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Dynamic covalent networks present a unique opportunity to exert molecular-level control on macroscopic
material properties, by linking their thermal behaviour to the thermodynamics and kinetics of the underlying
chemistry. Yet, existing methods do not allow for the extraction and analysis of the influence of local
differences in chemical reactivity caused by available reactants, catalysts, or additives. In this context, we
present a rheological paradigm that allows us to correlate the composition of a reactive polymer segment
to a faster or slower rate of network rearrangement. We discovered that a generalised Maxwell model could
separate and quantify the dynamic behaviour of each type of reactive segment individually, which was
crucial to fully comprehend the mechanics of the final material. More specifically, Eyring and Van 't Hoff
analysis were used to relate possible bond catalysis and dissociation to structural changes by combining

statistical modelling with rheology measurements. As a result, precise viscosity changes could be measured,
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Accepted 20th October 2022 allowing for accurate comparison of various dynamic covalent network materials, including vitrimers an

dissociative networks. The herein reported method therefore facilitated the successful analysis of virtually
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Introduction

Dynamic and reversible covalently cross-linked polymers such
as vitrimers or dissociative covalent adaptable networks (CANs)
hold great promise in the context of the design of innovative
polymer materials with programmed properties and
performance.’™ Unlike classical thermosets, the covalent
topology of such cross-linked networks is not permanent and
can change in response to a trigger (e.g. elevated temperature),
allowing material flow. While providing opportunities for
polymer processing and recycling, this distinct behaviour also
renders these materials chemically less inert, putting long-term
structural integrity at risk, and balancing the two can be
particularly difficult.>*” A good molecular understanding of
how, and under which conditions chemical reactivity is acti-
vated, is therefore critical for controlling and predicting mate-
rial properties.®>*?
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materials, as well as improve our ability to predict and engineer their properties for future applications.

Over the last two decades, a great deal of research has gone
into determining on which time scale and to what extent
a dynamic covalent network will start to show significant
flow.>”""® To accurately address this question, one should
investigate both the kinetics and thermodynamics of the
underlying bond formation, cleavage, reformation or rear-
rangement within the viscoelastic material. This is for example
quite relevant if advanced processing options such as extrusion
and additive manufacturing are targeted for such dynamic
materials.>*>* However, because many characterisation tech-
niques commonly used to monitor the chemical structure and
reactivity of small organic molecules are incompatible with the
viscoelastic state of polymer networks, this can become very
challenging.**** Furthermore, because other factors are
involved, a direct causal chain connecting chemical reactivity
properties to macroscopic material properties cannot always be
established. Nonetheless, by treating a polymer network as
a single chemical system, rheology studies can be used to
extract molecular information about the underlying rearrange-
ment reactions.**®

To precisely predict and engineer material properties, data
analysis and evaluation are critical. In this regard, stress-
relaxation experiments have undeniably been the method of
choice for characterising polymer dynamics of reversible
networks that show macroscopic flow within a reasonable time
frame.””** The viscoelastic parameters are typically calculated
by fitting the experimental data to a mathematical model. A
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reasonable starting point is to assume that each segment of the
polymer network relaxes stress at the same rate, following
a single Maxwell behaviour and thus fitting to a single expo-
nential decay. Many systems, however, exhibit a more complex
rheological behaviour, especially when studied near the glass
transition temperature (T,),*>*” or when observing structuration
of different network architectures,*®** but also in seemingly
homogeneous systems.**™*° As a result, a growing number of
studies show that a stretched single exponential function
produces a much better fit to experimental data, which can lead
to small but significant changes in the derived viscoelastic
parameters.*****' Nonetheless, using empirical fitting functions
such as stretched exponentials does not provide insight into the
rheological phenomena or contributing factors and also makes
it quite difficult to compare the outcome of different studies.>*

Polymer network

Rheology
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In fact, even when such studies are done on essentially the same
system, different interpretations can arise from similar data.*

