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etallogel with solvent stimuli-
responsive properties: structural proof-of-concept
with MD simulations†

Sima Sedghiniya,a Janet Soleimannejad, *a Masumeh Foroutan,*a

Mina Ebrahimi a and Vahid Fadaei Naeini b

A new solvent stimuli-responsive metallogel (VGel) was synthesized through the introduction of vanadium

ions into an adenine (Ade) and 1,3,5-benzene tricarboxylic acid (BTC) organogel, and its supramolecular

self-assembly was investigated from a computational viewpoint. A relationship between the synthesized

VGel integrity and the self-assembly of its components is demonstrated by a broad range of molecular

dynamics (MD) simulations, an aspect that has not yet been explored for such a complex metallogel in

particular. MD simulations and Voronoi tessellation assessments, both in agreement with experimental

data, confirm the gel formation. Based on excellent water stability and the ethanol/methanol stimuli-

responsive feature of the VGel an easy-to-use visualization assay for the detection of counterfeit liquor

with a 6% (v/v) methanol limit of detection in 40% (v/v) ethanol is reported. These observations provide

a cheap and technically simple method and are a step towards the immersible screening of similar

molecules in methanol-spiked beverages.
1. Introduction

On-the-spot detection of alcohol content and methanol-
containing counterfeit beverages is a serious challenge. Meth-
anol poisoning is attributed to its metabolization into toxic
formic acid and formaldehyde and causes serious eye and
nervous system damage, or even death.1–3 Especially in devel-
oping countries such as Iran and India, methanol poisoning
outbreaks have happened recently and during the coronavirus
pandemic with hundreds of victims due to counterfeit drinking
products. Drinking as little as 240 ml of 12.5% (v/v) of methanol
can be fatal,4 and also the US5 and EU6 safety threshold for
methanol in liquor (40% (v/v) ethanol) is 0.4% (v/v). With this in
mind, a methanol detector for screening in the toxic range
could serve a major cause and help prevent methanol poisoning
outbreaks. While some methods such as near-infrared
assays,7–10 Raman spectroscopy,9–11 enzymatic methods,12–14

and chromatography,2,15–21 have been used to gure out alcohol
content and detect methanol-spiked liquor, most of the
methods are expensive and rarely accessible9–11,14,21 in devel-
oping countries where the majority of methanol poisoning
outbreaks happen.
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To relieve these restrictions, different compounds ranging
from nanomaterials to supramolecular polymers with this
perspective, have been demonstrated22–26 though the use of gels
and metal–organic framework-based materials is very
limited.27–30 Self-assembly of low molecular weight gelators
(LMWGs) has led to a sweet of somaterials in the area of drug
delivery systems, tissue engineering scaffolds, cosmetics, indi-
cators, and sensors.31–34 To bring out the potency of these so
materials in denitive manners for specic applications, tuning
of multiple non-covalent interactions such as hydrogen
bonding, p–p stacking, electrostatic effects, and van der Waals
forces, can be helpful.35–39

In recent years metallogels have drawn attention, due to
their broad range of applications.36,40–42 In comparison with
organogels, in metallogels, the introduction of metal ions into
the gelator molecules triggers some of the most fascinating
“smart” material features.43,44 Less-studied metallogels not only
merge incorporated metal characteristics (including conduc-
tive, catalytic, redox, or optical features) but also introduce
additional subtle non-covalent interactions into the resulted
molecular assemblies.44,45 Gel network modications by appro-
priate metal ion incorporation can constrain metal interactions
and suggesting potent metallogels for visual molecular recog-
nition.46 The presence of optical and redox-active metal centers
is a new platform that was reported for Cu(I) containing met-
allogels with redox-responsive behavior.39,47 Other reports in
this fascinating research eld of metallogels are very rare which
leaves an explorable scope in the case of designing metallogels
with redox/optical-switchable behavior.48–50 Herein we report
RSC Adv., 2021, 11, 36801–36813 | 36801
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Scheme 1 Vanadium ion entrapment and formation of the VGel
metallogel.
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the formation of a newmetallogel of adenine and 1,3,5-benzene
tricarboxylic acid gelators by vanadiummetal ion incorporation
in the presence of water and DMF solvents.

