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Preface 

The work presented in this thesis entitled ‘‘Design and Synthesis of Rhodamine based 

Fluorescent Molecular Probes for Iron(III) Recognition’’ have been carried out in the 

Department of Chemistry, Jadavpur University.  

The thesis consists of five chapters which are summarized below. 

Chapter 1 contains a short review of previously reported rhodamine based fluorescent 

molecular probes for Fe(III) detection by fluorometric method. Additionally, a very brief 

overview of the present work is highlighted. 

Chapter 2 describes a novel, highly sensitive and selective fluorescent chemosensor 

‘rhodamine-3,4-dihydro-2H-1,3 benzoxazine’ [RH-BZN (3)], which has been characterized 

by single crystal X-ray diffraction and other physicochemical techniques. In 3:7 water: 

MeCN (v/v) at pH 7.2 (10 mM HEPES buffer, µ= 0.05 M LiCl) it selectively recognizes Fe3+ 

through 1:1 complex formation resulting in a 240-fold fluorescence enhancement and a 

binding constant (Kf) of 1.50 104 M-1. The otherwise non-fluorescent spirolactam form of 

the probe results in dual changes in absorbance and fluorescence arising out of opening of the 

spirolactam ring through coordination to Fe3+ ions. This probe could suitably be employed for 

cytoplasmic intracellular imaging of Fe3+ without notable cytotoxicity. The reversible binding 

of RH-BZN to Fe3+ was confirmed by reacting with tetra-n-butylammonium fluoride both in 

extra- and intra-cellular conditions.   

Chapter 3 describes a novel highly sensitive and selective fluorescent chemosensor L, which 

has been synthesized and characterized by various physicochemical techniques. In 3:7 water: 

MeCN (v/v) at pH 7.2 (10 mM HEPES buffer, µ = 0.05 M LiCl), it selectively recognizes 

Fe3+ through 1:1 complexation resulting in a 106-fold fluorescence enhancement and a 



 

 

 
VI 

binding constant of 8.10 ×104  M−1. The otherwise non-fluorescent spirolactam form of the 

probe results a dual-channel (absorbance and fluorescence) recognition of Fe3+ via CHEF 

through the opening of the spirolactam ring. Based on the dependence of FI (fluorescence 

intensity) and r (anisotropy) on [SDS] it was proposed that the probe is trapped between two 

SDS monolayers which again interact among themselves by π⋯π stacking. As a result, there 

is an increase in FI up to [SDS] ∼ 7 mM– a phenomenon reminiscent of aggregation induced 

enhancement of emission (AIEE). Beyond this concentration of SDS (7 mM), micelle 

formation takes place and the π⋯π stacked polymer now becomes a monomer and is trapped 

inside the micellar cavity. As a result, there is a decrease in FI at [SDS] > 7 mM. [L–

Fe(NO3)]
2+ thin films on FTO (Fluorine-doped Tin Oxide) glass substrates have been 

designed with the help of the spin-coating deposition technique. The deposited film of 

thickness 1.6 × 10−5 cm is well characterized by optical band gap calculation with a direct 

band gap, ℇg ∼ 1.6 eV. Light-dependent exciton generation was carried out by taking the top 

and bottom contacts with graphite paste on FTO and on the [L–Fe(NO3)]
2+ films for the 

measurement of switching behaviour. The light-induced frequency-switching behaviour and 

Schottky barrier diode characteristics of the material were established.  

Chapter 4 describes a rhodamine-B based fluorescent molecular probe L, which can 

selectively recognizes Fe3+ ion calorimetrically as well as fluorometrically in the presence of 

various metal ions and anions. The structure of L was analysed by single crystal X-diffraction 

studies along with NMR, mass spectroscopy and FTIR studies. The dissociation constant 

values ((2.95 ± 0.06) x 10-5 M) and ((9.48 ± 0.06) x 10-5 M) were determined by UV-Vis and 

fluorescence titration, respectively, revealing a strong binding between L and Fe3+. The limit 

of detection (LOD) of Fe3+ by L was 0.27 µM while quantum yields of L and [L–Fe] were 

0.011 and 0.36, respectively. Fluorescence anisotropy measured in the presence of HSA 

indicates the rigidity of the local micro environment where [L–Fe] was trapped in the sub 
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domain IIA of HSA, as delineated by molecular docking studies. Furthermore, stone like 

microstructure of L formed in 8:2 HEPES buffer:MeCN, (v/v) medium changes to spherical 

shape in the presence of Fe3+ and when the complex interacts with HSA it gets agglomerated. 

All these are exhibited in SEM studies. All the forgoing discussion establishes that this probe 

(L) is useful for on-site Fe3+ recognition through a fast, simple and eco-friendly process.  

Chaptero5 represents the highlights of the thesis. 
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1.1 Introduction                  

Fluorescence technique is widely used by biologists, environmental scientists, and chemists 

for detecting metal ions at extremely low concentrations, ranging from nano- to picomolar 

levels. The technique allows for the efficient detection of cations, including biologically 

abundant metal ions such as Na+, K+, Cu2+ and Zn2+ as well as heavy metal ions like Cd2+, 

Hg2+ and Pb2+. Additionally, it can detect a variety of anions such as CN⁻, SO₄2-, S₂O₄2-, 

P₂O₇⁴⁻, HCO₃⁻, NO₃⁻, NO₂⁻, Cl⁻, F⁻, PO₄3-, S²⁻, Br⁻, H₂AsO₄⁻, N₃⁻, OAc⁻, ClO₄⁻, SCN⁻, CO₃2-

, and others. Neutral molecules can also be detected with this technique. Some of these 

cations are biologically relevant, while others are highly toxic and hazardous. Transition 

metals like iron and heavy metals such as mercury are among the most commonly detected 

cations in these categories. 

1.2 General aspects of iron (III)    

Transition metals have a wide range of biological and environmental applications, including 

roles in metabolism, electron transport, and catalysis.1 Iron(III)  (Fe3+), a significant trace 

element present in both plants and animals, is essential for cellular metabolism.2 It plays a 

crucial role in enzyme catalysis, serving as a cofactor in numerous enzymatic processes and 

as an oxygen carrier in hemoglobin.3,4 Fe³⁺ is one of the most critical trace elements in 

biological systems, vital for numerous cellular metabolic reactions.5,6 However, an excess of 

Fe³⁺ in the body has been linked to an increased risk of certain cancers and organ 

dysfunction, including  liver, heart, and pancreas.7 Additionally, Fe³⁺ is implicated in the 

fundamental processes of various neurodegenerative diseases, such as Parkinson's and 

Alzheimer's.8 Given these factors, it is crucial to develop fast and accurate techniques for 

analyzing Fe³⁺ in biological samples. Therefore, one of the primary objectives is to create 

methods for the rapid detection of Fe³⁺ in biological contexts. 

1.3 Conventional methods for the determination of iron ion 

Developing highly accurate and sensitive devices to measure metal ions at concentration 

levels prescribed by toxicity guidelines and standards is a challenging task. Numerous 

analytical techniques have been developed for detecting metal ions. For aqueous samples, 

photometric techniques like flame atomic absorption spectroscopy (FAAS), and graphite 

furnace atomic absorption spectroscopy (ETAAS) are the most commonly recommended 

methods.9,10,11 Other techniques include mass spectrometry, inductively coupled plasma 

emission spectroscopy (ICP-ES), inductively coupled plasma mass spectrometry (ICP-MS), 
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and total reflection X-ray fluorescence (TXRF).12 These techniques offer low detection limits 

and a wide linear range of sensitivity to metal ions. However, most of them involve labor-

intensive and expensive pre-treatment steps, making them unsuitable for routine laboratory 

use. Therefore, a simple and cost-effective method for detecting and quantifying metal ions is 

needed for real-time monitoring of environmental, biological, and industrial samples. Among 

the various detection approaches, optical methods based on colorimetric and/or fluorescence 

changes are the most practical techniques due to their low detection limits, simplicity, and 

minimal time requirements.13,14 Colorimetric sensors are suitable for both online and field 

monitoring, while fluorescence imaging spectroscopic methods based on fluorescent 

molecular sensors provide notable advantages in terms of sensitivity, selectivity, reaction 

time, and localized observation. Additionally, fluorescence assays are straightforward and 

highly sensitive, making it a valuable tool for detecting physiologically significant metal ions 

both in vitro and in vivo. As a result, significant efforts are being made to develop selective 

fluorescent chemical sensors for metal ion detection.13-16                                                                                                                                                                                      

1.4 Background and introduction to fluorescence 

The first recorded observation of fluorescence dates back to 1565 when the Mexican wood 

Lignum nephriticum, loosely translated as "kidney wood," was infused into a liquid solution. 

Nicolás Monardes, a Spanish physician and botanist, noted this phenomenon as a blue tinge 

and attempted to use it to treat kidney and urinary diseases.17-20 Over the following centuries, 

other scientists, including Kircher, Grimaldi, Boyle, Newton, Herschel, and others, became 

intrigued by the wood's unique optical properties.17,18                                                                                                                       

 

Figure 1.1 The Perrin-Jablonski diagram for different photophysical transitions. 
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Fluorescence in fluorites was first observed in 1819 by Edward D. Clarke and later in 1822 

by René Just Haüy. David Brewster reported a similar phenomenon in chlorophyll in 1833. 

The first recorded observation of fluorescence from a quinine solution exposed to sunlight 

was made by John Frederick William Herschel in 1845.21,22 George Gabriel Stokes later 

provided a formal definition of fluorescence as an emission mechanism and coined the term 

"fluorescence" in his paper in 1852,23 which was celebrated as a significant breakthrough in 

fluorescence research. Stokes noted in the opening paragraph of his study that Herschel's 

earlier work on quinine solution inspired his investigation. In 1935, Alexander Jablonski 

introduced what is now known as the Jablonski diagram (Figure 1.1) to illustrate the 

processes involved in the absorption and emission of light. These diagrams are commonly 

used as a foundational tool for discussions on light absorption and emission, providing a 

theoretical basis for understanding the principles of fluorescence.                                                                                      

1.4.1 Fluorescence lifetimes and Quantum yields 

The fluorescence lifetime and fluorescence quantum yields are the most crucial 

characteristics of a fluorophore, as they provide valuable information about the photophysical 

behavior of the molecule. The fluorescence lifetime, often denoted as τ, is the average time a 

molecule remains in its excited state before returning to the ground state by emitting a 

photon. This parameter is essential because it reflects how long a fluorophore can potentially 

emit light after being excited, influencing the brightness and duration of the fluorescence 

signal. In the absence of any deactivating perturbations, the rate constant for fluorescence 

emission, kf, is inversely related to the natural radiative lifetime, τN, of the molecule. The 

natural radiative lifetime is defined as the time it would take for the excited state to decay 

solely by fluorescence emission, assuming no non-radiative processes are present. 

Mathematically, this relationship can be expressed as: 

k f

N f

= =
1 1

0 
                 (1) 

This equation indicates that a shorter natural radiative lifetime corresponds to a higher rate of 

fluorescence emission. In the presence of other competitive deactivation processes, the 

average lifetime of the molecule is much reduced and the actual lifetime, f, becomes      

 f

f ik k
=

+
1

                (2) 
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 where, ki is the rate constant for the ith competitive process, assumed to be unimolecular.25   

 1.4.1.1 Excited state lifetimes                                                                                                              

The average amount of time a molecule spends in the excited state before returning to the 

ground state is known as the excited state's life span. The triplet state always has a longer 

lifespan than the singlet state. If τs is the life span of the excited state S1, then it could be 

expressed as in Eqn. (3). 

𝜏𝑆 =
1

𝐾𝑟
𝑆+𝐾𝑛𝑟

𝑆                  (3) 

Where ks
nr is the rate constant for non-radiative deactivation, or the sum of the rate constants 

for internal conversion and intersystem crossover, and ks
r is the rate constant for radiative 

deactivation for the transition from S1 to S0 with emission of fluorescence. The lifetime 

would be 1/ ks
r, if the only way of de-excitation from S1 to S0 was fluorescence emission then 

it is called the radiative life time and denoted by kS
r.26                             

1.4.1.2 Fluorescence quantum yields 

The fluorescence quantum yield (ΦF) is another critical parameter, representing the efficiency 

of the fluorescence process. It is defined as the ratio of the number of photons emitted to the 

number of photons absorbed by the fluorophore: 

Φ = Number of photons emitted/Number of photons absorbed. 

A quantum efficiency of approximately 0.9 indicates a highly efficient process, whereas ΦF = 

0 indicates a non-fluorescent molecule. Fluorescence quantum yield (ΦF) is the fraction of 

excited molecules that return to the ground state. So, with emission of fluorescence photons 

ascertained by  

 

       

Fluorescence quantum yield can be close to unity if the radiationless decay rate (kS
nr) is much 

smaller than the rate of radiative decay (kS
r).26,27           

 

 



 
6 

1.4.2 Applications of fluorescent chemosensors 

Fluorescent chemosensors are versatile tools with various applications: 

(i)  Environmental Monitoring  

• Pollutant Detection: Identify heavy metals and organic pollutants in water, air, and 

soil.  

• Water Quality Testing: Monitor contaminants in drinking water and wastewater. 

(ii) Biological and Medical Applications 

• Cell Imaging: Visualize cellular components and monitor intracellular analytes. 

• Disease Diagnosis: Detect biomarkers for diseases like cancer and cardiovascular 

disorders. 

• Drug Development: Screen drug interactions and study pharmaceutical mechanisms. 

(iii) Chemical Sensing 

• Industrial Monitoring: Track chemical reactions and product quality in manufacturing. 

• Quality Control: Ensure product safety in pharmaceuticals, food, and beverages. 

• Environmental Remediation 

• Pollutant Detection: Monitor the effectiveness of remediation techniques. 

(iv) Forensic Science 

• Crime Scene Investigation: Detect traces of substances like drugs or explosives. 

(v) Educational and Research Applications 

• Educational Tools: Demonstrate chemical principles in educational settings. 

• Scientific Research: Explore new materials and develop novel sensing technologies. 

(vi) Agriculture 

• Soil Analysis: Optimize crop growth by analyzing soil composition and nutrient levels. 

• Pesticide Detection: Detect chemical residues in crops and soil. 

These sensors provide valuable information across various fields, enhancing safety, 

efficiency, and accuracy. It is used in in vitro or in vivo systems to monitor physiologically 

important species. 

Furthermore, it is found that luminous chemosensors are clearly better than chemo dosimeters 

due to their reusability. Consequently, chemists are engaged in an exciting and dynamic field 

of research concerning the construction of fluorescent chemosensors. This is because these 

sensors may find use in cell physiology, analytical and environmental chemistry, and other 
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domains. Furthermore, these sensors may be used as a platform for engineering and/or 

manipulating different photophysical processes in order to eventually achieve sensitive and 

specific signalling of certain chemical or ionic species.28  

1.4.3 Some conventional mechanisms for construction of fluorescent probes   

Conventional methods have been devised for the fabrication of fluorescent probes, including 

photo-induced electron transfer (PET),29-35 photo-induced charge transfer (PCT),23 

Intramolecular charge transfer (ICT),30,32-35 twisted intramolecular charge transfer (TICT),36  

metal-ligand charge transfer (MLCT),36,37 electronic energy transfer (EET),32,33 Förster 

resonance energy transfer (FRET),38 through bond energy transfer,39 excited state 

intramolecular proton transfer (ESIPT),40 aggregation-induced enhancement of emission 

(AIEE) and excimer/exciplex formation.32-34,41,42                                                                                                                                                                         

1.4.3.1 Photoinduced Electron Transfer (PET) 

In fluorophore—spacer—receptor systems, PET is the most prevalent method where only 

long-range electronic interactions are feasible. Photoinduced electron transfer (PET) is a 

widely used process in photosynthesis and artificial systems for solar energy conversion 

based on photoinduced charge separation. It is the electron transfer process that happens 

when specific photoactive materials interact with light signalling event resulting in emission 

quenching or enhancement (Figure 1.2 and 1.3). 

 

Figure 1.2 Mechanism of cation recognition by fluorescent PET sensors: reductive electron 

transfer. 

As a result, it is highly useful for fluorescence sensing of neutral molecules, anions, or 

cations. Covalent linkage separates the fluorophore and receptor units, decreasing ground 
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state interactions, and is the primary component of covalently connected fluorescence probes, 

which are electrically independent. When the analyte is recognized by PET sensors, the 

fluorophore—spacer—receptor design modifies the quantum yield or fluorescence 

intensity.43 In chemosensing Silva et. al. & Czamiket et. al44 put forth this extensively applied 

design idea.  

  Fluorophores are electron acceptors whereas ionophores act as electron donors. The lowest 

unoccupied molecular orbital (LUMO) of the fluorophore can accept an electron from its 

highest occupied molecular orbital (HOMO) by absorbing an excitation photon. The electron 

from the ionophore's LUMO can travel through space to the LUMO of the excited 

fluorophore, blocking the emission transition of the excited electron from the fluorophore's 

LUMO to its HOMO, provided the energy of the ionophore's LUMO is slightly higher than 

that of the fluorophore's. This fluorescence quenching process is known as photo-induced 

electron transfer (PET). PET can occur in the bound complex when the energy level of the 

transition cation's LUMO lies between that of the fluorophore's HOMO and LUMO. An ON-

OFF type chemosensor was constructed using a distinct PET process. This concept explains 

why a large number of fluoroionophores have been developed by altering either the binding 

motif or the fluorophore.45-48 

 

 

Figure 1.3 Fluorescent PET sensors: oxidative electron transfer.  

 

1.4.3.2 Photo-induced charge transfer (PCT)  

Photo-induced charge transfer (PCT) refers to a process in which the absorption of light 

(photons) causes the transfer of an electron from one part of a molecule (or molecular 

system) to another. This typically occurs in systems where there is a conjugation between an 
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electron-donating group (such as -NH₂, -NMe₂, or -OCH₃) and an electron-withdrawing 

group (such as >C=O or –CN). This movement of electrons from one orbital to another is 

accompanied by an instantaneous change in the dipole moment of the fluorophore. The 

process can significantly affect the photophysical properties of the molecule, such as its 

absorption and emission spectra, leading to phenomena like solvatochromism (where the 

color of the compound changes with the polarity of the solvent) and can be used in 

applications like sensing, where changes in the molecule's environment can be detected 

through shifts in its optical properties. Positive solvatochromism is a phenomenon that is 

associated with increased solvent polarity, lower relaxed state energy, and a stronger red shift 

of the emission spectrum (Figure 1.4). It is hypothesized that cation interaction with the 

donor or acceptor moiety will also alter the photophysical properties of the fluorophore by 

influencing the intramolecular charge transfer (ICT) efficiency, given the close relationship 

between the microenvironment and spectral features. The PCT type fluorophores can be used 

in cation sensing in two separate methods.49 

    

 

Figure 1.4 Sensing mechanisms of PCT fluorescent probes for metal cations. 

When a cation binds to an accepter group, a red shift occurs. Complexation strengthens the 

acceptor's ability to extract electrons from the donor and raises the molar absorption 

coefficient. The stabilization of excited state of fluorophore on binding with cations is 

typically responsible for the red shift in emission spectra. On the other hand, the blue shift 

occurs when a donor group accommodates a cation resulting its lower electron-donating 
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activity. Upon excitation, a partial positive character is produced at the donor site due to 

charge transfer from the donor group to the acceptor, which reduces the donor group's 

capacity to connect with cations. The fluorescence spectrum frequently experiences a far 

smaller blue shift as compared to the absorption spectrum (Figure 1.4). All these indicate a 

photo disruption between the donor and acceptor groups due to coordination of a cation.49,50 

PCT chemosensors of this type are designed to detect metal ions selectively.51,52         

 

1.4.3.3 Chelation Enhanced Fluorescence (CHEF)                                                                                             

When a guest molecule binds to the receptor site, the fluorophore-receptor connection 

disrupted. As a result, the fluorescence is either turned ON or OFF, resulting in either 

chelation enhanced fluorescence (CHEF) or chelation enhanced fluorescent quenching 

(CHEQ) (Figure 1.5). 

 

 

Figure 1.5 Pictorial representation of chelation enhanced fluorescence. 

 

Particularly, metal ions show the CHEF effect. To see fluorescence variations on the metal 

ion binding, one must block the interaction between the fluorophore and the quenching metal 

ions while utilizing the fluorescent chemosensor, which is composed of a fluorophore—

spacer—receptor.30  

1.4.3.4 Excited state proton transfer (ESIPT)   

Intramolecular hydrogen bond-containing fluorophores are susceptible to excited state proton 

transfer (ESPT), which produces aberrant fluorescence with a significant Stokes shift. A pre-

existing six- or five-membered hydrogen bonded ring configuration causes the energy level 

of the excited state of these molecules to tend to drop when a hydroxyl (or amino) proton is 
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transferred to a nearby hydrogen-bonding atom (such as carbonyl oxygen or imine nitrogen). 

The ESIPT happens on a time scale of sub-picoseconds, making it a very quick process. 

Following the ground state relaxation of the keto-form, the energetically preferred enol-form 

is spontaneously regained by reversed proton transfer (Figure 1.6).53 A significant Stokes 

shift of emission is produced during the ESIPT process as a result of the creation of a more 

stable excited molecule, called tautomer. If the acidity of the hydroxyl (or amino) proton is 

high enough, metal coordination will increase the acidity resulting its transfer from hydroxyl 

(or amino) group to a nearby hydrogen-bonded carbonyl oxygen or imine nitrogen there by 

disturbing the ESIPT process, and causing a substantial blue shift in the emission band. The 

pH, solvent polarity, and hydrogen bonding capacity of ESIPT fluorophores frequently have a 

significant impact on their total fluorescence emission spectra. The excitation wavelengths of 

most commonly reported ESIPT fluorophores lie in the UV-Vis range. Thus, the inhibition of 

ESIPT caused by metal coordination may provide a viable strategy for the creation of 

ratiometric probes for metal ions.53           

 

Figure 1.6 Schematic representation of ESIPT concept with respect to cation sensing. 

1.4.3.5 Aggregation-based fluorescent sensing 

Aggregation-based fluorescent sensing of metal ions helps to detect and quantify the presence 

of specific metal ions in a solution. Here, a change in the fluorescence properties of a probe 

occurs in the presence of a metal ion and gained significant attention due to its sensitivity, 

selectivity, and simplicity in detecting metal ions, which are essential in various fields like 

environmental monitoring, biochemistry, and clinical diagnostics. Aggregation-induced 
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emission enhancement (AIEE) has been seen in fluorescent probes recently, which is an 

uncommon phenomenon for organic luminophores providing superior photoemission 

efficiency in solution compared to solid states phenomenon (Figure 1.7).54 Many of these 

probes are designed to be sensitive to the presence of metal ions.55,56 When a metal ion binds 

to the probe it induces aggregation resulting a change in fluorescence properties (intensity, 

wavelength, or lifetime).     

In the absence of metal ions, the fluorescent probe may exist as monomers, resulting 

in weak or negligible fluorescence due to free rotational and vibrational movement. When 

metal ions are introduced, they induce the aggregation of the probe molecules. This 

aggregation restricts molecular movement, reducing non-radiative decay processes and 

leading to enhanced fluorescence. It is also conceivable that the emission of an AIE-based 

system is likely to be responsive to an additional competing species that can modulate the 

probe–target interaction, thereby enabling the probe to render dual sensing. This sensor array 

might provide a fresh framework for creating cation detection sensors.56,57             

In some cases, the probe is highly fluorescent in its monomeric form. However, a metal ion 

binding may induce aggregation resulting a significant fluorescence quenching. This 

phenomenon is often referred as Aggregation caused quenching (ACQ). This quenching is 

often due to π-π stacking interactions or energy transfer between the aggregated probes, 

facilitating non-radiative decay. Heavy metal ions like Hg²⁺ and Cu²⁺ are known to promote 

ACQ due to their strong coordination abilities, leading to fluorescence suppression. 

 

Figure 1.7 Representation of aggregation concept. Adapted with permission from ref. 54. 

Copyright 2021 Wiley. 
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1.4.3.6 Excimer / Exciplex Formation  

Excimers and exciplexes are excited-state molecular complexes that exist only in 

electronically excited states. They are important in photochemistry, photo physics, and certain 

laser technologies.  

Excimers (Excited Dimers): 

An excimer is a transient complex formed between two identical molecules, one in an excited 

electronic state and the other in the ground state and exist only in the excited state but 

dissociate when they return to the ground state. It is to be mentioned here that the two 

molecules do not bond in the ground state, and the binding interaction occurs only when one 

of them is in excited state. The most common example is the noble gas dimers like Xe₂, Kr₂, 

or Ar₂. For instance, xenon excimer lasers use xenon dimers (Xe₂) in an excited state to 

produce UV light. The broad, red-shifted emission, which has been interpreted as the 

experimental expression of excimer/exciplex58-60 production, is caused by the difference in 

the equilibrium geometry of the excited state with respect to the ground state (Figure 1.8).                                                                                                                                                                                                                           

 

          Figure 1.8 Excimer formation-based fluorescent sensing mechanism.  

 

Intermolecular excited-state interactions have played a pivotal role in photochemistry and 

photo physics since the initial report of the pyrene excimer by Förster. If both chromophores 

are the same, the configuration interaction model can explain the stabilizing interaction 

between a ground state and an excited state molecule. In the event that the two chromophores 

differ, either an exciplex or a heteroexcimer may develop. The overlap of the two 

chromophores is critical for the stability of an excimer. Calculations suggest a picture of the 

excited-state complex in which the two chromophores, if they are planar, are at an optimum 

distance of 3.5 Å in a plane parallel orientation. 
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1.5 Chemistry of Rhodamine  

Rhodamines belong to the xanthene’s (Figure 1.9) family along with fluorescein and eosin 

dyes, and have been extensively used in multiple research fields after the discovery of the 

synthetic route by Noelting and Dziewonsky in 1905.  

 

                                            Figure 1.9 The general structure of xanthenes. 

Rhodamine dyes, owing to their excellent photophysical properties along with photostability, 

high extinction coefficients for electronic spectral band at ≥475 nm, strong emission band at 

≥ 550 nm and high quantum yield, find their application in various fields such as: (i)  laser 

dyes, (ii) fluorescence standards for  determining quantum yield and polarization; (iii) for 

characterizing the surface of polymer nanoparticles; (ii) to measure fluidity of lipid 

membranes, (iv) to detect polymer- bioconjugates; (v) to study adsorption of oligonucleotide-

tides on latexes, (vi) to study the structure and dynamics of micelles; (viii) single-molecule 

imaging and (ix) imaging in living cells etc.61,62 

 

 

      Figure 1.10 Representation of various upgraded applications of Rhodamine derivatives. 
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Spirolactam or spiro lactone derivatives of rhodamine are not luminous and are colourless, 

but when the spirolactam or lactone ring is opened, a bright pink fluorescence is generated. 

Rhodamine derivatives have also been used as molecular switches, a thermometer, to modify 

a virus's surface, and especially as chemosensors for in vitro/ in vivo selective detection of 

metal ions in the presence of other cations, anions and nerve gases. Rhodamine derivatives 

are crucial for this application, as recently been demonstrated by the fluorescent labelling of 

biomolecules and the development of chemically driven logic gate devices using rhodamine 

organic probes61-64. As a result, the above scheme (Figure 1.10) can be used to illustrate the 

different potential applications of Rhodamine derivatives. 

 

 

                      Figure 1.11 Commercially available various Rhodamine moieties. 

