Faculty of Geotechnical Engineering

Nada Glumac

POTENTIOMETRIC SURFACTANT
SENSORS BASED ON NEW
IONOPHORES

DOCTORAL DISSERTATION

Vara din, 2026.



Faculty of Geotechnical Engineering

Nada Glumac

POTENTIOMETRIC SURFACTANT
SENSORS BASED ON NEW
IONOPHORES

DOCTORAL DISSERTATION

Mentors:
Full Professor Nikola Saka

Associate Professor Marija Jozanovi

Vara din, 2026.



Geotehni ki fakultet

Nada Glumac

POTENCIOMETRIJSKI SENZORI ZA
TENZIDE NA BAZI NOVIH IONOFORA

DOKTORSKI RAD
Mentori:

prof.dr.sc. Nikola Saka

izv. prof. dr. sc. Marija Jozanovi

Vara din, 2026.



TABLE OF CONTENTS

1. INTRODUCTION .. rermm e 1
1.0, SUIMACTANTS ......iiiiiiiiiiiiiee ettt e e e e e e e e e e e be e e e e e e e e e e e e e e e e 1
2 o (=] 11 10] 0 =3 1 YRR PPPPPPRPTRR 2
1.3. lon-Selective electrodes for SUrfactantsS............cvvvvveieieieiiiieeeeee 4
1.4. Nanomaterials in potentiometric surfactanBSees...............ceevvvvvviiiiiiiineeeeen. 6...
1.6. Analytical characteristicCs Of the SENSOL.cccce.vvvveiiiiiiii e 9
1.7. Objectives, hypothesis and Expected Scierddrdribution ................ccccceeeeennn. 12
2. SCIENTIFIC PAPERS ... e, 14
= 101 PP PP TP 14
= 101 | PP PUPPPTRUPI 24
= 101 1 | TP 39
3. DISCUSSION. ..o e e 54

Hypothesis #1New cationic quaternary alkyl ammonium compound&8@pbased on
imidazolium and triazolium groups can improve theperties of potentiometric sensors for

YU =T = 1 TSR 54

Hypothesis#2: Doped carbon nanomaterials as ebative materials can enhance the

analytical properties and lifespan of potentiontesensors for surfactants. .............. 61

Hypothesis #3: Using computational modeling tortet the obtained results can facilitate
faster and more efficient selection and optimizatd the most suitable ionophore for
potentiometric SUrfacCtant SENSOIS. .........cuuuremriiiiiiiiiiiiiiiii e eee e 66

Hypothesis #4: New potentiometric sensors will ppli@able for determining surfactants

LI C=T= LIRS V] (=] 0 T 69
4. CONCLUSIONS. ... e 73
5. REFERENCES. ... 76
6. APPENDICES........ e 87
7. BIOGRAPHY .. 96



ACKNOWLEDGMENTS

This doctoral thesis is the result of the workiomerous institutions and individuals
who have found themselves along the way and hdtvéh&r smaller or larger mark on it. The
most meritorious person in shaping the researchcandecting all the institutions and people
was my mentor, Prof. Dr. Nikola Saka

| would like to express my deepest gratitude tommntor, Prof. Dr. Nikola Sakaon whose
encouragement | enrolled in the doctoral programirttenk him for his trust, patience and all
the time, knowledge and useful advice that wemt ihts work, as well as for the extensive help
and co-operation at all stages of the thesis.

| would also like to thank my co-author, Assoc.fPkarija Jozanovi, under whose guidance
the new chemical compounds on which my researchbassd were synthesised. | would like
to thank her for her composure and encouragemanbiments of crisis.

| would also like to thank my colleague and frievitolna Novotni Hori ka, because we have
travelled the same path together with differeneaesh topics. We supported each other and |
thank her for her enthusiasm when sometimes it sddahat everything was lost.

| would like to thank the Mé@murje Waters Administration for supporting my suiéc
education and especially my colleagues and fridwaslija, Katarina and Zoran for their
support and technical help in developing the expenital part of the research.

| would like to thank my family for the help andpport they gave me when | needed it most.
And finally, a big thank you to everyone who in amgy in the creation of this work.



SUPERVISORS

Full professor Nikola Saka, PhD
Department of Environmental Engineering
Faculty of Geotechnical Engineering
University of Zagreb

Prof. Nikola Saka is a full professor within the scientific field @hemistry and chemical
engineering at the Faculty of Geotechnical EngingerUniversity of Zagreb, where he
currently serves as Vice-Dean for science (2024#p@ad Head of the Unit for Chemical
Sensors in the Laboratory for Environmental Engimge His research focuses on chemical
sensors, electrochemical sensing systems, envimameanalytical chemistry, and
development of advanced materials for detectioenefronmental pollutants and biomarkers.

In particular, his work addresses the developménpadentiometric sensors, ion-selective
electrodes, nanomaterial-based sensing layers, hgidd electrochemical-opticalsensing
platforms for detection of micropollutants, surtads, heavy metals, and biological markers.

Prof. Saka obtained his PhD in analytical chemistry from Baeulty of Chemical Engineering
and Technology, University of Zagreb in 2011. Si2€23 he has held the position of full
professor at the University of Zagreb, after pregly serving as associate professor and
assistant professor at the same institution arieteat the Department of Chemistry,University
of Osijek.

His scientific work has produced high-impact pusions in international journals, particularly

in the field of chemical sensors and analyticalnsiséry with 1009 citation and h-index 19.

Prof. Saka has extensive experience in national and intevnatiresearch projects, including

Croatian Science Foundation projects, EU-funde@ameh initiatives, and multiple COST

Actions focused on analytical platforms, environtaémmonitoring, and supramolecular

chemosensors. His work often involves interdisoguy collaboration combining analytical

chemistry, materials science, nanotechnology, avd@mental engineering. He maintains a
broad international collaboration network with leafresearchers and institutions, including
the Institute of Macromolecular Chemistry (Czechademy of Sciences), the University of
Naples Federico II, the University of Pécs, andceotBuropean institutions working on sensor
technologies and environmental monitoring.

In addition to research, Prof. Saka actively engaged in academic teaching and sigien

at undergraduate, graduate, and doctoral levels.hble delivered 17 invited lectures
internationally, particularly on chemical sensahieologies, and has served on editorial boards
of scientific journals. Prof. Sakahas received several recognitions for his scientifork,
including a gold and silver medals for innovati@aisthe ARCA Innovation Fair (2024 and
2025) and institutional awards for scientific exeete.



Assoc. Prof. Marija Jozanovi, PhD

Josip Juraj Strossmayer University of Osijek

Department of Chemistry

Subdepartment of Analytical, Organic and Appliede@instry

Associate Professor Marija Jozanowegan her academic career in the Department of
Chemistry at Josip Juraj Strossmayer Universit@sifek, where she has been employed since
2011. She teaches undergraduate and graduate sounsleding Organic Chemistry, Food
Chemistry, and Basic Principles of Forensic Chemi§he currently serves as Vice Head for
Research at the Department of Chemistry.

She obtained her PhD in Engineering Chemistry id52€tom the Faculty of Chemical

Engineering and Technology, University of Zagrelithvthe dissertation Electroanalytical
Characterization and Electrophoretic DeterminatérHistidine Dipeptides, Carnosine and
Anserine Using a C4D Detector. She previously gatell as Mag. Educ. of Chemistry and
Biology from Josip Juraj Strossmayer UniversityQxijek in 2009, with a thesis focused on
spectroscopic and potentiometric studies of stdrobdide complexes for the development of
an amylase sensor.

She was appointed Assistant Professor in 2018 asdddate Professor in 2023. Between 2021
and 2023, she served as Head of the Subdepartrheimadytical, Organic, and Applied
Chemistry.

Her research focuses on electrochemical sensorentpmmetric methods, microchip
electrophoresis, and analytical methods for enwvirental, pharmaceutical, and food analysis.
In recent years, her work has particularly empleasithe synthesis and application of
guaternary ammonium salts and nanomaterials a®rseraterials, antimicrobial agents, and
microfluidic analysis of dietary supplements.

She has co-authored more than 35 scientific papeesed in the Web of Science database and
has presented her research at numerous internlasoremtific conferences. In 2024, she
received the Gold Medal at the ARCA/AGRO-ARCA Imational Innovation Exhibition for
an innovation developed in collaboration with thdustry.



ABSTRACT

Surfactants are widely used in industrial, housghahd personal care products and frequently
occur as environmental contaminants, necessitatatigble analytical methods for their
determination. This doctoral research focuses @ dévelopment of new potentiometric
sensors for the determination of ionic surfactaoésed on novel ionophores based on
guaternary ammonium compounds and doped carbomtbas®composites.

In the first part of the study, a new triazoliunmsbd quaternary ammonium compound, 1,3-
dioctadecyl-H-1,2,3-triazol-3-ium bromide (DODTA-Br), was synsimed and used for
DODTA-TPB ionophore synthesis. DODTA-TPB was inavgted into PVC-based liquid
membrane surfactant sensor. The developed DODTA-sdPBor exhibited a near-Nernstian
response to cationic surfactants (CTAB 56.2 and 686 mV/decade) and anionic surfactants
(SDS 59.2 and DBS 57.5 mV/decade) with a lineaokking range between approximately
107 and 10% mol L * and fast response time (<10 s). The sensor waessfully applied as an
end-point indicator in potentiometric titrationsiohic surfactants in commercial products and

environmental samples.

In the second part of the research, a nanocompssaifactant sensor based on Pt-doped
multiwalled carbon nanotubes (Pt@MWCNT) and theo#t surfactant 1,3-dihexadecyH1
benzo[d]imidazol-3-ium ionophore was developed. TRR@MWCNT-DHBI sensor
demonstrated near-Nernstian response for anionmiactants (SDS -59.1 and DBS -57.5
mV/decadg improved membrane stability, reduced signal ncesel long-term operational
stability exceeding six months. The sensor wasessfally applied in potentiometric titrations
of commercial detergent samples, yielding resultgaod agreement with the classical two-

phase titration method.

The developed sensors were validated through dsalysechnical surfactants, commercial
detergents, mouthwash products, and environmeratdrvsamples. Recovery values ranged
from 94.2 to 99.2%, confirming the high accuracyl aeliability of the proposed analytical
methods.

Computational modeling using quantum-chemical dateans and molecular dynamics
simulations was applied to investigate the fornratiod stability of the DODTA-TPB ion pair.
Theoretical analysis demonstrated that the iorgo@ate is primarily stabilized by electrostatic



interactions, with additional contributions fromnvder Waals and hydrophobic interactions,

supporting its suitability as an ionophore for pi@metric sensors.

The results demonstrated that newly designed iom@shsignificantly improve the analytical
performance and stability of potentiometric surdatisensors. The developed sensors represent
simple, sensitive, and cost-effective analyticalldofor the determination of surfactants in

environmental and industrial samples.

Keywords: surfactants, potentiometric surfactants sensmategnary ammonium compounds,
metal-doped MWCNT, carbon nanocomposite, ion-peater analysis



ProsSireni sa etak

Surfaktanti predstavljaju vanu skupinu kemijskilpogeva koji se Siroko primjenjuju u
deterd entima, proizvodima za osobnu higijenu, faceutskim pripravcima te brojnim
industrijskim formulacijama. Zbog njihove Siroke aspbe znaajne koliine surfaktanata
dospijevaju u okolis, osobito u vodene sustavee gdpgu uzrokovati negativne ekoloske
u inke. Stoga je pouzdano odreanje surfaktanata od velikog zraga za kontrolu kvalitete
proizvoda, praenje oneiS enja okolisa te ispunjavanje regulatornih zahtjel#asi ne
analiti ke metode, poput dvostruko-fazne titracije, i dake esto koriste, ali su povezane s
uporabom organskih otapala i relativno dugotrajnpostupcima. U tom kontekstu,
potenciometrijski senzori temeljeni na ionsko-sBlekm membranama predstavljaju

jednostavnu, brzu i ekoloski prihvatljiviju altethau za odreivanje surfaktanata.

Ovo doktorsko istraivanje usmjereno je na razvayvih potenciometrijskin senzora za
odre ivanje ionskih surfaktanata temeljenih na novimoi@nima baziranim na kvaternim

amonijevim spojevima i dopiranim ugljikovim nanokpazitima.

U prvom dijelu istra ivanja sintetiziran je novi tezocikli ki kvaterni amonijev spoj, 1,3-
dioktadecil-H-1,2,3-triazol-3-ijev bromid (DODTA-Br), koji je ktsten za pripravu ionskog
para DODTA-TPB. Dobiveni ionski par ugen je u PVC membranu teleg tipa i
primijenjen kao aktivni ionofor u potenciometrijskosenzoru za surfaktante. Razvijeni
DODTA-TPB senzor pokazao je gotovo Nernstovski wgizema kationskim surfaktantima
(CTAB 56,2 i CPC 58,5 mV/dekada) te prema anionskimiaktantima (dodecil sulfata (SDS)
59,2 i dodecilbenzen sulfonata (DBS) 57,5 mV/daka), s linearnim radnim podhgem
koncentracija pribli no od 10 do 103 mol L * i brzim vremenom odziva (<10 s).

Analiti ka primjenjivost senzora potwna je potenciometrijskim titracijama tehkih
surfaktanata poput SDS, DBS i lauril eter sulfdt&S), pri emu su dobivene titracijske
krivulje imale izra en sigmoidalni oblik s velikippromjenama potencijala E do pribli no
301 mV).

Senzor je uspjesSno primijenjen i za odvanje surfaktanata u komercijalnim proizvodima,
uklju uju i vodice za ispiranje usta i deterd ente raitilh formulacija. Dobiveni rezultati
pokazali su dobro slaganje s rezultatima dobivedasi nom titracijom u dvije faze. Dodatno

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



Moti njak i akumulacija Drava). Metodom standardnog dkaladobivene su vrijednosti
iskoriStenja u rasponu od 94,2 do 96,5 %, Sto pajerizostanak znajnog utjecaja matriksa

I pouzdanost predlo ene metode.

U drugom dijelu istra ivanja razvijen je potenciompgki senzor temeljen na platinski
dopiranim viSestijeranim ugljikovim nanocjeMcama (Pt@MWCNT) i kationskom
surfaktantu 1,3-diheksadeciHibenzo[d]imidazol-3-ijev kao nanokompozithom ionafo
Pt@MWCNT-DHBI senzor pokazao je gotovo Nernstovsidziv prema anionskim
surfaktantima (SDS 59,1 i DBS 57,5 mV/dekadi), polganu stabilnost membrane, smanjeni
Sum signala te dugorou operativnu stabilnost dulju od Sest mjeseci, hezajnog drifta

potencijala ili ispiranja ionofora iz membrane.

Nanokompozitni senzor uspjesno je primijenjen wepotometrijskim titracijama komercijalnih
deterd enata. Odreeni sadr aji anionskih surfaktanata iznosili su-&B % za praSkaste
deterd ente, 2,1 % za teke/gel deterd ente te 13,2-15,1 % za deterd enteuzao pranje

posu a. Dobiveni rezultati bili su u dobroj podudarnastiezultatima dobivenim referentnim

metodama i drugim senzorima.

Kako bi se bolje razumio mehanizam stvaranja iiktasti ionskog para DODTA-TPB,
provedeno je rainalno modeliranje primjenom kvantno-kemijskih izraa i molekulske
dinamike. Rezultati su pokazali da je stabilnoshskmg para prvenstveno posljedica
elektrostatskih interakcija izma triazolijeve kationske jezgre i tetrafenilboragnaniona, uz
dodatni doprinos van der Waalsovih i hidrofobnitemakcija. Dobiveni rezultati potvaju da
teorijsko modeliranje mo e znajno doprinijeti racionalnom dizajnu novih ionofoilia

razumijevanju njihovog ponasanja u membranskim @ema.

Rezultati istra ivanja pokazuju da novo sintetimraonofori mogu znaajno unaprijediti
analiti ka svojstva potenciometrijskin senzora za surfaktaRazvijeni senzori predstavljaju
jednostavne, osjetljive i ekonomie analitike alate za odrevanje surfaktanata u okoliSnim

uzorcima, industrijskim formulacijama i komercijamproizvodima.

Klju ne rije i: surfaktanti, potenciometrijski senzor, kvaterni auijevi spojevi, visestjerane

ugljikove nanocjevice dopirane metalom, ugljikov nanokompozit, ionsér, analiza vode
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1. INTRODUCTION

1.1. Surfactants

Surfactants, or surface-active agents, are amplupbompounds widely utilized across
industries for their ability to lower surface anderfacial tension between different phases,
such as liquid-liquid, liquid-gas, or liquid-solifihese molecules consist of hydrophilic (water-
attracting) heads and hydrophobic (water-repelltag$, making them particularly effective in
applications ranging from detergents for cleaningl aisinfection to pharmaceuticals,

cosmetics, food production, petroleum refining, aadotechnology.

Because of their structural properties, surfactapsntaneously form aggregates such as
micelles, bilayers, and liquid crystals, dependiog concentration and environmental
conditions. The most well-known example is micdit@mation, which occurs when the
surfactant concentration reaches the critical n@cebncentration (CMC). CMC is a crucial
parameter that defines the behavior of surfactemsolution and is frequently used in their

characterization.

Surfactants are classified according to the charge¢heir hydrophilic head group. Anionic
surfactants (e.g., dodecyl sulfates and alkylbeezgifonates) carry a negative charge and are
most commonly used in detergents and cleaning sgdmhj Cationic surfactants (e.g.,
guaternary ammonium compounds) are positively athrgnd often used as biocides,

disinfectants, and in textile processing.

Nonionic surfactants carry no net charge and agd irscosmetics and the food industry, while
amphoteric surfactants display both positive arnghtiee charges depending on the pH of the

medium. [2]

Population growth and extensive urbanization hasg o the increased production of
surfactants. Anionic surfactants dominate globatipction, accounting for approximately 70%
of the market, driven primarily by expanding congsurdemand in home and personal care
products. [3] With the surfactant industry valuadbd5.57 billion in 2024 and projected to
reach $76.81 billion by 2034 at a compound annt@hth rate (CAGR) of 5.36% from 2025
to 2034. [3] Their widespread use has necessitatpdovements in both formulation and

monitoring to address associated health and enwieoital challenges.



