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a b s t r a c t

Epoxy resin is widely used in electronic packaging due to its exceptional performance, particularly the

low-temperature curable thiol/epoxy system, which effectively minimizes thermal damage to sensitive

electronic components. However, the majority of commercial thiol curing agents contain hydrolysable

ester bonds and lack rigid structures, which induces most of thiol/epoxy systems still suffering from un-

satisfactory heat resistance and hygrothermal resistance, significantly hindering their application in elec-

tronic packaging. In this study, we synthesized a tetrafunctional thiol compound, bis[3-(3-sulfanylpropyl)-

4-(3-sulfanylpropoxy)phenyl]sulfone (TMBPS) with rigid and ester-free structures to replace traditional

commercial thiol curing agents, pentaerythritol tetra(3-mercaptopropionate) (PETMP). Compared to the

PETMP/epoxy system, the TMBPS/epoxy system exhibited superior comprehensive properties. The rigid

structures of bisphenol S-type tetrathiol enhanced the heat resistance and mechanical properties of

TMBPS/epoxy resin cured products, outperforming those of PETMP/epoxy resin cured products. Notably,

the glass transition temperature of TMBPS/epoxy resin cured products was 74.2 °C which was 11.8 °C
higher than that of PETMP cured products. Moreover, the ester-free structure in TMBPS contributed

to its enhanced resistance to chemicals and hygrothermal conditions. After undergoing 1000h of high-

temperature and high-humidity aging, the tensile strength and adhesion strength of TMBPS-cured prod-

ucts were 73.33MPa and 3.39MPa, respectively exceeding 100% and 40% of their initial values, while

PETMP-cured products exhibited a complete loss of both tensile strength and adhesion strength. This

study provides a strategy for obtaining thermosetting polymers that can be cured at low temperatures

and exhibit excellent comprehensive properties.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the rapid development of modern industry, the require-

ments for material properties are increasing, especially the applica-

tion requirements under extreme environmental conditions. Epoxy

resin is a high-performance synthetic material, renowned for its

excellent adhesion, mechanical properties, electrical insulation, as

well as chemical and thermal stabilities [1–8]. Consequently, it

is widely used across various industries, including construction

[9], automotive [10], electronics [11] and aerospace [12]. Typically,

epoxy resin presents liquid or semi-solid states at room tempera-

ture and requires curing to transform into a solid state. Common

curing agents include amines [13–16], imidazoles [17], anhydrides

[18,19], polyamides [20], and polythiols [21]. Most of these agents

necessitate curing at elevated temperatures (approximately 120 °C
or higher), inevitably resulting in some thermal damages to the re-
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sultant products. Thiol/epoxy systems that curing at a low temper-

ature have garnered significant interest because of their benefits in

energy conservation, enhanced production efficiency, and suitabil-

ity for unique environments.

Over the past few decades, the researches focused on

thiol curing agents have made some significant progresses. Al-

varo et al. [22], added trifunctional thiol (trimethylolpropane

tris(3-mercaptopropionate)) to epoxy resin and amino-terminated

poly(hydroxyl polyurethane) system to accelerate the curing pro-

cess, which proved that thiol curing agent had high activity. At

the same time, some researchers began to study the factors affect-

ing the activity of thiol curing agent. Hong et al. [23], explored

the effect of molecular weight on the curing activity of curing

agent by synthesizing two different molecular weight 2–hydroxy-

3-mercaptopropyl terminated polypropylene glyceryl ether curing

agents (HMP-t-PGE). Compared with high molecular weight HMP-

t-PGE, low molecular weight HMP-t-PGE was more reactive, and

https://doi.org/10.1016/j.cclet.2025.110905

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



C. He, L. Li, Y. Sun et al. Chinese Chemical Letters 36 (2025) 110905

the gelation time of curing epoxy resin was about half of that of

high molecular weight curing agent. Kim et al. [24], studied the ef-

fect of hydroxyl and methyl on the activity of thiol curing agent.

They synthesized thiol-functionalized polysilsesquioxane contain-

ing hydroxyl and methyl groups by acid-catalyzed sol-gel method.

