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Abstract  

This thesis is focused on the synthesis and the characterization of a polyimine based on vanillin 

derivative. 

As illustrated in Figure 1, vanillin reacted with 4,4'-oxydianiline (ODA) to produce the intermediate 

monomer, V-ODA (vanilline-4,4'-oxydianiline), which was subsequently used for polymer synthesis. In 

this reaction the ethanol was used as the solvent and the reaction take 6 hours at 80°C, finally the V-

ODA separated by filtration and left to dry for 24 hours. 

 

Figure 1 Scheme of V-ODA monomer synthesis 

The structure of V-ODA confirmed by 1H NMR and FTIR analyses. Thermogravimetri analysis (TGA) 

showed good thermal stability, and Differential Scanning Calorimetry (DSC) confirmed the absence of 

residual solvent. 

To synthesize Epoxy V-ODA (Figure 2) the synthesized V-ODA was reacted epichlorohydrin (ECH) at 

110 °C and stirred for 30 minutes. To separate the desired epoxy the dichloromethane (DCM) and 

distilled water were added to form a two-phase system and extract water soluble impurities. 

Subsequently, to remove residual moisture anhydrous MgSO4 was used. Finally, hexene was introduced 

to aid to remove of remaining ECH before rotary evaporation. 

 

Figure 2 EV-ODA structure 

FTIR analysis of EV-ODA confirmed the successful attachment of the epoxy groups, as well as the 

disappearance of the hydroxyl and amine groups originally present in V-ODA. TGA revealed 

degradation temperature of 270°C, indicating high thermal stability. DSC analysis showed a broad 

endothermic peak around 137 °C, which is probably related post-curing of the material.  

In crosslinking step, EV-ODA was dissolved in dimethyl sulfoxide (DMSO) and Ytterbium (III) 

trifluoromethanesulfonate was added as the thermal initiator. Different amount of thermal initiator 

(3%wt, 4%wt and 5%wt) was added. The mixture was cured at 80 °C for 24 hours. 

FTIR analysis, which performed after the curing, confirmed the presence of imine groups and 

disappearance of epoxy ring in the polymer network; however, no significant differences were observed 

in the spectra of samples containing different amounts of thermal initiator. Therefore, the further test 

and analysis of this study was performed by using a 3%wt of the thermal initiator for each sample.  

 

Dynamic mechanical analysis (DMA), was initially performed over a temperature range of -15°C to 

330°C. In the first trial, the storage modulus increased unexpectedly around 100°C, which might be due 



to post curing. In the second and third trials, the storage modulus decreased as the temperature increased. 

The glass transition temperature (Tg) increased from 247°C in the second trial to 298°C in the third trial 

which might be due to increasing crosslinking occurring during the heating cycles. 

Stress relaxation test was performed at 150°C on circular sample under 5%strain. The material showed 

significant stress relaxation after 1h, which indicate network rearrangement through imine bond 

exchange. 

Finally, reprocessability of material evaluate. Solvent free EV-ODA with 3%wt of thermal initiator hot 

pressed for 15 minutes at 150°C, which resulted in the formation of a very thin and homogenous film. 

After each tensile test, the broken material hot pressed at 150°C, and in all four cycles, the resulting film 

was homogeneous. Despite the brittleness of film, it can withstand applying a load for a few moments 

before failure.  
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1 Introduction 

This thesis has synthesis and characteristic of Vitrimeric Epoxy-Amine Polyimine Networks Schiff Base 

Derived from Vanillin. This project was developed entirely in the department of DISAT (Politecnico di 

Torino).  

The project is focused on synthesizing vitrimer based on di-amine vanillin with different amounts of 

curing agents, followed by its characterization.  

The second section of thesis describes the synthesis methods. Subsequently, the chapter “Result and 

Discussion” describes the quality characteristics and mechanical characteristics of obtained product.  

Lastly, the conclusions regarding the work done are exposed.  
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1.1 Polymers 
The term "polymer" comes from Greek, meaning "many parts" which describes their fundamental 

structure composed of repeating monomeric units. These monomers are bonded and form the long 

molecular chains which define the polymeric materials. Most of the polymers are petroleum-based 

precursors and are based on carbon chemistry. A key property of polymers is their high molecular 

weight, which influences on their physical and mechanical properties significantly. While the term 

"plastics" is often used synonymously with synthetic polymers it is not entirely accurate, as not all 

synthetic polymers exhibit permanent deformability, which is typically plastic characteristic [1]. 

The production of polymeric materials has increased substantially over the decades, driven by their 

widespread use across various industries. Between 1950 and 2023, global plastic production surged to 

413.8 million metric tons (Figure 3) [2]. This continuous increase is primarily attributed to the 

advantageous properties of polymers, including cost efficiency, durability, safety, and ease of 

processing. Additionally, their lightweight nature, resistance to degradation, adaptability in appearance, 

and excellent manufacturability have made them a preferred alternative to traditional materials in 

numerous applications [2], [3]. 

 
Figure 3 Annual production of plastics worldwide from 1950 to 2023 [4] 

 

While the 20th century was defined by the rapid growth in material production and consumption, the 

21st century is increasingly recognized as the era of recycling and focused on sustainability instead of 

mass production and consumerism. Considering high amount of waste, nearly 40%, having a lifespan 

of less than a month, the accumulation of waste products has led to substantial environmental issues. As 

a result, recycling has become very critical, aiming to reduce waste generation and promote 

sustainability. Waste is mainly managed through incineration or landfill, but recycling is increasingly 

favoured due to regulations, costs, and environmental concerns. By reprocessing the material in 

recycling the need for extraction virgin resources decrease significantly which means that recycling 

conserve the resources. Subsequently, using reprocessed material in manufacturing consumed fewer 

energy rather than extracting raw material and use it for manufacturing which leads to lower CO2 

emission [5]. 
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1.2 Thermoplastics and thermosets  
Properties of polymers are highly dependent on temperature. The mobility of polymer chains changes 

according to temperature changes. The critical temperature at which polymers transfer from rigid and 

glassy state to a soft and rubbery state is known as the glass transition temperature (Tg). Glass transition 

temperature is affected by chemical structure, crosslink density, and molecular weight [6]. 

