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We report the rational design and synthesis of a new L-DOPA-based low molecular weight gelator
where the two phenolic OH groups are protected by tertiary-butyldimethylsilyl (TBDMS) moieties. The
gelator showed excellent solvent immobilizing properties in different polar aprotic solvents with
minimum gelation concentrations (MGCs) of 0.3-0.5% (w/v). Various microscopic and spectroscopic
techniques such as FESEM, HRTEM, FTIR, XRD, CD and rheology were used to characterize the thermo-
reversible supramolecular gels. Interestingly, the protection and deprotection of the TBDMS group was
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Introduction

The design and development of supramolecular soft materials
using functional small molecules has gained immense impor-
tance due to their potential applications in various research
fields like ion sensing,’ drug delivery,*® tissue engineering,”®
optical sensors,” enzyme-immobilization matrices,'® and so on.
Amongst the various types of soft-materials such as micelles,
vesicles, bilayers and others, low molecular weight gels (LMWGs)
have attracted much attention due to their unique viscoelastic,
stimuli-responsive properties.'™"> Supramolecular gels are formed
through immobilization of huge numbers of solvent mole-
cules into a semisolid phase by the addition of minute amount
of additives, called gelators.'®> These gelators create three-
dimensional self-assembled fibrillar networks (3D-SAFIN) by
means of various noncovalent interactions, such as electrostatic,
dipole-dipole, hydrogen bonding (H-bonding), hydrophobic,
n-1 stacking, and van der Waals interactions and these fibrillar
structures hold the solvent molecules by means of surface
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F~ ions using a visual gel-to-sol phase transition method.

tension and capillary forces."*” A good number of scientific
investigations on the development of small molecule-based
gelators for various solvents (aqueous to organic) with a versatile
range of applications have been reported in the literature.'®?
However, visual detection of analytes using supramolecular gels
has rarely been explored and is also challenging.>*** The work-
ing principle of gelation-based visual detection of analytes is
based on either gel to sol or sol to gel transition in the presence
of an analyte under suitable conditions, both of which can be
easily detected with our naked eyes. Such visual detection
techniques are simple, convenient, and do not require major
instruments. This gelation-based method has been utilised for the
detection of different analytes such as metal ions,*® sugars,””?®
amino acids,”?*° enzymes,*'** anions,*>* and others.*>*¢

It is well known that anions play important roles in a wide
range of chemical and biological processes.*”*®* Among all the
anions, the fluoride (F~) anion is of the highest concern due to
its adverse effect on health and the environment.>**° F~ ions
have vital implications in dental care and the treatment of
osteoporosis.*’** According to the World Health Organization
(WHO), the permissible limit of F~ ion intake in drinking water
is 0.5-1.0 mg L™".** Superfluous intake of F~ ions results in
fluorosis, kidney failure, bone disorders and immune system
dysfunction.”” Therefore, the development of simple sensing
and estimation techniques for F~ has attracted immense
interest in supramolecular fields in recent years. A number of
reports are found in the literature on the detection and estima-
tion of F~ ions using various instrumental techniques such as
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fluorimetric,*® colorimetric,”” and electrochemical methods.*®
In this context, detection of F~ ions by means of a visible gel-to-
solution (sol) transition process is a newly developed applica-
tion for LMWGs. Most of the works related to F~ ion sensing by
sol-gel transition incorporate urea,’® oxalamide,>® acylhydr-
azone,”" hydrazide,>” and imine moieties®® where the competi-
tive hydrogen bonding interaction between the -NH- moiety
and F~ ion disrupted the existing non-covalent supramolecular
interactions, which results in a gel-to-sol phase transition.
Alongside, very few reports are available in the literature where
F~ ions cleave covalent bonds to convert the gelator into a non-
gelator with a concomitant gel-to-sol phase transition. In this
regard, Singh et al. reported the synthesis of a new class of alkyl
chain containing alcohol-based gelator molecules consisting of
a triphenylsilyl moiety where gel degradation took place in the
presence of F~ ions.>*?>