To assess the rational design along with the parameters that
inuence the assembly of the gels, it is essential to elucidate the
self-assembling mechanism. Molecular dynamics (MD) simu-
lations are ideally suited to probe the self-assembly. To the best
of our knowledge, although the self-assembling organization or
mechanism of organogels has been extensively explored,51–54 no
detailed investigations of metallogels are available. In this study
with MD simulations, the vital roles and the ratio of the
Fig. 1 The MG3 system in the initial (a) and final (b) configurations (w
including BTC, Ade, DMF molecules, V3+ and sulfate ions.

36802 | RSC Adv., 2021, 11, 36801–36813
participated solvents (H2O/DMF) as well as the other metallogel
components are elucidated.

Our metallogel has shown unique ethanol/methanol detec-
tion capability which can be used effectively as a metallogel-
based indicator. We believe that this differentiating behavior
is driven by VIII to VV oxidation.
2. Materials and methods
2.1. Reagents and chemicals

VOSO4$xH2O, 1,3,5-benzene tricarboxylic acid (BTC), adenine,
DMF, ethanol ($99.5%) and, methanol (99.8%) were purchased
from Sigma-Aldrich and used as supplied. All aqueous solutions
were prepared with deionized water.
2.2. Synthesis

An aqueous solution of adenine/BTC (4 ml; 0.1/0.12 mmol) was
mixed with an aqueous/dimethylformamide (v/v ¼ 1/2; 3 ml)
solution of vanadyl sulfate (0.1 mmol), negligible green
precipitation was formed almost immediately that turned into
a dark green (seaweed) opaque metallogel upon heating at 80 �C
for 20 hours. In the preparation process, heating temperature,
time, cooling rate, and gel components, were evaluated as
effective factors, and the optimum conditions were concluded
[see pages 3 and 5 in the ESI†].
2.3. Apparatus

FT-IR spectra were recorded on a Bruker Tensor 27 spectrometer
in the range 500–4000 cm�1 using KBr pellets. UV-visible
absorptions were measured at room temperature (23 �C) using
a PerkinElmer Lambda 850 spectrometer in the range 800–
ater is shown in quick surface representation). (c) VGel components

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 RDFs between VIII ions in MG1, MG2, and MG3 systems at room
temperature.
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300 nm. Rheological testing of the metallogel was conducted on
an Anton Paar, Physica, MCR 300 rheometer, with a 15 mm
diameter cone plate.

2.4. Computational details

MD simulations were performed using the NAMD soware with
a 1 fs time step.55 For H2O, DMF, BTC, adenine, and sulfate ion
(SO4

2�), the CHARMM36 force eld parameters56,57 were
utilized. Lennard-Jones parameters for VIII and SO4

2� ions and
their partial charges were taken from the previous works and
are presented in Table S1.†58–60 The TIP3P water model61 was
applied for each simulation. The simulation of metallogel was
carried out in the NPT ensemble (at P¼ 1 bar), and the pressure
was controlled by the Langevin piston extendible along each
axis with a decay period of 200 fs. The temperature was
controlled by the Langevin thermostat and 5 ps�1 damping
coefficient. Periodic boundary conditions were employed in all
directions. Electrostatic interactions were calculated using the
particle mesh Ewald (PME) method over a cubic grid with �1 Å
spacing,62 and a 10–12 Å cutoff was implemented for van der
Waals (vdW) interactions. The visualization of all simulations
was performed with the VMD soware 1.9.3 (ref. 63) (for more
details see pages 4 and 5 in the ESI†).

3. Results and discussion
3.1. Rationale and design of the VGel

Among the nucleobase ligands, guanine-based metallogels with
small alkali metals, such as Na+ and K+ have been well-docu-
mented.64 In comparison, the chemistry of adenine-based
metallogels has been explored very little in this eld. The
knowledge obtained from the studies on adenine organo-
gels65–67 and calculations of the interactions between adenine
and other components,68 provides a valuable insight into the
design and preparation of a novel adenine-based metallogel
with stimuli-responsive features.69 In our case, the most chal-
lenging feature of introducing metal ions into the gel network is
the addition of several metal–solvent or metal–ligand interac-
tions, that most probably trigger gel network destruction. Based
Fig. 2 RDFs between VIII ions and solvents at room temperature, in MG1
and (b) water molecules.

