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ABSTRACT 

  

 

 

Vitrimers, dynamic polymer networks with topology conserving exchange reactions, have 

emerged as a promising platform for sustainable and reprocessable materials. Vitrimers are a 

class of polymer networks with properties intermediate to thermosets and thermoplastics. Their 

properties are a consequence of the dynamic crosslinks which undergo reversible exchange 

reactions and allow for local rearrangements in network structure resulting in stress relaxation 

and flow. This thesis aims to investigate properties that will be critical to the design, processing, 

and use of vitrimers as sustainable commodity polymers and functional materials. A series of 

precise ethylene based vitrimers were synthesized and investigated for their (i) rheological 

response, (ii) dielectric relaxation behavior, (iii) crystallization and crystal evolution, and (iv) the 

effect of topological defects on shear modulus and crystallization kinetics. The ethylene 

vitrimers are also shown to be easy to recycle. Networks are dissolved in water and alcohol-

based solvents and can be recovered by repolymerization while preserving their material 

properties. 

Over a broad temperature window, the viscosity of the vitrimer shows a positive 

deviation from its characteristic Arrhenius trend, indicating an increasing role of segmental 

dynamics on the flow. From dielectric spectroscopy, three distinct relaxation modes are 

identified - the alpha process, the beta process, and a normal mode relaxation that is interpreted 

as the time taken for the exchange of network strands between crosslink junctions. At high 

temperatures, a strong correlation between the rheological flow timescale and the normal mode 

relaxation shows that flow is controlled by bond exchange, while at lower temperatures an 

increase in alpha relaxation time correlates with the positive deviation from Arrhenius behavior 
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in the networks. While prior work has documented how dynamic bonds impact stress relaxation 

and viscosity, their role in crystallization has not been systematically explored. In this report, a 

comparison between permanent and dynamic networks with the same linker length, suggests that 

the incorporation of dynamic junctions allows for local rearrangement of the network structure 

which facilitates crystallization. The ethylene vitrimers also show an unexpected evolution in 

melting temperature, crystal structure, and morphology over time that is also attributed to the 

dynamic bond exchange. The incorporation of dangling chain defects into the ethylene vitrimers 

results in a decrease in shear modulus that can be modeled by the rubbery network theory. X-ray 

scattering patterns reveal that increasing defect concentration results in the formation of 

imperfect crystals. A counterintuitive trend in crystallization kinetics is observed in the defected 

networks and is speculated to be a consequence of an increase in the entropic barrier to 

crystallization coming from the dangling chains.  
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CHAPTER 1: INTRODUCTION 

 

1.1. Vitrimers  

 

The development of sustainable and recyclable plastics is a major challenge to handle the 

massive volume of products that end up in landfills.[1] Polymer networks, either elastomers or 

thermosets, are not processesable with traditional chemistries but can be made recyclable via the 

incorporation of dynamic covalent bonds into the polymer. Polymer networks containing 

dynamic covalent bonds are a promising platform for reconfigurable, recyclable, self-healing, 

and dissolvable polymers.[2-7] Such systems are called covalent adaptable networks (CANs) 

regardless of the bond exchange mechanism, while the subclass of CANs containing associative 

dynamic covalent bonds are commonly called vitrimers. Notably, Leibler and coworkers 

described dynamic polyester networks which exhibit glass-like processability due to conserved 

ester exchange reactions, now commonly called vitrimers.[8, 9] This concept has been widely 

applied to a range of dynamic bonds including esters,[9-18] boronic esters/boroxine,[19-27] 

urethanes,[28] vinylogous urethanes,[29-36] oxime-esters,[37, 38] olefin metathesis,[8, 39] 

triazolium transalkylation,[40] silyl ether metathesis[41-43] and Meldrum’s acid.[44, 45] The 

ever growing toolbox of dynamic covalent bonds which conserve the network topology is 

described in review articles.[3, 6] A major focus thus far has been to understand how the 

exchange kinetics, crosslink density, and polymer backbone chemistry control the stress 

relaxation and reprocessability of vitrimers. The crosslink density in vitrimers has been 

investigated showing how the stress relaxation times and creep are impacted.[32, 46-48] The 

glass transition temperature (Tg) and a hypothetical topology freezing temperature (Tv) have been 

discussed to understand the interplay with bond exchange processes which governs the 
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temperature dependent viscoelasticity. Vitrimers pose a plethora of fundamental questions about 

the role of molecular scale chemistry on the complex, temperature-dependent, viscoelastic 

response of dynamic polymer networks. The viscosity profile of vitrimers is distinct from both 

thermoplastics (sharp non-Arrhenius drop on heating above the glass temperature) and 

thermosets (no flow),[49] while less is has been investigated regarding their temperature 

dependent moduli. Dynamic networks are a potentially transformative way to independently 

control modulus (via crosslink density) and viscosity (through bond exchange kinetics), as well 

as their temperature dependences, without changing polymer chemistry, using copolymerization 

strategies, or adding plasticizer/anti-plasticizers or other fillers. Dynamic bonds also have the 

potential to impart functionality into polymers and can affect the ability of materials to self-

assemble and crystallize. Vitrimers can serve as a model platform to advance our understanding 

of viscoelastic design, self-assembly and functional polymers (Figure 1). 

 

 

 

Figure 1.1: Dynamic bond exchange can impart functionality into polymer networks and control of both static and 

dynamic properties. Viscoelastic properties are tunable in vitrimers via control of the polymer backbone and 

crosslinker chemistry, density, and kinetically distinct crosslinkers (illustrated as orange and green spheres). Adding 

salt to vitrimers yields networks that are both conductive and self-healing (cations shown as purple spheres), which 

can improve battery electrolytes and actuators. In polymer networks that can self-assemble, the dynamic bond can 

facilitate assembly in otherwise trapped structures.  
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1.2 Synthesis of Ethylene Vitrimer 

 

Polyethylene (PE) and its derivatives have been extensively studied for more than half a century 

and it is the largest volume plastic in the world[1]. Despite attractive properties such as low cost, 

high strength to weight ratio and chemical stability, PE poses a challenge when it comes to 

disposal and recycling. The development of sustainable and recyclable alternatives is a major 

challenge that is being explored from a variety of angles. Recent works have showed that 

incorporation of dynamic bonds into commodity plastics allows closed-loop recycling of 

otherwise unusable polymers with minimum loss in mechanical properties.[50, 51] 

 

 

Figure 1.2. (Continued) 



4 
 

Figure 1.2. (a) Step growth polymerization of telechelic alkane diols and boric acid to make PE vitrimers. By 

controlling the length of the diols, networks with precise spacing between crosslinks were synthesized. The arrows 

in the schematic represent boronic transesterification reactions that result in local rearrangement of network strands 

and gives the network its dynamic properties.  (b) ATR-FTIR spectra of the vitrimers show no free OH peak (3000 

cm-1 - 3500 cm-1) indicating a high reaction conversation as there are no detectable unreacted diols. (c) Heating of 

the networks after quenching to -80 °C reveals a non - monotonic increase in Tg (arrows) with increasing linker 

length or decreasing crosslink density. Following the Tg, cold crystallization and melting transition were observed in 

C10 and C12 networks. 

 

Precise ethylene vitrimers were synthesized by the step growth polymerization of telechelic 

alkane diols and boric acid. Networks with exactly 4, 6, 8, 10 or 12 carbons (C4, C6, C8, C10, C12) 

between boronic ester crosslinking junctions were prepared by mixing the diol and acid, 

followed by heating to melt the diol and then application of vacuum to drive off water 

condensate (Figure 1.2a). Fourier transform infrared spectroscopy (FTIR) of the networks was 

performed at 80 °C to confirm the absence of the broad OH peak in the 3000 cm-1 to 3500 cm-1 

range corresponding to unreacted species on the diols, boric acid, and water. Within the 

sensitivity of the instrument, no OH peak is detected indicating that the network formation 

reached high conversion (Figure 1.2b). This should not be taken as an indicator of 100 % 

conversion, and defects in the network are expected. The emergence of a sharp peak at 1300 cm-1 

corresponds to the asymmetric B-O stretch[52] indicating the formation of the boronic ester 

crosslinks. 

 

Thermal properties of the networks were investigated using differential scanning calorimetry 

(DSC) by first rapidly quenching from 150 °C to -80 °C and then heating at 20 °C/min. The C6 

and C8 networks show no melting transitions while the C10 and C12 networks show cold 

crystallization followed by a melting transition with peak melting temperatures (Tm) in the 25-30 

°C range. The glass transition temperatures (Tg) of the networks are -27 °C (C4), -36 °C (C6), -43 

°C (C8), -41 °C (C10) and -32 °C (C12) (Fig 1.2c). The increase in crosslink density is expected to 
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lead to a monotonic increase in Tg,[53] but a reproducible non-monotonic trend is observed. This 

is correlated with the appearance of crystallization during quenching and cold crystallization on 

heating in the C10 and C12 networks (Supplementary Fig 2.1). No crystallization is observed in 

the heating or cooling cycles for C4, C6 and C8 networks. 
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CHAPTER 2: EFFECT OF PRECISE LINKER LENGTH, BOND DENSITY, AND 

BROAD TEMPERATURE WINDOW ON THE RHEOLOGICAL PROPERTIES OF 

ETHYLENE VITRIMERS 

 

2.1. Abstract 

Here, we investigate a series of precise, high crosslink density telechelic ethylene vitrimers as a 

function of temperature and crosslink density. The networks show a rubbery plateau at high 

frequencies and a terminal flow regime at lower frequencies. With increasing crosslink density, 

the rubbery plateau modulus shows a monotonic increase and the terminal flow shifts to lower 

frequencies. The plateau modulus at high frequency increases as a function of temperature, as 

expected for a conserved network topology. When plotted against inverse temperature, the zero 

shear viscosities show a characteristic Arrhenius behavior, and the activation energy 

monotonically increases with crosslink density. Crossover frequency and shift factors (from time 

temperature superposition) also show Arrhenius behavior with activation energies in good 

agreement with those determined from zero shear viscosity. A positive deviation from this 

Arrhenius trend is observed beginning as high as 100 K above the glass transition temperature 

for C6 and C8 networks. Further investigations of such networks are critical for the development 

of sustainable and recyclable replacements for commercial plastics. 

 

2.2. Introduction 

The term vitrimer was coined by Leibler[1] based on an Arrhenius temperature dependence of 

viscosity for polyester networks which is reminiscent of vitreous silica. It has been noted 

recently that this definition is not unique to dynamic networks with conserved exchange 

reactions and is also frequently observed in dissociative dynamic networks.[2] Thus, there is still 
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a need to understand under what conditions the mechanism of the exchange reaction will play a 

key role to the function or properties of dynamic networks. Two areas of vitrimer physics which 

have received little attention are the roles of extremely broad temperature windows and precise 

spacing between dynamic crosslinks. While the initial work of Leibler looked at a 180 °C 

temperature range,[1] subsequent works have been largely limited to a less than 50 °C 

window.[2] It is important to investigate wider windows because many polymer are processed 

well above their use temperatures, and it is unclear if the Arrhenius dependence will persist. Du 

Prez and coworkers found two distinct Arrhenius slopes in vinylogous urethane vitrimers[3] 

attributed to a change in the dominant exchange mechanism with temperature. Additionally, 

many polymer are tested far above Tg where bond exchange is anticipated to control the 

macroscopic stress relaxation. It has been suggested[4] that viscosity will show increasing 

deviations from Arrhenius behavior when approaching Tg, but little experimental data exists in 

this regime. 
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2.3. Results and Discussion 

 

 

 

Figure 2.1. (a) Storage and loss moduli of ethylene vitrimers at 40 °C. A monotonic increase in rubbery plateau 

modulus at high frequency is observed with increasing crosslinking density. The terminal relaxation shifts to lower 

frequency as the crosslink density increases. (b) A comparison of the rubbery modulus with increasing linker length 

(decreasing crosslink density) shows a linear decrease as anticipated. (c) The rubbery modulus of the networks also 

shows a slight increase with increasing temperature as expected for networks with conserved topology. Symbols are 

the same as in (a). 
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2.3.1. Oscillatory Shear and Arrhenius Viscosity 

 

Oscillatory shear rheology was used to probe the storage (G’) and loss (G’’) modulus of the PE 

networks. Since the C10 and C12 networks are crystalline at room temperature, all experiments 

were performed above 40 °C to prevent the interference of crystallization on rheological 

measurements. Frequency sweeps were performed at 10 °C intervals from 40 °C to 140 °C. The 

ethylene networks show a solid like (G’ > G’’) rubbery response at high frequencies and the 

plateau modulus at 40 °C varies from ~2 to 10 MPa depending on crosslink density (Fig 2.1a). 

This is expected of a rubbery network[5] and similar results have been shown in other 

experimental works on dynamic networks.[6] Although some of the data overlap at low 

frequency, the modulus at 20 Hz changes proportionally to the carbon spacer as expected (Fig 

2.1b). At lower frequencies a terminal flow regime with characteristic slopes of ~ 2 for G’ and ~ 

1 for G’’ is seen for all temperature (Supplementary Fig 2.2). The terminal relaxation shifts to 

lower frequencies with increasing crosslink density, as has been previously reported for other 

telechelic systems.[7, 8] The modulus measured at a constant frequency of 20 Hz also increases 

with temperature, as expected for systems with conserved network topology due to entropic 

elasticity.52  
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Figure 2.2. Horizontally shifted master curves (Tref = 140 °C) of the networks. The high frequency rubbery modulus 

remains constant with increasing temperature, intermediate to expectations for permanent and dissociative dynamic 

networks.  

 

Master curves of the storage and loss modulus (Fig 2.2) are made by horizontally shifting 

individual frequency sweeps onto a reference curve (Tref = 140 °C) using the time temperature 

superposition (TTS) principle. On a seven order of magnitude log scale, the plateau appears 

constant; however, a closer inspection reveals that the modulus does increase with temperature, 

particularly at higher frequency (Fig 2.1c and Fid S2.3). Boronic transesterification exchange 
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reactions proceed in a topology conserving manner as shown by several groups[9-11] and thus 

this increase is expected. In prior work, polyethylene oxide dynamic networks with the same 

boronic ester bonds as the present work also showed an increase in modulus on heating.[12] This 

trend is in contrast to dissociative dynamic networks where modulus decreases with 

temperature.[2, 13]  

 

 

Figure 2.3. (a) Shift factors, (b) zero shear viscosity and (c) crossover frequency as a function of inverse 

temperature. All quantities show an Arrhenius behavior in the 100 °C temperature window. 

 

From the horizontal shifting of frequency sweeps, shift factors (aT) were obtained and plotted 

for all networks and show a systematic increase in the slope, and thus activation energy, from an 

Arrhenius fit (Fig 2.3a). Next, the zero shear viscosity of the networks was calculated from 140 

to 0 °C using the low frequency slope of the loss modulus,[14] and a monotonic increase with 

increasing crosslink density is observed (Fig 2.3b). Complex viscosity was also calculated and 

compared to this method, with both approaches yielding identical results within error 

(Supplementary Fig 2.4). Viscosity plotted against inverse temperature was also fit to an 

Arrhenius expression, and shows quantitative agreement with the values from aT data (Table 2.1) 

indicating that they both reflect the same macroscopic flow controlled by dynamic bond 
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exchange. A third metric, the crossover frequency (ωcrossover), was also examined and defined 

where G’ = G” corresponding to the transition from a viscoelastic solid to a viscoelastic liquid. 

In the case of C10 and C12, a crossover frequency could not be measured at temperatures above 

60 °C because even at the highest frequencies G’’ > G’. For C4, C6 and C8 networks crossover 

frequencies were obtained as a function of temperature and are shown in Fig 2.3c. Although 

ωcrossover was only obtained in three networks, it is also in good agreement with zero shear 

viscosity and shift factor in reflecting the activation energy associated with flow. In the case of 

vitrimers which obey time-temperature superposition, the choice of analysis metric does not 

appear to matter for determining activation energies. The Ea values for our telechelic networks 

are all lower than what has been reported for boronic ester vitrimers with pendent dynamic bonds 

along the backbone by Guan and coworkers who measured Ea = 52.7 kJ/mol.[9] Sokolov and 

coworkers have noted that in associating polymers, telechelic structures lead to lower bond 

breaking energies[15] which is consistent with our findings. Additionally, we observe a major 

increase in Ea with increased crosslink density suggesting that exchange processes are easier in 

more open networks (Table 2.1). From the shift factor data Ea ~ N-0.4, and it would be important 

to push to higher linker lengths to determine where the value becomes molecular weight 

independent. It is also unclear at present how polydispersity will affect these values. 

 

 
 
 
 
 
 
 
 
 



18 
 

Table 2.1. Activation Energy from Arrhenius fits to shift factors, zero shear viscosity and 

crossover frequency. 

