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1. Introduction 

1.1. Chemical Weapons 

According to the Chemical Weapons Convention (CWC, April 29th 1997), administered by 

the Organisation for the Prohibition of Chemical Weapons (OPCW), a chemical weapon is “Any 

chemical which through its chemical action on life processes can cause death, temporary 

incapacitation or permanent harm to humans or animals. Munitions and devices, specifically 

designed to cause death or other harm through the toxic properties of chemical weapons, are included 

in the same definition”.1 

 

The use of Chemical Warfare Agents (CWAs) during several conflicts can be retraced on very ancient 

times.2, 3,4 Over the centuries, the knowledge on toxic substances was related to crimes, politics and 

wars, leading to the development of more sophisticated Chemical Warfare Agents (CWAs).5  

Only the increased knowledge on toxic compounds and the expansion of industrial chemistry in the 

19th century, led to the possibility of mass production of chemical weapons in war.  

CWAs comprise different classes of compounds with diverse chemical and physicochemical 

properties and physiochemical effects.6, 7 For these reasons, CWA can be classified in different ways. 

On the basis of their chemical structure, they are differentiated as organophosphorus (OP), 

organosulfur and organo-fluorine compounds and arsenicals.  

Based on the physiological effects produced in the human body, CWAs can be classified as: 

• Nerve Agents (neurotoxic agents) 

• Vesicants (blistering agents) 

• Bloods agents (cyanogenic agents)  

• Choking agents (pulmonary agents)  

https://en.wikipedia.org/wiki/Organisation_for_the_Prohibition_of_Chemical_Weapons
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• Riot-control agents (tear gases)  

• Psychomimetic agents Toxins 

 

1.2. Organophosphorous Nerve Agents  

The modern use of toxic chemicals as weapons of mass destruction goes up to World War I (WWI, 

1914-1918), when German army initially used chlorine gas during the battle of Ypres (22nd April 

1915, Belgium). Later, the use of toxic chemicals in battle field  included choking gas phosgene, 

blistering agent sulfur mustard and vomiting agent adamsite. (Figure 1.1).8, 9 

 

 

Figure 1.1. Chemical structures of Phosgene, Adamsite and Sulfur Mustard. 

 

The years between World War I and II saw the development of a new generation of organophosphorus 

chemical warfare agents called Nerve Agents (NAs). This name is due to their neurotoxic effect in 

the human body, where they inhibit the enzyme acetylcholinesterase impeding the reuptake of 

acetylcholine neurotransmitter and causing cholinergic crisis.10 

In 1930s German scientists, with the aim to synthesise new organophosphorus (OP) pesticides, 

developed several pentavalent phosphorus derivatives.11, 12 Due to the very high toxicity of this 

compounds, they were classified as Chemical Weapons with the name of “G-agents” (G is for 

German) comprising sarin (GB), soman (GD), tabun (GA), and cyclosarin (GF) (Figure 1.2).13  
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Infamous uses of Sarin can be retraced to Iran-Iraq War (1980-1988), to the ongoing Syrian Civil 

War (2011-). 14-18 and to the terrorist attacks in the Tokyo Subway in 1995.19  

 

 

Figure 1.2. Chemical structures of “G” series Nerve Agents: Sarin(GB), Soman (GD), Tabun (GA) and 

Cyclosarin (GF) 

 

A similar research on pesticides carried out separately in Great Britain, Sweden and United States in 

1950’s, led to the introduction of a novel group of OP compounds bearing one P-S bond. One example 

is Amiton which was classified as a pesticide for a really short time before to find out its very high 

toxicity for humans. Alkylphosphonothiolate derivatives of Amiton were then synthesised for 

military purpose around 1960s as a new class of nerve agents called “V”-agents (where “V” means 

“venomous” type), VX, Russian-VX and Chinese-VX, really more potent than G-series (Figure 

1.3).20 Indeed, these sulfur-containing OP nerve agents are more stable, less volatile thus persist in 

the environment up to weeks after the deployment. Moreover, they are more lipophilic, acting through 

direct skin contact.  

Confirmed use of VX nerve agent occurred in the assassination at Kuala Lumpur International Airport 

in 2017 and in the terrorist attack by Aum Shinrikyo in Japan in 1994.21 
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Figure 1.3. Chemical structure of “V” series Nerve Agents. 

 

The latest class of neurotoxic agents derived from G-series and V-series, are A-series nerve agents, 

also known as Novichok and synthesised by Soviet Union during the end of Cold War.22  

The exact chemical structure of Novichok agents is still under investigation. However, it appears that 

Novichoks Nerve Agents were developed as binary agents, that are toxic compounds coming from 

the in situ reaction of less toxic precursors, at the time of the release. Figure 1.4 shows the most 

accredited structures.23, 24  

 

 

Figure 1.4. Possible chemical structures of “A” series Nerve Agents. 

 

 

Amiton
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1.3. Chemical and physical properties of OP Nerve Agents  

Nerve agents are derivatives of phosphoric or phosphonic acid containing a chiral pentavalent 

phosphorous atom bearing three different substituents (one of which is commonly a good leaving 

group) and a terminal oxygen linked through a double bond.20 For this reason, nerve agents exist as 

enantiomers with different affinity for the active site of the acetylcholinesterase enzyme in human 

body. As a consequence, toxicity levels of nerve agents are strongly influenced from chirality.25,26-28  

The different nature of the substituents on the pentavalent phosphorus atom affects the chemical and 

physicochemical properties of nerve agents and consequently, their activity and interaction with the 

human body and the environment.  

 

Table 1.1. Summary of physicochemical properties of some G an V series Nerve Agents.4, 29 

 

 

Almost all G and V series nerve agents are odorless liquid at their pure state. Water solubility is 

perfect for Sarin, while Soman is partially soluble in water. The more hydrophilic character of these 

compounds, lead to faster absorption by mucous, especially in the lungs. On the other hand, more 

lipophilic V-series Nerve Agents are more rapidly absorbed through skin contact.  

Above all, vapour pressure and volatility strongly influence the persistency in the environment, for 

this reason, less volatile compounds as VX show a higher persistency with respect the more volatile 



Introduction 

6 

 

Sarin. The structure and properties of OP nerve agents play a crucial role in their high toxicity and 

morbidity to humans.30, 31  

Table 1.2 Estimated Measures of Toxicity of Some Common Nerve Agents.29, 30 

  

 

Toxicity  levels of some OP nerve agents are summarised in Table 1.2. As can be seen, percutaneous  

LD50 (lethal dose necessary to kill 50% of the tested population) of the most common NA is in the 

milligram range. LC50 is similar to LD50, but give the lethal concentration for 50% of the tested 

population to the toxic compound in vapor phase. While LCt50 (concentration-time product) 

expresses the toxicity by inhalation. The IDLH is the concentration of toxin in air that is “immediately 

dangerous to life and health.”29 

 

1.4. Toxicity of OP Nerve Agents  

The high toxic effect of OP compounds in the human body is due to their fast inhibition of 

Acetylcholinesterase (AchE) enzyme in the human synapses, after breath or dermal exposure. As a 

consequence, the saturation of muscarinic and nicotinic receptors causes an accumulation of 

acetylcholine neurotransmitter, leading to a cholinergic crisis.  

The inhibition mechanism of AChE enzyme by OP compounds is similar to Acetylcholine hydrolysis 

performed by serine-histidine-glutamate catalytic triad.32 In a first step, nucleophilic serine attacks 

acetylcholine forming a intermediate which releases choline after a rearrangement. The subsequent 
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release of acetic acid catalysed by histidine and mediated by one molecule of water, restores the serine 

hydroxyl function (Scheme 1.1).33 

 

 

Scheme 1.1. Mechanism of acetylcholine hydrolysis by AChE. 

 

In the presence of an OP compound in the active site of AChE enzyme, the nucleophilic serine attacks 

the phosphate group forming a transition state which evolves in the phosphyl-enzyme derivative after 

the release of the leaving group. (Scheme 1.2) Despite the phosphyl-serine adduct is similar to the 

transition state of acetylcholine hydrolysis, serine hydroxyl function cannot be restored. For this 

reason, the spontaneous hydrolysis of phosphoryl enzyme is very slow (varying from hours, for “G” 

series nerve agents, to days moving to “V” type) and in competition with the formation of a very 

stable “aged” adduct, which do not get hydrolysed.34, 35 The aging half-times are 2-4 min for Soman, 

5 h for Sarin, 46 h for Tabun, and 48 h for VX.36 

Due to the strong inhibition of AchE enzyme and to the time-depending irreversibility of this process, 

oximes based reactivators of AchE were developed as antidotes to Nerve Agents exposure.37 
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Scheme 1.2. Mechanism of AChE inhibition by organophosphorus nerve agents, aging, and reactivation by 

oximes. 

 

2-pyridinium aldoxime (2-PAM; Figure 1.5) commercially known as pralidoxime, together with  

trimedoxime, obidoxime, and asoxime are the most used AChE reactivators. 38 The high affinity of 

the oxime group (=N-O-) for the phosphorous atom leads to the displacement of the phosphyl moiety, 

restoring the original serine function.  

 

Figure 1.5 Chemical structures of the main pyridinium aldoxime reactivators. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/pralidoxime
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/trimedoxime-bromide
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/obidoxime
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1.5. Nerve Agents Simulants  

Due to the high threat still posed by the use of nerve agents during conflicts and terrorist attacks many 

research efforts have been directed on experimentation on environmental impact, decontamination of 

equipment, development of detection devices, synthesis of AchE reactivators as antidotes, tracking 

of illegal stocks.39-43 Due to the high toxicity of OP chemical warfare agents, their direct employ for 

the above mentioned purposes is not feasible. Nerve agents are listed in the “Annex on Chemicals” 

of Chemical Weapons Convention (CWC) as “Schedule 1” substances, that are compounds with very 

limited peaceful uses. The use of this class of compounds would require proper infrastructure and 

equipment, restricting the number of groups involved in this research area.44  

Currently, common and successful practice to perform research in these fields is to use analogous 

compounds named “simulants”, with highly resembling structure to the real OP weapons but reduced 

toxicity.45 The final purpose is that the results obtained for model compounds can be related to how 

the real CWAs perform.  

Simulants are generally designed and synthesised in order to mimic the molecular structure and 

physicochemical properties of a target nerve agents, without its neurotoxic effects. Recently, chemical 

similarity search is also performed by means of cheminformatic tools.46 

Several derivatives have been synthesised as CWAs simulants. Indeed, individual compound could 

not completely represent all properties of a given CWA. The selection of an appropriate simulant 

must be made  considering the final intended use (biodegradation, detection studies, etc.). Thus, the 

chois of the CWA simulants to use, strongly  depends on the physical-chemical property of interest.47 

Figure 1.6 shows the main simulants for OP Nerve Agents.  
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Figure 1.6. Chemical structure of most commonly used OP simulant of “G” and “V” series Nerve Agents. 

 

In particular, the attention is focused on more diffused G series nerve agents. Several studies have 

identified many G series  Nerve Agents simulant with different applications. For instance, Diphenyl-

chlorophosphate (DPCP) has been used for studies on decontamination48 as well as Diisopropyl 

fluorophosphate (DIFP). This last is a Sarin surrogate, particularly used to simulate sarin in its 

interaction with AChE enzyme.45 O,O-dimethyl methylphosphonate (DMMP) and O,O-diethyl 

methylphosphonate (DEMP) have emerged as excellent surrogates for nerve agents of G-series (e.g., 

sarin, soman and cyclosarin). In particular, DMMP is widely employed for studies in the field of 

nerve agents detection in solution and gas phase, due to its similar structure, properties and behaviour 

with Sarin (GB) nerve agent, but reduced toxicity.49 Structural features contained in DMMP such as 

-P=O and -P-O bonds are important for the detection and other research purposes, affording a helpful 

model to successfully detect the real Sarin nerve agent (Figure 1.7).50  
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Figure 1.7 Chemical structure of Sarin and DMMP. Structure similarity are highlighted   

 

Very few simulants for V series nerve agents are reported. Amiton (VG) has been employed as 

simulant of VX.48 However, VG is hazardous itself. Organophosphorus pesticides have been 

occasionally used as simulants for VX nerve agent. 

 

1.6. Detection of OP Chemical Warfare Agents 

“Chemical Weapons Convention”, administered by the “Organization for the Prohibition of Chemical 

Weapons”(OPCW) and entered into force on 19th April 1997, outlawed the production, stockpiling 

and use of chemical weapons and their precursors and the destruction of all existing stocks. However, 

the possibility of chemical warfare production and use by rogue States or by terrorist groups is still a 

great concern, as demonstrated by recent international facts (i.e. Ghouta chemical attack, August 2013 

and Khan Shaykhun chemical attack on April 2017, during Syrian Civil War). For these reasons 

research efforts have been made for the development of adequate detection and monitoring systems 

for OP Nerve Agents.27, 51  

Several detection methods currently include 1HNMR spectroscopy52, mass spectrometry53 and gas 

chromatography, enzyme-based biosensors,54-56 chemiresistors57, 58 and microcantilever,59 and 

surface acoustic wave sensors.60 Despite these techniques are very sensitive, the expensive non-

portable equipment required is not easy to use in the real field and provide a slow non-selective 

https://en.wikipedia.org/wiki/Ghouta_chemical_attack
https://en.wikipedia.org/wiki/Khan_Shaykhun_chemical_attack
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response. The ongoing effort is oriented on the development of new methods for cheaper, easy to use, 

more selective, affordable sensing and monitoring technologies.  

A successful method is to use molecular receptors able to selectively respond to the presence of a 

specific analyte, giving a detectable signal due to the change of the initial properties (i.e. optical, 

electrochemical, gravimetric properties). This “bottom up” approach provides efficient devices 

designed at the molecular level warranting performances not attainable with classic “top down” 

method.61-63 

In particular, optical-based sensing undoubtedly represents a convenient detection method.64, 65 It 

consists to use a material able to show a change in its absorption or emission, by interaction with the 

CWA. Remarkable advantages of optical detection comprise low cost, easy handling equipment, real-

time control, fast and selective detection. In particular, fluorescence-based detection shows increased 

speed and sensitivity with respect to other optical techniques. 

Optical sensing provides the synthesis and application of molecular fluorescent chemosensors able to 

produce a physicochemical change upon the recognition of a specific analyte, in particular, a change 

in the fluorescence properties.63, 66 The architecture of a fluorescent chemosensor (or molecular 

probe) comprises two main components63: i) a receptor part able to interact with the selected analyte 

and a ii) signaling fluorophore. Sometimes these two parts are linked to each other through a spacer 

to form the final fluorescent molecular probe.63, 67 When analyte species binds to the receptor, a 

change in the photoluminescence (PL) intensity (“turn-on/turn-off) or PL colour (different emission 

wavelength) will occur in the fluorophore portion, due to different mechanisms, providing a 

measurable signal. The intramolecular interaction between the fluorophore and receptor moiety is 

essential for the design of these fluorescent probes. Signal mechanisms based on photophysical 

process, commonly used for this purpose, have been widely explored. i) Electron Transfer (ET): the 

most widely exploited ET mechanism for the design of fluorescent probes is the Photo-induced 

Electron Transfer (PET). Usually, PET effect provides a quenching of the emission of the 

fluorophore, which can be restored by the interaction of the receptor with the selected analyte. ii) 
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charge transfer (CT) mechanisms comprise intramolecular charge transfer (ICT), metal–ligand charge 

transfer (MLCT), and twisted intramolecular charge transfer (TICT). ICT-based fluorescent 

chemosensors normally show large stokes shift and analyte-recognition induces a shift in their 

emission wavelength. These mechanisms provide an effective strategy to obtain ratiometric probes. 

Diversely, MLCT charge transfer mechanism occurs from a ligand to a metal cation and is commonly 

observed in transition metal complexes. iii) Energy Transfer (ET) mechanisms include: Electronic 

Energy Transfer (EET) and Fluorescence Resonance Energy Transfer (FRET). This last ET 

mechanism takes place when the emission spectrum of the donor shows a certain overlap with the 

absorption spectrum of the acceptor.  

A wide number of other mechanisms have been developed for functional fluorescent chemosensors 

such as metal ion coordination inhibited excited-state intramolecular proton transfer (ESIPT) and 

aggregation-induced emission (AIE),68
 however PET, ICT and FRET are the most exploited in 

sensing field.63 

Several advances have been achieved in the field of fluorescent probes for Nerve Agents, obtaining 

sensitive systems suitable for detection application.64 These systems are mainly based on a “covalent 

approach”. 27, 62, 69 The covalent mechanism provides an irreversible reaction between the molecular 

probe and the selected Nerve Agent, leading to a measurable response.  

One of the first series of sensors presented by Swager and co-workers were shown to be sensitive 

towards Diisopropylfluorophosphate (DFP) simulant.70 Non-emissive indicator, covalently interacted 

with DFP leading to a positively charged cyclic derivative, which displayed strong fluorescence 

emission, due to the suppression of the initial PET quenching (Scheme 1.3). 
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Scheme 1.3. Schematic representation of the covalent mechanism of DFP detection by molecular receptor. 

 

Inspiring to similar processes, a wide number of molecular probes prevalently based on 

luminescence/colorimetric response were reported over the years.71, 72 Recently, Chen et al. worked 

on a fluorescent probe for another simulant Diethylcianophosphonate (DECP), where a weakly 

fluorescent oxime-benzothiazole derivative, covalently interact with the simulant.73 The phosphor-

ester adduct undergoes to intramolecular reaction, leading to an emissive nitrile containing product, 

thus giving a detectable response in the presence of OP analyte (Scheme 1.4). 

 

 

Scheme 1.4. Detection mechanism by covalent reaction between molecular probe and DECP simulant. 

