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ABSTRACT: Epoxy-acrylate hybrid systems are extensively employed in adhesives, coatings, and composites; however,
conventional formulations often rely on toxic monomers such as glycidyl methacrylate (GMA). This study introduces
a sequentially curable epoxy-acrylate hybrid system based on novel hybrid monomers containing both glycidate and
acrylate groups, synthesized via the partial oxidation of a diacrylate. Radical polymerization of monomers with a
glycidate content exceeding 80% yielded viscous prepolymers consisting of epoxy-functionalized polymers and residual
low-molecular-weight glycidates. These prepolymers were subsequently cured with amines at ambient temperature
to form crosslinked networks. The gel fraction exceeded 90% when cured with diethylenetriamine, demonstrating
efficient curing. The resulting cured materials exhibited significantly enhanced lap-shear adhesion strength (>1.6 MPa)
compared to those obtained from monomeric analogs (<1.14 MPa). This improvement is attributed to the synergistic
effects of polar ester groups, flexible polymeric spacers, and a loose network structure resulting from the reduced
nucleophilicity of y-keto secondary amine intermediates, as supported by density-functional-theory calculations. This
two-stage curing approach provides a GMA-free, ambient-curable polymeric epoxy resins, offering a safer and more
versatile strategy for the molecular design of high-performance hybrid materials.
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1 Introduction

Epoxy resins find widespread application in paints, electronic devices, adhesives, and coatings, primarily
due to their excellent mechanical properties, chemical resistance, and strong adhesion. These attributes
stem from their robust three-dimensional network structures and the ability to tailor curing processes and
final material properties through the selection of diverse curing agents [1,2]. Given their broad versatility,
epoxy resins function effectively as both primary matrices and additives to enhance the performances
of other polymer materials. For example, glycidyl methacrylate (GMA), which contains both a radically
polymerizable methacryloyl group and an epoxy group, is widely used for hybridizing polymers prepared by
radical polymerization, such as polyacrylates, and epoxy curing systems [3-5]. Reactive polymers based on
GMA facilitate the formation of phase-separated structures, crosslinked networks, and multi-stage curing
systems, which improve impact strength, chemical resistance, and workability. However, the toxicity of
GMA—affecting ocular, digestive, respiratory, and dermal systems [6]—and its potential carcinogenicity
have prompted a critical search for safer alternatives.
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To address the challenges of combining vinyl polymers and epoxy resins, various strategies have
emerged, including the use of epoxy oligomers terminated with acrylate [7-11] or methacrylate [12] groups
and the curing of epoxides with vinyl polymers bearing reactive side chains [13] or terminal groups [14,15].
Epoxy oligomers or prepolymers bearing (meth)acrylates, often termed “epoxy acrylates”, are typically
prepared by reacting epoxy-terminated monomers [7,11,12] or oligomers [8-10] with (meth)acrylic acid.
While epoxy acrylates offer advantages such as faster curing and low-temperature processes, resulting in
high performances [16,17], their storage stability is often insufficient. Nevertheless, such hybridization has
expanded the molecular design landscape for cured materials, leading to products with tailored properties.

Our group has proposed glycidates, which are epoxides prepared by the oxidation of acrylates [18,19],
as safer alternatives. Since various multifunctional acrylates are commercially available, their partial epox-
idation is expected to yield a variety of monomers having both glycidate and acrylate moieties. Notably,
glycidates demonstrate lower toxicity compared to their glycidyl ether analogs. For instance, neopentyl
glycol diglycidate (NPG), a compound used in this study, caused 50% cell death for E. coli in a medium
containing 10 mg mL™! NPG, whereas the corresponding glycidyl ether, neopentyl glycol diglycidyl ether
(NPGE), resulted in over 90% cell death [20].

