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elation based on the molecular
assembly of Sudan I dye derivatives for phase
selective gelators and chemosensors†

Ban-Peng Cao, a Xue-Wen Shi,a Haixin Ding,a Ya-Min Wu,a Kenta Matsumoto, b

Hiroaki Okamoto *b and Qiang Xiao *a

Sudan I dye-based smart low molecular weight gelators with/without a perfluoroalkyl group have been

successfully synthesized and characterized by rheological measurements, scanning electron microscopy

(SEM), IR, and NMR spectroscopies. The gelation behaviors in response to temperature, pH changes,

metal cations, and UV-vis light irradiation are investigated. Compounds 1 and 2 could selectively sense

the Cu2+ cation in the presence of other metal cations. Moreover, compound 2 with a perfluoroalkyl

group shows phase selective gelation ability. This work also provides a valuable reference for exploiting

photosensitive materials as chemosensors.
Introduction

As a type of smart material, physical gels based on a low
molecular weight gelator (LMWG) have received increasing
exposure and attention in recent years.1 Generally, physical gels
can be formed by self-assembling LMWG molecules into three-
dimensional networks through secondary bonds, such as
hydrogen bonding, p–p stacking, electrostatic, van der Waals,
coordination, and so on.2 The reversibility of the secondary
binding forces indicates that LMWGs are efficiently utilized in
designing advanced functional smart materials by external
stimuli, such as thermal and chemical stimuli and
photoirradiation.3

As functional smart materials, phase selective gelators
(PSGs) can repair the environment, using extraction and
adsorption to remove contaminants from industrial waste-
water.4,5 Since the rst example was reported by Bhattacharya
and Krishnan-Ghosh,6 different kinds of PSGs have been
developed.7,8 The main driving force for the self-assembly of
PSGs consists of the protic intermolecular hydrogen bond.7

Interestingly, many studies on LMWGs, even PSGs, having per-
and/or semiuoroalkyl (Rf) groups without hydrogen bond
group, have been published in the past few years.9–17 The so
materials containing Rf can show particular properties by the
interplay of structural variations. It is well proven that Rf groups
with distinctive properties of hydrophobic or uorophilic/
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solvophobic interactions play a signicant role in gelation
property.11

To explore multi-stimuli responsive gels, labile functional
groups are integrated into the structure of the molecules.18 For
example, introducing photoresponsive functional groups such
as azo group, thienyl group, imine or azomethine functional
group, and disulde group into gelator molecules leads to
photo-stimuli molecular gelators capable of forming photo-
responsive gels.19 Although the azo group is a typical photo-
responsive functional group utilized to design smart
materials,20 the applications of uorinated azobenzene frag-
ments to explore multi-stimuli responsive gels are seldom
reported.

In this paper, Sudan I dye derivatives bearing an alkoxy/
peruoroalkoxy group as a kind of LMWGs have been
designed and synthesized (Fig. 1). The gelation abilities and
behaviors in response to temperature, pH changes, UV-vis light
irradiation, and metal cations are investigated. It is found that
compound 2 can be a PSG in an oil–aqueous mixture and a kind
of chemosensor for the recognition of Cu2+. To the best of our
knowledge, this is the rst report that exploits uorinated
Sudan I dye derivatives as multi-responsive gelators. Herein, the
properties of compound 2 are also characterized by rheological
studies, SEM, FT-IR spectroscopy, and UV-vis spectroscopy to
gain insight into their self-assembly process.
Fig. 1 Structure of compounds 1 and 2.
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Scheme 1 Synthesis routes of compounds 1 and 2.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 1
1:

14
:3

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Results and discussion
Synthesis of compounds 1 and 2

As illustrated in Scheme 1, Sudan I dye derivatives 1 and 2 are
synthesized in three steps: (1) etherication, (2) amination, and
(3) diazo-coupling reactions. The etherication of 4′-hydrox-
yacetanilide or 1-uoro-4-nitrobenzene yields compounds 3 or
5. Deprotection of 3 by concentrated hydrochloric acid provides
compound 4 with a moderate yield (84%). The reduction of
compound 5 by tin(II) chloride gives compound 6 a yield of 50%.
Compounds 1 and 2 are prepared via a diazo-coupling reaction,
producing a higher yield (ca. 90%).
Gelation ability

