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Introduction

Vitrimerization of crosslinked poly(ethylene-vinyl
acetate): the effect of catalystsy

Amin Jamei Oskouei, 2 2 Ergian Mao,® Thomas G. Gray, () ® Alireza Bandeg;i,?
Sarah Mitchell, 2 € Michelle K. Sing, @2 < Jayme Kennedy,®
Kimberly Miller McLoughlin 2 ¢ and Ica Manas-Zloczower*?

Over the past decade, research interest has grown rapidly in covalent adaptable networks, called vitrimers,
which can balance the processability and recyclability of thermoplastics with the performance properties
of thermosets, including elastomers. While most vitrimer research focuses on generating new materials,
several studies have demonstrated that permanently crosslinked networks can be transformed into
covalent adaptable networks through a mechanochemical process. This finding points to an effective and
efficient technical approach for upcycling waste thermoset plastics. Recent studies have demonstrated
that crosslinked ethylene vinyl acetate (EVA) thermosets can be converted to vitrimers using a mechano-
chemical process employing a zinc-catalyzed transesterification reaction. The concept has been applied
successfully to vitrimerize crosslinked EVA elastomers and foams, including shoe midsole foam, which is
otherwise difficult to recycle. To investigate whether catalyst selection could be used to control the cross-
link exchange kinetics and network properties of the vitrimers produced, we compare the effects of
different zinc catalysts on the vitrimerization of crosslinked EVA elastomers. We use a computational
chemistry approach to select zinc catalysts with different small molecule activation energies and then
apply these catalysts to vitrimerize crosslinked EVA. We find that the flow activation energies measured by
experiments for the dynamic network exchanges are markedly different from the activation energies pre-
dicted by simulation for small molecule exchange. Our results suggest that the dynamic exchange rates
of vitrimerized crosslinked EVA elastomers depend not only on the activation barrier for small molecule
exchange but also on catalyst physical properties such as the molecular size and stability at the processing
temperature.

works already containing permanent crosslinks. This vitrimeri-
zation process converts permanent covalent crosslinks into

Vitrimer chemistry has gained attention in the past decade as
a potential solution to the growing plastic waste crisis."® The
inclusion of reversible crosslinks can facilitate polymer re-
cycling and promote a circular economy. Initially, vitrimers
were synthesized by incorporating reversible chemistries into
polymer backbones during polymerization or via post-reactor
modifications.>® The first targeted vitrimer synthesis by
Leibler and co-workers was of epoxy resins crosslinked by
labile zinc carboxylates.® Recently, Manas and co-workers have
introduced the concept of vitrimer chemistry to polymer net-
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crosslinks with dynamic moieties to generate a vitrimer. In
previous work, crosslinked networks containing an ester
moiety were converted into a vitrimer by embedding a cross-
link exchange (transesterification) catalyst into the network by
solvent swelling or agitation in a planetary or cryo-ball mill.”
These vitrimer networks were reprocessable upon heating
through multiple cycles without significant loss of mechanical
properties. The vitrimerization process was first demonstrated
in epoxy-anhydride thermosets and has been demonstrated
more recently for crosslinked ethylene-vinyl acetate (EVA)
elastomers.”?

There is a broad range of dynamic chemistries used to
produce vitrimer networks, for example transesterification is a
well-established and robust industrial chemistry.'*"®
Transesterification reactions are often catalyzed with a catalyst,
and the type and concentration of catalyst used are known to
influence the reaction rate and the exchange rate of the revers-
ible network.'®™*® Commonly used transesterification catalysts
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include Lewis acids and nucleophiles that are metal complexes
with hemilabile ligands."*'*" For example, zinc-based cata-
lysts are common transesterification catalysts used in produ-
cing ester-based vitrimers as zinc enhances the electrophilicity
of an ester carbonyl, making it more susceptible to nucleo-
philes and promoting transesterification.'***** Zinc-based
catalysts have long been attractive choices in the synthesis of
vitrimers.'®2°729

With a wide range of effective catalysts available for transes-
terification in vitrimers, catalyst selection is important
depending on the desired application. Recent work suggests
that screening for vitrimerization catalysts can be mechanisti-
cally guided."****! To select an appropriate catalyst, density-
functional theory (DFT) is an effective computational approach
to predict the activation energy of bond exchange by transes-
terification."® For example, transesterification within vitrimers
is often modeled using a small molecule reaction based on the
nucleophilic acyl transfer mechanism (Scheme 1).*> This
mechanism is supported by the observed isotopic oxygen-
exchange in ester hydrolysis.**"**

