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Cycloaliphatic epoxy resins are widely used in electronic and structural adhesive applications because of their
excellent thermal stability and mechanical performance. However, conventional epoxy systems often require
inorganic fillers to achieve sufficient thermomechanical performance and generally lack inherent degradability,
thus raising concerns regarding end-of-life management. Here, we report an epoxy-functionalized iso-
sorbide-siloxane molecular hybrid resin (EIS) synthesized via base-catalysed condensation of bio-derived iso-
sorbide and an epoxy-functional alkoxysilane. The resulting oligomer preserves cycloaliphatic epoxide groups for
subsequent cationic curing while incorporating hydrolytically labile silyl ether linkages within the backbone.
Compared with the reference cycloaliphatic epoxy formulation, the EIS-based resin exhibits accelerated cationic
curing behaviour and forms a cured hybrid network with improved thermomechanical performance and die-
attach adhesion. In addition, the incorporation of alkali-labile Si-O-C silyl ether linkages enables alkaline-
triggered degradation, providing a chemically addressable pathway for end-of-life disassembly. These results
demonstrate that molecular-level integration of rigid bio-derived segments with an inorganic siloxane framework
provides filler-free reinforcement while introducing a chemically addressable degradation pathway. This mo-
lecular hybrid design is a promising strategy for developing fast-curing, high-performance, degradable epoxy
adhesives for sustainable electronic and structural applications.

1. Introduction incorporated into polymer backbones [9-13]. Nevertheless, the

Epoxy thermosets, particularly cycloaliphatic epoxy systems, are
widely used in electronic packaging, optical materials, structural adhe-
sives, and composite matrices because of their excellent thermal sta-
bility, mechanical strength, and efficient cationic curing behaviour
[1-6]. However, conventional epoxy networks generally rely on inor-
ganic fillers to achieve high thermomechanical performance in
demanding applications, which can lead to filler aggregation, interfacial
incompatibility, and stress concentration at filler-matrix interfaces
[7,8]. In addition, their highly crosslinked carbon-based network
structures make degradation and end-of-life recycling difficult. Devel-
oping epoxy systems that combine high performance, rapid processing,
and controlled degradability therefore remains an important challenge.

Bio-derived monomers provide a promising route to more sustain-
able high-performance polymer networks. Among them, isosorbide is an
attractive rigid bicyclic diol derived from glucose and has been shown to
enhance glass transition temperature and mechanical properties when
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molecular-level integration of bio-derived isosorbide with inorganic
siloxane structures in epoxy thermosets remains relatively unexplored.

In this work, we report an epoxy-functionalized isosorbide-siloxane
molecular hybrid resin (EIS) synthesized through base-catalysed co-
condensation of isosorbide and an epoxy-functional alkoxysilane, fol-
lowed by cationic thermal curing. This molecular hybridization strategy
covalently integrates rigid bio-derived organic segments and an inor-
ganic siloxane framework within a single epoxy oligomer, eliminating
the need for extrinsic inorganic fillers. The resulting hybrid resin pre-
serves cycloaliphatic epoxide functionalities for rapid cationic curing
while incorporating hydrolytically labile silyl ether linkages as chemi-
cally addressable degradation sites. By combining fast curing, high
thermomechanical and adhesive performance, and controlled alkaline
degradability, this work establishes a molecular design strategy for
sustainable high-performance epoxy adhesives for electronic packaging
and related structural applications.
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2. Materials and Methods
2.1. Materials

2-(8,4-Epoxycyclohexyl)ethyltrimethoxysilane (ECTMS, >99.9%)
was purchased from ShinEtsu (Japan). Bio-derived isosorbide (>99.9%)
was supplied by Samyang (Daejeon, Korea). Barium hydroxide mono-
hydrate (Ba(OH)2-H20, >98.0%) was purchased from Merck (Darm-
stadt, Germany) and used as the base catalyst for the co-condensation
reaction. Tetraethylammonium bromide (TEAB, >99%), acetic anhy-
dride (>99.5%), anhydrous dichloromethane (>99.8%), Crystal Violet,
and glacial acetic acid were purchased from Merck (Darmstadt, Ger-
many). Perchloric acid (HClO4) solution in glacial acetic acid (0.1 N)
was purchased from Thermo Fisher Scientific (Waltham, MA, USA).
These reagents were used as received for epoxy equivalent weight (EEW)
titration. TAG-2678 was obtained from King Industries (Norwalk, Con-
necticut, USA) and used as a thermal acid generator (TAG) for cationic
polymerization of epoxides. Chloroform-d (CDCls, 99.8 atom % D)
containing 0.1% (v/v) of tetramethylsilane (TMS) was purchased from
Merck (Darmstadt, Germany) and used as the solvent and the internal
standard for liquid-state nuclear magnetic resonance (NMR) analysis.
Tetrahydrofuran (THF, >99.9%) stabilized with butylated hydrox-
ytoluene was obtained from Samchun Chemicals (Pyeongtaek, Korea)
and used as the mobile phase for gel permeation chromatography (GPC).
PolyCAL™ PS105K and PolyCAL™ PS240K were purchased from Mal-
vern Panalytical (Malvern, UK) and used as polystyrene standards for
the GPC analysis. Bis(7-oxabicyclo[4.1.0]heptan-3-ylmethyl) adipate
(CE, >90.0%) was purchased from Tokyo Chemical Industry (Japan)
and evaluated as the reference cycloaliphatic epoxy resin for compara-
tive studies. Phosphate-buffered saline (PBS) and 1 M sodium hydroxide
aqueous solution (NaOH(aq)) were purchased from Merck (Darmstadt,
Germany). Glacial acetic acid was diluted to prepare a 50 wt% aqueous
acetic acid solution (AcOH(aq)), which was used as the acidic environ-
ment for degradation tests. Sodium chloride (NaCl, >99.5%) was pur-
chased from Merck (Darmstadt, Germany) and used to prepare a
saturated NaCl aqueous solution for the accelerated humid-aging test.
All chemicals were used as received without any further purification.

