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ABSTRACT: Dynamic covalent materials have properties such as self-healing, recyclability, and 

stress relaxation due to the dynamic exchange in the polymer networks. Here, an elaborate study 

on the kinetic exchange in anilinium salts and viscoelastic properties of dynamic covalent networks 

with anilinium linkages are studied. Mechanistic studies show that dynamic exchange in anilinium 

salts follow a dissociative pathway. Small molecule kinetics study suggests that despite the 

dissociative mechanism, there is an essentially constant molar composition or bond density across 

a wide temperature profile.  Rheological studies indicate that covalent adaptable networks (CANs) 

with anilinium linkages provide viscoelastic properties similar to CANs with associative exchange 

processes networks. Additionally, thermal and microwave responsive self-healing and malleability 



 

properties can be achieved in this network, along with the materials showing excellent creep 

resistance and creep recovery. 

Introduction 

Bonds that can undergo reversible cleavage and reformation have gained significant interest in 

polymer networks. Polymeric materials with dynamic linkages can show thermosets like superior 

mechanical properties along with thermoplastic like reprocess and recycleability. The dynamic 

nature of these bonds can introduce unique properties such as self-healing, stress relaxation, 

degradability, malleability, shape-memory, and adaptability in materials.1-9 These dynamic 

polymer networks are either based on dynamic supramolecular interactions or dynamic covalent 

bonds (DCBs).2 Polymeric materials based on DCBs are often coined as covalent adaptable 

networks (CANs), which are static under ambient conditions.10  However, the reversible nature of 

DCBs can be activated in response to stimuli such as light, pH, and temperature.11-21 This leads to 

polymer networks with excellent mechanical properties and stability along with on demand 

dynamic properties under different environmental conditions.10,22  

Dynamic exchange in DCBs can occur either via a dissociative or an associative mechanism.5,10,23 

The Diels-Alder (DA) reaction is a classic example of DCBs that follows the dissociative 

mechanism.24,25 At elevated temperatures the DA linkages completely dissociate first via retro-DA 

and then reform after some time at lower temperatures (Scheme 1). In macromolecular networks 

this results in a sudden change in network structure due to complete dissociation of crosslinkages 

when dynamic covalent linkages are activated.26,27 Reactions like transesterification (TE) on the 

other hand, follow an associative exchange mechanism, where dynamic covalent bonds break and 

reform simultaneously (Scheme 1)28. As a result, material’s mechanical integrity can be retained 

by having a permanent crosslinkers density at all the times. Materials with associative DCBs have 



 

been coined as ‘vitrimers’, where viscosity of the materials is controlled by thermally induced 

chemical exchange in the networks.29  So far, a plethora of covalent reactions have been used in 

developing vitrimeric materials.29-44   

 

Scheme 1. A) reversible DA reaction of furan and maleimide, B) Thermally activated TE 

reaction C) dissociative dynamic exchange in anilinium salts 

Recently, our group has reported the small molecular kinetics of the dynamic exchange  in 

quaternary anilinium salts at elevated temperature and its utilization in dynamic materials.45 The 

dynamic exchange in anilinium salts, which occurs through bimolecular nucleophilic substitution 

(SN2), can be activated in response to mild thermal stimulus (60 °C) and it follows a dissociative 

mechanism via indirect or non-concerted SN2 pathway (Scheme 1). Previously, Kulchat and Lehn 

also reported similar results.46 Recent reports also suggests that some dissociative DCBs can have 

‘vitrimer’ like properties with either fast bond reformation or very high equilibrium constants in 

favor of the bonded state.47-51 Despite these few reports, an extensive study on small molecular 

kinetics of exchange in these types dissociative DCBs has not been well explored. To be noted a 

thorough study of how fast dissociative urethane exchange leads to vitrimer like materials were 



 

recently reported by Hillmyer and coworkers, however products of the dissociation of urethane 

weren’t observed.51  In anilinium system, the products of the both forward and reverse reaction 

can be easily observed and leads to better understanding of the system. Additionally, a correlation 

between small molecular kinetics to flow behavior of macromolecular networks with these types 

of DCBs should be needed to discover how materials with DCBs can maintain relatively constant 

network properties expected of an associative CAN. This is very intriguing, since it has been 

argued that only associative DCBs induce ‘vitrimeric’ characteristics.31 

In this report, we study why dissociative DCBs, using anilinium bonds as a model system, can 

create vitrimer-like CAN materials.  The main focus was to correlate small molecule kinetics of 

dynamic exchange in anilinium salts to vitrimer-like flow behavior of polymeric materials with 

anilinium linkages. It was found that despite a dissociative exchange pathway, it is possible to 

retain an essentially constant crosslink density over a wide range of temperatures. Additionally, 

two distinct monomers were utilized to synthesize dynamic networks (Scheme 2), and the effects 

of the monomer’s polarity and protic nature on the materials’ dynamic properties were explored, 

in light of the underlying SN2 chemistry. The dynamic properties of these anilinium networks were 

compared to a control network made of DA linkages to highlight the unique features of the 

anilinium based dissociative networks. 

  

Scheme 2. Synthesis of polymer networks with anilinium linkages by free radical 

polymerization. 



 

Experimental Section 

Materials. All reagents were obtained from commercial sources and used without any purification, 

unless mentioned otherwise.  

