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Abstract Aromatic nucleophilic substitution (SNAr) reactions have been known to be regioselec-

tive to the para position on a variety of substituted perfluorobenzenes. In the current study, a series

of fluoroaryl 1, 3, 4-oxadiazole derivatives substituted with different para terminal ethers were syn-

thesized using SNAr chemistry to afford fluorescent and thermally reversible low molecular weight

organogelators (LMWOs). SNAr was used to synthesize these highly fluorinated organogelators in

high purity and good yields starting from pentafluorobenzoic acid and 40-hydroxy-4-biphenylcar-
bonitrile. These fluorinated 1, 3, 4-oxadiazole derivatives were characterized by elemental analysis,

FTIR, and 1H, 13C, and 19F NMR spectroscopy. The photophysical properties of those organogela-

tors were described. Both UV–visible absorption and fluorescence spectral profiles displayed a sol-

vatochromic and solvatofluorochromic properties. The absorption maxima for the developed

organogelators were monitored in the range of 260–289 nm, whereas the emission maxima were

monitored in the range of 278–305 nm. The best gelation properties were monitored for the

hexyloxy-substituted 2-(biphenylyl)-5-(perflurophenyl)-1, 3, 4-oxadiazole gelator in different sol-

vents with critical gel concentrations in the range of 1.86–5.07 mM. The self-assembly process
azeed),
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was monitored to occur via van der Waals forces and p-p stacks to result in gelation of solvents.

Scanning electron microscope (SEM) demonstrated nanofiber-like structures (350–550 nm). The

thermal stability of the hexyloxy-substituted organogel was monitored at 48 �C. Both cytotoxicity

and antimicrobial activity of the produced fluoroaryl 1, 3, 4-oxadiazole derivatives were explored to

verify their potential use for biomedical applications, such as drug delivery and bioimaging.

� 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

LMWOs have been attractive materials owing to their thermal
reversibility, diversity of their micro(nano) scaffolds and chem-

ical sensitivity (Aykent et al., 2019; Peveler et al., 2018; Sasaki
et al., 2018). Gelators were typically used in a variety of appli-
cations, like cosmetics, foodstuff and pharmaceutical pur-

poses. They have been able to generate non-covalent self-
assembled physical texture of unique features (Kim et al.,
2020; Zhang et al., 2019). Fluorine-containing substances have

received substantial interest in numerous fields, such as poly-
mers, pesticides, pharmaceuticals and liquid crystals. More-
over, the perfluorinated compounds typically establish a
rough surface with the ability to introduce superhydrophobic

and self-cleanable surfaces (Fan et al., 2019; Guerre et al.,
2018; Zhang et al., 2018). The presence of fluorine atoms in
molecular structures can stimulate liquid crystalline perfor-

mance better than their non-fluorinated counterparts, which
can be ascribed to the bigger size of fluorine in comparison
to hydrogen to result in substantial steric effects. Fluorine-

substituted liquid crystals usually exhibit a variety of nematic
mesogenic phases (Yamada et al., 2017; Zhang et al., 2017).
Perfluoroaromatics are highly reactive for cross-couple reac-

tions. The synthesis of perfluoroaryls from the corresponding
aromatic tetrazoles and pentafluorobenzoic acid has been
recently achieved. This synthetic approach employed cheap
and less sensitive compounds. Therefore, this synthetic strat-

egy can substitute the costly and highly sensitive organometal-
lic compounds, like PdCl2 (Feng et al., 2012). An extensive
research has been reported on the application of transition

metals as catalytic agents in the common synthetic methods
of fluorine-containing compounds. Nonetheless, those
approaches suffer some difficulties, including low yield and

poor selectivity. Furthermore, extensive amounts of by-
products are usually monitored due side reactions causing
extra purification cost (Altoom et al., 2021).

SNAr has been an essential synthetic procedure, in which a
nucleophile compound replaces a high-quality leaving group
on an aryl moiety. SNAr of fluorine-containing aromatic com-
pounds by a diversity of nucleophilic compounds has been

explored for aromaticmoietieswith strong electronwithdrawing
groups, like nitro, sulphonyl, cyano and polyhalogen to result in
high yield and fast reaction rate (Bidusenko et al., 2020;

Tominaga et al., 2020). SNAr typically occurs in an aprotic sol-
vent, such as dimethylacetamide, hexamethylphosphoramide,
dimethyl sulfoxide and dimethylformamide in the temperature

range of 25–100 �C, which typically relies on the activation
energy required by the aromatic moiety. For instance,
spiropyrrolidone-3, 30-oxoindole has been the key skeleton for
many natural materials with optical activity. Organocatalyzed

(enantio-)regio-selective SNAr chemistry was efficiently carried
out between 1, 3-dicarbonyls and reactive aromatic moiety
(Hicks et al., 2020). The phase transfer catalysis has been applied
to provide the optically active spiropyrrolidone-3,30-oxoindoles
in good yield under mild conditions. Unexpectedly, no studies
have been reported on the development of LMWO based on
fluorine-containing 1, 3, 4-oxadiazoles despite their significant

role in a variety of recent optoelectronic advances. Oxadiazoles
are heterocyclic substances comprising five membered ring with
two nitrogen atoms and one oxygen atom (Marti et al., 2003;
Vaidya et al., 2021). They have been used for a variety of valu-

able biological purposes and drug systems, such as antiviral ral-
tegravir, analgesic, anti-depressive, antimicrobial furamizole,
anti-diabetic, anti-inflammatory and anticancer zibotentan

(Glomb et al., 2021; Patel et al., 2014; Salahuddin et al., 2017;
Verma et al., 2019).