Considering several advantages of Rhodamine dyes (Figure 1.11), Rhodamine 6G is chosen 

as the basic fluorophore unit for the design of suitable turn-on sensing platform for metal 

cations. Moreover, Rhodamine 6G is comparatively inexpensive among all the members of 

this family and straight-forward synthetic procedures can be adopted for metal ion 

recognition purpose. Usually, these changes are reversible in nature, with few exceptions, in 

the presence of a suitable metal ion. Nevertheless, the design of a reversible chemosensor 

based on rhodamine 6G is essential to ensure the re-usability of the probe providing an added 

advantage over the irreversible one. 

Because rhodamine dyes have many benefits, we decided to use the rhodamine 6G moiety as 

the primary fluorophore unit in order to build an appropriate turn-on sensing platform for 

metal cations. Furthermore, Rhodamine 6G is the least expensive dye in this family among 
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the commercially available Rhodamine dyes, and it can be used for metal ion recognition by 

simple synthetic techniques. 

1.5.1 Mechanistic pathway  

The derivatives of the Rhodamine 6G moiety have a very diverse mechanistic pathway when 

it comes to cation sensing. The fact that the spirolactam ring containing the receptor unit is 

nearly colorless following metal-induced ring breakage is particularly intriguing. 

                                                                                                                        

 

Figure 1.12 Schematic presentation of the change from cyclic lactam form to an acyclic 

xanthenes form of the rhodamine 6G derivatives on binding to a metal ion. 

A noticeable shift in color from colourless to pink is linked with the transformation of the C 

atom from sp3 (spirolactam-*C atom) to sp2 (non-spirolactam-*C atom) hybridization. 

Specifically, these explain the observable shift in solution color from colorless to magenta 

and the corresponding "turn on" fluorescence response (Figure 1.12). Consequently, 

rhodamine 6G derivatives have been developed for the detection of iron because of their 

OFF-ON fluorescence characteristic, so that both reversible and irreversible reactions take 

place; nevertheless, a reversible chemosensor of a rhodamine 6G derivative is favoured 

because of the advantage of probe reusability. 

1.6 Brief literature survey on rhodamine based fluorescent sensors for Fe(III) 

Hava Ozay et. al.65 developed a hexapodal ligand 1 (Figure 1.13), an excellent “‘OFF-ON’” 

chemosensor that can selectively recognize Fe3+ in various samples over other cations and 

anions. This ligand was prepared from hexaazide-substituted phosphozene and rhodamine-6G 

derivative. Sensing characteristics of 1 was studied from UV-Vis and fluorescence 

spectroscopy. Stoichiometry in the complex between 1-Fe3+ was found to be 1:3 from Job’s 
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plot. The LOD of 1 for Fe3+ was calculated as 4.8 µM and formation constant was found to be 

4.37 x 1014 in THF/H2O medium. The reversible nature of this probe 1 was tested with 

ethylenediamine (EDA). According to this group fluorescence intensity of the complex 

quenched after the addition of EDA due to the exchange of ions from complex to EDA. 

 

                    Figure 1.13 Structures of the chemosensor 1 for Fe3+ adopted from Ref 64.   

 

Figure 1.14 Structures of the chemosensors (2-7) for Fe3+. 

Lee, Kang and Kim’s66 group reported rhodamine-6G based fluorescent probes 2-7 (Figure 

1.14) for the selective detection of Fe3+ in biological systems. Probes 2-7 showed a change in 

fluorescence in the presence of Fe3+ accompanied by the hydrolysis of the Schiff base. 
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Spectroscopic studies were performed with 2-7 in aqueous solution (CH3CN: H2O= 5:95). 

Absorption and emission band appeared at 526 nm and 551 nm for 7 and band became 

prominent with the increase in Fe3+ concentration, whereas in the presence of other 

biologically relevant metal ions fluorescence intensity remains almost unchanged. They 

observed usefulness of these probes for imaging Fe3+ in the HepG2 cell. 

 

                    Figure 1.15 Structures of the chemosensors (8 and 9) for Fe3+. 

Chellappa et al.67 prepared rhodamine 6G based probes 8 and 8A (Figure 1.15) as chromo 

and fluorogenic sensor for the detection of Fe3+ in aqueous-PBS buffer (DMSO: H2O, 2:8, 

pH=7.4) over other cations. In the presence of Fe3+ ion, the colour of the solution containing 

these probes changed from colourless to pink red. During fluorometric titration a strong 

emission band appeared at 553 nm and increase in intensity of the band continues till the 

saturation comes at 1.1 equivalent of metal ions. The LOD’s of 8 and 8A were evaluated as 

0.66 nM and 0.45 nM respectively. The association constants of 8 and 8A were calculated to 

be 6.74 x 104 M-1 and 3.964 x 104 M-1 respectively. This probe is almost non-fluorescent in 

the pH range 5 to 9 that makes the ligand useful under physiological conditions and for 

imaging of Fe3+ in living cells. 

Wei-Na Wu and Qing Xu et. al.68 reported 9 (Figure 1.15) that has been prepared from 

rhodamine-6G ethylenediamine and methyl -2-isothiocyanatobenzoate. It is extremely 

selective and sensitive chemosensor towards Fe3+ under biological condition. In the presence 

of Fe3+ ion, the ligand displayed a visual change in colour from colourless to yellow. A broad 

absorbance band at 380 nm and emission band at 555 nm with increase in Fe3+concentration 

in 10 mM HEPES buffer (pH=7.4) was observed and intensity change was found to be linear. 
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Binding stoichiometry of 9 with Fe3+ was found to be 1:1 from job’s plot. Quantum yield of 9 

for five equivalents Fe3+ was found to be 0.69 in ethanol. LOD was found to be 4.11 µM. 

This probe was used successfully in monitoring Fe3+ in glioma cell line U251. This group 

also reported single crystal structures of 9 with Ag+ and Hg2+. 

 

Figure 1.16 Structures of the chemosensors (10 and 11) for Fe3+. 

For the detection Fe3+ ion in aqueous medium, Xi and Zeng et al.69 developed ‘OFF-ON’ 

fluorescent chemosensor 10 (Figure 1.16) that, in the presence other toxic metal ions and 

other metal ions in living organisms, showed selectivity towards Fe3+. 10 showed a 

remarkable enhancement of absorption band intensity at 532 nm and emission band at 559 

nm with 189-fold enhancement in an aqueous ethanol (7:3, v/v) solution. The formation 

constant for Fe3+ was calculated to be 1.1 x 106 M-1 and stoichiometric ratio was observed to 

be 1:1 from job’s plot. 10 could act as chemosensor in living cells. Goswami and Mondal70 

group developed CHEF induced colorimetric and fluorogenic sensor 11, for the detection of 

Fe3+ and reported its crystal structure (Figure 1.16). It showed specificity over other 

transition metal ions and heavy metal ions having colorimetric change from colourless to 

pink in the presence of Fe3+ ion with a 23-fold enhancement of fluorescence intensity at 550 

nm along with greenish yellow naked eye fluorescence at pH=7.2. The formation constant 

was calculated to be 5.55 × 10−7 M and 1:1 stoichiometric ratio was confirmed from job’s 

plot. Reversibility and reusability of 11 was studied with EDTA fluorimetrically.  

Ali et al.71 reported rhodamine 6G based ‘OFF-ON’ chemosensor 12 (Figure 1.17) for the 

selective detection of Fe3+ over other biologically important and toxic metal ions and this 

group showed interaction between 12-Fe3+ complex and DNA. A gradual upgrade of the 

emission band at 556 nm was observed in presence of Fe3+ in HEPES buffer at pH=7.2. The 

binding constant was found to be 1.72 x 104 M-1 with a detection limit of 0.17 µM. The 
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interaction between DNA and complex was monitored and a hypsochromic shift was 

observed in the presence of increasing concentration of DNA. 

 

                             Figure 1.17 Structure of the chemosensor 12 for Fe3+. 

To discriminate Fe3+ from Fe2+, Goswami et al.72 reported a chemosensor 13 (Figure 1.18) 

that acted as a ratiometric and colorimetric sensor in MeOH/H2O (1/4, v/v) upon excitation at 

370 nm. A 1:1 complexation with Fe3+was confirmed by HRMS and Job’s plot. The structure 

of 13 was established by single crystal X-ray study. 13 acts as an efficient FRET-based single 

molecular switch for Fe3+ and also shows reversible nature with addition of Na2EDTA 

solution in the 13-Fe3+ complex (Table 1.1). 

 

                              Figure 1.18 Structures of the chemosensors (13-17) for Fe3+. 

For the detection of Fe3+, Thennarasu et. al.73 developed two new rhodamine-based probes 14 

and 15 (Figure 1.18) (in 1:1 v/v 0.01 M Tris HCl buffer–CH3CN, pH 7.4 medium). 14 
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displayed colorimetric as well as fluorometric response towards Fe3+ and Cu2+ ions whereas 

probe 14 displayed selectivity only towards Fe3+. Job’s plot indicates that 14 formed 1:1 

complex with Fe3+ ion. The association constant for 15-Fe3+ complex was found to be 4.5 × 

104 M−1 with a detection limit of o.50 nM. The selectivity of 15 towards Fe3+ ions was also 

observed in the cell imaging of live fibroblast cells when treated with Fe3+ ions (Table 1.1). 

Yan et. al.74 reported a new fluorescent derivative 16 (Figure 1.18) which shows strong 

yellow-green fluorescence in ethanol medium in presence of Fe3+ with a 125-fold increase in 

emission. 16 acts as an ‘OFF-ON’ chemosensor that allows the detection of Fe3+ by 

monitoring changes in absorption and fluorescence spectra. 1:1 complexation between 16 and 

Fe3+ was confirmed by Job’s plot. Fe3+ can potentially open the spirolactam ring and thus 16 

shows a high selectivity and sensitivity towards Fe3+ over other metal ions. LOD was found 

to be in the range of 5.6 ppb (Table 1.1). The observed spectral response was supposed to 

originate due to photo-induced electron transfer coupled with intramolecular charge transfer.  

To recognize Fe3+ in presence of biologically relevant as well as toxic metal ions, Ali and co-

workers75 reported a hexa-coordinating rhodamine-based chemosensor 17 (Figure 1.18) that 

selectively and rapidly recognizes Fe3+ upon excitation at 510 nm. Quenching in FI of [17-

Fe3+] was observed in the presence of I- ion due to the heavy atom effect arising from spin-

orbit coupling on coordination to metal centre of [17-Fe3+] complex. 17 formed 1:1 complex 

with Fe3+ ion which was confirmed by Job’s plot. Cytoplasmic in vitro/ in vivo cell imaging 

was studied for with Fe3+ ion (Table 1.1). Morphological studies were done for the probe 17 

and its Fe3+ complex using SEM study, which shows spherical and hexagonal rod-like 

microstructures respectively. In the presence of SDS, the morphology for 17-Fe3+ turned into 

cubic microstructures whereas in the presence of HSA both 17 and [17-Fe3+] agglomerated 

severely.  

For the detection of Fe3+ ions, Jadeja et al.76 developed two novel Rhodamine–pyrazole-based 

colorimetric off–on fluorescent chemosensors 18 and 18A (Figure 1.19) in which pyrazolone 

acts as the recognition moiety and Rhodamine 6G acts as the signalling moiety. Towards Fe3+, 

both exhibit a remarkable ‘turn-on’ response. A 1:2 complex formation between Fe3+ and 

18/18A was observed. The fluorescent and colorimetric response of 18/18A towards Fe3+ can 

be detected by the naked eye and their binding constants and LOD values are tabulated in 

Table 1.1. 
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A novel ratiometric fluorescence probe 19 (Figure 1.19) containing rhodamine and quinoline 

moiety was developed by Wang et al.77 19 displays a fluorescence emission at 425 nm in 

absence of Fe3+, whereas a significant fluorescence enhancement at 550 nm in methanol was 

observed in the presence of Fe3+. The association constant and LOD values are tabulated in 

Table 1.1. The observed spectral nature was suggested to occur due to FRET, coupled with 

PET. Job’s plot suggests a 1:1 complexation between 19 and Fe3+. By adding a Fe3+ bonding 

agent like Na2EDTA, the reversibility of the recognition process by 19 was also observed. 

 

                          Figure 1.19 Structures of the chemosensors (18-21) for Fe3+. 

Weisheng Liu et al.78 reported a reversible fluorescent probe 20 (Figure 1.19) for the optical 

detection of Fe3+ with a 1:1 stoichiometry in water upon excitation at 500 nm. A fluorescence 

turn-on response was displayed by 20 at 560 nm with increase in emission intensity, due to 

rhodamine ring-opening with Fe3+, whereas a fluorescence turn-off response was observed on 

adding Na4P2O7 to the 20-Fe3+complex. Furthermore, the cell permeability was detected by 

bioimaging investigations and its applicability to monitoring intracellular Fe3+ in living cells 

by confocal microscopy was concluded. The binding constant and LOD values related with 

the 20-Fe3+association are tabulated in Table 1.1.  

Chang-Qing Qu et al.79 developed a new fluorescent probe 21 (Figure 1.19), which upon 

addition of Fe3+ shows a distinct color change with a rapid emergence of fluorescence 

emission at 550 nm, thereby achieving ‘naked eye’ detection of Fe3+ upon excitation at 515 

nm. Job’s plot shows that the stoichiometric ratio between 21 and Fe3+ is 1:1. The probe 21 

could be used to distinguish Fe3+ qualitatively and quantitatively on-site, as suggested by the 
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RGB experiment, test papers, and silica gel plates. Moreover, the probe 21 has also been 

successfully applied to have Fe3+ image in Caenorhabditis elegans, adult mice, and plant 

tissues. LOD was found to be 3.47 nM (Table 1.1). 

Table 1.1 Some important parameters of recently reported fluorescent sensors for the 

selective detection of Fe3+. 

Probe Analyte Solvent system Association 

constant 

LOD Applications Ref. 

13 Fe3+ MeOH/H2O (1/4, 

v/v) 

6.12 x 105 M-1 0.10 nM ----- 71 

14 Fe3+ 

Cu2+ 

0.01 M Tris HCl–

CH3CN (1: 1 

v/v), pH 7.4 

----- ----- ----- 72 

15 Fe3+ 1: 1 v/v 

0.01 M Tris HCl–

CH3CN, pH 7.4 

4.5 × 104 M−1 5 × 10−8 M Cell imaging 

of live 

fibroblast cells 

72 

16 Fe3+ Ethanol 1.1 × 107 M−1 5.6 ppb ----- 73 

17 Fe3+ HEPES buffer Dissociation 

constants Kd = 

(3.99 ± 0.09) x 

10-5 M 

110 nM HepG2 cells 74 

18 Fe3+ Acetonitrile/water 

(1: 1 v/v) 

6.08 × 105 M-2 6.1×10-6 M 

 

---- 75 

18A Fe3+ Acetonitrile/water 

(1: 1 v/v) 

4.10 × 106 M-2 4.2 × 10-6 

M 

---- 75 

19 Fe3+ Methanol 1.67 × 104 M-1 8.3 × 10-7 

M 

---- 76 

20 Fe3+ H2O 3.5 × 104 M-1 1.9 ×10-8 

M 

Cell imaging 

in HBL-100 

cells 

77 

21 Fe3+ HEPES buffer 

(10 mM, pH = 

7.4)/CH3CN (2:3, 

v/v) 

---- 3.47 × 10−9 

M 

image in 

Caenorhabditis 

elegans, adult 

mice, and 

plant 

tissues 

78 
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Hou et al.80 reported a new fluorescent probe 22 (Figure 1.20) to detect Fe3+ in CH3OH/H2O 

mixture (1:9, v/v; PBS buffer 50 mmol/L; pH = 7.2) upon excitation at 525 nm. The binding 

of Fe3+ with 22 is irreversible and induces the ring opening and hydrolysing of spirolactam in 

the Rhodamine unit which gives emission intensity at 556 nm. 22 was applied to determine 

Fe3+ in drinking water samples and as a bioimaging reagent for Fe3+ detection in BEL-7402 

cells. Job’s plot and ESI-MS studies suggest that the stoichiometric ratio between 22 and Fe3+ 

in the complex is 1:1. LOD was found to be 0.030 M/L (Table 1.2). 

 

                           Figure 1.20 Structures of the chemosensors (22-25) for Fe3+. 

J. Annaraj et al.81 synthesized a rhodamine based chemosensor 23 (Figure 1.20) which in the 

presence of Cu2+/Fe3+ ion couple, enhances its absorbances at 521 and 529 nm for Cu2+ and 

Fe3+ ions respectively, by spirolactam bond cleavage. LOD was shown to be 263 pM (Cu2+) 

and 2 nM (Fe3+) (Table 1.2). It displays a fluorescence turn-on response with the increase in 

emission intensity at 554 nm for Fe3+ ions. The stoichiometric ratio of 1:1 between 23 and 

Fe3+/ Cu2+ was obtained by Job’s plot. Zebrafish bio-imaging and molecular logic circuits 

studied were also done. 

K. Sung82 developed chemo sensors 24, 24A and 25 (Figure 1.20) for detection of Fe3+ and 

Cr3+ in 1:1 CH3CN/H2O medium. The probes are non-fluorescent and colorless but with 

addition of Fe3+ and Cr3+ strong emission and absorption intensity was observed at 550 nm 

and 530 nm. They also prepared another chemosensor 25 (Figure 1.20) for detection of Fe3+ 

and Cr3+ in 1:1 DMSO/H2O medium. The stoichiometric ratio of 1:1 between 24/24A/25 and 

Fe3+/ Cr3+ was obtained by Job’s plot. The detection limit and the linear range of 24 for 
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sensing Fe3+ are 33 µM and 35-104 µM, respectively (Table 1.2). The detection limit and the 

linear range of 24 for sensing Cr3+ are 38 µM and 39-154 µM, respectively. For 24A, its 

detection limit and linear range for sensing Fe3+ are 10 µM and 14-69 µM, respectively, and 

its detection limit and linear range for sensing Cr3+ are 30 mM and 46-154 µM, respectively 

(Table 1.2). The detection limit and the linear range of 25 for sensing Fe3+ are 22 µM and 38-

114 µM, respectively. The detection limit and the linear range of 25 for sensing Cr3+ are 43 

µM and 85-212 µM, respectively (Table 1.2).  

 

                        Figure 1.21 Structures of the chemosensors (26-28) for Fe3+. 

Yi Jiang and co-workers83 reported rhodamine-based fluorescent and colorimetric reversible 

chemosensor 26 (Figure 1.21) for detecting Fe3+ that showed a significant enhancement of 

both fluorescence and absorbance intensity, with naked eye detection in CH3CN. Job’s plot 

showed the stoichiometric ratio of 1:1 between 26 and Fe3+. The addition of CN- could 

quench the fluorescence of the acetonitrile solution of 27-Fe3+, which indicates the reversible 

nature of the reaction between 26 and Fe3+. The detection limit of 26 for Fe3+ was around 

7.98 ppb (Table 1.2). 

Li et. al.84 developed a ratiometric fluorescent sensor 27 (Figure 1.21) based on the 

conjugation of rhodamine and coumarin for the detection of Fe3+. Free 27 displays 

fluorescence emission at 475 nm, whereas upon addition of Fe3+ to its aqueous solution, a 

significant enhancement in fluorescence at 550 nm was recorded owing to an intramolecular 

fluorescence resonance energy transfer mechanism from coumarin to Rhodamine 6G. Job’s 

plot showed a binding ratio of 1:1 in the Fe3+-27 complex. The binding constant for Fe3+-27 

complexation was determined to be 5.2 x 104 M-1 and the detection limit of 27 for Fe3+ was 

around 4.05 µM (Table 1.2). 
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Table 1.2 Some important parameters of recently reported fluorescent sensors for the 

selective detection of Fe3+. 

Probe Analyte Solvent system 
Association 

constant 
LOD Applications Ref. 

22 Fe3+ CH3OH/H2O 

mixture (1:9, v/v) 

------- 0.030 

μM/L 

Fluorescence 

images of 

BEL-7402 

cells 

79 

23 Cu2+ 

Fe3+ 

CH3CN:H2O (9:1 

v/v) mixture 

1.1 x 10-2 M-1 

3.4 x 10-1 M-1 

263 pM 

2 nM 

Zebrafish bio-

imaging and 

molecular 

logic circuits 

80 

24 Fe3+ 

Cr3+ 

1:1 CH3CN/H2O ------ 33 µM 

38 µM 

------ 81 

24A Fe3+ 

Cr3+ 

1:1 CH3CN/H2O ------ 10 µM 

30 µM 

----- 81 

25 Fe3+ 

Cr3+ 

1:1 DMSO/H2O ------- 22 µM 

43 µM 

----- 81 

26 Fe3+ CH3CN ----- 7.98 ppb ----- 82 

27 Fe3+ C2H5OH:H2O 

(9:1,v/v) 

5.2 x 104 M-1 4.05 x 

10-6 M 

----- 83 

28 Fe3+ 

Al3+ 

 

C2H5OH:H2O 

(1:1, v/v) mixture 

3.91 × 108 M−2 

5.26 × 108 M−2 

5 µM 

6 µM 

Bioimaging of 

HeLa cells 

84 



 
27 

Zhi-Qiang Hu et al.85 reported a thiophene-modified rhodamine 6G chemosensor 28 (Figure 

1.21), that shows a high degree of selectivity and sensitivity towards Fe3+ and Al3+ ions in 

fluorescence and ultraviolet spectroscopy, making it particularly suitable for cellular imaging 

applications.  Fluorescence microscopy experiments demonstrated that 28 can be applied for 

the detection of Fe3+ and Al3+ in related cells and biological organs with satisfying resolution. 

Job’s plot indicated a binding ratio of 2:1 in the Fe3+/ Al3+-28 complex. The binding constant 

for Fe3+ was calculated to be 3.91 × 108 M−2 and the detection limit of 28 for Fe3+ was 5 M 

(Table 1.2). 

A highly sensitive and selective CHEF based sensor 29 (Figure 1.22) to recognize Al3+, Fe3+ 

and Cr3+ in methanol/H2O (1: 1, v/v, pH 7.2) was developed by Alam et al.86 29 showed the 

capability of naked eye detection with a considerable elevation in fluorescence intensities for 

Fe3+ (21-fold), Al3+ (14 -fold), and Cr3+ (10-fold) (λex = 510 nm, λem = 555 nm). The Kf 

values were found to be 6.7 x 104 M-1, 8.2 x 104 M-1, and 6.0 x 104 M-1 for Fe3+, Al3+, and 

Cr3+ respectively. The limit of detection for Fe3+, Al3+, and Cr3+ were calculated and reported 

to be 0.29, 0.34, and 0.31 µM, respectively. In the Al3+–29 complex, arsenate ion quenches its 

fluorescence via its ring closed spirolactam form. The construction of advanced molecular 

logic and memory devices has been completed. Owing to the low cytotoxicity and high 

fluorescence intensity enhancement of the reported probe, it becomes a suitable candidate for 

imaging these metal ions in HepG2 cells and native cellular iron pools. 

A rhodamine 6G-based chemo sensor 30 (Figure 1.22), for the selective and sensitive CHEF-

based recognition of trivalent metal ions M3+ (M = Fe, Al and Cr) over mono, di and other 

trivalent metal ions, was reported by Ali and co-workers.87 30, in presence of the mentioned 

metal ions showed significant enhancement in the absorption and fluorescence intensity viz. 

Fe3+ (669-fold), Al3+ (653-fold) and Cr3+ (667-fold) (λex = 502 nm, λem = 558 nm) in 

H2O/CH3CN (7:3, v/v, pH 7.2). For the metal ions, the Kd values were calculated to be 1.94 × 

10−5 (Fe3+), 3.15 × 10−5 (Al3+) and 2.26 × 10−5 M (Cr3+). The LODs were calculated using 

3σ methods and found to be 2.57, 0.78 and 0.47 μM for Fe3+, Al3+ and Cr3+, respectively. In 

case of [Fe3+–30] complex, it was shown that cyanide ion can quench the fluorescence by 

grabbing the Fe3+. Memory device and advanced molecular logic circuits with 2 and 4 inputs 

were also built. 
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Figure 1.22 Chemical structures of some rhodamine 6G–based Fe3+, Cr3+, Al3+sensors (29-

31). 

A new rhodamine 6G-benzylamine-based sensor 31 (Figure 1.22), with only hydrocarbon 

skeletons in the extended region, was developed and described using single-crystal X-ray 

crystallography by Ali and colleagues 88 that showed selective and sensitive recognition (even 

through naked eyes) of M3+ (M = Fe, Al, and Cr) over monovalent, divalent, and other 

trivalent metal ions. A considerable increase in fluorescence intensity for Fe3+ (41-fold), Al3+ 

(31-fold), and Cr3+ (26-fold) was detected (λex = 502 nm, λem = 558 nm) when these metal 

ions were added to the probe in H2O/CH3CN (4:1, v/v, pH 7.2). Kf values were calculated and 

found to be 9.4 × 103 M−1, 1.34 × 104 M−1 and 8.7 × 103 M−1 for Fe3+, Al3+, and Cr3+ 

respectively. LODs for Fe3+, Al3+ and Cr3+ were calculated using 3σ methods and were found 

to be 1.28, 1.34, and 2.28 μM, respectively.  Here, in case of Fe3+ again, it was found that 

cyanide ion muted the fluorescence enhancement by scavenging Fe3+ from the [Fe3+–31] 

through formation of its ring-closed spirolactam form. Advanced molecular logic and 

memory devices have also been built. Due to the significant increase in fluorescence emission 

of 31 when complexed with M3+ metal ions, it was suggested that 31 can be an excellent 

candidate for bio-imaging of M3+ (M = Fe, Al, and Cr) in living HepG2 cells. 

For the detection of Al3+, Cr3+ and Fe3+ ions calorimetrically as well as fluorimetrically, a 

rhodamine-6G based probe 32 (Figure 1.23) was developed by P. Roy et al.89 in which the 

fluorescence intensity at 550 nm was found to enhance by 1465, 588 and 800-fold in the 

presence of Al3+, Cr3+ and Fe3+ ions respectively [methanol: water (9: 1, v/v), HEPES buffer 

at pH 7.4]. In the absence of these metal ions, due to the existence of a spirolactam ring, the 
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probe does not show any color and exhibits weak fluorescence, but trivalent cations form 1:1 

complex with 32 (confirmed by Job’s plot, elemental analysis, ESI mass spectral analysis), 

thereby inducing the opening of the spirolactam ring leading to change in color and the 

fluorescence intensity. For Al3+, Cr3+, Fe3+, association constant values were found to be 1.47 

x 105 M-1, 6.24 x 104 M-1 and 8.74 x 104 M-1 respectively. LODs for Al3+, Cr3+ and Fe3+ were 

calculated and found to be 6.97, 15.80 and 14.00 nM, respectively. 32 was also applied for 

living cell imaging (for Al3+, Cr3+ and Fe3+ ions) with the human neuroblastoma SH-SY5Y 

cell line.  

 

Figure 1.23 Chemical structures of some rhodamine 6G–based Fe3+, Cr3+, Al3+ sensors (32-

33) 

For the detection of trivalent cations, Al3+, Fe3+ and Cr3+, Roy et al.90 developed a rhodamine-

6G based probe 33 (Figure 1.23), that in the presence of these metal ions changes its colour 

from colorless to pink, enabling naked eye detection. It was reported that in the presence of 

Al3+, Cr3+ and Fe3+ ions, the fluorescence intensity of 33 at 552 nm increases by 98, 50 and 

38-fold, respectively [methanol: water (7:3, v/v) (pH 7.2)] upon excitation at 500 nm. 33, due 

to its closed ring structure, is non-fluorescent, but the mentioned metal ions form complex 

with it and induce ring opening of spirolactam ring, leading to strong fluorescence. For Al3+, 

Cr3+ and Fe3+, LOD values were calculated and found to be 1.18, 1.80 and 4.04 nM, 

respectively. A 1:1 complex formation between 33 and metal ion was confirmed by Job’s plot 

and mass spectral analysis. The Kd values were also determined using absorption spectral 

studies, and were found to be 5.20 ± 0.39, 4.07 ± 0.13 and 6.49 ± 0.21 µM for Al3+, Fe3+ and 

Cr3+, respectively. It was reported that quenching of emission intensity of 33–Al3+ complex 

occurred in the presence of AsO4
3− ion, because Al3+ was removed from its complex by 
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AsO4
3− and non-fluorescent spirolactam unit was reproduced. Advanced level molecular logic 

devices e.g. molecular keypad lock, memory devices and different 3 and 5 input advanced 

level logic gates, have been constructed. 

