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Abstract
Incorporating dynamic bonds into polymers enables static thermosets to be transformed into active materials, possessing 
the reprocessability of thermoplastics while maintaining the bulk properties of fully crosslinked networks. This new class 
of materials, termed covalent adaptable networks (CANs), has helped bridge the gap between traditional thermosets and 
thermoplastics. Here, epoxy-based adaptable networks were synthesized by combining a diepoxide monomer with an oligosi-
loxane prepolymer containing aminopropyl groups, which crosslink irreversibly, and silanolate end-groups, which participate 
in dynamic bonding. Two separate diepoxide crosslinkers were used to give a range of soft to stiff materials with a Young’s 
modulus varying from 12 MPa to 2.2 GPa. This study documents how the thermal and mechanical properties (e.g., glass 
transition temperature and modulus) are affected by compositional changes in these silanolate networks. Dynamic bonding 
also results in self-healing properties, offering the ability to repair structural polymers and composites. When combined with 
tunable mechanical properties, self-healing capabilities make these materials well-suited to be sustainable alternatives for 
many traditional thermosets. For example, we demonstrated the ability to weld a stiff epoxy thermoset to a dissimilar soft 
material, a feature traditional epoxies do not permit.
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1 Introduction

Synthetic polymers are ubiquitous in modern society due 
to the low cost and ease of processing [1, 2]. In an effort 
to improve functionality, novel polymer-based materials are 
continually being developed to support a range of indus-
tries such as packaging [3], energy [4, 5], remediation [6, 
7], biomedical [8–10], military [11], and automotive [12]. 
The increasing diversity of macromolecules has allowed 
for the development of hybrid systems; however, thermo-
plastics and thermosets remain the most common classes 
of polymeric materials. Thermoplastics rely on polymer 
chain entanglements for bulk structure and can therefore 
be melted, deformed, and reprocessed in the molten state, 

resulting in recyclable plastics for sustainability. This char-
acteristic, however, leads to poor suitability for applica-
tions that require high thermal, chemical, and structural 
stability. Thermosets, on the other hand, possess perma-
nent, rigid networks that provide strength and durability 
but lack reprocessing capabilities [13]. While thermosets 
have ideal mechanical properties due to highly crosslinked 
networks, only thermoplastics have traditionally been able 
to offer reprocessability. The push towards multi-functional 
materials and sustainability has led to the search for viable 
alternatives that can combine the robust mechanical prop-
erties of a thermoset with the reprocessing capabilities of a 
thermoplastic.

Covalent adaptable networks (CANs) are promising can-
didates to integrate the desirable properties of both polymer 
types. This class of polymers incorporates dynamic covalent 
bonds for reversible crosslinking, leading to thermosets with 
self-healing properties [14–18]. This feature can provide 
reprocessability or recycling of thermosets, giving more 
sustainable options for various applications by increasing 
the lifetime of polymer components [2, 19–21]. Dynamic 
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bonding can allow self-healing of soft, pliable polymers such 
as vibration damping parts, seals, or medical devices, which 
all commonly fail over a long-term service life [22–25]. 
Bond exchange reactions can also heal microcracks or frac-
tures that would typically render a structural or load-bearing 
part inoperative. Furthermore, dynamic bonding supports 
the recyclability of these parts once they do reach the end of 
their service life. But, in addition to sustainability, adaptable 
networks can also facilitate welding of thermosets through 
bond exchanges at the interface [26–28]. Although poly-
mer welding is typically limited to suitable thermoplastics, 
incorporating compatible dynamic chemistry into different 
thermosets can enable strong bonding between the dissimilar 
materials [29, 30]. In the case of welding soft and stiff mate-
rials together, the healing capability can help prevent delam-
ination caused by disparate mechanical properties, allowing 
different thermoset materials to work together seamlessly.

To prepare adaptable networks with a range of moduli for 
welding dissimilar thermosets, the materials should be comprised 
of both soft and stiff components to effectively tune the mechani-
cal properties. Polysiloxanes are commonly used in applications 
for soft materials like medical devices and soft robotics [31, 32] 
due to excellent chemical compatibility and low toxicity. Because 
of these properties, several methods to imbue self-healing behav-
ior into static siloxanes have been pursued [23–25, 31, 33–35]. 
Previous adaptable networks have been developed by incorpo-
rating basic species for ring opening of cyclic siloxanes [23, 33] 
or after polymerization of silanes [36]. This reaction installs 
silanolate end groups onto polymer chains, which can then react 
with other siloxanes for dynamic bond exchanges. The result-
ing adaptable networks have low glass transition temperatures 
(Tg) and moduli, giving a self-healing elastomer. Though many 
silicones are soft and flexible, recent work has also used siloxane 
equilibration for dynamic bonding within a stiff epoxy thermo-
set [36]. The silanolate-terminated siloxane oligomer contained 
aminopropyl side chains to crosslink with a diepoxide monomer 
yielding a stiff epoxy thermoset (e.g., Tg of 83 °C and Young’s 
modulus of 2.2 GPa) with good recyclability and self-healing 
capabilities [36]. However, using polysiloxanes in stiff adaptable 
networks still remains relatively underexplored.