 

The limits of this approach include single detection for each sensor (the sensor can’t be recovered 

after the first exposure to the Nerve Agent), and low specificity towards the selected analyte, due to 

the nature of the interactions involved, with the related risk of false positive responses.74  
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1.7. The Supramolecular Approach 

Molecular receptors represent the fundamental components of the final detection and monitoring 

device.27 In particular, organic synthesis allows to obtain almost unlimited molecular architectures 

with tunable geometries and properties.  

With the aim to selectively detect a target analyte and give a measurable response, the possibility to 

include specific functions in a molecular structure is an advantage of great interest for the realization 

of molecular sensors for Nerve Agents.  

Contrary to covalent approach, the supramolecular method provides non-covalent reversible 

interactions (i.e. hydrogen bonds, π-π interaction, hydrophobic effect etc.) between the receptor 

(Host) and the selected analyte (Guest), leading to reusable detection.75 

Moreover, in the field of supramolecular chemistry, there is an increasing interest on the Multivalency 

concept: the simultaneous involvement of several interaction sites of the Host, complementary to the 

interaction sites of the Guest (multitopic approach).76 Multi-topic recognition is of fundamental 

importance for biological processes, providing  strong, but also reversible chemical interactions 

between two molecular entities (i.e. enzyme and substrate).77, 78 For these reasons this bio-inspired 

method represent a successful approach. 

In addition, “lock and the key” principle of supramolecular chemistry, warrants complementary 

geometry size and shape between Host and Guest. As a consequence, high selectivity can be achieved 

reducing the possibility of false positive detection, due to the common interferent analytes present in 

the environment. 

While chemical and physical properties of OP nerve agents are well known, their supramolecular 

features are still under development. The understanding of non-covalent interactions of CWAs with 

synthetic hosts, of course, would provide new functional detection systems.  
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In addition, the application of multitopic host-guest (H-G) recognition would provide high affinity 

and selectivity of detection with respect to existing methods. Therefore, the study of the structure and 

all possible non-covalent interaction sites of Nerve Agents and their simulants, is useful for the design 

of supramolecular probes with complementary functionalities. 

Focusing on G series Nerve Agents and consequently to their simulants, main available sites for non-

covalent interaction are the phosphate (P=O) group and the alkyl side chain. Lone pairs on P=O group 

make it suitable for hydrogen bond interaction (with donors such as amide, hydroxyl, carboxylic 

groups) as well as coordination to Lewis Acid Metal centre in transition metal complexes (M---O=P 

or D-H---O=P) (Figure 1.8). The alkyl side chain of these class of OP compounds is available for 

encapsulation within the inclusion in the hydrophobic cavity of a synthetic macrocycle.  

Other substituents present in the OP compound may give additional stabilising interactions like P-

methyl group via weak CH-π interactions or through the potential hydrogen bond accepting P–X 

group.79 

 

 

 

Figure 1.8 Schematic representation of possible non-covalent interaction sites of Nerve Agents.79  
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To date, only few examples of supramolecular probes for Nerve Agents simulants detection are 

reported and the recognition is mainly based on a mono-topic approach.79Among these, very few 

receptors are based on optical sensing.  

One of the first supramolecular synthetic Host for OP CWAs are cyclodextrins (CD) macrocycles. 

Cyclodextrins are cyclic oligosaccharides, commonly bearing 6,7 or 8 D-glucopyranoside units hold 

together by 1-4 glycosidic bonds. Their structure results in a hydrophobic cavity suitable for non-

polar guest encapsulation, while the presence of hydroxyl groups leads to solubility in aqueous media. 

For these reasons, CDs are widely used as a supramolecular host and drug carrier.80 CWA detection 

using CDs is mainly driven by encapsulation within the hydrophobic cavity, with additional hydrogen 

bonds formation. Despite the remarkable progress in supramolecular behaviour of OP nerve agents, 

due to this pioneering studies, low binding affinity was observed for H-G complex formation between 

CD and organophosphates.81, 82 

Other examples of non-covalent recognition of CWAs simulants include cavitand hosts that grant 

hydrophobic inclusion and hydrogen bonds to the guest. In the last years, Badjić and co-workers 

reported on the supramolecular recognition of OPs using the molecular basket as hydrophobic host, 

obtaining recognition for the OPs via hydrophobic effect.83 The recognition in solution was followed 

observing the perturbation of 1HNMR resonance, upon addition of NA simulant to the cavitand host, 

which confirmed the formation of CH-π interaction.  

Due to the remarkable hydrogen bond accepting ability of the phosphoryl (P=O) group, detection of 

CWA exploiting hydrogen bond donor hosts has been exploited by Gale and co-workers, including 

several amide functions in the molecular probe, obtaining hydrogen bond-dependent gel formation 

for the detection and degradation of G series nerve agent.84, 85 A similar approach was used by 

Martinez-Manez.86 (Figure 1.8). Amide groups were included in hosts structure, following the 

hydrogen bond driven recognition of OP compound, by 1HNMR spectroscopy observing association 

constant of 47 M-1.  
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Figure 1.8. OP Nerve Agent recognition via hydrogen bonds formation.86 

 

An emerging approach for non-covalent recognition of P=O group is the formation of coordinative 

bond with Lewis acid metal centre. Commonly, Lantanides or transition metals are exploited to this 

purpose.87 Examples of supramolecular detection of OP compounds through metal coordination 

interaction, usually involve a metal centre included into a synthetic organic scaffold.  

Knapton et al. studied the formation of phosphoryl- lantanide coordination bonds with the consequent 

disruption of the antenna effect.88 In particular, strongly emissive organic dyes containing pyridine 

moiety such as Mebip derivatives, show quenched fluorescence intensity when Ln3+ ions (La3+and 

Eu3+) are coordinated. Only the weak emission due to the metal centre can be detected (hv2 in Fig 

1.9a). In the presence of the OP compound, the formation of P=O---Ln3+ interaction sequestrates the 

metal centre from the organic ligand, recovering the strong emission of the dyes (Figure 1.9a). This 

and other similar interesting studies demonstrate the feasibility of metal coordination for NA sensing, 

however, the affinity and specificity of the recognition process has to be improved. 

An interesting study has been proposed by Atwood and co-workers who used a Salen-aluminium 

complex as a probe for the Sarin and Soman Lewis base nerve agents in aqueous solution, studying 

recognition by ESI-MS experiments, a peak relative to host-guest complex was observed.89 Salen 

(N,N-bis(salicylidene)ethylenediamine) derivatives, are organic ligands with remarkable affinity for 

metal centre. Metal-Salen complexes are indeed highly stable, and they are widely used for many 

application in catalysis and sensing fields.90, 91 Recently, new Uranyl-Salen complexes have been 

reported for detection of DMMP simulant of Nerve Agents.92 The recognition is driven by the 

interaction of phosphoryl group of guest with the available coordination sites of the metal centre. 
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Recognition properties were studied in solution trough UV-Vis spectroscopy, observing one of the 

highest affinity (log K = 4.35) (Figure 1.9 b, c). 

 

 

 

Figure 1.9. a) Lantanide-phosphoryl coordination driven recognition of OP compound.88 b) Uranyl-Salen 

complex exploited for metal coordination detection of DMMP and c) relative proposed mechanism.92 

 

These examples demonstrate an increasing interest in the development of supramolecular probes for 

Nerve Agents. However, affinity and selectivity of these systems need be improved by means of a 

novel approach able to increase the specificity of the host molecule towards the selected OP guest 

and the affinity binding constant associated to the recognition process. Moreover, most of the 

techniques used to follow the recognition event,  present limitations in terms of speed of the response 

and sensitivity achievable.  
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1.8. Aim and Outlook of the Thesis  

Although the overview provided demonstrates an increasing interest in the field of supramolecular 

receptors for nerve agents, the development of supramolecular systems able to detect NA in trace 

concentration and with high selectivity, still remains a challenge.  

The work reported in this thesis aimed to develop new supramolecular synthetic hosts for fast, 

selective and sensitive detection of NA simulants. In particular, a new multitopic approach was 

evaluated for the first time in the field of NA detection. This method provides a careful design of new 

supramolecular probes bearing several non-covalent interaction sites, taking into account the structure 

and properties of the selected nerve agent simulant (guest). This bio-inspired approach, aim to mimic 

Nature strategy in the process of the extremely selective enzymatic recognition of the substrates. 

Non-covalent interaction sites were placed in the right position and distance, in order to have hosts 

complementary to the guest. The simultaneous involvement of several non-covalent interaction sites 

of host and guest at the same time, led to extreme affinity and selectivity, eliminating the possibility 

of false positive response.  

In order to study the recognition, fluorescent scaffolds were employed as the transducer, with the 

advantage to have fast, easily detectable response with such a sensitive technique. Observing the 

change in the emission of the hosts upon addition of an increasing amount of guest, was possible to 

establish the affinity binding constants.  

To elucidate the geometry of the H-G complexes 2D NMR experiments were performed, shading 

more light on the supramolecular behaviour of NA simulants.   

The selectivity was tested also in the presence of interferent analytes, to confirm the exclusive 

preference of the host for the intended guest. 

The practical test strips for fast sensing and monitoring of NA gas in the environment were performed. 
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Chapter 2: Metal-Salen complexes, recently emerged as useful sensing tools, were exploited as metal-

organic derivatives able to change their luminescence properties after the interaction with a guest. 

The ease of synthesis enabled to functionalise the fluorophore scaffold, introducing multiple 

interaction sites for the recognition of DMMP guest. After an accurate analysis of DMMP geometry 

and possible interaction sites, the design of the receptors and the synthesis were performed. The 

affinity of the H-G complex and its geometry were deeply explored. 

 

Chapter 3: Three fluorescent receptors based on Zn-Salen oligomeric chains with different lengths, 

were synthesised for the first time using a one-pot reaction. The additivity effect deriving from 

multiple individual binding sites covalently linked to each other, was tested toward the detection of 

DMMP simulant of Sarin. The effect of the chain lengths on the recognition affinity and selectivity 

was analysed. 

 

Chapter 4: Highly fluorescent Naphtyl derivatives were functionalised with one or two chelating 

chains to selectively detect DMMP in solution via multiple hydrogen bonds. The geometry of the 

supramolecular complex were elucidated with 2D-NMR experiments and practical test for real 

application were performed for the detection of NA in gas phase. 

 

Chapter 5: Detection of V series NA simulant were evaluated. Phosphocholine was used as V series 

nerve agents simulant and an enzyme inspired supramolecular fluorescent host was carefully designed 

and synthesised exploiting cavitand macrocycle and metal-salen complex. Recognition properties, 

studied by means of fluorescence titrations, confirmed the predicted high affinity and the extreme 

selectivity toward phosphocholine. 
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2.1. Introduction 

Nerve Agents (NAs) are the most toxic known organophosphorus (OP) derivatives illegally used as 

weapons of mass destruction during conflicts or terrorist attacks.1 The effect of NA on the human 

body after breath exposure or skin absorption, is the irreversible inhibition of the enzyme 

acetylcholinesterase, with a consequent cholinergic crisis.2 In this context, research efforts aim to 

develop new detection and monitoring systems to detect NA in the environment and help to identify 

illegally existing stocks.  

As already mentioned, the detection and monitoring of nerve agents today involves two different 

approaches based on the interactions exploited: i) covalent approach and ii) supramolecular approach. 

The first method involves a covalent reaction of the receptor with the phosphorus atom of NAs, 

leading to non-reusable sensors and low selectivity with the possibility of false positive responses.1, 3 

Otherwise, the less studied supramolecular approach provides non-covalent reversible interactions 

between the receptor (Host) and the target analyte (Guest), affording reusable sensors. Besides, 

several non-covalent recognition sites at the same time can be involved, with a huge increase of the 

affinity and selectivity, avoiding the possibility of false-positive response.4 

To date, only few examples of non-covalent recognition of Chemical Warfare Agents (CWA) have 

been reported, and the detection mechanism is based on a monotopic approach. These receptors are 

mainly represented by gels and synthetic macrocycles that interact with the nerve agent by hydrogen 

bonds5-9 or hydrophobic effects,10-14 respectively. Moreover, Lewis acid–base interaction between a 

metal centre and the P=O group has been demonstrated to give high-affinity interaction to detect 

CWA.15, 16 Research in this filed is conducted by using simulant compounds, able to mimic structure 

and properties of the real nerve agents. Dimethylmethylphosphonate has emerged as one of the best 

NA simulants, especially for “G” series, such as Sarin and Tabun.17, 18 The high structural resemble 

between Sarin and DMMP, made this last simulant the most exploited for studies on detection of G 

series nerve agents.19 
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DMMP structure was carefully analysed in order to design new receptors able to selectively recognise 

very low concentration of DMMP giving a detectable response. The purpose was to mimic the enzyme 

recognition mode of the substrates, involving several interaction sites at the same time to reach high 

affinity and selectivity. To this aim, Metal-Salen complexes were employed to place proper functional 

groups in a fluorescent scaffold at the right position to maximize the interaction with DMMP guest.  

Metal-Salen complexes derive from the interaction between Salen ligand (Shiff base) and a metal ion. 

The complete name of Salen is N,N-bis(salicylidene)ethylenediamine (Figure 2.1). Many advantages 

such as ease of synthesis and coordination chemistry, made this class of compounds widely employed 

in many fields.20 Salen ligands can be easily obtained from cheap starting compounds, via 

condensation of a diamine with two equivalents of salicylaldehyde derivative.21The rigidity and 

length of the diamine bridge and the nature of the salicylaldehyde starting precursors, can affect the 

geometry and the chemical properties of the final ligand, as well as the coordination chemistry. 

Indeed, thanks to the N2O2 moiety the formation of relatively stable Metal-Salen complexes with 

transition metals takes place, leading to a variety of geometry and chemical features. 

 

 

Figure 2.1. Schematic representation of (a) preparation of the salen ligand, (b) formation of the [M(salen)]-

type complexes (M = transition metal). 
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[M(Salen)] complexes with a wide variety of structures, electronic and geometric features can be 

obtained, by using differently substituted aldehydes, amines and specific metals. For these reasons, i) 

accessible and inexpensive synthesis ii) variety of tuneable geometry and properties, [M(Salen)] 

complexes currently find large application in several important fields such as heterogeneous 

catalysis,20, 22 medicine,23, 24 chemical and biological sensors25-29 and sustainable energy.30-32 

Inspiring to recent work where Uranyl-Salen complex was used for detection of NAs mimic,33  here 

are reported new metal–Salen receptors (Figure 2.2), able to recognise DMMP guest in a hetero-

multitopic way.  

 

Figure 2.2 Schematic representation of receptors: a) UO2-3OH; b) Zn-5tBut; c) Zn-3OH and d) DMMP 

evaluation of possible interaction sites. 

 

In particular, UO2-3OH (uranyl-salen-3OH) exploits (i) Lewis acid–base interaction (as driving 

force) between the uranyl metal centre and P=O and (ii) the formation of two hydrogen bonds between 

the OH groups of the salen backbone and the –OCH3 groups of the guest. In order to have a 

luminescence response after the recognition, the uranyl ion, well known to cause the quenching of 

the emission properties, was replaced with zinc(II) (Zn-5tBut and Zn-3OH, Zn-salen-5tBut and Zn-

salen-3OH, respectively). Indeed, recently has been reported the ability of some fluorescent Zn-salen 

complexes to efficiently recognise Lewis-base species, similarly to the uranyl-complex analogue.34 

Zn-5tBut was tested as a mono-topic receptor in order to validate DMMP recognition by a Zn-salen 
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host, and Zn-3OH was synthesised, similarly to UO2-3OH, as a multi-topic receptor with 

fluorescence properties. 

 

2.2. Results and Discussion 

Design of new receptors for DMMP was conducted exploiting a Biomimetic approach, in order to 

obtain an enzyme-like recognition. This represents an innovative approach in the field of NA 

detection and provides a multi-topic way for the recognition of the selected guest, leading to an 

increase of selectivity. Figure 2.2 d shows the possible interaction sites of DMMP guest. Uranyl ion 

has a square based bipyramidal coordination geometry. The phosphate group of the simulant occupy 

the fifth available equatorial site giving rise to a Lewis acid-base interaction which is the driving force 

of the Host-Guest interaction.33 The hydroxyl groups in 3,3’ position of the salen backbone should 

lead to the formation of additional hydrogen bonds with -O-CH3 group of the guest, as proposed in 

Figure 2.3 a. 

Synthesis of UO2-3OH was performed following a procedure previously reported (Scheme 2.1).35  

In the first step, Salen Ligand-3OH was obtained by the condensation of two equivalents of 2,3-

dihydroxybenzaldehyde with (1R,2R)- 1,2-diphenylethane-1,2-diamine in absolute ethanol at room 

temperature. After 24h, Salen Ligand-3OH was isolated and characterised by NMR and ESI-MS 

(see Exp. Details Fig. 2.8, 2.9). Subsequent treatment of Salen-Ligand-3-OH with uranyl acetate 

salt, in absolute ethanol at reflux for 18h, led to UO2-3OH. 

 



Chapter 2 

31 

 

 

Scheme 2.1. Synthetic pathway of UO2-3OH (a) and Zn-3OH (b) 

 

UV-Vis spectrum of UO2-3OH performed in chloroform, presents two absorption bands at 302 nm 

(ɛ = 13464 cm-1M-1) and at 436 nm (ɛ = 3458 cm-1M-1) (see Experimental Details Fig. 2.17) 

Recognition properties were studied by NMR and UV-Vis experiments. In particular, 1HNMR signals 

relative to -OCH3 and P-CH3 protons of DMMP show a progressive downfield shift during the 

titration between UO2-3OH and DMMP, according to the formation of hydrogen bond (Figure 2.3 

b-c). In addition, in the presence of DMMP, imine protons signals of the receptor undergo a downfield 

shift, suggesting the coordination of P=O to the metal.  

