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Covalent adaptable networks (CANs) containing reversible cross-links impart recyclability to thermoset

materials without sacrificing their desirable properties (e.g. high tensile strength and solvent resistance). In

addition to thermal recycling, the sustainability of these materials may be further improved by incorporat-

ing bio-sourced monomers or by enabling alternate end-of-life fates, such as biodegradation or recovery

of starting materials. The alternating ring-opening copolymerisation of epoxides and cyclic anhydrides

permits the modular synthesis of polyester pre-polymers that can then be cross-linked to form dynamic

imine-linked networks. We report the synthesis and characterisation of five imine exchange polyester

CANs with varied cross-linking densities and pre-polymer architectures. While the materials exhibit

characteristic thermoset properties at service temperatures, differences in pre-polymer architecture

produce distinct dynamic mechanical effects at elevated temperatures. The networks may be thermally

reprocessed with full recovery of their tensile strengths and cross-linking densities, dissociated to pre-

polymer, or hydrolytically degraded.

Introduction

Currently, the polymer community is focused on developing
materials that are compatible with a sustainable future.1–4 This
goal requires consideration of not only how a material is
sourced, but also how to extend its functional lifetime and
promote eco-friendly end-of-life options. While permanently
cross-linked thermosets offer high thermal and dimensional
stability, they are classically non-recyclable and are conse-
quently landfilled or incinerated.4 Incorporating dynamic lin-
kages into cross-linked polymers affords covalent adaptable net-
works (CANs) that can be reshaped and reprocessed.3–11 CANs
typically exhibit robust properties at service temperatures but

flow upon thermal activation as their dynamic bonds exchange.
While traditional thermosets must be processed via injection
molding and solvent casting from monomers, CANs are amen-
able to bulk reprocessing via extrusion,12 welding,13 and 3D
printing.14 Furthermore, their mechanical properties and
chemical integrity can be maintained over multiple reproces-
sing cycles, enabling recycling for extended functional lifetimes.
Incorporating bio-sourced monomers and degradable backbone
functionalities can further improve the sustainability of CANs.

Typically, CANs are categorized by their bond exchange
mechanisms – associative or dissociative – which dictate the
thermomechanical properties of the polymers before, during,
and after reprocessing.7,8,11 In vitrimer networks, bond-break-
ing and bond-forming events occur simultaneously, typically
through an associative exchange mechanism. In 2011, Leibler
demonstrated associative exchange in a polymer network
using catalysed transesterification between pendant hydroxyl
groups and the polyester backbone.12 Isodesmic exchange pre-
vents decreases in cross-linking density, preserving the net-
work’s structural integrity during processing.11,12 In contrast,
dissociative networks contain dynamic linkages that first dis-
connect and then recombine with other partners. An early
example of dissociative CANs was reported by Wudl et al. in
2002 wherein Diels–Alder chemistry between furans and malei-
mides afforded remouldable networks.15 The viscosity of disso-
ciative materials decreases rapidly as cross-links are cleaved,
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which can improve processability. However, the thermo-
dynamic equilibrium between association/dissociation deter-
mines the cross-linking density, requiring precise thermal
control to achieve consistent mechanical properties. Notably,
“vitrimer-like” thermomechanical properties can be achieved
in dissociative networks if the exchange equilibrium is shifted
heavily towards association.16

Since the early reports by Wudl15 and Leibler,12 numerous
dynamic chemistries have been successfully employed in
cross-linked networks; however, these materials still face prac-
tical challenges. Modularity through monomer design is often
difficult, constraining potential applications due to inaccess-
ible thermal and mechanical properties. Furthermore, rela-
tively slow rates of both bond exchange and flow prompt
extended reprocessing times at high temperatures. These
intense conditions can lead to undesirable polymer degra-
dation and prevent complete recovery of material properties
after reprocessing.17 As a result, many vitrimers employ cata-
lysts to facilitate exchange at more practical temperatures, but
these catalysts can be costly and may become deactivated or
leach into the environment.18,19 Therefore, developing ther-
mally and mechanically robust CANs that exhibit fast exchange
without exogenous catalyst is particularly desirable.

