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ABSTRACT
Polysulfides (PS) are versatile sulfur-rich polymers synthesized via the inverse vulcanization of elemental sulfur, a simple one-
pot method that transforms an abundant, low-cost residue into a functional material. In this work, we employed different PS 
structures as sensing units in an electronic tongue (e-tongue) to detect the metal ions Hg2+, Ag+, and Fe3+. Detection was based 
on impedance spectroscopy, with capacitance data from three sensors processed using a multidimensional projection technique 
and machine learning. The e-tongue distinguished the three metal ions at various concentrations, down to 1 nM for Hg2+, with 
a silhouette coefficient of 0.95. This high efficiency may be attributed to sulfur domains in PS acting as multiple active sites for 
metal sorption and binding. Using machine learning within the framework of multidimensional calibration space (MCS), the 
accuracy in distinguishing metal ion concentrations reached ~99%.

1   |   Introduction

Heavy metal ions are highly toxic pollutants that are nonbiode-
gradable and accumulate in the environment, representing a se-
rious threat to ecosystems and human health even at low levels 
[1–3]. Straightforward, fast, and sensitive methods are essential 
to identify such low concentrations. Since traditional analytical 
techniques (e.g., atomic absorption spectroscopy and inductively 
coupled plasma mass spectrometry) involve expensive equip-
ment, long analysis times, specialized personnel, among other 
drawbacks, efforts have been made toward cost-effective alter-
native detection methods [4, 5]. In this context, sensors are an 
interesting alternative as they can be designed into portable or 
even wearable devices, allowing real-time detection of analytes 
[6–10]. Electronic tongues (E-tongues) are particularly appeal-
ing due to their global selectivity [11]. These systems consist of 

a multicomponent sensor array with cross-sensitivity, based on 
the combination of nonspecific sensing units, offering signifi-
cant advantages in the analysis of complex samples [12].

Many types of materials can be used in the sensing units of e-
tongues. They include metal nanoparticles which impart a high 
performance but are disadvantageous owing to their cost, mul-
tistep preparation, and toxicity [13, 14]. Elemental sulfur (ES) 
is an alternative material with nontoxic nature, low cost, and 
high availability as an industrial residue [13–17]. Additionally, 
sulfur's metal binding tendency is appealing for heavy metal 
sensing [4, 14, 18]. However, ES processing into functional 
products has been limited due to the fragility of the resulting 
materials and its immiscibility with most solvents [15, 16]. The 
inverse vulcanization method overcame these issues, producing 
functional sulfur-based polymers (i.e., polysulfides) [19]. It is a 
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simple and direct one-pot reaction with no solvent use and no 
by-product formation, thus a sustainable and economically via-
ble process [19–22].

Polysulfide (PS) functionality and properties can be easily 
tailored by modifications in the chemical structure or in the 
morphology [23]. These polymers have been studied for their 
dynamic covalent bonding, polarizability, high refraction index, 
and redox activity [13, 15, 16], in applications that include cath-
odes in lithium batteries [19, 24–26], optical materials for IR 
[27–30], and adsorbents for heavy metals [31–36]. The latter 
demonstrates PS affinity with different metal ions, most notably 
Hg2+ and Fe3+ [1]. The use of PS for heavy metal sensing was 
suggested by Crockett et  al. (2016) while observing a chromic 
response from PS with Hg2+ addition; however, the application 
as a sensor was not tested by the authors [32]. In Liao et al. (2021) 
Cu nanoparticles were immobilized in PS for electrochemical 
glucose sensing [37]. Despite indications that PS assisted in Cu 
activity, the polymer was not explored as the sole active mate-
rial [37].

Herein, a polysulfide-based E-tongue was developed to detect 
heavy metals. We intended to explore PS as a functional and 
easily prepared sensing material that features multiple avail-
able active sites with high affinity toward metal ions. For that, 
we evaluated the performance in the simultaneous detection of 
Hg2+, Ag+, and Fe3+. Measurements were taken with impedance 
spectroscopy, which does not require electroactive materials 
or reference electrodes [11]. Data processing and calibration 
were conducted with multidimensional projection and machine 
learning techniques.

2   |   Materials and Methods

2.1   |   Materials

All chemicals were used as received unless otherwise stated. 
Elemental sulfur (Synth, Brazil), 1,3-diisopropenylbenzene 
(Oakwood Chemicals, USA) and oleylamine (Sigma-Aldrich, 

USA) were used to synthesize the polysulfides. Tetrahydrofuran 
(THF, Dinâmica, Brazil) was used to solubilize the polymers. 
The following reagents were used to prepare the heavy metal 
solutions: HgCl2 and FeCl3.6H2O (Sigma-Aldrich, USA), 
AgNO3 and Cr(NO3)3 (Dinâmica, Brazil), PbCl2, CuSO4.5H2O 
and MgCl2.6H2O (Êxodo Científica, Brazil), and ZnSO4.7H2O 
(Vetec, Brazil).