The recognition properties were also evaluated by UV-Vis titrations in chloroform. Both absorption 

bands show a monotonic, hypochromic effect upon the progressive addition of DMMP (0-9 

equivalents) (Figure 2.3 d). Job’s plot (see Experimental Details Fig. 2.18) suggests the formation of 

1:1 host–guest supramolecular complex, with a binding constant value of logK 4.93. Notably, the 

introduction of -OH groups in the 3-3’ positions of the receptor resulted in a 4-fold increase of the 
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binding constant value compared with our first uranyl receptor that lacks OH groups (logK = 4.35), 

thus confirming the importance of their presence to experience hydrogen bonds.  

 

 

Figure 2.3 . a) Supramolecular complex between UO2-3OH and DMMP; (b) and (c) chemical shift variation 

of signals relative to DMMP (CDCl3, [DMMP] = 1 x 10-3 M, UO2-3OH additions were in the 0-9 

equivalent range); (d) UV-Vis titration of UO2-3OH with DMMP (CHCl3, [UO2-3OH] = 1 x 10-5 M, 

DMMP additions were in the 0-9 equivalent range).  

 

As explained above, the presence of the uranyl ion limits the optical application, often used in 

practical devices, mainly because the emission of the uranyl-host ligand is quenched by the uranyl 

ion itself and this precludes the molecular recognition by photoluminescence (PL) techniques. In this 

context, has been demonstrated that replacement of the uranyl ion with the zinc(II) ion leads to a 

Lewis-acid host having similar recognition properties to the uranyl receptor.34 In addition, the 

presence of Zinc ion permits to follow the binding with fluorescence spectroscopy. Hence Zn-5tBut 

(Figure 1.2 b) was tested as a convenient host for DMMP and its recognition properties were 

evaluated by the fluorescence emission technique (see Exp. Details Fig. 2.19a). Upon addition of an 

increasing amount of DMMP, a quenching of the Zn-5tBut emission was observed, with a calculated 
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binding constant value of log K = 4.33 for a 1 : 1 stoichiometry, as confirmed by the related Job’s 

plot (see Experimental Details Fig. 2.19b). 

Although Zinc ion has a square based pyramidal coordination geometry, the use of this metal centre 

in salen complex, leads to efficient recognition system, perfectly comparable with the corresponding 

uranyl-salen complexes, with the advantage to use such a sensitive technique as fluorescence, to study 

the recognition. The comparison of affinity constant values of uranyl and zinc receptors for DMMP 

(logK 4.35 vs 4.33, respectively) confirm the possibility to use zinc-salen receptors for the 

supramolecular recognition of CWAs simulant.  

Once demonstrated the good recognition properties of Zn-salen receptors, multi-topic approach was 

applied with the design and synthesis of Zn-3OH complex (Figure 1.2 c). The affinity towards 

DMMP was evaluated by UV-Vis and fluorescence titrations, the geometry of the supramolecular 

complex was investigated using two-dimensional NMR technique. The synthesis consisted in the 

reaction of Salen-Ligand-3-OH (Scheme 2.1 b) and zinc acetate in ethanol. Zn-3-OH was isolated 

in high yield and characterised by 1HNMR, 13CNMR and ESI-MS observing a peak at m/z 537.0 

ascribed to  [M+Na]+ specie (Experimental Details Fig. 2.15) 

The UV-Vis spectrum of Zn-3OH shows two main bands, at 286.1 ( = 32 300) and 378.6 nm ( = 

10 200), respectively (see Experimental Details Fig. 2.21). Upon progressive addition of DMMP, an 

increase of the band intensity at 286.1 nm and a simultaneous slight decrease of the band intensity at 

378.6 nm were observed, with an isosbestic point at 362.7 nm (Figure 2.4)  
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Figure 2.4 UV-Vis titration between Zn-3OH and DMMP (DMSO, [Zn-3OH] = 1 x 10-5 M, DMMP 

additions were in the 0-6 equivalent range).  

 

Emission spectra of Zn-3OH were recorded using two different excitation wavelengths, 290 and 380 

nm. In the first case (ex = 290 nm) two emission bands centred at 340 and 505 nm were detected, 

while using ex = 380 nm, two emission bands at 430 and 505 nm, relative to n - π* and π - π * 

radiative decay, respectively,36 were observed (Exp. Details Figure 2.22). Therefore, detection of 

DMMP by PL can be explored using these two different channels (dual-mode), thus reducing the 

possibility of external interference or false-positive responses. Indeed, the emission of Zn-3OH upon 

DMMP addition using ex = 380 nm shows a progressive increase of the emission band at 430 nm 

(Fig. 2.5 a), thus indicating a turn-on fluorescence sensing mechanism. Similar experiments 

performed using ex = 290 nm resulted in a strong increase of the emission band at 340 nm, with a 

slight quenching of the band at 505 nm (Fig. 2.5 b). These changes in emission are probably due to 

the static process. Indeed, the formation of a host–guest complex in the ground state, with no UV-Vis 

irradiation, was demonstrated by NMR measurements.37 Both excitation channels demonstrate a 

ratiometric behavior of Zn-3OH towards DMMP.38, 39 

Was also noted that the DMMP emission spectrum using ex = 290 nm shows a band centred at 340 

nm (Exp. Section Fig 2.24). However, the presence of Zn-3OH receptor leads to an amplification of 
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the DMMP emission, probably due to the increase of rigidity of the guest structure upon the 

complexation with the host. Indeed, the formation of the supramolecular complex, and in particular 

the Lewis Acid-Base interaction and the two hydrogen bonds, leads to a locked structure of DMMP, 

and a consequent increase of its emission properties. In this way, the molecular detection of DMMP 

using Zn-3OH can be monitored either using the receptor excitation channel (λex = 380 nm) and the 

DMMP excitation channel (λex = 290 nm) (Figure 2.5). 

 

 

Figure 2.5 Emission spectra of Zn-3OH upon addition of DMMP using (a) λex = 380 nm and (b) λex = 290 

nm. The inset of (b) shows the emission intensity of the host (I), corrected for the contribution of DMMP (I0) 

(experiments were carried out in dry DMSO, [Zn-3OH] = 1 10-5 M). 

 

The binding constant value for the Zn-3OH - DMMP complex, determined using HypSpec software, 

is logK = 5.04, 5-fold higher than that found for the corresponding Zn-5tBut. As already observed 

for uranyl complexes, also in this case the presence of OH groups in the salen moiety, leads to a 

higher affinity towards DMMP. This binding constant value is, to the best of our knowledge, the 

highest reported in literature for DMMP recognition.  

In addition, selectivity and competition experiments were carried out to highlight the crucial role of 

the OH groups. In particular, into a solution of Zn-3OH (1 x 10-5 M in dry DMSO) atmospheric air 

(real condition, in which 24000 ppm of water, 400 ppm CO2, 5 ppm NO, and 10 ppm CO were 

present) was bubbled for 10 min. Fluorescence spectra of Zn-3OH before and after air bubbling were 
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superimposable (Figure 2.6, red and blue line, respectively), instead, after the addition of DMMP, a 

fluorescence emission increase was observed (black line in Figure 2.6). 

 

 

Figure 2.6. Selectivity tests: emission spectra λex 380 nm of Zn-3OH (red line, 1 x 10-5 M in DMSO), Zn-

3OH after 10 minutes of air bubbling (blue line), Zn-3OH after 10 minutes of air bubbling and 5eq. of 

DMMP (black line).  

 

The formation of the supramolecular complex between Zn-3OH and DMMP, and its relative 

geometry, have also been investigated by 2D NMR experiments. In particular, the TROESY spectrum 

of the 1 : 1 host : guest complex (1 10-3 M in DMSO-d6) shows ROE contacts between the –OCH3 

and –CH3 signals of DMMP (3.6 and 1.5 ppm, respectively) and the signals of the aromatic protons 

of the receptor (ca. 7.4 ppm) (Figure 2.7). These ROE contacts are indicative of a geometry where 

DMMP is ‘‘non-covalently bound’’ to the receptor by three binding sites: the Zn metal centre interacts 

with P=O and the –OH groups form hydrogen bonds with phosphodiesteric oxygens (inset of Fig. 

2.7). Indeed, the distance between the –OH groups in  3–3’ positions is around 6 Å; thus DMMP can 

be accommodated and stabilised in the pocket around the metal centre.  
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Figure 2.7 Selected regions of the TROESY spectrum of a solution containing Zn-3OH andDMMP in 

equimolar concentrations (1x 10-3 M inDMSO-d6). The inset shows the minimized structure (force field 

MM+) of the supramolecular complex, highlighting the functional groups involved in the ROE contacts. 

 

2.3. Conclusion  

In conclusion, in this study is reported on the first example of receptors able to efficiently recognise 

DMMP via multi-topic non-covalent interactions. The presence of hydroxyl groups in the 3–3’ 

positions of the salen backbone of the receptors, was demonstrated to be essential for the formation 

of supramolecular complexes having a higher binding affinity towards DMMP. The binding constant 

values of receptors containing –OH groups are 4–5 fold higher than those of the corresponding 

receptors without –OH groups. Notably, the binding constant value calculated for Zn-3OH–DMMP 

is the highest reported in the literature. In addition, the importance of –OH groups in the scaffold of 

the receptors is confirmed also by selectivity experiments. Furthermore, the possibility of detecting 

DMMP using a dual-mode excitation wavelength with Zn-3OH  further eliminates the possibility of 

false-positive response. 2D NMR experiments confirm the formation of the supramolecular complex 
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in which hydrogen bonds are involved. These receptors pave the way for the realization of a new 

class of supramolecular sensors for the recognition of CWA simulants. 

 

2.4. Experimental Details  

General experimental methods. The NMR experiments were carried out at 27° C on a Varian UNITY 

Inova 500 MHz spectrometer (1H at 499.88 MHz, 13C NMR at 125.7 MHz) equipped with pulse field 

gradient module (Z axis) and a tunable 5 mm Varian inverse detection probe (ID-PFG). ESI mass 

spectra were acquired on a ES-MS Thermo-Finnigan LCQ-DECA using MeOH (positive or negative 

ion mode). A JASCO V-560 UV-Vis spectrophotometer equipped with a 1 cm path-length cell was 

used for the UV-Vis measurements. Luminescence measurements were carried out using a Cary 

Eclipse Fluorescence spectrophotometer with resolution of 0.5 nm, at room temperature. The 

emission was recorded at 90° with respect to the exciting line beam using 10:10 slit-widths for all 

measurements. All chemicals were reagent grade and were used without further purification. 3D 

minimized structure reported in the manuscript were obtained using HyperChem v8.0.7, MM+ force 

field. 

Procedure for 1H NMR titrations. Two mother solutions of host and guest (7.0 × 10-3 M) in CDCl3 

were prepared. From these, different solutions with different ratio host/guest were prepared as 

reported below, and 1H NMR spectra were recorded at 25 °C. 

Procedure for UV-Vis and fluorescence titrations. Two mother solutions of  host and guest (1.0 × 10-

3 M) in dry solvent were prepared. From these, different solutions with different ratio receptor/guest 

were prepared as reported below, and UV-Vis or emission spectra were recorded at 25 °C. In the UV-

Vis titration using dry CHCl3 of UO2-3OH with DMMP, 302.5 nm and 436.1 nm were monitored to 

calculate binding constant value. Fluorescence titration with Zn-5tBut was carried out using λex = 

375 nm in dry DMSO,  recording at λem = 474 nm at 25 °C. Fluorescence titration of Zn-3OH and 
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DMMP was carried out in dry DMSO, using λex = 290 and λem 340/505 nm, and  λex = 380 and λem 

430/505 nm, at 25°C. With this data treatment, the apparent binding affinities of receptors with 

DMMP were estimated using HypSpec (version 1.1.33), a software designed to extract equilibrium 

constants from potentiometric and/or spectrophotometric titration data. HypSpec starts with an 

assumed complex formation scheme and uses a least-squares approach to derive the spectra of the 

complexes and the stability constants. 2 test (chi-square) was applied, where the residuals follow a 

normal distribution (for a distribution approximately normal, the 2 test value is around 12 or less). 

In all of the cases, 2  10 were found, as obtained by 3 independent measurements sets. 

HypSpec output file for UO2-3OH 

 

Converged in 1 iterations with sigma = 7,8201E-04 

 

                     standard 

Log beta   value     deviation 

AB         4.9319    0.0447 

HypSpec output file for Zn- 5tBut 

 

Converged in 1 iterations with sigma = 3,6501 

 

                     standard 

Log beta   value     deviation 

AB         4.3339    0.0464 

 

HypSpec output file for Zn-3OH 

 

Converged in 1 iterations with sigma = 0,93502 

 

                     standard 

Log beta   value     deviation 

AB         5.0399    0.4084 

Determination of Stoichiometry. Stoichiometry of the complexes were investigated by the Job’s plot 

method, using spectrophotometric measurements. The samples were prepared by mixing 

equimolecular stock solutions (1.0 × 10-3 M) of the appropriate host and guest to cover the whole 

range of molar fractions, keeping constant the total concentration (1×10-5 M). The changes in 

absorbance compared to uncomplexed receptor species (ΔA × χ-1) were calculated and reported versus 
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the receptor mole fraction (χ). These plots show invariably a maximum at 0.5 mol fraction of receptor, 

thus suggesting its 1:1 complex formation. 

Receptor Zn-5tBut was obtained from a previous work.34 

 

Synthesis of salen ligand 3OH: 2,3-dihydroxybenzaldehyde (0.140 g, 1 mmol) and (1R,2R)-1,2-

diphenylethane-1,2-diamine (0.113 g, 0.5 mmol) in absolute ethanol (8 mL) were stirred at room 

temperature for 24h. Then the solvent was removed under reduced pressure leading to the salen ligand 

as orange crystals (yield 87%): 1H NMR (500 MHz, CDCl3) δ 13.85 (s. br., 2H), 8.21 (s, 2H), 7.19-

7.28 (m, 10H), 6.96 (m, 2H), 6.70 (m, 4H), 5.87 (s. br, 2H), 4.81 (s, 2H). 13C NMR (127.5 MHz, 

CDCl3) δ 166.3, 149.8, 145.0, 138.9, 128.6, 127.9, 127.6, 122.5, 118.6, 117.6, 117.3, 79.0. ESI-MS: 

m/z 451.9 [M]+. Anal. Calcd. for C28H24N2O4: C, 74.32; H, 5.35; N, 6.19. Found: C, 74.28; H, 5.31; 

N, 6.11. 

General procedure for the synthesis of metal salen complexes. A solution of the corresponding metal 

acetate salt  (0.2 mmol) in absolute ethanol (8 mL) was added dropwise to a solution of salen ligand 

3OH (0.2 mmol) in absolute ethanol (3mL), and the mixture was stirred at reflux under nitrogen for 

18h. Then, the precipitate was filtered to yield the corresponding metal salen complex. 

UO2-3OH (yield 90%): 1H NMR (500MHz, DMSO-d6) δ 9.35 (s, 2H), 8.40 (s, 2H), 7.64 (d, J = 9.0 

Hz, 2H), 7.11-7.20 (m, 10H), 6.95 (d, J = 8.0 Hz, 2H), 6.50 (t, J = 8.0 Hz, 2H), 6.30 (s, 2H). 13C NMR 

(127.5 MHz, DMSO-d6) δ 158.8, 147.8, 141.4, 128.1, 127.3, 127.1, 124.5, 122.3, 116.2, 79.5. ESI-

MS: m/z 720.6 [MH]+. Anal. Calcd. for C28H22N2O6U: C, 46.68; H, 3.08; N, 3.89. Found C, 46.62; 

H, 3.02; N, 3.82.  

Zn-3OH (yield 74%). 1H NMR (500MHz, DMSO-d6): δ 8.25 (s, 2H), 7.87 (s, 2H), 7.40 (m, 4H), 

7.34 (m, 4H), 7.26 (m, 2H), 6.73 (dd, J1 =7.5 Hz, J2 = 1.0 Hz, 2H), 6.53 (dd, J1 = 8.0 Hz, J2 = 1.5 Hz, 

2H), 6.28 (t, J=7.5 Hz, 2H), 5.14 (s, 2H). 13C NMR (127.5 MHz, DMSO-d6) δ 169.6, 159.0, 149.3, 

140.9, 128.4, 127.6, 127.4, 123.9, 116.9, 113.2, 112.2, 72.1. Anal. Calcd. for C28H22N2O4Zn: C, 

65.19; H, 4.30; N, 5.43. Found: C, 65.15; H, 4.25; N, 5.38. 
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Figure 2.8  1H NMR spectrum of Salen-Ligand-3OH in CDCl3; b) APT spectrum of Salen-Ligand-3OH 

in CDCl3 

 

 

Figure 2.9  ESI-MS spectrum of Salen-Ligand-3OH 
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Figure 2.10 1H NMR spectrum of UO2-3OH in DMSO-d6 

 

 

Figure 2.11 APT spectrum of UO2-3OH in DMSO-d6 

 

 

Figure 2.12 ESI-MS spectrum of UO2-3OH 

001122334455667788991010111112121313

252550507575100100125125150150175175
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Figure 2.13 1H NMR spectrum of Zn-3OH in DMSO-d6 

 

 

Figure 2.14 APT spectrum of Zn-3OH in DMSO-d6 

 

 

Figure 2.15 ESI-MS spectrum of Zn-3OH 

001122334455667788991010

00252550507575100100125125150150175175200200
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Figure 2.16 1H NMR titration of DMMP with UO2-3OH in CDCl3. The amount of guest was kept 

constant (1 x 10-3 M) and increasing amount of receptor were added: a) GUEST; b) 0.25 eq; c) 0.5 eq; d) 0.75 

eq; e) 1.0 eq; f) 1.5 eq; g) 2.0 eq; h) 3.0 eq; i) 5.0 eq; l) 7.0 eq; m) 9.0 eq.    

