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ABSTRACT

Surfactants are widely used in industrial, household, and personal care products and frequently
occur as environmental contaminants, necessitating reliable analytical methods for their
determination. This doctoral research focuses on the development of new potentiometric
sensors for the determination of ionic surfactants based on novel ionophores based on

quaternary ammonium compounds and doped carbon-based nanocomposites.

In the first part of the study, a new triazolium-based quaternary ammonium compound, 1,3-
dioctadecyl-1H-1,2,3-triazol-3-ium bromide (DODTA-Br), was synthesized and used for
DODTA-TPB ionophore synthesis. DODTA-TPB was incorporated into PVC-based liquid
membrane surfactant sensor. The developed DODTA-TPB sensor exhibited a near-Nernstian
response to cationic surfactants (CTAB 56.2 and CPC 58.5 mV/decade) and anionic surfactants
(SDS -59.2 and DBS —-57.5 mV/decade) with a linear working range between approximately
107" and 1073 mol L1 and fast response time (<10 s). The sensor was successfully applied as an
end-point indicator in potentiometric titrations of ionic surfactants in commercial products and

environmental samples.

In the second part of the research, a nanocomposite surfactant sensor based on Pt-doped
multiwalled carbon nanotubes (Pt@ MWCNT) and the cationic surfactant 1,3-dihexadecyl-1H-
benzo[d]imidazol-3-ium ionophore was developed. The Pt@MWCNT-DHBI sensor
demonstrated near-Nernstian response for anionic surfactants (SDS -59.1 and DBS -57.5
mV/decade), improved membrane stability, reduced signal noise, and long-term operational
stability exceeding six months. The sensor was successfully applied in potentiometric titrations
of commercial detergent samples, yielding results in good agreement with the classical two-

phase titration method.

The developed sensors were validated through analysis of technical surfactants, commercial
detergents, mouthwash products, and environmental water samples. Recovery values ranged
from 94.2 to 99.2%, confirming the high accuracy and reliability of the proposed analytical

methods.

Computational modeling using quantum-chemical calculations and molecular dynamics
simulations was applied to investigate the formation and stability of the DODTA—-TPB ion pair.

Theoretical analysis demonstrated that the ionic associate is primarily stabilized by electrostatic



interactions, with additional contributions from van der Waals and hydrophobic interactions,

supporting its suitability as an ionophore for potentiometric sensors.

The results demonstrated that newly designed ionophores significantly improve the analytical
performance and stability of potentiometric surfactant sensors. The developed sensors represent
simple, sensitive, and cost-effective analytical tools for the determination of surfactants in

environmental and industrial samples.

Keywords: surfactants, potentiometric surfactants sensor, quaternary ammonium compounds,

metal-doped MWCNT, carbon nanocomposite, ion-pair, water analysis



Prosireni sazetak

Surfaktanti predstavljaju vaznu skupinu kemijskih spojeva koji se Siroko primjenjuju u
deterdZentima, proizvodima za osobnu higijenu, farmaceutskim pripravcima te brojnim
industrijskim formulacijama. Zbog njihove Siroke uporabe znaajne koliCine surfaktanata
dospijevaju u okoli$, osobito u vodene sustave, gdje mogu uzrokovati negativne ekoloske
ucinke. Stoga je pouzdano odredivanje surfaktanata od velikog znacaja za kontrolu kvalitete
proizvoda, pracenje oneciS¢enja okoliSa te ispunjavanje regulatornih zahtjeva. Klasi¢ne
analiticke metode, poput dvostruko-fazne titracije, i dalje se Cesto koriste, ali su povezane s
uporabom organskih otapala i relativno dugotrajnim postupcima. U tom kontekstu,
potenciometrijski senzori temeljeni na ionsko-selektivnim membranama predstavljaju

jednostavnu, brzu i ekoloski prihvatljiviju alternativu za odredivanje surfaktanata.

Ovo doktorsko istrazivanje usmjereno je na razvoj novih potenciometrijskih senzora za
odredivanje ionskih surfaktanata temeljenih na novim ionoforima baziranim na kvaternim

amonijevim spojevima i dopiranim ugljikovim nanokompozitima.

U prvom dijelu istrazivanja sintetiziran je novi heterociklicki kvaterni amonijev spoj, 1,3-
dioktadecil-1H-1,2,3-triazol-3-ijev bromid (DODTA-Br), koji je koriSten za pripravu ionskog
para DODTA-TPB. Dobiveni ionski par ugraden je u PVC membranu tekuéeg tipa i
primijenjen kao aktivni ionofor u potenciometrijskom senzoru za surfaktante. Razvijeni
DODTA-TPB senzor pokazao je gotovo Nernstovski odziv prema kationskim surfaktantima
(CTAB 56,2 1 CPC 58,5 mV/dekada) te prema anionskim surfaktantima (dodecil sulfata (SDS)
—59,2 1 dodecilbenzen sulfonata (DBS) —57,5 mV/dekada), s linearnim radnim podruc¢jem

koncentracija priblizno od 1077 do 1073 mol L' i brzim vremenom odziva (<10 s).

AnalitiCka primjenjivost senzora potvrdena je potenciometrijskim titracijama tehnickih
surfaktanata poput SDS, DBS 1 lauril eter sulfata (LES), pri ¢emu su dobivene titracijske
krivulje imale izraZen sigmoidalni oblik s velikim promjenama potencijala (AE do priblizno

301 mV).

Senzor je uspjesno primijenjen i za odredivanje surfaktanata u komercijalnim proizvodima,
ukljucujuéi vodice za ispiranje usta i deterdZente razlicitih formulacija. Dobiveni rezultati
pokazali su dobro slaganje s rezultatima dobivenim klasi¢nom titracijom u dvije faze. Dodatno

je ispitana primjenjivost senzora u okoliSnim uzorcima vode (rijeke Drava i Mura, jezero



Moti¢njak i akumulacija Drava). Metodom standardnog dodatka, dobivene su vrijednosti
iskoristenja u rasponu od 94,2 do 96,5 %, §to potvrduje izostanak znacajnog utjecaja matriksa

1 pouzdanost predloZene metode.

U drugom dijelu istraZivanja razvijen je potenciometrijski senzor temeljen na platinski
dopiranim viSestijenanim ugljikovim nanocjev€icama (Pt@MWCNT) 1 kationskom
surfaktantu 1,3-diheksadecil-1H-benzo[d]imidazol-3-ijjev kao nanokompozitnom ionoforu.
Pt@MWCNT-DHBI senzor pokazao je gotovo Nernstovski odziv prema anionskim
surfaktantima (SDS-59,1 i DBS-57,5 mV/dekadi), poboljSanu stabilnost membrane, smanjeni
Sum signala te dugoro¢nu operativnu stabilnost dulju od Sest mjeseci, bez znaCajnog drifta

potencijala ili ispiranja ionofora iz membrane.

Nanokompozitni senzor uspjesno je primijenjen u potenciometrijskim titracijama komercijalnih
deterdZenata. Odredeni sadrZaji anionskih surfaktanata iznosili su 6,1-6,3 % za praSkaste
deterdzente, 2,1 % za tekuce/gel deterdzente te 13,2—15,1 % za deterdZente za ru¢no pranje
posuda. Dobiveni rezultati bili su u dobroj podudarnosti s rezultatima dobivenim referentnim

metodama i drugim senzorima.

Kako bi se bolje razumio mehanizam stvaranja i stabilnosti ionskog para DODTA-TPB,
provedeno je raCunalno modeliranje primjenom kvantno-kemijskih izracuna i molekulske
dinamike. Rezultati su pokazali da je stabilnost ionskog para prvenstveno posljedica
elektrostatskih interakcija izmedu triazolijeve kationske jezgre i tetrafenilboratnog aniona, uz
dodatni doprinos van der Waalsovih i hidrofobnih interakcija. Dobiveni rezultati potvrduju da
teorijsko modeliranje moZe znaCajno doprinijeti racionalnom dizajnu novih ionofora i

razumijevanju njihovog ponaSanja u membranskim senzorima.

Rezultati istrazivanja pokazuju da novo sintetizirani ionofori mogu znacajno unaprijediti
analiticka svojstva potenciometrijskih senzora za surfaktante. Razvijeni senzori predstavljaju
jednostavne, osjetljive i ekonomic¢ne analiticke alate za odredivanje surfaktanata u okoli§nim

uzorcima, industrijskim formulacijama i komercijalnim proizvodima.

Kljucéne rijeci: surfaktanti, potenciometrijski senzor, kvaterni amonijevi spojevi, viSestjencane

ugljikove nanocjevcice dopirane metalom, ugljikov nanokompozit, ionski par, analiza vode
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1. INTRODUCTION

1.1. Surfactants

Surfactants, or surface-active agents, are amphiphilic compounds widely utilized across
industries for their ability to lower surface and interfacial tension between different phases,
such as liquid-liquid, liquid-gas, or liquid-solid. These molecules consist of hydrophilic (water-
attracting) heads and hydrophobic (water-repelling) tails, making them particularly effective in
applications ranging from detergents for cleaning and disinfection to pharmaceuticals,

cosmetics, food production, petroleum refining, and nanotechnology.

Because of their structural properties, surfactants spontaneously form aggregates such as
micelles, bilayers, and liquid crystals, depending on concentration and environmental
conditions. The most well-known example is micelle formation, which occurs when the
surfactant concentration reaches the critical micelle concentration (CMC). CMC is a crucial
parameter that defines the behavior of surfactants in solution and is frequently used in their

characterization.

Surfactants are classified according to the charge on their hydrophilic head group. Anionic
surfactants (e.g., dodecyl sulfates and alkylbenzenesulfonates) carry a negative charge and are
most commonly used in detergents and cleaning agents. [1] Cationic surfactants (e.g.,
quaternary ammonium compounds) are positively charged and often used as biocides,

disinfectants, and in textile processing.

Nonionic surfactants carry no net charge and are used in cosmetics and the food industry, while
amphoteric surfactants display both positive and negative charges depending on the pH of the

medium. [2]

Population growth and extensive urbanization have led to the increased production of
surfactants. Anionic surfactants dominate global production, accounting for approximately 70%
of the market, driven primarily by expanding consumer demand in home and personal care
products. [3] With the surfactant industry valued at $45.57 billion in 2024 and projected to
reach $76.81 billion by 2034 at a compound annual growth rate (CAGR) of 5.36% from 2025
to 2034. [3] Their widespread use has necessitated improvements in both formulation and

monitoring to address associated health and environmental challenges.



Surfactants are known to disrupt cellular structures, impede oxygen exchange in aquatic
environments, and irritate human skin, emphasizing the need for constant water quality

monitoring and stringent production controls.

Standard methods for detecting surfactants such as two-phase titration [4] and the Methylene
Blue Active Substance (MBAS) method [5] are labor-intensive, lack reproducibility, require
skilled personnel, and involve hazardous organic solvents, conflicting with principles of green
chemistry. Instrumental approaches, including High-Performance Liquid Chromatography
(HPLC) [6], Gas Chromatography (GC) [7], Ion-Exchange Chromatography [8] and Size-
Exclusion Chromatography [9], provide greater accuracy but are costly and unsuitable for
routine or on-site applications. Waste containing anionic surfactants is one of the most
widespread water pollutants, leading to the need for new, cost-effective, accurate, and practical
methods for detecting anionic surfactants. [9-12] From this perspective, the use of

potentiometric sensors appears to be a highly promising method.

1.2. Potentiometry

Potentiometry is an electroanalytical method based on the dependence of the potential of an
indicator electrode on the concentration of a particular ionic species with which it is in contact
in solution. During the measurement, a very small electric current flows through the cell, which
does not affect the equilibrium state of the electrodes. The principle of potentiometric
measurements is based on the correlation between the composition of the sample and the
magnitude of the potential formed between the reference and indicator electrodes. The reference
electrode provides a stable potential over a long period of time, while the indicator electrode
shows a variable potential depending on the activity of the primary ion or analyte in direct
potentiometry, a high-impedance potential measuring device (millivoltmeter) is located
between the two electrodes. Electrochemical sensors convert the effect of electrochemical
interaction into a useful signal. Chemical sensors consist of a receptor that serves for
recognition and a transducer that is responsible for receiving the signal. [13] Potentiometry
appeared at the beginning of the 20th century, and the first potentiometric sensors for

surfactants in the 1960s and 1970s of the last century.



Direct potentiometry

Direct potentiometry can be used to determine the activity of many cations and anions in a fast,
simple and convenient way. This method uses a device with an immersed ion-selective sensor
that translates the activity of ions into an electrical potential. The cell voltage depends only on
the activity of the ionic species in the solution in which it is found. The direct potentiometry
measurement procedure consists of several steps. Solutions of different concentrations, or
activities, are prepared. Then, the electrode potential value is measured with the prepared
solutions, on the basis of which a calibration diagram E = f (log a) is constructed. The diagram
shows the dependence of the electrode potential on the logarithm of the activity of ions in
solutions. The linear part of the curve is used to determine the unknown activity. By measuring
the activity potential based on the calibration diagram, its concentration is read. The electrical

potential of the electrodes of an electrochemical cell is expressed by the Nernst equation:

2,303'RT
nF

E=E°+ -loga (1
where is it:

E - measured potential,

E0 - standard electrode potential,

R - gas constant, 8.314 ] K'1 mol1,

T- temperature in Kelvin,

n - ion charge,

F - Faraday's constant, 96500 C,

a - activity of the analyte.

Activity i1s a measure of the interaction of different molecules in a non-ideal system, and
represents the effective concentration of ions, which is usually less than the actual concentration
of ions in solution. The activity of an ion is equal to the product of the mean activity coefficient

() and the molar concentration of the ion (c):

a=c-f 2)

The value of the activity coefficient under ideal conditions is 1 (in very dilute solutions
where the ionic strength is minimal), which means that the activity of an ion is equal to its

concentration. The activity coefficient can be calculated using the Debye-Hiickel equation:



_ A.nZ.\/ﬁ
—logf = 14B 15 VB )

where:
u - ionic strength of the solution
1x - effective diameter of the hydrated ion X in angstroms (1A = 10 cm).

A, B - constants depending on temperature and nature of solvent (for aqueous solutions at

25°C, A1s 0.51 and B is 0.33).

Potentiometric titration

Potentiometric titration is a volumetric method in which the potential difference between two
electrodes is measured as a function of the added volume of reagent. The method is based on
the determination of the unknown concentration of the test solution by titration with a standard
solution, where a significant change in the potential of the indicator electrode occurs (titration
endpoint). The measuring potential is proportional to the logarithm of the analyte activity, and
the measurement is based on the volume of titrant that causes a rapid change in potential near
the equivalence point. The advantage of this method is the determination of analytes in turbid

samples without the use of chloroform.

1.3. Ion-Selective electrodes for surfactants

Potentiometric sensors are an important class of electrochemical sensors that detect changes in
electrode potential during analyte-receptor interactions. Ion-Selective electrodes (ISEs) with
polymer membranes containing selective transducers (ionophores) are the most commonly used
potentiometric sensors. [14—16]The composition of ISEs is based on three important
components: a sensing material- ionophore (an ion-pair consisting a cationic and 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], PVC and
a plasticizer. [18] Therefore, the sensitivity, selectivity, and lifetime of ISEs largely depend on
the properties of the ionophores. [19-23] The development of new highly lipophilic ionophores

is thus a promising approach to ensure the best properties of potentiometric sensors. [23,24]



Various ionic pairs are wused for constructing ISEs for anionic surfactants:
tetrahexadecylammonium-dodecyl sulfate [25], 1,3-didecyl-2-methylimidazolium-
tetraphenylborate [26], hexadecyltrioctadecylammonium-tetraphenylborate [27],
cetyltrimethylammonium-dodecyl sulfate [28], dodecyltrimethylammonium-dodecylbenzene
sulfonate [29], cetyltrimethylammonium-tetraphenylborate [30], hyamine-tetraphenylborate
[31], etc. Quaternary alkyl ammonium compounds (QACs) are used as the active component
of the ionic pair to detect anionic surfactants. QACs are cationic surfactants with a nitrogen
atom carrying a positive charge, enabling interaction with anionic surfactants. The quaternary
nitrogen atom of QACs can be part of an aromatic or aliphatic ring. [32] The hydrophobic part
of QACs is usually an alkyl chain of varying lengths, while the hydrophilic group differs. QACs
also exhibit antimicrobial activity and are used as biocides and antimicrobial therapeutic agents.
[33] Due to these properties, QACs are widely used as disinfectants and water treatment agents
to control microbiological contamination in water systems. An ideal ion-pair should exhibit
high lipophilicity, low aqueous solubility, strong selectivity toward the target analyte, and
sufficient membrane compatibility. [15,34,35] In this way, the fabricated surfactant sensors
could have high response, extended lifetime and broad useful concentration range. [22,23] A
major challenge in constructing ISEs is the reliable immobilization of electroactive material
(EAC) in the PVC matrix. Leaching of the EAC causes significant changes in sensor response
and shortens its lifespan. [16,36] This issue can be improved by modifying the membrane
composition, using EACs with lower water solubility. [37] Reduced solubility of newly
synthesized compounds through alkylation with extremely long alkyl chains will minimize
EAC leaching from the membrane, positively affecting sensor response stability and lifespan.
The ability of ionophores to act as sensors is determined by complex chemical interactions at
their binding sites. [34] lonophore properties are influenced by a sensitive balance between the
rigidity required for selectivity and the flexibility needed for rapid ion transfer. Aromatic QACs
possess both these properties: rigidity due to the planar aromatic ring and flexibility due to
rotation around the nitrogen atom. The development of new ISEs is limited by the use of
commercially available ionophores. Thus, the synthesis of new ionophores would enable the

development of new ISEs with significantly improved properties.

The other part of the sensor is the membrane medium in which the ion pair is dissolved. This is
usually a mixture of high molecular weight PVC with a lipophilic plasticizer. The choice of the

plasticizer affects the final response of the sensor [18,38] The plasticizer should also prevent



water penetration into the membrane and by improving the flexibility of PVC, also increase the

solubility of the ionophore in the final sensing membrane matrix.

1.4. Nanomaterials in potentiometric surfactant sensors

Nanomaterials play an important role in the field of potentiometric testing because they possess
excellent electrical properties and good hydrophobicity. Advances in nanotechnology have
introduced carbon-based materials like single-wall and multi-wall carbon nanotubes (SWCNTSs
and MWCNTSs) as innovative sensor components, offering advantages such as enhanced
electron transfer, superior mechanical strength, adjustable surface reactivity, which makes them

suitable for solid membrane ion selective electrodes. [1,39-42]

Nanomaterials in ion-selective electrodes for the determination of anionic surfactants were first
used by Najafi in 2011. [41] Using a modified single-walled carbon nanotube (SWCNT) was
constructed by Najafi et al. where hexadecyltrimethylammonium (CTAB) and dodecylsulfate
(SDS), adsorbed to the SWCNTs, act as ionophores. The electrodes showed a fast response
time of 30 s and could be used for 3 months. The membrane electrodes showed a Nernst slope
(59.5 mV/decade) for SDS and (57.2 mV/decade) for CTAB. Furthermore, nanomaterials are
used to prevent leaching of sensor material from the membrane. [1,42—44]

Sakac et al. described a solid-contact electrode with multilayer carbon tubes. [45] The sensing
material used was the ion pair 1,3-didecyl-2-methylimidazole-tetraphenylborate (DMI-TPB).
The multi-walled carbon nanotubes (MWCNTSs) were homogeneously distributed in a PVC
matrix, resulting in a more stable response with low noise (2.6 mV/h). They used MWCNTSs to
immobilize the sensing material with the ion pair 1,3-didecyl-2-methylimidazole-
tetraphenylborate (DMI-TPB) implemented in a PVC membrane. The use of MWCNTs
reduced the membrane resistance, increased the active surface area, and improved the
repeatability. The sensor had a lifetime of 6 months.