Polymers classify based on different criteria such as chain topology, polymerization mechanism, their 

origin. One of the common polymer classifications is based on their respond to heat, which is directly 

affected by topology of the polymer. In this category the polymers classify into three groups: 

thermoplastics, elastomer, and thermosets (Figure 4) [7].  

 

Figure 4 Different groups of polymers [8] 

Thermoplastics are group of polymers that can soften and reshape multiple time by reheating and then 

harden by cooling. In this group of polymers, there is not permanent chemical bonds between the chains, 

which allows them to behave like viscous liquid under heat and pressure [9]. 

Elastomer is a type of polymeric material which exhibits both elastic and viscous properties. Elastomers 

contain long and flexible polymer chains that are loosely held together by weak intermolecular forces, 

allowing them to stretch and return to their original shape. The weak bonding between the chains gives 

them their characteristic elasticity and softness. They can be sourced from natural origins, such as natural 

rubber harvested from rubber trees. Alternatively, they can be produced synthetically using raw 

materials based on platinum or other chemical compounds. Synthetic elastomers offer more controlled 

properties and can be tailored for specific industrial needs [10]. Elastomers have the ability to rapidly 

revert to their original shape and dimensions following by removal of an applied deforming force [11]. 

They are predominantly utilized in applications such as tires, seals, and as impact modifiers for 

thermoplastics. These materials demonstrate significant resistance to impact, even at low temperatures 

[12]. 

Thermosets are a category of polymers that are synthesized through the combination and subsequent 

chemical reaction of fluid precursors within a mould. Upon the reaction of these precursors, a 

crosslinked network is established, resulting in a material that cannot flow upon exposure to heat [12]. 

The distinct thermal behaviour exhibited by thermosets and thermoplastics can be attributed to their 

respective chemical structures. Thermoplastics consist of linear polymers that exist in either a 

semicrystalline or amorphous glass state when solid. Upon heating beyond the melting point of the 



 

4 
 Bio-based polyimine vitrimer, July 2025 

 

crystalline regions (as observed in semicrystalline thermoplastics such as polyethylene) or surpassing 

the glass transition temperature (as seen in amorphous thermoplastics like atactic polystyrene), the 

polymer chains gain mobility, resulting in flow. Conversely, thermosets are characterized by their cross-

linked polymer structure, which maintains its solid state as long as the covalent bonds remain intact 

[13]. These thermosetting polymers, which attain a permanent shape during the curing process, play a 

significant role in contemporary plastics and rubber industries. They account for approximately 20 

percent of the total polymeric materials produced globally, with an annual production volume estimated 

at around 65 million tons [14]. The growing emphasis on environmental sustainability, particularly 

regarding the conservation of finite resources and the management of waste disposal, has resulted in 

heightened advocacy for the recycling of materials once they have reached the end of their useful 

life[15]. Nevertheless, cross-linked polymers, which are predominantly derived from petroleum-based 

feedstocks characterized by nondegradable hydrocarbon backbones, present significant challenges to 

long-term sustainability efforts [16]. 

There are some specific thermosetting polymers which can undergo chemical degradation, that facilitate 

their removal. Various chemical strategies have been suggested to address this issue, including the 

integration of disulfide-cleavable bonds within the hardener formulation. These bonds can be effectively 

degraded by using solvent mixtures which includes acids [17]. An alternative approach involves 

utilizing epoxy precursors that incorporate ester functional groups, such as cycloaliphatic epoxies, which 

are synthesized via the esterification of cycloaliphatic acids with α-terpineol, followed by the 

epoxidation of double bonds. Additionally, the use of anhydrides derived from diacids has been 

proposed as hardeners to enhance the chemical and thermal reworkability of these materials at moderate 

temperatures [18], [19]. 

Another long-term approach to facilitate the recycling and reuse of thermosetting polymers involves 

substituting traditional chemical cross-linking with reversible covalent bonds or robust non-covalent 

interactions. Although numerous reversible reactions may be evaluated as potential methods for 

incorporating reversible covalent bonds into thermosets, the options that exhibit both ease of 

reversibility and the ability to be repeated are notably limited [20]. 

 

1.3 Covalent Adaptable Networks 
Adaptable networks are materials characterized by dynamic crosslinks that respond to specific stimuli, 

facilitating recyclability while preserving numerous advantageous properties associated with 

thermosetting polymers [21]. 

Covalent Adaptable Networks (CANs) are defined as networks that contains a sufficient number and 

topology of reversible covalent bonds, enabling the cross-linked network structure to undergo chemical 

responses to external stimuli. This respond occurs without permanent damage to the network and 

preserving the original bond density while allowing material structural rearrangement [20]. 

CANs can be categorized into two distinct groups based on their exchange mechanisms (Figure 5). The 

first category employs a dissociative cross-link exchange mechanism; wherein chemical bonds are 

initially cleaved before being reformed at different locations [22]. When crosslinks are disrupted, the 

density of crosslinks within the network diminishes, potentially resulting in a loss of network 

connectivity and, in extreme cases, complete depolymerization. The specific structure of the dissociative 

crosslinking agent can influence whether the network disruption yields free monomers or unbound 

polymer chains. In either scenario, the polymers can be reprocessed and reshaped, with the re-

establishment of crosslinks facilitating the recovery of the original mechanical properties [23]. 
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An associative dynamic CANs shows constant crosslink density during bond exchange process, as seen 

in Figure 5, the bond breaking and bond reformation occurs simultaneously. Due to conservation of 

crosslink density during this bond exchange, the minimum macromolecular structure change happens. 