Herein, we report the synthesis and development of .-DOPA-
based small molecule 1 (Fig. 1) where the two phenolic OH
groups are protected by tertiary-butyldimethylsilyl (TBDMS)
moieties. Compound 1 exhibits excellent gelation properties
in various polar solvents with minimum gelation concentra-
tions (MGCs) of 0.3-0.5% w/v (Table 1). The supramolecular
gels are thermoreversible in nature. The formation of supra-
molecular arrangements in the gel state was investigated using
spectroscopic and microscopic techniques. Interestingly, the
supramolecular gel formed in DMSO exhibited a gel-to-sol
transition in the presence of F~ ions that is easily detectable
by the naked eye. Additionally, the presence of F~ ions has been
estimated quantitatively by comparing the gel degradation time
with the F~ ion concentration. To the best of our knowledge
this is the first ever report where a key biological precursor,
L-DOPA, has been incorporated into the gelator structure for the
detection and estimation of F~ ions using a gel-to-sol phase
transition method.
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Fig. 1 (a) Structure of gelator 1. (b) Image of the gel formed by 1in DMSO.

Table 1 The minimum gelation concentration (MGC, % w/v) of gelator 1
in different solvents

Solvent MGC, (% w/v)
Dioxane G (0.3)
Tetrahydrofuran (THF) G (0.3)
Dimethyl sulfoxide (DMSO) G (0.5)
Dimethyl formamide (DMF) G (0.5)
Acetonitrile I

Water I

G: Gel, I: Insoluble.
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Results and discussion
Gelation study of 1

The development of a novel molecular framework for gelation
by the introduction of judicious and task-specific functional
scaffolds is of utmost importance due to their diversified
applications.®* In this regard, amino acid/peptide moie-
ties have been extensively utilized for the synthesis of small
molecule gelators due to their unique ability to act as both a
hydrogen bond donor and acceptor.>®*” Accordingly, we have
synthesized 1-DOPA-based amphiphilic gelator molecule 1
where the two phenolic OH groups are functionalized with
tertiary-butyldimethylsilyl (TBDMS) moieties (Fig. 1).

The detailed synthetic strategy and characterization analysis
is illustrated in the ESIt (see Scheme S1, Fig. S1 and Fig. S2,
ESIY).

The gelation capability of the gelator (1) was studied in a
range of solvents by a ‘stable to inversion of glass vial’ method.
Compound 1 showed excellent gelation ability in polar solvents
such as 1,4-dioxane, tetrahydrofuran (THF), dimethyl sulfoxide
(DMSO) and dimethyl formamide (DMF). Gels were prepared by
dissolving the required amounts of gelator in the respective
solvents by heating and then cooling the solution to room
temperature. The MGC values of 1 in these solvents varied from
0.3 to 0.5% w/v (Table 1). The maximum gelation efficiency of 1
was found in THF with an MGC value of 0.3% w/v where a
single molecule of 1 can immobilize 994 345 solvent molecules.

It is known that an optimum balance between hydrophilicity
and lipophilicity within the gelator structure is the key para-
meter for gelation.’*'* In newly synthesized gelator 1, the
phenyl moiety within the .-DOPA structure possibly introduces
n-1 stacking interactions, the amino acid scaffold containing
quaternary ammonium (-NH;') and carboxylate moieties
(-COO7) facilitates intermolecular ionic interactions and the
alkysilyl scaffold contributes strong van der Waals interactions
(hydrophobic interactions), and all these favourable inter-
actions lead to efficient gelation.>®™**