In our previous work, we demonstrated that permanently
crosslinked EVA networks can be transformed into vitrimers
using zinc acetate as the transesterification catalyst. Zinc func-
tions as an internal transesterification catalyst that mediates
dynamic exchange between crosslinked or free vinyl acetate
functionalities and feedstock alcohol."® The resulting material
is a dynamically crosslinked network that behaves as a thermo-
set at low temperatures but flows as a thermoplastic elastomer
at higher temperatures. The associative nature of this dynamic
exchange process maintains the number density of crosslinks
within the network.

In this work, we continue to explore the vitrimerization of
crosslinked EVA focusing on the effects of different zinc cata-
lysts on the exchange dynamics of the vitrimer using a combi-
nation of computational chemistry and experiments. DFT cal-
culations are used to calculate the activation energy of the
associative exchange of carbon, which is believed to be the
dominant contributor to stress relaxation in networks with
dynamic transesterification = chemistries.  Experimental
measurements of stress relaxation are used to characterize
vitrimers that are produced through a mechanochemical
process with zinc catalysts with different anions. We find that
the calculated activation energy for small molecule exchange
can be used to predict the ability to form a vitrimer network.
However, the activation energy predicted by computational
chemistry only partially describes the exchange dynamics and
relaxation behavior of crosslinked vitrimer networks. Other
factors, including crosslink density, influence the observed
relaxation behavior of vitrimerized EVA networks.
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Scheme 1 Transesterification mechanism via a hemiketal intermediate.
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Experimental section
Materials

EVA was supplied by Braskem with 21.8 wt% vinyl acetate
content. High molecular weight poly(vinyl alcohol), PVOH (M,,
=130 000 ¢ mol™*), dicumyl peroxide (DCP), zinc acetate, zinc
stearate and zinc(u) acetylacetonate were purchased from
Sigma-Aldrich and used as received. Zinc trifluoroacetate
hydrate was purchased from Fisher Scientific and used as
received.

Compounding and crosslinking EVA

The mixing of DCP with EVA pellets was performed in a micro-
compounder (Xplore) in flush mode at a screw speed of 30
rpm and all temperature zones were held constant close to the
melting temperature of EVA (100 °C). The extrudate strand was
chopped into small pieces (3-5 mm) and fed into the micro-
compounder for a second pass. The crosslinking of EVA/DCP
blends was performed using compression molding (Carver
press) at 175 °C for 15 minutes under a constant pressure of 1
MPa. The molds were 1 mm thick. The properties of EVA*® and
the molar feed ratio are reported in Table S1.f Following the
crosslinking process, a stress relaxation test on crosslinked
EVA was performed at 110 °C, showing no relaxation, which
indicates the presence of a highly crosslinked network

(Fig. S17).

Vitrimerization process

The fine crosslinked EVA particles (<1 mm) were cryo-milled
with the catalyst and alcohol in a cryogenic ball-mill tank
(Retsch Cryomill). All components were dried for 24 hours and
the tank was purged using N, (g) prior to cryo milling. The
concentration of the catalyst was kept constant at 8 mol% rela-
tive to the vinyl acetate (VA) content (Table 1). The concen-
tration of feedstock hydroxyl groups (PVOH) was kept constant
at a 1.5 molar ratio of hydroxyl to VA groups ([OH]/[VA] = 1.5).
The cryomilled powders (<200 um, 1.5-2 gram) were vitrimer-

Table 1 Amount of catalyst and alcohol used for the vitrimerization of
EVA

M, PVOH Catalyst
Catalyst Abbreviation (gmol™) (Wt%) (Wt%)
Zinc acetate Zn(OAc), 183.48 13.9 3.1
Zinc(IT) acetylacetonate Zn(acac), 263.61 13.7 44
Zinc trifluoroacetate Zn(TFA), 291.42 13.7 4.8

hydrate

Zinc stearate Zn(St),-9.8 wt% 632.33 12.9 9.8

OH ks

_— 1

Ru 4 \ORu

+ ROH
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ized through compression molding at 175 °C and 27 MPa with
10 minutes of preheating and 15 minutes of heating and
applying pressure in the mold. The FTIR results confirm the
successful vitrimerization of EVA and the formation of a
metal-ligand complex (around 1580 cm™) and/or a decrease
in hydroxyl peaks (a broad peak around 3300 cm™") (Fig. S27).
The details of the processing conditions are explained in our
previous work."