Vinylogous urethanes20–22 and ureas,23 hydroxyurethanes,17

thiols,24 disulfides,25–27 silyl ethers,28,29 dioxaborolanes,30 bor-
oxines,31 and imines32–42 have been incorporated in reproces-
sable networks without added catalyst. Of these, imine
exchange is known to be particularly fast and robust under
mild conditions, and the exchange dynamics can be controlled
thermally, by water content, or with pH changes. In addition,
imines can exchange via hydrolysis (dissociative), transimina-
tion (associative), or metathesis (associative).43,44 Both aro-
matic and aliphatic imines have been incorporated into CANs

that undergo fast reprocessing and exhibit good recovery of
polymer properties over multiple cycles.32–42 Taynton and
Zhang et al. have described several polymer networks based on
imine exchange and demonstrated the effects of varied
monomer structure,40 water content,38 and carbon fiber
reinforcement39 on material properties. Several examples of
self-healing, remoulding, and shape memory facilitated by
dynamic imines have also been reported.32,33,36,37,41,42

While exchange reactions remain at the forefront of CAN
research, cross-link density and uniformity have recently
emerged as influential factors in the rheological properties of
CANs. Sumerlin and Kalow demonstrated that pre-polymer
structure (blocky versus statistical) influences the thermal and
rheological properties of acrylic dynamic covalent networks
with vinylogous urethane linkages.45,46 The authors propose
that microphase separation can isolate the dynamic linkages
in the minority phase of the material, causing higher local
cross-link concentrations in the blocky networks. Both the
blocky and statistical networks demonstrate similar stress
relaxation times and Arrhenius activation energies; however,
the blocky materials exhibit improved creep resistance. Leibler
and coworkers have also proposed that non-uniform cross-
linking caused by microphase separation could improve pro-
cessability, as phase-separated chains may plasticize the net-
works at elevated temperatures.47 Therefore, monomer struc-
tures, exchange chemistry, and network architecture must be
considered in the design and characterization of novel CANs.

The alternating ring-opening copolymerisation (ROCOP) of
epoxides and cyclic anhydrides provides a living, chain-growth
approach to synthesize aliphatic and semi-aromatic polyesters
from commercially available or readily synthesized monomer
pairs.48,49 However, ROCOP is often plagued by adventitious
initiating species (e.g. H2O), which limit the accessible molar

Fig. 1 Ring-opening copolymerisation between cyclic anhydride, an epoxide comonomer, and renewable cross-linker VG affords polyester pre-
polymers that can be cross-linked with a diamine to form dynamic imine-based covalent adaptive networks. The VG content and epoxide co-
monomer can be tuned to give different cross-linking densities, and reaction conditions can be modified to achieve gradient or statistical pre-
polymer architectures. The polymer naming convention is epoxide comonomerx%-structure, where the epoxide comonomer is either PO or GG, x%
represents the percent incorporation of epoxide comonomer with respect to 100% PA incorporation, and terpolymer structure is gradient (grad ) or
statistical (stat ). FT-IR spectra of the networks show complete consumption of aldehyde and amine functional groups and the appearance of an
imine stretch peak.
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masses and, consequently, polymer mechanical
properties.50–58 Nonetheless, polyesters are valuable commod-
ity materials with potential for eco-friendly end-of-life options,
such as hydrolytic degradation.59–63 Epoxide/cyclic anhydride
ROCOP remains an attractive platform for polyester synthesis
due to its controlled chain-growth behavior and compatibility
with bio-based monomers.50,51,64 The Coates group recently
reported the ROCOP of a vanillin-derived epoxide65,66 (VG,
Fig. 1), wherein post-polymerisation functionalisation using an
alkyl monoamine resulted in quantitative conversion of alde-
hyde to imine without cleavage of the polyester backbone.58

We envisioned that low molar mass epoxide/cyclic anhydride
polyesters containing pendant aldehydes from VG could react
similarly with a diamine to form imine cross-linked networks
with desirable mechanical properties.