Compared with the thiol curing agent containing methyl group,

the thiol curing agent containing hydroxyl group showed higher

reactivity, higher conversion rate and shorter curing time. Besides,

other studies had shown that increasing the degree of functionality

of the thiol curing agent can significantly increase the heat resis-

tance and mechanical properties of the epoxy resin after thiol cur-

ing. Wang et al. [25], reacted trifunctional thiol, trimethylolpropane

tris(3-mercaptopropionate) (TMP) and tetrafunctional thiol, pen-

taerythritol tetra(3-mercaptopropionate) (PMP) respectively with

epoxy resin. The glass transition temperature and tensile strength

of the tetrafunctional thiol cured product were about 20 °C and

20MPa higher than those of the trifunctional thiol cured product,

which demonstrated the effect of the degree of functionality on

material properties. Lu et al. [26], prepared different numbers of

thiol-terminated hyperbranched polymers (THBP-n, n=3, 6, 9, 12)

and used them to cure epoxy resin. With the increase of the de-

gree of functionality, the heat resistance and mechanical properties

of the cured epoxy resin showed an upward trend.

However, the current use of alkylated thiols leads to insufficient

rigidity, which limits the heat resistance and mechanical proper-

ties of materials. To solve this problem, the introduction of ben-

zene ring strategy [27,28] has also been developed. For example,

Ke et al. [29], introduced the benzene ring into the difunctional

thiol curing agent (BDB) and reacted it with the multi-arm epoxy

resin (EHCPP). Compared with EHCPP cured by other aliphatic thi-

ols, EHCPP cured by BDB showed the highest mechanical prop-

erties (tensile strength of 34.9MPa) and thermal stability (carbon

residue rate of 19.43%), indicating that the introduction of benzene

ring into thiol molecules is an effective method. In addition, most

thiol curing agents contain ester bonds, which makes the cured

epoxy resin exhibit poor chemical stability and poor hygrothermal

resistance, significantly weakening material performances. There-

fore, it is very important to prepare a kind of thiol curing agent

without ester bonds [30–32].

Herein, bis[3-(3-sulfanylpropyl)-4-(3-sulfanylpropoxy)phenyl]

sulfone (TMBPS) was synthesized from bisphenol S in this study.

This compound has unique structures, including two benzene

rings, a polar sulphone group, four thiol groups and ester-free

structure. TMBPS is based on a bisphenol backbone structure

which provides good compatibility with general epoxy resins.

Thiol/epoxy thermosetting polymers were prepared by reacting

TMBPS with bisphenol a diglycidyl ether (DGEBA) (Scheme 1), us-

ing commercial thiol pentaerythritol tetra(3-mercaptopropionate)

(PETMP) as a control. A thorough investigation was conducted

on various aspects of the thiol/epoxy thermosetting polymers,

including curing behavior, rheological properties, heat resistance,

chemical resistance, water resistance, mechanical properties,

UV-shielding properties and dielectric properties. In addition,

the hydrothermal resistance of two thiol/epoxy thermosetting

polymers was comprehensively compared and evaluated. We

anticipate that TMBPS/epoxy thermosetting polymer will achieve

very excellent comprehensive performance, thereby possessing

broad application prospects in the electronic packaging.

TMBPS can be obtained from 4,4′-sulfonyldiphenol (BPS) after a

series of reactions (Fig. S1 in Supporting information). The detailed

synthesis process is listed in Supporting information. In order to

confirm the successful synthesis of TMBPS and its intermediates,

the chemical structures were analyzed by 1H NMR, 13C NMR and

FTIR (Figs. S2-S6 in Supporting information). In the 1H NMR and

FTIR spectra of TMBPS (Figs. S3 and S6), the signal peaks of -SH

appeared at δ =1.40ppm and 2565 cm-1, which proved the suc-

cessful synthesis of TMBPS. Detailed analysis of the process can

be seen in Supporting information. In addition, the HPLC spectra

of TMBPS and its intermediates are shown in Fig. S7 (Supporting

information), and the sharp single peaks prove that TMBPS and its

intermediates have high purity.

TMBPS and PETMP were respectively mixed with DGEBA ac-

cording to the scheduled stoichiometric ratio (the molar ratio of

thiol to epoxy group was 1:1). Then PN23 (1% of DGEBA mass) was

added and mixed evenly. According to the different types of thiols,

two kinds of thiol/epoxy thermosetting polymers were named as

TMBPS/DGEBA and PETMP/DGEBA, respectively. After removing the

bubbles in the vacuum oven, the mixture was added to the PTFE

mold preheated at 70 °C. Then TMBPS/DGEBA was cured at 75 °C,
115 °C and 155 °C for 2h respectively, and PETMP/DGEBA was cured

at 90 °C, 110 °C and 125 °C for 2h respectively. The curing tempera-

ture was determined by the curing kinetics of two thiol/epoxy sys-

tems, which will be described in detail below.

