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Chapter 1 

Introduction 

This chapter provides an introduction to signaling of chemical speCIes 

usmg fluorescence technique. Fundamentals of molecular recognition, the 

principles involved in efficient binding of a substrate to a receptor, and 

development of molecular photonics and electronics have been discussed in brief. 

Importance of fluorescence as a means of signaling chemical species has been 

explained in detail. Even though special emphasis is given on the photoinduced 

electron transfer (PET) mechanism as an efficient mechanism for fluorescence 

signaling, various other mechanisms employed in the area are also touched upon. 

1.1. Principles of molecular recognition 

The binding between a receptor and a substrate takes place through weak 

intermolecular non-covalent interactions. Efficient binding of the substrate by the 

receptor can be achieved by employing a large number of binding sites. Molecular 

recognition refers to recognition of the substrate by the receptor leading to strong 

and specific con1plexation. Substrate binding to a receptor is controlled by steric 

and interactional complementarities, large contact areas and large number of 

interaction sites. Molecular recognition has become important in view of its 

bioorganic implications and significance in chemical selectivity. 1 



2 Chapter 1 

1.2. Molecular photonics and electronics 

In the present day scenario, a molecule IS more important for its 

significance than for its structure.} Macroscale machines developed in the past, 

employing the bulk properties of the molecules, later given way for faster and 

sophisticated microscale ones, which in tum has paved the way for nanoscale 

machines, machines of the size of individual molecules, in which functional 

interactions gain importance over the nature of connectivity. 

A covalent molecule possessing characteristics of a supramolecular nature 

is considered a supramolecular device. A supramolecular device is, hence defined 

as a covalent system made up of molecular components with definite individual 

properties that are intrinsic to the molecular components. Molecular recognition 

events between the host and the guest are an intrinsic part of the operation of a 

supramolecular device, which is designed to bind and then signal the presence of 

a guest. 

Among the various possible approaches to constructing a supramolecular 

device,2-S the use of a photochemically active component is considered to be a 

versatile one. The role of light in photosynthesis, its importance in inducing 

events such as charge separation and catalysis, its use in sensing applications and 

its ability to travel through a variety of media have contributed to the 

development of photochemically active supramolecular devices. In addition, 

useful processes such as energy migration, perturbations of optical transitions and 

polatisabilities, modification of ground and excited state redox potentials, 

photoregulation of binding properties and selective photochemical reactivity can 
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be achieved by incorporating photochemically active components into 

supramolecular systems. 

Molecules that conceptually resemble electronic devices are called 

molecular electronic devices.6-17 Making of nanoscale molecular devices such as 

molecular wires,18-21 gates,22,23 brakes,24 ratchets,25 rectifiers,26-28 gears,29 

switches,15,30 shuttles31 etc. have become an important area of research. The 

basic requirement of all these is that on a molecular scale, exactly same 

characteristics are required as that for a bulk electronic device. Molecular logic 

devices that perform molecular arithmetic are gaining increasing importance and 

are being taken up as a challenge of today. 16,17,32-37 

Signaling of chemical species has become an active area of research. The 

area of supramolecular chemistry that is concerned with signaling devices is 

referred to as semiochemistry.l,6 Sensing is a molecular recognition event 

involving binding of the substrate to the receptor. The binding is communicated to 

the outside world by means of a signaling unit, which generates a signal. This 

means that the receptor and the signaling unit must be in virtual contact and any 

change in the properties of the free and the bound receptors must be signaled. A 

spacer that connects the two helps in doing this . A useful sensor must be highly 

stable and guest selective, showing good affinity to the guest. In addition, 

efficient signal transduction, emission of radiation of detectable intensity, 

kinetically rapid sensitization, ease of delivery to the target system and easy 

availability make a sensor molecule handier and practically important. 1 
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1.3. Fluorosensors and common analytes 

Molecular sensors that employ fluorescence as the means of signal 

transduction are referred to as fluorosensors. As a technique, fluorescence is quite 

advantageous and superior to other techniques for various reasons such as 

sensitivity, resolution, multi-dimensionality and remote sensing capability.38 To 

stop over for a moment, the sensitivity of fluorescence experiments down to 

single molecule detection limit has been reported.39-41 Thus, fluorescence 

technique possesses microenvironmental sensing capability, with spatial 

resolution approaching molecular dimensions. Temporal resolution of a few 

picoseconds can be achieved using time-resolved fluorescence because of the 

short-lived excited state lifetime.42-44 Further, real-time sensing is possible 

employing luminescence techniques.45 

Fluorescence sensors have been developed for sensIng quite a large 

number and varieties of analytes. 46 When the idea is to sense a chemical species, 

the sensor is a chemical sensor. However, according to the nature of the analyte 

being sensed, they are termed as chemosensors, biosensors, etc.42 For the 

fluorescent part we can have intrinsic fluorescence probe wherein the mechanism 

of signal transduction involves interaction of the analyte with a ligand that is a 

part of the fluorophore 'IT-system. We can also have a conjugate fluorescence 

probe in which the mechanism for signal transduction involves interaction of the 

analyte with a ligand electronically insulated from the fluorophore 'IT-system. 

The common analytes of interest in the signaling chemistry vary from 

cations to anions to neutral molecules.47 Among the cations studied the interest 

was primarily on proton and the s-block metals of the periodic table owing to their 
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importance in biology.48-57 Transition metal ions, though important in biology 

and environment, the sensing of these metal ions and heavy metal ions has been 

taken up actively only in recent years. 58-66 

The importance of sensing the analytes is mainly due to their significance 

in our day-to-day life. Sodium and potassium ions are established candidates in 

biology and many groups have actively taken up sensing of Na+ and K+.67,68 

Other alkali metals are also explored in semiochemistry and different types of 

sensors are reported towards their signaling.69 Magnesium, calcium, strontium 

and barium have also attracted the sensor chemists. Monitoring the levels of Ca2+ 

is important in human body since it is responsible for muscle fatigue. 67,70,71 The 

importance of Zn2+ and Fe3+ in human metabolism is known from long back and 

sensing of these metal ions is being studied.72-74 Importance is attributed to the 

signaling of transition metal ions in recent years.66,75,76 The biological 

significance and toxicity of Cd2+, Hg2+ and Pb2+ are growing concern among 

environmentalists and priority is being attached in developing sensors for these 

metal ions. 61 ,73,77,78 Among the neutral molecules, sensing of saccharides,2,79-84 

carbon monoxide,85 alcohols86 etc. are being studied vigorously besides other 

molecules. 87-89 The ubiquitous nature of the anions in numerous biological and 

chemical processes and their importance in medicine and environment are now 

being realized yo Alzheimer's disease has been linked to anion binding 

enzymes.91 Anion sensing is now a hot field ofresearch.92-108 

In sensing of analytes using fluorescence, several mechanisms are being 

employed. These include monitoring the nn* , 1 09-112 nn*, 113 intramolecular 
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charge transfer (lCT),114-119 metal to ligand charge transfer (MLCT),120-125 

twisted intramolecular charge transfer (TICT),126-133 through-bond charge 

transfer134,135 and triplet 136-138 excited states. Fluorescence sensing by 

monitoring the monomer-excimer emission bands is also an established technique 

for quite some time.139-147 Electronic energy transfer (EET)148-152 and 

fluorescence resonance energy transfer (FRET)153 are also common mechanisms 

employed in fluorescence signaling of the analytes. Despite the availability of 

various mechanisms pointed out above, the most commonly employed one is the 

photoinduced electron transfer (PET) mechanism.46,154 Newer approaches 

towards fluorescence signaling are being reported recently.155-160 

1.4. PET mechanism 

When we monitor the fluorescence for sensing of the guest molecules, we 

usually concentrate on three parameters: shift in the emission band, emission 

intensity and emission lifetime.42 Generally when we add an external analyte to 

the sensor molecule, the sensor molecule produces changes in the fluorescence 

behavior. A shift in the emission band occurs if the charge transfer nature of the 

sensor molecule gets altered on binding of the analyte. 161 , 162 There occurs a 

change in the intensity of the emission band too on binding of the analyte. 163 The 

emission may either get quenched or enhanced depending on the nature of the 

interaction of the interacting components of the sensor molecule and also 

depending on the nature 0f the interaction of the analyte with the sensor 

molecule. 164 If there is an enhancement in the intensity of the emission on 

binding the analyte, this state represents an 'on' state of the fluorescence relative 
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to an initially weakly fluorescent 'off state. A reverse of this case, in which the 

initial system is highly fluorescent (an 'on' state) and the bound system is weakly 

fluorescent (an 'off state), is also possible. These types of sensors are called 

fluorescence 'off-on' or 'on-off sensors.46,164,165 

The commonly employed 

architecture for the design of sensor 

molecules based on PET mechanism 

is one with a jluorophore-spacer­

receptor format. The fluorophore 

component of the three-component 

sensor molecule IS the light 

absorbing or emitting species, the 

receptor is responsible for binding 

of the analyte and the spacer 

controls the communication 

between the receptor and the 

fluorophore. The transfer of an 

PE l 

Fig. 1.1. Fluorescence 'off state 

PI I 

'\ ' 
-

Fig. 1.2. Fluorescence 'on' state 

electron from the free receptor to photo-excited fluorophore leads to quenching of 

the fluorescence of the system. This corresponds to 'off state of fluorescence as 

depicted in figure 1.1. Later, when the guest binds to the receptor, the electron 

transfer from the receptor to the excited fluorophore is blocked and this results in 

a revival of the fluorescence of the system. This situation is represented by figure 

1.2. Thus, the signaling to the outside world is achieved by an enhancement or a 

quenching of the fluorescence. The receptors are chosen such that electron 
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transfer from the receptor to the fluorophore is allowed in the excited state. This 

suggests that the electrons associated with the receptor moiety are responsible for 

blocking the signal to the outside world. When these electrons are arrested by the 

analyte species, a fluorescence signal to the outside world is transmitted. This is 

what is tenned as ' off-on' fluorescence signaling of the guest species. 

The thennodynamic feasibility of the PET can be calculated from the 

knowledge of the redox potentials of the fluorophore and the receptor and the 

singlet energy of the fluorophore. 164,166 The receptors commonly empioyed in 

the design of PET fluorosensors contain amine functionalities that are generally 

efficient quenchers of the fluorescence and are also good ligands for various 

guests. The strength of the fluorescence PET signaling mechanism lies in the fact 

that the receptor systems can vary from very simple amines to very complex 

functionalities. A sensor can be made for various guest molecules by varying the 

receptor moieties satisfying the redox conditions. PET sensors have been 

developed for a wide variety of analytes ranging from cations to anions to neutral 

molecules.46,53 It all started from N-methylbenzyl amine, one of the early 

fluorescent PET sensors to be synthesized.1 67 A breakthrough was later achieved 

due to Tsien who developed a powerful molecule for real time and real space 

detennination of the activity of Ca2
+ within living cell by fluorescenceJO From 

there on, we have come a long way in the development of PET _ sensors. 

Remarkable contributions to the development of fluorescent PET sensors have 

come from de Silva and coworkers.46,48,163,164,168-172 Lehn,7,8 Balzani,9,10,173 

Valeur, 52,150,161 ,162 Fabbrizzi , 59,60,95 ,165,174,175 Czamik,42,61,73,176 Shinkai,82-
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84 Ueno,145,177 Beer92,93 ,178 and many others4,54-57,62,96,97,100,106,144,179-186 

have made significant contributions to this area. 

While the most commonly employed receptors for PET sensors are simple 
-

amines, cyclic amines, where macrocyclic effect comes into the picture, are also 

quite popular and useful. The efficiency of a cyclic ligand to tightly bind the 

analyte compared to its open chain analogue is often referred to as the 

macrocyclic effect. 187 The discovery of crown ethers by Pederson has drastically 

changed the nature of the coordination chemistry of the metal ions. 188 Large 

amount of work has been done on the coordination chemistry of cations to crown 

ethers and a study of the macrocyclic effect. 1, 189 A great deal of efforts are being 

made towards developing efficient molecular devices and sensors by changing the 

oxygen of the crowns to nitrogen and sulphur and by making cage like 

compounds, the cryptands.6,10,35,174,190 

1.5. Some PET sensors for various analytes 

Some typical PET sensors developed for vanous analytes have been 

highlighted here. A more detailed discussion on PET sensors and the examples 

can be found in some of the recent review articles.46,52,53,62,95 

Compound 1 represents 

an early example of a PET s~nsor 

molecule. 167 Shizuka and 

coworkers 191 studied the pH #' 

dependent fluorescence of 1 and 
1 2 

its derivatives and measured their ground and excited state pKa values. They 
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suggested that there is no CT interaction between the protonated amino group and 

the phenyl ring separated by methylene group in the excited state. Compound 2 is 

an early example of a fluorescent pH sensor developed by de Silva and 

coworkers. 164, 168 The difference in the fluorescence quantum yields of the non­

protonated and protonated forms of 2 was instrumental in the signaling behavior. 

It is one of the very early examples of a huge number of sensor molecules that 

have come from de Silva and coworkers. 16,17,53 

Compounds 3 and 4 are PET fluorosensors in which the receptor is a 

linear polyamine. 3 is reported to exhibit pH dependent fluorescence in 

acetonitrile/water solutions. 192 The fluorescence is particularly quenched above 

pH 4.0 when the amino groups are not protonated. The system was shown to 

;---\ ;---\ 
NH NH HN NHR 
~ 

3 4 

behave differently with Cu2
+, Ni2

+ and Zn2
+. With Cu2+ and Ni2+, the fluorescence 

gets quenched, whereas with Zn2
+ , there is an enhancement in the 

fluorescence. 192 4 is reported to be the first molecule useful for the ratiometric 

determination of Zn2
+ in aqueous medium. 193 When two anthracene (An) 

moieties are used as the fmorophore components in 4, (R = CH2An), the free 

molecule shows excimer emission in the 450 - 600 nm region. Addition of Zn2+ 
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1I1creases the eXClmer emISSIon intensity. This behavior serves for a direct 

concentration measurement by following the monomer/excimer emission intensity 

ratio . 

5 and 6 are 

examples of simple PET 

sensors that can bind 

transition metal ions.I8S 

A greater selectivity IS 

reported for CuH with 

these sensor systems in 2-

propanol solution. These 

simple systems can detect 

at sub-ppm 

levels. I8S NiH modulates 

the fluorescence intensity 

at much higher 

o 
CSH13 
I 
N 0 o 

HN~ 
5 NH2 

HN~ 
6 NH2 

N~ 

7 8 

concentrations whereas other metal Ions do not produce any change 111 the 

fluorescence behavior of the systems. 

The higher ligand field stabilization energies of NiH and Cu2
+ have been 

employed by Fabbrizzi in designing selective sensor 7 for these metal ions by 

using a dioxo-tetramine ligand. 58,60,194 The complexation mechanism involves 

deprotonation of amide groups. This can take place only with metal ions th at 

profit by large li gand field stabilization. The difference in ligand field 

stab ili zation energy between Cu 2
+ and Ni 2

-t- allows their distinction too. 8 is an 
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'off-on-off sensor for protons. 195 This system also exhibits 'off-on' fluorescence 

signaling behavior with Zn2
+. 

In 9, the luminescence of dansyl chromophore and the high affinity of the 

tetraaza crown, the cyclen 

moiety, is combined for binding 

of Zn2
+.64 ,196 The system is 

found to bind Zn2
+ with very 

high affinity at physiological 

pH. 10 is a cyclic analogue of 7 

wherein the macrocyclic effect 

in binding the cations, Cu2
+ and 

Ni2
+ results disadvantageously in 

narrOWIng the pH window 

available for selective 

titration. 192 

Sensor 11, which is an 

extrapolation of 2, IS an 

excellent 'off-on' sensor for 

K +.48,53 Some derivatives of 12 
11 

are reported to bind Zn2
+ and Cd2

+ effectively in aqueous solution.73 

10 

n == 0 - 4 

12 
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N~ 

eN 

13 14 

15 
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13 employs two PET active receptors and is a higher generation of 11. A 

degree of length recognition is achieved with this system and excellent switching 

'on ' of fluorescence was found with a ,co-alkanediammonium ions.169 

14 is capable of mimicking the switching phenomena in information 

tec1mology based on molecular logic devices. 170 14 acts as an AND logic gate 

when we consider H+ and Na + as the two ionic inputs, fluorescence as the output 

and exciting light as the power supply. 

Binding of Cd2+ and Pb2
+ with 15 is monitored through the decrease in the 

excimer emission intensity. 179, 197 

16 provides the first example of a metal-triggered metal-centered 

emission. 198 It contains a terpyridyl diester that can strongly bind Eu3+ and a 

crown to potentially bind K+. PET from the aza crown moiety quenches the 

fluorescence of Eu3+ bound to the terpyridyl diester site. Binding of K+ results in 

an enhancement in the fluorescence intensity of the system. 

17 and 18 represent fluorescent PET sensors In which the 

monomer/excimer emission intensity ratio serves as the tool to study the sensing 

behavior towards metal ions.144,199,200 17 gives larger stability constants with K+ 

and Ba2+. In 18, the monomer like elnission enhances in intensity and the excimer 

emission vanishes on binding H3N+CCH2hWH32Cr. 

19 and 20 employ cryptand based receptors.201-203 The cavity in these 

receptors is suitable for K+. 19 has been used quite successfully in monitoring the 

level ofK+ in blood and across biological membranes . 
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21 is developed to sense the y-aminobutyric acid (GABA) zwitterions.204 

The carboxylate terminal of GABA is held by the guanidinium moiety in 21. 22 is 

developed by Cooper and James and is shown to be an excellent sensor for 

glucosamine.205 

23 contains a partially 

protonated receptor moiety 

and is a PET fluorosensor for 

phosphate ion.206 24, when 

complexed with Zn2
+, serves 

as an efficient PET sensor for 

carboxylate ions.95 The 

signaling of the anion IS 

achieved by a quenching of 

the fluorescence of 24-Zn2+ 

complex. The anion replaces 

the solvent molecule at the 

axial position of the trigonal 

bipyramidal complex and 

quenches the fluorescence of 

21 

23 

the system via an electron transfer process. 

24 

As evident from the above discussion, considerable work has been done 

on fluorescence signaling of the cations of s-block elements. What eluded the 

literature till recently were the sensor systems for some of the transition metal 

ions, though, as stated previously, these are metal ions of increasing importance in 
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biology and environment. This 

is believed to be due to the fact 

that the transition metal ions are 

notorious quenchers of 

fluorescence.207,208 In order to 

develop efficient 'off-on' 

signaling systems for the 

transition metal ions, Ghosh et 

al. utilized a bitripodal cryptand 

receptor that not only binds the 

17 
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metal ions tightly but also insulates them from the fluorophore moiety thereby 

preventing the quenching interaction between the metal ions and the fluorophore. 

