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1 | INTRODUCTION

| Vijay K. Thakur® | Alexandros A. Skordos'

Abstract

This study delineates the dependence of thermophysical behavior of acid-
epoxy vitrimers on their formulation. The stress relaxation due to the bond
exchange reaction and the glass transition temperature of acid epoxy vitrimers
are investigated, with respect to the influence of catalyst content and acid
chain length. This is carried out for a range of dicarboxylic acids and catalyst
concentrations formulated and characterized using calorimetry and dynamic
mechanical analysis. The influence of acid chain length on the bond exchange
rate, topological transition, and glass transition temperatures of the vitrimers
is found to be significant. The activation energy of the exchange reaction varies
over a wide range from 73 to 104 kJ/mol and the topology freezing tempera-
ture from 66 to 136°C with the behavior governed by the interplay between
crosslinking density, network flexibility and density and distance of functional
groups, with an increase of catalyst concentration leading to lower topological
transition temperature and the dependence on chain length showing non-
monotonic behavior. The glass transition decreases by about 30°C as the car-
bon chain length increases from 6 to 14 carbons due to enhanced monomer
flexibility and is not affected by the concentration of catalyst.
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class of materials, which blends the robustness of ther-
mosets with the mouldability and recyclability of thermo-

The evolution of polymer science has been markedly
influenced by the distinction between thermoplastics and
thermosets, historically categorized based on the pres-
ence of covalently crosslinked networks. This clear
demarcation, however, underwent a paradigm shift with
the introduction of covalent adaptable networks (CANs)
and the development of vitrimers by Leibler's et al.' This

plastics, has propelled significant advancements in
polymer technology. Since then, a range of dynamic cova-
lent linkages, including boronic ester,”” dioxaborolane
metathesis,®® and sulphide’ ' containing reversible
exchange, have been extensively explored targeting self-
healing materials and groundbreaking biomedical
applications.”>™"> Complementing these developments,
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transesterification-based epoxy vitrimers, have garnered
significant interest due to their excellent properties, ver-
satility, and promising market potential.

Among the wide range of applications of traditional
epoxy thermosets, bisphenol A diglycidyl ether (BADGE
or DGEBA) dominates the market'® taking up to 90% of
the global conventional production which exceeds 2 mil-
lion tons worldwide.'” These traditional epoxy resins
have been instrumental in various industries, from the
aerospace to the automotive, marine and energy sectors,
owing to their favorable mechanical performance, envi-
ronmental resistance, processability, robust bonding
capabilities'® and insulating properties.’® The versatility
of epoxy resin formulations includes the use of carboxylic
acids as curing agents,’*">* which has led to the develop-
ment of vitrimers suitable for high-performance applica-
tions, including protective coatings and structural
components.'® The increasing demand for high-
performance materials that can be tailored for specific
applications underscores the need for a deeper under-
standing of vitrimer chemistry to manipulate their prop-
erties at the molecular level.

For functional materials like vitrimers, understanding
key characterization temperatures is essential. Similar to
conventional thermosetting polymers, vitrimers have a
characteristic glass transition temperature (7,), which
defines their safe operational temperature range.”> How-
ever, what sets vitrimers apart is their dynamic nature,
driven by bond exchange reactions that allow them to
adapt and reconfigure, primarily in response to thermal
stimuli. This leads to another critical temperature - the
topology freezing temperature (T,).****> Above T,, bond
exchange occurs rapidly, endowing vitrimers with the flu-
idity necessary for reprocessing and recycling; below T;,
these reactions slow down, rendering the material behav-
ior akin to traditional thermosets. T, is crucial as it not
only marks the upper limit for vitrimer usage but also sig-
nificantly influences their reprocessing capabilities. In
the study of adjusting the thermally responsive physical
properties of vitrimers, particularly those based on trans-
esterification, it is essential to consider the bond
exchange reactions, which are typically quite slow and
often necessitate the aid of external catalysis. This
requirement makes the selection and adjustment of the
type and amount of catalyst in the vitrimer system
the most common approach to optimize their properties.
Among the catalysts employed in transesterification reac-
tions, organometallic complexes such as tin or zinc
organic salts and bases such as triazabicyclodecene
(TBD) and triphenylphosphine (PPh3) are prevalent. The
activation energy for these catalysts, namely TBD, zinc
acetylacetonate (Zn(acac),), zinc(Il)acetate (Zn(OAc),),
and PPh3, is 106, 104, 86, and 43 kJ/mol respectively.*®*’