The molecular formulas of DGEBA, PN23, TMBPS and PETMP

are depicted in Fig. S8 (Supporting information). The molecular

structures of TMBPS and PETMP were simulated by Chem3D soft-

ware. As shown in Fig. S9 (Supporting information), the distance

between the two nearest thiol groups in the PETMP molecule is

5.461 Å, resulting in a significant steric hindrance which hinders

the reaction of PETMP with the epoxy resin [33]. In contrast, the

distance between the nearest thiol groups in TMBPS is greater and

up to 6.998 Å, enabling a less-constrained and more-reactive inter-

action with the epoxy resin. In addition, we calculated the HOMO-

LUMO energy gap of TMBPS and PETMP by frontier molecular or-

bital (FMO) analysis, as shown in Fig. S10 (Supporting information).

The frontier orbital gap (HOMO-LUMO gap) is an important factor

affecting the chemical reactivity and kinetic stability of molecules

[34]. Molecule with low HOMO-LUMO gap has higher chemical re-

activity. The HOMO-LUMO energy gap of TMBPS was 5.2044 eV,

which was significantly lower than that of PETMP (6.4649 eV), in-

dicating that the electrons of TMBPS are more easily excited from

the HOMO level to the LUMO level [35], which proves that TMBPS

has higher reactivity.

The curing mechanism of the thiol/epoxy system is shown in

Fig. 1a, that is, the thiol group of TMBPS or PETMP reacts with

the epoxy group of DGEBA to form a cross-linked network. The

curing behaviors of the TMBPS/DGEBA and PETMP/DGEBA sys-

tems at different heating rates (5, 10, 15 and 20K/min) were ana-

lyzed using non-isothermal differential scanning calorimetry (DSC).

The corresponding DSC curves are shown in Figs. 1b and c, and

the exothermic peak temperatures are listed in Table S1 (Sup-

porting information). The curing conditions for TMBPS/DGEBA and

PETMP/DGEBA were determined by linear fitting of the start tem-

perature (Ts), peak temperature (Tp), and end temperature (Te)

with heating rate (β) and extrapolating to β =0, as shown in Figs.

1d and e. The relevant data are shown in Table S2 (Supporting in-

formation). TMBPS/DGEBA has a lower initial curing temperature

than PETMP/DGEBA, indicating that the TMBPS/DGEBA system has

higher reactivity, which corresponds to the above simulation re-

sults of TMBPS and PETMP molecules. The two thiol/epoxy systems

showed a single exothermic peak at different heating rates, indi-

cating that there was no obvious side reaction between thiol and

epoxy resin [36]. In addition, with the increase of heating rate, the

exothermic peak gradually moved to the high temperature direc-

tion. This phenomenon was due to the reason that when the heat-

ing rate was higher, the curing time at a certain temperature was

shorter, so the system had no time to cure and was accumulated

to the next temperature to continue curing [37,38]. Compared with

PETMP/DGEBA, the exothermic peak of TMBPS/DGEBA was wider,

indicating that the heat release during curing was more uniform

and the curing reaction was more sufficient. The four thiol groups

of PETMP had the same activity, while there were two kinds of
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Scheme 1. Schematic illustration of the preparation process of thiol/epoxy thermosetting networks.

thiol groups with different reaction activities in TMBPS. The cur-

ing exothermic peak temperatures of the two thiol groups reacting

with the epoxy resin are similar, so the overlap induced the total

exothermic peak wider [39].