182,209 This excellent design strategy led to the development of 25,182,209 

reported to be one of the first fluorosensors for some of the transition metal ions 

that are notorious for their quenching abilities. 

o 

N~NMe2 
n 

o 
R = H, el , OMe, NH2 

26 27 

Samanta and coworkers, on the other hand, used a different strategy for 

the development of the 'off-on' sensor systems for the quenching metal ions.2l0 

Taking into consideration the fact that the interaction between the fluorophore and 
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the transition metal ions is predominantly redox in nature, they thought that this 

quenching interaction could be significantly reduced by employing an 

electronically deficient fluorophore in the jluorophore-spacer-receptor system. 

Studies along this direction gave birth to simple systems such as 26 - 28, which 

show excellent fluorescence enhancement in the presence of quenching transition 

metal ions. 210-215 

1.6. Motivation of the thesis 

It should be noted here that the PET sensors developed by Samanta and 

coworkers following the above approach, though exhibit excellent fluorescence 

signaling towards the transition metal ions, do not show any selectivity in binding 

the transition metal ions. Developing sensor molecule that is specific to a 

particular analyte is a challenging task and to accomplish this job one needs to 

select a receptor component for the jluorophore-spacer-receptor sensor system 

such that it selectively binds the specific guest leaving others, if any, in the 

medium. Another point of interest is to explore whether sensor molecules can be 

developed based on a signaling mechanism that has not been exploited so far. The 

present work is undertaken taking these two points into consideration. 

Pyridine has been used earlier as a receptor component while developing 

the sensor systems owing to its ability to fOll1! complexes and because there 

occurs a large decrease of the reduction potential upon the formation of 

pyridinium ion by coordination with proton and other cations.216-221 The 

photochemistry of transition metal compounds, particularly those of ruthenium 

with polypyridyl ligands, is as old as photochemistry itself. 222,223 Keeping the 
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coordination chemistry of 

pyridine towards the transition 

metal IOns and its redox 

properties in mind, we decided to 

synthesize some jluorophore­

spacer-receptor sensor systems 

with pyridine as the receptor 

moiety. Two structurally simple 

systems, NPY and PPY (Chart 

1.1.) have been developed, and 

their photophysical and metal ion 

NPY 

N 
~ 

Chart 1.1. 

PPY 
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N 
I 

signaling behavior have been studied. We show that these systems represent an 

important class of compounds whose signaling mechanism is different from 

conventional PET sensing mechanism. Moreover, we show that these systems 

show wavelength window based 'on-off and 'off-on' fluorescence signaling of 

the transition metal ions. 

The crown compounds are expected to show better binding of the guest 

molecules compared to their linear analogues on account of the macrocyclic 

effect. 187 They also show excellent selectivity in binding the various guest 

molecules based on their cavity size. 1,188,224 The selective binding of Li+, Na+ 

and K+ respectively with 12-crown-4, lS-crown-S and 18-crown-6 are 

documented in the literature. 189 Oxygen crowns bind the s-block metals tightly. 

However, for the transition metal ions, the oxygen crowns are not good 

coordinating ligands. When the oxygen of the crown ether are replaced by 
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nitrogen, one can expect a stronger 

binding of the transition metal ions 

because of an enhanced binding 

ability of these metal ions with 

nitrogen.224 With this background, 

we decided to develop some PET 

sensor molecules with various aza 

crowns as the receptor for efficient 

binding of the transition metal ions, H2N 

particularly trace metal Ions of 

importance in biology and In 

environment. We have developed a 

few sensor systems varying the 

receptor moieties with the idea of 

studying the effect of the ring size 

and the number and nature of 

binding sites. The fluorophore of 

Chapter 1 

o 

C'0; 
~N 0 

D=1'~PMAC4Zv~ 1-3 
0=2, APMAC5 
0=3, APMAC6 

o 

o 
APDAC 

o 

Chart 1.2. 

our choice is 4-aminophthalimide (AP) as the photophysical behavior of this 

molecule is well understood225-227 and previous studies have indicated that AP is 

an electron deficient molecule and hence ideally suited _as the fluorophore 

component of the jluorophore-spacer-receptor sensor system.210,213 Five 

systems, namely APMAC4, APMAC5, APMAC6, APDAC and APTAC (Chart 

1.2.) differing in their receptor components have been synthesized and the 
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signaling behavior of these systems towards the transition metal ions has been 

investigated. 

1.7. Layout of the thesis 

The thesis consists of seven chapters. The first chapter provides an 

introduction to fluorescence signaling with focus on the systems based on 

photoinduced electron transfer (PET) mechanism. It also gives a brief idea on the 

principle of molecular recognition and looks into the development of molecular 

scale devices. The second chapter describes the various experimental procedures 

adopted in the thesis along with the detailed synthetic scheme and analytical data 

of the various multi-component sensor systems. Chapter 3 describes the 

photophysical behavior of the jluorophore-spacer-receptor systems, NPY and 

PPY. The cation signaling properties of NPY and PPY have been outlined in the 

fourth chapter. It is shown that 'off-on' fluorescence signaling mechanism of 

these systems is quite different from that in the conventional PET systems. 

Chapter 5 focuses on the photophysical and metal ion signaling behavior of the 

aza crown compounds. Specific sensing of certain metal ions that could be 

achieved by APT AC is discussed in detail. Chapter 6 presents the X-ray 

diffraction studies on the single crystal of cyclen, which has been used as one of 

the receptor components. The main finding of this investigation, characterization 

of a highly ordered water chain with a novel hydrogen bonding motif, is 

highlighted in this chapter. Chapter 7 concludes the work presented in the thesis 

touching upon the achievements and looking into the scope of further work that 

can be carried out based on the present finding. 
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Chapter 2 

Experimental details 

This chapter provides the details of the experimental procedures followed 

at various stages of the investigation . This includes details of the method of 

purificati on of the various materials including the solvents procured from 

commercial sources, preparation of the sensor molecules and the analytical data 

used for their characterization. Also described in this chapter are a brief 

description of some of the instruments used in this study and some of the 

experimental methodologies. 

2.1. Materials and purification 

2.1.1. Materials 

4-Arn inophthalimide (hereafter AP) was obtained from Tel (Japan) . This 

\vas reery talli sed twice from an ethanol/water mi xture prior to photophys ical 

e>. periments. However AP was used as received , for synthesis. 1 2-, 

Dibromoethane used for synthes is was obtained from Lancaster. Diethylene 

triamll1e, tn eth ylene tetram ine and tetraethylenc pentamine used at various stages 

of syntheS IS were obtained from Aldri ch. Diethylene glyco l was obtained fTom 

BD H (lnclJ a) and p-toluene sulfonyl chl oride was obtaIned from Spectrochem 

(IndI a) . Naphthalene, I-mcth ylnaphthalene and pyrene used were obtained from 

Aldrich aphthcllcnc was vacuum sublImed before usc . l-Methylnaphthalene and 
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pyrene were recrystallised prior to photophysical experiments. All the metal salts 

described in the investigation, except the mercuric salt, were hydrated perchlorate 

salts and were obtained either from Aldrich or Acros Organics. Mercuric chloride 

was obtained from Spectrochem (India). Unless stated otherwise, these salts were 

used as received. Silica gel and alumina used for column purifcation of 

compounds at various stages were purchased from Acme Scientifics (India). The 

various drying agents used such as calcium oxide, magnesium sulfate, sodium 

sulfate, potassium carbonate, self-indicating silica gel etc. and synthesis grade 

solvents were procured from local companies. Calcium hydride was obtained 

from Spectrochem (India). GR grade solvents were obtained from Merck (India) 

for spectroscopic purposes and were dry distilled before use. Deauterated 

chloroform used for NMR measurements was obtained either from Aldrich or 

from Merck (India). 

2.1.2. Purification of solvents 

The solvents used at various stages of the study were purified using the 

general procedures available in the literature. 1 We adopted the following 

procedures for the purification of various solvents. 

Dioxane (Diox.) and Tetrahydrofuran (THF): The solvent was refluxed 

over m~tallic sodium for 3-4 h. and added benzophenone. The dark blue solution 

was refluxed for a further one hour and collected under dry conditions. 

Acetonitrile (AN): Acetonitrile was pre-dried over self-indicating silica gel 

and distilled. This was then stirred over calcium hydride for 5-6 h. and then 
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distilled agaIn. The distilled solvent was collected and stored under dry 

conditions. 

Ethanol (EtOH): Ethanol was refluxed with stirring over anhydrous 
-

calcium oxide for 6 h. The solution was left at room temperature overnight. This 

was then distilled and further dried over magnesium and iodine and collected 

under dry atmosphere. 

N,N-dimethylformamide (DMF): DMF was stirred with calcium hydride 

for 5-6 h. and distilled under vacuum at 80°C. Precautions were taken to store the 

solvent under dry conditions. 

Water: Water was initially distilled using potassium permanganate and 

potassium hydroxide. This was subsequently distilled twice before taken to study. 

The extent of dryness of the solvents used for spectroscopic measurements 

was checked by monitoring the charge transfer absorption band of the betaine 

dye, commonly known as the ET(30) dye.2,3 Based on the polarity scale 

formulated by Reichardt, the solvent polarity parameter ET(30) was calculated 

using the equation: 

ET(30) = 285911Amax (nm) (2.1) 

Where, ET(30) is the molar transition energy of the dye measured in kcal mor l at 

room temperature (25°C) and 1 atm. pressure and Amax is the wavelength of the 

longest absorption band in nanometers. The m~asured ET(30) value was then 

compared with the literature value of the solvent to determine the water content in 

our solvent.3 All the solvents used were optically transparent in the spectral 

region of interest. 
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2.2. Synthesis of the sensor molecules 

2.2.1. Synthesis of NPY 

Chapter 2 

The sensor system, NPY was prepared by following the procedure as 

described below. The synthetic outline is given in Scheme 2.1. 

Step 1: To a solution of 4-picoline (0.93 g, 10 mmol) in ice cold THF (25 

mL) under argon, a solution of LiNPe2 (10 mmol, freshly prepared by mixing 

6.64 mL of 1.6 M n-butyllithium in hexane and 1.33 mL of di-isopropylamine at 

room temperature under argon) was added dropwise in over 30 min. The deep 

purple solution was allowed to equilibrate at ---5°C for 1 h, to which I-naphthyl 

carbaldehyde (1.56 g, 10 mmol) dissolved in 15 mL THF was added dropwise 

keeping the reaction temperature at ---20°C. Then the mixture was allowed to 

warm to room temperature and stirred overnight. After the reaction was quenched 

by ice, the reaction solution was evaporated to dryness in vacuo. An oily mass of 

the crude intennediate alcohol was obtained. About 50 mL of water was added to 

it and desired diol was extracted in dichloromethane (DCM) layer. It was 

evaporated to dryness under vacuo and the pale yellow solid obtained was used 

without purification for subsequent dehydration reaction. The oily mass was 

dissolved in minimum volume of dry pyridine (30 mL) and a solution of POCh 

(1.9 g, 12 mmol; dissolved in 10 mL of pyridine) was added dropwise under 

argon at ---5°C with stirring. After the addition, the reaction mixture was allowed 

to come to the room temperature and stirred for 3 h. Then the reaction was 

quenched with ice and volume was reduced under vacuo. pH of the solution was 

adjusted to 3 and undesired organic material was extracted in DCM. Solution pH 

was then adjusted to ~6.5 and desired product was extracted in DCM and dried in 
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vacuo. Crude solid was purified by column chromatography using silica column 

and 30/0 methanol in DCM as eluent. Second fraction was collected. 

Step 2: The solid obtained from step 1 (850 mg) was reduced by 100/0 

PdlC catalyst at 40°C under 300 psi H2 pressure for 4 h. using 25 mL acetonitrile 

y 
CH3 

+ 
CHO 

1. LDA; Ar 

2. POC13/Pyr.; Ar 
.. 

N 
~ 

Scheme 2.1. 

N 
~ 

as solvent. Desired hydrogenated product was further purified by column 

chromatography using silica column and 20/0 methanol in chloroform as eluent. 

Major fraction was collected. Yield: 600 mg (69%). Details of the analytical data 

used for the characterization of the compound are given in Table 2.1. 

2.2.2. Synthesis of PPY 

Synthetic procedure for PPY is identical to that for NPY except that 

pyrene-l-aldehyde was used instead of I-naphthyl carbaldehyde. The reduction 

was carried out at 50°C under 410 psi H2 pressure. Yield: 600 mg (75%). The 

details of characterization are provided in Table 2.1. 
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Table 2.1. Experimental characterization details for NPY and PPY. 

Melting point Oil 

IR (Neat, em-I) 3051 , 2933,2869,1597, 1558, 1508, 1413 

NPY 8.44 (2H, d), 7.0-7.9 (7H, m), 6.99 (2H, d), 3.26 (2H, dd), 
IH NMR (8) 

2.94 (2H, dd) 

E-1 MS m1z 233 (M+ 100%) 

Melting point 125 - 130°C 

IR (KEr, em-I) 2930, 1726,1597,1277, 846, 808,754 

PPY 8.475 (2H, d), 7.945-8.237 (7H, m), 7.71 (2H, d) , 7.08 
IH NMR (8) 

(2H, d), 3.6 (2H, dd), 3.11 (2H, dd) 

E-1MS m1z 307 (~, 100%) 

2.2.3. Synthesis of APMAC4 

The monoaza crown derivatives of AP were prepared by following a 

multi-step procedure as stated below. The synthetic procedure is described for the 

monoaza 12-crown-4 derivative (APMAC4). The synthetic scheme followed is 

outlined in Scheme 2.2. 

Step] : Diethylene glycol (10 g, 94 mmol) was stirred for 30 min. with an 

excess (80 mL, 530 mmol) of triethylamine at 0 °c. p-Toluene sulfonyl chloride 

(36 g, 188 mmol) was added to this solution and stirring continued for another 1 

h. The reaction mixture was transferred into ciushed ice and stirred well. The 

solid obtained was washed with 2% HCI (30 mL x 3), water (50 mL), 2% NaOH 

(30 mL x 3) and water (50 mL). The product was recrystallised from methanol. 

Yield: 30 g (77%). 
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Step 2: Diethanolamine (7 g, 68 mmol) and sodium metal (3 .5 g, 150 

mmol) were dissolved in t-butanol (500 mL) and diethyleneglycol di(toluene-p­

sulfonate) (28 g, 68 mmol) in dioxane (300 mL) was added in drops to the 

solution at 40°C over a period of 3 h. After the addition, the reaction was 

continued for 1 h, then the reaction mixture was filtered and the solvent was 

evaporated off. Water (50 mL) was added to the residue and the solution was 

extracted once with hexane to remove hexane soluble materials and then extracted 

several times with DCM. The DCM extracts were combined, the solvent was 

evaporated off and the residue was distilled to give an oily mass. Yield: 6 g 

(60%).4 

Step 3: AP was reacted with 1,2-dibromoethane in the presence of NaH. 

AP (1 g, 6.2 mmol) was stirred for half an hour with NaH (1.5 g, 36 mmol) in dry 

DMF (10 mL). 1,2-Dibromoethane (3.1 mL, 36 mmol) was added drop wise to 

the above solution and the reaction mixture was stirred at room temperature for 24 

h. The reaction was quenched using water and extracted with ethylacetate. The 

organic layer was dried using anhydrous sodium sulphate and concentrated. The 

compound was purified through a neutral alumina column using 40% ethylacetate 

in hexane as eluent. Yield: 1 g (60%). 

Step 4: The bromo compound obtained in step 3 (0.5 g, l.86 mmol) and 

the crown obtained in step 2 (l.35 g, 7.5 mmol) were stirred in acetonitrile at 

reflux temperature in the presence of potassium carbonate (1 g, 7 mmol) for 24 h. 

The crude solid obtained was purified using a neutral alumina column with 20/0 

methanol in chloroform as the eluent. Yield: 0.4 g (62%). 
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The monoaza IS-crown-S (APMAC5) and the monoaza 18-crown-6 

(APMAC6) derivatives of AP were prepared following a similar procedure 

employing triethylene glycol and tetraethylene glycol respectively in step I. The 

characterization details of the three derivatives are given in Table 2.2. 

1\/\ 
HO N OH 

'ii I Na/t-BuGH· DIoxane 

rI\;-T-\ p-TsCI; NEt3 r-f\ JT-\ 
TsO \ '0 J nOT; He) \ '0 In OH 

-

+ 

~
o 

I N -
H2N ~ ~Br 

o n = 1 - 3 

!NaHfDMF; 
RT; 24 h. 

+ Br~Br 

Scheme 2.2. 
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Table 2.2. Details of experimental characterization of APMAC4, APMAC5 and 
APMAC6. 

Melting point Oil 

IR (Neat, em-I) 
3415,2980,2873,1755,1699,1622,1461,1101, 

APMAC4 956,841 

IH NMR (8) 
2.7 (m, 8H), 3.6 (m, 12H), 6.8 (d, IH), 7.05 (s, IH), 

7.4 (d, 1H) 

Melting point Oil 

IR (Neat, em-I) 
3400,3350,3207,2980,2866,1757,1701,1616, 

APMACS 1502,1394,1112,939,843,748 

IHNMR(8) 
2.7 (m, 8H), 3.6 (m, 16H), 6.8 (d, 1H), 7.05 (s, 1H), 

7.4 (d, 1H) 

Melting point Oil 

IR(Neat, em-I) 
3417,2980,2873,1701,1616,1461,1355,1110, 

APMAC6 952,839 

IHNMR (8) 
2.7 (m, 8H), 3.6 (m, 20H), 6.8 (d, 1H), 7.05 (s, 1H), 

7.4 (d, 1H) 

2.2.4. Synthesis of APDAC 

The procedure followed for the preparation of the diaza crown derivative 

of AP is given in Scheme 2.3. The detailed procedure is given below. 

Step 1: Diethylenetriamine (lOg, 97 mmol) was stirred with aqueous 

sodium hydroxide (12 g, 290 mmol in 200 mL water) at 0 °c for 30 min. p­

Toluenesulfonyl chloride (56 g, 290 mmol) dissolved in diethyl ether (200 mL) 

was added drop wise to the above solution at this temperature and stirred 
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vigorously. The reaction mixture was further stirred for 1 h. The solid obtained 

was filtered and recrystallised from methanol. Yield: 40 g (75%). 

Step 2: Diethanolamine (10 g, 97 mmol) was stirred for 30 min. with an 

excess of triethylamine (60 - 70 mL) at ice temperature. TsCI ((p-toluene sulfonyl 

chloride) 56 g, 290 mmol) was added to the above solution and the reaction was 

continued for another hour. The reaction mixture was poured into crushed ice and 

stirred vigorously. The solid obtained was decanted, washed with 2% aq. HCI (30 

mL x 3), water (50 mL) 2% aq. NaOH (30 mL x 3), water (50 mL) and finally 

with methanol. The solid was recrystallised from an excess of methanol. Yield: 40 

g (750/0). 

