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1. Abstract 

Since the dawn of supramolecular chemistry, many researchers tried to understand and to 

handle the principles at the base of the non-covalent interactions between molecules. For 

example, the host-guest recognition, i.e. the selective interaction of a receptor (host) with a 

specific substrate (guest), can be achieved only with a total geometrical and interaction 

complementarity between the species. An accurately design of the receptor, together with a 

deep knowledge of the chemical features of the guest of interest, is necessary to develop 

selective molecular systems. 

Macrobicyclic receptors, such as bistren azacryptands, are highly preorganized molecules with 

a well-defined three-dimensional cavity, widely applied for recognition of anionic species in 

solution. Thanks to the easy preparation and modulation of their molecular structure, some 

peculiar features of azacryptands (e.g. size, shape and donor groups) can be finely tuned, thus 

obtaining a series of ligands able to perform selective recognition of substrates for a wide 

variety of applications.  

My PhD project was focused on the development of new molecular receptors to be applied in  

the recognition and sensing of anionic guests in aqueous solution and in liquid-liquid extraction 

processes.  

The first chapter of this thesis is focused on the successful combination of the Indicator 

Displacement Approach with the smartphone sensing for the development of a portable device 

for the detection of the trans-trans muconic acid (tt-MA), a urinary metabolite of benzene. The 

affinity of a dicopper(II) azacryptate for tt-MA was investigated through spectrophoto- and 

spectrofluorimetric titrations (through the Indicator Displacement Approach). The selectivity 

of this supramolecular system for the metabolite was tested in presence of interferents and in 

complex media (such as artificial urine). Then, in order to develop a smart portable device, the 

chemosensing ensemble was absorbed on silica gel using ELISA-like plastic wells as the 

support. By exposing the microplate to a UV-lamp and recording RGB values with a 

smartphone, the indicator displacement could be detected, permitting to quantify the 

concentration of tt-MA. The new device was also successfully applied to real urine. 

The second chapter describes the development of a fluorimetric supramolecular sensor for the 

fumarate anion. The binding properties of a dicopper(II) azacryptate towards dicarboxylates 

were deeply investigated through UV-vis. and fluorimetric titrations in buffered neutral water. 
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The coordination geometries of the metal ions in some inclusion complexes with anions were 

also evaluated through X-ray diffraction analysis. Through the Indicator Displacement 

Approach, an outstanding affinity for fumarate was confirmed, thus opening the possibility to 

apply this complex:indicator chemosensing ensemble as a fluorimetric sensor for the selective 

recognition of fumarate in water.  

In the third chapter, the synthesis of a new lipophilic cryptand, realised by appending alkyl 

chains on the spacers of a bistren cage, is reported. Spectrophotometric titrations of the 

dicopper(II) complex were then performed to evaluate the effect of the ligand functionalization 

on binding properties towards dicarboxylates in aqueous mixture. The enhanced hydrophobicity 

makes the dicopper(II) complex completely soluble in organic solvent, thus allowing to test its 

properties as extractant of target anions. Liquid-liquid extraction experiments were performed, 

using succinate as a model anion: to evaluate the efficiency of the process, the concentration of 

the anion into the aqueous phase was monitored before and after extraction through HPLC-UV 

and 1H-NMR analyses.   

The last chapter of this PhD thesis is based on the design and development of new molecular 

systems to be applied in spent nuclear fuel separation processes. This part of my research project 

was realised in collaboration with the CEA (Commissariat à l’Energie Atomique et aux 

Energies Alternatives, France). The whole chapter is omitted for a secrecy agreement with 

CEA.  

The results described in the first three chapters of this PhD thesis have been published in two 

scientific journals (Merli, D.; La Cognata, S.; Balduzzi, F.; Miljkovic, A.; Toma, L.; Amendola, 

V. A smart supramolecular device for the detection of t,t-muconic acid in urine, New J. Chem., 

2018, 42 (18), 15460-15465; DOI:10.1039/c8nj02156b; La Cognata, S.; Mobili, R.; Merlo, F.; 

Speltini, A.; Boiocchi, M.; Recca, T.; Maher III, L. J.; Amendola, V. Sensing and Liquid–

Liquid Extraction of Dicarboxylates Using Dicopper Cryptates, ACS Omega, 2020, 5 (41), 

26573-26582; DOI:10.1021/acsomega.0c03337).  

During the lockdown period, imposed by the Italian Government because of the Coronavirus 

emergency, I collaborated on the writing of a review published in ChemPlusChem (Wiley 

Online Library, DOI:10.1002/cplu.202000274).  

  

https://doi.org/10.1039/C8NJ02156B
https://doi.org/10.1021/acsomega.0c03337
https://doi.org/10.1002/cplu.202000274
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2. Development of an innovative method for 
the detection of a benzene biomarker in 
urines  

2.1 Introduction 

The work reported in this section focuses on the successful combination of the high sensitivity 

of the Indicator Displacement Approach and the great capabilities of the smartphone sensing in 

the development of an easy-to-handle device for the detection of a urinary benzene biomarker.  

Before the discussion of the experimental results, an overview of the Indicator Displacement 

Approach and the smartphone sensing is reported in two dedicated subchapters. 

2.1.1 Indicator Displacement Approach (IDA) 

First reported in the early 2000s, this well-known technique represents a powerful tool in 

(supra)molecular chemistry for the sensing and recognition of a wide range of charged and 

neutral guests.1,2 The principle is very simple: if a receptor can establish strong no-covalent 

interactions with a fluorescent/coloured indicator, a labile “chemosensing-ensemble” can be 

formed. When a specific analyte interacts with the receptor more strongly than the indicator, 

the latter is displaced from the receptor’s cavity, thus causing significant optical changes in 

solution correlated to the amount of the analyte. A schematic representation is reported in 

Figure 1.   

 

Figure 1. Scheme of the Indicator Displacement Approach. 

If the indicator is fluorescent and the emission changes are collected through a 

spectrofluorimeter, the sensitivity of this method can be very high, with very low detection 
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limits.2 Starting from this simple approach and tuning the single elements of the ensemble, 

several variations were investigated, thus resulting in a huge number of works on the topic.3–5   

To cite some examples, Joliffe and colleagues investigated a series of cyclic peptide receptors, 

functionalized with two Zn(II)-dipycolilamine arms, for the selective recognition of phosphate 

anions through colorimetric Indicator Displacement. Combinations of three different indicators 

allowed the sensing of pyrophosphate ions (visible naked-eye) in aqueous solution, even in 

presence of 100-fold excess of ATP.6   

The Indicator Displacement Approach was also applied for the real-time monitoring of 

biomembrane transport. In particular, the no-fluorescent chemosensing ensemble formed by p-

sulfonatocalix[4]arene and lucigenin (CX4-LCG) was encapsulated in liposomes, with a 

channel protein on the membrane (see Fig. 2a-b). Protamine, the target analyte, was translocated 

in the liposome through the channel: by interaction with the receptor, the indicator was released, 

with an increase of its fluorescence emission. Real-time transport kinetic mesurements were 

performed through stopped-flow experiments because of the very fast traslocation process.7  

 

Figure 2. a) Sketches of the calix[4]arene receptor (CX4)  and the lucigenin indicator (LCG); b) Scheme 

of the Indicator Displacement occurring across the membrane. From ref [7].  

Some recent works showed unlimited ways to apply the great potentialities of this technique.8–

11 For example, chiral Cu(II)-based receptors and coumarin-343 were applied in the 

development of a chemosensing assay for chiral carboxylates, based on the enantioselective 

Indicator Displacement Approach. This method also allowed the determination of the 
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enantiomeric composition of the chiral analyte. Different chiral drugs were tested, obtaining a 

very good discrimination between the enantiomers of atorvastatin (i.e. a anti-cholesterol 

medicine), ibuprofen and naproxen (i.e. two anti-inflammatory drugs).12  

In another interesing article, the authors fine-tuned the synthesis of functionalized Zr-MOFs, 

containing cationic electron-deficient bipyridinium sites (MQ2+ and DQ2+) in the framework 

and anionic indicator 8-anilino-naphthalenesulfonate (ANS–) in the pores (see Fig. 3b).13 The 

formation of charge-transfer (CT) ANS-bypiridinium complexes quenched the indicator 

fluorescence (off-state of the MOFs): in presence of alkylamines (BA = butylamine), ANS– 

molecules were displaced from the CT complexes, thus turning on the ANS– emission. It was 

confirmed that, even after the displacement, the indicator molecules stayed in the MOFs pores, 

without any dispersion in solution (see Fig. 3a).  

 

Figure 3. a) Scheme of the confined Indicator Displacement Assay; b) 3D-structure of the Zr-ANS 

MOF; c) Left: decrease of I/I0 (I0 = Imax ANS) for the unconfined system [Me2DQdc]2+ compared with 

the MOF; Right: Increase of I0’/I’ upon addition of BA, for [Me2DQdc]2+  compared with the MOF (I0 

= Imax ANS-; I0’ and I’: intensity before and after addition of BA, respectively). From ref. [13].  

This confinement enhanced the CT complexation, thus increasing both the quenching efficiency 

in the OFF-state of the MOFs and the turn-ON process. In order to study the confinement effects 

on process efficiency, IDA experiments were carried out on the unconfined homogeneous 

solution using [Me2DQdc]2+ (i.e. dimethyl ester of the DQ-containing dicarboxylate linker for 
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Zr-DQ). As shown in Figure 3c, the quenching efficiency of the unconfined system is 50% and 

the fluorescence restoration in presence of BA reaches 25% only. On the other hand, an almost 

complete ANS quenching (99%) and a very efficient emission enhancement is observed for 

the MOFs. The confined Indicator Displacement Assay, obtained using Zr-ANS-based MOFs, 

allowed the selective detection of alkylamines at subnanomolar concentrations. The successful 

application in the solid state and the reusability of the material were also confirmed.  

Among the last published works on the topic, ruthenium vynil complexes (sketch in Fig. 4) of 

the 5-(3-thienyl)-2,1,3-benzothiadiazole (TBTD) ligand (blue moiety in Fig. 4), were applied 

in the chromo-fluorogenic sensing of carbon monoxide in several media (air, aqueous solution 

and cells).14  

 

Figure 4. Reaction of the tested probes with carbon dioxide, R = phenyl. From ref. [14].  

In particular, the emission of TBTD is tipically quenched by coordination to Ru(II), as found 

in the case of the complex PR shown in Figure 4. However, in presence of CO, TBTD is released 

in solution and a consequent restoration of the emission is observed. The immobilization of the 

complex on silica and studies with gaseous CO showed a naked-eye progressive colour change 

of the solid from red to light, which can be very useful for the detection of air CO under the 

toxicity level (see Fig. 5). Diffuse reflectance spectra on the solid permitted the determination 

of the detection limit (i.e. LOD), which resulted to be 1.4 ppm and confirmed the selectivity of 

the system for CO compared with other gases (e.g. N2, O2, CO2, Ar, NOx).  

 

Figure 5. Naked-eye colour change of the immobilized Ru(II)-complex in presence of increasing CO 

concentrations. From ref. [14].  
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The functionalization on the R- subsituent with a polyethylene glycol chain (see Fig. 6a) 

enhanced the solubility of the Ru(II)-complex in water. The new molecular system, which was 

demonstrated to be non citotoxic through MTT assays on Hela cells, was successfully applied 

in the detection of CO in cells, in particular after release by CORM-3 (i.e. a well-known CO-

release molecule). CO-levels are determined by following the increase of the blue emission of 

TBTD, displaced by CO in the Ru(II) complex. A confocal microscope can be used for these 

measurements (see Fig. 6b). 

 

Figure 6. a) Molecular structure of the PEG-functionalized complex (M = RuII); b) Microscopy images 

showing HeLa cells in transmitted light (above) and confocal modes (below). C = functionalized Ru(II)-

complex. Scales are in µM. From ref. [14].  

The Indicator Displacement Approach can be also combined with smartphone sensing in order 

to obtain new portable devices for the determination of analytes in the field. 

2.1.2 Smartphone sensing  

Principle and first devices 

The development of cheap and portable devices for “point-of-care” (POC) diagnostics, able to 

perform tests in the field without advanced laboratory instruments, has found a great and 

increasing interest in the last decade. Thanks to their simple design and intuitive use, lots of 

tests can be performed when and where necessary, without traditional expensive analyses, 

obtaining immediate and reliable results. For this reason, several researchers have been 

focusing on the development on new devices for POC diagnostics to be applied in many fields, 

from the environment to the healthcare. The great attention towards this innovative technology 

is driven by both economic and social reasons: in developing countries, where expensive 

medical tests are not available for the entire population, the discover of new cheap and simple 
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diagnostic methods plays a key role in the well-being of the community. Moreover, the 

availability of portable, cost-effective, and fast diagnostic devices could help patients and 

consumers in the prevention and monitoring of specific upsets or diseases, also giving an 

important support to the healthcare professionals.15,16  

Among the available technologies, smartphones surely represent an important resource. In 

recent years, the worldwide distribution of this device is exponentially grown, accompanied by 

the creation of more and more sophisticated and high-performance models. Among its peculiar 

features, high storage capacity, high-resolution cameras, Wi-fi connectivity and a wide 

selection of applications make the smartphone a promising all-in-one tool suitable for POC 

diagnostics.17–20  

One of the first examples of smartphone-integrated technology was reported by Ozcan and co-

workers in 2013. Their study focused on a smartphone based digital sensing platform, termed 

as Albumin Tester, able to detect and quantify albumin in urine samples through a sensitive and 

specific fluorescent assay.21 A schematic illustration of the platform is reported in Figure 7. The 

platform was first designed ad-hoc with a dedicated software and then realised through a 3D 

printer: it contained a compact laser diode, two AA batteries, a plastic lens, and an emission 

interference filter and it can be installed on the existing camera unit of the smartphone.  

 

Figure 7. Scheme of the Albumin Tester platform for smartphone. From ref. [21].  
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The specific quantification of albumin in real urine samples was obtained through the following 

procedure: the control tube and the test tube (C and S red sections in Fig. 7, respectively) were 

partially filled with a solution of a specific dye for albumin and 25 μL of the sample were then 

injected in the test tube. A single laser beam (λexc = 532 nm) excited the solutions in control 

and test tubes, and the image of the consequent fluorescent emission (perpendicular to the 

direction of excitation) was captured by the smartphone camera. A custom-developed 

application processed the image for the automated determination of the albumin concentration 

in the tested sample, with a LOD value of 5-10 µg mL-1. Several tests on random urine samples 

demonstrated the successful application of Albumin Tester for a fast and simple detection of the 

albumin level in urine (pathological if higher than 30 µg mL-1), useful for monitoring high-risk 

patients afflicted by hypertension, diabetes and/or cardiovascular diseases and for early 

diagnosis of kidney disease.  

A similar approach was adopted by Roda and colleagues in the creation of specific smartphone 

assays for the quantification of cholesterol and bile acids in biological fluids (see Fig. 8).22 In 

this case, the detection of the analytes is based on biochemiluminescence coupled to biospecific 

enzymatic reactions, using the smartphone as detector. In specific minicartridges (see Fig. 8d), 

a little volume of sample was placed in the back opening and it was directed towards the reaction 

chamber. The enzymatic reagent was driven in the chamber from the reservoir and the reaction 

took place. The minicartridge was then placed in a dark box of the smartphone accessory and 

the light signal of the taken image was automatically processed by a specific software obtaining 

the concentration of the analyte.  

 

Figure 8. a) Picture of the accessory, b) picture of the minicartridge, and c) picture of the accessory 

snapped into the smartphone; d) Schematic cutaway drawings of the minicartridge. From ref. [22].  
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The versatility of this portable device allowed to obtain two assays for two different analytes 

only by changing the specific reagents charged in the reservoir. The cholesterol assay (i.e. 

SmartChol), based on cholesterol esterase/cholesterol oxidase (detection of the produced H2O2 

through the luminol−H2O2−HRP system), could perform the quantification of the analyte in 

serum (LOD = 20 mg dL-1). Regarding the bile acids assay (i.e. SmartBA), 3α-hydroxyl steroid 

dehydrogenase co-immobilized with bacterial luciferase system allowed to quantify bile acids 

concentrations in serum and in saliva (LOD = 0.5 µmol L-1). Through the same strategy, Roda 

research group also created a smartphone-based biosensor for lactate in saliva and sweat.23 

This innovative diagnostic technique was successfully applied in the environmental field for 

the detection of contaminants in water.24,25 For example, McCracken and co-workers designed 

a device for the detection of Bisphenol-A (BPA) in contaminated water samples.26 In this study, 

the authors firstly confirmed the high specificity of 8-hydroxypyrene-1,3,6-trisulfonic acid 

(HPTS), as fluorescent probe for BPA, through fluorimetric spectroscopy. An increasing 

dynamic quenching of HPTS fluorescence was observed in presence of an increasing amount 

of BPA (LOD = 4.4 mM). For smartphone detection, the role of smartphone flash as light source 

for excitation and the hardware camera as detector was separately evaluated, before to build a 

single smartphone sensing device integrated with a single cuvette holder platform (see Fig. 9).  

 

Figure 9. a) Photo of the smartphone sensing platform for cuvette samples; b) Scheme of the internal 

area of the platform; c) Captured image of the cuvette sample; RGB data are collected in the detection 

region. From ref. [26].  
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From the taken images, a detection region of the green channel of RGB image was isolated to 

the collection of the average intensity. The application of this smartphone-integrated platform 

showed very promising performances in selectivity and LOD values for the BPA detection in 

water samples. 

Last updates 

More recently, a smartphone-based fluorescent lateral flow immunoassay (LFIA) platform was 

designed by Wang et al. for the highly sensitive detection of Zika virus non-structural protein 

1 (ZIKV NS1) in serum, reported in Figure 10.27  

 

Figure 10. a) 3D scheme of the internal structure of the device; b) Photograph of the developed 

fluorescent LFIA reader. From ref. [27].  

As fluorescent probe, highly fluorescent quantum dot (QD) microspheres were conjugated by 

ZIKV NS1 detection antibodies. The scheme of the strips and the detection process is reported 

in Figure 11. Capture ZIKV NS1 antibodies (violet Y-shape), attached to the test line, interact 

with the target ZIKV NS1 protein (black dot) and formed a sandwich antibody-target-antibody 

immune complex with the QD-antibody bioconjugates (detection antibody, light blue Y-shape 

in Fig. 11, left). The formation of this complex immobilizes QD microspheres (red dots) on the 

test line, with a proportional increase of the fluorescence. The excess QD-antibody 

bioconjugates is immobilized on the control line by interaction with polyclonal goat anti-mouse 

IgG antibodies (green Y-shape). A specific software installed on the smartphone processed the 

image (see Fig. 11, right) in order to determine the concentration of the protein in the tested 

samples. In this way a fast, high specific, and selective detection of ZIKV NS1 protein could 

be performed without laboratory equipment, even in complex biological samples with a very 

good detection limit (LODs in buffer and serum 0.045 and 0.15 ng mL-1, respectively).  
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Figure 11. Left: Schematic of the fluorescent LFIA for the detection of ZIKV NS1. Right: Images of 

the test strips in the presence (left) and absence (right) of ZIKV NS1. From ref. [27].  

In another recent work, Liu et al. reported a microfluidic paper-based analytical device for the 

colorimetric detection of dopamine (DA).28 An oxidation-reduction process allowed the 

formation of a coloured phenanthroline complex, proportional to the amount of dopamine 

present in the sample. Changes in colour intensity were captured through a smartphone camera: 

the analysis of the image by Photoshop application yielded a LOD for DA of 0.37 μmol L-1 

with a linear range of 0.527–4.75 μmol L-1. Tests on real cow serum and human blood serum 

and plasma samples confirmed the quantitative detection of DA through this innovative, cheap 

and easy-to-use method.  

Blood is an incredible source of diagnostic information because of the presence of several 

biomarkers of interest. However, the very complex matrix makes the blood analysis very 

tedious and problematic: a pre-treatment of the biological sample (e.g. centrifugation, 

separation, filtration, etc.) is often necessary to exclude some potential interferents. Therefore, 

new smartphone-based sensors are moving from blood to other biological fluids, such as urine, 

saliva, and sweat: lots of biomarkers can be identified and analysed, the sample collection is 

easier and non-invasive and few (or none) pre-treatment techniques are required before the 

analysis.29–32 Recently, Choi group designed a fluorometric skin-interfaced microfluidic device 

that, if combined with a smartphone-based imaging module, allowed the quantitative analysis 

of several biomarkers in sweat.33 Besides other smartphone platforms, this is a thin and flexible 

wearable-device composed by multi-layers stacks, able to follow the curved surfaces of the skin 

and to sample the sweat naturally released by skin pores (see Fig. 12). 
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Figure 12. a) Schematic exploded view illustration of the microfluidic platform; b) Image of 

fluorescence signals associated with chemical probes designed to respond to chloride, sodium, and zinc. 

c) Image of peeling the detachable black shield away from the microfluidic device. From ref. [33].  

A schematic representation of the multi-layered structure of the device is reported in Figure 

12a. Fluorescent probes for chloride, sodium and zinc were placed in the microfluidic channels. 

Sweat flowing through the channels could reach and interact with the probes, giving detectable 

signals (Fig. 12b). Even the total sweat loss and rate were measured thanks to the flower-shaped 

microchannel in the center of the device. To prevent photobleaching of the fluorescent assays, 

a thin ring of black silicone is placed in the surface (see Fig. 12c). Sweat analysis was performed 

through a very simple process (reported in Fig. 13): after collecting the sweat in the device, the 

black silicone ring was removed, and photos of the fluorescent assays were captured by using 

the smartphone with the installed optical module. A dedicated software processed the 

fluorescent signals of the images of the assays, thus determining the concentration of the target 

analytes (i.e. chloride, sodium, zinc).  
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Figure 13. Procedure for performing a fluorometric assay: 1. collecting sweat using a skin-interfaced 

microfluidic device; 2. peeling away the black shield; 3. capturing a photo of the device using a 

smartphone interfaced to the device with the optics module. From ref. [33].  

Among the most recent published works, the Ozcan group reported a rapid and cost-effective 

method useful to the tear-fluid analysis.34 Interestingly, tears were collected through wearing 

commercially available contact lens for few minutes before the analysis. The combination of a 

specific well-plate reader and a time-lapse imaging of the increasing fluorescent signal with the 

smartphone camera permitted an easy and fast detection of lysozyme concentration, indicative 

of several ocular diseases.  

The potentiality of these smart systems is clearly demonstrated by the wide literature on the 

topic reported during the last years. The range of potential applications is unlimited: by 

changing the detection method (e.g. fluorescence, bio- or chemiluminescence, 

electrochemistry, etc.) and by modulating the design of ad-hoc smartphone-based platforms, 

the point-of-care identification and quantification of various analytes of interest in many fields, 

from environment to health-care, can be successfully achieved.  