 The work presented here focuses on siloxane/epoxy adaptable 
networks with tunable mechanical properties by pairing dynamic 
components with contrasting monomers to give materials with 
a range of moduli. Herein, we build on a previous report that 
employs a poly(3-aminopropyldimethoxymethylsilane) oligomer 
(KPAMS) as the precursor for the dynamic component within 
the epoxy thermosets [36]. We systematically studied different 
diepoxide crosslinkers (Fig. 1) to give contrasting mechanical 
properties. A flexible crosslinker, 1,4-butanediol diglycidyl ether 
(BDDE), was used to give a soft material, and diglycidyl ether 
bisphenol A (DGEBA) was used as a rigid monomer for stiff 
thermosets. For both chemistries, the ratio of starting materials 
was varied to study the thermal, mechanical, and self-healing 
properties as a function of the crosslinker concentration. Further-
more, we also demonstrated that polymer welding can be accom-
plished with fully cured thermoset networks. This provides evi-
dence that soft and stiff thermosets comprising dynamic motifs 
can be used to create complex architectures instead of relying 
on conventional thermoplastics. With this work, we show that a 
wide range of thermomechanical properties can be achieved for 
dynamic thermosets solely based on chemical variations. This 
capability allows sustainable self-healing materials that can be 
pliant or stiff for various applications such as vibration dampen-
ing pads or structural adhesives, respectively. Additionally, this 
tunability also enables easier recycling options downstream by 
avoiding the traditional composite approach.

2  Experimental

2.1  Materials

Potassium hydroxide (KOH), 3-aminopropyldimethoxym-
ethylsilane (AMS), and 2,2-bis(4-glycidyloxyphenyl)propane 
(DGEBA) were purchased from TCI America. 1,4-Butanediol 
diglycidyl ether technical grade (BDDE) was purchased from 
Sigma Aldrich. Acetone was purchased from Fisher Scientific. 
All chemicals were used as received.

Fig. 1  Synthesis of silanolate adaptable networks. Either DGEBA 
(rigid) or BDDE (flexible) crosslinker was added to the oligosiloxane 
prepolymer (KPAMS) at 40, 60, or 80 wt% to synthesize the adapt-

able networks with a range of moduli. The epoxide groups of the 
crosslinker react with the amines on the KPAMS backbone to give 
an epoxy thermoset containing silanolate groups for dynamic bonding
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2.2  Synthesis of KPAMS

2.2.1  PAMS

Oligoaminopropylmethylsiloxanediolate (PAMS) was synthe-
sized in continuous flow using a Vapourtec R-Series modular 
flow chemistry system. The flow system was equipped with R2 
C+ piston pumps and a stainless steel, high-temperature tube 
reactor. The PAMS was synthesized by reacting 25 mL of deion-
ized water (1.39 mol) with 100 mL AMS (0.58 mol) at 160 °C 
with a residence time of 60 min. Once the product was collected, 
byproducts and excess water were removed via rotary evapora-
tion to yield a colorless, viscous solution (69.7 g). Residence 
time and temperature were chosen based on analysis by matrix-
assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectrometry using a cyano-4-hydroxycinnamic acid 
(HCCA) matrix to determine molecular weight in comparison 
to polymers produced via batch reaction (Fig. S1).

2.2.2  KPAMS

The potassium silanolate derivative of PAMS, or KPAMS 
(bis(potassium) oligoaminopropylmethylsiloxanediolate), was 
synthesized based on a previously reported procedure [36]. For 
this study, potassium hydroxide content was held constant at 
5 wt%. For synthesis, PAMS and 5 wt% KOH were mixed in 
a round-bottom flask at 90 °C for 4 h. Byproducts were then 
removed via rotary evaporation to yield a viscous, slightly cloudy 
solution. Characterization by nuclear magnetic resonance (NMR) 
spectroscopy of PAMS compared to KPAMS is shown in Fig. S2. 
1H NMR spectra was obtained using a Bruker Avance 400 MHz 
spectrometer in deuterated dimethyl sulfoxide (DMSO-d6) sol-
vent. PAMS: 1H NMR (DMSO-d6, 400 MHz)—δ 1.92 (s, 5H), 
1.46–1.32 (m, 4H), 0.54–0.39 (m, 4H), 0.06 (s, 4H). KPAMS: 
1H NMR (DMSO-d6, 400 MHz)—δ 1.42 (q, 2H), 0.52 (m, 1H), 
0.51–0.29 (m, 1H), 0.10 (m, 2H), −0.00 to −0.14 (m, 1H).

2.3  Synthesis of thermoset networks

2.3.1  KPAMS‑BDDE

Cured samples for thermal and mechanical analysis were 
prepared by combining KPAMS and BDDE monomer in 
the specified ratio. The BDDE monomer was degassed by 
stirring under vacuum (∼100 torr) for 1 h prior to synthesis.  
After degassing, the two monomers were combined and 
stirred under vacuum for 15 min. The reaction mixture 
was then poured into a polytetrafluoroethylene (PTFE) 
mold which was preheated in an oven for 20 min at 80 ℃. 
The PTFE molds were machined to specific dimensions 
required for thermal or mechanical testing, which will be 
discussed in the corresponding characterization methods 
sections. After pour casting, the samples were cured in 

a two-step process (1 h at 80 ℃ and 2 h at 110 ℃) and 
removed from the PTFE molds after cooling to ambient 
temperatures.

2.3.2  KPAMS‑DGEBA

To synthesize KPAMS-DGEBA samples, DGEBA was  
first degassed for 1 h by heating to 80 ℃ and stirring while 
under vacuum (∼100 torr). Once the DGEBA was weighed 
out in the reaction vessel, 4 wt% acetone (w.r.t. total reaction 
weight) was added. The DGEBA and acetone were stirred 
for 5 min to mix before KPAMS was added to the vial. The 
mixture was then stirred under vacuum for 15 min to remove 
acetone and potential air bubbles. After mixing, the white 
KPAMS-DGEBA blend was poured into preheated PTFE 
molds (80 ℃), which were then cured at 80 ℃ for 1 h and 
110 ℃ for 2 h. Samples were cooled to room temperature 
before removal from the PTFE molds. To mitigate the for-
mation of air bubbles, the 40 wt% DGEBA formulation was 
mixed without acetone addition.

