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Vitrimers are a unique class of thermosets that demonstrate reprocessability and recyclability due to dynamic bond

exchange at crosslinking sites. However, the same dynamic bond exchange predisposes vitrimers to macroscopic

deformation and creep under constant stress, which limits many practical applications. Herein, we demonstrated that the

incorporation of Janus-faced guanine-cytosine diamine (GCBDam) functionality within vinylogous urethane vitrimers leads

to significant creep resistance due to network reinforcement via hydrogen bonding. The supramolecular associations of the

GCBDam groups retarded stress relaxation at temperatures as high as 160 °C. Further, rheological data suggested that the

cooperative nature of the bifunctional Janus-faced hydrogen bonding moieties allowed the GCBDam to act as “stickers”

within the dynamic covalent networks. These results indicate that incorporating the bifunctional supramolecular moiety

improved dimensional stability while conserving the hallmark vitrimer property of reprocessability.

Introduction

Thermosets are a class of robust covalently crosslinked
polymers with exceptional thermal, solvent, chemical, and
dimensional stability compared to their non-crosslinked
thermoplastic counterparts. However, these desirable material
properties typically come at the expense of reprocessability,
recyclability, and healability. Including dynamic and reversible
covalent crosslinking in thermosets can address these
limitations by allowing the mobility needed for network
rearrangement on heating.1> Depending on the nature of the
reversible chemistry of the crosslinks, these covalent adaptable
networks can be broadly classified into dissociative covalent
adaptable networks (CANs)4® and associative CANs (i.e.,
vitrimers).”? The crosslink exchange reaction in dissociative
CANs comprises two discrete steps wherein crosslinks
dissociate, and then the resulting liberated functional groups
form new crosslinks by reacting with other functional moieties
within the network. On the other hand, crosslink exchange in
vitrimers involves bond dissociation and association in a single
reaction, which leads to a unique viscosity-temperature
relationship reminiscent of vitreous silica with network integrity
remaining intact at elevated temperatures.1° Various reversible

crosslinking chemistries have been developed,
transesterification,1: 12

including
vinylogous
and olefin

transamination  of
exchange,18
metathesis.19-26 However, a common disadvantage of materials

urethanes,1317  diketoenamine
with dynamic crosslinks is the permanent deformation (i.e.,
creep) that occurs under mechanical stress at elevated
temperatures. Creep is generally undesirable for many practical
applications.??

Considerable effort has been exerted to reduce creep by
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Scheme 1. A) Previous strategy of Janus guanine-cytosine base (GCB) motifs being
employed to prepare dissociative dynamic networks. B) Current strategy of GCB
motifs being employed to supplement associative vinylogous urethane.
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controlling the exchange chemistry of the crosslinking reaction.
Du Prez et al. demonstrated that amine exchange in vinylogous
urethane chemistry was accelerated by acid catalysis and
retarded by basic additives.?8 Recently, the same group showed
that the combination of dicarboxamide dissociation chemistry
with the associative transamination of vinylogous urethanes
suppressed creep significantly.?® 30 We reported catalyst-free
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vinylogous urethane vitrimers3% 32 and later demonstrated that
the microphase separation in block copolymer vitrimers led to
excellent creep resistance and exceptional thermal
reprocessability.33, 34

Torkelson et al. adapted the Flory Stockmeyer theory to
calculate the limiting fraction of permanent crosslinks in
vitrimers. Their calculation aimed to balance reducing creep in
a vitrimer while maintaining reprocessability,3> a strategy we
have employed in dissociative crosslinked networks.3¢ Later,
Zhang et al. demonstrated significant creep suppression upon
reaching optimum crosslinking density in vitrimers.3”

Supramolecular reinforcement by metal-ligand
coordination has been utilized to suppress creeps in vitrimers.
For example, Xu et al. reported that disulfide-cured hydroxyl
and pyridyl functionalized polyisoprene block copolymers
exhibited excellent creep resistance in the presence of Cu?* ions
through cationic coordination within the network.3® Zhu and
coworkers demonstrated that incorporating transition metal
catalysts in polyimine vitrimers led to creep suppression due to
metal-ligand coordination.3?