Furthermore, amine curing of glycidates proceeds smoothly at ambient temperature, achieving higher
adhesive strength compared to the analogous glycidyl ether-based curing [21]. The resulting cured mate-
rials are degradable via hydrolytic and enzymatic treatments, with degradability controlled by polarity of
substituents [22]. Curing NPG with cyclic acid anhydrides also yields crosslinked polyesters with high
adhesive strength [23]. Biodegradation of these cured polyesters proceeds efficiently in compost through
the predominant cleavage of ester linkages originating from the glycidate monomer. In contrast, analogous
crosslinked polyesters of NPGE are not degradable, despite containing ester linkages originating from the
connection of the glycidate and acid anhydride units [23].

Building on these findings, this study expands the application of glycidates to a two-stage epoxy
curing system derived from polymeric epoxy resins. This was achieved by synthesizing and polymerizing
glycidate/acrylate (GA) mixed monomers prepared by the partial oxidation of neopentyl glycol diacrylate,
followed by crosslinking reactions of the resulting prepolymers (Fig. 1). Neopentyl glycol was selected as
a safe diol segment due to its very low toxicity (oral Lpsq in rats: 3200-6920 mg kg™!) [24]. Liquid GA
monomers were synthesized, and their polymerization yielded viscous prepolymers composed of epoxy-
containing polymers and the diglycidate monomer (PGA). Subsequent curing of these prepolymers with
amines at room temperature produced cured materials with high adhesive strengths, demonstrating the
potential of this glycidate-acrylate hybrid system as a safer and more effective platform for epoxy-acrylate
hybrid materials.
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Figure 1: Amine curing of glycidate-based polymers prepared by radical polymerization of partially epoxidized
diacrylate.

2 Experimental Section
2.1 Materials

Neopentyl glycol diacrylate (NPA) (>89.0%), lauryl sulfobetain (>98.0%), 2,2'-azobisisobutyronitrile
(AIBN) (>98.0%), diethylenetriamine (DETA) (>98.0%), and m-xylylenediamine (XDA) (>99.0%) were
purchased from Tokyo Chemical Industry (Tokyo, Japan). Ethyl acetate (>99.5%), tetrahydrofuran (THF)
(>99.5%), 5% NaOCl aq. (Extra pure grade), trisodium citrate dihydrate (>99.0%), magnesium sulfate
(>98.0%), dehydrated toluene (>99.5%), and N,N-dimethylformamide (DMF) (>99.0%) were purchased
from Kanto Chemical (Tokyo, Japan). NPG was prepared as reported [18-20]. All the reagents were used
as received.

2.2 Synthetic Procedures
2.2.1 Synthesis of GA Monomers by Partial Oxidization of NPA

NPA (5.31 g, 5.00 mmol), lauryl sulfobetain (2.7 g, 32 mol% to NPA), and 5wt% NaOCl aq. (0.6-2.4 eq.)
were added in a 200-mL round bottom flask. The mixture was stirred at 40°C. Then, the organic fraction was
extracted with ethyl acetate (100 mL). The organic layer was washed sequentially with a saturated aqueous
solution of trisodium citrate (80 mL) and brine (80 mL, three times) and dried with MgSO,. After filtration,
the concentrated residue was purified by SiO, gel column chromatography eluted with ethyl acetate. For the
calculation of yields, ethyl acetate was evaporated under a vacuum.

2.2.2 Radical Polymerization of GA Monomers

To avoid spontaneous polymerization, GA was treated as solution. Toluene was added to the ethyl
acetate solution of GA obtained in the above-mentioned procedure. Then, ethyl acetate was evaporated to
obtain toluene solutions of GA. The concentration of GA was adjusted to 2.0 mol/L, and the toluene solution
of GA (1.50 mL, 3.00 mmol of GA monomers) and AIBN (4.9 mg, 1.0 mol%) were added to a 20-mL round
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bottom flask. The polymerization was carried out under a nitrogen atmosphere. The conversion of the vinyl
group was monitored by ' H NMR spectroscopy. Viscous products were obtained after evaporation of toluene
under reduced pressure.

