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KEYWORDS Abstract Novel organogelators based on fluorescent alkoxy-substituted 1,4-diarylated 1, 2, 3-
CuAAC; triazoles are reported. The findings monitored in the current study promoted the development of
12:3-Triazole; inventive compacted supramolecular architectures generated by self-assembly of the prepared
Fluorescence; triazole-based organogelators. The synthesis, characterization and gelation properties of the current
Self-assembly; novel alkoxy-substituted 1,4-diarylated 1, 2, 3-triazole arms were described. The synthesis proce-
Nanofibers dures were accomplished by using Cu-catalyzed azide-alkyne cycloaddition (CuAAC) of alkoxy-

substituted aryl azide with aryl bearing terminal alkyne subtituents and alkoxy chains of different
lengths. The alkoxy-substituted of 1, 4-diarylated 1, 2, 3-triazole derivatives bearing different
alkoxy chains were characterized by FTIR, 'H/"*C NMR, and elemental analysis. The 1, 4-
diarylated 1, 2, 3-triazoles with longer alkoxy terminal groups demonstrated improved gelation
properties compared to those with shorter alkoxy terminals. The morphologies of the self-
assembled alkoxy-substituted 1, 4-diarylated 1, 2, 3-triazoles were investigated using scanning elec-
tron microscopy (SEM), which demonstrated arrangements of highly ordered nanofibers, forced by
n-stacks and van der Waals interactions. The antibacterial activity and cytotoxicity of the newly
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synthesized triazoles was investigated to verify the potential use of the present triazole gelators for a
variety of applications, such as drug delivery.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Because of their thermoreversibility, chemical sensitivity, and variety
of macroscale structures, low molecular mass organogels are becoming
more important. Organogels have been utilized for a variety of fields,
including biological, cosmetic, and foodstuff applications (Agarwal
et al., 2020; Goyal et al., 2020; Zhang et al., 2021). There has been a
lot of interest is the self-assembling small organic molecules or gelator
subsets, which can entrap tolerable volumes of solvents giving them
novel properties useful for various applications. The design and forma-
tion of self-assembled structures can display distinctive optoelectronic
features, like enhanced fluorescence and high charge transfer
(Bhardwaj and Ballabh, 2022; Mandegani et al., 2020). A supramolec-
ular gel is defined as a soft material composed of a solid-like fluid with
a viscoelastic performance owing to the presence of a gelator able to
self-assemble into 3D ordered networks. Those networks can be
formed in various shapes, such as nanofibers, nanorods and
nanosheets (Lakdusinghe et al., 2021). Self-assembling gelators have
become of interest in the fields of catalysis, tissue engineering, drug
self-delivery, pollutants removal, sensing, and data storage (Esposito
et al., 2018; Zeng et al., 2021; Zhang et al., 2020). The self-assembly
attraction forces could be assigned to phase transition, physical bond-
ing, crosslinking and/or chemical bond formation (Naim et al., 2021).
Recently, the distinct capacity of small molecular gelators to hold lig-
uids by non-covalent bond formation, like van der Waals forces, H-
bonding, and n-stacks, has received substantial attention (Morris
et al., 2021; Raymond et al., 2019; Yang et al., 2017). The molecules
of an organoelator can be self-assembled into highly ordered
supramolecular nanofibers without converting to dense structures.
Some of the many uses for low molecular mass organogels include
the creation of nanoporous materials, improvement of rheological
characteristics in cosmetics, foodstuff, sensors and biosensors, drug
delivery, tissue engineering, removal of pollutants, and polymer crystal
nucleating agents (Reddy et al., 2017; Vishnevetskii et al., 2020; Wang
et al., 2018).

In spite of the fact that the 1, 2, 3-triazole heterocycle itself does not
exist in nature, it has been used as a crucial skeleton in a broad variety of
biological activities, like anticancer and anti-HIV (Fernandes et al., 2019;
Sharma et al., 2021; Zhang et al., 2019). The electron-deficiency moni-
tored in 1, 2, 3-triazoles has made them excellent candidates for a diver-
sity of technical applications, like organogels and liquid crystals.
Organogelators with a 1, 2, 3-triazole moiety have lately gained a lot
of attention because of their appealing chemical and physical properties.
There are several ways to synthesize the 1, 2, 3-triazole heterocycle, such
as the most common being Cu-assisted alkyne-azide cycloaddition
(CuAAC) chemistry (Gholampour et al., 2019; Ross et al., 2021; van
Hilst et al., 2018). Many studies have shown that the location of the 1,
2, 3-triazole heterocycle in the rigid core and type of substituents may
have a substantial impact on gelation characteristics. Chemical stability,
aromaticity, and hydrogen bonding acceptor ability are all strong fea-
tures of the 1, 2, 3-triazole heterocycle containing derivatives. The pres-
ence of a heterocyclic moiety results in increasing the dipole and
dielectric anisotropy, thus providing polar molecular aggregates by creat-
ing electrostatic and supramolecular structure-dependent attraction
forces between the molecular units (Horsten et al., 2021; Gu et al.,
2020; Giizel, 2019; Xu et al., 2018; Yang et al., 2019; Zych et al., 2019).

