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Abstract

Complexometric titration is a highly precise method of quantitative chemical analysis
widely used in various fields including environmental monitoring, food industry, medical
field, bioanalytical chemistry and clinical analysis. Its importance in analytical chemistry
has rendered complexometric titration an indispensable part in all analytical chemistry
textbooks. As a titrimetric method, it is based on the formation of strong complexes
between the analyte and the titrant, and hence the exhaustive consumption of the analyte
and the determination of the analyte concentration. Chelators and end point indicators are
the most important parts of complexometric titrations. Up to now, ethylenediamine
tetraacetic acid (EDTA) and its derivatives are the most widely used universal chelators.
However, the selectivity of EDTA is limited and EDTA based titrations often require the
use of masking agents. The multiple pKa values of the chelators also necessitate a careful
adjustment of pH during the titration.

For a specific real sample, it would be highly desirable to use pH independent, selective
and sensitive chelators and indicators. This thesis is focused on the development of a new
class of titration reagents based on highly selective ionophores and ion exchangers. The
matrices of the titration reagents include dichloromethane and nanoemulsions.

This thesis is divided into six chapters. Chapter 1 serves as an introduction to provide an
overview of the development of the complexometric titration reagents in recent decades.
Chapter 2 describes for the first time the Pluronic F-127 chelating nanospheres, which
contain ion exchangers and highly selective ionophores. The titration of Pb*" and Ca?* are
successfully demonstrated. Chapter 3 is centred around nanospheres containing a
chromoionophore, ion exchanger and an ionophore of choice as end point indicators. The
influence of sample pH values on the accuracy of end point detection is discussed.
Chapter 4 presents the titrations for anions using ion-selective nanospheres. A titration of
nitrate ions in a spinach sample is demonstrated. Chapter 5 introduces solvatochromic
dye doped nanospheres as end point indicator, which is able to overcome the pH
dependence of the chromoionophore doped indicating nanospheres. Chapter 6 introduces
solvent based titration reagents to overcome limitations of nanosphere based reagents. In

view of practical applications, titrations were also demonstrated with an automatic setup



which contains a syringe pump to inject sample with accurate volumes and a vortex to
sufficiently mix the two phases. In addition to the experimental titration results, we also
provide in each chapter a theoretical model based on ion exchange process to support the
experimental results.

In a nutshell, this thesis work is dedicated to improve, if not revolutionize, the
methodology and characteristics of complexometric titration reagents. The nanosphere
and solvent based reagents have moved conventional complexometric titration from a
homogeneous phase to heterogeneous phases. A number of proof-of-concept results have
been achieved, forming a solid foundation for future work and the possible

commercialization of these new reagents.
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R&umeée

Le titrage complexomérique est une analyse chimique quantitative trés préeise largement
utilisée dans divers domaines, tels que 1’observation de 1’environnement, 1’industrie
alimentaire, le domaine médical, les analyses biochimiques ou encore 1’analyse clinique,
atel point que cette méhode est devenue incontournable dans les manuels de chimie
analytique. Cette méhode titrimérique repose sur la formation de complexes forts entre
I’analyte et le titrant : I’analyte est alors intégralement consommé, et sa concentration
peut &re déerminée. Les ch@ateurs et les indicateurs de fin de titrage sont les ééments
les plus importants des titrages complexométriques. Jusqu’a présent, 1’éthylene diamine
téraacéate (EDTA) et ses d&ives ont &€ les chdateurs universels les plus utilisés.
Cependant, la sélectivité de ’EDTA est limitée, ce qui nécessite souvent I’utilisation
d’agents masquants. Les multiples valeurs de pKa des chélateurs nécessitent par ailleurs
un ajustement minutieux du pH pendant le titrage. Pour un &hantillon réel donné il est
beaucoup plus commode d’utiliser des chélateurs et des indicateurs qui soient a la fois
indépendants du pH, séectifs et sensibles. Cette thése introduit le une nouvelle classe de
réactifs de titrage basés sur des ionophores et des échangeurs d’ions hautement séectifs.
L’on y introduit en particulier des nanoémulsions et le dicholorométhane comme
matrices novatrices pour les réactifs de titrage.

Cette thése est divisée en six chapitres. Chapitre 1 propose, en guise d’introduction, un
aperql du dérseloppement des réctifs de titrage complexomériques durant les dernieres
dé&sennies. Le chapitre 2 deerit pour la premiee fois des nanosphées chéatantes basees
sur le Pluronic F-127, contenant des échangeurs d’ions et des ionophores hautement
sélectifs. L application au titrage de Pb?* et de Ca?* y est pré&entée. Le chapitre 3 est
centré sur la détermination du point de virage a 1’aide de nanosphéres contenant un
chromoionophore, un échangeur d’ions et un ionophore adapté au titrage. L’on y discute
¢galement I’influence du pH de 1’échantillon sur la précision de la valeur obtenue. Le
chapitre 4 pré&sente des titrages pour anions mettant en jeu des nanospheres séectives. Un
titrage d’ions nitrate dans un échantillon réel d’épinards y est démontré. Le chapitre 5
propose des nanosphéres dopées a 1’aide d’un colorant solvatochromique comme de bons

indicateurs fin de titrage, surmontant ainsi la déendance au pH des nanosphe&res



contenant des chromoionophores. Le chapitre 6 discute de I'utilisation de réactifs de
titrage basés sur des solvants pouvant surmonter les limites imposees par les ré&ctifs a
base de nanospheres. Afin d’anticiper de potentielles applications, cette méthode a été
testée sur un dispositif autonome composé d’une pompe a seringue — pour contrder
preisément le volume versé— et d’un vortex, nécessaire pour assurer le mélange des
deux phases. En plus des résultats exp&imentaux, nous proposons en outre achaque
chapitre un mode¢le théorique basé sur un processus d’échange d’ions venant en soutien
aux résultats exp&imentaux.

Pour résumer, ce travail de thése est consacré a I’amélioration — et peut-&re méme ala
révolution — de la méhodologie et des caractéistiques des réactifs de titrage
complexomériques. Avec les nanosphéres et les réctifs basé sur des solvants, le titrage
complexométrique n’est plus uniquement limité aux phases homogeénes. Les nombreux
résultats et avances de concepts pré&enté& dans cette theése posent ainsi les fondations non
seulement pour de futurs travaux de recherche, mais éyalement pour une possible

commercialisation de nouveaux réctifs.
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Chapter 1. Complexometric Titrations: New Reagents
and Concepts to Overcome Old Limitations

This work has been published in Analyst, 2016, 141, 4252-4261.

1. Introduction

Titrimetry is a general and powerful method which is used to quantify a wide range of
analytes. The high accuracy of the results and maturity of the procedure have made it a
routine method in various fields such as environmental monitoring, bioanalytical
chemistry and clinic analysis. Compared with quantitative instrumental measurements
that depend on a readout using methods as ion chromatography, ICP-MS or AAS,
titrimetry is the most simple and accurate because it relies on an exhaustive consumption
of the analyte at the end point. Today, titrimetry can be easily automated and
commercially available standardized reagents provide more convenience to the end users.
These key advantages have made titrimetric methods an indispensible part of analytical
chemistry, even with the arrival and establishment of newer instrumental techniques.
Complexometric titration (complexometry or chelatometry) is one of the classical
titrimetric methods developed for the rapid and quantitative chemical analysis of metal
ions. The ions of interest are titrated with the chelator of choice through a coordination
complexation reaction and rapidly form stable monodentate or multidentate complexes.
The chelator is sometimes called the complexing reagent or more simply, titrant. The end
point can be identified by a metallochromic indicating dye, which shows a colour change,
or by other instrumental indicators, such as ion-selective electrodes.

The earliest example for this type of titration reactions is the determination of cyanide ion
concentration by silver nitrate, proposed by the German chemist Justus Liebig in the
1850s.! In 1945, Schwarzenbach, who made a significant contribution to this field,
formally introduced the complexometric titration method to quantify metal ions, mainly
using EDTA as chelator.? The discovery of EDTA dramatically pushed the field forward.
Since 1950, complexometric titration has spread all over the world, for example to

measure water hardness.® A comprehensive theory of complexometry was put forward by
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Schwarzenbach in his book, published 10 years after the introduction of the method.*”
Almost at the same time, various indicating dyes started to appear to visualize the end
point by the naked eye or by spectrophotometric instrumentation. Murexide and
Eriochrome Black T were established as indicators for water hardness.>” A number of
researchers including Reilley, Hildebrand, Patton, Reeder and Tsien contributed to the
synthesis of new indicators to improve their selectivity.>** Powerful instrumental analysis
methods such as potentiometry, conductometry, thermometry, coulometry and
chronopotentiometry were also developed to provide improved choices for quantitative
analyses.’**® Although EDTA has always been the most widely recognized chelator in
complexometric titration, good chelators and indicators as well as new concepts have
been continuously emerging. In addition, various titration protocols have been
developed.?®! This review summarizes the most recent developments in complexometric

titration reagents and methods.

2. Chelators

2.1 The classical chelator EDTA

Chelators are today widely applied in chemical industry, therapy, agriculture,
biochemistry and other fields. Most chelators contain N, O or S atoms in their molecular
structure to provide lone-paired electrons available for coordination.***? Functional
groups such as carboxylates, amines, hydroxyls and sulfhydryls are very commonly
found. One of the structurally simple monodentate ligands is ammonia. It is able to
strongly coordinate with metals including Cu?*, Ni?*, Co®", Ag* and is useful to extract or
dissolve metals.?*?* However, it is not suited as a chelator in complexometric titrations
because ammonia only exhibits one bond that can be used to coordinate the analyte. The
resulting stepwise formation of metal complexes makes it difficult to observe the end
point. Cyanide suffers from the same drawback.?***

It has therefore been proposed early on that for a reagent to act as a chelator in
complexometric titrations, (i) the reaction should be kinetically fast, (ii) it should proceed

stoichiometrically; (iii) the change in free energy must be sufficiently large.
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Figure 1. Chemical structure of fully deprotonated EDTA and its complexation with
a metal ion M in 1:1 stoichiometry.

The introduction of EDTA was a revolution in the field of complexometric titrations
because it fulfills the above-mentioned conditions. As shown in Figure 1, EDTA exhibits
multiple coordinating groups and forms 1:1 metal-chelator complexes. EDTA is able to
form complexes with various metal ions. Since its introduction, a large number of
elements have been measured with this method. Early pioneering works have been done
by Schwarzenbach and co-workers.**? EDTA has been used to analyze almost half of
the elements in the periodic table while its derivatives such as diethylene triamine
pentaacetic acid (DTPA) and ethylene glycol tetraacetic acid (EGTA) provide similar
usage.*?**" EDTA and its derivatives belong to the aminopolycarboxylic acid family. It
Is able to dissociate into several protonation states. The effective formation constant of
the metal-EDTA complexes therefore depends on pH, which makes titrations with EDTA
pH dependent. Because EDTA and its derivatives and the above-mentioned
pharmaceutical chelators exhibit high binding constants to many metals ions, they lack
tunable selectivity and often require the use of masking reagents.**

The total amount of Ca?* and Mg?* is normally titrated with EDTA at pH 10 while Ca®*
alone is titrated at pH 13 upon masking the Mg?®* ions with OH".***! Recently, EDTA
titration was demonstrated by Kaneta and co-workers in microfluidic paper-based
analytical devices.** This paper-based device contained various amounts of known EDTA
and a small amount of indicator. The device is able to rapidly and quantitatively

determine the Ca®* and Mg®" in mineral water, river water and seawater samples.
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As an effective chelator, EDTA can also be used to remove the toxic transitional metals
such as Pb?*, Ni**, Hg**, Cd*" and As®*" from wastewater, contaminated soil and lake
water.”**
Unfortunately, many chelaters are not biodegradable and will be persistent in the
environment.***” Therefore, recyclable/separable EDTA-functionalized compounds or
materials have also been reported for these applications, such as EDTA bonded polymers,
particles or natural materials.****

Stark and co-workers reported that EDTA-like chelator modified nanomagnets can
remove Cd?*, Pb?* and Cu®** from contaminated water.* In a very short time, the
concentrations of transition metal ions may decrease to the ug/L range, which is often
acceptable. The nanomagnets must be separated from the treated water.

Until today, 95% of the publications in the complexometric titration area are still based
on EDTA and its derivatives. EDTA as an important conventional chelator has also been
used medicinally for the treatment of human intoxication with heavy metals. For this type
of medical treatment, three commonly other commonly used chelators also exist,
including British Anti-Lewisite (BAL), dimercaptosuccinic acid (DMSA) and
dimercaptopropane sulfonate (DMPS).*® These pharmaceutical chelators can in principle

equally be used in titrations.

2.2 Extractant based on diglycoamides

0] 0]
0 0 o o
\TJK,O\)J\T/ Ao Ao L
TMDGA - TEDGA ~ H H

TPDGA

0] 0]
/\/\/\\/\NJK/O\)J\N/\/\/\/\

SN

Figure 2. Structural formulates of the diglycolamide based ligands for actinide and
lanthanide ions extraction.
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Diglycolamides as a new class of extractants for actinide and lanthanides ions have been
extensively studied during the past decades.>® Separation, recycling and storage of these
long-lived radioactive elements from high level waste generated from nuclear fuel are
very important for the environment and human health. Diglycolamides and its analogs
(see Figure 2) are found to be very effective and selective for the extraction of trivalent
actinides compared with other extractants such as malomide and octyl-(phenyl)-N, N-
diisobutyl carbamoyl methyl phosphine oxide (CMPO) based extractants.>

The lipophilicity of diglycolamide compounds can be tuned with different alkyl chains on
N atoms. Sasaki and co-workers reported that water soluble diglycolamines, N, N, N’,
N’-tetramethyldiglycolamide (TMDGA), N,N,N,N’-tetraethyldiglycolamide (TEDGA),
N,N,N’,N’-tetrapropyldiglycolamide (TPDGA) can be used as complexing agents for
Pu(1V) and Am(I11).>* As neutral complexing reagents, these diglycolamines display high
affinity to Pu(IV) and Am(l1l) and form more stable complexes with Pu(IV) and Am(lI1)
than EDTA in highly concentrated HNO; solution.

Water insoluble diglycolamides with long alkyl chains can be dissolved in solvents to
perform liquid-liquid extraction of actinides and lanthanides.®** Many groups have
studied the synthesis and the characteristics of different diglycolamides extractants.
Among these extractants, N,N,N’,N’-tetraoctyl diglycolamide (TODGA) was found to be
a promising extractant for trivalent actinides.>>>® The metal ions will be extracted into the
solvent together with a counteranion (NO3’) in high concentrated HNO; solution or its
salt. If the concentration of the counter anion (NOj3) is not sufficiently high, the
extractants could not function properly. The extraction process can also be based on ion
exchange. Naganawa and co-workers reported on the role of the hydrophobic
counteranions (TFPB) in the extraction of lanthanides(l11) with TODGA.>" The metal
ions may be exchanged into the solvent by the counter ion of TFPB'. The introduction of
ion exchanger is greatly helpful to improve the extraction ability and selectivity with low
background of ionic strength. On the other hand, without addition of hydrophobic
cationic exchanger, dissolving the extractant into the ionic liquid can also result in a high
extraction efficiency for lanthanides, still based on the cation-exchange mechanism.®>
Diglycolamide-functionalized task specific ionic liquids with functional groups attached

to the cationic part of the ionic liquid showed high extraction efficiency to actinides and
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Figure 3. lon-selective emulsions containing nanospheres as complexing agent and
structures of the compounds used to form nanospheres. The nanosphere core is made of
dodecyl 2-nitrophenyl ether (D-NPOE) and the hydophobic sub-structure of Pluronic F-
127. The complexation reaction comprises (1) ion exchange between target ion (Ca** or
Pb?") in aqueous phase and the counter ion of R™ (K*) in the organic phase and (2) the
complexation reaction between target ion and the receptor, which lowers the solvation
energy for the target ion and provide the driving force for its uptake into the
nanospheres.

lanthanides.>*®* Verboom and co-workers also reported on a series of new ligands based
on diglycolamides that have three functional groups at C-pivot and trialkylphenyl
platforms.®? These ligands also showed high affinity for Am (111) and Eu (111) with a 1:1
metal to ligand stoichiometry. In general, ligands based on diglycoamide with various
platforms have demonstrated satisfactory extraction performance.

The water soluble diglycoamides based compounds are promising chelators for the
titration and extraction of actinides and lanthanides in homogenous titrations. However,
for the use of hydrophobic titrants/extractants, the extraction system should best contain

an ion exchanger, which is further explained below with the nanospheres.
2.3 lon selective nanospheres as a new generation of chelators

Conventional titration reactions occur directly in the aqueous sample. Recently, Bakker
and co-workers proposed ion selective nanospheres as a novel class of complexometric
titration reagents, which moved the titration process from the homogeneous to the
heterogeneous phase.®*® One key advantage of using this new toolbox is that the titration

reagents no longer need to be water soluble. Other lipophilic chelators with high
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selectivity and high affinity to the analyte can be used, such as ionophores for Pb?*, Ca*",
Cu?*, Na', K* and CI".®® These classical ionophores have originally been introduced as
active reagents in ion selective electrode membranes for many decades. As shown in
Figure 3, the chelating nanospheres for calcium titration contain a lipophilic calcium
ionophore Il and cation exchanger in the core of emulsified organic nanodroplets, which
is made of surfactant Pluronic F-127 and plasticizer.”® Based on the principle of ion
exchange, the analyte calcium readily exchanges into the nanospheres for the original
counter ions (K™ or Na*, which would only interference at extremely high concentration)
of the ion exchanger. Every Ca?* exchanges with two monovalent counter ion so that the
core of the nanospheres remains neutral. In the chelating nanospheres the ionophore is
chosen at molar compared to the ion exchanger. It is therefore the ion-exchanger that
defines the extraction capacity, not the ionophore, and various ion—-ionophore
stoichiometries can be tolerated.