2.2.3 Curing of PGA with Amines

PGA90/10 (conversion of C=C > 99%) (150 mg) and DETA (60-107 uL) or XDA (27-82 pL) were
added to a glass vial. The mixture was cured at room temperature (ca. 25°C) for 24 h. The gel fractions
were determined by removing soluble fractions by Soxhlet extraction with THF and drying under reduced
pressure at 60°C overnight.

2.3 Measurements

"H NMR spectra were measured on a JEOL ECX-400 (400 MHz) spectrometer using tetramethylsilane
as an internal standard. Fourier transform infrared (FTIR) spectra were measured on a Shimadzu (Kyoto,
Japan) IRSpirit spectrometer equipped with a Shimadzu QATR-S attenuated total reflection accessory with a
diamond disk with a step of 4 cm™'. Differential scanning calorimetry (DSC) measurements were conducted

I under N,

on a Seiko Instruments (Tokyo, Japan) DSC6200 instrument at a scanning rate of 10°C min~
flow. The glass transition temperatures (Tgs) were determined as the midpoints of the baseline shifts. Size
exclusion chromatography (SEC) analysis was conducted on a Tosoh HLC-8220 GPC instrument equipped
with a differential refractive index detector and polystyrene-gel tandem columns of Tosoh TSKgel Super
AW 3000, Super AW 4000, and Super AW 5000. THF was used as an eluent (flow rate = 1.0 mL min~!) at
40°C. Single lap shear stress tests were conducted on an Imoto Machinery (Kyoto, Japan) IMC-90FE material
testing machine with a load cell (20-1000 N) at a tensile rate = 5 mm min™'. A mixture of an epoxide and
an amine with the equimolar amount of the epoxy and amine groups was applied between two rectangular
aluminum plates and was cured at 25°C for 6 h. The size of adhesion part was 25 mm x 12.5 mm. Triplicate

measurements were conducted.

2.4 Computational Calculation

All the calculations were performed using density functional theory (DFT) at the B3LYP level [25,26]
using the Gaussian 09 Revision D. 01 program package [27]. Three-dimensional structures were visualized
using Avogadro software. Geometry optimizations were carried out without symmetry constrains using the
6-31G+ basis set. The highest occupied molecular orbital energies (Egomo) were calculated for molecules
solvated in methanol using the polarizable continuum model at the 6-311G+(d,p) level. Fukui functions (f~)
were calculated as the differences of charge model 5 (CM5) charges of N and N-1 electronic species. The
Cartesian coordinates of the optimized geometries are provided in Table S1.

3 Results and Discussion

3.1 Synthesis of Glycidate-Acrylate Hybrid Monomers

Hybrid GA monomers with various compositions of glycidate and acrylate moieties were prepared
by the oxidation of NPA using varying amounts of aqueous NaOCI solution in the presence of lauryl
sulfobetaine as a phase transfer catalyst (Scheme 1 and Table 1). The monomers are abbreviated as GAx/y,
where x and y represent the molar ratios of glycidate and acrylate moieties, respectively. Yields decreased as
the glycidate content increased, likely due to hydrolysis of ester and glycidate groups occurring under highly
basic conditions. However, the byproducts in the aqueous layer containing residual NaOCl were not analyzed
to avoid the potential hazards associated with concentrated oxidants during workup. GAx/y monomers
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with acrylate contents greater than approximately 20% were prone to spontaneous polymerization of the
acrylate moieties, leading to the formation of insoluble products during isolation or storage. Consequently,
these GA monomers were stored as ethyl acetate solutions prior to use (Fig. S1). In contrast, GAx/y with
acrylate contents lower than 20% exhibited sufficient storage stability. For instance, GA87/13 remained stable
in a refrigerator for several months without solvent. Although precise control of compositions within a 5%
margin was challenging, the resultant ratios varied slightly between batches conducted under the identical
conditions (e.g., GA77/23 and GA82/18). This variation is possibly attributed to the gradual degradation of
NaOCl during storage [28]. Thus, subsequent experiments used GA monomers with compositions specific
to each batch, which may differ slightly from those listed in Table 1.

