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Abstract: As anionic surfactants are used as cleaning agents, they pose an environmental and
health threat. A novel potentiometric sensor for anionic surfactants based on the 1,3-dioctadecyl-
1H-imidazol-3-ium tetraphenylborate (DODI-TPB) ionophore is presented. The newly developed
approach for DODI-TPB synthesis is faster and simpler than the currently used strategies and follows
the green chemistry principles. The DODI-TPB ionophore was characterized by computational and
instrumental techniques (NMR, LC-MS, FTIR, elemental analysis) and used to produce a PVC-based
DODI-TPB sensor. The sensor showed linear response to dodecylbenzenesulfonate and dodecyl
sulfate in concentration ranges of 6.3 x 1077-3.2 x 107* M and 5.9 x 10~7—4.1 x 1073 M, for DBS
and SDS, respectively. The sensor exhibits a Nernstian slope (59.3 mV /decade and 58.3 mV/decade
for DBS and SDS, respectively) and low detection limits (7.1 x 1077 M and 6.8 x 10~7 M for DBS
and SDS, respectively). The DODI-TPB sensor was successfully tested on real samples of commercial
detergents and the results are in agreement with the referent methods. A computational analysis
underlined the importance of long alkyl chains in DODI* and their C-H---m interactions with TPB~
for the ionophore formation in solution, thereby providing guidelines for the future design of efficient
potentiometric sensors.

Keywords: anionic surfactants; computational analysis; green chemistry; quaternary ammonium
compounds; synthetic ionophore; potentiometric sensor

1. Introduction

Surfactants are organic molecules which decrease the tension of the surface. Their
structure usually consists of a hydrophilic and a hydrophobic part. Depending on the
charge, surfactants are grouped into anionic, cationic, amphoteric, and nonionic (with
no charge). Surfactants can be classified as zwitterionics, depending on their charge.
Cationic surfactants are used as disinfecting agents and as preservatives [1,2], while anionic
surfactants are used for cleaning and washing [3]. Nonionic surfactants are employed
for enhancing surfactant activity, reducing foaming, and enhancing cleaning. Anionic
surfactants participate in 70% of the global surfactant market, which is expected to increase
by 4.5% in the period from 2020 to 2025 due to high demand and standard growth [4].
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Anionic surfactants are used in many products of daily life and in the industry sec-
tor (recently for electric vehicles [5]), which is why they are also likely to be found in
wastewater, rivers, and lakes. Apart from the foaming effect, the negative consequences on
the environment include their aptitude to prevent oxygen and gas exchange at the water
surface; moreover, they easily degrade the cell membrane—as they have a similar nature to
lyophilic molecules in the phospholipid bilayer of the cell, cause skin irritation, etc. [6,7].
Cationic surfactants are the most toxic, compared to the other types of surfactants.

Anionic surfactants in water are usually quantified by highly manual procedures, such
as methylene blue active substances (MBASs), two-phase titration [8], or instrumental meth-
ods, such as liquid chromatography and gas chromatography [3]. These manual procedures
are time-consuming, slow, low in reproducibility, and require specialized personnel, while
instrumental methods are faster, but need expert personnel, toxic solvents, and expensive
instrumentation, as well as they can often be performed only in confined spaces.

Compared to the above analytical procedures, the ion-selective electrodes (ISEs) for the
surfactants are robust, simple, fast, and do not use toxic solvents. They can also be portable
and used in field measurements [9]. In addition, ISEs are not affected by color changes or
transparency problems. ISEs are also capable of measuring concentrations of anions and
cations, depending on which ionophore is used [10-14]. All the above advantages are used
to fabricate surfactant sensors for measuring cationic surfactants, nonionic surfactants, and
anionic surfactants in aqueous media [1,15]. There are mainly two types of surfactant sen-
sors: solid-state surfactant sensors [16,17] and PVC-based liquid membrane-type surfactant
sensors [18]. Membranes based on PVC consist of a high molecular weight PVC and a
plasticizer in a 2:1 weight ratio, and usually a 1% ionophore, which is an active substance
of the sensing membrane [19]. The plasticizer softens the PVC and serves as a solvent for
the highly lipophilic ionophore. Ionophores are poorly soluble and possess high molecular
weight, associates (ion-pairs) of the cationic surfactant and anionic surfactant, or some high
lipophilic counter ions. The role of the ionophore, as a sensing element, is mainly deter-
mined by its potential and ability to handle complex interactions with the analyte in its bind-
ing sites [20]. Synthetic ionophores designed according to their complexation constants can
provide improved electrochemical ionophores leading to the development of optimized sen-
sors with higher selectivity, reproducibility, and longer sensor lifetime [21]. Different com-
mercially available quaternary ammonium compounds (QACs) have been used as a part of
the ionophores for anionic surfactants detection, namely dodecyltrimethylammonium [22],
cetyltrimethylammonium [23], hyamine [24], 1,3-dihexadecyl-1H-benzo[d]imidazol-3-ium
recently described by our group [1], and others. The introduction of a designed QAC for
potentiometric sensor provides a sensing material with planned and improved properties
compared to classical ion exchangers.