Vitrimer reprocessing procedure

Reprocessing was adapted from the method outlined in our
previous work.'® The vitrimerized samples were cut into small
pieces (3-5 mm) and extruded using a minilab twin screw
extruder operating at 160 °C. Then, the extruded strands were
cut into small pieces (3-5 mm, 0.5 gram) and compression
molded at 175 °C for 15 minutes at 27 MPa. Reprocessed
samples were then evaluated based on their physical
appearances.

Characterization

Dynamic mechanical analysis (DMA). The dynamic mechan-
ical test was performed using a TA Instruments Q800. The
tensile mode with a strain amplitude of 0.5% (in the linear
viscoelastic region) and a constant frequency of 1 Hz was used
for the measurement. The temperature was increased with a
scanning rate of 5 °C min™" from —50 to 200 °C. At least three
samples were characterized.

Fourier transform infrared spectroscopy (FTIR). FTIR
measurements were performed in a spectral range of 4000-650
em™" using an Agilent Cary 630 FTIR spectrophotometer.

Rheology. A TA ARES-G2 rheometer with a 25 mm parallel
plate geometry was used to measure stress relaxation. The
samples, with an average thickness of 1 mm, were equilibrated
for 10 minutes at the desired temperature and then a 1%
strain was applied. To have better contact between the sample
and the geometry, a constant normal force of 10 N was applied
during the test.

Thermogravimetric analysis (TGA). TGA measurements were
conducted under an oxygen atmosphere using a TA TGA 500 in
two modes, isothermal at 175 °C for 25 minutes and ramping
to 550 °C at a rate of 10 °C min™".

Computations

The activation energies for transesterification employing zinc-
based catalysts, specifically zinc acetate, zinc acetylacetonate,
and zinc hexanoate, were calculated using density functional
theory. Zinc hexanoate served as an approximation of zinc stea-
rate to approximate the electronic effect of the alkyl chain in
the carboxylic acid. All DFT calculations were carried out using
the Gaussian 16 quantum chemistry program at the PBEO-
D3BJ/def2-TZVP** 3% level of theory.*® Isopropyl alcohol and
isopropyl acetate were used to model the transesterification
involving secondary alcohol in the crosslinked EVA. The geo-
metries of reactants, attacking complexes, and hemiketal inter-
mediates were optimized in the gas phase. Harmonic fre-
quency analysis*® confirmed that no imaginary frequency was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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identified in these geometries. Transition state geometries
were also optimized in the gas phase, and only one imaginary
frequency corresponding to the reaction coordinate was identi-
fied. The Arrhenius activation energies were calculated based
on E, = A*H° + 2RT, where the standard activation enthalpy
was obtained from frequency analysis at 298 K and 1 atm."*

Results and discussion
Computation

To understand the effect of catalysts in transforming cross-
linked EVA into a vitrimer, DFT was used to calculate the acti-
vation energy (E,) of the transesterification reaction mediated
by four zinc catalysts with different counterions. The catalysts
were zinc acetate, zinc acetylacetonate, zinc trifluoroacetate
hydrate, and zinc stearate. Computations were carried out as
per the methodology described above. For three of the four cat-
alysts (zinc acetate, zinc acetylacetonate, and zinc stearate), the
optimized geometries of the reactions followed the same basic
mechanism, where the vinyl acetate substrate coordinates to
zinc(u) by donating a lone pair electrons to the zinc in the for-
mation of the attacking complex. Concurrently, the feedstock
forms a hydrogen bond with the anionic ligand but does not
directly coordinate to zinc. The alcohol and vinyl acetate sub-
strates are positioned next to each other, aligning the alcohol’s
lone pair electrons with the ester’s n* orbital, so that they are
poised for a nucleophilic attack. Upon the nucleophilic attack,
a coupled proton transfer occurs simultaneously between the
alcohol and the anion ligand. This results in the formation of
a hemiketal intermediate, wherein the anion ligand receives a
proton from the alcohol. The activation energies associated
with these reactions are presented in Table 2, where zinc hex-
anoate is used as an approximation of zinc stearate. The opti-
mized geometries can be found in Table S2.7

For these three catalysts (zinc acetate, zinc acetylacetonate,
and zinc stearate), the activation energy calculated correlates
with the basicity of its anion ligand.*” Specifically, the higher
PK, of acetyl acetonate relative to acetic acid corresponds to a
greater calculated activation energy. Stearic acid, with a pK,
slightly lower than that of acetic acid, is associated with a
slightly lower activation energy.