2.2   |   Polysulfide Synthesis

Polysulfides were prepared by the inverse vulcanization of el-
emental sulfur (ES) [19, 38], using different dienes and vary-
ing sulfur ratios, as indicated in Figure 1 and Figure S1. Two 
polymers were synthesized with 1,3-diisopropenylbenzene 
(DIB) as the diene, either with 50 wt% or 70 wt% of ES (S50-
DIB and S70-DIB, respectively), in order to compare the ef-
fect of different sulfur contents on the sensing performance. 
Another polymer was prepared with 50 wt% ES and a mixture 
of dienes, namely DIB (35 wt%) and oleylamine (OL, 15 wt%), 
referred to as S50-DIB/OL. The aim was to compare polysul-
fides with similar ES contents but distinct diene structures. 
The synthesis was carried out by adding ES to a glass vial 
and heating it in an oil bath under constant stirring with a 
magnetic bar (700 rpm). After reaching 160°C and initiating 
ES ring-opening polymerization (ROP), the dienes were added 
dropwise, keeping vigorous stirring to ensure proper homog-
enization of the reaction medium. The reaction was main-
tained at ca. 165°C until vitrification at 10 min, followed by 
cooling the materials to room temperature.

2.3   |   Characterization

Elemental compositions were obtained with CHNS elemental 
analysis (FlashSmart, Thermo Scientific). Fourier transform 
infrared (FTIR) spectroscopy measurements were conducted 
in a spectrophotometer (VERTEX 70, Bruker) using the ATR 
method at the range of 4000–400 cm−1. Differential scan-
ning calorimetry (DSC) was performed with Q100 equipment 

FIGURE 1    |    Chemical scheme of polysulfide formation by the inverse vulcanization of elemental sulfur with different dienes (R = DIB, OL). [Color 
figure can be viewed at wileyonlinelibrary.com]
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(TA Instrument) with temperatures ranging from −50°C to 
200°C at 10°C/min−1, under nitrogen purge (50 mL.min−1). 
Samples (3–8 mg) were sealed in aluminum sample pans for 
the analysis. X-ray photoelectron spectroscopy (XPS) mea-
surements were performed using a Scienta Omicron ESCA 
system equipped with a hemispherical analyzer (EAC-2000). 
A monochromatic Al Kα source (hν = 1486.7 eV) was used for 
excitation, and analyses were conducted under ultra-high vac-
uum. Spectral data processing was conducted with CasaXPS 
software using the C1s peak (284.8 eV) as a reference for cal-
ibration. Scanning Electron Microscopy (SEM) images were 
acquired using a JSM-6510 (JEOL) microscope equipped with 
an energy-dispersive X-ray spectroscopy (EDS) detector. Prior 
to this, samples were placed on aluminum discs (stubs) with 
carbon tape, followed by coating with a thin carbon layer in 
an ionization chamber (Med 020, BALTEC). Polarization-
modulated infrared reflection-absorption spectroscopy 
(PM-IRRAS) spectra were obtained with a KSV-PMI 550 spec-
trophotometer (KSV Instruments), using a spectral resolution 
of 8 cm−1 and an incidence angle of 81°.

2.4   |   Heavy Metal Detection Experiments

2.4.1   |   Electrode Preparation

Gold interdigitated electrodes were manufactured by conven-
tional photolithography, where 6 × 6 cm BK7 glass slides were 
treated, firstly with hexamethyl-disiloxane (HMDS), followed 
by positive photoresist AZ4210 deposition by spin coating for 
30 s. The slides were then cured on a metal plate at 118°C for 
10 min and exposed to UV light for 10 s for polymerization of the 
photoresist from a lithographic mask for the interdigitated elec-
trode. Then, the slides were treated with tetrabutylammonium 
hydroxide, followed by metallization via sputtering with chrome 
(100 μm) and gold (20 μm). The metalized slides were immersed 
in acetone to remove the metal deposited on the photoresist, 
generating electrodes with 50 pairs of interdigits 10 μm wide, 
10 μm apart from each other. With this configuration, a capaci-
tive profile was obtained. The electrode surface was modified by 
drop-casting 4 μL of polysulfide solution (10 mg.mL−1 in THF), 
followed by drying at room temperature for complete solvent re-
moval. The electrodes went through a visual selection process to 
compose the electronic tongue.

2.4.2   |   Electric Measurements and Data Acquisition

The PS-modified electrodes (S50-DIB, S50-DIB/OL, and S70-
DIB) were then studied for discrimination of three heavy metal 
ions (Hg2+, Ag+, and Fe3+) using electric impedance spectros-
copy with an impedance analyzer Solartron 1260 A (Solartron 
Analytical, USA) (a setup scheme can be seen in Figure  S2). 
The impedance data were acquired under an AC potential of 
50 mV in a frequency range from 1 to 106 Hz, with 3 points per 
decade and measurements in triplicates. Capacitance data were 
obtained from the impedance values, calculated by the SMaRT 
v3.3.1 software, and used in the following data processing 
steps. The electric measurements were conducted after expos-
ing the sensing units to 20 μL of different solutions, first with 
distilled water and then with 10 mM solutions of either Hg2+, 

Ag+, or Fe3+. Then, solutions with different concentrations 
were measured separately for each metal ion, considering the 
safety limits recommended by regulatory authorities [3], namely 
0–50 nM for Hg2+, 0–15 μM for Ag+, and 0–100 μM for Fe3+. An 
experiment with potential interferents, that is, metal ions found 
in contaminated water samples (Pb2+, Cu2+, Cr3+, Mg2+, and 
Zn+), was performed similarly. Another set of measurements 
was conducted with tap water samples collected in São Carlos 
(São Paulo, Brazil), at the geographical coordinate 22°00′44.8”S 
47°53′46.9”W. The tap water was spiked with either Hg2+, Ag+, 
or Fe3+, with a final concentration of 10 mM. For this, 50 mM 
stock solutions of each metal ion were previously prepared in 
distilled water.

