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ABSTRACT

ability to absorb and retain organic solvents. They have been used in various

applications, e.g., production of disinfectant hygienic gels used in medicine
and public health. The present paper is a preliminary report on the conversion of
common epoxy resin (DGEBA) into a new superabsorbent organogel containing
functional groups of furan, carbamate, and triazole.
Methods: The organogel was synthesized through a four-step strategy from epoxy
resin and furfuryl alcohol. The furfurylated epoxy resin was converted to an isocyanate-
terminated compound that then converted into a propargyl-terminated intermediate.
The final product was produced by 1,3-dipolar cycloaddition polymerization reaction
of a propargylated compound and a diazide compound prepared from epichlorohydrin.
The intermediate compounds and the final product were characterized by Fourier

l lypothesis: Organogels are hydrophobic macromolecular networks with

) transform infrared (FTIR) spectroscopy. The final product was characterized by
scanning electron microscopy (SEM), differential scanning calorimetry (DSC) and
organogel, thermogravimetric analysis (TGA). Rheological behavior in solvent N-methyl-2-

pyrrolidone (NMP) was preliminarily studied and swelling capacity of the organogel
was determined in various solvents.

cycloaddition, Findings: A novel polymeric organogel was synthesized without using a particular
crosslinker. Its dried particles were found to have porosity with a pore diameter of
~680 nm. The organogel showed increased swelling capacity with dropping of solvent
polymer gelator viscosity and increasing of solvent polarity. The high solvent uptake and storage
capacity by this organogel has supported it as a superabsorbent organogelator. Its
swelling capacity was determined in the solvents to be in order: ethylene glycol <
chloroform < ethanol < acetonitrile < dimethylformamide < dimethylacetamide <
dimethyl sulfoxide < NMP. For instance, each gram of the organogel can absorb and
gelate ~145 g ethanol, or ~1853 g NMP, within ~1 h. The super-swelling behavior of
this solvent-retaining network was preliminarily attributed to a combination of limited
crosslinkages as well as some polymer-polymer and polymer-solvent supramolecular
interactions. The presence of 1,2,3-triazole groups is also expected to induce
antibacterial properties in this organogel.

epoxy resin,

furfuryl alcohol,
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Fig. 7. (a) The organogel before swelling, and (b) the organogel
swollen in solvents ethylene glycol (EG), dimethyl sulfoxide
(DMSO), dimethylformamide (DMF), and N-methyl-2-
pyrrolidone (NMP).
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Table 1. Viscosity and polar characteristics of different studied solvents, and the organogel swelling capacity in each solvent.

Viscosity Dipole Dielectric Swelling capacity of the
Solvent Polarity index *
(mPa.s) moment, D constant, € organogel in the solvent (g/g) ®
Ethylene glycol 16 23 41.4 - 112£10
Chloroform 0.56 1.15 4.81 4 118+14
Ethanol 1.07 1.69 253 5.2 145£11
Acetonitrile 0.37 3.44 36.64 5.8 640+26
DMF 0.79 3.86 36.71 6.4 1169£36
DMAc 0.93 3.72 37.78 6.5 1213£21
DMSO 1.99 4.1 46.68 6.6 1588+18
NMP 1.7 4.9 322 6.7 1853+14

(a) A relative measure of the degree of interaction of the solvent with various polar test solutes [31].

(b) The time for equilibrium swelling = 1h.
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Fig. 9. Rheological behavior of the organogel swollen in

solvent NMP.
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Table 2. A comparison of the synthesized organogel with previously reported polymeric organogels *°.