2.2. Synthesis of EIS

EIS was synthesized via base-catalysed co-condensation of ECTMS
with isosorbide, as illustrated in Fig. 1. In a typical synthesis, ECTMS
(48.000 g, 195 mmol), isosorbide (42.707 g, 292 mmol), Ba(OH)5-H;0
(0.092 g, 0.486 mmol, corresponding to 0.972 mmol OH equivalents),
and deionized water (0.018 g, 1.0 mmol) were placed into a 250 mL
flask equipped with a mechanical stirring and nitrogen purging system.
The mixture was first stirred at 100 °C for 4 h under a closed nitrogen
atmosphere to promote hydrolysis and initial condensation. The reac-
tion was then continued at 100 °C for an additional 26 h under
continuous nitrogen purging in a system open to the nitrogen outlet,
allowing volatile condensation byproducts, primarily methanol, to be
removed during the reaction.

After the reaction, residual volatile byproducts were further removed

OH
—C_o_ e 5
Sk + + H0
o) 00— o

European Polymer Journal 255 (2026) 114877

under vacuum at 60 °C for 1 h. The resulting EIS was obtained as a
slightly yellowish, transparent resin. The resin recoveries after volatile
removal were 85.6%, 86.1%, and 85.4% for three independently pre-
pared batches, denoted as EIS-B1, EIS-B2, and EIS-B3, respectively.

2.3. Characterization of molecular structure of EIS

The molecular structure of EIS was studied using Fourier transform
infrared (FTIR) spectroscopy, GPC, and liquid-state lH, 13C, and 2°si
NMR spectroscopy. The FTIR spectra of EIS, isosorbide, and ECTMS
were recorded using a Nicolet iS50 analytical FTIR spectrometer
equipped with a built-in diamond ATR accessory (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA). The GPC analysis of EIS was
carried out at 35 °C using an OMNISEC GPC/SEC system equipped with
four Viscotek T-columns (T-4000, T-3000, T-2000, T-1000) and triple
detectors consisting of a differential refractive index detector, a light
scattering detector, and a viscometer (Malvern Panalytical, Malvern,
UK). THF was used as the mobile phase and PolyCAL™ PS105K, which
has a weight-average molecular weight (M,,) of 103,136 g mol_l, was
used as a narrow standard material to calibrate the triple detectors. To
verify the calibration of the GPC triple detector system, PolyCAL™
PS240K (M,, is 237,180 g mol 1) was used as the reference material. The
measured M,, value was within + 2% of the certified value, as shown in
Table S1, and thus confirmed an appropriate detector response and
system alignment. Using the same triple-detection GPC system, absolute
molecular weight parameters, including number-average molecular
weight (My), and M,, as well as hydrodynamic properties such as
intrinsic viscosity () and hydrodynamic radius (Rh), were simulta-
neously determined. The liquid-state *H, 3C, and 2°Si NMR spectra of
EIS were recorded on a Bruker Avance III 400 spectrometer with CDClg
containing 0.1% (v/v) TMS as the solvent and internal standard. The
NMR spectra were analysed using Mnova NMR software.

2.4. Formulation and thermal reaction analyses of EIS- and CE-Based
curable resins

Thermal curing of EIS and CE was achieved via cationic ring-opening
polymerization of their epoxide groups using TAG-2678. The EEWs of
EIS and CE were measured in triplicate using a TEAB-HClOy titration
method [14]. The resins were titrated in a non-aqueous dichloro-
methane/TEAB/acetic anhydride medium with commercially stan-
dardized 0.1 N HCIOy in glacial acetic acid using Crystal Violet as the
indicator. A reagent blank was measured in parallel, and the EEW values
were calculated from the blank-corrected titrant volume. The measured
EEW values were 401 + 12 g eq ™! for EIS and 204 + 7 g eq ! for CE.
Based on these EEW values, the EIS-based curable resin (r-EIS) was
prepared by mixing EIS and TAG-2678 at a weight ratio of 100:0.5 using
a paste mixer. The CE-based curable resin (r-CE) was prepared by mixing
CE and TAG-2678 at a weight ratio of 100:1 using the same paste mixer.
These formulations correspond to comparable epoxy-equivalent-
normalized catalyst loadings of approximately 2.0 g TAG per epoxy
equivalent for both r-EIS and r-CE (Table S2). Thus, the different resin-
mass-based TAG loadings were selected to provide comparable catalyst
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Fig. 1. Schematic illustration of the molecular design and formation of EIS via co-condensation of isosorbide and ECTMS, generating Si-O-Si siloxane and Si-O-C

silyl ether linkages while preserving epoxide functionality.
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amounts relative to the epoxy equivalents of each resin. The curing ki-
netics of r-EIS and r-CE were investigated by differential scanning
calorimetry (DSC) under a nitrogen atmosphere using a DSC 204 F1
Phoenix® equipped with an IC 85 cooling system (Netzsch, Selb, Ger-
many). Dynamic scans were performed at 10 °C min™}, and isothermal
measurements were conducted at 110, 115, and 120 °C. DSC Kkinetic
analysis was performed using three independent measurement sets for
each resin formulation. Each set included one dynamic DSC measure-
ment and isothermal DSC measurements at the three temperatures
described above. The dynamic DSC parameters, including the
exothermic peak temperature (Tpeax) and total reaction enthalpy
(AHiota1), were extracted from the dynamic scans, while the isothermal
conversion profiles were fitted using the modified autocatalytic model.
Arrhenius analysis was then performed for each independent measure-
ment set based on the fitted rate constants.

