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ABSTRACT

the industry, cycloaliphatic structure in these resins can improve the chemical,
physical, mechanical, and electrical properties of epoxy systems. The aim of
this research is the synthesis of cycloaliphatic epoxy resins of bi-functional diglycidyl-
4-cyclohexane-1,2-dicarboxylate (Cyclo-2F) and tri-functional diglycidyl-4,5-epoxy-
cyclohexane-1,2-dicarboxylate (Cyclo-3F) and studying the effect of a number of
epoxy functional groups and the type of placement of the cycloaliphatic ring on the
final properties.
Methods: To achieve this goal, tetrahydrophthalic anhydride was used as the raw
material and the synthesis was done with epichlorohydrin and trichloroisocyanuric
acid (TCCA). In this research, two epoxy resins (bi-functional and tri-functional)
have been synthesized, also, the effect of adding NaOH as a solid or solution to
the reaction medium to close the epoxy ring was investigated. The synthesis steps
were investigated and confirmed using FTIR, 'H-NMR and epoxy equivalent weight
(EEW) analyses. To check the final properties, the synthesized resins were cured
with m-phenylenediamine (m-PDA) and analyzed by TGA, DSC, tensile and DMTA
multi-functional epoxy analysis.
Findings: Due to the presence of ester groups in the main structure, the Cyclo-2F

l l ypothesis: Considering the properties and many applications of epoxy resins in

cycloaliphatic epoxy resin,

synthesis, . . . .
v epoxy resin has relatively good modulus and strength, but because the cycloaliphatic
ester group, structure is not placed in the cured network by hanging out, it practically does not
tensile modulus, contribute much to the process of transferring stress and improving properties. While

in the Cyclo-3F resin, the presence of the epoxy group on the aliphatic ring causes this
structure to be placed in the cured network, and in addition to increasing the density
of crosslinks, it can withstand the introduced stress and external energies into the
composite. If the synthesized tri-functional cycloaliphatic epoxy resin is cured with
m-phenylenediamine, it has a tensile modulus of 5.3 GPa, which has improved by
more than 50% compared to conventional bisphenol epoxy resins.

cross-linking density
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Table 1. Theoretical and practical values of epoxy equivalent

weight (EEW) for the synthesized Cyclo-2F and Cyclo-3F.

EEW (g/eq)
Sample
Theoretical | Practical
Cyclo-2F (with NaOH in form of solid) 141 152
Cyclo-2F (with NaOH solution, 50%) 141 169
Cyclo-3F 100 108
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Table 2. Curing characteristics of Cyclo-2F and Cyclo-3F
systems with m-PDA.

Heating rate AH
Sampl . T (°C) | T (°C) | T, (°C =
ample (°C/min) . (O T,CO | T, (O Jgh
Cyclo-3F 10 113 149 179 517
Cyclo-2F 10 93 143 201 312
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(c) etherification reaction.
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Table 4. DMTA analysis results for Cyclo-3F, Cyclo-2F, and

DGEBA cured systems.
Tg_DMT A Storage modulus (MPa) v,
Samples - o
©°C) Glass region® | Rubber region' (mol/m?)
Cyclo-3F | 194 3402 45091 3741
Cyclo-2F | 151 2911 26.06 2327
DGEBA 140 2187 33.94 3107

a Storage modulus at 25 °C; ® Storage modulus at T, pwa t25°C.
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Table 3. Tensile analysis results of Cyclo-3F, Cyclo-2F, and
DGEBA cured systems.

