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Abstract

Surfactants are used in various washing applications with potential negative environmental
and health impacts. The ion-pair 1,3-dioctadecyl-1H-1,2,3-triazol-3-ium-tetraphenylborate
(DODTA–TPB) was used to fabricate the potentiometric sensor for the quantification of
anionic surfactants. The computational analysis of the DODTA+–TPB− adduct reveals
a dynamic, thermodynamically favorable interaction driven primarily by hydrophobic
C–H···π contacts and the flexibility of the C-18 chains, rather than electrostatic or π–π
stacking forces. These findings, supported by the MM-PBSA, RDF, and structural analyses,
align with broader trends in molecular recognition and provide a foundation for designing
advanced ion-pair-based sensors. The sensor showed advanced analytical properties to
anionic surfactants with low interfering effects of selected anions. The response of the SDS
was investigated in the range from 8.1 × 10−8 M to 1.0 × 10−2 M, with a slope of −59.2 mV
and a limit of detection (LOD) of 3.1 × 10−7 M; and DBS was in the range of 8.1 × 10−8 M
to 2.5 × 10−3 M with a slope of −57.5 mV and an LOD of 5.9 × 10−7 M. The sensor was
tested on potential interfering ions. Potentiometric titrations of technical-grade anionic
surfactants had high recovery rates from 100.2 to 100.4%. The recovery test for spiked
samples of surface waters was from 94.2 to 96.5%. The sensor was tested on commercial
samples containing anionic surfactants, and the results were compared and showed a good
agreement with the two-phase titration method.
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1. Introduction
Surfactants, or surface-active agents, are amphiphilic compounds that reduce the

surface and interfacial tension between different phases (liquid–liquid, liquid–gas, or
liquid–solid). They consist of a hydrophilic (water-attracting) head and a hydrophobic
(water-repelling) tail, allowing them to interface between polar and non-polar substances.
The main properties in physical terms are (i) the critical micelle concentration (CMC)—the
concentration at which surfactants self-assemble into micelles, essential for detergency
and emulsification; (ii) the surface tension reduction, which enables wetting, foaming, and
emulsification; and (iii) self-assembly and micelle formation, where surfactants organize
into micelles, bilayers, and vesicles, which is critical for biological membranes and drug
delivery. They have a wide range of applications across different industries: detergents
such as cleaning and disinfection products, pharmaceuticals and drug delivery, the food
industry, the petroleum industry, cosmetics and personal care, nanotechnology and material
science, etc. Among them, anionic surfactants dominate global production, making up
approximately 70% of the market, with an increasing demand due to their effectiveness in
home and personal care products. The expanding consumer market has led to a significant
rise in surfactant consumption, with the industry valued at USD 45.57 billion in 2024 and
anticipated to reach around USD 76.81 billion by 2034, expanding at a CAGR of 5.36% from
2025 to 2034 [1].

Since they are widely used, surfactants are often emitted into the environment. Classi-
cal methods for surfactant analysis are as follows: (1) The two-phase titration method [2],
where the titration of an anionic surfactant with a cationic surfactant is performed in the
presence of a mixed indicator, like methylene blue/dimidium bromide or tetrabromophe-
nolphthalein ethyl ester, until a color change indicates the end-point. The color of the
organic phase will change when the anionic surfactant is completely neutralized by the
cationic surfactant. (2) The MBAS (Methylene Blue Active Substances) method [3,4] in-
volves the formation of a colored complex between the anionic surfactant and the cationic
dye methylene blue, which is then extracted into an organic solvent, and the blue color
intensity is measured by a spectrophotometer. The presented methods are expensive
and time-consuming, use toxic chemicals, and produce toxic waste; also, they require
skilled personnel [5–9]. On the other hand, chemical sensors for surfactants, especially
electrochemical surfactant sensors, are much simpler, cheaper, faster, and easier to op-
erate [10–12]. Usually, the main component of the potentiometric surfactant sensors is
the ion-pair, which is incorporated in the polymer (like PVC) enriched with a specific
organic plasticizer [13–16]. The ion-pair usually consists of the cationic surfactant and a
negatively charged anionic surfactant or some other high-molecular-weight anion, like
tetraphenyl borate (TPB)—an organoboron anion consisting of a central boron atom with
four phenyl groups [17]. The synthesis and selection of the ion-pair components are of the
most importance to the sensing membrane preparation and potentiometric response [18,19].
The ideal ion-pair should have a low water solubility, a low level of leaching from the
membrane, and high lipophilicity, and, finally, the sensing membrane itself should have a
high resistance [10,20,21]. In this way, the fabricated surfactant sensors could have a high
response, extended lifetime, and broad useful concentration range [22–24]. To fulfill all
these requirements, new ion-pairs need to be synthesized and investigated through both
experiments and chemical modeling [17,25,26].