Surfactants are known to disrupt cellular strugurenpede oxygen exchange in aquatic
environments, and irritate human skin, emphasiZimg need for constant water quality

monitoring and stringent production controls.

Standard methods for detecting surfactants sudiv@aphase titration [4] and the Methylene
Blue Active Substance (MBAS) method [5] are labntensive, lack reproducibility, require
skilled personnel, and involve hazardous organieess, conflicting with principles of green
chemistry. Instrumental approaches, including Hrgirformance Liquid Chromatography
(HPLC) [6], Gas Chromatography (GC) [7], lon-ExcganChromatography [8] and Size-
Exclusion Chromatography [9], provide greater aacyrbut are costly and unsuitable for
routine or on-site applications. Waste containimgoric surfactants is one of the most
widespread water pollutants, leading to the needdav, cost-effective, accurate, and practical
methods for detecting anionic surfactants. [9-12pnk this perspective, the use of

potentiometric sensors appears to be a highly miogimethod.

1.2. Potentiometry

Potentiometry is an electroanalytical method basedhe dependence of the potential of an
indicator electrode on the concentration of a paldr ionic species with which it is in contact
in solution. During the measurement, a very snlatitec current flows through the cell, which
does not affect the equilibrium state of the etmids. The principle of potentiometric
measurements is based on the correlation betweemadmposition of the sample and the
magnitude of the potential formed between the egfee and indicator electrodes. The reference
electrode provides a stable potential over a logygpg of time, while the indicator electrode
shows a variable potential depending on the agtiwitthe primary ion or analyte in direct
potentiometry, a high-impedance potential measutieyice (millivoltmeter) is located
between the two electrodes. Electrochemical sensamsert the effect of electrochemical
interaction into a useful signal. Chemical senscossist of a receptor that serves for
recognition and a transducer that is responsilbiedoeiving the signal. [13] Potentiometry
appeared at the beginning of the 20th century, ted first potentiometric sensors for

surfactants in the 1960s and 1970s of the lastcgnt



Direct potentiometry

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

potential of the electrodes of an electrochemi@l is expressed by the Nernst equation:

— (1)

R- $" " %&)*+ (

- - 8" " 012##3
$,.4 ".&

Activity is a measure of the interaction of diffatemolecules in a non-ideal system, and
represents the effective concentration of ionsctvis usually less than the actual concentration
of ions in solution. The activity of an ion is edjtathe product of the mean activity coefficient

(f) and the molar concentration of the ion (c):
5 2)

The value of the activity coefficient under ideahditions is 1 (in very dilute solutions
where the ionic strength is minimal), which medmeat the activity of an ion is equal to its
concentration. The activity coefficient can be oédted using the Debye-Huckel equation:

3



®3)

where:
M - ionic strength of the solution
rx - effective diameter of the hydrated ion X irgatroms (1A = 16 cm).

A, B - constants depending on temperature and @atusolvent (for agueous solutions at
25°C, Ais 0.51 and B is 0.33).

Potentiometric titration

Potentiometric titration is a volumetric methodwhich the potential difference between two
electrodes is measured as a function of the addkenine of reagent. The method is based on
the determination of the unknown concentratiorheftest solution by titration with a standard
solution, where a significant change in the potrdf the indicator electrode occurs (titration
endpoint). The measuring potential is proportidnaghe logarithm of the analyte activity, and
the measurement is based on the volume of titreattdauses a rapid change in potential near
the equivalence point. The advantage of this methdkde determination of analytes in turbid

samples without the use of chloroform.

1.3. lon-Selective electrodes for surfactants

Potentiometric sensors are an important classestreichemical sensors that detect changes in
electrode potential during analyte-receptor inteoas. lon-Selective electrodes (ISEs) with
polymer membranes containing selective transdyaarsphores) are the most commonly used
potentiometric sensors. [14-16]The composition 8Ed is based on three important
components: a sensing material- ionophore (an @n-gonsisting a cationic and anionic
surfactant or some other high molecular weight mnitke tetraphenyl borate (TPB) - an
organoboron anion consisting of a central boromatoth four phenyl groups [17], PVC and

a plasticizer. [18] Therefore, the sensitivity esivity, and lifetime of ISEs largely depend on
the properties of the ionophores. [19-23] The dgwelent of new highly lipophilic ionophores

is thus a promising approach to ensure the bepepties of potentiometric sensors. [23,24]
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Various ionic pairs are wused for constructing ISHer anionic surfactants:
tetrahexadecylammonium-dodecyl sulfate [25], 1B=dyl-2-methylimidazolium-
tetraphenylborate [26], hexadecyltrioctadecylammontetraphenylborate [27],
cetyltrimethylammonium-dodecy! sulfate [28], dodigsnethylammonium-dodecylbenzene
sulfonate [29], cetyltrimethylammonium-tetrapherprite [30], hyamine-tetraphenylborate
[31], etc. Quaternary alkyl ammonium compounds (@A&re used as the active component
of the ionic pair to detect anionic surfactants.@¥Aare cationic surfactants with a nitrogen
atom carrying a positive charge, enabling inteaactvith anionic surfactants. The quaternary
nitrogen atom of QACs can be part of an aromatialiphatic ring. [32] The hydrophobic part
of QACs is usually an alkyl chain of varying lengtlwhile the hydrophilic group differs. QACs
also exhibit antimicrobial activity and are usedhasides and antimicrobial therapeutic agents.
[33] Due to these properties, QACs are widely wsedisinfectants and water treatment agents
to control microbiological contamination in wategrstems. An ideal ion-pair should exhibit
high lipophilicity, low aqueous solubility, strorgglectivity toward the target analyte, and
sufficient membrane compatibility. [15,34,35] Inglway, the fabricated surfactant sensors
could have high response, extended lifetime anddrseful concentration range. [22,23]
major challenge in constructing ISEs is the reBaiphmobilization of electroactive material
(EAC) in the PVC matrix. Leaching of the EAC causgmificant changes in sensor response
and shortens its lifespan. [16,36] This issue carinlproved by modifying the membrane
composition, using EACs with lower water solubility87] Reduced solubility of newly
synthesized compounds through alkylation with erely long alkyl chains will minimize
EAC leaching from the membrane, positively affegtgensor response stability and lifespan.
The ability of ionophores to act as sensors isrdeteed by complex chemical interactions at
their binding sites. [34] lonophore properties iafeienced by a sensitive balance between the
rigidity required for selectivity and the flexili§i needed for rapid ion transfer. Aromatic QACs
possess both these properties: rigidity due toptaear aromatic ring and flexibility due to
rotation around the nitrogen atoifhe development of new ISEs is limited by the uke o
commercially available ionophores. Thus, the sysithef new ionophores would enable the

development of new ISEs with significantly improvawperties.

The other part of the sensor is the membrane meutiwvhich the ion pair is dissolved. This is
usually a mixture of high molecular weight PVC wattipophilic plasticizer. The choice of the
plasticizer affects the final response of the sefis®,38] The plasticizer should also prevent



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

solubility of the ionophore in the final sensingmi@ane matrix.

1.4. Nanomaterials in potentiometric surfactant sesors

Nanomaterials play an important role in the fielghotentiometric testing because they possess
excellent electrical properties and good hydroptibhi Advances in nanotechnology have
introduced carbon-based materials like single-amadl multi-wall carbon nanotubes (SWCNTs
and MWCNTSs) as innovative sensor components, offeadvantages such as enhanced
electron transfer, superior mechanical strengtfustéable surface reactivity, which makes them

suitable for solid membrane ion selective electsofi39-42]

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

Saka et al. described a solid-contact electrode withtilayer carbon tubes. [45] The sensing
material used was the ion pair 1,3-didecyl-2-mathiglazole-tetraphenylborate (DMI-TPB).
The multi-walled carbon nanotubes (MWCNTS) were bgeneously distributed in a PVC
matrix, resulting in a more stable response with twise (2.6 mV/h). They used MWCNTSs to
immobilize the sensing material with the ion pair3-tlidecyl-2-methylimidazole-
tetraphenylborate (DMI-TPB) implemented in a PVCnmbeane. The use of MWCNTs
reduced the membrane resistance, increased thee astirface area, and improved the
repeatability. The sensor had a lifetime of 6 menth

Nanomaterials can be chemically bound to the ian @& the other hand, an inclusion complex
with an ion pair or charged surfactant can als@aacin ionophore. [45—-48]

Carbon-based nanomaterials doped with metals Rt.gor Ag) will further increase the
electrical conductivity of the sensor membrandfitséhich will further increase the sensitivity
and lifespan of the sensor. Metal-doping furthgponoves sensitivity, selectivity, stability, and

detection range, enabling faster response timeseatehded operational functionality. [49]



Doped carbon nanotubes with platinum nanopartielésbit synergetic effects that enhance

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

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

has not been described.

1.5.Response of ion-selective electrode to anionic sactants

An important property of surfactant monomers isrthbility to form ion-associates with ions

of the opposite charge:
@A BACD @ABA (4)

where they are CS cations of cationic surfactants (quaternary amiomancompounds,
pyridinium, arsonium phosphonium cations), caticdyes, large complex cations formed by
metal ion and ligand, large organic cations, eAS; - anions of anionic surfactants, large

organic and inorganic anions.

Increasing the concentration of surfactant aboeectitical micellar concentration often leads
to solubilization of the associated ion in the Medonic associates (ion pairs) are most often
insoluble in water and can be extracted in nonps&rents (a property used in the isolation of
sensor material). In surfactant analysis, only nvatent cations and anions are used, so the

ions within ionic associates are always in a 1tibra

The mechanisms of interaction between the analytetlle membrane containing the sensor

material are as follows:

a) analyte ion: AS which originates from the fully dissociated anwmsurfactant MAS

EBA FE< BA®¢ (5
where:
M™ - monovalent cation (usually*KNa", NH4")
AS - anion of anionic surfactant (highly lipophilic)

b) sensor material: electrically charged CSAS



Dissociation CSAS:

@AB&y D @A BA Sy (6)

(m = membrane)

lon exchange reaction in the membrane:
@AB4, BA ©D @ABA, BAC (7)

A liquid membrane with an ion-exchange pair is amtact with aqueous solutions of anions
(analyte anions and interfering anions). The domtispecies that exist within such a membrane
are free CSsites and free interfering ions, and the followdgnpetitive reactions are possible

in the membrane phase:

@A BA 5§, D @ABA (8)

@A BA . D @ABAu 9)

And with the corresponding stability constants:

[CSAS ot ]

CSASdet = [CS+][AS(;&] (20)
B [CSASim]
CSAS, — [cs+][ Asi.m] (11)

Discussion of the selectivity of surfactant eleda® with a liquid membrane requires the
consideration of two limiting cases: complete desaton in the membrane phase and the case
of complete association, which is related to théanty of the membrane medium and the

affinity of the active sites of the membrane temfgrents.



1.6. Analytical characteristics of the sensor

lon-selective surfactant electrodes have specibpgrties, which are: selectivity and dynamic
range, linearity range or working range, detechiont, quantification limit, response time and

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

Selectivity is the ability of a potentiometric senso determine a specific type of analyte in the
presence of other interfering chemical speciesafiatt the response signal. [52] The response
of a membrane in the presence of several diffel@m is determined by the equilibrium
constants of the primary and interfering ion exgemeactions between the organic and
agueous phases. The resulting potential can beildeddoy the potentiometric selectivity
coefficient. If the solution contains only primaons, the response is generated according to
the Nernst equation. In case the solution contaih®r ions that affect the creation of
electromotive force, the response is generatedrdiogpto the Nicolskii-Eisenman equation.

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

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

solution method, parallel potential method).

2. Separate solution methods (separate solutiohadedf equal activities, equal potential
solution method). [52,53]

For highly selective electrodes, the selectivityefticient KP®'AB is very small and the
electromotive force depends only on the activitytioé primary ion. The potentiometric
selectivity coefficient RAB depends on the membrane composition, the congalegtant of

the ligand and the test ion, and the lipophili@fythe test ions.
Dynamic range

The dynamic range of an ion-selective electrodietermined by the difference between the
maximum and minimum activity of the occupied birgisites in the membrane. This is the

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

Dynamic range = (aRXm}x - (@RXm }nin (12)



Linearity range and measurement (working) range

The linear operating range is determined by thibi@lon graphs and is defined as the area in
which the data points on the calibration curve dbdeviate by more than 2mV from linearity.
[54] This is the range within which the changeha sensor signal is linearly dependent on the
observed analyte property (concentration). Lingarén be defined as the ability of the sensor
to provide a response proportional to the analgtecentration in the sample within a certain
concentration range. The slope of the linear plati@ calibration curve at 298 K is 59.16 mV
for monovalent ions and 29.58 mV for divalent ioA$.low and high activities, there is a
deviation from linearity, so this is the range ihigh the electrode begins to lose sensitivity to
the primary ion. [55] The test is carried out a&kfconcentrations in the desired working range

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

where: y - measurement parameter; a - ordinatecep& x — concentration; b - slope of the

line.

The measurement or working range is the range leetwiee minimum and maximum values
of the analyte concentration the sensor has adudepta&curacy and precision, linearity and
Nernst slope. Within the measurement range, thegshan the sensor signal is linear and

depends on the measured quantity (analyte contientra
Limit of detection and limit of quantification

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

nature of the ISE response (logarithmic resporiSé).

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

Response time and reproducibility

The response time is defined according to IUPAG®menendations as the time elapsed from

the first contact when the ion-selective electrisdenmersed in the solution or from a change
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in the concentration of the primary ion to the momehen the potential does not change by
more than 1 mV or when it reaches 90% of the fuadie. [57] The response time depends on
the type of electrode, interference, the magnitmatkdirection of the concentration changes

and the temperature.

Reproducibility is the standard deviation of datdlected in a series of measurements in
solutions of different concentrations of chemiqades (after removing, rinsing, or wiping the
electrode). [56]

Sensitivity

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

the detection limit.
Accuracy, precision and trueness

Accuracy is the degree of agreement between tegliseand an accepted reference value. For
a measurement to be accurate, it must be withi¥b+The deviation is calculated according to

the equation:

rs" AN

OPQRSTUV WUXYZQ CU[U]QUV WLG_X%ZQ

UNUJQUV WUXYZQ (14)

Sensor precision is the degree of agreement betavsenes of measurements made from the
same homogeneous sample according to a prescrib&gtieal procedure. Precision is
expressed by the mean square deviation and relstavelard deviation. If systematic error is

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

Trueness is the degree of agreement between the vagge and an accepted reference value.
Trueness is calculated as the systematic errdreofrteasuring device, and is calculated as the

difference between the arithmetic mean and theerbte value. [58]
N _6_ska  (15)

where: - systematic error of the measuring devicemean value, .x, - reference value.
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1.7. Objectives, hypothesis and Expected Scientiftontribution

The main objective of this research is to develog eonstruct new potentiometric sensors
based on newly synthesized QAC surfactants, whilhserve as sensing materials for ionic
surfactants quantification. Additionally, composigensor membranes based on carbon
nanomaterials doped with noble metals will be careseéd. The use of doped nanomaterials
and new QAC will improve the immobilization and lmgghobic character of the sensing
material resulting in more stable membrane comjposivith better analytical characteristics

for applications in real systems.

Objectives:

* Synthesize and characterize new cationic quateratkyl ammonium compounds

(QAC) based on imidazolium and triazolium groups.
* Synthesize and characterize PVC sensor membrattesiew QAC-based ionophores.

* Synthesize and characterize composite sensor mapsith the addition of doped

carbon nanomaterials.

» Utilize computational support for selecting the masitable ionophores through

guantum-chemical calculations and molecular dynasmlations.

» Construct potentiometric sensors for surfactantsl a@etermine their analytical

properties.

» Test potentiometric sensors for surfactants in rhade real samples.

Hypothesis:

* New cationic quaternary alkyl ammonium compounda@p based on imidazolium
and triazolium groups can improve the propertiespofentiometric sensors for

surfactants.

* Doped carbon nanomaterials as electroactive mkgecen enhance the analytical

properties and lifespan of potentiometric sensorstirfactants.

12



Using computational modeling to interpret the aledi results can facilitate faster and
more efficient selection and optimization of the sncsuitable ionophore for

potentiometric surfactant sensors.

New potentiometric sensors will be applicable fatedmining surfactants in real

systems.

Expected Scientific contribution:

Development of novel QAC surfactants with enhanpemperties for potentiometric

surfactant sensor applications.

Utilization of doped carbon-based materials in tlevelopment of potentiometric

surfactant sensors.

Understanding the response mechanisms and belwdworophores in membranes and

solutions.