Step 3: The solid obtained from step 1 (25 g, 44 mmol) was taken in 

absolute ethanol (60 mL) and heated to reflux. Na (2 g, 88 mmol) dissolved in 

absolute ethanol (60 mL) was added as fast as possible and left the reaction for 

cooling overnight. The sodium salt of the tosylated triamine crystallises. 

Step 4: The above sodium salt (26 g, 43 mmol) was dissolved in dry DMF 

(350 mL) and heated to 100°C. To this, the tosylate of diethanolamine obtained in 

step 2 (23 g, 41 mmol) in dry DMF (110 mL) was added drop wise. After heating 

for half an hour at this temperature, the heating bath was removed. Water (100 

mL) was added to the reaction mixture and kept stirring for overnight. The 

tosylate of the cyclic amine was filtered, washed with methanol and recrystallised 

from excess of methanol. Yield: 25 g (85%). 

Step 5: The tosylated cyclic crown (15 g, 26 mmol), 450/0 hydrogen 

bromide in glacial acetic acid (50 mL, 280 mmol) and phenol (15 g, 160 mmol) 

were combined and stirred at 40°C until the crown ether was completely 
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dissolved (4 - 6 h) . The solution was poured into dry ether (200 mL), the residual 

precipitate was dissolved in a minimal volume of water, basified with sodium 

hydroxide, and continuously extracted with chloroform for 12 h. The solvent was 

removed under reduced pressure. The Diazcrown was recrystallised from benzene 

- hexane mixture. 5 

Step 6: The bromo derivative of AP was prepared as described in step 3, 

section 2.2.3. 

Step 7: The bromo compound (450 mg, 1.67 mmol) and the diazacrown 

(200 mg, 760 mmol) were mixed in acetonitrile (25 mL) and stirred well in the 

presence of potassium carbonate (1 g, 720 mmol) under refluxing conditions. The 

reaction was continued for 24 h. The reaction mixture was filtered, concentrated, 

washed with water and extracted using ethylacetate. The organic layer was dried 

using anhydrous sodium sulfate and reduced in volume. The reSUlting solid was 

purified using column chromatography using a neutral alumina column and the 

required fraction was eluted with a 2% methanol in chloroform as eluent. Yield: 

0.5 g (66%). The details of characterization of the compound are given in Table 

2.3. 

Table 2.3. Details of experimental characterization of APDAC. 

Melting point 138 - 145°C 

IR (KBr, em-I) 3485, 2893, 2793, 1753 , 1701, 1597, 1458, 1390, 1111 , 987 

lHNMR(8) 2.7 (m, 12H), 3.5 (m, 16H), 6.8 (d, lH), 7.05 (s, 1H), 7.4 (d, 1H) 

Mass mlz 451 
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2.2.5. Synthesis of APTAC 

The procedure followed for the preparation of the tetraaza crown 

compound and the corresponding sensor molecule is outlined in Scheme 2.4. The 

details of the procedure followed are described below. 

Step 1: Diethylenetriamine (10 g, 97 mmol) was stirred with aqueous 

sodium hydroxide (12 g, 290 mmol in 200 mL water) at 0 °c for 30 min. p­

toluenesulfonyl chloride (56 g, 290 mmol) dissolved in diethyl ether (200 mL) 

was added drop wise to the above solution at this temperature and stirred 

vigorously. The reaction mixture was further stirred for I h. The solid obtained 

was filtered and recrystallised from methanol. Yield: 40 g (750/0). 

Step 2: Diethanolamine (lOg, 97 mmol) was stirred for 30 min. with an 

excess of triethylamine (60 - 70 mL) at ice temperature. TsCI (56 g, 290 mmol) 

was added to the above solution and the reaction was continued for one more 

hour. The reaction mixture was poured into crushed ice and stirred vigorously. 

The solid obtained was decanted, washed with 20/0 aq. HCI, 2% aq. NaOH, water 

and finally with methanol. It was recrystallised from an excess of methanol. 

Yield: 40 g (75%). 

Step 3: The solid obtained from step 1 (25 g, 44 mrnol) was taken in 

absolute ethanol (60 mL) and heated to reflux. Na (2 g, 88 mrnol) dissolved in 

absolute ethanol (60 mL) was added as fast as possible and left the reaction for 

cooling overnight. The sodium salt of the tosylated triamine crystallises. 

Step 4: The above sodium salt (26 g, 43 mmol) was dissolved in dry DMF 

(350 mL) and heated to 100°C. To this, the tosylate of diethanolamine obtained in 

step 2 (23 g, 41 mrnol) in dry DMF (110 mL) was added drop wise. After heating 
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for half an hour at this temperature, the heating bath was removed. Water (100 

mL) was added to the reaction mixture and kept stirring for overnight. The 

tosylate of the cyclic amine was filtered, washed with methanol and recrystallised 

from excess of methanol. Yield: 25 g (85%). 

Step 5: The cyclic tetramine tosylate (25 g, 32 mmol) was taken in conc. 

sulphuric acid (30 mL). The mixture was stirred at 60°C until the solid was 

dissolved and then heated to 180°C for -10 min. The reaction mixture was cooled 

to room temperature first and then to ice temperature. Solvent ether (300 rnL) was 

added slowly to the above mixture at 0 °c with vigorous stirring. The solid 

obtained was decanted and washed twice again with ether. This was then dried 

under vacuum and dissolved in hot water (15 mL). The hot solution was filtered 

and heated to 80°C. Conc. HCI (15 rnL) was added to the above solution drop 

wise and left for overnight. The crystallized solid was decanted, washed with cold 

conc. HCI (3 x 10 rnL), absolute ethanol (3 X 25 rnL) and diethyl ether (3 x 25 

mL) and dried. The hydrochloride salt thus obtained was neutralized using aq. 

NaOH and extracted using chloroform. The crude cyclic tetramine was 

recrystallised from acetonitrile.6,7 Yield: 5 g (90%). 

Step 6: The bromo derivative of AP was obtained as stated in Section 

2.2.3. 

Step 7: The bromo compound (500 mg, 1.87 mmol) and the cyclic 

tetramine (1.6 g, 9.4 mmol) were taken in dry toluene (25 ml) and heated under 

reflux for 24 h. The reaction mixture was cooled first to room temperature and 

then to 0 DC. The hydrobromide salt of the crown and the unreacted cyclic amine 

were removed by filtration. The filtrate was stirred with potassium carbonate, 
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filtered and concentrated. The solid obtained was recrystallised twice from 

toluene. Yield: 500 mg (75%). The details of characterization are given in Table 

2.4. 
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Table 2.4. Experimental characterization details of APT AC. 

Melting point 95 - 97°C 

IR (KEf, em-I) 3364,2934,2843,1751,1699,1616,1458, 1396,733 
-

IHNMR(8) 
2.3 (s, 3H), 2.8 (m, 18H), 3.6 (t,2H), 4.8 (s, 2H), 6.7 (s, IH), 7.3 (d, 

IH), 7.6 (d, IH) 

Mass m/z: 361, Base peak: 173 

2.3. Solution preparation for spectral measurements 

The solutions of the sensor systems were prepared such that the 

absorbance of the solution (1 em pathlength cell) at the longest wavelength 

absorption maximum is between 0.1 and 0.2, except when a concentration 

dependent emission study was conducted. The actual concentrations of the sensor 

systems varied depending on the extinction coefficients of the systems. For NPY 

and PPY, the concentration corresponding to an absorbance value of 0.2 was 

~lxl0-6 M and for the crown systems it was ~lxl0-4 M. A concentrated stock 

solution of the metal ion was prepared in any given solvent and this solution was 

added (using a microlitre syringe) to 3 mL solution of the sensor molecule taken 

in a quartz cuvette. Addition of the solution of the metal salt was limited to less 

than 150 J.lL. 

2.4. Measurement of the fluorescence quantum yield 

Fluorescence quantum yield of the various compounds was measured with 

reference to that of AP. We used a fluorescence quantum yield of 0.70 and 0.63 

for AP in THF and AN.8 In the case of NPY and PPY, the quantum yield was 
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determined with reference to that of the parent fluorophore, naphthalene or 

pyrene, as the case may be.9,10 For quantum yield measurements, solutions of 

same absorbance of the sample and the standard at the same exciting wavelength 

were prepared. Quantum yield was calculated by measuring the integrated area 

under the emission curves and by using the following equation: 11 

1 sample x ODstandard 
cD samp Ie = x cD standard 

1 standard x ODsample 

(2.2) 

2.5. Measurement of feasibility of electron transfer 

The feasibility of the photoinduced electron transfer process in the systems 

was calculated using the equation: 12-15 

'" LlG = [Eox (receptor) - Ered (fluorophore) - Eo,o (2.3) 

Where LlG'" is the free energy of the electron transfer process, Eox (receptor) is the 

oxidation potential of the receptor, Ered (fluorophore) is the reduction potential of 

the fluorophore and Eo,o is the singlet energy of the fluorophore. The oxidation 

potentials of pyrene, naphthalene and pyridine are 1.16, 1.54 and 2.09 V 

respectively and the reduction potentials are -2.10, -2.63 and - 2.62 V 

respectively.16 Singlet energy of naphthalene and pyrene are respectively 92 and 

77 kcallmol. 14 

2.6. Estimation of fluorescence enhancement 

The magnitude of the maximum fluorescence enhancement was calculated 

by measuring the integrated area beneath the fluorescence curves and applying it 

to the equation: 
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FE = IF (optimum)/IF (zero) (2.4) 

Where, FE is the fluorescence enhancement, IF (otimmum) is the maximum 

fluorescence intensity obtained on adding the metal ions and IF (zero) is the 

fluorescence intensity at zero concentration of the metal ion. 

2.7. Instrumentation 

The IR spectra were recorded either on a Jasco FT-IR/S300 spectrometer 

or on a Shimadzu spectrometer. The NMR spectra were recorded using a Brucker 

ACF 200 MHZ instrument. High resolution mass spectra were recorded on a 

Micromass VG-70H instrument. The UV -vis absorption spectral measurements 

were made on a Shimadzu 3101 UV -vis spectrophotometer and on a J asco model 

7800 spectrophotometer. The flurescence spectra were recorded using a Spex 

FluoroMax-3 spectrofluorimeter. The fluorescence lifetimes were measured using 

a IBH-SOOO single photon counting spectrofluorimeter. 17 A hydrogen flash lamp 

of pulse width 1.2 ns with a repetition rate of 40 kHz was employed as the 

excitation source. A small fraction of the excitation pulse was detected by a 

photomultiplier tube (IP28) and the photomultiplier signal was fed into a constant 

fraction discriminator (CFD) to discriminate the background noise and to generate 

a precise timing pulse. The output of CFD served as the ST ART pulse of the time 

to amplitude converter (TAC). A fluorescenc~ photon recorded by the emission 

photomultiplier (Hamamatsu 3235), as detennined by the discriminator, generated 

a pulse, which served as the STOP signal for TAC. The TAC signal produced was 

proportional to the time taken from the excitation event to the first photon 

recorded. The signal from T AC was digitized by the analog to digital converter 
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(AID converter) and sent to the appropriate channel, depending on the digitized 

value of the TAC voltage of a multi-channel analyzer (MCA). The whole process 

was repeated so that the MCA counts represented the number of photon events as 

a function of time. After many excitation pulses, the MCA memory contents 

represented a histogram of the emission decay i.e. time profile of the fluorescence 

intensity. For recording the lamp profile, a scatterer (dilute solution of Ludox in 

H20) was placed in the place of the sample. 

Data Analysis: The program used for the estimation of fluorescence 

lifetimes from the fluorescence decay curves was based on reconvolution least 

squares method. 18 When the decay time is long compared to the decay time of the 

excitation pulse, the excitation may be described as a 8-function. However, when 

the lifetime is short, distortion of the experimental data occurs by the finite decay 

time of the lamp pulse and response time of the photomultiplier and associated 

electronics. Since the measured decay function is convolution of the true 

fluorescence decay, it is necessary to analyze the data by deconvolution in order 

to get the fluorescence lifetime. The mathematical statement of the problem is 

given by the following equation: 

I 

D(t) = fp(t')G(t - t')dt' (2.5) 
o 

Where, D(t) is the fluorescence intensity at time t, pet' ) is the intensity of the 

exciting light at time t' and G(t-t' ) is the response function of the experimental 

system. The experimental data D(t) and pet') from the MCA were fed into a 

computer (IBM PC) to determine the lifetime. We used the IBH program to 

analyze the multi-exponential decays. An excitation pulse profile was recorded 
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and then deconvolution started with mixing of the excitation pulse and a projected 

decay to fonn a new reconvoluted set. The data was compared with the 

experimental set and the difference between the data points summed, generating 

X2 function for the fit. The deconvolution proceeded through a series of such 

iterations until an insignificant change of X2 occured between iterations. The 

quality of the fit was assessed by the inspection of reduced X2, a plot of weighted 

residuals and autocorrelation function of the residuals. 

2.8. X-ray crystallography 

The single crystals of cyclen were grown from toluene. A tiny single 

crystal (dimension 0.68 x OA8 x OAO mm) was mounted on a capillary head by an 

appropriate fixing material and then mounted on the goniometer. The X-ray data 

were collected on an Enraf-Nonius Mach-3 single crystal diffractometer 

employing graphite monochromated Mo Ka radiation (A. = 0.71073 A) by O)-scan 

method. Unit cell parameters were determined by least squares fit of 25 

reflections having 28 values in the range 18 - 21°. Intensities of three check 

reflections were measured after every 1.5 h. during the data collection to monitor 

the stability of the crystals. The non-hydrogen atoms were refined anisotropically. 

The hydrogen atoms of the methylene groups were included in the structure factor 

calculation at idealized positions by using riding model, but not refined. Th_e 

hydrogen atoms of the water molecules and the amino moieties were located from 

the difference Fourier map and refined isotropically. XTAL 3A19 version was 

employed for the data reduction. The solution and refinement for the crystal data 
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were done using SHELXS-9720 and SHELXL-9721 programs respectively. The 

details of the crystal structure are given in chapter 6 and in appendix 3. 

2.9. Standard error limits 

Standard error limits involved in the measurements are: 

Amax (abs/fluo) 

~f 

FE 

t (> Ins) 

t «Ins) 
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Photophysical behavior of 1-(1-naphthyl)-2-( 4-

pyridyl)ethane and 1-(1-pyrenyl)-2-( 4-pyridyl)ethaoe 

Photophysical properties of two simple jluorophore-spacer-receptor 

systems, 1-(1-naphthyl)-2-( 4-pyridyl)ethane and 1-(1-pyrenyl)-2-( 4-

pyri dyl) ethane, abbreviated as NPY and PPY respectively, are reported in this 

chapter. These structurally simple three-component systems have been designed 

and developed with a view to 

exploring the potential of these 

systems in sensing the metal 

ions, and the transition metal 

ions in particular. Taking into 

consideration the fact that 

pyridine IS an excellent 

coordinating ligand for the metal 

IOns, we thought that systems 

involving pyridine as the guest 

binding site could be ideal for 

NPY PPY 

Chart 3.1. 

metal ion sensing applications. It is shown in this chapter that the terminal 

moieties (naphthyllpyrenyl and pyridyl) of the three-component systems (Chart 

3.1.) interact through space leading to the formation of an intramolecular n-n 
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complex in the ground state. The lack of an intennolecular complexation between 

the interacting partners has been ascribed to a smaller change in entropy 

associated with the complexation process. 

3.1. Spectral features 

3.1.1. Absorption 

The spectral behavior of the systems has been studied in tetrahydrofuran 

(THF) and acetonitrile (AN). In the case of NPY, the absorption spectrum 

consists of a featureless broad band in the long wavelength region of the spectrum 

and a structured absorption between 250 - 300 run, which resembles the 

absorption of the parent chromophore, naphthalene. In the case of PPY, the 

spectrum is highly structured in both long and short wavelength region of the 

spectrum and the structured absorption is clearly due to the pyrenyl moiety of the 

system. The broad absorption band in the wavelength range 300 - 350 run (with 

the peak at ~330 run) of NPY is found to be rather insensitive to the solvent 

polarity and no significant spectral shift could be observed on change of the 

polarity of the media. Interestingly, no broad absorption band could be observed 

with PPY in polar or nonpolar solvents. The absorption spectra of NPY and PPY 

are presented in figure 3.1. 

Absorption experiments were conducted with solutions of naphthalene in 

THF and AN by adding pyridine externally. The idea was to find out whether 

broad absorption band similar to what is observed in the case of NPY could be 

seen. Surprisingly, we did not find any noticeable change in the absorption 

spectra, particularly in the long wavelength region, of naphthalene on external 
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addition of pyridine. The spectra remained more or less unchanged and no broad 

band, similar to the long wavelength absorption band ofNPY, could be observed. 
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Fig. 3.1. Absorption spectra ofNPY (a) and PPY (b) in THF (Solid) 
and AN (dashed). 
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3.1.2. Emission spectra 

The fluorescence behavior of the systems has also been studied in non 

polar solvent, THF and polar AN. Both the systems exhibit excitation wavelength 

dependent emission spectra. 

The excitation wavelength dependence of the emission behavior of NPY 

in THF and AN is illustrated in figure 3.2. When the excitation wavelength is 280 

run, the emission maximum is observed at 330 run with a shoulder at around 400 

run. The emission band at 330 run is structured and resembles that of naphthalene. 

As the excitation wavelength is shifted from 280 run to 300 run, the 330 run 

emission becomes weak and the 400 run band becomes stronger. When the 

compound is excited at 330 run, only the long wavelength emission band could be 

observed. The emission at 400 run shows some structure in THF but is devoid of 

any structure in AN. 

In the case of PPY too, we see a similar behavior. Excitation of PPY at 

315 run leads to a structured emission with maximum at ~400 run. But as the 

excitation wavelength is shifted from 315 to 415 run, a fairly broad band appears 

with maximum at 450 run. This band is most intense when the excitation 

wavelength is 375 run. The new emission has very little structure in THF and is 

without any structure in AN. The emission features of PPY are shown in figure 

3.2. 



Photophysical-NPY & PPY 

a - 'A = 280 nm ex 
b-'A =310n ex 
C - 'A = 330 nm ex 

I 
I 

1 ...-.. . 
:J 
C\j ---~ ...... 
(/) 

300 350 c 400 450 500 550 600 
(]) ...... 
c (b) I 
c 
0 I' 

a - 'A = 315 nm ex 
b - 'A = 375 nm 

(/) I' 
ex 

(/) 

" E I' 

ai' w , 

j 

350 400 450 500 550 600 650 

Wavelength (nm) 

Fig. 3.2. Emission spectra ofNPY (a) and PPY (b) in THF (solid) and 
AN (dashed) excited at various wavelengths. 
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3.1.3. Fluorescence excitation spectra 

The fluorescence excitation spectra of the systems were recorded 

monitoring different emission wavelengths. The monitoring wavelengths were 
-

340 and 400 nm for NPY and 400 and 450 nm for PPY in both THF and AN. 