Only limited studies were reported on the development of fluores-
cent organogelators based on alkoxy-substituted 1, 4-diarylated 1, 2,
3-triazoles (Diaz et al., 2006; Ghosh and Panja, 2015; Huang et al.,
2018; Huang et al., 2015; Tautz et al., 2019; Sharma et al., 2021).

Despite the fact that alkoxy-substituted 1, 4-diarylated 1, 2, 3-
triazoles have played a key role in recent breakthroughs such as opto-
electronics (Tao et al., 2010; Wu and Chen, 2010), very little reports of
low molecular mass organogels based on triazoles have been reported
yet. However, induced illumination during aggregation became the sub-
ject of recent investigations (Tang et al., 2009). Interesting work has been
done regarding observing switching behavior to induced florescence emis-
sion after self-assembly of thin film. In addition, solid one-dimensional
aggregations of helical nanofiber exhibit induced light emission by confin-
ing the possible internal bond rotations in solution. Although lumines-
cent 3D supramolecular network gels are scarce, photo-responsive
organogels are of interest for their potential application in biomaterials,
optoelectronic devices, switches and sensors (Sun et al., 2017).

In this content, fluorescent triazole organogels based on rigid bis(-
triazole)aryl core and terminal flexible alkoxy chains have been
reported. Novel fluorescent alkoxy-substituted 1, 4-diarylated 1, 2, 3-
triazole organogelators with potential optoelectronic applications were
synthesized, characterized, and self-assembled. CuAAc of alkoxy-
substituted aryl azides with an aryl compound containing terminal
alkyne groups and lengthy alkoxy side-chains was employed to provide
the corresponding alkoxy-substituted 1, 4-diarylated 1, 2, 3-triazole
organogelators. This led to the formation of a rigid, extended and con-
jugate bis(triazole)aryl core with strong light emission. Those alkoxy-
substituted 1, 4-diarylated 1, 2, 3-triazoles with different alkoxy chain
lengths were detected to display emission in the ultraviolet range of the
electromagnetic spectrum. As a result, they could be reported as
appropriate materials for lower energy consumption electronic dis-
plays particularly in portable displays (Alsoliemy et al., 2021; Oh
et al., 2021). The gelation and supramolecular properties of the
alkoxy-substituted 1, 4-diarylated 1, 2, 3-triazole derivatives were
investigated in various solvents. The antimicrobial performance and
cytotoxicity of alkoxy-substituted 1, 4-diarylated 1, 2, 3-triazole 3a-c
were studied. SEM was utilized to explore the nanostructured mor-
phologies of self-assembled fluorescent organogels.

2. Experimental details

2.1. Materials and methods

Differential Scan Calorimetry (DSC; TA 2920) was used to
measure the melting points. The "H/'*C NMR spectral analy-
sis was performed on Bruker Avance 400 MHz. Perkin-Elmer
2400 (Norwalk, USA) was used to determine the elemental
analysis. An Ultraviolet-Agilent from Cary Series was used
to conduct the UV/Vis absorption spectra. The fluorescence
quantum yields (®) and fluorescence spectral analysis were
investigated by VARIAN CARY ECLIPSE. The fluorescence
quantum yields (®) were determined using solutions of rho-
damine 6G (®, = 0.95) and rhodamine 101 (®, = 0.96) in
absolute ethanol as quantum yield standards. FT-IR Bruker
Vectra 33 was used to get infrared spectra. A Quanta FEG
250 apparatus was used for the scanning electron microscopy
(SEM) examination. In this experiment, we prepared an orga-
nogel in n-octanol, which was then air-dried on a clean glass
slide. The gold-coated xerogel was exposed to annealing over-
night at 45 °C. Unless otherwise stated, all materials used in
the experiments were from Sigma-Aldrich and Merck (Egypt).
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Compounds 1 (1,3 dialkoxy 4,6 diethynylbenzene) and 2
(5 azido 1,3 dialkoxybenzene) were synthesized in accordance
with previous procedures (Afzali et al., 2021; Fakhrutdinov
et al., 2021). Thin layer chromatography was utilized to
observe the progress of reactions using aluminium-backed
plate loaded with a coating of silica gel 60 under an ultraviolet
lamp (UV,s4). Silica gel 60 was applied to purify the synthe-
sized compounds by flash column chromatography.