2.5. Characterization of cured networks from r-EIS and r-CE

Based on the isothermal DSC results, r-EIS and r-CE were thermally
cured at 120 °C for 10 min and 100 min, respectively. The resulting
cured networks are denoted as c-EIS and c-CE, respectively. The ther-
momechanical properties of c-EIS and c-CE were evaluated by ther-
mogravimetric analysis (TGA), rheometry, Berkovich nanoindentation,
and shear testing. Dynamic TGA measurements were performed under
nitrogen at a heating rate of 10 °C min~' using a TGA Q50 (TA In-
struments, New Castle, Delaware, USA). Oscillatory temperature ramp
experiments were conducted using a HAAKE MARS III Rheometer
(Thermo Fisher Scientific, Karlsruhe, Germany) to measure the storage
modulus (G, loss modulus (G"), and loss tangent (tan 5, defined as G'/
G) as a function of temperature. Disposable parallel plates (8 mm
diameter) were used with a gap of 1 mm, a heating rate of 10 °Cmin ', a
strain amplitude of 0.1%, and an angular frequency of 1 Hz. TGA and
rheological measurements were repeated three times for each cured
sample. The 5 wt% decomposition temperature (Tq5 wt%) and glass
transition temperature (Tg) were extracted from the corresponding
curves and are reported as mean =+ standard deviation. Representative
curves are shown in Fig. 5A and B. Nanoindentation tests were per-
formed using an iMicro Nanoindenter equipped with an InForce 1000
transducer and an optical microscope (KLA, Milpitas, California, USA).
To minimize substrate effects, c-EIS and c-CE were prepared on slide
glass with a thickness of ~200 pm. The Poisson ratio of both samples
was assumed to be 0.3. All nanoindentations were conducted at a con-
stant strain rate of 0.05 s~} up to a maximum load of 200 mN. Simul-
taneously, continuous stiffness measurement (CSM) was applied at an
oscillatory frequency of 110 Hz to measure the elastic modulus and
hardness as functions of nanoindentation depth. After the nano-
indentation tests, residual impressions were subsequently observed by
the optical microscopy. To ensure statistical reliability, nanoindentation
was performed at nine different locations on each sample. Shear tests
were carried out using a DAGE 4000 equipped with a DS200 Cartridge
(Nordson, Westlake, Ohio, USA) at a shear speed of 80 pm s7L, a shear
height of 40 pm, and a minimum shear force threshold of 2 kgf. The
specimens were prepared by bonding a silicon chip (2.0 x 2.0 x 0.4
mm®) onto a Cu substrate using r-CE and r-EIS, followed by curing under
the conditions described above. Seven shear tests were conducted for
each material and condition, and the results are reported as mean +
standard deviation. Accelerated humid-aging tests were conducted to
evaluate the service reliability of the adhesive joints under humid con-
ditions. The c-EIS and c-CE die-attach specimens were placed in a sealed
chamber containing a saturated NaCl aqueous solution and aged at 40 °C
for 72 h. This condition provides an equilibrium relative humidity of
approximately 75% RH based on the humidity fixed point of saturated
NaCl solution [15]. After humid aging, the specimens were removed
from the chamber and subjected to shear testing under the same con-
ditions described above. For degradation studies in aqueous environ-
ments, c-EIS and c-CE were immersed in 50 wt% AcOH(aq), PBS, and 1
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M NaOH(aq) at room temperature. Weight retention was monitored by
measuring the sample mass before immersion and at one-day intervals
thereafter. For c-EIS in 1 M NaOH(aq), the mass change was continu-
ously monitored in real time for up to 90 min due to its rapid degra-
dation behaviour. For FTIR analysis of the alkaline degradation product,
c-EIS was immersed in 1 M NaOH(aq) at room temperature until no
visible solid residue remained. The resulting degradation solution was
collected and dried at 120 °C to obtain the degraded/recovered product,
denoted as DR-c-EIS. The FTIR spectrum of DR-c-EIS was recorded using
the same FTIR setup described above.

3. Results and Discussion
3.1. Synthesis and molecular structure of EIS

The EIS hybrid resin was designed to integrate isosorbide-derived
biomass segments and cycloaliphatic epoxide functionalities within a
siloxane (Si—O-Si) inorganic backbone at the molecular level, as illus-
trated in Fig. 1. Unless otherwise specified, EIS refers to the represen-
tative batch, EIS-B1, used for structural characterization and property
evaluation. The synthetic strategy exploits the dual reactivity of ECTMS.
The methoxy groups of ECTMS can be hydrolysed to form silanols,
which subsequently condense with the hydroxyl groups of isosorbide or
with other silanol species. In parallel, unhydrolysed methoxy groups can
react with the hydroxyl groups of isosorbide or with silanols via alco-
holysis. The cycloaliphatic epoxide moieties remain intact for subse-
quent cationic curing.

