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ABSTRACT  
Silicone polymers and elastomers are materials of high value due to the unique combination of 
structural features resulting in diverse favorable macroscopic properties, such as flexibility, 
hydrophobicity, thermal stability, and electrical resistance, just to mention a few. These properties 
are, in turn, accountable for the wide range of applications that silicones can fit, spanning from 
well-established to more inspiring, advanced applications, for instance components for stretchable 
electronics, soft robotics, and electronic skin with biomimetic properties.  
There is a continuous demand for high-performance silicones due to their widespread use, hence, 
developing silicones with improved properties or functional tailor-made properties are challenges 
addressed by both the academic and the industrial research. This project targets three specific 
properties with the overall aim of expanding both the functionality and the lifetime of silicone 
elastomers. Particularly, the objective is the improvement of inherent properties of silicone 
elastomers – thermal stability – and the development of smart, custom-made properties – self-
healing properties and sensing properties. This goal is pursued by designing experimental methods 
for chemical and physical modification of silicone elastomers, and each of the designed methods 
of modification with its respective result on the targeted property is illustrated across the chapters. 
First, a new way to improve readily the inherent thermal stability was designed for silicone 
elastomers intended for use in high temperature environments. The correlation between the 
structure of the silicone network and the thermal behavior thereof was examined by formulating 
silicone elastomers with different stoichiometric ratios and comparing their thermal degradation 
performances by thermogravimetric analysis. It was shown how the degradation pattern is strongly 
influenced by the fraction of elastic network, dangling chains, and sol fraction in the network. These 
findings can be used to tune the stoichiometric ratio used to synthesize the silicone elastomers and, 
consequently, to optimize their thermal stability in high temperature applications. 
Second, a thermoplastic silicone elastomer with smart self-healing properties was synthesized via 
free radical polymerization of monomethacryloxypropyl terminated polydimethylsiloxane 
(PDMSMA) and 2-ureido-4[1H]-pyrimidinone methacrylate (UPyMA) monomers. The material 
owes its thermoreversible nature to the UPy functionalities that dimerize via four cooperative 
hydrogen bonds. Healing of the material after a damage was achieved in response to both direct 
and indirect heat stimuli, the latter generated by physical incorporation of 20 wt% magnetic 
particles in the elastomer and subsequent exposure to an alternating magnetic field. Direct heating 
of the material for 1 hour at 70 °C led to a full recovery of the pristine mechanical properties, while 
indirect magnetic field-generated heating resulted in over 70% of recovery of the mechanical 
properties. In addition to thermoplasticity and self-healing capability, recyclability of the silicone 
elastomer was also demonstrated. 
Lastly, a colorimetric sensor was developed by physical incorporation of 0.03 wt% 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radicals in condensation cure silicone elastomers. The sensor was 
employed for the assessment of antioxidant activity as a rapid, cost-effective and facile alternative 
to the traditional solution-based DPPH analytical assay. The response of the sensor was tested 
successfully towards various reference antioxidant compounds (vitamin E, vitamin C, butylated 
hydroxytoluene, and quercetin) and food/beverage samples (e.g., olive oil, green and black tea, and 
black coffee). The colorimetric sensor showed a remarkable versatility, and was prepared in 
different formats that allowed for both a quick screening and quantitative evaluation of the 
antioxidant activity of the tested compounds by means of spectrophotometric techniques.  



iii   

An additional study describes the coupling of a PDMS polymer with the antioxidant astaxanthin 
and its use as a stabilizing additive in organic solar cells. The introduction of this compound in the 
active layer of organic solar cells aims at achieving a twofold stabilization effect against 
photochemical and mechanical degradation of the devices. The astaxanthin-containing PDMS 
showed promising singlet oxygen quenching properties and induced an increase in the lifetime of 
the cells. Both of these outcomes suggested a positive effect against photooxidative degradation 
and, concurrently, the second step of the study involving the investigation of the mechanical 
properties of the cells with and without additive is ongoing. A mechanical stabilization of the 
devices owing to the PDMS units of the additive is expected to complement the proven increase in 
the photochemical stability, resulting in flexible organic solar cell devices provided with an overall 
superior stability.   
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DANSK RESUMÉ 
Silikone polymerer og elastomerer er materialer med høj værdi grundet den unikke kombination af 
strukturelle egenskaber, der resulterer i mange favorable makroskopiske egenskaber, såsom 
fleksibilitet, hydrofobicitet, termisk stabilitet og elektrisk isolering, blot for at nævne nogle få. 
Disse egenskaber er årsagen til det brede anvendelsesspektrum af silikone, spændende over 
strækbar elektronik, bløde robotter og elektrisk hud med biomimetiske egenskaber. 
Der er et konstant behov for kvalitetssilikoner og derfor er det nødvendigt at udvikle silikoner med 
bedre egenskaber eller skræddersyede egenskaber. Dette projekt adresserer forbedringen af tre 
specifikke egenskaber med det overordnede formål at ekspandere både funktionaliteten og livstiden 
af silikone elastomerer. Hovedformålet er forbedring af termisk stabilitet samt udvikling af 
selvhelende og sensoriske egenskaber. Dette gøres ved at designe eksperimentelle metoder til 
kemiske og fysiske modifikationer af silikone elastomerer, og den enkelte designmetodik samt dens 
resultater illustreres i de respektive kapitler. 
Først designes en ny metode til at forbedre silikones indbyggede termiske stabilitet. 
Sammenhængen mellem strukturen af silikonenetværket og den resulterede termiske opførsel 
undersøges ved at fremstille netværk med forskellige støkiometriske forhold og sammenligne deres 
termiske degraderingsmønstre via termogravimetrisk analyse. Det blev vist, at den termiske 
opførsel afhænger kraftigt af forholdet mellem fraktionerne af netværket i det elastiske netværk, 
som dinglende netværk og som frie molekyler. Denne viden kan bruges via simple justeringer af 
netværks-støkiometrien til at syntetisere silikone elastomerer med forbedrede termiske egenskaber. 
Dernæst blev en termoplastisk silikone elastomer med selvhelende egenskaber syntetiseret via fri 
radikal polymerisation af monomethacryloxypropyl termineret polydimethylsiloxane (PDMSMA) 
og 2-ureido-4[1H]-pyrimidinone methacrylat (UPyMA) monomerer. Materialets 
termoreversibilitet skyldes UPy funktionaliteterne, der dimeriserer via fire samarbejdende 
hydrogen bindinger. Helingen af materialet efter brud opnås både ved hjælp af direkte og indirekte 
opvarmning. Sidstnævnte genereres via fysisk inkorporation af 20 vægtprocent magnetiske 
partikler i elastomeren og dernæst eksponering til et alternerende magnetisk felt. Direkte 
opvarmning ved 70 °C i en time ledte til fuld gendannelse af de oprindelige mekaniske egenskaber, 
hvor indirekte opvarmning kun ledte til 70% gendannelse. Foruden de selvhelende egenskaber af 
silikone elastomeren blev genanvendelse også eftervist. 
Derefter blev en farvesensor fremstillet af at inkludere 0,03 vægtprocent 2,2-diphenyl-1-
picrylhydrazyl (DPPH) radikaler i en kondensationshærdende silikone elastomer. Sensoren blev 
benyttet til at eftervise antioxidant-aktivitet hurtigt, nemt og billigt sammenlignet med traditionelle 
opløsningsbaserede sensorer baseret på DPPH. Sensor-responset blev testet for forskellige 
antioxidanter, såsom E og C vitamin, butyleret hydroxytoluene og quercetin, samt fødevareprøver 
såsom olivenolie, grøn og sort te samt kaffe. Hermed blev der vist en bemærkelsesværdig 
anvendelsesbredde for sensoren til hurtig screening og kvantitativ evaluering af antioxidant-
aktivitet via spektrofotometriske teknikker. 
Til sidst beskrives koblingen af PDMS polymerer med antioxidanten astaxanthin og brug af denne 
polymer som et stabiliserende additiv i organiske solceller. Ved at introducere formulerede 
forbindelser ind i det aktive lag i solcellerne opnås der lovende singlet oxygen undertrykkende 
egenskaber og dermed en øget livstid af solcellerne. De resulterende mekaniske egenskaber 
undersøges i et andet projekt, og det forventes, at PDMS med astaxanthin stabiliserer cellerne 
mekanisk på grund af mere fleksibilitet. 
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1.1 INTRODUCTION 

1.1 SILICONE POLYMERS AND ELASTOMERS 

1.1.1 Properties of silicone polymers  

The impact of silicones in modern society is invaluable and they constitute an integral part of our 
daily life. The success and widespread use of silicones are due to their unique properties, for which 
the backbone made up of an alternation of silicon and oxygen atoms is accountable. The siloxane 
(Si-O) bond is relatively long (1.64 Å) with an angle of ∼ 145°, it is inherently strong (having a 
bond dissociation energy of 549 kJ mol-1), and it has a very low energy barrier to bond rotation (2.5 
kJ mol-1). Besides, it has a partial ionic character, corresponding to 37-51%.[1] Silicones (or 
polysiloxanes) are based on the siloxane -RR´SiO- repeating unit, the most common one being 
polydimethylsiloxane (PDMS), in which R = R´ = CH3. This interplay between structural factors 
results in various favorable macroscopic properties that make silicones unique compared to organic 
polymers. The main features of silicones include flexibility, low glass transition temperature (Tg < 
-120°), hydrophobicity, thermal stability, electrical resistance, biocompatibility, and low surface 
energy. 

1.1.2 Silicone synthesis 

Ladenburg performed the first practical synthesis of a polysiloxane in the second half of the 19th 
century, naming the product (corresponding to the formula [(C2H5)2SiO]n) 
“siliciumdiäthyloxide”.[2] Shortly after, between the 19th and 20th centuries, Kipping, the pioneer of 
organosilicon chemistry, coined the name “silicones”. The turning point for the widespread 
industrial manufacturing of silicones dates back to the 1940s, when the Müller-Rochow process 
(also known as the “Direct Process”) was developed for the synthesis of alkylchlorosilanes from 
elemental silicon and gaseous chloromethane.[3] Chlorosilanes, mainly dimethyldichlorosilane, are 
the starting materials used in the industrial production of polysiloxanes. Synthesis proceeds via 
hydrolytic polycondensation of chlorosilanes, yielding a mixture of linear and cyclic oligomers.[4] 
Subsequently, the obtained low molecular weight oligomers are used to synthesize high molecular 
weight polysiloxanes by hydrolytic polycondensation of the linear oligomers or thermodynamic 
ring opening polymerization of the cyclic oligomers via acid or base catalysis. 

1.1.3 From oils to elastomers: chemically crosslinked silicone networks 

Silicones are employed in both liquid (oil) and solid (elastomer and wax) form, and different 
synthetic routes allow for the crosslinking of linear silicone polymers into tridimensional silicone 
networks, forming elastomers, coatings, and resins. Among the various crosslinking processes, 



4  1. INTRODUCTION 

room temperature vulcanization (RTV or condensation cure) and platinum-catalyzed 
hydrosilylation (addition cure) were selected as crosslinking methods for this project and will be 
discussed here in detail. 
In the condensation cure process, silicone polymers are crosslinked via nucleophilic substitution. 
Acid or base catalysts, titanates, or highly reactive tin-derived esters catalyze the reaction. In Figure 
1.1a, the mechanism proposed by van der Weij for tin-catalyzed condensation is illustrated.[5] Water 
serves as co-catalyst in the reaction, being responsible of the hydrolysis of the tin catalyst, which 
leads to the formation of the actual hydroxymetal catalyst. Subsequently, the reaction proceeds 
with the activation of the alkoxysilane and the nucleophilic attack by the silanol. When using the 
condensation cure process, the resulting network structure is made only of Si-O bonds, and volatile 
byproducts, such as alcohols and acetate esters, are released.    
Hydrosilylation is a completely different process and allows for the crosslinking of silicone 
polymers via the addition of a Si-H over a double bond. Platinum-based catalysts are extremely 
efficient, as they are active in the reaction at very low concentrations (even < 1 ppm).  Among 
these, Karstedt´s catalyst is the most commercially relevant.[6] In the Karstedt´s catalyst,[7] platinum 
has an oxidation state of 0 and it is chelated to the vinyl groups of divinyltetramethyldisiloxane 
compounds, forming a coordination complex. The mechanism for platinum-catalyzed 
hydrosilylation (Figure 1.1b), proposed by Chalk and Harrod,[8] involves the following steps: 
oxidative addition of the hydrosilane, insertion of the vinylsilane into the Pt-H bond, and reductive 
elimination of the hydrosilylation product.[9] The reaction does not lead to the formation of 
byproducts and is extensively used at the industrial level. 

 

Figure 1.1 Scheme of reactions of a) tin-catalyzed condensation and b) platinum-catalyzed hydrosilylation with 
the respective proposed reaction mechanisms. 

1.1.4 Network structure 

The reaction conditions in which a polymer network is formed strongly influence the structural 
properties, which in turn determine the final macroscopic properties. Ideally, a crosslinking 
reaction irreversibly turns a finite number of individual polymer molecules into one single large 
molecule. The threshold at which one single molecule spans the macroscopic volume of the 
network is called gelation. One of the main parameters that determines the structure of the final 
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network is the stoichiometric ratio (or stoichiometric imbalance, r). The stoichiometric imbalance 
expresses the correlation between the active functional groups of the reagents at the start of reaction 
and is defined as the molar ratio between a multifunctional crosslinker and a difunctional telechelic 
PDMS:[10] 

𝑟𝑟 =
𝑓𝑓[𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟]

2[𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃]
 

where f (f ≥ 3) is the functionality of the crosslinker.  According to the Flory-Stockmayer theory,[11] 
the critical condition for gelation to occur – and, thus, for the ideal formation of a single finitely 
large molecule –  is expressed as: 

𝑟𝑟𝑐𝑐 >  
1

𝑓𝑓 − 1
 

Nevertheless, an ideally perfect network cannot be obtained, and practice shows that real networks 
contain imperfections. Experimentally, when a finite number of polymers is crosslinked to form a 
network, the resulting system will consist of elastically active chains, dangling chains (polymer 
chains covalently linked to the crosslinker by one end only), and sol fraction (polymer chains not 
covalently linked to the network).[12] This is a consequence of impurities in the starting materials, 
steric hindrance affecting the reaction at the crosslinking sites, and presence of loops, which are 
formed by polymer chains reacting with both functional ends on the same crosslinker molecule.[13] 
Figure 1.2 illustrates how the stoichiometric imbalance affects the mole fractions of the different 
structures in the network system.  

 

Figure 1.2 (Left) Sketch of the three typical network structures, namely elastically active chains, dangling chains, 
and sol fraction. (Right) Mole fractions of elastically active chains, dangling chains, and sol fraction as a function 
of the stoichiometric imbalance r, assuming full conversion of the reactive groups. Figure reproduced with 
permission from Ref.[13] Chem. Soc. Rev., 2019, 48, 1448-1464 – Published by The Royal Society of Chemistry. 

1.1.5 Silicone versatility and its countless applications  

The versatility of silicones is outstanding, and their properties meet the requirements of a wide 
range of applications.[14] Silicones are insulators, and hence they are extensively used in electronics 
and wire coatings. Furthermore, they have a remarkable thermal stability and, thus, their use in 
different high temperature applications is well established. Additionally, they have very low 
toxicity and are suitable for biomedical products and implants, as well as for cosmetics. Their high 
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hydrophobicity enables for use in protective coatings, and their low surface energy makes them 
suitable for use as release agents. Moreover, beyond these established applications, silicone 
elastomers are the materials of choice for cutting-edge applications, such as stretchable components 
for soft robotics,[15] bio-inspired robots,[16] or electronic skin with sensing properties.[17,18] The 
versatility of silicones can be utilized to design systems with functional tailored properties – the 
intrinsic properties of silicones can be enhanced to maximize their performance, and advanced 
properties can be forged to broaden the range of applications and move them toward new 
possibilities. 
In the following sections of this chapter, specific applications and properties of silicones that are 
of interest in this thesis will be discussed in detail. Particularly, the behavior of silicones in high 
temperature environments will be described, along with methods for improving their thermal 
stability in order to achieve increased performance. Subsequently, tailor-made properties 
accomplished via physical or chemical modification of silicone elastomers will be examined, 
namely self-healing properties and chemosensing properties.  

1.2 THERMAL STABILITY OF SILICONES IN HIGH TEMPERATURE 
ENVIRONMENTS 

Structural properties, such as high flexibility of the polymer backbone and the inherent strength of 
the siloxane bond, are responsible for the superior thermal stability of polysiloxanes, and their 
thermal behavior cannot be matched by carbon-based polymers. Therefore, silicone oils and 
silicone rubbers are excellent candidates for use in high temperature applications, such as protective 
coatings,[19] insulators for electric cables,[20] encapsulants for light emitting-diodes,[21] and heat-
shielding materials for solid rocket motors.[22] It is essential to understand the thermal degradation 
mechanisms of silicones and develop new methods for maximizing their thermal stability, in order 
to ensure their reliability when operating in demanding environments.  

1.2.1 Thermal degradation mechanisms of PDMS 

The thermal degradation mechanisms of PDMS have been unraveled by numerous previous 
studies.[23–25] When exposed to high temperatures in inert atmosphere, PDMS decomposes through 
two different mechanisms: the molecular mechanism and the radical mechanism (Figure 1.3a and 
b). Depolymerization by the molecular mechanism occurs via folding of the polymer chain and 
formation of an intramolecular, cyclic transition state, followed by scission of the Si-O bond. As a 
result, cyclic oligomers are formed, with the trimer D3 (hexamethylcyclotrisiloxane) 
predominating, and with progressively lower yields of tetramer D4, pentamer D5, etc. The chain-
folded conformation is energetically favored by means of stabilization deriving from overlapping 
atomic orbitals, which explains why the scission of the Si-O bond occurs, instead of weaker Si-C 
bond scission. The intramolecular rearrangement is enabled by the high flexibility of the siloxane 
backbone and takes place randomly at any point along the chain. The radical mechanism involves 
scission of Si-C bond and subsequent hydrogen abstraction, leading to the formation of methane as 
the primary degradation product. The molecular and radical mechanisms are competing, and the 
predominance of one over the other depends on the heating conditions and the gaseous atmosphere 
(nitrogen or air). The radical mechanism prevails over the molecular mechanism at high 
temperatures and fast heating rates. The presence of oxygen triggers the degradation at lower 
temperatures, and the volatile degradation products comprise CO, H2O, CH2O, and CO2.[26] 
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Moreover, oxidative crosslinking of the polymer takes place and leads to thermal stabilization 
(Figure 1.3c).[4] The result of thermo-oxidative degradation of silicones is an inorganic silica 
residue that acts as an insulating shield against combustion and enables the use of silicones as flame 
retardants.[27] 

 

Figure 1.3 Schemes of the thermal degradation mechanisms of silicones.  

1.2.2 Improved thermal stability of filled silicone elastomers 

A common method employed to improve the thermal stability and flame retardancy of silicones is 
the addition of fillers that react modifying the thermal degradation mechanisms. For instance, 
enhanced thermal behavior is achieved by formulating silicone composites based on inorganic 
fillers, such as CaCO3. When the silicone-CaCO3 composite is exposed to high temperatures, 
CaCO3 degrades into CaO, which, subsequently, undergoes co-crystallization with silica.[28] 
Therefore, the resulting superior thermal stability is due to the increased final residue. Carbon 
nanotubes are also used as flame-retardant fillers,[29,30] and they can be added in very small amounts 
(< 1 wt%), compared to inorganic fillers (inorganic fillers, such as CaCO3, TiO2,[31] and mica,[32] 
are typically added in amounts > 10 wt%).[33] Platinum-based fillers are added in even lower 
amounts (e.g. 20-50 ppm) to enhance the thermal stability of silicone rubbers. The flame-retardant 
mechanism of platinum was unveiled by Hayashida et al.,[34] and it involves the formation of 
methylene bridges between the polymer chains via Pt-catalyzed radical reactions occurring at 
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around 400 °C. The so formed crosslinked structures prevent the formation of cyclic oligomers 
and, consequently, limit thermal degradation. According to Delebeq et al.,[35] silica plays a 
synergistic role in increasing the thermal stability of Pt-filled silicone formulations, by promoting 
Pt-catalyzed crosslinking reactions through physical immobilization of the PDMS chains. 

1.3 SILICONES WITH SELF-HEALING PROPERTIES  

Silicone elastomers are thermosets, due to the covalent nature of their crosslinks, hence, the curing 
process is irreversible, and the elastomers lack the ability to be recycled or repurposed upon heating. 
Thermoset elastomers are necessary for many applications, albeit the difficulty of recycling them 
is a major drawback. A lot of attention has focused on turning silicones into thermoplastic 
materials, since developing thermoplastic silicone elastomers can make recyclability possible and, 
thus, dramatically extend their lifetime. Additionally, thermoplasticity can lend silicones self-
healing properties. Self-healing materials possess the fascinating ability to repaire themselves when 
damage occurs, just as living organisms do. This capability can be imparted to materials by the 
introduction of reversible crosslinks. The Diels-Alder reaction,[36] amino-ene Michael addition,[37] 
self-associating hydrogen bonds,[38] π-stacking of coumarin groups,[39] and anionic siloxane 
equilibration of a living network[40] are examples of different reversible chemistries that have been 
exploited with the aim of making silicones remoldable, recyclable, and/or healable upon heating. 
In other materials, self-healing is achieved in response to different kinds of stimuli, such as the 
CO2-induced rearrangement of ionic aggregates,[41] or the sunlight-activated metathesis of disulfide 
bonds.[42] Furthermore, fully autonomous self-healing silicone elastomers were developed by 
means of introducing dynamic crosslinks based, for instance, on metal-ligand coordination 
complexes,[43] or imine bond exchange.[44] 
Alternatively, in a different approach frequently referred to as “extrinsic” self-healing,[45] the 
healing agents (i.e. cross-linker, telechelic functionalized PDMS, and catalyst) are encapsulated in 
vesicles that are, in turn, incorporated in the silicone elastomer matrix. The self-healing process is 
triggered by the damage itself, which induces rupture of the capsules and release of the healing 
agents that, subsequently, undergo crosslinking reactions within the damaged interfaces, binding 
them together. Both platinum-catalyzed[46] and tin-catalyzed[47] crosslinking chemistries have been 
used in designing extrinsic self-healing silicone elastomers. Extrinsic self-healing materials are 
convenient, since the healing process is activated by the damage without need of additional external 
stimuli; however, once the healing process takes place, the capsules are irreversibly ruptured. Thus, 
extrinsic self-healing materials cannot perform multiple cycles of self-healing, which is possible, 
instead, when the material possesses intrinsic reversible crosslinks, as described previously.     

1.4 SILICONES WITH SENSING PROPERTIES FOR ANALYTICAL APPLICATIONS 

Gas permeability, optical transparency, flexibility, and chemical inertness are features that foster 
the use of silicone as a matrix for optical sensors.[48] In optical sensors, chemoresponsive dyes (e.g., 
Brønsted[49] or Lewis[50] acid/base dyes, redox dyes,[51] plasmonic nanoparticles)[52] are 
immobilized in a solid matrix to allow for the visual identification of chemical species in gases or 
solutions. Optical sensors are classified based on the transduction mechanism with which they are 
associated, such as absorbance, reflectance, diffraction, or luminescence.[53] In optical colorimetric 
sensors, the reagent dye changes color when reacting with the analyte and the output is quantified 
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by means of changes in UV-vis absorbance. These innovative analytical technologies offer many 
great advantages, such as being rapid, sensitive, portable, and cheap.  
Some examples of silicone elastomers used as a host matrix for optical sensors are reported in 
literature. For instance, PDMS films were used for physically entrapping CdSe/CdS quantum dots 
(QDs) to detect the presence of H2S through a fluorescence quenching mechanism.[54] The sensor 
is capable of responding to 10 ppm of H2S within 1 min, and the QDs proved to have greater 
stability in the silicone matrix than QDs in solution. In another study,[55] PDMS was chosen as a 
flexible elastomeric coating for entrapping optically responsive dyes, such as methyl red and 
bromothymol blue, on threads for smart wearable textiles applications (Figure 1.4). These thread-
based sensors change color upon exposure to volatile organic compounds (NH3 and HCl) and the 
use of PDMS as a coating material provides a critical stabilization effect for the immobilization of 
the dyes. Furthermore, Heinze et al.[56] developed optical sensors based on amphiphilic co-networks 
consisting of a hydrophilic phase and a PDMS-based hydrophobic phase. This approach enables 
the physical immobilization of both hydrophilic and hydrophobic dyes in the same sensor matrix. 

 
Figure 1.4 Fabrication scheme of the gas sensing threads. a) Fabrication procedure for the thread-based devices: 
firstly, the threads are soaked in the responsive dye solution. Subsequently, the threads are washed with acetic 
acid and, lastly, they are coated with PDMS to obtain a physical entrapment of the responsive dye. b) Images of 
the resulting threads. c) SEM image of the final thread device coated with PDMS. Figure reproduced from Ref.[55] 
licensed under a Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/).  

