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    Any intelligent fool can make things bigger and more complex. 

It takes a touch of genius and a lot of courage to move in the oppo-

site direction. 

– Albert Einstein 

    When you see everything that happens in the world of science 

and in the working of the universe, you cannot deny that there is 

a ‘Captain on the bridge’. 

– Thomas Edison 
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 ABSTRACT 

 This thesis introduces a new strategy for developing polysiloxane networks with 

the capacity of being recycled. The conventional methods of cross-linking polysiloxanes 

suffer from lack of self-repair and recyclability. Diels-Alder/retro-Diels-Alder (DA/RDA) 

equilibrium is a key to establish thermally reversible linkages among polysiloxane 

chains to enable the material’s recyclability. The equilibrium is optimized to improve 

the extent of reversibility of the Diels-Alder adduct through functional groups such as 

carboxyphenyl, ester, and carbon spacers in the structures of maleimide and furan de-

rivatives. The DA/RDA equilibrium is studied by various nuclear magnetic resonance 

(NMR) spectroscopy experiments and differential scanning calorimeter analyses. The 

DA reaction is found to be at its highest rate at 50 Cͦ while the retro-Diels-Alder reaction 

is predominant at 110 Cͦ. Comparison of the reaction rate constant of the optimized ma-

leimide and furan derivatives at 50 Cͦ with the literature suggests that the DA reaction 

is among those ones described as ultra fast kinetic. Accordingly, series of polysiloxanes 

are functionalized with the optimized maleimide and furan derivatives to obtain recy-

clable polysiloxane networks. Dynamic, variable-temperature solid-state 1H NMR exper-

iments are confirmed the rapid, reversible nature of the cross-links within the polysilox-

anes. The injured networks are mended to the point that signs of defects were nearly 

imperceptible even by scanning electron microscopy. The binding strengths of the 

healed materials are quantified using stress-strain measurements. The healed networks 

displayed binding strengths that are equal or superior to the undamaged ones. 
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   Introduction                 

Recognizing the available tools for enhancing the properties of materials is the key point in 

designing advanced polymer systems. In fact, multi-component polymeric materials are 

widely used to increase durability and to impart a specific set of properties in a polymer for 

a given application. These materials have advantages that none of the individual components 

could offer in isolation. Thus, the purpose of this chapter is to provide a concise overview of 

the polymer design elements used in this thesis before discussing the main subject in the next 

chapters. Polymers in general, the unique properties of polysiloxanes, the hydrosilylation 

reactions, the characteristics of bimodal siloxane networks, and the opportunity for 

preparing truly dispersed silsesquioxane containing nanomaterials will be briefly discussed. 

1.1 Silicon Atom 

Silicon (28Si) is among the six elements of periodic table known as the metalloids (i.e., boron, 

silicon, germanium, arsenic, antimony, and tellurium). Since silicon’s electrons are more 

tightly bound to the nuclei compared to metals such as Cu,  Al, and Au, it conducts electricity 

partially. The electron configuration of the valence shell is 3𝑠23𝑝2. Commonly, it forms 𝑠𝑝3 

hybridized tetrahedral structures with a oxidation state of 4+. The capacity of forming the 

most common bond in the nature (i.e., Si-O bond), is made silicon atom a leading element in 

the mineral world as oppose to carbon-carbon bonds which is the prime element in the living 

organisms world. Table 1 briefly distinguishes the properties of silicon from carbon. The 

silicon atom is roughly twice larger than the carbon. Thus, the silicon bonds lengths are 

expected to be longer in comparison with the lengths of similar bonds to carbon. The longer 

distance exist between a silicon atom and the adjacent bonded element weakens the bonding 

and lowers the rotation barrier about the bonds. Due to the longer bond lengths, bulky 

adjacent groups cause less steric effects compared to the carbon analogues. Silicon’s smaller 

electronegativity affects the bond polarity, which also provide a major effect on the bond 

lengths of the atom. Although the role of 𝑑 orbitals in the bonding of silicon in has been 

controversial, a crucial differences between silicon and its analogous (i.e., carbon atom) is the 
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capacity of silicon to form stable hypervalent species such as 5- or 6-coordinate silicon 

derivates.1 

Comparing to similar carbon-based compounds, the improved reactivity of silane derivatives 

can be attributed to the major characteristics of the silicon atom, including the availability of 

low-energy orbitals such as 𝝈∗ orbitals, ionic effects, the Si atomic size, and its lower 

electronegativity. The highest bond polarization occurs with Si-O and Si-X (X= halogens). The 

differences in electronegativity of bonding elements often can be used to predict the 

reactivity of a given covalent bond. In most cases, as opposed to carbon atom, silicon is 

positively polarized (𝑺𝒊𝜹+ − 𝑿𝜹−). However, the exceptional cases are known to be the silicon 

compounds bonded to highly electropositive elements (i.e., the alkali metals). As an example, 

the reaction of (𝑯𝟑𝑪𝜹− − 𝑳𝒊𝜹+) with the two similar compounds: (𝑷𝒉𝟑𝑪𝜹− − 𝑯𝜹+) and 

(𝑷𝒉𝟑𝑺𝒊𝜹+ − 𝑯𝜹−) can be considered.  The first reaction yields (𝑷𝒉𝟑𝑪 − 𝑳𝒊) & (𝑯𝟑𝑪 − 𝑯) 

whereas the analogous reaction produces (𝑷𝒉𝟑𝑺𝒊 − 𝑳𝒊) & (𝑳𝒊 − 𝑯). In fact, the nucleophile 

(𝑯𝟑𝑪𝜹−) attacks 𝑺𝒊𝜹+ instead of the hydrogen. Generally, the bimolecular reactions that 

silicon participates in, are those the bond formation and breakage occurs simultaneously. 

Among any two elements within the periodic table, the covalent bond strengths between the 

halogens/oxygen and Si atom are of the strongest single bonds can be found. Compare to the 

silicon analogous bonds, the C-H bond is stronger while C-O and C-X bonds are weaker.2,3 

Often, silicon atom uses 𝟑𝒔 and 𝟑𝒑 orbitals to form a bond. The 𝒔𝒑𝟑 hybridization or 

tetrahedral is known for most of synthetic or naturally produced silicon derivatives.2 

Although Si atom has access energetically to 𝒅 orbitals, the bonding interactions which 

Table 1. A comparison between carbon and silicon properties.1  
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involves 𝒅 orbitals are generally described to be relatively negligible (i.e., modest 

contribution to the electronic delocalization) due to their high energies.4–6 Thus, other 

orbitals are introduced in the literature to be responsible for the bonding interactions. In fact, 

silicon has low-lying 𝝈∗ orbitals participating in 𝝅-type back-bonding interactions.2,7 Often, 

back-donation happens via relocation of a lone pair that belongs to the adjacent heteroatom 

into a suitably oriented orbital of Si atom. This type of bonding interaction is utilized to 

explain observations such as the higher acidity of silanols in contrast to alcohols, low bending 

force constants of Si-O-Si, and the short bond lengths of Si-OR, Si-N, and Si-F bonds.2,8   

Additionally, the quantum calculations suggest that 𝒅 orbitals participation in hybridization 

does not have a significant role in the bonding. Instead, the qualitative notions such as the 

significantly polar bonds and the ionic contribution are utilized to explain these properties 

of Si atom.6,9 

As an example of insignificant or unimportant contribution of 𝒅 orbital, the interaction of 

𝝅(𝑶) → 𝟑𝝈∗(𝑺𝒊𝑶) in Si(OH)4 is 20 kcal/mol which is five times stronger than 𝝅(𝑶) → 𝟑𝒅(𝐒𝐢) 

interaction.10 The 𝒅 orbital on the central atom is described to have only a secondary role in 

𝝅-bonding.9,11 In fact, it is shown the 𝒅 functions of the second-row elements do not take a 

valence role and are polarization functions in nature.6,12,13 However, a correct description of 

the bonding, structure, and energy in these cases relies on the 𝒅 orbitals. In fact, they are 

additional central-atom acceptor functions, polarizing the available valence orbitals.9 

Compared to the tetrahedral structure of N(CH3)3, N(SiH3)3 is planar. The nitrogen atom 

holds a higher partial negative charge in N(SiH3)3 rather than N(CH3)3. On the other hand, the 

silyl group in N(SiH3)3 possesses a partial charge significantly larger than the methyl group 

in N(CH3)3. It is, therefore, demonstrated that the 𝒑𝝅 → 𝒅𝝅 bonding theory cannot directly 

explain the planarity of the N(SiH3)3. In fact, The planar geometry observed in trisilylamine 

is strongly attributed to the electrostatic repulsion among the silyl groups than the 𝝅-type 

𝒑𝝅 → 𝒅𝝅 donation (𝒅-orbital participation) in the recent quantum mechanical calculations. 

In this regard, an effective long-range electrostatic repulsion between the silyl groups (where 

Si-N bond is more polar than the C-N bond) results in the planar structure of N(SiH3)3.14,15 
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Bond lengths and angles associated with silicon are influenced greatly by the nature of the 

central atom as well as the steric overcrowding. The relaxation of the stress resulted by 

sterically bulky silyl groups occurs via bond length stretch and an increase in the bond angle. 

Considering carbon as a central atom within two silicon atoms (Si-C-Si), the bond angle falls 

within ~104 to 123 degrees. However, depending on the central atom, the angle can be 

greatly altered even without existing bulky groups. For instance, the barrier to the 

linearization of Si-O-Si (i.e., dimethylsilicones) is known to be as low as 1.25 kJ/mole. The 

reason for such low energy barrier is attributed to the donation of a lone pair of the oxygen 

atom into silicon orbitals, shifting the hybridization of the central atom (i.e., oxygen) from 

𝒔𝒑𝟑 to 𝒔𝒑. Therefore, (𝑃ℎ3 − 𝑺𝒊𝑶𝑺𝒊 − 𝑃ℎ3), (𝑀𝑒3 − 𝑺𝒊𝑶𝑺𝒊−𝑀𝑒3), (−𝑂(𝑀𝑒2 −

𝑺𝒊𝑶𝑺𝒊−𝑀𝑒2)𝑂−) are reported to be approximately 180°, 154°, and 145°, respectively.2  

This large Si-O-Si angle is also attributed to Si-O bond’s ionic contributions. Siloxanes have, 

on average, 1.63 Å Si-O bond length which is significantly less than the total covalent radii 

(1.84 Å) mostly due to the ionic contributions. The 𝒅 − 𝒑 bonding is relatively unimportant 

to explain the 𝝅-acceptor properties of Si atom. In fact, electronegativity arguments are 

capable of explaining the bond lengths and angles in species based on silicon.10,16 

Moreover, the electronegativity order is Si < H < C. Thus, it is proven computationally that 𝒑-

donation from lone pairs of oxygen to the 𝝈∗(SiH) bonds in SiH3-OH is preferable compared 

to the analogous compounds based on carbon atom.10 

As mentioned above, the bond lengths of Si-OR, Si-N, and Si-F bonds are shorter compared to 

the total summation of covalent radii. This phenomenon is also rationalized through the 

orbitals overlaps resulting in a stronger bond than a sigma bond. Bonding between silicon 

and heteroatoms can be also described through the ionic factors. It is shown that bond 

strength has a linear correlation with electronegativity. In fact, a more electronegative group 

bonded to Si atom leads to the formation of a stronger bond due to a higher contribution of 

the ionic factor 𝑺𝒊𝜹+ − 𝑿𝜹−(X=heteroatom). As an example, because of having roughly the 

same values for electronegativities of sulfur and carbon, Si-C and Si-S bond strengths are 
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similar. Similarly, as disscussed above, the larger bond angles and the low bending force 

constants associated with Si-O-Si angles is due to the electronegativity differences.2 

The SN2-type reactions of carbon and silicon are a fundamentally different chemical 

phenomenon. This can be exemplified through the H-exchange. Compared to 𝑆𝑖𝐻5
−, 𝐶𝐻5

− is 

reported to be only a transition state. However, 𝑆𝑖𝐻5
− is a stable intermediate for certain 

reactions. Although the H-exchange reactions of Si and C are isoelectronic and isostructural 

regarding the valence electrons and the geometric types of the main species, the trigonal-

bipyramidal 𝐶𝐻5
− is a high-energy transition while the trigonal-bipyramidal structure of 

 𝑆𝑖𝐻5
− is an intermediate which has energy 13-20 kcal/mol lower than the reactants and 

products. Depending on the level of the quantum calculations, 𝐶𝐻5
− energy falls within 52-64 

kcal/mol above the reactants and products. Under closed-shell ground-state condition, a 

bond can be formed provided that the fragment promotes itself to an excited open-shell 

configuration. The promotion energies must be low and the engaged orbitals are required to 

maintain large overlaps with the other fragments' orbitals. The computed energy promotion 

(𝒑 → 𝝈∗) is 55 kcal/mol less for SiH3 compared to CH3. In fact, the 𝝈∗ − 𝑯 overlap is described 

remarkable in the case of SiH3 while the same overlap is roughly zero for CH3. Thus, 𝝈∗(SiH3) 

has a strong bonding capacity in comparison with CH3. Consequently, SiH3 can bind to two 

more hydrogen atoms to form 𝑆𝑖𝐻5
−. In contrast, the insignificant overlap capacity of 𝝈∗(CH3) 

reduces greatly the stabilization of 𝐶𝐻5
−, remaining a high-energy transition. Therefore, 

having high energy along with a poor overlap capability limits the bonding mechanism of 

𝐶𝐻5
− to the 𝒑-type bond. The 𝝈∗ bonding capacity is attributed to the atomic 

electronegativities of these two analogues elements (i.e., C and Si). In this respect, compared 

to CH3, the 𝝈∗(SiH3) orbital is more concentrated on the Si atom, providing a long equatorial 

Si-H bonds which leads to the significant overlap described above. The sever crowding on 

𝐶𝐻5
− can be also considered as another factor, lowering the stability of 𝐶𝐻5

−.6,16,17  

Additionally, the spin-coupled computational approach, where each orbital is allowed to 

delocalize onto other centers to minimize the total energy, provides similar insights into the 

relatively high stability of 𝑆𝑖𝐻5
−. Essentially, due to the lower electropositivity of carbon 
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(which is relatively the same as the electronegativity of the hydrogen) than Si atom, 𝐶𝐻5
− 

cannot achieve a high stability compared to 𝑆𝑖𝐻5
− . Therefore, 𝑆𝑖𝐻5

− is a stable intermediate 

whereas 𝐶𝐻5
− is reported to be only a high-energy transition state.6 

1.2 29Si Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is based on the magnetic properties of 

atomic nuclei. Rotation of nuclei around their axis creates a spin angular momentum (𝑳) 

which can be quantified via the spin angular momentum vector (𝑳 = 𝑰ℏ). In this correlation, 

𝑰 is the nuclear spin and ℏ denotes Planck's constant divided by 2𝜋. The movement of a 

spinning nucleus can be seen as a positive electric current flowing in a loop. The nucleus 

behaves as a magnetic dipole due to such movement, generating a magnetic moment with a 

magnitude of  (𝝁 = 𝜸𝑳). The gyromagnetic ratio (𝜸) is a unique nuclear constant for a given 

elemental nucleus. Nuclei with (𝑰 = 0) do not generate a magnetic moment. Thus, those 

which hold (𝑰 ≠ 0) are utilized for NMR experiments. In fact, (𝑰 ≠ 0) occurs typically for 

those nuclei that have odd atomic numbers. Upon placing a magnetically active spinning 

nucleus in a magnetic field of 𝑩𝟎, the magnetic moment (𝝁) aligns itself according to the 

magnetic field. 𝑩𝟎 magnetic field also creates a torque on the rotation of a nucleus.18,19 

According to the quantum mechanical rules, a nucleus with angular momentum (𝑳) has a 

discrete number of rotation (spin) states. The spin states and energy levels assigned to a 

nucleus are explained through the magnetic spin quantum number (𝒎𝑰 = [−𝑰, +𝑰]). 𝒎𝑰 

contains 𝟐𝑰 + 𝟏 values, representing the total number of possible different energy levels 

(𝑬 = −𝜸ℏ𝒎𝑰𝑩𝟎). When nuclei with 𝑰 = 1/2 are exposed to a magnetic field, the nuclei with 

𝒎𝑰 = +1/2 and 𝒎𝑰 = -1/2 orient their spin magnetic moment vectors parallel and 

antiparallel to the 𝑩𝟎 field, respectively. Compared to those nuclei aligned parallel to 𝑩𝟎, the 

ones that are antiparallel to 𝑩𝟎 hold higher energy. The energy difference between these two 

types of nuclei is known as nuclear Zeeman splitting (∆𝑬 = −𝜸ℏ𝑩𝟎∆𝒎𝑰) where ∆𝒎𝑰 is the 

difference between the lowest energy state (i.e., the ground state) and the excited one. With 

respect to the quantum mechanical rules, the transitions allowed to occur provided that ∆𝒎 
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is equal to one. A transition from a higher energy to a lower energy level results in an 

emission of energy whereas absorption of energy takes place for a transition from a lower 

energy level to a higher energy. The NMR spectrum observes the net amounts of all 

transitions (i.e., absorption and emission) in a sample as a resonance signal. Pulses of a 

second oscillating electromagnetic field (𝑩𝟏) which holds a specific frequency (𝝂) induces 

series of transitions in a sample. The second magnetic field (𝑩𝟏) is adjusted to be 

perpendicular with respect to 𝑩𝟎. If the pulse frequency (𝝂) imposes equal quantum energies 

(∆𝑬 = −𝜸ℏ𝑩𝟎∆𝒎𝑰), the nuclei absorb the energy, resulting in an excitation of the spins to 

higher energy levels. The magnetic field strength is directly correlated with the detected 

resonance frequency of the sample. In fact, a greater field strength (𝑩𝟎) provides a higher 

resonance signal from a sample. In the other words, utilizing a higher magnetic field increases 

the energy difference (∆𝑬), elevating the amount of absorbed energy. Consequently, a higher 

intensity and greater sensitivity of the resonance signal in the NMR experiment can be 

achieved. After exerting the pulse through the second oscillating electromagnetic field (𝑩𝟏), 

the nuclei start to relax via emitting energy at a particular frequency. The signal intensity 

represents the overall emitted energy and the number of excited nuclei. Accordingly, 

quantitative information about the numbers of nuclear spins excited to the higher energy is 

obtainable through the signal intensity.18,19 

There are mainly two well-known methods for performing an NMR experiment. In 

continuous-wave NMR (CW-NMR), the detection frequency is fixed. However, the magnetic 

field is slowly increased during the experiment. A higher resolution requires a significantly 

higher experiment time. Often, repeated scans are necessary for low concentration samples. 

CW-NMR is rarely used as suffers significantly from the concentration constraints. In 

contrast, pulse Fourier Transform NMR (FT-NMR) spectroscopy is widely in used. Upon the 

application of frequent pulsing, a single NMR scan can be obtained in a few seconds for most 

cases. An intense 𝑩𝟏 pulse, which contains a wide frequency range, excites all nuclei via a 

single scan. Consecutively pulsing a low concentration sample provides a significantly higher 

level of sensitivity compared to CW-NMR. After the pulse, the excited nuclei return (i.e., relax) 
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to their ground state. The free induction decay (FID) is the relaxation decay pattern 

associated with the excited nuclei. However, nuclei with different frequencies exhibit 

different decay rates. The length of time between pulses includes the longest portion of an 

FT-NMR experiment. Commonly, the pulse requires roughly 10 𝜇𝑠 while acquiring the FID 

falls within milliseconds to a few seconds. In overall, the FT-NMR can be three orders of 

magnitude shorter than the CW-NMR.18,19 

The surrounding environment of a nucleus alters the local magnetic field (𝑩𝒍𝒐𝒄) of an 

individual nucleus. Thus, each individual nucleus may resonate differently due to the nucleus 

interactions with its surrounding environment in a given sample. Such alteration in a nucleus 

resonance provides quantitative information about the nucleus itself as well as the 

surrounding environment. Spin-spin (scalar), dipole-dipole, and quadrupole are among the 

possible effective interactions related to the surrounding environment. Therefore, the impact 

of the surrounding environment on the behavior of a nuclear spins gives valuable 

information on molecular structures. Electrons shield (i.e., surround) nuclei of a compound. 

The external magnetic field (𝑩𝟎) decrease the local magnetic field (𝑩𝒍𝒐𝒄) of a nucleus as 

𝑩𝟎 interacts with the surrounding electrons. Thus, the magnetic field that a nucleus 

perceived (𝑩𝒆𝒇𝒇) is a result of the external magnetic field (𝑩𝟎) as well as the electron density 

shielding the nucleus. Accordingly, the chemical shielding (𝝈), which has a dimension of parts 

per million (ppm), can be used to define 𝑩𝒆𝒇𝒇 = 𝑩𝟎(𝟏 − 𝝈). The chemical shift (𝜹) is the 

difference of the resonance frequency with respect to a reference often tetramethylsilane. By 

considering the frequency of the examined substance (𝝂𝒔) and the reference frequency 

(𝝂𝒓𝒆𝒇), the chemical shift can be defined as 𝜹 = [(𝝂𝒔 − 𝝂𝒓𝒆𝒇)/𝝂𝒓𝒆𝒇] × 𝟏𝟎𝟔.18,19 

Due to the surrounding electrons, the nuclear spins are coupled. This phenomenon, also 

known as indirect or scalar coupling, results in the splitting of the nucleus energy states of 

the spin system. Therefore, the splitting of the signal appears as multiplets in an NMR 

spectrum. In this regard, the number of intervening bonds, and the nature of the bonds can 

be understood through the frequency differences between the multiplet peaks (the coupling 

constant) in the spectrum.18,19 
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Practically, permanent magnets cannot be used for electromagnetic fields above 90 MHz. In 

fact, the previous generation of electromagnets required a high amount of electricity due to 

the coil resistance low and the necessity of cooling the magnet coils. The development of the 

superconducting wire made higher fields feasible. Below a critical temperature, 

superconducting wire exhibit approximately a zero resistance. Such critical temperature is 

known to be above the boiling point of liquid helium in most NMR magnets. Thus, the current 

continues to flow infinitely provided that the coil is maintained below the boiling point of 

liquid helium. As schematically shown in Figure 1, the liquid helium vessel is insulated 

through a vacuum layer as well as a liquid nitrogen Dewar to minimize the amount of liquid 

helium lost. The sample measurement area of the spectrometer insulated heavily from the 

magnet coils. The radiofrequency coils and the tuning circuits are located close to the sample 

in the middle part of the magnet. The probe consists of a series of electrical connectors 

housed in an aluminum cylinder. The sample placed in NMR tube is lowered into the center 

of the magnet through an airlift. The NMR tube, which often has a 5mm outside diameter, 

optimizes the filling of the receive coil in the probe.  Based on typical sample requirements,  

the probes may have a variety of diameters. Commonly, the probe’s outside diameter falls 

within 1 to 10 mm. A certain type of probe regards a specific nucleus or groups of nuclei such 

as proton and carbon. Moreover, a circuit designated within the probe is responsible for 

Figure 1. Schematic picture of a superconducting NMR electromagnet.20(Adapted from the reference with permission)   
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monitoring deuterium to lock the spectrometer frequency, avoiding destructive drift by the 

magnet via the application of the deuterium resonance.18–20 

Different environments of a nucleus impose different signal emission responses. As a result, 

the frequency absorbances captured by the spectrometer depends on locations of nuclei. This 

leading to a range of reproducible signals known as chemical shifts. In this regard, most 

structures are reported to be within 0-12ppm, 0-200ppm,-200-50ppm for 1H, 13C, and 29Si, 

respectively. Also, 1H can influence the signal of the adjacent hydrogens on neighboring 

carbon atoms, known as spin-spin coupling, resulting in reproducible splitting patterns in 1H 

NMR. In fact, the original signal splits according to the number of hydrogens on neighboring 

carbon atoms plus one. However, the area underneath of the peaks represents the number of 

hydrogen atoms responsible for the signal.20,21 Table 2 illustrates the differences among 1H, 

13C, and 29Si. Due to the 1H predominant natural abundance, 1H nucleus gives a hundred times 

more sensitivity, providing better resolutions compared to 13C.21 Moreover, the natural 

abundance and gyromagnetic ratio of the 29Si element is 4.7% (i.e., around one-fifth of a 

proton) and -5.314 (107 𝑟𝑎𝑑 𝑇−1𝑠−1), respectively. Among isotopes of silicon atoms (i.e., 28Si 

(92.21%), 29Si (4.70%), and 30Si (3.09%)), only 29Si has a nuclear spin of 1/2 to establish a 

magnetic moment. Moreover, 29Si has a magnetic moment of -0.961 with a sensitivity of 

3.69× 10−4. Although 29Si has a higher proportion in the isotopic mixture, the magnetic 

moment’s absolute value is lower than of 13C, leading to a poor resonance frequency. 