2.4.3   |   Data Processing With Multidimensional 
Projection Techniques

Information visualization and statistical treatment of the capaci-
tance data were performed with Interactive Document Mapping 
(IDMAP) and Principal Component Analysis (PCA) techniques 
using PEx Software [39] to evaluate selectivity and the possible 
presence of false positives. In this technique, Euclidean distances 
are calculated between the capacitance spectra for different heavy 
metals samples in the original space X = {x1, x2, x3, …, xn} and pro-
jected onto a lower dimensional space, where Y = {y1, y2, …, yn} is 
the mapping of X elements using Euclidean distances also in the 
new 2D space. The projections are calculated using Equation (1), 
where δmax and δmin are the maximum and minimum distances 
between data instances, respectively, (δ(xi,xj)) are Euclidean 
distances of samples in the original space and d(yi − yj) are the 
Euclidean distances in the lower dimensional space.

2.5   |   E-Tongue Multidimensional Calibration

The three sensors array (e-tongue) under investigation com-
prises the architectures S50-DIB, S50-DIB/OL, and S70-DIB, 
providing each the capacitance value at 19 frequencies (1–106 
Hz), leading to 57 frequencies in total. For a robust analysis, 
the Multidimensional Calibration Space (MCS) method was 
used [40], supplying predictability and explainability (i.e., in-
terpretability) for sensor calibration. MCS is based on classi-
fication models from machine learning [41, 42], which were 
used here to classify samples among four classes, namely Ag, 
Fe, Hg, and Interferent (samples of Pb, Cr, Cu, Zn, or Mg). MCS 
involves Decision Tree (DT) [41–43] models used to create cal-
ibrations, and ExMatrix [44] was used for interpretability. To 
assess DT's hyperparameters combinations and estimate per-
formance, the Nested KFold Cross-Validation was conducted 
[45, 46]. While MCS supports model interpretability, the Nested 
KFold Cross-Validation delivers truthful performance estima-
tion along with hyperparameters selection. In the Nested KFold 
Cross-Validation, two KFold Cross-Validation procedures are 
enclosed. Unlike with a single KFold Cross-Validation [42, 47], 
this strategy can avoid biased and optimistic (overestimation) 
performance metrics, which are typical issues with small data-
sets  [45, 46]. The inner KFold Cross-Validation loop (k_inner) 
performs for model selection, tuning the model hyperparameters 

(1)SIDMAP
�
(

xi, xj
)

− �min

�max − �min

− d
(

yi, yj
)
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[42] such as tree depth, whereas model performance is carried 
out by the outer KFold Cross-Validation loop (k_outer) [45, 46].

3   |   Results and Discussion

3.1   |   Polysulfide Characterization

Polysulfides with different characteristics were obtained by the 
inverse vulcanization of ES (Figure 1). Both S50-DIB and S70-
DIB formed red vitreous solids, the first showing more trans-
parency while the latter was opaque owing to its larger sulfur 
content. S50-DIB/OL, on the other hand, formed a brittle glossy 
black material. The synthesis with only oleylamine as the diene 
(50 wt%) was tested as well but it did not vitrify, remaining vis-
cous and sticky. The addition of DIB proved advantageous, im-
proving the material's workability. We produced polysulfides 
with different compositions and structures to compose an array 
of sensing units whose electrical responses to metal ions should 
differ. Since amino groups tend to bind to Fe3+ while sulfur 
has a strong affinity toward Hg2+, we may be able to compare 

sensitivities and interrogate sensing mechanisms. The elemen-
tal composition of the materials was determined with CHNS 
analysis, as shown in Table 1. The polysulfides consist primar-
ily of sulfur and carbon, although the sulfur contents exceeded 
the initial expectations. This could be explained by the partial 
volatilization of DIB molecules during the synthesis at elevated 
temperatures. In addition to sulfur and carbon, S50-DIB/OL 
contains a small amount of nitrogen, attributed to the oleyl-
amine chains.