1.5 RESEARCH MOTIVATION 

Silicones are polymers of high value fitting a wide range of applications and, furthermore, they 
offer a flexible platform for developing functional materials with innovative, tailor-made 
properties. The development of high-performance silicones is both an academic and industrial 
challenge, and a lot of research is steered toward finding new ways of maximizing lifetime and 
expanding applicability in new technological areas.  
This project examines new opportunities to tailor silicone elastomers chemically and physically. 
The main aim is to design silicone elastomers with improved properties or new, custom-made 
properties, with an emphasis on the requirements of specific applications, as discussed in the 
individual sessions. The project is divided into three main sections that specifically explore three 
different properties, namely thermal stability, self-healing properties, and sensing properties, in 
order to obtain not only increased functionality, but also extended lifetime. Within the context of 
use in high temperature applications, the objective is to develop a new and facile method of 
improving the thermal stability of silicone elastomers, thus, extending the lifetime thereof. This 
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challenge can be faced by investigating the link between the stoichiometric ratio employed to 
synthetize the silicone elastomers and the thermal degradation behavior of the resulting network. 
Concurrently, the project aims at designing and synthesizing a thermoplastic silicone elastomer 
with smart self-healing properties that ensure not only an increased lifetime, but also the possibility 
of repurposing and recycling the material. Lastly, this study focuses on imparting chemosensing 
properties to silicone elastomers through the physical incorporation of a reagent dye. By this means, 
a novel silicone colorimetric sensor was developed for use in analytical applications and, 
particularly, for the assessment of antioxidant activity of compounds, vitamins, and food samples.  

1.6 THESIS OUTLINE 

This thesis describes experimental methods for tailoring the properties of silicone elastomers by 
using chemical and physical modification, particularly for enhancing existing properties – inherent 
thermal stability – and for designing new properties, namely self-healing and sensing properties. 
Each chapter illustrates one of the modification methods applied, the resulting effect on a specific 
property, and how this can be exploited practically. A guideline across the main chapters follows 
below:  

• Chapter 2: Silicone elastomers are modified chemically by tuning the stoichiometric ratios 
used to synthetize the networks and the thermal degradation thereof is investigated and 
compared. In this way, a new approach to improve the thermal behavior of silicones used 
in high temperature environments is demonstrated.  

• Chapter 3: A thermoplastic, self-healable, and recyclable silicone elastomer is synthetized 
by incorporation of 2-ureido-4[1H]-pyrimidone (UPy) self-assembling motifs via free 
radical polymerization.  

• Chapter 4: Silicone elastomers are physically modified by the addition of an indicator 
reagent, namely 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals. By these means, they are 
endowed with chemosensing properties, and they can be used as colorimetric sensors for 
antioxidant activity determination in analytical applications. 

Chapters 2 and 3 are reproduced from the published articles, except for the introduction, which has 
been rewritten to give a natural flow and link to the thesis. Chapter 4 is identical to the published 
article, including the introduction. Chapter 5 is based on unpublished results and presents an 
additional approach exploited to incorporate specialized functionalities into a silicone polymer by 
means of chemical modification. The study was carried out in collaboration with the University of 
Southern Denmark and Aarhus University, and its objective is the synthesis of a stabilizing additive 
to be used in the active layer of organic solar cells (organic photovoltaics, OPV). This part of the 
project was initially planned as the main part of the thesis, but due to interdependencies with other 
project deliverables, this was significantly postponed. In the study, an antioxidant compound was 
covalently grafted into a silicone polymer, leading to an antioxidant-containing PDMS. By 
combining the photochemical stabilization provided by the antioxidant with the mechanical 
stabilization provided by the silicone polymer, an overall improvement of the stability and lifetime 
of organic solar cell devices is sought. Chapter 5 comprises a general introduction to organic solar 
cells, the synthesis and chemical characterization of the specially formulated compound, and its 
preliminary characterization in the active layer of OPV devices. Thereafter, an overall conclusion 
and outlook can be found in Chapter 6. 



 

CHAPTER 2 

 

 

2.1 ENHANCING THE THERMAL STABILITY OF 
SILICONE ELASTOMERS FOR HIGH TEMPERATURE 

APPLICATIONS 
Silicone elastomers possess a superior thermal stability compared to other polymer-based 
materials, and, thus, they are broadly employed as components in devices intended for use in high 
temperature environments. There is a rising demand for high performance silicones, increasingly 
resilient to failure due to thermal degradation. Therefore, many different methods have been 
developed to maximize their thermal stability and lengthen their lifetime. One common method is 
the addition of organic or inorganic fillers, as discussed in paragraph 1.2.2. Another method is the 
covalent incorporation of functional moieties, such as polyhedral oligomeric silsesquioxanes 
(POSS). Many studies reported that the incorporation of POSS cages, for instance as a 
crosslinker[57] or grafted onto the PDMS chains,[58] leads to a remarkable improvement in the 
thermal degradation behavior of silicone elastomers. Nevertheless, these methods suffer from 
different shortcomings. For instance, filler addition can compromise the mechanical properties of 
the material or result in loss of transparency. On the other hand, chemical incorporation of 
specialized groups is an additional and frequently expensive procedure, thus not necessarily 
feasible at the industrial level.  
In this study, the challenge of finding cheap and easy solutions to improve the thermal stability of 
silicones is addressed by looking at the issue from a different perspective. The aim is to find the 
link between network structure and thermal degradation behavior of silicone elastomers. To serve 
this purpose, thermal degradation studies were performed on elastomers synthesized with different 
stoichiometric ratios. Thereby, the thermal behavior of networks with different fractions of elastic, 
dangling, and sol structures was compared to investigate whether the PDMS chains degrade 
differently depending on their mobility (Figure 2.1). 
The following sections of this chapter are based on the publication “Designing reliable silicone 
elastomers for high temperature applications” (E. Ogliani, L. Yu, P. Mazurek, A. L. Skov, Polym. 
Degrad. Stab. 2018, 157, 175. See Appendix A.1 for the article in its published format and 
Appendix A.2 for the corresponding supporting information).  
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Figure 2.1 Graphical abstract for chapter 2: investigating the thermal degradation behavior of silicone networks.     

2.1 MATERIALS AND METHODS 

2.1.1 Materials 

Vinyl-terminated polydimethylsiloxane (DMS-V35, 5000 cSt) and (25-35% 
methylhydrosiloxane)-dimethylsiloxane copolymer, trimethylsiloxane terminated (HMS-301, 25-
35 cSt) were purchased from Gelest. Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane 
complex solution (catalyst 511, Pt ∼ 1%) was supplied by Hanse Chemie AG, while heptane 
(Sigma-Aldrich, 95%) and toluene (Sigma-Aldrich, 99.8%) were used as received. 

2.1.2 Synthesis of the silicone elastomers 

Silicone elastomers were synthesized via a hydrosilylation reaction between the vinyl terminated 
polydimethylsiloxane DMS-V35 (denoted V35, Mw = 52900 g mol-1, as determined by SEC) and 
the hydride-functional crosslinker HMS-301 (f = 8, Mw = 1900 g mol-1, as determined by NMR and 
SEC, respectively), catalyzed by platinum (Karstedt’s catalyst 511). PDMS, crosslinker, and 
catalyst were mixed uniformly, using a dual asymmetric centrifuge (SpeedMixer DAC 150 FVZ-
Kat) at 3000 rpm for 2 minutes. The uniform mixture was cast on a mold with a 1 mm spacer and 
cured in an oven at 80 °C for 3 days, to ensure the maximum conversion. Three formulations with 
different stoichiometric imbalances (molar ratio of hydrosilane groups over vinyl groups, r = 1, 
1.5, 2) were prepared, in order to obtain silicone networks with different crosslinking densities. 
Subsequently, unreacted PDMS (sol fraction) was removed from the silicone elastomers by 
extraction in heptane for 24 hours. The extracted samples were dried at room temperature and then 
placed in the oven at 60 °C for 4 hours, to remove the solvent completely. Samples were weighed 
before and after extraction, in order to determine the sol fractions. 

2.1.3 Thermogravimetry analysis (TGA) 

Thermogravimetry analysis was performed on a thermogravimetric analyzer Discovery series (TA 
instruments). Samples (∼ 10 mg) were heated in a platinum pan from room temperature to 700 °C 
under a nitrogen flow (25 mL min-1) at a heating rate of 10 °C min-1. Long-term thermal treatment 
of the samples (∼ 80 mg) was carried out at constant temperatures of 300 and 400 °C, respectively, 
for 12 hours under nitrogen flow. 

2.1.4 Thermogravimetry-Fourier transform infrared spectroscopy (TG-FTIR) 

Thermogravimetry-Fourier transform infrared spectroscopy was applied to analyze the volatile 
degradation products of the silicone elastomers during the long-term isothermal treatments. The 
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TG-FTIR instrument consists of the thermogravimeter, a Fourier transform infrared spectrometer 
(Nicolet iS10, from Thermo Fisher Scientific), and a transfer tube connecting the TG furnace and 
the infrared cell. 

2.1.5 Linear viscoelasticity (LVE) measurements 

Linear viscoelastic properties of the silicone elastomers were measured with an ARES-G2 
rheometer (TA Instruments) at a controlled strain mode (1%), in a frequency range of 100 to 0.01 
Hz, using a parallel-plate geometry (diameter of 8 mm). 

2.1.6 Size exclusion chromatography (SEC) 

Size exclusion chromatography was run with a Shimadzu instrument equipped with two SDV linear 
columns assembled in series and a refractive index detector (RID-10A), utilizing toluene as the 
mobile phase (1 mL min-1) and operating at room temperature. Weight and number, respectively, 
average molecular weights and polydispersity indexes (ĐM) were calculated using PDMS standards 
employing a TriSEC software. 

2.2 RESULTS AND DISCUSSION 

Series of PDMS elastomers were synthesized by means of an addition curing reaction (Fig. 2.2a), 
using three different stoichiometric imbalances (r), namely 1, 1.5, and 2, between the reactants 
(telechelic vinyl functional PDMS and an eight-functional hydride oligomer). Different network 
structures were obtained, ranging from high-content dangling PDMS chains and a substantial sol 
fraction (soluble species), to well-crosslinked networks with very few dangling PDMS chains and 
little sol fraction. When r > 1, an excess of crosslinker is present and – theoretically – all telechelic 
functional PDMS chains are linked to a crosslinker at both ends. In practice, when a network is 
formed, a two-phase system is obtained, consisting of a network and a sol fraction, due to steric 
hindrance of the reaction sites on the multifunctional crosslinker. The structure of the elastomer 
moves closer to a fully reacted network from r = 1 towards r = 1.5 and 2, and both the numbers of 
dangling chains as well as the amounts of sol fraction decrease, in line with traditional network 
theory where steric hindrance of the crosslinker is taken into consideration.[59] All the networks 
behave as viscoelastic materials with mainly elastic origins, while a higher stoichiometric 
imbalance results in increased storage moduli (G´) for the investigated range of r (Figure 2.3). The 
elastomer with r = 1 contains a significantly larger amount of sol fraction compared to the 
elastomers with r = 1.5 and 2 (the determined weight fractions of sol are 29.3%, 8%, and 6.9%, 
respectively, as listed in Table S1, Appendix A.2). The silicone elastomers were swelled in heptane, 
in order to separate the washed network from the corresponding sol fraction and to analyze the two 
phases. For all networks, removing the sol fraction results in an increase in G´ (Figure 2.3). 
Subsequently, the non-extracted and extracted elastomers were analyzed by TGA coupled with 
FTIR, to evaluate their thermal degradation behavior when heated from room temperature up to 
700 °C and when exposed to long-term isothermal treatment (Figure 2.2b). 
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Figure 2.2 a) Hydrosilylation reaction scheme used to synthesize the silicone elastomers with different 
stoichiometric ratios. b) The experimental procedure scheme was designed to investigate the thermal degradation 
behavior of the silicone elastomers, before and after removal of the sol fraction by extraction. 

 
Figure 2.3 Storage moduli G´ (recorded at 1 Hz) of the silicone elastomers, before and after extraction, and before 
and after isothermal treatment at 300°C. 
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2.2.1 Thermal degradation behavior and mechanisms 

Thermogravimetric analysis was performed from room temperature to 700 °C under a nitrogen 
atmosphere, to inspect the general thermal degradation behavior of the silicone elastomers, before 
and after removing the sol fraction by extraction. TGA data listed in Table S2 (Appendix A.2) 
indicate an increase in thermal stability induced by the removal of the sol fraction, since the onset 
of degradation for all the extracted silicone elastomers shifts toward higher temperatures than the 
corresponding non-extracted elastomers. The derivative of the weight loss curves a s a function of 
temperature (DTG, Figure 2.4a, b) clearly indicates how the removal of the sol fraction drastically 
affects the thermal degradation behavior of the samples, which, before extraction, occurred through 
a two-stage process taking place at different temperatures, depending on the elastomers’ 
stoichiometric imbalances (data shown in Table S2, Appendix A.2). After extraction, all elastomers 
degrade thermally via a single-step process occurring in a similar range with a maximum peak 
temperature of ∼ 500 °C. 
Real-time TG-FTIR was used to detect the released volatile degradation products and to evaluate 
the degradation mechanisms taking place (Figure 2.4 c, d). FTIR spectra, 2D, and 3D TG-FTIR 
plots are illustrated in Figure S1, S2, and S3 (Appendix A.2), and it is observed that for all the 
elastomers no volatiles were detected below 340 °C. The maximum release rate was reached at ∼ 
450 °C, and the main products detected were mixtures of cyclosiloxanes and low molecular weight 
linear siloxanes (corresponding to wavelengths of 2965, 1266, 1084, 1023, and 808 cm-1) and 
methane (3011 cm-1).[60] These volatile products arise from two main PDMS degradation 
mechanisms, namely a molecular and a radical mechanism, respectively (Figure S5, Appendix 
A.2). The former involves the molecular splitting of cyclic oligomers in which the formation of an 
intramolecular transition state is the rate-determining step, while the radical mechanism takes place 
through homolytic Si-CH3 bond scission followed by hydrogen abstraction, which eventually leads 
to the formation of methane.[58] 
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Figure 2.4 First derivative of the weight loss curves as a function of the temperature of linear vinyl PDMS (V35) 
and silicone elastomers, before a) and after b) solvent extraction. 3D c) and 2D d) TG-FTIR spectra of pyrolysis 
products of the extracted silicone elastomer r = 1 recorded during TG analysis.  

2.2.2 Isothermal treatment 

Long-term isothermal treatment (12 hours) of the silicone elastomers was performed, in order to 
collect and analyze the degradation products and to compare the effect of degradation on networks 
with different structures. Two reference temperatures were chosen, namely 300 and 400 °C, since 
previous results anticipated how the two temperatures induce low and high degrees of 
volatilization, respectively.  Weight loss curves of the non-extracted and extracted elastomers, 
obtained from the isothermal treatment at 300 °C, are illustrated in Figure 2.5. Results indicate a 
different degradation pattern for extracted and non-extracted elastomers, but in both cases, a low 
extent of volatilization was observed, as anticipated by the experimental design. Extracted 
elastomers showed higher thermal stability than non-extracted elastomers, as indicated by the 
higher values of residual weights after 12 hours of thermal treatment (Figure S10, Appendix A.2). 
The non-extracted networks and the linear PDMS (V35) show the same degradation trend, 
characterized by an initial sharp drop in weight followed by a steady and slow decrease. 
Interestingly, crosslinking of the pure PDMS (V35) was observed after thermal treatment at 300 
°C, which can possibly be explained as a result of spontaneous thermal radical oligomerization 
involving the vinyl groups. Based on the observations, it can be assumed that long-term thermal 
treatment at 300 °C of the non-extracted elastomers affects the sol fraction, which is mainly 
composed of linear PDMS (V35). Both crosslinking reactions involving the sol fraction as well as 
post-curing through the evaporation of volatiles may explain the slight increase in the shear storage 
moduli (G´) of the non-extracted elastomers recorded after thermal treatment (Figure 2.3). In 
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contrast, the extracted elastomers showed a significantly different behavior. The residual weight 
recorded after thermal treatment followed a clear trend and increased from the elastomer with r = 
1 towards r = 1.5 and 2, proving that crosslinking density has a significant beneficial effect on 
thermal stability. It was also observed that the elastomer with the lowest crosslinking density – and 
thus the higher amount of dangling chains – degraded faster compared to the elastomers with r = 
1.5 and 2. A plausible explanation for this would be that, for extracted elastomers, thermal 
degradation by random chain scission involves dangling chains, since the sol fraction is absent. 
Linear viscoelasticity measurements are consistent with this hypothesis, since a significant increase 
in G´ was observed for the extracted sample with r = 1, suggesting that the increase in hardness is 
due to the cleavage of the dangling chains by degradation (Figure 2.3). Soluble degradation 
products resulting from the thermal treatment of the elastomers were collected by solvent extraction 
and analyzed subsequently by size exclusion chromatography. Data show that the weight average 
molecular weight of the soluble degradation products decreases in line with the increasing 
stoichiometric ratio of the elastomers (Table S5 Appendix A.2). All the discussed outcomes suggest 
that silicone elastomers degrade thermally following a hierarchical trend, depending on the degree 
of PDMS chain mobility. Therefore, thermal degradation involves first unreacted PDMS chains 
(sol fraction), second pendant structures, which are crosslinked to the network by one of the 
functional ends (dangling chains), and, eventually, the elastically active network chains, which are 
crosslinked at both ends to the network. 

 

Figure 2.5 Weight loss curves of linear polymer V35, non-extracted (bold lines), and extracted (dashed lines) 
silicone elastomers during the isothermal treatment at 300 °C. 

Isothermal treatment at 400 °C (Figure 2.6) resulted in a considerably high extent of silicone 
elastomer volatilization. Removing the sol fraction induced an increase in thermal stability for all 
elastomers, since the extracted samples showed higher residual weights than for the non-extracted 
samples, as also observed after thermal treatment at 300 °C (Figure S10 Appendix A.2). 
Nevertheless, residual weight decreases from the elastomer with r = 1 towards r = 1.5 and 2, 
meaning that highly crosslinked networks possess lower thermal stability than networks with lower 
crosslinking density. TG-FTIR was used to detect the volatiles released during the isothermal 
treatment of the elastomers (FTIR spectra and 2D plots are illustrated in Figure S8 and S9, 
Appendix A.2). Analysis of the data reveals that for all elastomers the volatiles reached the 
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maximum intensity of absorption at an early stage (after ∼ 40 minutes) and then started decreasing 
gradually. The extent of volatilization over time increases in line with the increasing stoichiometric 
ratio (and thereby crosslinking density) of the elastomers. While no volatiles were detected at the 
end of the thermal treatment of elastomers with r = 1, a significant absorption peak intensity was 
still detected at the end of the thermal treatment of the elastomer with r = 2. Reported findings on 
the thermal degradation behavior of PDMS networks with different structural elements may be of 
relevance to other polymer networks with similar structures, given the common use of PDMS 
elastomers as model materials in network theory.[59] 

  

Figure 2.6 Weight loss curves of V35 and non-extracted (graph on the left side, bold lines) and extracted (graph 
on the right side, dashed lines) silicone elastomers during isothermal treatment at 400 °C. 

2.3 CONCLUSIONS 

In this work, we present a cheap and facile way of boosting the thermal stability of silicone 
networks that does not involve adding fillers or chemical modification. It is established that the 
reliability and performance of silicone elastomers used in high-temperature applications are 
affected strongly by the stoichiometric imbalance used to synthesize the network. Our results prove 
that an overall improvement in the thermal stability of silicone elastomers can be achieved simply 
by removing the sol fraction. Long-term isothermal treatment of silicone elastomers was performed 
at two reference temperatures, namely 300 and 400 °C. At 300 °C, thermal degradation of silicone 
elastomers involves the sol fraction, but after removing it by extraction, the thermal stability of the 
elastomers increases in line with increasing crosslinking density, since thermal degradation mainly 
affects the dangling chains. In contrast, at a higher temperature (400 °C), enhanced thermal stability 
and reduced volatilization can be achieved by synthesizing silicone elastomers with low 
crosslinking density. The results of this work can be used to guide the preparation of robust silicone 
elastomers for high-temperature applications, but they are also meant to have an impact on both 
the scientific and the industrial level. 

 

 



 

CHAPTER 3 

 

 

3.1                    A THERMOPLASTIC SILICONE ELASTOMER          
WITH SELF-HEALING PROPERTIES 

Smart polymeric materials with self-healing properties display the biomimetic capability of healing 
themselves after a damage occurs, and they are, thus, highly desirable. One approach used to design 
self-healing polymers is based on the incorporation of supramolecular interactions[61] (other 
approaches are discussed in section 1.3). In supramolecular self-healing materials, the polymer 
network consists of non-covalent bonds, such as hydrogen bonding,[62] ionomers,[63] coordination 
bonds with metals,[64] and π-π stacking.[65] Therefore, these reversible and dynamic interactions 
enable the material to perform multiple cycles of self-healing, extending its lifetime. Among the 
supramolecular interactions, hydrogen bonds are extensively used in the design of self-healing 
polymers, and some examples of supramolecular self-healing PDMS elastomers based on hydrogen 
bonding are found in literature.[66,67]  
Particularly, the 2-ureido-4[1H]-pyrimidinone (UPy) self-complementary dimers developed by 
Sijbesma et al.[68] are one of the most exploited hydrogen bonding systems in self-healing 
polymers.[69–71] The UPy dimers associate by means of a highly strong and directional DDAA 
(donor-donor-acceptor-acceptor) array of four cooperative hydrogen bonds, characterized by 
dimerization constants exceeding 106 M-1 (in CDCl3).[72] In this study, we report the synthesis of a 
silicone elastomer, namely P(PDMSMA-co-UPyMA), by means of free radical polymerization of 
monomethacryloxypropyl terminated polydimethylsiloxane (PDMSMA) and 2-ureido-4[1H]-
pyrimidinone methacrylate (UPyMA) monomers. The introduction of the UPy dimers results in a 
thermoplastic and self-healing supramolecular silicone elastomer. Moreover, P(PDMSMA-co-
UPyMA) may represent an excellent candidate for recyclable silicone elastomers, since it can be 
reshaped multiple times without a significant loss in its original mechanical properties. Healing of 
the material is triggered via direct heating as well as remotely by induction heating. Induction 
heating is an alternative way of generating heat and externally trigger polymer healing, firstly 
proposed by Corten et al.[73] In this approach, magnetic particles are incorporated into the polymer 
matrix and the composite is subsequently exposed to an alternating magnetic field (AMF). Upon 
exposure to an AMF, the friction between the oscillating magnetic particles and the polymer matrix 
leads to energy dissipation in the form of heat that, in turn, allows for network rearrangement. The 
described approach offers many advantages compared to directly supply of heat: AMF generates 
heat rapidly and locally, the process is contactless, and, furthermore, it is easily tunable by 
manipulating diverse parameters, such as frequency of the applied AMF, or magnetic particle 
loading. In our study, remotely controlled healing is gained by exposing the magnetic composite 
with 20 wt% Fe3O4 particle filler to an AMF. Additionally, the described magnetic field triggered 
self-healing was also tested on another material reported previously by our group,[74] P(MEA-co-
UPyMA), a copolymer based on the monomer 2-methoxyethyl acrylate (MEA) and incorporating 
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the self-complementary hydrogen-bonding motifs UPyMA. The self-healing performance of 
P(PDMSMA-co-UPyMA) and P(MEA-co-UPyMA) is compared under identical conditions with 
the aim of proving the versatility of the optimized self-healing procedure. 
The following sections of this chapter are based on the publication “A thermo-reversible silicone 
elastomer with remotely controlled self-healing” (E. Ogliani, L. Yu, I. Javakhishvili, A. L. Skov, 
RSC. Adv. 2018, 8, 8285. See Appendix B.1 for the article in its published format and Appendix 
B.2 for the corresponding supporting information).  

 

Figure 3.1 Graphical abstract for chapter 3: healing of the thermoplastic silicone elastomer P(PDMSMA-co-
UPyMA) is achieved by means of both direct heating and remotely controlled heating of the magnetic composite 
upon exposure to an AMF. 

3.1 MATERIALS AND METHODS 

3.1.1 Materials 

N,N-Dimethylformamide (DMF; Sigma-Aldrich, ≥ 99.9%) was dried over molecular sieves. α,α′-
Azoisobutyronitrile (AIBN; Ventron) was re-crystallised from methanol. 
Monomethacryloxypropyl terminated polydimethylsiloxane (PDMSMA MCR-M07; Gelest, 703.3 
g mol−1, as determined by 1H NMR), 2-isocyanatoethyl methacrylate (Sigma-Aldrich, 98%), 2-
amino-4-hydroxy-6-methylpyrimidine (Sigma-Aldrich, 98%), iron (II, III) oxide powder (Fe3O4; 
Sigma-Aldrich, size < 5 μm, 95%), tetrahydrofuran (THF; Sigma-Aldrich, 99.9%), methanol 
(Sigma-Aldrich, 99.9%), dimethyl sulfoxide (DMSO; SAFC, ≥ 99%), 1,4-dioxane (Sigma-Aldrich, 
99.8%), and THF-d8 (Sigma-Aldrich, 99.8 atom% D) were used as received. 6-Methyl-2-ureido-
4[1H]-pyrimidone-bearing methacrylate (UPyMA) was synthesised as reported in the literature.[75] 

3.1.2 Analytical techniques 

Nuclear magnetic resonance (NMR) experiments were carried out on a Bruker Avance 300 MHz 
spectrometer. Attenuated total reflectance Fourier transform infrared (ATR FTIR) spectra in the 
range of 4000-350 cm−1 were recorded on a Nicolet iS50 ATR spectrometer with a diamond crystal 
from Thermo Scientific. To run size exclusion chromatography, a Viscotek 200 instrument was 
used, provided with two PLgel mixed-D columns (Polymer Laboratories (PL)) assembled in series, 
and a refractive index detector, utilizing THF (1 mL min−1) as the mobile phase operating at room 
temperature. Molecular weights were calculated using polystyrene (PS) standards from PL 
employing TriSEC software. Scanning electron microscopy (SEM) and microanalysis were 
performed with an FEI Quanta 200E-SEM environmental scanning electron microscope, equipped 
with a field emission gun. The surface was visualized in a low vacuum, using water vapor as 
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auxiliary gas at a pressure of 150 Pa. A mixture of secondary and back-scattered electrons, 
generated by the sample surface, was detected with the large field detector for an incident electron 
beam of spot 3 accelerated to 10 keV. The elemental composition of the samples was determined 
by energy dispersive X-rays (EDX) with an Oxford Instruments 80 mm2 X-Max silicon drift 
detector Mn Kα resolution at 124 eV, also in a low vacuum (150 Pa) with a 500 μm pressure-
limiting aperture X-ray cone. Microanalysis data acquisition and quantification were performed 
with the Oxford Instruments Aztec program version 3.1. 