Figure 4 shows a comparison between titrations effected with calcium selective
nanospheres and the chelator EDTA.®® Because the calcium ionophore exhibits no

protonatable groups, it was not necessary to control the sample pH during the titration:
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Figure 4. Comparing calcium selective emulsion with EDTA as complexing agents
for the potentiometric titrations of 4 UM calcium. NS 1. titration in non-buffered water
by calcium selective emulsion; NS 2: titration in 1mM pH 7.0 Tris-HCI by emulsion;
EDTA 1. titration in non-buffered water by EDTA; EDTA 2: titration in 1. mM pH 7.0
Tris-HCI by EDTA. The dashed vertical line marks the end point.
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titrations with the calcium selective nanospheres showed an almost indistinguishable
behavior in pH 7.0 buffered solution than in unbuffered water. The titration curves were
nearly identical, with sharp transitions at the endpoint. Titrations with EDTA did not
show a visible endpoint in unbuffered water and the transition was not easily observable
in samples buffered at pH 7.0. As established, EDTA titrations of calcium must be
performed above pH 10.

The chelating nanospheres exhibit attractive versatility. By simply replacing the
ionophore in the nanospheres, it is possible to create a palette of reagents of different
selectivity. A potential limitation is that the nanospheres tend to coagulate at high
concentration, resulting in undesirable light scattering if the end point is observed by
optical methods. This method is still young and emulsion based titrations for monovalent

metal ions such as Na* and K" still wait to be demonstrated.

3. Coulometric titration

Coulometry conversion has also been considered to directly generate titrants for the
purpose of effecting titrations. This principle works on the basis of Faraday’s law, which
defines a direct relationship between the charge passing through the electrode and the
molar amount of analyte that has reacted. A quantitative release of titrant can be achieved
through precise manipulation of current and duration, if there are no cross-reactions.

Reilley and Porterfield reported earlier on a general method for the coulometric
generation of EDTA, where EDTA was indirectly released upon the reduction of
mercuric-EDTA. This method has been successfully demonstrated to measure calcium,
copper, zinc and lead ions.> By applying an appropriate potential or current, the direct
release of non-redox active ions was demonstrated. The released ions served directly as
the titrant and were also used determine the end point of the titration. Compared with
traditional volumetric titrations, this method is able to accurately release the titrant
without requiring standardized stock solution. In addition, the sample is not diluted
during the titration and the sample volume can remain quite limited. However, the lack of
selectivity and limited options of reagents are still to be improved, and the use of mercury

is today often no longer acceptable today.
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Figure 5. Illustration of coulometric release concept (labeled as ion pump) into a thin
layer sample. (a) Flat sheet configuration with potentiometric readout (detector). E; and
E, correspond to two different signals as a consequence of different excitation times. (b)
Tubular configuration with a coulometric readout. The Ag/AgCl served as working
electrode. The integrated charge, g; and g, correspond to two different signals obtained at
two excitation times. IFS, internal filling solution; R, cation exchanger; L, ionophore.
(c) Complexometric titration by using the calcium pump plus potentiometric detection
for three EDTA concentrations (0.25, 0.50, and 0.75 mM). Solid lines correspond to the
calculated concentrations from equilibrium theory.

Flat sheet configuration indicates that the membrane of working electrode (calcium
pump) use a flat porous polypropylene sheet. Tubular configuration means that the
working electrode is a silver/silver chloride wire placed inside a hollow fiber doped with
the lipophilic cocktail.

More recently, the introduction by our group of ion selective membranes to achieve
coulometric titration has aimed to overcome the above mentioned limitations.®® Calcium
and barium ions (titrant ions) were chosen as initial examples. When a constant current
and duration was applied across the ion selective membrane, Ca®* or Ba** was released
from the membrane to the sample solution with high selectivity and accuracy. A second
ion selective electrode was used as end point indicator. As above, the amount of released
titrant ions could be accurately calculated using Faraday’s law.

Bakker and co-workers subsequently introduced the concept of thin layer coulometric
titration (Figure 5).”° By applying a constant potential, Ca** was electrochemically
injected into a thin sample layer through transport across a calcium selective membrane
(calcium pump). The free calcium ion activity in the thin layer was measured by another
set of potentiometric ion-selective electrodes placed opposite the pumping electrode, only

spaced by the thin layer gap. Calcium EDTA titration was demonstrated in the range of
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0.25-0.75 mM with a precision of 3%, whereas the coulometric readout gave a range of
0.02-0.12 mM and a precision of 2%. This method requires only a very small amount of
sample and is suitable for in-situ measurements. Moreover, it is potentially calibration
free owing to the coulometric mode. For the latter to be true, the selectivity of the
ionophore has to be high (which it normally is) and any non-Faradaic processes during

the coulometric release must be negligible.

4. Indicators

4.1 Metallochromic dye based indicators

An end point detection by the naked eye is sometimes thought to be the most convenient
way to visualize the titration end point, and metallochromic indicators can be applied for
this purpose. As an indicator, it should also fulfill key criteria that include a high
sensitivity to exhibit a drastic change at the end point, a high selectivity to obtain accurate
results, and a sufficiently stable complex with the metal of interest. In the early days,
Murexide and Eriochrome Black T were the classical dye indicators for Ca?*, Mg** as
well as other metal ions.*®” However, these dyes are not very selective and can only be
used in a narrow window of pH.

The development of colorimetric/fluorescent metal sensors has gradually drawn people’s
attention to their wider applications in biochemical and environmental sciences. With the

pursuit of high selective and sensitive metal ion sensors, a great number of specially

HS/\/

TN

(o]

Hg(SCH,CH,CH3),

Figure 6. The analytical reverse reaction between squaraine derivatives and Hg*".
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designed molecules have emerged where many proved to be good candidates as
indicators for complexometric titration. The fluorophore/chromophore was usually
modified with metal chelating groups and the metal binding would induce a change of the
optical signal. Rhodamine, porphyrin, BODIPY , fluorescein, spiropyran, coumarin,

dansyl derivatives and many others have been used as the fluorophore/chromophore’ "

and dipicolylamine, glucosamine, Gly-His as receptor.”*"""

pH response sometimes
accompanies the metal response because of protonatable groups on the
fluorophore/chromophore and also on the metal chelating groups.

Matinez-M&®z, Rurack and co-workers designed a series of metal triggered dyes
formation system for the highly selective determination of Hg?*.”® The squaraine
derivatives were passivated first by a chemical addition reaction with thiols
(spectroscopic inhibitor) that switch off the colorimetric and fluorescence properties of
the indicator. When the target ions are present, they react with the thiols and release the
indicator to induce the optical signal recovery shown in Figure 6. From the passivated
state (colourless) to activated state (blue), the indicators generated dramatic changes in
the optical signals, thereby improving sensitivity. The colour change was observed within
a few seconds, making the compounds potential indicators for the titration of mercury
ions. Fluorescent titration demonstrated that the indicator may detect less than 2 ppb of
Hg?* in solution. The indicator with a hydrophobic side chain was adsorbed onto powered
silica and subsequently coated onto a polyethyleneterephthalate film. This film served to
analyze Hg** and could easily be reused after washing with the thiol inhibitor.

Reymond and co-workers reported new types of fluorescent sensors for Cu®* which are
pH independent and exhibit a high selectivity.*® These sensors were quinacridone
(fluorophore) derivatives functionalized with a ethylenediamine group (binding site). The
ethylenediamines were attached to each nitrogen atom of the symmetrical quinacridone
via a linker. The presence of Cu?*" induced the quenching of the fluorescence by
formation of the macrocyclic metal-chelator complex, which brought the complex and
fluorophore closer to each other. To overcome the pH dependence, the authors modified
the chemical structures of the indicator. By making the linker sufficiently long, the
protonation/deprotonation of the chelating groups was found to no longer influence the

fluorescence of the fluorophore. At the same time, the long linker did not affect the
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ability for the metal to coordinate with the two ethylenediamines groups and to cause
fluorescence quenching. The sensors showed good selectivity to copper and were
independent of pH in the range from 2 to 10. The fluorescent titration showed a 1 to 1
stoichiometry of the complex.

Recently, our group has introduced emulsion based ion exchange nanospheres (discussed
above) to serve also as optical indicators for complexometric titrations.®® The indicating
nanospheres contained a lipophilic pH sensitive dye (chromoionophore), an ion
exchanger and an ionophore. For cationic analytes, the working principle of the
indicating nanospheres is the exchange between the analyte and the H” released from the
chromoionophore. The colour of the indicating nanospheres changes because the
chromoionophore transitions from the protonated state to its deprotonated state. To serve
as an indicator, the metal indicator complex should generally be 10 to 100 times less
stable than the metal chelator complex so that the chelator can effectively displace the
metal ion from the indicator complex. This is effectively achieved here with the same
chelator/ionophore, since the effective affinity between metal and receptor is dictated by

ion-exchange, which is weakened by the presence of the lipophilic pH indicator. The
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Figure 7. Schematic illustration of ion selective nanospheres as chelators and
indicators in the complexometric titration of calcium. Chelating nanospheres contain
calcium ionophore Il and cation exchanger. Indicating nanosphere contain calcium
ionophore 1V, cation exchanger and solvatochromic dye SD.
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chromoionophore-based indicating nanospheres may work in a wide pH range and even
at very acidic pH. Unfortunately, however, the transitions become rather difficult to
identify with increasing pH because the chromoionophore becomes more easily
deprotonated at high pH.

To overcome this pH dependence, cationic solvatochromic dye based indicating
nanospheres were recently introduced. The solvatochromic dye is not sensitive to pH and
changes colour with the solvent environment.** In the emulsion based titration, a large
amount of the chelating nanospheres and a much smaller amount of indicating
nanospheres are mixed together, and the sample solution was gradually added. Here, the
indicating nanospheres only function as indicator to show the colour change at the
endpoint. Only when the chelating nanospheres become saturated at the endpoint, the
cationic solvatochromic dye in the indicating nanopheres will be exchanged from the
nanosphere core to the outside solution by the analyte (Figure 7). Owing to the different
polarity between nanosphere core and aqueous solution, the colour of the solution will
change. Essentially the same sharp titration curves were obtained at pH 5.5 and pH 9,

which suggest that this concept can efficiently overcome the challenge of pH dependence
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Figure 8. Optical reverse titration curves for calcium using solvatochromic dye SD
based optical nanospheres as indicator at the indicated pH values. End point indicator:
SD-based and Ca**-selective; pH 9.0: 10 M tris-H,SO,; pH 5.5: 10°M MES-NaOH;
The dashed vertical line indicates the expected end point. Fitting parameters: V1= 2
ml, [TFPB]"® = 3.29%10°" M, Vjs= 1.5 pL, [TFPB]® =2.35x10° M, V. = 8 L,
[Ca® ™™™ =10° M, K. [/ ]“=107M,K" ..  [SD"]" =10°° M.
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in such titrations (Figure 8).
4.2 Instrument-based indicators

While the metallochromic indicators discussed above can directly visualize the end point
by a colour change, sometimes appropriate indicating dyes are not easily found and
instrumental methods are needed to identify the end point.

Potentiometry by ion selective electrodes is likely the most widely applied
electrochemical indicator. An ion selective electrode can not only measure the activity of
the ions but also act as end point indicator to visualize the so-called free activity of the
analyte. In potentiometry, the observed signal, the electromotive force, is related to the
analyte activity according to the Nernst equation. With the appropriate selectivity, a large
change in the signal is usually observed at the end point.

Pretsch and co-workers suggested ways to improve the detection limits and sensitivity of
potentiometric titrations, with lead(l1) as example.®! By changing the sensing components
of the membrane and adjusting the flux of the primary ion, the detection limit of the
titration could be improved by several orders of magnitude, and lower concentrations of
lead could be titrated. To obtain lower detection limits of the lead selective electrode, a
metal chelator, nitrilotriacetic acid (NTA) or EDTA, acting as a metal buffer at low
concentrations was added to the inner solution of the ion selective electrode to keep the
concentration of lead low and stable. In this particular case, the net Pb®* flux was directed
from the sample to the inner solution. With a significant inward flux, the ion selective
electrode may show a super-Nernstian response slope to the analyte, thereby improving
the sensitivity of the titration quite dramatically.

Daniele and co-workers used amperometry to detect the endpoint of Ca’* and Mg**
titrations with EDTA.®? A platinum disc microelectrode was used to reduce the H* to H,
in nonbuffered sample solutions. A second wave in the linear scan voltammogram was
observed after the end point due to excess EDTA. The precision of the method was found
to be satisfactory, the relative standard deviation being not larger than 2% for at least
three replicates. Besides electrochemical methods, thermometric titration has been found
to be an attractive universal method that measures the change of temperature with the

added volume of titrant during a volumetric titration.?* Since heat change is one of the
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general characteristic of most reactions, a thermometric titration is suited for a wide range
of reactions such as acid/base, precipitation, coordination and redox titrations.?*®” Some
factors such as light scattering, absorption inducing surface blocking, colour change or
overlay, will influence the optical or potentiometric signal but have no significant
influence on a thermometric titration. Thermometric titration has been successfully
applied to monitor sulfate, total alkalinity, chlorinity in seawater,®® and a wide range of
metal ions such Ca?*, Mg, Fe*", Pb?* 8*848" The first thermometric titration research
work was on acid and base neutralization and reported by Bell and Cowell in 1913.%
Jordan successfully applied thermometric titration to estimate the heat produced by the
complex formed between divalent metal ions and EDTA.* For example, both Ca®* and
Mg?* could be determined by thermometric titration even if the formation constants differ

by less than 2 orders of magnitude.?*®

By comparison, the metallochromic indicator
Eriochrome Black T is not sufficiently selective to separate Ca** and Mg*" at the same
time and require masking reagents or pH control.*® In addition, different dynamic
characteristics may also help separate the analytes by monitoring their release of heat in
order to obtain a higher selectivity. A key disadvantage of this method is the relatively
high detection limit compared with other instrumental indicators. The reason is that one
requires a sufficiently large quantity of reaction substrate to observe a detectable
temperature variance. The development of dedicated instruments encouraged the
widespread use of this method. Recently, Barin and co-workers introduced a very simple
and inexpensive setup for simultaneous enthalpimetric analysis by using an infrared
camera as detector to monitor the temperature and disposable microplates to process the
enthalpimetric analysis.*® The noncontact and nondestructive infrared thermal imaging
technique provided rapid signal acquisition with very good quantitative results. Even if
some limitations for this new method remain, such as not being suitable for low reaction

rate reactions, it still shows potential to be applied in a range of important applications.

5. Conclusion

The introduction of EDTA has made complexometric titrations a well known analytical

technique. However, the drawbacks of EDTA have until recently not been overcome. As
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summarized in this work, the advent of new titration reagents and end point indicators
have injected new vitality into the field and also raised more issues to be resolved in
further work.

Recent new concepts for chelators and indicators based on heterogeneous reactions
involving emulsion based reagents show very promising characteristics for
complexometric titration. Here, ion selective nanospheres really are multicomponent
nanoscale solvent reactors that act in analogy to traditional chelators and indicators and
extend the usage of lipophilic ionophores and other non-water-soluble compounds. This
approach exhibits a high selectivity and sensitivity to a range of analytes, does not have
to limit itself to a unique 1:1 complex stoichiometry, and is largely pH independent.
Simply changing one or more of the components in the droplets, the nanospheres can be
extended to other ions. This concept is highly suitable for titrating low concentrations of
analyte. High analyte concentrations are more problematic, since nanosphere coagulation
normally results in light scattering that interferes with an optical endpoint detection.

Thin layer coulometric titrations based on ion selective membranes consume only very
small amount of sample. With a highly selective release of the titrant, only the analyte of
interest is consumed or converted, which is very attractive for in situ analysis. Direct
probes that give the same result as volumetric titrations, but without the hassle of
sampling, splitting into aliquots, standardization of reagents, and volumetric delivery are
potentially very attractive for a range of applications.

A number of the receptors or ionophores have been published and applied in different
fields. However, there are not sufficient receptors of quality for anions, and highly
selective and pH independent receptors are still very much needed.

Universal methods are also very popular, such as thermometric titrations, which measure
the temperature change to indicate the end point. It is suitable to almost all reactions and
not limited to complexation, but to obtain observable measurable temperature changes, it

requires relatively large amount of substrates.
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Chapter 2. lonophore-Based lon-Exchange Emulsions
as Novel Class of Complexometric Titration Reagents

This work has been published in Chem. Commun., 2014, 50, 12659-
12661

Abstract

Complexometric titrations rely on a drastic change of the pM value at the equivalence
point with a water soluble chelator forming typically 1:1 complexes of high stability. The
available chemical toolbox of suitable chelating compounds is unfortunately limited
because many promising complexing agents are not water soluble. We introduce here a
novel class of complexometric titration reagents, a suspension of polymeric nanospheres
whose hydrophobic core is doped with lipophilic ion-exchanger and a selective
complexing agent (ionophore). The emulsified nanospheres behave on the basis of
heterogeneous ion exchange equilibria where the initial counter ion of the ion-exchanger
Is readily displaced from the emulsion for the target ion that forms a stable complex in
the nanosphere core. Two different examples are shown with Ca?* and Pb?* as target ions.
The lack of protonatable groups on the calcium receptor allows one to perform Ca?*

titration without pH control.
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Introduction

Complexing agents for metal ions are today widely used in complexometric titrations,
gravimetry, heavy metal detoxification, spectrophotometry, solvent extraction, and
chromatography.”” Complexometric titration (chelometry) is a well-established approach
for the determination of metal ions where the complexing agent is used to drastically
decrease the concentration of so-called free metal ion in solution at the equivalence point.
This change is typically visualized electrochemically with ion-selective electrodes or
optically with indicator dyes. >®

As proposed by Schwarzenbach® , for a reagent to serve in a titration procedure, (i) the
reaction must be rapid; (ii) it must proceed stoichiometrically; and (iii) the change in free
energy must be sufficiently large.