Developed new surfactant sensors for analyzingoadiispectrum of real samples,
ranging from commercial products and wastewateguality control of products and

raw materials.
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ARTICLEINFO ABESTRACT

Enyward: Faventiometric sunfserants sersors usually corsia of a PYC-membeane with plasticizer and an lon pair. PVCand a
Wonckmlic ciin:em plasticizer ensare the lipophilic matrix for & low-solubility fon pair. lon pair ususlly coosists of & cationde sor-
;“n:;—"—” factant amed an oppositely charged anionic st Ta i the propesties of lon pair, and enhance the
LFT mﬂmlpapﬂ'nudmtsuﬂmmrtw lecules have 1o be symthesized. In chis cha 1.3

dizermdeeyl- 1H-1,2 3 wiazol-3-lum carionic sustacisnt (DODTA) was sucsessfully synthesized and charssrerized.
Teraphenylommne (TPE) wes ased as & counter lon to symthesize the DODTA-TPE [on palr. To aalyse and
underaand the behavior of the DODTA and DODTA-TPE jon pair in the sensing membrans, o seres of compa-
cationsl simulacioes using densicy functional theory (DFT) wene performed. The elocironic souctuee aof the
DODTA-TFE on pair wis sudisd through the Iysis of froati lezilar orbitals. Elesrosimnie [aemeriong
weere examined via el i peotertial Eeceast and pamial charge redisisiborion, while weak dispersion
Imemetion wese investigated urqmmﬂupmmummmpmmm:mm
DODTA-TPE aufactant sencor showed sucellent |
crimsethylsvevcmium (CTAE} and coryl pyridiniuss ll:P'E] SEE.HEEEHH'IMM meiviny, rupﬂ:dlﬂy
DODTA-TPE surfactant sefcof wWis usid as an end-point indicams o poentiemetric dirstions of CTAE and
vechmical grade Hysine 1622 with revoveries from 9880 w 99,92 %

1. Introduction surfactants, which led to a reduction in heawvy foaming and ewirophis

cation. However, they still end up in water bodies and have a negative

Surfactants are widely used compounds for cleaming, washing, and
disinfecting. Cationic surfactants are used as disnfectamts and des
tergents, anianic for washing, whils nonionic sarfactamts improve the
washing and cleaning properties of primarily used surfactants. Populas
tion growth and extensive arbamization have led to the increased pro=
ductinn of surfactanis. Apart from their positive properties, they also
have some negative effects, such as skin irritation, prevention of axygen
exchange at the air/water interface, etc. The older generation of surs
factamts, which are usually bramched, were replaced by limear

* Cormespondisg smthar.
E-mail addrecs reaksci@arv unizg.hr (M. Sakaf),

hopas /S dolorg 10,1 006 malllg. 2035, 127831

impact on the environment. Classical methods for gquantifying sarface
tants are, usually time consuming and complicated such a= the two=
phase titration or the MBAS method. Their major drawbacks alsa
include the use of toxic chemicals such as chloroform, lack of repros
ducibility, amd the need for professional amd trained analyses. lons
selective electrodes [1] for surfaciants are their interesting potential
suhstitute. These sensors can be solidsstate sensars ar lguid membmne
sensars. [2,2] The biggest challemge in developing surfactant sensors is
finding of right combination of lonophores (ion pairs) and a membmane
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medium in which to disolve theme lon pairs ussally consist of twao
oppositely charged surfactants, and their main properties should be low
water solubdlity and a high malar mass. [1].

Eesearchers hawe begun to synthesize new cationic surfactants and
new ion pairs to reduce leaching, extend sensor Lifetime, and lower the
detection limit. [4-7] [t is also important that the synthesis and pros-
cedures are effective to reduce the environmental impact and lower the
price.[5] The other part af the sensor is the membrane medium in which
the ion pair is dissolved. This is wsually a mixture of high malecular
weight PVWC with a lipophilic plasticizer. The choice of the plasticizer
affects the final response of the sensar. [4] The plasticizer should also
prevent water peneiration into the membrane and by improving the
fexibility of PVC, also increase the solubdlity of the ionophore in the
final sensing membrane mairic. Surfactant sensors are wsed as endspoint
indicators in potentiometric tirations. [2] The goal of optimizing the
sensar membrane is to achieve wellsdefined target breakpoints and ine
flections with high electromaotive signal change for reproducible
endpoint indication over a wide concentration range. To reach this
target, there is & need to synthesize new ion pair complexes and 1o mode]
the imteraction af anionic and catiomic parts of the ion pair complex to
speed up the process and select the best«matched pants of ion pairs. [10].

There were several attempis io use the experimenial and model data
on ion pair formulations and interactions in potentiometric surfactant
sensar kan pairs and membranes, Le. experimental and theoretical study
oo oetylpyridinium dipicrylamide to caloulste the ionsexchanger for
cetylpyridinium selective electrodes [1 1], or development of PV C-based
cetylpyridiniumesselective electrode o investigate the mechanism of
inberaction between the cetylpyridinium cation and hydrophobic and
lipophilic amions through the association reaction [12]. However,
cetylpyridinium and related alkylammonium surfactants are known for
their significant toxicity [13). This motivaies the search for alternative
cabiomic surfactanis with lower towicity profiles. In our previoas
research, we demaonstrated that triazolesbased surfactants represent a
promising class of functional materials with varioes potential applicas
tomns [14,15]. Importantly, the 1,2, 3-trizeole modety is asociated with
relatively low toxicity, making triazoliume-based cations attractive cans
didates compared to conventional guaternary ammonium surfactants.

Building upon this background, the goal of the present work was to
design and synthesize a new catiomic surfactant, 1,3dioctadecyl1H=
1.2 Jeiriazal-3sium bromide (DODTABr), using a onespot synthetic
route. Its structure was fully characterized and evaluated for potendtial
application in sensar development. Quantam chemical caboalations on
the DODTATFE associate allowed us to gain further nsights inbo
interinmic interactions. A simultaneous slight decrease of the highest
nccupied mobecalar orbital (HOMO) epergy and increase of the bowest
uncccupied molecular orbital (LURD) energy were observed during the
association of 1, 3-dioctadecyl-1H-1,2 3-riaeol-3<ium  (DODTA) and
tetraphenylboraie (TPE) tons. Relatively small values of electron danas
tions between the ions testified io the presence of negligible covalent
comiponents in the interionic interactions and predominant electrostatic
interactions. Various types aof Fukwi function reactivity descriptors
indicated that the associabe’s most reactive sites maitched well with the
localization of frontier malecular orbital isosarfaces. The icnophare
DOOTA-TPE was used to prepare a highly stable and fast-respanding
cationic sarfactamt sensor, which was characterized in terms of nesc-
tion properties and perturbation.

2. Materials and methods
21 Chemicals

Organic synthesis was performed with all analytical grade chemicals
1,2, 3-1H-triaznle, 1-bromooctadecane, NaHOOy (Sigma Aldrich, Darm-
stadt, Germany), and sodium tetraphenylborate (TP8) (Fluka, Buchs,
Swizerand). Organic solvents wsed for the synthesis and extractions
were anhydrous acetonitrile (ACH), dichloromethane (DCM), methanol,

Jarnial af Mlenler Digoidy 432 (2008} 137831

and hexane (Kemika, Zagreb, Croatia). Por sereor membrane production
and sersor fabrication; bydrophobic plasticizer ospitrophenyloctylether
(0=MPFOE) (Merck, Darmstadt, Germany), high molecular weight FYC
(Sigma-Aldmich, Hamburg, Germany), tetrahydrofuran (THF) {(Merck,
Darmstadt, Germany] and KaCl (SigmasAldrich, Hamburg, Germany]) as
an imner sodution; were ased.

Patemtiometric measurements were carrisd out with technical grade
berzethanium chloride (Hyamine 1622), and aralytical grades cationic
surfactants hexadecylrimethylammonium bromide (CTAB) and cetyls
pyridinium. chloride (CPC) (Merck, Munich, Germany) and analytical
grade aniomic surfactant sodium dodecylsulfate (505). Salts for inters
fering measurements were purchased from Kemika, Zagreb, Croatia.

22 Symhesic of 1, Sdivctodecyl-1H-1, 2, S triazol-J-ivm Bromide
BODTABr (1)

The: alkylation of 1,2,3-1H-triazole (0.365 g, 528 mmal) was per-
farmed under basic conditions by the additon of NaHCO, (607 mg, 7.22
mmol) in anhydrous ACN (5 ml) and an excess of 1shromooctadecane
(4 g 12 mmol). The progress of the reaction was followed by TLC
(DA methanol = 10:0.1) and the reaction was carried owt under reflux
for 2 days in an inert nitrogen atmasphere. KaBr salt was precipitted
with hexane and the crude product 1 was obiained by filiration. Further
parification by flash chromatography (DCM/methanal = 10:10.1) gave
the desined bisalkylated bonic salt 1 (2,818 g, 4.30 mmal) in an &1.5 %
yiedd.

23 DOOTA iomophore symifhesic

New cationic surfactant DODTA-Br was used for the synthesis of
DOOTATEE fonophare. The sensing ion pair DODTA-TPE (2) was
synthesized by mixing 2 mmal of DODTAEr (1] with 2 mmaol of sodium
tetraphenylborate, for 4 b in ACN. Next, after filtration, the filtrate was
washied with DCM and stored in a freezer for 24 h at =18 "C. After
fAltration, M was removed by rotary evaparation. DODTA-TPE ion
pair was dried ar 80 *C to reach the constant mass. Prepared DODTA-
TPE ion pair was stored dry and ready for analysis and surfactant
SENSOr reparation.

Z4. DMWITA-TPE surfociont sensor fafnicania

Ta prepare the DODTA-TPE surfactant sensor membrame a high
mualecular weight FYC was sonicated with a plasticizer o.NPOE (1:2) and
1% af the icn pair was added after 10 min. After adding 2 ml of THF and
sonication, the cocktail was poursd into the glass mold. After drying, a
layer was incorporated into the electrode body containing 3 M NaCl ax
an imner eleciralyte.

25 Instrumsntation

IR spectra were recorded in the KBr salt matrix using a Shimadma
FTIR = 84(H § infrared spectrophotometer with [Rsolution wer. 1.30
software. The 'H and "3 MME spectra were recorded by a Varian 400
imstrument in CLCly 25 solvent.

Spectroscopic information on the maolecular ions was obtained
through the AP[ 2000 LC-ESEMSMS (Applied Bicsystems, Foster City,
CA, USA] in ql ms scan mode.

For the elemental analysis, PerkinElmer 2400 CHNSAD Series 11
System was used (PerkinElmer Inc., Waltham, MaA, [SA).

For response measursment, Metrohm 794 Basic Thrino with the
Metrahm 81 pH meter (Metrohm, Herisaa, Switzerland) was used. For
ttrations, Metrohm 808 Tirando was employed. All measurements
were carried out with an Ag/AgCl reference electrode.
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26 Compuntional methods and sofhware

Tatal energies, optimized geometries, vibrational frequencies, thers
mochemical parameters including Gibbs free energies, and electron
diersities were calculated at the BALYF /6=31G{d) level of theary [16,17].
The Grimme®s [3 model employing BeckeuJohnson dumping was
applizd to increase the density functiconal theory (DFT) method s accu-
racy in the description of weak interactions [ 15, 15]. A conductor-like
palarizable cominuum mode]l (CPCM) was utilized to include water
solvation effects [20]. Mareowver, the CPCM solvation model enables the
screening af ion charges, preventing unphysical charge delocalization
and artifacts such as undesired covalent bond formation betwesn
DOOTA and TPE ions. The DFT caboulations were performed with the
ORCA 5.0.3 code [21,22] with the SHARK fastanath modube [22]. Ane
alyses af electrostatic potential, moleoalar ocbitals, charge decompaosis
tiom, and Fukui function iscsurfaces were based on the electron density
obtained with the above-mentioned method usng the Multiwfm 3.8
program [24]. The average reduced dersity gradient method was used to
analyze weak interionic imteractions during the molecular dymamics
simulation [10,25]. The trajectory was obiained at the COSMO-PM7
level of theory [26,27] using the MOPACH1S and Cuby 4 codes
[28,25]). Visualization was performed in the VMD 1.9.3 software [30].
The calculasted vibrational modes were assgned to specific bond vis
brations with the vibAnalysis code [21].

3. Hesults

3.1 Symieds ond characierizarion of 1, 3dioctadecybd 1,2 trinzoleds
it Bromide DODTA-Er (1)

Heating aof 1,2 3=1Hstriazole with 1-bromooctadecane under reflux
with NaH{0y as a base in acetonitrile under Nz atmosphere affarded
bisalkylated ionic salt [:ODTA-Br (1] in 81.5 % aof yield (Scheme | L After
the: isolation by flash chromatography (DCM/methanal = 10:0.1), the
DM TA-Br (1) was fully chamcterized by "H and C NMHB, mass spec-
trometry, ATHFTIR spectroscopy, and elemental analysis.

3.1.1. NMR amalysic
The "H MME and "I NMR spectra of DODTABr (1) are shown in

Figs. 51 and 52, respectively. As shown 51, in the TH NMR spectram, the
ring protoas HeO{4) and HC{5) appeared as broad singleis ai 11_86 and
BAT ppm, respectively. The Ha0{1') and Ho001™) of two octadecy] chains
were assigned as quartets with coupling constami J = 7.8 Hz at 4.45 ppm.
Pratoes H-C(Z) and H40{2") were identifisd in the identical chemical

Jarnial af Mlenler Digoidy 432 (2008} 137831

regian of 2.08 and 1.93. Due ta the similar chemdeal environmene, all
protons of the two chains from H-2(2') o H-C(1%) and from He00%) o
HC117*) appeared together in the MME region berween 1.68 and 1.41
ppm. The terminal methyl groups HaC018') and HeC018") of both chadrs
were identified ai 0L86 ppm as iriplets with coupling constant J = 7.0
Hz

The signals of carbon atams in 3 NME of DOOTA-Br (1] were found
at 1432, 143.0, 53.0 (2C acoms]), 48.9 (2C atams), 31.9 (2C acoms], 30.1
(2C atoms), 29.7 (12C apoms), 29.6 (40 aboms), 29.5, 29.4, 29.3 (2C
atams), 28.9 (2C atoms), 26,2, 26,1, 227 (2C atoms], 14.1 (2C atams)
(Fig. 53).

312 R analysis

The IR characterization of [OTA:Br (1) was performed by coms
parison with lterature data of similar compoands [32] and its IR spectra
is presemted in Fig. 1.

The strong absorptions at 2950, 2915, amd 2850 cm™" could be
assigned ta C-H alkenyl and alkyl strecching, and the strang bands at
1280 1470, and 1160 em™ to C=C and C-N stresching. The ring torsion
mations give specific bands at 720, and &40 cm™" in fingerprint region

The ESLMS/ME spectram in a positive and negative mode of
DODTABr (1] are shown in Figs. 53 and 54. As expected, the peak of the
DODTA cation appeared at my/'z vahee 5746 in the positive ion mode at a
cancentration of 2% ng ul~t.

The laiter was also confirmed with the data of the demental analysis
of DODTA-Er (1), since the experimentally determined and the calou-
lated values for the C, H, and N contents for the expected maolecular
farmula CagHrsBriy were in complete agreement: (exp.): C, 6531; H,
11.38; Br NJA; N, 6.27; (cale ) €, 69.69; H, 11.00; Br, 12.20; N, 6.42.

3.2 Modeling the [DTA-TFH don pair struciure (Associoie srucmre
modeling)

The theoretical study presented here focused on analyzing the for
mation of ionic associates and interionic interactions berwesn DODTA
cations and TPB anicns.

The interacting ions considered here are characterized by consider-
able structural differences. The TPH anions are relatively symmetric and
rigid, while the DODTA cations contain long alkyl octadecyl chad
which are extremely fexible and predefine the existence of numermes
conformational isomers. Calculations of the energies of the optimized
geomeiries of all possible conformers would therefore require enormoes
computational resources. Thus, we have here considered only foar
canformational isomers af DODTA, which, in our apinian, represent the

=
Br
N NH 4 2 BRCH.CH, — o HiCiHC)gHa Gy~ CHACH, JaCHy
gy zhrlry - ! :
— Bh, M; L
rafux 5 4
Bi.5%
1
= =
= MaTPE Ef]
' 2 - B z
18 T 1 1% o e i~
. H M3
HiCIH,ChaHaC - M. - CHACH; ) CH, ————= H;C[H2I3:|15,H2l3 e FrRARY N.-'[:Hzr{:rlﬂj,s-:Ha ff )}—5—% ).
M |
o % F’ ]
B1.5% B4 3% oy e

ek 1. Reneth - af
bircanide (1)

2

preparation of DODTA-TPE loncpbore (2) employing bisalkylaed fonke salt DODTA —Br 1. 3-dinctadecyl-15-1,2, 3-miszal-3-iom
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re-1

Fig. 1. ATE-FTIR spectes ol 1 3-dicctsdecyl-1H-1,2, 2ariseal-3-ium bremide (10

most comsiderable siructural differences between the conformers. The
limited selection of conformers was dictated by the vast number of
passible seructures arising from free motation around sigma C-C bands in
the alkyl chains. To significantly reduce the mumber of isomers consids
ered, we focused on those exhibiting substantial differences in the
canfiguration of the alkyl chains at the poimts of attachment to the tris
azolium rings, as this region mast significantly infleences the electronic
structure af the heterocycle. Based on this rationalbe, we selected cons
formations that differ in the values of the CS-N1-C1202 and
C4-N3L1" 4 torsional angles, which were chosen o be approxis
mately 90 or 180°. As pealkanes and straight-chain alkyl groups in their

(a)
Y conformer 1
g ]
¥ ﬁ‘*—
canfarmer 3

{r:]T Y hk*

crystalline state typically have allsirans {staggered) conformations, we
here.

The: four OOTA conformers studied bere are shown in Fig. 2 The
canformers have different tarsion angles between the ring amd the alkyl
chains. it should be highlighted that during the geometry optimd zation
step, conformers 2 amd 4 (see Fig. 2c, d) were transformed into
condormer 1, which confirmed the higher stability of the latter. The
Gibbs free energies of confarmer 1 was 3.4 kealmol bower ihan that of
canformer 3. Therefore, conformer 1 was consdered as a structure of the
DODTA cation in our further caboalations. The comreciness of the

r
e
conformer 2 . ‘Hrr

mﬁ&ng‘*{“ﬁ

(d) g

conformer 4

Bt

Fig. 2. Four conformers of DODTA considered in this study, The eritiesl torsion angles 8 (C1VC2-N1-05) and B{C1C2-N3-C4) are highlighied o blue. [a)
Conformer 1 is charseierized by By = B2.7° and By = &8 5 (b} conformes 2 s chamererized by B = 0U0F and 83 = 00 (2] conformer© 3 b characterized by By =

178.8" and By = 17900, aned () ool 4 s ch T
reder i referved 13 the web version of this arsele}

d by By = 1790 and 8z = 0%, {For interpreration af the relenences o coloar in this gure legesd, the

18



M. Clomar et ol

selected  CPCMAEBILYP-DAB)AG-31G(d)  theoretical method  was
confirmed by the good match of the caloulated vibrational modes of the
DOOTA catian and the experimental infrared (IR] spectrum of DODTA
bromide (see Fig. 55 in the electronic supplementary information file)l
The most significant experimental peaks were assigned to specific vis
brations through an awtomatic vibrational mode relevance determinas
tion analysis made with the vibAnalysis code.