The supramolecular gels formed by 1 were thermoreversible in
nature and were stable at room temperature over a few months.
The temperature at which the gel-to-sol transition happens is
called the gel melting temperature or gel-to-sol transition tem-
perature (Ty). With an increase in the gelator concentration, the
Ty value increased, which is clearly in concurrence with the
literature.®> The Ty for 1 at its MGC in DMSO (0.5% w/v) was
56 °C, which was enhanced up to 75 °C at 1.5% w/v and 96 °C at
2.5% wiv (Fig. S3, ESIT). Similarly, the T, value of 1 at its MGC
(0.3% w/v) in 1,4-dioxane was 44 °C which increased to 72 °C with
gradually increasing the gelator concentration to 3% w/v (Fig. S3,
ESI}). The increment in Ty value with the gelator concentration
corroborates the fact that the self-assembly in the gel state is
associated with physical crosslinking within the gel fibres.™

Self-assembly properties of gelator 1

To gain a visual insight into the morphologies of the self-
assembled structure, field-emission scanning electron micro-
scopy (FESEM) was performed. FESEM image of the xerogel of

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024


https://doi.org/10.1039/d3nj05169b

Published on 22 February 2024. Downloaded by Universiteit Twente on 4/24/2024 10:20:50 AM.

NJC

Fig. 2 FESEM images of xerogels of 1 prepared from (a) DMSO and (b)
dioxane.

1, prepared from DMSO at its MGC (0.5%, w/v) revealed the
existence of an entangled 3D fibrillar network with individual
fibre diameter of 30-50 nm and a length of several micrometres
(Fig. 2a). Furthermore, some of the fibres were allied with one
another to form thicker fibres of diameters 70- 100 nm
(Fig. 2a). The supramolecular arrangement of gelator 1 in
dioxane also showed a similar fibrillar network with a thickness
of ~50-60 nm, along with few thicker fibers of ~100-130 nm
diameter (Fig. 2b). In both the instances the densely packed
intertwined fibrous network entraps solvent molecules within
its supramolecular assembly resulting in highly efficient
gelation.®

The existence of an entwined 3D-network within the gel was
further confirmed by transmission electron microscopy (TEM)
experiments. TEM images of xerogel (1), obtained from DMSO,
exhibited an intertwined fibrous morphology with a fibre width
of 40-70 nm (Fig. S4a, ESI) and length of several micrometres,
which was analogous to the FESEM images. The supramolecu-
lar arrangement of the xerogels prepared from dioxane at
higher concentrations showed the development of a more
compact 3D SAFIN with thicker fibres than that at the MGC
(Fig. S4b, ESIT)."?

The self-aggregation process of small amphiphilic molecules
in solution starts at a very low concentration, and gradually
converts into higher order aggregates and finally into a supra-
molecular gel with an increase in gelator concentration.'*"*>°
The dependence of supramolecular chirality on the molecular
structure was studied by circular dichroism (CD) spectroscopy
of gelator 1 in dioxane at various concentrations.

At much less concentration of 1 than its MGC i.e. at 0.03%
w/v (~10 times lower compared to its MGC) in dioxane, the CD
spectra did not show any distinct peak, which directs the non-
self-assembled state of 1 in dioxane (Fig. 3). However, at 0.075%
w/v, it exhibited a negative Cotton effect with a minimum value
of ~235 nm (Fig. 3).

The spectral nature indicates that the chirality resembles
the helical structure of the protein by its pattern but not by the
exact position of the minimum. The m-n* transition of the
carbonyl bond and its coupling with the adjacent carbonyl and
amine functionality possibly are attributed to the above-mentioned
Cotton effect in the absorption region of 225-240 nm."* The CD
peak intensity was further augmented by increasing the gelator
concentration from 0.075% w/v to 0.15% w/v (Fig. 3), which
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Fig. 3 CD spectra of 1 with various concentrations (%, w/v) in dioxane at
room temperature.

indicates the supramolecular association of individual molecules
into higher ordered structures.®