Until today, complexometric titrations made use of chelators that undergo homogeneous
complexation reactions. Water soluble polyaminocarboxylic acid chelators such as
ethylenediaminetetraacetic acid (EDTA) and diethylenetriaminepentaacetic acid (DTPA)
are the most widely used chelators, forming complexes of sufficient stability with nearly
all polyvalent cations.>*®* Because of this, their selectivity is not always satisfactory. To
ensure adequate selectivity, additional masking agents are required and/or the pH of the
solution needs be carefully controlled. For example, calcium titrations with EDTA must
be performed above pH 10.'? In addition, when chelators are used as antidotes for heavy
metal intoxication, the potential toxicity of these compounds also requires attention.? For
instance, the chelator 2,3-dimercaptopropanol (British Anti Lewisite, BAL), an early
antidote for Hg®*, was later found to be toxic because of its ability to accumulate organic
and inorganic mercury in the brain.*®

We propose here a new chemical principle for the design of complexometric titration
reagents. Instead of relying on the complexation to occur in homogeneous phase, we
make use of nanosphere containing emulsions doped with ion-exchanger and
hydrophobic receptor. This makes it possible to move the complexation reaction from the
agueous phase to an organic environment, where many more receptor molecules with
highly tunable binding selectivities are available. Moreover, such a design also allows

further modification of the nanoparticle matrix material to reduce bio-toxicity.
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Results and Discussion

The principle is shown in Scheme 1. The emulsion is doped with a lipophilic ion-
exchanger whose counter ion is readily displaced by the ion of interest. While the relative
preference of one (uncomplexed) ion over another is governed by the Hofmeister
lipophilicity sequence, the hydrophobic receptor in the particle core forms additionally a
stable and selective complex of defined complex stoichiometry with the target ion. While
the receptor drives the selective uptake by the nanoscale reagent, the ion-exchanger
defines the quantity of extractable ions.

Adequate lipophilic ion receptors, also known as ionophores, have been used in the
design of highly selective optical and electrochemical ion sensors for some time with
great success “**°. The complexation reaction between the ionophore and target ions is
typically diffusion controlled. Together with a small size of less than 100 nm in diameter
that ensures a rapid phase transfer process, the first requirement for the complexing agent
is fulfilled. The stoichiometry is typically known, thus the second requirement is also
fulfilled. Note that the complex stoichiometry is much less critical than with homogenous

titrations since one quantifies the amount of extractable ions by the amount of the ion

Free Energy
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T e
Q . FsC Q CF,
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Lead ionophore IV Calcium ionophore Il

Scheme 1. lon-selective emulsions containing nanospheres as complexing agent and
structures of the compounds used in this work. The nanosphere core is made of dodecyl 2-
nitrophenyl ether (D-NPOE) and the hydophobic sub-structure of Pluronic F-127. The
complexation reaction comprises (1) ion exchange between target ion (Ca** or Pb®") in
aqueous phase and the counter ion of R* (K") in the organic phase and (2) the
complexation reaction between target ion and the receptor, which lowers the solvation
energy for the target ion and provide the driving force for its uptake into the nanospheres.
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exchanger if the receptor is in sufficient molar excess. Such ionophores exhibit binding
constants that are often very high, for divalent ions up to 25 orders of magnitude,'® and
thus fulfil the third requirement stated above for complexing agents.

The Ca*" and Pb* selective emulsions were prepared by a precipitation method,*”*°
where a tetrahydrofuran (THF) solution containing calcium ionophore 1l (ETH 129) or
lead ionophore 1V, potassium tetrakis[3 ,5-bis(trifluoromethyl)phenyl]borate (KTFPB),
dodecyl 2-nitrophenyl ether (D-NPOE) and surfactant Pluronic F-127 was injected into
vortexing water to form a self-assembled nanosphere suspension. The ion-selective
emulsions were obtained after removal of THF. The resulting emulsion exhibits
monodipersity and is stable for at least four weeks.

In the complexometric titration of Ca®" and Pb*, the calcium or lead ion-selective
emulsions were used as complexing agents and potentiometric ion-selective electrodes
were employed as endpoint detectors. Three different concentrations of lead and calcium
were explored for the titration experiment shown in Figure 1. Accurate titration curves
were obtained with relative errors of less than 3%. The results showed satisfactory

agreement with theoretically expected equivalence points as indicated by the vertical
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Figure 1. (a) Potentiometric titration curves for 107 M (green), 3107 M (orange),
610" M (purple) Pb?* in unbuffered solutions (amounts of Pb?* in solution: 3 nmol, 9
nmol, and 18 nmol). (b) Potentiometric titration curves for 4x<10° M (black), 7>10° M
(orange), 10° M (green) of Ca*" in unbuffered water, corresponding to total amounts of
40 nmol, 70 nmol, and 100 nmol. The dashed vertical lines show the expected
endpoints.
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dotted lines, which were calculated on the basis of number of moles of added ion-
exchanger, which defines the amount of extractable ions from the sample. The response
time is less than 1 min before the endpoint as shown in Figure S1, which is essentially
given by the time response of the potentiometric detector. The emulsion containing only
TFPB was confirmed to not function properly for Ca®* or Pb?* titration because it lacks
selectivity.

As an early stage application, the calcium level in the river Arve (Geneva, Switzerland)
was determined as 1.40 mM £ 0.06 mM SD using a calcium selective emulsion as
complexing agent for Ca**. This titration compares favorably with an EDTA titration at
pH 10 using EBT as endpoint indicator (1.37 mM #=0.01 mM SD). The results also
indicate that the selectivity of the nanospheres is sufficient for this application.

As mentioned above, most available chelators for complexometric titrations require
careful pH control or the use of additional masking agents. For the emulsion based
calcium chelator, this is generally not necessary because the interference by H* is very
small, owing to the lack of protonatable groups on the calcium receptor. Figure 2 shows a

comparison of titration curves between calcium selective emulsions and conventional
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Figure 2. Comparing calcium selective emulsion with EDTA as complexing agents
for the potentiometric titrations of 4 UM calcium. NS 1. titration in non-buffered water
by calcium selective emulsion; NS 2: titration in 1mM pH 7.0 Tris-HCI by emulsion;
EDTA 1. titration in non-buffered water by EDTA; EDTA 2: titration in 1. mM pH 7.0
Tris-HCI by EDTA. The dashed vertical line marks the endpoint.

34



M pH 4 i
o}
&(U
(@]
Q7. !
5 i
0 05 1 15 2

2N7FPR Npg2r ——>

Figure 3. Potentiometric titration curve for 10° M CaCl, in pH 4 HCI solution with
calcium selective emulsion as titration reagent. Dashed vertical line marks the expected
endpoint.

calcium chelator EDTA. As established for EDTA, the lack of a pH buffer results in the
disappearance of the endpoint with EDTA. On the other hand, the emulsion-based titrant
gives essentially the same endpoint transitions for an unbuffered sample and one buffered
at pH 7.0. Figure 3 even demonstrates the successful titration of calcium under acidic
conditions (pH 4). At pH 7.0, the titration curves using the emulsions are much sharper
than EDTA owing to the stronger Ca®* binding affinity of calcium ionophore 1.

In summary, we propose here ion-selective nanosphere containing emulsions as a new
family of complexing reagents. The nanospheres work on the basis of heterogeneous ion
exchange equilibria. Ca** and Pb* selective emulsions were shown here as initial
examples for complexometric titrations. The ion-selective nanospheres can quantitatively
bind calcium or lead ions, even without pH control. Chelators such as EDTA have been
widely applied for chelometry but the selectivity and working pH range has not really
evolved in the past 60 years. This work opens up new chemical avenues to attain binding
affinities and selectivities that have so far not been achievable with homogeneous binding

approaches.
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Supporting Information

Experimental Section

Reagents:

Pluronic F-127 (F127), bis(2-ethylhexyl)sebacate (DOS), 2-nitrophenyl octyl ether (o-
NPOE), dodecyl 2-nitrophenyl ether (D-NPOE), tetradodecylammonium tetrakis(4-
chlorophenyl)borate (ETH 500), tetrahydrofuran (THF), sodium tetrakis-[3,5-
bis(trifluoromethyl)phenyl]borate (NaTFPB), potassium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (KTFPB), calcium ionophore 1l (ETH 129), calcium
ionophore 1V, lead ionophore 1V, poly(vinyl chloride) (PVC), CaCl,, Pb(NOs,),,
ethylenediaminetetraacetic acid disodium salt dehydrate (Na,EDTA), 2-amino-2-
hydroxymethyl-propane-1,3-diol (Tris) , hydrochloric acid (HCI) and Eriochrome Black
T (EBT) were obtained from Sigma-Aldrich. Super pure nitric acid (65% w/w) was
obtained from MERCK. Methyl methacrylate-decyl methacrylate copolymer (MMA-
DMA) was synthetized in our group®. Arve River sample was obtained from Geneva,

Switzerland.
Preparation of Ca®*-selective and Pb**-selective emulsion:

For Ca®-selective emulsion, 2.24 mg of calcium ionophore 11, 1.24 mg of KTFPB, 8.0
mg of D-NPOE and 3.0 mg of F127 were dissolved in 2.0 mL of THF to form a
homogeneous solution. 0.5 mL of this THF solution was pipetted and injected into 3 mL
of deionized water vortexing at 1000 rpm. Compressed air was blown on the surface for
30 min to remove THF.

For Pb**-selective emulsion, 1.83 mg of lead ionophore 1V, 0.63 mg of KTFPB, 6.08 mg
of D-NPOE, and 2.48 mg of F127 were dissolved in 2.0 mL of THF, followed by the

procedure above.

Membranes and electrodes:

The Ca’*-selective membrane was prepared by dissolving the mixture composed of 16.5
mmol/kg of calcium ionophore 1V, 6.9 mmol/kg NaTFPB, 63.1 wt% o-NPOE, and 33.5
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Wt% PVC in 1.5 mL THF. For Pb**-selective membranes, the membranes optimized for
low detection limits contained 0.74 mmol/ kg lead ionophore 1V, 0.34 mmol/kg NaTFPB,
10.98 mmol/kg ETH 500, 33.00 wt% MMA-DMA, 22.80 wt% DOS, 42.83 wt% PVC,
and 0.17 mmol/kg Pb(NOs),. The cocktail solution was then poured into a glass ring (22
mm in diameter) placed on a glass slide and dried overnight at room temperature under a
dust-free environment. Small disks were punched from the cast films and conditioned for
2 days in 5x10° M Pb(NO3), (diluted by 10* M HNOs) for Pb**-selective membranes,
and corresponding Ca?*-selective membranes in 5x10° M CaCl,. The conditioned
membranes were mounted separately in Ostec electrode bodies (Ostec, Sargans,
Switzerland). For the Ca*" ISE, 102 M Na,EDTA, 10™*M CaCl,, adjusted to pH 7.0 with
NaOH, was used as inner filling solution. For the Pb?* ISE with a low detection limit, 107
M Na,EDTA, 10* M Pb(NO3),, adjusted to pH 7.0 with NaOH, was used as inner filling

solution.
Instrumentations and measurements:

Potentiometric titration signals were recorded on an EMF-16 precision electrochemistry
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Figure S1. Potentiometric titration curve for 7>10"° M of Ca?* in 10 mL non-buffered water.
The volumes of the added calcium selective emulsion were 200 L, 4 <100 |, 50 L, 2 <
34 L respectively. The concentration of the ion exchanger KTFPB in the calcium selective
emulsion stock solution was 2.05 <10 M.The endpoint appeared at 684 L. The amount of
the KTFPB at the endpoint was 140 nano mole.The response time is less than 1 min before
the endpoint, and mainly dictated by the response time of the ion-selective electrode used for
the detection.
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EMF interface from Lawson Laboratories, Inc. A double-junction Ag/AgCl was used as
reference electrode (Mettler-Toledo AG, Schwerzenbach, Switzerland).

For potentiometric calcium titrations, samples were prepared by diluting 4 L, 7 i, 10
pL of 102 M of CaCl, to 10 mL by water to obtain the Ca®* concentrations of 4x10° M,
7x10°® M, and 10 M, respectively. Ca®*-selective electrodes were used as endpoint
detectors and Ca?*-selective emulsion as titration reagent.

For potentiometric lead titration, the samples were prepared by adding 30 L, 90 i, 180
pL of 10 M Pb(NOs), to 30 mL water to obtain the Pb®* concentrations 107 M, 3x10~
M, and 610" M, respectively. Pb?*-selective electrodes were used as endpoint detectors

and Pb**-selective emulsion as titration reagents.
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Chapter 3. lon-selective Optode Nanospheres as
Heterogeneous Indicator Reagents in Complexometric
Titrations

This work has been published in Anal. Chem., 2015, 87 (5), 2827-2831

Abstract

Traditionally, optical titrations of inorganic ions are based on a rapid and visible colour
change at the endpoint with water soluble organic dyes as indicators. Adequate selectivity
Is required for both the indicator and the complexing agent, which is often limited. We
present here alternative, heterogenous ionophore based ion selective nanospheres as
indicators and chelators for optical titrations. The indicating nanospheres rely on a
weaker extraction of the analyte of interest by ion-exchange, owing to the additional
incorporation of a lipophilic pH indicator in the nanosphere core. Ca®" titration was
demonstrated as a proof-of-concept. Both the chelating and the indicating nanospheres

showed good selectivity and a wide working pH range.

Optical reverse titration
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Introduction

Complexometric titration is a mature analytical technique that is being taught all over the

world in analytical science.!?

Titrations are routinely used to determine ion
concentration, speciation as well as complexation reactions in various fields such as
environmental, clinical and bioanalytical chemistry.*®

Water soluble organic compounds have been applied as chelators for complexometric
titrations for over sixty years.>*” However, their pH dependent complexing ability and
rather rigid selectivity remains an issue."*® We have recently introduced colloidal
titration reagents that may dramatically increase the available chemical toolbox of
possible titration reagents, alleviate the need for pH control, and eliminate the
requirement of a defined and singular reaction stoichiometry.®

The titration endpoint may typically be detected with optical indicators or
electrochemical sensors.®*® An optical indicator, also a chelating agent, is easy to handle
compared with electrochemical sensors owing to the convenient visual colour change at
the endpoint. Organic dyes that directly bind to the analyte ion are typically used as

optical indicators in chelometry. Current examples include phenolphthalein,*

methyl
red,*? fast sulphon black,*® Eriochrome Black T,** and murexide.™

As an optical indicator, the metal-indicator complex must be at least 10 to 100 times less
stable than the metal-chelator complex so that the chelator can effectively displace the
ion from the indicator complex. An indicator should have good selectivity, rapid and
visible change in colour and be water soluble and stable. Not all available optical
indicators can fulfil these requirements.*

Numerous indicators are weak acids, such as Eriochrome Black T, a classical indicator
for determination of water hardness.** As a weak acid, its colour will also depend on the
sample pH. In addition, the stability of metal-indicator complex and metal-chelator
complex are pH dependent as well, and these types of experiments require careful pH
control.?

Moreover, some optical indicators do not exhibit good selectivity. For example, murexide
is used as an indicator for several metal ions including Ca**, Cu*, Ni**, and Co®*.*>*® A

bias in the observed endpoint may arise in cases where these ions coexist in the sample.
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lonophore based optical ion sensors (optodes) have been known for many years.!”*°

However, their application as endpoint indicator for titration applications has not yet been
put forward. The sensor must exhibit sufficient sensitivity to act as endpoint indicator. It
is also known that the optode response is pH dependent, and therefore it requires pH
control. Recently, an exhaustive sensing mode for ion selective optodes has been
proposed.’®? The exhaustive nanosensors exhibited low detection limit, short response
time and may largely overcome any pH cross-response.

Here, we report for the first time that titrimetric analysis can be performed with ion
selective nanospheres acting both as chelators and indicators, thereby moving the
conventional homogeneous titration in agueous phase to a heterogeneous emulsion based
organic—aqueous environment. pH independent titrations for Ca?* were achieved by using
exhaustive calcium-selective optical nanospheres as endpoint indicator while calcium

selective nanospheres containing no chromoionophore was used as chelators.

Experimental Section

Reagents:

Pluronic F-127 (F127), o-nitrophenyl octyl ether (0-NPOE), dodecyl o-nitrophenyl ether

(o-NPDDE), tetrahydrofuran (THF), sodium tetrakis-[3,5-
bis(trifluoromethyl)phenyl]borate (NaTFPB), potassium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (KTFPB), calcium ionophore Il (ETH 129),

chromoionophore | (CH1), calcium ionophore 1V, poly(vinyl chloride) (PVC), sodium
hydrogen carbonate (NaHCOs), hydrochloric acid (HCI), nitric acid (HNO;, super pure)
and calcium chloride (CaCl,) were obtained from Sigma-Aldrich. Standard reference
material (1643e, trace elements in water) was obtained from the National Institute of
Standard and Technology (NIST).

Preparation of chelating and indicating nanospheres:

To prepare the chelating nanospheres, typically 2.27 mg of ETH129, 1.24 mg of KTFPB,
8.0 mg of 0-NPDDE, and 3.0 mg of F127 were dissolved in 2.0 mL of THF to form a

homogeneous solution. 0.5 mL of the THF solution was pipetted and injected into 3 mL
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of deionized water on a vortex with a vortexing speed of 1000 rpm. Compressed air was
blown on the surface of the resulting nanosphere emulsion for 30 min to remove THF. To
prepare the indicating nanospheres, typically 5.66 mg of calcium ionophore 1V, 0.75 mg
of CH1, 1.78 mg of NaTFPB, 8.0 mg of o-NPOE, and 5.0 mg of F127 were dissolved in
3.0 mL of THF to form a homogeneous solution. The same procedure as mentioned

above was used to fabricate the nanospheres.
Instrumentation:

Optical titration signals were measured with a UV—visible absorption spectrometer

(SPECORD 250 plus, Analytic Jena, AG, Germany).
Optical titration:

2.5 mL or 3 mL of the chelating nanospheres (complexing agent) and 20 piL of the
indicating nanospheres (indicator) were mixed in a cuvette. The optical reverse titrations
were performed by step-wise aliquoting 10° M CaCl, or the standardized sample into the

titration cuvette, each followed with recording of absorption spectrum.

