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We show that dynamic covalent exchange at the interface of two thermosetting polymers results in
strong bonding between the materials via creation of a new material at the interface. Thus, polymers of
significantly different polarities can be bonded without the use of adhesives. We also show that such
dynamic covalent exchange is not only limited to the interface but also penetrates into the bulk material
(ca. 20 microns), thereby creating a strong bond. The creation of a new material at the interface was
confirmed by Energy Dispersive X-ray (EDX) elemental mapping as well as a new glass transition tempera-
ture at the interface. Using this phenomenon, we show that hydrophobic, compliant polymers can also be
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used as adhesives for polar, stiff materials. We also show that such dynamic exchange also takes place in
the presence of fillers like nano-silica. Lastly, using this technique, we demonstrate the adhesive-less fab-
rication of layered materials where each layer has vastly different polarities and mechanical properties,

rsc.li/rscapplpolym thereby tuning the failures modes of the resulting composite material.

1. Introduction

Adhesives have enabled complex manufacturing processes via
bonding between materials such as composites, polymers,
metals etc."™ New adhesive technologies have generated huge
interest in the field of composite structure bonding, biological
tissue bonding, etc.> Good interfacial compatibility is extre-
mely important to obtain a strong bond.®® In this report, we
show that dynamic covalent bond exchange can occur between
two thermosetting polymers of significantly different polarities
as well as mechanical properties (Fig. 1). Bond exchange
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between such “incompatible” polymeric networks leads to an
exchange zone, i.e. a region where bond exchange creates a
new material that penetrates into the bulk region of the ther-
mosets. This type of adhesive-less bonding is fundamentally
different from other bonding techniques such as melt-
bonding of thermoplastic polymers'®'! which melt and create
bonds due to van der Waals attractive forces, intercalation of
polymer chains at the interface,"> or partially uncured
adhesives which cure on heating."®

Bonding of thermosetting polymers of significantly
different polarities as well as mechanical properties is challen-
ging and an unsolved problem in the field'* and hence, use of
external adhesives is necessary. Surface wetting of the applied
adhesive is a key parameter for obtaining a strong bond.">™’
However, when polymeric materials differ drastically in their
surface properties (e.g. hydrophobic, low surface energy silox-
anes and hydrophilic, high surface energy epoxy thermosets),
obtaining adhesion between these dissimilar materials is not
straightforward. Moreover, unlike bonding of thermoplastic
polymers where heat assisted bonding can be used, thermoset-
ting polymers do not go through a melting phase needed for
heat assisted bonding."®

Here, we show strong adhesive-less bonding between two
anhydride-cured epoxy thermosetting networks significantly
differing in mechanical and chemical properties using
dynamic covalent bond exchange. In recent years, epoxy ther-
mosets have become the materials of choice to fabricate com-
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(A) General scheme for curing of the epoxy resins with an anhydride curing agent, hexahydrophthalic anhydride (HHPA), using 2-ethyl-4-

methyl imidazole (EMI) as a catalyst. In this work, three polar thermosetting polymers were fabricated (based on bisphenol A (BisA), butane diol
(Bdiol) and polypropylene glycol (PPG)) and their dynamic covalent exchange with a non-polar thermoset of epoxy-terminated polydimethylsiloxane
(PDMS) was studied. (B) Schematic representation of dynamic covalent exchange taking place between ester bonds at the interface of materials with
drastically different surface energies. (C) Mechanism of dynamic covalent exchange between ester bonds.

posites reinforced with carbon fibres, glass fibres, nano-
particles, etc.'*™

The push towards green energy in automotive and aero-
space sectors has led to widespread adoption of fiber
reinforced composites which have a favorable strength-to-
weight ratio.>®> Adhering thermosetting epoxy polymers typi-
cally requires adhesives; however, conventional adhesives
often fail to establish a strong bond between materials with
significantly different polarities and mechanical properties.
Recently, there has been a shift towards innovative adhesion
technologies, such as induction welding and microwave curing
etc.”*™ to replace traditional adhesives.