The gelation abilities of compounds 1 and 2 are investigated by
the “stable to inversion in a test tube” method, and the results
are listed in Table 1.21 Both compounds 1 and 2 form gels in
particular organic liquids, as shown in Fig. S1.† As shown in
Table 1, compound 2 achieves gelation in more organic liquids
than compound 1. Compound 1 only gelates PEG-400 at 5 wt%,
while compound 2 gelates not only PEG-400 but also four kinds
of oil. The differences in the gelation abilities between
compounds 1 and 2may be due to the difference in the terminal
Table 1 Gel properties of compounds 1 and 2 in organic solventsa,b

Solvent

Compound 1

Status (MGC) Tgel (°C)

PEG-400 G (5 wt%) 43.5
Paraffin oil S (5 wt%) —
DMS S (5 wt%) —
Mineral oil S (5 wt%) —
MS S (5 wt%) —
Acetonitrile S (5 wt%) —
DMSO P (5 wt%) —
Acetic acid S (5 wt%) —
Acetone S (5 wt%) —
Ethanol S (5 wt%) —

a G = gel; S = soluble; P = precipitate; MGC values (wt%) are given in pare
400, DMS, and MS indicated polyethylene glycol-400, dimethyl silicone oi

33590 | RSC Adv., 2022, 12, 33589–33597
alkoxy group, suggesting that the peruoroalkoxy group would
play a decisive role in self-assembly. In our earlier report, we
found that the terminal peruoroalkoxy group can help to
elevate its gelation ability.10,11 Moreover, the minimum gelation
concentration (MGC) value for compound 2 is lower than that
for compound 1. For example, the MGC value for compound 1 is
5 wt% in PEG-400, whereas the MGC value for compound 2 is
2 wt%.

The gels of compounds 1 and 2 are thermally reversible. And
the thermally reversible gel–sol transition temperature (Tgel)
and mechanical stiffness of physical gels are highly tunable.
Based on the above two conditions, the inuence of compound
2 concentration in PEG-400 on Tgel is measured as shown in
Fig. 2a.22 Tgel is equivalent to the temperature at which, as
a result of solubilization, a certain amount of self-assembled
gelator falls.23 The Tgel value increases with the gelator
concentration, indicating that stronger intermolecular interac-
tions are present at higher concentrations of the gelator. Tgel
reaches 40.4 °C when the concentration is 5 wt% (9.72 ×

10−2 mol L−1), while 31.6 °C at a concentration of 2 wt%.
The physical gels of compounds 1 and 2 are thermally

reversible, so the thermodynamic parameters (DHq, DSq) asso-
ciated with the gel phase to a quasi-sol phase (gel–sol) transition
can be obtained with the van't Hoff method that plots ln(C)
against 1/Tgel.23,24 The phase transition enthalpy of the solution
can be estimated by the following equation:

ln C ¼ �DHq

RT
þ DSq

R

where C is the molar gelator concentration, DHq and DSq are the
standard enthalpies of solution and the standard entropy for
the sol–gel transition, respectively, and R is the gas constant.25

Based on van't Hoff plot is shown in Fig. 2b, DHq and DSq are
determined to be 8.46 × 104 J mol−1 and −250.7 J mol−1 K−1 at
room temperature, respectively. The DHq value is positive,
showing that the process of gel–sol is endothermic, leading the
system with higher entropy.26 The change of Gibbs free-energy
DG and the aggregation constant K are 9.86 × 103 J mol−1 and
−3.98, indicating that the occurrence of a quasi-sol phase to
a gel phase (sol–gel) is spontaneous gel formation.
Compound 2

Solvent Status (MGC) Tgel (°C)

PEG-400 G (2 wt%) 31.6
Paraffin oil G (2 wt%) 31.1
DMS G (2 wt%) 48.9
Mineral oil G (4 wt%) 31.1
MS G (5 wt%) 32.0
Acetonitrile S (5 wt%) —
DMSO S (5 wt%) —
Acetic acid S (5 wt%) —
Acetone S (5 wt%) —
Ethanol S (5 wt%) —

ntheses, and tests started from a gelator concentration of 5 wt%. b PEG-
l, and methyl silicone oil, respectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Rheological properties of compounds 1 (square) and 2 (circle) in PEG-400 at 5 wt%: (a) angular frequency sweep, (b) stress sweep. G′

(closed symbols) and G′′ (open symbols). The loss factors of compound 1 (tan d, star, closed symbols), the loss factors of compound 2 (tan d, star,
open symbols).

