𝑧𝑧
) describes the electric field E applied on the DE. The ac-

tuation pressure p in z direction can be interpreted as the maximum mechanical output work of the DEA. Assuming the DE 
is operated in the linear elastic regime, Hooke's law can be applied to obtain an expression for the thickness strain dz/z of 
the DE (Eq. 1.3).  
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           Eq. 1.3 

 

In Equation 1.2 only two variables that can be considered as intrinsic material properties of the DE i.e. the relative permit-

tivity ε' and the dielectric strength (𝑉𝑉
𝑧𝑧

)𝑚𝑚𝑚𝑚𝑚𝑚  =Emax can be found. The mechanical output stress for a given electric field E ap-

plied on the DEA is determined by the relative permittivity of the DE. The dielectric strength Emax restricts the maximum 
output work for a given permittivity. In Equation 1.3 an additional material parameter, the elastic modulus Y gains rele-
vance. Y is defined by the ratio of stress (force per area) to strain of an elastomer. Therefore, the strain of a DEA will be de-
termined by the permittivity ε', the elastic modulus Y, and the electric field E applied on the DEA. Finally, the thickness z of 
the DE plays a significant role for the applied external voltage. Since the electric field   output stress and strain are inversely 
proportional to the square of the thickness. The achievable strain depends on the elastic modulus Y, the thickness z, and 
the permittivity ε' of the DE. In Section 1.4 it is discussed what the implications of Equations 1.2/1.3 are on the future de-
sign of dielectric elastomers.  

  

 

1.1.2 Dielectric elastomer generators  

 

In addition to the electrostatic pressure due to the electrical charging of the compliant electrodes, the DE in the dielectric 
elastomer generator (DEG) is also exposed to mechanical pressure.[61] Figure 1.3 illustrates the fundamental working princi-
ple of the DEG.  

 

 
Figure 1.3 The fundamental working principle of the DEG.  

 

First, the DE is laterally strained by an outside mechanical force. Assuming incompressibility of the DE, the lateral strain in-
duces an increase in area and a reduction in thickness of the DE. The second step is identical to the first step of the DEA. 
The DEG is electrically charged to a maximum voltage level. This leads to an additional increase in area and an additional 
decrease in thickness. The outside mechanical force and the electrostatic forces are at equilibrium with the elastic forces of 
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the DE. In the third step the mechanical energy is converted into electrical energy by the DE. The mechanical force is re-
moved. The elastic force contracts the DE until the Coulombic forces of the charges compensate.  Thereby, likewise charges 
on the top and bottom electrodes are squeezed together, whereas the distance between unlike charges increases. Assum-
ing that the overall amount of charge stays constant, i.e. no leakage current, the relaxation results in an elevated voltage 
level of the electrical charges on the DE. Eventually, electrical energy is harvested by discharging the DEG to an external 
voltage source. This leads to full relaxation of the DE back to its original shape.  The amount of converted energy per cycle 
depends on the design of the device i.e. area and thickness of the DE and the efficiency of the electronics and on the dielec-
tric and mechanical properties of the DE as well.[17,62] Starting with the well-known description of capacitor energy EC and 
assuming ideal plate capacitor arrangement (see Eq. 1.1),  Equation 1.4 shows the dependence of Ec  on its relative permit-
tivity ε', its area A, the thickness z, the vacuum permittivity 𝜀𝜀0 (8.85 10−12 F⋅m−1), the applied voltage V, and the electric 
charge Q. 

 

𝐸𝐸𝐶𝐶 =  1
2
𝐶𝐶 𝑉𝑉2 =   1

2
 𝜀𝜀0𝜀𝜀′𝐴𝐴

𝑧𝑧
 𝑉𝑉2 =  1

2
 𝑄𝑄

2 𝑧𝑧
𝜀𝜀0𝜀𝜀′𝐴𝐴

         Eq. 1.4 

 

The difference in energy of the strained and unstrained state of the capacitor dEc represents the maximum amount of ener-
gy that can be harvested. The DE is assumed to be incompressible and thus no volume change occurs (𝐴𝐴1𝑑𝑑1 ) = (𝐴𝐴2𝑑𝑑2). In 
the ideal case of constant charge Q i.e. no leakage current is observed (𝑄𝑄 =  𝑉𝑉1𝐶𝐶1 = 𝑉𝑉2𝐶𝐶2), the description for dEc can be 

simplified to Equation 1.5 where 𝐸𝐸2 =  𝑉𝑉2
𝑧𝑧2

 is the electric field in the relaxed state and 𝐸𝐸12 =  𝑉𝑉1
𝑧𝑧1 in the mechanically strained 

state, respectively.[63] The electric field in the relaxed state is lower than in the strained state (E1< E2). A2 is the area in the 
unstrained state and thus smaller than A1. The thickness of the DE increases in the relaxation process (z2 > z1).  

 

𝑑𝑑𝐸𝐸𝐶𝐶 =  1
2
𝑑𝑑(𝐶𝐶𝑉𝑉2) = 1

2
 𝐶𝐶2𝑉𝑉22 −  1

2
𝐶𝐶1𝑉𝑉12 =  1

2
 𝜀𝜀0𝜀𝜀′ �

𝐴𝐴2
𝑧𝑧2

 (𝐸𝐸2 𝑑𝑑2)2 −  𝐴𝐴1
𝑧𝑧1

 (𝐸𝐸1 𝑑𝑑1)2� =  1
2
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 1
2

 𝜀𝜀0𝜀𝜀′𝐴𝐴1𝑑𝑑1( 𝐸𝐸22 −  𝐸𝐸12 )                  Eq. 1.5 

 

Most obviously, the maximum output energy dEc is linearly dependent on the relative permittivity ε' of the DE. The area A 
and thickness z, i.e. the volume of the DE determines the maximum output energy but A and z are not intrinsic material pa-
rameters. Moreover, the dielectric strength Emax of the DE limits the maximum electric field i.e. the total amount of charge 
on the DE. The DE's mechanical strain at break smax is the limiting factor for the difference of E2 and E1 i.e. the difference of 
z2 and z1.  

 

There are also alternative operation modes of DEGs that work under constant voltage or constant electric field.[64]  Also, 
Koh et al.[65] highlighted that there are additional various failure modes e.g. the loss of tension of the elastomer, out-of-
plane deformation, and electro-mechanical instability of the DE that might further reduce the amount of convertible energy 
per cycle.   

 

The scope of application of DEGs ranges from wave energy converters[66–70] to wearable textiles[71–73] and shoe soles[17,74] to 
harvest the energy of human motion. The advantages of DEGs are their simple and lightweight construction and their wide 
frequency response.[17] The first wave energy converter will emerge on the market soon.[75] Nonetheless, the need for an 
external voltage source and the requirement of complex electronics in the operation mode of the device are reviewed criti-
cally.[76–79] In Chapter 4, a novel DEG design in cooperation with specially tailored DEs will be discussed. 

  



Chapter 1 Introduction 
 

5 

1.1.3 Dielectric elastomer sensors 

 

In dielectric elastomer sensors (DES)s the change of the electric capacitance due to outside mechanical pressure is utilized 
for sensing. Figure 1.4 shows the fundamental working principle of the DES.  

 

 
Figure 1.4 The fundamental working principle of the DES. The change in area and thickness due to the outside mechanical 
pressure results in a change in capacitance that is utilized for detection. The amount of charges remains constant. However, 
the distance between unlike charges reduces, whereas the density of likewise charges on the electrode areas decreases.     

  

The potential difference ΔV due to the change in capacitance can be easily detected (Eq. 1.6).  

 

𝛥𝛥𝑉𝑉 =  𝑄𝑄
(𝐶𝐶2−𝐶𝐶1) =  1

𝜀𝜀′𝜀𝜀0
�𝑑𝑑2
𝐴𝐴2
− 𝑑𝑑1

𝐴𝐴1
� 𝑄𝑄         Eq. 1.6 

 

DESs can be operated in low voltage regime for the measurement of the capacitance which is considered as a great ad-
vantage for their commercialization compared to the DEA and DEG technology.[80]  The first devices for pressure measure-
ments are already commercially available.[81,82] An interesting field for novel applications is the sensing of human body mo-
tions in wearable textiles.[83–85] The change in capacitance of the DES is linearly dependent on the relative permittivity ε' of 
the DE. DESs might be improved by the use of a high permittivity elastomers. However, reliability, life time, and minimum 
leakage current are the more dominant aspects in the research for DES materials.[80,86,87] 
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1.2 Relevant mechanical properties of dielectric elastomers 

 

Most obviously, the dielectric elastomer must fulfill the definition of elasticity. This means the material must be able to 
change its shape upon an external force reversibly.[88] This also implies shape-persistence of the elastomer in the strained 
and unstrained state. On a microscopic level, the material must be a cross-linked polymer chain above its glass transition 
temperature. Below the glass transition temperature the activation energy for reorientation of polymer chains by rotation 
under outside mechanical stress exceeds the thermal energy available. The material becomes brittle regardless of the na-
ture of cross-linking. Thus, the glass transition temperature determines the lower temperature limit for the operation range 
of DETs. As illustrated in Figure 1.5, the nature of cross-linking can be physical by entanglements of polymer chains or by 
high modulus domains of a block-copolymer or mixture of polymers (thermoplastic elastomer) and chemical by covalently 
connected polymer chains (thermoset).[63] High modulus domains are formed due to strong intermolecular forces e.g. hy-
drogen-bonding, van der Waals forces. Up to now, most DEs published for DETs are chemically cross-linked polymers (Sec-
tion 1.4).[30]  

Elasticity results from conformational changes of the polymer backbone in the reaction to external mechanical stress and its 
release. In the unstrained state the chains form random coils in order to maximize the entropy of the elastomer.[89,90] High-
er energy levels of chain conformation are occupied according to Boltzmann distribution. In the strained state, the external 
mechanical stress increases the energy difference of polymer conformations. The polymer chains react accordingly. The 
chains are more likely in the conformational ground state which results in a loss of entropy. This corresponds to the maxi-
mum strained state smax before rupture. When the outside mechanical force is removed the polymer chains will regain their 
conformational orientation as it is accompanied by an increase in entropy of the elastomer.   

Already in 1859, decades before the concept of macromolecular polymer chains was established,[91] the contraction of 
strained elastomers upon heating and elongation upon cooling were observed.[92] This can only be explained by an increase 
in occupation of high energy conformational levels of chain segments i.e. an increase in entropy which leads to random pol-
ymer coils and to the macroscopic observation of shrinking upon heating and vice versa. 

 

 
Figure 1.5 Left: Covalently connected polymer network in the unstrained (top) and strained (bottom) state. In the ideal case 
a perfectly cross-linked elastomer consists of only one single molecule. Middle: The polymers are only intermolecularly 
connected by chain entanglements. The material is thermoplastic i.e. it can be molten and processed. Right: The material 
contains high modulus domains (e.g. crystalline domains) that connect the polymer chains.[93]     

 

The maximum reversible strain relies on the flexibility of the polymer chains i.e. number of achievable conformational 
changes between the cross-links of the network. This requires a certain chain length between the netpoints.[63] The smaller 
the chain length, the higher is the density of cross-links. Macroscopically, this is described as elastic modulus or Young's 
modulus Y of an elastomer (Section 1.2.1). Unconnected polymer chains do not contribute to the elasticity but to the vis-
cous losses of the material (Section 1.2.2).  
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Finally, also the thickness of DE as an extrinsic material parameter must be taken into account in the design of DEs. The ac-
tuation strain of the DEA is inversely dependent on the thickness to the power of 2 (Eq. 1.3). Furthermore, the impact of 
thickness on intrinsic material parameters e.g. dielectric strength of the DE is under discussion.[24,94–96] This might be ex-
plained by variations in the reaction control of thin films.[97]  Typically, DEs reported in literature have a thickness range of 
20 µm up to 150 µm.[30] Dielectric silicone thin films are available on the market with a thickness of 20 µm to 400 µm.[98]   

  

1.2.1 Tensile behavior  

 

In the linear-elastic regime the strain of an elastomer is proportional to the applied stress which can be accurately de-
scribed by Hooke's law (Eq. 1.7).[99] Conventionally, the elastic modulus is also named as Young's modulus Y given in Pascal 
[Pa] which describes the ratio of applied stress σs [Pa] and strain s. Typical DEs show Y values ranging from 0.05 to several 
MPa for small strains (e.g. 10% lateral strain).[33] 

 

𝜎𝜎𝑠𝑠 = 𝑌𝑌 𝑠𝑠   𝑌𝑌 =  𝜎𝜎𝑠𝑠
𝑠𝑠

          Eq. 1.7  

 

Equation 1.7 is only valid for small strains. Figure 1.6 illustrates the typical unilateral stress-strain curve of a silicone elasto-
mer highlighting its non-linear behavior in a tensile test.  

 

 
Figure 1.6 Stress-strain curve of a silicone elastomer in a unilateral tensile test. The elastic modulus Y is defined as the slope 
of the curve. For small strains below 25% the curve is linear. The elastic modulus Y is constant. At around 50% strain, the 
slope decreases (strain-softening behavior) until the deflection point at 100% when the strain-stiffening behavior sets in un-
til mechanical rupture occurs. 

 

For DEAs laterally strained up to 5%, the linear elasticity model fits into the electromechanical behavior of the DEA very ac-
curately.[100] However, in DETs lateral strains above 100% have been realized already.[35] This means that the mathematical 
description by Equation 1.3 fails as the elastic modulus is not constant.[101,102] A detailed description for the mechanical be-
havior of the dielectric elastomer upon stress requires hyperelastic models including hyperelastic parameters.[103–106] These 
models consider the time-dependent response, the strain energy as a function of deformation (hyperelasticity), and the vis-
cous behavior of elastomers.[101,107–109] They accurately describe the strain-softening trend followed by drastic strain-
stiffening behavior observed in the stress-strain-curve before rapture of the DE. Mechanical rapture of the DEA is rather un-
likely to occur due to electromechanical pressure as the dielectric strength of DE materials is too low. However, for DEGs 
and DESs the strain at break defines the upper operation limit.  
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The elastic modulus is one key parameter in the development of DEs. It determines the elongation of the DEA upon electro-
static stress and the elongation of the DEG and DES upon outside mechanical stress.  Thus, DEAs with a low elastic modulus 
show a higher mechanical strain response to a certain driving voltage. For DEGs and DESs the elastic modulus determines 
the change in area expansion and thickness reduction caused by a certain mechanical pressure. This defines the sensitivity 
of DESs towards mechanical pressure and the energy efficiency in the DEG mode. Therefore, control over the elastic modu-
lus is relevant.  

 

For DEAs one prominent failure mode is the electromechanical instability (EMI) also known as pull-in or snap-through insta-
bility of the elastomer. Firstly reported in 1955,[110] EMI is observed for an area actuation strain of approximately 40% for 
DEAs.[90][111] During the operation mode of the DEA the applied voltage increases. The elastomer responds accordingly by 
lateral strain and reduction in thickness. This positive feedback results in a sudden increase of the electric field E.  If the 
elastomer is operated in the strain-softening regime, the actuation strain will accelerate drastically. The elastomer has no 
time to compensate the increasing electromechanical pressure and decreasing elastic forces.[28,112,113] Typically, this effect 
provokes the electrical breakdown of the dielectric elastomer.[114,115] Even though, in 2012 a targeted strategy based on ex-
ternal mechanical pressure in combination with EMI led to area actuation deformations of 1600% without immediate elec-
trical breakdown of the DE.[116] Therefore, the tensile behavior of the DE is highly important for its reliability in DEAs. In 
2010, Zhao et al. have already proposed molecular strategies capable of suppressing EMI. Figure 1.7 illustrates the strate-
gies that lead to unfolding of the polymer chain coils and thus shift the DEA operation range into the strain-stiffening elastic 
regime.[117]  

 

 
Figure 1.7 Stress-strain curve of an idealized DE under biaxial stress, adapted from literature.[117] The curve shows linear 
elastic behavior followed by a rapid rise in elastic modulus at higher strains. a) Mechanically prestrained polymer network. 
b) Polymer network containing particles. c) Polymer network with side chains e.g. bottle-brush polymers. d) Swollen poly-
mer network containing plasticizer.      

 

 

The first reported DETs were constructed from mechanically prestrained commercially available DE thin films e.g. the acry-
late VHB 4910TM.[35] This led to a shift of the starting point of electromechanical actuation around the deflection point of 
strain-softening and strain-stiffening behavior of the DE.  Thus, the elastic modulus of the DE was softer, which enabled 
higher linear strains of the DEAs of up to 200%.[22] The DEs were operated in the strain-stiffening regime of the elastomers 
which protected them from EMI. Mathematical models explaining the impact of prestrain on the DE have already been pub-
lished.[118]  
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The first chemical approach of tuning Y by modifying the polymer network of the DE was the addition of small molecules 
such as solvent to the commercial thin film.[119] The addition of small molecules leads to an increase in flexibility of the pol-
ymer chains in the network as the interaction between different polymer chains is less pronounced. It is observed macro-
scopically by a decrease in glass transition temperature. Also, the incorporation of small molecules leads to an expansion of 
the elastomeric network comparable to outside mechanical prestrain.[120] Swollen polysiloxane networks showed reduced 
elastic moduli of 0.05 kPa only. This was accompanied by an enhanced electromechanical performance in actuation strain 
of the corresponding DEAs.[121,122] Moreover, an understoichiometric amount of cross-linker in the cross-linking reaction led 
to a reduced elastic moduli of the silicone elastomer.[123,124] Interestingly, the addition of small molecules opens the possi-
bility of tuning the dielectric properties of the DE simultaneously.[125] This will be discussed in detail in Section 1.6. The ma-
jor disadvantage of additives is their effect on viscoelasticity, the reduction of life time and the reduction of tensile strength 
i.e. the reduction of maximum mechanical work that can be performed by the DEA.[122]  

 

There are several reports on the design of polymeric networks that allow fine-tuning of the elastic modulus adapted for the 
specific necessities of DETs. This can be realized by precise control over the molecular weight of the polymer chains,[126] 
polymer chains with different molecular weight (interpenetrating networks),[127–131]  the amount,[130,132] and chemical com-
position[133,134] of cross-linker. In Chapter 3, the effect of different side groups and cross-linker molecules on the shape of 
the stress-strain curve will be discussed as critical parameter in the performance of functional silicone elastomers in DEAs. 

 

1.2.2 Viscoelastic properties 

 

In the previous section it has already been stated that modern models vary from Hooke's law describing tensile behavior 
more precisely. In reality, the behavior of DEs upon mechanical stress shows not only (hyper)elastic characteristics but also 
viscous behavior.[135] The actuation strain of the DE becomes time-dependent. Unlike Hooke's law the behavior of the DE 
cannot be described by the reaction of a spring upon elongation. The mechanical behavior of ideal liquids is described by 
Newton's law. Stress is proportional to the velocity of change in strain. Based on this classic descriptions, viscoelasticity 
models were developed that combine the mechanical reaction of the elastomer by a spring coupled with a damper as 
shown in Figure 1.8.[136]  

 

 
Figure 1.8 Left: Mechanical equivalent circuit of an ideal elastomer described by Hooke's law. No time-dependence can be 
observed. Strain s and stress σ are in phase. Middle: Mechanical equivalent circuit of a viscoelastic material described by 
Maxwell's model. The spring with the elastic modulus Y is in-line coupled with the dashpot having the damping constant c. 
The stress on the elastomer decreases with time. Right: Mechanical equivalent circuit of a viscoelastic material described by 
the Kelvin-Voigt model. Spring and dashpot are connected in parallel. The material reacts on the mechanical stress with a 
time delay. 
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The Maxwell-model defines the relaxation of the elastomer upon stress (Eq. 1.8). The polymer chains rearrange with time 
and thus release the mechanical stress until the initial stress level σ0. The strain remains constant. The Kelvin-Voigt-model 
describes the creeping of the elastomer upon stress. The polymer network reacts with a time delay on the outside mechan-
ical stress (Eq. 1.9). 

 

𝜎𝜎𝑠𝑠(𝑡𝑡) =  𝜎𝜎0 𝑒𝑒−
𝑌𝑌
𝑐𝑐𝑡𝑡   𝑑𝑑𝑠𝑠

𝑑𝑑𝑡𝑡
= 0         Eq. 1.8 

 

𝑠𝑠 =    𝜎𝜎0
𝑌𝑌

 �1 − 𝑒𝑒−
𝑌𝑌
𝑐𝑐𝑡𝑡�  𝑑𝑑𝜎𝜎𝑠𝑠

𝑑𝑑𝑡𝑡
= 0         Eq. 1.9 

 

In particular, polyacrylate DEs show viscoelastic behavior which leads to a very slow electromechanical response in the DEA 
and permanent deformation of the elastomer upon mechanical stress.[137–140] Viscoelastic behavior is clearly identified as a 
crucial parameter in the reliability of DETs.[138,141–144] This can be rationalized by the microscopic reasons of viscoelasticity. 
Perfectly cross-linked polymer networks do not show viscous behaviour.[122] Only components that are not covalently bond 
to the network such as dangling polymer bonds, particles, solvent and additives contribute to the viscous behavior.[145–148] 
These components can freely diffuse through the elastomer and change concentration with time. In case of elastomeric 
composites, viscoelasticity particularly occurs during the first operation cycles and is referred to as Mullins and Payne ef-
fect.[149–153]  In case no additives are incorporated into the elastomer, viscoelasticity is a clear sign of poor cross-linking. In 
this case unreacted polymer chains cannot participate in the elastomeric network. Instead, the polymer chains will react to 
an outside stress by permanent flow (plastic deformation). This hinders the DE to regain its initial shape during the opera-
tion cycles of DETs. It will show hysteresis.[139] 

 

Therefore, in recent years the viscoelasticity of DEs has been thoroughly characterized.[139,140,145] Dynamic mechanical anal-
ysis (DMA) is the most frequently used method to characterize the time-dependent response of the DE on mechanical 
strain. The sinusoidal deformation of the specimen is measured with respect to frequency.[136] The stress is recorded simul-
taneously (Figure 1.9). 

   

 
Figure 1.9 Time-dependent stress-strain behavior. Left: An ideal elastomer without phase lag (δ=0) between stress and 
strain. Middle: Viscoelastic material with a phase lag δ between stress and strain. Right: Ideal viscous liquid with a phase lag 
δ of π/2 radians (90°).    

 

In an ideal elastomer there is no phase shift of strain and stress according to Hooke's law. The viscosity is zero. In an ideal 
liquid there is a phase angle of strain and stress of π/2 = 90°. Viscoelastic material shows a phase lag between the ideal elas-
tomer and the ideal liquid. There are two types of time-dependent elastic modulus defined by the phase lag of stress and 
strain. The storage modulus E' defines the in-phase ratio of stress and strain whereas the loss modulus E'' the stress-strain-
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ratio with a π/2-phase lag (Eq.1.11 and 1.12). The ratio of E'' and E' is a measure for viscoelasticity given as mechanical loss 
factor tan(δ) (Eq. 1.13). It depends strongly on the applied frequency ω of the DMA (Eq. 1.10).  

 

𝑠𝑠(𝑡𝑡) =  𝑠𝑠0  sin(𝜔𝜔𝑡𝑡)  𝜎𝜎(𝑡𝑡) =  𝜎𝜎0 sin(𝜔𝜔𝑡𝑡 +  𝛿𝛿)  σ0/s0 at t=0    Eq. 1.10 

 

𝐸𝐸′ =  𝜎𝜎𝑜𝑜
𝑠𝑠𝑜𝑜

cos(𝛿𝛿)          Eq. 1.11 

 

𝐸𝐸′′ =  𝜎𝜎𝑜𝑜
𝑠𝑠𝑜𝑜

sin(𝛿𝛿)          Eq. 1.12 

 

tan(δ) = 𝐸𝐸′′
𝐸𝐸′

          Eq. 1.13 

 

In an ideal elastomer tan(δ) approaches zero. The ideal liquid shows values heading infinity. Typical DEs achieve values of 
0.01 up to 0.1.[140] In Chapter 3, the mechanical loss factor tan(δ)  and its significance for the DEA performance will be dis-
cussed in detail. In Chapter 4, the correlation of tan(δ) and the stability of dielectric elastomers in a DEG application will be 
highlighted.  

 

 

1.3 Relevant dielectric material properties 

 

All DETs are elastic capacitors that are electrically charged during operation. Most obviously, any material used as dielectric 
between the electrodes should be insulating in order to separate the unlike charges on the electrode of the capacitor. No 
material should be considered as perfectly insulating though. Due to electronic or ionic conductivity a loss of charge on the 
electrode's surface can be observed as leakage current. As it is one unique feature of DETs not to consume electrical energy 
in the charged state, the conductivity of the DEs must be as low as possible. This is also relevant with respect to lifetime and 
applicability of DETs as the DEs warm up significantly due to heat formed by the leakage current. The dissipation of heat is 
particularly difficult for multi-layer devices. Typical DEs show conductivity values around 10-15 S/cm.  

Associated with conductivity is the dielectric breakdown strength Emax of the DE. It is defined as the highest electric field 
that the dielectric can withstand before it suffers a drastic rise in conductivity. The dielectric strength defines the operation 
voltage range of the DET. For DESs, the dielectric strength is less considerable as the device is not operated in the high volt-
age regime. However, for DEGs the dielectric strength is the most significant parameter as the energy conversion is directly 
proportional to the maximum electric field applied. Dielectric strength values of typical DEs range from 50 to 200 V µm-1.[31] 
For DEAs the dielectric strength also limits the maximum achievable actuation strain, albeit high electric fields i.e. applied 
voltages are not considered as safe or economic for many technological applications.  

The permittivity of the DE is certainly a crucial factor as it determines the capacitance of the DETs i.e. the ability of an elec-
tric field to store electric charges on it. Typical permittivity values of DEs vary from 3 for silicones up to 7 for 
polyurethanes.[33] The sensitivity of DESs and the energy conversion of DEGs is linearly dependent on the permittivity of the 
DE. For DEAs an increased permittivity is highly attractive as it allows the DEA operation at reduced electric fields i.e. lower 
driving voltages.  

 

1.3.1 Permittivity  

 

Whenever unlike charges are separated by an insulator they form an electric field in between them.[154] The capability of the 
capacitor to store unlike charges on its opposite surfaces per unit voltage is defined as capacitance C (Eq. 1.14). For simplici-
ty the focus is laid on the plate capacitor arrangement. Between the plates of the capacitor the electric field strength E can 
be considered as homogeneous (Eq. 1.15). It only depends on the voltage applied between the electrodes V and the dis-
tance between the unlike charges.  This results in the well-known description of the plate capacitance, which is only de-
pendent on the area A, the thickness d of the capacitor, the vacuum permittivity ε0 and relative permittivity ε' of the dielec-
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tric. Rearrangement of this description gives the mathematical definition of the relative permittivity shown in Equation 
1.16. The vacuum permittivity ε0 is a natural constant of 8.856 10-12 F m-1. The relative permittivity is a material parameter 
of the dielectric. Traditionally, it is also referred to as dielectric constant of the dielectric material.     

  

𝐶𝐶 =   𝑄𝑄
𝑉𝑉

           Eq. 1.14 

 

𝐶𝐶 = 𝜖𝜖′𝜖𝜖0
𝐴𝐴
𝑑𝑑

            Eq. 1.15 

 

 𝜖𝜖′ =   𝑄𝑄
𝐸𝐸 𝐴𝐴 𝜖𝜖0

          Eq. 1.16 

 

In Equation 1.16 the relative permittivity ε' is defined by the amount of charge per unit area and unit electric field E of the 
capacitor times the vacuum permittivity. It is the proportionality factor for the ability of the dielectric material to store 
charge on the capacitor at given electric fields related to vacuum. Typical values of the relative permittivity ε'  are given in 
Table 1.1.[155] The relative permittivity can be simply determined by capacity measurements of the plate capacitor in com-
parison to the plate capacitor using vacuum as dielectric (Eq.1.17).[156] 

 

 𝜖𝜖′ =  𝐶𝐶
𝐶𝐶0

            Eq. 1.17 

 

This means that a capacitor charged to a certain electric potential V will reduce its voltage level by a factor of 4000 if the di-
electric material air is replaced by barium titanate. 

 

Table 1.1 Overview of relative permittivity values of various material classes. 

Material Relative permittvity ε' 

Air 1.006 

Paper 4-60 

Glas 5-70 

Water 81 

Non-polar organic solvents 1-10 

Elastomers 3-7 

Barium titanate  1000-4000 

 

The physical reason behind this observation is the capability of dielectric materials to respond to the outside electric field 
by the separation of electric charge inside the dielectric material itself. This phenomenon is named as polarization P of the 
material (Eq. 1.18). The general mathematical description can be highly complex. However, Equation 1.18 is a good approx-
imation for most materials and electric fields as the polarization of the material is linear to the electric field and the relative 
permittivity ε' of the material.[156] In literature another proportionality constant is introduced to denominate ( ε' -1) as the 
electric susceptibility ξe. It indicates the ability of a material to be polarized by an applied electric field.  

 

𝑃𝑃 =  (𝜖𝜖′ − 1)𝜖𝜖0𝐸𝐸            Eq. 1.18 

 

Polarization itself leads to the formation of an electric field inside the dielectric material that weakens the outside electric 
field induced by the charges on the capacitor electrodes.[157] On the molecular level, the polarization of the dielectric can be 
attributed to microscopic effects inside the material such as electronic polarization, dipole polarization, ionic polarization, 
and interfacial polarization (Figure 1.10).   
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Figure 1.10 Polarization phenomena of dielectric materials depending on the frequency of the electric field applied. From 
left to right: Interfacial polarization. Dipole polarization. Atomic polarization. Electronic polarization. 

 

Electronic polarization occurs in all dielectric materials until high frequencies. The electron clouds of the atoms and mole-
cules orientates parallel to the electric field. A dipole moment is induced as the atom core does not move. Depending on 
the volume of the electron orbitals this effect can be more pronounced.  Atomic polarization describes the shift of atoms 
and ions in particular in response to the electric field. Dipole polarization results from the orientation of permanent dipoles 
in parallel to the outside electric field. This requires steric flexibility of the dipoles. Furthermore, depending on the thermal 
energy of the dielectric material the dipoles will also occupy high energy levels i.e. align perpendicular according to Boltz-
mann distribution. In DEs the effect of dipoles has been intensely studied in recent years.[30] Interfacial polarization is relat-
ed to mobile charges that migrate over short distances inside domains of the dielectric leading to charge accumulation at 
the domain interfaces as well as on the electrode surface.  

 

Figure 1.10 refers to an alternating electric field applied on the plate capacitor. At different frequencies polarization effects 
cannot be observed any more. Atomic polarization occurs at frequencies of 1012 Hz and electronic polarization until 1015 Hz.  
Dipole polarization relies on the flexibility of dipoles to adapt their spatial orientation on the fluctuating electric field. The 
size of the dipole and the steric environment influences the flexibility.[158] Hence, the dipole polarization and the corre-
sponding relative permittivity is found to be strain-dependent in DEs e.g. the acrylate VHB.[159,160] Typical dipole polarization 
in polymers can be observed up to a frequency of 106 Hz. Interfacial polarization can only be observed at low frequencies as 
it depends on the diffusion of charges through the material. Interfacial polarization at low frequencies leads to the for-
mation of an interface on the electrode surface. This results in the macroscopic observation of a drastic increase in capaci-
tance and relative permittivity ε' at low frequencies. This increase cannot be considered as an intrinsic property of the die-
lectric material. Therefore, permittivity measurements of DEs are conducted by broadband impedance 
spectroscopy.[97,161,162] The dielectric material is characterized over a typical frequency range of 106-10-1 Hz. The frequency-
dependent impedance Z(ν) is given by the ratio of frequency-dependent voltage V(ν) and frequency-dependent current I(ν). 
Eq. 1.19 gives the relation of time-dependent relative permittivity ε*( ν) and impedance  Z(ν). I(ν) is measured with respect 
to the sinusoidal alternating voltage applied. Thus, the intensity and the phase lag of I(ν) is recorded.  

  

𝜀𝜀 ∗ =   1
𝑖𝑖 2𝜋𝜋𝜋𝜋 𝐶𝐶0𝑍𝑍(𝜋𝜋)  =  𝐼𝐼(𝜋𝜋)

𝑖𝑖2𝜋𝜋𝜋𝜋 𝐶𝐶0𝑈𝑈(𝜋𝜋)          Eq. 1.19 

 

However, energy losses occur during the polarization i.e. the alignment of dipoles. The movement of dipoles inside the pol-
ymer matrix is not completely energy reversible. This can be analyzed by the variation of phase lag (ν). Without polarization 
effects of the dielectric the voltage lags the current by π/2 or 90° behind, respectively.  The complex time-dependent rela-
tive permittivity ε*( ν) is described as real part ε' and imaginary part ε''. The real part describes the reversible polarization 
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effect of the outside electric field whereas the imaginary part defines the residual polarization effect. Similar to the me-
chanical loss factor, Eq. 1.20 describes the dielectric loss factor tan(δ)el given as the ratio of imaginary and real part permit-
tivity. It is a measure for the energy efficiency of polarization effects in the dielectric. For DEs the loss factor tan(δ) might 
gain importance depending on the operation frequency of DETs.  

 

tan (𝛿𝛿)𝑒𝑒𝑒𝑒 =  𝜀𝜀
′′

𝜀𝜀′
          Eq. 1.20 

 

1.3.2 Conductivity and dielectric breakdown strength 

 

The applied electric field might cause the migration of ions or electrons through the material. As this leads to leakage cur-
rent of the charged DET the DE used should neither contain ions nor allow electron transport. Typically, elastomers are not 
electron-conductive due the absence of π-bonds in the polymer backbone. However, ionic impurities or ions formed inside 
the material due to heterolytic dissociation might contribute to the conductivity of the DE. Particularly, water molecules 
and their dissociated ions have to be mentioned with respect to DET applications in a humid environment. Typical conduc-
tivity values of DEs range around 10-15 S/cm in laboratory environments. 

Conductivity of the DE is not only an issue regarding energy efficiency but also its life time. Even small leakage current Ileak 

(µA) will result in a considerable amount of energy loss given the high electric fields that are typically applied on DEGs and 
DEAs. The electric power is converted into heat. Eq. 1.21 illustrates this aspect that is even more significant for multi-layer 
DETs as the amount of heat that must be dissipated multiplies. Pel is the electric heat power delivered to the DE which is 
linearly dependent on the applied electric field E, the leakage current Ileak, the thickness d and the number of layers n.  

 

𝑃𝑃𝑒𝑒𝑒𝑒 = 𝐸𝐸 𝑑𝑑 𝐼𝐼𝑒𝑒𝑒𝑒𝑚𝑚𝑙𝑙  𝑛𝑛            Eq. 1.21 

 

This is a serious concern for the scale-up of DET devices. In a multi-layer DET of 100 layers with a film thickness of 100 µm 
driven by an electric field of 50 V/µm,[24] a hypothetical leakage current Ileak of 10 µA would lead to a heat power of 5 W to 
be dissipated to the outside environment.     

 

The dielectric breakdown strength Emax is closely related to the leakage current. It defines the utter limit of electric field ap-
plicable on the DE before a sharp increase in electric current through the DE accompanied by a drop of the applied voltage 
is observed. Usually, electrical breakdown leads to the destruction of the DE. However, there are also examples of self-
healing DEs.[126] Apart from external factors e.g. temperature,[163] humidity, electrode shape and area as well as operation 
frequency there are also intrinsic parameter of the DE that influence Emax. The elastic modulus of the DE i.e. the density of 
cross-links of the elastomer affects the Emax which is also related to EMI of the elastomer in case of large 
deformations.[160,164,165] The applied mechanical prestrain also influences Emax which can also be related to the non-linear 
behavior of the elastic modulus of the elastomer used.[166–168]    

Therefore, for the evaluation of Emax as an intrinsic material property, the sample size i.e. area and thickness, the properties 
of the compliant electrode, the environmental conditions i.e. temperature and humidity as well as the outside mechanical 
manipulation must be taken into consideration.[68] 
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1.4 Materials for dielectric elastomer transducers 

 

Starting from Roentgen in 1890 who used a strip of natural rubber via Pelrine in 2000 who used commercially available sili-
cone rubber and adhesive band VHB, scientists have used various DE materials either commercially available or specially 
designed elastomers for DETs.[1] One possible performance assessment of various DE materials reported in recent years is 
the simple description as figure of merit (FOM) for DEAs or DEGs as shown in Eq. 1.22[169] and Eq. 1.23[170]. In Eq. 1.24 the 
FOM of DEGs is related not only to the dielectric properties i.e. relative permittivity and dielectric strength but also to the 
mechanical strain energy function ϕ i.e. the strain-dependent elastic modulus of the elastomer.  In Eq. 1.30 the figure of 
merit for DEAs is determined by the dielectric properties i.e. relative permittivity ε' and dielectric strength Emax and by the 
elastic modulus Y.  

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐸𝐸𝐴𝐴 =  3 𝜀𝜀′𝜀𝜀0𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
2

𝑌𝑌          Eq. 1.22 

 

𝐹𝐹𝐹𝐹𝐹𝐹𝐷𝐷𝐸𝐸𝐷𝐷 =  𝜀𝜀′𝜀𝜀0𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
2

2𝜑𝜑          Eq. 1.23 

 

Certainly, FOM values should be considered with caution as the focus is on the maximum performance of the device exclu-
sively. Reported values of the dielectric strength Emax can be misleading as the electromechanical strain is suppressed, the 
elastomer is heavily mechanically prestrained or the electrode area is unclear. In addition, also values of the electrome-
chanical sensitivity ε'/Y are given in literature in comparison to reference materials.[125,126]  

Reliability, durability, temperature-independence, processibility in thin films, cost-efficiency and toxicity of the DE can be 
equally important depending on the field of application of the DET. However, standardized tests and thus simple FOM val-
ues for reliability or processibility do not exist. As an example, mechanical prestrain of thin film elastomers might be con-
sidered as an additional working step in the manufacturing of DET devices. It increases costs and is not applicable in the 
manufacturing of multi-layer-actuators.[36] However, mechanical prestrain reduces the thickness of the elastomeric mem-
brane. This might be attractive whenever direct film processing does not yield thin films in high quality at reasonable 
costs.[31] 

 

This complicates comparison studies on various dielectric elastomer materials. Moreover, the intrinsic material parameters 
are not equally important for all DET applications. High voltages i.e. high electric fields are not applicable in wearable tex-
tiles or medical implants. Soft materials result in a high FOM. The output work of the DEA will be rather low though.   

There is a multitude of data regarding the electromechanical performance of DEA test devices. A direct comparison is rather 
complex though. Many tests were based on mechanical manipulation of the DEA such as mechanical prestrain, a bias air 
pressure during the measurement,[171] and mechanical influence of the passive area of the DE. Moreover, the size of the 
DET i.e. the area and thickness is a crucial aspect for the dielectric strength, and thus performance of the DET. Over the last 
years, four polymer classes were intensely studied for DET application i.e. PDMS, polyacrylates, natural rubber and polyure-
thanes. Table 1.2 gives an overview on the most prominent material parameters for the different material classes.  

 

Table 1.2 Properties and molecular structure of typical dielectric elastomer materials, adapted from literature.[1,2,31] 

Material class Relative permittivity ε' Elastic modulus Y [MPa] Dielectric strength Emax [V/µm] 

PDMS 3 0.05-1.3 60-100 

Polyacrylates 3-6 0.05-3  200 

Polyurethanes 6-7 1-17 130-220 

Natural rubber 3 0.1-1 20-120 
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It should be emphasized that the DE materials might not have been selected necessarily based on their properties but due 
to their commercial availability. The most-frequently used VHB acrylate was initially designed as adhesive tape and the nat-
ural rubber elastomer 'OPPO BAND 8003' was developed for the commercial market of physiotherapy equipment.[139] The 
exact chemical composition is unknown. This severely hinders the analysis of structure-property relationships. In the follow-
ing sections scientific reports are highlighted based on the performance of DETs and on relevant information of the chemi-
cal structure of the DEs in particular. In addition to the electromechanical performance assessment, the lifetime and the 
processibility of thin films must always be taken into consideration in the design of novel dielectric elastomers.  

 

1.4.1 Polyacrylates  

 

Polyacrylate dielectric elastomer thin films were among the first commercially available materials studied for DET applica-
tions. The VHB adhesive films can be obtained with a thickness of 50 µm (VHB F9460PC), 500 µm (VHB 4905) and 1000 µm 
(VHB 4910). The exact chemical composition of the VHB adhesive films is unknown. VHB films were employed without any 
chemical modification and met many requirements of DET applications. In DEAs, the VHB film showed area strains of 380%, 
and linear strains of 220% were reported at electric fields of more than 400 V/µm strongly depended on the mechanical 
prestrain applied.[35] The mechanical stability of the VHB film allowed high prestrains up to 600% biaxial strain that also al-
lowed the reduction in film thickness in order to operate at lower driving voltages. VHB films showed a mechanical strain at 
break of more than 800%.  Interestingly, ε' and Emax strength tended to be dependent on the elastic regime.[173] Without 
prestrain Emax was 20 V/µm, whereas for 500% laterally prestrained VHB film Emax of over 200 V/µm was reported.[168] 
Without mechanical prestrain the maximum area actuation strain of the DEA drops correspondingly to 8% only.[174]  ε' de-
creased from 4.7 to 4.5 with an area strain of 20%. As there are different types of VHB adhesive films a general elastic mod-
ulus Y cannot be given. In literature various elastic modulus values from 0.05 MPa (VHB 4905),[140] 0.2 MPa [126], 1-2MPa[31] 
up to 3 MPa (VHB 4910)[35] were published. It is important to highlight the tensile behavior of VHB as it shows a typical 
strain-softening trend at low strains. In case of VHB 4905 the elastic modulus decreased from Y10%= 0.15 MPa to Y100%= 0.03 
MPa.[126] Thus, the material was very prone to EMI without mechanical prestrain.[90,166]  In addition, Y increased drastically 
below 0°C due to the relatively high glass transition temperature of -40°C.[175,176] The adverse effect of humidity on the life-
time of acrylic DEAs was also perceived critically.[31] 

 

Despite the strong performance in reaching extraordinarily high actuation strains in mechanically prestrained DEAs, the vis-
coelastic behavior of VHB adhesive films was a serious concern for the reliability and life time of DET devices.[112,142] Viscoe-
lasticity led to a very slow electromechanical response of approximately a second in a DEA test device.[31] Stress-relaxation 
appeared to be very pronounced. After 10 seconds less than 50% of applied stress was preserved in the elastomeric 
film.[140,177] DMA revealed mechanical losses tan(δ) of 0.05-0.1 in the frequency range of 1-10 Hz.[35] Also for DEG applica-
tions, VHB thin films were extensively tested.[17,61,178]  The viscous losses were reported as serious challenge in the realiza-
tion of efficient and reliable electric power generation.[178]   

 

To overcome the necessity of mechanical prestrained VHB, the latter was chemically manipulated in order to obtain an in-
terpenetrating elastomeric network.[36,127,177,179] For this purpose the VHB thin film was 400% mechanically stretched and 
treated with 1,6-hexanediol diacrylate which polymerized inside the VHB polymer network. 35-55 wt% were sufficient to 
conserve the complete mechanical prestrain applied on the pristine VHB polymer network. Even at 5 wt% of 1,6-hexanediol 
diacrylate 100% of mechanical prestrain was preserved.[127] DEA test devices showed area actuation strains of up to 300% at 
400 V/µm.[180]  

This strategy was also combined with the addition of plasticizers in order to soften the elastic modulus simultaneously. Tri-
methylolpropane trimethacrylate formed an interpenetrating network leading to higher mechanical stability but also a rise 
in the elastic modulus. This was compensated by the addition of plasticizer molecules e.g. bis(2-ethylhexyl) phthalate.[179] 
Area actuation strains of 40% at 50 V/µm were achieved. Again, pronounced viscoelasticity of the interpenetrating net-
works was observed at higher DEA operation frequencies i.e. 2-15 Hz by a decrease in area expansion to only 30% of its 
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maximum value. Interestingly, the temperature dependence of area actuation strain was less significant. The DEAs could be 
operated until -40 °C. The positive effect of plasticizers on the glass transition temperature of VHB had been reported al-
ready in 2004.[181] The general downside of these strategies is their dependence on the commercial VHB thin film with un-
known chemical composition. 