Leibler et al. introduced the concept of vitrimers, where
dynamic covalent bond exchange leads to reprocessable ther-
mosetting polymers.”®?° In subsequent works on vitrimers,
research groups applied the concept of dynamic covalent
exchange between thermosets to create mechanically strong
materials that can be recycled and reprocessed.*® Otsuka et al.
recently published a report where they used intercalation of
polymer chains to create bonding between thermosets using
disulfide bond exchange.'> The mechanism of transesterifica-
tion in vitrimers has been subject to many studies, and the
current assumption is that neighbouring group participation
by the -OH group the energy barrier for
transesterification.**

Dynamic covalent bonds, essential for enabling reversible
bond formation and exchange, play a critical role in self-
healing materials by facilitating recovery after damage. These
bonds, often utilized in adhesive materials, allow self-healing
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polymers to autonomously repair or re-bond under specific
conditions, such as changes in temperature or pH.*>** For
instance, Wang et al. discuss how imine-based dynamic
covalent bonds contribute to self-healing in polymeric
hydrogels, highlighting their flexibility and durability in
applications that require robust yet adaptable bonding,
similar to adhesive systems. The reversible nature of these
bonds provides both adhesion and cohesion, allowing
materials to regain strength and maintain structural integ-
rity post-damage.*® Similarly, Liu et al focus on the appli-
cation of dynamic covalent chemistry in creating materials
with both self-healing and recyclable properties, emphasiz-
ing how these reversible reactions enable materials to
respond dynamically to environmental stressors. Such adap-
tability underlines the parallels between self-healing and
adhesive systems, as both benefit from dynamic covalent
mechanisms that manage stress, reduce crack propagation,
and allow for material reformation. Together, these studies
reinforce the multifunctional potential of dynamic covalent
bonds in both adhesion and self-healing, supporting the
robustness and reusability of these materials.>”

Here, we show that dynamic covalent bond exchange
between two thermosetting polymers is possible even in the
case of chemically and mechanically dissimilar thermosetting
polymeric networks, leading a strong bond between the two
thermosetting polymers. An exchange zone of ca. 20 microns
is created at the interface of the dissimilar materials, and this
zone creates an adhesive bond between these “incompatible”
polymers.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Anhydride-cured epoxy materials are well-known for their
excellent mechanical properties and UV stability,>*® making
them widely studied and increasingly popular for consumer-
grade applications, such as composite automobile wheels that
reduce axle weight and improve fuel efficiency.>’° In this
study, we employ similar anhydride-cured epoxy polymers to
highlight their versatility and applicability in both research
and commercial contexts. When epoxide resins are crosslinked
with anhydride agents (hexahydrophthalic anhydride (HHPA)),
they undergo an exothermic ring-opening reaction, forming
ester bonds and free hydroxyl groups, which generate a high
surface energy in the resulting thermosetting polymer.*° This
high surface energy, however, poses a significant challenge
when bonding with low surface energy materials, such as sili-
cone polymers.*!

2. Materials and instrumentation
Materials

All chemicals were commercially purchased and were used as
received without further purification. Bisphenol A diglycidyl
ether (DER 332) (epoxide equivalent weight, 172-176), poly(di-
methylsiloxane) diglycidyl ether (M, = 800), 1,4-butanediol
diglycidyl ether, poly-(propylene glycol) diglycidyl ether (M, =
380), hexahydrophthalic anhydride (HHPA), 2-ethyl-4-methyl-
imidazole, 4-(dimethylamino)pyridine (DMAP) and dimethyl
aniline were purchased from Sigma-Aldrich. Nano-silica
(AEROSIL-RX-200) was purchased from Evonik Opration
GmbH.

Instrumentation

Heat press. AS-ONE heat press machine was used to perform
adhesive-less bonding, typically at 160 °C for 4 hours and
applied a weight of 200 kg over 100 mm? overlap area which
corresponds to approximately 19.6 MPa pressure on the
polymers.