Results and Discussion

Scheme 1 shows the principle of the reverse titration of calcium. A small amount of
indicating nanospheres was mixed with excess amount of chelating nanospheres. The
titrant (Ca?* containing aqueous samples) was then dosed to the nanosphere emulsion.
The indicating nanospheres contained calcium ionophore 1V, CH1, NaTFPB, embedded
in the hydrophobic nanosphere core made of o-NPOE and F127. The chelating
nanospheres had similar sensing components (KTFPB, ETH 129 and o-NPDDE),’ but
lacked the chromoionophore. Different ionophores and matrices were used here to help
ensure that the chelating particles exhibit a higher calcium affinity than the indicating
particles. The different matrices may also reduce the exchange of components between
the two types of particles.

Compared with conventional titrations, both the complexation reaction and the endpoint
indication have been moved from the aqueous phase to an organic phase. With more

titrant (Ca?*) added, the chelating particles will eventually become saturated, resulting in
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Scheme 1. Schematic illustration of ion-selective nanospheres as optical indicator and
chelator for complexometric titration.

an increase of the free calcium concentration in solution. At that point, calcium will be
extracted into the indicating particles and causes the deprotonation of CH1, which then
results in a change in absorbance and colour. The amount of Ca?* added can be quantified
by the total amount of ion-exchanger (TFPB) if ionophore is in sufficient excess.

The nanospheres are fabricated by a precipitation method,”* where the hydrophobic
sensing components self-assemble into the nanosphere core. The typical average diameter
of the nanospheres is less than 100 nm, but may grow with increasing particle

concentration.®?*

The indicating nanospheres have been reported as exhaustive
nanosensors that are extremely sensitive to the analyte."®”° For instance, with small
nanosphere quantities, 107 M of Ca?* is able to cause complete deprotonation of CH1,
thereby changing the colour of the nanosphere emulsion from blue to red.

For the calcium-selective chelating nanospheres, the working mechanism can be
understood with the extraction process between the aqueous (ag) and organic nanospheric
(ns) phase as shown in eq 1.

Ca’ (aq) + 2M*(ns) + 3L(ns) = Cal3"(ns) +2M *(aq) (1)

Where M" is the initial counter ion of the ion exchanger in the nanosphere, L is the
calcium ionophore that forms complexes of the type CalLs**

For the indicating nanospheres that contain an additional chromoionophore (Ind), a
similar extraction process is shown in eq 2, where HInd® is the protonated

chromoionophore.
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Ca’*(aq) + 2HInd *(ns) + 3L(ns) = Cal3"(ns) + 2H " (aq) + Ind (ns) )

The indicating nanospheres are subjected to an additional competition between hydrogen
ions and calcium. By lowering the sample pH and/or the acidity of the chromoionophore,
the calcium uptake capability should be weakened to a significant extent. Therefore, the
difference in calcium affinity between the two varieties of nanospheres makes them
promising candidates as indicators and complexants in complexometric titrations.

The relationship between primary ion (Ca®") concentration in the sensing phase and the
sample solution can be quantified on the basis of ion-exchange theory. Both the
indicating and the chelating nanospheres contain an excess of ionophore relative to ion
exchanger. The mole fraction of Ca** (in the complex form) in the chelating nanospheres
and the indicating nanospheres can be described by eq 3 and eq 4, respectively,

where [Cal%"]® and [R™]* are the concentrations of Ca** and TFPB in the chelating
nanospheres, respectively. [Ca* T, [J*]and [J*] are the concentration of Ca’" and

interfering ions in the sample solution, respectively. K%,. . is the selectivity coefficient

Ca?* 3"
for the chelating nanosphere while [Cal%]*, [R"]° and K" are the corresponding

C2+ J+

values for the indicating nanospheres.

2calr ] 2ACaM T +(KS. [T (JACa (K., [3 1) + (K., [T’

[R]® 2[Ca? T 2[Ca% ]
3
2[CalZ]* 2[Caz*]f“‘+(KC SN D \/4[Caz*]aq(K('f oy [T+ (K [T
[RT° 2[CaZ T - 2[CaZ ]
(4)

The total amount of Ca?" can be divided into three fractions, those in the chelating
nanospheres, in the indicating nanospheres and in the sample solution, as shown in eq 5.
[Ca2+]titrantvé:;zjnt :[CaL?éJr]cchs+[CaL§+]isVis+[Ca2+]aqVT (5)
where [Ca?*]""*"is the concentration of Ca®" in the titrant, V%" is the volume of the

titrant, V¢ and Vs are the volumes of the chelating nanospheres and the indicating
nanospheres, respectively, Vr is the total volume.
Base on charge balance, the relationship between the protonated CH1 (HInd") in the

indicating nanospheres and ion exchanger TFPB is shown in eq 6.
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Figure 1. Theoretical optical reverse titration curves for calcium in different pH
conditions. A is the absorbance at protonated wavelength. The dashed vertical line
indicates the expected endpoint.

[HInd*]° =[RT* - 2[Cal']" (6)
where [HInd"]is is the concentration of the protonated CH1 in the indicating nanospheres.
The optical signal, absorbance (A), in this case, is expressed in eq 7.

A=¢, .b[HINd"T® +¢,,b([Ind]° —[HInd T*) (7)

where [Indq]is is the total concentration of CH1, ¢, . and ¢,,are the molar extinction

o
coefficients, and b is the optical path length.

Eq 8 is obtained after inserting eq 6 to eq 7:

A= &,,b([Ind, I ~[R7]* +2[Cal% ") + &, bR T* ~2[Cal]") 8)
Finally, V" as a function of A can be obtained by solving equations (3), (4), (5) and
(8). (see eq S1 in supporting information)

The optical reverse titration for Ca?* at different pH can now be predicted, as shown in
Figure 1. The vertical dashed line indicates the expected endpoint. At acidic pHs,
sigmoidal titration curves are expected. With increasing pH, the s-shape curves change to
two linear lines. Note that at very low pH (pH 1.5), the titration curve is flat because CH1
cannot be deprotonated even in the presence of excess amount of Ca®*. At pH 7.5, the
endpoint can be determined at the intersection of two lines. Figure S1 and S2 show the
simulation of the concentration of Ca®* in the chelating nanospheres, the indicating

nanospheres and aqueous phase during the addition of titrant at pH 7.5 and pH 5.5,
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Figure 2. Theoretical reverse titration curves for calcium at pH 7.5 by using different
amount of indicating nanospheres. Cis represents a fixed concentration of indicating
nanospheres. A is the absorbance at protonated wavelength. The dashed vertical line
indicates the expected endpoint.

respectively. A linear relationship between Ca®* exchanged into the indicating
nanospheres and the volume of titrant was obtained, meaning that the indicating
nanospheres are working in the exhaustive mode at pH 7.5 (Figure S1b), Therefore, a

linear relationship between the absorbance A and 2n_,, :n.., (Figure 1) was obtained.

Ca®*
This lack of s-shaped curve is understood by a proportionality between calcium content
in the two types of particles, while the calcium level in the aqueous solution remains
insignificant before the endpoint. At pH 5.5, the Ca®* exchanged into the indicating
nanospheres as function of volume of titrant assumes an s-shaped curve (Figure S2b)

which signifies a sigmoidal relationship between A and 2n_,. :n, (Figure 1).

Ca®*
Figure 2 shows the theoretical titration curves simulated with different amounts of
indicating nanospheres (different Ci5) at pH 7.5. The titration endpoint gradually moves
further away from the expected endpoint with increasing amount of indicating
nanospheres. This is because the indicating nanospheres will consume analytes
themselves. In this situation, not only the concentration of ion exchanger in the chelating
nanospheres but also that in the indicating nanospheres should be accounted for. Figure 3
shows the experimental optical reverse titration curve (a) and absorption spectra (b) for

Ca®". The titration was performed in non-buffered water. 10° M CaCl, solution (titrant)
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Figure 3. (a) Reverse titration curve for calcium titration using 10° M CaCl,. Endpoint
indicator: exhaustive Ca®*-selective nanospheres. Chelator: nanospheres containing ETH
129 and TFPB. (b) Absorption spectra recorded at each titration point.

was gradually added to the mixed nanosphere emulsion. Before addition of any Ca?*, the
emulsion exhibited a blue colour owing to the complete protonation of CH1. As more
Ca®" being added, the protonation peak gradually decreased because of a small increase
in the free Ca* level. At first, the decrease was quite small and gradual because most of
the titrant was consumed by the chelating nanospheres. After saturation of the indicating
nanospheres, the free Ca®* concentration increase could be detected by the indicating
nanospheres, giving a sharp transition with a very small error (ca. 1%). Indeed, the
endpoint was obtained at 70 L £0.5 il (standard deviation) while the expected value
was at 70.3 L. The result corresponds satisfactorily to the expected theoretical s-shaped
curve. Note that the sharpness of the transition highly depends on the interaction between
the indicator and the analyte, which is defined by the optode response function as
explained below.

Conventional titration using organic chelators and indicators usually requires pH control
because any pH change could influence the effective binding strength of the chelator or
the indicator molecule. The chelating nanospheres do not suffer from this disadvantage
because the calcium ionophores are not pH sensitive in a wide pH range. In addition, the
exhaustive indicating nanospheres have been known to be pH independent within a

defined window of pH." Figure 4 shows that the Ca*" titration in different pH conditions.
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Figure 4. Experimental optical reverse titration curves for calcium in different pH
solution. The dashed vertical lines indicate the expected endpoint. The pH 2.9 solution
was prepared diluting HNO;. The pH 6.9, pH 7.5 and pH 8.0 buffer solutions were
prepared adjusting 10° M NaHCO; with HCI solution.

Even at very low pH value (pH 2.9, HNO3), an accurate endpoint can still be obtained.
Admittedly, under these acidic conditions, the absorbance change is much smaller than at
more elevated pH because CH1 cannot undergo complete deprotonation. Indeed,
chromoionophores with different basicities are available, providing the opportunity for a
tunability of the working pH window and sensitivity of the indicating particles. Note that
there exist no traditional calcium chelators and optical indicators that allow one to titrate
calcium at this pH.

CH1 deprotonates more readily if the optical titration is performed at higher pH (Figure
4). The endpoint was at the transition point of the s-shaped titration curve, which
gradually became more linear with increasing pH (as discussed above). At pH 7.5 and pH
8.0, the endpoint is found at the intersection of two linear curves (compare to Figure 1).
The titration curves correspond indeed well to theoretical expectations and the errors are
very small (ca. 1%). Further work will aim to improve the sharpness of the observed

endpoint further to match those with potentiometric detection.’
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Figure 5. Optical reverse titration curve for calcium in non-buffered sample solution
containing larger amount of indicating nanospheres. Crrpg (Chelating nanospheres) =
5.2x10° M, Crepg (indicating nanospheres) = 1.2x10° M, Vg = 3 ml. 10° M CaCl,
stocking solution was used as titrant. Black and blue dashed vertical lines indicate the
expected endpoint with and without considering the TFPB in the indicating
nanospheres.

The consumption of analyte by the indicating nanospheres can be neglected if the amount
of the indicating nanospheres is sufficiently small. However, if a high amount of
indicating nanospheres was used, the ion exchanger in the indicating nanospheres cannot
be ignored. Figure 5 shows the optical reverse titration for calcium with a large amount of
indicating nanospheres. When the total amount of ion exchanger in both the chelating and
the indicating nanospheres is accounted for, the error was very small (ca. 1.1%). If only
those in the chelating particles were taken into account, the error was to be 17.9%.

In order to know if the sensing components in chelating and indicating nanospheres will
exchange with each other, the change of absorbance of a mixture of two types of
nanospheres was observed over time in 10 mM tris-HCI buffer at pH 7. One type of
nanospheres contained only CH1 and the other just NaTFPB, while the matrix of the
nanospheres were the same. If the components exchange, some nanospheres containing
both CH1 and NaTFPB will appear. At such experimental conditions, CH1 will become
fully protonated in the mixed nanospheres, while it remains fully deprotonated in the
nanospheres containing CH1 only since no ion exchanger exists. As shown in Figure 6,
the absorbance peak at 531 nm (deprotonation peak) and 663 nm (protonation peak) only

showed a small change during 30 minutes. Note that one titration process takes less than
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Figure 6. Time response of two types of nanospheres mixed in 10 mM tris-HCI buffer

solution at pH 7. One contains only CH1 and the other only NaTFPB. The final

concentration for CH1 and NaTFPB is 1.27x10° M and 1.58x10" M, respectively.

5 min. This confirms that the interchange of the components in the chelating and the
indicating nanospheres is negligible.

The calcium level in a standardized reference sample (synthetic sample with standardized
ion concentration) was determined. As shown in Figure 7, the result from the optical

titration was found to be in agreement with the value of the standardized sample. This

0.08 -
0.07
0.06f
£ 0.05
20.04f
<
0.03f
0.02f
0.01f

0% 05

standardized sample

B N T T T T T e

15 2 25 3
2”Cazuin'|'|:p5

Figure 7. Reverse titration of Ca**-selective nanospheres using standard reference
material 1643e as titrant. The dashed vertical line indicates the expected endpoint.
Creps (chelating nanospheres) = 3.61x10° M, Viota = 2.5 mL. The standardized
concentration of calcium in reference material 1643e is 8.06 <10™ M.
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also suggests that the selectivity of the calcium selective nanospheres is sufficient for
routine analysis of fresh water.

In conclusion, we proposed here for the first time the use of ion-selective nanospheres as
optical indicator as well as complexing agents for complexometric titrations. The
titrations can be performed in a wide range of pH, which is impossible to achieve with
existing calcium chelators. The nanospheres showed excellent selectivity and sensitivity

for calcium. The calcium level in standardized sample was successfully assessed.
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Supporting Information

Equation S1 shows the relationship between the volume of titrant V™" and absorbance

Ca2+

A (see main text for derivation).

2+7is is +7a9\2 —1qis 2
[Caz+]titrantv(;i;a+mt — [CaL?-]isV is " 2[CaL3 ] (KCaZw',J ‘[J ] q) [R ] i?/'|'2(<9H|nd + b - g|ndb)
(A—g,4b[Ind;]*)
(A=, blInd )[R TPV (K. [0 + 4Caly TP (K. [ *’]a“)z[R*]_'s (%000~ D)’
8[Caly I* (e - [ T [RT (8,00 — £10gD)? e (A—&,,4b[Ind, ]%)*
K, 79 8[CaLy I* (K. 1 [ T (K 1 [ T [RT* (8,000 — £100D)? y
catty! (A-g,4b[Ind, ]*)*
eq S1
a) 404 b) 0.004 €) 4
pH7.5 pH 7.5 pH7.5
0.03 = 0.003 = 3
= = )
70,02 “50.002 =2
0.01 0.001 1t
0 0 : -
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Figure S1. Theoretical concentration of calcium in (a) the chelating nanospheres, (b) the
indicating nanospheres and (c) the aqueous phase as the volume of titrant increases at pH
7.5.
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Figure S2. Theoretical concentration of calcium in (a) the chelating nanospheres, (b) the
indicating nanospheres and (c) the aqueous phase as the volume of titrant increases at pH

5.5.
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Chapter 4. Anion-Exchange Nanospheres as Titration
Reagents for Anionic Analytes

This work has been published in Anal. Chem., 2015, 87 (16), 8347-8352

Abstract

We present here anion-exchange nanospheres as novel titration reagents for anions. The
nanospheres contain a lipophilic cation for which the counter ion is initially CI. lon
exchange takes place between CI in the nanospheres and a more lipophilic anion in the
sample, such as ClO, and NO;. Consecutive titration in the same sample solution for

ClO, and NO; were demonstrated. As an application, the concentration of NO5 in

spinach was successfully determined using this method.

Anion Titration with Nanospheres

A

:"-'End point for NO;

EMF

IX_ End point for clo,

Y

n titrant
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Introduction

Complexometric titration is a method for quantitative chemical analysis that has been
extensively used in analytical chemistry, environmental chemistry and biotechnology for
many decades. Typically, water soluble organic compounds are used as chelators while
electrodes and organic dyes serve as indicators.”®

The complexometric titration for cations has been well established using organic
chelators such as ethylenediaminetetraacetic acid (EDTA).* While the chemical analysis
of anions is equally important, good chelators for anionic species are virtually non-
existent. For instance, nitrate and phosphate are key nutrients for living plants and
animals.” An oversupply of nutrients may have a negative impact on plants and fish as
well as the environment. One example is eutrophication, which may cause a variety of
problems such as algal blooms, aquatic animal death and water pollution.'**

Recently, ionophore based ion selective nanosphere emulsions were introduced as
chelators and indicators in the complexometric titration for cations.*>** The nanospheres
contained an ionophore and a cation exchanger while the matrix was made of plasticizer
and a surfactant Pluronic F-127 (F127). As the nanospheres are added to the sample
solution the ionophore promotes the extraction of the target ion by replacing the original
counter ion of the cation exchanger.

We report here for the first time that emulsions of nanospheres exhibiting a lipohilic core
containing an anion exchanger may serve as titration reagents for anionic species. As
these nanospheres are free of ionophore, the resulting selectivity must obey the so-called
Hofmeister selectivity sequence, with more lipophilic ions preferred over hydrophilic
ones typically in the order

R >ClO,,SCN >1 >NO; >Br >Cl >F

where R denotes an organic anion.

A chloride counter ion confined to the nanosphere core is expected to spontaneously
exchange with sample anions placed on its left in the sequence shown above. This
principle is used here to demonstrate consecutive and separate titrations of perchlorate

and nitrate as proof-of-concept examples. As an early application, the nitrate
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concentration in spinach extract was successfully determined and confirmed by ion

chromatography.

Experimental Section

Reagents

Pluronic F-127 (F127), dodecyl 2-nitrophenyl ether (o-NPDDE), tetrahydrofuran (THF),
poly (vinyl chloride) (PVC), tetradodecylammonium chloride (TDDA'CI),
chromoionophore VI (CHVI), Dowex® Marathon™ MSA chloride form (anion
exchange resin), sodium perchlorate (NaClO4), sodium nitrate (NaNO3), sodium
thiocyanate (NaSCN), saccharin, aspirin and sodium chloride (NaCl) were obtained from

Sigma-Aldrich. Spinach was purchased from a local supermarket in Switzerland.