Fig. 2 (a) Plots of Tgel versus concentration of compound 2 in PEG-400, (b) plots of the natural logarithm of the concentration of compound 2
versus 1/Tgel in PEG-400.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
N

ov
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
8/

20
25

 1
1:

14
:3

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Rheological analysis

Gel with viscoelastic properties is a solid-like material in the
presence of a liquid phase, and the liquid phasemay still diffuse
through this steady system.27 The storage modulus G′ of gel is
higher than its loss modulus G′′. logG′, G′′, and the loss factors
(tan d = G′′/G′) are plotted as a function of angular frequency,
corresponding to compounds 1 and 2 in PEG-400 at 5 wt% with
the same aging time of 1 h to understand their mechanical
properties (as shown in Fig. 3a). Within the measured frequency
range (0.1–100 Hz) at a constant strain of 0.08%, G′ is greater
than G′′, suggesting that gel behaves as a solid-like material. The
values of G′ of gel formed with compound 2 are higher than
those of compound 1. Within the angular frequency range of
about 0.1–10 Hz, the loss factors present an almost horizontal
line at about 0.6 (compound 1) and 0.2 (compound 2), respec-
tively. The loss factors of compound 1 almost reach 1.0, while
the loss factors of compound 2 are just 0.3 at the tested angular
frequency of 100 Hz. The results suggest that the peruoroalkyl
© 2022 The Author(s). Published by the Royal Society of Chemistry
group is able to elevate the mechanical strength of the gel of
compound 2.28

The oscillation stress sweep experiments are performed at
a constant velocity of 10 rad s−1 on the gel states aer the same
aging time of 2 h to obtain the yield stress of the gels, as shown
in Fig. 3b. With the stress increasing, G′ and G′′ of the gels come
across between 10–100 Pa at a crossover point (critical strain),
which indicates the breaking of the gel–sol state. The crossover
points are detected at 14.0% and 34.9% of strain for the gels of
compounds 1 and 2, respectively. The crossing-over point gives
the same results as the storage modulus does. The disintegra-
tion of the gel of compound 2 at a higher critical strain shows
that the peruoroalkyl group can enhance the strain bearing
capability.29
Phase-selective gelation

According to the gel properties of compounds 1 and 2 shown in
Table 1, the phase selective gelation properties of compound 2
RSC Adv., 2022, 12, 33589–33597 | 33591
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Fig. 6 Photoresponse of compound 1 when irradiated with UV light.
Fig. 4 Selective gelation of compound 2 in biphasic systems. From left
to right (a) paraffin oil/water mixture, (b) mineral oil/water mixture, (c)
DMS/water mixture, and (d) MS/water mixture.
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are investigated. Deionized water (1 mL) is dropped into the test
tube containing gel of compound 2 in paraffin oil, mineral oil,
DMS, and MS at 5 wt%, respectively. The mixture is heated and
shaken roughly until the gel state turns into a sol state. Aer
cooling the mixture to room temperature, the oil layer in
biphasic systems is selectively solidied by compound 2 (Fig. 4).
pH response of gel

As shown in Fig. 5(a) and (d), compounds 1 and 2 at 5 wt% in
PEG-400/H2O aqueous solutions (4 : 1, v/v) can form gels,
respectively. To investigate pH-responsive properties of gels in
PEG-400/H2O aqueous solutions (4 : 1, v/v), pH is adjusted in the
PEG-400/H2O aqueous solutions by changing H2O to 0.05 M
solutions of HCl or NaOH, and the pH-responsive properties of
gels are examined and shown in Fig. 5.

On the one hand, the gel of compound 1 can be successfully
utilized as a pH-responsive gel. Aer substituting a 0.05 M
solution of HCl for H2O, gels of compound 1 keep a similar state
without a visible variance (Fig. 5(c)). Interestingly, as seen in
Fig. 5(b), the gel formation process is prevented, and then the
gel collapse in the solution of compound 1 aer substituting
0.05 M solutions of NaOH for H2O. On the other hand, as seen
Fig. 5 pH-response of compound 1 (a) neutral solution, (b) alkaline
solution, (c) acidic solution, and compound 2 (d) neutral solution, (e)
alkaline solution, (f) acidic solution.