The next stage of the stady involved modeling the DODTA-TPE ion
associabe structure. During this step, the most crucial task was to
determine the reciprocal locations of the DODTA and TPB ions. An
analysis of the ions' elecirostatic potential (ESF) isosurfaces was pers
formed to determine the sites with the highest localizations of positive
and negative charges (see Fig. 2} The grading of the ESP was done ace
carding to the Eeds(reen:Blue scheme, where the most positive areas of
ESP were codored in red and the mast negative areas were represented in
blue. The areas where the ESP values were close to zero were coloned in
green. As shown in Fig. Za, the minima of ESP were lomted between the
phenyl rings (bright blue dots). Thus, minima with ESF wmlues of -4.5 2
were found above the phenyl ring planes and minima with ESP values of
-9 ¢ were located closer to the ceniral bomon atoms.

Oin the other hand, in the case of the DODTA catiors, ESF maxima
were located around the trinzoliom rings (bright red dots). Maxima
abave the ring planes were characterized by ESP valoes of 4 5.1 eV,
while mavima with higher valoes of ESF were located anound the
H-C=(-H fragments of the triazolium rings. The maxima between the
rwo bydrogen atoms were characterized by ESP values of 4 53 e\; twao
miaxima located closer i the hydrogen atoms had ESF values of + 5.6 &V
and two maxima located between the CH ring groups and csmethylense
CH; group had ihe highest ESP values of + 5.7 eV. The ESF values
monatonically decreased with distance from the positively charged tris
azolium cycle. For example, starting at the CF position of the alkyl chain,
the ESP values were characterized by almost zero values. An analogouas
redistribution of positive charges has previously been observed im
cetylpyridinium cations [33). Moreover, the analysis of various types of
partial atomic charges also testified to the high concentration of positive
charges an the triazolivm nngs and neighboring methylene groups,
whereas the methylene groups that were located further away were
almost neutral (s=e Fig. S6).

Tao prepare the initial geometry of the DODTA-TFE on associate, the
ions were manually positioned so that their ESP extrema, shown in

Jarnial af Mlenler Digoidy 432 (2008} 137831

Fig. 3, were aligned to maximize slectrostatic atraction. This pre-
arranged stroctare was then fully optimized ar the CRCM-BILYP-
D3RI 6-31G(d) level of theary without any symmetry ar pasitional
oanstraints. The optimized geomeiry of the DODTA-TPB ion associabe is
shown in Fig. 57. The frontier molecular orbitals were then analyzed to
better understand the interionic interactions in the associate (see Fig. 4L
The electrostatic atmction between iors does not involve the formation
of new ¢ovalent bonds or changes in anes existing between the inter-
acting ions; therefore, no significant differences were expected in the
mealecular orbitals of the associate comparnesd ta the malecular arbitals of
fress joms. It should be highlighted, that the HOMO-1 and HOMO of the
associate were identical to the eorresponding orbitals of the TPE anion,
with marginal differences in energies of <015 eV and 003 eV,
respectively. On the other hand, the LUMO and LUMO 4 1 of the
associate corresponded to the cation's orbitals, being only slightly
higher in energy by 4 024 €V and 4 017 eV, respectively. The
simualtanecus slight decrease af the HOMO energy and increase of the
LUNKC ane sapported the favorable association of DODTA and T8 ians.

Fremtier malecular orbitals commonly determine the reactivity of
DODTATFE ton associates. Thus, the analysis of nucleophilic, electro=
philic, and radical Fukui functions {see Figs. 58] [34] as local reactivity
descriptors chearly indicabed that the associie’s most reactive sites
masiched well with the localization of fromtier molecular orbital iso-
surfaces. Fig. 5 shows that the electrophilic Fulmi functions, which
showed the areas that imteracted with the electrophiles most actively,
were kocalized on the carbon atoms at the 1, 2, 4, and & positions of the
phienyl rings of the TFB anions. On the contrary, the mucleophilic Fulkuod
functions indicated that all five atoms of the DODTA triazolivm ring
were mast reactive under the action of nucleophiles. In the case of
radical reagents, the attack was expected oo be on carbon atoms in po=
sitians 1 and 4 of the TP8 phenyl rings and nitrogen atoms of the DODTA
trinzolium ring.

Anather way to analyze interionic imteractions inwaolves charge
decompasition analysis (C0A), which provides valuable insights into
haw chiarges are trapsferred betwesn the fragments in a complex [35],
and in this case, between ioms in the associate. The analysis was per-
farmed with the Multiwin software. The donation of electrons from the
anioes to the cations was egual to only 0.0528=, and the back-donation
of electrons from the cations to the anions was equal to 00204 The
overlap population between the occapied moleoalar orbitals was foand

ESP (eV)

50
4.0

ofin

of TPE (a) aded DODTA () Values are o &V,

3
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LUMO
0.39 eV
HOMO 3};
5,42 eV
HOMO-1 &’
542 eV
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Fig. 5. Van der Waats (wdW) potential isosarfsces [green ancas) mapped ontoe wIW surfaces peesented with & 0.001 isovalee of elecoon dersiny of the TPB smbon [ blue
surface, &) and the ODTA cation (pink sarfsce, ). (For interprecarion of the neferences to colour in this figare legend, the reader is referred o the web version of

this srticle)

ta be equal to 0.1 302e; this negative value implies that repulsive effects
dominated the averall interaction between the ions” ccoupied frontier
midecular arbitals. Again, relatively small values of electron domations
between the ions suggested that the covalent components only played a
negligible role in the interionic interactions and that electrostatic ins
teractions were predominant instead.

Howewer, electrostatic interactions are not the oaly type of inberacs
tion that play an important role in the mterionic attraction between
DOOTA and TEE fons. Weak van der Waals (vdW) forces cannot be
ignored, especially when amalyzing free fors’ wdW potentials [26]. The
wdW patential isosurfaces of TPE and DODTA are presented in Fig. 5. In
the came of the TPE amions, the wd'W potential had the mast significant
impact om the regions between the phenyl rings. In the case of the
DOOTA cations, the wdW pocential had a high impact alang the alkyl
chains. These findings confirmed that weak interactions would be very

structure-dependent since various ion conformations and mutual loos
tions could lead oo significant overlaps of regions with high valoes of
wiW potentials,

Ta analyze the vd'W interactions in various associate stractares, we
generated the molecular dymamics trajectory of the associate in a water
sodution at 300 K. Modeling was performed at the semiempirical PMT
level of theory combined with the OOSMO solvation madel. Cuby 4 and
MOPAC2016 were used for the simulation. & wideo of a part of the
simulated trajeciory can be found in the video supplementary maserial
[(VIDED-E1), Furthermare, the obtained trajectory was analyzed with
Multiwin to genemte an average nonscovalent interaction iscsurface
baz=d an promolscalar atamic densities (see Fig. 4], The red areas oo the
isnsurface cormespond to areas of strong repulsion inside the pheny] rings
and between the pheayl rings of the TP anions. The bright blue aneas
carrespond  to regions of strong elecirostatic attraction between the

20



N, Clomar et el

Jemyrmia af Mlemn e Liguidy 453 (2035} 137501

Fig- &, A El dueed densicy gradiens t

arface based on g

orfesbydrogen atoms of pheoyl rings and the a=system of the neighs
boring phenyl rings. The largest green area comesponds o weak wiW
interinmic interactions. This area reproduces the vd'W surface of the TPB
andons, sugpesting that interionic interactions were taking place aver the
whole sarface of the TPB and DODTA sons aided by the various strac.
tural conformatiors of the ians.

33 Response charocierigics of I0TA-TPY surfactant semeor

Tao mvestigate the respanse properties of the DODTASTYE surfocrame
sensor incremental addition of CTAB and CPC in the deionized water
was performed. The respanse mechanism of surfactant sensors based on
ionophare and liguidsmemn brane type membranes ix cationic surfactants
are described in o modified Nernst squation:

E=F}8lhgacs

wivere E represents the electromotive foree, £ o constant potential term,
5 i= the slope, and acs. is the activity of the seected carionic surfactant.

The response of the sarfactamt sensor DODTATFR 1o cationic surs
Factamt CTAB and CPC showed high Hnesrity over a wide concentration
range. The response resulis and the satiszical caloulations including the
calcolated slope, linear response range, and inercepe were shawn in
Cable 1. DODTATPE surfactant sensor hiad o linear response mnge for
CTAS from 7 8x 107 b0 ¥ 2x107" M, with 2 corresponding slope value of
B4.2 mVy decade of activity, with high linearfty (B2 = 095967, indercept
of 312 £ § mV and lmit of detsction (LOD) T.1x107% M. The DODTA
surfactant secsor showed a linear response mnge for CPC from i

Tabsle 1
mmmﬁnﬂﬂﬂ-mmmmmmmm
rans CTAE and CPC.

Pareneirey CTAB O

Hope (m'fdecmlc] Sz 03 S5 02

Coeredrion oofficimm Ay (Lo

Irsereept (mV) Haxs =8

Liasiul ke concersrasen memm O™ EEUE ™
it R PR T

fowr the sudy of pon-covalent Interionic Inmersstions,

o 9. 2107 M, with a corresponding slope valoe of 58.5 mV /demde of
activity, with high Enearity (A? = 0.9855), an infercept of 351 £ 5 mV
and LoD & 5l ® M.

The interference of commaon catiogs was calculaesd by the fixed
imterference method (FIM) proposed by IUPAL. The concentrations of
sofutioms of nterfering cations were adjusted ta 0.01 M. Canondc surs
factand CPC was incrementally added to the terfering ion solwtions.
ﬁl:ﬂkdﬂhﬂ!ﬂﬂ-fmhrmd'mhﬁﬁmumm
Ca®™ was 6ol x 107, for Ma*, 4.8 x 10~* and for Mg it was 5.7 x 1075
'H'lel::r values showed a low interfering influence of seleced cations

on the DODTA-TFE surfactant sensor response.

4. Tiretion of canomde surfactans

A fabricated DODTATFE surfactnnt sensor was used as an end«<point
imdicator for titratkon of cationic surfacant CPC with the snionic sur-
factant S0 (4x10™" M) shown in Fig. 7. The response of the DODTA-
TPB sensor was & well-defined sigmaidnl corve with 357 4 10 mV
signal change. The correspunding frst derivative showed a distine
guished sharp penk 2t the expected endspoint with a signal dEsdV
change of 693 = 1.1 mV/ml,

The siandard addition methnd was used to iest recoveries of the
prepared DOBTACTEE sarfactant sensar. DODTASTPR surfactant sensor
was msed as an endspaint mdicabor for the titration of known amounts of
cationic surfactants (analytical grade CPC and techmical grade Hyamnie
1622), at tan concentrtion kvels 50 and 10 jmuol, with S06 25 a titrant
{dx10 8d}, showm in Tabie 2. Caloalated recoveries for CPC were 99,62
and QE.50 %, and for Hyamine 1622 0084 and $9.50 %, respectively.

DOOTASTPE sarfactant sensor was used as an endspoént detector of
the potentiometric titration of 3 commercial mouth-wash waters oons
tmining cationic surfactants. SBS as o Htrant (dl0™ M) was used a5 a
oounter jon. The results were compared with our previcusly puhlished
and well elaborated DMIC-TPE surfactant sensor. [2] The resulis were
presented in the Table &

DOOTA-TFE surfactant sensor showed excellent response charac-
teristics and good recoveries for investigated pa. amd technical grade
catiomic sarfaceants. With extersive use, it lasted more than & moaths.
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Fig. 7. Petesaiometric divstion of a cationle surfactant CPC with the anlonle surfactse S0E (401077 M} and the DODTA-TRFE mofacient sensor as & end-polng

indicstnr, including the caleulared 1o desivacive (ull Uee) on secondary y-aols.

Takle 2

Patentiamerre manen of knows omouns of estioni surlactsms CPC and
nechnical grade Hyaming Iﬁﬂmﬂﬂﬂﬂmt[ﬂ!]ﬂ-‘.lﬂmmm
Hereveries, with mean valoes ar £ 95 % confidende lmlis.

{atinnic [ o [ Addud j / = (Fomd]® # Hecoreery &
marinciant sy urenl mmal LY
CTAR e 50 s 2003 A
1] EE 008 L E ]
Hysmine (833 Techaical L] LI E L S F
grade ] S 00 L
*five seperitias.
Takle 3

Conyparison of the DOGTA-TFR safaciant sensor and peevicasdy poblished
DMEC-TPE srfactant sensors [2] o tmacion of commereinl mooth -wsh Sam-

ple== Inizg carionic s Porentinmesnic tiratdons were performed
with SDS @ & tomnr (410" ML
Lampla L TA- TR (%) DMIC-TPH (%
1 4523 481
x 4813 4813
5 LY ST
4. Conclusions

A mew catiomic sarfactamt, 1 3-dioctadecyl-1H-1, 2, 3-triazod3um
[DCHOTA), was symthesized and combined with tetrmphenylbarare (TFPH)
ta form o fumctioez] son pair. DFT computations confirmed that elece
trosatic interactions and dispersion fonces joincly sabilize the DODe
TA-TPE associate, without significamt charge transfer betwesn the sons.
Molemalar dynamics stmulstions reveal that multple confemations of
the DOOTASTFE ion pair remain stable both i agueous solation and
within a modebsd PVCsbased membmne environment.

The propossd DODTA-TPE surfactant sensar was successfully fahri-
cabed and tested on @ potenticmetric respanss an two cationic sarfac
tmnts, CTAE and CPC. DODTA-TPE surfactant sensar showed a linear
respanse range for CTAB from 7.9x007% o 7.2x107" M, with a comes
sponding dope valoe of 86.2 mV/ decade of activity; and o linear
response range for CPC from ZE07" o G2xie™ M, with a

oarresponding siope value of 58,5 mY/ decade of activity.

The standard addition method was swocessfully nsed o teso e
coveries of the prepamed DODTATPR surfactamt sensar. [OOTATEE
surfactant semsor was used as an end-point mdicatar for the tiration
of analytical grade CPC and technical grade Hyamnie 1622, at twao
oancentration levels 50 and 10 pmol, with SDS as a titrant: Calouksted
recaveries for CPC were 99,92 and 9850 %, and for Hyamine 1622 wers

These results highlight the sirong potential of DODTA-TPE as 0 pew

standard material for sensitive and accurate quantification of surfactanis
im Bguid mmples.
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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 potentiomelric sensor for the quantification of
anionic surfactants. The computational analysis of the DODTA*-TPB™ adduct reveals
a dynamic, thermodynamically favorable interaction driven primarily by hydrophobic
C=H-.-m contacts and the "EI!ib“il‘!." of the C-18 chains, rather than electrostatic or m—m
stacking forces. These findings, supported by the MM-FBSA, RDF, and structural analyses,
align with broader trends in molecular recognition and provide a foundation for designing
advanced ion-pair-based sensors. The sensor showed advanced analytical properties to
anionic surfactants with low interfering effects of selected anions. The response of the SDS
was investigated in the range from 8.1 = 102 M 1o 1.0 = 10=2 M, with a slope of —59.2 mV
and a limit of detection (LOD) of 3.1 = 10=7 M: and DBS was in the range of 8.1 x 10=4 M
to 2.5 % 10=3 M with a slope of —57.5 mV and an LOD of 5.9 = 10=7 M. The sensor was
tested on potential interfering ions. Potentiometric titrations of technical-grade anionic
surfactants had high recovery rates from 1002 to 1004%. The recovery test for spiked
samples of surface waters was from 9.2 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 titeation method.

Keywords: anionic surfactant; polentiomelry; sensor;, lon-pair; water analysis; DFT
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1. Introduction

Surfactants, or surface-active agents, are amphiphil'u: cnmpcnu'tds that reduce the
surface and interfacial tension between different phases {liquid-liquid, liquid—gas, or
liquid-solid). They consist of a hydrophilic (water-attracting) head and a hydrophobic
(water-repelling) tail, allowing them to interface between polar and non-polar substances.
The main properties in physical terms are (i) the critical micelle concentration (CMCp—the
concentration at which surfactants self-assemble into micelles, essential for detergency
and ernulsification; (i) the surface tension reduction, which enables wetting, foaming, and
emulsification; and (iii} self-assembly and micelle formation, where surfactants organize
into micelles, bila!.re-rs, and wesicles, which is critical for I:l'mln-gica] membranes amd d.rug,
delivery. They have a wide range of applications across different industries: detergents
such as cleaning and disinfection products, pharmaceuticals and drug delivery, the food
industry, the petroleum industry, cosmetics and personal care, nanolechnology and material
science, ele. Among them, anionic surfactants dominate global production, making up
approximately 7% of the market, with an increasing demand due to their effectiveness in
home and personal care products. The expanding consumer markel has led to a significant
rise in surfactant consumption, with the industey valued at USD 4557 billion in 2024 and
anticipated to reach around USD 7681 billion by 2034, expanding at a CAGR of 5.36% from
225 1o 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 [Z],
where the titration of an anionic surfactant with a cationic surfactant is performed in the
presence of a mixed indicator, like methylene blue/ dimidium bromide or tetrabromophe-
nolphthalein ethyl ester, until a color change indicates the end-point. The color of the
organic phase will change when the anionic surfactant s completely neutralized by the
cationic surfactant. {Z) The MBAS (Methylene Blue Active Substances) method [3,4] in-
volves the formation of a colored complex between the anionic surfactant and the cationic
dye methylene blue, which is then extracted into an organic solvent, and the blue color
intensity is measured by a spectrophotometer. The presented methods are expensive
and time-consuming, use oxic chemicals, and produce toxic waste; also, they require
skilled personnel [5-5]. On the other hand, chemical sensors for surfactants, especially
electrochemical surfactant semsors, are much simpler, cheaper, faster, and easier o op-
erate [10=12]. Usually, the main component of the potentiometric surfactant sensors is
the ion-pair, which i incorporated in the polymer (like P¥C) enriched with a specific
organic plasticizer [13-16]. The ion-pair usually consists of the cationic surfactant and a
negatively charged anionic surfactant or some other high-molecular-weight anion, like
tetraphenyl borate (TPB}—an crganoboron anion consisting of a central boron atom with
four phenyl groups [17]. The synthesis and selection of the ion-pair components are of the
most importance to the sensing membrane preparation and potentiometric response [ 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 Ihiswa}r, the fabricabed 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 o be synthesized and investigated through both
experiments and chemical modeling [17,25,26].