To better capture the wealth of information provided by linear
rheology experiments, such as stress-relaxation data, a more
realistic assumption is that the macroscopic deformation
response of a polymer network is the result of additive contribu-
tions of different parts or segments of the network (Fig. 1).**
Apart from the dynamic cross-link itself, also its topological loca-
tion and surrounding backbone chemistry will impact its dynamic
and mechanical behaviour. When applied to stress-relaxation
experiments, the generalised Maxwell model can be used to
consider each of these contributions separately as distinct Maxwell
elements (adhering to a specific single exponential decay).>® Thus,
when two or more significantly distinct segment types contribute
to the overall stress-relaxation in such dynamic systems,
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Fig.1 Schematic representation of the viscoelastic behaviour of a covalent adaptable network with different segments or chemical environment
(purple and green dots). Using the generalised Maxwell model, each segment is treated as a separate Maxwell element following a single

exponential decay.
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Scheme 1 Schematic representation of the model system used, highlighting the transesterification of phthalate monoesters (PMEs) with two
cross-links of varying reactivity.?° (a) Scheme for dissociation reaction of a phthalate monoester with and without substituents on the B-carbon.

(b) Network synthesis by mixing a dianhydride and polyol mixture.
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a generalised Maxwell model - using only a limited amount of
elements - should provide a powerful analysis tool to associate
a specific chemistry, or type of exchanging chain segment, to
a specific relaxation time. As a result, we hypothesised that the
contribution of each component can be assessed, and a relation-
ship between viscoelastic parameters and fundamental chemical
parameters could be more straightforward to address.”

In this combined experimental, analytical and theoretical
study, we aimed to develop a step-by-step method for relating
changes in reactivity of molecular components to temperature-
dependent properties of dynamic covalent networks. As a first
suitable model polymer network system to link experiments to
theory and demonstrate the validity of the approach, a known
catalyst-free transesterification system based on phthalate
monoesters (PMEs) has been selected.>*” More specifically, PME
networks, consisting of two drastically different dynamic cross-
links have been prepared for this study, resulting in both fast
and slow relaxing segments with clear deviation from the single
Maxwell behaviour (Scheme 1a). For this purpose, we relied on the
concept of internal catalysis or ‘neighbouring group effects’ in
which built-in tertiary amines significantly accelerate the
exchange of PME cross-links directly bound to them, and not (or
to a much lesser extent) more remote ones. We have previously
shown this effect both on small molecule models, as well as in
heteropolymer networks made up from both types of cross-links.*

As a result, it was expected that stress-relaxation curves
deviate significantly from a single exponential decay and that
a generalised Maxwell model, rather than a single (stretched)
model, allows a straightforward correlation of the deviations in
the stress-relaxation data to the known differences in exchange
rate (reaction kinetics). Critically, the original model system has
been specifically chosen to be dissociative in order to capture
the effect of temperature-related elasticity changes. To this end,
statistical modelling was used to investigate and quantify the
effect of bond dissociation on network connectivity (thermo-
dynamics), as well as to validate our assumptions. Furthermore,
to emphasize the general utility of the method, overall viscosity
changes will be assessed and compared to an associative
dynamic covalent network (vitrimer) by taking into account
each aspect of chemical reactivity.

Finally, in order to simplify numerical evaluation of rheology
data, an open-access Python program for automated curve fitting
and relaxation parameter read-out was developed, which could
become a useful tool for future studies in this research field.