In this study, zinc acetylacetonate was selected as a
catalyst due to its thermal stability and effectiveness in
catalyzing transesterification reactions."****>'  Zinc-
based catalysts, such as zinc acetate, are recognized for
their limited environmental impact®*° and ability to cat-
alyze reactions even at low concentrations, making them
suitable for sustainable materials development. The con-
centrations of 1 mol%, 2.5 mol%, and 5 mol% were
selected to systematically investigate the influence of cat-
alyst concentration on vitrimers properties. These con-
centrations cover a range from low to relatively high
levels, allowing observation of how varying catalyst
amounts impact the curing process, stress relaxation
behavior, and glass transition temperature. This range
provides a comprehensive understanding of the catalyst
role, enabling optimization of material properties. Addi-
tionally, these concentrations fall within the typical range
of 1%-10% used in literature, ensuring comparability with
previous studies.***°

Beyond the modification of catalysts and the nature
of exchangeable bonds, the intrinsic molecular structure
of the polymer chain offers an avenue for tuning vitrimer
properties. In the design of vitrimers, changing the struc-
ture of the monomers without changing the chemistry of
the exchangeable bonds usually aims to change the flexi-
bility of polymer chains which is governed by factors
such as chemical structure, side group incorporation, and
backbone rigidity to affect the rotation or torsion of skele-
tal bonds. Flexibility can be manipulated by the integra-
tion of rigid structures, such as aromatic rings,*' cyclic
structures*” or flexible segments such as polyethylene,**
polypropylene glycol* and linear aliphatic chains includ-
ing polyesters,” long methylene bridges*® and polydi-
methylsiloxane.*’” Vitrimer systems characterized by
increased chain flexibility tend to have lower T,** and
faster bond exchange rates in dynamic covalent net-
works, as the chains can more efficiently align for bond
exchange. T, decreases when the molecular weight of
flexible linear segments goes up, yet it rises in response to
an increase in the molecular weight of rigid segments.*
While vitrimers are usually amorphous, adding crystalliz-
able segments can increase rigidity as their dynamic
nature allows partial crystallization of substances like
dense ethylene, which ordinarily would not crystal-
lize.*>>* Altering the structure of the monomers in vitri-
mers directly influences the matrix architectural features,
particularly the adapted crosslinking density. In conven-
tional thermosets, increasing crosslinking density leads
to greater rigidity and brittleness due to the limited
mobility of polymer chains. Conversely, lower crosslink-
ing density enhances elasticity and ductility, as fewer
junctures allow for greater chain mobility and flexibility.®
In vitrimers, the dynamic nature of the material creates a
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complex interplay with crosslinking density. Steric hin-
drance, resulting from densely packed chains, can poten-
tially obstruct the bond exchange, a quintessential
feature of vitrimers. However, empirical studies have
yielded mixed results with both faster relaxation in less
crosslinked materials®>* and accelerated bond exchange
with increased crosslink density®* reported. Such dif-
ferences in behavior might arise from variations in the
concentration and proximity of reactive exchangeable
groups concurrent with changes in crosslink density.
Hayashi et al.>> reported enhanced relaxation in
transesterification-based vitrimers with higher crosslink-
ing, without altering the concentration of reactive groups.
This behavior is attributed to the dominance of unstable,
entropically perturbed segments in densely crosslinked
networks. The multifaceted relationship between cross-
linking density and vitrimer properties necessitates a
comprehensive approach in vitrimer design. It is impera-
tive to strike a balance between dynamic covalent pro-
cessability and the overarching material properties to
harness the full potential of vitrimers.

This study presents a detailed investigation of the
properties of various epoxy/acid-based vitrimer formu-
lations, focusing on their relaxation behavior, topologi-
cal freezing temperature and glass transition
temperature is carried out using a combination of Dif-
ferential Scanning Calorimetry (DSC), Dynamic
Mechanical Analysis (DMA), and Arrhenius model-
based evaluations. To ensure consistent conversion of
reactants across different catalyst concentrations, the
progress of the synthesis was closely monitored using
Fourier Transform Infrared (FTIR) spectroscopy, con-
firming complete curing in all samples. Our unique
contribution lies in elucidating the influence of both
catalyst concentration and structural variations of acid
chains on vitrimer properties, thus offering new
insights into the complex interplay between these fac-
tors and their impact on vitrimer behavior.