- . . Swelling . .
The main starting . . Preparation Functional groups _ Swelling capacity
Entry . The main preparation process capacity in . Ref.
materials process steps of organogel in NMP (g/g)
ethanol (g/g)
Polymerization with gamma irradiation in the
1 AA —-COOH 159 Not reported 6
presence of ZnO
2 AA, AMPS Solution polymerization, PEGDA as crosslinker —COOH, —SO,H 58 Not reported 7
3 AA, SSS Solution polymerization, PEGDA as crosslinker —COOH, —SO,H 75 Not reported 8
4 AA, SAS Solution polymerization, PEGDA as crosslinker —COOH, -SO,H 29 Not reported 9
Carbopol 940,
5 Grafting by ultrasonication —COOH, -SO,H 20 Not reported 10
AMPS
Solution polymerization, PEGDMA as
6 AA, SPA —COOH, —SO,H 13 25 11
crosslinker
7 AA,ASTCA Solution polymerization, MBA as crosslinker —COOH, —SO,H 33 Not reported 12
Solution polymerization, PEGDMA as
8 VPA, PEGMEMA —-PO,H,, PEG 15 Not reported 15
crosslinker
9 AM, MAPTAC Solution polymerization, PEGDA as crosslinker -NR,", -CONH, 73 Not reported 16
10 VPA, AMPS Solution polymerization, PEGDA as crosslinker -PO,H,, -SO,H 13-31 Not reported 17
11 AMPS Solution polymerization, PEGDA as crosslinker -SO,H 95 Not reported 18
Solution polymerization, PEGDMA as
12 AMPS -SO,H 60 Not reported 19
crosslinker
AMPS, . o .
13 Solution polymerization, PEGDA as crosslinker —SO,H, PEG 5 40 20
PEGMEMA
Precipitation polymerization, EGDGE as
14 AA . —COOH 33 Not reported 36
crosslinker
Precipitation polymerization, EGDGE as
15 AA —-COOH 30 Not reported 37
crosslinker
DGEBA epoxy . . o . —OCONH— The
. 1,3-Dipolar cycloaddition polymerization with
16 resin, FA, HMD, Furfuryl, 145 1853 present
no need to crosslinker
ECH, NaAZ, PPA 1,2,3-Triazole,~OH study

(a) The uptake and storage capacity of ethanol by commercially available polymeric organogel samples NF934 and NF940, which are widely used to produce hygienic disinfectant

gels, is ~27 g/g and 40 g/g, respectively.

(b) Abbreviations: AA= acrylic acid, AMPS= 2-acrylamido-2-methylpropane sulfonic acid, SSS= sodium styrene sulfonate, SAS= sodium allyl sulfonate, SPA= potassium

3-sulfopropyl acrylate, ASTECA= allyl tetrasodium thiacalix[4]arene tetrasulfonate, PEGMEMA= polyethylene glycol methyl ether methacrylate, VPA= vinyl phosphonic acid,

MAPTAC= methacryamidopropyl trimethyl ammonium chloride, PEGDA= polyethylene glycol diacrylate, PEGDMA= polyethylene glycol dimethacrylate, MBA= methylene

bisacrylamide, EGDGE= ethylene glycol diglycidylether, DGEBA= diglycidylether bisphenol A, HMD= hexamethylane diisocyanate, FA= furfuryl alcohol, ECH= epichlorohydrine,

NaAZ= sodium azide, and PPA= propargyl alcohol

e Sl s 5 et 5 oy 55 NMP ISl 53 ol s
oS 5ol L Aoy HZ b o/ Hz el 6,208 55 (G1) 6
Ver Hz b\ Hz Loy 53 (G7) G361 Jde 5 ) KPa 3l et
Loanlio j3 0,85 Jgde O350 2i (4 ISK3) ool +/) kP2 550>
(Bdman slaals 53) 5l slad) Slasein 51 G361 Jse
53U s i s NMP S s o520 I3 5680 gl 5 o