From a computational perspective, the design and optimization of ion-pairs for po-
tentiometric sensors rely on understanding the molecular interactions that govern their
stability and functionality. Computational methods, such as molecular dynamics (MD)
simulations and DFT computations, provide detailed insights into the electronic, geometric,
and energetic properties of ion-pair adducts. These techniques allow researchers to probe
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the dynamic behavior and conformational flexibility of ionophores in condensed phases,
while binding free energy estimates provide a thermodynamic basis for assessing the
feasibility and reversibility of the ion-pair formation, which are crucial for the sensor perfor-
mance. By integrating computational modeling with experimental validation, researchers
can predict the behavior of ion-pairs under various conditions, guiding the rational design
of advanced ionophores with tailored properties for specific analytical applications.

In our recent work, we introduced a novel ion-pair, 1,3-dioctadecyl-1H-1,2,3-triazol-3-
ium tetraphenylborate (DODTA–TPB), characterized and utilized as the active component
in a PVC-based liquid membrane potentiometric sensor for cationic surfactants [27]. The
present study extends this research by employing DODTA–TPB as the active molecule in a
potentiometric sensor for anionic surfactants, such as sodium dodecyl sulfate (SDS) and
sodium dodecyl benzenesulfonate (DBS). Through molecular dynamics (MD) simulations,
molecular mechanics Poisson–Boltzmann surface area (MM-PBSA) calculations, and radial
distribution function (RDF) analyses, we elucidated the structural and energetic properties
of the DODTA–TPB adduct. These computational methods revealed that hydrophobic C–
H···π interactions and the flexibility of the C-18 alkyl chains dominate the ion-pair stability,
with minimal contributions from electrostatic or π–π stacking forces. These findings guided
the design of the sensor by ensuring reversible binding and high lipophilicity, which is
critical for the selective detection of anionic surfactants in complex aqueous environments.
Compared to traditional methods like the ISO 2271 two-phase titration, which is time-
consuming and relies on toxic organic solvents, the DODTA–TPB sensor offers a simpler,
faster, and greener alternative, aligning with EU water quality directives (e.g., Directive
2000/60/EC) that emphasize the rapid and sustainable monitoring of pollutants like
surfactants. By integrating computational modeling with experimental validation, this
study establishes a robust framework for designing next-generation ion-pair-based sensors
with an optimized performance for environmental and industrial applications.

2. Materials and Methods
2.1. Chemicals and Materials

Chemicals for organic synthesis were 1,2,3-1H-triazole, 1-bromooctadecane, NaHCO3

(Sigma Aldrich, Darmstadt, Germany), and sodium tetraphenylborate (TPB) (Fluka, Buchs,
Switzerland). To prepare the sensing membrane, following chemicals were used: o-
nitrophenyloctylether (o-NPOE) (Merck, Darmstadt, Germany), high-molecular-weight
PVC (Sigma-Aldrich, Hamburg, Germany), and tetrahydrofuran (THF) (Merck, Darmstadt,
Germany). Chemicals for potentiometric measurements were anionic surfactants with
analytical grade: sodium dodecylsulfate (SDS) and sodium dodecylbenzenesulfonate (DBS)
(all from Fluka, Buchs, Switzerland); and anionic surfactants with technical grade were
SDS, DBS, and lauryl ether sulfate (LES) (all from Fluka, Buchs, Switzerland). Analytical-
grade chemicals for interference measurements were all from Kemika, Zagreb, Croatia.
Potentiometric titrations were carried out with titrant 1,3-didecyl-2-methylimidazolium
chloride (DMIC) (Merck, Munich, Germany). Anionic surfactant vial test Hach Anionic
Surfactants TNTplus Vial Test was purchased from Hach Lange, Berlin, Germany.