The aim of this work is to present a new strategy for the direct synthesis of a new
ionophore, namely 1,3-dioctadecyl-1H-imidazol-3-ium tetraphenylborate (DODI-TPB), and
to use it as a sensing component in the preparation of a new DODI-TPB-based surfactant
sensor for the quantification of anionic surfactants by potentiometric titrations in real
samples of commercial products. The ionophore was extensively studied by computational
and instrumental techniques such as NMR, LC-MS, FTIR-ATR, and elemental analysis. The
fabricated DODI-TPB surfactant sensor was characterized analytically in terms of response,
pH influence, selectivity, and accuracy.

2. Materials and Methods
2.1. Reagents

Chemical reagents used for organic synthesis were all analytical grade chemicals:
1-bromooctadecane, 1H-imidazole, and NaHCOj; (Sigma Aldrich, Darmstadt, Germany)
and utilized without further purification.

For measurements of the direct potentiometric response of anionic surfactant, analyti-
cal grade sodium dodecylsulfate (SDS) and technical grade sodium dodecylbenzenesul-
fonate (DBS) (all from Fluka, Buchs, Switzerland) were used. Titrations were performed
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using benzethonium chloride (Hyamine 1622), hexadecyltrimethylammonium bromide
(CTAB), cetylpyridinium chloride (CPC), and 1,3-didecyl-2-methylimidazolium chloride
(DMIC) (all analytical grade from Merck, Munich, Germany). Ultrapure deionized water
was used for all measurements.

For sensing membrane preparation, a high molecular weight PVC and an analytical
grade plasticizer o-nitrophenyloctylether (0-NPOE) (both from Sigma Aldrich, Darmstadt,
Germany) were used. The solvent was tetrahydrofuran (THF) (Merck, Munich, Germany).

For interference measurements a series of organic and inorganic anions were used; acetate,
borate, benzoate, bromide, chloride, carbonate, dihydrogenphosphate, EDTA, hydrogen
sulfate, nitrate, sulfate, all analytical grade sodium salts (all from Kemika, Zagreb, Croatia).

2.2. Ionophore Synthesis and Characterization

Bisalkylated imidazole product (1) was synthesized according to the literature’s pro-
cedure with some modifications. Alkylation reaction was conducted by adding 0.25 g 1H-
imidazole (3.37 mmol) and 200 mg NaHCOj3 (2.38 mmol) in anhydrous acetonitrile (10 mL)
and stirring at 90 °C for 1 h. Then, the solution was cooled and 5 g 1-bromooctadecane
(15.00 mmol) was slowly added to the mixture and continued to be vigorously stirred at 120 °C
under an inert nitrogen atmosphere for 48 h. The product was washed with methanol and
hexane three times. Flash column purification was conducted in DCM/methanol = 10:0.25.
The product was dried under a vacuum at 40 °C for 4 h. The desired product (1) (2.00 g,
3.06 mmol) was obtained in a 90.75% yield.

To prepare the sensing ion-pair DODI-TPB, 1.50 g (2.29 mmol) of 1,3-dioctadecyl-
1H-imidazol-3-ium bromide (1) was mixed for 6 h with 1.50 g (4.38 mmol) of sodium
tetraphenylborate, in 100 mL of acetonitrile. This mixture was filtered, washed with
dichloromethane, cooled in a freezer for 24 h, and then again filtered. Dichloromethane was
removed by rotary evaporation for 3 h. A total of 3.39 g (mmol) of DODI-TPB ionophore
was produced as a white solid (yield: 86.44%). After the evaporation of dichloromethane,
the crude DODI-TPB (2) was dried at 80 °C to the constant mass. Such prepared ion-pair
was used for sensor membrane fabrication.

The DODI-TPB ion-pair was analyzed by FTIR-ATR spectrometer Spectrum Two
(Perkin Elmer, Waltham, MA, USA).

The 'H NMR spectra were recorded at 400 MHz and '*C NMR spectra at 100.613 MHz
by a VARIAN INOVA 400 (Varian, Crawley, United Kingdom).