2.1.3 Our study 

In this work, the combination of the high sensitivity of the Indicator Displacement Approach2 

and the great capabilities of the smartphone sensing allowed us to develop an easy-to-handle 

device for the detection of the trans,trans-muconic acid (i.e. tt-MA in the Scheme 1), a urinary 

benzene biomarker.35,36 Depending on the exposure, 2-25% of benzene is converted into tt-MA, 

detectable in human urines: the wide employ of this carcinogen solvent37 in the chemical 

industry (e.g. for the production of detergents, dyes, drugs, plastics, pesticides and rubbers) 

requires the constant monitoring of the exposure for higher-risk workers.35,36,38,39 Despite some 

doubt about the specificity of tt-MA for low-level benzene exposure40, the quantification of tt-

MA results the worwide applied method to control the benzene exposure level, in according 
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with both the European Union and the American Conference of Governmental Industrial 

Hygienists (ACGIH).41 The determination of this metabolite is generally performed throgh 

HPLC-UV or HPLC-MS analysis: the physiological limit of tt-MA, fixed by ACGIH, is 0.5 mg 

g-1 of creatinine (corresponding to ~ 0.5 mg L-1 in physiological conditions).42,43 It has to be 

noted that an 8-h time exposure to 1 mg L-1 benzene averagely results in the excretion of 2.5 

mg L-1 tt-MA (corresponding to 1.8 x 10-5 M) in urine.35,38,44,45 

Azacryptates are known in the literature to bind dicarboxylate anions of appropriate bite length 

in a selective way.46,47 Considering the high affinity for terephthalate and L-glutamate48 species 

in aqueous solution and knowing the similarity between terephthalic acid and tt-MA molecular 

structures, we decided to employ the dicopper(II) azacryptate [Cu2L]4+ as receptor (see Scheme 

1) for the recognition of tt-MA. The affinity of this dicopper(II) azacryptate for tt-MA 

(suggested by computational calculations) was investigated through spectrophoto- and 

spectrofluorimetric titrations (through the displacement of the indicator 6-

carboxytetramethylrhodamine, i.e. 6-TAMRA, see Scheme 1). The selectivity of this 

supramolecular system for the metabolite was tested even in presence of interferents and in 

more complex media (such as artificial urine). Then, in order to develop a smart portable device, 

the chemosensing ensemble was absorbed on silica gel using ELISA-like plastic wells as the 

support. By exposing the microplate to a UV-lamp (366 nm) and recording RGB values with a 

smartphone, the indicator displacement could be detected, permitting to quantify the 

concentration of tt-MA. Experiments with real spiked urine (pre-treated) samples were also 

performed. 

 

Scheme 1. Sketches of the molecular receptor [Cu2L]4+, the indicator 6-TAMRA and the guest tt-MA. 
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2.2 Experimental 

2.2.1 Chemicals and methods 

All reagents and solvents were purchased from Alfa-Aesar, VWR and Sigma-Aldrich, and used 

without further purification. Synthesis and characterization of the azacryptand L as well as  

experimental procedures of UV-vis. and fluorimetric titrations are described elsewhere.48–50 

Titration data were processed with the Hyperquad package to determine the equilibrium 

constants.51  

For the determination of the spectrophotometric detection limit (LOD), titration experiments 

were repeated at least three times.52 In each titration, volumes of tt-MA standards were added 

to a freshly prepared solution of the in-situ prepared complex [Cu2L]4+ (20 M in 0.05 M 

HEPES buffer, pH 7; T =25°C). For the determination of the spectrofluorimetric detection and 

quantification limits (i.e. LOD and LOQ), using indicator displacement assays, titration 

experiments were repeated at least three times.53 In each titration, volumes of tt-MA standards 

were added to a freshly prepared solution of the chemo-sensing ensemble (1.5 M [Cu2L]4+, 

0.2 M 6-TAMRA) in 0.05 M HEPES buffer, pH 7; T =25°C. Fluorescence spectra were 

recorded under nitrogen.  

2.2.2 Computational study  

All the calculations were carried out using the GAUSSIAN09 program package.54 The 

structures were optimized in the triplet spin state at the UB3LYP/6-31G(d) level for all atoms, 

except Cu for which the effective core potential LanL2DZ was used. All the optimizations were 

performed in water as solvent, using the classical polarizable continuum model (PCM). 

Vibrational frequencies were computed at the same level of theory to define the optimized 

structures as minima, showing all positive frequencies. 

2.2.3 Preparation of artificial urine  

Artificial urine was prepared following the method described by Brooks et al.55 Components 

and their concentration are reported in Table 1. The solution of tt-MA, employed in the titration 

of the chemosensing ensemble (0.05 M HEPES buffer, pH 7), was prepared using artificial 

urine A), which also contained two possible interferents, i.e. citric and lactic acids. The effect 
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of these components on the emission of the chemosensing ensemble was investigated using the 

artificial urines B) and C), see Table 1. 

Table 1. Composition of artificial urines: sample A) contained both citric and lactic acids, while B) and 

C) contained either citric or lactic acid, respectively. 

Component Concentration Type of artificial urine 

Citric acid 2 mM A) and B) 

Lactic acid 1.1 mM A) and C) 

Sodium chloride 90 mM A), B) and C) 

Ammonium chloride 25 mM A), B) and C) 

L-glutamine 2 mM A), B) and C) 

Urea 170 mM A), B) and C) 

Uric acid 0.4 mM A), B) and C) 

Creatinine 7 mM A), B) and C) 

Calcium chloride.2H2O 0.25 mM A), B) and C) 

Magnesium sulphate.7H2O 2 mM A), B) and C) 

Sodium sulphate.10H2O 10 mM A), B) and C) 

Sodium bicarbonate 25 mM A), B) and C) 

Sodium nitrate 6 mM A), B) and C) 

Iron(II) sulphate 0.005 mM A), B) and C) 

Potassium dihydrogen phosphate 1.8 mM A), B) and C) 

Di-potassium hydrogen phosphate 1.8 mM A), B) and C) 

2.2.4 Pretreatment of the real urine samples  

Before analysis, urine samples were pretreated following the procedure proposed by Bahrami 

et al., consisting in a micro-extraction by packed sorbent (MEPS).56 For the preparation of SAX 

cartridges, ~20 mg of quaternary ammonium exchange resin (SAX) were packed between two 

polyethylene frits inside a 1 mL plastic syringe. After sorbent conditioning (3 x 500 l MeOH 

followed by 3 x 500 l water), the urine sample (either blank or spiked with tt-MA) was passed 

through the sorbent (4 x 500 l). The sorbent was then washed with water (3 x 500 l). The 
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anionic components of urine were eluted with 500 l of 10% (v/v) acetic acid. The eluate was 

then taken to dryness and the residue was re-dissolved in 500 l of 0.05 M HEPES buffer, pH 

7. The analyte concentration in the final solution was 4X.  

2.3 Results and discussion 

The azacryptand L was synthesized using a known procedure.48 The affinity of the dicopper(II) 

complex [Cu2L]4+ for tt-MA (suggested by DFT calculations) was investigated through 

spectrophoto- and spectrofluorimetric titrations in buffered solution at pH 7 (0.05 M 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid, i.e. HEPES buffer). In particular, the 

displacement of the indicator 6-TAMRA from the [Cu2L]4+ complex, in presence of the tt-MA, 

was followed fluorimetrically, permitting the determination of LogK11 binding constant. 

Analogue experiments with possible interferents (normally found in urine) and in artificial urine 

were also performed in order to confirm the selectivity. A smart portable device for the 

detection of tt-MA was then obtained through the absorption of the chemosensing ensemble 

solution on silica gel using ELISA-like plastic wells as support. After the addition of an 

increasing amount of the analyte, and exposing the wells to a UV-lamp, the indicator 

displacement was detected by recording RGB values with a smartphone. Experiments with real 

spiked (pre-treated) urine samples were also performed. 

2.3.1 DFT calculations 

DFT calculations in water confirmed the good match between the t,t-muconate anion and the 

azacryptate cavity, giving interesting insights into the structure of the [Cu2L(tt-MA)]2+ 

inclusion complex. When hosted inside the azacryptate, the dicarboxylate can adopt different 

conformations characterized by either a s-trans or s-cis arrangement of the central single bond 

(i.e. C3-C4). According to our calculations (see Table 2), the s-trans arrangement is preferred 

(the optimized structure was named Muconate-A). In fact, the s-cis arrangement led to lower 

stability conformations, called Muconate-B and Muconate-C. 
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Table 2. Relative energy  and selected geometrical features of the preferred conformers of the [Cu2L(tt-

MA)]2+ complex. 

 
Erel 

(kcal/mol) 

copper-copper 

distance (Å) 

coordinated oxygen 

atoms distance (Å) 

C2-C3-C4-C5 

torsional angle (°) 

Muconate-A 0.00 10.77 7.05 -177 

Muconate-B 2.28 10.72 6.91 -19 

Muconate-C 3.05 10.75 6.94 -19 

 

The 3D-plots of the three conformers are shown in Fig. 14. The muconate complex was found 

to be geometrically very similar to the inclusion complex of the azacryptate with the 

terephthalate anion.49  Both the complexes show only one oxygen atom of each carboxylate 

group coordinated to copper (i.e. 1 coordination), while the other one is involved in a H-

bonding with the secondary N-H groups of the ligand. Both copper centres exhibit a trigonal 

bipyramidal geometry, with a distortion towards a square-pyramid: the values of the 

corresponding index structural parameter  (0.59 and 0.85) permit to evaluate the extent of the 

distortion for each metal ion (being  = 0 and 1 for C4v and D3h coordination polyhedrons, 

respectively).57 The distortion in the coordination geometry around copper, occurring with 

anion binding, could depend also on a more or less pronounced elongation of one of the Cu-

Nsec bonds of the azacryptate. The optimized structure of the inclusion complex displays the 

presence of - interactions between the sp2 carbon atoms of tt-MA and the azacryptand’s 

diphenyl moieties, that positively contribute to the overall stability of the [Cu2L(tt-MA)]2+ 

species.  

 

Figure 14. Three-dimensional plots of the preferred conformers of the [Cu2L(tt-MA)]2+ complex. Cu(II) 

ions are represented as pink spheres. Different color codes have been applied for carbon atoms, in order 

to differentiate receptor and guest carbon skeletons and better visualize the conformation assumed by 

tt-MA inside the cavity (e.g. C of the guest: green; C of the receptor: grey). 
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2.3.2 Studies in solution 

2.3.2.1 UV-vis. studies with tt-MA 

Before testing the binding properties of [Cu2L]4+ in complex matrix, the affinity of the complex 

for tt-MA was investigated through UV-vis. titrations in buffered aqueous solution (0.05 M 

HEPES buffer, pH 7, 25°C). In these conditions, the classic d-d band of the dicopper(II) 

complex over 800 nm was observed (solid black line in Fig. 15): upon the addition of tt-MA, 

its intensity gradually decreased until one equivalent of anion, when the plateau was reached.49 

At the end of the titration, the absorption spectrum displayed two d-d bands centred at 670 and 

780 nm. These spectral variations are tied to the change of the coordination geometry around 

the Cu(II) centres occurring with the binding of tt-MA in the complex cavity.46 The titration 

profile around the equivalence point results very steep (as shown in the inset left in Fig. 15), 

thus indicating the formation of a very stable complex between [Cu2L]4+ and tt-MA. The Job 

plot confirmed the 1:1 stoichiometry of the adduct (see Fig. 15, inset right). Even working at 

lower concentration of [Cu2L]4+, the steepness of the curvature in the titration profiles was 

maintained, thus highlighting the strength of the anion:complex interaction (see Fig. 16). In 

these conditions, the calculation of the binding constant could not be performed.  

 

Figure 15. UV-vis. titration of a 20 M solution of [Cu2L]4+ with tt-MA (0.05 M HEPES buffer, pH 7, 

path length=10 cm); solid black line: initial spectrum; dashed black line: final spectrum. Inset left: 

profile of ε (i.e. Mol Abs) at 660 nm vs eqv. of tt-MA. Inset right: Job Plot (R and ttMA: molar fractions 

of [Cu2L]4+ and tt-MA, respectively). 
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Figure 16. UV-vis. titration of a 8.7 M solution of [Cu2L]4+ with tt-MA (0.05 M HEPES buffer, pH 7; 

path length = 1cm), family of spectra as Mol Abs x 10-3 vs wavelength; solid black line: initial spectrum; 

dashed black line: final spectrum. Inset left: profile of ε (i.e. Mol Abs) x 10-3 at 330 nm vs eqv. of tt-

MA. Inset right: Job Plot (R and ttMA: molar fractions of [Cu2L]4+ and tt-MA, respectively). 

On the other hand, we could estimate the detection limit by linear regression, through the 

IUPAC method (LOD = 3σ/s; σ = standard deviation of the blank; s = slope of the calibration 

curve).52 Interestingly, the obtained LOD of 8 x 10-7 M (i.e. 0.1 mg L-1) permits to detect tt-

MA, through UV-vis. spectroscopy, at micromolar concentrations (see the calibration curve in 

Fig. 17). 

 
Figure 17. tt-MA calibration curve (red line: fitting curve; dots: experimental data), obtained from the 

UV-vis. titrations of [Cu2L]4+  (20 M) with tt-MA (HEPES 0.05 M, pH 7, path length=10 cm). The 

plotted parameters are linearly correlated for Abs values between 0.027 and 0.080 (R2 = 0.998).4 Data 

are averages of n = 3; error bars represent s.d. 
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Other aliphatic dicarboxylates were tested to confirm the selectivity of [Cu2L]4+  for tt-MA. 

With shorter or longer anions, we observed a drop of the affinity because the anion bite does 

not match the distance between the two copper ions in the receptor cavity. As example, UV-

vis. titrations of [Cu2L]4+  with succinate and pimelate in buffered aqueous solution (0.05 M 

HEPES buffer, pH 7, 25°C) are reported in Figures 18 and 19, respectively. Different spectral 

changes depend on different coordination geometry of the two Cu(II) ions in presence of the 

anions. Assuming a 1:1 binding equilibrium, we determined the binding constants, that are 

3.07(2) and 4.89(2) Log units for succinate and pimelate, respectively. For other tested 

dicarboxylates (i.e. suberic acid, sebacic acid), this calculation was not possible because of the 

too small spectral variations.  

We also performed UV-vis. titrations on solutions of [Cu2L]4+ with citric and uric acids, 

commonly present in urine58: even in this case, we confirmed a lower affinity of the cage for 

these species. In particular, significant changes in the d-d bands we only found under titration 

with citric acid (see Fig. 20); these changes are attributable to the coordination of the anion to 

the copper ions. The obtained binding constant, 4.6(1) Log units, is much lower than for tt-MA. 

 

Figure 18. UV-vis. titration of a 50 M solution of [Cu2L]4+  with succinic acid (0.05 M HEPES buffer, 

pH 7, path length=10 cm); solid black line: initial spectrum; dashed black line: final spectrum Inset: 

titration profile of  (i.e. Mol Abs) at 630 nm (empty triangles) with superimposed distribution diagram 

of the species [Cu2L]4+ (dashed line) and [Cu2L(succinate)]2+ (solid line) vs eqv of the added guest, 

calculated for LogK11=3.07(2). 
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Figure 19. UV-vis. titration of a 75 M solution of [Cu2L]4+ with pimelic acid (0.05 M HEPES buffer, 

pH 7, path length=10 cm); solid black line: initial spectrum; dashed black line: final spectrum. Inset: 

titration profile of  (i.e. Mol Abs) at 872 nm (empty triangles) with superimposed distribution diagram 

of the species [Cu2L]4+ (dashed line) and [Cu2L(pimelate)]2+ (solid line) vs eqv of the added guest, 

calculated for LogK11=4.89(2). 

 

Figure 20.  UV-vis. titration of a 20 M solution of [Cu2L]4+  with citric acid (0.05 M HEPES buffer, 

pH 7, path length=10 cm); solid black line: initial spectrum; dashed black line: final spectrum. Inset: 

titration profile of  (i.e. Mol Abs) at 330 nm (empty triangles) with superimposed distribution diagram 

of the species [Cu2L]4+ (dashed line) and [Cu2L(citrate)]2+ (solid line) vs eqv of the added guest, 

calculated for LogK11=4.6(1).  
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2.3.2.2 Fluorimetric titrations 

2.3.2.2.1 The Indicator Displacement Approach 

The calculation of the 1:1 binding constant between tt-MA and [Cu2L]4+ was performed through 

fluorimetric titrations, by exploiting the Indicator Displacement Approach. We chose as 

indicator 6-Carboxytetramethylrhodamine (i.e. 6-TAMRA, see Scheme 1), because of its 

known affinity for the [Cu2L]4+ complex at pH 7 in water (0.05 M HEPES buffer): in these 

conditions, the formation of a stable 1:1 complex occurs, with a binding constant of 7.0(2) Log 

units (see the titration in Fig. 21).48 The terephthalate moiety in the indicator scaffold matches 

almost perfectly the receptor’s binding site, granting a strong coordinative interaction.  

 

Figure 21. Fluorimetric titration of 6-TAMRA (0.3 M, exc = 520 nm) with [Cu2L]4+ (0.05 M HEPES 

buffer, pH 7, path length=1 cm); solid black line: initial spectrum; dashed black line: final spectrum. 

Inset: Profile of the fluorescence intensity (If) at 574 nm vs eqv of [Cu2L]4+ (empty triangles), 

superimposed to the distribution diagram of the species [Cu2L(6-TAMRA)]3+ (solid line) and free 6-

TAMRA (dashed line), calculated for LogK11=7.0(2). 

When 6-TAMRA is bound to [Cu2L]4+, its emission is quenched (see Fig. 21). If another 

substrate (tt-MA in our case), present in solution, is able to interact strongly with the 

dicopper(II) complex, the indicator is displaced from the receptor’s cavity, thus restoring the 

fluorescence again. To study this process, we prepared solutions of the chemo-sensing 

ensemble (0.05 M HEPES buffer, pH 7) by mixing [Cu2L]4+ complex and 6-TAMRA, at 2 M 

and 0.2 M concentrations, respectively. This complex:indicator ratio was chosen to ensure the 
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complete quenching of the indicator’s emission (see the solid black line in the family of spectra 

shown in Fig. 22). The incremental addition of tt-MA caused the development of the typical 

emission band of 6-TAMRA at 574 nm (exc = 520 nm). The titration profile obtained by 

plotting the emission intensity (If) at 574 nm vs eqv. of the added tt-MA is reported in the inset 

in Figure 22. 

 

Figure 22. Fluorimetric titration of the chemosensing ensemble solution (2 M [Cu2L]4+ and 0.2 M 6-

TAMRA, exc = 520 nm) with tt-MA (0.05 M HEPES buffer, pH 7, path length=1 cm); solid black line: 

initial spectrum; dashed black line: final spectrum. Inset: Profile of the fluorescence intensity (If) at 574 

nm vs eqv of tt-MA (empty triangles), superimposed to the distribution diagram of the species, calculated 

for a 1:1 association constant with tt-MA of 8.3(2) log units (logK11=7.0, receptor:6-TAMRA). Solid 

line: % free 6-TAMRA; dashed line: % [Cu2L(5-TAMRA)]3+. 

Through the least-squares treatment on the linear section of the fluorimetric titration plot (see 

Fig. 23)53, we could estimate both LOD (3σ/s) and LOQ (10σ/s) parameters for tt-MA, which 

resulted 7 x 10-8 M (i.e. 9.9 μg L-1) and 2 x 10-7 M (i.e. 28 µg L-1), respectively.  

The binding constant between [Cu2L]4+ and tt-MA was determined by elaborating the titration 

data through the Hyperquad package.51 Considering the two competing equilibria in solution 

involving the dicopper(II) complex, the indicator and the guest (see equations (1) and (2)), the 

LogK11 of tt-MA resulted 8.3(2). 

[Cu2L]4+ + 6-TAMRA → [Cu2L(6-TAMRA)]3+      LogK11 = 7.0(2)29     (1) 

                [Cu2L]4+ + tt-MA → [Cu2L(tt-MA)]2+                  LogK11 = 8.3(2)       (2) 



26 
 

The good overlay of the fluorimetric titration profile with the corresponding distribution 

diagram (% abundance for [Cu2L(6-TAMRA)]3+ and free 6-TAMRA, see inset in Fig. 22) 

confirmed the goodness of this model.  

 

Figure 23. tt-MA calibration curve5 (red line: fitting curve; dots: experimental data), obtained from the 

fluorimetric titrations of the chemosensing ensemble solution (1.5 M [Cu2L]4+  and 0.2 M 6-TAMRA, 

exc = 520 nm) with tt-MA (0.05 M HEPES buffer, pH 7, path length=1 cm). ITAMRA = fluorescence 

intensity of a 0.2 M 6-TAMRA solution (recorded before the addition of [Cu2L]4+). The plotted 

parameters are linearly correlated when I/ITAMRA is between ~10% and 50% (R2 = 0.993). Data are 

averages of n = 4; error bars represent s.d.. 

2.3.2.2.2 Studies with possible interferents and in a more complex medium 

In order to evaluate the selectivity of our supramolecular system for tt-MA, fluorimetric 

titrations in buffered aqueous solution with some possible interferents were performed: in 

particular citric, lactic and uric acids (see Fig. 24) and dioic acids of either short or long chain 

(i.e. maleic, fumaric, succinic, adipic, sebacic and suberic acids, see Fig. 25) were tested.  
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Figure 24. Plots of I/I0 at 574 nm vs concentration of the added guest [G] in mg L-1 (G = tt-MA, red 

triangles; citric acid, green stars; lactic acid, yellow circles; uric acid, blue diamonds). The experimental 

data were taken under titrations of the chemosensing ensemble (1.5 M [Cu2L]4+ and 0.2 M 6-TAMRA  

in HEPES 0.05M, pH 7) with solutions of the guests prepared in the same medium. 

 

Figure 25. Plots of I/I0 at 574 nm vs eqv of the added guest (G), obtained under fluorimetric titrations 

of the chemosensing ensemble solution (1.5 M [Cu2L]4+  and 0.2 M 6-TAMRA in HEPES 0.05 M, 

pH 7; exc = 520 nm path length=1 cm) with a series of dioic acids: t,t-MA (blue triangles), adipic acid 

(grey triangles), maleic acid, fumaric acid, succinic acid, suberic and sebacic acid (white circles, 

triangles, squares, stars and diamonds, respectively). 

Notably, the much lower affinity of these potential competitors for [Cu2L]4+ with respect to tt-

MA did not induce the displacement of 6-TAMRA from the cage cavity, that could be observed 
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only under addition of excess substrate (> 2 mg L-1), except for adipate. For this guest, titration 

data treatment led to a 1:1 binding constant of 6.9(2) Log units (see Fig. 26), a value similar to 

that found in the literature.48 Although the similarity between adipate and tt-MA, especially in 

the bite length, the affinity of [Cu2L]4+ for these two substrates resulted markedly different, with 

LogK11 = 6.9 and 8.3 for adipic acid and tt-MA, respectively.  

 

Figure 26. Fluorimetric titration of the chemosensing ensemble solution (1.5 M [Cu2L]4+  and 0.2 M 
6-TAMRA, exc = 520 nm) with adipic acid (HEPES 0.05 M, pH 7, path length 1 cm). Profile of the 

fluorescence intensity at 574 nm vs eqv of the adipic acid (empty triangles) with the superimposed 

distribution diagram of the species [Cu2L(6-TAMRA)]3+ (dashed line) and free 6-TAMRA (solid line), 

calculated for LogK11=6.9(2) log units.  

To study the potentialities of our system in a more complex matrix, preliminary tests were 

carried out in artificial urines, i.e. a medium containing a series of possible interferents (e.g. 

Fe(II) ions, chloride, sulphate, uric acid, lactic acid) at physiological concentrations (see the 

Experimental section for details).55 These experiments involved fluorimetric titrations of the 

chemosensing ensemble, in 0.05 M HEPES buffer at pH 7, with solutions of tt-MA, citric and 

lactic acids in artificial urine. The results are reported in Figure 27. Interestingly, the high 

affinity for tt-MA was not affected by the matrix: in fact, the obtained titration profile, reported 

as I/I0 vs tt-MA concentration in mg L-1 (white triangles), matches almost perfectly the plot 

relative to the titration in HEPES medium (grey triangles). 
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Also in this case, the presence of lactic and citric acids did not give relevant effects (see white 

circles and stars, respectively, in Fig. 27). Moreover, the experiment in artificial urine pointed 

out the high sensitivity for tt-MA, even in this complex medium, being the plateau reached 

around 0.3 mg L-1 (i.e. ~ 2 M).  