From a computaticnal 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 (MDY
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 fexibility 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 componernt
in a P¥C-based liquid membrane potentiometric sensor for cationic surfactants [27]. The
present study extends this research by employing DODTA-TPB as the active molecule ina
potentiometric sensor for anionic surfactants, such as sodium dodecyl sulfate {SDS) and
sodium dodecyl benzenesulfonate (DBS). Through molecular dynamics (MDY simulations,
molecular mechanics Poisson—Bollzmann surface area (MM-PBSA) calculations, and radial
distribution function {RDF) analyses, we elucidated the structural and energetic properties
of the DODTA-TPB adduct. These computational methods revealed that hydrophobic C—
H---m interactions and the flexibility of the C-18 alkyl chains dominate the ion-pair stability,
with minimal contributions from electrostatic oF m— 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 anicnic surfactants in complex agueous environments.
Compared to traditional methods like the IS0 2271 two-phase titration, which is tine-
consuming and relies on toxic organic selvents, the DODTA-TFB sensor offers a simpler,
faster, and greener alternative, 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 sensors
with an optimized performance for environmental and industrial applications.

2. Materials and Methods
21 Chemicals and Materials

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 used: o-
nitrophenyloctylether {o-NPOE) (Merck, Darmstadt, Germany), high-molecular-weight
PV (Sigma-Aldrich, Hamburg, Germany), and tetrahydrofuran (THF) (Merck, Darmstadt,
Germany). Chemicals for polentiometric measurements were anionic surfactants with
analytical grade: sodium dodecylsuliate (305} and sodium dodecylbenzenesulfonate (DBS)
{all fromn Fluka, Buchs, Switzerland); and anionic surfactants with technical grade were
505, DES, and lauryl ether sulfate (LES) (all from Fluka, Buchs, Switzerland). Analytical-
grade chemicals for interference measurements were all from Kemika, Zagreb, Croatia.
Potentiometric titrations were carried out with titrant l,ﬂ—didac'}']-z-melh!.r]jnﬁdam]ju:n
chloride (DMIC) (Merck, Munich, Germany). Anionic surfactant vial test Hach Anionic
Surfactants TNTplus ¥ial Test was purchased from Hach Lange, Berlin, Germany.

Commercial samples were purchased in the local stores. Environmental samples were
sampled (500 mL) in spring 2025 at the four locations in north-west Croatia. A lake water
sample was taken at Lake Motifnjak, one sample was taken at the hydro accumulation
Dreava, 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
5!.-1'1'.113& filter to remove :i.mp‘l.uiliF-_li_ Mext, I'he:,' were lested on anionic surfactamts h}' a
previously published method [9] and fast commercial vial test. Mo sample pre-treatment
of processing was applied, and the samples were spiked and measured on the same day.
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Surfactant SDS (50 umol) was spiked in the environmental samples and titrated with
cationic surfactant DMIC in corresponding concentrations.

1.1 Sensor Preparalion

The DODA-TPB ion-pair was synthesized according to the fast and green principle
procedure described in our previous publication [27]. After the ion-pair symithesis, purifi-
cation, and characterization, the irm—pair was mixed with a Mgh—mn]er_'ular-weight PV,
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 sensor was stored in deionized
water after measurements.

2.3. Measuring Setup

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

2.4, Computational Delails

Initial structures of DODTA* TPB=, and all model compounds were constructed using
MarvinSketch (ChemAxon) [23]. Geometry optimizations were performed using density
functional theory (DFT) at the B3LYP/6-31+G(d) level of theory in Gaussian 16 [29]. [REF]
Frequency calculations were conducted at the same level to confirm that all optimized
structures corresponded bo brue minima. Electrostatic potential (ESP) caleulations were then
pericrmed at the HF /6-31G(d) level, and RESF (Restrained Electrostatic Fotential) charges
were derived for use in molecular mechanics simulations. The General AMBER Force Field
(GAFF) was employed for all organic molecules. RESP charges and GAFF atom types were
assigned using Antechamber [30]. The resulting input files were processed using ACFYPE
to generate GROMACS-compatible topology (bop) and coordinate (.gro) files. Each system
was solvated in a truncated octahedral simulation bos with a minimum 6 A buffer between
the solute and the box edge, using the TIFP3P water model. Counterions were added as
needed o maintain charge neutrality. All molecular dynamics simulations were performed
using GROMACS 225,15, Energy minimization was first carried out using the steepest
descent algorithm until the maximum force was below 1000 k] mol™! nm=". Covalent
bonds involving hydrogen atoms were constrained using the LINCS algorithm, allowing a
2 fz integration timestep. Long-range electrostatic interactions were calculated using the
particle mesh Ewald (FME} method with a 1.0 nm cutoff. Van der Waals interactions were
treated with the same cutoff. Following energy minimization, the systems were equilibrated
under NVT and then NPT conditions. Production simulations were performed for 300 ns
in the NPT ensemble at 300 K and 1 bar, using the velocity-rescaling thermostat and the
c-rescale barostal. Binding free energies were calculated using the Molecular Mechanics
Generalized Born Surface Area (MMGBESA) method as implemented in the gmx_MMPESA
package. Representative snapshols 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 wsing 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. Conrpubitioral Anclysis

The computational analysis was conducted to gain deeper insight into the dynamic
behavior of the DODTA* cation in an aqueous environment and to elucidate the inter-
maolecular interactions that facilitate its adduct formation with the TPB™ anion. This study
particularly emphasizes the electronic, geometric, and energetic characteristics that define
the DODTA-TPB adduct, employing molecular dynamics (MD) simulations, molecular me-
chanics Poisson—Bolizmann surface area (MM-FBSA) calculations, and radial distribution
function (RDF) analyses. These methods are widely emploved in the literature to study
ion-pair interactions and molecular recognition processes [ 21].

Although the DODTA* molecule possesses a rigid triazole core, it exhibits significant
flexibility due to the presence of two unconstrained lipophilic C-18 chains. This inherent
maolecular Bexibility, in contrast to the relatively rigid TPE™ anion, is clearly demonstrated
in the calculated roct-mean-square deviation (EMSD) analysis (Figure 51). The EMSD,
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 Inng allq,'] chains enhance llexihilir!.r and facilitate interactions with
hydrophoebic or aromatic partners [32]. As will be detailed in the following discussion,
this adaptability of DODTA®* is a key factor in its efficient recognition and interaction with
TFB=, enabling the cation to adjust its geometry to oplimize 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 Auctuating B{TPE™ )---N{DODTA*Y) distances
observed during the simulation (Figure 52). These distances exceed 15 A in some instances,
indicating a temporary dissociation, while in approximately 66% of the sampled structures,
they remain below & A, suggesting close contact. This behavier aligns with studies on
ion-pair dynamics in agueous media, where weak or reversible interactions lead to a broad
distribution of intermolecular distances [33]. Despite this variability, the MM-PBSA calow-
lations indicate that the binding free energy for DODTA* and TPB= is exergonic, with a
AGgyp value of —23.4 keal mol=!. This negative binding energy confirms the feasibility of
the interaction and suggests a delicate balance between addwct stability and reversibility.
In the context of sensor applications, this balance is crucial, as it ensures the formation
of a stable Lun-pa.l.r 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
twor predominant types of stabilizing interactions: (1) the 7—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 fi—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 repnﬁenlath'e structure, c]nsel!.r a]ign-s with the radial distri-
bution function {RDF) analysis, which shows a peak at 5.4 A (Figure 1). The RDF analysis
quantifies the probability of finding the boron atom of TPB= at a given distance from the
representative nitrogen atom of DODTA®, confirming the dynamic vet stable nature of the
adduct. This consistency supports the validity of the proposed representative struchure and
highlights the key molecular interactions responsible for the stability and functionality of
the DODTA-TPB ion-pair.
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Figure 1. The representative structure of the DODTA-TPB adduct in the agueous solution (left; hy-
drogen atoms omitted for clarity) as elucidated from the 300 ns molecular dynamics simulations.
The cormesponding radial distribution function (RDF) graph (right) shows the distribution of
MN{DODTA*p--BTPE™) distances invelving the central unsubstituted triazole nitrogen in the cation,
with a peak at 5.4 A, indicating the preferred intermolecular separation in the adduct.

The close proximity between the boron and nitrogen atoms in the DODTA-TPB ion-
pair may initially suggest that electrostatic attraction is the dominant force driving the
binding between the opposite charges of DODTA®* and TPB=. However, this hypothesis
can be ruled out based on a thorough analysis of atomic charge distributions before and
after the adduct formation (Figure 53). The findings indicate that, prior to binding, the
triazole unit in DODTA* only accommaodates 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-TPB adduct, only 1% of the total charge
density is exchanged between the two compoenents. 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.%% |el, respectively. These resulls 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 7--- stacking interactions among the
components by analyzing the distances between the center of the mass of the triazole
ring in DODTA* and the phenyl groups in TPE=. Using the commonly accepted 4 A
threshold for 7t--- interactions [25], we observed that such interactions only ocour in 11%
of the structures sampled during the molecular dynamics simulations. These relatively
low frequencies suggest that 7---7 interactions between formally charged groups only
marginally contribute to the overall adduct formation, further highlighting their limited
role in stabilizing the adduct.

In an effort to better understand the contribution of the C-H.-.m 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 o 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 (AGypp = —14.9 keal mol='). Furthermaore, when both C-18 chains were consistently
replaced with methyl groups, the binding affinity showed an even more substantial 79%
reduction {AGgpn = —5.0 keal mol™"). These findings underscore the critical role of the
long alkyl chains in facilitating the binding of TPBE=, as their presence significantly enhances

30



Chemosensors 7005, 13, 321

Taf 14

the affinity of the cationic FODTA®* for TPE™. This observation is further supported by
simulations involving a simple alkane, CaHgzy, which is composed of two alkyl chains
of equivalent lengths to those in ODTA*. Despite being formally uncharged, CasHrg
demonstrated a binding affinity for TPB= that almost surpassed that of the model cationic
triazoles, AGgpgp = —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
TPB= in the solution.

Table 1. MM-PESA caloulated binding affinities { AGgpgp, in keal mol=!) between the TFBE= anion
and selected cations following the molecular dynamics simulations in water.

CHErCHy CHOCH, ChHy
’f'\i e mhi'
Cation Component [ t“ II: \, II: ‘:" CHCH W CHy
: : :
CHECHy CHy
AGEND _234 —149 50 —120

The dominance of the hydrophobic interactions and the flexibility of the C-18 chains
have significant implications for designing potentiometric sensors based on ionophores
like DODTA*. The reversible nature of the DODTA-TPB adduct, balamced by a favorable
AGppp 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 fexible alkyl chains are engineered into ionophores to optimize the performance [35].

3.2, Patentirmelric Sensor Characlerizaltion

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

E = Ey— Slaga ;- (1)

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

S06 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 owt in deionized water. The response characteristics of SDS were investigated in the
range from 8.1 = 10=* M to 1.0 = 10=2 M, while the response characteristics of DBS were
investigated in the range from 8.1 = 10=2 M o 2.5 « 10=3 M (Figure ). The potentiometric
response for SDS showed a high linear range from 4.1 x 10=7 10 5.1 = 10=3 M, with a slope
value of —59.2 = 0.4 mV /decade of activity and caleulated limit of detection (LODY) of
3.1 % 107 M. The potentiometric response for DBS had a linear range from 8.1 x 10~7 o
6.1 % 10™* M, with a slope value of —57.5 + 0.5 mV /decade of activity and a 5.9 x 10~7 M
LOD. Detection limits were estimated according to the IUPAC recommendations [36]. The
sensor showed high stability with a signal drift of 3 mV fhour

31



Chemosensors 7005, 13, 321

Saf 14

=103

-5 -G5 -85 -a5 -35% -15
o CAS

Figure 2. Motentiometric response curves of the DODTA-TPB surfactant sensor bo anionic surfactants
SD% and DES i deiomized water. The curves wene rearranged vertically for clarity.

The comparison with previcusly published response characteristics of ion-pairs con-
taining TPB as a counter ion showed a good agreement with new DODTA-TFEB ion-pair
sensing properties to the anionic surfactants DES and SD5 in terms of the linear response
range, slope per decade of activity, and LOD (Table Z).

Table 2. Kesponse characteristics of potentiometric surfactants semsors based on different ion-pairs

containing anionic TFE counter ion.

& lim=Pair
AS*
Characteristic  Mew DODTASTPE DMICTPB [37] DODISTPS [25] DHELTEE [35] DDASTPE [35]
LoD M) B4 5 1T = 107 71w 1077 il = 107 2w 107
L":"" "‘im"‘“’ Bl 10 Tmid o 10 B W07t 3 10 A I0TR32 w0 % 10Tl ] w107 RS 10-T=12 1077
DB "Sh““pt
{mVfdecade of =575 =578 =503 =584 =553
activity)
LD (3] 31 1077 33 x 107 68 % 1077 33 x 107 25 3 1077
Linear ispanse 4 joa 8w 0-% 4l 10-7=5 % 1077 50 10-7mdd w100 46 x 0751 x 1070 2w 10-Tmd x 1077
ps range (M}
Sape
{mVfdecade of -5 -55.3 -5E3 -6 -585
activity)
* Anionic Surfackant.

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 (L01 M, for each
investigated anicn. 505 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 fived interference method was used [40].
For all selected anions, the Inf_ariﬂlm of the seleu:livil}-' coefficient was calculated. The
DODTA-TPB surfactant sensor showed a high stability and a low influence of investigated
interfering anions.

MNext, the influence of the pH on the DODTA-TFB surfactant sensor potentiomelric
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 still there
was no significant influence on the response signal.
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Table 3. The calculated selectivity coefficient (Iogarithm) for selected anions (U011 M) measured with
the DOOTA-TPE surfactant sensor for the anionic surfactant S0,

Interfering Anions Iagk’r:
Acetate -372
Benzoat —3.84
Bromide -3.21
Borate —298
Chloride —-3.83
Carbonate —4.14
Dihydrogenphosphate —4.01
EDTA —3.84
Fluoride —3.68
Hydrogen carbonate —4.02
Hydrogen sulfate —3.86
Milrate —393
Sulfate —4.62

3.4. Polentiometric Titrations of Model and Environnental Samples
For the titration of anionic surfactants S5 (4 = 107* M) and DBS (4 = 107* &), the
cationic surfactant DMIC was used. The chemical reaction is as follows (Equation (2)):

Ang. + Catl, = AnyeCaleg 2y

The An7 represents the anionic surfactant {analyte, SOS, or DBES), the Calt; represents
the cationic surfactant (tieant, DMIC), and the AnggCaleg is the low solubility complex,
usually manifesting as a white precipitate.

Potentiometric titration curves for the titration of SDS (4 = 10°* M) and DEBES
{4 = 10=F M) with DMIC cationic surfactants (4 » 10~ M) used as a titrant are presented in
Figure 3. The DODTA-TPB surfactant sensor was used as an end-point indicator. The titra-
tiom curves for the mode] samples of S0S and DBS had defined and sharp inflection points
with a high potential signal change (Figure 3). The end-point could be easily detected.

400 =
00 4 ==
-
o,
[
1
a1
% 1
it :
= f
]
i
'
F)
100 4 ’ur
.rl,
_’.-" — DBS
’r'
J— ]
a T T T T 3
a 4 g 12 16 0
W{DMIC] el

Figure 3. Potentiometric titrations of model samples containing DES (4 = 10~ M, full line) and S0%
{4 = 103 M, dashed line} with DMIC cationic surfactants, DMIC (4 % 10-3 M), and the DODTA-TPB
surfactant sensor as the end-point detector. The titration curves wene rearranged horizontally for clarity.
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T observe the behavior of the DODTA-TPB surfactant sensor in solutions of the
technical-grade anionic surfactant, a series of three anionic surfactants (SD5, DBS, and

lauryl ether sulfate (LES)) were titrated, with DMIC (4 = 103 M) as a titrank. A fixed
amournt of the technical-grade anionic surfactant was added to the deionized water and
titrated 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
3011 mV for the DBS ttration curve and 276.2 mV for the SIS titration curve. Caloulated
recoveries were from 100.2 to W0.4%, respectively (Table 4).

Table 4. Potentinmetric titrations of three technical-grade anionic surfactants with DMIC {4 = 10-3 M)
as a titramt and the DODTA-TPB surfactant sensor as an end-pui.rrt indicator, with mean values
at +£95% comfidencoe limits.

Technical-Grade Aniomic

1w (Surfactant) *Mo i {Added W pumol i {Found) **fumol Remveryﬂl:

Surfactant
sDs G128+ 031 50 5021 = 004 1004
DBS 4761 £ 025 50 5013 = 009 1002
LES 2874012 50 50,11 = 0u05 100.2

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

After testing the DODTA-TPB surfactant sensor on model solutions and technical-
grade anionic surfactants, six samples of commercial products with declared anionic
surfactant contents were used to qualify the amount of anionic surfactants in the samples.
FPowdered, liquid/gel, and handwashing detergenis were purchased from the local store.
DMIC {in varying concentrations) was wsed as a titrant, and the DODTA-TPB surfactant
sensor was used as an end-point indicator (Table 5). The titration curves were well defined
and sigmoidal, and the end-point could be easily calculated. Caleulated values for pow-
derad dEtEl‘g-EﬂLi were 5.83 and 6.74% of anionic surfactants, for handwash.'ing delergenls
they were 13.585 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 previows measurements [25]. For the comparison, a two-phase method [2] was
used on the same samples. The calculated amounts were in good agreement with the
DODTA-TPB sensor.

