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Carbon nanodots are fluorescent nanoparticles that have unique photophysical 

properties that make them ideal candidates as luminescent probes for various fields of 

study. Although the synthetic routes of carbon nanodots have been extensively 

investigated, many of them produce carbon nanodots with low fluorescence quantum 

yields and/or require surface modifications to obtain fluorescent nanoparticles. This 

research discusses the development of a combustion-based method to synthesize 

carbon nanodots along with the characterizations and modifications of the nanodots 

photophysical properties. 

 First, the synthetic aspect of this research investigated two combustion-based 

synthetic pathways of the carbon nanodots. The first pathway (candle-based) utilized 

the oxidation of candle soot with nitric acid followed by multiple neutralization and 

separation steps that resulted in carbon nanodots with low quantum yields (~2%). The 

second pathway (methane-based), utilizing methane gas, produced, and collected the 

carbon nanodots directly from a flame, which resulted in significantly less 

experimental time and carbon nanodots with higher quantum yields (~30%). The 



  

photophysical characterizations of the synthesized carbon nanodots revealed an 

excitation wavelength dependent fluorescence, a broad absorption, good 

photostability, and complex intensity decays. 

 The photophysical properties of the methane-based nanodots were further 

investigated for a more in-depth understanding of the fluorescence-based structural 

architecture, utilizing fluorescence quenching methods. These experiments revealed 

that the fluorescence quenching of the nanodots can occur through both dynamic and 

static quenching mechanisms depending on the type of quencher utilized. Also, these 

experiments helped to elucidate the origin of the luminescence of carbon nanodots. 

 While carrying out the quenching experiments, a novel temperature dependent 

fluorescence property was observed and analyzed, which showed an increase of the 

emission intensity as a function of increased temperatures. 

 The last aspect of this research was intended to modify the carbon nanodots 

with bromide for the generation of singlet oxygen (1O2) and to utilize Metal-

Enhanced Fluorescence (MEF) to improve the fluorescence and phosphorescence 

signals from the nanodots. The bromination experiments revealed that the brominated 

carbon nanodots had some phosphorescence character and could generate low 

amounts (~1-4%) of singlet oxygen. The MEF experiments showed that both the 

fluorescence and phosphorescence signal of carbon nanodots could be enhanced when 

in the presences of silver nanoparticles. 
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Chapter 1: Introduction and Motivation 

1.1 Overview 

 Carbon nanodots are a new class of carbon-based nanomaterials that were 

discovered in 2004 from purified carbon nanotubes by Scrivens et al.1 Carbon 

nanodots are naturally fluorescent nanoparticles that have several unique 

photophysical characteristics, which make them an attractive and versatile as 

luminescent probes for many techniques in biomedicine and analytics over the 

traditional quantum dots or organic fluorophores.2–12 These nanodots are typically 

less than 10 nm in diameter, display excitation wavelength dependent emission, 

demonstrate little to no toxicity in cells and can be synthesized using a variety of 

approaches.2–6 However, the carbon nanodots synthesized in many of the approaches 

tend to have low quantum yields (< 10%) and/or require surface modification in order 

to have emissive properties.2–5 This thesis is subsequently focused on the 

development of a simple and inexpensive combustion method to synthesize carbon 

nanodots, characterization the optical properties, and modification the nanodots to 

further enhance their optical properties. 

 To accomplish the synthetic aspect of this research, two pathways of synthesis 

of carbon nanodots are investigated and discussed in Chapters 2 and 3. Also, detailed 

within these two chapters are several fluorescence-based characterizations, which are 

used to help understand the possible origin of luminescence of the synthesized 

nanodots. Chapter 4 is focused on a more in-depth understanding of the fluorescence-

based structural architecture of the nanodots by utilizing fluorescence quenching 
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methods. While carrying out the experiments described in Chapter 4, a novel 

temperature dependent fluorescence property was observed and is detailed in Chapter 

5. Chapter 6 and 7 of this research are intended to discuss the modification of carbon 

nanodots with bromide for the generation of singlet oxygen (1O2), by increasing the 

triplet character of the nanodots, and the usage of Metal-Enhanced Fluorescence 

(MEF) to improve the fluorescence and phosphorescence signals from the nanodots, 

respectively. 

1.2 Carbon Nanodots 

Carbon nanodots are quasi-spherical shaped carbon-based nanomaterials that 

have been extensively studied since their discovery in 2004.1–5,9–36 Carbon nanodots 

display many attractive features that have made them of great interest to researchers 

compared to quantum dots or organic fluorophores.2–5 For example, their surface 

composition, believed to be composed of organic compounds and carboxylic acid 

groups, confers their water solubility and allows for surface functionalization with 

other molecules.1–5,9–36 Also, carbon nanodots can be inexpensively synthesized and 

are thought to have a natural bio-compatibility and potentially low cell toxicity; 

however, the unique fluorescence characteristics are reported to be their most notable 

feature.1–5,9–36 Carbon nanodots’ fluorescence has been shown to be excitation 

wavelength dependent, highly photostable coupled with generally low quantum yields 

and multifaceted lifetimes.1–5,9–36 All these features make carbon nanodots an 

attractive new option for applications in the analytical and biomedical fields. 

Carbon nanodots were discovered by Scriven, et al. in 2004, when they were 

trying to purify single walled carbon nanotubes by gel electrophoresis, which were 
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produced from the arc-discharge soot.1 When analyzing the gels, they noted three 

distinct bands, one of which was fluorescent when exposed to UV light.1 The 

fluorescent material was shown to contain size-dependent fluorescent properties that 

were further separated into three colored bands.1 After this first report of carbon 

nanodots, there has been extensive literature reporting on the various synthetic 

methods and the characterization of these novel fluorophores. 

1.2.1 Synthesis of Carbon Nanodots 

Several methods to synthesize carbon nanodots, which are genreally organized 

into Top-Down and Bottom-Up approaches, have been previously described.2–5 Top-

down approaches involve producing carbon nanodots from a larger carbon substrate 

whereas bottom-up approaches create carbon nanodots from a molecular precursor.2 

Since the synthetic methods of carbon nanodots have been extensively described, 

only three methods from each of the top-down and bottom-up approaches will be 

discussed here. Figure 1.1 illustrates these six synthetic methods, with the right side 

(laser ablation, electrochemical, and arc-discharge) representing the top-down 

pathway and the left side (microwave, thermal, and combustion) representing the 

bottom-up pathways. 
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Top-Down Approaches 

The arc discharge method involves the vaporization of graphite electrodes by 

passing a current through the electrodes creating an arc between them.1–5 The 

resulting soot from the vaporization was oxidized with nitric acid, neutralized and 

size separated by electrophoresis.1 The resulting nanodots exhibited size-dependent 

fluorescent properties, when molecular weight cut-off filtration devices were used.1–4  

Laser ablation synthesis involves the breaking down of a carbon target with a 

high-powered laser. The resulting product was oxidized with nitric acid and then an 

organic compound, such as polyethylene glycol (PEG), was added, to modify the 

surface of the resulting carbon nanodots.2–5,11,12,22,23,30,31 Electrochemical synthesis 

generates carbon nanodots from an electrochemical cell that contains the carbon 

ElectrochemicalThermal

Figure 1.1 The various top-down and bottom-up synthetic approaches to produce carbon 

nanodots. Bottom-Up approaches are shown on the right and Top-Down approaches on the left. 

Adapted from reference 4. 
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source, as an electrode (graphite rod or carbon nanotube), reference electrode and 

electrolyte solution.2–5,16,20,23–25,32 Both synthetic routes resulted in small sized carbon 

nanodots that had excitation wavelength dependent emission and low quantum yields 

(< 10%).2–5,11,12,22,23,37  

Overall, the top-down approaches produced small fluorescent carbon nanodots 

that exhibit excitation wavelength dependent emission, good photostability, and 

relatively low quantum yields.2–5 Along with these top-down methods, bottom-up 

approaches have been successful in synthesizing carbon nanodots.  

Bottom-Up Approaches 

Microwave and thermal syntheses are both one step processes that use high 

temperatures to produce carbon nanodots. For the microwave synthesis, a carbon 

source and an organic molecule, used for surface modification, are combined together 

and then exposed to microwaves for a set time period.17,18,28,35–37 The resulting carbon 

nanodots displayed size and fluorescence properties that were related to the 

microwave exposure time.2–5,18,28,35–37 Thermal methods involve similar methodology 

to the microwave synthesis, but thermal methods use higher temperatures (>200°C) 

instead of microwaves to produce carbon nanodots.2–5,26,27,29 The carbon nanodots 

produced by this method displayed small diameters, 5-20 nm, and fluorescence that 

was excitation-wavelength dependent.17,26,27,29,38 The final synthetic approach and the 

one employed in this research is the combustion method. 

 The combustion method involves the use of a carbon soot that is reacted with 

nitric acid followed by neutralization and purification of the carbon nanodot 

solution.2–5,13,15,19,21,29,39–41 The carbon soot can be obtained from activated carbon, 
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natural gas burners, oil lamps, or candles2–5,13,15,19,21,29,39–41 Ray, et al. and Liu, et al. 

both used candle soot to produce fluorescent carbon nanodots but vary in their 

purification processes.13,15 Ray, et al uses a series of dilutions and centrifugation to 

purify the nanodots,13 whereas Liu, et al. reported the use of an electrophoretic 

process to purify the carbon nanodots.15 Both authors reported < 10 nm sized 

particles, excitation wavelength dependence emission of the carbon nanodots, and 

low quantum yields.13,15   

 One of the disadvantages of both the top-down and bottom-up methods is that 

the carbon nanodots produced have relatively low quantum yields, as previously 

reported. However, other groups have reported increased quantum yield after 

modification of carbon nanodot’s surface by organic molecules.1–4,13,15,22,23 Even with 

the increase in quantum yield following surface modification, the quantum yields are 

still relatively low (< 10%).1–4,13,15,22,23 Therefore, there is a need for a synthetic 

method that can produce carbon nanodots with higher quantum yields without 

requiring a surface modification. 

1.2.2 Origin of Carbon Nanodots’ Luminescence 

The origin of the luminescence for carbon nanodots has not been elucidated, 

but the reported literature supports the notion that the synthetic method employed can 

influence the luminescence properties.2,3,5,6,42,43 The luminescence properties were 

thought to be due to either size, different emissive sites/traps with a core structure, or 

multiple emissive centers on the surface of the carbon nanodots, but recent research 

suggests that the luminescence can originate from a combination of two mechanisms: 

core/surface traps and molecular fluorophores.5,6,42–47  
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The size-dependent emission of semiconductor nanoparticles is a well-known 

process, referred to as electron-hole recombination. This mechanism occurs when an 

electron from the valence band is excited to the conduction band causing a hole in the 

valence band and radiative recombination occurs to annihilate the resulting hole.4,6,48 

This mechanism is how all semiconductor nanoparticles emit light and is 

characterized by size-dependent emission, a narrow emission band and excitation 

wavelength independent emission.6,48 Since carbon nanodots are not semiconductors 

and do not tend to display all these properties, this mechanism is less probable for the 

luminescence of carbon nanodots. 

The next probable mechanism of fluorescence for carbon nanodots is the 

presence of surface traps on the nanodots. This emission mechanism is due to two 

sequential emission processes with different sources: the core and surface structures 

(impurities, surface defects, functional groups) of carbon nanodots.5,6,47 Like the 

recombination mechanism, an electron/hole pair is formed from the core, but the pair 

can become trapped on the surface structures causing the radiative recombination to 

occur at longer wavelengths. This mechanism is typically characterized by excitation-

wavelength dependent emission and broad emission bands.6 Another possible 

mechanism of luminescence is the presence of multiple emissive centers (molecular 

fluorophores) on the surface of the carbon nanodots. This mechanism is generally 

characterized by excitation wavelength dependent emission and very broad emissive 

bands as well.6  

The synthetic method utilized to produce the carbon nanodots can be used to 

distinguish between the surface traps and multiple emissive centers mechanisms. 
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According to Cayuela, et al, the presence of multiple emissive centers occurs from 

bottom-up approaches at low temperatures (<200°C), while the formation of a core 

structure only starts to arise at temperatures greater than 230°C.5,6,42 However, it is 

possible to have a combination of both mechanisms (surface traps and emissive 

centers) present, depending on the synthetic route utilized.5,6,42 Therefore, it can be 

concluded that the luminescence origins of carbon nanodots significantly depend on 

the synthetic method, conditions used during the synthesis, and the functionalization 

of the nanodots surface.  

1.3 Photophysical Theory 

To understand the characterization analysis that will be discussed in this 

research, a fundamental understanding of the theory of photophysical processes is 

necessary.  This section will discuss the general background theory of the three 

photophysical processes of interest to this research notably, absorption, fluorescence, 

and phosphorescence.  

1.3.1 Absorption 

Absorption occurs when a photon causes an electron to be promoted from the 

ground-state to the excited-state. The transitions between energy states (ground and 

excited-state) occur instantaneously (10-15 s), which is not enough time for the nuclei 

to be displaced and is the reason why vertical lines are used to show the transition 

between energy states (Frank-Condon principle).49–52   

To measure this transition, the absorption spectrum of a molecule is recorded 

using an UV-Vis spectrophotometer. This instrument measures the intensity of light 
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before and after it is passed through the sample over a wavelength range resulting in 

an absorbance (y-axis) versus wavelength (x-axis) plot. This plot reveals the range of 

wavelengths at which the respective molecule can absorb light, which can ultimately 

result in fluorescence. Absorption can also give information on concentration (c) and 

molar absorption coefficient (ε) through Beer-Lambert law (A=εcb). A block diagram 

of this instrument is shown in Figure 1.2.49–52  

 

Along with absorption, the incident light can also be either scattered in an 

elastic or inelastic manner. The majority of the light is scattered at the same 

frequency as the incident light (elastic) but, some of the light can be scattered at 

different frequencies (inelastic).53 Elastic scattering includes Rayleigh and Mie 

scattering, in which Rayleigh scattering occurs from molecules that are smaller than 

the wavelength (λ) of the photons and shows a λ-4 dependence. In contrast, Mie 

scattering occurs from molecules that are same size or larger than the wavelength of 

photons used for excitation.54 Raman scattering is an example of inelastic scattering, 

in which the light scattered occurs at longer wavelengths (Stokes scattering) or 

Light Source Monochromator

Sa
m

p
le

Detector 

Computer

Io I

b

Figure 1.2 Block diagram of general UV-Vis spectroscopy, where Io and I are the intensity of 

light before and after absorption, b is the path length of the sample. The arrows show the path 

the light travels in the instrument. 
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shorter wavelengths (anti-Stokes scattering) than the incident light.53 Rayleigh and 

Raman scatter can be spectral artifacts in this research, as they can be observed in the 

absorption or emission spectrum of the carbon nanodots synthesized, respectively, 

within this research. 

1.3.2 Fluorescence 

 Fluorescence is a spontaneous process where a photon of light is emitted from 

the lowest vibrational level of the excited-state (predominantly S1 but occasionally a 

higher state) of a fluorophore, following the absorption of light.49–52 Figure 1.3 is a 

Jablonski diagram that depicts some of the photophysical process that a fluorophore 

can undergo after the absorption of a photon. There are non-radiative and radiative 

pathways, which can deactivate the excited-state (S1) of a fluorophore. Non-radiative 

pathways include internal conversion (IC) and intersystem crossing (ISC), whereas 

radiative pathways include fluorescence, delayed fluorescence, and phosphorescence 

and are characterized by the emission of a photon.49–52 
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 Immediately after absorption (i), rapid relaxation (10-12 s) of the electron to 

the lowest vibrational energy state (v0) of the S1 occurs through IC.49–52  From the S1, 

v0 state, the emission of a photon (fluorescence) can occur to any of the vibrational 

energy states of the S0 at a slower rate (10-9 s).49–52  Overall, there is a loss of energy 

due to the relaxation from higher vibrational energy levels to the lowest vibrational 

energy level, which is the reason why fluorescence occurs at longer wavelengths than 

the absorption process (Stokes’ shift).49–52  Another general property of fluorescence 

is described by Kasha’s rule, which states that fluorescence occurs from the lowest 

excited-state of a fluorophore (S1v0).
49–51 This means the fluorescence emission 

spectrum of a fluorophore will be observed no matter the wavelength of excitation 

making the emission spectrum independent of excitation wavelength, in essence the 

fluorescence spectrum is a mirror image of the absorption band of least frequency.49–

51 

T1 , v0

S0, v0

S1, v0

hν

v4

v4

v4

(i)

(ii) (iv)

(ii)

(v)

(iii)

(ii)

(ii)

Figure 1.3 Jablonski diagram of photophysical processes. (i) absorption, (ii) internal conversion, 

(iii) fluorescence, (iv) intersystem crossing, (v) phosphorescence. The ground-state, singlet and 

triplet excited-states are noted as So, S1, and T1 respectively and the vibrational energy levels 

within each state are labeled as v0-4. 
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 Fluorescence quantum yield and lifetimes are two significant measurable 

characteristics of a fluorophore. Quantum yield (Φ) is denoted as a ratio of the 

number of photons emitted per photons absorbed, with the brightest fluorophore 

having quantum yield near unity (1).49–52,55,56  Lifetimes (τ) reveal the time a 

fluorophore can exist in the excited-state (S1), prior to its depopulation to the ground-

state (S0), which determines the time for possible excited-state interaction between 

fluorophore and the environment.49–52 Equations 1.1 and 1.2 define quantum yield and 

lifetime: 

 

where kF is the fluorescence radiative rate constant of the fluorophore and kNR is the 

non-radiative rate constant.49–52 Both rate constants depopulate the S1 state and in 

order to have a quantum yield near unity, the kNR must be significantly smaller than 

kF.49–51 It is important to note that a fluorophore with longer fluorescence lifetime has 

more time to interact with their surrounding environment, which makes them more 

susceptible to non-radiative deactivation processes such as photobleaching and 

diffusional quenching.49–51 

 Fluorescence anisotropy is another important variable that can be readily 

measured. This measurement can reveal information on the size and shape of a 

molecule and the viscosity of the environment.49–51  Anisotropy is based on this 

(1.2) 

(1.1) 
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selective absorption of light by a fluorophore based on its transition moment.49–51 

When a solution of randomly oriented fluorophores is excited with polarized light, it 

results in a partially polarized emission from the fluorophores. Anisotropy (r) is 

defined as 

 

where I║ and I┴ are the fluorescence intensities of the vertical and horizontally 

polarized emission, respectively.49–51   

 There are two temporal techniques used to collect the fluorescence data 

described: steady-state and time-resolved.49,51,52 Steady-state measurements use 

constant illumination and average over all times, while the emission spectrum or 

intensity is recorded.49–52 Time-resolved measurements use a pulsed illumination 

source whose duration is much smaller than the decay time of the fluorophore, which 

allows for lifetime and anisotropy decays to be measured in a time dependent 

manner.49–52  Figures 1.4 and 1.5 show block diagrams of steady-state and time-

resolved instrumentation in this research. Both types of instrument will be utilized to 

characterize the photophysical properties of the carbon nanodots synthesized in this 

research. 