In contrast, the dissociative dynamic covalent adoptable networks show more structural change during 

bond exchange due to crosslink density change [24].  

 

Figure 5 CANs are categorized into two distinct groups: dissociative and associative exchange 

 

Associative process is a characteristic of the recently developed "vitrimer" materials, which demonstrate 

suitable properties for high-performance applications [25]. 

1.4 Vitrimers  
In 2011, Leibler and co-workers introduced a class of polymeric materials termed vitrimers, based on 

associative CANs[26]. Unlike dissociative CANs, vitrimers feature a permanent chemical network with 

dynamic covalent bonds that enable the material to undergo topological rearrangement while 

maintaining a constant number of crosslinks at all temperatures below degradation [7], [23]. This 

behaviour arises from thermally activated exchange reactions, where dynamic covalent units undergo 

degenerate processes—meaning the forward and reverse reactions are equilibrium-governed with a 

thermodynamic constant of 1. As a result, vitrimers retain their bond count regardless of temperature, 

distinguishing them from other dynamic networks that lose connectivity upon heating [7].  

 

When heated, vitrimers transition from a viscoelastic solid to a viscoelastic liquid, allowing them to flow 

and be reshaped without losing structural integrity [23]. This unique property comes from the 

temperature-dependent exchange of dynamic covalent bonds, which allows network rearrangement 

while preserving crosslink density. 

Unlike traditional polymer networks, vitrimers retain their dynamic covalent network integrity over a 

wide range of temperatures (up to degradation temperature), which facilitates distinctive interactions 

with solvents. Despite they may swell in chemically inert solvents, they do not dissolve in them, even 

at elevated temperatures. Unlike conventional thermosets with fixed crosslinks, vitrimers exhibit higher 

swelling ratios due to their ability to undergo bond exchange [22]. 



 

6 
 Bio-based polyimine vitrimer, July 2025 

 

Vitrimers demonstrate a distinctive viscoelastic behaviour that is defined by two interrelated transition 

temperatures: the glass transition temperature (Tg) and the topology-freezing transition temperature 

(Tv). The glass transition represents the initiation of long-range segmental motion as the material 

transfer from a rigid glassy state to a rubbery state, similar to the traditional polymers. However, 

vitrimers demonstrate an additional transition at Tv, where the timescale of dynamic bond exchange 

reactions becomes shorter than the timescale of material deformation. Below Tv, the material behaves 

as a viscoelastic solid with effectively frozen topology, whereas above Tv, the accelerated bond 
exchange facilitates the stress relaxation and macroscopic flow, leading to viscoelastic liquid behaviour. 

Conventionally, Tv is defined as the temperature at which the viscosity reaches 1012 Pa.s, indicating the 

practical threshold for network reconfiguration. This dual-transition behaviour fundamentally makes 

vitrimers distinguishable from conventional polymers, as it allows them to combine the dimensional 

stability and solvent resistance of thermosets below Tv with the reprocessability and stress-relaxation 

capabilities of thermoplastics at temperature above Tv  [22]. 

 

 

Figure 6 Viscoelastic behaviour of vitrimer with A) Tg<Tv, follows the Arrhenius law, B) Tv<Tg 

 

In systems where Tg < Tv (as illustrated in Figure 6.A), initial applying heat results in transition from 

glassy region to rubbery state at Tg, where the material behaves like a conventional elastomer with 

effectively frozen network topology due to slow bond exchange. Further heating above Tv accelerates 

exchange reactions, leading material to transfer into a viscoelastic liquid which flow follows the 

Arrhenius-type viscosity behaviour. Conversely, when Tg > Tv (Figure 6.B), the network dynamics are 

primarily constrained by segmental mobility rather than kinetic of exchange. Below Tg, both segmental 

motions and bond exchanges are suppressed, and resulting in freezing network structure. Above Tg, the 

initial rearrangements of the network are limited by the mobility of polymer segments, exhibiting WLF-

type viscosity behaviour, which describes the rapid drop in viscosity near Tg due to increasing chain 

mobility, until higher temperatures where exchange reactions become dominant and Arrhenius kinetics 

become prevalent. In these cases, Tv represents a hypothetical transition point, while the practical 

network freezing is determined by Tg, which imposes limitation on segmental mobility [22].  
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2 Experimental 

2.1 Material 
Vanillin, 4,4’ -Oxydianiline (ODA), Ethanol, Epichlorohydrin, Benzyl trimethylammonium 

chloride(C10H10ClN), Dichloromethane, Distilled water, Anhydrous MgSO4, Hexane, Dimethyl 

sulfoxide, Ytterbium (III) trifluoromethanesulfonate((CF3SO3)3Yb).  
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2.2 Synthesis 

2.2.1 Monomer synthesis 
The synthesis of the monomer was achieved according to the literature procedure [27]. The monomer 

V-ODA was synthesized by reacting vanillin with 4,4’ -Oxydianiline (ODA) in ethanol as a solvent. The 

reaction stoichiometry was based on the functional groups of the reactants, amine groups in ODA and 

aldehyde groups in vanillin (For each mole of diamine (ODA), 2 moles of vanillin were used for 

balanced reactivity).  

The quantities of vanillin and ODA were based on a molar ration 2:1. 