2.2. Gelation procedure

Compounds 3a-c were dissolved in the specified solvents and
heated at boiling point in a closed glass vial to generate a
transparent solution, and subjected to cooling to ambient tem-
perature to create gels. In 15-25 min, the gels formed relying
on the organogelator concentration and the length of the ali-
phatic chain. The gel formation was confirmed by the
“stable-to-inversion” approach as indicated by the solvent dis-
appearance in the inverted vial. The reversibility was examined
by heating (2 °C/min) the organogel-containing glass vial
placed topsy-turvy in an oil bath. The temperature at which
the gel collapses is reported as the gel melting point. The above
procedures were repeated to designate a good reversibility.

2.3. Cytotoxicity assay

BJ1 skin fibroblast cells were used to conduct the cytotoxicity
experiment in vitro following the previously established MTT
proliferation technique (Abumelha et al., 2020).

2.4. Antibacterial activity

The antibacterial properties of the synthesized triazoles were
explored against S. awreus and E. coli under AATCC
(100:1999) (Aldalbahi et al., 2021).

2.5. Synthesis procedures

2.6. General synthesis of triazoles 3a-c

A mixture of diethynyl 1 (I mmol), azido compound 2
(2 mmol), TBTA (tris((1-benzyl-4-triazolyl)methyl)amine;
0.1 mmol), sodium ascorbate (0.2 mmol) was dissolved in a
mixture of distilled water:r-BuOH:CH,Cl, (1:2:8) under argon
atmosphere. Copper(Il) sulfate (CuSOy4-5H,0; 0.1 mmol) was
then added to the mixture, followed with stirring under ambi-
ent conditions for 22 h. The reaction system was covered with
aluminum foil to ensure that the reaction occurs in the dark.
After complete consumption of alkyne, the mixture was
diluted with dichloromethane. The organic layer was then sub-
jected to extraction with dichloromethane, three times washing
with aqueous brine. The dichloromethane solution was dried
on magnesium sulfate (anhydrous), filtered off under vacuum,
and finally dichloromethane was evaporated using a rotary
evaporator. The solid product was subjected to column chro-
matography (ethyl acetate/ether 2/7).

Tetrahexyl-5, 5'-(4, 4'-(4, 6-bis(hexyloxy)-1, 3-phenylene)-
bis(1H-1,2,3-triazole-4, 1-diyl))diiso-phthalate 3a.

Prepared from 1 (326 mg, 1 mmol), azido compound 2a
(750 mg, 2 mmol), TBTA (tris((1-benzyl-4-triazolyl)methyl)a

mine; 53 mg, 0.1 mmol), sodium ascorbate (40 mg, 0.2 mmol)
and copper(II) sulfate (16 mg, 0.1 mmol). Prepared as a white
powder with 88% (947 mg) yield; mp 191-192 °C; 'H NMR
(400 MHz; CDCl;): 9.46 (s, 1H), 8.84 (s, 2H), 8.78 (s, 4H),
8.63 (s, 2H), 6.72 (s, 1H), 4.43 (t, J = 6.02 Hz, 8H), 4.20 (t,
J = 6.11 Hz, 4H), 1.89 (m, 4H), 1.83 (m, 8H), 1.28-1.59 (m,
36H), 0.91 (t, J = 4.77 Hz, 18H); '>*C NMR (400 MHz;
CDCly): 165.85, 157.59, 145.73, 138.80, 133.86, 129.93,
128.64, 125.85, 119.72, 112.80, 97.47, 79.75, 66.20, 32.94,
31.567, 29.72, 29.36, 28.80, 26.10, 22.54, 14.20; IR (v/cm™"):
3065 (C-H aryl stretch), 2917 (CH alkyl asymmetric stretch-
ing), 2847 (CH alkyl stretch), 1731 (C = O stretch), 1589
(C = N), 1503 (C = C aryl bend), 1330 (C-O), 1188 (CH,
alkyl bending), 1122 (CHj; alkyl bending), 862 (C-H aryl bend-
ing), 723 (CH, alkyl bending rocking); Elemental analysis of
CeaHggNgO1 (1076.66): C 69.12, H 8.23, N 7.80; Found:
68.96, H 8.15, N 7.71.