(1.3) 
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Figure 1.4 Block diagram of general steady-state fluorescence spectroscopy.  

 

Figure 1.5 Block diagram of time-resolved Time-Correlated Single Photon Counting (TCSP) 

fluorescence spectroscopy.  
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1.3.3 Fluorescence Quenching 

 In addition to the previously described deactivation processes (1.3.2), the 

excited states of a fluorophore can be deactivated by bimolecular processes, known as 

quenching. 49–51,57 Quenching occurs mainly by dynamic (collisional) and static (ion-

pair or molecular association) quenching mechanisms. Dynamic quenching is a 

diffusion controlled process that happens when an excited fluorophore collides with 

another molecule called a quencher.49–51,57 Following the collision with a quencher, 

the fluorophore returns to the ground-state without emitting a photon.49–51,57 Figure 

1.6 shows this mechanism through a modified Jablonski diagram.  

In its simplest form, dynamic (collisional) quenching is described by the 

Stern-Volmer equation:49–51,57    

 

where I0 and I are the fluorescence intensities in absence and presence of quencher 

(Q), respectively, kq is the biomolecular quenching constant, τ0 is the lifetime of the 

(1.4) 

Figure 1.6 Modified Jablonski diagram show dynamic quenching in relation to fluorescence 

(hvF) and non-radiative pathways (kNR). Where kq is the bimolecular rate constant and [Q] is the 

quencher concentration. Modified from reference 45. 
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fluorophore in absence of quencher, [Q] is the concentration of quencher and KSV is 

the Stern-Volmer constant.49–51,57 Stern-Volmer plots are typically presented as I0/I 

versus [Q], with the linearity of plots representing a single class of fluorophore being 

accessible to a single quencher. However, some deviations from linearity can be 

caused by presence of two fluorophore populations, where one is not accessible to the 

quencher.49–51,57 This is usually seen as a deviation towards the x-axis.49–51,57    

 Static quenching occurs by the formation of a non-fluorescent ground-state 

complex between the fluorophore and quencher.49–51,57 In this mechanism, the Stern-

Volmer constant is considered an association constant for the complex formation as 

described by 

 

where KS is the association constant, [Q] is quencher concentration, [F-Q] is the 

complex concentration, [F] is the fluorophore concentration.49–51,57 The Stern-Volmer 

plot for static quenching is the same as dynamic quenching. It is important to 

acknowledge that both dynamic and static quenching can result in a linear plot of I0/I 

versus [Q] and by further analyzing the fluorescence lifetimes, differentiation 

between the two mechanism can be made. Dynamic quenching causes a decrease in 

fluorescence lifetimes, as the S1 state is depopulated quicker, whereas static 

quenching does not typically affect a fluorophore’s lifetime.49–51,57 Chapter 4 will 

discuss the use of fluorescence quenching to determine structural and emission 

properties of carbon nanodots. 

(1.5) 
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1.3.4 Metal-Enhanced Fluorescence (MEF) 

Metal-Enhanced Fluorescence (MEF) is a near-field fluorescence 

phenomenon that challenges both our basic thinking and principles of classical 

fluorescence.58 In MEF, when a fluorophore comes into close proximity to noble 

metal nanoparticles, the fluorophore can be coupled in both the excited and ground-

state to the surface plasmon electrons of the nanoparticles.33,49,58–69 This ultimately 

results in the non-radiative energy transfer from the fluorophore to the surface 

plasmons (a mirror dipole), which rapidly radiate the coupled quanta themselves.  

Similar to classical fluorescence, which involves both an absorption and emission 

event, MEF is underpinned also by two main processes: an enhanced absorption and 

an enhanced emission. 58–60,65,67,70–72  

 The enhanced absorption is a function of the increased electric field 

surrounding and in between metal nanoparticles.58–60,65,67,70–74 When the fluorophore 

is in close proximity with these electric fields, the fluorophore effectively absorbs 

more light, in essence the fluorophore-metal absorption cross section is significantly 

increased leading to an increased excitation rate.58–60,65,67,70–72 The enhanced emission 

is due to coupling and subsequent energy transfer from the fluorophore to the 

nanoparticles, followed by the nanoparticles radiating the energy through their 

scattering mode, i.e. radiating the coupled quanta. Since the nanoparticles emit the 

light usually under very favorable and rapid conditions, the resulting emission signal 

is enhanced.58–60,65,67,70–72 Figure 1.7 illustrates the mechanism of MEF, highlighting 

the enhanced absorption and emission, as compared to classical far-field fluorescence.  
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As a result of MEF, the coupled system fluorescence quantum yield (Φ) is 

increased and the fluorescence lifetime (τ) decreased, ultimately improving the 

photostability of the fluorophore.58–60,65,67,70–72 The increase in the systems’ 

fluorescence quantum yield can be thought as being due to the addition of a very 

rapid secondary radiative pathway due to the coupled system, km. The quantum yield, 

as previously described, is the number of photons emitted versus the number of 

photons absorbed and the addition of this new radiative pathway, km, increases the 

number of photons emitted, thus leading to an increase in the coupled system 

quantum yield. The fluorescence lifetime is inversely influenced by km because of the 

addition of a new deactivation pathway of the excited-state. The fluorescence 

quantum yield and lifetime equations, 1.1 and 1.2, are modified by the addition of this 

secondary radiative pathway (km). The coupled systems’ fluorescence quantum yields 

and lifetime equations are described by: 

F

MetalMetal

Glass

Enhanced 
Absorption

Plasmon 
Coupling

Classical 
Emission

MEF

Excitation

Figure 1.7 Metal-enhance fluorescence diagram showing the enhanced absorption and 

emission (MEF) from a fluorophore in close proximity (~10 nm) to metal nanoparticles. 

Adapted from reference 58.  
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where kF is the fluorescence rate constant of the fluorophore, km is the coupled system 

(fluorophore + metal) fluorescence rate constant and kNR is the non-radiative rate 

constant. It has been hypothesized that the coupled system may have some influence 

on the non-radiative pathways as well as the radiative pathways.58 Therefore, the kNR 

rate constant also represents the non-radiative pathways for the coupled system along 

with the other traditional, non-radiative pathways seen in fluorescence, i.e., internal 

conversion and intersystem crossing. 

 Some other notable properties of MEF are the wavelength dependence, 

distance dependence, and MEF Excitation Volumetric Effect (MEF 

EVE).59,65,69,71,72,75,76 MEF is a wavelength dependent process that results from the 

overlap of the fluorophore’s absorption and emission spectra with the absorption and 

scattering spectra of the metal nanoparticles.59 Having good overlap of the spectra 

results in an increase of the MEF enhancement factor.59,71 The need for the overlap of 

spectra for MEF is similar to that of the donor and acceptor pair in Forster Resonance 

Energy Transfer (FRET).58,59 Also, the MEF enhancement factor is wavelength 

dependent and correlates with the scattering spectrum of the nanoparticles.59,71,72 The 

distance between the fluorophore and metal nanoparticles is crucial as a result of the 

varying electric fields around the nanoparticles.59,69,71,75 It has also been demonstrated 

that the electric fields around the nanoparticles are influenced by increasing power of 

(1.6) 

(1.7) 
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the excitation source through MEF EVE.75 The increase in power results in an 

increase of the electric fields around the nanoparticles leading to a greater 

enhancement of signal.75 

 MEF has been reported in the literature to enhance the emission of different 

fluorophores, including carbon nanodots produced by laser ablation.33 The laser 

ablated carbon nanodots showed an increased emission signal (10x) and 

photostability and a decrease lifetime when near-to silver nanoparticle coated 

surfaces.33 Metal-enhanced phosphorescence (MEP) has also been reported to occur 

when a phosphorescent fluorophore is within close proximity to metal 

nanoparticles.66–70 Zhang et al. and Mishra et al. reported MEP from Rose Bengal at 

low temperatures and eosin in glycerol when in close proximity to silver 

nanoparticles.67,68 MEF appears to be a suitable method to enhance the emissive 

signals and in some cases the phosphorescence signal of fluorophores. 

1.3.5 Phosphorescence 

 Phosphorescence is an emissive process that typically occurs from an excited 

triplet state (T1) of a fluorophore to a singlet ground state (S0) (Figure 1.3, v).49–52 

After absorption, the electron relaxes to lower vibrational levels of the S1 state, 

however, instead of fluorescence, the electron can intersystem cross (ISC) into the 

triplet excited-state (T1), if the energy gap is favorable between the singlet and triplet 

states.49–51 Once in the T1 state, the electron relaxes to the lowest vibrational level of 

the T1 from where emission of a photon can occur (phosphorescence).49–51 Due to ISC 

and IC, phosphorescence is a longer-lived process than fluorescence (10-3 s as 

compared to 10-9s) and it is further Stokes’ shifted than fluorescence because of the 
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loss of energy.49–51  Phosphorescence typically happens from molecules that contain 

halides such as bromine and iodine because these atoms facilitate intersystem 

crossing from singlet state to the triplet state, the so called “Heavy atom effect”.49–51  

Phosphorescence spectra are collected on a steady-state spectrofluorometer, but the 

instrument has to operate in a phosphorescence mode. This mode uses a pulsed light 

source and off-gated collection time to prevent the fluorescence spectrum from being 

collected, essentially the phosphorescence is collected after the fluorescence has 

decayed away. Figure 1.8 shows the typical data acquisition process and times for 

phosphorescence measurements in the spectrofluorometer.  

1.3.6 Singlet Oxygen 

 Molecular oxygen (3O2) has been of interest because of its unique electronic 

structure and the role it plays in life maintenance and destruction.77–82 Unlike many 

Figure 1.8 Sequence of data acquisition for phosphorescence spectrum. The delay is 

time between the start of the lamp pulse and start of sample widow (~50 μs). Sampling 

window is time the signal is counted and measured. Time per flash is cycle length 

between lamp pulses.  

Sampling window
200 µs

Lamp Pulse

Delay
50µs

t=0

Next Lamp Pulse

t=0

Signal to 
computer

Time per flash
61 ms
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molecules, the ground-state for molecular oxygen is a triplet state and it has two 

excited singlet states, where the lowest excited-state generates singlet oxygen 

(1O2).
77–79,83 Singlet oxygen is a highly reactive species that can react in biological 

systems causing cell death, which is one of the main reasons it is of interest within 

this research.77,79 Production of 1O2 can be accomplished in a variety of ways but for 

this research the method of electronic energy transfer from the excited-state of 

fluorophore (sensitizer) to molecular oxygen will be investigated. This method, 

known as photosensitization, is shown in the modified Jablonski diagram in Figure 

1.9. Generally, a fluorophore in the triplet state interacts with molecular oxygen 

resulting in an energy transfer from the fluorophore to the oxygen, generating 

1O2.
77,79,83   

Figure 1.9 Modified Jablonski diagram showing the production of singlet oxygen, 1O2. 

 

T1

S0

S1

1O2

3O2

Phosphorescence 
and physical 
deactivation

Energy 
Transfer



 

 23 

 

 Detection of singlet oxygen can be accomplished by monitoring the 

phosphorescence emission of the 1O2 state (1Δg) or by using a fluorescent probe that is 

specific for 1O2.
77,79 The phosphorescence of the singlet oxygen is monitored at 1270 

nm and is typically a weak signal.68,77–79 The fluorescent probes usually have an 

emission signal in the visible region that can readily be detected by optical molecular 

detectors such as Singlet oxygen sensor green (SG). When in solution, the emission 

signal of SG is weak but in the presence of singlet oxygen, the emission signal is 

increased due to a structural change i.e., an un-quenching of the molecular 

fluorophore.68,77–79 Figure 1.9 shows SG emission and structure in the absence and 

presence of singlet oxygen. For this research, SG combined with carbon nanodots will 

be used to study the 1O2 generation. 

 

 

  

 

 

 

 

Before UV light
No 1O2 present

After UV light
1O2 present

Figure 1.10 (A) Singlet oxygen sensor green (SG) reagent before UV light exposure and no 1O2 

present. (B) SG after UV light exposure and 1O2 present. Adapted from 59. 
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Chapter 2: Synthesis and Photophysical Characterization of 

Candle-Based Carbon Nanodots 

2.1 Introduction 

Carbon nanodots can be synthesized from various pathways as seen in 

Chapter 1, but some of the pathways required surface passivation in order to obtain 

fluorescent nanodots and all of the pathways produced carbon nanodots with low 

quantum yields.2–5 This research is focused on using the combustion pathway, via 

oxidation of candle soot, because it is a simple, straightforward, and cost-effective 

method to synthesize carbon nanodots. Carbon nanodots have been previously 

synthesized from candle soot by oxidizing the soot with nitric acid for 12 hours 

followed by multiple neutralization and purification steps.13,15 This chapter aims to 

discuss the synthesis of carbon nanodots by two similar combustion methods utilizing 

candle soot, followed by the analysis of the photophysical properties of the resulting 

nanodots. 

The two synthetic methods described herein involved the oxidation of candle 

soot with nitric acid for 12 hours, but utilize different approaches for the 

neutralization of the carbon nanodots.  The first method was completed by following 

a previously published protocol by Ray, et al.13 This method was used to gain an 

understanding of the synthetic procedures and the photophysical properties of the 

carbon nanodots. However, while replicating the procedures from Ray, et al, there 

was difficultly in reproducing experimental procedures and photophysical properties 

previously observed of these carbon nanodots. Also, the experimental procedures 
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involved multiple steps, were time-consuming and required multiple solvents to 

neutralize and separate, based on size, the carbon nanodots. These limitations led to 

the development of a second combustion-based synthesis approach aimed at reducing 

and simplifying the neutralization and size separation steps. The synthesis of carbon 

nanodots using the two-described methods, along with the analysis of the 

photophysical properties of the resulting carbon nanodots will be discussed in this 

chapter. 

2.2 Experimental Details 

2.2.1 Synthesis of Candle-Based Carbon Nanodots via Ray and co-workers13 

Candle Soot Collection. Candle soot was collected by burning a white, unscented 

wax candle for several hours and using a Pyrex container to collect the soot as shown 

in Figure 2.1. The Pyrex container was cool to room temperature and then the soot 

was removed from the container using a metal spatula. The soot was stored in a 20-

mL glass vial until needed. 

Figure 2.1 Experimental set-up for candle soot collection.  
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 Synthesis. Candle soot (25 mg) was combined with 15 mL of 5 M nitric acid (HNO3, 

Sigma Aldrich, St. Louis, MO) in a three-necked round bottom flask. The solution 

was then refluxed for 12 hours at 100°C with the aid of magnetic stirring. Figure 2.2 

shows the reflux experimental setup. After the reflux, the solution was allowed to 

cool overnight to room temperature and 12 mL of solution was recovered. The 

solution was then aliquoted into two 6 mL portions for neutralization and size 

separation as described below. 

A B

Figure 2.2 A) Cartoon depiction of candle carbon nanodot reflux and B) Photograph of candle 

carbon nanodot reflux experimental set-up. 
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Neutralization.  This first aliquot of the refluxed solution (6 mL) was transferred to a 

15-mL centrifuge tube and centrifuged at 3,000 RPM (1,046 RCF) for 10 minutes to 

separate the un-reacted candle soot from the solution. The supernatant (5.5 mL) was 

carefully removed using a pipette and placed in a 50-mL centrifuge tube and mixed 

with 3:1 ratio of acetone/water solution (16.5 mL acetone: 5.5 mL water). The 

resulting solution was divided into two centrifuge tubes and centrifuged at 14,000 

RPM (24,446 RCF) for 10 minutes. Approximately 10 mL of the neutralized solution 

was taken from each centrifuge tube and used to separate the carbon nanodots by size 

as described below.  