1.7 Present Work: 

The main aim of our work is to synthesize some Rhodamine based fluorescent molecular 

probes for the recognition of Fe3+ ion in organo aqueous medium in very low concentration 

range, which have low toxicity to avail cell imaging study, protein binding study and the 

morphological change in the presence of metal ions. The ligands developed in this thesis are 

enlisted in Scheme 1.1. 

 

                                           Scheme 1.1 Design of target molecules. 

1.8 Physical measurements: 

(i) Elemental analyses: Elemental analyses were carried out using a Perkin–Elmer 240 

elemental analyzer. 

(ii) FTIR spectra: Infrared spectra (400–4000 cm-1) were recorded in liquid or solid states 

on a Nickolet Magna IR 750 series-II FTIR spectrometer. 

(iii) 1H NMR spectra: 1H-NMR spectra were recorded in DMSO-d6, CDCl3, CD3OD, 

CD3CN on a Bruker 300 MHz NMR spectrometer using tetramethylsilane (δ = 0) as an 

internal standard. 

(iv) UV-vis spectra: UV-vis spectra were recorded on an Agilent diode-array 

spectrophotometer (Model, Agilent 8453). 

(v) Mass spectra: ESI-MS+ (m/z) of the ligands and complexes were recorded on a Waters’ 

HRMS spectrometer (Model: QTOF Micro YA263). 
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(vi) Fluorescence spectra: Steady-state fluorescence measurements were performed with a 

PTI QM-40 spectrofluorimeter. 

(vii)  Life time measurements: Lifetimes were measured in Horiba–Jobin–Yvon on a 

Hamamatsu MCP photomultiplier (R3809) and analysed using IBH DAS6 software. 

(viii) DFT calculations: Ground state electronic structure calculations of the ligand and 

complexes have been carried out using using Gaussian 09W software package, 

associated with the conductor-like polarizable continuum model (CPCM). 

(ix) Cell imaging: Cell imaging studies has been performed under fluorescence microscope. 

Bright field and fluorescence images were taken using a fluorescence microscope (Leica 

DM3000, Germany) with an objective lens of 40x, 20 x magnifications. 

(x) pH study: The pH of the solutions was recorded using a Systronics digital pH meter 

(Model 335, India) with the pH range 2–12. The pH meter was calibrated using standard 

buffer solutions (Acros Organics) of pH 4.0, 7.0 and 10.0. 

(xi) XRD study: Single crystal X-ray diffraction studies were carried out on a Bruker 

SMART APEX-II CCD diffractometer. 

(xii) SEM study: SEM studies were carried out on a ZEOL, JSM 8360 scanning electron 

microscope (SEM) operated at an accelerating voltage of 5 kV. 
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Chapter 2 

____________________________________________ 

A novel rhodamine-3,4-dihydro-2H-1,3-benzoxazine 

conjugate as a highly sensitive and selective chemosensor 

for Fe3+ ion with cytoplasmic cell imaging possibilities 
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Abstract: 

A novel, highly sensitive and selective fluorescent chemosensor ‘rhodamine-3,4-dihydro-2H-

1,3 benzoxazine’ [RH-BZN (3)] has been synthesized and characterized by single crystal X-

ray diffraction and other physicochemical techniques. In 3:7 water: MeCN (v/v) at pH 7.2 (10 

mM HEPES buffer, µ= 0.05 M LiCl) it selectively recognizes Fe3+ through 1:1 complex 

formation resulting in a 240-fold fluorescence enhancement and a binding constant (Kf) of 

1.50 104 M-1. The otherwise non-fluorescent spirolactam form of the probe results in dual 

changes in absorbance and fluorescence arising out of opening of the spirolactam ring 

through coordination to Fe3+ ions. This probe could suitably be employed for cytoplasmic 

intracellular imaging of Fe3+ without notable cytotoxicity. The reversible binding of RH-BZN 

to Fe3+ was confirmed by reacting with tetra-n-butylammonium fluoride both in extra- and 

intra-cellular conditions. 
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2.1 Introduction 

Transition-metal ions are involved in many biological and environmental processes, and there 

has been a great emergence of interest in recent years to generate metal ion selective and 

sensitive fluorescent probes.1 Though numerous excellent studies focusing on the selective 

and sensitive detection of transition metal ions, e.g., Cu2+, Pb2+, Zn2+, and Hg2+ have been 

reported,2 examples of Fe3+-selective fluorescent probes are still scarce,3 despite the 

indispensable role of Fe3+ in many biochemical processes.4,5  

    Iron seems to be a versatile element involved in the proper functioning of numerous 

biological systems in all living organisms including bacteria and plants.6,7 Both deficiency 

and excess of iron can induce a variety of diseases.8 Iron being both useful and cytotoxic,9 its 

deficiency throughout the developmental phases may lead to permanent loss of motor skills.10 

Iron over load in a living cell can lead to generation of reactive oxygen species (ROS) via the 

Fenton reaction, which can cause damage to lipids, nucleic acids, and proteins. Again, 

accumulation of iron in the central nervous system may lead to a number of diseases like 

Parkinson's, Huntington's and Alzheimer's.9a Keeping in view the roles played by iron in day-

to-day life, the development of techniques for selective determination of iron is in great 

demand. It is necessary to design a simple, highly sensitive and selective chemosensor for 

Fe3+ detection and establish a method for the determination of trace amounts of Fe3+ ions. 

Most of the known Fe3+ sensors are based on fluorescence quenching mechanisms due to the 

paramagnetic nature of ferric ions.11 In addition, most turn-on fluorescence sensors for Fe3+ 

are not selective over Cr3+ and Cu2+.12 Therefore, the development of a chemosensor that 

shows high selectivity for iron involving a fluorescence turn-on response is necessary for 

practical applications. 

      On the other hand, 3,4-dihydro-2H-1,3-benzoxazines are bicyclic heterocycles that are of 

significant interest in the polymeric and pharmacological fields. 1,3-Benzoxazines have long 

been recognized for their wide range of biological activities with uses as herbicides, 

agricultural microbicides, bactericides, fungicides, and antidepressive, anti-inflammatory, and 

anti-tumour agents.13–16 Moreover, 1,3-benzoxazine monomers are recently used to develop a 

new type of phenolic resin, namely polybenzoxazines, by ring-opening polymerization.17–20 

       Rhodamine based conjugates with a spirolactam structure are, in general, non-fluorescent 

but act as colorimetric as well as fluorometric sensors with the enhancement of absorption 

and fluorescence emission intensity, respectively, on selective binding to metal ion(s). 
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 In the present study, we are going to disclose, for the first time, a rhodamine-3,4-dihydro-2H-

1,3-benzoxazine conjugate as a highly sensitive and selective fluorescent chemosensor for 

Fe3+ ions which further recognizes F −  ions by quenching the fluorescence of the Fe3+ – RH-

BZN complex by abstracting the metal ion through the formation of a stable FeF6 
3− complex. 

2.2 Experimental section 

2.2.1 Materials and methods 

The starting materials, such as, rhodamine B hydrochloride (Sigma-Aldrich), 2,4-di-tert-butyl 

phenol (Sigma-Aldrich), ethylene diamine (Sigma-Aldrich), formaldehyde (Sigma Aldrich), 

ferric nitrate (Sigma-Aldrich), and tetra-n-butyl ammonium fluoride (Sigma-Aldrich) were 

used for the preparation of RH-BZN and the Fe3+ complex. Other metal ions were obtained 

from previous studies. Solvents like EtOH, MeOH, MeCN, etc. (Merck, India) were of HPLC 

grade. MeCN and deionised water were used for spectroscopic studies. 

2.2.2 Physical measurements 

Infrared spectra (400–4000 cm−1) were recorded from KBr pellets on a Nickolet Magna I750 

series-II FTIR spectrophotometer. 1H NMR and 13C NMR were recorded in CDCl3 Bruker 

300 MHz NMR spectrometer using tetramethylsilane as an internal standard. UV vis spectra 

were recorded on an Agilent diode-array spectrophotometer (Model, Agilent 8453) steady-

state fluorescence spectra were recorded on a PTI spectrofluorimeter (Model QM40.) and 

ESI-MS+ (m/z) of the RH-BZN and Fe3+ complex were recorded HRMS spectrometer 

(Model: XeVG2 QTof). 

2.2.3 Synthesis 

2.2.3.1 Preparation of RH-BZN (3) 

Rhodamine B hydrochloride (1) (5.0 mmol) and ethylenediamine (10.0 mmol) were dissolved 

in EtOH and refluxed for 6 hours with continuous stirring whereupon a white crystalline solid 

of rhodamine-amine (2) was deposited. The solid was filtered and washed with EtOH. The 

compound (2) (2 mmol), 2,4-di tertiary butyl phenol (4 mmol) and formaldehyde (4 mmol) 

were dissolved in MeCN and refluxed for 20 h with constant stirring whereupon a white solid 

was deposited, filtered and washed several times with ethanol and dried in air (68% yield) 

(Scheme 2.1). It was further recrystallized from MeOH to get single crystals suitable for X-

ray diffraction studies. 1H NMR (300 MHz, CDCl3) ((δ, ppm): 1.20 (t, 12H, CH3), 1.28 (t, 

18H, CH3), 2.48 (s, 2H, CH2), 3.36 (s, 8H, CH2), 3.83 (s, 2H, CH2), 4.60 (s, 2H, CH2), 6.28 

(s, 2H, CH2), 6.40–6.50 (m, 4H, ArH), 6.73 (1H, s, ArH), 7.09 (s, 2H, ArH), 7.29 (s, 1H, 
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ArH), 7.46 (s, 2H, ArH), 7.92 (s, 1H, ArH) (Figure 2.1 and 2.2). IR spectrum:  1692.15 cm-1 

(spirolactam amide-keto), 1615.02 cm-1 (–CN) (Figure 2.3). ESI MS+ (m/z): 715.37 (RH-

BZN + H+) (Figure 2.4). 

 
 

Scheme 2.1 Synthetic route for the preparation of probe 3 and its Fe3+ complex. 

 

 

                                          Figure 2.1 
1
H-NMR spectrum of RH-BZN. 



 
41 

 

                                      Figure 2.2   13C NMR spectrum of RH-BZN. 

 

 

                        Figure 2. 3  IR Spectrum of RH-BZN and RH-BZN–Fe3+ complex. 
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                                Figure 2. 4 Mass spectrum of RH-BZN in CH3CN. 

2.2.3.2 Synthesis of [Fe(RH-BZN)(NO3)2(CH3CN)] 

Fe(NO3)3.9H2O (2 mmol) in 5 ml MeCN was added drop wise to a solution of RH-BZN (2 

mmol) in 20 ml MeCN with continuous stirring. After 1 hour the solution was filtered and 

kept aside undisturbed. After one day a crystalline complex was precipitated out. It was 

collected by filtration, washed several times with MeOH and dried in air. It was recrystallized 

from methanol. Several trials to grow single crystals failed. IR spectrum: ̅ =1637.68 cm-1 

(spirolactam amide-keto), 1554.65 cm-1 (–C=N) (Figure 2.3). ESI-MS+ (m/z): 834.4961 [Fe 

(RH- BZN) (OCH3) (CH3OH)]; 934.5900 [Fe (RH-BZN) (NO3)2(CH3CN)]; 948.6159 [Fe 

(RH-BZN) (NO3)2(OCH3)] Na+ (Figure 2.5a and 2.5b). 

2.2.4 Cell culture 

Human hepatocellular liver carcinoma (HepG2) cell lines (NCCS, Pune, India) were grown in 

DMEM supplemented with 10% FBS and antibiotics (penicillin, 10 µg ml -1; streptomycin, 

50µg ml -1). Cells were cultured at 37 C in a 95% air, 5% CO2 incubator. 
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      Figure 2.5a Mass spectrum of RH-BZN–Fe complex in CH3CN and simulation spectra. 

 

 

     Figure 2.5b Mass spectrum of RH-BZN–Fe3+ complex in CH3CN and simulation spectra. 
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2.2.5 Cell cytotoxicity assay 

To determine the cell viability % of RH-BZN, MTT assay was performed. HepG2 cells (1× 

105 cells per well) were cultured in a 96 well plate at 37 C, and exposed to varying 

concentrations of RH-BZN, 1, 10, 20, 40, 60, 80 and 100 µM, respectively, for 12 h. 20 µl of 

MTT solution [5 mg ml -1 1× phosphate-buffered saline (PBS)] was added to each well of a 

96-well culture plate and incubated again continuously at 37C for a period of 4 h. All media 

were removed from wells and 100 µl of DMSO was added to each well and absorbance was 

measured at 550 nm (EMax Precision Microplate Reader, Molecular Devices, USA). All 

experiments were performed in triplicate and the relative cell viability (%) was expressed as a 

percentage relative to the untreated control cells (Figure 2.6). 

 

                                        Figure 2.6 Cytotoxicity test of RH-BZN. 

 

2.2.6 Cell imaging study 

HepG2 cells were cultured and incubated in a 35× 10 mm culture dish over a cover slip for 24 

h at 37 C. The cells were allowed to incubate with 10 µm RH-BZN prepared by dissolving it 

in a mixed solvent (DMSO: water = 1: 9 (v/v)) in the culture medium for 30 min at 37 C. 

After incubation, cells were washed twice with 1 PBS and allowed to be counterstained by 

DAPI (2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride-40, 6-diamidino-2-phenyl-

indole, used for nuclear staining, Sigma). Fluorescence images of HepG2 cells were taken by 

using a fluorescence microscope (Leica DM3000, Germany) with an objective lens of 40x 

magnification. Fluorescence images of HepG2 cells were taken separately from another set of 
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experiment where cells were pre-incubated with 10 µM Fe3+ for 30 min at 37 C followed by 

washing twice with 1x PBS and subsequent incubation with 10 µM RH-BZN for 30 min at 37 

C. Similarly, in another set of experiment, cells were incubated sequentially with 10 µm 

Fe3+, 10 µM RH-BZN and 100 µM F- for 30 min at 37 C with alternative washing with 1 x 

PBS two times. The live cell on the cover slip was allowed for fluorescence imaging. RH-

BZN shows HepG2 intracellular cytoplasmic red fluorescence by forming a complex with 

Fe3+ and DAPI, used as the counter stain to localize the nucleus, showing blue color at the 

nucleus. Moreover, the concentration dependent capture of Fe3+ was preformed similarly as 

per described above at 1, 10 and 20 µM for RH-BZN. Furthermore, to confirm the 

cytoplasmic capturing of Fe3+ and cytoplasmic localization of RH-BZN after forming a 

complex with Fe3+ a cell imaging study was conducted by using DAPI as the nuclear counter 

stain and Lyso Tracker Green DND-26 (Invitrogen) for cytoplasm and, a live cell imaging 

study was carried out as described above. Likely, RH-BZN showed HepG2 intracellular 

cytoplasmic red fluorescence by forming a complex with Fe3+ confirmed against a nuclear 

and cytoplasmic tracker. 

 

2.2.7 Solution preparation for UV-vis and fluorescence studies 

For both UV-vis and fluorescence titrations, a stock solution of 1.0 ×10-3 M of the probe 3 

was prepared by dissolving it in 0.5 ml MeCN and finally the volume is made up to 10 ml by 

MeCN. Similarly, 10 ml 1.0 ×10- 3 M stock solutions of Fe3+ and tetra-n-butyl ammonium-

fluoride were prepared separately in MeCN. 100 ml solution of 10 mM HEPES buffer was 

prepared and the pH was adjusted to 7.24 by using HCl and NaOH as required. 2.5 ml of this 

buffer solution was pipetted out into a cuvette to which 20 µM of the probe was added and 

Fe3+ ions were added incrementally starting from 0 to 25 µM in a regular interval of volume 

and UV-vis and fluorescence spectra were recorded for each solution. Similar is the case for 

tetra-n-butyl ammonium fluoride titration. Path length used of the cells for absorption and 

emission studies was 1 cm. Fluorescence measurements were performed using 2 nm × 2 nm 

slit width. 

2.2.8. Quantum yield determination 

Fluorescence quantum yields () were estimated by integrating the area under the 

fluorescence curves with the equation:  
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where, A is the area under the fluorescence spectral curve and OD is optical density of the 

compound at the excitation wave length. The standard used for the measurement of 

fluorescence quantum yield was rhodamine 6G (std =0.94 in CH3OH). 

 

2.3 Result and discussion  

As depicted in Scheme 2.1, receptor RH-BZN (3) was synthesized from the reaction of 

rhodamine-B with ethylenediamine followed by the Mannich reaction with 2,4-di-tert-

butylphenol in the presence of formaldehyde in EtOH in refluxing conditions for 20 h with 

68% yield. The final product (3) was well characterized by 1H NMR (Figure 2.1), 13C NMR 

(Figure 2.2), IR (Figure 2.3), HRMS (Figure 2.4 and 2.5) and a single crystal X-ray 

diffraction method (Figure 2.7). Details of the method of data collection and refinement are 

listed in Table 2.1. 

Single crystal X-ray diffraction studies reveal that the compound RH-BZN crystallises in a 

monoclinic system of space group P21/c. The crystallographic details are depicted in Table 

2.1. The receptor 3 was found to be a highly sensitive and selective colorimetric and 

fluorogenic dual sensor for Fe3+ while in the absence of Fe3+; the solution of 3 is colourless 

and non-fluorescent. 

 

 

                Figure 2.7 Molecular view of 3, H atoms are removed to get better clarity. 

 



 
47 

Formula C46 H58 N4 O3 

Formula Weight                                               714.96 

Crystal System Monoclinic 

Space group                                   P21/c (no. 14) 

a, b, c [Å]             17.313(3), 24.678(4), 9.5642(17) 

α, β, γ [°]               90, 105.015(390), 90 

V [Å3]                                             3946.8(12) 

Z 4 

D (calc.) [g/cm3]                                             1.203 

μ(Mokα) [mm-1]                                             0.075 

F(000)                                                         1544 

Crystal Size [mm]                             0.05 x 0.18 x 0.23 

Temperature (K)                                           296 

Radiation [Å] Mokα 0.71073 

Θ Min-Max [°]                                   1.2, 27.6 

Dataset                                 -22: 22; -32: 32; -12: 12 

Tot., Uniq. Data, R(int)                32636, 9136,  0.094 

Observed data [I > 2.0 σ(I)]                               4317 

Nerf, Nar 9136, 492 

R, wR2, S                                     0.0861, 0.2329, 1.02 

Max. and av. shift/error                                 0.02, 0.02 

Min. and max. resd. dens. [e Å-3]                     -0.55, 0.86 

                             aw = 1/[s2(Fo
2) + (0.2000P)2], where P = (Fo

2 + 2Fc
2)/3 

 

In order to determine the stability constant and composition of the RH-BZN–Fe3+ complex 

we have carried out UV-vis titration with a fixed concentration of 3 (20 µM) and variable 

concentrations of Fe3+ (0–35.0 µM) at 25 C in aqueous MeCN (3: 7, v/v, 1.0 mM HEPES 

buffer, pH 7.2, µ = 0.05 M LiCl). It was revealed that there is a gradual development of a new 

absorption band at around 552 nm on addition of Fe3+ (Figure. 2.8). A plot of absorbance vs. 

[Fe3+] showed a gradual increase in absorbance and tends to become almost constant at 1 : 

1.75 ligand : metal mole ratio. The absorption titration data were fitted to a non-linear eqn 

(1),21 where a and b are the absorbance fluorescence intensities in the absence and presence 

of excess metal ions, respectively, c (=Kf) is the formation constant and n is the stoichiometry 

of the reaction. 

                                                             

                                 𝑦 =
𝑎 + 𝑏 × 𝑐 × 𝑥𝑛

1 + 𝑐 × 𝑥𝑛                    (1) 

 

The evaluated parameters are: Kf = (1.50 ± 0.18) x 104 M-1 and n = 1.04 ± 0.01. 
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Figure 2.8 (a) Absorption titration of RH-BZN with Fe3+ in MeCN-H2O (7:3, v/v) in HEPES 

buffer (1 mM) at pH 7.2; (b) non-linear fitting of data. 

 

 

 

Figure. 2.9 (a) Fluorescence titration of (20.0 μM) in MeCN-H2O (7:3, v/v) in HEPES buffer 

at pH 7.2 by the gradual addition Fe3+ with ex = 510 nm, em = 582 nm. Inset: non-linear 

curve-fit of F.I. vs. [Fe3+] plot. 

 

The fluorescence titration (Figure 2.9a) data were solved analogously as in the case of 

absorption titration data which gives a Kf of (1.50 ± 0.23) x 104 M–1, n = 0.99 ± 0.02 (inset of 

Figure 2.9a). There is an excellent agreement between the Kf values extracted from 

absorption (Kf  = (1.50 ± 0.18)  104 M-1, n = 1.04 ± 0.01) and fluorescence (Kf = (1.50 ± 
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0.23)  104 M-1, n = 0.99 ± 0.02) titration data manifesting the self-consistency of our results. 

The 1:1 composition of the complex was further confirmed by Job's experiment (Figure 

2.10). 

 

 
 

       Figure 2.10 Jobs plot (M= Fe3+ and L= RH-BZN). 

After performing all possible compositions of CH3CN/H2O for spectral (fluorescence) studies 

it was observed that CH3CN–H2O (7: 3, v/v) is a good choice for this study. On increasing 

the water content beyond CH3CN–H2O (7: 3, v/v) the fluorescence enhancement was found 

to decrease progressively and there is no visible change in F. I. when 100% water was used 

(Figure 2.11). The detection of Fe3+ was not perturbed by the presence of biologically 

abundant Na+, K+, Ca2+ and Mg2+ ions. Similarly, several transition-metal ions, namely Cr3+, 

Mn2+, Fe2+, Co2+, Cu2+, Ni2+ and Zn2+, and heavy-metal ions, like Cd2+, Hg2+ and Pb2+ did not 

show any significant spectral change under identical reaction conditions (Figure 2.12) and 

the selectivity studies both for individual metal ions as well as in the presence of Fe3+ in each 

case were also carried out. These studies clearly suggest that all the tested metal ions have no 

interference in the selective detection of Fe3+ (Figure 2.13). 
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Figure 2.11 Fluorescence emissions with varying water contain. 

 

 

            Figure 2.12 Fluorescence emission spectra of different metals. 
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Figure 2.13 Over selectivity study of RH-BZN towards Fe3+ ion in presence of different 

metal ions. 

 

 

 

      Figure 2.14 pH variation plot. 
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To check the suitability for the convenient biological application of this probe towards Fe3+ 

sensing under physiological conditions the pH-stability of the probe was investigated which 

showed no obvious fluorescence of RH-BZN between pH 6 and 12, suggesting the existence 

of a spirolactam form of RH-BZN over this wide range of pH (Figure 2.14). However, in the 

presence of a selective guest like Fe3+ ions its fluorescence effectively at pH ≥ 7.0 which 

clearly indicates the compatibility of the probe for biological applications under physiological 

conditions. The reversible binding of 3 to Fe3+ was investigated in the same solvent system as 

was used in the absorption and fluorescence titrations. Anions like SO4 
-2, NO3

–, Cl–, F–, Br–, 

I–, OAc– and N3
– of 5 equivalents of 3 were introduced (Figure 2.15) into the solution of the 

RH-BZN–Fe3+ complex and subsequently the changes in their fluorescence intensities were 

monitored. The results showed that anions like F– (tetra-n-butylammonium fluoride) have a 

strong affinity towards Fe3+ and their binding constants seem to be much higher than that of 

the RH-BZN–Fe3+ complex resulting in the abstraction of Fe3+ from the complex and 

bleaching of the emission band at 582 nm through there establishment of the spirolactam ring 

(Figure 2.16). The quantum yield of the RH-BZN–Fe3+complex was determined to be 

=0.57(with rhodamine 6G as a standard), whereas the free ligand is non-or very weakly 

fluorescent. The limit of detection (LOD) of Fe3+was determined by the 3 method22 and 

found to be as low as 0.11µM (Figure 2.17). All these findings indicate that RH-BZN is a 

good example of an ideal chemosensor for Fe3+. 

 

        Figure 2.15 Fluorescence emission spectra of different anions. 
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Figure 2.16 The phase contrast (upper panel) and fluorescence images (lower panel) of 

HepG2 cells were captured (40X) after incubation with (i) RH-BZN (10 µM), (ii) RH-BZN 

+ Fe3+ (10 µM each) and (iii) RH-BZN + Fe3+ (10 µM each) followed by addition of 100 μM 

F- for 30 min at 37°C. Inset shows the cytoplasmic response of RH-BZN towards Fe3+. (iv) 

Fluorescence titration of RH-BZN–Fe3+ ensemble (20 μM) by gradual addition of F- solution 

(5 μM at a time). 

 

                Figure 2.17 Limit of detection (LOD) calculation. 

The formation of the RH-BZN–Fe3+ complex by opening of the spirolactam ring was 

established through IR studies. The IR study revealed that the characteristic stretching 

frequency of the amidic “C=O” of the rhodamine moiety at 1692.15 cm-1 is shifted to a lower 

wavenumber 1637.68 cm-1 in the presence of 1.2 equiv. of Fe3+ (Figure 2.3). This large shift 

signifies a strong polarization of the “C=O” bond upon efficient binding to the Fe3+ ion and 

infect indicates opening of the spirolactamring.22 
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Figure. 2.18 HepG2 cells were incubated with (i) 10 M of RH-BZN for 30 min at 37 C, (ii) 

pre-incubated 10 M of Fe3+ for 30 min at 37 C followed by washing twice with 1 PBS 

and, subsequent incubation with 10 M RH-BZN for 30 min at 37 C and (iii) pre-incubated 

10 M of Fe3+ for 30 min at 37 C followed by 10 M RH-BZN and 100 M F− for 30 min at 

37 C with alternative washing with 1 PBS two times. (A) The fluorescence image (40) 

shows the strong red fluorescence when RH-BZN complexes with Fe3+ (in green filter) and is 

subsequently quenched on the addition of F− (in green filter). The merged image shows the 

cytoplasmic RH-BZN+Fe3+ fluorescence, suggesting no nuclear entry of RH-BZN 

fluorophore with DAPI as the nuclear counter stain (blue, in violet/blue filter). (B) The 

fluorescence image (100) shows the strong red fluorescence when RHBZN complexes with 

Fe3+ and is subsequently quenched on the addition of F−. The merged image shows the 

cytoplasmic RH-BZN + Fe3+ fluorescence, suggesting no nuclear entry of RH-BZN 

fluorophore with DAPI as the nuclear counter stain (blue) and LysoTracker (green, in blue 

filter) for cytoplasm. (C) The intracellular fluorescence image of RH-BZN in the complex 

with Fe3+ at 1, 10 and 20 M concentrations of RH-BZN is shown (40) by counterstaining 

using DAPI and (D) using DAPI as the nuclear counter stain and LysoTracker for cytoplasm 

(100). The lowest concentration of RH-BZN (1 m) shows excellent detection of Fe3+ in the 

cytoplasm of HepG2 cell. 
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Bio-imaging of Fe3+ by RH-BZN was performed in live cells (Figure 2.16 and 2.18) by using 

fluorescence microscopic techniques. To determine whether RH-BZN has any cytotoxic 

effect, MMT assay was performed on HepG2 cells which showed no significant cell 

cytotoxicity up to 80 µm 23 Hence further experiments were carried out at low dose (10 µm) 

of RH-BZN. 