Recently, a number of groups have incorporated VG and
other lignin-derived monomers into dynamic imine networks
that can be reshaped, welded, and reprocessed, or, alterna-
tively, solubilized and degraded.41,67–72 Yet to date, dynamic
imine CANs incorporating VG have been exclusively syn-
thesized via step-growth approaches from discrete small mole-
cules. Epoxide/cyclic anhydride ROCOP is a highly modular
chain-growth approach, allowing facile variation of pre-
polymer composition and architecture through comonomer
choice, stoichiometry, and reaction conditions. We propose
using ROCOP to incorporate VG into a polyester backbone
with other fully or partially bio-sourced monomers (guaiacol
glycidyl ether,73–76 GG, and phthalic anhydride,64,77,78 PA) or
propylene oxide79 (PO). Subsequent reaction with a diamine
would install dynamic imine cross-links (Fig. 1). While econ-
omically viable sourcing and “green” synthetic procedures still
need to be optimized, bio-based monomers are potentially
advantageous feedstocks as compared to commodity petro-
chemicals. More importantly, such polyester imine CANs may
be recycled via multiple avenues, including direct thermal
reprocessing, dissolution and recovery of pre-polymer, or
hydrolytic cleavage of the polyester backbone.

We have developed five polyester-based dynamic imine
materials with varied cross-linking density and moderate
renewable content. These materials exhibit high tensile
strengths and can be reprocessed multiple times with full
recovery of their thermomechanical properties. The structure
of the pre-polymer (gradient or statistical) dictates the physico-
chemical properties of the imine networks at elevated tempera-

tures but does not significantly alter their tensile properties at
service temperatures. While we present evidence that imine
exchange occurs primarily via an associative pathway in these
networks, imine dissociation can be triggered under mildly
acidic conditions to recover linear pre-polymer. Therefore,
these dynamic imine networks synthesized from ROCOP pre-
polymers exhibit valuable material properties while offering
improved sustainability through partial bio-sourcing, contin-
ued reprocessing, and triggered degradation.

Results and discussion
Polyester network synthesis

The alternating ring-opening terpolymerisation of PA and VG
with either PO or GG was catalysed by a bifunctional alu-
minium complex.80 Tuning the ratio of aldehyde-containing
VG and the epoxide co-monomer (PO or GG) enables us to
control the cross-linking density of the resultant network. We
prepared three terpolymers with 62%, 42%, and 23% PO incor-

Table 1 Pre-polymer and pristine network properties

Network Tg, pre-polymer
a (°C) Tg, network

a (°C) Tg, network
b (°C)b Td,5%

c (°C) Mx,eff
d (g mol−1) σB

e (MPa) εB
e (%) E f (GPa)

PO62%-grad 47 64 65 318 331 60 ± 4 3.7 ± 0.5 2.1 ± 0.1
PO42%-grad 52 67 76 306 219 77 ± 4 5.7 ± 0.9 2.1 ± 0.1
PO23%-grad 58 69 85 315 157 68 ± 4 4.5 ± 0.3 2.2 ± 0.1
PO35%-stat 71 57 61 319 142 61 ± 2 4.5 ± 0.4 2.2 ± 0.1
GG43%-stat 61 62 64 321 144 65 ± 7 4.5 ± 0.6 2.0 ± 0.2

aDetermined by DSC. bDetermined by DMTA. cDetermined by thermogravimetric analysis at 5% mass loss. d Mx,eff = calculated molecular weight
between cross-links. eDetermined by uniaxial elongation tensile testing at break. fDetermined by uniaxial elongation tensile testing from the cal-
culated slope of the stress–strain curve 0–0.1% strain.

Fig. 2 DMTA of imine exchange CANs derived from gradient (A) and
statistical (B) pre-polymers. Networks from gradient pre-polymers show
decreasing moduli at elevated temperatures because the networks are
plasticized by lightly cross-linked polymer tails, greatly decreasing the
viscosity of the materials. Networks from statistical pre-polymers exhibit
extended rubbery plateaus due to their uniform cross-links. Storage
moduli are represented by solid lines (left axis) and tanδ values are rep-
resented by open circles (right axis).
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poration relative to PA (POx%-grad series). We found that these
pre-polymers exhibited a gradient structure as a consequence
of the high polymerisation temperature (80 °C) forcing volatile
PO into the headspace (vide infra). We therefore reduced the
reaction temperature and volume to synthesize a statistical
analogue (PO35%-stat) to directly compare the effect of pre-
polymer architecture on the ultimate network properties. Our
renewable network, GG43%-stat, has a similar VG content and
statistical pre-polymer architecture to PO35%-stat. We targeted
low molar mass materials (3–6 kDa) to exclude the effects of
backbone entanglement on the observed properties of the
final networks.81,82 The pre-polymers contain 7–11 aldehydes
per chain and exhibit glass transition temperatures (Tg)
between 49–71 °C (Table 1). As in most ROCOP systems, the
molar mass distributions exhibited moderate bimodality due
to the presence of both catalyst-derived monofunctional
initiators and adventitious bifunctional initiators (i.e. water,
diol, or diacid) (Fig. S2†). Multimodal molecular weight distri-
butions can significantly alter properties of linear
materials,83–85 but we anticipated that this effect would be
mitigated upon cross-linking to form an infinite network.