Therefore, the low sensitivity of 29Si NMR needs to be compensated through expanding the 

NMR experiment time, enriching the concentration of the NMR sample, increasing the 

number of scans, or utilizing a higher NMR magnetic fields.20–22 

 

Table 2. Natural abundance and gyromagnetic ratio of different nuclei.22 
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In terms of silicon NMR, a known difficulty is the relaxation time which most often is greater 

than 20 second, causing the experiment to become highly time-consuming. The 

interpretation of silicon chemical shifts is described based on the charge on the silicon atom. 

In this regard, a parabola curve behavior can be observed by comparing the total 

electronegativities of the substituents on silicon atoms versus the silicon chemical shifts. It is 

assumed that the paramagnetic factor is responsible for such behavior. Thus, the magnetic 

shielding 𝝈 includes three components which are the diamagnetic component (𝝈𝒅), the 

paramagnetic factor (𝝈𝒑), and the neighboring atoms influence (𝝈𝒏). The chemical shift is 

mostly affected through elements bonded to the Si atom. However, common parameters such 

as ring strain, solvent effects, and silicon atom coordination number have impacts on the 

chemical shifts. Interaction of the magnetic nuclei in a sample imposes the splitting patterns. 

With respect to 29Si NMR, there are two distinguished occasions. In the first case, the isotopes 

such as 1H, 19F, or 31P couples with 29Si, resulting splitting patterns in 29Si spectra. On the other 

hand, small satellite lines on each side of the main line are a result of coupling with rare spins 

such as 29Si itself or 13C. 29Si, which has a spin quantum number of 𝑰 = -1/2, is the only NMR-

active isotope for silicon found naturally. The relatively insensitivity of the nucleus as well as 

the low a natural abundance (4.7%) constrained severely the application of silicon NMR for 

many years. However, the silicon NMR is become a routine experiment owing to the 

development of NMR spectrometers based on Fourier transform and pulse sequences.23–25  

Application of a paramagnetic relaxation agent is among many techniques that are 

introduced to enhance the sensitivity of the 29Si NMR experiment. Commonly, an addition of 

0.1% solution of the agent (e.g., chromium complex) in the NMR solvent lowers the total 

acquisition time by a factor of ten. Appropriate non-glass NMR tubes, which are mainly based 

on Teflon@ or fluorinated ethylene/polypropylene, and silicon-free probes are utilized to 

minimize/remove the background signals. Moreover, a number of techniques are developed 

based on the coupled nearby protons such as Si-H or Si-CH3 to improve the slow acquisition 

rate of silicon NMR. In fact, these advanced techniques aim to exploit the relaxation time and 

sensitivity of protons nuclei coupled to the silicon atoms. In these techniques, however, 
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noncoupled structures are not observable. Thus, remarkable improvement is achievable 

when Si atom is directly bonded to the hydrogen atom.23–25 

In 29Si NMR, the tetramethylsilane chemical shift is widely used as a reference. Trimethylsilyl 

(TMS), (𝑪𝑯𝟑)𝟑𝑺𝒊– , is among the most common group in silicon NMR. The chemical shifts of 

(𝐶𝐻3)3𝑆𝑖– 𝑪 occurs mostly near 0 ppm. More precisely, the upper and lower chemical shifts 

of TMS derivatives bonded to – 𝑪, – 𝑶, and −𝑵 are [-25,+30], [-1,+59], and [-29,+40] ppm, 

respectively. In terms of trimethylsiloxy category, the chemical shifts are related to the 

Figure 3. Structural representation of the polysiloxanes and the chemical shift regions attributed to the 

units.25(Adapted from the reference with permission)   

Figure 2. The chemical shift ranges for the trimethylsilyloxy derivatives.25(Adapted from the reference with permission)   
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oxygen atoms charges and the polar substituent effect. The chemical shift ranges for the 

trimethylsilyloxy derivatives are shown in Figure 2 for a variety of substituents.25  

29Si NMR widely has been utilized to characterize oligomeric and polymeric siloxanes. In fact, 

the characterization of oligomeric and polymeric siloxanes is among the primary applications 

of the silicon NMR. In this regard, the main aim is to assess the building units of the silicone-

based macromolecules (Figure 3). Often a superscript notation is used to distinguish a type 

of repeating unit with respect to the substituent bonded the silicon atom. The number of 

oxygen bonded silicon atom is the main difference between the building units shown in 

Figure 3. With exception of the M group, the substitution of an R group with an oxygen atom 

results in a shift toward lower frequencies. As discussed above, the chemical shifts are 

sensitive to the neighboring effect of the adjacent group. Thus, in the polysiloxane chain 

structure, such effect is widely used to understand the microstructure of the polymers.23–25 

1.3 Esterification 

Carboxylic acids are known as weak acids. However, their acidity is higher than alcohols or 

phenols. For instance, the 𝑲𝒂(i.e., acid ionization constant) of acetic acid is significantly 

(~1011 times) higher than ethanol. Such higher acidity is attributed to the resonance 

stabilization of the negative charge in the conjugate base, where the negative charge is placed 

on the oxygen atom. Inductive effect is another factor affecting the carboxylic acids acidity. 

In fact, the O—H bond is polarized by the carbonyl group via attracting electron density 

through the sigma bonds, weakening the H—O bond. Consequently, the acidity of the 

ionizable hydrogen atom increases due to the reduced electron density of the H—O. On the 

other hand, an alkyl or aryl group attached to the carbonyl carbon atom has another inductive 

impact on 𝑲𝒂. Alkyl groups are electron-donating compared to hydrogen atom. The acid is 

stabilized by the alkyl through an electron density release to the carboxyl group. In contrast, 

this effect destabilizes the conjugate base. For instance, the 𝒑𝑲𝒂 of acetic acid (~4.74) is 

higher than acid than formic acid (~3.75). Since an aryl group, which possess an 𝒔𝒑𝟐-

hybridized carbon atom, is relatively electron-withdrawing compared to the alkyl group, the 
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𝒑𝑲𝒂 of benzoic acid (~4.19) is lower than that of acetic acid. Thus, the adjacent of an electron-

withdrawing group to carboxylic acids lowers the 𝒑𝑲𝒂, resulting in more acidic structures.26   

The esterification of a carboxylic acid is not feasible under base-catalyzed mechanism as the 

basic catalyst deprotonates the carboxyl group to generate the carboxylate conjugate base, 

which is unreactive as a result of the resonance stabilization of the negative charge.27 

Fischer esterification is an acid-catalyzed reaction of a carboxylic acid with an alcohol to form 

an ester. Since the Fischer esterification is an equilibrium, the reaction has to be pushed 

forward to obtain high yields. An excess amount of reactants (i.e., the alcohol or acid), the 

addition of dehydrating agents to reduce the amount of water produced can help to force the 

equilibrium toward the esterification. The reaction consists two main steps (Figure 4). In the 

first step, the protonation renders the carbonyl group more electrophilic, the addition of the 

alcohol, and deprotonation completes the reaction to yield the ester hydrate. Through the 

second step, acid-catalyzed dehydration occurs to produce the ester.27 

Novozym-435® (N435) as a catalyst lowers the energy barrier of the esterification reaction 

while the equilibrium of the reaction is not influenced. Similar to the Fischer esterification, 

the equilibrium constant of the ester formation/hydrolysis relies on the substrate reactivity, 

and a complete conversion is often feasible with either excess amounts of reagents or the 

removal of water molecules. The unique functions of N435 as a catalytically active protein is 

due to its complex three-dimensional structure. Compared to the Fischer esterification, an 

enzymatic esterification has distinguishable characteristics such as accelerated reaction 

rates, high selectivity toward the substrates (i.e., the enzyme may favor significantly a specific 

Figure 4. Fischer esterification mechanism.27(Adapted from the reference with permission)   
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set of substrates), and the resulted product of an enzymatic reaction often follows a specific 

regulation (rule). More precisely, N435 is highly enantioselective towards chiral secondary 

alcohols. This is attributed to the structure of the active site of the enzyme where the 

secondary alcohols must adopt specific spatial conformations to coordinate or fit into the 

N435 pocket (i.e., active site). Thus, the enzymatic esterification is enantioselective with 

respect to chiral secondary alcohols. According to Kazlauskas’ rule28, the N435 pocket favors 

the (R)-enantiomer of bulky substituents compared to the (S)-enantiomer. Therefore, N435 

enables the esterification to be highly selective (e.g., stereoselective, and enantioselective) 

toward substrates.29      

The reaction of a carboxylic acid with an alcohol can be catalyzed by enzymes based on the 

same principle as the Fischer esterification (e.g., the protonation renders the carbonyl group 

more electrophilic). In fact, commercially available N435 is widely used in transesterification 

or esterification reactions due to its high stability and activity. It is a non-toxic, renewable 

Figure 5. Novozym-435® can be used as a transesterification/esterification catalyst.30(Adapted from the reference 

with permission) 
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catalyst. N435 is an immobilized lipase which can be readily separated, recovered, and 

recycled for repeated usages. The catalytic triad of N435 is consist of histidine (base), serine 

(nucleophile), and aspartate which are located inside the active site (Figure5). Three 

hydrogen bond donors stabilize the transition states and the tetrahedral intermediates. A 

nucleophilic attack via serine on the carbonyl carbon leads to the acyl-enzyme intermediate. 

As shown in Figure 5, the interaction of an alcohol with the acyl-enzyme intermediate in the 

active site forms the second intermidiate (i.e., tetrahedral intermidiate with alcohol), leading 

to the desired ester. Similar to Fischer esterification, the mechanism’s reactions are all 

reversible. Therefore, reducing the amount of water as a product or using excess amounts of 

reactants improves the reaction yield.30–33 

1.4 Polymeric Materials 

Polymers are consist of long molecular chains made by the chemical bonding of repeating 

units (monomers). While a homopolymer has only one type of monomer along its backbones, 

a copolymer has more than one repeating unit. The building blocks of the copolymers chains, 

however, can be aligned at more or less regular intervals within the chains. On the other 

hand, graft copolymers are a special type of branched polymers in which the chain backbone 

include more than one distinct repeating unit where pendant groups are tethered, Figure6.34  

Although many people probably do not realize it, modern life without polymeric materials 

would not be feasible. Even though plastics and rubbers are all around us in everyday use, 

polymers are almost anonymous for a majority of consumers. Polymers are a versatile class 

Figure 6. Structures of a homopolymer, a copolymer, and a graft copolymer. 
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of materials covering a wide range of properties.  For example, a typical elastic modulus for  

a rubber can be as low as 10 KPa, whereas for a fiber of a liquid-crystalline polymer this value 

could be as high as 350 GPa or 35,000 times stronger. Another example is the electrical 

conductivity of polymers. The best insulating polymer could have a conductivity as low as 

10−18 Ω−1 𝑚−1 while polyacetylene may have a conductivity value of  104 Ω−1 𝑚−1, which is 

1022 times higher.35   

The elastic modulus, also known as Young's modulus, is a measure of the stiffness of solid 

materials. Polymers experience different physical states as the temperature changes 

(Figure7), which can result in a significant change in the elastic modulus. At low 

temperatures, as a result of low internal energies, polymer chains hardly move under an 

applied force (i.e., large deformations are suppressed). In this condition, polymers are 

described as being glassy or brittle. The glass transition temperature (𝑇𝑔) is a reversible 

change in the physical state where polymers undergo a transition from a hard and glassy 

(crystalline) state to a soft and rubbery state.  Such significant alterations in the materials’ 

properties have made the 𝑇𝑔 an important factor in designating a reliable operating 

temperature for polymers.  At the melting temperature (𝑇𝑚) chains can flow as a highly 

viscous liquid as a result of the increased amount of energy available. However, depending 

on the type of polymers, one or more physical states can be observed.36  

Figure 7. Different possible physical states for polymers.36 (Adapted from the reference with permission) 
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Thermoplastics, thermosetting polymers (or thermosets), and elastomers are the three main 

groups of polymeric materials. A polymer’s bulk properties are a reflection of its 

microstructures. That is why the thermoplastics, thermosets, and elastomers exhibit distinct 

physical and mechanical properties. The term “plastics” comprises the two first groups of 

polymers, namely thermoplastics and thermosets. Thermoplastics can be distinguished from 

the other types of polymers by their unique responses or behaviors in a stress-strain test or 

through the effect of temperature on the elastic modulus (Figure 8) which originates from 

their linear or branched chains that are entangled or intertwined with each other. Such 

structures can be enhanced to provide useful physical properties, including high ductility, 

toughness, and impact resistance. In fact, the recyclability or remoldability of thermoplastics 

Figure 8. Sketch of A) tensile test B) temperature sensitivity of the elastic modulus for thermoplastics, ther-

mosets, and elastomers.36  (Adapted from the reference with permission)  

A) 

B) 
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arises from their capacity to soften and melt upon heating. However, in thermosetting 

polymers, chains are covalently linked together, resulting in a rigid three-dimensional 

molecular structure/network. Polymers may achieve a higher elasticity and tensile strength 

through these irreversible cross-links, but they become brittle as the rigidity of the network 

increases. Since these networks do not flow, thermosets do not have a  𝑇𝑚. Moreover, rubbers, 

or elastomers, contain chains with a lower cross-link density than the thermosets. 

Elastomeric chains structures are typically random coils with a 𝑇𝑔 well below room 

temperature. The chains can be stretched reversibly without being permanently deformed 

as a result of  their highly flexible backbones.36  

1.5 Polysiloxanes 

The unique properties of polysiloxanes [−Si(RR’)O −] have resulted in this type of polymer 

being one of the most studied polymers about commercial applications.37–39 Over a wide 

range of temperatures, polysiloxanes exhibit extraordinarily high flexibility, low viscosities, 

excellent thermo-oxidative stability, and high moisture resistance. These fascinating criteria 

come from the chains structural characteristics, which can be summarized as follows:37–39 

• In comparison to C-C bonds (1.53 Å), the significantly longer Si–O skeletal 

bond (1.64 Å) reduces steric interference and intramolecular congestion.  

• As disscussed earlier in section 1.1, the molecular orbital calculations 

suggests that ~144° is the intertetrahedral, Si–O–Si bridging bond angle 

which minimizes the bond energy. However, there is a small variation in the 

bond energy from 120° to 180°. As a result, Si–O–Si can obtain a wide range 

of angles.40–42 Thus, the Si–O–Si bond angle (~143 ͦ) is much more open than 

the common tetrahedral bonding (~110 ͦ).  

Figure 9. Sketch of a portion of polydimethylsiloxane chain, bonds angles ’ = 37°, ” = 70°. 37 (Adapted from the 

reference with permission)  
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• Unlike carbon-based polymer chains, the substituted silicon atom followed 

by the oxygen atom are greatly different in size, establishing a non-uniform 

cross-section along the chain. As a result, polysiloxane chains pack 

differently in the bulk or amorphous state compared to polyolefins. The 

polysiloxane’s unusual compressibility43,44 and the equation-of-state are 

attributed to this behavior.37,43,45 

Therefore, polysiloxane chains are in elastic, random coil structures. Due to the high 

flexibility and mobility of the chains, polysiloxanes entangle or intertwine with each other at 

higher molecular weights compared to polyethylene chains. In fact, The chains 

entanglement’s onset reported for polydimethylsiloxanes (PDMS) begins with 404 siloxane 

repeat units corresponding to a molecular weight higher than 30,000 g/mol.46,47 This value 

represents one of the largest critical numbers of chain atoms for the onset of entanglement 

couplings.48,49 Therefore, as a reflection of this microstructure, some of the lowest 𝑇𝑔 values 

observed (i.e., below -100 ͦC) among polymers belongs to PDMS chains.38   

The application of polysiloxanes can be categorized into two main groups: medical and non-

medical applications. Typical non-medical applications include high-performance rubbers, 

membranes, electrical insulators, water repellents, antifoaming agents, adhesives, mould-

release agents, protective coatings, release control agents for agricultural chemicals, 

encapsulation media, mould-making materials, coatings, and hydraulic or heat transfer 

fluids.37,50 These applications are based on the mentioned structural properties along with 

the ease of modifying the material surface. Silicones have also been developed for numerous 

Figure 10. Different types of modified silicones. Functional groups (FG) can be at one end (1), at both ends 

of a siloxane chain (2), wthin of siloxane chains as a grafted homopolymer (3), or copolymer (4) with ad-

justable numbers of repeat units. 
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medical applications as a result of their inert nature, stability, and flexibility. Artificial organs, 

facial reconstruction motifs, vitreous substitutes, tubing and catheters, contact lenses, and 

drug delivery vehicles are medical usage of polymers based on siloxane repeat units.37,51 

Often it is necessary to augment the properties of pure siloxane polymers for a specific target 

application. Aside from the addition of common ingredients such as fillers, processing aids, 

heat-aging additives, and pigments, the addition of pendant groups attached to the polymer 

backbone is a typical method for imparting unique properties to silicones (Figure 10). For 

instance, fluorinated polysiloxanes have been a popular type of modified silicone as they are 

preferred for applications that require the polymer to come into contact with fuels, 

lubricants, hydraulic fluids, and solvents due to their high fuel-resistance, wide operating 

service temperature range, and hardness.52  

Cross-linking of polymer chains is a common approach for enhancing the physical and 

mechanical properties of a polymer system. Often, cross-linked polymers have superior 

properties such as higher durability, solvent resistance, dimension stability, and extended 

lifetimes.  However, cross-linking may also result in polymers that are brittle and less 

toughened. The amount of energy required to break a material in a tensile test (the area 

under the stress-strain curve) is a practical way to measure the toughness of a cross-linked 

Figure 11. A) Stress-elongation plot for bimodal PDMS networks consisting of chains having relatively 

large molecular weight, 𝑴ഥ 𝒄 =18,500 g/mol, blended with short chains [𝑴ഥ 𝒄 =1100 (), 660 (), and 220 () 

g/mol]. Each curve is labeled with the mol percentage of the short chain. B) Sketch of a bimodal network. 

Short chains are drawn thicker than long chains, dots represent the cross-links.53 (Adapted from the reference with 

permission)  
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polymer system. In terms of PDMS networks, incorporating short chains (about a few 

hundred g/mol) along with relatively long chains (around 18,000 g/mol) led to increase not 

only in stiffness but also toughness of the material. Often, these two criteria are inversely 

correlated, meaning the higher the stiffness, the lower the impact resistance. The short chains 

increase the overall stiffness while the long chains are responsible for retarding the rupture 

process through their stretchability. Thus, such siloxane networks, commonly referred to as 

bimodal networks, exhibit an unusually high elastic modulus at large extensibilities, resulting 

in a higher toughness (Figure 11).53 Therefore, utilizing different chain lengths in siloxane 

networks preparation is a valuable strategy to gain and avoid the beneficial properties of 

cross-linked polymers and its disadvantages, respectively.  

1.5.1 Hydrosilylation, A Well-known Route to Functional Silicones 

In silicone chemistry, cross-linked network structures can be prepared by hydrosilylation14-

16, cross-linking with free radicals57,58, radiation59,60, and more recently through “Click 

Chemistry”61–63. Additionally, silicones grafted with acryl, epoxy, vinyl, and styrene functional 

groups are also capable of cross-linking under the influence of light.  

