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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 

10-7 and 10⁻³ mol L⁻¹ 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 

 

 

 

 

 

 

 

 

 

 

 

 

  



 
 

Prošireni sažetak 

Surfaktanti predstavljaju važnu skupinu kemijskih spojeva koji se široko primjenjuju u 

deterdžentima, proizvodima za osobnu higijenu, farmaceutskim pripravcima te brojnim 

industrijskim formulacijama. Zbog njihove široke uporabe značajne količine surfaktanata 

dospijevaju u okoliš, osobito u vodene sustave, gdje mogu uzrokovati negativne ekološke 

učinke. Stoga je pouzdano određivanje surfaktanata od velikog značaja za kontrolu kvalitete 

proizvoda, praćenje onečišćenja okoliša te ispunjavanje regulatornih zahtjeva. Klasične 

analitičke metode, poput dvostruko-fazne titracije, i dalje se često 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 ekološki prihvatljiviju alternativu za određivanje surfaktanata. 

Ovo doktorsko istraživanje usmjereno je na razvoj novih potenciometrijskih senzora za 

određivanje ionskih surfaktanata temeljenih na novim ionoforima baziranim na kvaternim 

amonijevim spojevima i dopiranim ugljikovim nanokompozitima. 

U prvom dijelu istraživanja sintetiziran je novi heterociklički kvaterni amonijev spoj, 1,3-

dioktadecil-1H-1,2,3-triazol-3-ijev bromid (DODTA-Br), koji je korišten za pripravu ionskog 

para DODTA–TPB. Dobiveni ionski par ugrađen je u PVC membranu tekućeg 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 i CPC 58,5 mV/dekada) te prema anionskim surfaktantima (dodecil sulfata (SDS) 

−59,2 i dodecilbenzen sulfonata (DBS) −57,5 mV/dekada), s linearnim radnim područjem 

koncentracija približno od 10⁻⁷ do 10⁻³ mol L⁻¹ i brzim vremenom odziva (<10 s). 

Analitička primjenjivost senzora potvrđena je potenciometrijskim titracijama tehničkih 

surfaktanata poput SDS, DBS i lauril eter sulfata (LES), pri čemu su dobivene titracijske 

krivulje imale izražen sigmoidalni oblik s velikim promjenama potencijala (ΔE do približno 

301 mV). 

Senzor je uspješno primijenjen i za određivanje surfaktanata u komercijalnim proizvodima, 

uključujući vodice za ispiranje usta i deterdžente različitih formulacija. Dobiveni rezultati 

pokazali su dobro slaganje s rezultatima dobivenim klasičnom titracijom u dvije faze. Dodatno 

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



 
 

Motičnjak i akumulacija Drava). Metodom standardnog dodatka, dobivene su vrijednosti 

iskorištenja u rasponu od 94,2 do 96,5 %, što potvrđuje izostanak značajnog utjecaja matriksa 

i pouzdanost predložene metode. 

U drugom dijelu istraživanja razvijen je potenciometrijski senzor temeljen na platinski 

dopiranim višestijenčanim ugljikovim nanocjevčicama (Pt@MWCNT) i kationskom 

surfaktantu 1,3-diheksadecil-1H-benzo[d]imidazol-3-ijev kao nanokompozitnom ionoforu. 

Pt@MWCNT–DHBI senzor pokazao je gotovo Nernstovski odziv prema anionskim 

surfaktantima (SDS−59,1 i DBS−57,5 mV/dekadi), poboljšanu stabilnost membrane, smanjeni 

šum signala te dugoročnu operativnu stabilnost dulju od šest mjeseci, bez značajnog drifta 

potencijala ili ispiranja ionofora iz membrane. 

Nanokompozitni senzor uspješno je primijenjen u potenciometrijskim titracijama komercijalnih 

deterdženata. Određeni sadržaji anionskih surfaktanata iznosili su 6,1–6,3 % za praškaste 

deterdžente, 2,1 % za tekuće/gel deterdžente te 13,2–15,1 % za deterdžente za ručno pranje 

posuđa. 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 računalno modeliranje primjenom kvantno-kemijskih izračuna i molekulske 

dinamike. Rezultati su pokazali da je stabilnost ionskog para prvenstveno posljedica 

elektrostatskih interakcija između triazolijeve kationske jezgre i tetrafenilboratnog aniona, uz 

dodatni doprinos van der Waalsovih i hidrofobnih interakcija. Dobiveni rezultati potvrđuju da 

teorijsko modeliranje može značajno doprinijeti racionalnom dizajnu novih ionofora i 

razumijevanju njihovog ponašanja u membranskim senzorima. 