MS spectra were recorded in q1 ms scan mode at API 2000 LC-ESI-MS/MS (Applied
Biosystems, Foster City, CA, USA).

PerkinElmer 2400 CHNS/O Series II System was used for the elemental analysis
(PerkinElmer Inc., Waltham, MA, USA).

2.3. Computational Details

RESP charges at the HF/6-31G(d) level were used to describe the DODI-cation, while
the TPB™ anion was parameterized in line with the literature’s recommendations. [25] Both
ions were positioned in a 15 A rectangular box and solvated with 8.553 water molecules
and supplemented with Na* and Br~ counterions to assure electrical neutrality. Such a
system underwent the geometry optimization in AMBER 16 [26] with periodic boundary
conditions in all directions, followed by a 30 ps equilibration under NTV conditions and
a gradual temperature increase from 0 to 300 K. This was, then, submitted to 300 ns of
productive and unconstrained MD simulations, with a time step of 2 fs at a constant
pressure of 1 atm and temperature of 300 K, employing a threshold of 11.0 A to truncate
the nonbonded interactions. The binding energies between sensor components, AGgnD,
were obtained through the MM-PBSA analysis [27,28], in line with our recent reports on
similar systems [29-31], utilizing every second snapshot, 75.000 in total, recorded from the
entire MD trajectory.
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2.4. Preparation of Surfactant SENSOR

The surfactant sensor membrane was prepared by dissolving a high molecular weight
PVC in a plasticizer o-NPOE (1:2) by sonication. Then, 1% of the ion-pair was added. Next,
2 mL of THF was added and sonicated for 15 minutes. After this, the cocktail was poured
into the glass mold and left to dry for 1 day. The membrane was planted at the bottom of
the Philips electrode body IS-561 (Supelco, Bellefonte, PA, USA). NaCl (3 M) was used as
an inner electrolyte.

2.5. Potentiometric Measurements

Surfactant sensor characterizations of the DODI-TPB surfactant sensor by direct poten-
tiometry were performed by Metrohm 794 Basic Titrino with a stirred paired with Metrohm
781 pH meter (Metrohm, Herisau, Switzerland) and a reference electrode silver/silver (I)
chloride electrode with potassium chloride (3 M) electrolyte (Metrohm, Herisau, Switzer-
land). To obtain the response characteristics, selected cationic surfactants (Hyamine 1622,
CPC, CTAB, and DMIC) were incrementally added to the deionized water to reach a
concentration range from 1 x 1078 to 1 x 10~2 M. Response time was set to 90 seconds.
An interference study was performed on selected organic and inorganic anions usually
found in commercial product formulations or in wastewaters. Solution of interfering
anion (0.01 M) was placed in a beaker and CPC was incrementally added (0.5 mM) and
measured in 90 seconds intervals. IUPAC fixed interference method was used to calculate
the potentiometric selectivity coefficients. The effect of pH change was observed for CPC
(0.5 mM) at pH levels from 2 to 12.

Potentiometric titrations were performed by Metrohm 808 Titrando with a stirrer,
a reference electrode silver/silver (I) chloride electrode with potassium chloride (3 M)
electrolyte, and a Metrohm Tiamo software (all from Metrohm, Herisau, Switzerland). SDS
(0.4 mM) and DBS (0.4 mM) were titrated with the corresponding concentration of the se-
lected cationic surfactants Hyamine 1622, CTAB, CPC or DMIC, and a DODI-TPB surfactant
sensor as an endpoint indicator. The anionic surfactant contents in 12 commercial products
were measured by potentiometric titration with CPC in corresponding concentrations and
a DODI-TPB surfactant sensor as an endpoint indicator.