3.1.3 Synthesis of P(PDMSMA-co-UPyMA) 

A Schlenk tube was charged with PDMSMA (3.2 mL, 4.4 mmol), AIBN (23 mg, 0.14 mmol), DMF 
(3.6 mL) and 1,4-dioxane (3.6 mL) along with comonomer UPyMA (302 mg, 1.08 mmol). The 
reaction mixture was stirred and deoxygenated by bubbling nitrogen through it for 45 min. The 
tube was then immersed in an oil bath at 90 °C, and polymerization was carried out for 24 h. 
Thereafter, the tube was taken out of the bath and the reaction mixture exposed to air. It was then 
precipitated twice from THF in a methanol-deionized water (3:1) mixture. The product was dried 
in the vacuum oven until no residual solvent was detected by spectroscopic means (yield > 60%). 

3.1.4 Preparation of the magnetic composite 

P(PDMSMA-co-UPyMA) and P(MEA-co-UPyMA) magnetic composites were prepared by 
solvent casting a concentrated solution of the copolymers in THF and DMF, respectively. 
Subsequently, 20 wt% Fe3O4 particles (size < 5 μm) were added to the concentrated solution (700 
mg mL-1), which was placed in an ultrasonic bath for 30 minutes in order to ensure the 
homogeneous dispersion of particles inside the matrix. The solution was cast in a metal frame (4 × 
4 × 0.1 cm) and the sample was left at room temperature or in an oven at 40 °C, to allow for the 
slow evaporation of the solvent. The dried films were then removed from the frame and used for 
the experiments. 

3.1.5 Thermal properties 

Thermal transitions were measured in the range -150 °C to 180 °C at a heating rate of 20 °C min-1, 
on a differential scanning calorimeter (DSC) Discovery series from TA Instruments. 
Thermogravimetric analysis (TGA) was performed from room temperature to 700 °C at a heating 
rate of 10 °C min-1 and an inert atmosphere on a thermogravimetric analyser Discovery series (TA 
Instruments). 

3.1.6 Linear viscoelastic properties 

Linear viscoelastic (LVE) properties of the polymer and its composites were measured with an 
ARES-G2 rheometer (TA Instruments), setting the instrument to a controlled strain mode, with 1% 
strain and frequency sweeps from 100 Hz to 0.01 Hz at 25, 50 and 70 °C using parallel-plate 
geometry 25 mm in diameter. 

3.1.7 Tensile properties 

The tensile stress and tensile strain of the samples, with and without Fe3O4 particles and before and 
after self-healing, were measured with an ARES-G2 rheometer (TA Instruments) on a series of 
rectangular specimens (18 mm length, 10 mm width and ∼ 0.7 mm thickness) by uniaxial 
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extensional rheology, using an SER2 geometry. The test sample was elongated uniaxially at a 
steady Hencky strain rate of 0.01 s-1 until sample failure. All measurements were repeated on three 
specimens and results are reported as the mean value of tensile stress and tensile strain at breaking, 
with respective standard deviations. 

3.1.8 Alternating magnetic field-triggered self-healing 

Self-healing experiments were performed using a MagneTherm instrument from Nanotherics, 
operating at a wide range of frequencies and consisting of a power supply, a function generator, an 
oscilloscope and a coil enclosure connected to a cooling system. Prior to the AMF tests, the 
frequency was set at 110.1 kHz (corresponding to a magnetic field strength of 250 Oe), the 
composite sample was placed in the center of a 17-loop induction coil and the experiments were 
then performed. A non-contact IR gun thermometer was used to detect temperature changes in the 
sample during AMF measurements. AMF experiments were performed in cycles of 20 minutes to 
avoid overheating the induction coil. 

3.1.9 Synthesis of P(MEA-co-UPyMA) 

P(MEA-co-UPyMA) was synthetized through a free radical polymerization protocol as reported in 
the literature.[74] 

3.2 RESULTS AND DISCUSSION 

3.2.1 Characterization of P(PDMSMA-co-UPyMA) 

The thermoplastic silicone-based copolymer was synthetized via free radical polymerization of the 
PDMSMA and UPyMA monomers, resulting in a random distribution of the hydrogen bonding 
groups along the backbone. Figure 3.2a depicts the structure of the copolymer, comprising pendant, 
thermo-reversible UPy dimers (Figure 3.2b). Successful synthesis of the copolymer was confirmed 
using 1H NMR (Figure S1, Appendix B.2) and Fourier-transform infrared spectroscopy (FTIR, 
Figure 3.2c). FTIR spectroscopy revealed characteristic absorption bands at 1662 and 1588 cm-1 
belonging to the urea and pyrimidinone groups, respectively. The UPyMA molar fraction in the 
copolymer was quantified to 11% based on 1H NMR analysis (Figure S1, Appendix B.2). The 
weight-average and number-average molecular weights, polydispersity index (ĐM), and thermal 
properties are reported in Figure S2 and S3 (Appendix B.2). 

3.2.2 Characterization of the copolymer and the magnetic composite 

Small-amplitude oscillatory shear rheology was performed to investigate the dynamic nature of the 
copolymer network and the influence of the magnetic filler on the linear viscoelastic properties of 
the material. Figure 3.3 illustrates storage (G′) and loss (G′′) moduli as a function of frequency at 
different copolymer temperatures, with and without Fe3O4 particles. The rheological spectra of pure 
P(PDMSMA-co-UPyMA) and magnetic composite are very similar and show viscoelastic behavior 
with a dominant elastic plateau at fast deformation. When the test temperature was increased, the 
width of the elastic plateau decreased and the terminal flow behavior became evident at low 
frequencies. In particular, the onset of the terminal flow is temperature-dependent and occurs at 
higher frequencies for increasing temperatures, as expected from time-temperature superposition 
principles. These results prove the dynamic nature and the thermo-reversibility of the bonds within 
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the supramolecular network of the copolymer,[76] which are fundamental to the self-healing 
properties. Moreover, it was observed that the presence of the filler did not affect significantly the 
viscoelastic properties of the copolymer, inducing an increase in the shear storage moduli at 0.01 
Hz of 12% and 29%, at 25 °C and 70 °C, respectively. 
To prepare the magnetic composite, the amount of magnetic filler was optimized in order to obtain 
the highest heat generation when exposed to an alternating magnetic field, without affecting the 
elastomeric nature of the material. The magnetic composite was then characterized by means of 
thermogravimetric analysis (TGA) and scanning electron microscopy (SEM). In particular, the 
actual value of the filler content in the composite material was assessed by TGA, which confirmed 
the expected value by the residual weight% detected at the end of the experiment (Figure S4, 
Appendix B.2). From SEM analysis, it was confirmed that the elastomer composites were 
homogeneous (Figure S5, Appendix B.2). A uniform distribution of the magnetic particles within 
the composite is a prerequisite for the even heating of the matrix, thereby avoiding the presence of 
cold and hot regions.[77] 

 

Figure 3.2 a) Chemical structure of P(PDMSMA-co-UPyMA), b) schematic representation of UPy multiple 
hydrogen-bonding interactions, and c) FTIR spectrum of P(PDMS-co-UPyMA). 
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Figure 3.3 Small-amplitude oscillatory shear rheology: shear storage moduli G′ and shear loss moduli G′′ of pure 
P(PDMSMA-co-UPyMA) and the magnetic composite measured at 25 °C, 50 °C and 70 °C. 

3.2.3 Evaluation of self-healing efficiency 

The self-healing capability of the novel P(PDMSMA-co-UPyMA) was evaluated not only by 
directly heating the pure material in an oven, but also by indirectly heating the magnetic composite 
through exposure to an AMF. In both cases, the increase in temperature was used as a driving force 
to trigger the thermo-reversibility of the supramolecular self-associating UPy dimers. As stated by 
reptation theory,[78] when a material is damaged, the healing process occurs at the cut interface 
through surface contact and rearrangement, wetting, diffusion, and randomization. Hence, the main 
aim was to prove that this silicone-based elastomer could recover after damage as a result of the 
thermally activated rearrangements of the hydrogen bonds at the cut interface. 
First, the self-healing ability of the pure copolymer was investigated by means of direct heating. 
Experiments were performed by cutting the specimen with a razor blade into two equal parts, which 
were then rejoined by contacting the cut surfaces. Subsequently, the damaged sample was placed 
in an oven. Self-healing properties were investigated after 1 hour at two different temperatures, 
namely 55 and 70 °C. At room temperature, no self-healing was recorded after 1 hour. Tensile 
stress and tensile strain of the samples were measured before and after treatment in the oven, in 
order to evaluate the self-healing efficiency of the material (Figure S6a and Table S2, Appendix 
B.2). In particular, the self-healing efficiency was determined with respect to the percentage of 
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restored tensile strain (ηε) and tensile stress (ησ).[79] Figure 3.4 clearly shows how the mechanical 
properties of the material healed by direct heating at 70 °C after damage were fully restored, by 
comparison to the mechanical properties of the native copolymer. On the other hand, direct heating 
at a temperature of 55 °C only led to self-healing efficiencies corresponding to ηε = 56% and ησ = 
66%. This behavior could be attributed to the limited amount of thermo-reversible UPy dimers 
present in the backbone (the UPy molar fraction in P(PDMSMA-co-UPyMA) was quantified to be 
11%), so that a higher temperature is required to promote inter-diffusion of the chains through the 
interface and rearrangements of the hydrogen bonds. Nevertheless, the reported results indicate that 
the pure elastomer is capable of healing completely by means of small amounts of heat. 

 

Figure 3.4 Tensile stress and tensile strain of pure P(PDMSMA-co-UPyMA), before and after healing for 1 h in oven 
at a pre-set temperature of 55 °C and 70 °C, respectively. 

Beyond self-healing capability, the recyclability of P(PDMSMA-co-UPyMA) was verified by 
means of solvent casting in tetrahydrofuran (THF). The tensile stress and tensile strain of the 
copolymer were measured after repeated reprocessing, and no significant changes in the values 
were observed (Figure 3.5). Hence, the material can be reshaped and reused multiple times, without 
losing its original properties. 

 

Figure 3.5 Comparison of tensile stress and tensile strain of P(PDMSMA-co-UPyMA) after repeated recycling 
by solvent casting. Multiple shapes obtained by consecutively reprocessing the material are displayed in the 
bottom figure (copolymer filled with iron oxide particles is used as an example). 
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Moreover, in this study, incorporating magnetic particles as a susceptor material inside the polymer 
matrix was employed to determine if the synthetized material is able to heal following exposure to 
an alternating magnetic field. Since the thermal response of the magnetic composite through 
exposure to an AMF depends on particle loading and the frequency of the magnetic field,[80] these 
parameters were optimized to achieve the highest increase in temperature. Hence, a range of 10 
frequencies was screened, in order to have a complete frequency-response profile of the magnetic 
particles embedded in the matrix. The best heating results were obtained at a frequency of 110.1 
kHz, corresponding to a field strength of 250 Oe. Similarly, particle loading was optimized by 
evaluating the heating performance of the magnetic composite following exposure to AMF. As 
shown in Figure 3.6, the composite with 20 wt% particle filler was found to have the highest final 
heating temperature of the bulk material, corresponding to 55 °C, and therefore it was chosen as a 
reference composite. 

 

Figure 3.6 a) Pure P(PDMSMA-co-UPyMA) and b) P(PDMSMA-co-UPyMA) filled with iron oxide particles. c) 
Heating temperature profiles of P(PDMSMA-co-UPyMA) filled with 0, 10, and 20 wt% particles and exposed to 
an alternating magnetic field at an applied frequency of 110.1 kHz. 

Based on these results, self-healing experiments were carried out by exposing magnetic composite 
with 20 wt% particle loading to an alternating magnetic field at a frequency of 110.1 kHz (Figure 
3.7). As described previously, the specimen was cut with a razor blade into two equal parts, which 
were subsequently rejoined. Then, the damaged sample was placed in the center of the induction 
coil and an alternating magnetic field was applied. Figure 3.8 compares the mechanical properties 
of the native composite and the damaged composite after exposure to AMF. Even though complete 
healing was not achieved, the composite exhibited promising self-healing efficiencies, calculated 
as ηε = 78% and ησ = 70% respectively. These values are higher than the ones reported for the self-
healing of the pure material by direct heating at 55 °C. Even though the higher detected temperature 
upon exposure to AMF was 55 °C, it should be mentioned that the bulk temperature of the 
composite was probably higher than the detected one. The temperature was measured by an IR-gun 
thermometer, which is capable of detecting only the temperature on the surface of the sample. 
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Figure 3.7 Schematic illustration of the mechanism of the alternating magnetic field activated self-healing of the 
novel P(PDMSMA-co-UPyMA) filled with 20 wt% iron oxide particles. 

Moreover, scanning electron microscopy was exploited to observe the morphology of the cut 
interface of the composite after the self-healing experiments. In the SEM images in Figure 3.8, the 
trace of the healed interface is discernible, and no gaps are visible. This suggests that the razor cut 
was filled with the material and, therefore, the polymer chains were able to diffuse through the 
damaged interface.[81] 
After assessing the self-healing capability of the novel P(PDMSMA-co-UPyMA) by induction 
heating, the optimized procedure was subsequently exploited to investigate the self-healing 
performance of a previously reported copolymer synthetized by the free radical polymerization of 
2-methoxyethyl acrylate (MEA) and (UPyMA) monomers (Figure S7, Appendix B.2).[74] P(MEA-
co-UPyMA) and P(PDMSMA-co-UPyMA) are characterized by a similar UPy molar fractions, 6% 
and 11% respectively. Nevertheless, the difference in chemistry of the main repeating unit imparts 
significantly diverse characteristics to the materials. P(MEA-co-UPyMA) was filled with 20wt% 
iron oxide particles, the specimen cut with a razor blade in the middle and then exposed to an AMF 
with the same applied frequency of 110.1 kHz and the same time of exposure (corresponding to 
five AMF cycles). Self-healing ability was evaluated by scanning electron microscopy (Figure S8, 
Appendix B.2). Similarly to P(PDMSMA-co-UPyMA), no gap was detectable in the cut interface, 
indicating that induction heating developed through exposure to AMF successfully promotes the 
rearrangement of hydrogen-bonding UPy groups. Even though self-healing efficiency should be 
quantified further, the results suggest that the self-healing method is versatile and may be effective 
in different systems. 
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Figure 3.7 Tensile stress and tensile strain of P(PDMSMA-co-UPyMA) filled with 20 wt% iron oxide particles, 
before and after healing for 2 h (5 cycles) following exposure to an alternating magnetic field. 

 

Figure 3.8 a) and b) SEM images of the magnetic composite filled with 20 wt% Fe3O4 after self-healing experiments 
following exposure to AMF and c) elemental mapping of the specimen by EDX (iron distribution is visualized as red 
dots). 

3.3 CONCLUSIONS 

Two thermoplastic elastomers were developed based on supramolecular 2-ureido-4[1H]-
pyrimidone (UPy) self-assembling motifs. Both elastomers possessed excellent self-healing 
properties and thermoplastic nature while maintaining their elasticity at room temperature (G′ 
approximately 10 fold larger than G′′). Furthermore, both elastomers possessed fast self-healing 
times and were fully self-healed after 1 hour at 70 °C. The PDMSMA-co-UPyMA silicone 
elastomer proved to be remoldable multiple times with no deterioration of the properties and thus 
proving a robust and stable elastomer matrix for a thermoplastic silicone elastomer. Finally, the 
silicone elastomer was loaded with magnetic particles to allow for self-healing by remote stimulus, 
namely by use of an alternating magnetic field. Efficient self-healing was also achieved by 
exposure to the alternating magnet, and the fillers were proven not to alter the elastomer properties 
to any significant extent. 



 

CHAPTER 4 

 

 

4.1 DESIGN OF A SILICONE COLORIMETRIC SENSOR 
FOR ANTIOXIDANT ACTIVITY DETERMINATION 

Chapter 4 is reproduced from the publication “Purple to yellow silicone elastomers: design of a 
versatile sensor for screening antioxidant activity” (E. Ogliani, A. L. Skov, M. A. Brook, Adv. 
Mater. Technol. 2019, 4, 1900569. See Appendix C.1 for the article in its published format and 
Appendix C.2 for the corresponding Supporting Information). 

 

Figure 4.1 Graphical abstract for Chapter 4: a silicone colorimetric sensor for antioxidant activity assessment.  

4.1 INTRODUCTION 

Antioxidants are considered essential compounds responsible for the surveillance of human health. 
A delicate balance regulates prooxidants, such as reactive oxygen species, and antioxidant defenses 
in the human organism: a disruption in this balance results in oxidative stress.[82] An excess of free 
radicals impairs different kind of biomolecules: lipids, proteins, and nucleic acids are all damaged 
by oxidation. Oxidative stress plays a critical role both in the pathogenesis of many chronic 
diseases,[83–85] as well as in the aging process.[86] Antioxidants are in charge of scavenging and 
deactivating free radicals before they can elicit adverse effects via oxidative damage. The human 
organism has an endogenous antioxidant defense system, which is supported by the additional 
intake of exogenous antioxidants deriving from dietary supplements.[87] The importance of 
antioxidants in fighting the pathological conditions related to oxidative stress and their resulting 
beneficial effects on health are well‐established. Therefore, a lot of attention is focused on which 
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compounds have the highest antioxidant activity or which foods contain the highest amount of 
antioxidants. 
Many in vitro analytical assays have been developed to measure the antioxidant activity of 
compounds and food/beverage extracts, and they are based on different mechanisms. For instance, 
the oxygen radical absorbance capacity[88] and total peroxyl radical trapping antioxidant 
parameter[89] are analytical assays based on a hydrogen atom transfer (HAT) mechanism. The 2,2‐
diphenyl‐1‐picrylhydrazyl (DPPH)[90] and the azinobis (3‐ethylbenzothiazoline‐6‐sulfonic acid)[91] 
assays are based on an electron transfer (ET) mechanism, or on a mixed‐mode (HAT/ET) 
mechanism.[92] Of the available reagents, the DPPH radical benefits from remarkable stability due 
to steric hindrance and the push‐pull effect exerted by the functional groups on the divalent N 
atom;[93] it has an intense purple color in solution (maximum absorption band at a wavelength of ∼ 
515 nm). When a hydrogen donor, such as an antioxidant, reduces DPPH, a change in color from 
purple to pale yellow is observed due to the formation of its hydrazinic form (Figure 4.2); the 
decrease in the absorption band at 515 nm can be easily monitored through a spectrophotometer. 
For these reasons, the DPPH assay is extensively used in laboratories to measure the antioxidant 
ability of compounds.[94] 
Solid‐state colorimetric sensors provide a very competitive alternative to conventional solution‐
based analytical assays, as they offer the great advantages of being facile, rapid, portable, and cost‐
effective.[95] The solid‐state sensing technology allows for the naked eye and in situ detection of 
the results, and it does not require large volume of solvents for the test. DPPH assays are 
progressively moving toward the new direction of solid‐state colorimetric testing. In the literature, 
for instance, a paper‐based DPPH assay has been validated by Sirivibulkovit et al.,[96] and a 
polyvinyl chloride film with immobilized DPPH radicals has been developed by Steinberg et al.[97] 
However, the mentioned approaches present some limitations: the DPPH reagent is not 
immobilized but only deposited on a solid surface,[96,98] or the fabrication process of the sensing 
platform is time consuming.[97,99] 
When designing a colorimetric sensor, the choice of a suitable host matrix for the indicator 
molecules is crucial. Silicone elastomers have been widely used as matrices for entrapping indicator 
dyes to produce optical chemosensors, e.g., for gas sensing.[48] They offer many advantages such 
as versatility, easy processability, optical transparency, and flexibility. 
In this study, the use of DPPH radicals that are physically immobilized as a uniform dispersion into 
a silicone matrix is reported. The silicone colorimetric sensor presented here can be fabricated in a 
rapid and facile manner from commercial materials, and the resulting elastomer can be used as a 
solid‐state and ready‐to‐use sensor for direct colorimetric detection of antioxidants (Figure 4.1). 
The response of the sensor is investigated qualitatively and quantitatively toward selected 
antioxidants of different natures and solubilized in different media. 

 

Figure 4.2 Scheme of the reaction mechanism of DPPH radical with antioxidants (AH). 
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4.2 MATERIALS AND METHODS 

4.2.1 Materials 

Telechelic silanol‐terminated polydimethylsiloxane (PDMS, Mw ∼ 17 000 g mol-1, as determined 
by size exclusion chromatography) was purchased from Wacker Chemie AG (Germany). 
Methyltrimethoxysilane and dibutyltin diacetate catalyst were purchased from Sika AG 
(Switzerland). 2,2‐Diphenyl‐1‐picrylhydrazyl (DPPH) radical, 2‐propanol (≥ 99.8%), α‐
tocopherol, ascorbic acid, butylated hydroxytoluene, and quercetin were purchased from Sigma‐
Aldrich (US). Absolute ethanol was purchased from VWR Chemicals (US). 

4.2.2 Food and beverage samples  

Olive oil (Monini), sunflower oil (Coop), black coffee (Douwe Egberts), and white wine 
(Chardonnay, France) were purchased in a local supermarket (region of Copenhagen, Denmark) 
and used without any preliminary treatment. Homemade olive oil was supplied by a local olive oil 
producer from the Lazio region (Italy). Tea samples were prepared by pouring 200 mL of boiling 
water over 2 g of green and black tea leaves (origin: China), respectively. The tea was steeped for 
either 10 min or 24 h and then filtered. 

4.2.3 Preparation of the DPPH silicone formulation  

Silicone elastomers were synthesized via a condensation reaction between the telechelic silanol‐
terminated PDMS and the methyltrimethoxysilane crosslinker, catalyzed by tin (dibutyltin 
diacetate). An attempt was made to prepare DPPH‐containing silicone elastomers via a platinum‐
catalyzed hydrosilylation reaction, but the DPPH radicals were found to be incompatible with the 
addition curing formulation. The stoichiometric ratio (molar ratio of methoxy groups over silanol 
groups, r) used to crosslink the elastomers was r = 20. First, crosslinker (0.5 g, 3.5 × 10-3 mol) and 
DPPH (1.5 × 10-3 g, 3.8 × 10-6 mol) were mixed uniformly using a dual asymmetric centrifuge 
(SpeedMixer DAC 150 FVZ‐Kat) at 3500 rpm for 4 min. Subsequently, PDMS (4.5 g, 2.66 × 10-4 
mol) and tin catalyst (0.012 g, 0.25 wt% of the total formulation) were added to the mixture which 
was mixed again at 3500 rpm for 4 min. As a result, DPPH appeared to be uniformly distributed 
within the silicone formulation. 

4.2.4 Fabrication of the colorimetric sensor 

In order to produce the colorimetric sensor, the DPPH silicone formulation was cast with an 
automatic film applicator (Elcometer 4340) and knife (Elcometer 3580) at a fixed thickness (e.g., 
at ∼ 350 µm) and cured in the dark at room temperature overnight. When curing was complete, the 
silicone elastomer appeared as a transparent purple freestanding film with homogenously dispersed 
DPPH radicals. For quantitative assessment of the radical quenching activity of the antioxidants, 
the DPPH silicone formulation was coated on the bottom of the wells of a 24‐microwell plate. An 
identical amount of silicone elastomer (0.190 g) was transferred into each well, ensuring the same 
final thickness of approximately 500 µm for all the resulting sensor disks when curing was 
complete. 
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4.2.5 Fourier transform infrared (FTIR) spectroscopy 

Attenuated total reflectance FTIR (ATR FTIR) spectra in the range of 4000-350 cm-1 were recorded 
on a Nicolet iS50 ATR spectrometer with a diamond crystal from Thermo Scientific. 

4.2.6 Scanning electron microscopy (SEM) 

SEM and microanalysis were performed with an FEI Quanta 200E‐SEM environmental scanning 
electron microscope, equipped with a field emission gun. The surface was visualized in a low 
vacuum, using water vapor as auxiliary gas at a pressure of 150 Pa. A mixture of secondary and 
back‐scattered electrons, generated by the sample surface, was detected with the large field detector 
for an incident electron beam of spot 3 accelerated to 10 keV. The elemental composition of the 
samples was determined by energy dispersive X‐rays with an Oxford Instruments 80 mm2 X‐Max 
silicon drift detector Mn Kα resolution at 124 eV, also in a low vacuum (150 Pa) with a 500 µm 
pressure‐limiting aperture X‐ray cone. Microanalysis data acquisition and quantification were 
performed with the Oxford Instruments Aztec program version 3.1. 