A liquid diamine, 2,2′-(ethylenedioxy)bis(ethylamine), was
selected as a cross-linker due to its miscibility with pre-
polymer in solution. An amine : aldehyde ratio of 0.98 : 1 was
used to promote high amine consumption, minimizing the
amount of residual free amine that could react with the poly-
ester backbone (vide infra). Pre-polymer and diamine were
combined in THF, and this mixture gelled within 5 minutes.
Slow evaporation of the solvent over several hours facilitated
the formation of homogeneous materials. The networks were
cured at 100 °C under dynamic vacuum for 12 hours to remove
water from the system and thus drive the aldehyde/imine equi-
librium towards imine formation.

Once cured, the networks were processed in a hot press at
90 or 100 °C for 30 minutes to produce smooth, homogeneous,
clear yellow films (Fig. 1) that could be used for tensile and
dynamic mechanical testing. FT-IR spectroscopy results con-
firmed high conversion of aldehyde and amine to imine. In all
cases, the spectra showed the disappearance of the aldehyde
CvO (1681 cm−1) and amine N–H (3375 cm−1) stretching
peaks, as well as the appearance of an imine CvN (1642 cm−1)
stretching frequency (Fig. 1, Fig. S1 and S36–S40†). The films
demonstrated gel fractions in THF that were quantitative or
nearly so (≥94%) for four of the five networks (Table S5†).
Notably, the network with the lowest targeted cross-linking
density, PO62%-grad had a relatively low gel fraction of 76%.
While Flory–Stockmayer gel point calculations support
sufficient cross-linking to form an infinite percolating
network, some unincorporated chains remains.86,87

To study possible polyester cleavage and irreversible amide
formation, pre-PO62%-grad and aldehyde-free PA-alt-PO poly-
esters were separately reacted with n-hexylamine and subjected
to curing conditions. In both cases, the absence of amide
peaks in the 1H and 13C NMR spectra and minimal tailing in
the GPC traces suggest that amidation was negligible under
these conditions (Fig. S6–S11†). Nevertheless, we avoided pro-

longed heating of the networks above 100 °C to minimize any
undesirable amidation. Because the cross-linked materials
maintained their tensile and rheological properties over mul-
tiple reprocessing cycles (vide infra) and no chemical changes
were observed by infrared spectroscopy (FT-IR, Fig. S36–S40†),
we believe that irreversible amidation was avoided.

Polyester imine network properties

The thermal and mechanical properties of the cross-linked
networks were characterized (Table 1). Differential scanning
calorimetry (DSC) showed that the Tg values of all networks
were well above room temperature (57–69 °C) (Table 1). As the
PO content decreased and cross-linking density increased in
the POx%-grad series, the Tg values increased (Table 1). Tensile
testing revealed the strong, brittle nature of the films, similar
to the tensile behaviour of typical thermoset resins. The stres-
ses at break were near 70 MPa for all materials, indicating that
tensile strengths at room temperature were independent of
cross-linking density or comonomer composition (Table 1,
Fig. S31–S35†).

Changes in network properties due to cross-linking density
were observed using dynamic mechanical thermal analysis
(DMTA) (Fig. 2). As expected, increasing VG content in the POx

%-grad materials resulted in increasing storage moduli at elev-
ated temperatures. The calculated molar mass between cross-
links (Mx,eff ) increased from 117 to 219 to 292 g mol−1 as the
VG content decreased from 77% (PO23%-grad) to 58% (PO42%-
grad) to 38% (PO62%-grad) (eqn (S1)†), further verifying the
modularity and efficient curing of these networks. The calcu-
lated Mx,eff values for PO35%-stat and GG43%-stat were compar-
able at 142 and 144 g mol−1, respectively.