Herein, we describe the first fluorescent organogelator with

a rigid perfluoroaryl 1, 3, 4-oxadiazole core and flexible termi-
nal alkyl tails. The preparation and photophysical perfor-
mance were studied. The reaction between
penetafluorobenzoic and the appropriate tetrazole-substituted

aryl introduced an extended conjugation of rigid 1, 3, 4-
oxadiazole core with a strong fluorescence, solvatochromism
and solvatofluorochromism properties. A suitable synthesis

of perfluoroaryl 1, 3, 4-oxadiazole bearing ethers were carried
out via SNAr. The chemical structures of the prepared alkoxy-
substituted perfluoroaryl 1, 3, 4-oxadiazoles were investigated

by 1H/13C/19F NMR, elemental analysis and FT-IR spectra.
The prepared oxadiazole derivatives exhibited fluorescence in
the ultraviolet spectrum range (10–400 nm); thus, they can

be reported as appropriate materials with lower energy con-
sumption, such as handy and flexible electronic displays (Lin
et al., 2017; Ragni et al., 2018). The gelation properties and
supramolecular assembly of the current oxadiazole derivatives

were inspected in some organic solvents. Such assembly could
be attributed to physical bond formation leading to formation
of intertwined fibrillar textures able to immobilize solvents.

Both cytotoxic and antimicrobial behaviors of the prepared
oxadiazole derivatives were explored. SEM analysis showed
novel fluorescent nanofibrous entanglements self-assembled

from the organogelators. Thus, the current oxadiazole
organogelators can be considered as appropriate candidates
for a variety of biomedical applications, such as bioimaging

and drug delivery systems.

2. Experimental

2.1. Materials

Chemicals were supplied from Merck and Frontier-Scientific

(Egypt). Solvents (spectroscopic grade) were purchased from
Merck and Fluka. Silia Flash F60 silica gel was employed for

http://creativecommons.org/licenses/by-nc-nd/4.0/
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columnchromatography.TLCplates of silica gelwere employed
for naked-eye monitoring of reaction progress. The intermedi-
ates 1–3 were prepared according to preceding procedures

(Jedlovská et al., 1994; Radwan et al., 2021; Tandon et al.,
2001) from commercial compounds; 4-Hydroxy-40-
cyanobiphenyl and pentafluorobenzoic acid (Merck; Egypt).

2.2. Methods

Melting pointsweremeasured bydifferential scanning calorime-

try (TA2920). NMR spectra were studied by BRUKER
AVANCE 400 MHz. Infrared spectra were studied by
JASCO-4700. The elemental analysis was evaluated byNorwalk

Perkin-Elmer 2400 (United States).UV–visible absorption spec-
tral curves were evaluated by HP-8453. VARIAN CARY
ECLIPSE was employed to evaluate both fluorescence spectral
curves (sol and gel), and quantum yield (U). In order to report

the emission spectra of gel, the generated gelwas stirred on a sha-
ker for 5 min. Ethanolic solutions of rhodamines, including 6G
(Ur = 0.95) and 101 (Ur = 0.96) were utilized as standards to

determine the quantum yields. SEM images were taken by
Quanta FEG250 (Czech) as the organogel in n-propanol was
subjected to casting on a glass substrate and left to dry under

ambient conditions to give xerogel that was annealed overnight
at 45 �C, and covered with a thin layer of gold (�10 nm).

2.3. Gel formation

The gel formation tests were carried out by dissolving the pre-
pared oxadiazole derivatives 4a-c in different solvents by expo-
sure to heat toward the boiling point followed by cooling. The

solutions were then left to settle down as the organogel was
generated in 25–45 min relying on the gelator total content.
The reversibility between sol-to-gel and gel-to-sol was investi-

gated by keeping the vial containing the gel reverted in an oil
bath. The vial was subjected to heating, and the temperature at
which the gel was observed to collapse was recorded as the gel

melt temperature. This procedure was repeated some cycles to
verify excellent reversibility.

2.4. Cytotoxic assay

The cytotoxic assay of the alkoxy-substituted 2-(biphenylyl)-5-
(perflurophenyl)-1, 3, 4-oxadiazole derivatives was evaluated
in vitro utilizing immortalized normal skin fibroblasting cells

(BJ1) using previous proliferating MTT method (Plastina
et al., 2012).

2.5. Antimicrobial properties

The antimicrobial performance of the alkoxy-substituted 2-(bi
phenylyl)-5-(perflurophenyl)-1, 3, 4-oxadiazole derivatives was

examined under standard procedures against S. aureus (ATCC
25923), and E. coli (ATCC 25922) (Ghasemi et al., 2018).