3. Results
3.1. Ionophore Synthesis and Characterization

A new, faster, and simpler way for the direct synthesis of ion-pairs was presented
(Scheme 1). The common synthesis of ion-pairs employs anionic and cationic surfactants, or
large lipophilic ions [32,33]. In the presented approach, the preparation of the ion-pair was
achieved by the direct addition of the counter ion (TPB) into the reaction mixture containing
the newly synthesized cationic surfactant. The latter two-steps one-pot process is much
faster, simpler, and employs less toxic chemicals, which is consistent with the green chem-
istry principles. A detailed characterization of DODI-Br by MS, 'H NMR, and *C NMR
spectroscopy and elementary analysis and the detailed data is offered in the supplementary
materials (Figures 51-53). The C2 symmetry of DODI-Br and DODI-TPB simplified their
NMR spectra. As seen from the 'H NMR spectrum of DODI-Br, the newly formed triplets
of methylene signals of -CH,;N = arrived at 4.37 ppm, while the other methylene signals of
alkyl chains range from 1.95 to 1.25 ppm. The 'H NMR signals of 'H-imidazole were identi-
fied at 10.57 and 7.41 ppm. The characteristic signal of -CH,N = in the 3C NMR spectrum
arrived at 50.1 ppm. The other carbons of the methylene chain groups appeared between
31.9 and 22.7 ppm. The signals at 137.3 and 121.8 can be attributed to the 'H-imidazole
unit. In the IR spectrum C = N, C-N stretching was assigned as strong adsorptions at 1650
and 1150 cm~!. The presence of bromine was confirmed by MS and elemental analysis.
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Scheme 1. Synthesis of DODI-TPB ion-pair sensing complex (2) via quaternary alkyl ammonium salt
1,3-dioctadecyl-1H-imidazol-3-ium bromide (1).

Characterization of DODI-TPB was also performed. Its 'H NMR spectrum confirmed
the presence of the TPB anion. The phenyl -CH = signals were identified in the range
of 7.57-7.46 and at 7.00 and 6.83 ppm. Other 'H NMR signals were also consistent with
the proposed DODI-TPB structure. Due to the carbon-boron coupling in the '*C NMR
spectrum, the signal at 164.0 ppm was a quartet, while the other C atoms of TPB and
'H imidazole were identified at 135.9, 134.9, 125.9, 121.9, and 120.7. 13C—signals of alkyl
chains appeared at 49.4, 31.9, and in the range between 29.8 and 14.1 ppm. Similar to
DODI-Br, DODI-TPB showed the IR-stretching of C = N, C-N at 1650 and 1150 cm~ L.
The MS spectrum and elemental analysis were also consistent with the proposed DODI-
TPB structure.

3.2. Computational Analysis

Computational analysis was employed to inspect the dynamics and features of the
investigated DODI* cation in the water solution and elucidate intermolecular interactions
responsible for its complexation with TPB~. We mainly focused on characterizing the
DODI-TPB adduct through electronic, geometric, and thermodynamic features.

Despite containing a rigid imidazole skeleton, DODI* has two unconstrained C-18
chains, whose flexibility over the anionic TPB™ is clearly evident in the obtained RMSD
plots (Figure S4). Interestingly, it appears that it is precisely this feature of DODI* that is
essential for its effective TPB™ recognition through a range of favorable C-H.- -7 interactions
with the aromatic phenyl rings in the latter.

DODI-TPB complexation is a favorable, yet reversible, event, due to the adduct
formation and its dissociation exchange during the MD simulation. To illustrate that, the
matching distance graphs reveal that the relevant N(DODI").--B(TPB™) distances extend
much beyond 40 A, while taking values below 12 A in around 48% of the recorded structures
(Figure S5). Since DODI" is not a globular molecule, we identified the latter as the upper
limit beyond which no appreciable interactions were observed. In order to quantify these
interactions, the calculated MM-PBSA binding free energy shows that the DODI-TPB
complex formation is indeed exergonic at AGginp = —5.0 keal mol~!, which confirms its
feasibility (Table 1). To put the latter number in an appropriate context, and given the
highly favorable sensing features of the DODI-TPB system, let us mention that precisely
the same AGgnp value was obtained for the benzimidazole analogue of DODI* with a
slightly shorter C-16 alkyl chain. [29] This indicates that the calculated AGgnp value falls
into an optimal range as it needs to ensure two opposing aspects, namely the stability of
the adduct and the reversibility of its formation, the latter being essential for its sensing
features through the potential exchange with other anionic analytes.
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Table 1. MM-PBSA calculated binding affinities (AGpnp, in keal mol~1) among the TPB™ anion and
selected cations following the molecular dynamics simulation in water.

(CH3)17CH3 (CHy)17CH3 CHs
@/ @/ o
. N N N
Cation [ \> [ \> [ \> CH3(CHy)54CHy
Component N N N
\ \ \
(CH3)17CH3 CHs, CHs
AGpIND —5.0 —24 —05 32

The representative adduct structure (Figure 1) shows three kinds of favorable inter-
actions, namely (i) the 7t---7t stacking contacts among charged imidazole in DODI" and a
phenyl ring in TPB", (ii) the C—H---m interactions involving the central imidazole carbon
and the other phenyl ring in TPB~, and (iii) a range of C-H---7 interactions that both C-18
chains form with the remaining phenyl groups in TPB™. Interestingly, in the elucidated
structure, the matching B(TPB")---N(DODI") distances are 5.4 and 5.7 A, which is in excel-
lent agreement with the calculated RDF plot, which indicates the largest number of these
contacts assuming values around 5.7 A (Figure 1), and therefore validating the identified
structure as representative.