Size Separation. The neutralized carbon nanodot solution was size separated at four 

centrifugation speeds with the aid of a water/ethanol/chloroform (1:1:3 ratio) solvent 

mixture. The solution was sequentially separated using the four centrifugation speeds 

(4,000/1,860, 5,000/2,907, 6,000/4,186, and 8,000/7,441 RPM/RCF), using the 

supernatant from the previous separation as the solution for next centrifugation. For 

example, the supernatant from the 4,000 RPM was used for 5,000 RPM 

centrifugation. The neutralized solution was aliquoted into two 5 mL portions and 

combined with the water/chloroform/ethanol solution (5 mL/5 mL/15 mL) followed 

by size separation as described in Figure 2.3. The resulting four solutions (each 

centrifugation speed) contained the fluorescent carbon nanodots. Photophysical 

characterizations were examined on each of the centrifugation fractions.  

Figure 2.3 Flow diagram of the size separation methods used for carbon nanodots synthesis via 

Ray, et al.13  

4,000 RPM 
centrifugation 
for 10 minutes 

5,000 RPM 
centrifugation 
for 10 minutes 

6,000 RPM 
centrifugation 
for 10 minutes 

8,000 RPM 
centrifugation 
for 10 minutes 

5 mL of supernatant removed 

and used for next centrifugation

3.5 mL of supernatant removed 

and used for next centrifugation

2.5 mL of supernatant removed 

and used for next centrifugation
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2.2.2 Adapted Synthesis of Candle-Based Carbon Nanodots  

 This section describes the second combustion-based approach used to 

synthesize carbon nanodots.  Candle carbon nanodots were synthesized following the 

same procedures described in the previous section, however the neutralization and 

size separations methods were modified to reduce the number of steps and time 

required to obtain carbon nanodots.  

Synthesis. Briefly, 25 mg of candle soot was mixed with 15 mL of 5M HNO3 in a 

three-necked round bottom flask and the resulting solution was refluxed for 12 hours 

at 100°C with magnetic stirring as shown in Figure 2.2. The solution was cooled 

overnight and 12 mL of a solution was collected and neutralized and separated as 

described below. 

Neutralization with NaOH. Neutralization of carbon nanodots was achieved by using 

two sodium hydroxide (NaOH) solutions, ~0.8 M and ~4 M, and universal indicator 

to assess the pH (Sigma Aldrich, St. Louis, MO). Two 50 mL burettes were used to 

titrate 0.8 M and 4 M of NaOH into 5 mL of the refluxed solution. After each 

addition of the base, the pH was tested with universal indicator, in a centrifugation 

tube, by adding one drop of solution to two drops of indicator and this process was 

repeated until a neutral pH (green indicator color) was achieved. After neutralization, 

the solution was stored over night at 4°C and the pH was re-tested the following day. 

To acquire enough sample for the size separation, the neutralization process was 

completed on the second 5 mL portion of refluxed sample. 

Size Separation by Centrifugation. The neutralized carbon nanodot solution was first 

size separated by utilizing four different centrifugation speeds: 3,000, 5,000, 10,000, 



 

 29 

 

and 14,500 RPM (1,046, 2,907, 11, 627, and 24,446 RCF). The neutralized solution 

(two 4 mL portions divided in two centrifugation tubes) was centrifuged at each 

centrifugation speed three times to remove un-reacted soot.  

Briefly, the first centrifugation was for 10 minutes then the supernatant was 

transferred to a new centrifugation tube and re-centrifuged for second 10 minutes. 

Following the second centrifugation, the supernatant was transferred again and 

centrifuged, for the third time, for 20 minutes. The two 10-minute centrifugations 

were used separated out un-reacted soot from the carbon nanodots and the 20-minute 

centrifugation was carried out to ensure that all un-reacted particles were removed. 

The four speeds were used to size separate the carbon nanodots, where the highest 

speed (14,500/24,446 RPM/RCF) would contain the smaller sized nanodots. After the 

last centrifugation (20-minute), the resulting solution contained the neutralized and 

size separated carbon nanodots. 

Size Separation with a Column. A secondary size separation method of carbon 

nanodots, after centrifugation, was completed using GE Healthcare PD midiTrap G-

25 sample preparation columns (Exclusion limit of 5,000 Mr, Thermo Fisher 

Scientific, Waltham, MA). The columns were washed with water over night to ensure 

that all the preserving fluid was removed from the column. After washing, 1 mL of 

carbon nanodot solution was added to the column and eluted with water. The 

filtration was monitored by UV-light (365 nm) and 0.5-1 mL fractions were collected 

from the column over an hour and half period. The fluorescence properties of all the 

fractions were undertaken in a 1 mm quartz cuvette.  
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2.2.3 Photophysical Characterization of Candle-Based Carbon Nanodots 

Absorption Measurements. Absorption measurements were carried out on a Cary 50 

UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA) equipped with a 

full spectrum xenon pulse lamp (190-1100 nm). Samples and solvent blanks (water) 

were measured in a 1-cm quartz or glass cuvette with a scan rate of 300 nm/min.   

Steady-State Fluorescence. Steady-state fluorescence measurements were carried out 

on a FluoroMax-4 or FluoroMax-4P spectrofluorometer (Horiba Scientific, Edison, 

NJ). The instrument was equipped with ozone-free xenon arc lamp, R928P photon 

counting photomultiplier tube for emission and a reference photodiode for lamp 

output monitoring. Experiments were undertaken using the FluorEssence software 

with samples measured in 1-cm glass or quartz cuvette. All spectra were corrected for 

the lamp by setting the software to divide the signal of the sample by the reference 

signal (S1/R1). The excitation and emission monochromators were adjusted to obtain 

the appropriate wavelengths to collect emission data from an excitation wavelength 

range of 300 nm to 700 nm.  

Time-Resolved Fluorescence. Time-resolved fluorescence intensity decays were 

obtained using the reverse start-stop time-correlated single photon counting (TCSPC) 

technique on a FluoroCube systemTM (Horiba Scientific, Edison, NJ). An instrument 

response function (IRF) was taken using a dilute scattering solution of Ludox® AS- 

30 colloidal silica. The IRF and carbon nanodot samples were excited using 

NanoLEDsTM centered at 311, 351 and 474 nm, (Horiba Scientific, Edison, NJ) and 

the emission wavelength was selected with a monochromator. Subsequently the signal 

was detected on a TBX-04 detector (Horiba Scientific, Edison, NJ).  
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The IRF times of 800, 700, and 900 ps were determined by using the full 

width, half maximum (FWHM) of the IRF decay at the NanoLEDsTM 311, 351, and 

474 nm, respectively. Table 2.1 shows the system hardware parameters used for the 

IRF and decay of carbon nanodots when using 311 nm NanoLEDTM light source. The 

same parameters were used for all the light sources with only the monochromator 

settings changing.  

 

Decay traces were taken on the DataStation V 2.7.2 software and the fitting of 

the decays were completed using the DAS 6 Analysis software. The emission 

intensity decays were described, as shown in equation 2.1, by a sum of exponential 

terms 

 

Table 2.1 Typical experimental parameters for time-resolved fluorescence decay 

measurements for the Instrument response function (IRF) and carbon nanodots excited with 

311 nm NanoLEDTM. 

Parameter IRF Carbon Nanodots

Emission 
Monochromator

311 nm 450 nm

Excitation Polarizer 0° 0°

Emission Polarizer 54.75° 54.75°

TAC Range 50 ns 50 ns

Counts 10,000 10,000

Repetition Rate 1 MHz 1 MHz
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where k is the number of fluorescence decay components in the total decay function, 

αi are the amplitudes, with their sum totaling to 1.0, and τi are the decay times. The 

fractional contribution of each component to the steady-state intensity is given as 

 

The mean lifetime of the carbon nanodot’s excited-state was calculated using the 

equation 2.3. 

 

The values of the amplitudes and decay times were determined using nonlinear least-

squares impulse re-convolution with a goodness-of-fit χ2 criterion.   

Maximum Entropy Method Analysis. The maximum entropy method was performed 

using a sequential quadratic programming method written in C-code.84–86 For stability 

of the fitting algorithm (goodness of fit), the time-resolved data was collected to 

100,000 counts at the peak of the fluorescence decay (λex = 474 nm and λem= 530 

nm).  

Photostability Measurements. Photostability measurements were collected on a black 

polystyrene 96-well plate (Thermo Fisher Scientific, Waltham, MA) using either a 

473 nm or 532 nm laser line (Lasermate, Walnut, CA) connected to an OceanOptics 

spectrometer utilizing the SpectraSuite software, through a bi-truncated 600 µM, 0.22 

𝑖 𝑡 =  𝛼𝑖exp −
𝑡

𝜏𝑖
 

𝑘

𝑖=1

 

𝜏 =  𝑓𝑖𝜏𝑖
𝑖

 

𝑓𝑖 =
𝛼𝑖𝜏𝑖

 𝛼𝑗 𝜏𝑗𝑗
 

(2.1) 

(2.2) 

(2.3) 
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NA optical fiber. The spectra were taken in the strip graph setting with an integrated 

time of 50 ms and wavelength max at 583.74 nm. For each laser source, the 

appropriate notch or laser line filter was used to remove the excitation from the 

emission signal. 80 µL of carbon nanodot solution was analyzed for 20 minutes with 

each laser line. 

Elemental Analysis. Elemental analysis was carried out by Atlantic Microlab, Inc. 

(Norcross, GA). Carbon nanodots samples were dried in an oven at 40°C for one 

week. The dried samples (5-10 mg) were stored in glass vials and sent for analysis. 

However, it appeared that the samples were un-combustible based on the low, 

inconsistent results obtained. 

Quantum Yield. Relative free-space quantum yields were determined by comparing 

the corrected integrated emission intensity, optical density, and refractive index of the 

carbon nanodots to a suitable reference in 1 cm quartz cuvette at 20°C.  The reference 

fluorophore used was quinine sulfate (0.1M H2SO4, λex= 350 nm). The optical 

densities of the references and carbon nanodots were matched at the excitation 

wavelength (350 nm) and the steady-state emission spectra were integrated using 

SigmaPlotTM 11.0 software. Quantum yields were calculated using equation 2.5 

where Φ is the quantum yield, I is the integrated emission intensity, OD is the optical 

density and n is the refractive index for carbon nanodots (CD) and reference (R), 

respectively.49–51,56 

 

(2.5) 
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2.3 Results and Discussion 

2.3.1 Synthesis of Candle-Based Carbon Nanodots via Ray and co-

workers.13 

In order to gain an understanding of the synthesis and photophysical 

properties, the protocol described in section 2.2.1 was utilized. After the reflux and 

first centrifugation at 3,000 RPM, the carbon nanodot solution showed an orange 

fluorescence under UV light, whereas Ray, et al., 13 reported a green emission from 

their solution (Figure 2.5). These differences could be attributed to carbon nanodots 

with different photophysical properties being formed during the oxidation of the soot. 

As previously described, carbon nanodots can be generated in a variety of pathways, 

all of which produce slightly different luminescent particles. 

The separation methods described by Ray, et al., reported the formation of a 

precipitate after each centrifugation except for 8,000 RPM, however, when 

replicating their steps, this research was unable to form a precipitate.13 This difference 

can be related to the candle and soot and well as the volumes of solvents used for 

Figure 2.4 Comparison of carbon nanodots synthesized from the oxidation of candle soot by A) 

Ray and co-workers and B) this research. Adapted from reference 7. 
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neutralization and size separation. The soot used in this research came from a white, 

unscented wax candle, whereas, Ray and coworkers do not report the type of candle 

used, which could introduce variances between this work and literature. Also, the 

exact volumes of solvents used are not reported, only ratios are described, which 

could also lead to discrepancies in the results. These inconsistencies make a true 

replication of their work difficult, therefore only the absorption and fluorescence 

properties of the carbon nanodots synthesized in this method were characterized. 

 

Absorption and Fluorescence Characterization 

The absorbance and emissive properties of the synthesized nanodots were 

similar to those reported in literature. A broad absorption that tails off in the visible 

region was observed and an excitation wavelength-dependent emission, with the 

greatest emission seen at 517 nm when excited at 460 nm. Figure 2.6 shows the 

emission spectra for the 4,000 RPM and 8,000 RPM centrifugation fractions.  
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It was reported by Ray, et al., that various sized nanodots could be obtained 

by using different centrifugation speeds, with the smallest sizes (2-6 nm) attained at 

the highest speeds.13 This was described as an increase in intensity and hypsochromic 

shift (blue shift) in the emission spectrum, however, this was not the case for this 

work. When comparing the four centrifugation fractions synthesized, there was no 

hypsochromic shift and only a slight increase in the intensity of the emission spectra 

(Data not shown). The reason for these differences is thought to be caused by the 

inability to generate a precipitate in the size separation steps, however size analysis 

was not carried out. The precipitate contained the smaller sized nanodots and by 
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Figure 2.5 Emission spectra of carbon nanodots separated at A) 4,000 rpm and B) 8,000 rpm 
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isolating it from each centrifugation, various sized carbon nanodots would be 

obtained. Therefore, when no precipitate formed, the size separation by centrifugation 

resulted in four fractions of carbon nanodots with similar photophysical properties. 

Due to the inability to reproduce literature protocols, a secondary combustion 

synthetic method, by modifying the neutralization and size separation procedures, 

was developed to generate carbon nanodots. 

2.3.2 Adapted Synthesis of Candle-Based Carbon Nanodots 

New neutralization and separation methods were undertaken to improve and 

simplify steps from the previous methods. The neutralization was carried out by using 

NaOH to neutralize the carbon nanodot solution to eliminate the multi-step process 

previously described. The separation was achieved by using various centrifugation 

speeds and G-25 columns, however size determination was not carried out. Following 

centrifugation separation, four fractions of fluorescent carbon nanodots were 

collected: 3,000, 5,000, 10,000 and 14,500 RPM. The column separation technique 

was implemented to further help segregate sizes of carbon nanodots. The 

photophysical characterizations of all fractions were carried out as previously 

described. 

 

Absorption Characterization 

The absorption spectra of each fraction of carbon nanodots showed a high 

absorption in the UV region with a tail extending in to the visible region, which is 

commonly reported in literature.2–5 Figure 2.7A shows the absorption spectra for each 

centrifugation fraction of carbon nanodots, whereas, Figure 2.7B compares the 
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normalized absorption for each fraction to Rayleigh light scatter. When compared to 

scattered light, the carbon nanodots appear to have little to no scatter light in their 

spectra, which means that the broad absorption is probably due to the nature of the 

carbon nanodots.  

 

Fluorescence Characterization 

The emission of all the carbon nanodots fractions were excitation wavelength 

dependent, as shown in Figures 2.8-2.11. The emission intensity significantly 

decreases at longer wavelengths (> 500 nm). The normalized spectra (Figure 2.8B-

2.11B) display the excitation wavelength dependence observed by the carbon 

nanodots fractions. Similar emission characteristics were seen for numerous carbon 

nanodots solutions produced by this synthetic method. The excitation wavelength 

dependence and the decrease in emission intensity properties are commonly reported 

fluorescence properties in literature.2–5  
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Figure 2.7 (A) Emission spectra of carbon nanodots after 3,000 RPM (B) Normalized emission 

spectra of carbon nanodots after 3,000 RPM. 

Figure 2.8 (A) Emission spectra of carbon nanodots after 5,000 RPM (B) Normalized emission 

spectra of carbon nanodots after 5,000 RPM. 

 

Figure 2.9 (A) Emission spectra of carbon nanodots after 10,000 RPM (B) Normalized emission 

spectra of carbon nanodots after 10,000 RPM. 
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The origin of fluorescence for carbon nanodots is not completely understood 

to date, but the probable mechanism for these carbon nanodots is several diverse 

emitter centers present within carbon nanodots. The emissive centers are due to 

molecular fluorophores or functional groups on the surface of the nanodots.5,6 

According to Cayuela, et al., diverse emitting centers are predominated at 

experimental temperatures less than 230°C and have broad, excitation wavelength 

dependent emission spectra.6,42,87 The experimental and photophysical properties of 

the synthesized carbon nanodots support this mechanism of fluorescence. Also, 

fluorescence mechanism is further supported by complex time-resolved data that will 

be discussed later in this section.  

Centrifugation was utilized as a method to separated carbon nanodots based 

on size. It was reported that high centrifugation speeds (16,000 RPM) could separate 

small sized carbon nanodots and this was characterized as an increase in the emission 

intensity and hypsochromic shift in the emission spectrum.13 However, for this work, 

when comparing the emission spectra of the four centrifugation fractions (Figure 2.8-
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Figure 2.10 (A) Emission spectra of carbon nanodots after 14,500 RPM (B) Normalized 

emission spectra of carbon nanodots after 14,500 RPM. 
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2.11), the spectra were similar, if not identical. Subsequently, centrifugation was 

effective at removing the large, un-reacted particles, but has little to no effect in 

separating out the smaller sized particles. As a result of the lack of size separation 

from centrifugation, a secondary separation technique, utilizing size exclusion 

columns, was utilized. Figure 2.12 demonstrates the change of the emission properties 

of the early fractions collected from the column. Comparing the emission spectra of 

first fraction collected (Figure 2.12A) and the seventh fraction (Figure 2.12D), there 

is a hypsochromic shift of emission from 500-550 nm and 400-450 nm for the 

fractions, respectively. This shift in the emission spectra is telling of carbon nanodots, 

with different properties and/or sizes, being collected.13 Fractions 1-10 were collected 

every three minutes and showed the greatest emission intensity. A total of 40 fractions 

were collected, but there was no significant emission signal after the 15th fraction. By 

utilizing two separation techniques, several fractions of carbon nanodots were 

obtained and their luminescence properties were characterized. 
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Fluorescence Quantum Yields Determination 

The relative fluorescence quantum yields of carbon nanodots were determined 

by utilizing a known fluorophore standard, quinine sulfate. The relative quantum 

yields of carbon nanodots were determined to be < 2%. When comparing the different 

centrifugation fractions, the quantum yields of the higher spin speeds (14,500 RPM) 
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Figure 2.11 Contour plot of 3D emission spectra of carbon nanodots fractions separated on 

column A) Fraction 1 B) Fraction 3 C) Fraction 5 D) Fraction 7. The intensity band shown in red 

for each spectrum is the zero order overtone bands. 
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were consistently slightly higher than the quantum yields of lower spin speeds, as 

shown in Table 2.1. This table, also, illustrates the variation of the quantum yields 

between syntheses, i.e. 14,500 RPM 1.94% versus 4.49%. These differences in 

quantum yields are thought to be due to concentration variations and/or particle 

inhomogeneity that occurs when replicating the synthetic procedures described in 

section 2.2.2. 