2 | MATERIALS AND METHODS

Diepoxy (DGEBA), five linear dicarboxylic acids with dif-
ferent chain length, and Zn(acac), as a transesterification
catalyst were used in the synthesis of the vitrimer sys-
tems. The properties of the chemicals are summarized in
Table 1. All chemicals were sourced from Merck Life Sci-
ence UK Limited.

Acid crystals were ground to a fine powder to ensure
uniform acid dispersion in the epoxy. Stoichiometric pro-
portions of acids and epoxy were weighed, and three con-
centrations of Zn(acac), catalyst (1 mol%, 2.5 mol%, and
5 mol%) were incorporated, yielding 15 distinct vitrimer
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TABLE 1 Details of chemicals used in vitrimer formulations.
Molecular
Chemical structure Compound mass (g/mol)
HaC, CHa Bisphenol A 340.4
o o ~ diglycidyl ether

(D.E.R.™ 332)
“°\,(\/\/\/\/\/\)OL0H Te.tradecanedioic 258.35
o acid

0 Dodecanedioic 230.30

“OY\/\/\/\/\)L
% acid

0
o Sebacic acid 202.25
“07(\/\/\/\)\0;4
0
0 Suberic acid 174.19
HOY\/MOH
)
o Adipic acid 146.14
HO\“/\/\J\OH
o)
o o Zinc 263.61
HsC Z CHa . Zn?+ *xH0 acetylacetonate
hydrate

formulations. The epoxy, acid, and catalyst were com-
bined and stirred to obtain homogeneous mixtures. The
mixtures were degassed at 90°C for an hour to remove air
entrapped during mixing, then cast in rubber-sealed glass
molds. The samples were subsequently cured at 160°C
for 2 h, maintaining a 1:1 functional group ratio of epoxy
to acid. Formulation names were based on the acid car-
bon chain length, for example, C6Z2.5 denotes adipic
acid with 2.5 mol% Zn(acac),. Table 2 summarizes the
details of the formulations.

The stress relaxation behavior of the vitrimer mate-
rials was assessed using Dynamic Mechanical Analysis
(DMA) on a TA Instruments DMA Q800. Rectangular
specimens measuring 2 mm x 40 mm x 10 mm were
subjected to single cantilever mode tests at a fixed strain
of 2.5% and allowed to relax until the stress reached a
value below 37% of the initial value. The tests were per-
formed across various temperatures to investigate the
temperature dependence of bond exchange. DMA relaxa-
tion tests were repeated three times. The relaxation time
(t*) was determined by fitting an exponential decay:

2t 1)

where o is the stress at time t and o, is the stress at the
beginning of the relaxation. The relaxation time was esti-
mated by minimizing the error between the experimental
data and Equation (1) using the Generalized Reduced
Gradient Nonlinear Optimisation method implemented
in the Solver of Microsoft Excel.>
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TABLE 2 Composition of the vitrimer materials.
Material code Zn(acac), content (%mol) Acid Epoxy
C6Z1 1.0 Adipic acid DGEBA
C622.5 2.5 (CsH1004)
C6Z5 5.0
C87Z1 1.0 Suberic acid DGEBA
C872.5 25 (CsH1404)
C8Z5 5.0
C10Z1 1.0 Sebacic acid DGEBA
C1022.5 2.5 (C10H1504)
C10Z5 5.0
C1271 1.0 Dodecanedioic acid DGEBA
C1272.5 25 (C12H204)
C12Z5 5.0
C1471 1.0 Tetradecanedioic acid (C14H,50,) DGEBA
C14Z72.5 2.5
C14Z5 5.0

The stress relaxation behavior of vitrimers Is influ-
enced by the bond exchange rate in the dynamic cross-
links. This temperature-relaxation relationship follows an
Arrhenius law:

1 Ear
T Koe (2)

where the pre-exponential factor K, represents the fre-
quency of collisions and E,, is the activation energy. The
activation energy for transesterification bond exchange
was estimated as the gradient of logarithmic relaxation
time versus inverse absolute temperature (T). Previous
work has shown that the mechanism of lowering the
energy barrier remains consistent for a specific type of
bond exchange associated with a particular catalyst, and is
unaffected by variations in catalyst concentration.*””>* In
the analysis carried in this work the 9 data points corre-
sponding to same acid (3 formulations corresponding to
different catalyst concentrations tested at 3 different tem-
peratures) were utilized to obtain a single activation energy
for the acid type involved. The topology freezing transition
temperature T, was determined as the temperature at
which the relaxation time is 10°s for each formulation.