33592 | RSC Adv., 2022, 12, 33589–33597
in Fig. 5(d)–(f), the insensitive compound 2 towards pH changes
forms gels in PEG-400/H2O aqueous solutions, as always.

A reasonable conclusion supported by the results is that the
hydrogen bonding interaction of phenolic OH may play a vital
role in the self-assembly of compound 1, which is disrupted in
the alkaline solutions. The main driving force for the self-
assembly of compound 2 may be the solvophobic interactions
of the peruoroalkoxy group.
Photoresponse of gel

Aromatic azobenzenes are excellent candidates as molecular
switches via trans–cis photoisomerization of the N]N double
bonds, namely an azo group.30 As compounds 1 and 2 have an
azo group, their photoresponse properties are investigated
under 365 nm UV light irradiation (Fig. 6 and S2†). A sample gel
containing 5 wt% of compound 1 or 2 in PEG-400/H2O aqueous
solutions (4 : 1, v/v) is prepared and exposed to UV light. Aer
being irradiated by UV light for 2 hours, the gels formed by
either compound collapse. Interestingly, not only can UV light
cause the collapse of the gels, but also daylight can. For
example, the gel of compound 2 collapses aer one day's
daylight irradiation. However, the collapsed gels can reform the
gel phase with a heating–cooling cycle.
Cation response of gel

The cation-responsive properties of gels of compounds 1 and 2
at 5 wt% in PEG-400/H2O aqueous solutions (4 : 1, v/v) toward
different cations are examined and shown in Fig. 7 and S3.† The
tested cations (0.05 M) contain Mg2+, Na+, K+, Li+, Al3+,
Cu2+,Co2+, Mn2+, Ni2+, Ca2+, Zn2+, Fe3+, and Ba2+ as chloride,
while Cu2+ and Cs+ as CuSO4 and Cs2CO3, respectively. It is
found that the gel of compound 1 turns into a sol phase aer
being irritated by the Cu2+ cation. Ni2+ cations can visibly
observe a deep color change, and Na+, Fe3+, and Ba2+ cations can
visibly observe a slope in the gel phase, while the other cations
do not give rise to a visible variance. Meanwhile, the Cu2+ cation
can visibly observe a deep color change in the gel phase formed
by compound 2 (Fig. S3†), but other cations do not give rise to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Cation-responsive of compound 1 when stimulated with metal cations. From left to right, the cation is naught, Mg2+, Na+, K+, Li+, Al3+,
Cu2+,Co2+, Mn2+, Ni2+, Ca2+, Zn2+, Fe3+, Ba2+, and Cs+, respectively.

Fig. 9 UV-vis absorption spectral changes of compound 2 in the
acetonitrile solution when stimulated with Cu2+ cations at different
concentrations.
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a visible variance. The inuences of the copper salt anion on the
performance of gelation ability were investigated, as shown in
Fig. S4.† In PEG-400/H2O (4 : 2, v/v) system with different copper
salts, such as NO3

−, Cl−, and SO4
2−, compound 2 was able to

form stable gels, and compound 1 failed to solidify the PEG-400/
H2O system. That means the Cu2+ cation plays a key role in the
ion-responsive properties of compounds 1 and 2.

The selectivity of compounds 1 and 2 as ion probes is veried
by determining the changes in absorbance intensity caused by
the presence of tested cations, as shown in Fig. S5.† The
absorbance intensity of the probe is measured when tested
cations are present at 6 × 10−4 M in the acetonitrile solution
containing 3 × 10−5 M compounds 1 or 2, using the same
conditions for each test. Fig. S4† shows the absorbance
enhancement of compounds 1 and 2 with Cu2+ cation in the
presence of all the other metal cations. The maximum spec-
troscopic transition energy of the dye originates from the p–p*

transition. The p–p* transition can show a slight sol-
vatochromic shi (shoulder peaks) due to the presence of the –
OH group.31

To explore the variances aer irritation by Cu2+, Ni2+, Na+,
Fe3+, and Ba2+ cations, the changes in absorbance intensity are
shown in Fig. 8. Fig. 8a shows the absorbance enhancement of
compound 1 with Cu2+ cation (l = 265 and 317 nm) in the
presence of all the other metal ions. A similar result that the
absorbance peaks appeared at 262 and 310 nm is also found in
the absorption spectra of compound 2 (Fig. 8b). Meanwhile, the
peruoroalkyl group leads to a blueshi of the optical
Fig. 8 (a). UV-vis absorption spectral changes of compound 1, (b). UV-v

© 2022 The Author(s). Published by the Royal Society of Chemistry
absorption edge in the UV-vis transmission spectra of the Sudan
I dye derivative. It is concluded that compounds 1 and 2 are
outstandingly specic and selective for Cu2+ cation.