DMTA profiles can be used as evidence for associative
versus dissociative exchange mechanisms within CANs. An
extended rubbery plateau above the Tg is characteristic of a
preserved cross-linking density and is therefore expected for
networks undergoing associative exchange reactions. By con-
trast, decreasing modulus—and thus decreasing cross-linking
density—at elevated temperatures can be attributed to bond
dissociation on timescales faster than the measurement.16

Because each network contains the same dynamic functional-
ity, we anticipated similar DMTA profiles for all materials;
however, we observed two distinct behaviours (Fig. 2). Both
PO35%-stat and GG43%-stat exhibit an extended rubbery
plateau past 70 °C, consistent with an associative mechanism.
By contrast, the POx%-grad networks exhibit abridged plateaus
before their moduli begin to decrease at elevated temperatures.
In fact, the viscosity at elevated temperature was so low that
the sample length extended up to 300% during DMTA
(Fig. S12–S16 and S27†). We hypothesized the decreasing
moduli and elongation of the POx%-grad materials could be
attributed to either dissociative imine exchange or thermo-
mechanical effects related to polymer architecture.

In 2017, Rowan and co-workers studied the effects of dis-
sociation rate on the rheological properties of a series of
N-alkyl-substituted poly(alkylurea-urethanes).16 The authors
observed that the rubbery modulus remained constant while
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the bond equilibrium was shifted towards associated ureas.
However, at a critical temperature (Tflow), dissociative processes
dominated and caused the plateau modulus to drop as the
cross-linking density decreased. As mentioned, imine
exchange can operate through dissociative mechanisms that
are thermally activated or water-catalysed.40–44 For our
materials, it is unlikely that changing the pre-polymer compo-
sition or architecture would alter the reaction mechanism
between VG and the diamine cross-linker, particularly since
each epoxide unit is effectively isolated by alternation with PA.
Furthermore, elevated temperature solvolysis experiments
revealed that the networks do not dissolve in pH neutral sol-
vents, even above the Tg at 120 °C (vide infra, Fig. S54–S57†).
This solvent resistance is strong evidence that a dissociative
mechanism is not operative. Thus, we do not believe the POx

%-grad networks’ decreasing moduli can be attributed to cross-
link dissociation.

As previously discussed, several reports have identified
cross-link distribution and pre-polymer architecture as factors
that influence the rheological properties of CANs.45–47 Inspired
by these reports, we suspected that the observed differences in
DMTA were related to differences in pre-polymer architecture
that arose during ROCOP of GG or PO epoxide comonomers
with VG and PA. Due to their structural similarity, VG and GG
are expected to exhibit similar reactivity and thus yield a stat-
istical terpolymer. PO and VG, however, differ in steric hin-
drance and electronic activation, which may lead to different
rates of incorporation and yield blocky or gradient structures.
For example, Zhang and co-workers reported different como-
nomer reactivities of glycidyl ethers and alkyl-substituted epox-
ides with PA in phosphazene base-catalysed ROCOP.88 To
assess the relative reactivities of VG and PO, VG incorporation
was monitored over time in model ROCOPs with PA and either
PO or GG (Fig. S3†). Using a 50 : 50 VG :GG feed ratio, we
observed that GG and VG were indeed incorporated at similar
rates throughout the polymerisation with PA to afford a statisti-
cal terpolymer. In analogous polymerisations with PO and PA,
VG was preferentially—but not selectively—incorporated early
in the polymerisation, producing a compositional gradient
from 67 : 33 to 49 : 51 VG : PO (Fig. S3†). Aliquots taken during
the syntheses of the pre-POx%-grad series corroborate this gra-
dient, rather than blocky, architecture (Table S4†).