To study the participation of non-covalent interactions,
namely ionic interactions, in the self-aggregated gelation pro-
cess, FTIR spectra were recorded for gelator 1 (solid), and gels
of 1 in DMSO and in isopropyl alcohol (IPA) for the non-self-
assembled solution state. In the solution state, the spectrum
showed a transmission band centred at 1656 cm ™', which is an
indication of the presence of carbonyl (C—O stretching fre-
quency) as part of a carboxylate (-COO™) moiety. The transmit-
tance band at 1516 cm ™" is for aromatic ring vibrations and the
band at 1325 cm ™' (Fig. S5a, ESIY) is the characteristic peak of
—-C-O- stretching for the -COO™ group. Additionally transmit-
tance signals of -Si-O stretching bands appeared as sharp
peaks at around 1100 to 1130 cm " (Fig. S5a, ESIt). However,
in the gel state (in DMSO), the transmittance signals were
shifted to 1648 cm™' for -C=O0 stretching (-COO™~ group),
1526 cm™' for aromatic ring vibrations and 1308 cm™' for
—-C-O- stretching (-COO™ group) (Fig. S5¢, ESIT).

These shifts of transmittance frequency in the gel state
compared to the solution state indicate the participation of
strong ionic interactions between -NH;" and -COO™~ moieties.
Again the transmittance intensity of the -Si-O stretching signals
was observed to be reduced considerably in the gel state, which
clearly indicates that the intermolecular electrostatic attraction
forces are responsible for the self-assembled gelation process. It is
also notable that gelator 1 in solid form shows almost identical
FTIR transmittance signals (Fig. S5b, ESIt) with the FTIR profile of
gel 1 in DMSO, which clearly shows that the non-covalent inter-
actions present in the gel state as well as in the pure gelator
sample are almost similar in nature.

In order to establish the molecular packing and the possible
orientation of self-aggregation within the SAFIN structure, we
recorded wide-angle XRD spectra of the dried gels of 1. The
xerogel of 1 obtained from DMSO exhibited distinct peaks at
20 = 13.5° (d spacing = 6.6 A) accompanied by a second peak at
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20 = 17.6° that corresponded to a d spacing value of 5.0 A
(Fig. S6, ESIY).

These two peaks specifically correspond to the orientation
of antiparallel arrangement where an individual amphihilic
molecule aligns (via cross) with two other molecules that results
in the formation of intermolecular hydrogen bonds. Another
peak at 20 = 23.8° (d spacing = 3.7 A) (Fig. 6, ESI{) additionally
specifies the existence of n-n stacking interaction between two
antiparallel aromatic structures.”® These inter-aromatic ring
interactions not only help the through space aggregation, but
also create a hydrophobic milieu that facilitates the self-
assembled gelation process.

Participation of noncovalent interactions, such as van der
Waals interactions and m-n stacking interactions during the
self-assembly of gelator 1 was further investigated by NMR
spectroscopy. In a temperature-dependent NMR experiment,
'H NMR spectra of 1 (at MGC of 0.5%, w/v) in DMSO-ds
exhibited broad peaks in the aromatic region (0 = 6.80-6.45)
at 25 °C due to the self-assembled state (Fig. S7a, ESIt). When
the temperature was increased to 50 °C (lower than the Tg at
MGC), the signals for aromatic protons were shifted to higher ¢
values (Fig. S7a, ESIt). With a further increase in temperature
to 75 °C, which was higher than the T value, the peaks were
further shifted to higher ¢ values and also the peaks became
sharper and splitting of the peaks was observed (Fig. S7a, ESIT).
Similarly, in the aliphatic region (6 = 0.15-1.00), the proton
signals were shifted to higher ¢ values with increase in tem-
perature (Fig. S7b, ESIt).

This result clearly reiterates the fact that in the gelation
state, intermolecular n-m interactions are involved between the
aromatic rings and the corresponding ring protons could not
undergo characteristic spinning motion resulting in broad
peaks in the NMR spectra.®>®” Additionally the shift of & values
in the aliphatic region clearly indicates the participation of van
der Waals interactions among the alkylsilyl groups, which are
also responsible for the self-assembled gelation. The increase
in temperature gradually ruptures the non-covalent interac-
tions, which leads to its transformation from gel to sol and
leads the aromatic protons to show their characteristic NMR
signals."* The observed spectroscopic and microscopic studies
suggest an ordered arrangement of L-DOPA-based amphiphiles
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(1) involving H-bonding, n-n stacking interactions and higher
ordered hydrophobic interactions in its self-assembled gelation.