© 2021 The Author(s). Published by the Royal Society of Chemistry
on the crystal engineering concepts and proven templating
effects of some molecules, the DMF solvent, as the most suit-
able and accessible template, was selected and examined
(Scheme 1).70
3.2. Structure–mechanical properties assessment using MD

Three systems (with 71.43 : 28.57, 50 : 50 and, 28.57 : 71.43 v/
v% of H2O/DMF denoted as MG1, MG2 and, MG3) were simu-
lated and the results have been compared from a gel formation
point of view (for more information please see ESI†). The self-
assembly and structural features accompanying the dynamics
and mechanical properties have been studied through the
calculation of the non-covalent interactions and simulated
shear stress loading, respectively. In Fig. 1, the initial and nal
congurations of the MG3 system are demonstrated (for MG1
and MG2 systems' snapshots please see Fig. S1†).

For structural assessments of the VGel, the radial distribu-
tion function (RDF) of VIII ions concerning each other as well as
different solvent ratios (H2O/DMF) are inspected (Fig. 2). In the
MG3 system, where the metallogel is formed more properly
than the MG1 and MG2 systems, the concentration of DMF in
the rst and neighboring marginal layers of the VIII ions, is
, MG2 and MG3 systems. Pair correlation between VIII ions with (a) DMF

RSC Adv., 2021, 11, 36801–36813 | 36803

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07055j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:3

7:
25

 P
M

. 
 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
higher (Fig. 2a), and the H2O molecules surrounding the VIII

ions are located in a more compact form (Fig. 2b), which makes
the nearest neighboring vanadium ions detectable.

In the feeble network of theMG1 andMG2 systems, although
the number of water molecules in the rst coordination shell of
Fig. 4 The 3D trajectories of the marked VIII ions in the (a) MG1, (b) MG

36804 | RSC Adv., 2021, 11, 36801–36813
metal ions is reduced, there is not a remarkable distinction
between the densities in the second shell. Generally, Fig. 2a
demonstrates large distance surrounding and determinant role
of the DMF solvent toward the metallogel formation.
2 and (c) MG3 systems under ambient conditions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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As illustrated in Fig. 3, the RDF of vanadium ions represents
relatively higher peaks at 13, 23, 30, and 35 Å and shallower
valleys for the MG3 system than the other two systems. It can be
inferred from Fig. 3 that by increasing the DMF/H2O solvent
ratio, the vanadium ions are arranged in a relatively more
ordered fashion relative to each other. As a result of the
formation of a more robust metallogel network in MG3 system,
vanadium ions and water molecules are arranged in a more
orderly manner inside of the DMF, BTC, and adenine mole-
cules' network.

To study the dynamic properties of the metallogel, ve VIII

ions were randomly marked and their 3D trajectories (under
ambient conditions in the last 4 ns of simulation time) were
studied to obtain the best gelation conditions (Fig. 4). As shown
in Fig. 4 the obtained results show that by increasing the DMF/
H2O solvent ratio, the DMF molecules aggregate more effec-
tively around the metallic ions. As a result, the vanadium ions
are entrapped by their neighboring DMF, BTC, and adenine
Fig. 5 The configuration of Voronoi tessellation for simulated systems at
44.8, 44.9 and 45 ns are indicated in black, blue and red respectively).

© 2021 The Author(s). Published by the Royal Society of Chemistry
molecules by increasing the DMF/H2O solvent ratio. This
ensures that in the MG3, the self-assembly of the components is
not disturbed over the time and the moving patterns of vana-
dium ions within the structure are similar to each other
(Fig. 4c). Interestingly, the similar translating moving pattern of
metal ions in the MG3 system, demonstrates a relatively more
ordered and robust metallogel network formation due to the
robust potency of DMF molecules (Fig. 4). It was previously
demonstrated in Fig. 2a that increasing the DMF/H2O solvent
ratio results in forming a slightly more ordered arrangement of
the DMF molecules around metallic ions. For more investiga-
tions, VIII ions, are selected and their 2D trajectories with
highlighted curves are tracked in the XY plane (Fig. S2†).

Aer evaluating the signicant role of the self-assembly
between metallic ion and the other components in the forma-
tion of metallogel, Voronoi tessellation demonstrates the
proper representation of the evolution of this self-assembly. In
the next step, the dynamic properties of the VGel were assessed
room temperature: (a) MG1, (b) MG2, and (c) MG3 (the configurations in

RSC Adv., 2021, 11, 36801–36813 | 36805
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Table 2 The centroid–centroid distance between the benzene ring of
two adjacent BTC and adenine–BTC molecules in MG1 and MG3
systems at ambient conditions

MG1 MG3

Centroid–centroid distance between two
hexagonal ring (Å)

BTC–BTC 3.9623 � 0.2974 3.8692 � 0.2477
Adenine–BTC 3.9220 � 0.3294 3.7161 � 0.2208

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:3

7:
25

 P
M

. 
 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
using Voronoi tessellation. In the Voronoi tessellation, each
vanadium coordinate (by projection on the XY plane) is depicted
as the center of a Voronoi cell with metal ion core and specied
boundary. The Voronoi cells for half of the selected vanadium
ions are simulated for each of the MG1, MG2, and MG3 systems
at 44.8, 44.9, and 45 ns (Fig. 5).