Sample Strength (MPa) Modulus (GPa) | Strain (%)
Cyclo-3F 113£2.9 5.3+£0.05 3.5+0.20
Cyclo-2F 81+3.2 4+0.04 2.5+0.21
DGEBA 89+33 3.5+0.06 3.1+£0.23

(SRl 30 e Lol 4 JLES (650 Ol (KM
b 5 b sbasl jlde a8 550 sk sbasl @B Ll Cor s
sl 331 847 Cyelo-2F & 5al 45 e Cyclo-3F 50l 510 SO0
Sl 35 dsas Cyclo-2F 55 sl o J 55 .ol azils
55 ey sl S OIS sl (Sl IS
DIV Y] cl 4 ) 3 sdscs s ol jltle o
S35 e 55 Sladi g 3 ile Jlaless (a5 sl Jpoke i o
5SSl e K2 i e bl ol Jilsan oS ol @
033 4 53 ol ST S 05 5 51 1o o8 ol plSonnd
ﬁﬁ&‘ﬁﬂv@‘)d)hﬂﬁdnw.w\)ﬁ)w
axils 5l 3I¥A s YY (5 54 Cyelo-2F & ses 4 S Cyclo-3F
S sl sty s, bawslis ,3Cyclo-2F 5 Cyclo-3F sla 5, .ol
S dtes g piw Jsde Glls V0] (DGEBA) Jsens J 5 s
S ge Siasden Gk go BT 5 Sl Jule o S sluas 51 S0
o Cyelo-3F 228 plSowial 5 Jpke il oS ol o
il 3525 g ol 42l 55 YV 5 00 5 54 DGEBA & 55 4
I3 o e Cyelo-3F £5ed (gl s oS 3 Sl
IV 5538 0 (SOL 4 s b sbsl

ol B Cyclo-3F sy ol sla S5y 5l S
05,5 3l 3l il dsde il bl aS o35 Ko i 5 Jsile Oleon
5od i b e sadlal S8 e o s 2 e
ail- 5l ol Sejir bl el S5 akise 5
Olpsas 5 Lol Gy 50 Dl ots hols oS 035 S IS
Sy oo atlid 4 Cillaasl il

o T NV e
ssba Wl (A S Dby Bl e s b 5
S & O 31 e el 53 DL 1355 e S ST
das e OLES 48 3,10 gy o s KT Cilae aai (A5
Ll ol sl g 55 0bls o] Llg cunSs 5l iy 4 se

VEE LT 0 £ oo (idt 5 Jlus rasly (53595 9 poke oale Az YOA



e Sy pinnl JaSamsdS S 9l (sLpe3) 3333 s lsd ) e 9 iduw Obled 5 5 pad Luns

100 == : 10000
90 A
80 §
SN < 1000
7 00 =
2 501 E L\
ED 40 - — Cyclo-3F E 0 ‘\"‘:4_
2 304 -+ Cyelo -2F s 1001 +Cyelo3F 84
» Cyclo - .
20 1 % - DGEBA \lt: N
10 1
0 ; ; ; ; ; ; 10
0 100 200 300 400 500 600 @)
a
Temperature (°C
P e 1000
9 CyClO-3F om&ﬁ éLAMLAL.N (5‘_)" TGA )\:}A..’ -\Y Jg..i
.Cyclo-2F = ¥
Fig. 13. TGA analysis for cured systems of Cyclo-3F and \2;; 100 1~ 3 i
Cyclo-2F. I [
o 8 4 LY
g LR \
4 10 - = Cyclo-3F % %‘ AY
5 =Cyf:10 -2F % i '
‘va)f J.}G.MU "y C,‘.w‘ r@.ﬂ 9 JJ}A Tg )‘ J:.QS 6Lﬁ.} DL QJ'L-)) ° DGEBA t;?@ %% o ‘—‘\ J
dnies GOS0 5 (S Al Slaos S S slakisy | T
éuwj)aﬁﬁ-bd_}.lﬂ)Tg.Qw\M@'ﬁ)lﬁﬁ-hﬂ)bbfy (b)
DGEBA &0 4 G lloan 5 JLle 50 SSWT IS 08 L
Sk 5 mia 020 sbdlall J&s e o ol 2oy 0.7 1
sl (5l Glaes S EEEEES 0.6 1 L
0.5 1 = Cyclo-3F
w 0.4 - = Cyclo -2F
g - DGEBA
= = 0.3
by Silul (s 0.
Js 4 eloas 3, O S 205l S Jls el 4 a5 L 01
Gl Jelegs sl 4 Cod iy Lo e sladla! ojlf} 0.0 E e —— . TR ORI
g ) . . - 0 50 100 150 200 250
Sl (T) 07 G55 fals 5o o s glos o)ls i oL S Temperature (°C)
sdalin YYE °C B YVY LgL»J B g,\.:;);d.s (;LAL&M 9 93 L;Law.)) (C)

