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Introduction

Vitrimer-like materials are a relatively new type of polymer
that exhibit the strength of thermosets via a crosslinked

The effect of polarity on the molecular exchange
dynamics in imine-based covalent adaptable
networks+

Sybren K. Schoustra, @@ Timo Groeneveld and Maarten M. J. Smulders @ *

Covalent adaptable networks (CANs) are a rising type of polymeric materials that consist of covalently cross-
linked polymer chains, but with the inclusion of dynamic covalent bonds, and that can perform bond exchange
reactions under equilibrium control. The dynamic behaviour of these exchange reactions within a polymer
matrix has been established to be a key parameter in the control of the material properties. Therefore, in order
to fully control the macroscopic material properties of CANs, understanding the underlying molecular
exchange processes of these dynamic covalent bonds is essential. In this work, we studied the effect of polarity
in polyimine-based CANs, and considered not only the network response itself, but also the — so far often
overlooked — effect on the exchange dynamics. By combining results from kinetic studies and material analysis
we were firstly able to show a distinct correlation between the presence of polar domains in the molecular
structure and the thermal and dynamic mechanical properties of the materials. More importantly, the presence
of polar domains also greatly affected the exchange kinetics of the dynamic imine bonds. On the molecular
level, we showed that the imine exchange could be greatly enhanced (up to 20 times) when polar groups were
present near the reactive imine species. As a result, in our polymer materials we established a tuneable range of
phase transition temperatures from glass-to-rubber and rubber-to-liquid over roughly 100 °C as a result of
either presence or absence of polar groups in the polymer matrix. Furthermore, detailed analysis in the stress
relaxation behaviour of the polyimine materials revealed three relaxation processes, which we could attribute to
the relaxation in network topology, to the imine exchange on a local level, and to the imine exchange as a
result of diffusion through the polymer network. From this analysis we were also able to illustrate the effect of
polarity on the polymer network to each of the three relaxation mechanisms.

transesterifications,"'> boronic ester exchange,*™'® 1,2,3-
triazolium exchange,'”'® diketoenamine exchange,®*°
(alkyl)urea exchange,?'* urethane exchange,**>® thiol-ene/
yne exchange,>*° and imine exchange.*’** Individually,

network structure, but are still able to be recycled, reshaped,
and even self-healed, as a result of dynamic covalent bonds
within their molecular structure.’” These dynamic covalent
bonds can perform bond exchange reactions under equili-
brium control®” to construct covalent adaptable networks
(CANs) when built into a polymer matrix.*'® By stimulating
the exchange reactions of the dynamic covalent bonds, for
example by introduction of heat or light, a molecular flow is
introduced in the material."* Several types of bond exchange
reactions have been studied over the last decade, such as
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each type of bond exchange reaction possesses different
dynamics according to the mechanism of the exchange reac-
tion.** Therefore, CANs can be synthesised with selective pro-
perties based on the type of bond exchange reaction.
However, not only the type of bond exchange reaction is
determinative for the dynamic (mechanical) response of the
material, but also the composition of the polymer matrix
plays a definitive role,®® which includes for example the
crosslinking density’” or steric effects.>* For many polymeric
materials, the effect of such network characteristics has been
evaluated for their influence on the material properties at
the macroscopic level.*"***® However, as the dynamic
mechanical properties of these materials are directly influ-
enced by the underlying molecular exchange reaction,>*%°
further understanding of the specific effects of polymer com-
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position on the molecular bond exchange of dynamic
covalent bonds in CANG is still essential.*®**

Tailoring the flexibility of polymer chains is a classic
example of a commonly applied parameter to tune material
properties, and a conventional approach for enhancing this
flexibility is by incorporating ethylene oxide (EO) moieties in
the polymer,*> as the energy barrier for rotation of the C-O
bond in ethers is considerably lower than for C-C bond
rotation in alkanes. For this reason, ethylene oxides and
similar ether moieties are frequently found in CANs.*®*3"*
One factor that is however mainly overlooked when it comes to
these ether moieties is the concomitant induced polar effect
on the polymer network (dynamics), which was previously
reported for materials that rely on ion transport.*®*° For
example, in the study by Zhao and co-workers, the differences
between polar EO linkers and apolar alkyl linkers were notice-
able as a significant decrease in the glass transition tempera-
ture (7,), as well as an increased conductivity for the polar
EO-containing materials.*® Furthermore, in a study by Polgar
and co-workers on Diels-Alder-based CANs, polarity induced
effects as a result of introduced acetate groups were shown to
affect cluster formation within the material.>® Also in recent
work on vitrimer-like anilinium salt CANSs, solvation effects as
a result of polar groups have been proposed.’ These works
thus suggest that polarity differences in CANs can have greater
consequences to the dynamic behaviour on both macroscopic
and molecular level than is typically assumed. Additionally,
such polar effects could play a distinct role in the kinetics of
the bond exchange reactions in CANs, which is a key para-
meter to their dynamic features.**>*