S 0l 6 e gy Osa3l Sladaly plad 53 (d (55104

‘"fb P33 OLT= 0 € 0 Lo o9 9 o Jlw ¢ roaly (S 39)9i5 9 pole qsols alxo

1) IS sl e S Ol e py 5 Lo Seslul e
St b eddaallles gladd ple b aslie 53 O 55518
o o o3 gty o o S s 53 (e
;;»U‘JM}@J@M‘M—V min >34 Ol 43 S (5, sba
Jo 5l e dadad sl e odr Yl s el 4
Sl by o s 5 5, Gl s s ol wdr o
5 Sl IS e 6l Sletie s s bl (F JS0)
Jyame 3055 I 3 eddp 520 I3 561 S oSzl



b T ilaslo 5 Sl 55l 9 33 S oS5l 9230 )l Jsols 3432 09541 UJgsls )l

O3l dile oS JSsieds laes,slp s L Lalads ol
SEL s 55 G Jslee 35 Dl oz 053 ()5l
S e A5 b sy gy O Se) s (S50
oabsl Aas e 3 gl DLl 53 s S s bay e |
Jie Ol5ee) e e SVpame ol LB s
LoskaS gsieds glads dole zilig— ol glaes,sl
ol b b eddstudse S8 (2l SY shaeres sy
el stz il 5 LK O Yems 5 Lsdos Ay
Loodsbl aste JT Jo= 5 0550 Llse b J35850 o
Olpoa) Lawa sdate slprl Jold oS gdudse 3 51 Slae some
el IS s ksl ol 561 b slse Jls
5 A3k el 5 Sl (el 5 eSO sed pol oSSl
5 omess iy opl s s LS Sl e el
o D3FE b olss LSS Slalllas gl p8 o S
ol ST el Glabbe Gl e 5l
L o0l «O-NMP (Ol-J 661 slab gle (Jbe Ol poa)
hide 2l o503 studse b 2,08 & fi ol S
2y andlle o Sa kil e L Il ple S
33) Sl 0T W55 O3 pgladm ol 50 Jpames opl e air
S J 53 (DAPO S 5 jm (3,8 Ja s |y al o iy S8l
Jole Doly Ldd g dde e 3 b SO b 0T Glaes s
S Ol oS el OF ) e sl 3lse 035018 b 5 48
eyl ISon gand s b gl LI585 ) 4 el
A s il wbide 55 DL 4 e e BB 5 (ool s L
G5l b plres,sl b b kbl oSOT So S el alis S
&g e 5 s S 035 Sla b a5 A5le) 3L 35 3
03 Lsd ag 5 b Of Sl eslisad b (ols, csle o),
o ge Kl sl Y laadl s s 5500 0LS ulg
ahorr 3l el ol A3 J5 5800 ol & 6 Sbas S W)
TS5l o aelsl 3 LS 85 Sl (SO Gla s

23,5 anllas

&y

1. Vintiloiu A. and Leroux J.C., Organogels and Their Use in Drug
Delivery-A Review, J. Contr: Rel., 125, 179-192, 2012.

2. Suzuki M. and Hanabusa K., Polymer Organogelators that Make
Supramolecular Organogels Through Physical Cross-linking

S 5

S o= 3led) s cdr B L i IS end s
U s e Sl s 3 ab e e U3 o dad T sladdl sl
205 S, 5 bd JS3 (b S e et SR
55650 ol O Jsde 3 a5 il ciloi gbadds
oI5 edes jsbar ek SLJISEL e Lol
et L3S, Las alis iags 058 aes bwg
5 (AMPS 5 sl Sk ST 5L 154 55 35 50 o3bel (sl je 53 50
Shledin slholis glass 5l e, b (ol d 0 S b
s 53 Jske 00 ey ol 3 L 5 (e ST Jlie Ol o)
5 ehe Bl il s ol 55851 a8 I 53 bl ag Ve-AC
d o) A4 eSSl ble 4 5L Ol Jsene sles
ool Pl BT Sladde dal 4 Lo (Y IS0 G ol
slias 2iSTy 3l g0 (6 e 5S sl polie 5 ad sl oSl s, Sl
o Rl B e e 0L Sladde | sba i il -l e o
e Sl i e 5l i s ks Yzl el
5 bsam Riss ¢ 55D JsSse il GlaiS om0 5 VS
SN Sledie sladVazal 05581 Ll Layls (G5 55des Lsy
Sllas 4 0T 533 bl s 5 J35600 4SSt cnl sl
S 2l cd b 5B pl a1 65 200 5L eSS
5 Jsltze I 55 Gl el Tl ol sladd> s ol b
O sy s ke deslin Y Jgdr 53 NMP 5 J 561 S slans
OF laenson b amlie 53 il Jrass Jsmame o5 O b
Il GseS0 5 dr Sus Dle Sl xiy Sl
Slr e (= ol ol ghies s 5 D ae 3505 e
5 Shp eipm 03 S ras Jaisds bl s
Ol Oy Lol e .l Gl Sl (e gee il
ol S i b J3HE S e sl « U1 Y0 g
Jin S L oS ol sladised Sod bl iy Sl ) DD
Oy o s Oolea s e Ol (Yo-¥r g/g s50>)