As shown in Fig. 5, when the metallogel is not formed rmly
in the MG1 system, the new Voronoi networks are constantly
disintegrated and altered over time, and undergoes signicant
changes in its geometrical shape. As displayed in Fig. 5, in the
MG3 system, with a more stable gel, aer gel formation, the
geometrical shape of the Voronoi cells inside the box does not
change remarkably over the time, but the whole set experiences
a limited transfer displacement over the time. In comparison
with the Voronoi evolution in MG1, by increasing the stability of
the formed gel in the MG2 and MG3 cases, the Voronoi cell tests
changed to more stable networks.

Calculating the mean standard deviation (SD) of each cell's
area over time is a leading method for quantitative investiga-
tions of Voronoi cells. As a result, SD of the MG1 system
calculated 11.3933 Å2, while for the MG2 and MG3 systems
6.0556 and 4.2319 Å2, respectively. The time evolution of Vor-
onoi tessellation for the simulated systems is presented in the
ESI Video (see ESI 2†).

3.2.1. Interaction energies. To understand the self-
assembly mechanism of the metallogel components in the
nanoscale, the non-covalent (van der Waals and electrostatic)
interactions between VIII and other component molecules, were
investigated through MD simulation (Table 1). In all simulated
systems (MG1, MG2, and MG3), VIII ions did not aggregate with
gelator molecules (VIII:BTC and VIII:Ade), which are indicated by
relatively insignicant non-covalent energies. In contrast, the
calculated energies between VIII ions and solvent molecules
(VIII:H2O and VIII:DMF), were considerable. In more detail by
increasing the DMF participation in the gel network from MG1
to MG2 and MG3 the calculated energies for VIII:DMF unlike
VIII:H2O increased in a parallel manner. The negative charge
and value of all the calculated electrostatic energies for VIII:-
solvents interactions with the vdW interactions, represented
their attractive type and prominent role in the gelation process,
respectively. Based on the experimental section, we could
conclude that aer the reduction of VIVO2+ complexes to VIII

ions, strong electrostatic potential energies have presided over
VIII and H2O molecular aggregations formed almost
Table 1 The vdW and electrostatic interaction energies between VIII ions
conditions

Interaction energy
of vanadium &

MG1 MG2

vdW
(kcal mol�1)

Electrostatic
(kcal mol�1)

vdW
(kcal mol

Water 2639.74 � 69.34 �42070.08 � 1008.49 2555.91 �
DMF 38.94 � 10.93 �2588.74 � 242.39 118.98 �
Adenine �1.68 � 0.24 27.63 � 44.97 �1.82 �
H3BTC �1.59 � 0.35 �215.77 � 54.99 �1.73 �

36806 | RSC Adv., 2021, 11, 36801–36813
immediately. However, by increasing the DMF/H2O ratio, from
MG1 to MG2 and MG3, the movement of VIII ions is more
restricted which leads to the gel formation. It is noteworthy that
this result is in good agreement with the experimental studies
by Szejgis et al. that by increasing the organic solvent content,
the size of the solvation shell increased and the mobility of the
cation was reduced.71

Time evolution of the vdW and electrostatic interactions
between the gel contents in the MG1, MG2, and MG3 systems
are investigated in detail (Fig. S3 and S4†). To specify the gelator
molecules' (BTC and Ade) structural alterations, we needed
a numerical insight into their non-covalent interactions by
studying their p–p stacking interactions (Table 2). On the other
hand, it is worth mentioning that p–p stacking and p–cation
interactions is recognized as stable and strong as hydrogen
bonds and salt bridges.35–39

In all MG1 to MG3 simulated systems, small aggregates of
gelator molecules were preferentially organized in a parallel
fashion, around the solvated VIII ions and the calculated
centroid–centroid distances between adjacent gelator molecules
were in better agreement with previous reports in the MG3
simulation (Table 2).72,73 We studied the RDF of VIII cations
concerning the BTC and Ade molecules, conrming the gelator
molecules aggregation around the VIII cations (Fig. S5†).