Tetranonyl-5, 5'-(4, 4-(4, 6-bis(hexyloxy)-1, 3-phenylene)-
bis(1H-1,2,3-triazole-4, 1-diyl))diiso-phthalate 3b.

Prepared from 1 (326 mg, 1 mmol), azido compound 2b
(918 mg, 2 mmol), TBTA (tris((1-benzyl-4-triazolyl)methyl)a
mine; 53 mg, 0.1 mmol), sodium ascorbate (40 mg, 0.2 mmol)
and copper(II) sulfate (16 mg, 0.1 mmol). Prepared as a white
powder with 81% (1.05 g) yield; mp 165-167 °C; 'H NMR
(400 MHz; CDCl;): 9.41 (s, 1H), 8.80 (s, 2H), 8.76 (s, 4H),
8.58 (s, 2H), 6.70 (s, 1H), 4.39 (t, J = 6.18 Hz, 8H), 4.22 (t,
J = 6.25 Hz, 4H), 1.88 (m, 4H), 1.85 (m, 8H), 1.25-1.67 (m,
60H), 0.92 (t, J = 4.81 Hz, 18H); °*C NMR (400 MHz;
CDCl;): 165.76, 157.64, 146.68, 139.79, 133.83, 129.78,
126.39, 123.72, 119.45, 110.74, 96.18, 69.73, 66.02, 31.91,
30.38, 29.77, 29.31, 29.21, 28.77, 25.87, 23.65, 22.28, 14.27;
IR (v/em™Y): 3069 (C-H aryl stretch), 2918 (CH alkyl asym-
metric stretch), 2850 (CH alkyl symmetric stretching), 1729
(C = O stretch), 1582 (C = N), 1508 (C = C aryl bend),
1337 (C-0O), 1191 (CH; alkyl bend), 1125 (CH; alkyl bend),
867 (CH aryl bend), 728 (CH, alkyl bending rocking); Elemen-
tal analysis of C74H;2NgOo (1244.84): C 71.35, H 9.06, N
6.75; Found: C 71.48, H 9.15, N 6.83.

Tetradodecyl-5, 5'-(4, 4'-(4, 6-bis(hexyloxy)-1, 3-
phenylene)-bis(1H-1,2,3-triazole-4, 1-diyl)) diiso-phthalate 3c.

Prepared from 1 (326 mg, 1 mmol), azido compound 2c
(1.09 g, 2 mmol), TBTA (tris((1-benzyl-4-triazolyl)methyl)a
mine; 53 mg, 0.1 mmol), sodium ascorbate (40 mg, 0.2 mmol)
and copper(Il) sulfate (16 mg, 0.1 mmol). Prepared as a
white powder with 78% (1.10 g) yield; mp 128-130 °C; '-
HNMR (400 MHz; CDCls): 9.45 (s, 1H), 8.80 (s, 2H),
8.79 (s, 4H), 8.62 (s, 2H), 6.71 (s, 1H), 4.37 (t,
J = 6.28 Hz, 8H), 4.19 (t, J = 6.35 Hz, 4H), 1.86 (m,
4H), 1.84 (m, 8 H), 1.31-1.57 (m, 84H), 0.90 (t, J = 4.88
HzI8H); 3C NMR (400 MHz; CDCls): 165.26, 157.58,
145.84, 138.51, 133.45, 129.70, 127.61, 124.40, 119.60,
111.74, 96.38, 68.66, 66.81, 31.72, 31.20, 29.80, 29.68,
29.41, 29.26, 28.60, 26.77, 26.26, 22.64, 22.35, 14.11, 13.75;
IR (viem™'): 3070 (CH aryl stretch), 2919 (CH alkyl
stretch), 2851 (CH alkyl stretch), 1733 (C = O stretch),
1586 (C = N), 1501 (C = C aryl bend), 1328 (C-O),
1182 (CH, alkyl bending), 1116 (CH; alkyl bending), 858
(C-H aryl bending), 725 (CH, alkyl bending rocking); Ele-
mental analysis of CggHi36NgOq9 (1413.03): C 73.05, H
9.69, N 5.94; Found: C 7291, H 9.78, N 6.07.
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3. Results and discussion