Preparation of anion exchange nanospheres

Typically, 3.05 mg of TDDA'CI, 5 mg of F127 and 8.0 mg of o-NPDDE were dissolved
in 2.0 mL of THF to form a homogeneous solution. 0.6 mL of this THF solution was
pipetted and injected into 2 mL of deionized water vortexing at 1000 rpm. Compressed

air was blown on the surface for at least 30 min to remove THF.
Membranes and Electrodes

The ion selective membrane was prepared by dissolving the mixture composed of 3.75
mg of TDDA'CI’, 50 mg of PVC and 100 mg of o-NPDDE in 1.5 mL of THF. The
cocktail solution was then poured into a glass ring (22 mm in diameter) placed on a glass
slide and dried overnight at room temperature under a dust-free environment. Small disks
were punched off from the cast film and conditioned for 1 day in 10° M NaClO,. The
conditioned membranes were mounted separately in Ostec electrode bodies (Ostec,
Sargans, Switzerland). The inner filling solution was composed of 10° M NaCl and 1g/ml

anion exchange resin.
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Instrumentation

Potentiometric titration signals were recorded on an EMF-16 precision electrochemistry
EMF interface from Lawson Laboratories, Inc. A double-junction Ag/AgCl was used as
reference electrode (Metrohm AG, Switzerland).

For potentiometric titration for CIO, , the samples were prepared by diluting 15 pL, 32.5
pL 102 M NaClO,4 and 5 pi 10" M NaClO, in 5 mL water to obtain 3x10° M, 6.5x107
M and 10 M CIO,, respectively. For NO5 titration, the sample was prepared by diluting
5 bl 101 M NaNOs in 5 mL water to get 10 M NOj3 . For consecutive titration for 5x10
M CIO, and 10" M NOj3, the sample was prepared by diluting 2.5pL 10" M NaClO, and
5 pl 10 M NaNOs in 5 ml water.

Spinach extract was prepared by boiling 100 g of spinach leaf for 5 h followed by
filtration to obtain the stock solution. Subsequently, 30 L of spinach extract was added
to 5 mL water to obtain the final titration sample. An anion-exchanger based ion selective

electrode (see above) was used as indicator.

Results and Discussion

The principle of anion titration using ion exchange nanospheres is put forward in Scheme
1. The nanosphere cores are prepared by self-assembly of TDDA'CI,, o-NPDDE and
F127 in water using a previously developed method.** The counter ion of TDDA" is
initially CI', which is expected to be readily displaced by a more lipophilic anion A such
as perchlorate and nitrate.

For an anionic titrant, the working principle is understood by the following ion exchange
process (eq 1) between the aqueous phase (aq) and the organic nanospheric phase (ns),

Cl (ns)+ A (ag) ==Cl (aq) + A" (ns) (1)
Where CI~ is the initial counter ion of ion exchanger in nanosphere and A" is the more
lipophilic target anion.

The relationship between the target anion concentrations in the nanospheres and the

aqueous part of the sample solution is described by eq 2,
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where [A']™® is the concentration of anion A™ in the nanospheres, [TDDA']>  is the

titrant

concentration of ion exchanger in the nanosphere stock solution, V.  is the volume of

ttrant
the nanosphere stock solution added into the sample, V, is the volume of water before
addition of target ions and nanospheres, [A"]* and [J~]*are the concentration of A and
interfering ion J~in the solution, K¢ | is the selectivity coefficient of the nanospheres
for A"overJ-.

As shown in eq 3, the total number of moles of target anion A" may either be localized in

the nanospheres or in the aqueous sample solution:

[A' N, =[AT" Vigan +Vo) +[A T Vo +Viigan 3)
Here, [A] is the concentration of A™ in the stock solution and Vv, is the volume of stock
solution added to V, .

lon selective electrodes with response to the target anion were used as endpoint detectors.
The relationship between the electromotive force (EMF) and concentration (activity,

more strictly) of the target ion in the sample solution is given by eq 4,

503%%2??550 X Q%g%‘g??%

Orn R*J‘wf% 8:1: : + L0
%}3 o R,,Crcr ::%3 —) %M;J A R+A' " ng
S o 0%555%%5%0

CH,(CH,),,CH,
CH;wtCHJCHJmCHB
CH,(CH,),.CH,

R" CH.(CH,)

10

Scheme 1. Illustration of ion selective nanospheres as anionic titration reagents and the
structure of the anion exchanger used in this work. The nanosphere core consists of the
surfactant F127 and the plasticizer o-NPDDE. A" is more lipophilic ion than CI.
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EMF =E, +slg[A]® (4)
where E, is a constant potential and s the electrode slope, ideally -59.2 mV for a

monovalent anion.

By combining eq 2, 3 and 4, the EMF can be obtained as a function of n

TDDA*

(V ns

titrant

[TDDA' 1. ) (see eq S1 in supporting information) and used to predict the titration
curve.

Figure 1 shows the potentiometric titration for CIO, in non-buffered water with
TDDA'CI" doped nanospheres as titrant. An anion selective membrane electrode
containing the anion exchanger TDDA'CI™ in o-NPDDE plasticized PVC was used as
indicator. The inner solution of the electrode was 1 mM NaCl with additional anion
exchange resin to maintain an inward perchlorate flux from the sample solution toward
the inner solution.™ For this reason, the electrodes exhibited a super Nernstian response

slope to CIO,  in the range of 10° M to 10™ M (Figure 2a), which further increased the
300
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Figure 1. Potentiometric titration curves and theoretical fit for 3x<10° M (pink),
6.5%10™° M (green) and 10 M (blue) CIO, in non-buffered solutions (amount of ClO,
in solution: 150 nmol, 325 nmol and 500 nmol). The dashed vertical lines show the
expected endpoints.

Parameters: Eq = -253 mV, Vo= 5 mL, K [J'* = 7x10° M, [A] = 0.01 M. For
3x10° M ClO,: Va=15 uL, [IDDA']".  =8x10* M. For 6.5x10° M ClO,: Va- =

titration

32.5 UL, [TDDA']S,.., =6.956x10 M. For 10* M CIO,: Va =50 uL, [TDDA TS,
=4.66x10" M
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sensitivity of the titration.” Three different concentrations of ClO, were chosen for the

titration experiment shown in Figure 1. Upon volumetric addition of the nanosphere

emulsion to the sample solution, the extent of ClIO, extracting into the nanospheres and
replacing the chloride ions is dictated by ion-exchange capacity of the nanosphere
emulsion and the volume. The ion-exchange capacity means the amount of exchangeable
ions per volume of particle stock suspension. For a titration experiment with a given
concentration of analyte, changing the concentration of TDDA" in nanosphere stock
solution will not affect the expected endpoint but only result in different final volume of

the nanosphere stock solution required to reach the endpoint.

At the endpoint, the concentration of CIO, in the sample solution is depleted, giving a
sudden increase in the EMF signal. The sharp titration curves corresponded very well to
the theoretical expectations from egq S1 with the endpoints calculated from the ion
exchanger concentration in the nanospheres, giving errors of less than 1%. The level of
the analyte could also be determined with ISEs directly, e.g., using external calibration as
shown in Figure S1. Note that direct measurements with ISEs rely to a great extent on the
sensor calibration. If the electrode exhibits a Nernstian response in the range of interest,

the operation will be relatively straightforward, although uncertainties in activity

(@) 400 (b) 0.25
300} 00k
200

z Eo1s

=~ 100} -

= &£ 0.1

8 6 4 2 0 2 4
log [A]
Figure 2. Selectivity of (a) TDDA" doped anionic selective electrode membrane in non-

buffered water and (b) anion exchange nanospheres containing the optical reporter dye CHVI
and TDDA" in pH 5.6 MES-NaOH buffer solution.
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coefficients and liquid junction potentials may need to be accounted for. The calibration
for an electrode exhibiting a super Nernstian electrode is more complicated and may
result in unacceptably large errors. In contrast, the sensitivity can even be improved with
a super Nernstian electrode when used as endpoint indicator in potentiometric titrations.

Both the nanospheres and the indicating electrode membrane contained TDDA™. The

selectivity pattern for the indicating electrodes was found to be similar to that of the ion

selective nanospheres, with ClIO, (log Kgfct);,cr: -5.1) > SCN (logK®, . =-2.3) > NO3
(logKp® o =-1.7) > CI'in the concentration range from 10° M to 10 M (Figure 2a). To

better visualize the selectivity pattern for the titrating reagents, the nanospheres were
doped with additional H*-selective chromoionophore (CHV1) in addition to TDDA". The
use of CHVI gave rise to an optical signal that was quantified in absorbance mode. The
principle is analogous to that of ion selective optodes: hydrogen ions and anions will be
co-extracted into the nanospheres, resulting in an absorbance change of CHVI. The
ability to extract anions is different between the optical nanospheres containing CHVI
and the ones only doped with TDDACI'. For the nanospheres with optical readout, the

ability to extract anions is not only related to the lipophilicity of the anions but also to the

280 i
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L i Nitrate Titration
160} i
2ol ¢+ . . .
0 051 15 2 25 3 35
n

TDDA* nNOg_

Figure 3. Potentiometric titration and theoretical fit for 10* M NO5™ in non-buffered
solution with ion selective nanospheres as titration reagents. The dashed vertical line
indicates the expected endpoint. Parameters: E; = -89 mV, [A]=0.1 M, Vao.=5 uL,

Vo=5mL, K"  [J7]Y =1.23x10° M, [IDDA']},,,, = 1.445x10° M.

titration
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basicity of the H* indicator (CHVI). Nonetheless, assuming no interaction between the

anions and the chromoionophore, the selectivities between the two cases are expected to

opt

be comparable. Figure 2b shows the following selectivity pattern with CIO, (log Kuo;,cr

=-3.7) > SCN (logK® =-2.8) > NO3 (logK*® = -1.2) > Cl. This resembles the

SCN-CI- NO; CI”
one observed in Figure 2a for the anion-exchange electrode despite the different sensing
matrices used and the possibility of additional ion pair formation with the protonated
indicator in the optode nanospheres.

Figure 3 shows that in the absence of perchlorate, the nanospheres can be used to titrate
nitrate as well. To our knowledge, there has been no titration reagents reported for
perchlorate and nitrate so far. The titration curve corresponds satisfactorily to the
theoretical expectation with a very small error of ca. 1%.

For environmental applications in sea water and fresh water, chloride is one of the most
abundant interfering anions.™® Figure 4 demonstrates a ClO, titration in 10 mM NaCl

background solution. With such a high concentration of Cl as background, the titrations
were still able to give accurate results. The titration endpoint again corresponded to

theoretical expectations with a small error of ca. 1%.

250 :
200t 5
S i
0
=100} ; trati
i Perchlorate Titration
i in 10 mM NaCl
50¢ E
o+ . .
O 05 1 15 2 25 3 35

n .
TDDA* * n(:|o4‘

Figure 4. Potentiometric titration curve for 10* M CIO, in 10 mM NacCl solution fit
with theoretical curve. The dashed vertical line shows the expected endpoint.

Parameters EO = '204 mV, [A_] = 01 M’ VA- = 5 uL’ VO: 5 mL’ K:'E‘J,[J—_]aq -
1.1x<107 M, [IDDA]". =8.94x10™ M.

titration
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lonophore based ion selective nanospheres exhibited excellent selectivity toward one
analyte,*”*® but they have so far not been explored for the titration of several distinct ions
that coexist in solution. We now demonstrate this for the first time for the anion-

exchanger-doped nanospheres developed here. Figure 5 shows a consecutive titration of

ClO, and NOjs. The selectivity series of the detecting electrode is similar to that of the
nanospheres (see Figure 2a and b). Both ion selective nanospheres (titrant) and electrodes
(indicator) contribute to the visualization of the endpoint separation. The endpoints for
ClO, and NO; shown in Figure 5 are clearly separated, giving an error of less than ca.
3%. The corresponding first derivative of the titration curve is shown in Figure S2 to
better visualize the endpoints. The derivation of the theoretical equation for consecutive
titration is similar to that for single ion titration (eq S7). The results were in satisfactory
agreement with the theoretical s-shaped curve.

Figure 6 shows the calculated titration curves (a, ¢) and their second derivatives (b, d) for

=-23 and logK®™ = -50

monovalent anions, using selectivity coefficients logK™ o ol
4

NO;z ,CI™
extracted from the nitrate titration (Figure 3) and perchlorate titration curves shown in

Figure 4. A concentration increase of interfering ions results in a less pronounced

300 .
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Figure 5. Potentiometric consecutive titration for 5x10° M ClO, and 10* M NO; in
non-buffered water (amount of CIO, in solution: 250 nmol, amount of NO; in
solution: 500 nmol). Titrant: TDDA'CI™ doped nanospheres. Indicator: anion selective
electrode. [TDDA™]" =~ =1.38x10" M.
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endpoint. Compared with the selectivity of the optode nanospheres shown in Figure 2b,
the titrating nanospheres appear to be better suited for the detection of lipophilic ions.
This difference is perhaps likely due to the additional chromoionophore (CHVI) in the
optode nanospheres that may contribute to an unwanted stabilization of the chloride ion.

A higher selectivity for A over J may tolerate a higher concentration of interfering ions,

see Figure 6 (e). With the selectivity coefficients logKy® == -2.3, a better than 90%

accuracy is achieved with at most 10%% M interfering ion concentration. Similarly, with

a selectivity coefficient logK™ = -5.0 (perchlorate), the titration may tolerate a 10"***

M back ground level of chloride. Note that any interfering anions with the same

selectivity coefficient should have the same influence on the accuracy shown in Figure 6.
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Figure 6. Theoretical titration curves (a, ¢) and secondary differentiation of the titration
curves (b, d) for 10 M primary anions A~ with different concentrations of interference ion
J~ with indicated selectivity coefficients for A over.J~. (e) Deviation from 100 %
accuracy as a function of the interfering ion J~ concentration for ion exchange
nanospheres with indicated selectivity coefficient.

For (a) and (b), parameters are as follows: Eq=-204 mV, [A]=0.1 M, Vao=5uL, Vo=5
mL, K" =1.1x10°, [TDDA'T},,,,,= 8.94x10" M. Concentration of interference ion [J ]**:

10%° M (black),10%* M (red),10™ M (blue), 10> M (green), 10" M (orange) and 1 M
(purple). For (c) and (d), parameters are as follows: E;=-89 mV, [A]=0.1 M, Va-=5 uL,
Vo=5mL, K =10%° M, [TDDA'T;,,,,= 1.445x10°° M. Concentration of interference

titration

ion [J T 10*M (black),10>® M (red),10>° M (blue), 10° M (green), 102> M (orange)
and 102 M (purple). The parameters for () are the same as above.
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With a known selectivity coefficient and concentration of primary anion, the maximum
tolerable interference concentration of can therefore be predicted. With a given CIO,
concentration, the maximum tolerable concentrations of different organic anions can vary
according to the lipophilicity of the anions. For perchlorate titration, the maximum
tolerable concentration for aspirin is higher than that with saccharin, as shown in Figure
S3. Consecutive titration for ClIO, and saccharin was successful with anion selective
nanospheres as titrant (Figure S4). Because the lipophilicity of CIO, is higher than
saccharin (Figure S5), the first and the second endpoints corresponded to CIO, and
saccharin, respectively. Most multivalent anions such as sulfate and phosphate are
usually very hydrophilic and should not cause significant interference to the titration of
lipophilic anions.

Figure 7 displays the calculated deviation of the endpoint from 100% accuracy as a

(@ 1.2 . (b) 1.2
logK},. ,=-5.0 logK),. ,.=-2.3
T pe———g T,
c,»0 .. 010-3M | oo % ° °
S06f  10°m 5, C 3 067 : -
S O e e °
© AN - 7~ P
< 0.4} Y COA4E q05M o qgeny .
0.2 0.2 ° o
0 . [+ .- 0 y p p
-4 _3 ) -1 0 1 -4 '3 '2 '1
l0g[J ] log[J']

Figure 7. Deviation of the calculated endpoint from 100 % accuracy as a function of the
interfering ion J  concentration for ion exchange nanospheres with the indicated
selectivity coefficients and analyte anion concentrations (A). Parameters for (a) : Eq = -
204 mV, [A1=0.1M, Vo=5mL, K =11x10°M, [IDDA'T},,,,= 8.94<10" M. V.

titration

=0.05 uL, VA-=0.5 uL, Vao-=5 uL and V-=50 uL corresponding to the concentrations
of primary ion [A ~]: 10° M (green), 10° M (red),10* M (blue), 10° M (yellow),
respectively. Parameters for (b): Eg=-89 mV, [AT=0.1 M, Vg=5mL, K" =107 M,
[IDDA1:. = 1.445X10° M. V5-=0.5 uL, Va-=5 uL and Va =50 uL corresponding to
the concentrations of primary ion [A ]: 10° M (green), 10* M (red), 10° M (blue),
respectively.
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function of the different interfering ion J concentration for the titration of analyte anions
at the indicated concentrations. Both Figure 7a and b demonstrate that increasing the
concentration of primary ions will tolerate higher levels of interference.

As an initial application, the ion exchange nanospheres were used to titrate the nitrate

concentration in spinach extract, which was obtained by boiling and filtration and was

diluted prior to titrimetric analysis. The concentration of NO; in the extract was

determined as 18.0 mM %0.1 mM (standard deviation) using the methodology developed
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Figure 8. Potentiometric titration curve and theoretical fit for NO3™ in spinach extract.
Ntopa+ (end point) = 540 nmol, Vi, = 5 mL. The dashed vertical line shows the

expected endpoint. Parameters: Eo = -108 mV, [A] = 1.8x10% M, Va-=30 uL, Vo= 5
mL, K [J7 1 =2.9%10° M, [TDDA’ T}, = 1.810° M.

titration

here (Figure 8), while ion chromatography using external calibration (Figure S6) gave
17.7 mM £0.1 mM (standard deviation). The data is fit with eq S1 using the parameters
shown in the caption of Figure 8.

It is expected that the titration error will increase with increasing concentration of
interfering ions in any real sample. Here, as shown by the ion chromatographic analysis
of the spinach extract, the main interfering ion was CI (see Figure S7). In the diluted
spinach extract with concentration of 1.08x10* M NOj, the chloride concentration was

in the low milimolar range and did not interfere with the nitrate determination.
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In conclusion, this work describes for the first time the titration of anions with anion-
exchanger-doped nanosphere emulsions as titration reagents. The nanospheres exhibit a
Hofmeister selectivity pattern and utilize readily sourced and inexpensive materials.