Rheology. The mechanical strength of the supramolecular
gels was studied by rheological experiments. Rheological mea-
surements provide important information about the rigidity
and fluidity of the developed gel. Storage modulus (G’) and loss
modulus (G”) are the two fundamental parameters, where G’
corresponds to the capability of the deformed material to store
energy and G” signifies the flow behaviour of the substance
against stress. In the gel state, G’ is considerably greater than
G'(G' and G" ~ °; w° =angular frequency), whereas in the
solution state G” is higher than G'(G' ~ w” and G” ~ w). The
crossover point between G’ and G”(known as yield stress)
indicates the transition point from elastic solid to viscous
liquid." For the rheological experiments, gels were prepared
at the MGC, 2% and 5% w/v in the respective solvents and
oscillatory stress and frequency sweep experiments were per-
formed. In oscillatory stress sweep experiments (gels in DMSO
and dioxane), the G’ value was found to be higher compared to
G". In the case of gel 1 at its MGC (0.5% w/v) in DMSO, the G’
value was found to be ~1250 Pa, which increased to 2900 Pa
when rheological experiments were carried out at a higher
gelator concentration of 2% w/v (Fig. 4a). G’ was further increased
to ~18000 Pa on increasing the gelator concentration to 5% w/v
(Fig. 4b). Such a significant increase in rigidity clearly delineates
that with increase in the gelator concentration, the fibrillar net-
works become more entangled resulting in augmentation in
mechanical strength.

Supramolecular gels formed in dioxane also exhibited simi-
lar rheological properties. However, the G’ values in dioxane
were found to be much higher, 2600 Pa, 6000 Pa and 120 000 Pa
at 1%, w/v, 2%, w/v and 5%, w/v gelator concentrations,
respectively (Fig. S8a-c, ESIt), compared to those of the gels
in DMSO. The yield stress values were also found to gradually
increase from 65 Pa to 70 Pa and further to 310 Pa indicating the
enhancement in mechanical strength of the supramolecular gels.

Additionally, oscillatory frequency sweep experiments were
performed at a fixed strain (0.1%) for 1 in DMSO and dioxane at
a concentration of 2%, w/v. The G’ values were greater than G”
over the entire angular frequency (w) range (0.1-100 rad s,
Fig. S9a and b, ESIT) at a constant strain of 0.1%. In both cases
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Plots of G" and G” of 1 in DMSO at gelator concentrations (a) 2% w/v and (b) 5% w/v as a function of oscillatory stress.
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G' and G'(G' > G”) showed a plateau region (Fig. S9, ESIT),
which was a characteristic feature of viscoelastic materials.

Gelation-responsive fluoride estimation studies

Among the various anions, the detection of fluoride ions (F) is
of great interest due to its adverse effects on physicochemical
processes.’®®® For that purpose in the present work we
exploited the visual gel-to-sol conversion process to detect F~
ions using gelator 1 by two different approaches.

In one of the approaches, initially gelator 1 was dissolved in
DMSO at its MGC by heating the solution above T and after
that various concentrations of TBAF solution in DMSO were
added into the solution maintaining the final gelator concen-
tration at its MGC. Then the mixture was allowed to cool to
room temperature and the formation of a gel was examined
after ~30 min. It was observed that, below 0.01 equiv. of F~ ion
concentration (i.e. 0.01 equiv. of TBAF), a stable gel was formed
and above this concentration, the gel formation was not
observed. Formation of a stable gel was confirmed by the
turning the vial upside down method.