 

Figure 27. Plots of I/I0 at 574 nm vs concentration of the added guest [G] in mg L-1 (G = tt-MA, 

triangles; citric acid, stars; lactic acid, circles; uric acid, diamonds). The experimental data were taken 

under titrations of the chemosensing ensemble (1.5 M [Cu2L]4+ and 0.2 M 6-TAMRA in HEPES 0.05 

M, pH 7) with solutions of the guests prepared in either the same medium (grey symbols) or artificial 

urine (white symbols). 

Finally, we performed the fluorimetric titration of the chemosensing ensemble solution (in 

HEPES buffer) with artificial urine containing human serum albumin (HSA), a macromolecule 

that may be present in urine in pathological conditions.59 Very interestingly, even if a large 

excess of HSA was employed for this experiment (i.e. 150 ppm), no significant effect was 

detected (see Fig. 28). 
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Figure 28. Grey triangles: plot of I/I0 at 574 nm vs eqv of tt-MA obtained under titration of the 

chemosensing ensemble solution (1.5 M [Cu2L]4+ and 0.2 M 6-TAMRA) in HEPES (0.05M, pH 7)  

with t,t-MA in artificial urine + 150 ppm HSA. White triangles: profile of I/I0 at 574 nm for the blank 

titration (addition of same volumes of artificial urine + 150 ppm HSA, to the chemosensing ensemble 

solution). 

2.3.3 Development of a smart device  

2.3.3.1 Construction of the device and calibration experiments 

The promising results obtained in solution, through UV-vis. and fluorimetric investigations on 

the [Cu2L]4+ receptor with tt-MA, prompted us to employ the chemosensing ensemble [Cu2L(6-

TAMRA)]3+ in a new smart device for the detection of urinary tt-MA. Our idea was i) to adsorb 

the chemosensing ensemble on silica gel (63 m, silica for chromatography, supported on 

ELISA-like plastic wells), ii) add the sample containing tt-MA to the wells, iii) expose the wells 

to a UV-lamp, iv) and monitor the variation of the emission intensity using the camera of a 

smartphone as detector (see Fig. 29). 

For the experiment, 200 μL of a solution containing the chemosensing ensemble (in MeOH/H2O 

1:1 v/v, 0.05 M HEPES buffer, pH 7) were dropped on the silica gel (~ 100 mg), in order to 

have 2.3 nmol of [Cu2L]4+ and 0.23 nmol of 6-TAMRA in each well. Solutions were taken to 

dryness in the dark, so as to adsorb the chemosensing ensemble on silica. 
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Figure 29.  Scheme of the device for the detection of tt-MA.  

In absence of the analyte, no emission was observed under exposure of the microplate to a UV-

lamp ( = 366 nm, 16W) in a dark room. On the other hand, under the addition of increasing 

amounts of standard tt-MA to the wells (solutions prepared in 0.05 M HEPES, pH 7), a 

significant increase of the indicator emission was visible to the naked-eye (see Fig. 30 and inset 

Fig. 31). Monitoring and quantification of the fluorescence increase were achieved by recording 

the RGB values with a smartphone (i.e. Samsung S6), provided with the ColorMeter Free App. 

In particular, by placing the phone camera in front of the microplate (distance = 15 cm), the 

digital image of each well was taken under UV illumination in a dark room. Notably, only the 

R index showed a correlation with the increasing red emission of the displaced indicator, and 

thus with the concentration of tt-MA (see Fig. 31). 

 

Figure 30.  Increase of 6-TAMRA emission upon the addition of tt-MA on the adsorbed chemosensing 

ensemble in wells exposed to a UV lamp.  
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Figure 31.  Plot of the normalized R index (R/R0) vs mg L-1 concentration of tt-MA in the wells. Inset: 

picture of the microplate after the addition of tt-MA. The trials were performed in HEPES 0.05M pH 7. 

It is important to note that the concentrations of azacryptate and 6-TAMRA into the wells were 

carefully chosen so as to obtain a clearly readable response of the RGB indexes with the 

employed cost-effective instrumentation. The addition of standard solutions of tt-MA (in 0.05 

M HEPES buffer, pH 7) allowed us to build the calibration curve shown in Figure 32.  

 
Figure 32. tt-MA calibration curve (black line: fitting curve; dots: R averaged), obtained from the RGB 

determination in ELISA-type wells. Red symbols correspond to experimental data obtained in one of 

the trials. Black dots are averages of n = 3 repetitions. The plotted parameters are linearly correlated for 

R averaged values between 90 and 200 (R2 = 0.983); error bars represent s.d.. 
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The experiment was repeated three times, with three repetitions each. Through the treatment of 

the data in the linear section of the curve, between 0.2 and 2 mg L-1, the LOD and LOQ were 

determined, obtaining 0.06 and 0.2 mg L-1, respectively. These values are surely higher than 

those obtained in the fluorimetric studies, because of the lower sensitivity of a smartphone 

camera compared with a spectrofluorimeter. However, this result pointed out the need to pre-

concentrate the samples for the detection of tt-MA in real urines, where the concentration of 

the metabolite should be lower than 0.5 mg L-1. 

2.3.3.2 Test with real urine samples 

The test with real samples was performed with urines of non-smokers, spiked with tt-MA (0.18 

and 0.36 mg L-1) and pre-concentrated through a known method based on the micro-extraction 

of urine by packed sorbent in a SAX cartridge (see Fig. 33).56 In a plastic syringe, about 20 mg 

of quaternary ammonium exchange resin (i.e. SAX) were placed between two polyethylene 

frits. Then, the four phases of the process were performed in the order reported in Figure 33 

(see MEPS protocol and the Experimental section for details). This fast and simple procedure 

allowed us to: i) extract and pre-concentrate the anionic components of each urine sample 

(including tt-MA) by four-times; ii) remove neutral and cationic interferents. The elution with 

acetic acid (10% v/v) permitted to eluate tt-MA and other anionic species from the SAX 

cartridge: after to take the eluate to dryness, the residue was re-dissolved in 0.05 M HEPES 

buffer at pH 7 and dropped into the wells for analysis.  

 

Figure 33. Scheme of the method used for the micro-extraction: preparation of the packed sorbent (left) 

and the four phases of the process (right). 

The recorded RGB values were compared to those obtained with standard tt-MA in 0.05 M 

HEPES buffer: the % recovery was determined by dividing the averaged R indexes recorded 
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with the real samples by the indexes determined with standard solutions (x 100). The obtained 

results are reported in Table 3. At 0.7 and 1.4 mg L-1 concentrations of the pre-concentrated 

samples, which correspond to 0.18 and 0.36 mg L-1 in real urine, a ~98% recovery of tt-MA 

was obtained. This test pointed out that, with our device, tt-MA in real urines can be detected 

at concentrations below the limits fixed by the ACGIH.42,43  

Table 3. For each sample [tt-MA]s (obtained by pre-concentration of the initial urine sample, [tt-MA]0, 

on SAX cartridge), the % recovery was calculated by dividing the averaged R indexes recorded with 

real samples, �̅� urine, by the indexes determined with standard solutions, �̅� standard, x 100. 

Experiments were repeated at least three times, with three repetitions each. 

[tt-MA]0, M, mg L-1 [tt-MA]s, M, mg L-1 �̅� urine �̅� standard % recovery 

1.25  10-6, 0.18 5.01  10-6, 0.71 117.7 120.1 98.0 

2.55  10-6, 0.36 1.02  10-5, 1.4 166.7 168.7 98.7 

2.4 Conclusions 

In this work, the combination of the Indicator Displacement Approach with the smartphone 

sensing allowed us to develop a smart device for the detection of the trans-trans muconic acid 

(tt-MA), a urinary metabolite of benzene. The high affinity of tt-MA the dicopper complex 

[Cu2L]4+ was first verified by both spectrophotometric and spectrofluorimetric titrations in 

buffered aqueous solution at pH 7 (0.05 M HEPES buffer). As for the emission studies, the 

guest-induced displacement of the 6-TAMRA indicator from the azacryptate’s cavity was 

followed. Titrations with possible competitors (i.e. dicarboxylates of different lengths) 

highlighted the strong selectivity of our system for tt-MA: even the saturated analogue anion 

(i.e. adipate) showed a much lower affinity for the azacryptate compared with tt-MA. The 

selectivity of  [Cu2L]4+  for the metabolite of interest was also confirmed in presence of possible 

interferents (i.e. citric, uric and lactic acids, commonly present in urine, and the HSA 

macromolecule) and in a more complex medium, such as artificial urines.  

The development of a smart, cost-effective device for the detection of tt-MA in real urine 

samples was achieved through the adsorption of the chemosensing ensemble (i.e. a solution 

containing [Cu2L]4+ and 6-TAMRA in 100:1 ratio) on silica gel, using plastic wells as support. 

By exposing the wells on a UV-lamp ( = 366 nm, 16 W) in the dark, an increase of the indicator 

fluorescence in presence of tt-MA was visible even to the naked-eye. By recording the RGB 



35 
 

values with a smartphone, the emission increase could be quantified and correlated to the 

concentration of the metabolite.  

Through this method, the detection of tt-MA in real spiked urine samples (previously pre-

treated through a known method) was achieved. Even if the sensibility resulted lower compared 

to HPLC-UV or HPLC-MS analysis, this supramolecular approach permits to selectively detect 

tt-MA in urines at concentrations below the limits fixed by the ACGIH, with the minimum use 

of materials (e.g. receptor and indicator) and the possibility for immediate “point-of-care” 

diagnostics.  

The research described in this chapter was published in New Journal of Chemistry, 2018, 42, 

15460. 
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3. A fluorimetric supramolecular sensor for 
the sensing of fumarate in water 

3.1 Introduction 

3.1.1 Anion recognition 

Molecular recognition continues to be a challenge in supramolecular chemistry: according to 

the kind of the guest of interest, that could be either neutral or positively/negatively charged, 

an accurate design is needed to create ad-hoc receptors, able to selectively interact with a 

specific species even in presence of possible competitors. In particular, the receptor must have 

a series of functional groups in its scaffold to ensure a synergy of interactions with the guest, 

and the right dimensions and geometry to minimize the conformational changes necessary to 

the binding (i.e. geometrical and interaction complementarity).1 

Over the course of the last fifty years, the development of receptors for anions has proceeded 

slower than for cations. This is not surprising because anionic targets present a series of intrinsic 

properties that complicate the design of suitable receptors: these properties comprise the low 

charge to radius ratio, a wide variety of geometries and the acid-base behaviour. Moreover, if 

the process occurs in water, the hydration of the anion and the competition of the solvent 

molecules for the binding have to be overcome.2  

Among the receptors applied in anion recognition, the systems reported by Schmidtchen et al. 

are of particular interest. These systems are represented by macrotricyclic ligands, containing  

four quaternary ammonium groups linked by aliphatic –(CH2)n- chains.3 The tetrahedral 

arrangement of the positive charges in the cavity allows the inclusion of halides in water, thanks 

to a maximization of the attractive electrostatic interactions with the anion and the minimization 

of the repulsion among the ammonium groups. Moreover, by changing the length of the 

aliphatic chains connecting the ammonium groups, selectivity can be tuned towards a specific 

halide. After this work, that gave birth to the so called “anion coordination chemistry”, a wide 

range of receptors for anions was synthesized. Different kinds of interaction (and their possible 

combinations) were explored to maximize the recognition process: electrostatic (as in the case 

of Schmidtchen), dipole-anion, hydrogen bonding, π-anion, halogen bonding and metal 

coordination.4–6 Due to the innumerable works reported in literature, in this section I will focus 

on H-bonding and coordinative interactions.  
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H-bonding interactions 

Among non-covalent interactions, the directional hydrogen bonding interaction brought about 

the design of specific molecular receptors for the binding of anions with well-defined 

geometries, e.g. trigonal (nitrate), tetrahedral (phosphate), and Y-shaped (carboxylates). The 

most applied H-bond donors undoubtedly are N-H groups, belonging to protonated amines, 

amides, urea/thiourea moieties, pyrrole, indole, carbazole and benzimidazole groups. These 

moieties have been extensively used in the synthesis of both neutral and protonated receptors.  

Regarding receptors containing amide groups as H-donors, Pascal et al. first reported a tris-

amide cryptand able to selectively bind fluoride through multiple H-bonding interactions, as 

demonstrated by 19F- and 1H-NMR studies.7 Over the course of the years, many scientists 

investigated how the functionalization of amide-based anion receptors could modulate the 

interaction strength and selectivity for anions. For instance, the structural modification of the 

polyamide 1, first reported by Anslyn et al. as nitrate-selective receptor8, promoted the 

modulation of the receptor anion binding properties (see Figure 1). Through the insertion of 

pyrroles (as H-bonding donors) and imine groups (as H-bonding acceptors), the macro-bicycle 

2 showed high affinities for tetrahedral anionic species - such as H2PO4
–, HSO4

–, SO4
2–, and 

HP2O7
3– - and also for spherical anions (e.g. halides).9 On the other hand, Swager and 

colleagues recently reported the macrocyclic polyamide cage 3 containing 1,4-dithiin moieties. 

This system, displaying unique electrochemical properties, selectively recognises the HCO3
– 

anion and can discriminate arsenate in presence of phosphate.10 

 

Figure 1: Similar polyamide cages 18, 29 and 310, with structural modification, present different binding 

properties. From ref. [10]. 

Urea/thiourea-based ligands have been widely applied in anion recognition. These bidentate H-

donor groups can strongly bind both spherical and geometrically more complicated anions, 

through the formation of very stable six/eight-membered chelate rings. This peculiar property 

could be further increased in oligoureas, i.e. poly(thio)urea systems with multiple interaction 
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sites. Notably, the presence of electron-withdrawing groups (i.e. -CF3, -NO2) in the receptor 

scaffold increases the acidity of the -NH protons, thus enhancing the H-bonding tendencies 

towards anions.11,12 For instance, bis(thio)urea ligand 4-6 (reported in Fig. 2) were investigated 

as anion receptors by Wu al colleagues.13 

 

Figure 2. Crystal structures of the phosphate complexes [PO4(4-6)3]3–, for each: side view (left), top 

view (right up), and space-filling representation (right down). Nonacidic hydrogen atoms and 

countercations were omitted for clarity. From ref. [13]. 

X-ray diffraction studies revealed the formation of tris-chelates with phosphate, according to 

the formula [PO4(L)3]
3−, for all the ligands: the anion is coordinated by three (thio)urea groups, 

through the formation of twelve H-bonds. However, studies in solution showed the formation 

of a 3:1 ligand:anion adduct only for 4 with phosphate, while receptors 5 and 6 either undergo 

deprotonation or form a 1:1 adduct with the same anion.   

A very promising alternative to urea – as H-bonding donor group – is represented by the 

squaramide unit. As demonstrated by Amendola et al., receptors containing this subunit form 

higher stable complexes with halides and oxoanions, if compared to the analogue urea-based 

derivatives.14 In contrast with urea, the geometrical arrangement of the squaramide-based 

ligand allows the instauration of two additional H-bonds (through the Cα-H fragments of phenyl 

substituents) with the anion, thus enhancing the binding properties of the receptor. In Figure 3, 

the comparison between the [LH ̶ Cl]− complexes of squaramide- (a) and urea-based15 (b) 

receptors is reported.  
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Figure 3. Structures of the [LH ̶ Cl]- complexes with a) squaramide-14 and b) urea15-based receptors. 

H-bonding interactions are highlighted with dashed lines. From ref. [14]. 

During the last years, very interesting imidazolium/benzimidazolium-based receptors were also 

published. For example, the bowl-shaped tripodal receptor 7(PF6)3 (see Fig. 4) strongly binds 

halides trapping them within its cavity.16 As shown by crystal structures of the inclusion 

complexes with chloride (reported in Fig. 4) and bromide, anion inclusion is obtained through 

the cooperative H-bonding interactions of both imidazolium units and the tetrafluorobenzyl 

substituents, that act as more efficient H-donors compared to the simple benzyl groups (as 

demonstrated through 1H-NMR titrations). 

 

Figure 4. Left: molecular structures of the studied tripodal receptors. Right: Crystal structure of 

[7(Cl)](PF6)2CH3CN. a) Top and b) lateral views of the molecular cation 73+ interacting with chloride  

(PF6
– counterions and CH3CN have been omitted for clarity). Hydrogen bonds are drawn with black  

dashed lines. From ref. [16]. 
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Last, but not least, polyamines represent a very important class of receptors for anion 

recognition. If protonated, amino-containing systems could bind anions through both hydrogen 

bonds and electrostatic interactions: this synergy enhances the binding properties of the ligand 

and the affinity towards the guest of interest.  

Among polyamino receptors, cage-like macrobicycles (e.g. the so-called bistren cages) have 

been widely employed in anion recognition.1,17 These molecular systems actually show better 

binding properties, if compared with the analogue acyclic and macrocyclic compounds, thanks 

to the well-defined shape and higher degree of structural preorganization. The synthetic 

procedure is generally based on the Schiff condensation, by reaction of the tren polyamine (i.e. 

tris(2-aminoethyl)amine) with the chosen dialdehyde. The formation of imine bonds is 

reversible and allows a trial-and-error process, until the most thermodynamic stable structure 

is formed. The Schiff condensation is followed by reduction of the imine bonds with NaBH4, 

leading to a more stable amine derivative. It has to be noticed that a simple modification of the 

structure (i.e. by changing the reagents involved in the Schiff condensation) permits to tune the 

cage cavity (e.g. size, chape, functional groups) and enhances the selectivity of the system 

towards specific anions.18–20 

 

Figure 5. Three different bistren cages reported by Lehn and colleagues. From ref.s [22], [23] and [24], 

respectively.  

The spherical cage 9 (in Fig. 5), reported by Lehn and Graf, was tested for halide binding, 

showing a selectivity for chloride in aqueous solution.21,22 On the other hand, the ellipsoidal 

protonated cryptand 10 (see Fig. 5) selectively binds linear anions that show geometrical 

complementarity with the cavity, such as azide N3
−.17,23 Notably, Lehn reported the first 

example of dicarboxylates recognition by a bistren cage. Through 1H-NMR titrations, the 

authors demonstrated the remarkable ability of the ammonium azacryptand 11 to include linear 

dianions in its elongated cavity, with specific affinity preferences based on the distance between 

the respective binding sites of the guest and the receptor. In fact, as showed by crystal structure 

analysis, terephthalate anion (tph in the Figure) possesses the right geometrical features to give 
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a perfect complementarity with the cavity, thus revealing the highest association constant for 

the cryptand 11 (see Fig. 5).24 

More recently, the hexaprotonated cryptand 12 was demonstrated to selectively recognize and 

trap the radioactive pertechnetate anion (99TcO4
–) in water at pH 2.25 Some years later, the same 

authors reported a fluorescent chemo-sensor for 99TcO4
– (12b), obtained by replacing one of the 

p-xylyl spacers of 12 with a 9,10-anthracenyl unit.26 This structural modification allowed to i) 

preserve the selectivity of the hexaprotonated ligand for pertechnetate and ii) produce a 

fluorescent signal of the binding. The hexaprotonated cage 12b actually displays the typical 

emission band of anthracene, centred at 425 nm; this emission is switched off by 99TcO4
–, when 

the anion is trapped into the receptor cavity and forms a stable 1:1 inclusion complex (see Fig. 

6).  

 

 

Figure 6. Bistren cage 12 and the mono-anthracenyl derivative 12b in a scheme showing the binding of 

pertechnetate and the consequent fluorescent signal. From ref. [26]. 

Over the course of the last thirty years, several cage-like systems have been reported in the 

literature. Although their promising features, polyammonium cryptands can be generally 

applied as anion receptors in a restricted pH range. This of course represents an important limit 
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for applications, since most anions are pH-sensitive, and their protonation degree should be 

considered for a proper receptor design.  

Coordinative interactions 

The issue can be overcome by inclusion of transition metal ions in the receptor cavity. 

Coordinative interactions have been actually investigated by several authors, demonstrating that 

the metal complexes could be applied as anion receptors in neutral aqueous solution. 

Considering that the detection of anions of interest, from the biological to the environmental 

fields, is performed in neutral water, this approach could open unlimited possibilities for the 

anion recognition. 

In the case of the bistren cages, each tren subunit can coordinate a metal ion – for instance 

Cu(II) – in a trigonal bipyramidal arrangement. The free apical positions on the metal ions are 

available for anion coordination. In this way a bistren cryptand, coordinating two Cu(II) ions 

in its cavity, can bridge a dianion through the so-called “cascade process”. This approach 

ensures a high selectivity, because the anion inclusion is obtained when an almost perfect match 

is reached between the “anion bite” (i.e. the distance between the donor atoms of the anion) and 

the separation between the free apical positions on the metal ions within the cavity.19,20,27,28 

To cite some examples, the dicopper(II) complex of the bistren cryptand 13 (see Fig. 7) showed 

a high affinity towards halides, with a remarkable selectivity for chloride. Besides coordinative 

interactions with metal ions, anions are also stabilized in the cavity by the hydrogen bonds 

established with the furanyl spacers.29 Moreover, the presence of these heterocycles on the 

cryptand scaffold causes the development of a bright yellow colour in solution, corresponding 

to an intense charge transfer (CT) band in the UV-vis. spectrum at 412 nm, when chloride 

bridges the Cu(II) ions within the cavity. Very interestingly, the progressive replacement of 

furanyl spacers with p-xylyl groups (receptors 14-16 in Fig. 7) induces a general lost affinity 

for halides, with changes in the selectivity order, and the disappearance of the CT band in the 

visible spectrum.30  
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Figure 7. Bistren cages with different combination of furanyl and p-xylyl spacers. From ref. [30]. 

The bistren cryptand 17 with flexible biphenylmethane spacers, investigated by Delgado and 

colleagues, is reported in Figure 8.31 UV-vis. titrations in H2O/MeOH 50:50 v/v on the 

dicopper(II) complex with dicarboxylates of different lengths revealed a peak of selectivity for 

adipate and terephthalate (i.e. dianions with four carbon atoms between the carboxylate groups), 

with remarkable binding constants of 10.01 and 9.79 Log units, respectively. A minor affinity 

is observed with shorter or longer anions, even if all determined LogK values resulted very 

high, in a range between 8.5 and 7.3 Log units. This probably depends on the flexibility of the 

cryptand, able to adapt its cavity and to ensure a strong affinity for anions with different lengths.  

 

Figure 8. Bistren cages: 17 reported by Delgado et al. (from ref. [31]); 18 reported by Fabbrizzi et al. 

(from ref. [32]). 

An example that clearly highlights the potentialities of bistren cages is illustrated by the 

cryptand 18 (see Fig. 8). First reported by Fabbrizzi et al., the dicopper complex [Cu2(18)]4+ 
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showed a high selectivity for the terephthalate anion among the benzenedicarboxylate isomers 

in neutral water.32 In this work, the binding properties of the cryptate were investigated through 

the Indicator Displacement Approach (IDA).33,34 For this purpose, the fluorescent indicator 6-

TAMRA (i.e. 6-carboxytetramethylrhodamine) was chosen by the authors because its 

terephthalate moiety matches almost perfectly the Cu(II)-Cu(II) distance within the cavity. The 

proximity with the metal centers favours quenching processes, thus turning off the indicator 

emission when the complex:indicator adduct is formed. The association constant of [Cu2(18)]4+ 

with 6-TAMRA resulted 7.0 Log unit. Studies with dicarboxylates clearly revealed the high 

selectivity of this system: in fact, only the anions that strongly interacts with the cryptate (with 

binding constants higher than the value calculated for 6-TAMRA) can significantly displace 

the indicator from the cavity. Notably, among aromatic dicarboxylates, fluorescence was 

completely restored only upon addition of terephthalate, with a LogK > 8; for the structural 

isomers, phthalate and isophthalate, a minimum increase of 6-TAMRA emission was observed, 

and much lower binding constants were determined (LogK < 5). Regarding aliphatic anions, 

adipate and glutarate showed the highest affinity, even if with lower binding constants 

compared to terephthalate (LogK = 7 for both anions). 