:>: o 5% NaOCl aq. R
lauryl sulfobetain (32 mol%) O>:O

of
40°C,1h
0 o]
e ~

R
GAx/ly

o

Scheme 1: Synthesis of monomers bearing glycidate and acrylate moieties.

Table 1: Synthesis of glycidate-acrylate hybrid monomers*.

Run [NaOCl],/[C=C] Glycidate/Acrylate' Yield (%)?
1 0.6 49/51 72
2 1.2 67/33 44
3 1.8 77123 43
4 24 87/13 28

Note: *Conditions, 5 wt% NaOCl aq., lauryl sulfobetaine (32 mol%), 40°C, 1 h; ' Molar composition determined by 'H
NMR spectroscopy (400 MHz, CDCl); *Isolated yield after SiO, column chromatography based on the molar ratios
of hybrid monomers and NPA.

3.2 Radical Polymerization of Glycidate-Acrylate Hybrid Monomers

The radical polymerization of GA monomers was investigated in toluene (2 M) using AIBN (1 mol%)
as an initiator (Scheme 2 and Table 2). Polymerization of GA49/51 and GA67/33 at 60°C resulted in the
formation of insoluble products within 30 min due to the crosslinkage originating from the residual
NPA. Conversely, the polymerization of GA81/19 and GA88/12 at 60°C proceeded homogeneously, yielding
viscous products. However, residual acrylate moieties remained in these products, indicating that higher
temperatures are necessary for complete conversion. Notably, GA monomers with the acrylate contents of
approximately 20% (ranging from GA79/21 to 82/18) achieved nearly quantitative acrylate conversion after
polymerization at 70°C for 12 h. In contrast, polymerization at 80°C led to the formation of insoluble solids.
This is likely due to the chain transfer reactions at the methylene group adjacent to the oxygen, which occur
during the polymerization of various acrylates [29]. Meanwhile, the polymerization of GA88/12 at 80°C
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yielded a viscous liquid with complete acrylate conversion. These resulting viscous liquids were soluble in
common organic solvents such as ethyl acetate, THF, and DME

R

AIBN
>:o (1 mol% to C=C) </I//\/J:>m A(}ZO
o)
o o

Toluene (2 M)

oo

GAxly PGAXx/y
Scheme 2: Radical polymerization of GA hybrid monomers.

Table 2: Radical polymerization of glycidate-acrylate hybrid monomers*.

Run Monomer Temperature (°C) Time (h) Final Appearance Conv. of C=C (%)!

1 GA49/51 60 <0.5 Solid -
2 GA67/33 60 <0.5 Solid -
3 GA81/19 60 12 Viscous liquid 73
4 GA82/18 70 12 Viscous liquid 98
5 GA79/21 80 <0.5 Solid -
6 GA88/12 60 12 Viscous liquid 91
7 GA88/12 70 12 Viscous liquid 94
8 GA88/12 80 10 Viscous liquid >99

Note: *Conditions: 2 M in toluene, AIBN (1 mol%), N,; ' Determined by 'H NMR spectroscopy (CDCls, 400 MHz).

The radical polymerization kinetics were monitored using 'H NMR spectroscopy. For GA81/19, com-
plete conversion of the acrylate moieties was achieved within 10 h at 70°C, whereas the polymerization at
60°C remained incomplete (Fig. 2). In contrast, the polymerization of GA88/12 required higher temperature
to reach completion. Quantitative conversion was attained at 80°C within 8 h, while at 70°C, the conversion
plateaued at approximately 90% after 4 h (Fig. 3). This reduced polymerizability of GA88/12 likely stems from
the lower concentration of acrylate moieties in the reaction system. The resulting polymerized products are
abbreviated as PGA, followed by the compositions of their corresponding monomers (e.g., PGA82/18 for the
polymer derived from GA82/18).