In the other approach, initially a gel was prepared in DMSO
using gelator 1 at the MGC. Then the required amount of TBAF
solution in DMSO was added to the gel and was kept at rest.
It was found that below 0.01 equiv. of F~ ion concentration
(i.e. 0.01 equiv. of TBAF), the formed gel was stable even after
half an hour. However above the formed 0.01 equiv. of F~ ion
concentration, the gel was converted to a sol.

Interestingly, this gel-degradation process was found to be
specific for F~ ions only (Fig. 5a), since other halide ions (Cl™,
Br, and I") did not inhibit the gelation process under similar
experimental conditions (Fig. 5b-d). Even if these halide anions
were present together with F~ in the solution (Fig. 5e), they
have no significant interference over F~ ions in the gelation
inhibition process. Therefore, this process can be utilized to
detect F~ ions in the presence of other halide ions also.

This gel-to-sol conversion takes place possibly owing to the
complete or partial cleavage of the oxygen-silicon covalent
bond and removal of the tert-butyldimethylsilyl group in the

I

G

(F-4CI + Br-
7»‘+'I

Fig. 5 (a) Gel degradation in the presence of F~ ions only, (b) gel
formation cannot be inhibited in the presence of Cl™ ions only, (c) gel
formation cannot be inhibited in the presence of Br~ ions only,
(d) gel formation cannot be inhibited in the presence of |~ ions only, and
(e) gel degradation in the presence of all F~, Cl7, Br~ and |~ ions together.
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presence of F~ and formation of a di(tertiary-butyl) ammonium
salt of L-DOPA and tert butyldimethylsilyl fluoride (Fig. S10,
ESIt). As both the products are non gelators, the gel to
sol transition of the gel in the presence of fluoride ions is
irreversible.”

The visual transformation of gel-to-sol of 1 in DMSO in the
presence of TBAF was further confirmed by carrying out rheo-
logical experiments. In an oscillatory stress sweep experiment
of the decomposed gel (in the presence of 0.1 equiv. of TBAF)
under the same experimental conditions as mentioned earlier,
the G’ and G” values were found to be much lower compared to
the G’ and G” values of the native gel (Fig. S11, ESI}). Also the G’
and G” values were irregular. This clearly indicates that the
presence of F~ ions ruptures the supramolecular fibrillar net-
works, resulting in a gel to sol transition.

The F~ ion responsiveness of the developed gel encouraged
us to exploit this to estimate F~ ions quantitatively in any given
sample. For this purpose we measured the gel degradation time
of 1 in DMSO at the MGC with various TBAF concentrations at
30 °C. Earlier it was observed that the addition/presence of
0.01 equiv. or higher concentration of F~ ions resulted in a gel
to sol transition. However, the time required for gel decom-
position would vary with the concentration of F~ ions if
experimental conditions are kept unchanged. It was found that
at 30 °C temperature, addition of 0.01 equiv. F~ ions resulted in
gel degradation within 1042 s (Table S1 in ESIt) whereas in the
presence of 1.0 equiv. of F~ ions, the gel turned into a sol in a
much shorter time of 504 s. When the TBAF concentration was
further increased to 5.0 equiv., the gel degraded in 345 s, which
is even shorter than the previous one (Table S1 in ESI{). So from
this time-dependent gel degradation study it is evident that
with increasing F~ ion concentration, the gel degradation time
decreases.

To further confirm this, a similar set of time-dependent gel
degradation experiments were carried out at a higher tempera-
ture with the expectation that the gel to sol transition time
would be decreased. Accordingly the experiment was performed
at 45 °C and the gel decomposition times were found to be
835 s, 390 s and 272 s for F~ ion concentrations of 0.01, 1.0 and
5.0 equiv., respectively (Table S1 in ESI{). These results clearly
indicated that at a higher temperature the rate of F~ ion
diffusion into the gel network increased, resulting in a higher
cleavage rate of O-Si bonds and a reduced gel degradation time.