2.4  Characterization

Stoichiometric ratios of amine and epoxide groups in each 
of the adaptable networks were calculated using 1H NMR 
spectra of the starting materials with an internal standard. 
Similar amounts (∼25 mg) of the monomer and the standard 
(mesitylene) were dissolved in DMSO-d6 (1 g) to be ana-
lyzed by 1H NMR spectroscopy. From the resulting spectra, 
chosen peaks were integrated based on the standard refer-
ence peak. Aminopropyl –CH2– group peaks were used to 
calculate –NH2 content in KPAMS, and proton peaks from 
epoxide groups were used for diepoxide monomers. Peaks 
were integrated to calculate millimole of functional group 
per gram of monomer, which was then used to calculate the 
stoichiometric ratio of amines and epoxides for each adapt-
able network formulation.

In situ Fourier transform infrared (FT-IR) spectros-
copy was performed using a Thermo Nicolet 6700 FT-IR 
equipped with a Simplex Scientific heated stage. For each 
adaptable network synthesis, the two monomers were mixed 
together for 10 min before the reaction mixture was com-
pressed between two NaCl salt disks. The salt disks with 
the reaction mixture were placed in a heated stage within 
the FT-IR instrument and then programmed to heat with a 
typical curing cycle of 80 ℃ for 1 h and 110 ℃ for 2 h.

2.4.1  Material characterization

Thermogravimetric analysis (TGA) of the epoxy net-
works was performed on a TA Instruments TGA Q500. 
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Experiments consisted of a temperature ramp from room 
temperature to 800 °C at a heating rate of 10 °C  min−1 under 
a nitrogen environment to avoid oxidative thermal degra-
dation. The temperature of decomposition at 5 wt% mass 
loss for all materials was extracted from the TGA curves 
(Figs. S3 and S4) to determine thermal stability. These val-
ues were taken as the maximum operating temperature for 
further characterization. To show water removal from the 
materials, cyclic TGA experiments (Fig. S5) were conducted 
by performing TGA up to 200 °C and then repeating the test 
using the same sample. The final mass loss at the end of each 
cycle is reported in Table S1.

Each of the adaptable networks were analyzed by differ-
ential scanning calorimetry (DSC) using a TA Instruments 
Discovery DSC 2500. While under a nitrogen environment, 
samples were ramped from −50 to 150 °C for two cycles at 
a ramp rate of 5 °C  min−1. The samples were equilibrated 
for 2 min between heating and cooling. The glass transition 
temperature (Tg) was collected as the inflection point of the 
second heating cycle.

A Discovery DMA 850 (TA Instruments) was used for all 
dynamic mechanical analysis (DMA) and stress relaxation 
studies in tension mode. Samples of each of the materials 
were cast in PTFE molds (l × w × h: 20 mm × 6 mm × 1 mm) 
and cut to a width of 2 mm prior to testing. Storage modulus 
(E′) and loss factor curves, or tan δ, were obtained with an 
axial dynamic strain of 0.1% and a frequency of 1.0 Hz. The 
chosen strain was based on a strain-sweep to determine the 
region of linear response where E′ was constant prior to test-
ing. Oscillation temperature ramp studies of KPAMS-BDDE 
samples were performed from −30 to 100 °C at 5 °C  min−1, 
and KPAMS-DGEBA samples were tested from −10 to 
150 °C at 5 °C  min−1. Temperature ranges were chosen to 
ensure the E′ was recorded well into the rubbery regime as a 
means to calculate the molecular weight between crosslinks 
and to avoid instrument limitations. Glass transition tem-
peratures were recorded as the onset of the drop in E′ and 
the peak of the tan δ curve.

Molecular weight between crosslinks (Mc) and crosslink-
ing density (vc) was calculated as Eq. 1 [36–38],

where E′ is the storage modulus at Tg+50 °C, R is the univer-
sal gas constant, T is the absolute temperature at Tg+50 °C, 
and ρ is the calculated density of the material. For KPAMS-
DGEBA materials, the Mc was calculated based on the high-
est Tg. For the 60 wt% DGEBA formulation, the E′ was taken 
at Tg+ 80 °C to ensure the material was well within the rub-
bery regime.

Isothermal stress relaxation experiments were performed 
using an axial strain of 1.0% over a relaxation time of 

(1)E
�

= 3RTv
c
=

3RT�

M
c

50 min. The samples were equilibrated to the testing tem-
perature of 110 °C for 5 min prior to testing. Measured stress 
was normalized for comparison.

Soxhlet extraction was used to remove any uncured start-
ing materials by extracting with refluxing acetone for 24 h. 
The insoluble portion of the sample was then dried in an 
oven overnight at 80 °C. The gel fraction was calculated by 
dividing the weight of the dried, insoluble sample by the 
initial sample weight.