To investigate the role of polarity-induced effects by EO moi-
eties, we made use of a CAN consisting of dynamic imine
bonds, as we recently reported that the imine exchange was very
sensitive to electronic effects and charge distribution at the
imine bond.** Furthermore, imines are favourable materials as
they can be readily synthesised from a condensation reaction
between an aldehyde and amine at room temperature, without
a catalyst, and with water as the only side product.’*>* While
earlier work on polyimine CANs already described the effect of
solvent polarity,>>*> and moisture sensitivity,>® the quantifi-
cation of polar effects in the polymer matrix itself on the imine
exchange has not been addressed in great detail yet. Therefore,
in this study we synthesised different polyimine materials with
varying polar, EO-based moieties (also in different components)
of the polymer network (Scheme 1). With a combination of
kinetic studies using small-molecule analogues by NMR ana-
lysis, and temperature-dependent rheology experiments on the
network polymers, we were able to dissect the effect of the
polarity in the material on both the macroscopic level, and on
the molecular level of the bond exchange. Furthermore, we
obtained a better understanding in the relaxation behaviour of
CANs, as we found the stress relaxation process to proceed in
three individual phases, which we could attribute to (1) chain
distribution within the polymer network, (2) imine exchange at
a local level, and (3) imine exchange as a result of diffusion
through the polymer matrix.
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Scheme 1 Reaction scheme for the formation of dynamic polyimine
CANs from terephthalaldehyde (TA), tris(2-aminoethyl)amine (TREN) and
a tuneable dianiline (DA-X) with built-in domains being either polar

(X = O) or apolar (X = CH,) of nature. All materials were synthesised at
room temperature, followed by drying in vacuo at 50 °C.

Results & discussion
Small-molecule bond exchange studies

For the initial kinetic evaluation of the bond exchange reac-
tion, two same-sized diamine monomers (DA-X) were selected
(Scheme 1). The first consisted of a fully carbon octyl chain
(DA-C), and the second included two oxygen atoms on the 3’
and 6’ position of the chain (DA-O) to represent the EO moiety.
Once the amines have reacted with an appropriate aldehyde,
imines are formed. These imines can then perform bond
exchange reactions via either a transimination reaction with a
primary amine, or via imine metathesis with another imine.>?
In this section, the study of the kinetics of both these exchange
reactions will be divided in four parts: (1) transimination for
which the tuneable monomer acts as the nucleophile, (2) tran-
simination for which the tuneable monomer acts as the elec-
trophile, (3) metathesis for which the tuneable monomer acts
as the nucleophile, and (4) metathesis for which the tuneable
monomer acts as the electrophile (Scheme 2). The material
that is added in excess acts as the attacking moiety. The excess
is required to obtain a pseudo first-order reaction towards for-
mation of the new imine, as a 1:1 ratio would result in an
equilibrium between starting compound and product. In the
transimination reactions (Scheme 2A and B) the primary
amine acts as the nucleophile, which will attack on the C end
of the imine bond.”” For the imine metathesis reactions
(Scheme 2C and D) the material that is added in excess is con-
sidered as the attacking party (nucleophile), as the exchange
reaction of the starting material with the excess material will
be the most prominent until new equilibrium is reached.

