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Abstract 

The thesis entitled “Sensing of Inorganic Ions and Organic Molecules Using Fluorescence 

and Plasmonic Nanomaterials” is divided into five chapters. 

Chapter-1: It describes the informative details related to sensor, nanomaterials and sensing 

methods and its mechanism, literature survey and scope of work. The section contains elaborate 

discussion about metal-based SPR active (AuNPs) as well as the carbon-based fluorescent 

nanomaterials (C-dots). Another section focuses on various methods to developed C-dots with 

tunable emission and different size AuNPs. Moreover, a description of research gaps, 

objectives and characterization techniques also integrated.  

Chapter-2: It involves the description of the synthesis of different size AuNPs which 

attained through varying the citrate salt concentration. The SPR signals were studied with the 

help of UV-visible spectroscopy and size was evaluated from TEM analysis which showed 

absorption in the range of 518-535 nm with size range from 8-30 nm. AuNPs showed extensive 

stability in the pH range of 3-9 and high ionic strength of NaCl (0.1 M). The interaction of 

purines was studied with various size AuNPs which indicated that amino and thiol rich purines 

disturb the interparticle distance through surface charge neutralization and Au-S (HSAB rule) 

interaction. These interactions cause place exchange reaction between purines and AuNPs 

which leads to their aggregation with the increment in its size. These variations were observed 

by naked eyes through color change from red to blue. The UV-visible spectra showed 

bathochromic shift~10nm was observed in SPR signal of AuNPs. Various other studies related 

to time, pH of a colloidal sol, the concentration of purines, and peak displacement vs particle 

size was also done for purine detection. The larger size excellent selectivity and high limit of 

detection (10-7 M) due to less negative surface charge which induces fast aggregation at the 

lower concentration of the analyte. These different sizes of AuNPs found an efficient analytical 

tool that has huge potential for practical application in clinical chemistry and medicinal 

diagnosis. 

Chapter-3: Green methodology and cheap precursors (citric acid, urea, and mosambi peel) 

were used to obtain oxygen and nitrogen-rich C-dots. It involves detailed information related 

to turn-on/off ability of C-dots as a nanoprobe. Both the OC-dots and NC-dots were found 

partially monodispersed and spherical with an average diameter of 2-4 nm. These prepared two 

C-dots exhibited good interaction with Fe3+ ions. These systems were explored further with F- 
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ions which were confirmed through PL and zeta potential studies. The mixture of OC-dots and 

Fe3+ ions showed sensitivity than NC-dots towards F- ions with a LOD of 0.01 µM. Moreover, 

different molecular logic gate such as NOT, IMP, AND and OR were developed based on 

experimental results by using metal ions and anions as the chemical input for the practical 

application.  The validation was investigated in real samples (lake and tap water) and compared 

with the ICP-AES results. The discovered studies with carbon-based fluorescent nano-probes 

were found ecological and portable probe for remote sensing of F- ions. 

chapter-4: In this new approach was followed to synthesis C-dots using heteroatoms as 

dopants, solvent medium to tune its emission properties. Sucrose was a carbon source and 

variant combination of acids (H2SO4 + H3PO4, H2SO4 + HNO3) were used to attained C-dots. 

Primarily, H2SO4+H3PO4 (1:2) mixture induces dual emissive characteristics in C-dots. The 

dual characteristics were observed through HRTEM with the particle size of 4-7 nm. These C-

dots showed high PLQY (0.50, 078, 0.86 and 0.56) in water, CCl4, CHCl3 and CH2Cl2, 

respectively. These dual emissive C-dots exhibit bathochromic emission in both the shorter and 

longer wavelengths, as well as both the emission maxima, appear as prominent peaks in the 

halogenated medium. This behavior was observed due to the formation of donor-π-acceptor 

interaction between sp2 domain, electron-rich hetero-atoms on the surface of C-dots and 

increases its ICT character in the excited state. Afterwards, the probe was explored with various 

metal ions that exhibited utmost selectivity for Fe3+ ions in both the organic and aqueous 

medium with maximum and minimum detecting limit of 1 μM and 0.4 μM respectively. The 

quenching efficacy was evaluated by recording the PLQY of C-dots in presence of water, CCl4, 

CHCl3 and CH2Cl2 i.e. decline as 0.27, 0.34, 0.31 and 0.14, respectively. This sensing ability 

obeyed photoinduced electron transfer mechanism (PET). These experimental results were also 

validated through real samples (Ferric citrate tablets 200 mg) and it showed excellent metal ion 

sensing accuracy which justified its sensing efficiency. Overall, these studies explained the 

importance of acids mixture to attain dual emissive behavior that increases its probability as a 

versatile label-free sensing probe. 

chapter-5: In the field of biochemistry and biosensors, nitrogen-doped carbon dots (NC-

dots) have attracted an efficient strategy to improve the high photoluminescence (PL) 

behaviour especially the quantum yield. However, the impact of chemical composition, 

optoelectronic properties of different multifunctional nitrogen precursors of NC-dots is still 

hardly explored. Herein, we have synthesized different NC-dots via green and straightforward 
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microwave-assisted pyrolysis technique using a mixture of ascorbic acid as carbon source and 

different nitrogen-rich precursors such as urea, thiourea, cysteine and glycine. The PL analysis 

revealed that surface doping is dependent on the type of nitrogen precursors, which causes a 

bathochromic emission shift and generates excitation dependent emission properties in them. 

These variant nitrogen precursors also bring significant change in its surface states through 

development of -NH2 pyridinic and pyrrolic nitrogen species i.e. evident from X-ray 

photoelectron spectroscopy which increases its PL quantum yields (PLQY~58%) and average 

lifetime values. Moreover, these NC-dots were used as fluorescent off-on sensing applications 

towards toxic nitroaromatic compounds such as 2,4,6 trinitrophenol (picric acid) and 

creatinine. In the presence of picric acid (PA), NC-dots exhibited maximum fluorescence 

quenching up to ~80% and decline in the maximum lifetime value (av) from 1.08 to 0.59 ns, 

which is explained based on acid-base interaction and energy transfer mechanism. 

Consequently, PA-infested NC-dots solution was used for creatinine detection and exhibited 

maximum (50%) PL turn-on response. Fundamentally, this turn-on response was achieved due 

to the formation of Jaffe chromogen between creatinine and PA. Also, this PL turn off-on 

methodology for creatinine determination has shown satisfactory good linearity range between 

0-0.65 M with a detection limit of 36 nM. The three inputs based molecular logic gates were 

also designed based on the turn-off-on response of NC-dots@PA towards creatinine. 

Moreover, for analytical method validation real sample analysis was also done for creatinine 

which showed good recoveries (84-90%), and demonstrates that the nitrogen doping tailored 

the physio-chemical properties and enhance its sensing ability.  
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CHAPTER-1 

Introduction and Literature 

1.1 Background 

1.1.1 Sensor 

 Sensors are the sophisticated devices whose purpose is to detect events or changes in 

its environment and send the information to other electronics, frequently a computer processor. 

The real-time example of a sensor is the autopilot system in aircraft. Where several sensors 

(speed, height, temperature and position) give signals to computer controls which directly 

control the different parts to run the plane at auto mode. These sensors are classified into many 

categories, i.e. mentioned in follow diagram (Fig. 1.1) 

 

Fig. 1.1: Flow-chart presentation to the categorized type of sensors.  

These various sensors need to be implemented for the appropriate determination of 

biomolecules, anions and cations because disturbance may cause imbalance in the ecological 

system. So, quantification of biomolecules/anions in body fluid and water sources is very 

crucial these days.  

Several traditional methods were available for the quantification of toxins and 

biological important moieties such as voltammetry1, fluorimetry2, luminescence analysis3, 

HPLC4–7 and electrochemical strategy8, Field-effect transistors (FETs)9. Still a few points of 

confinement in these strategies. One critical point of confinement of HPLC and spectrometric 

techniques is that they lack sufficient UV absorption and also need a suitable mobile phase. 

https://en.wikipedia.org/wiki/Computer_processor
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Even voltammetry technique is not helpful for selective detection due to instability in the 

electrode material8.  Overall, all these techniques are not suitable due to the requirement of 

sophisticated instrumentation, expensive reagents, cumbersome sample preparation, higher 

cost and analytical complexity. Thus, to overcome the greatest challenges for clean and purified 

environment researcher interest is shifting towards the nanotechnology for sustainability. 

1.1.2 Bio-affinity nanoprobes 

Nano-technology leads to the upliftment in the field of sensors due to the existence of 

comparable sizes with biomolecules which is a useful factor for the selective and sensitive 

ultrasensitive detection.  The nanomaterials are classified into four types, i.e. mentioned below: 

1. Carbon-based nanomaterials: These nanomaterials contain carbon with different 

morphologies such as hollow tubes, ellipsoids or spheres. It includes fullerenes (C-60), 

carbon nanotubes (CNTs), carbon nanofibers, carbon black, graphene (Gr) carbon dots 

(C-dots), and carbon onions. The production methods for carbon materials involves laser 

ablation, arc discharge, and chemical vapor deposition (CVD) methods.  

2.  Inorganic-based nanomaterials: Metal and metal oxide were used as a precursor to 

obtain different nanoparticles. These materials include metals such as gold and silver 

nanoparticles (Au or AgNPs), metal oxides such as TiO2 and ZnONPs, and 

semiconductors such as silicon and ceramics.  

3. Organic-based nanomaterials: These materials produced from organic matter which 

leads to self-assembly and design of molecules to transform the organic nanomaterials 

into desired structures such as dendrimers, micelles, liposomes and polymer 

nanoparticles. 

4. Composite-based nanomaterials: These materials have multiphase, one phase on the 

nanoscale dimension that can either combined with larger or with bulk-type materials 

(e.g., hybrid nanofibers) or more complicated structures, such as metal-organic 

frameworks. The composites may be any combinations of carbon-based, metal-based, or 

organic-based NMs with any form of metal, ceramic, or polymer bulk materials.  

These reported developments were occurred because of ever-increasing understanding of 

nanoscale phenomenon and growth of innovative nanofabrication techniques. 
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Aforementioned categories of materials were known for various applications such as water 

purification, clean energy, good health and greenhouse management. Still, before the removal 

of various toxins, there is a huge requirement to quantify them accurately. So, various optical 

probes based on colorimetry and fluorescence were chosen as sensing tool to detect metal 

ions and biological molecules in living cells, food and aquatic system due to low cost, rugged 

and easy utility.  

1.1.3 Colorimetric sensor  

 Colorimetry is a well-known principle in sensing that relates with color change during 

the interaction between the analyte and the probe. There are some metal-based (gold and silver) 

nanoparticles that have smaller size that helps them to confine their electron for production 

quantum effects. Mainly, the existence of specific functional groups (-OH, -NH2, -COOH 

groups) on its surface 9 brings variation in their interparticle distance between intermolecular 

ions in the presence of foreign moieties. Further, originate the different level of aggregation, 

i.e. driven by the London/van der Waals attractive forces10 which is a key factor for naked-eye 

colorimetric biomolecule sensing11,12 among these metal nanoparticles. These estimation for 

the change in the interparticle distance of metal nanoparticles was obtained through its surface 

plasmon resonance (SPR) profiles13–16 which can be used for the determinations of toxins. 

Among plasmonic nanoparticles, gold nanoparticles (AuNPs) have attracted much 

concern for usage as an optical nanoprobe in chemical and biochemical sensing, medical 

diagnostics and therapeutics and biological imaging. AuNPs exhibited a wide variety of color 

ranging from red to purple (and blue) or almost black which is attributed to the variation in 

their shape and sizes.17–19 The different shape and size of AuNPs can be achieved by using 

Turkevich Brust and Schiffrin method, i.e. controlled by varying the ratio of reducing and 

capping agents. Kundu et al. used different molar ratio of 2,7- dihydroxy naphthalene (2,7 

DHN) and cetyltrimethylammonium bromide respectively to obtain the different shapes of 

AuNPs.20,21 Wangoo et al. prepared different sizes of AuNPs using octadecylamine as reducing 

agent. Subsequently to improves the hydrophilicity capping was also done with anionic 

surfactant sodium bis(2-ethylhexyl)-sulfosuccinate and used to determine the binding ability 

with protein22. 

Due to its unique properties and versatility its being used as label-free colorimetric 

sensor for sensitive, selective, simple detection of toxins through ultraviolet-visible (UV-vis) 
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absorption spectroscopy. Many reported experiments specify that citrate-capped AuNPs when 

interact with highly charged nucleotides or uncharged nucleosides the weakly bound citrate 

ions gets displaced through metal-ligand interactions. This leads to gain or loss of surface 

charges which can increase AuNPs stabilization or trigger their aggregation, respectively.10 

Additionally, experimental details based on its interparticle cross-linking sensing applications 

is mentioned in Table-1.1. 

Table 1.1: Detection of metal ions and bio-molecules using AuNPs.  

Nanoparticle Analyte Sample/interferent Functionalization Analytical 

performance 

Ref 

AuNPs tetracycline Environmental 

water samples  

Label free probe LOD: 0.071 

μM 

23 

AuNPs Mercury 

Hg+2 

Tap and river 

water 

Citrate-AuNPs + 

2, 2’-bipyridyl 

(Bipy) 

LOD: 38 

nM 

 

24 

AuNPs Uranium 

(VI) 

Ground water 12F6 antibody LOD: 36.38 

nM 

25 

AuNPs Iodide ----------- Citrate-AuNPs LOD: 0.30 

μM 

26 

AuNPs (12 

nm) 

H2O2 Interferent 

solutions at 

different 

concentration 

Citrate-AuNPs LOD: 1.3 

mM 

 

27 

AuNPs (20 

nm) 

Mercury 

Hg+2 

Target-doped 

blood serum 

AuNPs and 

conjugated 

polyelectrolyte 

LOD: 50 

mM 

28 

AuNPs (13 

nm) 

Pb+2 RNA-cleaving 

DNA enzyme 

Aptamer–AuNPs LODs: 10 

mM 

29 
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AuNPs (40 -

50 nm) 

Concanavalin 

A 

Lectin (jack 

beans) 

Thioglucose-

AuNPs 

LOD: 9 nM 30 

AuNPs (15, 

20, and 

2.5nm) 

Monodisperse 

 

Cysteine, 

glutathione 

and 

glutathione 

disulfide 

Blood/serum Citrate-AuNPs: 

15 nm CTAB-

AuNPs: 

20 nm NaBH4-

coated AuNPs: 

2.5nm 

LOD: 

cysteine 

<0.5 

LOD: 

glutathione 

10 mM 

LOD: 

glutathione 

disulfide 10 

mM 

31 

AuNPs (13 

nm) 

Monodisperse 

Ascorbic 

acid 

Fruit juices Alkyne–azide 

click reaction 

LOD: 3.0 

nM 

32 

1.1.4 Fluorescent sensor 

Another sensing principle is based on the fluorescence behavior of the chemical 

compound which response to the specific stimulus by energy transfer efficiency that affects its 

emission properties in the excited state that leads to either fluorescence quenching and 

enhancement. Quenching mechanism of fluorophore includes static, dynamic quenching, 

energy transfer Photoinduced Electron Transfer (PET), Fourier Resonance Electron Transfer 

(FRET) and Inner Filter Effect (IFE). The details of these mechanisms are discussed in details 

in Table 1.2. 
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Table 1.2: Difference between various quenching mechanism followed by fluorophores. 

Parameters Static 

quenching 

Dynamic 

quenching 

FRET PET IFE 

Distance Temperature-

dependent 

Viscosity 

dependent 

1-10 nm, 

Lifetime of 

the donor 

reduced 

Not critical >20 nm 

Mechanism Complex 

formation in 

the ground 

state 

Particle 

diffuse and 

colloid to 

cause 

excited-state 

deactivation 

Dipole 

interaction 

Electron 

transfer 

between 

fluorophore 

and 

quencher 

Radiative 

re-

absorption 

Orientation Not critical Not critical Requires 

good 

orientation 

of (excited 

state) 

dipoles 

Not critical Not critical 

Redox 

potential 

Not critical Not critical Not 

important 

Redox 

potential 

must be high 

enough to 

allow for 

electron 

transfer 

Not critical 

Spectral 

overlap 

needed 

Not required Not required Mandatory Not required Required 
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On the basis of these energy transfer behavior of fluorophore, several materials such as 

semiconductor quantum dots33–36, polymer dots37,38, molecular nanomaterial18,39, and organic 

dyes40,41 were synthesized for the detection of toxins. Still there is requirement of developing 

green material and methods to enhance the selectivity and sensing efficacy. Thus, carbon 

quantum dots (C-dots) can be a cost-effective and environmentally friendly way for the 

quantification of biomolecules/metal ions 42,43. This material has excellent optical properties, 

good biocompatibility and low toxicity. The fluorescence characteristics in C-dots arose from 

the combination of large conjugated π-domain, several functional groups (hydroxyl, carboxyl, 

amine, and so on) and surface defects. These carbon core state and chemical surroundings 

which can be controlled by using different precursor and techniques that brings variation in its 

color emitting, photoluminescence quantum yield (PLQY) and decay lifetime that modulates 

its selectivity and sensitivity towards toxins. Due to these unique properties’ researchers were 

giving them incredible attention as fluorescent sensors.  

Numerous top-down, bottom-up approaches such as chemical oxidation, 

electrochemical, solvothermal synthesis, microwave, ultrasonic, hydrothermal, laser ablation, 

etc.44–47 were known to synthesized C-dots. Moreover, these huge emphasis were given on 

precursors such as chitosan48, amino acids49, human hairs50 vegetables51 , orange juice52 and 

few synthetic organic moities53,54 to enhance its emission range and PLQY. There are several 

reports mentioned by different research groups that used the different molar ratio of the 

precursor such as Yuan et al. synthesized multi-color C-dots by controlling the molar ratio of 

citric acid (CA) and guanidine hydrochloride which showed excitation dependent emission 

with low nitrogen content. But it undergoes excitation independent emission with high NH2 

group surface density. These tunable fluorescent C-dots were used for semi-quantitative 

monitoring of intracellular Hg+2 55. Hola et al. synthesized different surface charged C-dots by 

the solvothermal process using urea and CA in formamide. The C-dots have graphitic like 

nitrogen structure which reduces the energy gap and results into red-shift in emission 

wavelength 56. Hill et al. prepared C-dots using different carbohydrates such as sucrose, 

fructose and glucose at low temperature 70 °C which showed orange-red emission under UV-

lamp 57,58. Hung et al. also prepared N, S, B doped red-emitting C-dots using 3- 

aminobenzeneboronic acid and 2,5-diaminobenzenesulfonic acid as precursors for the 

detections of Ag+ and L-cysteine with detection limits as low as 0.350 and 0.045 mM, 

respectively 59. This work indicates that molar ratio of different precursor plays vital role in the 
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synthesis of multi-color C-dots. These properties increase its applicability for sensing and bio-

imaging applications, i.e. mentioned in Table 1.3. 

Table 1.3: Different precursor for C-dots and its detection limit for various biological moieties 

and metal ions.  

Precursor/method Applications Limit of 

detection (LOD) 

Ref 

chopped kelp, nitrogen dopant 

ethylenediamine 

Detection of Co+2 

ions 

 

3.9 µM/l 60 

 Chemical oxidative polymerization 

of o-phenylenediamine (o-PD) and 

ammonium persulphate (APS) 

Detection of eight 

metal ions, 

including Cr3+, 

Cu2+, Fe3+, Hg2+, 

Cd2+, Pb2+, Co2+, 

and Ni2+. 

 

0.5 µM 61 

C-dots synthesis using chitosan and 

in vitro formation AuNPs to obtain 

C-dots@AuNPs  

Detection of iodine 

by colorimetric 

method 

 
 
 

2.3 µM 

 

62 

Sucrose, ascorbic acid to prepare C-

dots and 4-Azidoailine (for 

carbodiimide coupling)  

Detection of 

pesticide 

flumioxazin via 

alkyne azide click 

reaction 

 

0.027 µg/l 63 

Citric acid, thiourea and 3-amino 

phenyl boronic acid by 

hydrothermal method  

Detection of 

glucosamine 

 

2.5 µM 64 
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PVP, hydrothermal method Detection of 

choline and 

acetylcholine 

(ACh) based on the 

detection of H2O2 

 

Choline-0.1 µM 

(ACh)-0.5 µM 

65 

Garlic carbon source 

Hydrothermal method 

Selective detection 

of Fe+3 

0.2-500 µM 66 

Pawn shell containing chitosan Selective detection 

of Cu+2 

5 nM 67 

Rice carbon source/ microwave 

heating 

 

Detection of Fe+3, 

S2O3 off-on and 

Zn+2, PO4
-3 

fluorescence 

sensing 

 

Fe+3-2.5×10-4 M 

S2O3-2×10-4 M-

3×10-3 M 

Zn+2 -2.5×10-4 M 

PO4
-3-2×10-4 M-

3.5×10-3 M 

 

68 

Starch Tapioca –carbon source Detection of 

fluoride anions 

75% PL 

recovery using 

4.14 mg/ml 

69 

Mixture of 18 vegetables Detection of 

periodate 

19 µM 70 

Ionic liquids carbon source 

nitrogen-doped carbon dots, 

microwave method used 

Selective detection 

of Cu+2/Fe+3 

 

Fe+3-20 nM 

Cu+2- 5 nM 

71 

L-Glutamic acid/thermal 

carbonization 

Detection of 

cardiac marker 

myoglobin 

 

1-105 ng/ml 
72 
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Nitrogen doped carbon dots using 

L-ascorbic acid and ethylene 

diamine 

Detection of Cr 

(VI) 

 

2.6 nM 
73 

1.1.5 Effect of solvent on sensing ability of C-dots 

The dispersed phase plays a vital role in modulating the PL properties of the 

fluorophores. These studies were named as solvatochromism which was firstly introduced by 

Hantzsch (1992) and described through Onsager Reaction field (1936). This phenomenon was 

explained based on solvent-solute interaction because it disturbed the geometry, charge 

distribution of fluorophore which affects the stability of the excited/ground states and their 

band-gap energy. This causes a bathochromic or hypsochromic shift in their emission and 

absorption spectra among polar molecules with a change in the polarity of the solvent. This 

phenomenon is of two types, positive solvatochromism, i.e. attained when moiety undergoes 

red band shift and blue band shift in case of negative solvatochromism with the increase in 

solvent polarity. The occurrence of these shifts in emission spectra due to the existence of 

permanent dipole moment in the excited state, i.e. positive solvatochromism and vice-versa for 

negative solvatochromism. The explanation for the specific interaction between solute and 

solvent several models such as Lippert Mataga (LM) model, Kamlet-Taft model which relates 

with the polarity of medium polarizability (π⁎), hydrogen bond accepting ability (HBA, β) and 

hydrogen bond donating ability (HBD, α) of solvents. These models stated the general trend 

that the enhanced polarity of medium directly caused a red-shift in their emission wavelength 

among various fluorophore.  

Similar photoluminescence (PL) behavior in C-dots was examined by many researcher 

groups. This observed inflection in the solvent system leads to the formation of new functional 

groups, different surface states and new energy levels into their electronic structure which 

contributes to different emission properties in C-dots. Few reports by some groups such as Pan 

et al. synthesized solvent-dependent C-dots by a one-step pyrolytic route using 

ethylenediamine-tetraacetic acid salts as the resource. Their optical properties were 

investigated in an organic polar solvent (water, ethanol, methanol, glycol and acetone). In 

methanol, glycol and ethanol they showed similar PL behavior as water but in the acetone 

medium, the emission wavelength gets broader and undergoes redshift from 400 nm to 430 nm 

due to lewis acid and base properties of acetone and C-dots respectively.74  Ding et al. 
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synthesized C-dots using L-glutamic acid and o-phenylenediamine via solvothermal method.  

They exhibited tunable emissive features in the range of 443-745 nm by using four different 

solvent media. They showed high quantum yield in the range of 43-54% which used for 

bioimaging fluorescent sensor.75 Zhan et al. used 1,3,6-trinitropyrene as a carbon and nitrogen 

source to fabricate the C-dots and its emission properties were tuned by changing the solvent 

composition.76 Yuan et al. followed solvothermal process to prepare C-dots using 1,2,4-

diaminobenzene and polyethylene glycol (PEG200) as a passivating agent. The C-dots were 

dissolved in different solvents such as ethyl acetate, ethanediamine, oleyamine and DMSO. 

These solvents have variant electron-donating ability due to different surface functional groups 

S=O>-NH2>-OCO which leads to multi-color emission helps to construct the warm WLEDs.77 

Still, more solvent-dependent studies with multi-color or dual emissive C-dots need to be 

discovered its photophysical and physio-chemical properties. Therefore, too apt environmental 

sustenance SPR and quantum confinement effect-based nano-materials such as AuNPs, C-dots 

can be effectively used as an analytical tool in future development.   

1.2 Research gaps as listed below 

Based on the literature review following gaps has been found, i.e. mentioned below: 

1. Limited studies were done with different sizes of AuNPs to detect biomolecules. 

2. Till now the impact of pH on the synthesis of C-dots were not discussed in details. 

3. Simple, cost-effective methods were not known much for dual emissive C-dots. 

4. Solvatochromic studies of dual emissive C-dots yet to be explored. 

5. Little work was reported with diverse surface passivated C-dots and its sensing efficacy 

towards biomolecules and metal ions.  

1.3 Objectives 

1. Synthesis of gold nanoparticles (AuNPs) and fluorescent carbon quantum dots (C-dots) 

with variable size.  

2. Detection of biomolecules/metal ions by studying the variation in optical properties of 

different size and shape AuNPs. 

3. Multi-color C-dots will be used for detecting different biomolecules/metal ions, based 

on turn on/off photoluminescence methodology. 

1.4 Methodology 
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1.4.1 Synthesis of AuNPs of different sizes and shapes 

a) Schematic diagram of Fern’s method to prepare different sizes of AuNPs.  

 

1.4.2 Synthesis of multi-color C-dots 

The Multiwave-300 microwave synthesis reactor (Anton Paar, USA) was utilized to obtain 

C-dots. Different precursor and reaction conditions was followed to obtain long range emissive 

C-dots, i.e. listed as follows: 

a) Single emissive C-dots using various precursor 

The details of the following protocol for the synthesis of single emissive C-dots  

Carbon source Nitrogen source Reaction conditions 

 

 

 

Ascorbic Acid 

 

Cysteine 

 

 

     Microwave synthesis 

130 °C, 5 min, 7 bar 

 

urea 
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Thiourea 

 

Glycine 

 

b) One pot single precursor-based synthesis of dual emissive C-dots 

Carbon source Doping materials Reaction conditions 

 

sucrose 

 

Orthophosphoric acid 

(H3PO4) and sulfuric acid 

(H2SO4) 

 

Microwave synthesis 

150 °C, 10 min, 7 bar 

c) Green synthesis of C-dots using organic waste 

Citrus fruits peels were used to prepare C-dots by optimizing the time and temperature to 

obtain the specific emissive range and uniform size. The schematic presentation is mentioned 

in Fig.  1.2. 

 

Fig. 1.2:  Pictorial representation of the green synthesis of C-dots using fruit waste.  

1.5 Techniques for characterizations 

The nature and morphology of the prepared materials were characterized by the following 

techniques which are mentioned in details in Table 1.4. 