The products, PGA82/18 (Table 2, Run 4) and PGA88/12 (Table 2, Run 8), were confirmed to consist
of NPG contained in GA monomers and polymers bearing glycidate side chains (Fig. 4). In the 'H NMR
spectra, broad signals corresponding to the polymeric products were observed alongside sharp signals from
low-molecular-weight glycidate species. The glycidate contents in PGA88/12 and PGA81/19 were calculated
from the integral ratios of the epoxy protons (a, @/, b, and b’ in Fig. 4) and methyl protons in the neopentyl
group (e and €' in Fig. 4), yielding values of 90% and 82%, respectively. These ratios closely align with the
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glycidate contents in the starting monomers, confirming that the radical polymerization of the acrylate
moieties proceeded selectively without observable side reactions involving the glycidate moieties. This
selectivity is further supported by the fact that the soluble fraction of the crosslinked products obtained by
the radical polymerization of GA67/33 (Table 2, Run 2) consisted almost entirely of NPG (Fig. S2).
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Figure 2: Conversion of C=C groups over time during radical polymerization of GA81/19 in 2 M toluene solution at
70°C (e) and 60°C (o) monitored by ' H-NMR spectroscopy (CDCl;, 400 MHz).
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Figure 3: Conversion of C=C groups over time during radical polymerization of GA88/12 in 2 M toluene solution at
80°C (o) and 70°C (o) monitored by ' H-NMR spectroscopy (CDCl;, 400 MHz).
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Figure 4: 'H NMR spectrum of the products obtained by radical polymerization of GA82/18 at 70°C for 12 h in toluene

(2.0 M) (CDCl;, 400 MHz).



8 ] Polym Mater. 2026;43(2):9

SEC analysis revealed the coexistence of low- and high-molecular-weight fractions in PGA81/19 and
PGAB88/12 (Table 3 and Fig. 5). Both PGA81/19 and PGA88/12 contained high-molecular-weight fractions
with molecular weights exceeding 10° Da, which can be attributed to the interchain polymerization of residual
NPA. The relative contents of monomeric NPG and polymeric products were estimated from the peak areas of
the elution corresponding to NPG at an elution time of 28 min and the higher-molecular-weight region. The
calculated NPG/polymer ratios were 66/34 for PGA81/19 and 77/23 for PGA88/12. These NPG contents align
well with the theoretical compositions calculated based on a statistical distribution of epoxidation, assuming
the formation of NPG, GA, and NPA monomers. For GA81/19, the theoretical NPG/GA/NPA ratio is 66/31/4
(calculated ratio = 65.6/30.8/3.6), while for GA88/12, it is 77/21/1 (calculated ratio = 77.4/21.1/1.4). The higher
NPA content in GA81/19 correlates with the higher M, and broader M,,/M, observed for PGA81/19, as NPA
acts as a crosslinking agent during radical polymerization.

Table 3: Molecular weight and NPG/polymeric fraction ratio in PGA81/19 and PGA88/12.

Polymer M, (M, /M,)! NPG/Polymeric Fraction®
PGAS81/19 38,200 (3.35) 66/34
PGAS88/12 19,700 (2.14) 77/23

Note: ! Molecular weight of polymeric fraction (elution time <25 min) estimated by SEC (THE polystyrene standard);
Estimated by area of elution peaks of SEC (THF, polystyrene standard).

p

Y

15 20 25 30
Elution time (min)

Figure 5: SEC profiles of (a) PGA81/19 and (b) PGA88/12 eluted by THE

3.3 Curing of Polymers of Glycidate-Acrylate Hybrid Monomers

PGA, comprising glycidate-bearing oligomers and polymers along with residual NPG, was cured in bulk
using DETA and XDA at an initial stoichiometry of [epoxy]o/[N-H], = 1/1.5 (Scheme 3 and Table 4). For
this study, PGA90/10 and PGA82/18 were selected as the prepolymers. The initial mixtures of PGA and these
amines were viscous liquids, which successfully transformed into insoluble solids after curing at ambient
temperature for 24 h.