For the first transimination reaction, in which DA-X is the
nucleophile (Scheme 2A), a benzyl imine (BI) was synthesised
and dissolved in CDCIl;. An excess of DA-X was then added to
push the reaction towards formation of the imine on the tune-
able diamine chain (IA-X) and freeing the benzylamine (BA)
from the starting benzyl imine (BI) in a pseudo first-order
fashion. The conversion over time was followed using "H NMR

This journal is © The Royal Society of Chemistry 2021
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A) Transimination for which the tuneable monomer (DA-X) acts as nucleophile

PN X SN2 @AN/\/X\/\X/\/NHZ
DA-X (Excess) CDCly 1A-X
+ —_— +
Bl BA

B) Transimination for which the tuneable monomer (DA-X) acts as electrophile
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C) Imine metathesis for which the tuneable monomer (DA-X) acts as nucleophile
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+ +
TI Bl
D) Imine metathesis for which the tuneable monomer (DA-X) acts as electrophile
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Scheme 2 Overview of imine exchange reactions. (A) Transimination
with DA-X as nucleophile, (B) transimination with DI-X as electrophile,
(C) imine metathesis with DI-X as nucleophile, and (D) imine metathesis
with DI-X as electrophile.

by integration of the imine signals of BI and IA-X. The data
(Fig. 1A) were fitted using the equation for first order reaction
kinetics to obtain the reaction rate constant (k) for the
exchange reaction (see ESIT). The determined k values for all
exchange reactions have been combined in Table 1.

For the second transimination reaction, in which DI-X is
the electrophile (Scheme 2B), imines DI-C and DI-O were first
synthesised. The imines were then dissolved in CDCl; and an
excess of benzylamine (BA) was added to push the reaction
towards the formation of the benzyl imine (BI) and transform-
ation of the imines of the tuneable chains back to amine
monomer (DA-X). The conversion over time (Fig. 1B) was fol-
lowed using '"H NMR by integration of the imine signals of
DI-X and BI. Reaction rate constants (k) were obtained using
the same procedure as before and are also presented in
Table 1.

For the first metathesis reaction, in which DI-X acts as
nucleophile (Scheme 2C), a toluene imine (TI) was first syn-
thesised and dissolved in CDCIl;. An excess of the tuneable
imine chain (DI-X) derived from benzaldehyde was then added
to push the reaction towards the formation of the benzyl imine
(BI). The conversion was followed over time (Fig. 1C), and k
(Table 1) was determined following the same procedure as
before.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Conversion as function of time for (A) transimination with DA-X
as nucleophile, (B) transimination with DI-X as electrophile, (C) imine
metathesis with DI-X as nucleophile, and (D) imine metathesis with DI-X
as electrophile. Data points were fitted according to first-order kinetic
model. Note the different timescale on the x-axis for each plot.

For the second metathesis reaction, in which DI-X acts as
electrophile (Scheme 2D), DI-X was dissolved in CDCl; and
reacted with an excess of toluene imine TI to push the reaction
towards the formation of the bis-toluene imine chain (tol,-
DI-X). The conversion was followed over time (Fig. 1D), and &
(Table 1) was determined following the same procedure as
before.

From the combined data (in Table 1) we observed that for
the transimination reaction in which the DA-X acts as a
nucleophile, that the k values were similar for the apolar and
polar compound, which thus implies that the presence of the
more polar EO moiety in the material has no observable effect
on the reaction rate. However, for the transimination in which
DI-X acts as electrophile, we observed that the ether-containing
material yielded a five-fold higher reaction rate. These results
together suggest that the reactivity of the amine is not affected
by the presence or absence of the polar EO moiety in the
material, but the reactivity of the imine is affected: the pres-
ence of the ether moiety enhances the reaction rate five-fold
compared to the alkyl chain. The observation that imines are
more affected by the polar effect than the amines might be
explained by their prominent charge separation via the (conju-
gated) C=N double bond. The transimination reaction can
also be catalysed by trace amount of acid (which could even be
water) via protonation of the imine nitrogen before formation
of the aminal intermediate, and can therefore result in faster
exchange.” As this charged species would be stabilised better
in polar media, in addition to the availability of oxygen lone
pairs to transfer the H', this could explain the enhanced reac-
tion rate for the EO-containing material. This acid-catalysed
reaction would also only affect the reactivity of the imine,
which could explain why no difference in reaction rate was

Polym. Chem., 2021,12,1635-1642 | 1637
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Table 1 First-order rate constants (k) for the imine exchange reactions, in 103 s™*