Commercial samples were purchased in the local stores. Environmental samples were
sampled (500 mL) in spring 2025 at the four locations in north-west Croatia. A lake water
sample was taken at Lake Motičnjak, one sample was taken at the hydro accumulation
Drava, and two samples of river water were taken at the rivers Mura and Drava. All
environmental samples were taken to the lab on the same day and filtered with a standard
syringe filter to remove impurities. Next, they were tested on anionic surfactants by a
previously published method [9] and fast commercial vial test. No sample pre-treatment
of processing was applied, and the samples were spiked and measured on the same day.
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Surfactant SDS (50 µmol) was spiked in the environmental samples and titrated with
cationic surfactant DMIC in corresponding concentrations.

2.2. Sensor Preparation

The DODA-TPB ion-pair was synthesized according to the fast and green principle
procedure described in our previous publication [27]. After the ion-pair synthesis, purifi-
cation, and characterization, the ion-pair was mixed with a high-molecular-weight PVC,
THF, and a plasticizer o-NPOE, as described previously [27]. The sensing membrane was
cut into small disk and inserted into the electrode body containing 3 M sodium chloride
(Kemika, Zagreb, Croatia). The DODA-TPB surfactant sensor was stored in deionized
water after measurements.

2.3. Measuring Setup

The potentiometric response measurements were carried out on dosing device
Metrohm 794 Basic Titrino interconnected with Metrohm 781 pH meter (Metrohm, Herisau,
Switzerland). Potentiometric titrations were performed by titration device Metrohm
808 Titrando with Tiamo software (Metrohm, Herisau, Switzerland).

2.4. Computational Details

Initial structures of DODTA+, TPB−, and all model compounds were constructed using
MarvinSketch (ChemAxon) [28]. Geometry optimizations were performed using density
functional theory (DFT) at the B3LYP/6–31+G(d) level of theory in Gaussian 16 [29]. [REF]
Frequency calculations were conducted at the same level to confirm that all optimized
structures corresponded to true minima. Electrostatic potential (ESP) calculations were then
performed at the HF/6–31G(d) level, and RESP (Restrained Electrostatic Potential) charges
were derived for use in molecular mechanics simulations. The General AMBER Force Field
(GAFF) was employed for all organic molecules. RESP charges and GAFF atom types were
assigned using Antechamber [30]. The resulting input files were processed using ACPYPE
to generate GROMACS-compatible topology (.top) and coordinate (.gro) files. Each system
was solvated in a truncated octahedral simulation box with a minimum 6 Å buffer between
the solute and the box edge, using the TIP3P water model. Counterions were added as
needed to maintain charge neutrality. All molecular dynamics simulations were performed
using GROMACS 2025.15. Energy minimization was first carried out using the steepest
descent algorithm until the maximum force was below 1000 kJ mol−1 nm−1. Covalent
bonds involving hydrogen atoms were constrained using the LINCS algorithm, allowing a
2 fs integration timestep. Long-range electrostatic interactions were calculated using the
particle mesh Ewald (PME) method with a 1.0 nm cutoff. Van der Waals interactions were
treated with the same cutoff. Following energy minimization, the systems were equilibrated
under NVT and then NPT conditions. Production simulations were performed for 300 ns
in the NPT ensemble at 300 K and 1 bar, using the velocity-rescaling thermostat and the
c-rescale barostat. Binding free energies were calculated using the Molecular Mechanics
Generalized Born Surface Area (MMGBSA) method as implemented in the gmx_MMPBSA
package. Representative snapshots were extracted every 1 ns from the final 100 ns of
each simulation for statistical averaging. Trajectory analyses included cluster analysis,
radial distribution function (RDF) calculations, and interatomic distance measurements, all
performed using standard GROMACS tools. Visual inspection and qualitative analysis of
key interaction motifs were carried out using PyMOL 3.1.



Chemosensors 2025, 13, 321 5 of 14

3. Results and Discussion
3.1. Computational Analysis

The computational analysis was conducted to gain deeper insight into the dynamic
behavior of the DODTA+ cation in an aqueous environment and to elucidate the inter-
molecular interactions that facilitate its adduct formation with the TPB− anion. This study
particularly emphasizes the electronic, geometric, and energetic characteristics that define
the DODTA–TPB adduct, employing molecular dynamics (MD) simulations, molecular me-
chanics Poisson–Boltzmann surface area (MM-PBSA) calculations, and radial distribution
function (RDF) analyses. These methods are widely employed in the literature to study
ion-pair interactions and molecular recognition processes [31].