The gel fraction of the product cured with DETA exceeded 90%, indicating highly efficient crosslinking.
Both the gel fraction and T, were higher than those of the cured products derived from PGA with lower
(Run 2) or no (Run 3) acrylate conversion. This difference suggests that the polymeric glycidate effectively
promoted crosslinking due to the presence of high-molecular-weight components bearing multiple epoxy
side chains. The T, values were also 20°C-30°C higher than those of cured products derived solely from
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NPG [18], likely because the high-molecular-weight segments restricted molecular motion within the
crosslinked network.

H
O%O ~Ne~
Oj)k o HN/R\NHz HoN NH, DETA
2 2
H2N/©\/NH2 XDA

PGAX/y
Scheme 3: Curing of PGA with amines.

Table 4: Curing of PGA with amines*.

Run Epoxide Conversion of Acrylate (%)’ Amine T, (°C)? Gel Fraction (%)*
1 PGA90/10 >99 DETA 35 93
2 PGA90/10 45 DETA 2 69
3 PGA90/10 0 DETA -10 54
4 PGAB82/18 98 DETA 25 93
5 PGA90/10 >99 XDA 30 62
6 PGAB82/18 98 XDA 45 89
cf. NPG N/A DETA 5 94

Note: *Conditions: [epoxy]o/[NH]y = 1/1.5, rt, 24 h; 'Determined by '"H NMR spectroscopy; “Determined by DSC
(scanning rate = 10°C min~!, N, second heating scan); *Residual weight fraction after Soxhlet extraction with THF for
10 h.

Crosslinking via the ring-opening addition of amino groups to the epoxy ring was confirmed by FTIR
spectroscopic analysis (Fig. 6). The characteristic epoxy ring peak at 868 cm™, which is observable in the
prepolymer spectrum, is unobservable in the spectrum of the cured product. The persistence of the ester
linkage was confirmed by the signal at 1732 cm™, while a new peak at 1645 cm™ suggests the formation of
amide groups. As discussed later, these amide groups likely result from the nucleophilic substitution of the
ester moieties by the amines [30]. Additionally, the broad absorption around 3500 cm™ in the spectrum of
the cured product indicates the presence of hydroxy groups generated by the ring-opening of the epoxy rings
and residual N-H moieties.

Furthermore, the effect of the amine feed ratio on the gel fraction was examined (Fig. 7). For polymers
cured with DETA, high gel fractions were observed across a wide range of feed ratios. The maximum
gel fraction was achieved at a 1.5 molar equivalent of N-H groups relative to the epoxy rings. This ratio
corresponds to the equimolar amount of primary and secondary amine groups to the epoxy ring. The epoxy
contents in the soluble fractions after Soxhlet extraction increased as the amine feed ratio decreased, which



10 J Polym Mater. 2026;43(2):9

correlated with the lower gel fractions (Fig. 8). These higher epoxy contents in the soluble fractions at lower
amine feed ratios demonstrate insufficient crosslinking. In contrast, epoxy moieties were undetectable in the
soluble fractions obtained using more than 1.25 equivalents of N-H groups, where the gel fractions exceeded
80%. Concurrently, the contents of primary hydroxy group—produced by the nucleophilic substitution of
the ester moieties by the amines to produce amide groups—increased. The observed decrease in gel fractions

at higher amine feed ratios is attributable to this side reaction, which reduces the crosslinking density and
leads to the elimination of neopentyl glycol.

(@)

C-0O-C symmetrical stretching

(b)

I I I T 1
4000 3000 2000 1000

Wavenumber (cm-)

Figure 6: FTIR spectra of (a) the polymerized product of GA90/10 (conversion of acrylate > 99%) and (b) its cured
products obtained by curing with DETA in the equimolar feed ratios of N-H to epoxide at room temperature for 24 h.
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Figure 7: Gel fractions of cured products obtained by curing of PGA90/10 (conversion of acrylate > 99%) with
(a) DETA and (b) XDA with various feed ratios of N-H to epoxide after Soxhlet extraction with THF for 10 h.
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Figure 8: Epoxy and alcohol contents in soluble fractions obtained by Soxhlet extraction of cured products of PGA90/10
and DETA with THF for 10 h.