Zinc trifluoroacetate, however, exhibits a different reaction
mechanism than the other three catalysts (Fig. 1). The proton

Table 2 Calculated activation energies of zinc-based catalysts at
175 °C

Catalyst E, (k] mol™)
Zn(OAc),” +84.1
Zn(acac),” +101.0
Zn(TFA),° +110.0

Zinc Hexanoate? +83.7

“0Ac = acetate. ” Acac = acetylacetonate. “TFA = trifluoroacetate. ¢ As
an approximation of zinc stearate.
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Fig. 1 DFT calculated relative enthalpy at 175 °C of concerted reaction
mechanism with Zn(OAc), versus stepwise reaction mechanism with Zn
(TFA),. Transition state structures are shown, as they define the reaction
path; the remaining structures are collected in Table S2.1 RC = reactant
complex; TS = transition state; INT = proton transferred intermediate;
and HK = hemiketal intermediate.

transfer occurs prior to the nucleophilic attack, and the proto-
nated ligand then rotates to form a hydrogen bond with the
ester’s carbonyl group. This rotation corresponds to the first
transition state (+102 kJ mol™'). The subsequent nucleophilic
attack, occurring between the ester and deprotonated alcohol
substrates, corresponds to the second transition state with a
slightly higher energy barrier (+99.2 kJ mol™). If the small
molecule activation energies act as the primary influence for
network behavior, the kinetics of the reactions should decrease
with increasing activation energy as follows: Zn(St), < Zn(OAc),
< Zn(acac), < Zn(TFA),, where Zn(St), exhibits the fastest kine-
tics and thus should relax the fastest in experiments.

Flow activation energy from experiment

To further investigate the effect of the catalyst in transforming
crosslinked EVA into a vitrimer, each of the four zinc catalysts
was used to form a vitrimer network. At first glance, the stress
relaxation behavior of the resulting networks exhibits different
rates than those predicted by computation (Fig. 2). Zinc stea-
rate, which was predicted to relax the fastest, exhibited the
second slowest relaxation time, while Zn(OAc), relaxed the
fastest. However, relaxation is a temperature-dependent
process. For comparison between experiment and compu-
tation, it is better to calculate the flow activation energy. The
flow activation energy determines the temperature sensitivity
of a process and accounts for the complex interplay between
the network matrix and underlying small molecule chemistry
under experimental conditions.>®** To quantify the flow acti-
vation energies of different catalysts, we utilized fitting para-
meters from the Kohlrausch-Williams-Watts (KWW) stretched
exponential decay (Tables S3-S67) performed at multiple temp-
eratures. Details of the fits and calculation are included in the
ESL.T The calculation of flow activation energy for each system,
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Fig. 2 Stress relaxation tests at 100 °C for Zn(OAc),, Zn(acac),, Zn(St),
and Zn(TFA), showing a difference of behavior between the relative
relaxation rates predicted by DFT and the experimental behavior.

obtained from the slope of the Arrhenius plots (Fig. S47),
allows us to establish a comparison between the flow acti-
vation energy of each catalyst and the activation energy
obtained from DFT studies (Fig. 3).