X Transimination (nucleophilic) Transimination (electrophilic) Metathesis (nucleophilic) Metathesis (electrophilic)
CH, 0.33 £0.01 1.68 + 0.33 0.20 £ 0.02 0.44 + 0.07
(@) 0.32 £ 0.03 8.88 + 0.92 2.30 £ 0.17 8.69 + 1.20

observed for different amines. For the metathesis reactions we
observed that the reaction rate increased significantly (more
than 10-fold) for the polar, EO-containing linker for both the
nucleophilic and the electrophilic reaction. Furthermore, we
observed that the electrophilic effect (~20-fold rate enhance-
ment) was slightly more prominent than the nucleophilic
effect (~10-fold rate enhancement), which suggests that the
imines of the more polar EO-containing molecules are some-
what more prone to being attacked relative to performing the
attack. Just as for the transimination reaction, trace amounts
of acid could catalyse the metathesis, and the same effects
regarding polarity in the materials could be envisioned.
Additionally, trace amounts of (unreacted) primary amine
could enhance the reaction rate via a series of fast,
uncatalysed transimination reactions producing metathetic
products.>®>°

In conclusion, from the small-molecule kinetic studies we
could clearly observe that imines of the more polar, EO-con-
taining molecules showed significantly higher imine exchange
rates, compared to the apolar, alkyl-linked molecules. This
prompted us to investigate whether these differences in mole-
cular exchange kinetics would also manifest themselves when
these exchangeable imine groups are incorporated into a
polymer matrix, by revealing different dynamic and/or thermal
material properties dependent on the nature (i.e. polarity) of
the used linker.

Thermal properties of polyimine networks

Initially the thermal properties of the polyimine materials
were studied. To this end, the polymers were synthesised using
the DA-X monomer, in combination with terephthalaldehyde
(TA) and tris(2-aminoethyl)amine (TREN) (Scheme 1). The syn-
thesis was performed in THF at room temperature, followed by
drying in vacuo at 50 °C, according to our previously reported
polymerisation procedure for polyimine materials.** Two polyi-
mine materials were synthesised: PI-C, containing the alkyl-
linked diamine monomer DA-C, and PI-O, containing the
EO-linked diamine monomer DA-O (Scheme 1). Before the
materials were analysed with the use of rheology, they were
hot-pressed into flat discs with a 10 mm diameter and 0.4 mm
thickness. As the monomer ratios were constant, and the mole-
cular lengths of DA-C and DA-O are similar, the crosslinking
density was assumed to be identical for both PI-X materials.
Using a rheology setup, a temperature sweep experiment
was performed in which the storage (G') and loss (G") modulus
were measured as a function of the temperature (Fig. 2). Over
the entire duration of the experiment, the materials were
exposed to a stress of 0.1% at a constant frequency of 1 Hz on
a temperature ramp with steps of 1 °C per 10 s. From the G’

1638 | Polym. Chem., 2021, 12,1635-1642
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Fig. 2 Representative temperature sweep curves of (A) PI-C and (B)
PI-O, where the vertical blue line indicates the glass-rubber transition
and the vertical red line indicates the rubber-liquid transition. (C) Visual
representation of the glass (blue), rubber (yellow) and liquid (red) phases
of PI-O (top) and PI-C (bottom) as a function of the temperature.

and G" curves, typically two phase transitions of the materials
were observed: from the glass to the rubber state and from the
rubber to the liquid state. The glass-to-rubber phase transition
can typically be observed as a steep decrease in the G’ when
the glass-like material is heated.>® The phase transition from
rubber to liquid can be noticed from a second steep drop in G’
at increasing temperature, or can sometimes be better visual-
ised at the crossover point of G’ and G” (tan(§) = 1).°

From the temperature sweep curves of PI-O and PI-C we
observed that both phase transitions for PI-O occurred at sig-
nificantly lower temperature than those of PI-C. These obser-
vations of decreasing phase transition temperatures for the
polar materials are in agreement with the results from the
kinetic experiments. As we discussed above, the more polar
EO-containing molecules showed a faster bond exchange reac-
tion, which would result in faster dynamic processes in the
materials. As a result, the corresponding phase transition
temperatures decreased. Furthermore, the rubber domain of
the PI-C materials is relatively small (temperature range of
19 °C) compared to PI-O (temperature range of 62 °C). This
could be attributed to a lack of chain mobility in the polymer
network of PI-C due to poor chain diffusion.

Apart from the polar effect in the diamine monomer, we
also considered the effect of more polar EO-containing chains
in the dialdehyde monomer. Therefore, we synthesised two
dialdehyde monomers (AL-X) that differ in their linker, similar
to those of the previously used diamines, where one monomer
included an octyl chain, and the other included the EO
moiety (Fig. 3).