4.2.7 Preparation of the antioxidant solutions 

Stock solutions (2 × 10-3 M) of test antioxidants were prepared in ethanol or isopropanol (α‐
tocopherol, butylated hydroxytoluene, and quercetin) or deionized water (ascorbic acid) and diluted 
to progressively lower concentrations for analysis (1 × 10-3, 0.5 × 10-3, and 0.25 × 10-3 M). 

4.2.8 Response curves of the DPPH silicone sensor 

A Polar Star Omega (BMG Labtech) spectrophotometer was used to measure the response of the 
sensor to antioxidants over time. 24‐microwell plates coated with DPPH silicone were used to 
perform the experiments. The absorbance spectra (λ = 220-1000 nm) of the sensors were recorded 
before and after the measurements. For the response curves, antioxidant solutions (500 µL) in 
different concentrations were transferred into the wells coated with DPPH silicone elastomers and 
the absorbance at 514 nm was recorded every 5 min for 180 min. UV‐vis absorbance is expressed 
as normalized optical density (OD). 
The detection limit of the sensor for the tested antioxidants was assessed by measuring the response 
of the sensor (DPPH loading of 0.03 wt%) to progressively lower concentrations of the antioxidant 
solutions (from a concentration of 2 × 10-3 to 15 × 10-6 M). The limit of detection was expressed as 
the lowest concentration of the antioxidant solution that induced a response in the sensor that could 
be detected by means of UV‐vis spectrophotometer. 
The reproducibility of the test was assessed for 10 silicone sensors (DPPH loading of 0.03 wt%) 
prepared following the same procedure by measuring the response (normalized OD at 514 nm) of 
the sensors after 30 min reaction with solutions of vitamin C, vitamin E, and BHT (0.5 × 10-3 M). 
The reproducibility values were reported as relative standard deviations. 
The radical quenching activity of the antioxidants was calculated using the fixed reaction time 
method and the steady‐state saturation method,[100] expressed, respectively, by Equations 1 and 2: 

(1) DPPH scavenging effect (%) = (𝐴𝐴0−𝐴𝐴1)
𝐴𝐴0

 100   

(A0 = initial absorbance, A1 = absorbance after 30 min) 
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(2) DPPH remaining (%) = 
𝐴𝐴𝑓𝑓
𝐴𝐴𝑖𝑖

 100   

(Ai = initial absorbance, Af  = absorbance at the steady state). 

4.2.9 Stability studies  

To perform the stability studies, two 96‐microwell plates were coated with DPPH silicone and 
stored for 1 month at room temperature and at refrigerator temperature (+4 °C), respectively. The 
absorbance of the sensor and its response to a freshly prepared solution of vitamin E (concentration 
of 1 × 10-3 M in ethanol) were measured 7, 14, and 30 days following the preparation day, 
respectively. The decrease in the absorbance of the sensor over time was calculated based on the 
initial absorbance. The decrease in response of the sensor over time was calculated based on the 
%DPPH scavenging effect of 1 × 10-3 M solution of vitamin E measured the day after preparation 
of the sensor. 

4.3 RESULTS 

4.3.1 DPPH silicone elastomers as colorimetric sensors 

DPPH was entrained in condensation cured silicone elastomers (Figure 4.3) using a very easy 
preparative process. The maximum concentration of DPPH radicals was found to be 0.03 wt%. 
Above this value, DPPH precipitates/aggregates scattered light, as could be seen either with the 
naked eye or by use of optical microscopy. The uncured silicone matrix with homogenously 
dispersed DPPH radicals was cast as an elastomer film (Figure 4.3b,c) and the samples were cured 
overnight at room temperature. When curing was complete, cylindrical DPPH silicone elastomers 
were cut with a hole puncher and arranged to form a screening platform (Figure 4.4) which is ready‐
to‐use for the direct detection of antioxidant compounds of interest. Initially, three different 
antioxidants (Figure S1, Supporting Information in Appendix C.2) were used as a reference to 
investigate the response of the sensor: ascorbic acid (vitamin C), α‐tocopherol (vitamin E), and 
butylated hydroxytoluene (BHT), which are commonly used as reference standards for the 
assessment of antioxidant properties of compounds.[100] Drops of antioxidant solutions at different 
concentrations were placed on the surface of the DPPH silicone colorimetric sensor and the 
discoloration caused by the reduction of DPPH radicals was monitored over time. BHT and vitamin 
E in isopropanol caused a fast change in the color of the sensor from purple to yellow, leading to 
an extent of discoloration that correlated with the concentration of the solutions (Figure 4.4). In 
response to aqueous vitamin C solutions, the sensor started to develop a pale yellow color only ∼ 
5 min after contact with the antioxidant solution. Even though the sensor responded positively to 
vitamin C in solution, the discoloration induced by vitamin C did not show a correlation with the 
antioxidant concentration in solution, in contrast with the case of vitamin E and BHT. 
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Figure 4.3 a) DPPH radicals can be dispersed within a silicone formulation. b) DPPH silicone formulation is cast 
on a polyester support (from which, optionally, it may be peeled) to form a flexible elastomeric film. c) When 
curing is complete, DPPH silicone is a free‐standing elastomer and can be cut in the desired shape. 

 

Figure 4.4 DPPH silicone sensor arrays. The colorimetric sensors are shown before and after dropwise application 
of 20 µL solutions of vitamin C, vitamin E, and BHT at four different concentrations. The reference antioxidants 
scavenge the DPPH radicals entrained in the silicone, and, after the reaction is complete, the discoloration of the 
sensor can be easily detected and evaluated by the naked eye. 
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4.3.2 Microwell plates coated with DPPH silicone elastomers 

DPPH silicone elastomer can be easily coated on the bottom of the wells of a microwell plate. In 
this way, the DPPH silicone‐coated microplate is ready‐to‐use for the quantitative assessment of 
the DPPH radical scavenging activity of the desired compounds through spectrophotometric 
techniques (Figure 4.5), including in standard high throughput systems. 

 

Figure 4.5 A 24‐microwell plate coated with silicone elastomers with immobilized DPPH radicals at three 
different concentrations (0.05, 0.03, and 0.01 wt%). As an example, the plate is shown before and after reaction 
with quercetin (QH2) solutions. 500 µL of quercetin solution at six different concentrations (2 × 10−3, 1 × 10−3, 
0.5 × 10−3, 0.25 × 10−3, 0.12 × 10−3, and 0.06 × 10−3 M) is transferred into the wells of the microplate. 

Response curves of the sensor to the antioxidants were made by both varying the concentration of 
DPPH entrained in the silicone (0.05, 0.03, and 0.01 wt%), and the concentration of the antioxidants 
pipetted into the wells for the analysis. The antioxidants selected for the test were vitamin E, 
vitamin C, BHT, and quercetin (QH2), which is a flavonoid that is known to quench DPPH 
radicals.[93] DPPH radicals exhibit a characteristic absorption band at 514 nm. Changes in the signal 
from DPPH entrained in the silicone sensor at 514 nm were measured over time (180 min) by 
means of a UV‐vis spectrophotometer, and the response curves of the antioxidants are shown in 
Figure 4.6a (the response curves of the sensors filled with 0.01 and 0.05 wt% DPPH radicals are 
shown in Figure S5, Appendix C.2). 
The limit of detection of the sensor for solutions of vitamin E, vitamin C, and BHT – ranging from 
15 to 120 × 10-6 M – and the reproducibility of the test expressed as relative standard deviation 
(%RSD) are reported in Table S1 in the Supporting Information (Appendix C.2) and. The radical 
quenching activity of the antioxidants was expressed as DPPH scavenging effect (%) and DPPH 
remaining (%) (calculated values of %DPPH scavenging effect and %DPPH remaining are shown 
in Figures S6 and S7 respectively, Appendix C.2). In addition, a 24‐microwell plate coated with 
DPPH silicone was used to determine whether the thickness of the elastomer sensor influences its 
response to different antioxidants. A silicone formulation with 0.03 wt% entrained DPPH radicals 
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was coated on the bottom of the wells with five different thicknesses and the response to a 1 × 10-

3 M solution of vitamin C, BHT, and vitamin E was measured over time (180 min). As shown in 
Figure S8 (Appendix C.2), the value of %DPPH scavenging effect decreases with increasing 
thickness of the elastomer for all the tested antioxidants. With increasing thickness of the elastomer, 
both the extraction of DPPH radicals entrained in the sensor by the solvent and the migration of the 
antioxidants into the body of the sensor are less efficient. In other words, diffusion through the 
silicone body plays a major role in the rate at which the assay can be performed. On the other hand, 
when testing a sensor with thickness of 200 µm and below, the absorbance at 514 nm measured by 
UV‐vis spectrophotometer is too low to obtain a consistent value of the %DPPH scavenging effect. 
Based on these findings, the most convenient and practical thicknesses in this profile were found 
to be between 400 and 500 µm. 

 

Figure 4.6 The data reported in the figure correspond to the DPPH silicone sensor with embedded 0.03 wt% 
DPPH radicals. a) Response curves of the sensor. Time‐dependent decay in absorbance at 514 nm in response to 
BHT, vitamin E, and vitamin C solutions at different concentrations. b) Change in the absorbance spectra of the 
sensor over time in response to a quercetin solution (2 × 10-3 M). c) %DPPH scavenging effect corresponding to 
solutions of BHT, vitamin E, vitamin C, at varying concentrations. 
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4.3.3 Real food and beverage samples 

The DPPH silicone sensor was also used to evaluate the antioxidant activity of unmodified food or 
beverage samples that are known to possess antioxidant properties.[101–104] Response curves of the 
sensor to the samples (Figure 4.7b) were measured with a spectrophotometer by using a 24‐
microwell plate coated with DPPH silicone, as discussed in the previous paragraph. Figure 4.7a 
shows the discoloration of DPPH silicone sensor after contact with sunflower oil, olive oil, black 
tea, green tea, black coffee, and white wine, respectively. 

 

Figure 4.7 a) DPPH colorimetric sensors coated on the bottom of the wells of a microwell plate are shown after 
contact with non‐pretreated food and beverage samples. b) Response curves of the sensors. Time‐dependent decay 
in absorbance of the DPPH silicone sensor at 514 nm in response to olive oil, sunflower oil, black tea, green tea, 
black coffee, and white wine. 

4.3.4 Stability studies 

DPPH radicals in solution are known to suffer from decomposition issues[105] and, therefore, the 
degree of long‐time storage could be expected to be limited: when DPPH radicals in solutions are 
exposed to light, oxygen, and pH, a decrease in absorbance is observed over time. In order to 
investigate the stability of the DPPH silicone sensor under normal storage conditions, the 
absorbance of the sensor and its response toward antioxidants were measured over time using two 
different storage conditions: room temperature and refrigerator temperature (DPPH dry reagent and 
DPPH solutions are commonly stored at + 4-6 °C). During the stability studies, the microwell plates 
were wrapped in aluminum foil and stored in the dark to avoid light‐induced degradation of the 
radicals, but were not protected from air. As expected, the stability was improved significantly 
when the sensor is kept in the refrigerator (Table S2, Appendix C.2). In both storage conditions, no 
significant decrease in absorbance was detected after 1 day of storage. After 1 week storage of the 
sensor at room temperature, a decrease in absorbance of 8% and a decrease in response of 16.4% 
were observed; when stored at refrigerator temperatures, a decrease in absorbance of 3.5% and a 
decrease in response of 8.5% were observed. 
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4.4 DISCUSSION 

It is shown that the silicone colorimetric sensor with immobilized DPPH radicals presented here 
can be used for a facile and rapid naked eye analysis of antioxidants, either for a positive/negative 
screening, or to discriminate different concentrations of antioxidant. Since only few microliters of 
solution (20-40 µL) are required to perform the assay, the solid‐state DPPH sensing platform allows 
for a tremendous reduction in sample volumes over traditional DPPH assays.[100] The color change 
that evolves after dropwise application of an antioxidant solution on the surface of the sensor can 
be potentially quantified by color intensity measurements. This type of approach is becoming more 
and more popular in diagnostics and chemical and biochemical assays, due to its simplicity and 
cost‐effectiveness.[106,107] 
The concentration of DPPH radicals embedded in the silicone and the thickness of the sensor films 
were adjusted in order to observe an optimal development in the color change that could be sensed 
visually. For this purpose, a film thickness ranging from 350 to 500 µm and a concentration of 
DPPH radicals in the sensor of 0.03 wt% were found to be optimal. Different reaction rates of the 
antioxidants with DPPH radicals entrained in the silicone elastomers were observed. These 
differences are attributed to both rates of migration of the antioxidant through the silicone and rates 
of reaction with DPPH. While vitamin E in isopropanol induced a discoloration of the sensor 
shortly after the contact, BHT in isopropanol showed a slower initial reactivity, followed by a fast 
discoloration developing ∼ 10 min after the contact with the sensor. One of the factors that strongly 
affects DPPH reactivity with antioxidant compounds is the steric accessibility to the radical site.[108] 
Thus, a slower reactivity shown by BHT compared to vitamin E can be partially explained by the 
considerable steric hindrance of BHT (Figure S1, Appendix C.2) that affects the reaction rate.[109] 
These two antioxidants are at least partly soluble in silicones and readily dissolve in isopropanol; 
silicones readily swell with isopropanol. Thus, the noted differences in rates between the 
antioxidants are ascribed to relative reactivity, not solubility or mobility through the silicone. 
In contrast to BHT and vitamin E, vitamin C in water did not induce an extent of discoloration that 
correlates with the concentration of the solutions. This observation can be supported by two 
possible explanations. First, the hydrophilic vitamin C can only react at the surface of the 
hydrophobic silicone sensor – it will not diffuse into the body of the silicone elastomer. Second, 
the aqueous solution is not capable of extracting the DPPH embedded in the sensor, due to the poor 
solubility of DPPH in water. Thus, the efficiency of this sensor for vitamin C is compromised by 
lack of solubility/swellability in water. 
The case of quercetin requires a separate discussion. As reported by Foti et al.,[110] monitoring the 
reaction of DPPH with quercetin using ordinary spectrophotometers can be misleading, since the 
UV‐vis absorption spectra of DPPH and the oxidation products of quercetin (Figure S4, Appendix 
C.2) are similar. Therefore, the decrease in absorbance of DPPH at 514 nm (that represents the 
DPPH radical scavenging activity of quercetin) can be misinterpreted. Nevertheless, as shown in 
Figure 4.5, the response of the sensor to quercetin can be clearly detected by the naked eye and the 
color change correlates with the concentration of antioxidant in solution. 
The main advantage of the DPPH silicone sensor is its versatility. First of all, the colorimetric 
sensor is responsive toward compounds of different nature, such as hydrophilic (e.g., vitamin C, in 
water) as well as hydrophobic (e.g., vitamin E, in alcohol) compounds, albeit at different rates. 
Second, it is possible to perform the test in many different media. Alcoholic solvents are usually 
required to perform the traditional DPPH assay, due to the very poor solubility of DPPH in water. 
Many strategies have been developed to overcome this issue, such as solubilization of DPPH in 
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water using β‐cyclodextrin,[111] or the use of water‐soluble derivatives of DPPH.[112] The DPPH 
colorimetric silicone sensor presented in this work can be used to evaluate the antioxidant ability 
of compounds in aqueous as well as organic media. With respect to the analysis of compounds 
solubilized in an aqueous medium, the use of a relatively thin sensor film is recommended. 
The ability to measure antioxidant activity qualitatively and quantitatively without the need for 
pretreatment provides a real advantage to DPPH silicone sensors over traditional routes. The 
practicality of the DPPH colorimetric sensor is not only endorsed by its compatibility with the 
analysis of real food and beverage samples, but also for its stability. Even though a progressive 
degradation over time is detected, the DPPH silicone sensor shows a significant improvement in 
the stability in comparison to other methods for immobilizing DPPH radicals previously reported 
in literature.[96,97] 
Silicone elastomers have been advantageously used in many applications because of the ease of 
fabrication, transparency, and the inherent flexibility given by the silicone elastomeric network. 
They may be prepared in flat sheets, as described here, but also in much more complex forms, 
including via 3D printing.[113] The DPPH elastomer here constitutes an example of a responsive 
polymer,[114,115] which are of increasing value in a wide variety of (bio)analytical assays, including 
microfluidic technologies[116,117] that are used to measure antioxidant activity of target 
molecules.[118] This practical, easy to fabricate sensor may be prepared in a variety of physical 
formats, and can be optimized to test for antioxidant activity in a variety of liquid media. The sensor 
allows for rapid qualitative assessment – including in situ testing of different food and beverage 
samples, ranging from samples in oil phase (e.g., olive oil) to samples in aqueous media (e.g., tea), 
without the need of any special pre‐treatment – or can be optimized for more quantitative analyses. 
Work to develop sensors that can discriminate between different antioxidants, by exploiting the 
observed differences in rates of reductions, is ongoing. 

4.5 CONCLUSIONS 

In this study, a new colorimetric solid‐state sensor for rapid, cost‐effective, and facile screening of 
antioxidant activity was developed. DPPH radicals were physically immobilized into a silicone 
matrix by means of a simple process. Once silicone cure has taken place, the sensor is ready‐to‐use 
for the in situ assessment of the presence of antioxidant compounds (yes/no test). Both the quantity 
of solvents needed for the test and the preparation time for the assay are reduced tremendously: 
given these advantages, the DPPH silicone sensor represents a competitive alternative to the 
traditional in vitro DPPH assay. 
It was demonstrated that the remarkable versatility of the DPPH silicone sensor allows for the 
analysis of compounds of different nature, solubilized in both organic as well as aqueous media. 
Different reference compounds, such as vitamins (vitamin E, vitamin C), the synthetic antioxidant 
BHT, the flavonoid quercetin, and non‐pretreated food/beverage samples were used to test the 
efficiency of the DPPH silicone sensor. When the redox reaction occurs between the antioxidants 
and the DPPH radicals entrained in the silicone, it is possible to observe a color change from purple 
to yellow that develops within 5-10 min. 
The extent of the change in color of the sensor correlates with the concentration of antioxidant 
applied. When prepared within the wells of a microplate reader, it is possible to evaluate 
quantitatively the antioxidant activity of compounds using a spectrophotometer. The response of 
the sensor is measured by monitoring the decay in absorbance over time caused by contact with 
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antioxidant solutions with different concentrations. Thus, DPPH silicone sensors can be employed 
for both qualitative and quantitative evaluation of antioxidant activity of desired compounds or 
food/beverage samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER 5 

 

 

5.1 AN ANTIOXIDANT-CONTAINING PDMS POLYMER 
FOR MECHANICAL AND PHOTOCHEMICAL STABILIZATION 

OF ORGANIC SOLAR CELLS  
This PhD project comprises an additional study focusing on the synthesis of a silicone polymer 
with tailor-made functional properties. Particularly, the core of the study is the design of a PDMS 
polymer provided with antioxidant properties, and its application in organic photovoltaics in order 
to improve both the photochemical and mechanical stability of the devices. The following sections 
of Chapter 5 will give a general introduction to organic photovoltaics and examine the synthesis 
and characterization of the specially formulated material. The final stage of the project is currently 
ongoing and its outlook will be discussed. 
The project was carried out in collaboration with Prof. Morten Madsen, Asst. Prof. Vida Turkovic, 
and PhD student Michela Prete (all from SDU, NanoSYD Department) and with Prof. Peter Ogilby 
and Dr. Mikkel Bregnhøj (both from Aarhus University, Department of Chemistry). The synthesis 
of the antioxidant-containing PDMS was designed in collaboration with Prof. Michael A. Brook as 
part of the project carried out within the external research stay at McMaster University. Organic 
solar cell devices were fabricated and tested by Michela Prete, while singlet oxygen 
phosphorescence measurements were performed by Mikkel Bregnhøj. 

5.1 INTRODUCTION TO ORGANIC PHOTOVOLTAICS (OPV) 

In the endeavor to address the energy crisis and the environmental issues in our modern society, 
there is an urgent need to develop ways of harvesting renewable energy sources. Among other 
renewable energy sources,[119–121] solar energy represents an inexhaustible, free, and green resource 
and, therefore, holds great promise. Solar cells based on crystalline silicon as an inorganic 
semiconductor represent the sole commercial technology to date,[122] and their power conversion 
efficiency reaches values of ∼ 27%.[123] Drawbacks, such as high cost of the manufacturing process 
of silicon and lack of module flexibility, push the research towards finding new technologies for 
harvesting solar energy. As opposed to photovoltaic devices based on inorganic materials, organic 
solar cells are based on organic semiconductors and represent one of the most promising alternative 
technologies in this field.[124] Organic solar cells (OSCs) are mechanically flexible, fabricated as 
very thin, lightweight films, and can be up-scaled by means of a low-cost roll-to-roll process.[125] 
However, these advantages were outshined by poor conversion efficiencies (up to 2-3% at best)[126] 
that resulted in organic devices coming up short in relation to silicon-based photovoltaic 
technologies. In the last couple of years, however, organic solar cells with efficiencies up to 17% 
have been reported[127,128] and these impressive progresses have marked a step forward in the 
commercialization of the technology.     
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5.1.1 Bulk-heterojunction organic solar cells  

A bulk-heterojunction (BHJ) organic solar cell device comprises stacked layers with specific 
functions (Figure 5.1). The active layer is sandwiched between two interfacial layers that ensure 
effective charge collection to the adjacent electrodes, one of which is transparent to enable the 
passage of light and usually consists of conductive indium tin oxide (ITO). As opposed to planar 
junction OPV, in which the donor and acceptor materials are deposited as two adjacent thin layers, 
the bulk-heterojunction (BHJ) structure consists of an interpenetrating blend of donor and acceptor 
material in a single layer.[129] This complex morphology allows for an increase in the 
donor/acceptor contact area and, consequently, for a more efficient charge separation.[130] Fullerene 
derivatives are commonly used as acceptor materials, such as the C60 derivative 6,6‐phenyl‐C61‐
butyric acid methyl ester ([60]PCBM) or its C70 derivative 6,6‐phenyl‐C71‐butyric acid methyl ester 
([70]PCBM). The donor material is a conjugated polymer, for instance P3HT, PTB7, or PTB7-
Th.[131] The working principle of a BHJ organic solar cell involves a cascade of events triggered by 
light absorption.[132] First, the conjugated polymer (i.e., the donor) absorbs photons and, as a result, 
an electron is excited from the highest occupied molecular orbital (HOMO) to the lowest occupied 
molecular orbital (LUMO). This generates an electron-hole pair (i.e., exciton) that migrates to the 
interface between the donor and the acceptor material. Second, due to the energy offset in the 
LUMO between the donor and the acceptor, the exciton dissociates and charge separation occurs. 
The charges are transported to the respective electrodes for collection, which finally leads to the 
generation of photocurrent. 

 

Figure 5.1 Structure of a bulk heterojunction organic solar cell. In the descriptions of the composition of the 
layers, materials used in this study are indicated as an example.  