 

 

Figure 2.17 (Left) UV-Vis spectra of UO2-3OH in CHCl3 at different concentrations (from 1 x 10-5 M to 3.0 

x 10-5 M), inset shows the plot for the ɛ determination; (Right) UV-Vis titration between UO2-3OH and 

DMMP (CHCl3, [UO2-3OH] = 1 x 10-5 M, DMMP additions were in the 0-9 equivalent range). Inset 

shows HypSpec plot 

 

 

Figure 2.18 Job’s Plot between UO2-3OH and DMMP 
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Figure 2.19 a) Fluorescence titration between Zn-5tBut and DMMP (DMSO, λex 375nm,[Zn-5tBut] = 1 x 

10-5 M, DMMP additions were in the 0-6 equivalent range). Inset shows HypSpec plot. b) Job’s Plot between 

Zn-5tBut and DMMP 

 

 

Figure 2.21 UV-Vis spectra of Zn-3OH in DMSO at different concentrations (from 1.0 x 10-5 M to 1.6 x 10-

5 M), inset shows the plot for the ɛ determination 

 

 

Figure 2.22 (Left)Emission spectrum of Zn-3OH in DMSO (1 x 10-5 M, λex 290 nm); (Right)Emission 

spectrum of Zn-3OH in DMSO (1 x 10-5 M, λex 380 nm) 
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Figure 2.23 Fluorescence titration between Zn-3OH and DMMP, a) ex 290 nm; b) ex 380 nm (DMSO, 

[Zn-3OH] = 1 x 10-5 M, DMMP additions were in the 0-6 equivalent range). The insets show HypSpec 

plots. b) Job’s Plot between Zn-3OH and DMMP 

 

Figure 2.24 Emission spectra of DMMP in DMSO (λex 290nm, [DMMP] = from 1 x 10-6 M to 6 x 10-5 M) 

 

Figure 2.25   TROESY spectrum of Zn-3OH (1 x 10-3 M, DMSO-d6) with 1 equivalent of DMMP. 
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3.1. Introduction 

As already mentioned, the detection of Nerve Agents simulant using supramolecular approach is less 

explored in literature,1-10 and mainly based on monotopic method, despite many advantages come 

from the use of multiple non-covalent interactions.11 The approach here proposed is a binding based 

on multiple simultaneous supramolecular recognition processes. Additivity of individual binding 

contributions offers almost unlimited ways to enhance the affinity.12 In this context, polymers and 

oligomers offer the possibility to increase the number of available binding sites for non-covalent 

detection of a guest.13, 14  

Metal-Salen complexes are well known in literature for their use as catalysts15-18 and supramolecular 

hosts,19-21 where Lewis acid metal centre is exploited for the recognition of Lewis-base species.22 

Furthermore, in the previous chapter has been demonstrated the high efficiency of Metal-Salen 

complexes as receptors for Nerve Agent simulants.23, 24 In particular, fluorescent Zn-Salen complexes 

were explored for DMMP detection, obtaining excellent results in terms of affinity and selectivity.24 

Encouraged by these results, in this work is reported an investigation on the effect derived from the 

use of a large number of available recognition sites, covalently linked to each other in Zn-Salen 

chains, and in particular,  the additivity effect of the individual binding contribution in the detection 

of DMMP is explored.25  

To this aim, three different Zn-Salen oligomers (Zn-Oligo-A, B and C, Figure 3.1), differing from 

the length of the oligomeric chains, were synthesised and characterized. The recognition ability of 

fluorescent receptors Zn-Salen A,B and C towards DMMP guest, were evaluated by Fluorescence 

titrations. One of the aims is to test how the additivity of more than one Lewis acid-base interaction 

affects the affinity towards DMMP guest. To the best of our knowledge, this is the first example of 

Metal-Salen oligomer chains for detection of CWA. 
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Figure 3.1. Schematic representation of the Zn-Salen oligomer Hosts. 

 

3.2. Results and Discussion 

Oligo–Salen ligands A, B, and C were easily synthesized in a one-pot reaction, by mixing the proper 

ratios of meso-(1,2–diphenyl)–ethylenediamine (x), 5,5′–methylenebis-(2-hydroxybenzaldehyde) 

(y),26 and 2–hydroxybenzaldehyde in toluene (z) (Scheme 3.2). The role of 2–hydroxybenzaldehyde 

in toluene is crucial to tune the length of the oligomeric chain. The reactions were monitored by TLC 

(Thin Layer Chromatography), following the disappearance of the starting reagents. The total 

conversions were reached after 48 h for A, 72 h for B and C. The oligo–Salen ligands A, B, and C 

were isolated by evaporation of the solvent and treatment with n-hexane. The isolated compounds 

showed similar 1H NMR spectra reported in Figure 3.2.  
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Scheme 3.2. Schematic reaction pathways of the Oligo–Salen ligands. 

 

 

Figure 3.2. 1HNMR spectra in CDCl3 of: a) Oligo-Salen-A; b) Oligo-Salen-B; c) Oligo-Salen C. 
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In particular, the following characteristic pattern of signals suggested the formation of the typical 

Salen backbone (Figure 3.3): (i) The disappearance of the aldehydic signal at ca. 10 ppm, (ii) the 

presence of signals at 8 ppm relative to the imine proton ( in Figure 3.3), and (iii) the downfield 

shift of hydroxyl protons signals, from 10.9 to 13 ppm ( in Figure 3.3).26 In addition, the presence 

of methine ( in Figure 3.3) and methylene protons ( in Figure 3.3) at 4.8 and 3.7 ppm, respectively, 

confirmed the presence of the oligomeric chains. 

 

 

Figure 3.3.  Representative 1H NMR spectrum of the Oligo-Salen-B in CDCl3. 

 

Diffusion order spectroscopy (DOSY) is a useful NMR technique that can provide information about 

dimensions of analyzed species, measuring the diffusion coefficient (D).27, 28 DOSY measurements 

conducted in CDCl3 showed a diffusion coefficient of 3.41 x 10-10 m2s-1 for the Oligo-Salen-A (1 x 

10-3 M) corresponding to an estimated molecular mass of 4650 Da, thus suggesting the prevailing 

presence of an oligomer containing ten units. Similarly, both Oligo-Salen-B and Oligo-Salen-C were 

analysed by DOSY experiments in the same experimental conditions and showed diffusion 

coefficients of 4.23 x10-10 m2s-1 and 5.29 x 10-10 m2s-1, respectively. These data suggest the prevalent 

formation (in the oligomer mixtures) of a hexameric species for the Oligo-Salen-B and a tetrameric 

species for the Oligo-Salen-C (see Table 3.1) 
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Table 3.1. DOSY results. 

a Concentration of sample = 1 x 10-3 M in CDCl3; b estimated by using the method described in previous 

works26; c Degree of polymerization = Mn/MMR.U. 

 

In addition, NMR spectra showed two patterns of signals relative to imine and OH groups (Fig.3.3): 

The downfield signals were related to the terminal aldehydic moiety of the oligomeric chain, while 

the upfield signals were relative to the inner core of the chain. The integration of these signals 

supported the identification performed by DOSY and Gel Permeation Chromatography GPC 

measurements. To confirm the oligomeric nature of the obtained products and the decreasing of the 

averaging molecular weight by varying the reagents molar ratio, several GPC experiments were 

performed. In particular, the GPC traces of the Oligo–Salen–A, –B and –C oligomeric mixtures 

(Figure 3.4) showed partially resolved peaks in the elution volume range 14.5–21.5 mL, certainly 

due to the presence of oligomeric species. It can be noticed that upon decreasing the amine/aldehyde 

molar ratio, the mass distribution curve moves toward higher elution volumes with, as expected, a 

quantitative enrichment of the oligomers at lower molar mass. 

 

Oligomera D (x 10-10 m2s-1) Calcd. Mnb Degree of 

polymerizationc 

Oligo-Salen-A 3,41 4650 ~10 

Oligo-Salen-B 4,23 2760 ~6 

Oligo-Salen-C 5,29 1640 ~4 
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Figure 3.4. GPC traces of the Oligo–Salen–A, –B and –C compounds: (a) Oligo–Salen–A; (b) Oligo–Salen–

B; (c) Oligo–Salen–C. 

 

The oligomeric structures of the products were also confirmed by means of MALDI-TOF MS (see 

Experimental Details Figure 3.16). This spectrum mainly consists of a series of peaks at m/z 851 + 

n432 (n = 0–7), detected as protonated species ([MH]+), that can be assigned to the molecular species 

reported in the inset of Figure 3.3. Metalation reactions of the three Oligo–Salen compounds were 

performed in THF, by adding Zinc–Diethyl 1 M in hexane (Scheme 3.3) and collecting the final 

Zinc–Salen–oligomer complexes by filtration. 1H NMR spectra recorded in DMSO–d6 of  Zn–Oligo–

A, –B, and –C were similar. In particular, they showed a common up-field shift of the imine proton 

signals and the absence of hydroxyl group signals, thus supporting the formation of metal complexes.  
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Scheme 3.3. Synthesis of Zn-Salen oligomer Hosts. 

 

UV–Vis absorbance spectra of oligomers ligands showed the azomethine transition bands at ca. 325 

nm (Figure 3.5 a). Additionally, the corresponding Zn complexes showed similar profiles, with one 

main band consistent with the n–π* transitions (Figure 3.5b). In particular, the UV-Vis spectrum of 

Zn–Oligo–A recorded in DMSO showed a broad band at 365.2 nm (ε = 10,000 cm−1M−1). Similarly, 

in the absorption spectrum of Zn–Oligo–B in DMSO, this band appeared at 372.0 nm (ε = 10,050 

cm−1M−1), while in the UV–Vis spectrum of Zn–Oligo–C it is centred at 370.0 nm (ε = 14,600 cm-

1M-1).  

Emission properties of Zn–oligomers were studied in DMSO. Using an excitation wavelength of 365 

nm, similar fluorescence spectra were observed for all the three Zn–oligomers, with an intense 

emission band centred at ca. 480 nm (see Figure 3.6). The emission quantum yields calculated for 

the oligomers (  = 0.31, 0.47, and 0.64 for Zn–Oligo–A, –B, and –C, respectively) showed a clear 

dependence on the length of the chains. The large Stokes shift (more than 100 nm) observed for these 

receptors, paves the way for their sensing application. 
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Figure 3.5. UV–Vis spectra of DMSO solutions (4 x10-5 M) of: (a) Oligo–Salen–A (red), Oligo–Salen–B 

(blue), and Oligo–Salen–C (green); (b) Zn–Oligo–A (red), Zn–Oligo–B (blue), and Zn Oligo–C (green). 

 

 

Figure 3.6. Emission spectra of Zn-Oligo-A (red), Zn-Oligo-B (green) and Zn-Oligo-C (purple), in 

DMSO (1 x 10-5 M, ex = 365 nm). 

 

Recognition studies of three receptors towards DMMP were conducted by following the progressive 

quenching of the emission intensity, probably due to a PET mechanism,29 upon addition of DMMP 

to a solution of each receptor (Figure 3.7 a, b and c). As reported in Figure 3.7 c, the Zn-Oligo-C 

shows the highest quenching of emission after the addition of DMMP. The limit of detection is 1 M 

with all the receptors. The sensitivity of Zn-Oligo hosts for DMMP is shown in Figure 3.7 d, which 

highlights the possibility to detect ppm of DMMP. In particular, 1 ppm of DMMP produces an 
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intensity emission variation of 25-30 %, if normalized with respect to the total observed variation, in 

Zn-Oligo-A and B. This variation reaches more than 70% with 10 ppm in the case of Zn-Oligo-C. 

Figure 3.7e shows the proposed supramolecular complex geometry between Zn-Oligomers and 

DMMP, supported by previous studies in which 2D-NMR measurements suggested the 

supramolecular geometry.24 

 

 

Figure 3.7. Fluorescence emission spectra of a) Zn-Oligo-A, b) Zn-Oligo-B, c) Zn-Oligo-C upon 

progressive addition of 0-6 eq. of DMMP ([receptors] = 1 x 10-5 M in DMSO, ex 365 nm); d) Normalized 

fluorescence emission variation relative to Zn-Oligo-A (red), B (blue) and C (black) solutions (1 x 10-5 M in 

DMSO, ex 365 nm), upon addition of DMMP (0-6 eq); e) supramolecular host-guest complex proposed. 

 

Data treatment using HypSpec software provided the binding constant values for each receptor. Non-

linear curve fit plots were performed by using a 1:1 stoichiometry, supported by our previous studies 

on CWAs recognition by Metal-Salen complexes.21 Interestingly, moving from longer to shorter 

oligomer distribution, an increase of the affinity was observed (see Table 3.2). In particular, Zn-

Oligo-C shows the highest affinity constant value towards DMMP and this value is larger than those 
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already reported in the literature, even if compared with the monomeric form previously studied.24 

However, the higher binding constant value of Zn-Oligo-C respect to the longer receptors can be 

ascribed to energetic contributions. In particular, due to the presence in the oligomeric chain of 

methylene groups, the shorter host could be more preorganized for the host-guest complex formation 

with respect to the longer receptors, which contains more methylene bridges.  

 

Table 3.2: Binding constant values of oligomeric and monomeric receptors, towards DMMP in DMSO 

solution. 

Guest: DMMP Zn-Oligo-A Zn-Oligo-B Zn-Oligo-C 

Zn-5-tbut 

(monomer) 

LogKa 4.86 4.98 5.69 4.33 24 

acalculated using HypSpec 1.1.33. 

 

In order to validate Zn-Oligo-C, selectivity and competition tests were performed. In particular, 

atmospheric air (containing 24000 ppm of water, 400 ppm CO2, 5 ppm NO, and 10 ppm CO) has 

been bubbled for 10 min into a 1 x 10-5 M DMSO solution of Zn-Oligo-C. Emission spectra of the 

host were acquired before and after air bubbling, finding that emission profile does not change after 

air exposure (see Figure 3.16 of the Experimental Details). This experiment demonstrates that the 

emission properties of Zn-Oligo-C are not affected by the analytes/contaminants contained in the 

common environment. Then, this air-saturated solution was exposed to DMMP, observing a decrease 

of the emission, thus confirming the ability of Zn-Oligo-C to recognize DMMP also in competitive 

conditions. 

In order to evaluate the application of Zn-Oligo-C for the building of a real prototype, a preliminary 

test strip was carried out. The common filter paper was absorbed with Zn-Oligo-C solution (50 L, 
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1 mM in DMSO). After the exposure to DMMP vapor (40 ppm, in a closed vial at room temperature) 

a clear decrease of color intensity was observed (Figure 3.8). This preliminary result paves the way 

for the employ of this new receptor for sensing prototype.  

 

 

Figure 3.8. Test strip on filter paper (2.5 x 3 cm) adsorbed with the Zn-Oligo-C solution (1 x 10-3 M in 

DMSO), before (Control) and after (DMMP) the exposure to DMMP vapours (a 20 mL vial containing 1 

μL of DMMP 0.1 M in CH2Cl2): a) under daylight; b) under UV lamp irradiation (365 nm). 

 

3.3. Conclusion 

In this chapter, the synthesis and characterization of three new Zn-oligomer-based Salen complexes 

were described. The easy synthetic protocols based on the mixing of reagents with a proper 

stoichiometric ratio, allows to obtain oligomers with four, six and ten Salen units. These oligomers 

were tested as fluorescent receptors for DMMP and excellent results were found with the shorter 

oligomer. Indeed, the shorter oligomer shows the highest binding constant value with respect to the 

other sensors employed for the non-covalent detection of DMMP. The affinity is increased with 

respect to the respective monomeric form of Zn-Salen receptor confirming the constructive additivity 

effect. These results suggest the possibility to employ the oligomer hosts in the CWAs detection, in 
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order to obtain final solid devices with higher affinity for the analytes. Practical test strip demonstrates 

the possibility to use these receptors for real sensors. 

 

3.4. Experimental Details 

General experimental methods. The NMR experiments were carried out at 27° C on a Varian UNITY 

Inova 500 MHz spectrometer (1H at 499.88 MHz) equipped with pulse field gradient module (Z axis) 

and a tuneable 5 mm Varian inverse detection probe (ID-PFG). A JASCO V-560 UV-Vis 

spectrophotometer equipped with a 1 cm path-length cell was used for the UV-Vis measurements. 

Luminescence measurements were carried out using a Cary Eclipse Fluorescence spectrophotometer 

with resolution of 0.5 nm, at room temperature. The emission was recorded at 90° with respect to the 

exciting line beam using 10:5 slit-widths for all measurements. The fluorescence quantum yields were 

calculated by using the N-butyl-4-butylamino-1,8-naphthalimide as standard. All chemicals were 

reagent grade and used without further purification. 13C NMR characterizations of oligomers have 

been precluded due to the scarce solubility of the compounds. 

 

Gel permeation chromatography. A PL-GPC 110 (Polymer Laboratories) thermostated system, 

equipped with three PL-gel 5 mm columns (two Mixed-D and one Mixed-E) attached in series, was 

used. The analyses were performed at 35 ± 0.1°C using THF as eluent at a flow rate of 1 mL/min. A 

differential refractometer (Polymer Laboratories) was used as detector. 