Differential Scanning Calorimetry (DSC) was per-
formed with a TA Instruments Discovery DSC 250 to
identify the glass transition temperature. Materials were
tested under a nitrogen flow at a heating rate of 2°C/min
from —10 to 60°C. Experiments were repeated three
times to allow assessment of statistical significance of
differences.

Fourier Transform Infrared (FTIR) spectra were
obtained using a Thermo Scientific Nicolet™ iS™10 FT-
IR spectrometer. The IR data of DGEBA, catalyst, all
acids, and mixtures before and after curing were collected
in the range of 600-4000 cm '. For each spectrum,
50 consecutive scans with a resolution of 4 cm™' were
averaged; all spectra were recorded at room temperature.

The dataset underlying this study is available at the

Cranfield online research data repository.>

3 | RESULTS AND DISCUSSION

3.1 | Synthesis progress and FTIR
monitoring

To ensure consistent conversion of reactants across differ-
ent catalyst concentrations, the progress of the synthesis
was closely monitored using Fourier Transform Infrared
(FTIR) spectroscopy. The catalyst plays a dual role in the
systems: it initiates the ring opening of the epoxy
during the polymerization of uncured reactants and aids
in transesterification. The FTIR results presented
in Figure 1 show the disappearance of epoxy groups, indi-
cated by the reduction of the characteristic epoxy peak at
910 cm ', and the concurrent increase of hydroxyl and
ester groups, evidenced by the rise of the OH peak at
3450 cm™ ' and the shift of the C=0 stretching bands
from 1690 to 1735 cm™ " due to the loss of the stabilizing
hydroxyl group from carboxylic acids to esters. This phe-
nomenon is consistently observed in formulations with
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FIGURE 1 FTIR spectra of cured 0.1
and uncured vitrimers for formulation 0.09 gl g;; Encureg
C10: (a) overall spectrum; (b) hydroxyl —~0.08 neure
. . D007 C10Z1 Cured E
group in 3700-3100 cm™ ; (c) ester group <= C10Z5 Cured poxy
in 1800-1650 cm™"; and (d) epoxy group 8 0.06 Ester & carboxylic
in 990-880 cm . [Color figure can be é 882 acid (c)
viewed at wileyonlinelibrary.com] ?) O. 03
<002 Hydroxyl (b)
0.01
0
3800 3300 2800 2300 1800 1300 800
Wavenumber (cm-1)
(a)
~0.06 0.08 0.06
2005 ’ 0.05
5 0.04 0.06 0.04
§ 0.03 0.04 0.03
*g 0.02 0.02 0.02
200 f—ru ' — 001 f— T
0 0 0
930 880 1750 1700 1650 930 880
Wavenumber (cm-1) Wavenumber (cm-1) Wavenumber (cm-1)
(b) (c) (d)
both low and high catalyst content. During the curing pro- 1
cess, the additional catalyst accelerates the cure process™ 2 g 140
and influences the time required for the system to reach L ® 160°C
full curing. However, complete cure is achieved by the end g 06 m 180°C
of the reaction for all formulations, meaning that the final % 04 e 128“2 :2:2
degree of crosslinking is the same for formulations with “ 02 — — 180°C fitting \
the same acid and epoxy composition regardless of their 0 37%
catalyst level. Furthermore, homopolymerisation of the 1 10 100 1000 10000
epoxy is precluded during the manufacturing process for T'me((S;
. . . . a
all formulations, irrespective of catalyst concentration, due
to insufficient reaction temperature to trigger this pro-
cess.®® Should homopolymerisation occur, it would lead to 1| ———.ee
. . \-
an increase in Ty. " 0.8 c671 N
O | eeeeeeees C67Z5
z 06 c8z1 \ \
N > 04 | = = (C8Z5 \
3.2 | Stress relaxation and topology 5 Cl071 \ \
freezing temperature €02 | — —C1075 \™
Figure 2a illustrates the stress relaxation of C12Z2.5 1 10 100 1000 10000
. Sy Ti
(epoxy-dodecanedioic acid with 2.5% catalyst) at three ITS) (<)
different temperatures. The relaxation time reduces
from about 14,000 to 750 s when the temperature FIGURE 2 Normalized stress relaxation curves of