      The intracellular imaging behaviour of RH-BZN (10 µM) on HepG2 cells displayed no 

obvious fluorescence (Figure 2.16). However, an excellent intracellular cytoplasmic 

fluorescence was observed inside the cells, when HepG2 cells were incubated with 10 µM 

RH-BZN followed by washing with 1x PBS and subsequent incubation with 10 µM Fe3+ and, 

also subsequent quenching of red fluorescence on treatment with tetra-n-butyl ammonium 

fluoride. Interestingly we have observed that the fluorophore RH-BZN shows the only 

cytoplasmic binding with Fe3+, not the nuclear binding (Figure 2.16, inset and Figure 2.18). 

The specific binding of fluorophore 3 to the cytoplasm makes this fluorophore less toxic, as 

fluorophore 3 cannot cross the nuclear membrane to bind to the nucleus (DNA) which causes 

the more toxic effect oncells.24 The cytotoxicity study by MMT assay shows 82% cell 

viability at 20 µM concentration and specially detects the cytoplasmic Fe3+. Additionally, 

(Figure 2.18) displays the concentration dependent binding of RH-BZN to intracellular Fe3+ 

which clearly indicates that the present probe is capable of recognizing cytoplasmic Fe3+ as 

low as 1 M concentration. As the dye is not water soluble, we performed all the extracellular 

experiments in the MeCN: H2O) (7:3, v/v) mixture. However, when the probe is once 

solubilised in DMSO it did not give any precipitate on adding water up to 99%. So, there was 

no problem in performing the cell imaging experiment in the 1:9 DMSO : H2O mixture. 

Few of the recently investigated rhodamine-B based Fe3+ sensors are given in Scheme 2.2 

and some salient features are given in Table 2.1. A quick inspection of these studies reveal 

that all these are turn on Fe3+ ion sensors with moderate LOD values (0.32–5.0 µM) and 

formation constants (Kf   =   5.1 × 103 – 4.52 × 105 M-1) and applicable for monitoring intra 

cellular Fe3+ions,25 though in a few cases no cell imaging experiments were per formed. RH-

BZN recognizes Fe3+ with 240-fold fluorescence enhancement with a binding constant of 

1.50× 104 M-1 and a LOD of 0.11 µM through a 1:1 host–guest type interaction. Not only that 

the cytoplasmic binding makes this probe more appropriate for in vivo monitoring of Fe3+ 

without any genetic damage. 
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                 Scheme 2.2 Few of recently investigated rhodamine-B based Fe3+ sensors. 
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Table 2.1 Comparative results of selected rhodamine 6G based probes for recognizing Fe3+. 

Probe Formation constant 

(M -1) 
LOD (M) Cell 

(i)RH-BZN 1.5104 0.11 Done, cytoplasmic 

binding 

(ii) Not-determined 0.32 Done 

(iii) 2.3104 Not determined Done 

(iv) 1.58105 Not determined Not done 

(v) Not determined 1.8 Not done 

(vi) 2.46104 0.40 Done 

(vii)(a) 7.5103 Not determined Not done 

(vii)(b) 5.1103 Not determined Not done 

(viii) 4.52105 5 Done 

(ix) 9.52105 0.05 Done 

 

2.4 Conclusions 

In summary, a novel benzoxazine based dual sensor ‘rhodamine-3,4-dihydro-2H-1,3-

benzoxazine’, RH-BZN (3) has been synthesized and structurally characterized. In 3: 7 

waters: MeCN (v/v) and at physiological pH 7.2, it selectively recognizes Fe3+ giving 240-

fold fluorescence enhancement and a binding constant of 1.50× 104 M-1 through a 1: 1 host–

guest type interaction, which could suitably be employed for cytoplasmic intracellular 

imaging of Fe3+ without notable cytotoxicity. Reversible binding of Fe3+ towards this probe 

was confirmed by reacting with tetra-n-butyl ammonium fluoride both in extra and intra- 

cellular conditions. 
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Chapter 3 

________________________________ 

A turn-on fluorogenic chemosensor for Fe3+ and a 

Schottky barrier diode with frequency-switching device 

applications 
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Abstract: 

A novel highly sensitive and selective fluorescent chemosensor L has been synthesized and 

characterized by various physicochemical techniques. In 3:7 water: MeCN (v/v) at pH 7.2 (10 

mM HEPES buffer, µ = 0.05 M LiCl), it selectively recognizes Fe3+ through 1:1complexation 

resulting in a 106-fold fluorescence enhancement and a binding constant of 8.10 ×104 M−1. 

The otherwise non-fluorescent spirolactam form of the probe results a dual-channel 

(absorbance and fluorescence) recognition of Fe3+ via CHEF (chelation enhanced 

fluorescence) through the opening of the spirolactam ring. We have also carried out 

fluorescence titration and anisotropy (r) studies in pure water in the presence of SDS (sodium 

dodecyl sulphate). Based on the dependence of FI (fluorescence intensity) and r on [SDS] it 

was proposed that the probe is trapped between two SDS monolayers which again interact 

among themselves by π⋯π stacking. As a result, there is an increase in FI up to [SDS] ∼ 7 

mM– a phenomenon reminiscent of aggregation induced enhancement of emission (AIEE). 

Beyond this concentration of SDS (7 mM), micelle formation takes place and the π⋯π 

stacked polymer now becomes a monomer and is trapped inside the micellar cavity. As a 

result, there is a decrease in FI at [SDS] > 7 mM. But for anisotropy, it increases with [SDS] 

beyond 7 mM. Ligand, metal, and SDS interactions are well established through different 

optical and morphological studies. [L–Fe(NO3)]
2+ thin films on FTO (Fluorine-doped Tin 

Oxide) glass substrates have been designed with the help of the spin-coating deposition 

technique. The deposited film of thickness 1.6 × 10−5 cm is well characterized by optical band 

gap calculation with a direct band gap, ℇg ∼ 1.6 eV. FESEM was also performed for the [L–

Fe (NO3)]
2+/FTO film. The current–voltage characteristics were measured by the two-probe 

technique. Light-dependent exciton generation was carried out by taking the top and bottom 

contacts with graphite paste on FTO and on the [L–Fe(NO3)]
2+ films for the measurement of 

switching behaviour. The response ratio curve for the light-induced frequency-switching 

phenomena has been obtained. The frequency taped here is the oscillation frequency of the 

photo-generated electron and the hole in an exciton. Thus, the light-induced frequency-

switching behaviour and Schottky barrier diode characteristics of the material were 

established. 
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3.1 Introduction 

Iron is not only the most abundant transition metal in cellular systems, but also it is of 

outstanding biological importance given its presence in numerous enzymes and proteins. As 

to Fe3+, its vital roles in a variety of cell functions have been summarized in many reviews.1–4 

Haemoglobin, an iron-containing protein, is critically involved in both electron transfer 

reactions and oxygen transport processes in all tissues5,6 and has suitable redox potential 

values and high affinity for oxygen. The deficiency or excess of Fe3+ can lead to a variety of 

diseases, such as Alzheimer’s, Huntington’s, Parkinson’s etc.7–10 Thus, there is an urgent 

need to develop chemical sensors that are capable of detecting and quantifying the presence 

of Fe3+ ions in biological samples. Due to its paramagnetic nature, Fe3+ is basically the most 

effective fluorescent quencher,11–13 which makes it difficult to develop a desirable 

fluorescence turn-on sensor. For this reason, very few turn-on sensors of Fe3+ have been 

reported but many of them are interfered by few other metal ions.14 Again, there are examples 

of rhodamine-based fluorescent sensors for Fe3+, but most of them are soluble either in 

organic solvents or mixed organo-aqueous media15–24 with few exceptions which are soluble 

in purely aqueous medium.25–27.  

Consequently, the design of new probes bearing suitable multidentate chelating units, which 

can preferentially recognize Fe3+, is a timely important area of research. Given our interest in 

developing new chemo-sensing systems, we report, herein, a rhodamine-based dual channel 

probe for the detection of Fe3+. Rhodamine-based conjugates with a spirolactam structure are, 

in general, non-fluorescent but act as colorimetric as well as fluorometric sensors with the 

enhancement of absorption and fluorescence emission intensity, respectively, on selectively 

binding to metal ion(s). 

In the present article, we are going to disclose a rhodamine–1-(2-aminoethyl) pyrrolidine 

conjugate as a highly sensitive and selective fluorescent chemosensor for Fe3+ ions. 

Transition metal complexes are found to have huge potential to form an active layers which 

are important in the optical and electronic applications. Recently, considerable attention has 

been given to developing nanometre-scale materials due to their unique physical and 

chemical properties and potential applications in nanoscale devices.28,29 Here, we will 

explore, for the first time, the feasibility of using a [L–Fe(NO3)]
2+/FTO film as a Schottky 

barrier diode with frequency-switching device applications. With an indigenous design of a 

ligated chromophore, we believe that the luminescent Fe(III) complex may serve as a new 
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model for probing a variety of fundamental characteristics in view of the fabrication of 

optoelectronic devices. 

3.2 Experimental section 

3.2.1 Materials and methods 

The starting materials, such as rhodamine-6G hydrochloride (Sigma Aldrich), 1-(2-

aminoethyl) pyrrolidine (Sigma Aldrich), and ferric nitrate (Sigma Aldrich), were used for the 

preparation of L and the [L–Fe(NO3)]
2+ complex. Solvents like EtOH, MeOH, MeCN, etc 

(Merck, India) were of HPLC grade. MeCN and de-ionized water were used for 

spectroscopic studies. 

3.2.2 Physical measurements 

Infrared spectra (400–4000 cm−1) were recorded from KBr pellets on a Nickole Magna IR 

750 series-II FTIR spectrophotometer. 1H-NMR spectra were recorded in DMSO-d6 on a 

Bruker 300 MHz NMR spectrometer using tetramethylsilane (δ = 0) as an internal standard. 

UV-Vis spectra were recorded on an Agilent diode-array spectrophotometer (Model, Agilent 

8453), steady-state fluorescence spectra were recorded on a PTI spectrofluorometer (Model 

QM-40), and ESI-MS+ (m/z) of the receptor (L) and the L–Fe3+ complex were recorded on a 

HRMS spectrometer (Model: XeVO G2 QTof). Morphological analyses of the films were 

carried out by field emission scanning electron microscopy (FESEM) (JEOL, JSM-6700F). 

 

                                      Scheme 3.1 Synthesis of probe L and its Fe3+ complex. 
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3.2.3 Synthesis 

3.2.3.1 Preparation of L 

Rhodamine-6G hydrochloride (1) (5.0 mmol) and 1-(2-aminoethyl) pyrrolidine (10.0 mmol) 

were dissolved in EtOH and refluxed for 6 h with continuous stirring whereupon a reddish 

crystalline solid of L (Scheme 3.1) was deposited. The solid was filtered and washed with 

EtOH and dried in air (68% yield). Recrystallization from EtOH afforded single crystals for 

X-ray diffraction studies. 1HNMR (300 MHz, DMSO-d6) (δ, ppm): 1.31 (t, 10H), 1.70 (s, 

4H), 1.89 (s, 6H), 2.21 (d, 2H), 2.30 (s, 4H), 3.22 (t, 6H), 3.48 (s, 2H), 6.23 (s, 2H), 6.33(s, 

2H), 7.03 (s, 1H), 7.42 (t, 2H), 7.90 (s, 1H) (Figure 3.1). IR spectrum:  𝑣̃ = 1692 cm−1 

(spirolactam amide-keto), 1615 cm−1 (–C=N) (Figure 3.2). ESI-MS+ (m/z): 511.3624 (L + 

H+) (Figure 3.3).                   

 

            Figure 3.1 1H-NMR spectra of L in DMSO-d6 in Bruker 300 MHz instrument. 

3.2.3.2 Synthesis of [L–Fe(NO3)]2+ 

Fe (NO3)3·9H2O (0.808 g, 2 mmol) in 5 ml MeCN was added dropwise to a solution of L (2 

mmol) in 20 ml MeCN with continuous stirring. After 1 h, the solution was filtered and kept 

aside undisturbed. After one day, a crystalline compound of complex [L–Fe(NO3)]2+ 

(Scheme 3.1) was precipitated out. It was collected by filtration, washed several times with 

MeOH and dried in air. It was recrystallized from methanol. Several trials to grow single 
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crystals were failed. IR spectrum: 𝑣̃ = 1637 cm−1 (spirolactam amide-keto), 1554 cm−1 (–

C=N) (Figure. 3.2). ESI-MS+ (m/z): 628.4961 [L–Fe(NO3)]
2+ (Figure. 3.4). 

 

                                      Figure 3.2   IR Spectrum of L and L-Fe3+ complex. 

 

                                     Figure 3.3  Mass spectra of L in MeCN.   
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                            Figure 3.4 Mass spectra of L-Fe3+ complex in MeCN. 

3.2.4 Solution preparation for UV-Vis and fluorescence studies 

For both UV-Vis and fluorescence titrations, a 1.0 x 10-3 M stock solution of the probe L was 

prepared by dissolving it in 0.5 ml MeCN, the volume of which was finally adjusted to 10 ml 

by MeCN. Similarly, 10 ml 1.0 x 10-3 M stock solution of Fe3+ was prepared separately in 

MeCN. 100 ml 10 mM HEPES buffer was prepared in Milli-Q Millipore water and pH was 

adjusted to 7.24 by using HCl and NaOH. 2.5 ml of this buffer solution was pipetted out into 

a cuvette to which 50 µM of the probe was added and Fe3+ was added incrementally starting 

from 0 to 80 µM in a regular interval of volume and UV-Vis spectra were recorded for each 

solution. For fluorescence spectra 10 µM L was added to 2.5 ml buffer solution in a cuvette 

and Fe3+ was added incrementally starting from 0 to 25 µM in a regular interval of volume 

and fluorescence spectra were recorded for each solution. The 1 cm path lengths of the cells 

were used for absorption and emission studies. Fluorescence measurements were performed 

using 2 nm x 2 nm slit width.  

3.2.5 Determination of fluorescence polarization anisotropy 

A PTI QM-40 spectrofluorometer was used for the determination of fluorescence anisotropy 

(r) as defined by eqn. (1), 
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𝑟 =
𝐼𝑉𝑉−𝐺.𝐼𝑉𝐻

𝐼𝑉𝑉+2𝐺.𝐼𝑉𝐻
                           (1) 

 

where, IVV and IVH are the emission intensities obtained with the excitation polarizer oriented 

vertically and emission polarizer vertically and horizontally, respectively. The G factor is 

defined as 30 

                                                     G = 
𝐼𝐻𝑉

𝐼𝐻𝐻
                                   (2) 

 

here, the intensities IHV and IHH refer to the vertical and horizontal positions of the emission 

polarizer, with the excitation polarizer being horizontal. 

3.2.6 Time-correlated single photon counting measurements 

Time-correlated single photon counting (TCSPC) measurements were performed in 10 mM 

HEPES buffer of pH 7.2 for the fluorescence decay of the free ligand, L and the [L– 

Fe(NO3)]
2+ complex in the absence and presence of SDS at 25 °C. During the TCSPC 

measurements, photoexcitation was carried out at 510 nm for the [L–Fe(NO3)]
2+ complex 

using a Hamamatsu MCP photomultiplier (R3809) and was analysed by using IBH DAS6 

software using eqn (3), 

  

                                      𝐹(𝑡) =  ∑ 𝛼𝑖𝑖 exp (−
𝑡

𝜏
 )                         (3) 

 

where ai denotes the i th pre-exponential factor and τ represents the decay time. The decay 

time is referred to as the lifetime of the excited species. 

 

 

                    Figure 3.5 Molecular view of ligand (L). H-atoms are omitted for clarity. 
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3.3 Results and discussion 

Scheme 3.1 describes the synthesis of receptor L from the reaction of rhodamine-6G with 1-

(2-aminoethyl) pyrrolidine in EtOH under refluxing conditions for 20 h with 68% yield. The 

final product (L) was well characterized by 1H-NMR (Figure 3.1), IR (Figure 3.2), HRMS 

(Figures 3.3 and 3.4) and single crystal X-ray diffraction techniques. Figure 3.5 displays the 

molecular view of L which was found to crystallize in the P-1 space group of the triclinic 

system (Table 3.1) 

                   Table 3.1 Details of crystallographic data collection and refinements. 

Elemental formula C32H40N4O3 

Formula Weight  528.68 

Crystal System Triclinic 

Space group P-1 

Temp/K 296(2) 

a/Å 10.36(15) 

b/Å 11.54(17) 

c/Å 12.54(19) 

V/A3 1452.4(4) 

Z 2 

Cell angle alpha 81.87(5) 

Cell angle beta 77.71(5) 

Cell angle gamma 87.24(5) 

Theta min 1.68 

Theta max 27.16 

Crystal description  Block shape 

Crystal colour  Light brown 

F000 568.0 

F000 568.22 

h, k, l max 13,14,16 

Tmin 0.991 

Tmax 0.994 

 

The solution of L is colorless and non-fluorescent because of its spirolactam form. However, 

it becomes dark red and highly fluorescent in the presence of Fe3+. But many other metal ions 

do not produce such optical changes. So, it behaves as a highly sensitive and selective dual 

channel (colorimetric and fluorometric) sensor for Fe3+ in the presence of other metal ions. 

The apparent formation constant (K) was determined by UV-Vis titrations in MeCN-buffer 

solution (7 : 3 v/v, HEPES at pH 7.0) at 25 °C. A linear form of Benesi–Hildebrand equation 

(eqn 4) was used to evaluate the dissociation constant and stoichiometry of complexation, 

where, A0 and Amax are the absorbances of the ligand in the absence and in the presence of 
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excess metal ion, respectively and n is the stoichiometry (L : Fe3+) of the reaction. A linear 

least square-fit of (Amax − Ao)/ (A − Ao) against 1/[Fe3+] clearly demonstrates a 1: 1 

stoichiometry of the reaction (n = 1) which also gives an apparent dissociation constants Kd = 

(8.26 ± 0.03) × 10−5 M. 

 

                                      
(𝐴max − 𝐴0)

(𝐴 − 𝐴0)
= 1 +

1

𝐾[Fe3+]
                       (4) 

 

Similarly, the fluorescence titration (Figure 3.6) of L (10 μM) against variable Fe3+ 

concentrations (0–50 μM) under identical reaction conditions gives Kd = (4.81 ± 0.12) × 10−5 

M and n = 1. There is an excellent agreement between the K values for the [L–Fe(NO3)]
2+ 

system obtained from the absorption and fluorescence titration data clearly manifesting the 

self-consistency of our results. 

 

 

 

Figure 3.6 UV-Vis (20 µM of L) and florescence titration (10 µM of L) with [Fe3+] (0–25 

µM) (a) absorbance vs. wavelength plots for various increasing concentrations of Fe3+ (0–20 

µM) (b) Benesi–Hildebrand plot; (c) FI vs. wavelength plots for various increasing 

concentrations of Fe3+ (0–25 µM); (d) Benesi–Hildebrand plot. 

 

The detection of Fe3+ was not interfered by the presence of different metal ions like Na+, K+, 

Ca2+, Mg2+, Cr3+, Mn2+, Fe2+, Co2+, Cu2+, Ni2+, Zn2+, Cd2+, Hg2+ and Pb2+ under identical 

reaction conditions. On addition of 1.5 equivalents of Fe3+ to the individual L–Mn+ solutions 

containing 5 equivalents of Mn+ the fluorescence intensity corresponding to the [L–

Fe(NO3)]
2+ complex was obtained. This observation clearly indicates that Fe3+ forms a strong 

complex with L in the presence of the above-mentioned metal ions, which again suggests that 

all the tested metal ions do not interfere with the selective detection of Fe3+ (Figure. 3.7). 

            The pH-stability of the probe was investigated between pH 2 and 12, which showed 

no obvious fluorescence of L between pH 4 and 12 (Figure 3.8). However, in the presence of 
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selective guests like Fe3+ ions, it fluoresces effectively at pH ≥ 7.0, which clearly indicates 

the compatibility of the probe for biological applications under physiological conditions. 

 

Figure 3.7 Fluorescence emission of L (20 µM) induced by different cations (100 µM)  (1-34 

are: L, L+Fe3+, L+Na+, L+Na++Fe3+, L+Cr3+, L+Cr3++Fe3+, L+Ca2+, L+Ca2++Fe3+,  L+Mg2+, 

L+Mg2++Fe3+,  L+K+, L+K++Fe3+,  L+Al3+, L+Al3++Fe3+,  L+Mn2+, L+Mn2++Fe3+,  L+ Fe2+, 

L+ Fe2++Fe3+,  L+Co2+, L+ Co2++Fe3+,  L+Cu2+, L+Cu2++Fe3+,  L+Ni2+, L+Ni2++Fe3+,  

L+Zn2+, L+Zn2++Fe3+, L+Cd2+, L+Cd2++Fe3+,  L+Hg2+, L+Hg2++Fe3+,  L+Pb2+, L+Pb2++Fe3+, 

L+ Ag+, L+ Ag++Fe3+).  

 

Figure 3.8 pH dependence of the FIs of the free ligand L (magenta) and the L –Fe3+ complex 

with L: Fe3+= 1:1.05 (blue) in the MeCN/H2O (3:7 v/v) solvent system with λex= 510 nm. The 

inset shows the histogram plot. 
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The IR spectrum of the receptor reveals the presence of the characteristic stretching 

frequency of the amidic ‘C=O’ of the rhodamine moiety at 1692 cm−1, which is shifted to a 

lower wavenumber of 1637 cm−1 in the presence of 1.2 equivalents of Fe3+ (Figure 3.2). This 

large shift (Δν =54 cm−1) signifies a strong polarization of the C=O bond upon efficient 

binding to the Fe3+ ion. In fact, it indicates the formation of the L–Fe3+ complex by opening 

of the spirolactam ring.  

The 1: 1 (L: Fe3+) complexation was determined by Job’s method (Figure 3.9) and further 

supported by mass spectrometric analysis (m/z = 628.4961) [L–Fe(NO3)]
2+. 

 

        Figure 3.9. Job’s plot for the determination of the composition of the L–Fe3+ complex. 

 

3.3.1 Steady-state fluorescence studies in the presence of SDS 

We have also carried out fluorescence titration in pure water in the presence of SDS under 

two conditions. (i) At a fixed concentration of L (10 µM) and SDS (10 mM) and a variable 

concentration of Fe3+ (ii) at a fixed concentration of L (10 µM) and Fe3+ (10 µM) and a 

variable concentration of SDS. 

         In case (i), there is a gradual increase in FI with the increase in Fe3+ concentration. It 

reaches a maximum at ∼10 µM Fe3+ and then remains almost constant on a further increase 

in Fe3+ concentration. The major linear part of the plot was used to extract the association 

constant Kf by using the linear form of equation (5) under the condition 1 ≫ c × xn with n = 

131 and the value was evaluated to be (1.27 ± 0.10) × 105 M−1 (Figure 3.10). It is found to be 
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an order of magnitude higher than that obtained in MeCN– H2O in the absence of SDS. This 

indicates a higher stability of the complex formed in the excited state in the presence of SDS. 

 

Figure 3.10 Florescence titration of L (10 µM) by Fe3+ in the presence of SDS (9 mM) with 

λex = 510 nm; (b) plot of FI as a function of [SDS].   

𝑦 =
(𝑎 + 𝑏 × 𝑐 × 𝑥𝑛)

1 + 𝑐 × 𝑥𝑛
                                (5) 

This enhanced stability constant value may be due to the restricted movement of the doubly 

positively charged [L–Fe(NO3)]
2+ complex by the strong electrostatic attraction with the 

negatively charged head group of SDS in the form of laminar aggregates. 

 

Figure 3.11 Florescence titration of L (10 µM) by SDS in the presence of [Fe3+] (10 µM) 

with λex = 510 nm; (b) plot of FI as a function of [SDS]. 

In the second case, a plot of FI vs. [SDS] shows an initial sharp drop in FI of the [L–

Fe(NO3)]
2+ complex in water on adding 1 mM SDS and then it increases rapidly with the 

increase in SDS concentration, reaches a maximum at 7.0 mM, and then decreases with the 
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increase in SDS concentration, which is clearly demonstrated in (Figure 3.11b). The initial 

sharp drop in FI may arise due to the breakdown of the self-organized [L–Fe(NO3)]
2+ 

complex (non-covalently attached polymer) in purely aqueous medium in the presence of 1 

mM SDS. 

This experiment clearly demonstrates the aggregation between [L–Fe(NO3)]
2+ and SDS, 

which is favored with the increase in SDS concentration up to 7 mM SDS. With a further 

increase in [SDS], there is a gradual decrease in FI and it reaches almost a plateau at [SDS] ∼ 

18 mM (Figure 3.11b). The appearance of the fluorescence maximum at [SDS] ∼ 7 mM 

clearly indicates that the critical micellar concentration (CMC) of SDS is 7 mM under the 

experimental conditions. The decrease in FI with [SDS] beyond 7 mM may be attributed to a 

change in the morphology of SDS surfactant from laminar to spherical micelles on increasing 

the [SDS], and at the same time the polymeric [L–Fe(NO3)]
2+ becomes a monomer and gets 

trapped inside the micellar cavity. The formation of the monomer results in a decrease in FI. 

The increase in FI with [SDS] manifests the fact of aggregation-induced enhancement of 

emission (AIEE). It is interesting to note that in the presence of 9 mM SDS, no quenching of 

the fluorescence intensity of the [L–Fe(NO3)]
2+ complex by HF2 

− was observed, which was 

otherwise observable in the absence of SDS. This clearly indicates the non-accessibility of 

the [L–Fe(NO3)]
2+ complex to HF2 

− due to trapping inside the micellar cavity. 

3.3.2 Steady-state fluorescence anisotropy 

We have measured the steady-state fluorescence anisotropy to monitor the extent of 

restriction imposed by the micro heterogeneous environment on the dynamic properties of the 

probe. To check this, we have monitored the fluorescence anisotropy as a function of SDS 

concentration at a fixed concentration of L and Fe3+ (10 μM each) at 564 nm.  

 

Figure 3.12 Plot of fluorescence anisotropy (r) as a function of [SDS] in purely aqueous 

medium at 25 °C and [L] = [Fe3+] = 10 μM, λex = 510 nm. 



 
75 

A steady increase in anisotropy on increasing the SDS concentration up to 1.5 mM occurs, 

followed by a gradual decrease with SDS concentration, reaching a plateau at ∼4.2 mM, and 

then maintaining a steady value up to 7.0 mM. After that, it again slowly increases with the 

increase in [SDS] (Figure. 3.12). 

 

 

Scheme 3.2 Schematic presentation of the interactions of probe with the laminar 

microstructure and micellar microstructure of SDS (adopted from UC Davis Chewiki). 