and Self-assembly, Chem. Soc. Rev., 39, 455-463, 2010.

3. Tuncaboylu D.C. and Okay O., Preparation and Characterization
of Single-hole Macroporous Organogel Particles of High
Toughness and Superfast Responsivity, Eur. Polym. J., 45,2033-

VA3 T s € 0 Losd g 9om0 Jo e posly (53509355 § ool ale dlmo Y'yYs



b T ilaslo 9 LSSl 5 w3 9 33 Sl 552l (3230 )1 Jrols 3332 50095 01 Sl

2042, 2009.
Sahoo S., Kumar N., Bhattacharya C., Sagiri S.S., Jain K.,

>

Pal K., Ray S.S., and Nayak B., Organogels-Properties and
Applications in Drug, Des. Monomers. Polym., 14, 95-108,
2011.

5. Esposito C.L., Kirilov P, and Roullin V.G., Organogels,
Promising Drug Delivery Systems: An Update of State of the
Art and Recent Applications, J. Contr: Rel., 271, 1-20, 2018.

6. Zhao Q. and Liu C. Synthesis and Characterization
Superabsorbent-Ethanol Polyacrylic Acid Gels, J. Appl. Polym.
Sci., 105, 3458-3461, 2007.

7. Kabiri K., Lashani S., Zohuriaan-Mehr M.J., and Kheirabadi
M., Super Alcohol-absorbent Gels of Sulfonic Acid-contained
Poly(acrylic acid), J. Polym. Res., 18, 449-458, 2011.

8. Kabiri K., Azizi A., Zohuriaan-Mehr M.J., Marandi G.B., and
Bouhendi H., Poly(acrylic acid-sodium styrene sulfonate)
Organogels: and Alcohol
Superabsorbency, J. Appl. Polym. Sci., 119, 2760-2769, 2011.

9. Kabiri K., Azizi A., Zohuriaan-Mehr M.J., Marandi G.B.,

Preparation, Characterization,

and Bouhendi H., Alcohophilic Gels: Polymeric Organogels
Composing Carboxylic and Sulfonic Acid Groups, J. Appl.
Polym. Sci., 120, 3350-3356, 2011.

10. Varid V., Mohammadi M., Buohendi H., and Kabiri K., The
Absorption of Alcohol and Saline Solution by Carbopol Grafted
with 2-Acrylamido-2-Methylpropane Sulfonic Acid Prepared
Through Ultrasonic Method, Ifran. J. Polym. Sci. Technol.
(Persian), 32, 255-266, 1398.

11. Narimani F., Zohuriaan-Mehr M.J., Kabiri K., Bouhendi H.,
Omidian H., and Najafi V., Overentrant Swelling Behaviour of
Poly(potassium, 3-sulfopropyl acrylate-acrylic acid) Gels, J.
Polym. Res., 19, 2012. DOI: 10.1007/s10965-012-0007-2

12. Narimani F. and Lakouraj M.M., Swelling Behavior and
Characterization of Alcohol-specific Superabsorbing Gels
Based on Acrylic Acid and Allyl Tetrasodium Thiacalixarene
Tetrasulfonate, J. Polym. Res., 22, 2015. DOI: 10.1007/s10965-
015-0670-1

13. Doshi B., Sillanpaa M., and Kalliola S., A Review of Bio-based
Materials for Oil Spill Treatment, Water Res., 135, 262-277,
2018.