From the above two sets of results (Table S1 in ESIf), a
correlation graph was generated by plotting TBAF concen-
tration against gel-to-sol degradation time, to determine the
fluoride concentration in a given solution quantitatively at a
particular temperature. For this, a non-linear curve fitting
analysis was performed using Origin Pro 9.0 software to realise
the correlation between F~ concentration and gel-to-sol degra-
dation time (Fig. 6) (Table S2 and Table S3 in ESIt). The best fit
non-linear equation was calculated using the polynomial func-
tion y = B x”, where B = the intercept, b = the power, y = the
fluoride ion concentration and x = the gel degradation time.
It was found for both 30 °C (Fig. 6a and Table S2 in ESIf) and
45 °C temperatures (Fig. 6b and Table S3 in ESIt) that a good
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Fig. 6 Non-linear best fit curves for (a) fluoride ion (F~) concentration vs. gel degradation time (in sec) at 30 °C, and (b) fluoride ion (F~) concentration vs.

gel degradation time (in sec) at 45 °C.

relationship existed between the two variables when the form of
the polynomial was y = B + B;x + B,x* + B;x® + B,x* as indicated
from the goodness of fit R square values, which were above 0.99
(for both the cases). Thus, the F~ ion concentration of an
unknown sample can be quantitatively estimated by measuring
the gel-degradation time and putting this value in the above
formula. As all the experiments are performed at the MGC
of gelator 1 (in DMSO), below which a gel cannot be formed,
0.01 equiv. of TBAF, i.e. 0.26 mM/0.00012 mmol F~ ion concen-
tration is the lowest threshold limit below which fluoride ions
cannot be estimated quantitatively using the newly developed
gelator by this approach.

Conclusions

In summary, we have reported the rational design and synthesis
of a new low molecular weight gelator for visual detection of
fluoride ions. This newly developed gelator containing 1-DOPA
and tertiary-butyl dimethyl silyl moieties is responsive to fluoride
ions. The chemistry behind this is the conversion of a gelator
molecule to a non gelator in the presence of fluoride ions due to
the cleavage of the Si-O bond. However, in the absence of fluoride
ions, the gel is stable. Two different approaches, the first being
qualitative and the second being quantitative, have been success-
fully demonstrated in the present work. This gel to sol transition-
based fluoride detection technique is simple, convenient and
instrument-free unlike many of the existing techniques. This
strategy of protection and deprotection of hydroxyl groups and
carboxylic acid groups using an alkyl/aryl silyl moiety can be
generalized in the design of new gelators for fluoride ion detection
work. Identification of the appropriate ‘gelator-nongelator’ pair
will be the most crucial step in such an approach.

Experimental section

Materials

L-DOPA, tert-butyldimethylsilyl chloride (TBDMS-CI), 1,8-di-
azabicyclo[5.4.0Jundec-7-ene (DBU) and all the required solvents
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were purchased from SRL, India. All deuterated solvents for NMR
were obtained from Aldrich Chemical Co. '"H NMR spectra were
recorded using an AVANCE 500 MHz (Bruker) spectrometer. Mass
spectrometric data were acquired by the electron spray ionization
(ESIf) technique using a Q-tof-micro quadruple mass spectro-
meter (Micromass). Elemental analyses were performed using a
PerkinElmer 2400 CHN analyzer.

Preparation of gels. The measured quantity of amphiphile 1
was taken in a screw-capped vial with an internal diameter (i.d.)
of 10 mm and gently heated on a hot plate to dissolve in the
respective solvent. The solution was then kept undisturbed and
was allowed to cool to room temperature. After 10-20 min
formation of a supramolecular gel was examined by the stabi-
lity of the formed material against flow on turning the glass vial
upside-down (i.e., the inversion of glass vial method).

Determination of gel-to-sol transition temperature (Tge).
The gel-containing glass vial (i.d. 10 mm) was placed in a
thermostatted oil bath and the temperature was raised slowly
at a rate of 2 °C min~'. The gel-to-sol transition temperature
(Tge1) was determined as the temperature (0.5 °C) at which the
gel melted and started to flow.