To compare the curing activity of two thiol/epoxy systems more

accurately, the apparent activation energy (Ea) was calculated us-

ing the Kissinger method (Eq. S2 in Supporting information). Fig. 1f

demonstrates that the near regression coefficients fitted from the

Kissinger method were all greater than 0.996, indicating the accu-

rate and reliable fitting results. The apparent activation energy of

TMBPS/DGEBA was calculated to be 52.08 kJ/mol which was lower

than that of PETMP/DGEBA reaching 66.89 kJ/mol, confirming that

TMBPS/DGEBA was more reactive. The change in enthalpy (Table

S1 in Supporting information) and conversion rate with tempera-

ture variation was determined by integrating the non-isothermal

curves of the two thiol/epoxy systems (Figs. S11 and S12 in Sup-

porting information). The conversion rate curves for the two sys-

tems at different heating rates were all S-shaped, indicating an

autocatalytic effect [40]. To further investigate the curing behav-

ior, the Kissinger-Akahira-Sunose (KAS) method (Eq. S3 in Sup-

porting information) [41] was used to calculate the activation en-

ergy at different conversion rates. The straight lines fitted by the

KAS method are shown in Figs. S13 and S14 (Supporting informa-

tion), and the activation energy at different conversion rates is pre-

sented in Fig. 1g. The curing activation energy of PETMP/DGEBA

decreased with the increase of conversion rate, confirming the

autocatalytic behavior of the thiol/epoxy systems. However, the

curing activation energy of TMBPS/DGEBA initially decreased and

then increased with conversion rate. This trend is due to the in-

creasing crosslinking density and viscosity as the reaction pro-

gresses, which enhances steric hindrance and reduces the likeli-

hood of collisions between thiol and epoxy molecules [42]. More-

over, the average curing activation energies of TMBPS/DGEBA and

PETMP/DGEBA were 53.70 kJ/mol and 62.17 kJ/mol, respectively,

which closely matched the apparent activation energies calculated

by the Kissinger method, further supporting the higher reactivity

of TMBPS. The Kinssinger method is based on a simplified math-

ematical model and is suitable for simple reaction systems [43–

45]. Therefore, the Kinssinger method is used to obtain a rough

activation energy. The KAS method is a model-free isoconversional

method [46,47], which provides more accurate kinetic parameters

by considering the change of activation energy under different con-

version rates. It is suitable for complex systems [48], and the cal-

culated activation energy is also more accurate.

Additionally, the curing process of the TMBPS/DGEBA system

was monitored using isothermal infrared spectroscopy at 80 °C to

explore the changes in functional groups during curing. Fig. 1j dis-

plays the infrared spectrum of TMBPS/DGEBA over time. As the

reaction proceeded, the thiol absorption peak (Fig. 1h) and the

epoxy absorption peak (Fig. S15 in Supporting information) grad-

ually decreased. After 100min, the thiol characteristic peak had

nearly disappeared, indicating the completion of the curing reac-

tion. Furthermore, due to the ring-opening reaction between the

epoxy group and the active hydrogen in the thiol group, new hy-

droxyl groups were formed, resulting in a gradual increase in the

vibration peak at 3504 cm-1 (Fig. S16 in Supporting information).

The conversion rate during curing was calculated based on changes

in the thiol characteristic peak (Eq. S1 in Supporting information),

as shown in Fig. 1i. With the progress of curing, the crosslinking

density and steric hindrance in the system increased, leading to a

final conversion rate of 86.7%.

During polymer processing, it is often necessary for the vis-

cosity to be below 1Pa s within the processing window. Rheo-

logical analysis was conducted to measure the viscosity of TMBPS,

PETMP, and the two thiol/epoxy systems under various conditions.

The viscosity changes of TMBPS and PETMP with shear rate and

temperature are shown in Fig. 2a and Fig. S17 (Supporting in-

formation). TMBPS exhibited a significantly higher viscosity than

that of PETMP due to the incorporation of a sulfone group and

two rigid benzene rings in TMBPS. The viscosity of TMBPS de-

creased with the increase of shear rate, displaying the character-

istic of a pseudoplastic fluid. Whereas the viscosity of PETMP re-

mained constant across shear rates, identifying it to be a New-

tonian fluid. Furthermore, due to the higher initial viscosity, the

viscosity of TMBPS decreased sharply with temperature increasing.

The complex viscosity-temperature curves of TMBPS/DGEBA and

PETMP/DGEBA are shown in Fig. 2b. The viscosity of TMBPS/DGEBA

was below 1Pa s within the temperature range of 61.8–141.3 °C,
yielding a processing window of 79.5 °C, while PETMP/DGEBA ex-
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Fig. 1. The curing process of TMBPS/DGEBA and PETMP/DGEBA. (a) Curing mechanism of thiol/epoxy systems. DSC curves of (b) TMBPS/DGEBA and (c) PETMP/DGEBA.