Rezultati istraživanja pokazuju da novo sintetizirani ionofori mogu značajno unaprijediti 

analitička svojstva potenciometrijskih senzora za surfaktante. Razvijeni senzori predstavljaju 

jednostavne, osjetljive i ekonomične analitičke alate za određivanje surfaktanata u okolišnim 

uzorcima, industrijskim formulacijama i komercijalnim proizvodima. 

Ključne riječi: surfaktanti, potenciometrijski senzor, kvaterni amonijevi spojevi, višestjenčane 

ugljikove nanocjevčice 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. 
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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. 
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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 � = � (log �) 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: 

     � = �� +
�,	�	∙��


�
∙ log �                 (1) 

where is it:              

E - measured potential,  

E0 - standard electrode potential,  

R - gas constant, 8.314 J K-1 mol-1 , 

T- temperature in Kelvin,  

n - ion charge,  

F - Faraday's constant, 96500 C, 

a - activity of the analyte. 

Activity is 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 

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

� = 5 ∙ �              (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-Hückel equation: 
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− log � = 
7 ∙
8 ∙ √:

;<= ∙>? ∙ √:
             (3) 

where:  

µ - ionic strength of the solution  

rx - effective diameter of the hydrated ion X in angstroms (1Å = 10-8 cm).  

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

25°C, A is 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] 
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Various ionic pairs are used 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] Ionophore 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 



6 
 

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 (SWCNTs 

and MWCNTs) 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] 

Sakač 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 (MWCNTs) were homogeneously distributed in a PVC 

matrix, resulting in a more stable response with low noise (2.6 mV/h). They used MWCNTs 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] 
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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: 

@A< + BAC ⇄  @ABA                      (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 

 

EBA ⇆ E< + BAC      (5) 

where:  

M+ - monovalent cation (usually K+, Na+, NH4
+) 

AS- - anion of anionic surfactant (highly lipophilic) 

b) sensor material: electrically charged CSAS 
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Dissociation CSAS: 

@ABA(H)  ⇄ @A<
(H) + BAC

(H) (6) 

(m = membrane) 

 

Ion exchange reaction in the membrane: 

@ABA(H) + BAC ⇄ @ABA(H) + BAC     (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: 

@A< + BAJKL
C  ⇄ @ABA(JKL)                 (8) 

 

@A< + BAM
L
C  ⇄ @ABA(M
L)                  (9) 

And with the corresponding stability constants: 

detCSASβ = 
[ ]

[ ][ ]
det

+ -

det

CSAS

CS AS
                      (10) 

[ ]
[ ][ ]

int

+ -int

int

CSAS

CSAS
CS AS

=β                          (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. 
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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 KpotAB is very small and the 

electromotive force depends only on the activity of the primary ion. The potentiometric 

selectivity coefficient KpotAB 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) 
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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 = a x + 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 IUPAC 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: 

percentage error(%) =  
OPQRSTUV WUXYZQ CU[\U]QUV WUXYZQ

U[\U]QUV WUXYZQ
 ∙ 100       (14) 

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] 

^ =  _̅ − _>Ka       (15) 

where: ^ - systematic error of the measuring device, _̅ - mean value, _>Ka - 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. 
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• 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. 
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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 10⁻⁵ 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 Jozanović 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 NaHCO₃ serving as a base 

and an inert N₂ 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 ¹H and ¹³C 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 KCl as an inner electrolyte.  

 

Surfactant sensor response mechanism 

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

Equation: 

� = �� + Abcd�efg          (16) 

where E represents the electromotive force, �ha constant potential term, S is the slope, and �efg  

is the activity of the selected cationic surfactant. 

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

Equation: 

� = �� − Abcd�7fj        (17) 
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where E represents the electromotive force, �ha constant potential term, S is the slope, and �7fj  

is the activity of the selected anionic surfactant. 