3.1. Synthesis and characterization

The major aim of the present research work was to prepare
new fluorescent alkoxy-substituted 1, 4-diarylated 1, 2, 3-
triazole gelators. The diethynyl ~ compound 1
(1,3 dialkoxy 4,6 diethynylbenzene) and azido compound 2
(5 azido 1,3 dialkoxybenzene) compounds were synthesized in
accordance with previous procedures (Afzali et al., 2021;
Fakhrutdinov et al., 2021). As depicted in Scheme 1, alkoxy-
substituted 1, 4-diarylated 1, 2, 3-triazoles (3a, 3b and 3c) were
synthesized in relatively high yields using Cu(I)-catalyzed
alkyne-azide cycloaddition (CuAAC) of compound 1 compris-
ing two terminal alkyne groups and two terminal alkoxy sub-
stitutents with 5 azido 1,3 dialkoxybenzene 2 with different
alkoxy chain lengths. 'H/"*C NMR, FTIR, and elemental
analysis were used to prove the molecular structures of the
novel compounds 3a-c. '"H NMR spectra of compound 3a-c
exhibited distinct signals for the alkoxy chain substituents
ranging from ~ 0.90 to ~ 4.43 ppm. The symmetrical CH
peaks of the 1, 2, 3-triazole heterocyclic rings were monitored
to downfield shift at ~ 8.50 ppm. The '3*C NMR spectra of 3a-
c displayed 1, 2, 3-triazole C-H signal at ~ 145 ppm. The infra-
red spectra of 3a-c showed strong absorbance peaks of the
alkoxy groups at ~ 2920 and ~ 2850 cm ™.

3.2. Photophysical properties

A stimuli-responsive chemical or product has the ability to
vary its absorbance or emission spectra responding to external
stimuli, like heat and/or light (Mellerup and Wang, 2019;
Moulin et al., 2020; Rastogi and Kandasubramanian, 2019).
Some selected solvents were used to study the UV—Vis absorp-
tion and fluorescence properties of the current alkoxy-
substituted 1, 4-diarylated 1, 2, 3-triazole compounds as shown
in Table 1. Both absorbance and fluorescence maxima of the
alkoxy-substituted 1, 4-diarylated 1, 2, 3-triazole derivatives
were reported in a range of solvents, including n-propanol,
ethanol, n-octanol, DMSO, THF, toluene, benzene, acetoni-
trile, DMF, CH,Cl, and hexane. It was revealed that all of
the triazole derivatives absorb light in the UV-Vis region.
The current alkoxy-substituted 1, 4-diarylated 1, 2, 3-triazole
derivatives demonstrated an emission wavelength lower than
that for previously reported conjugate triazole molecular sys-
tems (Ahmed and Xiong, 2021; Torres et al., 2021; Zhang
et al.,, 2017). The m-n* transition is responsible for those

absorption bands (Wang et al., 2010). The absorption wave-
lengths of the symmetric series were monitored to increase with
raising the alkoxy chain length. This indicates that the excited
state of the shorter alkoxy chain substituted triazole is lower
than the excited state of the longer alkoxy chain substituted
diarylated triazole. An increase in the UV-Vis absorption
wavelength (Bathochromic shift) associated with a drop in flu-
orescence emission maxima was monitored when the length of
the aliphatic tail was increased. Solvatochromic and sol-
vatofluorochromic characteristics were shown in the UV-Vis
absorption and fluorescence wavelengths in various solvents
of different polarities. As the polarity of the solvent increases,
a rise in the maximum wavelength was monitored in the
absorption (positive solvatochromism) and fluorescence (posi-
tive solvatofluorochromism) spectra. In addition, it was found
that the fluorescence quantum yield decreases when the length
of the aliphatic alkoxy chain increases.