The presence of epoxy groups at the stoichiometric N-H feed is attributable to the reduced reactivity
of the secondary amine groups formed by the first addition of amines to the glycidate ring. When a primary
amino group reacts with a glycidate, it forms a y-keto secondary amine group, in which the carbonyl moiety
reduces the nucleophilicity of the nitrogen atom through its electron-withdrawing effect. This reduced
nucleophilicity likely diminishes the rate of the further addition of the secondary amine to epoxy rings,
similar to the behavior observed in the aza-Michael addition of amines to acrylates [30,31]. This contrast
is notable compared to the curing of glycidyl ethers with amines, where the second addition typically
proceeds smoothly due to the electron-donating ability of the alkyl substituents, despite increased steric

29 22

hindrance [32,33].

The reduced nucleophilicity of the y-keto secondary amine was supported by DFT calculations using
model amines: an amine with a y-carbonyl group (Amine-C=0) representing the species reacted with a
glycidate, and an amine with a y-methyl group (Amine-Me) representing the species reacted with a glycidyl
ether (Fig. 9, Table 5). The CM5 charge of the nitrogen atom in Amine-C=0 is lower than that in Amine-
Me, suggesting decreased electron density due to the electron-withdrawing carbonyl group. Additionally, the
fx~ value—derived as the difference in charges between the neutral (N) and cationic (N-1) species [34]—is
also lower for Amine-C=0, indicating lower electrophilicity of its nitrogen atom. Furthermore, the lower
Enomo and local nucleophilicity index (Ny), which correlate well with experimental nucleophilicity [35,36],
further supports this trend for Amine-C=0. The HOMO of Amine-C=0 extends toward the C-O bond
at the B-position due to the electron-withdrawing effect of the carbonyl group, visualizing the reduced
nucleophilicity of the reacted amine moieties. These results, combined with the similar steric hindrance
around the nitrogen atoms, confirm the reduced nucleophilicity of amine groups after the reaction with a
glycidate group.

The gel fractions of products cured with XDA were consistently lower than those cured with DETA,
which can be attributed to the inherently lower nucleophilicity of the benzylic amine moieties in XDA [32].
For the XDA-cured samples, the maximum gel fraction was attained at a feed ratio of [epoxy]o/[NH], =1/2.0.
This ratio corresponds to the stoichiometric equivalence of the primary amine group to the epoxy ring. This
result further supports the presumption that the second addition of the y-keto secondary amine group to
the glycidate group is unfavorable.

3.4 Adhesive Properties of Cured Glycidate-Acrylate Hybrid Polymers

The adhesive strength of the cured PGA systems was evaluated using single-lap shear tests at a tensile
rate of 5 mm/min (Table 6). PGA90/10 was mixed with either DETA or XDA at a stoichiometric ratio
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(IN-H]o/[epoxy]y = 1.0), applied between aluminum plates, and cured at 25°C for 6 h. The specimens bonded
with PGA90/10 exhibited no failure even at loads exceeding the instrument’s maximum measurable stress
of 1.6 MPa. This performance significantly surpasses the adhesion strengths achieved with the monomeric
analogs: the glycidate (NPG, Run 2) and the glycidyl ether (NPGE, Run 1).

Figure 9: Structures and HOMO of model amines of (a) glycidate (Amine-C=0) and (b) glycidyl ether (Amine-Me).

Table 5: CM5 charges, Fukui function (fi~), HOMO energy (Eqomo), and local nucleophilicity index (Ny) calculated
by DFT calculation (B3LYP/6-311G+(d,p)) of model amines.

M5 Ch
Amine CMS5 Charge i Exomo (€V) N (eV)*
N N-1
Amine-C=0 -0.5295 -0.2676 0.2618 -6.738 0.5804
Amine-Me -0.5367 -0.2671 0.2696 -6.482 0.6666

Note: *Nk = (EHOMO(amine)_EHOMO(tetracyanoethylene))'fk_ [33’34] EHOMO(tetracyanoethylene) =-8.9546 V.