The formation of ionophore is based on the precipitation reaction: 

@A< + BAC ⇄ @ABA      (18), 

where CS
+ = cationic surfactant, AS

− = anionic surfactant, CSAS = ion pair. 

The ion pair dissociates as follows: 

@ABA ⇄ @A< + BAC      (19) 

with a solubility product constant: 

sp CS AS
K a a+ −= ⋅ -      (20),  

where 
CS

a +  and 
AS

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 /spCS AS
a K a+ −= can be inserted into Eq. 16: 

0 log sp

AS

K
E E S

a −

= +       (21), 

that after rearrangements: 

log
AS

E Const S a −= −                (22) 

where 0 log spConst E S K= + . 

 

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 10-6 to 7.2 

x 10-4 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 10-6 to 9.2 x 10-4 M, with a slope of 58.5 

mV/decade (R2= 0.9899), and LOD 2.9 x 10-6 M. 

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

at 0.01 M. The potentiometric selectivity coefficients (bcd k
elLm.

g
nhL ) for Ca2+ was 6.1 x 10-4, for 

Na+, 4.1 x 10-4 and for Mg2+ it was 5.7 x 10-4., 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, 4x10-3 M). As shown in Figure 1 

(Paper I, 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. 

 

Figure 1. Results for potentiometric titration of a CPC with the SDS (4x10-3 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 µmol, with SDS as a titrant (4x10-3 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 × 10⁻⁸–1.0 × 10⁻² M, while DBS was studied between 8.1 × 10⁻⁸ 

and 2.5 × 10⁻³ M. For SDS, the sensor showed a linear response from 4.1 × 10⁻⁷ to 5.1 × 10⁻³ 

M with a slope of −59.2 ± 0.4 mV/decade and a limit of detection (LOD) of 3.1 × 10⁻⁷ M (Paper 

II, Table 2). In the case of DBS, the linear range was 8.1 × 10⁻⁷– 6.1 × 10⁻⁴ M with a slope of 

−57.5 ± 0.5 mV/decade and an LOD of 5.9 × 10⁻⁷ M (Paper II, Table 2). Detection limits were 

calculated according to IUPAC 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 h⁻¹. 

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 

( bcd k7
m.
j

nhL ) 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, bcd k7
m.
j

nhL  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 10 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⁻¹, 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⁻¹ corresponds 

to C–O stretching vibrations, while the signal at approximately 2950 cm⁻¹ 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⁻¹ 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⁻¹ and 2960–2746 cm⁻¹, 

together with aromatic ring vibrations at 1600 and 1465 cm⁻¹ (Paper III, 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⁻¹ region is assigned 

to O–H stretching vibrations, while bands around 3100 cm⁻¹ and below 3000 cm⁻¹ correspond 

to aromatic and aliphatic C–H stretching modes (Paper III, Figure 3). Additional bands 

observed in the regions 1533–1690 cm⁻¹, 1457–1405 cm⁻¹, and 1270–900 cm⁻¹ 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⁻¹) and a slightly sub-Nernstian response for DBS 

(57.5 mV decade⁻¹). Both surfactants exhibited broad linear response ranges down to 
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approximately 2 × 10⁻⁶ 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⁻¹ for CPC and 44.7 mV decade⁻¹ 

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⁻¹, while SDS exhibited a slope of 33.8 mV decade⁻¹, with 

the linear region starting at approximately 1 × 10⁻⁴ M. These characteristics indicate limited 

applicability of this sensor for anionic surfactant determination. 

Similarly, when tested toward CPC and CTAB (Paper III, Figure 7), the Pt@MWCNT–DBS 

sensor exhibited weak responses with narrow linear regions. For CPC, the useful range (1 × 

10⁻⁴ – 1 × 10⁻³ M) showed a slope of 23.7 mV decade⁻¹, while CTAB displayed a slope of 22.9 

mV decade⁻¹ within 1.6 × 10⁻⁴ – 1 × 10⁻³ 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 bcd k7
m.
j

nhL  for selected 

anions were in the range from -3.2 to 4.7 (Paper III, Table 2). From the bcd k7
m.
j

nhL  values, it can 

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

surfactant sensor Pt@MWCNT-DHBI.  
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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 × 10⁻³ 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 µmol) 

and Hyamine 1622 (10 µmol) 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⁻¹ 

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 π-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 I, 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 × 10⁻³ 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 (4x10-3 M). (Paper I, Table 3). 