Characterization methods. All 1H nuclear magnetic resonance (1H NMR) experiments were 

carried out in a Bruker 300 or 500 MHz spectrometer. All NMR kinetics data was processed in 

Bruker TopSpin 4.0.6 software.  Infrared (IR) spectroscopy data was collected by using a Perkin 

Elmer Spectrum 100 Spectrometer. A TA instruments DSC Q2000 was used to obtain glass 

transition temperature (Tg) of each material. The data was obtained in a heat cool heat cycle ranging 

from - 40 °C to 160 °C with 10 °C per minute heating rate. The data was plotted only from the 

second heating cycle. All of the materials were completely dried before mechanical analysis.  

Tensile testing. Uniaxial tensile testing experiments were carried out on dog bone shaped materials 

in an Instron 3344 universal testing system equipped with a 100 N load cell. The extension rate 

was 1 mm/s and data was collected until the material failed. All the experiments were performed 

in ambient condition. The peak stress and strain at break of uncut/virgin materials were obtained 

as the mean and standard deviations of at least 4 replicates. The Young’s modulus (E) values of all 

the materials were obtained by modelling the tensile responses of the materials using the Ogden 

hyper elastic constitutive law (Equation 1)52: 

 

where, σeng is the engineering stress, G is the shear modulus, α is the strain hardening exponent, 

and λ is the stretch ratio. The values of G and α were determined for each sample by fitting Eq. 1 

into the experimental data obtained from tensile testing. The value for Young’s modulus or elastic 

modulus (E) was calculated by using Equation 2: 



 

Here,  is the Poisson’s ratio with the value of 0.5 for an 

incompressible type material. 

Rheology. The rheology experiments were carried out using a TA instrument Discovery HR-1 

rheometer. A 20 mm crosshatched plate geometry were used for all the experiments. In all cases 

rheology disks were synthesized in a 20 mm diameter circular Teflon mold. Rheological frequency 

sweeps experiments were carried out from 10-3 to 102 Hz frequency at 1% applied strain at 25 °C. 

All strain sweep experiments were performed over the range of .01% strain to 10% strain with 

constant frequency of 1 Hz at 25 °C. All temperature sweep experiments were carried out from 4 

°C to 195 °C at a heating rate of 5 °C min-1, with an angular frequency of 6.28 rad/s and 1% strain. 

All the stress relaxation experiments were performed in a strain control (1% strain (within linear 

range)) at different temperatures. In all cases, the sample was allowed to relax at room temperature 

for 30 minutes to remove stress relaxation attributed to segmental movement in the network. 

Additionally, the sample was allowed to equilibrate at a particular temperature for 3 minutes before 

data was collected. In all cases, stress relaxation modulus was allowed to decay to at least 37% 

(1/e) of its initial modulus value. The Maxwell equation for viscoelastic materials was used to 

calculate the characteristic relaxation time as shown in Equation 3.39 

 

Where, Gt is the relaxation modulus at time t, G0 is initial relaxation modulus, τ* is the 

characteristic stress relaxation time at Gt/G0 = 1/e. In all cases, G0 was measured from t = 60s to 

remove initial noisy data. τ* values at different temperatures were then plotted in the Arrhenius 

equation to achieve the activation energies (Equation 4). 

u



 

 

Where, A is pre-exponential factor, EA is activation energy, R is universal gas constant, T is 

temperature in Kelvin. 

Healing. For healing experiments, dog bone shaped materials were cut into two sections using a 

razor blade and then placed in contact using fingers for a few seconds. The reattached dog bones 

were placed into a preheated oven at 70 °C for healing at different time periods. Healing 

experiments were carried out using a commercially available microwave oven (sharp carousel 

SMC2242DS 1200W).  The experiments were replicated at least two times for each data point.  

Malleability. Material was fixed into twisted 360° configuration using paper clips and then placed 

in a preheated oven at 70 °C. After certain period, material was removed from oven, clips were 

removed and then allowed to relax at ambient conditions for 7 days. The angle between the two 

ends of twisted material was measured to determine malleability properties. The experiment was 

replicated two times.  

Creep and creep recovery. Creep and creep recovery experiments were performed in a TA 

instrument DMA Q800 equipped with a tension film clamp. In all the experiments, a stress of 50 

kPa was maintained during the strain measurement for 2 h. After 2 h, the constant stress was 

removed, and the strain were measured over 2h time period. The creep recovery data was collected 

for 2 h.  

Healing efficiency. Healing efficiency of the PHEA-VBABr and PMSEA-VBABr materials were 

measure by the following formula; 

Healing efficiency (%) = !"#$%&'#%(	*%(+"	,-	.$"	$"%("/	0%."1'%(
!"#$%&'#%(	*%(+"	,-	.$"	+&#+.	0%."1'%(

 × 100 

Here, mechanical value refers to stress at break or strain at break. 



 

Swelling ratio. Samples of PHEA-VBABr and PMSEA-VBABr materials were weighed and 

added into vials with excess amount of solvents. Swelled samples were taken out of vials, blotted, 

and then weighed. This process was repeated until equilibrium reached. The swelling ratio of the 

materials were measured by the ratio of the mass of the swelled sample to the mass of the sample 

before swelling.  

Synthesis. Synthesis of N-Benzyl-N,N-dimethylbenzenaminium bromide (ABBr)  and Synthesis 

of N-Benzyl-N,N,4-trimethylbenzenaminium bromide (MABBr).  