  

 

Photostability Characterization 

The photostability of carbon nanodots were studied over a 20-minute period to 

determine the stability of the emission when exposed to a constant excitation source. 

When exposed to an extremely high laser power (~250 mW), the emission intensity 

of carbon nanodots is stable over a 20-minute period with only about ≈ 50% loss. 

Figure 2.13 shows the normalized data for all four carbon nanodot fractions over this 

time. Carbon nanodots have shown to have great photostability as compared to other 

fluorescent materials, such as polystyrene nanospheres, which photo-bleach in a half 

an hour of constant light exposure.2–5  

 

Table 2.2 Relative and approximate quantum yield calculations of carbon nanodots, synthesized 

in 2.2.2, at two separate times, at different centrifugation speeds. 

 

Sample (rpm) Average Φ (%)

Synthesis 1

Average Φ (%)

Synthesis 2

3000 1.49  0.14 1.71  0.07

5000 1.28  0.11 3.11  0.06

10000 1.92  0.11 3.08  0.16

14500 1.94  0.04 4.49  0.22

*Each average quantum yield calculation is from triplicate measurements within same batch of 

nanodots. 
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Time-Resolved Intensity Decay Characterization 

Time resolved experiments were carried out to determine the fluorescence 

lifetime of carbon nanodots. These experiments revealed multi-exponential 

luminescence intensity decay for the carbon nanodots that required a 3-expontential 

fit. The averaged lifetime for all centrifugation fractions collected were determined, 

using equation 2.3, to be approximately 4 ns, when excited with a 474 nm 

NanoLEDTM and the emission collected at 530 nm. The decay, fitting and residual 

traces for all four fractions can be seen in Figure 2.14 and Table 2.2 summarizes the 

fitting data, showing the multi-exponential lifetime results. The lifetime results were 

very similar for the four fractions, which only serve to confirm that centrifugation is 

not able to size-separate carbon nanodots, as first thought. 
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Figure 2.13 Normalized time dependent steady-state emission intensity recorded for carbon 

nanodots at various centrifugation speeds. The excitation wavelength was 532 nm and the power 

247mW.  
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Figure 2.13 Fluorescence lifetime intensity decays of carbon nanodots centrifuged at A) 3,000 

RPM, B) 5,000 RPM, C) 10,000 RPM and D) 14,500 RPM and all fitted to a 3-exponential 

intensity decay. The λex= 474 nm and the λem= 530 nm. (Black line- instrumental response 

function (IRF), Red line- fluorescence intensity decay, Blue line- 3 exponential decay). Inset 

Weighted residual graph.  

 

Table 2.3 Average fluorescence lifetimes of carbon nanodots at different centrifugation speeds 

calculated from equation 2.3. 

 
Sample (rpm) λex (nm) λem (nm) 1 (ns) f1 (%) 2 (ns) f2 (%) 3 (ns) f3 (%) avg (ns) 2

3000 474 530 0.71  0.02 13 2.12  0.11 33 6.10  0.04 54 4.10 1.09

5000 474 530 0.64  0.02 12 2.17  0.09 33 5.85  0.04 55 4.02 1.01

10 000 474 530 0.74  0.02 13 2.15  0.11 33 6.20  0.04 54 4.14 1.12

14 500 474 530 0.59  0.02 11 1.92  0.08 33 5.96  0.02 56 4.03 1.03
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It was hypothesized that since the emission properties were dependent on 

excitation wavelength, the same would also be true for the fluorescence lifetimes at 

different excitation and/or emission wavelengths. Therefore, several more time-

resolved experiments were conducted to see if the lifetimes were also affected by 

changing either excitation or emission wavelengths. The data was compiled using the 

10,000 RPM fraction of carbon nanodots and by keeping either the excitation 

wavelength constant (474 nm) or keeping the emission wavelength constant (530 

nm). Tables 2.3 and 2.4 show a summary of the results of those experiments. We 

show that there are slight alterations in the average lifetime of carbon nanodots when 

the emission and excitation wavelengths are changed.  

 

 

 

Table 2.4 Average lifetimes of carbon nanodot centrifuged at 10,000 RPM at various emission 

wavelengths calculated from equation 2.3. 

Table 2.5 Average lifetimes of carbon nanodot centrifuged at 10,000 RPM at various excitation 

wavelengths calculated from equation 2.3. 

λex (nm) λem (nm) 1 (ns) f1 (%) 2 (ns) f2 (%) 3 (ns) f3 (%) avg (ns) 2

474 500 0.48  0.01 12 1.89  0.07 33 5.78  0.03 55 3.86 0.981

474 530 0.74  0.02 13 2.15  0.11 33 6.20  0.04 54 4.14 1.12

474 650 1.48  0.04 24 5.46  0.04 36 0.18  0.006 40 2.39 1.20

λex (nm) λem (nm) 1 (ns) f1 (%) 2 (ns) f2 (%) 3 (ns) f3 (%) avg (ns) 2

311 530 0.49  0.01 16 1.77  0.04 41 6.21  0.03 43 3.47 1.04

351 530 0.61  0.01 25 2.03  0.11 43 6.67  0.08 32 3.16 1.19

474 530 0.74  0.02 13 2.15  0.11 33 6.20  0.04 54 4.14 1.12
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To further gain understanding of the photophysics of carbon nanodots, the 

time-resolved data for the 10,000 RPM fraction (λex= 474 nm and λem= 530 nm) was 

analyzed by using the maximum entropy method. This analysis was completed by 

another lab member, Dr. Jan Karolin. Figure 2.15 shows the result of this analysis. 

Although the time-resolved data can be adequately described by a three-exponential 

decay function (k=3 in equation 2.1), with lifetimes 600 ps, 2 ns and 6 ns, 

respectively (Table 2.2), it is evident from the life-time distribution that the 

photophysics is far more complex, and is constructed by a broad range of decay 

times, tailing out to 25 ns. Each emissive center on the carbon nanodots could have its 

own unique fluorescence intensity decay time, consequently resulting in a multi-

exponential decay and broad distribution of lifetimes. Therefore, the suggestion that 

the carbon nanodots emission is affected by diverse emissive sites is further supported 

by the multiple lifetimes decay and the broad distribution of lifetimes recorded for 

these carbon nanodots.5,6  
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Figure 2.14 Maximum Entropy lifetime distribution for a 10,000 RPM fraction of carbon 

nanodots. 
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2.4 Conclusions 

Fluorescent carbon nanodots were successfully synthesized by two 

combustion methods, utilizing the oxidation of candle soot, and their respective 

photophysical properties characterized. The first synthetic procedure, following the 

procedures developed by Ray, et al., was found to be difficult to replicate due to the 

lack of complete experimental details, along with the multi-step neutralization 

procedure and size separation steps.13 As a result of these experimental 

inconsistencies, a secondary method was developed to simplify and improve the 

experimental procedures. The second method only modified the neutralization and 

size separation steps to shorten the overall experimental time, however, the new size 

separation steps were only able to separate out the large, un-reacted particles. This is 

noted by the nearly identical luminescence properties seen for each of the 

centrifugation fractions in Figures 2.7-2.10. Since centrifugation was unable to 

separate small sized nanodots, columns (exclusion limit 5000 molecular weight) were 

utilized and showed to have the ability to separate out different emissive fractions of 

carbon nanodots (Figure 2.11). 

Analyzing the photophysical properties, showed that the candle carbon 

nanodots synthesized, by the second combustion method, displayed the common 

characteristics reported in literature.2–5 Candle carbon nanodots showed a broad 

absorption, excitation wavelength-dependent emission, and good photostability.2–5 

However, the nanodots’ relative fluorescence quantum yields were low, ~ 2%. Also, 

the carbon nanodots show multi-exponential fluorescence intensity decay and broad 

distribution of lifetime decays through time-resolve measurements and maximum 
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entropy analysis. The source of luminescence of carbon nanodots is not completely 

understood, but it speculated to depend on the synthetic route used.2–4,6,42,87 The most 

probable mechanism for the luminescence of candle-based carbon nanodots could be 

diverse emissive center within the particles based on the experimental condition used 

(low temperatures), excitation-wavelength dependence, broad emission bands, 

complex fluorescence intensity decays and broad lifetime distributions. 

Carbon nanodots were successfully synthesized from oxidizing candle soot, 

but the overall experimental procedures (synthesis, neutralization, and size 

separation) were time-consuming, requiring over 12 hours to complete all three steps, 

and produced weakly fluorescent particles (ΦF = ~2%).  Therefore, a new combustion 

synthetic method, utilizing ultra-pure methane gas, was developed, and will be 

discussed in Chapter 3. 
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Chapter 3: Synthesis and Photophysical Characterization of 

Methane-Based Carbon Nanodots 

3.1 Introduction 

In this chapter, the development of a new combustion pathway aimed at 

improving the long synthetic procedures and low quantum yields described in 

Chapter 2 will be discussed. The photophysical properties of the resulting methane-

based carbon nanodots were investigated to gain a better understanding of their 

luminescence origin. The synthetic method presented in this chapter involved the 

synthesis of the nanodots within a burning methane flame, instead of oxidizing candle 

soot (Chapter 2). Small carbon-based particles can be formed within a flame, before 

they can aggregate into soot, therefore, by using a vacuum, the carbon nanodots can 

be collected directly into the solvent. This synthetic method significantly reduced the 

synthesis time from the required 12+ hours using candle soot to 4 hours. The 

methane-based carbon nanodots showed similar luminescence properties to the 

carbon nanodots previously reported in literature and in chapter 2.2–4,87 The 

photophysical properties were investigated to help gain a better understanding of the 

origin of the luminescence of methane-based carbon nanodots. 

3.2 Experimental Details 

3.4.1 Synthesis of Methane-Based Carbon Nanodots 

Synthetic Set-Up. The experimental set-up for the synthesis of methane-based carbon 

nanodots is shown in Figure 3.1. Briefly, an ultra-pure methane gas cylinder (Airgas, 
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Radnor, PA) was connected to a standard bunsen burner through a black viton tubing 

(Cole-Parmer, Vernon Hills, IL). A long stem funnel was clamped above the bunsen 

burner and the flame was contained within the funnel. The stem of the funnel was 

connected to the top of the stopper of an impinger glassware (VWR, Radnor, PA) 

through black viton tubing. The top of the impinger stopper led into the impinger 

bottle, where the solvent was held. The side of the impinger stopper was connected to 

the vacuum in the hood via black viton tubing.   

 

Synthesis. Ultra-pure methane gas was flowed into the bunsen burner, where a 

sooting flame was lit. The carbon nanodots are formed within the flame and 

subsequently pulled through into the 5 mL of solvent in the impinger bottle using a 

vacuum. The vacuum was set to cause gently bubbling of the solvent to ensure that 

the carbon nanodots were pulled from the flame into the solvent. The duration of the 

synthesis of carbon nanodots was either 2 or 4 hours and four solvents were used: 

water, ethanol, methanol, and hexane to collect the carbon nanodots. For ethanol, 

Figure 3.1 Block diagram of the experimental methane-based carbon nanodot 

synthesis. 
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methanol, and hexane, an ice bath around the impinger bottom, was used to prevent 

the solvent from evaporating, a consequence of the vacuum pressure. Figure 3.2A and 

B show the experimental set-up for the different solvents used for the collection of the 

carbon nanodots. 

 

3.4.2 Photophysical Characterization of Methane-Based Carbon Nanodots 

Absorption Measurements. Absorption measurements were collected on a Cary 50 

UV-Vis spectrophotometer (Agilent Technologies, Santa Clara) equipped with a full 

spectrum xenon pulse lamp (190-1100 nm). Samples and solvent blanks (water, 

ethanol, methanol) were measured in a 1-cm quartz or glass cuvette with a scan rate 

of 300 nm/min.  

Steady-State Fluorescence. Steady-state fluorescence measurements were taken on a 

FluoroMax-4 or FluoroMax-4P spectrofluorometer (Horiba Scientific, Edison, NJ). 

The experimental data was collected using the FluorEssence software with samples 

Figure 3.2 (A) Experimental set-up used for carbon nanodots collected in water. (B) 

Experimental set-up used for carbon nanodots collected in ethanol, methanol, or hexane. 

solvent

To the 
Vacuum
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To the 
Vacuum
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measured in a 1-cm glass or quartz cuvette. All spectra were corrected for the lamp’s 

profile by setting the software to divide the signal of the sample by the reference 

signal (S1/R1). Both the emission and 3D emission spectra were collected as 

previously described in Chapter 2. 

Steady-State Phosphorescence. Phosphorescence measurements were carried out on 

FluoroMax-4P spectrofluorometer (Horiba Scientific, Edison, NJ). The instrument 

light source was a pulsed xenon lamp. The experiments were carried out utilizing the 

FluorEssence software in phosphorescence mode with samples in a 1-cm glass or 

quartz cuvette. The experimental parameters are summarized in Table 3.1 while 

Figure 1.8 depicts the typical data acquisition process used for the phosphorescence 

measurements. Flash delay is the delay after the lamp pulse (~50 μs), sample window 

opens after the flash delay and where the sample is counted and measured, time per 

flash is cycle length per flash, and flash count sets the number of lamp pulse that 

contribute to each data point.  

 

Fluorescence Anisotropy. Steady-state anisotropy experiments were carried out on a 

FluoroMax-4 or FluoroMax-4P spectrofluorometer (Horiba Scientific, Edison, NJ). 

Experimental data was collected using the FluorEssence software in anisotropy mode 

with samples measured in a 1-cm glass or quartz cuvette. Carbon nanodots were 

mixed with glycerol to slow down any rotational motion. The carbon nanodot-

Table 3.1 Experimental parameters for phosphorescence measurements. 

Flash Delay 0.05 ms

Sample Window 0.20 ms

Time per Flash 61 ms

Flash Count 100
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glycerol solutions were mixed for one hour and then analyzed. Summary of the 

typical experimental parameters are listed in Table 3.2. 

  

Time-resolved anisotropy measurements were taken on a FluoroCube system (Horiba 

Scientific, Edison, NJ). Carbon nanodots samples were excited using either 400 or 

474 nm NanoLEDTM (Horiba Scientific, Edison, NJ) and the emission wavelengths 

(500 and 550 nm) were selected with a monochromator, after passing through a 

polarizer that was position in either the vertical, horizontal, or magic angle direction, 

and subsequently the signal was detected on a TBX-04 timing module (Horiba 

Scientific, Edison, NJ). Decay spectra were collected using the DataStation V 2.7.2 

software and the decay curves were fitted using the DAS 6 Analysis software.  

Time-Resolved Fluorescence. Time-resolved fluorescence decays were obtained 

using the time-correlated single photon counting technique on a FluoroCube system 

(Horiba Scientific, Edison, NJ). An instrument response function (IRF) was collected 

as previously described in Chapter 2. The IRF and carbon nanodots samples were 

excited using NanoLEDs centered at 334 and 400 nm (Horiba Scientific, Edison, NJ) 

and the emission wavelengths (400, 450, 500, 550, and 600 nm) were selected with a 

monochromator after passing through a polarizer at the magic angle (54.75°), and 

subsequently the signal was detected on a TBX-04 timing module (Horiba Scientific, 

Table 3.2 Typical experimental parameter for steady-state anisotropy measurements. 

λex 400 nm

λem 420-700 nm

Excitation Slit 5 nm

Emission Slit 5 nm
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Edison, NJ). The IRF times of 900 and 300ps were calculated by using the full width, 

half maximum (FWHM) of the IRF decay at the NanoLEDs 334 and 400 nm, 

respectively. The decay traces were collected and fitted on the DataStation V 2.7.2 

software and DAS 6 Analysis software, using previously described parameters (Table 

2.1). 

Elemental Analysis. Elemental analysis was carried out by Atlantic Microlab, Inc. 

(Norcross, GA). Carbon nanodots samples were dried in an oven at 40°C for one 

week. The dried samples (5-10 mg) were stored in and submitted for analysis in glass 

vials. However, it appeared that the samples were un-combustible based on the low, 

inconsistent results obtained. 

Dynamic Light Scattering. Dynamic light scattering data was collected on a Zetasizer 

Nano ZS (Malvern, Worcestershire, UK) equipped with a 633-nm laser source with 

help from Dr. Daniel’s lab group. Carbon nanodots samples were analyzed in 1-cm 

plastic cuvette at room temperature. Pure samples (no centrifugation) and centrifuged 

samples of carbon nanodots were both analyzed. 

Fourier Transform Infrared (FT-IR). FT-IR experiments were carried out on 

Spectrum Two IR spectrometer (Perkin Elmer, Waltham, MA) using Spectrum 10 

Spectroscopy software. Dried carbon nanodots sample were analyzed. 