 

*[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 × 10⁻³ 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 (ΔE) were 301.1 mV for DBS and 276.2 mV for SDS, 

while the calculated recoveries ranged from 100.2 to 100.4% (Paper II, 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 II, Table 5). The titration curves were well defined and 

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

1 4.623 4.612 

2 4.813 4.812 

3 5.015 5.017 
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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 Motičnjak, 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 µmol) 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 II, 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 III, Table 4) The results obtained 



71 
 

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 III, Table 4) 

Commercial 

detergents 
% ANIONIC SURFACTANT 

Type Sample 
Pt@MWCNT-

DHBI 

ISE surfactant 

sensor* 

Two-phase 

titration** 

Powder 
1 6.3 ± 0.1 6.3 6.15 

2 6.1 ± 0.1 6.0 6.09 

Liquid-gel 
3 2.1 ± 0.1 2.1 2.01 

4 2.1 ± 0.1 2.2 2.09 

Handwashing 
5 13.2 ± 0.1 13.2 13.5 

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 10-6 to 7.2 x 10-4 M, with a slope of 56.2 mV/decade 

and CPC, the linear range extended from 3.2 x 10-6 to 9.2 x 10-4 M, with a slope of 58.5 

mV/decade; and b) anionic surfactants SDS, the linear response range from 4.1 x 10⁻⁷ 

to 5.1 x 10⁻³ M with a slope of −59.2 ± 0.4 mV/decade and DBS, the linear range was 

8.1 x 10⁻⁷– 6.1 x 10⁻⁴ 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 (ΔE = 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 × 10⁻⁶ 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. 

• 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. 1H NMR (400 MHz; CDCl3) of 1,3-dioctadecyl-1H-1,2,3-triazol-3-ium bromide 
(1). 
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Figure S3. 13C NMR (100.613 MHz; CDCl3): 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-1H-1,2,3-triazol-3-ium 
bromide; infusion 10 µL min−1 at concentration 2.5 ng µL−1. 

 

 

 

Figure S4. Negative ion mode ESI-MS/MS Q1 scan for 1,3-dioctadecyl-1H-1,2,3-triazol-3-
ium bromide; infusion 10 µL min−1 at concentration 2.5 ng µL−1. 
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Figure S5. 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–1 caused by C–H vibrations of the triazolium ring. The 
most intensive peaks at 2848 and 2916 cm–1 correspond to symmetric and asymmetric C–H 
stretching vibration of the CH2 groups of alkyl chains. Medium intensity peak at 1579 cm–1 
should be assigned to C=C vibration in the triazolium ring. Peaks in the region of 1160–1470 
cm–1 related to stretching and bending vibrations in the triazolium ring. Intensive peaks in the 
region of 600–720 cm–1 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, Löwdin, natural population analysis (NPA), Hifshfeld and related 
charge model 5 (CM5), 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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APPENDIX II: Supplementry Materials for the Paper II 

Glumac, N.; Vrban, L.; Vianello, R.; Jozanović, M.; Fizer, M.; Kraševac Sakač, M.; Velotta, 
R.; Iannotti, V.; Della Ventura, B.; Cvetnić, M. A DODTA–TPB-Based Potentiometric Sensor 
for Anionic Surfactants: A Computational Design and Environmental Application. 
Chemosensors 2025, 13, 321. https://doi.org/10.3390/chemosensors13090321  

 
 
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. 
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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 

 
DODTA+ cation TPB– anion 

  

B

  

B

 
triazole ring entire cation boron atom phenyl ring entire anion 

0.28 |e| 1.00 |e| 0.35 |e| –0.34 |e| –1.00 |e| 
 
 
 

COMPONENTS WITHIN THE DODTA–TPB ADDUCT 

 
DODTA+ cation TPB– anion 

  

B

  

B

 
triazole ring entire cation boron atom phenyl ring entire anion 

0.29 |e| 1.01 |e| 0.34 |e| –0.33 |e| –0.99 |e| 
 
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. 
 
 
 
 
 
 
 
 
 
 
 

 

 