To ensure the sensitivity of compounds 1 and 2 toward Cu2+

cation, different concentrations of Cu2+ cation are tested in the
acetonitrile solution containing 3 × 10−6 M compounds 1 or 2
by UV-vis spectrophotometric method and shown in Fig. 9 and
S6.† As seen in Fig. 9, the absorbance bands at 228 and 310 nm
increase sharply, while at 414 and 460 nm, they decrease slowly
upon adding Cu2+ cation. In other words, introducing Cu2+

cation can enhance the absorbance bands at 228 and 310 nm.
is absorption spectral changes of compound 2.

RSC Adv., 2022, 12, 33589–33597 | 33593
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Fig. 10 SEM images of compound 1 xerogel (a) compound 2 xerogel
(b) obtained from 5 wt% in PEG-400. The scale bars represent 2 mm.
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Investigation of the gelation mechanism

The aggregation morphologies of xerogels of compounds 1
and 2 obtained from PEG-400 are investigated by SEM. As
Fig. 11 FT-IR spectrum of compound 2 with different states, xerogel
obtained from 5 wt% in PEG-400/H2O aqueous solutions (4 : 1, v/v).

Fig. 12 Schematic of possible packing of compounds 1 and 2 during ge

33594 | RSC Adv., 2022, 12, 33589–33597
seen in Fig. 10, the xerogel of compound 1 is in uneven thin
sheets, while compound 2 is in a dendritic system consisting
of brils entangled with each other by self-assembling
molecules into three-dimensional networks through
secondary bonds.

To investigate the H-bonding role of naphthalene–OH in
the self-assembling process, the FT-IR spectra of compound 2
in powder, xerogel complexed with Cu2+ cation (xerogel–Cu2+)
and xerogel are recorded and compared. As displayed in
Fig. 11, the peak of the C]O stretching bond (1560 cm−1) and
the imine C]N stretching bond (1638 cm−1) disappear,
meaning that compound 2 mainly keeps azo-form in xero-
gel.32,33 The peak of the methylene group (CH2) stretching
bond (2921 cm−1) appears in the xerogel state due to van der
Waals interactions.34 A low-intensity stretching bond
(2921 cm−1) is also found in the xerogel–Cu2+ state. The peak
of the O–H stretching band at ca. 3400 cm−1 becoming a low-
intensity broad peak from a high-intensity sharp peak suggests
that more intermolecular hydrogen bonding seems to exist in
xerogel.35,36 In the self-assembling process for compound 1,
similar results are also found in Fig. S7.† In FE-IR spectra of
compound 2 in xerogel–Cu2+, these peaks appear at 1302 and
1354 cm−1, both of which are associated with Cu–O bond.37

Meanwhile, the gelator molecules based on Sudan I dyes
derivatives can be aggregated by a p–p stacking force occur-
ring among the naphthalenes molecules.32 According to the
abovementioned studies, the self-assembling process for
compounds 1 and 2 can be attributed to the p–p stacking of
the aromatic ring of the naphthylene and phenyl group,
hydrogen bonding of the hydroxyl group, and van der Waals
interactions. However, it should be noted that the solvophobic
interactions of the peruoroalkyl group as the main driving
force for the self-assembly of compound 2 may play a decisive
role. Herein, a suggested packing process for compounds 1
and 2 during gelation is shown in Fig. 12.
lation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

Sudan I dye derivatives bearing an alkoxy/peruoroalkoxy group
have been synthesized, and the gelation behaviors with
different stimuli are investigated. The results indicate that the
gelation behaviors of compounds 1 and 2 can respond to
temperature, metal ions, and UV-vis light irradiation. What's
more, compounds 1 and 2 can also selectively sense the Cu2+

cation in the presence of other metal cations, such as Mg2+, Na+,
K+, Li+, Al3+, Co2+, Mn2+, Ni2+, Ca2+, Zn2+, Fe3+, Ba2+, and Cs+. As
the hydrogen bonding interaction plays a vital role in the self-
assembly, the pH-responsive gel of compound 1 can be
successfully utilized. Meanwhile, compound 2, bearing a per-
uoroalkyl group which may play a decisive role, can be utilized
as a phase selective gelator. Our ndings provide a brand-new
perspective for designing multifunction photosensitive mate-
rials with/without an alkoxy/peruoro-alkoxy group.