When monitored at 340 nm, the excitation spectrum of NPY corresponds to the 

short wavelength region of the absorption spectrum and produces typical 

structured band of naphthalene. The excitation spectrum corresponding to the 

emission at 400 nm duplicates the broad band in absorption. 
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With PPY, the excitation spectrum, when monitored at 400 nm, 

corresponds to the structured absorption of the pyrene moiety. However, when 

monitored at 450 nm, the excitation spectrum shows a broad band with maximum 

at 375 nm. Interestingly, a broad band of this type was not observed in the 

absorption spectrum of this compound. The fluorescence excitation spectrum 

suggests that long wavelength emission of PPY originates from a species that 

absorbs at around 375 nm. Fluorescence excitation spectra of NPY and PPY in 

THF and AN are shown in figure 3.3. 

3.1.4. Fluorescence lifetime 

The fluorescence decay behavior of NPY and PPY has been studied 

monitoring the individual emission bands. The decay parameters are collected in 

Table 3.1. Representative decay plots for NPY in THF are provided in figure 3.4. 

When monitored at the short wavelength region, where the naphthyl or the 

pyrenyl moiety emits, the fluorescence decay consists of a long and a short-lived 

component. The relative weightage of the short to the long component is roughly 

1:2 in the case of NPY. In the case of PPY, the short-lived component is the 

predominant one in THF, though the reverse is true in AN. While the long 

wavelength emission is also fitted to a biexponential decay behavior to obtain the 

best X2 and better residuals, the contribution of the second component is found to 

be too little compared with the dominant one. The predominant component has a 

lifetime of 0.2 ns in the case ofNPY and 2.1 - 2.7 ns in the case ofPPY. 
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Table 3.1. Fluorescence lifetime (ns) ofNPY and PPY in THF and AN at various 
excitation and emission wavelengths (nm). The relative weightage of individual 
components (in %) are given in the bracket. 

Wavelength 
THF AN 

Compound parameters 

Aex I Aem 1] (%) 12 (%) x2 
1] (%) I 12 (%) X

2 

! 1 8.1 i 51.1 j ! 3.9 ! 33.9 i 
280 I 325 i ! I 1.05 i ! iLlS 

! ! (28.6) ! (71.4) ! i (36.4) ! (63.6) ! 
NPY ----------------~----------------~----------------~-- ---------------t---- ----------~------- -----J-------------~----------

i i 0.2 i 2.3' ! 0.2 ! 11.8 I 

320 i 420 i 1.18 i i 1.28 
I I I' 

i (99.3) ! (0.7) ! (99.8) (0.2) 
Iii , 

3.1 i 192 
, 

6.5 122 ! 
, , 

i 
, 

315 
, 

375 1.26 i 1.00 I , , , 
I 

, 
(89.3) 

, 
(10.7) 

, 
(11.8) (88.2) , 

I 
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3.2. Possibility of complex formation in NPY and PPY 

As stated above, a physical mixture of I-methylnaphthalene/l­

methylpyrene and 4-picoline does not give rise to the long-wavelength emission 

band as observed in the case of NPY and PPY. The interaction of various 

aliphatic and aromatic amines with hydrocarbons such as naphthalene, 

anthracene, pyrene, etc_ has been studied earlier. 1-1 0 It is known that aliphatic and 

aromatic amines form intermolecular complexes with aromatic hydrocarbons and 

quench the fluorescence of the latter. Despite a plethora of reports available on the 

interaction of atnines with aromatic hydrocarbons, very little information is 

available dealing with the interaction of pyridine with these hydrocarbons. This is 
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presumably due to the fact that pyridine does not fonn an exciplex readily with 

the aromatic hydrocarbons such as naphthalene or pyrene, whereas the aliphatic 

amines such as diethylarnine, triethylamine, etc., and aromatic amines such as 

N,N-dimethylaniline do. We have independently verified that the addition of 

pyridine merely quenches the emission of the hydrocarbons with no new spectral 

features arising. This behavior can be rationalized when taken into consideration 

the fact that unlike the Sp3 hybridized nitrogen atoms of the aliphatic and aromatic 

amines, the lone pair of electrons of pyridine reside in an Sp2 hybridized orbital 

and hence not easily available for complex fonnation with the hydrocarbons . 
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Fig. 3.4. Fluorescence decay curve ofNPY in THF. The decay curve, the best-fit 
curve, the lamp profiles and the weighted residuals are shown. 
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Interestingly, though we have observed a new broad band in the 

absorption spectrum of NPY, no such broad absorption band could be observed in 

the case of PPY. This adds to some amount of perplexity in understanding the 

behavior of two very similar systems under similar experimental conditions. 

However, as is seen from figure 3.3., when the excitation spectrum of PPY is 

monitored at 450 nm (the longest wavelength emission band), we see a broad and 

fairly strong band with maximum at 375 nm. The fact that this band is not 

detectable in the absorption experiments is either because of the fact that the 

extent of complex fonnation is very low or the extinction coefficient of the 

absorption due to the complex fonned is too low. But, since the complex fonned 

is highly fluorescent it is easily detectable in the excitation spectrum. 

Since our systems show spectral characteristics suggestive of some 

interaction between the tenninal moieties, we must expect that the spacer that 

connects the two tenninal moieties plays a role and is important in detennining 

the spectral features discussed above. In literature, few systems are reported 

wherein a pyridyl moiety is attached to naphthalene and anthracene.1 1,12 Systems 

of the cyc10phane type, reported by Haenel et al., consist of naphthalene attached 

to pyridine in a bridged fashion. 13 This leads to restricted arrangement of pyridine 

over naphthalene and the two components are forced to interact. The absorption 

spectrum of [2,2]-naphthalinopyridinophane, in which the pyridyl moiety is 

connected at the 2,6-positions to the naphthayl moiety at the l,4-positions, does 

have a long wavelength absorption resembling the absorption spectrum of Npy.13 

The spectral characteristics reported for the cyclophane systems are 

attributed to the fonnation of an exciplex fonned as a result of the 7t-7t overlap of 
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the chromophores. 13 The crystal structure reported by Haenel et al. points to an 

almost planar arrangement of the chromophore moieties in which the interacting 

constituents make a small angle between them. This angle is reported to be 14.3°. 

Hence, the spectral features reported for the cyclophane systems are due to a 

constrained geometry enforced on the molecules in which the interacting moieties 

were forced to overlap by virtually tying them at two ends. 

Our systems consist of naphthyllpyrenyl and pyridyl chromophores that 

are allowed to freely rotate around the single bond. The restriction imposed by 

Haenel et al. in the cyclophane systems is absent here. The fact that our systems 

still show spectral features suggestive of a complex fonnation thus leads to the 

conclusion that one does not need to really impose geometrical restriction by 

tying the terminal moieties in order to interact and fonn a complex in such 

systems. Our results show that the tenninal naphthyllpyrenyl and pyridyl moieties 

can interact and give rise to new absorption and emission characteristics by 

bringing them to constrained geometry by just connecting them covalently. 

3.3. Ground-state complex or exciplex? 

Formation of exciplexes between aromatic hydrocarbons and amines is 

reported in the literature),14 The possibility that the new emission we observe in 

our systems could be due to the fonnation of an exciplex is easily discounted on 

certain grounds. The ground state fonnation of the complex is clearly evident 

from the broad absorption band in the case of NPY. Even though a ground state 

interaction between the pyridyl and pyrenyl moieties is not evident from the 

absorption features of PPY, the fluorescence excitation spectrum corresponding 
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to the new emission of PPY confirms that the fluorescence indeed occurs from 

the excitation of a weak complex in the ground state. This complex is quite 

fluorescent and hence gives strong emission at 450 run when excited at 375 run. 

The complex formed in the case of PPY is unable to show any specific absorption 

characteristics, perhaps due to a very low extinction coefficient. 

3.4. Intermolecular vs intramolecular complex 

Assigning that a ground state complex IS formed as a result of the 

interaction of the terminal moieties in NPY and PPY, the question still prevails is 

whether the complex formed is intermolecular or intramolecular. In order to study 

this, we performed experiments by varying the concentration of the systems in the 

cuvette. The concentrations of the systems were varied from 1 X 10-7 to 1 X 10-2 M 

in the case of both NPY and PPY. These studies led to the observation that a 

proportionate enhancement in the fluorescence intensity of each of the bands 

takes place as we increase the concentration from a very low to a very high value. 

The fact that each of the emission bands go up in intensity as the concentration is 

increased is suggestive of an intramolecular nature of the complex. Further, the 

nature of the emission at higher concentration resembles the same at very low 

concentration. This observation substantiates the formation of an intramolecular 

complex. Had it been an intermolecular complex, we must expect a change in the 

emission characteristics with varying concentration. The possibility of formation 

of intermolecular excimers in sin1ilar systems in the case of hydrocarbons is well 

known. 14, 15 If the interaction is intermolecular, we should have observed that the 

}ntensity of one band, the monomer band, going down in intensity and the other, 
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the eXClmer one, increasing with increasing concentration. Since this is not 

observed, we believe that the interaction that exists within our systems is an 

intramolecular one and not intermolecular. 

3.5. Nature of the complex: CT or 1t-1t? 

In order to understand the nature of the complex formed in our systems, 

the absorption and emission spectra of the compounds were recorded in dioxane, 

THF, AN, ethanol (EtOH) and water. We hardly observed any shift in the 

absorption or emission maxima as we move from the low polar dioxane to high 

polar water. Only minor shifts (3 - 4 nm) could be observed in the wavelength 

maxima of absorption and emission. This suggests that the complex formed is not 

a charge transfer one. The spectral features are suggestive of a 7(-7( character for 

the complex. CT complexes generally show greater influence of the solvent 

polarity and larger shift in the emission maxima. 16 7(-7( complexes are generally 

encountered in the formation of dimers and excimers of aromatic hydrocarbons. I? 

Formation of sandwich complexes in the case of dimers, excimers and 

exciplexes is reported in the literature. 6,18,19 We looked into the possibility of a 

sandwich complex in our systems wherein the pyridyl moiety and the 

naphthyUpyrenyl moieties come one on top of the other and form a parallel 

arrangement. Both molecular modeling and the literature suggest that at least 

three carbons are necessary for 7(-7( arrangement of the interacting terminal 

moieties and for a maximum overlap. I? In both NPY and PPY, a perfectly 

parallel arrangement is not possible and there exists a small angle between the 

interacting moieties. But the distance between the two nearly parallel moieties is 
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small enough to have a 7t-7t overlap and give rise to features characteristic of the 

intramolecular 7t-7t complex formed between the terminal moieties. 

3.6. Why intramolecular complex and not intermolecular? 

Studies on intramolecular and intermolecular excimer or exciplex have 

shown that the entropy change associated with its formation depends strongly on 

whether the complexing partners are linked or not. 20 While the entropy change 

associated with the formation of an intermolecular complex is typically -80 JK­

lmorl, the same in the case of an intramolecular complex vary between -20 - 30 

JK- lmorl.20 This large difference in the magnitude of the entropy change can 

account for a greater stability of an intramolecular complex compared to an 

intermolecular one, as the free energy change associated with the formation of a 

complex, which determines the stability of a complex is equal to .MI - T ~S. A 

simple calculation suggests that at room temperature (25°C) it may not be 

possible to detect intermolecular complexes when the MI values are smaller than 

-24 kJ mOrl. Hence, an unfavourable entropy change is responsible for the lack 

of the formation of an intermolecular complex between 4-methylpyridine and 1-

methylnaphthalene or pyrene. 

The redox potentials of the molecular components are compiled in Table 

3.2 with a view to understanding whether a charge/electron transfer is 

thermodynamically allowed between the pyridyl and naphthyUpyrenyl moieties. 

The oxidation potentials of pyrene, naphthalene and pyridine are 1.16, 1.54 and 

2.09 V respectively and the reduction potentials are -2.10, -2.63 and -2.62 V 

respectively)! Since the electron accepting tendencies of pyridine and 
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naphthalene are very similar and naphthalene (or pyrene) is easier t9~~d:icl~0' . 
';'. . / -..... /". . . . ..,,0 ""'\ ~ 

compared to pyndIne, the naphthyl (or pyrenyl) mOIety should act as . $f.J6.or in a ~'. ,( _ 

hypothetical photoinduced electron or charge transfer process. A ro i~ estimate ! ~: 
- 04 ' , " ~. -

of the free energy changes (ilG) associated with the photoinduced int ~ecular .. ,/ l-), 
. ". .... - - -" c"< I 

electron transfer process has been made using the Rehm-Weller equation: ~- .. ~~/ 

ilG (kcal mor l
) = 23.06[Eox(D) - Ered(A)] - Eoo (3.1 ) 

Where Eox (D), Ered (A), and Eoo are the oxidation potential of the donor, the 

reduction potential of the acceptor and the excitation energy of the fluorophore 

respectively.22-24 The calculated ilG values, shown in Table 3.2 are - 8.5 and -2.3 

kcal mor
l 

respectively for NPY and PPY. These values show that the 

photoinduced intramolecular electron transfer (PET) is possible from the excited 

naphthalene (or pyrene) to pyridine. This perhaps explains why an addition of 

pyridine to a solution of pyrene or naphthalene leads to the quenching of the 

fluorescence of the latter. 

Table 3.2. Redox potentials of the interacting constituents, 21 singlet state energy 
of the fluorophores24 and the free energy changes of electron transfer in NPY and 
PPY. 

Component 

Pyridine 

Naphthalene 

Pyrene 

Eox (V) I 
Ered (V) I Es (kcallmol) ,1G (kcallmol) 

2.09 ; - 2.62 i - i -
: : i 

- ---------(-54-------i----- ------=2~-6j------- -- --1--------- ---9To-----------f---------~8~52--- ------- -
, , , , , , 

-----------1-1 6---------t-------- -~2~ -i-6-----------1-------------77~O-------------i ----------~ 2~2 9-----------
" , , , , , , , , 

Even though the results unambiguously point to a ground state interaction 

between the two terminal chromophores leading to the formation of a complex 
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that emits at a longer wavelength, a closer look at the time-resolved data of the 

systems (Table 3.1) does also indicate an excited state interaction between the 

terminal moieties. Had there been only a ground state interaction, the fluorescence 

lifetilnes of the systems (when monitored the short wavelength emission) would 

have been very similar to that of 1-methylnaphthalene or 1-methylpyrene. The 

fluorescence lifetimes (in ns) of the systems when monitored at short wavelength 

are 5l.1 (71.40/0) and 33.9 (63.6%) for NPY and 192 (10.7%) and 122 (88.2%) for 

PPY in THF and AN respectively. The lifetime values reported in the literature 

for 1-methylnaphthalene and 1-methylpyrene are respectively 67 ns and 176 

ns.25 ,26 The measured lifetimes for NPY and PPY are, hence, significantly lower 

than the literature values for the parent fluorophore components, indicating an 

excited state interaction also between the two terminal moieties. The rate 

constants for this quenching interaction (presumably PET), estimated using these 

values as 'to and the measured lifetime of the short-lived component as 't and using 

kq = Ih - 1ho are between 1.1 - 2.4 x 108 M-1 
S-1 in NPY and I.S - 3.2 x 108 M-1 

S-1 in PPY. The short-lived and the long-lived components are presumably due to 

the existence of two predominant conformers (a compact form and an open one) 

of the molecules. The absence of any growth (a negative pre-exponential factor) 

in the fluorescence decay profiles of the complex suggest that no fluorescent 

complex is formed as a result of the excited state interaction between the terminal 

moieties. 
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3.7. Conclusions 

It has been concluded from the photophysical behavior of NPY and PPY 

that the nature of the interaction of a pyridyl moiety with a naphthyl or pyrenyl 

moiety strongly depends on how/whether the two moieties are connected. While 

an intermolecular interaction between the two does not lead to the formation of 

any observable complex, when linked through a dimethylene group, the TC-TC 

interaction of the two terminal moieties gives rise to the formation of hetero­

dimer-type stable fluorescent complex. This difference in the behavior of the 

linked and unlinked systems has been ascribed to the difference in the entropy 

change associated with the fonnation of the two types of complexes. 
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Chapter 4 

Cation signaling properties of 1-(1-naphthyl)-2-( 4-

pyridyJ)ethane and 1-(1-pyrenyl)-2-( 4-pyridyl)ethaoe 

The fluorescence response of NPY and PPY, whose photophysical 

properties have been discussed in the previous chapter, towards various metal ions 

has been presented in this chapter. It is shown that 'off-on' signaling of the metal 

ions by these jluorophore-spacer-receptor systems results from metal ion-induced 

enhanced communication between the terminal moieties of the molecule, whereas 

in conventional systems with the same architecture, 'off-on' signaling results 

from disruption of the communication between the fluorophore and the receptor 

in the presence of the guest. Moreover, it is shown that the fluorescence response 

of the systems in the presence of the metal ions depends on the monitoring 

wavelength. The systems offer a wavelength window where the fluorescence is 

switched 'on' and the fluorescence is switched 'off when one looks through a 

different window. 

4.1. Spectral features 

4.1.1. Absorption 

The absorption spectra of NPY and PPY with various metal ions have 

been studied in THF and AN. Addition of the solutions of the metal salts leads to 

significant changes in the absorption behavior of NPY. With increase in the 
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concentration of the metal ion a new band appears at longer wavelength. The new 

absorption band (Amax ~370 nm) becomes as intense as the 330 nm band of NPY. 

The new band grows at the expense of the original band at around 330 nm. An 

isosbestic point could be observed with all the metal ions except in the case of 

Cu2
+ and Mn2

+. Representative absorption spectra of NPY in the presence of some 

metal ions in THF are shown in figure 4.1 . In a more polar medium such as AN, 

the new band appears almost at the same wavelength as that in THF. The 

absorption spectral changes of NPY in AN with certain metal ions is shown in 

figure 4.2. 

Interestingly, In the case of PPY, noticeable change in the absorption 

spectrum could not be observed in the presence of any of the metal ions. 

4.1.2. Emission spectra 

It is already stated in the last chapter that the emission spectra of NPY and 

PPY consist of two peaks, one structured band in the short wavelength region due 

to the parent fluorophore and a long wavelength broad band corresponding to a 

ground state intramolecular complex. 