This journal is © The Royal Society of Chemistry 2021
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O/\/X\/\X/\/O

AL-C X =CH,
AL-O X=0

Clo

AL-X

Fig. 3 Molecular structure of the tuneable dialdehyde monomer, for
which X is either CH; (AL-C, apolar chain) or O (AL-O, polar chain).

With two different aldehyde (AL-X) and two diamine (DA-X)
monomers we could synthesise four different polyimines
(crosslinked with TREN via the same procedure as before):
both diamine and dialdehyde are polar (i.e. EO-containing
linker, PI-OO), both diamine an dialdehyde are apolar (i.e.
alkyl linker, PI-CC), the diamine is polar and the dialdehyde is
apolar (PI-OC), the diamine is apolar and the dialdehyde is
polar (PI-CO).

A temperature sweep experiment was performed on the four
polyimine samples using the same rheology setup as before to
determine the phase transition temperatures (Fig. 4). From the
results we can draw a clear conclusion that the increasing
polarity lowers both phase transition temperatures. In the
extreme case where both the aldehyde and amine chains are
polar (PI-OO) the phase transition of glass to rubber was
observed at a temperature as low as 1 °C and the phase tran-
sition from rubber to liquid at 37 °C. If we compare this to the
other extreme where both monomers were apolar (PI-CC), we
observed a phase transition from glass to rubber at 119 °C,
and a phase transition from rubber to liquid above 150 °C.
This means that the phase transition temperatures were
increased by more than 100 °C by simply replacing the polar
linkers for apolar ones (that vary only in two of the eight atoms
that make up the linker). When only one of the monomers -
either de dialdehyde or diamine - was polar, we observed that
the phase transition temperatures were found in between the
two extremes. Comparing the PI-OC and PI-CO individually
shows that the phase transition from glass to rubber is similar
(57 °C for PI-OC and 59 °C for PI-CO), but the phase transition
from rubber to liquid occurred at slightly higher temperatures
for PI-OC (83 °C) compared to PI-CO (68 °C). This means that
the presence of polar domains in either the diamine or dialde-

PI-CC

PI-OC
[ Liquid
[ ]Rubber
I Glass

PI-CO

0 25 50 75 100 125 150
Temperature [°C]

Fig. 4 Visual representation of the glass (blue), rubber (yellow) and
liquid (red) phases of the PI-XX materials as a function of the
temperature.

This journal is © The Royal Society of Chemistry 2021
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hyde monomer decreases the phase transition temperatures of
the polyimine materials, with the addition that the presence of
EO moieties in the dialdehyde monomer is slightly more
effective in lowering the rubber-to-glass phase transition, and
therefore shortening the rubber phase of the material. This
slight difference between the effect of polar groups in either
the aldehyde or amine monomer could possibly be explained
by other, secondary interactions within the network, e.g. in
relation to the aromatic moieties being present next to the EO
moiety.

Stress relaxation of polyimine networks

Next to the thermal properties, the stress relaxation behaviour
of PI-C and PI-O was also investigated by applying a 1% defor-
mation to the materials and following the relaxation modulus
(G(t)) over time until it reached zero again. In this relaxation
process, we observed multiple relaxation phases, as can be
seen in the normalised stress relaxation plots (Fig. 5). Please
note that for PI-C and PI-O different temperatures needed to
be selected in order to study the relaxation behaviour. The
relaxation curves could not be accurately fitted to a one-com-
ponent Maxwell model that is commonly used for the determi-
nation of relaxation times (7) in CANs.°® However, the data
could be fitted with a three-component function (see ESIT),
revealing that three individual modes of relaxation (with
corresponding relaxation times) occur within the material: a
fast, intermediate and slow process. The relaxation curves for
PI-O and PI-C were measured at several temperatures within
their rubber state (Fig. S14t) and at every given temperature
the three relaxation times were determined (Table 2 for PI-O
and Table 3 for PI-C).