 

There are recent examples of chemically-tailored polyacrylate DEs. The designs focus primarily on the mechanical proper-
ties of the acrylic elastomer and less on enhancing the relative permittivity. The first example by W. Hu et al. is a ther-
moreversibly cross-linked acrylate due to the reversible character of the Diels-Alder reaction of furan and maleiminde moi-
eties.[182] The radical polymerization is UV induced. DEA area actuation strain of approximately 35% at 65 V/µm were 
reported for an area of 6 mm in diameter and a thickness of 100 µm using 5% biaxial prestrain only. The mechanical loss 
tangent tan(δ) varied from 0.05-0.1 depending on the elastic modulus which could be controlled by the thermoreversible 
Diels-Alder cross-linking reaction. The preparation of thin films with a thickness of about 100 µm was solvent-free. Howev-
er, the polymerization and cross-linking process are time-consuming (> 24h) and labour-intensive as the thin film thermo-
plastic had to be removed from a top and bottom-substrate before thermally induced Diels-Alder cross-linking.  

   

Another approach utilizes atom-transfer-radical-polymerization (ATRP) of monoacrylic terminated PDMS of low molecular 
weight cross-linked by the telechelic diacrylic terminated PDMS.[171] The polymerization and cross-linking is simultaneously 
UV induced (Scheme 1.1). Thin films of 250 µm were prepared protected from air by a top and bottom substrate with a 
monomer conversion of about 90%. This necessitated tedious work-up steps e.g. extraction of monomers, deswelling with a 
non-solvent and removal of volatiles in vacuo. The obtained bottlebrush elastomer showed favourable strain-stiffening ten-
sile behavior. Thus, it did not suffer EMI and achieved area actuation strains of approximately 300%. However, the sample 
was mechanically manipulated by a bias air pressure during the electromechanical charaterization. The elastic modulus 
could be tuned by the concentration of cross-linker and was below 0.1 kPa. The relative permittivity ε' was below 3 due the 
high amount of PDMS side chains. Viscoelastic properties were not tested. 

  

 
Scheme 1.1 ATRP of monoacrylic terminated PDMS cross-linked simultaneously by the diacrylic terminated PDMS.   

 

Most recently, Zhao et al. presented the cross-linking of via epoxy-opening reaction of the side groups of the 
polyacrylate.[183]  The polymer was synthesized by ATRP of n-butyl acrylate and 2,3-epoxypropyl methacrylate. The polymer-
ization under inert atmosphere showed a monomer conversion of about 90%. The preparation of thin films (280 µm) took 
about 12h at 80 °C. The elastic modulus of the elastomers obtained ranged from 0.1 to 0.41 MPa with a relative permittivity 
ε' of almost 6. An area actuation strain of 50% at 20 V/µm was reported. The viscoelasticity was characterized by DMA. At 
ambient temperature mechanical losses tan(δ) of more than 0.5 was found. In cyclic stress-strain curves strong hysteresis 
was observed. Permanent deformation of 10% after the first cycle might raise doubts on the durability of these acrylate 
elastomers in any DET application.  
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Until today, polyacrylate elastomers miss the mechanical stability for technological exploitation in DETs. Slow and laborious 
production methods are an additional obstacle. This is in sharp contrast to their unprecentented high actuation strains in 
DEAs facilitated by their high dielectric strength.             

 

1.4.2 Polyurethanes 

 

Polyurethanes are prepared in a step-growth polymerization of diisocyanates and dialcohols. Polyurethane elastomers can 
be physically cross-linked thermoplastic elastomers or chemically cross-linked thermosets. The urethane group has a strong 
impact on the relative permittivity ε' of the elastomer. Values between 7 and 12 are reported for ε' depending linearly on 
the concentration of the urethane moiety.[31] Chemical cross-linking is realized by the incorporation of tri- or tetra-
functional monomers.  Physical cross-linking of polyurethanes can be observed via intermolecular forces such as hydrogen 
bonding between the urethane group or crystallization of polyurethane segements. This might be an advantage in the pro-
duction of DEs as the thermoplastic polyurethanes can be easily processed in the molten state. This might explain why pol-
yurethanes gain attention not only from academia[184–186]  but also from industry. This advantage in processibility was ex-
ploited in the fast and low-cost film casting process giving access to thin films of 50 µm only.[31]  The industrially developed 
polyurethane thin film Bayfol EA 102 showed an elastic modulus of 1.44 MPa at 50% strain, a relative permittivity ε' of 7.1 
and a dielectric strength of 130 V/µm. The viscoelastic losses were reported to be 20 times lower than for the acrylic VHB 
films. However, the high polarity of polyurethanes led to an increased sensitivity against humidity. Also, the elevated con-
ductivity of polyurethanes is considered as a remaining challenge for DET operations as it leads to significant leakage cur-
rent.[28]  

 

Leakage current and heat formation in DEAs was already observed by Pelrine et al. in 2000.[28] The commercial elastomer 
Deerfield PT6100S showed an area actuation of 11% which corresponded to an output pressure of 1.6 MPa as the elastic 
modulus was 17 MPa. The applied electric field was 160 V/µm with a relative permittivity of ε' of 7. The elastic modulus of 
polyurethane might be considered as a severe issue for DEA and DES applications. For DEGs the elastic modulus of the elas-
tomer can be higher and must be adapted to the outside mechanical stress in any case.   

In 2008 Petit et al. characterized the electromechanical performance of a carbon nanopowder polyurethane composite 
based on the commercially available polyurethane TPU5888.[184] In a solvent-based process elastomeric films with a thick-
ness of around 70 µm were obtained. Apart from the actuation strain of 8% at 8 V/µm, no additional information were giv-
en on the mechanical behavior. The chemical composition of polyurethane TPU5888 was not revealed.  

More recently, Liu et al. presented a graphene oxide polyurethane composite.[185]  The elastic modulus was in the order of 3 
to 7 MPa. Nonetheless, the rise in conductivity was significant from 10-12 S/cm of particle-free polyurethane to 10-7 S/cm of 
the composite. Again, the chemical structure of the polyurethane was not elucidated. In 2017 the graphene oxide polyure-
thane was modified by the addition of polyethylene glycol.[187] This led to material with reduced elastic moduli below 1 MPa 
accompanied by an increased conductivity of 10-8 S/cm. The dielectric strength of the DEAs was of less than 10 V/µm. The 
values of relative permittivity ε' could be enhanced up to 70 at 10-3 Hz. However, the values were significantly lower at 
higher frequencies and the strong increase was accompanied by an increase in dielectric losses which was a clear sign for 
ionic conductivity and interfacial polarization of the electrodes even at 103 Hz.  

 

There are no reports on the targeted design of polyureathane elastomers for DEGs until 2017 when Wang et al. published 
the synthesis of a barium titanate polyurethane composite and also tested it electromechanically.[186] The polyurethane 
thermoplastic of unknown chemical composition was commercially available (Elastollan 1185A10). In order to compensate 
the stiffening effect of the barium titanate, dibutyl phthalate was used as plasticizer. The tensile strain at break ranged be-
tween 280% and 800% with tensile strengths over 6 MPa which can be relevant for DEG applications. The rise in elastic 
modulus could be attenuated by the addition of plasticizer to values around 10 MPa. Containing 50 wt% barium titanate, 
the composite achieved a value of relative permittivity ε' of about 13. As a result, the harvest energy density in a DEG test 
device was 8 times higher compared to VHB thin film.       

 

In summary, the evaluation of the potential of polyurethane elastomers for DET applications is restricted by the insufficient 
amount of data. This might be explained by the interest of industry which commonly does not publish all relevant data. 
However, until today custom-tailored DE materials based on polyurethanes have not appeared on the commercial markets. 
Based on the provided data from academia there is still a lack of clarity on the conductivity level and elastic modulus of pol-
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yurethane DEs. Both seem to be too high for DET applications. In Section 1.5.1, the impact on conductivity of polyurethanes 
blended in PDMS elastomers will be discussed in greater detail.  

 

1.4.3  Natural rubber/polybutadiene elastomers 

 

Starting with the experiment of Roentgen in 1880, natural rubber elastomers have been attractive materials for DETs.[28] 
The simplified structure of natural rubber is 1,4-polyisoprene. The fundamental challenge that Roentgen was confronted 
with in 1880 remained considerable today. The exact chemical structure of natural rubber or related polybutadiene elasto-
mers that were tested for DET applications was unknown in most studies. Hence, a direct correlation of chemical structure 
to elastic and dielectric properties is difficult. No detailed chemical information were given neither for Isoprene Natural 
Rubber Latex tested by Pelrine et al.[28], nor for Dr.SchollsTM gelactive tubing presented by Carpi et al.,[188] nor for ZruElastTM 

studied by Tröls et al.,[160] nor for the TheraBand™ Latex Free Resistance Band Yellow and the OPPO Band Red 8012 report-
ed by Vertechy et al.[139]. Particularly, the nature of cross-linking remained unclear. A common feature of the reported 
polybutadiene elastomers was their relative permittivity ε' of about 3 and the low elastic moduli below 1 MPa. Values of di-
electric strength Emax varied from 67 V/µm,[28] 80-90 V/µm[139,189] to 120 V/µm[160]. The deviation might not only be related 
to intrinsic material properties but also to variations of the measurement condition.[160] The OPPO Band 8003 and 
ZruElastTM  were also intensely studied with respect to their application in DEGs.[190] The authors observed significant hyste-
resis i.e. permanent mechanical deformation in the first operation cycles which they attributed to the Mullins effect of the 
elastomers. 

 

Most notably, polybutadiene elastomers were already used in the targeted design of high permittivity DEs. In 2012 nitrile-
butadiene DEs were published with a relative permittivity ε' of 23.[191] The DEs were synthesized by peroxide-induced cross-
linking of hydrogenated nitrile–butadiene copolymer. The copolymer was commercially available with different nitrile con-
centration. A direct correlation of nitrile content to relative permittivity and elastic modulus was reported. Actuation strains 
of 12-16% were observed at electric fields of 30-50 V/µm without mechanical manipulation of the specimen. By using  dioc-
tyl phthalate as plasticizer the elastic modulus could be reduced from 2.7 MPa to 1.4 MPa. The impact of the plasticizer was 
demonstrated by the electromechanical strain of more than 20% below 30 V/µm. However, the influence of the plasticizer 
on the viscoelastic behavior of the DE and its DEA lifetime was not discussed.  

Polybutadiene and natural rubber contain the carbon double bond as part of the polymer backbone, in contrast to polyure-
thane, polyacrylate, and PDMS.  It can be used for post-polymerization modifications. The traditional cross-linking reaction 
of raw natural rubber is based on the addition of sulfur on the carbon double bond generally known as vulcanization.[192] 
More recently, the reactivity of the carbon double bond was utilized by Ning et al. in the UV induced thiol-ene addition of 
methyl thioglycolate[193] or thioglycolic acid[194] on the poly(styrene)-block-poly(butadiene)-block-poly(styrene) thermo-
plastic (Scheme 1.2). Elastomeric films were obtained by solution casting followed by drying at 50°C under vacuum. An in-
crease in TG was observed due to thiol-ene functionalization. In case of thioglycolic acid the TG reached ambient tempera-
ture already. For methyl thioglycolate functionalization values of relative permittvitiy ε' of 12 with an elastic modulus above 
3 MPa were reported. This corresponded to an actuation strain of about 6% at 30 V/µm. Data regarding viscoelastic behav-
ior, conductivity and actuator lifetime were not provided, so far.  

 

 
Scheme 1.2 UV-induced thiol-ene addition on poly(styrene)-block-poly(butadiene)-block-poly(styrene).    
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1.4.4  PDMS elastomers 

 

The terms silicone elastomer, silicone rubber or siloxane elastomer are mostly devoted to chemically cross-linked polydime-
thylsiloxane. The backbone of this polymer is the silicon oxygen single bond. In contrast to all other promising DE candi-
dates, PDMS is the only polymer with an inorganic backbone. The silicon oxygen single bond is much longer e.g. 1.63 Å in 
(SiH3)2O[195] than the carbon oxygen single bond e.g. 1.41 Å in (CH3)2O[196] and the bond angles are much larger e.g. Si-O-Si 
144.1° in (SiH3)2O; C-O-C 111.5° in (CH3)2O.[197] Macroscopically, this leads to a greater polymer chain flexibility of PDMS and 
thus its low glass transition temperature and low viscosity.[198] It also explains the temperature operation range of PDMS 
elastomers which is an important requirement for DETs operated in fluctuating weather conditions.[35] Properties of PDMS 
are summarized in Table 1.3.  

 

Table 1.3 Important chemical properties of siloxane.[198] 

Property Value 

σ-Si-O-bond length[195] 1.63 Å 

σ-Si-O-bond energy[199] 445 kJ/mol 

σ-O-Si-O-bond angle[197] 144° 

Siloxane rotation energy [200]   ≤ 1 kJ/mol 

Glass transition temperature[201] ≤ -120 °C  

 

In addition the polysiloxanes show an outstanding chemical stability e.g. against UV irradiation, ozone, air and heat.[122]  
PDMS elastomers are always chemically cross-linked. Polymerization and cross-linking reactions of PDMS are well-
established and will be discussed in detail in the following sections. The elastic modulus and the mechanical strength de-
pend on the cross-linking density. It can also be tuned by addition of filler or plasticizer. The non-polar character of the di-
methyl side group gives PDMS elastomers a hydrophobic character that enables constant functionality of the DE even at 
high levels of humidity. Hence, it is a particularly attractive material for DEGs in ocean wave energy harvesters.[68] However, 
the missing polarity of the side groups and the polysiloxane backbone results in the low relative permittivity ε' of 3 only. 
Nonetheless, PDMS elastomers are the only DE products that reached maturity for commercial markets.[54,56] Elastosil®Film 
is produced in DIN A4 film sheets available in various layer thicknesses with a minimum of 20 µm.[98] Relevant dielectric and 
mechanical properties are given in Table 1.4. The thin films are used as reference material in this work.  

PDMS elastomers have already been extensively studied since the beginning of 2000.[22] Firstly, many commercially availa-
ble PDMS formulations were tested e.g. NuSil CF19-2186, HS3 of Dow Corning,[22] and Sylgard 186.[28,35] For NuSil CF19-2186 
the DEA lifetime in the order of million cycles was reported.[35] In comparison to the VHB acrylate the overall actuation 
strain was smaller in case of mechanically prestrained DEs. 

 

Table 1.4 Dielectric, mechanical and electromechanical properties of Elastosil®Film. 

 ε Y10% Emax sact σ tan(δ)DMA 

Elastosil®Film 2.9 1.2 MPa 95 V/µm 4.5% 2 10-14 S/cm 0.03 

 

This could be rationalized by the lower dielectric strength of PDMS elastomers. However, in measurements without high 
mechanical prestrain, PDMS elastomers showed higher actuation strains or higher mechanical output pressure depending 
on the elastic moduli (Y = 0.1-1 MPa) of the PDMS elastomers compared to VHB. The superior DEA performance of NuSil 
CF19-2186 was also demonstrated by its ultra-fast time response which allows DEA operations in the order of 103 Hz.[202] 
Another silicone of Dow Corning, DC3481 cross-linked with 81-R was tested in comparison the acrylic elastomers.[140] The 
low viscous losses resulting in faster response speed and high mechanical stability were considered as the main advantage 
of the silicone. However, the achievable actuation strains of the DEAs based on acrylic elastomers were higher. DC3481 was 
converted with various cross-linkers 81-R, 81-F and 81-VF in various concentrations. The elastic properties were tuned ac-
cordingly. A clear correlation between maximum actuation strain and the dielectric strength was found. The rise in dielec-
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tric strength was accompanied by an increasing elastic modulus.[124] In addition, the polar cross-linkers 81-F and 81-VF led 
to a small increase of relative permittivity of 3.7.  Already in 2005 the commercial silicone TC-5005 A/B-C was selected in 
the construction of complex multi-layer DEAs due to its simple tuning of mechanical properties and its reliable actuation 
strain in the absence of mechanical prestrain.[203] The time-dependent DEA performance of the silicone Neukasil RTV-23 
was analyzed in detail.[204] In contrast to VHB 4910 and the natural rubber based elastomer, the silicone could be operated 
at frequencies above 0.1 Hz with a constant actuation strain. Again, rheology tests revealed the very low viscoelastic losses 
of Neukasil RTV-23 compared to the acrylate and natural rubber materials. Commercially available silicone thin films i.e. 
Elastosil RT 625 with a thickness of 40-100 µm have been used in the engineering of DEAs[177] and DEGs,[68,72] already. A 
long-term stability of over 1 million cycles was reported for silicone DEAs.[205] 

In addition, engineering efforts in the development of thin film formation processes should not be ignored.[206–208] The re-
duction of silicone film thickness has the strongest effect on the operation voltage of DETs. Even though, an industrial im-
plementation of academic developments e.g. molecular-beam-deposition, ink-jet 3D printing at reasonable cost might be 
challenging. Commercial PDMS formulations casted and bladed for a thickness of 20 µm still require driving voltages of the 
DE thin film in the order of hundreds of volts which limits the scope of application of DETs considerably.[30,37]  

Based on the manifold research activities over the last 20 years and in comparison to alternative DE materials the relative 
permittivity ε' and elastic modulus Y must be considered as the only intrinsic material parameters of silicone elastomers 
that leave significant room for improvement. However, the reduction of elastic modulus corresponds to a reduction of out-
put pressure of the DEA. Thus, for a given output pressure generated from the DEA the only intrinsic material parameter is 
the relative permittivity ε'. However, every modification of the siloxane might affect the cross-linking reaction of silicone 
elastomers. The clean and fast cross-linking reactions of PDMS elastomers give them a great technological advantage in the 
preparation of elastomeric thin films. PDMS multi-layer DETs are produced at a production speed of 5 minutes per layer.[209]  

In Section 1.6, recent research activities on high permittivity silicones will be reviewed in detail. 

 

 

1.5  Synthesis of PDMS elastomers  

 

Due to the dominant role of PDMS elastomers in DETs the various well-established reaction techniques should be discussed 
in detail. Polysiloxanes can be synthesized by hydrolysis of chlorosilanes followed by polycondensation reaction of silanols 
under acidic conditions with a tertiary silanol as end-blocker. High monomer conversion is realized by the removal of water. 
In the synthesis of  high molecular weight polysiloxanes ring-opening polymerization (ROP) is considered as the best 
option.[210] The initiator must be an ion exchange catalyst. ROP can be executed by anionic e.g. tetramethylammonium hy-
droxide[211]  or cationic initiators e.g. sulfuric acid, bis(trifluoromethane)sulfonamide, trifluoromethanesulfonic acid.[212–214]  
It is either thermodynamically (thermodynamic equilibrium) or kinetically (irreversible end-capping) controlled. The molecu-
lar mass of the polysiloxane is tuned by the addition of tertiary siloxanes or by the monomer/initiator ratio in case of ther-
modynamic reaction control.[215] The reaction pathways of polycondensation and anionic ROP are outlined in Scheme 1.3. 
The removal of water during the polycondensation of silanols is the main driving force. The polysiloxane can be end-capped 
to stop the polymerization. End-blocking also hinders the formation of cyclic oligosiloxanes. The ROP of cyclosiloxanes relies 
on the gain of entropy due to the siloxane ring-opening. The polymerization kinetics is directly related to the size of the 
counterion. Polar additives such as DMSO and DMF further reduce ion-ion interaction of the living chain-ends and lower the 
tendency of anionic chain-end aggregation. Cyclotrisiloxanes show the highest reactivity in the ring-opening polymerization 
due to their ring strain. In contrast to carbon, 6-membered trisiloxane rings cannot form thermodynamically preferred con-
formations. The Si-O-Si bond angle in hexamethyltrisiloxane is 136°.[216] Finally in ROP, the active chain end can be either 
quenched chemically or by thermal decomposition of the ion pair which prevents tedious work-up procedures.[217]   
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Scheme 1.3 Hydrolysis of secondary chlorosilane followed by the polycondensation of the corresponding secondary silanol. 
The polymerization process can be controlled by the addition of end-capping molecules i.e. tertiary silanols. 2.) Anionic ring-
opening polymerization of cyclosiloxane followed by end-capping of the polysiloxane. 

 

The end-capping reaction is irreversible and allows kinetic reaction control of anionic ROP. End-capping can also be realized 
by using tertiary silanolates as initiators in anionic ROP. Thus, possible side reactions e.g. back-biting and chain-transfer re-
actions can be eliminated (Scheme 1.4). The back-biting reaction of the reactive chain end of the polysiloxane is the back 
reaction of the chain prolongation step. Due to back-biting siloxane cycles are formed from the polysiloxane. The ring size 
varies from 3 up to about 20 siloxane units.[218] This can lead to a considerable amount of side products that need to be re-
moved from the polysiloxane. Chain-transfer reaction occurs between an active polysiloxane chain end and another pol-
ysiloxane chain or any other molecule e.g. solvent and water impurities. The chain propagation reaction of the original 
chain is terminated, the reactive center is transferred and a new polymer chain starts propagating. This limits the control 
over the weight distribution of the polysiloxane.[218]  

 

 
Scheme 1.4 Back-biting of the active polymer chain is the back reaction of the chain propagation reaction of ROP. It leads to 
a lower molecular weight of the polysiloxane and cyclosiloxanes as side products. 2.) Chain-transfer of the active polymer 
chain end due to intermolecular reaction with another polysiloxane chain. 

 

The most important reaction pathway for PDMS elastomers is the cross-linking by the hydrosilylation reaction of silanes on  
vinyl-terminated PDMS.[219,220] Platinum catalyzed hydrosilylation reactions have been well-established since the early 
1950s.[221,222] As catalyst hexachloroplatinum(IV) acid  can be used as precursor directly (H2PtCl6 x 6H2O; Speier's catalyst) or 
in form of platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane in solution (Karstedt's catalyst).[223] The catalytically active 
platinum form is Pt(0). Pt(0) is formed via reduction with silane. The catalytic cycle is outlined in Scheme 1.5.  
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Scheme 1.5 General reaction scheme and catalytic cycle of the platinum-mediated hydrosilylation of alkenes, adapted from 
literature.[219] 1.) η2- Si-H-Pt complex formation. 2.) Coordination of the alkene on the η2- Si-H-Pt complex. 3.) Insertion of 
the alkene into the Si-H-σ-bond accompanied by simultaneous release of Pt(0).    

 

A critical aspect in this process is the Pt-induced Si–H-σ-bond activation. An earlier concept proposed the oxidative addition 
of Pt(0) on the Si-H-σ-bond.[224] Recent studies on η2-SiH4 complexes suggest the formation of an η2-complex as the reactive 
intermediate in the catalytic cycle.[225] This aspect might deserve some attention as the dehydrogenative silane coupling 
may occur as side reaction leading to unreacted vinyl groups. Further side reactions may result from the reactivity of the vi-
nyl group used, e.g. isomerization of carbon double bonds, polymerization, and hydrogenation of the vinyl.[226]  These side 
reactions play a key role. Side products or unreacted starting materials might not be easily removed from the elastomeric 
PDMS thin film. Even though Karstedt's catalyst is perfectly soluble in PDMS, the platinum-catalyzed hydrosilylation reac-
tions cannot be considered as purely homogenous catalysis. Colloidal Pt(0) particles can be formed.[227] The surface of the 
Pt(0) particles is catalytically active as well.[228] However, there are no reports on the formation of particles and its effect on 
the dielectric and elastic properties of PDMS DE thin films. Novel N-heterocyclic carbene (NHC) platinum complexes proved 
to have a greater stability and a lesser tendency towards agglomeration. NHC platinum complexes cannot compete with the 
well-established catalysts in terms of catalytic activity i.e. turnover frequency though.[229] The PDMS cross-linking reaction 
proceeds in less than one minute at elevated temperatures of about 100°C with Karstedt's catalyst.[122] The amount of plat-
inum that is consumed worldwide in this single reaction is estimated with 5.6 tons per year. Even though catalyst loadings 
could be optimized by modern reaction conditions to only 25-35 ppm, the platinum cannot be regained from the elastomer-
ic PDMS.[230] 

 

A considerable issue in the platinum catalyzed cross-linking reaction of PDMS is the sensitivity of the catalyst against func-
tional groups or impurities e.g. sulfur poisoning.[231] This hinders its utilization in the cross-linking of functionalized pol-
ysiloxanes and polysiloxane composites.[229,232] Developments in the design of platinum complexes focus on the stabilization 
of the complex by electron-rich ligands e.g. phosphines[231] and NHCs[233–235]. Phosphines and N-heterocyclic carbenes as σ-
donor ligands increase the electron density of the platinum and thus regulate its reactivity.  Therefore, the selectivity is in-
creased. They show a greater tolerance against a wide range of functionalities e.g. hydroxyl and epoxide moieties.[236] Re-
cent reports of platinum-catalyzed hydrosilylation reactions compatible with sulfur compounds might also be highly attrac-
tive.[232,237] Up to now, none of these concepts could be utilized for a platinum-based cross-linking reaction of functional 
polysiloxanes. In the following Section 1.5.2 the consequences on the mechanical properties of high permittivity polysilox-
anes due to sluggish cross-linking reactions will be discussed in detail.  

 

An alternative to Pt-hydrosilylation cross-linking is the Sn-catalyzed condensation reaction (Scheme 1.6).[238–242] Very con-
veniently, one-package moisture-curable silicone solutions are commercially available i.e. self-condensating hydrosilanes.  
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Scheme 1.6 Tin-catalyzed dehydrogenative silane-siloxane-coupling. 2.) Tin-catalyzed dehydrogenative silane-water-
coupling. 3.) Tin-catalyzed siloxane-alkoxysilane-coupling. 

 

It should be mentioned that organotin catalysts are toxic which narrows the scope of application. Its use and content in 
commercial products is regulated by law e.g. 0.1 wt% dibutyltin compounds are permitted in commercial products in the 
EU.[243,244] Dibutyltin dilaurate is a frequently used reagent showing high catalytic activity. It facilitates PDMS cross-linking at 
room temperature, commonly described as room temperature vulcanizing (RTV) silicones. The condensation of the hydrox-
yl-end-groups in the cross-linking makes the necessity of end-capping of the PDMS obsolete. Hydrosilanes (dehydrogenative 
coupling reaction), water or alkoxy/hydroxysilanes can be used as cross-linking agents. The catalytic cycle of the coupling of 
hydroxy-terminated PDMS and alkoxysilane is described in Scheme 1.7.[245] In case of cross-linking by the dehydrogenative 
coupling reaction the only byproduct is gaseous hydrogen. Due to the nature of the cross-linking condensation reaction 
with an alkoxysilane the corresponding alcohol is generated. In addition, the activation of the organotin-catalyst leads to ac-
id formation. Thus, the concentration of organotin should as low as possible in order to avoid negative effects on the dielec-
tric and mechanical properties of the PDMS elastomer.     

 

 
Scheme 1.7 Catalytic cycle of the organotin-catalyzed condensation reaction of hydroxyl-terminated PDMS and 
alkoxysilane. 

 

In the presence of alcohol the cross-linking reaction of PDMS at 90 °C is reported to result in the formation of a viscous gel. 
The silanol end-groups are blocked by alcohol (Scheme 1.8). However, the tin-catalyzed PDMS condensation suffers from 
this side reaction only at elevated temperatures.[245] At ambient temperature a large excess of alkoxysilane is observed not 
to affect the cross-linking reaction adversely. It is the major advantage of organotin catalysts not to accelerate the coupling 
reaction of silanol and alcohol in comparison to other acidic catalyst i.e. sulfuric acid.  
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Scheme 1.8 Condensation of hydroxy-terminated PDMS chains at elevated temperature accompanied by H2O formation. 2.) 
Condensation of hydroxy-terminated PDMS and alcohol at elevated temperature accompanied by H2O formation. 

 

The tin-catalyst condensation cross-linking reaction and its tolerance against functional groups will be further discussed in 
Section 1.5.2. In future, novel catalyst designs such as acrylic acids,[243] bismuth,[246] and carboxyamide[247] might substitute 
the toxic organotin catalysts in the condensation reaction of polysiloxanes. Organotitanium catalysts have already been 
well-established in the condensation cross-linking of silanes.[248–250] The sensitivity against functional groups, short shelf life 
and the release of acetic acid in case of acetoxytitanium catalysts is reviewed critically though.[251] 

 

In contrast to tin and platinum catalyzed cross-linking reactions, metal-free cross-linking reactions have already been devel-
oped in 1948.[252] The reaction is illustrated in Scheme 1.9.[253,254] The cross-linking proceeds via radical intermediates gen-
erated by thermal radical initiators i.e. peroxides,[252] or homolytic bond cleavage due to high energy irradiation e.g. γ-
irradiation [255–257]. The decomposition of the thermal radical initiator requires accelerated temperatures of up to 200°C 
(high temperature vulcanizing silicones). As the radical formation is not regioselective, there is only limited control on the 
cross-linking density of the elastomer and its mechanical properties. Approximately, the elastic properties depend on the 
concentration of radical initiator in case of highly reactive peroxides e.g. di-benzoyl peroxides. The use of less reactive radial 
initiators e.g. di-tertiary butyl peroxide allows the regioselective radical cross-linking of vinyl-substituted polysiloxane.[258] 
Due to the high reactivity of free radicals the cross-linking reaction is very sensitive towards functional groups. In siloxane 
composites e.g. carbon nanotubes in PDMS[259] were reported to suppress the radical cross-linking reaction. Moreover, the 
cross-linking process needs to be performed under inert atmosphere as oxygen reacts with radicals. 

 

 
Scheme 1.9 High temperature free radical cross-linking of PDMS. 

 

In recent years, the radical cross-linking of PDMS gained attraction due to the possibility of UV-induced cross-linking of 
telechelic acrylic siloxanes.[260,261] This allows regioselective cross-linking of the end groups and better control over the 
physical properties of the siloxane resins. PDMS-diacrylates were successfully cross-linked by acrylic cross-linkers in UV-
induced radical cross-linking tested for various coating applications.[253] Radical formation due to the decomposition of pho-
toinitiators under UV light is fast and the process is executed at ambient temperature. Interestingly, it is reported that the 
use of hydrosilanes facilitates radical cross-linking at air.[262]  

 

An alternative metal-free radical cross-linking reaction is the thiol-ene addition of vinyl-substituted PDMS.[263–266] In general, 
the thiol-ene addition is characterized by the addition of the thiyl radical across a carbon double bond (Scheme 1.10).[267] 
The vinyl-functionality of PDMS is either introduced by copolymerization of vinylsiloxanes[211] or by vinyl-carrying end-
blocker molecules[268]. As cross-linker either dithiols e.g. diethylene glycol di(ethanethiol) or thiol-functionalized PDMS[266] 
can be employed. The addition is regioselective yielding the anti-Markovnikov product. The thiol-ene addition is most fre-
quently initiated by photoinitiators and UV light. Thermal radical initiators e.g. AIBN can also mediate the radical addition at 
the expense of prolonged reaction times and elevated reaction temperatures of at least 60 °C.[269–271] Photoinitiators such 
as 2,2-dimethoxy-2-phenylacetophenone (DMPA) facilitate full conversion within minutes.[272] However, the degradation 
products are not volatile.  
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The major advantage of radical thiol-ene addition over free radical cross-linking reactions is the insensitivity towards oxy-
gen. Oxygen reacts with carbon radicals by forming peroxide radicals. The peroxy radical cannot activate the carbon double 
bond. Thus, the radical chain reaction based on carbon radical chain propagation is quenched by oxygen. In the presence of 
thiols, the peroxide radicals can react with the thiol though. New thiyls are formed that undergo radical addition on the 
carbon double rapidly. The conversion rate is faster for electron rich carbon double bonds. Full conversion of vinyl-
terminated PDMS can be detected in less than one minute.[266]   

 

 
Scheme 1.10 Schematic description of the reaction mechanism of the thiol-ene addition. 

 

Due to its high reaction rate at ambient temperature, high yields and versatility, and its tolerance against environmental in-
fluences i.e. moisture and air, thiol-ene reactions are commonly referred to as 'thiol click chemistry'.[273,274] The step-growth 
polyaddition of dithiols on divinyls is also extensively studied.[275,276]  However, the formation of side products is not entirely 
suppressed. In particular, carbon radicals can add directly on adjacent carbon double bonds at low thiol 
concentration.[272,274] In case of an intermolecular addition of vinyl-substituted PDMS this leads to cross-linked PDMS elas-
tomers as well. Interestingly, the thiyl radicals react very selectively with the vinyl group. This allows the mild chemical con-
nection of various functional groups e.g. nitriles,[161] amines,[277] carboxylic acids and organo chlorides,[278] as well as sul-
fones[279] with vinyl-substituted polysiloxane.  

 

In summary, most PDMS elastomers synthesized for DET applications were cross-linked via platinum-catalyzed hydrosilyla-
tion reaction. Apart from the very user-friendly commercial siloxane mixtures, this process is characterized by its high reac-
tion speed, low toxicity, high conversion and selectivity. The cross-link density is controlled by the molecular weight of the 
vinyl-terminated PDMS. A serious disadvantage is the use of precious platinum as catalyst which cannot be regained. How-
ever, the catalyst loadings are very low and adverse effects on the dielectric properties due to the platinum catalyst have 
not been reported yet.  

In free-radical cross-linking reactions the vinyl-groups also preferably react in the cross-linking of vinyl-substituted PDMS. 
However, the radical cross-linking reaction is less selective and requires either elevated temperatures when thermal radical 
initiators are used or UV-irradiation. In addition, the free-radical cross-linking reaction is inhibited by oxygen. 

The organotin-catalyst cross-linking of PDMS is a rather slow condensation reaction. However, the cross-linking reaction 
proceeds at ambient temperature and humidity. So far, there are only reports from academia on the synthesis of PDMS 
elastomers for DET applications. The toxicity of organotin compounds might be a severe issue for the commercialization of 
PDMS dielectric elastomers cross-linked by this technique. 

The thiol-ene cross-linking of PDMS is a relatively novel strategy. So far, none of the reported PDMS elastomers cross-linked 
by thiol-ene addition have been studied sufficiently with respect to its mechanical and dielectric properties. There is only 
one report that presents merely viscoelastic data.[268]  In Section 1.6.2 and in Chapter 5 the thiol-ene cross-linking of func-
tionalized polysiloxane and its corresponding mechanical and dielectric properties will be discussed in greater detail.  
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1.6 High permittivity siloxane elastomer materials 

 

High permittivity siloxane elastomers can be categorized into two main classes of materials: Heterogeneous siloxane com-
posites and chemically modified polar siloxanes. Composites consist of siloxane mixtures containing high permittivity solid 
additives. Silicone blends are mixtures of liquids and siloxane. This approach is well known from the addition of plasticizer 
to PDMS elastomers. So far, PDMS was exclusively chosen as siloxane matrix. Chemically modified polar siloxanes might al-
so contain filler material contributing to the reinforcement of mechanical stability. However, the increase in permittivity is 
attributed to the chemical bonding of dipolar groups either into the polysiloxane side chain, the siloxane backbone or as 
part of the cross-linker. The assessment of the potential of novel PDMS materials for the DET technology is not trivial 
though. In many studies neither all relevant properties are reported nor is the exact chemical composition given. Nonethe-
less, several structure-property-relationships can be observed that are of general relevance for the chemical design of die-
lectric elastomers. 

 

1.6.1. High permittivity silicone composites and blends 

 

One of the advantages of mixtures is the simplicity of their preparation. The cross-linking reactions of PDMS are well-
established. In the ideal case, filler and PDMS are homogeneously dispersible and the filler material does not interfere with 
the PDMS cross-linking reaction. This concept strongly relies on the compatibility of the high permittivity filler and PDMS. 
Aggregation of filler material inside the elastomeric composite must be excluded. Therefore, surface functionalization of 
several promising filler materials had to be done prior use. Homogeneous dispersibility is not only important for the insulat-
ing properties of the composite as aggregation might lead to conductive percolation pathways. It is also relevant for the 
mechanical stability of the elastomer during operation in the DET. Permanent deformation due to mechanical stretching 
limits the lifetime of DETs. The strain-softening effect (Mullin's effect) in the operation of dielectric elastomers is predomi-
nantly observed in elastomeric composites.[122]  

 

The first report on DE siloxane composites can be dated back in 2003.[280] As filler material titanium dioxide, barium titan-
ate, lead magnesium niobate-lead titanate and poly(copper phthalocyanine) were used. The properties of the resulting 
composites were not comprehensively investigated though.  

In 2005, Carpi et al. presented the design of titanium dioxide siloxane composites for DEAs.[281] Rutile-type TiO2 with an av-
erage grain size of 10 µm was suspended in a commercial three-component siloxane mixture. The mixture contained sof-
tener. Indeed, an increase in permittivity ε' of 6 was achieved at 30 wt% TiO2, whereas the elastic modulus remained in the 
low kPa regime. The actuation strain of the composite was considerably higher at lower electric fields compared to the 
PDMS reference material. The transverse strain was given with 11% at 9 V/µm which was the maximum electric field of the 
DEA.  

In addition, PDMS-surface functionalized TiO2 nanoparticles (20 nm) were tested in a PDMS matrix.[282] The relative permit-
tivity of the TiO2 nanoparticles was ε' = 128 and the highest permittivity measured for the corresponding siloxane compo-
site was up to 2.7 times higher compared to the pristine PDMS elastomer. However, a drastic increase in the elastic modu-
lus Y was observed directly related to the weight amount of TiO2. This resulted in a decrease of actuation strain but in an 
increase of output pressure of the DEA device. Lifetime experiments were not published but the mechanical loss factor 
tan(δ) was with 0.15 higher than in common PDMS elastomers. The mechanical losses were not related to the amount of 
TiO2 filler. Thus, it is more likely that the understoichiometric amount of cross-linker in the commercial two-component si-
loxane mixture showed its detrimental effect on the viscoelasticity of the siloxane composite. The effect of titanium dioxide 
filler on the dielectric strength of siloxane elastomers was also tested. No adverse effect was found up to 12 wt% TiO2.[283] 

 

The commercial lead magnesium niobate-lead titanate powder Pb(Mg1/3Nb2/3 )O3 /PbTiO3 (ε'= 17.600 at 1kHz)[284] was re-
ported to enhance the permittivity of siloxane elastomers.[285] The commercial three-component formulation TC-5005 A/B–
C was used as siloxane matrix. 1 mm thick composite films with 30% volume fraction of filler showed a relative permittivity 
of about 15. The elastic modulus was around 100 kPa as TC-5005 A/B–C contained significant amount of silicone oil as sof-
tening agent. Electromechanical tests were not presented.   
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The impact of barium titanate particles on the dielectric and mechanical properties of siloxane elastomer was intensely 
studied by Böse et al. in 2011. The mean particle size was below 3 µm. As siloxane matrix the commercial Pt-catalyzed two-
component mixture RT 625 from Wacker was chosen. An increase in permittivity up to 11 was reached by the addition of 30 
vol% of particles. The authors had expected higher values given the high permittivity of above 1000 for pure barium titan-
ate. The processing in thin films failed due to the high viscosity of the 30 vol% barium titanate siloxane suspension. At max-
imum, only 20 vol% composite thin films could be manufactured. The elastic modulus Y was around 0.16 MPa due to the 
addition of silicone oil as plasticizer. The mechanical loss factor tan(δ) with 20 vol% barium titanate was around 0.1 at 1 Hz. 
The dielectric strength dropped from above 40 V/µm for the pristine PDMS elastomer to 20 V/µm with 10 vol% barium ti-
tanate. Remarkably, the actuation strain was measured in a multi-layer DEA test device. 20 layers were prepared by spin-
coating with an average film thickness of 250 µm. At 20 V/µm, a maximum actuation strain of 6-7% compared to 1-2% of 
the pristine PDMS elastomer was realized by the incorporation of 20 vol% of barium titanate. Moreover, the impact of me-
chanical prestrain on the performance of DEAs made of barium titanate siloxane composites was studied.[286] Very recently, 
barium titanate siloxane composite elastomers with nanoparticles of an average size of 100 nm were prepared by high-
temperature free radical cross-linking reaction.[287] The highest relative permittivity value reported was 3.9. 

 

Calcium copper titanate (CaCu3Ti4O12) prepared in a custom-made sintering process was evaluated for high permittivity si-
loxane composites.[288] The elastomeric composite was formed by peroxide mediated free radical cross-linking. Interesting-
ly, up to an addition of 8 wt% filler material, only a moderate increase in the elastic modulus Y of around 500 MPa was re-
ported. The relative permittivity could be enhanced to a value of ε' = 5.5. An improvement in electromechanical response 
(2%  4% at 20 V/µm) was experimentally proven using pristine PDMS elastomer as reference material. Only 2 wt% of 
magnesium-doped calcium copper titanate powder were reported to enhance ε' in a siloxane composite by a factor of 0.4 
(ε': 9.8  13.4 at 102 Hz) accompanied by a moderate increase in elastic modulus Y of about 10% (0.2 MPa  0.23 
MPa).[289] Accordingly, the actuation strain of a 500 µm thin film could be increased by a factor of 0.4 in a DEA test device. 

 

Custom-made iron oxide nanoparticles in PDMS proved to enhance the relative permittivity in a PDMS composite up to 
5.[290] The conductivity of the composite remained at a low level even at 20 wt%. However, the elastic modulus was about 
1.9 MPa. Organic clay was also considered as high permittivity filler material in siloxane elastomers.[291] In 2018, montmoril-
lonite clay ((Na,Ca)1/3(Al,Mg)2(Si4O10)(OH)2 x n H2O) was reported to improve the relative permittivity of siloxane elastomers 
by a factor of 0.3 at a low weight amount of 4 wt% while keeping the elastic modulus Y below 500 kPa.[292]  

 

Silicone oil and various liquid compounds were known for a long time to reduce the elastic modulus of PDMS elastomers. 
This is a fundamental contrast between liquids and solid filler material. Additionally, liquid additives can eliminate the need 
of solvent in the siloxane formulations. Therefore, mixtures of PDMS and high permittivity polymers and liquids were stud-
ied for DE applications.  

Carpi et al. reported the positive effect on permittivity of undoped polythiophene as a highly polarizable conjugated poly-
mer inside PDMS.[293] The commercial three-component PDMS formulation contained additional softening agent. The max-
imum weight amount was 6 wt% of polythiophene. The elastic modulus remained well below 100 kPa. The viscoelastic be-
havior was not studied. The enhancement of permittivity ε' of up to 9 (103 Hz) was accompanied by an increase in dielectric 
losses ε'' and conductivity at low frequencies. This was attributed to the diffusion of mobile charges through the PDMS 
blend. Nonetheless, the maximum actuation strain could be enhanced. At electric fields below 10 V/µm, the actuation 
strain of 6 wt% polythiophene-PDMS composite was 4 times higher compared to the pristine PDMS.   

Furthermore, polyurethane-PDMS blends were studied.[294] The chemical composition of the polyurethane was unknown as 
the step-growth polymerization was performed directly in the PDMS formulation. 40 vol% polyurethane blended in PDMS 
resulted in a relative permittivity ε' of about 5.5 at high frequency. At low frequency (< 103 Hz) drastic electrode polariza-
tion was observed. This was attributed to the diffusion of free charges. Interestingly, in the polyurethane-PDMS mixture the 
diffusion of charges was more pronounced than in the pure polyurethane thermoplastic. This might be rationalized by the 
lower elastic modulus of the blend. The electric breakdown in the DEA measurement occurred below 10 V/µm already.      

About 8 wt% of polyethylene glycol (Mn: 600 g/mol) in PDMS led to a reduction in elastic modulus Y from 0.4 MPa to 0.2 
MPa.[295] The relative permittivity could be improved to a value of 5. However, the conductivity increased by a factor of 10 
compared to the two-component PDMS elastomer.   