Table 1.4: List of techniques used for the characterization of AuNPs and C-dots. 
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Techniques Specification 

UV-vis spectroscopy 
Absorption properties of nanoparticles and 

Colorimetric sensing were done in dispersed 

phase on Champion UV-500 (AQ1205017) 

spectrophotometer.   

Fourier transform 

infrared spectroscopy (FTIR-ATR) Determination of functional groups present 

on the surface of AuNPs and C-dots were 

recorded on Fourier transform infrared 

spectroscopy-attenuated total reflectance 

(Agilent Resolution Pro-carry 660). 

Particle size and Zeta potential The surface charge and hydrodynamic size 

of material were recorded on Microtrac’s 

dynamic light scattering (DLS), Nanotrac. 

 

Photoluminescence 

spectroscopy (PL) 

C-dots fluorescence behavior in the 

presence of foreign moieties was recorded 

on Perkin-Elmer (LS55).  

High-resolution transmission electron 

microscopy (HRTEM) 

The morphology of the materials was 

determined on TALOS F200S G2, 200 

KeV, FEG, CMOS Camera 4K× 4K, In 

Column EDS detectors by drop-casting 

technique. 

X-ray photoelectron spectroscopy (XPS) 
The quantitative elemental composition and 

surface chemistry was done by XPS. 

 The XPS was recorded on KRATOS Axis 

165 (Shimadzu, UK) with Mg Kα radiation 

(1252.6 eV at 75 W). 

1.6 Sensing mechanism of nanoprobes 

a) SPR based sensing 

Surface plasmon resonance (SPR) is the fundamental principle followed by many color-

based biosensors. It is the standard tools for measuring adsorption of material onto planar metal 

https://en.wikipedia.org/wiki/Biosensor
https://en.wikipedia.org/wiki/Adsorption
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(typically gold or silver) surfaces or onto the surface of metal nanoparticles. When a light beam 

impinges onto a sensor (made from metal film coated on a glass slide) at a specific angle 

(resonance angle), the electrons in the metal film (called surface plasmons) are set to resonate 

with the light wave. The occurrence of this phenomenon is due to the resonant oscillation of 

conduction electrons at the interface between negative and positive permittivity material 

stimulated by incident light. The resonance results in the absorption of light which recorded 

from the detector as mentioned in Fig. 1.3. 

 

Fig. 1.3: Pictorial representation of the working principle of SPR sensing. 

b) Sensing based on fluorescence quenching and enhancement of C-dots  

This is a mechanism describing energy transfer between two light-sensitive molecules 

(chromophores). A donor chromophore, initially in its electronic excited state, may transfer 

energy to an acceptor chromophore through the nonradiative dipole-dipole coupling. The 

sensing ability of C-dots was measured in terms of energy transfer where it acts as a donor 

(electron-rich surface) and analyte 1 (electron-deficient species). This non-radiative process 

leads to a reduction in its fluorescence intensity. Till date, the interest towards specific and 

sensing get increased therefore fluorescence quenching based sensing is getting replaced with 

turn off/on-off methods in which another compatible analyte 2 is introduced that directly 

interfere with energy transfer mechanism and causes fluorescence enhancement as shown in 

Fig.  1.4.  

https://en.wikipedia.org/wiki/Nanoparticle
https://en.wikipedia.org/wiki/Chromophore
https://en.wikipedia.org/wiki/Dipole%E2%80%93dipole_coupling
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Fig. 1.4: Representation of turn-on/off mechanism based on FRET mechanism. 
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Chapter-2 

Size Dependent Properties of Gold Nanoparticles and Estimation 

of Its Sensing Efficacy Towards Thiopurines 

 

Highlights 

➢ Fren’s method was followed to synthesis of variable size of AuNPs. 

➢ Impact of citrate capping on the particle size of AuNPs was evaluated. 

➢ Interaction studies of thiopurines with different size AuNPs was done for quantitative 

analysis.   
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2.1 Introduction 

Purine is a heterocyclic aromatic compound found in high concentration in meat and 

meat products, especially internal organs such as liver and kidney. They are well known in the 

body and perceived for primary two functions: (1) as building blocks for DNA (the primary 

genetic material in our cells) and (2) as substances that could be broken down to form a uric 

acid (which can potentially increase the risk of gout). The minimum intake of purine per day 

is in the range of 1430-1800 mg. Even in the field of pharmacy and biochemistry thiopurines 

exclusively show diverse applications. Some purines such as 6-thioguanine (6-TG), 6- 

mercaptopurine (6-MP) and azathioprine are used as a prodrug for the treatment of acute 

leukaemias and chronic myeloid leukaemia1. 6-TG is widely used as a chemotherapeutic drug 

for treatment of advanced stages of leukaemia2,3. 6–TG easily gets incorporated into the nucleic 

acid during synthesis and blocks further progression of the disease4. 6-TG is highly toxic and 

causes Thrombocytopenia, Anemia, Anorexia, Nausea and vomiting, Hepato-toxicity, etc5,6. 

Therefore it is very critical to maintain (2-3mg/kg/day for both paediatric and adults)7 of the 

drug in plasma level to avoid high toxicity maintaining efficiency. To reduce unwanted side 

effects of cancer chemotherapeutic drug and to improve life quality of the patients and keeping 

adequate effectiveness, maintenance of steady drug concentration in the system is important. 

For this reason, periodic estimation of drugs/ drug metabolites concentrations in body fluid(s) 

like serum, plasma, urine, etc. is of immense importance. So, the proper and exact 

quantification of thiopurines in vegetables, pulses and drugs is required on urgent basis. 

Several reported techniques have been accounted for the quantification of purines 

including voltammetry8, fluorimetry9, luminescence analysis10, HPLC11–14 and electrochemical 

strategy15. However, there are still a few points of confinement in these strategies. One critical 

point of confinement of HPLC and spectrometric techniques is that it lacks sufficient UV 

absorption and also need a suitable mobile phase and a reactant which obviously increased the 

cost and analytical complexity. Therefore, with the advancement of nanotechnology, other 

techniques have been developed such as surface plasmon resonance and electroanalytical 

methods to estimate the drug from the body fluid. But due to the requirement of sophisticated 

instrumentation, expensive reagents and cumbersome sample preparation other available 

methodology despite their good sensitivities, has not become very popular.  Thus, the 

development of a new technique with high sensitivity, fast, high throughput and simple 

practical method for the determination of purine is still in a great demand. 

https://en.wikipedia.org/wiki/Heterocyclic_compound
https://en.wikipedia.org/wiki/Aromatic
https://en.wikipedia.org/wiki/Organic_compound
https://en.wikipedia.org/wiki/Liver
https://en.wikipedia.org/wiki/Kidney
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Plasmonic nanoparticles (NPs) such as Au, Ag and Cu, etc. have optical properties 

which depend on their inter-particle distance and their SPR occurs in the visible region and due 

to this reason, they have gained incredible attention as colorimetric/optical sensors16. AuNPs 

is attaining intense attention scientifically and technically as a source of optical nanoprobe, 

because of its stability in meteorological conditions which allow them to show excellent 

biocompatibility with biomolecules and distance-dependence optical absorbance17–21. They 

also exhibit different colors range from red to purple, to blue and almost black due to the 

variation in the inter-particle distance of AuNPs22–24. This unusual phenomenon gives rise to a 

new analytical and sensing technique which leads to the development of Surface Enhanced 

Raman Scattering and enhancement in surface plasmon resonance immune sensing effect 25,26 

because Au colloid monolayer can adsorb molecules in their closed space27,28. The presence of 

negative surface charge helps them in improving their binding efficiency with several 

biomolecules such as selective detection of DNA templates29, polynucleotides30,31, aminothiols 

and amino acid17,32. Unfortunately, there is still some complication in surface charge 

adjustment via, e.g., change of pH and salt concentration which may lead to loss of charge-

based repulsive forces and that may bring variation in the quantitative determination of 

important biological moieties.  Till now, different shapes of AuNPs were already used for 

sensing of 6-TG, but still, some study is yet to make on sensitivity and the interaction of 

different size AuNPs towards purines. This method will be better or comparable in the case of 

sensitivity and will involve less sample preparation and high output than the available methods. 

This research may open up a new avenue introducing nanomaterials into practical applications. 

Here we have synthesised four different sizes AuNPs ranging from 8 nm to 30 nm to 

investigate the impact of purines on the surface chemistry of AuNPs together with pH through 

color change and SPR variation. The experimental result demonstrated the ability of this 

method and found to be quick, easy, effective and safe for quantitative detection of purines. 

2.2 Experimental section 

2.2.1 Chemical and materials 

AR-Grade reagents were used for experimenting. Chloroauric acid (HAuCl4.3H2O) and 

Tri-sodium citrate were purchased from Aldrich. 6-MP and 6-TG were received from Tokyo 

Chemical Industry (TCI). Distilled water (18.2MΩ, Millipore) is used for the preparation of a 

stock solution of purines and different size AuNPs. 
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2.2.2 Preparation of gold nanoparticles 

Size-controlled synthesis of AuNPs was done by modifying the Fren’s method. 1250 

µl of 10-2 M HAuCl4 was added in 50 ml distilled water and the solution was heated at 97°C. 

Trisodium citrate (1%) was used as a reducing and stabilising agent for the conversion of Au+3 

to Au0. On addition of citrate to the boiling mixture of gold salt solution, the color starts 

changing from yellow to blue to purple to red16. Once the red color obtained, the solution kept 

at room temperature to cool down. Then a few drops of the NaBH4 solution was added to it for 

the completion of the reaction (Au+3 to Au0). Summarised information on the synthetic 

procedure, as well as verification of different sizes, is incorporated in Table 2.1. 

Table 2.1: Details of different ratio of [HAuCl4] / [citrate] and their color variation.  

Sample 

name 

Volume of 

HAuCl4 10-2M 

(µl) 

Volume of 

Citrate (1%) 

(µl) 

Color λmax  

(nm) 

Size of 

AuNPs from 

TEM images 

(± 3nm) 

A 1250 2000 Dark red 521  8 

B 1250 875 Red 525  13 

C 1250 625 Pink 530  20 

D 1250 400 Light Pink 535  30 

2.2.3 Synthesis of thiopurines/AuNPs assemblies 

 The firstly different concentration of purine solutions was prepared from their stock 

solution (10-2 M). To sustain the stability of AuNPs and molecular structure of biomolecules 

pH of the gold solution was adjusted using HCl (10-2 M, 100 µl) to pH~4. Thiopurines/ AuNPs 

assemblies were prepared, with the addition of 30 µl of purine into 3000 µl AuNPs solution. 

Then the prepared mixture was analysed through UV-Vis spectroscopy to study their 

interaction with AuNPs 16. The molecular structure of 6-MP and 6-TG was given in Fig. 2.1.  

 

Fig. 2.1: Molecular structure of 6-Thioguanine (6-TG) and 6-Mercaptopurine (6-MP). 
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2.2.4 Instrumentation  

The SPR of AuNPs was done using Champion UV-500 (AQ1205017) 

spectrophotometer and data analysed using software; Origin Pro 8. Fourier transform infrared 

spectroscopy-attenuated total reflectance (FTIR-ATR, Agilent Resolution Pro-carry 660) was 

recorded to know the purity of nano-material and their interactions with purines. Particle size 

and charge distribution were determined by Microtrac's dynamic light scattering (DLS), 

Nanotrac. For morphology and size determination, transmission electron microscopy (TEM) 

was done by drop-casting of 10 µl purified AuNPs dispersions on the carbon-coated copper 

grid and allowing them to dry in air for size determination using TEM operating at 200 KeV. 

2.3 Result and discussion 

2.3.1 Characterization studies of AuNPs 

Four different sizes gold NPs (8-30 nm) have been synthesised to investigate the 

variation in the inter-particle distance of AuNPs during ligand exchange reaction by different 

purines. As NPs stability and particle size depending upon the surface charge, size-controlled 

AuNPs were achieved by varying the citrate ion concentration (Table 2.1). To analyse the size 

variation in AuNPs, UV-vis extinction spectra were recorded for each sample. It was observed 

that as the volume of citrate solution decreases (2000 µl to 400 µl), SPR shifts from 521 to 535 

nm which is shown in Fig. 2.2. The red shifting of SPR was due to increment in the dipole-

dipole interaction among AuNPs and dielectric constant of the medium i.e described in Mie 

scattering theory 33 and Maxwell-Garnett effective medium theory16.  But on the addition of 

purines, the citrate layer gets disrupted that cause rapid particle aggregation and due to a 

decrease in the inter-particle distance, the SPR peak of AuNPs undergoes a red shift. According 

to Mie theory, this bathochromic shift occurred along the long axis of the AuNP chains due to 

longitudinal electronic plasma oscillation34. Also, upon the addition of purine to the citrate-

stabilized gold particles, the color of all the AuNPs solutions becomes red to pink to blue 

indicating the formation of aggregates of AuNPs.  
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               Fig. 2.2: UV-vis spectra for different size gold nanoparticles. 

Surface zeta potential and average particle size were also recorded before and after the 

addition of purines in AuNPs which are listed in Table 2.2. High negative zeta potential (-32.1 

mV) was observed for more citrate ion capped AuNPs which decreases the final size of the 

NPs. When purines were added to the colloidal AuNPs solution, their surface charge decreases 

due to placing exchange reaction 35 between purines and citrate ions. It is clear from the result 

that replacement of citrate ions with 6-TG molecules destabilised the NPs and leads to 

aggregation which was confirmed by the huge increase in average particle size (Table 2.2).  It 

was found that average particle diameter increased on the addition of purines and more 

pronounced for larger particles. This rapid aggregation of AuNPs for larger size AuNPs is due 

to less negative surface charge and facile cross-linkage through sulphur and nitrogen between 

AuNPs and purines34.  

Table 2.2: Average diameter and zeta potential of AuNPs before and after the addition of 

purines. 

Sample Before addition of purines After addition of purines 

Diameter 

(nm) 

Zeta-potential 

(mV) 

Diameter 

(nm) 

Zeta-potential 

(mV) 

A 10 -32.1 70 -24.4 

B 15 -24.7 115 -21.2 

C 25 -20.4 150 -19.2 

D 40 -17.5 200 -14.5 
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2.3.2 FTIR studies 

 To confirm the citrate capping and interaction of AuNPs with purines FTIR spectra 

were recorded in the spectral frame 400–4000 cm−1. AuNPs show pronounced peak around 

1500-1630 and 1305-1415 cm-1 due to the symmetric and asymmetric stretching vibration of 

COO- 36 (Fig. 2.3) which justify the surface of AuNPs was functionalized with citrate moieties. 

The presence of surface-bound purines is justified when N–H stretch for free purines at 3100 

cm−1 shifted to 3344 cm−1 for Au aggregates and S-H stretch/bending at 2338/600 cm−1 is 

disappeared (Fig. 2.4). The perceived observation showed that AuNPs have a stronger affinity 

for nitrogen and sulphur moieties. Even some pronounced peak of citrate moiety also 

disappears (Fig. 2.4). This confirms the interaction of purines with AuNPs and replacement of 

citrate moiety from the surface of AuNPs. 

 

Fig. 2.3: FTIR spectra of citrate capped AuNPs 

 

Fig. 2.4: FTIR spectra of a) pure 6-TG, b) pure 6-MP, c) 6-TG-induced and d) 6-MP induced 

gold nanoparticle aggregates at pH~4. 
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2.3.3 TEM studies 

The synthesis process followed to obtain a broad range of AuNPs sizes that was 

observed from TEM images. The TEM images of citrate-capped AuNPs of four different sizes 

(8, 13, 20 and 30 nm) showed in Fig. 2.5, which confirms their mono-dispersity and non-

aggregating nature. But upon addition of purines, AuNPs were aggregated which is shown in 

Fig. 2.6 From the TEM images, it is evident that there is no particular geometry of the 

aggregated particles is formed. 

 

Fig. 2.5: TEM images of non-aggregated AuNPs a) 8 nm, b) 13 nm, c) 20 nm and d) 30 nm. 

 

Fig. 2.6: TEM images for AuNPs aggregate A) 8 nm, B) 13 nm, C) 20 nm and D) 30 nm. 

2.3.4 Stability and optimisation studies for sensing activity of AuNPs  

  The steadiness of colloidal nanoparticle systems is the key for proper applications in 

physical and biological disciplines which were based on Derjaguin-Laudua-Verwey-Overbeck 

(DLVO) theory 37. It was found that citrate ions clouds around the AuNPs lead to Free >> Fast 

Trac due to negative surface charge that prevents their aggregation16. So, to study the effect of 
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pH and salt on their surface charge and its stability, UV-visible spectra were recorded at 

different pH and salt concentrations. When different volume (10-100 µl) of 0.1 M NaCl was 

added to AuNPs, the peak at 521 nm sustained (Fig. 2.7a.) but after 10-15 days, AuNPs 

aggregation starts in the presence of NaCl salt. Whereas in huge pH (4-12) range, the AuNPs 

are highly stable but at high acidic condition (pH <3) it leads to aggregation and the color 

change from red to purple to blue which was occurred due to surface charge neutralisation of 

AuNPs (Fig. 2.7b)16. After obtaining these outcomes, to sustain the stability of AuNPs fresh 

preparation is to be done and the only pH ~4 was advised to use for the detection of purines as 

at low pH, the binding efficiency of negatively charged AuNPs with protonated purines are 

enhanced.  

 

Fig. 2.7: UV-vis spectra to study the stability of gold nanoparticles at different a) volume of 

salt concentration and b) pH. 

2.3.5 Kinetic study 

2.3.5.1 Effect of reaction time 

Kinetic studies were done to see the effect of purines on the inter-particle distance of 

AuNPs by measuring SPR. The absorption spectra for AuNPs and its mixture with purine were 

recorded at different time intervals. It was stated in Mie Theory 33 that single peak is attained 

due to the dipole plasma oscillation for AuNPs induced by an external field. When purines 

added to the colloidal solution of AuNPs, the inter-particle spacing between the particles 

decreases. With the increase of time, the first peak at 521 nm becomes weaker and the second 

peak at a longer wavelength (~700 nm) intensifies and red-shifted. But after 30 min peak 

variation get almost constant and blue color was obtained which confirms the completion of 

the place exchange reaction (Fig. 2.8).  
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Fig. 2.8: Time-dependent UV-vis spectra recorded at various times after addition of purine (10 

mM, 30 µl) in AuNPs (0.25 mM, 3 ml). 

2.3.6 Quantitative detection of thiopurines 

Morphology of AuNPs and optical properties vary with the concentration of biological 

moieties. To study the interaction and quantification of purines, the different molar ratio of 

[purines]/ [AuNPs] from 10-2– 10-7 M were used. It was pragmatic that dipole plasmon of 

AuNPs shifted to higher λmax, i.e. the intensity of the ~521 nm progressively weak and the 

shoulder crest nearly at ∼700 nm overwhelms and showed a broad peak. Whereas with the 

decrease in some purines (10-2-10-7 M) SPR peak position perceived at identical λmax, i.e. 521 

nm. This variation in the absorption spectrum of AuNPs and purines mixture was due to the 

change of inter-particle distance of AuNPs due to Au-S/Au-N interactions which get reduced 

for a dilute solution of purines16,34. When the different size of AuNPs was analysed with 

different concentrations of purine (10-2– 10-7 M), it was found that larger size AuNPs (30 nm) 

was more sensitive towards purines even at their lower concentration (10-7 M), because large 

size AuNPs have small surface charge energy which triggers the aggregation process (Fig. 2.9 

and 2.10). To analyse the sensitivity of AuNPs towards two different purines having similar 

functional groups, SPR peak displacement, Δλmax (between two dipole plasmon peaks) against 

particle size was plotted (Fig. 2.11). An almost linear increase in peak displacement against 

particle size is observed for 6-TG, but infinitesimal deviation for 6-MP. These investigations 

concluded that larger size AuNPs is more sensitive for purine molecule detection and the lower 

limit of detection is 10-7 M. 
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Fig. 2.9: UV-vis spectra of Au aggregates at various concentration of 6-TG at pH~4 using a) 8 

nm, b) 13 nm, c) 20 nm and d) 30 nm AuNPs. 

 

Fig. 2.10: UV-vis spectra of AuNPs aggregate at various concentration of 6-MP at pH~4 using 

a) 8 nm, b) 13 nm, c) 20 nm and d) 30 nm AuNPs. 
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                                   Fig. 2.11: Plot of Δλmax vs. particle size. 

2.3.7 Comparison of different methods for sensing of thiopurines 

A comparative study was done for detection of 6-TG with different known techniques 

by colorimetric/optical sensors (Table 2.3). It was found that our, as synthesised AuNPs are a 

highly efficient sensor for detection of purines and this system, may be used for several other 

biomolecules.  

 

 

Table 2.3: A comparative account for the detection of 6-TG. 

Methods Detection system Limit of detection 

(mM) 

Reference 

HPLC Fluorescence 0.0027±0.02 38 

DPSV [Fe(CN6)]
3- 0.2±0.0032 39 

Spectrofluorometry ---- 0.05±0.012 40 

SEM Co(bpy)2+/ p-

Aminophenol 

0.12±0.0042 41,42 

DPV FDCCNTE 0.009±0.001 43 
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SPR Different-Size 

AuNPs 

10-4 This work 
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Chapter-3 

Selective Detection of Fluoride Ions by Using Oxygen and 

Nitrogen Rich C-dots and its Logic Gate Implementation  

 

Highlights 

➢ Nitrogen and oxygen-enriched C-dots were synthesized by green precursors. 

➢ C-dots were acting as a nanoprobe for selective and sensitive detection of metal ions. 

➢ Turn-on/-off PL property of C-dots was used for fluoride ion sensing.  

➢ Designing of the logic gate was done to implement it in electronic devices. 

➢ The efficiency of the probe was tested with real samples (tap/lake water).  
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3.1 Introduction 

Heavy metal anions and cations (e.g. arsenic, iron, copper, fluoride, nitrates, and 

phosphates) are useful for a biological system. However, due to industrial growth and human 

activities, their content gets increased beyond their permissible limit which leads to a reduction 

of natural resources and ruthless effect on human health. Among all the heavy metals 

cations/anions, F− ions (>1.5 mg/l) 1,2 are considered as one of the major water pollutants 1,3. It 

shows several physiological changes in plants that affect their root, shoot and leaf elongation 

of crops which are not visible to naked eyes but that can affect the food production. Even their 

excess intake in the human body, it can damage bones, teeth, and kidney 2,4, inhibit IQ 

development of children 5–7. So, there is a necessity for identifying the areas affected by these 

contaminants mainly F- ions to help in treating the groundwater in such areas. 

Several analytical methods e.g. potentiometric (ion-selective electrode [ISE]) 3, gas 

chromatographic (GC) 8, colorimetric 9, fluorometric, enzymatic, proton activation analysis 8 

have been sanctioned by federal agencies and organizations such as Environmental Protection 

Agency (EPA), National Institute for Occupational Safety and Health (NIOSH) for the 

detection of F− ions in the environment. Inclusively, all these techniques are not suitable as it 

requires sophisticated instrumentation, expensive reagents, cumbersome sample preparation, 

which increases the cost and analytical complexity of the sensing probe.  The best alternative 

to overcome these problems is nano-sensors, as they have the ability for rapid, accurate, 

compact and portable determination of organic and inorganic moieties. 

Several fluorescent nanomaterials are known such as semiconductor quantum dots 

(SQDs) that were used in detecting toxic ions due to their high stability, high extinction 

coefficient, and high photoluminescence quantum yield (PLQY) 10–15. However, their 

applicability in the real sample is debatable due to their inherent toxicity 12,13. Therefore, the 

newly emerging class of nano-carbons, i.e. C-dots 16–18 can be an ideal material to replace all 

the conventional fluorescent probes due to their high aqueous stability, high biocompatibility, 

and low toxicity. Due to its unique turn-on/turn-off PL property in the presence of foreign 

moieties 1,2,19,20, many scientists fabricated C-dots and its composites for the detection of 

several toxins. Dong et al. 21 have synthesized polyamine-functionalized C-dots for the 
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selective and sensitive detection of copper ions (LOD = 6 nM). Xu et al. 22 have detected food 

colouring dyes (tartrazine) by C-dots prepared from greener material (aloe) and their detection 

range found between 0.25 to 32.50 µM. Mohapatra et al. 2 have prepared a highly selective 

composite system using C-dots (fluorophore) and magnetically separable nickel 

ethylenediaminetetraacetic acid complex-bound silica-coated magnetite (fluoride receptor). 

The method was based on the exchange reaction between C-dots and F- ions, which influence 

the binding of fluoride to the magnetic receptor with a minimum detection limit of 0.06 µM. 

Furthermore, Lui et al.1 and Basu et al.5 have prepared new improved C-dots/composites (e.g. 

zirconium-complex, tapioca, etc.) which were used in real samples to check their applicability 

in determining fluoride ions in environmental matrices. But all the above-mentioned processes, 

the material preparation was tedious and sensing principle was not explained which is 

important to understand and design sensing probes. All the aforementioned studies showed that 

there is a need to develop simple materials with a suitable explanation of their working 

mechanism. Different strategies were explored such as supramolecular recognition 23–25, 

hydrogen bonding 24,26,  and Lewis acid-base interactions 24,27,28 to develop the low cost, non-

hazardous and portable fluorescent probe which can be used in resourced laboratories and in 

the different environmental matrices. 

Herein, we have emphasized on the green synthesis of C-dots using mosambi peels 

(Citrus limetta) as well as non-toxic precursors such as ascorbic acid /urea respectively to 

develop the turn-off/-on strategy for the detection of fluoride ions. Besides, OC-dots and NC-

dots were implemented in different logic gate such as NOT, OR, IMP to design improved nano-

electric devices. Subsequently, the sensing efficiency of the probe was tested in real samples 

and further compared with inductively coupled plasma atomic emission spectroscopy (ICP-

AES) results. 

3.2 Experimental section 

3.2.1 Chemical and materials 

Mosambi peels (Citrus limetta) were collected from a local fruit vendor. Other reagents 

like ascorbic acid, urea and dichloromethane were purchased from Sigma-Aldrich. Double 

distilled water (18.2 MΩ, Millipore) was used for the preparation of different C-dots and a 

stock solution of metal ions. 

3.2.2 Preparation of C-dots 
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Microwave and ultrasonic routes were used to prepare the C-dots from mosambi peels 

and citric acid /urea respectively.  Firstly, washed mosambi peels were dried in an oven (100 

°C) for 24 hours and carbonized at 220 °C for 2 hours under air atmosphere. The carbonized 

powdered material (2 g) was sonicated at frequency of 30 kHz for 45 min to obtain a brown 

color suspension. To remove the organic impurities, washing was done for 5 times with 

dichloromethane. Finally, the purified suspension was filtrated with 0.2 μm membrane to 

obtain a yellow suspension of 2.28 mg/ml C-dots. The C-dots synthesized by this waste 

mosambi peel was named as OC-dots, where ‘O’ represents ‘oxygen’ enriched C-dots surface.  