From the relaxation times of PI-O (Table 2) we observed a
clear temperature dependency for each of the three relaxation
processes: 7; changed by a factor ~3.5 over a temperature
range of 35 °C, 7, by a factor ~8, and 73 by a factor ~40. When
we compared these observations to the relaxation times of PI-C
(Table 3), we found distinct differences. Firstly, we observed
that both 7; and 73 seem to be independent of the temperature

14
0.8
= PI-C at 140 °C
e Pl-Oat20°C
0.6
o
o
G}
0.4 4
Phase 2
0.24
0 .
T T T T
0.01 0.1 1 10 100

t[s]

Fig. 5 Normalised three-step relaxation curves for PI-C at 140 °C (red)
and PI-O at 20 °C (blue).
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Table 2 Relaxation times (7) for the three relaxation processes of PI-O
at several temperatures within the rubber domain of the material. Full
table including errors is given in Table S1f

T (°C) 7, (ms) 7, (ms) 73 (ms)
20 13.7 4.4 x 10> 18.4 x 10°
25 13.2 3.3 x10% 9.6 x 10°
30 12.1 2.3 x 10> 5.1 x10°
35 9.0 1.4 x 10* 2.8 x 10°
40 7.3 1.0 x 10> 1.6 x 10°
45 5.5 0.74 x 10* 1.0 x 10°
50 5.0 0.63 x 10” 0.67 x 10°
55 4.1 0.56 x 10” 0.46 x 10°

Table 3 Relaxation times (z) for the three relaxation processes of PI-C
at several temperatures within the rubber domain of the material. Full
table including errors is given in Table S2

T (°C) 7, (ms) 7, (ms) 73 (ms)

140 1.0 1.12 x 10? 49 x 10°
145 1.0 0.94 x 10* 37 x10°
150 1.0 0.83 x 10? 32 x10°
155 1.0 0.77 x 10* 36 x 10°
160 1.0 0.70 x 10> 38 x 10°
165 1.0 0.65 x 10> 48 x 10°
170 1.1 0.59 x 10” 47 x 10°
175 1.1 0.56 x 10> 48 x 10°

for PI-C. However, 7, was dependent on the temperature, as
the relaxation time changed by a factor ~2 over a temperature
range of 35 °C.

Based on the observed three-step relaxation process and
determined 7 values as a function of the temperature, we
propose three modes of relaxation to each of the relaxation
phases, with corresponding z. The initial response (z;) of the
material when it is exposed to a stress was attributed to chain
rearrangements in the material.°"®*> This process is generally
very fast, but quickly reaches it maximum potential due to the
crosslinked structure of the polymer network.®®® Therefore, in
order to fully relax the materials, additional relaxation through
bond exchange is required.”® We do however see that this
additional relaxation through bond exchange proceeds on two
different timescales (z, and 73). This separation in two time-
scales could be attributed to imine exchange on a local level
(7,), meaning exchange between imines groups that are in
close proximity, and secondly to imine exchange through
diffusion (z3). The latter occurs on a longer timeframe, as this
mechanism requires the imine groups to diffuse through the
network as well as find partnering imine groups to perform
the bond exchange. The concept of diffusion and flow in the
materials could be provided by reptation theory,®®® which
applies to random Brownian movement of polymer strains in
entangled macromolecular structures,®” and could be extrapo-
lated to dynamic polymer networks as well.®® More flexible
chains would show an enhanced reptation process (better
“slithering” of chains),’® which in turn promotes the avail-
ability of imines as they move better through the medium.
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Regarding the mentioned three relaxation mechanisms, we
can then further discuss the observations on the stress relax-
ation behaviour between the polar PI-O and apolar PI-C
material. As can be seen in Table 2, each of the relaxation
phases for PI-O was significantly influenced by the tempera-
ture, whereas for PI-C (Table 3) only 7, showed a clear tempera-
ture response. The temperature response of the imine
exchange is expected, although the absence of a clear tempera-
ture response for the imine exchange through diffusion (z;) is
peculiar. An explanation for this absence might be found in
earlier work on cluster formation of exchanging polar groups
in apolar polymer networks.’® The diffusion of imine groups
in the apolar PI-C material might be limited as the polar imine
groups tend to cluster together. This would mean that the
local imine exchange becomes the main exchange pathway as
the imine groups are already in close reach to each other, and
the diffusion of imine groups through the polymer matrix is
limited. The observation that 7, showed stronger temperature
response for the polar PI-O material (factor ~8 over 35 °C
range) over the apolar PI-C material (factor ~2 over 35 °C
range) suggests that the increasing polarity in the polymer
network also enhances the thermal response of the imine
exchange. As 7; was found to be independent of the tempera-
ture for the apolar PI-C, this suggests that the glass transition
of the material is mainly caused by the imine exchange,
whereas for the polar PI-O material the flexibility within the
material might also contribute to the softening of the material.
Lastly, this could also add to the observation that the 73 in
PI-O showed a significant temperature response (factor ~40
over 35 °C) as both the imine exchange and network flexibility
are enhanced by increasing the temperature.