2.6. Synthetic approaches

2.6.1. Synthesis of 40-hyxyloxy-4-biphenylcarbonitrile (1)

An admixture of 40-hydroxy-4-biphenylcarbonitrile (10 mmol),

potassium carbonate (20 mmol), and a bit of potassium iodide
was added to dimethylformamide (20 mL). Then, 1-
iodohexane (10 mmol) was added and the admixture was
exposed to heat over 12hrs at 70 �C. The cold admixture was

decanted into water; the precipitate was filtered and rinsed
with hexane. White powder was obtained (74%); 1H NMR
(400 MHz, CDCl3): 7.98 (d, 4H; aromatic CH), 7.83 (d, 2H;

aromatic CH), 7.05 (d, 2H; aromatic CH), 4.08 (t, 2H; alipha-
tic CH), 1.81 (q, 2H; aliphatic CH), 1.44–1.52 (m, 2H; aliphatic
CH), 1.29–1.33 (m, 2H; aliphatic CH), 1.27 (t, 2H; aliphatic

CH), 0.91 (t, 3H; aliphatic CH).
2.6.2. Synthesis of 4-hexyloxy-40-(tetrazolyl)biphenyl (2)

A mixture of 4-hexyloxy-40-cyanobiphenyl (10 mmol), NaN3

(20 mmol), and lithium chloride (0.03 mol) was added to N-
methyl-2-pyrrolidone (15 mL). The admixture was stirred at
130 �C for 3 days, cooled and decanted into water, acidified

to pH 2–3, filtered and rinsed with excess of hexane. The resul-
tant material was recrystallized from propyl alcohol to provide
a white residue (86%); 1H NMR (400 MHz, CDCl3): 10.45 (s,
1H; tetrazole NH), 8.25 (d, 2H; aromatic CH), 8.02 (d, 2H;

aromatic CH), 7.88 (d, 2H; aromatic CH), 6.98 (d, 2H; aro-
matic CH), 4.05 (t, 2H; aliphatic CH), 1.82 (q, 2H; aliphatic
CH), 1.40–1.47 (m, 2H; aliphatic CH), 1.30–1.34 (m, 2H; ali-

phatic CH), 1.21 (t, 2H; aliphatic CH), 0.93 (t, 3H; aliphatic
CH).
2.6.3. Synthesis of 2-[40-(hexyloxy)[1,10-biphenyl]-4-yl]-5-
[2,3,4,5,6-pentaflurophenyl]-1, 3, 4-oxadiazole (3)

A mixture of 4-hexyloxy-40-(tetrazolyl)biphenyl (10 mmol),
pentafluorobenzoic acid (10 mmol), and N, N0-dicyclohexylcar
bodiimide (0.05 mol) was added to N-methyl-2-pyrrolidone
(15 mL). The admixture was stirred at 130 �C for 3hrs, cooled
and decanted into water, acidified to pH 2–3, filtered and

rinsed with excess of hexane. The product was re-crystallized
from a mixture of ethanol and chloroform (1:1) to give a white
residue (72%); 1H NMR (400 MHz, CDCl3): 8.20 (d, 2H; aro-
matic CH), 7.76 (d, 2H; aromatic CH), 7.62 (d, 2H; aromatic

CH), 7.02 (d, 2H; aromatic CH), 4.05 (t, 2H; aliphatic CH),
1.81–1.87 (m, 2H; aliphatic CH), 1.57–1.62 (m, 2H; aliphatic
CH), 1.39 (m, 4H; aliphatic CH), 0.96 (t, 3H; aliphatic CH);

IR (neat, m/cm�1): 3071 (aryl stretch vibrations of CH), 2921
and 2853 (aliphatic asymmetric stretch vibrations of CH),
1555 (C‚N), 1488 (aryl bend vibrations of C‚C), 1382 (C-

O), 1206 (bend vibrations of CH2), 1069 (bend vibrations of
CH3), 840 (aryl bend vibrations of CH), 761 (bend rock vibra-
tions of CH2).
2.6.4. General procedure for the preparation of 2-[40-(hexyloxy)
[1,10-biphenyl]-4-yl]-5-[2,3,5,6-tetrafluro-(4-alkyloxy)
phenyl]-1, 3, 4-oxadiazole (4)

An admixture of 2-[40-(hexyloxy)[1,10-biphenyl]-4-yl]-5-[2,3,4,
5,6-pentafluorophenyl]-1, 3, 4-oxadiazole (1 mmol) and anhy-
drous DMF was heated till complete dissolution. The corre-

sponding alcohol (1 mmol) was added. After cooling, t-
BuOK was added to the admixture. Upon reaction comple-
tion, the mixture was subjected to rotary evaporator, and the
solid residue was re-crystallized.
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2.6.5. Synthesis of 2-[40-(hexyloxy)[1,10-biphenyl]-4-yl]-5-
[2,3,5,6-tetrafluro-(4-ethoxy)phenyl]-1, 3, 4-oxadiazole (4a)