3.3. Gelation properties

The nanofibrous architectures of self-assembled n-conjugated
molecular systems have been reported with various character-
istics in comparison to these n-conjugate building blocks them-
selves. Emission has been a critical character with the ability to
display a key responsiveness to the surrounding environment.
For example, emissive structures have a significant modulation
effects on wavelength and intensity of emission as a result of
forming supramolecular systems. Therefore, emissive assem-
blies are priceless materials for detecting a variety of analytes
(Lin et al., 2019; Lin et al., 2017; Sasaki et al., 2020). In the
current study, no gelation was monitored for the synthesized
tetrahexyl-substituted triazole adduct 3a. The prepared
alkoxy-substituted 1, 4-diarylated 1, 2, 3-triazole gelators com-
posed of four terminal alkoxy groups of high flexibility sepa-
rated with the rigid bis(triazole)aryl core responsible for =-
stacking. Aggregation of these alkoxy-substituted 1, 4-
diarylated 1, 2, 3-triazole molecular gelators provide three
dimensional entanglements of nanofibrous network that can
be controlled by crystal formation and degree of solubility.
Gelators 3a-c are soluble in some solvents upon heating. Upon
dissolution of compounds 3a-c in solvents by heating, and then
cooling to ambient temperature, a solid-like organogel was
formed and monitored by the “stable to inversion” method
as illustrated in Fig. 1. The gel formation of adducts 3a-c
was studied in several organic solvents. The values of critical
gel concentration for gelator 3b were monitored to be
solvent-dependent ranging between 1.84 and 9.28 mM. Com-

N3

2 (2 equiv)
CeH130 OCgH13
RO OR

Z A

1 (1 equiv)

RO CeH130 OCgH13 OR
= N N

TBTA (0.1 equiv); N=N
sodium ascorbate (0.2 equiv); RO 3a-c OR
H,0:t-BuOH:CH,Cl, (1:2:8); _ )
copper(ll) sulfate (0.1 equiv); R _g6|:|13 (:?;)_1 88$';A)
stir at 25 °C for 22 hrs; gH19 ( ),. o
under argon atmosphere Ci2H2s (3c); 78%

Scheme 1  Synthesis of triazolo-based organogelators 3a-c.



Synthesis, characterization and self-assembly 5

Table 1 Absorption and fluorescence maxima in various solvents.
Solvent A (nm)

3a 3b 3c

Abs. Em. Abs. Em. Abs. Em.
THF 285 326 287 316 289 307
DMSO 291 323 290 313 294 308
Ethanol 290 325 293 315 297 309
n-Propanol 288 329 286 318 292 308
n-Octanol 286 327 289 315 294 305
Toluene 279 328 281 316 289 299
Benzene 281 328 285 319 290 301
Ethylacetate 286 331 287 320 285 309
1,2-Dichloroethane 288 326 292 316 298 315
Acetonitrile 289 327 290 316 290 318
DMF 287 329 288 319 296 321
CH,CI, 276 315 280 305 285 299
CHClI; 275 314 282 303 286 294
Hexane 273 312 278 302 280 297

heat| |cool heat| [cool

Fig. 1 Thermal and emission reversibility of gel 3b (n-octanol)
monitored by the stable to inversion approach under ultraviolet
(UV) and visible (Vis) lights.

pound 3b shows a considerable capacity to gelate various
organic solvents such as ethylacetate, chloroform, acetonitrile
and n-octanol. However, adduct 3b was partially gelated in
other solvents such as n-propanol and toluene, hexane and dis-
played no gelation in other solvents such as dichloromethane,
THEF, ethanol, 1,2-dichloroethane, DMF, DMSO and ben-
zene. The gelation study of adducts 3a-c in various solvents
is presented in Table 2. Compound 3a demonstrated low solu-
bility in organic solvents. Thus, it precipitates in many sol-
vents. On the other hand, compound 3¢ demonstrated a very
high solubility in organic solvents. Thus, it is displayed forma-
tion of solutions in many solvents. All organogels formed in
organic solvents are either colorless or white non-flowing oga-
nogels. The sol-gel switchable course was thermally reversible.
The synthesized organogelators demonstrated similar photo-

Table 2 Gelation screening of tetraalkoxylated 1, 4-diarylated
1, 2, 3-triazole organogelators 3a-c in various solvents.

Solvent 3a 3b 3c
THF P S S
DMSO S S S
Ethanol P P S
n-Propanol PG PG PG
n-Octanol PG G (1.84 mM) G (5.02 mM)
Toluene PG PG PG
Benzene P P P
Ethylacetate PG G (3.51 mM) PG
1,2-Dichloroethane P P S
Acetonitrile PG G (3.78 mM) PG
DMF S S S
CH,Cl, S S S
CHCl; PG G (9.28 mM) PG

Hexane P P P

S: sol; G: gel; PG: partial gel; P: ppt; Critical gel content (mM) is
displayed between a parenthesis.

physical properties similar to those monitored in their respec-
tive solution-based photophysical properties. The alkyl chains
are non-polar moieties comprising only single bonds with car-
bon and hydrogen atoms. Therefore, the interactions among
alkyl chains are comparatively weak London/Dispersion van
der Waals forces, which usually increase as the length of the
alkyl chain increases as a result of increasing the molecule sur-
face area. Thus, compounds 3b-c with longer alkyl chains
demonstrated an improved organogel formation as compared
to compound 3a with the shorter length of alkyl chains.