5.1.2 Stability of organic solar cells  

While a breakthrough in OPV device efficiencies has been made recently, the poor stability of 
devices still hinders the commercialization of the technology.[132] OPV devices are organic in nature 
and, thus, liable to degradation induced by environmental factors, such as light, oxygen, moisture, 
and heat.[133] Photo-induced oxidation processes are crucial in threatening the lifetime of the cells. 
In particular, the conjugated donor polymer can degrade as a result of radical chain oxidation 
reactions, and the photo-induced generation of singlet molecular oxygen O2(a1Δg) is also involved 
in the degradation of the photoactive materials.[134] Different methods employed to counteract light-
induced degradation of the OPV devices have been proposed, such as encapsulation of the 
devices,[135] the design of intrinsically more stable materials,[136] and the incorporation of stabilizing 
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additives. With respect to the latter method, the addition of hindered phenols,[137] hydroperoxide 
decomposers,[138] UV absorbers,[139] and carotenoids[140] has been reported to induce a positive 
effect on the photochemical stability of BHJ organic solar cells.  
Another key factor that affects the stability of OPV devices is degradation due to mechanical stress. 
Flexibility (and/or stretchability) is necessary for the large-scale production of organic solar cells 
by means of roll-to-roll processes. Nevertheless, some conjugated polymers are relatively stiff and 
the stiffness of the active layer increases when the donor polymer is blended with small acceptor 
molecules in BHJ OSCs. For instance, as reported by Lipomi et al.,[141] the Young´s modulus of a 
P3HT:PCBM blend is 4.3 GPa, in contrast to the modulus of pure P3HT, corresponding to 0.92 
GPa; the same blend of P3HT:PCBM has been proven to fail at very small strains (2% strain).[142] 
In addition, ensuring the mechanical compliance of devices is more challenging when taking into 
account that the structure of organic solar cells is composed of multiple layers with remarkably 
different mechanical properties. Mechanical stress can provoke not only degradation within the 
active layer, but also de-cohesion and fracture at the interfaces between the active layer and the 
buffer layers.[143] 

5.2 OBJECTIVE OF THE STUDY: IMPROVING THE MECHANICAL AND 
PHOTOCHEMICAL STABILITY OF ORGANIC SOLAR CELLS  

Developing new strategies to limit photo-induced and mechanical-induced degradation in OSCs is 
a key challenge to achieve high-stability devices with increased lifetime and to promote the 
commercialization of this promising technology. The objective of this study is the improvement of 
the stability of organic solar cells towards photooxidative degradation and mechanical degradation 
due to fracture under tensile and bending strain. The chosen approach is based on the introduction 
of specially formulated stabilizing compounds into the active layer of the devices. In particular, the 
aim is to achieve a twofold stabilization effect against both photochemical and mechanical 
degradation by using one single additive. Therefore, a stabilizing additive based on a PDMS 
polymer covalently bonded to the antioxidant astaxanthin was designed and synthesized. 
Astaxanthin (3,3′-dihydroxy-β,β-carotene-4,4′-dione) is a carotenoid produced by microorganism 
and found in some marine animals.[144] This antioxidant was chosen on the basis of the results 
recently published by Turkovic et al.,[140] reporting that the addition of β-carotene (a radical 
scavenger and singlet oxygen quencher)[145] in the active layer of organic solar cells induces the 
largest photochemical stabilization ever achieved through the addition of a stabilizing additive. The 
available hydroxyl groups in the chemical structure of astaxanthin allow for chemical modification, 
and a few examples of polymeric materials based on astaxanthin as a monomeric constituent are 
found in the literature, such as poly(ASTA-co-dicarboxylic acid) and poly [ASTA-co-
PEG(biscarboxymethyl ether],[146] or astaxanthin-containing poly(lactide)s.[147]  
Graham et al.[148] demonstrated that the use of PDMS as an additive for BHJ organic solar cells has 
a strong influence on the morphology of the active layer by reducing the size of the donor/acceptor 
phases and, as a result, it induces a rise in device efficiencies. However, the study does not include 
a comparative study on the mechanical properties of the active layer before and after addition of 
PDMS. In another study, Savagatrup et al.[142] obtained a decreased tensile modulus of 
P3HT:PCBM films after addition of a small amount of low-molecular weight PDMS. Nevertheless, 
a study on the mechanical properties of organic solar cells based on PTB7:PCBM systems after 
addition of PDMS has not been reported, as yet. 
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5.3 MATERIALS AND METHODS 

Succinic anhydride terminated polydimethylsiloxane (DMS-Z21 75-100 cSt, Mw = 800 g mol-1) 
was purchased from Gelest. Astaxanthin (98%) was purchased from Carbosynth. 4-
Dimethylaminopyridine (DMAP, ≥ 98%), silicone oil (PDMS 10000 cSt), and dichloromethane 
(DCM, ≥ 99.8%) were purchased from Sigma-Aldrich. Dichloromethane was dried over activated 
molecular sieves.  
Proton nuclear magnetic resonance (1H NMR) spectra were recorded on a Bruker Advance 300 
MHz spectrometer with chloroform-d (CDCl3, 99.8 atom% D) as a solvent. Gel permeation 
chromatography (GPC) was run with a Viscotec Model 302 instrument, provided with two PLgel 
mixed-D columns (Polymer Laboratories) assembled in series, and using a UV-vis detector 
(Knauer) with THF (1 mL min-1) as the mobile phase. A Polar Star Omega (BMG Labtech) 
spectrophotometer was used to measure the absorbance spectra (λ = 220-1000 nm). 
Organic solar cell devices based on the PTB7:[70]PCBM system were fabricated according to a 
standard procedure.[140] Devices with ASTA, PDMS, and ASTA-containing PDMS were prepared 
by blending the additives in different mass concentrations with the PTB7:[70]PCBM solution (ratio 
of 2:3) in chlorobenzene. The additives were blended in concentrations of 0.03%, 0.3%, 3%, 10% 
of the total PTB7:[70]PCBM weight. Lifetime measurements of the devices with and without 
additives were collected in a home-built setup,[140] by periodically measuring J(V) (current density-
voltage) characteristics under accelerated degradation conditions following the ISOS-L-2 
standards.[149]  
Time-resolved oxygen phosphorescence measurements were performed according to the 
experimental procedure reported by Frederiksen et al.[150] Particularly, phosphorescence deriving 
from the transition O2(a1Δg) → O2(X3Σg

-) (the latter representing the triplet ground state of oxygen) 
at 1275 nm was used as a probe for singlet oxygen detection.[151] 

5.4 SYNTHESIS AND CHARACTERIZATION OF THE ASTAXANTHIN-CONTAINING 
PDMS 

5.4.1 Synthesis and chemical characterization 

The synthetic approach is based on an esterification reaction (Figure 5.2) between succinic 
anhydride terminated polydimethylsiloxane and astaxanthin catalyzed by DMAP.[152] A 
stoichiometric ratio DMS-Z21:ASTA:DMAP of 1:1:0.5 mol was used for the synthesis. ASTA (0.1 
g, 0.17 × 10-3 mol) and DMS-Z21 (0.12 g, 0.17 × 10-3 mol) were firstly dissolved in 4 mL DCM in 
a round bottom flask under nitrogen flow at a temperature of 37 °C. Subsequently, DMAP (1 × 10-

2 g, 0.85 × 10-4 mol) was added to the reaction mixture. The reaction was stirred overnight and the 
product was characterized by 1H NMR spectroscopy (Figures S1, S2, and S3 in Appendix D) and 
UV-vis-detected GPC. In the 1H NMR spectrum (Figure S3 in Appendix D), successful 
esterification was confirmed by the appearance of the signal at resonance δ = 5.4 ppm (indicated 
by the dashed circle in Figure S3, Appendix D) assigned to the C-H adjacent to the ester linkage 
between the ASTA and the PDMS units. GPC traces were analyzed by means of a UV-vis detector 
set at a wavelength λ = 480 nm, which corresponds to the characteristic wavelength of maximum 
absorption of astaxanthin[153] deriving from the sequence of conjugated double bonds in its polyene 
backbone. As expected, the synthesized astaxanthin-containing PDMS showed a strong absorbance 



45                                              5. ASTAXANTHIN-CONTAINING PDMS AS AN ADDITIVE FOR ORGANIC SOLAR CELLS 

at a shifted retention volume compared to free astaxanthin (Figure 5.3). By integrating of the areas 
of the GPC traces, a conversion of 65% was calculated. 
The product was purified by elution through a silica plug using 5% MeOH/DCM as a mobile phase, 
in order to remove the DMAP catalyst. The successful removal of the catalyst was confirmed by 
NMR. Subsequently, the UV-vis absorbance spectrum of the product was recorded, and no 
significant shift of λmax was observed compared to the free astaxanthin (Figure S4, Appendix D). 
Based on these results, it can be concluded that the synthetic procedure did not affect the structure 
of conjugated double bonds in the astaxanthin, which is necessary to preserve the inherent radical 
scavenging properties and singlet oxygen quenching capability of the compound. 

 

Figure 5.2 Scheme of the synthesis of astaxanthin-containing PDMS and its expected twofold stabilizing effect 
in organic solar cells.  

 
Figure 5.3 UV-vis detected GPC traces of free astaxanthin, DMS-Z21, and astaxanthin-containing PDMS (λ = 
480 nm). 



46                                              5. ASTAXANTHIN-CONTAINING PDMS AS AN ADDITIVE FOR ORGANIC SOLAR CELLS 

5.4.2 Photochemical stability of OSCs with the ASTA-containing PDMS additive  

The synthesized astaxanthin-containing PDMS additive was incorporated into the active layer of 
organic solar cell devices based on the PTB7:[70]PCBM system (illustrated schematically in Figure 
5.1). The additive concentrations were chosen so that the initial PCE of the devices would remain 
at least two-thirds of the PCE of the reference devices without additives. Lifetime tests were 
performed under accelerated degradation conditions by monitoring the decay in efficiency of the 
cells over 70 hours. Devices containing the synthetized additive were compared to the reference 
cells without additive, and with devices containing respectively free ASTA and PDMS and ASTA 
blended in the active layer without being covalently bonded. As shown in the plot in Figure 5.4, 
the addition of 0.03% ASTA-containing PDMS in the active layer led to an increase in the 
photooxidative stability of the cells compared to the reference devices without additive. Notably, 
it is observed that the stabilization effect in the cells in which ASTA and PDMS are added as 
separate compounds or in which only ASTA is present is lower than the stabilization effect obtained 
in the cells with ASTA-containing PDMS. These results suggest that the incorporation of 
astaxanthin in a single PDMS-based additive positively affects the morphology of the active layer.     

 
Figure 5.4 Lifetime measurements of the optimized solar cells: time-dependent performance of PTB7:[70]PCBM 
solar cell devices with and without astaxanthin, blended PDMS and astaxanthin, and astaxanthin-containing 
PDMS. 

As mentioned in paragraph 5.1.2, singlet oxygen O2(a1Δg) plays a crucial role in the degradation of 
the active layer in organic solar cells, and, therefore, quenching the production of singlet oxygen 
may result in an increased photooxidative stability. Singlet oxygen quenching is one of the main 
mechanisms acting as the basis of the antioxidant activity of carotenoids.[145] Hence, time-resolved 
singlet oxygen phosphorescence measurements were performed to investigate the role of singlet 
oxygen quenching in the stabilizing effect observed in the organic solar cells with astaxanthin-
containing PDMS as an additive. Measurements were carried out on PTB7:[70]PCBM films before 
and after addition of free astaxanthin, PDMS, and astaxanthin-containing PDMS. As shown in 
Figure 5.5, upon addition of astaxanthin, a remarkable decrease in the intensity of the singlet 
oxygen signal compared to pristine PTB7:[70]PCBM films demonstrates that astaxanthin is a 
strong quencher of singlet oxygen in the system. Likewise, it can be observed that astaxanthin-
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containing PDMS strongly quenches singlet oxygen in PTB7:[70]PCBM films. These results prove 
that the synthetized additive is capable of stabilizing the active layer by reducing the production of 
singlet oxygen.  

 
Figure 5.5 Time-resolved singlet oxygen phosphorescence signals recorded from PTB7:[70]PCBM (ratio 1:3) 
active layer films with and without PDMS, astaxanthin, and astaxanthin-containing PDMS as additives. 

5.4.3 Mechanical stability of OSCs with the ASTA-containing PDMS additive: future 
work 

After demonstrating the photochemical stabilization provided by the ASTA-containing PDMS, the 
next step of this study involved the investigation of the stabilization effect on the mechanical 
properties of the cells. The PDMS units of the additive were expected to decrease the Young´s 
modulus of the active layer and, consequently, lead to mechanically flexible devices. Mechanical 
characterization of the active layers with and without astaxanthin-containing PDMS is currently 
ongoing, and it is performed by means of the “buckling method”. Initially developed by Whitesides 
et al.[154] and Stafford et al.,[155] the buckling method is extensively used as an indirect technique to 
measure the tensile moduli of thin-film organic semiconductors.[156] The method involves transfer 
of the active layer thin film (in the case of this study, PTB7:[70]PCBM with and without additives, 
with a final thickness of ∼ 200 nm), which is relatively stiff, onto a relatively soft PDMS elastomer 
slide pre-stretched at strains of 2-4%. After transferring the film, the strain is released and the 
PDMS is allowed to relax. Relaxation of the PDMS substrate induces the formation of buckles 
(surface wrinkling) in the conjugated polymer films, following which the buckling wavelengths are 
measured to estimate the elastic modulus of the film.[142] 

5.5 CONCLUSION  

In this study, a PDMS polymer coupled with the antioxidant astaxanthin was synthesized via a 
DMAP-catalyzed esterification reaction. As a result, a novel PDMS with antioxidant and singlet 
oxygen quenching properties was obtained. We demonstrated that the compound works 
successfully as a stabilizing additive towards photo-induced degradation in organic solar cells and, 
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additionally, its effect on the mechanical properties of the active layer of the devices will be 
investigated. Promisingly, the approach presented herein contributes to extending the overall 
lifetime of organic solar cells by addressing two crucial stability issues currently hampering the 
commercialization of the technology.  



 

CHAPTER 6 

 

 

6.1 CONCLUSION AND FUTURE PERSPECTIVES  

6.1 CONCLUSION 

In this study, new ways of modifying silicone elastomers chemically and physically were designed 
in order to obtain materials with tailored properties that could optimally fit specific applications. 
Particularly, three different properties were targeted and investigated, namely thermal stability, 
self-healing properties, and sensing properties.   
New insights into the correlation between thermal degradation and network structure were applied 
to improve the inherent thermal stability of silicone elastomers. It was found that PDMS polymers 
within the elastomer network degrade thermally with a hierarchical tendency, with most mobile 
polymers degrading first. By means of a facile and cost-effective approach, it was shown how to 
optimize the stoichiometric ratio when synthesizing silicone elastomers, depending on the 
operating temperature for which the material is intended. Additionally, it was demonstrated that 
the removal of the sol fraction could be used as a method to improve readily the thermal stability 
of silicone elastomers in high temperature environments.    
Silicone elastomers were also used as a platform for creating functional materials with smart 
properties, namely self-healing properties and sensing properties. Exploiting hydrogen bonding 
UPy self-assembling dimers, a thermoplastic and self-healing silicone elastomer was synthetized. 
The material can fully recover from a damage upon heating at 70 °C for 1 hour. Alternatively, by 
physical incorporation of Fe3O4 particles in the silicone elastomers, over 70% of healing efficiency 
can be achieved remotely by means of the heat triggered upon exposure to an alternating magnetic 
field. Smart self-healing properties grant the silicone elastomer an extended lifetime, which is also 
enabled by the possibility of recycling the material.  
Via physical incorporation of the chromogenic radical DPPH, a silicone elastomer with sensing 
properties was employed for the assessment of antioxidant activity of compounds and food samples 
in analytical applications. A noteworthy versatility of the silicone colorimetric sensor was 
demonstrated by testing both hydrophilic and lipophilic samples (i.e., vitamins, a synthetic 
antioxidant, a flavonoid, and non-pretreated food and beverage samples) solubilized in media of 
different nature. The sensor can be fabricated in different formats depending on whether a quick 
screening or a quantitative assessment of antioxidant activity is required. The solid-state test based 
on a silicone elastomeric matrix proposed here may be used practically as a convenient alternative 
to the traditional solution based DPPH test, particularly since the DPPH radicals were proven to 
have an increased stability in the silicone matrix compared to previously reported stability studies 
in organic solvents.   
This study aims at contributing to increase the reliability of silicone elastomers by optimizing 
existing properties – thermal stability – and to expand further their range of applications by tailoring 
new properties – self-healing and sensing properties. The illustrated approaches are designed to 
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optimize and tailor silicone elastomer properties by practical and cost-effective means, and, thus, 
to be valuable to both the industrial and the academic research.  

6.2 FUTURE PERSPECTIVES  

The core of this project was tailoring the properties of silicone elastomers via chemical and physical 
modification, and the methods presented here naturally open up for further investigation.  
Examining the thermal degradation behavior of unfilled silicone elastomers in an inert atmosphere 
paved the way in determining the fundamental aspects correlating the thermal behavior with the 
network reactant stoichiometry. The link between thermal stability and network structure could be 
elucidated further by investigating the thermo-oxidative degradation of silicone elastomers with 
different stoichiometric ratios in air. More complex and diverse mechanisms are expected to take 
place under these conditions, thus, influencing differently the degradation of the silicone polymers 
with different mobility within the network.  
Introducing thermoplasticity and self-healing properties in silicone elastomers – that are thermosets 
in nature – is highly desirable. It was proved that the use of UPy hydrogen bonding dimers 
represents an effective method to achieve the goal and this approach can be further investigated to 
apply the material in silicone-based dielectric elastomer actuators.[157] Biomimetic self-healing 
materials hold great potential in nature-inspired electronics such as soft robotics and artificial 
muscles,[158–160] as they could represent the key to increasing the longevity of the devices providing 
resilience to failure upon damage. The potential applicability of the material as a dielectric 
elastomer actuator can be explored by testing its dielectric properties and by performing actuation 
tests. 
The DPPH silicone colorimetric sensor presented here displays various favorable features, such as 
versatility, practicality, and flexibility. Along with its proven antioxidant detection ability, the 
ability to discriminate between different antioxidants could further endorse the actual use of the 
sensor in analytical applications. Particularly, we believe that the differences in rates observed in 
the reaction of the antioxidants with the sensor could be exploited to achieve antioxidant 
discrimination power as a significant add-on. 
Lastly, an innovative use of a PDMS polymer with tailor-made antioxidant properties in organic 
solar cell devices was proposed. As discussed in paragraph 5.4.3, the desired stabilizing effect on 
the mechanical properties of the active layer is currently being investigated by means of the 
buckling method. Furthermore, analysis of the morphology of the active layers with and without 
additive will aim at clarifying the mechanisms involved in the observed stabilization effect. 
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“Designing reliable silicone elastomers for high temperature applications” 
E. Ogliani, L. Yu, P. Mazurek, A. L. Skov, Polym. Degrad. Stab. 2018, 157, 175. 
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durability are strict requirements for silicone elastomers employed in high-temperature
if long-time device performance is desired. Improving the thermal stability of silicone
a major challenge, addressed by both the scientific and the industrial community. Never-
ional methods such as adding heat-resistant fillers or chemical modifications still suffer
rable shortcomings. Here, it is demonstrated that the thermal degradation behavior of
omers is affected strongly by network reactant stoichiometry. Comparative thermal
tudies were performed on silicone elastomers synthesized with different stoichiometric
ereby different fractions of elastic, dangling, and sol structures. With the reported findings,
te how to optimize the stoichiometric ratio used to prepare silicone elastomers, in order to
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Introduction

Modern people experience increasingly more inspiring uses of
icone elastomers, such as soft robotics [1] ranging frommillibots
] to large humanoids [3], as well as electronic skin with sensing
operties and diagnostic functions [4,5]. Silicone elastomers are
o used in more well-established technologies such as those
und in the automotive [6] and the aerospace [7] industries,
omedical implants [8], microfluidic devices [9], and micro-
ctromechanical systems (MEMSs) [10]. The versatility of silicone
stomers is illustrated by the wide range of product sizes, ranging
m the delicate components of microsensors [11], to robust,
ulti-ton dielectric elastomer generators for offshore energy har-
sting [12]. This usefulness across scales and in different envi-
nments derives from the combination of structural properties of
e siloxane backbone [13]. In particular, high dissociation energy
d a low energy barrier to siloxane bond rotation [14] provide
icones with remarkable thermal stability. Therefore, silicone-
sed materialsdand in particular silicone elastomersdare suit-
le for high-temperature applications such as protective coatings
5], encapsulants in light-emitting diodes (LED) [16], insulators for
ctric cables [17], heat-shielding materials for solid rocket motors

[18], and com
tomer, crosslin
networks furth
and flexibility.
crosslinking is
which is chara
side reactions.
whereby the in
to the infinite
end only), or p
[19e21]. By co
functional grou
tions of netwo
excess of high-
can be made e

Among silic
dimethylsiloxa
degradation b
quirements of
range of envir
Previous studi
nisms [23e25]
an oil or incor
temperatures,

consequently, vola
linking reactions m
ities such as baking molds. In a silicone elas-
a telechelic functionalized silicone polymer into
ore provides dimensional stability, elasticity,
e of the most common methods to facilitate
itional curing of the silicone, the reaction of
zed by high yields and insignificant numbers of
refore, well-defined networks can be formed
dual polymer strands will be elastic (i.e. linked
ork at both ends), dangling (i.e. linked at one
of the sol (not linked to the infinite network)
lling stoichiometry (the ratio of crosslinking
o polymer functional groups) the relative frac-
ructures can be changed, and by using a small
tional crosslinker, most of the polymer strands
c [22].
s, the most commonly used polymer is poly-
PDMS). It is essential to understand its thermal
ior, in order to satisfy successfully the re-
bility, reliability, and non-toxicity over a wide
ental changes such as elevated temperatures.
ave elucidated some of the underlying mecha-
instance, when a linear PDMS polymer, either as
ted into an elastomer, is exposed to elevated
rent degradation mechanisms occur [26] and,
tile cyclic oligomers are released and cross-
ay take place. These structural rearrangements
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ad to an irreversible and undesired change in the chemical and
hysical properties of the material. A main implication of so-called
hermal ageing” is increased susceptibility to fracturing and
aring [27]. Moreover, changes in properties over time can also be
bserved from the evaporation of residual solvent. Therefore, sili-
ne elastomers intended for high-temperature uses are usually
bjected to a post-curing treatment, in order to limit the outgas-
ng of volatiles at the operating temperature, which can lead to
ubbling or delamination of the silicone component in the device.
uring post-curing, volatiles are removed from the silicone elas-
mers by diffusion and evaporation at a higher temperature than
e curing temperature [28], and this results in increased Young's
oduli [29]. Post-curing, however, is an additional and expensive
rocedure, and it is thus preferably avoided in manufacturing
rocesses.
Due to the increasing demand of high-performance silicone

lastomers, significant scientific and industrial effort has been put
to improving their thermal stability. One common way to prog-
ss thermal stability is to add heat-resistant fillers into the for-
ulations, such as CaCO3 [30], platinum [31], and carbon
anotubes [32]. However, poor filler compatibility with the matrix
d loss of transparency are often significant drawbacks. An alter-

ative approach consists of grafting specialized functionalities, e.g.
olyhedral oligomeric silsesquioxanes (POSS), onto the silicone
etwork to enhance heat resistance [33]. Nevertheless, a chemical
odification of the silicone network renders the product more
pensive, which is thus not necessarily appealing at an industrial
vel. Developing cheap and easy solutions to improve the thermal
ability of silicone elastomers is a major challenge, especially when
so seeking to reduce the thermal ageing of silicone components,
ith the overall goal of increasing the lifetime and span of opera-
on of devices.
This study focuses on determining the role of network structure

n the thermal degradation of silicone elastomers, to investigate if
DMS degrades differently depending on its mobility. Conse-
uently, elastomers with different stoichiometric ratios were syn-
esized to vary the relative fractions of elastic, dangling, and sol
ructures, with the elastic fraction having the least mobility and
e sol fraction being the most mobile. Thermogravimetric analysis
as used to investigate the thermal degradation of silicone net-
orks with different crosslinking densities. Degradation products
d changes in the silicone elastomers’ thermal properties result-
g from the treatment at high-temperatures were also analyzed.

. Materials and methods

.1. Materials

Vinyl-terminated polydimethylsiloxane (DMS-V35, 5000 cSt)
d (25e35% methylhydrosiloxane)-dimethylsiloxane copolymer,
imethylsiloxane terminated (HMS-301, 25e35 cSt) were pur-
ased from Gelest. Platinum (0)-1,3-divinyl-1,1,3,3-tetrame-
yldisiloxane complex solution (catalyst 511, Pt~1%) was supplied
y Hanse Chemie AG, while heptane (Sigma-Aldrich, 95%) and
luene (Sigma-Aldrich, 99.8%) were used as received.

.2. Synthesis of the silicone elastomers

Silicone elastomers were synthesized via a hydrosilylation re-
tion between the vinyl-terminated polydimethylsiloxane DMS-
35 (denoted V35, Mw¼ 52900 g/mol, as determined by SEC) and
e hydride-functional crosslinker HMS-301 (f¼ 8, Mw¼ 1900 g/
ol, as determined by NMR and SEC, respectively), catalyzed by
latinum (Karstedt's catalyst, 511). PDMS, crosslinker, and catalyst
ere mixed uniformly, using a dual asymmetric centrifuge

(SpeedMixer D
mixture was c
oven at 80 �C f
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E. Ogliani et al. / Polymer Degradation and Stability 157 (26
150 FVZ-Kat) at 3000 rpm for 2min. The uniform
on a mold with a 1mm spacer and cured in an
days, to ensure the maximum conversion. Three
different stoichiometric imbalances (molar ratio
ps over vinyl groups, r¼ 1,1.5, 2) were prepared,
silicone networks with different crosslinking

uently, unreacted PDMS (sol fraction) was
silicone elastomers by extraction in heptane for
d samples were dried at room temperature and
e oven at 60 �C for 4 h, to remove the solvent
es were weighed before and after extraction, in
e the sol fractions.

etry analysis (TGA)

etry analysis was performed on a thermogravi-
Discovery series (TA instruments). Samples
ted in a platinum pan from room temperature to
trogen flow (25mLmin�1) at a heating rate of
term thermal treatment of the samples (~80mg)
at constant temperatures of 300 and 400 �C,
h under nitrogen flow.

etry-Fourier transform infrared spectroscopy

etry-Fourier transform infrared spectroscopy
alyze the volatile degradation products of the
s during the long-term isothermal treatments.
ment consists of the thermogravimeter, a Fourier
spectrometer (Nicolet iS10, from Thermo Fisher
ransfer tube connecting the TG furnace and the

sticity (LVE) measurements

stic properties of the silicone elastomers were
n ARES-G2 rheometer (TA Instruments) at a
ode (1%), in a frequency range of 100 to 0.01 Hz,
ate geometry (diameter of 8mm).

chromatography (SEC)

chromatography was run with a Shimadzu in-
d with two SDV linear columns assembled in
ive index detector (RID-10A), utilizing toluene as
1mLmin�1) and operating at room temperature.
er, respectively, average molecular weights and
exes (ÐM) were calculated using PDMS standards
software.

scussion

elastomers were synthetized by means of an
reaction (Fig. 1a), using three different stoichio-
(r), namely 1, 1.5, and 2, between the reactants
nctional PDMS and an eight-functional hydride
nt network structures were obtained, ranging
t dangling PDMS chains and a substantial sol
pecies), to well-crosslinked networks with very
S chains and little sol fraction. When r> 1, an
er is present anddtheoreticallydall telechelic
hains are linked to a crosslinker at both ends. In
network is formed, a two-phase system is ob-
of a network and a sol fraction, due to steric
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Fig. 1. (a) Hydrosilylation reaction scheme used to synthesize the silicone elastomers with different stoichiometric ratios. (b) The experimental procedure scheme was designed to
inv action

E. Ogliani et al. / Polymer Degradation and Stability 157 (2018) 175e180 177
ndrance of the reaction sites on the multifunctional crosslinker.
e structure of the elastomer moves closer to a fully reacted
twork from r¼ 1 towards r¼ 1.5 and 2, and both the numbers of
ngling chains as well as the amounts of sol fraction decrease, in
e with traditional network theory where steric hindrance of the
osslinker is taken into consideration [34]. All the networks
have as viscoelastic materials with mainly elastic origins, while a
gher stoichiometric imbalance results in increased storage
oduli (G') for the investigated range of r (Fig. 2). The elastomer
ith r¼ 1 contains a significantly larger amount of sol fraction
mpared to the elastomers with r¼ 1.5 and 2 (the determined
eight fractions of sol are 29.3%, 8%, and 6.9%, respectively, as listed
Table S1). The silicone elastomers were swelled in heptane, in
der to separate the washed network from the corresponding sol
ction and to analyze the two phases. For all networks, removing
e sol fraction results in an increase in G' (Fig. 2). Subsequently, the
n-extracted and extracted elastomers were analyzed by TGA
upled with FTIR, to evaluate their thermal degradation behavior
hen heated from room temperature up to 700 �C and when
posed to long-term isothermal treatment (Fig. 1b).