Table 6: Single-lap shear stress at break for aluminum plates adhered by epoxides cured with amines at 25°C* and
pencil hardness of cured products.

Run Epoxy Amine Shear Stress (MPa)! Pencil Hardness
1 NPGE [16] DETA 0.03 + 0.01 Not measured
2 NPG [16] DETA 1.14 + 0.08 HB
3 PGA90/10 DETA >1.6% <6B
4 PGA90/10 XDA >1.6% 4B

Note: *Curing conditions: [epoxy]/[NH] = 1/1, 25°C, 6 h; 'Tensile rate = 5 mm min™!, size of adhesion

part = 25 x 12.5 mm, average of three measurements with standard errors; *°Non-break under the examined conditions.

The superior adhesion of the amine-cured PGA90/10 is attributed to three primary factors (Fig. 10).
First, the high concentration of ester groups enhances the adhesion of epoxy resins through polar interaction
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between the ester carbonyl groups, cooperatively with the amine and hydroxy groups, and the aluminum
surface [37,38]. Second, the flexible and long polymeric spacer [39-43] facilitate stress dissipation, sup-
ported by the lower pencil hardness of the PGA90/10-DETA system compared to the cured NPG-DETA
system. Specifically, the flexible polyacrylate chains effectively dissipate internal stress, despite their lower
hardness [13,42]. Third, the loose crosslinking network—resulting from the slower second addition of the
y-keto secondary amine groups as described above [31]—further contributes to stress relaxation. Collectively,
these mechanisms enhance the adhesion via the strengthened interfacial interactions and efficient stress
dissipation within the adhesive layer. Additionally, as detailed in our prior work [21], the faster curing kinetics

inherent to glycidates may also be a plausible factor for the enhanced adhesion.

(a) Polar interactions between the high concentration of ester groups, cooperatively with NH and OH groups,
and the aluminum surface.
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Figure 10: (Continued)
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Figure 10: Proposed mechanisms for the enhanced adhesion of the amine-cured PGA systems: (a) cooperative polar
interactions between the PGA skeleton (ester, hydroxy, and amino groups) and the aluminum surface; (b) stress
dissipation facilitated by the flexible polyacrylate chain motion; and (c) stress relaxation derived from the lower
crosslinking density, originating from the reduced nucleophilicity of y-keto secondary amine intermediates in glycidate
curing compared to glycidyl ether curing.

4 Conclusions

A sequentially curable epoxy-acrylate hybrid system was developed using hybrid monomers bearing
both glycidate and acrylate moieties, prepared via the partial oxidation of a diacrylate. Radical polymer-
ization of monomers with glycidate contents exceeding 80% successfully produced viscous prepolymers,
consisting of polymers with epoxy side chains and low-molecular-weight glycidates. Subsequent amine
curing of these prepolymers proceeded efficiently at ambient temperature. To achieve high curing efficiency,
quantitative conversion of the acrylate moieties was essential. These viscous prepolymers are promising
candidates for B-stage epoxy applications.

The resulting cured products exhibited enhanced adhesion to aluminum plates (lap shear stress
>1.6 MPa) compared to the cured products of analogous monomeric glycidyl ether and glycidate. While the
absolute adhesive strength of the current system remains limited by the inherent flexibility of the neopentyl
glycol-based polyacrylate backbone, this study provides critical chemical insights into the curing behavior
of this GA monomer system. Specifically, the reduced nucleophilicity of the y-keto secondary amine groups
was identified as a key factor influencing the crosslinking behavior.

Importantly, this two-stage curing system enables the hybridization of polyacrylate and epoxides
without the use of toxic and potentially carcinogenic GMA. Furthermore, this strategy is applicable to a
wide range of commercially available multifunctional acrylates, offering extensive structural diversity. This
work establishes a fundamental platform for designing next-generation epoxy-acrylate materials that balance
tunable mechanical properties, ease of handling, and enhanced safety through strategic molecular designs.
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