Extrapolate curves of curing system of (d) TMBPS/DGEBA and (e) PETMP/DGEBA. (f) The linear fitting curve obtained by Kissinger method. (g) Changes of curing activation

energy with conversion rate. (h) Infrared characteristic peaks of thiol groups at different curing stages, (i) curve of thiol conversion rate, (j) FTIR spectra at different curing

stages of TMBPS/DGEBA.

hibited a processing window of 97.7 °C, indicating good processing

performance for both thiol/epoxy systems.

The thermal stability of the two thiol/epoxy thermosetting

polymers under a nitrogen atmosphere was evaluated using ther-

mogravimetric analysis (TGA). As depicted in Figs. 2c and d,

with relevant data provided in Table S3 (Supporting information),

the initial decomposition temperature (Td5%) and the tempera-

ture at 50% weight loss (Td50%) for TMBPS/DGEBA were respec-

tively 318.0 °C and 376.0 °C which were both higher than those for

PETMP/DGEBA (Td5% =315.4 °C, Td50% =349.9 °C. Additionally, the

residual carbon rate of TMBPS/DGEBA at 800 °C was 16.3% which

was 2.8 times higher than that of PETMP/DGEBA. To further com-

pare the thermal stability of two polymers, the statistical heat re-

sistance index (Ts) [49] was calculated by Eq. S4 (Supporting infor-

mation). The Ts of TMBPS/DGEBA was 167.3 which was higher than

that of PETMP/DGEBA (Ts=160.9), indicating its superior thermal

stability that attributed to the advantageous structure of TMBPS.

The chemical stability of thermosetting polymers affects their

durability and potential applications. Therefore, we investigated

the stability of the two thiol/epoxy thermosetting polymers in

different chemical environments. The polymers were immersed

in NaCl (10 wt%), NaOH (10 wt%), HCl (10 wt%), and anhydrous

ethanol to observe their changes for 30 days at 25 °C and 48h

at 80 °C (Fig. S18 in Supporting information and Fig. 2g). The

change in residual mass was calculated by Eq. S5 (Supporting in-

formation), as shown in Figs. 2e and f. At 25 °C, the mass of

TMBPS/DGEBA remained nearly unchanged in all the testing en-

vironments, while PETMP/DGEBA lost approximately 25% of its

mass in NaOH (10 wt%). Higher temperatures accelerated the mass

loss in these polymers. At 80 °C, PETMP/DGEBA completely de-

graded in NaOH (10 wt%) and exhibited structural changes in

HCl (10 wt%), indicating the structural damage and mass loss,

whereas TMBPS/DGEBA remained stable in these severe environ-

ments. These results indicated that TMBPS/DGEBA exhibited bet-

ter stability than PETMP/DGEBA under acidic and alkaline condi-

tions. Due to the existence of a large number of ester bonds in

the structure of PETMP/DGEBA, it is easy to hydrolyze under acidic

and alkaline conditions [50], resulting in the fracture of the molec-

ular structure of PETMP, which causes the PETMP/DGEBA crosslink-

ing network to decompose. The resulting voids allow more sol-

vent molecules to penetrate, thereby accelerating the decomposi-

tion of the crosslinking network. The ester-free structure of TMBPS

endows it with excellent chemical resistance. TMBPS molecules

will not decompose under acidic and alkaline conditions and

the TMBPS/DGEBA crosslinking network will prevent more solvent

molecules from penetrating after accommodating sufficient solvent

molecules.

The storage modulus and glass transition temperature (Tg) of

the two thiol/epoxy thermosetting polymers were measured by

dynamic thermomechanical analysis (DMA), with the results pre-

sented in Figs. 2h and i, and corresponding data listed in Table S4

(Supporting information). The storage modulus of TMBPS/DGEBA

was consistently higher than that of PETMP/DGEBA during the en-

tire experimental temperature range, particularly between 40 °C
and 70 °C. The Tg is the highest temperature at which thermoset-

ting materials can be effectively used, corresponding to the main

peak of tanδ in Fig. 2i. The Tg of TMBPS/DGEBA was 74.2 °C
which was 11.8 °C higher than that of PETMP/DGEBA. This differ-

ence was attributed to the molecular rigidity and crosslinking den-

sity of the polymers. According to the theory of rubber elasticity,
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Fig. 2. The machinability (a, b), stability (c-g) and mechanical properties (h-n) of TMBPS/DGEBA and PETMP/DGEBA. (a) The viscosity-shear rate curves at 25 °C of TMBPS