2.5  Tensile testing

Mechanical properties of all thermoset materials were 
evaluated by tensile testing of dogbone specimens. The 
test specimens were prepared after synthesis by cast-
ing in PTFE molds to dimensions following the ASTM 
D638 Type V standard [39]. The resulting dogbones were 
63-mm long overall, with the bridge having dimensions of 
10 mm × 3 mm × 4 mm (l × w × h). The KPAMS-DGEBA 
formulations were tested with an MTS Insight 5 kN Mate-
rial Testing System equipped with a 2.5 kN load cell. Softer 
samples were tested using pneumatic grips with a pres-
sure of 40 psi. Stiff materials were held in hand-tightened 
mechanical grips to prevent slipping. The KPAMS-BDDE 
samples were tested using an ADMET Planar Biaxial 
Testing System with a 50 lbf load cell and self-tightening 
grips, with the exception of self-healing samples, which 
were also tested with the MTS Insight. All tensile tests were 
performed with a crosshead speed of 2 mm  min−1. Modu-
lus values were taken as the initial slope of the resulting 
stress–strain curves. Toughness was calculated as area 
under the stress–strain curve. Error is reported as one stand-
ard deviation.

2.6  Self‑healing and polymer welding

Self-healing properties of the adaptable networks were 
evaluated by welding together fractured dogbone specimens. 
Healing conditions were chosen for consistency between 
both soft and stiff materials so polymer welding of differ-
ent thermosets could be performed using the same param-
eters. The dogbone pieces were positioned in a 3-piece alu-
minum mold (Fig. S6) and pressed together using a 30 ton 
WABASH Hot Press. As Fig. S6 shows, the mold containing 
samples was placed on the heated platen (110 °C) for 15 min 
to equilibrate before compressing for 45 min at 5 MPa. After 
welding, the mold was allowed to cool before removing the 
samples. Tensile tests of the self-healed dogbone specimens 
were performed to compare the mechanical properties of the 
pristine and healed samples. Polymer welding was demon-
strated using the same parameters.
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3  Results and discussion

To make soft and stiff epoxy adaptable networks, a diepox-
ide monomer was combined with a polysiloxane prepoly-
mer, and curing occurred by epoxy groups reacting with the 
amines on the oligomer backbone. Once cured, siloxane 
equilibration offered dynamic bond exchange reactions 
within the thermoset, as depicted in Fig. S7. Two different 
diepoxides shown in Fig. 1 were tested as crosslinkers to 
investigate the versatility of silanolate adaptable networks. 
Diglycidyl ether bisphenol A (DGEBA) was used to make 
a stiff epoxy network, and 1,4-butanediol diglycidyl ether 
(BDDE) was used to produce a soft, ductile material. To 
evaluate how compositional ratios can impact material per-
formance, the epoxy crosslinking groups were added to the 
polysiloxane in three different ratios of 40%, 60%, or 80% by 
weight of the diepoxide monomer. These formulations were 
chosen for each epoxy crosslinker to yield a solid resin with 
dynamic bonds. Formulations outside this range did not have 
enough crosslinking to yield a workable epoxy network.

Prior to making the adaptable networks, the polysilox-
ane prepolymer was prepared through the polymerization of 
3-aminopropyldimethoxymethylsilane (AMS). For this reac-
tion, AMS was oligomerized by combining with deionized 
water in continuous flow to yield oligoaminopropylmethyl-
siloxanediolate (PAMS), as shown in Fig. 2. A continuous 
flow system was used for automation and ease of synthesis 
in comparison to previous batch reaction methods [36]. Since 
flow chemistry often provides several advantages over tradi-
tional batch protocols (e.g., improved mixing, heat transfer, 
and scale-up [40–42]), this method was chosen to increase 
production due to the large material quantities needed for 
mechanical testing. This continuous approach resulted in 
more efficient and scalable synthesis of PAMS, with a pro-
duction rate of 5.6 g  hr−1. For comparison, AMS was con-
sumed at a rate of 7.6 g  hr−1 in flow compared to 2.3 g  hr−1 
in batch.

Once PAMS was synthesized, the oligomer was then func-
tionalized with silanolate end groups to facilitate dynamic bond 

exchanges. Potassium hydroxide (5 wt%) was added to the PAMS 
to make bis(potassium) oligoaminopropylmethylsiloxanediolate  
(KPAMS). The addition of KOH decreased the molecular weight 
from 1500–2000 (PAMS, n = 11–19) to 900–1500 g  mol-1 (KPAMS, 
n = 7–15) as the base reacted with the polysiloxanes to shorten 
the oligomer chains and give silanolate end groups. The KOH 
was added at 5 wt% to give optimal stress relaxation of the epoxy 
network. Preliminary results demonstrated that lower concen-
trations provided insufficient dynamic bond exchanges, while 
higher concentrations required high temperatures for self-healing 
to occur. Prior work has shown that high KOH concentrations lead 
to increased glass transition temperatures due to the strong ionic 
interactions of potassium silanolate groups [36]. To maintain a 
workable glass transition temperature for self-healing and welding 
of the materials, 5 wt% KOH was used to synthesize KPAMS for 
all adaptable network formulations.

3.1  KPAMS‑BDDE (soft)

To synthesize the soft epoxy adaptable network, BDDE 
was used as the crosslinker (Fig. 1), which incorporates a 
short carbon chain for flexibility. This monomer was chosen 
because it is commercially available and widely used as a 
crosslinker for soft materials, such as hyaluronic acid dermal 
fillers [43] or dextran polymers [44]. The BDDE was mixed 
with KPAMS at 40 wt%, 60 wt%, or 80 wt% prior to pour 
casting. Combining two flexible starting materials, including 
the carbon chain diepoxide and silicone hardener, provided 
malleable thermosets for all three of the KPAMS-BDDE 
formulations tested. Thermal stability of the cured resins 
was investigated using TGA (Fig. S3). The decomposition 
temperature at 5% mass loss (Td) increased with a higher 
content of BDDE (Table S2), from 222 °C at 40 wt% to 
343 °C at 80 wt%.