Prepared from 2-[40-(hexyloxy)[1,10-biphenyl]-4-yl]-5-[2,3,4,5,6
-pentafluorophenyl]-1, 3, 4-oxadiazole (215 mg, 0.45 mmol),
dimethylformamide (10 mL), excessive amount of ethanol

(5 mL), and t-BuOK (65 mg). The solid residue was subjected
to re-crystallization from propyl alcohol to provide a white
residue (53%); mp 125–127 �C; 1H NMR (400 MHz, CDCl3):

8.15 (d, 2H; aromatic CH), 7.74 (d, 2H; aromatic CH), 7.60 (d,
2H; aromatic CH), 7.01 (d, 2H; aromatic CH), 4.49 (q, 2H; ali-
phatic CH), 4.03 (t, 3H; aliphatic CH), 1.80–1.86 (m, 2H; ali-
phatic CH), 1.49–1.53 (m, 2H; aliphatic CH), 1.34–1.38 (m,

6H; aliphatic CH), 0.94 (t, 3H; aliphatic CH); 13C NMR
(400 MHz, CDCl3): 165.39, 159.56, 155.52, 146.69, 144.63,
143.98, 142.52, 139.91, 131.81, 128.83, 128.22, 127.64, 127.16,

121.22, 115.01, 78.18, 68.17, 31.60, 29.22, 25.73, 22.62, 15.50,
14.05; 19F NMR (CDCl3): �146 (q, 2F), �157 (q,2F); IR
(neat, m/cm�1): 3078 (aryl stretch vibrations of CH), 2924

and 2865 (aliphatic asymmetric stretch vibrations of CH),
1596 (C = N), 1512 (aryl bend vibrations of C = C), 1337
(C-O), 1190 (bend vibrations of CH2), 1121 (bend vibrations

of CH3), 864 (aryl bend vibrations of CH), 723 (bend rock
vibrations of CH2); Elemental analysis (514.19; C28H26F4N2-
O3): calculated: C 65.36, H 5.09, N 5.44; Detected: C 65.27,
H 5.18, N 5.32.

2.6.6. Synthesis of 2-[40-(hexyloxy)[1,10-biphenyl]-4-yl]-5-
[2,3,5,6-tetrafluro-(4-hexyloxy)phenyl]-1, 3, 4-oxadiazole (4b)

Prepared from 2-[40-(hexyloxy)[1,10-biphenyl]-4-yl]-5-[2,3,4,5,6
-pentaflurophenyl]-1, 3, 4-oxadiazole (120 mg, 0.25 mmol),
dimethylformamide (5 mL), hexanol (2 mL; excess), and t-
BuOK (35 mg). The solid residue was subjected to re-

crystallization from propyl alcohol to provide a white residue
(48%); mp 121–123 �C; 1H NMR (400 MHz, CDCl3): 8.18 (d,
2H; aromatic CH), 7.71 (d, 2H; aromatic CH), 7.66 (d, 2H;

aromatic CH), 7.01 (d, 2H; aromatic CH), 4.51 (q, 2H; alipha-
tic CH), 4.05 (q, 2H; aliphatic CH), 1.79–1.84 (m, 2H; aliphatic
CH), 1.52–1.56 (m, 2H; aliphatic CH), 1.33–1.39 (m, 12H; ali-

phatic CH), 0.92 (t, 6H; aliphatic CH); 13C NMR (400 MHz,
CDCl3): 164.88, 158.47, 154.55, 147.70, 145.03, 142.99,
141.63, 138.84, 130.99, 129.75, 128.31, 127.55, 126.06, 120.04,
115.00, 77.27, 69.20, 30.48, 28.47, 25.65, 24.83, 22.00, 21.71,

16.31, 15.28, 14.26; 19F NMR (CDCl3): �146 (q, 2 F), �157
(q, 2 F); IR (neat, m/cm�1): 3071 (aryl stretch vibrations of
CH), 2925 and 2869 (aliphatic asymmetric stretch vibrations

of CH), 1590 (C = N), 1511 (aryl bend vibrations of
C = C), 1344 (C-O), 1185 (bend vibrations of CH2), 1117
(bend vibrations of CH3), 858 (aryl bend vibrations of CH),

731 (bend rock vibrations of CH2); Elemental analysis
(570.25; C32H34F4N2O3): calculated: C 67.36, H 6.01, N 4.91;
Detected: C 67.21, H 5.92, N 5.03.
2.6.7. Synthesis of 2-[40-(hexyloxy)[1,10-biphenyl]-4-yl]-5-
[2,3,5,6-tetrafluro-(4-decyloxy)phenyl]-1, 3, 4-oxadiazole (4c)