Although the DODTA+ molecule possesses a rigid triazole core, it exhibits significant
flexibility due to the presence of two unconstrained lipophilic C-18 chains. This inherent
molecular flexibility, in contrast to the relatively rigid TPB− anion, is clearly demonstrated
in the calculated root-mean-square deviation (RMSD) analysis (Figure S1). The RMSD,
a standard metric in MD simulations, quantifies the structural deviations of DODTA+

over time, reflecting its ability to adopt multiple conformations in the solution. This
conformational adaptability is consistent with findings in the literature on amphiphilic
molecules, where long alkyl chains enhance flexibility and facilitate interactions with
hydrophobic or aromatic partners [32]. As will be detailed in the following discussion,
this adaptability of DODTA+ is a key factor in its efficient recognition and interaction with
TPB−, enabling the cation to adjust its geometry to optimize binding.

The adduct formation between DODTA+ and TPB− is a thermodynamically favorable
process; however, the analysis reveals that the adduct is not static and undergoes a con-
tinuous association and dissociation over the simulation time. The dynamic nature of the
DODTA–TPB ion-pair is evidenced by the fluctuating B(TPB−)···N(DODTA+) distances
observed during the simulation (Figure S2). These distances exceed 15 Å in some instances,
indicating a temporary dissociation, while in approximately 66% of the sampled structures,
they remain below 6 Å, suggesting close contact. This behavior aligns with studies on
ion-pair dynamics in aqueous media, where weak or reversible interactions lead to a broad
distribution of intermolecular distances [33]. Despite this variability, the MM-PBSA calcu-
lations indicate that the binding free energy for DODTA+ and TPB− is exergonic, with a
∆GBIND value of −23.4 kcal mol−1. This negative binding energy confirms the feasibility of
the interaction and suggests a delicate balance between adduct stability and reversibility.
In the context of sensor applications, this balance is crucial, as it ensures the formation
of a stable ion-pair while permitting a reversible dissociation, which is essential for the
detection and exchange of other anionic analytes in the solution.

The structural analysis of the representative DODTA–TPB adduct (Figure 1) identifies
two predominant types of stabilizing interactions: (1) the π–π stacking between the triazole
moiety of DODTA+ and a phenyl ring of TPB−, and (2) multiple C–H···π interactions
between the flexible C-18 chains of DODTA+ and additional phenyl rings in TPB−. These
interactions are consistent with those reported for aromatic systems in aqueous environ-
ments, where π–π stacking and C–H···π contacts often drive molecular recognition [34].
The boron–nitrogen separation, measured from the central unsubstituted triazole nitrogen
in DODTA+ of 5.2 Å in the representative structure, closely aligns with the radial distri-
bution function (RDF) analysis, which shows a peak at 5.4 Å (Figure 1). The RDF analysis
quantifies the probability of finding the boron atom of TPB− at a given distance from the
representative nitrogen atom of DODTA+, confirming the dynamic yet stable nature of the
adduct. This consistency supports the validity of the proposed representative structure and
highlights the key molecular interactions responsible for the stability and functionality of
the DODTA–TPB ion-pair.
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Figure 1. The representative structure of the DODTA–TPB adduct in the aqueous solution (left; hy-
drogen atoms omitted for clarity) as elucidated from the 300 ns molecular dynamics simulations.
The corresponding radial distribution function (RDF) graph (right) shows the distribution of
N(DODTA+)···B(TPB−) distances involving the central unsubstituted triazole nitrogen in the cation,
with a peak at 5.4 Å, indicating the preferred intermolecular separation in the adduct.