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

Commercial w (ANIONIC SURFACTANTY

Detergents DODTA-TPFE  Two-Phase Titration *
Powdered ampe2  emion 20
T
il e oo =

g

The DODTA-TPB surfactant sensor was used as an end-point indicator in the potentio-
metric titrations of environmental water samples from the following locations in north-west
Croatia: one sample of lake water (lake 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 77 to 8.5, All environmental samples were
tested on anionic surfactants by a previously published method [37] and fast commercial
vial test and showed no anionic surfactants presence in the samples. The anionic surfactant
505 (50 umol) was spiked in the environmental samples and titrated with DMIC. The
recovery results are shown in Table 6. SIS was successfully quantified in all environmental
samples, which is a promising resull since no matrix interfering effect was observed, and
recoveries were in the range from 94.2 to 96.5%.

Table &. Recoveries for H'brpni:nlim'rwh’i.c I'ihn'l:iu'iuf:pciln:dSlJ‘S (50 prnal) i environmental Hm]:!l.ﬂ-
by the DODTA-TFE surfactant sensor as an end-point indicator. DMEC was used as a titrant.

Sampling Flace Wial Test Added SD5 Recovery e
River Drava Mo AS® 50 prnol 96.5%
River Mura Mo AS. 50 prmiol 95.8%
Lake Motitnjak No AS. 50 pumol 9. 2%
Hydro accumulation Drava Mo AS. 50 prnol 94.5%
* ASmmaminndc surfactant.

4. Conclusions

The development of a DODTA-TFE-based potentiometric sensor represents a signifi-
cant advancement in the detection of anionic surfactants, offering a sensitive, selective, and
environmentally friendly alternative to traditional methods. The computational analysis,
utilizing molecular dynamics simulations, MM-PBSA calculations, and RDF analyses, elu-
cidated the dynamic and thermodynamically favorable interactions between the DODTA®*
cation and TPB= anion, primarily driven by hydrophobic C-H---m contacts and the flexibil-
ity of the C-18 alky] chains. These findings highlight the limited role of electrostatic and n-m
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 DES, with low detection limits and a broad linear response
range, making it suitable for both trace-level and high-concentration measurements. Iis
reliability was further confirmed through the minirmal 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 potentiomeltric
measurements, this work provides a blueprint for designing advanced ion-selective sen-
sors. Fubure 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 fullwing supporting indormation can be downloaded at hitps:/ fwwow
madpi.com/article/ 103390/ chemosensors 3090321 /51: Figure 51: EMSD 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 formes; Figure 32 Evoluion of the distance
between the boron atom in TPE-and the nitrogen atoms in DODTA+ during the molscular dynamics
simulation, indicating that the DODTA-TPE adduct frmation is reversible and in equilibrium with
thie dissociated components; Figurne 530 CIurF distribution within the DODTA+ cation and the TPBE-
anion, either isalated or within the elucidated representative structure of the DODTA-TPB adduct,
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as obtained from the NBO analysis at the (SMD)/M06-2X/6-31+Gid) level of theory in water. The
:]:u:r.i.['i.:_'ncl: of atoms considered for the aml}':i.i-:is-dﬂﬂnd IJ}I'IDUJI.'H' {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-TPE adduct formation.
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Abstrack: Two new surfactant sensors were developed by synthesizing Pr-doped acid-activated mult-
walled carbon nanotubes { PREEMWCNT). Two different onophones using PREIEMWCNTS, a new plash-
cizer, and () cationic surfactant 1,3-dihexadecyl-1H-berzold imidasol- 3-ium-DHEL (PEMWCNT-DHEL
ionophore) and (b) anionic surfactant dodecy lbenzenesulfonate-DBS (PHEEMWCNT-DBS ionophaone)
composites were !-U.DCHS.FLIII.}I' :_5!11I:|:|=:i:.5|:|:| and characterized. Both surfactant sensors showed a
response to anionic surfactants (dodecy bulfate (S095) and DES) and cationic surfactants (cetylpyri-
dinium chloride (CPC) and hexadecyltrimethylammaonium bromide (CTABY. The PHEMWONT-DES
sermor showed ]mwﬂ':ﬂ'ujliﬁl}l than E:r:pﬂ:hed with the sub-MNernstian Tespomse of =23 mV /decade
of activity for CPC and CTAB and =33 mY fdecade rlfal:h‘\".ll:_l' for 5105 and DBS. The PHEEMWUNT-
DHEI surfactant sensor hﬂd.suprri.m' TEsEpOnse F’I’ﬂPﬂ‘ﬁE‘S\, i.'n|:|.1.1|:|:inE a MNernstian Tesponse o SDS
{39.1 mV /decade) and a near-Nemstian response to DES (57.5 mV /decade), with linear response
regions for both andonic surfactants down o 22 « 10-% M. The PEMWCNT-DHEL was also useful
in critical micellar concentration (CMC) detection. Common anions showed very low interferences
with the sensor. The sensor was successfully employed for the potentiometric titration of a technical
grade cationic surfactant with good recoveries. The content of cationic surfactants was measured in
six samples of complex commercial detergents. The PREIMWCNT-DHEBI surfactant sensor showed
good agreement with the ISE surfactant sensor and classical two-phase titration and could be used as
an analytical tool in quality contral.

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

SETSOT

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 surfactanis: 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 con-
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-
fuence on the environment since they disintegrate cells, prevent oxygen exchange, etc.; they
irritate the skin and can cause other health issues. For this reason, it is important to 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 ime-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). Chher maore common instrumental methods are chromatogra-
phy methods like Size-Exclusion Chromatography [4], lon-Exchange Chromatography [5],
HFLC [&], and Gas Chromatography |7]. These methods offer reproducibility but require
skilled personnel and are expensive to perform and operate.

T 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. FYC 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 ionophaore is an on pair
usually made of a large cationic surfactant and an oppositely charged lipophilic ion. The
maost 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].
MNanomaterials can be chem'n:'a.u}' bound to the ion pa.u' 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 (SWCMNTs), where CTAB and 5D5, adsorbed to the SWCNTE, act as
ionophores [15]. In this study, two electrodes were fabricated: CTAB-SWCNT and SWCNT-
505, The proposed sensors exhibited a Nernstian response of 59.5 mV/ decade of activity
for SD5 and a near-MNernstian 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 distinct surface
regions due to 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
bazal planes of pyrolytic graphite [15]. Electrochemical sensors containing multi-walled
CNTs have shown superior properties in terms of functional surfaces, small dimensions,
greal chemical 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 electrochermnical sensor development was im-
proved by metal-doped nanomaterials, like metal-doped carbon nanotubes (CNTs) [10,18,19].
This resulted in a conductivity increase, which caused a faster response time and extended
operating range [20]. When wsed in polentiometric sensors, metal-doped nanomaterials
offer several advantages as follows: enhanced sensitivity, improved selectivity, a wider
detection range, faster response Lime, 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 ime, and increased selectivity; the detection limits
were 7.6 = 10=7 M [21]. The combined presence of carbon nanotubes with their excel-
lent electron-transfer capacity and platinum Pt, which possesses the best catalytic activity
armong 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 hydrogen peroxide
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concentrations [ 17]. Flatinum nanoparticles are more often employed and supported onto
carriers rather than being used separately. This is because they can easily agglomerate or
deactivate while supporting them onto carriers enhances their stability and durabiliey [26].
Also, in 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 narmparticlﬁ, Lhemb}r aJlnw'mg for
the tuning of their activity and selectivity, which is the case in numerous reports dealing
with this matter [27].

In this paper, we 5}mthﬁiaed Ft—dnped MWCMNTs, which were used for the Fabrication
of two ienophores, (a) PEEMWCNT-DHBI and (b) PreMWOCNT-DES ionophores. These
ionophores were used, together with a new Elvaloy 742 plasticizer, bo fabricate two sensing
membrane nanocomposites for potentiometric applications in surfactant analysis. Platinum
was selected since it offers high conductivity and chemical stability. The sensors were
characterized, and the selected sensor was successiully tested on technical grade and
comrnercial product samples. The presented sensing platform featured advantages like fast
and low-cost preparaticm, high slabi]it].r amd 5ensili1.'it}r, and a wide limear d}'nami-c 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
:iIﬂ]:I‘n’WEI‘I‘lEI‘II nft]'tepr\e-pared mmpmibe material, there is a si,gnil'u:anl sal.l'jng im the costs
of applying platinum in such a highly dispersed version instead of pure metal.

2. Materials and Methods
2. 1. Chemicals

Fotentiometric measurements were carried out for the following anionic surfac-
tants: sodium salts S[E—dndscy]sulfale and DBS—dndecylbenaenEull’nnalE {Fluka,
Buchs, Switzerland), cationic surfactants Hyamine 1622—benzethonium chloride,
CPC—eetylpyridinium chloride, and CTAB—hexadecyltrimethylammonium bromide
(Merck, Munich, Germany). The pH was adjusted using corresponding amounts of NaOH
ard HCI (all from Kemika, Zagreb, Croatia). HNOs, H250y, HaPiCls, and NaBHy were
used for the doping process (all from Kemika, Zagreb, Croatia).

For the preparation of the sensing membrane nanccomposite, a high maolecular weight
FVC (Sigma Aldrich, Taufkirchen, Germany) and plasticizer Elvaloy 742 (DuFont, Wilm-
ington, DE, USA) were used.

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

2.2, Pt-Doped 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 100 min. Then, (L5 mL of the aqueous solution of HPECl, (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 &0 mg of NaBH,; previously dissolved in 20 mL
of deionized water. Platinum doping effects were confirmed by our previous study [23].
After 24 h, probes were filtrated on the Buchner funnel with copious amounts of deion-
ized water, dried, and Ft-doped acid-activated MWCNT: were produced according 1o
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:H250y = 1:3) under reflux for 210 min. Activated MWCNTs were rinsed at
the Buchner funnel with at least 1 L of deionized water, then dried for a couple of hours,
homaogenized, 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. PraMWCNT-DHEI lonophore Production

The 1 3-dihexadecyl-1H-benzold Jimidazol-3-ium (DHBI) cationic surfactant synthesis
was described in our previous paper [29]. The synthesis of the ionophore based on carbon
nanotubes’ complex with a caionic 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 PEMWCNT 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 to increase
the hydrophobicity of the inner cavity of the PEEMWCNT and enhance the inclusion of
complex formation. NMext, the PEEMWCNTs were left to dry at room temperature. After
this, 2 mL of the 5 = 10=* M solution of DHBI-Br was added to the Pr-doped MWCNT:
and stirred for 24 h. After filtration, the precipitate was washed with ultrapure water. Next,
the precipitate dried at 80 °C. The prepared PraEMWCNT-DHEI ionophore was ready for
further processing.

24 PHEMWCNT-DHEI Surfactant Sensor Fabrication

The sensor membrane nanocomposile was fabricated by mixing 3 mg of PrEMWCNT-
DHEBI ionophore with 25 mL of THF (Fluka, Buchs, Switzerland) and 120 mg of high
molecular weight PVC. 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 1S-581 (Glasblaeserei Moeller, Zurich, Switzerland) filled with
3 M of potassium chloride as an inner filling solution. The sensor was prepared and ready
tor wse. The sensor was stored in deionized water between the measuring intervals.

25, 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, Tokvo, Japan).

The PrEdMWIENT and Pr@EMWCENT-DHEI surfactant sensors were characterized by
the Shimadzu IR solution 1.30 FTIR-8400 5 infrared spectrophotometer (Shimadzu, Kyoto,
Japan). For response, interference, and pH measurement, a Metrohm 794 Basic Titrino with
the Metrohm 781 pH meter (Metrohm, Herisau, Switzerland) was used. For litrations, a
Metrohm 808 Titrando (Metrohm, Herisau, Switzerland) was Emp]n!.red. The AE,.I'A.ECL
reference electrode was used in all measurements. The membrane resistance Was mei-
sured by the UT15B Max True EMS Digital Multimeter (Uni-Trend Technology EU GmbH,
Augsburg, Germany]).

2.6, Response Procedure

Potentiometric response measurements were carried out 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=3 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 SD3 in the (.01 M interfering ion solution.

2. 7. Titration Procedire
During potentiometric titrations, the dynamic equivalent point titration (DET) mode
with a signal drift of 5 mV /min was used. At higher concentrations, the waiting time was
15 5. Ti» reach the signal stabilization at lower concentrations, a 30 s waiting time was wsed.
Far titrations of the technical grade cationic surfactant Hyamine 1622 (4 = 1073 M), a
corresponding concentration of SD5 was used (4 x 103 ).
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For titrations of commercial products containing anionic surfactants, variable concen-
trations of CPC were wsed.

After each measurement, the surfactant sensor was washed with deionized water.

3. Results
3.1. TEM Characteristics of PREMWCNT

The representative structure of the PeEMWCNTs analyzed by Transition Electron
Microscopy is illustrated in Figure 1. An effective dispersion and deposition of Pt nanopar-
ticles omto the CNT support can be seen in Figure la withowt evidence of filling the interior
of the MWCINT with Pt. A higher magnification, as obtained on the TEM image in Figure 1b,
reveals that Pt nanoparticles tend to agglomerate, forming clusters with an average di-
ameter of approximately 10 nm. It is noteworthy that Pr nanoparticles firmly adhere 1o
the surface of nanotubes, as no detached part'm]es. were observed. In the HETEM image
depicted in Figure 1c, 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 (SAEDY} 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.

Figure 1. TEM image of Pi-doped MWCNTs: (a,b) at different magnifications, () HETEM image
showing a cluster of Pt nanoparticles and (d) Selected Area Electron Diffraction {(SAED) patterns.
3.2, IR Characteristics of PREMWCNT, PE@MWCNT-DHEI and PI@MWCNT-DES

After the PHEMWOCNT, PEEMWCNT-DHBI, and PHEMWCNT-DBES synthesis, the
compounds were characterized by FI-IR spectrometer to observe the nanocomposites in
the IE spectra and check the stability of the ionophore nanocomposite.
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3. DISCUSSION

Hypothesis #1New cationic quaternary alkyl ammonium compounds (@Q.C)
based on imidazolium and triazolium groups can impove the properties of

potentiometric sensors for surfactants.

The development of potentiometric sensors for stafds is fundamentally based on the
incorporation of an ionophore within a sensitivenmbeane. [15] The classic and most widely
used ionophores are ion-pairs (ionophores) formetd/iden a bulky lipophilic cation and the

analyte anionic surfactant.

Potentiometric sensors for surfactants were feported in the 1970s. These sensors had ion-
pairs, plasticizer and a polymer, like PVC. [59-8hE 1990s marked the start of synthesizing
PVC membranes for anionic surfactants. This wasieaed by incorporating a
tetradodecylammonium (TDA) - dodecylbenzenesulferf®BS) ion pair into a PVC matrix
plasticized with o-nitrophenyl octyl ether (NPOEH2] A major advantage of the resulting
solid-state ion-selective electrodes (ISEs) isrttesign, which places the membrane directly
on a conductive epoxy/graphite support, removimgied for an internal liquid reference. [63]
In the early 2000s, cyclic ionophores were devedlops an alternative to the quaternary

ammonium salts traditionally used in surfactantietales. [64,65]

Further advancements in ion-pair-based potentioowtnsors have been extensively explored.
In 2006 a PVC membrane electrode that utilizeddaheair tetrahexadecylammonium-dodecyl
sulfate (THA-SDS) as the active sensing materia inroduced. [66] This sensor enabled the
guantification of anionic surfactants at low concations, down to 10 M. Subsequently, the
same research group developed another PVC memélesteode employing the ion-pair 1,3-
didecyl-2-methylimidazolium-tetraphenylborate (DNMRB) with o-nitrophenyloctyl ether
(NPOE) as the plasticizer. [67] The resulting seresdnibited a Nernstian response for SDS
and a near-Nernstian response for DBS. In 2011,-pM€ticized liquid membrane electrode

based on a hexadecyltrioctadecylammonium-tetraghergte (HDTA-TPB) ion pair was
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introduced. [68] There were many other types ofpairs used for surfactant sensor fabrication,
like cetyltrimethylammonium-dodecylsulfate (CTA-SPS [69,70],
dodecyltrimethylammonium-dodecylbenzenesulphonate DTACDBS) [71],
cetyltrimethylammonium-tetraphenylborate (CTA-THB0], etc.

The introduction of a PVC matrix [72,73] enabled tiimmobilization of these ion-pairs, leading
to a rapid expansion in sensor development. The pregalent cationic components in these
ion-pairs are various quaternary ammonium compoui@i&cCs). The review paper on
potentiometric sensors for anionic surfactatnsJoyanovi et al. [74], highlights numerous
examples of published ionophores, including -cetgithylammonium (CTA) with
dodecylbenzenesulfonate (DBS) [75], dimethyldioeadammonium (DDA) with
tetraphenylborate (TPB) [47,76], tetraoctadecylamiwnm (TODA) with TPB [77], etc.