Synthesis of ABBr and MABBr were carried out following our previous literature report.45 

Synthesis of 2-(Methylsulfinyl)ethyl Acrylate (MSEA). Synthesis of MSEA was carried out 

following the procedures from literature and the purity was confirmed by 1H-NMR.53,54 

Synthesis of 4-(N,N-Dimethylamino)styrene (AS). Synthesis of AS was carried out following 

previously reported procedure and confirmed by 1H-NMR.45,55  

Synthesis of 4-Vinyl benzyl bromide (VBBr)  

Synthesis of VBBr was carried out following previous literature report and confirmed by 1H-

NMR.45,56  

Synthesis of N,N-dimethyl-4-vinyl-N-(4-vinylbenzyl)benzenaminium bromide (VBABr). 

Synthesis of AS was carried out following previous literature report and confirmed by 1H-NMR.45  

General procedure for synthesis of PHEA-VBABr and PMSEA-VBABr Networks. 

2-Hydroxyethyl acrylate (HEA) (4g), 2,2'-Azobis(4-methoxy-2,4-dimethylvaleronitrile) (V-70, 

40 mg), N,N- dimethylformamide (DMF) (8ml), VBABr crosslinker (0.120g and 0.200g) were 

added into vials for PHEA-3%VBABr and PHEA-5%VBABr materials respectively. The solution 

mixture was then ultra-sonicated for 15 minutes for proper mixing and then transferred to a pre-



 

heated Teflon mold. The polymerization was carried out at 30 °C for 3h. After 3 h, dog bone shaped 

crosslinked materials were removed from the Teflon mold. Typically, a conversion of 

approximately 95% was achieved, that was confirmed by gravimetric method.  The materials were 

allowed to dry for 2 days inside hood, followed by another 2 days in a vacuum oven at 30 °C to 

remove solvent from the network. PMSEA-VBABr materials were also synthesized following the 

same procedure. Additionally, PMSEA-VBABr-AS networks were also synthesized following 

same procedure, where 1 molar equivalent of free AS to VBABr crosslinker was added. Removal 

of excess solvent was confirmed by IR spectrum. Circular shaped rheology disks were also 

synthesized following the same procedure. 

General procedure for synthesis of PEA-DA networks. 

Ethyl acrylate (EA) (6g), 2,2’-azobis(2-methylpropionitrile) (0.06g), furfuryl methacrylate (.5g), 

1-dodecanethiol (0.365 g), and toluene (8g) were added into a 50 mL round bottom flask equipped 

with a stirrer bar. The reaction mixture was then capped with a rubber septum and then 

deoxygenated for 30 minutes. The reaction was stirred for overnight at 65 °C. A conversion of 90% 

was achieved and PEA-DA polymer was recovered by precipitating in hexane. Finally, PEA-DA 

polymer (4g) was mixed with 0.55 molar amount of 1,1′-(methylenedi-4,1-phenyl-ene 

bismaleimide and 8g of DMF and the mixer was transferred to Teflon mold for network formation 

at 50 °C for overnight. Once crosslinked, the circular shaped rheology disks were removed from 

Teflon mold and allowed to dry for 2 days inside hood, followed by another 2 days in a vacuum 

oven at 30 °C to remove solvent from the network. 

Kinetic study of anilinium salts dissociation. 

In a vial, ABBr adduct (0.2036 g, 0.000696 mol) and 5 g of HPLC grade acetonitrile were added 

and stirred until all the components were dissolved. From this stock solution, 2 mL of mixture was 



 

transferred to small vials, capped with rubber septum, and then heated at different temperatures 

(55 °C, 60 °C, 65 °C) in an oil bath. 0.1 mL sample was taken at different time points and added 

to CDCl3 for NMR analysis. Kinetic study of MABBr dissociation was carried out following the 

same procedure. 

Kinetic study of anilinium salts and free tertiary amines exchange. 

In a vial, ABBr adduct (0.2036 g, 0.000696 mol) and MA (.09412 g, .000696 mol) were added to 

5.2 g of HPLC grade acetonitrile. The mixture was stirred until a clear solution was achieved. From 

that stock solution, 2 mL of mixture was transferred to into small vials, capped with rubber septum, 

and then heated at different temperatures (50°C, 55 °C, 60 °C, 65 °C, 70 °C) in an oil bath. From 

the vial, 0.1 mL sample was taken at different time points and added to CDCl3 for NMR analysis. 

The exchange between MABBr and A were carried out following the same procedure. 

Results and Discussions 

Solubility Experiments. Polymeric networks of 2-hydroxyethyl acrylate (HEA) or 2-

(methylsulfinyl)ethyl acrylate (MSEA), crosslinked with an anilinium salts based crosslinker N,N-

dimethyl-4-vinyl-N-(4- vinylbenzyl) benzenaminium bromide (VBABr) were synthesized using 

conventional radical polymerization. Initially, swelling behavior of these networks at elevated 

temperature were tested. If these materials behaved like traditional dissociative networks, they 

should dissolve in solvent at elevated temperature due to complete dissociation of the cross-

linkages driven by entropy and dilution.39 We observed both PHEA VBABr and PMSEA-VBABr 

networks only swelled but did not dissolve in excess DMF (150 °C, 48 h) (Figure 1A). However, 

when materials were allowed to swell in excess aminoethanol and potassium iodide, they were 

completely dissolved in 48 h at 150 °C (Figure 1B). This temperature is 90 °C higher than the 

temperature needed to activate the dynamic exchange in anilinium linkages.45,57  This suggests that 