For the preparation of nitrogen-rich C-dots, 1 g ascorbic acid and 3 g urea were mixed 

in 15 ml of water and heated at 130 °C for 3 minutes in a microwave (50 W). The obtained 

mixture was kept to cool down and centrifuged at 9000 rpm for 10 min to eliminate suspended 

impurities to obtain the pure C-dots (3.2 mg/ml). The C-dots synthesized by these reagents was 

named as NC-dots, where ‘N’ represents ‘nitrogen’ enriched C-dots surface. 

3.2.3 Determination of PLQY 

The quantum yield (ϕ) for both OC-dots and NC-dots was evaluated by using quinine 

sulphate as a reference (from literature ϕ’=0.54) dissolved in 0.1M H2SO4 (refractive index 

ή=1.33). The integrated PL intensities and absorbency values were calculated for the reference 

quinine sulphate and both the C-dots were dissolved in deionised water (ή’=1.33) by subsequent 

equation-1: 

ϕ = ϕ’× (I/I’) × (A’/A) × (ή2/ ή’2)                                        1 

Where ‘φ’ denotes as the quantum yield, ‘φR’ is PLQY of reference, ‘I’ as the integrated 

area of fluorescence intensity, ‘A’ as the absorbance value and ‘η’ as refractive index. 

3.2.4 Methodology for detecting cations/anions  

  Stock solution (10-3 M) for different metal ions was prepared using metal salts like 

ferric nitrate, copper nitrate, nickel nitrate, lead nitrate, calcium nitrate, magnesium nitrate, and 

cadmium nitrate to study their interaction with different C-dots (OC-dots and NC-dots). Then 

the aqueous solution of metal ions was mixed with C-dots (4000 µl), which was kept for 10 

min to study their PL quenching efficiency. Furthermore, to perform its PL recovery 

experiment with anions, (e.g. fluoride, chloride, phosphate, nitrate and sulphate, etc.) different 

amount of aqueous solution of anions (1 – 10 µM) was added into the mixture of C-dots and 

Fe3+ ions (4000 µl + 750 µl).  
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3.2.5 Analysis of fluoride ion in the real sample 

Tap and lake water was collected from different cities (Patiala, Ludhiana) of Punjab, 

India to determine the sensitivity of the probe in a real sample. Firstly, the water samples were 

filtered with 0.22 µm syringe filter and the determination of heavy metals was done using ICP-

AES. Then tap/lake water was spiked with different concentration (2-8 µM) of fluoride ions, 

to evaluate the sensing efficiency of the probe which was assessed through ICP-AES technique. 

3.2.6 Instrumentation 

The morphology and composition of the prepared C-dots were characterized by using 

high-resolution transmission electron microscopy (HRTEM) operating at 200 KeV. For 

HRTEM analysis, samples were prepared by drop-casting of 10 µl purified C-dots dispersions 

on the carbon-coated copper grid and allowing the excess of solvent to evaporate. The 

fluorescence emission spectra were collected by using LS-55 spectrofluorophotometer (Perkin 

Elmer). The hydrodynamic size and zeta potential was determined by Microtrac's dynamic light 

scattering (DLS), Nanotrac. Elemental analysis was done by CHN analyzer (Thermo scientific 

flash 2000). Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR, 

Agilent Resolution Pro-carry 660) was recorded to know the different functional groups on the 

surface of two different C-dots.  

3.3 Result and discussion 

3.3.1 Characteristics of C-dots 

The prepared OC-dots and NC-dots were characterized by HRTEM, FTIR, CHN 

analyzer and fluorescence spectrometry. Firstly, the formation of OC-dots and NC-dots was 

confirmed from its yellow color suspension and blue/ green fluorescence under the UV lamp. 

The stability of OC-dots and NC-dots were also evaluated. It was found that with the exposure 

of light for 30 minutes the PL intensity remain undisturbed for both OC-dots (λem =438 nm) 

and NC-dots (λem = 455 nm) shown in Fig.  3.1a & 3.1b. Even a high concentration of NaCl 

salt (0.1 M) does not show any effect on the stability of both C-dots which confirmed its 

reusability for the detection of fluoride ions (Fig. 3.1c). The quantum yield of both OC-dots 

and NC-dots was found 34% and 15% investigated w.r.t the reference, i.e. quinine sulphate. 
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The HRTEM images demonstrate that both the C-dots were partially monodispersed and 

spherical. The average diameters of OC-dots and NC-dots were 2 ± 0.50 and 4 ± 2 nm 

respectively, which is shown in Fig. 3.2a & 3.2b.  The FTIR spectrum of OC-dots exhibits 

absorption peak at 3347 cm-1 (O-H stretching), 1638.5 cm-1 (O-H bending), 1744.5 cm-1, 

1638.5 cm-1 (C=O group), and 1512 cm-1 (C=C stretching of aromatic compounds). The NC-

dots had sharp bands between 1000 and 1500 cm-1 due to –CO, -CH, -CN which confirmed the 

presence of different functional groups on the surface of C-dots (Fig. 3.3a & 3.3b). The CHN 

analysis was done to evaluate its elemental composition. According to the percentage 

distribution of elements mentioned in Table 3.1, NC-dots contained more nitrogen (30.4%) 

w.r.t OC-dots (6%), maybe due to the utilization of nitrogen-containing precursor in NC-dots, 

i.e. urea.  

Table 3.1: Representation of elemental composition of OC-dots and NC-dots. 

Material Carbon (%) Hydrogen (%) Oxygen (%) Nitrogen (%) 

OC-dots 52.8 20.8 20.4 6 

NC-dots 48.3 15.2 10.8 30.4 

  

 

Fig. 3.1: Photoluminescence properties of C-dots a) PL intensity of different surface passivated 

C-dots, b) effect of light on PL intensity of C-dots and c) effect of different concentration of 

NaCl. 
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Fig. 3.2: HRTEM image of a) OC-dots prepared from mosambi peels and b) NC-dots prepared 

from ascorbic acid and urea. 

 

Fig. 3.3: FTIR spectra of a) OC-dots prepared from mosambi peels and b) NC-dots prepared 

from ascorbic acid and urea. 

3.3.2 Optimization of reaction conditions for the detection of fluoride ions 

The efficiency of the fluorescent probe depends on numerous parameters such as pH, 

temperature, excitation wavelength and a slit width of fluorescence spectroscopy. So, to 

enhance the sensitivity and selectivity of the sensing probe, there is a requirement to optimize 

the reaction conditions. Here, we have used different concentration and slit width to access the 

variation in its PL intensity. It was found that, 4 ml of C-dots with both the slit width 5 nm and 

10 nm, exhibited maximum PL intensity (Fig. 3.4a and 3.4b). The effect of pH was also 

recorded for both the C-dots on its PL intensity (Fig. 3.4c & 3.4d). The results demonstrated 

that pH~6 was suitable for performing PL quenching and recovery experiment. Whereas, a 

highly acidic and basic condition found inappropriate due to protonation of carboxylic groups 
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and formation of Fe(OH)3 
29,30, which result in weaker interaction of C-dots with Fe3+ ions and 

reduction in its sensing efficiency.  

 

Fig. 3.4: Optimization of experimental conditions: a) effect of different quantity of C-dots, b) 

effect of emission slit width at constant excitation slit width, and c, d) effect of pH on the 

fluorescence intensity at λex=340 and 350 nm for OC-dots and NC-dots respectively. 

3.3.3 Selectivity of C-dots towards different cations 

Selectivity is a crucial parameter to evaluate the performance of chemo-sensor. So, the 

interaction of different C-dots was examined with different metal ions (e.g. Fe3+, Cu2+ Cd2+, 

Zn2+, Na+, Ca2+, Mg2+, Pb2+, Fe+2 and Ni2+) by estimating the variation in its PL intensity. The 

experimental results revealed that Fe3+ ions exhibited maximum fluorescence quenching for 

both C-dots (~94.8%) due to strong interaction with carboxylic/amino/ hydroxyl groups on the 

surface of C-dots (Fig. 3.5). This quenching mechanism was explained based on hard-soft-

acid–base (HSAB) principle, where Fe3+ions was hard acid 30 and –COOH group acted as hard 

base which increased its affinity w.r.t to other cations. As Cu+2 ions belong to borderline metals, 

it also shows PL quenching to some extent among all other metal ions 31 (Fig.  3.6). So, these 

two specific cations (Fe3+ and Cu2+) were used to perform recovery experiment (turn-on) with 

fluoride ions. 
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Fig. 3.5: Fluorescence quenching spectra of OC-dots in the presence of different ions. 

 

Fig. 3.6: Evaluation of fluorescence intensity for the selectivity of OC-dots/NC-dots towards 

different metal cations. 

Further, the investigation for the sensitivity of C-dots with different concentration of 

ferric ions (0 to 0.4×10-5 M), the plot of F0/F vs. quencher concentration was done according 

to Stern-Volmer equation, i.e. 

F0/F = 1+KSV [Q] 
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Where F0 and F are the fluorescence intensities of the fluorophore in the absence and presence 

of quencher Q, respectively, KSV is the Stern Volmer constant (M-1) and [Q] is the concentration 

of the quencher. To determine whether quenching is static or dynamic, the Stern-Volmer 

constant value was recorded at three different temperatures (25, 35 and 45˚C). There was no 

significant change found in the value of KSV = 38.22 × 10-5 M-1 which indicated that the 

quenching process was static in nature (shown in Fig. 3.7). 

 

Fig. 3.7: Stern-Volmer plot F0/F vs Quencher concentration (Fe+3 ions). 

3.3.4 Turn-off/-on mechanism 

The variation in photoluminescence intensity and zeta potential was studied for the 

foundation of conceivable sensing mechanism of the probe. To determine the sensing 

mechanism initially, the variation in photoluminescence intensity was estimated for both C-

dots and ferric ion sensor system. It was found that in the presence of fluoride ions, the PL 

intensity was recovered only for the OC-dots, not for NC-dots (Fig. 3.8). This is due to the 

stronger affinity of free amino groups on the surface of NC-dots with ferric ions which results 

in an inhibition of FeF3 complex formation 32. From the CHN analysis, it was cleared that, the 

surface of NC-dots was nitrogen-rich (amino group) but OC-dots were oxygen-rich (carboxylic 

acid group). So,  OC-dots and ferric ion mixture found sensitive for fluoride ions, based on the 

HSAB rule hard acid (Fe+3) and hard base (F-) showed more interaction which leads to the 

formation of a stable FeF3 ionic compound with high lattice energy 5870 kJ mol-1 and 

responsible for its fluorescent enhancement (as OC-dots are free) 5. 
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Fig. 3.8: Sensitivity of a) OC-dots and b) NC-dots towards F- ion in the presence of Fe3+ ions. 

 Furthermore, the zeta potential was recorded for both the C-dots in the absence and 

presence of ferric and fluoride ions (Table 3.2). The results explained that the presence of Fe3+ 

ions in the ratio of 4:0.75 leads to a reduction in the zeta potential values for OC-dots (-30 ± 

10 to -20 ± 2 mV) and NC-dots (-28 ± 5 to -10 ± 5 mV). This variation was due to the strong 

interaction of ferric ions with both C-dots, that reduces the inter-particle distance and leads to 

its aggregation. This aggregation process was further confirmed by a red-shift in the emission 

wavelength of C-dots (438 nm to 445.8 nm for OC-dots and 455 nm to 496.6 nm for NC-dots) 

which was shown in Fig. 3.5. Hence, from the obtained results it was clear that the fluorescence 

quenching of C-dots in the presence of ferric ions was due to both aggregations as well as 

energy transfer process (Scheme 3.1). Besides, the recovery in zeta potential values was also 

observed for OC-dots/NC-dots and ferric ion system in the presence of fluoride ions (-20 ± 2 

to -26 ± 1 mV for OC-dots and -10 ± 5 to -15 ± 5 mV for NC-dots). These results indicated 

that OC-dots and ferric ion system was more sensitive toward fluoride ion and justified the 

aforementioned results of its photoluminescence 33 (Scheme 3.1).  

 Table 3.2: Zeta-potential of C-dots in the presence and absence of Fe+3 and F- ions. 

Concentration ratio 

(C-dots: Fe3+) 

Zeta-

potential 

(mV) 

Concentration ratio 

(C-dots: Fe3+:F-) 

Zeta potential 

(mV) 

         OC-dots (1:0) 

         NC-dots (1:0) 

-30 ± 10 

-28 ± 5 

  OC-dots (1:0:0) 

  NC-dots (1:0:0) 

-30 ± 10 

-28 ± 5 
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OC-dots (4:0.75) 

NC-dots (4:0.75) 

-20 ± 2 

-10 ± 5 

OC-dots (4:0.75:1) 

NC-dots (4:0.75:1) 

-26 ± 1 

-15 ± 5 

OC-dots (1:1) 

NC-dots (1:1) 

-22 ± 2 

-12 ± 5 

OC-dots (1:1:1) 

NC-dots (1:1:1) 

-23 ± 2 

-13 ± 3 

 

 

Scheme 3.1: Representation of the sensing mechanism of OC-dots and NC-dots for F- ions 

determination. 

3.3.5 Selectivity of Fe3+ ions containing OC-dots towards F- ions 

  To check the selectivity of the probe (OC-dots + Ferric ions) towards fluoride ion, the 

fluorescence recovery of OC-dots at 438 nm was studied in the presence of F- ions (1 µM) and 

other anions (20 µM) including fluoride (F-), bromide (Br-), sulphite (SO3
2-), nitrite (NO2

-), 

acetate (AcO-), phosphate (PO4
-), nitrate (NO3

2-), sulphate (SO4
2-) and chloride (Cl-). The 

results indicated that only fluoride ions showed significant enhancement of fluorescence 

intensity at 438 nm. However, the larger size of anions could not cause a noticeable change in 

fluorescence intensity due to its less compatibility with Fe3+ ions for the formation of ionic 

compounds showed in Fig. 3.9. 
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Fig. 3.9: Selectivity of OC-dots and Fe3+ ions system towards different metal anions. 

3.3.6 Quantification of F- ions with OC-dots and the Fe3+ ions system  

 To evaluate the stoichiometric response of the probe towards the fluoride ions, the 

reaction kinetics was measured between a mixture of OC-dots/Fe3+ and F- ions (Fig. 3.10a). It 

was found that the fluorescence intensity increased with the reaction time. The whole process 

reached in equilibrium at about 1 min which confirmed the rapid interaction of sensing probe 

with F- ions at room temperature. So, we selected 1 min as incubation time and studied the 

effect of concentration on fluorescence recovery for the quantitative determination of F- ions.  

It was found that with the increase of F- ions (0 to 1000 µl), the fluorescence intensity restored 

gradually and finally reached the maximum (Fig. 3.10a). To calculate the detecting limit of the 

probe, the plot between fluorescence enhancements, F/F0 against concentration was done (Fig. 

3.10b). The equation of the linear fitted curve, F/F0 = -11.262 + 1596.8[F-] helped in 

determining the detection limit which was found 0.01 µM and regression coefficient was 

0.9664, i.e. much lower than the previously reported results in the literature (Table 3.3). 

 

Fig. 3.10: a) Effect of time on the emission spectra of OC-dots-Fe3+ ion mixture in the absence 

and presence of fluoride ions and b) plot of PL intensity variation at λem=340 nm as a function 

of the concentration of F- ions for the quantitative determination of F- ions. 
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Table 3.3: Comparison of different sensing probe for detecting F- ions based on the limit of 

detection (LOD). 

Technique Material/Apparatus LOD Ref 

Spectrophotometer Single beam 

spectrophotometer 

2.38 µM 34 

HPLC UV 0.47 µM 35 

Ion chromatography ICP-MS 2.38 µM 36 

Flow injection analysis Spectro-fluorimeter 0.47 µM 37 

Based on the release of 

AuNPs agglomeration 

dithiol linkers in the presence of 

inorganic 

Fluoride colorimetric 

Chemosensor Gold 

nanoparticles 

(AuNPs) 

120 µM 38 

Interaction of L with F- 

and acetate ions (AcO-) results in 

enhanced ICT, leading 

to the prominent color 

change from yellow 

to orange-brown 

Colorimetric and 

ratiometric chemosensor 

for detection of F- and 

AcO- ions/ Quinoline 

0.067 µM 39 

Ratio-metric fluorescence 

detection of fluoride ions 

Lanthanide metal-

organic framework 
2 µM 40 
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Turn on/off fluorescence Carbon-dots from   

mosambi peel 
0.01 µM In this work 

 

After the completion of sensing experiment, the performance of logic gate functions 

(e.g. NOT, AND, IMP and OR) 

 was determined based on the interaction between metal ions (Fe3+) and anions (F−) and C-dots. 

To execute the logic gate, the addition of metal ion (Fe3+), and the anion (F−)  in C-dots kept 

as two-input, whereas variation in fluorescence intensity as an output signal for which four 

possible input combinations (0, 0; 1, 0; 0, 1; 1, 1) were used. The absence and association of 

these ionic inputs with C-dots defined as 0 and 1 states respectively. The output defined as 1 

and 0 corresponds to strong and weak fluorescence response. NOT logic gate was used to study 

the variation in fluorescence intensity of C-dots with Fe3+ ions as an input signal. Addition of 

ferric ions quenched the fluorescence intensity of C-dots which indicate that the output is 0 

(low). These results correlate with the function of the NOT logic gate. 

Further, we have constructed the modified IMP logic gate in the presence of Fe3+ (fixed 

concentration) and F- (varying concentration) as input 1 and 2 to the OC-dots. Primarily, 

individual inputs were used to examine their influence on C-dots and their corresponding 

output fluorescence intensity signal. The fluorescence intensity of OC-dots was quenched only 

in the presence of ferric ions whereas no effect was found on the addition of fluoride ions. 

Remarkably, in the presence of both inputs, the fluorescence intensity of C-dots was recovered 

by the addition of F- (low or high concentration) which was quenched upon the addition of Fe3+ 

ions. This above-mentioned combination of two inputs correlates with the IMP logic gate 

behavior 41,42. 

Similarly, we have constructed the combination of OR, AND, NOT logic gate in the 

presence of Fe3+ (fixed concentration) and F- (varying concentration) ions as input 1 and 2 to 

the NC-dots. Primarily, individual inputs were used to examine their influence on C-dots and 

their corresponding output fluorescence intensity signal. It was detected that the fluorescence 

intensity of NC-dots was quenched in the presence of individual inputs of Fe3+ ions and remain 

the same in the presence of a low or high concentration of F− ions. Unexpectedly, in the 

presence of both inputs (1, 1), the fluorescence intensity of NC-dots was remains quenched due 

to the strong coordination of Fe3+ ions with amino groups on the surface of NC-dots. These 
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results revealed that the different logic operation can be achieved by varying the concentration 

of metal ions as inputs (Fig. 3.11).   

 

Fig. 3.11: Schematic representation of logic gate obtained for OC-dot/Fe3+/F- and NC-dots/ 

Fe3+/F-. 

3.3.7 Method validation through real samples 

To illustrate the practical applicability of our C-dots probe for selective detection of F-

ions, a certain concentration of F- was added into the real samples including tap /lake water, 

and the real-time detection of F- was carried out. The detailed results determined by our OC-

dots based probe were shown in Table 3.4 which was also compared with the measured amount 

by ICP-AES technique. The results analyzed by both methods were very close and the % 

recoveries were in the satisfying range. The recovery of F- was almost 99.0% for tap and lake 

water, suggesting that our OC-dots based probe was suited to detect F- in real water samples. 

Table 3.4: Detection of Fluoride ions using OC-dots probe and ICP-AES. 

Sample Concentration 

of F-ions (µM) 

ICP-AES(µM) OC-dots Recovery 

(%) 

 

Tap water 

2 1.89 1.988 ± 0.023 99 

4 3.89 4.052 ± 0.012 96 

6 5.99 5.781 ± 0.035 96 

8 8.0 7.832 ± 0.038 98 
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Lake water 

2 1.79 1.978 ± 0.013 90.4 

4 3.58 3.998 ± 0.012 89.7 

6 5.53 6.011 ± 0.025 91 

8 7.99 8.232 ± 0.038 97 
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Chapter-4 

Effect of Acids and Solvents on the Photoluminescence Properties 

of C-dots and Its Sensing Efficacy Towards Metal Ions 

 

Highlights 

➢ Single precursor salt was used for the synthesis of dual emissive carbon dots (C-dots).  

➢ The optimized mixture of acids was used to tune the emission spectra of C-dots. 

➢ The solvatochromic behaviors of C-dots in different solvents were explored. 

➢ The C-dots were used for the selective detection of metal ions (Fe+3) in the real samples. 
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4.1 Introduction 

There was no long history for the discovery of carbon quantum dots (C-dots), but it 

occupies the prominent place in the field of luminescent nano-materials due to its high aqueous 

solubility, exceptional photoluminescence (PL) properties, favourable biocompatibility, 

chemical inertness and easy functionalization in respect to known organic fluorophores. 

Nowadays, the research focus is shifted towards the implications of luminescent C-dots. Still, 

to boost its utility in target-specific sensing and bio-imaging field, simplified eco-friendly 

strategies need to be introduced to tune its luminescence properties. This can be achieved by 

tailoring their intrinsic properties and modification of its surface design by conjugation of 

different functional groups on its surface 1,2.    

 Several different synthetic chemical and physical routes such as electrochemical 3, 

thermal treatment 4, hydrothermal or acidic oxidation 5, microwave 6, ultrasonic 7,8, cage-

opening of fullerene 9, arc discharge 10, laser ablation 11, and plasma treatment 12 to fabricate 

luminescent C-dots were reported to fabricate multi-color C-dots. Many groups followed 

functionalization route to attain modified C-dots using boronic acid/aptamer as a precursor for 

the determination of metal cations 13,14 and glucose 15. Dong et al.2 functionalized C-dots using 

polyamine to tune its emissive properties and further used as nano-probe based on the inner 

filter effect for Cu+2 ion sensing. Even several moieties were also detected (such as Vitamin 

B12, amino acids and dopamine, etc.) through the diverse strategies which include Foster 

Resonance Energy Transfer (FRET), Photoinduced Electron Transfer (PET), aggregation-

caused quenching by coordination and reaction-induced fluorescence quenching using C-dots 

16–20. Besides, to make target specific sensor 12,21 many groups were also emphasizing on the 

extrinsic parameters such as dopants, solvents to tune its photoluminescence (PL) properties. 

Kwon et al. 22 used sulfur doping route to tune its electronic states and PL intensity in the longer 

wavelength regime. Moreover, reduction pathways were also followed by Zheng et al. 23 to 

obtain the long-range emissive (450 to 520 nm) C-dots. In recent studies, many researchers 

modified synthetic conditions, precursors and reagents (citric acid and formamide)  to obtain 

excitation wavelength-dependent multi-color C-dots 24–27. Likewise, Bao and co-workers, 28 

modified the reaction time and temperature to prepare the new excitation independent series of 

C-dots. Ding et al. 29 used hydrothermal method to prepare the batch of multi-color C-dots 

from p-phenylenediamine and urea which showed blue to red emission (440-625 nm, Q.Y. 8.5-

35%) at the single excitation wavelength. Some of the groups also used green materials to tune 

the emissive properties of C-dots 30,31. These variations in emissive properties of C-dots were 
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achieved by several groups due to the modulation in the quantum size and surface states 29,32.  

 Nowadays to tune the emissive range of C-dots, more emphasis is given on the 

dispersive medium. Wu and co-workers reported a red-shift in the emission spectra (400 to 430 

nm) for C-dots with the same excitation wavelength, dispersed in different solvents 4. Even 

analogous results were reported for graphene quantum dots in different solvents with the 

emission range from 475 to 515 nm 33. The tenacity for the development in its synthetic routes 

was to improve its efficacy for bio-imaging and bio-sensing. Overall, the above-mentioned 

advancements for preparing multi-color C-dots were found tedious, expensive and low yield. 

Thus, eco-friendly and cost-effective routes were required to attain long emissive range C-dots.  

 To execute these problems, some groups utilizing the combination of carbohydrates 

and acids to produce a series of C-dots 34. Some significant reports were mentioned by Wee et 

al. 35 where they used the dehydrating agent (H2SO4), various protein and carbohydrate 

nanoparticles to produce C-dots. Likewise, other groups use different acids (H3PO4, HCl and 

HNO3)
36 to attain green, yellow and red-emitting C-dots 37,38. Though, the reported work was 

effective due to the utilization of low energy, basic laboratory glassware. Still, some 

experimental studies were required to justify the role of acids to attain dual emissive properties 

in them. Till now, solvatochromism studies for dual emissive C-dots was not explored 39,40.  

 Therefore, we have reported an eco-friendly route to attain dual emissive C-dots by 

using different carbohydrates with a combination of acids. Besides, its photophysical properties 

were discovered in different solvent systems. Successively, the sensing ability of C-dots was 

also explored with various metal ions in both aqueous and non-aqueous medium. The 

experimental studies revealed exceptional behavior for dual emissive C-dots in halogenated 

solvents, which exhibited a bathochromic shift in its emission spectra w.r.t the aqueous medium 

which has not been reported elsewhere.  

4.2 Experimental section 

4.2.1 Materials and characterization 

 Sucrose, fructose, glucose was purchased from Thermo Fisher Scientific, United 

States. Other basic chemical reagents like orthophosphoric acid, nitric acid, sulfuric acid, 

hydrochloric acid, ferric nitrate, ferrous nitrate, copper nitrate, zinc nitrate, magnesium nitrate, 

cadmium nitrate and nickel nitrate were purchased from Sigma Aldrich. Different kinds of 

solvents namely dichloromethane (CH2Cl2), chloroform (CHCl3), carbon tetrachloride (CCl4), 
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acetonitrile (ACN), dimethylformamide (DMF), methanol was purchased from Loba Chemie 

Pvt Ltd (spectrograde), India. All these reagents and carbohydrates were used directly by 

preparing their aqueous solution using distilled water (18.2 MΩ, Millipore). The C-dots were 

synthesized by using Multiwave-300 microwave synthesis reactor (Anton Paar, USA). The 

synthesized C-dots were characterized by High-resolution transmission electron microscope 

(HRTEM), (TALOS F200S G2, 200 KeV, FEG, CMOS Camera 4K x 4K, In Column EDS 

detectors) for the analysis of its surface morphology and particle size by using a drop-casting 

technique. Moreover, Fourier transform infrared spectroscopy-attenuated total reflectance 

(FTIR-ATR) Agilent Resolution Pro-carry 660) XPS, X-ray photoelectron microscopy and 

Energy-dispersive X-ray spectroscopy (EDX) techniques were carried out to know the better 

insight on the C-dots surface. LS-55 spectro-fluorophotometer (Perkin Elmer) was also used to 

study its optoelectronic properties. 

4.2.2 Preparative method for dual emissive C-dots 

The one-pot synthesis was followed to fabricate dual emissive C-dots. Firstly, 0.5g 

sucrose (0.15 M) was dissolved in 10 ml of distilled water followed by the addition of 100 µl 

concentrated sulfuric acid (H2SO4) and 200 µl of concentrated ortho-phosphoric acid (H3PO4) 

in the ratio of 1:2. The prepared mixture was transferred into the microwave glass vial and 

subjected to microwave heating at 130 °C for 10 min. After the completion of the reaction, the 

brown color colloidal solution was obtained. It was purified by centrifugation at 5000 rpm for 

30 min to get yellow color C-dots and further, it passes through a syringe filter (0.22 μm) to 

get a homogeneous colloidal mixture which exhibited dual emissive properties (Scheme 4.1). 