The emission behavior of NPY and PPY has been studied in the presence 

of metal ions. To begin with , we have one structured emission at 330 nm and a 

broad emission at 400 nn1 in the case of NPY. Addition of the metal salts leads to 

fluorescence quenching at both the wavelength regions. Interestingly, a new 

emission band appears gradually at around 500 nm with the addition of the metal 

salts. Representative fluorescence spectra of NPY in the presence of various 

amounts of the metal salts are shown in fi gure 4.3 . 
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Fig. 4.1. Absorption spectra of NPY with (a) Cr3+, (b) Fe3+ and (c) H+ in 

THF. The concentrations of the metal ions (in 10-4 M) increases from 0 to 

2.9 in (a), 3.8 in (b) and 2.0 in (c) in the direction of the anows. 
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Fig. 4.2. Absorption spectra ofNPY with (a) Cr3
+ , (b) Pb2

+ and (c) Zn2-r in 

AN. The concentrations of the metal ions (in 1 O~ M) increases from 0 to 

0.87 in (a) , 4.0 in (b) and 1.4 in (c) in the direction of the arrows. 
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An excitation wavelength dependent experiment shows that the intensity 

of the new band is maximum when excitation is made at around 360 nm. This 

suggests that this new emission band results from excitation of the new absorption 

band observed in the presence of the metal salts. In AN, the new emission 

maximum is observed at 525 nm. The new emission could be observed with all 

the metal ions indicated in Table 4.1. However, in some cases, such as in the case 

ofMn2
+, the emission is not that strong. The situation is shown in figure 4.3. 

With PPY too, a similar behavior is noticed. The intensity of the structured 

band at 400 nm ("-ex = 315 nm), and that of the structureless emission at 450 nm 

(Aex = 375 nm) go down in the presence of the metal ions. The new band appears 

at around 585 run in THF and 610 nm in AN. It is observed that the intensity of 

this emission increases up to a certain concentration of the metal ion and 

thereafter, further addition leads to quenching. A representative example of the 

observed phenomenon is shown in figure 4.4. The emission parameters for NPY 

and PPY in THF and AN are collected in Table 4.1. 

4.1.3. Excitation spectra 

The fluorescence excitation spectra were recorded for the compounds by 

monitoring the various emission bands in both the solvents studied. For NPY, the 

excitation spectra were monitored at 340, 400 and 500 nms. When monitored at 

500 run, the fluorescence excitation spectrum shows an intense band with 

maximum at ~370 llll1 . This band is very similar to the absorption band of the 

system in the presence of the metal ions. This observation unequivocally 

establishes that the long wavelength emission is due to the excitation of the new 



Signaling-NPY & PPY 87 

species that is fonned with the metal ions. Some of the representative excitation 

spectra of NPY in the presence of the metal ions monitored at different 

wavelengths are shown in figure 4.5. 

Table 4.1. Wavelength (in nm) corresponding to the fluorescence maximum of 
NPY and PPY in THF and AN in the absence and in presence of different metal 
ions. t 

NPY PPY 
Metal ion 

THF I AN THF 
I 

AN 

None 398 401 450 I 453 
i , , 

------------.~----.--- ---------.-----------------~------------------.-----.------- --·---------------------------t-----------·--------------------
Ag+ 489 i 503 585 i 607 

---------r------- ----------------------j---------------------------- ----------------------------\ ---------------------------
Cd+ 494 i 514 583 I 609 , , 

~·----2---------- --------------J------------------------------ ------------------------------t-----------------------------
Co + 494! 522 588 I 610 

I , 
--------j------- ------------------------~------------------------- -------------------------------t-------------------------

Cr + 495! 523 585 I 610 
I , 

---- ----------------i---------------- - -- -------------- t------·---------------
cJ+ 502 I 522 582 i 608 

I----------j ------ ---------------1------------------- ---------------------1------------------------
Fe + 498 i 520 584 j 608 

------:-2--------- --------------------1------------------------ --------- ------------------i-------------------------
Hg + 490! 504 583 I 607 , , 

~--------1----- -----------.--------~------------------------- -------------------------t-----------------------
Mn+ 490 i 518 583 I 607 

=~::~-~~::-=~::::~ ===~~~~-:~:~=:::1::~::~==~~~-~:~:~~:: :::::::::::::!-:~:::::::::-:~I-~::::::-::-~:;:~:::::~~:::-
----------Z~2+--------- -------------482-----------i----------520--------- ------------s-s-3-------------i-------------60-i-------

, , 
--------------H--+------------- ------------4-79------------j-------------5-i-5----------- ------------S6S-------------;-------------60-i----------

, , : , 

t Metal ion concentrations were in the range 10-5 
- 10-3 M. 
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Fig. 4.4. Emission spectra of PPY with Ni2
+ in AN at various excitation 
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Fig. 4.5. Excitation spectra of NPY in AN in the absence and presence of 

various metal ions. The spectra shown in (a) and (b) are obtained by 

monitoring the fluorescence at 410 nm and 525 nm respectively. [Mn+] 

corresponds to the concentration of the metal ion for which FE was maximum. 

With PPY also, similar experiments were conducted. The excitation 

spectra were measured monitoring the original emission bands at 400 and 450 nm, 

and the new band at 610 nm. The band that comes up when the excitation 

spectrum was monitored at 610 11m shows a maximum at 435 nm. This 
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observation suggests that 610 run emission arises due to the excitation of a ground 

state species that absorbs at around 435 nm. Interestingly, at this wavelength, 

PPY virtually shows no absorption. The difference in the absorption and 

fluorescence excitation behavior of PPY can only be rationalized by assuming 

that the extent of formation of the complex fonned between the pyrenyl and 

pyridyl moieties is too small or the extinction coefficient of the absorption due to 

the metal - sensor complex is too low at around 435 run. Since the complex is 

highly fluorescent it is easier to detect this species through fluqrescence compared 

to absorption. Some representative excitation spectra of PPY obtained on 

monitoring the fluorescence at 610 run are shown in figure 4.6. 
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Fig. 4.6. Excitation spectra of PPY with various metal ions in AN (Aem = 610 

run) . [Mn+] corresponds to the concentration of the metal ion for which 

maximum FE was observed. 
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4.1.4. Fluorescence lifetime 

Fluorescence lifetimes of NPY and PPY have been measured monitoring 

the various emission bands of the systems. In the case of NPY, the experiments 

could be performed monitoring all the three emission wavelengths. With PPY, 

only the first band (emission at 400 nm) could be monitored. Fluorescence 

lifetimes could not be measured monitoring the 450 nm and ~585 nm (in THF) or 

~61 0 nm (in AN) bands due to poor emission intensity at these wavelengths. 

The fluorescence decay parameters of the systems for various excitation 

and emission wavelengths in two solvents are tabulated in the appendix 1. The 

measured decay parameters for NPY show that the fluorescence lifetime of the 

complex formed between the metal ions and the sensor systems is in the sub­

nanosecond range. 

4.2. NPY and PPY as metal ion sensors 

The usefulness of simple three-component systems, NPY and PPY, in 

sensing the transition metal ions, which themselves are quenchers of the 

fluorescence, 1,2 is described in this section. We have observed that the 

fluorescence intensity of NPY and PPY at various emission wavelengths gets 

altered in the presence of the metal ions. Concentrating on the bands at 330 and 

400 nm in the case ofNPY, we have seen that the addition of metal ions quenches 

the fluorescence at these wavelengths. This represents a typical 'on-off action of 

fluorescence. At the longer wavelength, (500 nm in THF and 525 nm in AN), 

where the new emission is observed, the emission behavior represents an 'off-on' 
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fluorescence signaling of the metal ions. The intensity of this emission varies with 

different metal ions studied. 

Table 4.2. Fluorescence output of NPY in THF and AN with the addition of 
metal ions at various wavelengths. 

THF AN 
Metal ion 

335 nm
a I 400 nm

b I 500 nm
b 

335 nm
a I 400 nm

b I 525 nm
b 

, 
None 1 II! 1 1 

,I I I -------------+------- -----------------------:----------------------1----------------------- ---------------1----------------t----·---·-
Ag 0.017 i 0.015 ! 11.9 0.39! 0.286 i 1.1 

I I I I 

-----------1+------ -----------------------t----------------------i----------------------- ---------------+--------------+-----------
Cd 0.02 i 0.03 ! 7.3 0.01 i 0.05 ! 13.5 

------------1~~------ ----------------------f-----------------------~----------------------- ----------------~---------.-_+----.-
Co 0.018 ! 0.027 i 8.4 0.01 i 0.016 i 13.6 

" I I I I I I 
t I I I ----------':f-t------- ---------------------r----------------------l---------------- -------------i---------------:-----------

Cr 0.015! 0.01 ! 6.9 0.01 1 0.02 ! 16 
I I I I 

------------1+------- ----------------t-------------.------i---------------- ---------------j--.--------f------.---
Cu 0.37 i 0.02 ! 2.6 0.008 i 0.01 i 10.3 

'I I' 
I I I' 

------------:f+------ ------------------·----·-r·---------·-----·--------l---------------------- ·---------------1---·-·-------·----+---------·--
Fe 0.018 j 0.02 ! 4.9 0.003! 0.01 ! 10.8 

--------2+---- --------------r-------------------·,---------------------- -----------1-------+: ---
Hg 0.33 i 0.27 ! l.8 0.117 i 0.11 i l.93 

'I I I 
'I I I 
'I I I -----------1.-+----- ·---------·--------------t-----·-------------I----------------------- ---------: ! 

Mn 0.26: 0.03 : 1.2 0.27: 0.06 : 8.6 
'I I I 
I I I I 
I I I I -----------:L-+------- ---------------------1-----·----------------:------------------ ----------:-------:-----

N1 0.011: 0.017 : 6.6 0.01: 0.018 : 17.9 
" I I 
'I I I 

I I I I -----Pb2+------- ------OJ-37------T-----o~ 074 ---T------f6------ -----0 .Olf-i--- 0 ~oi5-T--T3~2-
I I I I 
I I I I 

------------1+------- -----------------------t-----------------------+-------------------- -----------------t--------------+-------------
Zn 0.31! 0.17 ! l.8 0.03 i 0.06 i 1l.3 

I I I I 

--------------------- -----------------~-------------------~------------------ -----------~-----------+-------
He 0.19! 0.08 i 2.4 0.011 i 0.02 ! 15.7 

I I I I 
: I I I 

With PPY too, a similar behavior is observed. The first band, the 

structured emission at 400 nm vanishes on addition of the metal ions. The band at 

450 nm too disappears with added metal ion. A new band is generated at 585 nm 
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in THF and at 610 run in AN. Hence, we have fluorescence 'on-off signaling at 

400 and 450 run and 'off-on' response at the longer wavelength. The intensity of 

the new emission varies with various metal ions studied. The fluorescence output 

at various emission wavelengths in the presence of different metal ions are given 

in Table 4.2 for NPY and in Table 4.3 for PPY. 

Table 4.3. Fluorescence output of PPY in THF and AN with the addition of metal 
ions at various wavelengths. 

THF AN 
Meta 1 i on ~-----::----.------,::--~----------:;--t------::--=-=---;;--'--:-:-:::-----,:;----'----::-:-:::--r---1 

395 nm
a I 450 nm

b I 585 nm
c 

395 nm
a I 450 nm

b I 610 nm
c 

None 
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Fig. 4.7. Emission spectra of NPY in the presence of Cr3
+ in THF (a) 

and AN (b). [Cr3+] (in 10-4 M) increases from 0 to 2.9 in (a) and 0.87 

in (b) in the direction of the arrows. Aex = 360 run. 

The new emission is a broad and featureless one and unlike the original 

emission, is rather sensitive to the solvent polarity. An increase in the polarity of 

the medium induces Stokes shift of the fluorescence maximum. In the case of 

NPY, as the solvent is changed from THF to AN, the emission maximum shifts 

from 500 to ~525 illTI. With PPY, the maximum is shifted from 585 to ~610 run 
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when the solvent is changed from THF to AN. The location of the emISSIon 

maximum for different metal ions is not very different. Representative spectra 

showing the solvent polarity dependence of the new emission band of NPY are 

shown in figure 4.7. 

4.3. Wavelength window based signaling 

When we consider the signaling behavior of NPY and PPY, we can say 

that the signaling could be achieved by monitoring various emission maxima. To 

begin with, we have an excitation wavelength dependent emission behavior for 

these systems and there are two emission maxima to monitor; at 330 and 400 run 

for NPY and at 400 and 450 nm for PPY. We see that the emission at these 

wavelengths gets quenched in the presence of the metal ions. Hence the systems 

behave as fluorescence' on-off signaling systems at these wavelengths. 

Signaling efficiency of the systems can also be assessed concentrating our 

attention on the new band generated in the presence of the metal ions. As is seen 

above, this band maximum appears at ~500 nm for NPY and at ~600 11111 for PPY 

in THF and it shifts by ~25 nm towards the red in AN. Since this band appears 

only in the presence of the metal ions, the sensing of the metal ions can be temled 

as 'off-on' fluorescence signaling at these wavelengths. 

We now have two systems that display fluorescence signaling of the metal 

ions, the exact nature of which depends on the monitoring wavelength of emission 

and also, to some extent on the excitation wavelength. We can say, in short, that 

we have a multiple excitation and emission wavelength window based 

fluorescence sensors of the transition metal ions. The excitation/emission 
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wavelength combinations are 280/330 nm, 320/400 run and 360/500 nm for the 

fluorescence 'on-off', 'on-off' and 'off-on' actions for NPY and 315/400 nm, 

375/450 nm and 435/600 nm for the respective actions for PPY on metal ion 

binding. The situation is represented in figure 4.8. for NPY and in figure 4.9. for 

PPY. 

--.. 
~ 

CU --
~ ...... 
en 'on -off' 
c 
Q.) ...... 
c 
c 
0 'off-on' 
en 
en 
E 
W 

300 350 400 450 500 550 600 650 
Wavelength (nm) 

Fig. 4.8. Representative emission spectra of NPY showing the wavelength 

window based fluorescence signaling. The emission behavior of NPY in AN 

with Cr3+ is taken as an example. [Cr3+] increases in the direction of the arrows 

from 0 to 6.5 X 10-5 M. 
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Fig. 4.9. Representative emission spectra of PPY showing the multiple 

wavelength window based fluorescence signaling. Spectral changes produced 

on the addition of Cr3+ to PPY in AN is taken as the example. [Cr
3
+] increases 

in the direction of the arrows from 0 to 1.6 X 10-
4 

M. 
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4.4. Are residual protons the culprits? 

It is evident from the data presented in Table 4.2 and Table 4.3 that all 

metal ions switch 'on' the fluorescence at the longer wavelength for both NPY 

and PPY, though some of the metal ions do not show it as prominently as others. 

With Mn2+, the emission is less intense and with Ag+ and Hg2+ ions, the emission 

is meager. Proton gives an intense band. Because of the fact that we are using 

hydrated perchlorate salts of the metal ions, which are likely to contain protons as 

impurity, it may be possible that the 'off-on' signaling is due to the protons rather 

than due to the metal ions. However, this possibility has been ruled out with the 

help of the following experiments. Addition of sodium perchlorate monohydrate 

to a solution of NPY does not generate any new emission in the long wavelength 

region. Had the new emission been due to the protons from the hydrated metal 

salts, we should have observed the new emission in the presence of hydrated 

sodium perchlorate solution too. This point is further supported by another 

experiment in which the emission behavior of NPY with hydrated zinc 

perchlorate solution was studied in the presence of 3 - 4 mM of sodium carbonate. 

The fact that the long wavelength emission could be observed even in the 

presence of sodium carbonate clearly establishes that the new emission is the 

result of complexation of the metal ions with the systems studied and not just 

because of protonation of the sensor systems by the residual protons present in the 

hydrated salts . The effect of sodium perchlorate on the fluorescence spectra of 

NPY is illustrated in figure 4 .10. 



Signaling-NPY & PPY 

.-..... . 
::J . 
C'O 

.c 
(f) 
C 
Q) ..., 
C 

C 
o 
(f) 
(f) .-
E 
w 

400 450 500 550 600 650 700 
Wavelength (nm) 

Fig. 4.10. Emission spectra of NPY in AN with the addition of sodium 

perchlorate (hydrated). [Na +] is varied from 0 to 3 x 10-2 M in the direction of 

the arrow. Aex = 360 nm. 

4.5. Mechanism of 'off-on' fluorescence signaling of the guests 

99 

We have stated in the previous chapter that an intramolecular complex is 

formed as a result of through-space interaction of the n-clouds of the pyridyl and 

naphthyVpyrenyl moieties. The present systems contain a pyridyl moiety which 
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forms complexes with the metal ions under similar experimental conditions} A 

recent paper shows that bivalent transition metal ions form [MLf+, [ML2]2+, 

[ML3]2+ and [ML4]2+ complexes with 4-methylpyridine in acetonitrile and that th~ 

stability complexes for the mono complexes follow the order Mn2+ > Zn2+ > 

CU2+. 3 Quite obviously, the metal ions are likely to attack this pyridyl moiety, 

making it an electronically deficient moiety analogous to the pyridinium ion. This 

event is not only expected to enhance its communication with the electron- rich 

fluorophore, but also expected to introduce significant charge transfer (CT) 

character to it. The dipolar nature of the complex, as is evident from the 

fluorescence spectral data in THF and AN, is fully consistent with this 

interpretation. Moreover, this mechanism is also in agreement with the literature 

reports on the formation of CT complexes between pyridinium ion and various 

hydrocarbon moieties.4-7 

The N-substituted pyridinium derivatives, considered as electron acceptors 

in intermolecular CT interactions,5,6,8-11 are found to generate new CT absorption 

bands when they form electron donor-acceptor complexes with aromatic 

hydrocarbons such as methylated benzenes, naphthalenes and anthracenes.4 Based 

on the literature, the expected absorption maximum for the CT band of the 

electron donor-acceptor complex of the pyridinium ion with I-methylnaphthalene 

and pyrene is ~365 nm and ~404 nm respectively.4 These estimates are based on a­

linear correlation between h VCT (intermolecular CT excitation energy) and 

ionization potentials (E I ) of the various hydrocarbons used.4 E; values are 

respectively 7.96 and 7.58 eV for I-methylnaphthalene and pyrene. 12 
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Interestingly, the new absorption maXIma observed in our systems after 

coordination of the metal ions are not very different from the literature values . 

. , ~ + ',. -.. I 
~ '~' ....... r. 

\Veak 1t - 1t interaction 1 
o 

Enhanced CT interaction 

Fig. 4.11. A pictorial representation of intramolecular interaction in 
NPY and PPY in the absence and in the presence of metal ions. 

The conventional signaling mechanism in jluorophore-spacer-receptor 

systems requires a disruption of the strong communication between the terminal 

moieties, the fluorophore and receptor, in the presence of a guest. 13-16 However, 

we would like to stress here that the fluorescence enhancement (,off-on' 

signaling) of the present systems is the result of an enhanced interaction between 

the receptor and the fluorophore. In this respect the signaling by the present 

systems can be termed as novel and different from the conventional PET signaling 

mechanism. The signaling behavior of the present systems is pictorially 

represented in figure 4.11. 



102 Chapter 4 

Table 4.4. Molar concentration of the metal ions at the maximum FE of the long 
wavelength emission for NPY and PPY in THF and AN. 