Overall, we can conclude that 7; can be linked to reptation
and is affected by the flexibility of the polymer chains.®®
Additionally, the ease of reptation alters the diffusion and
availability of exchanging imine groups, affecting z;. Cluster
formation of exchanging groups as a result of polarity in the
polymer network might cause additional alterations to 73, as
well as to 7,.°° The temperature dependency of the imine
exchange further applies to both 7, and ;. Lastly, our support-
ing kinetic data from the NMR experiments showed a clear cor-
relation between the rate of imine exchange and presence of
polar EO groups, which applies again to both 7, and z3.

Determination of the relaxation behaviour of the PI-XX
materials was harder to achieve as the materials were generally
very brittle, with the exception of PI-OO, and would break
easily at the required applied stress. Measurements in the
liquid phase of the materials were also unsuccessful as relax-
ation times were too short (<1 ms) to properly analyse.
Therefore, no in-depth stress relaxation analysis could be per-
formed on these materials. Only for the PI-OO material
(Table 4) we were able to analyse the relaxation behaviour, for
which we observed a relatively similar trend in the three relax-
ation phases as the PI-O material (Table 2). This resemblance
may result from the fact that both materials contain the polar
EO linkers. Note, however, that the two materials have
different crosslinking densities and relative polarity effects, as

This journal is © The Royal Society of Chemistry 2021
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Table 4 Relaxation times (z) for the three relaxation processes of
PI-OO0 at several temperatures within the rubber domain of the material.
Full table including errors is given in Table S3}

T (°C) 7, (ms) 7, (ms) 73 (ms)
15 11.0 3.7 x 107 12.2 x 10°
20 10.0 2.7 x 10* 7.3 x10°
25 8.0 1.7 x 10> 4.0 x 10°
30 5.7 1.1 x 10* 2.2 x 10°
35 4.1 0.76 x 10” 1.3 x10°
40 2.7 0.58 x 10” 8.6 x 10>
45 2.3 0.52 x 10” 6.4 x 10>
50 1.4 0.50 x 10” 4.8 x 10*

the PI-O material contains the small TA dialdehyde monomer,
and PI-OO contains the longer AL-O dialdehyde monomer that
also contains an additional polar EO linker.

Conclusions

Ethylene oxide and similar ether groups are commonly applied
in (dynamic) polymer materials to increase flexibility of the
material. What should, however, not be overlooked in the case
of CANs, is the polarity-induced effect of these ethylene oxide
groups on the kinetics of the dynamic covalent bond exchange,
which in turn results in alteration of the physical and thermal
properties of the material. In this study, we showed that the
dynamic exchange behaviour in polyimine CANs could be
directly related to polarity effects in the polymer matrix. Small-
molecule kinetic studies revealed that the reaction rate of
imine exchange could be enhanced by introduction of more
polar ethylene oxide groups when compared to apolar purely
aliphatic carbon chains in the monomer. Additionally, from
rheology studies on the crosslinked polymer materials we con-
cluded that the addition of the more polar ethylene oxide
groups resulted in a higher dynamic response in the materials,
which was reflected in a decrease in the phase transitions
from glass to rubber, and from rubber to liquid. Furthermore,
extensive investigations into the stress relaxation behaviour of
the materials revealed a gradual three-phase relaxation
process. These were attributed to relaxation by chain redistri-
bution within the polymer network, relaxation via imine
exchange on local level, and imine exchange after diffusion
through the network. This division in three relaxation pro-
cesses within one material offers a better physical-chemical
understanding of the dynamic behaviour of CANs and how
molecular interactions within the polymer matrix relate to
macroscopic properties of the material. These results firstly
reveal the subtle, sometimes unexpected, effect that small
changes in molecular structure can have on material pro-
perties, as reflected here in the particular changes in the
multi-step relaxation processes. Moreover, we envision that
this multi-step relaxation could also be observed in other
CANs to achieve a more precise insight in, and ultimately
control over, the molecular dynamics of the material.

This journal is © The Royal Society of Chemistry 2021
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