The molecular structure of the synthesized EIS was investigated by
FTIR spectroscopy (Fig. 2A and B). In the high-wavenumber region
(Fig. 2A), the characteristic methoxy C-H stretching band of ECTMS at
2839 cm ! is markedly attenuated in the EIS spectrum. This indicates
that the trimethoxysilyl groups were substantially consumed through
both hydrolysis-condensation and direct alcoholysis pathways during
synthesis [16]. Concurrently, the O-H stretching band of isosorbide
centred at 3363 cm ! is significantly reduced [16]. Weak and broad
residual absorption observed at around 3400 cm™! can be attributed to
remaining silanol (Si-OH) groups as well as hydrogen-bonded hydroxyl
species within the hybrid network [16]. In the low-wavenumber region
(Fig. 2B), a strong and broadened absorption band spanning 1000-1200
cm™! is evident. This band is primarily assigned to Si-O-Si stretching
vibrations and confirms the formation of a siloxane network backbone
[17]. Notably, this broad envelope also includes contributions from
Si-O-C stretching vibrations, consistent with the formation of silyl ether
linkages via both condensation and direct alcoholysis between ECTMS
and the secondary hydroxyl groups of isosorbide [17]. The pronounced
attenuation of the methoxy C-H band at 2839 cm™! further supports
extensive conversion of Si-OCH3 groups, thereby minimizing the like-
lihood of significant residual methoxy contributions in this region [17].
Importantly, the characteristic cycloaliphatic epoxide band at 883 cm ™!
remains clearly visible in the EIS spectrum. This demonstrates that the
epoxide functionalities of ECTMS are preserved during the condensation
process and remain available for subsequent cationic ring-opening
polymerization [16].

The molecular weight distribution of the synthesized EIS was
determined by triple-detection GPC (Fig. 2C). The representative batch,
EIS-B1, exhibited an extremely broad molecular weight distribution
spanning approximately 3 x 102 to 2 x 10° g mol~! with M, = 2,336 g
mol™! and My, = 27,632 g mol™}, corresponding to a polydispersity
index (PDI) of 11.8 (Table S3). This broad distribution is characteristic
of sol-gel condensation systems and can be attributed to competitive
hydrolysis, alcoholysis, and multidirectional condensation involving the
trifunctional trimethoxysilyl groups of ECTMS and the two hydroxyl
groups of isosorbide, which generate a heterogeneous mixture of olig-
omeric and branched species [18]. To evaluate batch-to-batch repro-
ducibility, three independently synthesized EIS batches, denoted as EIS-
B1, EIS-B2, and EIS-B3, were analysed by GPC under the same
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Fig. 2. Spectroscopic and chromatographic characterization of the synthesized EIS hybrid resin. (A) High- and (B) low-wavenumber FTIR spectra of isosorbide,
ECTMS, and EIS. (C) Representative GPC traces and cumulative weight fraction of EIS, showing its broad molecular weight distribution. (D) Mark-Houwink plot
(intrinsic viscosity vs molecular weight) and polymer scaling plot (hydrodynamic radius vs molecular weight) derived from triple-detection GPC analysis. Dashed

lines represent the fitted curves.

conditions (Fig. S2 and Table S3). All three batches exhibited compa-
rable broad molecular weight distributions, with average values of M, =
2,168 + 189 g mol ™!, M, = 27,502 + 424 g mol ™!, and PDI = 12.7 +
1.0. The resin recoveries were also highly consistent, with an average
recovery of 85.7 + 0.4%. These results support the batch-to-batch
reproducibility of the EIS synthesis under the specified reaction condi-
tions. The molecular architecture of the representative EIS batch in so-
lution was further evaluated using Mark-Houwink and hydrodynamic
scaling analyses derived from triple-detection GPC (Fig. 2D). The
Mark-Houwink exponent (a) was determined to be 0.260, while the
hydrodynamic scaling exponent (v) was 0.423. For comparison, a linear
polystyrene standard (PS240K) analysed under identical conditions
exhibited an a of 0.678 and v of 0.559 (Fig. S1), consistent with an
expanded coil conformation in solution [19,20]. The substantially
reduced exponents observed for EIS indicate a compact, globular-like
molecular conformation rather than an extended linear architecture
[19-21]. No abnormal scattering behaviour was observed within the
analysed molecular weight range and the log-log plots exhibited
consistent linear scaling. This suggests that the measured hydrodynamic
parameters primarily reflect the intrinsic molecular architecture rather
than intermolecular aggregation [21]. This compact structure is mech-
anistically consistent with the multifunctional nature of the reactants.
The three methoxy groups of ECTMS enable multidirectional conden-
sation, while the two hydroxyl groups of isosorbide facilitate multiple
silyl ether linkages. Collectively they promote branched oligomer
growth. The Rh distribution (Fig. 2D), ranging from approximately 1 to
10 nm, further supports the presence of compact, branched species
spanning a wide size distribution. The EIS resin therefore represents a

statistical distribution of partially condensed oligomeric species rather
than a single well-defined molecular structure, which is typical for
alkoxysilane condensation systems.