 Activation Energy, Ea (kJ/mol) 

 Shift factors Zero shear viscosity ωcrossover 

C4 43.0 41.6 38.5 

C6 32.3 ± 0.12 28.9 ± 0.12 33.0 ± 0.13 

C8 32.2 ± 0.15 25.4 ± 0.08 28.9 ± 0.10 

C10 27.6 ± 0.06 25.6 ± 0.08 - a 

C12 27.3 ± 0.02 26.4 ± 0.03 - a 

a not observable 

 

2.3.2. Topological Freezing Temperature and Deviation from Arrhenius Behavior 

 

In addition to Tg and Tm, a hypothetical topology freezing temperature (Tv) has been suggested 

for vitrimers where the bond exchange occurs on slow enough timescales that the network is 

frozen and η = 1012 Pa s,[16] the same criterion invoked for the glass to rubber transition. The 

position of the Tv with respect to the Tg and Tm may provide insights regarding the relative 

importance of bond exchange or segmental dynamics in controlling stress relaxation in different 

temperature regimes.[17, 18] The Tv of our networks was obtained by extrapolating the zero 

shear viscosities to a value of 1012 Pa·s (Fig 2.4a). We note this massive extrapolation is not 

rigorous but was used to mimic protocols in the vitrimers literature.[18, 19] We do not view Tv 

as a particularly useful temperature as it shares the same criteria as the glass transition (viscosity 

= 1012 Pa s) leading to potential ambiguity. Additionally, depending on the modulus the Tv could 

correspond to timescales of relaxation spanning 108 to 103 s for networks ranging from ultrasoft 

(10 kPa) to glassy (1 GPa) through the Maxwell relation η = G𝛕. A topology freezing transition 
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based on a relaxation time would seem more informative than a temperature, but it is unclear 

what timescale is appropriate.  

 

The Tv values were determined as -116 °C (C6), -135 °C (C8), -149 °C (C10) and -143 °C (C12) 

which are all well below Tg. Thus, upon cooling the Tg is expected to intervene and lead to an 

increase in viscosity above the extrapolation of an Arrhenius fit. Such a deviation is observed at 

~Tg + 100 °C, and corresponds to a transition from a regime controlled by exchange reactions to 

a regime where segmental dynamics begin to contribute to an increased viscosity (Fig 2.4b).  

This can be clearly seen in C6 and C8 as their zero shear viscosities show a positive deviation 

from the Arrhenius trend on a 1000/T plot (Fig 2.4c). These networks remain amorphous on 

cooling while C10 and C12 crystallize and thus viscosity measurements were not made below a 

temperature of 40 °C. Our findings are in contrast to the initial work of Leibler who found a 

single Arrhenius dependence of zero-shear viscosity from Tg to Tg + 180 °C, presumably because 

their Tv was higher than Tg.[1] In the present work, the extrapolation based on high temperature 

gives a different Tv than would be determined from the lower temperature data, and emphasizes 

the importance of measuring relaxation over a broad temperature window. Understanding where 

deviations begin depending on the combination of dynamic bond and polymer chemistry will be 

an important direction for future research. 
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Figure 2.4. (a) The topological freezing temperature (Tv) is defined as the temperature at which the melt viscosity 

equals a value of 1012 Pa·s. We obtained the Tv by extrapolating the Arrhenius zero shear viscosity fit to a value of 

1012 Pa·s. (b) Zero shear viscosity vs temperature and (c) inverse temperature. As the Tg is approached a positive 

deviation from the Arrhenius behavior is observed. The deviation indicates a transition from a regime controlled by 

exchange reactions to a regime where slow segmental dynamics begin to contribute to viscosity. 

 

 

2.4. Conclusion 

A series of precise telechelic ethylene vitrimers was investigated to understand the effect of 

temperature and precise crosslink density on their rheological properties. The dynamic nature of 

the networks manifests as a rubbery plateau at high frequencies and a low frequency terminal 
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relaxation. Increasing crosslink density (C12 to C6) leads to a monotonic increase in the rubbery 

modulus and a delay of the terminal relaxation. The zero shear viscosity shows a characteristic 

Arrhenius temperature dependence and monotonically increases with increasing crosslink 

density. Similar Arrhenius fits are made for the crossover frequency and shift factors, and the 

activation energies calculated from all metrics are in good agreement with each other. Telechelic 

networks show a lower activation energy than pendant networks with boronic esters.[9]  At high 

temperature, the rheological properties of the networks are dominated by the exchange reactions 

while a deviation from Arrhenius behavior is observed upon cooling. The additional increase in 

viscosity is attributed to the impending Tg and slowing segmental dynamics which begin to 

contribute as Tg + 100 K. These broad temperature window studies on model systems provide 

key insights to the understanding and application of vitrimers for a range of applications. 

 

 

2.5. Experimental Details and Additional Plots 

 

Materials: Boric acid (B(OH)3, ≥ 99.5%), 1,4 butanediol (C4, ≥ 99%), 1,6 hexanediol (C6, 99%), 

1,8 octanediol (C8, 98%), 1,10 decanediol (C10, 98%) and 1,12 dodecanediol (C12, 99%), were 

purchased from Sigma-Aldrich and used without further purification. 

 

Vitrimer Synthesis: Carefully weighed amounts of monomer were mixed together in a glass vial 

with stoichiometry of 1.0 mol boric acid to 1.5 mol diol. The mixture was heated and stirred 

continuously overnight at 120 ˚C on a hotplate. A viscous transparent gel was obtained. The vial 

was then transferred to a vacuum drier, held at 60˚C overnight under vacuum to drive water off 
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and then immediately brought into an argon glovebox maintained at < 0.5 ppm O2 and < 0.1 ppm 

H2O. No solvent was used in the synthesis. 

 

Vitrimer Rheology: Rheological measurements were made on a TA Instruments DHR-2 

rheometer using a parallel plate geometry. Samples were pressed into an 8 mm disc under 

ambient conditions and then loaded on to the rheometer at 40 ˚C. Samples were heated and held 

at 140 ˚C for 30 min to remove any water absorbed during sample loading. Sample thickness of 

approximately 800 µm was used for all measurements. Frequency sweeps were conducted at 

isothermal temperatures from 140 ˚C to -10 ˚C at 10 ˚C intervals with an applied stress of 1000 

Pa. Viscosity of the networks was calculated by measuring the slope of the loss modulus vs 

frequency curve in the low frequency limit. Viscosity of the networks was plotted against inverse 

temperature and a characteristic Arrhenius behavior is observed as expected for vitrimers. Time 

temperature superposition master curves were generated using the TRIOS (TA Instruments) 

software with a reference temperature of 140 ˚C with no vertical shifting. 

 

ATR-FTIR: IR spectra of the samples were collected using a Bruker ALPHA FTIR spectrometer 

with a platinum-ATR QuickSnap sampling module. All measurements were made at 80 ℃ by 

scanning from 400 cm-1 to 4000 cm-1 with 16 total scans. Solid samples (networks) were 

clamped down to the diamond ATR crystal to ensure sufficient contact, while liquid samples 

(monomers) were left undisturbed. 

 

Differential Scanning Calorimetry (DSC): Samples with average weight between 3-6 mg were 

crimped in Tzero hermetic aluminum pans inside the glovebox. A TA Instruments DSC 25 with 
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a RCS 120 cooling accessory was used to take all measurements. The glass transition 

temperature (Tg) for each sample was obtained by first heating the samples to 150 ℃ followed 

by quenching to -80 ℃ and then ramping to 120 ℃ at 20 ℃ / min. The DSC quench rate is the 

fastest allowed by the instrument, and varies depending on the temperature range from 50 

°C/min (down to -30 °C) to 5 °C/min (when approaching -75 °C). The Tg is obtained from 

analysis of the heating profile using the ½ ΔCp criterion.  

 

 

 

 

Supplementary Figure 2.1. Quenching cycle of the DSC scan. An exothermic crystallization peak can be seen for 

C12. The other networks do not crystallize during quenching.    
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Supplementary Figure 2.2. (a) Storage - G’ and (b) Loss - G’’ modulus of the PE vitrimers at 40 C. A high 

frequency rubbery plateau modulus monotonically increasing with crosslink density observed. The terminal 

relaxation at low frequency is confirmed by observation of characteristic slopes of ~ 1 for G’’ and ~2 for G’. 

 

 
Supplementary Figure 2.3. (Continued) 
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Supplementary Figure 2.3. A zoomed in image of the high frequency region of the TTS plots from Figure 3. In all 

cases, the plateau modulus shows a slight increase with temperature. 

 

 

 
 
Supplementary Figure 2.4. A comparison between viscosities obtained from the low frequency slope of G” 

compared to the complex viscosity. The values are the same within error. 
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CHAPTER 3: FRAGILE GLASS FORMATION AND NON-ARRHENIUS UPTURNS IN 

ETHYLENE VITRIMERS REVEALED BY COMBINING RHEOLOGY AND 

DIELECTRIC SPECTROSCOPY 

 

3.1. Abstract 

Vitrimers, dynamic networks with bonds that exchange without breaking, are an emerging class 

of reprocessable and recyclable polymer.  The dynamics in such materials are complex and span 

from a single bond exchange or alpha relaxation event up to bulk flow. Most prior work has 

focused on investigations of stress relaxation times or creep experiments, but little has been 

pursued to investigate more local dynamics over a wide range of temperatures. A series of 

precise ethylene vitrimers are synthesized with four to seven carbons between dynamic bonds, 

and broadband dielectric spectroscopy is used to probe the segmental dynamics. Three distinct 

modes are identified in the dielectric spectra - an alpha process, beta process, and a normal mode 

assigned to strand motion in the network between dynamic bonds. The last mode corresponds 

within error to the rheological crossover time indicating this process is responsible for bulk flow 

at high temperatures. At lower temperatures, approaching the glass transition causes a positive 

deviation of the crossover time from Arrhenius behavior in the networks at roughly the same 

distance above Tg. Finally, we analyze our networks in the context of a previously developed 

theory for bond dissociation in associating polymers and find evidence that the non-Arrhenius 

behavior reflects strong decoupling of the bond exchange barrier crossing event with the 

segmental or alpha relaxation. This implies the bond exchange event that conserves dynamic 

crosslink density experiences a local frictional resistance due to the surrounding polymer matrix 

that is smaller and much less temperature dependent than the primary structural relaxation 
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process, and to a larger degree than observed in most associating copolymer melts where 

physical bond breaking is a dissociative process.  

 

3.2. Introduction 

Vitrimers are a subcategory of dynamic covalent networks where the polymeric 

backbones are crosslinked by associative exchangeable bonds.[1-9] Unlike supramolecular 

polymers and dissociative dynamic covalent networks that undergo breaking and reforming 

reactions of physical bonds, vitrimers undergo exchange reactions that do not involve bond 

breaking. These materials have received fast-growing interest from the recyclable polymers 

research community due to their unique self-healing properties, easy reprocessability and 

recyclability, and the numerous dynamic covalent chemistries that can be used to tailor these 

properties.[9-16] While a large body of work has been directed towards investigating the self-

healing, recyclability, and stress relaxation behavior of these networks, focus in recent years has 

shifted towards investigating the effect of bond exchange on properties other than those 

investigated using rheology and self-healing measurements, such as crystallization[17], phase 

separation[18] and self-assembly[2, 19]. Vitrimers are also being investigated as functional 

materials with applications in solid polymer electrolytes[20], super-hydrophobic coatings[21], 

shape-memory materials[22, 23], and adhesives[24] to name a few. For these areas, a more 

comprehensive understanding of dynamics across length scales is required for materials design 

and optimization. Understanding how bond exchange may be impacted by glassy segmental 

dynamics, and if vitrimer dynamics are fundamentally different from dissociative networks in a 

meaningful way, requires further investigation.  

A single dynamic bond exchange event occurs on a local Angstrom length scale, and is a 

distinct process from the segmental dynamics associated with the glass transition, which also 
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occur on a local scale though typically at least one nm. Nuclear magnetic resonance (NMR) 

spectroscopy has been used to measure the bond exchange kinetics and activation energies for 

the dynamic exchange reactions using small molecules which mimic the chemistry of the 

network,[5, 25-27] but it is difficult to directly measure single bond exchange in a dry network. 

The activation energy calculated from macroscopic flow properties such as viscosity can be 

substantially different from the values obtained in small molecule studies, even when the flow is 

thought to be controlled by dynamic bond exchange.[5] Thus, there is still a knowledge gap in 

understanding the broad range of dynamics across length and time scales ranging from very local 

segmental motions up to entire network flow.  

Broadband dielectric spectroscopy (BDS) is a powerful tool frequently used to study 

molecular dynamics in linear polymers, small molecules, and associating polymers. Recent work 

from the Sokolov group has shown that BDS can reveal not only the segmental alpha process 

associated with translational and rotational dynamics of the monomers, but also the association 

dynamics of hydrogen-bonded supramolecular polymers.[28-32] They showed that BDS can in 

some cases reveal the dynamics of chain diffusion between hydrogen bonds, which is consistent 

with the terminal relaxation measured via shear rheology. Such measurements are lacking in the 

context of vitrimers, but could provide key insights on the molecular mechanisms which govern 

flow, self-healing, and recyclability. These samples have also been recently analyzed from a 

theoretical standpoint using a statistical mechanical approach to understand how the sticky 

groups impact the glass transition, non-sticker segmental dynamics, and sticky group 

relaxation.[33-35] Sticky groups with long enough lifetimes serve as permanent crosslinks on the 

non-sticky group segmental relaxation time, and can significantly slow down structural 

relaxation, modify its temperature dependence, and increase Tg. The slower or second step bond 
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breaking event, often called the ⍺* process, is associated with a local, chemically specific 

Arrhenius process with a well defined constant barrier. The elementary time scale is set by the 

friction associated with bond breaking (barrier crossing along a reaction coordinate) which can 

be decoupled to variable degrees from the perturbed alpha relaxation process. Many 

experimental systems could be well described in this picture when the two timescales are 

substantially different. Extension of the ideas to weakly associating telechelic melts with smaller 

timescale separations has very recently been formulated and successfully confronted with 

experimental data.[33, 34] The theory remains to be tested in vitrimers which do not break, but 

rather exchange, bonds with a rate that also often has an Arrhenius dependence on temperature at 

least over a limited range of temperatures and/or in model non-polymeric systems. The extent to 

which this exchange process is coupled to the alpha process and can become non-Arrhenius is 

not well understood, and is one focus of the present article. 

In this work, ethylene vitrimers previously investigated for their flow properties and 

crystallization[16, 17] have been analyzed using BDS to connect the underlying segmental 

dynamics to the macroscopic flow as characterized by the crossover frequency, defined as the 

frequency at which the storage modulus (G') and loss modulus (G") are equal. The frequency 

sweeps of ethylene vitrimers were previously reported,16 and it was found that the modulus 

trends can be well described by affine network theory and show a proportionality with the 

crosslink density. They all can be described by a simple Maxwell model likely due to the simple 

telechelic nature of the networks. 

The precise networks have an exact number of carbons between boronic ester junctions 

and are labeled as Cx, where x corresponds to the number of carbons between crosslink junctions. 

For carbon numbers 4-7, the networks do not show any evidence of crystallization and serve as 
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model systems. Three modes are observed in the dielectric spectroscopy corresponding to the 

alpha process, a beta process, and a mode which corresponds within error to the rheological 

crossover time. This mode is attributed to a normal mode corresponding to linker motion within 

the vitrimers, and shows that the flow timescale is controlled by bond exchange at sufficiently 

high temperature. At lower temperatures, the glass transition leads to positive deviations from 

Arrhenius behavior in the networks. Normalization of relaxation times by a dynamic glass 

transition temperature we denote as Tg, BDS 0.01 (defined as when the alpha time is 0.01 sec) can 

superpose the alpha and normal mode relaxation times very well, but not the crossover time. 

Comparisons with a simplified version of the previously developed theory[33, 34] for associating 

multiblock and telechelic polymers are also discussed and used to extract activation energies 

from a distinct route which are in good agreement with rheological methods. For the first time, 

we determine decoupling exponents related to the bond exchange event experiencing a much 

reduced local friction compared to the alpha process, which is much lower (more decoupling) 

than in the analogous homopolymers with similar fragilities and smaller than in associating 

copolymer melts where bond breaking is a dissociative event that does not conserve crosslink 

density in contrast to vitrimers. 

 

3.3. Results and Discussion 

3.3.1. Identifying Relaxation Modes using Broadband Dielectric Spectroscopy 
 

The networks were synthesized as described in our prior work via the condensation of 

alkane diols with boric acid.[16, 17] This leads to an exact number of carbons between crosslink 

points, but does not imply anything about the detailed topology or presence of loops and defects 

(Scheme 3.1). The C4-C7 networks were first analyzed by BDS, and Figure 3.1 shows the 
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dielectric loss (ε") permittivity at four different temperatures for the networks. The source of the 

dipole moment is thought to be C-OH groups in the networks. While attached to the boron site, 

the dipoles largely cancel due to the planar symmetry of the trifunctional boron, but the exchange 

event breaks this symmetry and creates the signal we are observing. When a  C-OH group is not 

attached to a boron site it is undergoing diffusive dynamics in search of a new boron partner, and 

thus is dielectrically active. 

Data was collected from -30 ℃ to 70 ℃ at 10 ℃ intervals in a frequency window of 10-1 

Hz to 106 Hz, only four representative temperatures are shown in the plot for ease of 

visualization. Three distinct relaxation peaks are observed in the ethylene vitrimers over the 

changing temperature range: α, β, and the normal mode.  