Differential th
indicates how
thermal degra
extraction, occ
different temp
metric imbalan
elastomers deg

estigate the thermal degradation behavior of the silicone elastomers, before and after removal of the sol fr
. Thermal degradation behavior and mechanisms

uli G' (recorded at 1 Hz) of the silicone elastomers, before and after
ore and after isothermal treatment at 300 �C.
Thermogravimetric analysis was performed from room tem-
rature to 700 �C under a nitrogen atmosphere, to inspect the
neral thermal degradation behavior of the silicone elastomers,
fore and after removing the sol fraction by extraction. TGA data
ted in Table S2 indicate an increase in thermal stability induced
the removal of the sol fraction, since the onset of degradation for
the extracted silicone elastomers shifts toward higher temper-

ures than the corresponding non-extracted elastomers.
Fig. 2. Storage mod
extraction, and bef
gravimetric analysis (DTG, Fig. 3 a, b) clearly
emoval of the sol fraction drastically affects the
on behavior of the samples, which, before
d through a two-stage process taking place at
ures, depending on the elastomers’ stoichio-
(data shown in Table S2). After extraction, all

by extraction.
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similar range with a maximum peak temperature of ~500 �C.
Real-time TG-FTIR was used to detect the released volatile

egradation products and to evaluate the degradation mechanisms
king place (Fig. 3 c, d). FTIR spectra, 2D, and 3D TG-FTIR plots are
lustrated in Figs. S1, S2, and S3, and it is observed that for all the
lastomers no volatiles were detected below 340 �C. The maximum
lease rate was reached at ~450 �C, and the main products detec-
d were mixtures of cyclosiloxanes and low molecular weight
near siloxanes (corresponding towavelengths of 2965,1266,1084,
23, and 808 cm�1) and methane (3011 cm�1) [35]. These volatile
roducts arise from two main PDMS degradation mechanisms,
amely a molecular and a radical mechanism, respectively (Fig. S5).
he former involves the molecular splitting of cyclic oligomers in
hich the formation of an intramolecular transition state is the
te-determining step, while the radical mechanism takes place
rough homolytic Si-CH3 bond scission followed by hydrogen
straction, which eventually leads to the formation of methane
3].

illustrated in F
for extracted a
extent of volat
imental design
bility than no
values of resid
The non-extra

d 2D (d) TG-FTIR spectra of pyrolysis products of the extracted silicone elastomer r¼ 1 recorded during TG
curves of linear polymer V35, non-extracted, and extracted silicone
the isothermal treatment at 300 �C.
.2. Isothermal treatment

Long-term isothermal treatment (12 h) of the silicone elasto-
ers was performed, in order to collect and analyze the degrada-
on products and to compare the effect of degradation on networks
ith different structures. Two reference temperatures were chosen,
amely 300 and 400 �C, since previous results anticipated how the
o temperatures induce low and high degrees of volatilization,
spectively.
Weight loss curves of the non-extracted and extracted elasto-

ers, obtained from the isothermal treatment at 300 �C, are
Fig. 4. Weight loss
elastomers during
. Results indicate a different degradation pattern
on-extracted elastomers, but in both cases, a low
tion was observed, as anticipated by the exper-
tracted elastomers showed higher thermal sta-
tracted elastomers, as indicated by the higher
eights after 12 h of thermal treatment (Fig. S10).

ysis.
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me degradation trend, characterized by an initial sharp drop in
eight followed by a steady and slow decrease. Interestingly,
osslinking of the pure PDMS (V35) was observed after thermal
atment at 300 �C, which can possibly be explained as a result of
ontaneous thermal radical oligomerization involving the vinyl
oups. Based on the observations, it can be assumed that long-
rm thermal treatment at 300 �C of the non-extracted elasto-
ers affects the sol fraction, which is mainly composed of linear
MS (V35). Both crosslinking reactions involving the sol fraction
well as post-curing through the evaporation of volatiles may
plain the slight increase in the shear storage moduli (G') of the
n-extracted elastomers recorded after thermal treatment (Fig. 2).
In contrast, the extracted elastomers showed significantly

fferent behavior. The residual weight recorded after thermal
atment followed a clear trend and increased from the elastomer
ith r¼ 1 towards r¼ 1.5 and 2, proving that crosslinking density
s a significant beneficial effect on thermal stability. It was also
served that the elastomer with the lowest crosslinking density-
and thus the higher amount of dangling chainsddegraded faster
mpared to the elastomers with r¼ 1.5 and 2. A plausible expla-
tion for this would be that for extracted elastomers, thermal
gradation by random chain scission involves dangling chains,
ce the sol fraction is absent. Linear viscoelasticity measurements
e consistent with this hypothesis, since a significant increase in G'
s observed for the extracted samplewith r¼ 1, suggesting that the
crease in hardness is due to the cleavage of the dangling chains by
gradation (Fig. 2). Soluble degradation products resulting from the
ermal treatment of the elastomers were collected by solvent
traction and analyzed subsequently by size exclusion chromatog-
phy. Data show that the weight average molecular weight of the
luble degradation products decreases in line with the increasing
ichiometric ratio of the elastomers (Table S5). All the discussed
tcomes suggest that silicone elastomers degrade thermally
llowing a hierarchical trend, depending on the degree of PDMS
ain mobility. Therefore, thermal degradation involves first
reacted PDMS chains (sol fraction), second pendant structures,
hich are crosslinked to the network by one of the functional ends
angling chains), and, eventually, the elastically active network
ains, which are crosslinked at both ends to the network.
Isothermal treatment at 400 �C (Fig. 5) resulted in a considerably

gh extent of silicone elastomer volatilization. Removing the sol
ction induced an increase in thermal stability for all elastomers,
ce the extracted samples showed higher residual weights than
r the non-extracted samples, as also observed after thermal
atment at 300 �C (Fig. S10). Nevertheless, residual weight
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Fig. 5. Weight loss curves of V35 and non-extracted and extracted silicone elastome
e elastomer with r¼ 1 towards r¼ 1.5 and 2,
ly crosslinked networks possess lower thermal
orks with lower crosslinking density. TG-FTIR
t the volatiles released during the isothermal
lastomers (FTIR spectra and 2D plots are illus-
nd S9). Analysis of the data reveals that for all
latiles reached the maximum intensity of ab-
rly stage (after ~40min) and then started
lly. The extent of volatilization over time in-
the increasing stoichiometric ratio (and thereby
y) of the elastomers. While no volatiles were
d of the thermal treatment of elastomers with
absorption peak intensity was still detected at
mal treatment of the elastomer with r¼ 2. Re-
the thermal degradation behavior of PDMS

rent structural elements may be of relevance to
orks with similar structures, given the common
mers as model materials in network theory [34].

present a cheap and facile way of boosting the
silicone networks that does not involve adding
odification. It is established that the reliability

f silicone elastomers used in high-temperature
ected strongly by the stoichiometric imbalance
the network. Our results prove that an overall
e thermal stability of silicone elastomers can be
removing the sol fraction. Long-term isothermal
ne elastomers was performed at two reference
ely 300 and 400 �C. At 300 �C, thermal degrada-
lastomers involves the sol fraction, but after
raction, the thermal stability of the elastomers
th increasing crosslinking density, since thermal
affects the dangling chains. In contrast, at a

e (400 �C), enhanced thermal stability and
ion can be achieved by synthetizing silicone
w crosslinking density. The results of this work
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A.2 SUPPORTING INFORMATION 
 

 

Figure S1 FTIR spectra of the volatiles released during TGA degradation of the silicone elastomers from room 
temperature to 700 ˚C under nitrogen atmosphere. Silicone elastomers a) r = 1 before extraction, b) r = 1 after 
extraction, c) r = 2 before extraction, d) r = 2 after extraction. The peak assigned to methane (wavenumber ∼ 
3012 cm-1) is indicated by the arrow in the inset plot in Figure c). 
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Figure S2 TG-FTIR. 3D plots of the volatiles released during TGA degradation of the silicone elastomers. 
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Figure S3 TG-FTIR. 2D plots of the volatiles released during TGA degradation of the silicone elastomers. 
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Figure S4 TG-FTIR: transmittance versus temperature curves of the main volatile products released during 
thermal degradation of the silicone elastomers. 

 

 

Figure S5 Degradation mechanisms scheme: a) molecular mechanism and b) radical mechanism.  
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Figure S6 Small-amplitude oscillatory shear rheology. Storage modulus (G´) and loss modulus (G´´) of the 
silicone elastomers before and after extraction, and before and after isothermal treatment at 300 ˚C. 

 

Figure S7 Small-amplitude oscillatory shear rheology. Tan delta (i.e., ratio of loss modulus over storage modulus) 
of the silicone elastomers before and after extraction, and before and after isothermal treatment at 300 ˚C. 
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Figure S8 FTIR spectra of the volatiles released during 12 hours thermal treatment of the silicone elastomers at 
400 ˚C. 
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Figure S9 TG-FTIR. 2D plots of the volatiles released during 12 hours thermal treatment at 400 ˚C. 
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Figure S10 Residual weights of the extracted and non-extracted silicone elastomers recorded after thermal 
treatment at 300 and 400 ˚C carried out by TGA in inert atmosphere.  
 

 

Figure S11 Digital microscope pictures of a) non-extracted and b) extracted silicone elastomers after 12 hours 
isothermal treatment at 400 ˚C. 
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Table S1 Analysis of the sol fraction of the silicone elastomers removed by solvent extraction. 
Stoichiometric 
imbalance (r) 1 1.5 2 

Wsol [%]a 29.3 8 6.9 
Peak [mL]b 12.3 20.2 12.4 20.2 12.3 20.3 
W fraction [peak]b 0.89 0.1 0.63 0.36 0.3 0.7 
Mn [kDa]b 27.4 1.1 32.5 1.3 33.4 1.2 
Mw [kDa]b 53.8 1.6 53.7 1.9 55 1.9 
ĐM [Mw/Mn]b 1.9 1.4 1.6 1.4 1.6 1.6 

aExperimentally determined weight fraction of sol. bData are obtained by size exclusion chromatography (SEC).  
 
For silicone elastomers synthesized using different stoichiometric imbalances, both the weight 
fraction as well as the composition of the sol fraction change. In particular, in Table S1, the peaks 
at retention volume ∼ 12 mL correspond to the unreacted vinyl PDMS, while peaks at retention 
volume ∼ 20 mL are assigned to the unreacted 8-functional hydride crosslinker. As expected, 
increasing the stoichiometric imbalance of the elastomers, the weight fraction of the peak observed 
at retention volume ∼ 20 mL increases, since a high excess of the crosslinker is used in the 
crosslinking reaction.  
 
Table S2 TGA data of vinyl PDMS (DMS-V35) and the silicone elastomers before and after removal of the sol 
fraction by extraction. 

Samples 
Onset degradation 

[˚C] 
DTG peak temperature, 

Tmax [˚C] 
Residual weight at 

700 ˚C [%] 

Vinyl PDMS (V35) 468 519 0.03 
Before extraction     
r =1  436 489 555 0.5 
r =1.5 463 509 564 1.8 
r =2 462 512 595 1.5 
After extraction        
r =1  461 503 0.2 
r =1.5 467 508 0.4 
r =2 474 508 1.5 

 

Table S3 Assignment of FTIR absorptions of the volatile thermal degradation products released during TGA 
analysis of the silicone elastomers. 

Wavenumber (cm-1) Assignment 

2965 C-H in CH3 
1266 C-H in Si-CH3 
1084 Si-O-Si 
1023 Si-O-Si 
808 Si-O-C 

3011 C-H in CH4 
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Table S4 Small amplitude oscillatory shear rheology. Storage modulus (G´) and loss modulus (G´´) at 1 Hz of the 
silicone elastomers before and after thermal treatment at 300 ˚C.  

 Before thermal treatment After thermal treatment (300 ˚C) 

r 1 1.5 2 1 1.5 2 

Non-extracted       

G´ [kPa] 19.2 59 136 25.1 66.5 178 
G´´ [kPa] 3.14 4.7 4.4 5.4 5.6 1.9 
tanδ 0.16 0.08 0.03 0.21 0.08 0.01 

Extracted        

G´ [kPa] 32.7 97.9 145 49.2 89.6 114 
G´´ [kPa] 7.7 5.8 4.3 4.9 4.1 4.2 
tanδ 0.24 0.06 0.03 0.1 0.04 0.04 

 

Table S5 SEC analysis of the soluble degradation products of the silicone elastomers collected after 12 hours 
thermal treatment at 300 and 400 ˚C. 

Temperature 
[˚C] 300 400 

r 1 1.5 2 1 1.5 2 

Non-extracted       
Mn [kDa] 28.9 2.6 27.1 2.9 20.7 2.8 11.2 -- -- 
Mw [kDa] 53.7 2.9 37.8 3.4 34.4 3.5 21.5 -- -- 
ĐM [Mw/Mn] 1.8 1.1 1.4 1.1 1.6 1.2 1.9 -- -- 

Extracted       
Mn [kDa] 26.1 2.6 27.4 3.3 25.3 4.2 6.3 7.4 4.5 
Mw [kDa] 46.8 3.1 43.2 4.4 38.4 4.6 14.7 10.7 6.3 
ĐM [Mw/Mn] 1.7 1.17 1.3 1.5 1.5 1.1 2.3 1.4 1.3 
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8.1                SUPPLEMENTAL MATERIAL FOR CHAPTER 3 

B.1 ARTICLE IN ITS PUBLISHED FORMAT 

“A thermo-reversible silicone elastomer with remotely controlled self-healing” 
E. Ogliani, L. Yu, I. Javakhishvili, A. L. Skov, RSC Adv. 2018, 8, 8285. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



In

Po
lo
re
he
fu
a p
an
co
st
Th
in
m
cy
se
on
tri
Fo
re
ho
in
bo
su

Da

Te

De

† E
10

Cit

Re
Ac

DO

rsc

Th

RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
li

sh
ed

 o
n 

22
 F

eb
ru

ar
y 

20
18

. D
ow

nl
oa

de
d 

on
 1

2/
17

/2
01

9 
8:

29
:2

8 
A

M
. 

 T
hi

s 
ar

ti
cl

e 
is

 l
ic

en
se

d 
un

de
r 

a 
C

re
at

iv
e 

C
om

m
on

s 
A

tt
ri

bu
ti

on
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
 A the
remo

E. Oglian

Soft therm

spectrum

nature, an

suffer. Thu

propose a

is imparted

self-assem

triggered b

the elasto

temperatu

withstandin

The syner

nish Polymer Centre, Department of Chemical and

chnical University of Denmark, Søltos Plads, Buildi

nmark. E-mail: al@kt.dtu.dk

lectronic supplementary information (ESI)
.1039/c7ra13686b

e this: RSC Adv., 2018, 8, 8285

ceived 27th December 2017
cepted 18th February 2018

I: 10.1039/c7ra13686b

is journal is © The Royal Society of Chemistry 201

PAPER
rmo-reversible silicone elastomer with
tely controlled self-healing†

i, L. Yu, I. Javakhishvili and A. L. Skov *

oplastic elastomers with increased durability and reliability are in high demand for a broad

of applications. Silicone elastomers are soft and durable, but they are not thermoplastic in
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hydrogen bonds is a useful technique to provide silicone
elastomers with not only thermoplastic properties, but also
self-healing functionalities. Examples of supramolecular
PDMS elastomers based on hydrogen bonding include the
work of Yang et al.,23 who reported the synthesis of a silicone-
based TPE through the reaction of carboxyl-terminated PDMS
with diethylenetriamine (DETA) and urea, and Tazawa et al.,24

who designed thermoplastic PDMS with L-phenylalanine-
based hydrogen bond networks. Nevertheless, the self-
healing processes in the previous approaches require a long
time or lead to a drastic decrease in mechanical properties.

Beyond the thermoplasticity of the material, self-healing
properties have been sought by alternative approaches.
Corten et al.25 introduced induction heating as a novel
approach to generate heat and externally trigger polymer
healing. This method consists of incorporating magnetic
particles into the polymer matrix and the subsequent exposure
of the composite to an alternating magnetic eld (AMF).
Consequently, the magnetic particles dissipate energy to the
surrounding matrix, due to friction between the oscillating
magnetic particles and the stationary matrix. The heat devel-
oped by the process allows for thermo-responsiveness and
network rearrangement. AMF generates heat rapidly and
locally, compared to supplying heat directly to the thermally
insulating elastomer. Furthermore, self-healing is easily
tunable by manipulating diverse parameters, such as
frequency of the applied magnetic eld, the nature of the
susceptor material, and particle loading. Above all, the process
is contactless. For instance, contactless activation becomes of
interest when the material is employed as part of a component
which is difficult to access, e.g. intermediate components,
coatings and seals in the automotive industry.26

In this paper, we report the magnetic eld-triggered self-
healing of a novel thermoplastic silicone elastomer, namely
P(PDMSMA-co-UPyMA), resulting from the free radical poly-
merisation of monomethacryloxypropyl terminated poly-
dimethylsiloxane (PDMSMA) and UPyMA monomers. This
novel copolymer possesses thermoplastic properties because
of the reversible nature of UPy self-associating dimers. Self-
healing of the material is activated via direct supply of heat
as well as remotely by induction heating. Remotely controlled
healing has been proven through exposure of the composite
with 20 wt% Fe3O4 particle ller to an AMF. Moreover, the
elastomer can be remoulded multiple times, without
showing noteworthy chemical or physical degradation.
Hence, this novel material may be considered an excellent
candidate for recyclable silicone elastomers. In addition, the
described self-healing approach, using the same conditions,
has been applied to the previously reported material P(MEA-
co-UPyMA).16 The P(PDMSMA-co-UPyMA) and P(MEA-co-
UPyMA) copolymers bear identical self-complementary
hydrogen-bonding motifs, albeit differing in the main
repeating unit. Comparing their self-healing performance
under identical conditions aims at proving how the opti-
mised self-healing procedure is versatile and not system-
dependent.

Experimental
Materials

N,N-Dimethylformamide (DMF; Sigma-Aldrich, $99.9%) was
dried over molecular sieves. a,a0-Azoisobutyronitrile (AIBN;
Ventron) was re-crystallised from methanol. Mono-
methacryloxypropyl terminated polydimethylsiloxane
(PDMSMAMCR-M07; Gelest, 703.3 gmol�1 as determined by 1H
NMR), 2-isocyanatoethyl methacrylate (Sigma-Aldrich, 98%), 2-
amino-4-hydroxy-6-methylpyrimidine (Sigma-Aldrich, 98%),
iron (II, III) oxide powder (Fe3O4; Sigma-Aldrich, size < 5 mm,
95%), tetrahydrofuran (THF; Sigma-Aldrich, 99.9%), methanol
(Sigma-Aldrich, 99.9%), dimethyl sulfoxide (DMSO; SAFC,
$99%), 1,4-dioxane (Sigma-Aldrich, 99.8%), and THF-d8
(Sigma-Aldrich, 99.8 atom% D) were used as received. 6-Methyl-
2-ureido-4[1H]-pyrimidone-bearing methacrylate (UPyMA) was
synthesised as reported in the literature.15

Analytical techniques

Nuclear magnetic resonance (NMR) experiments were carried
out on a Bruker Avance 300 MHz spectrometer. Attenuated total
reectance Fourier transform infrared (ATR FTIR) spectra in the
range of 4000–350 cm�1 were recorded on a Nicolet iS50 ATR
spectrometer with a diamond crystal from Thermo Scientic. To
run size exclusion chromatography, a Viscotek 200 instrument
was used, provided with two PLgel mixed-D columns (Polymer
Laboratories (PL)) assembled in series, and a refractive index
detector, utilising THF (1 mL min�1) as the mobile phase
operating at room temperature. Molecular weights were calcu-
lated using polystyrene (PS) standards from PL employing Tri-
SEC soware. Scanning electron microscopy (SEM) and
microanalysis were performed with an FEI Quanta 200E-SEM
environmental scanning electron microscope, equipped with
a eld emission gun. The surface was visualised in a low
vacuum, using water vapour as auxiliary gas at a pressure of 150
Pa. A mixture of secondary and back-scattered electrons,
generated by the sample surface, was detected with the large
eld detector for an incident electron beam of spot 3 acceler-
ated to 10 keV. The elemental composition of the samples was
determined by energy dispersive X-rays (EDX) with an Oxford
Instruments 80 mm2 X-Max silicon dri detector Mn Ka reso-
lution at 124 eV, also in a low vacuum (150 Pa) with a 500 mm
pressure-limiting aperture X-ray cone. Microanalysis data
acquisition and quantication were performed with the Oxford
Instruments Aztec program version 3.1.

Synthesis of P(PDMSMA-co-UPyMA)

A Schlenk tube was charged with PDMSMA (0.97mL, 0.43 mmol),
AIBN (23mg, 0.14mmol), DMF (3.6mL) and 1,4-dioxane (3.6mL)
along with comonomer UPyMA (302 mg, 1.08 mmol). The reac-
tion mixture was stirred and deoxygenated by bubbling nitrogen
through it for 45 min. The tube was then immersed in an oil bath
at 90 �C, and polymerisation was carried out for 24 h. Thereaer,
the tube was taken out of the bath and the reaction mixture
exposed to the air. It was then precipitated twice from THF in
a methanol-deionised water (3 : 1) mixture. The product was

8286 | RSC Adv., 2018, 8, 8285–8291 This journal is © The Royal Society of Chemistry 2018
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dried in the vacuum oven until no residual solvent was detected
by spectroscopic means (yield > 60%).

Preparation of the magnetic composite

P(PDMSMA-co-UPyMA) and P(MEA-co-UPyMA) magnetic
composites were prepared by solvent casting a concentrated
solution of the copolymers in THF and DMF, respectively.
Subsequently, 20 wt% Fe3O4 particles (size less than 5 mm) were
added to the concentrated solution (700 mg mL�1), which was
placed in an ultrasonic bath for 30 minutes in order to ensure
the homogeneous dispersion of particles inside the matrix. The
solution was cast in a metal frame (4 � 4 � 0.1 cm3) and the
sample was le at room temperature or in an oven at 40 �C, to
allow for the slow evaporation of the solvent. The dried lms
were then removed from the frame and used for the
experiments.

Thermal properties

Thermal transitions were measured in the range �150 �C to
180 �C at a heating rate of 20 �C min�1, on a differential scan-
ning calorimeter (DSC) Discovery series from TA Instruments.
Thermogravimetric analysis (TGA) was performed from room
temperature to 700 �C at a heating rate of 10 �C min�1 and an
inert atmosphere on a thermogravimetric analyser Discovery
series (TA Instruments).

Linear viscoelastic measurements

Linear viscoelastic (LVE) properties of the polymer and its
composites were measured with an ARES-G2 rheometer (TA
Instruments), setting the instrument to a controlled strain
mode, with 1% strain and frequency sweeps from 100 Hz to
0.01 Hz at 25, 50 and 70 �C using parallel-plate geometry 25 mm
in diameter.

Tensile properties

The tensile stress and tensile strain of the samples, with and
without Fe3O4 particles and aer self-healing, were measured
with an ARES-G2 rheometer (TA Instruments) on a series of
rectangular specimens (18 mm length, 10 mm width and
�0.7 mm thickness) by uniaxial extensional rheology, using an
ARES-G2 rheometer with an SER2 geometry. The test specimen
was elongated uniaxially at a steady Hencky strain rate of 0.01
s�1 until sample failure. All measurements were repeated three
times and results are reported as the mean value of tensile
stress and tensile strain at breaking, with respective standard
deviation.

Alternating magnetic eld-triggered self-healing

Self-healing experiments were performed using a MagneTherm
instrument from Nanotherics, operating at a wide range of
frequencies and consisting of a power supply, a function
generator, an oscilloscope and a coil enclosure connected to
a cooling system. Prior to the AMF tests, the frequency was set at
110.1 kHz (corresponding to a magnetic eld strength of 250
Oe), the composite sample was placed in the centre of a 17-loop

induction coil and the experiments were then performed. A
non-contact IR gun thermometer was used to detect tempera-
ture changes in the sample during AMF measurements. AMF
experiments were performed in cycles of 20 minutes to avoid
overheating the induction coil.