Scanning electron microscopy (SEM) and EDAX analysis.
Low vacuum SEM analysis was conducted using TM 3000
(Hitachi High-Technologies Co., Japan). Carbon and silicon
maps were generated using the in-built EDX gun.

Differential scanning calorimetry (DSC). A SHIMADZU
DSC-60 plus instrument was used to monitor the thermal
property and glass transition temperatures (T) of all polymers
under nitrogen atmosphere in a temperature range was of
—40 °C to 200 °C with a heating and cooling rate of 10 °C
min~'. Aluminium pans were used as sample holders. The T,
values were determined as the midpoint of the slope of phase
transition.

Mechanical analysis. Mechanical analysis of softer samples
was performed with a Texture Analyser (Stable Micro Systems)
with a load cell of 5 N and that of harder samples was per-
formed with a Shimadzu AG-X plus lap-shear tester with a load
cell of 10 kN. Mechanical analysis of samples requiring higher
loads was performed with a Shimadzu autograph AG-X plus
instrument with a 10 kN load cell. The crosshead speed was
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2 mm min~" for all cases. The reported values are the average
of four measurements with standard error for each study. The
adhesive strength was determined using following equation:

Adhesive strength (MPa) = Load (N)/Area (mm?).

Here, area =10 mm x 10 mm = 100 mm?.

Contact angle. Water contact angles were measured using a
contact angle meter (Kyowa Interface Science, Co Ltd, Japan,
Model DMs-401). Distilled water (5 pL) was used as the probe
liquid. The images were analyzed for the measurement of the
contact angles in Surftens software version 4.5. The measure-
ment of the contact angle was given by measurements of the
diameter of the base of the drop and the height of the drop,
where each drop was measured five times.

Three point bending tests. Texture Analyzer (Stable Micro
System, TA.XTplusC Texture Analyser) was used with a three-
point probe with a 50 N load cell for 3-point bending tests.

3. Experimental procedures
Synthesis of BisA thermosetting polymer (Fig. S1 and S27)

A 9.0 g of epoxy resin and 7.5 g of hexahydrophthalic anhy-
dride (HHPA) were thoroughly mixed in a Teflon beaker with
addition of 0.450 g of 2-ethyl-4-methylimidazole (5% by weight
of epoxy resin) as a catalyst. This mixture was placed in a
vacuum desiccator for 10 min to remove air bubbles. The
mixture was then poured in a rectangular shaped PTFE mold.
The thickness of the parts was kept at 2 mm (similar with
industry standards). Curing conditions: 120 °C, 4 h.

Synthesis of Bdiol thermoseting polymer (Fig. S3 and S47)

A 5.0 g of epoxy resin and 7.5 g of hexahydrophthalic anhy-
dride were thoroughly mixed in a Teflon beaker with addition
of 0.250 g of 2-ethyl-4-methylimidazole (5% by weight of epoxy
resin) as a catalyst. This mixture was placed in a vacuum desic-
cator for 10 min to remove air bubbles. The mixture was then
poured in a rectangular shaped PTFE mold. The thickness of
the parts was kept at 2 mm (similar with industry standards).
Curing conditions: 120 °C, 4 h.

Synthesis of PPG thermosetting polymer (Fig. S5 and S6+)

A 3.2 g of epoxy resin and 1.54 g of hexahydrophthalic anhy-
dride were thoroughly mixed in a Teflon beaker with addition
of 0.160 g of 2-ethyl-4-methylimidazole (5% by weight of epoxy
resin) as a catalyst. This mixture was placed in a vacuum desic-
cator for 10 min to remove air bubbles. The mixture was then
poured in a rectangular shaped PTFE mold. The thickness of
the parts was kept at 2 mm (similar with industry standards).
Curing conditions: 120 °C, 4 h.