A custom-made cyanopropyl-substituted silicone oil was blended in a custom-made PDMS formulation.[125] The vinyl-
terminated PDMS (Mn: 67 000) was Pt-catalyzed cross-linked by a methylhydrosiloxane–dimethylsiloxane copolymer (HMS-
301). The elastic modulus dropped from 1 MPa to about 0.2 MPa in case of 39 wt% of cyanofunctionalized oil. The relative 
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permittivity rose to a value of about 6. The DEA characterization revealed a drastic drop in dielectric strength from 80 V/µm 
to 20 V/µm clearly related to the addition of cyano-functionalized oil.  

Fluoropropyl-substituted silicone oil was mixed with a two-component PDMS elastomer (RT 625).[296] The relative permittiv-
ity was between 5-6 with a maximum weight amount of 45% of fluorinated oil. The conductivity was below 10-12 S/cm. The 
elastic modulus of 45 wt% blend was below 0.1 MPa. The actuation strain improved by a factor of 5 until 10 V/µm when 
dielectric breakdown occurred. As the fluoropropyl-substituted silicone oil was vinyl-terminated it could have been incorpo-
rated into the elastomeric PDMS network as well. An increase in mechanical instability due to the addition of fluorinated oil 
was measured though. The mechanical loss factor tan(δ) ranged from 0.06 to 0.09 at 1 Hz.    

Chloropropyl-substituted silicone oil was added to PDMS.[297] LR3043/50, a two-component PDMS formulation, was used. 
The elastic modulus declined below 0.1 MPa and the relative permittivity exhibited a maximum of 5.5 in case of 50 wt% po-
lar silicone oil. However, the mechanical loss factor tan(δ) was about 0.45 at 1 Hz illustrating the negative effect of the sili-
cone oil on the mechanical stability.  

More recently, Glycerol-PDMS blends were reported as promising high permittivity dielectric elastomers.[298,299] 50 vol% of 
glycerol in PDMS resulted in a relative permittivity of about 12 while the conductivity remained below 10-13 S/cm. The elas-
tic modulus was reduced to 0.3 MPa but the effect on the mechanical stability remained unclear as electromechanical and 
dynamic-mechanical measurements were not presented.   

 

Conductive particles were tested for high permittivity siloxane composites. The enhancement in permittivity was accompa-
nied by an increase in conductivity as well. Thus, the amount of filler was limited by the electric percolation threshold of the 
siloxane composite. Ag-siloxane composites showed conductivities above 1 S/cm with Ag filler (2-3.5 µm) loadings of about 
13 vol%.[300] Custom-made graphene oxide sheets showed a smaller tendency to form conductive pathways in the siloxane 
composite. The conductivity of a 2 wt% siloxane composite was about 10-10 S/cm with a relative permittivity of about 8-9. 
The dispersibility of CNTs in PDMS could be improved by chemical bonding of siloxanes on the CNT surface.[301] Only 0.1 
wt% of functionalized CNTs in a PDMS composite gave a relative permittivity of 3.7 with a dielectric strength of about 25 
V/µm in DEA testing. 

 

A percolation threshold of 1.6 wt% was reported for custom-made graphene nanoplates in PDMS.[302] The relative permit-
tivity of the composite was about 12 with an elastic modulus Y of 1.2 MPa. A strong correlation of elastic modulus and filler 
content was observed. The Young's modulus increased from 0.5 MPa to 1.8 MPa with 2 wt% filler content. The dielectric 
strength of the composite was around 35 V/µm compared to 45 V/µm of the pristine PDMS elastomer. Commercially avail-
able expanded graphite was tested with a maximum amount of 4 wt% in PDMS.[303] The authors observed a dependence of 
dielectric strength on the mixing techniques. The permittivity of the graphite siloxane composite increased linearly in the 
range of 1-4 wt% filler content with a maximum permittivity of 8 for 4 wt% expanded graphite.[303] The dielectric strength 
declined from about 80 V/µm of the pristine PDMS to 20-50 V/µm of 4 wt% graphite content.  

 

The formation of conductive pathways in siloxane composites due to conductive filler materials was a serious concern with 
respect to DET applications. An electrically insulating coating of conductive particles was considered as a possible solution. 

In 2010, conductive polyaniline particles with a shell of poly(divinyl benzene) were dispersed in PDMS and cross-linked in a 
titanium-catalyzed condensation reaction. Interestingly, the Pt-based hydrosilylation cross-linking of the polyaniline PDMS 
dispersion failed.[304] The dielectric breakdown strength ranged between 50-60 V/µm even at 13-30 vol% filler content lead-
ing to elastic moduli between 400 kPa and 4 MPa in case of 30 vol%. The relative permittivity increased correspondingly 
from 4.2 (14 vol%) to 7.2 (30 vol%). Electromechanical tests proved the long-term stability of the composite for 1000 actua-
tion cycles.[305]  

 

Custom-made Ag/SiO2 core-shell nanoparticles were tested in a PDMS as high permittivity siloxane elastomer.[306,307] The sil-
ica shell was less than 4 nm. The Ag/SiO2  mean particle size was 60 nm. The composite was cross-linked by a tin-catalyzed 
dehydrogenative coupling reaction of the hydroxyl-terminated PDMS and hydrosilane. 18 vol% of Ag/SiO2 core-shell nano-
particles could be added to PDMS without reaching the percolation threshold. The relative permittivity could be enhanced 
to a maximum value of 7.8. The elastic modulus Y increased from 0.2 MPa of the pristine PDMS to 7.5 MPa of the 18 vol% of 
Ag/SiO2-PDMS composite. The use of a high molecular PDMS and thus the reduction of cross-linking density allowed a 
modulation of elastic modulus towards softer composites. A PDMS composite with 20 vol% Ag/SiO2 was tested with a mod-
ulus Y of 1.4 MPa possessing a permittivity of 5.9. The electric breakdown ranged between 10 and 14 V/µm. 
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Very recently, CuxO-encapsulated Cu nanoparticles were used for PDMS composites and tested with respect to DET ap-
plicability.[308] Up to 30 wt% of Cu/CuxO particles could be added to PDMS without reaching the percolation threshold. Even 
though, the dielectric strength in the DEA measurements was considerably reduced to an electric field of about 12 V/µm.  

 

Core-shell multi-walled CNTs were tested as high permittivity filler material in PDMS.[309] The hydroxylated surface of the 
carbon nanotube served as electric encapsulation. Indeed, the rise in conductivity was less pronounced compared to un-
functionalized CNTs. Nonetheless, the conductivity increased from 10-11 to 10-6 S/cm for 1 to 10 wt% core-shell CNTs in the 
siloxane composite. Therefore, the interpretation of relative permittivity values was complicated by the strong effect of in-
terfacial polarization. In Chapter 4, functionalized nanospring-single-walled CNTs[310] in siloxane composites and their elec-
tromechanical performance in DEGs will be discussed in greater detail. 

 

Table 1.5 Permittivity ε' and elastic modulus Y of novel silicone elastomers containing additives. 

Additive ε' Y 

[MPa] 

 Additive ε' Y 

[MPa] 

TiO2 6 < 0.1 Fluoroalkyl silicone oil 5-6 0.1 

Pb(Mg1/3Nb2/3)O3 /PbTiO3 15 0.1 Chloroalkyl silicone oil 5.5 0.1 

BaTiO3 11 0.2 Glycerol 12 0.3 

CaCu3Ti4O12 5.5 0.5 Multi-walled CNT 3.7 0.4 

Fe2O3 5 1.9  Graphene nanoplates 12 1.2 

Clay 3.6 0.5 Functionalized graphite 8 0.2 

Polythiophene 9 0.1 Core-shell polyaniline 7.2 4.0 

Polyurethane 5.5 ----- Ag/SiO2 7.8 7.5 

Polyethylene glycol 5 0.2 Cu/CuxO 8 > 1 

Cyanoalkyl silicone oil 6 0.2    

 

Table 1.5 summarizes the properties of silicone composites and blends designed in recent years. Indeed, the addition of 
high permittivity additives allowed the preparation of high permittivity silicone blends and composites. However, the rela-
tive permittivity of many siloxane composites was much lower than initially expected.[282,285,311] The permittivity values were 
not additive based on the values of the single components.[312] It was proposed that polarization effects at the grain bound-
aries due to free diffusion of charges in the bulk material might be suppressed at the low filler concentration in siloxane 
elastomers.[313–315]  

A general trend is the decline of dielectric strength Emax of all high permittivity silicone composites and blends. It remains 
ambiguous to what extent this can be exclusively related to the high permittivity filler. The elastic modulus also differed 
from the pristine PDMS elastomer used as reference material. In addition, the testing conditions i.e. electrode area, elec-
tromechanical strain, mechanical prestrain of Emax measurements varied considerably.  

Until today, there was no silicone blend or composite film tested with a thickness below 75 µm.[305] The processing of silox-
ane composites in thin films is limited to the particle size. This requires precise control over the particle synthesis process, 
particle agglomeration and dispersion in PDMS. So far, the mechanical properties of most siloxane composites and blends 
have not been comprehensively studied. In particular, when additional plasticizers were used in order to compensate the 
stiffening effect of the solid filler material. Future investigations with respect to DET applications are necessary. So far, the 
provided DMA data indicated an increasing viscoelastic behavior of PDMS composites and blends. It might be arguable 
whether the additives might interfere with the Pt-catalyzed PDMS cross-linking reaction.[304] Nonetheless, mechanical 
strains of about 800%[306] are reported in tensile tests which could be of interest for DEG applications.   

Ultimately, the use of solvent in most siloxane composite formulations poses an additional challenge to the development of 
fast and cost-efficient thin film processing methods.  Future research activities should combine the design of novel silicone 
elastomers with thin film processing techniques subsequent to its integration in DET devices. 
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1.6.2 High permittivity silicone elastomers 

 

Chemical modification of polysiloxane is an approach to increase the permittivity intrinsically by covalent bonding of dipolar 
molecules to the polysiloxane backbone. The most obvious advantage is the absence of compatibility issues of heterogene-
ous phases in the siloxane blend or composite. In addition, the introduction and dispersion of polar groups is permanent. 
The polar groups cannot diffuse and agglomerate inside the siloxane matrix. Therefore, neither negative effects on the vis-
coelasticity nor the long-term durability should be expected. 

However, the chemical modification requires deeper insight into the chemical composition of the polysiloxane. In addition, 
the chemical modification of the polysiloxane must not interfere with the subsequent cross-linking reaction. This necessi-
tates a critical analysis of the chemically modified polysiloxane and possible residues of the modification reaction e.g. by-
products, side products, solvents and catalysts. Therefore, many scientific reports of recent years provided detailed infor-
mation on the electromechanical properties of the polar siloxane elastomer, the synthetic pathway and on its chemical 
structure.  

In 2011 Kussmaul et al.published the film casting of a high permittivity polysiloxane.[316–318] It is a one-step film formation 
process. Scheme 1.11 illustrates the simultaneous side group functionalization and cross-linking of a trimethylsiloxane-
terminated (30%-methylhydrosilane)-PDMS-copolymer (Mn: 2000 g/mol). In a Pt-catalyzed hydrosilylation reaction the co-
polymer was covalently bonded to N-allyl-N-methyl-p-nitroaniline and cross-linked by vinyl-terminated PDMS (Mn: 28000 
g/mol). The sterically demanding aromatic groups with electron-withdrawing and electron-donating substituents were in-
troduced into literature as push-pull-dipoles. At a maximum dipole content of 13.4 wt% a relative permittivity of 6 was 
achieved. A strong effect on the elastic modulus was observed. The incorporation led to a decrease from 1.9 MPa (0 wt%) 
to 0.5 MPa (13.4 wt%). The actuation strain could be enhanced by a factor of 7 due to the high permittivity and low elastic 
modulus. The dielectric strength declined from 130 V/µm to 39 V/µm though. Swelling-extraction experiments revealed the 
strong interference of the dipole addition with the cross-linking reaction. The extractable fraction increased almost linearly 
with the amount of dipole incorporated into the PDMS network to a maximum of about 40 wt%. The film preparation pro-
cess resulted in thin films of about 80 µm. The process was solvent based i.e. 90 wt% chloroform as the dipole precursor 
and PDMS were not compatible. The formation of homogeneous thin films required more than two hours due to the slow 
evaporation of the solvent at ambient temperature prior to high-temperature-vulcanization.  

 

 
Scheme 1.11 Pt-catalyzed hydrosilylation PDMS cross-linking reaction accompanied by simultaneous addition of p-
nitroaniline to the PDMS network.     

 

A further development in the synthesis of dipolar silicone elastomers was presented in 2013 by Madsen et al.[134,319] by the 
separation of dipole functionalization and cross-linking reaction illustrated in Scheme 1.12. The dipoles were grafted on the 
cross-linker by a copper-catalyzed azide-alkyne cycloaddition reaction. A vinyl-substituted PDMS copolymer was added as 
secondary cross-linking agent.    
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Scheme 1.12 Pt-catalyzed hydrosilylation cross-linking of a hydro-terminated PDMS with a dipolar cross-linker and addition-
al vinyl-substituted PDMS. R1: 4-(4-nitrophenylazo) phenyl. R2: 4-nitrophenyl.    

 

The polar silicone elastomers were casted as 150 µm thin films in a solvent-based process. The increase in permittivity was 
rather moderate as the concentration of the dipolar group inside the PDMS elastomer was limited to the cross-linking den-
sity. Interestingly, permittivity and dipole content did not show linear correlation. Instead, a peak in permittivity at 1.35 
wt% (ε' = 3.3) was observed whereas the permittivity at 3.6 wt% was 3.0. The values were given at an electric field frequen-
cy of 100 Hz. Thus, the dipole orientation to the applied electric field was restricted inside the PDMS network. The integra-
tion of the organic dipole severely affected the dielectric strength Emax of the DE. In case of 0.7 wt% 4-nitrophenyl-content 
Emax declined from 92 V/µm to 39 V/µm. It remained unclear whether this originated from an increased conductivity caused 
by the organic dipoles or the decrease in elastic modulus accompanied by higher mechanical losses.  

Calculated from the given shear modulus G (Y = 2(1+ν)G; ν: Poisson ratio of silicones ~ 0.5) values of Y ranged between 0.05 
and 0.4 MPa. A clear softening effect due to the grafting of dipoles was reported. This was unexpected as the dipole was 
part of the cross-linker. Most remarkably, there are different trends in Emax as well as mechanical losses and gel fraction for 
the two types of organic dipole. The sterically more demanding R1 affected the mechanical properties less than R2. The con-
tent of extractables increased to about 36 wt% in case of R2 compared to 11 wt% in case of the R1. 

In summary, this is a strong indication for an interference of the platinum-catalyzed cross-linking reaction by the organic di-
pole.[320] So far, the electromechanical performance of the thin films remains to be tested in DETs.      

 

In 2015, Zhang et al.[321] reported on an alternative to the platinum-catalyzed hydrosilylation cross-linking of polar siloxanes. 
PDMS was cross-linked by tetraalkoxysilane in an organotin-catalyzed condensation reaction. Scheme 1.13 shows the push-
pull-dipole Disperse Red 19 that was integrated into the PDMS network. Disperse Red 19 was dissolved in tetraethoxysilane 
and THF subsequent to further addition of PDMS and dibutyltin dilaurate.  

 

 
Scheme 1.13 The synthetic approach of the Disperse Red 19 functionalized PDMS network. 

 

Thin films of about 170 µm were prepared. The relative permittivity showed a linear trend with the dipole content to a max-
imum value of 4.9 at 13 wt% Disperse Red 19. The elastic modulus Y increased moderately up to 10 wt% dipole content to 
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about 0.4 MPa and reached a maximum of 0.7 MPa at 13 wt%. Correspondingly, 10 wt% dipole resulted in the highest actu-
ation strain of 9% in the DEA below 50 V/µm. The maximum DEA area strain was tested for 7 wt% dipole content at an elec-
tric field of about 65 V/µm. An adverse effect of the dipole incorporation on Emax was not found.  

Interestingly, the viscoelastic behavior was characterized by the DEA measurement. The authors found a time delay of 
about 0.4 seconds between applied voltage and actuation response of the polar silicone containing 7 wt% of dipole. This is 
consistent with the swelling-extraction tests that showed a linear rise in the extractable amount from 5 wt% of the pristine 
PDMS to 18 wt% of the polar silicone with 13 wt% dipole content.   

 

Bele et al. reported on the tin-catalyzed PDMS condensation cross-linking by an excess of polar cross-linker.[132,133] Scheme 
1.14 describes the cross-linking reaction and the different types of dipole used. The polar cross-linkers were commercially 
available. Polar silicone elastomers were obtained with a film thickness ranging from 400 to 800 µm in a solvent-based pro-
cess. The synthesis benefits from the self-condensation of the polar cross-linker at ambient humidity. It allows overstoichi-
ometric use of cross-linker in order to facilitate quantitative conversion of the PDMS cross-linking and in situ formation of 
silsesquioxane segments of the polar silicone. The material might be considered as a hybrid form of polar silicone and sili-
cone composite. 

The rate of cross-linking was not precisely studied. However, film formation took about one day. The permittivity did not 
exceed values over 3.7 at dipole contents between 6 and 9 wt%. Interestingly, the cyanopropyl-substituted cross-linker led 
to the high permittivity and elastic modulus Y of about 1 MPa as well. Unfortunately, neither DMA measurements nor swell-
ing-extraction experiments were reported.  

 

 
Scheme 1.14 Organotin-catalyzed condensation cross-linking reaction of PDMS and the in situ formation of silsesquioxanes. 
R1-5: -H, -(CH2)3Cl, -(CH2)3NH2, -(CH2)3CN, -C6H5. 

 

The effect of the 3-chloroproply moiety was thoroughly investigated.[132] 50 wt% of cross-linker gave an elastomer with an 
elastic modulus of 2.5 MPa and a remarkably high mechanical strength of over 5 MPa in the tensile test. At 15 wt% of polar 
cross-linker, the elastic modulus was about 0.6 MPa with a relative permittivity of about 3.7 (102 Hz). The material was elec-
tromechanically characterized in a DEA. A lateral actuation strain of about 7% was observed compared to 6% of the PDMS 
reference material. Due to the elevated elastic modulus Y this corresponds to a doubling of output pressure. Interestingly, 
the time response and the mechanical durability were comparable as well. Both materials were strained to about 6% at a 
frequency of 6.7 Hz which corresponds to a time response of 0.15 seconds. Mechanical durability was demonstrated by 100 
actuation cycles at constant strain in 15 seconds.  

Even though this approach led to a drastic rise in elastic modulus Y of the polar silicone elastomers, it is particularly inter-
esting due to its functional group tolerance. Therefore, it will be of further interest in Chapter 3 and Chapter 4 when the or-
ganotin-catalyzed condensation reaction of ethoxysilanes is combined with novel polar silicones and CNT-PDMS compo-
sites.  

 

The use of polar cross-linkers allow well-dispersed dipoles inside the PDMS elastomer. However, this synthetic approach is 
constraint by the cross-link density of the elastomer i.e. its elastic modulus. This limits the gain in permittivity of the polar 
silicone elastomers. Thus, the design of soft polar silicone elastomers based on silicone copolymers has gained importance 
in recent years.  Already in 2013, Racles et al. have proposed a synthetic route towards cyanopropyl functionalized pol-
ysiloxane based on post-polymerization modification of vinyl-substituted polysiloxane or copolymerization of polar cy-
closiloxane.[322] The functionalization was performed by a Pt-catalyzed hydrosilylation reaction whereas the hydroxy end-
groups were subsequently cross-linked by a titanium-catalyzed condensation reaction with ethyltriacetoxysilane (Scheme 
1.15).  
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Scheme 1.15 Preperation of cyanopropyl functionalized siloxane elastomers by titanium-catalyzed condensation cross-
linking. [Ti]: titanium tetra(2-ethylhexoxide). 

 

However, the addition of the hydrosilane group on allyl cyanide by Pt-catalyzed hydrosilylation did not reach quantitative 
conversion. The unreacted hydrosilane groups hydrolyzed and a secondary cross-linking reaction was observed in the pres-
ence of Karstedt’s catalyst. Nonetheless, elastomers with up to 23 mol% cyanoproyl modified polysiloxane units were pre-
pared with a thickness of about 100 µm. An enhanced permittivity of up to 6.5 was measured. In case of trimethylsilyl-end 
blocked polysiloxane 89 mol% of cyano side groups were grafted on the siloxane chain which gave a relative permittivity of 
about 16.[323] However, only cross-linked polar silicones with 4 mol% polar side groups were mechanically stable enough to 
be tested. The tensile tests revealed no significant increase in elastic modulus due to the incorporation of the cyanopropyl 
side group. This led to a considerable increase in lateral actuation strain of the DEA. At 40 V/µm a lateral strain of 10% was 
observed for the polar silicone with respect to 3% lateral strain of the pristine PDMS elastomer. The long-term mechanical 
stability was studied by cyclic DEA measurements. A sinusoidal electric field of 30 V/µm with a frequency of 2.5 Hz was ap-
plied. A permanent deformation of about 1% was observed after 100 cycles.   

A more comprehensive study on the effect of dipoles incorporated as side groups of polysiloxane was recently 
published.[278] Even though the polysiloxanes were end-capped and thus not cross-linkable, the effect of the incorporation 
of various dipoles on permittivity and conductivity was presented. The molecular structures of the polar side groups are de-
picted in Figure 1.10. About 8 mol% of the side groups were modified in a PDMS-copolymer. The highest ε' value was meas-
ured for D6 with 7.4. However, the increase was accompanied by a rise in conductivity over 10-8 S/cm. Both trends could be 
rationalized by the strong absorption of H2O at ambient humidity. D1-D5 and D7 led to enhanced permittivity values ranging 
between 3.8 and 5.4 of the siloxane copolymer with conductivities in the order of 10-9 to 10-12. The post-polymerization 
modification was catalyzed either by platinum in a hydrosilylation of a hydrosiloxane copolymer or by UV light with DMPA 
as photoinitiator in the thio-ene addition on a vinylsiloxane copolymer. 

  

 
Figure 1.11 End-capped polar siloxane copolymers. m/n : 1/12. 

 

Already in 2013, the functionalization of polysiloxanes by thiol-ene addition of various commercially available polar thiols 
on poly(methylvinylsiloxane) was reported.[324] Isolated yields higher than 90% using stoichiometric amount of polar thiol 
and the thermal stability of the obtained polysiloxanes were emphasized. The dielectric properties were not investigated 
though.  
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In 2015 and 2016, Dünki et al.[126,325] presented the quantitatively functionalized polar silicone simultaneously cross-linked 
in a thiol-ene addition of a dithiol. In a solvent-based one-step process, thin film elastomers were formed with a thickness 
of about 120 µm (Scheme 1.16). Swelling-extraction tests showed an extractable content of about 10 wt%. 

  

 
Scheme 1.16 Simultaneous thiol-ene addition of 2-cyanoethanethiol and 2,2′-(Ethylenedioxy)diethanethiol on 
poly(methylvinylsiloxane).  

 

At 100 mol% of cyano-functionalized siloxane units a maximum permittivity of 17.4 was achieved. The addition of the less 
polar 1-butanethiol has already led to an increased permittivity of the silicone elastomer of about 4.3. Even though the ma-
terial was mechanically strengthened by the addition of 5 wt% silica particles, the elastic modulus Y of all polar elastomers 
was kept constant around 0.1 MPa. This was explained by the use of high molecular weight polysiloxanes and thus low 
cross-link density. The mechanical strain at break ranged from 200% to 300% which could be of particular relevance in DEG 
operations. In DEA operations the polar silicone outperformed the unpolar silicone by a factor of 4 in actuation strain at 10 
V/µm. In cyclic DEA tests the polar silicone suffered dielectric breakdown at 8 V/µm. Interestingly, the DE recovered by it-
self very shortly afterwards from electric breakdown. The reason for the rather low dielectric strengths Emax of the cyano-
functionalized silicone elastomers remained blurry. The increase in conductivity to a maximum of about 10-9 S/cm was ac-
companied by an increase in viscoelasticity at very low elastic moduli Y. In Chapter 2, novel molecular designs of mercap-
tonitriles will be discussed with respect to their dielectric properties and possible applications as precursor in polar silicone 
elastomers.  

Most recently, Dünki et al. published the functionalization of siloxanes by sulfonyl side groups. Due to complete thiol-ene 
addition on poly(methylvinylsiloxane) the permittivity increased to 23.[279] It remains to be seen whether the cross-linked 
sulfonyl-functionalized polysiloxane will show superior electromechanical behavior in a DET. The cross-linking of sulfonyl-
functionalized polysiloxane has already been presented in 2001 based on free radical cross-linking reaction at elevated 
temperature but no mechanical properties were studied.[326]       

 

As an alternative to post-polymerization modification by thiol-ene addition or Pt-catalyzed hydrosilylation reaction the co-
polymerization of polar cyclosiloxanes with trifluoropropyl[327] or chloropropyl[328] side groups was reported.  

In case of the trifluoropropyl-functionalized siloxane copolymer a maximum permittivity of 6.4 was realized (Scheme 1.17). 
The vinyl-terminated siloxane copolymers were cross-linked in a Pt-catalyzed hydrosilylation. The elastic moduli Y were re-
markably low (< 0.05 MPa) but the mechanical losses tan(δ) increased considerably above 28%. The best DEA performance 
was demonstrated by a siloxane copolymer with 47% trifluoropropyl side groups. It could be reversibly strained to 4% by 8 
V/µm with a frequency of 0.4 Hz for 100 cycles.  

 

 
Scheme 1.17 Synthesis of vinyl end-functionalized siloxane copolymers. As starting material octamethylcyclotetrasiloxane, 
trifluoropropyl-methyl-cyclotrisiloxane, and divinyl siloxane end-blocker were used.    
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In contrast, the synthesis of chloropropyl-substituted siloxane elastomers was rather complex (Scheme 1.18).[329] Under in-
ert atmosphere the hydride-terminated PMDS reacted in a Piers-Rubinsztajn condensation reaction[330,331] with 3-
(chloropropyl)-methyldimethoxysilane catalyzed by tris(pentafluorophenyl)borane. Subsequently, the methoxy-terminated 
polar polysiloxane reacts in situ with allyldimethylsilane to give a vinyl-terminated chloropropyl-substituted PDMS copoly-
mer.  

 

 
Scheme 1.18 Two-step one-pot synthesis of vinyl-terminated 3-(chloropropyl)methylsiloxane-PDMS-copolymers followed 
by solvent-free Pt-catalyzed cross-linking. 

 

The dipole concentration could be adjusted by the molecular weight of the hydride-terminated PDMS. The copolymers 
were cross-linked in a Pt-catalyzed hydrosilylation reaction with a hydrosilane-PDMS-copolymer. 150 µm thin films were 
obtained after 2 hours in a solvent-free process. A maximum permittivity of about 4.7 with an elastic modulus of 1.0 MPa 
was achieved. Mechanical losses tan(δ) of 0.09 at 1 Hz were rather high whereas the extractable content was with 8 wt% 
low which can be rationalized by the amount of 25 wt% of silica filler material. Correspondingly, the tensile strength was 
above 2 MPa at 130% strain. Up to date, electromechanical characterizations await to be reported.  

 

A similar approach of α-functionalized high permittivity silicones was patent-registered by Stepp et al. in 2015.[332] Both, the 
vinyl-terminated siloxane (Mn: 3600 g/mol) and the hydrosilane-copolymer cross-linker carried a polar moiety in α-position. 
A silica filler was added to the mixture which was cross-linked by Karstedt's catalyst in a solvent-free process at 160 °C. The 
cross-linking reaction was controlled by the addition of 5 wt% 1-ethinyl-cyclohexanol as volatile catalytic inhibitor. Detailed 
information were given on the preparation of 100 µm thin films of poly(chloromethylmethylsiloxane)-PDMS-copolymer 
summarized in Scheme 1.19. Even though the mixture possessed a high viscosity (1000 Pa s at 0.1 Hz), the mixing and film 
formation process was finalized within 30 minutes. A maximum permittivity of 6.8 was reported for 60 mol% of chlorome-
thyl side groups. The elastic moduli were not reported but the tensile strength was 2 MPa at 200%. The electrical break-
down strength was at 50 V/µm. Electromechanical tests have not been published so far.    

 

In summary, polar silicone elastomers are very promising candidates as future replacements of PDMS elastomers in DETs. 
The greatest advantage of chloro-and fluoro-functionalized polysiloxanes is their compatibility with the well-established 
hydrosilylation cross-linking reaction catalyzed by Karstedt's catalyst. This allows solvent-free preparation of thin films at 
elevated temperatures within 30 minutes. The highest permittivity of Pt-catalyst cross-linked silicone elastomers reported 
up to date was 6.8. 

Significantly higher permittivities of cyano- and sulfonyl-functionalized polysiloxanes were reported. An extraordinary in-
crease in permittivity of over 700% compared to PDMS was achieved. However, well-established platinum- and tin cata-
lyzed cross-linking reactions were reported to fail in cases of highly dipolar functionalities. Future design of suitable cross-
linking reactions will determine the network integrity of the polar polysiloxane and thus the mechanical lifetime of any DET 
device. Therefore, the cross-linking process will define the technological relevance of high permittivity silicones for DET ap-
plications.  
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Scheme 1.19 Synthetic route for poly(chloromethylmethyl)(dimethyl)siloxane copolymer elastomers. [Pt] represents 
Karstedt's catalyst with 5 wt% of 1-ethinyl-cyclohexanol. The silica filler material SiO2 used was surface passivated by trime-
thylsilyl moieties. 
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1.7  Goal and scope of the thesis 

 

It is the overall goal of this thesis to develop a high permittivity siloxane elastomer that is of technological relevance with 
respect to DET applications. 

 

This involves the preparation of high permittivity polysiloxane composites for dielectric elastomer generators as well as the 
design of chemically modified siloxane elastomers for dielectric elastomer actuators. The development of cross-linking reac-
tions suitable for polysiloxane composites and chemically modified polysiloxane elastomers is of prime importance. The 
synthetic strategy depends on the thiol-ene addition of various thiols on vinyl-substituted polysiloxanes. Therefore, cross-
linking reactions compatible with the thioether side group must be utilized. The dielectric properties and the mechanical 
properties must be tailored to meet the demands for dielectric elastomer actuators and generators. This includes permittiv-
ity ε' and conductivity σ as well as elastic modulus Y, viscoelastic behavior (tan(δ)DMA) and mechanical strain at break smax of 
the dielectric elastomer. Advantages and disadvantages of high permittivity polysiloxanes in comparison to PDMS elasto-
mers are shown in electromechanical test devices and discussed in detail. A particular focus of this work will be on the me-
chanical long-term stability of high permittivity polysiloxanes and the development of technologically relevant thin film pro-
cessing methods.  

 

In Chapter 2, the synthetic approaches of various mercaptonitriles as precursors for thiol-ene addition on polysiloxanes are 
studied. The challenges in the reaction control due to the high nucleophilicity of thiols towards the nitrile group are nicely 
illustrated by the X-ray diffraction analysis on the single crystals of the corresponding cyclization products. Therefore, in the 
course of this thesis the focus is limited on high permittivity polysiloxanes synthesized by thiol-ene addition of alkylthiols 
exclusively.  

 

In Chapter 3, the dielectric and mechanical properties of thioether-substituted polysiloxane elastomers are characterized by 
impedance spectroscopy, tensile testing and dynamic mechanical analysis. The performance in an actuator test device is 
demonstrated in comparison to PDMS elastomers. The effect of thioether-substituted polysiloxane on the tin-catalyzed 
cross-linking reaction and the resulting electromechanical behavior is discussed in detail. Additionally, the electromechani-
cal long-term stability is analyzed.   

 

In Chapter 4, the effect of single-walled nanospring carbon nanotubes as filler material in PDMS and thioether functional-
ized polysiloxanes is presented as a dielectric elastomer material for dielectric elastomer generators. The impact of the filler 
material on the dielectric and mechanical properties of polysiloxane elastomers is of interest with respect to dielectric elas-
tomer generators. The potential of the functionalized polysiloxane and the PDMS carbon nanotube composites is highlight-
ed by their performance in dielectric elastomer generator test devices.  

 

Finally, the cross-linking process of thioether functionalized oligosiloxanes is addressed in Chapter 5. This implies the devel-
opment of a solvent-free, fast, on-demand and reproducible cross-linking process. The characterization of the dielectric and 
mechanical properties is presented. Eventually, the prepared polysiloxane elastomers are evaluated in dielectric elastomer 
actuator tests.  
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2.1 Abstract 

 

Thiol-ene addition of thioacetic acid A is widely used in the synthesis of thiols from vinyl precursor, but so far was not con-
ducted on non-conjugated vinyl nitriles. The challenge when vinyl nitriles are used is to selectively conduct the thiol-ene 
addition, while avoiding the nucleophilic addition of A to the nitrile group. We have found that vinyl nitriles give selective 
UV-induced thiol-ene addition in presence of photoinitiators as long as stoichiometric amount of A to the vinyl group and 
sterically unhindered vinyls are used. On the contrary, when a sterically hindered vinyl is used, the nucleophilic addition of 
the nitrile is favoured. The prepared mercaptonitriles can easily undergo cyclization reactions in basic and acidic conditions 
as well as in presence of silica gel. This illustrates the high reactivity of nitriles towards thiol addition. 1,2-ethanedithiol B is 
presented as an alternative reagent to A as it allows conversion of vinyl nitriles directly into mercaptonitriles under mild 
and non-acidic reaction conditions. 

 

2.2 Introduction 

 

The radical addition of thiols to carbon-carbon double bonds is widely known as thiol-ene reaction. This reaction is regiose-
lective and gives the anti-Markovnikov adduct as major product.[1] Due to high conversion, small amount of by-products and 
fast reaction time, the thiol-ene reaction is often referred to as “thiol click chemistry“ in the literature.[2–5] The addition is 
mediated by either thermal[6] or by UV radical initiators. Thiol-ene reaction is a versatile tool in biochemistry[7–10] and poly-
mer science. In polymer science, the thiol-ene reaction is a well-established process for the preparation of dithiol mono-
mers[6] and in the synthesis of polythioethers[11–13] and polythioesters.[14] Due to its high conversion it was often used in 
post-polymerization modifications.[15–21] When photoinitiators are used, the reaction proceeds to completion within few 
minutes.[7] In their absence thiols can be activated by UV irradiation but the reaction rate is considerably lower.[8] The addi-
tion of thioacetic acid A to alkenes followed by acetyl cleavage is one of the most frequently used synthetic routes to thiols. 
Cleavage of the acetyl moiety can be conducted under acidic[6] and basic conditions[22] or by reduction with lithium alumini-
um hydride.[23] Hydrogen sulfide addition to alkenes leads to formation of significant amount of dialkylsulfides side-
products. Already in 1941 Schjanberg et al. published the selective thiol-ene addition of A to non-conjugated pentenoic ac-
ids.[24] Later, Brown et al. reported the selective thiol-ene addition of A to allyl alcohol, allyl acetate, and maleic anhydride 
mediated by peroxides.[25] More recently thiol-ene addition of non-conjugated vinyl amides using BEt3 and O2 as initiator 
was reported.[26] Thiol-ene addition of aliphatic thiols to allyl cyanide is known,[27,28] however, the formed sulfides cannot be 
converted into mercaptonitriles. While selective 1,4-addition of A to acrylonitrile under basic conditions is known,[29] the 
thiol-ene addition of A and 1,2-ethanedithiol B to non-conjugated vinyl nitrile compounds i.e. allyl cyanide was not explored 
so far. The addition of A to aliphatic nitriles was reported to occur under acidic or basic conditions with formation of thio-
amides.[30,31] It is also known that mercaptonitriles can undergo intramolecular reactions under acidic conditions.[32] Given 
the reactivity of A to nitriles it was unclear whether a selective thiol-ene addition of A to various vinyl nitriles followed by 
the deprotection of the thioester to thiol can be realized.  

 

In polymer science, mercaptonitriles are attractive precursor for the functionalization of polyvinylsiloxanes via thiol-ene re-
action.[17] We have recently shown that the dielectric permittivity (ε’) of polysiloxanes modified with polar nitrile groups in-
creases linearly with the content of the nitrile groups. By increasing the content of nitrile groups on the polysiloxane, it is to 
be expected that the permittivity can be further increased. To be attractive precursors for post-polymerization reactions, 
mercaptonitriles must be synthesized cost-efficiently on g-scale and have to be stable during thiol-ene addition to the poly-
vinylsiloxane.  

 

This work describes the thiol-ene reaction of A and 1,2-ethanedithiol B to allyl cyanide, allyl malononitrile, and 3-vinyl-1,3,5-
tricarbopentanitrile which should allow formation of thiols with different content of nitrile groups in two steps or directly, 
respectively. 
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2.3 Experimental section 

 

General Remarks: All reactions were carried out in dried glassware under argon atmosphere. Unless otherwise stated, all 
chemicals were reagent grade and used as received. Methanol, dichloromethane (DCM), heptane, ethyl acetate, petroleum 
ether and tetrahydrofurane (THF) were purchased from VWR. Anhydrous methanol was purchased from Sigma Aldrich. Sili-
ca gel was purchased from VWR (‘Normasil 60’ 40-63 µm). Analytical TLC was carried out on ‘TLC Silica gel 60 F254’ from 
Merck. TLC plates were visualized with UV light or aqueous KMnO4 solution. THF was dried over sodium and distilled prior 
use. All other chemicals were purchased from Sigma-Aldrich. A mercury vapour UV-light source UVAHAND 250 GSH1 from 
Dr. Hönle AG without additional filters providing an irradiation intensity of 15 mW cm–2 in the frequency range between 
320 and 600 nm was used. 1H and 13C NMR spectra were recorded on a Bruker Avance III 400 NMR spectrometer using a 5 
mm BBO ProdigyTM CryoProbe at 400.18 and 100.63 MHz, respectively. Chemical shifts (δ) in ppm are calibrated to residual 
solvent peaks according to literature.[33] Mass spectrometry was conducted by the laboratory of organic chemistry of ETH 
Zurich. EI-MS was measured with Waters' AutoSpec Ultima (EI-triSector-MS), ESI-MS with Bruker's maXis (ESI/NanoSpray-
Qq-TOF-MS). Elemental analysis was determined with LECO TruSpec Micro, LECO RO-478 and LECO CHNS-932 by the labor-
atory of organic chemistry of ETH Zurich. For the broadband dielectric spectroscopy (BDS) measurements a high impedance 
Alpha Analyzer combined with a Quatro temperature controller (both from Novocontrol) has been employed to cover a 
broad frequency from 0.1 Hz to 1 MHz. Two stainless steel discs with a diameter of 20 mm served as electrodes which were 
separated by three glass fibers with a diameter of 100 µm.   

S-3-cyanopropyl thioacetate 1: Allyl cyanide (20.0 ml, 0.25 mol), thioacetic acid (26.6 ml, 0.38 mol), and 2,2-dimethoxy-2-
phenylacetophenone (DMPA) (0.64 g, 0.0025 mol) were dissolved in THF. The solution was degassed and irradiated for 5 
min with a UV light. All volatiles were removed in vacuo at 60 °C to obtain 36 g crude product mixture. The residue was frac-
tionally distilled at 117 °C and 1 x 10-3 mbar to give 1 (25.4 g, 73%) as pale yellowish liquid. 1H NMR (400 MHz, CDCl3) δ, 
ppm: 2.97 (t, 3J=6.9 Hz, 2H, -S-CH2-CH2-), 2.42 (t, 3J=8.0 Hz, 2H, -CH2-CH2-CN,), 2.35 (s, 3H, CH3-CO-S-), 1.94 (q, 3J=7.1 Hz, 2H, 
-CH2-CH2-CH2-CN).13C NMR (100 MHz, CDCl3) δ, ppm: 195.33 (CH3-CO-S-), 119.09 (-CH2-CH2-CN), 30.77 (CH3-CO-S-), 28.00 (-
S-CH2-CH2-), 25.93 (-S-CH2-CH2-), 16.42 (-CH2-CH2-CN). MS (EI) m/z (%): 43.02 (100), 128.02 (10.97), 143.04 (4.38). EA: calcu-
lated: [C] 50.32% [H] 6.33% [N] 9.78% [O] 11.17 [S] 22.39 found: [C] 50.27% [H] 6.54% [N] 9.54% [O] 11.40 [S] 22.22%.  

4-Mercaptobutanenitrile 2: 4-thioacetic butanenitrile 1 (10 g, 0.07 mol), trimethylsilyl chloride (1.8 ml, 0.014 mol), and 
methanol (150 ml, 52 mol) were stirred at 65 °C for 18 h. The reaction mixture was allowed to cool down to ambient tem-
perature and all volatiles were removed in vacuo. The residue was dissolved in chloroform and filtered. After removing all 
volatiles in vacuo, 4.3 g of crude product was obtained. The residue was fractionally distilled at 77 °C and 10 mbar to give 2 
(3 g, 43%) as colourless liquid.1H NMR (400 MHz, CDCl3) δ, ppm: 2.68 (dt, 3J=7.0 Hz, 8.3 Hz, 2H, HS-CH2-CH2-), 2.54 (t, 3J=7.0 
Hz, 2H, -CH2-CH2-CN,), 1.96 (q, 3J=7.0 Hz, 2H, -CH2-CH2-CH2-), 1.38 (t, 3J=8.3 Hz, 2H, HS-CH2-).13C NMR (100 MHz, CDCl3) δ, 
ppm: 119.10 (-CH2-CH2-CN), 29.39 (-S-CH2-CH2-), 23.34 (-S-CH2-CH2-), 15.90 (-CH2-CH2-CN). MS (EI) m/z (%): 54.03 (100), 
68.05 (23.84), 101.03 (97.52).  

2-Iminothiolane hydrochloride 3: 1 (1.4 g, 0.01 mol), trimethylsilyl chloride (1.3 ml, 0.01 mol), and methanol (20.2 ml, 52 
mol) were stirred at 65 °C for 18 h. The reaction mixture was allowed to cool down to ambient temperature and all volatiles 
were removed in vacuo. The residue was washed with chloroform to give 3 (0.6 g, 45%) as fine powder. 1H NMR (400 MHz, 
DMSO-d6) δ, ppm: 12.37 (s, 2H, -CH2=NH2), 3.51 (t, 3J=6.6 Hz, 2H, -CH2-CH2-S-), 3.18 (t, 3J=7.1 Hz, 2H, -C(=NH2)-CH2-CH2-), 
2.56 (q, 3J=6.8 Hz, 2H, -CH2-CH2-CH2-). 13C NMR (100 MHz, DMSO-d6) δ, ppm: 203.78 (-S-C=NH2), 39.38 (-S-CH2-CH2-), 37.61 
(-C(=NH2)-CH2-CH2-), 27.55 (-CH2-CH2-CH2-).  

Allylmalononitrile 5: To a solution of malononitrile (66 g, 1 mol) in DCM (300 ml), allyl bromide (86 ml, 1 mol) and subse-
quently diisopropylethylamine (165 ml, 0.95 mol) were dropped slowly at 0 °C. The solution was allowed to warm up and 
stirred overnight. The reaction mixture was washed several times with H2O. The organic phase was separated and dried 
over MgSO4, filtered and concentrated in vacuo to give 83 g crude product mixture. It was purified by column chromatog-
raphy (petroleum ether (40-60 °C)/ ethyl acetate 9:1) to give 5 (35 g, 35%) as colourless viscous liquid. RF= 0.4 (hep-
tane/ethyl acetate 2:1). 1H NMR (400 MHz, CDCl3) δ, ppm: 5.91-5.80 (m, 1H, -CH2-CH=CH2), 5.43-5.38 (m, 2H, -CH2-CH=CH2), 
3.78 (t, 3J=6 Hz, 1H, (NC)2-CH-CH2-,), 2.75 (dt,4J=1 Hz, 3J=6.6 Hz 2H, CH-CH2-CH=). 13C NMR (100 MHz, CDCl3) δ, ppm: 129.29 
(-CH=CH2), 122.55 (-CH=CH2), 112.35 (-CN), 34.74 (-CH-CH2-), 23.16 (-CH-CH2-).  