00+ °C (glos ;3 (R)) odile 3L 059 o ys 5 (0 Jsd) 353 0 Tans (€) 50350 Jy ke (b) o st o (2) (sl iomio ¥ IS5

s Cyclo-3F LCyclo-2F iz sbaable gl p by s
.DGEBA
Fig. 12. (a) Storage modulus, (b) loss modulus, and (c) Tan &

el W5 YY e ol gl
son Slp dsd JB patls S (T) ol S pslis Lala
aesles (V) dsles b oS ol oy saalle Sl S (s5luk

ALDAR Y™
[ I curves of Cyclo-3F, Cyclo-2F, and DGEBA cured systems as

a function of temperature.

T, =0.49 [T+ 0.6 (T,- T;)] (Y)
"'lj"" LSL“J ‘Td3() J O'/. d)) u:.alS 02 “"".’.J"'-’. 6LA‘> ‘Tds QT ° S 41944 BE j.‘." 9 Tg )\ J:.QS LSLA) B d\:—;ﬁb Y J,&JC LSLAJLA-:‘
S5l o W5 T pslie a e 5 L.l Y 055 alS 5o ol e 0350305 3 55 5505 e ol Ll sy (Sa

04 Vet DT r € 0 bosb yaling mn Jlus crotly S39J55 3 ool ol Ale



Sl s 5 s pae plmil S glos 5o izl el A8 )
Sy eddlSy S o Olpsl Kok SO ke
@by Al s JWEED s ege A0S Skl s sl
Sal oo (Bl s ol QLS s K el
ssba O Sl slaos S 51 K oS Jeleans ST IS
Josar dol ol s el ek ploilr ST il (655 s
oo gbdlasl J&s O i 55 5 Spl oy S 4w xdls
Slaos S sl aS iy cul bl sjls (glanls ygr ol 2in
ol 0 1S 1 55 0T Ll S il il fpelS S 5
53 el (e St sde s oo (Gl S (oIl s
Shele o5 sla Dl el 0L b sk
Sl 5 S edddnS )l OIS Al sy (S
S Pl S e e L S 60k e By
il b SIS oSl e 058 20l e
03y G Jamd 5 S Sl i U i (K0 0 OIS
SO IS St (s 30 i ol 51 (oSl 450
330t 0> (2l A OT OABeAES b Jois 5 6 gl JSC5
SN Lo e plSomial 5 dsde Rl 38l 0505 5 sbas ol s

Sl S K i

&lp

1. XiaY., Zhang D., Li Z., Lin H., Chen X., Oliver S., Shi S,
and Lei L., Toughness Modification of Cationic UV-Cured
Cycloaliphatic Epoxy Resin by Hydroxyl Polymers with
Different Structures, Eur. Polym. J., 127, 109594, 2020.

2. Payamani M., Fattahi H., and Mortezaei M., Synthesis and
Characterization of  4,4’-Bis(maleimido)diphenylmethane
Resin and Evaluation of Its Curing Behavior in Blending with
Epoxy, Iran. J. Polym. Sci. Technol. (Persian), 35, 339-352, 2022.

3. Sivanesan D., Seo B., Lim C.-S., Kim S., and Kim H.-G.,
Trifunctional Cycloaliphatic Epoxy-Based Thermoset Poly-
mers: Synthesis, Polymerization, and Characterization, Poly-
mer, 220, 123568, 2021.