Quantum Yields. Relative quantum yields were calculated using equation 2.1, 

described in Chapter 2.  Three standard reference fluorophores were used to 

determine the quantum yields at various wavelengths.  The reference fluorophores 

used were quinine sulfate (0.1M H2SO4, λex= 350 nm), fluorescein di-sodium salt 

(0.1M NaOH, λex= 496 nm), rhodamine 101 (Ethanol, λex= 450-460 nm). The optical 
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densities of the references and the carbon nanodots were matched at the excitation 

wavelength (350, 496 or 450 nm). The steady-state emission spectra were integrated 

using SigmaPlot 11.0 software.  

3.3 Results and Discussion 

Carbon nanodots synthesized from methane gas were collected in four 

solvents: water, ethanol, methanol, and hexane. Duration of the synthesis was either 2 

or 4 hours with a noticeable color change from clear to yellow under white light along 

with a blue emission under UV-light, as shown in Figure 3.3. The carbon nanodots 

will be referred to as water, ethanol, methanol, or hexane dots to help distinguish 

between the various carbon nanodots developed within this chapter and future 

chapters. 

 

Absorption Characterization 

The absorption spectra of carbon nanodots in water, ethanol and methanol are 

shown in Figure 3.4. Carbon nanodots collected in hexane are discussed later in this 

Figure 3.3 A) Before synthesis of water dots. B) After 4-hour synthesis. C) Water dots after 4-

hour synthesis under UV light. 

 

A B C
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chapter. For 2 and 4-hour duration times, the absorption spectra show a high UV 

absorbance tailing off into the visible region. This broad absorbance spectrum is a 

common characteristic of carbon nanodots.2–5 

 

Examining the nanodots in the three solvents, it was typically observed that 

water dots have a higher absorbance value whereas, ethanol and methanol dots are 

about the same, but noticeably lower than water dots. When comparing the two 

duration times for each solvent, it can be seen that there was no significant 

differences in the water dots absorbance spectra (Figure 3.5A), while ethanol and 

methanol show noticeable differences in their spectra (Figure 3.5B and C).  

 

Figure 3.4 Absorption spectra of methane-based carbon nanodots in various solvents 

synthesized for A) 4 and B) 2 hours. 
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These differences could be attributed to the concentration of carbon nanodots 

in solution over the duration time. This can be seen in Figure 3.6 of the carbon 

nanodots solutions under white light. The water dots synthesized for 2 or 4 hours look 

nearly identical under white light whereas, ethanol dots a clear color difference can be 

seen.  
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Figure 3.5 Absorption spectra of methane-based carbon nanodots synthesized for 2 and 4 hours 

in (A) water, (B) ethanol and (C) methanol. 
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 The absorption spectra of the carbon nanodots were compared to Rayleigh 

light scatter due to the relatively small sizes observed from DLS measures, which are 

discussed later in this chapter. Figure 3.7 shows the normalized comparison of 

methane-based carbon nanodots to Rayleigh scatter. It was observed that methane-

based carbon nanodots have a great deal of Rayleigh scattering, which can be 

explained by the size of nanodots. Rayleigh scatter occurs from particles that are the 

same size as the wavelength of incident light and methane-based carbon nanodots 

appear to be a few hundred nanometers or smaller in size based on DLS 

measurements.  

Overall, the absorption spectra revealed that carbon nanodots synthesized 

from methane gas have a broad absorbance that can be influenced by the length of the 

collection time and the nanodots absorbance spectra are dominated by scattered light. 

BA

Figure 3.6 A) Water dots B) ethanol dots under white light. 
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Fluorescence Characterization 

Water Dots 

Water dots emission properties were studied to evaluate the effect of synthesis 

length and solvent on this property. Figures 3.8 and 3.9 illustrate the emission spectra 

for water dots in either a contour or standard emission plots. First, looking at Figure 

3.8 (contour plots), it can be seen that the intensity of emission increased at the longer 

the synthesis time. The plot for the 4-hour synthesis shows an emission peak between 

350-400 nm, highlighted by the white dashed circle, which is not clearly seen in the 

2-hour synthesis. However, the overall structure of the contour plots suggested that 

these differences are most likely due to concentration carbon nanodots in solution and 

not the emergence of new and/or different particles collected at longer synthesis 

times.  

Wavelength (nm)

300 400 500 600 700 800

A
b

s
o

rp
ti

o
n

0.0

0.2

0.4

0.6

0.8

1.0
Water

EtOH

MeOH

Scatter

Figure 3.7 Normalized absorption spectra of carbon nanodots in water, ethanol, and methanol 

(2hrs) and Rayleigh scattering (λ-4 trace). Data normalized from Figure 3.5, indicating a notable 

amount of scattered light present in the samples. 
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Next, examining the normalized emission plots shown in Figure 3.9, the 

excitation wavelength dependent emission is present in these carbon nanodots, which 

is a unique property of the nanodots. Also, there is a decrease in the emission 

intensity as the excitation wavelength increases. Again, when comparing the two 

synthetic times, there is a similar emission structure seen between the two syntheses, 

which helps to further support the hypothesis that similar particles are synthesized at 

both duration times.  
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Figure 3.8 Contour plot of methane-based carbon nanodots in water synthesized for A) 2 and B) 

4 hours. The red intensity bands observed are the zero and first order overtone bands. 

 

Figure 3.9 Normalized emission spectra of carbon nanodots in water synthesized for A) 2 and 

B) 4 hours. 
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Ethanol and Methanol Dots 

Similar, but not identical, results are seen in the contour plots for ethanol and 

methanol dots along with some differences that are highlighted by the white dashed 

circles in Figures 3.10 and 3.11. For ethanol dots (Figure 3.10), there is an emergence 

of emission between 400-450 nm and 350-400 nm, when excited at 350 nm and 

260nm, respectively, in the 4-hour synthesis. But, there is a decrease in the emission 

intensity at the longer duration time. This is thought due to the concentration of 

carbon nanodots collected over the time frames as shown in Figure 3.6B. The similar 

structure of the contour plots between the two syntheses suggests that comparable 

carbon nanodots are produced at each duration time. 

 

  For methanol dots, differences in the emission spectra can be seen in Figure 

3.11 at around 300-350 nm emission. After a 4-hour synthesis, there is an apparent 

increase in the intensity and more emission structure seen within the highlighted 
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Figure 3.10 Contour plot of methane-based carbon nanodots in ethanol synthesized for A) 2 and 

B) 4 hours. 
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region. Similar to the water and ethanol dots, the entire emission structure over all 

wavelengths is comparable for both 2 and 4 hours’ syntheses.  

When analyzing the normalized emission spectra for ethanol and methanol 

dots, the excitation wavelength dependence is visible, as well as a decrease in 

emission intensity as the excitation wavelength is increased. These spectra are shown 

in Figures 3.12 and 3.13.  
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Figure 3.11 Contour plot of methane-based carbon nanodots in methanol collected for A) 2 

hours and B) 4 hours. 
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Figure 3.12 Normalized emission spectra of methane-based carbon nanodots in ethanol 

synthesized for A) 2 and B) 4 hours. 
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When comparing the three solvents emission spectra, they appear to look very 

analogous; however, there are slight differences in the emissive properties for the 

carbon nanodots. Water dots tend to have a broader emission spectrum whereas, 

ethanol and methanol appeared to have more vibronic structure present in their 

spectrum, which is illustrated in Figure 3.14. The presence of vibronic structure 

suggests that there are buried or core chromophores that are inaccessible to the 

solvent, which will be further explored in the next chapter. The solvent has been 

previously described to influence the emission properties of carbon nanodots, thus 

seeing slight differences in the emission spectra would be expected.30,88–90 Along with 

vibronic differences, there is a slight hypsochromic shift in the maximum emission 

when one compares water dots to methanol dots which again can be attributed to how 

the nanodots are solvated in the three solvents. Overall, it appears that slightly 

Figure 3.13 Normalized emission spectra of methane-based carbon nanodots in methanol 

synthesized for A) 2 and B) 4 hours. 
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different structured carbon nanodots being synthesized in each solvent giving them 

their own unique spectra. 

Hexane Dots 

The three previous solvents are polar solvents, so to study the effects of a non-

polar solvent would have on the emission properties of carbon nanodots, an 

experiment using of hexane as the collection solvent was completed. It can be 

observed that in the presences of hexane, there is clearly more vibronic structure 

(Figure 3.15 A and B). There is also a bathochromic shift in the emission spectrum as 

compared to the water dots, when both dots are synthesized for 2 hours (Figure 3.15 

C). These differences between water and hexane dots reveal that there are completely 

different carbon nanodots are collected in the two solvents. As stated in the earlier 

section, the solvent used to collect the nanodots can influence the emission properties, 

therefore photophysical different carbon nanodots are collected in hexane than in 
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Figure 3.14 Comparison of normalized emission spectra of methane-based carbon nanodots in 

various solvents after 4-hour synthesis.  λex = 240 nm  and λem = 260-520 nm.  
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water. These results further support the notion that by changing the solvent, the type 

and/or the emissive properties of carbon nanodots can be influenced.30,88–90   

Infrared Spectroscopy (IR) Characterization 

 Infrared spectroscopy was used to analyze the functional groups present in 

methane-based carbon nanodots. The results of this analysis revealed the presence of 

multiple functional groups in carbon nanodots. Carbon nanodots appear to have 

aromatic alkenes, alkenes, alcohols, alkanes, amines, and nitro groups based on the 

peaks observed in Figure 3.16. The presence of many different functional groups can 

lead to various electronic transitions, i.e., π→π* for the alkene groups or n→π* for 
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Figure 3.15 A) Contour plot and B) normalized emission of carbon nanodots collected in 

hexane for 2 hours. C) Comparison of water and hexane dots when excited at 300 nm.  
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possible alcohol (O-H) groups.50 Therefore, the presence of surface traps or multiple 

emissive centers on the carbon nanodots surface are possible.2–5,13,37,88,91,92  

 Origin of Methane-Based Carbon Nanodots’ Fluorescence 

Methane-based carbon nanodots display similar properties as the candle-based 

carbon nanodots, as the synthetic process is relatively similar for both. It is likely that 

the emission would be due to the same mechanism of several different emitter centers 

on the carbon nanodots. Methane-based carbon nanodots display the common 

characteristics of this mechanism and the multi-exponential time-resolved data further 

supports the multiple emissive centers mechanism. However, it is possible that 

methane-based carbon nanodots luminescence could be due to a core structure and 

surface traps based on the FT-IR results and vibronic structure observed in the 

emission spectra. It has recently been speculated that carbon nanodots could have a 

combination of both the multiple emissive center and the core/surface trap 

mechanisms.5,6,42 The core structure, i.e. carbogenic core, is formed at high 
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Figure 3.16 Infrared spectra of methane-based carbon nanodots in A) water and B) ethanol 

synthesized for 4 hours. 
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temperatures (> 230°C) whereas, the emissive centers form at low temperatures.5,6,42  

Methane-based carbon nanodots are collected directly from the flame, which reaches 

temperature of >300°C, therefore, a carbogenic core could start to form, along with 

the emissive centers.5,6,42  Data supporting the presence of a core structure and dual 

fluorescence mechanism is presented in Chapter 4. 

Fluorescence Quantum Yields Determination 

The relative fluorescence quantum yields were determined by using three 

known fluorophores: quinine sulfate, fluorescein di-sodium salt, and rhodamine 101. 

Methanol dots were only compared to quinine sulfate and those quantum yields were 

found to be 15-17%. For water dots, the quantum yields were determined to be 10-

15% and 20-25% for 2 and 4-hour synthesis time, respectively when compare to 

quinine sulfate. When compared to fluorescein, the quantum yields of water dots 

dropped to 7-11% or 4-7% for 2 and 4-hour synthesis, which could due to the weaker 

emission of the nanodots at longer wavelengths. Water dots were also compared to 

rhodamine 101 and resulted in quantum yields of 5-8% or 4-6% for 2 and 4-hour 

syntheses, respectively. Ethanol dots were also compared to quinine sulfate, 

fluorescein, and rhodamine 101. The quantum yields for the quinine sulfate 

comparison were determined to be 27% and 20% for 2 and 4-hour syntheses. The 

quantum yields, when compared to fluorescein and rhodamine 101, drop to 5-8% and 

4-5%, correspondingly. Table 3.5 summarizes the quantum yield data.  
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By using three different references, ideally, the relative quantum yields of 

different emissive centers could be determined. All methane-based carbon nanodots 

showed weak absorption and emission in the longer ranges of the visible region, 

which explains why the quantum yields are low with both the fluorescein and 

rhodamine 101 reference standards. Also, methane-based carbon nanodots were 

shown to have large amounts of scatter present in their absorption spectra, which 

could lead to an underestimation of the quantum yields. The quantum yields are 

calculated by matching the optical densities of the standard and the nanodots.49 

Therefore, having higher amounts of scatter in the solution would make it appear as if 

there was a higher concentration of nanodots than there actually were in solution. 

Methanol dots were only compared to quinine sulfate due to the inability to match 

optical density of the carbon nanodots to the other references. Water and ethanol dots 

Table 3.3 Relative approximate quantum yield calculations of carbon nanodots in various 

solvents at different excitation wavelengths. 

 

*Each average quantum yield calculation is from triplicate measurements within same batch of 

nanodots. Each excitation wavelength corresponds to a specific reference list in the experimental 

details. 

Sample Average Φ (%) Average Φ (%) Average Φ (%)

λEX= 350 nm λEX= 496 nm λEX= 450 nm

Water (4hr) 11.30  0.15 7.46  0.54 6.03  0.21

Water (4hrs) 14.87  2.05 3.99  1.28 4.37  0.69

Water (2hrs) 24.07  0.70 11.15  0.98 8.99  0.35

Water (2hrs) 20.37  1.06 7.78  0.29 4.64  0.02

Ethanol (4hrs) 19.95  2.35 5.80  0.98 5.15  0.51

Ethanol (2hrs) 27.19  0.99 7.97  0.33 4.16  0.08

Methanol (2hrs) 15.98  0.15 N/A N/A
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were concentrated enough that the optical densities could be match to all three 

references.  

 

Phosphorescence Characterization 

The phosphorescence of methane-based carbon nanodots was studied to see if 

there was any triplet state emission. Long-lived triplet states can be quenched readily 

by molecular oxygen49–51,77, so to alleviate this, carbon nanodot samples were mixed 

with glycerol (1:1 ratio) to slow down the molecular diffusion of quenchers in the 

solution. Two excitation wavelengths were chosen at 240 and 400 nm because carbon 

nanodots show maximum emission at 240 nm excitation and at 400 nm excitation, the 

emission is considerably lower. The phosphorescence spectrum was collected in a 

gated manner (~50 μs after lamp pulse), as outline in table 3.1. Figures 3.16-3.18 

show the normalized emission and gated spectra for water, ethanol, and methanol dots 

in glycerol.  

 
Figure 3.17 Normalized fluorescence (black) and gated emission (red) of methane-based carbon 

nanodots in water (4hrs) excited at A) 240nm and B) 400 nm. 
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 It is notable that the fluorescence and gated spectra look nearly identical. As 

described in chapter 1, the phosphorescence spectrum is collected after a gated delay 

so that no fluorescence signal is recorded and also the phosphorescence signal is 

usually red-shifted from the fluorescence signal. As shown in Figures 3.17-3.19, there 

appears to be no significant red-shift in the gated spectra. The similar appearance of 

the fluorescence and gated spectra could be due delayed fluorescence. This would 

mean that the carbon nanodots can intersystem cross into the triplet state, but then 

back-intersystem cross to the singlet state, where delayed emission occurs from the S1 

state (similar to fluorescence). This process of intersystem and back-intersystem 

Figure 3.18 Normalized fluorescence (black) and gated emission (red) of methane-based carbon 

nanodots in ethanol (2hrs) excited at A) 240nm and B) 400 nm. 

 

Figure 3.19 Normalized fluorescence (black) and gated emission (red) of methane-based carbon 

nanodots in methanol (2hrs) excited at A) 240nm and B) 400 nm. 
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crossing requires a long-time scale for the emission to occur, which is why it is 

captured in the phosphorescence (gated) mode of the spectrofluorometer. 

Anisotropy Characterization 

Anisotropy measurements were used to estimate the diameter of the carbon 

nanodots synthesized. Steady-state and time-resolved techniques were used to obtain 

the necessary data to calculate the particle sizes of carbon nanodots. Equation 3.1 was 

used for size calculations where τr is the rotational correlation time, Dr is the diffusion 

coefficient, T is the temperature in Kelvin, k is the Boltzmann constant, V is the 

volume (V=4/3πr3) and η is the viscosity of the sample.49   

From this calculation, the diameter of the methane-based carbon nanodots 

were determined to be approximately 1 nm or less. Table 3.6 lists the sizes of water 

and ethanol dots that were calculated from equation 3.1 at different excitation 

wavelengths used for time-resolved measurements of anisotropy. While it is believed 

that carbon nanodots are on the nanometer scale, having the sizes determined to be 

approximately 1 nm or less was not expected. Therefore, the sizes of carbon nanodots 

were further analyzed through dynamic light scattering. 

𝜏𝑟 =
1

6𝐷𝑟
=
𝑉𝜂

𝑘𝑇
 

Table 3.4 Time-resolved anisotropy diameter size determination for water and ethanol dots in 

glycerol. 