For each formulation, glass transition temperatures 
(Tg) were obtained from DSC and confirmed by DMA, as 
recorded from both E′ and tan δ curves (Table S2). While 
both 40 wt% and 80 wt% BDDE formulations produced sim-
ilar Tg values at −7 °C, interestingly, the Tg of 60 wt% BDDE 

Fig. 2  Synthesis of bis(potassium) oligoaminopropylmethylsilox-
anediolate (KPAMS) from 3-aminopropyldimethoxymethylsilane 
(AMS). Continuous flow chemistry was used to oligomerize AMS 

to produce PAMS. The oligomer was then reacted with KOH to give 
silanolate end groups for dynamic bonding
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was noticeably higher at 11 °C (cf., Fig. 3a). For compari-
son, note that a crosslinked polydimethylsiloxane adaptable 
network with tetramethylammonium silanolates for dynamic 
bonding has a Tg of −129.5 °C and a Young’s modulus of 
0.389 MPa [23], similar to a silicone elastomer. While each 
of the KPAMS-BDDE formulations are soft materials, these 
epoxy networks have thermal and mechanical properties in 
between traditional silicones and epoxies.

In addition to higher Tg values, the 60 wt% BDDE also 
had improved mechanical properties in comparison to the 
other formulations. Table 1 shows that Young’s modu-
lus (18 MPa), toughness (600 kJ   m−3), tensile strength 
(3.9 MPa), and strain at break (29%) were all highest for 
the 60 wt% formulation. In other words, in all thermal and 
mechanical aspects, 60 wt% BDDE appears to be the opti-
mal concentration. This is evidenced by the highest per-
forming mechanical properties in tensile tests (i.e., modu-
lus and toughness) as well as the highest Tg in DMA and 
DSC. However, it is worth considering the tensile tests and 
DMA results in tandem. All tensile testing was performed 

at ambient conditions (∼25 °C), where both the 40 wt% and 
80 wt% formulations were within the rubbery regime. How-
ever, the 60 wt% was in transition from the glassy to rubbery 
region, indicating that a direct comparison of mechanical 
properties from structure/property relationships may be dif-
ficult. These modulus values and trends are confirmed by 
comparing the tensile tests and DMA results.

To elucidate these trends, we report the molecular weight 
between crosslinks (Mc) as seen in Eq. 1 and numerically 
reported in Table 1. These results validate the observed trend in 
thermal and mechanical properties. The crosslink density (vc), 
which is inversely proportional to Mc, increases with improved 
modulus and Tg, as expected [45–47]. Therefore, the increased 
stiffness and Tg with 60 wt% BDDE is due to the higher degree 
of crosslinking within the adaptable network.

To explain why the 60 wt% formulation gives an opti-
mal balance between the dynamic oligosiloxane component 
and the diepoxide crosslinker, the stoichiometric ratios of 
amine to epoxide groups were calculated via 1H NMR. The 
results in Table S3 show that 60 wt% BDDE gives almost 

Fig. 3  Representative char-
acterization data of KPAMS-
BDDE materials, including a 
DSC, b stress–strain curves 
from tensile testing, and c stor-
age modulus and d tan δ curves 
obtained from DMA. Both DSC 
and DMA showed that 60 wt% 
BDDE had a higher  Tg than the 
other two formulations. The 
improved mechanical properties 
from 60 wt% BDDE indicate an 
optimal ratio between the two 
starting materials

Table 1  Mechanical properties 
and crosslinking density of 
KPAMS-BDDE networks

BDDE
content

Young’s 
Modulus
(MPa)

Toughness
(kJ  m−3)

Tensile 
Strength
(MPa)

Elongation at 
Break (%)

Mc
(kg  mol−1)

vc
(mol  m−3)

40 wt% 12.4 ± 0.3 120 ± 10 1.4 ± 0.1 15 ± 1 0.61 ± 0.05 1900 ± 100
60 wt% 18 ± 2 600 ± 100 3.9 ± 0.5 29 ± 2 0.47 ± 0.03 2400 ± 100
80 wt% 11.5 ± 0.6 210 ± 30 1.8 ± 0.2 21 ± 1 1.13 ± 0.01 1040 ± 10
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a 2:1 ratio of epoxide to amine groups. Epoxy thermosets 
generally use a 1:1 stoichiometric ratio, but a slight excess 
of amines ensures complete reaction of epoxides [48]. Here, 
the aminopropyl groups from KPAMS contain 1° amines, 
which are converted to 2° amines upon reaction with epox-
ides. With a higher ratio of epoxide groups, any epoxides 
remaining after 1° amines are consumed can then react with 
the 2° amines. Therefore, two epoxide groups can react with 
each –NH2, meaning a stoichiometric balance is achieved at 
the 2:1 ratio seen with 60 wt% BDDE. Even with this ratio, 
the epoxide groups were exhausted quickly with 60 wt% 
BDDE, as observed from in situ FT-IR in Fig. S8a. With 
40 wt% BDDE, an excess of amines contributes to lower Tg 
and vc [48], as well as Young’s modulus and tensile strength 
[49]. At 80 wt%, epoxides outnumbered amine groups 5.4:1, 
limiting the amount of crosslinking within the network. 
For both 40 and 80 wt% BDDE, a limited amount of one 
monomer restricts crosslinking within the network. Since 
both KPAMS and BDDE have flexible structures, neither 
influence bulk mechanical properties strongly. Rather, the 
mechanical properties are dictated primarily by the degree of 
crosslinking, which is optimized in the middle formulation 
with a more balanced ratio of starting materials.