4. Rafie M., Mozaffari S.M., and Salimi Kenari H., Concentra-
tion Effect of Mcroencapsulated 1-Methyl Imidazole Curing
Agent with Solid Epoxy Shell on Mechanical Properties of
Epoxy Resin, Iran. J. Polym. Sci. Technol. (Persian), 34, 523-
532,2022.

5. Akherati Sany S.R., Mortezaei M., and Amiri Amraei I.,

e S50 pianl JaSamdS S 93l S 3I) S35 Jawss ol93 () 21 9 Sian

slilsy il LS il Clasie -0 Jsi>

Cyclo-2F 5 Cyclo-3F
Table 5. Thermal stability characteristics of Cyclo-3F and
Cyclo-2F cured systems.

Heating rate | T T T T, R,

Sample
(°C/min) | (°C) | (°C) | (°C) | (°O) | (%)
Cyclo-3F 10 324 | 372 | 381 | 173 13
Cyclo-2F 10 272 | 346 | 344 | 155 22

4 5 2l Sty e S sl bl ST IS
s el 3 s s e OLES (6 rie ol oL S gla i
‘;Kz TR Gt '7 4§.~.~ be BE p@@(&ﬁ )L’Z}L..u Sr9 p Q)Jﬁ‘

S 5

L oSl Woa Jeless SIS aSal uss oo
OF Sl ail> 5 el ol LdudS oS5l laes S slls

Improving Fracture Toughness of Epoxy Nanocomposites by
Silica Nanoparticles, lran. J. Polym. Sci. Technol. (Persian),
30, 3-17,2017.

6. Sun Y., Wang M., Wang Z., Mao Y., Jin L., Zhang K., Xia Y.,
and Gao H., Amine-Cured Glycidyl Esters as Dual Dynamic
Epoxy Vitrimers, Macromolecules (Persian), 55, 523-534,
2022.

7. Swan S.R., Creighton C., Griffin J.M., Gashi B.V., and
VarleyR.J., Aromatic Tetra-Glycidyl Ether versus Tetra-Glycidyl
Amine Epoxy Networks: Influence of Monomer Structure and
Epoxide Conversion, Polymer, 239, 124401, 2022.

8. Zamanian M., Ashenai Ghasemi F., and Mortezaei M.,
Interphase Characterization and Modeling of Tensile Modulus
in Epoxy/Silica Nanocomposites, J. Appl. Polym. Sci., 138, 5,
2021.

9. He S., Carolan D., Fergusson A., and Taylor A.C., Investigat-
ing the Transfer of Toughness from Rubber Modified Bulk
Epoxy Polymers to Syntactic Foams, Compos. Part B: Eng.,

VEE LT 0 £ oo (idt 5 Jlus rasly (53595 9 poke oale Az Y-



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

e 3590 pianl JaSamudS S 93l G330 S338 Jawss ol () 21 9 S

245, 110209, 2022.

Zamanian M., Mortezaei M., Salehnia B., and Jam J.E., Fracture
Toughness of Epoxy Polymer Modified with Nanosilica
Particles: Particle Size Effect, Eng. Fract. Mech., 97, 193-206,
2013.

Hajebi S., Payamani M., Fattahi H., Mortezaei M., and Jalilol-
ghadr S., Dual-Curing Epoxy Thermosets: Design, Curing,
Properties and Applications, Polym. Rev., 65, 250-280, 2025.
Ognibene G., Mannino S., Fragala M., and Cicala G., Trifunc-
tional Epoxy Resin Composites Modified by Soluble Electrospun
Veils: Effect on the Viscoelastic and Morphological Properties,
Materials, 11, 405, 2018.

LiuY, Lin Y., Wang Y., Wu K., Cao B., and Wang L., Simulta-
neously Improving Toughness and Hydrophobic Properties of
Cycloaliphatic Epoxy Resin through Silicone Prepolymer, J.
Appl. Polym. Sci., 139, 32, 2022.