Nanomaterials can be chemically bound to the ion pair. On the other hand, an inclusion complex
with an ion pair or charged surfactant can also act as an ionophore. [45-48]

Carbon-based nanomaterials doped with metals (e.g. Pt or Ag) will further increase the
electrical conductivity of the sensor membrane itself, which will further increase the sensitivity
and lifespan of the sensor. Metal-doping further improves sensitivity, selectivity, stability, and

detection range, enabling faster response times and extended operational functionality. [49]



Doped carbon nanotubes with platinum nanoparticles exhibit synergetic effects that enhance

sensor stability and catalysis, reducing fouling and facilitating miniaturization. [50,51]

So far, the use of metal-doped carbon nanomaterials in the construction of surfactant sensors

has not been described.

1.5. Response of ion-selective electrode to anionic surfactants

An important property of surfactant monomers is their ability to form ion-associates with ions

of the opposite charge:
CS*™+ AS™ 2 CSAS 4)

where they are CS*- cations of cationic surfactants (quaternary ammonium compounds,
pyridinium, arsonium phosphonium cations), cationic dyes, large complex cations formed by
metal ion and ligand, large organic cations, etc.; AS™ - anions of anionic surfactants, large

organic and inorganic anions.

Increasing the concentration of surfactant above the critical micellar concentration often leads
to solubilization of the associated ion in the micelle. Ionic associates (ion pairs) are most often
insoluble in water and can be extracted in nonpolar solvents (a property used in the isolation of
sensor material). In surfactant analysis, only monovalent cations and anions are used, so the

ions within ionic associates are always in a 1:1 ratio.

The mechanisms of interaction between the analyte and the membrane containing the sensor

material are as follows:

a) analyte ion: AS", which originates from the fully dissociated anionic surfactant MAS

MAS S M*+AS~  (5)
where:
M* - monovalent cation (usually K* Na*, NH4")
AS" - anion of anionic surfactant (highly lipophilic)

b) sensor material: electrically charged CSAS



Dissociation CSAS:

CSASany 2 CS*(my + AS™(my  (6)

(m = membrane)

Ion exchange reaction in the membrane:
CSAS¢my + AS™ 2 CSASy + AS™  (7)

A liquid membrane with an ion-exchange pair is in contact with aqueous solutions of anions
(analyte anions and interfering anions). The dominant species that exist within such a membrane
are free CS* sites and free interfering ions, and the following competitive reactions are possible

in the membrane phase:

CS* + ASzpe 2 CSAS(ger) (8)

CS* + ASqe 2 CSAS(int) ©9)

And with the corresponding stability constants:

[CSAS det]
BCSASdetz [ CS+][AS;jet] (10)
8 _ [CSASim] .
CSAS,, [CS+][AS;m] (11)

Discussion of the selectivity of surfactant electrodes with a liquid membrane requires the
consideration of two limiting cases: complete dissociation in the membrane phase and the case
of complete association, which is related to the polarity of the membrane medium and the

affinity of the active sites of the membrane to interferents.



1.6. Analytical characteristics of the sensor

Ion-selective surfactant electrodes have specific properties, which are: selectivity and dynamic
range, linearity range or working range, detection limit, quantification limit, response time and

reproducibility, accuracy, precision, and trueness.
Selectivity and dynamic range

Selectivity is the ability of a potentiometric sensor to determine a specific type of analyte in the
presence of other interfering chemical species that affect the response signal. [52] The response
of a membrane in the presence of several different ions is determined by the equilibrium
constants of the primary and interfering ion exchange reactions between the organic and
aqueous phases. The resulting potential can be described by the potentiometric selectivity
coefficient. If the solution contains only primary ions, the response is generated according to
the Nernst equation. In case the solution contains other ions that affect the creation of
electromotive force, the response is generated according to the Nicolskii-Eisenman equation.

[15] In practice, the selectivity coefficient can be determined by the following methods:

1. Mixed solution methods (constant primary ion method, constant interference method, two-

solution method, parallel potential method).

2. Separate solution methods (separate solution method of equal activities, equal potential

solution method). [52,53]

For highly selective electrodes, the selectivity coefficient KP'AB is very small and the
electromotive force depends only on the activity of the primary ion. The potentiometric
selectivity coefficient KP*'AB depends on the membrane composition, the complex constant of

the ligand and the test ion, and the lipophilicity of the test ions.
Dynamic range

The dynamic range of an ion-selective electrode is determined by the difference between the
maximum and minimum activity of the occupied binding sites in the membrane. This is the

range in which the sensor responds, and is calculated according to the expression:

Dynamic range = (aRXm)max - (aRXm )min (12)



Linearity range and measurement (working) range

The linear operating range is determined by the calibration graphs and is defined as the area in
which the data points on the calibration curve do not deviate by more than 2mV from linearity.
[54] This is the range within which the change in the sensor signal is linearly dependent on the
observed analyte property (concentration). Linearity can be defined as the ability of the sensor
to provide a response proportional to the analyte concentration in the sample within a certain
concentration range. The slope of the linear part of the calibration curve at 298 K is 59.16 mV
for monovalent ions and 29.58 mV for divalent ions. At low and high activities, there is a
deviation from linearity, so this is the range in which the electrode begins to lose sensitivity to
the primary ion. [55] The test is carried out at five concentrations in the desired working range

of the method and is determined mathematically and graphically according to equation:
y=ax+b (13)

where: y - measurement parameter; a - ordinate intercept; x — concentration; b - slope of the

line.

The measurement or working range is the range between the minimum and maximum values
of the analyte concentration the sensor has acceptable accuracy and precision, linearity and
Nernst slope. Within the measurement range, the change in the sensor signal is linear and

depends on the measured quantity (analyte concentration).
Limit of detection and limit of quantification

Limit of detection (LOD) is the smallest amount of analyte that can be measured. At low analyte
concentrations, the lower limit of detection and deviation from the Nernst slope of the direction
occur. A lower slope occurs due to interfering ions or when the response of ion-selective
electrodes is mostly non-linear at high and low analyte activities. According to the International
Union of Pure and Applied Chemistry (IUPAC) definition, the limit of detection for
potentiometric measurements differs from that for other methods due to differences in the

nature of the ISE response (logarithmic response). [56]

The limit of quantification (LOQ) is the smallest amount of analyte that can be quantitatively
determined.

Response time and reproducibility

The response time is defined according to [UPAC recommendations as the time elapsed from

the first contact when the ion-selective electrode is immersed in the solution or from a change
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in the concentration of the primary ion to the moment when the potential does not change by
more than 1 mV or when it reaches 90% of the final value. [57] The response time depends on
the type of electrode, interference, the magnitude and direction of the concentration changes

and the temperature.

Reproducibility is the standard deviation of data collected in a series of measurements in
solutions of different concentrations of chemical species (after removing, rinsing, or wiping the

electrode). [56]
Sensitivity

Sensitivity is the ability of a method or instrument to distinguish between analyte samples of
different concentrations with a defined level of confidence, i.e., a measure of the change in the
value of the measured sensor signal per unit change in analyte concentration. It can be increased
by introducing additional signal stages, which increases the precision of the sensor and lowers

the detection limit.
Accuracy, precision and trueness

Accuracy is the degree of agreement between test results and an accepted reference value. For
a measurement to be accurate, it must be within + 5%. The deviation is calculated according to

the equation:

obtained result —expected result

percentage error(%) = -100 (14)

expected result

Sensor precision is the degree of agreement between a series of measurements made from the
same homogeneous sample according to a prescribed analytical procedure. Precision is
expressed by the mean square deviation and relative standard deviation. If systematic error is

not present, the dispersion of results is a consequence of random error.

Trueness is the degree of agreement between the mean value and an accepted reference value.
Trueness is calculated as the systematic error of the measuring device, and is calculated as the

difference between the arithmetic mean and the reference value. [58]
b= X—Xper (15)

where: b - systematic error of the measuring device, X - mean value, X, - reference value.
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1.7. Objectives, hypothesis and Expected Scientific contribution

The main objective of this research is to develop and construct new potentiometric sensors

based on newly synthesized QAC surfactants, which will serve as sensing materials for ionic

surfactants quantification. Additionally, composite sensor membranes based on carbon

nanomaterials doped with noble metals will be constructed. The use of doped nanomaterials

and new QAC will improve the immobilization and hydrophobic character of the sensing

material resulting in more stable membrane composition with better analytical characteristics

for applications in real systems.

Objectives:

Synthesize and characterize new cationic quaternary alkyl ammonium compounds

(QAC) based on imidazolium and triazolium groups.
Synthesize and characterize PVC sensor membranes with new QAC-based ionophores.

Synthesize and characterize composite sensor membranes with the addition of doped

carbon nanomaterials.

Utilize computational support for selecting the most suitable ionophores through

quantum-chemical calculations and molecular dynamic simulations.

Construct potentiometric sensors for surfactants and determine their analytical

properties.

Test potentiometric sensors for surfactants in model and real samples.

Hypothesis:

New cationic quaternary alkyl ammonium compounds (QAC) based on imidazolium
and triazolium groups can improve the properties of potentiometric sensors for

surfactants.

Doped carbon nanomaterials as electroactive materials can enhance the analytical

properties and lifespan of potentiometric sensors for surfactants.

12



Using computational modeling to interpret the obtained results can facilitate faster and
more efficient selection and optimization of the most suitable ionophore for

potentiometric surfactant sensors.

New potentiometric sensors will be applicable for determining surfactants in real

systems.

Expected Scientific contribution:

Development of novel QAC surfactants with enhanced properties for potentiometric

surfactant sensor applications.

Utilization of doped carbon-based materials in the development of potentiometric

surfactant sensors.

Understanding the response mechanisms and behavior of ionophores in membranes and

solutions.

Developed new surfactant sensors for analyzing a broad spectrum of real samples,
ranging from commercial products and wastewater to quality control of products and

raw materials.

13
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Krypwards: Potentinmeric surfsetants sersers wsuslly corsior of a PUC-membrane with plastetzer and &n bon pair. PVCand &
Latinnr mzirtant plastieizer ensure the lipephilic mateix for & low-solubiliy fon pair_ Ton pair ususlly cossists of & cationic sor-
;‘::L-""‘—"' factant and an appasitely chasged anionic st T i the properties of lon pair, and enhance the
T mjumlpupunuumesurrmmmw have 1o be synthesized. In this ch a 1.3

disrtmdesyl-1H-1,2 2 wriazol-3- lum caclonic susfaoment (DODTA) was suctessiully synihesized and charseterized.
TemaphenyRwaute (TPE) wes weed a8 & counter lon to systhesize the DODTA-TPE bon pals. To ssalyse snd
mn.rﬂmeM’thrnrlh!ml.ﬂmbmhnplrhﬂtmm;n!mhrﬂ.nt,nlﬂkldl!lnpa-
carional simulariong using density functional thesry (DFT) wene perli The: al the
DODTA-TFE bon pain w.li!l.hil.ﬂ:l heough the ysis of froaticr orbitals. Elecirasiatie mMemctions
e examined via el tlad Bssuat and pamial charge redistribamion, while weak dispersion
Luﬂudnmminutﬂj;amdtﬂrmmkrﬂukpmﬂhlm duced dessiny o {ROG)

DODTA-TPE sut. sensor s P to cationic surf hexsdecyl
crimerhylameronium [CTAE) and cerglpyridinium {CPC), 56.2 and S85 mV/ decsde of acrivity, respectively.
DODTA-TFE surfacant sefcor wis used as an end-point indicator 6 potentiomerric dirations of CTAE and

cechmical grade Hyamine 1622 with revoveries from 98.80 w0 9992 %

1. Introduction

Surfactants are widely used compounds for cleaning, washing, and
disinfecting. Cationic surfactants are wsed as disnfectamts and des
tergents, anionic for washing, whils nonionic sarfactants improve the
washing and cleaning properties of primarily used surfactants. Popula-
tion growih and extersive wrbanization have bed to the increased pro=
duction of surfactants. Apart from their positive properties, they also
have some negative effects, such as skin irritstion, prevention of axygen
exchange at the air/water interface, etc. The clder genertion of sur-
factamts, which are uwsually bramched, were peplaced by linear
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surfactants, which bed to a reduction in heavy foaming and ewtrophis
cation. However, they siill end up in water bodies and have a negative
impaxct on the environment. Classical methods for quantifying sarface
tants are, wsually time consuming and complicated such a5 the twos
phase iitration or the MBAS method. Their major drawbacks also
include the use of toxic chemicals such as chloroform, lack of repro-
ducibility, amd the need for professional and tmined analysts. lons
selective electrodes [1] for surfactants are their interesting potential
substituie. These sensors can be solidsstate sensors ar lguid membrane
sensars. [2,2] The biggest challenge in developing surfactant sensors is
finding of right combination of ionophores (ion pairs) and a membane
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meedium in which to dissclve them. lon pairs usaally consist of twao
oppositely charged surfactants, and their main properties should be low
water salubdlity and a high maolar mass. [1].

Besearchers have begun to synthesize new cationic surfactants and
new ion pairs to reduce leaching, extend sensor lfetime, and lower the
detection limit. [4-7] It is also important that the synthesis and pro-
cedures are effective to reduce the enviroomental impact and lower the
price[) The other part of the sensor is the membrane medium in which
the inm pair is dissslved. This i wually 3 mixturs of high maolecular
weight FVWC with a lipophilic plasticizer. The choice of the plasticizer
affects the final response of the sensar. [9] The plasticizer should also
prevent water pemetration into the membrans amd by impraving the
flexibility of PVC, also increase the solubility of the ionophore in the
final sensing membrane matrix. Surfactant sensars are weed as end-point
imdicators in potentiometric titrations. [2] The goal of optimizing the
sensor membrane is to achieve well«defined target breakpoings and ine
flections with high electromotive signal change for reproducible
endpoint indication over a wide concentration range. To reach this
target, there is & nesd to synitbesize new ion pair complexes and io mode]
the interaction of anionic and cationic parts of the ion pair complex to
speed up the process and select the bestsmatched parts of ion pairs. [10].

There wers s=veral attempits to use the experimental and moded data
on ion pair formulations and interactions in potentiometric surfactant
senzar ian pairs and membranes, Le. experimental and theoretical study
on cetylpyridinium dipicrylamide to calculate the ion-exchamger for
cetylpyridinium sebective electrodes [ 1 1], or development of PYC-based
cetylpyridiniumsselective dectirode o investgate the mechanism of
imteraction between the cetylpyridinium cation and hydrophobic and
lipophdlic anions through the association reaction [12]. However,
cetylpyridinium and related alkylammaonium surfactanes are known for
their significant tooicity [13). This motivates the search for altermatiee
catiomic surfactants with lower towicity profiles. In our previoas
research, we d ed that triazole-based surfactants represent a
promising class of functional materials with varioms potential applicas
tions [14,15]. Importantly, the 1,2, 3trizenle moiety is asociated with
relatively low toxicity, making triazoliumsbased cations attractive can-
didates compared to comventional guatemary ammonium surfactants.

Building upon this background, the goal of the present work was to
design and synthesize a new cationic surfactant, 1, 3%dicctadecyldH.
1,2 Jetriagal-3<ium bromide (DODTABr), using a onespot synthetic
route. Its structure was fully chamcterized and evaloated for pocential
application n sensor developmeni. (uantum chemical caloulations on
the DODTATER associate allowed us to gain further insights into
imterionic interactions. A simultaneous slight decrease of the highest
ocrupied molecular orbital (HOMO) energy and increass of the lowest
unoccupied molecular orbital (LUMO) energy were observed during the
association af 1, 3-dioctadecylslHe1,2 3ariaenl3jum (OOTA) and
tetraphemylborate (TPE) ions. Relatively small values of electron dona-
tions between the ions cestified io the presence of negligible covalent
components in the interionic interactions and predominant electrostatic
imteractions. Various types of Fukni function reactivity descripiors
imdicaried that the associate’s most reactive sites maiched well with the
lecalization of frontier malecular orbital sosarfaces. The ionophare
[T ATPE was ussd to prepare a highly stable and fastsresponding
cabiomic sarfactant sensor, which was characterized in terms of reac.
ticn properties and perturbation.

2. Materials and methods
21, Chemicals

‘Cirganic synthesis was performed with all analytical grade chemicals
1,2, 3-1Hetriazole, 1-bromeoctadecanes, MaHO0, (Sigma Aldrich, Darm-
stade, Germamy), and sodium tetraphenylborate (TP8) (Fluka, Buchs,
Switzerland). Organic solvents wsed for the synthesis and extractions
were anhydrous acetonitrile (ACN), dichloromethane (DEM), methamol,
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and hexane (Kemika, Zagreb, Croatia)l. For sersor membrane production
and sersor fabrication; hydrophobic plasticizer osnitrophenyloctylether
(o=HPOE) (Merck, Darmstadt, Germany), high malecular weight FVC
(Sigma-Aldrich, Hamburg, Germany), tetrahydrofuran (THF) {Merck,
Darmstadt, Germany ) and KaCl (SigmasAldrich, Hamburg, Germany) as
an imnner solution; were used.

Paotentiometric measurements were carried out with technical grade
berrethanium chioride (Hyamine 1622}, and amalytical grades cationic
surfactants hexadecyltrimethylammonium bromdde (CTAB) and cetyl-
prridindum chloride (CPC) (Merck, Munich, Germany) and analytical
prade aniomic surfactant sodium dodecylsulfate (505). Salts for inter-
fering mesxurements were purchased from Kemika, Zagreb, Croatis.

2.2 Symehesis of 1, 3dioctadecyl-1H-1,2, Striazol-J-ium bromide
BODTAEr (1)

The alkylation af 1,2 3.1 H-triazobe (0.365 g, 528 mmal) was per-
formed under basic conditions by the addition of NaHCOg (60F mg, 7.22
mmaol) in anhydrous ACH (5 ml) and an excess of 1-<bromoociadecane
(4 g 12 mmol). The progress of the reaction was followed by TLC
(DO methanol = 10:0.1) and the reaction was carried out under reflux
far 2 days in an inert nitrogen atmasphere. NaBr salt was precipded
with hexane and the crude product 1 was obtained by filimtion. Further
parification by flash chromatography (DCM/methanol = 10:0.1) gave
the desired bislkylsted bondc salt 1 {2,818 g, 4.30 mmal) in an 81.5%
yiedd.

23 DMWTA iomophore symifaesic

Mew catiomic surfactane DODTA-Hr was used for the synthesis of
DOOTATRE tonophare. The sensing ion pair DODTA-TPE (2) was
synthesized by mixing 2 mmal of DODTA-Br (1) with 2 mmal of sodium
tetmaphenylbomte, for 4 b in ACN. Next, after filtratian, the filirate was
washed with DCM and stored in a freezer for 24 h at =18 "C. After
fileration, DCM was removed by rotary evaporation. DODTA-TPE ion
pair was dried at 80 *C to reach the constant mass. Prepared DODTA-
TPE ion pair was stored dry amd ready for analysis and surfactant
SENSOC Preparatian.