Hydrosilylation establishes a convenient route to polycarbosilanes through an addition 

reaction of Si-H bond to unsaturated bonds. Generally, the catalyst can be based on precious 

metals such as platinum, rhodium, and iridium or non-precious metals such as iron, and 

nickel. The relative catalytic activities of these metals are found to be in the order platinum, 

rhodium, iridium at ambient temperature.55,64,65 The hydrosilylation catalysts based on 

aluminum, boron, alkaline-earth metals, copper, and titanium are not appealing to the 

industry due to their common poor reactivities and yields.65 Among various catalysts, 

hexachloroplatinic acid 𝐻2𝑃𝑡𝐶𝑙6/𝑖𝑃𝑟𝑂𝐻 (Speier's catalyst)66 and 𝑃𝑡2[(𝐶𝐻2 = 𝐶𝐻𝑆𝑖𝑀𝑒2)2]3 

(Karstedt's catalyst) have been the most commonly used hydrosilylation catalysts. Often, 

hexachloroplatinic acid, 𝐻2𝑃𝑡𝐶𝑙6 ∙ 6𝐻2𝑂, is dissolved in an organic solvent such as isopropyl 

alcohol (1-10%) to obtain Speier's catalyst.65,66 Karstedt's catalyst exhibits an improved in 
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activity, selectivity, and solubility in polysiloxane compounds compared to Speier's catalyst, 

widening the applications of hydrosilylation reactions. That is why 𝑃𝑡2(𝑑𝑣𝑠)3 has been used 

mostly as a benchmark for the reactivity comparion of the other hydrosilylation catalysts 

even though platinum element is one of the most expensive, precious metals.22,55,64,65,67–69  

Similar to the other transition metals, platinum can form complexes with unsaturated 

organic compounds through donor-acceptor interactions (Figure 12). Based on the Dewar-

Chatt explanation70, the formation of bond includes two independent steps. In the first step, 

lone-pair donation of the ligand results in an overlap of the 𝜋-electron density of the olefin 

with 𝜎-electron density of the metal. In the second one, the flow of high electron density from 

filled metal 𝑑𝑥
2 or other 𝑑𝜋 − 𝑝𝜋 hybrid orbitals into antibonding, low-lying empty 𝑝 orbitals 

of the olefin leads to the back-bonding.22,55,65,70 After coordinative addition of the substrate to 

Figure 12. Metal-olefin bonding of catalysts based on transition metals.65(Adapted from the reference with permission) 

Figure 13. Explanation of the transition metal catalyzed hydrosilylation of alkenes via Chalk–Harrod 

mechanism and its modified version.64(Adapted from the reference with permission) 
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the metal, a hydrogen atom transfers intramolecularly from the olefin substrate to the metal 

atom. Subsequently, a nucleophilic attack on the coordinated ligands occurs which is 

followed by the insertion of the substrate.65,67,70 More specifically, the Chalk–Harrod 

mechanism71 is widely used to describe the platinum-catalyzed hydrosilylations 

(Figure13).22,69,71,72 The reaction is consist of the oxidative addition of silanes (𝐻𝑆𝑖𝑅3) to a 

metal alkene complex followed by an insertion of the alkene into the 𝑀– 𝐻 bond, prior to the 

final step (i.e., reductive elimination) which leads to 𝑆𝑖– 𝐶 bond formation. A modified version 

of the mechanism is also described in the litrature to rationalize the other phenomena such 

as the induction period and the formation of vinylsilanes (Figure 13).72,73 In fact, in the 

develeoped Chalk–Harrod mechanism, the alkene insertion to the 𝑀– 𝑆𝑖 bond is followed by 

reductive elimination  of the 𝐶– 𝐻. However, computational studies indicated the Chalk–

Harrod mechanism in Pt-catalyzed hydrosilylation reactions is favorable energetically 

compared to the modified Chalk–Harrod mechanism.74,75 Although platinum-based catalysts 

are extensively used in industry as a result of having enhanced catalytic activities, and a 

higher stability towards heat, oxygen and moisture compared to other hydrosilylation 

catalysts, they impose side reactions such as dehydrogenative silylation, hydrogenation, 

isomerization, oligomerization, and redistribution of hydrosilanes shown in Figure 14.64,69,72 

Figure 14. Hydrosilylation and side reactions of platinum-based catalysts.69(Adapted from the reference with permission) 



 

- 25 - 
 

In platinum-catalyzed hydrosilylation of 1-alkenes, the reaction follows the anti-

Markovnikov rule, producing β-hydrosilylated 1-silylalkanes as the major product.22,65,67,70 

As shown in the catalytic pathway of the Karstedt’s catalyst (Figure 15), 𝑂2 is found to serve 

as a crucial cocatalyst for Pt-based hydrosilylation reactions to generate the active Pt-colloid, 

𝑃𝑡𝑥
0(𝑂 − 𝑂), turning the reaction mixture a yellow color. The active colloid reacts with a 

hydrosilane to form the Pt-hydrosilane complex (2). Through preventing irreversible colloid 

agglomeration, molecular oxygen not only influences the catalyst to be more susceptible to 

the nucleophilic attack of the olefin but reduce the darkening effect on the reaction mixture’s 

color.22,67  

Figure 15. Hydrosilylation reaction pathway for Karstedt’s catalyst.54(Adapted from the reference with permission)  
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In the presence of a catalytic amount of Pt(II), vinyl groups efficiently react with silanes (Si–

H). As a result of this reaction, a variety of functional groups can be grafted onto 

polysiloxanes, often without the formation of a negligible amount of side products. The 

addition of polyfunctional silicon hydrides to polyvinylsiloxanes along with Pt(II) complexes 

leads to well-defined networks.76 As discussed earlier, Karstedt's catalyst undergoes an 

induction period (Figure 15). The trace amount of oxygen is necessary to form the colloidal 

platinum complex 1, which acts as a hydrosilylation promoter. Subsequently, intermediate 2 

is generated via the oxidative addition of the silane group to the complex. Through the 

nucleophilic attack of a vinyl group, the hydrosilylation product and platinum catalyst 1 are 

obtained. Commonly, the hydrosilylation reaction yields two adducts known as α and β 

(major product) along with some minor compounds resulted from the side reactions shown 

in Figure 15. Regarding side reactions, trace amounts of water or alcohols, and a slow further 

attack of H−SiR3 on complex 2 may deviate the hydrosilylation from its main route to 

generate alkoxysilanes and deactivate the hydrosilylation catalyst by producing species 

containing Si-Si bonds, respectively.54 Si-H bonds can react with alcohols, amines, and 

carboxylic acids.77 These functional groups, in the presence of alkenes or alkynes, may result 

in competition with O- or N-, and C-silylation. Therefore, protection of reactive groups is of 

vital importance to avoid O- or N-silylation during the preparation of oligosiloxanes with 

such substituents.78–82 In contrast, allyl alcohol, 2-allyloxyethanol, and 4-penten-1-ol can 

predominantly result in C-silylation without protecting hydroxyl groups (Figure 16).81,83–85 

High catalyst concentration, excess amounts of hydroxyl groups, and solvent are the major 

factors eliminating almost all O-silylation reactions.81Also, platinum oxide is known as an O-

Figure 16. O-silylation versus C-silylation. Depending on hydrosilylation condition, C-silylation may ex-

clusively occur. 
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silylation tolerant catalyst.55,86 According to the Chalk-Harrod mechanism of a metal-

catalyzed hydrosilylation, the mechanism’s arrows are drawn as Figure 17.87 

Rhodium, iridium, and ruthenium are the most industrially known alternatives to platinum 

based hydrosilylation catalysts.64,69 Based on recent reports, an improved temperature 

resistance, prevented discolorations, and extended reactivity time are the of the advantages 

described for newly introduced rhodium-based catalysts.64 However, as rhodium is even 

more expensive than platinum, there has been little interests to develop hydrosilylation 

Figure 17. The Chalk-Harrod mechanism of a metal-catalyzed hydrosilylation with the assigned mecha-

nism’s arrows.87  
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catalysts based on this element. Although iridium has a price substantially lower than Pt or 

Rh, the lack of high reactivity and low lifetime impose using high catalyst concentrations. 

Thus, iridium-catalyzed hydrosilylation is more industrially preferred as an alternative to 

prevent Pt-based catalysts selectivity issues.64,65,69 As an advantage of rhodium-based 

catalysts, they are known to provide improved regioselective because of following 

preferentially the modified Chalk–Harrod mechanism as opposes to the platinum complexes. 

For instance, the reaction of trichlorosilane with olefinic nitriles (such as acrylnitrile) 

reported to produce selectively the desired β-cyanoalkylsilanes.64,69 Similar to the other 

metal complexes, chloroplatinic acid, Pt/C, and Ru-based catalysts (e.g., Wilkinson's catalyst) 

are unable to hydrosilylate predominantly the 𝐶 = 𝐶 bond of alcohols or carboxylic acids. In 

most cases, not only the c-silylation but also the competitive reactions (e,g., O-silylation or 

dehydrocondensation) occur, causing the production of alkenoxysilane and acyloxysilane 

compounds. Although, the reaction conditions, polarity of the solvent, usage of cocatalyst, 

and strcuture of the catalyst are reported to be effective on the products ratios, it is essential 

to protect the hydroxy groups to avoid all O-silylation products. In terms of unsaturated 

esters, Pt/C and Speier's catalyst are known to exhibit a higher cpacity of C-

silylation.22,64,65,67,69,71–75 Due to the poisoning impact of the amino functionality, Speier’s 

catalyst and Karstedt’s catalyst are reported to have low to moderate (20%-50%) yields for 

the hydrosilylation of aminated alkenes. However, at the same conditions, Pt/C and PtO2 

provided 95% reaction yields. More recently, PtO2  is introduced as a compatible 

hydrosilylation catalyst which tolerates many functional groups such as amine, acid, nitrile, 

ester, ketone, and ether to yield highly C-silylation products.68 In contrast to Karstedt’s 

catalyst, platinum(0)-carbene complexes are shown to be highly active and selective catalyst 

having compatibility with wide a range of functional group including hydroxy, and epoxy.88 

Additionally, platinum(IV) dioxide (i.e., PtO2) is reported to be highly tolerant toward 

carboxylic acids.88,89 

Complexes based on Fe (iron) are another low-cost hydrosilylation catalysts, where the aim 

is to replace the precious metals with iron while preserving a cost-efficient catalytic activity 
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comparable to the widely used Pt catalysts. Perhaps, iron pentacarbonyl Fe(CO)n is one of the 

well-known hydrosilylation catalysts in this category. However, the reaction associated with 

Fe(CO)5 is prone to the dehydrogenative silylation of alkenes where vinylsilane may become 

the main product. Compared to Speier and Karstedt’s catalysts, iron-based catalysts are 

known to be less general or practical. In fact, their occasionally comparable activities to the 

Pt catalysts is mainly acknowledged industrially for tertiary silanes. Commonly, Fe 

complexes are efficient and regioselectivities compared to the platinum-based catalysts with 

respect to the hydrosilylation of terminal olefins with tertiary silanes. The catalysts in this 

category are typically described to be well-compatible toward a variety of functional groups 

such as halide, primary amine, ester, ketone, and nitrile for yielding the anti-Markovnikov 

products. In fact, the iron-based catalysts are often capable of undergoing a chemoselective 

reaction where the terminal alkene’s double bonds are targeted as opposed to the carbonyl 

groups. The iron centers in these complexes are electron-rich. Thus, the catalysts favor the 

alkene’s double bond over the C−O double bond.90,91 

1.6 Molecular Weight Determination of Polymers 

Generally, polymers are composed of carbon and hydrogen atoms in quite simple 

configurations. However, they can be used in a variety of applications, including human bone 

prosthetic implants, gas pipelines, car bumpers, synthetic fibers, and plastic films. The reason 

for this outstanding versatility is that microstructural characteristics, such as distributions 

of molecular weight, polydispersity index or heterogeneity index, chemical composition 

(short-chain or long-chain branching), have an enormous impact on the macroscopic criteria 

and applications of a given polymer.34,35 Polymers are consist of repeat units (monomers) 

chemically bonded into long chains. Understanding the physical properties of a polymer such 

as mechanical strength, solubility, and brittleness, requires knowledge of the length of the 

polymer chains. Chain length is often expressed in terms of the molecular weight of the 

polymer chain, related to the relative molecular mass of the monomers and the number of 

monomers connected in the chain. However, all synthetic polymers are polydisperse, 
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meaning that they contain unequal chains lengths, and therefore the molecular weight is not 

a single value. Thus, polymer chains exist as a distribution of chain lengths and molecular 

weights, Figure 18.92,93 The molecular weight of a polymer must be described as an average 

molecular weight calculated from molecular weights of all chains in a given sample.35 In gel 

permeation chromatography (GPC), also known as size exclusion chromatography (SEC), a 

dilute polymer solution passes through a column which is packed with porous beads. The 

stationary phase is the small, porous particles. Depending on the size of polymer chain (i.e., 

hydrodynamic radius), the molecule can or cannot pass through small pores of the column. 

The larger molecules pass by and continue to stay in the mobile phase of the column without 

diffusing inside the beads. However, low molecular weight oligomer chains diffuse in and out 

of the pores via Brownian motion, remaining inside of the column for extended amounts of 

times. Therefore, the GPC experiment’s result is a reflection of molecular weights. The 

molecular weight distributions can be determined through comparison of a sample with 

monodisperse standards or a reference polymer such as polystyrene. Furthermore, Matrix-

assisted laser desorption/ionization (MALDI) is another method to obtain the molecular 

weight distribution (MWD) of polymer chains. Compared to GPC which is a relative method 

to derive the MWD, mass spectrometry is a direct technique. Laser irradiation of a thin layer 

made by a given polymer’s sample results in desorbing the polymer into the gas phase. 

Subsequently, the ions are guided toward the mass spectrometer’s channels to be analyzed. 

Typically, the laser pulse is followed by a delay in time prior to application of the voltage. 

Figure 18. Distribution of molecular weights for a typical polymer.294(Adapted from the reference with permission) 
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This enables the ions to move out of the ion source. Afterwards, these ions are accelerated 

via an electric potential. Due to the differences in mass-to-charge ratios (i.e., m/z), ions’ 

velocities vary which produces a series of signals representing MWD.94 

Number-average molecular weights can be obtained through values of boiling point 

elevation, melting point depression, vapor pressure lowering, and osmotic pressure. Placing 

these parameters inside mathematical equations gives an estimate of 𝑀𝑛̅̅ ̅̅ ̅̅ . More sophisticated 

methods are based on dynamic light-scattering and neutron-scattering applied to polymer 

solutions. Also, the ratios of repeating units can be found by comparing the integral values of 

the repeating units in proton NMR. The heterogenity index, previously known as 

polydispersity index, is used as a measure of the broadness of a molecular weight distribution 

of a polymer sample defined by the ratio of 𝑀𝑤̅̅ ̅̅ ̅̅ ̅/𝑀𝑛̅̅ ̅̅ ̅̅ . The larger the value, the broader the 

molecular weight. In a mono-disperse sample (𝑀𝑤̅̅ ̅̅ ̅̅ ̅/𝑀𝑛̅̅ ̅̅ ̅̅ =1), all chains have an equal length. 

However, the best controlled synthetic polymers which are using for calibrations, have a 

dispersity index of 1.02 to 1.10.34,35,92,93 

1.7 The Cubic Silsesquioxanes  

The empirical formula RSiO1.5, represents Q8M8
R Silsesquioxane structures where R can be a 

wide range of functional groups. Interest in utilizing polyhedral oligomeric silsesquioxanes 

(POSS) in polymer structures is based on the unique opportunity available for preparing truly 

dispersed hybrid (inorganic–organic) materials. The POSS’s unusual structure is formed by 

the connection of siloxane rings in a finite molecular skeleton. It is the smallest silica particle 

with a diameter between 1 and 3 nm when the side groups are included. This dimension is 

large enough to be comparable to polymeric segments. Unlike silica particles or other 

traditional fillers for polymers, POSS can be compatible with a variety of polymers, biological 

systems, or surfaces by modifying the substituents attached to the vertices.95–97 Functional 

groups, such as methacrylate, acrylate, styrene, norbornene, amine, epoxy, alcohol, and 

phenol, provide routes for obtaining a diverse library of POSS-containing polymeric 

materials.98,99 A prime example of such compatibility is the amphiphilic POSS designed for 
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encapsulating bioactive molecules.100 Thus, POSS molecules offer a unique opportunity to 

embed inorganic nanosized structures in polymeric materials.  

Regarding incorporating POSS into polymers, several strategies are described in the 

literature. Blending POSS particles into a polymer matrix, covalently bonding mono-

functional POS molecules into polymer chains as pendant groups or building blocks, and 

cross-linking polymers via tri- or higher functional POSS structures have led to a variety of 

POSS-containing polymers.98,99 Phase separation and aggregation of the POSS cages are 

problematic aspects of introducing conventional reinforcing fillers such as carbon black, and 

silica to polymeric media. As a significant advantage over traditional filler technologies, a true 

Figure 19. Hydrosilylation of multifunctional vinyl POSS and 𝑸𝟖𝑴𝟖
𝑯 macromonomers using Karstedt’s cat-

alyst.96,101 (Adapted from the reference with permission)  
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molecular dispersion is achievable as long as the POSS cages are soluble in the reaction 

media.97,98 

Hydrosilylation is an efficient route for developing POSS micro- (<2nm) or mesoporous 

(2nm-50nm) hybrid materials. Based on the gelation times, POSS with higher flexible 

bridging groups can be more reactive due to steric effects and accessibility of the R groups 

(Figure 19). Lengthy, flexible functional groups provide more conformational freedom than 

regid bridging groups. Thus, the time required to reach the gelation point (i.e., the onset of 

having all POSS groups connected to each other as a whole network) may decrease 

noticeably. Consequently, the degree of cross-linking at a given period of the reaction may 

significantly experience an increase in the length of the intercube units increases.96,97,101 

Employing POSS as a component of elastomeric systems can improve thermal stability, 

oxidation resistance, resistance to fire, surface hardening, mechanical strength, and 

viscoelastic properties. Polyimide-POSS polymers are an outstanding example of the 

potential thermal stability that POSS can offer. The mass loss of polyimide-POSS is reported 

to be less than 5% at temperatures below 500 ͦC. Such thermal stability is crucial to achieve 

the protection needed for spacecraft and satelites.97–99 POSS molecules are generally 

described as hard blocks or reinforcing particles in high-performance polymer materials.95–

97 Typically, the incorporation of POSS into polymeric materials not only increases the 𝑇𝑔, but 

also broaden its range.96 The  large mass, and steric structure of the POSS unit restrict its 

displacement, and the segmental motion nearby polymer chains. In fact, segmental motion is 

greatly hindered due to the interactions between polymer chains and POSS molecules. 

Therefore, chains mobilities and segmental motions are more difficult in the presence of 

POSS units. As a result, higher temperatures are required to alter the physical state of POSS-

containing polymers from a glassy to a rubbery state. This mechanism is analogous to the 

‘‘sticky reptation’’ model102 described for hydrogen-bonded elastomers.97,103 Additionally, 

this steric impact can be amplified or even diminished by the type of bridging groups 

connecting POSS structures to polymers chains. Therefore, the rigid bridging via arylic, 
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acrylic, or acetylenic groups amplifies the influence of POSS on glass transition temperatures 

while flexible alkyl groups helps to decrease the effect.96,104 

1.8 Summary 

Polymers are capable of being used in a variety of applications. Adjusting the physical 

properties of polymers can be achieved through a combination of different factors. In fact, 

multi-component hybrid materials can offer not only the thermal stability of POSS but also 

the flexibility and toughness of siloxane bimodal networks. The material’s higher durability 

and performance may beneficially impact the environment as it opens possibilities to 

minimize exploiting natural recourses and the hazards associated with production & 

processing of polymeric materials, as well. Moreover, utilizing the available, efficient & less 

toxic reactions such as hydrosilylation provides materials that potentially can be categorized 

as highly demanded commercial polymers. Therefore, the ultimate aim of this thesis is to 

embed the self-healing criteria discussed in next chapters, into POSS-containing bimodal 

siloxane networks via efficient reactions.  
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   Self-Healing                 

Welding, gluing, and patching are the traditional methods used to repair materials that have 

been mechanically damaged. The ultimate goal of the self-healing strategies is to minimize 

manual interventions during the repair process of damaged materials.  Self-healing polymers 

are a class of smart materials capable of responding to a specific stimulus, commonly thermal 

and mechanical energies, to heal the damaged areas through a chemical reaction or physical 

interaction.105  

Polymeric materials are susceptible to damage over the course of their lifetime. As a result, 

engineered materials have been developed with the aim of damage 

suppression/management to extend the lifetime and reliability of synthetic polymers. Cross-

linking is often employed as a means of enhancing the physical and mechanical properties of 

polymers. Compared to thermoplastics, which are not chemically cross-linked, thermoset 

materials can have higher durability, extended lifetimes, greater solvent resistance, and 

dimensional stability. However, a great challenge in designing such materials is how to 

incorporate self-healing features into polymers architectures to integrate the required 

physical and mechanical properties with the self-repairing capabilities.106,* 

This chapter deals with the important parameters involved in designing self-healing 

polymers. It reminds readers that the essence of the self-healing phenomena is originated 

from the many biological examples surrounding us.107,108 In fact, studying these biological 

examples helps us to apply a simple version of their self-healing mechanisms to polymeric 

networks, leading us toward chemical reactions and physical interactions suitable for self-

healing. Different types of self-healing mechanisms will be compared and contrasted in this 

chapter. The use of nanoparticles such as POSS and carbon nanotubes is discussed as another 

pathway to develop self-healing materials. 

                                                           

* This paragraph is taken from the author’s recent paper. 
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2.1 Origin of Self-Healing Materials 

Perhaps, a fascinating feature of many living organisms is the capacity for self-repair. In these 

systems, the damage itself activates a series of biological mechanisms to heal the defects that 

are formed. To apply the self-healing features to synthetic materials, scientists have 

monitored many living organisms. “Weeping Fig” and “Delosperma cooperi” are among those 

biological systems observed (Figure 1). Often self-repairing mechanisms can be categorized 

into two distinct processes.107,108 Upon the damage, the organism tries to rapidly seal the 

injured site to retard any further propagation of the damage through the release of a sticky 

liquid called latex. Subsequently, the color of the latex gradually changes from a white, 

opaque material to a colorless liquid as a result of a series of chemical reactions through 

which the organism regenerates the lost tissues. These two subprocesses are known as rapid 

sealing and latex coagulation, respectively. The self-healing process was analyzed by infrared 

spectroscopy with attenuated total reflection (ATR-IR) (Figure 2A) where the reflected 

beams from a certain depth of the material were measured. As a result of interacting with the 

covalent bonds, the reflected beams are attenuated and weakened. Water loss caused by 

evaporation and the formation of amide bonds between latex particles at the damaged zone 

is described as the main factor changing the beam’s absorbance (Figure 2A).107 Moreover, 

the stress-strain tests shown in Figure 2B, clearly illustrate the immediate recovery of the 

material’s elastic modulus (Young’s modulus) in less than 5 minutes. Therefore, the functions 

Figure 1. A) a leaf of “Delosperma cooperi” plant was partial cut using a razor blade. The damaged area, 

specified by the red colour, significantly healed after 30 minutes. B) an injured branch of the “Weeping 

Fig” tree. Macroscopic observation shows that after the damage, a latex droplet seeps out to immediately 

seal and heal the wound. 107,108 (Adapted from the reference with permission)  
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and mechanical properties of the injured tissues quickly can be restored during the self-

healing process. Regardless of the type of self-healing mechanisms, the ultimate goal is to 

restore the initial properties so that the system functions nominally again. 