The FTIR spectra in Figure 2a confirm that polysulfides were 
effectively formed. Alkene vibration modes appear at 3086 cm−1 
and 3007 cm−1 (H  C  C stretching) in DIB and OL spectra, 
respectively. These bands in PS spectra are either suppressed 
or reduced, indicating the reaction occurred successfully. The 
appearance of C-S stretching bands between 630 and 600 cm−1 
further confirms PS formation [48]. The absence of signals from 
2600 to 2550 cm−1 indicates that no S-H bonds were formed 
in parallel during the reaction. Moreover, intense S-S stretch-
ing bands are seen at 467 cm−1 in all materials. Characteristic 
aromatic ring signals appear in all materials, including C  H 
stretching (at approximately 3082, 3061, and 3026 cm−1), C  C 
stretching (at 1595, 1576, and 1483 cm−1), C  H in-plane bending 
(at 1121, 1103, and 1082 cm−1), and C  H out-of-plane bending (at 
887, 793, and 696 cm−1). Primary amine N  H bending occurs in 
the region between 1707 and 1491 cm−1 in OL spectrum, while 
in S50-DIB/OL it appears as a broad weak band at 1529 cm−1. 
The complete band assignment is provided in Table  S1 of the 
(SI). The thermal behavior of the materials was investigated 
with DSC (Figure 2b). The presence of unreacted ES particles 
within polysulfides is typically identified by ES melting transi-
tions at 109°C (orthorhombic) and 119°C (monoclinic) [33, 49]. 
These peaks are absent or negligible in all the materials (see 
also Table S2), proving ES was fully consumed and formed sta-
ble bonds within the polymer structure. The DSC thermograms 
show the glass-transition temperatures (Tg) at 8.3°C, 9.1°C, and 
28.6°C for S50-DIB/OL, S70-DIB, and S50-DIB, respectively. 
The significant increase of Tg in S50-DIB can be attributed to its 

TABLE 1    |    Mass ratios (wt%) of the reagents used to synthesize each 
polysulfide and elemental composition (wt%) of the obtained materials 
from CHNS analysis.

wt% S50-DIB S50-DIB/OL S70-DIB

ES 50 50 70

DIB 50 35 30

OL — 15 —

C 43.4 ± 0.8 44.0 ± 0.3 26.4 ± 0.5

H 3.6 ± 0.1 4.4 ± 0.1 2.0 ± 0.1

N 0 0.9 ± 0.0 0

S 57.3 ± 3.7 62.9 ± 0.3 83.7 ± 3.3

FIGURE 2    |    (a) FTIR spectra and (b) DSC thermograms of the polysulfide materials. [Color figure can be viewed at wileyonlinelibrary.com]
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higher DIB content, as aromatic rings tend to increase structure 
rigidity. In contrast, OL long chains promote more mobility to 
the polymeric structure, thus lowering the Tg.

3.2   |   Detection of Heavy Metal Ions

The sensing units containing the polysulfides were used to de-
tect Hg2+, Ag+, and Fe3+ in aqueous solutions. These metals 
were selected based on their different electronic configurations 
and importance to environmental monitoring. Mercury (Hg2+) 
ions are among the most persistent and toxic metal ions. Even 
small exposures can cause problems like neurotoxicity, cardio-
vascular diseases, kidney and liver damage, and Minamata dis-
ease [1, 2, 50]. Silver is also hazardous to the environment and 
to humans, as it can easily bind to multiple metabolites causing 
cytotoxicity and organ failure [51, 52]. Despite being necessary 
for human metabolism, iron can be harmful if in excess, lead-
ing to hemochromatosis, dysfunction of organs, Parkinson's and 
Alzheimer's [2]. We were interested in investigating whether the 
different oxidation states of these hazardous metal ions could 
lead to distinct capacitance behaviors, as these differences are 
closely related to metal ligand preferences and could influence 
their interactions with sulfur in terms of affinity, number of co-
ordination bonds, and stability. According to the hard/soft acid 
and base (HSAB) theory [53–55], for instance, soft Lewis acids 
like Hg2+ and Ag+ have a strong affinity with soft bases like sul-
fur, while hard acids (e.g., Fe3+) tend to form weak interactions. 
Besides these aspects, the diverse ionic properties and electric 
conductivities of the ions could also play a role in the capaci-
tance profile, especially in frequency regions where electrostatic 
interactions are prevalent.

The performance of the individual PS films as sensing units 
was evaluated as a preliminary test to compare their responses. 
The spectra obtained after exposure to pure water in Figure S4 
show considerably higher capacitances for S70-DIB in the en-
tire spectra. S50-DIB and S50-DIB/OL feature similar trends 
in mid-frequencies (102–105 Hz), while at lower frequencies (1–
102 Hz) S50-DIB had slightly higher capacitance. Capacitance 
in mid-frequencies is predominantly related to the electrical 
properties of the coating material and its interface with the elec-
trode, while at lower frequencies it depends on electrolyte–film 
interface interactions and the formation of an electrical double 
layer [56]. The similar behaviors of S50-DIB and S50-DIB/OL, in 
contrast to S70-DIB, indicate that the capacitive characteristics 
are mainly influenced by polymeric sulfur domains, which is 
consistent with the PS–sulfur role in batteries. Film thickness 
and morphology may also contribute to differences among the 
sensing units.