24, DODTA-TPE surfactant sensor fabricanion

Tao prepare the DODTA-TFR surfactant sensor membrane a high
malecular weight PVIC was sonicated with a plasticizer 0-NPOE (1:2) and
1% of the ion pair was added after 10 min. After adding 2 ml. of THF and
sonicatiom, the cockiail was poured inbo the glass mold. After drying, a
layer was incorporated inte the electrode body containing 3 M NaCl ax
an imner electrolyte.

25 Instrumentamion

IR specira were recorded in the KBr salt mairix using a Shimadm
FTIR = 840 § infrared spectrophotometer with [Rsolution wer. 1.30
software. The 'H and "3 NMR spectra were recorded by a Varian 400
imstrument in COCly 25 solvent.

Spectroscopic information on the molecular ions was obiadned
through the API 2000 LC-ESLMS,MS (Applied Biosystems, Foster City,
CA, USA) in gl ms scan mode.

For the elemental analysis, PerkinElmer 2400 CHRSA0 Series 1
System was used (PerkinElmer Inc., Waltham, MA, USA)

For response measurement, Metrohm 794 Basic Titrino with the
Metrahm 781 pH meter (Metrahm, Herisan, Switzerland) was used. For
titrations, Metrohm 808 Titrando was employed. All meas: 1]
were camied out with an Ag/AgCl reference: electrode.
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L6 Compugotional methods and software

Tatal energies, optimized geometries, vibrational frequencies, ther
mnchemical parameters including Gibbs free energies, and electron
densities wene calculated at the BALYP6=31Gi{d) level of theary [10,17].
The Grimme's [ model employing Becke-Johnson dumping was
applied to increase the density functional theory (DFT) method s accu-
racy in the description of weak interactions [14, 15]. A conductoralile
palarizable continoum model (CPCM) was utilized to include water
sohvation effects [20]. Mareover, the CRCM solvation model enables the
screening af ion charges, preventing unphysical charge delocalization
and artifacts such as undesired covalent bond formation betwssn
[=HOTA and TP ions. The DFT caloulations were performed with the
ORCA 50,3 code [21,22] with the SHARK fast-math module [22]. An-
alyses of electrostatic potential, modecalar orbitals, charge decompaosis
tion, and Fukwl function iscsurfaces wene based oo the electron density
obtained with the above-mentioned method using the Multivfo 3.8
program [24]. The average reduced dersity gradient method was wsed to
analyze weak interionic interactions during the molecular dynamics
simulation [10,25]. The trajectory was obtined at the OOSMOFM7?
leved of theory [20,27] using the MOPAC201S and Cuby 4 codes
[28,249]. Visualization was performed in the VMD 1.9.3 sftware [30].
The calculated vibrational modes were assigned to specific bond vi-
bratians with the vibAnalysis code [21].

3. Resulis

2.1 Symedc and charocterisation of 1, Sdivctndacyl 1H-1, 2, S triamod.d.
itam Bromide DODTA-Er (1)

Heating af 1,2 3:1H:trinzole with 1-hrompoctadecane under reflux
with MaHC0q as a base in acetondtrile under Nz aimosphere affarded
bisalkylated ionic salt OO TA-Br (1) in 81.% %af yield (Scheme 1L After
the solation by flash chromatography (DCM/methanol = 10:0.1), the
DO TA-Br (1) was fully chamacterized by "H and C NMH, mass spec-
trometry, ATHFTIR spectrascopy, and elemental analysis.

311, NMR omalysic

The "H MME and " WME spectra of DODTA-Br (1) are shown in
Figs. 1 and 52, respectively. As shiown 51, in the "H NME spectram, the
ring protons HeC{4) and H=C(5) appeared a= broad singlets at 11.86 and
BT ppm, respectively. The HaO0[1') and H40(1%) of two octadecy] chains
were assigned as g with coupling ¢ J = 7.8 Hzat 4.45 ppm
Protoes HeCD2) and HC{2*) were identified in the identical chemical
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regian of 208 and 1.53. Due to the similar chemical environment, all
pratans of the two chains from HeC(3') to H-C{17) and from H-CUE*) to
H-C{17") appeared together in the NME region between 1.68 and 1.41
ppm The terminal methyl groups HeCO18') and H-C(18™) of both chaies
were identified at (.86 ppm 2= triplets with coupling constant J = 7.0
Hz

The signals of carbom atoms in "3 NME of DOOT AR (1) wene found
at 143.2, 143.0, 53,0 (2C atoms), 48.9 (2C atams), 31.9(2C atnms), 30.1
(2C atoms), 29.7 (12C atoms), 2006 (4C atoms), 205, 29.4, 203 (2C
atoms], 289 (2C atoms), 26.2, 361, 227 (2C atoms], 14.1 (2C aboms)
(Fig. 52).

1.2 R omalysic

The IR chamcteriztion of DOOTA-Br (1) was performed by come-
parison with literature data of similar compounds [32] and its IR spectra
is presented in Fig. 1.

The strong absorpeions at 2950, 2915, and 2850 cm™ could be
assigned to C-H alkenyl and alkyl stretching, and the strong bands at
1580 1470, and 1160 e~ to Cel and C-N streéching. The ring torsion
mations give specific bands at 720, and 640 cm~" in fingerprint region.

The ESLMS/MS spectram in a positive and negative mode of
DODTA-Br (1) are shown in Figs. 53 and £4. Az expected, the peak of the
DODTA cation appeared at my/z walue 5746 in the positive ion mode at a
concentration of 2.5 ng uL~t.

The latter was alsa confirmed with the data of the demental analysis
of DODTARr (1), since the experimentally determined and the caleu-
lated values for the C, H, and N contents for the expected malecular
farmula CagHzsBrivy were in complete agreement (exp): C, 6531; H,
11.38; Br KAA; N, 627 (cale ) C, 69.69; H, 11.70; Br, 12,30 N, 6.42.

3.2 Modeling the DODTA=TFH don pair sruchre {Associmte stroscimne
maodeling)

The theoretical study presemted here focused on analyzing the fors
mation of ionke associates and interionic interactions betwesn DODTA
cations and TPB anions.

The intemcting ions considered here are chamcterized by considers
able structural differences. The TPH amions are relatively symmetric and
rigid, while the DMDTA cations contain long alkyl oceadecyl chains
which are extremely flexible and predefine the existence of numerous
conformational isomers. Calculations of the energies of the optimized
geometries of all possible conf = would therefore require enormioes
computational resources. Thus, we have bere considered only four
conformational isomers of DODTA, which, in our opinion, represent the

=
Br
" NaHCO, . Pl -
MTUNH + 3 B _PEN L HyHC) T -y -y~ CHCH)5CH
H 2 BriCHzh70H, :
= 48h, My -
rafui 8 4
B1.5%
1
= n
o MaTPS E,J
18 1 *”"a! 1 18 :-:N 18 1'*5“3 s 18 o HI; )
GG fy =y - CHa (g CH HaCiH gy~ py - EHICH g CHy fx }}—B—\-ﬁ ,r;:'
=y Ty \ !
5 4 54 If’* |
B1.5% B4 3% T

T

2

Scheme 1. Reaction scheme of preparation of DODTA-TPE benophere (2} employing bislkdamed fonde salt DODTA —Br 1.3-diocadecyl-15-1,2, -riseol-3-jom

bromide (1)
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ere-1

Fig. 1. ATR-FTIR spectea of 13-diccisdscyl-1H-1,2,3-riseol-3-fum bromide (10

mnst corsiderable structural differences between the conformers. The
limited selection of conformers was dictated by the vast number of
passihle structures arising from fres rotation arcund sigma C-C bonds in
the alkyl chains. To significantly reduce the number of isomers cansid-
ered, we focused on those exhibiting subsmtial differences in the
configuration of the alkyl chains at the points of attachment to the s
amalivm rings, as this region mast significantly infleences the: electronic
structure af the heterocycle. Based an this rationale, we selected cone
farmations that differ in the values of the C5-N1-C1-CY and
C4-NIC1" P torsional angles, which were chosen to be appraxi-
muabely S0 or 180°. As pealkanes and straight=chain alkyl groups in their

g o %
{I:]T 3 confarmer 3 fg,r
3 L%

Fig. 2. Four i al DODTA Id

crystalline state typically have all-tmns (stzggered) conformations, we
assamed the same allstrans arrangement for the alkyl chadns considered
here.

The: four OTA conformers studied here are shown in Fig. 2
canformers have different torsion angles between the ring and the alkyl
«chains. It should be highlighted that during the geometry optimization
step, conformers 2 amd 4 (s Fig 2c, d) were transformed imbo
conformer 1, which coofirmed the higher swbility of the latter. The
Gibbe free energies of conformer 1 was 3.4 keal/mol lower than that of
conformer 3. Therefore, conformer 1 was considered as a structure of the
DODTA cation in our further caloulations. The correcimess of the

bos
qz
(b} :

confarmer 2 .

bgp e

e

Hﬂ»&"‘
(d) Izﬁ

conformer 4

AT

d i this study. The eritiesl tarsion angles 8,(C1WC2-N1-C5) amd B{C1%CF.N3-C4) are highlighred n bl (2]

Conformer 1 i chareeterizsd by By = 2.7 and B = 58 % (b} conformer 2 Is chamcterined by 8y = 000 g 8y = 0.0°) (c) condommer 3 is characterized by oy =

178.8° and By = 179.0%; and {J) condormer 4[5 characteriped by By = 1790° el 8 = O.0°. (For innery

render i peferved 1o the web version of this arele}

af the ref o eaboar in this figuee begend, the
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selected  CPCM-BALYP-DABJAG-31G(d)  theoretical method  was
canfirmed by the good match of the caloulated wibrational modes of the
[=0OTA catian and the experimental infrared (IR) spectrum of [0OOTA
bromide (see Fig. 55 in the electroaic supplementary information file)l
The most significant experimental peaks were assigned to specific vis
brattons throwugh an awiomatie vibrational mode relevance determinas
tion analysis made with the wibAnalysis code.

The next stage of the study involved modeling the DODTA-TPS jion
asmwiate structure. During this step, the most crucial task was to
determine the reciprocal locations of the DODTA and TPB dons. An
analysis of the ions’ elecrostatic potential (ESF) isosurfaces was per-
farmed to determine the sites with the highest localizations of positive
and negative charges (see Fig. 2. The grading of the ESP was done ac.
carding to the Red-Green-Blue scheme, where the most positive areas of
ESF were cobored in red and the most negative areas were represented in
blue. The areas where the ESP values were close to zero were caoloned in
green. As showm in Fig. Za, the minima of ESP were located between the
phenyl rings (bright blue dots). Thus, minima with ESF wlues of -4.52V
were found above the phenyl ring planes and minima with ESP values of
4.9 eV were located closer to the ceniral boron atoms.

On the other band, in the case of the DODTA cations, ESP maocima
were located aroumd the triazoliom rings (bright red dots). Maxima
above the ring planes were characterized by ESF valoes of + 5.1 2V,
while maxima with higher values of ESP were located around the
H-Ca=C-H fragments of the triazalium rings. The maxima betwesn the
twn bydrogen atoms were characterized by ESP walues of 4 5.3 eV; twao
maxima located closer to the hydrogen atoms had ES? values of + S.6¢¥
and two maxima located between the CH ring groups and esmethylene
CH, group had the highest ESP valwes of 4 5.3 V. The ESP values
menmatonically decreased with distance from the positively charged tri-
azalium cycle. For example, starting at the CF position of the alkyl chain,
the ESP walues were characterized by almost xero values. An analogoas
redistribution of positdve charges has previously been observed in
cetylpyridinium cations [33]). Moreover, the analysis of various types of
partial atomic charges also testified to the high concentration of positiee
charges on the trinzolium rings and neighboring methylene groups,
whereas the methylene groups that were located further away were
almost newtral (see Fig. 56).

Ta prepare the imtial geometry of the DODTA-TPR lon associate, the
ions were manually positioned so that their ESF extrema, shown in
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Fig. 3, were aligned to maximize electrostatic atmction. This pre-
aranged strocture was then fully optimized at the CPCM=HILYP-
DARIAG-31GId) level of theory without any symmetry or positsonal
constraints. The optimized geometry af the DODTA-TPB ion associate is
showm in Fig. 57, The frontier molecular orbitals were then analyzed to
better understand the interiondic inferac toos in the associate (se= Fig. 4L
The electrostatic attraction between ioms does not involve the formation
of new covalent bonds or changes in ones existing between the inters
acting ions; therefore, no significant differences were expected in the
malecular orbitals of the associate compared to the molecular arbitals of
frese ions. It should be highlighted, that the HOMO-1 and HOMO of the
associate were identical to the corresponding orhitals of the TFR anion,
with marginal differences in energies of 015 eV and 003 eV,
respectively, On the other hand, the LUMO and LUMO + 1 of the
associate corresponded to the cations orbitals, being only slighty
higher im energy by 4 024 £V and + 007 eV, respectively. The
simultanecus sight decrease of the HOMO energy and increase of the
LU ane sapported the favorable association of DOGOTA and TFS ions.

Fromtier malecular orbetals commonly determine the reactivity of
DODTA-TPE fon associates. Thus, the analysis of nucleophilic, electro=
philic, and radical Fukui functions (see Figs. 54) [34]) as bocal reactivity
descriptors clearly indicated that the asocixte’s most reactive sites
matched well with the localization of fromtier molecular orbital iso=
surfaces. Fig. 5 shows that the electrophilic Pului functions, which
showed the areas that imteracted with the electrophiles mose actively,
were localized an the carbon atoms at the 1, 2, 4, and & positions of the
phenyl rings af the TPE anions. On the contrary, the oucleophilic Fulkud
functioms indicated that all five stoms of the DODTA triazodivm ring
were mast reactive under the acton of nucleophiles. In the case of
radical rexgents, the attack was expected to be on carbon atoms in po=
sitions 1 and 4 of the TFB phenyl rings and nitrogen atoms of the DODTA
iriazolium rieg.

Apother way to amalyze interionic interactions invalves charge
decompasition analysis (C0A), which provides valmable msights into
haw chiarges are trarsferred betwesn the fragments in a complex [35],
and in this case, between ions in the associate. The analysis was per-
formesd with the Multiwin software. The domation of electrons from the
anions o the cations was egual to only 00528, and the back-donation
of electrons from the cations to the anions was equal to (L0304, The
overlap population between the ocoupied molerular aorbitals was found

ESP (eV)

Fig. 3. El it riad | s

| ;5.?”"{? +5:3

(b)

of TPB {a) and DODTA (b Values are in V.
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snciate (right).

Fig. 5. Van der Waals [vdW) potential Isosurieces (green aness) mapped anto vdW surfaces presented with & 0.001 Isovalue of elecoron dessiny of the TPE asbon [bHue
surfpee, &) and the DOOTA cation (pink sonfsee, b). (For interprecacion of the refereees oo colour in this figore legend, the reader s refemed o the webs version af

this armiele. )

to be squal to-0.1302e; this negative value implies that repulsive effects
diani d the Il imberaction E the ions" cccupied fromtier
meoderular arbitals. Again, relatively small values of electron dorations
between the ions suggested that the covalent components only played a
negligible role in the interionic interactions and that electrostatic in-
teractions were predominant mstead.

However, electrostatic interactions are not the only type of interacs
tion that play an important role in the nterionic attraction betwesn
[O0TA and TPR bons. Weak van der Waals (vdW) forces cannot be
ignored, especially when amalyzing free fons' vdW potentials [24]. The
vdW potential iscsurfaces of TPE and DODTA are presemed in Fig. 5 In
the came of the TPR amions, the vd'W potential had the most significant
impact on the regions between the pheoyl rngs. In the case of the
[:0OTA cations, the vd'W potential had a high impact alang the alkyl
chains. These findings confimmed that weak mteractions would be very

structure=dependent since various ion conformations and mutual looas
tions could lead to significant overlaps of regions with high valoes of
wd'W potentials.

To analyze the vdW interactions in various associabe strochares, we
pgeneraied the moleoalar dyramics trajectory of the associate in a water
solution at 300 K. Modeling was performed at the semiempirical PBT
lewed of theory combined with the COSMO solvation model. Cuby 4 and
MOPAC2016 were used for the simulation. A video of a part of the
simualated trajeciory can be found in the video supplementary material
[VIDED=]). Furthermare, the obtained trajectory was analyzed with
Multiwin to genemie an averge nomecovalent interaction isosurface
based an decular atomic d (see Fig. &). The red areas oo the
isnsurface commespond o areas of strong repulsion inside the phenyl rings
and between the phenyl rings of the TP anions. The bright blue areas
correspand to regions of sirong elecirostatic atiracion between the

20



N, Glomar et el

Jausrnal of Molecaler Liguids 430 (3055} 1330

Flg. 6. Average reduced densicy gradient |

arfses basid on

orfusbydrogen atoms of phenyl rings and the sysem of the neighs
boring phenyl riogs. The largest green ares cormesponds 1o weak wdW
imteriomic interactions. This ares reproduces the wd'W surface of the TFE
nndons, suggesting that interionic interactions were faking place aver the
whole sarface of the TPE and DODTA tons aided by the various stroc.
tural conformations of the ions.

331 Respanse charnnierigics of DOOTA=TPS surfaciant semoor

Ta mvestigate the response properdes of the DODTATPE swrfactan:
sensor incremental addition of CTAB and CPC in the dejonized water
was performed. The responss mechanism of surfactant sensors based on
inophare and liguid brame type b o cationic surfactants
are described in o modified Mernst equation:

Em B4 Shogacs

whiere E represents ihe elsctromotive force, £ a constant patential term,
5 = the slope, and ags, is the activity of the selected cationic surfactant.

The response of the sarfacant sensor DODFTATER fo cationic surs
fasctami CTAR and CPC showed high nearity over a wide concentrabion
range. The response results and the statisticall calculations including the
calclated slope, linear response range, and imercepe wene shown in
[nble 1. DODTA-TPS surfactant sensor had o linear response range for
CTAB from 78107 to 7 2x107" M, with a corresponding slope value of
54,2 mVy decade of activity, with high linearity (B2 = 0.9967), inercept
of 312 &£ 5 mV and limit of detsction (LOD) T.1x107* M. The DOOTA
surfactant secsor showed a linear response range for CPC from 3.2x167°

Table 1
Response characreristies of DOUTA-TPR surfactant sensar dor cationic swfac-
rants CTAE and CFC.

Paramsiezy L=t ) =

Hope [mv docabe] Sizad S50z

Ceereirion afficiet (K] LT L

Imereept (mV) 22 +5 =8

Uagful Eneer concersrasen sumgw T ™ o LT ™
(L] T ™ W™

o 9. 2% 107" M, with a corresponding shope value of 58.5 mV /decade of
activity, with high Enearity (B = 0.989%), an intercept of 351 + 5 m
and LOO 280107 M.