3.2  KPAMS‑DGEBA (stiff)

For the stiff adaptable network, DGEBA was chosen as a 
crosslinking agent for KPAMS because it is commercially 
available and commonly used as a starting material to make 
stiff epoxy thermosets [50]. For synthesis, the viscous 
DGEBA starting material typically required the addition of 
a small amount of acetone to aid in mixing. However, ther-
mal and mechanical characterization still showed signs of 
limited miscibility between the two starting materials, which 
will be discussed later.

For the cured thermoset, TGA data followed a similar 
trend as KPAMS-BDDE, with increasing Td from higher 
crosslinker concentrations (Fig. S4). The DGEBA materi-
als generally had lower thermal stability than BDDE, with 
a range from 138 to 289 °C (Table S4). However, KPAMS-
DGEBA also had a lower crosslink density, contributing to 
the reduced thermal stability. Comparing materials with a 
similar vc, such as 60 wt% BDDE (Td ∼253 °C) and 80 wt% 

DGEBA, (Td ∼289 °C) gives the expected result of more 
thermal stability from DGEBA. Additionally, cyclic TGA 
experiments (Fig. S5) indicated some water loss during test-
ing. Table S1 shows that the final mass loss for the second 
TGA cycle is lower for KPAMS-DGEBA materials after the 
water was removed during the first temperature ramp. This 
result suggests that the observed decomposition temperature 
at 5% mass loss may in part be due to residual water coming 
from the synthesis of KPAMS.

Variations in crosslink densities from KPAMS-BDDE to 
KPAMS-DGEBA networks can be attributed to differences 
in stoichiometry of reactive groups. Since DGEBA has a 
higher molecular weight than BDDE, the stoichiometric 
ratios of the networks, which were formulated by weight, 
deviated from what was seen in the KPAMS-BDDE materi-
als. Table S5 shows that, similar to KPAMS-BDDE, 80 wt% 
DGEBA still gives an excess of epoxides, and the surplus of 
amine groups with 40 wt% contributes to lower Tg, vc, and 
mechanical properties [48, 49]. For 60 wt% DGEBA, there 
is a slight excess of epoxides, but still below the 2:1 ratio 
where all amines are consumed fully. In situ FT-IR of 60 
wt% DGEBA (Fig. S8b) shows that the epoxides are even-
tually reacted away, albeit slower than for KPAMS-BDDE 
because of the rigid structure of DGEBA.

The cured KPAMS-DGEBA adaptable networks showed 
a direct correlation between stiffness and DGEBA concen-
tration. Young’s modulus (Table 2) increased by almost 
two orders of magnitude from 35 MPa to 2.5 GPa between 
the lowest and highest concentrations of DGEBA. The 
stress–strain curves in Fig. 4b show that the soft, flexible 
40 wt% DGEBA had a considerable strain at break (32%) 
but low tensile strength (4.6 MPa) while the stiff 80 wt% 
DGEBA was brittle (2.4% strain at break) with a high tensile 
strength (51 MPa). This trend makes sense as the addition of 
the rigid DGEBA monomer reduces chain flexibility, lead-
ing to higher Tg and increased mechanical performance. By 
simply altering the KPAMS to DGEBA ratio, we can achieve 
tunable mechanical properties without altering the thermoset 
chemistry.

Along with the change in stiffness, both DSC and DMA 
confirmed a substantial increase in Tg with more diepox-
ide crosslinker. Figure 4a shows Tg values increased from 
6 to 92 °C between 40 and 80 wt% DGEBA, respectively. 
Similar to KPAMS-BDDE networks, the crosslink density 

Table 2  Mechanical properties 
and crosslinking density of 
KPAMS-DGEBA networks

DGEBA content Young’s 
Modulus
(MPa)

Toughness
(kJ  m−3)

Tensile 
Strength
(MPa)

Elongation at 
Break (%)

Mc
(kg  mol−1)

vc
(mol  m−3)

40 wt% 35 ± 8 900 ± 100 4.6 ± 0.5 32 ± 3 1.5 ± 0.1 760 ± 80
60 wt% 1130 ± 20 500 ± 100 23.9 ± 0.5 3.5 ± 0.4 0.9 ± 0.2 1200 ± 300
80 wt% 2500 ± 100 700 ± 200 51 ± 5 2.4 ± 0.4 0.47 ± 0.02 2300 ± 100
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correlated with both stiffness and Tg. The Mc dropped and 
vc increased with more DGEBA (Table 2). Although the 
BDDE monomer exhibited optimal performance at 60 wt%, 
the degree of crosslinking and the material properties for 
the DGEBA-crosslinked networks had a monotonic relation-
ship. In contrast to the flexible BDDE, the rigid structure of 
DGEBA directly contributes to the mechanical properties of 
the KPAMS-DGEBA thermosets.