Physical crosslinking by hydrogen bonds has also been
utilized to enhance the properties of networks. Guan et al.
demonstrated that the incorporation of sacrificial hydrogen
bonding amides in a covalently crosslinked polyolefin network
improved the toughness.*° Gels have also been enhanced by the
incorporation of a hydrogen bond secondary network,
increasing their toughness and healability.*> 42 The utilization of
hydrogen bonds to enhance the properties of CANs has been
less explored. Yun et al. synthesized “S-vitrimers” involving
aromatic disulfide exchange where hydrogen bonds were
utilized to increase the healability.*? Sacrificial hydrogen bonds
were incorporated into an acrylate vitrimer by Zhang et al. and
showed a 4.4 times increase in the tensile strength with only a
20% addition of acrylamide.** Finally, Du et al.*>*’ have
explored the integration of hydrogen-bonding moieties into
boronate ester vitrimers. Rather than using the hydrogen bonds
for sacrificial energy damping, the authors designed the vitrimer
backbone around the incorporation of the hydrogen bond-
forming pendent group. The resulting dual networks
demonstrated enhanced creep resistance up to 130 °C, and
increased strength and toughness while remaining processable.
While the utility of supplementing vitrimers via secondary
reinforcement has been demonstrated, in most cases a high
density of relatively weak supramolecular interactions have
been employed.

In a previous report, we introduced a novel Janus-faced
guanine-cytosine base (GCB) moiety*® capable of hydrogen
bond formation from both sides of the functional group and
proposed that their associating cooperativity was responsible
for the remarkable thermal stability of networks containing
these groups (Scheme 1A).#° These results suggested that the
dynamic bond exchange of GCB controlled the mobility within
the dissociative polymer networks to result in predictable
viscoelastic flow. When initiating the current work, we
hypothesized that the low-density introduction of GCB
molecules in a vinylogous urethane vitrimer would result in
physical crosslinking that complemented the associative

2| J. Name., 2012, 00, 1-3

chemistry responsible for network rearrangement. While
hydrogen bonding has been shown to decrease creep in vitrimer
networks, we believe that the effects could be further enhanced
by the cooperative association of hydrogen bond moieties that
deter network mobility required for crosslink exchange.
Nevertheless, the dissociative nature of the GCB bond exchange
would result in a rapid decline of viscosity at elevated
temperatures to enable fast processing of the networks on
heating. Indeed, the enhanced stability of GCB hydrogen
bonding, even at temperatures well above the range at which
conventional hydrogen bonding moieties remain associated,
improved the dimensional stability of vitrimers while
maintaining  the vitrimer characteristic  of
reprocessability.

hallmark

Results and Discussion

To incorporate the GCB moiety into a vinylogous urethane
vitrimer, functionalization of the GCB core was performed by
the addition of two Boc protected hexamethylene amine groups
(Scheme S1, Figure S1-S4). The protected diamine moiety was
then converted to a trifluoroacetate salt following Boc
deprotection, resulting in GCBDam (Figure S5-S8).5° A control
diamine was synthesized via the acidification of hexamethylene
diamine with trifluoroacetic acid (HexDam-2TFA) (Scheme S2,
Figure S9)) to elucidate the role of GCB in the network exchange
reactions. Vitrimers were subsequently formed by adding either
GCBDam (Scheme 1B) or HexDam-2TFA (Scheme S4) to
trimethylolpropane triacetoacetate (TMPTAc) (Scheme S3,
Figure S10-S11) and hexamethylene diamine, ensuring that the
total amine content was maintained at a 33% molar excess.
Experimental and control networks were investigated at varying
incorporations, either 5 or 10 mol%, of GCBDam or HexDam-
2TFA. Networks formed with GCBDam were expected to feature
both covalent adaptable crosslinking and hydrogen bond-
mediated supramolecular crosslinking. As such, we refer to
these materials as 'doubly crosslinked networks' (DNyg)
(Scheme 1B), where x represents the mol% of GCBDam. As a
control, materials named 'single networks' (SNys%) (Scheme S4),
consist solely of covalent adaptable crosslinks and use x to

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. A) FT-IR spectra of DNsy and SNsy,. B) DSC thermograms of DNse, and SNse; C) FT-IR spectra of DNjgy, and SNgy; D) DSC thermograms of DNjgy, and SNigy.
(DN,y, = doubly crosslinked networks with x% of the GCBDam motif included. SN, = singly crosslinked networks with x% ditrifluoroacetate salt of hexamethylene

diamine).

denote the mol% incorporation of HexDam-2TFA. FT-IR
spectroscopy was used to characterize the vitrimers, revealing
N-H bending and C=C stretching modes at 1655 and 1600 cm~1,
respectively (Figure 1A, 1C; S12). Furthermore, gel swelling
experiments were performed to confirm the same extent of
network formation in the vitrimers containing 5% and 10% TFA
salt (Table S1). Thermogravimetric analysis (TGA) assessed the
thermal stability, revealing that the 5% decomposition
temperatures of all four networks were greater than 200 °C
(Figure S13-14). Differential scanning calorimetry (DSC) showed
that higher GCBDam content led to decreased glass transition
temperature (Tg), an observation attributed to the higher
trifluoroacetate salt concentration, which serves as a
plasticizer. Conversely, the Ty values for DNs were higher than
those for SNs, which we ascribe to the introduced hydrogen
bonding moieties;*>46 for example, T values for DNsy and DN1o%
were 71 and 70 °C, while those for SNsy and SN1g% were 60 and
52 °C, respectively (Figure 1B, 2D).