Separate as well as consecutive titrations for perchlorate and nitrate were demonstrated.
The concentration of NO; in spinach extract was successfully determined using this

method.
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Supporting Information

Eq S1 shows the relationship between the volume of titrant V>, . and EMF (see main text

for derivation).

X ,f X,
EMF = E, — sLog, [0 Vo T %0 ) eq S1
2(V0 +Vtitrant

Where X = [A_]VA— - K::J— [‘] —]aq (VO +Vtir::ant) - I.—I—DDA+ Pifrantvtitant

and y, =4[A'V, KE | [ITV +Viiran

A A

=V, [TDDA R . Into equation S1, the EMF as a function of n

By inserting n__.. itrant oA

IS obtained.

Theoretical equation for the consecutive titration of two anions

AT - AT eq S2
I.-rDDA+ ?i?rantvtir;?ant / (Vtir’:?ant +V0) [A_]aq + K':fﬂ]* [J _]aq

T P 0q 53
[TDDAJr ?iirantvtir':fant / (Vtirtfant +V0) [‘J 7]aq + K:f A [Ai]aq
[AN, =[AT" Migarn +Vo) +[AT (Vo +Viigan eq S4
[‘] _]Vy = [‘] —]HS ti:iant +VO) + [‘] _]aq (VO +Vti::ant eq S5
EMF = E, -, log,, {[A T +K? | [3°]] eq S6

By combining equations S2, S3, S4, S5 and S6, the EMF as a function of V., is

obtained.

X1+\/y1+X12+K:§'37(X2+\)y2+xzz)] eq g7

EMF=E, —s,Log,,[

2(\/0 +Vtir::ant
Where X1 = [A_]VA— - K:‘:J— [‘] —]aq (Vo +Vtirt]|?ant) - I.—l_DDA+ ?iirantvtil::ant '

Y, =4[A N, KL LT Vo +Vigan) » X =[3° V- =KP TATHV, +Viian) — [TDDA" It an Viran

A AT

and y, =4[3" N KT TAT (V) +Viran) -

J7 A
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[TDDA']:.. Into eq S7, the EMF as a function of n IS

titrant TDDA"

By inserting n =V

TDDA" titrant

obtained.
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Figure S1. Potentiometric response of TDDA" doped anionic electrode to ClO,. The
green circle indicates the EMF of the ClIO, sample solution (13.99 =+ 0.91) which
corresponds to a log[ClO,] of -5.12. Compared with the prepared real concentration
(log[CIO4]= -5.3), the error is ca. 3.4%.
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Figure S2. The first differentiation of consecutive titration for CIO, and NO; as shown
in Figure 5. The dashed vertical lines indicate the expected endpoints.
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Figure S3. Potentiometric titration curves for 10*M CIlO, with different background of
interfering anions. (a) Red: without aspirin. Black: 10 M aspirin. Yellow: 10™ M aspirin.
(b) Red: without saccharin. Black: 10® M saccharin. Yellow: 10° M saccharin. The
dashed vertical line indicates the expected endpoints. Aspirin and saccharin stock
solutions were adjusted by NaOH to reach pH 7.0 before use.
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Figure S4. (a) Potentiometric consecutive titration for 10* M ClO, and 5x10° M
saccharin in non-buffered water fit with theoretical curve and (b) corresponding first
differentiation of the titration curve (amount of ClO,4 in solution: 500 nmol, amount of
saccharin in solution: 250 nmol, total volume: 5 ml). The dashed vertical line shows the
expected endpoint. Titrant: TDDA'CI™ doped nanospheres. Indicator: anion selective
electrode. [TDDA' %, =1.23x10" M. Saccharin stock solution was adjusted by NaOH to

titrant

reach pH 7.0 before use.
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Figure S5. Selectivity of TDDA™ doped anionic selective electrode membrane for ClIO,
and saccharin in non-buffered water. Saccharin stock solution was adjusted by NaOH to
reach pH 7.0 before use.
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Figure S6. lon chromatography time trace graph (left) and calibration curve (right) for
different concentrations of NO3z (1 mg/L, 2 mg/L, 4 mg/L, 6 mg/L and 8 mg/L).
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Figure S7. lon chromatographic time trace for the injection of spinach extract solution.
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Chapter 5. Solvatochromic Dyes as pH-Independent
Indicators  for lonophore  Nanosphere-Based
Complexometric Titrations

This work has been published in Anal. Chem., 2015, 87 (24), 12318-
12323

Abstract

For half a century, complexometric titrations of metal ions have been performed with
water soluble chelators and indicators that typically require careful pH control. Very
recently, ion selective nanosphere emulsions were introduced that exhibit ion-exchange
properties and are doped with lipophilic ionophores originally developed for chemical ion
sensors. They may serve as novel, highly selective and pH independent complexometric
reagents. While ion optode emulsions have been demonstrated as useful indicators for
such titrations, they exhibit a pH-cross response that unfortunately complicates the
identification of the endpoint. We present here pH independent optode nanospheres as
indicators for complexometric titrations, with calcium as an initial example. The
nanospheres incorporate an ionic solvatochromic dye (SD), ion exchanger and ionophore.
The solvatochromic dye will be only expelled from the core of the nanosphere into the

aqueous solution at the endpoint at which point it results in an optical signal change. The

pH independent nanospheres as indicator for Ca?* titration

QOO0
QQQ TFPB OQO

Before point After
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titration curves are demonstrated to be pH independent and with sharper endpoints than
with previously reported chromoionophore-based optical nanospheres as indicator. The

calcium concentration in mineral water was successfully determined using this method.

7



Introduction

Complexometric titration is an established and inexpensive technique for the
quantification of metal ions in solution that compares well with other analytical
techniques such as mass spectrometry (MS), ion chromatography (IC) and nuclear
magnetic resonance (NMR).** Conventional complexometric titrations require water
soluble chelators and indicators.” Highly selective ionophores cannot be adapted to this
platform because they are very lipophilic and therefore water insoluble. Recently, ion
selective nanoemulsions containing chromoionophores and ionophores as novel titration
reagents (indicators and chelators) have been introduced.>’ Hydrophobic ionophores can
be easily embedded into nanoemulsions, thereby extending the available reagent toolbox
for complexation titrations.

The endpoint of a titration experiment can be monitored using ion selective electrodes or
indicating dyes. Most of the indicating dyes also exhibit a response to sample pH changes,
such as Eriochrome Black T and Murexide, and thus careful control of the sample pH is
required.®® To overcome this, ion selective optical nanosphere emulsions, miniaturized
versions of ion optodes, have recently been demonstrated as endpoint indicators.’ The
nanospheres contain lipophilic sensing components including ion exchanger, ionophore
and chromoionophore (lipophilic pH indicator). The signal change in absorbance or
fluorescence mode depends on the competition between the hydrogen ion and the cationic
analyte or coextraction of anionic analyte and hydrogen ion. The endpoint can be
visualized in a specific range of pH, outside of which the transition becomes
insufficiently sharp. This unsatisfactory behavior is caused by the simple fact that the
response of the indicating nanospheres is pH dependent.

lon-selective optical sensing films independent of sample pH have been previously
reported by replacing the chromoionophores with solvatochromic dyes (SDs).**** The
sensor was based on hydrogel entrapped plasticizer droplets containing ionophores and
SDs. The analyte ion could be exchanged or co-extracted with SDs into the droplet,
causing an optical signal change in the SDs.*"**!*® Changing the polarity of the solvent
will induce a change in the ground and excited states of the SD and result in a change in

the absorbance or fluorescence spectrum.’®™® These dyes are used to probe the solvent
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polarity and are also developed as research tools for the measurement of cell membrane
potential changes, for cell imaging applications, and biosensors.”®*® Here we present ion
selective optical nanospheres incorporating SDs as pH independent endpoint indicators in
the complexometric titration of Ca*" as an initial model system. The endpoints can be
easily identified in a very wide range of pH by recording absorbance or fluorescence, and

are accompanied by a colour change visible to the naked eye.

Experimental Section

Reagents

Pluronic F-127 (F127), bis(2-ethylhexyl)sebacate (DOS), sodium tetrakis-[3,5-
bis(trifluoromethyl)phenyl]borate (NaTFPB), potassium tetrakis[3,5-
bis(trifluoromethyl)phenyl]borate (KTFPB), calcium ionophore Il (ETH 129), calcium
ionophore IV, 3,3’-dibutylthiacarbocyanine iodide (SD2), calcium chloride (CaCl,),
sodium hydroxide (NaOH), 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris),
tetrahydrofuran (THF), methanol and hydrochloric acid (HCI) were obtained from

Sigma-Aldrich. The charged solvatochromic dye (SD1) was synthesized in house.?®
Preparation of chelating and indicating nanospheres

To prepare the chelating nanospheres, typically 1.75 mg of ETH129, 1.34 mg of KTFPB,
2.14 mg of DOS, and 1.5 mg of F127 were dissolved in 2.0 mL of THF to form a
homogeneous solution. 0.5 mL of the THF solution was pipetted and injected into 3 mL
of deionized water on a vortex with a vortexing speed of 1000 rpm. Compressed air was
blown on the surface of the resulting nanosphere emulsion for 30 min to remove THF.

To prepare the indicating nanospheres, typically 1.61 mg of calcium ionophore 1V, 0.21
mg of SD1, 0.64 mg of NaTFPB, 8.0 mg of DOS, and 5.0 mg of F127 were dissolved in
1 mL of THF to form a homogeneous solution. 0.1 mL of the THF solution was pipetted
and injected into 4 mL of deionized water on a vortex with a vortexing speed of 1000
rpm. Compressed air was blown on the surface of the resulting nanosphere emulsion for

30 min as well to remove THF.
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Instrumentation

Optical titration signals were measured with the UV—visible absorption spectrometer
(SPECORD 250 plus, Analytic Jena, AG, Germany). Fluorescence signals were

measured with a fluorescence spectrometer (Fluorolog-3, Horiba Jobin Yvon).
Optical titration

0.8 mL of the chelating nanospheres (complexing reagent) and 0.15 ml of the indicating
nanospheres (indicator) were mixed in a cuvette and diluted with water to reach a final
volume of 2 ml. The optical reverse titrations were performed by volumetric dosing of
10 M CaCl, or real sample into the titration cuvette, each step followed with recording

the absorption or fluorescence spectrum.

Results and Discussion

Scheme 1 shows the principle of ion selective nanospheres as chelator and indicator for
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Scheme 1. Schematic illustration of ion selective nanospheres as chelators and indicators
in the complexometric titration of calcium. Chelating nanospheres contain calcium
ionophore Il and cation exchanger. Indicating nanosphere contain calcium ionophore 1V,
cation exchanger and solvatochromic dye (SD1 or SD2).
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calcium titration. The chelating and indicating nanospheres contain calcium ionophore 1V
or calcium ionophore Il and the cation exchanger TFPB™ embedded in the hydrophobic
core made of DOS and F127. The indicating nanospheres contain additionally positively
charged solvatochromic dye (SD1 or SD2) as the signal reporter. Dynamic light
scattering (DLS) shows that the average diameter of the indicating nanosphere is 210 %3
nm. The polydispersity index (PDI) was determined as 0.27 £0.03 indicating a relatively
narrow size distribution.

Calcium can be extracted into the chelating nanospheres by exchanging with the counter
ion of TFPB'. In the indicating nanospheres, SD1 is able to partition between the core of
the nanosphere and the aqueous solution. When no Ca*" is present in the solution, SD1
resides mainly within the core of the nanospheres, exhibiting a blue colour. At the
endpoint only, SD1 is exchanged by Ca?* into the aqueous solution and the colour will
turn red.

Both the chelating and indicating nanospheres function on the basis of ion exchange as
follows. For the chelating nanosphere, calcium will be extracted by the calcium
ionophore into the organic phase to replace the initial counter ion of the ion exchanger,
M

Ca’*(aq) +3L(ns) + 2M *(ns) = Cal3"(ns) +2M *(aq) (1)
where L is the calcium ionophore and CaLs?* the complex formed between Ca?* and L.
For the indicating nanospheres, the initial counter ion of the ion exchanger is the
positively charged solvatochromic dye, SD*. Therefore, the appropriate process can be

expressed as:

Ca’*(aq) +2SD"(ns) + 3L(ns) = Cal>"(ns) + 2SD*(aq) (2)

Both chelating and indicating nanospheres contain a molar excess of ionophore relative to
ion exchanger. The relationship between the primary ion (Ca*") concentration in the
nanospheres and sample solution can be quantified by ion exchange theory.?” The mole
fraction of extracted (and complexed) Ca’* in the chelating nanospheres and the

indicating nanospheres are described by eq 3 and eq 4, respectively.
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(4)

where [Cal%"]® and [TFPB ]*are the concentrations of Ca** complex and ion exchanger
in the chelating nanospheres, [Ca*T® and [J*]® the concentrations of Ca®* and
interfering ion J* in aqueous phase, and K& 5. the selectivity coefficient of chelating
nanosphere for Ca®* over the cation initially present in the nanospheres, J*. In eq 4,
[Cal% ]®, [TFPB]®, K‘;aw'sw are the corresponding values for the indicating nanospheres,

and [SD*]™ is the concentration of SD* in aqueous phase.
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Figure 1. (a) Theoretical relationship between the free calcium concentration
remaining in the sample (pCa?*) and the volume of the titrant (CaCl,) in the presence
of chelating nanospheres. The dashed vertical line marks the expected endpoint. (b)

Theoretical estimate for the sharpness of the transition as a function of log K in

the presence of the chelating and indicating nanospheres. AV is the volume of the
titrant required to alter the phase ratio of the SDs from 9 : 1 to 1 : 9. Parameters: V1 =

2 mL, K(h'u:”,.' [LS'D+]"‘f - 235><|_0'3 M’ VCS - 8 ‘j_’ [Ca2+]titl’ant: 10‘3 M’ K(C::’z:"ﬁ [.]+]m,':

10 M, Vis = 1 W, [TFPB )" = 10° M, [SD']® = 0.9[7FPB"]* or [SD']® = 0.1
[TFPB ™"
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The mass conservation for calcium is written as:

[Ca® "™V i =[Cal}']*V,, +[Cal}' TV, +[Ca* TV, (5)
Here, [Ca®]""™" and V" are the concentration of titrant and the volume added into the
sample, respectively. V7 is the total volume and V and V;s are the volumes of chelating
and indicating nanospheres, respectively.

The relationship between absorbance, A, and [Cal%']* is found as:
V. +7is +7is +1is
A=={([SD'T; - 2[Cals ) s+ 2[Cals T b} (6)
A

Where [SD*]¢ is the total concentration of charged solvatochromic dye SD™ in indicating
nanosphere, & and & are the molar absorptivities of SD* in the nanosphere and aqueous
solution, respectively, and b is the optical path length of the suspension.

The Vc‘:f“‘ as a function of [Cal3']* is now obtained by solving equations (3), (4) and (5)

(see eq 7). The absorbance as a function of 2n_,. :n___ =2V [Ca* """ : [TFPB ]*V, is

Ca’* " TFPB~

obtained by inserting eq 6 into eq 7.

. 4y’

1 W, [TFPB]*xV_(Z° +2—¥— '+ —)
Vtitgi\nt _ _ Ca 2+ iSV- + T + X X 7
Ca [Ca2+]tltrant {[ L3 ] 1S XZ 4y } ( )
where x=2[Cal’ " ~[TFPB J°, y =2[Cal’ TITFPB (K", | [SD'T*)?, 2= K, .[3']"

During the reverse titration process, the free Ca®* concentration in the aqueous phase will
gradually increase. Figure 1a shows the modeled relationship between the free calcium
remaining in the aqueous phase (pCa®") and the volume of CaCl, titrant in the presence of
chelating nanospheres. The chelating nanospheres impose a very low free calcium
concentration before the endpoint. After saturating the chelating nanospheres, the calcium
concentration will dramatically increase. A good indicator should abruptly change colour
at the endpoint. AV shown in Figure 1a indicates the volume of titrant required to change
the phase ratio of the SDs from 9 : 1 to 1 : 9, thereby encompassing the region of visible
colour change. The smaller the AV/Veng point IS, the sharper the transition will be. For an
extremely sharp transition and a small associated error, the indicator should be most

sensitive at the endpoint. For SD-based nanospheres, the optical response depends on the
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Figure 2. (a) Absorption spectra and (b) corresponding titration curve for the reverse
titration for calcium using10 M CaCl, as titrant without pH control. Endpoint indicator:
SD1-based Ca?*-selective nanospheres. Chelator: nanospheres containing ETH 129 and
TFPB'. The dashed vertical line indicates the expected endpoint. Fitting parameters: V1=
2 ml, [TFPB]® = 3.29x10%% M, V= 1.5 |L, [TFPB]® =2.35x10° M, V = 8 |L,
[Ca2+]titrant: 10-3 M, K(C::,l+ B [J+]uq :10-7.12 M, Kn y [SD+]ru; :10-5.5 M.

Ca™"" ,SD*
selectivity of Ca?* over SD*. A more hydrophilic SD* results in the smaller Koo o
value. Therefore, the lipophilicity of the SD™ dyes will influence the transition and the

accuracy of the titration. Figure 1b shows how the AV/Veg oint is influenced by the

is

selectivity coefficient logK”®,, .
Ca“",SD

. For a titration with a given amount of chelator and

Ca®", an optimal range of selectivity will exist.

The utility of the chelating nanospheres have been demonstrated in our previous work.>®
Here, the titration was performed by mixing chelating and indicating nanospheres. The
sample or standard solution containing Ca** was then volumetrically dosed into the
suspension. During the titration process, Ca** is first consumed by the chelating
nanospheres. After saturating the chelating nanospheres, the Ca®* will be extracted into
the indicating nanospheres to replace the solvatochromic dye and cause the blue shift in
the absorption spectrum as shown in Figure 2a. The absorptivities of SD1 in various
solvents have been previously reported by our group.?® The absorptivity of SD1 in water
(4.2x10* L mol™ em™) is much higher than some conventional indicators such as

Murexide (1.3x10* L mol™ em™).%?® Here, only a small amount of SD1 was doped into
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the nanospheres so that the amount of calcium consumed by indicating nanospheres can
be neglected. The sharp transition of the titration curve can be easily identified visually or
from the spectra (Figure 2b). The small value of AV/Veqq point (Ca. 6.4%) suggests that the
lipophilicity of the SD1 in the indicating nanosphere is well matched to the titration of
interest. The experimental data fit well with eq 7 and the errors between theoretical fit
and the experimental datas are very small (Figure S1). Compared to the theoretically
expected end point, the error was only ca. 1%.