Inspired by living organisms, several approaches have been introduced to equip synthetic 

materials with simplified versions of biological self-healing systems. In polymeric materials, 

these approaches can be divided into two major groups known as extrinsic and intrinsic self-

healing methodologies. As each method brings its own advantages and limitations, it is 

necessary to realize which one would be suitable for a given application. Understanding the 

physical aspects is a requisite for designing self-healing polymers.109 

2.2 Physical Principles of Self-Healing  

Self-healing approaches in polymeric materials are commonly based on the formation of new 

networks that reconnect the loose chains ends in the damaged zones.110 Depending on the 

approach selected, the healed network can be the result of covalent bonds, physical 

interactions, or the chains’ entanglements. Although Wool and O'Connor's crack-healing 

theory111,112 is focused on thermoplastic polymers, this theory can be considered as a 

universal model for self-healing concepts. In this theory, chains segmental motions are a 

primary factor in designing efficient self-healing systems. As depicted in Figure 3, segmental 

Figure 2. A) ATR-IR spectra of an injured “Weeping fig” tree, covering the whole self-repairing process. B) 

a comparison of “Weeping fig” tree tensile strengths among uninjured, recently injured, and 30 minutes 

after injury.107 (Adapted from the reference with permission)  
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surface rearrangement, surface approach, wetting, diffusion, and randomization are the 

processes that led the injured site to ultimately restore its physical and mechanical 

properties.110–112 At, or above, the glass transition temperature, polymer chains have 

sufficient energies to accomplish the five steps of the healing process outlined above. 

Although polymer chains with low glass transitions enable fast molecular motions, long 

chains not only promote material strength but also provide a higher strength recovery at the 

interface as a result of having more reliable physical cross-links formed upon the diffusion 

and randomization steps. Damage causes the cleavage of polymer chains, which is often 

followed by conformational changes in the macromolecules at the surface of the polymer 

matrix. Chains migrate to the surfaces to fill the areas that have experienced mass loss. 

During the wetting step, the distance between the damaged surfaces begins to decrease as 

the loose ends of the polymer chains reach the opposite surface. Subsequently, chain 

diffusion completely eliminates the gap between the surfaces. During the final step of the 

process, known as randomization, further molecular diffusion and conformational changes 

increase interactions between adjacent polymer chains at the damage site. Thus, the polymer 

chains easily can entangle, physically interact, and/or react with each other.113  

Figure 3. Polymers self-healing mechanism occurs in five steps based on the Wool and O’Connor expla-

nation.110 (Adapted from the reference with permission)  
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Welding in polymeric materials is a long-established method of healing that relies on the 

same mechanism discussed above.113–115 Formation of chain entanglements between the two 

contacting polymer interfaces restores the original mechanical properties of the ruptured 

area during the randomization step. Swelling and patching can be considered as the two 

separate subdivisions of welding where the manual usage of solvents and cross-linking 

agents, commonly known as adhesives115, improves the healing capacity. The temperature 

and the roughness of the contacting surfaces, as well as the type of the adhesive used at the 

damaged area, can significantly affect the efficiency of the welding method.49,50 However, as 

the mobility of thermoset polymers is strictly hindered by permanent cross-links, patching 

has been the only traditional way to heal these polymeric networks. For the sake of clarity, 

self-healing in the context of this thesis only refers to the methods that aim to minimize or 

eliminate the manual intervention during the healing process of polymeric networks. In this 

regard, the lattice model113,116 shown in Figure 4 more specifically describes those self-

healing approaches that mainly rely on interactive or reactive species in polymeric networks. 

In this model, a series of infinitesimal equilibration steps have to occur to eventually heal the 

polymeric matrix considered as a lattice. Upon the reconnection of the interactive or reactive 

functional groups, the crack closes and the lattice subsequently recovers its initial physical 

and mechanical properties. Similar to the explanation developed by Wool and O’Connor, the 

Figure 4. Demonstration of self-healing through the lattice model. The red half-circles and the red com-

plete-circles represent interactive/reactive species and chains ends before and after healing, respec-

tively.116 (Adapted from the reference with permission)  
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lattice model regards the glass transition temperature as an important factor reflecting 

chains mobility at the molecular level.113 

2.3 Chemical Principles of Self-Healing  

Based on the type of the networks designed to heal the damaged area, the chemistry of self-

healing has been commonly classified into two main divisions: covalent and supramolecular 

approaches. While the former, often categorized in the extrinsic and intrinsic methodologies, 

utilizes covalently bonded networks at the damaged site which it may or may not be 

reversible, the latter aims to heal the material through reversible physical interactions, 

including hydrogen bonding, metal–ligand coordination, π-π stacking, and ionic interactions. 

However, the self-healing chemistry may also be categorized by considering whether the 

bonds formed are reversible or not. Therefore, irreversible strategies only comprise extrinsic 

methods whereas reversible ones include the intrinsic and supramolecular approaches.117,118 

2.3.1 Irreversible (Extrinsic) Strategies  

Similar to biological systems, the self-healing process in extrinsic systems is designed to be 

activated autonomously upon physical damage. In these approaches, reactive species, known 

as self-healing agents, are stored within the polymer matrix. Depending on the number of 

reagents involved in the self-healing process, often the non-reactive components are 

homogeneously blended with the material’s matrix whereas the flowable components such 

as catalysts, initiators, or monomers are encapsulated inside hollow fibers or protective 

shells that are embedded throughout the polymer matrix. Damage ruptures the protective 

shell of the reactive components triggering the reaction designed to heal the injured site 

(Figure 5).119   

The self-healing methods based on irreversible network formations were initially developed 

by embedding dicyclopentadiene microcapsules in an epoxy matrix containing ruthenium-

based catalysts.120 Rupture of the microcapsules upon damage of the polymer matrix results 

in the dicyclopentadiene migrating towards the injured zone to react with the catalyst. A rigid 

network obtained by ring opening polymerization of dicyclopentadiene efficiently healed the 
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crack. Since then many other systems have been studied not only to reduce the cost and 

toxicity of the catalyst but to also develop efficient self-healing systems with negligible air 

and water sensitivity that can be applied under ambient temperatures. These extrinsic 

systems often utilize ring-opening metathesis120–124, cationic polymerizations125,126, radical 

polymerizations127,128, hydrosilylation reactions129, and Michael additions as the irreversible 

reactions necessary for the self-healing process.110,130 

Accurate calculation of the mechanical energy required for rupturing the protective layer of 

capsules has been a crucial factor. The protective layer has to guarantee the protection of the 

reactive species during the material’s normal operating conditions. On the other hand, the 

energy obtained from a damage must result in the release of the encapsulated components 

to trigger the healing process.119 It is noteworthy to consider that embedding microcapsule 

or hollow fibres within a network may lower the material’s structural integrity.105,117 In fact, 

although materials can be equipped with excellent self-healing features, it might be necessary 

to sacrifice a portion of the polymer’s physical and mechanical properties in favour of self-

Figure 5. The self-healing process of the extrinsic approaches based on hallow fibres (the images on the 

left side numbered as 1,2,3) and spherical particles (the images on the right side named as A,B,C).120,131 
(Adapted from the reference with permission)  

 

Agent 



 

- 42 - 
 

healing. Thus, the extrinsic self-healing procedure (i.e., the type of self-healing components 

considered for a given material) has to be compatible with the polymer matrix to minimize 

the loss of mechanical strength. Likewise, the size of the capsules, homogeneous distribution, 

mechanical strength, and miscibility of the protective shell within the polymer matrix can 

significantly affect the self-healing efficiency.119,131,132  

Microvascular networks are a more recent approach for self-healing that relies on the same 

concepts as the hollow glass fibers and the spherical particles. However, the interconnection 

of the hollow fibers filled with self-healing components establishes a mesh within the 

polymers matrix, enabling injured sites to be healed again upon subsequent damage 

(Figure6). The mesh not only functions as a protective layer similar to the previous 

generation of capsules but also as a carrier of self-healing agents through the capillary effect. 

Therefore, extrinsic self-healing approaches based on microvascular networks eliminate the 

conventional limitations of traditional encapsulating systems where the healing process 

could not be repeated at previously healed areas.132,133  

Self-healing methods based on the irreversible formation of networks is extremely beneficial 

in sensitive applications where propagation of a microscopic crack may result in the failing 

of the entire system. Most often in these cases, it is not only impractical or challenging to 

Figure 6. The three phases of the microvascular self-healing cycle including delamination, vascular re-

lease, and reaction and recovery.132 (Adapted from the reference with permission)  
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manually repair the damaged material but also difficult to detect the defect at its early stage. 

Examples of such polymer matrices include those being used in aerospace applications, high-

rise buildings, marine equipment, underground piping, turbines, and nuclear waste vessels 

where the long-term reliability on consistent physical and mechanical properties is vital. 

Therefore, the immediate self-healing response upon the application of a damaging event 

helps maintaining the optimal properties of the material.105,133–135  

2.3.2 Reversible (Intrinsic) Strategies 

Intrinsic, reversible, or occasionally non-autonomous approaches are the names of 

categories of self-healing materials where polymeric networks are cross-linked by physical 

interaction or a chemical equilibrium. Perhaps, accessibility to efficient damage-healing 

cycles and the single-component nature of these networks make reversible strategies 

appealing. Applying an external stimulus such as heat, light, or mechanical force alters the 

state of the equilibrium from a cross-linked polymer phase towards a linear one. In fact, the 

self-healing methods based on reversible strategies aim to disassemble the damaged part of 

the material’s network by returning its components into linear chains to facilitate rebuilding 

the network. Thus, the healing process can be described as two consecutive phases where 

first the polymer chains are decoupled, which allows the chains to be mobile at or near the 

damaged area, and the second stage involves, re-coupling of the polymer chains, which, 

reforms the network. Therefore, the physical or chemical equilibrium originated from 

supramolecular (non-covalent) interactions or dynamic covalent bonds is an important 

element in this context.110 

2.3.2.1 Supramolecular Interactions 

The molecular architectures of supramolecules rely on physical intermolecular interactions 

dragging polymer chains toward each other.136,137 Examples of supramolecular structures 

include the double-helix structure of deoxyribonucleic acid (DNA) molecules or various 

metalloproteins in living organisms.138 Self-healing supramolecular networks are mainly 

assembled via hydrogen bonding, π-π stacking, metal–ligand coordination, and ionic 
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interactions of low-molecular-weight polymers called oligomers.110,139–142 Although the 

strength of the network is often ranked as amongst the lowest in self-healing approaches, the 

high extent of thermal reversibility of these cross-links and the rapid response to stimuli are 

the two appealing features. In fact, these features enable the material to effectively change its 

physical state from solid to fluid through altering the equilibrium in favor of the decoupling 

reaction. Similar to the extrinsic approaches for self-healing, the external mechanical force 

originated from a damage, triggers the self-healing process in intrinsic self-healing systems. 

Since the physical intermolecular interactions are extremely weak in comparison with the 

covalent bonds along the chains, the damage disturbs the equilibrium by perturbing the 

supramolecular bonds at the fractured surface. Timely contact of the surfaces re-establishes 

the equilibrium by reconnecting the broken bonds at ambient temperature (Figure 7). 

However, the unassociated bonds may diffuse back from the surface into the bulk of the 

material or even be neutralized with moisture, providing a new equilibrium on the damaged 

surface of the material. That is why, in these systems, as time passes, the self-healing 

efficiency at ambient temperature may decrease significantly. Nevertheless, even though the 

material may lose its self-healability at ambient temperature on the damaged surface over 

time, increasing the material’s temperature commonly re-enables the self-healability. In 

overall, networks based on supramolecular interactions have a capacity for self-healing at 

ambient temperature along with recyclability.109,142,143 

Supramolecular interactions are relatively weak (e.g., 0.2–40 kJ/mol for a hydrogen bond, in 

comparison with covalent bonds; 345 kJ/mol per C-C bond).80,144 Thus, the number of bonds 

Figure 7. Self-healing mechanism of supramolecular networks at ambient temperature.142,143 (Adapted from the 

reference with permission)  
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between polymer chains becomes an important factor in providing the strength required in 

designing a polymeric network. 

Hydrogen bonding is one of the leading interactions in the chemistry of supramolecules. In 

fact, an additional hydrogen bond provides a 7.4 kJ/mol increase in the overall strength of 

the interaction between adjacent polymer molecules.144 Thus, utilizing structures with 

multiple hydrogen bonds promotes intermolecular bonds to the point where they become 

comparable to covalent bonds regarding their overall strength. Examples of these structures 

are the quadruple H-bonds of ureidopyrimidinone145 (Figure 8A), the sextuple H-bonding 

based on the Hamilton wedge and barbituric acid146 (Figure 8B), the triple H-bonds between 

thymine and 2,6-diaminotriaine147 (Figure 8C), and the diamidonaphthyridine and 

guanosine’s quadruple H-bonds interactions148 (Figure 8D). Although this strategy increases 

the thermal stability of the self-healing material based on the supramolecular interactions, 

having physical interactions that rival the strength of covalent bonds imposes the physical 

interactions to become less likely to be broken under mechanical stress. Thus, as the 

interactions become stronger, the proportion of covalent bonds cleaved at the damaged zone 

Figure 8. The multiple-hydrogen-bond structures used in self-healing supramolecules. R1 and R2 are the 

oligomeric part of the structures.82,84 (Adapted from the reference with permission)  
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gradually increases, which subsequently diminishes the occurrence of efficient self-healing 

processes at ambient temperatures. Although single complementary structures such as 

ureidopyrimidinone may seem to be a promising strategy in the preparation of the 

supramolecular based self-healing materials, the poor solubility in most organic solvents 

originating from their strong intermolecular interactions often hinders the synthesis of the 

networks on the basis of the single complementary units.149,150  

In addition to hydrogen bonds, the interaction between π-electron-rich and π-electron-poor 

moieties, known as aromatic π-π-stacking interactions, is employed to physically cross-link 

polymer chains (Figure 9).151–153 Spectroscopic and crystallographic methods indicated that 

the formation of a network relies on the physical interactions of folding “tweezer-type” 

structures.153 As a result of these repetitive folded structures, the physical and mechanical 

properties of self-healing materials based on the interaction between the low-molecular-

weight polymers end-capped with pyrene groups and naphthalenediimide functionalized 

oligomers, was found to be quite similar to the common properties of reversible covalent 

approaches (i.e., an ultimate tensile strength of up to 6.7 MPa with an enhanced thermal 

Figure 9. Illustration of the self-healing concept based on π-stacking interactions. The folding “tweezer-

type” structures are a result of polydiimide and pyrenyl end-capped chains interactions.151 (Adapted from the 

reference with permission)  
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stability).152 Depending on the network’s structure, efficient self-healing requires elevated 

temperatures, above 50 ͦC, which is also common in the intrinsic self-healing materials based 

on thermally reversible covalent bonds.151,154  

The application of metal–ligand systems in self-healing was first observed in living organisms 

such as mussel species where inflicted damage could be repaired through reversible 

interactions between iron(III) ions and 3,4-dihydroxyphenylalanine moieties.155 Self-healing 

materials based on metal–ligand interactions are among the most recent approaches in the 

research field where metal ions are recognized as cross-linking agents. Establishing metal–

ligand interactions by employing polymeric ligands designed to interact with metal ions such 

as Zn, Fe, Co, or Ni, is the basis of metallo-supramolecular polymers. The capacity of the metal 

ions to obtain several interactions with corresponding ligands maintains the structure of 

these networks (Figure 10). While pH, heat, and UV-irradiation have been reported as the 

stimuli for efficiently activating the self-healing process, self-healing at ambient conditions 

has also been found in some cases. In fact, mechanical force can be designed to profoundly 

disconnect the physical bonds. Structural flexibility and mobility ease the chain 

rearrangements and interpenetrations necessary for a successful ambient temperature self-

healing process. Moreover, metal–ligand cross-links have the capacity to convert absorbed 

energy from UV-irradiation into heat, resulting in physical bonds that are temporarily 

disconnected. As a result, the material can restructure the damaged areas. The availability of 

Figure 10. Thermally self-healing terpy-containing metallo-supramolecular polymer. The R group repre-

sents an oligomeric chain connected to the structure.141,295  The oligomer was synthesized based on copoly-

merization of methacrylate monomers (methyl methacrylate, n-butyl methacrylate, and lauryl methacry-

late) with a terpyridine (terpy) containing methacrylate monomer. (Adapted from the reference with permission)  
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a wide range of different metal ion and ligand combinations permits a great deal of flexibility 

in designing self-healing networks based on this strategy.140,156   

Polymeric networks based on ionic cross-links, known as ionomers, can also be employed for 

the purpose of self-healing. Commonly, carboxylates and sulfonates are used in this approach 

where the aggregation of ionic groups effectively cross-link the polymer chains and maintain 

the structure of the network (Figure 11).157 The reported self-healing ionomers are mainly 

based on equivalent amounts of Na+ and 𝑅−COO− groups in which the sodium counter-ions 

are coordinated by several carboxylate groups.158–161 However, the 𝑅−COO− groups can 

occasionally weakly correlate with (be neutralized by) less water sensitive metal ions such 

as Zn2+, and Fe3+.162,163 In contrast to hydrogen bonds, metal complexes, and ionic structures 

are employed less frequently in self-healing materials. Compared to conventional 

copolymers, ionomers generally exhibit improved physical and mechanical properties such 

as tensile strength, toughness and flexibility. The nature of the ionic groups and counter-ions, 

the bond association strength of the ionic groups, the extent of neutralization, the flexibility 

of polymer chains, and the matrix’s dielectric constant are among those factors affecting the 

self-healing properties. For instance, the number of available acid groups within the network 

and the ion:counter-ion ratio are directly correlated to polymeric chains features such as 

stiffness, melt viscosity, and segmental relaxation time. Similar to other supramolecular 

approaches, the ionomer’s Young’s modulus rapidly drops at elevated temperatures as a 

consequence of the physical cross-links dissociation. Increasing the temperature above the 

glass transition for the cluster allows the material to be processible as a viscous fluid. In 

addition, the thermal sensitivity of the ionomer’s properties can be lowered by extending the 

Figure 11. A graphical view of the networks based on ionic interactions. The encircled regions highlight 

the areas where chain mobility is greatly restricted.157,161 (Adapted from the reference with permission)  
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rubbery plateau of the material by the addition of plasticizers. The most noticeable 

application of the ionomeric structures is in packaging films for consumable products where 

the stiffness and transparency of ionomers is required.164,165 

Overall, aromatic π–π stacking, hydrogen bonding, metal–ligand interactions, and ionic 

clusters result in self-healing materials based on dynamic, non-covalent bonds. Physical and 

mechanical properties strongly depend on temperature. These self-healing systems are often 

sensitive or reactive to solvents and residual reagents. Ideally, materials whose cross-links 

are not only fully reversible in response to heat, but that can be autonomously reconnected 

at ambient temperature. However, an effective ambient healing process is only possible when 

the strength of the physical interactions in the material is lower than that of the covalent 

bonds within the material’s matrix to minimize the breakages of irreversible covalent bonds 

along the chains upon the damage event. Thus, the material’s strength needs to be 

compensated to a great extent if an efficient self-healing is desired at ambient 

temperature.110,164,166   

2.3.2.2 Dynamic Covalent Bonds 

Although numerous dynamic covalent bonds have been introduced167–169, the concept of self-

healing networks based on the formation of reversible covalent bonds mostly relies on a 

limited number of reversible linkages that are either cycloaddition reactions62, exchange 

reactions170–172, or reversible radical-based reactions.173–176,110,177 In fact, only these classes of 

reversible reactions are suitable candidates for obtaining an efficient selective self-healing 

process. Heat, light, pH, and mechanical forces are among the common self-healing stimuli 

reported in this category of self-healing systems. Unlike supramolecular self-healing 

materials, a higher mechanical strength, dimensional stability, and solvent resistance can be 

achieved as a direct consequence of the reversible covalent bond used in these systems. 

Depending on the target application, such properties can be considered as an advantage in 

the design of self-healing materials. Often, two main ultimate aims can be satisfied in the 

design of the materials falling into this category of self-healing polymers. While the first aim 
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is to provide high-strength recyclable networks known as remendable polymers, obtaining 

intrinsic autonomous self-healable materials is the second aim.  

Cycloaddition reactions, in particular, a [4+2] cycloaddition called Diels-Alder (DA) reaction, 

have been extensively investigated to obtain mendable polymers.62,110,118,178 Although the DA 

bonds require a high activation energy to undergo the reverse reaction, mechanical force has 

been shown to facilitate the [4+2] cycloreversion reaction is known as retro-Diels-Alder 

(RDA) reaction (Figure 12).179–181 Moreover, self-healing networks based on [4+2] 

cycloaddition reactions are not only recyclable and insensitive to air, but also potentially can 

exhibit mechanical properties similar to epoxy resins.182–186 In fact, the strength and 

reliability of the DA linkages reach to the level that they have been considered as suitable 

candidates for the preparation of recyclable tires.187,188 Generally, the self-healing process 

requires a local heating/cooling cycle at the damaged zone. At elevated temperatures, 

commonly higher than 50 ͦC, the equilibrium starts to gradually shift toward the starting 

materials. Decoupling the cross-links enhances the mobility and flexibility of the polymer 

chains so that they can migrate into the physical defect. By giving an adequate amount of 

time, chains fill the crack and diffuse to the bulk. Subsequent cooling eventually cross-links 

the decoupled linkages and consequently mends the injured site.189 Although the sole usage 

of thermal energy cannot activate the self-healing process in [2+2] or [4+4] cycloaddition 

reactions of cinnamate, coumarin, or anthracene derivatives due to the mismatch between 

the frontier molecular orbitals (for the detailed disscussion see section 3.2), the 

simultaneous application of UV-irradiation (>280nm) and heat improves the self-healing 

efficiency.62,190–192 In fact, [4+2] cycloaddition is known as thermally allowed reaction 

whereas [2+2] or [4+4] cycloaddition both occurs under excitation of the molecular orbitals 

and are thermally forbidden (for the detailed disscussion see section 3.2).193 Light-

induced self-healing materials are mostly suitable in self-healable coating applications as the 

limited penetrating power of light hinders the self-healing process to be efficiently triggered 

within the bulk of materials. Interestingly, the self-healing process of 

polyperfluorocyclobutanes is reported to be thermally triggered at temperatures above 
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150 ͦC. Occurrence of the thermally forbidden [2+2] cycloaddition in perfluorocyclobutane 

cross-links is attributed to the weakness of the π-bond in fluorinated alkenes. Thus, the 

application of thermal treatment ultimately heals the damaged area by converting the 

mechanically formed trifluorovinylethers into perfluorocyclobutanes (Figure 13).176,194 It is 

noteworthy to mention that when mechanical forces are evenly distributed within the 

network, bond rupture typically occurs at positions exhibiting the lowest bond strengths. 