The surface analysis and photoluminescence were also done to study its morphology and 

optical properties.  

 

Scheme 4.1: Pictorial representation to synthesize the dual emissive C-dots. 
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4.2.3 Photoluminescence quantum yield (PLQY) measurements  

The PLQY of all four NC-dots was evaluated using quinine sulphate (ϕr= 0.546) 37 as 

a reference solution dissolved in 0.01 M H2SO4 by subsequent equation-1: 

ϕ = ϕ’× (I/I’) × (A’/A) × (ή2/ ή’2)                                        1 

Where ‘φ’ denotes as the quantum yield, ‘φR’ is PLQY of reference, ‘I’ as the integrated 

area of fluorescence intensity, ‘A’ as the absorbance value and ‘η’ as refractive index. 

4.2.4 Methodology for photoluminescence studies of dual emissive C-dots 

 To evaluate the solvatochromic and sensing behavior of C-dots firstly, C-dots was 

dispersed in different solvents (2 ml) and its emission spectra were evaluated in all different 

media respectively. Furthermore, the stock solution of metal salts like Mg2+, Cu2+, Zn2+, Co2+, 

Ni2+, Fe3+ and Fe2+ (10-3 M) was prepared in distilled water which was added (10 μl) in a test 

tube and air-dried. Then, C-dots was dispersed in different solvents (2 ml) and added to the test 

tube. Afterwards, their interactions with C-dots in different solvent systems were analyzed by 

recording its PL emission spectra. To validate the sensing efficacy of C-dots, real samples 

(Ferric citrate tablets- 200 mg) were also analyzed by following the same above-mentioned 

protocol. 

4.3 Result and discussion 

4.3.1 The mechanism involved in the fabrication of dual emissive C-dots 

In this protocol, major emphasis was given on acids for the activation of carbon 

particles and to modify the surface functional groups. In the synthesis of C-dots, both the acids 

(H2SO4 and H3PO4) play an independent role to tune its emission properties. H3PO4 helps to 

promote the carbonization of sucrose at slower kinetics to produce surface defects which cause 

red-shift 41–45 whereas, H2SO4 due to its stronger oxidizing ability generates O=C-O-H and C-

O-H from C-H and its dehydrating property induces unsaturation from C-C, causing a blue 

shift in the emission spectra of C-dots 46,47. Therefore, the acid mixture (H2SO4 + H3PO4 ) was 

chosen to produce dual emissive C-dots in a single step without using toxic reagents and to fix 

its discrete energy bandgap 48. 

 The preparative method for C-dots involves various steps. Initially, sucrose solution 

undergoes modifications through hydrolysis and dehydration to form furfural intermediates 

(such as hydroxyl methyl furfural) 49,50. The intermediate was further polymerized, aromatized 
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51,52 and subsequently undergoes the nucleation and particle growth process to attain the 

brownish colloidal solution 53 which was explained in detail in Scheme 4.2. Further, to confirm 

the dual emissive behavior in prepared C-dots, its aqueous solution was kept under the UV 

light irradiation where it showed green and yellow color emission at two different wavelengths 

(254 and 365 nm) (Scheme 4.1). 

 

Scheme 4.2: Schematic presentation of the mechanism used to obtain dual emissive C-dots. 

4.3.2 Optical properties and stability of dual emissive C-dots 

The optical properties of dual emissive C-dots are shown in Fig.  4.1. Firstly, UV-vis 

spectrum was recorded, which showed the prominent absorption peak at ~284 nm, (which is 

due to the n-π* transition of C=O bond) and a weak shoulder band at ~227 nm. The weak band 

is attributed to the π-π*transition of the aromatic sp2 bond 54 (Fig. 4.1a). PL spectra were also 

recorded to confirm the dual emission behavior of C-dots. It showed two emission peaks at 434 

nm and 518 nm (Fig. 4.1b) by exciting the sample at 350 nm. This dual emission peak was 

attained due to the formation of discrete fixed energy gaps and the elimination of intermediate 

energy levels in C-dots induced with the help of acid mixtures 48. Moreover, the synthesized 

dual emissive C-dots showed excitation independent behavior in comparison to the other 

reported multi-color C-dots 55 (shown in Fig. 4.1c). This unusual trend in C-dots was explained 

based on surface passivation as reported by Zhang et al. 56. According to their interpretation, 
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the multi-mode absorptions were attained for low passivation C-dots due to the formation of 

different energy states, which was responsible for its excitation dependent PL property 35. 

Moreover, the single transition mode developed in case of high passivation C-dots surface 

which generates excitation-independent PL 35. So, from the aforementioned results, it has been 

concluded that a mixture of acids plays a vital role in the high surface passivation and 

development of single transition mode among C-dots. 

It is necessary to investigate the solution conditions of C-dots before the utilization in 

various applications. pH is the main parameter that influences the emission properties of C-

dots which needs to be studied. So, PL spectra of C-dots were recorded at different pH range 

from 2 to 9 (Fig. 4.1d). The study showed that C-dots attain equivalent PL intensity in the pH 

range from 2-6. But with the increment of pH towards the basic range, it shows high pH 

sensitivity due to the presence of several hetero-atoms (confirmed by EDX and XPS analysis) 

on its surface 57. So, it can be used as an effective analytical tool in the pH range (2-6). 

Consequently, the PL spectra were recorded at different concentrations of KCl salt, which 

shows the constant response in the PL intensity and mixture appears to be homogeneous, i.e. 

no aggregation took place in the presence of concentrated K+ cations and Cl- anions (Fig. 4.2a) 

47. Besides, we have also analyzed C-dots under UV lamp irradiation for one hour which shows 

no change in its PL intensity (Fig. 4.2b). Therefore, the obtained results conclude that C-dots 

can be used in analytical application to quantify the analyte of interest without any interference 

of surrounding environment. 

 

Fig. 4.1: Optical properties of dual emissive C-dots: a) UV-visible spectra, b) excitation and 

emission spectra (λex = 350 nm), c) effect of excitation wavelength and d) effect of pH on its 

PL intensity. 
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Fig. 4.2: PL intensity of dual emissive C-dots under a) different concentration of KCl salt and 

b) UV light exposure. 

4.3.3 Characterization of dual emissive C-dots 

The morphology and the size distribution of dual emissive C-dots were characterized by 

HRTEM, represented in Fig. 4.3. The HRTEM result justifies its partial mono-dispersed and 

spherical feature, with narrow particle size distribution ranging from 4-7 nm (average diameter 

of 4.6 nm). In Fig. 4.3b, the HRTEM image showed the lattice fringes with the d-spacing value 

of 0.24 nm which corresponds to (100) facet of graphitic C-dots. Furthermore, in the selected-

area electron-diffraction (SAED) displayed a ring pattern with an inter-planar lattice spacing 

of 0.24 nm and the high crystallinity, which agrees with the (100) lattice spacing of graphitic 

C-dots (Fig. 4.3c) 58. 

 

Fig. 4.3: Physico-chemical properties of dual emissive C-dots: a) HRTEM and the inset shows 

the particle size of individual C-dots, b) lattice fringes of individual C-dots, c) corresponding 
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selected-area electron-diffraction (SAED) pattern image, d) histogram distribution of particle 

size from HRTEM image, e) FTIR spectra of C-dots and f) energy dispersive spectra of C-dots. 

The XPS studies were done to determine the surface chemical composition of dual 

emissive C-dots. The survey spectrum of XPS revealed that surface of C-dots primarily 

composed of C1s (49.84%), O1s (41.66%) and another small part was contributed by P2p 

(6.47%), and S2p (2.47%) (Fig. 4.4a). The high-resolution XPS data of C1s were deconvoluted 

into four peaks at 284.6, 286.1, 287.9 and 288.9 eV, which represent the C1s states exists in the 

C–C/C=C, C–S, C–O and C=O bonds respectively (Fig. 4.4b) 59.  The O1s spectra showed two 

main peaks at 531.8 eV and 532.8 eV which indicates the presence of C=O and C-O 

respectively 60. The P2p spectrum (Fig. 4.4d) revealed the presence of P=O (133.1 eV) and P−C 

(134.1 eV) groups 61. The S2p spectrum (Fig. 4.4e) showed three major peaks at 167.8, 168.4 

and 169.5 eV, corresponding to C–SOx (x = 2, 3, 4) species respectively, which indicates that 

sulfur groups exist in sulfonate state on C-dots surface 62,63. The surface state of C-dots was 

also elucidated through FTIR spectra mentioned in Fig. 4.3e. The spectral details show the 

broad peak at 3420 cm-1 associated with the O–H group and the sharp absorption peak at 1630 

cm-1 which confirmed the presence of the carbonyl group on its surface. Besides, the spectra 

display two another peaks at 1162 and 1065 cm-1, which confirmed the existence of P=O groups 

from phosphate or polyphosphates, and the O–C stretching vibration of P–O–C (aromatic), 

respectively 37. This phosphate groups may be derived from the bidentate bonding between the 

[PO4
3-] and –OH group on its surface 37. Further, the presence of sulfur and phosphorus in C-

dots was confirmed by EDX analysis, which demonstrates the presence of carbon, oxygen, 

sulfur, and phosphorus on its surface (Fig. 4.3f). These results indicated that C-dots surface 

comprises several hydrophilic and hetero groups on its surface which were responsible for its 

dual photoluminescence, high water solubility and aids in complex formation. 
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Fig. 4.4: XPS spectrum of dual emissive C-dots, a) survey spectrum, b) C1s, c) O1s, d) P2p and 

e) S2p deconvoluted spectrum. 

4.3.4 Optimization of different carbon precursor, concentration and reaction time to 

fabricate dual emissive C-dots 

Different sources of carbon and reaction time play a vital role to modify the PL behavior 

and morphology of C-dots. So, we used various precursors such as sucrose, fructose, and 

glucose in the presence of mixed acids (H3PO4 + H2SO4) to fabricate C-dots. The experimental 

results suggest that if the carbon precursors have similar functional groups present on it, then 

its conversion to C-dots in the presence of mixed acids exhibited consistent emission peaks at 

434 nm and 518 nm as shown in Fig. 4.5a. Although, the PL peak intensity for sucrose found 

to be is highest among all the precursors. So, these results indicate that the different molar 

concentration of sucrose was preferred to attain the dual emissive C-dots. The experiments 

results suggest that acid-mediated sucrose-based C-dots exhibited the highest PL intensity at 

0.15 M concentration of sucrose as shown in Fig. 4.5b.  

Moreover, times studies were performed to evaluate the impact of reaction time rate on 

its PL properties. The result specifies that the maximum PL intensity for dual emissive C-dots 

was attained in ~8-10 min under microwave irradiation (Fig. 4.5), which is less than the 

reported methodology 48. Thus, it is necessary to optimize the concentration of carbon source 

and reaction time for the development of dual emissive behavior C-dots in acidic conditions. 
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Fig. 4.5: The emission spectra of dual emissive C-dots: a) using different precursor, b) at 

various concentration of sucrose, c) in the presence of different acids and d) in the presence of 

mixed acids. 

4.3.5 Effect of different acids on PL properties of C-dots 

The particle size and functional groups present on the surface of C-dots play an 

important role to fetch difference in its emission properties. So, we used acids to modify its 

emissive sites to attain multi-color C-dots. To explain the significance of acids, H3PO4, H2SO4, 

HNO3, and their combinations were used for the preparation of C-dots from sucrose precursor. 

At first, the individual effect of acids such as H2SO4, HNO3 was studied, which showed 

significant single emission peak in the blue region (435 nm) as shown in Fig. 4.5c. However, 

the emission peak of the C-dots undergoes bathochromic shift (470 nm) in the presence of 

H3PO4. This distinct behaviour in emission properties of C-dots in the presence of different 

acids was originated from defects on its surface, which develops discrete surface states with an 

energy level between the π and π* states of the carbon double bond in the C-dots emission sites 

48. Dong et al. 38 reported that the presence of hetero-atoms modified the PL properties of C-

dots. Similarly, Xu et al. 37 showed emission shift towards the red region is due to the 

phosphorus-doped C-dots. Based on these reports, we conclude that doping can create new 

energy levels or change their initial bandgap 64,65. Because of that, we used a combination of 
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acids (H2SO4 + H3PO4) and studied its impact on the synthesis of C-dots by altering their ratios 

from 2:1 to 1:2 (Fig. 4.5d). The result indicates that the combination of acids in both conditions 

leads to induce dual emission peaks (434 nm and 518 nm) in C-dots. The existence of longer 

wavelength peak in C-dots attributed to the surface or edge functional group and the shorter 

emission wavelength was due to the presence of uniform sp2 domains 47. These characteristic 

features of dual emissive peaks in C-dots indicated that the mixed acids lead to the formation 

of intermediate energy level, i.e. not possible in their absence which helps to overcome the 

activation energy for better carbonization and emission intensity 48.  

Even, the intensity of the dual emissive peaks also depends on the ratio of mixed acids 

for the formation of C-dots (Fig. 4.5d). The results revealed that the acid ratio of 1:2 (H2SO4 + 

H3PO4) helps to attain prominent emission peak at 518 nm w.r.t 2:1 (H2SO4 + H3PO4) because 

both acids have different pKa value (H3PO4> H2SO4) 
48. If the concentration of H2SO4 gets 

increased, the carbonization process gets enhanced and converted the carbon precursor into 

non-fluorescent products 48. Hence, a high concentration of H3PO4 is necessary for the 

formation of red emissive C-dots with appropriate PL intensity. So, the specific molar ratio 

(2:1) of acids was necessary for the fixation of emission wavelength to obtain dual PL 

characteristic in C-dots. 

4.3.6 Solvatochromic studies of dual emissive C-dots 

 The surrounding medium of the C-dots also has a vital role to modulate the emission 

spectral behavior. So, to comprehend the better insight into the interaction of dual emissive C-

dots with solvents, we have studied their photophysical properties. According to general trends, 

if the polarity of the surrounding medium increases the fluorescence active compounds exhibit 

bathochromic shifts in their emission spectra. However, in our case, the dual emissive C-dots 

undergoes hypsochromic emission shift in the presence of water (highly polar solvent). It has 

been observed that the first emission maxima appeared at 434 nm (shorter wavelength) along 

with a prominent peak at 518 nm (longer wavelength) (Fig. 4.6a). In presence of methanol, the 

shorter wavelength emission maxima appeared at 443 nm along with a band at 523 nm.  In 

polar aprotic solvents (ACN and DMF), C-dots exhibit a bathochromic shift in emission spectra 

of both the emission maxima compared to that of water. Also, the longer wavelength emission 

maxima appeared as a shoulder band in polar aprotic solvents. These results justified that 

hypsochromic shift of C-dots in water compared to methanol, ACN, and DMF was due to the 

solvent-induced change of electronic ground state from less dipolar to more dipolar 
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chromophore 66. Moreover, in the case of water, the longer wavelength emission maxima 

appear as a prominent peak, which is attributed to extensive hydrogen-bonding interactions, 

dipole-dipole interactions, and specific solute-solvent interactions. But, in other protic 

(methanol) and aprotic (ACN, DMF) solvents these types of specific interactions were less 

prominent due to which the longer wavelength emission maxima appears as a shoulder band 

(Fig. 4.6a).  

Furthermore, it was observed that the polarity of the medium (Lippert Mataga (LM) 

model) is not always playing a significant role in solvatochromic shifts, there are some other 

factors such as polarizability (π*), hydrogen bond accepting ability (HBA, β) and hydrogen 

bond donating ability (HBD, α) of solvents (Kamlet Taft (KT) model) also influences the PL 

properties of C-dots 67,68. From the Kamlet-Taft parameter (Table 4.1), it was observed that the 

value of HBA parameter (β) is relatively larger in methanol, ACN and DMF as compared to 

that of water, which results in a hypsochromic shift in emission spectra of aqueous C-dots 

(shown in Table 4.2) 69. 

Table 4.1: Values of Lippert, KT, polarity parameter and dielectric constant for various 

solvents. 

Solvent System Lippert parameter KT model parameter 70 

 f π* α β 

H2O 0.320 1.09 1.17 0.18 

MeOH 0.310 0.60 0.93 0.62 

DMF 0.275 0.275 0.88 0.69 

ACN 0.305 0.75 0.19 0.31 

CCl4 0.011 0.55 0 0 

CHCl3 0.0135 0.58 0.44 0 

CH2Cl2 0.219 0.82 0.13 0.10 

Table 4.2: Detail of emission spectra for dual emissive C-dots in the presence of variant solvent 

systems. 

Solvent  

system 

Excitation 

wavelength  

(λ ex) 

Emission wavelength (λ em) 

λ1 λ 2 
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H2O  

 

 

350 nm 

434 518 

MeOH 443 523 

DMF 445 527 

ACN 449 546 

CCl4 436 544 

CHCl3 440 546 

CH2Cl2 443 543 

Moreover, another unusual kind of emission spectrum was observed in the presence of 

halogenated solvents (CH2Cl2, CHCl3, and CCl4) (Fig. 4.6b). The dual emissive C-dots exhibit 

bathochromic emission in both the shorter and longer wavelengths, as well as both the emission 

maxima, appear as prominent peaks. This behavior was observed due to the formation of donor-

π-acceptor interaction between sp2 domain, electron-rich hetero-atoms on the surface of C-dots 

and halogenated solvents 71,72, that increases its ICT character in the excited state 73,74. Similar 

results were reported by Ooyama et al. 75 where they observed a bathochromic shift in ICT 

bands of halogenated solvents with novel donor– π–acceptor type pyridinium dyes. Therefore, 

from the solvatochromic analysis, it can be concluded that the PL properties of dual emissive 

C-dots were dependent upon the nature of the solvents.  

 

Fig. 4.6: Solvatochromism of dual emissive C-dots: a) non-halogenated and b) halogenated 

solvents. 
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4.3.7 Interaction of C-dots with different metal ions in aqueous and halogenated 

solvents  

Here, we have also explored the efficacy of metal ions interaction with dual emissive 

C-dots in aqueous medium and halogenated solvents by determining the photoluminescence 

properties. The sensing efficacy of C-dots was evaluated in acidic conditions (pH~3) because 

with protonation of its surface causes weaker electrostatic interaction across all metal ions and 

promote selectivity towards metal ions that have higher charge and smaller size 47. According 

to experimental analysis, it has been observed from Fig. 4.7 that C-dots undergoes fluorescence 

quenching with the gradual addition of Fe3+ ions.  

 

Fig. 4.7: Interaction studies of dual emissive C-dots with Fe3+ ions dispersed in a) H2O, b) 

CCl4, c) CHCl3 and d) CH2Cl2 medium. 

In water, chloroform, and CH2Cl2, C-dots steadily quenches at both the wavelength. 

But the extent of quenching efficiency at the longer wavelength is much more as compared to 

the shorter one because at longer wavelength more surface or edge functional groups (C=O, 

P=O and O-H, etc.) exist, which induces electrostatic interaction with Fe3+ ions 76. This 

remarkable fluorescence response in a non-aqueous and aqueous medium in the presence of 

Fe3+ ions can be probably attributed because dual emissive C-dots have C=O/O-H on its surface 

that generates Fe3+/C-dots complex which leads to electron transfer from its HOMO (singlet 

excited state) to the half field 3d orbital of Fe3+ ions and induces fluorescence quenching among 

C-dots through photoinduced electron transfer mechanism (PET) 77. This quenching 
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mechanism of dual C-dots towards Fe3+ ions was justified by evaluating different kinds of the 

photophysical parameters such as PLQY () and lifetime decay (av), radiative (kr) and non-

radiative rate constant (knr) values, which was mentioned in Table 4.3.  

Table 4.3: Effect of Fe3+ ions on various photophysical parameters of C-dots in different 

solvents. 

 

The PLQY of C-dots in water, CCl4, CHCl3 and CH2Cl2 are 0.50, 078, 0.86 and 0.56 

respectively. Presence of Fe3+ ions causes quenching of the PLQY of C-dots in all the studied 

solvent systems. The PLQY of C-dots in presence of water, CCl4, CHCl3 and CH2Cl2 are 0.27, 

0.34, 0.31 and 0.14 respectively. Similarly, lifetime values of C-dots also confirm that in the 

presence of Fe3+ ions significantly quenching of the lifetime value occurs in different solvent 

systems (Table 4.3 and Fig. 4.8).  

 

 

System  av (ns) kr (ns-1) knr (ns-1) 2 

C-dots in water 0.50 0.319 1.567 1.567 1.16 

C-dots in water + 

Fe3+ 

0.27 0.284 0.951 2.570 1.20 

C-dots in CCl4 0.78 0.855 0.913 0.257 1.04 

C-dots in CCl4 + Fe3+ 0.34 0.498 0.683 1.325 1.18 

C-dots in CHCl3 0.86 1.132 0.760 0.124 1.21 

C-dots in CHCl3 + 

Fe3+ 

0.31 0.756 0.410 0.913 1.16 

C-dots in CH2Cl2 0.56 0.771 0.726 0.571 1.09 

C-dots in CH2Cl2+ 

Fe3+ 

0.14 0.508 0.276 1.693 1.04 
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Fig. 4.8: Lifetime decay of dual emissive C-dots in the absence and presence of Fe3+ ions in 

different medium a) water, b) CH2Cl2, c) CHCl3 and d) CCl4.     

Furthermore, the Stern-Volmer equation (2) was followed to evaluate the sensing 

efficiency of C-dots in various medium towards Fe3+ ions. 

                                                     F0/F = 1 + KSVC                                               (2) 

Where F0 is the initial fluorescence intensity in the absence of an analyte, F is the 

fluorescence intensity in the related concentrations of metal, KSV is the Stern-Volmer constant 

and C is the concentration of metal ions. It was seen from the experimental results that; 

fluorescence quenching is in the order of CHCl3 (KSV = 0.077 × 10-6 M-1)>CCl4 (KSV = 0.063 

× 10-6 M-1)>CH2Cl2 (KSV = 0.044× 10-6 M-1)>H2O (KSV = 0.031× 10-6 M-1) which is illustrated 

in Fig. 4.9. The performed experiments indicate that dual emissive C-dots in the different 

solvent system can act as a sensing probe for the metal ions.  
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Fig. 4.9: Stern-Volmer plot between PL intensity of C-dots and Fe3+ions concentrations in a 

different medium. 

Moreover, the estimation for the selectivity of C-dots towards the Fe3+ ions in a 

different solvent system, we investigated its fluorescence response with other metal ions like 

Cu2+, Zn2+, Fe2+, Cd2+, Ni2+, Mg2+, i.e. shown in Fig. 4.10. The results showed no significant 

change in the fluorescence intensity of C-dots in the aforementioned metal ions except Fe3+ 

ions. The selectivity of Fe3+ ions leads to severe fluorescence quenching of carbon quantum 

dots due to the strong interaction of Fe3+ with the carboxylic/phosphate/hydroxyl/sulfur groups 

on the surfaces of the C-dots. This quenching mechanism can be explained by the hard-soft-

acid-base (HSAB) principle, where Fe3+ ions act as hard acid and hetero atom-based surface-

functionalized C-dots act as hard base 31. Anjana et al. reported that significant electron transfer 

induced quenching of Fe3+ ions between hetero-atom rich C-dots also occurred due to its 

paramagnetic effect, higher charge density, smaller size and positive reduction potential 78. 

Thus, it was justified that the dual emissive C-dots were highly selective and sensitive probe 

for Fe3+ ions in both aqueous and non-aqueous medium.  
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Fig. 4.10: Interference studies of metal ions with C-dots in the presence of the different solvent 

system. 

Furthermore, to evaluate the efficacy of dual emissive C-dots its detection limit for Fe3+ 

ions was compared with several reported materials mentioned in Table 4.4. After the 

comparison, it was concluded that Fe3+ ions can be quantified effectively in any solvent 

medium using dual emissive C-dots. 

Table 4.4: Comparison studies with different sensing probe for Fe3+ ions detection (in aqueous 

medium). 

S. No. Sensing probe for Fe3+ ions LOD (μM) Ref. 

1. Graphene quantum dots 0.09 76 

2. Banana derived C-dots 0.21 79 

3. DL Malic acid-derived C-dots 0.8 80 

4. N, S co-doped C-dots 0.017 81 

5. Mint leaves derived C-dots 0.37 82 

5. Acid mediated dual emissive C-dots  0.4 This work 

 

4.3.8 Efficacy of dual emissive C-dots in the real sample sensing 

The dual emissive C-dots found selective for Fe3+ ions in the both organic and aqueous 

medium. So, its PL spectra were recorded to study its effects in the real samples (Fe3+ ions in 

tablets and syrups). Different volume (0-250 μl) of Fe3+ ions was spiked in the real sample 

solution to maintain a suitable concentration of these ions. The results obtained from PL studies 

show that Fe3+ ions gradually decrease the PL intensity at λem = 543 nm. A similar trend was 
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also observed for standard samples. The accuracy was also evaluated by calculating its 

recovery % in the organic and aqueous phase to support the analytical results mentioned in 

Table 4.5. As a result, 99.8% recovery was obtained in the C-dots (organic and aqueous phase) 

for Fe3+ ions. Thus, this nano-probe can effectively use in the real samples for Fe3+ ions 

determination.  

Table 4.5: Solvatochromic sensing efficiency of dual emissive C-dots in the real sample. 

S.No. Solvatochromic sensing 

system 

The concentration of 

Fe3+ ions (µM) 

Recovery (%) 

Added Determined 

± SD 

1 

 

 

 

 

C-dots + CCl4 

20 

 

19.60 ± 0.23 98.0 

20 19.93 ± 0.25 99.6 

20 19.89 ± 0.27 99.4 

2 C-dots + CHCl3 20 20.10 ± 0.39 100.5 

20 20.12 ± 0.37 100.6 

20 20.01± 0.42 100.0 

3 C-dots + CH2Cl2 20 19.85± 0.29 99.2 

20 19.70 ± 0.31 98.5 

20 19.95 ± 0.33 99.7 

5 C-dots + H2O 20 19.90 ± 0.31 99.5 

20 19.90 ± 0.31 99.7 

20 19.80 ± 0.27 99.0 
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Chapter-5 

Impact of Different Nitrogen Surface Passivation in C-dots and 

Its Sensing Efficacy Towards Picric Acid and Creatinine 

 

Highlights 

1. Rapid microwave synthesis of nitrogen precursor dependent carbon dots (NC-dots). 

2. Modulation of physio-chemical and fluorescence properties of NC-dots using different 

nitrogen passivating agent. 

3. Determination of the interaction efficacy of nitrogen passivated NC-dots towards 2,4,6 

trinitrophenol (PA).  

4. Turn off-on PL properties of NC-dots was applied for selective/sensitivity detection of 

creatinine.  