Very recently, Amendola and co-workers employed the high affinity of the dicopper cryptate 

[Cu2(18)]4+ for terephthalate in the self-assembly of a pseudo-rotaxane structure35. In particular, 

functionalized terephthalate derivatives (see Fig. 9), obtained by inserting alkyl or 

polyoxoethylene chains of different length on both sides of the benzene ring, showed a good 

affinity for the dicopper complex, with the formation of 1:1 receptor:anion inclusion complexes 

in aqueous solution (binding constants values between 5.18 and 4.98 Log units).  

 

Figure 9. Left: Bistren cage 18, the functionalized terephthalate derivatives 1-6 tested in this work. 

Right: three dimensional plots representing the self-assembly of [Cu2(18)4]2+ complex in a pseudo-

rotaxane structure. Building blocks: Cu(II), purple spheres; 18 cage: sticks (C: grey; H: white; N: blue); 

42– anion: balls (C: green; H: white; O:red). From ref. [35]. 
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This result demonstrates that the geometrical complementarity between terephthalate fragment 

and the dicopper cryptate [Cu2(18)]4+  ensures a strong interaction and the spontaneous self-

assembly of the pseudo-rotaxane structure in aqueous solution, even in presence of long-chain 

substituents on the anion scaffold. As confirmation of this result, computational calculations 

showed the threading of the molecular axles through the cryptate cavity, with the two 

carboxylate groups of the terephthalate coordinated to the Cu(II) ions. A slight strain of the 

axle, induced by the inner chain of the thread, was observed. A three-dimensional plot of the 

supramolecular assembly [Cu2(18)4]2+ is reported in Figure 9. 

In another research (see Chapter 2), the [Cu2(18)]4+ complex was employed as selective receptor 

for the detection of trans,trans-muconic acid (tt-MA), a benzene metabolite in urine.36  

3.1.2 Our study 

Over many years, the development of new innovative molecular systems for the selective 

recognition of carboxylates continues to be an extremely important research topic because of 

the central role of these substrates in industrial, environmental, and biological fields. For 

instance, polycarboxylates are key intermediates in the Krebs cycle and their dysregulation 

could cause metabolic disorders and neurological diseases; moreover, aspartate and glutamate 

play a critical role in central nervous system as regulators of the synaptic impulse.37 

Furthermore, polycarboxylic species such as tartrate, adipate or citrate are used as food 

additives in alimentary industry and aromatic carboxylate species (e.g. trimesates and 

phthalates) are widely employed in the industry of plastics.38 These few examples undoubtedly 

give an idea of the need of more and more efficient receptors for the selective recognition of 

this class of substrates.  

As already described in this section, polyamino molecular receptors were widely applied in 

anion recognition. Macrobicyclic receptors, in particular, showed peculiar selectivity properties 

compared to macrocycle derivatives: the preorganization and the well-defined three-

dimensional cavity impose more rigid parameters to satisfy in the interaction with the guest, 

thus enhancing the selectivity of the recognition process.  

Bistren azacryptands gave very interesting results when applied for the recognition of bidentate 

anions, especially dicarboxylates. Among these molecular systems, the binding preferences of 

the dizinc(II) complex of the cryptand L1 (see Fig. 10) was investigated by Lu and co-workers 

some years ago.39 The authors demonstrated the successful discrimination of fumarate anion 
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(fum2–) in presence of its geometrical isomer, maleate (male2–) in aqueous solution at 

physiological pH. The binding constants, determined through fluorimetric titrations, resulted to 

be 4.6 and 3.4 Log units for fum2– and male2–, respectively. Crystal structure analysis on the 

adducts of the dicopper(II) complex [Cu2(L1)]4+ with fum2– and succinate (suc2–)  showed that 

the good match between the bite length of the two anions and the Cu(II)-Cu(II) distance favours 

the inclusion of the anions within the cavity, with the cage in a cradle-like arrangement. 

Moreover, π-π interactions between the double bond of fum2– and the naphthyl spacers of the 

ligand contribute to the stabilization of the adduct. Although these interesting results, no further 

studies on the binding properties of the dicopper(II) complex in aqueous solution were 

performed. 

In this work, the affinity of the [Cu2(L1)]4+ complex towards a series of polycarboxylate anions 

(reported in Fig. 10) was deeply investigated through UV-vis. and fluorimetric titrations in 

neutral water (i.e. HEPES 0.05 M, pH 7). Notably, the Indicator Displacement Approach (IDA), 

well known in the literature, was applied for the sensing of fum2–, reaching very low detection 

limits. For this study, the fluorescent indicator 5-carboxyfluorescein (i.e. 5-FAM) was 

employed (see Fig. 10). 

 

Figure 10. Sketches of the azacryptand L1, the fluorescent indicator 5-FAM and the anions involved in 

this work. 
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3.2 Experimental 

3.2.1 Chemicals and methods 

All reagents for syntheses were purchased from Sigma-Aldrich and used without further 

purification. All reactions were performed under dinitrogen. UV-vis. spectra were collected 

using a Varian Cary 50 SCAN spectrophotometer, with quartz cuvettes of the appropriate path 

length (1 or 10 cm) at 25.0 ± 0.1°C. Emission spectra were collected using a Perkin Elmer 

LS50B fluorimeter, with a quartz cuvette of 1 cm path length. Cryptand L1 was prepared 

following a known procedure.39 

3.2.2 Potentiometric and pH-spectrophotometric titrations 

Protonation constants of ligand L1 were determined in water/methanol (30% v/v) mixture, 0.05 

M in NaNO3. In a typical experiment, a solution of L1 (15 mL, 5  10-4 M) was treated with an 

excess of a standard solution of HNO3 1.0 M. Titrations were performed by addition of 10 μL 

aliquots of carbonate-free standard 0.1 M NaOH, recording 80-100 points for each titration. 

Complexation constants of L1 cage were determined by performing a potentiometric titration 

experiment in presence of two equivalents of Cu(CF3SO3)2. Prior to each potentiometric 

titration, the standard electrochemical potential (E°) of the glass electrode was determined in 

the water/methanol mixture, by a titration experiment according to the Gran method.40,41 

Protonation and complexation titration data (emf vs mL of NaOH) were processed with the 

HyperQuad package42 to determine the equilibrium constants. 

pH-spectrophotometric titrations were performed on solutions of L1 (4  10-4 M) in presence 

of two equivalents of Cu(II) (as triflate salt) in the same solvent mixture used in potentiometric 

titrations (i.e. water/methanol 30% v/v with NaNO3 0.05 M). In a typical experiment, aliquots 

of carbonate-free standard 0.1 M NaOH were added to the solution of the ligand and copper, 

then both the electrochemical potential and the UV-vis. spectrum of the solution were recorded 

after each addition.  

3.2.3 X-ray diffraction studies 

Diffraction data of [Cu2(L1)(glut)](CF3SO3)2·4(H2O) (greenish azure, 0.30  0.26  0.04 mm3), 

[Cu2(L1)(α-keto)](CF3SO3)2·5(H2O) (greenish azure, 0.30  0.18  0.02 mm3), 
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[Cu2(L1)(isopht)]3(CF3SO3)6·6(H2O) (greenish azure, 0.42  0.20  0.05 mm3) and 

[Cu2(L1)(ace)](CF3SO3)2·4(H2O) (bluish azure, 0.26  0.22  0.13 mm3) were collected on a 

Bruker-AXS diffractometer equipped with the SMART-APEX CCD detector. Data collection 

was performed at room temperature with MoKα X-radiation (λ=0.7107 Å) and crystal data are 

reported in Table 1. CCD frames were processed with the SAINT software43 and intensities 

were corrected for Lorentz and polarization effects; absorption effects were empirically 

evaluated by the SADABS software44 and absorption correction was applied to the data. All 

crystal structures were solved by direct methods (SIR 97)45 and refined by full-matrix 

least-squares procedures on F2 using all reflections (SHELXL-2018).44 Anisotropic 

displacement parameters were used for all non-hydrogen atoms. Hydrogens were placed at 

calculated positions and their positions refined according to a riding model. Positions for H 

atoms belonging to water solvent molecules were not determined. 

The X-ray diffraction quality of the synthetic crystals of the glut2–, α-keto2– and isopht2– adducts 

resulted poor and the one of the [Cu2(L1)(isopht)]3(CF3SO3)6·6(H2O) crystal was particularly 

poor (for this crystal, diffracted intensities at θ angle greater than 22° cannot be observable). 

The poor diffraction quality resulted in a low accuracy for the atom positions of the triflate 

counterions and of the water solvent molecules, which exhibited large and elongated atom 

displacement parameters, probably related to some unresolved positional disorder. In general, 

soft geometrical restraints and restraints on the atom displacement parameters were applied for 

the refinement of these atom positions.  

3.2.3.1 Details on crystal structure analysis 

Details on the crystal structure of [Cu2(L1)(ace)](CF3SO3)2·4(H2O) showed positional disorder 

for one of the two triflate counterions and for a water solvent molecule. Disorder resulted in 

two alternative positions for these molecular species. The alternative positions were mutually 

exclusive and occurring with the same statistical probability. Atom sites belonging to the two 

alternative positions of the triflate counterion were refined with soft restraints on the molecular 

geometry (SAME) and on the atom displacement parameters (ISOR and DELU).  

The crystal structure of [Cu2(L1)(glut)](CF3SO3)2·4(H2O) was also refined with soft restraints 

(ISOR and DELU) for the atom displacement parameters of atom sites defining the triflate 

counterions. One of the two independent triflate counterions resulted disordered over two 

alternative positions, mutually exclusive and occurring with the same statistical probability. 
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The final cycles of structure refinements were done using soft restraints on the molecular 

geometry (SAME) for atom sites defining the alternative positions of the triflate counterion. 

The crystal structure of the [Cu2(L1)(α-keto)](CF3SO3)2·5(H2O) compound was isostructural 

to the one of the [Cu2(L1)(glut)](CF3SO3)2·4(H2O) compound. The alpha-ketoglutarate ion was 

disordered over two alternative positions, mutually exclusive and with the same statistical 

probability. The two alternative molecular structures differ only in the position of the carbonyl 

oxygen of the ketone functional group, which appears as disordered between the two alpha 

positions of the organic backbone. Soft restraints on the atom displacement parameters (DELU) 

and on the molecular geometry (SAME) were applied to atom positions belonging to the triflate 

counterions. 

 

 
Figure 11. Plots showing thermal ellipsoids for [Cu2(L1)(glut)]2+ (top left), [Cu2(L1)(α-keto)]2+ (top 

center), [Cu2(L1)(ace)]2+ (top right) and for the three independent [Cu2(L1)(isopht)]2+ cations (bottom). 

Ellipsoids are drawn at the 30% probability level. 
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The crystal structure of the [Cu2(L1)(isopht)]3(CF3SO3)6·6(H2O) compound resulted quite 

complicated for the presence of three similar but not symmetrically equivalent 

[Cu2(L1)(isopht)]2+ anionic complexes. The poor X-ray diffraction quality of this synthetic 

crystal imposed the use of a great number of restraints during the least-square procedures. The 

crystal structure was refined restraining the molecular geometry of the triflate counterions to 

the ideal one (by using the DFIX and DANG instructions) and restraining the three arms of 

each [Cu2(L1)]4+ dimetallic cage to show similar geometrical features (by using the SAME 

instruction). Further restraints on the atom displacement parameters (DELU and ISOR) were 

applied for atom positions showing large and elongated thermal ellipsoids. 

Table 1. Crystal data for the studied compounds. 

 
[Cu2(L1)(glut)] 

(CF3SO3)2 ·4(H2O) 

[Cu2(L1)(α-keto)] 

(CF3SO3)2 ·5(H2O) 

[Cu2(L1)(ace)] 

(CF3SO3)2 ·4(H2O) 

[Cu2(L1)(isopht)]3 

(CF3SO3)6 ·6(H2O) 

Formula C55H74Cu2F6N8O14S2 C55H74Cu2F6N8O16S2 C54H67Cu2F6N8O14S2 C174H204Cu6F18N24O36S6 

M 1376.42 1408.42 1357.35 4123.20 

Crystal system monoclinic monoclinic triclinic triclinic 

Space group P 21/c (no. 14) P 21/c (no. 14) P -1 (no. 2) P -1 (no. 2) 

a (Å) 18.611(2) 18.4812(13) 10.2103(6) 18.547(3) 

b (Å) 20.114(2) 20.0663(14) 17.7980(11) 21.950(4) 

c (Å) 16.353(2) 16.5030(12) 17.8614(11) 23.907(4) 

α (°) 90 90 66.3506(12) 100.574(2) 

β (°) 96.2020(10) 97.1637(10) 86.0444(13) 102.098(2) 

γ (°) 90 90 80.6582(13) 96.155(2) 

V (Å3) 6085.6(10) 6072.4(10) 2933.8(3) 9247(3) 

Z 4 4 2 2 

ρcalcd (g·cm-3) 1.502 1.541 1.537 1.481 

θ max (°) 25 25 25 22 

Measured 

reflections 
42829 57977 28102 47534 

Unique reflections 10700 10737 10357 22705 

Rint 0.047 0.077 0.041 0.045 

Strong data 

[IO>2σ(IO)] 
7164 6570 7609 10718 

R1, wR2 strong 

data 
0.0792, 0.2270 0.072, 0.1855 0.0653, 0.2010 0.1454, 0.3889 
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R1, wR2 all data 0.1155, 0.2597 0.1245, 0.2203 0.0808, 0.2169 0.2256, 0.4473 

GoF 1.057 1.026 1.061 1.396 

max/min residuals 

(eÅ-3) 
1.14/-0.66 1.18/-0.62 1.04/-0.50 1.28/-0.92 

 

 

Table 2. Cu(II)Cu(II) intermetallic distance (Å), bond distances (Å) and bond angles (°) for the metal 

centers in  [Cu2(L1)(glut)]2+, [Cu2(L1)(α-keto)]2+ and [Cu2(L1)(ace)]2+ molecular cations.  

 [Cu2(L1)(glut)]2+ [Cu2(L1)(α-keto)]2+ [Cu2(L1)(ace)]2+ 

Cu(II)Cu(II) 8.952(1) 8.983(1) 8.884(1) 

Cu(1)-O(1) 1.935(4) 1.944(4) 1.911(2) 

Cu(1)-N(1) 2.031(5) 2.047(5) 2.009(3) 

Cu(1)-N(2) 2.380(5) 2.339(5) 2.393(4) 

Cu(1)-N(3) 2.148(5) 2.143(5) 2.131(3) 

Cu(1)-N(4) 2.128(5) 2.142(5) 2.139(4) 

Cu(2)-O(3) 1.923(4) 1.933(8) 1.908(3) 

Cu(2)-N(5) 2.035(6) 2.038(5) 2.012(4) 

Cu(2)-N(6) 2.402(6) 2.371(5) 2.440(4) 

Cu(2)-N(7) 2.128(6) 2.135(5) 2.066(4) 

Cu(2)-N(8) 2.147(5) 2.159(5) 2.105(4) 

O(1)-Cu(1)- N(1) 168.6(2) 169.1(2) 173.57(14) 

O(1)-Cu(1)- N(2) 109.6(2) 108.8(2) 105.11(12) 

O(1)-Cu(1)- N(3) 91.1(2) 91.9(2) 93.44(11) 

O(1)-Cu(1)- N(4) 95.2(2) 93.9(2) 94.28(13) 

N(1)-Cu(1)- N(2) 81.7(2) 82.1(2) 81.24(15) 

N(1)-Cu(1)- N(3) 84.4(2) 84.4(2) 83.87(14) 

N(1)-Cu(1)- N(4) 83.4(2) 83.6(2) 84.50(15) 

N(2)-Cu(1)- N(3) 107.2(2) 109.1(2) 103.94(13) 

N(2)-Cu(1)- N(4) 100.0(2) 100.7(2) 108.68(15) 
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N(3)-Cu(1)- N(4) 148.1(2) 145.9(2) 143.11(15) 

O(3)-Cu(2)- N(5) 167.4(2) 167.3(2) 178.27(15) 

O(3)-Cu(2)- N(6) 111.9(2) 111.6(2) 100.44(12) 

O(3)-Cu(2)- N(7) 94.1(2) 93.7(2) 92.18(13) 

O(3)-Cu(2)- N(8) 91.2(2) 90.7(2) 94.43(14) 

N(5)-Cu(2)- N(6) 80.7(2) 81.1(2) 80.91(15) 

N(5)-Cu(2)- N(7) 83.6(2) 84.1(2) 86.32(17) 

N(5)-Cu(2)- N(8) 84.7(2) 84.6(2) 86.10(17) 

N(6)-Cu(2)- N(7) 100.7(2) 101.7(2) 110.88(14) 

N(6)-Cu(2)- N(8) 105.4(2) 106.3(2) 109.68(15) 

N(7)-Cu(2)- N(8) 149.2(2) 147.7(2) 136.87(16) 

 

Table 3. Cu(II)Cu(II) intermetallic distance (Å), bond distances (Å) and bond angles (°) for the metal 

centers in the three not symmetrically equivalent [Cu2(L1)(isopht)]2+ molecular cations. 

 [Cu2(L1)(isopht)]2+ 

 mol A mol B mol C 

Cu(II)Cu(II) 8.923(3) 8.808(4) 8.887(4) 

Cu(1)-O(1) 1.957(9) 1.977(10) 1.947(12) 

Cu(1)-N(1) 2.061(12) 1.98(2) 2.06(2) 

Cu(1)-N(2) 2.371(14) 2.349(14) 2.37(2) 

Cu(1)-N(3) 2.105(11) 2.16(2) 2.154(14) 

Cu(1)-N(4) 2.097(13) 1.93(2) 2.12(2) 

Cu(2)-O(3) 1.933(8) 1.952(10) 1.96(2) 

Cu(2)-N(5) 2.035(12) 2.11(2) 2.12(2) 

Cu(2)-N(6) 2.445(11) 2.377(13) 2.361(14) 

Cu(2)-N(7) 2.101(10) 2.074(14) 2.117(13) 

Cu(2)-N(8) 2.156(10) 2.09(2) 2.172(13) 

O(1)-Cu(1)- N(1) 168.1(5) 166.5(7) 168.3(8) 
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O(1)-Cu(1)- N(2) 110.5(4) 115.3(5) 112.2(7) 

O(1)-Cu(1)- N(3) 92.2(4) 92.1(5) 92.8(5) 

O(1)-Cu(1)- N(4) 95.3(4) 92.0(6) 95.7(6) 

N(1)-Cu(1)- N(2) 81.5(5) 77.9(7) 79.5(7) 

N(1)-Cu(1)- N(3) 83.5(5) 86.8(9) 83.1(6) 

N(1)-Cu(1)- N(4) 83.0(5) 82.3(9) 82.0(7) 

N(2)-Cu(1)- N(3) 109.0(6) 104.3(6) 106.5(6) 

N(2)-Cu(1)- N(4) 96.7(6) 100.9(8) 100.3(8) 

N(3)-Cu(1)- N(4) 148.7(5) 149.8(9) 146.3(9) 

O(3)-Cu(2)- N(5) 170.8(4) 165.7(5) 168.1(7) 

O(3)-Cu(2)- N(6) 109.2(4) 113.1(4) 111.8(6) 

O(3)-Cu(2)- N(7) 96.8(4) 97.3(5) 96.9(5) 

O(3)-Cu(2)- N(8) 90.9(4) 91.9(5) 90.2(6) 

N(5)-Cu(2)- N(6) 79.7(4) 80.5(5) 79.7(6) 

N(5)-Cu(2)- N(7) 83.4(4) 83.6(7) 83.7(5) 

N(5)-Cu(2)- N(8) 84.4(4) 80.5(7) 83.4(6) 

N(6)-Cu(2)- N(7) 100.4(4) 100.9(6) 100.6(6) 

N(6)-Cu(2)- N(8) 104.9(4) 102.6(6) 104.8(6) 

N(7)-Cu(2)- N(8) 149.5(4) 148.9(6) 148.8(6) 

 

3.2.4 Spectrophotometric titrations 

In a typical experiment, a concentrated solution of the dicopper(II) azacryptate [Cu2(L1)]4+ in 

DMSO was diluted with 0.05 M HEPES (i.e. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid) buffer at pH 7: the final concentration of the azacryptate ranged between 50-500 M. The 

buffered solution of the cryptate was then titrated with a standard solution of either the chosen 

dicarboxylic acid or the corresponding disodium salt, in the case of phthalates. After each 

addition, the UV-vis. spectrum was recorded. It should be noted that with terephthalate and 

phthalate anions, the formation of a precipitate over the course of the titration prevented 



60 
 

accurate determination of the association constants. The concentration of the azacryptate 

solution was chosen on the basis of the p-parameter (p = [concentration of the azacryptate:anion 

adduct]/[maximum possible concentration of the azacryptate:anion adduct]), which should 

range between 0.2 and 0.8.46 Titration data were processed with the HyperQuad package42 to 

estimate equilibrium constants. In some cases, even working with very dilute solutions of the 

azacryptate, the curvature of the titration profile was too sharp to allow accurate calculation of 

binding constants.  

3.2.5 Spectrofluorimetric titrations 

A solution of 5-FAM indicator (1 µM) was first titrated with a solution of the [Cu2(L1)]4+ 

complex in 0.05 M HEPES buffer at pH 7. The indicator was excited at 473 nm, i.e. an isosbestic 

point of the corresponding UV-vis. titration. Titration data were processed with the HyperQuad 

package42 to estimate receptor:indicator binding constants. Titrations with anions were then 

performed on solutions of 5-FAM (0.1 µM) and the in-situ prepared [Cu2(L1)]4+ complex (5 

µM) in 0.05 M HEPES buffer at pH 7. Titration data were processed with the HyperQuad 

package42 to estimate equilibrium constants. 

3.3 Results and discussion 

3.3.1 Potentiometric and pH-spectrophotometric titrations  

3.3.1.1 Protonation constants of L1 

The determination of the protonation constants (reported in Table 4) was achieved through 

potentiometric titrations on L1 in MeOH/H2O 30% v/v, with NaNO3 0.05 M as supporting 

electrolyte. The presence of methanol in the aqueous mixture allowed me to overcome the low 

solubility of the free cage in water at high pH values. The emf vs volume of NaOH curve was 

fitted using a non-linear least squares procedure through the HyperQuad package.42 From the 

calculated protonation constants, the distribution diagram of the species (as % abundance with 

respect to L1 vs pH) over the pH range 2-11 was determined (see Fig. 12). 

 



61 
 

Table 4. Protonation equilibria and the corresponding constants for L1 in water/methanol 30% v/v 

(T=25 °C). Standard deviation in parentheses. 

Equilibria Logβ 

L1 + H+ ⇄ L1H+ 9.31(4) 

L1 + 2H+ ⇄ L1H2
2+ 17.75(5) 

L1 + 3H+ ⇄ L1H3
3+ 26.13(4) 

L1 + 4H+ ⇄ L1H4
4+ 33.74(4) 

L1 + 5H+ ⇄ L1H5
5+ 38.53(8) 

L1 + 6H+ ⇄ L1H6
6+ 43.44(4) 

Around pH 2, only the species L1H6
6+ (with all the secondary amine protonated) is present in 

solution. As pH rises, the deprotonation of the naphthyl cage occurs leading to the formation of 

L1H4
4+ species, as a major species between pH 5.5 and 7.0. Different protonated forms of L1, 

i.e. L1H3
3+, L1H2

2+, L1H+, coexist in solution until pH 9, where the formation of the neutral 

species L1 begins: after pH 10, it is the only species in solution.   