(3.1) 

Sample λex  (nm) λem (nm) τR (ns) Size (nm)

Water Dots 400 500 2.4 1.66

Water Dots 474 500 8.2 1.16

Ethanol Dots 400 500 4.7 0.97

Ethanol Dots 474 500 8.9 1.19
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Dynamic Light Scattering (DLS) 

Dynamic light scattering measurements revealed a large distribution of sizes 

of carbon nanodots. Carbon nanodot samples were studied before centrifugation and 

after 14,500 RPM centrifugation, to determine if centrifugation could remove the 

excessively large carbon nanodots from the sample. Figure 3.19 shows the DLS 

results before and after centrifugation for water and ethanol dots.  

 

DLS revealed that after synthesis, there is a distribution of sizes particles from 

1 nm to >1000 nm but using centrifugation, the smaller particles can be somewhat 

separated and their sizes become visible after the large particles are removed. When 

the DLS sizes are compared to the anisotropy sizes, it is clear that anisotropy seems to 

underestimate the total size of carbon nanodots in solution.  
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Figure 3.20 Dynamic light scattering of carbon nanodots in A) water and B) ethanol before and 

after centrifugation at 14,500 RPM. 
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Time-Resolved Intensity Decay Characterization 

The time-resolved experiments illustrate that, like candle-based carbon 

nanodots, methane-based carbon nanodots show multi-exponential fluorescence 

intensity decays. The multi-exponential fits were determined based on the chi squared 

(χ2) minimization values. Water dots required a 3-exponential fit whereas, ethanol 

and methanol only needed a 2-exponential fit to minimize the χ2 of the intensity 

decays. The average lifetimes for water, ethanol and methanol dots was determined to 

be 7.72, 5.42, and 6.70 ns, respectively, when excited at 334 nm and the emission 

collected at 400 nm. The decay, fitting and residual traces for all three samples are 

depicted in Figure 3.17. 
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Figure 3.21 Fluorescence intensity decay of methane-based carbon nanodots in A) water fitted 

to a 3-exponential decay, B) ethanol fitted to a 2-exponential decay, and C) methanol fitted to a 

2-exponential decay. The excitation wavelength was 334 nm and the emission was collected at 

400 nm. (Black line- instrumental response function, Red line - fluorescence decay). Inset 

Weighted residual graph.  
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The differences in the lifetimes between the three solvents supports the 

previous hypothesis that the solvent influences the photophysical properties of carbon 

nanodots.30,88–90 The consequence of changing the emission wavelengths were also 

studied for water and ethanol dots and shown in Tables 3.7 and 3.8 for excitation at 

400 nm. There are small changes in the average lifetime as the emission wavelength 

is changed.  

 

 

As previously discussed in the fluorescence section, the mechanism of 

emission is most likely due to a combination of a core structure and various emissive 

centers present on the carbon nanodots.6,87 It could be reasoned that each center 

would have its own unique decay time, therefore, the multi-exponential lifetime 

decays observed for methane-based carbon nanodots helps to support this hypothesis.  

Table 3.5 Average fluorescence lifetimes of water dots synthesized for 2 hours.  

 

Table 3.6 Average fluorescence lifetimes of ethanol dots synthesized for 2 hours.  

 

λex (nm) λem (nm) 1 (ns) f1 (%) 2 (ns) f2 (%) 3 (ns) f3 (%) 2 avg (ns)

400 450 1.89 24.46 5.43 48.84 0.156 26.69 1.15 4.84

400 500 1.80 21.03 5.24 39.82 0.154 39.15 1.27 4.60

400 550 1.47 17.71 4.85 52.08 0.14 30.21 1.28 4.46

400 600 0.52 10.94 4.38 69.98 0.086 19.08 0.96 4.29

λex (nm) λem (nm) 1 (ns) f1 (%) 2 (ns) f2 (%) 3 (ns) f3 (%) 2 avg (ns)

400 450 1.67 22.84 4.55 53.74 0.171 23.42 1.16 4.10

400 500 1.62 15.38 4.78 53.11 0.156 31.51 1.01 4.43

400 550 1.61 11.66 4.74 64.91 0.154 23.42 1.06 4.52

400 600 1.89 14.55 5.70 61.25 0.169 24.2 0.98 5.37
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3.4 Conclusions 

Carbon nanodots were effectively synthesized from methane gas and the 

fluorescence quantum yields were improved from less than 2% for candle-based 

carbon nanodots up to 30% for methane-based carbon nanodots. The synthesis time 

for carbon nanodots was significantly reduced (≤ 4 hours) by collecting the nanodots 

in the solvent as they formed in the flame, instead of breaking down soot. This new 

combustion synthesis also influenced the optical properties. 

The methane-based carbon nanodots photophysical properties are similar to 

the candle-based carbon nanodots and to that reported in literature.2–5  The methane-

based carbon nanodots contained a broad absorption, excitation wavelength 

dependent emission, multi-exponential fluorescence lifetime decays and increased 

fluorescence quantum yields of up to 30%. It was concluded that the solvent 

influenced the properties of the methane-based carbon nanodots as seen when 

comparing hexane dots to water dots in Figure 3.15C. Dynamic light scattering 

revealed a broad distribution of sizes in solution and that centrifugation could be 

used, to some extent, to separate large and small sized particles.  

The origin of fluorescence for methane-based carbon nanodots seem most 

likely due to various emissive centers however, it can be hypothesized that since the 

methane carbon nanodots are collected directly from the flame (>300°C), that a 

carbogenic core structure would be formed along with diverse emitting centers.5,6,42 

This possible dual fluorescence mechanism due to a core structure and diverse 

emissive centers will be further discussed in Chapter 4. 
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Chapter 4: Probing the Structural Properties of Carbon 

Nanodots through Stern-Volmer Analysis 

4.1 Introduction 

This chapter describes the analysis of methane-based carbon nanodots through 

quenching to gain a further understanding of their structural and luminescence 

properties. Within this chapter, three different quenchers were investigated at various 

concentrations using steady-state and time-resolved spectroscopies. Both types of 

spectroscopy analysis, along with temperature studies, were used to differentiate 

between dynamic and static quenching mechanisms. The Stern-Volmer plots 

generated were used to determine the effectiveness of the quenchers and accessibility 

of the chromophore to the quenchers.49,93  

Fluorescence quenching experiments were carried out using two methods and 

different concentrations of quenchers. The first method, multiple cuvette method, was 

utilized to analyze the quenching of methane-based carbon nanodots. However, this 

method showed some inconsistency in the emission spectra when analyzing different 

nanodots samples that could be due to either dilution effects or the variation between 

the cuvettes used. 

 The second method, single cuvette method, was used to carry out a more 

controlled analysis, which could prevent dilution effects from influencing the carbon 

nanodots spectra. Also, the quenching of carbon nanodots was studied over multiple 

excitation and emission wavelengths (3D Quenching) to analyze the effects of 

quenchers on the overall emission of carbon nanodots. The results of the quenching 
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experiments in this chapter were used to elucidate surface charges, structural 

characteristics, and the possible origin of fluorescence of the methane-based carbon 

nanodots. 

4.2 Experimental Details 

4.2.1 Fluorescence Quenchers and Carbon Nanodots 

Multiple Cuvette Quencher Concentrations. Fresh stock solutions (0.1 M) of sodium 

bromide (NaBr, Sigma Aldrich, St. Louis, MO), cesium chloride (CsCl, Sigma 

Aldrich, St. Louis, MO) and acrylamide (Sigma Aldrich, St. Louis, MO) were 

prepared in water then diluted to obtain 75, 50, 25, 10 and 1 mM concentrations. Each 

concentration of quencher (1.5 mL) was combined with 1.5 mL of carbon nanodots in 

disposable, plastic cuvettes (Perfector Scientific, Inc. Atascadero, CA) and analyzed. 

Table 4.1 shows the samples that were prepared and analyzed. 

 

Table 4.1 Sample used for multiple cuvette experiments in disposable, plastic cuvettes. VCD and 

VQ is the volume of carbon nanodots and quencher in cuvette, respectively. 

 

Cuvette # VCD (mL) VQ (mL) Concentration (mM)

1 3 0 0

2 1.5 1.5 1

3 1.5 1.5 10

4 1.5 1.5 25

5 1.5 1.5 50

6 1.5 1.5 75

7 1.5 1.5 100
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Single Cuvette Quencher Concentrations. Fresh stock solutions at 0.1 and 0.8 M of 

each quencher (NaBr, CsCl, and acrylamide) were prepared in water and stored until 

needed of analysis. 

3D Quencher Concentrations. Fresh stock solution of NaBr, CsCl, and acrylamide at 

either 0.8 M or 2.9 M were prepared and stored until use for analysis.  

Carbon Nanodots. Methane-based carbon nanodots collected in water, ethanol and 

methanol were prepared as previously described (3.2.1). The carbon nanodot 

solutions were used immediately after synthesis with no prior treatment necessary.  

4.2.2 Multiple Cuvette Experiments 

Steady-State Fluorescence. Steady-state fluorescence measurements were collected 

on a FluoroMax-4 spectrofluorometer using the FluorEssence software (Horiba 

Scientific, Edison, NJ). Samples were measured in multiple 1-cm disposable, plastic 

cuvettes (Table 4.1) with excitation wavelength of 320 nm and emission wavelength 

range of 330-600 nm. Stern-Volmer plots (I0/I vs [Q]) were created using either the 

lambda max or the area under the curve (AUC) values over the entire wavelength 

range (330-600 nm). 

4.2.3 Singlet Cuvette Experiments 

Steady-State Fluorescence. Steady-state fluorescence measurements were collected 

on a FluoroMax-4 spectrofluorometer using the FluorEssence software (Horiba 

Scientific, Edison, NJ). These experiments were carried out in a single glass or quartz 

cuvette with various concentrations of quencher, as outlined in Table 4.2, where the 

columns represent the volume of quench for each addition (VQ), total volume of 

quencher added to the cuvette (Vtotal Q), moles of quencher added (MolesQ), total 
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volume of the cuvette (Vcuvette) and concentration of quencher in the cuvette 

([Q]cuvette). After each addition of quencher, the cuvette was inverted 10 times to 

completely mix the sample. The excitation wavelength of 334 nm and emission 

wavelength range of 343-600 nm was selected to match the time-resolved excitation 

source. Stern-Volmer analysis was carried as previously described (4.2.2).  

 

Time-Resolved Fluorescence. Time-resolved fluorescence decays were obtained 

using the FluoroCube system (Horiba Scientific, Edison, NJ). An instrument response 

function (IRF) was taken as previously detailed. The IRF and carbon nanodot samples 

were excited using NanoLEDs™ centered at 334 (Horiba Scientific, Edison, NJ) and 

the emission wavelength of 400 and 500 nm were selected as described in earlier 

chapters. Table 4.3 lists the samples and quencher concentration used to study the 

fluorescence quenching of water, ethanol, and methanol dots. All decay traces were 

collected and fitted as described in Chapter 2. 

Table 4.2 Steady-state samples for single cuvette method experiments in quartz or glass 

cuvette.  

 

 Addition VQ added (uL) Vtotal Q added (uL) MolesQ added Vcuvette (mL) [Q]in cuvette (mM)

0 0.000 0.000 0.000000 2.000 0.000

1 5.000 5.000 0.000004 2.005 1.995

2 5.000 10.000 0.000008 2.010 3.980

3 5.000 15.000 0.000012 2.015 5.955

4 5.000 20.000 0.000016 2.020 7.921

5 10.000 30.000 0.000024 2.030 11.823

6 10.000 40.000 0.000032 2.040 15.686

7 10.000 50.000 0.000040 2.050 19.512

8 10.000 60.000 0.000048 2.060 23.301

9 10.000 70.000 0.000056 2.070 27.053

10 10.000 80.000 0.000064 2.080 30.769
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Temperature Steady-State and Time-Resolved. Fluorescence quenching of water 

dots were analyzed at 10 and 40°C using NaBr, CsCl, and acrylamide quenchers. 

Both steady-state and time-resolved measurements were collected at 10 and 40°C 

using the instrument and solution parameters as described in the previously 

subsections (Steady-state and time-resolved fluorescence). At each temperature, the 

cuvette was allowed to equilibrate for 15 minutes. Stern-Volmer plots were created 

from either lambda max or average lifetime data for steady-state and time-resolved 

measurements, respectively. 

4.2.4 3D Quenching 

Steady-State Fluorescence. Steady-state fluorescence measurements were collected 

on a FluoroMax-4 spectrofluorometer using the FluorEssence software in 3D mode 

(Horiba Scientific, Edison, NJ). These experiments were carried out in a single 

cuvette with various additions of quencher (Table 4.4). Samples were measured in a 

single 1-cm quartz or glass cuvette with an excitation range of 350-450 nm and an 

emission range of 280-650 nm with each sample inverted 10 times to mix the sample 

thoroughly.  

 

Table 4.3 Time-resolved samples used for single cuvette method experiments in quartz or glass 

cuvette.  

 

Addition VQ added (uL) Vtotal Q added (uL) MolesQ added Vcuvette (mL) [Q]in cuvette (mM)

0 0.000 0.000 0.000000 1.000 0.000

1 3.000 3.000 0.000002 1.003 2.393

2 10.000 13.000 0.000010 1.013 10.267

3 12.000 25.000 0.000020 1.025 19.512

4 14.000 39.000 0.000031 1.039 30.029
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4.3 Results and Discussion 

4.3.1 Fluorescence Quenching of Methane-Based Carbon Nanodots utilizing the Multiple 

Cuvette Method 

 The fluorescence quenching mechanisms was first studied using various 

concentrations of the quencher (Table 4.1). Figure 4.1 shows the emission spectra for 

water dots as a function of increasing quencher concentrations.  

 

Table 4.4 Emission samples used for 3D quenching experiments in quartz or glass cuvette.  

Addition VQ added (uL) Vtotal Q added (uL) MolesQ added Vcuvette (mL) [Q]in cuvette (mM)

0 0 0 0 3 0

1 3 3 0.0000087 3.003 2.90

2 5 8 0.0000232 3.008 7.71

3 5 13 0.0000377 3.013 12.51

4 9 22 0.0000638 3.022 21.11

5 10 32 0.0000928 3.032 30.61
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 It can be observed from Figure 4.1, that all three quenchers are effective at 

decreasing the emission of water dots. However, there are some inconsistencies worth 

noting. As the quencher concentration increases, the emission intensity should 

continuously decrease, however Figure 4.1 B and C shows that for CsCl and 

acrylamide, that this is not the case. For a few of the higher concentrations for CsCl 

and acrylamide, the emission intensity appeared to increase, instead of decrease, as 

seen with NaBr. This issue was seen over multiple trials with the same quenchers and 

different synthesized carbon nanodots samples. There are two potential reasons for 

this observation. First, the use of different cuvettes for each experimental condition 

Figure 4.1 Water dots synthesized for 4 hours quenched with A) NaBr B) CsCl and C) 

Acrylamide. The concentration of each quencher is noted in the figure. 
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(quencher concentration) could have introduced experimental error into each 

spectrum. Additionally, dilution effects could also be responsible for the 

inconsistency noted since there is significant decrease observed after the first addition 

of quencher for CsCl and acrylamide. Therefore, a new single cuvette method was 

developed to help reduce error within the quenching experiments. 

4.3.2 Fluorescence Quenching of Methane-Based Carbon Nanodots utilizing the Single 

Cuvette Method 

In order to prevent inconsistencies observed in the previous experiments, a 

new experimental protocol, utilizing a single cuvette with less than 5% change in total 

volume in the cuvette, was developed. The same three quenchers were investigated to 

analyze the surface charges of the methane-based carbon nanodots. It is thought that a 

negatively-charged chromophore, on the surface of the nanodots, would be more 

efficiently quenched by a positively-charged quencher, whereas, a positive-charged 

chromophore would be efficiently quenched with a negatively-charged quencher.49,57 

A neutral quencher would affect the fluorescence of both the negatively- and 

positively-charged chromophores on the surface, but it could also diffuse by the 

surface and possibly quench a buried chromophore that is not readily accessible to the 

other two quenchers.49,50,57 The experimental parameters (quencher concentrations) 

used for each analysis are outline in Tables 4.2-4.4. 
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Steady-State Fluorescence Quenching Analysis 

 Water, ethanol, and methanol dots were analyzed to see how the various 

charged quenchers affected their fluorescence properties. The excitation wavelength 

(334 nm) used for these measurements was matched to the NanoLED™ used for 

time-resolved experiments to ensure a direct comparison between steady-state and 

time-resolved data could be made. Figure 4.2 shows emission spectra of water dots in 

the presence of various quenchers at different concentrations.  
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Figure 4.2 Water dots synthesized for 2 hours quenched with A) NaBr, B) CsCl and C) 

Acrylamide. The quencher concentrations are noted in the figure. 
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When comparing the different quenchers, the emission spectra revealed that 

the NaBr appeared to quench the emission at 334 nm more efficiently than CsCl or 

acrylamide. Also, it important to note that acrylamide appeared to quench the 

vibronic structure of the emission spectra at 334 nm, which is highlighted by the 

black dashed circle. The loss of vibronic structure for only acrylamide shows that the 

neutral quencher is able to diffuse into the nanodots and quench a buried 

chromophore center, that is not accessible to the other quenchers or solvent. It is 

important to note that the loss of the vibronic structure could also be due to exciplex 

formation, i.e., an excited-state complex being formed between the quencher and 

nanodots. Exciplex formation is typically described by the appearance of a broad, 

structure-less emission spectrum, coupled with a bathochromic shift in the 

spectrum.50,51 It is worth noting that we observe loss of the vibronic structure but, no 

spectral shifts are observed. The quenching of the vibronic structure with acrylamide 

revealed that methane-based nanodots, have buried fluorescence core, which supports 

the hypothesis of origin of luminescence of these nanodots could be from a core 

structure. From the emission spectra, it could be concluded that the surface of carbon 

nanodots contain both positively and negatively-charged chromophores and a buried 

core chromophore that is inaccessible to NaBr or CsCl, but is accessible to 

acrylamide. These quenching results support the thought that luminescence of carbon 

nanodots is due to a dual mechanism of a buried core structure and multiple emissive 

center on surface of nanodots. The same quenching trends seen with water dots were 

also visualized with ethanol dots, as shown in Figures 4.3.  
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Figure 4.3 Ethanol dots synthesized for 2 hours quenched with A) NaBr, B) CsCl and C) 

Acrylamide. 
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However, methanol dots showed a slightly different trend. As shown in Figure 

4.4, acrylamide appears to have the greatest quenching effect when compared to NaBr 

and CsCl and the quenching of vibronic structure is still seen only with acrylamide. 