We therefore sought to synthesize an analogue to PO42%-
grad with uniformly distributed cross-links. While the POx

%-grad pre-polymer series was synthesized at 80 °C to acceler-
ate polymerisation, we recognized that volatile PO in the head-
space of the reaction vessel could exacerbate tapering. To
favour statistical incorporation of the epoxide comonomers,
we reduced the reaction temperature and minimized the reac-
tion volume. Aliquots from this reaction showed a more stat-
istical incorporation of VG: at 30% conversion, the new
material incorporated 72 : 28 VG : PO, which decreased only
slightly to 65 : 35 VG : PO by the end of the reaction period.
Gratifyingly, both networks from statistical pre-polymers
(PO35%-stat and GG43%-stat) showed an extended linear
plateau, while all three networks from gradient terpolymers

(POx%-grad series) showed decreasing moduli at elevated
temperatures (Fig. 2). We are therefore confident the gradient
versus statistical pre-polymer structures give rise to the
observed differences by DMTA at elevated temperatures.

Gradient VG incorporation impacts the uniformity of cross-
links within the network, which is known to have dramatic
effects on the mechanical properties of both dynamic45–47,89–91

and permanently cross-linked materials.92–96 Notably, Li and
co-workers modelled permanently cross-linked networks with
aggregated or dispersed cross-links and found that the storage
modulus decreased with less uniformly distributed cross-
links.96 Therefore, we propose that the inhomogeneity of
cross-linking in the POx%-grad networks causes their rapid
flow and decreasing moduli at elevated temperatures. Previous
studies of cross-linked networks have demonstrated that
pendant chains serve as plasticizers that dissipate energy
through viscoelastic relaxation processes.92–95 We suspect that
under tension at high temperatures, lightly (or even non-)
cross-linked polymer tails may slide past each other, causing
flow. PO62%-grad, which has the lowest number of cross-links,
exhibits the sharpest decrease in storage modulus during
DMTA. Increasing the cross-linking density in the gradient
materials (i.e. by increasing VG content) results in more
gradual decreases in moduli. In the future, we believe pre-
polymer structure and network homogeneity should be con-
sidered when assessing the thermomechanical behaviours of
dynamic networks.

Dynamic exchange mechanism

Fast imine exchange in the networks was observed using stress
relaxation analysis (SRA). An instantaneous shear strain was
applied at a given temperature, and the exponential decay of

Fig. 3 Representation of dynamic imine exchange in a cross-linked
network (A). Stress relaxation analysis of GG43%-stat shows τ* values less
than 10 s at temperatures above 105 °C (B). The Arrhenius activation
energy of 69.5 ± 4.2 kJ mol−1 for imine exchange in GG43%-stat was
determined using stress relaxation rates from 105–120 °C (C).
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the resultant stress was measured over time. Characteristic
relaxation times (τ*) were determined when the stress reached
37% (1/e) of its initial value. The rapid flow of the POx%-grad
series (vide supra) prohibited accurate measurements of relax-
ation time in a parallel plate geometry. GG43%-stat, which
showed an extended rubbery plateau, was therefore selected as
a representative sample for SRA. This network exhibited
remarkably fast relaxation rates, with τ* values between 1 and
10 seconds at 105 to 120 °C (Fig. 3). For exchange processes at
a given temperature well above the network Tg, the observed
relaxation rates typically depend only upon the energy required
for chemical exchange.5 Therefore, τ* can be used as a repre-
sentative rate to determine the Arrhenius temperature depen-
dence of bond exchange in a network. Below 105 °C, GG43%-
stat was too close to its Tg to exhibit classic exponential decay
(Fig. S29†). Above 120 °C, the stress relaxation was so rapid (τ*
= 1.5 s) that reduced instrument resolution resulted in large
errors across multiple runs. Therefore, values of τ* were
measured between 105–120 °C, and the resulting Arrhenius
activation energy (Ea) for GG43%-stat was 69.5 ± 4.3 kJ mol−1

(Fig. 3).
In CANs, the Arrhenius activation energy and pre-factor τ0

can be used to determine the topological freezing temperature
(Tv) at which bond exchange is sufficiently fast to rearrange
network topology (eqn (S2) and (S3)).5,12 The theoretical Tv of
GG43%-stat is −22 °C, which is well below its Tg value. This cal-
culated value implies that at service temperatures, bond
exchange is frozen not by imine exchange kinetics, but by the
lack of chain mobility. As the network is heated above its Tg,
reorganisation is initially diffusion-controlled until sufficient
thermal energy enables facile motion and Arrhenius
exchange.6,18