Synthesis of PDMS thermosetting polymer (Fig. S5 and S6+)

8 g of poly(dimethylsiloxane) diglycidyl ether and 3.2 g of hexa-
hydrophthalic anhydride were taken in a Teflon beaker with
addition of 0.40 g of 2-ethyl-4-methylimidazole (5% by weight
of epoxy resin) as catalyst. This mixture was placed in a
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vacuum desiccator for 30 min to remove air bubbles. The
mixture was then poured in a rectangular shaped PTFE mold.
The thickness of the parts was kept at 2 mm. Curing con-
ditions: 140 °C, 4 h.

4. Results and discussion

Acid and anhydride curing agents are extensively used indust-
rially to crosslink epoxy resins.*” These curing agents, when
used with a catalyst, lead to a nucleophilic ring opening reac-
tion to generate an ester bond. Transesterification in acid
cured crosslinked epoxy networks has been used to demon-
strate recyclability of these “vitrimers” - a class of thermoset-
ting polymers that undergo dynamic bond exchange without
going through a phase transition.>%>%*3

In this report, commercially available epoxy resins were
cured with HHPA (hexahydro phthalic anhydride) using EMI
(2-ethyl-4-methyl-imidazole) as the catalyst (Fig. 1).*° To
demonstrate dynamic covalent exchange in incompatible poly-
mers, we chose a siloxane-based epoxide that, when cured, has
a significantly different water contact angle and mechanical
properties as compared to the other epoxy resins (Fig. 2, S9-
S11 and Table S1f). Siloxanes are widely used in material
science, industrial components and in biological devices.****
Due to the immiscibility of siloxanes with other common
carbon-rich polymers, they are incompatible for processing
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with other polymers and commonly phase separate from poly-
meric mixtures.*®*” Bonding such siloxanes to common poly-
mers is very difficult due to the hydrophobic nature of the
siloxane groups.*®*® While this property is an advantage for
many applications such as soft-lithography, it is detrimental
in cases where bonding of these siloxane polymers to other
substrates is required. Another property of siloxane containing
polymers is their mechanically compliant behaviour, which
has given rise to rapidly emerging field of soft robotics.>*

While the epoxy resins cured with anhydrides incorporate
ester groups, an should, in-theory, possess vitrimer-like pro-
perties by themselves, the temperatures required for transes-
terification in these neat polymers is too high and degradation
is commonly observed before vitrimeric transitions. In this
study, the siloxane-based epoxy polymer provides a low-T, poly-
meric network for such vitrimeric exchange and lowers the
energy barrier for transesterification, and hence, this low-T,
siloxane polymer was chosen to demonstrate this concept of
vitrimeric bonding between incompatible polymers.

The individual epoxy resins were cured separately with the
same curing agent HHPA, and the same catalyst, EMI, to gene-
rate crosslinked polymeric parts containing ester groups
within the thermosets which were confirmed by FTIR (ESI
Fig. S357). When these thermosets were placed in contact with
the siloxane-based epoxide polymer at elevated temperature
(160 °C for 4 hours) and pressure (200 kgf over 100 mm?
overlap area which corresponds to approximately 19.6 MPa
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as, in each case, the substrate fails before failure of adhesion.
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pressure), strong adhesion between these polymers was
observed (Fig. 2 and ESI Fig. S23%). Individually, both the
adhering parts are crosslinked polymers that contain no reac-
tive groups within their network. However, when heat and
pressure is applied to these polymers above their glass tran-
sition temperatures (Fig. S11-S187), ester groups from one
network undergo transesterification reactions with the ester
groups from the second network, ensuring a strong covalent
bond at the interface (Fig. 1C). This dynamic covalent
adhesion phenomenon is catalyst-independent (ESI Table S2
and Fig. S247) and a variety of tertiary amino catalysts can be
used (e.g 1l-ethyl 4-methaylimidazoles, N,N-dimethyl-
aminopyridine, N,N-dimethylaniline, etc.).