Not only does the trend in activation energy from DFT not
hold, but the activation energies obtained also span a much
broader range. While small-molecule DFT provides valuable
information regarding the bond activation energy, it does not
capture the inherent complexity of these vitrimer networks.
While the DFT calculations are process-agnostic, the process
required to generate the vitrimer network could impact catalyst
performance. For example, zinc acetate and Zn(acac), showed
similar flow activation energies following stress relaxation
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Fig. 3 Flow activation energies of various zinc salts along with their

computed activation energies demonstrating the disconnect between
computational and experimental studies.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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experiments and Zn(OAc), exhibited faster relaxation behavior
at the same nominal temperature. However, computational
studies predicted different activation energies. In order to
generate vitrimer networks, it was necessary to mold at 175 °C.
Thermal analysis of all four zinc salts showed that both Zn
(acac), and Zn(TFA), lack stability at 175 °C. Both salts lose
over 80 wt% of their mass in less than 15 minutes (Fig. 4).
Given that the samples were molded at 175 °C for a total of
25 minutes (10 minutes of preheating and 15 minutes of com-
pression molding), the decomposition reactions that contrib-
ute to this mass loss should be taken into consideration when
choosing a catalyst system for vitrimerization and a time
period that is relevant to the process used to mold the
samples. Zinc acetylacetonate is known to decompose at least
partially to Zn(OAc), above 130 °C.***> Given the similarities
in flow activation energies between Zn(OAc), and Zn(acac),
and the relative rates of stress relaxation provided by the lower
molar concentration of Zn(OAc), resulting from the decompo-
sition of Zn(acac),, the decomposition of Zn(acac), as a result
of the vitrimerization process is likely the primary influence
on the discrepancy between the calculated and experimental
activation energies. Leibler and co-workers have observed
similar catalyst concentration effects of Zn(OAc), on the trans-
esterification reaction.'® When changing the concentration of
the transesterification catalyst, the activation energy remains
constant but the rate of the exchange reaction changes.

In the case of Zn(TFA),, decomposition is likely attributable
to most of it changing into a residual substance (most likely
Zn0).*® Zinc oxide is also a transesterification catalyst, but the
catalytic activity of ZnO is likely different and the resulting
concentration is unknown. FTIR analysis also indicated that
the mechanism for transesterification in the Zn(TFA), samples
is different from the mechanism predicted via DFT. The DFT
calculations indicate that the Zn atom will coordinate to the O
atom of the ester group (Fig. 1); however, the peak indicating
this coordination does not appear at ~1580 cm™' and the
spectra only show a shift of the carbonyl in the trifluoroacetate

d 175°C

Weight (%)

L

T T T T T
100 200 300 400 500

Temperature (°C)
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group. The FTIR spectra of the vitrimer formed from the other
three zinc salts show the zinc ligand formation after cryo-
milling as evidenced by the peak at ~1580 cm™". The lack of
ligand formation with the Zn(TFA), samples indicates that the
decomposition of the catalyst is possibly changing the nature
of the network formed and subsequently the flow activation
energy.

However, the decomposition of the catalyst and resulting
byproducts does not explain all the discrepancies between the
computational activation energy and the experimental flow
activation energy. Zinc stearate, much like Zn(OAc),, demon-
strates minimal mass loss at 175 °C (Fig. 4), but the flow acti-

10000
Zn(St), - 9.8 wt.%
Zn(St), - 3.1 wt.%
1000 5 Zn(OAc),
100 4
©
o
2 104
w
14
0.1+
0.01 T T T T T T T T
-50 0 50 100 150 200

Temperature (°C)

Fig. 5 DMA of Zn(OAc), at 3.1 wt%, Zn(St), at 9.8 wt% and Zn(St), at
3.1 wt%, showing the lack of an elastic modulus above the melt temp-
erature for 9.8 wt% Zn(St),. When the amount of Zn(St), is decreased to
the same amount as Zn(OAc),, the modulus demonstrates elastic
network behavior. However, the lower molar ratio contributes to the
modulus itself being lower for the 3.1 wt% Zn(St), sample relative to Zn
(OAc),.

100 ~

80

Zn(OAc), at 175°C

— (
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40

20

0 . . . :
0 5 10 15 20 25

Time (min)