As shown in Fig. 2, the blue shifting of the fluorescence
maxima for the gel state of 3b in comparison to that in an ethyl
alcohol solution (diluted) indicates the presence of H-
aggregates in the supramolecular organogel (Lin et al., 2019).
It has been shown that H-aggregate systems have a propensity
to form two-dimensional nanofibers due to the intermolecular
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Fig. 2 Normalized emission spectra of 3b in solution (n-octanol;
1.09 x 10 mol L'!) and organogel states.

van der Waals interactions of tetraalkoxyls as well as inter-
molecular 7-stacks of rigid bis(triazole)aryl core.

Table 3 shows both fluorescence wavelength and quantum
yield of 3a-c¢ in solution and organogel (or partial organogel)
states. The gel demonstrated different fluorescence wave-
lengths in comparison to the respective sol states of the same
gelator. In n-octanol, the fluorescence of 3b at 315 nm for
the sol state shifts to 293 nm for the organogel state. The par-
tial gel demonstrated lower shifting in the fluorescence wave-
length in comparison to the completely gel formation case.
For 3a and 3b, the quantum efficiency was observed to
improve in the oranogel state in comparison to the solution
state (Altoom 2021; Radwan and Makhlouf, 2021).

The thermal stability of the synthesized triazole 3b in »n-
octanol was explored by investigating the critical gel concen-
tration reliant gel — sol conversion as illustrated in Fig. 3.
The organogel melting point was recorded to rise between 41
and 55 °C with raising the gelator concentration between
1.84 and 14.00 mmol/L. This improved thermostability can
be ascribed to the high crowd of the gelator molecules in the
fiber bulk. However, the organogel melting point decreased
when the gelator concentration increased to a value above
14.00 mmol/L. These increments monitored for the gel — sol
transition temperature could be attributed to increasing the
1D fiber aggregation imparting this fiber higher flexibility to
result in nanofibrous entanglement, and accordingly rising
the transition temperature.

56
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«8 52 /O
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© 1 @)
5 48
cL 7
S 46+ /
[t 1 @)
44- /
1 O
42 - /
1O
40 T T T T T T T T T T T T T
2 4 6 8 10 12 14

Concentration (mM)

Fig. 3  Gel — sol transition temperature against the organogela-
tor (3b) quantity in n-octanol.

To investigate the gel — sol reversibility, the temperature-
dependent transition was explored (Fig. 4). The non-flowing
solid-like gel was heated to boiling (~195 °C for n-octanol)
until a transparent solution formed. The collapsing tempera-
ture of the gel was reported. The solution was then placed
on a flat surface to settle for a few minutes at room tempera-
ture (~25 °C) to allow the organogel to regenerate as con-
firmed by the “‘stable to inversion” approach. This procedure
was repeated to designate no change occurred in the
gel — sol switching temperature proving good reversibility.

3.4. Morphological properties

Using SEM analysis, the surface morphologies of the triazole
gelators 3a-c were examined to analyze the roles of m-stacks
and van der Waals forces in guiding their formation. The
self-assembled intertwined nanofibers were found to be well-
ordered and homogeneous. SEM images were used to study
the aggregation morphology of gelator 3b dried xerogel
(Fig. 5). Sample of dried xerogel from gelator 3b was trans-
ferred to a glass slide and examined using SEM to demonstrate
three dimensional entangled assemblies accounting for the
immobilization of solvent molecules. Examination of SEM
images displayed higher order of nanofibrous assemblies with
the ability to bundle and generate strong and highly porous
entanglements indicating highly directed intermolecular attrac-
tion forces. Nanofibers with diameters of 250-320 nm and few

Table 3 Fluorescence maxima [Ae, (nm)] and quantum yields [@,] of 3a-c in solution (1.09 x 107> mol L") and gelation (partial

gelation) states.