Strong adhesion is observed without use of any external
adhesives which, when measured by tensile elongation, leads
to failure of the siloxane substrate without any failure at the
interface (Fig. 2F). Bonding with all three carbon-based epoxy
resins showed a strong adhesion with similar failure-at-break
values. Thus, dynamic covalent bond exchange between dis-
similar polymers takes place even when the constituent poly-
mers have vastly different chemical and mechanical properties.
Strictly speaking, this failure-at-break value is not the strength
of the adhesion because the soft substrate (PDMS) fails before
failure of the dynamic covalent adhesion.

As this adhesion based on dynamic covalent exchange is
predominantly an interfacial phenomenon, we analyzed the
interface of these bonded materials with scanning electron
microscopy (SEM) and subsequent elemental mapping using
energy dispersive X-ray (EDX) analysis. The elemental compo-
sition across the interface of polar epoxy thermosets and non-
polar epoxy thermosets was measured by averaging over a line
scan of the EDX elemental map across the cross section of the
adhesive bond. All the interfaces show a gradient-transition
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from the siloxane-rich phase to the carbon-rich phase (Fig. 3).
Elemental mapping of silicon confirms that there is no bulk-
diffusion of silicon from one phase to the other (Fig. 3 and ESI
Fig. §25-S277).

Further evidence of extensive dynamic covalent exchange at
the interface was provided by differential scanning calorimetry
(DSC). When thin films (50 micrometers) of the two dissimilar
polymers were bonded together using the typical adhesive-less
bonding procedure, DSC traces (Fig. 4A, B and S20-227) show
not just two glass transition temperatures (of the constituent
polymers, ie. the T, for BisA thermoset is 115 °C, and that of
PDMS thermoset is —25 °C), but also a third glass transition
temperature (T = 27 °C) occurring between the individual T,s.
Similarly, new glass transition temperatures are observed in
the case of Bdiol - PDMS thermoset as well as PPG - PDMS
thermoset. Thus, the interfacial dynamic covalent exchange
creates an exchange zone which is a new material at the inter-
face with different thermal properties than those of the con-
stituent polymers.

Commercial thermosetting materials consist not only of the
neat polymeric network, but also fillers/plasticizers, etc. Fillers
such as nano-silica, titanium dioxide, etc. are extensively used
to improve the mechanical properties of the crosslinked net-
works like impact resistance, improvement in modulus,
etc.>>™® To investigate the influence of fillers in dynamic
covalent exchange at the interface, we characterized the
adhesion between carbon-rich thermosets and siloxane-rich
thermosets with nano-silica (1% by weight of the thermoset)
(Fig. S28-S307%). As seen in Fig. 4C, D and Table S31 adhesion
between these dissimilar thermosets is enhanced on addition
of the reinforcements. In all cases, we observed cohesive
failure, i.e. the bulk-adhesive fails, and no interfacial delami-
nation was observed.
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intensity counts of silicon (blue trace) and carbon (black trace) across the cross section at the interface (yellow line). In all the cases, we see an
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Film adhesives are thin polymeric films that are one of the
many types of adhesives used commercially.*>® The adhesive
film can be cut into tapes of the required areas and can then

B Adhesion of the dry-adhesive film
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be laid down by hand or by a robotic tape-laying machine to
automate adhesion of materials. Till date, such film adhesives
are thermoplastic films which melt on application of high
temperature or partially cured polymers which, after curing,
adhere the materials that are to be bonded.””® Using our
concept of adhesive-less bonding, we demonstrate a film
adhesive that comprises of a completely cured thermosetting
polymer (Fig. S31 and S327).