Experimental
Chemicals and reagents

Expect peruoro-n-hexyl-2-ethanol (Jinan Guochen Taifu
Chemical Co., Ltd.), paraffin oil (Guangzhou Jinhuada Chem-
ical Reagent Co., Ltd.), methyl silicone oil (MS) (Zhejiang
Rongcheng Silicone Material Co., Ltd.), and others are
purchased from Energy Chemical Co., Ltd. or Shanghai Tan-
soole Technology Co. Ltd. All the raw materials and solvents as
analytically pure are used without further purication. The
distinction between dimethyl silicone oil (DMS) and MS is the
viscosity of 1000 and 500 mPa s at 250 °C, respectively. Silica gel
(200–300 mesh) for column chromatography and silica GF254
(10–20 mm) for thin layer chromatography (TLC) are purchased
from Qingdao Haiyang Chemical Co. Ltd.

Instruments

The melting points are obtained with an X-4 micro-melting
point apparatus (Beijing Tech Instrument Co., Ltd.). All the
chemicals are characterized by 1H NMR, 13C NMR, and 19F NMR
spectroscopy on a 400 MHz Bruker Ultrashiled Spectrometer
(Bruker, Germany), where tetramethylsilane is used as an
internal standard. UV/vis spectra are recorded on a Shimadzu
UV-2501 spectrometer. The intermolecular hydrogen bonding
corroboration is carried out by Bruker Vertex-70 Infrared Spec-
trophotometer using KBr disc. SEM analyses are performed by
Hitachi SU8220 model eld scanning microscope.

The rheological properties of a sample with high viscosity are
measured using the Discovery Hybrid Rheometer DHR-3
equipped with a cone and plate geometry of 40 mm diameter.

Preparation of xerogel

Firstly, 30 mg Sudan I dye derivative is added to 570mg PEG-400
to get a concentration of 5 wt%. Secondly, the mixture is heated
until the gelator completely dissolves for proper network
formation. The solution is then cooled to room temperature to
gelatinize. Thirdly, aer adding 4 mL of water to the surface of
the gel, the mixture is stirred for 5 minutes and then sonicated
© 2022 The Author(s). Published by the Royal Society of Chemistry
for 3 minutes to gain precipitation. Lastly, the precipitated solid
is ltered off, washed with water three times, and vacuum dried
to produce xerogel.

Rheological analysis

All rheological measurements are performed using the rota-
tional rheometer TA DHR-3. The Sudan I dye derivative is
heated to 80 °C and maintained for 3 min to make it completely
dissolved. The solution is then cooled to room temperature and
held for 1 h to form a stable gel. Frequency sweeps are carried
out from an angular frequency of 0.1–100 rad s−1 at a constant
strain of 0.5%. Stress sweeps are carried out from 0.01 to 100%
strain at a frequency of 10 rad s−1. The strain when the gel broke
is determined as the point G′ and G′′ deviated from linearity,
a manifestation of permanent deformation.

Investigation of the effect of metal ions on gelation

In order to investigate the response of the gelators toward metal
ions, compounds 1 and 2 (0.01 mmol) are dissolved in aceto-
nitrile (10 mL), respectively. In the process of testing, the total
concentration of gelation is 3.0 × 10−5 M, and the total
concentration of metal ions is 60 × 10−5 M. UV-vis absorption
spectra are recorded on a Shimadzu UV-2501 spectrometer at
room temperature, whichsScan range from 200–650 nm.