14. Prathap A. and Sureshan K.M., Sugar-Based Organogelators for
Various Applications, Langmuir, 35, 6005-6014, 2019.

15. Najafi V., Kabiri K., Ziaee F., Omidian H., Zohuriaan-Mehr
M.J., Bouhendi H., and Farhadnejad H., Synthesis and

YyYy

P33 OLT= 0 € 0 Lo o9 9 o Jlw ¢ roaly (S 39)9i5 9 pole qsols alxo

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Characterization of Alcogels Based on Ethylene Glycol Methyl
Ether Methacrylate-vinyl Phosphonic Acid Copolymers, J.
Polym. Res, 19,2012. DOI: 10.1007/s10965-012-9866-9
Hajighasem A. and Kabiri K., Cationic Highly Alcohol-
swellable Gels: Synthesis and Characterization, J. Polym. Res.,
20, 2013. DOI: 10.1007/s10965-013-0218-1

Saadati K., Kabiri K., and Marandi G.B., Synthesis and
Characterization of Phosphonic-Acrylic Organogels, Int. J.
Polym. Mater. Polym. Biomater., 63, 430-437, 2014.

Marandi G.B., Azizi A., Kabiri K., Zohuriaan-Mehr M.J., and
Boohendi H., An Alcogel Based on Poly(2-acrylamido-2-
methylpropane sulphonic acid) and the Effect of Neutralization
Degree on Its Swelling, Thermal and Mechanical Properties,
Iran. J. Polym. Sci. Technol. (Persian), 23, 145-153, 2010.
Zohuriaan-Mehr M.J., Kabiri K., and Kheirabadi M.,
Extraordinary Swelling Behavior of Poly(AMPS) Organogel in
Solvent/DMSO Binary Mixed Media, J. Appl. Polym. Sci., 117,
1127-1136, 2010.

Kabiri K., Azizi A., Zohuriaan-Mehr M.J., Marandi G.B.,
Bouhendi H., and Jamshidi A., Super-alcogels Based
on 2-Acrylamido-2-Methylpropane Sulphonic Acid and
Poly(ethylene glycol) Macromer, Iran. Polym. J., 20, 3, 175-
183,2011.

Karami Z., Zohuriaan-Mehr M.J., and Rostami A., Biobased
Diels-Alder Engineered Network from Furfuryl Alcohol
and Epoxy Resin:
Characteristics, ChemistrySelect, 3, 12099-12105, 2018.
Zolghadr M., Shakeri A., and Zohuriaan-Mehr M.J., Self-

Preparation and Mechano-Physical

healing Semi-IPN Materials from Epoxy Resin by Solvent-free
Furan — Maleimide Diels—Alder Polymerization, J. Appl. Polym.
Sci., 136, 48015, 2019.

Diaz D.D., Tellado J.J.M., Velazquez D.G., and Ravelo A.G.,
Polymer Thermoreversible Gels from Organogelators Enabled
by ‘Click’ Chemistry, Tetrahedron Lett., 49, 1340-1343, 2008.
Diaz D.D., Cid J.J., Vazquez P., and Torres T., Strength
Enhancement of Nanostructured Organogels Through Inclusion
of Phthalocyanine-Containing Complementary Organogelator
Structures and In Situ Cross-Linking by Click Chemistry, Chem.
Eur. J., 14, 9261- 9273, 2008.

Priyanka K.G., Mishra A.K., Kantheti S., Narayan R., and
Raju K.V., Synthesis of Triazole Ring-Containing Pentol Chain
Extender and Its Effect on the Properties of Hyperbranched
Polyurethane-Urea Coatings, J. Appl. Polym. Sci., 126, 2024-



26.