Concentration of the metal ion 

Metal ion NPY PPY 

THF I AN THF I AN 

Ag+ 1.8 X 10-4 7.3 X 10-3 7.3 X 10-4 1 X 10-3 

--------------- ----------- -----------------------~----------------------------- -----------------~-------+--------------------_=4--------
Cd2

+ 8.6 X 10-4 ! 1.2 X 10-4 4.2 X 10 ! 6.3 X 10 , , , , 
----------------:z------------ -------------------------~------------------------ ----------------:j-------l--------------j------

Co+ 7.5x10-4 ! 6x10-4 1x10-! 3.8x10-, , , , 
----------------j+--------- -------------------=4----i------------------:,------- ----------------~-------t----------------------~--------

Cr 2.9 X 10 : 8.7 X 10 2.4 X 10 : l. 6 X 10 , , , , 
-----------C~iT--- ---- --------6~8-X--i-o=4---t------2~-f X -re?-------- ----4~5xl 0~------r-----2.3-x-TO~-------
-------------j+--------- -------------------=4---i----------------=4-------- --------------~----i---------------_=4--------

Fe 3_8x10! 3.9x10 7.1X10! 4.8x10 
--------------i------------ -------------------"j------~--------------~------- ---------~-----+----------------:r-------

Hg+ 9x10- 1 7x10- 8.5x10- j 9x10-
--------------2+------- ---------------:r--i-------------:j---- ---------:j---t----------:r---

Mn 9.5 X 10 ! 9.3 X 10 6.5 X 10 ! 7.5 X 10 
-------------2---------- -------------------:r----~---------------------j------- ---------------:l-------+--------------j-----

Ni + 2.4 X 10- 1 1.8 X 10- 5x10- j 3.1x10-
-------2---- -------------:l---~------------~------ ------------:j------+-------------:l-----

Pb + 5.5 X 10- i 4 X 10- 2.4 X 10- i 3 X 10-
t , 

-----2+------- --------------~---i---------------:j----- --------~----t-----------_=4-------
Zn 4.5 X 10 ! 1.4 X 10 1.1 X 10 ! 9.1 X 10 

: I 
---------------------------- --------------------4---~--------------------~------- -------------~----+----------------------

H+ 2 X 10- 1 7.5 X 10 1.4 X 10 ! 5 X 10-4 
, , , , 

Other than the unconventional mechanism of metal ion signaling, a few 

other points make these sensor systems more interesting. In literature, a few 

systems are available that offer mUltiple signaling windows towards proton and 

alkali metal ions, 17,18 but not for the transition metal ions. As far as the signaling 

efficiency of the systems are concerned (Table 4.2 and Table 4.3), when 

monitored at 400 nm, the fluorescence output of NPY decreases by a factor of 17 

- 110 and increases by a factor of 9 - 16 at 525 run in AN. When monitored at 
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335 run, the decrease in fluorescence occurs by a factor of 2.6 - 333. For PPY, 

the fluorescence quenching factors are 3 - 77 at 395 run and 14 - 100 at 450 run , 

whereas fluorescence enhances by 13 - 36 at 610 run. In THF, the decrease in 

fluorescence for NPY is by a factor of 3 - 91 at 335 run and 4 - 100 at 400 run 

and enhancement is 1.2 - 12 times at 500 run. For PPY, the decrease in 

fluorescence in THF occurs by a factor of 1.8 - 125 at 395 run and by 2 - 100 at 

450 run, the increase in fluorescence at 585 run being 1.6 - 22.6. The efficiency of 

the sensor molecules to sense very low concentration of the metal ions is also 

noteworthy. The concentrations of the metal ions required for the maximum 

fluorescence enhancement are given in the Table 4.4. The concentrations of NPY 

and PPY used in the studies are ~ 10-5 
- 10-3 M in THF and AN. It is clear from 

Table 4 that the sensor systems can sense very low concentration of the metal ions 

giving maximum fluorescence enhancement. The above points make NPY and 

PPY really novel and attractive sensors for the transition metal ions. 

4.6. Conclusions 

To summarize, we have developed a pair of systems that show excitation 

wavelength window based emission and can be used as fluorosensors for the 

transition metal ions. The systems offer multiple wavelength windows for 

monitoring the modulation of the fluorescence intensity in the presence of the 

metal ions. The excitation/emission wavelength windows are respectively 

280/330 nm 320/400 nm and 360/500 nm for NPY and 315/400 nm, 375/450 run , 

and 435/600 run for PPY. Even though the architecture of the present systems is 

similar to that of the conventional PET systems, the signaling mechanism, 
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however, differs significantly. We have shown that an enhanced communication 

between the fluorophore and the receptor in the presence of the guest IS 

responsible for the 'off-on' signaling response of the systems. 
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Chapter 5 

Photophysicai and cation signaling properties of some 

crown derivatives of 4-aminophthalimide 

This chapter deals with 

photophysical and cation signaling 

properties of some jluorophore­

spacer-receptor systems involving 

vanous crown moieties as the 

receptors. All these systems have 

been developed with 4-

aminophthalimide as the fluorophore 

component and a dimethylene 

moiety as the spacer. 

As stated earlier, there has 

been considerable interest In 

developing efficient fluorescence 

sensors for the transition metal ions, 

particularly for the divalent ions of 

zinc, cadmium, mercury and lead, 

owing to their importance in biology 

o 

N~(Oj 
n~l, ~PMAC4 ~O~ 
n=2, APMACS n - 1-3 

n=3, APMAC6 

o 

o 

Chart 5.1. 

and environment. The crown ethers are known to complex strongly with s-block 
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metal IOns and have very weak coordinating properties towards the transition 

metal ions. Thus, a clear distinction between the s- and d-block metal ion 

coordination can be made by the crown ether compounds. 1 The aza crowns, on 

the other hand, are expected to complex strongly with the transition and post 

transition metal ions. The cavity size of the crowns is believed to be an important 

factor that directs the binding of the metal ions to various crowns.2 Selectivity in 

binding can hence be achieved by appropriate selection of the aza crown system. 

Taking these two aspects into consideration, we designed and developed a few 

sensor systems wherein various aza crown moieties of different ring sizes 

containing different number of nitrogen and oxygen atoms have been used as the 

receptor moieties and studied their fluorescence response in the absence and in 

presence of various metal ions. The structures of the sensor molecules studied in 

this chapter are given in Chart 5.1. 

5.1. Spectral features 

5.1.1. Absorption spectra 

The absorption behavior of the systems has been studied in THF and AN. 

All the compounds show absorption spectra resembling that of the parent 

fluorophore, 4-aminophthalimide (AP). The longest wavelength absorption 

maximum of the compounds appears between 365 and 370 nm in the solvents 

studied. This broad absorption band is typical of the intramolecular charge 

transfer transition (lCT) within the 4-aminophthalimide moiety.3-5 In any given 

solvent, a red-shift of the spectral maxima is observed as one moves from free AP 

to its crown derivative. This behavior suggests that charge separation in the 
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fluorophore unit is enhanced on linking the spacer and the receptor moiety to AP. 

Representative absorption spectra of the crown compounds in AN are shown in 

figure 5.1. The _spectral parameters of the derivatives along with those of the 

parent fluorophore are tabulated in Table 5.1. 
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Fig. 5.1. Absorption spectra of the crown compounds In AN. The 

representative curves are for (a) APMAC5, (b) APTAC, (c) APDAC, (d) 

APMAC6 and (e) APMAC4. 

5.1.2. Fluorescence spectra 

The emission behavior of the crown compounds were also studied in THF 

and AN. The compounds gave a broad structureless emission band in both the 

solvents, when excited at their absorption maxima. The broad and structureless 

emission is characteristic of rCT emission of AP. The fluorescence maximum of 
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the compounds shifts to longer wavelengths as the polarity of the medium is 

increased. This is obviously due to the dipolar character of the excited state. It 

may be noted here that while the spectral behavior of the crown systems is very 

similar to that of AP, the fluorescence quantum yield of the crown derivatives is 

significantly lower compared to AP (vide Section 5.1.3). Representative 

fluorescence spectra of various compounds in AN are shown in figure 5.2. The 

fluorescence parameters of the compounds are tabulated in Table 5.1. 

The fluorescence excitation spectra of various compounds (figure 5.2.(b)) 

show no special characteristics and resemble the absorption spectra (particularly 

the long-wavelength region) of the systems very closely. 

Table 5.1. Wavelength (nm) corresponding to the absorption and emISSIOn 
maxima of the systems in THF and AN. 

THF AN 
Compound 

I 
AP 358 452 359! 462 

j 
------------- ----------------- ---------- -------l-------------------

APMAC4 369 466 369! 478 
, I ---------------- ---------.-.-----.------!------------------------J.--.----------..!----------------------

APMAC5 366 i 464 366! 478 
----------------------.- ---.-------------.-------L------------------.--J..----------_____ ...1.-. _________________ _ 

APMAC6 369 i 468 370! 480 
--.-------_________________________________ ~ _____ ._. ________ . ___ ~ ___________ L _________________ _ 

APDAC 367 i 483 370 I 484 
--------.-------------.- -.---------.---------.--------~-----------.-------------- -------------------.-~--------.--------------

APTAC 368 - i 460 365 i 480 
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Fig. 5.2. Emission (a) and excitation (b) spectra of the crown 

compounds in AN. The excitation and emission wavelengths are 360 

and 480 nm respectively. The y-axis is not to scale in (a). 
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5.1.3. Fluorescence quantum yield and lifetime 

As stated in the previous section, the fluorescence quantum yields (~f) of 

the crown derivatives of AP are significantly less than that of the parent 

fluorophore (vide Table 5.2). A lower fluorescence quantum yield of the crown 

derivatives is in accordance with the intramolecular PET interaction between the 

fluorophore and the receptor. The fluorescence quantum yield is found to be the 

lowest in the case of APT AC indicating that PET is most efficient in this system. 

The quantum yield of this system is lower than that of AP by a factor of 25 in 

THF and 50 in AN. Since the magnitude of reduction of the fluorescence quantum 

yield of a given jluorophore-spacer-receptor system compared to the parent 

fluorophore is an indication of the maximum fluorescence enhancement one can 

expect in the presence of a guest, APTAC is expected to show an excellent 

signaling efficiency. As far as the other derivatives are concerned, the quantum 

yields of APMAC4 and APMAC5 are almost the same, whereas APMAC6 has a 

higher quantum yield in both THF and AN. The fluorescence quantum yield of 

the diaza crown derivative, APDAC is intermediate between that of the monoaza 

crown and the tetraaza crown derivatives. 

The fluorescence decay behavior of different derivatives has also been 

studied in THF and AN. The measured fluorescence decay parameters are 

presented in Table 5.2. As can be seen from the table, while AP exhibits a single 

exponential decay with a long lifetime of 12.4 - 14.0 ns, the crown derivatives 

show a bi- or tri-exponential decay pattern with the major component having a 

lifetime significantly shorter than that of AP. One of the minor components has a 

long lifetime comparable to that of AP. A shorter lifetime of the different 
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derivatives (as evident from the 't values) is understandable when taken into 

consideration PET in these systems. The short-lived major component clearly 

represents the PET quenched fluorophore whereas the long-lived minor 

component must be arising from those molecules in which the relative orientation 

of the electron donor and acceptor groups is such that through-space interaction of 

the receptor and the fluorophore is minimal. The average lifetime, as seen from 

Table 5.2, is higher in THF compared to that in AN. The fluorescence lifetimes of 

the systems are in line with the quantum yield values, both being higher in THF 

compared to that in AN. The short-lived component is the major one except for 

APMAC5 and APMAC6 in THF. 

5.2. Effect of metal ions 

5.2.1. Absorption 

The effect of the transition metal ions on the absorption behavior of the 

individual compounds, studied in THF and AN, shows that neither the extinction 

coefficient nor the wavelength of absorption changes drastically. Representative 

cases are illustrated in figure 5.3. A small shift of the spectral maximum has been 

observed in most cases following the addition of the metal salts. In most of the 

cases no isosbestic point in the absorption spectrum could be observed. However, 

in certain cases such as in the case of APTAC, we did observe an isosbestic point 

over a certain concentration of the metal ions with metal ions such as Zn
2

+ and 

Pb2+. The spectral data of various systems in the presence of different metal ions 

have been collected in Tables 5.3 and 5.4. 
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Table 5.2. Fluorescence quantum yield ($f) and decay parameters {-r (in ns» for 
the various systems in THF and AN. The relative weightage of each decay 
component (in %) is given in bracket. 

AP I APMAC4 I APMAC5 I APMAC6j APDAC I APTAC 

0.70! 0.12 ! 0.09 ! 0.25 i 0.04 ! 0.03 
I I I I I 

I----+-------------i------·---·---t--------------+----·---------------i----·---------t--------------
14.0 i 8.7 (6.4) 1 9.0 (11.8) ! 9.3 (16.4) i - ! 2.3 (4.4) 

• I I I I 
I I I I I 

I----+--------------~--------------------~---.----------------7------------------t---·------------------~---------------

- i 19.8 (5.6) i 18.1 (65.2) i 17.3 (48.6) i - i 13.7 
I I I I t (3 2) I I I I I 

! ! ! ! !. 
I----+------------·-~------------------t------------·-----.--.-+--------------------~------------.---------~---.--------------.--

I I I I I 07 
I : : : :. 

- ! 0.4 (88) ! 1.6 (23) ! 1.9 (35) i - ! 
! ! ! ! ! (92.4) 
I I I , I 
I I 1 I I 
I I I I I 1----::---+-----------1------ -----:---------------- ------7----------------~-.------------------{-----.-.--------

- ! l.23 ! 1.22 i 1.19 1 - ! l.16 
I I I I I 
I I I I I 

I----+----------.---..:-----------,---~--------~----~-----------------~--------------~-----------
I I 1 I I 

- ! 2.0 ! 13.3 ! 10.6 ! - ! 1.2 
I I I I I 
I I • I I 
I I I I I 

0.63! 0.08 ! 0.07 ! 0.24 1, 0.03 ! 0.01 
I I : I ! 

--12~4--r--3~2 (5. l)-T-2.6 co.5j-T--3~8(8-~9)-T-i~7-(8. 7)1--3.7(23) 
I I I I I 

I----+---------~---- -}-.---------+-----------~------___4--------
I I , : 163 : 11 6 ! ! ! I·!· 

- I 18.5(6.5) i 18.6(l.1) ! 18.7(13.1) i i 
I 1 ! ! (l.6) i (2.9) 
I I • I I 
I I , I I --------------r-------------r---------------------r----------------r---- 0 ~3-------T---O~3-----

- ! 0.2 (88.4) ! 0.1 (98.4) ! 0.2 (78) i ! 
iii i (89.7) ! (94.8) 

I I I I I 

I----+------.------~--------------~---------------~-.-------.--~--------.--------~------------
I I I I I 

- ! l.31 I l.42 i l.54 i l.22 ! 1.07 
I : : : : 

I-----+-------------~---------------~------ ---------------+-------------t---------------~-----------
- ! 1.5 i 0.3 1 2.9 ! 0.6 ! 0.7 

I I I I I 
I I I I I 
I I I I I 
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Fig. 5.3. Effect of metal ions on the absorption spectra of APMAC4 and 

APTAC in AN. The concentration of the metal ions was varied from 10-
4 

to 

10-3 M. 
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5.2.2. Fluorescence 

The effect of the metal ions on the fluorescence behavior of the systems is 

found to be much more pronounced than that observed in the case of absorption. 

Addition of the metal salts leads to a far larger Stokes shift of the fluorescence 

maximum than that observed in the case of the absorption spectra. This behavior 

is not surprising when taken into consideration the literature, according to which 

the fluorescence state of AP is much more sensitive to its surrounding media 

(compared to absorption) because of a larger dipole moment of the excited 

state.3,4 The large Stokes shift in the presence of the metal salts clearly suggests 

that charge separation in the fluorescent state of the fluorophore is enhanced 

significantly in the presence of the metal ions. The fluorescence parameters of the 

systems in the presence of metal ions are given in Table 5.3 and Table 5.4. 

The large Stokes shift of the fluorescence maximum of the systems is 

associated with an enhancement of the fluorescence intensity in the presence of 

the metal ions. The magnitude of FE differs from system to system. Different 

metal ions induce FE to a different extent. The monoaza crown compounds 

receptors have been found to exhibit the minimum FE in the presence of the metal 

ions. On the other hand, APT AC containing cyclen as the receptor gives the 

maximum FE in most cases studied. This behavior is in line with our expectation 

based on the fluorescence quantum yield and lifetime of the individual 

compounds (Table 5.2). Since the quantum yield of APTAC is the minimum of 

all the compounds studied by us, it is expected to give maximum enhancement of 

fluorescence in the presence of metal ions. The interesting observation is that 

APT AC gives FE only with certain metal ions and not with all the metal ions 
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studied. Clearly, it discriminates the metal ions while forming the complex. The 

details of the FE of systems observed on metal ion addition are given in Table 5.5. 

Typical emission spectra of some of the compounds illustrating the effect of the 

metal ion are shown in figure 5.4. and figure 5.5. The fluorescence excitation 

spectra recorded in the presence of metal ions show features similar to the 

absorption spectra obtained in the presence of metal ions. 

Table 5.3. Absorption and fluorescence maxima (in nm) of various systems in 
THF on metal ion addition. 

Metal 

IOn 

APMAC4 

A,max 
abs 

A,max 
flu 

APMAC5 

1max 
/l,abs 

A,max 
flU 

APMAC6 APDAC 

1max lmax A,max 
/l,abs flU abs 

A,max 
flU 

APTAC 

A,max A,max 
abs flu 
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Fig. 5.4. Fluorescence spectra of (a) APMAC4, (b) APMACS and (c) 

APMAC6 with the addition of Cr3+ in AN (Aex = 360 run). [Cr3+] was 

varied from 10-4 to 10-3 M. 
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5.2.3. Fluorescence lifetime 

The fluorescence decay behavior of the various derivatives in the presence 

of the metal ions have been studied in AN as fluorescence enhancement in this 

medium is larger than that in THF. The fluorescence lifetime of the compounds in 

the presence of the metal ions is much higher than that in the absence of metal 

ions indicating a metal ion induced disruption in the communication between the 

fluorophore and the receptor. The fluorescence decay curves could be fitted to a 

biexponential decay function. A representative decay profile of APTAC in the 

absence and in the presence of Zn2
+ is shown in figure 5.6. The decay parameters 

are collected in appendix 2. 

5.3. Crown derivatives as transition metal ion sensors 

As stated above, there is an efficient quenching of the fluorescence of the 

crown compounds due to PET in the systems. The quenching is most efficient in 

APT AC compared to other crown compounds. This leads us to expect that 

APTAC will show best 'off-on' fluorescence signaling of the metal ions. This is 

indeed found to be the case. Among the monoaza crown derivatives, the one with 

the largest ring size, APMAC6, is by far the poorest sensor system. The signaling 

efficiency of the diaza crown derivative, APDAC, is intennediate between that of 

the monoaza crown derivatives and the tetraaza crown derivative. Interestingly, 

APTAC is the only system that exhibits a clear discrimination in its metal ion 

binding behavior giving high FE with certain metal ions and virtually no FE with 

certain other metal ions. From Table 5.5 , it can be seen that maximum FE is 

obtained with Zn2+, Cd2+, Pb2+, Cr3+ and Hg2+. FE value is considerable in the 
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case of Mn
2
+ too. The other ions produce only meager enhancements In the 

fluorescence of this compound. 
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Fig. 5.6. Fluorescence decay curve of APTAC in the absence (a) and in the 

presence (b) of Zn2
+. The lamp profile (c) and the weighted residuals are also 

shown. 
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Table 5.4. Wavelength (in nm) corresponding to the absorption and fluorescence 
maxima of the crown systems in AN in the presence of various metal ions. 