Syntheses

Synthesis of compound 3. Acetaminophen (6.040 g, 39.96
mmol), potassium carbonate (16.57 g, 119.87 mmol), and
potassium iodide (0.66 g, 4.00 mmol) are dissolved in acetone
(400 mL) and stirred at room temperature for 30 minutes. Then
1-bromooctane (7.72 g, 39.96 mmol) is added dropwise to the
solution. The reactionmixture is reuxed for 48 h and separated
by ltration at room temperature to give a crude product. The
crude product is washed with acetone, 10% aqueous solution of
NaOH, and water to gain a white solid (compound 3, 8.58 g, 82%
yield). m.p.: 98–99 °C. 1H NMR (400 MHz, CDCl3) d 7.54 (s, 1H),
7.36 (d, J = 8.8 Hz, 2H), 6.82 (d, J = 8.8 Hz, 2H), 3.91 (t, J =
6.6 Hz, 2H), 2.12 (s, 3H), 1.75–1.70 (m, 2H), 1.44–1.26 (m, 12H),
0.88 (t, J = 6.4 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3) d 168.5,
156.1, 131.0, 122.1, 114.9, 68.4, 31.9, 29.5, 29.4, 29.3, 26.1, 24.4,
22.8, 14.2 ppm.

Synthesis of compound 4. Concentrated hydrochloric acid
(30mL) is added to an ethanol solution (200mL) of compound 3
(8.58 g, 32.56 mmol) and reuxed for 12 h. The reaction mixture
is concentrated and puried by chromatography on a column of
silica gel with amixture of petroleum ether and ethyl acetate (5 :
1, Rf 0.45) to afford a brown solid (compound 4, 6.04 g, 84%
yield). m.p.: 36–37 °C. 1H NMR (400 MHz, CDCl3) d 6.74 (d, J =
8.8 Hz, 2H), 6.64 (d, J= 8.8 Hz, 2H), 3.88 (t, J= 6.6 Hz, 2H), 1.78–
1.69 (m, 2H), 1.44–1.27 (m, 12H), 0.89 (t, J = 6.4 Hz, 3H) ppm.
13C NMR (101 MHz, CDCl3) d 152.5, 140.0, 116.5, 116.0, 68.9,
32.0, 29.6, 29.5, 29.4, 26.2, 22.8, 14.2 ppm.

Synthesis of compound 1. An aqueous solution (8 mL) of
sodium nitrite (0.62 g, 9.04 mmol) is added dropwise to the
solution of compound 4 (2.00 g, 9.04 mmol) in 2 mol L−1

aqueous HCl (50 mL) at 0 °C and stirred for 1 h. A cool solution
RSC Adv., 2022, 12, 33589–33597 | 33595
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of 2-naphthol (1.30 g, 9.04 mmol) in 10% aqueous solution of
NaOH (50 mL) is then added dropwise to the former solution at
0 °C and stirred further 4 h. A satn solution of NaHCO3 is added
to reach pH 8–9. The precipitate is collected by ltration and
further puried through recrystallization from ethanol and
water (1 : 2) to afford a red solid (compound 1, 3.12 g, 92%
yield). m.p.: 69–70 °C. 1H NMR (400 MHz, CDCl3) d 15.72 (s, 1H),
8.72 (d, J = 8.4 Hz, 1H), 7.82 (d, J = 9.2 Hz, 2H), 7.76 (d, J =
9.2 Hz, 1H), 7.70 (d, J = 8.0 Hz, 1H), 7.58 (t, J = 7.6 Hz, 1H), 7.40
(t, J = 7.8 Hz, 1H), 7.05 (d, J = 9.2 Hz, 1H), 7.01 (d, J = 9.2 Hz,
2H), 4.02 (t, J = 6.4 Hz, 2H), 1.86–1.77 (m, 2H), 1.51–1.30 (m,
12H), 0.91 (t, J = 6.6 Hz, 3H) ppm. 13C NMR (101 MHz, CDCl3)
d 161.1, 160.5, 141.9, 136.7, 133.4, 130.0, 128.4, 128.3, 128.2,
124.9, 122.3, 121.8, 115.4, 77.5, 77.2, 76.8, 68.6, 32.0, 29.5, 29.4,
29.3, 26.2, 22.8, 14.2 ppm.

ESI-TOF-MS: m/z calculated for C24H28N2O2, [M + H]+:
377.2229, found: 377.2230.