We first conducted frequency sweeps during oscillatory
rheology to investigate the effect of shear on the materials at
various temperatures. We observed that both the storage (G’)
and loss (G") modulus were sensitive to angular frequency
changes. Notably, the crossover point, indicative of the
characteristic relaxation time, shifted to
frequencies when GCBDam was incorporated into the networks
(S15-S18). This shift is likely due to the additional physical

lower angular

This journal is © The Royal Society of Chemistry 20xx

crosslinks formed in the GCBDam-containing networks. To
complement these findings, we conducted creep recovery
experiments to assess viscoelastic properties. A constant force
(stress) was applied to measure material deformation (strain)
over time. Upon releasing the stress, we monitored the rate of
strain recovery to gauge permanent deformation or 'creep.' We
found that under a stress of 0.01 MPa at 120 °C, DNsy displayed
roughly 41% less creep than SNsy. This enhanced performance
is attributed to the resilient, orthogonal supramolecular
network in the DNsg, sample. The GCB units in DNsy resulted in
a decrease in creep by up to 40% relative to the creep observed
in SNsy (Figure 2A), though the reduction in creep was
diminished as temperature increased due to dissociation of the
hydrogen-bonded network.#® Similarly, DNigx , with higher
GCBDam content, exhibited a notable 46% reduction in creep
at 120 °C in comparison to SNigy, declining to 33% at 150 °C
(Figure 2B). We reasoned that coordinated hydrogen bonding
among the GCBDam moieties significantly enhances creep
resistance. So far, creep resistance has been observed in lower
temperature regions with hydrogen-bonding reinforcement in
vitrimers, and recently Du et al. demonstrated creep resistance
of boronate ester networks up to 130 °C with a large excess of
hydrogen-bonding moieties. These materials set a new
standard in creep resistance for vitrimers fortified with only 5
and 10% supramolecular crosslinks at temperature as high as
150 °C (Figure S19-S20, Table S2-S3).

J. Name., 2013, 00, 1-3 | 3
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Finally, we characterized the viscoelastic properties of the
networks by conducting stress relaxation experiments over
time at a constant deformation of 0.3%. Usually, the

Strain (%)

Journal Name

stronger for DNsy (Figure 2C) than for DNigy (Figure 2D). We
propose that the early rapid relaxation arises from deterioration
of the hydrogen bond network, while the slower long-term
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included. SNy = sing

SNio%; E) Schematic representation o

the two mechanisms of dynamic exchange of vinylogous
= doubly crosslinked networks with x% of the GCBDam motif

is evaluated assuming
relaxation occurs through a single Maxwell mode, where T
corresponds to the time at which stress relaxation reaches
(1/e), or 37%, of normalized stress.10 12, 25 However, the data
discussed herein deviated from a single Maxwell relaxation
mode, likely due to multiple complicated relaxation modes. To
address this, we employed a three-phase exponential decay
model to fit the stress relaxation curves (Figure S21-S24). The
Arrhenius plot, obtained by varying the temperature within the
aforementioned range, displayed a linear relationship between
T and temperature. The activation energy (E,) for viscous flow
was extracted from the slope of this Arrhenius plot (Figure S25).
Intriguingly, the DNs initially exhibited rapid stress relaxation
followed by slower long-term relaxation when compared to
their corresponding SN controls.>? This effect was notably

characteristic relaxation time (t)
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relaxation is due to the reorganization of the supramolecular
network via hydrogen-bond exchange (Figure 2E). The variation
in relaxation rate of DNsy with respect to SNsy resulted in a
crossover point between DNsy and SNsy in stress relaxation
plots. The crossover point shifted to shorter times as the
temperature increased due to accelerated hydrogen bond
exchange at elevated temperatures. For DNjo%, the crossover
with  SNiog% observed only at 120°C, suggesting
instantaneous hydrogen bond network rearrangement due to a
higher concentration of the GCBDam bonds (Figure 2D).
Analysis of the Arrhenius plots revealed E, values around 102
kJ/mol for both DNsy and SNse, (Figure 3A, Figure S25A). As
hypothesized,* 15 SN1o%, had a lower E,, 88 kl/mol, due to a
higher concentration of protonated species, which led to faster
enaminone exchange reactions (Figure 3B, Figure S25B).