However, the presence of entanglements or irreversibly cross-linked points within long 

intertwined chains may lead to uneven redistribution of external forces. Accordingly, not 

Figure 12. Representative examples of self-healing networks based on a thermally and mechano-chemically 

reversible Diels-Alder linkage. The table indicates the reaction condition of several common [4+2] cycload-

dition cross-links. R1 and R2  represent aliphatic chains.176,189,296 (Adapted from the reference with permission)  
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only the weakest bonds, but also the other available bonds may break depending on the 

magnitude of the force.195 Thus, careful selection of chains lengths is of vital importance if 

mechanochemical self-healing is desired.  

One of the pioneering observations of the mechanochemical reactions was the self-healing 

phenomenon in vulcanized rubbers. Cleavage of S–S bonds through mechanical damage 

results in long-lived reactive sulfur radicals that are capable of self-healing in the absence of 

oxygen.176 In fact, disulfide bonds are susceptible to metathesis exchange reactions in which 

the neighboring S-S bonds disrupted by light, heat, or mechanical stress can reform through 

Figure 14. Self-healing process of a polymeric network based on disulfide exchange reactions. The healing 

process was accomplished by contacting the damaged surfaces for 2h at room temperature.198 (Adapted from the 

reference with permission)  

Figure 13. Thermomechanically self-healable polyperfluorocyclobutanes based on reversible [2+2] cycload-

dition reactions of trifluorovinyl groups.176 (Adapted from the reference with permission)  
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free radical or ionic intermediates (Figure 14).196–198 The generation of free radicals is the 

result of covalent bond cleavage caused by mechanical damage in polymeric materials. Thus, 

the injured area can regain its integrity by reconnecting with free radicals located at the 

damaged surfaces. Commonly, these free radical lifetimes are less than that is necessary for 

such reconnections. In fact, the oxidation process heavily hinders their reactivity, and thus 

terminates the self-healing process. However, the free radicals lifetimes generated from 

mechanical stress, photolysis, or thermolysis of trithiocarbonate199, thiuram disulfide 

derivatives175, or alkoxyamines200–202 can exceed the time required for the self-healing steps 

(i.e., the rearrangement, diffusion, and randomization steps discussed earlier in this chapter).  

The dissociation of alkoxyamines is another opportunity for obtaining thermally reversible 

cross-links where the cleavage of the NO-C bonds is responsible for the self-healing 

(Figure15). The cleavage of the alkoxyamine bonds at temperatures above 60 ͦC results in 

complementary stable radicals of styrene and tetramethylpiperidinyloxy (TEMPO). 

Subsequent cooling to lower temperatures enables the material to reform the broken 

chemical cross-links through a radical exchange reaction.  As the mobility of the free radicals 

connected to the backbones is limited to the chains’ segmental motions in the solid-state, 

their reactivity is reduced compared to that of the liquid or gas phase. In this case, self-healing 

requires the complementary radicals to relocate themselves to positions where they are 

accessible to each other. However, with side reactions such as oxidation, the efficiency of the 

self-healing process can be hindered to the point where the material loses its self-healing 

Figure 15. Dissociation/association of the alkoxyamine cross-links used to graft aliphatic polymer 

chains.189 (Adapted from the reference with permission)  
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properties. Additionally, as these free radicals are the consequences of broken covalent 

bonds, the mechanical energy required for the bond scission may reach a comparable level 

to C-C bonds. Accordingly, the damage breaks also C-C bonds and thus the material may not 

fully self-repair itself. Operating conditions (e.g., temperature, or presence of water or 

oxygen) may cause a major barrier for the stability of these free radicals.133,201,203,204  

Self-healing mechanisms based on tetramethylammonium dimethylsilanolate anionic end 

groups are quite similar to those discussed for supramolecules. Damage locally disrupts the 

equilibrium between cross-linkers and cyclic oligomers by dissociation of covalent bonds 

(Figure 16). Subsequently, the system aims to restore it. However, unlike supramolecules, 

the formation of covalent bonds at the injured area is responsible for the recovery of the 

physical and mechanical properties. An advantage of using siloxane groups is their stability 

toward air and water.170,171 However, the cyclic oligomers are volatile, which limits their 

applications to isolated or enclosed systems. Although applying heat increases the rate of 

healing, materials based on the disulfide or siloxane exchange reactions are reported to be 

also capable of self-healing at 25 ͦC (Figure 14 and Figure 16).170,171,205,206 The acid catalyzed 

acylhydrazone/acylhydrazine equilibrium,169 reversible urea bonds with bulky 

Figure 16. An intrinsic self-healing material based on siloxane exchange reactions. A, B, C, and D illustrate 

the original, the damaged, and the healed version of a siloxane-exchange self-healing material, respec-

tively.170,171 (Adapted from the reference with permission)  
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substituent,168 and boronic ester exchange reactions172 are other valuable strategies 

employed to obtain autonomous self-healable networks at moderate temperatures. 

However, the main challenges for these two concepts are improving the solid-state reaction 

rates and reducing the moisture sensitivity or the toxicity of the functional groups, 

particularly free-NCO groups.118  

Condensation reactions of aldehydes with acylhydrazines establishes a valuable approach in 

self-healing materials based on dynamic covalent bonds. In fact, the acylhydrazone functional 

groups exhibit a dynamic character based on the reversibility of the imino bond (Figure 17). 

In the acidic environment (pH<4) the equilibrium goes toward predominantly the starting 

materials, enabling the material to heal damaged areas. Thus, the alteration of pH in the 

system triggers the self-healing process. As an example, swelling of poly(ethylene oxide) end-

capped acylhydrazines and tris[(4-formylphenoxy)methyl]ethane in a solvent at a pH above 

4 resulted in a cross-linked network. Due to sol–gel phase transition ability of the system in 

Figure 17. The equilibrium based on an aldehyde and a hydrazide derivative.207(Adapted from the reference with permis-

sion) 

Figure 18. Self-healing hydrogel based boronate ester equilibrium.210(Adapted from the reference with permission)   
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response to the alteration of pH, the damaged gel plate were healed in 7h autonomously at 

ambient temperature.165,207,208 

Additionally, dynamic boronic esters are known as pH-responsive dynamic covalent bonds 

(Figure 18). The combination of a salicylhydroxamic acid and a boronic acid is reported to 

provide cross-linked hydrogels at neutral pH (7.5).209 Under acidic condition (i.e., pH=4.5), 

the cross-links can be decoupled to enable the healing process by pushing the reaction 

toward the starting materials. As an advantage of dynamic bonds based on boronic esters 

over the acylhydrozone/acylhydrazine equilibrium, the pH values which regulate the cross-

linking and decross-linking reactions can be tuned via utilizing various substituents. 

Therefore, self-healing materials based on the dynamic boronic esters can be designed to 

function over a wide range of pH. For instance, the self-healing hydrogels based on boronate 

ester crosslinks are obtained by mixing four-arm oligomers end-functionalized with catechol 

with 1,3-benzenediboronic acid at pH=9. Neutral to acid pH values resulted in a gel-to-sol 

transition to trigger the healing process.209–211 Boronic acid-containing polymers can be 

potentially used for medical applications such as drug delivery systems, nucleotide 

adsorbents, and sensors for sugars.210 

More recently, urea bonds bearing a bulky group on the nitrogen is shown to exhibit dynamic 

covalent bond characteristics. Reversible formation of the urea bonds which can dissociate 

into the corresponding isocyanate and amine allows the damaged areas of the network to be 

healed. The healing process of a severely damaged specimen resulted in 12h to heal at 37  ͦC 

autonomously. According to Figure 19, in both cases (A & B) the bulky groups appended to 

Figure 19. The equilibrium of carboxylate-amine bonds bearing bulky N-substituent.212 (Adapted from the reference 

with permission) 
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the nitrogen atom improves the reversibility of the ketene intermediate through weakening 

the C-N bond at ambient temperature.212,213 However, water is reported to distrurb the 

equlibrium and reduce substantially the self-repairing capacity of the material.213 

Analogous to supramolecular-based self-healing networks, self-healable materials based on 

reversible covalent bonds do not require the external embedment of healing agents within 

the matrix. Likewise, the capability of having several self-healing cycles at the same damaged 

site is an inherent feature of the self-healing networks based on reversible bonds. Although 

the intrinsic healing process of the reversible covalent bonds often requires applying heat, a 

careful selection of the network’s components yields materials capable of autonomous self-

healing at moderate temperatures. Compared to networks relying on physical cross-links, 

incorporation of dynamic covalent bonds commonly promotes mechanical strength, 

dimensional stability, and extends the operating temperature ranges of self-healable 

materials.214 

2.4 Design Factors 

 Depending on the operating condition, an ideal self-healing approaches can be recognized in 

the design of self-healing materials. Whether the suitable strategy is intrinsic or extrinsic, the 

architecture of the polymer chains, the average molecular weight of the polymer chains, the 

average intercross-link molecular weight, the cross-linking density, and the heterogeneity 

index affect the majority of properties ultimately found in the material.106,117 

As earlier discussed through the physical principles of the self-healing in this chapter, the 

mobility and flexibility of chains affect the self-healing process substantially. In other words, 

facilitating the segmental motion leads to a higher self-heling efficiency. As glass transition is 

a reflection of the mobility and flexibility of chains, it can be used to rationalize the impact of 

manipulating the structure of polymers on self-healing. For instance, increasing molecular 

weight, lowering the average intercross-link molecular weight, or increasing the cross-

linking density are known to increase the glass transition temperature. Thus, the efficiency 

of self-healing reduces, accordingly. Regarding molecular weight distribution, if the reason 
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of broadening (i.e., increment in the heterogeneity index) is the addition of low molecular 

weight chains then as a result of lowering 𝑇𝑔, the self-healing efficiency can be improved. In 

contrast, the addition of high molecular weight chains imposes a possible reduction in the 

efficiency of healing process.34,35,93,106   

 Generally, materials based on the extrinsic self-healing methods recognize the matrix and 

self-healing approach as two different compatible systems. The matrix is where the material 

gains its mechanical properties whereas the embedded fibers or capsules containing self-

healing agents are the origin of the autonomous self-healing efficiency.106 However, 

embedding hollow fibers, microcapsules, or microvascular networks into the matrix 

drastically may alter the mechanical properties of the material. On the other hand, the 

intrinsic concepts require direct modifications of the matrix.57 Thus, the material obtains 

both its mechanical properties and self-healing efficiency from the matrix itself. The 

mechanical strength of the matrix is often inversely correlated with the intrinsic self-

repairing efficiency.46 For instance, the rigidity of chain backbones results in higher physical 

and mechanical properties, yet lowers the flexibility and mobility of chains within the matrix 

hindering the self-healing process under mild conditions.148 Therefore, the polymer chains 

not only need to be adequate for the physical and mechanical properties required for the 

target operating condition, but also for achieving the desired self-healing process. To 

overcome such destructive relationships in intrinsic strategies, one question has to be 

answered: is it possible to facilitate segmental motions and simultaneously strengthen the 

networks mechanical properties? One answer is to bring heterogeneity into self-healing 

materials. The usage of copolymer backbones comprising soft and hard blocks, as well as 

functionalized nanostructures such as SiO2 nanocage, nanoparticles, nanofibers, carbon 

nanotubes, and graphene creates microphase-separated systems.57 In this regard, the matrix 

is divided into soft and hard domains. While the former is responsible for the flexibility and 

mobility, which is necessary for the self-healing process, the latter increases the mechanical 

strength of the matrix. Furthermore, by incorporating hybrid structures or allocating a 

portion of the cross-links to irreversible bonds, materials can retain their integrity during the 
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intrinsic healing process.117 However, the dynamic bonds should respond significantly faster 

to stimuli than the chain rearrangement and diffusion processes if deformation or shape loss 

of the material is to be avoided during the self-repairing process.148 As discussed in the 

previous chapter, bimodal networks38,215 might be another solution for to the question 

mentioned above where the application of short and long cross-links throughout the network 

enhances Young’s modulus and the elongation ratio, simultaneously.106,177,216  

2.5 Summary 

The traditional idea behind developing polymeric networks has been strengthening the 

matrix to avoid mechanical damage. In fact, the conventional approaches aim to provide 

damage resistant/tolerant polymers instead of dealing with the damage itself. In this regard, 

the network architecture can be enhanced by optimizing the cross-linking density, the 

rigidity of polymer chains, the crystallinity or by applying external reinforcing agents such as 

exfoliated clays, graphene plates, carbon black, and silica. On the other hand, self-healing 

concepts inspired by living organisms offer alternative strategies based on damage repair. 

Incorporating stimuli-responsive elements such as encapsulated healing agents, dynamic 

covalent bonds, and supramolecular interactions into polymers has provided a reliable 

insight in designing advanced materials. Aside from the constraining factors imposed by self-

healing approaches, the preparation of self-healing materials should be effortless and cost 

effective to be industrialized. In this case, starting materials need to be relatively inexpensive, 

stable, and environment-friendly. Overall, perhaps one of the most appealing on-going 

investigations has been high strength recyclable networks where the notion is to find a 

promising substituent for irreversible elastic networks.  
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   Diels-Alder Reactions  

The focus of this chapter is to provide insight into reversible Diels-Alder (DA) reactions. 

Besides briefly reviewing the fundamental knowledge regarding [4+2] cycloaddition 

reactions, the parameters substantially affecting the reversibility of the adducts are 

discussed. The chapter can mainly be divided into two categories of macromolecular 

structural design, and the factors necessary to optimize the adducts. The chapter indicates 

that various macromolecular structures can be integrated with the intrinsic self-healing 

features via DA chemistry. Optimization factor, on the other hand, is considered as a precious 

tool in achieving thermally-controlled reversible adducts for a variety of applications. 

Further along in the chapter, the superior features of using furan/maleimide derivatives as 

the diene/dienophile, the theories involved in the DA adducts’ self-healing process, the 

impact of the adjacent functional groups, and the strategy of using carbon spacers with 

siloxane linear chains are also reviewed.  

3.1 Introduction 

The development of the [4+2] cycloaddition reaction by Otto Diels and Kurt Alder217 in 1928 

provided a powerful synthetic tool for synthesizing various polymeric architectures from 

structurally different copolymers to a series of dendrimers and star polymers.218 The Diels-

Alder (DA) reaction, is a thermally allowed, concerted, suprafacial [4+2] cycloaddition in 

which the new sigma bonds are formed simultaneously on the same face of the reactants.193 

The term [4+2] indicates that the reaction occurs between a 4-electron rich conjugated 

system, known as a diene, and a 2-electron deficient system named as the dienophile. The 

reaction is thermally feasible provided that the highest occupied molecular orbital of the 

diene reacts suprafacially with the lowest unoccupied molecular orbital of the dienophile 

while conserves the orbital symmetry (for the detailed disscussion see section 3.2).193 DA 

reaction can occur readily between a cis-form of an electron-rich diene and an electron-

deficient dienophile to yield conjugated six-membered rings called adducts. The [4+2] 

cycloaddition of a 1,4-substituted diene and a dienophile may yield different stereoisomers 
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(i.e., endo and exo adducts). The endo- and exo-adduct are kinetically and thermodynamically 

stable, respectively. Accordingly, the DA reaction profoundly produces the endo-adduct at 

low temperatures (e.g., room temperature) whereas as the exo-isomer becomes profoundly 

favorable at high temperatures.219 Although the reaction of a 1,4-substituted diene and a 

dienophile may form different stereoisomers (i.e., endo and exo adducts), polymer chemistry 

recognizes them as one adduct due to their negligible influence on polymers’ physical and 

mechanical properties.187 Commonly, cyclic dienes are more reactive than linear ones as only 

cis-dienes participate in [4+2] cycloaddition reactions. The adduct can be decomposed into 

the starting materials through a thermal [4+2] cycloreversion named retro-Diels–Alder 

(RDA) reaction. The DA cycloaddition and RDA cycloreversion are tunable reactions by the 

frontier molecular orbital theory, meaning that the reactivity of the starting substrates 

depends on the energy gap between the highest occupied molecular orbital (HOMO) of the 

diene and the lowest unoccupied molecular orbital (LUMO) of the dienophile.189 Electron 

withdrawing groups lower the energy of a molecular orbital whereas electron donating ones 

raise the energy (for the detailed disscussion see section 3.2). Therefore, the DA reactions 

can be accelerated by electron-donating and electron-withdrawing substituents in the 

structure of the dienes and dienophiles, respectively. The equilibrium between the starting 

materials and the adduct strongly depends on the diene–dienophile combination (Figure 1). 

As a prime example, while furandicarboxylic acid is not very reactive in [4+2] cycloaddition 

reactions with maleimide due to the electron-withdrawing effect of the carbonyl groups 

directly connected to the furan, the [4+2] cycloreversions of the anthracene-maleimide-

based adducts often are practically impossible as they occur near the polymers’ degradation 

temperatures.62,178,218,220  

Due to high efficiency, versatility, and selectivity of most dienes and dienophiles, as well as 

the capacity of the DA cycloaddition reaction to occur under mild and metal-free conditions, 

it is eligible to be classified as a “click-unclick” reaction.62,178 A reaction involving polymeric 

reagent(s) can be named as a polymer “click” reaction in which equimolar amounts of 

reagents are converted into the product(s) efficiently, in a short-timescale under 
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atmospheric air or oxygen-free atmosphere, and is amenable to a facile large-scale 

purification.221 In terms of macromolecules chemistry, the environmental sustainability 

protocols attempt to provide renewable alternatives from biomass for synthetic polymers or 

monomers.222 In this regard, furan derivatives such as furfural, bishydroxymethylfuran, and 

hydroxymethylfurfural are readily available from fructose, glucose, sucrose, cellulose, and 

inulin.222–225 Thus, the [4+2] cycloaddition reaction is not only a powerful synthetic tool but 

also a sustainable one in designing functionalized polymers.   

Figure 1. Common diene and dienophile used in polymer chemistry. In D, Z represents an electron with-

drawing group such as pyridyl.220 (Adapted from the reference with permission)  
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3.2 The frontier Molecular Orbital Theory 

The frontier molecular orbital (FMO) theory is a powerful model to describe a chemical 

reactivity which was developed initially by Kenichi Fukui.226 The reactivity of conjugated 

reactant molecules (e.g., diene and dienophile) can be rationalized through the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). In 

this concept, the orbital phase and symmetry determine the outcome of the reaction. In Diels-

Alder reaction, the bond formation requires the electrons located at the HOMO of the diene 

to move into the LUMO of the dienophile. In fact, upon proper positioning of the reactants, 

the charge transfer between the diene and the dienophile occurs rapidly without 

intermediates, making the Diels-Alder a concerted reaction. Thus, the two bonding molecular 

orbitals form the new sigma bonds in the adduct. The molecular orbital energies depend on 

the adjacent groups in the structures of the diene and dienophile. Electron-withdrawing 

groups, such as carbonyl or carboxyphenyl, in the dienophile, significantly reduces the LUMO 

energy to alleviate the energy gap exists toward the HOMO of the diene. The Diels-Alder (DA) 

reaction, is a thermally allowed, concerted, suprafacial [4+2] cycloaddition in which the new 

sigma bonds are formed simultaneously. In this context, suprafacial means that the formation 

of the new sigma bonds occurs on the same face of the diene & the dienophile. The term [4+2] 

indicates that the reaction occurs between a 4-electron rich conjugated system, known as a 

diene, and a 2-electron deficient system named as the dienophile. The reaction is thermally 

feasible provided that the highest occupied molecular orbital of the diene react suprafacially 

with the lowest unoccupied molecular orbital of the dienophile while conserves the orbital 

symmetry. DA reaction can occur readily between a cis-form of an electron-rich diene and an 

electron-deficient dienophile to yield conjugated six-membered rings called adducts. As an 

example, the FMOs of the butadiene and ethylene along with their relative energies are 

shown in Figure 2A. There are two possibilities for the cycloaddition to occur. The SS and 

the AA pathways shown in Figure 2A, both of which react suprafacially and conserve the 

orbitals symmetry. Addition of an electron withdrawing group appended to the ethylene, 

however, reduces the energy gap allowing the reaction to occur readily (Figure 2B). 
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Regarding [2+2] Cycloaddition, as shown in Figure 3, the symmetry elements mismatch 

between the HOMO and LUMO of ethylene to undergo the cycloaddition via a concerted 

suprafacial mode. As a result, the cycloaddition of two ethylenes is thermally forbidden. 

However, radiation of light can promote an electron from the bonding HOMO to the non-

bonding LUMO. Therefore, it can provide the symmetry necessary for the cycloaddition 

Figure 2. Effect of the electron withdrawing group appended dienophile on [4+2] cycloaddition ethylene 

and butadiene. The red and blue color of the p orbitals signify the difference between the orbitals wave 

functions. S and A stand for symmetrical and antisymmetric, respectively.227,193 

A) 

B) 
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reaction. Since the HOMO* has the same symmetry of the ground state LUMO, the [2+2] 

reaction is feasible photochemically.193,226,227 

Electron-withdrawing groups lower the energy of a molecular orbital whereas electron-

donating ones increase the energy. The reason relies on the electronegative perturbation 

molecular orbitals theory where the electron-density of a given structure redistributes due 

to the adjacent groups. In fact, the additional electron-density resulted by attaching electron-

rich groups to a molecule raises the molecular orbitals energy. In contrary, attaching an 

electron-withdrawing moiety to a structure reduces the molecular orbitals energy due to the 

removed electron-density.16,228 

3.3 Diels-Alder Macromolecular Structures 

Diels-Alder-based polymers can be categorized by “furan and maleimide derivatives”, 

“anthracene and maleimide derivatives”, “cyclopentadiene derivatives”, or “a diene and a 

dithioester derivative bearing an electron-withdrawing group”, which are the most common 

reversible DA reactions widely used in synthesizing polymers (Figure 1).62,178,218,220,229,230 The 

structures of Diels-Alder-based polymers or monomers commonly vary among the ones 

illustrated in Figure 4. X and Y are different groups from maleimide, furan, anthracene, 

cyclopentadiene, dithioester, and hexadiene derivatives while ‘Z’ represents an electron- 

withdrawing group such as pyridyl. Linear structures can be obtained by the reaction of “X2 

& Y2” or “XY” monomers. Telechelic reactions of end-capped “PX2” polymers with “Y2” 

Figure 3. Excitation enables the [2+2] cycloaddition of two ethylenes.227,193   
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monomers extend the linear chains. Employing at least one monomer with functionality (F) 

above 2 (X2<F) with other structures except “PY1” yields polymeric networks. Moreover, 

grafted polymers (PolyX) or X-containing backbones (PolyX’) can be cross-linked via “Y1<F” 

or PolyY.220,231 An outstanding example is the self-healing networks obtained from the [4+2] 

cycloaddition of polyfurandimethylene succinate (PolyF’) and bismaleimides (M2).232 Since 

the cyclopentadiene functions as both the diene and the dienophile, X and Y are the same in 

this context.   