The close proximity between the boron and nitrogen atoms in the DODTA–TPB ion-
pair may initially suggest that electrostatic attraction is the dominant force driving the
binding between the opposite charges of DODTA+ and TPB−. However, this hypothesis
can be ruled out based on a thorough analysis of atomic charge distributions before and
after the adduct formation (Figure S3). The findings indicate that, prior to binding, the
triazole unit in DODTA+ only accommodates approximately one-third of the excess pos-
itive charge (0.28 |e|), while the remaining charge is distributed within the C-18 alkyl
chains. Interestingly, this distribution remains unchanged after the adduct is formed, which
suggests that electrostatic interactions do not play a predominant role in stabilizing the
adduct. In fact, upon the formation of the DODTA–TPB adduct, only 1% of the total charge
density is exchanged between the two components. This is evident from the sum of the
atomic charges on DODTA+ and TPB− within the adduct, which have values of +1.01 |e|
and −0.99 |e|, respectively. These results conclusively eliminate electrostatic interactions
as a major contributor to the stability of the adduct, suggesting that hydrophobic and
dispersion forces dominate the interaction.

Furthermore, we investigated the extent of π···π stacking interactions among the
components by analyzing the distances between the center of the mass of the triazole
ring in DODTA+ and the phenyl groups in TPB−. Using the commonly accepted 4 Å
threshold for π···π interactions [25], we observed that such interactions only occur in 11%
of the structures sampled during the molecular dynamics simulations. These relatively
low frequencies suggest that π···π interactions between formally charged groups only
marginally contribute to the overall adduct formation, further highlighting their limited
role in stabilizing the adduct.

In an effort to better understand the contribution of the C–H···π interactions, we exam-
ined a series of model cationic components, replacing one or both of the C-18 alkyl chains
in DODTA+ with smaller methyl groups (Table 1). This modification allows us to assess
the impact of the alkyl chains on the binding affinity. The results revealed that when one
C-18 chain was substituted with a methyl group, the binding affinity decreased almost by
half (∆GBIND = −14.9 kcal mol−1). Furthermore, when both C-18 chains were consistently
replaced with methyl groups, the binding affinity showed an even more substantial 79%
reduction (∆GBIND = −5.0 kcal mol−1). These findings underscore the critical role of the
long alkyl chains in facilitating the binding of TPB−, as their presence significantly enhances
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the affinity of the cationic DODTA+ for TPB−. This observation is further supported by
simulations involving a simple alkane, C36H74, which is composed of two alkyl chains
of equivalent lengths to those in DODTA+. Despite being formally uncharged, C36H74

demonstrated a binding affinity for TPB− that almost surpassed that of the model cationic
triazoles, ∆GBIND = −12.0 kcal mol−1 (Table 1), thus retaining approximately 51% of the
full DODTA+ affinity. This suggests that the hydrophobic interactions provided by the
alkyl chains, along with their flexibility, play a dominant role in recognizing and binding
TPB− in the solution.

Table 1. MM-PBSA calculated binding affinities (∆GBIND, in kcal mol−1) between the TPB− anion
and selected cations following the molecular dynamics simulations in water.

Cation Component

∆GBIND −23.4 −14.9 −5.0 −12.0

The dominance of the hydrophobic interactions and the flexibility of the C-18 chains
have significant implications for designing potentiometric sensors based on ionophores
like DODTA+. The reversible nature of the DODTA–TPB adduct, balanced by a favorable
∆GBIND value, aligns with the requirements for selective ion detection, where stability
and exchangeability are key [13]. The limited contribution of electrostatics suggests that
future designs could prioritize hydrophobic motifs to enhance the binding affinity, while
maintaining a minimal charge dependence to improve selectivity in complex aqueous
environments. These insights build on the existing literature, where hydrophobic cavities
and flexible alkyl chains are engineered into ionophores to optimize the performance [35].

3.2. Potentiometric Sensor Characterization

The first step in the DODTA-TPB surfactant sensor characterization was to observe
the response characteristics of the sensor toward selected anionic surfactants. The sensor
response mechanism corresponds to the modified Nernstian equation (Equation (1)):

E = E0 − SlogaAS− (1)

where E is an electrode potential, E0 is a standard electrode potential, S is the slope of the
electrode, and aAS− is the activity of the investigated surfactant anion.