Results and discussion
Synthesis of model covalent adaptable networks

A first objective within this work was to obtain a range of model
dissociative dynamic networks with complex but relatively
predictable viscoelastic properties, based on our insights from
previous research on PME-type CANs.” A flexible dianhydride
(1) was chosen as the main building block for these polymer
networks and was synthesised as previously reported.””
Dynamic PME networks could then be obtained by mixing with
a diol mixture (0.4 eq.) and triol (0.4 eq.) to yield equimolar
amounts of anhydride and alcohol functional groups (Scheme

© 2022 The Author(s). Published by the Royal Society of Chemistry
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1b). The diol mixture contained varying amounts of the faster
exchanging B-amino diol (2), which was made by the reaction of
butylamine and butyl glycidyl ether (see ESIt), and the slower
exchanging 1,6-hexanediol (3). After combination with the
cross-linker trimethylolpropane (4) and heating at 100 °C for 16
hours, cured networks were obtained as confirmed by ATR-FTIR
analysis (Fig. S17). As a result, model networks N-1%, N-5%, N-
10%, and N-20% were obtained, in which x% represents the
percentage of B-amino diol in the diol mixture.

The addition of the B-amino diol resulted not only in the
formation of a more activated ester, but can also initiate strong
hydrogen bonding or even ionic interactions after proton
transfer between the tertiary amine and the dangling carboxylic
acid of the phthalate monoester (Scheme 1).>° However, as
shown in Table S1,t from DSC analysis similar T, values were
obtained for the different networks, with a small decrease from
N-1% (14 °C) to N-5% (5 °C) as a result of the introduction of the
more flexible B-amino diol compared to 1,6-hexanediol (Fig.
S21). In line with our previous observations, this was quickly
overcome again by additional ionic interactions, resulting in
a slight increase in T, for N-20%.?* Furthermore, good thermal
stability (i.e. Tys9, > 275 °C) and network integrity (i.e. soluble
fraction between 5 and 7%) could be concluded from TGA
analysis and swelling experiments (Fig. S3 and S47).

Viscoelasticity of the dynamic polymer networks was
assessed using stress-relaxation measurements from 160 °C to
110 °C (Fig. S5T). The absolute values of the relaxation data
could be used to extract information about changes in cross-
linking density. Higher temperatures caused a decrease in the
initial relaxation modulus G,, which can be attributed to an
increased bond dissociation at those temperatures (Fig. S61). As
a result, also more reactive chain ends are formed, which are
required for exchange or, on a macroscopic level, for stress-
relaxation. Since both bond dissociation (G[7]) and exchange
(z[T]) can be expected to have an important effect on the
rheology of the networks (n[T]), each contribution will be dis-
cussed separately within the remainder of the manuscript.

Bond exchange - stress-relaxation (kinetics)

Increasing the tertiary amine-content from N-1% to N-20%
resulted in an increase in relaxation rate and the introduction of
visible shoulders in the relaxation curves (Fig. 2). A generalised
Maxwell model (two elements) was fitted to quantitatively
analyse the effect of this two-step relaxation, with one Maxwell
element representing the fast exchanging segments and the
other representing slower exchanging segments (eqn (1)). For
comparison, the relaxation data of all model networks were
additionally fitted to a single (stretched) exponential (eqn (S1)
and (S2)t), with representative fits for N-20% shown in Fig. 2
and S7.7 It is clear from the overlap of the mathematical fit and
the experimental data that using two Maxwell elements yielded
a much better fit than using just one. Furthermore, the contri-
bution of the fast mode (G tast) is significantly lower than that
of the slow mode (G siow); due to the insufficient amount of fast
segments (only up to N-20%) to overtake the macroscopic stress-
relaxation process (see Table S27).

Chem. Sci., 2022, 13, 12865-12875 | 12867
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Characteristic relaxation times (t*) were calculated from all
fitted functions (i.e. single, stretched and double exponential)
and were related to the reaction rate of dynamic bond exchange
(Fig. S8T). The overall effect of relaxation dynamics (z[7]) (ob-
tained from the double exponential fit) on network viscosity (n
[T]) can then be estimated by taking the sum of 7g,g and Tgjow,
which is the time required to fully relax all polymer segments.
For example, when switching from N-1% to N-20% at 160 °C,
relaxation times decreased from 134 to 34 s. Before describing
the kinetic data in more detail, it is worthwhile to consider how
to establish a link between chemical reactivity changes and
absolute relaxation values.