The synthesis of V-ODA was conducted using a three-neck reaction flask. To provide uniform heat 

distribution, a Pyrex crucible was filled with sand and used as a thermal medium to surround the reaction 

flask. The crucible was then placed on a heater equipped with a magnetic stirrer, enhancing the even 

transfer of heat throughout the reaction.  

The three-neck flask was placed centrally in the crucible and secured with a stand and clamps, and the 

lateral necks of the flask were sealed with appropriate plastic caps to prevent any external contamination 

or lose of reactant. Ethanol was then added to the flask as the solvent, and a magnetic stirrer was placed 

inside to facilitate continuous mixing during the reaction.  

Following this, the required amounts of 4,4’-Oxydianiline (ODA) and vanillin were accurately weighed 

according to stoichiometric calculations and added to the flask. A vertical condenser was attached to the 

central neck of the flask to prevent the evaporation of the solvent during heating. The condenser was 

connected to a water supply with a plastic tube attached to the lower inlet, allowing water to flow in 

from the bottom and exit from the top outlet.   

To monitor the temperature, a thermometer was inserted into the sand within the crucible, positioned 

close to the reaction flask, as the reaction was maintained at 80 °C (Figure 7). 

 
Figure 7 Synthesis reaction of V-ODA 

 

The reaction was allowed to continue for six hours. After this period, the heater was turned off, and the 

setup was left to cool to room temperature. Once cooled, all instruments were detached, and the filtration 

of V-ODA began. Filter paper was placed inside a funnel positioned over a Buchner flask to separate 

V-ODA from the solvent. A plastic Pasteur pipette was used to carefully remove the reaction mixture 

from the flask and pour it onto the filter paper, this allowed the solvent to pass through, leaving the solid 

V-ODA on the filter paper (Figure 8).  
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Figure 8 Filtering synthesized V-ODA 

Following filtration, the solid V-ODA was washed three times with ethanol to remove any unreacted 

materials. The washed V-ODA and the solvent was left to evalopare under the fumehood. Finally, the 

dried V-ODA was placed into plastic tubes, weighed, and the yield was calculated (Table 1). 

 

Table 1 Summary of used material in the monomer synthesis reaction 

Sample Vanillin (g) ODA (g) Ethanol (mL) V-ODA (g) Process yield 

(%) 

V-ODA1 7.6 5 100 3.5 30 

V-ODA2 7.6 5 100 8.794 80.3 

V-ODA3 7.6 5 100 7.997 73 

V-ODA4 12 7.896 100 14.966 81 

 

Figure 9 shows the appearance of the sample after filtration and drying. 

 

 

Figure 9 Synthesized V-ODA samples 
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2.2.2 Monomer epoxidation 

The synthesis of Epoxy-V-ODA was achieved according to the literature procedure [28]. In the second 

phase, V-ODA was used as a starting monomer to synthesize the epoxy V-ODA. For this process, a 250 

mL three-neck round bottom flask was employed, equipped with a magnetic stirrer and a thermometer 

to monitor the reaction temperature. To ensure uniform heat distribution throughout the mixture, as in 

the first phase, a sand bath with a crucible was utilized. The flask was charged with 8.5 g (18.1 mmol) 

of V-ODA and 100.7 g (1.1 mol) of epichlorohydrin (ECH). The heater was then turned on, and the 

magnetic stirrer began to stir the mixture until the temperature reached 110°C. Once the temperature 

was achieved, a small amount of benzyl trimethylammonium chloride (BTMA, 0.34 g) was added as a 

phase transfer catalyst to enhance the reactivity and improve the reaction yield. The reaction continued 

for 30 minutes, and after this period, the mixture was allowed to cool down to room temperature (Figure 

10).  

 

Figure 10 Synthesis of Epoxy V-ODA 

At this step, the reaction mixture contained unreacted epichlorohydrin (ECH), the desired epoxy V-

ODA, catalyst residues, and potential byproducts. To separate the desired product, an extraction process 

was carried out. Initially, 50 mL of dichloromethane (DCM) was added to the mixture, resulting in a 

two-phase system. The organic phase, which included DCM, EV-ODA, and ECH, separated from the 

aqueous phase, which contained catalyst, water-soluble impurities, and byproducts. To further remove 

the impurity, distilled water was added to the mixture, facilitating the extraction of water-soluble 

contaminants. Due to their different densities and immiscibility, the two phases formed distinct layers, 

with the aqueous phase on top and the organic phase at the bottom. The organic layer was then carefully 

separated.  

After the separation of the organic phase, anhydrous MgSO4 was introduced as a strong moisture 

absorbent to eliminate any residual amounts of water that might remain in the organic phase. The 

hydrated MgSO4 was subsequently separated through filtration, leaving the organic phase completely 

free of moisture.  

Next, the solvents (ECH and DCM) needed to be removed. A rotary evaporator was used for this purpose 

(Figure 11). Hexene was also added to help remove any remaining ECH, as it reduces the solubility of 
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ECH in the organic phase. In the rotary evaporator, solvents evaporate based on their boiling points. The 

vacuum was applied to the system, causing the DCM to evaporate first due to its lower boiling point 

compared to ECH. As the temperature was gradually increased, ECH also started to evaporate. Both 

DCM and ECH were removed gradually as the pressure was lowered. The vapours then entered the 

condenser, where they cooled and condensed back into liquid form, collecting in a separate receiving 

flask. Ultimately, only the solid EV-ODA product remained in the original flask. 