         As discussed earlier, the initial sharp increase in anisotropy with [SDS] may be due to 

the layer arrangement of SDS. Between two such layers [L–Fe(NO3)]
2+ complexes are 

trapped by electrostatic interaction with the negatively charged sulfonic acid head groups 

(Scheme 3.2). This regular arrangement of the [L–Fe(NO3)]
2+ complex further interacted 

among themselves by π⋯π stacking interactions to form a polymer imposing a firm 

restriction to their free movement and hence resulting in an enhancement in anisotropy. On 

further increasing [SDS], the regular layer arrangement of SDS is broken down and [L- 

Fe(NO3)]
2+ becomes free as a monomer. As a consequence, there value decreases and reaches 

a minimum at ∼4.20 mM and remains constant up to 7 mM where no formation of micelle 

occurs. But above 7 mM of SDS, the micellization process dominates and this entraps the [L–

Fe(NO3)]
2+ complex inside the cavity as a monomer resulting in a slow but steady increase 

anisotropy with the increase in [SDS]. The encapsulation of [L–Fe(NO3)]
2+ inside the cavity 

is supported by the failure of HF2
− to quench the fluorescence of the complex, which 

otherwise is quenched in the absence of 9 mM SDS (Figure 3.12). It is well accepted that an 

increase in the rigidity of the fluorophore results in an increase in the fluorescence anisotropy.                                     
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3.3.3 Analyses of surface topography of ligand, ligand–SDS, metal–ligand and 

Metal- ligand –SDS composites 

The change in surface topology has been noticed from the FESEM studies for ligand, ligand 

with SDS, metal–ligand, and metal–ligand with SDS, which indicates that SDS has a 

pronounced effect on the surface design. The synthesized materials are very different from 

each other. The morphology of the ligand is well dispersed throughout the phase having quasi 

cubical grains with an average size of ∼30 nm, which is also indicated in the inset figure 

(Figure 3.13(a)). But in the case of ligand–SDS interactions a change in surface topology 

occurs, indicating that no free ligand molecules are present in the system [Figure 3.13(a) and 

(b)]. In the case of metal–ligand interactions, numerous microstructural defects with fibroid-

like morphology are visible, but with SDS, the ternary interactions greatly influence the 

fibroid structure with densely occupied spherical uniform holes. This behaviour of the 

molecules enhances the optical properties as shown in Figure 3.13(c) and (d), which is also 

clearly indicated in the respective inset figures. Due to the betterment of fibroid interactions 

between the metal and ligand, charge-transfer interactions take place. When fabricated on the 

conducting glass substrate (FTO), good electrical conductivity in the presence of photons is 

obtained, which performs as a photo-switching material. Thus, the FESEM analyses indicate 

that the surface structures as well as defects at the surface levels are important for device 

applications. 

 

Figure 3.13 FESEM analyses of (a) Ligand with inset image, (b) Ligand-SDS (c) Metal-

Ligand with inset image and (d) Metal-Ligand-SDS with inset image. 
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3.3.4 Thin film fabrication from the precursor complex [L–Fe(NO3)]2+ 

The thin films of hybrid materials have attracted both inorganic and organic chemists as they 

can be used to design various microelectronic and optoelectronic devices. For the preparation 

of inorganic–organic thin films, the spin-coating method has the merits of convenience, use 

of low-cost equipment, and a faster operating system. Spin coating is a convenient and 

reproducible method for applying highly uniform thin films to substrates of all kinds. 

Moreover, it requires smaller amounts of material and less processing time compared to other 

methods. 

         In our work, a [L–Fe(NO3)]
2+ film is fabricated onto a FTO glass substrate having an 

area of 3.5 cm × 1.5 cm by spin coating of a sol precursor. For the preparation of L–Fe3+ sol, 

the complex precursor [L–Fe(NO3)]
2+ is mixed with acetonitrile in the ratio 1:10. The mixture 

solution was stirred for 20 minutes at room temperature and at a constant speed without any 

perturbation. The FTO glass substrates were cleaned from end to end ultrasonically in 

detergent, deionized water, acetone, and isopropanol sequentially before spin coating 

deposition under an ambient atmosphere. The nanostructure [L–Fe(NO3)]
2+ complex sol was 

spin-coated at 2000 rpm for 1 min onto a FTO pre-cleaned glass. The spin coat consists of a 

variable rotating vacuum chuck powered by a motor. The substrate was held firmly in 

position by atmospheric pressure. In a clean environment, five drops of [L–Fe(NO3)]
2+ 

complex precursor in acetonitrile were allowed to fall with the help of a clean syringe onto 

the centre of a stationary conducting glass substrate. The drop spreads outcross the substrate 

under the influence of the centrifugal force. As it moves, the solvent evaporates from the 

solution, leaving a smooth continuous film. The resulting hybrid film was annealed on a hot 

plate at ∼60 °C for 15 minutes to remove the residual solvent. This procedure was repeated 

several times to get crystalline, uniform, pinhole-free thin films of the inorganic–organic 

complex on the FTO substrate (sheet resistance ∼10 Ω sq−1). The thicknesses of the films 

were determined by the gravimetric method using the formula32 t = (W2 − W1)/Ad, where, t is 

the thickness of the film, A is the area covered by the film, d is the density of the [L–

Fe(NO3)]
2+ complex (1.18 g cm−3), and W1 and W2 are the weight of the FTO glass substrate 

before and after deposition, respectively. The deposited film (t = 1.6 × 10−5 cm) was studied 

using a field emission scanning electron microscope for surface morphology, a UV-Vis 

spectrophotometer for optical measurement and a semiconductor characterization system for 
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electrical measurement. Therefore, iron complex modified TO thin films [L -Fe(NO3)]
2+ / 

FTO/glass are used for diode characteristics and frequency-switching device application.  

3.3.5 Morphological characteristics of [L–Fe(NO3)]2+/FTO thin films   

The deposited [L–Fe(NO3)]
2+/FTO film was investigated using FESEM as shown in Figure 

3.14. From the surface morphology analysis, microstructural fractures in the film with 

numerous spherical grains with distinct grain boundaries have been observed at a low 

magnification of 1.30 K× (Figure 3.14(a)) due to drought of solvent molecules. At high 

magnification 20.00 K× (Figure 3.14(b)), small islands with several coarse wells are 

separated uniformly. Each island is composed of uniformly distributed spherical grains of the 

[L–Fe(NO3)]
2+ complex having a diameter in the range of 80 to 100 nm on the FTO glass 

substrate at the magnification of 19.45 K×. The grains are distinct and the grain boundaries 

are prominent as shown in Figure 3.14 (c). 

       

    

    

  

 

Figure 3.14 Field emission scanning electron microgram of the [L–Fe(NO3)]
2+/FTO thin 

film. 

However, the formation of larger grains from smaller crystallites is essential for the 

spontaneous lowering of Gibb’s free energy in the system to gain stability. Nanoparticles 

have a higher surface-to-volume ratio, so the surface energy of the system becomes 

significantly high. For this reason, every system has a tendency to lower down the free 

energy by forming larger grains from smaller crystallites by spontaneous agglomeration. 

3.3.6 UV-Vis analysis 

The absorption spectrum showed a moderately sharp onset in absorbance around 550 nm, 

which represents the typical band to band transition for the pure [L–Fe(NO3)]
2+ complex 

(Figure 3.15).The band gap energy for the [L–Fe(NO3)]
2+/FTO thin film was calculated using 

the Thuc’s relation:33 [(αhν)1/n = A(hν − Eg)],where A is a constant related to the effective 
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masses of charge carriers, h is the Planck constant, Eg is the band gap energy, hν is the 

incident photon energy, and 1/n is the exponent that depends on the nature of the optical 

transition (n = 0.5 and 2 for direct and indirect transition, respectively). The Tauc’s plot (inset 

Figure 3.16) indicates the direct band gap energy of 1.6 eV for the deposited films. 

 

  Figure 3.15 Absorption spectrum of the pure [L–Fe(NO3)]
2+ complex. 

 

 

Figure 3.16 The absorption spectrum of [L−Fe] 2+ thin film (figure. a); inset (figure. b): plot 

of (αhν) 2 vs. hν, Tauc’s plot. 

3.3.7 Electrical properties: current–voltage (I–V) characteristics by the two-

probe technique 

 
Two-probe I–V measurement was carried out by taking FTO coated glass substrates as the 

bottom contact and 2 mm ×2 mm graphite paste as the top contact as shown in Figure 3.17. 

The nanostructured thin film consists of surface defects which influence the intrinsic band 

nature from its bulk counterpart directly, which affects the electronic transition and phonon 
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transfer process.34 The electronic defects at the grain boundaries of the nanoparticles generate 

traps which directly affect the current–voltage properties. 

 

 

Figure 3.17 Representative two-probe I-V characteristics of the [L–Fe(NO3)]
2+/FTO thin 

films under dark and light conditions. 

 

       Under a no-bias condition, the electron affinity for the traps at the surface of the 

grains is higher but upon changing the bias, the traps get filled. Therefore, the enrichment of 

current densities can be noticed when all the traps are filled; meanwhile, on irradiation of 

light, the generated charge carriers at the surface level influence the nature of the I–V curve 

with high current density and high steepness at forward bias. During the reverse bias, the 

opposite phenomenon is supposed to be taking place. The increase of reverse bias affects the 

electrostatic attraction of the trapped electronic environment with greater ease, and an 

increment in the negative current densities is observed both under dark and light conditions. 

Thus, trapping and de-trapping of charge carriers play an important role in the symmetrical 

nature of the I–V curve. As the FTO (n-type) modified [L–Fe(NO3)]
2+ thin film showed 

anon-linear change in current–voltage, a possible formation of depletion region at the 

interface can be presumed. Non-linear symmetric I–V also supports the formation of a weak 

junction at the interface of p-type ([L–Fe(NO3)]
2+) and n-type FTO glass substrate, through 

which electrons overcome the barrier in a restricted manner.35 The current obtained in the 

reverse bias is mainly due to the loss of junction barrier properties which can increase the 

reverse saturation current due to the free minority carriers at the junction. On the other hand, 

from the FESEM image, it is evident that the deposited films have fewer micropores along 
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the c-axis, which is responsible for producing a leakage path, supporting the bias-assisted 

rectification. 

3.3.8 Photon-induced exciton generation 

 
Light-dependent exciton generation was carried out by taking the top and bottom contacts 

with graphite paste on FTO Andon the [L–Fe(NO3)]
2+ film for the measurement of switching 

behaviour, a light with an intensity of 1 Sun was allowed to passthrough the FTO glass 

substrate and up to the film.36 The response ratio curve for the light-induced frequency-

switching phenomenon by which a 50-Hz pulse was generated as soon as the light was ‘on’ 

was found to be quite steady for a period of 25 s. A decay of only 1–2 Hz was noted during 

this period. A sudden drop of this pulse to the ‘zero’ state took place with the ‘off’ state of the 

incident light. This is due to the oscillation frequency of the photo-generated electrons and 

the holes in an exciton. On switching off the light, the photo-generated electrons and the 

holes will recombine, leading to no oscillation of the charged species, and hence no 

frequency was detected. Good consistency of this switching behaviour was found for more 

than 50 cycles; ten of them are represented here. This low magnitude light induced pulse 

generation might be the contribution of the confined exitonic transition that might be a very 

low free carrier concentration within the metal complex matrix. 

                                                             

Figure 3.18 Schematic diagram of photo-switching behaviour of [L–Fe(NO3)]
2+/FTO films 

and their response curves. 

         It is a fact that intrinsic defects like anion/cation vacancies within the metal ligand 

complex can adsorb gas molecules like oxygen or water vapor from the atmosphere. Trapping 

of such molecules will create some trap electrons/energy levels on the surface of the 
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semiconductor, leading to a space charge region and related band bending inside the 

semiconductor (Figure 3.18). So, the number of electrons–hole pairs increases, which 

significantly affect some unique physical properties like enhancement of photo-luminescence 

intensity, light-induced frequency-switching behaviour, etc.                                   

3.4 Conclusion 

In this article, we have successfully presented a highly selective fluorescent chemosensor of 

rhodamine-1-(2-aminoethyl) pyrrolidine(L) towards Fe3+ through 1: 1 complexation under 

the specified reaction conditions of 3 : 7 water : MeCN (v/v) at pH 7.2; 10 mM HEPES 

buffer, μ = 0.05 M LiCl; it shows an enhancement in the corresponding fluorescence intensity 

of 106-fold with an apparent binding constant (Kf ) of 8.10 ×104 M−1. We have also carried 

out fluorescence titration and anisotropy (r) studies in pure water in the presence of SDS. 

Based on the dependence of FI and r on [SDS], it was proposed that the probe is trapped 

between two SDS monolayers, which again interacted among themselves by π⋯π stacking. 

As a result, there is an increase in FI up to [SDS] ∼ 7 mM – a phenomenon reminiscent of 

aggregation-induced enhancement of emission (AIEE). Beyond this concentration of SDS (7 

mM), micelle formation takes place and the π⋯π stacked polymer now becomes a monomer 

and is trapped inside the micellar cavity, which is again confirmed by the failure of HF2
− to 

quench the FI of the [L–Fe(NO3)]
2+ complex trapped inside the micellar cavity, which 

otherwise quenches the FI of [L–Fe(NO3)]
2+ in the absence of SDS. Due to the trapping of 

the[L–Fe(NO3)]
2+ monomer complex, there is a decrease in FI at [SDS] > 7 mM. In the case 

of anisotropy, it increases on increasing [SDS] beyond 7 mM. Ligands, metals, and SDS 

interactions are well established through different optical and morphological studies. [L–

Fe(NO3)]
2+ thin films on an FTO glass substrate have been designed with the help of the spin 

coating deposition technique. The deposited film having a thickness of 1.6 × 10−5 cm is well 

characterized by optical band gap calculation with a direct band gap, εg ∼ 1.6 eV. FESEM 

studies were also performed on the [L–Fe(NO3)]
2+/FTO film. The electrical behaviour, i.e. 

current–voltage characteristics by the two-probe technique was also studied. Light dependent 

exciton generation was carried out by taking the top and bottom contacts with graphite paste 

on FTO and on the [L–Fe(NO3)]
2+ films for the measurement of switching behaviour’s 

response ratio curves for the light-induced frequency-switching phenomenon have been 

obtained. The frequency taped here is the oscillation frequency of the photogenerated 
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electron and the hole in an exciton. Thus, the light induced frequency-switching behaviour 

and Schottky barrier diode characteristics of the material were established. 
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Chapter 4 

_______________________________ 

A Newly Synthesised Morphology Directing Highly 

Sensitive Rhodamine B based Fluorescent Fe3+ Complex: 

Interaction with Human serum Albumin 
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Abstract: 

A rhodamine-B based fluorescent molecular probe L selectively recognizes Fe3+ ion 

calorimetrically as well as fluorometrically in the presence of various metal ions and anions. 

It forms [(L-Fe)] complex giving 1:1 binding stoichiometry in 8:2 (H2O: MeCN, v/v) as 

delineated by ESI-MS+ studies ([Fe(L)(NO3)2(CH3CN)(CH3CN)] + Li+). The structure of L 

was analysed by single crystal X-diffraction studies along with NMR, mass spectroscopy and 

FTIR studies. The dissociation constant ((2.95 ± 0.06) x 10-5 M) and ((9.48 ± 0.06) x 10-5 M) 

were determined by UV-Vis and fluorescence titration respectively revealing a strong binding 

between L and Fe3+. The limit of detection (LOD) of Fe3+ by L was 0.27 µM while quantum 

yields of L and [L–Fe] were 0.011 and 0.36, respectively. Fluorescence anisotropy measured 

in the presence of HSA indicates the rigidity of the local micro environment where [L–Fe] 

was trapped in the sub domain IIA of HSA, as delineated by molecular docking studies. 

Furthermore, stone like microstructure of L formed in 8:2 HEPES buffer:MeCN, (v/v) 

medium changes to spherical shape in the presence of Fe3+ and when the complex interacts 

with HSA it gets agglomerated. All these are exhibited in SEM studies. All the forgoing 

discussion establishes that this probe (L) is useful for on-site Fe3+ recognition through a fast, 

simple and eco-friendly process. 
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4.1 Introduction 

Recently, chemosensors have become an important tool for environmental remediation as 

well as in medicinal chemistry.1-3 They are particularly valuable for the recognition of metal 

ions such as Cu²⁺, Fe²⁺, Fe³⁺, Zn²⁺, Hg²⁺, and Pb²⁺. Over the last decade, the development of 

selective probes has enabled the detection of various species, including Cu²⁺, Fe²⁺, Fe³⁺, Zn²⁺, 

Hg²⁺, Pb²⁺, fluoride (F⁻), cyanide (CN⁻), and pyrophosphate, among others. 4-7 

Iron is one of the most crucial elements for all living organisms. It plays a vital role in 

haemoglobin formation and is also essential for several other biological processes.8,9 A 

deficiency in iron can lead to conditions such as anaemia, hemochromatosis, liver damage, 

cancer, and diabetes due to reduced oxygen delivery. 10,11 Conversely, an excess of iron can 

trigger the Fenton reaction, which produces reactive oxygen species (ROS) that damage 

proteins, nucleic acids, and lipids.12-17 This oxidative damage accelerates the development of 

serious diseases such as Parkinson’s and Alzheimer’s. 18-22 

Iron plays vital roles in various biochemical processes, but there are relatively few reports 

on selectively iron recognition probes.23-30 So, it is very much desirable to design a simple, 

selective and sensitive iron sensor. As Fe3+ is paramagnetic in nature, so most of the sensors 

show fluorescence quenching.31-34 Only in scarce cases turn-on fluorescence responses by 

Fe3+ were found, but few other metal ions like Cr3+ and Cu2+ have been found to interfere. 35-

37 Mostly, rhodamine-6G based chemosensors response in non-aqueous media due to lack of 

solubility.38-47 But for the biological study the complex must be soluble in pure aqueous 

media and there are only three reports where the study was carried out in pure aqueous buffer 

medium.48-50 Thus, there is a strong need to develop a selective chemosensor for Fe³⁺ that is 

also soluble in aqueous media to facilitate biological study. 

Human serum albumin (HSA) is a soluble protein consisting of 585 amino acids, making 

up approximately 60% of plasma, with a concentration of around 42 mg/mL, and contributing 

roughly 80% of the total colloid. HSA plays a key role in the circulatory system and is 

involved in numerous physiological activities, the most important of which is the transport 

and storage of various exogenous and endogenous compounds. These include ligands, metal 

ions, drugs, amino acids, fatty acids, and steroids.51-53 In biomedical and pharmaceutical 

sciences, there is significant interest in studying drug-protein interactions due to the strong 

binding affinity between many drugs and albumin.54 The hydrophobic binding regions of 

HSA are critical for drug deposition and efficacy, as they enhance the solubility of many 

drugs in plasma and modify their delivery to in vivo and in vitro cells. The fluorescence 
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emission of HSA is largely attributed to its tryptophan residue, which is highly sensitive to its 

local environment. This sensitivity depends on factors such as subunit association, 

conformational changes, and protein denaturation. Therefore, fluorescence measurements can 

be effectively used to determine the binding affinities/sites between HSA and various 

compounds. 

The spirolactam ring structure of Rhodamine B is generally non-fluorescent, but it exhibits 

strong fluorescence upon binding with metal ions. In this study, we have developed a 

Rhodamine-B based selective fluorescent chemosensor for Fe³⁺ ion in an organo-aqueous 

medium. Additionally, we investigate the interaction of human serum albumin (HSA) with 

the iron complex, as well as the binding affinity, using various spectroscopic techniques. 

Circular dichroism (CD) spectroscopy was employed to assess the conformational changes in 

HSA upon binding with the iron complex. Furthermore, molecular docking study was also 

conducted to explore the possible binding location of iron complex within HSA. Scanning 

electron microscopy (SEM) study was also performed to confirm the binding of the probes to 

Fe³⁺, as well as the morphological changes induced in the HSA-iron complex interaction. 

4.2 Experimental section 

4.2.1 Materials and methods 

Rhodamine B, ethylenediamine, 3,5-di-tert-butyl-2-hydroxybenzaldehyde, and ferric nitrate, 

used as starting materials were purchased from Sigma-Aldrich, for the preparation of the 

ligand (L) and its iron complex [L−Fe]. Solvents such as ethanol and acetonitrile (Merck, 

India) were of HPLC grade. Metal perchlorate salts, including Na⁺, K⁺, Ca2⁺, Fe2⁺, Co2⁺, 

Ni2⁺, Zn2⁺, Pb2⁺, Cd2⁺, Hg2⁺, and Cu2⁺, were also obtained from Sigma-Aldrich and used as 

received. Sodium salts of various anions, such as CN⁻, SO₄2⁻, NO₃⁻, PO₄3⁻, S2⁻, Cl⁻, F⁻, Br⁻, 

OAc⁻, H₂AsO₄⁻, N₃⁻, ClO₄⁻, S₂O₄2⁻, HCO₃⁻, SCN⁻, CO₃2⁻, P₂O₇⁴⁻, and NO₂⁻, were also 

used as received. For spectroscopic studies, HPLC-grade acetonitrile and Milli-Q ultrapure 

deionized water were used. 

4.2.2 Physical measurements 

A Bruker 300 MHz NMR spectrometer was employed to obtain 1H-NMR spectra in DMSO-

d6. Infrared (IR) spectra within the 400–4000 cm−¹ range were recorded using an IR 750 

series-II FTIR (Nicolet Magna) spectrophotometer with KBr pellets. UV-Vis spectra were 

captured using an Agilent 8453 diode-array spectrophotometer. Steady-state fluorescence 
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spectra were measured on a PTI Spectro fluorimeter (Model QM-40). ESI-MS+ (m/z) spectra 

for L and [L-Fe] complex were acquired using an HRMS spectrometer (Model: XeVO G2 

QTof). Far UV Circular Dichroism (CD) spectra were analyzed on a JASCO J815 

spectropolarimeter (Japan) equipped with a thermal programmer (Model: PFD-425L/15). The 

nano/microstructure was determined using a Hitachi S-530 scanning electron microscope 

(SEM). 

4.2.3 Synthesis 

4.2.3.1 Preparation of RH-BZN (L) 

Preparation of Rhodamine B ethylenediamine (R) 

Rhodamine B ethylenediamine was prepared by following the literature method.55 

Preparation of desired Probe L 

0.533 g (1.10 mmol) of R in EtOH (10 mL) was added dropwise to a 30 mL ethanolic 

solution of 3,5-di-tert-butyl-2-hydroxybenzaldehyde (1 mmol, 0.234 g) and stirred for 30 min 

under hot conditions (50 – 60 °C) and then at room temperature for about 6 h.  The yellow 

crystalline precipitate thereupon formed was collected by filtration and thoroughly washed 

with cold methanol to get L in the pure form (yield 68%) (Scheme 4.1). We successfully 

grow yellow crystal for single crystal x-ray diffraction. 1H-NMR (in DMSO d6) (δ, ppm):1.11 

(s, 12-H), 1.27 (s, 10-H), 1.39 (s, 10-H), 1.59 (s, 12-H); 6.47 (s, 4-H); 6.98 (s, 1-H), 7.09 (s, 

1-H), 7.25 (s, 2-H), 7.32 (s, 1-H), 7.45 (s,1-H), 7.92 (m, 1-H), 8.14 (s, 1-H) (Figure 4.1). 

ESI-MS+ (m/z): 701.48 (L+H+) (Figure 4.2). IR spectrum: ῡ = 1690 cm-1 (Spiro lactam 

amide-ketone), 1619 cm-1 (–C=N) (Figure 4.3). 
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Scheme 4.1 Synthetic route for the preparation of probe L and its Fe3+ complex. 

 

 

Figure 4.1 1H NMR of ligand L in DMSO-d6. 

 

 

Figure 4.2 Mass spectra of ligand L in MeCN. 
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4.2.3.2 Synthesis of [FeIII(L)(NO3)2] 

A solution of L (0.700 g, 1 mmol) in 25 ml MeCN, Fe(NO3)3.9H2O (0.404 g, 1 mmol) in a 

small volume of MeCN (4 ml) was added drop wise with constant stirring for 1 h. The solid 

product thereupon formed was collected by filtration and washed with cold MeOH. Several 

attempts to grow single crystals for X-ray diffraction studies were failed. IR spectrum: ṽ = 

1635 cm-1 (Spiro lactam amide-ketone), 1496 cm-1 (–C=N) (Figure 4.3). ESI-MS+ (m/z): 

969.55 [Fe(L)(NO3)2(CH3CN)(CH3CN)] + Li+ (Figure 4.4). 

 

          Figure 4.3 IR spectra of ligand L and [L-Fe]. 

 

4.2.4 Solution preparation for UV-Vis and fluorescence studies 
 

10 ml 1.0 x 10-3 M solutions of the probe L and Fe(NO3)3.9H2O were prepared separately by 

dissolving appropriate amount of the materials in MeCN and used as stocks for all the UV-

Vis and fluorescence studies. Similarly, 1.0 x 10-3 M 250 µL HSA solution was prepared 

freshly in 10 mM Tris buffer prepared by dissolving appropriate amount of HEPES in 100 ml 

water and pH was adjusted at 7.24 using HCl and NaOH as required. For UV-Vis spectral 

studies a 2.5 ml aliquot of the buffer solution was pipetted out into a cuvette to which 30 µM 

of the probe was added. Now, to this buffer solution Fe3+ was added starting from 0 to 40 µM 

at a regular interval of volume. UV-Vis spectra were recorded for each of these solutions. For 
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fluorescence studies, to 30 µM L was used keeping the same conditions and Fe3+ was added 

starting from 0 to 40 µM at a regular incremental volume and fluorescence studies were 

performed for each solution. Again, for protein binding studies, to 10 µM [L-Fe] complex 

solution (prepared by mixing equimolar concentration of L and Fe3+) HSA solution was 

added incrementally between 0 and 20 µM. For both emission and absorption studies cuvettes 

of 1 cm path length were used. 2 nm x 2 nm slit widths were used for all fluorescence studies. 

 

 

Figure 4.4 Mass spectra of ligand [L-Fe] in MeCN. 

 

4.2.5 Circular Dichroism (CD) Spectra 

Circular Dichroism (CD) spectroscopy was carried out on a PC-driven JASCO J815 (Japan) 

spectropolarimeter equipped with a thermal programmer (model PFD-425L/15) and 

temperature controller interfaced in a rectangular quartz cuvette of 1 cm path length. The 

scan rate of 100 nm/min was adopted in the range wavelength 195−300 nm. 99.9% pure 

nitrogen gas was sufficiently purged through the spectrophotometer before any 

measurements. Here, a variable concentration of [L-Fe] complex (0-6.0 μM) (1.0 x 10-3 M 

stock solution prepared by mixing equimolar concentration of L and Fe3+ in 10 mM Tris 

buffer, pH 7.2) was added to a fixed concentration of HSA (1.0 μM) and CD spectra were 

recorded for each solution at 25 °C. Baseline correction was performed for each spectrum 
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with Tris–HCl buffer. At least five scans were recorded for each spectrum, which were 

averaged and smoothened to minimized signal-to-noise ratio and expressed by concentration 

dependent molar ellipticity, [θ], deg cm2dmol−l.  

4.2.6 Molecular Docking Simulation Study 

 

Auto Dock program (version 4.2) 56 and Auto Dock Tools (ADT), using the Lamarckian 

Genetic Algorithm (LGA) based on the adaptive local method search were used for molecular 

docking, to get an idea about the mode of probable binding site and binding on HSA for the 

interaction between [L-Fe] and HSA.57,58 X-ray crystal structure of HSA was adopted from 

RCS Protein Data Bank with PDB code 1AO6 was used for this purpose. ChemDraw (Ultra 

8.0) was used to generate the 3D structure of complex, and also used for modification two 

well-known software packages Gaussian 09W and Auto Dock 4.2. The Gasteiger charges and 

polar hydrogen atoms were added to the protein and complex. For the identification of 

binding sites in HSA, docking was carried out with setting of grid box size 100 Å x 100 Å x 

100 Å along x, y, z axes covering whole protein with a grid spacing 0.394 Å after assigning 

the protein and probe with Kollman charges. Other parameters are default as provided by the 

Auto Dock program. The grid maps of several atoms of the protein and the probe were 

considered using AutoGrid.59After grid mapping, we performed the flexible docking 

simulations with 200 runs and 2.5 × 106 energy evaluations, 50 GA population, 27,000 

numbers of generations, and root mean square cluster tolerance of 2.0 Å60 per run. According 

to ranking and scoring among 200 runs 10 minimum energy conformers were chosen.60,61 

Finally the best optimized model with the lowest energy was chosen for further docking 

simulations and best viewed in PyMOL software. 