 

 

 

Scheme 3.1. Boronic ester ethylene vitrimers synthesized via condensation of precise alkane diols with boric acid. 
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Figure 3.1. (a), (b), (c), (d) Dielectric spectroscopy of the C4 to C7 networks was performed in the -30 ℃ to 70 ℃ 

temperature window with 10 ℃ intervals. Four relaxation peaks can be distinctly identified from the loss 

permittivity at these representative temperatures. The solid lines through the data points are HN fits. 

 

The relaxations observed in the dielectric loss modulus ε" were quantified by fitting the 

data to Havriliak−Negami (HN) functions, depending on the number of ε" peaks and a power-

law function to describe the conductivity contribution: 

𝜀" =
𝜎

𝜔𝜀0
+ ∑

Δ𝜀

[1 + (𝑖𝜔𝜏𝐻𝑁)𝛼]𝛾
 

Here σ is the conductivity, 𝜔 is the frequency, ε0 is the dielectric permittivity of vacuum, Δε is 

the dielectric relaxation strength, τHN is the HN relaxation time, and α and γ are HN shape 

parameters. The relaxation time at maximum loss was determined via: 

𝜏𝑝 = 2𝜋𝜏𝐻𝑁 [sin (
𝛼𝛾𝜋

2 + 2𝛾
)]

1
𝛼

[sin (
𝛼𝜋

2 + 2𝛾
)]

−
1
𝛼
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where τHN is the HN relaxation time and α and γ are the HN shape parameters. These fits are 

shown as lines through the experimental data in Figure 3.1, and the fit parameters are given in 

Supplementary Table 3.1 of the SI. The shape parameters reflect some combination of the 

breadth and asymmetry of the peaks, and there is not a unique solution when fitting multiple 

modes in a spectrum. However, the values of the relaxation times are not sensitive to the precise 

choice of α and γ. 

Each mode in BDS was plotted as a function of temperature as shown in Figure 3.2. At 

the highest temperatures, a peak can be distinctly seen in the 105 – 106 Hz range. As the 

temperature is decreased, this peak shifts to lower frequencies, and a second peak starts to 

appear. This is initially observed as a broadening of the dominant peak and then as two distinct 

peaks at lower temperatures. The slower of the two peaks is assigned as the -relaxation 

(associated with glassy dynamics) which follows a VFT trend. The value of this process at 100 s 

provides a dynamic Tg,BDS 100 which is in excellent agreement with the calorimetric Tg,DSC (Table 

3.1). The faster process which splits from the alpha process on cooling is called the -process 

following prior work on glass forming polymers.[36] This process may be of a Johari-Goldstein 

type secondary relaxation nature which is commonly observed in small molecule glass formers. 

The beta process is Arrhenius with activation energies of 66.7, 69.4, 80.2, and 90.0 

kJ/mole for C4 to C7 , respectively, consistent with prior values reported for linear 

polyethylene.[37] While the β process in polymers is usually attributed to side chain relaxation, 

there are no side chains in the present vitrimers. Even small rigid molecular glass formers can 

show a β relaxation believed to be associated with a bifurcation of motion of the same chemical 

moiety into small displacements within a confining cage (typically called the “fast beta” 

relaxation) and a larger scale slower activated cage escape process that defines the “alpha” 



36 
 

relaxation. We tentatively interpret our vitrimer results in this perspective, although the 

microscopic details underlying the  splitting or bifurcation is unclear. As a speculative 

comment, it perhaps is related to the localization of bond exchange within a cluster of dynamic 

bonding groups versus intercluster exchanges. The notion of bond exchange within a cluster is 

partly supported by the weak scattering peak at q ~ 8 nm-1 (Supplementary Figure 3.1b) and 

the presence of a second Tg (Supplementary Figure 3.4) which can imply the existence of phase 

separated domains. However, no large scale aggregation is seen in the SAXS data for any of the 

networks (Supplementary Figure 3.1a) 

 An interesting feature of the observed beta process is the modest increase of its 

activation energy with carbon number. A possible explanation of the latter is the increase of the 

characteristic ratio, a measure of local chain rigidity or Kuhn length, with number of backbone 

monomers for such short linkers.[38] The two modes merge at higher temperatures as is 

commonly observed in supercooled molecular and polymer liquids and is called the αβ 

relaxation.[39-41] Above the splitting temperature (Ts), the αβ relaxation time shows an 

Arrhenius behavior with a similar activation energy to the β relaxation. Zoomed in plots of the 

alpha and beta times are provided in Supplementary Figure 3.1. 
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Figure 3.2. Relaxation times plotted vs inverse temperature on a semi-log plot. In all four networks, the τlinker and 

τcrossover are close in magnitude indicating a correlation between molecular-scale strand relaxation and macroscopic 

flow. The timescale τβ shows an Arrhenius temperature dependence and merges with τ at the splitting temperature 

Ts, indicated by the brown vertical dasked line. The black vertical dashed line corresponds to the calorimetric Tg, DSC 

of the networks.  

 

To understand the lowest frequency peak in BDS, we first revisit the rheology of the 

ethylene dynamic networks. Oscillatory shear rheology of the networks was performed over a 

broad temperature window of 150 ℃ in 10 ℃ intervals following the methodology of our 

previous analysis of ethylene vitrimers.[16] All data appear qualitatively similar with a well-

defined plateau modulus at high frequency, and a crossover frequency which is used to extract a 
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time scale for flow (Figure 3.2, blue triangles). The most common method to define a vitrimer is 

from the Arrhenius temperature dependence of crossover or stress relaxation times,[3, 15, 20, 25, 

42, 43] and in the present system this is observed well above the Tg of each network. In the 

dielectric spectra, the lowest frequency peak in the 10-1 – 101 Hz range can be observed at high 

temperatures. Interestingly, the relaxation time for this low-frequency peak coincides with the 

rheological crossover time which is assigned to the motion of linkers moving between dynamic 

crosslink points and called τlinker. A similar low-frequency peak has been seen in numerous 

associating and supramolecular polymer systems, where it shows a strong coupling with 

mechanical relaxation.[30, 44, 45] Sokolov and coworkers attribute this relaxation to the 

dissociation process of the stickers in supramolecular polymers and call it the * process. They 

have also observed that in certain strongly associating polymers, a normal mode relaxation is 

observed. The normal mode relaxation corresponds to the full chain motion (between associating 

groups) and thus has the longest relaxation time. In systems where both the normal mode and the 

* relaxation are present, the normal mode is seen to coincide with the mechanical 

relaxation.[31] Thus, the bulk relaxation of the vitrimer is governed by the relaxation of the 

chains between boronic esters at temperatures above the upturn in crossover times. We 

emphasize that the ethylene vitrimers are ‘associative covalent networks’ and do not break or 

dissociate as in supramolecular studies.  However, we interpret the τN in the present work as 

representing the dynamics of network strands exchanging between boronic ester junctions.  

The ability to normalize the temperature dependence of the α-relaxation time of the 

vitrimers was examined using two measures of the glass transition temperature,  one from 

differential scanning calorimetry (called Tg, DSC) and one from a dynamic criteria (called Tg, BDS) 

(alpha time of 100 sec). Both result in very good collapse of the data (Figure 3.3), in agreement 
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with what is observed in many permanent network studies where the crosslink density is 

generally lower and chemical crosslinks are typically random in space.[46] This non-trivial result 

further emphasizes that the -process is especially well normalized by a dynamic Tg even in 

extremely dense networks with monodisperse strands. We note that the excellent collapse of the 

data may be related to the model nature of the telechelic vitrimers, where each strand is only 

connected at two points to the rest of the network. Similar investigations of vitrimers with many 

pendant dynamic crosslinks per chain are warranted to test the limits of this collapse. 

In prior permanent network studies, the calorimetric Tg generally leads to poorer collapse 

of alpha times, and the same could be weakly argued in Figure 3.3a. The manner in which a 

dynamic Tg reflects the characteristic segmental relaxation time is more appropriate for 

normalizing network dynamics across different linker lengths. The dynamic fragilities of each 

network were calculated from the  relaxation time and range from ~70-90 (Table 3.1). These 

are typical intermediate values for many linear polymers (fragilities vary from ~40-150)[47], and 

indicate that the present vitrimers are fragile glass formers despite the Arrhenius viscosity 

dependence. However, the fragilities decrease with carbon number, typically the opposite effect 

found for the alpha process of homopolymer melts. On the other hand, this trend is consistent 

with the behavior of many homopolymer melts in the sense that a decrease of fragility is 

correlated with a decrease of Tg , as we find for the present vitrimers.  

The crossover times from rheology were also shifted using the dynamic Tg, BDS and do not 

collapse, showing an apparent increase as the network crosslink density increases. The upturn 

from Arrhenius behavior occurs in essentially the same temperature range regardless of network 

once the data have been Tg-normalized. Based on crossover timescales (or viscosities), the 

fragility takes on a very low value of ~20 for the networks which was the initial rationale for 
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calling vitrimers strong glass formers. The addition of BDS data to the analysis of vitrimer 

dynamics reveals that the -process is still fragile as in many linear polymers, and this is likely 

to be the case in most vitrimer systems. 

 

Figure 3.3. (a) The inverse temperature dependence of the α relaxation time is normalized by Tg, DSC, resulting in a 

reasonable collapse of the data. This is expected as the Tg is strongly coupled with the segmental dynamics. (b) 

Normalizing temperature by Tg, BDS shows a better collapse of the relaxation times compared to normalization by Tg, 

DSC. (c) While the alpha relaxation times perfectly collapse when normalized by Tg, BDS, the crossover times clearly 

do not. Since macroscopic flow in vitrimers arises from an interplay of bond exchange, segmental dynamics and 

chain relaxation, the imperfect collapse of crossover is expected.   

 

Table 3.1. Glass transition temperature, activation energies and fragility of ethylene vitrimers 

determined from various dynamic processes.  

 

Sample 

Glass Transition 

Temperatures 

Activation Energy 

(kJ/mole) 

Dynamic Fragility (m) 

 DSC BDSb (100 s) β crossover
a α

b crossover 

C4 255 254 66.7 53.0 93 15.1 

C5 240 236 69.4 32.8 77 25.7 

C6 233 231 80.2 30.8 69 19.0 

C7 230 226 90.0 29.8 73 40.9 

a) Determined from high temperature data before the upturn approaching Tg 

b) Determined from the VFT fit for a glass transition criterion of α =100 sec using points both above and 

below the splitting temperature. 
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3.3.2. Investigating Two Tg’s from Modulated Differential Scanning Calorimetry  
 

An interesting feature of the vitrimer calorimetry is the presence of two endothermic 

peaks on heating (Figure 3.4a). The lower temperature transition is the Tg and corresponds to the 

alpha process observed in dielectric spectroscopy. Because the networks are made from a single 

polymer component and no phase separation of the linker or the boronic ester junctions is 

observed from wide angle X-ray scattering, it is unexpected to see two Tgs for this system. To 

identify the origin of the two endothermic shoulders, modulated differential scanning calorimetry 

(MDSC) is used to separate the reversing and non-reversing components of the heat flow. As 

shown in Figures 3.4(b-e) the first transition is identified as the traditional glass transition 

temperature (Tg) of the networks at -22 ℃ (C4), -34 ℃ (C5), -40 ℃ (C6) and -43 ℃ (C7).  The Tg 

shows up as an endothermic step in the reversing heat and the enthalpic relaxation associated 

with physical aging shows up in the non-reversing heat flow. The second shoulder in DSC is 

identified as the splitting temperature (Ts) which shows an exothermic peak in the non-reversing 

part of the heat flow and does not show any signal in the reversing heat and is thus not a 

traditional glass transition. The peak temperatures of 9 ℃ (C4), -4.5 ℃ (C5), -10 ℃ (C6), and -21 

℃ (C7) are assigned as the Ts and coincide with the splitting of the αβ process observed in 

dielectric spectroscopy. It has been previously shown that the splitting temperature can be seen 

in thermal spectroscopy as a change in the imaginary part of the heat capacity.[48] Future work 

will attempt to clarify the molecular origin of this signature, but it is reminiscent of work by 

Sokolov and coworkers on short, strongly phase segregating associating polymers where two Tgs 

have also been observed.[28] 
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Figure 3.4. (a) Differential scanning calorimeter (DSC) of the ethylene networks show two sigmoid shoulders in the 

second heating cycle. The first is identified as the glass transition temperature (Tg) and the second as the splitting 

temperature (Ts) using modulated differential scanning calorimetry (MDSC). (b) (c) (d) (e)The Tg is seen as an 

endothermic shoulder in the reversing heat flow and is accompanied by an endothermic peak in the non-reversing 

signal. The shoulder is the glass transition while the endothermic peak corresponds to enthalpic relaxation, which is 

a characteristic feature of the physical aging of amorphous polymers. The Ts on the other hand is seen as an 

endothermic peak in the non-reversing signal and does not show a signal in the reversing heat, indicating that it is 

not a traditional glass transition.   

 

 

3.3.3. Comparison with theory  

 

Ghosh and Schweizer recently developed a statistical mechanical model for associating 

polymers that captures the interplay of the alpha relaxation with bond breaking or 

dissociation.[34] The basic idea is that for long lived stickers the local dynamics involves two 
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steps. The first faster process corresponds to the alpha relaxation of the nonsticker monomers 

which occurs on a timescale that associations act as permanent crosslinks which signifcantly 

slow down the nonsticker alpha relaxation and raises Tg, and more so as sticker concentration 

increases. The timescale of the slower physical bond breaking second step is related to Angstrom 

level chemistry of the sticker bond with a local constant activation energy for dissociation, plus 

an effective friction constant that impacts the bond breaking activated event timescale which 

includes contributions from the polymer surroundings influenced to a variable degree by the 

perturbed nonsticker alpha relaxation process. Since the latter is a non-Arrhenius process, the 

sticker bond breaking event can also acquire a non-Arrhenius form at low enough temperature. 

On the slower bond breaking time scale, the nonsticker segments are locally diffusive, and the 

relevant friction experienced by stickers is influenced by the so-called “decoupling” of relaxation 

and diffusion (or segmental vs chain relaxation) phenomenon that underlies the breakdown of 

time-temperature superposition. Embedding this physical picture phenomenologically in a 

dynamic model, the timescale 𝜏𝛼∗for the bond breaking event was proposed as:[34]  

𝜏𝛼∗

𝜏0
=

𝜏𝛼

𝜏0
+ [

𝜏𝑖𝑛

𝜏0
+  𝛾 (

𝜏𝛼

𝜏0
)



 ] . 𝑒(
∆𝐹

𝑘𝑇
)
          Equation (3.1) 

Here, 𝜏𝛼 is the average (sticker chemistry and concentration dependent) alpha relaxation time of 

the non-stickers, 𝜏0 is an elementary dynamic timescale of order 1-10 ps, and  𝜏𝑖𝑛 accounts for 

very local chemistry specific effects associated with the smallest scale aspects of the bonding 

breaking event.  The second term in the square brackets reflects the frictional resistance for bond 

breaking due its partial viscous coupling to the segmental relaxation of the non-sticker strands. It 

is quantified by a numerical prefactor, 𝛾, and a decoupling exponent, ν, less than unity. The latter 

is envisioned at zeroth order to be determined by the decoupling exponent for the temperature 

dependence of segmental and chain scale relaxation times in the analogous homopolymer melt. 
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Experimentally, for homopolymer melts  ~ 0.5-1 depending on polymer chemistry and dynamic 

fragility. The ΔF term is the free energy cost associated with bond dissociation and consists of 

both enthalpic and entropic contributions. 

Overall, two distinct physical issues generically arise: (i) to what extent is segmental 

relaxation  and diffusion “decoupled”, and (ii) per a chemical reaction, to what extent are the 

nature and amplitude of the activated local displacements of the sticker required to break an 

association viscously coupled with the surrounding polymer degrees of freedom that determine 

the structural alpha relaxation process? Eq(3.1) was confronted with an extensive set of 

experimental data on telechelic melts, and also some measurements on multiblock associative 

copolymers, for diverse sticker chemistries and a wide range of temperatures and sticker 

fractions, and shown to provide a unified understanding of the (often qualitative) failure of a 

naïve Arrhenius model, 
𝜏𝛼∗

𝜏0
=  𝑒(

∆𝐹

𝑘𝑇
)
, and its analog based on full coupling of the bond breaking 

and alpha relaxation processes,  
𝜏𝛼∗

𝜏𝛼(𝑇)
=  𝑒(

∆𝐹

𝑘𝑇
)
. 