3.4 The Main Categories of DA Reactions 

Depending on the moieties adjacent to the furan and maleimide groups, the formation of the 

DA adduct occurs from room temperature to ~70 ͦC (Figure 1A). However, anthracene and 

maleimide functional groups undergo the DA reaction at even higher temperatures. While 

110 ͦC-150 ͦC is commonly known for the RDA reaction of the furan-maleimide (FM) adducts, 

the DA reaction of anthracene and maleimide generally occurs at such high temperatures. 

The cycloreversion of anthracene–maleimide adducts often falls into temperature ranges 

above 200 ͦC where most polymer chains decompose (Figure 1B). Therefore, furan–

maleimide-based DA reactions are the best candidate when a feasible RDA reaction is 

necessary.231  

Figure 4. The structures of polymers or monomers based on the DA substrates. X and Y are different 

groups from the family of M, F, A, C, T, and H. ‘Z’ represents electron- withdrawing group such as 

pyridyl.220 (Adapted from the reference with permission)  
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In addition to furan-anthracene DA adducts, the single-component DA reaction of 

cyclopentadienes at room temperature provides thermally stable adducts often up to 150 ͦC 

(Figure 1C).220 Although the common RDA reaction temperature is well below the 

degradation temperatures of polymer chains, the irreversible side reactions may hinder the 

reversibility of the adduct after several self-healing cycles. However, a limited number of 

successful strategies are reported.233–235 These approaches aim to modify the already coupled 

cyclopentadiene dimers in order to use them as a monomer.  

Dithioesters, which behave as dienophiles, undergo [4+2] hetero-DA reactions with 

hexadienes or cyclic dienes (Figure 1D). Trifluoroacetic acid (TFA) and catalytic copper 

systems are known for catalyzing the hetero-DA reaction of dithioesters (Figure 5). Quite 

similar to the other DA categories, using a cyclic diene such as cyclopentadiene instead of an 

open-chain diene effectively facilitates the DA reaction at ambient temperatures. For 

instance, the reaction of end-capped hexadiene chains with dithioester functionalized 

polymers has been reported to occur in just a few minutes even without the use of a 

catalyst.236–239 While the RDA reaction of dithioester-hexadiene-based adducts occurs above 

160 ͦC,240 the reversibility of the DA product of dithioester and cyclopentadiene was observed 

above 90 ͦC.241,242 

Figure 5. TFA catalyzed hetero-DA click reaction of cyclopentadienyl end-functionalized polystyrene and  

electron-deficient dithioester capped polyisobornylacrylate. The reaction was completed in less than 10 

min at ambient conditions.239 (Adapted from the reference with permission)  
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3.5 Self-Healing FM-DA Polymers  

Functionalizing polymers with the reversible FM adducts opens a valuable door toward 

stimuli-responsive materials where repeatable DA/RDA reactions are responsible for the 

self-healing and recyclability of thermosets186, adhesives243, foams185, etc.178,229 In addition to 

the thermoreversible nature of the FM adducts, mechanical stress preferentially cleave the 

weak covalent bonds formed by the DA reaction. Therefore, due to the availability of the 

disconnected adducts induced by mechanical force at damaged surfaces, the reconnection of 

diene and dienophile does not require the temperatures at which the RDA reaction 

predominates. Depending on the flexibility, mobility, and reactivity of the DA functional 

groups, the healing process can be achieved by contacting the ruptured surfaces at mild 

temperatures such as 60 ͦC.179–181 However, chain entanglements and/or exchange reactions 

contribute to self-healing at low temperatures (Figure 6). Since the DA reaction between 

furan and maleimide is an equilibrium between the starting materials and the adduct, an 

exchange reaction between nearby adducts is possible at mild temperatures. In fact, the furan  

or maleimide group of an adduct can be exchanged with a furan or maleimide from an adduct 

which belongs to the opposite side of the damaged surface. Thus, the material can recover its 

mechanical and physical properties at fairly low temperatures. In the case of lengthy flexible 

Figure 2. Schematic representations of the possible self-healing mechanisms for FM-DA cross-linked net-

works at mild temperatures.179 (Adapted from the reference with permission)  
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chains or solvent-containing networks (gels), the entanglement of dangling chains is another 

probable mechanism in the healing process.179,220  

3.5.1 Tuning FM-DA Cross-Links 

Aside from temperature, solvent, and concentration affecting the DA equilibrium, the design 

of a thermally reversible DA cross-link based on furan and maleimide units requires careful 

consideration of the electronic and regiochemical effects surrounding the diene and 

dienophile substituents. In fact, the adjacent groups greatly affect the DA equilibrium, 

altering the adduct’s stability from being practically irreversible (large exergonic DA 

reactions, 0>>G) to reversible (slightly exergonic DA reactions, 0≥G). Thus, dynamic 

covalent bonds can be achieved based on the electron withdrawing (EW) or donating (ED) 

substituents. As shown previously219,244,245, ED and EW substituents increase the reactivity of 

furan and maleimide toward DA reactions, respectively. Therefore, the furan derivatives (1-

4) & maleimide (5) illustrated in Figure 7 can be sorted based on the G of the DA reaction 

or the stability of the resulting adducts from the lowest G (the highest stability) to the 

highest G (the lowest stability): 2, 3, 1, and 4. Similarly, sorting the reaction of furan (1) 

and maleimide derivatives (5-8) concerning G, ranks the reactions in the order of 6, 8, 7, 

and 5 from the lowest to the highest G.  Additionally, placing the substituents at the 3rd 

position of furan instead of the 2nd one was found to amplify the reactivity of the dienes by 

lowering the G.244  

Figure 7. Different adjacent groups next to the maleimide and furan.244 
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Figure 8. A series of DA model cross-links.245 

 

Figure 9. Retro-DA reaction profile for series of DA adducts based on A) M1 and different furan derivatives 

(F1-F9) B) F1 and different maleimide derivatives(M1-M7).219 (Adapted from the reference with permission)  
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While  substituting the furan ring with strong ED substituents greatly increased the furan’s 

affinity for the maleimide, the significantly low free energy barriers cause strong obstacles 

against the retro-DA reactions. Therefore, depending on the desired application, the G 

should be adjusted to optimize the extent of DA/retro-DA equilibrium at a given temperature. 

Based on Differential Scanning Calorimetry (DSC) measurements, the highest temperature 

reported for the model adducts (1-6) shown via Figure 8 in which the compounds greatly 

undergo the retro-DA reaction, are 138 ͦC, 114 ͦC, 126 ͦC, 157 ͦC, 134 ͦC, and 130 ͦC, 

respectively.245 Isothermal 1H NMR studies at 70 ͦC for a variety of DA adducts based on 

maleimide and furan derivatives indicated placing rigid substituents at the 3rd or 2nd position 

of the furan ring lowers the RDA reaction tendency (Figure 9A). On the other hand, having 

EW mesomeric substitutions on maleimide results in faster decoupling reactions (Figure 

9B).219   

3.5.2 FM-DA Containing Siloxane Groups & Carbon Spacers  

The strategy of utilizing siloxane moieties and carbon spacers in the Diels-Alder reaction has 

been a gateway to promote the molecular flexibility required for the self-healing process. In 

fact, enhancing the flexibility of FM-DA networks promotes reversible bond formation. In 

2001, this strategy was used to obtain removable foams based on [4+2] cycloaddition where 

the networks were subsequently cross-linked via epoxide groups reacted with amine 

Figure 10. The siloxane- based maleimide derivatives synthesized to obtain removable foams.185 
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functionalized compounds, Figure 10.185 Moreover, Gheneim et al. provided a synthetic 

methodology to incorporate maleimide pendant groups into polysiloxanes through grafting 

two types of aminopropyl-functionalized siloxane copolymers.246 Using commercially 

available copolymers with weight average molecular weights (𝑀ഥ𝑤) of 4,500 and 5,000 g/mol 

allowed only approximately 2.2 and 3.4 maleimide groups to be incorporated per chain, 

Figure 11. The furan- & maleimide-caped/grafted polysiloxanes prepared by Schäfer et al.183 
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respectively. The grafted polymeric dienophiles were reacted with a synthesized difuran 

compound to yield the target networks. However, although the DA reaction was confirmed 

via 1H NMR, the intermolecular coupling was not sufficient to form a robust network.  

More recently, Schäfer et al. illustrated that the flexibility and mobility added into the FM-DA 

networks by utilizing modified polysiloxanes increased the tendency of the RDA reaction, 

promoting the self-healing process.183 In this comprehensive study, furan- or maleimide-

functionalized silica nanoparticles cross-linked various maleimide- or furan-modified 

siloxane copolymers, Figure 11.185 Similarly, Zhao et al. used the flexibility of 

polydimethylsiloxane backbones to produce elastic networks cross-linked via a difuran-

functionalized siloxane.184 Analogous to previous research studies, a series of commercially 

available aminopropylmethylsiloxane–dimethylsiloxane copolymers were functionalized 

with propylmaleimide groups. Although the selected copolymer precursors had low 

molecular weights (i.e., 𝑀ഥ𝑤 < 6100 g/mol) elastomers were formed after several days as a 

result of insufficient amounts of functional moieties along with the negative impact of the 

amide bond directly tethered to the furan ring. As previously described, carbonyl groups 

originating from furoyl/furfural derivatives significantly reduced the tendency for the DA 

reaction. The polymer displayed a high degree of self-healing efficiency, as well as the 

remoldability of the damaged networks by utilizing the aforementioned strategy, Figure 12.  

3.6 Summary 

The design of intrinsic self-healing systems based on the Diels-Alder reversible chemistry 

opens a wide window to the parameters that can be selected to adjust the network’s 

properties concerning the target applications. In other words, altering the reactants 

Figure 12. Illustration of the remoldability and high capacity for self-healing through the usage of flexible 

siloxane backbones.184 (Adapted from the reference with permission)  

 



 

- 74 - 
 

structures (i.e., the diene and dienophile structures) is a precious tool to optimize the state 

of the DA/RDA equilibrium at a given temperature. In fact, the extent of the 

coupling/decoupling reaction rate can be pushed toward the point where the readily 

reversible DA adduct becomes a robust adduct heavily hindered to undergo the RDA reaction 

at high temperatures. On the other hand, the functional groups can also be adjusted to access 

a RDA-controlled equilibrium where the adducts rapidly undergo cycloreversion at low 

temperatures. Furthermore, the strategy of using flexible polysiloxanes and carbon spacers 

extends the optimization capacity of DA adducts. Likewise, utilizing furan derivatives 

originating from renewal biomass sources elevates these structures toward an even more 

valuable level. Mechanically triggered RDA reactions of FM-DA adducts upon damage could 

be an important factor in selecting suitable, reversible DA adducts for a given application.  All 

in all, Diels-Alder chemistry establishes an appealing opportunity for obtaining intrinsic self-

healing polymeric networks for various operating conditions. 
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   Results & Discussion        

A major portion of the current chapter is taken from the author’s article published in Polymer 

Chemistry with minor changes.247,† This chapter deals with the evaluation of thermally 

reversible nature of a novel cross-link synthesized‡ by the author. In order to better 

understand the complex polymeric system, a model system was purposed to represent the 

target macromolecules. Various measurements are discussed in this chapter including 

nuclear magnetic resonance (NMR) spectroscopy experiments and DSC analysis of the model 

system. The self-healing properties of the silicone elastomers are evaluated using scanning 

electron microscopy (SEM) and variable-temperature (VT) solid-state NMR experiments.   

4.1 Introduction 

Damage is an unavoidable aspect of polymers during their operation. Unlike many living 

organisms, self-healing ability is not a generic feature of synthetic materials. Engineered 

materials have been designed and developed on the basis of the damage 

suppression/management to expand the lifetime and reliability of materials. In fact, cross-

linking has been a method of choice to achieve an enhancement in physical and mechanical 

properties of polymers. Compared to thermoplastics, superior properties can be provided 

through this approach such as higher durability, extended lifetime, solvent resistance, and 

dimension stability. However, the formation of conventional polymeric networks may result 

in drawbacks, including lack of recyclability, and remould-ability which would appear to be 

a major concern on environmental issues. Self-healing polymers are a class of smart materials 

capable of responding to a specific stimulus, commonly thermal and mechanical energies, to 

heal damaged areas through a chemical reaction or physical interaction.105 The intrinsic self-

healing approach is a desirable strategy replacing the classical chemical cross-linkers with 

thermally reversible bonds that can be repeatedly broken and re-connected chemically183 or 

                                                           

† Nasresfahani, A. & Zelisko, P. M. Synthesis of a self-healing siloxane-based elastomer cross-linked via a 
furan-modified polyhedral oligomeric silsesquioxane: investigation of a thermally reversible silicon-
based cross-link. Polym. Chem. (2017), 8, 2942-2952. 
‡ Please find the details in the next chapter   Experimental 

http://pubs.rsc.org/en/content/articlelanding/2017/py/c7py00215g#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2017/py/c7py00215g#!divAbstract
http://pubs.rsc.org/en/content/articlelanding/2017/py/c7py00215g#!divAbstract
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physically248,249. Due to their high bonding strength, Diels–Alder (DA) and similar 

cycloaddition reactions are good candidates for equipping polymers with intrinsic self-

repairing criteria, and enhancing the mechanical toughness of materials, as well.118,250 Thus, 

upon utilizing these reversible bonds, networks could be prepared to have favorable physical 

and mechanical features of thermosets as well as the process-ability of thermoplastics which 

in fact may lead to drastically cut down the overall costs spent on preparations of self-healing 

materials through saving a considerable amount of resources and energy used. However, the 

main challenge in this area has been designing linkages having fast enough reversible 

reactions at lower temperature zones through a high yielding synthetic route. 

DA chemistry has been a promising approach to prepare thermosets with self-healing 

criteria, in particular, remold-ability.62,178,229 Furan derivatives are described in the literature 

as a valuable reactive diene for the DA reaction. The coupling reaction could happen even at 

room temperature while the decoupling reaction called retro-DA (RDA) starts to begin at 

higher temperatures. Several factors can affect these two temperatures (i.e., 𝑇𝐷𝐴 & 𝑇𝑅𝐷𝐴), the 

rate of reactions, and the final state of DA/RDA equilibrium at a given temperature.231 The 

furan’s oxygen atom facilitates the diene double bonds to relocate, resulting a reactivity 

increment towards dienophiles. In addition, withdrawing substituents with one carbon 

spacer to the furan ring can elevate the reactivity. Electron attracting groups attached to 

maleimide derivatives, specifically a phenyl ring appended to an ester group, enhance 

dienophile reactivity.219,245,251,252 Although the commercially available bismaleimide with 

phenylene rings (1,1′-(Methylenedi-4,1-phenylene) bismaleimide) markedly enhanced the 

tensile strength, the lack of flexibility caused polymeric networks with 𝑇𝑔 well above room 

temperature, and hindered the decoupling reaction at low tempertures.182,253,254 In contrast, 

bis-maleimides with flexible molecular structures tend to improve the polymer elongation, 

affording polymers with an excellent healing capability. It is shown that the self-healing 

ability of such systems depends primarily on the mobility of the functional groups and the 

ratio of maleimide to furan. Owing to flexibility of polysiloxanes backbones, these networks 

have been shown to display reversible cross-linking process through DSC analysis.183,184 
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These results revealed that mobility and flexibility of the polymer backbones is crucial for a 

reasonable fast self-healing process. Thus, promoting the healing process could be achieved 

by considering a certain level of flexibility. 

Although carbon-based polymeric backbones have been investigated quite 

thoroughly,62,178,188,229,250,252,255–260 a small number of reports have discussed the potential 

application of polysiloxane units in developing intrinsic self-healing materials.183,184 The 

majority of polydimethylsiloxane (PDMS) self-healing studies have focused on extrinsic 

approaches, where physical defects were healed through the application of encapsulated 

reagents embedded in the siloxane matrix.129,214,261 Gheneim et al. attempted to impart 

intrinsic self-healing properties to a silicone matrix by grafting maleimide groups onto 

polysiloxane copolymers.246 However, their efforts were not successful which was attributed 

to a lack of grafting and DA reaction efficiency along the siloxane backbone. More recently, 

Kickelbick’s group conducted a comprehensive study in which a series of novel polysiloxanes 

were modified using both maleimide and furan as a pendant or/and terminal groups.183 

These results demonstrated that the flexible nature of the polysiloxanes facilitates Diels-

Alder chemistry in polymeric systems. Xia et al. addressed the biocompatibility and 

remoldability of polysiloxane elastomers cross-linked with Diels-Alder linkages.184 Another 

successful approach to self-healing silicones was developed through the introduction of 

dynamic coordination bonds utilizing a Co(II)/Fe(III) triazole complex. This type of self-

healing PDMS resulted in the production of a highly elastic material having solvatochromic 

behaviors.248,249  

In the context of intrinsic self-healing materials, few studies have employed modified 

polyhedral oligomeric silsesquioxanes (POSS, POSS®) as a cross-linking agent.182,262 The rigid 

framework of POSS® closely resembles the smallest possible silica particle that can be 

incorporated into a siloxane network. The incorporation of POSS units into polymeric 

networks offers a unique opportunity for preparing truly dispersed nanocomposites with 

enhanced thermal stability, mechanical properties, and flame resistance.98,263 The inorganic 
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nature and multiple reactive functionalities of POSS, make these modifiable nanoparticles 

ideal for the construction of hybrid nanomaterials with improved self-healing properties.96,98  

4.2 Instrumentation 

Mass Spectrometry (MS). Electron Impact (EI) and Fast Atom Bombardment (FAB) mass 

spectrometry were carried out on a Thermo DFS high-resolution mass spectrometer in 

positive ion mode.  Matrix Assisted Laser Desorption Time of Flight (MALDI-ToF) spectra of 

the modified POSS (12) was acquired on a Bruker Autoflex MALDI-ToF mass spectrometer 

in the positive ion mode.   

Nuclear Magnetic Resonance (NMR) Spectroscopy. 1H, 13C, and 29Si NMR spectra were 

acquired using a Bruker AV-300 and AV-400 NMR spectrometer equipped with a PABBO 

broadband probe. Variable-temperature 1D proton magic angle spinning (MAS) solid-state 

NMR experiments were performed on a Bruker AV-600 SB spectrometer equipped with a 

BL4 NMR probe. The spin rate was set to 7kHz. 

Differential Scanning Calorimetry (DSC). Thermal analysis was conducted using a 

Shimadzu DSC-60 and a TA-60WS thermal analyzer. The calorimeter was calibrated using 

octadecane, which has a melting temperature of 27.95 ͦC. Aluminium was used as the 

standard.  

Scanning Electron Microscopy (SEM). Samples were mounted onto SEM stubs, sputter-

coated with gold and then viewed in a Tescan Vega II LSU scanning electron microscope 

(Tescan USA, PA) operating at 20kV. 

Infrared Spectroscopy (IR). Attenuated Total Reflectance Fourier Transform IR (ATR FT-

IR) spectra were acquired on a Bruker Alpha Optic GmbH 2012.  All spectra were an average 

of 24 scans at 2cm-1 resolution using neat samples on a diamond window. 

Durometer Test. Shore OO values were measured using a digital durometer (Check-Line® 

RX-OO) according to ASTM D-2240. 
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4.3 Evaluating the Model System 

The components of the model system were synthesized as outlined in the next chapter. In the 

model study (Figure 1), compounds 10 and 5 represent the furan-modified POSS (12) and 

the maleimidocarboxyphenyl pendant group grafted onto the PDMS backbones, respectively. 

The model study was undertaken to characterize the DA and RDA reactions of the cross-link 

before applying the strategy to the target polymeric matrix.  

Equimolar amounts of 10 and 5 were reacted without solvent at 40 ͦC. Consumption of the 

maleimide was confirmed by the disappearance of the maleimide ring-deformation signal at 

680-700 cm-1 in the ATR-IR spectrum (see Chapter 6). The structure of the model adduct 

(11) was confirmed principally by 1H and gradient 1H homonuclear correlation (gCOSY) NMR 

spectroscopy (see Chapter 6).  

In the 1H NMR spectrum, the resonances associated with the adduct alkene’s protons (C and 

D) were located at 6.48–6.63 ppm and the resonance for the bridgehead proton (G) was at 

5.4 ppm. The relative proportion of endo and exo Diels-Alder products was determined by 

referencing integral values in the spectrum to the protons of the phenyl ring (8.15-8.13 ppm). 

Since the dihedral angle between the bridgehead proton and the proton which belongs to the 

exo Diels-Alder adduct is approximately 90 ͦ, no observable spin-spin coupling was found for 

these two sets of protons in the gCOSY 1H NMR spectrum (see Chapter 6).245 Therefore, the 

protons of the Diels-Alder fused ring systems were assigned as follows: 3.08 ppm (E-exo), 

3.16 ppm (F-exo), 3.58 ppm (E-endo), 3.82 ppm (F-endo), 5.41 ppm (G), 6.48 ppm (C), and 

6.63 ppm (D), which is in agreement with the data reported for similar compounds.219,245 

Presumably, the steric bulk associated with the siloxane moieties is enough to disrupt the 

secondary orbital interactions that would favour the formation of the endo adduct, resulting 

in the exo adduct being the major product, even at relatively low temperatures.  