and PETMP. (b) Viscosity-temperature curve at 10 s-1 shear rate of TMBPS/DGEBA and PETMP/DGEBA. (c) TGA curve and (d) DTG curve in N2. Residual mass histograms of

samples immersed in different solutions at (e) 25 °C and (f) 80 °C. (g) Digital photographs of samples immersed in different solutions at 80 °C. (h) Storage elastic curve, (i)

tanδ curve, (j) crosslinking density, (k) load-depth curve, (l) stress-strain curve, (m) adhesion strength in steel of TMBPS/DGEBA and PETMP/DGEBA. (n) The tensile strength

and adhesion strength of TMBPS/DGEBA and PETMP/DGEBA were compared with other materials reported in the literature.

the crosslinking density (Ve) of the two thiol/epoxy thermosetting

polymers was calculated by Eq. S6 (Supporting information) [51].

The calculated Ve for TMBPS/DGEBA was 1585mol/m³ which was

higher than that of PETMP/DGEBA (Ve =1169mol/m³), as shown in

Fig. 2j, likely due to the higher reactivity of the thiol group in

TMBPS, which allows for more complete reaction with the epoxy

resin.

The mechanical properties of the thiol/epoxy thermosetting

polymers were further evaluated by nanoindentation experiments,

with the load-depth curves shown in Fig. 2k. Under identical ex-

ternal forces, the indentation depth of TMBPS/DGEBA was smaller

than that of PETMP/DGEBA. Additionally, the hardness and Young’s

modulus of the two polymers were calculated by Eqs. S7 and

S8 (Supporting information). TMBPS/DGEBA exhibited a hardness

of 0.23GPa and a Young’s modulus of 3.99GPa which were 1.6

times and 1.2 times greater than those of PETMP/DGEBA, re-

spectively. Furthermore, the mechanical properties were assessed

by measuring the tensile strength and adhesion strength, as

shown in Figs. 2l and m. The tensile strength and adhesion

strength of TMBPS/DGEBA were respectively to be 67.43MPa and

8.28MPa which were both higher than those of PETMP/DGEBA

(49.39MPa and 7.45MPa, respectively). In addition, although both

of them exhibited brittle fracture (Fig. S19 in Supporting infor-

mation), TMBPS/DGEBA exhibited more excellent toughness than

PETMP/DGEBA. A comparison of the tensile and adhesion strengths

of TMBPS/DGEBA and PETMP/DGEBA with literature data (Fig. 2n)

[27,52–60] indicates that TMBPS/DGEBA exhibits excellent tensile

and adhesion properties, which can be attributed to the polymer’s

crosslinking density and stiffness [61].

Prolonged ultraviolet radiation can cause the breakage of poly-

mer molecular chains or covalent bonds, resulting in the de-

struction of the structure and properties of the material [62].
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Fig. 3. UV-shielding and dielectric properties of TMBPS/DGEBA and PETMP/DGEBA. (a) UV–vis spectrum. (b) Schematic diagram of UV absorption principle of TMBPS/DGEBA.

(c) Dielectric constant, (d) dielectric loss and (e) the value of Dk
0.5 ×Df at different frequencies.

The ultraviolet transmittance of the thiol/epoxy systems were

tested by an ultraviolet-visible-near-infrared spectrophotometer,

with results presented in Fig. 3a. Compared to PETMP/DGEBA,

TMBPS/DGEBA exhibited a significantly greater UV-blocking abil-

ity. Specifically, TMBPS/DGEBA effectively blocked all UVB and

UVC rays, with a transmission rate of <27% in the UVA

region. Fig. 3b illustrates the UV absorption mechanism of

TMBPS/DGEBA, which is attributed to its high benzene ring

content [63]. The stable conjugated system of benzene ring

could facilitate the � electron transitions that absorbing UV

light.

The dielectric properties of materials are critical for their safety

and effectiveness in specific electrical applications. To analyze the

dielectric properties of thiol/epoxy thermosetting polymers, these

properties were evaluated across a wide frequency range. Figs.