100

| — TPB-DOI', .,

80—
60—

40 (-

Figure 1. Representative structure of the DODI-TPB complex in the aqueous solution ((left); hydrogen
atoms omitted for the clarity) as elucidated from the 300 ns molecular dynamics simulation, and
the matching RDF graph considering N(DODI*)---B(TPB ™) distances with the peak value located at
5.7 A (right).

Such vicinity between boron and nitrogen atoms could lead to the assumption that
the electrostatic attraction determines the binding among components. Yet, this can be
excluded as it follows from the analysis of atomic charges prior and after the adduct
formation (Figure S6). The results show that, before binding, the imidazole unit in DODI*
accommodates only one-third of the excess positive charge (0.33 lel), while the rest is
accumulated within its C-18 chains, which is, interestingly, not changed in the formed
adduct. In fact, once DODI-TPB is formed, only 2% of the total charge density is exchanged
between components, as is evident in the sum of all atomic charges on DODI* and TPB~
being +1.02 and —0.98 lel, respectively, which eliminates electrostatic interactions as
predominantly responsible for the adduct stability.

In addition, the extent of the 7t---7t stacking interactions was estimated by analyzing
distances between the center of mass of the imidazole ring in DODI* and that of each
phenyl group in TPB~. Adopting the value of 4 A as the recommended threshold for these
contacts [29], it resulted that these interactions take place in only 2.2% of structures occur-
ring during MD simulations. Along these lines, the frequency of the C-H:--7 interactions
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involving the central imidazole C-H group was analogously inspected and we counted
5.7% of structures where this was identified. Therefore, both sets of values suggest only a
very limiting significance of both of these interactions for the complex formation.

Lastly, due to a large number of C-H groups within both C-18 chains potentially
engaging in the C—H---m interactions with TPB~, in evaluating their frequency we have
repeated the MD simulations with several model cationic components, having either one
or both C-18 chains replaced by a methyl group (Table 1). The results show that when one
of the C-18 chains is already substituted by a smaller methyl unit, the binding affinity is
reduced in half (AGgnp = —2.4 kcal mol 1), while it exhibits an even larger further decrease
when no C-18 chains are present (AGpnp = —0.5 kcal mol~!). This evidently underlines
the crucial effect of the long alkyl chains and highlights this type of interaction as dominant
in recognizing and binding the TPB~ in solution. Such a conclusion is further supported
by analyzing the situation with a simple alkane, with its length, C-36, equaling the sum
of both chains in DODI*. Interestingly, despite being formally uncharged, the affinity of
Cs6Hys towards TPB™ surpasses those from both model cationic imidazoles and achieves
AGginD = —3.2 keal mol~! (Table 1), thereby reaching 64% of the affinity of the full DODI*.
We believe all of this clearly illustrates the importance of these hydrophobic fragments
and their flexibility for the efficient TPB~ binding, and it provides useful guidelines for the
future design of efficient potentiometric sensors based on selected ionophores.

3.3. Sensor Characterization
3.3.1. Sensor Response to Anionic Surfactants

According to the modified Nernst equation, the electromotive force of the surfactant
sensor membrane in the presence of anionic surfactant is the following;:

E=E"—Sloga,g-

where EC is a constant potential term, S is a slope in the linear part of the response curve,
and a 45- is an activity of the investigated surfactant anion.

The first step in DODI-TPB surfactant sensor characterization was to observe the
direct potentiometric response of the sensor for two anionic surfactants, namely DBS and
SDS, over a wide range of concentrations in deionized water. In this way, it is possible
to determine the response of the sensor for the desired anions. The response curves and
response characteristics for DBS and SDS are presented in Figure 2 and Table 2. For the
DBS anion, the linear concentration range was from 6.3 x 1077 M to 3.2 x 10~* M with an
estimated correlation coefficient (R?) of 0.9997 in the linear part of the response curve. For
the SDS anion, the linear concentration ranged from 5.9 x 1077 M to 4.1 x 103 M with an
R? of 0.9998 in the linear part of the response curve. The limits of detection (LOD) were
calculated according to IUPAC recommendations. [34] For DBS, the calculated LOD were
6.1 x 1077 M and 5.5 x 10~ M for SDS. The estimated slope values in the linear response
region for DBS were 59.29 £ 0.5 mV /decade and for SDS anion 58.31 £ 0.4 mV /decade.