The interference of comman cations was calculared by the fixed
interference method (FIM) propossd by IJUPAL. The concentrabions of
sofutions of interfering cations were adjusted to 0.01 8. Cationic sur-
factand CPC was incrementally added to the interfering ion solutions.
The calculaied K%, for the response of (ODTA-TRE surfactant sensar o
Ca™ was 6.1 x 10—, for Ma*, 4.1 x 10" and for Mg it was 5.7 x 107%
The.l::r values showsd a low interfering influence of slsced cations

on the DODTA-TFE surfactant sensor response.

4. Tirmhon of canomde surfactean

A fabricated DODTATFE surfactant s=nsor was used as an end=point
indicainr for triraison of cabionic serfacant CPC wich the anionic surs
factant D% {4x20~7 M) shown in Fig. 7. The response of the DODTA-
TP sensor was a welldefined sigmaidal corve with 357 + 10 m¥
signal change. The corresponding frsi derivative showed a disiine
guished sharp penk at the expected end.point with a signal dEAdY
change of 653 = 1.1 m¥/ml

The standard addition method was used to test recoveries of the
prepared DODTATPR sarfactant sensar. DODTA-TPR surfactant sensor
was msed a5 an end-paint indicator far the titration of known amounts of
cationic sunfacames (anabytical grmde CPC and techoical grade Hyamnie
162, at two concendradion kevels 80 and 10 pmol, wiih S0E 25 a titrant
[4x10 W), shown in | able 2. Calenlated recoveries for CBC wepes 9962
and 9890 %, and for Hyamine 1623 %924 and %950 %, respectively.

DOOTATPE sarfactant sensor was used as an endspoint detector of
the potentiometric titration of 3 commercial mowth-wash wabers con=
tmining catiomic surfactants. SB5 as a dmant (40~ M) was used as o
counter ion. The resules were compared with our previcusty puohlished
and well elaborated DMIC-TPR surfactand sensor. [2] The resulis were
presented in the Table 3

MODTATPE surfactant sensor showed excellent response charac-
catiomic sarfactanis. With exiersive use, it lasted more than & moaths.
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Flg. 7. Petestiometric dirstion of & cationle surfactant CPC with the anlonke surfactss S0 (43107 M) and the DODTA-TFE surfactse sensor as &n end-polns

indi including the

Takle 3

Pomenriesere tmtien of knows amounts of estionic surfacsms CPC and
technical grade Hyamine 1622 with D5 & o tiomant (2001070 M) with eadculated
pecoveris, with mean valoes o £ 95 % confidence Hamiis.
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Erase 10 W8S E004 PRS0
*five reperitioss.
Takle 3
af the DOIDTA-TFE swrfactant sensor and peevicwdy published
DMEC-TPE sarfactant sensarm [1] o tmacion of commeneianl mooth v Sen.
ples Inisgg carionic sust Putent i 1 Ve g
with SD5 i & tiomne {4x107Y M)
—— LT TA TS () LIE-TRE (%]
1 4523 4811
: am am
E LT s
4. Conclusions

A new catiosic sarfactamt, | 3-dioctadecyls1Hx1, 2, Jstriazod 3ium
[DEHOTA), was symthesized and combined with tegfraphenylbarate {TPHE)
ta form a functiooz] ton pair. FT computations confirmed that elece
trostatic interactions and dispersion forces joingly stabiline the 0D
TA-TPE associate, without significami charge fer | the sons.
Muobecular dynamics smulstions reveal that mulsiple conformations of
the DODTA-TFE fon pair remain stable both o agueous salation and
within 2 modebsd PVC-bazed membrane environment.

The proposed DODTA-TPR surfactant sensar was succesfully fabris
cated and tested an 3 potentiomeiric respanse an two cationic sarface
mnts, CTABE and CPC. DODTATPE surfaciant sensar showed a limear
respanse range for CTAB fom 7.9x107% o 7 2x107* M, with a come
sponding sope value of 56.2 mVy decade of acrivity; and a linear
response range for CPC from ZL107° e 92x007 M, with a

15t desivative (full lee) on secondary y-axls.

carresponding slope value of 58.5 m\/ decade of activity.

The smodard additicn method was swocessfully used to test res
coveries of the prepamed DODTA-TPE sorfactamt sensor. OOTA-TPE
surfactant sensor was wed as an endspoint mdicator for the tiratbdon
of analytical grade CPC and technical grade Hyamaie 1622, at two
roncemtration levels 50 and 10 pmol, with SDS as a titrant. Caloobsted
recaveries for CPC were 99,92 and 98.50%, and for Hyamuine 1622 wens
59,84 and 99.50 %, respectivedy.

These results highlight the strong potential of DODTA-TPE a5 0 new
standard material for sensibve and sccorate quantification of surfacianis
in kquid samples.
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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*-TPBE™ adduct reveals
a dynamic, thermodynamically favorable interaction driven primarily by hydrophobic
C-H---m contacts and the fexibility of the C-13 chains, rather than electrostatic or 71

stacking forces. These findings, supported by the MM-PBESA, 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 SD5
was investigated in the range from 8.1 > 10=* M to 1.0 = 10=2 M, with a slope of —53.2 mV
and a limit of detection (LODY) of 3.1 3 10=F M: and DES was in the range of 8.1 = 10=# M
to 25 x 10=* 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 1002 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.

Keywords: anionic surfactant; potentiomelry; sensor, ion-pair; water analysis; DFT
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1. Introduction

Surfactants, or surface-active agents, are amphiphilic compounds that reduce the
surface and interfacial tersion betwesn different phases (liquid-liquid, liquid—gas, or
liquid-solid). They consist of a hvdrophilic (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; (i) 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 biclogical 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 petrolewm industry, cosmetics and personal care, nanotechnology and material
science, etc. Among them, anionic surfactants dominate global production, making up
approximately 707% 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
2025w 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 titeation 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 (Mathylene Blue Active Substances) method [3,4] in-
volves the formation of a colored complex between the anionic surfactant and the cationic
dye methylerne 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 oxic chemicals, and produce toxic waste; also, they require
skilled personnel [5-5]. Omn 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 s 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-maolecular-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
mst importance o the sensing membrane preparation and potentiometric response [ 15,19].
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 (ML)
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 polentiometric sensor for cationic surfactants [27]. The
present study extends this research by emploving DODTA-TPB as the active molecule in a
potentiometric sensor for anionic surfactants, such as sodium dodecyl sulfate (SD5) and
sodium dodecyl benzenesulionate (DES). Through molecular dynarmics (MDY simulations,
malerular mechanics Poisson—Boltzmann surface area (MM-PBSA) calculations, and radial
distribution function (RDF) analyses, we elucidated the structural and energetic properties
of the DODTA-TFPE adduct. These computational methods revealed that hydrophobic C—
H---m interactions and the flexibility of the C-18 alkyl chains dominate the ion-pair stability,
with minimal contributions from electrostatic or -7 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 agueous environments.
Compared to fraditional methods like the 150 2271 two-phase titration, which is time-
consumirg and relies on toxic organic solvents, the DODTA-TFB sensor offers a simpler,
faster, and greener allernative, aligning with EU water quality directives (e.g., Directive
200060/ 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 semsors
with an optimized performance for environmental and industrial applications.

2. Materials and Methods
L1, Chemicals and Miterials

Chemicals for organic synthesis were 1.2.3-1H-triazole, 1-bromooctadecane, NaHCOs
(Sigma Aldrich, Darmstadt, Germany), and sodium tetraphenylborate (TPB) (Fluka, Buchs,
Switzerland). To prepare the sensing membrane, following chemicals were wsed: o-
nitrophenyloctylether {o-WNPOE]) (Merck, Darmstadt, Germany), high-molecular-weight
PVC (Sigma-Aldrich, Hamburg, Germany), and tetrahydrofuran (THF) (Merck, Darmstade,
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
505, DBS, and lauryl ether sulfate (LES) (all from Fluka, Buchs, Switzerand). Analytical-
grade chemicals for interference measurements were all from Kemika, Zagreb, Croatia.
FPotenticmetric litrations 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 al Lake Motitnjak, one sample was taken at the hydeo 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. MNext, they were tested on anionic surfactants by a
previously published method [9] and fast commercial vial test. Mo sample pre-treatrment
of processing was applied, and the samples were spiked and measured on the same day.
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Surfactant 5D5 (50 pmol) was spiked in the environmental samples and titrated with
cationic surfactant DMIC in corresponding concentrations.

2.2 Semsor Preparation

The DODA-TFB ion-pair was synthesized according to the fast and green principle
procedure described in owr previous publication [27]. After the ion-pair symthesis, purifi-
cation, and characterization, the ion-pair was mixed with a high-molecular-weight FYVC,
THE, 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 senmsor was stored in deionized
water after measurements.

2 3. Measuring Setup

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

24, Computational Details

Initial structures of DODTA*, TFB=, and all model compounds were constructed using
MarvinSketch (ChemAxon) [28]. Geometry optimizations were performed using density
functional theory (DFT) at the BILYP /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 RESF (Restrained Electrostatic Potential) charges
were derived for use in molecular mechanics sirulations. The General AMEER Force Field
(GAFF) was employed for all organic molecules. EESF charges and GAFF atom types were
assigned using Antechamber [30]. The resulting input files were processed using ACFYPE
to generate GROMACS-compatible topology {.top) and coordinate (.gro] files. Each system
was solvated in a truncated octahedral simulation box with a minimum & A buffer between
the solute and the box edge, using the TIP3F 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 oul using the steepest
descent algorithm until the maximum force was below 1000 kI mol™! 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 cutofi. Van der Waals interactions were
treated with the same cutoff. Following energy minimization, the systems were equilibrated
under MVT and then NFT conditions. Production simulations were performed for 300 ns
in the NPT ensemble at 300 K and 1 bar, using the velodty-rescaling thermostat and the
c-rescale barostal. Binding free energies were calculated using the Molecular Mechanics
Generalized Born Surface Area (MMGBESA) method as implemented in the gmx_MMPESA
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.
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3. Results and Discussion
3.1. Compulbztiomal Analysis

The computaticnal analysis was conducted te 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-TPE 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 maolecular recognition processes [31].

Although the DODTA* molecule possesses a rigid triazole core, it exhibits significant
flexibility due o the presence of two unconstrained lipophilic C-18 chains. This inherent
maolecular flexibility, in contrast to the relatively rigid TFE™ anion, is clearly demonstrated
in the calculated root-mean-square deviation (RMSD) analysis (Figure 51). 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 [22]. As will be detailed in the following discussion,
this adaptability of DODTA®* is a key factor in its efficient recognition and interaction with
TFBE=, enabling the cation to adjust its geometry to optimize binding.

The adduct formation between DODTA* and TPE= 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{TPE™)---N{DODTA*) distances
observed during the simulation (Figure 52). These distances exceed 15 A in some instances,
indicating a tempaorary dissociation, while in approximately 66% of the sampled structures,
they remain below 6 A, suggesting close contact. This behavior aligns with studies on
ion-pair dymamics in aquesus media, where weak or reversible interactions lead to a broad
distribution of intermolecular distances [33]. Despite this variability, the MM-FBSA calcw-
lations indicate that the binding free energy for DODTA®* and TPB™ is exergonic, with a
AG g value of —23.4 keal mol=!. 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 m—m stacking between the triazole
moiety of DODTA* and a phenyl ring of TPB™, and (2) multiple C—H---m 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 m—m stacking and C-H---m contacts often drive molecular recognition [34].
The boron—nitrogen separation, measured from the central unsubstituted triazole nitrogen
in DODTA* of 5.2 A in the representalive structure, closely aligns with the radial distri-
bution function {RDF) analysis, which shows a peak at 5.4 A {Figure ). 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 vet 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-TPE ion-pair.
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fis'nrl.- 1. The reputmﬁw.- structure of the DODTA-TPB adduct in the Aqueous solution {left; ]'l:,.*—
drogen atoms omitted for clarity) as elucidated from the 300 ns molecular dynamics simulstions.
The corresponding radial distribution function (RDF) graph (right) shows the distribution of
N{DODTA*)--B{TPE~) distances i.|1.wn]'|.-ir|5 the central unsubstituted triazole nitrogen in the cation,
with a peak at 5.4 A, indicating the preferred intermobecular 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 53). 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 lel), 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-TFB 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 lel
and —0.99 | el, 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 .- stacking interactions among the
components by analyvzing the distances between the center of the mass of the triazole
ring in DODTA® and the phenyl groups in TPBE=. Using the commonly accepted 4 A
threshold for ot - 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 -7 interactions between formally charged groups only
marginally contribute to the overall adduct formation, further highlighting their limited
role in stabilizing the addwct.

Im an effort to better understand the contribution of the C-H-- - 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 (AGyyp = —14.9 keal mol=Y). Furthermaore, when both C-18 chains were consistently
replaced with methyl groups, the binding affinity showed an even more substantial 79%
reduction (AGgpp = —5.0 keal mol™"). 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, CxHzry, which is composed of bwo alkyl chains
of equivalent lengths to those in DODTA*. Despite being formally uncharged, CasHza
dernonstrated a binding affinity for TPB= that almost surpassed that of the model cationic
triazales, AGgpyp = —12.0 keal mol=? (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
TPE= in the solution.

Table 1. MM-PESA calculated binding affinities { AGgpap, in keal mol=1) between the TPBE= anion
and selected cations following the modecular dynamics simulations in water.

CHCHy {CHCH, CHy
’F\i ’F\i -nhll'
Cation Component [ \:N [ \:“ [ l:” CHCHz CHy
&) &) )
EHIrCHy Gy EHy
AGEmD —114 —149 50 —120

The dominance of the hydrophobic interactions and the fexibility 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
AGpnp 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. Polentiometric Sensor Chareclerizabion

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 = Ey— Sloga ;e i1)

where E is an electrode potential, Ep is a standard electrode potential, 5 is the slope of the
electrode, and a 4¢- is the activity of the investigated surfactant anion.

505 and DBS were used as model molecules to observe the response characteristics of
the DODTA-TPB surfactant sensor o 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~% M to 1.0 x 10=2 M, while the response characteristics of DBS were
investigated in the range from 8.1 = 1072 M to 25 = 10=3 M (Figure 2). The potentiometric
response for SDS showed a high linear range from 4.1 = 107 10 5.1 x 103 M, with a slope
value of —592 = 0.4 mV /decade of activity and calculated limit of detection (LOD) of
3.1 x 107 M. The potentiometric response for DBS had a linear range from 8.1 x 1077 1o
6.1 = 10™* M, with a slope value of —575 £ 0.5 mV /decade of activity and a 5.9 = 1077 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
506 and DBS in deionized water. The curves were rearranged vertically for clarity.

The comparison with previously published response characteristics of ion-pairs con-
taining TPE as a counter ion showed a good agreement with new DODTA-TFPB ion-pair
sensing properties to the anionic surfactants DBS and 5D5 in terms of the linear response
range, slope per decade of activity, and LOD (Table 2).

Table 2. Hesponse characteristics of potentiometric surfactants sensors based on different ion-pairs

comtaining anionic TFE counter ion.

as Sensor Lom=Pair
Characteriste  New DODTATER DMICSTFE [37] DODITEE [25] DHELTFE [35] DDASTFE [34]
LOD (M) 59 5 17 0w 10-7 7.4 1077 61w 1077 200 % 1077
L":‘"“' “‘im’“ Bl 0 Tmid 10 B M0 Tt w10 A3 w W32 w10 B9 w 0Tmd] w107 25w 10 Tml w100
DBS "Sh‘ﬁ'“
{mV fdecade of =575 =578 -5 =564 =553
achivity)
LD ) 31107 32w 107 B8 1077 32w 1077 25 % 1077
Linear sespanse 4y yo-tgg w1077 4% 075 1070 50 10-7mdd = 1070 L6 % 1077eEL x 1070 2 10-Tmds = 10
0 range (ki)
Shape
(¥ decade of -502 -58.3 —5E3 —#iL1 —555
ackivity)

* 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 (.01 M, for each
investigated anion. 506 was incrementally added to the interfering ion solution and the
DODTA-TPE surfactant sensor potentiometric response was measured. To caloulate 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-TFB surfactant sensor showed a high stability and a low influence of investigated
interfering anions.

Mext, the influence of the pH on the DODTA-TPB surfactant sensor polentiometric
response on SD5 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 stiill there
was no significant influence on the response signal.
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Table 3. The calculated selectivity coefficient (logarithm) for selected anions (0U01 M) measured with
the DODTA-TPB surfactant sensor for the anionic surfactant SDS.

Interfering Anions Iagki:_-
Acetate -3
Benzoat —3.84
Bromide -3
Borate —2.98
Chloride —3.83
Carbonate —4.14
Dihydrogenphosphate —4.m
EDTA —3.84
Fluoride —3.6d
Hydrogen carbonate —4.02
Hydrogen sulfate —3.86
Mitrate —3.93
Sulfate —4.62

3.4. Potentiometric Titrations of Model and Environmental Samples

For the titration of anionic surfactants 506 (4 = 10°* M) and DBS (4 = 107* M), the
cationic surfactant DMIC was used. The chemical reaction is as follows (Equation (2)):

Ang. + Catl, & AnyeCalrg (2}

The An7; represents the anionic surfactant {analyte, SDS, or DBS), the Cal}, represents
the cationic surfactant (titrant, DMIC), and the An cCaley is the low solubility complex,
usually manifesting as a white precipitate.

Polentiometric titration curves for the titration of SDS (4 = 10°* M) and DBS
{4 = 10=* M) with DMIC cationic surfactants {4 = 10~ M) used as a titeant 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 ). The end-point could be easily detected.

400
300 PPE L
-
E
!
L
4
% 1
- 100 o :
= i
i
I
i’
5
100 4 L
L
Lo — D5
.
i == =305
a T . . T v
a 4 & 12 16 L
W ADMICT f L

Figure 3. Potentiometric titrations of model samples containing DES (4 5 10~ M, full line) and SDS
{4 = 102 M, dashed ling) with DMIC cationic surfactants, DMIC (4 % 103 M), and the DODTA-TPE
surfactant sensor as the end-point detector. The titration curves wene rearranged horizontally for darity.
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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
lawryl ether sulfate (LES)) were titrated, with DMIC {4 = 10=% M) as a titrank. A fixed
amount of the technical-grade anionic surfactant was added to the deionized water and
titeated by the DODTA-TPE surfactant sensor as an end-point indicator. The titration curves
were sigmoidal, with well-defined inflection points. The overall signal change (AE) was
301.1 m¥ for the DBS titration curve and 276.2 m¥ for the SDS titration curve. Calculated
recoveries were from 100.2 to 100.4%, respectively (Table 4).

Table & Potentiometric titrations of three technical-grade anionic surfactants with DMIC (4 5 10— b1)
as a btitrant and the DODTA-TPB surfactant sensor as an ﬂ'ud-puirrl: indicator, with mean values
at £95% comfidence limdts.

Technical-Grade Anionic

w (Surfactant) *M%% n {Added) pmaol 1 (Found) **fumaol Recovery/a

Surfactant
SOSs 9128 £ 031 500 50.21 = 004 100.4
OBS 4761 £0.25 500 50,13 £ 009 100.2
LES 2RTF4 012 500 50,11 =+ 0L05 100.2

* Average of § measurements. ** Average of § measuremends.

Adfter testing the DODTA-TFE 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-TFB 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 ]:!mdl.l.rb containing anionsc surfactants
by the DODTA-TFE surfactant sensor compared with a two-phase titration method. DMIC was used
as a titramt.

Commercial w (ANIONIC SURFACTAMNTN .