increases from 140°C to 180°C, a difference exceeding
one order of magnitude, which is typical across all for-
mulations. Figure 2b illustrates the relaxation behavior
of vitrimers C6 (adipic acid), C8 (suberic acid), and C10
(sebacic acid) with 1% and 5% catalyst at 230°C. The
relaxation times vary significantly, ranging from a brief
150 s (C10Z5) to an extended 3650 s (C8Z1), demon-
strating a pronounced dependence on the catalyst and
acid structure. Notably, when the catalyst concentration

(a) dodecanedioic acid vitrimer with 2.5% catalyst at 140, 160 and
180°C; (b) adipic, suberic and sebacic acid formulations at 230°C.
[Color figure can be viewed at wileyonlinelibrary.com]

increases from 1% to 5%, the relaxation times decrease
by more than one order of magnitude. Meanwhile, there
is a comparatively smaller difference—less than 50%—
across three different formulations that use the same
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catalyst concentration but vary in their acid composi-
tions. The results of the fitting for the estimation of the
activation energy and pre-exponential factor of
Equation (2) are reported in Table 3.

Figure 3 illustrates the Arrhenius fitting for all formu-
lations. The fitting follows experimental results closely
with a coefficient of determination (R?) of 0.96 through-
out all formulations. For the transesterification reaction
catalyzed by Zn(acac),, the reported E,,, varies from 24 to
163 kJ/mol.°>** The range observed in this study is 73-
108 kJ/mol with the value of activation energy showing a
strong dependence on acid chain length. The activation
energy for viscous flow indicates how temperature
changes affect the viscosity of associative CANs. Higher

E,, values lead to a rapid decrease in viscosity with
increasing temperature, while lower E,, values result in
less pronounced changes. High E, systems offer
improved dimensional stability at service temperatures
and enable fast processing at reprocessing temperatures.
As depicted in Figure 4, as the chain length extends,
the activation energy initially rises from the lowest value
for C6 (adipic acid) to a maximum for C8 (suberic acid)
and then showing a decreasing trend with increasing
chain length. Figure 4b presents the obtained T, for all
vitrimers showing a decreasing trend with increasing cat-
alyst levels and an increase-plateau-decrease pattern as a
function of acid chain length. The overall range in topol-
ogy freezing temperatures observed is 66-136°C. T,

Material Cé C8 C10

(Ear/R) (K) 8833 12,945 11,808

Ln (1/Ko) (s) 1.0% —9.6 —~17.8 —15.9
2.5% —10.9 —18.6 —16.7
5.0% =122 —20.5 —18.6

c12 c14 TABLE 3 Relaxation fitting
parameters.

12,009 10,459

—16.6 —14.3

—19.8 —16.1

—20.8 —16.5

FIGURE 3 Stress relaxation

10 10
= 8 S 8
S S
S6 S 6
4 4
0.00185 0.00195 0.00205 0.00215 0.00185 0.00195 0.00205 0.00215 0.00225
1/T (K-l) 1/T (K-l)
(a) (b)
11 11
10 10 X +
= 9 X -9 e e
© e = - 7 X
i % X 28| e
X, - - - = P
X - + _ -
S 6 T //‘SR = 6 N
5 ) 2 5
4 4
0.00185 0.00195 0.00205 0.00215 0.00225 0.002 0.0021 0.0022 0.0023 0.0024 0.0025
1/T (K-1) 1/T (K-1)
(c) (d)
11
10
— 9 » % X 1% Zn observed
< 3 - = + 2.5% Zn observed
¢ ¥
S 7 | -7 X 5% Zn observed
c _re
=6 | e 1% Zn fitting
sy === 2.5% Zn fitting
4 ——-5% Zn fitting

0.002 0.0021 0.0022 0.0023 0.0024 0.0025
1/T (K-1)

(e)

Arrhenius fitting: (a) C6; (b)C8;
(c) C10; (d) C12; (e) C14. [Color
figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 4 Activation energy (a) and topology freezing
temperature; (b) for all vitrimer formulations as a function of chain
length. [Color figure can be viewed at wileyonlinelibrary.com]

increases by about 30-40°C from adipic (C6) to suberic
(C8) acid for the same level of catalyst concentration and
then it reduces by about 6°C per methylene unit at the
same level of catalyst. For vitrimer formulations using
the same acid, a decrease of about 32-47°C is observed
when the catalyst concentration increases from 1% to 5%.