With the above motivation, we consider whether similar ideas can be adapted for our 

vitrimer system. To minimize the number of a priori unkown parameters, we consider a more 

simplified model of how local friction and decoupling ideas may impact the bond exchange 

process. First, 𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 is identified with 𝜏𝛼∗ given their coincidence in Figure 3.2. Even 

without the full resolution of the linker mode in some of the dielectric spectra, these two 

processes close agreement within the quality of the data. The crossover has also been previously 

rationalized in terms of the linker diffusion between dynamic bonding sites[30, 44, 45] which 

further motivates our approach. Second, the timescale prefactor in an Arrhenius expression is 

taken to have a very local Angstrom scale component unaffected by the surrounding polymer 

matrix,   and a component that reflects the degree of frictional coupling of bond exchange with 
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the segmental dynamics of its surroundings which is quantified by a numerical factor  and a 

decoupling exponent, . This leads to a simplified version of Eq(3.1) which we refer to as the 

simple friction model (SFM): 

 𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 = 𝜏0 [1 +  𝛾 (
𝜏𝛼

𝜏0
)



 ]  . 𝑒(
𝐸𝑎
𝑘𝑇

)
      (3.2) 

Now, if 𝛾 ~ 0 in Eq(3.2), then the model is per a local Arrehneius process essentially 

unaffected by the dense polymer network. At high enough temperatures where segmental 

relaxation is fast, macroscopic relaxation for vitrimers is posited to be such a simple Arrhenius 

process controlled by bond exchange quantified by an activation energy and an elementary 

timescale. The effective activation energy is then a constant defined by the local chemistry of the 

“reacting groups” of a bond exchange. Thus, for this minimalist model the activation energy Ea 

can be calculated directly from the high temperature 𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 data. The second term in square 

brackets in Eq(2) reflects the idea that at low enough temperature the local viscosity around the 

reacting groups will increase enough that it provides additional frictional resistance for the bond 

exchange barrier crossing event. This aspect is expected to be chemistry specific, and as the 

vitrimer is cooled an additional temperature dependent friction emerges that slows down bond 

exchange and polymer strand relaxation and flow due to the steep increase in  which is 

affected by the presence of the dynamic bonds. 

  A major virtue of the SFM is that it can be tested by simply cross-plotting 

log [
(𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 − 𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟_𝐴𝑟𝑟ℎ𝑒𝑛𝑖𝑢𝑠)

𝑒
(

𝐸𝑎
𝑘𝑇

)
 ]  𝑣𝑠 log  (𝜏𝛼) , where 𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟_𝐴𝑟𝑟ℎ𝑒𝑛𝑖𝑢𝑠 =  𝜏0. 𝑒(

𝐸𝑎
𝑘𝑇

) which is 

the extrapolation of the experimentally observed Arrhenius crossover behavior to lower 

temperatures. The quantity 𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 −  𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟_𝐴𝑟𝑟ℎ𝑒𝑛𝑖𝑢𝑠 is zero at high temperatures by 
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construction, and is relevant only when there are non-negligible deviations of 𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 from the 

Arrhenius trend at lower temperatures.  

Figure 3.5a shows the results of our analysis. If the model linearizes the data, then at a 

minimum one can claim qualitative consistency between the physical ideas underlying Eq(2) and 

experiment. This is what we find.  The slope of this plot delivers the value of  and is reported in 

Table 3.2. An odd-even effect is seen in the decoupling parameter with  ~ 0.35 for the even 

carbon number networks, and a significantly higher value of 0.57 and 0.66 for the odd networks. 

Prior independent measurements of this decoupling parameter for pure homopolymer melts[34] 

find a range of  from 0.5-1.0, with the systematic trend of smaller exponents (more decoupling) 

as the segmental alpha process becomes more fragile. A value of ~0.35 is thus very low 

compared to all measurements of decoupling exponents on homopolymer melts, and especially 

low for the modest fragility values (70-90) of our vitrimer systems. This suggests that its origin 

is not simply generic decoupling physics in the polymer network subsystem, but rather involves 

chemistry specific aspects of how the bond exchange event (which has an unknown and likely 

complex reaction coordinate) viscously couples to the dynamics of the network carbon strands.  

On the other hand, for the odd carbon number networks, the decoupling exponent falls in the 

range relevant to homopolymer melts, but is still on the low side of what might be a priori 

expected for the intermediate fragility values of 70-90 of our vitrimers based on the analysis of 

ref.34. More broadly, the physical origin of the trends seen in Figure 3.5a of (i) strong odd-even 

effects on the frictional decoupling exponent, (ii) the near collapse of the odd carbon number 

data, and (iii) the strong vertical shift of the C4 and C6  data, is currently unknown. These 

features presumably reflect detailed Angstrom scale chemistry considerations associated with the 



47 
 

bond exchange reaction coordinate and its coupling to the network strand relaxation dynamics, 

and understanding them is an open challenge for the future.  

As shown in Table 3.2, the activation energies extracted from the application of Eq(2) to 

the data are in good agreement with those determined from crossover times (or the dielectric 

linker mode), although this may not be very surprising given our formulation of the model. 

Nevertheless, it buttresses the view that  Ea reflects a local basic chemical process with an 

activation barrier set at high  temperature (and essentially invariant to carbon number), and the 

curving up of the vitrimer relaxation times at low temperatures seen in Figure 3.2 is a 

consequence of the segmental friction effects and matrix strand relaxation as enhanced by the 

dynamic bonds. The intercept (0) obtained from the straight line fit does not show any specific 

trend with linker length. 

 

Figure 3.5. a) Log-log plot of  (𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 −  𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟_𝐴𝑟𝑟ℎ𝑒𝑛𝑖𝑢𝑠)/𝑒
(

𝐸𝑎
𝑘𝑇

)
 vs 𝜏𝛼 to test the SFM of Eq (2). The straight 

line (power law) behavior of the data plot supports the theoretical idea that the deviation of 𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟  from the 

Arrhenius trend is coupled with 𝜏𝛼 with a decoupling exponent . b) Log of the ratio of the crossover to 𝛼 times on 

an Arrehnius plot which shows a strongly negative slope at lower temperatures which violates the common ansatz, 

𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟(𝑇) =  𝜏𝛼(𝑇). 𝑒
(

𝐸𝑎
𝑘𝑇

)
 , that the segmental relaxation timescale perturbed by dynamic bonds sets the 

elementary timescale for the slower activated bond exchange. 
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Table 3.2. Decoupling exponent and Arrhenius activation energy for the SFM of Eq(3.2).   

Simple Friction Model Arrhenius Ea (40℃ – 140℃) 

calculated from crossover (kJ/mole)  0 (s) 

0.36 1.7 x 10-7 53.0 

0.66 2.0 x 10-3 32.8 

0.34 1.3 x 10-4 30.8 

0.57 5.8 x 10-4 29.8 

 

The dielectric data was also used to analyze the ratio of the ratio of the crossover to  

times following (Figure 3.5b). This ratio should have a positive slope on a log-linear Arrhenius 

plot if the often postulated idea (encoded in the equation 𝜏𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟(𝑇) =  𝜏𝛼(𝑇). 𝑒(
𝐸𝑎
𝑘𝑇

) ) that the 

dynamic bond concentration dependent segmental relaxation time sets the time scale for bond 

breaking in associating copolymers31,33,34 or bond exchange in vitrimers. For the ethylene 

vitrimers the ratio is almost flat at high temperatures indicating no “decoupling” of the 

temperature dependences of the two processes. However, upon sufficient cooling,  a strongly 

negative slope emerges that is in qualitative disagreement with the aforementioned equation and 

physical picture, and indicates strong decoupling in the sense that the rheological crossover time 

grows much more weakly with cooling than the segmental relaxation time. A negative slope was 

also reported for some hydrogen bonded supramolecular networks, but not others, as analyzed by 

Ghosh and Schweizer.34 Hence, in associating telechaleic melts33,34 this behavior depends on 

polymer and sticker group chemistry. But even if this effect is present in associating polymer 

melts, it is generally a weaker deviation than we find for the present vitrimers.  Thus, vitrimer 

dynamics driven by bond exchange appears to show a significantly different thermal behavior 
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than observed in associating copolymer transient networks where physical bond breaking is a 

dissociative process that does not dynamically conserve the effective bond density and is not as 

strongly decoupled from the polymer matrix structural relaxation time. Finally, we note that the 

data in Figure 5b where temperature is normalized by the dynamic Tg, BDS does not lead to the 

excellent collapse observed for the  relaxation times. This again illustrates the distinct changes 

in bond exchange dynamics across the different sngths are not fully captured by the  process. 

 

3.4. Conclusion 

A series of precise ethylene vitrimers were synthesized and analyzed using a combination of 

broadband dielectric spectroscopy and rheology to access nine orders of magnitude in dynamics.  

The dielectrics spectra shows three distant peaks corresponding to the segmental scale  and β 

processes as well as a normal mode that corresponds within error to the rheological crossover 

time related to network strand dynamics which controls macroscopic flow. The  process of all 

vitrimers show intermediate values of fragility in the range of 70-90 characteristic of many 

fragile glass formers, despite crossover times which show an Arrhenius character (at high enough 

temperatures) reminiscent of strong glass formers. This illustrates the importance of probing the 

full range of segmental and chain level dynamics when discussing fragilities. The β process splits 

from the  mode at a temperature Ts which can be seen calorimetrically in the non-reversing heat 

flow of modulated DSC. This process is nearly Arrhenius, and displays an increasing activation 

energy with increasing carbon number. It is tentatively assigned to a bifurcation in dynamics 

between exchange events within a local cage containing multiple dynamic bonds and between 

different cages. The normal mode is interpreted as the time taken for the exchange of network 

strands between boronic ester junctions. The strong correlation between the rheological 

crossover time and the normal mode shows that flow is controlled by the bond exchange at high 



50 
 

temperatures. As the temperature is lowered, approaching the glass transition leads to positive 

deviations from Arrhenius behavior in the networks. Normalization of temperature by a dynamic 

Tg, BDS superposes the alpha times better than normalization by the calorimteric Tg, DSC.  

A recently developed model for associating polymers[34] was applied to the vitrimer 

system to test the physical picture of dynamics being controlled by an Arrhenius exchange 

process at high temperature, but with a significant deviation at lower temperatures due to the 

growing local friction associated with segmental dynamics which is partially coupled to the 

exchange process. Local free energies associated with bond exchange were deduced from the 

theoretical analysis which agree well with those obtained from rheological crossover times.  A 

larger degree of decoupling (smaller  exponents) between the bond exchange event and 

segmental or strand relaxation is deduced for vitrimers which is stronger compared both 

homopolymer and associating copolymer melts of similar fragility, especially for the odd carbon 

number dynamic networks. This large decoupling results in the growth of the relaxation time of 

processes driven by bond exchange that is much weaker than the increase of the segmental 

relaxation time, and generally weaker than physical bond breaking in associating polymer melts. 

This difference presumably reflects Angstrom scale mechanistic differences between the 

dissociation of a physical bond in associating copolymers versus the crosslink conserving bond 

exchange process in vitrimers. Understanding the precise quantitative behavior will require 

advances in computational chemistry and statistical mechanics based simulations. Overall, the 

proposed theory provides a physically clear and simple qualitative picture of the interplay 

between segmental and bond exchange relaxation in densely dynamic crosslinked vitrimers 

which can be further tested in future experimental studies of a broad range of dynamic bonds and 

polymer chemistries.  
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3.5. Experimental Details and Additional Plots 

Materials: Boric acid (B(OH)3, ≥ 99.5%), 1,4 butanediol (C4, 98%), 1,5 pentanediol (C5, 98%), 

1,6 hexanediol (C6, 98%), 1,7 heptanediol (C7, 98%) were purchased from Sigma-Aldrich used 

without further purification.  

 

Ethylene vitrimer synthesis: Carefully weighed amounts of monomer were mixed together in a 

glass vial with stoichiometry of 1.0 mol boric acid to 1.5 mol diol. The mixture was heated and 

stirred continuously overnight at 120 ˚C on a hotplate. A viscous transparent gel was obtained. 

The vial was then transferred to a vacuum oven, held at 60˚C overnight under vacuum to drive 

water off and then immediately brought into an argon glovebox maintained at < 0.5 ppm O2 and 

< 0.1 ppm H2O. No solvent was used in the synthesis. 

 

Rheology of polymer networks: Oscillatory shear measurements were made on a TA Instruments 

DHR-2 rheometer using a parallel plate geometry. Samples were pressed into an 8 mm disc 

under ambient conditions and then loaded on to the rheometer at 40 ˚C. The dynamic networks 

were heated and held at 140 ˚C for 30 min to remove any water absorbed during sample loading. 

Sample thickness of approximately 800 - 1000 µm was used for all measurements. Frequency 

sweeps were conducted at isothermal temperatures from 140 ˚C to -20 ˚C at 10 ˚C intervals with 

an applied stress of 1000 Pa. The crossover frequency of the networks was measured as the 

frequency at which the loss modulus equals the storage modulus (G’’ = G’).     

 



52 
 

Differential Scanning Calorimetry (DSC): Samples with a mass between 3-6 mg were crimped in 

Tzero hermetic aluminum pans inside a glovebox. A TA Instruments DSC 25 was used to take 

all measurements. The glass transition temperature for each sample was measured by rapidly 

quenching from 150 °C to -80 °C and then heating at 20 °C/min. Tg is obtained from analysis of 

the heating profile using the ½ ΔCp criterion. For measurement of the melting temperature after 

room temperature crystallization, samples were equilibrated to 20 °C and ramped at 20 °C /min 

to 120 °C. (All graphs are plotted with “endothermic down” convention.) 

 

Modulated Differential Scanning Calorimetry (MDSC): The same samples used for DSC 

measurements were used for MDSC. The heat flow was modulated by a sinusoid with a period of 

60 s and an amplitude of 1 K. The experiments were carried out under a nitrogen environment at 

a heating rate of 3 °C/min from -90 °C to 60 °C. At the beginning and end of each heating run, 

the samples were held at 150 °C for 1 min before being quenched to -90 °C. 

 

Broadband Dielectric Spectroscopy (BDS): Broadband dielectric spectroscopy (BDS) was 

performed on a Novocontrol Concept 47 Analyzer with a PHECOS Lite temperature control 

system. Samples approximately 100 - 150 μm thick were sandwiched between two circular 15.5 

mm stainless steel electrodes and then crimped into a coin cell. All steps of the sample 

preparation were performed inside the glovebox. Temperature sweeps from -30 °C to 70 °C were 

conducted in a frequency range of 10-1 Hz to 106 Hz. The loss permittivity was fit to 

Havriliak−Negami (HN) functions in Origin software.  
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Small / Wide Angel Xray Scattering (SAXS): Samples were analyzed with a Xenocs GeniX3D 

Cu Kα X-ray source (1.54 Å) and a Pilatus 2D detector (1M pixels). The sample-to-detector 

distance was calibrated with silver behenate powder, and scattering patterns were collected with 

a 60-minute exposure. The 2D diffraction data were radially averaged using FIT2D software and 

the intensity was plotted as a function of scattering vector q. Samples were sealed between 

Kapton prior to being taken to the beamline. 

 

Supplementary Table 3.1. HN fit parameters (,  and τHN) for different relaxation modes of 

the ethylene vitrimers.    
 

 

Beta Relaxation 

Sample C4 C5 C6 C7 

Temp 

(C) 

α γ tHN α γ tHN α γ tHN α γ tHN 

-30 0.57 1.00 1.1E-03 0.68 0.36 2.3E-03 0.64 1.00 4.5E-04 0.83 1.00 3.1E-04 

-20 0.61 1.00 3.4E-04 0.73 0.32 6.7E-04 0.56 1.00 3.6E-04 0.87 1.00 1.2E-04 

-10 0.39 1.00 1.3E-04 0.58 1.00 4.8E-04 1.00 0.13 8.5E-05    
0 0.55 1.00 4.9E-05 0.67 1.00 4.5E-05       

10 0.46 1.00 1.5E-05 0.50 1.00 1.4E-06       
 

Alpha-Beta Relaxation 

Sample C4 C5 C6 C7 

Temp (C) α γ tHN α γ tHN α γ tHN α γ tHN 

-10          0.57 1.00 3.4E-05 

0       0.66 0.33 4.2E-05 0.58 1.00 5.8E-06 

10       0.66 0.38 6.7E-06 0.50 1.00 4.2E-07 

20 0.55 1.00 6.4E-06 0.69 0.37 3.0E-06 0.64 0.43 1.3E-06 0.55 1.00 1.5E-07 

30 0.54 1.00 2.4E-06 0.65 0.83 2.8E-07 0.68 1.00 2.3E-07 0.61 1.00 9.3E-08 

40 0.64 1.00 1.1E-06 0.76 0.86 2.5E-07       
50 0.62 1.00 3.0E-07 0.79 1.00 1.3E-07       
60 0.66 1.00 1.5E-07          

 

Alpha Relaxation 

Sample C4 C5 C6 C7 

Temp 

(C) 

α γ HN α γ HN α γ HN α γ HN 

-30    0.41 0.93 7.9E-01 0.62 0.26 8.4E-01 0.53 0.37 4.5E-02 

-20    0.56 0.78 1.8E-02 0.56 1.00 4.7E-03 0.62 0.29 2.7E-03 

-10 1.00 0.34 2.3E-01 1.00 0.05 1.5E-04 0.60 1.00 2.1E-04    
0 1.00 0.02 1.1E-01 0.45 10.98 3.0E-06       

10 0.99 0.13 2.1E-02 0.75 0.39 1.7E-05       
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Supplementary Table 3.1. (Continued) 

 

Linker Mode Relaxation 

Sample C4 C5 C6 C7 

Temp (C) α γ tHN α γ tHN α γ tHN α γ tHN 

0 
         

0.62 1.00 1.0E+00 

10 
         

0.49 1.00 1.1E+00 

20 
         

0.53 1.00 4.2E-01 

30 0.65 1.00 7.4E-05 0.28 1.00 8.1E+00 0.57 0.87 1.0E+00 0.47 1.00 6.2E-01 

40 0.64 1.00 3.6E-01 0.28 1.00 5.2E+00 0.50 0.95 5.5E-01 0.47 1.00 4.1E-01 

50 0.63 1.00 1.6E-01 0.21 1.00 1.8E+00 0.49 0.99 2.4E-01 0.47 1.00 3.5E-01 

60 0.60 1.00 1.2E-01 0.26 1.00 8.2E-01 0.46 1.00 1.1E-01 0.45 1.00 2.6E-01 

70 0.56 1.00 8.3E-02 0.27 1.00 8.4E-01 0.43 1.00 1.0E-01 0.46 1.00 9.5E-02 

 

 

 

 
 
Supplementary Figure 3.1. (a) Small angle x-ray scattering shows to no prominent features indicating the absence 

of any self-assembly or macroscopic phase separation of the ethylene monomers or boronic crosslinkers. (b) The 

low q peak (qI) is attributed to boron-boron correlations which increase in d spacing with increasing linker length, 

while peak qII is the amorphous halo. 
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Supplementary Figure 3.2. (a), (b), (c), (d) A zoomed-in graph of the α and β relaxation. At temperature above Ts, 

α and β relaxation merge to give the αβ relaxation which follows the same Arrhenius trend as the low-temperature β 

relaxation, with an activation energy of 66.7 kJ/mole, 69.4 kJ/mole, 80.2 kJ/mole, 90.0 kJ/mole, for C4 to C7 

respectively. Below Ts, the α relaxation splits and follows the VFT trend.  
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Supplementary Figure 3.2. (a) Derivative analysis of the ε’. The derivative (εder) is calculated using equation S3.1.  