 

4.2.7 Determination of Fluorescence Polarization Anisotropy 
 

For the determination of fluorescence anisotropy(r) PTI QM-40 spectrofluorometer was used 

as defined by eqn. (1) 

                                               𝑟 =
𝐼𝑉𝑉−𝐺𝐼𝑉𝐻

𝐼𝑉𝑉+2𝐺𝐼𝑉𝐻
                                                          (1) 

where, IVV and IVH are the emission intensities for the vertical orientation of excitation 

polarizer, and vertical and horizontal orientations of emission polarizer, respectively. The G 

factor is given as:62 
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Here, the IHV and IHH are the intensities for the vertical and horizontal orientation of the 

emission polarizer, while the excitation polarizer is horizontal. 

4.2.8 Preparation of sample for SEM studies 

Three sets of solution were prepared for SEM studies, first one contains L (30 µL), second 

one contains [L-Fe] complex, third one contains containing complex and HSA, prepared by 

mixing equivalent amount of the reactants (30 μM) and HSA (30 μM). All these solutions 

were allowed to age overnight at room temperature before characterization. 

4.2.9 Methods of Characterization 

To study the morphologies of the synthesized microstructures a Hitachi S-530 scanning 

electron microscope (SEM) was used. The SEM instrument is operated at an accelerating 

voltage of 5 kV. For SEM studies, samples were dried under vacuum on a glass plate and 

then covered with a thin layer of gold.  

 

Figure 4.5 Single crystal X-ray structure of ligand L. 

 
4.3 RESULTS AND DISCUSSION 
 
The receptor L was synthesized by the reaction between 3,5-di-tert-butyl-2-

hydroxybenzaldehyde and rhodamine-B hydrazide in ethanolic medium under stirring 
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conditions with 72% yield which is shown in Scheme 4.1. The ligand was well characterized 

by 1H NMR (Figure 4.1), HRMS (Figures 4.2 and 4.4) and IR (Figure 4.3) and single 

crystal x-ray diffractometer (Figure 4.5, Table 4.1 and 4.2), while the complex was 

characterized by HRMS (Figure 4.4) study. 

 

Table 4.1 Details of crystallographic data collection and refinements 

Parameters 1 

Elemental formula C45H56N4O3 

Formula weight 700.44 

Crystal system Monoclinic 

Space group P 21/c 

Temp/K 296 

a/Å 11.91(7) 

b/Å 22.09(15) 

c/Å 15.56(10) 

V/A3 4080.6(5) 

Z 4 

Density(D/gcm-3) 1.129 

μ/mm-1 0.071 

F(000) 1495.6 

h, k, l 15, 28, 20 

Nref, Npar 9259, 473 

R, wR2, S 0.0838, 0.2898, 1.026 

 

Table 4.2 Some selected bond distances and bond angles 

Bond lengths(Å)  

O 003-H 003 0.819 

O 003-C 00L 1.348 

C 00S-N 006 1.260 

N 004-C 00T 1.457 

C 00P- O 002 1.227 

 

4.3.1 UV−Visible Absorption Study 

 

The Uv-Vis absorption titration was carried out at a fixed (30 μM) L concentration and the 

concentration of Fe3+ was varied between 0 and 40 μM as shown in Figure 4.6. After that a 

gradual increase in absorbance at 527 nm with increasing the concentration of metal ion and 
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at ~ 1:1 metal to ligand concentration it reaches a maximum and get almost saturated. 

Utilization of Benesi-Hildebrand equation (eqn. 3) results a linear plot which was used to 

evaluate the dissociation constant and stoichiometry of complexation, where, A0 and Amax are 

the absorbances of the ligand in the absence and presence of excess metal ion, respectively 

and n is the stoichiometry (L:Fe3+) of the reaction. The plot of (Amax-Ao)/(A-Ao) against 1/[M] 

clearly reveals that a 1:1 stoichiometry of the reaction (n= 1) which also gives dissociation 

constants Kd = (2.95 ± 0.06) x 10-5 M. 

 

                         1/(A-Ao) = 1/{Kd(Amax–Ao) [M
x+]n} + 1/[Amax-Ao]               (3) 

 

 

 

Figure 4.6 Absorption titration of L (30.0 μM) with Fe3+ (0-40 µM) in in HEPES buffer (10 

mM) at pH 7.2 in 8:2 H2O:MeCN (v/v); inset: Benesi-Hildebrand fitting of data. 

 
 
4.3.2 Steady state fluorescence studies 
 

Like UV-Vis absorption titration study, fluorescence titration of L (30 μM) with 

Fe(NO3)3.9H2O was also carried out in 10 mM HEPES buffer at physiological pH (7.2) 

(Figure 4.7). The weakly fluorescent ligand when interact with Fe3+, the fluorescence 

intensity increases immensely at 574 nm and showing turn-on reaction. Again, from Benesi-

Hildebrand equation we get a linear plot which was used to evaluate the dissociation constant 

Kd = (9.48 ± 0.06) x 10-5 M (Figure 4.7). In both cases the nearly same values of Kd from 

UV-Vis and fluorescence titration indicates the consistency of the experiments.  
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                              1/(F-Fo) = 1/{Kd(Fmax–Fo) [M
x+]n} + 1/[Fmax-Fo]             (4) 

 

 

Figure 4.7 Fluorescence titration of L (30.0 μM) with Fe3+(0-40 µM) in HEPES buffer (10 

mM) at pH 7.2 in 8:2 H2O:MeCN(v/v); inset: Benesi-Hildebrand fitting of data. 

 

Figure 4.8 Fluorescence emission of L (30 µM) induced by different cations (300 µM). (1-34 are: 1. 

L, 2. L+Fe3+, 3. L+Na+, 4. L+Na++Fe3+, 5. L+Cr3+, 6. L+Cr3++Fe3+, 7. L+Ca2+, 8. L+Ca2++Fe3+,  9. 

L+Mg2+, 10. L+Mg2++Fe3+, 11. L+K+, 12. L+K++Fe3+, 13. L+Al3+, 14. L+Al3++Fe3+, 15. L+Mn2+, 16. 

L+Mn2++Fe3+, 17. L+ Fe2+, 18. L+ Fe2++Fe3+, 19. L+ Co2+, 20. L+Co2++Fe3+, 21.  L+Cu2+, 22. 

L+Cu2++Fe3+, 23. L+Ni2+, 24. L+Ni2++Fe3+, 25. L+Zn2+, 26. L+Zn2++Fe3+, 27. L+Cd2+, 28. 

L+Cd2++Fe3+,  29. L+Hg2+, 30. L+Hg2++Fe3+, 31. L+Pb2+, 32. L+Pb2++Fe3+, 33. L+Ag+, 34. L+ 

Ag++Fe3+). 

The selectivity studies of L towards Fe3+ detection was performed by fluorescence 

experiments where a fixed concentration of L (30 μM) and ten equivalents of different metal 

ions, both in the absence and presence of Fe3+ ion, were allowed to react. The recognition of 

Fe3+ ion was not affected in the presence of biologically favorable metal ions such as K+, Na+, 

Mg2+and Ca2+ ions, transition-metal ions like Cr3+, Fe2+, Mn2+, Cu2+, Co2+, Ni2+ and Zn2+, and 

heavy-metal ions, like Hg2+, Cd2+, and Pb2+ (Figure 4.8). In similar fashion ten equivalent of 
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anions like SO4
2−,CN-, PO4

3–, NO3
–, S2–, F–, Cl–, OAc–, H2AsO4

- , Br–, N3
–, S2O4

2-, ClO4
-, 

HCO3
-, CO3

2-, SCN-, P2O7
4- and NO2

- (Figure 4.9) were reacted separately with 30 μM of L 

which did not show interference with the recognition of Fe3+. The limit of detection (LOD) of 

Fe3+ by L was found to be 0.27 µM (Figure 4.10). The quantum yields of the L and [L–Fe] 

are 0.011 and 0.36, respectively. 

 

Figure 4.9 Fluorescence emission of L (30 µM) induced by different anions (300 µM). (1-34 are 1. L 

, 2. L+Fe3+, 3. L+ CN-, 4. L+ CN-+Fe3+, 5. L+ SO4 2–, 6. L+ SO4 2–+Fe3+, 7. L+ NO3
 –, 8. L+ NO3 –

+Fe3+,  9. L+ PO4 3–, 10. L+ PO4 3– +Fe3+, 11. L+ S 2–, 12. L+ S 2–+Fe3+, 13. L+ Cl–, 14. L+ Cl–+Fe3+, 

15. L+ Br–, 16. L+ Br–+Fe3+, 17. L+ OAc–, 18. L+ OAc–+Fe3+, 19. L+ H2AsO4
−, 20. L+ 

H2AsO4
−+Fe3+, 21. L+ ClO4

−, 22. L+ ClO4
−+Fe3+, 23. L+ S2O4

2−, 24. L+ S2O4
2− + Fe3+, 25. L+ HCO3

−, 

26. L+ HCO3
−+ Fe3+,  27. L+ SCN−, 28.  L+ SCN−+ Fe3+, 29.  L+ P2O7 

4−, 30.  L+ P2O7 
4−+ Fe3+,  31.  

L+ F−, 32. L+ F –+ Fe3+, 33. L+ I−, 34. L+ I−+ Fe3+). Here ferric nitrate used. 

 

Figure 4.10 Limit of Detection calculation. 
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4.3.3 PH-stability 
 

 The pH studies were carried out to check the pH stability of the probe and its iron complex. 

The ligand L did not show any significant change in fluorescence intensity between pH 6 to 

12 and in between pH 2 and 5 showing strong fluorescence emission due to opening of 

spirolactam ring in acidic pH (Figure 4.11).  However, in the presence of Fe3+ ion the 

fluorescence emission intensity attains maximum at pH ~3.5, (where no pH effect on 

emission intensity of the free ligand is observable)  and remains constant till pH 8.0 and then 

decreases with pH because the formation of Fe(OH)3 under basic conditions. This 

observation undoubtedly shows that L is compatible for biological applications under 

physiological environment. 

 

Figure 4.11 pH study of L (black) and [L-Fe] (red). 

4.3.4 Mechanism of L ̶ Fe3+ interaction 

The probe L forms complex with Fe3+ concluding the spirolactam ring opening which was 

recognized through FTIR studies showing a shift in stretching frequency of the amidic ‘C=O’ 

of the rhodamine moiety at 1692 cm-1 to a lower wave number 1630 cm–1 in the presence of 

1.1 equivalent of Fe3+ (Figure 4.3). This huge shift (∆ν = 62 cm-1) suggests a strong 

polarization of the C=O bond and spirolactam ring opening upon effective binding to the Fe3+ 

ion.  

4.3.5 Spectro polarimetric studies 

A circular dichroism (CD) spectral study confirms the conformational changes in the 

secondary structure of HSA which was induced by complex [L─Fe]. In the CD spectra of 
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HSA at 7.2 pH, two negative bands at 207 and 220 nm clearly designates the existence of α-

helix in the structure63 arising mainly due to the charge transfer n→π* transition,64 due to 

negative Cotton effect65 in the peptide bond of α-helical structure of HSA. As the complex 

[L─Fe] is optically inactive, it is expected that it is also CD inactive in the whole range of 

UV−Vis region.66 To determine the changes in the HSA conformation upon binding with 

[L─Fe], the CD spectra were recorded in the range 200−350 nm with varying concentration 

of [L─Fe] which is presented in Figure 4.12. It showed a fall in negative ellipticity value 

without any significant shift of the peak positions in the wavelength range of far-UV CD due 

to a partial unfolding of the helical structure and a decrease of the α-helix content in the 

protein in the presence of [L─Fe]. 

 

Figure 4.12 Effect of [L-Fe] on intrinsic circular dichroic (CD) spectrum of HSA; 2−6 

denote CD spectrum of 1.0 μM HSA treated with 0, 2.0, 4.0 and 6.0 μM [L-Fe] (complex), at 

25 °. 

4.3.6 Docking analysis 

There are three homologous domains, namely domain I (residue 1−183), domain II (residue 

184−376), and domain III (residue 377−583) which were revealed from the crystal structure 

of HSA. Again, each contains two subdomains (A and B). Only one tryptophan residue (Trp 

214) is present in HSA and when excited at 295 nm this protein’s intrinsic fluorescence was 

shown due to this tryptophan residue.  The two major binding sites of HSA were known as 

Sudlow site I and Sudlow site II and those are located in subdomains IIA and IIIA 

respectively.  
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Figure 4.13  Stereo view of the docked conformations of [L-Fe] with HSA.  

 

To identify the potential ligand binding sites and protein-ligand binding energy it was 

required to perform molecular docking calculation. Figure 4.13 reveals that the most 

favorable binding site is subdomain IIA of HSA for complex [L─Fe] (purple colour). So, in 

the presence of [L─Fe] complex, the quenching of the HSA fluorescence occurs, arising from 

Trp 214 residue, which is shown in fluorescence titration (Figure 4.14b). Similar quenching 

of the fluorescence of [L─Fe] occurs in the presence of HSA (Figure 4.14a). 

 

Figure 4.14 (a) Fluorescence quenching of [L-Fe] as a function of [HSA]; inset plot of FI vs. 

[HSA], λex = 510 nm. (b)Fluorescence quenching of HSA as a function of [(L-Fe)]; inset plot 

of FI vs. [(L6-Fe)2+], λex = 270 nm. 

 

4.3.7 Steady-State Fluorescence Anisotropy Measurements 
 
A steady state fluorescence anisotropy (r) studies were carried out for the motional 

information of the probe in micro heterogeneous environments. So, the fluorescence 

anisotropy was calculated as a function of [HSA] (0-30 µM) at a fix concentration L and Fe3+ 

(30 µM each) at 574 nm. A plot of r vs. [HSA] showed a gradual increase in r with [HSA] 
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(Figure 4.15) which arises due to localization of the complex in the hydrophobic pocket 

(Trp-214, IIA) which restricts the free movement of the fluorophore. 

 

Figure 4.15 The plot of the fluorescence anisotropy (r) vs. HSA. 

 

4.3.8 Scanning Electron Microscope (SEM) Studies 

 

The solid ligand shows the stone like microstructures in SEM studies and in the presence of 

Fe3+ ion the structure changes to spherical because of π•••π stacking interaction. Moreover, 

when the complex interacts with HSA the structure gets agglomerated due to localization of 

the complex in the hydrophobic pocket. All these observations are shows in Figure 4.16.  

 

 
Figure 4.16 SEM images of (i) L, (ii) [L-Fe], (iii) zoom images of [L-Fe] and (iv) [L-Fe] in 

presence of HSA. 

 
 

4.4 Conclusion 
 

In summary, we have synthesized successfully a rhodamine-B based fluorescent molecular 

probe L which selectively recognizes Fe3+ calorimetrically as well as fluorimetrically in the 

presence of various metal ions and anions showing a 1:1 binding stoichiometry in 8:2 (H2O: 

MeCN, v/v). The structure of L was confirmed by single crystal x-diffraction studies along 
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with NMR, mass spectroscopy and FTIR studies. The existence of [(L-Fe)] complex as 

([Fe(L)(NO3)2(CH3CN)(CH3CN)] + Li+) was confirmed by ESI-MS+ studies. The dissociation 

constant determined from Uv-Vis ((2.95 ± 0.06) x 10-5 M) and fluorescence ((9.48 ± 0.06) x 

10-5 M) titration were nearly the same revealing the strong binding towards Fe3+. The limit of 

detection (LOD) of Fe3+ by L is 0.27 µM. The quantum yields of the L and [L–Fe] are 0.011 

and 0.36, respectively. Fluorescence anisotropy also measured in the presence of HSA to 

know the rigidity of the local micro environment. Furthermore, SEM studies reveal the stone 

like microstructure of L which changes to spherical shape in the presence of Fe3+ and when 

the complex interacts with HSA it gets agglomerated. The experimental results dictates that 

this probe (L) is useful for on-site Fe3+ ions through a fast, simple and eco-friendly process.  
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After the elaborate description, here the overall view of this thesis has been briefly summarized 

chapterwise. This may be helpful to highlight the aim of our project and may provide an 

ultimate conclusion how far we have been able to fulfill our dream for the entitled project. 

 

Chapter 1  

This chapter contains a short review of previously reported rhodamine based fluorescent 

molecular probes for Fe(III) detection by fluorometric method. Additionally, a very brief 

overview of the present work is highlighted. 

 

Chapter 2  

In this chapter, we describe a novel, highly sensitive and selective fluorescent chemosensor 

‘rhodamine-3,4-dihydro-2H-1,3 benzoxazine’ [RH-BZN (3)], which has been characterized by 

single crystal X-ray diffraction and other physicochemical techniques. In 3:7 water: MeCN 

(v/v) at pH 7.2 (10 mM HEPES buffer, µ= 0.05 M LiCl) it selectively recognizes Fe3+ through 

1:1 complex formation resulting in a 240-fold fluorescence enhancement and a binding 

constant (Kf) of 1.50 104 M-1. The otherwise non-fluorescent spirolactam form of the probe 

results in dual changes in absorbance and fluorescence arising out of opening of the spirolactam 

ring through coordination to Fe3+ ions. This probe could suitably be employed for cytoplasmic 

intracellular imaging of Fe3+ without notable cytotoxicity. The reversible binding of RH-BZN 

to Fe3+ was confirmed by reacting with tetra-n-butylammonium fluoride both in extra- and 

intra-cellular conditions.   

 

Chapter 3  

This chapter describes a highly selective fluorescent chemosensor of rhodamine-1-(2-

aminoethyl) pyrrolidine(L) towards Fe3+ through 1: 1 complexation under the specified 

reaction conditions of 3 : 7 water : MeCN (v/v) at pH 7.2; 10 mM HEPES buffer, μ = 0.05 M 

LiCl; it shows an enhancement in the corresponding fluorescence intensity of 106-fold with an 

apparent binding constant (Kf ) of 8.10 ×104 M−1. We have also carried out fluorescence titration 

and anisotropy (r) studies in pure water in the presence of SDS. Based on the dependence of FI 

and r on [SDS], it was proposed that the probe is trapped between two SDS monolayers, which 

again interacted among themselves by π⋯π stacking. As a result, there is an increase in FI up 

to [SDS] ∼ 7 mM – a phenomenon reminiscent of aggregation-induced enhancement of 

emission (AIEE). Beyond this concentration of SDS (7 mM), micelle formation takes place 
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and the π⋯π stacked polymer now becomes a monomer and is trapped inside the micellar 

cavity, which is again confirmed by the failure of HF2
− to quench the FI of the [L–Fe(NO3)]

2+ 

complex trapped inside the micellar cavity, which otherwise quenches the FI of [L–Fe(NO3)]
2+ 

in the absence of SDS. Due to the trapping of the[L–Fe(NO3)]
2+ monomer complex, there is a 

decrease in FI at [SDS] > 7 mM. In the case of anisotropy, it increases on increasing [SDS] 

beyond 7 mM. Ligands, metals, and SDS interactions are well established through different 

optical and morphological studies. [L–Fe(NO3)]
2+ thin films on an FTO glass substrate have 

been designed with the help of the spin coating deposition technique. The deposited film having 

a thickness of 1.6 × 10−5 cm is well characterized by optical band gap calculation with a direct 

band gap, εg ∼ 1.6 eV. FESEM studies were also performed on the [L–Fe(NO3)]
2+/FTO film. 

The electrical behaviour, i.e. current–voltage characteristics by the two-probe technique was 

also studied. Light dependent exciton generation was carried out by taking the top and bottom 

contacts with graphite paste on FTO and on the [L–Fe(NO3)]
2+ films for the measurement of 

switching behaviour’s response ratio curves for the light-induced frequency-switching 

phenomenon have been obtained. The frequency taped here is the oscillation frequency of the 

photogenerated electron and the hole in an exciton. Thus, the light induced frequency-

switching behaviour and Schottky barrier diode characteristics of the material were established. 

 

Chapter 4  

This chapter deals with a rhodamine-B based fluorescent molecular probe L, which can 

selectively recognizes Fe3+ ion calorimetrically as well as fluorometrically in the presence of 

various metal ions and anions. The structure of L was analysed by single crystal X-diffraction 

studies along with NMR, mass spectroscopy and FTIR studies. The dissociation constant 

values ((2.95 ± 0.06) x 10-5 M) and ((9.48 ± 0.06) x 10-5 M) were determined by UV-Vis and 

fluorescence titration, respectively, revealing a strong binding between L and Fe3+. The limit 

of detection (LOD) of Fe3+ by L was 0.27 µM while quantum yields of L and [L–Fe] were 

0.011 and 0.36, respectively. Fluorescence anisotropy measured in the presence of HSA 

indicates the rigidity of the local micro environment where [L–Fe] was trapped in the sub 

domain IIA of HSA, as delineated by molecular docking studies. Furthermore, stone like 

microstructure of L formed in 8:2 HEPES buffer:MeCN, (v/v) medium changes to spherical 

shape in the presence of Fe3+ and when the complex interacts with HSA it gets agglomerated. 

All these are exhibited in SEM studies. All the forgoing discussion establishes that this probe 

(L) is useful for on-site Fe3+ recognition through a fast, simple and eco-friendly process.  
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ne-3,4-dihydro-2H-1,3-
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selective chemosensor for Fe3+ ions with
cytoplasmic cell imaging possibilities†
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A novel, highly sensitive and selective fluorescent chemosensor ‘rhodamine-3,4-dihydro-2H-1,3-

benzoxazine’ [RH-BZN (1)] has been synthesized and characterized by single crystal X-ray diffraction and

other physicochemical techniques. In 3 : 7 water : MeCN (v/v) at pH 7.2 (10 mM HEPES buffer, m ¼ 0.05 M

LiCl) it selectively recognizes Fe3+ through 1 : 1 complex formation resulting in a 240-fold fluorescence

enhancement and a binding constant (Kf) of 1.50 � 104 M�1. The otherwise non-fluorescent spirolactam

form of the probe results in dual changes in absorbance and fluorescence arising out of opening of the

spirolactam ring through coordination to Fe3+ ions. This probe could suitably be employed for cytoplasmic

intracellular imaging of Fe3+ without notable cytotoxicity. The reversible binding of RH-BZN to Fe3+ was

confirmed by reacting with tetra-n-butylammonium fluoride both in extra- and intra-cellular conditions.
Transition-metal ions are involved in many biological and envi-
ronmental processes, and there has been a great emergence of
interest in recent years to generatemetal ion selective and sensitive
uorescent probes.1 Though numerous excellent studies focusing
on the selective and sensitive detection of transition metal ions,
e.g., Cu2+, Pb2+, Zn2+, and Hg2+, have been reported,2 examples of
Fe3+-selective uorescent probes are still scarce,3 despite the
indispensable role of Fe3+ in many biochemical processes.4,5

Iron seems to be a versatile element involved in the proper
functioning of numerous biological systems in all living organ-
isms including bacteria and plants.6,7 Both deciency and excess
of iron can induce a variety of diseases.8 Iron being both useful
and cytotoxic,9 its deciency throughout the developmental
phases may lead to permanent loss of motor skills.10 Iron over-
load in a living cell can lead to generation of reactive oxygen
species (ROS) via the Fenton reaction, which can cause damage
to lipids, nucleic acids, and proteins. Again, accumulation of
iron in the central nervous system may lead to a number of
ity, 188, Raja S. C. Mullick Road, Kolkata

om; mali@chemistry.jdvu.ac.in; Fax: +91-

R-Indian Institute of Chemical Biology, 4

dia

, Narkeldanga, Kolkata 700 043, India

(ESI) available: X-ray crystallographic
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tal complex, including spectroscopic
rystallographic data in CIF or other
754b

hemistry 2015
diseases like Parkinson's, Huntington's and Alzheimer's.9a

Keeping in view the roles played by iron in day-to-day life, the
development of techniques for selective determination of iron is
in great demand. It is necessary to design a simple, highly
sensitive and selective chemosensor for Fe3+ detection and
establish a method for the determination of trace amounts of
Fe3+ ions. Most of the known Fe3+ sensors are based on uo-
rescence quenching mechanisms due to the paramagnetic
nature of ferric ions.11 In addition, most turn-on uorescence
sensors for Fe3+ are not selective over Cr3+ and Cu2+.12 Therefore,
the development of a chemosensor that shows high selectivity
for iron involving a uorescence turn-on response is necessary
for practical applications.

On the other hand, 3,4-dihydro-2H-1,3-benzoxazines are
bicyclic heterocycles that are of signicant interest in the poly-
meric and pharmacological elds. 1,3-Benzoxazines have long
been recognized for their wide range of biological activities with
uses as herbicides, agricultural microbiocides, bactericides,
fungicides, and antidepressive, anti-inammatory, and anti-
tumor agents.13–16 Moreover, 1,3-benzoxazine monomers are
recently used to develop a new type of phenolic resin, namely
polybenzoxazines, by ring-opening polymerization.17–20

Rhodamine based conjugates with a spirolactam structure
are, in general, non-uorescent but act as colorimetric as well as
uorometric sensors with the enhancement of absorption and
uorescence emission intensity, respectively, on selective
binding to metal ion(s).

In the present study, we are going to disclose, for the rst
time, a rhodamine-3,4-dihydro-2H-1,3-benzoxazine conjugate
Anal. Methods, 2015, 7, 5149–5156 | 5149
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as a highly sensitive and selective uorescent chemosensor for
Fe3+ ions which further recognizes F� ions by quenching the
uorescence of the Fe3+–RH-BZN complex by abstracting the
metal ion through the formation of a stable FeF6

3� complex.

Experimental
Materials and methods

The starting materials, such as, rhodamine B hydrochloride
(Sigma-Aldrich), 2,4-di-tert-butyl phenol (Sigma-Aldrich),
ethylene diamine (Sigma-Aldrich), formaldehyde (Sigma-
Aldrich), ferric nitrate (Sigma-Aldrich), and tetra-n-butyl-
ammonium uoride (Sigma-Aldrich) were used for the prepa-
ration of RH-BZN and the Fe3+ complex. Other metal ions were
obtained from previous studies. Solvents like EtOH, MeOH,
MeCN, etc. (Merck, India) were of HPLC grade. MeCN and
deionised water were used for spectroscopic studies.

Physical measurements

Infrared spectra (400–4000 cm�1) were recorded from KBr
pellets on a Nickolet Magna IR 750 series-II FTIR spectropho-
tometer. 1H NMR and 13C NMR were recorded in CDCl3 on a
Bruker 300 MHz NMR spectrometer using tetramethylsilane
(d ¼ 0) as an internal standard. UV-vis spectra were recorded on
an Agilent diode-array spectrophotometer (Model, Agilent
8453), steady-state uorescence spectra were recorded on a PTI
spectrouorimeter (Model QM-40.), and ESI-MS+ (m/z) of the
RH-BZN and Fe3+ complex were recorded on a HRMS spec-
trometer (Model: XeVO G2 QTof).