 
Figure 12. Distribution diagram of the species present at equilibrium over the course of the 

potentiometric titration of L1 (5  10-4 M) with standard NaOH in water/methanol 30% v/v (T=25 °C). 
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3.3.1.2 Complexation of L1 with Cu(II) 

The complexation constants of the ligand with copper(II) were obtained by potentiometric 

titrations on the cage in presence of two equivalents of Cu(CF3SO3)2 (MeOH/H2O 30% v/v, 

NaNO3 0.05 M). The experimental curve (emf vs volume of NaOH) was fitted using the 

HyperQuad package.42 Best fitting was obtained by assuming the development of the following 

complexes over the course of the titration: [Cu(L1H3)]
5+, [Cu2(L1)]4+, [Cu2(L1)(OH)]3+, 

[Cu2(L1)(OH)2]
2+. The corresponding cumulative constants (as Logβ) and the distribution 

diagram are shown in Table 5 and Figure 13, respectively. 

In the pH range 4.0-5.5, the major species in solution is the mononuclear Cu(II) complex 

[Cu(L1H3)]
5+, with the metal coordinated to one of the tren subunits. The pH increase leads to 

the deprotonation of the ligand and, consequently, to the formation of the dicopper(II) complex 

[Cu2(L1)]4+, with one metal center for each tren subunit. Every copper(II) ion is 

penta-coordinated, with a water molecule in the apical position left free by the polyamino 

ligand. The dinuclear complexed species is dominant until pH 8: over this pH value, the 

deprotonation of the coordinated water molecules occurs, with formation of the mono- and di-

hydroxide complexes [Cu2(L1)(OH)]3+ and [Cu2(L1)(OH)2]
2+. The constants relative to these 

equilibria are reported in Table 6. 

 
Figure 13. Distribution diagram showing the species present at the equilibrium over the course of the 

potentiometric titration of L1 (0.4 mM) in presence of 2 eqv. Cu(CF3SO3)2, with standard NaOH in 

water/methanol (30% v/v) (T=25 °C). 
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Table 5. Complexation constants for L1 with Cu(II) in water/methanol 30% v/v (T=25 °C). Standard 

deviations are shown in parentheses. 

Equilibria Logβ 

L1 + Cu2+ + 3H+ ⇄ [Cu(L1H3)]
5+ 33.90(4) 

L1 + 2Cu2+ ⇄ [Cu2(L1)]4+ 22.28(4) 

L1 + 2Cu2+ + H2O ⇄ [Cu2(L1)(OH)]3+ + H+ 12.83(9) 

L1 + 2Cu2+ + 2H2O ⇄ [Cu2(L1)(OH)2]
2+ + 2H+ 3.41(8) 

Table 6. Equilibria obtained from the data reported in Tables 4 and 5. Standard deviations are shown in 

parentheses. 

Equilibria LogK 

L1H3
3+ + Cu2+ ⇄ [Cu(L1H3)]

5+ 7.77(8) 

[Cu2(L1)]4+ + H2O ⇄ [Cu2(L1)OH]3+ + H+ -9.5(1) 

[Cu2(L1)OH]3+ + H2O ⇄ [Cu2(L1)(OH)2]
2+ + H+ -9.4(1) 

3.3.1.3 pH-spectrophotometric titration of L1 with Cu(II) 

pH-spectrophotometric titrations were performed on solutions of L1 in water/MeOH 30% v/v 

(NaNO3 0.05 M; T 25°C), in presence of two equivalents of Cu(CF3SO3)2. The UV-vis. spectra 

taken over the course of the titration are reported in Figure 14. 

 

Figure 14. Spectra taken over the course of the pH-spectrophotometric titration of a solution of 4  10-4 

M in L1 and 8  10-4 M in Cu(II). The red line highlights the initial spectrum (at about pH 3), while the 

green and blue lines correspond to the spectra recorded at pH 7 and 11, respectively. 
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The solid red line corresponds to the UV-vis. spectrum of the polyprotonated cage at pH 3. The 

pH increase leads to the formation of adsorption bands relative to the copper(II)-containing 

species, accompanied by the development of a green colour in solution. The d-d band around 

880 nm, with a shoulder at 670 nm, was attributed to the dinuclear complex with the copper 

ions displaying a trigonal bipyramid geometry: each Cu(II) ion is bound to a tren subunit, with 

a H2O molecule coordinated to the apical position left free by the ligand. The formation of the 

dinuclear species is also accompanied by the development of Nsec → Cu(II) (LMCT) bands near 

400 nm. Around pH 7 (solid green line), the d-d band at 880 nm reaches its maximum intensity. 

Over pH 7, the change in the intensity ratio between the bands at 880 nm and 670 nm points 

out the formation of hydroxide complexes [Cu2(L1)(OH)]3+ and [Cu2(L1)(OH)2]
2+. The 

hydroxide anions promote a distortion of the coordination geometry, around the copper ions, 

from trigonal bipyramid to square pyramid. This distortion is accompanied by a change of 

colour in solution from green to light blue. The blue line in Figure 14 highlights the spectrum 

at pH 11. 

The molar absorbance at 667 and 877 nm were plotted against pH, and the resulting profiles 

were superimposed to the distribution diagram in Figure 15.  

 

Figure 15. Distribution diagram showing species present at the equilibrium over the course of the 

potentiometric titration of L1 (0.4 mM) in presence of 2 eqv. Cu(CF3SO3)2; the pH-spectrophotometric 

profiles of ε (i.e. Mol Abs) at 877 and 667 nm (red and green triangles, respectively) vs pH are 

superimposed (MeOH/water 30% v/v, 0.05 M NaNO3; T = 25 °C). The lines in the diagram correspond 

to the species: H6L16+, grey; H5L15+, purple; H4L14+, orange; [Cu(L1H3)]5+, cyan; [Cu2(L1)]4+, red; 

[Cu2(L1)(OH)]3+, green; [Cu2(L1)(OH)2]2+, blue. 
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Notably, the direct correlation between the abundance of the [Cu2(L1)]4+ species and the 

absorption band at 880 nm is clearly shown by the good superimposition of the titration profile 

(ε vs pH, see red triangles)  and the curve relative to the dicopper(II) complex (% abundance vs 

pH, see the red solid line). Moreover, the titration profile at 677 nm (green triangles), 

superimposed to the diagram, shows that the change in intensity of the corresponding absorption 

band is strictly correlated to deprotonation processes involving the coordinated water 

molecules. 

3.3.2 X-ray diffraction studies 

The slow evaporation of aqueous solutions containing the in-situ prepared [Cu2(L1)](CF3SO3)4 

complex and different dicarboxylates anions (as sodium salts) – mixed in a 1:1 molar ratio –

allowed me to isolate single crystals of the inclusion complexes with glutarate (glut2–), 

α-ketoglutarate (α-keto2–), acetylendicarboxylate (ace2–) and isophthalate (isopht2–). These 

single crystals resulted to be suitable for X-ray diffraction studies and the simplified sketches 

of the obtained molecular structures are shown in Figures 16 and 17. 

The hydrated crystals of [Cu2(L1)(α-keto)](CF3SO3)2·4(H2O) and 

[Cu2(L1)(glut)](CF3SO3)2·5(H2O) (see Fig. 16) displayed isostructural monoclinic structures, 

while for [Cu2(L1)(isopht)]3(CF3SO3)6·6(H2O) a triclinic crystal structure was found, 

composed by three similar but not symmetrically equivalent [Cu2(L1)(isopht)]2+ complexes 

(named A, B, and C, see Fig. 17). Even if the quality of these single crystals was quite poor, in 

particular the one of the triclinic phase, the X-ray diffraction analysis allowed us to determine 

the chemically significant moieties of the structures, revealing a very similar molecular 

geometry for the [Cu2(L1)]4+ cryptate in all the investigated inclusion complexes. The obtained 

results showed that, in the case of dicarboxylates with a five C-atoms backbone, the anion 

skeleton is placed in a very similar position, so as to bridge the copper(II) ions within the cage 

cavity. 
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Figure 16. From the left, pairs of simplified sketches of [Cu2(L1)(glut)]2+, [Cu2(L1)(α-keto)]2+ and 

[Cu2(L1)(ace)]2+ species. The bridging portion of each dicarboxylate anion is drawn as large spheres, in 

order to emphasize similitudes and differences among the guests. Hydrogen atoms are omitted for clarity 

and atom names are reported only for Cu, N, and O. 

 
Figure 17. Simplified sketches of the A-[Cu2(L1)(isopht)]2+ (left) B-[Cu2(L1)(isopht)]2+ (middle) and 

of the C-[Cu2(L1)(isopht)]2+ (right) molecular cations (hydrogen atom were omitted for clarity). Atom 

names are reported only for Cu, N, and O atom sites. 

As already reported by Lu and colleagues for fumarate (fum2–) and succinate (suc2–)39, the 

anionic guest is placed in the cryptate cavity, which displays a cradle-like arrangement in all 

the obtained crystals structures. The two Cu(II) cations show a penta-coordination geometry: 

four donor atoms are nitrogens belonging to the tren subunit, while the fifth donor is an O-atom 

of the dicarboxylate guest. The Cu(II)···Cu(II) separation found in the crystals of 

[Cu2(L1)(glut)]2+, [Cu2(L1)(α-keto)]2+ and [Cu2(L1)(ace)]2+ (i.e. 8.95(1), 8.98(1) and 8.88(1) 

Å, respectively) is higher compared to that observed in the complexes by Lu (i.e. 8.77(1) Å in 

both [Cu2(L1)(fum)]2+ and [Cu2(L1)(suc)]2+). As a matter of fact, the 5-C dicarboxylates glut2– 

and α-keto2–, as well as the linear ace2–, cannot perfectly match the cage cavity, hence the anion 

inclusion induces an increase of the Cu(II)···Cu(II) separation in the cryptate. A similar 

situation was found in the three [Cu2(L1)(isopht)]2+ complexes, with Cu(II)···Cu(II) separations 
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of 8.92(1), 8.81(1), and 8.89(1) Å for the A, B, and C, respectively. Complete geometrical 

features of the metal center coordination are available in the Experimental Section.  

Further information on the coordination geometry of the Cu(II) ions was gained by determining 

the structural parameter τ from the crystallographic data. Τhe τ parameter can be obtained from 

the formula 𝜏 =
(𝛽−𝛼)

60°
 (where β and α are the two greatest bond angles of the metal center, with 

β > α): τ is close to 0 in complexes with a square pyramidal (SP) coordination geometry, while 

it is close to 1 for the trigonal bipyramid one (TB) (see Fig. 18).47 

 

Figure 18. 3D-Ball and stick representation of trigonal bipyramidal (TB) → square pyramidal (SP) 

distortion of a penta-coordinated metal center. Fucsia = metal; white = ligands. 

In the [Cu2(L1)]4+ complex, two τ values (one for each copper ion, τ1 and τ2), can be calculated. 

In the inclusion complexes with fum2– and suc2–, the τ values are: τ1, τ2 = 0.64, 0.89 and τ1, τ2 = 

0.60, 0.89, respectively. Both adducts show a Cu(II) ion in an almost ideal TB geometry, while 

the other one is intermediate between TB and SP. For the [Cu2(L1)(ace)]2+ complex, an 

intermediate geometry is observed for both metals (τ1, 2  = 0.51, 0.69), while in the complexes 

with glut2–, α-keto2– and isopht2– anions, both Cu(II) ions present a significant distortion 

towards SP: τ1, 2 = 0.30, 0.34 in [Cu2(L1)(glut)]2+; τ1, 2 = 0.33, 0.39 in [Cu2(L1)(α-keto)]2+; τ1, 

2 = 0.32, 0.36 in A-[Cu2(L1)(isopht)]2+, τ1 = 2 = 0.28 in B-[Cu2(L1)(isopht)]2+ and τ1, 2 = 0.32, 

0.37 in C-[Cu2(L1)(isopht)]2+.  

Interestingly, the bond angle Nter-Cu-Ocar, involving the two axial atom positions of the trigonal 

bipyramid, also correlates with the TB→SP distortion. In presence of fum2– and suc2– ions, the 

Nter-Cu-Ocar angle results almost flat (i.e. in the range 175.4(2)°-178.8(2)°). A similar situation 

is found with the linear ace2– anion (173.57(14)° and 178.27(15) for the two Cu(II) ions, 

respectively). On the other hand, a significant decrease of the Nter-Cu-Ocar angle is found with 
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C5-dicarboxylates, such as glut2–, α-keto2– and isopht2–, for which the Nter-Cu-Ocar angle is in 

the range 165.7(5)°-170.8(4)°.  

In general, for all the anions, the best plane of the dicarboxylate groups is placed almost parallel 

to the best plane of naphthalene moieties of the two lateral arms, with the dihedral angle values 

in the range 0.8-14.1°. However, longer dicarboxylates place the C-chain outside the cage 

cavity, thus increasing the separations between the centroids of the naphthalenes and the 

centroids of the dicarboxylate groups with respect to the separation found in the inclusion 

complex with fum2–. In particular, the centroid-centroid separations are 3.42 and 3.45 Å in 

[Cu2(L1)(glut)]2+; 3.57 and 3.60 Å in [Cu2(L1)(α-keto)]2+, whereas the values reported for 

[Cu2(L1)(fum)]2+ are 3.33 and 3.37 Å. This result suggests that the face-to-face π-stacking 

interactions involving C5-dicarboxylates and the cage skeleton are significantly weaker than 

those found with fum2– or ace2–.  

3.3.3 Spectrophotometric studies on [Cu2(L1)]4+ with dicarboxylates  

In order to thoroughly investigate the anion binding properties of [Cu2(L1)]4+, 

spectrophotometric titrations were performed with a series of polycarboxylates in buffer 

aqueous solution at pH 7 (HEPES buffer 0.05 M). In particular, we tested polycarboxylates of 

different length, with either aromatic or aliphatic skeleton, and with various substituents and 

unsaturation degree (see Fig. 10 and Table 7). The formation of 1:1 adducts with the dinuclear 

cryptate was found with most of the studied anions, except for malonate and oxalate. For these 

latter species, the progressive addition to aqueous solutions of [Cu2(L1)]4+ caused the 

disappearance of the d-d bands in the UV-vis. spectrum, suggesting an anion-induced 

demetallation of the dicopper(II) complex. 

Table 7. Binding constants (as LogK11 values) obtained by UV-vis. titrations on [Cu2(L1)]4+ in water 

with 0.05 M HEPES buffer at pH 7 (T=25 °C). (a) Anion-promoted demetallation of the dicopper 

complex. Standard deviations are shown in parentheses. 

anionic guest abbreviations LogK11 [Cu2(L1)]4+ 

oxalate ox2– (a) 

malonate mal2– (a) 

succinate suc2– > 6 

glutarate glut2– 5.39(1) 

adipate adi2– 2.58(1) 
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pimelate pim2– 2.64(8) 

maleate male2– 2.78(1) 

fumarate fum2– > 6 

acetylendicarboxylate ace2– 5.90(2) 

α-ketoglutarate α-keto2– 6.00(1) 

citrate cit3– 5.70(1) 

phthalate pht2– 2.54(1) 

terephthalate terepht2– 3.54(1) 

isophthalate isopht2– > 6 

 

The LogK11 values, determined through a least-squares treatment of the titration data42, are 

reported in Table 7. In general, C4 and C5-dicarboxylates, especially those with a rigid skeleton, 

show stronger interactions with the cryptate. As observed by Lu and co-workers for the 

dizinc(II) analogue complex39, [Cu2(L1)]4+  can successfully discriminate fum2– and male2– 

isomers, with a difference in the LogK11 values of more than three magnitude orders for the two 

anions. For longer dicarboxylates, such as C6-adipate (adi2–) and C7-pimelate (pim2–) (see Fig.s 

25-26), a drop of the affinity was found (LogK11 are 2.58 and 2.64, respectively).  

Among the tested anions, the highest affinity was found for fum2–, suc2– and isopht2– whose 

bite length matches the Cu(II)···Cu(II) separation within the cavity. Interestingly, the affinity 

for these dicarboxylates is even greater than that found for the tricarboxylate citrate (cit3–) anion 

(see Fig. 29). For fum2–, suc2– and isopht2–, an accurate determination of the binding constants 

was unfortunately not feasible because of the steepness of the UV-vis. titration profiles.  

The position of the d-d bands in the absorption spectrum of [Cu2(L1)]4+ in aqueous solution at 

pH 7 (see Fig. 20, back solid line) suggests a TB coordination geometry for both Cu(II) ions, 

with water molecules occupying the free positions left by the tren subunits. Notably complexes 

of the [Cu(tren)(X)]2+ type, with a perfect TB geometry, typically show a principal d-d band at 

877 nm, with a shoulder around 660 nm (see curve (1) Fig. 19).48  
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Figure 19. Electronic spectra of TB [Cu(tren)(X)]2+ (1) and SP [Cu(tren)(X)]2+ (2) (from ref. [48]). 

UV-vis. titrations of [Cu2(L1)]4+ with fum2– and suc2– (reported in Fig.s 20-21) point out a 

significant blue shift of the band at 877 nm, accompanied by an increase of the intensity of the 

shoulder band. This trend agrees with the anion-induced distortion of the coordination geometry 

of the metal ions observed in the solid state. In fact, one of the two Cu(II) centers is more 

distorted towards SP, while the other one maintains the TB geometry. On the other hand, a more 

significant TB→SP distortion of both Cu(II) ions would cause an exchange of the intensity ratio 

between the d-d bands at 877 and 660 nm (see curve (2) in Fig. 19).48 This optical change was 

detected upon UV-vis. titrations of [Cu2(L1)]4+ with glut2–, α-keto2– and isopht2– anions 

(reported in Fig.s 22-24), thus confirming the relevant TB→SP distortion of both metal centers, 

observed in the crystals of the inclusion complexes of [Cu2(L1)]4+ with these dicarboxylates.  

The comparison among C5-dicarboxylates pointed out that the preorganization of the guest and 

the instauration of π–π interactions with the naphthyl spacers of the cage strongly contribute to 

the binding. A higher affinity was actually found for α-keto2–, compared to glut2–, and the ace2– 

anion (see Fig. 28) was found to strongly binds to the cryptate despite the long bite length,. 

Among the tested aromatic anions, the best affinity was found for isopht2–. On the other hand, 

phthalate and terephthalate anions (UV-vis. titrations in Fig.s 30-31) showed a low affinity for 

the cage, with LogK11 values of  2.5 and 3.5, respectively.  
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Figure 20. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (0.50 mM) with fumaric acid (50 

mM) in water at pH 7 (0.05 M HEPES buffer, path length 1 cm). The solid and dashed black lines 

represent the spectra at 0 and 3 eqv. of the added anion, respectively. Inset: titration profiles of  (i.e. 

Mol Abs) at 691 nm (filled triangles) and 903 nm (empty triangles) vs eqv. of the added anion. 

 

Figure 21. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (50 µM) with succinic acid (5 mM) 

in water at pH 7 (0.05 M HEPES buffer, path length 10 cm). The solid and dashed black lines represent 

the spectra at 0 and 4 eqv. of the added anion, respectively. Inset: titration profile of  (i.e. Mol Abs) at 

666 nm (empty triangles) vs eqv. of the added anion. 
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Figure 22. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (50 µM) with glutaric acid (5 mM) 

in water at pH 7 (0.05 M HEPES buffer, path length 10 cm). The solid and dashed black lines represent 

the spectra at 0 and 7 eqv. of the added anion, respectively. Inset: titration profile of  (i.e. Mol Abs) at 

687 nm (empty triangles) with superimposed distribution diagram of the species [Cu2(L1)]4+ (dashed 

line) and [Cu2(L1)(glut)]2+ (solid line) vs eqv. of the added guest, calculated for LogK11=5.39(1). 

 

Figure 23. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (20 µM) with α-ketoglutaric acid (5 

mM) in water at pH 7 (0.05 M HEPES buffer, path length 10 cm). The solid and dashed black lines 

represent the spectra at 0 and 4 eqv. of the added anion, respectively. Inset: titration profile of  (i.e. 

Mol Abs) at 665 nm (empty triangles) with superimposed distribution diagram of the species [Cu2(L1)]4+ 

(dashed line) and [Cu2(L1)(α-keto)]2+ (solid line) vs eqv. of the added guest, calculated for 

LogK11=6.00(1). 
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Figure 24. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (0.50 mM) with isophthalate (as Na+ 

salt, 50 mM) in water at pH 7 (0.05 M HEPES buffer, path length 1 cm). The solid and dashed black 

lines represent the spectra at 0 and 3 eqv. of the added anion, respectively. Inset: titration profile of  

(i.e. Mol Abs) at 670 nm (empty triangles) vs eqv. of the added anion. 

 

Figure 25. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (0.55 mM) with adipic acid (50 mM) 

in water at pH 7 (0.05 M HEPES buffer, path length 1 cm). The solid and dashed black lines represent 

the spectra at 0 and 8 eqv. of the added anion, respectively. Inset: titration profile of  (i.e. Mol Abs) at 

830 nm (empty triangles) with superimposed distribution diagram of the species [Cu2(L1)]4+ (dashed 

line) and [Cu2(L1)(adi)]2+ (solid line) vs eqv. of the added guest, calculated for LogK11=2.58(1). 
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Figure 26. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (0.50 mM) with pimelic acid (0.20 M) 

in water at pH 7 (0.05 M HEPES buffer, path length 1 cm). The solid and dashed black lines represent 

the spectra at 0 and 8 eqv. of the added anion, respectively. Inset: titration profile of  (i.e. Mol Abs) at 

605 nm (empty triangles) with superimposed distribution diagram of the species [Cu2(L1)]4+ (dashed 

line) and [Cu2(L1)(pim)]2+ (solid line) vs eqv. of the added guest, calculated for LogK11=2.64(8). 

 

Figure 27. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (0.50 mM) with maleic acid (50 mM) 

in water at pH 7 (0.05 M HEPES buffer, path length 1 cm). The solid and dashed black lines represent 

the spectra at 0 and 8 eqv. of the added anion, respectively. Inset: titration profile of  (i.e. Mol Abs) at 

870 nm (empty triangles) with superimposed distribution diagram of the species [Cu2(L1)]4+ (dashed 

line) and [Cu2(L1)(male)]2+ (solid line) vs eqv. of the added guest, calculated for LogK11=2.78(1). 
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Figure 28. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (20 µM) with acetylendicarboxylic 

acid (5 mM) in water at pH 7 (0.05 M HEPES buffer, path length 10 cm). The solid and dashed black 

lines represent the spectra at 0 and 5 eqv. of the added anion, respectively. Inset: titration profile of  

(i.e. Mol Abs) at 680 nm (empty triangles) with superimposed distribution diagram of the species 

[Cu2(L1)]4+ (dashed line) and [Cu2(L1)(ace)]2+ (solid line) vs eqv. of the added guest, calculated for 

LogK11=5.90(2). 

 

Figure 29. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (50 µM) with citric acid (12.5 mM) 

in water at pH 7 (0.05 M HEPES buffer, path length 10 cm). The solid and dashed black lines represent 

the spectra at 0 and 5 eqv. of the added anion, respectively. Inset: titration profile of  (i.e. Mol Abs) at 

900 nm (empty triangles) with superimposed distribution diagram of the species [Cu2(L1)]4+ (dashed 

line) and [Cu2(L1)(cit)]+ (solid line) vs eqv. of the added guest, calculated for LogK11=5.70(1). 
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Figure 30. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (0.50 mM) with phthalate (as Na+ 

salt, 50 mM) in water at pH 7 (0.05 M HEPES buffer, path length 1 cm). The solid and dashed black 

lines represent the spectra at 0 and 8 eqv. of the added anion, respectively. Inset: titration profile of  

(i.e. Mol Abs) at 868 nm (empty triangles) with superimposed distribution diagram of the species 

[Cu2(L1)]4+ (dashed line) and [Cu2(L1)(pht)]2+ (solid line) vs eqv. of the added guest, calculated for 

LogK11=2.59(1). 