S-(4,4-dicyanobutyl) thioacetate 6: A solution of allyl malononitrile (1.06 g, 0.01 mol), thioacetic acid (1.2 ml, 0.012 mol) and 
DMPA (0.025 g, 0.0002 mol) in THF (15 ml) was carefully degassed and then irradiated for 5 min with UV light. The volatiles 
were removed in vacuo and the crude product mixture (2.6 g) was purified by column chromatography (Heptane/Ethyl ace-
tate 2:1, RF= 0.3). 6 was obtained as colourless viscous liquid (1.35 g, 74%). 1H NMR (400 MHz, CDCl3) δ, ppm: 3.87 (t, 3J=6.8 
Hz, 1H, (NC)2-CH-CH2-), 2.95 (t, 3J=6.8 Hz, 2H, CH2-CH2-SAc), 2.36 (s, 3H, CH2-S-CH3), 2.13-2.06 (m, 2H, CH-CH2-CH2-), 1.95-
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1.84 (m, 2H, CH-CH2-CH2-). 13C NMR (100 MHz, CDCl3) δ, ppm: 195.65 (-S-C=O-CH3), 112.53 (-CN), 30.76 (-S-C(=O)-CH3), 
29.55 (CH2-CH2-CH2), 27.22 (CH2-SAc), 26.84 (CH-CH2-), 22.30 (-CH-CH2-). MS (EI+) m/z (%): 182.05 (5.53), 43.02 (100). EA: 
calculated: [C] 52.73% [H] 5.53% [N] 15.37% [O] 8.78% [S] 17.59% found: [C] 52.53% [H] 5.75% [N] 15.31% [O] 9.05 [S] 
17.53%. 

4,4-dicyanobutyl thiol 7: To a degassed solution of 6 (4.7 g, 0.025 mol) in anhydrous MeOH (43 ml, 1.07 mol) trimethylsilyl 
chloride was added (0.54 ml, 0.0043 mol). The reaction was refluxed for 18 h. The reaction was allowed to cool down to 
ambient temperature. All volatiles were removed in vacuo. The residue was redissolved in CHCl3 and filtered through a sy-
ringe filter. After removing all volatiles in vacuo 3.5 g yellowish viscous liquid was obtained. The residue was fractionally dis-
tilled to give 2.5 g pale yellowish liquid (71%; purity ~ 85%). Further attempts to purify this compound by column chroma-
tography were not successful. 7 gives a cyclization reaction to 8 during this purification step. 1H NMR (400 MHz, CDCl3) δ, 
ppm: 3.80 (t, 3J=6.8 Hz, 1H, (NC)2-CH-CH2-), 2.61-2.67 (m, 2H, CH2-CH2-SH), 2.23-2.17 (m, 2H, CH-CH2-CH2-), 1.98-1.90 (m, 
2H, CH-CH2-CH2-), 1.43 (t, 3J=8.1 Hz, 1H, -CH2-SH). 13C NMR (100 MHz, CDCl3) δ, ppm: 195.60 (-S-C=O-CH3), 112.54 (-CN), 
29.47 (CH2-CH2-CH2), 30.39 (CH2-SH), 23.39 (CH-CH2-), 22.46 (-CH-CH2-). HRMS (ESI): calc. C6H9N2S m/z: 141.0481 [M+H]; 
found 141.0481 [M+H].   

6-Amino-3,4-dihydro-2H-thiopyran-5-carbonitrile 8: To a degassed solution of 6 (2.6 g, 0.014 mol) in anhydrous MeOH (24 
ml, 0.593 mol) trimethylsilyl chloride was added (0.03 ml, 0.0024 mol). The reaction was refluxed for 17 h. Then, additional 
trimethylsilyl chloride (0.03 ml) was added and the reaction mixture stirred for another 72 h at r.t. All volatiles were re-
moved in vacuo. The residue was redissolved in CHCl3 and filtered through a syringe filter. After removing all volatiles in 
vacuo 1.63 g yellow viscous liquid was obtained. An aliquot of 0.5 g of crude product mixture was purified by column chro-
matography and recrystallized from n-heptane/ ethyl acetate to give 8 (0.3 g, 49%) as colourless solid. RF= 0.2 (DCM/ hep-
tane 3:1). 1H NMR (400 MHz, CDCl3) δ, ppm: 4.33 (br s, 2H, -NH2), 2.94 (t, 3J=5.6 Hz, 2H, -CH2-CH2-S), 2.35 (t, 3J=6.4 Hz, 2H, -
CH2-CH2-CH2-), 2.03-1.96 (m, 2H, -CH2-CH2-CH2).13C NMR (100 MHz, CDCl3) δ, ppm: 154.19 (C=C(-NH2)-S), 120.13 (-CN), 
72.94 ((NC)-C=C-S), 28.17 (S-CH2-CH2-CH2-), 24.37 (S-CH2-CH2-CH2-), 22.47 (-CH2-CH2-CH2-). HRMS (ESI) calcd. for C6H9N2S 
[M+H] 141.0481, found 141.0481. EA: calculated: [C] 51.40% [H] 5.74% [N] 19.98% found: [C] 51.44% [H] 5.83% [N] 19.73%. 

3-Vinylpentane-1,3,5-trinitrile 9: Allyl cyanide (12.1 ml, 0.15 mol) and vinyl cyanide (21 ml, 0.32 mol) were added dropwise 
to a mixture of trimethylbenzylammonium hydroxide (1.2 ml of 40 wt% aqueous solution, 0.003 mol) in tert-butanol (25 ml) 
at 25°C. The temperature was kept constant by use of an ice bath. After complete addition, the reaction mixture was stirred 
overnight at ambient temperature. The mixture was acidified with diluted aqueous HCl and washed several times with 
DCM. The organic phase was dried over MgSO4 and the volatiles were removed in vacuo. The residue was purified by col-
umn chromatography (n-heptane/ethyl acetate 2:1) to give a pale yellowish solid (9.0 g). The solid was dissolved in ethyl 
acetate and precipitated by slow addition n-heptane to obtain 9 (8.2 g, 31%) as colourless solid. RF= 0.5 (heptane/ ethyl ace-
tate 1:1). 1H NMR (400 MHz, CDCl3) δ, ppm: 5.67 (d, 3J=16 Hz, 1H, CHH=CH-), 5.58 (d, 3J=11 Hz, 1H, CHH=CH-), 5.44 (dd, 
3J=10.2 Hz, 3J=16.8 Hz , 1H, CH2=CH-), 2.57-2.39 (m, 4H, CH2-CH2-CN), 2.24-2.17 (m, 2H, CHH-CH2-CN), 2.00-1.92 (m, 2H, 
CHH-CH2-CN). 13C NMR (100 MHz, CDCl3) δ, ppm: 132.76 (CH2=CH-), 122.17 (CH2=CH-), 117.98 (Cquart-CN), 117.85 (CH2-CN), 
45.81 (Cquart), 34.22 (CH2-CH2CN), 13.66 (CH2-CH2-CN). MS (EI) m/z (%): 55.05 (49.53), 80.05 (34.74), 92.05 (70.69), 119.06 
(100). EA: calculated: [C] 69.34% [H] 6.40% [N] 24.26% found: [C] 69.21% [H] 6.33% [N] 24.16%. 

4-Cyano-4-vinylheptane bis(thioamide) 12: A solution of 3-vinylpentane-1,3,5-tricarbonitrile (0.5 g, 0.0029 mol), thioacetic 
acid (4.8 ml, 0.024 mol), and AIBN (0.015 g, 0. 09 mmol) dissolved in toluene (30 ml) was carefully degassed. The reaction 
mixture was stirred for 18 h at 70 °C. After removing all volatiles in vacuo, the mixture was purified by column chromatog-
raphy (n-heptane/ethyl acetate 1:1) to give (0.4 g, 58%) of 12. RF= 0.2 (heptane/ethyl acetate 1:1). 1H NMR (400 MHz, ace-
tone-d6) δ, ppm: 8.68 (br s, 4H, -CS-NH2), 5.71 (dd, 3J=10Hz, 3J=17 Hz, 1H, CH2=CH-), 5.42 (d, 3J=17 Hz, 1H, CHH=CH-), 5.35 
(d, 3J=10 Hz, 1H, CHH=CH-), 2.77-2.63 (m, 4H, CH2-CH2-C(S)NH2), 2.28-2.11 (m, 4H, CH2-CH2-CN).13C NMR (100 MHz, ace-
tone-d6) δ, ppm: 208.12 (-C(S)NH2), 136.79 (CH2=CH-), 120.21 (CH2=CH-), 117.37 (Cquart-CN), 45.60 (Cquart), 40.14 (CH2-
CH2C(S)NH2), 37.31 (CH2-CH2-C(S)NH2); MS (ESI): calc. for C10H16N3S2 [M+H] 242.0780; found 242.0779.   

4-((2-Mercaptoethyl)thio)butanenitrile 13: Allyl cyanide (20 ml, 0.25 mol), 1,2-ethanedithiol (freshly distilled) (168 ml, 2 
mol), and DMPA (1.3 g, 0.005 mol) were solved in THF. The solution was degassed and irradiated for 5 min. All volatiles 
were removed in vacuo at 60 °C to obtain 46 g crude product mixture. The residue was fractionally distilled at 105 °C and 1 
x 10-3 mbar to give 13 (26.2 g, 67%) as colourless liquid (95% Anti-Markovnikov product). 1H NMR (400 MHz, CDCl3) δ, ppm: 
2.76-2.71 (m, 4H, -S-CH2-CH2-SH), 2.68 (t, 3J=7.2 Hz, 2H, -S-CH2-CH2-), 2.51 (t, 2H, -CH2-CH2-CN, J= 6.8 Hz), 1.94 (dt, 4J=7.44 
Hz, 2H, -CH2-CH2-CH2-CN), 1.71 (t, 3J=8.1 Hz, 1H, -CH2-SH).13C NMR (100 MHz, CDCl3) δ, ppm: 119.27 (CH2-CN), 36.20 (HS-
CH2-CH2-S-), 30.66 (–S-CH2-CH2-), 25.36 (-CH2-CH2-CH2-), 24.77 (HS-CH2-CH2-), 16.14 (-CH2-CH2-CN). MS [EI+] m/z (%): 114.03 
(94.2), 161.03 (60.5). EA: calculated: [C] 44.68% [H] 6.87% [N] 8.68% [S] 39.76 found: [C] 44.51% [H] 7.12% [N] 8.58% [S] 
39.78.   

2-(3-((2-Mercaptoethyl)thio)propyl)malononitrile 14: To a solution of allyl malononitrile (15 g, 0.14 mol) dissolved in freshly 
distilled THF (500 ml), freshly distilled 1,2-ethanedithiol (52 ml, 0.70 mol) and DMPA (0.7 g, 0.003 mol) was added under ar-
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gon atmosphere. The reaction mixture was irradiated for 5 minutes. All volatiles were removed in vacuo (10 mbar). The res-
idue was fractionally distilled at 145 °C and 9 x 10-3 mbar to give 14 as colourless liquid (9 g, 31%).1H NMR (400 MHz, CDCl3) 
δ, ppm: 3.83 (t, 3J=6.8 Hz, 1H, (CN)CH-CH2-), 2.79-2.69 (m, 4H, -S-(CH2)2-SH), 2.64 (t, 3J=7.1 Hz, 2H, CH2-CH2-S-,), 2.21-2.15 
(m, 2H, CH-CH2-CH2), 1.96-1.88 (m, 2H, CH2-CH2-CH2), 1.72 (t, 3J= 8.0 Hz, 1H, CH2-S-H,).13C NMR (100 MHz, CDCl3) δ, ppm: 
112.47 ((CN)2-CH-), 36.11 (-CH2-CH2-SH), 30.62 (-CH2-CH2-S-), 29.64 (CH-CH2-CH2), 26.11 (CH2-CH2-CH2), 24.72 (CH2-CH2-SH), 
22.48 ((CN)2-CH-). MS (ESI) m/z (%): 167 (100), 359.24 (22.5), 423 (23.8). EA: calculated: [C] 47.97% [H] 6.04% [N] 13.98% [S] 
32.01%/ found: [C] 47.90% [H] 6.24% [N] 13.74% [S] 31.86%.   

3-(2-((2-Mercaptoethyl)thio)ethyl)pentane-1,3,5-tricarbonitrile 15: A solution of 9 (0.173 g, 0.001 mol), freshly distilled 1,2-
ethanedithiol (0.84 ml, 0.01 mol), and DMPA (0.77 g, 0.003 mol) in THF (20 ml) was carefully degassed and then irradiated 
for 5 min with a UV lamp. To the reaction mixture additional 1,2-ethanedithiol (0.42 ml, 0.004 mol) and DMPA (0.77 g, 
0.003 mol) were added followed by 10 min irradiation. All volatiles were removed in vacuo and the product was purified by 
column chromatography (Heptane/ Ethyl acetate 1:1) to give (0.09 g, 34%) 15 as yellowish liquid. 1H NMR (400 MHz, CDCl3) 
δ, ppm: 2.83-2.72 (m, 4H, HS-CH2-CH2-S), 2.67 (t, 2H,-S-CH2-CH2-Cquart, 

3J=8 Hz), 2.57 (t, 3J=8Hz, 4H, -CH2-CH2-CN), 2.07 (t, 
3J=8 Hz, 4H, -CH2-CH2-CN,), 1.96 (t, 3J=8 Hz, 2H, -CH2-Cquart), 1.73 (t, 1H, -SH). 13C NMR (100 MHz, CDCl3) δ, ppm: 119.96 
(Cquart-CN), 117.89 (-CH2-CN), 40.62 (Cquart), 36.65 (-CH2-SH) 35.78 (S-CH2-CH2-Cquart-), 31.63 (CH2-CH2-CN), 26.79 (S-CH2-CH2-
Cquart-), 24.89 (HS-CH2-CH2-S), 13.48 (CH2-CN). MS (EI+) m/z (%): 61.01 (100), 69.05 (15.55), 207.08 (17.18), 267.08 (13.02). 
EA: calculated: [C] 53.90% [H] 6.41% [N] 15.71% [S] 23.98 found: [C] 53.78% [H] 6.60% [N] 15.43% [S] 23.82%.   
Compounds16&17: To a solution of allyl malononitrile (53 g, 0.5 mol) dissolved in freshly distilled THF (500 ml), 
1,2-ethanedithiol (235 ml, 2.5 mol) and DMPA (2.5 g, 0.002 mol) was added under argon atmosphere. The reaction 
mixture was irradiated for 5 minutes. All volatiles were removed at 80 °C in vacuo (10 mbar). The residue was puri-
fied by SiO2 column chromatography (heptane/ ethyl acetate  methanol DMF) to give 17 (2 g, 2%) as colour-
less crystals and 16 (40 g, 40%) as pale brownish, viscous liquid.  
16: 1H NMR (400 MHz, N,N-dimethylformamide-d7) δ, ppm: 3.83 (t, 3J=6.8 Hz, 1H, (CN)CH-CH2-), 2.79-2.69 (m, 4H, -
S-(CH2)2-SH), 2.64 (t, 3J=7.1 Hz, 2H, CH2-CH2-S-,), 2.21-2.15 (m, 2H, CH-CH2-CH2), 1.96-1.88 (m, 2H, CH2-CH2-CH2), 
1.72 (t, 3J=8.0 Hz, 1H, CH2-S-H,).13C NMR (100 MHz, CDCl3) δ, ppm: 112.47 ((CN)2-CH-), 36.11 (-CH2-CH2-SH), 30.62 
(-CH2-CH2-S-), 29.64 (CH-CH2-CH2), 26.11 (CH2-CH2-CH2), 24.72 (CH2-CH2-SH), 22.48 ((CN)2-CH-).  
17: 1H NMR (400 MHz, N,N-dimethylformamide-d7) δ, ppm: 6.63 (br s, -NH2), 6.37 (br s, -NH2), 3.20-3.30 (m, 2H, -
CH2-CH2-S-C), 2.74-2.79 (m, 2H, CH2-S-CH2-CH2), 2.61-2.68 (m, 2H, CH2-CH2-CH2-S), 1.69-1.81 (m, 2H, CH2-CH2-CH2), 
2.27-2.40 (m, 2H, C-CH2-CH2). 13C NMR (100 MHz, N,N-dimethyformamide-d7) δ, ppm: 152.17 ((C=C(NH2)-S), 
122.13 (C-CN), 80.72 (C=C(CN)-), 31.97 (CH2-CH2-S-C), 31.21 (CH2-CH2-S-C), 30.53 (CH2-CH2-CH2-S), 28.55 (CH2-CH2-
CH2-S), 27.16 (CH2-CH2-CH2-S). HRMS (ESI): calc. for C16H25N4S4 [M+H] 401.0957; found: 401.0957. 
Poly(3-cyanopropyl-2-thioethyl-2-thioethyl)methylsiloxane P13: To a solution of polyvinylmethylsiloxane (0.9 g, 
0.01 mol) dissolved in freshly distilled THF (500 ml), 1,2-ethanedithiol (235 ml, 2.5 mol) and DMPA (2.5 g, 0.002 
mol) was added under argon atmosphere. The reaction mixture was irradiated for 5 minutes. All volatiles were 
removed at 80 °C in vacuo (10 mbar). 1H NMR (400 MHz, THF-d8) δ, ppm: 2.8257 (br s, 4H, S-CH2-CH2-S-), 2.77-2.60 
(m, 4H, Si-CH2-CH2-S, S-(CH2)3-), 2.58 (t, 2H, -CH2-CH2-CN, J= 7.2 Hz),1.99-1.93 (m, 2H, -CH2-CH2-CH2-CN), 1.06-1.02 
(m, 2H, Si-CH2-CH2-, 0.2871 (br s, 3H, Si-CH3). 13C NMR (100 MHz, THF-d8) δ, ppm: 118.9377, 32.005, 31.8706, 
30.4372, 26.4282, 25.6443, 25.4203, 18.3654, 15.4538, -0.4031. 
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2.4 Results and discussion 

 

Allyl cyanide is the simplest aliphatic non-conjugated vinyl nitrile. The thiol-ene addition of A to allyl cyanide initiated by 1 
mol% DMPA gave S-3-cyanopropyl thioacetate 1 in 73% isolated yield within 5 min (Scheme 2.1). Compound 1 is known in 
the literature and was prepared starting from potassium salt of A and 4-bromobutyronitrile. Unfortunately, no reaction 
yield is given for this reaction.[34,35] Cleavage of the acetyl moiety of 1 under acidic conditions (20 mol% trimethylsilyl chlo-
ride (TMSCl) in methanol) proceded at low reaction rate and gave 4-mercaptobutanenitrile 2 in moderate yields (43%). 
When a stoichiometric amount of TMSCl was used, 2-iminothiolane hydrochloride 3 formed in 60% yield. Compound 2 is 
known and was prepared starting from 4-isothioureidobutyronitrile hydrochloride but the reaction yield was very low 
(15%).[36] Compound 3 is also known in the literature and was prepared by nucleophilic substitution starting from 4-
halogenobutanenitrile and A or thiourea, respectively.[37–39] It is widely used as thiolation reagent in biochemistry and is re-
ferred to as ‘Traut’s reagent’.[40-43]  
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Scheme 2.1 Thiol-ene addition of A to allyl cyanide followed by the cleavage of the acetyl group to give 2 and 3. 

  

Allyl malononitrile 5 was synthesized according to the literature starting from malononitrile and allyl bromide in one step 
(Scheme 2.2).[41]  
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Scheme 2.2 Synthetic route to 4,4-dicyanobutyl thiol 7.   

 

The thiol-ene addition of a slight excess of A to 5 in presence of DMPA gave S-(4,4-dicyanobutyl) thioacetate 6 in 74% yield 
within 5 min (Scheme 2). When a large excess of A was used, addition to the nitrile groups was observed. Acetate cleavage 
under basic conditions in presence of butyl amine resulted in quantitative cyclization of 6 to 6-amino-3,4-dihydro-2H-
thiopyran-5-carbonitrile 8. The quantitative conversion of 6 to 8 is supported by the 1H NMR spectra where the characteris-
tic signals of 6 disappeared and new signals appeared which can be easily assigned to 8 (Figure 2.1).  
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Figure 2.11H NMR spectra of: a) 6, b) of the crude reaction mixture obtained by reacting 6 with butyl amine, c) of 8, and d) 
of 7. 

 

Single crystals of 8 suitable for x-ray analysis were grown from ethyl acetate/heptane. The proposed six-membered ring was 
confirmed by x-ray structure (Figure 2.2). The transesterification reaction with methanol under acidic conditions allowed 
formation of 4,4-dicyanobutyl thiol 7, but the reaction did not proceed to completion. Attempts to purify this compound by 
vacuum distillation were only partially successful. The compound still contained about 15% impurities (Figure 1d). Further 
attempts to increase the purity of 7 by column chromatography purification on silica gel were unsuccessful. The intramo-
lecular cyclization of 7 occurred quantitatively with formation of 8 (Figure 1). The synthesis of the analog five-membered 
cycle starting from malononitrile and ethylene sulfide was already described in the literature, but an over-stoichiometric 
amount of a strong base such as sodium hydride had to be used and the reaction yield was only moderate (57%).[45] 

 

 
Figure 2.2 ORTEP of 8, view perpendicular to the cycle (left) and the molecular packing down the crystallographic b axis 
showing the stacking of the cycles and the hydrogen bonding network (right). 

 

3-vinylpentane-1,3,5-trinitrile 9 was synthesized according to literature starting from allyl cyanide (Scheme 2.3).[46] The vinyl 
group of 9 is sterically hindered due to the bulky –(CH2)2CN moieties in alpha position to the vinyl group. This is nicely illus-
trated by the 1H NMR spectrum of 9 where the two protons of the –CH2-CH2-CN group next to the quaternary carbon are 
not equivalent, as one would expect (see ESI). This indicates a lack of free rotation of the –(CH2)2CN moiety. The thiol-ene 
addition of A to 9 initiated by DMPA did not occur even after 60 min UV irradiation. Instead, instability of the nitriles was 
observed. When AIBN as thermal radical initiator and excess of A was used, the addition of A to the nitrile group was ob-
served. NMR analysis of the crude product mixture showed the formation of 11 which hydrolysed to 4-cyano-4-
vinylheptane bis(thioamide) 12 during work-up (60% yield). Formation of 3-(2-thioacetic)ethylpentane-1,3,5-carbonitrile 10 
was not observed. The conversion of aliphatic nitriles to thioamides is known, however this occurrs either under acidic or 
basic catalysis.[30,31] At 70 °C the acidity of A was sufficient to catalyse its addition to the nitrile of 9.  
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Scheme 2.3 Synthesis of 9 by cyanoethylation of allyl cyanide and its reaction with AcSH. 

 

As an alternative to A in the transformation of vinyl nitriles to mercaptonitriles, 1,2-ethanedithiol B was tested (Scheme 
2.4). The advantage of B is that it allows formation of mercaptonitriles directly via thiol-ene reaction of vinyl nitriles, even 
though an excess of B has to be used and the spacer between the thiol and the nitrile group is prolonged. Intramolecular 
cyclization reactions of the formed mercaptonitriles are less favored as five or six-membered rings cannot form.  
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Scheme 2.4 Thiol-ene addition of 1,2-ethanedithiol to vinyl nitriles. 

 

Addition of B to allyl cyanide gave 4-((2-mercaptoethyl)thio)butanenitrile 13, which did not show any susceptibility to cy-
clization. The purification of 13 was done by distillation and the compound could be easily prepared on 30 g scale. The reac-
tion of 5 with B gave 2-(3-((2-mercaptoethyl)thio)propyl)malononitrile 14. The isolation of 14 by distillation was possible, 
but challenging given 14’s high boiling point. Again, silica gel during chromatography purification catalyzed the intramolecu-
lar cyclization with formation of cyclic dimer 17 in small amounts. The structure of 17 was confirmed by x-ray diffraction 
analysis on a single crystal (Figure 2.3). The main product after chromatography was oligomer 16 which was obtained via sil-
ica gel extraction with DMF and methanol as can be seen in the 1H NMR spectrum in the supporting information. No further 
characterizations were conducted on 16 due to its poor solubility.  

 

Figure 2.3 ORTEP of 17, view perpendicular to the cycle (left) and the molecular packing down the crystallographic a axis 
showing the hydrogen bonding network (right). 
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In contrast to A, selective thiol-ene addition of B to the vinyl group of 9 was achieved by using B in excess, an over-
stoichiometric amount of photoinitiator, and prolonged reaction times. The difference in the reactivity of A and B can be 
explained by the acidity of the two reagents used.[47] Due to the presence of electron-withdrawing group, A is more acidic as 
compared to 1,2-ethanedithiol and therefore chemically more reactive towards nitrile. NMR analysis of the reaction mix-
ture showed product conversion of approximately 50%. The nitrile groups were unaffected during reaction and chromatog-
raphy purification process. The mercaptonitriles 13-15 did not crystallize. Traces of Markovnikov addition product were de-
tected in all cases.  

Thiols 13 and 14 were identified as being promising candidates for the post polymerization modification of polyvinylsilox-
anes via thiol-ene addition. 13 and 14 can be prepared easily on a 20 g scale and can be purified by distillation. Although the 
high boiling points of these thiols may be considered disadvantageous since high vacuum and high temperatures have to be 
used for their distillation, they have the advantage that they are less volatile and therefore do not have the typical pungent 
odor characteristic for thiols. The thiols show a dielectric permittivity at high frequencies of ε’ = 15.4 and ε’ = 17 for 13 and 
14, respectively. 13 was successfully used in the selective thiol-ene addition to polyvinylsiloxane and no side reactions were 
observed. Poly(3-cyanopropyl-2-thioethyl-2-thioethyl)methylsiloxane P13 possessed a dielectric permittivity at high fre-
quencies of ε’ = 10.5 (Fig 2.52). 

 

2.5 Conclusions 

 
In conclusion, the thiol-ene addition of A and B to allyl cyanide, allyl malononitrile, and 3-vinylpentane-1,3,5-carbonitrile 
was investigated. All vinyl nitriles reacted with A and B as expected except 3-vinylpentane-1,3,5-carbonitrile. This com-
pound with its sterically hindered vinyl group did not give the thiol-ene addition product A but the addition product to the 
nitriles. The cleavage of the acetyl groups to generate the respective mercaptonitriles must be conducted under mild acidic 
conditions due to the high tendency of the generated thiols to undergo addition to the nitriles under acidic and basic condi-
tions. Purification of the mercaptonitriles by column chromatography over silica gel should be avoided. Thiol-ene addition 
of B to non-conjugated vinyl nitrile compounds proved to be a fast and efficient alternative for A in the synthesis of mer-
captonitriles in one step and mild reaction conditions. 
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2.7 Supporting information 

 

 
Figure 2.4 1H NMR spectrum of 1 in CDCl3. 

 

 
Figure 2.5 13C NMR spectrum of 1 in CDCl3. 
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Figure 2.6 MS of 1. 

 

 
Figure 2.7 EA of 1. 
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Figure 2.8 1H NMR spectrum of 2 in CDCl3. 

 

 
Figure 2.9 13C NMR spectrum of 2 in CDCl3. 
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Figure 2.10 MS of 2. 

 

 

 

 
Figure 2.11: 1H NMR spectrum of 5 in CDCl3. 
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Figure 2.12 13C NMR spectrum of 5 in CDCl3. 

 

 
Figure 2.13 1H NMR spectrum of 6 in CDCl3. 

 

 

 
Figure 2.14 13C NMR spectrum of 6 in CDCl3. 
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Figure 2.15 MS of 6. 

 

 
Figure 2.16 EA of 6. 
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Figure 2.17 1H NMR spectrum of 7 in CDCl3 which contains about 15% impurities. Our attempts to increase the purity of this 
compound by column chromatography were not successful since intramolecular cyclization of 7 occurred with formation of 
8. 

 

 
Figure 2.18 13C NMR spectrum of 7 in CDCl3. 
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Figure 2.19 MS of 7. 
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Figure 2.20 1H NMR spectrum of 8 in CDCl3. 

 

 
Figure 2.21 13H NMR spectrum of 8 in CDCl3. 
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Figure 2.22 MS of 8. 

 

 
Figure 2.23 EA of 8. 
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Figure 2.24 1H NMR spectrum of 9 in CDCl3. 

 

 
Figure 2.25 13C NMR spectrum of 9 in CDCl3. 
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Figure 2.26 MS of 9. 

 

 
Figure 2.27 EA of 9. 
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Figure 2.28 1H NMR spectrum of 12 in acetone-d6. 

 
Figure 2.29 13C NMR spectrum of 12 in acetone-d6. 
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Figure 2.30 MS spectrum of 12. 

 

 

 

 

  



Chapter 2 Mild Synthesis of Mercaptonitriles from Vinyl Nitriles and their Cyclization Reactions 
 

73 

 

 

 
Figure 2.31 1H NMR spectrum of 13 in CDCl3. 

 

 
Figure 2.32 13C NMR spectrum of 13 in CDCl3. 
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Figure 2.33 MS of 13. 

 

 
Figure 2.34 EA of 13. 
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Figure 2.35. 1H NMR spectrum of 14 in CDCl3. 

 

 
Figure 2.36 13C NMR spectrum of 14 in CDCl3. 
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Figure 2.37 MS of 14. M: 167 fragment (-H2S) 401 dimer, 423 dimer+Na can be seen. 

 

 
Figure 2.38 EA of 14. 
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Figure 2.39 1H NMR spectrum of 15 in CDCl3. 

 

 
Figure 2.40 13C NMR spectrum of 15 in CDCl3. 
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Figure 2.41 MS of 15. 

 

 
Figure 2.42 EA of 15. 
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Figure 2.43 1H NMR spectrum of 16. 

 
Figure 2.44 13C NMR spectrum of 16. 

 
Figure 2.45 1H NMR spectrum of 17. 
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Figure 2.46 13C NMR spectrum of 17. 

 
Figure 2.47 MS of 17. 

 

Crystallography of 9 

 

A transparent colourless block like shaped crystal of compound 9 was mounted on a Stoe Mark II-Imaging Plate Diffractom-
eter System (Stoe & Cie, 2015) equipped with a graphite-monochromator. Data collection was performed at –100˚C using 
Mo-Kα radiation (λ = 0.71073 Å). 120 exposures (0.5 min per exposure) were obtained at an image plate distance of 100 

mm, φ= 0˚ and 0 < ω < 180˚ with the crystal oscillating through 1.5˚ in ω. The resolution was Dmin - Dmax 24.00 - 0.72 Å. The 
compound crystallises in a centrosymmetric monoclinic cell, space group C2/c. The molecular formula is [C10H11N3]. The 

structure was solved by direct methods using the program SHELXS4 and refined by full matrix least squares on F5 with 
SHELXL4. The hydrogen atoms were included in calculated positions and treated as riding atoms using SHELXL-97 default pa-
rameters. All non-hydrogen atoms were refined anisotropically. No absorption correction was applied. The drawings carried 

out with PLATON. 

 

Table 2.1 Crystal data table for 9. 

______________________________________________________________________ 
 

Identification code               Cap092 
 

Crystal shape                     block 
 

Crystal colour                    colourless 
 

Crystal size                      0.500 x 0.400 x 0.350 mm 
 

Empirical formula                 C10 H11 N3 
 

Formula weight                    173.22 
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Crystal system                    Monoclinic 
 

Space group                       C2/c 
 

Unit cell dimensions              a = 17.3808(10) A   alpha = 90 deg. 
b = 9.7356(5) A    beta = 131.088(3) deg. 

c = 16.4358(9) A   gamma = 90 deg. 
 

Volume                            2096.1(2) A^3 
 

Cell refinement parameters 
Reflections                       7806 

Angle range                       2.38 < theta < 29.51 
 

Z                                 8 
 

Density (calculated)              1.098 g/cm^3 
 
 

Radiation used                    MoK\a 
 

Wavelength                        0.71073 81A 
 

 
Linear absorption coefficient     0.069 mm^-1 

 
Temperature                       173(2) K 

______________________________________________________________________ 

Table 2.2 Data Collection Details for 9. 

______________________________________________________________________ 
 

Diffractometer                    STOE IPDS 2 
 

Scan method                       rotation method 
 

Number of Reflections measured    8890 
 

Number of Independent reflections 2833 
 

Number of observed reflections    2252 
 

Criterion for recognizing         I > 2\s(I) 
 

R(int) =                          0.0947 
 

Theta range for data collection   2.477 to 29.221 deg. 
 

Index ranges                      -23<=h<=23, -13<=k<=13, -22<=l<=22 
 

F(000)                            736 
______________________________________________________________________ 

 
 

Table 2.3 Refinement Details for 9. 

______________________________________________________________________ 
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Refinement method                 Full-matrix least-squares on F^2 

 
Final R indices [I>2sigma(I)]     R1 = 0.0489, wR2 = 0.1298 

 
R indices (all data)              R1 = 0.0607, wR2 = 0.1413 

 
R1 [=SUM(||Fo|-|Fc||)/SUM|Fo|] 

 
wR^2 {=[SUM(w(Fo^2-Fc^2)^2)/SUM(wFo^4)]^1/2} 

 
H-locating and refining Method    refall 

 
Number of reflections used        2833 

 
Number of L.S. restraints         0 

 
Number of refined Parameters      162 

 
Goodness-of-fit on F^2            1.061 

S {=[SUM w(Fo^2-Fc^2)^2]/(n-p)^1/2}, n= number of reflections, 
p= Parameters used. 

w=1/[\s^2^(Fo^2^)+(0.0728P)^2^+0.2260P] where 
P=(Fo^2^+2Fc^2^)/3 

 
Maximum delta/sigma             0.000 

 
Maximum e-density               0.362 e.A^-3 

 
Minimun e-density              -0.224 e.A^-3 

______________________________________________________________________ 
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Table 2.4 Computer Programs used for 9. 

______________________________________________________________________ 
 

Data collection program           STOE X-AREA 
 

Cell refinement program           STOE X-AREA 
 

Data reduction program            STOE X-RED 
 

Structure Solving Program         SHELXS 
 

Structure Refinement Program      SHELXL-2014/7 (Sheldrick, 2014) 
 

Pictures drawn with               PLATON 
 

Tables made with                  CIFTAB 
 

Extinction coefficient            n/a 
______________________________________________________________________ 

 
 
 
 

Table 2.5 Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2 x 103) for 9. U(eq) is defined 

as one third of the trace of the orthogonalized Uij tensor. 

 
________________________________________________________________ 

 
x             y             z           U(eq) 

________________________________________________________________ 
 

C(1)         5048(1)       4659(1)       6497(1)       36(1) 
C(2)         3956(1)       4928(1)       5650(1)       36(1) 
C(3)         3539(1)       4303(1)       4576(1)       31(1) 
C(4)         2389(1)       4584(1)       3652(1)       28(1) 
C(5)         2054(1)       3856(1)       2627(1)       33(1) 
C(6)          925(1)       4062(1)       1656(1)       41(1) 
C(7)          632(1)       3429(1)        681(1)       42(1) 

C(8)         2188(1)       6110(1)       3447(1)       38(1) 
C(9)         1579(1)       6854(2)       3475(1)       60(1) 
C(10)        1816(1)       3997(1)       3943(1)       35(1) 
N(1)         5902(1)       4449(1)       7148(1)       46(1) 
N(2)          409(1)       2926(1)        -76(1)       56(1) 

N(3)         1371(1)       3534(1)       4165(1)       53(1) 
________________________________________________________________ 
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Table 2.6 Bond lengths [A] and angles [deg] for 9. 

_____________________________________________________________ 
 

C(1)-N(1)                     1.1408(15) 
C(1)-C(2)                     1.4614(15) 
C(2)-C(3)                     1.5263(14) 
C(2)-H(1A)                    0.962(18) 
C(2)-H(1B)                    0.997(15) 
C(3)-C(4)                     1.5456(13) 
C(3)-H(3A)                    0.982(15) 
C(3)-H(3B)                    0.991(14) 
C(4)-C(10)                    1.4731(13) 
C(4)-C(8)                     1.5129(14) 
C(4)-C(5)                     1.5460(14) 
C(5)-C(6)                     1.5242(14) 
C(5)-H(5A)                    0.969(14) 
C(5)-H(5B)                    0.985(15) 
C(6)-C(7)                     1.4611(16) 

C(6)-H(6A)                    1.01(2) 
C(6)-H(6B)                    0.976(17) 
C(7)-N(2)                     1.1414(17) 
C(8)-C(9)                     1.3075(19) 
C(8)-H(8A)                    0.981(16) 

C(9)-H(9A)                    1.02(2) 
C(9)-H(9B)                    0.98(2) 

C(10)-N(3)                    1.1435(14) 
 

N(1)-C(1)-C(2)              179.06(11) 
C(1)-C(2)-C(3)              111.28(9) 
C(1)-C(2)-H(1A)             108.4(9) 
C(3)-C(2)-H(1A)             111.1(9) 
C(1)-C(2)-H(1B)             110.5(8) 
C(3)-C(2)-H(1B)             109.4(8) 

H(1A)-C(2)-H(1B)            106.0(13) 
C(2)-C(3)-C(4)              112.93(8) 
C(2)-C(3)-H(3A)             110.1(8) 
C(4)-C(3)-H(3A)             108.2(7) 
C(2)-C(3)-H(3B)             108.8(8) 
C(4)-C(3)-H(3B)             107.8(8) 

H(3A)-C(3)-H(3B)            109.0(11) 
C(10)-C(4)-C(8)             110.30(9) 
C(10)-C(4)-C(3)             109.06(8) 
C(8)-C(4)-C(3)              110.67(8) 
C(10)-C(4)-C(5)             108.99(8) 
C(8)-C(4)-C(5)              109.93(8) 
C(3)-C(4)-C(5)              107.83(8) 
C(6)-C(5)-C(4)              112.60(8) 
C(6)-C(5)-H(5A)             111.4(8) 
C(4)-C(5)-H(5A)             106.1(8) 
C(6)-C(5)-H(5B)             109.1(8) 
C(4)-C(5)-H(5B)             108.4(8) 

H(5A)-C(5)-H(5B)            109.0(11) 
C(7)-C(6)-C(5)              111.97(9) 

C(7)-C(6)-H(6A)             106.9(11) 
C(5)-C(6)-H(6A)             111.5(10) 
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C(7)-C(6)-H(6B)             107.2(9) 
C(5)-C(6)-H(6B)             111.5(9) 

H(6A)-C(6)-H(6B)            107.5(14) 
N(2)-C(7)-C(6)              179.45(14) 
C(9)-C(8)-C(4)              127.57(12) 
C(9)-C(8)-H(8A)             119.1(9) 
C(4)-C(8)-H(8A)             113.3(9) 

C(8)-C(9)-H(9A)             122.2(12) 
C(8)-C(9)-H(9B)             119.7(12) 
H(9A)-C(9)-H(9B)            117.9(17) 
N(3)-C(10)-C(4)             179.51(13) 

_____________________________________________________________ 
 
 

Table 2.7 Torsion-angles for 9. 

_____________________________________________________________ 
 

C(1)-C(2)-C(3)-C(4)             -179.07(8) 
C(2)-C(3)-C(4)-C(10)             -59.68(11) 
C(2)-C(3)-C(4)-C(8)               61.84(11) 
C(2)-C(3)-C(4)-C(5)             -177.89(8) 
C(10)-C(4)-C(5)-C(6)              61.73(11) 
C(8)-C(4)-C(5)-C(6)              -59.28(12) 
C(3)-C(4)-C(5)-C(6)              179.99(9) 
C(4)-C(5)-C(6)-C(7)              177.03(9) 
C(10)-C(4)-C(8)-C(9)              -2.11(17) 
C(3)-C(4)-C(8)-C(9)             -122.89(14) 
C(5)-C(4)-C(8)-C(9)              118.10(14) 

_____________________________________________________________ 
 

Table 2.8 Anisotropic displacement parameters (A2 x 103) for 9. 

 
The anisotropic displacement factor exponent takes the form: 

-2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ] 
_______________________________________________________________________ 

 
U11        U22        U33        U23        U13        U12 

_______________________________________________________________________ 
 

C(1)     42(1)      41(1)      28(1)      -3(1)      25(1)      -7(1) 
C(2)     40(1)      40(1)      30(1)      -1(1)      24(1)       0(1) 
C(3)     31(1)      36(1)      28(1)      -1(1)      21(1)      -1(1) 
C(4)     32(1)      27(1)      30(1)       2(1)      22(1)       0(1) 
C(5)     30(1)      34(1)      31(1)      -2(1)      18(1)       1(1) 
C(6)     33(1)      44(1)      35(1)      -3(1)      17(1)       6(1) 
C(7)     34(1)      40(1)      33(1)       1(1)      15(1)       4(1) 
C(8)     50(1)      29(1)      35(1)       2(1)      28(1)      -1(1) 
C(9)     82(1)      36(1)      67(1)       7(1)      52(1)      17(1) 
C(10)    32(1)      34(1)      39(1)       8(1)      25(1)       5(1) 
N(1)     43(1)      60(1)      33(1)      -3(1)      24(1)      -6(1) 
N(2)     52(1)      57(1)      38(1)      -4(1)      21(1)       5(1) 
N(3)     43(1)      64(1)      63(1)      24(1)      39(1)       9(1) 

_______________________________________________________________________ 
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Table 2.9 Hydrogen coordinates ( x 102) and isotropic displacement parameters (A2 x 102) for 9. 

________________________________________________________________ 
 

x             y             z           U(eq) 
________________________________________________________________ 

 
H(1A)        3851(12)      5906(18)      5588(12)      58(4) 
H(1B)        3572(11)      4552(14)      5856(12)      45(4) 
H(3A)        3644(9)       3304(15)      4649(10)      38(3) 
H(3B)        3910(10)      4707(14)      4365(11)      39(3) 
H(5A)        2482(10)      4226(14)      2496(11)      37(3) 
H(5B)        2193(10)      2866(15)      2781(11)      42(3) 
H(6A)         747(13)      5060(20)      1491(15)      67(5) 
H(6B)         493(12)      3661(17)      1777(12)      54(4) 
H(8A)        2593(11)      6561(16)      3303(12)      50(4) 
H(9A)        1146(15)      6440(20)      3627(15)      77(5) 
H(9B)        1500(16)      7840(30)      3306(17)      96(7) 

________________________________________________________________ 
 

Table 2.10 Hydrogen-bonds for 9 [A and deg.]. 

____________________________________________________________________________ 
 

D-H...A                      d(D-H)      d(H...A)    d(D...A)    <(DHA) 
 

C(6)-H(6A)...N(2)#1          1.01(2)     2.670(19)   3.5781(17)  150.2(14) 
C(6)-H(6B)...N(3)#2          0.976(17)   2.512(16)   3.3059(16)  138.3(12) 

____________________________________________________________________________ 
 

Symmetry transformations used to generate equivalent atoms: 
#1 -x,-y+1,-z    #2 -x,y,-z+1/2 

 
 

Figure 2.48 ORTEP plot of 9. 

 

 

 

Crystallography of 17 

A colourless rod like shaped crystal of compound 17 was mounted on a Stoe Mark II-Imaging Plate Diffractometer System 
(Stoe & Cie, 2015) equipped with a graphite-monochromator. Data collection was performed at –100˚C using Mo-Kα radia-
tion (λ = 0.71073 Å). 180 exposures (3 min per exposure) were obtained at an image plate distance of 100 mm, φ= 0˚ and 0 
< ω < 180˚ with the crystal oscillating through 1˚ in ω. The resolution was Dmin - Dmax 24.00 - 0.84 Å. The compound crystal-
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lises in a centrosymmetric orthorhombic cell, space group P21/n; the molecule lies on a symmetry center. The molecular 
formula is [(C16H24N4S4)]. The structure was solved by direct methods using the program SHELXS and refined by full matrix 
least squares on F5 with SHELXL4. The NH2 hydrogen atoms have been derived through Fourier difference maps while the 
remaining hydrogen atoms were included in calculated positions and treated as riding atoms using SHELXL-97 default pa-
rameters. All non-hydrogen atoms were refined anisotropically. Intra-molecular hydrogen bonds have been found. No ab-

sorption correction has been applied. 