Prepared from 2-[40-(hexyloxy)[1,10-biphenyl]-4-yl]-5-[2,3,4,5,6
-pentaflurophenyl]-1, 3, 4-oxadiazole (120 mg, 0.25 mmol),
dimethylformamide (5 mL), decanol (2 mL; excess), and t-
BuOK (35 mg). The solid residue was subjected to re-

crystallization from propyl alcohol to provide a white powder
(43%); mp 115–117 �C; 1H NMR (400 MHz, CDCl3): 8.21 (d,
2H; aromatic CH), 7.68 (d, 2H; aromatic CH), 7.61 (d, 2H;
aromatic CH), 7.00 (d, 2H; aromatic CH), 4.48 (q, 2H; alipha-

tic CH), 4.07 (q, 2H; aliphatic CH), 1.81–1.87 (m, 2H; aliphatic
CH), 1.51–1.57 (m, 2H; aliphatic CH), 1.35–1.41 (m, 24H; ali-
phatic CH), 0.92 (t, 3H; aliphatic CH), 0.89 (t, 3H; aliphatic

CH); 13C NMR (400 MHz, CDCl3): 164.27, 157.00, 154.37,
148.08, 146.00, 142.65, 140.73, 138.58, 131.72, 129.13, 128.25,
127.51, 126.55, 121.38, 116.18, 78.22, 68.47, 30.51, 28.33,

28.00, 25.34, 24.92, 24.46, 22.35, 21.00, 20.89, 18.47, 18.05,
16.00, 15.39, 14.02; 19F NMR (CDCl3): �146 (q, 2F), �157
(q, 2F); IR (neat, m/cm�1): 3069 (aryl stretch vibrations of
CH), 2927 and 2875 (aliphatic asymmetric stretch vibrations

of CH), 1586 (C = N), 1507 (aryl bend vibrations of
C = C), 1332 (C-O), 1178 (bend vibrations of CH2), 1122
(bend vibrations of CH3), 863 (aryl bend vibrations of CH),

725 (bend rock vibrations of CH2); Elemental analysis
(654.34; C38H46F4N2O3): calculated: C 69.70, H 7.08, N 4.28;
Detected: C 69.81, H 6.89, N 4.39.

3. Results and discussion

3.1. Chemistry and analysis

Both 4-hydroxy-40-cyanobiphenyl and pentafluorobenzoic acid

are commercially available. 40-Hydroxy-4-biphenylcarbonitrile
dissolved in DMF was subjected to treatment with 1-
iodohexane and K2CO3 under ambient circumstances to give

4-alkoxy-40-cyanobiphenyl in high yield as illustrated in
Scheme 1 (Fouad et al., 2018; Jedlovská et al., 1994;
Radwan et al., 2021; Tandon et al., 2001). The alkoxy-
substituted 2-(biphenylyl)-5-(perflurophenyl)-1, 3, 4-

oxadiazole derivatives were prepared in high yields from
pentafluorobenzoic acid and aryl cyanide. The 2-biphenyl-
substituted 1, 3, 4-oxadiazole can be prepared by adding the

oxadiazole ring into the biphenyl moiety with the fitting termi-
nal functional group. The molecular structures of the prepared
alkoxy-substituted 2-(biphenylyl)-5-(perflurophenyl)-1, 3, 4-

oxadiazoles were proved with elemental, FT-IR, 1H/13C/19F
NMR spectral analyses.

SNAr reaction of an aryl moiety activated with perfluorina-
tion and alcoholates were assessed under non-forcing condi-

tions. Those perfluorinated aromatic materials are stable and
commercially available. Additionally, they have shown excel-
lent reactivity toward SNAr reaction under mild conditions

(Altoom et al., 2021). In the current research study, alkoxy
tails were inserted into the terminal positions of the aromatic
moieties to allow a better self-assembly process via van der

Waals forces (Table 1). SNAr reactions have been reported
as para specific on a variety of perfluoroaryls.

The produced 2-(biphenylyl)-5-(perflurophenyl)-1, 3, 4-

oxadiazole derivatives were treated under SNAr with different
alcohols using DMF as a solvent and t-BuOK as a base. The
reactivity of fluorine located at the para carbon atom of the
benzene ring as a good leaving group in SNAr arises from

the existence of several fluorine substituents at both ortho
and meta carbon atoms of benzene moiety. Therefore, a
regio-selective SNAr could be accomplished only at the para

carbon atom by replacing the active para fluorine to provide
perfluoroaryls bearing para-substituted alkyl ether group.
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3.2. Photophysical measurements

Stimuli-responsive materials can be applied to introduce smart
materials and products able to switch their absorbance and/or

emissive properties in responding to external stimuli, like sol-
vent polarity and temperature (Khattab et al., 2020). Thus,
both UV–visible absorption and emission spectral properties

of the prepared oxadiazole derivatives were inspected in some
selected solvents (Fig. 1). The maximum absorption wave-
length was reported to display strong Stoke’s shift as summa-
rized in Table 2. The photophysical spectra (UV–Vis

absorption and emission spcetra) were measured in various
solvents, including tetrahydrofuran, hexane, dichloromethane,
dimethyl sulfoxide and ethanol in diluted solutions to assure a

complete dissolution. All oxadiazole derivatives absorb in the
ultraviolet range. These absorbance bands can be attributed
to p-p* transition. The absorption wavelength of the oxadia-

zole derivatives with lower length of alkoxy tails displayed
slightly lower values compared to oxadiazoles with higher
length of alkoxy tails. Thus, a bathochromic shift was moni-
tored with extending the alkyl tail length. All oxadiazoles emit

in the near ultraviolet-blue range. Nonetheless, a minor hyp-
sochromic shifting was monitored in the fluorescent spectra
with extending the alkyl tail length. This could be attributed

to the energy of the excited state which decreases with extend-
ing the alkyl tail length leading to high emission character.
Table 1 Alkoxy-substituted 2-(biphenylyl)-5-(per-

flurophenyl)-1, 3, 4-oxadiazole derivatives and the yields

produced from SNAr.