 

 

𝜀𝑑𝑒𝑟(𝜔) =  
−2

𝜋

𝜕𝜀′(𝜔)

𝜕𝑙𝑜𝑔(𝜔)
 (S3.1) 
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CHAPTER 4: IMPACT OF DYNAMIC COVALENT CHEMISTRY AND PRECISE 

LINKER LENGTH ON CRYSTALLIZATION KINETICS AND MORPHOLOGY IN 

ETHYLENE VITRIMERS 

 

4.1. Abstract 

Precise ethylene vitrimers with 8, 10, or 12 methylene units between boronic ester junctions were 

investigated to understand the impact of bond exchange on crystallization kinetics and 

morphology. Compared to linear polyethylene which has been heavily investigated for decades, a 

long induction period for crystallization is seen in the vitrimers ultimately taking weeks in the 

densest networks. An increase in melting temperatures (Tm) of 25-30 K is observed with 

isothermal crystallization over 30 days. Both C10 and C12 networks initially form hexagonal 

crystals, while the C10 network transforms to orthorhombic over the 30 day window as observed 

with wide angle X-ray scattering (WAXS) and optical microscopy (OM). After 150 days of 

isothermal crystallization, the three linker lengths led to double diamond (C8), orthorhombic 

(C10), and hexagonal (C12) crystals indicating the importance of precision on final morphology. 

Control experiments on a precise, permanent network implicate dynamic bonds as the cause of 

long-time rearrangements of the crystals, which is critical to understand for applications of semi-

crystalline vitrimers. The dynamic bonds also allow the networks to dissolve in water and 

alcohol-based solvents to monomer, followed by repolymerization while preserving the 

mechanical properties and melting temperatures. 

 

4.2. Introduction. 

 The development of sustainable and recyclable plastics is a major challenge to handle the 

massive volume of products that end up in landfills.[1] Polymer networks, either elastomers or 
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thermosets, are not processesable with traditional chemistries but can be made recyclable via the 

incorporation of dynamic covalent bonds into the polymer. Notably, Leibler and coworkers 

described dynamic polyester networks which exhibit glass-like processability due to conserved 

ester exchange reactions, now commonly called vitrimers.[2-5] This concept has been widely 

applied to a range of dynamic bonds including esters,[6-8] boronic esters/boroxine,[9-18] 

urethanes,[19] vinylogous urethanes,[20-23] oxime-esters,[24, 25] olefin metathesis,[2, 26] 

triazolium transalkylation,[27] silyl ether metathesis[28-30] and Meldrum’s acid.[31, 32] This 

ever growing toolbox of dynamic covalent bonds which conserve the network topology is 

described in recent review articles.[33, 34] A major focus thus far has been to understand how 

the exchange kinetics, crosslink density, and polymer backbone chemistry control the stress 

relaxation and reprocessability of vitrimers. The glass transition temperature (Tg) and a 

hypothetical topology freezing temperature (Tv) have been discussed to understand the interplay 

with bond exchange processes which governs the temperature dependent viscoelasticity. In 

contrast, an understanding of crystallization phenomena and melting temperatures (Tm) in 

vitrimers is currently lacking. Dynamic bonds provide a mechanism for chain rearrangements 

within a polymer network, as well as a new timescale which can potentially facilitate crystal 

perfection and growth. Knowledge of how dynamic bonds impact crystallization kinetics and 

morphology will be critical to the development of new polymers which are easier to recycle and 

reprocess while still retaining desirable physical and optical properties. 

 The crystallinity of commodity polymers such as polyethylene (PE) and polypropylene is 

key to their electrical breakdown strength,[35] mechanical properties,[36-38] and thermal 

conductivity.[39] Electron[40, 41] and ion[42-44] conducting functional polymers also show 

performance which is critically related to the crystal structure and amorphous fraction. In all 
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cases, processing conditions can lead to vastly different material properties depending on the 

timescales of material relaxation and rate of deformation during pressing or extrusion. With the 

introduction of dynamic bonds in a network, an additional timescale is generated which may 

facilitate crystal formation by allowing smaller strands to rearrange rather than an entire polymer 

chain. An understanding of how bond exchange affects kinetics and final morphology is 

currently lacking. While some prior work has focused on semi-crystalline vitrimers based on 

polyethylene,[12-14, 16, 30, 45, 46] and poly(lactic acid),[47] they did not investigate any 

temporal evolution of crystallinity or morphology due to dynamic bond rearrangements within 

the matrix. 

 Another key factor in determining crystal structure and melting is the presence of precise 

motifs. Here the term precise refers to the exact number of carbons in the spacer following prior 

work on “precise” polymers.[48, 49] For example, the melting temperatures of telechelic alkanes 

show a pronounced odd-even effect depending on the number of carbons between functional 

groups.[50-52] In polymers, precise polyethylenes [53] and polyacetals[54] have been made as 

linear polymers, including materials with periodic ionic groups which crystallize and show 

enhanced conductivity.[55, 56] Precise permanent networks with alkane chain linkers have 

shown odd-even effects on the glass transition temperature and ionic conductivity.[57] All of 

these studies point to the potentially critical role of precision on crystallization, which has not 

been investigated in vitrimers. In addition to being important from an application point of view, 

understanding the fundamental roles of precision and dynamic bond exchange on semi-

crystalline polymers could provide new insights into the design and application of such 

materials.  
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 Here, we report the synthesis and systematic investigation of ethylene vitrimers with 

precise carbon spacing between dynamic boronic ester crosslinks. Boronic esters are a popular 

dynamic bond because of the relative easy by which they can be incorporated into conventional 

polymers. In addition, boronic esters tend to be a fast exchanging bond, even at ambient 

temperatures and without catalyst. This allows us to observe the effects of dynamic bond 

exchanges on relatively short time scales and moderate temperatures. This model vitrimer was 

chosen because linear PE has been widely studied and the crystal structure evolution is well 

known.[58, 59] The initial crystallization of vitrimers is inhibited due to the network 

architecture, and long time crystallization studies indicate that Tm grows continually over 30 

days. An unexpected crystal-crystal phase transition is also observed via X-ray scattering, and is 

further tracked via polarized optical microscopy. This morphological transition, as well as the 

long time evolution of Tm, is not present in linear PE and a precise, permanent ethylene network 

shows no crystallization even after 1 week, implicating dynamic bonds as the origin of this 

phenomena. This is an extension of our previous work on the rheological investigation of 

ethylene vitrimers in the amorphous state.[18]  

 

4.3. Results and Discussion 

 

4.3.1. Crystallization of Ethylene Vitrimers and Evolution in Melting Temperature 
 

Differential scanning calorimetry (DSC) was performed using a rapid quench from 150 to -80 

°C, and only a glass transition is observed in C8 and C10 networks on the cooling curve while C12 

shows a weak crystallization peak. In contrast, a linear PE standard crystallizes instantly 

(Supplementary Fig 4.1b and 4.1c). 
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Figure 4.1. After 1-day of isothermal crystallization at room temperature, C10 and C12 show clear melting peaks 

whereas C8 still has no melting transition. 

  

The networks are termed vitrimers due to the well-known conserved exchange reaction of 

boronic esters in small molecules[62] and polymers.[9-17] In our prior work, oscillatory shear 

rheology was used to probe the storage (G’) and loss (G’’) modulus of the ethylene networks in 

their fully amorphous state to determine the characteristic timescale for flow. Frequency sweeps 

were performed in 10 °C intervals from 140 - 40 °C with networks showing rubbery behavior at 

higher frequencies and terminal relaxation at lower frequencies (Supplementary Fig 4.1d) due 

to dynamic bond exchange. As expected, the modulus tracks with crosslink density/linker length. 

For a constant crosslink density, the modulus should increase with temperature due to entropic 

elasticity,[63] which is observed in the ethylene networks supporting the presence of topology 

conserving exchange reactions (Fig 4.2a). We have previously observed that denser networks 

have longer relaxation times and slightly higher activation energies which is a function of both 

bond exchange kinetics and also the ability of dynamic bonds to find each other. A detailed 

discuss on the trend of the relaxation time vs the crosslink density can be found in our previous 

report.[18] The viscosity was calculated from the slope of G’’ vs ω in the low frequency limit 
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and plotted against inverse temperature, which showed the anticipated Arrhenius behavior (Fig 

4.2b). This method of zero-shear viscosity determination has been compared to the complex 

viscosity and gives the same values and temperature dependent trends.[18] All of these 

measurements are consistent with a network held together by associative dynamic covalent 

bonds. 

 The thermal transitions of the networks were next investigated using DSC by first rapidly 

quenching from 150 °C to -80 °C, followed by heating at 20 °C/min. The glass transition 

temperatures (Tg) of the networks increases monotonically from -43 °C (C8) to -41 °C (C10) to -

32 °C (C12) (Fig 4.2c), and are all well below room temperature making the networks soft and 

malleable prior to subsequent annealing and crystallization. This Tg trend is attributed to the 

presence of crystallites in the C12 network which can hinder mobility of the network and raise Tg. 

Crystallization is observed in C12 networks on the cooling curve (Supplementary Fig 4.1b), 

indicating that crystals will be present on first heating. Conversely, the C8 network shows no 

initial crystallinity while the C10 and C12 networks have a small melting transition at 25-35 °C. A 

separate batch of samples was prepared and quenched directly to room temperature from 150 °C. 

In the C8 network, no melting was observed on the initial heating ramp (Supplementary Fig 4.2) 

while C10 and C12 gradually develop a melting peak at room temperature over 300 min. After 1 

day of isothermal crystallization at room temperature, both C10 and C12 networks show a clear 

melting transition with larger enthalpy and shifted to higher temperature relative to the samples 

directly quenched to -80 °C, whereas the C8 vitrimer remains amorphous (Fig 4.2d). We attribute 

the latter result to the fact that this vitrimer has the highest crosslink density, which inhibits the 

ability of linkers to pack, as well as the highest viscosity which reduces translational mobility of 

network strands.  
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 The melting transitions of C10 and C12 vitrimers were monitored with DSC as a function 

of isothermal crystallization time at room temperature over 30 days, and a monotonic increase in 

the peak melting temperature (Tm) of the networks was observed (Fig 4.3a and 4.3b). The C10 

network shows a melting peak splitting around 10080 min, which eventually coalesces after 

43200 min. In contrast, C12 vitrimers only show one peak for the entire series. Optical 

microscopy, to be discussed in detail subsequently, shows the growth of dendritic structures 

which appear only in the C10 networks and are assigned as the cause of peak splitting. A 

sigmoidal curve is typically seen for processes governed by a nucleation and growth 

mechanism,[64, 65] which is observed in the C12 networks when plotting the peak melting 

temperatures over 43200 min (Fig 4.3c). The C10 network has not yet plateaued even after ~104 

min. In both cases, there is an initial induction period where Tm is flat, followed by an upturn at 

100 and 1000 min for the C10 and C12 networks, respectively. The slow crystallization kinetics in 

C10 as compared to C12 can be rationalized because Tm is lower for C10 networks, thus they have 

a smaller thermodynamic driving force for crystallization. Additionally, a higher crosslink 

density in C10 vitrimers means that the system is more frustrated which would also impede 

crystallization and Tm evolution.  

 Over the observed period of 43200 min a ∆Tm of 25 °C for C12 and 30 °C for C10 is 

observed. An increase in the enthalpy of melting (and thus crystallinity) accompanies the Tm 

evolution, and nearly doubles for the C12 network (Supplementary Fig 4.3a). The C10 network 

shows an ~70% increase in enthalpy over the same time period. Here we only report the relative 

change in crystallinity and not the absolute crystallinity, as there is no reference polymer and 

thereby no reference enthalpy to normalize by. PE, would have been our first choice, but since 

we do not know the impact that periodic placement of boronic crosslinks would have on the 
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enthalpy of polyethylene, we did not use it’s enthalpy as a reference. Ethylene vitrimer crystals 

undergo a polymorphic transition, discussed later, which makes an absolute degree of 

crystallization determination difficult. After 150 days, the Tm reaches 82 °C and 91 °C for the 

C10 and C12 networks, respectively (Supplementary Fig 4.3b). We also performed FTIR to 

determine if the alkane diols were being driven out of the networks due to the crystallization, and 

there are no free OH groups within the resolution of the instrument (Supplementary Fig 4.3d). 

Thus, we conclude that the boronic esters are incorporated into the vitrimers crystals. 

 

Figure 4.2. (a, b) DSC of C10 and C12 after long time crystallization at room temperature. A monotonic increase in 

the Tm is evident from the rightward shift of the melting curve. DSC data for less than 1 day of crystallization time 

can be found in Supplementary Fig 4.2. (c) A plot of Tm vs time shows similar slopes for the two networks. The 7, 

17 and 30 day samples of C10 show two melting peaks, the lower one shown as solid squares and the higher peak as 

crossed squares. 

  

The apparent power law dependence of Tm at intermediate times was fit to the equation 

𝑇𝑚(𝑡𝐴) = 𝑇0 + 𝐷𝑙𝑜𝑔(𝑡𝐴 𝑡0⁄ ) used in prior work where tA is annealing time and t0 is the initial 

time.[66] The D values were 10.3 and 8.8 for C12 and C10 networks using only data beyond 180  

and 1440 min, respectively. This is in the same range as reported for crystallization of PET at 

220 °C where D varies from 7.8-12 depending on the precise processing condition.[66] The 

similarity in the D values is a mere coincidence as there is no reason to expect an agreement 

between vitrimers and linear PET. More analysis is required for a detailed molecular 

explanation, but we presently assign the slow evolution and emergence of crystals to dynamic 
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bond facilitated reorganization of strands in the amorphous region into the crystalline phase. Two 

key control experiments were performed, the first on linear PE (SRM 1475, 52,000 g/mol) which 

shows instantaneous crystallization and no substantial long-term Tm evolution (Supplementary 

Fig 4.1c). This is expected as PE exhibits fast crystallization kinetics, and Tm evolution has only 

been observed using flash differential scanning calorimetry with time resolution as fast as 10-4 

s.[67]  The second control involved the synthesis of a precise, permanent ethylene network with 

C10 linkers as described in the Supporting Information (Supplementary Fig 4.4). In the absence 

of dynamic bonds, this network does not crystallize even after a week while the dynamic 

analogue shows crystallization within the first day (Supplementary Fig 4.5a). A linear C10 

polymer with the same amide linkages was also synthesized which crystallizes immediately upon 

cooling and indicates that the network topology, not the specific junction chemistry, are 

preventing crystallization (Supplementary Fig 4.5b). Thus, the presence of dynamic bonds is 

critical to the melting temperature evolution in semi-crystalline vitrimers. 

 The long time evolution of Tm is atypical for polymer crystals. Increases in properties like 

Tm, density and lamellar thickness have been previously reported for polyethylene[68, 69] and 

polyethylene terephthalate [66, 70-73] but only with annealing or crystallization at elevated 

pressure. Slow reordering would require molecular motions of the chains in the amorphous 

regions which can reorganize to add to the crystalline interface. Such a reorganization in local 

structure would be possible only if mobility is available for strands to translate. Is it noteworthy 

that previous reports on increasing Tm emphasize the role of an external stimuli, while the 

present networks sit quiescently at room temperature. In addition, these reports are on linear 

polymers and little is known about the role of network architectures on crystallization, 

particularly at such high crosslink densities.[74] 
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 As mentioned, along with the upward shift in Tm the melting curves for C10 show a 

transition from a single peak to a double peak and then revert to a single peak (Fig 4.3a). The 

second peak is visible first as a small shoulder in the 5 day measurement and progressively 

increases in intensity in the 10080 min and 24480 min measurements at the expense of the first 

peak. This single to double peak transition is not seen in C12.  