Table 2 shows little difference in toughness between the 
three formulations. The 60 wt% DGEBA material gives about 
half the strength of 80 wt% without a significant increase in 
ductility (Fig. 4b). Although a low modulus polysiloxane 
is added to DGEBA here, it does not contribute ductility to 
increase toughness. Most epoxy resins incorporating DGEBA 
typically become brittle with a high degree of crosslinking 
[51], and fillers or toughening agents are often dispersed 
throughout the epoxy resin to moderate brittleness and increase 
toughness. Elastomers such as butadiene-acrylonitrile are 
commonly used for rubber-toughened epoxies [52], although 
many other polymers like polyether sulfones [53–55], poly-
ether imides [56–59], acrylics [60], polyurethanes [61], and 
polysiloxanes [62, 63] have been studied as organic modifiers 
for improving mechanical properties. The limited toughness 
from the 60 wt% DGEBA formulation here suggests that the 
KPAMS may not be fully compatible with the DGEBA. Rather 
than the low modulus component distributing stress throughout 
the bulk material, poor mixing between KPAMS and DGEBA 
could be leading to regions of differing compositions. As a 

result, bulk mechanical properties would be limited by interac-
tions between the different regions.

To confirm immiscibility of the starting materials, a 
PAMS-DGEBA control with no dynamic component was 
compared to the silanolate-containing KPAMS-DGEBA 
counterpart. Both materials had 60 wt% DGEBA, but the 
control with PAMS, the precursor to KPAMS, did not have 
silanolates for dynamic bonding. Analysis of the two mate-
rials by DSC and DMA in Fig. S9 shows that without the 
silanolate group, the PAMS polysiloxane was more evenly 
distributed throughout the material, leading to a single 
observed Tg at ∼75 °C. Upon the addition of potassium 
silanolate, two Tg’s were present, suggesting poor mixing 
between the KPAMS and DGEBA [63]. The reduced mis-
cibility between the two starting materials gives a low Tg 
(4 °C) from the polysiloxane-rich component and a high Tg 
(103 °C) from the DGEBA-rich component. This phenom-
enon is also visible in the DMA of each formulation (Fig. 4c 
and d). As reported in Table S4, two Tg’s were present with 
both 40 wt% and 60 wt% DGEBA materials. For the 80 
wt% formulation, with more crosslinker present and conse-
quently less silanolate, the system is dominated by DGEBA 
characteristics, so a second Tg from the polysiloxane is not 
evident. Overall, these results provide evidence that the ionic 
nature of silanolates may be influencing the limited miscibil-
ity between the two starting materials. Future investigations 
include prediction and control of these interactions with dis-
tinct chemical moieties and counterions.

Fig. 4  Representative char-
acterization data for each for-
mulation of KPAMS-DGEBA 
adaptable networks, including a 
DSC, b stress–strain, c storage 
modulus, and d tan δ curves. 
Observed  Tg values from both 
DSC and DMA increased with 
more DGEBA crosslinker. Ten-
sile testing also showed vastly 
different mechanical properties 
between the three formulations, 
with higher concentrations of 
the rigid DGEBA monomer 
leading to an increase in stiff-
ness
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3.3  Polymer welding of dissimilar materials

3.3.1  Stress relaxation

Stress relaxation experiments were used to evaluate the 
dynamic bonding for both KPAMS-BDDE and KPAMS-
DGEBA adaptable networks to determine efficacy for self-
healing and polymer welding. The studies in Fig. 5a and 
b indicate that in both materials, more KPAMS (i.e., less 
diepoxide crosslinker) leads to faster relaxation. This trend is 
perfectly reasonable, as increasing the KPAMS component 
increases the number of dynamic bond exchange reactions 
occurring per unit time and volume. Control experiments in 
Fig. 5c and d confirm that incorporating the dynamic bond 
exchanges from potassium silanolate in KPAMS is contrib-
uting to relaxation. For both networks, the formulations with 
60 wt% diepoxide monomer were compared to the same 
material using PAMS instead of KPAMS. Figure 5c shows 
that PAMS-BDDE, which lacks dynamic bonding, is not 
able to appreciably relax stress. However, the KPAMS deriv-
ative with silanolate groups relaxes stress through siloxane 
equilibration. In Fig. 5d, the PAMS-DGEBA thermoset does 
exhibit some inherent polymer network rearrangement, but 
the adaptable network with KPAMS is able to relax the 
applied stress. These results show that both KPAMS-BDDE 
and KPAMS-DGEBA exhibited potential for self-healing 
through bond exchange reactions.

For comparison, all stress relaxation experiments were 
performed at 110 °C, which was chosen as the welding 
temperature to exceed the Tg of both soft and stiff samples. 
This temperature was well above the Tg of the soft KPAMS-
BDDE materials, leading to fast relaxation for high loadings 
of silanolate (Fig. 5a). For stiff materials, longer times were 
required to relax stress fully (Fig. 5b). The 40 wt% and 60 
wt% formulations of both materials showed dynamic bond-
ing to appreciably relax stress within 45 min, which was 
therefore used for self-healing and welding.

3.3.2  Self‑healing

Based on stress relaxation results, self-healing properties 
of the materials were evaluated by healing all samples at 
110 °C for 45 min under 5 MPa of pressure. These param-
eters were based on conditions suitable for both soft and 
stiff materials to provide a direct comparison between the 
two. Self-healing was assessed by healing fractured dogbone 
specimens and comparing tensile tests with the pristine sam-
ples. Figure 6 shows stress–strain curves of both soft and 
stiff adaptable networks.