5. Method validation of proposed route using real samples.  
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5.1 Introduction 

Photoluminescence (PL) active materials seek great attention in the field of chemo/bio-

sensing, bio-imaging and drug delivery. There were several varieties of classical fluorophore 

like quantum dots (QDs), organic fluorophores which were known as an analytical tool for 

toxic and important biological moieties. Nowadays zero-dimensional carbon dots (C-dots) 

have attracted as most promising attention as a novel fluorescent nanomaterial in the field of 

the biosensor, energy, drug delivery, bio-imaging and catalysis. The C-dots have paid great 

attention in research due to their several splendid properties such as tunable PL properties, 

multi-colored emission, excellent chemical stability, low cost, facile preparation and ease of 

functionalization. In this context, C-dots are regarded as most important green materials with 

excellent water solubility, low toxicity, excellent biocompatibility as compared with other 

conventional classical fluorophores, semiconductor quantum dots 1–3. The fundamental factor 

for exhibiting photoluminescence (PL) property of C-dots is due to the presence of molecular 

and core state and their surface groups2, which are responsible for variation in the bandgap, 

particle size as well as tunable emissive properties.  

Numerous traditional strategies were reported in the literature to prepare the C-dots 

such as strong acidic electrochemical oxidation, microwave-assisted synthesis, hydrothermal 

treatment and ultrasonic methods 4–7. Even, researchers were also succeeding towards various 

cost-effective amendments such as carbonization of various natural biomass as a carbon 

precursor-like milk, fruit juice, peels and coffee grounds, etc. to attain different properties of 

C-dots 5,8–11. The major components in C-dots contain carbon (C) and oxygen (O) as the 

prominent element and showed blue fluorescence with low quantum yield (PLQY) which often 

limits its application and development 12. Thus, there is a requirement of surface modification 

or functionalization to boost its biosensing efficacy.  

Several parameters control the optical properties of C-dots, i.e. synthetic routes, the 

types of precursor and passivating agents. The simplest way to tune the PL properties of C-dots 

was through surface state mechanism by interacting carbon skeleton with different neighboring 

atoms using various passivating agents 2,13–16. The involvement of diverse surface elements 

eliminates or suppress the original O-states in the C-dots, facilitate the radiative recombination 

which leads to the rise in its PLQY and tunable bandgap energy.    
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Among numerous elements utilization of nitrogen precursor as passivating agent plays 

a crucial role in tuning its PL properties due to comparable atomic size as carbon atoms, which 

is adjusted easily in the carbon skeleton 17–19. It originates multiple nitrogen species in the 

structure of C-dots such as amino, pyrrole, pyridine and graphite type in which only amino 

form distributed on its surface and other exhibited at their centre and edge of its graphene 

skeleton. These four types of nitrogen species contribute invariant form towards its optical 

properties. Non-amino groups produce surface defects in its molecular core which finally cause 

PL enhancement whereas graphitic nitrogen modulates its color emitting properties. Overall, 

nitrogen doping modulates the chemical reactivity, surface and electronic properties and cause 

a bathochromic shift in emission wavelength of C-dots 20,21. 

Few synthetic routes were reported in literature where different nitrogen-containing 

precursor was used to prepare NC-dots. Ding et al prepared multi-color NC-dots using p-

phenylenediamine and urea as precursor 22. They separated eight different types of NC-dots 

through silica chromatography, which exhibited variation of their emission wavelength in the 

range of blue to red emission (440-625 nm) and their PLQY values (8.5-35%) 22. Many 

researchers also utilized variant nitrogen-containing precursors such as ammonium citrate 23, a 

mixture of glucose and ammonium hydroxide 24, citric acid and branched poly(ethylenimine) 

24 and ethylenediamine to prepare different NC-dots. These different nitrogen-containing 

precursors cause quantum-confinement and red-edge effect in the NC-dots, which modulate 

their electronic properties. Apart from that, amino rich precursors such as o-phenyl-diamine 

and 4-aminobutyric acid were also reported for yellow emissive NC-dots, which was 

implemented to detect fluoroquinolones derivatives via fluorescence sensing approach 25. 

Likewise, Song et al explored dual emissive NC-dots by using single nitrogen precursor (a 

mixture of o-phenyl-diamine and ortho-phosphoric acid) for the intercellular detection of lysine 

26. Many other nitrogen sources such as 1,2,4 triaminobenzene were also utilized to prepare 

NC-dots, which was used for the cell-imaging and bifunctional sensing 27. The necessity to 

develop these dual emissive/multi-color C-dots was to establish sensing methodology based on 

their ratio-metric approaches, which eliminates the fluctuation of the excitation source, local 

environmental change and variation of the concentration of the probe to improve their 

sensitivity towards different toxic moieties 28,29. 

Among variant, hazardous materials, 2,4,6-trinitrophenol (picric acid, PA) found 

explosive due to the existence of electrophilic nitro groups and high-water solubility. Immense 
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evidence for its quantification was known with graphene quantum dots30, hydrophilic and 

hydrophobic C-dots 31,32. Due to excited state electron transfer/charge transfer interaction, C-

dots exhibited high PL response (significant quenching) for PA 32,33. In biochemistry, PA is 

also used as an analytical tool for the determination of creatinine which is known as Jaffe’s 

reaction. The abnormal level of creatinine (37-250 mg/dL) present in blood and urine obstruct 

proper about the kidney functioning, causes the renal disease, muscular dystrophy and 

myasthenia 34,35. Therefore, monitoring of creatinine in biological samples of the patient is 

becoming a major concern in these days. Many sensing strategies were reported for the 

detection of creatinine. Parmar and co-workers followed a colorimetric based evaluation of 

creatinine using picric acid capped silver nanoparticles36. Gluten stabilized fluorescent gold 

quantum cluster was used as a fluorophore to quantify the amount of creatinine in the blood 

samples35. All the reported methods have certain limitations w.r.t their experimental method, 

cost-effectiveness, selectivity and sensitivity towards creatinine. In this context, there is a 

necessity to quantify the amount of creatinine in a simple, straight forward and cost-effective 

approach. So far, to the best of our knowledge, no work has been reported with NC-dots@PA 

system for the detection and quantification of creatinine through fluorescence turn-off-on 

approach.  

Herein, we have examined the impact of different nitrogen precursors such as urea, 

thiourea, cysteine and glycine on the physio-chemical and photoluminescence properties of 

NC-dots. Besides, chemical composition was evaluated using Fourier transform infrared 

spectroscopy and X-ray photoelectron spectroscopy techniques. Finally, we assess the effect 

of different surface groups on the PLQY, fluorescence lifetime of NC-dots and to authenticate 

the role of different nitrogen precursor towards biomolecule sensing. Moreover, the 

implementation of different interconnecting molecular logic gate (IMP, AND, OR) was applied 

to design the nano-senor. 

5.2 Experimental section 

5.2.1 Materials and characterization  

Thiourea, urea, cysteine, glycine and ascorbic acid were purchased from Loba Chemie Pvt 

Ltd (spectrograde), India. All these reagents were used directly by preparing their aqueous 

solution using distilled water (18.2 MΩ, Millipore). The NC-dots were synthesized by using 

Multiwave-300 microwave synthesis reactor (Anton Paar, USA). LS-55 spectro-
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fluorophotometer (Perkin Elmer) was used to study its optoelectronic properties. The 

fluorescence lifetime decay for NC-dots in the presence and absence of the analyte will be 

collected by time-correlated single-photon counting (TCSPC) measurements using delta-flex 

modular fluorescence lifetime system (HORIBA Scientific) with light-emitting diode (LED) 

light source (340 nm) with instrument response function (IRF) ~200 ps. The synthesized NC-

dots were also characterized by High-resolution transmission electron microscope (HRTEM), 

(TALOS F200S G2, 200 KeV, FEG, CMOS Camera 4Kx 4K, In Column EDS detectors) for 

the analysis of its surface morphology and particle size by using a drop-casting technique. 

Moreover, Fourier transform infrared spectroscopy-attenuated total reflectance (FTIR-ATR, 

Agilent Resolution Pro-carry 660) XPS, X-ray photoelectron microscopy and Energy-

dispersive X-ray spectroscopy (EDX) techniques were carried out to know the better insight 

on the NC-dots surface. 

5.2.2 Synthesis of NC-dots 

The microwave-assisted synthesis was followed to attain nitrogen-doped carbon dots 

(NC-dots) using different nitrogen precursors such as urea, thiourea, glycine, cysteine and 

carbon source as ascorbic acid which are abbreviated as UC-dots, TC-dots, GC-dots and CC-

dots respectively. Firstly, ascorbic acid and respective nitrogen-containing precursors were 

dissolved in 10 ml of distilled water and kept for 5 min at 130 C in microwave synthesizer. 

Afterwards, the obtained yellowish-brown solution was purified by centrifugation at 5000 rpm 

and the supernatant was passed through filter membranes of 0.22 μm to obtain pure NC-dots. 

5.2.3 Experimental procedure for fluorescence quenching of NC-dots and PA 

We have analyzed the fluorescence emission spectra of all the synthesized NC-dots 

(UC-dots, GC-dots, TC-dots and CC-dots) using LS-50 Perkin Elmer spectrofluorometer. 

Primarily, 100 μl of NC-dots from the prepared stock solution was pipette out in a 2 ml cuvette, 

rest volume was marked by distilled water and their emission spectra were recorded at λex = 

340 nm. To the same cuvette containing NC-dots, the respective amount of PA solution was 

gradually added from the prepared stock solution and their emission spectra were collected. 

The addition of PA solution was continued till the maximum fluorescence quenching achieved.  
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5.2.4 Determination of PLQY 

The PLQY of all four NC-dots was evaluated using quinine sulphate (ϕr= 0.546) 37 as 

a reference solution dissolved in 0.01 M H2SO4 by subsequent equation-1: 

       φ = φr×(I/Ir) × (Ar/A) × (η2/η 2
r)                     1 

Where ‘φ’, ‘φr’ denotes as PLQY of the sample and reference, ‘I’ as the integrated area of 

fluorescence intensity, ‘A’ as the absorbance value and ‘η’ as refractive index. 

5.2.5 Determination of quenching constant  

The quenching constant of different NC-dots in the presence of PA was evaluated using 

the following Stern-Volmer equation: 

                                        
𝐹0

𝐹
= 1 + KSV[𝑄]                                          2 

The parameters namely F0 and F represent the fluorescence intensity in the absence and 

presence of PA respectively. Q is the concentration of PA. KSV represents the Stern Volmer 

quenching constant. The determination of the KSV value was done from the slope obtained from 

the plot of F0/F vs [Q]. 

5.2.6 Determination of binding constant 

The interaction studies between NC-dots with PA were determined using 1:1 

stoichiometry of the Benesi-Hildebrand equation as follow 38: 

              
1

𝐹0 − 𝐹
 =  

1

𝐹1 − 𝐹
+  

1

𝐾1[𝐴]0(𝐹1 − 𝐹)
                             3 

Where F0 and F are the fluorescence intensities of NC-dots in the absence and presence 

of PA. F1 is the fluorescence intensity for the 1:1 complex. Therefore, the B-H plot of 1/(F0 -

F) vs. 1/[A]0 should give a straight line. From the slope and intercept of the line, the binding 

constant (K1) values for different NC-dots have been estimated. 

5.2.7 Experimental procedure to detect creatinine based on fluorescence restoration  

The fluorescence of prepared NC-dots@PA systems was explored for the quantification 

of creatinine (CRET). The efficacy of this nanoprobe was evaluated based on ligand 

replacement and fluorescence restoration approach (turn-on). To the NC-dots@PA system, 
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1mM stock solution of CRET was gradually added and the respective fluorescence spectra 

were recorded at the same excitation wavelength (λex = 340 nm). The addition of CRET results 

in the fluorescence enhancement of NC-dots@PA from which we have further quantified its 

detection limit using the equation: 

                                      LOD =
3𝜃

𝑠𝑙𝑜𝑝𝑒
                                                                      4 

Where ‘θ’ is the standard deviation and slope obtained from the respective plot. 

5.2.8 Sensing of creatinine detection in urine 

The urine sample was collected from laboratory co-workers, were stored at 4 C and 

discarded after 24 h. The urine samples were centrifuged for 30 min at 4000 rpm and filtered 

using a syringe filter (0.44 µm). Aliquots of the urine samples (3 ml) were treated as similar 

like calibration standards and the fluorescent intensity at 450 nm was monitored. 

5.3 Results and discussion 

5.3.1 Size and surface composition of different NC-dots 

The size and morphology for different NC-dots were characterized through HRTEM 

analysis. The HRTEM images indicated that all the NC-dots were spherical and monodispersed 

with a diameter range of 5-8 nm (Fig. 5.1). The lattice fringes of all four NC-dots showed the 

spacing of 0.22 nm (Fig. 5.1), i.e. corresponding to the (100) in-plane lattice fringe of graphene 

that justified that sp2 carbon skeleton was present in NC-dots 39. The surface composition for 

all four NC-dots was assessed by using FTIR shown in Fig. 5.1e. In FTIR spectra, the intense 

band appeared at 3583 cm-1, which is assigned for the N-H stretching vibrations (pyrrolic 

nitrogen). The band at 2081 cm-1 represent N-H stretching vibration and band at 1635 cm-1 

assigned for pyrrolic, pyridinic, and chemisorbed nitrogen 40. The other bands appeared at 1386 

and 1129 cm-1 assigned for C-N (graphitic nitrogen) and C-O stretching 40,41. The attained 

bands reveal that all four NC-dots were functionalized with variant hydrophilic groups which 

give the primary idea to understand the interactions between NC-dots and PA. The surface 

states and composition in NC-dots was also characterized by XPS. The full spectra are shown 

in Fig. 5.1f, reveal that all four NC-dots were composed of same elements C, N, O having 

variant ratio. The C1s band was de-convoluted into four peaks at 284.8, 286.1, 287.2 and 288.5 

eV, which are assigned to C=C/C−C, C−N/C−O, C=N and C=O/−CONH− respectively (Fig.  
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5.2 and Table 5.1). The N1s band was also split into three peaks, corresponding to pyridinic N 

(398.4 eV), amino N (399.2 eV) and pyrrolic N (400.2 eV) as mentioned in Table 5.2 and Fig.  

5.2. In the O 1s spectrum, two peaks were found at 531.2 and 533.0 eV, revealing the existence 

of C−O and C=O (Fig. 5.2 and Table 5.3). The contribution of each several surface groups was 

calculated from their de-convoluted spectra. The evaluation revealed that the content of C=O/-

CONH- surface groups exists as in the order of UC-dots>CC-dots~GC-dots>TC-dots whereas 

the content of non-amino groups exists in the order of TC-dots>CC-dots~GC-dots>UC-dots. 

These results specify that NC-dots exhibited variant nitrogen surface groups and degree of 

oxidation that induces red-shift in its emissive spectra 41. The existence of these different 

surface groups content ratio can be a helpful tool to tune the selectivity of NC-dots towards 

toxin biomolecules. 

Table 5.1: XPS data analysis of C 1s spectra of different NC-dots. 

NC-dots UC-dots CC-dots GC-dots TC-dots 

C-C/C=C 60% 41% 40% 65% 

C-N/C-O 22% 42% 45% 21% 

C=O/-CONH- 18% 15% 14% 13% 

Table 5.2: XPS data analysis of the N 1s spectra of different NC-dots. 

Table 5.3: XPS data analysis of O 1s spectra of different NC-dots. 

NC-dots UC-dots CC-dots GC-dots TC-dots 

C-O 40% 43% 49% 53% 

C=O 60% 57% 51% 47% 

 

 

 

NC-dots UC-dots CC-dots GC-dots TC-dots 

Pyridinic N 15% 6% 7% 5% 

Amino N ---- 13% 15% 41% 

Pyrrolic N 85% 79% 78 % 53% 



104 
 

 

        Fig. 5.1: Particle size, surface compositions and elements a) UC-dots, b) CC-dots, c) GC-

dots, d) TC-dots, e) FTIR, and f) XPS spectra. 
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Fig. 5.2: Deconvoluted XPS spectra of C 1s O 1s and N 1s for: a) UC-dots, b) CC-dots, c) GC-

dots, and d) TC-dots. 

5.3.2 Fluorescence studies of different NC-dots 

The PL spectra of all the NC-dots were assessed at λex = 340 nm. The experimental 

results indicated that the emission wavelength lies in the range from 412-436 nm that undergoes 

red shift, i.e. UC-dots>CC-dots~GC-dots>TC-dots (Fig. 5.3a). This distinct emission behavior 

among NC-dots occurs due to the deformation in its plane that decreases their bandgap energy, 

which is caused by various surface groups such as -CONH2, different nitrogen species 

(pyridinic, pyrrolic and amino) 2. However, the emission spectra of NC-dots were also recorded 

at the different excitation wavelength, ranges from 340-390 nm (Fig. 5.3b and 5.4). The 

experimental studies revealed that the PL peak position undergoes a bathochromic shift in their 

emission wavelength from 400 to 460 nm and found dependent on the excitation wavelength. 
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This feature of NC-dots arises mainly due to the presence of various surface states such as C-

H, C=O, C-NH2 and C-OH (supported by XPS and FTIR analysis) 42,43. 

 

Fig. 5.3: Fluorescence studies of NC-dots: a) emission properties of different NC-dots at λex 

=340nm, b) emission behavior at the different excitation wavelength, c) impact of UV 

irradiation and d) different ionic strength of NaCl on their PL properties. 

PLQY is also one of the most inherent fluorescence properties of a fluorophore. So, we 

have calculated the PLQY values using quinine sulphate as a reference (ϕr = 0.546) in equation-

1 (section-5.2.4) for UC-dots, CC-dots, GC-dots and TC-dots which are found 58%, 51%, 51% 

and 31% respectively due to the higher nitrogen content enter carbon core and form a pyrrolic 

structure which effectively improves PLQY (evaluated in XPS analysis). These results were 

justified from previous reports where hetero-atoms and surface passivation can enhance the 

PLQY of C-dots w.r.t pure carbon and oxygen-rich C-dots. 2,41,44,45. 

 

Fig. 5.4: Effect of excitation wavelength on emission spectra: a) UC-dots, b) CC-dots, c) GC-

dots, and d) TC-dots. 
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The photostability of NC-dots was also assessed from the PL studies under UV 

irradiation and at different ionic strengths of NaCl salt. The studies revealed that after the 

exposure of continuous UV-Lamp irradiation for 20 min, it did not disturb the emission spectra 

which signify its good anti-photobleaching property. Even, in the presence of different ionic 

strength (NaCl) its emission peak did not get disturbed which guarantees their sensing 

applicability in the biological and aquatic system (Fig. 5.3c and Fig. 5.3d). 

5.3.3 Effect of pH on different NC-dots 

The effect of pH plays a vital role in controlling the sensing efficacy of probe towards 

biomolecules and metal ions. It has been found that the PL intensity of different NC-dots 

remains almost unaltered by variations of the pH values (Fig. 5.5). This result reflects that 

protonation and deprotonation have minimal impact on the electronic transition of NC-dots. 

Therefore, it can be demonstrated that NC-dots have a good potential candidate to use in 

biological system 46. 

 

         Fig. 5.5: Effect of pH on the emission spectra of NC-dots. 

5.3.4 Interaction studies of different NC-dots with PA 

We have performed the fluorescence quenching study to explore the interaction of PA 

with four different NC-dots. The experimental showed a remarkable reduction in PL intensity 

among all NC-dots on the addition of PA. This observed phenomenon occurred due to the 

excited-state electron-transfer from electron-rich species on NC-dots surface to the electron-

deficient PA 43. Moreover, to evaluate its quenching efficacy, Stern-Volmer quenching 

experiment was performed to calculate Stern-Volmer quenching constant values (KSV) at three 

different pH ~4, 7 and 9 (Fig. 5.6) using equation 2. The experimental results indicated that all 
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four NC-dots showed a higher rate of quenching constant at pH=7 w.r.t other pH values. This 

observed behavior is due to the formation of anion-cation pair via strong electrostatic 

interaction between the nitrogen-rich surface of NC-dots and PA and the absence of 

deprotonation and protonation of PA which frequently occurs at lower and higher pH values 

47. Additionally, the experiment studies revealed that among all four NC-dots, UC-dots and 

CC-dots showed similar quenching efficiency, with KSV~0.27 105 M-1 whereas, for TC-dots, 

GC-dots have similar KSV~0.42  105 M-1 values. These small variations in their KSV were 

observed due to the different content ratio of nitrogen species which changes their probability 

for electrostatic interaction (formation of anion and cation pair) with PA. 

 

Fig. 5.6: Stern-Volmer plot for a) UC-dots, b) CC-dots, c) GC-dots and d) TC-dots at three 

different pH in the presence of PA. 

 Subsequently, the binding efficacy for PA was also evaluated from the B-H plot and 

binding constant using equation-3. At pH=7, all four NC-dots exhibited excellent binding w.r.t 

pH = 4 and 9 with a binding constant of 1.79×107, 2×107, 2.66×107 and 2.85×107 M-1 for UC-

dots, CC-dots GC-dots and TC-dots respectively as shown in Fig. 5.7. This apparent rise in this 

binding efficacy from UC-dots to TC-dots towards PA occurs due to the existence of variant 

content ratio of amino surface groups. Thus, all experimental studies revealed that different 

nitrogen sources can be a useful route to modulate the selectivity of NC-dots for the detection 

of the biomolecules. 
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Fig. 5.7: B-H plot to evaluate the binding constant for a) UC-dots, b) CC-dots, c) GC-dots and 

d) TC-dots with PA at different concentration. 

5.3.5 Establishment of PL sensing method for creatinine 

Jaffe reaction was used as a reference tool to evaluate the NC-dots@PA system for the 

CRET quantification based on fluorescence restoration mechanism. To study the interaction 

between CRET and NC-dots@PA, the medium was adjusted at pH = 9 by Tris HCl buffer 

(0.001 M) as Jaffe’s reaction took place only at basic condition, even electrostatic interactions 

get also reduced between NC-dots and PA that can be attributed to its rapid fluorescence 

recovery. It was found that addition of CRET solution to different NC-dots@PA results in 

enhancement of the fluorescence intensity (Fig. 5.8a). Moreover, the color of the solution was 

also changed from yellow to orange-red which confirmed the formation of red Jaffe chromogen 

(Inset of Fig. 5.8b) 48. The fluorescence recovery was also calculated for NC-dots, the UC-

dots@PA exhibited maximum PL restoration (50%) whereas minimum (29%) for TC-

dots@PA in the presence of CRET (Fig. 5.8c). These variations in the phenomenon were 

observed due to the difference in the ratio of amino groups on its surface (Table 5.1 and 5.2) 

as it enhances its association with PA through hydrogen bonding, which causes hindrance in 

the PA and CRET complex formation (shown in Scheme 5.1). These results symbolized that 

less amino rich NC-dots@PA system can be used as effective colorimetric as well as the 

fluorometric device for creatinine detection. 
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Fig. 5.8: Fluorescence behavior of NC-dots@PA in the presence of CRET: a) impact of 

different concentration of CRET on its PL intensity, b) effect of pH on its PL recovery, c) % 

PL recovery of different NC-dots@PA and, d) plot F-F0/F0 vs [CRET]. 

Furthermore, to validate its selectivity, its linear response was recorded by successive 

addition of CRET at a different concentration ranging from 0-0.65 µM (Fig. 5.8d). The results 

showed a good linear relationship between the PL signal ranging from 0.2-0.65 µM with a 

detection limit of 36 nM, i.e. calculated using eq-4. These experimental details indicated that 

prepared systems showed considerable selective response towards creatinine. 

 

Scheme 5.1: Turn-off-on mechanism of NC-dots@PA in the presence of CRET. 

5.3.6 Estimation of the selectivity for NC-dots@PA towards creatinine 

The selectivity and sensitivity of the prepared nanosensor were validated through 

interference studies. Several relevant biological molecules like fructose (Frct), glucose (Glu), 

galactose (Gla), cysteine (Cys), glutathione (GSH), glycine (Gys) and metal ions like Fe+3, 

Mg+2, Zn+2, Ca+2, citrate was chosen to study the efficacy of the NC-dots@PA system by 
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maintaining their same concentration. The evaluated result indicates that foreign moieties 

showed no significant interaction with NC-dots@PA system and does not cause any hindrance 

in its PL recovery for creatinine (Fig. 5.9).  

 

Fig. 5.9: Interference studies of NC-dots@PA to evaluate the sensing efficacy towards 

creatinine. 

Furthermore, the effectiveness of the prepared probe was justified by comparing some 

current methods and detecting probes mentioned in Table 5.4. These studies indicate that our 

probe is cost-effective, green and show almost similar sensing applicability in comparison to 

expensive and colorimetric based techniques. 

Table 5.4: Comparison of the efficacy of various analytical methods with the current method. 

Methods Detection system Limit of 

detection 

Reference 

Colorimetric Au@BSA 0.0084 μM 49 

Colorimetric (Paper-based sensor)  Jaffe reaction 70.2 μM 50 

Amperometric ------------ 0.041 μM 51 

Fluorometric 1,8 napthalimide 

(FCD-Pd complex) 

0.30 μM 52 

Fluorometric Gluten-stabilized 

fluorescent gold 

quantum Cluster 

0.002 μM 53 

Fluorometric N-doped carbon 

dots 

36 nM Current 

work 
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5.3.7 Time-resolved PL measurements of NC-dots in the presence of PA and creatinine 

Time-resolved measurement was recorded for NC-dots at their respective emission 

wavelength by exciting the samples at λex = 340 nm (Fig.  6). The average PL lifetime found 

in the range of 1-2 ns which is very close to the previously reported values 54. Further to validate 

the interaction of PA with different NC-dots, the lifetime decay studies were recorded in the 

presence and absence of PA (Fig.  5.10). The outcomes displayed a significant decline in its 

average lifetime values upon the addition of the PA solution (21 mM, 150µL) and showed 

dynamic quenching characteristics (Fig. 5.10 and Table 5.5).  

 

Fig. 5.10: Time resolved spectra for a) UC-dots, b) CC-dots, c) GC-dots and d) TC-dots in the 

absence and presence of PA and CRET.   

Moreover, from these average lifetimes and PLQY values of NC-dots, radiative (kr) or 

non-radiative decay rate (knr) was calculated by the following equations: 

                                                                  𝑘𝑟 =
𝜙


                                                        5 

                                                            𝑘𝑛𝑟 =
1 − 𝜙


                                                    6  

Where ϕ is the quantum yield and av is the average lifetime of the respective systems. Further, 

it is evident from the Table 5.5 that in the presence of PA, non-radiative decay rate (knr) gets 

enhanced w.r.t to radiative decay (kr) for NC-dots which confirms that PA significantly 
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quenched its fluorescence. Additionally, the rate of electron transfer from NC-dots to PA and 

PA+CRET has also been calculated using the following equation: 

                                                           𝑘𝐸𝑇 =
1

𝐷𝐴
−

1

𝐷
                                                7 

Where,D and DA represents the average lifetime values of NC-dots, PA and PA+CRET 

respectively. It has been found that the rate of electron transfer became maximum for TC-dots 

(~0.76 ns) whereas minimum for UC-dots (~0.1 ns) in the presence of PA. This difference of 

the kET values arises due to the ratio of the amino groups on its surface as found from XPS 

analysis. Moreover, in the presence of CRET, the energy transfer process gets decline for NC-

dots@PA system which justify that fluorescence restoration mechanism takes place (Scheme 

5.1) due to the formation of a picric-creatinine complex. 

Table 5.5: Photophysical parameters of NC-dots in the presence and absence of PA and CRET. 