Jahani M., Fatahi H., and Mortezaeei M., Effect of Aromatic
Amine Structure as a Curing Agent on Molecular Packing and
Mechanical Properties of Cured Epoxy Resin, /ran. J. Polym.
Sci. Technol. (Persian), 32, 267-276, 2019.

Bordbar M.S., Salimi A., and Karimi M., Dispersion of
Glycidyl POSS-Modified Silica Nanoparticles in Epoxy, lran.
J. Polym. Sci. Technol. (Persian), 34, 131-142, 2021.
Zamanian M., Ashenai Ghasemi F., and Mortezaei M., An
Efficient Nanoscale Representative Volume Element Simulation
Including Graded Interphase for Tensile Behavior of Epoxy/
Silica Nanocomposites, J. Appl. Polym. Sci., 138, 45, 2021.
Karger-Kocsis J., Gryshchuk O., and Jost N., Toughness
Response of Vinylester/Epoxy-Based Thermosets of Inter-
penetrating Network Structure as a Function of the Epoxy
Resin Formulation: Effects of the Cyclohexylene Linkage, J.
Appl. Polym. Sci., 88, 2124-2131, 2003.

Pirayesh A., Qolizade N., Talebi S., and Salami-Kalajahi M.,
Application of Butane-1,4-Diyl Bis(2-mercaptoacetate) as
Dithiol Prepolymer for Preparation of Polythiourethane and Clay-
Based Nanocomposites, J. Sulfur Chem., 43, 402-412, 2022.
Zeng C., Zhang S., Ji P, Qiu Z., Li Z., and Wang H., Facile
Sustainable Synthesis of Polyester-Polycarbonate and Effects
of the Carbonate on Thermal, Mechanical, and Transparency
Properties, ACS Sustain. Chem. Eng., 11, 15754-15764, 2023.
Li Q., Ma S., Wei J., Wang S., Xu X., Huang K., Wang B.,
Yuan W., and Zhu J., Preparation of Non-Planar-Ring Epoxy
Thermosets Combining Ultra-Strong Shape Memory Effects
and High Performance, Macromol. Res., 28, 480-493, 2020.

Y7

V&Y QLT a0 € 0 plosh @iatg w0 Jus poals 533I9iS5 9 pgle (ole Alxo

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Suliga A., Hamerton I., and Viquerat A., Cycloaliphatic

Epoxy-Based Hybrid Nanocomposites Reinforced with POSS
or Nanosilica for Improved Environmental Stability in Low
Earth Orbit, Compos. Part B: Eng., 138, 66-76, 2018.

Santiago D. and Serra A., Enhancement of Epoxy Thermosets
with Hyperbranched and Multiarm Star Polymers: A Review,
Polymers, 14,2228, 2022.

Wei J., Ma S., Yue H., Wang S., and Zhu J., Comparison of
Hydrogenated Bisphenol A and Bisphenol A Epoxies: Curing
Behavior, Thermal and Mechanical Properties, Shape Memory
Properties, Macromol. Res., 26, 529-538, 2018.

Li X. and Yee A.F., Design of Mechanically Robust High-
Tg Polymers: Mechanical Properties of Glassy Poly(ester
carbonate)s with Cyclohexylene Rings in the Backbone,
Macromolecules, 37, 7231-7239, 2004.

Li Z., Yang Y., Ma L., Liu H., and Zhang X., Shape Memory
Epoxy Resin and Its Composite with Good Shape Memory
Performance and High Mechanical Strength, Polym. Bull., 80,
1641-1655, 2023.

Meng Z., Bessa M. A., Xia W., Kam Liu W., and Keten S., Pre-
dicting the Macroscopic Fracture Energy of Epoxy Resins from
Atomistic Molecular Simulations, Macromolecules, 49, 9474-
9483, 2016.

Zhang D., Wang R., Farhan S., Jiang H., Wang N., and Yuan L.,
Curing Kinetics, Thermal and Mechanical Properties of TDE-
85 Modified by Bicyclo-Benzoxazine, RSC Adv., 6, 90994-
91001, 2016.