Although classical QACs have been widely applidgkirt inherent limited selectivity and

susceptibility to leaching have driven the seardn hovel materials with enhanced
performance. [15] Recently, attention has turneslatds the development of new cationic
quaternary alkyl ammonium compounds, particulanlyse containing imidazole and triazole
groups. [78-82]

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

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

Building upon this background, the goal of the presnvork was to design and synthesize a
new cationic surfactant, 1,3-dioctadecyd-1,2,3-triazol-3-ium bromide (DODTA-Br), using
a green, one-pot synthetic route. The synthesisasia®ved via the bisalkylation oH11,2,3-
triazole with 1-bromooctadecane under reflux intacirile, with NaHCO serving as a base
and an inert Natmosphere, yielding the desired ionic produ@1a5% (Scheme 1). Following
purification by flash chromatography using a dichloethane/methanol gradient (10:0.1, v/v),
the structure of compound 1 was comprehensivelyracherized by *H and 33C NMR
spectroscopy, mass spectrometry, ATR-FTIR speamsand elemental analysis to confirm

its identity and purity for subsequent applicatiorsensor development.
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Scheme 1Syntesis of DODTA-TPB ionophor2)(employing bisalkylated ionic salt DODTA
-Br 1,3-dioctadecyl-#-1,2,3-triazol-3-ium bromidelj.

DODTA-TPB ionophore was then incorporated in theCH)fasticizer matrix to form a liquid
membrane type of surfactant sensor. [83] The PV&&thdiquid membrane type was mounted

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

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

Abcd g (16)

whereE represents the electromotive forc€a constant potential terrn,is the slope, and ¢

is the activity of the selected cationic surfactant

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

Equation:

6 Abcd 7 | (17)
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whereE represents the electromotive forc8a constant potential term,is the slope, andy |

is the activity of the selected anionic surfactant.
The formation of ionophore is based on the prea&ijoih reaction:

@A BA ©D @ABA (18),
where CS' = cationic surfactantAS = anionic surfactantCSAS= ion pair.
The ion pair dissociates as follows:

@ABA D @ABA € (19)

with a solubility product constant:

K.o=a_xa _- (20),

sp cs' AS

wherea_, anda,  represent the activities of ion pair anions arteboa.

Prior to the equivalence point, the decrease is@epotential followed the variation in the

concentration of the cationic surfactant, as dbsdriby Eq. (16). Once the equivalence point
was reached, indicating complete precipitation loé tcationic surfactant, a rise in the

concentration of the anionic surfactant in the sofubecame apparent. [84]

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

K
E = E, + Slog—= (21),
AS
that after rearrangements:
E=Const Sog a (22)

whereConst= E + Sog K.

Cationic surfactants

The response characteristics of the DODTA-TPB staf#t sensor to cationic surfactants were
investigated by incrementally adding cetyltrimetigimonium bromide (CTAB) and
cetylpyridinium chloride (CPC) in deionized wat&he response mechanism of such liquid-
membrane sensors follows a modified Nernst equatescribed in Eq. 16.
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The DODTA-TPB sensor exhibited a highly linear @sge to both CTAB and CPC across a
wide concentration range (Paper |, Table 1). FOABTthe linear range was 7.9 x 960 7.2

x 10% M, with a slope of 56.2 mV/decade (R2= 0.9967) mit of detection (LOD) 7.1 x 10

® M. For CPC, the linear range extended from 3.DXtb 9.2 x 16 M, with a slope of 58.5
mV/decade (R= 0.9899), and LOD 2.9 x OM.

Selectivity against common cations was evaluatéaguhe fixed interference method (FIM)

at 0.01 M. The potentiometric selectivity coeffitige (ocd K"t ) for C&* was 6.1 x 19, for
&

elL 9

Na', 4.1 x 10* and for M¢" it was 5.7 x 10., indicating negligible interference.

The utility of the DODTA-TPB sensor as an end-panalicator was demonstrated in titrations
of cationic surfactants with sodium dodecyl sulfé®®S, 4x1¢ M). As shown in Figure 1
(Paper |, Figure 7), titration of CPC produced dlngefined sigmoidal curve with a signal
change of 357 £ 10 mV. The first derivative exhalita sharp peak at the equivalence point,
with expected signal change (dE/dV) of 69.3 + 1\/mmL.

Figure 1. Results for potentiometric titration of a CPC witte SDS (4x18 M) including
calculated 1st derivative (full line) on secondgrgxis. DODTA-TPB surfactant sensor was

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

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

indicator for the titration of known amounts of icatic surfactants at two concentration levels
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50 and 10 pmol, with SDS as a titrant (4X10). Sensor was tested on analytical grade CPC
and technical grade Hyamine 1622. The sensor showeellent properties with high
recoveries: for CPC were 99.92 and 98.80 %, andHj@mine 1622, 99.84 and 99.50 %. All

values are reported at the 95% confidence limit.

Anionic surfactants

DODTA-TPB surfactant sensor was tested on respohsaeacteristics toward selected
anionic surfactants. The sensor response mechatosmsponds to the modified Nernstian

equation described in Eq. 17.

Sodium dodecyl sulfate (SDS) and dodecylbenzenmrsate (DBS) were used as model
anionic surfactants to evaluate the response of MI@DTA-TPB surfactant sensor.
Measurements were performed in deionized watergiPpFigure 7). SDS was investigated
in the concentration range 8.1 x 1.0 x 102 M, while DBS was studied between 8.1 x 10
and 2.5 x 16 M. For SDS, the sensor showed a linear response4.1 x 10 to 5.1 x 10®

M with a slope of 59.2 + 0.4 mV/decade and a limitdetection (LOD) of 3.1 x 10M (Paper

Il, Table 2). In the case of DBS, the linear ramges 8.1 x 10— 6.1 x 10 M with a slope of
57.5 £ 0.5 mV/decade and an LOD of 5.9 x 1M (Paper Il, Table 2). Detection limits were
calculated according to IUPAC recommendations. [8b¢ response characteristics of the
DODTA-TPB ion-pair sensor toward DBS and SDS shogead agreement with previously
reported TPB-based ion-pair sensors, particuladyarding the linear response range, slope per
decade of activity, and limit of detecti@Paper I, Table 2). The sensor exhibited goodilitab
with a signal drift of about 3 mV h

The effect of potential interfering ions was evafidbusing a series of anions (Paper Il, Table
3). Interfering ion solutions (0.01 M) were preghrand SDS was gradually added while
monitoring the potentiometric response of the DOBTRB sensor. Selectivity coefficients

(bcd k7"hjL&) were determined using the fixed interference meth[85] The calculated

m

logarithmic selectivity coefficients indicated lanterference from the tested anions and good
sensor stability. For exampliecd k?hj;&for acetate was —3.72, benzoate —3.84, bromid&l;-3.
chloride —3.83, carbonate —4.14, dihydrogenphogphkdt0l, EDTA —-3.84, fluoride —3.68,

nitrate —3.93, sulfate —4.62. The sensor showel &igbility and pH resistance in the range

from pH 3 to 10, and in this way it could be useddifferent sample applications.
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The results presented in this chapter confirm Hypsis #1, demonstrating that newly designed
cationic quaternary alkyl ammonium compounds basettiazolium groups can improve the
analytical performance of potentiometric surfactaehsors. The successfully synthesized
compound 1,3-dioctadecyHtl,2,3-triazol-3-ium bromide (DODTA-Br) enabled the
preparation of the DODTA-TPB ionophore, which wéedtively incorporated into a PVC-
based sensing membrane. QAC based on imidazolium wsed with doped carbon
nanomaterials to prepared new ionophore and testythothesis #2.
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Hypothesis#2: Doped carbon nanomaterials as electotive materials can
enhance the analytical properties and lifespan ofgientiometric sensors for

surfactants.

Pt-doped multiwalled carbon nanotubes (Pt@MWCNT)engynthesized and employed as
nanostructured platforms for the preparation of twwphore materials, Pt@MWCNT- DHBI
(based on cationic surfactant 1,3-dihexade¢ydbkenzo[d]imidazol-3-ium — (DHBI) and
Pt@MWCNT-DBS. These ionophores were incorporatéml Sensing membranes plasticized
with Elvaloy 742 to fabricate nanocomposite pot@metric sensors for surfactant
determination. Platinum was selected due to it hetgctrical conductivity and chemical

stability, which contribute to improved signal tsaluction.

The fabricated sensors were characterized and guésty applied to the analysis of technical-
grade and commercial surfactant samples. The deselsensing platform demonstrates
several advantages, including simple and low-cosparation, high sensitivity and stability,
and a broad linear dynamic range. Furthermore,etbetrochemical configuration enables
potential integration into portable devices forgte surfactant monitoring. The use of highly
dispersed Pt nanoparticles significantly reduceserisd consumption compared with bulk

platinum, thereby lowering overall sensor cost.

Pt@MWCNT nanomaterial was sussesfuly syntesizecchathcterised. The morphology and
dispersion of Pt nanoparticles on MWCNT were ingeged by transmission electron
microscopy (TEM) (Paper lll, Figure 1). TEM imagesveal uniform deposition of Pt
nanoparticles on the external surface of the ndrestuwith no evidence of nanoparticle
incorporation inside the nanotube channels. Highagnification images indicate partial
nanoparticle agglomeration, forming clusters wittagerage diameter of approximat&/nm

The nanoparticles appear firmly attached to thehdre surface, as no detached particles were

observed.

The synthesized nanocomposites were further creaiaetl by FTIR spectroscopy to confirm
ionophore formation and structural stability. Tpectra of Pt@MWCNT exhibits a broad band
around 3450 cm, attributed to O—H stretching vibrations of sadahydroxyl and carboxyl
groups as well as adsorbed water (Paper Ill, Figurad weak band near 1350 cneorresponds

to C-O stretching vibrations, while the signal ppeximately 2950 cm is associated with
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asymmetric stretching of methyl or methylene grolgeated at defect sites of the nanotube
sidewalls. The band at 1560 ¢énis assigned to the carboxylate stretching modefitning
the presence of oxygen-containing functional granp®duced during acid functionalization.
The spectra of the Pt@MWCNT-DHBI nanocomposite @imist characteristic bands of the
DHBI surfactant, including C—H stretching vibratomt 3025 cnt and 2960-2746 crh
together with aromatic ring vibrations at 1600 4485 cm? (Paper lll, Figure 2). The presence
of these features in the composite spectrum cosfitite successful formation of the
Pt@MWCNT-DHBI ionophore. Similarly, the Pt@MWCNT-BB spectrum shows
characteristic absorption bands of DBS. A broadlbanhe 3200-3600 craregion is assigned
to O—H stretching vibrations, while bands aroun@®&m?* and below 3000 crhcorrespond
to aromatic and aliphatic C—H stretching modes éPdf, Figure 3). Additional bands
observed in the regions 1533-1690 £m457-1405 cm, and 1270-900 crhare associated
with aromatic ring vibrations and sulfonate funoabgroups. In particular, strong asymmetric
and symmetric S=O stretching bands confirm the ripmation of DBS within the

nanocomposite structure.

These spectral features confirm the successfuhegig of both ionophore nanocomposites,
which were subsequently employed for membrane pagipa and potentiometric sensor

characterization.

Response characteristics

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

anionic surfactants, the response was describé&by7.

Response characteristics of both fabricated senB6@MWCNT-DHBI and Pt@MWCNT-
DBS, were evaluated in deionized water toward anisarfactants (SDS, DBS) and cationic
surfactants (CPC, CTAB).

The Pt@MWCNT-DHBI sensor exhibited linear caliboatcurves with clear inflection points
for SDS and DBS (Paper Ill, Figure 4). The statadtevaluation (Paper lll, Table 1) showed a
Nernstian slope for SDS (59.1 mV decayl@and a slightly sub-Nernstian response for DBS
(57.5 mV decadé). Both surfactants exhibited broad linear resporeseges down to
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approximately 2 x 10 M, enabling quantification across a wide conceitnainterval. The

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

The response toward cationic surfactants (CPC anABY is shown in Paper Ill, Figure 5.
Linear calibration curves with inflection pointsroesponding to CMC values were observed.
However, the slopes were sub-Nernstian, with 49/2Z@cadet for CPC and 44.7 mV decaéde
for CTAB. The linear region for CTAB was broademthfor CPC. Although the sensor
demonstrated good response characteristics, theeeddslopes indicate lower sensitivity for

cationic surfactant quantification.

The Pt@MWCNT-DBS sensor was also evaluated towBi® &d DBS (Paper lll, Figure 6).
In both cases, sub-Nernstian responses were obtaiie linear response region for DBS
showed a slope of 32.1 mV decddevhile SDS exhibited a slope of 33.8 mV decadeith

the linear region starting at approximately 1 x 1d@. These characteristics indicate limited

applicability of this sensor for anionic surfactaetermination.

Similarly, when tested toward CPC and CTAB (PaplerHigure 7), the Pt@MWCNT-DBS
sensor exhibited weak responses with narrow linegions. For CPC, the useful range (1 x
10 -1 x 103 M) showed a slope of 23.7 mV decddavhile CTAB displayed a slope of 22.9
mV decade within 1.6 x 10 — 1 x 103 M.

Overall, the Pt@MWCNT-DHBI sensor demonstrated ificantly superior performance
compared to the Pt@MWCNT-DBS sensor. The sengitivéts approximately twofold higher,
and the linear response ranges were consideratdylbr, enabling potential application for the
determination of both anionic and cationic surfattan aqueous solutions and commercial
products. Based on these results, the Pt@MWCNT-Ds#isor was selected for further

interference studies.

The interference study was performed to observereésponse of the Pt@MWCNT-DHBI
surfactant sensor to selected interfering aniohg. Solution of the selected interfering cation
was used for the incremental addition of SDS. Tkedfinterference method (FIN) proposed
by IUPAC was used to calculate the interferinguafice. The calculatdztd k;hj;&for selected

anions were in the range from -3.2 to 4.7 (Pagei dble 2). From thécd k7"hjL&vaIues, it can

m

be concluded that the usual anions have a minlreinfe on the response characteristics of the
surfactant sensor Pt@MWCNT-DHBI.
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The low interference from common anions can bebatied to the membrane composition
proposed previously. The selected plasticizer, IBlv&42, a terpolymer of ethylene, vinyl
acetate, and carbon monoxide, contributes to mematst@bility due to its non-migrating nature
and high molecular weight. This permanent plagticienhances membrane toughness and
flexibility within the PVC matrix, resulting in melonanes that behave as compatible polyblends

rather than conventional flexible PVC systems. [87]

The prepared sensor exhibited a potential drifiggdroximately 6 mV K. The combination of

the optimized membrane composition, Elvaloy 74&t&er, and Pt-doped MWCNT-based
ionophore provided increased lipophilicity, reducaaise, improved charge transfer, high
surface area, and enhanced stability. Furtherntbeestrong incorporation of the ionophore

within the membrane matrix reduced leaching effects

Prior to measurements, the sensor was conditionddi103 M CTAB solution. When not in

use for extended periods, the electrode was stnednd reconditioned before subsequent
measurements. This procedure ensured stable armtiugible responses. The incorporation of
Pt-doped MWCNTs also extended the operationalidifetof the sensor to more than six

months.

Titration of technical grade cationic surfactant

The Pt@MWCNT-DHBI surfactant sensor was evaluatedaa end-point indicator in
potentiometric titrations using the cationic sutéet Hyamine 1622. The obtained titration
curve was smooth and sigmoidal, showing a tota¢mal change of 222.7 + 9.2 mV (Paper
lll, Figure 8). A well-defined inflection point wita sharp potential drop was observed, while

the corresponding first derivative curve exhibigedistinct peak at the equivalence point.

The sensor was further applied as an end-pointabali in potentiometric titrations of technical
grade surfactants using the standard addition ndetbefined amounts of CTAB (50 pmol)
and Hyamine 1622 (10 umol) were added to the sasgligions (Paper Ill, Table 3). The
obtained results showed recoveries between 98. 21296, demonstrating good accuracy of

the proposed method.

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

sensors. The successfully synthesized Pt@MWCNT material enabled the preparation of
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nanocomposite ionophores and sensing membranesewlihnced conductivity and stability.
Among the fabricated sensors, Pt@MWCNT-DHBI exkithsuperior performance, including
near-Nernstian response, broad linear range, logrference from common ions, and stable
operation for more than six months. The sensoral&s successfully applied as an end-point
indicator in potentiometric titrations of technicalrfactants with recoveries close to 100%.
These results confirm that Pt-doped MWCNT nanonetesignificantly enhance both the
analytical characteristics and durability of potemtetric surfactant sensors, thereby validating

the proposed hypothesis.
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Hypothesis #3: Using computational modeling to int@ret the obtained
results can facilitate faster and more efficient dection and optimization of

the most suitable ionophore for potentiometric surhctant sensors.

Computational modeling was applied to investigateformation and stability of the DODTA-
TPB ionic associate and to evaluate its suitabagyan ionophore for potentiometric surfactant
sensors. Previous studies have demonstrated #aetical analysis of ion-pair formation can
provide valuable insight into ion-exchanger behavio surfactant-selective electrodes.
[19,34,88,89] However, commonly used quaternary amuom surfactants such as
cetylpyridinium exhibit significant toxicity [90}notivating the search for alternative cationic
structures with improved safety profiles. In thantext, triazolium-based surfactants [88,91]
represent a promising class of compounds due fo ithlatively low toxicity and favorable

physicochemical properties.

Conformational analysis of the DODTA cation

The DODTA cation contains two long octadecyl chattached to a triazolium ring, which
introduces considerable conformational flexibili§ince exhaustive conformational sampling
would require substantial computational resourdesy representative conformers were
selected based on differences in the torsion ariggéseen the triazolium ring and the alkyl
chains (Paper I, Figure 2). Geometry optimizati@vealed that two of the examined
conformers converged toward the same minimum-enstrgigture (conformer 1), confirming
its higher thermodynamic stability. The Gibbs fexeergy of conformer 1 was 3.4 kcal niol
lower than that of conformer 3, indicating that fmymer 1 represents the most stable structure
under the applied theoretical conditions. Consetiyethis conformer was used for further
calculations. The reliability of the CPCM-B3LYP-D3B-31G(d) [92,93] computational
approach was verified through good agreement betwakeulated vibrational frequencies and
the experimental IR spectrum of DODTA bromide. Branme D3 dispersion correction with
Becke—Johnson damping was employed to enhancectiweagy of density functional theory
(DFT) calculations in describing weak intermoleculateractions Electrostatic potential
analysis and ion-pair formation. [94,95]

Electrostatic potential (ESP) mapping was usedlémiify the most reactive regions of both
ions. In the DODTA cation, the highest positive rgfeadensity was localized around the

triazolium ring, while the TPB anion exhibited theost negative ESP regions between the
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phenyl rings and near the central boron atom. Gbisplementary distribution of electrostatic
potential indicates that the primary driving fofoeion-pair formation is electrostatic attraction
between the triazolium head group and thelectron system of the tetraphenylborate anion.
Based on this analysis, the initial geometry of @D TA-TPB associate was constructed by
aligning the regions of opposite electrostatic pt&, followed by full geometry optimization.
The optimized structure confirmed the formation aofstable 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 i HOMO orbitals remained localized on the
TPB anion, whereas the LUMO orbitals were primaagsociated with the DODTA cation
(Paper I, Figure 4). Only minor shifts in orbitalezgies were observed upon ion association.
Specifically, the HOMO energy slightly decreasedlavthe LUMO energy slightly increased,
indicating stabilization of the ionic associate.e¥a results demonstrate that the interaction
between the ions is predominantly electrostaticaiathan covalent.