Synthesis of compound 5. A 28% aqueous solution of NaOH
(50 mL) is slowly added dropwise to a mixture of p-uoroni-
trobenzene (5.31 g, 37.6 mmol), 1,1,2,2-tetrahydroper-
uorooctanol (4.00 g, 11 mmol) and tetrabutylammonium
iodide (0.52 g, 1.4 mmol), and then stirred at 45 °C for 48 h. The
reaction is quenched with water and extracted with CH2Cl2. The
organic phase is dried over Na2SO4 and evaporated to furnish
a crude product. The residue is puried by silica gel column
chromatography with a mixture of petroleum ether and ethyl
acetate (50 : 1 Rf 0.25) to afford a yellowish oil (compound 5,
11.13 g, 63% yield). 1H NMR (400 MHz, CDCl3) d 8.22 (d, J =
9.2 Hz, 2H), 6.98 (d, J= 9.2 Hz, 2H), 4.37 (t, J= 6.6 Hz, 2H), 2.76–
2.61 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) d 163.0, 142.3,
126.2, 114.6, 60.90 (t, J = 4.6 Hz), 31.30 (t, J = 21.9 Hz) ppm. 19F
NMR (376 MHz, CDCl3) d −80.79 (t, J = 9.9 Hz), −113.28 (t, J =
13.6 Hz), −121.84 (s), −122.86 (s), −123.52 (s), −125.26–126.93
(m) ppm.

Synthesis of compound 6. Tin(II) chloride dehydrate (2.17 g,
11.47 mmol) is added to a solution of compound 5 (1.40 g, 2.89
mmol) in ethanol (30 mL), and the mixture is reuxed for 12 h.
Aer cooling the mixture to room temperature, a satn solution
of NaHCO3 (40 mL) is added to reach pH 10. The solution is
extracted with ethyl acetate, and the organic phase is dried over
Na2SO4 and evaporated to furnish a brownish solid. The solid is
puried by chromatography on a silica gel column with
a mixture of petroleum ether and CH2Cl2 (1 : 1) to afford
a brownish solid (compound 6, 1.40 g, 50% yield). m.p.: 50–53 °
C. 1H NMR (400 MHz, CDCl3) d 6.75 (d, J= 8.8 Hz, 2H), 6.65 (d, J
= 8.8 Hz, 2H), 4.20 (t, J = 7.0 Hz, 2H), 3.47 (d, J = 10.4 Hz, 2H),
2.65–2.50 (m, 2H) ppm. 13C NMR (101 MHz, CDCl3) d 151.3,
141.0, 116.5, 116.2, 61.01 (t, J = 5.0 Hz), 31.48 (t, J = 22.5
Hz) ppm. 19F NMR (376 MHz, CDCl3) d −80.80 (t, J = 9.9 Hz),
−111.31 (td, J= 14.3, 3.76 Hz),−121.89 (s),−122.88 (s),−123.59
(s), −125.80–126.71 (m) ppm.

Synthesis of compound 2. Following the general procedure
described above and using compound 1, compound 2 (2.37 g,
88%) is obtained as a red solid: m.p.: 116–117 °C. 1H NMR (400
MHz, CDCl3) d 15.75 (s, 1H), 8.68 (d, J = 8.4 Hz, 1H), 7.81 (d, J =
8.8 Hz, 2H), 7.76 (d, J= 9.2 Hz, 1H), 7.69 (d, J= 8.0 Hz, 1H), 7.58
(t, J = 7.4 Hz, 1H), 7.41 (t, J = 7.4 Hz, 1H), 7.02 (dd, J = 3.2,
33596 | RSC Adv., 2022, 12, 33589–33597
2.4 Hz, 4H), 4.31 (t, J = 6.8 Hz, 2H), 2.74–2.60 (m, 2H) ppm. 13C
NMR (101MHz, CDCl3) d 162.6, 159.0, 142.2, 137.4, 133.5, 129.7,
128.5, 128.4, 128.3, 125.1, 122.6, 122.0, 121.7, 115.5, 60.51 (t, J =
4.8 Hz), 31.40 (t, J = 22.7 Hz) ppm. 19F NMR (376 MHz, CDCl3)
d −80.76 (t, J = 10.6 Hz), −113.28 (t, J = 3.1 Hz), −121.84 (s),
−122.85 (s), −123.53 (s), −125.79–126.29 (m) ppm.

ESI-TOF-MS: m/z calculated for C24H15F13N2O2, [M + H]+:
611.1004, found: 611.1006.
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