SDS and DBS were used as model molecules to observe the response characteristics of
the DODTA-TPB surfactant sensor to anionic surfactants. The response measurements were
carried out in deionized water. The response characteristics of SDS were investigated in the
range from 8.1 × 10−8 M to 1.0 × 10−2 M, while the response characteristics of DBS were
investigated in the range from 8.1 × 10−8 M to 2.5 × 10−3 M (Figure 2). The potentiometric
response for SDS showed a high linear range from 4.1 × 10−7 to 5.1 × 10−3 M, with a slope
value of −59.2 ± 0.4 mV/decade of activity and calculated limit of detection (LOD) of
3.1 × 10−7 M. The potentiometric response for DBS had a linear range from 8.1 × 10−7 to
6.1 × 10−4 M, with a slope value of −57.5 ± 0.5 mV/decade of activity and a 5.9 × 10−7 M
LOD. Detection limits were estimated according to the IUPAC recommendations [36]. The
sensor showed high stability with a signal drift of 3 mV/hour.
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Figure 2. Potentiometric response curves of the DODTA-TPB surfactant sensor to anionic surfactants
SDS and DBS in deionized water. The curves were rearranged vertically for clarity.

The comparison with previously published response characteristics of ion-pairs con-
taining TPB as a counter ion showed a good agreement with new DODTA-TPB ion-pair
sensing properties to the anionic surfactants DBS and SDS in terms of the linear response
range, slope per decade of activity, and LOD (Table 2).

Table 2. Response characteristics of potentiometric surfactants sensors based on different ion-pairs
containing anionic TPB counter ion.

AS * Sensor
Characteristic

Ion-Pair

New DODTA-TPB DMIC-TPB [37] DODI-TPB [25] DHBI-TPB [38] DDA-TPB [39]

DBS

LOD (M) 5.9 × 10−7 6.0 × 10−7 7.1 × 10−7 6.1 × 10−7 2.0 × 10−7

Linear response
range (M) 8.1 × 10−7–6.1 × 10−4 8 × 10−7–6 × 10−4 6.3 × 10−7–3.2 × 10−4 8.9 × 10−7–4.1 × 10−3 2.5 × 10−7–1.2 × 10−3

Slope
(mV/decade of

activity)
−57.5 −57.8 −59.3 −58.4 −55.3

SDS

LOD (M) 3.1 × 10−7 3.2 × 10−7 6.8 × 10−7 3.2 × 10−7 2.5 × 10−7

Linear response
range (M) 4.1 × 10−7–5.1 × 10−3 4.0 × 10−7–5 × 10−3 5.9 × 10−7–4.1 × 10−3 4.6 × 10−7–5.1 × 10−3 3.2 × 10−7–4.6 × 10−3

Slope
(mV/decade of

activity)
−59.2 −59.3 −58.3 −60.1 −58.5

* Anionic Surfactant.

3.3. Interference Study

To observe the influence of potential interfering ions, a series of anions were pre-
pared (Table 3). The concentration of the interfering ion solution was 0.01 M, for each
investigated anion. SDS was incrementally added to the interfering ion solution and the
DODTA-TPB surfactant sensor potentiometric response was measured. To calculate the
interfering influence on potentiometric response, a fixed interference method was used [40].
For all selected anions, the logarithm of the selectivity coefficient was calculated. The
DODTA-TPB surfactant sensor showed a high stability and a low influence of investigated
interfering anions.

Next, the influence of the pH on the DODTA-TPB surfactant sensor potentiometric
response on SDS was investigated. The sensor showed a high stability in the range from
pH 3 to 10. Small signal deviations were observed at pH 2 and from pH 11, but still there
was no significant influence on the response signal.



Chemosensors 2025, 13, 321 9 of 14

Table 3. The calculated selectivity coefficient (logarithm) for selected anions (0.01 M) measured with
the DODTA-TPB surfactant sensor for the anionic surfactant SDS.

Interfering Anions logKpot
An−i.

Acetate −3.72
Benzoat −3.84
Bromide −3.21
Borate −2.98
Chloride −3.83
Carbonate −4.14
Dihydrogenphosphate −4.01
EDTA −3.84
Fluoride −3.68
Hydrogen carbonate −4.02
Hydrogen sulfate −3.86
Nitrate −3.93
Sulfate −4.62

3.4. Potentiometric Titrations of Model and Environmental Samples

For the titration of anionic surfactants SDS (4 × 10−3 M) and DBS (4 × 10−3 M), the
cationic surfactant DMIC was used. The chemical reaction is as follows (Equation (2)):

An−
AS + Cat+CS ⇄ AnASCatCS (2)

The An−
AS represents the anionic surfactant (analyte, SDS, or DBS), the Cat+CS represents

the cationic surfactant (titrant, DMIC), and the AnASCatCS is the low solubility complex,
usually manifesting as a white precipitate.