Detergents DODTA-TPE  Two-Phase Titration *
Powdered mpe2  emions 70
R I R
Liquid/ge iy 2722019 2%

JEy

The DODTA-TPE surfactant sensor was used as an end-point indicator in the potentio-
metric titrations of environmental water samples from the following locations in morth-west
Croatia: one sample of lake waler (lake Motitnjak); one sample of hydroaccumulation
Drrava; 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 85. 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
SD5 (50 umol) was spiked in the environmental samples and titrated with DMIC. The
recovery resulls are shown in Table 6. SD5 was successfully quantified in all envieonrmerntal
samples, which is a promising result since no matrix interfering effect was observed, and
recoveries were in the range from 4.2 to 96.5%.

Table 6. Recoveries for the potentiometric titration of spiked 505 (50 pmaol) in environmental samples
I'.l}r the DODTA-TFB surfactant sensor as an Erld-puinr indicator. DAMIC was used as a titrant.

Sampling Flace Vial Test Added SDS Recovery ™
River Dirava Mo AS* 50 prnuol 96.5%
River Mura MNo AS. 50 pwrruol 95.8%
Lake Motitnjak Mo A5, 50 wrnol 94.2%
Hydro accumulation Drava Mo A5 50wl #.5%
* AS mmanionic 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
envieonmentally friendly alternative o traditional methods. The computational analysis,
utilizing molecular dymamics simulations, MM-PBESA 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---m contacts and the flexibil-
ity of the C-18 alkyl chains. These findings highlight the limited role of electrostatic and -
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-
Memstian 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 potenticmetric
measurements, this work provides a blueprint for designing advanced ion-selective sen-
sors. Fulure 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 folkvwing supporting mformation can be downloaded at hitps:/ e
ms.iFu.n:-m.l'.:rhrlz'.l' 103390/ chemasensors L3RET] f <1 [—'.isl.m.* S1: RMSD apaphs from the molecular
dynamics simulation of the DODTA+ cation (in black) and the TPB- anism {in red) in aqueous
solution, showing significantly higher flexibility of the formers; Figune 52 Evolution of the distance
between the boron atom in TPB-and the nitrogen atoms in DODTA+ |:|.1.||.'.i.r|5 the molecular d}mm‘niu
simulation, :irLd.inI:irLgﬂu.lﬂm DODTA-TPB adduwct formation is reversible and in uq'uiJin'iu.m with
the dissociated components; Figure 53: Charge distribution within the DODTA+ cation and the TPB-
anion, either isolated or within the elucidated repm:-m:nlzliw: structure of the DODTA-TFPB adduct,
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as obtained from the MNBO aml}r:n's at the {&“UJ!M&—EI +Gh:lj |l nl:ﬂ'mr‘\r 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
dﬂ'ﬂi'}' is transferred between the overall components Eulluwins DODTA-TPB adduct formation.
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Abstract: Two new surfactant sensors were developed by synthesiring Pt-doped acid-activated mualt-
walled carbon nanotubes (PEEMWCNTE). Two different im'llsp]'um using PHIMWICN TS, a new Pl.u'b-
cizer, and (a) catiomic surfactant 1,3-dihexadecyl-18-bereofd fmidaes-3ium-DHBL (FEMWCNT-DHEL
innophore) and (b) anicnic surfactant dodecy lbenzenesulfonate-DES (PHEIMWCNT-DEBS ionophaore)
compuosibes wene :ﬂ.umﬁsfu]l}r sy’rll:hz:imd and characterized. Both sudfactant sensors showed a
response to anionic surfactants (dodecy lulfate (505) and DES) and cationic surfactants (cetylpyri-
dimium chloride (CPC) and hexadecyltrimethy limmonium bromide (CTAB)). The PrWONT-DES
sensor showed lower 5|=ru:ili.v:il'_!.- than Expﬂ:hcd with the sub-MNernshan Tespmse of 223 mV /decade
of activity for CPC and CTAB and =33 mV /decade nl:ﬂcﬁ\':il'__lu' for 515 and DBS. The PHEgsWCNT-
[HEI surfactant sensor had.superi.-l:n' TEspOnsE Prupﬂ'lies.. iJ'iclun:lirlE a Mernstian Tes PO o S0S
(59.1 mV fdecade) and a near-Nemstian response to DES (575 mV /decade), with linear response
regions for both anionic surfactants down to =2 2 10 M. The PEEMWCNT-DHEL was also useful
in critical micellar concentration ECMC}d:ﬁﬂ:ﬁum Common anions showed very low inferferences
with the sensor. The sensor was successfully emploved for the potentiometric titration of a techmical
grade cationic surfactant with good recoveries. The content of cationic surfactants was measured in
=X u.rn]:!lr:- of um]:!lr'x commercial dEl'ﬂ'EEI'I.“!I. The PHIMWCNT-DHEI surfactant sensor showed
good agreement with the ISE surfactant sensor and classical two-phase titration and could be used as
an anal}rlica] tool in l:jua|il:}' control.

Keywords: potentiometric surfactant sensor; metal-doped MWONT; surfactants; carbon nansoomposite;

sensor

1. Introduction

Surfactants are organic molecules with the properties of lowering the surface tension
of water. Usually, they consist of hydrophilic heads and hydrophobic tails rich in carbo-
hydrates. There are four main types of surfactants: anionic, cationic, amphoteric, and
nonionic [1]. They are usually used in everyday life and the industry as detergents for
washing, cleaning (anionic), and disinfection (cationic). The global surfactant market is com-
stantly growing. From a medical point of view and life standard, this is positive, but from
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an environmental and health standpoint, this is a challenge. Surfactants have a negative in-
fluence on the environment since they disintegrate cells, prevent oxygen exchange, eic.; they
irritate the skin and can cause other health issues. For this reasom, it is important Eo monitor
the water constantly and increase quality control during detergent production. Classical
methods of surfactant detection include two-phase titration and the MBAS method [2,3].
Both methods are time-consuming, require skilled experts, have a lack of reproducibility,
and are in contrast to the principles of green chemistry (since they require toxic organic
solvents for extraction). (Other more common instrumental methods are chromatogra-
phy methods like Size-Exclusion Chromatography [4], lon-Exchange Chromatography [5],
HPLC [5]. and Gas Chromatography [7]. These methods offer reproducibility but require
skilled personnel and are expensive to perform and operate.

To overcome all these issues in surfactant analysis, chemical sensors could be a fast,
reliable, and easy-to-use strategy. Surfactant sensors based on liquid-type membranes are
the most common. FVC is mixed with the selected plasticizer in a ratio of 1:2 |5]. This
composition acts like a solvent for the ionophore (usually 1%). The ionophore is an ion pair
usually made of a large cationic surfactant and an oppositely charged lipophilic ion. The
most important part of the sensor membrane is the ionophore. Recent advances in liquid
membrane-type ion-selective electrodes (ISE) for surfactants offer the use of new molecules
for ion-pair synthesis and the use of nanomaterials to improve sensor characteristics [%-11].
Manomaterials can be chemically bound to the ion pair. On the other hand, an inclusion
complex with an ion pair or charged surfactant can also act as an ionophore [12-14]. An
example of the latter is surfactant-selective electrochemical sensors based on single-walled
carbon nanotubes [SWCMTs), where CTAB and SD5, adsorbed to the SWCNTs, act as
iorophores [15]. In this study, twao electrodes were fabricated: CTAB-SWCNT and SWCONT-
5DS. The proposed sensors exhibited a Nernstian response of 539.5 mV / decade of activity
for SD5 and a near-Mernstian response of 57.2 mV /decade of activity for CTAB over a wide
concentration range.

The electrochemical characteristics of electrodes depend significantly on their surface
properties. The rate of electron transfer can be notably enhanced by the surface functional
groups which contain oxygen. Carbon nanotubes (CNTs) exhibit two distinet surface
regions due o their specific structures: sidewalls and ends. The defect-free structure of
intact nanotubes is similar to the basal planes of pyrolytic graphite. However, cap regions
may be potentially more reactive due to a higher curve strain compared to the sidewall.
The treatment of carbon nanotubes by physical or chemical means to open their ends
generates various oxygen-containing groups, resembling the properties of edge sites on
baszal planes of pyrolytic graphite [16]. Electrochemical sensors containing multi-walled
CNTs have shown superior properties in terms of functional surfaces, small dimensions,
great chernical stability, good conductivity, a modifiable sidewall and great mechanical
strength, sensitivity, a broad potential window, and low background current [17].

The use of carbon-based nanomaterials in electrochemical sensor development was im-
proved by metal-doped nanomaterials, like metal-doped carbon nanotubes (CNTs) [10,18,19].
This resulted in a conductivity imcrease, which caused a faster response tinve and extended
operating range [20]. When used in potentiometric sensors, metal-doped nanomaterials
offer several advantages as follows: enhanced sensitivity, improved selectivity, a wider
detection range, faster response time, improved stability, reduced fouling, and could result
in better miniaturization and integration [10,21-25]. The MWCNTs/Fe-Co doped nanocom-
posite was used for the potentiometric determination of sulpiride in real water samples.
Using the metal-doped MWCNTS resulted in many advantages, such as enhanced charge
transfer and sensitivity, fast response time, and increased selectivity; the detection limits
were 7.6 * 107 M [21]. The combined presence of carbon nanctubes with their excel-
lent electron-transfer capacity and platinum Pt, which possesses the best catalytic activity
amaong all pure metals and remains the most frequently used catalyst in a variety of appli-
cations, can lead to remarkable synergistic effects. For instance, MWCNT: decorated with
Pt nanoparticles showed excellent features in the sensor for monitoring hydeogen peroxide
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concentrations [ 17]. Platinum nanoparticles are more often employed and supported onto
carriers rather than being used separately. This is becawse they can easily agglomerate or
deactivate while supporting them onto carriers enhances their stability and durability [26].
Also, i the hybrid version, the surface area available for electrochemical reactions is much
higher; the dispersion of nanoparticles is uniform and supports MWCNTs, which can facili-
tate the adsorption of reactant molecules onto the electrode’s surface. MWCNTs can alter
the electronic structure and chemical environment of Pt nanoparticles, thereby allowing for
the: tuning of their activity and selectivity, which is the case in numerous reports dealing
with this matter [27].

Im this paper, we synthesized Pi-doped MWCNTS, which were used for the fabrication
of two ionophores, (a) PEMWCNT-DHBI and (b) MaMWCNT-DBS ionophores. These
ionophores were used, together with a mew Elvaloy 742 plasticizer, to fabricate two sensing
membrane nanocomposites for potentiometric applications in surfactant analysis. Platinwm
was selected since it offers high conductivity and chemical stability. The sensors were
characterized, and the selected sensor was successfully tested on technical grade and
commercial product samples. The presented sensing platform featured advantages like fast
and low-cost preparation, high stability and sensitivity, and & wide linear dynamic range.
Also, this electrochemical setup for the effective determination of surfactant concentrations
can be employed as a part of portable devices for on-site use. In addition to the technical
improvement of the prepared composite material, there is a significant saving in the costs
of applying platinum in such a highly dispersed version instead of pure metal.

2. Malerials and Methods
2.1, Chewmicals

Potentiometric measurements were carried out for the following anionic surfac-
tants: sodium salts SDS—dodecylsulfate and DBS—dodecylbenzenesulionate (Fluka,
Buchs, Switzerland), cationic surfactants Hyamine 1622—benzethonium chloride,
CPC—cetylpyridinium chloride, and CTAB—hexadecyltrimethylammonium bromide
{Merck, Munich, Germany). The pH was adjusted using corresponding amournits of NaOH
and HCI (all from Kemika, Zagreb, Croatia). HNOs, H2504, H2PtCls, and NaBHa were
used for the doping process {all from Kemika, Zagreb, Croatia).

For the preparation of the sensing membrane nanocompaosite, a high molecular weight
PVC (Sigma Aldrich, Taufkirchen, Germany) and plasticizer Elvaloy 742 {DuPont, Wilm-
ington, DE, USA) were used.

For interference measurements, the most common interfering cations were used, such
as NH}, Ca™, Na*, Mg™, and CyHxN* (Merck, Munich, Germany).

2.3, Pt-Digped MWCNT Synthesis

For the sake of doping with platinum, 150 mg of the activated MWCNTs were sus-
pended in the mixture containing 10 mL of ethanol and 10 mL of deionized water and
sonicated for 10 min. Then, 0.5 mL of the aqueous solution of HoPeCl, (160 g/L) was
introduced and sonicated for another 5 min. The reduction in Pt ions to their elemental
state was performed by the addition of 80 mg of NaBH, previously dissolved in 20 mL
of deionized water. Platinum doping effects were confirmed by our previous study [23].
Adfter 24 h, probes were filtrated on the Buchner funnel with copious amounts of deion-
ized water, dried, and Pt-doped acid-activated MWCNTs were produced according to
the following procedure. For the purpose of chemical activation, 500 mg of MWCNTs
(Merck, Munich, Germany) was heated at 50 *C with 20 mL of the mixture of concentrated
acids (HMNOs:H250 = 1:3) under reflux for 210 min. Activated MW CNTs were rinsed at
the Buchner funnel with at least | L of deionized water, then dried for a couple of hours,
homogenized, and kept in a glass cuvette for further procedure. This step is crucial for the
introduction of hydroxyl functional groups in the structure of MWCNT.
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2.3. PralMWCNT-DHBEI lonophore Production

The 1, 3-dihexadecyl-1H-benzo[dimidazol-3-iwm (DHBI) cationic surfactant synthesis
was described in our previous paper [29]. The synthesis of the ionophore based on carbon
nanctubes” complex with a cationic surfactant was presented for the first time recently [15].
This ionophore was used for surfactant selective electrochemical sensor fabrication. In
this work, we performed a modification of this protocol to enhance the PEEMWCNT and
cationic surfactant interaction and the inclusion of complex formation. In total, 5 mL of
hexane was added to 0.05 g of MWCNT and stirred for 24 h. This was carried out bo increase
the hydrophobicity of the inner cavity of the PEIMWCNT and enhance the inclusion of
complex formation. Next, the PEMWCINT: were left to dry al room temperature. After
this, 2 mL of the 5 = 10=4 M solution of DHBEI-Br was added to the Pt-doped MWCNTs
and stirred for 24 h. After filtration, the precipitate was washed with ultrapure water. Next,
the precipitate dried at 80 *C. The prepared PEaMWCNT-DHEL ionophore was ready for
further processing.

24, PlaMWCNT-DHBI Surfactant Sensor Fabrication

The sensor membrane nanocomposite was fabricated by mixing 3 mg of PEMWCNT-
DHBI ionophore with 25 mL of THF (Fluka, Buchs, Switzerland) and 120 mg of high
maolecular weight PYC. Then, 180 mg of the Elvaloy 742 plasticizer was added and stirred
by ultraspund for a few minutes. The cocktail was poured into a glass ring mold and left
for 24 h to dry. The membrane was cut into small discs and one of these discs was mounted
in the Phillips electrode body 15-561 (Glasblaeserei Moeller, Zurich, Switzerland) filled with
3 M of potassium chloride as an inner filling solution. The sensor was prepared and ready
to wse. The sensor was stored in deionized water between the measuring intervals.

2.5 Instrumentation

The distribution of Pt nanoparticles on the MWCNTS" was examined using high-
resolution transmission electron microscopy (HE-TEM) with the JEOL JEM-F200 instrument
(JEOL, Tokyo, Japan).

The PradMWCONT and PradWCNT-DHBI surfactant sensors were characterized by
the Shimadzu IR solution 1.30 FTIR-84(00 5 infrared spectrophotometer (Shimadzu, Kyoto,
Japan). For response, interference, and pH measurement, a Metrohmm 794 Basic Titrino with
the Metrohm 781 pH meter (Metrohm, Herisau, Switzerland) was used. For titrations, a
Metrohm 808 Titrande (Metrohm, Herisau, Swilzerland) was employed. The Ag/AgCl
reference electrode was used in all measurements. The membrane resistance was mea-
sured by the UT15B Max True RMS Digital Multimeter (Uni-Trend Technology EUF GmbH,
Augsburg, Germany).

2 6. Response Procedire

Potentiomelric response measurements were carried oul by incrementally adding the
selected catiomic (CPC, CTAB) or anionic (SD5, DBS) surfactant to the fixed amount of
deionized water. To reach the logarithmic activity range from approximately —2 to —7, the
selected concentrations were 4 x 10=3 M and 4 = 10=4 M.

In order to investigate the interferences from selected anions, including chlorides,
carbonates, nitrates, acetates, sulfates, borates, EDTA, dihydrogenphosphates, hydrogen
carbonates, and hydrogen sulfates (all chemicals from Kemika, Zagreb, Croatia), tests were
performed by incrementally adding 505 in the (.01 M interfering ion solution.

2.7. Titration Procedure
[During potentiometric titrations, the dynamic equivalent point titration (ET) mode
with a signal drift of 5 mV/min was used. At higher concentrations, the waiting time was
15 5. To reach the signal stabilization at lower concentrations, a 3 s waiting time was used.
For titrations of the technical grade cationic surfactant Hyamine 1622 (4 = 1077 M), a
corresponding concentration of SO was used (4 x 107 M).
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For titrations of commercial products containing anionic surfactants, variable concen-
trations of CPC were used.
Adfter each measurement, the surfactant sensor was washed with deionized waler.

3. Results
3.1. TEM Characleristics of PREMWCNT

The representative structure of the PEEMWCNTS analyzed by Transition Electron
Microscopy is illustrated in Figure 1. An effective dispersion and deposition of PI nanopar-
ticles onto the CNT support can be seen in Figure la without evidence of filling the interior
of the MWCNT with Pt. A higher magnification, as obtained on the TEM image in Figure b,
reveals that Pt nanoparticles tend to agglomerate, forming clusters with an average di-
ameter of approximately 10 nmv. It is noteworthy that Pt nanoparticles firmly adhere to
the surface of nanotubes, as no detached particles were observed. In the HRTEM image
depicted in Figure lc, a cluster of nanoparticles is visible, with a measured D-space of
around 0.225 nm, corresponding to the spacing of (111) planes. The Selected Area Electron
Diffraction (SAED) patterns of the Pt nanoparticles (Figure 1d) are indexed to three primary
plames, (111}, (220), and {222}, indicating the random orientation of the Pt nanoparticles.

d=225 nmysf
Pt (117 2%

§1

fiE;n.rz 1. TEM irna.g\e of I"‘I:-drpad BMWCN TS {a,b) at different rmsniﬁca.ﬁm {c) HETEM :irnuEe
showing a cluster of Ft nanopartickes and (d) Selected Area Electron Diffraction {(SAED) patterns.
3.2. IR Characleristics of PMEMWCNT, PUEMWCNT-DHBI end PHEMWCNT-DBS

After the PrEMWCNT, PraMWCNT-DHBL, and PrEMWCNT-DBES synthesis, the
compounds were characterized by FT-IR spectrometer o observe the nanocomposites in
the IR spectra and check the stability of the ionophore nanocomposite.
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Figure 2 shows the IR spectra of the Pi-doped MWCNTs (PEIMWCNT), pure DHEBI
cationic surfactant, and a doped nanomaterial after the formation of a complex with DHBI
(PEIMWCNT-DHBEI). The spectra of acid-functionalized MWCNT dopped with platinum
show several distinctive peaks. The intensive band at 3450 cm=! originates from the
stretching vibrations of isolated surface -OH groups, -OH in carboxyl groups, and for
sorbed water in the sample. The weakly expressed stretching peak from the C-0 bond
can be barely noticed around 1350 ™! A slim peak near 2950 em=! comes from the
asymmetric stretching of methyl or methylene groups, usually located ab the defect sites
on the sidewall surface. The peak at 1560 cm ™" is related to the carboscylate anion stretch
mode, and this peak is not seen on pristine MWCNT. The characteristic fingerprink regions
of the DHBI cationic surfactant, 3025 cm=? and 2960 to 2746 cm=! (v CH), and aromatic
benzeme ring shown by signals 1600 and 1465 em™! (v CC aromatic stretching) can be also
observed at the IR spectra of the PIMWCNT-DHEI comiplex. In this way, the synthesis was
successful, and the complex was formed and ready to wuse for membrane fabrication and
PIMWCNT-DHBI sensor characterization.