The molecular structure of EIS was further elucidated by liquid-state
1H, 13C, and 2°Si NMR spectroscopy (Fig. 3A-C). The molecular motifs
derived from these analyses are illustrated in Fig. 3D. In the 'H NMR
spectrum of EIS (Fig. 3A), the hydroxyl proton signals of isosorbide (g,
g’), clearly observed in the neat spectrum, are absent in EIS. This sug-
gests the hydroxyl groups are involved in silylation [22]. The attenua-
tion of the methoxy proton resonance (p) of the trimethoxysilyl group in
the 'H NMR spectrum is accompanied by a significant reduction of the
corresponding methoxy carbon signal (p) in the '*C NMR spectrum
(Fig. 3B), supporting substantial alkoxy conversion [18]. No distinct
Si-OH proton resonance could be unambiguously assigned in the 'H
NMR spectrum, likely due to rapid proton exchange and severe signal
broadening, as well as overlap with the isosorbide-derived resonances.
These 'H and '3C NMR observations together strongly support that the
hydroxyl groups of isosorbide reacted with the trimethoxysilyl func-
tionalities of ECTMS. Despite this chemical transformation, the charac-
teristic resonances corresponding to the bicyclic framework of
isosorbide (a-f) remain clearly identifiable in both the 19 and '3C NMR
spectra and confirm that the rigid bicyclic core structure is preserved.
The bicyclic protons (a—f) exhibit noticeable broadening and slight
chemical-shift changes relative to neat isosorbide, consistent with
modification of the local electronic environment following silyl ether
formation. The corresponding carbon resonances meanwhile show
minimal chemical-shift variation in the '3C spectrum, supporting
retention of the isosorbide backbone [22]. Resonances associated with
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the cycloaliphatic epoxide moiety (h-o) remain clearly detectable in
both the 'H and '3C NMR spectra. In particular, the epoxide ring signals
(m, n) are preserved in both spectra. This confirms that the epoxide
functionality is retained during the condensation process [18]. The 2Si
NMR spectrum (Fig. 3C) provides direct insight into the silicon
condensation state. Whereas neat ECTMS exhibits a single T © resonance
corresponding to the trialkoxysilane environment, EIS displays a dis-
tribution of T ° (56.2%), T 1 (37.1%) and T ? (6.7%) species that dem-
onstrates an intermediate condensation degree. The emergence of T !
and T2 species confirms the formation of Si-O-Si linkages [17]. Notably,
the T ° region in EIS is resolved into multiple components and is slightly
shifted relative to the single T ° resonance of neat ECTMS, which in-
dicates the silicon chemical environment is modified upon reaction [17].
These features indicate that the T © species are not simply residual free
ECTMS, but rather a distribution of low-condensed silicon environments
bearing residual alkoxy, silanol, and/or isosorbide-derived silyl ether
substituents. Based on the overall distribution of T, T! and T ? species,
Fig. 3D depicts representative molecular moieties corresponding to
these silicon environments. In this model, T © units represent silicon
centres bearing three non-siloxane substituents, T ! units contain one
Si—O-Si linkage, and T 2 units contain two Si-O-Si linkages. Collectively
they form partially condensed siloxane oligomers that incorporate
silylated isosorbide units while retaining pendent cycloaliphatic epoxide
groups. These results are fully consistent with the FTIR and GPC analyses
presented in Fig. 2.

3.2. Comparative study of curing kinetics

The molecular structures of EIS, CE, and TAG are shown in Fig. 4A.
To enable a direct comparison of curing kinetics, r-EIS and r-CE were
prepared as described in the Materials and Methods section. The thermal
curing behaviour was first evaluated by dynamic DSC (Fig. 4B). The r-
EIS formulation exhibits Tpeax of 122.4 £ 2.1 °C and AHiora of 216.6 £
0.5J g’l, both lower than those of r-CE (Tpeax = 149.7 £ 3.8 °C and
AHiora1 = 449.5 + 3.3J g’l). In addition, the exothermic peak of r-EIS is
sharper and confined within a narrower temperature range, whereas r-
CE displays a broader curing profile. These features indicate that the
curing reaction of r-EIS occurs over a narrower temperature range and
proceeds more rapidly than that of r-CE. The smaller AHyyy of r-EIS
arises from the lower epoxide content per unit mass due to the incor-
porated siloxane and isosorbide segments. To quantitatively analyse the
curing kinetics, isothermal DSC experiments were conducted at 110,
115, and 120 °C. Representative heat-flow curves at 120 °C are shown in
Fig. 4C, while the corresponding data at 110 and 115 °C are provided in
Figs. S3A and S3B, respectively. At all temperatures, both systems
exhibit bell-shaped heat-flow profiles characteristic of autocatalytic
curing reactions commonly observed in epoxy thermosets [23]. At
120 °C, r-EIS approaches completion within approximately 10 min,
whereas r-CE requires nearly 100 min under identical conditions. These
results demonstrate the markedly accelerated curing kinetics of r-EIS.
The fractional conversion, a(t), was calculated according to .
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H(t)
t) =
a( ) AI_Itotal7

where H(t) is the heat released up to time t during isothermal curing. The
corresponding conversion-rate profiles at 120 °C are presented in Fig. 4D
and confirm the substantially higher reaction rates of r-EIS across the
entire conversion range. The isothermal kinetic data were fitted using
the modified autocatalytic model,

da(t

=l T kea(®)(1 — a(0)",

where k; and ks are the rate constants corresponding to the non-
autocatalytic and autocatalytic contributions, respectively, and m and
n are the associated reaction orders [24]. The fitted curves show
excellent agreement with the experimental data at all three tempera-
tures (Fig. 4D and Figs. S3C,D), and the extracted kinetic parameters are

summarized in Table 1. Overall, both the k; and k; values for r-EIS are
higher than those of r-CE, indicating that the curing reaction of r-EIS
proceeds more rapidly throughout the entire conversion range. The
temperature dependence of the rate constants was analysed using the
Arrhenius relationship,

ki = Aiexp< —%) i=1,2),

where A; and A, are the pre-exponential factors corresponding to k; and
ko, respectively, and E,; and E,; are the associated activation energies.
The resulting Arrhenius parameters are also summarized in Table 1. As
shown in Fig. 4E, F and Table 1, r-CE exhibited a pronounced decrease
from E,; to Eu, reflecting the progressive transition from an initially
non-autocatalytic pathway to a hydroxyl-assisted autocatalytic regime
as curing proceeds. The high E,; for the non-autocatalytic pathway
arises from the energetically demanding direct protonation of the
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Table 1
Kinetic and Arrhenius parameters for the curing of r-EIS and r-CE. Values are reported as mean + standard deviation from three independent DSC kinetic analyses.
Material r-EIS r-CE
Curing temperature (°C) 110 115 120 110 115 120
Kinetic parameters ky (min~1) 0.066 + 0.004 0.081 + 0.004 0.174 £+ 0.011 0.024 + 0.002 0.038 + 0.003 0.078 + 0.002
ko (min~1) 1.416 + 0.083 2.223 + 0.087 4.018 + 0.055 0.107 + 0.001 0.127 + 0.008 0.171 + 0.013
m 0.736 + 0.026 0.703 + 0.036 0.835 + 0.082 0.545 + 0.050 0.540 + 0.029 0.619 + 0.017
n 1.902 + 0.202 1.741 + 0.095 1.914 £+ 0.110 2.307 + 0.140 2.063 + 0.121 2.060 + 0.025
Arrhenius parameters A; (min™1) (3.4 +£0.1) x 10'® (6.3 +0.3) x 108
Ea1 (kJ mol™) 134.1 + 3.8 151.5 £ 3.7
A, (min 1) (8.0 £ 0.5) x 107 (2.4 +£0.1) x 10°
Eq> (kJ mol™) 131.7 + 6.4 57.1 + 4.0