Potentiometric titration curves for the titration of SDS (4 × 10−3 M) and DBS
(4 × 10−3 M) with DMIC cationic surfactants (4 × 10−3 M) used as a titrant are presented in
Figure 3. The DODTA-TPB surfactant sensor was used as an end-point indicator. The titra-
tion curves for the model samples of SDS and DBS had defined and sharp inflection points
with a high potential signal change (Figure 3). The end-point could be easily detected.

Figure 3. Potentiometric titrations of model samples containing DBS (4 × 10−3 M, full line) and SDS
(4 × 10−3 M, dashed line) with DMIC cationic surfactants, DMIC (4 × 10−3 M), and the DODTA-TPB
surfactant sensor as the end-point detector. The titration curves were rearranged horizontally for clarity.
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To observe the behavior of the DODTA-TPB surfactant sensor in solutions of the
technical-grade anionic surfactant, a series of three anionic surfactants (SDS, DBS, and
lauryl ether sulfate (LES)) were titrated, with DMIC (4 × 10−3 M) as a titrant. A fixed
amount of the technical-grade anionic surfactant was added to the deionized water and
titrated by the DODTA-TPB surfactant sensor as an end-point indicator. The titration curves
were sigmoidal, with well-defined inflection points. The overall signal change (∆E) was
301.1 mV for the DBS titration curve and 276.2 mV for the SDS titration curve. Calculated
recoveries were from 100.2 to 100.4%, respectively (Table 4).

Table 4. Potentiometric titrations of three technical-grade anionic surfactants with DMIC (4 × 10−3 M)
as a titrant and the DODTA-TPB surfactant sensor as an end-point indicator, with mean values
at ±95% confidence limits.

Technical-Grade Anionic
Surfactant w (Surfactant) */% n (Added)/µmol n (Found) **/µmol Recovery/%

SDS 91.28 ± 0.31 50 50.21 ± 0.04 100.4
DBS 47.61 ± 0.25 50 50.13 ± 0.09 100.2
LES 28.74 ± 0.12 50 50.11 ± 0.05 100.2

* Average of 5 measurements. ** Average of 5 measurements.

After testing the DODTA-TPB surfactant sensor on model solutions and technical-
grade anionic surfactants, six samples of commercial products with declared anionic
surfactant contents were used to qualify the amount of anionic surfactants in the samples.
Powdered, liquid/gel, and handwashing detergents were purchased from the local store.
DMIC (in varying concentrations) was used as a titrant, and the DODTA-TPB surfactant
sensor was used as an end-point indicator (Table 5). The titration curves were well defined
and sigmoidal, and the end-point could be easily calculated. Calculated values for pow-
dered detergents were 5.83 and 6.74% of anionic surfactants, for handwashing detergents
they were 13.85 and 16.41%, and for the liquid/gel detergents they were 2.57 and 2.73%
of anionic surfactants. The calculated amounts of anionic surfactants were in agreement
with our previous measurements [25]. For the comparison, a two-phase method [2] was
used on the same samples. The calculated amounts were in good agreement with the
DODTA-TPB sensor.

Table 5. Results for the potentiometric titration of commercial products containing anionic surfactants
by the DODTA-TPB surfactant sensor compared with a two-phase titration method. DMIC was used
as a titrant.

Commercial
Detergents

w (ANIONIC SURFACTANT)/%

DODTA-TPB Two-Phase Titration *

Powdered
sample 1 5.83 ± 0.21 5.91
sample 2 6.74 ± 0.13 7.01

Handwashing sample 3 13.85 ± 0.56 13.69
sample 4 16.41 ± 0.06 16.08

Liquid/gel sample 5 2.57 ± 0.06 2.66
sample 6 2.72 ± 0.19 2.76

* [2].

The DODTA-TPB surfactant sensor was used as an end-point indicator in the potentio-
metric titrations of environmental water samples from the following locations in north-west
Croatia: one sample of lake water (lake Motičnjak); one sample of hydroaccumulation
Drava; and two samples of river water (rivers Mura and Drava). pH values were measured
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in all the samples and were in the range from 7.7 to 8.5. All environmental samples were
tested on anionic surfactants by a previously published method [37] and fast commercial
vial test and showed no anionic surfactants presence in the samples. The anionic surfactant
SDS (50 µmol) was spiked in the environmental samples and titrated with DMIC. The
recovery results are shown in Table 6. SDS was successfully quantified in all environmental
samples, which is a promising result since no matrix interfering effect was observed, and
recoveries were in the range from 94.2 to 96.5%.