 

Crystallographic details are given in the supplementary data file. The drawings carried out with PLATON. 

 

 
Figure 2.49 ORTEP plot of 17. 
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Table 2.11 Crystal data table for 17. 
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Table 2.12 Refinement Details for 17. 
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Table 2.13 Bond lengths and angles for 17. 
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Table 2.14  Top: Torsion-angles for 17. Middle: Anisotropic displacement parameters for 17. Bottom: Hydrogen coordinates 
and isotropic displacement parameters for 17. 
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Table 2.15 Hydrogen-bonds for 17. 

 
 

Crystallography of 8 

 

A transparent colourless rod like shaped crystal of compound 8 was mounted on a Stoe Mark II-Imaging Plate Diffractome-
ter System (Stoe & Cie, 2015) equipped with a graphite-monochromator. Data collection was performed at –100˚C using 

Mo-Kα radiation (λ = 0.71073 Å). 120 exposures (1 min per exposure) were obtained at an image plate distance of 100 mm, 
φ= 0˚ and 0 < ω < 180˚ with the crystal oscillating through 1.5˚ in ω. The resolution was Dmin - Dmax 24.00 - 0.72 Å.The com-
pound crystallises in a centrosymmetric monoclinic cell, space group C2/c. The molecular formula is [C6H8N2S]. The struc-

ture was solved by direct methods using the program SHELXS4 and refined by full matrix least squares on F5 with 
SHELXL.The hydrogen atoms were included in calculated positions and treated as riding atoms using SHELXL-97 default pa-
rameters. All non-hydrogen atoms were refined anisotropically. No absorption correction was applied. Crystallographic de-

tails are given in the supplementary data file. The drawings carried out with PLATON. 

 

Table 2.16 Crystal data table for 8. 

______________________________________________________________________ 
 

Identification code               Cap503 
 

Crystal shape                     rod 
 

Crystal colour                    colourless 
 

Crystal size                      0.500 x 0.300 x 0.200 mm 
 

Empirical formula                 C6 H8 N2 S 
 

Formula weight                    140.20 
 

Crystal system                    Monoclinic 
 

Space group                       C2/c 
 

Unit cell dimensions      a = 15.7040(8) A   alpha = 90 deg. 
b = 7.7645(4) A    beta = 133.640(3) deg. 

c = 15.7661(9) A   gamma = 90 deg. 
 

Volume                            1391.23(14) A^3 
 

Cell refinement parameters 
Reflections                       10685 
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Angle range                       2.82 < theta < 29.47 
 

Z                                 8 
 

Density (calculated)              1.339 g/cm^3 
 
 

Radiation used                    MoK\a 
 

Wavelength                        0.71073 93A 
 

Linear absorption coefficient     0.371 mm^-1 
 

Temperature                       173(2) K 
______________________________________________________________________ 

 
 

Table 2.17 Data Collection Details for 8. 

______________________________________________________________________ 

 
Diffractometer                    STOE IPDS 2 

 
Scan method                       rotation method 

 
Number of Reflections measured    10854 

 
Number of Independent reflections 1867 

 
Number of observed reflections    1656 

 
Criterion for recognizing         I > 2\s(I) 

 
R(int) =                          0.0574 

 
Theta range for data collection   2.816 to 29.189 deg. 

 
Index ranges                 -21<=h<=21, -10<=k<=10, -21<=l<=21 

 
F(000)                            592 

______________________________________________________________________ 
 
 

Table 2.18 Refinement Details for 8. 

______________________________________________________________________ 
 

Refinement method                 Full-matrix least-squares on F^2 
 

Final R indices [I>2sigma(I)]     R1 = 0.0301, wR2 = 0.0876 
 

R indices (all data)              R1 = 0.0357, wR2 = 0.0969 
 

R1 [=SUM(||Fo|-|Fc||)/SUM|Fo|] 
 

wR^2 {=[SUM(w(Fo^2-Fc^2)^2)/SUM(wFo^4)]^1/2} 
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H-locating and refining Method    refall 

 
Number of reflections used        1867 

 
Number of L.S. restraints         0 

 
Number of refined Parameters      114 

 
Goodness-of-fit on F^2            1.149 

S {=[SUM w(Fo^2-Fc^2)^2]/(n-p)^1/2}, n= number of reflections, 
p= Parameters used. 

w=1/[\s^2^(Fo^2^)+(0.0548P)^2^+0.3965P] where P=(Fo^2^+2Fc^2^)/3 
 

Maximum delta/sigma             0.000 
 

Maximum e-density               0.272 e.A^-3 
 

Minimun e-density              -0.400 e.A^-3 
______________________________________________________________________ 

 
 

Table 2.19 Computer Programs used for 8. 

 
______________________________________________________________________ 

 
Data collection program           STOE X-AREA 

 
Cell refinement program           STOE X-AREA 

 
Data reduction program            STOE X-RED 

 
Structure Solving Program         SHELXS 

 
Structure Refinement Program      SHELXL-2014/7 (Sheldrick, 2014) 

 
Pictures drawn with               PLATON 

 
Tables made with                  CIFTAB 

 
Extinction coefficient            n/a 

 
______________________________________________________________________ 

 
 
 
 
 

Table 2.20 Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2 x 103) for 8. 

U(eq) is defined as one third of the trace of the orthogonalized 
Uij tensor. 

 
________________________________________________________________ 

 
x             y             z           U(eq) 
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________________________________________________________________ 
 

C(1)         -155(1)       5254(2)       1141(1)       21(1) 
C(2)        -1142(1)       4399(2)        209(1)       22(1) 
C(3)        -1218(1)       2508(2)        -69(1)       28(1) 
C(4)         -180(1)       1462(2)        972(1)       32(1) 
C(5)          979(1)       2244(2)       1497(1)       31(1) 
C(6)        -2188(1)       5375(2)       -588(1)       25(1) 
N(1)         -136(1)       6971(1)       1355(1)       27(1) 
N(2)        -3049(1)       6150(2)      -1254(1)       35(1) 
S(1)         1231(1)       4303(1)       2177(1)       28(1) 

________________________________________________________________ 
 
 

Table 2.21 Bond lengths [A] and angles [deg] for 8. 

_____________________________________________________________ 
 

C(1)-C(2)                     1.3632(16) 
C(1)-N(1)                     1.3703(15) 
C(1)-S(1)                     1.7451(12) 
C(2)-C(6)                     1.4151(16) 
C(2)-C(3)                     1.5137(17) 
C(3)-C(4)                     1.5229(19) 
C(3)-H(3A)                    0.983(17) 

C(3)-H(3B)                    0.96(2) 
C(4)-C(5)                     1.513(2) 

C(4)-H(4A)                    0.933(17) 
C(4)-H(4B)                    0.995(19) 
C(5)-S(1)                     1.8095(14) 
C(5)-H(5A)                    0.994(18) 

C(5)-H(5B)                    0.94(2) 
C(6)-N(2)                     1.1542(18) 
N(1)-H(1N)                    0.893(18) 
N(1)-H(2N)                    0.875(19) 

 
C(2)-C(1)-N(1)              123.69(11) 
C(2)-C(1)-S(1)              123.95(9) 
N(1)-C(1)-S(1)              112.35(9) 

C(1)-C(2)-C(6)              117.12(10) 
C(1)-C(2)-C(3)              126.05(11) 
C(6)-C(2)-C(3)              116.82(11) 
C(2)-C(3)-C(4)              113.17(11) 
C(2)-C(3)-H(3A)             109.7(10) 
C(4)-C(3)-H(3A)             109.7(10) 
C(2)-C(3)-H(3B)             108.0(11) 
C(4)-C(3)-H(3B)             109.0(11) 
H(3A)-C(3)-H(3B)            107.1(15) 
C(5)-C(4)-C(3)              111.33(11) 
C(5)-C(4)-H(4A)             110.4(11) 
C(3)-C(4)-H(4A)             110.5(11) 
C(5)-C(4)-H(4B)             110.3(11) 
C(3)-C(4)-H(4B)             107.9(10) 
H(4A)-C(4)-H(4B)            106.3(14) 
C(4)-C(5)-S(1)              111.54(10) 
C(4)-C(5)-H(5A)             112.0(11) 
S(1)-C(5)-H(5A)             108.2(10) 
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C(4)-C(5)-H(5B)             112.1(12) 
S(1)-C(5)-H(5B)             104.5(12) 

H(5A)-C(5)-H(5B)            108.2(15) 
N(2)-C(6)-C(2)              178.70(14) 
C(1)-N(1)-H(1N)             115.9(11) 
C(1)-N(1)-H(2N)             115.6(12) 

H(1N)-N(1)-H(2N)            115.9(16) 
C(1)-S(1)-C(5)              101.43(6) 

_____________________________________________________________ 
 

Symmetry transformations used to generate equivalent atoms: 
 
 
 

Table 2.22 Torsion-angles for 8. 

_____________________________________________________________ 
 

N(1)-C(1)-C(2)-C(6)                1.64(18) 
S(1)-C(1)-C(2)-C(6)             -176.73(9) 

N(1)-C(1)-C(2)-C(3)             -179.81(12) 
S(1)-C(1)-C(2)-C(3)                1.81(19) 
C(1)-C(2)-C(3)-C(4)               17.57(19) 
C(6)-C(2)-C(3)-C(4)             -163.88(12) 
C(2)-C(3)-C(4)-C(5)              -52.98(16) 
C(3)-C(4)-C(5)-S(1)               67.45(14) 
C(2)-C(1)-S(1)-C(5)               10.10(12) 
N(1)-C(1)-S(1)-C(5)             -168.44(9) 
C(4)-C(5)-S(1)-C(1)              -42.91(11) 

_____________________________________________________________ 
 
 
 
 

Table 2.23 Anisotropic displacement parameters (A2 x 103) for 8. 

 
The anisotropic displacement factor exponent takes the form: 

-2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ] 
_____________________________________________________________________ 

 
U11        U22        U33        U23        U13        U12 

_______________________________________________________________________ 
 

C(1)     20(1)      22(1)      19(1)       2(1)      12(1)       2(1) 
C(2)     19(1)      22(1)      21(1)       1(1)      12(1)       1(1) 
C(3)     26(1)      23(1)      29(1)      -3(1)      16(1)      -4(1) 
C(4)     35(1)      21(1)      36(1)       5(1)      24(1)       1(1) 
C(5)     28(1)      26(1)      32(1)       6(1)      18(1)       8(1) 
C(6)     19(1)      27(1)      22(1)      -3(1)      12(1)      -2(1) 
N(1)     22(1)      24(1)      26(1)      -5(1)      13(1)       1(1) 
N(2)     22(1)      37(1)      31(1)       1(1)      13(1)       6(1) 
S(1)     17(1)      30(1)      22(1)       2(1)       8(1)       4(1) 

_______________________________________________________________________ 
 
 

Table 2.24 Hydrogen coordinates ( x 104) and isotropic displacement parameters (A4 x 103) for 8. 
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________________________________________________________________ 
 

x             y             z           U(eq) 
________________________________________________________________ 

 
H(3A)       -1279(15)      2380(20)      -729(15)      32(4) 
H(3B)       -1933(17)      2060(20)      -320(16)      42(5) 
H(4A)        -213(15)      1370(20)      1539(15)      32(4) 
H(4B)        -255(16)       270(20)       694(15)      39(4) 

H(5A)        1019(16)      2410(20)       900(16)      38(4) 
H(5B)        1627(18)      1560(30)      2108(17)      46(5) 
H(1N)         526(16)      7360(20)      2049(15)      32(4) 
H(2N)        -792(17)      7390(20)      1110(15)      36(4) 

 
________________________________________________________________ 

 
 
 
 

Table 2.25 Hydrogen-bonds for 8 [A and deg.]. 

_________________________________________________________________________ 
 

D-H...A                      d(D-H)      d(H...A)    d(D...A)    <(DHA) 
 

N(1)-H(1N)...N(2)#1        0.893(18)   2.290(18)   3.1668(16)  166.8(15) 
N(1)-H(2N)...N(2)#2        0.875(19)   2.286(19)   3.1069(16)  156.3(15) 

_________________________________________________________________________ 
 

Symmetry transformations used to generate equivalent atoms: 
#1 x+1/2,-y+3/2,z+1/2    #2 -x-1/2,-y+3/2,-z 
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Figure 2.50 ORTEP plot of 8. 
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Figure 2.51 Dielectric properties (permittivity, dielectric loss, conductivity, and loss factor) as function of frequency for 13 
and 14. 
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Figure 2.52 Dielectric properties (permittivity, dielectric loss, conductivity, and dielectric loss factor) as function of frequen-
cy for poly(3-cyanopropyl-2-thioethyl-2-thioethyl)methylsiloxane P13. 

 

 

 
Figure 2.53 1H NMR spectrum of P13. 
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Figure 2.54 13C NMR spectrum of P13. 
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3.1 Abstract 

 

Dielectric elastomers with increased dielectric permittivity (ε’), excellent insulating and mechanical properties have a broad 
application potential ranging from flexible electronics to dielectric elastomer transducers. Up to date, several reports exist 
on elastomers with increased permittivity, but unfortunately in most cases this increase in permittivity is associated with an 
increase in conductivity, which detrimentally affects the insulating properties, such as leakage current and dielectric break-
down. Here, novel polysiloxane based elastomers were prepared in three steps starting from a silanol end-terminated 
poly(methylvinyl)siloxane, whose vinyl groups were reacted with alkyl thiols via thiol-ene reaction. The resulting polymers 
were cross-linked using condensation reactions and the dielectric, mechanical and electromechanical properties were eval-
uated. Eventually, an optimized material with a relative permittivity of ε’ = 5.4, a conductivity of 4×10-11 S cm-1, a storage 
modulus of 300 kPa, and a mechanical loss factor below 0.05 was achieved. Actuators constructed from this optimized ma-
terial showed no electromechanical instability in the absence of prestrain. An area actuation strain of about 200% at an 
electric field of 53 V μm-1 was achieved. This excellent electromechanical behavior can be rationalized by the increased 
permittivity due to the thioether side chain and its favorable strain-stiffening effect on the material when crosslinked with 
polar alkoxysilanes. The actuators gave a stable lateral actuation strain of 10% for more than 50000 cycles when subjected 
to an electric field of 27 V μm-1 at a modulation frequency of 8 Hz. Due to the combined properties of this material such as a 
low leakage current density of 0.5 μA cm-2 at 27 V μm-1, an attractively low glass transition temperature, a very fast elec-
tromechanical response and an increased permittivity, the dielectric elastomers developed in this work may be considered 
as future replacement for polydimethylsiloxane elastomers in dielectric elastomer transducers.  

 

3.2 Introduction 

 

Dielectric elastomers (DEs) with increased dielectric permittivity and high dielectric breakdown field are important materi-
als for future electromechanical transducers (DETs).[1-7] Such devices can convert electrical into mechanical energy (actuator 
mode)[1-5] or vice versa (generator mode)[6] and can sense changes in pressure due to capacitance changes with strain.[7] 
While for the last application, the dielectric breakdown is not a critical parameter, for the first two applications, elastomers 
with high breakdown field are advantageous.[8] Unfortunately, dielectric elastomer actuators (DEAs) are prone to electro-
mechanical instability (EMI), which sets in at an area actuation strain of about 40%.[9-12] As the voltage U increases and the 
thickness of the dielectric elastomer d decreases, the electric field U/d increases rapidly, which leads to a positive feedback 
of the dielectric elastomer, also known as pull-in or snap-through instability. This effect may cause electrical breakdown of 
the dielectric elastomer.[10] According to Stark and Garton, dielectric breakdown is proportional to the square root of the 
elastic modulus.[8] It has been shown that the stress-strain characteristics of an elastomer can be tuned such as to suppress 
EMI in actuators.[13,14] This can be achieved with materials that show a strain-stiffening effect, e.g. a sharp increase in the 
elastic modulus above a certain strain.[11] This concept was nicely confirmed experimentally using prestrained VHB foil for 
which giant area expansions as high as 1600% were reported.[15-17] While prestraining the films can increase the actuation 
strain, the energy density and allows for actuation in a predetermined direction, several disadvantages can be noted.[1] 
Firstly, prestraining the elastomer implies an additional processing step and is therefore time consuming. Secondly, it re-
quires rigid frames to maintain the tension in the films, which increases the volume and the mass of the device.[18,19] Thirdly, 
actuator life time is significantly reduced due to creep and fatigue of the elastomer. Therefore, it would be advantageous to 
have elastomers capable of suppressing EMI while unprestrained. Unfortunately, most available elastomers such as polydi-
methylsiloxanes and acrylates show strain-stiffening only at very high strains and thus actuation is hampered by EMI.  
 

It was proposed that interpenetrated polymer networks, swelled networks, or cross-linked bottle-brush polymers may be 
able to overcome the EMI.[11] Meanwhile, novel DE materials and composites have been developed showing high actuation 
in the absence of prestrain. For example, block copolymers swollen with an aliphatic oil, an interpenetrated network based 
on prestrained VHB and a poly(1,6-hexanediol diacrylate) network formed inside[20] as well as interpenetrating networks 
composed of long and short polymer chains were shown to be capable of overcoming EMI.[20-23] Most recently, cross-linked 
bottlebrush polymers were introduced as DE materials for actuators.[24] Bottlebrush elastomers are inherently prestrained 
due to the steric demand of the side chains. By varying side chain length, grafting density, and cross-link density, elastomers 
with elastic moduli that vary from 1 MPa to 100 Pa with a relative permittivity of ε’= 2.95 were prepared.  
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Despite the substantial amount of research on high permittivity elastomers, none of the reported materials combines a high 
permittivity with low glass transition temperature (Tg) and favorable mechanical properties that suppress EMI.[25-28] To in-
crease the permittivity, composites containing polarizable fillers such as conductive particles and high permittivity ceramics 
as well as low Tg polar polymers have been used.[28] The increase in permittivity ε’ is usually accompanied by an increase in 
conductivity.[29,30] Actuators constructed with such materials have usually a low breakdown field and thus suffer premature 
breakdown. Madsen et al. reported that silicones modified with chloropropyl groups have ε’ = 4.7 and an increased dielec-
tric breakdown field, which according to the authors is due to the presence of chlorine in the materials.[31] By replacing the 
chloropropyl groups with chloromethyl groups, elastomers with even higher dielectric permittivity of ε’ = 6 and a break-
down strength of 60 V μm-1 were achieved.[32] While none of these materials was evaluated in electromechanical tests, it 
seems that the presence of chlorine increases the dielectric strength of silicone elastomers.  

 

We have recently introduced a novel elastomer for actuators, a polysiloxane modified with butylthioether side groups. Its 
dielectric permittivity is ε’ = 4.3, higher as compared to regular polydimethylsiloxane (PDMS) elastomers (ε’ ~3) and it actu-
ates at lower electric field. However, the dielectric breakdown occurred at 23 V μm-1. [29,33,34]  

Encouraged by the theoretical predictions and the outstanding performance of bottle brush polyacrylate actuators,[24] we 
developed a high permittivity silicone elastomer which is capable of suppressing EMI while unprestrained. It also has a fast 
response time which is comparable to PDMS elastomers.[35] To achieve this material, we first investigated the influence of 
alkyl-thioether side groups of different lengths grafted on the polysiloxane on Tg, mechanical, dielectric, and electrome-
chanical properties. Our approach consisted of optimizing the length of the alkyl chain allowing the formation of materials 
with good mechanical properties and maximum increase in permittivity while suppressing electromechanical instability. 
This allowed us to develop a silicone elastomer that showed unprecedentedly high actuation strain, fast electromechanical 
response and high reliability. Because of its low leakage current and low glass transition temperature, this material can be 
considered as a serious alternative to regular PDMS elastomers for DE applications. 

 

3.3 Experimental section 

 

3.3.1 Materials and methods 

 

Unless otherwise stated, all chemicals were reagent grade and used without purification. 1,3,5,7-Tetramethyl-1,3,5,7-
tetravinyl cyclotetrasiloxane (V4), (25-35% methylhydrosiloxane)-dimethylsiloxane (AB109380) A and polydimethylsiloxane 
(AB116665, Mn

 = 90.000 g mol-1, Mw
 = 130.000 g mol-1) were purchased from ABCR. 2,2-Dimethoxy-2-phenylacetophenone 

(DMPA), ethanethiol, 1-propanethiol, 1-butanethiol, 1-hexanethiol, 1-octanethiol, tetramethylammonium hydroxide 25% in 
MeOH (TMAH), 3-chlorpropyltriethoxysilane, 2-cyaonoethyltriethoxysilane, and dibutyltin dilaurate were purchased from 
Aldrich. Methanol and tetrahydrofuran were purchased from VWR. The synthesis of polymethylvinylsiloxane P0 was done 
according to the literature (Mn

 = 91.000 g mol–1, Mw
 = 176.000 g mol–1, PDI = 1.93). Films of Elastosil®Film (200 μm, 100 μm, 

50 μm, 20 μm) were provided by DRAWIN Vertriebs-GmbH, Riemerling. PVA was purchased from Swiss Composite. Photo-
reactions were conducted with a UVAHAND 250 GS H1 mercury vapor UV lamp from Dr. Hoenle AG.  
1H and 13C NMR spectra were recorded at 298 K on a Bruker Avance 400NMR spectrometer using a 5 mm broadband inverse 
probe at 400.13 and 100.61 MHz, respectively. Chemical shifts (δ) in ppm were calibrated to residual solvent peaks (CDCl3: δ 
= 7.26 and 77.16 ppm).  

Gel permeation chromatograms were recorded using an Agilent 1100 Series HPLC (Columns: serial coupled PSS SDV 5 m, 
100A and PSS SDV 5 m, 1000A, detector: DAD, 235 nm and 360 nm; refractive index), with THF as mobile phase. PDMS 
standards were used for calibration and toluene as an internal standard.   

Differential scanning calorimetry (DSC) investigations were undertaken on a Pyris Diamond DSC (Perkin Elmer USA) instru-
ment under a nitrogen flow (50 ml × min-1), in aluminum crucibles shut with pierced lids and using a 10 mg sample mass.  

The tensile tests were performed on a Zwick Z010 tensile test machine with a crosshead speed of 50 mm min-1 (278% min-1). 
Tensile test specimens with a gauge width of 2 mm and a gauge length of 18 mm were prepared by die cutting. The strain 
was determined using a longitudinal strain extensometer. The curves were averaged from 3 different samples. The elastic 
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modulus Y was determined from the slope of the stress–strain curves using a linear fit to the data points within ±5% strain. 
Dynamic mechanical analysis was carried out on a RSA 3 DMA from TA Instruments. Stripes of 10 mm × 20 mm were meas-
ured under a dynamic load of 2 g, at 2% strain in the frequency range of 0.05–10 Hz at 25 °C. Tan(δ)DMA is given as the frac-
tion of imaginary and real elastic modulus at 2% strain.  

Permittivity measurements were performed in the frequency range from 10-1 Hz to 106 Hz using a Novocontrol Alpha-A fre-
quency analyzer. The VRMS (root mean square voltage) of the probing AC electric signal applied to the samples was 1 V. Au 
electrodes with a thickness of 20 nm were sputtered on both sides of the film. The permittivity ε’ was determined from the 
capacitance C= ε’ε0A/d, where A is the electrode area, d is the thickness of the film, and ε0 is the vacuum permittivity. The 
thickness of the film was measured by a micrometer gauge with an uncertainty of ±5 μm. For temperature variable dielec-
tric spectroscopy (BDS) measurements a high impedance Alpha Analyzer combined with a Quatro temperature controller 
(both from Novocontrol) has been employed to cover a broad frequency and temperature range from 10-1 Hz to 106 Hz and 
from -150 to 60 °C, respectively. Two stainless steel discs with a diameter of 20 mm served as electrodes which were sepa-
rated by three glass fibers with a diameter of 100 μm± 5 μm. The samples were annealed at 80 °C for 18 h at 10 mbar to re-
move any residual solvents before isothermal measurements were performed. During measurement the samples were kept 
in dry nitrogen atmosphere. 

Electromechanical tests were performed using circular membrane actuators, for which the films were fixed between two 
circular frames. Circular electrodes (8 mm diameter) of carbon black powder were applied to each side of the film. A cus-
tom-made radial stretching device was used to prestrain the samples. Samples E2, E3, Er, En-X-Y, were prestrain biaxially by 
7.5%, while sample E3-Cl-20 different biaxial prestrains were used: 0%, 22.5, and 30%. A FUG HCL- 35-12500 high voltage 
source served as power supply for actuator tests. The voltage was increased by 50 V steps every 2 s up to maximum 5.6 kV. 
The actuation strain was measured optically as the extension of the diameter of the electrode area via a digital camera, us-
ing an edge detection tool of a LabView program to detect the boundary between the black electrode area and the trans-
parent silicone film. The maximum resolution of LabView was 30 measurements per second. Leakage current was measured 
up to a voltage of 5 kV. 

 

3.3.2 Synthesis of Pn  

 

To a solution of P0 (20.01 g, 232.2 mmol of vinyl groups, 1 eq) in dry THF (200 ml), alkylthiol (464.5 mmol, 2.0 eq thiol, 
28.80 g of ethanethiol for P2, 35.30 g of 1-propanethiol for P3, 41.81 g of 1-butanethiol for P4, 54.81 g of 1-hexanethiol for 
P6, 67.82 g 1-octanethiol for P8, 80.98 g 1-decanethiol for P10, 93.83 g 1-dodecanethiol for P12, respectively) and DMPA 
(560 mg, 2.18 mmol, 0.009 eq) were added. The solution was degassed by three freeze-pump-thaw cycles and irradiated 
with UV light for 5 min. It was then concentrated in vacuo to about 50 ml. To this concentrated solution, methanol was add-
ed whereupon the polymer precipitated. The polymer was redissolved in THF and again precipitated with methanol. The 
dissolution/precipitation process was repeated three times. The highly viscous liquids were then dried at 10-2 mbar at 60 °C 
to obtain P2-P8 in 90-95% yield.  

P2: 1H NMR (400 MHz, CDCl3, δ): 2.58 – 2.50 (m, 4H, -CH2-S-CH2-), 1.24 (t, 3J= 7.4 Hz, 3H, -CH2-CH3), 0.92 – 0.86 (m, 2H, Si-
CH2-CH2-), 0.13 (s, 3H, Si-CH3); 13C NMR (100 MHz, CDCl3, δ): 25.9, 25.8, 18.4, 14.8, 0.0.  

P3: 1H NMR (400 MHz, CDCl3, δ): 2.57 – 2.48 (m, 4H, -CH2-S-CH2-), 1.60 (tq, 3J= 7.3 Hz, 3J= 7.3 Hz, 2H, -CH2-CH3), 0.99 (t, 3J= 
7.3 Hz, 3H, -CH2-CH3), 0.92 – 0.87 (m, 2H, Si-CH2-CH2-), 0.14 (s, 3H, Si-CH3); 13C NMR (100 MHz, CDCl3, δ): 34.2, 26.5, 23.0, 
18.6, 13.8, 0.1.  

P4: 1H NMR (400 MHz, CDCl3, δ): 2.60 – 2.48 (m, 4H, -CH2-S-CH2-), 1.60 – 1.52 (m, 2H, CH2-CH2-CH3), 1.46 – 1.37 (m, 2H, CH2-
CH3), 0.94 – 0.87 (m, 5H, Si-CH2-, CH2-CH3), 0.14 (s, 3H, Si-CH3); 13C NMR (100 MHz, CDCl3, δ): 31.9, 31.8, 22.2, 18.5, 13.9, 
0.1.  

P6: 1H NMR (400 MHz, CDCl3, δ): 2.57-2.49 (m, 4H, -CH2-S-CH2- ), 1.60-1.53 (m, 2H, CH2-CH2-CH3), 1.42 – 1.35 (m, 2H, CH2-
CH3), 1.33 – 1.25 (m, 4H, -CH2-CH2-CH2-CH2-CH3), 0.90 – 0.87 (m, 5H, Si-CH2-, CH2-CH3), 0.14 (s, 3H, Si–CH3 ); 13C NMR (100 
MHz, CDCl3, δ): 32.3, 31.7, 29.8, 28.9, 26.6, 22.8, 18.5, 14.3, 0.2.  

P8: 1H NMR (400 MHz, CDCl3, δ): 2.57-2.49 (m, 4H, -CH2-S-CH2- ), 1.60-1.53 (m, 2H, CH2-CH2-CH3), 1.42 – 1.33 (m, 2H, CH2-
CH3), 1.27 ( br s, 8H, -S-CH2-(CH2)4-CH2-CH2-CH3), 0.92 – 0.85 (m, 5H, Si-CH2-, CH2-CH3), 0.13 (s, 3H, Si–CH3 ); 13C NMR (100 
MHz, CDCl3, δ): 32.3, 32.0, 29.8, 29.5, 29.4, 29.3, 26.6, 22.9, 18.5, 14.3, 0.1.  

P10: 1H NMR (400 MHz, CDCl3, δ): 2.58-2.48 (m, 4H, -CH2-S-CH2- ), 1.60-1.52(m, 2H, CH2-CH2-CH3), 1.44 – 1.33 (m, 2H, CH2-
CH3), 1.29 ( br s, 12H, -S-CH2-(CH2)6-CH2-CH2-CH3), 0.92 – 0.85 (m, 5H, Si-CH2-, CH2-CH3), 0.13 (s, 3H, Si–CH3 ); 13C NMR (100 
MHz, CDCl3,δ): 32.31, 32.07, 29.80, 29.55, 29.51, 29.27, 26.60, 22.80, 18.49, 14.24, 0.08. 
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P12: 1H NMR (400 MHz, CDCl3, δ): 2.56-2.48 (m, 4H, -CH2-S-CH2- ), 1.60-1.53 (m, 2H, CH2-CH2-CH3), 1.43 – 1.34 (m, 2H, CH2-
CH3), 1.25 ( br s, 16H, -S-CH2-(CH2)4-CH2-CH2-CH3), 0.92 – 0.85 (m, 5H, Si-CH2-, CH2-CH3), 0.13 (s, 3H, Si–CH3); 13C NMR (100 
MHz, CDCl3, δ): 32.33, 32.08, 29.90, 29.88, 29.85, 29.81, 29.56, 29.55, 29.32, 26.62, 22.86, 18.52, 14.28, 0.09. 

3.3.3 General synthesis of the elastomers  

 

A solution of Pn (4 g), cross-linker A, Cl-CL, or CN-CL (for the amount used, see Table 3.1), and dibutyltin dilaurate (80 μl, 
0.056 g, 0.1 mmol) in THF (4 ml) was casted on a PTFE or PVA/glass substrate by doctor blade technique. The films were 
stored in a closed chamber at ambient temperature of 25 °C and humidity 30% for 48 h. The films were dried at 70 °C in 
vacuo for 12 h before further testing.  

 

Table 3.1 The amount of reagents used for the synthesis of En and En-X-Y. 

Entry Polymer  Polymer 

[g] 

A 

[ml] 

Cl-CL 

[g] 

CN-CL 

[g] 

Er PDMS 4 0.21 - - 

E2 P2 4 0.13 - - 

E3 P3 4 0.13 - - 

E4 P4 4 0.12 - - 

E6 P6 4 0.11 - - 

E8 P8 4 0.09  - - 

E10 P10 4 0.08 - - 

E12 P12 4 0.07 - - 

Er-Cl-33 PDMS 4 - 2 g  - 

Er-Cl-20 PDMS 4 - 1 g  - 

E2-Cl-33 P2 4 - 2 g - 

E2-Cl-20 P2 4 - 1 g - 

E3-Cl-33 P2 4 - 2 g - 

E3-CL-20 P3 4 - 1 g - 

E2-CN-33 P2 4 - - 2 g  

E2-CN-20 P2 4 - - 1 g  

E3-CN-33 P3 4 - - 2 g 

E3-CN-20 P3 4 - - 1 g 
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3.4 Results and discussion 

  

A series of polysiloxanes, Pn, modified with alkyl-thioethers of different length, where ‘n’ refers to the number of C-atoms in 
the alkyl chains, was synthesized starting from a silanol-terminated poly(methylvinyl)siloxane P0 (Mn

 = 91.000 g mol-1) via 
photoinduced thiol-ene addition with various alkyl thiols (Scheme 3.1;  Figure 3.9 and 3.10 (see Section 3.7) ). All reactions 
were carried out with the same batch of P0. The disappearance of the vinyl groups in the 1H NMR spectra of the final prod-
ucts was used as a clear indication for the success of the post-polymerization modification (Figure 3.11-3.24, Section 3.7). 
Differential scanning calorimetry (DSC) was conducted to investigate the influence of the alkyl-thioether length on both Tg 
and melting temperature (Tm) (Figures 3.25-3.31, Section 3.7). The results are compiled in Table 3.2. While polymers P2, P3, 
P4, and P6 show a glass transition, they do not exhibit a melt transition. In contrast, polymers P8, P10, and P12 do not un-
dergo a glass transition, however, they do melt. 

 

 
Scheme 3.1 Synthesis of polysiloxanes Pn modified with alkyl thioether groups and their cross-linking with (methylhy-
drosiloxane)-dimethylsiloxane-copolymer A (m: 25-30%; p: 75-70%) via tin-catalyzed dehydrogenative coupling reaction. 

 

All polymers of Table 3.2 were cross-linked using (methylhydrosiloxane)-dimethylsiloxane-copolymer A cross-linker (m: 25-
30%; p: 75-70%) to give materials En, whereby ‘E’ indicates that these products are elastomers and ‘n’ refers to the number 
of C-atoms in the lateral substituents. This was achieved with a tin-catalyzed dehydrogenative coupling reaction between 
the silanol end groups of the polymers and the hydrosilyl groups of A (Scheme 3.1). As reference material, Er was used 
which was obtained by cross-linking a silanol end-terminated polydimethylsiloxane (PDMS, Mn

 = 90.000 g mol-1) with A un-
der exact same conditions. The amount of cross-linker A was in all cases very low (5-2 wt-%) so that its influence on permit-
tivity could be neglected. It was noted that the condensation reaction was slowed down for the polymers that carry a 
shorter thioalkyl group and thus a higher content of sulfur. 

 

Table 3.2 Transition temperatures observed for Pn, the ΔCp of the transitions, Mw, Mn, and PDI. 

Pn  T [°C] ΔCp [J g-1 °C-1] Mw [g mol-1] Mn [g mol-1] PDI 

 Tga) Tm
a) coolingb) 2nd heating coolingb)    

P2 -93.3 - -102.1 0.365 0.503 340.000 75.000 4.5 

P3 -96.9 - -103.1 0.387 0.499 225.000 90.000 2.5 

P4 -97.5 - - 0.395 - 220.000 100.000 2.2 

P6 -92.9 - -99.6 0.452 0.658 100.000 40.000 2.5 

P8 - -48.5 -63.1 (Tc) - - 640.000 55.000 11.6 

P10 - -9.3 -23.1 (Tc) - - 150.000 40.000 3.8 

P12 - 16.2 1.4 (Tc) - - 350.000 60.000 5.8 

a)Data from second heating cycle. b) Data from first coolingΔCp is heat capacity. 
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First, it was checked whether the elastomers En form free standing films. As this was the case only for the networks E2-E8, 
only those materials were further investigated. The dielectric properties of En and Er were analyzed by impedance spec-
troscopy. As expected, an increase in the dielectric permittivity with increasing sulfur content in materials En was observed 
(Figure 3.1). Materials E2 and E3 had ε’ = 5.4 and 5.2, respectively, whereas Er had ε’= 2.8. When the alkyl chain length in 
polymers En was further increased, the permittivity decreased. An increase in conductivity with increasing the sulfur con-
tent was observed from 2×10-14 S cm-1 for Er to 9.8×10-12 S cm-1 for E3 and 3.56×10-11 S cm-1 for E2. The dielectric losses at 
high frequencies were also low, but increased with decreasing frequency due to electrode polarization. 

 

 
Figure 3.1 Dielectric properties of E2-E8 and Er. 

 

The mechanical properties of En were evaluated in tensile tests. The strain at break for all materials was below 200% and 
decreased with increasing alkyl chain length (Figure 3.2, Table 3.3). The elastic moduli of En slightly decreased at small 
strains and remained unchanged above a certain strain level, whereas the elastic moduli of the reference Er decreased for 
strains between 0% and 65%, remained almost unchanged up to 120%, and increased at strains above 120% (Figure 3.2 
middle). En were further evaluated as dielectric in actuators for which 7.5% biaxial prestrain was used. Attempts to con-
struct actuators from materials E4-E8 were not successful as these materials were rather fragile and ruptured during ma-
nipulation. The mechanical properties of materials E2 and E3 allowed to construct circular actuator devices. Material E2 
gave 12% lateral strain at 15 V μm-1, whereas E3 gave 9.5% strain at 19 V μm-1 (Figure 3.2 right). 

 

 
Figure 3.2 Stress-strain curves (left) and elastic moduli at different strains (middle) of En at a stretch rate of 50 mm min-1 as 
well as lateral actuation strain of E2, E3 and Er as function of applied electric field (right). The stress-strain curves were av-
eraged from 3 different samples. 
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Despite the low dielectric breakdown of the actuators constructed from E2 and E3, their maximum actuation was higher as 
compared to Er which gave only 7% lateral actuation at much higher electric field of 66 V μm-1. These results show the posi-
tive effect of the thioether side group on the electromechanical sensitivity ε/Y which enables high actuation strains of E2 
and E3 at relatively low electric fields. However, the actuators’ dielectric breakdown of 15 V μm-1 and 19 V μm-1 for E2 and 
E3, respectively, is too low. 

 

Table 3.3 Dielectric, mechanical, and electromechanical properties of E2-E8 and Er. 

Entry ε‘ @ 

106 Hz 

σ @ 

10-1 Hz 

tan(δ) @ 

106 Hz 

Y10% 
[kPa] 

smax  

[%] 

sact,max 

[%] 

Eb,act 

[V μm-1] 

Er 2.8 2 10-14 0.08 600 300 7% 66 

E2 5.4 3.56 10-11 0.013 70 190 12% 15 

E3 5.2 9.8 10-12 0.010 120 150 10% 19 

E4 4.7 1.9 10-12 0.008 135 71 - - 

E6 4.2 3 10-13 0.010 160 58 - - 

E8 3.7 2 10-13 0.013 130 54 - - 

 

To evaluate whether P2 and P3 can be cross-linked to elastomers with improved properties, other cross-linking reactions 
were explored. It is known that the mechanical properties of polysiloxanes can be enhanced by fillers which are either ex 
situ or are generated in situ.[36-38] Homogenous materials with uniformly dispersed silica particles generated in-situ via hy-
drolysis and condensation of tetraethoxysilane were reported. More recently trialkoxy(alkyl)silanes with different polar 
groups were used to cross-link PDMS.[33,39] Trialkoxy(alkyl)silanes undergo condensation reactions with the silanol end-
groups of the polysiloxane and also self-condensation reactions with formation of silsesquioxane structures. From all trial-
koxy(alkyl)silanes used, 3-chloropropyl(triethoxy)silane (Cl-CL) and 2-cyanoethyl(triethoxy)silane (CN-CL) were found to al-
low formation of materials with improved dielectric and mechanical properties.[33,40] These cross-linkers have also attractive 
dielectric permittivity, e.g. ε’ = 5.8 for Cl-CL and ε’ = 12.3 for CN-CL (Figure 3.32, Section 3.7). Therefore, we used these two 
cross-linkers in two different concentrations, 33 wt-% and 20 wt-%, respectively to cross-link P2 and P3. This allowed for-
mation of materials En-X-Y, where ‘E’ indicates that these products are elastomers, ‘n’ refers to the number of C-atoms of 
the thiol used for the functionalization of Pn, X refers to the type and Y refers to the wt-% of cross-linker used, respectively. 
For example, the cross-linking of P2 with 33 wt-% Cl-CL allowed formation of material E2-Cl-33 and with 20 wt-% Cl-CL the 
formation of material E2-Cl-20. Materials with attractive mechanical properties formed after cross-linking for about 48 h at 
ambient temperature (Table 3.4).  

Thermal stability of En-X-Y was investigated by TGA (Figure 3.33-3.43, Section 3.7) which showed that all elastomers are 
stable up to 370 °C where a small amount of volatiles is removed. Above 450 °C the elastomers lose more than half of their 
weight. DSC investigations show that these materials have no transition at temperatures above -80 °C which is an attractive 
feature (Figure 3.44-3.53, Section 3.7).  

As expected, because E2-X-Y has a higher content of sulfur as compared to E3-X-Y, its dielectric permittivity is slightly higher 
as compared to E3-X-Y (Table 3.4). Furthermore, the permittivity increases with increasing the content of cross-linker. The 
dielectric permittivity of materials En-CN-Y was higher as compared to materials En-Cl-Y, but they also showed higher con-
ductivity at low frequencies. Table 3.4 summarizes several dielectric characteristics of the new materials. The highest rela-
tive permittivity of ε’ = 7.0 (106 Hz) was measured for E2-CN-33. This material has the highest content of both sulfur and po-
lar nitrile groups (Figure 3.3). Unfortunately, also the conductivity was the highest σ = 10-11 S cm-1 at 10-1 Hz. When Cl-CL was 
used, the highest achieved relative permittivity was ε’ = 6.4 for material E2-Cl-33 which has the highest content of sulfur and 
chlorine. A sharp increase in permittivity at low frequencies for all materials was observed. This increase is due to electrode 
polarization, due to ions accumulated at the electrodes.[41] This effect is stronger for elastomers containing the nitrile func-
tionality. 
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Figure 3.3 Dielectric properties of materials E2-X-Y (left) and E3-X-Y (right) as well as the one of the reference Elastosil®Film. 

 

Dynamic mechanical analysis (DMA) was used to further characterize the elastic behaviour of our materials (Figure 3.4). The 
reference material Elastosil®Film had the highest storage modulus and has a low loss factor tan(δ) which did not change in 
the investigated frequency range. Materials E2-X-Y were softer as compared to E3-X-Y and showed larger loss factors which 
increased with frequency. Particularly, E2-CN-Y elastomers had a tan(δ) higher than 0.15 at frequencies above 2 Hz, which 
may be an indication of poor cross-linking. Swelling extraction tests conducted on En-X-Y are in agreement with the DMA 
results (Table 3.4). The highest amount of extractable was found for E2-CN-Y.  

 
Figure 3.4 Dynamic mechanical analysis of En-X-Y and Er ranging from 0.05 Hz to 3 Hz at a strain of 2%. 

 

Materials E3-X-Y showed very good mechanical properties with tan(δ) below 0.1 at all frequencies, with E3-Cl-Y showing 
the best performance. Material E3-Cl-33 had a storage modulus of about 700 kPa while E3-Cl-20 had a storage modulus of 
300 kPa. Both materials showed a mechanical loss factor below 0.05 which only slightly increased with frequency (Figure 
3.4). 
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Table 3.4 Dielectric and mechanical properties of En-X-Y and Er. 

Entry ε‘ @ 

106 Hz 

σ @ 

10-1 Hz 

tan(δ) @ 

106 Hz 

Y(10%)
a) 

[kPa] 

Y50%
a) 

[kPa] 

Y100%
a) 

[kPa] 

smax  

[%] 

tan(δ)b) 

[2 Hz] 

Extractable 

[%] 

E2-Cl-20 5.8 3 10-11 5 10-2 330 640 1380 125 1.2 10-1 17.2 

E2-Cl-33  6.4 1 10-11 2 10-2 700 2600 - 65 1.1 10-1 14.5 

E2-CN-20 6.7 1 10-10 2 10-2 200 150 220 175 1.6 10-1 27.6 

E2-CN-33 7.0 4 10-9 4 10-2 250 220 470 190 1.8 10-1 32.6 

E3-Cl-20 5.4 4 10-11 2 10-2 370 500 1230 100 4 10-2 13.4 

E3-Cl-33 5.5 4 10-11 2 10-2 580 1380 - 60 4 10-2 11.8 

E3-CN-20 5.8 1 10-10 7 10-2 370 330 830 100 5 10-2 17.8 

E3-CN-33 6.3 2 10-9 3 10-2 250 370 - 80 8 10-2 22.7 

Er-Cl-20 2.9 10 10-12 2 10-3 500 260 190 350 2 10-2 8.9 

Er-Cl-33 3.4 7 10-12 2 10-3 530 260 170 390 2 10-2 9.7 

Er 2.8 2 10-14 8 10-2 600 320 280 300 1 10-2 8.6 

Elastosil® Film 2.9 2 10-14 1 10-3 1200 730 1040 486 3 10-2 1.6 

a)The elastic moduli were determined from the slope of the stress–strain curves using a linear fit to the data points within 
±5% strain. These data were averaged from 3 different samples. b)Taken from DMA. 