PMCNT

-.._N/ff \ ..—"lnm':'r-'r-nn-.

Trammitance | %

Wiavenambaer o

Figure 1. The FI-R spectra of the DHEI cationic surfactants, the PHEMWCNT nanomaterial, and the
complex of PeEMWCNT-DHEI in KBr. The DHEB] values were adapted te fit the other spectra.

Figure 3 shows the IR spectra of the Pt-doped MWCNTs (PEIMWCNTS), pure anionic
surfactant DBS, and a doped nanomaterial after the formation of a complex with DBS
(PIMWCNT-DBS). As far as the D'BS spectrum is concerned, the broadband in the region
3200-3600 cn=? is attributed to O-H bond stretching and indicates the presence of humidity
in the solid surfactant sample. The band around 3100 cm ™! is related o C-H aromatic
stretching, while the bands slightly below 3000 cm™? are attributed to the vibration of the
axial deformation of C-H for the CH; group of the surfactant tail. In this region, the band
may be located from the aromatic stretching vibrations of C-H. The rest of the DBS surfactant
spectrum can be considered through the characteristic fingerprint regions, including the
widened band around 3038 cm ™, peaks from 2875 to 3005 cm™!, from 1533 to 1690 cm ™7,
peaks at 1405 em=?, 1457 cm=? and from 1060 to 1273 cm=!. These regions can generally
be attributed to the OH groups, C-H; groups, C-0-C groups, and to the aromatic structure
of DBS. The characteristic Angerprint regions of bwo major spectral regions corresponding
to the hydrophobic tail, 3005 to 2875 cm™" (v CH), and the hydrophilic sulfonate region
from 1270 to 900 con=! (v, 5=0 (board, very strong) and vs 5=0 (sharp, very strong)) of
DBS can be also observed at the IR spectra of the PIMWCNT-DBS complex. In this way,
the synthesis was successful, and the complex was formed and ready to use for membrane
fabrication and PEMWCINT-DES semsor characterization.
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Figure 3. The FI-IR spectra of the DBS anionic surfactants, the PEMWCNT nanematerial, and the
PERMWCNT-DBES m'np]ms in KBr. The DBS values wen au:lapl‘ud o fit the other spectra.

3.3. Response Characteristics of Fabricated Surfactant Sensors

The response of the prepared PrabMWCNT-DHEBI surfactant sensor was investigated
in deionized waber with the incremental addition of cationic surfactants CTAB and CPC, re-
spectively. The increment volumes were calculated according to the achieved concentration
of the corresponding cationic surfactant to cover a wide concentration range. The response
mechanism of the proposed PEMWCNT-DHBEI surfactant sensor o cationic surfactants
can be described as follows:

E = E" 4 5108 g sury. (1)

The proposed equation is a modified Nernst equation, in which E represents the
electromaotive force, EY is a constant potential term, and g ey, is the activity of the
corresponding cationic surfactant.

The response mechanism of the proposed PYEMWCNT-DHEI surfactant sensor to
anionic surfactants can be described as follows:

E=E" — 5108 dansurf. (2}

The proposed equation is a modified Nernst equation, in which E represents the
electromotive force, EY is a constant potential term, and g, oy, i5 the activity of the
corresponding anionic surfactant.

Response characteristics were tested in deionized water for both fabricated sue-
factant sensors, PFEMWCNT-DHBI and PraMWCNT-DBS. Both sensors were tested
in the presence of anionic surfactants SD5 and DBS and cationic surfactants CPC and
CTABR, respectively.

The response characteristics of the proposed surfactant sensor PEEMWCONT-DHBI for
anionic surfactants SDS and DBS are shown in Figure 4. The response calibration curves
were linear over a wide concentration range with a distinct inflexion for both anionic
surfactants SDS and DBS.

The statistical evaluation of the response of the PEEMWCNT-DHBI surfactant sensor
to SDS and DBS is presented in Table 1. The PrabWCNT-DHBI surfactant sensor showed
a Mernstian response to SD5 (539.1 mV /decade of activity) and a slightly sub-Nernstian
response to DBS (57.5 mV/decade of activity). The linear response regions for both anionic
surfactants were broad, up to =2 x 10™* M. This was important since it could allow the
quantification of anionic surfactants over a broad concentration range, including higher
but also lower anionic surfactant concentrations. Additionally, the critical micellar concen-
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teation (CMC) for both anionic surfzctants was in agresment with the litevature [30]. Using
the proposed sensor, the CMCs for anionic surfactants could be detected.
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Figure & The electmmotive force of the PHEMWCNT-DHB] surfactant sensor as a function of the
incremental addition of 3% and DBS anionic surfactants (A~) in deionized water at 25 °C. The
curves were displaced for clanty, The trend lines were added for orientation.

Table 1. Statistical evaluation of response characteristics of the FERMGCNT-DHB] surfactant sensoe
fowr aniomic surdfactnts 5105 and DES.

Marameters sDs DES
Slope {mV /decade) H1+02 575+03
Coarmelation coefficient {R2} 099493 (L9ETH
Intercept {mV) 2R+ 32 WY+ 3
Useful Enear concentration range (M) 255w a3 x 103 LE x 107% o 45 = 10—%

The response characteristics of the proposed surfactant sensor PREMWCNT-DHBI
were also tested for the cationic surfactants CPC and CTAB (Figure 5). The response
calibration curves were linear over a wide concentration range with an inflexion for both
cationic surfactants CTAB and CPS and CMC concentrations. The statistical evaluation of
the response of the PEEMWONT-DHBI surfactant sensor to CPC and CTAB showed a sub-
Memstian response in the linear response region, with 49.2 mV /decade of activity for CPC
and 4.7 mV / decade of activity for CTAB. The lingar response region for CTAB was broader
compared to the CPC. Even though the proposed PrEMWCONT-DHBI surfactant sensor
showed good response characteristics, the sub-Nemstian response for both surfactants
reduced the sensitivity in calionic surfactant quantification.

The proposed PEMWCONT-DBS surfactant sensor was tested in respanse to the an-
ionikc surfactants SDS and DBS (Figure £). The sensor exhibited a sub-Nernstian response
for both anionic surfactants. The useful linear response region for DBS had a slope of
321 mV /decade of activity, while the linear response region for SD5 could be observed
starting from 1 » 107% M, with a slope of 33.8 mV /decade of activily. The PIEMWCNT-DES
surfactant sensor exhibited limited potential usage for anlonic surfactant quantification.
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Figure 5. The electromotive force of the PEEMWCNT-DHBI surfactant sensor as a function of the
incremental addition of CPC and CTAB in deionized water at 25 *C. The curves wen di:]:!lau:d for
clarity. The trend lines were added for orientation.
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Figure 6. The electromotive force of the PEEMWONT-DES surfactant sensor as a function of the
incremental addition ef CPC and CTAE cationic surfactanis {C*) in deionized water at 25 °C. The
curves were displaced for clarity. The trend lines were sdded for orientation.

The PEMWCNT-DES surfactant semsor was tested in response o the cationic surfac-
tants CPC and CTAB (Figure 7). The sensor exhibited a sub-Nermstian response for both
anionic surfactants. The useful linear response region (1 = 107% to 1 = 107 M) for CPC had
a slope of 23.7 mV fdecade of activity, while the linear response region for CTAB (1.6 = 10=4
to1 = 1072 M) had a slope of 22.9 mV /decade of activity. The PEEMWCNT-DBS surfactant
sensor exhibited potential usage for the quantification of cationic surfactants in a very
NAFFOW Fegion.
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Figure 7. The electromotive force of the PEMWONT-DES surfactant sensor as a function of the
incremental addition of CPC and CTAB cationic surfactants {f."j in deionized water at 25 7C. The
curves were displaced For clarity. The trend lines were sdded for orientation.

When comparing the two sensors, PEEMWCNT-DHBI sensors showed superior char-
acteristics compared to PEEMWCNT-DES sensors. The sensitivity was two times higher
for the same investigated regions, and the useful linear regions were broad, allowing the
potential application of the sensor to quantify both anionic and cationic surfactants in water
and commercial products. The sensor was further characterized by interferences.

3.4. The Interference Study of PREMWCONT-DHEI Sensor

The interference study was performed to observe the response of the PradMWCNT-
DHEI surfactant sensor to selected interfering anions (Table 2). The solution of the selected
interfering cation was used for the incremental addition of 5DS. The fived interference
method (FIN) proposed by IUFAC was used to calculate the interfering influence. The
calculated IogKﬁf for selected anions was in the range from —3.2 to 4.7. From the Kg:if
values, it can be concluded that the usual anions had a minor influence on the response

characteristics of the surfactant sensor PrEMWCNT-DHEL

Table 2. Cabculated logarithm af selectivity coeficient for most common inorganic and organic anions
(.01 M) meeasured by the PREEMWCNT-DHE] surfactant sensor and adding SDS.

Interfering Anions Iy .IC'::;_
Chloride e
Carbonate —4EB
Mitrate —33
Acatate —45
Salfabe -39
Borafe —idd
EDTA —47
Dihydrogenphosphate —39
Hydrogen carbomnate e
K}r]ﬂuulﬂmh.- =36
Fluoride —43
Bromide —45
H}-d:msen sulfate -39
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A low influence of potentially interfering anions was also achieved using the mem-
brane composition proposed recently [15]. The selected plasticizer, Elvaloy 742, is a ter-
pelymer of ethylene, vinyl acetate, and carbon monoxide; it contributed to the stability and
response of the sensing membrane because it is a permanent, non-migrating plasticizer
{with a molecular weight of about 250,000) that provides toughness and flexibility that
are locked into the PVC. In essence, membranes could be considered compatible poly-
blends rather than flexible FVC [31]. The measured sensor drift was =6 mV per hour. The
combination of the proposed sensor membeane composition with the selected plasticizer
and Pt-doped MWCNT-based ionophore allowed the high lipophilicity of the membrane,
lower noise, a higher surface area, higher stability, and better charge fransfer. The use of a
PEMWCNTs-based ionophore and a new plasticizer had a positive influence on leaching
since the ionophore is more bound inside the sensor membrane matrix.

Before each use, the sensor was conditioned in a solution of the cationic surfactant
CTAB (4 » 103 M). If the sensor was not used for several weeks, it was stored dry. Before
each new series of measurements, the sensor was conditioned wsing the same procedure.
In this way, it was possible to maintain the reproducibility and stability of the electrode. In
addition, the use of Pt-doped MWCNTs extended the lifetirme by more than six months.

3.5. Titratiow of Techmical Grade Cationic Surfactant with PAEMWCNT-DHEL Sensor
The titration of charged surfactants, both anionic (A=) and cationic {C*), is described
by the formation of the low-solubility ion pair (CA):

A=4Ct aCA (3)

Finally, the proposed surfactant sensor PHEMWCNT-DHEI was tested as an end-point
indicator in titrations with the cationic surfactant Hyamine 1622, The titration curve was
sigmoidal and smooth, with a total signal change of 222.7 £ 9.2 mV (Figure 8). The inflexion
point was well-defined and exhibited a sharp signal drop. The first derivative curve showed
a sharp peak at the end-point, and the value was well-defined.

150 - - 80
bo g o,
100 -
&0
EV 5
=
E \ b A0 —
w . | E}
1 4
II ¢|I
| &— i
50 - J
M -
00 = . . . = i
a 2 4 6 8 10
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Figure 8. Potentinmetric ttration (blue) and 1st demvative (red) of a technical grade cationic surfactant
Hyamine 1622 titration with anionic surfactant SDS {4 = 10-* M) and the PHEMWCNT-DHE]
surfactant sensor as mcnd—PninI: indicator.

The surfactant sensor PEEMWCNT-DHEI was also used as an end-point indicabor for
potentiometric titrations of solutions with defined amounts of cationic surfactant added,
i.e., by the standard addition method. The added amounts were 50 and 10 pmol of the
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selected cationic surfactants CTAB and Hyamnie 1622, respectively (Table 3). The resulls
exhibited recoveries ranging from 932 to 992%.

Table 3. Eesults for potentiometric titration of technical grade cationdc surfactants CTAB and Hyamine
1622 b‘}' the standard addition method. The PrEMWONT-DHEB sensor was used as an end-FH:qirLt
indicator, and 5095 was used a=s a titeant (4 = 1073 M), with mean values at +95% confidence limits.

Cationic Surfactant n lAdded//pmol n {Found/umol Recovery/%
o 0 19.93 £ 0.06 998
LAL 10 952 + LM a5z
. 50 19.96 % 0.03 9.9
i
Fiyamiicee 12 10 9.92 + OLOF 9.2

3.6. Titratiow of Conmmercial Products with PEEMWCNT-DHEI Sensor

Six samples of detergents for various applications were purchased in local stores. All
of thern had declared the content of anionic surfactants. The samples were tested, and the
amount of ankonic surfactant was calculated based on the end-point potentiometric titration
results. As a titrant, a CPC in various concentrations was used. The resulls presented
in Table 4 show the amounts of anionic surfactants measured by the PA@EMWCNT-DHBEI
surfactant sensor and compared with the ISE surfactant sensor previously published by
our group. The resulls were also compared with the classical two-phase litration method.
The results showed good agreement with other methods.

Table 4. Comparison of anionic surfactant content in commercial products measured by poten-
tiometric titration with the PEEMWONT-DHB] surfactant sensor, [5E surfactant sensor, and a
tworphase Htration.

Commercial Detergents

% Anionic Surfactant

FHEMWCNT-DHEI ISE Surfactant Sensor * Two=-Fha=ze Titration **
i I e T
= i : am
— s =

* surfactant sensor presented in [32]; ** referent method presented in 2],

The Pr@MWCNT-DHBI surfactant sensor was successfully exploited for several
maonths on a daily basis. After checking the response signals from the first days of use
with the data feom six months of wse, there was no significant signal change. This lack of
leaching and extended lifetime could be explained by the formation of a strong complex
between the acid-activated and Pi-doped MWCNTs with the positively charged DHEI
surfactant and the use of a new plasticizer.

4. Conclusions

Two different ionophores using Pi-doped acid-activated MWCINT: in combination
with the cationic surfactant DHBI (PrEdWCNT-DHBI ionophore) and anionic surfactant
DES (FEMWCNT-DBS ionophore) were successfully produced and characterized. The
use of the new plasticizer Elvaloy 742 in combination with Pi-doped MWCNT-based
ionophores was successfully employed in sensing membrane nanocomposite synthesis.

The potentiometric response of both sensors, PEEMWCNT-DHET and PréMWONT,
to anionic surfactants (SDS and DBS) and cationic surfactants (CPC and CTAB) showed
that the PraMWCNT-DHEI surfactant sensor revealed superior response properties to SDS
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(591 mV fdecade of activity) and to DES (575 mV /decade of activity), with linear response
regions for both anionic surfactants (up to =2 x 10=% M).

The PrEaMWCNT-DHEI surfactant sensor was selected for further analysis. The inter-
ference tests showed the low interference influence of common anions and SO5 response
measurements. The sensor was successfully employed in the potentiometric titration of a
technical grade cationic surfactant with recoveries ranging from 98.2 to 99.9%. The sensor
was successfully used for the quantification of anionic surfactants in six samples of different
commercial detergents. The results were compared with the ISE surfactant sensor and the
classical two-phase titration method and showed good agreement.

The wse of a PEMWCNT-based ionophore and a new plasticizer prevented the leach-
ing, which resulted in an extended lifetime. For these reasons, the PrEMMWCNT-DHEI
surfactant sensor is a promising tool for surfactant quantification in product formulations
but also in other aqueous samples, like wastewater.
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3. DISCUSSION

Hypothesis #1: New cationic quaternary alkyl ammonium compounds (QAC)
based on imidazolium and triazolium groups can improve the properties of

potentiometric sensors for surfactants.

The development of potentiometric sensors for surfactants is fundamentally based on the
incorporation of an ionophore within a sensitive membrane. [15] The classic and most widely
used ionophores are ion-pairs (ionophores) formed between a bulky lipophilic cation and the

analyte anionic surfactant.

Potentiometric sensors for surfactants were first reported in the 1970s. These sensors had ion-
pairs, plasticizer and a polymer, like PVC. [59-61] The 1990s marked the start of synthesizing
PVC membranes for anionic surfactants. This was achieved by incorporating a
tetradodecylammonium (TDA) - dodecylbenzenesulfonate (DBS) ion pair into a PVC matrix
plasticized with o-nitrophenyl octyl ether (NPOE). [62] A major advantage of the resulting
solid-state ion-selective electrodes (ISEs) is their design, which places the membrane directly
on a conductive epoxy/graphite support, removing the need for an internal liquid reference. [63]
In the early 2000s, cyclic ionophores were developed as an alternative to the quaternary

ammonium salts traditionally used in surfactant electrodes. [64,65]

Further advancements in ion-pair-based potentiometric sensors have been extensively explored.
In 2006 a PVC membrane electrode that utilized the ion-pair tetrahexadecylammonium-dodecyl
sulfate (THA-SDS) as the active sensing material was introduced. [66] This sensor enabled the
quantification of anionic surfactants at low concentrations, down to 10~> M. Subsequently, the
same research group developed another PVC membrane electrode employing the ion-pair 1,3-
didecyl-2-methylimidazolium-tetraphenylborate (DMI-TPB) with o-nitrophenyloctyl ether
(NPOE) as the plasticizer. [67] The resulting sensor exhibited a Nernstian response for SDS
and a near-Nernstian response for DBS. In 2011, PVC-plasticized liquid membrane electrode
based on a hexadecyltrioctadecylammonium-tetraphenylborate (HDTA-TPB) ion pair was
introduced. [68] There were many other types of ion-pairs used for surfactant sensor fabrication,

like cetyltrimethylammonium-dodecylsulfate (CTA-SDS) [69,70],
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dodecyltrimethylammonium-dodecylbenzenesulphonate (DTA-DBS) [71],
cetyltrimethylammonium-tetraphenylborate (CTA-TPB) [30], etc.

The introduction of a PVC matrix [72,73] enabled the immobilization of these ion-pairs, leading
to a rapid expansion in sensor development. The most prevalent cationic components in these
ion-pairs are various quaternary ammonium compounds (QACs). The review paper on
potentiometric sensors for anionic surfactatns, by Jozanovi¢ et al. [74], highlights numerous
examples of published ionophores, including cetyltrimethylammonium (CTA) with
dodecylbenzenesulfonate (DBS) [75], dimethyldioctadecylammonium (DDA) with
tetraphenylborate (TPB) [47,76], tetraoctadecylammonium (TODA) with TPB [77], etc.