In order to optimize the conversion of the maleimide to the Diels-Alder adduct (11), the 

reaction between 10 and 5 was performed at 40 ͦC (A), 50 ͦC (B), 60 ͦC (C), and 80 ͦC (C) under 

solvent-free conditions. Each reaction contained 1:1 furan:maleimide mole ratio (12 μL:10 

μL) in a small test tube (0.75mL, 6 × 50mm) which was heated at the specified temperature 
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for  24h. The 1H NMR data revealed that the equilibrium is predominantly favourable toward 

the DA reaction from 40 ͦC to 50 ͦC (Table 1, Figure 2). Extending the time to 48h for each 

sample produced approximately the same integral values, addressing that in the first 24h the 

model Diels-Alder/retro-Diels-Alder reactions had reached equilibrium conditions (Figure 

3, also see Chapter 6). Consumption of the maleimide was calculated by comparing the 

integrals of the alkene protons (C, D) with the 2H resonance associated with the phenyl ring 

at 8.12-8.15 ppm. The relative proportion of endo product decreased significantly as the 

temperature was increased from 40 ͦC to 60 ͦC while the exo adduct became more abundant, 

suggesting the transition of endo to exo adduct significantly expanded within the mentioned 

temperature range. However, since the endo and exo adduct ratio has a negligible influence 

on the bulk properties of a polymeric material, the endo and exo isomers can be treated as a 

single adduct in terms of the macromolecular chemistry.187,253  

 

Figure 1. The model Diels-Alder/retro-Diels-Alder equilibrium involving appended furan rings (diene) and 

a maleimidocarboxyphenyl (dienophile). The Diels-Alder and retro-Diels-Alder reactions were favoured at 

40°C and 110°C, respectively.247 (See Chapter 6 for the synthetic details)  
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 To study the feasibility of having a system which undergoes multiple Diels-Alder/retro-

Diels-Alder cycles, samples A, B, and D were subjected to elevated temperatures of up to 

110 ͦC to facilitate the RDA reaction, prior to cooling down to 50 ͦC. According to the 1H NMR 

data obtained for sample D (Figure 3), in just 2 h the amount of maleimide conversion 

altered to 42% from 87% proving the RDA reaction was profoundly favoured at 110 ͦC, 

shifting the equilibrium towards the starting materials. Lowering the reaction temperature 

to 50 ͦC led to reproduce 99% of the consumed adducts (Figure 3). Similarly, the reversible 

reactions for sample A and B  were also studied  (see Chapter 6). Looking at the data for 

sample A, the reaction needed less than 2h at 50 ͦC to reach its initial equilibrium values. 

Considering the data from retro-Diels-Alder reaction for sample D at 110 ͦC, the Diels-Alder 

reaction occurred in a comparable time frame.  

Equimolar amounts of 5 and 10 were used to prepare a sample that contained almost 96% 

of the adduct. After exposure to 136 ͦC for 2 min the sample was quenched at 4 ͦC. A 66% 

decline in the concentration of the Diels-Alder adduct was observed by 1H NMR (see Chapter 

6).  

Considering the thermal behavior of the linkage mentioned, the proposed cross-link was 

found to be similar to those of which previously described as ultrafast DA/RDA cross-links.186 

It needs to be noted that the diene was unstable at temperatures above 120 ͦC for extended 

time periods (i.e., if the diene from retro-Diels-Alder reaction remained at temperatures of 

120 ͦC or greater for several hours, the reaction produced a black solid that was insoluble in 

conventional solvents). However, this instability did not provide a barrier in terms of the 

Table 1. The maleimide consumption in sample A, B, C, and D at different temperatures after 24h.247 
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adduct reversibility, as the retro-Diels-Alder reaction occurs within a few minutes. Analogous 

irreversible reactions have been also reported for furan derivitives182,258,262,264–266 

In an effort toward an understanding of the reaction profile, the Diels-Alder reaction 

conducted at 50 ͦC was studied by isothermal 1H NMR spectroscopy (Figure 4). Spectra were 

acquired every 5 min resulting in 187 total acquisitions. An excess amount of the furan (10 

mol equiv.) (F0 = 10 M0 ≈ 0.5 mol/L) in CDCl3 was chosen to establish a pseudo-first-order DA 

reaction conditions and minimize the reaction time. Curve fitting of the maleimide 

conversion rate, dx/dt, confirmed the pseudo-first-order rate profile for the DA reaction. In 

contrast to the exo isomer, which showed relatively linear behaviour through the course of 

the reaction, the endo adduct was observed to reach its highest concentration in 

Figure 4. Conversion of the maleimide (5) to the adduct (11) in excess amount of the diene (10) monitored 

by Dynamic 1H NMR experiment at 50°C. CDCl3 was used as the reaction solvent. The total amount of the 

observed adduct is the summation of exo and endo products.247 
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approximately 10h, reaching a maximum concentration of approximately 30%. Following the 

reaction from this point, the endo:exo ratio started to increase from 1:1 to 1:2 whereas the 

endo adduct’s amount gradually decreased to 24%. As the Diels–Alder reaction is a balance 

between the adduct and the starting materials, the maleimide consumption, as well as the 

adduct production, was expected to ultimately reach a plateau at the equilibrium state. The 

forward reaction (Diels-Alder) was almost k1/k2 ≈ 255 (L/mol)≈2 more favourable than the 

reverse reaction (retro-Diels-Alder) at 50 ͦC.  The rate constant for the Diels-Alder reaction at 

50 ͦC (k1) is among the highest values reported for [4+2] cycloaddition reactions of furan and 

maleimide derivatives in the literature.219,267 The curve fitting formula and constants are 

shown in Figure 4.  

DSC measurements were also used to visualize the Diels-Alder and retro-Diels-Alder 

reactions. The sample prepared for DSC analysis was obtained from a 1:1 ratio of diene: 

dienophile that was kept at 50 ͦC for 5 days. 1H NMR spectroscopy analysis of the sample 

indicated approximately 88% consumption of the maleimide prior to being analyzed by DSC. 

The sample was equilibrated at -15 ͦC for 10 min before being subjected to seven 

heating/cooling cycles ranging from -13 ͦC to 116 ͦC. All cycles had the same heating/cooling 

rate of 4−
+  ͦC/min. Comparing the first heating/cooling cycle with subsequent ones, there were 

three conspicuous areas (shaded) in Figure 5. Reports in the  

literature186,219,245,250,254,257,258,264,268,269 as well as the 1H NMR data presented above, indicated 

that the first, second, and third shaded areas can be attributed to the reduction of alignment 

between the aliphatic carbons bonded to the siloxane moieties (Figure 5, Area 1), the retro-

Diels-Alder reaction of the endo isomers (Figure 5, Area 2), and the endo- to exo-

isomerization along with crystallization of the exo-adduct before going through the exo-

retro-Diels-Alder reaction at approximately 60 ͦC (Figure 5, Area 3).  

It is important to note that there were several parameters governing the material’s overall 

response in the thermal analysis, including the amount of heat injected or extracted from the 

system by the DSC instrument, the quantity of adduct available, and the isothermal 

experience at 116 ͦC in each cycle. The isothermal time periods for the first three cycles, the 
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“4th & 5th” and the “6th & 7th” cycle were 10, 20, and 40 min, respectively. According to the 

aforementioned 1H NMR experiments, the Diels-Alder reaction at 50 ͦC and the retro-Diels-

Alder reaction at 110 ͦC should be quite comparable to a given time scale in the DSC. However, 

since the holding time at 116 ͦC was deliberately extended, the equilibrium tended to shift 

towards retrieving the amount of adduct that had been consumed. Thus, the exothermic peak 

Figure 5. DSC analysis of a sample of the model cross-link containing 88% adduct (11). Both retro-Diels-

Alder and Diels-Alder reactions were detected after the 2nd cycle.247 
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gradually increased. Consequently, the Diels-Alder reaction became more favourable in each 

cooling cycle. Furthermore, none of the cycles exhibited an endothermic peak to the same 

extent as the 1st cycle. This can be attributed to the higher quantity of adduct available in the 

sample which motivated the equilibrium to favour the retro-Diels-Alder reaction in 

accoRDAnce with Le Châtelier’s principle.  

The data obtained from the 1H NMR and DSC analyses demonstrated the capacity of the 

cycloaddition linkage to be considered as an excellent intrinsic self-healing cross-link.  

4.4 The Diels-Alder Cross-Linked Siloxane Elastomer 

The trimethylsiloxy terminated-methylhydrosiloxane-dimethylsiloxane copolymers used in 

these experiments had a number average molecular weight of 13,000 g/mol and possessed 

3-4 mole% methylhydrosiloxane. Based on 1H NMR data and elemental CH analysis, on 

average, there was one maleimidocarboxyphenyl side group for every 32 

dimethylsiloxane units in the copolymer system. A homogenous solution of PDMS-3 and 

furan-modified POSS (12) in chloroform with a maleimide: furan mol ratio of 1:3.5 was 

prepared. The solvent was gradually removed in vacuo before casting the blend into an open 

poly(tetrafluorethylene) (PTFE) mould with three 37.6 × 13.8 × 3mm cavities. The highly 

viscous liquid was kept at ambient temperature for 24h after it was transferred to the 

cavities. The mould was then placed inside an oven for 2h at 80 ͦC, followed by 24h at 50 ͦC to 

yield an elastomer (Figure 6). The material exhibited an average Shore OO hardness of 74 ± 

1.6. As phase separation was not observed, the POSS units within siloxane chains were 

homogeneously dispersed.  

Figure 6. A graphical structure of the elastic network obtained from 12 and PDMS-3.247 
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Based on the model studies, 110 ͦC and 50 ͦC were selected as the optimal temperatures for 

the retro-Diels-Alder and Diels-Alder reactions in the self-healing process. To assess the self-

healing capacity of the network, a specimen was cut completely in half and returned to the 

mould. Heating the cut elastomer for 2h at 110 ͦC prior to 5h at 50 ͦC was sufficient to fully 

rebind the cut pieces (Figure 7). At elevated temperatures, such as 110 ͦC, the specimen’s 

surfaces became sticky as a result of retro-Diels-Alder reactions. The excess quantity of the  

diene in the system not only avoided deforming the specimen by supressing the retro-Diels-

Alder reaction but also helped to efficiently heal the damaged surfaces at 50 ͦC. Retention of 

the overall integrity of the network at 110 ͦC can also be attributed to the rigidity of the furan-

modified POS units and the reactivity of its flexible arms. The healed areas were assessed 

using scanning electron microscopy (SEM) (Figure 7).  Although the cutline was faintly 

visible after healing, the healed surface exhibited almost a complete recovery. However, there 

were a number of spots that could not reconnect at the surface due to material loss during 

the cutting process. Variable temperature solid-state 1H NMR analysis of the cross-linked 

PDMS elastomer provided a further evidence of the thermo-reversibility of cross-links at the 

molecular level. Although the peaks were heavily overlapped (Figure 8, i, ii, iii, iv insets), it 

was possible to observe reversible alterations in their locations as a result of the equilibrium 

exist among the functional groups. Retro-Diels-Alder and Diels-Alder reactions were 

detected by increasing the spectrometer temperature to 106 ͦC prior to decreasing it to 

Figure 7. Illustration of the self-healing capacity of the siloxane network. A is the original, undamaged 

elastomer. B and C are the surface SEM images of the healed area. The arrows indicate the residual scar 

after healing. Due to the material loss upon the damage, some surface areas could not heal perfectly 

(SEM image B).247  
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ambient temperature (Figure 8). The spectra showed that the material recovered its initial 

state once the temperature reached 23 ͦC. The coupling and decoupling reactions within the 

silicone elastomer were found to occur at same relative rates as observed in the model 

systems.  

To illustrate the material's recyclability and minimize the time needed for the self-healing 

process, a fully cut specimen was heated to 200 ͦC. The gap between the cut pieces was 

completely closed as the material subsequently became fluid when the surface temperature 

crossed 187 ͦC after 5 minutes. The heater was turned off after the gap closure and the healed 

specimen was allowed to cool. After an hour from the beginning of the process, the specimen 

was released from the mould. The material’s hardness, Shore OO, experienced a ten-unit 

drop. Although 110 ͦC was sufficient for the process of healing, 187 ͦC was the temperature 

that the material not only could profoundly decouple the cross-links but also could overcome 

the molecular interactions to behave as a viscous fluid (see the published video online⦿).§ 

                                                           

⦿  Please find the video here : http://www.rsc.org/suppdata/c7/py/c7py00215g/c7py00215g2.mp4 

Figure 8. Variable temperature solid-state 1H NMR analysis of the cross-linked silicone elastomer. The 

minutes indicate the amount of time passed from the previous depicted acquisition.  i, ii, iii, and iv insets 

are the enlarged areas specified in the main spectrum.247 

http://www.rsc.org/suppdata/c7/py/c7py00215g/c7py00215g2.mp4
file:///D:/00%20Brock-%20Msc/00%20Writing%20thesis/video%20here%20:%20http:/www.rsc.org/suppdata/c7/py/c7py00215g/c7py00215g2.mp4


 

- 90 - 
 

4.5 Flexibility Impacts on Physical and Mechanical Properties  

To study how the flexibility of the polymer chains affects the physical and mechanical 

properties and of the RDA reaction, PDMS-T1 and –T2 were prepared from PDMS-3. While 

network-1 was obtained without the PDMS chains end-capped with 

maleimidocarboxyphenyl terminal groups, 12% w/w of PDMS-T1 and –T2 were included in 

network-2 and -3, respectively (Figure 9). All networks were prepared by casting the 

mixtures into a silicone mould having three cavities with the dimensions of 76 × 25.4 × 

2.2mm. Subsequently, the mould was exposed to ambient temperature (~30 ͦC) for about 17h 

prior to being placed in an oven for 24h at 50-60 ͦC. The molar ratio of maleimide: furan was 

kept 1:3.5 for all networks. Similarly, shapeless samples of the networks were prepared in 

4mL vials for the DSC and thermogravimetric analysis (TGA) measurements. To study the 

self-healing process at 110 ͦC, rectangular specimens were cut into halves and placed into the 

mould and returned to the oven. The specimens experienced ~10h of 110 ͦC before the 

temperature was set to 50 ͦC-60 ͦC for approximately 20h. Due to the lack of a sufficient 

thermal conductivity within the silicone mould, the same process was followed for the other 

surfaces of the specimens previously exposed to the air. Consequently, the specimens were 

healed to the point where the cut-lines were almost hardly recognizable (Figure 10). In 

terms of hardness, network-1, network-2, and network-3 exhibited average Shore OO 

values of 80.4±0.5, 80.7±4, and 78.2±3, respectively. The hardness values were higher in case 

Figure 9. The macromolecules used to assess the flexibility and bimodality impacts on physical & mechan-

ical properties.  
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of the healed specimens; 85.7±2, 83.8±5, and 84.6±3 for network-1, network-2, and 

network-3, accordingly. Such increases indicated the materials possessed higher cross-

linking densities after the self-healing process.  

4.5.1 DSC & TGA Measurements 

The prepared shapeless networks were subjected to three cycles where the samples were 

heated from the ambient temperature (~25 ͦC) to 150 ͦC via DSC machine. The isothermal 

intervals were 2 and 5 min at 150 ͦC and -20 ͦC, respectively. A rate of 10 ͦC/min was used as 

the cooling or heating rate. Eventually, another cycle was performed to designate the glass 

transition region by cooling the sample to -130 ͦC from ~25 ͦC before returning to 20 ͦC with 

the rate of ±10 ͦC/min. The data reported in Table 2 comprise the average results of four 

separate measurements. Comparing the glass transition regions, network-1 and -2 had 

roughly the same values whereas the addition of 12% w/w PDMS-T2 lowered the region by 

approximately 4 ͦC for network-3 (Table 2). Moreover, the addition of flexible backbones 

Figure 10. The images of the network prepared by casting method for the Tensile and DMA tests. The 

healed specimens became darker in comparison with the original ones. 
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resulted in increasing the H of the RDA reaction occurred at ~140 ͦC. Therefore, promoting 

flexibility in the polymer chains facilitated the [4+2] cycloreversion reaction. 

Thermogravimetric analysis (TGA) of the samples indicated that the thermal stabilities are 

in the order of network-3, -2, and -1 (Figure 11). Such behavior can be attributed to an 

increased tendency for the RDA reaction due to having PDMS-T1 and –T2 within network-

2 and -3. In fact, RDA reaction retards the onset of destructive decomposition behavior by 

consuming the thermal energy injected via  TGA machine into the polymeric system. 

Therefore, a higher thermal stability can be achieved by increasing RDA reaction tendency 

through more flexible backbones. 

Figure 11. Thermogravimetric analysis of the prepared networks. The heating rate was set to 10  ͦC/min. 
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4.5.2 Dynamic Mechanical Analysis & Tensile Tests 

The instrument used for the tensile strength was a Instron 5943 with a load cell of 1kN. The 

analysis rate was set to 5mm/min. A PerkinElmer DMA8000 on single cantilever mode also 

used for the dynamic mechanical analysis (DMA). The temperature was set to range from -

50 ͦC to 110 ͦC. Samples for the tensile and DMA experiments were cut from the original cast 

specimens. The prepared specimens had relatively smooth edges with the dimensions of 50 

× 12.5 × 2mm and 25 × 10 × 2mm for the tensile and DMA specimens, respectively. The tensile 

tests of the healed specimens showed an unexpected result. In the tensile tests of healed 

materials the ruptured areas was most often at a place other than the healed part of the 

specimens, indicating high recoveries were achieved at the damaged zone. Also, the impact 

of bimodality of siloxane chains was only observable in the healed specimens of network-2. 

The DMA and tensile measurements are depicted in the following pages (Figure 13-18).** 

The tensile modulus and yield strengths were calculated by using the data below 5% 

elongation. Comparing to the Larson equation††, the measured elastic modulus was quite 

higher than the estimated ones for the prepared networks: 

𝑬𝒍𝒂𝒔𝒕𝒊𝒄 𝑴𝒐𝒅𝒖𝒍𝒖𝒔 = 𝑨 𝒆𝒙𝒑(𝑩 × 𝑺𝒉𝒐𝒓𝒆 𝑶𝑶), 𝑨 = 𝟎. 𝟎𝟎𝟑𝟕, 𝑩 = 𝟎. 𝟎𝟕𝟏𝟖 

                                                           

** The results were obtained through collaborating with a group at the University of Alberta. 

Dan Li, an undergraduate student at the department of material and chemical engineering, 

under the supervision of Dr. Anastasia Elias, was responsible for running the tests whose data 

are presented in this section.  This section is a part of an ongoing project. 
††K. Larson, Can You Estimate Modulus From Durometer Hardness for Silicones?, Dow Corn-

ing internal publication, 2016. Form No. 11-3716-01. 
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Figure 13. The tensile (Young’s modulus) tests results for network-1 and its healed specimens. 
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Figure 14. The tensile tests (Young’s modulus) results for network-2 and its healed specimens. 
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As it was previously discussed in chapter 1 through bimodality effect, network-2 and 

network-3 were expected to exhibit higher tensile strains as a result of having the flexible 

terminal polysiloxanes (i.e., PDMS-T1 and PDMS-T2).  

Figure 15. The tensile (Young’s modulus) tests results for network-3 and its healed specimens. 
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Figure 16. The DMA results for network-1 and its healed specimens. 
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4.6 Conclusion 

The capacity of the Diels-Alder silicon-based linkage to be used for the intrinsic self-healing 

materials was illustrated through various thermal studies, including 1H NMR analysis and 

DSC measurements. The author grafted siloxane chains with a pendant 

maleimidocarboxyphenyl attached to a five-carbon spacer to avoid the rigidity of the 

bismaleimide while gaining its high reactivity towards the diene. The electronics of the diene 

and dienophile, along with the flexibility and mobility factors in structural design allowed to 

obtain an elastic network exhibiting excellent temperature-controlled self-healing 

characteristics. SEM confirmed the complete reconnection of the two cut pieces in the 

absence of any solvent. The rigid POSS units and the ratio of maleimide:furan resulted in a 

material that retained its structural integrity at elevated temperatures without hindering the 

self-healing process. SEM imaging of the elastomeric samples, as well as solid-state 1H NMR 

experiments, demonstrated the reversible nature of the DA reaction on macroscopic and 

microscopic scales, respectively. In addition, the author successfully prepared a recyclable 
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elastomeric material exhibiting excellent temperature-controlled self-healing 

characteristics. Table 3 provides a simple comparison between the current work with the 

previously reported self-healing polymers based on the dynamic covalent bonds. In the table, 

the type of the damage can be a scratch or even a complete cut while the self-healing 

efficiency is often defined as a ratio of the healed specimen’s Young’s or storage modulus over  

the original (i.e., virgin) one. 

 

 

Healing Mechanism Self-healing Condition Healing Efficiency Ref. 

Cyclopentadiene Diels–Alder 120°C, 12h 
60% 270 

Maleimide/furan Diels–Alder with 
CrO2 

110°C, 12h 
100% 271 

Radical fission/recombination  
Alkoxyamines   

130°C, 2.5h 
75% 272 

Maleimide/furan Diels–Alder  
Epoxy resin 

120°C, 20min  
& 80°C, 72h 

96% 273 

Maleimide/furan Diels–Alder 120–150°C, 24h 
57% 274 

Maleimide/furan Diels–Alder Coat-
ings 

175°C, 1h 
100% 275 

Maleimide/furan Diels–Alder 
Polyketone 

120–150°C  
(5 min–1h) 

100% 276,277 

Maleimide/furan Diels–Alder 
 Polystyrene 

150°C 
 (2,5 min) 

80% 266 

Maleimide/furan Diels–Alder 
 Polyethylene 

60–140°C  
(20 min–5d) 

100% 179,278,279 

Maleimide/furan Diels–Alder  
Polyamides 

100–150°C  
(10 min–2h) 

Not mentioned 280,281 

Maleimide/furan Diels–Alder 
Poly(methylmethacrylate) 

100–150°C (4h) 
80–100% 275,282,283 

Anthracene-maleimide Diels–Alder  100–200°C (1–3d) 
50% 283,284 

Maleimide/furan Diels–Alder Epoxy  90–120°C (1–3d) 
37–100% 285–289 

Anionic Siloxanes 90°C (24h) 
100% 186 

Cyclopentadiene Diels–Alder 120°C (20h) 
63% 235 

Photochemical [2+2] cycloaddition  
Chitosan-Polyurethane 

hν (280–400nm)  
(15–30min) 

100% 290,291 

Photochemical [4+4] cycloaddition hν(>360 nm)  (15min) 
Not mentioned  190 

Maleimide/furan Diels–Alder  
Polysiloxane 

110°C, 2hr     
& 50°C, 5hr 

100% This Work247 

Table 3. Comparison of the current project with previously reported dynamic covalent systems. Table 3. Comparison of the current project with previously reported dynamic covalent systems. 
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4.7 Future Work 

The goal of the research presented in this thesis was the investigation of a means of extending 

the lifetime of polymeric silicone materials through a process known as self-healing. A model 

system was designed to study the thermally reversible nature of Diels-Alder adduct cross-

linked siloxane compounds utilizing NMR spectroscopy and differential scanning 

calorimetry. The knowledge gained from the model systems was applied to the synthesis of 

silicone-based elastomers cross-linked by a furan-modified polyhedral oligomeric 

silsesquioxane utilizing the Diels-Alder reaction and evaluating their self-healing capacity. 