 

Procedure for epsilon calculation. Four solution of the Hosts at different concentration, from 1 x 10-

5 M to 4 x 10-5 M, were prepared starting from more concentrated solutions 1 x 10-3 M and UV-Vis 

spectra were recorded at 25° C. Data treatment allows the calculation of epsilon for each absorption 

band.  
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Procedure for fluorescence titrations. Two mother solutions of host and guest (1.0 × 10-3 M) in dry 

solvent were prepared. From these, progressive amounts of Guest solution were added to the Host 

(from 0 to 6 eq), and emission spectra were recorded at 25 °C. Fluorescence titration with Zn-Oligo-

A, B, C were carried out using λex= 365 nm in dry DMSO and recording at λem= 480 nm at 25 °C. 

With this data treatment, the apparent binding affinities of receptors with DMMP were estimated 

using HypSpec (version 1.1.33),30, 31 a software designed to extract equilibrium constants from 

potentiometric and/or spectrophotometric titration data. HypSpec starts with an assumed complex 

formation scheme and uses a least-squares approach to derive the spectra of the complexes and the 

stability constants. 2 test (chi-square) was applied, where the residuals follow a normal distribution 

(for a distribution approximately normal, the 2 test value is around 12 or less). In all of the cases, 2 

 10 were found, as obtained by 3 independent measurements sets. 

 

DOSY experiments. Diffusion-Ordered SpectroscopY (DOSY) NMR has been used to determine the 

presence of monomeric or higher species in solution. The DOSY technique provides information 

about the size of the molecular aggregate in solution. Furthermore, diffusion coefficient value can be 

associated to the molecular weight, by the mathematic treatment recently described.27, 28 DOSY 

experiments on Oligo-Salen-A in DMSO-d6 (10 mM) show a diffusion coefficient of 3.41 x 10-10 m2 

s-1, corresponding to a calculated molecular weight of ca. 4650 (prevalence of decameric form, 

experimental molecular weight of dimer is 4330). While in DMSO-d6, a solution of Oligo-Salen-B 

(10 mM) shows a diffusion coefficient of 4.23 x 10-10 m2 s-1, (calculated molecular weight of 2760, 

prevalence of hexameric form, experimental molecular weight is 2598). Oligo-Salen-C shows a 

diffusion coefficient of 5.29 x 10-10 m2 s-1 (calculated molecular weight of 1640, prevalence of 

tetrameric form, experimental molecular weight is 1732), relative to a solution of ligand in DMSO-

d6 (10 mM). 
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MALDI-TOF experiments: MALDI-TOF mass spectra were acquired with a Voyager DE (PerSeptive 

Biosystem) which, using the delay extraction device (25 kV applied after 2600 ns, with a potential 

gradient of 454 V*mm–1 and a wire voltage of 25 V), detects the ions in linear mode. Trans-2-[3-(4-

tert-Butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) was used as matrix. Weight-

average molecular weights were determined using a Grams software (PerSeptive Biosystem) applied 

on the spectra, corrected for the baseline and the offset.   

 

Synthesis of Oligo-Salen-A: 5,5'-methylenebis-2-hydroxybenzaldehyde (0.150 g, 0.58 mmol),26 2-

hydroxy-benzhaldehyde (31 L, 0.29 mmol) and meso-1,2-diphenylethylenediamine (0.160 g, 0.73 

mmol) in anhydrous toluene (22 mL) were stirred at room temperature for 48 h. Then the solvent was 

removed under reduced pressure thus leading to the Oligo-Salen-A (0.380g) as pale yellow crystals, 

then washed with hexane: 1H NMR (500MHz, CDCl3)  13.1- 12.8 (bs, 2H, OH), 8.1-7.9 (m, 2H, 

CH=N), 7.4-6.6 (m, 18H, ArH), 4.8-4.6 (bs, 2H, Ar-CH-N), 3.7 (bs, 2H, Ar-CH2-Ar) ppm. Anal. 

Calcd. for C290H260N20O20: C, 80.16; H, 6.03; N, 6.45. Found C, 80.12; H, 6.01; N, 6.41. 

Synthesis of Oligo-Salen-B: 5,5'-methylenebis-2-hydroxybenzaldehyde (0.150 g, 0.58 mmol), 2-

hydroxy-benzhaldehyde (62 L, 0.58 mmol) and meso-1,2-diphenylethylenediamine (0.192 g, 0.87 

mmol) in anhydrous toluene (22 mL) were stirred at room temperature for 72h. Then the solvent was 

removed under reduced pressure thus leading to the Oligo-Salen-B (0.230 g) as pale yellow crystals, 

then washed with hexane: 1H NMR (500MHz, CDCl3)  13.1- 12.8 (bs, 2H, OH), 8.1-7.9 (m, 2H, 

CH=N), 7.4-6.7 (m, 18H, ArH), 4.8-4.6 (bs, 2H, Ar-CH-N), 3.7 (bs, 2H, Ar-CH2-Ar) ppm. Anal. 

Calcd. for C174H156N12O12: Found C, 80.14; H, 6.00; N, 6.39. 

Synthesis of Oligo-Salen-C: 5,5'-methylenebis-2-hydroxybenzaldehyde (39 mg, 0.15 mmol), 2-

hydroxy-benzhaldehyde (32 L, 0.30 mmol) and meso-1,2-diphenylethylenediamine (66 mg, 0.30 

mmol) in anhydrous toluene (22 mL) were stirred at room temperature for 72h. Then the solvent was 

removed under reduced pressure thus leading to the Oligo-Salen-C (40 mg) as yellow crystals, then 
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washed with hexane: 1H NMR (500MHz, CDCl3)  13.1- 12.8 (bs, 2H, OH), 8.1-7.9 (m, 2H, CH=N), 

7.4-6.7 (m, 18H, ArH), 4.8-4.6 (bs, 2H, Ar-CH-N), 3.7 (bs, 2H, Ar-CH2-Ar) ppm. Anal. Calcd. for 

C116H104N8O8: Found C, 80.11; H, 6.02; N, 6.44. 

 

Synthesis of Zn-Oligo-A: To a solution of Oligo-Salen-A ligand 0.315 g (0.73 mmol) in dry 

tetrahydrofuran (15 mL), 900 L (0.90 mmol) of Et2Zn 1M in hexane were added. The reaction 

mixture was stirred for 48h at room temperature, thus affording Zn-Oligo-A (0.350 g) as a brown-

yellow precipitate, which was collected by filtration. 1H NMR (500MHz, CDCl3)  8.2-8.0 (m, 2H, 

H-C=N), 7.2-6.3 (m, 17H, Ar-H), 5.1-5.0 (m, 2H, Ar-CH-N), 3.5 (bs, 2H, Ar-CH2-Ar) ppm. Anal. 

Calcd. for C290H240N20O20Zn10: C, 69.96; H, 4.86; N, 5.63. Found C, 69.92; H, 4.81; N, 5.60. 

 

Synthesis of Zn-Oligo-B: To a solution of Oligo-Salen-B ligand 0.200 g (0.46 mmol) in dry 

tetrahydrofuran (19 mL), 680 L (0.60 mmol) of Et2Zn 1M in hexane were added. The reaction 

mixture was stirred for 48h at room temperature, thus affording Zn-Oligo-B (0.190 g) as a brown-

yellow precipitate, which was collected by filtration. 1H NMR (500MHz, CDCl3)  8.2-8.0 (m, 2H, 

H-C=N), 7.3-6.3 (m, 17H, Ar-H), 5.1-4.9 (m, 2H, Ar-CH-N), 3.5 (bs, 2H, Ar-CH2-Ar) ppm. Anal. 

Calcd. for C174H144N12O12Zn6: Found C, 69.93; H, 4.85; N, 5.59. 

 

Synthesis of Zn-Oligo-C: Oligo-Salen-C ligand (38 mg, 0.080 mmol) was dissolved in dry 

tetrahydrofuran (6 mL). To this solution, 100 L (0.10 mmol) of Et2Zn 1M in hexane were added. 

The reaction mixture was stirred for 24h at room temperature, thus affording Zn-Oligo-C (23 mg) as 

a yellow precipitate, which was collected by filtration. 1H NMR (500MHz, CDCl3)  8.2-8.0 (m, 2H, 

H-C=N), 7.3-6.3 (m, 17H, Ar-H), 5.1-5.0 (m, 2H, Ar-CH-N), 3.5 (bs, 2H, Ar-CH2-Ar) ppm. Anal. 

Calcd. for C116H96N8O8Zn4: Found C, 69.91; H, 4.80; N, 5.55. 
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Figure 3.9 UV-Vis spectra of Zn-Oligo-A in DMSO (1x10-5M – 4x10-5M). Inset shows  calculation. 

 

Figure 3.10 UV-Vis spectra of Zn-Oligo-B in DMSO (1x10-5M – 4x10-5M). Inset shows   calculation. 

 

 

Figure 3.10 UV-Vis spectra of Zn-Oligo-C in DMSO (1x10-5M – 4x10-5M). Inset shows  calculation. 
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Figure 3.11 Fluorescence spectra of Zn-Oligo-A in DMSO (1x10-5M) 

 

Figure 3.12 Fluorescence spectra of Zn-Oligo-B in DMSO (1x10-5M) 

 

 

Figure 3.13 Fluorescence spectra of Zn-Oligo-C in DMSO (1x10-5M) 
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Figure 3.14 Representative fluorescence titration of Zn-Oligo-C vs DMMP in DMSO ( Host: 1x10-5M, 

Guest: from 1 to 6 eq.) 

 

 

BINDING CONSTANT CALCULATION  

Host: Zn-Oligo-A; Guest DMMP 

HypSpec output file:  

 

Converged in 1 iterations with sigma = 0,030713 

 

                     standard 

Log beta   value     deviation 

AB         4.8567    0.0698 
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Host: Zn-Oligo-B; Guest: DMMP 

HypSpec output file:  

 

Converged in 1 iterations with sigma = 0,030713 

 

                     standard 

Log beta   value     deviation 

AB         4.9756    0.098 

 

 

 

Host: Zn-Oligo-C; Guest: DMMP 

HypSpec output file:  

 

Converged in 1 iterations with sigma = 0,030713 

 

                     standard 

Log beta   value     deviation 

AB         5.6891    0.0409 
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Figure 3.15 Selectivity tests. Emission spectra of: i) Zn-Oligo-C (red line, 1 x 10-5 M in DMSO), ii) Zn-

Oligo-C after 10 minutes of air bubbling (green line), iii) Zn-Oligo-C after 10 minutes of air bubbling and 

6 eq. of DMMP (blue line). 

 

Figure 3.16 MALDI-TOF spectrum of Oligo-Salen-C 
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4.1. Introduction 

In previous works has been reported first examples of supramolecular detection of chemical warfare 

agents simulant, via hetero- and homo-multitopic interactions. The use of non-covalent reversible 

interactions for OP Nerve Agents recognition has only recently been explored, with few examples 

comprising hydrogen bonds gel,1-6 or hydrophobic effects (synthetic macrocycles).7-11  

In these examples, the recognition mechanisms are based on a monotopic approach. Multivalent 

receptors undoubtedly present higher selectivity and sensitivity.12, 13 For these reasons in this work is 

reported on two new fluorescent receptors, Naphthyl-Mono-AE and Naphthyl-Di-AE, able to 

efficiently detect traces of Nerve Agents simulant DMMP, in solution (Figure 4.1).  

The receptors were designed to bear a chromophore scaffold with one or two ethanolamine chains 

directly linked.  

The -OH and -NH groups of the ethanolamine chains act as hydrogen bond donor groups, for the 

formation of multiple hydrogen bonds with the phosphate group of Dimethyl-methylphosphonate 

(DMMP) simulant. The high affinity of these two receptors towards DMMP was studied observing 

the turn-on fluorescence emission upon addition of an increasing amount of the Guest. 1HNMR 

titration, 2D NMR experiments and mass spectrometry measurements, enabled to elucidate the 

interactions involved in the formation of the supramolecular complex and its geometry. Naphthyl-

Di-AE shows many advantages with respect to already reported sensors. Indeed, it represents the first 

multi-topic/metal-free/turn-on-fluorescent receptor able to recognize DMMP with high selectivity. In 

addition, the easy synthetic pathway, the large Stock-shift emission and the possibility to 

functionalize the organic scaffold in order to obtain heterogeneous devices, pave the way for many 

applications of Naphthyl-Di-AE in real conditions.  
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Figure 4.1. Chemical structure of receptors, Naphthyl-Mono-AE (right) and Naphthyl-Di-AE (left). 

 

4.2. Results and discussion  

The multi-topic recognition approach requires at least two binding sites for the guest. DMMP shows 

three possible H-bond acceptor sites: the P=O and two –OCH3 groups that are ca. 2.3 Å away from 

the P=O (Figure 4.2a). The ethanolamine molecule shows the appropriate geometry to 

simultaneously interact with the P=O and oxy-methylene groups of DMMP. Figure 4.2b and, Figure 

4.2c shows the possible resulting H-bond network.  

 

 

Figure 4.2 . Geometry optimizations of (a) DMMP, (b) ethanolamine and relative distances between atoms 

involved in molecular recognition (force field MM+), (c) Proposed mechanism of multitopic recognition. 
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Naphthyl-mono-AE was synthesized starting from Br−anhydride 1 (Scheme 4.1). In order to 

increase the solubility of the final receptor, 1 was treated with isobuthylamine in ethanol leading to 

the Br−imide derivative 2. After the treatment of 2 with an excess of ethanolamine in 2- 

methoxyethanol at reflux, Naphthyl-mono-AE was isolated in high yield and characterised via 

1HNMR and mass spectrometry where a peak at m/z 353.1 was assigned to [M+K]+ species (see the 

Experimental Details Fig 4.13).  

 

 

Scheme 4.1. Synthesis of the Receptors: Reagents and conditions: (a) isobutylamine, ethanol, 50 °C, 18 h, 

92% for 2, 56% for 4; (b) ethanolamine, 2-methoxyethanol, reflux, 18h, 71%; (c) ethanolamine, 2-

methoxyethanol, reflux, 36 h, 47%. 

 

The UV−Vis spectrum of Naphthyl-mono-AE shows an absorption band centred at 425.2 nm (ε = 

15600) (see the Experimental Details Fig. 4.15). The fluorescence spectrum, obtained by excitation 

at λex = 340 nm, shows a strong emission band centred at 470 nm, with a strong Stokes shift (see the 

Experimental Details Fig.4.16). Recognition properties of Naphthyl-mono-AE and DMMP were 
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evaluated by following the increase of the emission band at 470 nm. In particular, upon the 

progressive addition of the guest, a turn-on fluorescence response was observed, probably due to a 

photoinduced electron transfer mechanism.14 The obtained binding constant value was 3467 M−1 (see 

the Experimental Details Fig. 4.17), in agreement with the formation of two hydrogen bonds with 

DMMP.15 

To increase the affinity for DMMP, a second ethanolamine arm in the naphthalimide scaffold was 

introduced, thus obtaining Naphthyl-di-AE (Scheme 4.1 bottom). To this aim, following the same 

synthetic strategy, Naphthyl-di-AE was prepared starting from Br−NO2−anhydride 3 by using a 

known procedure to functionalize Br−NO2−naphthalimide scaffold.16, 17A large excess of 

ethanolamine (10 equiv) and a longer reaction time (36 h) at a higher temperature in the last step, 

were employed obtaining the desired compound. The identity of Naphthyl-Di-AE was confirmed by 

1HNMR measurements and ESI-MS spectra observing a peak at m/z 372.3 relative to [M+H]+ ion 

(Exp. Details Fig. 4.14). The related UV−Vis spectrum shows two main bands centred at 344.6 nm 

(ε = 5100) and 438.4 nm (ε = 19 800), respectively (see Experimental Details Fig. 4.18). By excitation 

at 340 nm, the emission band at 509 nm shows a higher Stokes shift compared with Naphthyl-mono-

AE, thus confirming the potential application as a real fluorescent sensor.  

Fluorescence measurements upon addition of progressive amounts of DMMP show a strong turn-on 

response (see Figure 4.4), with a calculated binding constant value of 10 471 M−1, more than 3 times 

larger than that observed for Naphthyl-mono-AE, thus demonstrating that the introduction of the 

second chelating arm leads to a stronger supramolecular complex with DMMP.  
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Figure 4.4. Fluorescence intensity behavior of the Naphthyl-Di-AE (1 x 10-5 M in dry toluene solution, ex 

340 nm), upon the DMMP additions; the inset shows the intensity increase upon the DMMP added 

equivalents. 

 

The increase of the binding constant value is in agreement with our previous study performed by 

using metal-salen complexes.12 In particular, the results here obtained confirm that the presence of 

additional two H-bonds in the host−guest complex, compared with the mono derivative, leads to a 

binding constant value 3 times higher. This result can be fundamental for the design of other CWA 

receptors. 

The limit of detection of DMMP is 1 ppm, both in the case of Naphthyl-mono-AE and Naphthyl-

di-AE. The time dependent fluorescence emission spectra, recorded for both receptors before and 

after the addition of 1 equivalent of DMMP, show an instant emission response, stable for at least 10 

min (see the Experimental Details Fig. 4.24-4.25).  

Electrospray ionization-mass spectrometry (ESI-MS) measurements also confirmed the 

supramolecular complex stoichiometry. In fact, the observed peak at m/z = 518.4 is ascribed to the 

[Naphthyl-di-AE@DMMP+Na]+ ion (see the Exp. Details Fig. 4.21).  

The geometry of the host−guest complex was elucidated by 1H NMR experiments. In particular, 

titration of Naphthyl-di-AE with DMMP in CDCl3 shows that (i) signals relative to NH and OH 

protons of the host (6.40 and 2.55 ppm, respectively) undergo a downfield shift after the addition of 
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the guest in a fast-exchange mechanism compared to the 1H NMR time scale (Figure 4.5b,d); and 

(ii) the multiplicity of methylene signal of the ethanolamine moieties changes from quartet to triplet. 