 

Figure 31. UV-vis. spectra taken upon the titration of [Cu2(L1)]4+ (0.50 mM) with terephthalate (as Na+ 

salt, 50 mM) in water at pH 7 (0.05 M HEPES buffer, path length 1 cm). The solid and dashed black 

lines represent the spectra at 0 and 3 eqv. of the added anion, respectively. Inset: titration profile of  

(i.e. Mol Abs) at 880 nm (empty triangles) with superimposed distribution diagram of the species 

[Cu2(L1)]4+ (dashed line) and [Cu2(L1)(terepht)]2+ (solid line) vs eqv. of the added guest, calculated for 

LogK11=3.54(1).  
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3.3.4 Spectrofluorimetric studies on [Cu2(L1)]4+ with 5-FAM and 

dicarboxylates  

As reported in the previous section, spectrophotometric titrations did not allow an accurate 

calculation of the binding constants with a series of anions, i.e. fum2–, suc2– and isopht2–. 

However, we could overcome this issue by applying the fluorescent Indicator Displacement 

Approach (IDA), which is based on the competition between a chosen fluorescent indicator and 

a specific guest for the binding to a selective receptor.33,34 In our case, the chosen indicator is 

an organic fluorophore, containing a dicarboxylate unit which can strongly interact with 

[Cu2(L1)]4+ forming a stable 1:1 complex. In presence of a guest with a stronger affinity for the 

receptor cavity, the indicator is displaced from the cavity, thus causing detectable optical 

changes proportional to the guest concentration. 5-Carboxyfluorescein (5-FAM) was chosen as 

the indicator, because its isophthalate moiety can strongly bind to the azacryptate cavity, as 

previously confirmed by the crystal structure of the inclusion complex of [Cu2(L1)]4+ with 

isopht2– (see Scheme 1).  

 

Scheme 1. Displacement of 5-FAM from [Cu2(L1)]4+ cavity promoted by the fumarate anion. 

The affinity of 5-FAM for [Cu2(L1)]4+ was first verified in neutral aqueous solution by 

performing the UV-vis. titration of 5-FAM with a standard solution of [Cu2(L1)]4+ (0.05 M 

HEPES buffer, pH 7). As shown in Fig. 32, over the course of the titration, the band below 300 

nm relative to the dicopper(II) complex (i.e. Nsec → Cu(II) LMCT band) grows in intensity, 

while subtle changes in the absorption band of 5-FAM (at 490 nm) are observed.  
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The family of spectra displays an isosbestic point at 473 nm, that was chosen as the excitation 

wavelength (i.e. λexc) for further fluorimetric experiments. 

 

Figure 32. UV-vis. titration of 5-FAM 1 M with a solution of the in-situ prepared [Cu2(L1)]4+ complex. 

(0.05 M HEPES buffer, pH 7, path length 1 cm). Solid and dashed black lines represent the initial and 

final spectra of the titration, respectively.  

For the determination of the association constant between [Cu2(L1)]4+ and 5-FAM, a solution 

of the indicator was titrated with a solution of the dicopper(II) complex in buffered aqueous 

solution (0.05 M HEPES buffer, pH 7). Figure 33 shows the family of emission spectra and the 

corresponding titration profile at 520 nm (exc = 473 nm) vs equivalents of the added complex. 

As expected, a gradual decrease of the 5-FAM emission was observed over the course of the 

titration: the coordination of the dicarboxylate moiety of 5-FAM to the Cu(II) ions, within the 

cage cavity, promotes the quenching process, as already observed in similar systems.32,36,49 A 

complete quenching is reached under addition of two equivalents of [Cu2(L1)]4+. The best 

fitting of the titration profile points out the formation of a 1:1 complex [Cu2(L1)(5-FAM)]+, 

with an association constant of 7.20(2) Log units.  
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Figure 33. Family of spectra taken upon the fluorimetric titration of 5-FAM (1 M) with [Cu2(L1)]4+ 

(0.50 mM) in 0.05 M HEPES buffer at pH 7 (exc = 473 m; em =520 nm). The solid and dashed black 

lines represent the spectra at 0 and 5 eqv. of the added dicopper complex, respectively. Inset: Titration 

profile of I/I0 at 520 nm (empty triangles) vs eqv. of the added dicopper complex, superimposed to the 

distribution diagram of the species, calculated for a 1:1 association constant of 7.20(2) Log units. Solid 

line: % [Cu2(L1)(5-FAM)]3+; dashed line: % free 5-FAM. 

Fluorimetric titrations with dicarboxylates were then performed on a stock solution of 5-FAM 

(0.1 M) containing 50 eqv. of the dicopper(II) cryptate. The 1:50 indicator:complex molar 

ratio was chosen to ensure the complete quenching of the indicator emission. Interestingly. 

among the tested dicarboxylates, only fum2–, suc2– and isopht2– caused a significant restoration 

of the 5-FAM fluorescence. In fact, only strongly binding anions (such as fum2–, suc2– and 

isopht2–) can effectively displace the indicator from the cryptate cavity. On the other hand, 

under titrations with weakly binding  anions (e.g. adi2–, male2– and cit3–), a significant 

restoration of the fluorophore emission is only observed under addition of a large excess of the 

titrant solution. This trend is clearly represented by Figure 34, in which a comparison among 

all the tested dicarboxylates is reported.  
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Figure 34. Profiles of the spectrofluorimetric titrations of the indicator displacement assay (0.1 M 5-

FAM, 5 M [Cu2(L1)]4+) with solutions of the anionic guests in 0.05 M HEPES buffer at pH 7 (fum2– 

= red triangles, suc2– = blue triangles; α-keto2– = dark blue triangles; glut2– = green triangles; adi2– = dark 

green triangles; cit3– = grey diamonds ). I = emission intensity; Imax= emission intensity of a solution of 

5-FAM in the absence of the dicopper complex (exc = 473 nm; em = 520 nm).  

An example of fluorimetric titration of the [Cu2(L1)]4+:5-FAM ensemble with dicarboxylates, 

in particular with fum2–, is reported in Figure 35 (I = point-by-point emission intensity; Imax = 

emission intensity of the indicator in the absence of the dicopper complex). Starting from the 

quenched 5-FAM emission (dashed black line), the fluorescence is progressively restored under 

anion addition (grey solid line).  

The binding constant between [Cu2(L1)]4+ and fum2– was determined by elaborating the 

titration data through the Hyperquad package.42 Two competing equilibria were considered for 

the treatment, involving the dicopper(II) complex, the indicator and the guest (see equations (1) 

and (2)). The LogK11  for fum2– binding resulted to be 8.21(3). 

[Cu2(L1)]4+ + 5-FAM → [Cu2(L1)(5-FAM)]+       LogK11 = 7.20(2)29    (1) 

                [Cu2(L1)]4+ + fum2– → [Cu2(L1)(fum)]2+               LogK11 = 8.21(3)      (2) 
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Figure 35. Family of emission spectra taken over the course of the titration of the indicator displacement 

assay (0.1 M 5-FAM, 5 M [Cu2(L1)]4+) with fumaric acid in 0.05 M HEPES buffer at pH 7 (exc = 

473 m; em =520 nm). Solid black line: spectrum of 5-FAM; dashed black line: initial spectrum of the 

chemosensing ensemble; solid dark grey line: final spectrum after addition of 8 eqv. of anion. Inset: 

titration profile of I/Imax at 516 nm vs eqv. of the added anion (Imax= maximum emission intensity of the 

indicator, taken in the same conditions and in the absence of the dicopper complex), superimposed to 

the distribution diagram of the species, calculated for a 1:1 association constant with fumarate of 8.21(3) 

Log units (LogK11 = 7.20, receptor:5FAM). Solid line: % free 5-FAM; dashed line: % [Cu2(L1)(5-

FAM)]+. 

By the least-squares treatment on the linear section of the fluorimetric titration plot, both limits 

of detection and quantification (i.e. LOD and LOQ, respectively) could be determined through 

the IUPAC method: LOD = 3σ/s and LOQ = 10σ/s, where σ = standard deviation of the blank; 

s = slope of the calibration curve. The LOD and LOQ values calculated for fum2– resulted to be 

0.03 µM and 0.10 µM, respectively, revealing a very high sensitivity of this method for fum2– 

detection.  

The calibration curve, obtained as average of three independent experiments, is reported in 

Figure 36: even if standard deviation of the points on average concentrations is particularly 

high, a good linearity was found in the concentration range 3.3-3.8 µM. 
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Figure 36. Fumarate calibration curve5 (red line: fitting curve; dots: experimental data), obtained from 

the fluorimetric titrations of the indicator displacement assay (5 M [Cu2L]4+  and 0.1 M 5-FAM) with 

fumaric acid in 0.05 M HEPES buffer, pH 7 (exc = 473 nm; em =520 nm). IMAX = fluorescence intensity 

of a 0.1 M 5-FAM solution (recorded before the addition of [Cu2(L1)]4+. The plotted parameters are 

linearly correlated when I/IMAX is between ~0.15 and 0.6 (R2 = 0.996). Data are averages of n = 3; error 

bars represent s.d.. 

The data treatment allowed us to determine the binding constants with all the dicarboxylates 

reported in Table 8. The titration profiles for the fluorimetric titrations with suc2–, isopht2– and 

α-keto2–, superimposed to the relative distribution diagram of the species. are reported in 

Figures 37-39.  

Through the Indicator Displacement Approach, the binding constants for fum2–, suc2– and 

isopht2– were accurately determined. These experiments highlighted the selectivity of the 

dicopper(II) complex [Cu2(L1)]4+ for the fum2– anion, with a LogK11 of 8.21(3), followed by 

suc2– and isopth2– (i.e. LogK11 = 7.38(3) and 7.20(4), respectively). The binding constants 

calculated for α-keto2–, ace2– and glut2– are in accordance with the values obtained by UV-vis. 

titrations. On the other hand, the changes in the fluorescence emission under titrations with 

adi2– and male2– were too small to allow a safe determination of the binding constants.   
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Table 8. Conditional binding constants (as LogK11 values) obtained by either UV-vis. titrations on 

[Cu2(L1)]4+ with the anionic guests or fluorimetric indicator displacement titrations with selected 

anions; 5-FAM was used as the fluorescent indicator. 

guest LogK11 UV-vis. LogK11 fluo 

fum2– > 6 8.21(3) 

suc2– > 6 7.38(3) 

isopht2– > 6 7.20(4) 

α-keto2– 6.00(1) 5.95(3) 

ace2– 5.90(2) 5.71(3) 

glut2– 5.39(1) 5.40(4) 

adi2– 2.58(1) n.a. 

male2– 2.78(1) n.a. 

 
 

 

Figure 37. Titration profile of the indicator displacement assay (0.1 M 5-FAM, 5 M [Cu2(L1)]4+) 

with succinate in 0.05 M HEPES buffer at pH 7 (exc = 473 m; em =520 nm), empty triangles: titration 

profile as I/Imax at 516 nm vs eqv. of the added anion (Imax= maximum emission intensity of the indicator, 

taken in the same conditions and in the absence of the dicopper complex), superimposed to the 

distribution diagram of the species, calculated for a 1:1 association constant with succinate of 7.38(3) 

Log units (LogK11 = 7.2, receptor:5FAM). Solid line: % free 5-FAM; dashed line: % [Cu2(L1)(5-

FAM)]+.  
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Figure 38. Titration profile of the indicator displacement assay (0.1 M 5-FAM, 5 M [Cu2(L1)]4+) 

with isophthalate in 0.05 M HEPES buffer at pH 7 (exc = 473 m; em =520 nm), empty triangles: titration 

profile as I/Imax at 516 nm vs eqv. of the added anion (Imax= maximum emission intensity of the indicator, 

taken in the same conditions and in the absence of the dicopper complex), superimposed to the 

distribution diagram of the species, calculated for a 1:1 association constant with isophthalate of 7.20(4) 

Log units (LogK11 = 7.2, receptor:5FAM). Solid line: % free 5-FAM; dashed line: % [Cu2(L1)(5-

FAM)]+. 

 

Figure 39. Titration profile of the indicator displacement assay (0.1 M 5-FAM, 5 M [Cu2(L1)]4+) 

with -ketoglutarate in 0.05 M HEPES buffer at pH 7 (exc = 473 m; em =520 nm), empty triangles: 

titration profile as I/Imax at 516 nm vs eqv. of the added anion (Imax= maximum emission intensity of the 

indicator, taken in the same conditions and in the absence of the dicopper complex), superimposed to 

the distribution diagram of the species, calculated for a 1:1 association constant with -ketoglutarate of 

5.95(3) Log units (LogK11 = 7.2, receptor:5FAM). Solid line: % free 5-FAM; dashed line: % [Cu2(L1)(5-

FAM)]+. 
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3.4 Conclusions 

To conclude, an accurate investigation on the binding properties of the dicopper(II) complex 

[Cu2(L1)]4+ towards carboxylates was performed in neutral aqueous solution. X-ray diffraction 

studies on single crystals of the [Cu2(L1)]4+:anion adducts with glut2–, α-keto2–, isopht2– and 

ace2– confirmed the inclusion of the guests in the cage’s cavity and gave interesting insights on 

the coordination geometries assumed by the two metal ions during the binding, that were 

confirmed also by UV-vis. studies.  

Spectrophotometric titrations of the [Cu2(L1)]4+ complex with a series of carboxylates in 

buffered water (i.e. 0.05 M HEPES buffer, pH 7) showed the formation of stable 1:1 

complex:anion adducts with all the anions. Interestingly, a very high affinity was found for 

dicarboxylates with four and five carbon atoms in chain; in particular, for fum2–, suc2– and 

isopht2–, the resulting titration profiles were too steep to allow a safe calculation of the binding 

constants.  

In order to overcome this issue, the well-known Indicator Displacement Approach was applied. 

Fluorimetric titrations on the chemosensing ensemble formed by the [Cu2(L1)]4+ complex with 

the fluorescent indicator 5-FAM were performed in buffered water (0.05 M HEPES buffer, pH 

7). Through this method, the LogK11 for fum2–, suc2– and isopht2– were accurately determined 

and resulted to be 8.21, 7.38 and 7.20, respectively. Notably, an effective displacement of the 

indicator was observed only under addition of these anions. This can be attributed to the strong 

interaction between the dicopper(II) cryptate and 5-FAM (LogK11 = 7.20): only the anions that 

exhibit a greater affinity for [Cu2(L1)]4+ are able to displace the indicator from the receptor 

cavity. For other dicarboxylates, the obtained binding constants are in accordance with the 

values calculated from UV-vis. titrations. In these cases, a significant fluorescence increase is 

only observed under addition of a large excess of titrant to the cage in solution.  

The very high affinity of the [Cu2(L1)]4+ complex for fum2–, with a remarkable binding constant 

of 8.2 Log units, allows to employ the chemosensing ensemble [Cu2(L1)]4+:5-FAM for the 

selective sensing of fumarate in water. Notably, through the construction of a calibration curve, 

a LOD value of 0.03 µM was determined, thus highlighting the promising performance of this 

supramolecular system for the detection of this anion in water. 

The research described in this chapter was published in ACS Omega, 2020, 5, 41, 26573.  
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4. A dicopper(II) azacryptate for the liquid-
liquid extraction of dicarboxylates 

4.1 Introduction 

The great importance of anion substrates in biochemical systems, industrial processes, and 

environmental field led the scientific community to design and develop more and more efficient 

molecular systems for the selective recognition, binding and extraction of specific anions of 

interest. The weakness of anion binding, based principally on electrostatic and hydrogen 

bonding interactions, requires very selective receptors able to perform the best complementarity 

in term of structure (size, shape and rigidity of the framework) and the established interactions 

(kind and position of the functional groups in the receptor’s scaffold). In this context, the raise 

of the so-called “anion coordination chemistry” allowed the synthesis of a wide variety of 

highly selective hosts for anions over the course of the years.1–3 In particular, polyamino 

molecular receptors exhibit peculiar features that allowed their successful application in 

different fields, from environment to industry.4,5 

In this section, several examples of the successful application of polyaza molecular receptors 

in solid-liquid and liquid-liquid extraction processes of target anions, and transmembrane anion 

transport are presented.  

4.1.1 Anion extraction and transport 

Anion extraction, i.e. the transfer of an anionic species across two immiscible phases, is not 

easy to achieve without an effective extractant. In this context, molecular receptors can play a 

very important role. As a matter of fact, in a competing medium such as water, solvent 

molecules act as strong H-bond donors, thus stabilizing the anionic species in the medium and 

disfavouring extraction from the energetic point of view. The issue can be however overcome 

by the use of a molecular receptor, present into the organic phase and characterized by a high 

affinity for the anionic target. If the anion:receptor affinity is strong enough to overcome the 

hydration energy of the anion, an effective extraction from water can be obtained.6  

As already mentioned, desolvation energies have an important role in the extraction process. 

The Hofmeister series (F–, SO4
2–, CH3COO–, Cl–, Br–, NO3

–, ClO3
–, I–, ClO4

–, SCN–) provides 

indications of the solvation degree of anions and of the facility of their extraction from water.7 
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Anions on the left-side of the Hofmeister series (e.g. F–, SO4
2–) are highly hydrated and are 

called kosmotropes. By proceeding towards the right-side of the series, the solvation degree 

decreases until perchlorate and thiocyanate anions (called chaotropes), which can be considered 

as the most hydrophobic anions of the list. The selective extraction of hydrophilic anions as 

sulfate is very challenging and requires highly selective receptors, able to overcome the 

Hofmeister bias.  

Sessler and colleagues reported a series of macrocyclic ammonium receptors which belong to 

this category.8 In particular, fluorinated calixpyrroles 1 and 2 and the tetraamide macrocycles 

3-5 (see Figure 1) successful extract sulfate from water into an organic phase, even in presence 

of a large excess of nitrate. The extraction efficiency was further enhanced by adding to these 

H-bonding donor receptors a certain amount of the traditional quaternary ammonium extractant 

Aliquat 336-nitrate in the organic phase.  

 
Figure 1. Left and middle: fluorinated calixpyrroles (1, n = 1; 2, n = 2) and tetraamide macrocycles (3, 

R1 = H, R2 = CH3; 4, R1 = H; R2 = dansyl; 5, R1 = t-butyl, R2 = CH3) reported by Sessler and colleagues. 

Right: the squaramide-based receptors (6, R1, R3 = CF3, R2 = H; 7, R1, R3 = H, R2 = NO2) reported by 

Romański et al. From ref.s [8-9]. 

An interesting paper by Romański and co-workers illustrated a lipophilic squaramide-based 

ion-pair receptor (6 in Fig. 1) for the selective extraction of potassium sulfate.9 The presence of 

a crown ether site on the receptor’s scaffold facilitates the formation of ion-pair complexes, 

thus enhancing the liquid-liquid extraction of sulfate in the form of alkali metal salt. 

Furthermore, the optical sensor 7 was obtained by introducing a -NO2 group on the backbone 

of 6. The obtained system can be employed for the “naked-eye” recognition of sulfate under 

both liquid-liquid and solid-liquid extraction of the anions. 

In another recent work, Joliffe et al. demonstrated the efficient extraction of sulfate from an 

aqueous solution of Na2SO4 using the neutral macrocyclic squaramide 8.10 The transport of 
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sulfate across a bulk chloroform layer containing the receptor was also tested in a classic U-

tube (see Fig. 2). Interestingly, the receptor successfully transferred sulfate anion across the 

organic phase via an anion exchange mechanism with nitrate. In the experiment setup, the 

lipophilic tetrabutylammonium (TBA) cation (as nitrate salts) was also added to the organic 

phase in order to facilitate the sulfate transfer through formation of ion-pair complexes.4,11 

Moreover, by adding BaCl2 in the receiving phase, BaSO4 precipitates thus increasing the rate 

of the sulfate transport. Further experiments confirmed the efficiency of the process even in 

presence of a complex mixture of anions and across a wide pH range (pH 3.2–9.4). 

 

Figure 2. Left: molecular structure of the macrocyclic squaramide 8. Right: scheme of the transport 

experiment mediated by receptor 8. TBA+ cations are omitted for clarity. From ref. [10]. 

To achieve an efficient extraction of a specific anion, electroneutrality must be maintained. 

Depending on the host structure, charge neutralisation can be obtained in different ways: 1) the 

exchange of a counterion with the anion of interest, in the case of a positively charged receptor; 

2) the addition of lipophilic cation for the co-transport of the anion if a neutral receptor is 

employed; 3) a combined system (in separated subunits or in a single molecular scaffold) able 

to interact with both anions and cations.4  

Several years ago, Urban and Schmuck developed a selective transporter for N-acetylated 

amino acids.12 The hydrophobic molecular receptor 9 (see Fig. 3), in the protonated form, 

performed the extraction of a series of N-acetylated amino acids. with best performances for 

aromatic guests thanks to additional cation-π interactions with the guanidinium pyrrole moiety. 

Transport experiments revealed the successful transfer of amino acids across an organic phase 

through a symport mechanism, i.e. simultaneous transport of the amino acid and a proton, in 

presence of a pH gradient between the source and receiving phase. A scheme of the transport 
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mechanism is reported in Figure 3. This gradient was also employed as driving force for the 

active transport against a concentration gradient.  

 
Figure 3. The N-acetylated amino acid transporter 9 and a scheme of the transport of amino acids 

through a symport mechanism. From ref. [12]. 

In a recent work, the selective extraction of lithium chloride was achieved by employing the 

two ditopic calix[4]pyrrole-based ion-pairs receptors 10-11 reported in Figure 4.13 The strong 

binding of LiCl was demonstrated for both the receptors through 1H-NMR spectroscopy and 

crystal structure analysis. Single crystals of the adducts of the receptors with LiCl (see Fig. 4) 

showed that the encapsulation of the ion-pair does not affect the molecular structure of 10, while 

a slight distortion is observed in the case of 11. Both receptors were tested as extractant for 

LiCl. In solid-liquid extraction processes, the selective separation of LiCl was achieved even in 

presence of excess NaCl. In liquid-liquid extraction experiments, only receptor 11 maintained 

the selectivity for LiCl over NaCl and KCl while, in the case of 10, the selectivity order turned 

to be KCl > NaCl > LiCl. 

 

Figure 4. Molecular structure of the calix[4]pyrrole-based receptors 10-11 and the single-crystal 

structures of the corresponding LiCl complexes (Li+ and Cl– ions are shown in space-filling form). From 

ref. [13]. 
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Flood and colleagues recently reported a cryptand-like triazolo cage 12 able to selectively 

capture chloride over other halides.14 1H-NMR titrations in d6-DMSO revealed the high affinity 

and selectivity of the cage for chloride, with a remarkably higher binding constant compared to 

those obtained with the macrocyclic and tripodal analogue systems, i.e. 13 and 14 respectively 

(see Fig. 5): even if the interaction sites are the same, the preorganisation and the rigidity of the 

cage lead to a stronger binding. This trend is well illustrated in the graph reported in Figure 5, 

where the anion affinities (in terms of LogK) of the three systems are shown and compared. 

Liquid-liquid extraction experiments, using dichloromethane as organic phase, revealed a 

higher transfer efficiency of 12 in the transfer of the Na+ salt compared to the other alkali salts. 

This result is attributed to the formation of ion-pairs between Na+ and the complex 12Cl–. 

Extraction experiments with tetraethyl- and tetrabutylammonium salts highlighted the 

quantitative transfer of various anions (including bromide, iodide, nitrate, and nitrite) with a 

100% extraction efficiency in presence of the cage.  

 

Figure 5. Molecular structures of the triazolo derivatives: cage 12, macrocycle 13 and the tripod 14 and 

a graph reporting anion affinity, as LogK, of the three molecular systems for the reported anions as TBA 

salts: cage (red), macrocycle (blue) and tripod (green). Coloured lines highlight the trend. From ref. 