 

although the mechanism of exchange in the anilinium linkages is dissociative, possibly due to rapid 

dissociation-reassociation mechanism, they act similar to associative systems by retaining the 

crosslinking points in the polymer networks. Similar results were observed when experiments were 

performed using DMSO. Control experiment were carried out on Poly ethyl acrylate materials with 

Diels-Alder (PEA-DA) crosslinkages. PEA-DA networks were synthesized, which have furan-

maleimide based DA linkages as shown in scheme 3. As shown in Figure S1, PEA-DA networks 

completely dissolved in hot DMF (110 °C, 2 h) due to complete dissociation of the furan-

maleimide DA linkages. The furan maleimide based DA adducts typically dissociate at above 100 

°C.58  This indicates a different thermodynamic behavior in the anilinium system compared to 

traditional dissociative DCBs like the reversible DA reaction. In order to understand how a 

dissociative anilinium system acts like an associative in CAN it is necessary to study small 

molecule kinetic study for exchanges over a range of temperature. 

 

Figure 1. Solubility test – A) PMSEA-VBABr network only swells but does not dissolve in hot 

DMF B) polymer networks with anilinium linkages dissolved in excess free amine and halide. 

 



 

Scheme 3. Synthesis of PEA-DA networks by post-polymerization cross-linking of furan and 

maleimide. 

Small Molecule Kinetics.  Small molecule kinetic experiments were performed on model 

compounds to study reversible exchange and molar concentration of different species over a range 

of temperatures.  We studied dissociation of isolated quaternary anilinium salts, to monitor the 

equilibrium between associated salt, dissociated anilines, and benzyl bromide. Additionally, the 

exchange in composite systems i.e. the exchange between anilinium salts and free amine at 

elevated temperatures of 55 °C, 60 °C, and 65 °C in acetonitrile were also studied.  

 

Figure 2. A) Equilibration of ABBr with BBr and B) Equilibration of MABBr with BBr at different 

elevated temperatures. Here, experimental points are labelled as E, and curve lines are the 

theoretical fits generated from kinetic model. Details of the kinetic model can be found in SI. 



 

N-Benzyl-N,N-dimethylbenzenaminium bromide (ABBr) and N-Benzyl-N,N,4-

trimethylbenzenaminium bromide (MABBr) were used as the anilinium salts, while aromatic 

tertiary amines (N,N-dimethylaniline (A) and N,N-dimethyl-p-toluidine (MA)) were used as the 

free  tertiary amines for the kinetic study. The details of the kinetic experiments can be found in 

supporting information. Dissociation of ABBr and MABBr salts were studied at elevated 

temperatures. The stacked 1H NMR plots of these experiments were given in Figure S2-S15. 

Benzyl bromide (BBr) is formed by the attack of bromide anion at benzylic carbon of the ABBr 

salts via an indirect SN2 mechanism as highlighted in Scheme 1C. At each temperature, the 

equilibrium concentration of ABBr and BBr are similar. However, reaction rate increases with the 

increase of temperature. A kinetic model was used to get the theoretical fits of these exchanges 

using MATLAB. In the kinetic model, direct SN2 i.e. attack of free tertiary amine on benzylic 

carbon of the anilinium salt was assumed to be negligible, based on prior work.45 Details of this 

model can be found in SI. Figure 2A shows the kinetics curves of experimental data (E series) and 

theoretical fits (T series). 

Similarly, the dissociation of MABBr at elevated temperatures were studied. MABBr and BBr also 

have similar molar compositions at different temperatures, once the equilibrium was reached 

(Figure 2B). This suggests that an essentially constant molar density of anilinium linkages can be 

retained, at least in the studied elevated temperatures. The dynamic exchange between quaternary 

anilinium salts (ABBr and MABBr) and free tertiary aromatic amines (MA and A respectively) 

were also studied at elevated temperatures. Figure 2 shows the exchanges reached a common 

equilibrium in 2h, 4h, and 6h time periods at 60 °C.55 °C and 65 °C respectively. In all the cases, 

the exchange was observed by the relative ratio of benzylic protons at 4.2 to 5.3 ppm region. 

Interestingly, at each temperature, all the components had similar mole fractions at equilibrium, 



 

although, with the increase of temperature, the exchange reached equilibrium faster. The kinetic 

model was used to derive the rate coefficients (kxa1, kxa2, kbx1, and kbx2) of the exchanges by fitting 

theoretical data to experimental data. In is important to note that, we used an equilibrium constant 

(Keq) derived from the experimental data obtained kinetic study of dissociation of isolated ABBr 

and MABBr to describe the parameters kxa1, kxa2, kbx1, and kbx2 in our model. The values of these 

parameters obtained from fitting theoretical data to experimental data of dissociation of ABBr and 

MABBr at different temperatures, then used in composite systems. Where, kxa1 and kxa2 are the 

rate coefficients for attack of Br anion on benzylic carbon of anilinium adduct ABBr and MABBr 

respectively, kbx1 and kbx2 are the rate constants for the attack of N,N-dimethylaniline (A) and N,N-

dimethyl-p-toluidine (MA)  on benzylic carbon of benzyl bromide to form ABBr and MABBr 

adducts respectively. Arrhenius plot was used to derive the activation energy of these exchanges 

by plotting the data obtained from 55 °C, 60 °C, and 65 °C, and also extrapolating to 50 °C and 70 

°C. (Figure 3). 