Table 2. Response characteristics of DODI-TPB surfactant sensor to anionic surfactants DBS and SDS
in HyO, given together with £95% confidence limits.

Anionic Surfactants

Parameters
DBS SDS
Slope (mV /decade) 59.3+0.5 58.3 + 0.4
Correlation coefficient (R2) 0.9997 0.9998
Limit of detection (M) 714+10"7 6.8+10"7

Useful linear concentration range (M) 63 x 1077 t03.2 x 1074 59 %1077 to4.1 x 1073
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Figure 2. Direct potentiometric response characteristics of DODI-TPB surfactant sensor to anionic
surfactants SDS and DBS in H,O at a wide concentration range, with mean values at +95% confi-
dence limits.

3.3.2. Selectivity and pH

An interference study was performed to investigate the influence of some common
organic and inorganic anions (present in products or waters and wastewaters) on the
response characteristics of the DODI-TPB surfactant sensor in the presence of an anionic
surfactant SDS in the broad concentration range from 5 x 107 to 5 x 1073 M. The selected
interfering anion concentration was 0.01 M. To calculate the selectivity coefficient, a fixed
interference method [34] was applied. The selectivity was tested to observe the ability of the
sensor to discriminate certain anions in the presence of interfering ions. The results of the

P . . ot. . . . P .
calculated selectivity coefficient (lo gKZn_,) for different inorganic and organic interfering

sodium salts are presented in Table 3. The DODI-TPB surfactant sensor showed good
selectivity toward SDS in the presence of common interfering anions.

The response of the DODI-TPB surfactant sensor to SDS (0.5 mM) was tested in the
range of pH 2 to 13 and is presented in Figure 3. The measured electromotive force was
stable in the pH range from 2 to 9, and this pH region could be used in further investigations.
At pH 10 to 13, the DODI-TPB surfactant sensor showed higher fluctuation in the signal
change, and this region was not suitable for measurements. This likely comes as a result
of the fact that both sensor components lack notably acidic/basic sites [35], which is why
lowering the pH conditions exerts only a moderate effect, while a significant increase
in the latter possibly disintegrates TBP~ due to the introduced OH™ anions that either
compete with phenyl ligands for the boron coordination or help with the hydrolysis of
either component.
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Table 3. Calculated selectivity coefficient (logKioyf; ) for different inorganic and organic interfering
sodium salts (10 mM) for SDS response with the DODI-TPB surfactant sensor for SDS.

. t.
Anion logKil::g
Acetate —4.27
Borate —4.75
Benzoate —4.35
Bromide —4.00
Chloride —-3.92
Carbonate —3.92
Dihydrogenphophate -3.92
EDTA -3.92
Hydrogen sulfate —3.30
Nitrate —3.43
Sulfate —3.48
Toluensulfonate —3.93
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Figure 3. The response characteristics of DODI-TPB surfactant sensor towards SDS (0.5 mM) in
deionized water at different pH levels.

3.4. Potentiometric Titrations
3.4.1. Titration of DBS with Selected Cationic Surfactants

Hyamine 1622, CTAB, CPC, and DMIC were used for the potentiometric titrations
of DBS (4 mM) with selected cationic surfactants of analytical grade (4 mM). Titration
conditions were the same for all measurements and the DODI-TPB surfactant sensor was
used as the endpoint indicator. Potentiometric titration curves are shown in Figure 4. All
titration curves had a sigmoidal shape with a well-defined signal change in the endpoint
region. The DODI-TPB surfactant sensor showed the best signal change in the titrations
with DMIC, where the signal change was 382.5 &= 2.4 mV. The signal change for CPC was
350.4 & 3.1 mV, for CTAB 335.6 & 1.9 mV, while the lowest signal change was obtained
for Hyamine 1622, at 316.6 &= 3.2 mV. From the titration curves, the corresponding first
derivatives were calculated (AE/AV) and included in Figure 4. Analogous to the titration
curves data, the first derivative values for DMIC showed the highest change in the endpoint,
79.4 mV/mL, with a sharp peak. The first derivative values for the other three cationic
surfactants, CPC, CTAB, and Hyaminel622, were 77.7, 77.3, and 62.1 mV /mL, respectively,
with well-defined peaks. The falling properties of the cationic titrants for potentiometric
titrations of DBS using the DODI-TPB surfactant sensor as the endpoint indicator were
DMIC > CPC > CTAB > Hyamine 1622. All the studied cationic surfactants were suitable
for DBS detection using the DODI-TPB surfactant sensor.
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Figure 4. Potentiometric titration curves, and first derivatives, of DBS (0.4 mM) with four different
cationic surfactants (0.4 mM) used as a titrant: Hyamine 1622, CTAB, CPC, and DMIC. The titration
curves and their first derivatives were rearranged for the sake of clarity.