 

Figure 11 Rotary evaporator; A) Solvent collector flask after its evaporation, B) Original flask 

 

 

The prepared epoxy is shown below:   

 

Figure 12 Epoxy V-ODA 
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2.2.3 Polymer crosslinking 

The crosslinking reaction of the EV-ODA involved the ring-opening of the EV-ODA using dimethyl 

sulfoxide (DMSO) as a solvent and a thermal initiator [28]. The maximum solubility of EV-ODA in 

DMSO was 250 mg/Ml. 

Measured amounts of EV-ODA and DMSO were placed into glass vials, each containing a magnetic 

stir bar. The vials were positioned in a Pyrex crucible which were filled with sand to ensure uniform 

heat distribution. The crucible was placed on a heater equipped with a magnetic stirrer, and the 

temperature was carefully maintained at 70°C to prevent undesired changes to the chemical bonds 

(Figure 13). The mixture was stirred continuously until a homogeneous solution was obtained. 

 

Figure 13 Cationic monomer 

Once the EV-ODA was completely dissolved in DMSO, varying amounts of the thermal initiator, 

Ytterbium (III) trifluoromethanesulfonate (Figure 14), were added to each vial (Table 2). The mixtures 

were stirred for a few additional minutes to ensure the complete dissolution of the thermal-initiator.  

 

 

Figure 14 Thermal initiator structure 
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Table 2 Compositions of polymer samples 

 
Sample 1 Sample 2 Sample 3 Sample 4 

EV-ODA(g) 0.25 0.25 0.25 0.25 

DMSO(g) 1.2 1.2 1.2 1.2 

Thermal 

initiator(%wt) 

3 4 5 0 

 

The resulting solutions were then poured into rectangular moulds (Figure 15) and placed in an oven 

maintained at 70°C for 24 hours allowing the crosslinking reaction and the evaporation of the solvent. 

This process yielded a solid polymeric material, that was subsequently tested. 

 

 

 

Figure 15 Vitrimer before curing 
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2.3 Charactrisation methods  

2.3.1 Chemical analysis 

2.3.1.1 1H-NMR 

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique for elucidating molecular 

structures by exciting transitions between nuclear spin states and detecting the resulting energy 

absorption and emission. The energy levels observed in NMR arise from the interaction of nuclear spins 

with surrounding magnetic fields, which are influenced by the chemical environment and the distribution 

of electrons around the nucleus.  

The separation of these energy levels, which is observed as the "chemical shift", depends on the local 

chemical environment, while the number of energy levels is affected by interactions between nuclear 

spins, known as spin-spin coupling. When a nucleus is subjected to a magnetic field, its magnetic 

moments align in quantized orientations, leading to formation of discrete energy levels, a phenomenon 

known as Zeeman splitting.  

In NMR, all transitions between energy levels are not allowed. As a result, even nuclei with multiple 

energy levels, such as quadrupolar nuclei, typically exhibit a single resonance due to the equal spacing 

of these energy levels.  

At the Larmor frequency, nuclear spins can absorb energy to transition from lower to higher states or 

emit energy when they return to lower energy states. The intensity of the resulting NMR signal is directly 

correlated to the difference between the number of these energy levels, which is affected by the 

gyromagnetic ratio (γ). Nuclei with lower γ values produce weaker signals, which is one of the 

limitations in NMR sensitivity.  

The NMR signals are influenced by two different types of electron-induced fields: the first one generated 

by electron circulation, which opposes the applied magnetic field, and another produced by electrons in 

excited states, which can either provide shielding or deshielding effects on the nucleus. This interaction 

between electrons and nucleus, known as the paramagnetic term, contributes to variations in shielding, 

thereby affecting the observed resonance frequency.  

To standardize measurements across different spectrometers, chemical shifts are reported as a fractional 

frequency shift from a reference compound, measured in parts per million (ppm). This chemical shift 

value, denoted as δ, increases as shielding decreases and is calculated using the equation:  

δ=(νref-νobserved/νref)×106  

where νobserved is the observed resonance frequency, and νref is the reference frequency [29].   

 

2.3.1.2 FTIR 

Fourier Transform Infrared (FTIR) spectroscopy is a powerful analytical technique for identifying 

chemical bonds within a molecule by producing an infrared absorption spectrum unique to each 

substance, serving as a molecular fingerprint. This method is effective for characterizing both organic 

and inorganic compounds and can be applied to analyse solids, liquids, and gases. As a vibrational 

spectroscopic technique, FTIR relies on the interaction between infrared electromagnetic radiation and 

the sample, offering significant advantages such as high sensitivity, rapid data acquisition, and non-

destructive analysis. Compared to dispersive instruments, FTIR spectrometers deliver enhanced energy 
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throughput, greater sensitivity, and accelerated spectral acquisition, making them particularly suitable 

for advanced material analysis [30]. 

The analysis was performed with Nicolet™ iS50 FTIR Spectrometer equipped with an Attenuated Total 

Reflection (ATR) setup (Figure 16). The sample was positioned on the instrument's crucible and then 

covered with a pressure anvil, which was secured using a screwdriver. The analysis was conducted 

within the range of 400–4000 cm⁻¹.   

 

 

Figure 16 FTIR instrument 
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2.3.2 Thermal analysis 

2.3.2.1 DSC 

Differential Scanning Calorimetry (DSC) is widely utilized to investigate the physical characteristics of 

polymers. This technique facilitates the analysis of thermal events such as melting, crystallization, and 

mesomorphic transitions, along with the associated changes in enthalpy and entropy. It is also effective 

for identifying glass transitions and other thermal effects that involve shifts in heat capacity or latent 

heat [31]. 