 

Figure 3. Arrhenius plots for all the rate coefficients - kxa1 (green), kxa2 (red), kbx1 (blue), and kbx2 

(black). Solid points are based on experimental data and open points are based on extrapolated 

data.  



 

Experimental data obtained from the kinetic of exchange of ABBr with MA at 50 °C and 70 °C 

were used to validate these extrapolations (Figure 4). It was found that the bromide attack on the 

benzylic carbon to dissociate C-N bond (kxa2) is the rate determining step and the activation energy 

(Ea) was calculated to be 61 ± 1 kJ mol-1 The Ea of the attack of free amine to the benzyl bromide 

(kbx2) was calculated as 58 ± 2 kJ mol-1. The similar Ea values imply that after dissociation of 

anilinium adduct, newly formed free amine can rapidly react with benzyl bromide to form a new 

anilinium adduct. 

 

 

Figure 4. Kinetics of exchange between ABBr and MA at 50°C and 70°C. E series is based on 

experimental data obtained from 1H-NMR experiments and T series are fitted theoretical fits from 

kinetic model. 

Since the Keq is the ratio of the rate coefficients, this suggests that the Keq has minimal temperature 

dependence. These results suggest that under the studied conditions, despite the dissociative type 

exchange, an essentially constant crosslink density can be preserved in networks via a 

decrosslinking-recrosslinking mechanism at elevated temperatures. This is despite the fact that the 

Keq for adduct formation is relatively small at Keq = 3 for ABBr formation and Keq= 20 for MABBr 



 

formation. Due to the same Ea value of both association and dissociation over a wide temperature 

range, it is indeed likely that constant crosslink density may be realized over a very wide 

temperature range. The equilibrium constant remains essentially constant over the studied 

temperatures, suggesting equilibrium favors the anilinium adduct, rather than to free aniline or 

benzyl bromide over this whole range of temperatures. Eyring-Polanyi analysis also gives a very 

similar plot to Arrhenius plot and similar values of enthalpy of activation (ΔH‡) to the Ea values 

obtained from Arrhenius analysis. Very small entropy of activation (ΔS‡) values imply trivial 

entropic contribution to the energy barrier. Calculated values of natural log of Arrhenius pre-

exponential factor (lnA), Ea ΔH‡, and ΔS‡ are given in Table 1.  

Table 1. calculated values of lnA, Ea, ΔH‡, and ΔS‡ 

 

Additionally, the Van ʹt Hoff analysis resulted in the enthalpy of formation (ΔH) and entropy of 

formation (ΔS) for the MABBr formation of -2.8 ± 0.2 kJ mol-1 and .0170 ±.0005 kJ K-1 mol-1 

respectively.  This very small value of ΔH implies trivial dependence of Keq to temperature. On 

the other hand, ΔH and ΔS for the formation of ABBr were -15 ± 1 kJ mol-1 and - .0370 ±.0004 kJ 

K-1 mol-1. The Van ‘t Hoff Plots are given in Figure 5.  

 



 

 

Figure 5. Van ‘t Hoff plots for equilibrium of dissociation of MABBr and ABBr. 

Polymer Networks Synthesis and Characterizations. HEA and MSEA based networks PHEA-

VBABr and PMSEA-VBABr were synthesized with 3 wt% and 5 wt% VBABr crosslinker using 

free radical polymerization. In addition, PMSEA-5%VBABr-AS materials were synthesized, 

where free aniline (AS) was incorporated in the network. 

 

Figure 6. Representative stress relaxation plots of A) PMSEA-5%VBABr and B) PMSEA-

3%VBABr materials at different temperatures. C) Representative Arrhenius plots of PMSEA-

5%VBABr and PMSEA-3%VBABr materials. 

 



 

Shear rheology of PHEA-VBABr and PMSEA-VBABr materials was performed to study the stress 

relaxation behavior and quantify the activation energies Ea of bond exchange and relaxation in 

these materials. In the literature, stress relaxation experiments have been utilized as a benchmark 

to characterize vitrimeric materials.31 Stress relaxation experiments were carried out on PMSEA-

VBABr materials at 25 °C ,70 °C, 80 °C, 90 °C, and 100 °C and characteristic relaxation time (τ*) 

was calculated at 37% of the initial modulus values. In all cases, materials were allowed to relax 

at least 37% of the initial modulus. The stress relaxation plots of these materials are given in Figure 

6A and 6B. As shown in Figure 6A, very negligible stress relaxation was observed at 25 °C, since 

anilinium linkages are essentially static at room temperature. Ea of the macroscopic flow in these 

networks by exchange in the crosslinkages were determined by plotting in the Arrhenius equation 

(Figure 6C). The Ea of PMSEA-5%VBABr and PMSEA-3%VBABr were calculated as 57 ±5 

kJmol-1 and 60 ±3 kJmol-1   respectively. Similar Ea values in these networks indicates that the 

same exchange mechanism happens irrespective of molar compositions. These values are similar 

to the activation energy we obtained from the small molecule exchange experiments (61 ±1 

kJ/mol). 