Metal APMAC4 

IOn ..tmax ..tmax 
abs flU 

APMAC5 APMAC6 APDAC APTAC 

1max 
Aabs 

..tmax 1max ..tmax ..tmax ..tmax ..tmax ..tmax 
~ ~ ~ . ~ . ~ 

5.4. Possible reason for the specificity shown by APTAC 

FE values shown in Table 5.5 for the various derivatives are in agreement 

with the quantum yields of the systems. Therefore, it is not surprising that 

APT AC exhibits the maximum FE and is followed by APDAC. The most 

interesting observation is that APT AC produces very high FE with metal ions 

such as Cd2+, Cr3+, Hg2+, Mn2+, Pb2+ and Zn2+ and very low enhancement with 



Crown compounds ... 123 

A + C 2+ C 2+ 3+ ·2+ + 
g, 0 , u ,Fe ,NI ,and H . In order to find a possible explanation of the 

observed behavior, we looked through the literature. 

There has been a large number of studies on cyclen and related molecules 

and their metal ion binding properties.6-16 These reports show the importance of 

the matching of the size of the metal ion and the ring size of the aza crown moiety 

for a better binding.! 0-12 According to Busch and coworkers, the ideal ring size 

(of an aza crown moiety) for any given metal ion is described in terms of the 

metal-nitrogen (M-N) distance. 12 For any given aza crown, there is an ideal M-N 

distance at which the strain energy is minimum and the binding is most efficient. 

A larger or smaller metal ion would require readjustment of the M-N distance 

resulting in an increase in the strain energy of the ligand and weaker 

complexation. The ideal M-N distance calculated for cyclen by Busch and 

coworkers is 1.83 A.12 

Kodama and Kimura, however, found an anomaly in the size selectivity of 

cyclen towards the metal ions while studying the metal ion complexation of 

various aza crown moieties.7 Contrary to their expectation, they observed an 

unexpectedly high binding of Zn2
+ towards cyclen, the smallest of the aza crowns 

studied by them. The observation that Zn2
+, which has a best-fit M-N length of 

2.1 - 2.2 A, forms the most stable complex with cyclen (ideal M-N distance 1.83 

A) compared to other larger aza crowns is unexpected.7 Based on the best fit M-N 

distance, Zn2
+ was expected to bind to the larger aza crowns compared to cyclen. 

What was more surprising was that even larger metal ions (for which M-N 

distance is obviously larger) such as Pb2
+ and Hg2

+ (vide Table 5.6), form equally 
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strong or a stronger complex.7-9 Quite obviously, the metal ion binding behavior 

of cyclen is more complicated than what one can expect b.ased on its ring size. 

Table 5.6. Ionic diameters of the metal ions studied in A 16. 

Ag+ Cd2+ Co2+ CrJ+ CuL+ FeJ + HgL+ MnL+ NiL+ Pb2
-r Zn2+ 

2.52 1.94 1.48 1.23 1.44 1.28 2.20 1.60 1.38 2.40 1.48 

Fig. 5.7. Trans-I isomer of cyclen and its metal complex. 

The anomaly in the size selectivity of the cyclen towards the transition 

metal ions has been later studied theoretically by Hancock and coworkers.I3-IS , 17 

They considered the various conformations that cyclen and related molecules may 

adopt and found that the lowest strain energy form for cyclen was the trans-I 

isomer (figure 5.7.), in which all interactions are staggered and the nitrogen atoms 

lie slightly above the plane. 14 A plot of strain energy vs M-N distance gives a 

minimum at 2.11 A for the least energetic trans-I form of cyclen.I7 The shape of 

this curve for cyclen is rather flat and differs from that for the larger rings. A flat 
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curve for cyclen clearly shows its tolerance towards accommodating the metal 

ions of various sizes. 

The trans-I form also requires that the metal ion must lie ~0 . 5 A above the 

plane of cyclen.13 Considerable strain will be induced by smaller metal ions to 

meet this requirement due to their very strong M-N force constants. Large metal 

ions such as Pb2
+ with M-N bond length in the vicinity of 2.5 - 2.7 A, has a weak 

M-N force constant and is tolerant to considerable distortion of the M-N bond 

length. For small metal ions, such as Cu2
+ , the requirement of lying well above 

the plane of the nitrogen donors will cause considerable steric strain leading to a 

destabilization of the complex formed. 

In the case of Pb2
+ a second factor needs to be taken into account. Large 

Pb2
+ (electronic configuration: [Xe] 4f 45d I06s2

) has a lone pair of electrons, 

which can be stereochemically active. 18, 19 When the lone pair of electrons is 

inactive, Pb2
+ behaves as a large metal ion with an ionic Pb-L (L = ligand) 

bonding.20 However, a shortening of Pb-L bond is reported in complexes where 

the lone pair of electrons is stereochemically active.2l ,22 In view of the fact that 

when complexed to cyclen, Pb2
+ generally prefers a stereochemically active form, 

the anomalous selectivity of Pb2
+ may hence, be additionally attributed to a 

stereochemically active 6s lone pair of electrons on the ion, which results in an 

effective shrinking of the size of the metal ion by 0.3 A.20 

The discussions made above help understanding high FE values exhibited 

by some of the large metal ions. The only exceptions are Cr3
+, which in spite of 

being the smallest metal ion studied, gives a high FE value, and Ag+, which gives 

a meager enhancement of fluorescence despite being the largest metal ion. 
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Perhaps these two cases can be explained as follows. With the exception 

of Cr3+, all the metal ions that show good FE values are large and with a 

completely-filled or half-filled d-orbital. In the case of Cr3+, which has a preferred 

octahedral geometry of the complex, the d-orbitals will have three electrons. 

Hence, the possibility of d orbitals of Cr3+ taking part in forming a strong complex 

with cyclen cannot be ruled out. Further, Cr3+, being hard, may be assisted by the 

oxygens of the imide ring in forming a strong complex. With Ag+, the largest 

metal ion that we have studied, lack of any lone electron pair perhaps rules out the 

possibility of any shrinking of size and the formation of a stable complex. 

With Ni2+, which prefers a square planar geometry, the cavity size with a 

best fit M-N length of 2.11 A seems to be too big. 17 In the case of Cu2+, which is 

expected to form strong complexes with cyclen, satisfying the requirement that 

the metal atom lies above the plane of cyclen by ~O.5 A will be meted out with 

considerable difficulty.I7 Further, even though Cu2+ is reported to form stable 

complexes with cyclen and cyclen containing compounds, they are reported to 

show intracomplex quenching of fluorescence.23 ,24 

Thus, it is shown that the magnitude of the FE values of APT AC observed 

with different metal ions can be qualitatively explained taking into account the 

literature information on the metal ion binding properties of cyclen. A more 

detailed and concrete interpretation of the individual FE values is possible only 

when the single crystals of the metal complexes are grown and their structures 

solved. Attempts in this direction have not been successful so far. 
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5.5. Conclusions 

Some new crown derivatives of 4-aminophthalimide with jluorophore­

spacer-receptor architecture have been synthesized and 'off-on' fluorescel1ce 

signaling behavior of these derivatives towards the transition and post transition 

metal ions has been studied. Specific binding of certain trace metal ions of 

biological and environmental in1portance is achieved with the system containing 

the tetrazacrown receptor moiety. This behavior has been explained taking into 

consideration the ability of cyclen to bind relatively larger metal ions. 
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Chapter 6 

Structure of a self-assembled chain of water in a crystal 

host 

As a part of the characterization of the cyclen molecule, which has been 

synthesized by us and used as one of the receptOr moieties for the development of 

the fluorescence signaling systems for the transition metal ions, we performed an 

X-ray crystallographic study of the single crystals of this molecule grown from 

toluene. During the course of this study, we observed a highly ordered chain of 

water molecules with a novel hydrogen bonding motif in the single crystals of 

cyclen. The details of the structure of the water chain are presented in this chapter. 

6.1. Introduction 

Water is not only the most abundant substance on earth, but more 

importantly, is the most important chemical substance responsible for the 

existence of all forms of life and their survival on this planet. Quite obviously, 

there is a great interest on the water, popularly known as 'nature's solvent'. 

Interestingly, water exhibits some properties in pure form or in solution that are 

yet to be understood properly and hence, considered as 'anomalous' even today. 1 

The liquid-phase density maximum is one of the most prominent 

anomalous behavior of water. When cooled at atmospheric pressure, the density 

of liquid water increases and reaches a maximum at 277K; thereafter, it falls 
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rapidly, even in the supercooled region.2-4 Although water is not the only liquid 

to exhibit a density maximum, the phenomenon only appears in a few other 

liquids, such as Si02
5 and Ga6 melts. Another anomaly in the properties of water 

is its negative volume of melting. The density of most liquids increases as they 

freeze; however, water expands by about 11 %. This is responsible for the top 

down freezing of lakes and rivers. The strong increase in the specific heat on 

supercooling is one more anomalous property of water7,8 because of which it 

takes more heat to raise the temperature of water than to warm up most other 

substances by the same amount and hence, is responsible for ocean circulation 

effects that strongly influence local and global climates. Rapid transport of 

protons through a network of water molecules is another property of water that is 

yet to be understood. 

The amount of literature that is available on water perhaps replicates its 

position on this planet. This also highlights that water is one of the most appealing 

of the open puzzles in science. 1 ,9-13 The structure adopted by liquid water in close 

proximity to nonpolar solutes is a fundamental characteristic of modem theories 

of hydrophobic hydration and hydrophobic effects that are of great relevance to 

our understanding of many important chemical and biological processes. 14 

6.2. Hydrogen bonding and cooperativity: key to understanding the behavior 

of water 

All the properties of water and aqueous solutions must be explained in 

terms of the intermolecular forces that are present. The key to understanding 
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various properties of liquid water and its solutions lies in understanding the exact 

nature of the hydrogen bonding interaction among the water molecules. IS 

The water molecule, which contains two hydrogen atoms and one oxygen 

atom, is ideally suited for hydrogen bonding. It can act both as a donor and an 

acceptor of hydrogens. The water dimer (figure 6.1.) was first observed by Dyke 

and coworkers. 16, 17 A tetrahedral arrangement of water molecules (figure 6.l.) 

through hydrogen bonding is observed in ice, h. The dual ability of water 

molecule acting as both hydrogen bond donor and acceptor is illustrated clearly 

by the crystal structure of ordinary hexagonal ice. In ice, each water molecule is 

hydrogen bonded to four neighboring water molecules. Each molecule acts as 

hydrogen bond donors to two water molecules and hydrogen bond acceptors to 

two other molecules (a double donor-double acceptor) in a tetrahedral 

arrangement in which the bond angles are 104.5°, slightly less than the ideal 

tetrahedral angle. The structure of hexagonal ice is depicted in figure 6.2. 

The concept of cooperativity of hydrogen bonding in water was originally 

introduced by Frank and Wen. I8 The diversity of the cooperative association of 

the water molecules is attested by a large number of polymorphic forms of 

ice. I9,20 The nature of the hydrogen bonding interactions is still a matter of 

discussion and the idea oscillates between electrostatic and covalent 

concepts.21 ,22 The key to understanding the behavior of liquid water is precise 

structural data of various hydrogen-bonded water networks in diverse 

environments. It is this realization that has prompted extensive investigation on 

water structures in recent years. l ,23 
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Fig. 6.2. Structure of hexagonal ice. Hydrogen bonds are shown as blue 
dotted lines. 
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Since it is possible to obtain precise infonnation on the nature of the 

cooperative association of a small collection of the water molecules, various water 

clusters have been studied theoretically and experimentally. 1 ,22,24,25 Tbese 

studies have revealed a quasiplanar cyclic structure for the trimer, tetramer and 

pentamer. Although 3-dimensional structures have been theoretically predicted 

and experimentally observed for the hexamer and higher water clusters, a 

quasiplanar hexamer has also been reported.25 Recent studies have led to the 

characterization of several water clusters in various crystal hosts at room 

temperature.23,26-28 Notable among these are hexamers,27-29 octamers23 ,30 and a 

decamer.26 While these studies have significantly advanced our understanding of 

the structure of several 'discrete' water clusters, very little is known, how these 

clusters link themselves to form a larger network of water molecules. 

6.3. Structure of a tetrameric water chain 

As a part of the characterization of cyclen, 

prepared for the synthesis of signaling systems for 

the transition metal ions, we decided to undertake 

a structure determination of the molecule by single 

crystal X-ray spectroscopic studies. Single crystals 

of X-ray quality were developed from toluene at 

room temperature. The structure of cyclen is 

shown in figure 6.3. 

Fig. 6.3. Chemical structure 
of cyclen . 

The X-ray data were collected usmg an Enraf-Nonius Mach-3 single 

crystal diffractometer employing graphite monochromated Mo K<x radiation (A = 
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0.71 073A) by CD scan method as explained in chapter 2. Unit cell parameters were 

determined by least squares fit of 25 reflections having 28 values in the range 18 -

21 °. The crystal dimension was 0.68 x 0.48 x 0.40 mm. The crystal structure 

details are collected in Table 6.1. 

Interestingly, the crystal 

structure of cyclen has earlier 

been reported) 1 The 

cOlTIpound was reported to 

crystallize with three molecules 

of water. Even though the 

crystallographic details of the 

molecule are reported, there 

was no attelTIpt to find out how 

the water molecules are 

arranged in the crystal. Since 

cyc1en contains several amino 

03 

02 ' ~ (W3) 

(W2) ~ 
(W1) 

Fig. 6.4. Structure of Cyc1en.3H20. The 

water molecules are labeled WI, W2 & W3. 

lTIoieties mimicking those present in biological systems, we considered it 

important to probe the water structure that the cyclen crystals contained. 

The crystal structure of cyc1en is shown in figure 6.4. As is seen from the 

figure, cyclen crystallizes with three molecules of water, denoted in the figure as 

WI, W2 and W3. 
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Table 6.1. Crystallographic details for cyclen. 

Identification code 

Empirical formula 

Formula weight 

Tempera ture 

Wavelength 

Crystal system, space group 

Unit cell dimensions 

Volume 

Z, Calculated density 

Absorption coefficient 

F(OOO) 

Crystal size 

8 range for data collection 

Index ranges 

Reflections collected / unique 

Completeness to 28 

Absorption correction 

Refinement method 

Cyclen.3H20 

226.3 3 

298 K 

0.71073 A 

Orthorhombic, C c c a:2 

a = 16.658(2) A 
b = 16.908(5) A 
c= 8.891(4) A 

2504.3 (12) A3 

8, 1.201 mg/m3 

0.091 mm-I 

1008 

a = 90° 
~ = 90° 
Y = 90° 

0.68 x 0.48 x 0.40 mm 

2.41 to 27.95 ° 

o :s; h :s; 21 , 0 :s; k :s; 22, 0 :s; 1 :s; 1 1 

1713 / 1514 [R(mt) = 0.0000] 

27 .95 44.5 % 

None 

? 
Full-matrIX least-squares on F-
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Data / restraints / parameters 

Goodness-of-fit on F2 

Final R indices [1>20' (I)] 

R indices (all data) 

Largest diff. peak and hole 

1514/0/90 

1.016 

Rl = 0.0404, wR2 = 0.0900 

Rl = 0.0876, wR2 = 0.1081 

0.155 and -0.175 e. A-3 

Chapter 6 

As revealed by the crystallographic packing diagram, shown in figure 6.5., 

the cyclen molecules are packed one on the top of another and are hydrogen 

bonded to the water molecules through N-H---O and O-H---N hydrogen bonding 

interactions. The water molecules, on the other hand, occupy the space between 

the cyclen moieties and extend along the crystallographic c-axis to form an 

infinite chain. The hydrogen bonding motif of the water chain is illustrated in 

figure 6.6. A space-filling model of the chain is shown in figure 6.7. and a skeletal 

arrangement of the chain is shown in figure 6.8. The infinite chain is made up of 

cyclic water tetrameric units bridged by two water molecules. The cyclic water 

tetramers are formed by water molecules of types WI and W2, the corresponding 

oxygens of which are represented by Oland 02 respectively in figure 6.6. The 

tetrameric clusters are bridged along the c-axis by two water molecules of type 

W3. While W2 is hydrogen bonded to four other water molecules of types WI 

and W3, WI and W3 are involved in forming two N-H---O and O-H---N 

hydrogen bonds respectively with the neighboring organic molecule other than 

forming two hydrogen bonds with W2. All the oxygen atoms involved in the 

fom1ation of the tetramer lie in a plane. It may appear from figure 6.6. that the 
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chain is formed by corner sharing tetramers, where the successive tetrameric units 

lie in perpendicular planes. However, we consider 'bridged tetramers' is a more 

appropriate description of the chain than the former one. This is because of the 

following observations: the distance between two 02 atoms forming the tetramer 

is 3.968(2) A, while that separating the 02 atoms of the successive tetramers is 

significantly larger at 4.923(2) A along the c-axis. The 0---0 hydrogen bonding 

distance is measured to be 2.896(2) A in the tetramer while that involved in the 

bridging is 3.004(2) A. The data presented in Table 6.2 also suggest that the 

hydrogen bonding 01-H---N interaction of WI with the surrounding amino 

moieties is significantly stronger than the N-H---03 interaction of W3. These 

structural parameters imply that one of the three water molecules, W3, is held less 

tightly compared to two other water molecules in the lattice. 

Table 6.2. Hydrogen bonds for Cyclen.3H20 [A and 0]. 

D-H ... A ! d(D-H) ! d(H ... A) d(D ... A) L ____ ~~~_~~~ ____ _ 
---O(1f-H(i-E5~~~Nc-i5#2--~I: 0.87(2) 1---1.97(-2) 2.8383(17) : 170(2) 

I I 

----O(2)-H(2E) ... O(1)-#3 --I -0-.8-3« 2Y-i2.07(2)~--2.896(2)-T--1 i2-(3)---
I 

0.93-(i) -~ 2.08(3) 3.004(2) i--172{ij ------
I 

O(3)-H(3E) ... O(2)#2 i 
I 

-~---------
____ ---'1 _____ -_-

N(1 )-H(1D) ... N(2)#1 . 0.846(17) 2.487(16) 2.924(2) ; 113.1(13) 
. I 

----------------- "-- - ---- ------+----- - ~--- - --_.-
N(1)-H(1D) ... N(2) I 0.846(17) 2.588(16) 3.0057(19) I 11l.7(13) 

- --------- ------ - -- --------- ~----------- --- <--------- -!- ---- -- -------------
N(2)-H(2D) .. . O(3) 0.897(18) 2.401(18) 3.1871(19) 146.4(14) 

I 

Synunetry transformations used to generate equivalent atoms : #1 -x+ 112,-y,z #2 -x+ 112,-y+ 1I2,-z 

#3 -x+O,-y+ 1I2,z 
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LC -~ 

a 

Fig. 6.5. Packing diagram of the molecule viewed along the crystallographic c­

axis. The color codes are: red - oxygen, blue - nitrogen, dark gray - carbon 

and light gray - hydrogen. Hydrogen bonds are shown as dashed lines. 
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Fig. 6.6. Linear chain of water molecules with tetrameric units linked to 

form the chain. The color codes are: red - oxygen, blue - nitrogen & white 

- hydrogen. The pink lines represent hydrogen bonds . 