Given the optimal properties of the 60 wt% BDDE adapt-
able network, self-healing of the soft material was investi-
gated using that formulation. As shown in Fig. 6a, multiple 
self-healing iterations gave relatively high healing efficiency. 
The first round of healing showed an average of ∼90% tensile 

Fig. 5  Stress relaxation curves 
of a KPAMS-BDDE and b 
KPAMS-DGEBA. In both cases, 
increasing the KPAMS concen-
tration results in faster stress 
relaxation as a result of increased 
dynamic bonding. Control groups 
without dynamic bond exchanges 
(PAMS) were also compared to 
c KPAMS-BDDE (60 wt%) and 
d KPAMS-DGEBA (60 wt%) 
to confirm the silanolate groups 
increase the rate of stress relaxa-
tion. All studies were performed 
at 110 °C with 1% axial strain
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strength of the original sample. Stress–strain curves of mul-
tiple KPAMS-BDDE pristine samples in Fig. S10 help to 
show that the variation seen in the tensile tests after repeated 
self-healing cycles were within error. To confirm that any 
increase in variation in mechanical properties was not due to 
additional curing within the sample, DSC was used to show 
that the Tg of KPAMS-BDDE did not change before and 
after the self-healing process (Fig. S11). Although the soft 
thermosets seemed to be capable of some healing in ambient 
conditions (above Tg), heat was used to compare self-healing 
properties of the stiff materials for polymer welding. The 
modulus of the material was not changed with multiple heat-
ing cycles, as evident in Fig. 6a.

The 60 wt% formulation of KPAMS-DGEBA was also 
evaluated for comparison to the stiff material. Figure 6b 
shows that, despite miscibility issues between KPAMS and 
DGEBA, this stiff adaptable network still demonstrated 
self-healing capabilities. However, the stiff thermoset did 
not heal as well as the soft material when the same heal-
ing conditions were used. Although not as efficient as the 
KPAMS-BDDE material, the 60 wt% DGEBA was able to 
self-heal through multiple cycles. While time, temperature, 
and pressure could be adjusted to optimize self-healing of 
each of the materials separately, this was outside the scope 
of the current work. By using consistent parameters for both 
KPAMS-BDDE and KPAMS-DGEBA, the same conditions 
could be used for welding the different materials together.

3.3.3  Welding dissimilar materials

As previously mentioned, bonding dissimilar materials is 
a major challenge across many industries. Yet, welding 
is desirable for polymeric materials because low surface 
energy inhibits strong bonding from adhesives [64–66], 
and mechanical fasteners can diminish structural integrity 
[67]. Polymer welding typically requires methods like using 
solvents or heat for the interpenetration of linear polymers 

[68, 69]. Therefore, welding has traditionally been mostly 
limited to thermoplastics, which can still be difficult with 
incompatible materials [29, 30]. Here, by incorporating 
silanolate groups for dynamic bonding, different thermosets 
containing compatible chemistry for siloxane equilibration 
can be welded together. Figure 7 shows the 60 wt% BDDE 
welded to the 60 wt% DGEBA material. The samples were 
welded using the same parameters implemented for self-
healing studies. As the stress–strain curves indicate, the 
soft epoxy, with a Young’s modulus of 18 MPa, is bonded 
to a stiff thermoset with a modulus of 1.1 GPa. In this lap 
shear configuration, the bonding strength was limited to the 
strength of the soft material, indicating interfacial welding of 
the two materials. This capability offers a solution to many 
applications that could benefit from robust bonding between 
soft and stiff materials and composites.

Fig. 6  Stress–strain curves com-
paring pristine samples with 
multiple cycles of self-healing 
for a 60 wt% BDDE (soft) and 
b 60 wt% DGEBA (stiff) adapt-
able networks. Both soft and 
stiff adaptable networks used 
the same conditions (110 °C, 
45 min, 5 MPa) to heal dogbone 
specimens for tensile testing

Fig. 7  Epoxy networks containing dynamic bonds allow polymer 
welding of dissimilar thermosets. Representative stress–strain curves 
of the stiff and soft adaptable networks show the two materials 
welded together have very different mechanical properties
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4  Conclusion

This work encompasses a systematic study to evaluate the 
structure–property relationships of soft and stiff epoxy 
adaptable networks. Two separate adaptable networks were 
synthesized by combining a diepoxide crosslinker with a 
silanolate-functionalized oligosiloxane. The concentration 
of the diepoxide monomers was varied to study the effect of 
crosslinker content on the properties of different thermosets. 
The flexible BDDE monomer exhibited an optimal compo-
sition at 60 wt% with an increased Tg value (11 °C), tensile 
strength (3.9 MPa) and strain at break (29%). Stiff adaptable 
networks were prepared with the rigid monomer DGEBA, 
where mechanical properties had a more linear correlation 
with the amount of crosslinker added. The mechanical prop-
erties of the KPAMS-DGEBA materials could be tailored 
by altering the ratios of the starting materials, e.g., high ten-
sile strength (51 MPa) with more crosslinker or high strain 
at break (32%) with less. However, the KPAMS-DGEBA 
materials with lower concentrations of DGEBA showed evi-
dence of immiscibility. With both adaptable networks, the Tg 
and modulus were dependent on the degree of crosslinking, 
which was altered by stoichiometric ratios between epoxide 
and amine groups in each of the formulations. The different 
materials also showed self-healing capabilities, as evidenced 
by stress relaxation and self-healing studies. Using similar 
healing conditions, the soft KPAMS-BDDE adaptable net-
work was welded to the stiff KPAMS-DGEBA adaptable 
network. By incorporating compatible dynamic components 
into separate materials, we demonstrated that dissimilar ther-
mosets can be welded together. This ability to tune thermal 
and mechanical properties makes these sustainable materials 
particularly well-suited for a range of applications such as 
welding into laminates for biomedical, aerospace, or automo-
tive industries.
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