Stress relaxation experiments were also carried out on PHEA-VBABr materials. Representative 

stress relaxation plots of PHEA-3%VBABr materials are given in Figure 7A and a comparison of 

stress relaxation with PMSEA-5%VBABr materials at 100 °C are given in Figure 7B. Figure 7B 

shows a significantly slower stress relaxation in PHEA-3%VBABr materials than in PMSEA-

3%VBABr materials. A similar trend was found between PHEA-5%VBABr and PMSEA-

5%VBABr materials. The stress relaxation plots of PHEA-5%VBABr materials can be found in 

Figure S16, where materials also only stress relaxed at elevated temperature and very miniscule 

stress relaxation was observed at room temperature. We assume, a solvation effect could be the 



 

reason behind the faster relaxation in PMSEA-VBABr networks in comparison to PHEA-VBABr 

networks.  

 

Figure 7. A) Representative stress relaxation plots of PHEA-3%VBABr materials B) Comparison 

of stress relaxation of PHEA-3%VBABr and PMSEA-3%VBABr materials at 100 °C.  

The solvation effect in a SN2 reaction is widely known.59-61  SN2 reactions are faster in polar aprotic 

solvents, as compared to polar protic solvents. MSEA has a polar aprotic type structure (similar to 

dimethyl sulfoxide)53 that helps to dissolve ionic anilinium salts and make the anionic nucleophile 

bromide anions more available for nucleophilic attack by not solvating them. HEA on the other 

hand has a structure similar to a polar protic solvent (similar to ethanol) that slows down the SN2 

type attack of bromide anions in benzylic carbon of anilinium salt by solvating them. This is 

evident by the Ea of the exchange in PHEA-5%VABr and PHEA-3%VBABr networks, which 



 

were calculated to be 74±10 kJmol-1 and 71 ±7 kJmol-1 respectively (Figure S17-18). Interestingly, 

in both PMSEA-VBABr and PHEA-VBABr materials, networks with higher concentration of 

bromide anions had faster stress relaxations. Based on this result, we postulate that the attack of 

bromide anions causes the stress relaxation in these networks. It is also evident from the 

comparison of relaxation time of PMSEA-5%VBABr and PMSEA-5%VBABr-AS networks at 

100 °C (Figure 8). Despite the presence of free amines in PMSEA-5%VBABr-AS networks, the 

relaxation time was similar to PMSEA-5%VBABr materials, where no free amine is present.  

 

Figure 8. Representative stress relaxation plots of PMSEA-5%VBABr and PMSEA-5%VBABr-

AS at 100 °C. 

These findings are in agreement with the results of small molecule kinetic study described earlier. 

To contrast the anilinium bromide-based materials with classically dissociative materials, the stress 

relaxation behavior of PEA-DA materials was also studied. Figure 9 shows the stress relaxation of 

PEA-DA networks at elevated temperatures. Ea was calculated to be 103 ±10 kJ/mol from the 

Arrhenius Plot (Figure S19), which is similar to the values reported in the literature.62 Interestingly, 

it is not apparent how to differentiate PHEA-VBABr and PMSEA-VBABr networks with PEA-

DA networks based on the qualitative observation of the stress relaxation plots. Although, in 



 

literature, stress relaxation experiments have often been used as a benchmark to characterize flow 

behavior of vitrimers or vitrimers like materials.9 

 

 

Figure 9. Representative stress relaxation plots of PEA-DA materials. 

Temperature sweep experiments on these networks however, provided a clear distinction between 

the classically dissociative DA based materials and the anilinium bromide-based networks. Figure 

10 shows temperature sweep data of all the materials with the change of storage modulus values 

in respect to temperature. All PHEA-VBABr and PMSEA-VBABr materials showed constant 

storage moduli values in rubbery plateau region up to 190 °C with Gʹ > Gʹʹ all the time. This implies 

no significant decrosslinking has occurred even at >100 °C, above the temperature at which the 

dissociative exchange in anilinium linkages are activated. A similar result was reported in CANs 

with dissociative triazolinedione chemistry by the Du Prez group.50 In contrast, the temperature 

sweep data of PEA-DA materials show a substantial drop in storage modulus above 100 °C, 

suggesting a complete dissociation or decrosslinking of DA linkages in the network (Figure 10).  



 

 

 

 

 

Figure 10. Temperature sweep data of PHEA-VBABr, PMSEA-VBABr, and PEA-DA materials 

with showing storage modulus values at different temperatures.  

This could be attributed to the retro-DA at that temperature as furan-maleimide based DA adducts 

usually dissociate via retro-DA reaction in around 110 °C.58,63 However, in the PHEA-VBABr and 

PSEA-VBABr networks, an essentially constant crosslinked density can be preserved at a wide 

range of elevated temperatures. To be noted, eventually disappearance of rubbery plateau will be 

observed in higher temperatures, however, it wasn’t observed in our studied temperature range. In 

all cases, at least two samples were replicated. 