In Fig. 6, the snapshot of the p–p stacked orientation of the
BTC with BTC and Ade with BTC molecules is illustrated in all
simulated systems. According to previous experimental studies,
BTC molecules aggregate by increasing the DMF/H2O ratio,
from MG1 to MG2 and MG3, the solubility of the BTC is
increased74 and as a result, the length of the p–p stacked BTC
bers is decreased to only 2 or 3 molecules. As proved by earlier
and other components in MG1, MG2 and MG3 systems under ambient

MG3

�1)
Electrostatic
(kcal mol�1)

vdW
(kcal mol�1)

Electrostatic
(kcal mol�1)

62.11 �37829.67 � 801.03 2259.94 � 61.85 �30240.75 � 666.88
15.64 �5821.16 � 344.60 411.27 � 34.91 �12824.91 � 597.58
0.26 16.81 � 44.96 �1.90 � 0.26 3.80 � 41.51
0.25 �210.06 � 53.20 �1.84 � 0.46 �202.38 � 47.89

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Top view snapshot of the p–p stacked orientations' interac-
tions between (a) two adjacent BTC and (b) adenine–BTCmolecules in
MG1, MG2, and MG3 systems.
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studies, the gelator molecules, BTC and adenine, can form p–p

stacked bers.72 However, as demonstrated in Fig. S6 and S7,†
by increasing the DMF/H2O ratio, from MG1 to MG2 and MG3,
the length of the p–p stacked bers is decreased to only 2 or 3
molecules.

3.2.2. Mechanical behavior under shear stress loading. We
also employed the steering MD simulation technique to inves-
tigate the mechanical properties and rheological behavior of
our metallogel in shear loading. All the MG1, MG2, and MG3
systems were simulated and exposed to shear stress with
a pulling velocity of 1 Å ns�1 for 40 ns. Aerwards, the initial
and nal congurations, as well as the time evolutions for each
case, were depicted in Fig. S8† and 7, respectively.

As demonstrated in Fig. 7 the required shear stress for
deformation of simulated networks was different for each case,
deviated from each other aer 15 ns, and increased from MG1
to MG3 through the gel formation.75–79 This indicates an
increase in the shear strength of the Vgel in the MG3 system, in
which the gel components has a more robust self-assembly.
Increasing the DMF/H2O solvent ratio in the system leads to
more ordered structure that ultimately increases the integrity of
the gel. van der Waals and electrostatic interaction energies are
also in agreement with the above results. A set of these condi-
tions makes the metallogel more resistant during applying
Fig. 7 Time evolution of shear force loading in the simulated systems a

© 2021 The Author(s). Published by the Royal Society of Chemistry
shear stress. This is in proper agreement with the observations
made about the structure of the systems in Section 3.3.

In accordance with previous research studies, throughout
the gelation process, mechanical properties such as the rigidity
of metallogels and hydrogels are increased due to gelation.75–78

The enhanced shear strength of the MG3 metallogel reinforces
the assumption that this structure is likely to be more resistant
to deformation. This assumption can be assessed in subsequent
computational studies by calculating the viscosity of the met-
allogel networks.
3.3. Characterization and solvent stimuli-response of the
VGel

The resultant metallogel (VGel) and its reactants were investi-
gated with Fourier Transform-IR spectroscopy (FT-IR), SEM and
the compartment vanadium ions were characterized with UV-
visible absorption spectrum [Fig. S9–S12†]. The rheological
and self-healing behavior of the gel was also studied [Fig. S13–
S15 in the ESI†].

Moreover, since the VGel was prepared by a simple sol-
vothermal reaction in the H2O/DMF solvent mixture it shows
great stability in the H2O/DMF mixture. We specied that VGel
interestingly displays a robust solvent dependent stability and
appropriately a solvent stimuli-response property. To verify the
stimuli-response, the gel network stability and color change of
the VGel samples, in the presence of distilled water, DMF,
ethanol ($99.5%), methanol (99.8%), 1-propanol, 1-butanol,
phenol, benzyl alcohol, dichloromethane, dimethyl sulfoxide,
chloroform, and cyclohexane, were monitored by the naked eye.
As shown in Fig. S12,† in the presence of ethanol the gel
network and color of the VGel is destructed and changed from
dark green to yellow aer 30 seconds and 3 minutes, respec-
tively, while in the case of methanol the mentioned times were
changed to 5 minutes and 30 minutes, and in the presence of
water, the network integrity and seaweed green color of the VGel
network remained stable and showed no marked visible
changes even aer a couple of months. From these observa-
tions, we concluded that the fascinating variable colors of
t room temperature.
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different vanadium ions made the VGel suitable for redox-
responsive properties. These unique properties of VGel, lead
us to develop a fast and easy visualization assay for measuring
alcohol content and detecting methanol-spiked liquor.
3.4. Alcohol content visualization and quantication