Fig. 4 TGA of pure zinc salts (a) ramped to 550 °C and (b) isothermal at 175 °C for 25 minutes. Both Zn(acac), and Zn(TFA), show evidence of

decomposition during process relevant timescales.
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vation energy from stress relaxation was much higher than the
activation energy computed from DFT (Fig. 3). Furthermore,
additional tests to confirm the network behavior for all four
zinc salts above the melt temperature showed a sharp drop in
modulus for Zn(St), to a value that was near the lower force
limit of the DMA (Fig. 5 and S5t). For purposes of comparison,
the molar amount of catalyst added to create the vitrimer
network was kept constant at 8 mol% relative to the amount of
vinyl acetate present in the crosslinked material. For Zn(St),,
this resulted in 2-3 times the amount of catalyst added to the
vitrimer system by mass relative to the other zinc salts
(Table 1). The high amount of catalyst (9.8 wt%) added to the
system could disrupt the ability to form a network and act as
more of a filler than a transesterification catalyst. The addition
of fillers is reported in the literature to influence the network
relaxation timescales, flow activation energy, and stiffness.*”"*?
When the amount of Zn(St), is decreased to the same amount
by mass (3.1 wt%) as that of Zn(OAc),, the high temperature

250

200 +

150 1

100
83.7

Flow Activation Energy (KJ/mol)
(o))
o

1 T T T T
Zn(St), - 9.8wt.%  Zn(St),- 3.1wt.%  Computational Ea

Fig. 6 Flow activation energy of Zn(St), at high and low mass concen-
trations compared to the computational prediction demonstrating the
influence of the amount of catalyst on the flow activation energy.
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modulus increases, indicative of successful network formation,
and the flow activation energy decreases closer to the value
predicted by computation (Fig. 6). Additionally, the high temp-
erature modulus of Zn(St), - 3.1 wt% is roughly an order of
magnitude lower than that of Zn(OAc), indicating a lower
crosslink density related to the decreased molar concentration
of Zn(St),.

While the higher molar mass of Zn(St), contributes to the
discrepancy between the computational activation energy and
the experimental flow activation energy, it does not fully
account for the difference. Counterion mobility, network inho-
mogeneities and the matrix are reported in the literature to
influence flow activation energy and could explain the remain-
ing differences between the calculated and experimental
values for Zn(St),.***%>°

A crucial aspect in the context of vitrimerization and cata-
lyst selection is also the effectiveness of the catalyst in facilitat-
ing the re-processing of vitrimerized EVA. Successful reproces-
sing was achieved with Zn(OAc), as demonstrated by the hom-
ogeneity of the reprocessed sample. However, for Zn(TFA),,
noticeable welding lines were observed, and the samples did
not attain the desired level of quality (Fig. 7). Notably, repro-
cessing of the sample with 9.8 wt% Zn(St), was not pursued,
as this sample did not undergo successful vitrimerization. The
results of this study point to zinc acetate as an optimal catalyst
for activating the transesterification reaction in crosslinked
EVA vitrimerization.

Conclusions

In this work, we use both computational and experimental
methods to study the effects of catalyst selection on the vitri-
merization of EVA. Specifically, we compare the effects of zinc
catalysts (zinc acetate, zinc acetylacetonate, zinc trifluoroace-
tate hydrate, and zinc stearate) with different anions on trans-
esterification of previously crosslinked EVA elastomers. We
report the effects of catalyst selection on the kinetics of the
bond exchange reaction, vitrimer thermomechanical pro-

cutting to
small pieces

|

e

»10 minutes preheat
»20 minutes heating
»175°C

Fig. 7 Reprocessing of vitrimerized EVA prepared with (a) zinc acetate and (b) zinc trifluoroacetate.
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perties, and re-processability of vitrimerized networks.
Additionally, we find that the calculated activation energy for
small molecule exchange can be used to predict whether a
catalyst will facilitate a transesterification reaction, leading to
the formulation of a vitrimerized network. However, the acti-
vation energy predicted by computational chemistry only par-
tially describes the exchange dynamics and relaxation behavior
of vitrimerized EVA networks. The physical properties of the
vitrimerized EVA networks also depend on the properties of
the catalyst such as the molecular size and temperature stabi-
lity. Practical considerations such as thermal stability and
molecular size limit the effectiveness of specific zinc catalysts.
Of the catalysts that we evaluated, only zinc acetate (Zn(OAc),)
demonstrates both efficient activation of the transesterification
reaction and efficient reprocessing of the vitrimerized EVA.

Our findings underscore the complexity of converting pre-
viously crosslinked polymer networks into vitrimers. They
point to an effective discovery process that combines compu-
tational chemistry to screen catalyst candidates with experi-
mental methods to evaluate catalyst performance. Future work
should include additional computational work to explore
additional tools for better predicting the properties of vitri-
mers produced from previously crosslinked polymer networks.
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