[14]. 
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4.1.2 Transmembrane anion transport 

The human body is a perfect machine, based on an incredible control of all biological processes 

working simultaneously every day of our lives. Sometimes, unfortunately some parts, no matter 

how small they could be, do not work in the right way: a disfunction of one usually causes 

serious damage to the whole system, with serious consequences on the health of a person.  

This is the case of anions exchange across phospholipid membrane of the cell: specific channels 

and transporters contained in the membrane accurately regulate the enter/exit of all the 

molecules, to maintain the right concentration inside and outside the cell. Some genetic diseases 

can induce a dysregulation in anion transportation: for example, the malfunction of a protein 

channel for chloride, called cystic fibrosis transmembrane conductance regulator (CFTR), 

causes the cystic fibrosis and a consequent severe damage to the lungs, the digestive system, 

and other organs in the body. The great interest of the scientific community is focused on 

searching new treatments to resolve this kind of dysregulations thus ameliorating the conditions 

of patients affected by the correlated diseases.15,16 

Anion transport across lipid membranes can occur in two different ways: 1) mobile carriers 

present in the membrane bind the anion on one side and, after diffusion through the membrane 

as complex, they transfer the anion on the other side of the membrane; 2) channels, formed by 

a single molecule or by an aggregate of more units, constitute polar pathways along the 

membrane through which anions can diffuse from one to the other side of the membrane. Even 

if the transfer through the channels is faster than that performed by mobile carriers, the latter 

are easier to design and functionalize, and generally result in a higher degree of selectivity. In 

any case, electroneutrality must be maintained during the overall transfer process.5 

To cite a couple of examples, Davis and colleagues tested a series of catechol-containing 

trisamides as anion transporters through lipidic membranes.17 The comparison with other 

derivatives confirmed that catechol moieties are essential for transport. In particular, receptor 

15 (see Fig. 6) showed the best transfer performance, with a selectivity in anionic permeability 

across the membrane that follows the Hofmeister sequence: ClO4
– > I– > NO3

– > Br– > Cl–. 

In another work, Davis and co-workers reported the sphingolipid ceramide 16 (reported in Fig. 

6) for the transport of chloride and bicarbonate across the phospholipidic membrane.18 The 

authors demonstrated that the 1,3-diol moiety and the neighbour NH amide group can act as a 

tridentate interaction site for binding anions, thus enhancing the transport efficiency across the 

EYPC liposomes bilayers (i.e. egg yolk phosphatidylcholine, a liposomal lipid component 
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frequently used for anticancer drug delivery). Interestingly, chloride transport assay performed 

with various anions in neutral medium highlighted that the ceramide 16 only mediates anion 

exchange in presence of singly charged anions in the extravesicular environment, such as NO3
- 

and HCO3
-. In presence of the more hydrophilic sulfate anion, only a slight efflux of chloride 

was observed.  

 
Figure 6. Left: Molecular structures of catechol-based trisamide 15 (from ref. [17]) and the ceramide 

16 (from ref. [18]). Right: Chloride transport assay for 16 in EYPC liposomes with various external 

anions in 20 mM HEPES buffer (pH = 7.4). The Cl– efflux from the liposomes is monitored by following 

the increase of fluorescence of a chloride-sensitive dye, since its emission is quenched in presence of 

the anion in the intra-vesicular environment. 

 
Figure 7. Left: Molecular structure of the calix[4]arene receptor 17. Right: Molecular model of 

complex PrNH3Cl, with Cl– bound by the thioureas and PrNH3
+ in the calixarene cavity. From ref. [19]. 

In a recent paper, the new calix[4]arene tris(thio)urea 17 (in Fig. 7) reported by Valkenier et. 

al. was demonstrated to perform not only an efficient Cl–/NO3
– antiport but also the cotransport 
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of organic ion-pairs such as PrNH3Cl.19 Interestingly, upon the addition of PrNH3Cl to vesicles 

containing the receptor 17, an acceleration of the chloride transport across the membrane was 

detected. The cotransport of ion-pairs, more efficient compared to the Cl–/NO3
– antiport 

mechanism, is favoured by the presence of a cavity in the calix[4]arene receptor, able to 

complex the organic cation (see Fig. 7). 

Regarding anion channels, Davis and other reported a series of calix[4]arene amides tested for 

the transmembrane transport of chloride.20 The receptor 18 (reported in Fig. 8), in particular, 

showed very interesting results in transport experiments performed on EYPC liposomes: 18 is 

able to form ion channels in bilayer membranes and to transfer chloride via a H+/Cl– cotransport 

mechanism. In fact, in presence of a Cl– gradient, an alteration of the pH inside liposomes is 

observed. Moreover, a selective transport of chloride against sulfate was detected.  

 
Figure 8. Molecular structures of the calix[4]arene receptor 18 and the isophthalamide 19. From ref.s 

[20-21]. 

Another interesting article by Yang and colleagues reported the isophthalamide 19 (see Fig. 8), 

containing two extra amide groups derived from α-aminoxy acids, able to form an anion channel 

and to successfully transport chloride across lipid bilayer of model liposomes.21 The 

experimental confirmation of this transport mechanism, in spite of anion carriers, was obtained 

by patch clamp techniques, i.e. the measurement of the ionic currents in individual isolated 

living cells, tissue sections, or patches of cell membrane. For the compound 19, the authors 

found characteristic single-channel currents in giant liposomes, thus indicating the effective 

formation of the functional ion channel. 

4.1.3 Our study 

In the previous chapters of this thesis, the peculiar properties and anion binding capability of 

polyamino cryptands have been extensively illustrated. As already mentioned, the effect of i) a 
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well-defined three-dimensional cavity, ii) preorganization and iii) presence of multiple binding 

sites in the receptor cavity was proven to ensure high affinity and selectivity for anionic species. 

In addition, the easy preparation of these cage-like systems, based on the Schiff condensation, 

allows a facile modulation of cavity in order to maximise the selectivity for the anion of interest. 

In this context, the presence of transition metal cations in the cryptand cavity allows the 

instauration of coordinative interactions with the included anionic guest: these interactions are 

stronger and more effective than the H-bonds established within the cavity of protonated 

azacryptands.22–27 

Besides the promising binding features of the dimetallic cryptates, the application of these 

systems in the extraction of target anions from water have not been explored. In this chapter, I 

will demonstrate that the proper functionalisation of an azacryptand molecule may generate 

new receptors, that can be exploited in the extraction of highly hydrated anions from water.  

 

Figure 9. Molecular structures of the naphthyl cage L1 and the new lipophilic derivatives L2. 

In the previous chapter, the dicopper(II) complex of the naphthyl cage L1 (see Fig. 9) was 

applied for the fluorescent sensing of fumarate in neutral water, using the Indicator 

Displacement Approach with 5-TAMRA as the fluorescent indicator. Here, I report the 

synthesis of a lipophilic azacryptand L2 obtained by appending n-hexyl chains on the naphthyl 

spacers of L1 (see Fig. 9). After the investigation of the anion binding properties of the 

dicopper(II) cryptate [Cu2(L2)]4+ and once its solubility in pure dichloromethane was 

confirmed, the receptor was tested for the liquid-liquid extraction of dicarboxylates from neutral 

water. Anion extraction was quantified  through HPLC-UV and quantitative 1H-NMR analyses. 
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4.2 Experimental 

4.2.1 Chemicals and methods 

All reagents for syntheses were purchased from Sigma-Aldrich and used without further 

purification. All reactions were performed under dinitrogen. UV-vis. spectra were collected 

using a Varian Cary 50 SCAN spectrophotometer, with quartz cuvettes of the appropriate path 

length (1 or 10 cm) at 25.0 ± 0.1°C. High-resolution mass spectra were recorded on a Thermo 

Scientific Q Exactive Plus instrument. 1H- and 13C-NMR spectra were recorded on a Bruker 

AVANCEIII 400 MHz (operating at 9.37 T, 400 MHz), equipped with a 5 mm BBO probe head 

with Z-gradient (Bruker BioSpin).  

For the extraction study, 1H-NMR analysis was performed the AVANCEIII 400 MHz. Spectra 

were acquired using Bruker pulse sequence noesygppr1d for water suppression, after 

optimisation of 90° pulse, shims and O1 parameter. Phase correction and baseline correction 

were applied using automatic procedure. Succinate concentration was determined using 

Topspin Eretic2 package. HPLC gradient grade acetonitrile and ultrapure water were purchased 

from VWR (Milan, Italy). The HPLC–UV apparatus consisted of a Shimadzu (Milan, Italy) 

LC-20AT solvent delivery module equipped with a DGU-20A3 degasser and interfaced with a 

SPD-20A UV detector. A Sepachrom Adamas C18-AQ (250 × 4.6 mm, 5 μm) column coupled 

with a Supelco Supelguard Ascentis C18 (20 × 2.1 mm, 5 μm) guard-column was used. 1,5-

di(hexyloxy)naphthalene-2,6-dicarboxaldehyde and [TBA]2suc were synthesized following 

known procedures.28,29 

4.2.2 Synthesis of L2 ligand 

 

A solution of 1,5-di(hexyloxy)naphthalene-2,6-dicarboxaldehyde (0.12 g; 0.31 mmol; 3.0 eqv) 

in CH2Cl2 (10 mL) and MeOH (70 mL) was added to a solution of AgNO3 (0.05 g; 0.31 mmol; 
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3.0 eqv) in MeOH (70 mL). The reaction mixture was then refluxed under Ar atmosphere. A 

solution of tris(2-aminoethyl)amine (0.03 mL; 0.21 mmol; 2.0 eqv) in MeOH (50 mL) was then 

slowly added dropwise and the reaction was refluxed for 24 hours. The solution containing the 

polyimine cage compound was then transferred in a round bottom flask and the CH2Cl2 was 

evaporated under vacuum. The methanol solution was refluxed again and NaBH4 (3.0 g) was 

added in small portions in order to reduce both imine bonds and Ag+. After 12 hours the mixture 

was cooled to room temperature and filtered to eliminate the Ag0 particles. The solvent was 

evaporated under vacuum to give a white solid that was dissolved with brine (200 mL) and 

extracted with CH2Cl2 (4 x 50 mL). The collected organic phase was then dried on Na2SO4. 

The solvent was evaporated under vacuum to obtain 0.13 g of the pure cage as a yellowish 

dense oil. Yield: 90.61%. HRMS-ESI (MeOH) m/z: [M-H+]+ calculated for C84H132N8O6, 

1350.0348, found 1350.0529 (Fig. S1). 1H-NMR (400 MHz, d6-DMSO + HNO3, 353 K) ppm: 

7.84-7.61 (6H, naph), 4.44 (m, 12H, NH-CH2-naph), 3.91 (m, 12H, -O-CH2-C), 3.20-2.80 (br, 

m, 24H, N-CH2-CH2-N), 1.97 (m, 12H, -O-CH2-CH2-C), 1.51-1.27 (m, 36H, O(CH2)2-(CH2)3-

C), 0.91 (t, 18H, -CH3). 
13C-NMR (100 MHz, d6-DMSO, 298 K) ppm: 154.02, 129.16, 126.89, 

122.22, 118.91, 76.32, 51.07, 45.68, 45.26, 31.78, 30.29, 25.53, 22.61, 14.40. 

4.2.3 Potentiometric and pH-spectrophotometric titrations 

Protonation constants of ligand L2 were determined in dioxane/water (20% v/v) mixture, 0.05 

M in [TBA]NO3. In a typical experiment, a solution of L2 ligand (15 mL, 4  10-4 M) was 

treated with an excess of a standard solution of 1.0 M HNO3. Titrations were performed by 

addition of 10 μL aliquots of carbonate-free standard 0.1 M NaOH, recording 80-100 points for 

each titration. Complexation constants of L2 cage were determined by performing a 

potentiometric titration experiment in presence of two equivalents of Cu(NO3)2. Prior to each 

potentiometric titration, the standard electrochemical potential (E°) of the glass electrode was 

determined in the dioxane/water mixture, by a titration experiment according to the Gran 

method.30,31 Protonation and complexation titration data (emf vs mL of NaOH) were processed 

with the HyperQuad package32 to determine the equilibrium constants. 

Potentiometric titrations were also performed on H2suc (succinic acid) and H2glut (glutaric 

acid), in order to determine their pKa values in dioxane/water mixture 20% v/v (0.05 M 

[TBA]NO3, 25°C). In a typical experiment, 15 mL of a 1  10-3 M dicarboxylate solution were 

treated with an excess of a 1.0 M HNO3 standard solution. Titrations were performed by 

addition of 10 μL aliquots of carbonate-free standard 0.1 M NaOH, recording 80-100 points for 
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each titration. Prior to each potentiometric titration, the standard electrochemical potential (E°) 

of the glass electrode was determined in the dioxane/water mixture, by a titration experiment 

according to the Gran method.30,31 Protonation titration data (emf vs mL of NaOH) were 

processed with the HyperQuad package32 to determine the pKa of the studied acids. 

pH-spectrophotometric titrations were performed on solutions of L2 (4  10-4 M) in presence 

of two equivalents of Cu(II) (as nitrate salt) in the same solvent mixture used in potentiometric 

titrations, i.e. dioxane/water (20% v/v) with [TBA]NO3 0.05 M. In a typical experiment, 

aliquots of carbonate-free standard 0.1 M NaOH were added to the solution of the ligand and 

copper, both the electrochemical potential and the UV-vis. spectrum of the solution were 

recorded after each addition.  

4.2.4 Spectrophotometric titrations 

In a typical experiment, a concentrated solution of the dicopper(II) azacryptate [Cu2(L2)]4+ in 

DMSO was diluted with 0.025 M HEPES (i.e. 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid) buffer in dioxane/water (20% v/v), pH 7: the final concentration of the azacryptate ranged 

between 50-500 M. The buffered solution of the cryptate was then titrated with a standard 

solution of either the chosen dicarboxylic acid or the corresponding disodium salt, in the case 

of phthalates. After each addition, the UV-vis. spectrum was recorded. It should be noted that 

with terephthalate and phthalate anions, the formation of a precipitate over the course of the 

titration prevented accurate determination of association constants. The concentration of the 

azacryptate solution was chosen on the basis of the p-parameter (p = [concentration of the 

azacryptate:anion adduct]/[maximum possible concentration of the azacryptate:anion adduct]), 

which should range between 0.2 and 0.8.33 Titration data were processed with the HyperQuad 

package32 to estimate equilibrium constants. In some cases, even working with very dilute 

solutions of the azacryptate, the curvature of the titration profile was too sharp to allow accurate 

calculation of binding constants.  

4.2.5 Extraction experiments 

4.2.5.1 HPLC-UV analyses 

For the extraction experiments, a solution of succinic acid (1.0 mM) in aqueous buffer at pH 7 

(0.05 M HEPES buffer) and a 0.02 mM solution of [Cu2(L2)](NO3)4 in CH2Cl2 as organic phase 

(obtained by dilution of a 9 mM solution in DMSO, with a final % DMSO about 2%) were 
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employed. In a 20 mL glass vial, the two phases were vigorous stirred for 20 minutes, then 

equilibrated  for 10 minutes and finally separated and analysed through HPLC-UV. To evaluate 

the extraction efficiency, the percent decrease of the succinate concentration in the aqueous 

phase was quantified by the comparison of the analyte chromatographic peak after the 

extraction experiment with the same peak detected in the blank experiment, performed 

following the same procedure but in absence of [Cu2(L2)]4+ (i.e. using CH2Cl2 with 2 % v/v of 

DMSO as organic phase). Seven independent extraction experiments were performed, in non-

consecutive days; for each repeat, the succinic acid solution was freshly prepared in order to 

reduce experimental errors. 

To run the HPLC-UV measure, after an equilibration period of 5 min, 20 μL of each sample 

was injected in the HPLC system. The mobile phases were (A) 25 mM aqueous H3PO4 (pH 2.5) 

and (B) acetonitrile, working with an isocratic elution 10% B for 7 min, followed by a washing 

step (linear gradient to 70% B until 9 min, hold for 3 min). The flow rate was 0.8 mL min-1 and 

the detection wavelength was 214 nm. 

4.2.5.2 1H-NMR studies 

Succinate extraction was also monitored by 1H-NMR spectroscopy. For the experiment, a 

solution of succinic acid (1.076 mM) was prepared in D2O (0.05 M PBS at pH 7). As for the 

previous tests, the organic phase was obtained by dilution with CH2Cl2 of a stock solution of 

[Cu2(L2)](CF3SO3)4 (5.1 mM) in d6-DMSO. The final concentration of [Cu2(L2)]4+ in CH2Cl2 

was 0.42 mM, with a % DMSO into the final solution about 6% v/v. The extraction experiment 

was carried out as described before: 1.5 mL of succinate solution in D2O and 1.5 mL of  

[Cu2(L2)]4+ solution in CH2Cl2 were vigorously stirred for 20 min, allowed to equilibrate for 

10 min and finally separated. A blank experiment was performed following the same procedure, 

but in absence of [Cu2(L2)]4+ in the organic phase (i.e. CH2Cl2 with 6% DMSO v/v). The 

succinate extraction from the D2O solution into CH2Cl2  was quantitatively evaluated by 

comparing the dicarboxylate concentration in D2O, before and after mixing with the solution of 

[Cu2(L2)]4+ in CH2Cl2. Succinate concentration was determined using the Topspin Eretic2 

package, using glycine (1.00 mM) as internal reference for the D2O phase. 
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4.3. Results and discussion 

4.3.1 Potentiometric and pH-spectrophotometric titrations  

4.3.1.1 Protonation constants of L2 

Potentiometric studies on L2 were performed to determine the protonation constants of the 

ligand. Experiments were carried out in dioxane/water 20% (v/v) mixture because of the low 

solubility of the cage in pure water. [TBA]NO3 0.050 M was employed as supporting 

electrolyte. The emf vs volume of NaOH curve was fitted with a non-linear least squares 

procedure, using the HyperQuad package.32 The distribution diagram of the species (as % 

abundance with respect to L2 vs pH) was determined over the pH range 2-12 (see Fig. 10), 

using the protonation constants reported in Table 1. 

The acid-base behaviour of L2 is similar to that reported for the L1 azacryptand. At pH 2, L2 

is present in solution as the hexaprotonated species L2H6
6+, with all the secondary amine 

protonated. The increase of pH leads to the loss of a proton, with the formation of L2H5
5+ 

species, dominant at pH 5.8. Over neutral pH, different protonated forms of L2 (i.e. L2H4
4+, 

L2H3
3+, L2H2

2+ and L2H+) coexist in solution until pH 8: at this pH value the free base of L2 

ligand starts to form, becoming the only species in solution over pH 10.  

Table 1. Protonation equilibria and the corresponding constants for L2 in dioxane/water 20% v/v (T=25 

°C). Standard deviations are shown in parentheses. 

Equilibria Logβ 

L2 + H+ ⇄ L2H+ 9.03(8) 

L2 + 2H+ ⇄ L2H2
2+ 17.74(4) 

L2 + 3H+ ⇄ L2H3
3+ 25.72(6) 

L2 + 4H+ ⇄ L2H4
4+ 32.66(6) 

L2 + 5H+ ⇄ L2H5
5+ 39.25(6) 

L2 + 6H+ ⇄ L2H6
6+ 44.50(7) 
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Figure 10. Distribution diagram of species present at equilibrium over the course of the potentiometric 

titration of L2 (4  10-4 M) with standard NaOH in dioxane/water (20% v/v) (T=25 °C). 

4.3.1.2 Complexation of L2 with Cu(II) 

Stability constants of the copper-containing species were determined through potentiometric 

experiments on L2 in presence of two equivalents of Cu(NO3)2, in the same medium of the 

previous titrations. The experimental curve (emf vs volume of NaOH) was fitted with a 

non-linear least squares procedure.32 Best fitting was obtained by assuming the development of 

the following complexes over the course of the titration: [Cu(L2H3)]
5+, [Cu2(L2)]4+, 

[Cu2(L2)(OH)]3+, [Cu2(L2)(OH)2]
2+. The corresponding cumulative constants (as Logβ) and 

the distribution diagram are shown in Table 2 and Figure 11, respectively. 

At pH 3, L2H6
6+ is the only species in solution. The increase of pH leads to the formation of 

the mononuclear Cu(II) complex [Cu(L2)H3)]
5+, with the metal ion coordinated to one on the 

tren subunits, while the other one is triply protonated. This complexed species is relevant 

between pH 3.9 and 5.2 (maximum concentration at pH 4.4). Over pH 5, the full deprotonation 

of the ligand leads to the dimetallic complex [Cu2(L2)]4+, which is the dominant species in 

solution over the wide pH range 6-10. The water molecules coordinated to the Cu(II) ions 

undergo deprotonation over pH 11, with the formation of the mono- and di-hydroxide 

complexes [Cu2(L2)(OH)]3+ and [Cu2(L2)(OH)2]
2+. The constants relative to these equilibria 

are reported in Table 3. 
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Figure 11. Distribution diagram showing species present at the equilibrium over the course of the 

potentiometric titration of L2 (4  10-4 M) in presence of 2 eqv. of Cu(NO3)2, with standard NaOH in 

dioxane/water (20% v/v) (T=25 °C). 

Table 2. Complexation constants for L2 with Cu(II) in dioxane/water 20% v/v (T=25 °C). Standard 

deviations are shown in parentheses. 

Equilibria Logβ 

L2 + Cu2+ + 3H+ ⇄ [Cu(L2H3)]
5+ 35.37(3) 

L2 + 2Cu2+ ⇄ [Cu2(L2)]4+ 24.60(7) 

L2 + 2Cu2+ + H2O ⇄ [Cu2(L2)(OH)]3+ + H+ 12.4(1) 

L2 + 2Cu2+ + 2H2O ⇄ [Cu2(L2)(OH)2]
2+ + 2H+ 1.8(1) 

 

Table 3. Equilibrium constants deriving from the overall constants shown in Tables 1 and 2. Standard 

deviations are shown in parentheses. 

Equilibria LogK 

L2H3
3+ + Cu2+ ⇄ [Cu(L2H3)]

5+ 9.65(9) 

[Cu2(L2)]4+ + H2O ⇄ [Cu2(L2)OH]3+ + H+ -12.2(1) 

[Cu2(L2)OH]3+ + H2O ⇄ [Cu2(L2)(OH)2]
2+ + H+ -10.6(2) 



107 
 

4.3.1.3 pH-spectrophotometric titration of L2 with Cu(II) 

The pH-spectrophotometric titration on L2, in presence of two equivalents of Cu(NO3)2, was 

performed in dioxane/water 20% v/v (TBANO3 0.05 M; T 25°C). The recorded family of UV-

vis. spectra is reported in Figure 12. 

 

Figure 12. Spectra taken over the course of the pH-spectrophotometric titration of a solution of 4  10-4 

M in L2 and 8  10-4 M in Cu(II). The red line highlights the initial spectrum (at about pH 3), while the 

green and blue lines correspond to the spectra recorded ad pH 7 and 12, respectively.  

The optical changes occurring over titration are rather similar to those observed for the dicopper 

complex of L1. The initial absorption spectrum - at pH 3 - is highlighted in red (see Fig. 12). 

By addition of NaOH, the development of the d-d bands relative to the copper(II)-containing 

species can be observed between 600 and 920 nm. A significant colour change is also observed 

in solution, from colourless to green. In detail, the band at 900 nm and the shoulder at 730 nm 

are rather peculiar of a bistren dicopper complex, with the Cu(II) ions in a trigonal bipyramid 

geometry. The metal ions are bound to the tren subunits of L2, with water molecules in the 

apical positions left free by the ligand. The development of Nsec → Cu(II) (LMCT) bands near 

400 nm accompanies the formation of the complex. At neutral pH (green line), the d-d band at 

900 nm reaches its maximum intensity. Over pH 7, a progressive change in the intensity ratio 

between the band at 900 nm and the shoulder occurs until pH 11 (blue line). In basic 

environment, the deprotonation of the coordinated water molecules, and the consequent 
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formation of the hydroxide species [Cu2(L2)(OH)]3+ and [Cu2(L2)(OH)2]
2+, are probably 

responsible of a slight modification of the coordination geometry around the copper centers to 

which are attributed the observed spectral changes. These changes in the visible region of the 

spectrum are accompanied by a change of the colour in solution from green to light blue. 