Based on previous reports (Fig. S10†),80,81 and MD simulations
(Section 3.1), we concluded that redox-active VIII ions were
readily entrapped into the VGel. The solvent stimuli-responsive
property of VGel as described above (Section 3.3), along with the
VIII/VV redox chemistry brings out the basis of our proposed
simple visualization assay. As shown in Fig. 8a and b, the
addition of ethanol/water mixtures with different ratios (0–60%
(v/v), 1 ml) into the 1.37 g samples of VGel, that were prepared
with a 3 minute mild vortex, the color of the VGel samples
gradually turns from seaweed green to yellow and simulta-
neously decreases the absorbance intensity.

These results represent an increase in the rate of VIII/VV

redox reaction as a function of increased ethanol concentration,
proving the alcohol content of the liquor could be easily visu-
alized by the naked eye through the color change of the VGel
from dark green to yellow. Moreover, to develop an easy and fast
technical method for quantication of alcohol content, we
employed the solvent stimuli-response property along with UV-
visible spectroscopy. For this purpose, 1.37 g samples of VGel
were immersed in the different ethanol/water ratio mixtures for
150 seconds (2.5 minutes). In this case, the intensity of the
absorption peak at 581 nm could be used as a signal for alcohol
content quantication (Fig. 8b). As demonstrated in Fig. 8c the
intensity of the absorption increases linearly with the
enhancement of the alcohol content from 0% to 60% (y ¼
�0.0153x + 1.3682, R ¼ 0.9952). This result validates our
Fig. 8 (A) Color change photographs of VGel pieces (1.37 g) resulted from
(B) UV-visible absorption of VGel pieces (1.37 g) resulted from the addition
581 nm. (C) Beer–Lambert linear relationship of absorption intensity at 5

36808 | RSC Adv., 2021, 11, 36801–36813
employed method for visualization and quantication of
alcohol content.

Fig. 9a and c show typical UV-vis spectra of VGel decolor-
ization at given time intervals for EtOH andMeOH, respectively.
For both alcohols, the intensity of maximum absorption wave-
lengths gradually decreased by increasing the time. Aer 2.5
and 30 min, for EtOH and MeOH respectively, peaks at 581 nm
vanish completely suggesting VGel complete decomposition
with different rates. The rate constants k for EtOH and MeOH
were determined by linear plots of At/A0 and ln(At/A0) over time
match by zero- and pseudo-rst-order reaction equations,
respectively (Fig. 9b and d).
3.5. Differentiation of methanol-spiked liquor

To test our hypothesis, we attempted to analyze methanol in the
headspace of counterfeit beverages, the detector not only was
able to differentiate between methanol and ethanol molecules
with high chemical and physical similarity, but also was able to
differentiate methanol in the presence of very high ethanol
concentrations. For this purpose, the stimuli-response of VGel
samples (1.37 g) that were exposed to methanol for 150 seconds,
in the range of 0.4–12.4% with an interfering ethanol concen-
tration of 40%, were investigated. As shown in Fig. 10 the
absorbance intensity has a strong linear dependency with
methanol concentration and is represented with the equation y
¼ 0.084x + 0.5964 and R2 ¼ 0.9918. As described above this
behavior was presumably illustrated by the redox reaction of
VIII/VV in the presence of ethanol. The presence of methanol,
also in trace amounts increases the stability of the VGel,
resulting in slower color change by decreasing the rate of VIII/VV