As noted in chapter 3, the solvent can affect the type of carbon nanodots synthesized, 

so the differences seen with the quenching of methanol dots may possibly be 

attributed to the different properties among these dots. 

To evaluate the effectiveness of each quencher, Stern-Volmer plots (I0/I vs 

[Q]) were created for water, ethanol, and methanol dots. Using SigmaPlot 11.0, each 

quencher was fitted to a linear or 1-population line. Recalling equations 1.4 and 1.5, 

the slope of the linear fitted line is the Stern-Volmer constant (KSV). This constant is 

Figure 4.4 Methanol dots synthesized for 2 hours quenched with A) NaBr, B) CsCl and C) 

Acrylamide. 
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related to the quenching biomolecular rate constant, kq and the radiative lifetime, 

which is used to determine how effective a quencher is at quenching the emission of a 

fluorophore.49,93 Figure 4.5 shows the Stern-Volmer plots for water, ethanol and 

methanol dots.  

 

Only NaBr and CsCl appeared to be a linear fit whereas, acrylamide, for all 

three dots, showed a deviation towards the x-axis, i.e., a positive inflection. This 

deviation is typical if there are two-populations of chromophores, one that is 

accessible to the quencher and one not accessible, similar to the fluorescence 

quenching of complex protein structures.49,57 The presence of two-populations of 
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Figure 4.5 Steady-state Stern-Volmer plots of A) water dots, B) ethanol dots and C) methanol 

dots synthesized for 2 hours. 
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chromophores for acrylamide were supported by the quenching of the vibronic 

structure along with the quenching of the overall emission spectra of methane-based 

nanodots. The resulting kq values for water, ethanol and methanol dots are listed in 

Table 4.5. These kq values are smaller than diffusion limited values (i.e., approaching 

1x1010 M-1s-1), meaning that these quenchers have a low quenching efficiency with 

methane-based carbon nanodots.49,93 It is worth noting that some of the kq values are 

approaching the diffusion limited values (methanol dots quenched with NaBr and 

acrylamide). These values indicate that the chromophores being quenched are 

accessible to the quenchers. When the kq values of the nanodots are compared to 

another fluorophore, for example indole, quenched also with acrylamide, the values 

are not too different (8.25 for the nanodots compared to 7.1 for indole).50 Therefore, 

some the kq values for the nanodots are similar to a freely accessible fluorophore in 

solution, whereas other values are not and those values may be indicative of a 

inaccessible chromophore. The steady-state quenching experiments cannot 

definitively reveal the mechanism of quenching. Both dynamic and static quenching 

mechanisms can result in linear Stern-Volmer plots, therefore time-resolved and 

temperature experiments were carried out. 

 

 

Table 4.5 Bimolecular rate constant for various quenchers used with carbon 

nanodots. 

 
kq Values (109 M -1 s -1)

Solvent/Quencher NaBr CsCl Acrylamide

Water 3.07 1.44 1.38

Ethanol 2.15 1.18 2.41

Methanol 8.92 1.17 8.25
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Time-Resolved Fluorescence Quenching Analysis 

 To determine which quenching mechanism each quencher follows, time-

resolved intensity decays were studied for all three quenchers at room temperature. 

As stated in Chapter 1, dynamic quenching shortens the fluorescence lifetime of a 

fluorophore, whereas static quenching has no effect on the lifetime.49,57 Subsequently, 

by monitoring the fluorescence lifetimes of carbon nanodots in the presence of 

various concentrations of quenchers, dynamic or static quenching mechanism can be 

determined. Figures 4.6-4.8 show the lifetime decays of water, ethanol, and methanol 

dots in the presence of NaBr, CsCl, and acrylamide quenchers. Only a few 

concentrations were used for lifetime analysis to reduce analysis time due to the weak 

signal at the selected emission wavelengths. 
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Figure 4.6 Intensity decays (λem =400 nm) of water dots synthesized for 2 hours quenched with 

A) NaBr, B) CsCl and C) Acrylamide. 
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Figure 4.7 Intensity decays (λem =400 nm) of ethanol dots synthesized for 2 hours quenched 

with A) NaBr, B) CsCl and C) Acrylamide. 
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For water, ethanol, and methanol dots, when NaBr was used as the quencher, 

a change in the lifetime decay can be observed. NaBr appeared to affect water and 

ethanol dots more than methanol dots based extent of quenching observed for the 

decay spectra at the various concentrations (Figures 4.6-4.8 A). It was difficult to 

determine if CsCl affected the lifetime for water, ethanol, and methanol. Therefore, 

the average lifetime at each concentration were calculated (equation 2.3) and showed 

that there was a slight decrease in the average lifetimes (Table 4.6) of methane-based 

nanodots, when CsCl was utilized. 
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Figure 4.8 Intensity decays (λem =400 nm) of methanol dots synthesized for 2 hours quenched 

with A) NaBr, B) CsCl and C) Acrylamide. 
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When analyzing acrylamide’s quenching spectra, there appeared to be no 

effect on the average lifetime, but there appeared to be an effect on the longer 

lifetimes, as shown in Figure 4.6-4.8 C. This suggests that acrylamide is able to 

quench the longer-lived chromophores on carbon nanodots i.e. the core structure, 

whereas NaBr and CsCl are not able to do this.49,50 This can be related to the 

quenching of vibronic structure seen in the steady-state plots by acrylamide. The 

vibronic structure is most likely coming from a buried chromophore that is not 

accessible to the solvent or quenchers and therefore, appears to longer lifetime than 

the chromophores that are readily accessible. The buried core can be only quenched 

by a neutral quencher that is able to diffuse deeper into the structure of nanodots. The 

charged quenchers will interact with the charged surfaces of the nanodots and 

therefore, will not diffuse as much to the core structure, like the neutral quencher. The 

quenching of long-lived buried chromophores can be observed for all three methane-

based nanodots studied, however, methanol dots appeared to have the largest 

quenching seen. When analyzing the average lifetimes for acrylamide, there was not a 

significant difference in the average lifetimes, which is the reason the Stern-Volmer 

plots (Figure 4.9) for acrylamide appeared, basically as a flat line. However, NaBr 

and CsCl Stern-Volmer plots have linear fits, which revealed that the quenching 

Table 4.6 Average lifetimes (λem =400 nm) for carbon nanodots quenched with CsCl. 

 

0 mM 2 mM 10 mM 20 mM 30 mM

Water (ns) 6.57 6.43 6.08 5.94 5.54

Ethanol (ns) 6.28 6.03 6.14 5.80 5.51

Methanol (ns) 6.75 6.56 6.66 6.21 6.12
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mechanism for these two quenchers is dynamic, whereas acrylamide appeared to be a 

static mechanism.  

 

 

 

 

 

Figure 4.9 Time-resolved Stern-Volmer plots of A) water dots, B) ethanol dots and C) methanol 

dots for 2 hours. 
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Temperature Fluorescence Quenching Analysis 

 In order to further confirm the quenching mechanism for acrylamide, steady-

state and time-resolved experiments were analyzed at 10 and 40°C. At higher 

temperatures, there is faster diffusion of the molecules in solution and therefore an 

increased amount of dynamic quenching is expected. However, at higher 

temperatures, statically formed complexes formed are more likely to dissociate, 

leading to a decrease in static quenching amount.49–52,57 The effects of temperature are 

observed in the change of the steepness of the slope of the Stern-Volmer plots, with 

dynamic quenching resulting in a steeper slope (higher KSV value) and static 

quenching resulting in a flatter slope (lower KSV value).49–52,57 The temperature 

dependent time-resolved data did not show any significant differences in the average 

lifetime at either 10 or 40°C for nanodots quenched with acrylamide (Data not 

shown). The Stern-Volmer plots for the time-resolved data at both temperatures 

appeared as flat lines, similar to plots shown Figure 4.9. However, the steady-state 

data revealed inconsistent quenching of the nanodots’ fluorescence at higher 

temperatures, as shown in Figure 4.10.  
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Figure 4.10 Steady-state temperature quenching experiments of water dots quenched with 

acrylamide at A) 10°C and B) 40°C. 
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 At room temperature, there appeared to be a systematic quenching of the 

nanodots’ fluorescence (Figures 4.2-4.4), but at the higher temperature (40°C), there 

were inconsistent changes observed in the spectra. As seen in Figure 4.10, as the 

quencher concentration increased, the fluorescence intensity, in some cases, 

unexpectedly increased as well. These experiments were replicated several times and 

each time these unexpected quenching results were obtained. To determine if the 

inconsistencies were due to the acrylamide, temperature experiments were conducted 

with NaBr and CsCl. As shown previously, NaBr and CsCl quench fluorescence in a 

dynamic manner, therefore at higher temperatures, an increased kq value was 

expected. Using the other two quenchers, the same issues were observed for water 

dots at 40°C. At the higher temperature (40°C), the systematic quenching could not 

be replicated, therefore Stern-Volmer plots were not generated, but at the lower 

temperature (10°C) the systematic quenching was observed. Figure 4.11 shows the 

steady-state quenching of water dots at 10 and 40°C using the NaBr quencher. These 

unexpected results led to the study of carbon nanodots, without quencher, at various 

Figure 4.11 Temperature quenching experiments of water dots quenched with NaBr at A) 10°C 

and B) 40°C. 
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temperatures. The temperature studies just described led to the discovery of 

temperature dependent emission of carbon nanodots, which will be discussed in the 

next chapter.  

4.3.3 3D Fluorescence Quenching of Methane-Based Carbon Nanodots 

Only one wavelength was analyzed for fluorescence quenching in the previous 

sections, but carbon nanodots have an excitation wavelength dependent emission that 

is most likely due to a dual mechanism of a core structure and multiple emissive 

centers. It can be reasoned that each surface chromophore would react differently to 

the presence of the quenchers and to understand the effect of the quenchers on the 

multiple chromophores, quenching experiments were carried out over multiple 

excitation and emission wavelengths (3D quenching). 

Figures 4.12 and 4.13 illustrate the results of 3D quenching experiments for 

water dots quenched with NaBr and CsCl at various concentrations. The extent of 

quenching is most notable with NaBr, which can be accredited to the efficiency of the 

quenchers (Table 4.5), i.e. quenching with halides scales as Z4, where Z is the atomic 

number.49,50 
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Figure 4.12 Contour plots of water dots emission spectra quenched with NaBr at A) 0 mM B) 7 

mM C) 30 mM. 
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Fluorescence quenching was observed over multiple excitation and emission 

wavelengths with a notable amount occurring between 350 and 450 nm emission 

wavelengths. Knowing that quenching occurs at multiple excitation and emission 

wavelengths, the kq values could be determined for each wavelength and could help 

give a better understanding of influence the quenchers have on the various surface 

chromophores. 
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Figure 4.13 Contour plots of water dots emission spectra quenched with CsCl at A) 0 mM B) 7 

mM C) 30 mM. 
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4.4 Conclusions 

 From the Stern-Volmer analysis, it can be reasoned that the fluorescence 

quenching of the methane-based carbon nanodots is complex but, can be used to 

further elucidated the structural and luminescence properties of the nanodots. The 

results of the quenching experiments loosely conclude that the nanodots contain 

pores, which are likely to contain various charged and buried chromophores. The 

complex FT-IR spectrum (Chapter 3) further supports the presence of charged 

chromophores, which showed several functional groups that could be responsible for 

the presence of the charged chromophores within the nanodots. Together, these 

results support the thought that the fluorescence mechanism of methane-based carbon 

nanodots is due to multiple emissive centers and a core structure. 

 By utilizing multiple techniques, the mechanism of quenching of the three 

quenchers, NaBr, CsCl and acrylamide, were analyzed. Based on the degree of 

quenching in the steady-state and time-resolved spectra, it is believed that Br- and Cs+ 

quench the charged chromophores in a predominately dynamic manner. However, the 

neutral quencher, acrylamide, is reasoned to quench the fluorescence of the nanodots 

in a static manner. The static quenching mechanism is believed to be due to the 

formation of an exciplex, which is supported by the loss of the vibronic structure in 

the emission spectra. Given that acrylamide is neutral, it is thought that acrylamide 

would be able to quench any buried chromophores within the nanodots, whereas the 

Br- and Cs+ would not. This could be the reason for the non-linear Stern-Volmer plot 

for acrylamide, which is not unlike the results observed for the fluorescence 

quenching of chromophores within complex protein structures.49 The quenching 
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results gave details into the structural and luminescence properties of carbon nanodots 

and led to the discovery of a unique temperature dependent emission property of 

methane carbon nanodots, which will be discussed in Chapter 5. 
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Chapter 5:  Temperature Dependent Emission of  Carbon 

Nanodots 

5.1 Introduction 

 Previous temperature studies of carbon nanodots have reported a decrease in 

the fluorescence intensity as a function of increased temperatures.8,92,94–96 This trend 

is expected based on the increasing probability of collisional quenching at higher 

temperatures49,50 however, for methane-based carbon nanodots the inverse of this 

trend was reproducibly observed. While completing quenching temperature 

experiments in Chapter 4, the emission intensity of carbon nanodots increased as a 

function of increased temperatures. This unique observation led to the investigation of 

this temperature dependent emission property of methane-based carbon nanodots.  

The source of this temperature dependent emission is thought to originate 

from Thermally Activated Delayed Fluorescence (TADF), which is also commonly 

found in another allotrope of carbon, namely the fullerenes.50,97–102 The mechanism of 

TADF takes place by way of a triplet manifold in which, the excited singlet state, S1, 

intersystem crosses (ISC) to an excited triplet state, Tn, and then back intersystem 

crosses to the S1 state, where then fluorescence occurs46,50,97–102 Figure 5.1 depicts a 

simplified Jablonski diagram showing the mechanism of TADF, which is due to the 

ISC and then back ISC between the S1 and T1 states. TADF is a rare phenomenon that 

is usually observed to be a much weaker signal than the fluorescence signal of a 

typical fluorophore.50,97–102 The goal of this chapter was to develop a basic 
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characterization and understanding of the temperature dependent emission property of 

the methane-based carbon nanodots. 

 

 

5.2 Experimental Details 

5.2.1 Temperature Steady-State Measurements 

Steady-State Fluorescence. Steady-state fluorescence measurements were used to 

study the effects of different temperatures on the emission of carbon nanodots. These 

measurements were collected on a FluoroMax-4P spectrofluorometer equipped with a 

temperature-peltier controller, using the FluorEssence software (Horiba Scientific, 

Edison, NJ). Samples were analyzed in a 1-cm quartz or glass cuvette at six 

T1
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Figure 5.1 Simplified Jablonski diagram highlighting the mechanism of TADF through 

intersystem crossing from S1 → T1 ( ) and T1 → S1 ( . Where kNR, kF, kP, S1, T1 

represent non-radiative, fluorescence and phosphorescence rate constants, singlet, and triplet 

states, respectively and ΔEST is the energy gap between the singlet and triplet states. 
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temperatures: 10, 20, 30, 40, 50, 60 °C. The cuvette was equilibrated for 15 minutes 

at the selected temperature to ensure that the samples reached equilibrium. Samples 

were also purged with nitrogen gas (N2), to remove oxygen from solution that could 

result in fluorescence quenching. Emission spectra were collected at two excitation 

wavelengths, 240 and 400 nm, with all spectra corrected for the lamp by dividing the 

signal of the sample by the reference signal (S1/R1). The λex at 240 nm had λem range 

of 250-700 nm and the λex at 400 nm had λem range of 410-700 nm. Water, ethanol, 

and methanol dots were subsequently analyzed at all temperatures and wavelengths. 

Steady-State Delayed Fluorescence. Delayed fluorescence measurements were 

completed to determine if the delayed emission of carbon nanodots was influenced by 

temperature in the same manner as the fluorescence. These measurements were 

carried out in FluoroMax-4P spectrofluorometer equipped with a temperature 

controller using the FluorEssence software in phosphorescence (gated manner) mode 

(Horiba Scientific, Edison, NJ). Sample were investigated in a 1-cm quartz or glass 

cuvette at 10, 20, 30, 40, 50, 60 °C with a 15-minute equilibrium time to allow the 

samples to reach the selected temperatures. Samples were N2 purged and/or mixed 

with glycerol to prevent any quenching due to oxygen. The same carbon nanodot 

samples, excitation wavelengths, and emission wavelengths were examined as 

described in Steady-State Fluorescence section above. 

Steady-State 3D Fluorescence. Steady-state 3D fluorescence measurements were 

used to determine if there were more wavelengths that displayed this temperature 

dependent emission property. These measurements were collected on a FluoroMax-

4P spectrofluorometer equipped with a temperature-peltier controller using the 
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FluorEssence software, in 3D mode, (Horiba Scientific, Edison, NJ) at six 

temperatures: 10, 20, 30, 40, 50, 60 °C. The samples were measured in 1-cm quartz or 

glass cuvette and equilibrated for 15 minutes at each temperature. Emission spectra 

were collected at an excitation range of 230-600 nm and an emission range of 250-

650 nm. 