When characterising dissociative CANs and vitrimers, the
empirical Arrhenius equation (eqn (S3)f) is commonly used to
determine the effect of temperature on the rate of material flow,
yielding a flow activation energy (E, aow). However, using E, aow
values as a quantification of dynamic bond exchange rates is
a gross oversimplification.®*>*¢ In fact, this parameter only
shows the temperature dependence of a reaction rate and not its
absolute rate. Macroscopic rate-enhancing effects are thus not
necessarily related to a change in FE,gqoy, but are more
commonly the result of a different reaction pathway or avail-
ability of reactants and catalysts for a specific pathway. This
often neglected part of the reaction rate is related to the so-
called ‘pre-exponential factor’ of the Arrhenius theory (colli-
sion factor and reaction order of reagents and catalysts). Using
Eyring's description, an absolute rate theory, allows one to
relate this pre-exponential factor to the entropy of activation
(As*), which is the difference in standard entropy between the
transition state and reactants.> More specifically, reactions will
proceed faster when the AS* term becomes more favourable due
to a relative increase in thermal probability between the tran-
sition and initial state.

The concept of neighbouring group participation (NGP), as
applied here for PME networks, is an interesting example of
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(a) Single and (b) double exponential fit to the stress-relaxation data of N-20% from 160 °C to 110 °C.

a catalysed chemical reaction with a relatively high activation
enthalpy (AH* or barrier to form/break a bond in the transition
state) but favourable AS*. Moreover, the statistical likelihood
that the reaction is successful at a given temperature increases
with the proximity of reactive (catalytic) functions such as e.g.
tertiary amines. Thus, our current analysis now allows us to
translate the observed changes in relaxation rate to parameters
that are easier to interpret in terms of chemical reactivity. We
can use the adjusted Eyring equation (eqn (2)) to explicitly
address the effect of AH* and AS* when going from N-1% to N-
20% and study the minimal energy required for reaction in the
model networks.>**

Eyring plots were generated from the obtained t* values, an
approach that was previously used in reversible network
research by Bowman and co-workers for furan-maleimides and
Tibbitt and co-workers for boronic esters.®?* The apparent
activation parameters could be calculated by plotting In(1/7t*)
against 1000/T (Fig. S91) and taking the slope and intercept.
Fig. 3 shows a summary of the obtained values for AH* and AS*
for each fitting function.

AHt

I @)

TF = e R

- KkBT

The use of t* obtained by fitting the relaxation data to
a single and stretched exponential decay revealed a significant
trend of decrease in both apparent AH* and AS* with increased
N% content, which was difficult to chemically interpret and
rationalise (Fig. 3a and b). This (apparent) lowering of the
activation parameters could be interpreted as a change in
exchange mechanism, or could lead to the wrong interpretation
that our assumptions for NGP network rearrangements are
unwarranted. However, we found that these discrepancies dis-
appeared when moving from a single (stretched) Maxwell model
to a more realistic one that takes into account the contributions
of fast and slow segments separately for the networks with
increasing N% content. Indeed, a drastically different analysis
of the same rheology data was possible when the activation

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Overview of obtained activation enthalpy (AH* and activation entropy (ASY) values after Eyring analysis of rheology data using a single
(stretched) exponential fit for (a) and (b) or a double exponential fit for (c) and (d).

parameters for the fast and slow processes were obtained
separately from a double exponential fit to the relaxation data
(Fig. 3c and d). The fitted double exponential decay function
revealed a chemically interpretable trend in the apparent AH*
values, indicating that the rate-enhancing effect does not
change the high activation barriers for exchange, which remain
around 155 k] mol ™.