27.

28.

29.

30.

31.

32.

2034,2012.

Hong J., Luo Q., and Shah B.K., Catalyst- and Solvent-Free
‘Click” Chemistry: A Facile Approach to Obtain Cross-Linked
Biopolymers from Soybean Oil, Biomacromolecules, 11, 2960-
2965, 2010.

James N.R. and Jayakrishnan A., Synthesis, Polymerization, and
Copolymerization of Aliphatic Vinyl Azide, J. Appl. Polym. Sci.,
87, 1852-1857, 2003.

Moini N., Zohuriaan-Mehr M.J., Kabiri K., Khonakdar H.A.,
“Click” on SAP: Superabsorbent Polymer Surface Modification
Via CuAAC Reaction Toward Antibacterial Activity and
Improved Swollen Gel Strength, Appl. Surf. Sci., 487, 1131-
1144, 2019.

Okhaya N., Mignarda N., and Corinne Jegata M.T., Diels—
Alder Thermoresponsive Networks Based on High Maleimide-
Functionalized Urethane Prepolymers, Des. Monomers Polym.,
16, 475-487, 2013.

Karami Z., Nademi F., Zohuriaan-Mehr M.J., and Rostami
A., An Efficient Fully Bio-based Reactive Diluent for Epoxy
Thermosets: 2-[(Oxiran-2-ylmethoxy) Methyl] Furan Versus
a Petroleum-based Counterpart, J. Appl. Polym. Sci., 134, 25,
44957, 2017.
Retrieved,
index.htm, April 2020.

Mondal J., Modak A., Dutta A., and Bhaumik A., Facile C-S

https://macro.lsu.edu/howto/solvents/Polarity%20

Coupling Reaction of Aryl lodide and Thiophenol Catalyzed by

33.

34.

35.

36.

37.

99 HULT— jae € 0 plouds o 9o JUw sl ($J9J9IS5 9 pole (sole Alxo

b T ilaslo 5 Sl 55l 9 33 S oS5l 9230 )l Jsols 3432 09541 UJgsls )l

Cu-grafted Furfural Functionalized Mesoporous Organosilica,
Dalton Trans., 40, 5228-5235, 2011.

Giindiizalp A.B., Ozsen 1., Alyar H., Alyar S., and Ozbek N.,
Biologically Active Schiff Bases Containing Thiophene/Furan
Ring and Their Copper(Il) Complexes: Synthesis, Spectral,
Nonlinear Optical and Density Functional Studies, J. Mol.
Struct., 2016. DOI: 10.1016/j.molstruc.2016.05.002

Dehno Khalaji A., Maghsodlou Rad G.S., and Grivani D.,
Nickel(I) and Copper(Il) Complexes with an Asymmetric
Bidentate Schiff-base Ligand Derived from Furfurylamine:
Synthesis, Spectral, XRD, and Thermal Studies, J. Therm. Anal.
Calorim., 103, 747-751, 2011.

Sumrra S.H., Ibrahim M., Ambreen S., Imran M., Danish
M., and Rehmani F.S., Synthesis, Spectral Characterization,
and Biological Evaluation of Transition Metal Complexes of
Bidentate N, O Donor Schiff Bases, Bioinorg. Chem. Appl.,
2014. DOI: 10.1155/2014/812924

Kohestanian M. and Bouhendi H., Novel Cross-linking
Mechanism for Producing PAA Microgels Synthesized by
Precipitation Polymerization Method, Colloid Polym. Sci., 293,
1983-1995, 2015.

Kohestanian M., Bouhendi H., and Ghiass M., Synthesis and
Characterization of PAA Microgels Using Multifunctional
Epoxy Cross-linkers with a New Cross-linking Mechanism via a
Precipitation Polymerization Method, J. Polym. Res., 24, 2017.
DOI: 10.1007/s10965-017-1347-8

YYA