As anticipated, the electrical response varied across the different 
polysulfides, as shown in the capacitance spectra in Figure 3a–c, 
obtained after exposure to 10 mM of the three metal ions. The 
addition of silver (Ag+) significantly increased the capacitance 
in all films, likely due to its high electrical conductivity [57]. 
Migration of Ag+ ions within the polymer network and their 
interaction with sulfur may enhance the overall conductivity 
and capacitance of the polysulfides. In contrast, the presence of 
mercury (Hg2+) decreased the capacitance in all films. Although 
this effect on capacitance was modest, the impedance increased 

significantly, especially for S50-DIB and S50-DIB/OL (Figure S5). 
This is possibly related to Hg binding to sulfur sites, reducing 
electron transfer and increasing charge transfer resistance. This 
effect was more pronounced in polysulfides with lower sulfur 
contents, which may become saturated more easily. Metal bind-
ing might also induce changes in the polymer chain conforma-
tion, altering the capacitance profile. For Fe3+, the capacitance 
of S70-DIB was the most affected across all frequency regions. 
Contrary to expectations, the amino groups in S50-DIB/OL did 
not provide a conclusively specific response to iron [53–55]. The 
number of available ligands is crucial for an effective coordina-
tion arrangement with metal ions. The amino groups were prob-
ably sparsely distributed within the polysulfide structure due to 
the low content of N (Table 1) and random polymer configura-
tion, thus hindering the coordination with Fe3+.

The capacitance data were analyzed using the IDMAP multidi-
mensional projection technique for each polysulfide film, with 
Euclidean distances employed to measure statistical differences 
between the detected metals. The silhouette coefficient was used 
as a metric to validate data clustering and analyte group separa-
tion, where values closer to 1 indicate better distinguishability 
of the samples, while S close to 0 and-1 indicate that distinction 
of the clusters is neutral and deleterious, respectively [58, 59]. 
The silhouette coefficients were calculated using Equation  (2), 
where n is the number of samples, bi is the minimum average 
Euclidean distances calculated between the ith data point and 
data points of the other samples with different concentrations 
[59–61] and ai is the average of the Euclidean distances between 
the ith point and the data points of all the samples with the same 
concentration.

Figures 3d–f indicate that all polysulfide films could discrimi-
nate the capacitive responses for each metal ion and the distilled 
water control, with silhouette coefficients of 0.94 for S50-DIB 
and 0.97 for both S50-DIBOL and S70-DIB. The three sensing 
units were then combined in an e-tongue. The IDMAP plot in 
Figure 4a presents a clear separation of the sensing responses for 
the three metals, with a 0.97 silhouette coefficient. This should be 
expected as a good separation was already achieved with the in-
dividual sensing units. Using an e-tongue, nevertheless, is useful 
for the more challenging task of discriminating different concen-
trations of the heavy metals, particularly in ranges that are safe 
for human health. Regulatory authorities like the World Health 
Organization (WHO) and US Food and Drug Administration 
(FDA) recommend a limit in drinking water of 0.001 mg/L−1 
for Hg (5 nM), 0.1 mg/L−1 for Ag (0.9 μM), and 0.3 mg/L−1 for Fe 
(5.4 μM) [1, 3, 62]. As shown in the IDMAP plots in Figure S6, 
the e-tongue could discriminate the various concentrations of 
each metal separately, with silhouette coefficients of 0.93, 0.95, 
and 0.96 for Hg2+, Fe3+, and Ag+, respectively. Figure 4b shows 
that the e-tongue can also distinguish multiple concentrations of 
the three metals simultaneously, providing a single IDMAP plot 
with a silhouette coefficient of 0.95. Note that the water cluster 
is distant from the analytes, and the data are grouped in sep-
arate regions of the IDMAP plot corresponding to each of the 
heavy metals, with no overlap of the concentrations. Moreover, 

(2)S =

1

n

n
∑

i− 1

(

bi − ai
)

max
(

bi, ai
)
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concentrations as low as 1 nM Hg2+, 0.2 μM Ag+, and 1 μM Fe3+ 
could be distinguished with the e-tongue. An experiment was 
also performed with interferent metal ions, viz. Pb2+, Cu2+, Cr3+, 
Mg2+, and Zn+ (Figure 4c), which are commonly found in en-
vironmental samples contaminated by mercury, silver, or iron. 

We tested low concentrations within the recommended drink-
ing water limits and a higher concentration (10 mM). Figure 4c 
shows that all metal ions remain well discriminated from each 
other, as well as from the target heavy metals, which indicates 
a potential applicability of this sensor array. The e-tongue was 

FIGURE 3    |    Capacitance spectra and IDMAP plots of S50-DIB (a, d), S50-DIB/OL (b, e), and S70-DIB (c, f) after exposure to pure water and 10 mM 
of Hg2+, Ag+, and Fe3+. [Color figure can be viewed at wileyonlinelibrary.com]
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also evaluated for the discrimination of the targeted ions in a 
real-water sample, by spiking tap water with the metal ions. The 
e-tongue maintained a good performance, featuring a silhouette 
coefficient of 0.98 (Figure 4d), which demonstrates the robust-
ness of the proposed platform against matrix effects and indi-
cates its suitability for real-world application.