These overall data suggest the synergy of NH and OH groups toward the DMMP chelation, thus 

confirming the multitopic recognition process (Figure 4.5a). Nonlinear curve fits relative to these 

data show a binding constant value of 468 M−1 (Figure 4.5 c,e), lower with respect to those obtained 

with fluorescence measurements, probably due to the different solvent used. 

 

 

Figure 4.5. a) multi-topic recognition mechanism proposed; chemical shift variation of signals relative to b) 

NH (blue) and d) OH (green) groups of the ethanolamine moieties during the 1H NMR titration of Naphthyl-

Di-AE with DMMP in CDCl3; c) and e) show the non-linear curve fits relative to NH and OH, respectively. 

 

To further confirm the geometry of Naphthyl-di-AE@DMMP supramolecular complex, TROESY 

measurements were also carried out. In particular, an equimolar solution (1 × 10−3 M in CDCl3) of 

Naphthyl-di-AE and DMMP shows ROE contacts between the methylene groups bound to the −NH 



Multitopic Supramolecular Detection of Chemical Warfare Agents by Fluorescent Sensors 

80 

 

function ( -NH− CH2−) of the receptor and the −OCH3 substituent of DMMP (Figure 4.6). This 

additional result unambiguously confirms the chelation of DMMP by the Naphthyl-di-AE receptor.  

 

 

Figure 4.6. Selected region of the TROESY spectrum of an equimolar (1 × 10−3 M in CDCl3) solution of 

Naphthyl-di-AE and DMMP. The inset shows the minimized structure (force field MM+) of the 

supramolecular complex, highlighting the functional groups involved in the ROE contacts (DMMP is 

shown in green; isobuthyl group of the receptor was omitted for clarity). 

 

High selectivity is of crucial importance for real application; the classical CWAs sensing based on 

covalent reactions between a nucleophilic substituent in the receptor and a given nerve agent simulant, 

can lead to false-positive response due to the low specificity of this reaction. In contrast, the goal of 

the multitopic supramolecular approach consists in the formation of reversible interactions between 

several sites, thus increasing the selectivity and reducing the possibility of a false-positive detection. 

For this reason, selectivity and competition tests were performed. In particular, atmospheric air (in 

which we measured 24 000 ppm of water, 400 ppm CO2, 5 ppm NO, and 10 ppm CO) was bubbled 
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for 30 min into a 1 × 10−5 M toluene solution of Naphthyl-di-AE. The fluorescence spectra of the 

receptor were acquired before and after air bubbling (Figure 4.7). 

 

 

Figure 4.7. Selectivity tests. Emission spectra of: i) Naphthyl-Di-AE (red line, 1 x 10-5 M in Toluene, ex 

340 nm), ii) Naphthyl-Di-AE after 10 minutes of air bubbling (black line), iii) Naphthyl-Di-AE after 10 

minutes of air bubbling and 4eq. of DMMP (blue line).  

 

The two obtained spectra are superimposable, thus demonstrating that the fluorescence profile of 

Naphthyl-di-AE is not affected by the standard analytes/interferents contained in air. Then, this air-

saturated naphthyl-di-AE solution was exposed to DMMP observing an increase in the intensity of 

the emission spectra. These results confirm the high selectivity of Naphthyl-di-AE toward DMMP 

also in real atmospheric conditions.  

 

A practical test using a filter paper adsorbed with Naphthyl-di-AE was performed (Test Strip, Figure 

4.8). A stronger fluorescent spot appeared in correspondence of the addition of a drop of simulant 

(Figure 4.8a), thus confirming the possibility of fast and reliable use of Naphthyl-Di-AE for 

practical test. Then, the common filter paper was absorbed with a (1 mM) solution of the receptor. 

After its exposure to DMMP vapor (40 ppm, in a closed vial at room temperature), a clear 
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enhancement of emission was observed, both under UV−vis (Figure 4.8b) and daylight (Figure 4.8c) 

irradiations. 

 

 

Figure 4.8. Test Strip with DMMP vapor and solution: (a) solution of Naphthyl-di-AE (1 × 10−3 M) 

adsorbed on filter paper without (control on the left) and with the presence of 1 μL of DMMP (on the 

right) under UV−vis lamp (365 nm); (b) solution of Naphthyl-di-AE (1 × 10−3 M) adsorbed on filter paper 

(2 × 3.5 cm) without (control on the left) and with the presence of  DMMP vapor under UV−vis lamp (365 

nm); (c) filter papers showed in (b) under daylight.  

 

These experiments confirm the ability of Naphthyl-di-AE to detect DMMP with high affinity and 

sensitivity, also in a common practical device. The photostability of naphthyl-mono-AE and 

naphthyl-di-AE in air was evaluated to validate these receptors for long operation time. In particular, 

after exposure of sensors to air and daylight for 1 month, they preserve the recognition abilities 

without the loss of efficiency and sensibility. This is due to the high stability of naphthalimide 

derivatives under normal conditions.16 
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4.3. Conclusion  

Two new fluorescent metal-free sensors for a CWA simulant, differing in the number of ethanolamine 

arms, have been synthesized. Both probes recognize DMMP via multitopic supramolecular approach 

by the formation of an H-bond network. The recognition process detected by fluorescence emission, 

with a large Stokes shift and a turn-on emission fluorescence, highlights the presence of DMMP in a 

solution. The probe with two ethanolamine functions (Naphthyl-di-AE) shows higher affinity for 

DMMP with respect to Naphthyl-mono-AE. The supramolecular host−guest geometry between 

naphthyl-di-AE and DMMP, as well as the related stoichiometry was elucidated by ESI-MS and NMR 

1D−2D measurements. Both selectivity and specificity, also in competitive conditions, were 

evaluated thus demonstrating the importance of a multitopic approach for the recognition mechanism. 

Test Strip showed the possibility to realize practical device for the detection and monitoring of CWAs 

in solution and gas phase. With the aim to realize real sensor devices, these receptors show many 

interesting features: (i) easy synthetic pathway; (ii) absence of metal ions; (iii) turn-on fluorescence 

detection of the analyte; (iv) selectivity and specificity; (v) reversibility, due to the nature of the 

interaction with the analyte; (vi) possibility to easily functionalize the scaffold (particularly in the 

imide moiety) to anchor it onto solid supports; (vii) positive to the Test Strip; and (viii) photostability 

and fast-emission response. 

 

4.4. Experimental details  

General Experimental Methods. The NMR experiments were carried out at 27 °C on a Varian UNITY 

Inova 500 MHz spectrometer (1H at 499.88 MHz, 13C NMR at 125.7 MHz) equipped with a pulse-

field gradient module (Z axis) and a tunable 5 mm Varian inverse detection probe (ID-PFG). The ESI 

mass spectra were acquired on a ES-MS Thermo-Finnigan LCQ-DECA using CH3CN (positive or 
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negative ion mode). Luminescence measurements were carried out using a Cary Eclipse Fluorescence 

spectrophotometer at room temperature. The emission was recorded at 90° with respect to the exciting 

line beam, using 5:5 slit widths for all measurements. All chemicals were reagent grade and used 

without further purification. The three-dimensional minimized structure of naphthyl-di-AE was 

obtained by using HyperChem v8.0.7, MM+ force field.  

 

Procedure for 1H NMR Titrations. Two mother solutions of host and guest (7.0 × 10−3M) in CDCl3 

were prepared. From these, different solutions with different host/guest ratio were prepared, and 1H 

NMR spectra were recorded at 27 °C. TROESY spectrum was acquired by using equimolar solution 

of host and guest. With this data treatment, the apparent binding constants were determined using 

HypNMR (version 4.0.71), a software designed to extract equilibrium constants from potentiometric 

and/or spectrophotometric titration data. 

 

Procedure for Test Strip. Fifty microliters of a solution of Naphthyl-di-AE (1 × 10−3 M in CH2Cl2) 

was adsorbed onto two portions of filter paper (2 × 3.5 cm) and solvent was removed under air flow. 

One of these paper filter was inserted into a vial (20 mL) containing 1 μL of DMMP 0.1 M in CH2Cl2. 

The other one was inserted in a vial (20 mL) without DMMP (control in Figure 4.8). Both vials were 

maintained at room temperature for 1h. After this time, filter papers were observed under UV−vis 

lamp at 365 nm.  

 

Procedure for Fluorescence Titrations. Two mother solutions of host and guest (1.0 × 10−3 M) in dry 

solvent were prepared. From these, different solutions with different receptor/guest ratios were 

prepared, and the emission spectra were recorded at 25 °C. Fluorescence titrations with Naphthyl-

mono- AE and Naphthyl-di-AE were carried out using λex = 340 nm in dry toluene, λem = 470 nm 

for Naphthyl-mono-AE, and λem = 509 nm for Naphthyl-di-AE at 25 °C. The apparent binding 

affinities of receptors with DMMP were estimated using HypSpec (version 1.1.33),18-20 a software 
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designed to extract equilibrium constants from potentiometric and/or spectrophotometric titration 

data. HypSpec starts with an assumed complex formation scheme and uses a least-squares approach 

to derive the spectra of the complexes and the stability constants. χ2 test (chi-square) was applied, 

where the residuals follow a normal distribution (for a distribution approximately normal, the χ2 test 

value is around 12 or less). In all of the cases, χ2 ≤ 10 were found, as obtained by 3 independent 

measurements sets. 

 

Synthesis of 4-Br-N-isobutyl-1,8-naphthalimide (2).17  

1.5 g (5.4 mmol) of (1) was dissolved in 90 mL of absolute ethanol at 70 °C for 30 min. Then, the 

mixture was kept at 50 °C, and 800 μL (8.1 mmol) of isobuthylamine in ethanol (20 mL) were added 

dropwise under nitrogen flux. The reaction mixture was stirred at 50 °C for 18 h, checking the reaction 

by thin layer chromatography (TLC) (n-hexane/ethyl acetate 7:3). The solid precipitate was filtered 

to give 1.7 g (5.1 mmol, yield 92%) of (2). 1H NMR (500 MHz, CDCl3): δ 8.66 (d, J = 8.0 Hz, 1H), 

8.58 (d, J = 7.5 Hz, 1H), 8.41 (d, J = 8 Hz, 1H), 8.05 (d, J = 7.5 Hz, 1H), 7.85 (t, J = 7.5 Hz, 1H), 4.04 

(d, J = 7.5 Hz, 2H), 2.23 (m, 1H), 0.98 (d, J = 6.5 Hz, 6H) ppm. 

 

 

Figure 4.9 1H-NMR spectra of (2) in CDCl3 
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Synthesis of Naphthyl-mono-AE.  

0.3 g (0.9 mmol) of (2) was dissolved in 2-methoxyethanol (30 mL) with 600 μL (10 mmol) of 

ethanolamine. The reaction mixture was stirred at reflux for 18 h under nitrogen flux. Then, the 

solvent was removed, and the crude compound was purified by column chromatography (silica gel, 

CHCl3/MeOH 9:1) to obtain 200 mg (0.64 mmol, 71% yield) of Naphthyl-mono-AE. 1H NMR (500 

MHz, acetone-d6): δ 8.60 (d, J = 8.5 Hz, 1H), 8.51 (d, J = 8.5 Hz, 1H), 8.36 (d, J = 8.5 Hz, 1H), 7.68 

(t, J = 7.5, 1H), 6.94 (bs, 1H), 6.90 (d, J = 7.5 Hz, 1H), 3.97(d, J = 7.5 Hz, 2H), 3.92 (q, J = 5.5 Hz, 

2H), 3.62 (q, J = 5.5 Hz, 2H), 2.2 (m, 1H), 0.92 (d, J = 7.0 Hz, 6H) ppm. 13C NMR (125 MHz, 

methanol-d4): δ 20.7, 28.8, 46.9, 48.2, 61.1, 105.4, 109.5, 121.8, 123.4, 126.1, 129.1, 131.0, 132.4, 

136.8, 152.2, 166.1, 166.5 ppm. Anal. calcd for C18H20N2O3: C, 69.21; H, 6.45; O, 15.37. Found: 

C, 69.18; H, 6.41; O, 15.33. ESI-MS: m/z 336.0 [M + Na]+, 353.1 [M + K]+. 

 

 

Figure 4.10. 1H-NMR spectrum of  Naphthyl-Mono-AE in Acetone-d6 

 

Synthesis of 4-Br-5-nitro-N-isobutyl-1,8-naphthalimide (4).21 

1 g (3.1 mmol) of (3)21a was dissolved in 90 mL of absolute ethanol at 70 °C for 30 min. Then, the 

mixture was kept at 50 °C, and 320 μL (3.1 mmol) of isobuthylamine in absolute ethanol (20 mL) 

was added dropwise. The reaction mixture was stirred at 50 °C for 18 h under nitrogen, checking the 

reaction by TLC (n-hexane/ethyl acetate 7:3). The solid precipitate was filtered, obtaining 620 mg 

(1.64 mmol, 53% yield) of (4). 1H NMR (500 MHz, CDCl3): δ 8.71 (d, J = 7.5 Hz, 1H), 8.52 (d, J = 

0.00.00.50.51.01.01.51.52.02.02.52.53.03.03.53.54.04.04.54.55.05.05.55.56.06.06.56.57.07.07.57.58.08.08.58.59.09.0
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8.0 Hz, 1H), 8.22 (d, J = 8.0 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 4.04 (d, J = 7.5 Hz, 2H), 2.23 (m, 1H), 

0.98 (d, J = 6.5 Hz, 6H) ppm. 13C NMR (125 MHz, CDCl3) δ = 163.09, 162.33, 135.96, 132.42, 

131.28, 130.60, 125.74, 124.09, 123.52, 122.45, 121.22, 47.64, 27.32, 20.22 ppm. ESI-MS m/z 377.1 

[M + H]+. Anal. calcd for C16H13BrN2O4: C, 50.95; H, 3.47; O, 16.97. Found: C, 50.91; H, 3.41; 

O, 16.94.  

 

 

Figure 4.11. 1H-NMR spectra of (4) in CDCl3 

 

Synthesis of Naphthyl-di-AE.  

172 mg (0.46 mmol) of (4) was dissolved in 20 mL of 2-methoxyethanol under nitrogen atmosphere, 

and 10 equiv of ethanolamine was added to the solution. The reaction mixture was stirred at reflux 

for 36 h. Then, the solvent was removed, and naphthyl-di-AE (80 mg, 0.2 mmol, 47% yield) were 

obtained after purification by flash chromatography (silica gel, CHCl3/MeOH 9:1). 1H NMR (500 

MHz, CDCl3): δ 8.43 (d, J = 8.5 Hz, 2H), 6.74 (d, J = 8.5 Hz, 2H), 6.60 (t, J = 5.0 Hz, 2H), 4.05 (q, J 

= 5.0 Hz, 4H), 4.01 (d, J = 7.5 Hz, 2H), 3.42 (q, J = 5.0 Hz, 4H), 2.55 (t br, 2H), 2.24 (m, 1H), 0.96 

(d, J = 6.5 Hz, 6H) ppm. 13C NMR (125 MHz, acetone-d6): δ 164.92, 153.87, 134.02, 133.27, 112.43, 

112.33, 107.74, 60.76, 47.50, 46.90, 28.09, 20.64 ppm. ESI-MS m/z 372.3 [M + H]+, 394.2 [M + 

Na]+. Anal. calcd for C20H25N3O4: C, 64.67; H, 6.78; O, 17.23. Found: C, 64.61; H, 6.72; O, 17.18. 
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Figure 4.11 1H-NMR spectra of  Naphthyl-Di-AE in CDCl3 

 

 

 

 

Figure 4.1213C NMR spectrum of Naphthyl-Di-AE in acetone-d6. 
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ESI-MS sprctra 

 

 

Figure 4.13 ESI-MS spectrum of Naphthyl-Mono-AE  

 

 

Figure 4.14. ESI-MS spectrum of Naphthyl-Di-AE 
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Spectrophotometric characterization 

 

 

Figure 4.15. UV-Vis Spectra of Naphthyl-Mono-AE in Toluene (from 1x10-5 M to 4x10-5 M), inset shows 

ɛ calculation. 

 

 

Figure 4.16. Emission spectrum of Naphthyl-Mono-AE in Toluene (1x10-5, λex = 340 nm). 

 



Chapter 4 

91 

 

 

Figure 4.17. Fluorescence titration between Naphthyl-Mono-AE and DMMP ex = 340 nm (Toluene, 

[Naphthyl-Mono-AE] = 1x10-5M, DMMP additions were in the 0-4 equivalent range). 

 

HypSpec output file: Naphthyl-Mono-AE@DMMP 

 

Converged in 1 iterations with sigma = 0,030713 

 

                            standard 

Log beta   value     deviation 

AB         3.5382    0.1527 

 

 

Figure 4.18. UV-Vis Spectra of Naphthyl-Di-AE in Toluene (from 1x10-5 M to 4x10-5 M), inset shows ɛ  

calculation. 
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Figure 4.19. Emission spectrum of Naphthyl-Di-AE in Toluene (1x10-5 M, ex 340 nm). 

 

DMMP detection 

 

Figure 4.20. Fluorescence titration between Naphthyl-Di-AE and DMMP ex = 340 nm (Toluene, 

[Naphthyl-Di-AE] = 1 x 10-5 M, DMMP additions were in the 0-4 equivalent range). 