 

Additionally, differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), 

infrared spectroscopy (IR), swelling ratio, tensile testing, and rheology were utilized to 

characterize the properties of the PHEA-VBABr and PMSEA-VBABr materials. IR spectra of 

PHEA-5%VBABr and PMSEA-5%VBABr materials are given in Figure S20-21.  PHEA-

3%VBABr and PMSEA-3%VBABr materials also showed similar IR spectrum to PHEA-

5%VBABr and PMSEA-5%VBABr materials respectively. DSC curves of these are materials can 

be found in Figure S22-25 and the glass transition temperature (Tg) were determined to be 8 °C, 

15 °C, 19 °C, and 27 °C for PHEA-3%VBABr, PHEA-5%VBABr, PMSEA-3%VBABr, and 

PMSEA-5%VBABr materials respectively. These values are higher than the homo PHEA (-15 °C) 

and linear PMSEA (15.7 °C) reported in the literatures54,64, due to crosslinkages and increased 

rigidity in the networks. Additionally, rheology frequency and strain sweep experiments were also 

carried out. Frequency sweep experiments provided the storage (Gʹ) and loss (Gʹʹ) moduli values 

of these materials. All the materials formed a rubbery plateau of Gʹ in low frequency and at higher 

frequency, these materials showed faster increase in loss modulus than storage modulus with 

increasing frequency. At oscillation rates exceeding 30 rad/s the materials appear to be approaching 

the glass transition.  These properties are typical of soft and slightly crosslinked materials.65,66 All 

the frequency sweep plots are given in Figure S26-27. In addition, strain sweep experiments 

showed applied 1% strain is in linear viscoelastic region of PMSEA-5%VBABr material (Figure 

S28). All other materials also showed similar properties. The stress-strain curves of uncut or virgin 

PHEA-VBABr and PMSEA-VBABr materials are given in Figure S29-S30. The Young’s modulus 

values of these materials were calculated using Ogden hyper elastic constitutive law. Mechanical 

properties obtained from tensile testing is given in Table 1, with a trend of increase in peak stress 

and Young’s modulus values but a decrease in strain at break with an increase in crosslinker density 



 

in both PHEA-VBABr and PMSEA-VBABr networks. Both types of materials had highest 

swelling in water, slight swelling in acetone, and no swelling in hexane (Table S1).  

Recycling properties. The recycling ability of these materials were tested by their self-healing or 

re-healing properties. Here, as no free anilines were incorporated in all of these networks, the 

healing is surely dictated by the indirect SN2 pathway i.e. via the bromide attack on benzylic carbon 

of anilinium salt. Materials were cut and healed at elevated temperature of 70 °C and tensile testing 

was performed to assess the healing behavior. Figure 11A shows the healing properties of PMSEA-

3%VBABr materials. At 16 h healing time, best performing healed materials showed a recovery 

of 85% in peak stress and 83% in peak strain compared to the uncut materials. Healing times above 

16 h shows no significant increase in healing properties. In contrast, PHEA-3%VBABr materials 

showed moderate healing with best healed material showing peak stress of 70% and peak strain of 

65% of uncut materials in 16 h healing time (Figure 11B).  



 

 

Figure 11. Healing properties of A) PMSEA-3%VBABr and B) PHEA-3%VBABr materials at 70 

°C (inset – Healing properties of PHEA-3%VBABr materials in response to 30 s of microwave). 

The superior healing properties in PMSEA-VBABr materials again could be attributed to the 

solvation effect. Both materials with higher crosslinker density showed a decrease in healing 

properties. Healed PMSEA-5%VBABr materials showed a recovery of 60% in stress and 65% in 

strain in 16 h (Figure S31A). Healed PHEA-3%VBABr materials on the other hand showed a 

stress recovery of approximately 40% and a strain recovery of 45% compared to the uncut 

materials in 16 h time period (Figure S31B).This decrease in healing properties could be attributed 

to the increase in rigidity or decrease in chain movement in higher crosslinked network.67,68 In 

addition to thermal self-healing, microwave assisted self-healing was also observed in PHEA-

VBABr materials. When the PHEA-3%VBABr material was heated in a commercially available 



 

microwave just for 30 s, healed materials showed a recovery of 70% in peak stress and 60% in 

peak strain of uncut materials (Figure 11B inset). Recently, microwave assisted ultra-fast self-

healing in CANs has been reported in the literature, where different nanoparticles were used as 

microwave absorbers.69,70 However, the rapid self-healing in PHEA-3%VBABr materials could be 

attributed to fast heat generated by microwave absorption by the large number of hydroxyl groups 

in HEA networks and relatively modest temperature requirement for activating anilinium linkages. 

In addition to healing properties, these materials also showed significant malleability properties. 

All these materials can be reprocessed and transformed to a new permanent shape at elevated 

temperatures due to the dynamic bond exchange in the networks. Figure S32 shows the new 

permanent shape of PMSEA-3%VBABr and PHEA-3%VBABr materials when they were twisted 

in 360° configuration at 70 °C for 16 h and 24 h respectively.   

Mechanical stability. Finally, creep resistance and creep recovery behavior of these materials 

were appraised. Often dynamic materials show creep deformation under load due to rapid dynamic 

exchange in ambient conditions.71 This limits the practicality of using dynamic bonds in materials  

where resistance to constant load is required. However, PMSEA-5%VBABr material showed 

creep resistance by reaching a mechanical equilibrium around 20 minutes in room temperature 

(Figure S33). When the applied stress was removed, PMSEA-5%VBABr material showed a creep 

recovery of more than 98% in just a 2h time period as shown in Figure S33. Similar creep 

resistance properties were observed in PMSEA-3%VBABr material, which also showed a creep 

recovery of around 95% in 2h (Figure S34). Both PHEA-5%VBABr and PHEA-3%VBABr 

materials also have creep resistance, with 100% and 96% creep recovery respectively (Figure S35). 