redox reaction. The limit of detection (LOD) was calculated
according to the 3s/s criterion, where s is the standard
the addition of 1 ml of ethanol/water mixtures (vol% 0, 20, 40, and 60),
of 1 ml of ethanol/water mixtures (vol% 0, 10, 20, 30, 40, 50 and 60) at
81 nm and ethanol concentrations of described mixtures in (C).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a and c) Time-dependent UV-vis spectra of the VGel in the presence of ethanol and methanol, respectively; (b and d) reaction rate
constant k estimated by the slope of At/A0 and ln(At/A0) vs. reaction time.
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deviation (SD) for each methanol with n ¼ 5 measurements and
s is the slope. The calculated LOD for methanol percent detec-
tion was calculated 6% (v/v) of methanol in 40% (v/v) of ethanol.
Fig. 10 Beer–Lambert linear relationship of absorption of VGel pieces
(1.37 g) resulted from the addition of 1 ml of methanol (vol% 0.4, 3.4,
6.4, 9.4, 12.4 in 40% volume ethanol) for 5 times at 581 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
These results propose a great potential for the on-spot detection
of counterfeit beverages.

Overall, the great solvent stimuli-responsive properties of
VGel enable us to declare a reasonable promise for introducing
a novel metallogel for visualizing alcohol content and counter-
feit liquor, as a technically simple and cheap method.
4. Conclusion

In conclusion, using a simple crystal engineering trick we were
able to introduce the vanadium metal ion into the trimesic acid
and adenine organogel and prepare a solvent stimuli-responsive
metallogel (VGel). In the simulation section of this work, the
structural and dynamic properties, as well as the mechanical
behavior of the metallogel were investigated using molecular
dynamics simulations. The radial distribution functions and
the position of vanadium atoms results in three MG1, MG2, and
MG3 systems showing that by increasing DMF/H2O solvent ratio
the metallogel network forms more effectively. For a better
understanding of mechanical-behavior of the gel network,
a shearing force with a constant pulling velocity was individu-
ally applied to the systems. Numerical results indicate a higher
RSC Adv., 2021, 11, 36801–36813 | 36809
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shear force and almost elastic behavior with signicant shear
rigidity in MG3 compared to the MG1 and MG2 cases. As ex-
pected, by spatial coordinates and Voronoi tessellation assess-
ments of the vanadium ions aer gelation in the MG3 system,
the network did not reveal particular alterations over the
simulation time.

By exploiting the unique properties of VGel, including its
excellent water stability and solvent stimuli-responsive speci-
cation, a technically easy and fast visualization method for on-
spot recognition of alcohol content and detection of methanol-
spiked liquor have been successfully developed. The special and
noteworthy superiorities of our demonstrated essay over ordi-
nary methods are its low cost, green chemical components,
rapid sensing feature, and simplicity of the operation and
instrumentation. These superiorities signify the suitability of
this visualization essay as a promising method for alcohol
content sensing and methanol-spiked liquor detection.
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14 K. Svensson, L. Bülow, D. Kriz and M. Krook, Investigation
and evaluation of a method for determination of ethanol
with the SIRE® Biosensor P100, using alcohol
dehydrogenase as recognition element, Biosens.
Bioelectron., 2005, 21, 705–711, DOI: 10.1016/
j.bios.2005.01.001.

15 J. Van den Broek, S. Abegg, S. E. Pratsinis and A. T. Güntner,
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53 A. S. Côté, A. N. Cormack and A. Tilocca, Reactive molecular
dynamics: An effective tool for modelling the sol–gel
synthesis of bioglasses, J. Mater. Sci., 2017, 52, 9006–9013,
DOI: 10.1007/s10853-017-1009-6.

54 X. Jiang, C. Wang and Q. Han, Molecular dynamic
simulation on the state of water in poly(vinyl alcohol)
hydrogel, Comput. Theor. Chem., 2017, 1102, 15–21, DOI:
10.1016/j.comptc.2016.12.041.

55 J. C. Phillips, R. Braun, W. Wang, J. Gumbart,
E. Tajkhorshid, E. Villa, C. Chipot, R. D. Skeel, L. Kale and
K. Schulten, Scalable Molecular Dynamics with NAMD, J.
Comput. Chem., 2005, 26, 1781–1802, DOI: 10.1002/
jcc.20289.