Microscopy study. For field-emission scanning electron
microscopy (FESEM) images, a drop of gel (at the respective
concentration) was placed on a piece of cover slip, dried for a
few hours under vacuum and placed on a cylindrical brass stub
for gold coating before imaging using a JEOL-6700F micro-
scope. For TEM experiments, a dilute solution of the gel was
placed on a 300 mesh carbon-coated Cu grid and dried for a few
hours under vacuum and the experiments were performed
using a JEOL JEM 2010 high-resolution microscope operated
at an accelerating voltage of 200 kV.

Circular dichroism. The CD experiments were performed
with various concentrations of gelator 1 in dioxane and the
spectra were recorded by using a quartz cuvette of 1 mm path
length using a JASCO J-815 CD spectropolarimeter.

FTIR measurements. FTIR measurements were performed
with pure crude powder of 1, and a gel of 1 in DMSO and in
isopropyl alcohol (IPA) for the non-self-assembled solution
state at the corresponding MGCs at room temperature. All the
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experiments were carried out using a PerkinElmer Spectrum
100 FTIR spectrometer. FTIR spectra of 1 (solid samples) were
recorded using KBr pellets. FTIR spectra of 1 in IPA solution
and in DMSO gel were recorded using an ATR attachment in the
same instrument.

XRD study. XRD measurements were carried out using a
Bruker D8 Advance diffractometer fitted with a CuK, radiation
source (o = 0.15406 nm) with a voltage and current of 40 kv and
30 mA, respectively. All xerogels were scanned from 1 to 40° (26
angle).

Temperature-dependent NMR experiments. Compound 1
was dissolved in DMSO-d¢ at its MGC (0.5% w/v), and
temperature-dependent NMR spectra were acquired at 25 °C,
50 °C and 75 °C.

Rheology. The rheological experiments were carried out
using the cone and plate geometry (diameter was 40 mm) on
the rheometer plate using an Anton Paar, MCR 702e. Gels were
prepared at different concentrations (at MGC, 2%, w/v and 5%,
w/v) and were kept undisturbed at room temperature for 24 h.
The formed gels were then scooped onto the rheometer plate in
such a manner that no air gap was present between the gel
and the cone surface. The frequency sweep experiment was
performed as a function of angular frequency (0.1-100 rad s~ )
at a fixed strain of 0.01% at 25 °C and the storage modulus (G’)
and the loss modulus (G”) were plotted against angular fre-
quency (w). Similarly, stress-amplitude sweep experiments were
performed at a constant oscillation frequency of 1 Hz for the
strain range of 0.01-100 Pa at 25 °C and G’ and G” were plotted
against oscillatory stress.

Gelation-responsive fluoride estimation studies

Firstly, a solution of gelator 1 was prepared in DMSO by heating
the solution above its respective Ty and various concentrations
of TBAF solution in DMSO were added into the previous
solution keeping the ultimate gelator concentration fixed at
its MGC. Subsequently, the mixture was kept static to cool to
room temperature and the formation of a gel was examined
after ~30 min. Formation of a stable gel was confirmed by the
turning the vial upside down method.

In another approach, initially gel 1 was prepared in DMSO at
its MGC. Then the required amount of TBAF solution in DMSO
was added to the gel and was kept at rest for ~30 min. Here
also the gelation behaviour was studied by the ‘stable to
inversion of the glass vial’ method.

For the quantitative estimation of fluoride ions (F7) at a
specific temperature, gel degradation times of 1 in s at its
MGC in DMSO were measured with respect to fluoride ion (F™)
concentration. From the above results, a correlation graph
was created to determine the fluoride concentration in a
given unknown solution quantitatively by plotting the TBAF
concentration against the gel-to-sol degradation time at that
particular temperature. For this, a non-linear curve fitting
analysis was executed using Origin Pro 9.0 software by using
polynomial function y =B x’, where B = the intercept, b = the
power, y = the fluoride ion concentration and x = the gel
degradation time.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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