Similarly, no downward trend in apparent AS* for either
process (fast or slow) was observed, although a significant
difference between the two apparent activation entropies can be
noted (~70 J K~! mol™" for the slow process and ~80 J K"
mol " for the fast process). This indicates that the faster process
is entropically more preferred over the slower process, although
both processes have the same enthalpic barrier. This is nicely in
line with the fact that the ‘fixed proximity’ of the amine catalyst
facilitates the fast reaction (Scheme S1}). Moreover, the sign of
AS*, next to its magnitude, highlights the smaller entropic
penalty for the dissociative process compared to an associative
one.** As a reference, the data of the N-0% network was added to
the ESI (Fig. S10 and S11+). This material does not contain fast

© 2022 The Author(s). Published by the Royal Society of Chemistry

exchanging segments and, as a result, the respective relaxation
data could not be accurately fit to eqn (1). However, fitting to
a single exponential decay (eqn (S1)t) and subsequent kinetic
analysis allowed to determine very similar AH* and AS* values,
compared to the slow exchanging segments of N-1% to N-20%.

Importantly, the proposed kinetic analysis is applicable to
both dissociative CANs and vitrimers (vide infra), but it neglects
the effect of depolymerisation on overall exchange rates.
Nonetheless, decross-linking of a PME cross-link to an anhy-
dride and alcohol pendant chain should indeed not influence
for the rate of the network rearrangement, although it does
make the network less elastic. This approximation holds as long
as the system does not actually cross the gel point and starts to
relax stress like a thermoplastic (i.e. liquid-like physical flow).®

From the obtained kinetic data, it became clear that
choosing the correct model to fit relaxation data is important to
obtain accurate molecular parameters, in particular if it is of
interest to relate the observed energy of viscous flow activation
back to the underlying activation energies for the network
rearrangement reaction. This is particularly valid when

Chem. Sci., 2022, 13, 12865-12875 | 12869
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attempting to determine the effect of nearby substituents,
catalysts, or additives on the reactivity in polymer networks.
Moreover, it may also aid in the analysis of polymer networks
that combine more than one dynamic (covalent) chemistry,
which is an increasingly recurrent feature in recent literature.®
Despite the fact that the proposed fitting method was quite
informative, data analysis when using our approach can
become more complex. Therefore, we created a Python package
that can import raw data and automatically generate (normal-
ised) relaxation plots to make the evaluation of multiple relax-
ation spectra more straightforward (see ESIt). In fact, by simply
selecting the desired fitting model, the user can obtain the
associated relaxation parameters, such as G, and t*, thus
significantly reducing the analysis time.

Bond dissociation (thermodynamics)

The evolution of G, as a function of temperature was used to
assess the degree of decross-linking when heating the materials
(ranging from N-1% to N-20%). To analyse the rheology data in
relation to the two-step relaxation process, a theoretical plateau
modulus (G, n) for each dynamic covalent network was calcu-
lated by taking into account the attainable cross-linking density
at a given conversion level. A full description of the approach,
calculations and output of the used Python script can be found
in the ESIL.1% As a result, statistical network compositions were
calculated by considering that a network segment can be
a trapped segment (i.e. ended by two cross-linking points), a free
linear chain (i.e. ended by two chain ends) or a dangling chain
(i.e. ended by cross-linking point on one side and chain end on
the other), based on the probability of each alcohol monomer to
react with a dianhydride compound (passsiow and Pass fasts
Fig. 4).%%%

To simplify calculations and only have one unknown
parameter, we assumed Pass = Pass slow = Pass, fast (Fig. S12-5147).
This assumption implies that the B-amino alcohols did not
form a stronger PME cross-link, an assumption which seems
warranted as essentially the same bonds are formed and broken
for both reversible equilibria. From the generated data, the
average molar mass of the trapped polymer segments between

Dangling chain

Trapped segment

A

Free linear chain

Fig. 4 Depiction of a hypothetical network composition showing
network segments (which can be composed of several building blocks)
and defects, without considering e.g. loop formation.
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each cross-link, M, irappea, as well as the weight fraction of
trapped segments, @¢apped, Were determined and related to Go
as a function of the p,s-value using eqn (3) (eqn (S7)7).

pRT

M, w,trapped

(3)