3.4.2. Titration of SDS with Selected Cationic Surfactants

For the potentiometric titrations of SDS, the same approach was used as for DBS.
Hyamine 1622, CTAB, CPC, and DMIC were used for the potentiometric titrations of SDS
(4 mM) with selected cationic surfactants of analytical grade (4 mM). Titration conditions
were the same for all measurements, and the DODI-TPB surfactant sensor was used
as the endpoint indicator. Potentiometric titration curves are shown in Figure 5. All
titration curves had a sigmoidal shape with well-defined signal changes in the area of the
endpoint. The DODI-TPB surfactant sensor showed the best signal change in the titrations
with DMIC where the signal change was 376.5 & 3.8 mV. The signal change for CPC
was 319.3 £ 3.7 mV, for CTAB 303.9 &+ 2.5 mV, while the lowest signal change was obtained
for Hyamine 1622 with 272.4 &+ 3.1 mV. From the titration curves, the corresponding first
derivatives were calculated (AE/AV) and included in Figure 5. Analogous to the titration
curve data, the first derivative values for DMIC showed the largest change in the endpoint,
79.6 mV /mL, with a sharp peak. The first derivative values for the three other cationic
surfactants, CPC, CTAB, and Hyamine1622, were 75.7, 75.4, and 53.5 mV /mL, respectively,
with well-defined peaks. The falling properties of the cationic titrants for potentiometric
titrations of DBS using the DODI-TPB surfactant sensor as an endpoint indicator were
DMIC > CPC > CTAB > Hyamine 1622. All of the studied cationic surfactants were suitable
for SDS detection with the DODI-TPB surfactant sensor.

The standard addition of SDS and DBS at two concentration levels (0.1 and 0.01 mM)
was used to estimate the accuracy of the DODI-TPB surfactant sensor. Selected cationic
surfactants (Hyamine 1622, CTAB, CPC, and DMIC) were used as titrants. The measured
and found concentrations of DBS and SDS, as well as the corresponding recoveries, are
listed in Table 4. The recoveries for titrations of DBS ranged from 97.3 to 102.0%, with the
best recoveries for DMIC being 99.3% (for 0.1 mM) and 99.7% (for 0.01 mM). The recoveries
for the titrations of SDS ranged from 98.1 to 99.8%, with the best recovery for DMIC being
99.7% (for 0.1 mM) and 99.6% (for 0.01 mM). The proposed DODI-TPB surfactant sensor
showed good accuracy against the studied anionic surfactants.
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Figure 5. Potentiometric titration curves, and first derivatives, of SDS (0.4 mM) with four different
cationic surfactants (0.4 mM) used as a titrant: Hyamine 1622, CTAB, CPC, and DMIC. The titration
curves and their first derivatives were rearranged for the sake of clarity.

Table 4. Potentiometric titration results of SDS and DBS anionic surfactants with selected cationic
surfactants (4 mM) as a titrant and the DODI-TPB surfactant sensor as an endpoint indicator.

Analyte
DBS SDS
Taken Found Recovery Taken Found Recovery
(mM) (mM) (%) (mM) (mM) (%)
CTAB 0.1 0.0973 97.3 0.1 0.0989 98.9
0.01 0.00102 102.0 0.01 0.00981 98.1
- Hyamine 1622 0.1 0.0972 97.2 0.1 0.0988 98.8
g 0.01 0.00975 97.5 0.01 0.00989 98.9
é CpPC 0.1 0.0993 99.3 0.1 0.0991 99.1
0.01 0.00985 98.5 0.01 0.00987 98.9
DMIC 0.1 0.0993 99.3 0.1 0.0998 99.7
0.01 0.00997 99.7 0.01 0.00996 99.6

3.4.3. Titrations of Commercial Samples

The DODI-TPB surfactant sensor was used as an endpoint indicator in potentiometric
titration of 12 commercial products containing anionic surfactants. These products were
detergents intentionally divided into three groups: powder, liquid gel, and hand wash, to
cover all potential product types. They were all declared to contain anionic surfactants.
An appropriate concentration of CPC was used as a titrant. The studies with CPC showed
good analytical properties, just below those of DMIC, but CPC was selected because
the price of DMIC is much higher. Five independent titrations were performed for each
detergent sample (Table 5). Hand detergents were found to have the highest levels of
anionic surfactants ranging from 14.89 to 15.98%. Powder detergent samples contained
4.25 to 6.01% of anionic surfactants, while gel liquid detergents contained the lowest
amounts of anionic surfactants, ranging from 2.11 to 3.21%. The data were compared with
the previously published ISE DMI-TPB surfactant sensor [13] and a two-phase titration
referent method [8], which revealed good agreement between all three methods.
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Table 5. Potentiometric titration results of detergent commercial products with the DODI-TPB
surfactant sensor as an endpoint indicator and CPC as a titrant, compared with the ISE surfactant
sensor and a referent two-phase titration method.