Synthesis of P(MEA-co-UPyMA)

P(MEA-co-UPyMA) was synthesised through a free radical poly-
merisation protocol as reported in the literature.16

Results and discussion
Characterisation of P(PDMSMA-co-UPyMA)

The thermoplastic silicone-based copolymer was synthesised
via free radical polymerisation of the PDMSMA and UPyMA
monomers, resulting in a random distribution of the hydrogen
bonding groups along the backbone. Fig. 1a depicts the struc-
ture of the copolymer, comprising pendant, thermo-reversible
UPy dimers (Fig. 1b). Successful synthesis of the copolymer
was conrmed using 1H NMR (Fig. S1†) and Fourier-transform
infrared spectroscopy (FTIR, Fig. 1c). FTIR spectroscopy
revealed characteristic absorption bands at 1662 and 1588 cm�1

belonging to the urea and pyrimidinone groups, respectively.
The UPyMA molar fraction in the copolymer was quantied to
11% on the basis of 1H NMR analysis (Fig. S1†). The weight-
average and number-average molecular weights, polydispersity
index (PDI), and thermal properties are reported in ESI (Fig. S2
and S3†).

Characterisation of the copolymer and the magnetic
composite

Small-amplitude oscillatory shear rheology was performed to
investigate the dynamic nature of the copolymer network and
the inuence of the magnetic ller on the linear viscoelastic
properties of the material. Fig. 2 illustrates storage (G0) and loss
(G00) moduli as a function of frequency at different copolymer
temperatures, with and without Fe3O4 particles. The rheological

Fig. 1 (a) Chemical structure of P(PDMSMA-co-UPyMA), (b) schematic
representation of multiple hydrogen-bonding interactions, and (c)
FTIR spectrum of P(PDMS-co-UPyMA).

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 8285–8291 | 8287
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spectra of pure P(PDMSMA-co-UPyMA) and magnetic composite
are very similar and show viscoelastic behaviour with a domi-
nant elastic plateau at fast deformation. When the test
temperature was increased, the width of the elastic plateau
decreased and the terminal ow behaviour became evident at
low frequencies. In particular, the onset of the terminal ow is
temperature-dependent and occurs at higher frequencies for
increasing temperatures, as expected from time–temperature
superposition principles. These results prove the dynamic
nature and the thermo-reversibility of the bonds within the
supramolecular network of the copolymer,27 which are funda-
mental to the self-healing properties. Moreover, it was observed
that the presence of the ller did not affect signicantly the
viscoelastic properties of the copolymer, inducing an increase
in the shear storage moduli at 0.01 Hz of 12% and 29%, at 25 �C
and 70 �C, respectively.

To prepare the magnetic composite, the amount of magnetic
ller was optimised in order to obtain the highest heat gener-
ation when exposed to an alternating magnetic eld, without
affecting the elastomeric nature of the material. The magnetic
composite was then characterised by means of thermogravi-
metric analysis (TGA) and scanning electron microscopy (SEM).
In particular, the actual value of the ller content in the
composite material was assessed by TGA, which conrmed the
expected value by the residual weight% detected at the end of
the experiment (Fig. S4†). From SEM analysis, it was conrmed
that the elastomer composites were homogeneous (Fig. S5†). A
uniform distribution of the magnetic particles within the
composite is a prerequisite for the even heating of the matrix,
thereby avoiding the presence of cold and hot regions.28

Evaluation of self-healing efficiency

The self-healing capability of the novel P(PDMSMA-co-UPyMA)
was evaluated not only by directly heating the pure material in
an oven, but also by indirectly heating the magnetic composite
through exposure to an AMF. In both cases, the increase in
temperature was used as a driving force to trigger the thermo-
reversibility of the supramolecular self-associating UPy
dimers. As stated by reptation theory,29 when a material is
damaged, the healing process occurs at the cut interface
through surface contact and rearrangement, wetting, diffusion,
and randomisation. Hence, the main aim was to prove that this
silicone-based elastomer could recover aer damage as a result
of the thermally activated rearrangements of the hydrogen
bonds at the cut interface.

First, the self-healing ability of the pure copolymer was
investigated by means of direct heating. Experiments were
performed by cutting the specimen with a razor blade into two
equal parts, which were then rejoined by contacting the cut
surfaces. Subsequently, the damaged sample was placed in an
oven. Self-healing properties were investigated aer 1 hour at
two different temperatures, namely 55 and 70 �C. At room
temperature no self-healing was recorded aer 1 hour. Tensile
stress and tensile strain of the samples were measured before
and aer treatment in the oven, in order to evaluate the self-
healing efficiency of the material (Fig. S6a and Table S2†). In
particular, the self-healing efficiency was determined with
respect to the percentage of restored tensile strain (h3) and
tensile stress (hs).30 Fig. 3 shows clearly how the mechanical
properties of the material healed by direct heating at 70 �C aer
damage were fully restored, by comparison to the mechanical
properties of the native copolymer. On the other hand, direct
heating at a temperature of 55 �C only led to self-healing effi-
ciencies corresponding to h3 ¼ 56% and hs ¼ 66%. This
behavior could be attributed to the limited amount of thermo-
reversible UPy dimers present in the backbone (the UPy molar
fraction in P(PDMSMA-co-UPyMA) was quantied to be 11%), so
that an higher temperature is required to promote inter-
diffusion of the chains through the interface and rearrange-
ments of the hydrogen bonds. Nevertheless, the reported results
indicate that the pure elastomer is capable of healing
completely by means of small amounts of heat.

Beyond self-healing capability, the recyclability of
P(PDMSMA-co-UPyMA) was veried by means of solvent casting
in tetrahydrofuran (THF). The tensile stress and tensile strain of
the copolymer were measured aer repeated reprocessing, and

Fig. 2 Small-amplitude oscillatory shear rheology: shear storage moduli G0 and shear loss moduli G00 of pure P(PDMSMA-co-UPyMA) and the
magnetic composite measured at 25 �C, 50 �C and 70 �C.

Fig. 3 Tensile stress and tensile strain of pure P(PDMSMA-co-UPyMA),
before and after healing for 1 h in oven at a pre-set temperature of
55 �C and 70 �C, respectively.
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no signicant changes in the values were observed (Fig. 4).
Hence, the material can be reshaped and reusedmultiple times,
without losing its original properties.

Moreover, in this study, incorporating magnetic particles as
a susceptor material inside the polymer matrix was employed to
determine if the synthesised material is able to heal following
exposure to an alternating magnetic eld. Since the thermal
response of the magnetic composite through exposure to an
AMF depends on particle loading and the frequency of the
magnetic eld,31 these parameters were optimised to achieve
the highest increase in temperature. Hence, a range of 10
frequencies was screened, in order to have a complete
frequency–response prole of the magnetic particles embedded
in the matrix. The best heating results were obtained at
a frequency of 110.1 kHz, corresponding to a eld strength of
250 Oe. Similarly, particle loading was optimised by evaluating
the heating performance of the magnetic composite following
exposure to AMF. As shown in Fig. 5, the composite with 20 wt%
particle ller was found to have the highest nal heating
temperature of the bulk material, corresponding to 55 �C, and
therefore it was chosen as a reference composite.

Based on these results, self-healing experiments were
carried out by exposing magnetic composite with 20 wt%
particle loading to an alternating magnetic eld at a frequency
of 110.1 kHz (Fig. 6). As described previously, the specimen
was cut with a razor blade into two equal parts, which were
subsequently rejoined. Then, the damaged sample was placed
in the centre of the induction coil and an alternating magnetic
eld was applied. Fig. 7 compares the mechanical properties
of the native composite and the damaged composite aer
exposure to AMF. Even though complete healing was not
achieved, the composite exhibited promising self-healing
efficiencies, calculated as h3 ¼ 78% and hs ¼ 70% respec-
tively. These values are higher than the ones reported for the
self-healing of the pure material by direct heating at 55 �C.

Even though the higher detected temperature upon exposure
to AMF was 55 �C, it should be mentioned that the bulk
temperature of the composite was probably higher than the
detected one. The temperature was measured by an IR-gun
thermometer, which in capable of detecting only the temper-
ature on the surface of the sample.

Moreover, scanning electron microscopy was exploited to
observe the morphology of the cut interface of the composite
aer the self-healing experiments. In the SEM images in Fig. 8,
the trace of the healed interface is discernible, and no gaps are
visible. This suggests that the razor cut was lled with the
material and, therefore, the polymer chains were able to diffuse
through the damaged interface.32

Aer assessing the self-healing capability of the novel
P(PDMSMA-co-UPyMA) by induction heating, the optimised
procedure was subsequently exploited to investigate the self-
healing performance of a previously reported copolymer syn-
thesised by the free radical polymerisation of 2-methoxyethyl

Fig. 4 Comparison of tensile stress and tensile strain of P(PDMSMA-
co-UPyMA) after repeated recycling by solvent casting. Multiple
shapes obtained by consecutively reprocessing the material are dis-
played in the bottom figure (copolymer filled with iron oxide particles
is used as an example).

Fig. 5 (a) Pure P(PDMSMA-co-UPyMA) and (b) P(PDMSMA-co-
UPyMA) filled with iron oxide particles. (c) Heating temperature profiles
of P(PDMSMA-co-UPyMA) filled with 0, 10, and 20 wt% particles and
exposed to an alternating magnetic field at an applied frequency of
110.1 kHz.

Fig. 6 Schematic illustration of the alternating magnetic field mech-
anism activated self-healing of the novel P(PDMSMA-co-UPyMA) filled
with 20 wt% iron oxide particles.

This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 8285–8291 | 8289
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acrylate (MEA) and (UPyMA) monomers (Fig. S7†).16 P(MEA-co-
UPyMA) and P(PDMSMA-co-UPyMA) are characterised by
a similar UPy molar fractions, 6% and 11% respectively.
Nevertheless, the difference in chemistry of the main repeating
unit imparts signicantly diverse characteristics to the mate-
rials. P(MEA-co-UPyMA) was lled with 20 wt% iron oxide
particles, the specimen cut with a razor blade in the middle and
then exposed to an AMF with the same applied frequency of
110.1 kHz and the same time of exposure (corresponding to ve
AMF cycles). Self-healing ability was evaluated by scanning
electron microscopy (Fig. S8†). Similarly to P(PDMSMA-co-
UPyMA), no gap was detectable in the cut interface, indicating
that induction heating developed through exposure to AMF
successfully promotes the rearrangement of hydrogen-bonding
UPy groups. Even though self-healing efficiency should be
quantied further, the results suggest that the self-healing
method is versatile and may be effective in different systems.

Conclusions

Two thermoplastic elastomers were developed based on
supramolecular 2-ureido-4[1H]-pyrimidone (UPy) self-
assembling motifs. Both elastomers possessed excellent self-
healing properties and thermoplastic nature while maintain-
ing their elasticity at room temperature (G0 approximately 10
fold larger than G00). Furthermore both elastomers possessed
fast self-healing times and were fully self-healed aer 1 hour at
70 �C. The PDMSMA-co-UPyMA silicone elastomer proved to be
remouldable multiple times with no detoriation of the proper-
ties and thus proving a robust and stable elastomer matrix for

a thermoplastic silicone elastomer. Finally the silicone elas-
tomer were loaded with magnetic particles to allow for self-
healing by remote stimulus, namely by use of an alternating
magnetic eld. Efficient self-healing was also achieved by
exposure to the alternating magnet, and the llers were proven
not to alter the elastomer properties to any signicant extent.
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B.2 SUPPORTING INFORMATION 
 

 
Figure S1 1H NMR of P(PDMSMA-co-UPyMA) in THF-d8.  
 

The UPyMA molar fraction in P(PDMSMA-co-UPyMA) was quantified to be 11% on the basis of 
1H NMR analysis (Figure S1). The calculation was made by comparison of the integrals of the 
resonance signals at 10.8, 12.2 and 13 ppm attributed to NH signals of the UPy group with the 
integral of the peak resonating at 0 ppm attributed to the protons of the methyl groups belonging to 
the -Si(CH3)2O- repeating units.  
Gel permeation chromatography (GPC) was performed in order to determine weight-average and 
number-average molecular weights (Mw, Mn) and polydispersity index (ĐM) of P(PDMSMA-co-
UPyMA). GPC was carried out in tetrahydrofuran (THF) as the mobile phase. Figure S2a shows 
the GPC traces. The presence of a peak below the minimum retention volume suggests that the 
strong hydrogen bonding interactions of the UPy dimers may induce the formation of high 
molecular weight aggregates. Therefore, small amounts of trifluoroacetic acid (TFA) were 
employed in order to break the hydrogen bonds and solubilize the copolymer before performing 
the GPC analysis. Figure S2b and Table S1 summarize Mn, Mw and ĐM obtained after the addition 
of TFA. A substantial decrease in the molecular weight is evident. In addition, after adding TFA, 
the peak at low retention volume was not observed in the GPC traces. These results may 
demonstrate that TFA could successfully facilitate dissociation of the self-associating UPy dimers. 
Moreover, Fourier-transform infrared spectroscopy (FTIR) was performed after treating the 
copolymer with TFA and subsequently drying the sample (Figure S2c). First of all, by comparing 
the spectra of the copolymer before and after treatment with TFA, it was found that the 
characteristic absorption bands at about 2959, 1256, 1017, and 791 cm-1, which originate from the 
polydimethylsiloxane (PDMS) repeating unit were still detectable. This suggests that the addition 
of TFA did not lead to a considerable degradation of the PDMS pendant chains. Secondly, the band 
appearing at 3310 cm-1 after treatment with TFA may be assigned to the N-H stretch detectable 
only after dissociation of the hydrogen bonds. Thus, the addition of small amounts of TFA proved 
to be successful in order to break the high molecular weight aggregates, and perform size exclusion 
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chromatography to obtain apparent molecular weights. However further analysis is required in 
order to determine the actual values of Mn and Mw of P(PDMSMA-co-UPyMA). 
 

 

Figure S2 a) GPC chromatograms obtained by treating P(PDMSMA-co-UPyMA) with different amounts of TFA. 
Percentage values are calculated from the total amount of TFA used to prepare the sample for GPC analysis. The 
black arrow points at the peak at low retention volume detected by GPC without the addition of TFA.  b) Weight-
average and number-average molecular weights obtained by GPC, and plotted as a function of the percentage of 
TFA. c) FTIR spectra of P(PDMSMA-co-UPyMA) before and after treatment with TFA. The red arrow points at 
the absorption band at 3310 cm-1, which appears after treatment with TFA. 
 

Table S1 Number-average and weight-average molecular weights (Mn, Mw) and polydispersity index (ĐM) of 
P(PDMSMA-co-UPyMA) obtained by GPC. 

TFA [%] 0 0.1 0.2 10 

Mn [kDa] 22.8 25.1 18.3 17.3 

Mw [kDa] 161.1 52.4 32 30.6 

ĐM 7.1 2 1.7 1.8 
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Figure S3 Differential scanning calorimetry (DSC) curve of P(PDMS-co-UPyMA) at a heating rate of 20 ˚C min-

1. 
 
The glass transition temperature (Tg) of P(PDMSMA-co-UPyMA) was measured by DSC (Figure 
S3), and it was found to correspond to -114 oC. The measurements were made by extrapolation of 
the midpoint of the endothermic stepwise change in the heat flow.  
 

 

Figure S4 Thermogravimetric analysis (TGA). Percentage of the weight loss plotted as a function of temperature 
of pure P(PDMSMA-co-UPyMA) and P(PDMSMA-co-UPyMA) filled with 20 wt% Fe3O4 particles. 
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Figure S5 a), b) SEM images of P(PDMSMA-co-UPyMA) filled with 20 wt% Fe3O4 and c) elemental mapping 
of the specimen by EDX (iron distribution is visualized as red dots). 
 
The distribution of magnetic particles within the P(PDMSMA-co-UPyMA) was investigated by 
scanning electron microscopy (SEM). Figure S5a and S5b display SEM images of the cross section 
of the specimen recorded with a backscattered electron detector (BSED). Magnetic particles appear 
as white spots homogeneously dispersed within the surrounding matrix. In addition, elemental 
mapping of the specimen was performed in conjunction with SEM by energy-dispersive X-ray 
spectroscopy (EDX) technique. In Figure S5c, EDX analysis shows concentration of iron (red dots) 
across the surface of the specimen and corroborates the homogeneity of magnetic particle 
distribution. 
 

 

Figure S6 a) Stress-strain plots of pure P(PDMSMA-co-UPyMA) before and after self-healing by direct heating 
and b) stress strain plots of P(PDMSMA-co-UPyMA) filled with 20 wt% Fe3O4 particles before and after self-
healing by exposure to an alternating magnetic field.  
The Young´s moduli of the pure P(PDMSMA-co-UPyMA) and P(PDMSMA-co-UPyMA) filled with 20 wt% 
Fe3O4 were calculated to be 2.8 × 10-4 MPa and 4 × 10-4 MPa.  
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Table S2 Tensile stress, tensile strain, and self-healing efficiencies of P(PDMSMA-co-UPyMA) and 
P(PDMSMA-co-UPyMA) filled with 20 wt% Fe3O4 before and after self-healing experiments.  

 Tensile 
stress 

[MPa] 

Tensile 
strain 

[%] 

Self-healing 
efficiencya 
ηε [%] 

Self-healing 
efficiencyb 
ησ [%] 

P(PDMSMA-co-
UPyMA) 

0.012 ± 
0.002 43.6 ± 5.5 -- -- 

P(PDMSMA-co-
UPyMA) after self-
healing (1h, 55˚C) 

0.008 ± 
0.0015 24.6 ± 3 56 66.6 

P(PDMSMA-co-
UPyMA) after self-
healing (1h, 70˚C) 

0.013 ± 
0.0011 44.3 ± 3.8 100 100 

P(PDMSMA-co-
UPyMA) + 20 wt% 
Fe3O4 

0.013 ± 
0.001 36 ± 0.7 -- -- 

P(PDMSMA-co-
UPyMA) + 20 wt% 
Fe3O4 after self-
healing by exposure 
to AMF 

0.0091 ± 
0.0014 28 ± 3.6 77.7 70 

aPercentage of restored tensile strain; bPercentage of restored tensile stress. 
 

 

Fig. S7. Chemical structure of P(MEA-co-UPyMA). 

 

Table S3 Molecular weight characteristics, composition and thermal properties of P(MEA-co-UPyMA). 
 Mw 

[kDa]a 
Mn 

[kDa]a 
ĐM

 a FUPyMA 

[mol %]b 
Tg  

[˚C]c 

P(MEA-co-
UPyMA) 

22.9 10.5 2.2 6 -30 

aObtained by GPC; bEstimated by 1H NMR; cObtained by DSC. 
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Figure S8 a), b) SEM images of P(MEA-co-UPyMA) filled with 20 wt% Fe3O4 and c) elemental mapping of the 
specimen by EDX (iron distribution is visualized as red dots). d), e) SEM pictures of P(MEA-co-UPyMA) filled 
with 20 wt% Fe3O4 after self-healing experiments under exposure to an alternating magnetic field (AMF). 
  
The distribution of magnetic particles within the P(MEA-co-UPyMA) was investigated by 
scanning electron microscopy (SEM). Figure S8a and S8b display SEM images of the cross section 
of the specimen recorded with an Everhart-Thornley detector (ETD) and a backscattered electron 
detector (BSED) respectively. Fe3O4 particles are shown as white spots dispersed within the 
surrounding matrix. Dispersion of magnetic particles is mainly proven homogeneous, even though 
the presence of small aggregates is detectable in the pictures. In Figure S8c, EDX analysis shows 
concentration of iron (red dots) across the surface of the specimen and corroborates the 
homogeneity of magnetic particle distribution. 
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9.1                SUPPLEMENTAL MATERIAL FOR CHAPTER 4 

C.1 ARTICLE IN ITS PUBLISHED FORMAT 

“Purple to yellow silicone elastomers: design of a versatile sensor for screening antioxidant 
activity” 
E. Ogliani, A. L. Skov, M. A. Brook Adv. Mater. Technol. 2019, 4, 1900569. 
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system, which is supported by the addi-
tional intake of exogenous antioxidants 
deriving from dietary supplements.[6] The 
importance of antioxidants in fighting the 
pathological conditions related to oxidative 
stress and their resulting beneficial effects 
on health are well-established. Therefore, 
a lot of attention is focused on which 
compounds have the highest antioxidant 
activity or which foods contain the highest 
amount of antioxidants.

Many in vitro analytical assays have 
been developed to measure the anti-
oxidant activity of compounds and food/
beverage extracts, and they are based on 
different mechanisms. For instance, the 
oxygen radical absorbance capacity[7] and 
total peroxyl radical trapping antioxidant 
parameter[8] are analytical assays based 
on a hydrogen atom transfer (HAT) 
mechanism. The 2,2-diphenyl-1-picryl-
hydrazyl (DPPH)[9] and the azinobis 

(3-ethylbenzothiazoline-6-sulfonic acid[10] assays are based 
on an electron transfer (ET) mechanism, or on a mixed-
mode (HAT/ET) mechanism.[11] Of the available reagents, the 
DPPH radical benefits from remarkable stability due to steric 
hindrance and the push-pull effect exerted by the functional 
groups on the divalent N atom;[12] it has an intense purple 
color in solution (maximum absorption band at a wavelength 
of ≈515 nm). When a hydrogen donor, such as an antioxidant, 
reduces DPPH, a change in color from purple to pale yellow is 
observed due to the formation of its hydrazinic form (Figure 1); 
the decrease in the absorption band at 515 nm can be easily 
monitored through a spectrophotometer. For these reasons, the 
DPPH assay is extensively used in laboratories to measure the 
antioxidant ability of compounds.[13]

Solid-state colorimetric sensors provide a very competitive alter-
native to conventional solution-based analytical assays, as they 
offer the great advantages of being facile, rapid, portable, and cost-
effective.[14] The solid-state sensing technology allows for the naked 
eye and in situ detection of the results, and it does not require 
large volume of solvents for the test. DPPH assays are progres-
sively moving toward the new direction of solid-state colorimetric 
testing. In the literature, for instance, a paper-based DPPH assay 
has been validated by Sirivibulkovit et al.,[15] and a polyvinyl chlo-
ride film with immobilized DPPH radicals has been developed 
by Steinberg et al.[16] However, the mentioned approaches pre-
sent some limitations: the DPPH reagent is not immobilized but 
only deposited on a solid surface,[15,17] or the fabrication process 
of the sensing platform is time consuming.[16,18]

Antioxidants play a key role in counteracting the adverse effects of 
oxidative stress in human organisms. Thus, there is a huge demand for the 
development of smart and convenient assays for the evaluation of antioxidant 
activity of synthetic and natural compounds, food samples, plant extracts, 
etc. The design of a solid-state, flexible, and portable format of the traditional 
in vitro 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical test is reported. For the 
first time, purple DPPH radicals are physically immobilized into a silicone 
matrix by means of a facile and rapid process. The working principle of the 
resulting sensor is based on the colorimetric process that is associated with 
the redox reaction of DPPH radicals with antioxidants. When an antioxidant 
reacts with the sensor, a color change from purple to yellow can be perceived 
by the naked eye. The response of the sensor is investigated qualitatively and 
quantitatively toward food samples and selected antioxidants of different 
natures, and solubilized in different media. It is demonstrated that the DPPH 
silicone sensor is highly versatile and can be used as a ready-to-use sensor 
for direct colorimetric detection of antioxidants.
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1. Introduction

Antioxidants are considered essential compounds responsible 
for the surveillance of human health. A delicate balance reg-
ulates prooxidants, such as reactive oxygen species, and anti-
oxidant defenses in the human organism: a disruption in this 
balance results in oxidative stress.[1] An excess of free radicals 
impairs different kind of biomolecules: lipids, proteins, and 
nucleic acids are all damaged by oxidation. Oxidative stress 
plays a critical role both in the pathogenesis of many chronic 
diseases,[2–4] as well as in the aging process.[5] Antioxidants 
are in charge of scavenging and deactivating free radicals 
before they can elicit adverse effects via oxidative damage. 
The human organism has an endogenous antioxidant defense 
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When designing a colorimetric sensor, the choice of a suit-
able host matrix for the indicator molecules is crucial. Silicone 
elastomers have been widely used as matrices for entrapping 
indicator dyes to produce optical chemosensors, e.g., for gas 
sensing.[19] They offer many advantages such as versatility, easy 
processability, optical transparency, and flexibility.

In this study, the use of DPPH radicals that are physically 
immobilized as a uniform dispersion into a silicone matrix is 
reported. The silicone colorimetric sensor presented here can 
be fabricated in a rapid and facile manner from commercial 
materials, and the resulting elastomer can be used as a solid-
state and ready-to-use sensor for direct colorimetric detection 
of antioxidants. The response of the sensor is investigated 
qualitatively and quantitatively toward selected antioxidants of 
different natures and solubilized in different media.

2. Results

2.1. DPPH Silicone Elastomers as Colorimetric Sensors

DPPH was entrained in condensation cured silicone 
elastomers (Figure 2a) using a very easy preparative process. 
The maximum concentration of DPPH radicals was found to 

be 0.03 wt%. Above this value, DPPH precipitates/aggregates 
scattered light, as could be seen either with the naked eye or 
by use of optical microscopy. The uncured silicone matrix 
with homogenously dispersed DPPH radicals was cast as a 
freestanding elastomer film (Figure 2b,c) and the samples 
were cured overnight at room temperature. When curing was 
complete, cylindrical DPPH silicone elastomers were cut with 
a hole puncher and arranged to form a screening platform 
(Figure 3) which is ready-to-use for the direct detection of anti-
oxidant compounds of interest. Initially, three different anti-
oxidants (Figure S1, Supporting Information) were used as a 
reference to investigate the response of the sensor: ascorbic acid 
(vitamin C), α-tocopherol (vitamin E), and butylated hydroxytol-
uene (BHT), which are commonly used as reference standards 
for the assessment of antioxidant properties of compounds.[20] 
Drops of antioxidant solutions at different concentrations were 
placed on the surface of the DPPH silicone colorimetric sensor 
and the discoloration caused by the reduction of DPPH radicals 
was monitored over time. BHT and vitamin E in isopropanol 
caused a fast change in the color of the sensor from purple 
to yellow, leading to an extent of discoloration that correlated 
with the concentration of the solutions (Figure 3). In response 
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Figure 1. Scheme of the reaction mechanism of DPPH radical with antioxidants (AH).