GO,N = Ptrapped

Knowing the relationship between the plateau modulus G
and association probability p.ss (see Fig. S157), the value of the
parameter p,¢s could be obtained from the experimental plateau
modulus G, at various temperatures (Fig. S16 and S177), with
representative data shown in Fig. 5a for N-1% and N-20%. The
plateau followed by a non-linear decrease in p,g with temper-
ature, which is observed for both systems, indicates that there is
only limited bond dissociation below 130 °C (viscoelastic
regime I) and a relatively sharply increasing decross-linking
above 130 °C (viscoelastic regime II). Interestingly, even at
high levels of dissociation (at short timescales), we assumed
that the polymer segments are strongly associated (i.e. short
lifetime of dissociation) and that the dynamics of the individual
polymer chains are not sufficient to introduce liquid-like
physical flow (Fig. 5b).*>*> In other words, while a significant
build-up of free chain-ends does reduce the elasticity of the
network, diffusion over a large distance is limited due to a high
interaction energy.®® To detect macroscopic relaxation or flow,
a dissociated intermediate must first find a new partner, which
takes time and has its own thermal barrier.

In order to describe and predict the shift in equilibrium
towards dissociation as a function of temperature, we hypoth-
esised that p,ss could be related to the dissociation constant
(Kaiss) according to eqn (S14) and (S15).1 Interestingly, this K-
value closely matched previously determined equilibrium
constant values for ester formation, indicating that the moduli
of the network can in fact surprisingly be used as a macroscopic
observable to directly monitor a dissociation equilibrium in
these systems.®”” Furthermore, Van 't Hoff plots were con-
structed by plotting —In Ky;ss against 1000/7 (Fig. S187), with the
linear part of the curve used to characterise changes in disso-
ciation enthalpy (A.H) and entropy (A,S) (eqn (4)). Fig. 6 shows
a summary of both thermodynamic parameters for N-1% to N-
20%.

AH AS

In(Kys) =~ + (4)

When comparing AH values, one can conclude that the
dissociation enthalpy increases with decreasing tertiary amine-
content with a shift of roughly 20 k] mol™" (Fig. 6a, blue).
Moreover, bond scission was characterised by a large gain in A.S
confirming the fact that the decross-linked intermediate state is
entropically preferred (Fig. 6b, blue), resulting in a significant
shift in the bonding equilibrium at high temperatures.* Finally,
to validate our results, we investigated whether similar ther-
modynamic data could be obtained wusing calorimetry
measurements. To that end, temperature-modulated DSC
analysis was carried out between 80 °C and 160 °C (Fig. S197),
where an increase in molar heat capacity (Cp,) could be related to

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05528g

Open Access Article. Published on 21 October 2022. Downloaded on 3/27/2026 6:17:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

a)

o8] Viscoelastic regime I Viscoelastic regime Il

0.6 1

pass

0.5+

0.4 1

N-1%
® N-20%

0.3 1

T T T T T T
110 120 130 140 150 160
Temperature (°C)

View Article Online

Chemical Science

b)
1E+06 o
©
a
2 1E+05
=)
©
o
£
5 1E+04 4
T
x
o
Q
X 1E+03 4
——N-1% 110 °C
——N-20% 110 °C
—— N-1% 160 °C
—— N-20% 160 °C
1E+02 T T T T T
10° 10" 102 10° 10*
Time (s)

Fig. 5 Temperature dependence of (a) association probability (pass) and (b) stress-relaxation data at 160 °C and 110 °C for N-1% and N-20%.

a)

1104

100 4

90

80

70

Dissociation enthalpy (kJ.mol™")

® AH (modelling)
® AH(mDSC)

60

T T T T
N-1% N-5% N-10% N-20%

Sample

b)

260

N

5

o
1

N

N

o
1

200 i

180 1
® AS (modelling)
® AS (mDSC)

Dissociation entropy (J K-'mol™)