Although classical QACs have been widely applied, their inherent limited selectivity and
susceptibility to leaching have driven the search for novel materials with enhanced
performance. [15] Recently, attention has turned towards the development of new cationic
quaternary alkyl ammonium compounds, particularly those containing imidazole and triazole

groups. [78-82]

It is anticipated that the incorporation of these heterocyclic rings could further enhance the
properties of potentiometric sensors, such as selectivity, sensitivity, and membrane stability,

paving the way for more effective analysis of surfactant in complex samples.

Building upon this background, the goal of the present work was to design and synthesize a
new cationic surfactant, 1,3-dioctadecyl-1H-1,2,3-triazol-3-ium bromide (DODTA-Br), using
a green, one-pot synthetic route. The synthesis was achieved via the bisalkylation of 1H-1,2,3-
triazole with 1-bromooctadecane under reflux in acetonitrile, with NaHCOs serving as a base
and an inert Nz atmosphere, yielding the desired ionic product at 81.5% (Scheme 1). Following
purification by flash chromatography using a dichloromethane/methanol gradient (10:0.1, v/v),
the structure of compound 1 was comprehensively characterized by 'H and 3C NMR
spectroscopy, mass spectrometry, ATR-FTIR spectroscopy, and elemental analysis to confirm

its identity and purity for subsequent application in sensor development.
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Scheme 1. Syntesis of DODTA-TPB ionophore (2) employing bisalkylated ionic salt DODTA
-Br 1,3-dioctadecyl-1H-1,2,3-triazol-3-ium bromide (1).

DODTA-TPB ionophore was then incorporated in the PVC/plasticizer matrix to form a liquid
membrane type of surfactant sensor. [83] The PVC-based liquid membrane type was mounted

in the Phillips electrode body with 3M KCI as an inner electrolyte.

Surfactant sensor response mechanism
The response of the surfactant sensor to cationic surfactants can be explaind using the following
Equation:

E =Ey+ Sloga g+ (16)

where E represents the electromotive force, E°a constant potential term, S is the slope, and a ¢+

is the activity of the selected cationic surfactant.

The response of the surfactant sensor to anionic surfactants can be explaind using the following

Equation:

E = EO - SlogaAS— (17)
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where E represents the electromotive force, E°a constant potential term, S is the slope, and a,s-

is the activity of the selected anionic surfactant.
The formation of ionophore is based on the precipitation reaction:

CS* + AS™ 2 CSAS (18),
where CS™ = cationic surfactant, AS™ = anionic surfactant, CSAS = ion pair.
The ion pair dissociates as follows:

CSAS 2 CS* + AS~ (19)

with a solubility product constant:

K =a .l - (20),
where a ., and a,  represent the activities of ion pair anions and cations.

Prior to the equivalence point, the decrease in sensor potential followed the variation in the
concentration of the cationic surfactant, as described by Eq. (16). Once the equivalence point
was reached, indicating complete precipitation of the cationic surfactant, a rise in the

concentration of the anionic surfactant in the solution became apparent. [84]

From Eq. (20) the relation a ., =K, /a,  can be inserted into Eq. 16:

K
E=E,+Slog—~ (21),

aAS‘

that after rearrangements:

E =Const - Slog a,. (22)

where Const =E° +SlogK,

p

Cationic surfactants

The response characteristics of the DODTA-TPB surfactant sensor to cationic surfactants were
investigated by incrementally adding -cetyltrimethylammonium bromide (CTAB) and
cetylpyridinium chloride (CPC) in deionized water. The response mechanism of such liquid-

membrane sensors follows a modified Nernst equation described in Eq. 16.
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The DODTA-TPB sensor exhibited a highly linear response to both CTAB and CPC across a
wide concentration range (Paper I, Table 1). For CTAB, the linear range was 7.9 x 10 to 7.2
x 10* M, with a slope of 56.2 mV/decade (R2= 0.9967) and limit of detection (LOD) 7.1 x 10"
6 M. For CPC, the linear range extended from 3.2 x 10°t0 9.2 x 10* M, with a slope of 58.5
mV/decade (R?>= 0.9899), and LOD 2.9 x 10° M.

Selectivity against common cations was evaluated using the fixed interference method (FIM)

at 0.01 M. The potentiometric selectivity coefficients (log Ké’g:fr) for Ca®* was 6.1 x 10, for

Na*, 4.1 x 10 and for Mg?* it was 5.7 x 10*., indicating negligible interference.

The utility of the DODTA-TPB sensor as an end-point indicator was demonstrated in titrations
of cationic surfactants with sodium dodecyl sulfate (SDS, 4x10 M). As shown in Figure 1
(Paper 1, Figure 7), titration of CPC produced a well-defined sigmoidal curve with a signal
change of 357 £ 10 mV. The first derivative exhibited a sharp peak at the equivalence point,
with expected signal change (dE/dV) of 69.3 £ 1.1 mV/mL.

350 - - 80
250 4
- 60
150 A e titration curve
£ . 3
= —1st derivative - 40 :
- =]
50 -
- 20
50 -
°
®® 00000 ol
-150 0
0 2 4 6 8 10
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Figure 1. Results for potentiometric titration of a CPC with the SDS (4x10 M) including
calculated 1st derivative (full line) on secondary y-axis. DODTA-TPB surfactant sensor was

used as an end-point indicator. (from Paper I, Figure 7)

The standard addition method was used to test recoveries of the prepared DODTA-TPB
surfactant sensor (Paper I, Table 2). DODTA-TPB surfactant sensor was used as an end-point

indicator for the titration of known amounts of cationic surfactants at two concentration levels
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50 and 10 pmol, with SDS as a titrant (4x10 M). Sensor was tested on analytical grade CPC
and technical grade Hyamine 1622. The sensor showed excellent properties with high
recoveries: for CPC were 99.92 and 98.80 %, and for Hyamine 1622, 99.84 and 99.50 %. All

values are reported at the 95% confidence limit.

Anionic surfactants

DODTA-TPB surfactant sensor was tested on response characteristics toward selected
anionic surfactants. The sensor response mechanism corresponds to the modified Nernstian

equation described in Eq. 17.

Sodium dodecyl sulfate (SDS) and dodecylbenzene sulfonate (DBS) were used as model
anionic surfactants to evaluate the response of the DODTA-TPB surfactant sensor.
Measurements were performed in deionized water (Paper II, Figure 7). SDS was investigated
in the concentration range 8.1 x 107%-1.0 x 102 M, while DBS was studied between 8.1 x 10°®
and 2.5 x 1073 M. For SDS, the sensor showed a linear response from 4.1 x 1077 to 5.1 x 1073
M with a slope of —=59.2 + 0.4 mV/decade and a limit of detection (LOD) of 3.1 x 10”7 M (Paper
II, Table 2). In the case of DBS, the linear range was 8.1 x 1077- 6.1 x 10™* M with a slope of
—57.5 £ 0.5 mV/decade and an LOD of 5.9 x 1077 M (Paper 11, Table 2). Detection limits were
calculated according to ITUPAC recommendations. [85] The response characteristics of the
DODTA-TPB ion-pair sensor toward DBS and SDS showed good agreement with previously
reported TPB-based ion-pair sensors, particularly regarding the linear response range, slope per
decade of activity, and limit of detection (Paper II, Table 2). The sensor exhibited good stability
with a signal drift of about 3 mV hL.

The effect of potential interfering ions was evaluated using a series of anions (Paper II, Table
3). Interfering ion solutions (0.01 M) were prepared and SDS was gradually added while

monitoring the potentiometric response of the DODTA-TPB sensor. Selectivity coefficients
(log Kfzif ) were determined using the fixed interference method. [85] The calculated
logarithmic selectivity coefficients indicated low interference from the tested anions and good
sensor stability. For example, log Kfzif for acetate was —3.72, benzoate —3.84, bromide —3.21,
chloride —3.83, carbonate —4.14, dihydrogenphosphate —4.01, EDTA -3.84, fluoride —3.68,

nitrate —3.93, sulfate —4.62. The sensor showed high stability and pH resistance in the range

from pH 3 to 10, and in this way it could be used for different sample applications.
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The results presented in this chapter confirm Hypothesis #1, demonstrating that newly designed
cationic quaternary alkyl ammonium compounds based on triazolium groups can improve the
analytical performance of potentiometric surfactant sensors. The successfully synthesized
compound 1,3-dioctadecyl-1H-1,2,3-triazol-3-ium bromide (DODTA-Br) enabled the
preparation of the DODTA-TPB ionophore, which was effectively incorporated into a PVC-
based sensing membrane. QAC based on imidazolium was used with doped carbon

nanomaterials to prepared new ionophore and test the hypothesis #2.
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Hypothesis#2: Doped carbon nanomaterials as electroactive materials can
enhance the analytical properties and lifespan of potentiometric sensors for

surfactants.

Pt-doped multiwalled carbon nanotubes (Pt@MWCNT) were synthesized and employed as
nanostructured platforms for the preparation of two ionophore materials, Pt@ MWCNT- DHBI
(based on cationic surfactant 1,3-dihexadecyl-1H-benzo[d]imidazol-3-ium — (DHBI) and
Pt@MWCNT-DBS. These ionophores were incorporated into sensing membranes plasticized
with Elvaloy 742 to fabricate nanocomposite potentiometric sensors for surfactant
determination. Platinum was selected due to its high electrical conductivity and chemical

stability, which contribute to improved signal transduction.

The fabricated sensors were characterized and subsequently applied to the analysis of technical-
grade and commercial surfactant samples. The developed sensing platform demonstrates
several advantages, including simple and low-cost preparation, high sensitivity and stability,
and a broad linear dynamic range. Furthermore, the electrochemical configuration enables
potential integration into portable devices for on-site surfactant monitoring. The use of highly
dispersed Pt nanoparticles significantly reduces material consumption compared with bulk

platinum, thereby lowering overall sensor cost.

Pt@MWCNT nanomaterial was sussesfuly syntesized and characterised. The morphology and
dispersion of Pt nanoparticles on MWCNT were investigated by transmission electron
microscopy (TEM) (Paper III, Figure 1). TEM images reveal uniform deposition of Pt
nanoparticles on the external surface of the nanotubes, with no evidence of nanoparticle
incorporation inside the nanotube channels. Higher magnification images indicate partial
nanoparticle agglomeration, forming clusters with an average diameter of approximately /0 nm.
The nanoparticles appear firmly attached to the nanotube surface, as no detached particles were

observed.

The synthesized nanocomposites were further characterized by FTIR spectroscopy to confirm
ionophore formation and structural stability. The spectra of Pt@ MWCNT exhibits a broad band
around 3450 cm™!, attributed to O—H stretching vibrations of surface hydroxyl and carboxyl
groups as well as adsorbed water (Paper III, Figure 2). A weak band near 1350 cm™ corresponds

to C-O stretching vibrations, while the signal at approximately 2950 cm™ is associated with
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asymmetric stretching of methyl or methylene groups located at defect sites of the nanotube
sidewalls. The band at 1560 cm™ is assigned to the carboxylate stretching mode, confirming
the presence of oxygen-containing functional groups introduced during acid functionalization.
The spectra of the Pt@ MWCNT-DHBI nanocomposite contains characteristic bands of the
DHBI surfactant, including C-H stretching vibrations at 3025 cm™ and 2960-2746 cm™,
together with aromatic ring vibrations at 1600 and 1465 cm™ (Paper 111, Figure 2). The presence
of these features in the composite spectrum confirms the successful formation of the
Pt@MWCNT-DHBI ionophore. Similarly, the Pt@MWCNT-DBS spectrum shows
characteristic absorption bands of DBS. A broad band in the 3200-3600 cm™! region is assigned
to O—H stretching vibrations, while bands around 3100 cm™ and below 3000 cm™ correspond
to aromatic and aliphatic C-H stretching modes (Paper III, Figure 3). Additional bands
observed in the regions 1533—-1690 cm™, 1457-1405 cm™, and 1270-900 cm™ are associated
with aromatic ring vibrations and sulfonate functional groups. In particular, strong asymmetric
and symmetric S=O stretching bands confirm the incorporation of DBS within the

nanocomposite structure.

These spectral features confirm the successful synthesis of both ionophore nanocomposites,
which were subsequently employed for membrane preparation and potentiometric sensor

characterization.

Response characteristics

The potentiometric response of the Pt@MWCNT-DHBI surfactant sensor was investigated in
deionized water by incremental addition of the cationic surfactants CTAB and CPC. The added
volumes were adjusted to cover a broad concentration range. The response of the sensor toward
cationic surfactants follows a previously described modified Nernst equation in Eq. 16; and for

anionic surfactants, the response was described by Eq. 17.

Response characteristics of both fabricated sensors, Pt@MWCNT-DHBI and Pt@ MWCNT-
DBS, were evaluated in deionized water toward anionic surfactants (SDS, DBS) and cationic

surfactants (CPC, CTAB).

The Pt@ MWCNT-DHBI sensor exhibited linear calibration curves with clear inflection points
for SDS and DBS (Paper III, Figure 4). The statistical evaluation (Paper III, Table 1) showed a
Nernstian slope for SDS (59.1 mV decade™) and a slightly sub-Nernstian response for DBS

(57.5 mV decade!). Both surfactants exhibited broad linear response ranges down to
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approximately 2 x 107 M, enabling quantification across a wide concentration interval. The

detected critical micelle concentrations (CMC) were consistent with literature values. [86]

The response toward cationic surfactants (CPC and CTAB) is shown in Paper III, Figure 5.
Linear calibration curves with inflection points corresponding to CMC values were observed.
However, the slopes were sub-Nernstian, with 49.2 mV decade! for CPC and 44.7 mV decade™
for CTAB. The linear region for CTAB was broader than for CPC. Although the sensor
demonstrated good response characteristics, the reduced slopes indicate lower sensitivity for

cationic surfactant quantification.

The Pt@ MWCNT-DBS sensor was also evaluated toward SDS and DBS (Paper III, Figure 6).
In both cases, sub-Nernstian responses were obtained. The linear response region for DBS
showed a slope of 32.1 mV decade™!, while SDS exhibited a slope of 33.8 mV decade™!, with
the linear region starting at approximately 1 x 10 M. These characteristics indicate limited

applicability of this sensor for anionic surfactant determination.

Similarly, when tested toward CPC and CTAB (Paper 111, Figure 7), the Pt@MWCNT-DBS
sensor exhibited weak responses with narrow linear regions. For CPC, the useful range (1 X
10* -1 x 1073 M) showed a slope of 23.7 mV decade™, while CTAB displayed a slope of 22.9
mV decade™ within 1.6 x 10 -1 x 1073 M.

Overall, the Pt@ MWCNT-DHBI sensor demonstrated significantly superior performance
compared to the Pt@ MWCNT-DBS sensor. The sensitivity was approximately twofold higher,
and the linear response ranges were considerably broader, enabling potential application for the
determination of both anionic and cationic surfactants in aqueous solutions and commercial
products. Based on these results, the Pt@MWCNT-DHBI sensor was selected for further

interference studies.

The interference study was performed to observe the response of the Pt@ MWCNT-DHBI
surfactant sensor to selected interfering anions. The solution of the selected interfering cation

was used for the incremental addition of SDS. The fixed interference method (FIN) proposed

by IUPAC was used to calculate the interfering influence. The calculated log ng,f for selected

anions were in the range from -3.2 to 4.7 (Paper III, Table 2). From the log Kfz_f values, it can

be concluded that the usual anions have a minor influence on the response characteristics of the

surfactant sensor Pt@MWCNT-DHBI.

63



The low interference from common anions can be attributed to the membrane composition
proposed previously. The selected plasticizer, Elvaloy 742, a terpolymer of ethylene, vinyl
acetate, and carbon monoxide, contributes to membrane stability due to its non-migrating nature
and high molecular weight. This permanent plasticizer enhances membrane toughness and
flexibility within the PVC matrix, resulting in membranes that behave as compatible polyblends

rather than conventional flexible PVC systems. [87]

The prepared sensor exhibited a potential drift of approximately 6 mV h™1. The combination of
the optimized membrane composition, Elvaloy 742 plasticizer, and Pt-doped MWCNT-based
ionophore provided increased lipophilicity, reduced noise, improved charge transfer, high
surface area, and enhanced stability. Furthermore, the strong incorporation of the ionophore

within the membrane matrix reduced leaching effects.

Prior to measurements, the sensor was conditioned in 4 x 103 M CTAB solution. When not in
use for extended periods, the electrode was stored dry and reconditioned before subsequent
measurements. This procedure ensured stable and reproducible responses. The incorporation of
Pt-doped MWCNTs also extended the operational lifetime of the sensor to more than six

months.

Titration of technical grade cationic surfactant

The Pt@MWCNT-DHBI surfactant sensor was evaluated as an end-point indicator in
potentiometric titrations using the cationic surfactant Hyamine 1622. The obtained titration
curve was smooth and sigmoidal, showing a total potential change of 222.7 + 9.2 mV (Paper
III, Figure 8). A well-defined inflection point with a sharp potential drop was observed, while

the corresponding first derivative curve exhibited a distinct peak at the equivalence point.

The sensor was further applied as an end-point indicator in potentiometric titrations of technical
grade surfactants using the standard addition method. Defined amounts of CTAB (50 pmol)
and Hyamine 1622 (10 pmol) were added to the sample solutions (Paper III, Table 3). The
obtained results showed recoveries between 98.2 and 99.2%, demonstrating good accuracy of

the proposed method.

The obtained results confirm Hypothesis #2, demonstrating that doped carbon nanomaterials
can improve the analytical performance and operational stability of potentiometric surfactant

sensors. The successfully synthesized Pt@MWCNT nanomaterial enabled the preparation of
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nanocomposite ionophores and sensing membranes with enhanced conductivity and stability.
Among the fabricated sensors, Pt@ MWCNT-DHBI exhibited superior performance, including
near-Nernstian response, broad linear range, low interference from common ions, and stable
operation for more than six months. The sensor was also successfully applied as an end-point
indicator in potentiometric titrations of technical surfactants with recoveries close to 100%.
These results confirm that Pt-doped MWCNT nanomaterials significantly enhance both the
analytical characteristics and durability of potentiometric surfactant sensors, thereby validating

the proposed hypothesis.
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Hypothesis #3: Using computational modeling to interpret the obtained
results can facilitate faster and more efficient selection and optimization of

the most suitable ionophore for potentiometric surfactant sensors.

Computational modeling was applied to investigate the formation and stability of the DODTA-
TPB ionic associate and to evaluate its suitability as an ionophore for potentiometric surfactant
sensors. Previous studies have demonstrated that theoretical analysis of ion-pair formation can
provide valuable insight into ion-exchanger behavior in surfactant-selective electrodes.
[19,34,88,89] However, commonly used quaternary ammonium surfactants such as
cetylpyridinium exhibit significant toxicity [90], motivating the search for alternative cationic
structures with improved safety profiles. In this context, triazolium-based surfactants [88,91]
represent a promising class of compounds due to their relatively low toxicity and favorable

physicochemical properties.