Table 6. Recoveries for the potentiometric titration of spiked SDS (50 µmol) in environmental samples
by the DODTA-TPB surfactant sensor as an end-point indicator. DMIC was used as a titrant.

Sampling Place Vial Test Added SDS Recovery%

River Drava No A.S. * 50 µmol 96.5%
River Mura No A.S. 50 µmol 95.8%

Lake Motičnjak No A.S. 50 µmol 94.2%
Hydro accumulation Drava No A.S. 50 µmol 94.5%

* A.S.—anionic surfactant.

4. Conclusions
The development of a DODTA-TPB-based potentiometric sensor represents a signifi-

cant advancement in the detection of anionic surfactants, offering a sensitive, selective, and
environmentally friendly alternative to traditional methods. The computational analysis,
utilizing molecular dynamics simulations, MM-PBSA calculations, and RDF analyses, elu-
cidated the dynamic and thermodynamically favorable interactions between the DODTA+

cation and TPB− anion, primarily driven by hydrophobic C–H···π contacts and the flexibil-
ity of the C-18 alkyl chains. These findings highlight the limited role of electrostatic and π–π
stacking interactions, emphasizing the importance of hydrophobic forces in stabilizing the
ion-pair adduct, which is critical for its functionality in sensor applications, thus ensuring
stable yet reversible binding with target analytes. The sensor demonstrated excellent near-
Nernstian responses for SDS and DBS, with low detection limits and a broad linear response
range, making it suitable for both trace-level and high-concentration measurements. Its
reliability was further confirmed through the minimal interference from common anions
and the consistent performance across a wide pH range.

Practical applications highlighted the sensor’s accuracy, with near-quantitative re-
coveries in technical-grade surfactants and a strong agreement with standard methods in
commercial product testing. The environmental analyses of spiked water samples yielded
high recovery rates, proving its effectiveness in real water samples. The sensor’s simplicity,
cost-efficiency, and reduced need for toxic reagents align with the growing demand for
sustainable analytical tools. Using the computational insights and practical potentiometric
measurements, this work provides a blueprint for designing advanced ion-selective sen-
sors. Future research could expand its use to other surfactant classes or integrate it into
portable systems for on-site monitoring, further enhancing its impact on environmental
and industrial applications.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/chemosensors13090321/s1: Figure S1: RMSD graphs from the molecular
dynamics simulation of the DODTA+ cation (in black) and the TPB– anion (in red) in aqueous
solution, showing significantly higher flexibility of the former; Figure S2: Evolution of the distance
between the boron atom in TPB– and the nitrogen atoms in DODTA+ during the molecular dynamics
simulation, indicating that the DODTA–TPB adduct formation is reversible and in equilibrium with
the dissociated components; Figure S3: Charge distribution within the DODTA+ cation and the TPB–
anion, either isolated or within the elucidated representative structure of the DODTA–TPB adduct,

https://www.mdpi.com/article/10.3390/chemosensors13090321/s1
https://www.mdpi.com/article/10.3390/chemosensors13090321/s1
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as obtained from the NBO analysis at the (SMD)/M06–2X/6–31+G(d) level of theory in water. The
specific set of atoms considered for the analysis is denoted by color (red for the cation, blue for the
anion) and includes the attached hydrogen atoms. The results reveal that only 1% of the charge
density is transferred between the overall components following DODTA–TPB adduct formation.
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et al. Potentiometric Surfactant Sensor for Anionic Surfactants Based on 1,3-dioctadecyl-1H-imidazol-3-ium tetraphenylborate.
Chemosensors 2022, 10, 523. [CrossRef]

26. Abd El-Rahman, M.K.; Zaazaa, H.E.; Eldin, N.B.; Moustafa, A.A. Just-Dip-It (Potentiometric Ion-Selective Electrode): An
Innovative Way of Greening Analytical Chemistry. ACS Sustain. Chem. Eng. 2016, 4, 3122–3132. [CrossRef]
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