Lu M, Liu'Y,, Du X., Zhang S., Chen G., Zhang Q., Yao S.,
Liang L., and Lu M., Cure Kinetics and Properties of High
Performance Cycloaliphatic Epoxy Resins Cured with
Anhydride, Ind. Eng. Chem. Res., 58, 6907-6918, 2019.

Acebo C., Ramis X., and Serra A., Improved Epoxy Thermosets
by the Use of Poly(ethyleneimine) Derivatives, Phys. Sci. Rev.,
2,8,2017.

Gao L., Zhang Q., Li H., Yu S., Zhong W., Sui G., and Yang X.,
Effect of Epoxy Monomer Structure on the Curing Process and
Thermo-Mechanical Characteristics of Tri-Functional Epoxy/
Amine Systems:AMethodology CombiningAtomistic Molecular
Simulation with Experimental Analyses, Polym. Chem., 8,
2016-2027, 2017.

Ghasri M., Mortezaei M., Fattahi H., and Tavakolizadeh M.,
Synthesis and Characterization of Bi- and Tri-Functional
Cycloaliphatic Epoxy Resins by Introducing the Applied
Epoxidation Method, Appl. Chem. Today, (Persian), 20, 87-



32.

33.

34.

35.

36.

Obled 9 pa8 Lo

112,2025.

Yadav D., Selokar G.R., Agrawal A., Mishra V., and Khan L.A.,
Effect of Concentration of NaOH Treatment on Mechanical
Properties of Epoxy/Sisal Fiber Composites, /OP Conf. Ser.
Mater. Sci. Eng., 1017, 012028, 2021.

Al-Borno A., Chen X., and Kewaldas Dhoke S., Effect of High
Temperature Sodium Hydroxide Immersion on Fusion Bond
Epoxy Coating, Int. J. Corros., 2015, 1-7, 2015.
J.A., Carlberg PJ., R.S.,
Tirtowidjojo D., and West D.H., Epoxy Resin Production,
US Pat. 20140336348, 2016.

Nikzamir M., Mortezaei M., and Jahani M., Effect of Surface

Atias Dixit Drake R.M.,

Area of Nanosilica Particles on the Cure Kinetics Parameters of
an Epoxy Resin System, J. Appl. Polym. Sci., 136,37, 2019.
Ramsdale-Capper R. and Foreman J.P., Internal Antiplasti-

cisation in Highly Crosslinked Amine Cured Multifunctional

37.

38.

39.

40.

V&Y OLT- a0 € 0)losh (@iad 9 m Juw oaly 535I9iS5 9 pgle (ole Alxo

iUy pianl JadamlS S 9l S0 393 Jaus olgd ) 21 9 ki

Epoxy Resins, Polymer, 146, 321-330, 2018.

Harada M. and Matsumoto T., Thermal Conductivity and
Orientation Structure of Liquid Crystalline Epoxy Thermosets
Prepared by Latent Curing Catalyst, Crystals, 14, 47, 2023.
Pouladvand A.R., Mortezaei M., Fattahi H., and Amraei LA, A
Novel Custom-Tailored Epoxy Prepreg Formulation Based on
Epoxy-Amine Dual-Curable Systems, Compos. Part A: Appl.
Sci. Manuf., 132, 105852, 2020.

Tian J., Zhou J., Yang Y., He J., Chen Y., Liang M., Heng Z.,
and Zou H., Dense Hydrogen Bond Network Design of High-
Strength Glycidyl Ester to Enhance the Mechanical Properties
of Its CFRPs, Macromolecules, 57, 7723-7734, 2024.

Liu T., Chen Z., Ma Y., Ren Y., Tan J., Cheng Z., and Zhu
X., Preparation and Properties of Epoxy Adhesives with Fast
Curing at Room Temperature and Low-Temperature Resistance,

ACS Omega, 9, 22186-22195, 2024.

Yy