was

This journal is © The Royal Society of Chemistry 20xx

st margins




215 Palymer:.Cl

Journal Name

However, upon 10% incorporation of GCBDam, the E; of DN1gy%
was determined to be 96 kJ/mol, slightly higher than that of
SNio% at 88 kJ/mol (Figure 3B) (Figure S25B). The activation
energy calculated from the creep-recovery experiments also
shows a similar trend (Figure S26) as those determined by stress
relaxation. This result indicates that in DNsy, the incorporation
of GCBDam was insufficient to significantly affect the E, of the
vitrimers. However, further increasing the incorporation of
hydrogen bonding moiety to 10% led to a more pronounced
change in viscous flow with temperature, resulting in faster
reprocessing of DN1gy. Interestingly, the increased E, of DN1oy is
potentially beneficial for practical application as it increases the
energy barrier for network flow while providing a sharp viscosity
reduction at elevated temperatures to allow fast reprocessing.
To investigate the influence of the GCBDam moieties on the
network integrity, a temperature ramp was conducted during
dynamic mechanical analysis (DMA). Compared to the SNs, both
DNs showed an increase in Tg. This was expected and confirms
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motion by the GCBDam moieties forming a secondary
hydrogen-bond network. Interestingly, the storage moduli (E')
at the elastic rubbery plateau regime of the DNs and SNs were
found to be very similar (Figure 3C-D). These findings suggest
that at elevated temperatures, the exchange of the GCBDam
moieties occurs more rapidly than the transamination of the
vinylogous urethane groups. Consequently, the vinylogous
urethane network functions as the permanent network, while
the GCBDam moieties act as "stickers" within this temperature
range.

To evaluate the impact of GCBDam incorporation on the
recyclability and reprocessability of the vitrimers, we subjected
both DNsy and SNsy to a series of five reprocessing cycles,
following consistent protocols as outlined in Figure $27.32 Post-
reprocessing, the materials were analyzed using FT-IR
spectroscopy, DSC, and DMA to monitor potential changes in
their properties and structure. DMA results showed marginal
fluctuations in both the Ty and storage modulus (E’) for DNsg
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Figure 3. Comparison of Arrhenius plot for A) DNsy, and SNsy; B) DN1gs and SN1gy to calculate the activation energy (E,) of the flow of networks; Comparison of
the DMA plots for C) DNsy and SNsy; D) DNjgy, and SNyoy to exhibit the network integrity at elevated temperatures. (DN,s = doubly crosslinked networks with
x% of the GCBDam motif included. SN,y = singly crosslinked networks with x% ditrifluoroacetate salt of hexamethylene diamine).

that the chains are further retarded from long-range segmental

This journal is © The Royal Society of Chemistry 20xx

across the reprocessing cycles (Table S4). These slight variations

J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins




Polymer Chemistry:

suggest only minor alterations in crosslinking throughout the
recycling process (Figure S28) due to potential oxidation of the
excess amines at high temperatures apparent from the
darkening of the reprocessed samples (Figure S27C). On the
other hand, DSC analysis revealed that the T of the recycled
material remained remarkably stable, deviating by no more
than 15 °C from the original values (Figure S30). Furthermore,
FTIR spectroscopic studies confirmed the persistent presence of
the characteristic vinylogous urethane peaks, indicating
negligible changes in the chemical structure of the networks
through multiple cycles of reprocessing (Figure S32). Similarly,
SNsy demonstrated comparable trends in its Tg, E', and chemical
structure during reprocessing, as substantiated by DMA, DSC,
and FTIR results (Figures S29, S31, S33). Further, the chemical
degradation study revealed that all the DNs and SNs can be
broken down upon mild heating in the presence of excess
amines (Figure S34). These findings establish that the GCB-
containing DNs exhibit superior creep resistance up to 160 °C
while retaining reprocessability and degradability—an
important material characteristic for potential long-term
applications and sustainability.

Conclusions

This study highlights the significant improvement in creep
resistance of vitrimers at elevated temperatures achieved by
incorporating Janus-faced GCBDam moieties. The hindered
mobility of reactive moieties in networks containing GCBDam
reduces diffusion and enhances creep resistance with preserved
reprocessability. A 10% incorporation of GCBDam resulted in
high levels of creep resistance at 150 °C, surpassing previously
reported vitrimers reinforced by supramolecular networks. At
high temperatures, the bond exchange behavior of GCBDam
exhibited faster kinetics compared to the covalent vinylogous
urethane exchange chemistry. While DNsy, showed insignificant
changes in E,, increasing the GCBDam content to 10% in DN1o%
resulted in an E, of 96 kJ/mol, as opposed to 88 kJ/mol in SN1gy.
This increase in the E, may offer advantages in practical
applications by raising the energy barrier for network flow yet
allowing for a rapid reduction in viscosity at elevated
temperatures. We believe the incorporation of Janus-faced
hydrogen bonding moieties in vitrimers holds great potential for
enhancing dimensional stability while maintaining rapid
reprocessability at elevated temperatures.
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