Systems Φ av(ns) k
r
 

(10
9 

s
-1

) 

k
nr

 

(10
9 

s
-1

) 

k
ET

 

(10
9 

s
-1

) 

UC-dots 0.58 2.12 0.27 0.23 - 

UC-dots+PA 0.25 1.74 0.17 0.4 0.1 

UC-dots+PA+CRET 0.48 1.9 0.25 0.27 0.05 

CC-dots 0.51 1.63 0.31 0.34 - 

CC-dots+PA 0.25 1.33 0.24 0.58 0.14 

CC-dots+PA+CRET 0.38 1.51 0.25 0.41 0.05 

GC-dots 0.51 1.71 0.31 0.31 - 

GC-dots+PA 0.22 1.39 0.18 0.52 0.13 

GC-dots +PA+CRET 0.39 1.55 0.25 0.39 0.06 

TC-dots 0.31 1.08 0.37 0.56 - 

TC-dots+PA 0.20 0.59 0.25 1.44 0.76 

TC-dots+PA+CRET 0.26 0.97 0.26 0.77 0.1 

5.3.8 Strategy to design molecular logic gate  

The three inputs based molecular logic gates were also designed based on the turn-off-

on response of NC-dots@PA towards creatinine. We define “0” and “1” as binary inputs of the 
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logic gates for the presence and absence of analytes, respectively. The output signal of logic 

gate depends on the PL intensity of NC-dots in which “0” refers to fluorescence quenching and 

“1” for non-quenching fluorescence. Three different IMP, OR and AND gates were evaluated 

for the relation of the following PL behavior for NC-dots with PA and creatinine respectively. 

The results specify that only three inputs combination, i.e. NC-dots (100), NC-dots/creatinine 

(101) and NC-dots/PA/creatinine (111) found suitable to validate the aforementioned 

fluorescence enhancement (output = 1) (Scheme 5.2). So, this system can be used as a portable 

device simulating the fluorescence induced signals into logic gate models. 

 

Scheme 5.2: Description of truth table and design of the molecular logic gate. 

5.3.9 Real sample analysis for method validation  

To validate the proposed method for the detection of creatinine, fluorescence recovery 

analyses were performed with the real system. The urine samples were spiked with a suitable 

amount of standard creatinine solution. The probe showed a similar response as the prepared 

standards with 90% recovery, i.e. determined using calibration curve mentioned in Table-5.6. 

These findings suggest that the developed methodology can be used as a selective tool to detect 

creatinine in real samples. 
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Table 5.6: Sensing efficiency of dual emissive NC-dots@PA in the real sample. 

Spiked samples Creatinine added (µM) Creatinine found (µM) Recovery (%) 

1 0 0 0 

2 0.22 0.26 84 

3 0.28 0.32 87 

4 0.36 0.4 90 

5 0.42 0.5 84 
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Conclusion  
 

The theme of the thesis was planned accordingly to obtain various sizes, target specific 

label-free sensor using SPR active and fluorescent nanomaterials (AuNPs and C-dots). In the 

experimental work, we emphasized different precursor to acquiring long-range emissive C-

dots and a different ratio of capping agent for the variable size of AuNPs. The studies revealed 

that the variant size of the SPR active nanoprobe can modulate its selectivity for the 

biomolecules. The bigger size probe detects the biomolecules up-to lower limit range, as 

analysed for thiopurines and variant size citrate capped AuNPs.  

Another strategy related with fluorescent properties of C-dots which was tuned using 

different nitrogen dopants such as urea, thiourea, cysteine and glycine which persuade diverse 

surface species (pyrrolic, pyridinic and amino) that fetch revolution to induce high PLQY and 

long emissive range. Among the prepared nitrogen-doped C-dots, those have surfaced with a 

higher degree of oxidation, pyrrole and pyridinic rich exhibited excellent selectivity for 

creatinine (LOD = 36 nM). Even, biomass such as citrus peels was picked as a carbon source 

to prepare oxygen-rich C-dots which was used as an off-on fluorescent probe for fluoride ions 

and showed the excellent detection limit of 0.01 µM. Furthermore, based on the different pKa 

values, a combination of  H2SO4 + H3PO4 acids were used for the single-step synthesis of dual 

emissive C-dots. Then, solvatochromic behavior and metal ion interaction were explored for 

the dual emissive C-dots. They exhibited a bathochromic shift in emission spectra in the 

halogenated rich solvent medium due to the evolution of ICT character and intensified 

interaction with Fe+3 ions. Design of molecular logic gate was established to upsurge its 

prospect in electronic devices Overall, these experimental approaches revealed that different 

precursor and pH medium can be facile and cheap route in modulating emissive range and 

selectivity of C-dots. These different C-dots has a bright future to be useful material in 

fluorescent inks, remote sensor and bioimager for sustainable and ecological progress. 

Future perspectives 

❖ The physicists and physical chemists can work on the photophysical properties of 

different C-dots based on theoretical explanations to obtain green energy systems or 

green electronics.  

❖ Development of different morphology of SPR active materials can be done using 

different capping agents for target-specific sensing.  
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❖ These nanoprobes can be used in remote sensing through proper implementation of 

logic gates.  

❖ Simple and facile methods need to be developed to tune the C-dots emission range 

towards NIR region to utilize them for deep bioimaging of tissue and cells.  
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A B S T R A C T

Carbon-based fluorescent quantum dots exhibited tunable photoluminescence (PL) property which is mainly
dependent on its excitation wavelength which is an important factor required for optoelectronic and sensing
applications. Here, we have established a microwave-based synthesis of dual emissive carbon quantum dots
(CDs) using mixed-acid (H3PO4 + H2SO4) and mono/disaccharides as carbon precursor. In aqueous medium,
CDs showed dual emission peaks at 434 nm and 518 nm, which exhibited excitation independent fluorescence
property with particle size in the range of 4–7 nm. Furthermore, its photophysical properties were explored in
different solvents. The astonishing bathochromic shift was observed in its emission wavelengths with the de-
crease in polarity of the solvents. Moreover, the metal sensing efficacy of CDs was explored in these solvent
systems. It exhibited utmost selectivity for Fe(III) ions in both the organic and aqueous medium with maximum
and minimum detecting limit of 1 μM and 0.4 μM respectively. These experimental results were also validated
through real samples (Ferric citrate tablets 200 mg) and it showed excellent metal ion sensing accuracy for CDs
in different media. The fundamental motive of this work was to explain the role of the mixed acid for the
development of dual emissive CDs using a single precursor. The solvatochromic and sensing properties of CDs
were explored in various solvents, which could be useful for sensing applications.

1. Introduction

There was no long history for the discovery of carbon quantum dots
(CDs), but it occupies the prominent place in the field of luminescent
nano-materials due to its high aqueous solubility, exceptional photo-
luminescence (PL) properties, favourable biocompatibility, chemical
inertness and easy functionalization in respect to known organic
fluorophores. Nowadays, the research focus is shifted towards the im-
plications of luminescent CDs. Still, to boost its utility in target-specific
sensing and bio-imaging field, simplified eco-friendly strategies need to
be introduced to tune its luminescence properties. This can be achieved
by tailoring their intrinsic properties and modification of its surface
design by conjugation of different functional groups on its surface [1,2].

Several different synthetic chemical and physical routes such as
electrochemical [3], thermal treatment [4], hydrothermal or acidic
oxidation [5], microwave [6], ultrasonic [7,8], cage-opening of full-
erene [9], arc discharge [10], laser ablation [11], and plasma treatment
[12] to fabricate luminescent CDs was reported to fabricate multicolour
CDs. Many groups followed functionalization route to attain modified
CDs using boronic acid/aptamer as a precursor for the determination of
metal cations [13,14] and glucose [15]. Chi et al. [2] functionalized

CDs using polyamine to tune its emissive properties and further used as
nano-probe based on the inner filter effect for Cu+2 ion sensing. Even
several moieties were also detected (such as Vitamin B12, amino acids
and dopamine etc.) through the diverse strategies which include foster
resonance energy transfer (FRET), photoinduced electron transfer
(PET), aggregation-caused quenching by coordination and reaction-in-
duced fluorescence quenching using CDs [16–20]. In addition, to make
target specific sensor [12,21] many groups were also giving emphasis
on extrinsic parameters such as dopants, solvents to tune its photo-
luminescence (PL) properties. Park et al. [22] used sulfur doping route
to tune its electronic states and PL intensity in the longer wavelength
regime. Moreover, reduction pathways were also followed by Dong
et al. [23] to obtain the long-range emissive (450 to 520 nm) CDs. In
recent studies, many researchers modified synthetic conditions, pre-
cursors and reagents (citric acid and formamide) to obtain excitation
wavelength-dependent multicolour CDs [24–27]. Likewise, Pang and
co-workers [28] modified the reaction time and temperature to prepare
the new excitation independent series of CDs. Ding et al. [29] used
hydrothermal method to prepare the batch of multicolour CDs from p-
phenylenediamine and urea which showed blue to red emission
(440–625 nm, Q.Y. 8.5–35%) at the single excitation wavelength. Some
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of the groups also used green materials to tune the emissive properties
of CDs [30,31]. These variations in emissive properties of CDs were
achieved by several groups due to the modulation in the quantum size
and surface states [29,32].

Nowadays to tune the emissive range of CDs, more emphasis is
given on the dispersive medium. Wu and coworkers reported a red-shift
in the emission spectra (400 to 430 nm) for CDs with the same ex-
citation wavelength, dispersed in different solvents [4]. Even analogous
results were reported for graphene quantum dots in different solvents
with the emission range from 475 to 515 nm [33]. The tenacity for the
development in its synthetic routes was to improve its efficacy for bio-
imaging and bio-sensing. Overall, the above-mentioned advancements
for preparing multicolour CDs were found tedious, expensive and low
yield. Thus, eco-friendly and cost-effective routes were required to at-
tain long emissive range CDs.

To execute these problems, some groups utilizing the combination
of carbohydrates and acids to produce a series of CDs [34]. Some sig-
nificant reports were mentioned by Wee et al. [35,36] where they used
the dehydrating agent (H2SO4), various protein and carbohydrate na-
noparticles to produce CDs. Likewise, other groups use different acids
(H3PO4, HCl and HNO3) [37] to attain green, yellow and red-emitting
CDs [38,39]. Though, the reported work was effective due to the uti-
lization of low energy, basic laboratory glassware. Still, some experi-
mental studies were required to justify the role of acids to attain dual
emissive properties in them. Till now, solvatochromism studies for dual
emissive CDs were not explored [40,41].

Therefore, we have reported an eco-friendly route to attain dual
emissive CDs by using different carbohydrates with a combination of
acids. In addition, its photophysical properties were discovered in dif-
ferent solvent systems. Successively, the sensing ability of CDs was also
explored with various metal ions in both aqueous and non-aqueous
medium. The experimental studies revealed exceptional behavior for
dual emissive CDs in halogenated solvents, which exhibited a bath-
ochromic shift in its emission spectra w.r.t the aqueous medium which
has not been reported elsewhere.

2. Experimental sections

2.1. Materials and characterization

Sucrose, fructose, glucose was purchased from Thermo Fisher
Scientific, United States. Other basic chemical reagents like orthopho-
sphoric acid, nitric acid, sulfuric acid, hydrochloric acid, ferric nitrate,
ferrous nitrate, copper nitrate, zinc nitrate were purchased from Sigma
Aldrich. Different kinds of solvents namely dichloromethane (CH2Cl2),
chloroform (CHCl3), carbon tetrachloride (CCl4), acetonitrile (ACN),
dimethylformamide (DMF), methanol was purchased from Loba
Chemie Pvt. Ltd. (spectrograde), India. All these reagents and carbo-
hydrates were used directly by preparing their aqueous solution using

distilled water (18.2 MΩ·cm, Millipore). The CDs were synthesized by
using Multiwave-300 microwave synthesis reactor (Anton Paar, USA).
The synthesized CDs were characterized by High-resolution transmis-
sion electron microscope (HRTEM), (TALOS F200S G2, 200 KV, FEG,
CMOS Camera 4K× 4K, In Column EDS detectors) for the analysis of its
surface morphology and particle size by using a drop-casting technique.
Moreover, AT-IR spectroscopy (Agilent Resolution Pro-carry 660) XPS,
X-ray photoelectron microscopy and Energy-dispersive X-ray spectro-
scopy (EDX) techniques were carried out to know the better insight on
the CDs surface. LS-55 spectro-fluorophotometer (Perkin Elmer) was
also used to study its optoelectronic properties.

2.2. Preparative method for dual emissive CDs

The one-pot synthesis was followed to fabricate dual emissive CDs.
Firstly, 0.5 g sucrose (0.15 M) was dissolved in 10 ml of distilled water
followed by the addition of 100 μl concentrated sulfuric acid (H2SO4)
and 200 μl of concentrated ortho-phosphoric acid (H3PO4) in the ratio
of 1:2. The prepared mixture was transferred into the microwave glass
vial and subjected to microwave heating at 130 °C for 10 min. After the
completion of the reaction, the brown colour colloidal solution was
obtained. It was purified by centrifugation at 5000 rpm for 30 min to
get yellow colour CDs and further it pass through a syringe filter
(0.22 μm) to get a homogeneous colloidal mixture which exhibited dual
emissive properties (Scheme 1). The surface analysis and photo-
luminescence were also done to study its morphology and optical
properties.

2.3. Photoluminescence quantum yield (PLQY) measurements

To evaluate the PLQY for dual emissive CDs firstly, the reference
fluorophore, quinine sulfate solution was prepared in 0.01 M H2SO4

(φR = 0.546) [42]. The concentration was set accordingly to set its
absorbance below 0.1 to minimize the inner filter effect. The absor-
bance of CDs was also measured and its integrated fluorescence in-
tensity area was calculated from the spectrum. The calculation for
PLQY was done on the basis of Eq. (1).

= × × ×φ φ (I/I ) (A /A) (η /η )R R R
2 2

R (1)

where ‘φ’ denotes as the quantum yield, ‘φR’ is PLQY of reference, ‘I’ as
the integrated area of fluorescence intensity, ‘A’ as the absorbance value
and ‘η’ as refractive index.

2.4. Methodology for photoluminescence studies of dual emissive CDs

To evaluate the solvatochromic and sensing behavior of CDs firstly,
CDs was dispersed in different solvents (2 ml) and its emission spectra
were evaluated in all different media respectively. Furthermore, the
stock solution of metal salts like Mg(II), Cu(II), Zn(II), Co(II), Ni(II), Fe

Scheme 1. Pictorial representation to synthesized the dual emissive CDs.
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(III) and Fe(II) (10−3 M) was prepared in distilled water which was
added (10 μl) in a test tube and air-dried. Then, CDs was dispersed in
different solvents (2 ml) and added to the test tube. Afterward, their
interactions with CDs in different solvent systems were analyzed by
recording its PL emission spectra. To validate the sensing efficacy of
CDs, real samples (Ferric citrate tablets - 200 mg) were also analyzed by
following the same above mentioned protocol.

3. Result and discussions

3.1. The mechanism involved in the fabrication of dual emissive CDs

In this protocol, major emphasis was given on acids for the activa-
tion of carbon particles and to modify the surface functional groups. In
the synthesis of CDs, both the acids (H2SO4 and H3PO4) play an in-
dependent role to tune its emission properties. H3PO4 helps to promote
the carbonization of sucrose at slower kinetics to produce surface de-
fects which cause red-shift [43–46] whereas, H2SO4 due to its stronger
oxidizing ability generates O]CeOeH and CeOeH from CeH and its
dehydrating property induces unsaturation from CeC, causing a blue
shift in the emission spectra of CDs [47,48]. Therefore, the acid mixture
(H2SO4 + H3PO4) was chosen to produce dual emissive CDs in a single
step without using toxic reagents and to fix its discrete energy band gap
[49].

The preparative method for CDs involves various steps. Initially,
sucrose solution undergoes modifications through hydrolysis and de-
hydration to form furfural intermediates (such as hydroxyl methyl
furfural) [50,51]. The intermediate was further polymerized, ar-
omatized [52,53] and subsequently undergoes the nucleation and
particle growth process to attain the brownish colloidal solution [54]
which was explained in detail in Scheme 2. Further, to confirm the dual
emissive behavior in prepared CDs, its aqueous solution was kept under
the UV light irradiation where it showed green and yellow colour
emission at two different wavelengths (254 and 365 nm) (Scheme 1).

3.2. Optical properties and stability of dual emissive CDs

The optical properties of dual emissive CDs are shown in Fig. 1.
Firstly, UV–Vis spectrum was recorded, which showed prominent ab-
sorption peak at ~284 nm, (which is due to the n-π* transition of C]O
bond) and a weak shoulder band at ~227 nm. The weak band is at-
tributed to the π-π*transition of the aromatic sp2 bond [55] (Fig. 1a).
PL spectra were also recorded to confirm the dual emission behavior of
CDs. It showed two emission peaks at 434 nm and 518 nm (Fig. 1b) by
exciting the sample at 350 nm. This dual emission peak was attained
due to the formation of discrete fixed energy gaps and the elimination
of intermediate energy levels in CDs induced with the help of acid
mixtures [49]. Moreover, the synthesized dual emissive CDs showed
excitation independent behavior in comparison to the other reported
multi-colour CDs [56] (shown in Fig. 1c). This unusual trend in CDs was
explained on the basis of surface passivation as reported by Zeng et al.
[57]. According to their interpretation, the multi-mode absorptions
were attained for low passivation CDs due to the formation of different
energy states, which was responsible for its excitation dependent PL
property [35]. Moreover, the single transition mode developed in case
of high passivation CDs surface which generates excitation-independent
PL [35]. So, from the aforementioned results it has been concluded that
a mixture of acids plays a vital role in the high surface passivation and
development of single transition mode among CDs.

It is necessary to investigate the solution conditions of CDs before
the utilization in various applications. pH is the main parameter that
influences the emission properties of CDs which needs to be studied. So,
PL spectra of CDs were recorded at different pH range from 2 to 9
(Fig. 1d). The study showed that CDs attain equivalent PL intensity in
the pH range from 2 to 6. But with the increment of pH towards the
basic range, it shows high pH sensitivity due to the presence of several
hetero-atoms (confirmed by EDX and XPS analysis) on its surface [58].
So, it can be used as an effective analytical tool in the pH range (2–6).
Consequently, the PL spectra were recorded at different concentrations
of KCl salt, which shows the constant response in the PL intensity and
mixture appears to be homogeneous i.e. no aggregation took place in

Scheme 2. Schematic presentation of mechanism used to obtain dual emissive CDs.
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the presence of concentrated K+ cations and Cl− anions (Fig. S1a) [48].
In addition, we have also analyzed CDs under UV lamp irradiation for
1 h which shows no change in its PL intensity (Fig. S1b). Therefore, the
obtained results conclude that CDs can be used in analytical application
to quantify the analyte of interest without any interference of sur-
rounding environment.

3.3. Characterization of dual emissive CDs

The morphology and the size distribution of dual emissive CDs were
characterized by HRTEM, represented in Fig. 2. The HRTEM result
justifies its partial mono-dispersed and spherical feature, with narrow
particle size distribution ranging from 47 nm (average diameter of
4.6 nm). In Fig. 2b, the HRTEM image showed the lattice fringes with d-
spacing value of 0.24 nm which corresponds to (100) facet of graphitic
CDs. Furthermore, in the selected-area electron-diffraction (SAED)
displayed a ring pattern with an inter-planar lattice spacing of 0.24 nm
and the high crystallinity, which agrees with the (100) lattice spacing of
graphitic CDs (Fig. 2c) [59].

The XPS studies were done to determine the surface chemical
composition of dual emissive CDs. The survey spectrum of XPS revealed
that surface of CDs primarily composed of C1s (49.84%), O1s (41.66%)
and another small part was contributed by P2p (6.47%), and S2p
(2.47%) (Fig. S3a). The high-resolution XPS data of C1s were decon-
voluted into four peaks at 284.6, 286.1, 287.9 and 288.9 eV, which
represent the C1s states exists in the CeC/C]C, CeS, CeO and C]O
bonds respectively (Fig. S3b) [60]. The O1s spectra showed two main
peaks at 531.8 eV and 532.8 eV which indicates the presence of C]O

and CeO respectively [61]. The P2p spectrum (Fig. S3d) revealed the
presence of P]O (133.1 eV) and PeC (134.1 eV) groups [62]. The S2p
spectrum (Fig. S3e) showed three major peaks at 167.8, 168.4 and
169.5 eV, corresponding to CeSOx (x = 2, 3, 4) species respectively,
which indicates that sulfur groups exist in sulfonate state on CDs sur-
face [63,64]. The surface state of CDs was also elucidated through AT-
IR spectra mentioned in Fig. 2e. The spectral details show the broad
peak at 3420 cm−1 associated with the OeH group and the sharp ab-
sorption peak at 1630 cm−1 which confirmed the presence of the car-
bonyl group on its surface. In addition, the spectra display two another
peaks at 1162 and 1065 cm−1, which confirmed the existence of P]O
groups from phosphate or polyphosphates, and the OeC stretching vi-
bration of PeOeC (aromatic), respectively [38]. This phosphate groups
may be derived from the bidentate bonding between the [PO4

3−] and
eOH group on its surface [38]. Further, the presence of sulfur and
phosphorus in CDs was confirmed by EDX analysis, which demonstrates
the presence of carbon, oxygen, sulfur, and phosphorus on its surface
(Fig. 2f). These results indicated that CDs surface comprises several
hydrophilic and hetero groups on its surface which were responsible for
its dual photoluminescence, high water solubility and aids in complex
formation.

3.4. Optimization of different carbon precursor, concentration and reaction
time to fabricate dual emissive CDs

Different sources of carbon and reaction time play a vital role to
modify the PL behavior and morphology of CDs. So, we used various
precursors such as sucrose, fructose, and glucose in the presence of

Fig. 1. Optical properties of dual emissive CDs: a) UV–visible spectra, b) excitation and emission spectra (λex = 350 nm), c) effect of excitation wavelength and d)
effect of pH on its PL intensity.
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mixed acids (H3PO4 + H2SO4) to fabricate CDs. The experimental re-
sults suggest that if the carbon precursors have similar functional
groups present on it, then its conversion to CDs in the presence of mixed
acids exhibited consistent emission peaks at 434 nm and 518 nm as
shown in Fig. 3a. Although, the PL peak intensity for sucrose found to
be is highest among all the precursors. So, from these results different
molar concentration of sucrose was chosen to attain the dual emissive
CDs. The experiments result specifies that acid-mediated sucrose-based
CDs exhibited the highest PL intensity at 0.15 M concentration of su-
crose as shown in Fig. 3b.

Moreover, times studies were performed to evaluate the impact of
reaction time rate on its PL properties. The result specifies that the
maximum PL intensity for dual emissive CDs was attained in
~8–10 min under microwave irradiation (Fig. S2), which is less than
the reported methodology [49]. Thus, it is necessary to optimize the
concentration of carbon source and reaction time for the development
of dual emissive behavior CDs in acidic conditions.

3.5. Effect of different acids on PL properties of CDs

The particle size and functional groups present on the surface of CDs
play an important role to fetch difference in its emission properties. So,
we used acids to modify its emissive sites to attain multicolour CDs. To
explain the significance of acids, H3PO4, H2SO4, HNO3, and their
combinations were used for the preparation of CDs from sucrose pre-
cursor. At first, the individual effect of acids such as H2SO4, HNO3 was
studied, which showed significant single emission peak in the blue re-
gion (435 nm) as shown in Fig. 3c. However, the emission peak of CDs
undergoes bathochromic shift (470 nm) in the presence of H3PO4. This
distinct behavior in emission properties of CDs in the presence of dif-
ferent acids was originated from defects on its surface, which develops
discrete surface states with an energy level between the π and π* states
of the carbon double bond in the CDs emission sites [49]. Dong et al.
[39] reported that the presence of hetero-atoms modified the PL

properties of CDs. Similarly, Xu et al. [38] showed emission shift to-
wards the red region is due to the phosphorus-doped CDs. Based on
these reports, we conclude that doping can create new energy levels or
change their initial band gap [65,66]. In view of that, we used a
combination of acids (H2SO4 + H3PO4) and studied its impact on the
synthesis of CDs by altering their ratios from 2:1 to 1:2 (Fig. 3d). The
result indicates that the combination of acids in both conditions leads to
induce dual emission peaks (434 nm and 518 nm) in CDs. The existence
of longer wavelength peak in CDs attributed to the surface or edge
functional group and the shorter emission wavelength was due to the
presence of uniform sp2 domains [48]. These characteristic features of
dual emissive peaks in CDs indicated that the mixed acids lead to the
formation of intermediate energy level i.e. not possible in their absence
which helps to overcome the activation energy for better carbonization
and emission intensity [49].

Even, the intensity of the dual emissive peaks also depends on the
ratio of mixed acids for the formation of CDs (Fig. 3d). The results re-
vealed that the acid ratio of 1:2 (H2SO4 + H3PO4) helps to attain
prominent emission peak at 518 nm w.r.t 2:1 (H2SO4 + H3PO4), be-
cause both acids have different pKa value (H3PO4 > H2SO4) [49]. If
the concentration of H2SO4 gets increased, the carbonization process
gets enhanced and converted the carbon precursor into non-fluorescent
products [49]. Hence, high concentration of H3PO4 is necessary for the
formation red emissive CDs with appropriate PL intensity. So, fixation
of a particular molar ratio (2:1) of acids was necessary to enhance the
photophysical properties of CDs.

3.6. Solvatochromic studies of dual emissive CDs

The surrounding medium of the CDs also has a vital role to mod-
ulate the emission spectral behavior. So, to comprehend the better in-
sight into the interaction of dual emissive CDs with solvents, we have
studied their photophysical properties. According to general trends, if
the polarity of the surrounding medium increases the fluorescence

Fig. 2. Physico-chemical properties of dual emissive CDs: a) HRTEM and inset shows the particle size of individual CDs, b) lattice fringes of individual CDs, c)
corresponding selected-area electron-diffraction (SAED) pattern image, d) histogram distribution of particle size from HRTEM image, e) AT-IR spectra of CDs and f)
energy dispersive spectra of CDs.
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active compounds exhibit bathochromic shifts in their emission spectra.
However, in our case, the dual emissive CDs undergoes hypsochromic
emission shift in the presence of water (highly polar solvent). It has
been observed that the first emission maxima appeared at 434 nm
(shorter wavelength) along with a prominent peak at 518 nm (longer
wavelength) (Fig. 4a). In presence of methanol, the shorter wavelength
emission maxima appeared at 443 nm along with a band at 523 nm. In
polar aprotic solvents (ACN and DMF), CDs exhibit a bathochromic shift

in emission spectra of both the emission maxima compared to that of
water. Also, the longer wavelength emission maxima appeared as a
shoulder band in polar aprotic solvents. These results justified that
hypsochromic shift of CDs in water compared to methanol, ACN, and
DMF was due to the solvent-induced change of electronic ground state
from less dipolar to more dipolar chromophore [67]. Moreover, in the
case of water, the longer wavelength emission maxima appear as a
prominent peak, which is attributed to extensive hydrogen-bonding

Fig. 3. The emission spectra of dual emissive CDs: a) using different precursor, b) at various concentration of sucrose, c) in the presence of different acids and d) in
the presence of mixed acids.