Conformational analysis of the DODTA cation

The DODTA cation contains two long octadecyl chains attached to a triazolium ring, which
introduces considerable conformational flexibility. Since exhaustive conformational sampling
would require substantial computational resources, four representative conformers were
selected based on differences in the torsion angles between the triazolium ring and the alkyl
chains (Paper I, Figure 2). Geometry optimization revealed that two of the examined
conformers converged toward the same minimum-energy structure (conformer 1), confirming
its higher thermodynamic stability. The Gibbs free energy of conformer 1 was 3.4 kcal mol™
lower than that of conformer 3, indicating that conformer 1 represents the most stable structure
under the applied theoretical conditions. Consequently, this conformer was used for further
calculations. The reliability of the CPCM-B3LYP-D3BJ/6-31G(d) [92,93] computational
approach was verified through good agreement between calculated vibrational frequencies and
the experimental IR spectrum of DODTA bromide. The Grimme D3 dispersion correction with
Becke—Johnson damping was employed to enhance the accuracy of density functional theory
(DFT) calculations in describing weak intermolecular interactions Electrostatic potential
analysis and ion-pair formation. [94,95]

Electrostatic potential (ESP) mapping was used to identify the most reactive regions of both
ions. In the DODTA cation, the highest positive charge density was localized around the

triazolium ring, while the TPB anion exhibited the most negative ESP regions between the
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phenyl rings and near the central boron atom. This complementary distribution of electrostatic
potential indicates that the primary driving force for ion-pair formation is electrostatic attraction
between the triazolium head group and the m-electron system of the tetraphenylborate anion.
Based on this analysis, the initial geometry of the DODTA-TPB associate was constructed by
aligning the regions of opposite electrostatic potential, followed by full geometry optimization.
The optimized structure confirmed the formation of a stable ionic associate without the

formation of new covalent bonds (Paper I, Figure 3).

Frontier molecular orbital and charge-transfer analysis

Frontier molecular orbital analysis revealed that the HOMO orbitals remained localized on the
TPB anion, whereas the LUMO orbitals were primarily associated with the DODTA cation
(Paper 1, Figure 4). Only minor shifts in orbital energies were observed upon ion association.
Specifically, the HOMO energy slightly decreased while the LUMO energy slightly increased,
indicating stabilization of the ionic associate. These results demonstrate that the interaction
between the ions is predominantly electrostatic rather than covalent.

Charge decomposition analysis (CDA) [96] further supported this conclusion. The calculated
electron donation from TPB to DODTA was 0.0928 e, while the back-donation from DODTA
to TPB was 0.0204 e, indicating limited charge transfer between the ions. The negative overlap
population between occupied orbitals suggested that repulsive interactions between electron
clouds prevent significant orbital mixing, again confirming that the ionic associate is stabilized

mainly by electrostatic interactions.

Contribution of non-covalent interactions

In addition to electrostatic attraction, van der Waals (vdW) interactions were found to contribute
significantly to the stabilization of the ion pair (Paper I, Figure 5). vdW potential analysis
indicated that attractive regions are distributed along the phenyl rings of the TPB anion and the
hydrophobic alkyl chains of the DODTA cation. These interactions are particularly important
in membrane environments, where hydrophobic interactions can enhance the stability of ion
pairs within the polymer matrix.

To further examine the role of conformational flexibility, molecular dynamics simulations of
the DODTA-TPB associate were performed in aqueous solution at 300 K using the PM7
semiempirical method with the COSMO solvation model. [97,98] Analysis of the trajectory
revealed that the alkyl chains of the DODTA cation adapt dynamically to maximize non-

covalent interactions with the TPB anion. Reduced density gradient analysis confirmed the
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presence of extended regions of weak non-covalent interactions across the surfaces of both ions,
indicating that the ionic associate is stabilized by a combination of electrostatic attraction and

distributed van der Waals interactions.

Implications for potentiometric surfactant sensors

The theoretical results provide important insight into the suitability of the DODTA-TPB ion
pair as an ionophore in potentiometric surfactant sensors. The dominance of electrostatic
interactions ensures efficient ion pairing while maintaining reversible ion exchange, which is
essential for potentiometric sensing. At the same time, the contribution of hydrophobic and van
der Waals interactions enhances the stability of the ion pair within the membrane phase,
reducing ionophore leaching and improving sensor lifetime.

These findings demonstrate that computational modeling can significantly assist in the rational
design and optimization of ionophores for surfactant-selective sensors. By identifying favorable
interaction motifs, stable conformations, and key intermolecular interactions prior to
experimental testing, theoretical modeling enables faster screening of potential ionophores and
reduces the need for extensive experimental trial-and-error.

Therefore, the integration of quantum chemical calculations and molecular dynamics
simulations with experimental sensor development supports Hypothesis #3, which states that
the application of computational modeling in the interpretation of experimental results enables
faster and more efficient selection and optimization of suitable ionophores for potentiometric

surfactant sensors.
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Hypothesis #4: New potentiometric sensors will be applicable for

determining surfactants in real systems.

DODTA-TPB surfactant sensor

Commercial samples

The DODTA-TPB surfactant sensor was applied as an end-point indicator in potentiometric
titrations of three commercial mouthwash samples containing cationic surfactants. Sodium
dodecyl sulfate (SDS, 4 x 1073 M) was used as the titrant acting as the counter ion. The obtained
results were compared with those previously reported using the well-established DMIC-TPB

surfactant sensor. [84,99] The comparative data are summarized in Table 1 (Paper I, Table 3).

Table 1. Results for the titration of commercial mouth-wash samples containing cationic
surfactant for DODTA-TPB sensor and previously published DMIC-TPB surfactant sensors.
SDS was used as a titrant (4x107 M). (Paper I, Table 3).

Sample DODTA-TPB (%) DMIC-TPB (%)*

1 4.623 4.612
2 4.813 4.812
3 5.015 5.017
*[84]

To evaluate the performance of the DODTA-TPB surfactant sensor in solutions containing
technical-grade anionic surfactants, three representative surfactants — SDS, DBS, and lauryl
ether sulfate (LES) — were analyzed by potentiometric titration using DMIC (4 x 1073 M) as
the titrant. Known amounts of the anionic surfactants were dissolved in deionized water, and
the titrations were performed with the DODTA-TPB sensor acting as the end-point indicator.
The obtained titration curves exhibited typical sigmoidal shapes with well-defined inflection
points. The total potential changes (AE) were 301.1 mV for DBS and 276.2 mV for SDS,
while the calculated recoveries ranged from 100.2 to 100.4% (Paper 11, Table 4).

Following validation on model solutions and technical-grade surfactants, the sensor was applied
to the determination of anionic surfactants in six commercial detergent samples with declared
surfactant content. The analyzed products included powdered, liquid/gel, and handwashing
detergents obtained from local retail stores. Potentiometric titrations were performed using
DMIC solutions of appropriate concentrations as the titrant, while the DODTA-TPB sensor

served as the end-point indicator (Paper I, Table 5). The titration curves were well defined and
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sigmoidal, enabling reliable determination of the equivalence point. The calculated anionic
surfactant contents were 5.83 and 6.74% for powdered detergents,13.85 and 16.41% for
handwashing detergents, and 2.57 and 2.73% for liquid/gel detergents. These results were
consistent with our previously reported measurements. [86] For comparison, the same samples
were also analyzed using the two-phase titration method. [4] The obtained values showed good

agreement with those determined using the DODTA-TPB surfactant sensor.

Environmental samples

The applicability of the DODTA-TPB surfactant sensor as an end-point indicator was further
evaluated in potentiometric titrations of environmental water samples collected in north-west
Croatia. The analyzed samples included lake water from Lake Moti¢njak, hydroaccumulation
water from the Drava reservoir, and river water samples from the Drava and Mura rivers.The
measured pH values ranged from 7.7 to 8.5. Prior to analysis, all samples were examined for
the presence of anionic surfactants using a previously reported analytical method [100] and a
commercial vial test. Both approaches confirmed the absence of detectable anionic surfactants.
To evaluate potential matrix effects, the samples were spiked with SDS (50 pmol) and
subsequently titrated with DMIC as the titrant, using the DODTA-TPB sensor as the end-point
indicator. The recovery results are summarized in Paper 11, Table 6. Quantification of SDS was
successfully achieved in all tested samples, with recoveries ranging from 94.2 to 96.5%. These
results indicate that no significant matrix interference was observed, demonstrating the
suitability of the proposed sensor for the determination of anionic surfactants in environmental
water samples.

Pt@MWCNT-DHBI surfactant sensor

Commercial samples

Six detergent samples intended for different applications were purchased from local retail
stores. All products declared the presence of anionic surfactants in their composition. The
samples were analyzed by potentiometric titration, and the anionic surfactant content was
determined from the calculated end-point values. CPC solutions of appropriate concentrations
were used as titrants. The obtained results are summarized in Paper III, Table 4, where the
surfactant contents determined using the Pt@ MWCNT-DHBI surfactant sensor are compared
with values obtained using a previously reported ISE surfactant sensor developed [78] by our
group and with the classical two-phase titration method. [4] The calculated surfactant contents
ranged in Table 2 from 6.1-6.3% for powdered detergents, 2.1% for liquid/gel detergents, and
13.2—-15.1% for handwashing detergents. (adapted from Paper 111, Table 4) The results obtained
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with the Pt@ MWCNT-DHBI sensor are in good agreement with both reference methods,

confirming the reliability of the proposed sensing approach.

Table 2. Comparison of Pt@ MWCNT-DHBI surfactant sensor, ISE surfactant sensor, and a
two-phase titration for results on anionic surfactants content in commercial products. (adapted

from Paper 111, Table 4)

Commercial
% ANIONIC SURFACTANT
detergents
Pt@MWCNT- ISE surfactant Two-phase
Type Sample
DHBI sensor* titration**
1 6.3+0.1 6.3 6.15
Powder
2 6.1 £0.1 6.0 6.09
3 2.1+£0.1 2.1 2.01
Liquid-gel
4 2.1+£0.1 2.2 2.09
5 13.2+0.1 13.2 13.5
Handwashing
6 15.1+£0.1 15.1 15.3
*[78]
*{4]

The operational stability of the Pt@ MWCNT-DHBI surfactant sensor was also evaluated
during prolonged use. The sensor was employed in routine measurements for several months
without noticeable deterioration of the response signal. Comparison of the signals recorded at
the beginning of the testing period with those obtained after six months of use revealed no
significant changes. The absence of signal drift and ionophore leaching can be attributed to the
strong interaction between the acid-functionalized Pt-doped MWCNT support and the
positively charged DHBI surfactant, as well as to the stabilizing effect of the selected plasticizer

within the membrane matrix.

The obtained results confirm Hypothesis #4, showing that the newly developed potentiometric
sensors are suitable for determining surfactants in real samples. Both the DODTA-TPB and
Pt@MWCNT-DHBI sensors were successfully applied to commercial products and

environmental water samples, providing results in good agreement with established analytical
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methods. Accurate recoveries and well-defined titration curves confirmed reliable
quantification without significant matrix interference. Additionally, the Pt@ MWCNT-DHBI
sensor demonstrated good operational stability over prolonged use. These results confirm the

applicability of the developed sensors for surfactant determination in real systems.
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4. CONCLUSIONS

Presented work successfully achieved the main research objective, which was the development
of new potentiometric sensors for surfactants based on newly synthesized quaternary alkyl
ammonium compounds and platinum-doped carbon nanocomposite sensing materials. The
study combined organic synthesis, membrane preparation, electrochemical characterization,
computational modeling, and application in real samples, providing a comprehensive scientific

contribution to the field of potentiometric surfactant sensing.
Main findings are:

* New heterocyclic quaternary alkyl ammonium compound triazolium surfactant 1,3-
dioctadecyl-1H-1,2,3-triazol-3-ium  bromide = (DODTA-Br) was successfully
synthesized and structurally characterized.

* The DODTA- TPB ion-pair was successfully synthesized, structurally characterized and
used as a sensing material to fabricate DODTA-TPB liquid membrane-type surfactant
Sensor.

* The DODTA-TPB sensor exhibited a highly linear response to a) cationic surfactants
CTAB, the linear range was 7.9 x 10 to 7.2 x 10* M, with a slope of 56.2 mV/decade
and CPC, the linear range extended from 3.2 x 10 to 9.2 x 10* M, with a slope of 58.5
mV/decade; and b) anionic surfactants SDS, the linear response range from 4.1 x 1077
to 5.1 x 1073 M with a slope of =59.2 + 0.4 mV/decade and DBS, the linear range was
8.1 x 107-6.1 x 10* M with a slope of =57.5 £ 0.5 mV/decade.

* The DODTA-TPB sensor showed high stability towards typical anionic and cationic
interfering ions, fast response time (<10 s), with potential drift typically below 1-3 mV
and stable potentiometric response over extended use, demonstrating good
reproducibility and long-term operational performance.

* The DODTA-TPB surfactant sensor was successfully applied as an end-point indicator
in potentiometric titrations of commercial mouthwash samples containing cationic
surfactants, showing results comparable to the established DMIC-TPB sensor.

* Potentiometric titrations of technical anionic surfactants (SDS, DBS) produced well-
defined sigmoidal curves with large potential changes (AE = 276.2 mV for SDS and
301.1 mV for DBS) and recoveries of 100.2-100.4%.
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The sensor was successfully applied to the determination of anionic surfactants in
commercial detergents, yielding contents of 5.83-6.74% (powdered), 13.85-16.41%
(handwashing), and 2.57-2.73% (liquid/gel detergents), in good agreement with the
two-phase titration method.

The applicability of the sensor was confirmed for environmental water samples, where
SDS-spiked lake and river samples showed recoveries of 94.2-96.5%, indicating
negligible matrix interference.

Pt-doped multi-walled carbon nanotubes (Pt@ MWCNT) were successfully synthesized
and characterized.

The nanocomposite ionophore system Pt@MWCNT-DHBI (based on cationic
surfactant 1,3-dihexadecyl-1H-benzo[d]imidazol-3-ium and Pt@MWCNT) was
successfully synthesized, characterized and used as a sensing material to fabricate
Pt@MWCNT-DHBI liquid membrane-type surfactant sensor.

The Pt@MWCNT-DHBI sensor exhibited linear calibration curves with Nernstian
slope for SDS (59.1 mV/decade) and a slightly sub-Nernstian response for DBS (57.5
mV/decade). Both surfactants exhibited broad linear response ranges down to
approximately 2 x 107° M.

The Pt@MWCNT-DHBI sensor showed sub-Nernstian slope, with 49.2 mV/decade for
CPC and 44.7 mV/ decade for CTAB. Although the sensor demonstrated good response
characteristics, the reduced slopes indicate lower sensitivity for cationic surfactant
quantification.

The Pt@ MWCNT-DHBI sensor showed low interference from common anions which
can be attributed to the nanocomposite ionophore membrane composition. The
optimized membrane composition containing Elvaloy 742 plasticizer and Pt-doped
MWCNT ionophore exhibited low potential drift (~6 mV/h), improved charge transfer,
reduced noise, enhanced membrane stability, and minimized ionophore leaching.

The Pt@MWCNT-DHBI surfactant sensor was successfully applied as an end-point
indicator in potentiometric titrations with Hyamine 1622, producing a well-defined
sigmoidal titration curve with a total potential change of 222.7 mV and a sharp
equivalence point.

Application to technical surfactant samples (CTAB and Hyamine 1622) using the
standard addition method yielded recoveries of 98.2-99.2%, confirming the high

accuracy of the proposed method.
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* The Pt@ MWCNT-DHBI surfactant sensor was successfully applied for potentiometric
titration of six commercial detergent samples, showing surfactant contents of 6.1-6.3%
(powdered), 2.1% (liquid/gel), and 13.2—-15.1% (handwashing detergents). The obtained
results showed good agreement with both the previously developed ISE surfactant
sensor and the classical two-phase titration method, confirming the reliability of the
proposed sensing approach.

* Quantum-chemical calculations and molecular dynamics simulations confirmed the
formation of a stable DODTA-TPB ionic associate, primarily stabilized by electrostatic
attraction between the triazolium head group and the tetraphenylborate anion.

* Non-covalent interactions, particularly van der Waals and hydrophobic interactions
between TPB phenyl rings and DODTA alkyl chains, significantly contribute to ion-
pair stability, supporting its effective incorporation into the membrane phase of
potentiometric surfactant sensors.

e Computational modeling proved to be a valuable tool for understanding ion-pair
interactions and guiding ionophore design, enabling more efficient selection and

optimization of sensing materials for potentiometric surfactant sensors.

The obtained results open further possibilities for the development of stable, sensitive, selective,
and low-cost potentiometric sensors suitable for routine laboratory analysis as well as portable

on-site monitoring of surfactants in environmental and industrial systems.
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Figure S2. '"H NMR (400 MHz; CDCl3) of 1,3-dioctadecyl-1H-1,2,3-triazol-3-ium bromide
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Figure S3. 13C NMR (100.613 MHz; CDCls): of 1,3-dioctadecyl-1H-1,2,3-triazol-3-ium
bromide (1).
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Figure S3. Positive ion mode ESI-MS/MS Q1 scan for 1,3-dioctadecyl-/H-1,2,3-triazol-3-ium
bromide; infusion 10 uL min~! at concentration 2.5 ng uL~".
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Figure S4. Negative ion mode ESI-MS/MS Q1 scan for 1,3-dioctadecyl-1H-1,2,3-triazol-3-
ium bromide; infusion 10 pL min~! at concentration 2.5 ng uL™'.
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Figure SS. Experimental IR spectra of DODT bromide (blue), and computed with the CPCM-
B3LYP-D3BJ/6-31G(d) theoretical method vibrational modes of DODT (red).

Peaks in the region of 2950-3000 cm™' caused by C—H vibrations of the triazolium ring. The
most intensive peaks at 2848 and 2916 cm™' correspond to symmetric and asymmetric C—H
stretching vibration of the CH, groups of alkyl chains. Medium intensity peak at 1579 cm™
should be assigned to C=C vibration in the triazolium ring. Peaks in the region of 1160-1470
cm™! related to stretching and bending vibrations in the triazolium ring. Intensive peaks in the
region of 600—720 cm™! can be assign to various torsion bending vibrations.
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Figure S6. Delocalization of partial charges in DODT calculated via numerous partitioning
schemes. Namely: Mulliken, Lowdin, natural population analysis (NPA), Hifshfeld and related
charge model 5 (CMS5), quantum theory of atoms in molecules (QTAIM), and charges from
electrostatic potential calculations CHELPG and Merz-Kollman (Merz) charges.

Figure S7. General CPK-type view of the DODT-TPhB associate optimized at the CPCM-
B3LYP-D3BJ/6-31G(d) level of theory.
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Figure S8. Electrophilic (red areas, a), nucleophilic (blue areas, a), and radical (green areas, b)
Fukui function isosurfaces of the DODT-TPhB associate calculated at the CPCM-B3LYP-
D3BJ/6-31G(d) level of theory.
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Figure S9. 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.

97



20m— T T T T —

15— —

10

Distance (angstroms)

| | | [ | l | l | | |
50 100 150 200 250 300
Time (ns)

Figure S10. 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.
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ISOLATED COMPONENTS BEFORE THE ADDUCT FORMATION
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COMPONENTS WITHIN THE DODTA-TPB ADDUCT
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Figure S11. Charge distribution within the DODTA™ cation and the TPB™ anion, either isolated
or within the elucidated representative structure of the DODTA-TPB adduct, 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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