 

 

HypSpec output file: Naphthyl-Di-AE@DMMP 

 

Converged in 2 iterations with sigma = 0,34060 

 

                                standard 

Log beta   value      deviation 

AB         4.0255     0.1067 
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Figure 4.21. ESI-MS spectrum of supramolecular complex [Naphthyl-Di-AE@DMMP+Na]+ 

 

 

Figure 4.22. 1HNMR titration of Naphthyl-Di-AE with DMMP in CDCl3. The amount of host was kept 

constant (6 x 10-4 mmol) and increasing amount of the guest were added: a) HOST; b) 0.5eq; c) 1.0eq; d) 

1.5eq; e) 2.0eq; f) 3.0eq; g) 4.0eq; h) 6.0eq.    

 

HypNMR output file 

Project title: Naphthyl-Di-AE@DMMP 

 

Converged in 1 iterations with sigma = 2,372009 

 

                                      standard 

                          value     deviation    

 1 log beta(hostguest)  2.68       0.0714      
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Figure 4.23. Selectivity tests with acetic acid. Emission spectra of: i) Naphthyl-Di-AE (black line, 1 x 10-5 

M in DMSO), ii) Naphthyl-Di-AE after 10 equivalents of acetic acid (green line), iii) Naphthyl-Di-AE 

after 10 equivalent of acetic acid 2 eq. of DMMP (blue line). 

 

 

Figure 4.24. Time-stability test conducted on Naphthyl-Mono-AE (1 x 10-5 M in toluene) using ex = 340 

nm and recording the emission intensity at 500 nm for 10 minutes time range before (blu line) and after (red 

line) the addition of 1 eq. of DMMP. 

 

Figure 4.25. Time-stability test conducted on Naphthyl-Di-AE (1 x 10-5 M in toluene) using ex = 340 nm 

and recording the emission intensity at 500 nm for 10 minutes time range before (blu line) and after (red 

line) the addition of 1 eq. of DMMP 
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5.1. Introduction  

Another important goal achieved, was the extension of the supramolecular hetero-multitopic 

detection to other classes of nerve agents. The “V” series Nerve Agents (Figure 5.1 shows few 

examples VM, VG and VX), due to their increased persistence in the environment and their 

lipophilicity which lead to direct skin absorption, are significantly more potent than “G” derivatives.1, 

2 Very few examples of molecular probes for detection of these class of compounds are reported in 

literature,3  exploiting covalent non-reversible interactions, with all the already mentioned limits of 

this approach like non-reversibility and low selectivity. The threat still posed by the illegal use of 

these neurotoxic compounds and their increased toxicity for humans and the environment, highlight 

the importance of affordable detection and monitoring systems. 

Due to the high molecular structure affinity with “V” series Nerve Agents, especially VX (O-ethyl,S-

diisopropylaminoethylmethylphosphothiolate), phosphocholine was used as a simulant for this class 

of compounds.  

 

Figure 5.1. Structure of Choline and Phosphocholine (top) and V series Nerve Agents (bottom). 

 

In addition, phosphocholine, together with glycerol-phosphocholine, is one of the main metabolites 

of choline, a fundamental brain transmitter.4 In general, the concentration of choline and its 

derivatives in the human plasma is low and stable (5-10 M).5 However, a higher concentration of 

these metabolites has been related to the human breast cancer cells,6, 7 where increased choline uptake 
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and fast phosphorylation occur.8 For these reasons, new diagnostic methods able to detect choline 

derivatives, exploiting magnetic resonance imaging (MRI) in-vivo, have been recently developed.9-

12 In particular, the efforts were focused on increasing the sensitivity and the selectivity of the 

detection method. Indeed the detection of metabolic analytes and molecular species related to the 

arise of breast cancer is crucial to obtain an early diagnosis. 

Taking into account these considerations, the detection of phosphocholine at low concentration values 

with high selectivity is crucial, for applications both in the diagnosis of human breast cancer, and for 

the detection of V-series organophosphorus CWAs. To date, only one example of a phosphocholine 

sensor has been reported, based on the SALDI-MS approach.13 In this work, a new supramolecular 

receptor Zn-Cav is described (Figure 5.5a), able to detect phosphocholine by using non-covalent 

interactions. Moreover, Zn-Cav detects phosphocholine by a ‘‘multi-topic approach’’, that is the 

possibility to recognise more than one site of the guest, increasing the selectivity. In particular, 

phosphocholine displays two possible recognition sites (i) the P=O and (ii) the alkylammoniun group, 

which can be recognised by (i) a Lewis Acid–Base interaction14 and (ii) cation–π and CH–π 

interactions in a hydrophobic cavity, respectively. Recognition properties were evaluated using 

fluorescence titration, observing high affinity and selectivity. 

 

5.2. Results and discussion  

The approach used for the design of new phosphocholine receptor was inspired by the enzymatic 

detection mode for acetylcholine neurotransmitter by acetylcholinesterase enzyme.15The  

simultaneous interaction between multiple functionalities on the host molecule and complementary 

functionalities of the Guest, is a useful approach which retrieves the multivalency concept and is 

receiving much interest in the field of supramolecular chemistry.16, 17 
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The possible supramolecular interaction sites of the phosphocholine and their distances were 

investigated, in order to design a proper receptor able to mimic natural enzymes giving strong but 

reversible recognition towards the guest. 

As a starting point, the phosphate group is available for a hydrogen bond formation or a Lewis acid-

base interaction, as suggested by the results obtained in previous works (Figure 5.2 a).14  

Moreover, the presence of an alkyl chain with a terminal ammonium salt, make this guest suitable for 

the inclusion within the hydrophobic cavity, in order to form supramolecular CH- and cation-  

interactions. 

 

 

Figure 5.2. a) Highlights of the interaction sites in the Phosphocholine; b) Geometry optimizations of 

Phosphocholine (force field MM+). 

 

Geometry optimized structure of phosphocholine enables to estimate the distances between the 

functional groups available for the formation of supramolecular interaction cited above. A distance 

of 6.3 Å was observed between the alkyl ammonium and the phosphate groups (Figure 5.2 b).   

Keeping in mind these observations, a good receptor for the phosphocholine and thus, for V series 

Nerve Agents, should include a Lewis Acid metal centre and a hydrophobic cavity with a distance 

from each other of ca. 6.3 Å, leading to a multi-topic supramolecular receptor (Figure 5.3). The idea 

was to incorporate a system holding a deep hydrophobic cavity, able to host the tetra-alkyl ammonium 

salt,  with a Metal-organic complex on the upper rim for the formation of a Lewis acid-base interaction 

with the phosphate group. 
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Figure 5.3 Design of the supramolecular receptor for phosphocholine. 

 

In this context, resorcin[4]arene is a useful building block for the realization of a container shaped 

macrocycles with a hydrophobic cavity, suitable for the inclusion of cationic guests.18 In particular 

resorcin[4]arene cavity, bridged by four quinoxaline moieties, gives quinoxaline cavitand hosts 

(Figure 5.4) which are useful for the application in supramolecular sensing.19,20The cavity size is 

enlarged by the introduction of quinoxaline units, which makes the cavity deeper and at the same time 

conformationally rigid and lipophilic. The cavity can provide π-electron-rich regions able to perform 

CH–π and π–π interactions, thus facilitating the recognition of organic cations.21 

 

Figure 5.4. a) resorcin[4]arene chemical structure; b) Tetraquinoxaline cavitand structure. 

 

Basing on reported works where tetraquinoxaline cavitand macrocycle was used as an efficient 

heteroditopic receptor for alkylammonium guests, a metal-salen complex was incorporated in the 

upper rim of a tetraquinoxaline cavitand, replacing one of the four quinoxaline unit obtaining Zn-
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Cav receptor (Figure 5.5a).22, 23 The presence of a Lewis acid centre in the metal-salen framework 

and a quinoxaline cavity in the same molecular receptor pave the way for the design of a selective 

sensor for the phosphocholine.  

 

 

Figure 5.5. Chemical structure of the metal-salen cavitand Zn-Cav (a) and Zn-Cav-Ph (b).  

 

The six carbon chains at the lower rim of the cavitand moiety warrant high solubility in common 

organic solvents but in the future applications will be exploited to anchor the receptor onto a solid 

surface, obtaining a final device. 

Due to the excellent results previously obtained, Zinc was used as Lewis acid metal centre,24 

warranting high affinity, the fluorescence emission of the complex and low toxicity. In addition, the 

pseudo-axial coordination geometry with the phosphate group allows the right orientation of 

phosphocholine alkyl chain, which directs the alkyl ammonium group towards the hydrophobic 

cavity. Then the choice of R substituents in the di-imine bridge was made in order to ensure low steric 

hindrance due to the presence of ethylene groups, which warrant high flexibility to the complex. 

These considerations were supported by computational studies, through DFT calculations.25 Useful 

informations, about the ideal structure of the receptor, as well as about the supramolecular complex 

with phosphocholine  were obtained. In particular, the nature of R substituents in the salen ligand has 
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been evaluated, in order to optimize the receptor structure and to drive the synthesis. Calculations 

were performed on a simplified structure of the cavitand, in which the four hexyl groups were 

substituted by methyl groups, in order to find a good compromise between calculation times and 

reliability of the results.  

Both receptors, Zn-Cav-Ph and Zn-Cav, were studied under vacuum and in chloroform, and their 

stability with phosphocholine has been calculated (Table 5.2, Experimental Details). The 

supramolecular complex Zn-Cav-phosphocholine is more stabilized ( more than 20 kcal mol-1) with 

respect to Zn-Cav-Ph in CHCl3.  

Taking into account these considerations, the synthesis of Zn-Cav was performed inspiring to 

previously reported procedures (Scheme 5.1).22 The first step was the condensation reaction between 

resorcinol and heptanal in concentrated hydrochloric acid solution. Is well known that this reaction 

leads to the cyclic tetrameric derivative as the prevalent compound. The thermodynamic stability is 

due to the formation of hydrogen bonds network between the phenolic functionalities at the upper 

rim of the macrocycle. The crystallization from methanol gave the desired compound 1.  

In the second step, phenolic groups of resorcin[4]arene were exploited to introduce four quinoxaline 

walls, in order to create a deeper lipophilic cavity. The reaction was carried out adding K2CO3 as a 

weak base for the deprotonation of phenolic groups, promoting the aromatic nucleophilic substitution 

on the quinoxaline. After 18h the desired compound was isolated and purified (derivative 2 in Scheme 

5.1). The characteristic pattern of quinoxaline moiety in 1HNMR spectrum confirm the identity of the 

compound (Figure 5.6). 
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Scheme 5.1 Synthetic pathway of Zn-Cav  
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Figure 5.6. 1HNMR spectrum of 2 in CDCl3. Details show the quinoxaline moiety signals. 

 

In order to obtain the triquinoxaline derivative, compound 2 was treated with an excess of Cesium 

Fluoride and stoichiometric amount of catechol. The presence of Cesium salt in solution, promotes 

the deprotonation of the phenolic groups of the catechol, leading to a nucleophilic substitution in 2-3 

position of one of the four quinoxaline residues. Since cavitand and catechol are in stoichiometric 

ratio, the result is the recovery of two hydroxyl functions in the cavitand moiety and the release of a 

quinoxaline-catechol adduct easy detectable. 

Several studies have been conducted for a direct reaction of triquinoxaline derivative (3) using 

stoichiometric ratio of resorcin[4]arene, catechol and base without success. The best way to obtain 

triquinoxaline cavitand in quite a high yield, is to first synthesise the tetraquinoxaline cavitand and 

the subsequent removal of one quinoxaline group.26 This is possible because all quinoxaline cavitands 

derivatives are unstable to nucleophilic attack from phenolic groups. Moreover, catechol shows the 

phenolic groups in a perfect position to interact with quinoxaline function, leading to very stable 

quinoxaline-catechol adduct. A loss of symmetry can be observed comparing 1HNMR of derivatives 

2 and 3, confirming the desired product (Figure 5.7).  
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Figure 5.7. Details of 1HNMR spectra of tetraquinoxaline (2) cavitand and triquinoxaline (3) cavitands with 

evidence of symmetry loss.  

 

The fourth step of the synthesis provides the monoaldehyde of the triquinoxaline cavitand using a 

formylation reaction with dichloromethyl-methyl-ether as formylating agent and Tin Chloride as a 

catalyst. This compound is of crucial importance to introduce a Salen moiety in the cavitand 

macrocycle. To this aim asymmetric imine derivative was also synthesised 5, using ethylene-

monoamine-ammonium chloride and salicylic aldehyde. 

The condensation of these two derivatives led to the Salen-Cav ligand which was characterised. The 

subsequent interaction of Salen-cav ligand with diethyl-zinc, led to the final receptor Zn-Cav. The 

identity of the compound was confirmed by 1HNMR spectroscopy and ESI-MS spectrometry where 

a peak m/z 1377.7 was observed and ascribed to [M + H]+ ion (Exp. Details Fig. 5.17)  

UV-Vis spectrum of Zn-Cav in chloroform shows two main bands, at 320 nm (e = 20000), relative 

to π-π * transition of quinoxaline cavity, and at 380 nm (e = 2400), relative to n-π* transition of 

azomethine protons (see Experimental Details Fig. 5.20).27 Upon excitation at both wavelengths, an 

emission band centred at 510 nm can be observed. However, the addition of phosphocholine is 
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detectable only by exciting the quinoxaline cavity (ex 320 nm), due to the inclusion of 

alkylammonium salt into the hydrophobic cavity. 

Figure 5.8 a shows the fluorescence emission variation of a 10 M solution of Zn-Cav in chloroform, 

upon progressive addition of phosphocholine. In particular, a strong quenching of emission is 

observed, probably due to a photoinduced electron transfer mechanism (PET).28 

The binding constant value obtained by non-linear curve fit of 1:1 host-guest stoichiometry, also 

confirmed by Job’s plot (see Experimental Details) is reported in Table 5.1, with the relative limit of 

detection  (LOD). Notably, Zn-Cav shows high binding constant values and detection limits of ppb 

levels, thus suitable for the detection of traces of phosphocholine. 

 

 

 

 

Figure 5.8 a) Fluorescence emission curve of Zn-Cav (10 mM in CHCl3, ex = 320 nm) upon progressive 

addition of phosphocholine (0-4 equivalents). b) Selectivity and competition tests. Normalized fluorescence 

responses of Zn-Cav (10 M in chloroform, ex 320 nm) to phosphocholine (P-Choline, 1 equivalent) and 

various competitive guests (5 equivalents). Bars represent the final over initial emission intensity at 510 nm. 

Inset shows the competitive tests: black bars represent the normalized emission response of Zn-Cav after the 

addition of competitive guest (5 equivalents) to the solution of the host (10 M in chloroform, ex 320 nm). 

Red bar represent the addition of 1 equivalent of phosphocholine to the solution of the host containing the other 

guests. 
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Table 5.1. Binding constant values obtained by fluorescence measurementsa 

Solvent Experimental value (M-1) Detection limitb 

Chloroform 1.15x107  3.61 ppb 

a calculated by HypSpec v1.1.33; b calculated by method of the calibration curve using the formula DL=3σ/K, 

where σ is the standard deviation of the blank, and K is the slope of the calibration curve (see Exp. Section). 

 

Selectivity is a crucial parameter for an efficient sensor, thus selectivity and competition experiments 

were carried out in order to validate the role of the “supramolecular multi-topic approach”. In 

particular, the emission band of Zn-Cav at 510 nm by using ex 320 nm in chloroform was monitored. 

As shown in Figure 5.8 b, after the addition of an excess of the competitive guest (5 equivalents), 

the intensity emission of the receptor does not change significantly. In addition, competition 

experiments gave excellent results: receptor has been exposed to an excess of the competitive guest 

(5 equivalents, inset of Figure 5.8 b, black bar), then, 1 equivalent of phosphocholine has been added 

and the emission intensity has been recorded (inset of Figure 5.8 b, red bar). In all cases, Zn-Cav 

shows fluorescence emission changes only after the addition of phosphocholine, confirming the high 

selectivity for this guest. 

These results are due to the role of the quinoxaline cavity in the supramolecular recognition. although 

also the other competitor can bind the Zn metal centre via Lewis Acid-Base interaction, 

phosphocholine is the only guest able to interact with the hydrophobic cavity. In fact, by excitation 

at 320 nm, the “excitation channel” of the cavity was selected, excluding the Zn-salen moiety, thus 

reducing the possibility of false-positive response. 
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5.3. Conclusion 

This work demonstrates how the multivalency concept is a very useful methods for designing new 

supramolecular receptors with remarkably high affinity and selectivity towards the selected guest. 

The key point of this approach is the design of receptors with several interaction sites complementary 

to the interaction sites of the guest. Moreover, size and shape of Host and Guest play a crucial role in 

the formation of a stable and also reversible supramolecular complex. Indeed, the geometry and shape 

of the Guest are first analysed in order to design a proper complementary Host. Zn-Cav was designed 

using this approach and has been demonstrated to be very selective towards phosphocholine selected 

Guest. Extreme sensitivity was also achieved, obtaining a really promising receptor for the 

construction of the final device for CWA detection. 

In addition, phosphocholine show very high affinity with acetylcholine structure and properties. For 

this reason, this receptor is suitable for trace detection of acetylcholine neurotransmitter for biological 

and medical application. Fast detection of trace level of such metabolite is very helpful in the rapid 

diagnosis of disease. 