% Anionic Surfactant

Detergent Sample -

8 P DODI-TPB DMI-TPB [13] Two-Phase

Titration [8]
Sample 1 4254 0.08 421 471
. Sample 2 521 4 0.09 522 5.01
Solid/powder Sample 3 5.66 + 0.07 5.61 5.51
Sample 4 6.01 4 0.09 6.09 6.11
Sample 5 2.11 + 0.07 215 227
Liquid/gel Sample 6 245+ 0.11 241 2.85
quidss Sample 7 2.25 4 0.09 2.26 241
Sample 8 3.21 4 0.09 327 3.8
Sample 9 1522 + 0.11 15.21 15.32
Handwashin Sample 10 14.89 -+ 0.09 14.85 15.07
8 Sample 11 15.42 + 0.08 15.48 15.55
Sample 12 15.98 + 0.12 15.99 16.12

4. Conclusions

The new procedure for the direct synthesis of the 1,3-dioctadecyl-1H-imidazol-3-
ium tetraphenylborate (DODI-TPB) ionophore was successfully applied. The DODI-TPB
ionophore was characterized and confirmed by NMR, ATR FT-IR, LC-MS, and elemen-
tal analysis.

A computational analysis confirmed the feasibility of the DODI-TPB complex forma-
tion in solution and elucidated a range of C-H.:-m interactions among flexible C-18 alkyl
chains in DODI* and phenyl groups in TPB~ as dominant for their recognition in solution.
The calculated MM-PBSA binding affinity among components of AGginp = —5.0 kcal mol~!
appears optimal, as it efficiently combines the ionophore stability with its ability to ex-
change anions in solution, thereby allowing for favorable analytic and sensing responses.

The DODI-TPB ionophore was used to fabricate the PVC-based liquid membrane-type
potentiometric surfactant sensor for anionic surfactants. The DODI-TPB surfactant sensor ex-
hibited good response characteristics, a wide linear response range (5.9 x 1077—4.1 x 1073 M
for SDS), a low detection limit (6.8 x 10~/ M for SDS), a Nernstian slope, high selectivity
toward interfering anions, high accuracy (98.1-99.8% for SDS), and a wide operational
pH range (2-9). Both anionic surfactants, DBS and SDS, were successfully titrated with
four cationic surfactants, resulting in sigmoid curves with high potential changes (up to
382.5 mV), well-defined inflexions, and sharp endpoint peaks for the first derivatives.
The DODI-TPB surfactant sensor was successfully used to quantify anionic surfactants
in 12 commercially available detergents (powder, hand wash, and liquid gel detergents). The
results show good agreement with the ISE surfactant sensor and the two-phase titration
method. The DODI-TPB surfactant sensor could be used in quality control in the industry.
Even though the sensor showed high stability and a broad response range, the sensor seems
to be more suitable to observe surfactant concentrations in wastewaters than lakes and rivers.
Further investigations will be conducted using the DODI-TPB surfactant sensor to quantify
anionic surfactants in water and wastewater.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors10120523/s1, Figure S1: 1H NMR (400 MHz; CDCl3)
of 1,3-dioctadecyl-1H-imidazol-3-ium tetraphenylborate (2); Figure S2: 13C NMR (100.613 MHz;
CDCI3) of 1,3-dioctadecyl-1H-imidazol-3-ium tetraphenylborate (2); Figure S3: ATR-FTIR spectra of
powder 1,3-dioctadecyl-1H-imidazol-3-ium tetraphenylborate (2); Figure S4: RMSD graphs during
the molecular dynamics simulation in the aqueous solution; Figure S5: Time dependence of the


https://www.mdpi.com/article/10.3390/chemosensors10120523/s1
https://www.mdpi.com/article/10.3390/chemosensors10120523/s1

Chemosensors 2022, 10, 523 13 of 14

distance between the boron atom in TPB— and the nitrogen atoms in DODI+ during the molecular
dynamics simulation; Figure S6: Charge distribution within the DODI+ cation and the TPB— anion.
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