Gelator R R’ Yield (%)

4a Hexyl Ethyl 53

4b Hexyl Hexyl 48

4c Hexyl Decyl 43

250 275 300 325 350

0.0

0.2

In

Wavelength (nm)

Fig. 1 Normalized UV–visible absorbance (a) and fluorescence

(b) spectral analysis of 4b under ambient conditions.



Table 2 UV–visible absorbance (A) and fluorescence (F)

wavelengths in different solvents.

Solvent 4a 4b 4c

Hexane A 262 264 268

F 286 295 304

DMSO A 284 287 289

F 289 295 299

EtOH A 260 262 266

F 278 293 301

THF A 280 285 288

F 296 295 300

CH2Cl2 A 263 265 272

F 285 297 305
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Thus, the oxadiazole derivatives with lower length of alkoxy
tails exhibit good charge transfer/conformational repose in

the excited form. The lower radiation of oxadiazole derivatives
with higher length of alkoxy tails can be ascribed to the strong
twist ability of the peripheral fluorine-containing phenyl ring

owing to the fluoro-atoms at the bay locations amid the
fluorine-containing benzene and oxadiazole moieties. On the
other hand, the oxadiazole derivatives with lower length of

alkoxy tails displayed a higher radiation/emission property
owing to expanded planar conjugate molecular system of oxa-
diazole core and peripheral aryl moieties. Additionally, fluo-
rine substitution should considerably improve the

intramolecular charge transfer (ICT) compared to non-
fluorinated derivatives (Radwan et al., 2021).

The current alkoxy-substituted 2-(biphenylyl)-5-(perfluro

phenyl)-1,3,4-oxadiazole derivatives composed of electron-
donating terminal alkoxy tails bonded to a conjugate core of
electron-accepting fluorine-containing aromatic moiety. Such

molecular systems with push–pull ICT character are suscepti-
ble to solvatochromism and solvatofluorochromism properties
monitored in various solvents of different polarity. Both UV–
visible absorbance and fluorescence spectral profiles showed an

increment in the maximum wavelength with the increase of the
solvents polarities demonstrating positive solvatochromic and
solvatofluorochromic properties. This bathochromic shifting

reflects that the excited form is more polar than the ground
form as the perfluorinated molecular systems are more stable
in polar solvents. Inserting fluorine substituents can stimulate

extraordinary features in comparison to the nonfluorinated
counterparts. This could be ascribed to the large diameter of
fluoro-atom compared to hydrogen causing substantial steric

effects leading to higher quantum yield [12]. Hence, the oxadi-
azole derivatives, including 4a, 4b and 4c demonstrated better
quantum yields in comparison to those of the nonfluorinated
oxadiazole counterparts (Gong et al., 2019). However, the

quantum yield values were monitored to decrease with the
increase of the alkyl tail length.

3.3. Organogel study

Nanofibrous entanglements were formed by self-assembled of
alkoxy-substituted p-conjugated 2-(biphenylyl)-5-(perflurophe

nyl)-1, 3, 4-oxadiazole derivatives. Fluorescence has been a
critical property with the ability to show a responsive emission
change to an external stimulus. Fluorescent architectures dis-

play remarkable reversible changes in both intensity and color
due to self-assembly. Therefore, fluorescence architectures
have been reported as useful sensors for the detection of vari-
ous analytes (Ma et al., 2018). No organogel was formed for

the prepared perfluorinated intermediate; 2-[40-(hexyloxy)[1,10

-biphenyl]-4-yl]-5-[2,3,4,5,6-pentaflurophenyl]-1, 3, 4-
oxadiazole 3. The synthesized alkoxy-substituted 2-(bipheny

lyl)-5-(perflurophenyl)-1,3,4-oxadiazole organogelators con-
sisted of two ether tails isolated by 2-(biphenylyl)-5-(perfluro
phenyl)-1, 3, 4-oxadiazole core. The rigid aromatic core was

accountable for p-p stack, whereas the terminal alkyl chains
were accountable for van der Waals forces. Concerning the
self-assembly process of those fluorinated organogelators, the
molecular aggregation provides three dimensional nanofibrous

entanglements, which can be subjected to control by the
opposed parameters occuring from their dissolution and crys-
tal creation. The oxadiazole derivatives, including 4a, 4b and

4c can be dissolved in a number of solvents only upon heating
to elevated temperatures. Upon dissolving organogelator
under gentle heating, and then cooling back, a solid-like oga-

nogel was generated as demonstrated in Fig. 2. The formation
of organogels was studied in different solvents. The values of
the critical gel concentrations for 4b were monitored at 1.86–