56 R. B. Best, X. Zhu, J. Shim, P. E. M. Lopes, J. Mittal, M. Feig
and A. D. MacKerell Jr, Optimization of the Additive
CHARMM All-Atom Protein Force Field Targeting
Improved Sampling of the Backbone f, c and Side-Chain
Χ1 and Χ2 Dihedral Angles, J. Chem. Theory Comput., 2012,
8, 3257–3273, DOI: 10.1021/ct300400x.
36812 | RSC Adv., 2021, 11, 36801–36813
57 J. Huang, S. Rauscher, G. Nawrocki, T. Ran, M. Feig, B. L. de
Groot, H. Grubmüller and A. D. MacKerell Jr, CHARMM36m:
An Improved Force Field for Folded and Intrinsically
Disordered Proteins, Nat. Methods, 2017, 14, 71–73, DOI:
10.1038/nmeth.4067.

58 N. Zhang, B. Yang, J. Huo, W. Qi, X. Zhang, X. Ruan, J. Bao
and G. He, Hydration Structures of Vanadium/
Oxovanadium Cations in the Presence of Sulfuric Acid: A
Molecular Dynamics Simulation Study, Chem. Eng. Sci.,
2019, 195, 683–692, DOI: 10.1016/j.ces.2018.10.014.

59 E. Wernersson and P. Jungwirth, Effect of Water
Polarizability on the Properties of Solutions of Polyvalent
Ions: Simulations of Aqueous Sodium Sulfate with
Different Force Fields, J. Chem. Theory Comput., 2010, 6,
3233–3240, DOI: 10.1021/ct100465g.

60 W. R. Cannon, B. M. Pettitt and J. A. McCammon, Sulfate
Anion in Water: Model Structural, Thermodynamic, and
Dynamic Properties, J. Phys. Chem., 1994, 98, 6225–6230,
DOI: 10.1021/j100075a027.

61 W. L. Jorgensen, J. Chandrasekhar, J. D. Madura,
R. W. Impey and M. L. Klein, Comparison of Simple
Potential Functions for Simulating Liquid Water, J. Chem.
Phys., 1983, 79, 926–935, DOI: 10.1063/1.445869.

62 T. Darden, D. York and L. Pedersen, Particle Mesh Ewald:
An N.Log (N) Method for Ewald Sums in Large Systems, J.
Chem. Phys., 1993, 98, 10089–10092, DOI: 10.1063/1.464397.

63 W. Humphrey, A. Dalke and K. Schulten, VMD: Visual
Molecular Dynamics, J. Mol. Graphics, 1996, 14, 33–38,
DOI: 10.1016/0263-7855(96)00018-5.

64 G. M. Peters and J. T. Davis, Supramolecular gels made from
nucleobase, nucleoside and nucleotide analogs, Chem. Soc.
Rev., 2016, 45, 3188–3206, DOI: 10.1039/C6CS00183A.

65 X. Liu, Q. Zhang, Z. Gao, R. Hou and G. Gao, Bioinspired
adhesive hydrogel driven by adenine and thymine, ACS
Appl. Mater. Interfaces, 2017, 9, 17645–17652, DOI: 10.1021/
acsami.7b04832.

66 H. Kuang, H. He, Z. Zhang, Y. Qi, Z. Xie, X. Jing and
Y. Huang, Injectable and biodegradable supramolecular
hydrogels formed by nucleobase-terminated poly(ethylene
oxide) s and a-cyclodextrin, J. Mater. Chem. B, 2014, 2, 659–
667, DOI: 10.1039/C3TB21475C.

67 P. K. Sukul and S. Malik, Supramolecular hydrogels of
adenine: Morphological, structural and rheological
investigations, So Matter, 2011, 7, 4234–4241, DOI:
10.1039/C1SM05055A.

68 M. Maresca, A. Derghal, C. Carravagna, S. Dudin and
J. Fantini, Controlled aggregation of adenine by sugars:
physicochemical studies, molecular modelling simulations
of sugar–aromatic CH–p stacking interactions, and
biological signicance, Phys. Chem. Chem. Phys., 2008, 10,
2792–2800, DOI: 10.1039/B802594K.

69 J. Lu, C. Hu, H. Liu, H. Gao and Y. Ju, Water-induced gel
formation of an oleanlic acid–adenine conjugate and the
effects of uracil derivative on the gel stability, So Matter,
2012, 8, 9576–9580, DOI: 10.1039/C2SM26085A.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07055j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
N

ov
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

12
:3

7:
25

 P
M

. 
 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
70 Z. Zhang and M. J. Zaworotko, Template-directed synthesis
of metal–organic materials, Chem. Soc. Rev., 2014, 43,
5444–5455, DOI: 10.1039/C4CS00075G.

71 A. Szejgis, A. Bald, J. Gregorowicz and M. Żurada,
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