epoxide ring by the Brgnsted acid generated from TAG in the absence of
hydrogen-bond donors. In contrast, the lower E,s reflects the involve-
ment of hydroxyl groups formed during epoxide ring opening, which can
facilitate oxonium ion formation through proton-transfer-assisted
epoxide activation [25].

In contrast, r-EIS exhibited comparable E,; and E,; values within
experimental error (Table 1). This indicates that the apparent activation
barrier remains similar during the early and later stages of curing, unlike
the reference r-CE system. Therefore, the curing behaviour of r-EIS is
described as pseudo-autocatalytic-like, reflecting the comparable
apparent activation barriers in the early and later curing stages. The
higher k; value and lower early-stage activation barrier of r-EIS
compared with r-CE suggest that initial epoxide activation is more
favourable in the r-EIS formulation, leading to rapid curing from the
early stage of polymerization. Considering the silanol-containing sili-
con-oxygen environments identified in EIS, this accelerated curing
behaviour may be associated with hydroxy/silanol-assisted cationic
epoxide activation. However, the similarity between E,; and E,2 does
not, by itself, uniquely prove a specific silanol-mediated mechanism.
Previous studies have reported that hydroxy- or silanol-containing spe-
cies can influence cationic epoxy curing through activated-monomer-
type pathways or proton-donor cocatalytic effects. Crivello and Liu re-
ported that epoxy alcohol monomers undergo rapid cationic photo-
polymerization and that hydroxy groups enhance epoxide ring-opening
polymerization through an activated monomer mechanism [26]. Atif
et al. reported that silanol-rich carbon black surfaces substantially
reduce the activation energy of cationic epoxy curing [27]. Cho et al.
reported that silica nanoparticles bearing surface silanol groups can
enhance the curing rate of SU-8 epoxy photoresists by acting as proton-
donor cocatalysts [28]. In addition, Chen et al. reported that silane-
containing alicyclic epoxy systems exhibit modified cationic thermo-
polymerization kinetics depending on the silane environment [29].
These literature precedents support the possibility that silanol-
containing silicon—oxygen environments in EIS can facilitate cationic
epoxy curing and contribute to the accelerated early-stage curing
behaviour of r-EIS. As discussed in Section 3.1, the T © species observed
in the 2°Si NMR spectrum are not simply assigned to residual free
ECTMS, but to low-condensed silicon environments bearing residual
alkoxy, silanol, and/or Si-O-C(isosorbide) substituents. Therefore, the
pseudo-autocatalytic-like curing behaviour of r-EIS is interpreted as
being consistent with the possible contribution of silanol-containing
silicon—oxygen environments to the accelerated cationic curing process.

Overall, these kinetic features indicate that r-EIS undergoes faster
cationic curing than the reference r-CE formulation. This behaviour is
consistent with the combined effects of favourable early-stage epoxide
activation, silanol-containing silicon-oxygen environments, and the
heterogeneous oligomeric structure of EIS. This fast-curing behaviour
may offer potential advantages for energy-efficient processing and
shortened production cycles.

3.3. Comparative study of thermo-mechanical properties and degradation
behaviour

To evaluate the thermal properties, thermomechanical properties,
thermal stability, and mechanical performance of the cured networks, r-
EIS and r-CE were cured to yield c-EIS and c-CE, respectively, as
described in the Materials and Methods section. TGA, temperature-
dependent oscillatory rheology, and Berkovich nanoindentation were
then performed, and the results are summarized in Fig. 5A-F. The
thermal stability of the cured samples was examined by dynamic TGA
(Fig. 5A). The Ty 5wty was 284.6 & 2.2 °C for c-EIS and 263.5 + 1.8 °C
for c-CE. Within the measured temperature range (up to 350 °C), c-EIS
retained a higher residual mass than c-CE, and the derivative thermog-
ravimetric (DTG) curves indicated that the primary decomposition event
occurred at higher temperature. The improved thermal stability of c-EIS
is attributed to the thermally robust siloxane backbone together with the
rigid bicyclic structure of isosorbide, which collectively enhance
network stability at elevated temperatures [13,17].

The viscoelastic properties were characterized by dynamic oscilla-
tory rheology (Fig. 5B). Both materials exhibited a glassy region fol-
lowed by a decrease in G associated with the glass-to-rubber transition.
Tg, defined as the peak of tan 8, was 109.2 £ 1.6 °C for c-EIS and 88.2 +
0.7 °C for c-CE [30]. In addition, c-EIS maintained a higher modulus in
the rubbery plateau region owing to an increased effective network
density compared with c-CE, resulting in a smaller modulus reduction
across Tg. This behaviour suggests that the rigid bicyclic structure of
isosorbide increases segmental constraint within the network, while the
covalently integrated siloxane framework enhances the thermal stability
of the backbone. The cooperative effect of these two structural motifs
leads to a higher glass transition temperature and improved modulus
retention at elevated temperatures. Furthermore, at higher tempera-
tures, c-CE exhibited a pronounced decrease of its modulus associated
with the onset of thermal degradation. In contrast, c-EIS retained its
modulus over a broader temperature range without degradation-
induced softening. This thermomechanical behaviour is consistent
with the TGA results (Fig. 5A), which show delayed decomposition and
higher thermal resistance for c-EIS relative to c-CE. Together, the TGA/
DTG and rheological results demonstrate that c-EIS exhibits improved
thermal stability and thermomechanical performance compared with c-
CE, including higher decomposition resistance, higher Ty, and better
modulus retention at elevated temperature.