5.07 mM. The organogelator 4b demonstrated a considerable
gelation of solvents, such as n-butanol (1.86 mM), n-octanol
(2.61 mM), toluene (3.14 mM) and 1, 2-dichloroethane
(5.07 mM). However, compound 4b demonstrated partial gela-

tion in tetrahydrofuran, acetonitrile and dimethylsulfoxide.
Additionally, it displayed no gelation in dichloromethane, n-
propanol, ethylacetate and chloroform due to its high solubil-

ity. The gelation properties of the different oxadiazole deriva-
tives are displayed in Table 3. The generated organogels
exhibited colorless appearance. The sol-to-gel switch course

is thermally reversible. All organogels exhibited photophysical
properties comparable to those in dilute solutions. Addition-
ally, the gels produced from 4b in n-butanol and n-octanol dis-

played high stability for a few weeks, whereas the gels
produced from 4b in toluene and 1, 2-dichloroethane were
stable only for a few days.

Increasing the alkyl chain length improved the formation

ability of organogel. However, the hexloxy-substituted oxadia-
zole 4b demonstrated a better gel formation in comparison to
the decyloxy-substituted oxadiazole 4c. This can be ascribed to

the high dissolution ability of 4c in organic solvent directed by
the long decyloxy chain. The type of self-assembly was studied
to designate H-aggregates (Altoom et al., 2021) as proved by

hypsochromic shifting monitored for the fluorescence band
upon switching from gel to the corresponding sol phase of
4b in n-butanol as illustrated in Fig. 3. In supramolecular H-
aggregation, each molecule interacts with the neighboring

molecules via p stacks of aryl groups in cooperation with
van der Waals attraction of ether tails to designate the ten-
dency of molecular aggregation to 2D nanofibrous scaffolds

(Radwan et al., 2021).
Quantum yields and fluorescence wavelengths of 4b and 4c

in both gel and sol phases in different solvents are summarized

in Table 4. The formed organogels showed different emissions
in comparison to the sol phases. In n-butanol, the fluorescence
intensity of 4b was monitored at 295 nm in sol, which shifted

to 287 nm in gel. However, the incomplete gels showed lower
shifting in fluorescence wavelength in comparison the complete
gelation. The quantum yields of 4b and 4c were generally
observed to improve in gel phases higher than sol phases.



Fig. 2 Thermally reversible fluorescent organogel 4b in n-butanol as described by the ‘‘stable to inversion’’ practice; the solution of 4b in

n-butanol (1.86 mM) was heated to � 117 �C and then cooled to room temperature; Vis represents visible light and UV represent

ultraviolet light; both solution and organogel states were represented by Sol and Gel, respectively.
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3.4. Morphological studies

The aggregation morphologies of the dried xerogel from gela-
tor 4b in n-butanol were examined by SEM images to illustrate

three dimensional nanofibrous bundles with diameters of 350–
550 nm (Fig. 4). The assembly process of compound 4b intro-
duced nanofibrous entanglements. The insertion of ether tails
in the skeleton of the organogelator is vital for higher stability

of organogelator. Additionally, the fluoro-atoms existing on
the rigid aromatic core could also increase the stability of
the produced scaffolds (Abdelrahman et al., 2021; Alsoliemy

et al., 2021). The generated xerogel showed strong and porous
scaffolds due to immobilization of the solvent molecules.

3.5. Thermal stability

The thermal stability was explored by investigating MGC as
illustrated in Fig. 5. The melting point of the gel increases in

the range of 35–48 �C with increasing the gelator content in
the range of 1.86–9.62 mmol/L. The improved thermal stabil-
ity can be ascribed to the increased density of gelator molecules
in the nanofibrous bulk (Khattab et al., 2018). However, the

melt point of the gel decreased with increasing the gelator
concentration > 9.62 mmol L-1. Increasing the gel-to-sol tem-
perature could be attributed to extending the one-dimensional

nanofibrous aggregates leading to better flexibility and higher
nanofibrous entanglements, which result in higher transition
temperature (Abualnaja et al., 2021).
Table 3 Formation of organogels from alkoxy-substituted 2-

(biphenylyl)-5-(perflurophenyl)-1, 3, 4-oxadiazole organogela-

tors in different solvents.

Solvent 4a 4b 4c

n-Propanol P S S

n-Butanol PG G (1.86) PG

n-Octanol PG G (2.61) G (2.42)

Ethylacetate S S S

Chloroform S S S

Dichloromethane S S S

Toluene P G (3.14) PG

1,2-Dichloroethane PG G (5.07) G (7.33)

CH3CN P PG PG

Dimethylsulfoxide PG PG PG

THF P PG PG

S: solution; PG: partial gel; G: gel; P: precipitate. The critical gel

concentration (mM) displayed between parentheses.
To examine the thermal reversibility, the solid-like gel was
heated to boil point (�117 �C for n-butanol) till a transparent

solution is monitored. Upon collapsing the gel, the tempera-
ture was then reported. The transparent fluid was left to settle
down at room temperature to regenerate organogel as verified

by the ‘‘stable to inversion” approach. The above procedure
was repeated to designate no variations in gel ? sol tempera-
tures proving good reversibility cycles without fatigue (Fig. 6).