The molar absorbance (i.e. ε in Fig. 13) at 650 and 885 nm has been plotted against pH; the 

resulting profiles, superimposed to the distribution diagram, are shown in Figure 13.  

 

Figure 13. Distribution diagram of the species present at the equilibrium over the course of the titration 

with standard NaOH of a solution 4  10-4 M in L2 and 8  10-4 M in Cu(II) with the superimposed pH-

spectrophotometric profiles. Symbols: red triangles, superimposed plot of Mol Abs at 885 nm; green 

triangles, superimposed plot of Mol Abs at 650 nm. The lines in the diagram correspond to the species: 

H6L26+, grey; H5L25+, purple; [Cu(L2H3)]5+, cyan; [Cu2(L2)]4+, red; [Cu2(L2)(OH)]3+, green; 

[Cu2(L2)(OH)2]2+, blue.  

Notably, the good superimposition of the titration profile at 885 nm (red triangles) vs pH to the 

curve relative to the [Cu2(L2)]4+ species (red solid line) in the distribution diagram 

demonstrates the correlation between the d-d band at 920 nm and the abundance of the 

dicopper(II) complex in solution. Furthermore, the titration profile at 650 nm (green triangles), 

superimposed to the distribution diagram, highlights the correlation between the intensity of 

this absorption band and the deprotonation of the copper-coordinated water molecules. 
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4.3.1.4 Potentiometric titrations on H2suc and H2glut in dioxane/water 20% v/v 

Potentiometric titrations were also performed on two representative dicarboxylic acids, H2suc 

(succinic acid) and H2glut (glutaric acid), in order to determine their pKa values in 

dioxane/water mixture 20% v/v (0.05 M [TBA]NO3, 25°C).  

In pure water both acids are fully deprotonated at pH 7, being pKa1 and pKa2 values (at 25°C): 

4.21 and 5.41, 4.34 and 5.22 for H2suc and H2glut, respectively.34,35 In dioxane/water mixture, 

the deprotonation processes are significantly shifted toward higher pH values: potentiometric 

titrations allowed us to determine the pKa values in this medium, which were found to be pKa1 

= 6.89(4), pKa2 = 8.74(6) for H2suc; pKa1 = 7.55(5), pKa2 = 8.36(7) for H2glut. The 

corresponding distribution diagrams are reported in Figure 14.  

 

Figure 14. Distribution diagrams of the species present at the equilibrium over the course of the 

potentiometric titrations of H2suc (left) and H2glut (right) 1  10-3 M with standard NaOH in 

dioxane/water 20% v/v (T=25 °C). 

4.3.2 Spectrophotometric studies on [Cu2(L2)]4+ with dicarboxylates 

4.3.2.1 UV-vis. titrations of [Cu2(L2)]4+ in dioxane/water 20% v/v at pH 7 

The affinity of the new receptor [Cu2(L2)]4+ towards dicarboxylates was investigated through 

UV-vis. titrations. In particular, experiments on a series of anionic guests (reported in Table 4) 

were carried out in dioxane/water 20% v/v at pH 7 (0.025 M HEPES buffer, T = 25° C) because 

of the low solubility of the complex in pure water.  

Although the chosen medium shifts the full deprotonation of dicarboxylic acids to pH values > 

8, our titration studies (with the anions reported in Table 4) showed that the coordination of 

these polycarboxylates to the cage already occurs at neutral pH. In fact, the coordination of the 
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conjugated base to cage cavity and its interaction with the metal centers promote the complete 

deprotonation of the corresponding acids: stable 1:1 adducts are actually formed for most of the 

investigated guests (see Fig.s 16-22).  

Among the studied anions, the highest affinity was found for fum2– and suc2–. As expected, a 

decrease in affinity was observed for longer anions, such as glut2– (C5) and adi2– (C6). The 

affinity trend of [Cu2(L2)]4+ is rather similar to that observed for [Cu2(L1)]4+. Nonetheless, the 

selectivity seems to be lower for [Cu2(L2)]4+; this might be attributed to an effect of the ligand 

functionalization or of the different solvent medium employed for the studies.  

Table 4. Binding constants (as LogK11 values) obtained by UV-vis. titrations on [Cu2(L2)]4+ in 

dioxane/water solution 20% v/v, 0.025 M HEPES buffer at pH 7 (T=25 °C). Standard deviations are 

shown in parenthesis. n.a.: not available. 

Anionic guests LogK11 [Cu2(L2)]4+ 

fum2– 5.76(2) 

suc2– 5.60(3) 

isopht2– 4.98(4) 

glut2– 4.14(3) 

male2– 3.65(5) 

adi2– 3.47(1) 

ace2– n.a. 

α-keto2– n.a. 

 

Thanks to the similarity between the structures of L2 and L1 ligands, in particular in the 

coordination sphere around the Cu(II) ions in the complex, the spectral variations detected 

during the titration experiments of [Cu2(L2)]4+ are quite similar to those observed for the 

dicopper(II) complex of L1. In fact, in the absorption spectrum of [Cu2(L2)]4+, the band at 900 

nm and the shoulder at 700 nm typically indicate a trigonal bipyramid geometry for the two 

metal ions, with water molecules in the positions left free by the tren subunits. The variations 

of these bands, occurring under anion binding, are very similar to those found for [Cu2(L1)]4+ 

(see Fig.s 16-22).  

No single crystals of the inclusion complexes of [Cu2(L2)]4+ could be obtained, therefore we 

could not gain any structural information on the adducts from X-ray diffraction studies. The 
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formation of 1:1 adducts in solution was however confirmed in solution by HRMS-ESI 

analysis. In particular, the HRMS-ESI of an acetonitrile solution containing [Cu2(L2)]4+ and 1 

eqv. of Na2suc showed a peak at 796.4592 m/z, attributable to the double-charged 

[Cu2(L2)(suc)]2+ species (see Fig. 15).  

 

 

 

Figure 15. HRMS-ESI spectrum of a solution of [Cu2(L2)]4+ in CH3CN, containing 1 eqv. of  Na2suc.  

Up: zoom scan of the peak at 796.5492 m/z obtained from the experimental HRMS-ESI spectrum. 

Bottom: calculated spectrum of the adduct [Cu2(L2)(suc)]2+. 
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Figure 16. UV-vis. spectra taken upon titration of [Cu2(L2)]4+ (50 M) with a solution of H2suc (12.5 

mM) in dioxane/water 20% v/v at pH 7 (0.025 M HEPES buffer, path length: 10 cm). The solid and 

dashed black lines represent the spectra at 0 and 4 eqv. of the added anion, respectively. Inset: titration 

profile of  (i.e. Mol Abs) at 400 nm (triangles), superimposed to the distribution diagram of the species 

[Cu2(L2)]4+ (dashed line) and [Cu2(L2)(suc)]2+ (solid line) vs eqv. of the added guest, calculated for 

LogK11=5.60(3). 

 

Figure 17. UV-vis. spectra taken upon titration of [Cu2(L2)]4+ (50 M) with fumaric acid (12.5 mM) in 

dioxane/water 20% v/v at pH 7 (0.025 M HEPES buffer, path length 10 cm). The solid and dashed black 

lines represent the spectra at 0 and 4 eqv. of the added anion, respectively. Inset: titration profile of  

(i.e. Mol Abs) at 643 nm (triangles) superimposed to the distribution diagram of the species [Cu2(L2)]4+ 

(dashed line) and [Cu2(L2)(fum)]2+ (solid line) vs eqv. of the added guest, calculated for LogK11=5.76(2). 
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Figure 18. UV-vis. spectra taken upon titration of [Cu2(L2)]4+ (0.55 mM) with adipic acid (0.10 M) in 

dioxane/water 20% v/v at pH 7 (0.025 M HEPES buffer, path length 1 cm). The solid and dashed black 

lines represent the spectra at 0 and 7 eqv. of the added anion, respectively. Inset: titration profile of  

(i.e. Mol Abs) at 900 nm (triangles) superimposed to the distribution diagram of the species [Cu2(L2)]4+ 

(dashed line) and [Cu2(L2)(adi)]2+ (solid line) vs eqv. of the added guest, calculated for LogK11=3.47(1). 

 

Figure 19. UV-vis. spectra taken upon titration of [Cu2(L2)]4+ (0.20 mM) with glutaric acid (10 mM) 

in dioxane/water 20% v/v at pH 7 (0.025 M HEPES buffer, path length 1 cm). The solid and dashed 

black lines represent the spectra at 0 and 16 eqv. of the added anion, respectively. Inset: titration profile 

of  (i.e. Mol Abs) at 600 nm (triangles) superimposed to the distribution diagram of the species 

[Cu2(L2)]4+ (dashed line) and [Cu2(L2)(glut)]2+ (solid line) vs eqv. of the added guest, calculated for 

LogK11=4.14(3).  
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Figure 20. UV-vis. spectra taken upon titration of [Cu2(L2)]4+ (50 μM) with α-ketoglutaric acid (12.5 

mM) in dioxane/water 20% v/v at pH 7 (0.025 M HEPES buffer, path length 10 cm). The solid and 

dashed black lines represent the spectra at 0 and 4 eqv. of the added anion, respectively. Inset: titration 

profile of  (i.e. Mol Abs) at 660 nm (triangles) superimposed to the distribution diagram of the species 

[Cu2(L2)]4+ (dashed line) and [Cu2(L2)(α-keto)]2+ (solid line) vs eqv. of the added guest, calculated for 

LogK11=5.90(4). 

 

Figure 21. UV-vis. spectra taken upon titration of [Cu2(L2)]4+ (50 M) with isophthalate (as Na+ salt, 

12.5 mM) in dioxane/water 20% v/v at pH 7 (0.025 M HEPES buffer, path length 10 cm). The solid and 

dashed black lines represent the spectra at 0 and 5 eqv. of the added anion, respectively. Inset: titration 

profile of  (i.e. Mol Abs) at 880 nm (triangles) superimposed to the distribution diagram of the species 

[Cu2(L2)]4+ (dashed line) and [Cu2(L2)(isoph)]2+ (solid line) vs eqv. of the added guest, calculated for 

LogK11=4.98(4).  
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Figure 22. UV-vis. spectra taken upon titration of [Cu2(L2)]4+ (0.55 mM) with maleic acid (0.10 M) in 

dioxane/water 20% v/v at pH 7 (0.025 M HEPES buffer, path length 1 cm). The solid and dashed black 

lines represent the spectra at 0 and 5 eqv. of the added anion, respectively. Inset: titration profile of  

(i.e. Mol Abs) at 900 nm (triangles) superimposed to the distribution diagram of the species [Cu2(L2)]4+ 

(dashed line) and [Cu2(L2)(mal)]2+ (solid line) vs eqv. of the added guest, calculated for LogK11=3.65(5). 

4.3.2.2 UV-vis. titration of [Cu2(L2)]4+ with succinate in dichloromethane 

In summary, the functionalization of L1 allowed us to obtain a new lipophilic ligand, able to 

form stable dinuclear complex with Cu(II). Very importantly, the modification of the ligand 

framework on the spacers did not affect the coordination properties of the polyamine, and the 

obtained dicopper(II) complex [Cu2(L2)]4+ showed a high stability over a wide pH range and 

good anion binding properties towards dicarboxylates. Compared to [Cu2(L1)]4+,  [Cu2(L2)]4+ 

is highly soluble in pure organic solvents, therefore it can be promising as an extractant for 

polycarboxylates. Before performing liquid-liquid extraction experiments, we tested the affinity 

of the dicopper cryptate for the succinate anion (chosen as a model target guest) in a water-

immiscible solvent, i.e. dichloromethane. The experiment consisted in the UV-vis. titration of 

[Cu2(L2)]4+ with [TBA]2suc in the pure organic solvent. As shown by Figure 23, the titration 

experiment confirmed both the formation of a 1:1 receptor:anion adduct and the high affinity 

of the dicopper(II) complex for the investigated guest.  



116 
 

 

Figure 23. Family of UV-vis. spectra taken upon titration of [Cu2(L2)]4+ (30 M) with [TBA]2succinate 

(5 mM) in dichloromethane (path length 10 cm). The solid and dashed black lines represent the spectra 

at 0 and 2.2 eqv. of the added anion, respectively. Inset: titration profile of  (i.e. Mol Abs) at 650 nm 

(triangles) vs eqv. of the added anion. 

4.3.3 Extraction experiments 

4.3.3.1 UV-vis. spectrum of extracting solution 

Once the stability of [Cu2(L2)]4+ and its affinity for succinate were assessed in 

dichloromethane, liquid-liquid extraction experiments were carried out in batch. In a typical 

experiment, a glass vial was filled with 5 mL of a 0.20 mM solution of [Cu2(L2)]4+ in 

dichloromethane and this organic phase was kept in contact with 5 mL of a 1 mM solution of 

H2suc (i.e. 5 eqv. vs the dicopper complex) in 0.05 M HEPES buffer, at pH 7. The mixture was 

stirred for 20 minutes. After 10 minutes equilibration, the two phases were separated and 

analysed. A scheme of the extraction experiment is reported in Figure 24. 

The effective extraction of the succinate anion by the dicopper(II) complex was demonstrated 

by recording the UV-Vis. spectra of the organic phase before and after the extraction 

experiment. As shown in Figure 25, in the final UV-vis. spectrum of the organic phase (blue 

line), the d-d bands are significantly shifted towards higher energies. This shift is consisting 

with the complexation of the succinate anion by the dinuclear cage, the final spectrum actually 
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corresponds to that recorded over the course of the spectrophotometric titration of [Cu2(L2)]4+ 

with [TBA]2suc in the dichloromethane (see Fig. 23).  

 

Figure 24. Scheme of the extraction experiment in batch 

 

Figure 25. UV-vis. spectra of the solution of [Cu2(L2)]4+ (0.20 mM, path length = 1 cm) in 

dichloromethane before (green line) and after contact (blue line) with an aqueous solution of succinate 

(1.0 mM). 

4.3.3.2 HPLC-UV chromatographic analysis 

To obtain quantitative extraction data, HPLC-UV technique was applied to monitor the suc2– 

concentration in the aqueous phase, before and after the extraction experiments.  

First of all, the best conditions to perform HPLC-UV measurements were chosen through the 

analysis of standard solutions of the anion in neutral water (i.e. 0.05 M HEPES buffer at pH 7), 

prepared by dilution of a 1000 mg L-1 stock solution. Three independent five-point calibration 
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curves (an example is reported in Fig. 26) confirmed a good linearity (r2 > 0.9982) in the 25-

200 mg L-1 concentration range. The chromatographic peak relative to suc2– showed a retention 

time of 6.1 min (see the zoom inset in Fig. 27). 

 

Figure 26. Calibration curve obtained by plotting the recorded area of the signal relative to succinate 

(retention time: 6.1 min) vs the concentrations of the standard solutions in HEPES buffer (0.05 M, pH 

7).  

 

Figure 27. HPLC-UV chromatograms overlay of succinate standard solutions: 25 mg L-1 (violet line), 

50 mg L-1 (blue line), 100 mg L-1 (black line), 150 mg L-1 (red line). Succinate retention time: 6.1 min 

(peak zoom in the inset).   

After these preliminary investigations, quantitative extraction experiments were performed 

following the same conditions employed in the preliminary trails. In particular, a 0.20 mM 

solution of [Cu2(L2)]4+ in dichloromethane was stirred in contact with a 1.0 mM solution of 

H2suc in neutral water (0.05 M HEPES buffer at pH 7). After vigorously stirring for 20 minutes, 
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the solutions were equilibrated for 10 minutes, then were separated and the aqueous phase was 

analysed through HPLC-UV (see Fig. 24).  

Compared to the determination of succinate in the HEPES buffer (see Fig. 27), the 

chromatogram of the aqueous phase showed a tailed peak eluting after 4 min (see Fig. 28) that 

was attributed to DMSO. For this reason, it was necessary to build a second calibration curve 

using standard solutions of succinate in 0.05 M HEPES buffer, previously kept in contact with 

dichloromethane containing 2.2% v/v DMSO. The obtained calibration curve (an example is 

reported in Fig. 29) showed good linearity in the working concentration range (r2 > 0.9944) and 

allowed the quantification of the analyte in the same experimental conditions used for the 

extraction studies.  

 

Figure 28. HPLC-UV chromatograms overlay of a succinate sample (in 0.05 M HEPES buffer) after 

contact with dichloromethane containing the dicopper cryptate (black line) and after contact with 

dichloromethane (2.2% v/v DMSO, no cage) as control sample (red line). Succinate retention time: 6.1 

min (peak zoom in the inset).  

To evaluate the extraction efficiency, the percentage decrease of succinate concentration was 

quantified in the aqueous phase by the comparing the analyte chromatographic peak after the 

extraction (black line in Fig. 28) with that detected in the blank experiment (i.e. performed in 

the same conditions, but without dicopper(II) complex into the organic phase, see the red line 

in Fig. 28).  
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Figure 29. Calibration curve obtained by plotting the recorded area of the signal relative to succinate 

retention time: 6.1 min) vs the concentrations of the standard solutions in HEPES buffer (0.05 M, pH 7) 

kept in contact with the organic phase, following the setup of the extraction experiment.  

Seven independent extraction experiments were performed over non-consecutive days. For 

each repetition, the % extraction yield, calculated with respect to the initial concentration of 

suc2− in the aqueous phase, was determined. The obtained values are reported in the Table 5.  

Table 5. Results from the seven independent extraction experiments. The measured average extraction 

yield resulted to be 20  4% (n = 7,  0.05). 

Succinate concentration in 

the aqueous phase (mg L-1) 

 

Without azacryptate With azacryptate Extraction yield (%) 

142 101 28.4 

161 134 17.1 

143 113 20.9 

152 127 16.8 

119 91 24.2 

163 132 18.7 

154 128 16.7 

 

The average extraction yield resulted 20  4% (n = 7,  0.05). Considering that the 

concentration of [Cu2(L2)]4+ in dichloromethane is 0.20 mM and that the anion forms a 1:1 
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adduct with the cage, the obtained extraction yield (i.e. 20%, starting from a 1 mM aqueous 

solution of suc2–) is the maximum yield that can be obtained in the employed experimental 

conditions. This result indicates that a hydrophilic anion such as suc2– can be successfully 

extracted from water using the [Cu2(L2)]4+ complex, confirming what observed by UV-vis. 

spectroscopy (i.e. from the changes in the UV-vis. spectrum of [Cu2(L2)]4+ before and after 

extraction).  

It is important to remark that blank extraction experiments confirmed that suc2– is not 

significantly extracted into the organic phase without the cage. In fact, the evaporation of the 

organic phase, recovered from a blank experiment, and dissolution of the residue with 1 mL 

0.05 M HEPES gave an undetectable concentration of the analyte.  

4.3.3.3. 1H-NMR study 

The successful succinate extraction from water by [Cu2(L2)]4+ was also demonstrated through 

1H-NMR spectroscopy. The same extraction experiment setup used for HPLC-UV analyses was 

followed: 1.5 mL of a 1.044 mM solution of suc2– (1.57 mmol) in buffered D2O (0.05 M PBS, 

pH 7) was interfaced with 1.5 mL of a 0.42 mM solution (0.63 mmol) of [Cu2(L2)]4+ in 

dichloromethane. The mixture was vigorously stirred for 20 min, equilibrated for 10 min and 

finally separated and analysed. For the quantification of the succinate signal, glycine was 

employed as internal reference. Very interestingly, a 0.638 mM residual concentration of the 

anion in the D2O phase was obtained: 0.61 mmol of suc2– were hence extracted into the organic 

phase, leading to an extraction yield of 97% with respect to the complex. A blank experiment  

confirmed that the suc2– anion is not transferred into the organic phase without the assistance 

of the cage. The recorded 1H-NMR spectra of the D2O phase are reported in Figures 30-32.  
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Figure 30. 1H-NMR spectrum of a D2O solution of succinate (0.05 M PBS, pH 7) in presence of glycine 

as internal reference. The concentration of succinate was determined using the Topspin Eretic2 package 

(details are reported in the Experimental section). 

 

Figure 31. 1H-NMR spectrum of the D2O solution of succinate (0.05 M PBS, pH 7). The spectrum was 

recorded after stirring (10 min) the solution in contact with an equal volume of CH2Cl2 (6% DMSO). 

Internal reference: glycine. 
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Figure 32. 1H-NMR spectrum of the D2O solution of succinate (0.05 M PBS, pH 7). The spectrum was 

recorded after stirring (10 min) the solution in contact with an equal volume of a solution of the dicopper 

complex (0.42 mM) in CH2Cl2 (6% DMSO). Internal reference: glycine.  

4.4 Conclusions 

To conclude, a new lipophilic cryptand L2 was synthesized by appending hexyl chains on the 

naphthyl spacers of the cage L1. The dicopper(II) complex [Cu2(L2)]4+ showed a remarkable 

affinity for dicarboxylates in aqueous mixture. UV-vis. titrations pointed out i) the preference 

of  [Cu2(L2)]4+ for succinate and fumarate anions over the investigated dicarboxylate guests, ii) 

a lower degree of selectivity compared to the non-functionalized analogue complex 

[Cu2(L1)]4+.  

Thanks to the enhanced hydrophobicity, [Cu2(L2)]4+ resulted to be completely insoluble in pure 

water but soluble in dichloromethane, therefore we considered it suitable to be employed in the 

liquid-liquid extraction of target anions. For our extraction tests, we chose succinate as a model 

anion; the concentration of succinate into the aqueous phase was monitored before and after 

extractions through HPLC-UV and 1H-NMR analyses; while the formation of the 1:1 adduct 

[Cu2(L2)(suc)]2+ was confirmed by recording the UV-vis. spectra of the organic phase.  

Our experiments showed that [Cu2(L2)]4+ effectively extracts suc2– from neutral water, in 1:1 

[Cu2(L2)]4+:suc2– molar ratio. The successful result obtained with succinate opens perspectives 
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for the application of lipophilic dinuclear cryptates as selective extractants of polycharged 

anions from neutral water. 

The research described in this chapter was published in ACS Omega, 2020, 5, 41, 26573.  
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Supplementary information 

Characterization of L2 

HRMS-ESI spectra of L2 

 

Figure S1. HRMS-ESI spectrum of L2 in methanol. Peaks found at m/z 1350.0529 (+1), 675.5296 (+2) 

and 450.6889 (+3) are attributable to the species [M+H+], [M+2H+]2+, [M+3H+]3+. The corresponding 

calculated values for the formula C84H132N8O6 are 1350.0348, 675.5208 and 450.6829, respectively. 
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NMR spectra of L2  

 

Figure S2. 1H-NMR spectrum of L2 (10 mM) in d6-DMSO, recorded at 80°C and after the addition of 

aliquots of HNO3 (in D2O) to the solution. At room temperature and without acidification, the peaks 

were actually too large to allow a safe interpretation of the spectrum. Integrals are calculated on one 

portion of the molecule (see the sketch). 
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Figure S3. 1H-1H COSY spectrum of L2 in d6-DMSO (+ HNO3) recorded at 80°C. 

 

Figure S4. 1H-13C HSQC spectrum of L2 in d6-DMSO (+ HNO3) recorded at 80°C.  
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Figure S5. 13C-NMR of L2 in d6-DMSO recorded at 25°C. 
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