Room-temperature nanomechanical properties were evaluated using
Berkovich nanoindentation (Fig. 5C-F). The load—depth curves (Fig. 5C)
showed shallower penetration depth and steeper unloading slopes for c-
EIS compared to c-CE under identical indentation conditions. The less
pronounced residual impressions observed for c-EIS (Fig. 5D) indicated
reduced plastic deformation. This was quantitatively reflected in the
higher elastic recovery ratio of c-EIS (46.6 + 0.6%) compared to c-CE
(38.8 + 0.5%), as shown in Fig. 5E. Such enhanced elastic recovery
behaviour has been widely reported for epoxy-siloxane hybrid systems,
where the incorporation of flexible siloxane segments improves elastic
resilience while maintaining network integrity under mechanical
loading [31-33]. CSM further revealed that c-EIS consistently exhibited
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Fig. 5. Thermal, mechanical, adhesive, and degradation behaviours of c-EIS and c-CE. (A) Representative TGA curves with a DTG inset. (B) Representative tem-
perature dependence of G’ and tan § obtained from dynamic oscillatory rheology. (C-F) Nanoindentation results: representative load-depth curves, residual surface
impressions after indentation (scale bar: 20 pm), elastic recovery ratio derived from the indentation loading-unloading curves, and elastic modulus and hardness
extracted at an indentation depth of 5 pm. (G) Representative shear strength measured in a die-attach configuration (Si chip/adhesive/Cu substrate). (H) Weight
retention of c-EIS and c-CE after immersion in 50 wt% AcOH(aq), PBS, and 1 M NaOH(aq) at room temperature. Solid symbols represent c-EIS and open symbols
represent c-CE. (I) Photographs showing the degradation of ¢-EIS in 1 M NaOH(aq) at room temperature after 0, 30, and 90 min. (scale bar: 1 cm).

higher elastic modulus and hardness over the measured indentation
depth range (Fig. S4). The average values extracted at an indentation
depth of 5 pm (Fig. 5F) confirmed that both the modulus (4.65 + 0.03
GPa) and hardness (255.8 4+ 1.1 MPa) of c-EIS exceeded those of ¢-CE
(3.71 £+ 0.02 GPa and 201.4 + 1.0 MPa), indicating improved resistance
to both elastic and plastic deformation [31].

The adhesive performance was evaluated in a die-attach configura-
tion using a silicon chip bonded to a copper substrate (Fig. 5G). The
maximum shear strength reached 27.5 + 2.3 MPa for c-EIS, compared to
17.6 + 1.9 MPa for c-CE. Since both systems contain hydroxyl groups

generated during the cationic polymerization, the enhanced adhesion of
c-EIS is attributed to additional siloxane-mediated interactions with
oxide surfaces. This is consistent with previous reports that siloxane-
containing networks are known to interact strongly with oxide sur-
faces through hydrogen bonding and silanol-surface interactions
[34,35]. To further evaluate service reliability under humid conditions,
accelerated humid-aging tests were performed on c-EIS and c-CE die-
attach specimens at 40 °C and 75% RH for 72 h using a saturated
NaCl aqueous solution (Fig. S5). After humid aging, c-EIS and c-CE
exhibited shear strengths of 26.9 + 2.9 MPa and 17.0 + 2.5 MPa,
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respectively, which were comparable to their initial values. These results
indicate that both adhesive joints maintained their mechanical integrity
after the aging test. The retained high shear strength of c-EIS suggests
that the adhesive joint remains stable under the tested moderate humid-
aging condition.