Fig. 4. Solvatochromism of dual emissive CDs: a) non-halogenated and b) halogenated solvents.
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interactions, dipole-dipole interactions, and specific solute-solvent in-
teractions. But, in other protic (methanol) and aprotic (ACN, DMF)
solvents these types of specific interactions were less prominent due to
which the longer wavelength emission maxima appears as a shoulder
band (Fig. 4a).

Furthermore, it was observed that the polarity of the medium
(Lippert Mataga (LM) model) is not always playing a significant role in
solvatochromic shifts, there are some other factors such as polariz-
ability (π⁎), hydrogen bond accepting ability (HBA, β) and hydrogen
bond donating ability (HBD, α) of solvents (Kamlet Taft (KT) model)
also influences the PL properties of CDs [68,69]. From the Kamlet-Taft
parameter (Table ST1), it was observed that the value of HBA para-
meter (β) is relatively larger in methanol, ACN and DMF as compared to
that of water, which results in a hypsochromic shift in emission spectra
of aqueous CDs (shown in Table 1) [70].

Moreover, another unusual kind of emission spectrum was observed
in the presence of halogenated solvents (CH2Cl2, CHCl3, and CCl4)
(Fig. 4b). The dual emissive CDs exhibit bathochromic emission in both
the shorter and longer wavelengths, as well as both the emission
maxima, appear as prominent peaks. This behavior was observed due to
the formation of donor-π-acceptor interaction between sp2 domain,
electron-rich hetero-atoms on the surface of CDs and halogenated sol-
vents [71,72], that increases its ICT character in the excited state
[73,74]. Similar results were reported by Ooyama et al. [75] where
they observed a bathochromic shift in halogenated solvents through the
D-π-A interaction mechanism. Therefore, from the solvatochromic
analysis, it can be concluded that the dual emissive CDs are dependent
upon the nature of the solvents.

3.7. Interaction of CDs with different metal ions in aqueous and
halogenated solvents

Here, we have also explored the efficacy of metal ions interaction
with dual emissive CDs in aqueous medium and halogenated solvents
by determining the photoluminescence properties. The sensing efficacy
of CDs was evaluated in acidic conditions (pH ~3) because with pro-
tonation of its surface causes weaker electrostatic interaction across all
metal ions and promote selectivity towards metal ions that have higher
charge and smaller size [48]. According to experimental analysis, it has
been observed from Fig. 5 that CDs undergoes fluorescence quenching
with the gradual addition of Fe(III) ion. In water, chloroform, and
CH2Cl2, CDs steadily quenches at both the wavelength. But the extent of
quenching efficiency at the longer wavelength is much more as com-
pared to the shorter one because at longer wavelength more surface or
edge functional groups (C]O, P]O and OeH etc.) exist, which induces
electrostatic interaction with Fe(III) [76]. This remarkable fluorescence
response in a non-aqueous and aqueous medium in the presence of Fe
(III) can be probably attributed because dual emissive CDs have C]O/
OeH on its surface that generates Fe(III)/CDs complex which leads to
electron transfer from its HOMO (singlet excited state) to the half field
3d orbital of Fe(III) ions and induce fluorescence quenching among CDs

through photoinduced electron transfer mechanism (PET) [77]. This
quenching mechanism of dual CDs towards Fe(III) was justified by
evaluating different kinds of the photophysical parameters such as
PLQY (φf) and lifetime decay (τf), radiative (kr) and non-radiative rate
constant (knr) values, which was mentioned in Table ST2. The PLQY of
CDs in water, CCl4, CHCl3 and CH2Cl2 are 0.50, 078, 0.86 and 0.56
respectively. Presence of Fe(III) ions causes quenching of the PLQY of
CDs in all the studied solvent systems. The PLQY of CDs in presence of
water, CCl4, CHCl3 and CH2Cl2 are 0.27, 0.34, 0.31 and 0.14 respec-
tively. Similarly, lifetime values of CDs also confirms that in presence of
Fe(III) ion significantly quenching of the lifetime value occurs in dif-
ferent solvent systems (Table ST2 and Fig. S4).

Furthermore, Stern-Volmer equation was followed to evaluate the
sensing efficiency of CDs in various medium towards Fe(III) ions.

= +F /F 1 K C0 SV

where F0 is the initial fluorescence intensity in the absence of analyte, F
is the fluorescence intensity in the related concentrations of metal, KSV

is the Stern-Volmer constant and C is the concentration of metal ions. It
was seen from the experimental results that; fluorescence quenching is
in the order of CHCl3 (KSV = 0.077 × 10−6 M−1) > CCl4
(KSV = 0.063 × 10−6 M−1) > CH2Cl2
(KSV = 0.044 × 10−6 M−1) > H2O (KSV = 0.031 × 10−6 M−1)
which is illustrated in Fig. S5. The performed experiments indicate that
dual emissive CDs in the different solvent system can act as sensing
probe for the metal ions.

Moreover, the estimation for the selectivity of CDs towards the Fe
(III) ion in a different solvent system, we investigated its fluorescence
response with other metal ions like Cu(II), Zn(II), Fe(II), Cd(II), Ni(II),
Mg(II) i.e. shown in Fig. S6. The results showed no significant change in
the fluorescence intensity of CDs in aforementioned metal ions except
Fe(III) ions. The selectivity of Fe(III) lead to severe fluorescence
quenching of carbon quantum dots due to strong interaction of Fe(III)
with the carboxylic/phosphate/hydroxyl/sulfur groups on the surfaces
of the CDs. This quenching mechanism can be explained by the hard-
soft-acid-base (HSAB) principle, where Fe(III) act as hard acid and
hetero atom based surface functionalized CDs act as hard base [31].
Anjana et al. also reported that significant electron transfer induced
quenching of Fe(III) ions was observed for hetero-atom based CDs due
to its paramagnetic effect, higher charge density, smaller size and po-
sitive reduction potential [78]. Thus, it was justified that the dual
emissive CDs were highly selective and sensitive probe for Fe(III) ions
in both aqueous and non-aqueous medium. To evaluate the efficacy of
dual emissive CDs its detection limit for Fe(III) ions was compared with
several reported materials mentioned in Table 2. After the comparison,
it was concluded that the prepared system was cost-effective sensing
probe for Fe(III) ions.

3.8. Efficacy of dual emissive CDs in the real sample sensing

The dual emissive CDs found selective for Fe(III) ions in both or-
ganic and aqueous medium. So, its PL spectra were recorded to study its
effects in the real samples (Fe(III) ions in tablets and syrups). Different
volume (0-250 μl) of Fe(III) ions was spiked in the real sample solution
to maintain a suitable concentration of these ions. The results obtained
from PL studies show that Fe(III) ions gradually decrease the PL in-
tensity at λem = 543 nm. Similar trend was also observed for standard
samples. The accuracy was also evaluated by calculating its recovery %
in the organic and aqueous phase to support the analytical results
mentioned in Table 3. As a result, 99.8% recovery was obtained in the
CDs (organic and aqueous phase) for Fe(III) ions. Thus, this nano-probe
can effectively use in the real samples for Fe(III) ions determination.

4. Conclusion

In summary, we demonstrated a single step microwave technique

Table 1
Detail of emission spectra for dual emissive CDs in the presence of variant
solvent systems.

Solvent system Excitation wavelength (λex) Emission wavelength (λem)

λ1 λ 2

H2O 350 nm 434 518
MeOH 443 523
DMF 445 527
ACN 449 546
CCl4 436 544
CHCl3 440 546
CH2Cl2 443 543
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followed up by mixed-acid based reaction with sucrose to obtain dual
emissive CDs. Discussion of its synthetic mechanism was also stated in
details, which indicates that acids play a vital role to induce dual
emission behavior of CDs. The morphology and surface functionality of
dual emissive CDs was confirmed by HRTEM, XPS, EDX and AT-IR
techniques. Its optical properties were also analyzed in a variety of
solvents, which showed emission dependent behavior as solvent
medium plays vital role in modifying the molecular and surface states
of CDs. The dual emissive CDs displayed unusual bathochromic shift in
emission spectra in the presence of halogenated solvents. Therefore,
metal ions sensing was explored in different solvent media. The ex-
periments revealed that CDs have remarkable interaction with Fe(III)
ions in comparison to other metal ions in different solvent media. This
high selectivity and sensitivity were perceived due to the presence of
vacant 3d-orbitals of Fe(III) and the electron-rich hetero-atoms/groups
on the surface of dual emissive CDs. Overall, this accomplished work
specifies that the empirical nature of solvents influence the emissive
response of CDs. So, for effective sensing applications, it can be used as
alternative nano-sensors.
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Table 2
Comparison studies with different sensing probe for Fe(III) ions detection (in
aqueous medium).

S. no. Sensing probe for Fe(III) LOD (μM) Ref.

1. Graphene quantum dots 0.09 [76]
2. Banana derived CDs 0.21 [79]
3. DL malic acid derived CDs 0.8 [80]
4. N, S co-doped CDs 0.017 [81]
5. Mint leaves derived CDs 0.37 [82]
5. Acid mediated dual emissive CDs 0.4 This work

Table 3
Solvatochromic sensing efficiency of dual emissive CDs in the real sample.

S. no. Solvatochromic
sensing system

The concentration of Fe(III) ions
(μM)

Recovery (%)

Added Determined ± SD

1 CDs + CCl4 20 19.60 ± 0.23 98.0
20 19.93 ± 0.25 99.6
20 19.89 ± 0.27 99.4

2 CDs + CHCl3 20 20.10 ± 0.39 100.5
20 20.12 ± 0.37 100.6
20 20.01 ± 0.42 100.0

3 CDs + CH2Cl2 20 19.85 ± 0.29 99.2
20 19.70 ± 0.31 98.5
20 19.95 ± 0.33 99.7

5 CDs + H2O 20 19.90 ± 0.31 99.5
20 19.90 ± 0.31 99.7
20 19.80 ± 0.27 99.0
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Implementation of a logic gate by chemically
induced nitrogen and oxygen rich C-dots for
the selective detection of fluoride ions†

Shagun Kainth, Akansha Mehta, Amit Mishra and Soumen Basu *

The widespread pollution of fluoride ions in the environment badly affects the ecological system due to

their high toxicity, mobility and the difficulty of their degradation. So, there is a need to design an

environmentally friendly, highly selective and sensitive probe for their detection. Here, we have used

natural ingredients (e.g. mosambi peels (Citrus limetta), L-ascorbic acid and urea) and mild reaction

conditions to synthesize oxygen and nitrogen-rich fluorescent C-dots, named as OC-dots and NC-dots,

respectively. We have proposed a turn-off/-on strategy for the specific recognition and quantification of

F� ions. Initially, based on the fluorescence resonance energy transfer (FRET) mechanism, the

selectivities of both types of C-dots were investigated towards ten different cations. Both types of C-dot

were found to be selective for only Fe3+. The sensitivity of the OC-dot/NC-dot–Fe3+ system was also

evaluated for fluoride ion detection and it was found that the OC-dot–Fe3+ ion mixture was only selective

for F� ions. The detection limit of the nanoprobe was found to be 0.01 mM, lower than the fluoride toxicity

level defined by the U.S. Environmental Protection Agency (41.5 ppm). The efficiency of the nanoprobe

was compared using inductively coupled plasma atomic emission spectroscopy on real samples. The

C-dot sensors were operated as different logic gates at the molecular level. All of the experimental data

indicated that this probe is green, economical, quick and selective and can be used for establishing

chemical logic gates for the detection of F�.

1. Introduction

Heavy metals and their counteranions and cations (e.g. arsenic,
iron, copper, fluorides, nitrates, and phosphates) play useful
roles in biological systems. However, due to industrial growth
and human activities, their environmental presence has been
increased beyond the permissible limit, which has led to a
reduction in natural resources and a negative effect on human
health. Among all the heavy metal countercations/anions, F�

ions (41.5 mg L�1)1,2 are considered to be one of the major
pollutants of water.1,3 When fluoride polluted water is used on
crops, it results in several physiological changes in plants that
affect their root, shoot and leaf elongation, which are not
visible to the naked eye, but can affect food production. In
addition, an excessive intake of fluoride in the human body can
damage bones, teeth, and the kidneys,2,4 and also inhibit IQ

development in children.5–7 Therefore, it is necessary to identify
the areas affected by these contaminants, mainly in the form of
F� ions, and help to treat the groundwater in such areas.

Several analytical methods, e.g. potentiometric (using an ion
selective electrode [ISE]),3 gas chromatographic (GC),8 colorimetric,9

fluorometric, enzymatic, and proton activation analysis,8 have been
used by federal agencies and organizations, such as the Environ-
mental Protection Agency (EPA) and the National Institute for
Occupational Safety and Health (NIOSH), for the detection of F�

ions in the environment. However, not all of these techniques are
suitable for use as they often require sophisticated instrumentation,
expensive reagents, and cumbersome sample preparation, which
increase the cost and analytical complexity of the sensing probe.
The best alternative to overcome these problems is the use of
nanosensors, as they can be used for the rapid, accurate, com-
pact and portable determination of organic and inorganic moieties.

Several fluorescent nanomaterials are already known, such
as semiconductor quantum dots (SQDs), and have been used to
detect toxic ions, due to their high stability, high extinction
coefficients, and high photoluminescence (PL) yields.10–13 How-
ever, their applicability towards real samples is debatable due
to their inherent toxicity.12,13 Therefore, the newly emerging
class of nano-carbons, i.e. C-dots,14–16 can be used as an ideal
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material to replace all of the conventional fluorescent probes,
due to their high aqueous stability, high biocompatibility, and
low toxicity. Due to their unique turn-on/turn-off PL properties
in the presence of foreign moieties,1,2,17,18 many scientists have
fabricated C-dots and their composites for the detection of
several toxins. Dong et al.19 synthesized polyamine-functionalized
C-dots for the selective and sensitive detection of copper ions
(LOD = 6 nM). Xu et al.20 detected food colouring dyes (tartrazine)
using C-dots prepared from a green material (aloe) and their
detection range was found to be between 0.25 and 32.50 mM.
Mohapatra et al.2 prepared a highly selective composite system
using C-dots (as the fluorophore) and magnetically separable
nickel ethylenediaminetetraacetic acid complex-bound silica-
coated magnetite (as the fluoride receptor). The method used
was based on the exchange reaction between C-dots and F� ions,
which influences the binding of fluoride to the magnetic receptor
with a minimum detection limit of 0.06 mM. Furthermore,
Lui et al.1 and Basu et al.5 prepared new improved C-dots/
composites (e.g. zirconium-complex, tapioca, etc.) and used these
towards real samples to check their applicability in determining
fluoride ions in environmental matrices. However, in all of the
abovementioned processes, the material preparation was tedious
and the sensing principle was not explained, which is important
for the understanding and design of sensing probes. All of the
aforementioned studies showed that there is a need to develop
simple materials, accompanied by a suitable explanation of their
working mechanism. Different strategies were explored, such as
supramolecular recognition,21–23 hydrogen bonding,22,24 and
Lewis acid–base interactions,22,25,26 to develop low cost, non-
hazardous and portable fluorescent probes that can be used in
resourced laboratories and in different environmental matrices.

Here, in this work, we have put emphasis on the green
synthesis of C-dots from mosambi peels (Citrus limetta), as well
as from non-toxic precursors (ascorbic acid/urea) under mild
conditions and a turn-off/-on strategy was followed for the
detection of fluoride ions. Moreover, OC-dots and NC-dots were
implemented in different logic gates such as NOT, OR, and IMP
to design improved nanoelectric devices. The sensing efficiency
of the probe was also tested in real samples and further
compared with inductively coupled plasma atomic emission
spectroscopic (ICP-AES) results.

2. Experimental
2.1. Chemical and materials

Mosambi peels (Citrus limetta) were collected from a local fruit
vendor. Other reagents, such as ascorbic acid, urea and dichloro-
methane, were purchased from Sigma-Aldrich. Double distilled
water was used for the preparation of different C-dots and the
stock solutions of metal ions.

2.2. Preparation of C-dots

Microwave and ultrasonic routes were used to prepare the C-dots
from mosambi peels and citric acid/urea, respectively. First, washed
mosambi peels were dried in an oven (100 1C) for 24 hours and

carbonized at 220 1C for 2 hours in air. The resulting carbonized
powdered material (2 g) was sonicated for 45 min to obtain a
brown coloured suspension. To remove organic impurities, the
suspension was washed 5 times with dichloromethane. Finally,
the purified suspension was filtered using a 0.2 mm membrane
to obtain a 2.28 mg mL�1 yellow suspension of C-dots. The
C-dots synthesized using these waste mosambi peels were
named OC-dots, where the ‘O’ represents an ‘oxygen’ enriched
C-dot surface.

For the preparation of nitrogen-rich C-dots, 1 g of ascorbic
acid and 3 g of urea were mixed in 15 mL of water and heated
at 130 1C for 3 minutes in a microwave. The obtained mixture
was allowed to cool down and was centrifuged at 9000 rpm for
10 min to eliminate suspended impurities and obtain pure
C-dots (3.2 mg mL�1). The C-dots synthesized using these
reagents were named NC-dots, where ‘N’ represents a ‘nitrogen’
enriched C-dot surface.

2.3. Quantum yield measurement

The quantum yields (f) of both the OC-dots and NC-dots were
evaluated using quinine sulphate as a reference (from literature

f0 = 0.54) dissolved in 0.1 M H2SO4 (refractive index Z
0 ¼ 1:33).

The integrated PL intensities I0, I and absorbency values A0, A
were calculated for the reference quinine sulphate and both

types of C-dots dissolved in deionised water Z
0 ¼ 1:33
� �

.

f ¼ f0 � I=I 0ð Þ � A0=Að Þ � Z
0 2

�
Z
0 0 2

� �

2.4. Methodology for detecting cations/anions

Stock solution (10�3 M) of different metal ions were prepared
using metal salts such as ferric nitrate, copper nitrate, nickel
nitrate, lead nitrate, calcium nitrate, magnesium nitrate, and
cadmium nitrate to study their interaction with different C-dots
(OC-dots and NC-dots). Then, the aqueous metal ion solutions
were mixed with C-dots (4000 mL), and after 10 min were used to
study their PL quenching efficiency. Furthermore, to measure
the PL recovery of different anions, (e.g. fluoride, chloride,
phosphate, nitrate and sulphate), different amounts of aqueous
anion solutions (1–10 mM) were added into a mixture of C-dots
and Fe3+ ions (4000 mL + 750 mL).

2.5. Analysis of F� ions in real samples

Tap and lake water samples were collected from different cities
(Patiala, Ludhiana) in the Punjab, India to determine the
sensitivity of the probe in real samples. Firstly, the water samples
were filtered using a 0.22 mm syringe filter and the determination
of heavy metals was done using ICP-AES. Then the tap/lake water
was spiked with different concentrations (2–8 mM) of fluoride
ions, to evaluate the sensing efficiency of the probe, which was
assessed using ICP-AES.

2.6. Instrumentation

The morphology and composition of the prepared C-dots
were characterized using high-resolution transmission electron
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microscopy (HRTEM) operating at 200 kV. For HRTEM analysis,
samples were prepared by drop casting 10 mL purified C-dots
dispersions on a carbon-coated copper grid and allowing the
excess solvent to evaporate. The fluorescence emission spectra were
collected using a LS-55 spectrofluorophotometer (PerkinElmer).
Charge distributions were determined using Microtrac dynamic
light scattering (DLS) apparatus, Nanotrac. Elemental analysis
was done using a CHN analyzer (Thermoscientific flash 2000).
Attenuated total reflectance infrared spectroscopy (AT-IR) was
recorded to determine the nature of the different functional
groups on the surface of the two different types of C-dots using
an Agilent Resolution Pro-carry 660.

3. Result and discussion
3.1. Characteristics of C-dots

The prepared OC-dots and NC-dots were characterized by HRTEM,
AT-IR, CHN microanalysis and fluorescence spectroscopy. Firstly, the
formation of OC-dots and NC-dots was confirmed from their yellow
colour suspensions and blue/green fluorescence under a UV lamp.
The stabilities of the OC-dots and NC-dots were also evaluated. It
was found that upon the exposure of light for 30 minutes the PL

intensity remained undisturbed for both the OC-dots (lem = 438 nm)
and NC-dots (lem = 455 nm), as shown in Fig. 1a and b. Even at a
high concentration of NaCl salt (0.1 M), there does not appear to be
any effect on the stability of both types of C-dots, which confirms
their reusability for the detection of fluoride ions (Fig. 1c). The
quantum yields of both the OC-dots and NC-dots were found to be
34% and 15% investigated with respect to the reference, i.e. quinine
sulphate. The HRTEM images show that both types of C-dots are
partially monodispersed and spherical. The average diameters of the
OC-dots and NC-dots were found to be 2 � 0.5 nm and 4 � 2 nm,
respectively, which is shown in Fig. 2a and b. The AT-IR
spectrum of the OC-dots exhibits absorption peaks at 3347 cm�1

(O–H stretching), 1638.5 cm�1 (O–H bending), 1744.5 cm�1,
1638.5 cm�1 (CQO groups), and 1512 cm�1 (CQC stretching of
aromatic compounds). The spectrum of the NC-dots features sharp
bands between 1000 and 1500 cm�1 due to –CO, –CH, –CN, which
confirmed the presence of different functional groups on the
surface of the C-dots (Fig. 3a and b). CHN analysis was done to
evaluate their elemental compositions. According to the percentage
distribution of elements shown in Table 1, the NC-dots contain
more nitrogen (30.4%) than the OC-dots (6%), which may be due to
the use of a nitrogen-containing precursor used in the preparation
of the NC-dots, i.e. urea.

Fig. 1 Photoluminescence properties of C-dots. (a) The PL intensities of different surface passivated C-dots, (b) the effect of light on the PL intensity of
the C-dots and (c) the effect of different concentrations of NaCl.
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3.2. Optimization of the reaction conditions for the detection
of fluoride ions

The efficiency of the fluorescent probe depends on numerous
parameters, such as pH, temperature, excitation wavelength and
the slit width used in the fluorescence spectroscopic measure-
ments. So, to enhance the sensitivity and selectivity of the
sensing probe, there is a requirement to optimize the reaction
conditions. Here, we have used different concentrations and slit
widths to access the variation in the PL intensity. It was found
that 4 mL of C-dots with both 5 and 10 nm slit widths exhibited
the maximum PL intensity (Fig. 4a and b). The effect of pH on
the PL intensity was also investigated for both types of C-dots
(Fig. 4c and d). The results demonstrated that pH B 6 was
suitable for performing PL quenching and recovery experiments,
whereas highly acidic and basic conditions were found to be
inappropriate due to the protonation of carboxylic groups and
formation of Fe(OH)3,27,28 which result in a weaker interaction of
the C-dots with Fe3+ ions and a reduction in their sensing
efficiency.

3.3. Selectivity of the C-dots towards different cations

Selectivity is a crucial parameter for evaluating the performance
of a chemosensor. So, the interactions of the two different types
of C-dots were examined with different metal ions (e.g. Fe3+,
Cu2+, Cd2+, Zn2+, Na+, Ca2+, Mg2+, Pb2+, Fe2+ and Ni2+) by
estimating the variation in their PL intensity. The experimental

results revealed that Fe3+ ions exhibited maximum fluorescence
quenching for both types of C-dots (B94.8%) due to strong
interactions with the carboxylic/amino/hydroxyl groups on the
surfaces of the C-dots (Fig. 5). This quenching mechanism can
be explained on the basis of the hard–soft acid–base (HSAB)
principle, where Fe3+ acts as a hard acid28 and the –COOH
group acts as a hard base, which increases its affinity with
respect to the other cations. As Cu2+ ions belong to the border-
line metals, they also show PL quenching to some extent among
all the other metal ions29 (see Fig. S1 in ESI†). So, these two
specific cations (Fe3+ and Cu2+) were used to perform recovery
experiments (turn-on) with fluoride ions.

With this aim, the sensitivities of the C-dots with different
concentrations of ferric ions (0 to 0.4 � 10�5 M) were investi-
gated, and the plot of F0/F vs. quencher concentration was
obtained using the Stern–Volmer equation, i.e.

F0/F = 1 + KSV[Q],

where F0 and F are the fluorescence intensities of the fluoro-
phore in the absence and presence of quencher Q, respectively,
KSV is the Stern–Volmer constant (M�1) and [Q] is the concen-
tration of the quencher. In order to determine whether the
quenching was static or dynamic, the Stern–Volmer constant
value was recorded at three different temperatures (25, 35 and
45 1C). There was no significant change found in the value of
KSV = 38.22, indicating that the quenching process was constant
in nature, as shown in Fig. S2 (ESI†).

3.4. Turn-off/-on mechanism

The variations in the photoluminescence intensities and zeta
potentials were studied with the aim of providing a foundation for
elucidating the sensing mechanism of the probe. To determine the

Fig. 2 HRTEM images of (a) OC-dots prepared from mosambi peels and
(b) NC-dots prepared from ascorbic acid and urea.

Fig. 3 AT-IR spectra of (a) OC-dots prepared from mosambi peels and (b) NC-dots prepared from ascorbic acid and urea.

Table 1 The elemental compositions of the OC-dots and NC-dots

Material Carbon (%) Hydrogen (%) Oxygen (%) Nitrogen (%)

OC-dots 52.8 20.8 20.4 6
NC-dots 48.3 15.2 10.8 30.4
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initial sensing mechanism, the variations in the photoluminescence
intensities were estimated for both types of C-dots and the ferric
ion sensor system. It was found that in the presence of fluoride
ions, the PL intensity was recovered only for the OC-dots, not for
the NC-dots (Fig. 6). This is due to the stronger affinity of the free
amino groups on the surface of the NC-dots with the ferric ions,
which results in an inhibition of FeF3 complex formation.30

From the CHN analysis, it was clear that the surface of the NC-
dots were nitrogen rich (amino groups), whereas the OC-dots
were oxygen rich (carboxylic acid groups). So, the OC-dot and
ferric ion mixture was found to be sensitive to fluoride ions,
based on the HSAB rule that a hard acid (Fe3+) and hard base
(F�) interact more, which leads to the formation of a stable FeF3

ionic compound with a high lattice energy of 5870 kJ mol�1,
responsible for the fluorescence enhancement (as the OC-dots
are free).5 Furthermore, zeta potentials were recorded for both
types of C-dots in the absence and presence of ferric and fluoride
ions (Table 2). The results show that the presence of Fe3+ ions in
the ratio of 4 : 0.75 leads to a reduction in the zeta potential
values for the OC-dots (�30 � 10 to �20 � 2 mV) and NC-dots
(�28 � 5 to �10 � 5 mV). This variation was due to the strong
interaction of ferric ions with both types of C-dots, which
reduces the inter-particle distance and leads to aggregation. This
aggregation process was further confirmed by a red shift in the
emission wavelength of the C-dots (438 nm to 445.8 nm for the

OC-dots and 455 nm to 496.6 nm for the NC-dots), which is
shown in Fig. 5. Hence, from the obtained results, it was clear
that the fluorescence quenching of the C-dots in the presence of
ferric ions was due to both aggregation, as well as an energy
transfer process (Scheme 1). In addition, a recovery in the zeta
potential values was also observed for the OC-dot/NC-dot and
ferric ion system in the presence of fluoride ions (�20 � 2 to
�26 � 1 mV for the OC-dots and �10 � 5 to �15 � 5 mV for the
NC-dots). These results indicated that the OC-dot and ferric ion
system was more sensitive toward fluoride ions and confirmed
the aforementioned photoluminescence results31 (Scheme 1).