-
(2]
o

T T T T
N-1% N-5% N-10% N-20%

Sample

Fig. 6 Overview of obtained (a) dissociation enthalpy (A,H) and (b) entropy (A,S) values after modelling of rheology data and temperature-

modulated differential scanning calorimetry (mDSC) analysis.

the thermodynamic functions of dissociation using eqn (S18)
and (S20),} respectively.®** A good agreement was found
between the thermodynamic values obtained by modelling and
mDSC measurements, as indicated in red in Fig. 6a and b,
supporting our findings. Moreover, the obtained values were in
the same order of magnitude to the ones obtained by Rowan
and co-workers on the dissociation of hindered urea bonds.”

Impact on network viscosity

The preceding discussion was critical in determining the
precise molecular origin of a viscosity change (i.e. “the chem-
ist's point of view”). Furthermore, with all of the viscoelastic
parameters listed above, accurate apparent viscosity (Dapparent)
values could now be calculated using the Maxwell relation (n =
Gt). Specifically, heating from 120 to 160 °C reduced the
viscosity drastically from 10°-10° to 10°~10° Pa s for N-1% to N-
20%. Surprisingly, a quasi-linear Arrhenius plot with identical
Ej fiow Of ~250 K] mol " for N-1% and N-20% was obtained by

© 2022 The Author(s). Published by the Royal Society of Chemistry

plotting In(Napparent) against 1000/T" (Fig. 7). This highlighted
again that important data can be “hidden” and care should be
taken when relating macroscopic parameters of dynamic cova-
lent networks to the underlying rich molecular landscape.

Potential of the rheological method

Until now, the presented rheological method has only been
used to investigate viscosity changes in a dissociative model
system that affected both G[T] and t[T]. However, vitrimers
being associative dynamic covalent networks are generally
distinguished by a constant cross-linking density, implying that
the Napparent 1S frequently solely controlled by the kinetics of
a bond exchange reaction t[7], greatly simplifying the analysis.
Nonetheless, from a (re)processing viewpoint, attaining equally
sharp changes in viscosity within a reasonable temperature
interval can be quite challenging. To this end, our research
group recently demonstrated that the use of acidic additives can
greatly accelerate material flow of vinylogous urethane (VU)

Chem. Sci., 2022, 13, 12865-12875 | 12871
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Fig. 7 Viscosity plot showing the effect of increasing amounts of
tertiary amine content from N-1% to N-20% close to the dynamic ester
bond.

vitrimers.”>”* As a result, external catalysis of VU vitrimers was
chosen as a second model system in this study to demonstrate
the approach's broad applicability beyond a single chemotype,
cross-linking mode or rate-enhancing effect.

For this, a reference material was prepared according to
a previously reported procedure by reacting 1,1,1-trimethylpro-
pane trisacetoacetate (5) and Priamine 1074 (6) in a stoichio-
metric ratio of 15 mol% excess primary amine groups (VU-ref,
Fig. 8a). Subsequently, an acid-catalysed VU network was syn-
thesised by adding 10 mol% of para-toluenesulfonic acid
(pTsOH) to the same formulation (VU-pTsOH). A summary of
the thermomechanical properties of both networks was added
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o
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Fig. 8
data of VU-pTsOH from 160 °C to 120 °C.
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Fig. 9 Viscosity plot indicating the effect of introducing an acid
catalyst in a vinylogous urethane vitrimer.

to the ESI (Table S3t). After reprocessing the samples using
compression moulding at 150 °C for 1-5 min, depending on the
acid content, viscoelastic properties could be assessed via
stress-relaxation experiments.