 

5.4. Experimental Details 

General experimental methods. The NMR experiments were carried out at 27° C on a Varian UNITY 

Inova 500 MHz spectrometer (1H at 499.88 MHz, 13C NMR at 125.7 MHz) equipped with pulse field 

gradient module (Z axis) and a tuneable 5 mm Varian inverse detection probe (ID-PFG). ESI mass 

spectra were acquired on a API 2000– ABSciex using CH3CN (positive ion mode). A JASCO V-560 

UV-Vis spectrophotometer equipped with a 1 cm path-length cell was used for the UV-Vis 

measurements. Luminescence measurements were carried out using a Cary Eclipse Fluorescence 

spectrophotometer with resolution of 0.5 nm, at room temperature. The emission was recorded at 90° 
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with respect to the exciting line beam using 10:10 slit-widths for all measurements. All chemicals 

were reagent grade and were used without further purification. Dry chloroform was prepared by 

refluxing for 5 h over CaCl2 and further distillation. Dry DMSO was prepared from commercial dry 

solvent, further dried over activated molecular sieves (3 Å) overnight. 

 

Procedure for fluorescence titrations. Two mother solutions of  host and guest (1.0 × 10-3 M) in dry 

solvent were prepared. From these, different solutions with different ratio receptor/guest were 

prepared as reported below, and emission spectra were recorded at 25 °C. With this data treatment, 

the apparent binding affinities of receptor with phosphocholine were estimated using HypSpec 

(version 1.1.33),  a software designed to extract equilibrium constants from potentiometric and/or 

spectrophotometric titration data. HypSpec starts with an assumed complex formation scheme and 

uses a least-squares approach to derive the spectra of the complexes and the stability constants. 2 

test (chi-square) was applied, where the residuals follow a normal distribution (for a distribution 

approximately normal, the 2 test value is around 12 or less). In all of the cases, 2 ≤ 10 were found, 

as obtained by 3 independent measurements sets. 

 

Determination of Stoichiometry. Stoichiometry of the complexes were investigated by the Job’s plot 

method, using spectrophotometric measurements. The samples were prepared by mixing 

equimolecular stock solutions (1.0 × 10-3 M) of the appropriate host and guest to cover the whole 

range of molar fractions, keeping constant the total concentration (1×10-5 M). The changes in 

absorbance compared to uncomplexed receptor species (ΔA × χ-1) were calculated and reported versus 

the receptor mole fraction (χ). These plots show invariably a maximum at 0.5 mol fraction of receptor, 

thus suggesting its 1:1 complex formation. 

 

Computational Methods. All calculations were performed using the Gaussian program package, on a 

simplified structure of the cavitand, in which the four hexyl groups were substituted by methyl groups, 
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in order to find a good compromise between calculation times and reliability of the results. 

Optimizations were performed in the gas phase at the B3LYP/6-31G(d) level2 for all atoms, while 

the Stuttgart/Dresden ECP was used for Zn in order to correctly describe the electronic properties of 

the studied systems. The solvent effects (CHCl3) was considered by optimization, at the same level 

as above, using a self-consistent reaction field (SCRF) method, based on the polarizable continuum 

solvent model (PCM).4 Vibrational frequencies were computed at the same level of theory to verify 

that the optimized structures are minima. Thermodynamics at 298.15 K allowed the enthalpies and 

the Gibbs free energies to be calculated. 

 

Table 5.2 Energy values of receptors (host), phosphocholine (guest) and supramolecular complexes (host-

guest) in vacuo and CHCl3 respectively. ΔE and ΔG values of the complex between phosphocoline and the 

receptors Zn-Cav-Ph and Zn-Cav have been also reported in vacuo and CHCl3 respectively, compared to 

the sum of ligand and guest energies and free energies 

 

 

Synthesis of Resorcin[4]arene 1:  

0.15mol of resorcinol were dissolved in EtOH (60mL) adding 20mL of HCl 36%. After cooling this 

solution at 5°C, 17.13mL (0.15mol) of heptanal were added dropwise. the reaction mixture was 

refluxed for 24h and the gummy precipitate formed, was filtered in vacuum and washed with water 

until a solid was obtained. The crude compound was recrystallized from warm methanol, obtaining 1 
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as beige crystals in 48% yield (14.6g). 1H NMR (500MHz, Acetone-d6)  8.53 (s, 8H), 7.54 (s, 4H), 

6.21 (s, 4H), 4.33 (t, 4H, J=8Hz), 2.35 (q, 8H, J=6.5Hz), 1.67 (m, 32H), 0.93 (m, 12H) ppm. 

 

Figure 5.9 1HNMR spectrum of 1 in Acetone-d6. 

 

Synthesis of tetraquinoxaline cavitand 2: 

 3.6mmol of 7 were dissolved in 60mL of dry N-N-dimethylformamide. To this solution under stirring 

and under nitrogen flux, (21.8mmol) of 2,3 dchloroquinaxaline were added. After the complete 

solubilization, (21.7 mmol) of dry K2CO3 were added and the reaction mixture was kept to 50° for 

18h, checking the conversion of the starting reagents by using TLC. Then the mixture was poured 

into cold water observing the formation of a beige precipitate which was filtered and washed with 

water to remove all the residual DMF. The crude compound was dried and purified by flash 

chromatography (silica gel, hexane/ethyl acetate 95:5) obtaining 2g of 2 in 40% yield. 1H NMR 

(CDCl3 , 500 MHz) δ 8.15 (s, 4H), 7.78 (m, 8H), 7.47 (m, 8H), 5.54 (t, J = 8.0 Hz, 4H), 2.28 (brq, J 

= 6.5 Hz, 8H), 1.34 (bs, 32H), 0.93 (t, J = 6.5 Hz, 12H) ppm. 

00112233445566778899
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Figure 5.10. 1HNMR spectrum of 2 in CDCl3. 

 

Synthesis of triquinoxaline cavitand 3: 

 (0.68mmol) of 2 were dissolved in 250mL of dry DMF stirring and heating at 80°C with the addition 

of 2.1g (13mmol) of CsF. Then 0.68mmol of catechol were added. The reaction mixture was kept to 

80°C for 2h checking the reaction with silica gel TLC (hexane: ethyl acetate, 95:5). After 2h the 

reaction mixture was poured into cold water and ice, giving a pale precipitate which was filtered, 

dried and purified by column chromatography (silica gel, from 100%CH2Cl2 to CH2Cl2/ethyl acetate 

97:3), leading to 3 as white crystals in 48% yield. 1H NMR (CDCl3, 500 MHz): δ 8.24 (s, 2H,), 7.94 

(dd, J = 1.0 Hz, 8.0 Hz, 2H), 7.82 (m, 2H), 7.69 (dd, J = 1.0 Hz, 8Hz, 2H), 7.66 (t of d, J = 7.0 Hz, 

2H), 7.49 (m, 4H), 7.28 (s, 2H), 7.13 (s, 2H), 7.09 (s, 2H), 5.61 (t, J = 8.0 Hz, 1H), 5.53 (t, J = 8.0 

Hz, 2H), 4.26 (t, J = 8.0 Hz, 1H), 2.29-2.16 (m, 8H), 1.51-1.24 (m, 32H), 0.93 (m, 12H). 

0.00.00.50.51.01.01.51.52.02.02.52.53.03.03.53.54.04.04.54.55.05.05.55.56.06.06.56.57.07.07.57.58.08.08.58.5
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Figure 5.11. 1HNMR spectrum of 3 in CDCl3. 

 

Synthesis of monoformyl-cavitand 4:  

Chloroform stabilized with EtOH(0.06%) was anhydrificated by distillation with CaCl2 and then 

stored under molecular sieves of 3Å. In 20 mL of this CHCl3, 0.200g (0.16mmol) of 3 were dissolved 

under stirring. To this solution, 637L (6.3mmol) of dichloromethylmethyether were added. Keeping 

the mixture in an ice and water bath, 8mL (6.3mmol) of a solution of Tin Chloride 1M in CH2Cl2 

were added. The reaction mixture was stirred at R.T. for 35 minutes monitoring the conversion by 

TLC  

(silica gel, hexane/ethyl acetate 7/3). After 35 minutes, the reaction mixture was poured into water 

and the crude compound was extracted by CH2Cl2, dried and purified with PLC (silica gel, 

hexane/ethyl acetate 7/3), obtaining 4 (0.020g; 0.016mmol) in 10% yield: ). 1H NMR (CDCl3, 500 

MHz): δ12.70 (bs, 1H), 10.18 (s, 1H), 8.00 (d, J= 7.0Hz, 1H), 7.91 (d, J=8.0Hz, 1H), 7.86 (d, J= 1H), 

7.83 (d, J= 8.0Hz, 1H), 7.77 (d, J=8Hz, 1H), 7.73 (s, 1H), 7.69 (d, J= 8.0 Hz, 1H), 7.66-7.43 (m, 7H), 

7.44(s, 1H), 7.37(s, 1H), 7.34(s, 1H), 7.24(s, 1H), 7.13(s, 1H) 5.62 (t, J = 8 Hz, 1H), 5.54 (t, J = 8 

Hz, 1H), 4.71 (m, 3H) 4.30 (t, J = 8 Hz, 1H), 4.12 (q, J = 8 Hz, 6H), 1.65-0.81 (m, 35H), 0.63 (t, J= 

7.0Hz, 9H) ppm 

00112233445566778899
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Figure 5.12. 1HNMR spectrum of 4 in CDCl3. 

 

Synthesis of monoimmine-ammonium salt 5.  

 5.2 mmol of ethylenediamine were dissolved in 10mL of diethylether under stirring. To this solution, 

5.1 mmol of HCl 2M in diethyl-ether were added. The reaction mixture were left for 12h under stirring 

with cup at room temperature. After this time, a milky precipitate was observed, the solvent was 

evaporated and the solid was dried under vacuum obtaining 5.1 mmol of monochlorhydrate 

ammonium salt of the ethylenediamine (98% yield). (2.1 mmol) of this ammonium salt, were mixed 

with (0.219 mL, 2.1 mmol) of salicylaldehyde in 10 mL of methanol/ethanol (6:4) as solvent. After 

stirring this mixture at room temperature for 24h, the solvent was removed in vacuum and the 

precipitate was washed with hexane and dried, giving 5 (0.406g, 2.0 mmol) in 97% yield. 1H NMR 

(CDCl3, 500 MHz): δ 13.38 (bs, 1H); 8.62 (s, 1H); 7.42 (d, 1H, J= 7.0 Hz); 7.32 (t, 1H, J= 7.0Hz); 

6.87(m, 2H); 3.92 (bs, 4H) ppm. 

0011223344556677889910101111121213131414



Supramolecular Recognition of Phosphocholine by an Enzyme-Inspired Cavitand Receptor 

116 

 

 

Figure 5.13. 1HNMR spectrum of 5 in DMSO-d6. 

 

Synthesis of Salen-Cav.  

In a round-bottom flask, to a solution of monoformyl cavitand (0.274 mmol) in 30 mL of ethanol 

were added monoimine−aminesalicylaldehyde  (0.274 mmol) and triethylamine (0.600 mmol). The 

reaction was stirred for 24 h at room temperature. Then, the reaction was quenched by evaporation 

of the solvent under reduced pressure, and the compound was purified by flash chromatography 

(hexane/EtOAc 95:5) (52%): 1H NMR (500 MHz, CDCl3) δ 14.89 (s. br., 2H), 9.77 (s. br., 1H), 8.42 

(s, 1H), 8.33 (s, 1H), 8.30 (s, 1H), 8.00 (d, J = 8 Hz, 1H), 7.91 (d, J = 8 Hz, 1H), 7.81-7.86 (m, 3H), 

7.77 (d, J = 8 Hz, 1H), 7.67-7.62 (m, 2H), 7.48-7.64 (m, 8H), 7.44 (s, 1H), 7.29 (s, 1H), 7.27 (s, 1H), 

7.21 (s, 1H), 7.17 (s, 1H), 7.09 (s, 1H), 5.56 (t, J = 7.5 Hz, 1H), 5.49 (t, J = 7.5 Hz, 1H), 4.69 (m, 2H), 

4.36-4.41 (m, 2H), 2.24-2.38 (m, 8H), 2.08-2.20 (m, 10H), 1.41-1.55 (m, 8H), 1.22-1.40 (m, 16H), 

0.82-0.96 (m, 9H), 0.72 (t, J = 6.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 167.78, 161.3, 156.98, 

155.9, 153.05, 152.96, 152.51, 152.3, 152.1, 152.0, 151.2, 148.8, 147.1, 146.5, 140.5, 140.1, 139.5, 

139.2, 138.7, 138.1, 137.5, 137.0, 136.8, 135.5, 133.8, 130.1, 129.1, 129.0, 128.8, 128.0, 126.4, 126.1, 

124.2, 123.9, 122.5, 118.1, 117.8, 117.7, 111.4, 106.4, 79.1, 75.1, 62.5, 35.9, 34.1, 34.1, 33.9, 33.0, 

32.8, 32.3, 31.5, 29.4, 29.42, 29.40, 29.3, 29.0, 28.2, 28.0, 27.95, 27.6, 22.8, 22.1, 14.5, 13.9 ppm; 

0011223344556677889910101111121213131414
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ESI-MS m/z 1377.7 [M + H]+ for C86H89N8O9. Anal. Calcd C, 74.98; H, 6.44; N, 8.13. Found: 74.92; 

H, 6.41; N, 8.09.  

 

 

Figure 5.14. 1H NMR of Salen-Cav in CDCl3 

 

Synthesis of Zn-Cav. 

To a solution of Cav (0.120 mmol in 10 mL of ethanol absolute), 0.150 mmol of diethyl zinc were 

added dropwise. The reaction was stirred overnight at room temperature, then the solvent was 

removed under reduced pressure. 5 mL of dichloromethane were added and the solid (excess of zinc) 

was removed by filtration. After the remove of the solvent, Zn-Cav was obtained in almost 

quantitative yield (97%). 1H NMR (500 MHz, CDCl3): δ 9,39 (s, 1H), 9,11 (s, 1H), 8.40 (s, 1H), 8.01 

(d, J = 8.0 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.78 (m, 2H), 7.71 (d, J = 8.0 

Hz, 1H), 7.69 (s, 1H), 7.64 (m, 1H), 7.51 (d, J = 8.0 Hz, 1H), 7.49−7.52 (m, 5H), 7.45 (s, 1H), 7.40 

(d, J = 8.0 Hz, 2H), 7.31 (s, 1H), 7.28 (s, 1H), 7.12 (s, 1H), 6.85−6.91 (m, 3H), 6.12 (s, 1H), 5.73 (m, 

2H), 5.62 (s, 1H), 5.13 (t, J = 7.5 Hz, 1H), 4.03 (t, J = 7.5 Hz, 1H), 2.25−2.44 (m, 10H), 1.30−1.65 

(m, 24H), 1.24−1.29 (m, 8H), 0.94 (t, J = 6.5 Hz, 6H), 0.87 (t, J = 6.5 Hz, 3H), 0.69 (t, J = 6.5 Hz, 

-2-20022446688101012121414
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3H); 13C NMR (125 MHz, CDCl3) δ 171.9, 165.1, 161.9, 157.1, 156.6, 156.1, 155.7, 152.2, 150.8, 

142.4, 141.6, 141.0, 140.2, 140.0, 139.1, 137.7, 134.4, 133.8, 133.2, 133.0, 132.8, 132.4, 132.2, 131.8, 

131.2, 131.0, 130.88, 130.82, 130.76, 130.39, 128.4, 127.2, 126.5, 122.6, 121.8, 115.4, 110.0, 90.0, 

63.6, 34.96, 34.69, 34.31, 33.5, 32.9, 32.63, 32.30, 31.97, 31.01, 30.65, 30.23, 30.13, 30.05, 29.5, 

29.23, 29.04, 28.0, 27.94, 27.85, 27.62, 22.6, 22.3, 13.82 ppm; ESI MS m/z 1486.6 [M + H + EtOH] 

+ for C86H87N8O9Zn + C2H5OH. Anal. Calcd C, 71.07; H, 6.24; N, 7.54. Found: C, 71.01; H, 6.39; 

N, 7.50 

 

 

Figure 5.15. 1H NMR of Zn-Cav in CDCl3 

 

 

 

Figure 5.16 . APT of Salen-Cav in CDCl3 
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Figure 5.17 . ESI-MS of Cav 

 

 

Figure 5.18 . APT of Zn-Cav in CDCl3 

 

 

Figure 5.19. ESI-MS Zn-Cav 
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Figure 5.20. UV-Vis spectrum of Zn-Cav (1 x 10-5M in CHCl3). Inset shows the ε determination. 

 

Figure 5.21. Job’s Plot between Zn-Cav and phosphocholine in CHCl3; calibration curve 

 

Figure 5.22. Fluorescence titration between Zn-Cav and Phosphocholine in Chloroform  

HypSpec output file 

Converged in 1 iterations with sigma = 0,447 

 

                     standard 

Log beta   value     deviation 

AB         7.0582    0.4959 
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6. General Conclusion and Perspectives  

The work reported in this PhD thesis introduced a new class of remarkably selective and sensitive 

systems for the efficient detection of OP nerve agents in solution and gas phase. In particular, new 

supramolecular hosts were obtained, able to selectively interact with G and V series NA simulants. 

A huge increase of the affinity was observed with the introduction of several interaction sites in the 

host, complementary to the possible non-covalent interaction sites of the guest, confirming the 

formation of strong, but also reversible complexes. Another fundamental advantage of using the 

multitopic approach for sensing of NAs, was the specific recognition of the selected guest, also in 

competition conditions, in the presence of common environmental interferents. Moreover, the use of 

fluorescent scaffolds, led to the development of new optical-based receptors, suitable for cheap, fast 

readout and easy-to-use, portable sensing devices.  

For these reasons, ease of synthesis with high yields, specific recognition of the selected guest, cost-

effectiveness of the materials, fast visible response and reversibility, make this new class of receptors 

suitable for the application in high performance sensing devices able to overcome most of the limits 

related to the currently existing sensing methods. 
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