. ' 

Fig. 6.7. A space filling model of the water chain along with the nitrogen 

atoms of cyclen. Color codes are the same as in the previous figure. 
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Fig. 6.8. A novel hydrogen bonding motif of the water chain. The color codes 

are: red - oxygen, gray - hydrogen. Dashed lines represent hydrogen bonds. 

Tetrameric clusters of water molecules have been investigated earlier 

theoretically and experimentally.32,33 Both theoretical calculations and vibration 

rotation tunneling spectroscopy of the water tetramer in the gas phase have 

indicated a quasi-planar cyclic structure in which each water molecule forms two 

hydrogen bonds, one as a donor and other as an acceptor. The free hydrogen 

available with each water molecule alternates above and below the plane. 

Assun1ing an S4 symmetry for the tetramer, the average O-H---O bond length in 

this tetramer was estimated as 2.79 A.33 Interestingly, the hydrogen-bonding 

motif of the water tetramer in our self-assembled system, where each water 

molecule is involved in the formation of four hydrogen bonds, is very different 

from that theoretically predicted or experimentally observed in the gas phase. This 

difference is clearly because of the influence of the surrounding organic moieties 

and nearby water n1olecules. What appears even more interesting is the manner in 

which tetrameric water clusters are self-assembled in the form of an infinite chain. 
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We believe that this motif of association of the water molecules has not even been 

speculated earlier. 

The water structure as observed here suggests that tetrameric watE'r 

clusters can be important constituents of a water chain. Since water molecules 

play crucial role in contributing to the stability and function of the biological 

assemblies and that the details of the water structures in channels, in energy 

transducing proteins and in enzymes are largely unknown,34,35 the present finding 

may provide insight into the hydrogen-bonding motif of the aqueous 

environments in living systems and help unraveling the mechanism of the 

conduction of protons in living systems. 

6.4. Conclusions 

We have characterized a hitherto unknown water structure in an organic 

molecular host. Since the surrounding of the water molecules in cyclen bears 

some resemblance to that in biological environments, we can expect that the 

present water structure can be considered as an important discovery that may be 

helpful in throwing light on some of water anomalies. 
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Chapter 7 

Concluding remarks 

This chapter presents an overall summary of the results of the CUlTent 

investigation. Also described in this chapter is the scope of further work that can 

be initiated based on the findings of the present study. 

7.1. Summary of the present work 

That the development of various molecular devices has become a 

fascinating area of contemporary research is evident from the discussions made in 

the first chapter of the thesis. Nanoscale devices, which mimic the macroscale 

operations of electronic components such as diodes, transistors, etc. hold high 

promise in the field of molecular electronics and photonics. Molecular systems, 

which are capable of performing light induced logic operations, are of 

considerable importance not only fron1 the point of view of the development of 

molecular electronics, but also from the view point of signaling of species of 

biological and environmental importance utilizing the principles of molecular 

recognition. 

As IS clear from the opemng chapter of the thesis, fluorescence is a 

powerful technique for the signaling of chemical species and quite 

understandably, the literature on fluorescence signaling systems for the metal ions 

is enormous. Various mechanisms have been exploited for fluorescence signaling 

of different analytes. One of the most commonly utilized mechanisms for this 
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purpose is the photoinduced electron transfer (PET) mechanism. PET signaling is 

based on the switching 'off/on' of the fluorescence of the sensor systems in the 

absence/presence of the various guest molecules. A large number of PET sensor 

molecules developed have been illustrated in brief in the introduction of the 

thesis. 

We have developed and studied the photophysical and transition metal ion 

signaling behavior of a few new systems with a jluorophore-spacer-receptor 

architecture. During the course of this investigation we have interesting 

photophysics of simple multi-component systems, identified a novel mechanism 

of fluorescence signaling of the metal ions. We have also been successful in 

developing molecular systems which show a large degree of specificity while 

binding the metal ions. Another important finding of the present study is a water 

structure with a novel hydrogen bonding motif in an organic crystal. 

Keeping in mind the fact that pyridine is an excellent coordinating ligand 

for the transition metal ions, we designed and developed two simple systems 

comprising a naphthyUpyrenyl moiety as the fluorophore, a dimethylene chain as 

the spacer and a pyridyl moiety as the receptor. In order to develop sensor 

molecules that are specific to a or few metal ions, we have synthesized 

jluorophore-spacer-receptor systems wherein various azacrown moieties of 

different ring sizes have been used as the receptor moieties. 

The synthetic details of the systems constitute a small but in1portant part 

of the thesis. The details of the synthetic procedures adopted in the present 

investigation are given in chapter 2 along with a brief description of the 

instrun1entation and various other methodologies. 
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The photophysical and fluorescence signaling properties of the systems 

synthesized constitute the major part of the thesis. The salient findings of the 

investigation are sUlnmarized below. 

Photophysical behavior of simple molecules (described in chapter 3), NPY 

and PPY, turned out to be Inore interesting than what we expected initially. These 

systems were found to show excitation wavelength dependent emission 

characteristics. In addition to the structured emission of the naphthyl or pyrenyl 

moiety, both the systems were found to exhibit a long-wavelength broad band. 

Absorption and emission behavior of these systems reveal the formation of an 

intramolecular complex resulting from the interaction of the 1t-clouds of the 

tenninal chromophore moieties in the ground state. Interestingly, it was found that 

intennolecular interaction between the constituting chromophores does not lead to 

the fonnation of any complex. The lack of an intennolecular complexation 

between the interacting partners has been ascribed to a smaller change in entropy 

associated with the complexation process. 

The fluorescence signaling ability of NPY and PPY towards the transition 

metal ions, which has been described in chapter 4, revealed that these systems 

represent a new class of compounds whose fluorescence signaling of the 

transition metal ions is due to a mechanism that is different from the conventional 

PET mechanism. As against in conventional PET sensors, where the fluorescence 

signaling is due to a guest induced cut-off in the communication between the 

fluorophore and the receptor, the signaling mechanism in the present systems 

involves a guest induced enhancement in the communication between the 

fluorophore and the receptor. We encounter here a multiple wavelength window 
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dependent signaling of the metal ions. It is observed that different wavelength 

windows exist for the systems where the emission either switches 'off or 

switches 'on' on addition of the guest metal ions. 
-

The study of the photophysical and metal ion signaling properties of the 

crown containing compounds, described in chapter 5, bring into a light a 

molecular system, abbreviated as APT AC, which shows discrimination in its 

metal ion binding properties. Some of the metal ions for which this system display 

excellent fluorescence signaling are Cd2
+, Zn2

+, Cr3
+, Pb2+ and Hg2+, most of 

which are of biological and environmental significance. The anomalous binding 

ability of the cyclen receptor thus turns out quite useful in fluorescence signaling 

of these metal ions. 

One of the side products of this investigation is proved to be quite an 

important one. While examining the crystal structure of cyclen, which we have 

used as a receptor moiety, we noted the crystals to contain some water. We 

probed the structure of the water molecules in the crystal in detail taking into 

consideration the diversity of the cooperative hydrogen bonding interaction 

between the water molecules and its importance in understanding the behavior of 

water in pure state or in biological assemblies. We found that the water molecules 

form an infinite chain consisting of bridged tetrameric clusters (chapter 6). This 

hydrogen bonding motif of the water molecules in the organic host is found to be 

a novel one that has not been observed previously. Perhaps, our finding will be 

helpful in understanding the anomalous properties of the water in pure state or in 

biological assemblies. 
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7.2. Scope of further work 

Our results on NPY and PPY have revealed the interaction of the n-c1ouds 

of the naphthyUpyrenyl and pyridyl moieties giving rise to new absorption and 

emission features. Since it is known that it is possible to attain a perfect sandwich 

geometry of the overlapping moieties when the two moieties are separated by 

(CH2)3 spacer, it is worthwhile to synthesise systems where the naphthyUpyrenyl 

and pyridyl moieties are separated by -CH2CH2CH2- unit and examine their 

photophysical and fluorescence signaling behavior. It will be of interest to 

examine the effect of systematic variation of the spacer length from single CH2 to 

(CH2)4 on the photophysical properties of the systems. One needs to establish the 

structure of the complex in the absence and in the presence of metal ions by 

growing single crystals and determining the structure through X-ray single crystal 

diffraction studies. Studies in this direction were unsuccessful so far, but have to 

be taken up as a future challenge. 

With the crown systems, a lot remains to be done. First, a detailed study 

on higher members of the nitrogen crown series and mixed Nand S crowns needs 

to be undertaken in order to attain the goal of specificity in fluorescence signaling 

of the metal ions. Since we have observed that cavity size of the crown is not 

really the determining factor in metal ion binding, one approach could be to 

increase the number of binding sites in the crown moiety. 

Even though we have established based on the available literature that the 

sensor molecule containing cyclen as receptor prefers larger metal ions, it still 

remains a point to be established with additional evidence. Developing single 

crystals of our systems was unsuccessful so far and studies have to be taken up in 
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this direction. Crystallographic structures will be the most direct and convincing 

experimental evidence in this regard. 

Another aspect of current interest IS to develop sensor molecules 

exhibiting efficient signaling in aqueous medium. Our systems are not very 

efficient in aqueous solution. Attempts have to be directed in developing 

molecules capable of signaling metal ions in aqueous medium. 

Our discovery of a novel hydrogen bonded arrangement of water 

molecules in cyclen raises interesting possibilities. Apart from attesting the 

diversity of the nature of the cooperative association of the water molecules, the 

finding clearly suggest that the structure of even simple amino system could be 

quite instructive in unraveling the structural motif of hydrogen bonded network of 

water molecules. One therefore needs to reexamine the packing diagrams of the 

crystals containing water molecules to know more about the water structure in 

biological assemblies. 
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Appendix-l 

Table A1.1. Fluorescence lifetimes (in ns) of NPY in THF with the addition of 
metul salts Aex = 370 nm; Aem = 510 nm. The relative weightage of individual 
components (0/0) are given in the bracket. 

Metal ion 'tt (%) I '[2 (%) I '[3 (%) I l 

Table A1.2. Fluorescence decay parameters (in ns) of NPY in AN with the 
addition of metal salts. Aex = 370 nm; Aem = 525 nm. The relative weightage of 
individual components (%) are given in the bracket. 

Metal ion 'tt (%) I '[2 (%) j 't3 (%) I X
2 
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Appendix-2 

Table A2.1. Fluorescence decay parameters (in ns) for APMAC4 and APMAC5 
in AN in the presence of metal ions. The relative weightage of individual 
components (%) are given in bracket. 

Metal 
APMAC4 APMACS 

IOn 
I I X

2 I I X
2 

't\ 't2 't\ 't2 
A .+ o ( 0 2.7 (29.3) 1 17.0 (16.98) i 1.2 -----------~+------ ___ }} __ (~_Q}L ____ LJ_~:2 __ ~2~_~lJ ____ J} _ _ 
Cd ____ ~:} __ G2_:ZL ___ J---!-~~4--(ZQ~]2--L---l:~---- ~=~~I~(T?_:zl~l=~=})~~((~I~~=~~J~~~~j~I~~~~~ 

------C~2+------ ___ }J_O_~:D ____ LJ_~:~_f~1:21_L ___ L_? ___ ____ Q:§_tm __ l ____ ~~}2 __ (?_~2 ___ 1-----L]-----------C?+"-----
____ }:_? __ O_1_:~L __ J---L?-~?J§-~-~n---l---J:_? ____ 4.3 (20.5) 1 19.4 (79.5) i 1.2 

-----C~T+------

___ §:.! __ (?_~:.~) ___ t __ 1 ~j2~:-?)---t---ll--- ~=Y·i~(f8-3)~J~~~--1~~4~1~I~Z)==I~~=~Ij~~== 
--F~+--- ___ ~:,! __ Og_~~L ____ ~_l 7:.Z_(~9 ·_~l __ ~ ___ J} ____ ___ ~:_~_Q2Jl __ L __ J2:.~(~Q:_~2 ___ l-____ L_! ______ -------n----
---!ig7+--- ____ }~2_(~§2 ______ ~ ___ L~~.(±iL ___ ~---l:~---- _.J-"-~G2. 8 Ll ____ L~:§ __ Q:_?_2 t ___ l-__ __ l2 ____ 

Mn ___ }-"-~_C:?g_~L_+ ___ 1 ~~~f~2:~2_1 _____ L? __ ___ ~: 2 i 85. 81 __ +-_J.~:.?{!~:_~2 ___ + __ }_:.? ____ -Nf2+-------- ____ ~:.!_O_~:.~) __ !_J2~!i 64:_U __ L ___ L~ ___ __ 4. ~ (17. 5 LJ. __ 12:.~J~~:_~L ____ L_J:_~ ____ ----P17+----
_,!:_?j]2~~L __ + 16.6 (~2.6L~ ___ 1·~ _ _ ~2.@.Jl-L~8.0 (~§:~---l---11------Z-;?f----
--~~~-~-t~~---t-~ ~ 11~~:~---t--t~---- __ ~-"-~{ 14.1 L_L __ JO :.Q_(~:_~_j---l]---------+------

H 1.8 (19.3) i 13.7 (80.7) 1 1.0 

Table A2.2. Fluorescence decay parameters (in ns) for APMAC6 and APDAC in 
AN in the presence of metal ions. The relative weightage of individual 
components (%) are given in the bracket. 

Metal ion 
APMAC6 APDAC 
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Table A2.3. Fluorescence decay parameters (in ns) for APTAC in AN in the 
presence of metal IOns. The relative weightage of individual components are 
given in bracket. 

Metal ion 
APTAC 
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Appendix-3 

Table A3.I. Atomic coordinates (xI04
) and equivalent isotropic displacement 

parameters (A2 xl 03
) for Cyclen.3H20. U(eq) is defined as one third of the trace 

of the orthogonalized Uij tensor. 
x I y I z I U(eq) 

___________ Q(!l ___________ ____ _____ l~_~Jt~t ______ j _______ ~_~g_Q _________ L---~0<2 _______ L ________ }2D1 _________ 
__________ 0 C?2 ___________ o i 2500 ! -268.2 ! 48(11 __ . _____________________ ~ __________________ J. _____________ ~____________ _ _ ________ 

___________ QC~ ____________ --------------~--------_L----J-~§-!Dl----L------~~gg---------L--------~~{!1----------
___________ N Ql ________ ___ ---------}Z§}tU ______ L ________ ~_~~_!_(JJ _____ L----!}-~~-(~t ___ L--------~~{!1-----------
------------~Q)----------- ________ J_~2_~_Q1 _____ j _________ }~~_(!t _______ L ____ Jl6~(~ ________ J _________ }lD1 __________ 

__________ CQ) ____________ _________ J_ 4~JtU _____ ~ _______ ~~llJl ____ J___ 212(2) _J _______ ) 61!1 _______ 
__________ ~(2) ________ _______ 1 ~§-~(lt--_L----J-~? 1_(!l __ -L___ 83~f~__ j ~6ill ________ 
_________ C(~) __________ - _______ l~~_~tU ______ ___L-------J-Q~-~-(!t-J 15 Q{2) -----t----~J1!1--------

C(4) 4010(1) i 517(1) 1 752(2) ! 37(1) 

Table A3.2. Bond lengths [A] and angles [0] for Cyc1en.3H20. 
_______________________ B{~1:~Q1______________________ _______________ 1.4~i(~ _________________ _ 
____________________ ~CD_=~0___ ______ _ 1.4 73 ~ _______ _ 
-________________________ ~_(~)_=~D1____________________ _____ !_.461 (~ _________________ _ 
_______________________ J'J (~)_:~~)~ 1 _________________________________ ~::l6~(~ _____________________ _ 
---_________________ ~DJ_=~Ql_______ _ __________________ ~~OQt __________________ _ 
------__________ ~(~)_=~Ci) ________________ __________ 1_·51l(~) _______________ _ 
___________________________ ~{':1}_~Q)# ~ _______________________________________________ !-=-~~9(~t _____________________ _ 
---------------____ ________ ~_(~1:~QJ:~_Q) ____ ________________ ______________________ ~!_~Z~(}}l _____________________ -------
------------___________ ~_(~1:~Q1·_~_(~1~L _______________________________ !J~.61_(!?J _________________ _ 
---___________________ ~Q}_~fD_=_c;_Q) _____________________________________ J1!22(!?) --------------------
-----------_____ __ ________ ~Q)~_~l?J_=~1U _______________ ---- ______________________ !li~~_~O}l _____ . _________________ _ 
___ ____ ______ _______________ ~Q}~ QJ:~_(~) ______________________ _________________________ 11 0 . ~~D}l ________________________ _ 

N(2)#I-C(4)-C(3) 111.20(13) 
Symmetry transformations used to generate equivalent atoms: #1 -x+ 1I2,-y,z 
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Table A3.3. Anisotropic displacement parameters (A2 x 103
) for Cyclen.3H20. 

The anisotropic displacement factor exponent takes the fonn: -2 n2 [h2a*2 U1I + 
... + 2 h k a* b* U12 ] 

UII I U22 I U33 I U23 I UI3 1 UI2 

Table A3.4. Hydrogen coordinates (x104
) and isotropic displacement parameters 

(A2 x 103
) for Cyclen.3H20. 

I x I y I z I U(eq) 
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Table A3.5. Torsion angles [0] for Cyclen.3H20. 
____________________ g_(~2~!~_~Q2:~Q1:g_Q2 ____________________ _____________________________ ~_~§j_._~!Q_~) ___________________________ _ 
_________________ gJ~)~~{~1:CQ)~~D_t ___________________________________ 2l:~~_(1_~) ___________________________ _ 
r---------------------~Q)~-g-(!)-~~Q}~{~2------------------- ________________________ ~J~~~Q_~t __________________________ _ 

_______________________ ~Q)~~LU=gQ}__~_(~1 ________________________________________________ ~_~§Q_JQ(!_~L __________________________ _ 
N(1 )-C(3)-C( 4)-N(2)#1 62.62(17) 

Symmetry transfonnations used to generate equivalent atoms: #1 -x+ 1I2,-y,z 