 

4.3.2. Investigating Crystal – Crystal Transition Using Wide Angle X-ray Scattering  
 

To probe the nature of this phenomena, wide-angle X-ray scattering (WAXS) was performed on 

the networks. Patterns collected over 1440 min (1 day) and 150 days of isothermal crystallization 

time at room temperature in an Argon glove box are shown in Fig 4.4. Scattering patterns were 

also collected more frequently on a separate benchtop XRD at room temperature for samples 

crystallized under ambient conditions (Supplementary Fig 4.6) and show the same general 

phenomena to be discussed. The presence of atmospheric moisture slightly modifies the kinetics 

of crystal evolution, while the patterns in Fig 4.4a-c correspond to samples crystallized in a 

glovebox. Prior work on PE has indicated that the semi-crystalline state at room temperature has 

three types of unit cells: orthorhombic, monoclinic and hexagonal.[75-77] The orthorhombic PE 

crystal phase is the densest and most the commonly observed phase in PE, while the monoclinic 

PE crystal structure may coexist with orthorhombic.[53, 56, 60] The hexagonal phase is typically 

seen under high pressure crystallization.[78, 79] The X-ray scattering patterns at 1 day show a 

single Bragg peak at 15 nm-1 for both C10 and C12 arising from the diffraction of planes (20), (-

11), and (11) of a PE hexagonal unit cell (lattice parameters: a = 4.7 Å, b = 8.2 Å; P6m space 

group).With increasing isothermal crystallization at room temperature, a transition to a two peak 

pattern is observed for C10 (Fig 4.4a). The two Bragg peaks at 14.8 nm-1 and 16.4 nm-1 can be 
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respectively assigned to the diffraction of planes (110) and (200) of a PE orthorhombic unit cell 

(lattice parameters: a = 7.1 Å, b = 4.9 Å, c = 2.5 Å; in a Pnam space group).[80] The C12 

network only shows one peak after 150 days in the glovebox but annealing at 65 °C for 2 days 

can drive a transition to the orthorhombic phase (Fig 4.4b). In both cases, the networks evolve 

from a metastable phase given sufficient time and temperature to orthorhombic with a 

coexistence of monoclinic. In prior work on ionic telechelic ethylenes, a hexagonal to 

orthorhombic transition was observed on cooling and the monoclinic phase coexisted with 

orthorhombic phase, which may explain the shoulder observed in the scattering result of the 150 

days and annealed samples. In contrast, a linear PE standard immediately forms an orthorhombic 

crystal structure (Supplementary Fig 4.7). In the low q range the lamellar (100) and (200) 

reflections are observed for C10 and C12 indicating formation of lamellar stacks. The X-ray 

scattering patterns were also collected for C8, which shows a single dominant peak even after 

150 days of isothermal crystallization (Fig 4.4c). Analysis of the scattering data indicates a 

tetrahedral arrangement of short rods, or the C8 alkyl chain, interconnected in a cubic crystal 

lattice with a lattice parameter of a = 1.55 nm and symmetry of a Pn3m space group. A double 

diamond cubic crystal structure has not been previously reported in polyethylene or in polymer 

networks. This network showed only a faint melting peak by DSC after 30 days 

(Supplementary Fig 4.3c) due to the extremely slow kinetics. The crystal structures and 

proposed packing of the linkers is illustrated in Fig 4.4d. The peaks for all three networks shift to 

higher q with annealing indicating densification of the crystalline networks, and a key finding of 

this work is that the crystal structure depends strongly on the choice of linker length in precise, 

dynamic networks. 
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 A comparison of the scattering patterns for 150 days-crystallized networks reveals a 

monotonic shift of the lower q peak with increasing linker length. This is attributed to the boron-

boron correlation length along the backbone based on a comparison with the calculated d-

spacing (𝑑 = 2𝜋/𝑞) which is slightly shorter than that of an all-trans configuration of the 

ethylene linkers (Table 4.1). The correlation length of the crystals was also calculated using the 

Scherer equation  𝜀 =  2𝜋/𝛥𝑞 where Δq is the full width at half maximum of the peak 

corresponding to the spacer length. This length is ~ 30 nm and decreases slightly as the linker 

length increases.  

 To confirm that the network is intact after months of crystallization, FTIR spectra were 

collected on samples crystallized and tested inside the glovebox (Supplementary Fig 4.3d). The 

absence of free OH groups provides evidence that the boronic ester junctions do not break from 

the network but rather maintain the crosslink density and are incorporated into the crystal 

structure. Additionally, the scattering patterns of the starting alkane diols are shown in 

Supplementary Fig 4.9b, which are clearly distinct from the network patterns. Thus, the alkanes 

are not disengaging from the network and crystallizing separately over time.  
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Figure 4.3. (a), (b) Room temperature WAXS patterns of C10 and C12 networks crystallized in a glove box. Samples 

were sandwiched and sealed between Kapton to prevent exposure to moisture. After 150 days of crystallization, 

samples were annealed at 50 °C (C10) and 65 °C (C12) for 2 days for the “annealed” data set. (c) A comparison of the 

WAXS patterns after 150 days of crystallization. (d) Schematic representation of the hexagonal (P6m), 

orthorhombic (Pnam) and double diamond (Pn3m)  crystal lattices adopted by the C12, C10, and C8 polymers, 

respectively.  

 

Table 4.1. Location of low q scattering peak and analysis of peak width using the Scherrer equation 

Network  q (nm-1) d (nm) All-trans linker 

length (nm) 
Correlation 

length, 𝜀 (nm) 

C8 5.71 1.09 1.23 31.5 

C10 4.33 1.44 1.54 28.1 

C12 3.68 1.70 1.84 27.4 
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4.3.3. Emergence of New Morphology  
 

An increase in Tm can occur for multiple reasons. First, the growth of crystallites raises the 

melting temperature due to the well-known Gibbs-Thomson effect and surface destabilization of 

a small crystal.[81-84] Second, a decreasing number of defects improves the crystal 

perfection[66] and decreases the free energy, leading to an increase in Tm. The long-term 

evolution of Tm in vitrimers is a consequence of the bond exchange reactions allowing for local 

rearrangements of network strands in the amorphous regions or at the crystal-amorphous 

interfaces which increase both the size and perfection of the crystals. To examine morphological 

evolution over time, cross polarization microscopy was used to observe changes in the crystal 

structure. The formation of uniformly distributed spherulites is observed in the C10 network 

during the initial 720 min of crystallization (Fig 4.5a) which is typical of linear polymers. After 

1440 min of crystallization under ambient conditions, a new crystal structure emerges (Fig 4.5b). 

With time these crystals proliferate, while the growth of the spherulites is arrested (Fig 4.5c and 

4.5d). Eventually the new crystals dominate and the spherulites are no longer observable. We 

assign the initial crystals as a metastable hexagonal phase which transitions into the final 

orthorhombic crystal. The morphological development observed in optical microscopy is 

qualitatively consistent with the WAXS evolution further supporting a crystal-crystal transition 

in the absence of external stimuli and occurring over multiple days. Quantitatively relating these 

slow transformations to dynamic bond rearrangements is an important avenue for future work. 
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Figure 4.4. Cross polarization microscopy of C10, crystallization at room temperature under ambient condition. We 

follow the evolution in crystal structure as a function of time (from left to right). (a) Initial formation of spherulites 

after 720 min of crystallization time. (b) A new crystal structure is seen alongside the spherulites at 1440 min. (c) (d) 

At 2400 min and 3600 min, the new crystals grow and uniformly span the image while the size of the spherulites 

remains constant with time. 

  

In select regions of the initial micrographs for C10 networks, dendritic structures are observed 

alongside the spherulites (Fig 4.6a and 4.6b). When annealed at 50 °C for 2880 min, the 

dendrites grow and eventually span the entire crystal domain (Fig 4.6c and 4.6d). Comparing the 

morphological changes with the appearance of the second melting peak in C10, we assign the 

second melting peak in DSC to the percolated dendritic crystal once it grows large enough to 

contribute to the heat flow. Compared to C10, the crystal morphology of C12 networks is 

noticeably different by optical microscopy (Supplementary Fig 4.8). Spherulites are not 

resolvable in C12 networks indicating their size is below the resolution of our microscope. 

Nevertheless, WAXS confirms the presence of the same initial hexagonal crystal. Dendrites are 

not observed in C12 at any time in agreement with the absence of a second melting peak in C12 

network DSC curves.  
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Figure 4.5. (a) and (b) Dendritic structures are seen in other locations of the same C10 sample along with the crystals 

shown in Figure 5. (c) (d) After annealing at 50 °C for 2 days the dendrites span the entire crystal domain and the 

spherulites are no longer visible. 

  

One open question for the present ethylene vitrimers is how high the Tm can be with annealing 

protocols. Higher temperature annealing of the C10 and C12 networks at 50 °C and 65 °C, 

respectively, was performed after the initial isothermal crystallization for 43200 min at room 

temperature. Annealing for 2 days resulted in an increase of Tm to 89 °C for C10 and 100 °C for 

C12 (Fig 4.7a). Future work will investigate more complex annealing protocols for manipulating 

the final percent crystallinity and Tm. It is worth noting that the evolved Tm of the networks is 

above the Tm of their corresponding monomers and the WAXS patterns of the diols do not match 

those of the ethylene networks (Supplementary Fig 4.9). This indicates that the alkane diols are 

not simply being expelled from the network and crystallizing as the small molecule. 
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Figure 4.6. (a) DSC of the annealed samples. After annealing for 2 days an increase in Tm to 89 °C and 100 °C is 

observed for C10 and C12 respectively. (b) Networks were dissolved in ethanol and recovered by solvent evaporation. 

(c) DSC of as synthesized vs recycled C10 and C12. The Tg and Tm of the recovered networks match the virgin 

networks. (d) Comparison of the rheology of recycled C12 and as synthesized C12 network indicates that there is 

minimal degradation in material properties.   

 

4.3.4. Recycling and Reprocessing Vitrimers Without Degradation in Material Properties 
 

An attractive property of vitrimers is their recyclability and the ability to recover monomer in 

some cases.[9, 85-89] The present ethylene vitrimers are crosslinked by boronic esters, and water or 

alcohol based solvent can attack the boron and dissolve the network.  As a proof of concept, 

ethanol was used to dissolve both a C10 and C12 network, followed by removal of solvent under 

heat and vacuum (Fig 4.7b). The recovered networks were tested by DSC and oscillatory shear 

rheology to compare properties of freshly prepared networks (‘as synthesized’) to the recovered 



79 
 

networks. As shown in Fig 4.7c, the same Tg and Tm are reported for the recovered networks 

indicating that semi-crystalline vitrimers can be easily broken down to monomer and recovered. 

Fig 4.7d shows that the rheological properties of the networks are also retained. Future materials 

can incorporate bonds which are more or less sensitive to the desired solvent for recovery. 

 

4.4. Conclusions. 

 Ethylene vitrimers with boronic ester bonds are shown to evolve their crystal morphology 

and Tm over long time periods relative to linear PE or permanent networks. With increasing 

crosslink density, the initial crystallization is frustrated and there is a longer induction period 

before Tm increases logarithmically with isothermal annealing time. In the C10 networks, a 

crystal – crystal transformation is observed by WAXS from hexagonal to orthorhombic structure 

which does not occur in linear PE under ambient conditions. Depending on precise linker length, 

either double diamond (C8), orthorhombic (C10), or hexagonal (C12) crystals are formed after 150 

days of isothermal room temperature crystallization in a glovebox. A C8 network shows slow 

kinetics, but ultimately forms a double diamond morphology indicating the importance of linker 

length on the final structure. The long-time evolution of Tm, morphology transformation, and 

dendrite formation are all attributed to dynamic bond exchange as they are not present in linear 

PE or a precise, permanent ethylene network control sample. Annealing the vitrimers at higher 

temperatures following the initial crystallization leads to a further increase in Tm which reaches 

100 °C for a C12 network. Vitrimer recyclability is demonstrated by dissolving the networks in 

common laboratory solvents and then recovered by solvent evaporation. These findings on the 

role of dynamic bond exchange on crystallization are critical to the design, processing, and use 

of vitrimers as both commodity polymers, and functional materials, which are more sustainable. 
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4.5. Experimental Details and Additional Plots 

 

Materials: Boric acid (B(OH)3, ≥ 99.5%), 1,8 octanediol (C8, 98%), 1,10 decanediol (C10, 98%), 

1,12 dodecanediol (C12, 99%), N-Hydroxysuccinimide (98%), dodecanedioyl dichloride (98%), 

1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 98%), tris(2-aminoethyl)amine (96%), anhydrous 

dimethyl sulfoxide (DMSO, >99.9%) were purchased from Sigma-Aldrich without further 

purification. 2,2'-Diamino-N-methyldiethylamine (>98%) and dimethyl dodecanedioate 

(98.0+%) were purchased from TCI and was used without purification. Dichloromethane 

(HPLC), methanol, triethylamine was purchased from Sigma-Aldrich and stored with activated 

molecular sieves to remove moisture.  

 

Ethylene dynamic network synthesis: Carefully weighed amounts of monomer were mixed 

together in a glass vial with stoichiometry of 1.0 mol boric acid to 1.5 mol diol. The mixture was 

heated and stirred continuously overnight at 120 ˚C on a hotplate. A viscous transparent gel was 

obtained. The vial was then transferred to a vacuum oven, held at 60˚C overnight under vacuum 

to drive water off and then immediately brought into an argon glovebox maintained at < 0.5 ppm 

O2 and < 0.1 ppm H2O. No solvent was used in the synthesis. 

 

Synthesis of C10 diNHS linker: In a 200 mL oven dried round bottom flask charged with stir bar 

and N2, n-Hydroxysuccinimide (1.89 g, 16.4 mmol) and triethylamine (3.24 g, 32.0 mmol) was 

dissolved into 55 mL dry DCM. The reaction flask was cooled in water bath while 

dodecanedioyl dichloride (2.14 g, 8.0 mmol) was added dropwise via. a syringe. The reaction 

was then stirred overnight under N2 environment and the completion was confirmed by TLC. 

The reaction solution was then transferred into a separatory funnel with an additional 100 mL 
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DCM. The organic phase was washed with deionized (DI) water 3 times followed by saturated 

NaCl solution. The organic solution was then dried with NasSO4 and concentrated with rotary 

evaporator. A white crystalline solid (1.7g, 52% yield) was obtained after the recrystallization of 

the crude product with DCM. 1H NMR (500 MHz, CDCl3)  (ppm): 2.83(s, 8H, -CH2¬¬-CON-

), 2.60(t, 4H, -OCO-CH2-), 1.73(q, 4H,-CH2-CH2-), 1.43-1.27(m, 12H, -CH2-CH2-). Crystal 

was dried before further use. 

 

Synthesis of C10 permanent amide network: A solution of triazabicyclodecene (24.6 mg, 0.17 

mmol), dimethyl dodecanedioate (224.3 mg, 0.86 mmol), tris(2-aminoethyl)amine (88.2 mg, 

0.58 mmol) and 109 μL CH3CN was transferred on top of a glass slide that has a layer of Kapton 

tape as a spacer. Another glass slide was placed on top to seal the reaction container. The 

reaction mixture was heated to 80 °C and allowed to cure for 24 h. The crosslinked polyamide 

network was then further cured at 100 °C, overnight, under vacuum (with the top glass slide 

removed) to push the completion of the aminolysis reaction. After the network has formed, TBD 

calaytst was removed by excessive washing with MeOH and water mixtures. The final network 

is a transparent polymer sheet. 

 

Synthesis of C10 amide linear polymer: In a 15 mL oven dried round bottom flash charged with 

N2, 400 mg (0.94 mmol) of C10 diNHS was dissolved into 1.5 mL DMSO at 80 °C. Diamino-N-

methyldiethylamine (112.70 mg, 0.94 mmol) was then added via a syringe. The polymerization 

was allowed to proceed at 80 °C for 18 hours with continuous stirring. A white precipitate is 

formed during the reaction. After the reaction was completed, MeOH was added to re-dissolve 

the reaction mixture. Polyamide was then crashed out by adding the reaction solution into 200 
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mL DI water dropwise with strong agitation. The polymer was collected by centrifuge and 

further washed in a dialysis bag for 2 days followed by drying in the vacuum oven. The final 

polymer was a light brown powder (yield 58 %). 

 

ATR-FTIR: IR spectra of the samples were collected using a Bruker ALPHA FTIR spectrometer 

with a platinum-ATR QuickSnap sampling module. All measurements were made at 80 °C by 

scanning from 400 cm-1 to 4000 cm-1 with 16 total scans. Solid samples (networks) were 

clamped down to the diamond ATR crystal to ensure sufficient contact, while liquid samples 

(monomers) were left undisturbed. 