H*-selective chromoionophore-based ion-selective optical nanospheres were previously
demonstrated to function as indicators for calcium titration. Unfortunately, the calcium
response of the nanospheres also depends on sample pH. As a consequence, the titration
curve went from sigmoidal to linear as the sample pH increased.® In practice, a sharp

transition is much more preferred. SD-based optical nanospheres can overcome this pH
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Figure 3. Optical reverse titration curves for calcium using solvatochromic dye SD1 (a)
and SD2 (b) based optical nanospheres as indicator at the indicated pH values. (a)
Endpoint indicator: SD1-based and Ca?*-selective; pH 9.0: 10° M tris-H,SO,; pH 5.5:
10°*M MES-NaOH; (b) Endpoint indicator: SD1-based Ca**-selective nanospheres. pH
3.0: 10°M HCI; pH 11.0:10°M NaOH. Chelator: nanospheres containing ETH 129 and
TFPB'. The dashed vertical line indicates the expected endpoint. Fitting parameters (a):
Vr=2ml, [TFPB]®=3.29x10°%° M, V;s= 1.5 L, [TFPB]® =2.35x10° M, V¢ = 8 |L,
[Ca® 1" = 10° M, K. [J71“=107 M, K", [SD']"=10"° M. (b) V7= 3 ml,

SD*
[TFPBT®= 1.1x10° M, Vo= 1 L, [TFPB® = 4.9 x10™* M, Vs = 19 |, [Ca?"]""*" =
10-3 M, K::;HJV [‘]+]uq :10-4.37 M,Kii; [SD+ ]aq :10_3_569'\/'.

cat SD*
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dependence as it has been demonstrated that they exhibit a dramatically lower pH cross-
sensitivity.’® As shown in Figure 3a, identical titration curves at pH 5.5 and pH 9.0 are
observed using the solvatochromic dye SD1 as indicator. In fluorescence mode, SD2-
based optical nanospheres also showed very similar titration curves at pH 3.0 and pH
11.0 (Figure 3b). Both the SD1 and SD2-based titration curves agreed well with the
theory and the errors between theoretical fit and the experimental data were small (Figure
S2). Note that under more acidic or basic pH conditions, hydrogen ions or hydroxide ions
will eventually cause interference by ion-exchange and coextraction. Nonetheless, the
reported pH range already accounts for most situations of practical importance, including
physiological and environmental samples.

It is noted that the SD2-based titration curves are not as sharp as the SD1-based ones,

which is explained with the much higher lipophilicity of SD2 compared to SD1.

According to Figure 1b, this increase in lipophilicity will make log K‘Csa2+, o deviate from

the optimal range and cause an increase in AV/Veng poine (Figure 1b) and thus make the
transition less sharp.

Both the indicating and chelating nanospheres remain functional after one week. Figure 4
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Figure 4. Complexometric titration curves using freshly prepared indicating and
chelating nanosphere (green) and one-week-old indicating and chelating nanoshperes
(gray). Endpoint indicator: SD1-based nanosphere. Chelator: nanospheres containing
ETH 129 and TFPB". The dashed vertical line indicates the expected endpoint. Fitting
parameters: V=2 ml, [TFPB]®= 3.29x10%% M, V;;= 1.5 pL, [TFPB]™ =2.35x10°° M,
Ve = 8 WL, [Ca® 1" =10° M, K. [J°17=107 M, K", [SD']"=10"° M.

o7
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compares titrations using freshly prepared nanospheres and one-week-old nanospheres,
suggesting good stability. As an initial application, the calcium level in mineral water
(purchased in a local Swiss supermarket) was determined as 13.0 mM %= 0.1 mM
(standard deviation shown; n=3) using the nanospheres described in this work while
atomic absorption spectroscopy (AAS) gave 12.6 mM %0.09 mM.

Compared with conventional complexometric titrations with water soluble reagents, our
method exhibits better selectivity, a wider working pH range and increased versatility.
While the reagents costs are currently higher, they will be reduced once the method
becomes more widely accepted. The comparison of the characteristics is shown in Table
S1.

In conclusion, we have described here solvatochromic dye based ion selective optical
nanospheres as indicator for the complexometric titrations of cations, with calcium as
initial example. Both chelating nanospheres and the SD-based indicating nanospheres
operate independently of pH, which is in significant contrast to any other established
complexometric titration procedure. Calcium titrations can now be performed without pH
control in a wide range of pH. The calcium concentration in mineral water has been
successfully determined, demonstrating the potential utility of this new class of

ionophore-based reagents.
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Supporting Information
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Figure S1. An estimation of the error between theoretical fit and the experimental data
for Figure 2b. Ay is the experimental absorbance at 586 nm and Ay is the corresponding
theoretical absorbance used to fit the data.
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Figure S2. An estimation of the error between theoretical fit and the experimental data
for Figure 3a (left, a) and Figure 3b, (right, b). (a) A is the experimental absorbance at
586 nm and Ayj; is the corresponding theoretical absorbance used to fit the data. (b) ley IS
the experimental maximum emission intensity and ly; is the corresponding theoretical
intensity used to fit the data.

Table S1. Comparision between the complexometric titration methods based on ion
selective nanospheres and water soluble reagents.

Nanosphere based Water soluble reagents
Selectivity high low
Variety of the chelators and indicators large small
Working pH range wide narrow
Cost high low
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Chapter 6. lonophore-Based Titrimetric Detection of
Alkali Metal lons in Serum

This work has been submitted to ACS Sens., 2017, 2, 606-612

Abstract

While the titrimetric assay is one of the most precise analytical techniques available, only
a limited list of complexometric chelators is available as many otherwise promising
reagents are not water soluble. Recent work demonstrated the successful titrimetry with
ion-exchanging polymeric nanospheres containing hydrophobic complexing agents, so-
called ionophores, opening an exciting avenue in this field. However, this method was
limited to ionophores of very high affinity to the analyte and exhibited a relatively limited
titration capacity. To overcome these two limitations, we report here on solvent based
titration reagents. This heterogeneous titration principle is based on the dissolution of all
hydrophobic recognition components in a solvent such as dichloromethane (CH,Cl,)
where the ionophores are shown to maintain a high affinity to the target ions. HSV (hue,
saturation, value) analysis of the images captured with a digital camera provides a

convenient and inexpensive way to determine the endpoint. This approach is combined
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with an automated titration setup. The titrations of the alkali metals K*, Na" and Li" in
aqueous solution are successfully demonstrated. The potassium concentration in human
serum without pretreatment was precisely and accurately determined as 4.38 mM +0.10

mM (automated titration), which compares favorably with atomic emission spectroscopy
(4.47 mM £0.20 mM).

Keywords: lonophore-based titration reagents, ion exchange principle, alkali metals,
human serum, HSV analysis
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Introduction

In complex biological systems such as human serum, the determination of inorganic
metal ions is of key importance because their levels are closely associated with patient
health.*® Numerous techniques and methods have been established for real sample
measurements, including potentiometric and optical chemosensors, titrimetry, ion
chromatography, mass spectrometry and atomic spectroscopy.*® An automated titration
would be attractive because of the very high precision associated with such
measurements. Its most significant challenge is to achieve sufficient selectivity for the
target ion against interfering ones. For example, the measurement of K* (in the range of
3.5 mM to 5.5 mM) in human serum is difficult because of a high Na* background (135
mM to 145 mM) and the presence of other cations including Ca®* (2.25 mM to 2.75 mM)
and Mg?* (0.7 mM to 1.1 mM).*®

Complexometric titrations are normally performed in homogenous aqueous phase and for
this reason chelators and indicators must be water soluble. Chelators such as
ethylenediamine tetraacetic acid (EDTA) and its derivatives diethylene triamine
pentaacetic acid (DTPA) and ethylene glycol tetraacetic acid (EGTA) have been widely
used in complexometric titration since 1945.'>*> Commercial available dyes such as
Eriochrome Black T and Murexide are classical dyes and function as indicators for many
metal ions.”***" A rather rigid selectivity sequence and the presence of protonatable
groups make it normally necessary to pretreat the sample and to use masking reagents,
which is undesired.

For lack of selective reagents, traditional titration methods for alkali metals such as K,
Na" and Li* are indirect and often based on salt precipitation of metals such as Zn*",
Co?*, and Ni?*. The metal can only then be determined with EDTA.'*® These methods
are not applicable to complex physiological samples.

Recently, ion selective nanospheres, a new generation of titration reagents, moved the
titration process from homogeneous to heterogeneous phase.'®?* The use of non-polar
nanospheres makes the chelators and indicators no longer limited to water soluble
compounds. lonophores with high selectivity to the desired metal ion can now

conceivably be used in titrations, by simply doping them into the nanospheres. For
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example, chelating nanospheres, made of surfactant Pluronic F-127 and plasticizer,
contain ion exchanger and ionophore in their core. Based on the principle of ion-
exchange, the concentration of titrated analyte can be calculated by that of the ion
exchanger without considering the stoichiometry between ionophore and analyte. The
indicating nanospheres are formulated with similar components to the chelating
nanosphere but contain an additional chromoionophore (lipophilic pH indicator) or a
solvatochromic dye. This new titration principle based on nanospheres of high selectivity
has been successfully applied to Ca** and Pb?* ions.***%? Unfortunately, however, it
cannot easily be extended to ionophores with lower binding affinity such as those for K*,
Na" and Li", as the binding constants have been shown to be quite dramatically reduced
in the more polar environment of the nanospheres compared to polymeric sensor
materials.?®

Two phase extractions have been widely used for separation, purification and recovery of
target products in biotechnology, food chemistry and nuclear industry.?** The two
phases may be combinations of polymer/polymer, polymer/salt, polymer/water and
solvent/water systems.*>! In liquid-liquid systems, the extractants or ligands can be
dissolved into one of the liquid phase while the analytes are present in the other phase.*
The dissolution of the ion exchanger together with the extractants/ligands was shown to
enhance the extraction efficiency and gave a reduced extraction time.?®

To the best of our knowledge, two-phase extraction systems based on the ion exchange
principle have never been applied as titration reagents in complexometric titrations. We
introduce here a family of ionophore-based water-immiscible titration reagents for K,
Na® and Li*. They function as both the chelator and indicator, dramatically simplifying
the analytical procedure. These reagents not only extend the use of liphophilic
compounds but also improve the capacity of the sensor components and maintain a
higher affinity of the ionophore compared to nanosphere based reagents. The extraction
of the analyte is rapid and the signals can be monitored by UV-visible spectroscopy or by
analyzing the hue value from less expensive picture or movie acquisition data. A home-
made automatic setup is introduced. The level of K™ in human serum, without the need

for sample pretreatment, is successfully determined.
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Experimental Section

Reagents

Sodium tetrakis-[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB), potassium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate  (KTFPB), valinomycin  (potassium
ionophore 1), 4-tert-butylcalix[4]arene tetraacetic acid tetraethyl ester (sodium ionophore
X), N,N,N’,N’,N”,N"-hexacyclohexyl-4,4',4"-propylidynetris(3-oxabutyramide) (lithium
ionophore  VIII),  9-(diethylamino)-5-(octadecanoylimino)-5H-benzo[a]phenoxazine
(CHI), 2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris), sodium chloride (NaCl),
potassium chloride (KCI), lithium chloride (LiCl), calcium chloride (CaCl,), magnesium
chloride (MgCl,), dichloromethane (CH,Cl,), hydrochloric acid (HCI) were obtained
from Sigma-Aldrich. Human serum was provided by H&itaux Universitaires de Genéve
(HUG).

Preparation of ionophore-based titration reagents

Typically, for the potassium titration reagent, 0.90 mg NaTFPB and 1.60 mg potassium
ionophore | were dissolved in 2.2 ml CH,CI, and mixed with 160 L CHI stock solution,
which was prepared by dissolving 0.20 mg CHI into 3 ml CH,Cl,. For the sodium
titration reagent, 1.08 mg KTFPB and sodium ionophore X were dissolved in 2 ml
CH,CI, and mixed with the CHI solution. For lithium titration reagent, 0.96 mg KTFPB
and 2.30 mg lithium ionophore VI1II were dissolved into 2 ml CH,Cl, and mixed with the
CHI solution.

Optical titration

Typically, 2 mL of ionophore-based titration reagent was added into a quartz cuvette and
mixed with 2 mL (or 1 mL) pH 7.0 (or pH 7.4) 10 M Tris-HCI buffer solution. The
cuvette was shaken until the colour of the solvent layer became blue. The back titration
was performed by gradually adding 10 M analyte (KCI, NaCl, LiCl) or human serum
into the cuvette, each step followed by sufficient shaking. For the home-made automated

titration, 10> M KCI or human serum was delivered from a syringe pump into a glass vial
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containing the titration reagent and buffer solution. The glass vial was kept vibrating

throughout the experiment.
Instrumentation

Optical signals were measured with a UV—visible absorption spectrometer (SPECORD
250 plus, Analytic Jena, AG, Germany) or a digital camera (Canon EOS 5D Mark Il11).
The home-made setup for automated titration was composed of a syringe pump (KD

Scientific) and vortexer (Heidoph).

Results and Discussion

The ionophore-based titration reagents combining the functions of chelator and indicator
are shown in scheme 1. The reagent contains excess amount of ion-exchanger (NaTFPB
or KTFPB) and ionophore (potassium ionophore I, sodium ionophore X or lithium
ionophore VIII) relative to a small amount of CHI (lipophilic pH indicator) in the organic

(@) Organic Phase Aqueous phase

TFPB' @ “
H* TFPB- Cb

TFPB" @

(b)

TFPB' 6 TFPB™  H* =]
K 8 s (8
TFPB" .
H
s (& O
LEGEND:

[N | K*, Na* or Li*

Potassium ionophore |,
Qj Sodium ionophore X
or Lithium ionophore VIII

i Chromoionophore |

J Counter ion of TFPB-

Scheme 1. The working principle of the solvent based titration reagents. (a) Before
endpoint. (b) After endpoint.
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phase (CH,Cl,). The aqueous phase is a pH buffered solution. As the analyte ion is added
into the aqueous phase, it is extracted into the organic phase to form a complex with the
ionophore, which causes the initial counter ion of the ion-exchanger to be exchanged out
into the aqueous phase. Only after consuming all the counter ions of the ion exchanger,
the analyte ions will be exchanged with the more tightly bound hydrogen ions in the
organic phase. This causes the deprotonation of protonated CHI, resulting in a drastic
colour change at the endpoint. The ionophore-based titration reagents function on the
basis of the ion-exchange principle, which is briefly quantified here mathematically.

Before the endpoint, the titration process can be described by the overall equilibrium (1):
1 *(aq) + JL (org) === IL" (org) + J * (aq)) (1)
With the corresponding exchange constant K,

LS ERH
[T T

Where 1" is the analyte ion (K™ or Na* or Li%), L is the ionophore, and J* is the counter

(2)

ion (interfering ion) of the TFPB". IL" and JL" are the complexed primary ion and
interfering ion. NaTFPB is used for K* titration whereas KTFPB served as cation-
exchanger salt for Na* and Li" titration. The stoichiometry of monovalent analyte ion
with ionophore complex is 1:1, while [IL"]org, [J7aq [1"lag and [IL™]ory are molar
concentrations of the indicated species.
At the endpoint, the process is described by equilibrium (3):
| *(aq) + L(org) + Hind * (org) === IL* (org) +ind (org) + H * (aq) (3)
With the corresponding exchange constant K5,
<, - I Too[H Tlind],,

[1" 1g[Llorg [Hind ],

Where Hind and ind are the protonated and deprotonated CHI, [ind]r and [Hind ]org are

(4)

the corresponding concentrations, and [H"],q is the concentration of hydrogen ions in
aqueous phase. Based on this theory, the theoretical titration curves are obtained to fit the
experimental data (see eq S1 to S9 in Supporting Information for details).

The experimental titration curves for K*, Na* and Li* and the corresponding spectra are
shown in Figure 1. The ionophore-based titration reagents were readily prepared by

dissolving the corresponding ionophores, ion-exchanger and a very small amount of CHI
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in CH,Cl,. The titrations were performed at pH 7.0 for K™ and pH 7.4 for Na* and Li".
As shown in Figure 1(a) and (d), KCI was gradually added into the aqueous phase and
each step was recorded by absorbance after equilibration.

Based on the ion-exchange principle, the molar amount of ion exchanger corresponds to
the one of K that can be consumed by the reagent. The ionophore is in excess of the ion
exchanger and for this reason the stoichiometry between the K* and potassium ionophore
| does not necessarily need to be considered.

Before the endpoint, K™ will be exchanged into the organic phase by the counter ion
(Na") of the TFPB™ and complexed with the potassium ionophore 1. Here, CHI remains in
the protonated state and the colour of the organic phase is blue. After consuming all the
Na®, K™ will exchange into the organic phase by expelling hydrogen ions bound to the
indicator into the aqueous phase. At the endpoint, therefore, the colour of the organic

phase turns purple. Beyond the endpoint, CHI will become fully deprotonated and the

@06 (b) 1 © o5

K* Titration Na* Titration Li* Titration
0.5 ®
0.8 0.4 OTrv\V\\

0.2
01 ; 0.2 0.1
9]
0 0 oL \ .