When looking at the normalised stress-relaxation measure-
ments from 160 to 120 °C (Fig. 8b and ¢ and S20%), also in this
case a clear deviation from the single Maxwell model could be
identified as a result of ‘acid-rich’ and ‘acid-poor’ polymer
segments with different exchange kinetics. The corresponding
viscoelastic parameters (Fig. S217) could be calculated by fitting
the data to the double exponential function in eqn (1). Unlike
the PME system described above, which relied on favourable
AS* values to increase relaxation, acid catalysis in VU

(pTsOH)

—— 160
——150
—— 140
—130
——120
- - Fit

Normalised relaxation modulus

33333

107" 10° 10' 102 10° 10*
Time (s)

(a) Vinylogous urethane network formation with and without acid catalyst. (b) Single and (c) double exponential fit to the stress-relaxation
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transamination resulted in a substantial decrease in apparent
AH* values, effectively lowering the energy barrier for exchange
by around 50 kJ mol .

Following that, the obtained viscoelastic parameters were
again used to calculate apparent viscosity values and draw an
Arrhenius plot, yielding E, g, values ranging from 100 to 150 kJ
mol " (Fig. 9). Moreover, because the same approach was
applied for both an associative and dissociative system (by
accounting for the contribution of kinetics and/or thermody-
namics), the attainable network viscosities for both systems
could be compared. As a result, it became clear that less
favourable viscosity values in the range of 107 to 10° Pa s were
obtained when heating from 120 to 160 °C for the externally
catalysed VU vitrimer system.

Conclusions

This study covered a detailed analysis of the kinetics and ther-
modynamics of bond exchange in both dissociative and asso-
ciative dynamic covalent networks. On the one hand,
dissociative phthalate monoester based networks with explicit
differences in chemical reactivity of the constituting bonds were
prepared, resulting in a two-step deformation response. On the
other hand, an externally catalysed vitrimer has been selected as
an associative counterpart in this general study. Stress-
relaxation experiments were performed and analysed by three
different ways to fit relaxation, indicating that the data could be
best described by a generalised Maxwell model using two
elements for both types of dynamic networks. The obtained
relaxation times (t*) were used to determine the activation
parameters of bond exchange for each response separately. The
separate Arrhenius plots showed that the origin of the faster
relaxation process was not enthalpic in nature for the PME-
networks, as the activation enthalpies for both processes are
very similar, but lies in the pre-exponential part. In Eyring's
formalism, this can be related to a lower entropic cost of acti-
vation for the fast process, despite its high energy barrier (~155
kJ mol ™).

An Eyring analysis thus seems to be a good way to dissect
distinct stress-relaxation phenomena. Statistical modelling was
subsequently used to relate the evolution of cross-linking
density or relaxation modulus (G,) with temperature to the
thermodynamics of bond dissociation using a Van 't Hoff
analysis. In addition, by combining this method with simple
network viscosity calculations, our approach can be generally
applied as a characterisation and comparison tool for both
associative and dissociative terms of (re)
processability.

While the reported method was validated for two specific
types of dynamic covalent networks, an identical approach is
generally applicable to several other types of dynamic network
systems. In fact, because they only differ in the timescale of
interest, the same approach could be extended to non-covalent
systems such as supramolecular networks. Furthermore, we
believe that the reported approach could become useful in the
development and characterisation of so-called hybrid materials,

systems in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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which combine multiple dynamic (covalent) chemistries with
different temperature responses.

Although the results in this manuscript focused on thermally
controlled reactivity, we believe that the same rheological
framework could be extended to study photochemical reactivity
in dynamic polymer networks. For example, local differences in
irradiation, photocuring and/or photodynamics, could be
investigated in greater detail based on similarities or differ-
ences in molar extinction coefficients of the network compo-
nents. Ideally, this could provide information about the optimal
activation wavelength for a specific photochemical process.””*
However, remaining challenges that would have to be resolved
in the latter systems are limited light penetration and homo-
geneity in the number of absorbed photons across the irradi-
ated volume.

In general, we are strongly convinced that performing
detailed rheological analysis using the generalised Maxwell
approach, and focusing on variations in relaxation time and
cross-linking density with temperature (or light) will improve
our ability to engineer, predict, and use the unique properties of
dynamic covalent networks for basic and more advanced
applications.
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