3.3   |   Sensing Mechanism Investigation

Unveiling sensing mechanisms in liquid samples can be com-
plex, as various factors may contribute to the detection process 
in impedance spectroscopy. Capacitance can be altered as a re-
sult of weak interactions of the sensing unit with the analyte, 
for instance, which may promote interfacial changes in the di-
electric layer or even small variations on the film's surface [11]. 
Sensor response can also be related to metal binding, which may 
produce changes in the material's electrical properties or mo-
lecular conformation [63]. In order to investigate the nature of 
the interactions between the polysulfides and the heavy metals, 
we first verified whether the electrical response of the sensing 
units was reproducible after being exposed to samples of the 
metal ions and cleaned with distilled water. Figure  S7 shows 
that while the response of the sensing units could be almost 
fully recovered after interacting with Ag+ and Fe3+, the same did 

not apply for Hg2+. The strong ionic character of Ag+ and Fe3+ 
probably favored electrostatic interactions instead of coordina-
tion interactions. In contrast, Hg2+ ions were permanently ad-
sorbed on PS owing to the strong binding tendency with sulfur 
domains. This strong interaction may be exploited when selec-
tivity toward Hg is required. However, the Hg binding can also 
be a disadvantage to the reusability of the sensing units. There 
are, however, successful methods for PS recovery that could be 
explored in future studies, including treatments with acid solu-
tion and electrochemical stripping [35, 64].

A XPS analysis was performed to confirm whether Hg2+ re-
mains permanently adsorbed onto the PS structure. To identify 
this interaction and simulate the events at the electrode surface, 
S50-DIB powder was analyzed by XPS before and after expo-
sure to Hg2+ (methodology can be verified at SI). The recorded 
C1s and S2p regions of S50-DIB feature characteristic PS peaks 
(Figure 5a,b). The C1s spectrum in Figure 5a was deconvoluted 
into two peaks at binding energies (BE) of 284.7 eV and 285.9 eV, 
corresponding to C  C and C  S bonding, respectively [65, 66]. 
A π–π* satellite peak can also be seen at 290.1 eV (i.e., ~6 eV 
shift from the main peak), consistent with delocalized electrons 
from aromatic systems [67, 68]. The S2p region in Figure  5b 
shows two doublets from spin-orbit splitting of the S2p core level 
into S2p3/2 and S2p1/2 components (~1.2 eV separation and 2:1 

FIGURE 4    |    IDMAP plots of the e-tongue data: (a) for fixed concentrations (10 mM) and (b) multiple concentrations of Hg2+, Ag+, and Fe3+; (c) 
for different interferents (Pb2+, Cu2+, Cr3+, Mg2+, and Zn+); and (d) for tap water samples spiked with Hg2+, Ag+, and Fe3+ (10 mM solutions). [Color 
figure can be viewed at wileyonlinelibrary.com]
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intensity ratio) [66, 67]. These doublets appear at 163.5/164.7 eV 
and 164.0/165.2 eV, representing S-C and S-S bonds, respectively 
[66, 69, 70]. It is worth mentioning that, due to the random na-
ture of the polymeric network, the PS material probably con-
tains multiple overlapping S  C and S  S environments that lead 
to broader and less distinguishable doublets. No peaks were de-
tected near 169 eV, indicating the absence of sulfates or oxidized 
sulfur species [66, 70].

After being exposed to Hg2+, S50-DIB exhibited subtle changes 
in the C1s and S2p spectra in Figure 5c,d, in addition to the ap-
pearance of Hg 4f peaks (Figure 5e), confirming Hg sorption by 
PS. C1s peaks slightly shifted to lower BE in Figure 5c, while 
the π–π* satellite peak disappeared entirely, indicating a change 
in the overall electronic distribution induced by Hg interaction. 
In S2p spectra in Figure 5d, S-S peaks featured a more notice-
able shift toward higher BE, suggesting a coordination interac-
tion between S atoms and Hg. Additionally, S  S relative area 
reduction further supports sulfur participation in the sorption 
process. The Hg4f spectrum in Figure  5e features spin-orbit 
doublets (Hg4f7/2 and Hg4f5/2, ~4.0 eV splitting, 4:3 ratio) at 
101.1/105.0 eV and 102.1/106.0 eV [71]. These are consistent with 
Hg2+ sorption in distinct chemical environments, likely related 
to different S  S and S  C domains from the PS [72, 73]. Based 
on the absence of Hg0 (~99.8 eV) and Hg1+ (~103.6 eV) peaks, it 
can be concluded that Hg was adsorbed without being reduced 
or precipitating [73]. The XPS spectra survey from both samples 
can be seen in Figure  S8. SEM-EDS elemental mapping was 
also performed, showing that while S50-DIB mainly contains 
sulfur and carbon (Figure S9), as evidenced in CHNS analysis 
(Table  1), mercury is homogeneously distributed over the PS 
surface after the polymer was exposed to the metal (Figure 5f), 
confirming the chemisorption.

A PM-IRRAS analysis was conducted to further investigate the 
sensing mechanisms of the films (Figure S10). Changes in film 
spectra after exposure to metal ions commonly indicate adsorp-
tion processes taking place, with changes in the dipole modes 
[74]. Overall, no significant modifications were identified in 
the studied range regarding molecular re-orientation (i.e., shift 
from parallel to perpendicular vibrations, and vice versa) [75]. 
This is possibly related to chain rigidity promoted by DIB groups. 
However, it is worth noting that the spectra range does not in-
clude IR lower frequencies (< 800 cm−1) where C-S and S-S vibra-
tion modes are observed. The latter should be the most affected 
by interactions with the metal ions. Still, most of the spectra 
show a shifting or broadening of the bands. S50-DIB was the 
least affected, probably due to its greater DIB content. S50-DIB/
OL displays wider bands with Hg and Ag, suggesting that the 
structure became less organized to accommodate these ions [75]. 
The same pattern can be observed in S70-DIB spectra in the pres-
ence of Ag and Fe. Both in the case of S50-DIB/OL and S70-DIB, 
PM-IRRAS modifications with specific metals are in line with 
capacitance changes to the same metals in Figure 3b,c.