Thermosetting adhesives bring many advantages in
adhesion, particularly solvent resistance, no creep behavior,
thermal stability, etc.*>®* Moreover, adhesives require flexi-
bility to be able to dissipate energy throughout the polymeric
network without initiating cracks.®>®> We used our siloxane-
epoxy polymer system to fabricate a thin (100 micron) silox-
ane-rich thermosetting polymer film. When this thermosetting
polymer film was used to bond two carbon-rich epoxy poly-
meric parts, strong adhesion (1.1 MPa, Fig. 5B) could be
observed for this adhesive. This adhesive strength is compar-
able to commercially available silicone adhesives.®® Here,
dynamic covalent exchange at two interfaces creates a strong
adhesive bond. After failure, a cohesive failure mode is
observed where the adhering interfaces do not fail, but
instead, the siloxane material fails. This type of failure mode
supports the fact of excellent interfacial dynamic covalent
bond exchange, which is enhanced by application of external
pressure on the adhesive.®® In addition, these de-bonded parts
can be re-bonded with heat and pressure, again by dynamic
covalent exchange (Fig. 5C). After the first failure of these
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adhesive film can be recycled, and the parts can be re-bonded with good retention of the bonding strength. (D) A sandwich structure synthesized
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of the composite structure.
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adhesives, the parts were again kept in contact with each other
in the original configuration and subjected to the dynamic
bond-exchange conditions (160 °C, 4 hours, 20 MPa pressure,
Fig. 5C). Due to inefficient material overlap, the adhesion
strength obtained on reuse decreased by 14.11%, 16.85% and
28.68%  for  BisA-PDMS-BisA, Bdiol-PDMS-Bdiol and
PPG-PDMS-PPG respectively, but was still quite strong (Fig. 5C
and ESI Fig. S337).

This dynamic covalent exchange of incompatible materials
can also be used to create novel anisotropic materials, ie.
sandwich structured thermosets wherein mutually incompati-
ble polymers can be stacked on top of one another. We syn-
thesized BisA-PDMS-BisA thermosets as well PDMS-BisA-PDMS
thermosets to fabricate sandwich structures from incompatible
polymers (Fig. 5D and ESI Fig. S34, S35%). To confirm good
interfacial adhesion, we subjected these sandwich structures
to 3-point-bending tests until failure, and no interfacial dela-
mination is observed (see video in ESIt and Fig. 5E, F, ESI
Fig. S36, S377). Thus, such novel thermosetting materials are
accessible via this adhesive-less bonding approach, wherein,
failure modes of these composite structures can be tuned on
selection of appropriate materials.

5. Conclusion

In conclusion, we show that dynamic covalent bond exchange
can be used to create a strong adhesive bond between poly-
meric networks of vastly different polarities as well as different
mechanical properties, without use of adhesives. The adhesion
is a result of an exchange zone created across the interface of
both the polymeric networks, where formation of a new poly-
meric network distinct from the constituent networks is
observed. SEM-EDX mapping as well as DSC traces indicate
that the new material in the exchange zone has different
thermal and chemical properties as compared to the bulk ther-
mosetting materials.

We also show that this strategy of bonding between chemi-
cally incompatible thermosetting polymeric networks is com-
patible with reinforcements such as fillers, which are com-
monly used in polymer composites. Addition of nano-silica to
the individual polymeric networks led not only to an increase
in mechanical strength of the individual polymeric networks
but also to an increase in the adhesion strength on dynamic
covalent exchange.

In addition, we show that non-polar thermosetting poly-
mers can be used for adhesion of two polar thermosetting
polymers. This is surprising and challenges the conventional
knowledge in adhesives. Due to resistance to crack initiation
and propagation,®® flexible thermosetting adhesives may be
very well-suited as adhesives for high tensile strength poly-
meric composites. Moreover, we also show that such a “poly-
meric adhesive film” can be reused after adhesive failure for
re-bonding of the thermosetting polymers.

Such an adhesive-less bonding strategy could simplify
complex manufacturing chains and impart new avenues of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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research in adhesion in a variety of industrial applications,
such as aerospace composites, automotive composites, compo-
sites for renewable energy, adhesion to electronic coatings, etc.
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