Figure 2. a) DPPH radicals can be dispersed within a silicone formulation. 
b) DPPH silicone formulation is cast on a polyester support (from which, 
optionally, it may be peeled) to form a flexible elastomeric film. c) When 
curing is complete, DPPH silicone is a free-standing elastomer and can 
be cut in the desired shape.

Figure 3. DPPH silicone sensor arrays. The colorimetric sensors are 
shown before and after dropwise application of 20 µL solutions of  
vitamin C, vitamin E, and BHT at four different concentrations. The 
reference antioxidants scavenge the DPPH radicals entrained in the 
silicone, and, after the reaction is complete, the discoloration of the sensor 
can be easily detected and evaluated by the naked eye.
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to aqueous vitamin C solutions, the sensor started to develop 
a pale yellow color only ≈5 min after contact with the antioxi-
dant solution. Even though the sensor responded positively to 
vitamin C in solution, the discoloration induced by vitamin C 
did not show a correlation with the antioxidant concentration in 
solution, in contrast with the case of vitamin E and BHT.

2.2. Microwell Plates Coated with DPPH Silicone Elastomers

DPPH silicone elastomer can be easily coated on the bottom of 
the wells of a microwell plate. In this way, the DPPH silicone-
coated microplate is ready-to-use for the quantitative assessment 
of the DPPH radical scavenging activity of the desired 
compounds through spectrophotometric techniques (Figure 4), 
including in standard high throughput systems.

Response curves of the sensor to the antioxidants were 
made by both varying the concentration of DPPH entrained in 
the silicone (0.05, 0.03, and 0.01 wt%), and the concentration 
of the antioxidants pipetted into the wells for the analysis. The 
antioxidants selected for the test were vitamin E, vitamin C,  
BHT, and quercetin, which is a flavonoid that is known to 
quench DPPH radicals.[12] DPPH radicals exhibit a characteristic 
absorption band at 514 nm. Changes in the signal from DPPH 
entrained in the silicone sensor at 514 nm were measured over 
time (180 min) by means of a UV-vis spectrophotometer, and 
the response curves of the antioxidants are shown in Figure 5a 
(the response curves of the sensors filled with 0.01 and 
0.05 wt% DPPH radicals are shown in Figure S5, Supporting 
Information).

The limit of detection of the sensor for solutions of vitamin 
E, vitamin C, and BHT and the reproducibility of the test 
expressed as relative standard deviation (%RSD) are reported 

in Table S1 in the Supporting Information and range from  
60 to 120 × 10−6 m. The radical quenching activity of the anti-
oxidants was expressed as DPPH scavenging effect (%) and 
DPPH remaining (%) (calculated values of %DPPH scavenging 
effect and %DPPH remaining are shown in Figures S6 and S7 
in the Supporting Information, respectively). In addition, a 
24-microwell plate coated with DPPH silicone was used to 
determine whether the thickness of the elastomer sensor influ-
ences its response to different antioxidants. A silicone formu-
lation with 0.03 wt% entrained DPPH radicals was coated on 
the bottom of the wells with five different thicknesses and 
the response to a 1 × 10−3 m solution of vitamin C, BHT, and 
vitamin E was measured over time (180 min). As shown in 
Figure S8 in the Supporting Information, the value of %DPPH 
scavenging effect decreases with increasing thickness of the 
elastomer for all the tested antioxidants. With increasing thick-
ness of the elastomer, both the extraction of DPPH radicals 
entrained in the sensor by the solvent and the migration of the 
antioxidants into the body of the sensor are less efficient. In 
other words, diffusion through the silicone body plays a major 
role in the rate at which the assay can be performed. On the 
other hand, when testing a sensor with thickness of 200 µm 
and below, the absorbance at 514 nm measured by UV-vis spec-
trophotometer is too low to obtain a consistent value of the 
%DPPH scavenging effect. Based on these findings, the most 
convenient and practical thicknesses in this profile were found 
to be between 400 and 500 µm.

2.3. Real Food and Beverage Samples

The DPPH silicone sensor was also used to evaluate the anti-
oxidant activity of unmodified food or beverage samples that 
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Figure 4. A 24-microwell plate coated with silicone elastomers with immobilized DPPH radicals at three different concentrations (0.05, 0.03, and 
0.01 wt%). As an example, the plate is shown before and after reaction with quercetin (QH2) solutions. 500 µL of quercetin solution at six different 
concentrations (2 × 10−3, 1 × 10−3, 0.5 × 10−3, 0.25 × 10−3, 0.12 × 10−3, and 0.06 × 10−3 m) is transferred into the wells of the microplate.
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are known to possess antioxidant properties.[21–24] Response 
curves of the sensor to the samples (Figure 6b) were measured 
with a spectrophotometer by using a 24-microwell plate coated 
with DPPH silicone, as discussed in the previous paragraph. 
Figure 6a shows the discoloration of DPPH silicone sensor 
after contact with sunflower oil, olive oil, black tea, green tea, 
black coffee, and white wine, respectively.

2.4. Stability Studies

DPPH radicals in solution are known to suffer from decompo-
sition issues[25] and, therefore, the degree of long-time storage 
could be expected to be limited: when DPPH radicals in solu-
tions are exposed to light, oxygen, and pH, a decrease in absorb-
ance is observed over time. In order to investigate the stability of 
the DPPH silicone sensor under normal storage conditions, the 
absorbance of the sensor and its response toward antioxidants 
were measured over time using two different storage conditions: 
room temperature and refrigerator temperature (DPPH dry 
reagent and DPPH solutions are commonly stored at +4–6 °C). 
During the stability studies, the microwell plates were wrapped 

in aluminum foil and stored in the dark to avoid light-induced 
degradation of the radicals, but were not protected from air. 
As expected, the stability was improved significantly when the 
sensor is kept in the refrigerator (Table S2, Supporting Infor-
mation). In both storage conditions, no significant decrease 
in absorbance was detected after 1 day of storage. After 1 week 
storage of the sensor at room temperature, a decrease in absorb-
ance of 8% and a decrease in response of 16.4% were observed; 
when stored at refrigerator temperatures, a decrease in absorb-
ance of 3.5% and a decrease in response of 8.5% were observed.

3. Discussion

It is shown that the silicone colorimetric sensor with immobi-
lized DPPH radicals presented here can be used for a facile and 
rapid naked eye analysis of antioxidants, either for a positive/
negative screening, or to discriminate different concentrations 
of antioxidant. Since only few microliters of solution (20–40 µL) 
are required to perform the assay, the solid-state DPPH sensing 
platform allows for a tremendous reduction in sample volumes 
over traditional DPPH assays.[20] The color change that evolves 
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Figure 5. The data reported in the figure correspond to the DPPH silicone sensor with embedded 0.03 wt% DPPH radicals. a) Response curves of the 
sensor. Time-dependent decay in absorbance at 514 nm in response to BHT, vitamin E, and vitamin C solutions at different concentrations. b) Change 
in the absorbance spectra of the sensor over time in response to a quercetin solution (2 × 10−3 m). c) %DPPH scavenging effect corresponding to 
solutions of BHT, vitamin E, vitamin C, at varying concentrations.
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after dropwise application of an antioxidant solution on the sur-
face of the sensor can be potentially quantified by color inten-
sity measurements. This type of approach is becoming more 
and more popular in diagnostics and chemical and biochemical 
assays, due to its simplicity and cost-effectiveness.[26,27]

The concentration of DPPH radicals embedded in the silicone 
and the thickness of the sensor films were adjusted in order to 
observe an optimal development in the color change that could 
be sensed visually. For this purpose, a film thickness ranging 
from 350 to 500 µm and a concentration of DPPH radicals in the 
sensor of 0.03 wt% were found to be optimal. Different reaction 
rates of the antioxidants with DPPH radicals entrained in the sili-
cone elastomers were observed. These differences are attributed 
both to rates of migration of the antioxidant through the silicone 
and rates of reaction with DPPH. While vitamin E in isopropanol 
induced a discoloration of the sensor shortly after the contact, 
BHT in isopropanol showed a slower initial reactivity, followed 
by a fast discoloration developing ≈10 min after the contact with 
the sensor. One of the factors that strongly affects DPPH reac-
tivity with antioxidant compounds is the steric accessibility to the 
radical site.[28] Thus, a slower reactivity shown by BHT compared 
to vitamin E can be partially explained by the considerable steric 
hindrance of BHT (Figure S1, Supporting Information) that 
affects the reaction rate.[29] These two antioxidants are at least 
partly soluble in silicones and readily dissolve in isopropanol; 
silicones readily swell with isopropanol. Thus, the noted differ-
ences in rates between the antioxidants are ascribed to relative 
reactivity, not solubility or mobility through the silicone.

In contrast to BHT and vitamin E, vitamin C in water did not 
induce an extent of discoloration that correlates with the concen-
tration of the solutions. This observation can be supported by 
two possible explanations. First of all, the hydrophilic vitamin C 
can only react at the surface of the hydrophobic silicone 
sensor—it will not diffuse into the body of the silicone elas-
tomer. Second, the aqueous solution is not capable of extracting 
the DPPH embedded in the sensor, due to the poor solubility of 
DPPH in water. Thus, the efficiency of this sensor for vitamin C 
is compromised by lack of solubility/swellability in water.

The case of quercetin requires a separate discussion. As 
reported by Foti et al.,[30] monitoring the reaction of DPPH 
with quercetin using ordinary spectrophotometers can be 
misleading, since the UV-vis absorption spectra of DPPH and 
the oxidation products of quercetin (Figure S4, Supporting 
Information) are similar. Therefore, the decrease in absorb-
ance of DPPH at 514 nm (that represents the DPPH radical 
scavenging activity of quercetin) can be misinterpreted.  
Nevertheless, as shown in Figure 4, the response of the sensor 
to quercetin can be clearly detected by the naked eye and the 
color change correlates with the concentration of antioxidant 
in solution.

The main advantage of the DPPH silicone sensor is its 
versatility. First of all, the colorimetric sensor is responsive 
toward compounds of different nature, such as hydrophilic 
(e.g., vitamin C, in water) as well as hydrophobic (e.g., vitamin E, 
in alcohol) compounds, albeit at different rates. Second, it is 
possible to perform the test in many different media. Alcoholic 
solvents are usually required to perform the traditional DPPH 
assay, due to the very poor solubility of DPPH in water. Many 
strategies have been developed to overcome this issue, such 
as solubilization of DPPH in water using β-cyclodextrin,[31] or 
the use of water-soluble derivatives of DPPH.[32] The DPPH 
colorimetric silicone sensor presented in this work can be used 
to evaluate the antioxidant ability of compounds in aqueous 
as well as organic media. With respect to the analysis of 
compounds solubilized in an aqueous medium, the use of a 
relatively thin sensor film is recommended.

The ability to measure antioxidant activity qualitatively and 
quantitatively without the need for pretreatment provides a real 
advantage to DPPH silicone sensors over traditional routes. 
The practicality of the DPPH colorimetric sensor is not only 
endorsed by its compatibility with the analysis of real food 
and beverage samples, but also for its stability. Even though 
a progressive degradation over time is detected, the DPPH 
silicone sensor shows a significant improvement in the stability 
in comparison to other methods for immobilizing DPPH 
radicals previously reported in literature.[15,16]

Adv. Mater. Technol. 2019, 4, 1900569

Figure 6. a) DPPH colorimetric sensors coated on the bottom of the wells of a microwell plate are shown after contact with non-pretreated food and 
beverage samples. b) Response curves of the sensors. Time-dependent decay in absorbance of the DPPH silicone sensor at 514 nm in response to 
olive oil, sunflower oil, black tea, green tea, black coffee, and white wine.
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Silicone elastomers have been advantageously used in many 
applications because of the ease of fabrication, transparency, and 
the inherent flexibility given by the silicone elastomeric network. 
They may be prepared in flat sheets, as described here, but also 
in much more complex forms, including via 3D printing.[33] The 
DPPH elastomer here constitutes an example of a responsive 
polymer,[34,35] which are of increasing value in a wide variety of 
(bio)analytical assays, including microfluidic technologies[36,37] 
that are used to measure antioxidant activity of target mole-
cules.[38] This practical, easy to fabricate sensor may be prepared 
in a variety of physical formats, and can be optimized to test for 
antioxidant activity in a variety of liquid media. The sensor allows 
for rapid qualitative assessment—including in situ testing of dif-
ferent food and beverage samples, ranging from samples in oil 
phase (e.g., olive oil) to samples in aqueous media (e.g., tea), 
without the need of any special pre-treatment—or can be opti-
mized for more quantitative analyses. Work to develop sensors 
that can discriminate between different antioxidants, by exploiting 
the observed differences in rates of reductions, is ongoing.

4. Conclusion

In this study, a new colorimetric solid-state sensor for rapid, 
cost-effective, and facile screening of antioxidant activity was 
developed. DPPH radicals were physically immobilized into a 
silicone matrix by means of a simple process. Once silicone cure 
has taken place, the sensor is ready-to-use for the in situ assess-
ment of the presence of antioxidant compounds (yes/no test). 
Both the quantity of solvents needed for the test and the prepa-
ration time for the assay are reduced tremendously: given these 
advantages, the DPPH silicone sensor represents a competitive 
alternative to the traditional in vitro DPPH assay.

It was demonstrated that the remarkable versatility of the 
DPPH silicone sensor allows for the analysis of compounds of 
different nature, solubilized in both organic as well as aqueous 
media. Different reference compounds, such as vitamins (vitamin 
E, vitamin C), the synthetic antioxidant BHT, the flavonoid 
quercetin, and non-pretreated food/beverage samples were used 
to test the efficiency of the DPPH silicone sensor. When the redox 
reaction occurs between the antioxidants and the DPPH radicals 
entrained in the silicone, it is possible to observe a color change 
from purple to yellow that develops within 5–10 min.

The extent of the change in color of the sensor correlates 
with the concentration of antioxidant applied. When prepared 
within the wells of a microplate reader, it is possible to evaluate 
quantitatively the antioxidant activity of compounds using a 
spectrophotometer. The response of the sensor is measured 
by monitoring the decay in absorbance over time caused by 
contact with antioxidant solutions with different concentra-
tions. Thus, DPPH silicone sensors can be employed for both 
qualitative and quantitative evaluation of antioxidant activity of 
desired compounds or food/beverage samples.

5. Experimental Section
Reagents: Telechelic silanol-terminated polydimethylsiloxane (PDMS, 

Mw = ≈17 000 g mol−1, as determined by size exclusion chromatography) 
was purchased from Wacker Chemie AG (Germany). Methyltrimethoxysilane 

and dibutyltin diacetate catalyst were purchased from Sika AG (Switzerland). 
2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical, 2-propanol (≥99.8%), 
α-tocopherol, ascorbic acid, butylated hydroxytoluene, and quercetin were 
purchased from Sigma-Aldrich (US). Absolute ethanol was purchased from 
VWR Chemicals (US).

Food and Beverage Samples: Olive oil (Monini), sunflower oil (Coop), 
black coffee (Douwe Egberts), and white wine (Chardonnay, France) were 
purchased in a local supermarket (region of Copenhagen, Denmark) 
and used without any preliminary treatment. Homemade olive oil was 
supplied by a local olive oil producer from the Lazio region (Italy). Tea 
samples were prepared by pouring 200 mL of boiling water over 2 g 
of green and black tea leaves (origin: China), respectively. The tea was 
steeped for either 10 min or 24 h and then filtered.

Preparation of the DPPH Silicone Formulation: Silicone elastomers were 
synthesized via a condensation reaction between the telechelic silanol-
terminated PDMS and the methyltrimethoxysilane cross-linker, catalyzed 
by tin (dibutyltin diacetate). An attempt was made to prepare DPPH-
containing silicone elastomers via a platinum-catalyzed hydrosilylation 
reaction, but the DPPH radicals were found to be incompatible with 
the addition curing formulation. The stoichiometric ratio (molar 
ratio of methoxy groups over silanol groups, r) used to cross-link the 
elastomers was r = 20. First, cross-linker (0.5 g, 3.5 × 10−3 mol) and 
DPPH (1.5 × 10−3 g, 3.8 × 10−6 mol) were mixed uniformly using a dual 
asymmetric centrifuge (SpeedMixer DAC 150 FVZ-Kat) at 3500 rpm for 
4 min. Subsequently, PDMS (4.5 g, 2.66 × 10−4 mol) and tin catalyst 
(0.012 g, 0.25 wt% of the total formulation) were added to the mixture 
which was mixed again at 3500 rpm for 4 min. As a result, DPPH 
appeared to be uniformly distributed within the silicone formulation.

Fabrication of the Colorimetric Sensor: In order to produce the 
colorimetric sensor, the DPPH silicone formulation was cast with an 
automatic film applicator (Elcometer 4340) and knife (Elcometer 3580) 
at a fixed thickness (e.g., at ≈350 µm) and cured in the dark at room 
temperature overnight. When curing was complete, the silicone elastomer 
appeared as a transparent purple freestanding film with homogenously 
dispersed DPPH radicals. For quantitative assessment of the radical 
quenching activity of the antioxidants, the DPPH silicone formulation was 
coated on the bottom of the wells of a 24-microwell plate. An identical 
amount of silicone elastomer (0.190 g) was transferred into each well, 
ensuring the same final thickness of approximately 500 µm for all the 
resulting sensor disks when curing was complete.

Fourier Transform Infrared (FTIR) Spectroscopy: Attenuated total 
reflectance FTIR (ATR FTIR) spectra in the range of 4000–350 cm−1 were 
recorded on a Nicolet iS50 ATR spectrometer with a diamond crystal 
from Thermo Scientific.

Scanning Electron Microscopy (SEM): SEM and microanalysis were 
performed with an FEI Quanta 200E-SEM environmental scanning 
electron microscope, equipped with a field emission gun. The surface 
was visualized in a low vacuum, using water vapor as auxiliary gas at a 
pressure of 150 Pa. A mixture of secondary and back-scattered electrons, 
generated by the sample surface, was detected with the large field 
detector for an incident electron beam of spot 3 accelerated to 10 keV. 
The elemental composition of the samples was determined by energy 
dispersive X-rays with an Oxford Instruments 80 mm2 X-Max silicon 
drift detector Mn Kα resolution at 124 eV, also in a low vacuum (150 Pa) 
with a 500 µm pressure-limiting aperture X-ray cone. Microanalysis 
data acquisition and quantification were performed with the Oxford 
Instruments Aztec program version 3.1.

Preparation of the Antioxidant Solutions: Stock solutions (2 × 10−3 m) of 
test antioxidants were prepared in ethanol or isopropanol (α-tocopherol, 
butylated hydroxytoluene, and quercetin) or deionized water (ascorbic 
acid) and diluted to progressively lower concentrations for analysis 
(1 × 10−3, 0.5 × 10−3, and 0.25 × 10−3 m).

Response Curves of the DPPH Silicone Sensor: A Polar Star Omega 
(BMG Labtech) spectrophotometer was used to measure the response 
of the sensor to antioxidants over time. 24-microwell plates coated with 
DPPH silicone were used to perform the experiments. The absorbance 
spectra (λ = 220–1000 nm) of the sensors were recorded before and 
after the measurements. For the response curves, antioxidant solution 
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(500 µL) in different concentrations were transferred into the wells 
coated with DPPH silicone elastomers and the absorbance at 514 nm 
was recorded every 5 min for 180 min. UV-vis absorbance is expressed 
as normalized optical density (O.D.).

The detection limit of the sensor for the tested antioxidants was 
assessed by measuring the response of the sensor (DPPH loading of 
0.03 wt%) to progressively lower concentrations of the antioxidant 
solutions (from a concentration of 2 × 10−3 to 15 × 10−6 m). The limit of 
detection was expressed as the lowest concentration of the antioxidant 
solution that induced a response in the sensor that could be detected by 
means of UV-vis spectrophotometer.

The reproducibility of the test was assessed for 10 silicone sensors 
(DPPH loading of 0.03 wt%) prepared following the same procedure by 
measuring the response (normalized O.D. at 514 nm) of the sensors 
after 30 min reaction with solutions of vitamin C, vitamin E, and BHT 
(0.5 × 10−3 m). The reproducibility values were reported as relative 
standard deviations.

The radical quenching activity of the antioxidants was calculated 
using the fixed reaction time method and the steady-state saturation 
method,[20] expressed, respectively, by Equations (1) and (2)

( ) ( )=
−

DPPH scavenging effect % 1000 1

0

A A
A

 (1)

(A0 = initial absorbance, A1 = absorbance after 30 min)

( ) =DPPHremaining % 100f

i

A
A  (2)

(Ai = initial absorbance, Af = absorbance at the steady state).

Stability Studies: To perform the stability studies, two 96-microwell 
plates were coated with DPPH silicone and stored for 1 month at room 
temperature and at refrigerator temperature (+4 °C), respectively. The 
absorbance of the sensor and its response to a freshly prepared solution 
of vitamin E (concentration of 1 × 10−3 m in ethanol) were measured 7, 
14, and 30 days following the preparation day, respectively. The decrease 
in the absorbance of the sensor over time was calculated based on the 
initial absorbance. The decrease in response of the sensor over time was 
calculated based on the %DPPH scavenging effect of 1 × 10−3 m solution 
of vitamin E measured the day after preparation of the sensor.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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C.2 SUPPORTING INFORMATION 
 

 

Figure S1 Structures of the antioxidants selected for the study. 

 

 
Figure S2 Fourier transform infrared spectroscopy (FTIR) spectrum of the silicone elastomer filled with 0.03% 
DPPH radicals.  
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Figure S3 a), b) Scanning electron microscopy (SEM) images of the DPPH silicone sensor filled with 0.03 wt% 
DPPH. c), d) Element mapping of nitrogen by energy-dispersive X-ray spectroscopy (EDX): the distribution of 
nitrogen in the sample is visualized in red.  

  

 

Figure S4 Scheme of the oxidation mechanism of quercetin.[93] 
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Figure S5 Response curves of the sensors with a DPPH loading corresponding to 0.01, 0.03, and 0.05 wt%. The 
plots show the decrease in absorbance of the sensor at 514 nm over time in response to BHT, vitamin E, and 
vitamin C solutions at different concentrations (2, 1, 0.5, and 0.25 mM). 
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Figure S6 Response of the sensors with a DPPH loading corresponding to 0.01, 0.03, and 0.05 wt%. The plots 
show the calculated %DPPH scavenging effect corresponding to solutions of BHT, vitamin E, vitamin C, and 
quercetin at varying concentrations. 

 

 

Figure S7 Response of the sensors with a DPPH loading corresponding to 0.01, 0.03, and 0.05 wt%. The plots 
show the calculated %DPPH remaining corresponding to solutions of BHT, vitamin E, and vitamin C at varying 
concentrations. 
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Figure S8 Response of the sensor (DPPH loading of 0.03 wt%) as a function of increasing thicknesses: %DPPH 
scavenging effect of solutions of vitamin C, vitamin E and BHT (concentration 1 mM). Note: the 
spectrophotometer was insufficiently sensitive to measure the absorbance (or changes in it) with the thinnest 0.2 
mm sample.  

 

Table S1 Performance of the sensor: limit of detection and reproducibility of the test for solutions of vitamin E, 
vitamin C, and BHT.    
 
 
 
 
 
 
 
 

 

 

 

an = number of replicate analyses; bCalculated as average normalized OD at 514 nm after 30 min of reaction in 
contact with the antioxidant solution (concentration of 0.5 mM); cRelative standard deviation. 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Reproducibility 
n = 10a 

Antioxidant 
Limit of 
detection 

[µM] 

Response of 
the sensorb 

RSDc 
[%] 

Vitamin E 15 0.36 ± 0.048 13.1 

Vitamin C 60 0.57 ± 0.045 7.9 

BHT 120 0.77 ± 0.034 4.7 
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Table S2 Stability studies. Calculated values of %decrease in absorbance and %decrease in response of the sensor 
over time using different storage conditions (room temperature and refrigerator temperature).   
 
 
 
 
 
 
 
 
 
 

a%Decrease in absorbance of the sensor over time is calculated based on the initial absorbance; b%Decrease in 
response of the sensor over time is calculated based on the initial %DPPH scavenging effect of a 1 mM solution 
of vitamin E (measured one day after preparation of the sensor).   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Room temperature  
storage 

Fridge storage 
(+ 4 °C) 

Storage 
time 

[days] 

Decrease 
in absorbance 

[%]a 

Decrease 
in response 

[%]b 

Decrease in 
absorbance 

[%]a 

Decrease in 
response 

[%]b 
1 2.6  1  

7 8 16.4 3.5 8.5 

14 16.8 30 6.8 18.4 

30 32.5 38.7 14 19.8 
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SUPPORTING INFORMATION 

 

Figure S1 1H NMR spectrum of astaxanthin.  
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Figure S2 1H NMR spectrum of DMS-Z21. 

 

 

Figure S3 1H NMR spectrum of the product astaxanthin-containing PDMS. 
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Figure S4 UV-vis spectra of astaxanthin-containing PDMS and free astaxanthin. λmax ASTA (in a mixture 
isopropanol/THF, due to the very poor solubility of ASTA in isopropanol) = 474 nm; λmax PDMS/ASTA (in 
isopropanol) = 476 nm. 
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