3.4   |   Using Machine Learning to Get 
a Multidimensional Calibration Space 
for the e-Tongue

Supervised machine learning methods currently achieve the 
highest performance in sensing applications where the data de-
pend on multiple factors, as is often the case with e-tongues. In 
particular, the concept of a multidimensional calibration space 
(MCS) [40] can be used to provide a degree of interpretability 
when classifying different samples and enabling calibration in 
multiparameter analyses. Here, we constructed an MCS for the 

FIGURE 5    |    XPS spectra of S50-DIB polymer (a–b) before and (c–e) after Hg2+ adsorption, with the corresponding (a, c) C1s, (b, d) S2p, and (e) 
Hg4f spectral lines. (f) SEM-EDS images of S50-DIB after Hg2+ adsorption, with sulfur (pink) and mercury (green) mapping. [Color figure can be 
viewed at wileyonlinelibrary.com]
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e-tongue using Decision Trees (DT) represented in matrix form 
with the ExMatrix method [40, 44], as shown in Figure 6a. In 
this representation, logic rules appear as rows, features as col-
umns, and rule predicates as cells. The cells define range val-
ues (rectangular shapes) of capacitance at specific frequencies 
(Hz), which are used to separate classes (i.e., Ag, Fe, Hg, and 
Interferents), visualized as categorical colors. The MCS for the 
e-tongue in Figure  6a consists of three dimensions (features/
frequencies), selected from 57 frequencies available from the 
combination of sensor architectures (19 frequencies for each of 
the three sensors). Frequencies from two architectures, namely 
S50-DIB/OL and S70-DIB, were employed, yielding an average 
accuracy of 99% in predicting the metal ion.

The Nested KFold Cross-Validation procedure conveyed hyper-
parameters and performance estimation with k_outer = 5 and 
k_inner = 5 [45, 46]. The most important frequency was F215 
Hz from S70-DIB (first column), with an importance value of 
0.392. It is significant that only generic rules (high support) were 
generated—one for each class (i.e., Ag, Fe, Hg, and Interferents). 
Rules with the highest support (all rules from Figure  6a) are 
true (valid) for all samples from their class. Rule r4 (brown—
first row) indicates that Interferent samples (Pb, Cr, Cu, Zn, or 
Mg) are characterized by higher capacitance values (rightmost 
rectangle) at F215 Hz in S70-DIB (first column) compared to Ag, 
Fe, and Hg. Rule r1 (olive—fourth row) reveals that Hg samples 
have lower capacitances (leftmost rectangle) at F21 Hz in S70-
DIB (second column) than those of Ag and Fe. The latter ions are 

distinguished by rules r3 (blue—second row) and r2 (orange—
third row) using F21 Hz in S50-DIB/OL (third column), with Ag 
showing higher capacitance values (rightmost rectangle) than 
Fe. The frequency F21 Hz is relevant for both S50-DIB/OL and 
S70-DIB (second and third columns) architectures for distin-
guishing samples of Ag, Fe, and Hg (rules r3, r2, and r1—second 
to fourth rows).

MCS were also obtained for the individual sensing units, whose 
average accuracy is shown in Table 2. As expected, the accuracy 
is lower than for the e-tongue. The differences are not statisti-
cally significant given the standard deviations, but the inter-
pretability in the MCS generated is not as simple, as indicated 

FIGURE 6    |    (a) MCS via DT model for the e-tongue. The MCS has 3 dimensions corresponding to 3 frequencies (features) selected among the 57 
available (1 to 106 Hz from 3 sensors) Frequencies from 2 of 3 architectures are used, S50-DIB/OL and S70-DIB, from which F215 Hz in S70-DIB (first 
column) is the most important (value of 0.392). F21 Hz from both architectures are used (second and third column). (b) MCS via DT model for the 
S50-DIB architecture individually, with 5 dimensions which are 5 frequencies (features) selected among 19 available (1 to 106 Hz). Frequency F10 Hz 
(first column) is the most important (value of 0.276), and classes Fe (orange) and Interferent (brown) yield some complexity by not having a generic 
rule. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2    |    Average accuracy and standard deviation (SD) of the 
MCS calibrations, considering the 3 sensors array (e-tongue) and each 
polysulfide sensor individually. The calibrations concern prediction for 
samples among four classes: Ag, Fe, Hg, and Interferent (samples of Pb, 
Cr, Cu, Zn, or Mg).

Sensor Accuracy (avg) SD

Array (E-tongue) 0.9895 0.0211

S50-DIB 0.9684 0.0632

S50-DIB/OL 0.9573 0.0615

S70-DIB 0.9474 0.0577
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in Figure 6b for the S50-DIB sensing unit (the best performance 
taking sensing units individually). The latter MCS has 5 dimen-
sions (features/frequencies) rather than 3 in the MCS for the 
e-tongue, and classes Fe and Interferent (orange and brown) 
require more than one single generic rule (rules r3, r1, r5 and 
r6—third to sixth row).