The DSC setup consists of two pans positioned on heaters, with one pan holding the sample to be 

analysed and the other serving as an empty reference. The temperature is precisely controlled, and the 

heat supplied to each pan is carefully measured. Typically, less heat is required for the reference pan 

because it contains no material undergoing thermal transitions, unlike the sample pan, which may absorb 

or release heat during such processes. The additional heat provided to the sample ensures that its 

temperature matches the temperature increase of the reference [31]. 

During the analysis, a graph is generated with the temperature plotted on the x-axis and the heat flow 

difference required to maintain the same temperature increase on the y-axis, offering insights into the 

thermal properties of the sample.  

DSC test was performed using a DSC 214 Polyma instrument. The sample was studied with heating rate 

of 10°C/min under nitrogen flow with a purge rate of 50mL/min. The DSC was performed over a 

temperature range of 25°C to 250°C. 

 

2.3.2.2 TGA 

Thermogravimetric analysis (TGA) is a technique used to measure changes in the weight of a sample as 

a function of temperature or time under controlled conditions. This analysis is performed using a 

thermogravimetric analyser, which records the weight changes and generates a TGA curve, typically 

plotting mass against temperature or time. Weight variations in the sample can result from processes 

such as the evaporation of volatiles, drying, desorption or adsorption, decomposition, or oxidation, 

depending on the experimental environment [32]. 

 

For the TGA test, less than 10 mg of the sample was placed in an aluminium crucible and inserted into 

the analyser from the top. The analyser is equipped with a precise microbalance to measure the sample's 

weight changes within a closed furnace. A thermocouple positioned near the crucible ensured accurate 

monitoring of the sample's temperature. To isolate the sample from the heating elements and cooling 

coils, a protective tube was used [33]. Argon gas, an inert atmosphere, was supplied at a flow rate of 50 

mL/min to prevent oxidation during the test. The temperature was programmed to increase from 25°C 

to 800°C at a rate of 10°C/min, with the total test duration exceeding one hour. 

 

The analyses were conducted using a Mettler Toledo TGA/SDTA851e instrument (Figure 17) at a 

controlled heating rate of 10°C/min under an argon atmosphere. To ensure consistency, a purge rate of 

50 mL/min was maintained throughout the process, covering a temperature range from 25°C to 800°C.  
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Figure 17 TGA instrument 
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2.3.3 Mechanical analysis 

2.3.3.1 Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis (DMA) performed using the MCR702e Rheometer (Figure 18), has 

emerged as one of the most powerful tools available for the study of the behaviour of plastic materials 

[34]. Simply stated, DMA measures the viscoelastic properties of materials by evaluating 

their behaviour under cyclic stress while varying temperature.  

 

 

Figure 18 Dynamic mechanical analysis instrument 

 

The DMA results usually include three key parameters:  

• Storage modulus (G′): representing the elastic response of the material,  

• Loss modulus (G″): reflecting the viscous dissipation of energy, and  

• tan δ (G″/G′): the damping factor [35], which tan δ gives information about the energy 

dissipation of the material under cyclic load. This quantity varies with the state of material, its 

temperature and the applied frequency. 

Since the material lose their modulus at glass transition temperature it is possible to find Tg from DMA. 

The Tg is detected at the maximum point of tan δ curve [36]. 
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2.3.3.2 Stress relaxation 

Stress relaxation refers to the time-dependent reduction in stress experienced by a material when 

subjected to a constant strain. This behaviour of polymer is studied by applying a fixed deformation to 

a sample and monitoring the stress (or force) decrease to maintain that deformation over time [37]. 

Stress relaxation experiment was performed by using dynamic mechanical analysis MCR 702e (Figure 

19) in compression mode with circular disc-shape sample.   

 

 

Figure 19 Dynamic mechanical analysis instrument  

 

2.3.3.3 Tensile test 

The tensile testing is a destructive mechanical testing technique employed to evaluate essential material 

properties, including Young modulus, tensile strength and yield strength [38]. 

This method examines a material's capacity to endure applied stress (force per unit area) by subjecting 

it to tensile forces until failure occurs.  

The behaviour of a tensile specimen in response to the application of increasing stress can be 

characterized by its elastic and plastic responses. Initially, the specimen experiences elastic elongation 

as it is subjected to tensile forces. With the continued application of stress, the specimen transitions into 

a state of permanent deformation, referred to as plastic strain. The stress-strain curve serves as a critical 

tool for identifying the threshold at which the reversible elastic strain is surpassed, leading to the onset 

of permanent or plastic deformation. The yield strength is defined as the level of stress required to induce 

substantial plastic deformation in the material [39].  

Samples for tensile test prepared by using Gibitre laboratory press (Figure 20). 
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Figure 20 Gibitre laboratory press 

The tensile test was performed by Instron 5966 universal testing machine (Figure 21), and the tensile 

force, FT, recorded. The tensile test was performed by 1mm/min loading velocity and force of 250N. 

 

Figure 21 Universal tensile machine 
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3 Result and discussion 

3.1 Monomer 

3.1.1 1H-NMR 
The 1H-NMR spectroscopy was employed to characterize the structure and purity of V-ODA, monomer 

as illustrated in Figure 22.  

 

 

Figure 22 1HNMR signals of V-ODA 

 

As it is shown in Figure 22, the peak observed at 9.75 ppm corresponds to the hydroxyl group (H₂), 

which exhibits a higher chemical shift due to its polar nature. The peak at 8.49 ppm is attributed to the 

proton of imine group (H₆), indicating the successful formation of this bond. Additionally, the peak at 

3.85 ppm is associated with the methoxy group in V-ODA. The peaks within the range of 6.5 to 8 ppm 

are assigned to the protons of the benzene ring present in the V-ODA structure. Furthermore, the peak 

near 3.3 ppm suggests the presence of some moisture in the sample or in the solvent. The 1HNMR results 

are summarized in Table 3:   
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Table 3 1HNMR result of V-ODA 

Hydrogen number   Corresponding group   

1  methyl group  

2  hydroxyl group  

3, 4, 5, 7, 8   benzene ring  

6  imine group  

 

3.1.2 FTIR 
To further assess the successful synthesis of V-ODA, Fourier Transform Infrared (FTIR) spectroscopy 

was performed. Triplicates spectra were recorded which exhibited nearly identical peaks across all 

measurements, thereby confirming the uniformity of the material's structure.  