3.6. Biological properties

To study the potential utility of the currently synthesized

oxadiazole-based gelators for biomedical applications, the
cytotoxic properties and antibacterial activity were evaluated
(Khattab et al., 2021). The cytotoxic activity (in vitro) was
studied by monitoring the growing of normal human fibrob-

last skin cells (BJ1) in the presence of the alkoxy-substituted
2-(biphenylyl)-5-(perflurophenyl)-1, 3, 4-oxadiazole deriva-
tives. No change was detected in cell growth for the oxadiazole

derivatives with alkoxy chains with highest length, including 4b
and 4c. However, the viability started to decrease for the oxa-
diazole derivative 4a providing 89.37% viable cells, which was

found to further decrease to 85.61 % for the oxadiazole deriva-
tive 4a with the lowest length of alkoxy chain. This relative
decrement in the cellular number is not interrelated to cellular

death, but may be assigned to the precipitation affinity of oxa-
diazole derivative leading to reduced spaces for cell growing
(Al-Qahtani et al., 2022). Hence, it can be concluded that the
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Fig. 3 Normalized emisson of 4b in the gel and sol (2.44 � 10-5

mol/L) in n-butanol.



Table 4 Quantum yield and fluorescence wavelength of 4b and 4c in both gel (and partial gel) and sol (2.44 � 10-5 mol/L).

Solvent 4b 4c

solution organogel solution organogel

kem (nm) UF kem (nm) UF kem (nm) UF kem (nm) UF

n-Propanol 297 0.33 290 0.55 306 0.40 294 0.65

n-Butanol 295 0.41 285 0.66 306 0.36 289 0.62

n-Octanol 299 0.40 288 0.78 305 0.24 295 0.52

Acetonitrile 297 0.29 284 0.24 298 0.17 293 0.24

1,2-Dichloroethane 294 0.35 282 0.57 302 0.25 294 0.31

Tetrahydrofuran 295 0.22 285 0.26 300 0.12 292 0.16

Toluene 291 0.30 280 0.45 295 0.22 288 0.46

Dimethylsulfoxide 295 0.49 282 0.53 299 0.41 290 0.50

Fig. 4 SEM studies of the xerogel generated from the organogel of 4b in n-butanol (1.86 mM).
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current alkoxy-substituted 2-(biphenylyl)-5-(perflurophenyl)-1,
3, 4-oxadiazoles are nontoxic materials. Table 5 displays the

antibacterial activity of the oxadiazole gelators 4a-c. The
antibacterial activity of compound 4b with the best gelation
properties was also examined versus E. coli and S. aureus using

the plate agar count technique to display improved antibacte-
rial activities demonstrating antibacterial reduction (%) of
18 ± 1.3 for S. aureus and 22 ± 1.5 for E. coli. The antibac-
terial activity was found to improve with increasing the alipha-
tic chain length. This can be attributed to the increased

solubility of the gelator with increasing the aliphatic chain
length. The current oxadiazole organogelators verified to be
effective noncytotoxic compounds for potential bioimaging
and antibacterial purposes.



Table 5 Antibacterial activity of the oxadiazole gelators.

Sample Bacterial Reduction %

E. coli S. aureus

4a 19 ± 1.0 16 ± 1.4

4b 22 ± 1.5 18 ± 1.3

4c 24 ± 1.3 21 ± 1.1
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4. Conclusion

In conclusion, we described the first example of alkoxy-

substituted fluorescent LMWO derived from 2-(biphenylyl)-5
-(perflurophenyl)-1, 3, 4-oxadiazole as rod-like aromatic seg-
ment with the capability to immobilize a diversity of organic

solvents. New 1, 3, 4-oxadiazole derivatives with fluorinated
aryl moieties bearing different alkoxy chains were synthesized
and characterized. Both photophysical and gelation properties
were explored. The 2-biphenyl-substituted 1, 3, 4-oxadiazole

skeleton was prepared by adding the oxadiazole ring into the
biphenyl moiety with the fitting terminal functional group. A
suitable synthesis of the perfluorinated phenyl ring bearing

ether group was accomplished in high yield via SNAr chem-
istry. The chemical structures of the alkoxy-substituted oxadi-
azole derivatives were proved with 1H/13C/19F NMR,

elemental analysis and FT-IR spectral analysis. The absor-
bance and emission spectra showed positive solvatochromic
properties. The absorption and emission maxima of the pre-
pared organogelators were detected in the ranges of 260–

289 nm and 278–305 nm, respectively. The hexyloxy-
substituted 2-(biphenylyl)-5-(perflurophenyl)-1, 3, 4-
oxadiazole gelator displayed the best gelation properties in dif-

ferent solvents with critical gel concentrations of 1.86–
5.07 mM. Both of p-p stack of rigid aromatic core in cooper-
ation with van der Waals attraction of terminal ether units

were able to form stable nanofiber-like supramolecular archi-
tectures (350–550 nm) as proved by SEM images and emission
spectra of sol–gel phases.
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