  

Figure 3.5 shows the unilateral stress-strain curves of En-X-Y. The strain at break of all materials was rather low, e. g. only 
two samples E2-CN-20 and E2-CN-33 showed a strain at break above 150% (Figures 3.54-3.69, Section 3.7). While this prop-
erty is important for DETs operated in the generator mode, in actuator devices, the strain at break is not a limiting factor. Ir-
respective of the type of cross-linker used, the materials got stiffer with increasing the cross-linker content with the strong-
est effect observed for materials En-Cl-Y. The elastic moduli of materials E2-CN-Y were almost constant with strain. 
Materials E2-Cl-Y and E3-X-Y showed a strong increase in the elastic moduli at strains above 50%. For example E3-Cl-33 
showed a doubling in elastic modulus from Y= 580 kPa at 10% strain to Y= 1380 kPa at 50% strain. Two reference materials 
Er-Cl-20 and Er-Cl-33 were also prepared by cross-linking a silanol terminated PDMS with 20 wt-% and 33 wt-% Cl-CL, re-
spectively. During cross-linking in thin films silsesquioxane structures are in situ generated. While, the reference materials 
Er-X-Y were becoming softer with the strain,[33] materials E3-X-Y and E2-Cl-Y showed a synergetic effect between the thi-
oether side groups and the in situ generated silsesquioxane reflected by a rapid stiffening of the materials above a certain 
strain (Figure 3.5 d,e). 
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Figure 3.5 Stress-strain curves for materials E2-X-Y (a), E3-X-Y (b) and Er-Cl-Y and Elastosil®Film (c) and the elastic moduli at 
different strains for E2-X-Y (d), E3-X-Y (e) and Er-Cl-Y and Elastosil®Film (f). The stress-strain curves were averaged from 
three independent samples. The strain at break is the minimum value obtained from the three tests. 

 

All materials En-X-Y were investigated in electromechanical tests using circular electrodes. As reference the commercially 
available PDMS elastomer Elastosil®Film was used. The films were bilaterally prestrained by 7.5% and fixed between two 
rigid plastic frames (Φ = 25 mm). Electrodes consisting of carbon black powder were smeared on both sides (Φ = 8 mm). Fig-
ure 3.6 gives the lateral actuation strain as function of applied electric field, while Table 3.5 summarizes the actuation sensi-
tivity (ε’/Y10%) as well as the maximum actuation smax, actuator breakdown Eb, lateral actuation at 10 V μm-1, and thickness. 
It should be mentioned that due to out-of-plane deformation, i.e. buckling which typically set in at actuations above 10%, 
the lateral actuation cannot be accurately measured. Thus, the measured lateral actuation above 10% is underestimated 
(Figure 3.6).  

 

 
Figure 3.6 Lateral actuation as a function of the applied electric field of materials E2-X-Y (left), of E3-X-Y (middle) with pho-
tos of the actuator constructed from E3-Cl-20 in the relaxed state and actuated at an electric field of 53 V μm-1 whereby out 
of plane deformation dome shape was observed (middle), and Er-Cl-Y and Elastosil®Film (right). The elastomeric films were 
prestrained by 7.5%.  

 

Because materials E2-CN-Y were softer and had a slightly higher permittivity as compared to E3-CN-Y, they actuated at low-
er electric field. The highest lateral actuation strain of 12% at the lowest electric field of 17 V μm-1 was achieved for material 
E2-CN-20. It should be noted that the elastic moduli of E2-CN-Y only slightly changed with strain, while for materials E3-CN-
Y an increase of the elastic moduli at strains higher than 25% was observed. Because materials E3-CN-Y were stiffer as 
compared to E2-CN-Y, they actuated at higher electric fields (Figure 3.6). The rather low dielectric breakdown field of the 
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actuators constructed from En-CN-Y is likely due to the increased conductivity of these materials. All materials En-Cl-Y 
showed rapid stiffening above a certain strain which may allow suppressing EMI. As we were limited by the maximum volt-
age of 5600 V of our voltage source, the dielectric breakdown of actuators constructed from En-Cl-Y was not reached. Ma-
terials En-Cl-20 were softer as compared to En-Cl-33 and actuated at lower electric field. For example, material E2-Cl-20 
gave a maximum lateral actuation strain of 6.5% at 33 V μm-1, while material E3-Cl-20 gave only 3.5% lateral actuation at an 
electric field of 36 V μm-1. Material E3-Cl-20 allowed construction of actuators that were capable of suppressing EMI and for 
which ultra-large actuations were measured. An accurate measurement of the lateral actuation strain was not possible, as 
out of plane deformation occurred (Figure 3.6 middle). This material could be repeatedly actuated at 53 V μm-1 without 
degradation. Considering the actuation shape a half sphere, the areal actuation strain was estimated using the measured 
lateral actuation strain of 24% at 53 V μm-1. With this assumption, an area actuation strain of about 200% was calculated. 

 

Table 3.5 Maximum actuation strain smax, dielectric breakdown of actuator Eb,act, lateral actuation strain at 10 V μm-1, the 
electromechanical sensitivity ε’/Y10%, and the film thickness d. 

Sample ε’/Y10% 

[MPa-1] 

s(max) 

[%] 

Eb,act
a) 

[V/μm] 

s @ 10V/μm 

[%] 

d 

[μm] 

E3-Cl-20 15 24 53b) 0.2 105 

E3-CN-33 25 17.5 31 1.5 180 

E2-CN-20 34 12 19 3 130 

E3-CN-20 19 10 33 1 150 

E2-CN-33 28 10 17 3 140 

E2-Cl-20 18 6.5 33b) 0.2 170 

E3-Cl-33 10 3.5 36b) 0.2 155 

E2-Cl-33 9 2.5 35b) 0.2 160 

Er-Cl-33 6 5.5 64 0.3 50 

Er-Cl-20 6 3 50 0 65 

Elastosil®Film  3 2.5 59b) 0 95 

a7.5% bilateral prestrain was applied. bNo electric breakdown occurred.  

 

The processability of E3-Cl-20 in thin films was further optimized. To achieve more uniform films, a sacrificial layer of poly-
vinyl alcohol deposited on a glass plate was used, on which the new material was cross-linked. The formed material E3-Cl-
20* had very similar dielectric properties to the previous one, but was slightly softer, e.g. E3-Cl-20* had a Y10%

 = 260 kPa, 
while E3-Cl-20 had a Y10%

 = 370 kPa, respectively. In an attempt of getting accurate actuation measurements, E3-Cl-20* was 
tested at different biaxial prestains (0%, 22.5%, and 30%). Also here an accurate measurement of actuation was not possi-
ble. For actuators constructed from films that were biaxially prestrained by 22.5% and 30%, out of plane deformation oc-
curred when the lateral actuation was above 10% (Figure 3.7). When no mechanical prestrain was used, out-of-plane actua-
tion occurred from the very beginning. No dielectric breakdown was observed in all actuators constructed from E3-Cl-20*, 
irrespective of the applied prestrain. High lateral actuation of 21% (more than 150% area actuation) at an electric field of 40 
V μm-1 of actuators constructed from un-prestrained E3-Cl-20* were measured. This result indicates that E3-Cl-20* is capa-
ble of achieving high actuation strain without prestrain while completely suppressing EMI. Photos and a movie of an actua-
tor constructed from an un-prestrained E3-Cl-20* film (Figure 3.7 middle, right) clearly show the huge out of plane defor-
mation at 42 V μm-1 (see Figure 3.71, Section 3.7). 
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Figure 3.7 Lateral actuation strain E3-Cl-20* as function of the applied electric field (left) and photos of the actuator pre-
pared from unprestrained films at 0 V μm-1 (middle) and at 42 V μm-1 (right). No dielectric breakdown occurred in actuators.   

 

The leakage current during actuation is a very important material parameter as this current is converted into heat and thus 
may influence the reliability and life time of DEA.[23] While for single membrane actuator, efficient dissipation of heat may 
occur, this process is slowed down in stacked actuators and therefore the impact of leakage current is expected to be even 
more important. The leakage current of the new material was found to be low, comparable to the one measured for Elas-
tosil®Film. An actuator constructed from E3-Cl-20* 22.5% prestrained showed a leakage current of 1 μA at an electric field 
of 27 V μm-1. At this field a lateral actuation strain of 10% was measured. When increasing the electric field to 42 V μm-1 an 
increase in the leakage current to 4 μA was observed.  

The electromechanical response speed was demonstrated by cyclic actuation tests at frequencies ranging from 0.5 Hz to 
8 Hz performed using a 30% prestrained film. This prestrain was selected to minimize the measurement error due to buck-
ling (Figure 3.8, left).  

 
Figure 3.8 100 actuation cycles at 0.5-8 Hz and an electric field of 42 V μm-1 of E3-Cl-20* prestrained by 30% (left), 50.000 
actuation cycles at 8 Hz and an electric field of 27 V μm-1 of E3-Cl-20* (top right), and 50.000 actuation cycles at 8 Hz and 67 
V μm-1 of Elastosil®Film prestrained by 22.5% (bottom right).   

 

For each frequency, 100 cycles were conducted. A slight decrease of the actuation with increasing actuation frequency was 
observed, e.g. at 0.5 Hz an actuation strain of 22% was measured, while at 8 Hz the actuation decreased to 20%. It should 
be noted that at higher frequencies (4 and 8 Hz), the actuator constructed from our new material did not completely recov-
er the initial shape after discharging, about 5% remnant strain was observed, but the actuation strain was the same for con-
secutive cycles. Thus, a lateral actuation strain of 15% was measured. Elastosil®Film showed no limit of response speed. 

42 V µm-1
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Due to the low dielectric permittivity, Elastosil®Film showed a maximum actuation strain of only 8% at an electric field as 
high as 90 V μm-1 (Figure 3.70, Section 3.7). Cyclic actuation measurement of E3-Cl-20* over 50.000 cycles at 8 Hz showed a 
constant actuation of about 10% at 27 V μm-1 and a leakage current density of 0.5 μA cm-2 (Figure 3.8 right). Cyclic actuation 
of Elastosil®Film over 50.000 cycles at 8 Hz showed a lateral actuation strain of 3% at 67 V μm-1 and a leakage current densi-
ty of 0.5 μA cm-2. Due to the increased permittivity, good mechanical properties with low mechanical losses, excellent, fast, 
and reliable actuation at electric fields where leakage current is very low, this material can be considered as a promising re-
placement for regular PDMS. 

 

3.5 Conclusions 

 

Grafting of alkyl thiols to polymethylvinylsiloxane has been shown to be an effective approach to polymers with increased 
permittivity. Appropriate cross-linking allowed formation of elastomers with excellent insulating properties and high actua-
tion strain. A synergetic effect between the thioether side groups of the polymer and the in situ generated silsesquioxane 
reflected by a rapid stiffening of the materials above a certain strain is desirable to suppress electromechanical instability 
and to achieve large actuation strains. A novel dielectric elastomer material was achieved starting from a silanol end-
terminated polysiloxane modified with propyl-thioether side groups and 3-chloropropyl(triethoxy)silane. The material 
showed relative permittivity of ε’  = 5.4 which was attributed to the presence of sulfur and chlorine in our material. The ma-
terial shows a conductivity of σ= 4×10-11 S cm-1 and good mechanical properties with a storage modulus of 300 kPa and a 
loss factor below 0.1, but a uniaxial strain at break of 100%. The stiffening of the material at rather low strains completely 
suppressed electromechanical instability and prevented the dielectric from premature breakdown. Area actuation strain of 
about 200% was calculated at an electric field of 53 V μm-1. This large actuation was possible due to the sharp stiffening of 
the elastomer above a certain strain. Additionally, the material could be actuated for more than 50.000 times at 8 Hz and 
gave a stable lateral actuation strain of 10% at an electric field of 27 V μm-1 with a leakage current density of 0.5 μA cm-2.  

Because of the attractive dielectric characteristics and actuation behavior, this material recommends itself as a future re-
placement for regular PDMS elastomers. The increased permittivity allows for a reduction of driving voltage of actuators, an 
increased energy density in generators, and an increased sensitivity of sensors. Further work is devoted in implementing 
this class of materials in printable stacked devices.    
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3.7 Supporting information 

 

 
Figure 3.9 GPC elution curve of P0. 
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Figure 3.10 GPC analysis of P0 (Mn = 90.000 g mol-1, Mw = 175.000 g mol-1, PDI = 1.9). 

 

 
Figure 3.11 1H NMR spectrum of P2. 
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Figure 3.12 13C NMR spectrum of P2. 

 

 
Figure 3.13 1H NMR spectrum of P3. 

 

 
Figure 3.14 13C NMR spectrum of P3. 
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Figure 3.151H NMR spectrum of P4. 

 

 
Figure 3.16. 13C NMR spectrum of P4. 

 

 
Figure 3.17 1H NMR spectrum of P6. 
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Figure 3.18 13C NMR spectrum of P6. 

 

 
Figure 3.19 1H NMR spectrum of P8. 

 

 
Figure 3.20 13C NMR spectrum of P8. 
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Figure 3.21 1H NMR spectrum of P10. 

 

 
Figure 3.22 13C NMR spectrum of P10. 

 

 
Figure 3.23 1H NMR spectrum of P12. 
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Figure 3.24 13C NMR spectrum of P12. 

 

 
Figure 3.25 DSC curves of P2. 
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Figure 3.26 DSC curves of P3. 

 

Figure 3.27 DSC curves of P6. 



Chapter 3 Dielectric Elastomer Actuators with Increased Dielectric Permittivity and Low Leakage Current 

124 

 

Figure 3.28 DSC curves of P8. 

 

 
Figure 3.29 DSC curves of P10. 
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Figure 3.30 DSC curves of P12. 

 

 
Figure 3.31 Dielectric properties of Cl-CL and CN-CL. Dielectric permittivity ε’ was taken at 106 Hz where the contribution of 
ions can be neglected. 
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Figure 3.32 TGA curve of P2. 

 
Figure 3.33 TGA curve of P3. 
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Figure 3.34 TGA curve of E2-Cl-33. 

 

 
Figure 3.35 TGA curve of E2-Cl-20. 
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Figure 3.36 TGA curve of E2-CN-33. 

 

 
Figure 3.37 TGA curve of E2-CN-20. 
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Figure 3.38 TGA curve of E3-Cl-33. 

 

 
Figure 3.39 TGA curve of E3-Cl-20. 
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Figure 3.40 TGA curve of E2-Cl-33. 

 

 
Figure 3.41 TGA curve of E2-Cl-20. 
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Figure 3.42 TGA curve of Er-Cl-33. 

 

 
Figure 3.43 TGA curve of Er-Cl-20. 
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Figure 3.44 DSC curves of P2-Cl-20. 

 

 
Figure 3.45 DSC curves of P2-Cl-33. 
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Figure 3.46 DSC curves of P2-CN-20. 

 

 
Figure 3.47 DSC curves of P2-CN-33. 
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Figure 3.48 DSC curves of P3-Cl-20. 

 

 
Figure 3.49 DSC curves of P3-Cl-33. 
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Figure 3.50 DSC curves of P3-CN-20. 

 

 
Figure 3.51 DSC curves of P3-CN-33. 
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Figure 3.52 TGA curves of Er-Cl-20. 

 

 
Figure 3.53 TGA curves of Er-Cl-33. 
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Figure 3.54 Tensile tests of Er. Three independent tests were performed. 

 

 
Figure 3.55 Tensile tests of E2. Three independent tests were performed. 
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Figure 3.56 Tensile tests of E3. Three independent tests were performed. 
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Figure 3.57 Tensile tests of E4. Three independent tests were performed. 

 

 
Figure 3.58 Tensile tests of E6. Three independent tests were performed. 

 

 
Figure 3.59 Tensile tests of E8. Three independent tests were performed. 
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Figure 3.60 Tensile tests of Er-Cl-20. Three independent tests were performed. 

 

 
Figure 3.61 Tensile tests of Er-Cl-33. Three independent tests were performed. 

 

 

 
Figure S52. Tensile tests of E2-Cl-33. Two independent tests were performed. 
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Figure 3.62 Tensile tests of E2-Cl-20. Three independent tests were performed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.64 Tensile tests of E3-Cl-20. Three independent tests were performed. 
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Figure 3.63 Tensile tests of E3-Cl-33. Three independent tests were performed. 
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Figure 3.66 Tensile tests of E2-CN-20. Three independent tests were performed. 
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Figure 3.65 Tensile tests of E2-CN-33. Three independent tests were performed. 
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Figure 3.67 Tensile tests of E3-CN-33. Three independent tests were performed. 



Chapter 3 Dielectric Elastomer Actuators with Increased Dielectric Permittivity and Low Leakage Current 

142 

 

 
Figure 3.68 Tensile tests of E3-CN-20. Three independent tests were performed. 

 

 
Figure 3.69 Tensile tests of Elastosil®Film. Three independent tests were performed. 

 

 
Figure 3.70 Lateral actuation strain of Elastosil®Film 30% prestrained measured at various frequencies (0.5-8 Hz) and an 
electric field of 90 V μm-1. 
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Figure 3.71 Photos showing that the actuator inflates in both directions. 
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4.1 Abstract 

 

Dielectric elastomer generators (DEGs) are flexible capacitors that convert mechanical into electrical energy. They rely on 
an external voltage source to charge the capacitor during each operation cycle. An alternative to this is an autonomous DEG 
which operates with an electret as integrated voltage source. To increase the amount of energy generated per cycle, 
elastomers with increased permittivity, low viscoelastic losses and high strain at break are of advantage. Here, we report 
the synthesis of elastic materials with increased permittivity by blending different silicone matrices with nanospring carbon-
nanotubes (NS-CNTs) particles and their performance as dielectric in electret DEGs. The best material developed has a 
dielectric permittivity of ε’ = 4.6, a mechanical loss factor of 0.03 and a strain at break of 270%. The output voltage of the 
DEG constructed using this composite increases from 8.8 V to 14.5 V, when the strain increases from 33% to 66%, 
respectively. Additionally, the output voltage increases with the rise in permittivity, from 9.3 V for a regular 
polydimethylsiloxane elastomer (ε’ = 2.9) to 14.5 for the best composite (ε’ = 4.6).  

 

4.2 Introduction 

 

The search for new functional materials and devices that produce reliable energy from green sources has increased signifi-
cantly in the last years. Nature offers a number of sources of unlimited energy such as ocean waves, wind, and flow energy 
from rivers.[1] Dielectric elastomer generators (DEGs) are stretchable capacitors capable of converting mechanical into elec-
trical energy.[2–4] They consist of a thin elastic dielectric film, on whose surface two compliant electrodes are deposited. The 
DEG changes its capacitance during stretching. When the elastic capacitor is stretched and charged at a certain voltage, and 
then let relax by the elastic restoring forces, a change in voltage is observed. This allows converting mechanical energy into 
electrical energy.[5–10] The maximal energy converted by DEG is limited by the dielectric breakdown, dielectric permittivity 
and mechanical properties such as viscoelastic losses and strain at break of the dielectric elastomer used.[8,11,12] Several DEG 
prototypes that harvest energy from waves and river's flow,[13–16] or human body motion were developed and showed 
promising performance.[17–19]   
 

Polyurethanes,[7,20] natural rubber,[21] polyacrylates,[19,22–25] and PDMS elastomers[14,26–30] are among the most intensely 
studied dielectric elastomers for DEG applications. PDMS dielectric elastomers show superior mechanical stability,[31] chem-
ical inertness and fast response speed[32] combined with excellent insulating properties.[33,34] However, the permittivity of 
PDMS elastomers is about 3, which is lower than that of polyurethane or polyacrylate elastomers. Chemical modification of 
polysiloxanes with polar groups and blending polysiloxanes with conductive fillers like Ag nanoparticles, polyaniline, poly-
thiophene, and CNT have been used to increase the permittivity of polysiloxanes. For some of these materials it was pre-
dicted that the amount of energy harvested is increasing with the permittivity.[35–37] Despite the abundant literature on high 
permittivity elastomers[38–42] and composites,[43–46] reports regarding the use of such materials in generators are rare. To 
the best of our knowledge only one report by Wang et al. exists, in which materials with increased permittivity were evalu-
ated as dielectric for DEG.[7] The limited literature on high permittivity elastomers for DEG applications may be due to the 
complex setup used for the energy harvesting cycle which poses safety issues, because of the high voltage and current in-
volved. A solution to this may be the use of electret DEGs introduced by Sylvestre et al.[27,47–49] Electret DEGs use as a volt-
age source an electret which polarizes the dielectric.  

 
It was the aim of this work to develop novel silicone based elastomers with increased permittivity and to evaluate their 

potential as dielectric to harvest energy from mechanical motion using an electret DEG setup. To achieve this, a nanospring 
carbon nanotubes filler (NS-CNTs) recently developed at KIST was used as filler to increase the dielectric permittivity of ei-
ther a PDMS or a poly(ethylthiopropyl methyl)siloxane matrix. The composites were cross-linked with polar triethoxysilane 
cross-linkers via a condensation reaction catalyzed by tin. Composites containing 10 wt% NS-CNTs filler were prepared and 
the influence of the filler on the mechanical properties of the silicone composites was investigated by tensile tests and dy-
namic-mechanical analysis (DMA). The homogeneity of the filler dispersion in the composites was proven by scanning elec-
tron microscopy. The dielectric properties were evaluated by impedance spectroscopy. Finally, the performance of the pre-
pared materials as dielectric in electret DEGs was also evaluated. 
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4.3 Results and discussion 

 

Scheme 4.1 shows an overview of all materials synthesized. A hydroxyl terminated polydimethylsiloxane and a poly(methyl 
propylthioethyl)siloxane P3, prepared in our lab, were cross-linked with either 2-cyano-triethoxysilane or 3-
chloropropyltriethoxysilane, respectively via a condensation reaction catalyzed by dibutyltin dilaurate to form materials 
PDMS-CN and P3-Cl.[50] For both matrices, an excess of triethoxysilane reagents was used. As a result, both matrices contain 
silsesquioxane structures, which are generated in-situ during cross-linking.[51] To increase the dielectric permittivity of 
PDMS-CN and P3-Cl matrices, NS-CNTs filler was used. This filler is known and was prepared according to the literature.[52] 
Shortly, its synthesis started from functionalized single-wall CNTs and zinc acetate at elevated temperatures, where ZnO 
nanoparticles coated with NS-CNTs are formed.[52] The formed particles are thereafter treated with HCl to release the NS-
CNTs. The formed NS-CNTs filler has a nanometer size and has been successfully used to enhance the dielectric permittivity 
of poly(vinylidenefluoride-co-trifluoroethylene).[52] It is well dispersible in dimethylformamide , however it cannot be dis-
persed in common solvents used for processing polysiloxanes, like tetrahydrofuran. Therefore, the first challenge to over-
come was to increase the compatibility of the filler with the silicone matrices. This was achieved by a surface treatment of 
NS-CNTs with 2-cyanoethyl(triethoxy)silane as described in the experimental part. For the composites, 10 wt% of NS-CNTs 
filler was used in either PDMS-CN or P3-Cl with formation of materials PDMS-CN-CNT and P3-Cl-CNT. The homogeneity of 
the filler dispersion in the composites was proven by scanning electron microscopy (Fig. 4.8, Section 4.7). The particles are 
evenly distributed in the matrix and no agglomerates can be observed.  

As reference materials the commercial silicone Elastosil®Film and PDMS prepared from a hydroxyl terminated polydime-
thylsiloxane cross-linked with poly(methylhydrosiloxane-co-dimethylsiloxane) cross-linker with a thickness of 200 µm were 
used. The impact of NS-CNTs filler on different materials properties was evaluated and the obtained results were compared 
with the reference materials, PDMS-CN, and P3-Cl. 

 

 
Scheme 4.1 Overview of all synthesized materials using dibutyltin dilaurate catalyst and: a hydroxyl terminated PDMS ma-
trix and poly(methylhydrosiloxane-co-dimethylsiloxane) cross-liker (a), a hydroxyl terminated PDMS matrix and (2-
cyanoethyl)triethoxysilane cross-linker (b), a hydroxyl terminated poly(methylpropylthioethyl)-siloxane (P3) and (3-
chloropropyl)triethoxysilane cross-linker (c), a hydroxyl terminated PDMS matrix, (2-cyanoethyl)triethoxysilane cross-linker 
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and 10 wt% functionalized NS-CNTs (d) and a P3, (3-chloropropyl)triethoxysilane cross-linker and 10 wt% functionalized NS-
CNTs (e).   

 

The mechanical properties of the films were evaluated in tensile tests (Fig. 4.1). The stress–strain curves were averaged 
from three independent measurements (Fig. 4.9-4.14). The PDMS reference material had an average strain at break of 
372% and an elastic modulus Y10% = 0.6 MPa, whereas Elastosil®Film had an average strain at break of 485% and an elastic 
modulus Y10% = 1.2 MPa. For PDMS-CN the Y10% was about 1.28 MPa and for PDMS-CN-CNT the Y10% was slightly lower of 
about 1.0 MPa, due to the lower amount of 2-cyanoethyl-(triethoxy)silane used in PDMS-CN-CNT. The average strain at 
break was 213% for PDMS-CN and 270% for PDMS-CN-CNT. The materials prepared starting from P3 showed rather low 
strain at break, e.g., P3-Cl and P3-Cl-CNT had an average strain at break of 114% and of 95%, and an Y10% of 0.2 MPa and 0.3 
MPa, respectively. 

 

 
Figure 4.1 Stress–strain curves of all materials. They are the average from three independent measurements. The strain at 
break is the the minimum value obtained from the three tests. In text the avarage of the strain at break from three 
independent measurements is given. 

 

Dynamic mechanical analysis (DMA) was used to characterize the viscoelastic behavior of all materials (Fig. 4.2).  

 

 
Figure 4.2 Dynamic mechanical analysis of all materials at 2% strain and at a frequency range between 0.05 to 2 Hz. 
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All thin film elastomers were 2% strained and tested at a frequency range of 0.05 Hz to 2 Hz at 25°C. We consider 1-2 Hz as 
realistic frequency range for DEG applications, i.e. wave energy and human motion harvesters. PDMS and P3-Cl showed the 
lowest mechanical loss factor tan(δ) which was around 0.01. The mechanical loss factor tan(δ) of Elastosil®Film, PDMS-CN, 
PDMS-CN-CNT was also very low around 0.03. P3-Cl-CNT showed a considerable increase of mechanical losses tan(δ) to 
about 0.08 at 1 Hz, which may be an indication of a sluggish cross-linking reaction of P3 in presence of NS-CNTs filler.   

 

 
Figure 4.3 Dielectric properties of all materials in the frequency range of 10-1 to 106 Hz. 

 

The dielectric properties were measured in a frequency range from 10-1 Hz to 106 Hz at ambient temperature (Fig. 4.3, Ta-
ble 4.1). PDMS and Elastosil®Film had a permittivity ε’ of 2.9, while PDMS-CN had a permittivity ε’ of 3.5, which is similar to 
the value previously reported.[50,53] The permittivity of the composites at frequencies above 103 Hz was constant and 
reached values of 4.6, 5.3, and 6.3 for PDMS-CN-CNT, P3-Cl, and P3-Cl-CNT, respectively. A strong increase in ε’ for P3-Cl 
and P3-Cl-CNT at low frequencies was observed, which is caused by electrode polarization due to ionic conductivity.[54] Con-
trary to CNT/PDMS composites previously reported where a rather low amount of filler is needed to reach the percolation 
threshold, our composites showed excellent dielectric properties at 10 wt% filler.[44] The reason for this is the nano size of 
the NS-CNTs filler used and the increased compatibility of the filler with the matrices used which prevents agglomeration. 
The highest conductivity of 2.5×10-11 S cm-1 and 3.4×10-11 S cm-1 was measured for P3-Cl and P3-Cl-CNT, respectively, while 
all the other materials showed a conductivity which was below 2×10-13 S cm-1. For materials PDMS-CN and PDMS-CN-CNT 
the conductivity was 1.2×10-13 S cm-1 and 1.9×10-13 S cm-1. The lowest conductivity was measured for the silicone films. The 
conductivity of PDMS was 1.3×10-15 S cm-1 and of Elastosil®Film was 1.9×10-14 S cm-1. The dielectric breakdown experiments 
were conducted by placing the dielectric films between two rigid electrodes of 0.25 mm2 area.[45] For each material ten 
samples were measured and the average is given in Table 4.1. The highest dielectric breakdown was measured for Elas-
tosil®Film and PDMS. The dielectric breakdown decreased for the materials modified with polar groups. For example, the 
dielectric breakdown was 52 V/µm for P3-Cl and 59 V/µm for PDMS-CN, respectively. The incorporation of NS-CNTs result-
ed in a further reduction of the dielectric breakdown to 48 V/µm for P3-Cl-CNT and 41 V/μm for PDMS-CN-CNT, respective-
ly. The dielectric breakdown field is a critical material parameter for the DEG, where the amount of energy is increasing 
with the applied voltage. For the electret DEG the dielectric breakdown is less critical, since the electric fields involved in 
these devices are far below the dielectric breakdown field. Additionally, the dielectric exposure time to maximum electric 
field is rather short, contrary to DEG where the dielectric is subjected for longer periods of time to rather strong electric 
fields. Therefore the probability of dielectric failure in electret DEG is significantly lower as compared to regular DEG.  

Table 4.1 Dielectric properties of different materials investigated. 
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Entry ε’a ε’’a tan(δ)a σ [S cm-1]b Emax
c[V/µm] 

PDMS 2.9 2×10-3 6×10-4 1.3×10-15 > 71 

Elastosil®Film 2.9 3×10-3 1×10-3 1.9×10-14 82±6d 

PDMS-CN 3.5 4×10-2 1×10-2 1.2×10-13 59±8 

PDMS-CN-CNT 4.6 1×10-1 3×10-2 1.9×10-13 41±5 

P3-Cl 5.3 5×10-2 9×10-3 2.5×10-11 52±6 

P3-Cl-CNT 6.3 2×10-2 2×10-2 3.4×10-11 48±10 

aPermittivity ε’, dielectric loss ε’’, loss tangent tan(δ)=ε’’/ε’ are given at 106 Hz. bConductivity is given at 10-1 Hz. cEmax was 
determined by placing the dielectric film between rigid electrodes of 0.25 mm2 area. The average of ten measurements is 
given. dAverage film thickness of 100 µm. 

 

Finally, experiments to evaluate the potential of all materials as dielectric to harvest energy from mechanical motion were 
conducted using a home-made electret DEG test device similar to that reported by Jean-Mistral et al.,[49] but with some 
simplifications (Fig. 4.4, Fig. 4.7). We used an electret as a voltage source consisting of a Teflon film charged by corona dis-
charge at an initial surface potential of 1000 V. Because most electret materials reported to date are rigid, they cannot be 
reversible stretched. To be nevertheless able to stretch them, the electret was shaped in an accordion like structure (Fig. 
4.4).[47,49] 

 

 
Figure 4.4 Construction and working principle of electret-DEG (a). Photos of the custom-made electret DEG in the relaxed 
(top) or stretched state (bottom) (b). Simplified representation of how the air gap and the maximum stretch of 33% (from 3 
cm to 4 cm) (top) and 66% (from 3 cm to 5 cm) (right). The rigid frame unfolded during stretching and folded back during re-
laxing of the DE. 

 

The electret DEG consisted of rigid and elastic materials. The rigid part, on which one electrode and the charged electret 
were fixed, had an accordion like structure which allowed unfolding and expansion. The elastic film, on top of which the 
second stretchable electrode was applied, was fixed on the accordion structure. In the relaxed form, a large air gap be-
tween the electret and elastomer existed. Therefore, almost all compensation charge is located on the bottom electrode 
close to the electret (Fig. 4.4a top). When the device was stretched, the accordion like structure deformed. This defor-
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mation is followed by the elastomeric part which was elongated. The air gap distance between electret and elastomer was 
significantly decreased, and in an ideal case eliminated (Fig. 4.4a bottom). The electret polarizes the dielectric elastomer 
and charges appeared on the top electrode. At the same time the capacitance of the dielectric elastomer changes. In the re-
laxed state, the capacitance is smaller as compared to the capacitance in the strained state: 

d
AC 0''εε=             Eq. 4.1 

where ε’ is the permittivity of the elastomer, ε0’ is the permittivity of air, A is the surface area of the flexible electrode and d 
is the thickness of the dielectric elastomer. Rearrangement of charges between the two electrodes through a load due to 
variations in the capacitance generates an alternative current. The capacitance of the electret DEG is inversely proportional 
to the dielectric thickness.[47] A higher DEG output voltage is expected for thinner films. Because, materials P3-Cl and P3-Cl-
CNT showed a rather low strain at break of 100% only, thin films constructed from them were difficult to handle and to use 
in electret DEG construction. To be nevertheless able to compare the properties of different materials, films with a thick-
ness of 200 µm were tested. These films were easier to handle. 

The active part of the dielectric elastomer of the device has an area of 3 cm × 5 cm. The total weight of the electret DEG 
was merely 8 g. As DEGs are studied with regard to wearable electronics, the device weight is considered an essential as-
pect. The rigid frame unfolded during stretching and folded back during relaxing of the DE and defined the maximum elon-
gation of the active part of the dielectric elastomer (Fig. 4.4). The maximum amount of strain applied to the dielectric elas-
tomer is given by the length of the flexible (not elastic) electret, which is 4 cm and 5 cm for the generators strain by 33% 
and by 66%, respectively. The minimization of the air gap was found to be crucial for the output voltage. Particularly, the 
high sensitivity of the DEG’s output voltage against the remaining air gap between electret and DE was considered as the 
main experimental challenge for electret DEG measurements. On average five generators were tested for each material at 
each strain, except for PDMS-CN generator stretched by 33%, where we run out of material and measured only four gener-
ators. All generator measurements are shown in Section 4.7 (Fig. 4.15-4.23). The voltage generated by different materials at 
two different strains of 33% and 66% and at a frequency of 1 Hz was measured using a Tektronix ‘TDS 2024B’ oscilloscope 
with a resistance of 1 MΩ. Not all generators performed equally well, mainly due to the difficulty in precisely controlling the 
air left gap during stretching. We consider, however, that the best generator performance indicates material performance 
and not the artifacts from electret DEG sample construction/operation.  

A typical response is shown in Fig. 4.5 for a DEG constructed with PDMS-CN-CNT at 66% strain.  

Table 4.2 summarizes the maximum output voltage (best performing generator) and the average of output voltage of dif-
ferent materials tested in DEG at two different strains, as well as the permittivity ε’ and the maximum tensile strain of the 
DE. The voltage peaks occurred only when the dielectric membrane was in close contact to the electret during stretching 
and relaxation. It was noted that the voltage signal registered during stretching and relaxation was in many cases not sym-
metrical, and the signal measured during relaxation was smaller and wider. We attribute this feature to the adhesion of the 
dielectric elastomer on the electret layer which slows down the separation process when the DEG is relaxing. 

 

 
Figure 4.5 The output voltage versus time of a DEG constructed with PDMS-CN-CNT as dielectric elastomer which was 
strained 66% at 1 Hz.   

 

The potential of the materials in DEGs using our electret setup can hardly be evaluated, since it does not allow exploring the 
full range of strains. The theoretical electrical energy ΔE released during one stretching cycle can be calculated according to 
(see section 4.7): 
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∆𝐸𝐸 = 1
2
𝑉𝑉02 ∙

𝐶𝐶1𝐶𝐶2
𝐶𝐶1+𝐶𝐶2

           Eq. 4.2 

 

where 𝑉𝑉0 = 1000 𝑉𝑉 is the surface potential induced by the initial discharge on the Teflon electret, 𝐶𝐶2 and 𝐶𝐶1 is the capaci-
tance of the electret and stretched DE film, respectively. Note that the reduction in film thickness upon straining was taken 
into account in the calculation of C1. Taking the maximum strain values in Figure 4.1 and the relative permittivities in Table 
4.2, we obtain increasing values ∆𝐸𝐸 of 3.1·10-4 J, 3.4·10-4 J, 3.9·10-4 J and 5.0·10-4 J for PDMS-CN-CNT, PDMS-CN, PDMS, and 
Elastosil®Film, respectively. If the strain is fixed to 66%, we obtain increasing values ΔE of 1.2 10-4 J, 1.1 10-4 J, and 1.0 10-4 J 
for PDMS-CN-CNT, PDMS-CN, and PDMS, respectively. Thus, the theoretical amount of released electrical energy at a pre-
determined strain is higher for PDMS-CN-CNT. As the electret-DEG is designed for human motion energy harvesting, strains 
of about 50% were considered as realistic.[49]  

 

Table 4.2 Output voltage of the best performant DEG as well as the average of five DEGs at 33% and 66% lateral strain, the 
dielectric permittivity ε’,the maximum tensile strain, and the calculated energy at 33%, 66% strain, and at smax respectively. 

 Entry Vmax
  

at 33%a 

[V]  

Vmax
  

at 66%b 

[V]  

Vaverage
  

at 
33%c 

[V] 

Vaverage 

at 66%d 

[V] 

ε’e smax 

[%] 

ΔE33%
f 

[J] 

ΔE66%
f 

[J] 

ΔEmax 

[J] 

PDMS 5.1±0.2 9.3±0.2 3±1 5±1 2.9±0.15 372 -7.5 10-5  -1.0 10-4 -3.9 10-4 

Elastosil® 

Film 

4.5±0.1 8.6±0.1 3±1 7±1 2.9±0.15 485 -7.5 10-5 -1.0 10-4 -5.0 10-4 

PDMS-CN 5.1±0.2 6.8±0.2 4±1 7±1 3.5±0.20 313 -8.1 10-5 -1.1 10-4 -3.4 10-4 

PDMS-CN-CNT 8.8±0.3 14.5±0.3 5±1 11±2 4.6±0.25 270 -8.9 10-5 -1.2 10-4 -3.1 10-4 

P3-Cl 8.1±1 - 5±1 - 5.4±0.25 114 -9.3 10-5 -1.2 10-4 -1.7 10-4 

P3-Cl-CNT - - - - 6.3±0.3 95 -9.8 10-5 -1.3 10-4 -1.6 10-4 

a,b The voltage of the best performing generator at 1 Hz which is the average of nine cyclic measurements including corre-
sponding standard deviation at a strain of a33% and b66%, respectively.c,d The average voltage of five generators at c33% 
and at d66% strain, respectively. ePermittivity value taken at 106 Hz. fCalculations of ΔE at 33% and 66% strain as well as at 
smax can be found in section 4.7.  

 

Figure 4.6 shows the output voltage of different materials as function of permittivity for 33% and 66% strain. Material P3-
Cl-CNT has the highest permittivity of ε’ = 6.3 and thus should perform best in the generator. However, it ruptured easily 
and therefore no DEGs could be constructed with this material. P3-Cl ruptured when 66% strain was used and therefore the 
harvested voltage could be measured only at 33% strain. Material PDMS-CN-CNT generated the highest average output 
voltage of 8.8 V and 14.5 V at 33% and 66% strain, respectively which is almost two times higher as compared to Elas-
tosil®Film with 4.5 V and 8.6 V at the same strains. Most of the materials showed the expected trend, e.g., an increase in 
the generated voltage with increasing permittivity except for material P3-Cl at 33% strain and PDMS-CN at 66% strain. 
While the dielectric permittivity strongly influences the voltage output, other material properties such as mechanical stabil-
ity, e.g. the maximum achievable strain at break have a strong impact on generator performance as well.[56]  The generated 
voltage can be increased by using materials with even higher dielectric permittivity, by reducing the thickness of the film, 
and by using larger stains while the air gap between the electret and the stretched elastomer should be minimized. A direct 
comparison of the performance of the materials developed in this work and other materials from the literature tested in 
DEGs cannot be done easily because of the different setup used in different laboratories.[57] It should be mention that in 
electret DEGs only regular silicones were investigated and we compared the performance of our materials with Elas-
tosil®Film. The higher generated voltage for the composite containing NS-CNTs as compared to Elastosil®Film, clearly show 
the positive effect of the filler used.  

Conventional DEGs require operation near dielectric breakdown and have rather complicated charge/discharge cycle. Con-
trary to DEGs, electret DEGs are very unlikely to suffer a breakdown and are thus more reliable. While DEGs may be superi-
or to electret DEGs in terms of energy harvested per cycle, the safer operation of electret DEGs over the conventional DEGs 
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allows electret DEGs to be operated on humans. Therefore, applications of electret DEGs to recharge portable devices can 
be envisioned.[58] 

 

 
Figure 4.6 Output voltage of the best performant DEG versus permittivity ε’ of the DE at 33% and at 66% strain 

 

4.4 Experimental section  

 

Unless otherwise stated, all chemicals were reagent grade and used without purification. 1,3,5,7-Tetramethyl-1,3,5,7-
tetravinyl-cyclotetrasiloxane(V4), (25–35% methylhydro-siloxane)dimethyl-siloxane (AB109380) and polydimethylsiloxane, 
hydroxyl terminated (AB116665, Mn = 90 000 g mol-1, Mw = 130 000 g mol-1) were purchased from ABCR. Tetrahydrofuran 
(THF) and dimethylformamide (DMF) were purchased from VWR. THF was stored over sodium under nitrogen atmosphere 
and distilled before use. Single-walled carbon nanotubes were purchased from Carbon Nanotech, Co., South Korea. (CNTs 
SP95, >95 wt%). All other chemicals were purchased from Sigma Aldrich. Poly(ethylthiopropyl methyl)siloxane P3 (Mn = 
90.000 g/mol, Mw = 185.000 g/mol, PDI = 2.0) was synthesized according to literature.[50] Thin films of Elastosil®Film (200 
μm, 100 μm, 50 μm, 20 μm) were provided from DRAWIN Vertriebs-GmbH, Riemerling while carbon black silicone grease 
were provided from M.G. Chemicals Ltd. 

The tensile tests were performed on a Zwick Z010 tensile test machine with a crosshead speed of 50 mm min-1 (278% min-

1). Dynamic mechanical analysis was carried out on a RSA 3 DMA from TA Instruments. Stripes of 10 mm × 20 mm were 
measured applying 2% strain in the frequency range of 0.05–2 Hz at 25 °C. Tan(δ)DMA is given as the fraction of the imagi-
nary E’’ and real elastic moduli E’ at 2% strain. The microstructures of the films were measured with a SEM (FEI Inspect F) 
on samples prepared by freeze-breaking in liquid nitrogen and sputtered with a thin layer of Pt. Permittivity measurements 
were performed in the frequency range from 10-1 Hz to 106 Hz using a Novocontrol Alpha-A frequency analyzer. The VRMS 
(root-mean-square voltage) of the probing AC electric signal applied to the samples was 1 V. Au electrodes with a thickness 
of 20 nm were sputtered on both sides of the film. The permittivity ε’ was determined from the capacitance C = ε’ε0A/d, 
where A is the electrode area, d is the thickness of the film, and ε0 is the vacuum permittivity. The thickness of the film was 
measured by a micrometer gauge with an uncertainty of ±5 μm. Two stainless steel discs with a diameter of 20 mm served 
as electrodes. The samples were annealed at 80 °C for 18 h at 10 mbar to remove any residual solvents.  
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For the generator, a poly(ethylene terephthalate) (PET) film (130 μm) was used as substrate on which a copper tape (75 
μm) was attached, which served as bottom electrode. On the bottom electrode, the poly(tetrafluoroethylene) (PTFE) elec-
tret film (140 μm) was attached. The electret was prepared using a high frequency corona discharge generator from Elec-
tro-Technic Products Inc. (Model BD-10AS) with an output of 20 kV to 45 kV at a frequency of approximately 500 kHz. An 
electrostatic voltmeter (Model 347, TREK, INC) was used to measure the induced surface potential of the electret. PTFE sur-
face potential was 1000 V ± 100 V. On top of PET/Cu/PTFE layers (rigid part), which was bended in an accordion like shape, 
the dielectric film (5 cm × 5 cm) coated with carbon black silicone grease top electrode (3 cm × 5 cm) was attached on the 
passive part of the dielectric using an adhesive tape. A large air gap between the dielectric and the electret formed (Fig. 
4.4). The rigid part unfolded during stretching the elastomer and folded back due to the elastic restoring forces in the die-
lectric elastomer. The total length of the DEG device in the stretched form was 20 cm × 6 cm. The DEG measurement setup 
was equipped with a mechanical stretcher and an electrical motor (see Supporting Information). The DEGs were stretched 
by 33% (from 3 cm to 4 cm) or by 66% (from 3 cm to 5 cm). The output voltage was measured using Tektronix ‘TDS 2024B’ 
oscilloscope with a resistance of 1 MΩ.  