Ag58nm
©
w

o
o

0 05 1 15 2 0 05 1 15 2 25 0 05 1 15 2 25
Nk~ NTEpPE- MNa*-ITFPB: N+ NTrPE
Dos © (")
K* Titration Na* Titration 05—
Li* Titration
08}
0.4f
8 ®
g 06r o3}
- 5
o =
(7] o o
2 0.4 § o2l
0.2F o1k
1 1 > 0 . L — 0 — 1 5 \
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800

A/ nm A/nm A/ nm

Figure 1. The optical reverse titration curves (a, b, ¢) and corresponding absorption
spectra (d, e, f) for K*, Na* and Li*, respectively. Titrant: 10% M KCI or NaCl or
LiCl. The dashed vertical lines indicate the expected endpoint. Buffer solution: 10
M Tris-HCI pH 7.0 for K* titration, 10% M Tris-HCI pH 7.4 for Na* and Li" titration.
Absorption spectra recorded at each titration point.
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colour will change to red. During the titration, the volume of added analyte solution, i.e.,
the increase of the total volume of aqueous phase should be taken into account, as done in
our theoretical treatment (see Sl for details).

Compared to ion selective nanosphere-based titration reagents (Figure S1), the titration
curve for K* shown in Figure 1a is much sharper and more accurate with an error of less
than 1%. The titration based on nanosphere reagents only exhibited accurate and sharp
transition (Figure Sl1a) when the ionophore had a sufficiently high effective binding
constant, as with calcium ionophore Il for calcium. Indeed, our efforts to achieve
nanosphere-based K™ titrations with potassium ionophore | was not successful as the
experimental endpoint was found to be far from the correct one, with an error of about
48%. The logarithmic effective binding constants () of potassium ionophore I in the
nanospheres has recently been determined as 6.1 + 0.1, about 4 orders of magnitude
lower than those reported earlier in PVC-DOS membrane (logB = 10.1 + 0.2).** The
corresponding value in CH,CI, was here experimentally determined as 10.2 0.1 which
is practically identical to that found in PVC-DOS by using a previously reported
method.** It appears that only ionophores with high binding constants can be used for
nanosphere-based titration reagents. Additionally, nanosphere-based titration reagents
cannot be endowed with a high ion-exchange capacity, as increasing the nanosphere
concentration results in aggregation and light scattering limitations. On the other hand, it
is easier to dissolve sensor components in CH,Cl, with the aim to increase the titration
capacity and to allow for the analysis of even highly concentrated samples. In the
configuration tested here, the equilibration time of the ionophore based assay was found
to be around 4 s at the endpoint, likely limited by convective mixing.

For the Na" and Li" titrations shown in Figure 1 (b), (c) and (e), (f), the reagents contain
similar sensor components as for the K™ titration (see Experimental). Both titration curves
are sharp and accurate with small errors of less than 1%. The different shapes of the
titration curves are due to the difference in the complex formation constants. Here,
potassium ionophore | exhibits the highest binding constant compared to sodium
ionophore X and lithium ionophore VIII and thus the K™ titration curve appears the

sharpest.® All titration curves agree very well with theory (see supporting information).
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The selectivity of the ionophore based reagents was evaluated, see Figure 2. To obtain
sigmoidal calibration curves useful for visual selectivity analysis, the solvent contained
ion exchanger and CHI at a 1:1 molar ratio instead of excess amount of ion exchanger
over CHI, while maintaining an excess of ionophore. The response of the ion selective
reagent to various cations is shown in Figure 2. The horizontal distance between the
calibration curves for the primary ion and any interfering ion on the logarithmic

concentration scale reflects the selectivity: the larger the separation, the more selective
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Figure 2. The response of the K* (a), Na* (b) and Li* (c) selective reagents to various

interfering ions, respectively. Buffer solution: (a)10 M Tris-HCI pH 7.0, (b, ¢) 10° M

Tris-HCI pH 7.4. The horizontal distance between the calibration curve for primary ion

and any interfering ions represents /ogk, .
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the reagent. For example, the distance between K* and Na*, K and Li* are 4.4 and 4.8
logarithmic units (Figure 2a), respectively, and so the K* reagent can tolerate more Li*
than Na* in the sample. The distance is also indicative of the exchange constant (logK;)
between the primary ion I and complexed interfering ion JL*. The logK; values obtained
from Figure 2 were used for theoretical predictions.

The experimental K* titrations with a background of 10 M (with accurate endpoint) and
101 M NaCl (with less than 1 % error) are shown in Figures S2 (a) and (b). Theory
predicts an error of 1.3% for a 0.15 M Na* background, which is adequate for K™ titration
in human serum.

Figure S3 (a) and (b) show the Na* titration and Li" titration in a background of 10° M
KCl and 10" M KCI, respectively. Both titrations are successful and give acceptable
errors: the theoretical error prediction for Na® titration in a 3.3 mM and 5.5 mM KCI
background are 2.6 % and 4.4%, respectively.

For Li titration, the Li selective reagent can tolerate a very high concentration of KCI,
giving a calculated error of 1.1 % for 10" M KCI. Unfortunately, it cannot tolerate a high
concentration of Na* because of limited selectivity and is not suitable for Li* titration in
serum.

The K" selective ionophore-based titration reagent was chosen as an initial example to
demonstrate the titrimetric assay in human blood serum. Considering the major cationic
interfering species Na* (135 mM to 145 mM), Ca** (2.25 mM to 2.75 mM) and Mg?®* (0.7
mM to 1.1 mM), the K* selective reagent showed no response to Ca?* and Mg?* in the
concentrations of interest, leaving Na* as the major interference.® In agreement with
predictions, endpoint analysis gave a potassium concentration of 4.32 £ 0.10 mmol/L
(Figure S4), which agrees with the results from atomic emission spectrometry (AES: 4.47
+0.20 mmol/L). Figure 3 shows photographic images of the K titration process. After
each dose of KCI solution, the pictures were taken immediately after shaking but before
separation of the two phases (Figure 3a). Figure 3b shows the corresponding pictures
captured after complete phase separation.

The endpoints can equally be obtained by HSV (hue, saturation, value) analysis of
Images or videos captured with a digital camera, which is instrumentally convenient.

HSV is a cylindrical-coordinate representation of pixels in an RGB (red, green, blue)
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colour model where each pixel is defined by the hue (H), saturation (S) and value (V)
coordinates in the colour space. The use of the hue from images in HSV colour space has
been shown to be a robust parameter for quantitative analysis of the response of optical
sensors.*®*” The titration curves from pictures taken before and after phase separation are

plotted as the computed hue value to the ratio of n_, :n___and shown in Figures 3c and

" TFPB”

3d, respectively. The hue signals were extracted from the pictures by software (Wolfram
Mathematica). The titration curves appear the same and the transitions are very sharp,
independent of the two phases being mixed or separated. The titration curves agree with
the model and result in errors of less than 1%. Serum titrations were also performed by
analyzing the hue signals from the images, see Figure S5. Based on the total amount of

the NaTFPB in the titration reagent and the volume of added human serum at the
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Figure 3. Pictures of the K™ titration process after shaking (a) and after two phases
separated (b) and the corresponding titration curves (c) and (d) based on the HSV
analysis. The dashed vertical lines indicate the expected end points. Buffer solution:
10 M Tris-HCI pH 7.0.

103



endpoint, the level of K* was again determined as 4.40 +0.10 mmol/L.

From a practical point of view, an automated titration is preferred for routine analysis.
For this purpose, a homemade automatic reverse titration setup was built, see Figure 4a,
b. It comprises a syringe pump to inject accurate sample volumes and a vortex to
efficiently mix the two phases (aqueous buffer and CH,Cl,). The syringe pump delivers
precise volumes of the sample while a digital camera focuses on the coloured CH,CI, part
to record consecutive images or a single movie. The K™ titration curve from the movie
hue signals is shown in Figure 4c. Sharp transitions were obtained successfully and the
experimental endpoint agreed with the expected one. The K level in undiluted human
serum was also successfully determined with this home-made automatic titration setup as
4.38 £0.10 mmol/L (see Figure 4d and video in the supporting information).

In conclusion, we describe here for the first time the use of solvent based ion-selective
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Figure 4. The setup of the automated titration. (a) Before titration, (b) after the endpoint.
(c) Titration analysis for K* based on the hue signals retrieved from the frames in the
video. (d) Serum titration based on the hue signals retrieved from the frames in the video.
Organic phase: K* selective titration reagent. Aqueous phase: 102 M Tris-HCI pH 7.0
buffer solution. The volume of the added serum at the end point is Verym = 73 plL.
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ionophore titration reagents as combined chelator/indicator in complexometric titrations.
This class of titration reagents exhibits higher binding constants and extraction capacity
relative to the emulsion based approach reported earlier. Chemically selective K*, Na”,
and Li" titrations were successfully demonstrated. The K* level in undiluted human blood
serum was satisfactorily determined, which is promising for a possible clinical
application. We note that with the current experimental setup, a complete K titration in
serum takes about 30 min, which need to be shortened for an application in routine

practice.
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Supporting Information

Detailed Theoretical Approach

I (org) + L(org) 2 IL"(org) : zﬁ B

K' = [H +]org [Ind ]org

Hind *(org) = H " (org) +ind (org) = fHind L 52

1"(aq) + H"(org) = 1"(org) + H" (aq) K;:% 3

JL (org) = J° (org) + L(org) PO o o
[0L Lo,

1" (aq)+J*(org) = 1" (org) + J " (aq) K;:m S5

(17 Tag 3" Jorg

Where K, is formation constant between the primary ion (1) and ionophore (L), K, is
the dissociation constant of protonated CHI, K3 is the exchange constant between
primary ion and proton, K, is the dissociation constant of complexed interfering ion
(JL"), K's is the exchange constant between primary ion and interfering ion.

I" is the monovalent primary ion (K" or Na* or Li*), L is the ionophore for the K* or Na"
or Li*, IL" is the complexation of the primary ion and ionophore, Hind" and ind are the
protonated and deprotonated form of the CHI, J* is the counter ion of the ion exchanger
(also interference ions). [IL"]org and [IL]org [Llorg are the concentrations of complexed
ionophore and free ionophore in solvent phase, [Hind"]oy and [ind]oq are the

concentrations corresponding for CHI. [1"]sq, [H"]aq and [J"].q are concentrations of the
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primary ions, proton and interfering ion in aqueous phase, respectively. [1™]org, [H"Jorg @nd
[J"]org are the corresponded concentrations in organic phase.

The organic phase must maintain electroneutrality, resulting in the charge balance shown

in eq S6:
[TFPB; Ty = (1L g +[HINd Ty +[IL Ty 3" Torg + (1 Torg +[H Lo S6
The mass balances for the ionophore and CHI are written in eq S7 and S8:
[LrJorg = D1 Jorg + [Lorg + 1L Lorg S7
[ind, 1,,, = [Hind*1,,, +[ind],, S8

Where [Lrlog, [TFPBr]og and [indr]erg are the total concentrations of ionophore, ion
exchanger and CHI in the organic phase, respectively, while [L]yq is that of the
uncomplexed ionophore in organic phase.

The total molar amount of the primary ion can be divided into three parts, free primary
ions in agueous phase, free and complexed in the organic phase:

[TV I = ([ ] + 1L Torg Worg + 11 1 V™™ + Vi) S9

org

where [I]"" and V™" are the concentration and volume of the added sample solution

containing the analyte; Vqrq and Vpyser are the volumes of organic and aqueous phase.
The absorbance A is expressed on the basis of Beer’s law as:

A= bIHind "], + &b(ind; I, —[Hind*1,,) S10

org org

Where ¢, . and ¢, are the molar extinction coefficients and b is the optical path

length.

By solving egs S1 to S10, a relationship between Vltj"a”‘ and absorbance A is obtained.

This allows one to calculate the ratio of the amount of the primary ion and ion exchanger

(n.:n_,, ) toabsorbance A, which was used to describe the experimental titration data.
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Additional Results
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Figure S1. Optical reverse titration for (a) Ca** and (b) K* based on the nanospheres

as chelator and indicator. The nanospheres contain ionophore (calcium ionophore Il or

potassium ionophore 1), large amount of ion exchanger and small amount of

solvatochromic dye. The core of the nanosphere is made of plasticizer and surfactant

F127.
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Figure S2: (a) Experimental titration curve for K* with 10°M and (b) 10" M Na* as
background in 102 M Tris-HCI buffer solution (pH 7). The dashed vertical lines

indicate the expected endpoint.
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Figure S3. Optical reverse titration for Na* and Li* at the background of (a) 10° M
KCl and (b) 10 M KClI, respectively. Buffer: (a) and (b) 102 M Tris-HCI pH 7.4 for

Na" and Li" titration.
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Figure S4. Optical reverse titration for determining the K* level in human serum.
Organic phase: K* selective titration reagent. Aqueous phase: 102 M Tris-HCI pH 7.0

buffer solution. The volume of the added serum at the end point is Vgerym = 170 pL.
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Figure S5. Serum titration based on analysis of hue signals retrieved from pictures.
Pictures of the K™ titration process after shaking (a) and after two phases separated
(b) and the corresponding titration curves (c) and (d) based on the HSV analysis.
Organic phase: K* selective titration reagent. Aqueous phase: 10% M Tris-HCI pH
7.0 buffer solution. The volume of the added serum at the endpoint is Vgum = 180
pl.

Additional movie file: Automatic titration of potassium in human serum by using home-
made setup. Experimental parameters: Voq =1 mL, Ve =1 ML, [H+];,lq =107 M, Verym =
73 uL (at the end point). The entire serum titration process takes currently about 30 min,
longer than for water samples.

Link: http://pubs.acs.org/doi/suppl/10.1021/acssensors.7b00165
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Conclusions and Perspective

In this part, we provide a retrospect on the ionophore based titration method by
summarizing its merits while consider what is yet insufficient and provide a few future
directions for those who will continue to develop this method. We have introduced here
the new concept of ionophore based titration reagents with high selectivity and versatility.
This platform involves mainly the indicating and chelating nanospheres and the solvent
based titration reagents.

For the chelators, the doping of the highly selective ionophores together with the ion
exchanger into the nanospheres (made of F127 and plasticizer) or in organic solvent
dichloromethane guaranteed the selectivity to the target analytes. Our approach extended
the variety of titration reagents which are previously limited to water soluble compounds.
Based on the ion exchange principle, the amount of target analytes were determined by
the amount of the ion exchanger. One of the drawbacks of the nanospheres based
chelators is the limitation to the ionophores with high binding affinity. As demonstrated
in Chapter 6, this limitation was overcome by using organic solvent as the matrix instead
of nanospheres, which also improved the loading capacity of the sensor components.
Using an electrode exhibiting a super-Nernstian slope (inward ion fluxes) as indicator
dramatically improved the sensitivity and increased sharpness of the titration curves were
obtained.

For the indicators with additional pH indicator (chromoionophore) doped into the
chelating nanospheres, the nanospheres can also work as endpoint indicator. As shown in
Chapter 3, the endpoints determination of the titrations depended on sample pH. As the
sample solution went from more acidic to more basic, the titration curves changed from a
sigmoidal response shape to a linear one. Chapter 5 provided a solution to this problem.
By replacing the chromoionophore with solvatochromic dye, which is not pH sensitive,
the response of the indicator nanospheres also no longer depended on sample pH.
However, the lipophilicity of the solvatochromic dyes in this case had to be considered
because it would influence the optical response of the indicating nanospheres. It should

be noted that, since the matrix of indicating nanospheres are also made with the same
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material as chelating nanospheres, it still confronts the same limitations in the choices of
ionophores and loading.
Solvent based titration reagents combined both the function of the chelator and the
indicator, thereby dramatically simplifying the analytical procedure. However, the
titration response time of solvent based reagents is relatively long, especially in the case
of titration of human serum samples. It is currently not clear what causes this longer
response time, but it may be related to a limited mass transport rate during the titration
caused by the serum lipids.

The ionophore doped titration reagents have been successfully used to determine the

concentrations of ions including Ca?*, Pb*", K*, Na*, Li*, NO5", and ClO,". To enable this

general titration method for more applications in the areas of clinical and environmental
chemistry, biochemistry, food industry, future research directions may include:

1. Extending the palette of titratable species. Although we have demonstrated the
success in the titrations of several ions as listed above, still a large amount of ions of
biomedical or environmental relevance have not been covered. Some of these ions in
principle could be titrated with our methods. For example, polyions including heparin
and protamine could probably be titrated with DNNS doped nanospheres or solvents.
Other small inorganic ions could also be titrated given that appropriate ionophores
exist.

2. Related to the first point, novel ionophore development becomes very important if we
want to titrate an analyte where highly selective ionophores do not exist yet. This is
especially important for the titration of anions. So far, we’ve only demonstrated the
anion titration based on their lipophilicity difference (the Hofmeister series). The
titration of a very hydrophilic anion, such as sulfate or phosphate, can only be
achieved when a good ionophore is available. However, more detailed discussion on
the ionophore design and synthesis is beyond the scope and knowledge of this thesis.

3. Searching for nanomaterials compatible with this titration scheme. Keeping the
titration reagents at the nanoscale can make the titration ultrafast. Materials forming a
more hydrophobic core than the nanospheres made of F127 and plasticizer may

extend the choice of the ionophores. There are various materials to be screened, such
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as lipid based vesicles, mesoporous silicon, cross linked polymers, and magnetic
nanoparticles.

Building up a new device with improved mixing for the solvent based titration. In
Chapter 6, we demonstrated a homemade device for automatic titration based on a
syringe pump and a vortex. The mixing of the titrant and sample is not fast enough.
This may be improved with other methods such as mechanical stirring or sonication.
Methods to reuse the titration reagents in order to reduce the economic and
environmental cost. So far, our titration reagents are for disposable use. Magnetic
recycling could serve to collect the titration nanospheres, which then may be washed
and reused. Further, electrochemical modulation on the effective ion exchanger in the
reagent could force the analyte to be expelled out of the chelating reagents and speed
up the regeneration of the chelating reagents.

Multi-analyte titration. In fact this possibility was already demonstrated for the
titration of perchlorate and nitrate in Chapter 4. However, it is not limited to the
titration of these ions. In principle, by doping different ionophores (with different
binding affinity) together in one reagent (solvent or nanopheres), consecutive titration
could be realized.

Automatic titration by using miniaturized devise (lab on chip). Our approach is in
principle compatible with microfluidic devices. This direction could also help to
establish collaboration with other labs and lead to a higher impact of the new titration

method to the scientific community.
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