Figure 5 illustrates the transesterification bond
exchange between the hydrolyzed epoxy and ester
groups. The macroscopic flow and stress relaxation
behavior is the result of the bond exchange reaction. The
speed of the reaction is determined by two factors: (i) the
amount of the reacting groups; and (ii) the accessibility
to them. Taking into consideration the molecular struc-
ture and the reaction pattern, there are five factors that
influence the bond exchange rate: (i) amount of hydroxyl
and ester groups; (ii) chain flexibility; (iii) catalyst con-
centration; (iv) crosslinking density; and (v) the statistical
distance between reaction groups.®® The presence of the
catalyst provides a pathway for the reaction to happen
with a lower energy barrier by activating both the ester
and alcohol groups simultaneously.®* The mechanism of
lowering the energy barrier remains consistent for a spe-
cific type of bond exchange associated with a particular
catalyst. This is characterized by a constant activation
energy, which remains unchanged despite variations in
catalyst concentration.?>”-3® Although an increase in cat-
alyst content provides more sites for bond exchange,
thereby increasing the overall rate of transesterification,
the impact of the other four factors—chain flexibility,
crosslinking density, and the statistical distance between
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reaction groups, in addition to the amount of hydroxyl
and ester groups—is also crucial. These factors also affect
the probability of the reaction occurring, which explains
the irregular activation energy trend shown in Figure 4a
as the acid chain length increases. The effects of these
factors on the bond exchange rate are summarized in
Table 4.

Figure 6 illustrates the difference in the crosslinks of
vitrimers constructed with dicarboxylic acids with differ-
ent chain length. At the molecular level, in terms of spa-
tial arrangement and configuration, the crosslinked
network created by diepoxy and linear dicarboxylic acid,
featuring longer linear chain segments of varied methy-
lene repetition, results in fewer crosslinks within the
same space. This structure facilitates the movement of
hydroxyl ends and ester groups through the network,
making it easier for them to interact and complete the
transesterification process. Additionally, longer chains
bring more flexibility to the backbone which grants more
adaptability to the backbone to change its configuration.
Conversely, lengthening the chain introduces two factors
that inhibit bond exchange: a reduction in the relative
density of functional groups and an increased distance
that exchangeable ends must travel to take part in the
reaction.

Among all the formulations, C6 (adipic acid) which
has the shortest linear methylene repetition in the chain,
exhibits the fastest stress relaxation and bond exchange,
along with the lowest corresponding T, when 5 mol% cat-
alyst is present. This vitrimer has the highest functional
group density and the shortest travel distance, promoting
localized and vigorous bond exchange. Consequently, the
potential hindrance of diffusion, resulting from high
crosslink density and stiff chains, are comparatively less
significant. The fact that vitrimers synthesized using
suberic acid and sebacic acid (formulations C8 and C10)
have the highest T, and the decreasing trend after that,
indicates that when gradually increasing the length of
the acid chain, at first, the end-to-end distance plays a
more significant role in the transesterification reaction.
This is due to the greater relative difference created by
the addition of chain length, considering the short repeat-
ing units. This effect is attenuated as the number of
methylene groups increases further. At the same time,
the reduction in crosslinking density and the presence of
longer chains allow more flexibility within the network.
This effect overrides the influence of the increase in reac-
tion end distance and of the decrease in functional group
density. A similar influence of the longer alkyl chains on
T, is reported by Yang et al.** where a 12°C drop in T,
was observed between epoxy vitrimers cured by dodeca-
nedioic acid and octadecanedioic acid with the same cat-
alyst content. As the chain length increases continuously,
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TABLE 4
chains on bond exchange rate.