The fast relaxation dynamics of the cross-linked networks
prompted us to explore the mechanism of exchange. Imines
are known to exchange by dissociative processes (hydrolysis)
and/or associative processes (transimination with a primary
amine or imine metathesis).43,44 The polyester imine networks
were cured at 100 °C (well above Tg) under dynamic vacuum,
and thus should contain minimal residual water to catalyse
the dissociative pathway. Additionally, Chao et al. demon-
strated through small molecule models that hydrolysis was sig-
nificantly slower than amine-catalysed transimination: 1.2
equivalents of water relative to imine were required to
approach the rate obtained with 0.1 mol% of primary amine.33

We therefore sought to distinguish between the two poss-
ible associative mechanisms by monitoring imine exchange in
small molecule models by 1H NMR spectroscopy. Because of
the rapid reaction in solution, kinetics experiments were con-
ducted below 0 °C. Mixing equimolar amounts of model two
imine compounds in CD3CN at −20 °C afforded little conver-
sion to their cross-products over the reaction period
(Fig. S51†). Warming the reaction to ambient temperature pro-
duced no further conversion. However, addition of a catalytic
amount of neopentyl amine yielded a statistical distribution of
imine products even at low temperatures (Fig. S51 and S52†).
The rate of imine metathesis is therefore negligible relative to

that of amine-catalysed transimination in this model system.
Monitoring the reaction progress over −30 to −5 °C afforded
rate constants kobs that were used to calculate an Arrhenius
activation energy of 36.5 ± 2.1 kJ mol−1 for amine-catalysed
transimination (Table S12 and Fig. S53†).

The large discrepancy between the small molecule model
and the network Ea values warrants a more detailed mechanis-
tic analysis that is beyond the scope of this study.7,11 Low
soluble fractions suggest there is minimal unreacted amine
present in the networks. However, limited mobility of these
moieties could restrict amine-catalysed transimination.
Previous CANs have demonstrated Arrhenius activation ener-
gies which match or surpass those of small molecule models;
any discrepancies are typically attributed to the energetic
requirements of polymer segmental motion.97,98

As a complementary approach, common laboratory solvents
were screened in order to identify conditions under which the
networks dissolved, which would suggest dissociative pro-
cesses (Fig. S54 and S55†). The materials swelled in water, di-
chloromethane, and tetrahydrofuran and exhibited no signifi-
cant changes in acetone, ethyl acetate, toluene, and hexanes;
in all these solvents, the networks remained intact when sub-
merged over multiple days. Importantly, the networks also did
not dissolve when heated above the Tg to 120 °C in 1,4-
dioxane, which readily solubilizes pre-polymer (Fig. S57†). This
solvent resistance suggests that imine exchange in these net-
works is primarily achieved via an associative mechanism, as
dissociative exchange would result in dissolution. Notably,
chloroform dissolved representative networks PO35%-stat and
GG43%-stat in under six hours. This dissolution in chloroform,

Fig. 4 Imine-exchange CANs were repeatedly ground into granules
and pressed in a hot press to reform homogenous, cross-linked net-
works. Particulates must have sufficient time to flow together and fully
fuse in order to recover mechanical properties (A). The optimized repro-
cessing procedure for representative network GG43%-stat shows full
recovery of tensile properties (B) and cross-linking density (C) after three
reprocessing cycles.
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but not dichloromethane or water, suggests an acid-catalysed
process given trace acid typically found in chloroform. When
submerged in a 5% solution of triethylamine in chloroform,
the networks swelled but did not dissolve (Fig. S56†).

Vitrimer-like reprocessing

CANs represent a notable improvement over permanently
cross-linked materials due to their reprocessability. To demon-
strate this key attribute, we ground each of the imine cross-
linked polyester networks into ∼1 mm wide granules and
reprocessed the materials over several cycles in a hot press
(Fig. S12–S21†). After each cycle, the materials were analysed
by DMTA and uniaxial elongation experiments to assess the
cross-linking density and the tensile strength recovery,
respectively.