Syntheses
Preparation of RH-BZN (3)

Rhodamine B hydrochloride (1) (5.0 mmol) and ethylenedi-
amine (10.0 mmol) were dissolved in EtOH and reuxed for
6 hours with continuous stirring whereupon a white crystalline
solid of rhodamine-amine (2) was deposited. The solid was
ltered and washed with EtOH. The compound (2) (2 mmol),
2,4-di tertiary butyl phenol (4 mmol) and formaldehyde
(4 mmol) were dissolved in MeCN and reuxed for 20 h with
constant stirring whereupon a white solid was deposited,
ltered and washed several times with ethanol and dried in air
(68% yield). It was further recrystallized from MeOH to get
single crystals suitable for X-ray diffraction studies. 1H NMR
(300 MHz, CDCl3) (d, ppm): 1.20 (t, 12H, CH3), 1.28 (t, 18H,
CH3), 2.48 (s, 2H, CH2), 3.36 (s, 8H, CH2), 3.83 (s, 2H, CH2), 4.60
(s, 2H, CH2), 6.28 (s, 2H, CH2), 6.40–6.50 (m, 4H, ArH), 6.73 (1H,
s, ArH), 7.09 (s, 2H, ArH), 7.29 (s, 1H, ArH), 7.46 (s, 2H, ArH),
7.92 (s, 1H, ArH) (Fig. S1–S2†). IR spectrum: ~v ¼ 1692.15 cm�1

(spirolactam amide-keto), 1615.02 cm�1 (–C]N) (Fig. S3†). ESI-
MS+ (m/z): 715.37 (RH-BZN + H+) (Fig. S4†).

Synthesis of [Fe (RH-BZN)(NO3)2(CH3CN)]

Fe(NO3)3$9H2O (2 mmol) in 5 ml MeCN was added drop wise to
a solution of RH-BZN (2 mmol) in 20 ml MeCN with continuous
stirring. Aer 1 hour the solution was ltered and kept aside
5150 | Anal. Methods, 2015, 7, 5149–5156
undisturbed. Aer one day a crystalline complex was precipi-
tated out. It was collected by ltration, washed several times
with MeOH and dried in air. It was recrystallized from meth-
anol. Several trials to grow single crystals failed. IR spectrum:
~v ¼ 1637.68 cm�1 (spirolactam amide-keto), 1554.65 cm�1

(–C]N) (Fig. S3†). ESI-MS+ (m/z): 834.4961 [Fe(RH-
BZN)(OCH3)(CH3OH)]; 934.5900 [Fe(RH-BZN)(NO3)2(CH3CN)];
948.6159 [Fe(RH-BZN)(NO3)2(OCH3)]Na

+ (Fig. S5†).

Cell culture

Human hepatocellular liver carcinoma (HepG2) cell lines
(NCCS, Pune, India) were grown in DMEM supplemented with
10% FBS and antibiotics (penicillin, 100 mg ml�1; streptomycin,
50 mg ml�1). Cells were cultured at 37 �C in a 95% air, 5% CO2

incubator.

Cell cytotoxicity assay

To determine the cell viability% of RH-BZN, MTT assay was
performed. HepG2 cells (1 � 105 cells per well) were cultured in
a 96 well plate at 37 �C, and exposed to varying concentrations
of RH-BZN, 1, 10, 20, 40, 60, 80 and 100 mM, respectively, for 12
h. 20 ml of MTT solution [5 mg ml�1 1� phosphate-buffered
saline (PBS)] was added to each well of a 96-well culture plate
and incubated again continuously at 37 �C for a period of 4 h.
All media were removed from wells and 100 ml of DMSO was
added to each well and absorbance was measured at 550 nm
(EMax Precision MicroPlate Reader, Molecular Devices, USA). All
experiments were performed in triplicate and the relative cell
viability (%) was expressed as a percentage relative to the
untreated control cells (Fig. S6†).

Cell imaging study

HepG2 cells were cultured and incubated in a 35 � 10 mm
culture dish over a cover slip for 24 h at 37 �C. The cells were
allowed to incubate with 10 mmRH-BZN prepared by dissolving
it in a mixed solvent (DMSO : water ¼ 1 : 9 (v/v)) in the culture
medium for 30 min at 37 �C. Aer incubation, cells were
washed twice with 1� PBS and allowed to be counterstained by
DAPI (2-(4-amidinophenyl)-6-indolecarbamidine dihydro-
chloride-40,6-diamidino-2-phenyl-indole, used for nuclear
staining, Sigma). Fluorescence images of HepG2 cells were
taken by using a uorescence microscope (Leica DM3000,
Germany) with an objective lens of 40� magnication. Fluo-
rescence images of HepG2 cells were taken separately from
another set of experiment where cells were pre-incubated with
10 mM Fe3+ for 30 min at 37 �C followed by washing twice with
1� PBS and subsequent incubation with 10 mM RH-BZN for
30 min at 37 �C. Similarly, in another set of experiment, cells
were incubated sequentially with 10 mm Fe3+, 10 mM RH-BZN
and 100 mM F� for 30 min at 37 �C with alternative washing
with 1� PBS two times. The live cell on the cover slip was
allowed for uorescence imaging. RH-BZN shows HepG2
intracellular cytoplasmic red uorescence by forming a
complex with Fe3+ and DAPI, used as the counter stain to
localize the nucleus, showing blue color at the nucleus. More-
over, the concentration dependent capture of Fe3+ was
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Molecular view of 3, H atoms are removed to get better clarity.

Table 1 Crystal data and details of the structure determinationa

Formula C46H58N4O3

Formula weight 714.96
Crystal system Monoclinic
Space group P21/c (no. 14)

Paper Analytical Methods

Pu
bl

is
he

d 
on

 1
1 

M
ay

 2
01

5.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

R
oo

rk
ee

 o
n 

9/
11

/2
02

2 
6:

49
:2

7 
PM

. 
View Article Online
preformed similarly as per described above at 1, 10 and 20 mM
for RH-BZN. Furthermore, to conrm the cytoplasmic
capturing of Fe3+ and cytoplasmic localization of RH-BZN aer
forming a complex with Fe3+, a cell imaging study was con-
ducted by using DAPI as the nuclear counter stain and Lyso-
Tracker Green DND-26 (invitrogen) for cytoplasm and, a live
cell imaging study was carried out as described above. Likely,
RH-BZN showed HepG2 intracellular cytoplasmic red uores-
cence by forming a complex with Fe3+, conrmed against a
nuclear and cytoplasmic tracker.

Solution preparation for UV-vis and uorescence studies

For both UV-vis and uorescence titrations, a stock solution
of 1.0 � 10�3 M of the probe 3 was prepared by dissolving it in
0.5 ml MeCN and nally the volume is made up to 10 ml by
MeCN. Similarly, 10 ml 1.0 � 10�3 M stock solutions of Fe3+

and tetra-n-butyl ammonium uoride were prepared sepa-
rately in MeCN. 100 ml solution of 10 mM HEPES buffer was
prepared and the pH was adjusted to 7.24 by using HCl and
NaOH as required. 2.5 ml of this buffer solution was pipetted
out into a cuvette to which 20 mM of the probe was added and
Fe3+ ions were added incrementally starting from 0 to 25 mM
in a regular interval of volume and UV-vis and uorescence
spectra were recorded for each solution. Similar is the case for
tetra-n-butyl ammonium uoride titration. Path length used
of the cells for absorption and emission studies was 1 cm.
Fluorescence measurements were performed using 2 nm � 2
nm slit width.

Quantum yield determination

Fluorescence quantum yields (F) were estimated by integrating
the area under the uorescence curves with the equation:

Fsample ¼ ODstd

ODsample

� Asample

Astd

� Fstd

where, A is the area under the uorescence spectral curve and
OD is optical density of the compound at the excitation wave-
length. The standard used for the measurement of uorescence
quantum yield was rhodamine 6G (Fstd ¼ 0.94 in CH3OH).
Scheme 1

This journal is © The Royal Society of Chemistry 2015
Results and discussion

As depicted in Scheme 1, receptor RH-BZN (3) was synthesized
from the reaction of rhodamine-B with ethylenediamine fol-
lowed by the Mannich reaction with 2,4-di-tert-butylphenol in
the presence of formaldehyde in EtOH in reuxing conditions
for 20 h with 68% yield. The nal product (3) was well charac-
terized by 1H NMR (Fig. S1†), 13C NMR (Fig. S2†), IR (Fig. S3†),
HRMS (Fig. S4 and S5†) and a single crystal X-ray diffraction
method (Fig. 1). Details of the method of data collection and
renement are listed in Table 1.

Single crystal X-ray diffraction studies reveal that the
compound RH-BZN crystallises in a monoclinic system of space
group P21/c. The crystallographic details are depicted in Table 1.

The receptor 3 was found to be a highly sensitive and
selective colorimetric and uorogenic dual sensor for Fe3+ while
in the absence of Fe3+; the solution of 3 is colourless and non-
uorescent.
a, b, c [Å] 17.313(3), 24.678(4), 9.5642(17)
a, b, g [�] 90, 105.015(390), 90
V [Å3] 3946.8(12)
Z 4
D (calc.) [g cm�3] 1.203
m (MoKa) [mm�1] 0.075
F (000) 1544
Crystal size [mm] 0.05 � 0.18 � 0.23
Temperature (K) 296
Radiation [Å] MoKa 0.71073
Q min–max [�] 1.2, 27.6
Dataset �22 : 22; �32 : 32; �12 : 12
Tot., uniq. data, R(int) 32636, 9136, 0.094
Observed data [I > 2.0 s(I)] 4317
Nref, Npar 9136, 492
R, wR2, S 0.0861, 0.2329, 1.02
Max. and av. shi/error 0.02, 0.02
Min. and max. resd. dens. [e Å�3] �0.55, 0.86

a w ¼ 1/[s2(Fo
2) + (0.2000P)2], where P ¼ (Fo

2 + 2Fc
2)/3.

Anal. Methods, 2015, 7, 5149–5156 | 5151
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Fig. 2 (a) Absorption titration of RH-BZN with Fe3+ in MeCN–H2O
(7 : 3, v/v) in HEPES buffer (1 mM) at pH 7.2; (b) non-linear fitting of data.

Fig. 3 (a) Fluorescence titration of (20.0 mM) in MeCN–H2O (7 : 3, v/v)
in HEPES buffer at pH 7.2 by the gradual addition Fe3+ with lex ¼ 510
nm, lem¼ 582 nm, inset (b) non-linear curve-fit of the FI vs. [Fe3+] plot.
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In order to determine the stability constant and composition
of the RH-BZN–Fe3+ complex we have carried out UV-vis titra-
tion with a xed concentration of 3 (20 mM) and variable
concentrations of Fe3+ (0–35.0 mM) at 25 �C in aqueous MeCN
Fig. 4 The phase contrast (upper panel) and fluorescence images (lower
BZN (10 mM), (ii) RH-BZN+ Fe3+ (10 mMeach) and (iii) RH-BZN+ Fe3+ (10 m

shows the cytoplasmic response of RH-BZN towards Fe3+. (iv) Fluoresce
F� solution (5 mM at a time).

5152 | Anal. Methods, 2015, 7, 5149–5156
(3 : 7, v/v, 1.0 mMHEPES buffer, pH 7.2, m¼ 0.05 M LiCl). It was
revealed that there is a gradual development of a new absorp-
tion band at around 552 nm on addition of Fe3+ (Fig. 2a). A plot
of absorbance vs. [Fe3+] showed a gradual increase in absor-
bance and tends to become almost constant at �1 : 1.75
ligand : metal mole ratio. The absorption titration data were
tted to a non-linear eqn (1),21 where a and b are the absor-
bance/uorescence intensities in the absence and presence of
excess metal ions, respectively, c (¼Kf) is the formation constant
and n is the stoichiometry of the reaction.

y ¼ aþ b� c� xn

1þ c� xn
(1)

The evaluated parameters are: Kf ¼ (1.50 � 0.18) � 104 M�1

and n ¼ 1.04 � 0.01.
The uorescence titration data were solved analogously as in

the case of absorption titration data which gives a Kf of (1.50 �
0.23) � 104 M�1 and n ¼ 0.99 � 0.02 (see Fig. 3B). There is an
excellent agreement between the Kf values extracted from
absorption (Kf ¼ (1.50 � 0.18) � 104 M�1, n ¼ 1.04 � 0.01) and
uorescence (Kf of (1.50 � 0.23) � 104 M�1, n ¼ 0.99 � 0.02)
titration data manifesting the self-consistency of our results.
The 1 : 1 composition of the complex was further conrmed by
Job's experiment (Fig. S7†).

Aer performing all possible compositions of CH3CN/H2O for
spectral (uorescence) studies it was observed that CH3CN–H2O
(7 : 3, v/v) is a good choice for this study. On increasing the water
content beyond CH3CN–H2O (7 : 3, v/v) the uorescence
enhancement was found to decrease progressively and there is no
visible change in FI when 100% water was used (Fig. S8†). The
detection of Fe3+ was not perturbed by the presence of biologically
abundant Na+, K+, Ca2+ and Mg2+ ions. Similarly, several transi-
tion-metal ions, namely Cr3+, Mn2+, Fe2+, Co2+, Cu2+, Ni2+ and
Zn2+, and heavy-metal ions, like Cd2+, Hg2+ and Pb2+ did not show
any signicant spectral change under identical reaction condi-
tions and the selectivity studies both for individual metal ions as
well as in the presence of Fe3+ in each case were also carried out.
These studies clearly suggest that all the testedmetal ions have no
interference in the selective detection of Fe3+ (Fig. S9†).
panel) of HepG2 cells were captured (40�) after incubation with (i) RH-
M each) followed by the addition of 100 mMF� for 30min at 37 �C. Inset
nce titration of RH-BZN–Fe3+ ensemble (20 mM) by gradual addition of

This journal is © The Royal Society of Chemistry 2015
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To check the suitability for the convenient biological appli-
cation of this probe towards Fe3+ sensing under physiological
conditions the pH-stability of the probe was investigated which
showed no obvious uorescence of RH-BZN between pH 6 and
12, suggesting the existence of a spirolactam form of RH-BZN
over this wide range of pH (Fig. S10†). However, in the presence
of a selective guest like Fe3+ ions it uoresces effectively at pH$

7.0 which clearly indicates the compatibility of the probe for
biological applications under physiological conditions.
Fig. 5 HepG2 cells were incubated with (i) 10 mM of RH-BZN for 30min a
washing twice with 1� PBS and, subsequent incubation with 10 mMRH-BZ
37 �C followed by 10 mM RH-BZN and 100 mM F� for 30 min at 37 �C with
(40�) shows the strong red fluorescence when RH-BZN complexes with
(in green filter). The merged image shows the cytoplasmic RH-BZN + Fe
with DAPI as the nuclear counter stain (blue, in violet/blue filter). (B) The flu
BZN complexes with Fe3+ and is subsequently quenched on the additi
fluorescence, suggesting no nuclear entry of RH-BZN fluorophore with D
filter) for cytoplasm. (C) The intracellular fluorescence image of RH-BZN
is shown (40�) by counterstaining using DAPI and (D) using DAPI as the n
concentration of RH-BZN (1 mm) shows excellent detection of Fe3+ in th

This journal is © The Royal Society of Chemistry 2015
The reversible binding of 3 to Fe3+ was investigated in the
same solvent system as was used in the absorption and uo-
rescence titrations. Anions like SO4

2�, NO3
�, Cl�, F�, Br�, I�,

OAc� and N3
� of 5 equivalents of 3 were introduced (Fig. S11†)

into the solution of the RH-BZN–Fe3+ complex and subsequently
the changes in their uorescence intensities were monitored.
The results showed that anions like F� (tetra-n-butylammonium
uoride) have a strong affinity towards Fe3+ and their binding
constants seem to be much higher than that of the RH-BZN–Fe3+
t 37 �C, (ii) pre-incubated 10 mM of Fe3+ for 30 min at 37 �C followed by
N for 30min at 37 �C and (iii) pre-incubated 10 mMof Fe3+ for 30min at
alternative washing with 1� PBS two times. (A) The fluorescence image
Fe3+ (in green filter) and is subsequently quenched on the addition of F�
3+

fluorescence, suggesting no nuclear entry of RH-BZN fluorophore
orescence image (100�) shows the strong red fluorescence when RH-
on of F�. The merged image shows the cytoplasmic RH-BZN + Fe3+

API as the nuclear counter stain (blue) and LysoTracker (green, in blue
in the complex with Fe3+ at 1, 10 and 20 mM concentrations of RH-BZN
uclear counter stain and LysoTracker for cytoplasm (100�). The lowest
e cytoplasm of HepG2 cell.

Anal. Methods, 2015, 7, 5149–5156 | 5153
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complex resulting in the abstraction of Fe3+ from the complex
and bleaching of the emission band at 582 nm through the re-
establishment of the spirolactam ring (Fig. 4). The quantum
yield of the RH-BZN–Fe3+ complex was determined to be F ¼
0.57 (with rhodamine 6G as a standard), whereas the free ligand
is non- or very weakly uorescent. The limit of detection (LOD) of
Fe3+ was determined by the 3s method22 and found to be as low
as 0.11 mM (Fig. S12†). All these ndings indicate that RH-BZN is
a good example of an ideal chemosensor for Fe3+.

The formation of the RH-BZN–Fe3+ complex by opening of
the spirolactam ring was established through IR studies. The IR
study revealed that the characteristic stretching frequency of the
amidic “C]O” of the rhodamine moiety at 1692.15 cm�1 is
Table 2 Comparative results of selected rhodamine 6G based probes fo

Probe Formation constant (M�1)

(i) RH-BZN 1.5 � 104

(ii) Not-determined
(iii) 2.3 � 104

(iv) 1.58 � 105

(v) Not determined
(vi) 2.46 � 104

(vii) (a) 7.5 � 103

(vii) (a) 5.1 � 103

(viii) 4.52 � 105

(ix) 9.62 � 105

5154 | Anal. Methods, 2015, 7, 5149–5156
shied to a lower wave number 1637.68 cm�1 in the presence of
1.2 equiv. of Fe3+ (Fig. S3†). This large shi signies a strong
polarization of the C]O bond upon efficient binding to the Fe3+

ion and in fact indicates opening of the spirolactam ring.22

Bio-imaging of Fe3+ by RH-BZN was performed in live cells
(Fig. 4 and 5) by using uorescence microscopic techniques. To
determine whether RH-BZN has any cytotoxic effect, MMT assay
was performed on HepG2 cells which showed no signicant cell
cytotoxicity up to 80 mm (<30% cytotoxicity) (Fig. S6†).23 Hence
further experiments were carried out at a low dose (10 mm) of
RH-BZN.

The intracellular imaging behaviour of RH-BZN (10 mM) on
HepG2 cells displayed no obvious uorescence (Fig. 4).
However, an excellent intracellular cytoplasmic uorescence
was observed inside the cells, when HepG2 cells were incubated
with 10 mM RH-BZN followed by washing with 1� PBS and
subsequent incubation with 10 mM Fe3+ and, also subsequent
quenching of red uorescence on treatment with tetra-n-butyl
ammonium uoride. Interestingly we have observed that the
uorophore RH-BZN shows the only cytoplasmic binding with
Fe3+, not the nuclear binding (Fig. 4, inset and Fig. 5). The
specic binding of uorophore 3 to the cytoplasm makes this
uorophore less toxic, as uorophore 3 cannot cross the nuclear
membrane to bind to the nucleus (DNA) which causes the more
toxic effect on cells.24 The cytotoxicity study by MMT assay
shows 82% cell viability at 20 mM concentration and specically
detects the cytoplasmic Fe3+. Additionally, Fig. 5 displays the
concentration dependent binding of RH-BZN to intracellular
Fe3+ which clearly indicates that the present probe is capable of
recognizing cytoplasmic Fe3+ as low as 1 mm concentration. As
the dye is not water soluble, we performed all the extracellular
experiments in the MeCN : H2O (7 : 3, v/v) mixture. However,
when the probe is once solubilised in DMSO it did not give any
precipitate on adding water up to 99%. So there was no problem
in performing the cell imaging experiment in the 1 : 9
DMSO : H2O mixture.

Few of the recently investigated rhodamine-B based Fe3+

sensors are given in Scheme 2 and some salient features are
given in Table 2. A quick inspection of these studies reveal that
all these are turn on Fe3+ ion sensors with moderate LOD values
(0.32–5.0 mM) and formation constants (Kf ¼ 5.1 � 103–4.52 �
105 M�1) and applicable for monitoring intracellular Fe3+ ions,25
r recognizing Fe3+

LOD (mM) Cell

0.11 Done, cytoplasmic binding
0.32 Done
Not determined Done
Not determined Not done
1.8 Not done
0.40 Done
Not determined Not done
Not determined Not done
5 Done
0.05 Done

This journal is © The Royal Society of Chemistry 2015
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though in a few cases no cell imaging experiments were per-
formed. RH-BZN recognizes Fe3+ with 240-fold uorescence
enhancement with a binding constant of 1.50 � 104 M�1 and a
LOD of 0.11 mM through a 1 : 1 host–guest type interaction. Not
only that the cytoplasmic binding makes this probe more
appropriate for in vivo monitoring of Fe3+ without any genetic
damage.

Conclusions

In summary, a novel benzoxazine based dual sensor ‘rhoda-
mine-3,4-dihydro-2H-1,3-benzoxazine’, RH-BZN (3) has been
synthesized and structurally characterized. In 3 : 7 water :
MeCN (v/v) and at physiological pH 7.2, it selectively recognizes
Fe3+ giving 240-fold uorescence enhancement and a binding
constant of 1.50 � 104 M�1 through a 1 : 1 host–guest type
interaction, which could suitably be employed for cytoplasmic
intracellular imaging of Fe3+ without notable cytotoxicity.
Reversible binding of Fe3+ towards this probe was conrmed by
reacting with tetra-n-butyl ammonium uoride both in extra-
and intra-cellular conditions.
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A turn-on fluorogenic chemosensor for Fe3+ and a
Schottky barrier diode with frequency-switching
device applications†
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A novel highly sensitive and selective fluorescent chemosensor L has been synthesized and characterized

by various physicochemical techniques. In 3 : 7 water : MeCN (v/v) at pH 7.2 (10 mM HEPES buffer, µ =

0.05 M LiCl), it selectively recognizes Fe3+ through 1 : 1 complexation resulting in a 106-fold fluorescence

enhancement and a binding constant of 8.10 × 104 M−1. The otherwise non-fluorescent spirolactam form

of the probe results a dual-channel (absorbance and fluorescence) recognition of Fe3+ via CHEF (chela-

tion enhanced fluorescence) through the opening of the spirolactam ring. We have also carried out fluo-

rescence titration and anisotropy (r) studies in pure water in the presence of SDS (sodium dodecyl sul-

phate). Based on the dependence of FI (fluorescence intensity) and r on [SDS] it was proposed that the

probe is trapped between two SDS monolayers which again interact among themselves by π⋯π stacking.

As a result, there is an increase in FI up to [SDS] ∼ 7 mM – a phenomenon reminiscent of aggregation-

induced enhancement of emission (AIEE). Beyond this concentration of SDS (7 mM), micelle formation

takes place and the π⋯π stacked polymer now becomes a monomer and is trapped inside the micellar

cavity. As a result, there is a decrease in FI at [SDS] > 7 mM. But for anisotropy, it increases with [SDS]

beyond 7 mM. Ligand, metal, and SDS interactions are well established through different optical and mor-

phological studies. [L–Fe(NO3)]
2+ thin films on FTO (Fluorine-doped Tin Oxide) glass substrates have

been designed with the help of the spin-coating deposition technique. The deposited film of thickness

1.6 × 10−5 cm is well characterized by optical band gap calculation with a direct band gap, εg ∼ 1.6 eV.

FESEM was also performed for the [L–Fe(NO3)]
2+/FTO film. The current–voltage characteristics were

measured by the two-probe technique. Light-dependent exciton generation was carried out by taking

the top and bottom contacts with graphite paste on FTO and on the [L–Fe(NO3)]
2+

films for the measure-

ment of switching behavior. The response ratio curve for the light-induced frequency-switching

phenomena has been obtained. The frequency taped here is the oscillation frequency of the photo-gen-

erated electron and the hole in an exiton. Thus, the light-induced frequency-switching behavior and

Schottky barrier diode characteristics of the material were established.

Introduction

Iron is not only the most abundant transition metal in cellular
systems, but also it is of outstanding biological importance

given its presence in numerous enzymes and proteins. As to
Fe3+, its vital roles in a variety of cell functions have been sum-
marized in many reviews.1–4 Haemoglobin, an iron-containing
protein, is critically involved in both electron transfer reactions
and oxygen transport processes in all tissues5,6 and has suit-
able redox potential values and high affinity for oxygen. The
deficiency or excess of Fe3+ can lead to a variety of diseases,
such as Alzheimer’s, Huntington’s, Parkinson’s etc.7–10 Thus,
there is an urgent need to develop chemical sensors that are
capable of detecting and quantifying the presence of Fe3+ ions
in biological samples.

Due to its paramagnetic nature, Fe3+ is basically the most
effective fluorescent quencher,11–13 which makes it difficult to
develop a desirable fluorescence turn-on sensor. For this

†Electronic supplementary information (ESI) available. CCDC 1563133. For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
c7pp00322f

aDepartment of Chemistry, Jadavpur University, 188, Raja Subodh Chandra Mallick Rd,

Kolkata, West Bengal 700032, India. E-mail: m_ali2062@yahoo.com
bCentre of Excellence for Green Energy and Sensor Systems, Indian Institute of

Engineering Science and Technology, Shibpur, Howrah 711103, Botanic Garden,

Howrah 711103, India
cDepartment of Chemistry, Indian Institute of Engineering, Science and Technology,

Shibpur, Botanic Garden, Howrah 711103, India

This journal is © The Royal Society of Chemistry and Owner Societies 2018 Photochem. Photobiol. Sci., 2018, 17, 465–473 | 465

Pu
bl

is
he

d 
on

 0
5 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

by
 I

nd
ia

n 
In

st
itu

te
 o

f 
T

ec
hn

ol
og

y 
R

oo
rk

ee
 o

n 
9/

11
/2

02
2 

6:
51

:0
1 

PM
. 

View Article Online
View Journal  | View Issue

www.rsc.li/pps
http://orcid.org/0000-0001-8662-7565
http://orcid.org/0000-0003-0756-0468
http://crossmark.crossref.org/dialog/?doi=10.1039/c7pp00322f&domain=pdf&date_stamp=2018-04-13
https://doi.org/10.1039/c7pp00322f
https://pubs.rsc.org/en/journals/journal/PP
https://pubs.rsc.org/en/journals/journal/PP?issueid=PP017004


reason, very few turn-on sensors of Fe3+ have been reported
but many of them are interfered by few other metal ions.14

Again, there are examples of rhodamine-based fluorescent
sensors for Fe3+, but most of them are soluble either in
organic solvents or mixed organo-aqueous media15–24 with few
exceptions which are soluble in purely aqueous medium.25–27

Consequently, the design of new probes bearing suitable
multidentate chelating units, which can preferentially recog-
nize Fe3+, is a timely area of research. Given our interest in
developing new chemo-sensing systems, we report, herein, a
rhodamine-based dual channel probe for the detection of Fe3+.
Rhodamine-based conjugates with a spirolactam structure are,
in general, non-fluorescent but act as colorimetric as well as
fluorometric sensors with the enhancement of absorption and
fluorescence emission intensity, respectively, on selectively
binding to metal ion(s).

In the present article, we are going to disclose a rhod-
amine–1-(2-aminoethyl)pyrrolidine conjugate as a highly sensi-
tive and selective fluorescent chemosensor for Fe3+ ions.
Transition metal complexes are found to have huge potential
to form an active layer in the optical and electronic appli-
cations. Recently, considerable attention has been given to
developing nanometer-scale materials due to their unique
physical and chemical properties and potential applications in
nanoscale devices.28,29 Here, we will explore, for the first time,
the feasibility of using a [L–Fe(NO3)]

2+/FTO film as a Schottky
barrier diode with frequency-switching device applications.
With an ingenious design of a ligated chromophore, we
believe that the luminescent Fe(III) complex may serve as a new
model for probing a variety of fundamental characteristics in
view of the fabrication of optoelectronic devices.