 

Rheology of polymer networks: Oscillatory shear measurements were made on a TA Instruments 

DHR-2 rheometer using a parallel plate geometry. Samples were pressed into an 8 mm disc 

under ambient conditions and then loaded on to the rheometer at 40 ˚C. The dynamic networks 

were heated and held at 140 ˚C for 30 min to remove any water absorbed during sample loading. 

Sample thickness of approximately 800 µm was used for all measurements. Frequency sweeps 

were conducted at isothermal temperatures from 140 ˚C to 40 ˚C at 10 ˚C intervals with an 

applied stress of 1000 Pa. The viscosity of the networks was calculated by measuring the slope 

of the loss modulus vs frequency curve in the low frequency limit, and a characteristic Arrhenius 

behavior is observed as expected.     

 

Differential Scanning Calorimetry (DSC): Samples with a mass between 3-6 mg were crimped in 

Tzero hermetic aluminum pans inside a glovebox. A TA Instruments DSC 25 was used to take 

all measurements. The glass transition temperature for each sample was measured by rapidly 
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quenching from 150 °C to -80 °C and then heating at 20 °C/min. Tg is obtained from analysis of 

the heating profile using the ½ ΔCp criterion. For measurement of the melting temperature after 

room temperature crystallization, samples were equilibrated to 20 °C and ramped at 20 °C /min 

to 120 °C. (All graphs are plotted with “endothermic down” convention.) 

 

X-ray scattering: Scattering patterns were first collected on a Siemens Kristalloflex 

(Diffractometer D5000) in the reflection geometry. Thin films of C10 and C12 were prepared by 

mechanical pressing at 60 °C. Films were heated at 120 °C for 12 hours to erase any thermal 

history and any possible effects of mechanical pressing. The films were cooled under ambient 

conditions and WAXS spectra were systematically collected at 12 hr time steps under ambient 

conditions. Next, a separate set of samples were crystallized in the glovebox and sealed between 

Kapton prior to being taken to the beamline. These sealed samples were analyzed with a Xenocs 

GeniX3D Cu Kα X-ray source (1.54 Å) and a Pilatus 2D detector (1M pixels). The sample-to-

detector distance was calibrated with silver behenate powder, and scattering patterns were 

collected with a 10-minute exposure. The 2D diffraction data were radially averaged using 

FIT2D software or MATLAB-based GIXSGUI package and the intensity was plotted as a 

function of scattering vector q. 

 

Optical Microscopy: Micrographs were collected using a Zeiss Axioscope A1 microscope. Thin 

films were prepared in a similar fashion as for X-ray diffraction and imaged under 10x, 20x and 

50x magnification in reflection mode.  

 



84 
 

NMR spectroscopy: Solution state 1H NMR was done using a Varian UI500NB (500-MHz) at 

23 degree Celsius. Solid state 13C NMR was done using Varian Unity Inova instrument 

(UI300WB, 300 MHz) via direct polarization magic angle spinning (DPMAS) method at 10 kHz 

spanning frequency with 5600 scan, and 5 s cycle delays (d1 = 5 s). A pseudo T1 measurement 

was done with d1 = 1, 5, 10 and 20 s to ensure 5 s is sufficient for all 13C nuclei to relax. 

 

Recycling of ethylene dynamic networks: Approximately 0.1 g of the vitrimer network is added 

to 5ml of ethanol and heated to 80 °C with continuous stirring. It was observed that white 

crystalline chunks of the C10 and C12 networks take longer to dissolve as compared to the 

amorphous C8. Ethylene vitrimers are recovered by evaporating the ethanol at 80 °C followed by 

vacuum drying at 60 °C to remove any residual solvent. 

 

The networks were synthesized and characterized by FTIR which indicated high conversion of 

the reaction (Supplementary Fig 4.1a). Rapid quenching showed no crystallization in the 

cooling curves of C8 or C10, while a peak was observed for C12 and linear polyethylene 

(Supplementary Fig 4.1b-c). Rheology reveals the dynamic nature of these networks with a 

rubbery plateau and a flow regime (Supplementary Fig 4.1d). 
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Supplementary Figure 4.1. (a) FTIR of C8, C10 and C12 networks confirms the absence of OH peak due to 

unreacted diol or water. The sharp peak at ~1300 cm-1 is characteristic of the boronic ester bond. (b) DSC cooling 

curves show no crystallization for C8 and C10 networks quenched from 150 °C to -80 °C, while C12 reveals a weak 

peak. (c) DSC of linear PE standard (SRM 1475) shows no change in Tm even after 43200 min at room temperature. 

(d) Frequency sweep of ethylene vitrimers measured at 40 °C. A high frequency rubbery plateau and a low 

frequency terminal relaxation are observed for all dynamic networks. (e) The rubbery plateau modulus as a function 

of temperature. Modulus scales systematically with crosslink density. 
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A separate set of samples was quenched directly to room temperature to probe the initial 300 min 

of crystallization (Supplementary Fig. 4.2). 

 

 
 

Supplementary Figure 4.2. DSC curves show the evolution of Tm following a quench to 20 °C for a 300 min 

isothermal crystallization (a) C8 shows no Tm while (b) C10 and (c) C12 show a continual growth of a melting peak 

which shifts to higher temperature.  

 

Over a longer time period of 30 days, the Tm continues to evolve as does the area under the DSC 

melting peaks (Supplementary Fig. 4.3a). After 150 days, the melting temperature stabilize and 

no free OH groups are detectable, indicating that the boronic ester is preserved and incorporated 

into the polymer crystal (Supplementary Fig. 4.3b-d).  
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Supplementary Figure 4.3. (a) The increasing melting temperature of C10 and C12 is accompanied by an increase in 

the ethalpy of fusion. The relative crystallinity approximately doubles for C12 and increases by ~70% for C10 

networks. Relative crystallinity of the samples was determined by normalizing to the enthalpy value at 1440 min. (b) 

After 150 days of isothermal crystallization, the Tg is not observed and Tm stops shifting. (c) An extremely weak 

melting transition is seen for C8 networks even after 43200 min of isothermal crystallization at room temperature. 

(d) FTIR collected after 150 days of crystallization. Measurements were made in a glovebox, and the absence of the 

OH peak indicates that the crosslink density is conserved even after crystallization.   

 

A permanent ethylene network (C10 amide network) and a linear permanent network (C10 amide 

polymer) were synthesized to provide a control to the dynamic system, and the synthesis is 

shown in Supplementary Fig. 4.4. DSC of the network confirms the absence of crystallization, 

whereas the linear amide polymer shows a distinct melting peak (Supplementary Fig. 4.5). 
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Supplementary Figure 4.4. (Continued) 
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Supplementary Figure 4.4. (a) Synthesis routes for the C10 amide polymer and C10 amide network. The use of NHS 

functionality ensures controllable network formation as the reaction between acid chloride and amine is too fast. (b) 
13C Solid-state NMR (green trace) of C10 amide linear polymer with diNHS (blue) and diamine (red) starting 

materials. The disappearance of signal a,b and c from the NHS moieties of the C10 small molecule and the 

appearance of  α (new amide C=O) indicates a high functional group conversion. Carbon signals from the diamine 

molecule (1,2 and 3) along with methylene signal from C10 linker (in diNHS) are also in agreement of the proposed 

C10 polyamide structure. (c) 1H NMR of C10 diNHS linker. (d) FTIR trace of C10 amide network with the reference 

of the C10 di ester monomer. Ester C=O stretch (1635 and 1542 cm-1) completely disappeared and new amide C=O 

stretch appears (1734 cm-1). FTIR gives strong evidence of high reaction conversion 
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Supplementary Figure 4.5. (a) DSC of the C10 amide network shows a Tg of 34°C and no crystallization. (b) In 

comparison the DSC of the linear counterpart, the C10 amide polymer crystallizes and shows a broad high 

temperature melting peak. This provides evidence that it is the network architecture and not the chemistry of the 

crosslink junction that is restricting the crystallization of the permanent network.  

 

Wide-angle diffraction was measured on a benchtop system under ambient conditions 

(Supplementary Fig. 4.6). This is in support of the patterns collected using sealed samples 

which crystallized entirely in a glove box (Fig. 4.5). Both samples show the transition from 1 to 

2 dominant peaks in the C10 system, while the C12 system showed 2 peaks after higher 

temperature annealing. 

 

 
 

Supplementary Figure 4.6. Benchtop X-ray scttering patterns for C10 and C12 under ambient conditions. The 

transition from hexagonal to orthorhombic is preserved in the C10 networks, while the C12 network partially  
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Supplementary Figure 4.6. (Continued) transforms to orthorhombic prior to annealing. This is attributed to 

atmospheric water which can hydrolyse the boronic ester. In contrast, sample in Figure 5 were crystallized in a 

glove box and rigorously dried. 

 

Linear polyethylene instantly crystallized into the orthorhombic phase upon cooling to room 

temperature (Supplementary Fig. 4.7). 

 
 

Supplementary Figure 4.7. (a) WAXS for PE standard. The canonical orthorhombic phase is predominant in the 

linear polyethylene.  

Optical microscopy was used to visually track the crystals, and for C12 networks was 

substantially different from the C10 crystals (Supplementary Figure 4.8). 
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Supplementary Figure 4.8. Optical microscopy of C12 vitrimer, crystallization at room temperature after (a) 180, 

(b) 360 and (c) 540 min of crystallization time, (d) Sample annealed at 65 °C for 2880 min after 10080 min of room 

temperature crystallization. Over time the grains shrink and collide. No dendritic structures are observed, consistent 

with the absence of a second melting peak in DSC. 

 

The final vitrimer Tm exceeded that of the alkane diol, and the diffraction patterns are 

substantially different indicating the diols are not being expelled from the network and 

independently crystallizing (Supplementary Fig. 4.9). The diols peaks were indexed and are a 

good match with literature.1-3 
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Supplementary Figure 4.9. (a) Melting curves of the diol monomers show a sharp melting transition. (b) WAXS 

patterns of the diol monomers and boric acid crosslinker overlaid with simulated powder diffraction peaks shown as 

pink lines (VESTA software was used for the simulation). 
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CHAPTER 5: EFFECT OF DANGLING CHAINS ON THE CRYSTALLIZATION 

KINETICS, CRYSTAL STRUCTURE, AND RUBBERY MODULUS OF ETHYLENE 

VITRIMERS 

 

5.1. Abstract 

In this report, we investigate the effect of dangling chain defects on the crystallization kinetics, 

shear modulus, and the crystal structure of precise ethylene vitrimers. Dangling chain defects are 

incorporated by precise ratios of difunctional and monofunctional alkane chains with alcohol 

functional groups which undergo step-growth polymerization in the presence of boric acid. 

Dangling chains lead to a decrease in the shear modulus as anticipated by the Flory-Stockmayer 

theory up to a critical concentration, beyond which the network percolation is lost and a steep 

drop in modulus is observed. Isothermal crystallization at room temperature results in the 

formation of lamellar crystals with a hexagonal unit cell. X-ray scattering patterns reveal that 

with increasing concentration of dangling chains results in formation of imperfect crystals. The 

crystallization kinetics are studied using calorimetry and show an unexpected trend that changes 

with crystallization temperature. The counterintuitive crystallization kinetics are attributed to the 

increase in entropy due to the dangling chains.  

 

5.2. Introduction 

Vitrimers, polymer networks crosslinked by dynamic covalent bonds, have properties that are 

intermediate to thermosets and thermoplastics.[1-10] Dynamic bonds undergo reversible 

exchange reactions that impart an additional degree of freedom to the network strand, allowing 

them to reorganize and relax stresses. Vitrimers have been extensively studied in the past decade 
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due to their unique self-healing and reprocessability. Depending on the chemistry and the 

architecture of the networks, some vitrimers can be dissolved in solvents to retrieve their 

monomer constituents.[11, 12] These properties make vitrimers attractive materials to replace 

commodity polymers as the need for sustainable plastics continues to grow. In parallel to the 

need to develop novel polymers, management of plastic waste is a major social and scientific 

challenge. One of the many approaches used to tackle this problem is to chemically modify 

waste plastics to make higher-value products[13] and in the last few years, vitrimerization[14-

17] has been used to convert thermoset waste to recyclable and reprocessable polymers. Two key 

issues must be addressed with vitrimer approaches to sustainability. First, many relevant 

polymers are semi-crystalline and an understanding of how dynamic bonds impact crystallization 

is lacking. Second, a common drawback with recycling and reprocessing is the incorporation of 

defects or impurities into the polymer chemistry or architecture that degrade the performance of 

the plastics compared to their virgin form.[18] If vitrimers are to replace commodity plastics and 

be used as recyclable and reprocessable materials, understanding the role of defects on 

crystallinity and material properties will be critical.  

Topological defects like dangling chains and loops in polymer networks have been shown to 

reduce the fracture toughness and fatigue performance.[19, 20] The swelling of polymer 

networks which influences properties like mass transport and elasticity has also been shown to 

change due to topological defects,[21] these properties are crucial for drug delivery and tissue 

engineering application. In semi-crystalline polymer, defects can influence crystal structure,[22] 

crystallization kinetics, and melting temperatures.[23] Dangling chain defects and loops impact 

the elasticity of polymer networks and numerous theoretical models have been proposed to 
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predict how loops modify the modulus in polymer network, including the recent RENT 

theory.[24] 

Precise ethylene vitrimers with an exact number of methyl groups between boronic ester 

junctions were previously synthesized to study their rheology[25] and crystallization.[26] Here, a 

series of C12 ethylene vitrimer, dynamically crosslinked networks with exactly 12 carbons 

between boronic ester junctions with an increasing percentage of dangling chain defects are 

synthesized. We track the effect of dangling chains on the shear modulus, isothermal 

crystallization kinetics, and the crystal structure of the networks. Dangling chains are 

incorporated by replacing alkane diols with mono functional alcohols as shown in Fig 5.1, and 

the synthesis protocol is detailed in our previous work. The shear modulus decreases with 

increasing defects and follows a predictable trend up to a critical defect concentration beyond 

which a steep drop is observed. The drop is attributed to a loss in network percolation. At room 

temperature the crystallization kinetics decrease with increasing defect concentration, this 

counterintuitive observation is attributed to the higher entropy of dangling chains that retard 

crystal growth. With decreasing temperature, this trend reverse, and a clear crossover in kinetics 

is observed. The incorporation of defects does not affect the density of the crystals, as is evident 

from the consistent peak positions in the wide angle x-ray scattering (WAXS) patterns, but 

comparing the intensity of the peaks indicates increasing disordered of the ethylene chains.  
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Figure 5.1. Schematic representation of the C12 ethylene vitrimer with dangling chain defects. Using mono and di-

functional aliphatic alcohols, a series of precise ethylene vitrimers (C12) with an exact percentage of dangling chain 

defects were synthesized using a protocol previously shown.[25, 26] Stoichiometric amount of boric acid is added to 

the mix, such that there are no unreacted diols in the network. 

 

5.3. Results and Discussion 

 

 

Figure 5.2. The rubbery plateau modulus for the C12 networks is measured from frequency sweeps at 40 ℃. The 

modulus at 50 Hz is plotted as a function of increasing defect percentage. The red line tracks the expected modulus 

which is based on the theoretical idea that 10% dangling chains should cause the modulus to decrease by 10% from 

its no defect baseline value. The experimental data track well with the prediction of up to 20% defect concentration, 

after which a steep drop in the modulus is observed.  
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5.3.1. Decrease in Shear Modulus with Increasing Defect Concentration 
 

Oscillatory shear rheology was used to measure the shear modulus of the pure C12 and defected 

C12 networks. All rheological measured were made on amorphous vitrimer samples. Frequency 

sweeps were performed at 40 ℃ and the plateau modulus in the high frequency range was used 

to calculate the rubbery plateau modulus. The theoretical modulus of a polymer network with a 

12 carbon length linker is estimated using the affine and the phantom networks theory. Using 

amorphous polyethylene to approximate the density of amorphous C12 vitrimers, we calculate a 

rubbery modulus of 12.6 MPa and 4.2 MPa for the affine and phantom models respectively.[27] 

Numerous studies on polymer networks have shown the experimental modulus often lies 

between these two theoretical predictions. For the C12 network, the experimental modulus is 

closer to the phantom network prediction with an average value of 4.7 MPa.  

With increasing dangling chain concentration, a monotonic decrease in the rubbery plateau 

modulus is observed (Fig 5.2). A dangling chain is an elastically inactive chain, it is connected to 

the network at only one end and thus cannot transfer strain or store energy, hence a decrease in 

modulus is expected with the incorporation of these defects. The affine and the phantom network 

theory have a common underlying assumption, the modulus of a rubbery network is directly 

proportional to the number of elastically active strands. If the shear modulus of the pure C12 

network is taken as the baseline, a simple calculation allows us to predict the effect of dangling 

chains on the modulus. For example, the incorporation of 10% dangling chains would result in a 

10% decrease in the total number of the elastically active strand, which based on the 

proportionality assumption should decrease the modulus by 10%. When the experimental 

modulus is plotted vs defect concentration (Figure 2), we see that the experimental values track 
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well with the prediction up to 20% defect concentration, The modulus of the 30% and 40% 

defect samples deviate from the prediction line, and show a steep drop. We suspect this is due to 

the loss of percolation at a critical dangling chain concentration. Using the Flory-Stockmayer 

percolation theory, the required fractional conversion for percolation in a stoichiometric A3 

(trifunctional A units) – B2 (di-functional B units) system is calculated to be approximately 

70%.[28, 29] For the ethylene vitrimer which is an A3 – B2 system, a critical conversion of 70% 

would indicate percolation would be lost if the dangling chain concentration goes beyond 30%. 