The limited creep in these networks at ambient conditions is attributed to static nature of anilinium 

linkages at room temperature. The anilinium linkages become dynamic only at elevated 



 

temperatures. The results from creep experiments also act as complementary to stress relaxation 

study. 

Discussion on dissociative DCBs acting like associative DCBs in polymer networks. 

In traditional dissociative DCBs like the DA reaction, at lower temperatures (< 70 °C) the 

formation of DA adduct is favored but at elevated temperatures the thermodynamic equilibrium 

position significantly shifts from adducts to the reactive species favoring the endothermic but 

entropically favored reaction, i.e. a significant decrease in equilibrium constant for linker 

association. The rapid dissociation of DA adducts results in depolymerization in CAN by 

significant decrease in crosslink density. Additionally, a sudden drop in viscosity profile is 

observed from viscoelastic solid to viscoelastic liquid. An increase in temperature affects both the 

kinetics of dissociation and crosslinker density of DA adducts, whereas in a true associative DCBs 

like TE only the kinetics of exchange increases.10  Though the dynamic exchange in anilinium 

adducts follows a dissociative mechanism, there is no sudden drop in crosslinker density, hence a 

similar rheological profile to associative DCBs is observed. Our small molecular kinetic study 

shows the equilibrium favoring anilinium adducts instead of the dissociative species at a wide 

range of elevated temperatures. Also, no significant change in molar concentration of species was 

observed in studied elevated temperatures. Rowan et al. suggested that a very large Keq is needed 

for dissociative DCBs to act like vitrimers.47 However, in anilinium system, the equilibrium 

constant was approximately 20 and 3 for MABBr and ABBr respectively. This translates to 

approximately 82% MABBr or 62% ABBr adducts associated under these conditions. This is 

certainly not a case where the Keq is so large that an essentially all linkers are associated at all 

times. A more in-depth study is needed to determine what value of Keq is high enough to 

maintained an associated network.  



 

The retention of crosslink density could be attributed to rapid decrosslinking and recrosslinking 

phenomena as reported by Obadia et al.48 The small molecule kinetic study showed that both the 

association and dissociation of anilinium linkages have similar activation energies. Additionally, 

no measurable entropic change or a balance of species was observed in anilinium system. Most 

importantly, whereas in traditional dissociative DCBs at elevated temperatures, thermodynamic 

significantly favors the dissociation of adducts, in anilinium system, the drive towards an increase 

in dissociation rate is balanced by an equally large drive to reassociation of reactive species to 

anilinium adducts. Typically, in DA adducts,  the equilibrium constant significantly decrease as the 

temperature increases.27,72 This suggest that substituted anilinium salts are unique dissociative 

systems, due to the measurable and non-trivial fraction of dissociated bond and temperature 

independence of the fraction of crosslinkers. Although urethanes which can form an isocyanate as 

a dissociative pathway, the equilibrium constant for adduct formation is so large it cannot be 

measured, leading to minimal loss of crosslink density as bond exchange occurs, hence why the 

materials can maintain integrity even upon activation of bond exchange.51 In contrast, Diels-Alder 

systems have a substantial change in equilibrium position as bond exchange is promoted. At low 

temperature Diels-Alder systems, such as furan-maleimide based DA system, temperature 

dependence of the Keq for the formation of DA adducts is significant and apparent from ΔH value 

of -157 ± 14 kJ mol-1.72 Whereas in case of anilinium adduct MABBr ΔH value is -2.8 ± 0.2 kJ 

mol-1 that implies trivial dependence of Keq on temperature. Due to trivial temperature dependency 

instead of an abrupt drop in viscosity, a gradual and slow drop in viscosity profile was observed. 

It should be noted that our studied anilinium linkages-based CANs have similar structure and 

characteristic to MABBr, not ABBr. Further study is to determine whether only MABBr types of 

networks lead to this retaining of crosslink density.   In conclusion, at elevated temperatures a 



 

decrease in crosslinker density is observed in traditional dissociative DCBs such as the DA 

adducts, however, in anilinium system and associative DCBs crosslinker density remain similar 

over a range of temperatures. Interestingly, even in DA networks at specific mild temperatures 

vitrimer like properties can be achieved.62 Careful consideration should also be given in 

characterizing vitrimeric materials. In addition to stress relaxation and temperature sweep 

experiments, a correlation between kinetics of exchange of a DCB in small molecules and its 

behavior in CAN should be studied for comprehensive characterization. 

Conclusions  

In summary, extensive study on small molecular kinetics of exchange in anilinium adducts 

elucidate the vitrimer like behavior of polymer networks with anilinium linkages. We have shown 

that exclusively associative exchange in DCBs may not be necessary to achieve vitrimer like 

properties.  Dissociative DCBs where the molar concentration of species is preserved at elevated 

temperatures, can also be utilized to access vitrimers like behavior. Additionally, the effect of the 

polarity of main polymer chain on the kinetics of dynamic exchange in anilinium linkages could 

be used in controlling the viscosity profile of these materials. This report provides a new 

perspective on associative and dissociative DCBs and their implication in dynamic networks. More 

effort should be given on studying the thermodynamics of these reaction to properly utilized them 

in developing advanced functional polymeric materials. 
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