 

4.4.1 General synthesis of the silicone elastomer thin films 

 

A solution of hydroxyl terminated PDMS or P3, cross-linker, and catalytic amounts of dibutyltin dilaurate in THF was stirred 
and sonicated for 3 minutes to remove the air bubbles (Table 4.3). Thin films were made on a glass coated with PTFE or on a 
PET substrate by doctor blade technique. The films were stored in a closed chamber at ambient temperature of 25 °C and 
humidity of 30% for 48 h. They were then dried at 80 °C in vacuo for 12 h, left at room temperature for at least three weeks, 
before further testing.   

 

Table 4.3 Amount and type of reagents used in the synthesis of different materials. 

Entrya Matrix 

[amount] 

Cross-linker [amount] NS-NTs 

[amount] 

PDMS AB109380 [1 g] AB109380 [0.1 g] - 

PDMS-CN AB109380 [0.6 g] CN-CLb [0.4 g] - 

PDMS-CN-CNT AB109380 [0.57 g] CN-CLb [0.33 g] 0.1 g 

P3-Cl P3 [0.7 g] Cl-CLc [0.175 g] - 

P3-Cl-CNT P3 [0.72 g] Cl-CLc [0.18 g] 0.1 g 

a 1 g polymer and dibutyltin dilaurate (40 µl) in THF (2 ml), b2-cyanoethyl(triethoxy)silane, c3-chloropropyltriethoxysilane. 

 

4.4.2 General synthesis of silicone composite thin films 

 

NS-CNTs (3 g) were suspended in DMF (240 ml) and sonicated for 3 minutes with a tip sonicator at 40% power. To this sus-
pension, 2-cyanoethyl(triethoxy)silane (6 ml) was added followed by the ammonium hydroxide aqueous solution (25 wt%, 6 
ml). The reaction was stirred for 3 days. The precipitate was filtered, washed with ethanol and dispersed in THF. To this dis-
persion either hydroxyl terminated PDMS or P3, the cross-linker, and the [Sn] catalyst were added and mechanically mixed. 
For the amount of reagents used, see Table 4.3. The composites were subjected to three-roll milling for approximately 15 
minutes. Thin films were made on PTFE coated glass or on PET substrate by doctor blade techniques and stored in a closed 
chamber at ambient temperature of 25 °C and humidity of 30% for 48 h. They were then dried at 80 °C in vacuo for 12 h be-
fore further testing.  
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4.5 Conclusions 

 

Novel silicone composites consisting of NS-CNTs into either a PDMS or a chemically modified polysiloxane matrix were pre-
pared. The chemical treatment of the highly polar NS-CNTs filler with (2-cyanoethyl)triethoxysilane increased its compatibil-
ity with the polysiloxane matrices used. The composites were homogenous and have low mechanical losses as proven by 
DMA measurements. Two composites, P3-Cl-CNT with a permittivity value of ε’ = 6.3, but low tensile strength and a materi-
al PDMS-CN-CNT with a permittivity value of ε’ = 4.6 and high tensile strength were prepared. The developed materials 
were investigated regarding their ability to generate a voltage in a DEG test device using an electret as polarizing source. 
Despite the attractively high dielectric permittivity of ε’ = 6.3 for P3-Cl-CNT, no generators could be constructed with this 
material, because the films ruptured. An increase of the voltage generated, from 8.6 V for Elastosil®Film (ε’ = 3) to 14.5 V 
for PDMS-CN-CNT (ε’ = 4.6) was observed. While the increase in output voltage is related to the increased permittivity oth-
er materials and device related factors may also be influential. 

The mechanical stability of PDMS-CN-CNT is not only demonstrated by the tensile tests but also by applying a 66% strain on 
the PDMS-CN-CNT thin film in the electret DEG operated at 1 Hz for 9 cycles. The safer and easy operation of electret DEGs 
allows their use on the humans and may be used one day for recharging portable electronic devices. Future work will be di-
rected towards optimizing the generator setup and evaluating other high permittivity materials in electret DEGs. 
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4.7 Supporting information  

 

 
Figure 4.7 Photo of the DEG setup used. 

 

 
Figure 4.8 SEM image of a cross-section of PDMS-CN-CNT. 

 

 
Figure 4.9 Tensile tests of PDMS. Three independent tests were performed. 
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Figure 4.10 Tensile tests of Elastosil®Film. Three independent tests were performed. 

 

 
Figure 4.11 Tensile tests of PDMS-CN. Three independent tests were performed. 

 

 
Figure 4.12 Tensile tests of PDMS-CN-CNT. Three independent tests were performed. 
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Figure 4.13 Tensile tests of P3-Cl. Three independent tests were performed. 

 

 
Figure 4.14 Tensile tests of P3-Cl-CNT. Two independent tests were performed. 
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4.7.1 DEG measurements at 33% strain 

 
Figure 4.15 Output voltage of PDMS electret DEGs at 33% strain. Five independent tests were performed. 

 

 
Figure 4.16 Output voltage of Elastosil®Film electret DEGs at 33% strain. Five independent tests were performed. 
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Figure 4.17 Output voltage of PDMS-CN electret DEGs at 33% strain. Four independent tests were performed. 

 
Figure 4.18 Output voltage of PDMS-CN-CNT electret DEGs at 33% strain. 
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Figure 4.19 Output voltage of P3-Cl electret DEGs at 33% strain. 
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4.7.2 DEG measurements at 66% strain 

 

 
Figure 4.20 Output voltage of PDMS electret DEGs at 66% strain. 
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Figure 4.21 Output voltage of Elastosil®Film electret DEGs at 66% strain. 
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Figure 4.22 Output voltage of PDMS-CN electret-DEGs at 66% strain. 
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Figure 4.23 Output voltage of PDMS-CN-CNT electret DEGs at 66% strain. 
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4.7.2  Electret DEG energy considerations 

 

 
 

𝐶𝐶2 = 𝜖𝜖0𝐴𝐴𝜀𝜀𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑜𝑜𝑇𝑇
𝑑𝑑𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑜𝑜𝑇𝑇

     𝐶𝐶1 = 𝜖𝜖0𝐴𝐴𝜀𝜀𝐷𝐷𝐷𝐷
𝑑𝑑𝐷𝐷𝐷𝐷

 

  
 

 

𝑉𝑉0 = 1000 𝑉𝑉 (𝐸𝐸𝐸𝐸𝑒𝑒𝐸𝐸𝑡𝑡𝐸𝐸𝑒𝑒𝑡𝑡 𝑠𝑠𝑠𝑠𝐸𝐸𝑠𝑠𝑠𝑠𝐸𝐸𝑒𝑒 𝑝𝑝𝑝𝑝𝑡𝑡𝑒𝑒𝑛𝑛𝑡𝑡𝑝𝑝𝑠𝑠𝐸𝐸) 

 

𝐶𝐶1 =  𝜀𝜀0𝜀𝜀′
𝐴𝐴
𝑑𝑑  capacity of the DE when stratched 

 

𝑉𝑉′1 = 𝑉𝑉′2 (𝐸𝐸𝐸𝐸𝑠𝑠𝑝𝑝𝐸𝐸𝑝𝑝𝐸𝐸𝐸𝐸𝑝𝑝𝑠𝑠𝐸𝐸 𝑝𝑝𝑠𝑠 𝑒𝑒𝐸𝐸𝑒𝑒𝐸𝐸𝑡𝑡𝐸𝐸𝑝𝑝𝐸𝐸 𝑝𝑝𝑝𝑝𝑡𝑡𝑒𝑒𝑛𝑛𝑡𝑡𝑝𝑝𝑠𝑠𝐸𝐸 𝑝𝑝𝑛𝑛 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑡𝑡𝐸𝐸𝑒𝑒𝑡𝑡𝐸𝐸ℎ𝑒𝑒𝑑𝑑 𝑠𝑠𝑡𝑡𝑠𝑠𝑡𝑡𝑒𝑒) 

 

𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑒𝑒 = 𝐶𝐶2 𝑉𝑉0(𝑇𝑇𝑝𝑝𝑡𝑡𝑠𝑠𝐸𝐸 𝑠𝑠𝐸𝐸𝑝𝑝𝑠𝑠𝑛𝑛𝑡𝑡 𝑝𝑝𝑠𝑠 𝐸𝐸ℎ𝑠𝑠𝐸𝐸𝑎𝑎𝑒𝑒𝑠𝑠 𝑝𝑝𝑛𝑛 𝑡𝑡ℎ𝑒𝑒 𝑒𝑒𝐸𝐸𝑒𝑒𝐸𝐸𝑡𝑡𝐸𝐸𝑒𝑒𝑡𝑡 𝑠𝑠𝑠𝑠𝐸𝐸𝑠𝑠𝑠𝑠𝐸𝐸𝑒𝑒) 

 

𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑒𝑒 =  𝑄𝑄′1 +  𝑄𝑄′2 

 

𝑉𝑉′1 =  
𝑄𝑄′1
𝐶𝐶1

 

 

𝑄𝑄′1 =  
𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡 𝐶𝐶1
𝐶𝐶1 + 𝐶𝐶2

 

 

𝐸𝐸𝑠𝑠𝑡𝑡𝑠𝑠𝑒𝑒𝑡𝑡𝑠𝑠ℎ𝑒𝑒𝑑𝑑 =  
1
2𝐶𝐶1𝑉𝑉′1

2 +  
1
2𝐶𝐶2𝑉𝑉′2

2 =  
1
2 𝑉𝑉′1

2(𝐶𝐶1 + 𝐶𝐶2) 

 

𝐸𝐸𝑡𝑡𝑝𝑝𝑒𝑒𝑜𝑜 =  
1
2𝐶𝐶2𝑉𝑉0

2 

 

∆𝐸𝐸 = 𝐸𝐸𝑠𝑠𝑡𝑡𝑠𝑠𝑒𝑒𝑡𝑡𝑠𝑠ℎ𝑒𝑒𝑑𝑑 − 𝐸𝐸𝑡𝑡𝑝𝑝𝑒𝑒𝑜𝑜 = 1
2

  �((𝐶𝐶1 + 𝐶𝐶2)𝑉𝑉′1
2� − (𝐶𝐶2𝑉𝑉02)) =  −1

2
 𝑉𝑉02

𝐶𝐶1𝐶𝐶2
𝐶𝐶1+𝐶𝐶2
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Table 4.4 Theoretical values of ΔE for an electret device where the DE is strained at maximum. 

Entry ε’ smax  
[%] 

Aa db C1 
[nF] 

Q’1 
[µC] 

V’1  

[V] 
ΔE  
[J] 

E  
[V/µm] 

PDMS 
 

2.9 372 5cm × 14.2cm 
0.0071 m2 

42.4 4.3  0.77 179.5  -3.86 10-4 4.2 

Elastosil 
 

2.9 485 5cm × 17.6cm 
0.0088 m2 

34.2 6.6 0.99 150.3 -4.95 10-4 4.4 

PDMS-CN 
 

3.5 313 5cm × 12.4cm 
0.0062 m2 

48.4 4.0 0.68 171.9 -3.41 10-4 3.6 

PDMS-CN-CNT 4.6 270 5cm × 11.1cm 
0.0056 m2 

54.1 4.2 0.62 149.9 -3.13 10-4 2.8 

P3-Cl 
 

5.3 114 5cm × 6.4cm  
0.0032 m2  

93.5 1.6 0.34 209.2 -1.69 10-4 2.2 

P3-Cl-CNT 
 

6.3 95 5cm × 5.85cm 
0.0029 m2 

102.6 1.6 0.31  196.3  -1.56 10-4 1.9 

athe theoretical surface area of DE films (initial size of 5 cm × 3 cm) that were uniaxially stretched by smax, 
bd= d0/ (1+ smax), 

where d represents the DE thickness after being stretched by smax, C1 represents the capacitance of the DE in the stretched 
state,  Q’1 is the charge on the stretched DE. E represents the theoretical amount of energy harvested if the material was 
stretched at maximum. E represents the theoretical electric field in the DE calculated using V1’ and d.  

 

𝐶𝐶2 =  𝜀𝜀0𝜀𝜀′
𝐴𝐴
𝑑𝑑  ( 𝜖𝜖′ = 2.1,𝑑𝑑𝑇𝑇𝑒𝑒𝑇𝑇𝑒𝑒𝑡𝑡𝑜𝑜 = 140 𝜇𝜇𝐸𝐸,𝐴𝐴 𝑑𝑑𝑒𝑒𝑝𝑝𝑒𝑒𝑛𝑛𝑑𝑑𝑠𝑠 𝑝𝑝𝑛𝑛 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝐸𝐸𝑒𝑒𝑠𝑠 𝑝𝑝𝑠𝑠 𝑡𝑡ℎ𝑒𝑒 𝐷𝐷𝐸𝐸) 

𝑉𝑉2 =
�𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑒𝑒 − 𝑄𝑄′

1�
𝐶𝐶2

 

 

Table 4.5 Theoretical values of the electret at maximum strain. 

Electret Electret  Areaa    
[m2] 

C2 
[nF] 

Qtotal 
[µC] 

V2 
[V] 

PDMS 0.0071 0.94 0.94 179.8 

Elastosil 0.0088 1.17 1.17 150.3 

PDMS-CN 0.0062 0.82 0.82 171.9 

PDMS-CN-CNT 0.0056 0.74 0.74 149.9 

P3-Cl 0.0032 0.43 0.43 209.2 

P3-Cl-CNT 0.0029 0.39 0.39 196.3 

 
aTo be able to calculate the maximum energy when the DE materials is stretched at maximum, electrets with 
different surface area has to be used.  
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Table 4.6 Theoretical values of ΔE when the DE is stretched by 33%.  

Entry ε’ Aa db 

[µm] 
C1 

[nF] 
Q’1 
[µC] 

V’1 
[V] 

ΔE  
[J] 

E 
[V/µm] 

PDMS 2.9 5cm × 4 cm 
0.002 m2 

150.4 0.34 0.15 437.5 -7.48 10-5  2.9 

Elastosil 2.9 0.002 m2 150.4 0.34 0.14 437.5 -7.48 10-5 2.9 

PDMS-CN 3.5 0.002 m2 150.4 0.41 0.16 391.9 -8.08 10-5 2.6 

PDMS-CN-CNT 4.6 0.002 m2 150.4 0.54 0.18 329.0 -8.92 10-5 2.2 

P3-Cl 5.3 0.002 m2 150.4 0.62 0.19 298.5 -9.32 10-5 2.0 

P3-Cl-CNT 6.3 0.002 m2 150.4 0.74 0.20 263.6 -9.79 10-5 1.8 
athe surface area of the electret used and of the DE films (5 cm × 3 cm) that were uniaxially stretched by 33%. 

𝑉𝑉2 =
�𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑒𝑒 − 𝑄𝑄′

1�
𝐶𝐶2

 

 

Table 4.7 Theoretical values of the electret when the DE is stretched by 33%. 

Electret C2 
[nF] 

Qtotal 
[µC] 

V2 
[V] 

PDMS 0.27 0.27 437.5 
Elastosil 0.27 0.27 437.5 
PDMS-CN 0.27 0.27 391.9 
PDMS-CN-CNT 0.27 0.27 329.0 
P3-Cl 0.27 0.27 298.5 
P3-Cl-CNT 0.27 0.27 263.6 

 

 

 

Table 4.8 Theoretical values at 66% DEG strain.   

Entry ε’ Aa db  

[µm] 
C1 

[nF] 
Q’1 
[µC] 

V’1 
[V] 

ΔE  
[J] 

E 
[V/µm] 

PDMS 
 

2.9 5cm × 5 cm 
0.0025 m2 

120.5 0.53 0.20 383.9 V -1.02 10-4 3.2 

Elastosil 
 

2.9 0.0025 m2 120.5 0.53 0.20 383.9 V -1.02 10-4 3.2 

PDMS-CN 
 

3.5 0.0025 m2 120.5 0.64 0.22 340.5 V -1.10 10-4 2.8 

PDMS-CN-CNT 4.6 0.0025 m2 120.5 0.84 0.24 282.1 V -1.19 10-4 2.3 

P3-Cl 
 

5.3 0.0025 m2 120.5 0.97 0.25 254.3 V -1.24 10-4 2.1 

P3-Cl-CNT 
 

6.3 0.0025 m2 120.5 1.15 0.26 222.9 V -1.29 10-4 1.9 

athe surface area of the electret used and of the DE films (5 cm × 3 cm) that were uniaxially stretched by 66%. 

 

 

 

 

 



Chapter 4 Electrical Energy Generated by Silicone Elastomers Filled with Nano-Spring Carbon-Nanotubes 

171 

𝑉𝑉2 =
�𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑒𝑒 − 𝑄𝑄′

1�
𝐶𝐶2

 

 

Table 4.9 Theoretical values of the electret when the DE is stretched by 66%. 

 

 

 

 

 

 

 

 

 

 

Electret C2 
[nF] 

Qtotal 
[µC] 

V2 
[V] 

PDMS 0.33 0.33 383.9 

Elastosil 0.33 0.33 383.9 

PDMS-CN 0.33 0.33 340.5 

PDMS-CN-CNT 0.33 0.33 282.1 

P3-Cl 0.33 0.33 254.3 

P3-Cl-CNT 0.33 0.33 222.9 
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5.1 Abstract 

 

Dielectric elastomers are an emerging transducer technology, but high operation voltages limit their scope of application. 
Up to date, several reports have been published on high permittivity elastomers that can be operated at lower electric 
fields. However, there are no reports that address reliability and processability of high permittivity dielectric elastomers. In 
Chapter 5, the UV-induced cross-linking of low-molecular weight polar siloxanes as a novel approach for high permittivity 
silicone elastomers is presented. The permittivity values of the prepared elastomers are between 5.5 and 6. The low viscosi-
ty of the low molecular weight polar siloxane facilitates solvent-free formation of thin films within several minutes which 
highlights the technological relevance of this process. In addition, the use of dithiol as chain-prolongation-agent enables the 
fine-tuning of the elastic modulus between 0.4 to 1.2 MPa. The viscoelastic behavior is comparable to commercial silicone 
elastomer thin films. These polar silicone elastomers allow to operate dielectric elastomer actuators at reduced driving 
voltages in the range of 1-8 Hz without any mechanical prestrain of the dielectric elastomer. Finally, we demonstrate the re-
liability of the polar silicone elastomers by 180.000 cycles in a dielectric elastomer actuator. This is unprecedented for high 
permittivity silicone elastomers.  

 

5.2 Introduction 

 

Dielectric elastomer transducers (DETs) are elastic capacitors that consist of dielectric elastomer (DE) thin films which are 
placed between two compliant electrodes.[1] DETs can be used as actuators (DEAs), generators (DEGs) and sensors (DESs).   
When the capacitor is charged, the electrostatic forces generate a mechanical pressure on the incompressible DE. This re-
sults in mechanical elongation of the DE until a balance of elastic and electrostatic pressure is reached. Electrical energy is 
converted into mechanical work. On the contrary, DEGs convert mechanical work into electrical energy.[2] In DESs, a me-
chanical stress deforms the elastic capacitors and the change in capacitance is measured.[3]  As yet, a few DEA devices have 
already been developed for commercial markets.[4,5]  

 

Up to date, poly(dimethylsiloxane) (PDMS) elastomers (silicone elastomers) are the most frequently tested DE materials[6] 

beside natural rubber,[7] acrylates[8] and polyurethanes.[9] PDMS elastomers have a low conductivity and the elastic modulus 
can be tuned by the cross-link density. Additionally, well-established cross-linking techniques allow the formation of DEs 
with high mechanical stability.[10] Therefore, PDMS outperforms alternative DE materials in response speed[11,12] and life-
time,[13] but not in dielectric breakdown strength,[14] maximum mechanical elongation[15] and maximum actuation strain.[12] 
PDMS is a cross-linked elastomer that might not be as easily processed as polyurethane formulations.[16] However, the Plat-
inum-catalyzed hydrosilylation cross-linking process is fast and clean.[17] Most commercial formulations use the Platinum-
catalyzed hydrosilylation reaction to cross-link PDMS to an elastomer. PDMS formulations have a low viscosity and can be 
processed into thin films without solvent. Silicone elastomers are non-polar and hydrophobic which makes them less sensi-
tive towards water uptake.[18] In contrast, the non-polar character of PDMS goes along with a low permittivity. Hence, high 
electric fields are required for PDMS-based DEAs. Eq. 5.1 shows the relation between actuation strain s and pressure p with 
the DE’s parameter dielectric permittvitiy ε’, elastic modulus Y as well as the  applied electric field U/d.[19]  

 

𝑠𝑠 = 𝑝𝑝
𝑌𝑌

=  
𝜀𝜀′𝜀𝜀0 �𝑈𝑈𝑑𝑑�

2

𝑌𝑌
           Eq. 5.1 

 

The need of a high voltage power supply is the main disadvantage of PDMS-based DEAs compared to ionic EAPs[20] or pie-
zoelectric devices.[21] High operation voltages raise questions regarding safety for humans in direct contact to DETs.[22] Fur-
thermore, the need of high voltage converters complicates the construction of the devices and increases costs.[23] 

 

Therefore, over the last decade manifold research activities have been initiated to lower the driving voltage of DEAs by re-
ducing the elastic modulus,[24] and thickness of the silicone elastomer[25,26] as well as by increasing the permittivity.[27] A low 
elastic modulus of the DE leads to a decrease in driving voltage but also low output pressure of the DEA (Eq. 5.1). In addi-
tion, a simultaneous reduction of electric breakdown strength (Emax) might pose a challenge with respect to reliability and 
lifetime of the device.[28] Thinning down the DE film can be a very promising approach, particularly in combination with mul-
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ti-layer devices.[29] However, there is also a lower limit as low-cost processing of ultra-thin high-quality elastomers is rather 
challenging.[26] Therefore, the relative permittivity as an intrinsic material parameter is of highest interest in low-voltage 
DEA applications.  

 

High permittivity additives such as BaTiO3,[30] Pb(Mg1/3Nb2/3)O3 /PbTiO3,[31] glycerol,[32] and CNTs[33] were mixed with PDMS 
and cross-linked.  Although some silicone composites showed a remarkable rise in permittivity, reliability and lifetime tests 
were only rarely reported.[34] In addition, the film formation process of silicone composites relied on the use of solvent. 

Chemical modification of polysiloxanes with organic dipoles is an alternative to heterogeneous additives. The integration of 
organic dipoles was either realized by polar cross-linkers or by polysiloxanes that carry polar side groups.[22,35–39] A drastic 
increase in permittivity of up to 22 was reported.[40] Lateral actuation strains of 10% at 10 V/µm were realized.[41]  However, 
the modification of siloxane often leads to interferences with well-established siloxane cross-linking reactions. To the best 
of our knowledge, only two examples of solvent-free Pt-catalyzed thin-film processing of polar silicones have been report-
ed.[22,39] In both cases, chloroalkyl polysiloxane side groups were integrated into the elastomeric network. It remains un-
clear to what extent the chloroalkyl moiety influences the cross-linking process with respect to conversion and reaction 
rate. An overall film formation time of about 30 minutes was reported, which is rather high for large scale applications.[22] 
However, the performance and lifetime of those polar silicone elastomers have not been tested in DEAs up to date. 

 

We have recently reported the preparation of polar silicone elastomer thin films using the tin-catalyzed condensation reac-
tion for cross-linking.[42] Even though the obtained elastomers showed promising DEA performance, the film processing re-
quired solvent and prolonged cross-linking reaction time. In this work, we present a novel synthetic approach to an allyl-
terminated polar siloxane oligomer and to a vinyl-terminated polar oligosiloxane that can be processed into thin elastomer-
ic films within 10 minutes. We highlight the advantages of processability and the electromechanical performance but also 
the limitations and remaining challenges with respect to conductivity and lifetime of the polar silicone elastomers in DEA 
devices. By focusing on the aspect of processability we bridge the gap between a purely academic synthetic approach and a 
technologically relevant process.       

   

5.3 Experimental section 

 

Unless otherwise stated, all chemicals were reagent grade and used without purification. Poly(ethyl-2-
thioethyl)(methyl)siloxane was synthesized according to literature.[42] Except for the cross-linking reaction, all chemical ma-
nipulations were carried out under argon atmosphere. 1,3,5,7-Tetramethyl-1,3,5,7-tetravinyl cyclotetrasiloxane (V4), 1,3-
bis(3-aminopropyl)tetramethyldisiloxane, 1,3-bis(vinyldimethyl)disiloxane, α'ω-OH-PDMS (AB116665 (Mn: 139 kDa), 
AB109358 (Mn: 28 kDa), AB109360 (Mn: 63 kDa) and poly(3-mercaptopropyl)(methyl)siloxane (AB 113729) were purchased 
from ABCR. 2,2′-(ethylene-dioxy)diethanethiol R1(SH)2, allyl isocyanate, H2SO4(conc), 2,2-dimethoxy-2-phenylacetophenone 
(DMPA), ethanethiol, tetramethylammonium hydroxide 25% in H2O (TMAH) and DuraSeal™ laboratory stretch film were 
purchased from Aldrich. Tetrahydrofuran (THF) was purchased from VWR. Films of Elastosil®Film (200 μm, 100 μm, 50 μm, 
20 μm) were provided by DRAWIN Vertriebs-GmbH, Riemerling. Polyvinylalcohol (PVA) was purchased from Swiss Compo-
site. Photoreactions were conducted with a UVAHAND 250 GS H1 mercury vapor UV lamp from Dr. Hoenle AG.  
1H and 13C NMR spectra were recorded at 298 K on a Bruker Avance 400NMR spectrometer using a 5 mm broadband inverse 
probe at 400.13 and 100.61 MHz, respectively. Chemical shifts (δ) in ppm were calibrated to residual solvent peaks (CDCl3: δ 
= 7.26 and 77.16 ppm). Gel permeation chromatograms were recorded using an Agilent 1100 Series HPLC (Columns: serial 
coupled PSS SDV 5 m, 100A and PSS SDV 5 m, 1000A, detector: DAD, 235 nm and 360 nm; refractive index), with THF as mo-
bile phase. PDMS standards were used for calibration and toluene as an internal standard.  

Differential scanning calorimetry (DSC) experiments were undertaken on a Pyris Diamond DSC (Perkin Elmer USA) instru-
ment under a nitrogen flow (50 ml × min-1) in aluminum crucibles shut with pierced lids and using about 10 mg sample mass. 
The viscosity η was measured between 1-10 Hz on the ARES Rheometer from TA instruments with a parallel plate setup (50 
mm plate diameter, 1 mm plate distance) at 24 °C. 

The tensile tests were performed on a Zwick Z010 tensile test machine with a crosshead speed of 50 mm min-1 (278% min-1). 
Tensile test specimens with a gauge width of 2 mm and a gauge length of 18 mm were prepared by die cutting. The strain 
was determined using a longitudinal strain extensometer. The data points were averaged over 3 different samples. The 
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elastic modulus Y was determined from the slope of the stress–strain curves using a linear fit to the data points within ±5% 
strain. Thermal gravimetric analysis (TGA) was conducted on a Netzsch TG 209 F1 in synthetic air (20% O2, 80% N2).  

Dynamic mechanical analysis was carried out on a RSA 3 DMA from TA Instruments. Stripes of 10 mm × 20 mm were meas-
ured under a dynamic load of 2 g at 2% strain in the frequency range of 0.05–2.05 Hz at 25 °C. The mechanical loss factor 
tan(δ) is given as the fraction of imaginary E’’ and storage modulus E’ at 2 Hz.  

Permittivity measurements were performed in the frequency range from 10-1 Hz to 106 Hz using a Novocontrol Alpha-A fre-
quency analyzer. The VRMS (root mean square voltage) of the probing AC electric signal applied to the samples was 1 V. The 
permittivity ε’ was determined from the capacitance C= ε’ε0A/d, where A is the electrode area, d is the thickness of the film, 
and ε0 is the vacuum permittivity. The thickness of the film was measured by a micrometer gauge with an uncertainty of 
±5 μm. Two stainless steel discs with a diameter of 20 mm served as electrodes which were separated by three glass fibers 
with a diameter of 100 μm± 5 μm. The samples were annealed at 80 °C for 18 h at 10 mbar.  

Electromechanical tests were performed using circular membrane actuators at ambient temperature and humidity 
(24 °C/30% RH). The silicone thin films on a PVA substrate were fixed between two circular frames immersed in H2O subse-
quent to drying at 80 °C in vacuo for 48 h and drying at air for 48h. Circular electrodes (8 mm diameter) of carbon black 
powder were applied to each side of the film. A FUG HCL- 35-12500 high voltage source served as power supply for actuator 
tests. The voltage was increased by 50 V steps every 2 s up to maximum 5.6 kV. The actuation strain was measured optically 
as the extension of the diameter of the electrode area via a digital camera, using an edge detection tool of a LabView pro-
gram to detect the boundary between the black electrode area and the transparent silicone film. The maximum resolution 
of LabView was 30 measurements per second. Leakage current was measured up to a voltage of 5 kV. 

 

Synthesis of P1: A 25 wt% aqueous solution of tetramethylammonium hydroxide (0.1 ml, 0.0003 mol , 0.01 eq.) was added 
to a 250 ml Schlenk flask. All volatiles were removed at 10-2 mbar at ambient temperature for 1 h. Freshly distilled V4 (72.0 
g, 0.21 mol, 5 eq.) and freshly distilled 1,3-bis(3-aminopropyl)tetramethyldisiloxane (11.0 ml, 0.04 mol, 1 eq.) were added. 
The reaction mixture was warmed up to 75 °C and stirred overnight. The reaction temperature was increased to 145 °C at 
100 mbar for 4 h. Finally, all volatiles were removed at 150 °C at 10-2 mbar to yield 72.2 g (88%) of P1 as colourless liquid. 1H 
NMR (400 MHz, CDCl3) δ, ppm: 6.03-5.75 (m, 82H, Si-CH=CH2), 2.66 (t, 3J= 7.0 Hz, 4H, -CH2-CH2-NH2), 1.91 (br s, 4H, -CH2-
NH2), 1.49-1.41 (m, 4H, -CH2-CH2-CH2-), 0.56-0.51 (m, 4H, -Si-CH2-CH2-), 0.14 ( br s, 82 H, -Si-CH3), 0.08 ( br s, 16 H, -Si-(CH3)2-
CH2-). 13C NMR (100 MHz, CDCl3) δ, ppm: 137.07, 133.45, 1.385, 0.5168, -0.2274. Mn(1H NMR): 2500 g/mol. The molar mass 
could not be determined by GPC.   

 

Synthesis of P2 and P3: P1 (43 g, 0.5 mol repeat units, 1 eq.) was added to a solution of ethanethiol 200 ml (2.7 mol, 5.4 
eq.) ethanethiol and DMPA (1.3 g, 0.005 mol, 0.01 eq.) in 600 ml THF in a 1l Schlenk-flask. The mixture was cooled down to 
0 °C by an ice bath and irradiated for 3 min with UV light. Afterwards, all volatiles were removed at 10 mbar at ambient 
temperature. P2 was obtained as a yellowish liquid. Allyl isocyanate (10 ml, 0.11 mol, 0.22 eq.) was added to P2 and the re-
action mixture was stirred at ambient temperature overnight. Afterwards all volatiles were removed at 10-2 mbar and 120 
°C. The residue was dissolved in THF and filtered (PTFE syringe filter, pore size 0.2 µm). Finally, all volatiles were removed at 
10-2 mbar and 120 °C overnight.  P3 (65 g, 85%) was obtained as a slightly yellowish liquid. 

 1H NMR (400 MHz, CDCl3) δ, ppm: 5.90-5.80 (m, 2H, -CH=CH2), 5.21-5.09 (m, 4H, -CH=CH2), 3.81-3.79 (m, 4H, CH2-CH=CH2), 

3.18-3.14 (m, 4H, -CH2-NH-), 2.58-2.52 (m, 84H, -CH2-S-CH2-), 1.24 2(t, 3J= 7.4 Hz, 70H, -CH2-CH3), 0.91-0.87 (m, 41H, Si-CH2-

CH2-), 0.14 (br s, 62H, Si-CH3), 0.09 (br s, 15H, -Si-(CH3)2). 13C NMR (100 MHz, CDCl3) δ, ppm: 43.63, 26.20, 26.09, 18.59, 

16.21, 15.64, 15.038, 14.85, 1.37, 0.58, 0.29. Mn of P3 (1H NMR): 3500 g/mol. Mn of P3 (GPC): 3000 g/mol. Mw of P3 

(GPC): 7000 g/mol. PDI: 2.4.  

 

Synthesis of P2+: High molecular weight poly(ethyl-2-thioethyl)(methyl)siloxane[42] (5 g, 0.03 mmol, 1 eq.) and 1,3-
bis(vinyldimethyl)disiloxane( 5 g, 28 mmol, 930 eq.) were mixed in a 50 ml Schlenk-flask at ambient temperature. Concen-
trated sulfuric acid (96%) ( 0.010 g, 0.1 mmol, 3 eq.) was added and the mixture was stirred overnight at ambient tempera-
tures. All volatiles were removed at 130 °C in vacuo for 2 h. The residue was dissolved in 20 ml THF and 2 g activated char-
coal was added. After filtration the suspension was filtered and all volatiles were removed at 130 °C at 10-2 mbar for 1h. P2+ 
(3.9 g, 76%) was obtained as a pale yellowish liquid.      
1H NMR (400 MHz, CDCl3) δ, ppm: 6.16-5.70 (m, 6H, -CH=CH2), 2.58-2.50 (m, 173H, -CH2-S-CH2-), 1.24 2(t, 3J= 7.3 Hz, 142H, -
CH2-CH3), 0.91-0.87 (m, 85H, Si-CH2-CH2-), 0.15 (br s, 147H, Si-CH3). 13C NMR (100 MHz, CDCl3) δ, ppm: 26.15, 26.02, 18.52, 
18.24, 18.05, 14.95, 0.23, -0.23.  Mn of P2+ (1H NMR): 8000 g/mol. Mn of P2+ (GPC): 8500 g/mol. Mw of P2+ (GPC): 20000 
g/mol. PDI: 2.4.  
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Synthesis of R(SH)3: Freshly distilled V4 (5.0 g, 0.015 mol, 1 eq.), 2,2′-(ethylene-dioxy)diethanethiol (80.0 ml, 0.5 mol, 33 
eq.) and DMPA (0.08 g, 0.3 mmol, 0.02 eq.) were dissolved in 150 ml THF. The reaction mixture was cooled down to 0 °C 
and irradiated for 3 min with UV light. Afterwards, all volatiles were removed at 100 mbar/80 °C and at 10-2 mbar/135 °C 
overnight. R(SH)3 (13.7 g, 88%) was obtained as a colourless liquid. 1H NMR (400 MHz, CDCl3) δ, ppm: 3.66-3.60 (m, 8H, CH2-
O-(CH2)2-O-CH2), 2.74-2.67 (m, 4H, S-CH2-CH2-O, CH2-SH), 2.61-2.57 (m, 2H, Si-CH2-CH2-), 1.58 (t, 3J= 8.3 Hz, 4H, -CH2-CH2-
NH2), 0.94-0.88 (m, 2H, Si-CH2-CH2-), 0.1246 (m, 3H, Si-CH3).13C NMR (100 MHz, CDCl3) δ, ppm: 73.34, 71.27, 70.68, 31.77, 
27.28, 24.68, 18.36, 1.42, 0.00.  GPC elution curves of R(SH)3 are shown in Fig. 5.18.  

General synthesis of E3-Y and E2+: P3/P2+ was mixed with DMPA, cross-linker R(SH)3/AB113729 and chain-prologation rea-
gent R1(SH)2 (for the amount used, see Table 5.1) and sonicated for 10 minutes at 70 °C. The reaction mixture was directly 
casted by doctor-blade technique (blade thickness adjusted to 100 µm) on a PVA/glass substrate. The substrate was placed 
on a heating plate at 80 °C for 5 min subsequent to UV-irradiation of 3 min at ambient temperature. The silicone elastomer 
with the PVA layer was removed from the glass substrate and placed with the top surface on DuraSeal™ laboratory stretch 
film. The PVA was dissolved in H2O and the silicone elastomer thin film was dried in vacuo for 12h at 80 °C.  

 

Table 5.1 The amount of reagents used for the synthesis of E3-Ya (entry 1-4) and E2+b (entry 5). 

Entry P3c / P2+d 

 [g] / [mol] 
 

R(SH)3
e 

[g] / [mol] 
R1(SH)2

f 

[g] / [mol] 
DMPAg 
[g] / [mol] 

1 1.5 / 4.3 10-4 0.276 / 2.6 10-4 ----- 0.03 / 1.0 10-4 
2 1.5 / 4.3 10-4 0.165 / 1.5 10-4  0.030 / 1.6 10-4 0.03 
3 1.5 / 4.3 10-4 0.108 / 1.0 10-4 0.045 / 2.5 10-4 0.03 
4 1.5 / 4.3 10-4 0.090 / 0.8 10-4 0.060 / 3.3 10-4 0.03 
5  1.5/ 1.9 10-4 0.045h/ 3.4 10-4 ----- 0.03 

aE3 indicates that the reaction products are elastomers made of P3 and Y refers to entry in Table 5.1. b The name E2+ indi-
cates that the reaction product is a elastomer made of P2+. c 3500g/mol. d 8000 g/mol. e 1072 g/mol (R(SH)3).f 182 g/mol. g 

256 g/mol.  h AB 113729: 134 g/mol (repeat unit). 
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5.4 Results and discussion  

  

Scheme 5.1 describes the synthetic approach to the polar oligosiloxane P3 which carries allyl end-groups and polar ethyl-
thioethyl side groups. The terminal allyl groups will be subsequently used for cross-linking or for both, chain prolongation 
and cross-linking, into thin films. The synthesis starts from V4, which was polymerized by ring opening in presence of TMAH 
to give polymer P1, which carries a vinyl group at every siloxy unit. To control the molecular weight of P1, the amino-
functional end-capping agent 1,3-bis(3-aminopropyl)tetramethyldisiloxane was used. The number average molar mass was 
determined according to the 1H-NMR end-group signals. In the second step, the vinyl groups were converted to thioethers 
by UV-induced thiol-ene addition of ethanethiol mediated by 2,2-dimethoxy-1,2-diphenylethan-1-one (DMPA) under mild 
conditions i.e. 3 minutes UV-irradiation at 0°C in THF. It is important to mention that the amino end-groups were selected 
because they do not interfere with the thiol-ene reaction and could be used subsequently in an efficient cross-linking reac-
tion into thin films. After the removal of volatiles, the amino end-groups of P2 were reacted in situ with allyl isocyanate to 
afford a low viscosity polymer P3 that carries allyl end-groups. The synthesis of P3 was conducted on 60 g scale. The allyl 
group was linked to the siloxane by an urea functionality similar to urethane links in polyurethane DEs.[16]  

 

 
Scheme 5.1 Synthetic route from V4 to P3, which was isolated with 77% overall yield. 

 

An alternative end-capping strategy based on the addition of α,ω-OH-poly-(ethyl-thioethyl)methylsiloxane on vinyldime-
thyldisiloxane under basic conditions led to depolymerization of the polar polysiloxanes. However, the addition of high mo-
lecular weight α,ω-OH-poly-(ethyl-2-thioethyl)methylsiloxane to 1,3-bis(vinyldimethyl)disiloxane under acidic conditions 
gave vinyl-terminated oligo(ethyl-2-thioethyl)methylsiloxane with an isolated yield of 76% (Scheme 5.2). The GPC spectra 
revealed approximately 5% of low-molecular weight side products, most likely cyclic siloxanes. 
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Scheme 5.2 Synthetic route from poly(ethyl-2-thioethyl)(methyl)siloxane to P2+, isolated with 76% yield. 

 

The synthesis of P3 and P2+ was analyzed by 1H NMR, 13C NMR and GPC. Figure 5.1 compares the 1H NMR spectra of P1, P3 
and P2+. The presence of the thioether and allyl groups of P3 are clear indications that the reaction was well controlled. In 
the 1H NMR spectrum of P2+ (Fig 5.1, bottom) the terminal vinyl group signals are very pronounced at 6 ppm. 

 

 
 

Figure 5.1 1H NMR spectra of P1 (top) and P3 (middle) and P2+(bottom). 

 

The number average molar mass was determined by comparing the integrals of the 1H signals from the end-groups to those 
of the side groups. For P2+ a Mn = 8000 g/mol, for P1 a Mn = 2500 g/mol and for for P3 a Mn = 3500 g/mol was determined. 
By decreasing the amount of end-blocker in the synthesis of P1, the molecular weight of the corresponding P3.2 was de-
termined to Mn = 10.000. 
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The only side products observed were high molecular weight siloxanes which were most likely formed by intermolecular vi-
nyl-vinyl-coupling during thiol-ene addition.[36] A lower concentration of P1 in THF and of UV-irradiation time to 3 minutes 
eliminated this side reaction (Fig. 5.16). Organosulfur functionalities were observed to interfere with platinum- and tin-
catalyzed cross-linking reactions.[17] Hence, cross-linking by thiol-ene addition on the allyl-terminated siloxanes P3 was test-
ed.[43–45] Initially, some commercially available multifunctional thiols were tested, e.g. pentaerythritol tetrakis(3-
mercaptopropionate), trimethylolpropane tris(3-mercapto-propionate), and poly(3-mercaptopropyl)methylsiloxane. How-
ever, they were poorly miscible with P3 without any additional solvent. To overcome this problem, a custom-made oligo-
meric cross-linker R(SH)3 was prepared in a one-step synthesis described in Scheme 5.3. Shortly, R(SH)3 is a mixture of mer-
capto-functionalized cyclosiloxanes (Fig. 5.14-5.15, Fig. 5.18). After removal of volatiles it was used without additional 
purification steps. The isolated yield was 88%. For P2+ the commercially available poly(3-mercaptopropyl)methylsiloxane 
(AB 113729, Fig. 5.19-5.20) could be used as cross-linking agent. 

 

 
Scheme 5.3 Synthetic route from V4 to mercapto-functionalized (oligo)cyclosiloxanes R(SH)3 by thiol-ene addition of 2,2′-
(ethylene-dioxy)diethanethiol R1(SH)2 on methylvinylcyclotetrasiloxane. 

 

As mentioned above, the solvent-free cross-linking of silicone elastomers is a prime advantage in the thin film processing of 
DEs. In order to be able to process the polar silicones into thin films, their viscosity should be low. The viscosity of P3 with a 
molecular weight of 3.5 kDa and P3.2 with a molecular weight of 10 kDa  (Fig. 5.21) as well as mixtures of P3 with R(SH)3 
and R1(SH)2 were measured between 1 and 10 Hz (Fig. 5.22-5.32). Furthermore, the viscosity of P2+ and the cross-linkable 
mixture (P2+5) of P2+ and poly(3-mercaptopropyl)methylsiloxane (see entry 5 in Table 5.1) was determined at ambient 
temperature. Table 5.2 summarizes the values of viscosity η at 2 Hz with respect to α'ω-hydroxy-terminated PDMS as inter-
nal reference.  