Influence of increasing methylene groups in acid

Effect of increasing  Effect on

Factor acid chain bond exchange
Crosslink density | 1
Chain flexibility T T
Functional groups | l
Groups distance T |

and the molecular weight of the backbone between
exchangeable crosslinks reaches a certain level, there is a
threshold beyond which the change in chain length no
longer affects the entanglement or flow rate of the net-
work but instead dilutes the density of reaction ends.®
This leads to a decrease in the bond exchange rate, result-
ing in slower stress relaxation and a higher T,

3.3 | Glass transition behavior

Figure 7a illustrates the DSC thermograms showing a
considerable variation in T, values between the formula-
tions synthesized using different acids, except for C12
and C14. The dependence of the glass transition tempera-
ture on acid chain length is depicted in Figure 7b. There
is a trend of decreasing T, with increasing number of
methylene repetitions, with a drop of about 30°C from

"""""""" < FIGURE 5

o o
/\oM(O\/K/O ‘ O NG
o

Exchange process
A via transesterification in hydroxy-
ester networks.

- - ———--

adipic acid (6 carbon) to dodecanedioic acid (12 carbons).
The trend diminishes from 12 to 14 carbon units. The
materials made with the same acid show only a slight vari-
ation in T, with varying catalyst concentration. The spread
of values for the same acid is around 3°C which, when
compared with the standard deviation ranging from about
1 to 2.5°C, indicates no statistical significance. Therefore, it
can be concluded that within the range of catalyst concen-
trations used in this study, the glass transition temperature
of the materials is predominantly influenced by the mono-
mer structure rather than the catalyst concentration.

The decreasing trend of glass transition temperature
as a function of acid length can be attributed to the differ-
ences in network structure. The size of the molecules
increases with increasing acid length, resulting in a
reduction of crosslinking density. Lower crosslinking
density results in a lower T,. The overall qualitative char-
acteristics of the structure of the acids are the same,
meaning that no variation in branches, rigid building
blocks, or cyclic structures cause a difference in the T, of
the different formulations. The enhanced flexibility
causes a lower energy requirement to overcome intermo-
lecular forces and facilitates the transition of the material
from a rigid, glassy state to a more flexible, rubbery state.
Such a phenomenon has been reported for an epoxy resin
and diamines with different length of oxypropylene
units.®® The decreasing trend is not followed in the case
of the C12 and C14, which have similar glass transition
temperatures within the limits of statistical variation.
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FIGURE 7 (a)DSC results and (b) glass transition temperature

of vitrimers with different carboxylic acids. [Color figure can be
viewed at wileyonlinelibrary.com]

This can be attributed to a diminishing effect of the influ-
ence of reduction of crosslinking density below a lever as
other phenomena related to intermolecular forces and
chain flexibility dominate. The results indicate that
within the experimental conditions and catalyst concen-
trations used, the glass transition temperature of the for-
mulations is primarily dependent on the monomer

i

Less compact crosslinks

T - - - - - e - -

structure and shows minimal variation with changes in
catalyst concentration.

In addition to the observed trends in Tg, the estimated
relaxation time for all the formulations at their respective
glass transition temperature ranges from 1.30 x 10" s to
3.65 x 10'' s, showing a decrease with increasing catalyst
content. However, DSC tests conducted have a timescale
in the order of 10’ s. Even the shortest relaxation time is
four orders of magnitude longer. Therefore, bond
exchange around a temperature much lower than the
topology transition temperature is likely to be insignifi-
cant in altering the glass transition behavior. However,
an extended measurement of T, over an extremely slow
temperature ramp may reveal some dependence between
catalyst concentration and Ty.

4 | CONCLUSION

The relaxation behavior of the formulations investigated
shows an increase-plateau-decrease pattern of the topo-
logical freezing temperature in relation to chain length
due to the combined effects of the change in the amount
and accessibility of reacting groups, chain flexibility,
crosslinking density, and distance between reaction
groups. An increase in repetitions of the acid molecule
correlates with a reduction in T,, stabilizing beyond a
chain length of 12 methylene units as a result of reduced
crosslinking density and enhanced chain flexibility. T,
does not have a dependence on catalyst content, since
completion of cure occurs even for formulations that
react slowly, whilst bond exchange is extremely slow in
the range of the glass transition temperatures. The glass
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transition of vitrimers mostly depends on the flexibility of
the chain and the crosslinking density of the polymer. On
the other hand, the topology transition behavior is deter-
mined by a greater set of parameters. The results reported
here demonstrate the wide range of possibilities for the
tailoring of vitrimers, enabling control over their proper-
ties for specific applications.
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