 

As illustrated in Figure 23, the FTIR spectrum for the first synthesized V-ODA sample shows notable 

changes, indicating successful bond formation. The peak observed at 3154.75 cm⁻¹ in vanillin 

corresponds to the OH stretching vibration, while the peak at 1661.42 cm⁻¹ is associated with the 

aldehyde (C=O) stretching vibration. Additionally, peaks at 3442.19 cm⁻¹ and 1280 cm⁻¹ in the spectrum 

of ODA are attributed to the NH and C–N stretching vibrations of the amine group, respectively. In the 

V-ODA spectrum, the disappearance of peaks corresponding to the aldehyde and amine groups confirms 

their complete involvement in the reaction. The emergence of a new peak at 1621.43 cm⁻¹, characteristic 

of the imine (C=N) group, further supports the formation of the desired Schiff base. Furthermore, the -

OH stretching vibration peak shifts from 3154.75cm-1 in vanillin to 3504.43cm-1 in V-ODAC [27], [40]. 

 

 

Figure 23 FTIR spectrum for Vanillin, ODA, V-ODA 
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3.1.3 DSC 
DSC analysis was carried out for V-ODA, and the result is shown in Figure 24: 

 

Figure 24 DSC result of monomer 

 

Differential scanning calorimetry (DSC) analysis of the V-ODA monomer revealed a sharp 

endothermic peak at 163.17°C, indicative of a melting point, and it did not show the endothermic peak 

related to residual solvent evaporation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

24 
 Bio-based polyimine vitrimer, July 2025 

 

3.2 Epoxy V-ODA 

3.2.1 FTIR 
Following epoxidation of the monomer, FTIR analysis confirmed both the formation of epoxy rings 

and imine group and the disappearance of terminal hydroxyl groups (Figure 25).  

 
Figure 25 FTIR of EV-ODA and V-ODA 

  
 

3.2.2 TGA 
Thermogravimetric analysis (TGA) was performed on the EV-ODA monomer and on the crosslinked 

polymer to assess their thermal stability within the designated curing temperature range and to confirm 

the absence of any decomposition. A sample mass of 8.13 mg of EV-ODA was used for this analysis. 

The result is shown in Figure 26:  

 

Figure 26 TGA result of EV-ODA 
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The TGA curve for EVOD indicates a minor decomposition around 100°C, likely due to the removal 

of residual solvent or moisture. Significant decomposition begins at 291°C, with approximately half of 

the material decomposing by 800°C. The relatively high residual mass at the end of the test can be due 

to the formation of a thermally stable char. Based on test result, the EV-ODA are suitable for vitrimer 

synthesis, as its decomposition temperatures is well above the curing temperature.  

 

3.2.3 DSC 
DSC result for EV-ODA is shown in Figure 27:  

 

Figure 27 EV-ODA DSC result 

The DSC thermogram of EV-ODA exhibited a broad endothermic event centred at 137.89°C, which may 

be attributed to the evaporation of residual solvents or absorbed moisture. The breadth of this peak 

suggests a gradual energy absorption process, consistent with the release of volatile components rather 

than a distinct phase transition.  
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3.3 Polymer 

3.3.1 FTIR 
The epoxidized monomer was then thermally cured and polymerized using a thermal initiator. FTIR 

characterization was subsequently performed to verify the completion of the crosslinking reaction and 

the final network structure. The result is shown in Figure 28: 

 

Figure 28  FTIR spectrum of EVOD, EVOD+DMSO, cured EVOD with 3%wt Yb 

Based on the FTIR results presented in the Figure 28, cured EV-ODA with 3%wt thermal initiator, 

resulted the disappearance of the sharp peak at approximately 915 cm⁻¹, associated with the epoxy ring. 

These observations confirm the successful occurrence of the ring-opening reaction. Additionally, the 

imine group remained unchanged throughout the process, indicating the retention of these dynamic 

functional groups in the final material [28].  

 

Figure 29 FTIR spectrum of cured EVAD with different amount of thermal initiator 
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The effect of varying the concentration of photo-initiator on the chemical structure of the samples was 

investigated using FTIR spectroscopy (Figure 29). All samples displayed characteristic peaks associated 

with imine groups, confirming their presence across the different formulations. These results suggest 

that the amount of thermal initiator within the range tested (3–5%) does not have a pronounced effect 

on the polymerization process, as reflected by the FTIR spectra.  

 

3.3.2 DMA 
DMA measurements were conducted in triplicate, from -15°C to 330°C. In the first trial, the temperature 

range was set from room temperature to 220°C (Figure 30). Initially, the storage modulus decreases with 

increasing temperature, as expected due to the material softening. However, after approximately 100°C, 

the modulus began to increase, which might be related to a change of network density and free space 

[41]. 

 

 

Figure 30 first DMA trial on vitrimer 

 

In subsequent tests, the temperature range was extended from below 0°C (-10°C and -15°C) to 330°C 

(Figure 31).    



 

28 
 Bio-based polyimine vitrimer, July 2025 

 

 

Figure 31 A) second DMA test, B) third DMA test on vitrimer 

Glass transition temperature value measured at the peak of tanδ. With each heating cycle, the glass 

transition temperature (Tg) increased from 247°C to 298°C, suggesting that the crosslinking density of 

the vitrimer increases at higher temperatures.  