Reprocessing conditions were optimized over three cycles
using GG43%-stat (Fig. 4). The first cycle (90 °C, 5 minutes)
yielded visually homogeneous dogbones with near quantitative
recovery of cross-linking density by DMTA. However, the stress
at break was significantly lower (∼50%) relative to the pristine
material. Although the materials were visually indistinguish-
able and cross-linking density remained unchanged through-
out the reprocessing cycles, the tensile behaviour suggests that
the material was not fully fused and likely contained micro-
scopic cracks that caused premature fracture at relatively low
stress. The reprocessing time and temperature were increased
for the second cycle (100 °C, 15 minutes), which significantly
improved tensile strength recovery (∼80%). Finally, extending
the processing time (100 °C, 30 minutes) afforded identical
films with near quantitative recovery of tensile strength and
cross-linking density. Therefore, it is important to consider
not only the rate at which the dynamic bonds exchange, but
also the macroscopic flow rate required for a material to fuse.

The optimized reprocessing procedures provided full recov-
ery of tensile strength and cross-linking density for all five net-
works (Fig. 5, Fig. S22–26 and S31–35†). The pristine and
reprocessed materials were all identical in appearance (Fig. 5),
and no chemical changes were observed via FT-IR spectroscopy
(Fig. S36–S40†). Additionally, these polyester imine materials

require relatively short reprocessing times at moderate
temperatures.

Alternative end-of-life fates

While imine-based CANs likely rely on an associative mecha-
nism in bulk networks, dissociation can be triggered under
aqueous or acidic conditions to regenerate the starting
materials.68,70,72 Based on our solvolysis experiments, we
anticipated that dissolution of the polyester imine networks in
mildly acidic environments would enable pre-polymer recov-
ery. 1H NMR spectroscopy of the PO35%-stat dissolution pro-
ducts in CDCl3 revealed a ∼93 : 7 ratio of imine : aldehyde
(Fig. S58†), suggesting some intramolecular loops or pre-
polymer dimers and trimers remain. Addition of two equiva-
lents of HCl (12 M) with respect to VG resulted in nearly quan-
titative dissociation by 1H NMR spectroscopy (Fig. S58†). Upon
scaling up, pre-polymer could be recovered in 91% yield after
precipitation into methanol. The 1H and 13C NMR spectra of
the recovered material were consistent with those of pristine
PO35%-stat (Fig. S60 and S61†). However, the GPC trace of the
recovered polymer revealed a slight increase in both peak
molecular weight and the amount of high molecular weight
components, consistent with a small amount of pendant
amine and dimerisation, respectively (Fig. S62†). This recovery
strategy represents an orthogonal recycling approach to
network reprocessing. Alternatively, polyester backbones may
be hydrolytically degraded under acidic, basic, or enzymatic
conditions.59–63

Conclusions

The ring-opening copolymerisation of epoxides and cyclic
anhydrides provides a modular platform to synthesize alde-
hyde-containing polyester pre-polymers with varied architec-
tures. Cross-linking these linear polyesters with a flexible
diamine affords reprocessable thermoset materials with high
tensile strengths and solvent resistance. Although the net-
works demonstrate similar mechanical properties at service
temperatures, pre-polymer composition and structure signifi-
cantly influence their rheological behaviour at elevated temp-
eratures: statistical pre-polymers afford an extended rubbery
plateau modulus, whereas gradient pre-polymer architectures
produce an abridged plateau followed by flow. Stress relaxation
analysis reveals rapid imine dynamics, and a solvolysis study
suggests associative exchange mechanisms (transimination or
metathesis) predominate in the networks. The polyester imine
materials exhibit quantitative recovery of tensile properties
and cross-linking density over multiple reprocessing cycles.
Triggered dissociation to pre-polymer and hydrolytic cleavage
of the polyester backbone provide additional end-of-life
alternatives to thermal recycling.

We believe the modular ROCOP approach provides a flexible
platform to probe the relationship between CAN architecture
and observed dynamics. In the future, this synthetic strategy
could permit facile variation of the relative ratio of permanent

Fig. 5 Optimized reprocessing procedures give quantitative recovery of
tensile properties for all five networks after three reprocessing cycles
(left). Tensile testing traces are horizontally offset from the origin in
increments of 1% strain for clarity. The networks are visually homo-
geneous and unchanged after three reprocessing cycles (right).
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and dynamic crosslinks in dynamic networks, exploration of
blocky, gradient, and statistical backbone effects, or compari-
son of different dynamic chemistries within the same polymer
backbone.
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