Solvent 3a 3b 3c

sol gel sol gel sol gel

7"em de* }"em @F 7"em ¢F )"em ¢F )*em @F* )"em ¢F
n-Propanol 329 0.61 307 0.65 318 0.58 297 0.63 308 0.36 279 0.41
n-Octanol 327 0.45 305 0.55 315 0.41 293 0.47 305 0.4 276 0.45
Toluene 328 0.43 306 0.44 316 0.39 290 0.44 299 0.37 268 0.42
Ethylacetate 331 0.52 300 0.56 320 0.43 291 0.55 309 0.35 277 0.47
Acetonitrile 327 0.4 308 0.59 316 0.52 294 0.63 318 0.3 275 0.55
CHCl; 314 0.37 295 0.45 303 0.4 281 0.56 294 0.22 266 0.38
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micrometres long were monitored in the SEM micrographs of
3b from n-octanol. The self-assembly of 3b creates nanofibers
via immobilization of organic solvents. When it comes to gela-
tors, the presence of lengthy alkoxy groups has been observed
as a key component in improving their stability.

3.5. Cytotoxicity measurements

Compounds 3a-c were tested for cytotoxicity in vitro to deter-
mine the viability of certain BJ1 skin fibroblast cells exposed to
these triazoles. Compounds 3a and 3b did not seem to affect on
the cell proliferation. However, compound 3c begins to lose its
viability to result in 91.33 % viable cells. Because organic
chemicals tend to precipitate out of solution, there is less room
for cell growth, resulting in a drop in cell numbers. The current
alkoxy-substituted 1, 4-diarylated 1, 2, 3-triazoles, as a conse-
quence of these findings, are clearly harmless compounds.
Thus, they can be potentially used for drug delivery applica-
tions. The antibacterial properties were also examined against
S. aureus and E. coli to show acceptable antibacterial activity

S Off) YY) et
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Fig. 5 SEM micrographs of dried xerogel generated from gelator 3b in n-octanol.
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Table 4 Antibacterial activity (Reduction %) of the synthe-
sized triazoles.

Gelator E. coli S. aureus
3a 15+ 1.2 13 £ 1.0
3b 19 + 1.4 15 + 1.1
3c 23 £ 1.3 16 £ 1.0

as shown in Table 4. However, the antibacterial activity
decreased with raising the alkoxy chain length. Thus, the best
antibacterial performance was monitored for compound 3a.

Antimicrobial activity of nitrogen-containing heterocyclic
compounds has been observed (Heravi and Zadsirjan, 2020;
Zhang et al., 2010). The class of nitrogen-containing hetero-
cyclic triazoles is especially intriguing because of its intrinsic
biological activity (Gondru et al., 2021) and considerable util-
ity as molecular building blocks in synthetic transformations
(Patil et al., 2020; Phatak et al., 2020). Thus, scientists are
now working to create novel functionalized triazole derivatives
and investigate their biological effects. However, a little
research studies have been reported on the synthesis of
antibacterial triazoles (Nalawade et al., 2019; Yadav et al.,
2018). Moreover, the development of triazole-based fluores-
cent organogels has not been described yet. The synthesis of
innovative compounds with biological has been significant
(Aragon-Muriel et al., 2021; Hernandez-Romero et al., 2021;
Rios-Malvaez et al., 2021; Rufino-Felipe et al., 2021). Several
low molecular mass organogels have recently been reported to
be effective antibacterial and drug delivery materials that are
not cytotoxic (Esposito et al., 2018; Rowley et al., 2020).
Bioimaging, antimicrobials, and drug delivery systems all ben-
efit from the newly synthesized triazole-based fluorescent low
molecular mass organogels.

4. Conclusion

New series of alkoxy-substituted 1, 4-diarylated 1, 2, 3-triazoles able to
generate nanofibrous self-assembled packing were introduced by the
versatile and standard simple CuAAC reaction. The existence of 1,
2, 3-triazole heterocyclic ring was found to promote well self-
assembled supramolecular architectures by gelating organic solvents.
The appropriate molecular combination of 1, 2, 3-triazole heterocyclic
ring, aryl rings, and terminal alkoxy chains allowed for the formation
of supramolecular architectures. We studied their distinctive self-
assembly of these alkoxy-substituted 1, 4-diarylated 1, 2, 3-triazole
structures into nanofibrous (250-320 nm) architectures as reported
by SEM analysis. The formation of extended nanofibers could be
attributed to van der Waals of long alkoxy groups and m-stacking of
aryl rings. The current triazole gelators were monitored to non-
cytotoxic and exhibit an acceptable antibacterial activity.
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