Experimental section
Materials and methods

The starting materials, such as rhodamine-6G hydrochloride
(Sigma Aldrich), 1-(2-aminoethyl)pyrrolidine (Sigma Aldrich),
and ferric nitrate (Sigma Aldrich), were used for the prepa-
ration of L and the [L–Fe(NO3)]

2+ complex. Solvents like EtOH,
MeOH, MeCN, etc (Merck, India) were of HPLC grade. MeCN
and de-ionized water were used for spectroscopic studies.

Physical measurements

Infrared spectra (400–4000 cm−1) were recorded from KBr
pellets on a Nickolet Magna IR 750 series-II FTIR spectro-
photometer. 1H-NMR spectra were recorded in DMSO-d6 on a
Bruker 300 MHz NMR spectrometer using tetramethylsilane
(δ = 0) as an internal standard. UV-Vis spectra were recorded
on an Agilent diode-array spectrophotometer (Model, Agilent
8453), steady-state fluorescence spectra were recorded on a PTI
spectrofluorimeter (Model QM-40), and ESI-MS+ (m/z) of the
receptor (L) and the L–Fe3+ complex were recorded on a HRMS
spectrometer (Model: XeVO G2 QTof). Morphological analyses
of the films were carried out by field emission scanning elec-
tron microscopy (FESEM) (JEOL, JSM-6700F).

Syntheses

Preparation of L. Rhodamine-6G hydrochloride (1)
(5.0 mmol) and 1-(2-aminoethyl)pyrrolidine (10.0 mmol) were
dissolved in EtOH and refluxed for 6 h with continuous stir-
ring whereupon a reddish crystalline solid of L was deposited.
The solid was filtered and washed with EtOH and dried in air
(68% yield). Recrystallization from EtOH afforded single crys-
tals for X-ray diffraction studies. 1H NMR (300 MHz, CDCl3) (δ,
ppm): 1.31 (t, 10H), 1.70 (s, 4H), 1.89 (s, 6H), 2.21 (d, 2H), 2.30
(s, 4H), 3.22 (t, 6H), 3.48 (s, 2H), 6.23 (s, 2H), 6.33(s, 2H), 7.03
(s, 1H), 7.42 (t, 2H), 7.90 (s, 1H) (Fig. S1†). IR spectrum: ν̃ =
1692 cm−1 (spirolactam amide-keto), 1615 cm−1 (–CvN)
(Fig. S2†). ESI-MS+ (m/z): 511.3624 (L + H+) (Fig. S3†).

Synthesis of [L–Fe(NO3)]
2+. Fe(NO3)3·9H2O (0.808 g, 2 mmol)

in 5 ml MeCN was added dropwise to a solution of L (2 mmol) in
20 ml MeCN with continuous stirring. After 1 h, the solution was
filtered and kept aside undisturbed. After one day, a crystalline
compound precipitated out. It was collected by filtration, washed
several times with MeOH and dried in air. It was recrystallized
from methanol. Several trials to grow single crystals failed. IR
spectrum: ν̃ = 1637 cm−1 (spirolactam amide-keto), 1554 cm−1

(–CvN) (Fig. S2†). ESI-MS+ (m/z): 628.4961 [L–Fe(NO3)]
2+ (Fig. S4†).

Solution preparation for UV-Vis and fluorescence studies

Solution preparation is described elaborately in the ESI.†

Determination of fluorescence polarization anisotropy

A PTI QM-40 spectrofluorimeter was used for the determi-
nation of fluorescence anisotropy (r) as defined by eqn (1),

r ¼ IVV � G � IVH
IVV þ 2G � IVH ð1Þ

where IVV and IVH are the emission intensities obtained with
an excitation polarizer oriented vertically and an emission
polarizer oriented vertically and horizontally, respectively. The
G factor is defined as30

G ¼ IHV

IHH
ð2Þ

where the intensities IHV and IHH refer to the vertical and hori-
zontal positions of the emission polarizer, respectively, with
the excitation polarizer being horizontal.

Time-correlated single photon counting measurements

Time-correlated single photon counting (TCSPC) measure-
ments were performed in 10 mM HEPES buffer of pH 7.2 for
the fluorescence decay of the free ligand, L and the [L–
Fe(NO3)]

2+ complex in the absence and presence of SDS at
25 °C. During the TCSPC measurements, photoexcitation was
carried out at 510 nm for the [L–Fe(NO3)]

2+ complex using a
Hamamatsu MCP photomultiplier (R3809) and was analyzed
by using IBH DAS6 software using eqn (3),

FðtÞ ¼
X
i

ai exp � t
τ

� �
ð3Þ
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where αi denotes the ith pre-exponential factor and τ represents
the decay time. The decay time is referred to as the lifetime of
the excited species.

Results and discussion

Scheme 1 describes the synthesis of receptor L from the reac-
tion of rhodamine-6G with 1-(2-aminoethyl)pyrrolidine in
EtOH under refluxing conditions for 20 h with 68% yield. The
final product (L) was well characterized by 1H NMR (Fig. S1†),
IR (Fig. S2†), HRMS (Fig. S3 and S4†) and single crystal X-ray

diffraction techniques. Fig. 1 displays the molecular view of L
which was found to crystallize in the P1̄ space group of the tri-
clinic system (please see Table S1 in the ESI†).

The solution of L is colorless and non-fluorescent because
of its spirolactam form. However, it becomes dark red and
highly fluorescent in the presence of Fe3+. But many other
metal ions do not produce such optical changes. So it behaves
as a highly sensitive and selective dual channel (colorimetric
and fluorometric) sensor for Fe3+ in the presence of other
metal ions. The apparent formation constant (K) was deter-
mined by UV-Vis titrations in MeCN-buffer solution (7 : 3 v/v,
HEPES at pH 7.0) at 25 °C. A linear form of Benesi–Hilderbrand
equation (eqn 4) was used to evaluate the dissociation constant
and stoichiometry of complexation, where, A0 and Amax are the
absorbances of the ligand in the absence and in the presence of
excess metal ion, respectively and n is the stoichiometry (L : Fe3+)
of the reaction. A linear least square-fit of (Amax − Ao)/(A − Ao)
against 1/[Fe3+] clearly demonstrates a 1 : 1 stoichiometry of the
reaction (n = 1) which also gives an apparent dissociation con-
stants Kd = (8.26 ± 0.03) × 10−5 M.

ðAmax � A0Þ
ðA� A0Þ ¼ 1þ 1

K ½Fe3þ� ð4Þ

Similarly, the fluorescence titration (Fig. 2) of L (10 μM) against
variable Fe3+ concentrations (0–50 μM) under identical reaction
conditions gives Kd = (4.81 ± 0.12) × 10−5 M and n = 1. There is an
excellent agreement between the K values for the [L–Fe(NO3)]

2+

system obtained from the absorption and fluorescence titration
data clearly manifesting the self-consistency of our results.

The detection of Fe3+ was not interfered by the presence of
different metal ions like Na+, K+, Ca2+, Mg2+, Cr3+, Mn2+, Fe2+,
Co2+, Cu2+, Ni2+, Zn2+, Cd2+, Hg2+, and Pb2+ under identical
reaction conditions. On addition of 1.5 equivalents of Fe3+ to
the individual L–Mn+ solutions containing 5 equivalents of Mn+

the fluorescence intensity corresponding to the [L–Fe(NO3)]
2+

complex was obtained. This observation clearly indicates that
Fe3+ forms a strong complex with L in the presence of the above-
mentioned metal ions, which again suggests that all the tested
metal ions do not interfere with the selective detection of Fe3+

(Fig. S5†).
The pH-stability of the probe was investigated between pH 2

and 12, which showed no obvious fluorescence of L between

Scheme 1 Synthesis of probe L and its Fe3+ complex.

Fig. 1 Molecular view of ligand (L). H-Atoms are omitted for clarity.

Fig. 2 UV-Vis (20 µM of L) and florescence titration (10 µM of L) of L [Fe3+] (0–25 µM) (a) absorbance vs. wavelength plots for various increasing
concentrations of Fe3+ (0–20 µM) (b) Benesi–Hilderbrand plot; (c) FI vs. wavelength plots for various increasing concentrations of Fe3+ (0–25 µM);
(d) Benesi–Hilderbrand plot.
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pH 4 and 12 (Fig. S6†). However, in the presence of selective
guests like Fe3+ ions, it fluoresces effectively at pH ≥ 7.0, which
clearly indicates the compatibility of the probe for biological
applications under physiological conditions.

The IR spectrum of the receptor reveals the presence of the
characteristic stretching frequency of the amidic “CvO” of the
rhodamine moiety at 1692 cm−1, which is shifted to a lower
wavenumber of 1637 cm−1 in the presence of 1.2 equivalents
of Fe3+ (Fig. S2†). This large shift (Δν = 54 cm−1) signifies a
strong polarization of the CvO bond upon efficient binding to
the Fe3+ ion. In fact, it indicates the formation of the L–Fe3+

complex by the opening of the spirolactam ring.
The 1 : 1 (L : Fe3+) complexation was determined by Job’s

method (Fig. S7†) and further supported by mass spectrometric
analysis (m/z = 628.4961) [L–Fe(NO3)]

2+ (see Fig. S7 in the ESI†).

Steady-state fluorescence studies in the presence of SDS

We have also carried out fluorescence titration in pure water in
the presence of SDS under two conditions. (i) At a fixed con-
centration of L (10 µM) and SDS (10 mM) and a variable con-
centration of Fe3+; (ii) at a fixed concentration of L (10 µM) and
Fe3+ (10 µM) and a variable concentration of SDS.

In case (i), there is a gradual increase in FI with the increase in
Fe3+ concentration, it reaches a maximum at ∼10 µM Fe3+ and
then remains almost constant on a further increase in Fe3+ con-
centration. The major linear part of the plot was used to extract
the association constant Kf by using the linear form of eqn (5)
under the condition 1 ≫ c × xn with n = 1 (ref. 31) and the value
was evaluated to be (1.27 ± 0.10) × 105 M−1 (Fig. 3). It is found to
be an order of magnitude higher than that obtained in MeCN–
H2O in the absence of SDS. This indicates a higher stability of the
formed complex in the excited state in the presence of SDS.

y ¼ ðaþ b� c� xnÞ
1þ c� xn

ð5Þ

This enhanced stability constant value may be due to
the restricted movement of the doubly positively charged

[L–Fe(NO3)]
2+ complex by the strong electrostatic attraction

with the negatively charged head group of SDS in the form of
laminar aggregates.

In the second case, a plot of FI vs. [SDS] shows an initial
sharp drop in FI of the [L–Fe(NO3)]

2+ complex in water on
adding 1 mM SDS and then it increases rapidly with the
increase in SDS concentration, reaches a maximum at 7.0 mM,
and then decreases with the increase in SDS concentration,
which is clearly demonstrated in Fig. 4(b). The initial sharp
drop in FI may arise due to the breakdown of the self-orga-
nized [L–Fe(NO3)]

2+ complex (non-covalently attached polymer)
in purely aqueous medium in the presence of 1 mM SDS.

This experiment clearly demonstrates the aggregation
between [L–Fe(NO3)]

2+ and SDS, which is favored with the
increase in SDS concentration up to 7 mM SDS. With a further
increase in [SDS], there is a gradual decrease in FI and it
reaches almost a plateau at [SDS] ∼ 18 mM (Fig. 4(b)). The
appearance of the fluorescence maximum at [SDS] ∼ 7 mM
clearly indicates that the critical micellar concentration (CMC)
of SDS is 7 mM under the experimental conditions. The
decrease in FI with [SDS] beyond 7 mM may be attributed to a
change in the morphology of SDS surfactant from laminar to
spherical micelles on increasing the [SDS], and at the same
time the polymeric [L–Fe(NO3)]

2+ becomes a monomer and
gets trapped inside the micellar cavity. The formation of the
monomer results in a decrease in FI. The increase in FI with
[SDS] manifests the fact of aggregation-induced enhancement
of emission (AIEE). It is interesting to note that in the presence
of 9 mM SDS, no quenching of the fluorescence intensity of
the [L–Fe(NO3)]

2+ complex by HF2
− was observed, which was

otherwise observable in the absence of SDS. This clearly indi-
cates the non-accessibility of the [L–Fe(NO3)]

2+ complex to
HF2

− due to trapping inside the micellar cavity.

Steady-state fluorescence anisotropy

We have measured the steady-state fluorescence anisotropy to
monitor the extent of restriction imposed by the micro-hetero-
geneous environment on the dynamic properties of the probe.
To check this, we have monitored the fluorescence anisotropy
as a function of SDS concentration at a fixed concentration of
L and Fe3+ (10 µM each) at 564 nm. A steady increase in an-
isotropy on increasing the SDS concentration up to 1.5 mM
occurs, followed by a gradual decrease with SDS concentration,

Fig. 3 (a) Florescence titration of L (10 µM) by Fe3+ in the presence of
SDS (9 mM) with λex = 510 nm; (b) plot of FI as a function of [SDS].

Fig. 4 (a) Florescence titration of L (10 µM) by SDS in the presence of
[Fe3+] (10 µM) with λex = 510 nm; (b) plot of FI as a function of [SDS].
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reaching a plateau at ∼4.2 mM, and then maintaining a steady
value up to 7.0 mM. After that, it again slowly increases with
the increase in [SDS] (Fig. 5).

As discussed earlier, the initial sharp increase in anisotropy
with [SDS] may be due to the layer arrangement of SDS.
Between two such layers [L–Fe(NO3)]

2+ complexes are trapped
by electrostatic interaction with the negatively charged sulfonic
acid head groups (Scheme 2). This regular arrangement of the
[L–Fe(NO3)]

2+ complex further interacted among themselves by
π⋯π stacking interactions to form a polymer imposing a firm
restriction to their free movement and hence resulting in an
enhancement in anisotropy. On further increasing [SDS], the
regular layer arrangement of SDS is broken down and [L–
Fe(NO3)]

2+ becomes free as a monomer. As a consequence, the
r value decreases and reaches a minimum at ∼4.20 mM and
remains constant up to 7 mM where no formation of micelle
occurs. But above 7 mM of SDS, the micellization process dom-
inates and this entraps the [L–Fe(NO3)]

2+ complex inside the
cavity as a monomer resulting in a slow but steady increase in
r with the increase in [SDS]. The encapsulation of [L–
Fe(NO3)]

2+ inside the cavity is supported by the failure of HF2
−

to quench the fluorescence of the complex, which otherwise is
quenched in the absence of 9 mM SDS (Fig. 5). It is well
accepted that an increase in the rigidity of the fluorophore
results in an increase in the fluorescence anisotropy.

Analyses of surface topography of ligand, ligand–SDS, metal–
ligand, and metal–ligand–SDS

The change in surface topology has been noticed from the
FESEM studies for ligand, ligand with SDS, metal–ligand, and
metal–ligand with SDS, which indicates that SDS has a pro-
nounced effect on the surface design. The synthesized
materials are very different from each other. The morphology
of the ligand is well dispersed throughout the phase having
quasi cubical grains with an average size of ∼30 nm, which is
also indicated in the inset figure (Fig. 6(a)). But in the case of
ligand–SDS interactions a change in surface topology occurs,
indicating that no free ligand molecules are present in the
system [Fig. 6(a) and (b)]. In the case of metal–ligand inter-
actions, numerous microstructural defects with fibroid-like
morphology are visible, but with SDS, the ternary interactions
greatly influence the fibroid structure with densely occupied
spherical uniform holes. This behavior of the molecules
enhances the optical properties as shown in Fig. 6(c) and (d),
which is also clearly indicated in the respective inset figures.
Due to the betterment of fibroid interactions between the
metal and ligand, charge-transfer interactions take place.
When fabricated on the conducting glass substrate (FTO),
good electrical conductivity in the presence of photons is
obtained, which performs as a photo-switching material.
Thus, the FESEM analyses indicate that the surface structures
as well as defects at the surface levels are important for device
applications.

Thin film fabrication from the precursor of the [L–Fe(NO3)]
2+

complex

The thin films of hybrid materials have attracted both in-
organic and organic chemists as they can be used to design
various microelectronic and optoelectronic devices. For the
preparation of inorganic–organic thin films, the spin-coating

Fig. 5 Plot of fluorescence anisotropy (r) as a function of [SDS] in
purely aqueous medium at 25 °C and [L] = [Fe3+] = 10 μM, λex = 510 nm.

Scheme 2 Schematic presentation of the interactions of probe with
the laminar microstructure and micellar microstructure of SDS (adopted
from UC Davis ChemWiki).

Fig. 6 FESEM analyses of (a) ligand with an inset image, (b) ligand–SDS,
(c) metal–ligand with an inset image and (d) metal–ligand–SDS with an
inset image.
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method has the merits of convenience, use of low cost equip-
ment, and a faster operating system. Spin coating is a con-
venient and reproducible method for applying highly uniform
thin films to substrates of all kinds. Moreover, it requires
smaller amounts of material and less processing time com-
pared to other methods.

In our work, a [L–Fe(NO3)]
2+ film is fabricated onto a FTO

glass substrate having an area of 3.5 cm × 1.5 cm by spin-
coating of a sol precursor. For the preparation of L–Fe3+ sol,
the complex precursor [L–Fe(NO3)]

2+ is mixed with acetonitrile
in the ratio 1 : 10. The mixture solution was stirred for
20 minutes at room temperature and at a constant speed
without any perturbation. The FTO glass substrates were
cleaned from end to end ultrasonically in detergent, deionized
water, acetone, and isopropanol sequentially before spin-
coating deposition under an ambient atmosphere. The nano-
structure [L–Fe(NO3)]

2+ complex sol was spin-coated at 2000
rpm for 1 min onto a FTO pre-cleaned glass. The spin coater
consists of a variable rotating vacuum chuck powered by a
motor. The substrate was held firmly in position by atmos-
pheric pressure. In a clean environment, five drops of [L–
Fe(NO3)]

2+ complex precursor in acetonitrile were allowed to
fall with the help of a clean syringe onto the center of a
stationary conducting glass substrate. The drop spreads out
across the substrate under the influence of the centrifugal
force. As it moves, the solvent evaporates from the solution,
leaving a smooth continuous film. The resulting hybrid film
was annealed on a hot plate at ∼60 °C for 15 minutes to
remove the residual solvent. This procedure was repeated
several times to get crystalline, uniform, pinhole-free thin
films of the inorganic–organic complex on the FTO substrate
(sheet resistance ∼10 Ω sq−1). The thicknesses of the films
were determined by the gravimetric method using the
formula32 t = (W2 − W1)/Ad, where t is the thickness of the
film, A is the area covered by the film, d is the density of the
[L–Fe(NO3)]

2+ complex (1.18 g cm−3), and W1 and W2 are the
weight of the FTO glass substrate before and after deposition,
respectively. The deposited film (t = 1.6 × 10−5 cm) was studied
using a field emission scanning electron microscope for
surface morphology, a UV-Vis spectrophotometer for optical
measurement and a semiconductor characterization system for
electrical measurement. Therefore, iron complex modified
FTO thin films [L–Fe(NO3)]

2+/FTO/glass are used for diode
characteristics and frequency-switching device applications.

Morphological characteristics of [L–Fe(NO3)]
2+/FTO thin films

The deposited [L–Fe(NO3)]
2+/FTO film was investigated using

FESEM as shown in Fig. 7. From the surface morphology ana-
lysis, microstructural fractures in the film with numerous
spherical grains with distinct grain boundaries have been
observed at a low magnification of 1.30 K× (Fig. 7(a)) due to
drought of solvent molecules. At high magnification 20.00 K×
(Fig. 7(b)), small islands with several coarse wells are separated
uniformly. Each island is composed of uniformly distributed
spherical grains of the [L–Fe(NO3)]

2+ complex having a dia-
meter in the range of 80 to 100 nm on the FTO glass substrate

at the magnification of 19.45 K×. The grains are distinct and
the grain boundaries are prominent as shown in Fig. 7c.

However, the formation of larger grains from smaller crys-
tallites is essential for the spontaneous lowering of Gibb’s free
energy in the system to gain stability. Nanoparticles have a
higher surface-to-volume ratio, so the surface energy of the
system becomes significantly high. For this reason, every
system has a tendency to lower down the free energy by
forming larger grains from smaller crystallites by spontaneous
agglomeration.

UV-Vis analysis

The absorption spectrum showed a moderately sharp onset in
absorbance around 550 nm, which represents the typical band
to band transition for the pure [L–Fe(NO3)]

2+ complex (Fig. 8).
The band gap energy for the [L–Fe(NO3)]

2+/FTO thin film was
calculated using the Tauc’s relation:33 [(αhν)1/n = A(hν − Eg)],
where A is a constant related to the effective masses of charge
carriers, h is the Planck constant, Eg is the band gap energy, hν
is the incident photon energy, and 1/n is the exponent that
depends on the nature of the optical transition (n = 0.5 and 2
for direct and indirect transition, respectively). The Tauc’s plot
(inset Fig. 9) indicates the direct band gap energy of 1.6 eV for
the deposited films.

Fig. 7 Field emission scanning electron microgram of the [L–
Fe(NO3)]

2+/FTO thin film.

Fig. 8 Absorption spectrum of the pure [L–Fe(NO3)]
2+ complex.
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Electrical properties: current–voltage (I–V) characteristics by
the two probe technique

Two-probe I–V measurement was carried out by taking FTO-
coated glass substrates as the bottom contact and 2 mm ×
2 mm graphite paste as the top contact as shown in Fig. 10.
The nanostructured thin film consists of surface defects which
influence the intrinsic band nature from its bulk counterpart
directly, which affects the electronic transition and phonon
transfer process.34 The electronic defects at the grain bound-
aries of the nanoparticles generate traps which directly affect
the current–voltage properties.

Under a no-bias condition, the electron affinity for the traps
at the surface of the grains is higher but upon changing the
bias, the traps get filled. Therefore, the enrichment of current
densities can be noticed when all the traps are filled; mean-
while, on irradiation of light, the generated charge carriers at

the surface level influence the nature of the I–V curve with
high current density and high steepness at forward bias.
During the reverse bias, the opposite phenomenon is sup-
posed to be taking place. The increase of reverse bias affects
the electrostatic attraction of the trapped electronic environ-
ment with greater ease, and an increment in the negative
current densities is observed both under dark and light con-
ditions. Thus, trapping and de-trapping of charge carriers play
an important role in the symmetrical nature of the I–V curve.
As the FTO (n-type) modified [L–Fe(NO3)]

2+ thin film showed a
non-linear change in current–voltage, a possible formation of
depletion region at the interface can be presumed. Non-linear
symmetric I–V also supports the formation of a weak junction
at the interface of p-type ([L–Fe(NO3)]

2+) and n-type FTO glass
substrate, through which electrons overcome the barrier in a
restricted manner.35 The current obtained in the reverse bias
is mainly due to the loss of junction barrier properties which
can increase the reverse saturation current due to the free min-
ority carriers at the junction. On the other hand, from the
FESEM image, it is evident that the deposited films have fewer
micropores along the c-axis, which is responsible for produ-
cing a leakage path, supporting the bias-assisted rectification.

Photon-induced exciton generation

Light-dependent exciton generation was carried out by taking
the top and bottom contacts with graphite paste on FTO and
on the [L–Fe(NO3)]

2+ film for the measurement of switching
behavior, a light with an intensity of 1 Sun was allowed to pass
through the FTO glass substrate and up to the film.36 The
response ratio curve for the light-induced frequency-switching
phenomenon by which a 50-Hz pulse was generated as soon as
the light was ‘on’ was found to be quite steady for a period of
25 s. A decay of only 1–2 Hz was noted during this period. A
sudden drop of this pulse to the ‘zero’ state took place with
the ‘off’ state of the incident light. This is due to the oscil-
lation frequency of the photo-generated electrons and the
holes in an exciton. On switching off the light, the photo-gen-
erated electrons and the holes will recombine, leading to no
oscillation of the charged species, and hence no frequency was
detected. Good consistency of this switching behavior was
found for more than 50 cycles; ten of them are represented
here. This low magnitude light induced pulse generation
might be the contribution of the confined exitonic transition
that might be a very low free carrier concentration within the
metal complex matrix.

It is a fact that intrinsic defects like anion/cation vacancies
within the metal ligand complex can adsorb gas molecules like
oxygen or water vapor from the atmosphere. Trapping of such
molecules will create some trap electrons/energy levels on the
surface of the semiconductor, leading to a space charge region
and related band bending inside the semiconductor (Fig. 11).
So the number of electron–hole pairs increases, which signifi-
cantly affect some unique physical properties like enhance-
ment of photo-luminescence intensity, light-induced fre-
quency-switching behavior, etc.

Fig. 9 The absorption spectrum of the [L–Fe(NO3)]
2+ thin film (a); inset

(b): plot of (αhν)2 vs. hν, Tauc’s plot.

Fig. 10 Representative two-probe I–V characteristics of the [L–
Fe(NO3)]

2+/FTO thin films under dark and light conditions.
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Conclusion

In this article, we have successfully presented a highly selective
fluorescent chemosensor of rhodamine-1-(2-aminoethyl)pyrro-
lidine (L) towards Fe3+ through 1 : 1 complexation under the
specified reaction conditions of 3 : 7 water : MeCN (v/v) at pH
7.2; 10 mM HEPES buffer, µ = 0.05 M LiCl; it shows an
enhancement in the corresponding fluorescence intensity
of 106-fold with an apparent binding constant (Kf ) of 8.10 ×
104 M−1. We have also carried out fluorescence titration and
anisotropy (r) studies in pure water in the presence of SDS.
Based on the dependence of FI and r on [SDS], it was proposed
that the probe is trapped between two SDS monolayers, which
again interacted among themselves by π⋯π stacking. As a
result, there is an increase in FI up to [SDS] ∼ 7 mM – a
phenomenon reminiscent of aggregation-induced enhance-
ment of emission (AIEE). Beyond this concentration of SDS
(7 mM), micelle formation takes place and the π⋯π stacked
polymer now becomes a monomer and is trapped inside the
micellar cavity, which is again confirmed by the failure of
HF2

− to quench the FI of the [L–Fe(NO3)]
2+ complex trapped

inside the micellar cavity, which otherwise quenches the FI of
[L–Fe(NO3)]

2+ in the absence of SDS. Due to the trapping of the
[L–Fe(NO3)]

2+ monomer complex, there is a decrease in FI at
[SDS] > 7 mM. In the case of anisotropy, it increases on
increasing [SDS] beyond 7 mM. Ligands, metals, and SDS
interactions are well established through different optical and
morphological studies. [L–Fe(NO3)]

2+ thin films on an FTO
glass substrate have been designed with the help of the spin-
coating deposition technique. The deposited film having a
thickness of 1.6 × 10−5 cm is well characterized by optical
band gap calculation with a direct band gap, εg ∼ 1.6 eV.
FESEM studies were also performed on the [L–Fe(NO3)]

2+/FTO
film. The electrical behavior, i.e. current–voltage character-
istics by the two probe technique was also studied. Light-

dependent exciton generation was carried out by taking the
top and bottom contacts with graphite paste on FTO and on
the [L–Fe(NO3)]

2+ films for the measurement of switching be-
havior. The response ratio curves for the light-induced fre-
quency-switching phenomenon have been obtained. The fre-
quency taped here is the oscillation frequency of the photo-
generated electron and the hole in an exciton. Thus, the light-
induced frequency-switching behavior and Schottky barrier
diode characteristics of the material were established.
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