To evaluate the aqueous durability and degradation behaviour of the
cured networks, the samples were immersed in 50 wt% AcOH(aq), PBS,
and 1 M NaOH(aq) at room temperature (Fig. 5H and I). While the
reference epoxy (c-CE) exhibited slight mass gain in neutral and basic
media and more pronounced swelling in the acidic solution, c-EIS
showed a clear pH-dependent mass loss behaviour. Under acidic and
neutral conditions, c-EIS exhibited gradual and moderate mass loss over
the observation period (Fig. 5H). This slow degradation is attributed to
the partial hydrolysis of Si—-O-C silyl ether linkages. Although hydrolysis
can occur through nucleophilic attack by water, the reaction proceeds
slowly at near-neutral pH due to the weak nucleophilicity of water and
the relatively stable Si—O—C bond [36,37]. Under acidic conditions,
protonation of the bridging oxygen in the Si—-O-C linkage increases the
electrophilicity of the silicon centre and this facilitates nucleophilic
attack by water through an acid-catalysed pathway. Nevertheless, the
overall degradation rate remains limited because water is a relatively
weak nucleophile, resulting in slow hydrolysis and limited chain scission
[36,37]. In contrast, under alkaline conditions, hydroxide ions act as
strong nucleophiles that directly attack the silicon centre via a bimo-
lecular substitution mechanism (Sy2-Si). They then efficiently cleave
Si—O—C bonds and rapidly disintegrate the network. As a result, c-EIS
undergoes near-complete macroscopic degradation within approxi-
mately 90 min in 1 M NaOH(aq) at room temperature, leaving no visible
bulk solid residue (Fig. 5I). To provide spectroscopic evidence for the
chemical changes associated with alkaline degradation, FTIR spectra of
c-EIS and the degraded/recovered product were compared (Fig. S6). The
dried residue recovered from the 1 M NaOH(aq) degradation solution
after alkaline degradation of c-EIS is denoted as DR-c-EIS. The FTIR
spectrum of DR-c-EIS differs markedly from that of the original c-EIS
network. The most pronounced spectral changes are observed in the
1000-1200 cm™! broad envelope associated with Si-O-Si stretching
vibrations and overlapping Si-O-C stretching contributions. These
changes indicate alteration of the silicon—oxygen bonding environment
after alkaline degradation, consistent with cleavage of alkali-labile
Si-O-C silyl ether linkages and disruption of the crosslinked epox-
y-silane network. DR-c-EIS also exhibits a broad absorption over the
2500-3700 cm ! region, which is assigned to hydrogen-bonded O-H
stretching vibrations from hydroxyl- or silanol-containing degradation
products, adsorbed water, and hydrated sodium-containing residues.
The broadening of this region, together with the less-defined aliphatic
C-H stretching bands at 29502850 cm ™}, further indicates a substantial
change in the chemical composition and hydrogen-bonding environ-
ment of the recovered degradation product. The intense bands observed
at 1426 and 877 cm™' in DR-c-EIS may include contributions from
carbonate or sodium-containing residues formed from residual NaOH
during drying; NaOH can absorb atmospheric CO5 to form sodium car-
bonate, and carbonate species show characteristic FTIR bands near 1460
and 880 cm™! [38,39]. Therefore, these bands were not assigned
directly to Si—O—C bond cleavage. Instead, the degradation mechanism
was supported by the near-complete macroscopic degradation/mass loss
of c-EIS in 1 M NaOH(aq) and the pronounced FTIR spectral changes in
the Si-0-Si/Si-O-C stretching region.

Importantly, the degradation observed under acidic and neutral
conditions proceeded more slowly and gradually over the multi-day
immersion period compared with the rapid alkaline degradation.
Together with the humid-aging shear test results, this behaviour sug-
gests that c-EIS can maintain adhesive integrity over the tested aging
period under the moderate humid-aging condition of 40 °C and 75% RH,
while still undergoing slow hydrolytic degradation under non-alkaline
aqueous environments. The pronounced degradation under alkaline
conditions supports the role of Si-O-C silyl ether linkages as alkali-labile
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cleavage sites, enabling chemically triggered end-of-life degradation
with a markedly faster response under basic conditions. In contrast, the
c-CE exhibited significantly greater resistance to hydrolytic degradation
under all tested conditions, which reflects the inherent chemical sta-
bility of its carbon-based network structure. The incorporation of hy-
drolytically labile silyl ether linkages in c-EIS therefore introduces a
chemically addressable degradation pathway absent in the reference c-
CE system. To place these results in a broader context, representative
cycloaliphatic epoxy systems and literature-reported isosorbide-based
epoxy thermosets are summarized in Table S4. Because resin structures,
curing chemistries, catalyst systems, specimen geometries, and test
methods differ substantially among these systems, direct quantitative
comparison should be made cautiously. Nevertheless, this comparison
helps clarify the distinctive combination of properties targeted in this
work: molecular hybrid reinforcement, improved die-attach adhesion,
retention of adhesion after humid aging, and alkaline-triggered degra-
dation in a single EIS-based formulation.

Collectively, the results obtained for c-EIS show a higher Tqs5 wi%,
higher Ty and rubbery plateau modulus, enhanced nanomechanical
properties, higher adhesive shear strength, and chemically addressable
degradation behaviour compared with the reference cycloaliphatic
epoxy c-CE. These improvements are attributed to the molecular-level
integration of rigid isosorbide segments with a covalently incorpo-
rated siloxane network and provide reinforcement without the use of
extrinsic inorganic fillers. In addition, the incorporation of alkali-labile
Si-O-C linkages introduces an alkaline-triggered degradation pathway,
providing a potential strategy for end-of-life disassembly of thermoset
adhesive materials.

4. Conclusion

In this study, we developed an epoxy-functionalized iso-
sorbide-siloxane molecular hybrid resin, EIS, through the co-
condensation of bio-derived isosorbide and an epoxy-functional alkox-
ysilane. The key innovation of this design is the molecular-level inte-
gration of rigid renewable isosorbide segments, an inorganic siloxane
framework, cycloaliphatic epoxide groups, and hydrolytically labile silyl
ether linkages within a single curable oligomer. This architecture en-
ables filler-free reinforcement while preserving reactive epoxide func-
tionalities for subsequent cationic curing. The EIS-based resin exhibited
rapid cationic curing, while the resulting c-EIS network provided
improved thermal stability, thermomechanical performance, nano-
mechanical properties, and die-attach adhesion compared with the
reference cycloaliphatic epoxy system. In addition, the incorporation of
Si-O-C silyl ether linkages provided a chemically addressable degra-
dation pathway, enabling rapid alkaline degradation while maintaining
stability under the tested ambient and moderate humid-aging
conditions.

These results demonstrate that bio-derived organic segments and
inorganic siloxane structures can be covalently integrated at the mo-
lecular level to achieve fast processing, high performance, and
controlled end-of-life degradability in a single epoxy adhesive platform.
From a practical perspective, the alkaline-triggered degradation of c-EIS
could be useful for electronic device disassembly, debonding of adhesive
joints, and recovery or recycling of bonded components and substrates
at end-of-life. This molecular hybrid strategy offers a practical design
framework for sustainable thermoset adhesives that require both service
reliability and chemically triggered disassembly after use.
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