This matches well with the observed modulus values. 

 

5.3.2. Effect of Defect Concentration on Crystallization Kinetics 

Differential scanning calorimetry (DSC) was used to study the crystallization kinetics of the C12 

vitrimers. Samples were isothermally crystallized at different crystallization temperatures (Tc) for 

a specific time (Fig 5.3a, 5.3c) and then heated at 20 ℃/min to get the corresponding melting 

curves (Fig 5.3b, 5.3d). The half time of crystallization (t1/2) was used as a parameter to compare 

crystallization kinetics. For the t1/2 measurement, samples were allowed to completely 

crystallize, which we define as the time at which the heat flow curve returns to the baseline after 

going through the exothermic peak. At Tc = 20 ℃ and 30 ℃, a monotonic decrease in 

crystallization kinetics with increasing defect concentration is observed. This is a 

counterintuitive observation as the conventional expectation would be to see an increase in 

nucleation and growth kinetics due to the higher mobility of dangling chain defects. When 

crystallization is carried out at a lower temperature of 0 ℃ and 10 ℃, the kinetics trend reverses 

and follows the expected increase with increasing defect concentration.  
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A similar observation in crystallization kinetics was reported by Dalnoki-Veress and coworkers. 

Binary blends of low and high molecular weight polyethylene oxide (PEO) showed non-

monotonic crystallization kinetics with an increasing fraction of smaller chains.[30] The authors 

attribute the decrease in kinetics to the higher entropy of small PEO chains compared to the long 

chains.  Smaller chains have a higher energy barrier to crystallization and thus retards crystal 

growth. In the ethylene vitrimers, dangling chains are effectively high entropy defects and could 

have a similar effect as the small chain PEO. This would explain the decrease in kinetics with 

increasing defect concentration. The Dalnoki-Veress group also argues that as Tc is lowered, 

crystallization takes place at a higher growth rate that results in the formation of imperfect 

crystals and imperfect crystals are less sensitive to entropic defects. This can explain why the 

crystallization trends reverse at lower Tc.  

In contrast to crystallization kinetics, the melting temperatures show a monotonic decrease with 

increasing defect concentration, irrespective of the crystallization temperature. This is expected 

as crystals with defects should have a higher Gibbs free energy and thus a lower Tm.[31]  
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Figure 5.3. (a) Heat flow vs time for isothermal crystallization at 20 ℃ for 60 min and (b) the corresponding 

heating curves. (c) Heat flow vs time for isothermal crystallization at 0 ℃ for 180 min and (d) the corresponding 

heating curves. (e) Half time of crystallization (t1/2) vs inverse crystallization temperature for the 0%, 20%, and 40% 

defect networks. A clear crossover of the t1/2 is seen at ~ 14 ℃.   
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5.3.3. Incorporation of Defects Results in the Formation of Imperfect Crystals  

 

Vitrimer samples were isothermally crystallized for 1 day at room temperature (RT) and wide 

angle x-ray scatter (WAXS) patterns were collected (Fig 5.4). As shown in our previous 

work[26], ethylene vitrimers show two peaks in the WAXS region. The first at q ~ 3.7 nm-1
 

corresponds to the boron-boron correlation peak which is dependent on the length of the carbon 

linker and the second at q ~ 15.4 nm-1
 corresponds to the hexagonal arrangement of the ethylene 

chains.  

When the scattering intensities are normalized by the intensity of the hexagonal peak, a 

monotonic decrease in the height of the low q peak is observed. This decrease is be attributed to 

two sources. With increasing dangling chains, the concentration of boron in the networks 

decreases. In the 40% defect network the boron content reduces by ~20%. But at the same defect 

concentration, the decrease in peak intensity is ~60%. Thus, the lower boron content cannot 

completely account for the decrease in peak height. We believe that the dangling chains are 

poorly organized within the hexagonal crystals due to reduced spatial constraint, as these chains 

are connected to the network at one end. The imperfect organization results in a decrease in 

scattering intensity. This observation also provides evidence that the networks with defects form 

imperfect crystals and validates the decrease in Tm with increasing defect concentration as shown 

in the DSC plots.  

The q position of both peaks does not change with increasing defect concentration, indicating 

that the density of the crystals is the same for all samples. The corresponding d spacing was 

calculated using the simple conversion d = 2π/q, and the correlation length of the crystals was 
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calculated using the Scherrer equation ε = 2π/Δq where Δq is the full width at half maximum of 

the peak. Values are reported in Table 2. For the low q peak, the d spacing is slightly shorter than 

the all-trans configuration of the C12 ethylene. The correlation lengths (ε) corresponding to both 

peak shows a slight increase with increasing defects concentration and indicates an increase in 

the size of the lamella stacks and the hexagonal crystals.  

 

 

Figure 5.4. WAXS spectra collected after 1 day of isothermal crystallization at room temperature. The overall 

intensity has been normalized by the intensity of the highest peak. The spectra show a high q peak at ~15.4 nm-1 

which corresponds to the hexagonal crystal phase and a low q peak at ~3.7 nm-1 which corresponds to the boron-

boron correlation along the length of the linker. The intensity of the low q peak decreases with increasing defect 

concentration, indicating a loss of correlation between the boron. This is suspected to be due to the imperfect 

orientation of the dangling chains within the hexagonal crystals.  

 

Table 5.1. Location of q scattering peak and analysis of d-spacing and peak width using the Scherrer equation. 

 

Sample (C12) Low q High q 

 q (nm-1) d (nm) ε (nm) q (nm-1) d (nm) ε (nm) 

No Defects 3.73 1.68 31.4 15.4 0.4 9.8 

10% Defect 3.73 1.68 35.9 15.4 0.4 11.3 

20% Defect 3.73 1.68 33.7 15.3 0.4 11.6 

40% Defect 3.69 1.70 33.9 15.4 0.4 13.5 
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5.4. Conclusions 

We synthesized a series of precise ethylene vitrimer with an exact percentage of dangling chain 

defects. Oscillatory shear measurements show a monotonic decrease in the rubbery plateau 

modulus with increasing defect concentration, the decrease is predicted well from theory but 

deviates when the network percolation is lost. Calorimetry reveals an unexpected trend in the 

crystallization kinetics which reverses at lower temperatures and is explained based on the higher 

entropy and a higher energy barrier for crystallization of the dangling chains. X-ray scattering 

reveals that the boron correlation that is coupled with the orientation of the ethylene backbone 

decrease with increasing dangling chains, which indicates an imperfect organization of the 

ethylene linkers in the hexagonal crystals. Our results show that defects can dramatically change 

the properties of vitrimer and understanding how defects affect vitrimer properties will be critical 

to the design, processing, and use of vitrimers as sustainable alternatives to commodity plastics.  
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CHAPTER 6: FUTURE DIRECTIONS AND OUTLOOK 

 
 

6.1. Viscoelasticity in Vitrimers 

The past decade has seen a large variety of dynamic bonds incorporated into a range of polymer 

matrices including commodity polymers like ethylene,[31] and Arrhenius behavior of stress 

relaxation times or viscosities has been observed with activation energies typically spanning ~ 30 

– 160 kJ/mol,[32-36] although values greater than 300 kJ/mol have been reported.[37] Adding a 

catalyst decreases the relaxation time and can also change the activation energy (Figure 2b). [32, 

35, 38-48] The Arrhenius dependence of viscosity or macroscopic stress relaxation time has also 

been observed in networks with dissociative bonds,[32, 49-55] raising the question of how the 

mechanism of bond exchange gives rise to the temperature-dependent viscosity. 

In addition to bulk relaxation, dynamic processes can impact polymer networks over a broad 

range of time and length scales. The quantitative relationship between the macroscopic timescale 

for self-healing or reprocessing of vitrimers and the timescale for bond exchange is not well 

understood. For example, Guan and coworkers examined two crosslinkers for boronic ester 

networks that differed by the presence of a neighboring group which destabilized the dynamic 

bond and led to faster exchange reactions. 

An unresolved question for dynamic network classification is if they all sit on some spectrum 

ranging from linear stiffening with temperature (G ~ 𝜈kT, where G is the storage modulus (G), 𝜈  

is the network strands per volume, k is the Boltzmann constant, and T is temperature) to 

decreasing modulus when network crosslinks dissociate. More investigations into the rheological 

properties of associative and dissociative networks are needed, with an emphasis on temperature-

dependent moduli and viscosity profiles. A systematic study between networks of identical 
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polymer linkers crosslinked using either dissociative or associative crosslinkers (with similar 

kinetics and activation energies) would provide much needed results on how their viscoelastic 

properties differ with temperature and time. Investigating the placement of dynamic bonds 

within the network, for example in telechelic linkers or in strands with multiple crosslinks per 

chain, will also be crucial to developing molecular-scale structure property relationships. 

 

Control of the relaxation spectrum and tan δ peaks has been demonstrated in soft hydrogels using 

a combination of metal ions which lead to different exchange rates with organic ligands.[57] 

Two tan δ  peaks were observed in these metallogels (a dissociative dynamic network) when two 

different metal ions were used, but not in boronic ester hydrogels with two kinetically distinct 

dynamic bonds.[58] Dry vitrimers have also used kinetically different bonds[59] and showed 

either one or three modes depending on the difference between the bond relaxation timescales. 

Mixed networks with both associative and dissociative bonds have also been explored recently 

with mixed systems tending to have faster network relaxation times than the corresponding pure 

systems.[60-63] Our understanding of how multiple dynamic bonds give rise to multiple peaks in 

a damping spectrum is still limited. Some work has implicated dynamic bonds as an efficient 

route to shockwave energy dissipation (~1 GPa peak pressure in ~10 ns),[64] where the 

dissipation increased as more dynamic bonds were incorporated into the network. More work is 

needed to make quantitative comparisons between bond exchange rates and the timescale of the 

input pressure wave. Precise selection of the dynamic bonds, polymer chemistry, and presence of 

multiple dynamic moieties could be utilized to design materials for a range of damping 

applications, in addition to the aforementioned Tg and copolymerization strategies, which will 

ultimately provide even greater tunability. 
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6.2. Self-Assembly in Vitrimers 

Much of the work to date on vitrimers has focused on their dynamic properties (such as stress 

relaxation times or viscosities) as well as the mechanical properties before and after recycling. 

Most vitrimers are studied in the amorphous state, but recent investigations have probed how 

dynamic bonds impact the nanostructure, including phase separation [1-7] and crystallization [8-

12]. If vitrimers are slated to be replacements for commodity plastics, an improved 

understanding of assembly, crystallization, and phase separation is needed for the broad range of 

polymer applications. One of the earliest examples of was in polyethylene vitrimers which have 

been shown to form nanoscale clusters of the dioxaborolane crosslinking moieties within the 

incompatible matrix which provides additional crosslinking and impacts the stress relaxation of 

the network.[1, 7] Understanding when the dynamic bonds will phase separate from the matrix is 

critical for the interpretation of stress relaxation and self-healing investigations. 

 

While the crystallization of polymers has been heavily investigated for decades, melting 

temperatures (Tm) have only been reported in a limited number of vitrimers based on PE, [8, 9] 

PDMS,[10] poly(butylene terephthalate),[11] and  poly(butylene succinate).[12] It has recently 

been reported that the presence of dynamic bonds in vitrimers allows for crystallization which is 

not possible in a permanent network with the same linker.[8] The concomitant increases in 

percent crystallinity and enthalpy of fusion (relative to the permanent network) will lead to large 

effects on other properties such as thermal conductivity.[13] Quantitatively relating the bond 

exchange processes to the kinetics of crystallization and Tm evolution is an outstanding 

challenge. 
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 The linking of two immiscible polymers to form a block copolymer (BCP) can lead to 

microphase separation in a wide array of nanostructures depending on the composition, 

architecture, and incompatibility of the blocks. [14, 15] This thermodynamically driven polymer 

self-assembly is a critical aspect of many current and emerging technologies including 

nanolithography, [16, 17] toughened rubbers and epoxies,[18] battery electrolytes, [19, 20] and 

photonic materials. [21] Block copolymers containing one block which can participate in 

associative dynamic bonding have recently been investigated and can self-assemble at the 

nanoscale.[22] The resulting self-assembled structures have been shown to reduce macroscopic 

flow (creep) in vitrimer block copolymer relative to a statistical copolymer with the same 

monomers and dynamic bond densities. Such studies build upon the work of block polymers 

containing permanently crosslinked blocks which display rich physics distinct from linear AB 

type diblocks.[23-25] It will be important to understand how bond exchange impacts the kinetics 

of assembly and alignment in these systems relative to permanently crosslinked diblocks, as well 

as linear block polymers, which can be investigated via shear alignment[26] solvent annealing, 

[27] use of magnetic or electric fields,[28] and graphoepitaxy.[29, 30]  

One of the open questions for vitrimers is how phase separated domains and crystallites 

will impact dynamic bond exchange if they sit within or at the interface of the crystalline 

regions. The local environment of the bond may impact the stress relaxation and may lead to a 

reduction in creep of the network. An understanding of how the distribution of amorphous and 

crystalline regions impacts vitrimer static and dynamic properties is also currently lacking. Most 

vitrimers are comprised of distributions in linker lengths, and the role of precise lengths may 

give rise to odd-even effects on Tm and crystallinity. Key scientific questions for dynamic 

diblocks center around the role of bond exchange on the assembly and alignment processes. In 



120 
 

addition to the aforementioned crosslinked blocks, another iteration where a single dynamic 

bond is placed at the junction may lead to large effects on the kinetics of phase separation. 

Depending on the choice of dynamic bond, diblocks could be forced to only form AB linkages or 

to sample a combination of AA, AB, and BB in a binary system. Diblocks with a single dynamic 

junction may always favor macrophase separation, and a judicious combination of permanent 

and dynamic junctions may be required to stabilize the microphases. Understanding self-

assembly in block copolymers with dynamic junctions could also inform the design of 

multistrand vitrimers leading to greater control and tunability of the static and dynamic 

properties. Knowledge of how to elicit or suppress macrophase separation in dynamic networks 

will be critical in these cases. 

 

6.3. Conclusion 

Vitrimers open a vast rheological design space, with tunability not present in linear 

polymers, permanently crosslinked networks, or even dissociative dynamic networks that could 

be essential for unprecedented control of polymer modulus and viscosity. Key open questions 

remain, including the role of associative versus dissociative bonding on a broad range of 

macroscopic properties. The dynamic nature of vitrimers is also important for tuning and 

understanding self-assembly in crystallizable or multicomponent systems where heterogeneity 

may play a major role in structural and dynamic phenomena. For adoption into real-world 

applications, the interplay between polymer chemistry and dynamic bonds should be leveraged 

to design next generation functional materials including electrolytes, damping materials, and 

stimuli-responsive systems.  
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SUMMARY 

 

Vitrimers have emerged as a promising platform for sustainable and reprocessable 

materials. Their dynamic crosslinks junctions which undergo reversible exchange reactions give 

them properties that are intermediate to thermosets and thermoplastics. They have opened a vast 

rheological design space, that could be essential for unprecedented control of polymer properties. 

This report investigated material properties that will be critical to the design, processing, and use 

of vitrimers as sustainable commodity polymers and functional materials. A series of precise 

ethylene based vitrimers were synthesized and investigated for their (i) rheological response, (ii) 

dielectric relaxation behavior, and (iii) the effect of dynamic bonds and topological defects on 

modulus crystal structure and crystallization kinetics. The ethylene vitrimers can also be 

dissolved in water and alcohol-based solvents and recovered by repolymerization while 

preserving their material properties. 

Over a broad temperature window, the viscosity of the vitrimer shows a positive 

deviation from its characteristic Arrhenius trend, indicating an increasing role of segmental 

dynamics on flow. From dielectric spectroscopy, three distinct relaxation modes are identified - 

the alpha process, the beta process, and a normal mode relaxation that is interpreted as the time 

taken for the exchange of network strands between crosslink junctions. At high temperatures, a 

strong correlation between the rheological flow timescale and the normal mode relaxation shows 

that flow is controlled by bond exchange, while at lower temperatures a steep increase in alpha 

relaxation time correlates with the positive deviation from Arrhenius behavior in the networks. A 

comparison between permanent and dynamic networks with the same linker length, suggests that 

the incorporation of dynamic junctions allows for local rearrangement of the network structure 
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which facilitates crystallization. In addition, an unexpected evolution in melting temperature, 

crystal structure, and morphology is observed over time and is attributed to the dynamic bond 

exchange. The incorporation of dangling chain defects in the networks results in a decrease in 

shear modulus. X-ray scattering patterns reveal that networks with dangling chain defects form 

imperfect crystals and have a lower melting temperature. Topological defects also impact the 

crystallization kinetics, a counterintuitive trend in the kinetics is observed and explained based 

on entropic contributions from the dangling chain defects.  

 
 

 

 

 

 