Charge decomposition analysis (CDA) [96] furtheparted this conclusion. The calculated
electron donation from TPB to DODTA was 0.0928 &jl&vthe back-donation from DODTA
to TPB was 0.0204 e, indicating limited charge sfanbetween the ions. The negative overlap
population between occupied orbitals suggestedrdpailsive interactions between electron
clouds prevent significant orbital mixing, agaiméioming that the ionic associate is stabilized

mainly by electrostatic interactions.

Contribution of non-covalent interactions

In addition to electrostatic attraction, van deralégvdW) interactions were found to contribute
significantly to the stabilization of the ion pdPaper I, Figure 5). vdW potential analysis
indicated that attractive regions are distributieth@ the phenyl rings of the TPB anion and the
hydrophobic alkyl chains of the DODTA cation. Thaseeractions are particularly important
in membrane environments, where hydrophobic intenas can enhance the stability of ion
pairs within the polymer matrix.

To further examine the role of conformational flakty, molecular dynamics simulations of
the DODTA-TPB associate were performed in aquealstisn at 300 K using the PM7
semiempirical method with the COSMO solvation mod@r,98] Analysis of the trajectory
revealed that the alkyl chains of the DODTA catemtapt dynamically to maximize non-

covalent interactions with the TPB anion. Reducedsity gradient analysis confirmed the
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presence of extended regions of weak non-covaigractions across the surfaces of both ions,
indicating that the ionic associate is stabilizgdabcombination of electrostatic attraction and

distributed van der Waals interactions.

Implications for potentiometric surfactant sensors

The theoretical results provide important insigiibithe suitability of the DODTA-TPB ion
pair as an ionophore in potentiometric surfactarissrs. The dominance of electrostatic
interactions ensures efficient ion pairing whileimi@ining reversible ion exchange, which is
essential for potentiometric sensing. At the same tthe contribution of hydrophobic and van
der Waals interactions enhances the stability ef iin pair within the membrane phase,
reducing ionophore leaching and improving sendetifne.

These findings demonstrate that computational nieglelan significantly assist in the rational
design and optimization of ionophores for surfatteiective sensors. By identifying favorable
interaction motifs, stable conformations, and keyeimolecular interactions prior to
experimental testing, theoretical modeling enafdster screening of potential ionophores and
reduces the need for extensive experimental tridkexror.

Therefore, the integration of quantum chemical wlakons and molecular dynamics
simulations with experimental sensor developmeppsts Hypothesis #3, which states that
the application of computational modeling in theerpretation of experimental results enables
faster and more efficient selection and optimizaid suitable ionophores for potentiometric

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

determining surfactants in real systems.

DODTA-TPB surfactant sensor

Commercial samples

The DODTA-TPB surfactant sensor was applied asnaipeint indicator in potentiometric
titrations of three commercial mouthwash samplestaining cationic surfactants. Sodium
dodecyl sulfate (SDS, 4 x HOM) was used as the titrant acting as the couotefThe obtained
results were compared with those previously repoutsng the well-established DMIC-TPB

surfactant sensor. [84,99] The comparative daasammarized in Table 1 (Paper |, Table 3).

Table 1. Results for the titration of commercial mouth-wasdmples containing cationic
surfactant for DODTA-TPB sensor and previously mi#d DMIC-TPB surfactant sensors.
SDS was used as a titrant (4%1d). (Paper |, 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 suafi@icsensor in solutions containing
technical-grade anionic surfactants, three reptaigea surfactants — SDS, DBS, and lauryl
ether sulfate (LES) — were analyzed by potentioimétration using DMIC (4 x 1G M) as

the titrant. Known amounts of the anionic surfattamere dissolved in deionized water, and
the titrations were performed with the DODTA-TPBiser acting as the end-point indicator.
The obtained titration curves exhibited typicalnsadal shapes with well-defined inflection
points. The total potential changess) were 301.1 m\for DBS and 276.2 mV for SDS,

while the calculated recoveries ranged from 100.200.4% (Paper Il, Table 4).

Following validation on model solutions and teclahigrade surfactants, the sensor was applied
to the determination of anionic surfactants in@xmercial detergent samples with declared
surfactant content. The analyzed products inclyseddered, liquid/gel, and handwashing
detergents obtained from local retail stores. Raieretric titrations were performed using
DMIC solutions of appropriate concentrations as tttrant, while the DODTA-TPB sensor
served as the end-point indicator (Paper Il, Tabl& he titration curves were well defined and
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sigmoidal, enabling reliable determination of thgigalence point. The calculated anionic
surfactant contents were 5.83 and 6.74% for povddeletergents,13.85 and 16.41% for
handwashing detergents, and 2.57 and 2.73% fordligei detergents. These results were
consistent with our previously reported measuremg@6] For comparison, the same samples
were also analyzed using the two-phase titratiothotk [4] The obtained values showed good

agreement with those determined using the DODTA-$&actant sensor.

Environmental samples

The applicability of the DODTA-TPB surfactant senae an end-point indicator was further
evaluated in potentiometric titrations of enviromts water samples collected in north-west
Croatia. The analyzed samples included lake waben Lake Motinjak, hydroaccumulation
water from the Drava reservoir, and river water gkas from the Drava and Mura rivers.The
measure@H values ranged from 7.7 to 8.5. Prior to analyaiissamples were examined for
the presence of anionic surfactants using a prelyaeported analytical method [100] and a
commercial vial test. Both approaches confirmedattgence of detectable anionic surfactants.
To evaluate potential matrix effects, the samplesewspiked with SDS (50 pumol) and
subsequently titrated with DMIC as the titrant,ngsihe DODTA-TPB sensor as the end-point
indicator. The recovery results are summarizedcapeP I, Table 6. Quantification of SDS was
successfully achieved in all tested samples, vatoveries ranging from 94.2 to 96.5%. These
results indicate that no significant matrix inteeiece was observed, demonstrating the
suitability of the proposed sensor for the deteation of anionic surfactants in environmental
water samples.

Pt@MWCNT-DHBI surfactant sensor

Commercial samples

Six detergent samples intended for different appiims were purchased from local retail
stores. All products declared the presence of amisurfactants in their composition. The
samples were analyzed by potentiometric titratiamg the anionic surfactant content was
determined from the calculated end-point valuesC GBlutions of appropriate concentrations
were used as titrants. The obtained results areansuired in Paper lll, Table 4, where the
surfactant contents determined using the Pt@MWCNABDsurfactant sensor are compared
with values obtained using a previously reportel $8rfactant sensor developed [78] by our
group and with the classical two-phase titratiorirad. [4] The calculated surfactant contents
ranged in Table 2 from 6.1-6.3% for powdered detetsy 2.1% for liquid/gel detergents, and
13.2-15.1% for handwashing detergents. (adapted Braper Ill, Table 4) The results obtained
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with the Pt@MWCNT-DHBI sensor are in good agreemeith both reference methods,
confirming the reliability of the proposed sensagproach.

Table 2. Comparison of Pt@MWCNT-DHBI surfactant sensor, KEfactant sensor, and a
two-phase titration for results on anionic surfatsacontent in commercial products. (adapted
from Paper lll, Table 4)

Commercial
% ANIONIC SURFACTANT
detergents
Pt@MWCNT- ISE surfactant Two-phase
Type Sample o
DHBI sensor* titration**
1 6.3+0.1 6.3 6.15
Powder
2 6.1+0.1 6.0 6.09
3 21+0.1 2.1 2.01
Liquid-gel
4 21+0.1 2.2 2.09
5 13.2+0.1 13.2 135
Handwashing
6 15.1+0.1 15.1 15.3
78]
**[4]

The operational stability of the Pt@MWCNT-DHBI sagcfant sensor was also evaluated
during prolonged use. The sensor was employedutin® measurements for several months
without noticeable deterioration of the respongmai. Comparison of the signals recorded at
the beginning of the testing period with those oi&d after six months of use revealed no
significant changes. The absence of signal drifitianophore leaching can be attributed to the
strong interaction between the acid-functionaliZz2zddoped MWCNT support and the

positively charged DHBI surfactant, as well adie stabilizing effect of the selected plasticizer

within the membrane matrix.

The obtained results confirm Hypothesis #4, showtivag the newly developed potentiometric
sensors are suitable for determining surfactanteah samples. Both the DODTA-TPB and
Pt@MWCNT-DHBI sensors were successfully applied dommercial products and

environmental water samples, providing resultsandyagreement with established analytical
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methods. Accurate recoveries and well-defined tiitra curves confirmed reliable
guantification without significant matrix interferee. Additionally, the Pt@MWCNT-DHBI
sensor demonstrated good operational stability pugionged use. These results confirm the

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

Presented work successfully achieved the main relsedjective, which was the development
of new potentiometric sensors for surfactants basedewly synthesized quaternary alkyl
ammonium compounds and platinum-doped carbon namposite sensing materials. The
study combined organic synthesis, membrane prapayatlectrochemical characterization,
computational modeling, and application in real gka®, providing a comprehensive scientific
contribution to the field of potentiometric surfaot sensing.

Main findings are:

New heterocyclic quaternary alkyl ammonium compodtmiazolium surfactant 1,3-
dioctadecyl-H-1,2,3-triazol-3-ium  bromide (DODTA-Br) was succesly
synthesized and structurally characterized.

The DODTA- TPB ion-pair was successfully synthegjzgructurally characterized and
used as a sensing material to fabricate DODTA-Tig#d membrane-type surfactant
Sensor.

The DODTA-TPB sensor exhibited a highly linear @sge to a) cationic surfactants
CTAB, the linear range was 7.9 x4 7.2 x 1¢ M, with a slope of 56.2 mV/decade
and CPC, the linear range extended from 3.2%td®.2 x 1¢* M, with a slope of 58.5
mV/decade; and b) anionic surfactants SDS, thetinesponse range from 4.1 x 10
to 5.1 x 10° M with a slope of 59.2 £ 0.4 mV/decade and DBIg linear range was
8.1x10 -6.1x10 M with a slope of 57.5 + 0.5 mV/decade.

The DODTA-TPB sensor showed high stability towatylsical anionic and cationic
interfering ions, fast response time (<10 s), wittkential drift typically below 1-3 mV
and stable potentiometric response over extended, wemonstrating good
reproducibility and long-term operational perforroan

The DODTA-TPB surfactant sensor was successfulbyieghas an end-point indicator
in potentiometric titrations of commercial mouthlWwasamples containing cationic
surfactants, showing results comparable to théoksitieed DMIC-TPB sensor.
Potentiometric titrations of technical anionic swthnts (SDS, DBS) produced well-
defined sigmoidal curves with large potential ctes§ E = 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 detatiom of anionic surfactants in
commercial detergents, yielding contents of 5.834% (powdered), 13.85-16.41%
(handwashing), and 2.57-2.73% (liquid/gel detergjenth good agreement with the
two-phase titration method.

The applicability of the sensor was confirmed fovieonmental water samples, where
SDS-spiked lake and river samples showed recoverie84.2—-96.5%, indicating
negligible matrix interference.

Pt-doped multi-walled carbon nanotubes (Pt@MWCN#@&j)ensuccessfully synthesized
and characterized.

The nanocomposite ionophore system Pt@MWCNT-DHBas¢d on cationic
surfactant 1,3-dihexadecyHtbenzo[d]imidazol-3-ium and Pt@MWCNT) was
successfully synthesized, characterized and usea sensing material to fabricate
Pt@MWCNT-DHBI liquid membrane-type surfactant senso

The Pt@MWCNT-DHBI sensor exhibited linear calibvaticurves with Nernstian
slope for SDS (59.1 mV/decade) and a slightly selpristian response for DBS (57.5
mV/decad@ Both surfactants exhibited broad linear responaeges down to
approximately 2 x 10 M.

The Pt@MWCNT-DHBI sensor showed sub-Nernstian sl 49.2 mV/decade for
CPC and 44.7 mV/ decade for CTAB. Although the sedemonstrated good response
characteristics, the reduced slopes indicate losessitivity for cationic surfactant
guantification.

The Pt@MWCNT-DHBI sensor showed low interferencgrfrcommon anions which
can be attributed to the nanocomposite ionophorenbin@ne composition. The
optimized membrane composition containing Elvaley plasticizer and Pt-doped
MWCNT ionophore exhibited low potential drift (~6\fh), improved charge transfer,
reduced noise, enhanced membrane stability, anshmzied ionophore leaching.

The Pt@MWCNT-DHBI surfactant sensor was successhpiplied as an end-point
indicator in potentiometric titrations with Hyamiri22, producing a well-defined
sigmoidal titration curve with a total potentialactge of 222.7 mV and a sharp
equivalence point.

Application to technical surfactant samples (CTABdaHyamine 1622) using the
standard addition method yielded recoveries of -S#2%, confirming the high

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

Quantum-chemical calculations and molecular dynansiculations confirmed the
formation of a stable DODTA-TPB ionic associaténarily stabilized by electrostatic
attraction between the triazolium head group aedé¢traphenylborate anion.
Non-covalent interactions, particularly van der Waand hydrophobic interactions
between TPB phenyl rings and DODTA alkyl chaingngicantly contribute to ion-
pair stability, supporting its effective incorpaoat into the membrane phase of
potentiometric surfactant sensors.

Computational modeling proved to be a valuable tlmol understanding ion-pair
interactions and guiding ionophore design, enablingre efficient selection and

optimization of sensing materials for potentionegurfactant sensors.

The obtained results open further possibilitiedtierdevelopment of stable, sensitive, selective,
and low-cost potentiometric sensors suitable fatine laboratory analysis as well as portable

on-site monitoring of surfactants in environmeratadl industrial systems.
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Figure S3.Positive ion mode ESI-MS/MS Q1 scan for 1,3-didetzyl-LH-1,2,3-triazol-3-ium
bromide; infusion 10 plmin! at concentration 2.5 ng L

Figure S4. Negative ion mode ESI-MS/MS Q1 scan for 1,3-didetyl-1H-1,2,3-triazol-3-
ium bromide; infusion 10 pL mih at concentration 2.5 ng |{L
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Figure S5.Experimental IR spectra of DODT bromide (blue)d @emputed with the CPCM-
B3LYP-D3BJ/6-31G(d) theoretical method vibrationaddes of DODT (red).

Peaks in the region of 2950-3000¢maused by C—H vibrations of the triazolium ringreT
most intensive peaks at 2848 and 2916arorrespond to symmetric and asymmetric C—H
stretching vibration of the CHgroups of alkyl chains. Medium intensity peak &79 cnt!
should be assigned to C=C vibration in the triamoliring. Peaks in the region of 1160-1470
cni ! related to stretching and bending vibrations i tifiezolium ring. Intensive peaks in the
region of 600720 cm can be assign to various torsion bending vibration
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Figure S6. Delocalization of partial charges in DODT calcathtvia numerous partitioning
schemes. Namely: Mulliken, Lowdin, natural popwatanalysis (NPA), Hifshfeld and related
charge model 5 (CM5), quantum theory of atoms idegdes (QTAIM), and charges from
electrostatic potential calculations CHELPG and Mkollman (Merz) charges.

Figure S7. General CPK-type view of the DODT-TPhB associgténoized at the CPCM-
B3LYP-D3BJ/6-31G(d) level of theory.
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Figure S8.Electrophilic (red areas, a), nucleophilic (blueas, a), and radical (green areas, b)
Fukui function isosurfaces of the DODT-TPhB assteciealculated at the CPCM-B3LYP-
D3BJ/6-31G(d) level of theory.
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APPENDIX II: Supplementry Materials for the Paperl|

Glumac, N.; Vrban, L.; Vianello, R.; JozanoyM.; Fizer, M.; KraSevac SakaM.; Velotta,
R.; lannotti, V.; Della Ventura, B.; CvetniM. A DODTA-TPB-Based Potentiometric Sensor
for Anionic Surfactants: A Computational Design ariEhvironmental Application.
Chemosensorg025 13, 321. https://doi.org/10.3390/chemosensors13090321

Figure S9.RMSD graphs from the molecular dynamics simulabbthe DODTA cation (in

black) and the TPBanion (in red) in aqueous solution, showing sigaiiitly higher flexibility
of the former.
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Figure S10.Evolution of the distance between the boron atofRB" and the nitrogen atoms
in DODTA" during the molecular dynamics simulation, indiegtithat the DODTA-TPB
adduct formation is reversible and in equilibriunthathe dissociated components.
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ISOLATED COMPONENTS BEFORE THE ADDUCT FORMATION
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Figure S11.Charge distribution within the DODT/Acation and the TPBanion, either isolated
or within the elucidated representative structdritne DODTA-TPB adduct, as obtained from
the NBO analysis at the (SMD)/M06-2X/6—31+G(d) levetheory in water. The specific set
of atoms considered for the analysis is denotedabyr (red for the cation, blue for the anion)
and includes the attached hydrogen atoms. Thetsegwkeal that only 1% of the charge density

is transferred between the overall componentsviaiig DODTA-TPB adduct formation.
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