3.5. Selectivity of ferric ions containing OC-dots towards F�

ions

To check the selectivity of the probe (OC-dots + ferric ions)
towards fluoride ions, the fluorescence recovery of OC-dots at
438 nm was studied in the presence of F� ions (1 mM) and other
anions (20 mM), including phosphate, nitrate, sulphate and
chloride ions. The results indicated that only fluoride ions
showed a significant enhancement in the fluorescence intensity
at 438 nm. However, the larger size of the anions did not result
in any obvious change in the fluorescence intensity due to less
compatibility with the Fe3+ ions in the formation of ionic
compounds, as shown in Fig. S3 (ESI†). So, this sensing probe

Fig. 4 Optimization of the experimental conditions: (a) the effect of different amounts of C-dots, (b) the effect of emission slit width at a constant
excitation slit width, and (c and d) the effect of pH on the fluorescence intensity at lex = 340 and 350 nm for the OC-dots and NC-dots, respectively.
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can be used for the selective and quantitative analysis of
fluoride ions.

3.6. Quantification of fluoride ions using the OC-dots and
ferric ion system

To evaluate the stoichiometric response of the probe towards
fluoride ions, the reaction kinetics were measured between a
mixture of OC-dots/Fe3+ and F� ions (Fig. 7a). It was found that

the fluorescence intensity increased with the reaction time.
The whole process reached equilibrium in about 1 min, which
confirmed the rapid interaction of the sensing probe with the
F� ions at room temperature. So, we selected 1 min as an
incubation time and studied the effect of the concentration on
the fluorescence recovery for the quantitative determination of
F� ions. It was found that upon an increase in the concen-
tration of F� ions (0 to 1000 mL), the fluorescence intensity was

Fig. 5 Fluorescence quenching spectra of the OC-dots in the presence of different ions.

Fig. 6 Sensitivity of (a) the OC-dots and (b) the NC-dots towards F� ions in the presence of Fe3+ ions.
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gradually restored and finally reached a maximum (Fig. 7a). To
calculate the detecting limit of the probe, the fluorescence enhance-
ment, F/F0, was plotted against the concentration (Fig. 7b). The
equation of the linear fitted curve, F/F0 = �11.262 + 1596.8[F�],

helped to determine the detection limit, which was found to be
0.01 mM, with a regression coefficient of 0.9664, i.e. much lower
than the previously reported results in the literature (Table 3).

After the completion of the sensing experiments, the perfor-
mance of a few logic gate functions (e.g. NOT, AND, IMP and
OR) were determined on the basis of the interaction between
the metal ions (Fe3+) and anions (F�) and C-dots. To execute the
logic gates, the addition of metal ions (Fe3+), and anions (F�) in
C-dots were used as the two inputs, whereas the variation in the
fluorescence intensity was used as an output signal for which
four possible input combinations (0, 0; 1, 0; 0, 1; 1, 1) were
used. The absence and association of these ionic inputs in
terms of the C-dots were defined as the 0 and 1 states,
respectively. The outputs defined as 1 and 0 correspond to
strong and weak fluorescence response. The NOT logic gate was
used to study the variation in the fluorescence intensity of the

Table 2 Zeta-potential of C-dots in the presence and absence of Fe3+

and F�

Concentration ratio
(C-dots : Fe3+)

Zeta-potential
(mV)

Concentration ratio
(C-dots : Fe3+ : F�)

Zeta potential
(mV)

OC-dots (1 : 0) �30 � 10 OC-dots (1 : 0 : 0) �30 � 10
NC-dots (1 : 0) �28 � 5 NC-dots (1 : 0 : 0) �28 � 5

OC-dots (4 : 0.75) �20 � 2 OC-dots (4 : 0.75 : 1) �26 � 1
NC-dots (4 : 0.75) �10 � 5 NC-dots (4 : 0.75 : 1) �15 � 5

OC-dots (1 : 1) �22 � 2 OC-dots (1 : 1 : 1) �23 � 2
NC-dots (1 : 1) �12 � 5 NC-dots (1 : 1 : 1) �13 � 3

Scheme 1 Representation of the sensing mechanism of OC-dots and NC-dots for fluoride ion determination.

Fig. 7 (a) Effect of time on the emission spectra of the OC-dots–Fe3+ ion mixture in the absence and presence of fluoride ions and (b) the plot of the
PL intensity variation at lem = 340 nm as a function of the concentration of F� ions for the quantitative determination of F� ions.
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C-dots with Fe3+ ions as an input signal. The addition of ferric
ions quenched the fluorescence intensity of the C-dots, resulting
in an output of 0 (low). These results correlate with the function
of the NOT logic gate.

Furthermore, we constructed a modified IMP logic gate in
the presence of Fe3+ (fixed concentration) and F� (varying
concentration) as inputs 1 and 2 to the OC-dots. Primarily,
individual inputs were used to examine their influence on the
C-dots and their corresponding output fluorescence intensity
signal. The fluorescence intensity of the OC-dots was quenched
only in the presence of ferric ions, whereas no effect was
observed upon the addition of fluoride ions. Remarkably, in
the presence of both inputs, the fluorescence intensity of the
C-dots was recovered by the addition of F� (low or high
concentration), which was quenched upon the addition of
Fe3+ ions. This abovementioned combination of the two inputs
correlates with IMP logic gate behaviour.39,40

Similarly, we constructed a combination of OR, AND, NOT
logic gates in the presence of Fe3+ (fixed concentration) and F�

(varying concentration) as inputs 1 and 2 to the NC-dots. Primarily,
individual inputs were used to examine their influence on the
C-dots and their corresponding output fluorescence intensity signal.

It was detected that the fluorescence intensity of the NC-dots was
quenched in the presence of the individual input of Fe3+ and
remained the same in the presence of a low or high concentration
of F�. Unexpectedly, in the presence of both inputs (1, 1), the
fluorescence intensity of the NC-dots remained quenched due to
the strong coordination of Fe3+ ions with amino groups on the
surface of the NC-dots. These results reveal that different logic
operations can be achieved by varying the concentration of the
metal ions used as inputs (Fig. 8).

3.7. Method validation using real samples

To illustrate the practical applicability of our C-dot probes for
the selective detection of F� ions, a certain concentration of F�

was added into real samples of tap/lake water, and the real-time
detection of F� was carried out. The detailed results deter-
mined using our OC-dot based probe are shown in Table 4,
which were also compared with the measured amount from
ICP-AES. The results analyzed by both methods were very close
and the % recoveries were in the satisfactory range. The
recovery of F� was almost 99.0% for the tap and lake water,
suggesting that our OC-dot based probe was suitable for using
to detect F� in real water samples.

Table 3 Comparison of different sensing probes for the detection of F� ions based on the LOD

Technique Material/apparatus LOD (mM) Ref.

Spectrophotometer Single beam spectrophotometer 2.38 32
HPLC UV 0.47 33
Ion chromatography ICP-MS 2.38 34
Flow injection analysis Spectrofluorimeter 0.47 35
Based on the release of AuNP agglomerated dithiol linkers in the
presence of inorganic fluoride ions

Fluoride colorimetric chemosensor gold
nanoparticles (AuNP)

120 36

Interaction of L with F� and AcO� results in enhanced ICT, leading
to a prominent colour change from yellow to orange-brown

Colorimetric and ratiometric chemosensor for
the detection of F� and AcO� ions/quinoline

0.067 37

Ratiometric fluorescence detection of fluoride ions Lanthanide metal–organic framework 2 38
Turn on/off fluorescence Carbon-dots from mosambi peel 0.01 This work

Fig. 8 Schematic representation of logic gates obtained for OC-dots/Fe3+/F� and NC-dots/Fe3+/F�.
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4. Conclusion

In this paper, we have synthesized C-dot based chemosensors
with different surface passivation using cheap precursors (citric
acid, urea, and mosambi peel) under mild reaction conditions.
Both the OC-dots and NC-dots were found to be partially mono-
dispersed and spherical with an average diameter of 2–4 nm and
showed good photostability. These fluorescent probes were used
for the selective and sensitive determination of cations and
anions, which was confirmed by determining the variation in
their PL properties and zeta potentials. The sensing procedure
involved two steps, first, the quenching of the PL intensities
of the C-dots with Fe3+, followed by PL intensity recovery by the
addition of F� ions. The results revealed that both types of
C-dots showed good interaction with Fe3+ ions. However, the
mixture of OC-dots and Fe3+ was found to be more sensitive than
that of the NC-dots towards F� ions, with a LOD of 0.01 mM. In
view of these impressive results, we also developed different
molecular logic gates, such as NOT, IMP, AND and OR, by using
metal ions and anions as the chemical inputs for the practical
application. Moreover, the sensing efficiency of one of the
probes was investigated in real samples (lake and tap water)
and compared with the ICP-AES results. Overall, these newly
developed low-cost, ecological fluorescent nanoprobes have a
good future in molecular electronic and nano-devices and are
also beneficial for use in the real-time detection of fluoride ions.
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Abstract
As thiopurines are the source of chemotherapeutic drug which is helpful in treating acute lymphoblastic leukaemia, so the proper
quantification of different purines is essential. As plasmonic nanoparticles (NPs) reported as colorimetric sensor due to their inter-
particle variation in the presence of biomolecules. Here we have synthesised four different sizes (8–30 nm) gold nanoparticles
(AuNPs) and chose as the analytical tool for the quantification of different purines. The characterisation of synthesised AuNPs
was done by using FT-IR, TEM, DLS, EDS and UV-Vis spectroscopy. They showed remarkable stability for 10–15 days in the
presence of long-range pH (3–12) and high concentration of the salt solution (100 μl, 0.1 M NaCl). Study of SPR variation was
done for the quantification of purines. It has been seen that as the particle size, the concentration of purine and pH of the solution
varies then SPR peak ~ 521 nm of AuNPs undergoes red shift and intensity of existing peak get reduced with time. The
appearance of this new peak at ~ 700 nm justified the sensitivity of AuNPs towards purines. It was observed that the larger size
AuNPs (30 nm) is more sensitive for detecting different purines at very low concentration (10−7 M for 6-thioguanine and 6-
mercaptopurine).

Keywords Surface plasmon resonance . Gold nanoparticles . Aggregation . Thiopurines . Quantitative detection

Introduction

Purine is a heterocyclic aromatic compound found in high
concentration in meat and meat products, especially internal
organs such as liver and kidney. They are well-known in the
body and perceived for primary two functions: (1) as building
blocks for DNA (the primary genetic material in our cells) and
(2) as substances that could be broken down to form a uric
acid (which can potentially increase the risk of gout). The
minimum intake of purine per day is in the range of 1430–
1800 mg. Even in the field of pharmacy and biochemistry,
thiopurines exclusively show diverse applications. Some pu-
rines such as 6-thioguanine (6-TG), 6-mercaptopurine (6-MP)
and azathioprine are used as a prodrug for the treatment of

acute leukaemias and chronic myeloid leukaemia [1]. 6-TG is
widely used as a chemotherapeutic drug for treatment of ad-
vanced stages of leukaemia [2, 3]. 6–TG easily gets incorporat-
ed into the nucleic acid during synthesis and blocks further
progression of the disease [4]. 6-TG is highly toxic and causes
Thrombocytopenia, anaemia, anorexia, nausea and vomiting,
hepato-toxicity, etc. [5, 6]. Therefore, it is very critical to main-
tain (2–3 mg/kg/day for both paediatric and adults) [7] of the
drug in plasma level to avoid high toxicity maintaining efficien-
cy. To reduce unwanted side effects of cancer chemotherapeutic
drug and to improve life quality of the patients and keeping
adequate effectiveness, maintenance of steady drug concentra-
tion in the system is important. For this reason, periodic esti-
mation of drugs/drug metabolites concentrations in body
fluid(s) like serum, plasma, urine, etc. is of immense impor-
tance. So, the proper and exact quantification of thiopurines in
vegetables, pulses and drugs is required on urgent basis.

Several reported techniques have been accounted for the
quantification of purines including voltammetry [8], fluo-
rimetry [9], luminescence analysis [10], HPLC [11–14] and
electrochemical strategy [15]. However, there are still a
few points of confinement in these strategies. One critical
point of confinement of HPLC and spectrometric tech-
niques is that it lacks sufficient UV absorption and also
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need a suitable mobile phase and a reactant which obviously
increased the cost and analytical complexity. Therefore,
with the advancement of nanotechnology, other techniques
have been developed such as surface plasmon resonance
and electroanalytical methods to estimate the drug from
the body fluid. But due to the requirement of sophisticated
instrumentation, expensive reagents and cumbersome sam-
ple preparation, other available methodologies despite their
good sensitivities have not become very popular. Thus, the
development of a new technique with high sensitivity, fast,
high throughput and simple practical method for the deter-
mination of purine is still in a great demand.

Plasmonic nanoparticles (NPs) such as Au, Ag and Cu etc.
have optical properties which depend on their inter-particle
distance and their SPR occur in the visible region and due to
this reason, they have gained incredible attention as
colorimetric/optical sensors [16]. AuNPs is attaining intense
attention scientifically and technically as a source of optical
nanoprobe, because of its stability in meteorological condi-
tions which allow them to show excellent biocompatibility
with biomolecules and distance-dependence optical absor-
bance [17–21]. They also exhibit different colours range from
red to purple, to blue and almost black due to the variation in
the inter-particle distance of AuNPs [22–24]. This unusual
phenomenon gives rise to a new analytical and sensing tech-
nique which leads to the development of surface-enhanced
Raman scattering and enhancement in surface plasmon reso-
nance immune sensing effect [25, 26] because Au colloid
monolayer can adsorb molecules in their closed space [27,
28]. The presence of negative surface charge helps them in
improving their binding efficiency with several biomolecules
such as selective detection of DNA templates [29], polynu-
cleotides [30, 31], aminothiols and amino acid [17, 32].
Unfortunately, there is still some complications in surface
charge adjustment via, e.g., change of pH and salt concentra-
tion which may lead to loss of charge-based repulsive forces
and that may bring variation in the quantitative determination
of important biological moieties. Till now, different shapes of
AuNPs were already used for sensing of 6-TG, but still, some
study is yet to make on sensitivity and the interaction of
different size AuNPs towards purines. This method will be
better or comparable in the case of sensitivity and will involve

less sample preparation and high output than the available
methods. This research may open up a new avenue introduc-
ing nanomaterials into practical applications.

Here we have synthesised four different sizes AuNPs rang-
ing from 8 to 30 nm to investigate the impact of purines on the
surface chemistry of AuNPs together with pH through colour
change and SPR variation. The experimental result demon-
strated the ability of this method and found to be quick, easy,
effective and safe for quantitative detection of purines.

Experimental Section

Materials

AR-grade reagents were used for performing the experiment.
Chloroauric acid (HAuCl4.3H2O) and trisodium citrate were
purchased from Aldrich. 6-MP and 6-TG were received from
the Tokyo Chemical Industry (TCI). Distilled water is used for
the preparation of a stock solution of purines and different size
AuNPs.

Preparation of Gold Nanoparticles

Size-controlled synthesis of AuNPs was done by modifying
the Fren’s method. One thousand two hundred and fifty mi-
croliters of 10−2 MHAuCl4 was added in 50 ml distilled water
and the solution was heated at 97 °C. Trisodium citrate (1%)

Table 1 Details of different ratio
of [HAuCl4]/[citrate] and their
colour variation

Sample name Volume of
HAuCl4 10

−2 M (μl)
Volume of citrate
(1%) (μl)

Colour λmax (nm) Size of AuNPs from
TEM images
(± 3 nm)

A 1250 2000 Dark red 521 8

B 1250 875 Red 525 13

C 1250 625 Pink 530 20

D 1250 400 Light pink 535 30

1786 Plasmonics (2018) 13:1785–1793
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Fig. 1 Molecular structure of 6-thioguanine and 6-mercaptopurine



was used as reducing and stabilising agent for the conversion of
Au+3 to Au0. On addition of citrate to the boiling mixture of gold
salt solution, the colour starts changing from yellow to blue to
purple to red [16]. Once the red colour obtained, the solution kept
at room temperature to cool down. Then, few drops of the NaBH4

solution was added to it for the completion of the reaction (Au+3

to Au0). Summarised information on the synthetic procedure, as
well as verification of different sizes, is incorporated in Table 1.

Synthesis of Thiopurines/AuNPs Assemblies

The firstly different concentration of purine solutions was pre-
pared from their stock solution (10−2 M). To sustain the stability
of AuNPs and molecular structure of biomolecules pH of the
gold solution was adjusted using HCl (10−2 M, 100 μl) to pH
~ 4. Thiopurine/AuNP assemblies were prepared, with the addi-
tion of 30 μl of purine into 3000 μl AuNPs solution. Then, the
prepared mixture was analysed through UV-Vis spectroscopy to
study their interaction with AuNPs [16]. The molecular structure
of 6-MP and 6-TG are given in Fig. 1.

Instrumentations

The SPR of AuNPs was done using Champion UV-500
(AQ1205017) spectrophotometer and data analysed using
software; Origin Pro 8. X-ray spectroscopy (EDS) images

were obtained with the FEI Technai G2 F20, operating at
200 kV. Attenuated total reflectance infrared spectroscopy
(ATR-IR) was recorded to know the purity of nano-material
and their interactions with purines by using Agilent
Resolution Pro-carry 660. Particle size and charge distribution
were determined by Microtrac’s dynamic light scattering
(DLS), Nanotrac. For morphology and size determination,
transmission electron microscopy (TEM) was done by drop
casting of 10 μl purified AuNPs dispersions on the carbon-
coated copper grid and allowing them to dry in air for size
determination using TEM operating at 200 kV.

Result and Discussion

Characterisation Studies of AuNPs

Four different sizes gold NPs (8–30 nm) have been synthesised to
investigate the variation in the inter-particle distance of AuNPs
during ligand exchange reaction by different purines. As NPs
stability and particle size depending upon the surface charge,
size-controlled AuNPs were achieved by varying the citrate ion
concentration (Table 1). To analyse the size variation in AuNPs,
UV-Vis extinction spectra were recorded for each sample. It was
observed that as the volume of citrate solution decreases (2000 to
400μl), SPR shifts from 521 to 535 nmwhich is shown in Fig. 2.
The red shifting of SPRwas due to increment in the dipole-dipole
interaction among AuNPs and dielectric constant of the medium,
i.e. described in Mie scattering theory [33] and Maxwell-Garnett
effective medium theory [16]. But on the addition of purines, the
citrate layer gets disrupted that causes rapid particle aggregation
and due to a decrease in the inter-particle distance the SPR peak of
AuNPs undergoes a red shift. According to Mie theory, this
bathochromic shift occurred along the long axis of the AuNP
chains due to longitudinal electronic plasma oscillation [34].
Also upon the addition of purine to the citrate-stabilised gold
particles, the colour of all the AuNPs solutions becomes red to
pink to blue indicating the formation of aggregates of AuNPs.

Surface zeta potential and average particle size were also
recorded before and after the addition of purines in AuNPs
which are listed in Table 2. High negative zeta potential (−
32.1 mV) was observed for more citrate ion capped AuNPs
which decreases the final size of the NPs. When purines were

Table 2 Average diameter and
zeta potential of AuNPs before
and after the addition of purines

Sample Before addition of purines After addition of purines

Diameter (nm) Zeta potential (mV) Diameter (nm) Zeta potential (mV)

A 10 − 32.1 70 − 24.4
B 15 − 24.7 115 − 21.2
C 25 − 20.4 150 − 19.2
D 40 − 17.5 200 − 14.5

Plasmonics (2018) 13:1785–1793 1787

Fig. 2 UV-Vis spectra for different size gold nanoparticles



added to the colloidal AuNPs solution, their surface charge
decreases due to placing exchange reaction [35] between pu-
rines and citrate ions. It is clear from the result that replace-
ment of citrate ions with 6-TG molecules destabilised the NPs
and leads to aggregation which was confirmed by the huge
increase in average particle size (Table 2). It was found that
average particle diameter increased on the addition of purines
and more pronounced for larger particles. This rapid aggrega-
tion of AuNPs for larger size AuNPs is due to less negative
surface charge and facile cross-linkage through sulphur and
nitrogen between AuNPs and purines [34].

FT-IR Studies

To confirm the citrate capping and interaction of AuNPs with
purines, FT-IR spectra was recorded in the spectral frame
400–4000 cm−1. AuNPs show pronounced peak around
1500–1630 and 1305–1415 cm−1 due to the symmetric and
asymmetric stretching vibration of COO− [36] (Fig. S1, in
supporting information). The presence of surface-bound pu-
rines is justified when N–H stretch for free purines at
3100 cm−1 shifted to 3344 cm−1 for Au aggregates and S-H
stretch/bending at 2338/600 cm−1 is disappeared (Fig. 3). The

1788 Plasmonics (2018) 13:1785–1793

Fig. 3 FT-IR spectra of (a) pure 6-TG and (b) 6-TG-induced gold nanoparticle aggregates at pH ~ 4

Fig. 4 TEM images of non-
aggregated AuNPs a 8, b 13, c 20
and d 30 nm



perceived observation showed that AuNPs have a stronger
affinity for nitrogen and sulphur moieties. Even some pro-
nounced peak of citrate moiety also disappears (Fig. S1).
This confirms the interaction of purines with AuNPs and re-
placement of citrate moiety from the surface of AuNPs.

TEM Studies

The synthesis process followed to obtain a broad range of
AuNPs sizes that was clearly observed from TEM images.
The TEM images of citrate-capped AuNPs of four different
sizes (8, 13, 20 and 30 nm) showed in Fig. 4, which confirms
their monodispersity and non-aggregating nature. But upon
addition of purines, AuNPs were aggregated which is shown
in Fig. 5. From the TEM images, it is evident that there is no
particular geometry of the aggregated particles is formed.

Stability and Optimisation Studies for Sensing
Activity of AuNPs

The steadiness of colloidal nanoparticle systems is the key for
proper applications in physical and biological disciplines
which were based on Derjaguin-Laudua-Verwey-Overbeck
(DLVO) theory. It was found that citrate ions clouds around
the AuNPs lead to Free > > Fast Trac due to negative surface
charge that prevents their aggregation [16]. So, to study the
effect of pH and salt on their surface charge and its stability,

UV-Visible spectra were recorded at different pH and salt
concentrations. When different volume (10–100 μl) of
0.1 M NaCl was added to AuNPs, the peak at 521 nm
sustained (Fig. S2A. in supporting information) but after 10–
15 days, AuNPs aggregation starts in the presence of NaCl
salt. Whereas in huge pH (4–12) range, the AuNPs are highly
stable but at high acidic condition (pH < 3); it leads to aggre-
gation and the colour change from red to purple to blue which
was occurred due to surface charge neutralisation of AuNPs

Plasmonics (2018) 13:1785–1793 1789

Fig. 5 TEM images for AuNPs
aggregates a 8, b 13, c 20 and d
30 nm

Fig. 6 Time-dependent UV-Vis spectra recorded at various times after
addition of purine (10 mM, 30 μl) in AuNPs (0.25 mM, 3 ml)



(Fig. S2B) [16]. After obtaining these outcomes, to sustain the
stability of AuNPs fresh preparation is to be done and only
pH ~ 4 were advised to use for the detection of purines as at
low pH, the binding efficiency of negatively charged AuNPs
with protonated purines are enhanced.

Kinetic Study

Effect of Reaction Time

Kinetic studies were done to see the effect of purines on the
inter-particle distance of AuNPs by measuring SPR. The ab-
sorption spectra for AuNPs and its mixture with purine were
recorded at different time intervals. It was stated in Mie theory
[33] that single peak is attained due to the dipole plasma oscil-
lation for AuNPs induced by an external field. When purines
are added to the colloidal solution of AuNPs, the inter-particle
spacing between the particles decreases. With the increase of
time period, the first peak at 521 nm becomes weaker and
second peak at a longer wavelength (~ 700 nm) intensifies
and red shifted. But after 30 min, peak variation gets almost
constant and blue colour was obtained which confirms the
completion of the place exchange reaction (Fig. 6).

Quantitative Detection of Thiopurines

Morphology of AuNPs and optical properties vary with the
concentration of biological moieties. To study the interaction
and quantification of purines, the different molar ratio of [pu-
rines]/[AuNPs] from 10−2–10−7 M were used. It was

1790 Plasmonics (2018) 13:1785–1793
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Fig. 7 UV-Vis spectra of Au aggregates at various concentration of 6-TG at pH ~ 4 using a 8, b 13, c 20 and d 30 nm AuNPs

Fig. 8 Plot of Δλmax vs. particle size



pragmatic that dipole plasmon of AuNPs shifted to higher
λmax, i.e. the intensity of the ~ 521 nm progressively weakens
and the shoulder crest nearly at ∼ 700 nm overwhelms and
showed a broad peak. Whereas with the decrease in a number
of purines (10−2–10−7 M) SPR peak position perceived at
identical λmax, i.e. 521 nm. This variation in the absorption
spectrum of AuNPs and purines mixture was due to the
change of inter-particle distance of AuNPs due to Au-S/Au-
N interactions which get reduced for a dilute solution of pu-
rines [16, 34]. When different size of AuNPs was analysed
with different concentrations of purine (10−2–10−7 M), it was
found that larger size AuNPs (30 nm) was more sensitive
towards purines even at their lower concentration (10−7 M),
because large size AuNPs have small surface charge energy
which triggers the aggregation process (Fig. 7 and Fig S3 in
supporting information). To analyse the sensitivity of AuNPs
towards two different purines having similar functional
groups, SPR peak displacement, Δλmax (between two dipole
plasmon peaks) against particle size was plotted (Fig. 8). An
almost linear increase in peak displacement against particle
size is observed for 6-TG, but little bit deviating for 6-MP.
These investigations concluded that larger size AuNPs is more
sensitive for purine molecule detection and the lower limit of
detection is 10−7 M.

Comparison of Different Methods for Sensing of Purines

A comparative study was done for detection of 6-TG with
different known techniques by colorimetric/optical sensors
(Table 3). It was found that our, as synthesised AuNPs are a
highly efficient sensor for detection of purines and this sys-
tem, may be used for several other biomolecules.

Conclusion

Here, we demonstrated the simple but effective method for
quick determination of purines based on the SPR of different
size AuNPs. Facile synthesis of different size AuNPs was
performed by varying the citrate concentration that helps in
managing inter-particle distance and stability of AuNPs. UV-
Vis spectra were used to study the effect of purines on the
inter-particle distance of AuNPs. It reveals that place

exchange reaction is responsible for the interaction of purines
and AuNPs which leads to their aggregation. These variations
were observed by the naked eyes through the colour change
from red to blue and recorded spectra in which bathochromic
shift was observed in SPR signal of AuNPs. Various other
studies related to time, pH of colloidal sol, the concentration
of purines and peak displacement vs. particle size, and was
also done for purine detection. This excellent selectivity and
high limit of detection (10−7 M) make different size AuNPs an
efficient analytical tool that has huge potential for practical
application in clinical chemistry and medicinal diagnosis.
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