A straightforward comparison of the performances of e-tongues 
or other sensors in metal ion detection is a hard task owing to 
the diversity of metrics employed and the variety of experimen-
tal setups (e.g., targeted metals and concentrations tested). For 
heavy metal analysis, in particular, various studies are found 
using fluorescence [2, 18, 76] or electrochemical [77, 78] sen-
sors/sensor arrays, but data on impedimetric e-tongues are less 
common. Nevertheless, it is possible to state that the accuracy 
of 99% achieved here by the PS e-tongue upon applying MCS 
is the highest in the literature, to the best of our knowledge. 
Table 3 features some of the works on metal ion detection with 
impedance spectroscopy, based on different sensing materials. 
The accuracy (~99%) presented here is higher than in the work 
of Lu et al. (2022) [79], for instance, while also encompassing a 
broader scope of metal ions and concentrations. Regarding sil-
houette coefficients, the PS-based e-tongue exhibited the best 
performance for simultaneous discrimination of metal ions 
with multiple concentrations [80–82].

In addition to outperforming other similar systems from the 
literature, some specific advantages of the proposed sensor 
array should be highlighted. In contrast to many sensing mate-
rials that require complex preparation, polysulfide synthesis is 
straightforward. Its production via inverse vulcanization aligns 
with green chemistry principles, offering high atom economy 
and a solvent-free process that eliminates the need for purifi-
cation or additional steps. Primarily composed of elemental 
sulfur, PS is both cost-effective and less toxic than other con-
ventional materials (e.g., metal oxides or nanoparticles). The 
high sulfur content also implicates in an intrinsic selectivity to 
detect heavy metals through specific interactions. Unlike other 
polymers used in sensing devices, PS functions as an active 
sensing material rather than just a passive substrate, while also 

retaining the advantageous properties of polymers. Regarding 
the e-tongue operation, contrary to the more conventional elec-
trochemical methods, for instance, impedance spectroscopy 
does not require electroactive materials or reference electrodes, 
which simplifies the operation and allows more flexibility in 
material selection [11]. E-tongue systems offer a key benefit re-
garding their ability to analyze complex mixtures rather than 
a single target, which is more suited to real-world samples. 
Moreover, e-tongue data processing involves multivariate anal-
ysis rather than a linear one-variable relation. In our sensor 
array, various points from the spectra were combined, so differ-
ent types of interaction (e.g., electrostatic and metal coordina-
tion) collectively contributed to the analysis. This multifaceted 
sensing capability enhances both the sensitivity and selectivity 
of the platform.

4   |   Conclusions

We have shown that polysulfides can be used successfully as ac-
tive materials for heavy metal sensing, thus showcasing a new 
type of application for this class of polymers. A polysulfide-based 
e-tongue was fabricated and tested, combining impedance spec-
troscopy measurements from different sensing units with data 
processing through multidimensional projection techniques and 
multidimensional space calibration. The e-tongue was able to 
distinguish not only different heavy metal ions (Hg2+, Ag+ and 
Fe3+) but different concentrations of these ions simultaneously. 
The silhouette coefficient from IDMAP analysis was used as a 
validation metric, showing excellent results (> 0.9) for all of the 
combinations tested. Moreover, measurements with interfer-
ents (Pb2+, Cu2+, Cr3+, Mg2+, and Zn+) suggest that the e-tongue 
is capable of differentiating a wide scope of heavy metal ions. 
The MCS approach allowed the machine learning model to be 
interpretable. In addition to a high average accuracy of ~99%, 
the MCS of the e-tongue yielded only generic rules. In contrast, 
the MCS for a single sensor (S50-DIB) had a higher dimension 
and two support rules (not generic). Thus, combining the sen-
sor units leads to a better performance in addition to a simpler, 
more generic calibration model. It was possible to determine 

TABLE 3    |    Comparison among impedimetric e-tongues for metal detection in literature. IS = impedance spectroscopy; VSA = anodic stripping 
voltammetry; FIA = flow injection analysis.

Detection method Metal ions Metric Values References

IS/VSA K, Mg, Ca Accuracy (%) 81.48 (IS) [79]

91.60 (combined)

IS Pb, Cu, Ni, Cd Silhouette Coef. 0.98 (different metals with 
one concentration)

[80]

0.75 (different Pb concentrations)

IS Hg, Al, Cu, Co Silhouette Coef. 0.89 [81]

IS/FIA Fe, Ba, Cd, Cu, Ni, Pb PC1 + PC2 (%) 83 [82]

IS Hg, Ag, Fe Silhouette Coef. 0.95 This work

Hg, Ag, Fe, Pb, Cu, Cr, Mg, Zn Silhouette Coef. 0.95

Accuracy (%) 98.95%
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the frequency F21 Hz from both S50-DIB/OL and S70-DIB as 
an important contributor in distinguishing samples of Ag, Fe, 
and Hg. The frequencies and sensors used in these calibrations 
were selected by the DT model inference algorithm; however, it 
cannot be stated that alternative frequencies and sensor selec-
tions would not yield equivalent model performance. Overall, 
the present work offers new insights into the polysulfide role as 
a sensing material and provides a promising candidate for accu-
rate and fast heavy metal sensing.
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