 

Table 5.2 Viscosity η at 2 Hz of α'ω-hydroxy-terminated PDMS, the oligomers P3/P3.2 and the cross-linkable mixtures of P3-
Y with different weight amounts of R(SH)3 and R1(SH)2 as well as the corresponding molecular weight of the siloxane in kilo-
dalton [kDa]. P2+5 is the mixture of P2+ and AB 113729. 

Entry 
 

η [Pa s] at  
2 Hz/24 °C 

Mn of the siloxanea 
[kDa] 

P3.2  4.6 10 
P3 2.7 3.5 
P3-1 2.3 3.5 
P3-2 1.9 3.5 
P3-3 1.7 3.5 
P3-4 1.6 3.5 
P2+ 2.3 8 
P2+5 1.9 8 
α'ω-OH-PDMS 87.8 139 
α'ω-OH-PDMS 7.7 63 
α'ω-OH-PDMS 0.8 28 

a As determined by 1H NMR. 
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P3 and P2+ as well as the corresponding reaction mixtures P3-Y and P2+5 exhibited values in the range of 1.6 to 2.7 Pa s 
which was comparable to α'ω-OH-PDMS with a molecular weight between 28 and 63 kDa. The addition of the oligomeric 
cross-linker R(SH)3 and R1(SH)2 led to a further decrease in viscosity (η (P3-4) > η (P3-3) > η (P3-2) > η (P3-1)).  

 

 
Scheme 5.4 UV-induced cross-linking reaction of P3 with R(SH)3 and R1(SH)2 initiated by DMPA in air. 

 

A low viscosity value was important for the solvent free casting process of thin films. The fast formation of a defect-free film 
surface prior to UV-irradiation strongly relied on the low viscosity of the silicone formulation. Elevated temperature sup-
ported the fast formation of a smooth surface of the 100 µm thin coated reaction mixture. However, cross-linkable mix-
tures of P3.2 did not form a smooth surface by doctor-blade techniques within 10 minutes at 80 °C. In contrast, P3-1/2/3/4 
formed cross-linked films with smooth surfaces after casting and heating at 80 °C for 5 min followed by 3 min UV irradiation 
(Scheme 5.4). The downside of cross-linking low molecular weight siloxanes is the high cross-link density which results in 
stiff silicone elastomers and low mechanical elongations.[46] Thus, R1(SH)2 was added to P3 (P3-2/P3-3/P3-4) as chain-
prolongation-reagent which reduced the elastic moduli and enhanced the strain at break.   

Formation of thin films without defects is a challenging task and needs careful selection of the substrate on which the film is 
casted. Four substrates were tested: poly(tetrafluoro)ethylene, stainless steel, polyethylene terephthalate, and a poly(vinyl 
alcohol) (PVA) film coated on a glass substrate. Poly(tetrafluoro)ethylene substrates, that work nicely with other silicones, 
did not work in the present, i.e. the coated film dewetted. P3-Y casted on a stainless steel and a polyethylene terephthalate 
substrate gave smooth elastomeric films. However, the peeling off the film from the substrate by hand was challenging. To 
avoid peeling, a sacrificial layer of poly(vinyl alcohol) (PVA) was used.  First attempts to process our formulations on PVA 
were not successful because the casted films did not have a uniform surface. This problem was overcome by heating the 
casted film to 80 °C for 5 min. Also the cross-linkable mixture of P2+ was casted on PVA and heated for 5 min to 80 °C sub-
sequent to 3 min UV irradiation as illustrated in Scheme 5.5.   

After UV irradiation, smooth films formed. A DuraSeal™ laboratory stretch film was placed on the silicone films and the PVA 
substrate was peeled from the glass substrate. Any mechanical stress on the silicone thin films was avoided. Thereafter, 
PVA was dissolved in H2O. For DEA measurements, the silicone film on PVA was fixed between two rigid frames of the actu-
ator device. This ensemble was immersed in H2O and subsequently dried at 80 °C in vacuo. 

 

 
Scheme 5.5 UV-induced cross-linking reaction of P2+ with poly(3-mercaptopropyl)(methyl)siloxane initiated by DMPA in air. 

 

The thermal stability of E3-Y and E2+ as well as of the precursors P2+, P3, R(SH)3 and AB113729 were characterized by 
thermal gravimetric analysis (Fig. 5.33-5.41) which showed that all elastomers were stable until 150 °C in air. Above 300 °C 
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all materials lost considerable amount of mass. Thermal stability in air is not only relevant for the lifetime stability but also 
in the processing of the DEA devices at elevated temperatures.  

To optimize the properties of the elastomers E3-Y (see Table 5.1), the amount of cross-linker R(SH)3 and of chain prolonga-
tion reagent R1(SH)2 was varied in the cross-linking reaction of P3. The viscoelastic behavior of elastomers E3-Y and of E2+ 
was characterized by dynamic mechanical analysis (DMA). The commercially available PDMS thin film Elastosil®Film was 
used as reference.[47] Three independent samples were prepared and analyzed (Fig. 5.42-5.48). The average values of elastic 
modulus E’ and mechanical loss factor tan(δ) are depicted in Figure 5.2. The reproducibility of the cross-linking reactions 
(Scheme 5.4, 5.5) was studied by performing three cross-linking reactions for each elastomer with the same batch of P3 and 
P2+. 

 

 
Figure 5.2 Dynamic mechanical analysis of E3-Y, E2+ and Elastosil®Film ranging from 0.05 Hz to 2 Hz at a strain of 2%. 

 

E3-1, for which no chain prolongator was used, E3-2 and E3-3 showed a viscoelastic behavior similar to Elastosil®Film. At 2 
Hz the mechanical loss factor tan(δ) of E3-1 was 0.01 and of E3-2 was 0.02 in comparison to 0.03 for Elastosil®Film. For E3-3 
and E3-4 which contained higher amounts of R1(SH)2 the mechanical loss factor tan(δ) was 0.05 and 0.07.  

As expected, there was a clear softening of E3-Y trend with the addition of R1(SH)2. The storage modulus E’ of all materials 
remained constant over the investigated frequency range (0-2 Hz). It decreased from 1.22 MPa for E3-1, to 0.5 MPa for E3-
3, and to 0.39 MPa for E3-4. E2+ had already a low elastic modulus of 0.45 MPa without any addition of R1(SH)2. This might 
be explained by the high molecular weight of P2+ or a plasticizing effect of uncrosslinked liquid siloxanes. The viscoelastic 
behavior of E2+ was very unusual as soft silicone elastomers commonly do not possess a mechanical loss factor tan(δ) be-
low 0.01. The elastic behavior of E2+ did not deteriorated with time (Fig. 5.47).  

Figure 5.3 depicts the unilateral stress-strain-curve of all elastomers. Three independent tests were performed (Fig. 5.49-
5.54). According to the tensile tests, the strain at break smax increases with decreasing elastic modulus Y10% i.e. with the 
amount of R1(SH)2. As expected the cross-linking of low molecular weight siloxanes resulted in elastomers with relatively 
low strain at break compared to Elastosil®Film (Table 5.3). For example, the stiffest material E3-1 has a strain at break of 
47%, while the softest material prepared E3-4 has a strain at break of 109%. E2+ showed an unusual behavior with a low 
strain at break of only 46% and a low Young's modulus of only 0.41 MPa.  

While these values are not impressive for elastomers in general, smax is not considered as a limiting factor in silicone 
DEAs.[10] This is particularly the case in low-voltage DEA operations for which E3-Y and E2+ are designed for. There are sev-
eral reports on an improved smax for polar silicone elastomers by the addition of fillers.[48] However, fillers increase the vis-
cosity of the silicone mixtures[22] and complicate the processing into thin film elastomers.  



Chapter 5 Fast and Solvent-Free Film Casting of High permittivity silicone dielectric elastomers 

183 

 
Figure 5.3 Stress-strain curves of E3-Y, E2+ and Elastosil®Film. Three independent tests were performed. The curve of the 
sample with the median value of smax is depicted.   

 

The quality of the elastomeric network was further studied by swelling-extraction experiments in THF. The swelling experi-
ments were in agreement with the DMA data. The lowest amount of extractables was found for E3-1 which also showed the 
lowest tan(δ). In general, the weight amount of extractables wt%ext was higher compared to Pt-catalyzed cross-linked sili-
cone elastomers. The degradation products of DMPA used in the thiol-ene functionalization of P1 and cross-linking reaction 
of P3 were non-volatile and thus contributed significantly to the amount of extractables. In addition, the softer elastomers 
E3-4 and E2+ with the lower cross-link density showed the highest amount of extractable species of all elastomers. In case 
of E2+, the low molecular weight side products in the synthesis of P2+ might contribute to the amount of extractables con-
siderably. For E3-4, R(SH)3 and R1(SH)2 competed simultaneously for the allyl-end groups. Therefore, the ability to decrease 
the cross-link density by R1(SH)2  was limited. In case of E3-4, the 3.5 wt% of R1(SH)2 used for the synthesis corresponds to a 
molar ratio of thiol to vinyl of about 2/3. Higher ratios thiol/vinyl might further decrease the cross-link density and the elas-
tic modulus but also increase the amount of non-bonded species and thus the viscoelastic losses. As low mechanical losses 
were reported as an advantage of silicone elastomers over alternative materials in the application of DEAs,[15] a well-
balanced trade-off between mechanical losses tan(δ) and elastic modulus E' as well as maximum strain at break smax had to 
be found.    

 

Table 5.3 Elastic modulus E‘, mechanical loss factor tan(δ) at 2 Hz, the amount of extractables wt%ext, the Young's modulus 
at 10% strain Y10% and strain at break smax of E3-Y, E2+ and Elastosil®Film, as well as the molar ratio of chain-prolongation-
reagent R1(SH)2 to P3.   

Entry 
 

E’  
[MPa] 

tan(δ)  wt%ext 

[%] 
Y10%  

[MPa] 
smax 

 [%] 
Molar ratio  
R1(SH)2 / P3 

E3-1 1.22 ± 0.02 1.2 10-2 ± 1 10-3 6.3 1.19 47 0 
E3-2 0.87 ± 0.09 2.2 10-2 ± 9 10-3 13.6 0.86  79 1 / 3 
E3-3 0.50 ± 0.03 4.6 10-2 ± 7 10-3 15.2 0.42  92 1 / 2 
E3-4 0.39 ± 0.03 7.7 10-2 ± 3 10-3 19.8 0.41  109 2 / 3 
E2+ 0.45 ± 0.02 6 10-3     ± 1 10-3 17.6 0.41 46 ----- 
Elastosil®Film 1.26 ± 0.01 3.1 10-2 ± 1 103 3.8 1.17  486 ----- 

 

Differential scanning calorimetry (DSC) was conducted to investigate the influence of the thioether side group and the urea 
linker on both glass transition temperature and melting temperature. E3-Y and E2+ did not possess any transitions down to 
-80 °C, except E3-1, which showed a transition peak at -61 °C (Fig. 5.55-5.59).    
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The dielectric properties were characterized by broad band impedance spectroscopy. Relative permittivity ε′, dielectric 
losses ε″, the real part of the frequency dependent conductivity (σ’ = 2πνε″) and the dielectric loss-tangent tan(δ)el = ε″/ε′  
are shown in Figure 5.4. The dielectric properties of the cross-linked elastomers E3-Y and E2+, the liquid oligomer P3 and 
cross-linking reagent R(SH)3 are summarized in Table 5.4. The dielectric behavior within the E3-Y series was very similar in 
the range of 10-1 to 106 Hz. At 106 Hz E3-Y elastomers showed values for ε′ between 5.7 (E3-4) and 6.2 (E3-1). The sharp in-
crease in permittivity at a frequency below 101 Hz is due to electrode polarization. Mobile ions were able to accumulate at 
the electrodes under the influence of the electric field. Thus, a common feature of E3-Y is the presence of ionic conductivi-
ty. This resulted in overall conductivity values in the order of 10-10 S/cm for E3-Y and in the order of 10-12 S/cm for E2+, 
whereas Elastosil®Film possessed a value of 10-15 S/cm.  

 

 
Figure 5.4 Dielectric properties of E3-Y, E2+ and Elastosil®Film.  

 

Both, P3 and R(SH)3, contain thioether functionalities but the viscosity of P3 was higher than the viscosity of R(SH)3. Imped-
ance spectroscopy of the liquid precursor materials, i.e. P3 and R(SH)3 revealed an ionic conductivity of 2.6 10-9 S/cm and 
1.7 10-10 S/cm, respectively. In case of P3, a strong electrode polarization in the range of 100-101 Hz was observed (Fig. 
5.60). The thioether substituted polysiloxanes presented in Chapter 3 did not show such a strong polarization.[49] P2+ 
showed a very weak electrode polarization. 

Thus, the increased conductivity at higher frequencies must be either attributed to the urea-functionality (-NH-(C=O)-NH-) 
of P3 or to unknown side products that contribute to ionic conductivity. In addition, absorbed water can contribute to the 
ionic conductivity as the impedance spectroscopy was performed at ambient humidity.  

 

Table 5.4 Relative permittivity ε′ at 106 and 10-1 Hz, dielectric loss factor tan(δ)el at 10-1 Hz and conductivity σ’ at 10-1 Hz 
measured at 1 V for the cross-linking reagent R(SH)3, siloxane P3, the elastomers E3-Y, E2+ and Elastosil®Film. 

Entry 
 

ε' at 106 Hz ε' at 10-1 Hz tan(δ)el at 10-1 Hz σ' at 10-1 Hz 
[S/cm] 

R(SH)3 8.3 1.9 102 1.6 101 1.7 10-10 
P3 5.9 1.2 104 3.8 100 2.6 10-9 
E3-1 6.2 6.6 102 1.2 101 3.6 10-10 
E3-2 6,1 9.2 102 8.1 100 4.0 10-10 
E3-3 6.0 1.4 103 1.0 101 7.3 10-10 
E3-4 5.7 1.5 103 6.8 100 5.4 10-10 
E2+ 5.5 1.0 101 8.9 100 5.1 10-12 
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Elastosil®Film 2.9 2.9 100 7.9 10-3 1.3 10-15 

 

Elevated conductivity values of organo-sulfur functionalized silicone elastomers have already been observed before.[42] In 
the operation of DEAs, the elevated conductivity led to an increase of leakage current at high electric fields, which hindered 
the operation range of the DEA above 30 V/µm. Therefore, these polar silicone elastomers are exclusively designed for low 
voltage DEA applications.  

The dielectric breakdown strength Emax was determined in two different configurations. Free-standing elastomeric thin films 
with either compliant electrodes (area of 50 mm2) or with rigid metal electrodes (area of 0.025 mm2) were used. The rigid 
metal electrodes were embedded in an epoxy which prevented the electromechanical response of the dielectric elastomer 
(see Table 5.5). The voltage was increased in steps of 100 V up to electrical breakdown.  

 

Table 5.5 The mean and median value with standard deviation of the dielectric breakdown strength Emax measured from 10 
samples and the corresponding film thickness d. The area of the rigid electrodes was 0.025 mm2. 

Entry 
 

Median Emax  

[V/µm] 
Mean Emax  

 [V/µm]  
thickness d 
 [µm] 

E3-1 33 ± 3 34 ± 3  71 ± 9 
E3-2 40 ± 6 40 ± 6 72 ± 6 
E3-3 28 ± 3 27 ± 3 74 ± 10 
E3-4 28 ± 1 28 ± 2 71 ± 9 
E2+ 60 ± 11 60 ± 11 94 ± 5 
Elastosil®Film 72 ± 15 72 ± 15 50 ± 0 

 

In contrast to the mechanical properties, the dielectric breakdown strength Emax measured in the unstrained state of the 
elastomers was only slightly affected by the cross-link density. As expected, Emax was lower for the polar silicone elastomers 
E3-Y compared to Elastosil®Film which is consistent with the elevated conductivity values found with impedance spectros-
copy. In case of E2+ the dielectric breakdown strength in the unstrained state was surprisingly high. 

In order to detect realistic Emax values the use of any mechanical prestrain was avoided or any other mechanical manipula-
tion of the DE samples. The positive effect of mechanical prestrain on the electromechanical performance of DEs has al-
ready been extensively described in literature.[50,51] However, mechanical prestrain always implies an additional working 
step and is not compatible with the production of multi-layer DEA.[52–54] Interestingly, the measured dielectric breakdown 
strength Emax of the DEA device with carbon black powder as compliant electrodes with an area of 0.5 cm2 (diameter = 8 
mm) indicated a dependence of Emax on the elastic modulus of E3-Y. Table 5.6 summarizes the Emax values of DEAs con-
structed from E3-Y, E2+ and Elastosil®Film as DE and carbon black powder as compliant electrodes (see Fig. 5.7, right side). 

 

Table 5.6 Dielectric breakdown strength Emax , maximum lateral actuation strain smax  and the lateral actuation strain sact at 
20 V/µm of three DEA devices (area: 0.5 cm2) given as mean value with standard deviation. The area of the compliant elec-
trodes was 0.5 cm2. 

Entry 
 

Emax  

[V/µm] 
smax  
[%] 

sact @ 20 V/µm  
[%] 

E3-1 44 ± 4 10 ± 3 2 ± 1   
E3-2 31 ± 3 8   ± 2 4 ± 2 
E3-3 26 ± 2 4   ± 1 2 ± 1 
E3-4 24 ± 4 5   ± 1 4 ± 1 
E2+ 30 ± 4  7   ± 3 2 ± 1 
Elastosil®Film 95 ± 3 4   ± 1 0 ± 0 

 

The DEs were fixed between two circular plastic frames (inside diameter = 25 mm). Carbon black powder was considered as 
the best electrode material for electromechanical testing as the powder did not penetrate into the DE and thus not affected 
the properties of the DE. However, the carbon black powder did not adhere sufficiently to the surface of the silicone elas-
tomers. The carbon black was distributed over the surface of the DE and a clear edge of the black electrode area and the 
colourless passive area was difficult to measure by optical detection.  
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The values of Emax were calculated with respect to the initial film thickness d of the DE. The voltage was increased in steps of 
50 V. The difference between E3-1 with a Emax = 44 ± 4 V/µm and E3-4 with a Emax = 24 ± 4 V/µm was considerable. As both 
elastomers have a rather similar chemical composition the reason for this reduction is attributed to the difference in cross-
link density and elastic modulus. E2+ and E3-2 showed similar electric breakdown strengths of about 30 V/µm. Elas-
tosil®Film showed a very high dielectric strength of about 95 V/µm. 

In Figure 5.5 the corresponding actuation strains are depicted. The curve is based on the average lateral strain in x- and y-
direction of the median DEA performance of 3 independent DEA devices (Fig. 5.61-5-66). The deviations in DEA the strain 
measurements were considerable (smax in Table 5.6). Nonetheless, the effect of high permittivity and a low elastic modulus 
can be clearly seen. In case of E3-1 the high actuation strain at low electric fields is rather unexpected as the elastic modu-
lus measured by DMA and tensile tests was in the same range as Elastosil®Film. For example, at 30 V/µm an actuation 
strain of 6% was measured for E3-1, and of 7% for E2+, whereas Elastosil®Film gave a significantly lower actuation of only 
0.5%. Thus, the high strains at low electric fields must be related to the high permittivity of E3-1 and E2+.  Additionally, the 
internal stress in E3-1 caused during cross-linking reaction, which is preserved in the DEA device might also play a role.  

 

 
Figure 5.5 Lateral actuation strain of E3-Y, E2+ and Elastosil®Film as a function of the applied electric field U/d. 

 

The electromechanical response speed and reliability of the polar silicone elastomers were characterized by cyclic DEA 
measurements in the range of 1 to 8 Hz. For each frequency, 100 cycles were conducted. The electric field was adapted to 
the measured Emax values. E3-1 was operated at 30 V/µm, E3-2/3 and E2+ at 25 V/µm, E3-4 at 20 V/µm and Elastosil®Film 
at 80 V/µm. At electric fields below 30 V/μm the actuation strain of Elastosil®Film was too small to be measured. Three DEA 
devices were constructed and characterized for each elastomer. Figure 5.6 illustrates the cyclic behavior of the median DEA 
performance between 8 and 1 Hz. Again, the out-of-plane actuation was considerable as no mechanical prestrain was ap-
plied. Nonetheless, the tests are conclusive with respect to response speed and reliability of the DEA device. Many high 
permittivity silicone elastomers presented in the literature have shown a considerable time delay in the electromechanical 
response.[37,55] For E3-Y and E2+ up to 8 Hz no significant dependences of actuation strain on frequency were observed (Fig. 
5.67-5.70). The actuation strain of all samples was similar but the applied electric fields could be reduced to values of 30 
V/µm (E3-1) and 20 V/µm (E3-4). The lateral strain was about 2-4% for E3-2/3/4, and Elastosil®Film. For E3-1 and E2+ it was 
about 4-6%.    
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Figure 5.6 100 actuation cycles at 1–8 Hz at an electric field of 80 V/µm for Elastosil®Film, 30 V/µm for E3-1, 25 V/µm for 
E3-2/E3-3 and E2+, and 20 Vµm for E3-4. 

 

Notably, one DEA constructed from E3-4 and E3-2 and two DEAs of E3-3 suffered electric breakdown during the cyclic tests. 
In case of E3-4 and E3-3 the mechanical stability of the elastomeric thin films characterized by DMA might have been too 
low. In addition, the applied electric fields might have been too close to the measured dielectric breakdown strengths Emax 
of the materials. The defective DE samples showed clear signs of morphological changes on the entire electrode surface. 
This is unusual for silicone elastomers. In case of Elastosil®Film the electric breakdown could be exactly located on the sur-
face of the elastic film. The elevated conductivities of E3-Y have already been noticed with broadband impedance spectros-
copy at 1 V. Thus, the DC leakage current ileak of the DEA device was measured. The values are summarized in Table 5.7. The 
leakage current led to dissipation of electrical energy in the DEA. This might be an important aspect to explain the electrical 
breakdown of the polar silicone elastomers. The dissipated electrical power is proportional to the leakage current and the 
applied voltage. This implies a dependence of the dissipated electrical power on the thickness d of the DE.   

 

Table 5.7 Leakage current ileak (DC) of the DEA test devices at a given electric field U/d with the corresponding dissipated 
electrical power. 

Entry ileak  
[µA]a 

U/d 
 [V/µm] 

Dissipated powerb 
[mW] 

E3-1 10 10 7.5c 
E3-2 8  10 6.8d 
E3-3 10  10 9.0e 
E3-4 10 10 10.0f 
E2+ < 3 25 < 6.2g 

Elastosil®Film < 1 80 < 3.6h 
a Carbon black electrode area of 0.5 cm2. b Dissipated power =  𝑝𝑝𝑒𝑒𝑒𝑒𝑚𝑚𝑙𝑙  𝑈𝑈

𝑑𝑑
 𝑑𝑑. c d: 75 µm. d d: 85 µm. e d: 90 µm. f d: 100 µm. g d: 

95 µm. h d: 46 µm. 
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In case of E3-Y elastomers the leakage current was remarkably high at low electric fields. E2+ did not suffer from leakage 
current below 20 V/µm. At 24 V/µm a leakage current of about 3 µA was detected for E2+.  We have recently reported a 
thioether functionalized polar silicone elastomer that did not show any leakage current until an electric field of 27 V/µm.[42] 
The polar siloxane was a α,ω-OH-poly(propylthioethyl)methylsiloxane cross-linked in a tin-catalyzed condensation reaction 
with (EtO)3Si(CH2)3Cl. The R(SH)3 cross-linker used in the thiol-ene cross-linking (Scheme 5.3) did not exhibited significant 
differences in its dielectric properties compared to (EtO)3Si(CH2)3Cl.[42] Therefore, the microscopic reason for the increased 
leakage current must be either attributed to the different polar groups at the cross-links or to unidentified side products of 
the cross-linking reaction. As increased ionic conductivity has already been observed for P3, it is very likely that the urea 
functionality that links the oligosiloxane with the terminal allyl groups is responsible for the increased leakage current of E3-
Y. With respect to the urea functionality the structural similarity to the urethane group (-O-(C=O)-NH-) might lead to the 
question whether polyurethane elastomers in general might suffer from elevated conductivity as well. However, until today 
none of the reported polyurethane DEs were tested for leakage current in electromechanical devices.[16]  

Finally, the maximum lifetime of E3-Y and E2+ in DEAs was determined by cyclic measurements at low electric fields (Fig. 
5.71-5.75). The applied electric field with a frequency of 8 Hz was further reduced in order to prevent premature electric 
breakdown due to excessive heat. No mechanical prestrain was applied and carbon black powder was used as electrode 
material which was renewed every 10.000 cycles. Carbon black powder was considered as the best electrode material for 
DEA testing as the powder did not penetrate into the dielectric elastomer and thus did not affect the properties of the DE. 
However, the carbon black powder is not long-term persistent itself. Due to the out-of-plane deformation of the DE the 
carbon black was distributed over the surface of the DE in the lifetime measurements. This made accurate measurements 
of the actuation strain based on a digital camera system challenging. Interestingly, it was observed that the adhesion of the 
carbon black powder onto the surface of the DE was better for E3-4/E3-3 than for E3-1 which could be rationalized by the 
rather viscous behavior of E3-4 and E3-3. Good adhesion of the carbon black powder allowed continuous actuation cycles of 
up to 30.000 without new carbon black powder in case of E3-3. 

In summary, E2+ showed the best DEA lifetime performance with 180.000 actuation cycles at 25 V/µm (2 x 50.000 cycles 
and 2x 40.000 cycles at 8 Hz). Again, an exact measurement of the actuation strain was rather challenging due to out-of-
plane deformation and the non-persistent carbon black powder electrode. The DEA lifetime performance of E3-1 was unex-
pectedly high with 100.000 cycles at 25 V/µm (10 x 10.000 cycles at 8 Hz). This was not anticipated due to the high leakage 
current of E3-1. Figure 7 shows an image section of 50 seconds of the first (Fig.5.7, left) and the last operation run (Fig. 5.7, 
middle). In case of E3-1 neither mechanical fatigue nor excessive heat could limit the DEA lifetime. The lateral strain was 
about 2-3%. However, the carbon black powder was distributed with time on the surface of the DE and rendered exact 
strain measurements impossible (Fig 5.7, right side). For E3-2 and E3-3 the DEA lifetime was 70.000 and 90.000 cycles at 29 
V/µm and 25 V/µm. E3-4 could only be operated for 10.000 cycles at 15 V/µm. The actuation strain was not constant 
though. Signs of excessive heat and material fatigue of the free-standing elastomeric film in the DEA device were obvious. 
This can be attributed to both, the high mechanical loss factor, observed by DMA, in combination with the high leakage cur-
rent. 

 

 
Figure 5.7 DEA constructed from 75 µm-thin film of E3-1 driven by an electric field of 25 V/µm at 8 Hz for 100.000 cycles. 
Left: 400 cycles/50 seconds of the first operation sweep of 10.000 repetitions. A lateral strain of about 2.5 % was observed. 
Middle: 400 cycles/50 seconds of the last operation sweep of 10.000 repetitions. A lateral strain of about 3% was observed. 
The difference in strain could be rationalized by the error range of the optical detection system. Right: Photo of the DEA 
constructed from E3-1 after 100.000 cycles. 
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5.5 Conclusion 

 

A simple and cost-efficient synthesis of low-viscosity high permittivity siloxanes was developed which can be processed sol-
vent-free and cross-linked within few minutes by exposure to the UV-light.  The dielectric and mechanical properties of the 
DE thin films were compared with that of Elastosil®Film. The permittivity of the elastomers developed here was enhanced 
by a factor of about 2, but the strain at break was considerably lower. However, this property did not affect the DEA per-
formance of the dielectric elastomers. Due to the increased permittivity and low elastic modulus, an enhanced DEA perfor-
mance at electric fields of only 20-30 V/µm were realized. A reduction of the elastic modulus by chain-prolongation was 
possible, but the mechanical losses increased and the lifetime of the DEAs was reduced. In addition, the effect of the urea 
functionality on the increased conductivity of the silicone elastomers was discussed in detail. Nonetheless, a lifetime of 
100.000 actuation cycles demonstrated the mechanical stability of the polar silicone elastomer E3-1 in the unprestrained 
DEA operated at 25 V/µm. In contrast to E3-Y, the high permittivity silicone elastomer E2+ did not suffer from leakage cur-
rent until 20 V/µm. The permittivity was about 5.5 and the DEA device reached a lifetime of 180.000 actuation cycles at 25 
V/µm. The simplicity of this synthetic approach addressed all major issues that limit the technological relevance of high 
permittivity silicone elastomers for DEAs.   
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5.7 Supporting information 

 

 
Figure 5.8 1H NMR spectrum of P1 in CDCl3. 

 

 
Figure 5.9 13C NMR spectrum of P1 in CDCl3. 
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Figure 5.10 1H NMR spectrum of P3 in CDCl3. 

 

 
Figure 5.11 13C NMR spectrum of P3 in CDCl3. 

 

 
Figure 5.12 1H NMR spectrum of P2+ in CDCl3. 



Chapter 5 Fast and Solvent-Free Film Casting of High permittivity silicone dielectric elastomers 

193 

 

 
Figure 5.13 13C NMR spectrum of P2+ in CDCl3. 

 

 
Figure 5.14 1H NMR spectrum of R(SH)3 in CDCl3. 

 

 
Figure 5.15 13C NMR spectrum of R(SH)3 in CDCl3. 
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Figure 5.16 GPC elution curves of P3. Mn: 3000 Mw: 7000 PDI: 2.4. 

 

 
Figure 5.17 GPC elution curves of P2+. Mn: 8500. Mw: 20000. PDI: 2.4. 

 

 

 
Figure 5.18 GPC elution curves of R(SH)3. 
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Figure 5.19 1H NMR spectrum of AB 113729 in CDCl3. 

 

 
Figure 5.20 13C NMR spectrum of AB 113729 in CDCl3. 
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Figure 5.21 1H NMR spectrum of P3.2. Mn: 10.000 

 

 
Figure 5.22 Viscosity of P3.2 measured in the frequency range of 1-10 Hz. Five measurements were performed. 

 
Figure 5.23 Viscosity of P3 measured in the frequency range of 1-10 Hz. Five measurements were performed. 
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Figure 5.24 Viscosity of P3-1 measured in the frequency range of 1-10 Hz. Five measurements were performed. 

 

 
Figure 5.25 Viscosity of P3-2 measured in the frequency range of 1-10 Hz. Five measurements were performed. 

 

 
Figure 5.26 Viscosity of P3-3 measured in the frequency range of 1-10 Hz. Five measurements were performed. 
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Figure 5.27 Viscosity of P3-4 measured in the frequency range of 1-10 Hz. Five measurements were performed. 

 

 
Figure 5.28 Viscosity of P2+ measured in the frequency range of 1-10 Hz. Five measurements were performed. 

 

 
Figure 5.29 Viscosity of P2+5 measured in the frequency range of 1-10 Hz. Five measurements were performed. 
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Figure 5.30 Viscosity of α'ω-OH-PDMS (Mn: 28 kDa) measured in the frequency range of 1-10 Hz. Five measurements were 

performed. 

 

 
Figure 5.31 Viscosity of α'ω-OH-PDMS (Mn: 28 kDa) measured in the frequency range of 1-10 Hz. Five measurements were 

performed. 

 

 
Figure 5.32 Viscosity of α'ω-OH-PDMS (Mn: 28 kDa) measured in the frequency range of 1-10 Hz. Five measurements were 

performed. 
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Figure 5.33 TGA curve of P3 at air. 

 

 
Figure 5.34 TGA curve of R(SH)3 at air. 

 

 
Figure 5.35 TGA curve of P2+ at air. 
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Figure 5.36 TGA curve of AB113729 at air. 

 

 
Figure 5.37 TGA curve of E3-1 at air. 

 

 
Figure 5.38 TGA curve of E3-2 at air. 
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Figure 5.39 TGA curve of E3-3 at air. 

 

 
Figure 5.40 TGA curve of E3-4 at air. 

 

 
Figure 5.41 TGA curve of E2+ at air. 
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Figure 5.42 DMA of E3-1. Four samples were measured. 

 

 
Figure 5.43 DMA of E3-2. Three samples were measured. 
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Figure 5.44 DMA of E3-3. Three samples were measured. 

 

 
Figure 5.45 DMA of E3-4. Three samples were measured. 
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Figure 5.46 DMA of E2+. Three samples were measured. 

 

 
Figure 5.47 DMA of E2+ measured 24h/48h/72h after synthesis. The average curve of 3 measurements is given. The identi-
cal sample was measured. 
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Figure 5.48 DMA of Elastosil®Film. Three samples were measured. 

 

 
Figure 5.49 Tensile tests of E3-1. Three independent tests were performed. 

 

 
Figure 5.50 Tensile tests of E3-2. Three independent tests were performed. 
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Figure 5.51 Tensile tests of E3-3. Three independent tests were performed. 

 

 
Figure 5.52 Tensile tests of E3-4. Three independent tests were performed. 

 

 
Figure 5.53 Tensile tests of E2+. Three independent tests were performed. 

 

 
Figure 5.54 Tensile tests of Elastosil®Film. Three independent tests were performed. 
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Figure 5.55 DSC curves of E3-1. 

 

 
Figure 5.56 DSC curves of E3-2. 

 
Figure 5.57 DSC curves of E3-3. 
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Figure 5.58 DSC curves of E3-4. 

 

 
Figure 5.59 DSC curves of E2+. 
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Figure 5.60 Dielectric properties of P3, P2+ and R(SH)3. 

 

 
Figure 5.61 Lateral strain in x-and y-direction (strain 1 and strain 2) of E3-1 as a function of the applied electric field. 
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Figure 5.62 Lateral strain in x-and y-direction (strain 1 and strain 2) of E3-2 as a function of the applied electric field. 

 

 
Figure 5.63 Lateral strain in x-and y-direction (strain 1 and strain 2) of E3-3 as a function of the applied electric field. 

 

 
Figure 5.64 Lateral strain in x-and y-direction (strain 1 and strain 2) of E3-4 as a function of the applied electric field. 
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Figure 5.65 Lateral strain in x-and y-direction (strain 1 and strain 2) of E2+ as a function of the applied electric field. 

 

 
Figure 5.66 Lateral strain in x-and y-direction (strain 1 and strain 2) of Elastosil®Film as a function of the applied electric 

field. 
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Figure 5.67 Average lateral strain of E3-Y, E2+ and Elastosil®Film as a function of the applied electric field (DC) operated at 
1 Hz . The electric field was 80 V/µm for Elastosil®Film, 30 V/µm for E3-1, 25 V/µm for E3-2/E3-3 and E2+, and 20 Vµm for 
E3-4. 

 

 
Figure 5.68 Average lateral strain of E3-Y, E2+ and Elastosil®Film as a function of the applied electric field (DC) operated at 
2 Hz. The electric field was 80 V/µm for Elastosil®Film, 30 V/µm for E3-1, 25 V/µm for E3-2/E3-3 and E2+, and 20 Vµm for 
E3-4. 
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Figure 5.69 Average lateral strain of E3-Y and Elastosil®Film as a function of the applied electric field (DC) operated at 4 Hz. 
The electric field was 80 V/µm for Elastosil®Film, 30 V/µm for E3-1, 25 V/µm for E3-2/E3-3 and E2+, and 20 Vµm for E3-4. 

 

 
Figure 5.70 Average lateral strain of E3-Y and Elastosil®Film as a function of the applied electric field (DC) operated at 8 Hz. 
The electric field was 80 V/µm for Elastosil®Film, 30 V/µm for E3-1, 25 V/µm for E3-2/E3-3 and E2+, and 20 Vµm for E3-4. 
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Figure 5.71 10 x 10.000 operation cycles at 8 Hz at 25 V/µm of a circular DEA test device constructed from a 75 µm-thin film 
of  E3-1 with an area diameter of 8 mm. Strain 1 is defined as the lateral strain in x-direction. Strain 2 is defined as the lat-
eral strain in y-direction. 
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Figure 5.72 5 x 10.000 operation cycles + 1 x 20.0000 at 8 Hz at 29 V/µm of a circular DEA test device constructed from a 85 
µm-thin film of  E3-2 with an area diameter of 8 mm. Strain 1 is defined as the lateral strain in x-direction. Strain 2 is defined 
as the lateral strain in y-direction. 
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Figure 5.73 3 x 10.000 + 2 x 30.0000 DEA operation cycles at 8 Hz at 25 V/µm of a circular DEA test device constructed from 
a 90 µm-thin film of  E3-3 with an area diameter of 8 mm. Strain 1 is defined as the lateral strain in x-direction. Strain 2 is 
defined as the lateral strain in y-direction. 

 
Figure 5.74 10.000 DEA operation cycles at 8 Hz at 15 V/µm of a circular DEA test device constructed from a 100 µm-thin 
film of  E3-4 with an area diameter of 8 mm.  Strain 1 is defined as the lateral strain in x-direction. Strain 2 is defined as the 
lateral strain in y-direction. 
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Figure 5.75 2 x 50.000 and 2 x 40.000 DEA operation cycles at 8 Hz at 25 V/µm of a circular DEA test device constructed 
from a 85 µm-thin film of  E2+ with an area diameter of 8 mm.  Strain 1 is defined as the lateral strain in x-direction. Strain 2 
is defined as the lateral strain in y-direction. 
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Chapter 6 Conclusion and Outlook
It was the goal of this thesis to develop a high permittivity siloxane elastomer that is of technological relevance for DET ap-
plications. Thus, the chemical design of high permittivity siloxane elastomers and their performance as dielectric elastomers 
in dielectric elastomer transducers were studied. All relevant aspects were taken into consideration in the evaluation of the 
technological potential of the polar siloxane elastomers. This included the synthesis of polar siloxanes that can be casted in-
to thin films and cross-linked to silicone elastomers. Eventually, dielectric elastomer transducers were constructed and the 
performance of the high permittivity siloxane elastomers was analyzed.  

Figure 6.1 illustrates each step in the development of dielectric elastomers for the fabrication of thin film-transducers. 

 

 
Figure 6.1 Development of dielectric elastomer generators and actuators. 

 

In Chapter 2, the synthesis of polar thiols was described as the first step in the functionalization of siloxanes. The thiol-ene 
addition of mercaptonitriles to poly(vinylmethylsiloxane) had already been reported before as a powerful tool in the syn-
thesis of high permittivity polysiloxanes due to the mild reaction conditions and quantitative conversion. Thus, various mer-
captonitriles were tested as precursor for the functionalization of polysiloxanes. Finally, only one precursor, the 4-((2-
mercaptoethyl)thio)butanenitrile, was found to be a promising candidate due to the strong nucleophilicity of thiols towards 
the electrophilic cyano group. This polar cyano thiol was successfully grafted onto the polysiloxane by thiol-ene addition. 
Even though an increased permittvitiy of about 10 was found for the corresponding poly(3-cyanopropyl-2-thioethyl-2-
thioethyl)methylsiloxane, it was decided to simplify the molecular structure of the polar side group to enhance its chemical 
stability in the cross-linking reaction.  

 

Hence, the focus of this research was on the thioether substituted siloxanes which were synthesized by the addition of al-
kylthiols to vinyl-substituted siloxanes. The polar siloxanes were cross-linked by the well-established tin-catalyzed silanol 
alkoxysilane condensation reaction reported in Chapter 3 or cross-linked by the UV-induced thiol-ene addition discussed in 
Chapter 5, respectively. In addition, the tin-catalyzed condensation cross-linking reaction was employed in the preparation 
of silicone composites and polar silicone elastomers. These materials were used for the assembly of dielectric elastomer 
generators described in Chapter 4.      

 

The polar silicone elastomers presented in Chapter 3 showed an unprecedented high actuation strain for silicone elasto-
mers in dielectric elastomer actuator test devices. Up to 21% lateral strain was measured for P3-Cl-20 at 40 V/µm without 
any mechanical prestrain of the dielectric elastomer. The effect of an increased permittivity could be clearly demonstrated. 
Most importantly, the enhancement of permittivity was not accompanied by an increase in electric leakage current of the 
DEA up to 27 V/μm. P3-Cl-20 is the first high permittivity silicone elastomer that has proven a high lifetime of the DEA by 
50.000 actuation cycles at 10% lateral strain. However, the tin-catalyzed condensation reaction required the use of solvent 
and prolonged reaction times of about 48 hours. This severely compromises the technological relevance of the tin-catalyzed 
condensation reaction for thioether functionalized silicone elastomers.   

 

Apart from their application in thin film actuators, the polar silicone elastomers were tested for their performance in dielec-
tric elastomer generators. In cooperation with the Korea Institute of Science and Technology, electret-DEGs were con-
structed with PDMS elastomers, polar silicone elastomers and silicone composites. This project highlighted the necessity of 
high mechanical strain at break and very low viscous losses of any dielectric elastomer used for this application. Even 
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though the construction of the test device still leaves room for improvement, we could demonstrate the effect of high per-
mittivity silicone elastomers on the output voltage of the electret-DEG. 

 

Chapter 5 summarized the synthetic routes to polar silicone elastomers that are fast and easily processable. The thiol-ene 
cross-linking of vinyl-terminated PDMS has already been published. However, it is impossible to selectively functionalize the 
vinyl side-groups by thiol-ene addition, while leaving the terminal vinyl groups unreacted. Therefore, a functional end-group 
that could be converted into the vinyl-functionality had to be found. The amino end-groups were stable in the thiol-ene ad-
dition of ethanethiol to the vinyl side-groups and reacted very smoothly with allyl isocyanate which gave an allyl-terminated 
thioether substituted siloxane. Accordingly, the allyl end groups were linked by the urea moieties to the siloxane. A custom-
made thiol cross-linker showed acceptable miscibility with the allyl-terminated thioether-substituted siloxane. The solvent- 
free formulation could be casted in thin films and solidified after 3 minutes UV-irradiation.  

As expected, the cross-linking of oligomers led to highly cross-linked elastomers with a low strain at break that are exclu-
sively attractive for DEAs operated at low voltages. The viscoelastic losses of the thioether-substituted silicone elastomers 
were comparable to PDMS elastomers. This corresponded to high lifetimes of DEA devices i.e. 100.000 actuation cycles at 
3% lateral strain were measured at an electric field of 25 V/μm without any mechanical manipulation of the sample. How-
ever, the elevated conductivity led to an increase in leakage current of the DEA.      

 

Therefore, an alternative synthetic route to a vinyl-terminated thioether-substituted siloxane was developed which elimi-
nated the need of the urea linker between the terminal vinyl group and the siloxane (Scheme 6.1). E2+ was processed sol-
vent-free into a thin film elastomer (90 µm) by well-established doctor-blade techniques within a few minutes. The elastic 
modulus was below 0.5 MPa. The low strain at break of 40% leaves room for improvement though. E2+ possessed a slightly 
lower permittivity of about 5.5 but did not show an increased leakage current of the DEA up to an electric field of 20 V/μm. 
The mechanical loss factor tan(δ) was below 0.01 at 2 Hz. On average, the DEA suffered dielectric breakdown at 30 V/µm 
and 7% lateral strain. At 25 V/µm, E2+ reached a lifetime of 180.000 actuation cycles.  

E2+ is the first polar silicone elastomer that unites electromechanical long-term stability in DEAs with technological relevant 
processability.   

 

 
Scheme 6.1 Synthetic route to the high permittivity silicone elastomer E2+. 

 

 

Future research projects will either study E2+ with respect to its performance in various DET devices or further optimize the 
functionalization and the cross-linking process. In particular, the solvent-free process of E2+ is highly attractive for the fab-
rication of multi-layer DEA devices.  

 

Regarding the siloxane functionalization, there have already been several polar siloxanes developed with a permittivity as 
high as 22. It will be interesting to study the compatibility of those polar siloxanes with the newly developed cross-linking 
strategy. Particularly, polar functionalities that are stable under acidic conditions are of interest.   

The synthetic strategy to E2+ could still be further optimized. In particular, the solvent-free processing into films with a 
thickness comparable to commercial silicone elastomer thin films (20 µm) is an attractive task. Moreover, the possibility of 
simultaneous chain-prolongation and cross-linking deserves attraction. So far, the low strain at break of E2+ severely limits 
its potential for DEGs.  
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