3c and d show the variation of dielectric constant and dielec-

tric loss with frequency. Over the frequency range of 102–107 Hz,

TMBPS/DGEBA exhibited a lower dielectric constant than that of

PETMP/DGEBA. This difference can be attributed to the large num-

ber of polar ester bonds in PETMP/DGEBA, which contribute to a

higher dipole moment and dielectric constant [64,65]. Conversely,

the introduction of rigid structures in the TMBPS restricts dipole

rotation, resulting in a lower dielectric constant. The variation

in dielectric loss with frequency is depicted in Fig. 3d. At the

low electric field frequencies, the dipole moment changes syn-

chronously with the external electric field, and the dielectric loss

is primarily due to the conductance loss of free ions. As the fre-

quency increases, the dipole motion lags behind the external field

changes, leading to the dielectric loss that mainly due to dipole

relaxation [66]. Notably, TMBPS/DGEBA exhibited a lower dielec-

tric loss than that of PETMP/DGEBA across the tested frequency

range, likely due to the reduced molecular chain mobility in the

TMBPS/DGEBA system. Theoretically, signal propagation loss is de-

termined by the product of the square root of the dielectric con-

stant (Dk) and dielectric loss factor (Df). A higher product value

induces signal propagation loss. As shown in Fig. 3e and Table

S5 (Supporting information), although the values of both ther-

mosetting polymers were similar at 100Hz, the gap widened sig-

nificantly at higher frequencies. At 10MHz, the product value for

PETMP/DGEBA was approximately 1.7 times of TMBPS/DGEBA, sug-

gesting that TMBPS/DGEBA offered better signal propagation ef-

ficiency. Additionally, dielectric strength tests in an alternating

electric field (Fig. S20 in Supporting information) revealed that

TMBPS/DGEBA has a dielectric strength of 23.1 kV/mm which was

3.6 kV/mm higher than that of PETMP/DGEBA, indicating superior

resistance of TMBPS/DGEBA to voltage breakdown.

Thermosetting polymers are often exposed to the hot and hu-

mid environments which can lead to internal stress and degra-

dation after water absorption, ultimately reducing their perfor-

mances. The water absorption process primarily involves surface

adsorption and internal diffusion [67]. To evaluate the water ad-

sorption capacities on the surface of two thiol/epoxy thermosetting

polymers, we measured their static water contact angles, as shown

in Fig. 4a. Compared to PETMP/DGEBA, TMBPS/DGEBA displayed a

better hydrophobicity. We further assessed the water resistance of

these polymers at 25 °C and 80 °C, calculating the change in wa-

ter absorption by Eq. S9 (Supporting information). The results, pre-

sented in Figs. 4b and c, show that TMBPS/DGEBA consistently ex-

hibited lower water absorption than PETMP/DGEBA. After soaking

at 25 °C for 6 days and at 80 °C for 12h, the water absorption rate

of PETMP/DGEBA was approximately 2.6 times of TMBPS/DGEBA.

This difference is attributed to the higher hydrophobic benzene

ring content in TMBPS/DGEBA. The large volume of hydrophobic

benzene rings can block the penetration of water into the network,

thus significantly reducing the water absorption of TMBPS/DGEBA

[68].

We also evaluated the changes in tensile strength and adhe-

sion strength of the two thiol/epoxy thermosetting polymers af-

ter exposure to high-temperature and high-humidity conditions

(85 °C and 85% RH) over different time intervals. Figs. 4d and e

show the stress-strain curves after various test durations, while

Fig. 4f presents the corresponding changes in tensile strength

and elongation at break. The high ester bond content in PETMP

makes it prone to be hydrolyzed under these conditions. After

500h of testing, the tensile strength of PETMP/DGEBA decreased

from 49.39MPa to 3.17MPa, and the elongation at break increased

from 1.33% to 98.76%. By 750h, PETMP/DGEBA had lost all ten-

sile strength. In contrast, TMBPS/DGEBA exhibited more π-π stack-

ing, higher crosslinking density, and an ester-free structure, lead-

ing to a greater stability. Its tensile strength remained stable at

66.89±6.44MPa, and its elongation at break remained steady at

2.89% ± 0.65%. Notably, the tensile strength of TMBPS/DGEBA in-
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Fig. 4. The hygrothermal resistance of TMBPS/DGEBA and PETMP/DGEBA. (a) Static contact angle. (b) Water absorption at 25 °C and (c) 80 °C. Stress-strain curves of (d)

TMBPS/DGEBA and (e) PETMP/DGEBA after different hygrothermal aging test time. (f) The change of tensile strength and elongation at break with the experimental time.