This behaviour aligns with the dynamic nature of the vitrimer network, where bond exchange 

reactions contribute to structural evolution and enhanced crosslinking over time. 

 

3.3.3 Stress relaxation 
The stress relaxation test was performed on a sample prepared by curing EV-ODA resin with 3% thermal 

initiator in a 25 mm diameter circular mould (Figure 32).  

 

Figure 32 Prepared sample for stress relaxation test 
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Using a dynamic mechanical analyser (DMA) at 150°C (temperature where imine bond exchange 

becomes active in this material system[42]), a 5% strain was applied and maintained while the stress 

decay was monitored over time. The resulting data, presented in the Figure 33:  

 

 

Figure 33 Stress relaxation of vitrimer 

The stress relaxation test results demonstrate that the vitrimer begins to undergo noticeable relaxation 

after approximately one hour at 150°C, indicating the onset of imine bond exchange dynamics. 

 

3.3.4 Tensile test 
The tensile strength test samples were prepared by blending EV-ODA resin with 3% thermal initiator in 

solvent-free conditions, followed by casting into dog bone-shaped moulds. The specimens were then 

hot-pressed at 150°C for 15 minutes to achieve complete curing.  

 

Figure 34 Hot pressed sample in 150°C for 15 minutes 
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Figure 34 reveals that the sample remained uncrosslinked after 15 minutes of hot pressing, with visible 

particulate material present (Figure 34). This is probably due to a not efficient pressure transfer from the 

press plate to the material. Therefore, a second test was performed using two other pressure plates 

without a dog-bone shape.  

As shown in Figure 35, after curing for another 15 minutes the material convert to very thin (0.2mm), 

fragile and homogenous film.  

 

Figure 35 Produced film after curing 

Rectangular shape with the length of 30mm were cut from this film. Since the film was very fragile and 

thin, the special clamp was used for tensile test (Figure 36) which has rubbery material instead of usual 

grip, so the film did not break while clamping it.  

 

Figure 36 Tensile test apparatus 

After tensile test, the fractured parts were collected and assembled, then hot pressed at 150 °C for 15 

minutes to evaluate the material’s reprocessability. The result is shown at Figure 37: 
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Figure 37 First reprocessing cycle of material 

This heating and tensile testing of material performed for four times to show it reprocessability. 

The resulting stress-strain curves are shown in Figure 38. 

 

 

Figure 38 Stress-strain curve 

Since the material was fragile, it shows brittle behaviour and failure occurs very soon and does not 

show the plastic region. The numerous values of stress and strain at break are as following table for 

each sample:   
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Table 4 Stress-strain curve data 

Sample name Stress at break [MPa] Strain at break [%] 

Virgin sample 1.72 0.17 

Reprocessed sample 1 2.70 0.33 

Reprocessed sample 2 2.69 0.33 

Reprocessed sample 3 1.62 0.17 

Reprocessed sample 4 3.86 0.67 

 

 

Reprocessed sample 4 has the thickness double than the others,0.4mm, and that is the reason of high 

stress at break. The young modulus of each sample is written in Table 5:   

Table 5 Young modulus of reprocessed material 

Sample name  Young modulus [MPa]  

Virgin sample  940.04  

Reprocessed sample 1  1100.90  

Reprocessed sample 2  1002.88  

Reprocessed sample 3  874.93  

Reprocessed sample 4  646.49  

 

All specimens showed high Young's modulus values, which shows the rigid and cross-linked structure 

of the polymer. However, a gradual decrease in Young’s modulus after each reprocessing cycle was 

observed. The sample after the fourth cycle of reprocessing showed the lowest modulus, which might 

be related to the incomplete recovery of crosslinked density.  
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4 Conclusion  

This thesis characterized sustainable and bio-based alternative to fossil-derived polymers with a focus 

on their material properties. 

The intermediate monomer (V-ODA) was synthesized by reaction between vanillin and 4,4’ -

Oxydianiline. Subsequently, the monomer epoxidized by use of epichlorohydrin (ECH). For synthesize 

the final polymer the epoxy was mixed with thermal initiator as curing agent and cured for 24 hours in 

80 °C.  

Synthesized epoxy showed high thermal stability from TGA analysis, showing decomposition 

temperature around 291°C, compared to the conventional polyimine [43]. 

In order to thermomechanical evolution of vitrimer the DMA test was performed under repeated thermal 

cycle. At the first cycle storage modulus decrease by temperature typically, but in 100°C started to 

increase by increasing temperature unexpectedly which might be due to post-curing. Further tests 

showed increase in glass transition temperature, which indicated the cross-linking density with each 

thermal cycle. The material capacity for structural rearrangement and network reinforcement by 

exchange reaction confirmed by this behaviour.  

The stress relaxation behaviour was evaluated by using dynamic mechanical analysis at 150°C, which 

was chosen according to the literature. In this test a constant strain of 5% was applied at 150°C, and the 

resulting stress of the material monitored. The vitrimer also exhibited the stress relaxation after 60 

minutes which shows that imine bonds undergo to equilibrium exchange reactions. The networks 

rearranged in certain temperature toward relaxed structure when mechanical stress is applied, which 

determines the attenuation of the stress response [42]. 

For performing tensile test, the material was hot pressed twice for 15minutes at 150°C in order to obtain 

homogenous cross-linked material. After 4 reprocessing cycle at 150°C for 15 minutes each cycle, the 

material continued to homogenous film and almost same tensile strength. This observation validate the 

vitrimer potential for sustainable applications.  
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