Additionally, the research assessed the capacity of silicone-based elastomers to heal even 

after seemingly catastrophic damage. These healed materials were studied regarding their 

physicomechanical properties and compared with virgin silicone elastomers that were not 

damaged. Although the thesis attempted to investigate the prepared networks thoroughly, 

still there are plenty of new grounds to discover. Investigating the macromolecules 

properties before the cross-linking reaction (i.e., knowledge of the molecular distribution, 

𝑀𝑛̅̅ ̅̅ , and 𝑀𝑤̅̅ ̅̅ ̅ before & after each step in functionalizing the macromolecules) provide a better 

understanding of the materials self-healing and recyclability behaviors. Usage of different 

quantities of flexible macromolecules to obtain the optimized values, which are necessary for 

the emergence of the bimodality effect in the tensile test, is crucial to improving the materials 

physical and mechanical properties. Additionally, comparisons of self-healing efficiency and 

recyclability must be considered from studying higher molecular weight polysiloxane chains 

(>320 repeating units) and oligosiloxane (<30 repeating units). Since time and temperature 

are the two important factors in a self-healing process, their optimized values must be found 

to minimize the required time while accessing to a complete repair. To develop the materials, 

the remote self-healing concept might be a precious strategy to localize heat in the damaged 

area via embedding superparamagnetic nanoparticles triggered by remote sources of energy 

(i.e., electric or magnetic fields).  
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   Experimental‡‡        

The chapter reports the in-detail information regarding the raw materials used in the 

experiments and the synthetic procedures used to obtain model systems as well as the 

polymeric compounds.§§ 

5.1 Materials 

Celite®545, tetrahydrofuran (THF), toluene, pentane, diethyl ether, aluminium oxide (type 

WN-6, neutral), molecular sieves (4Å beads, 8-12 mesh), pyridine, 10-decenoic acid, furfuryl 

alcohol, 4-aminobenzoic acid, acetic anhydride, sodium acetate, Pt(0)-1,3-divinyl-1,1,3,3-

tetramethyldisiloxane complex (Karstedt’s catalyst, Pt(dvs)) in xylenes, lipase B from C. 

antarctica immobilized on Lewatit VPOC1600 cross-linked divinylbenzene resin (Novozym-

435, N435), trimethylsilyl terminated-poly(dimethylsiloxane-co-methylhydrosiloxane) (3-

4% methylhydrosiloxane) with an average 𝑀𝑛̅̅ ̅̅  of 13,000 g/mol (PDMS-1), PDMS-TS1, and 

PDMS-TS2 were obtained from Sigma–Aldrich (Oakville, Ontario, Canada). Maleic anhydride, 

4-penten-1-ol, and thionyl chloride were obtained from Alfa-Aesar (Ward Hill, NJ, USA). 

Heptamethyltrisiloxane and octakis(dimethylsiloxy)-T8-silsesquioxane were obtained from 

Gelest (Morristown, PA, USA). All compounds and solvents were used as received unless 

otherwise noted. 

5.2 Synthesis of Model Compounds 

Activated carbon was kept at 120 ͦC four days before being used. All reactions were 

performed under a nitrogen atmosphere. THF and pyridine were kept over molecular sieves 

at least seven days prior to usage.  

 

                                                           

‡‡ The chapter is mainly based on Nasresfahani, A. & Zelisko, P. M. Synthesis of a self-healing siloxane-
based elastomer cross-linked via a furan-modified polyhedral oligomeric silsesquioxane: investigation of 
a thermally reversible silicon-based cross-link. Polym. Chem. (2017), 8, 2942-2952. 
§§ Please find the related characterizations in the next chapter  Selected Spectra & Graphs 
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5.2.1 Synthesis of The Dienophile 

Synthesis of 5-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl) pentan-1-ol (3) 

To a solution of 4-penten-1-ol (2) (0.91 g, 11 mmol) in pentane (14 mL) 1,1,1,3,5,5,5-

heptamethyltrisiloxane (1) (2.34 g, 10.6 mmol) was added followed by the addition of 

Karstedt’s catalyst (20 μL). The resulting solution was allowed to reflux for 4 h. Activated 

charcoal was added to the reaction and the system stirred for 4 h at ambient temperature 

before being filtered through a pad of Celite® using a medium porosity fritted Büchner funnel. 

Toluene and any residual starting materials were removed in vacuo to afford 3 exclusively 

(2.8 g, 9.0 mmol, 85%) as a colourless liquid. 

1H NMR (400 MHz, CDCl3) 𝛿 = 3.63 (t, 3J=6.7 Hz, 2H), 1.56 (b, 2H), 1.48 (b, 1H), 1.35 (b, 4H), 

0.46 (b, 2H), 0.08 (b, 18H), -0.01 (b, 3H).13C NMR (101 MHz, CDCl3) 𝛿 = 63.02, 32.53, 29.23, 

22.92, 17.60, 1.85, -0.29.29Si NMR (80 MHz, CDCl3) 𝛿 =6.94, -21.50. IR: 𝜈 = 3330 cm-1 (OH). 

High-Res. MS-EI(+ve): 307.1569 amu. Elemental Analysis (%): Calculated: C:46.70, H:10.45, 

Found: C:46.41, H:10.33. 

Synthesis of N-[4-(chlorocarbonyl) phenyl] maleimide (4) 

The compound was synthesized as previously described.292,293  

1H NMR (400 MHz, CDCl3) 𝛿 = 8.23-8.21 (b,2H), 7.66-7.64 (b,2H), 6.92 (b, 2H).13C NMR (101 

MHz, CDCl3) 𝛿 = 168.59, 167.55, 137.69, 134.61, 132.25, 131.71, 125.15 ppm. High-Res. MS-

EI (+ve): 235.0027 amu. 

Scheme 1. Synthesis of the dienophile.247 
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Synthesis of 5-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl) pentyl 4-(2,5-dioxo-2,5-

dihydro-1H-pyrrol-1-yl) benzoate (5) 

A solution of 3 (0.31 g, 1.0 mmol) in 5 mL of dried THF was cooled in an ice bath. Pyridine 

(0.16 g, 2.0 mmol) was added to the reaction flask and stirred for 10 min. Subsequently, a 

solution of 4 (0.47 g, 2.0 mmol) in dried THF (5 mL) was injected in a drop-wise manner into 

the reaction flask. After 15 h, the crude reaction mixture was diluted with 10 mL THF. The 

pyridinium salt was filtered through a pad of Celite® using a medium porosity fritted Büchner 

funnel. After evaporation of the THF in vacuo, the crude mixture was dissolved in 20 mL of 

pentane to precipitate the excess amount of 4. The suspension was cooled and filtered three 

times before the pentane was removed in vacuo. After dissolving the resulting viscous liquid 

in 10 mL toluene, volatiles (including unreacted pyridine) were removed in vacuo to give 5 

(0.33 g,  0.65  mmol, 65%) as a brown viscous liquid. 

1H NMR (400 MHz, CDCl3) 𝛿 = 8.15-8.13 (b, 2H), 7.50-7.48 (b, 2H), 6.89 (b, 2H), 4.33 (t, 3J = 

6.6 Hz, 2H), 1.77 (b, 2H), 1.43 (b, 4H), 0.49 (b, 2H), 0.09 (b, 18H), 0.01 (b, 3H).13C NMR (101 

MHz, CDCl3) 𝛿 =168.94, 165.74, 135.34, 134.36, 130.37, 129.48, 125.18, 65.31, 29.49, 28.48, 

22.84, 17.53, 1.87, -0.26.29Si NMR (80 MHz, CDCl3) 𝛿 = 6.97, -21.66. High-Res. MS-EI (+ve): 

507.1930 amu. Elemental Analysis (%): Calculated: C:54.40, H:7.34, Found: C:54.19, H:7.47. 
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5.2.2 Synthesis of The Diene 

Synthesis of furan-2-ylmethyl undec-10-enoate (8) 

10-Undecenoic acid (6) (24 g, 0.13 mol) was dissolved in toluene (160 mL) before the 

addition of furfuryl alcohol (7) (26 g, 0.26 mol). The enzymatic catalyst N435 (4% w/w, 0.90 

g), as well as molecular sieves (2 g), were subsequently added to the reaction flask. After 

equipping the reaction flask with a Dean-Stark apparatus, the reaction mixture was heated 

to 85 ͦC to stir for 48 h. The crude reaction mixture was filtered through a pad of Celite® using 

a medium porosity fritted Büchner funnel before removal of the solvent using a rotary 

evaporator. The resulting yellow liquid was dissolved in 50 mL of diethyl ether and washed 

with 80 mL of distilled water, 40 mL of a saturated solution of NaHCO3, and 30 mL of brine 

(x3). Combined organic layers were dried over anhydrous Na2SO4 to yield 8 (27 g, 0.10 mol, 

78%) as a yellow liquid. 

1H NMR (300 MHz, CDCl3) 𝛿 = 7.42 (b, 1H), 6.40-6.36 (b, 2H), 5.87-5.74 (b, 1H), 5.06 (s, 2H), 

5.01-4.91 (b, 2H), 2.32 (t, J=7.5 Hz ,2H), 2.04 (b, 2H), 1.62 (b, 2H), 1.38-1.27 (b, 10H).13C NMR 

(75 MHz, CDCl3) 𝛿 = 173.46, 149.67, 143.18, 139.18, 114.14, 110.53, 110.46, 57.86, 34.14, 

33.78, 29.25, 29.04, 28.89, 24.86. High Res. MS-EI (+ve): 264.17 amu. Elemental Analysis (%): 

Calculated: C:72.69, H:9.15, Found: C:72.80, H:9.25. 

 

Scheme 2. Synthesis of the diene. 
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 Synthesis of furanyl-2-methyl 11-(1,1,3,3,5,5,5-heptamethyltrisiloxanyl) undecanoate 

(10) 

To a solution of 8 (0.88 g, 3.3 mmol) in toluene (3 mL), Karstedt’s catalyst (8 μL) was added 

and stirred for 10 min. Subsequently, 1,1,3,3,5,5,5-heptamethyltrisiloxane (9) (0.83 g, 3.7 

mmol) was introduced to the flask, and the reaction mixture was allowed to reflux for 8 h. 

Activated charcoal was added to the reaction vessel and the contents were stirred for 2 h at 

ambient temperature before filtering the suspension through a pad of Celite® using a medium 

porosity fritted Büchner funnel. Toluene and residual starting material were removed in 

vacuo to afford 10 (1.36 g, 2.78 mmol, 84%) as a light yellow liquid. 

1H NMR (300 MHz, CDCl3) 𝛿 = 7.42 (b, 1H), 6.40-6.35 (b, 2H), 5.06 (s, 2H), 2.33 (t, J=7 Hz, 

2H), 1.62 (b, 2H), 1.26 (b, 14H), 0.52 (b, 2H), 0.08-0.02 (b, 21H).13C NMR (101 MHz, CDCl3) 

𝛿 = 173.50, 149.68, 143.19, 110.54, 110.47, 57.86, 34.17, 33.45, 29.53, 29.49, 29.37, 29.25, 

29.11, 24.90, 23.23, 18.30, 1.82, 1.29, 0.22. 29Si NMR (60 MHz, CDCl3) 𝛿 =7.45,7.01,-21.08. 

High-Res MS-FAB+ [C23H46O5Si3+Na]+: 509.2545 amu. Elemental Analysis (%): Calculated: 

C:56.74, H:9.52, Found: C:57.01, H:9.52. 
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5.3 Synthesis of the Elastomers 

 Synthesis of pentan-1-ol-siloxane-dimethylsiloxane copolymers (PDMS-2) 

 

To a solution of PDMS-1 (25 g, 10 mmol Si-H) in toluene (80 mL), 4-pentene-1-ol (2) (1.67 g, 

19.3 mmol) was added. The solution was allowed to stir for 10 min. Karstedt’s catalyst (197 

μL) was introduced to the flask, and the reaction was stirred at ambient temperature. 

Completion of the reaction was confirmed by the disappearance of Si-H peak from the 1H 

NMR spectrum. The crude reaction was diluted with 100 mL of toluene. Activated charcoal 

was added to the reaction vessel and the mixture was left to stir overnight at ambient 

temperature.  The suspension was filtered three times through a layered pad of filtration 

agents, including Celite®, silica, and alumina (2 cm each) using a 150 mL medium porosity 

fritted Büchner funnel. Toluene and the residual starting materials were removed in vacuo to 

obtain PDMS-2 (18 g, 7.0 mmol OH) as a slightly yellow, clear, viscous liquid. 

1H NMR (300 MHz, CDCl3) δ =3.63 (t, J=6.7 Hz, 2H), 1.58 (b, 2.75H), 1.39 (bm, 4H), 0.54 (b, 

2H), 0.09 (b, 215H).13C NMR (101 MHz, CDCl3) 𝛿 = 63.02, 32.53, 29.23, 22.92, 17.60, 1.85, -

0.29. 29Si NMR (60 MHz, CDCl3) 𝛿 = 6.94, -21.50. Elemental Analysis (%): Calculated: C:33.50, 

H:8.27, Found: C:33.03, H:8.29. 
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PDMS-B1S and PDMS-B2S were the two blends of PDMS-1 comprising 12% (w/w) 

PDMS-TS1 and PDMS-TS2, respectively. The PDMS chains with Si-H groups at the 

terminal positions had average repeat units of 235 and 323. The above procedure 

was also followed to synthesize PDMS-B1H and PDMS-B2H from PDMS-B1S and 

PDMS-B2S, accordingly. 

PDMS-B1H: 1H NMR (300 MHz, CDCl3) δ=3.63 (b, 1.86H), 1.57(b,2.4H), 1.39(b,4H), 

0.53(b,2H), 0.09(b,277H). 13C NMR (101 MHz, CDCl3) 𝛿 = 63.02, 32.53, 29.23, 22.92, 17.60, 

1.85, -0.29. 29Si NMR (60 MHz, CDCl3) 𝛿 = 6.94, -21.50. 

 PDMS-B2H: 1H NMR (300 MHz, CDCl3) δ = 3.63 (b, 1.92H), 1.5(b,2.5H), 1.38(b,4.34H), 

0.53(b,2H), 0.09(b,284H). 13C NMR (101 MHz, CDCl3) 𝛿 = 63.02, 32.53, 29.23, 22.92, 17.60, 

1.85, -0.29. 29Si NMR (60 MHz, CDCl3) 𝛿 = 6.94, -21.50. 
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 Synthesis of maleimidocarboxyphenylpentansiloxane - dimethylsiloxane copolymers 

(PDMS-3) 

 

To a solution of PDMS-2 (16.4 g, 6.40 mmol -OH) in 40 mL of dried THF, pyridine (3.1 eq. per 

mol -OH) was added and the reaction was stirred for 15 min. A solution of 4 (3 eq. per mol -

OH) in 160 mL of dried THF was introduced to the reaction media drop-wise. Completion of 

the reaction was confirmed by 1H NMR when the resonance corresponding to the terminal 

methylene adjacent to the –OH group at 3.63 ppm was fully shifted to 4.32 ppm. At this point, 

the crude reaction mixture was diluted with 100 mL of THF. The pyridinium salt was filtered 

from the reaction mixture using a pad of Celite® in a medium porosity fritted Büchner funnel. 

Upon evaporating the THF, the crude mixture was dissolved in 200 mL of pentane to 

precipitate any remaining 4. The suspension was cooled and filtered three times prior to 

evaporating the pentane from the filtrate in vacuo. After dissolving the resulting brownish 

viscous liquid in 50 mL toluene, the residual amount of unreacted pyridine was removed 

along with the toluene in vacuo to yield (15.2 g, 1.00 mmol maleimidocarboxyphenyl) PDMS-

3 as a brownish, highly viscous liquid.  

1H NMR (300 MHz, CDCl3) 𝛿 = 8.15-8.12 (b, 2H), 7.50-7.47 (b, 2H), 6.88 (b, 1.66H), 4.32(b, 

2H), 1.78 (b, 2H), 1.45 (b, 4.7H), 0.56 (b, 2H), 0.09 (b,238H).13C NMR (101 MHz, CDCl3) 𝛿 = 

168.90, 165.75, 135.29, 134.37, 130.40, 129.55, 125.16, 65.31, 29.58, 28.51, 22.79, 17.41, 

1.75,150,0.92,0.52 -0.50.29Si NMR (60 MHz, CDCl3) 𝛿 = 7.21, -21.95. Elemental Analysis (%): 

Calculated: C:35.89, H:7.80, Found: C:34.89, H:7.90. 
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The above procedure was also followed to synthesize PDMS-B1M and PDMS-B2M 

from PDMS-B1H and PDMS-B2H, respectively. 

 

PDMS-B1M: 1H NMR (300 MHz, CDCl3) δ = 8.15-8.12(b,2H), 7.50-7.47(b,1.86H), 6.88(b,2H), 

4.32(b, 2H), 1.76(b,1.83H), 1.45(b,4.5H), 0.53(b,2H), 0.08(b,330H). 13C NMR (101 MHz, 

CDCl3) 𝛿 = 168.90, 165.75, 135.29, 134.37, 130.40, 129.55, 125.16, 65.31, 29.58, 28.51, 22.79, 

17.41, 1.75, 150, 0.92, 0.52 -0.50. 29Si NMR (60 MHz, CDCl3) 𝛿 = 7.21, -21.95. 

PDMS-B2M: 1H NMR (300 MHz, CDCl3) δ = 8.15-8.12(b,2H), 7.50-7.47(b,2H), 6.88(b,1.85H), 

4.32(b, 2H), 1.76(b,1.87H), 1.45(b,4.75H), 0.53(b,2H), 0.08(b,329H). 13C NMR (101 MHz, 

CDCl3) 𝛿 = 168.90, 165.75, 135.29, 134.37, 130.40, 129.55, 125.16, 65.31, 29.58, 28.51, 22.79, 

17.41, 1.75, 150, 0.92, 0.52 -0.50. 29Si NMR (60 MHz, CDCl3) 𝛿 = 7.21, -21.95. 
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 Synthesis of octakis(furan-2-ylmethyl)-functionalized polyhedral oligomeric 

silsesquioxane (12) 

 

To a solution of octakis(dimethylsiloxy)-T8-silsesquioxane (3.25 g, 3.19 mmol) in pentane 

(50 mL), 8 (6.7 g, 25 mmol) was added. The solution was stirred for 10 min. Karstedt’s 

catalyst (25 μL) was introduced to the flask, and the reaction mixture was allowed to reflux 

for 12 h, ultimately resulting in the appearance of two layers. After extracting the bottom 

layer, the liquid was dissolved in 50 mL of chloroform. Activated charcoal was added, and the 

reaction was stirred over night at ambient temperature before filtering the suspension 

through a pad of Celite® using a medium porosity fritted Büchner funnel. Chloroform was 

removed in vacuo to obtain 12 (7.14 g, 2.58 mmol, 71%) as a yellow viscous liquid.    

 1H NMR (300 MHz, CDCl3) 𝛿 = 7.41 (b, 1H), 6.39-6.34 (b, 2H), 5.05 (s,2H), 2.32 (t, 3J=7Hz, 

2H), 1.63 (b, 2H), 1.24 (b, 14H), 0.58 (b, 2H), 0.12 (b, 6H).13C NMR (101 MHz, CDCl3) 𝛿 = 

173.42, 149.66, 143.16, 110.52, 110.45, 57.83, 34.14, 33.49, 29.63, 29.55, 29.41, 29.30, 29.14, 

24.89, 22.98, 17.70, -0.33. 29Si NMR (60 MHz, CDCl3) 𝛿 = 12.59, -108.88. MALDI: Theoretical 

mass of [C144H248O44Si16+Na]+: 3152.337m/z, Measured mass: 3152.363 m/z. Elemental 

Analysis (%): Calculated: C:55.21, H:7.98, Found: C:55.49, H:7.96. 
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   Selected Spectra & Graphs     

 

Figure 1. 1H NMR spectrum of compound 3.247 
 

 

Figure 2. 13C NMR spectrum of compound 3.247  
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Figure 3. 29Si NMR spectrum of compound 3.247  

 

 

 

Figure 4. 1H NMR spectrum of compound 5.247 
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Figure 5. 13C NMR spectrum of compound 5.247 

 

 

 

 

Figure 6.29Si NMR spectrum of compound 5.247 

 

NMR Tube Glass 
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Figure 7. 1H NMR spectrum of compound 8.247 

 

 

 

 

Figure 8. 13C NMR spectrum of compound 8.247 
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Figure 9. 1H NMR spectrum of compound 10.247 

 

 

 

Figure 10. 13C NMR spectrum of compound 10.247 
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Figure 1. 29Si NMR spectrum of compound 10.247 

 

 

 

Figure 2. 1H NMR spectrum of PDMS-2.247 
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Figure 3. 13C NMR spectrum of PDMS-2. 247  
 

 

 

Figure 14. 29Si NMR spectrum of PDMS-2. 247 

 

NMR Tube Glass 
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Figure 15. 1H NMR spectrum of PDMS-3. 247 

 

 

 

Figure 16. 13C NMR spectrum of PDMS-3. 247 
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Figure 17. 29Si NMR spectrum of PDMS-3. 247 
 

 

 

Figure 18. 1H NMR spectrum of compound 12. 247 

  

 

NMR Tube Glass 



 

- 120 - 
 

 

 

Figure 19. 13C NMR spectrum of compound 12. 247 

 

 

Figure 4. 29Si NMR spectrum of compound 12. 247 
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Figure 5. MALDI-ToF mass spectrometry of 12. 247 

 

 

 

 

Figure 22. ATR-IR spectrums of the diene(10), the dienophile (5) and a DA reaction mixture which con-
tained 88% adduct (11) according to 1H NMR. 247 
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Figure 6. 1H NMR spectroscopy of a Diels-Alder reaction mixture containing 10, 5, and 11. 247 
 

 

 

 

Figure 7. gCOSY NMR spectroscopy of a Diels-Alder reaction mixture. Only the endo isomer correlates with 
the bridge’s hydrogen. 247 
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Figure 8. A series of 1H NMR spectra acquired for sample B in different time periods and various tempera-
tures followed subsequently. 247 
  

 

 

 

Figure 9. A series of 1H NMR spectra acquired for sample A in different time periods and various tempera-
tures followed subsequently. 247 
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Figure 10. 1H NMR spectra of a DA mixture sample contained a high quantity of the adduct (11) before and 
after exposing to 136 Cͦ for 2 min. 247 
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