(g) The steel plate bonded by TMBPS/DGEBA after 1000h hygrothermal aging test can load 2.5 kg weight horizontally and 25kg weight vertically. (h) The change of lap

shear strength of steel with experimental time. (i) The adhesion failure mode of TMBPS/DGEBA after 1000h hygrothermal aging test. (j) The schematic diagram of adhesion

principle. (k) Comparison of hygrothermal resistance of two thiol/epoxy thermosetting polymers. (l) TMBPS/DGEBA has potential electronic packaging applications.

creased slightly over time due to the enhanced curing degree and

crosslinking density at elevated temperatures.

Fig. 4h illustrates the variation in lap shear strength of the two

thiol/epoxy thermosetting polymers on steel over time. Adhesion

strength is primarily determined by the combined effects of adhe-

sion and cohesion [69]. Cohesion is dependent on the forces be-

tween polymer molecular chains, while the adhesion in the two

materials is mainly relied on the hydrogen bonds and coordinate

bonds formed between exposed hydroxyl groups on the molecu-

lar chain and the substrate, as well as the close mechanical in-

terlock between the material and the substrate surface (Fig. 4j)

[57]. The hydroxyl groups on the molecular chain come from the

hydroxyl groups produced by the ring-opening reaction of thiol

with epoxy resin and the hydroxyl groups of epoxy resin itself.

High-temperature and high-humidity conditions caused significant

changes in the adhesion strength of both polymers. After 250h of

aging, the adhesion strength of TMBPS/DGEBA to steel increased

slightly due to post-curing, which enhanced crosslinking density

and cohesion. However, as aging continued, the adhesion strength

gradually decreased, reaching 3.39MPa at 1000h, which was about

41.1% of its initial value. After testing the lap shear strength af-

ter 1000h of aging, we noticed that TMBPS/DGEBA was distributed

on one side of the substrate, as shown in Fig. 4i, which proved

that it was an interfacial failure mode between it and the steel

substrate. This failure mode is attributed to the breakage of hy-

drogen bonds and coordinate bonds in high temperature envi-

ronment and the weakening of mechanical interlocking caused

by molecular chain motion. Despite this, after 1000h of testing,

the TMBPS/DGEBA-coated steel plate could support a horizontal

load of 2.5 kg and a vertical load of 25 kg without breaking (Fig.

4g). In contrast, the adhesion strength of PETMP/DGEBA decreased

steadily over time. In addition to the breaking of hydrogen bonds

and coordinate bonds and the weakening of mechanical interlock-

ing, the PETMP/DGEBA molecular chains containing a large number

of ester bonds could undergo hydrolysis under high-temperature

and high-humidity conditions, leading to a loss of cohesion. The

combined effects of these factors caused the adhesion strength of

PETMP/DGEBA to completely disappear after 1000h.

Therefore, TMBPS/DGEBA exhibits better hygrothermal resis-

tance than PETMP/DGEBA (Fig. 4k). As the protective shell of the

chip (Fig. 4l), the performance of epoxy packaging material is very

important, and the TMBPS/DGEBA with excellent hygrothermal re-

sistance can effectively protect the electronic device from damage,

so it has potential applications in the field of electronic packaging.

In summary, the bisphenol S-type tetrafunctional thiol com-

pound TMBPS was successfully synthesized from bisphenol S in

this study. TMBPS exhibited many advantages over the commer-

cial thiol PETMP due to its unique structural features, including

rigid benzene rings, a polar sulfone group, and the ester-free struc-

ture. After reacting with DGEBA, the TMBPS/DGEBA system dis-

played a Tg of 74.2 °C which was 11.8 °C higher than that of the

PETMP/DGEBA system, significantly enhancing the heat resistance.

Additionally, the hardness and tensile strength of TMBPS/DGEBA

were 0.23GPa and 67.43MPa, respectively, representing increases

of 61.4% and 36.5% over those of PETMP/DGEBA. Compared to

PETMP/DGEBA, the TMBPS/DGEBA system also showed significantly
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improved chemical resistance, water resistance, dielectric proper-

ties, and UV-shielding performance. Notably, after 1000h of high-

temperature and high-humidity aging, the tensile strength and

adhesion strength of TMBPS-cured products were 73.33MPa and

3.39MPa, while the PETMP-cured product completely lost its ten-

sile and adhesion strengths. This research paves the way for the

synthesis of thermosetting polymers that can be cured at low

temperatures while exhibiting excellent overall properties, thereby

possessing broad application prospects in the electronic packaging.
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