Temperature Cycling of Fluorescence. Cycling experiments were used to determine 

if the emission of the carbon nanodots was reversible after heating and cooling 

multiple times. The reversibility could be used to determine if the changes observed 

are due to a photophysical effect, i.e. increase of the density of states between the 

singlet and triplet excited-sates, as compared to any photochemical processes. These 

measurements were studied on a FluoroMax-4P spectrofluorometer equipped with a 

temperature controller using the FluorEssence software (Horiba Scientific, Edison, 

NJ). Samples were cycled in a 1-cm quartz or glass cuvette at three temperatures: 10, 

30, and 60°C. First, samples were cooled to 10°C, allowed to equilibrate for 15 

minutes and an emission spectra take at two excitation wavelengths, 240 and 400 nm. 

This same process was repeated for 30 and 60°C, with one cycle consisting of a 10, 

30 and 60°C spectra for each excitation wavelength. After reaching 60°C, the sample 

sat untouched for 5 minutes to allow for equilibration after excitation. The sample 

was then re-analyzed at the two excitation wavelengths for 60°C. This re-analysis was 

considered the start of a second cycle and the process of heat/cooling the sample to 

either 10,30 or 60°C, as described previously, is repeated for a total of six cycles. The 

λex at 240 nm had λem range of 250-700 nm and the λex at 400 nm. The samples were 
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additionally purged with nitrogen gas (N2), to remove oxygen from solution that 

could possibly result in fluorescence quenching of the long lived-luminescence.  

 

5.2.2 Temperature Time-Resolved Measurements 

Time-resolved fluorescence intensity decays were obtained to study how the 

excited-state lifetimes were effect at higher temperatures. The time-correlated single 

photon counting (TCSPC) technique on a FluoroCube system (Horiba Scientific, 

Edison, NJ) equipped with an Isotemp Digital-Control Water Bath (Thermo Fisher 

Scientific, Waltham, MA) was utilized to collect the intensity decay spectra. Samples 

were analyzed at 4, 10, 20, 30, 60 and 70 °C and allowed to equilibrate at each 

temperature for 20 minutes. The instrument response function (IRF) and carbon 

nanodot samples were excited using NanoLEDsTM centered at 400 nm (Horiba 

Scientific, Edison, NJ) and the emission wavelength of 460 nm was use to collect the 

intensity decay. The system’s experimental parameters are previously described in 

chapter 3. Decay spectra were taken on the DataStation V 2.7.2 software and the 

fitting of the decays were completed using the DAS 6 Analysis software.  

5.3 Results and Discussion 

5.3.1 Temperature Dependent Steady-State Measurements  

Fluorescence and Delayed Fluorescence Analysis of Methane-Based Nanodots 

 In order to analyze effects of temperature on the emission spectra, water dots 

were exposed to six temperatures ranging from 10°C to 60°C. Also, two excitation 

wavelengths, 240 and 400 nm, were chosen to examine the effects of temperature at 
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the highest emission signal (λex = 240 nm) and at a weaker emission (λex = 400 nm). 

First, water dots, synthesized for 4 hours and purged with N2, were analyzed at the 

various temperatures and excitation wavelengths and the resulting spectra are shown 

in Figure 5.2. 

As shown in the Figure 5.2A, there is a decrease in the emission signal when 

the temperature is increased from 10°C to 60°C at 240 nm as the excitation 

wavelength, however, the opposite trend was observed for 400 nm excitation 

wavelength. Figure 5.3 is an actual photograph of water dots cooled and heated to 5 

and 85°C, respectively, excited with a 405-nm laser line with 420 nm long pass filter, 

showing the increase in the emission intensity at higher temperatures. The increase in 

the emission signal at higher temperatures is an uncommon phenomenon, but is seen 

in another allotrope of carbon,  fullerenes.   

 

 

Figure 5.2 Fluorescence spectra of water carbon nanodots, purged with N2 gas, at various 

temperatures excited at A) 240nm and B) 400 nm. 
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 In Chapter 3, it was shown that water dots displayed delayed emission 

(Figure 3.16) and in order to determine if TADF is a possible mechanism for the 

trends observed in Figure 5.2, temperature experiments of water dots, purged with N2, 

were additionally carried out in phosphorescence mode of the spectrofluorometer to 

study the delayed emission spectra, i.e. in an off gated manner. Figure 5.4 shows the 

delayed emission spectra of water at various temperatures. As seen in the below 

figure, similar trends were observed for both excitation wavelengths as compared to 

the non-gated emission spectra collected. Ethanol and methanol dots were also 

studied to determine if the temperature dependent emission was present within those 

nanodots (Data not shown), which resulted in similar observations as to the water 

dots. 

 

Figure 5.3 Water dots excited with 405 nm laser line with 420 nm long pass emission filter at 

A) 5°C and B) 85°C. 
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Observing the same temperature trends for the emission and delayed emission 

spectra is a strong indicator for TADF.97,100,103 In order to have substantial TADF two 

condition must met: 1) high quantum yield of triplet formation, ΦT, i.e. a high 

probability of intersystem crossing (S1T1), and 2) high quantum yield of singlet 

formation, ΦS, namely, a high probability of back intersystem crossing 

(T1S1).97,100,102,104  These conditions imply that there is a small energy gap between 

S1 and T1 states (ΔEST).97,99–102,104 Therefore, determining the energy gap between the 

singlet and triplet states (ΔGST) of carbon nanodots would provide stronger evidence 

that TADF is the reason these temperature dependent emission results are seen. There 

are several methods that have been used to analyze the TADF data of fullerenes, with 

the standard method involving the measurement of delayed fluorescence and 

phosphorescence intensities as function of temperature and using a plot of ln(IDF/IP) 

vs 1/T.97,98,100,102 However, this standard method is not always viable due to difficulty 

or inability to measure phosphorescent spectra, thus an alternative method could be 
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Figure 5.4 Delayed fluorescence spectra of water carbon nanodots, purged with N2 gas, at 

various temperatures, excited at (A) 240nm and (B) 400 nm. Spectra were collected in 

phosphorescence mode of fluorometer. 
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employed.97,98,100,102 Due to the lack of phosphorescent spectra of the carbon nanodots 

studied within this research, the alternative methods would have to be used to 

determine the ΔGST, however this method requires the quantum yield of the triplet 

state (ΦT). Therefore, further work must be carried out to determine the triplet state 

quantum yield and subsequently the ΔGST.  

 

Temperature Cycling Analysis of Methane-Based Carbon Nanodots 

 Temperature cycling experiments were carried out to study the reversibility of 

the emission of carbon nanodots after heating and cooling a sample multiple times. 

TADF occurs through cycling between the S and T excited-states, which requires a 

small energy gap between the two states (i.e. high density of states), therefore, it is 

believed that higher temperatures reduces this gap by increasing the density of 

excited-states.46,100 Nanodots were subsequently heated from 10 to 30 to 60°C and 

then subsequently cooled from 60 to 30 to 10°C for a total of six cycles. Spectra of 

maximum intensity of emission versus the cycle number were plotted and shown in 

Figure 5.5. These experiments revealed that the carbon nanodots maximum emission 

intensity was reversible, for both excitation wavelengths, over six consecutive cycles 

of heating and cooling. This trend of reversibility after heating and cooling was also 

observed for a C70/paraffin system and C70/polymer systems, thus further supporting 

the TADF mechanism of methane-based nanodots, noting again that the carbon 

nanodots are simply another allotrope of carbon.100 Therefore, carbon nanodots can 

be cycled multiple times without the loss of signal, allowing them to be potentially 

useful as temperature probes. 
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Temperature Dependence of the 3D Fluorescence of Methane-Based Carbon Nanodots 

 The previous results only examined the effect of temperature on the emission 

intensity at two wavelengths, therefore to determine if other wavelengths are 

temperature dependent, spectra of water dots were collected over multiple excitation 

and emission wavelengths. These experiments were carried out at the six 

temperatures and plotted as fluorescence contours plots shown in Figure 5.6. 

Figure 5.5 Temperature cycling plots of water dots excited at A) 240 nm and B) 400 nm, with 

the max intensity at λmax at 390 nm and 470 nm, respectively. With ●, ○, and ▼ representing 10, 

30, and 60°C respectively. 
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 These experiments revealed that the temperature dependent emission is not 

only observed at excitation wavelength 400 nm but at excitation wavelengths greater 

than 350 nm. When using the longer excitation wavelengths, it resulted in an increase 

of the emission signal at higher temperatures, which is highlighted by the white 

dashed circles seen on Figure 5.6A and F. The energy gap between excited-states 

tends to be larger for short wavelengths than for longer wavelengths.6,48 For TADF to 

occur, the energy gap between the excited triplet and singlet states must be small, 

which could be why TADF is only observed for longer wavelengths. A similar 

Figure 5.6 Contour plots of temperature dependent emission experiments at A) 10, B) 20, C) 30, D) 40, 

E) 50, and F) 60°C. The white dashed circles highlight the increase in emission signal for excitation 

wavelengths greater than 350 nm. 
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observation was seen for methanol dots when the emission spectra were analyzed 

over several excitation wavelengths (Data not shown). 

5.3.2 Temperature Dependent Time-Resolved Measurements  

 The fluorescence intensity decay of water dots was analyzed at various 

temperatures to gain an understanding of how the lifetimes were affected. Lifetime 

decay spectra were analyzed at 4, 10, 20, 30, 60, and 70°C with 400 nm NanoLEDTM 

and the average lifetimes were calculated using equation 2.349, which is reproduce 

below as equation 5.1. 

Where fi is the fractional contribution of each component to the steady-state intensity 

which is determined from equation 2.2. Figure 5.7 depicts the intensity decay spectra 

of water dots at various temperatures.  

(5.1) 

Figure 5.7 Intensity decays (λem =400 nm) of water dots synthesized for 2 hours at various 

temperatures. 
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 These experiments revealed that the decay and subsequent average lifetimes 

for the water dots were influenced by increasing temperatures. The average lifetimes 

of the water dots at various temperatures were calculated (Table 5.1). The increase of 

the average lifetime of water dots at higher temperature is thought to be due to 

increase of fluorescence emission at higher temperatures. By exhibiting more 

fluorescence, the excited-singlet state of the water dots would be longer-lived and 

therefore resulting in longer average lifetimes.  

 

 5.4 Conclusions 

 Methane-based carbon nanodots were studied at six different temperatures, 

utilizing steady-state and time-resolved fluorescence techniques, to determine how 

the emission and intensity decay spectra were influenced by temperature. The 

temperature studies revealed an increase in the emission intensity and average 

lifetimes, at select excitation wavelengths, when the temperature was increased up to 

70°C. Also, the cycling experiments showed that the emission intensities could be 

cycled and recovered over multiple heating and cooling cycles. Suggesting a 

Table 5.1 Average lifetimes of water dots at various temperatures. Calculated form equation 5.1. 

Temperature ( C)    (ns)

4 7.53

10 7.44

30 7.81

60 7.88

70 7.95
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photophysical interpretation of the enhanced delayed fluorescence emission, not 

unlike what is observed for the fullerenes.  These characteristics could make carbon 

nanodots potentially useful as temperature probes.  

Methane-based carbon nanodots have been previously shown, in this research, 

to have delayed fluorescence (Chapter 3), therefore it is hypothesized that TADF is 

the mechanism for the temperature dependent emission phenomenon 

observed.97,98,100–102 The results obtained from this research appear to support TADF 

as the reason for this temperature dependent emission, however, further work in 

determining the singlet-triplet energy gap (ΔGST) and triplet quantum yield (ΦT) is 

needed in order to gain a full understanding of this property of carbon nanodots. 
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Chapter 6:  Bromination of Carbon Nanodots for Singlet 

Oxygen Generation 

6.1 Introduction 

 The synthesis and modification of phosphorescent carbon nanodots for singlet 

oxygen generation will be discussed in this chapter. To achieve this, the synthetic set-

up, described in Chapter 3, was adjusted to allow for the modification of methane-

based carbon nanodots with halogens (bromide). Halogens are known to increase 

intersystem crossing to the triplet-state through spin orbital coupling (also known as 

the heavy atom effect), subsequently allowing for phosphorescence properties to be 

possible.49–51,57,66,68,69 Phosphorescent carbon nanodots are thought to be able to 

generate singlet oxygen (1O2) by photosensitization, a method of electronic energy 

transfer from the triplet excited-state of carbon nanodots to the ground-state of 

molecular oxygen.77–81,105,106 In order to study the photosensitization of 1O2, Singlet 

Oxygen Sensor Green Reagent (SG) was employed to detect 1O2, based on the 

increase of the fluorescence signal in the presence of 1O2, as described in Chapter 1. 

This chapter is subsequently focused on the synthesis of brominated methane-based 

carbon nanodots, the characterization of their photophysical properties and their 

ability to generate singlet oxygen. 
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6.2 Experimental Details 

6.2.1 Synthesis of Brominated Carbon Nanodots 

Synthesis. The experimental synthetic set-up for methane-based carbon nanodots was 

previously detailed in Chapter 3 (Figure 3.1). For brominated carbon nanodots, only 

the solvent was changed from water, ethanol, or methanol to 5 M hydrobromic acid 

(HBr). Briefly, ultra-pure methane gas was flowed into a bunsen burner, where a 

sooting flame was produced. The nanodots are thought to be formed within the flame 

and were pulled into the impinger glassware and the collection solvent (5 mL of 5 M 

HBr) by a vacuum. The vacuum was set to cause gentle bubbling of the solvent to 

ensure that the carbon nanodots were pulled from the flame into the solvent. The 

duration of the synthesis of brominated carbon nanodots was for either 2 or 4 hours. 

After the completion of the synthesis, samples were refluxed in the HBr for 6 or 12 

hours at 100-120°C. This step was carried out to determine if refluxing the samples 

could increase the chances of the bromination of the carbon nanodots, similar to the 

use of oxidization of candle soot with HNO3, to introduce oxygen and nitrogen onto 

the carbon nanodots as discussed in Chapter 2. 

 

6.2.2 Photophysical Characterizations of Brominated Carbon Nanodots 

Absorption Measurements. Absorption measurements were carried out on a Cary 50 

UV-Vis spectrophotometer (Agilent Technologies, Santa Clara, CA) equipped with a 

full spectrum xenon pulse lamp (190-1100 nm). Samples and solvent blank (HBr) 

were measured in a 1-cm quartz or glass cuvette with a scan rate of 300 nm/min.  
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Steady-State Fluorescence. Steady-state fluorescence measurements were carried out 

on a FluoroMax-4 or FluoroMax-4P spectrofluorometer (Horiba Scientific, Edison, 

NJ) utilizing the FluorEssence software. Samples were measured in a 1-cm glass or 

quartz cuvette. The excitation and emission monochromators were adjusted to obtain 

the appropriate wavelengths to collect emission data from an excitation wavelength 

range of 300 nm to 700 nm. The 3D emission spectra, plotted as contour plots, were 

collected using the 3D mode of the FluorEssence software with the excitation 

wavelengths ranging from 200 to 700 nm and the emission wavelengths ranging from 

220 to 720 nm.  

Steady-State Phosphorescence. Phosphorescence measurements were carried out in 

FluoroMax-4P spectrofluorometer (Horiba Scientific, Edison, NJ). The instrument 

light source was a pulsed xenon arc lamp. The experiments were carried out utilizing 

the FluorEssence software in phosphorescence mode (gated signal collection) with 

samples in a 1-cm glass or quartz cuvette. The typical experimental parameters were 

previously described in Table 3.1. The excitation and emission monochromators were 

adjusted to obtain the desired wavelengths. 

Time-Resolved Fluorescence. Time-Resolved fluorescence intensity decays were 

obtained using the time-correlated single photon counting technique, in reverse start-

stop mode, on a FluoroCube system (Horiba Scientific, Edison, NJ). An instrument 

response function (IRF) was taken using a dilute scattering solution of Ludox® AS- 

30 colloidal silica. The IRF and carbon nanodot samples were excited using a 

NanoLED centered at 351 nm (Horiba Scientific, Edison, NJ) and the emission 

wavelengths were selected with a monochromator, and subsequently the signal was 
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detected on a TBX-04 timing module (Horiba Scientific, Edison, NJ). The typical 

experimental parameters used were previously detailed in Chapter 2. Decay spectra 

were taken on the DataStation V 2.7.2 software and the fitting of the decays were 

completed using the DAS 6 Analysis software.  

Dynamic Light Scattering. Dynamic light scattering data was collected on a Zetasizer 

Nano ZS (Malvern, Worcestershire, UK) equipped with 633 nm laser source with the 

help of Dr. Daniel’s lab group (Chemistry Department, UMBC). Carbon nanodots 

samples were ran in a 1-cm plastic cuvette at room temperature. Pure samples (no 

centrifugation) and centrifuged samples of carbon nanodots were both analyzed for 

their size distribution. 

Quantum Yields. Relative quantum yields were determined by comparing the 

integrated emission intensity, optical density, and refractive index of the carbon 

nanodots to a suitable reference in a 1-cm quartz cuvette at 20°C.  The reference 

fluorophores used were quinine sulfate (0.1M H2SO4, λex= 350 nm), fluorescein di-

sodium salt (0.1M NaOH, λex= 496 nm), rhodamine 101 (Ethanol, λex= 450-460 nm). 

The optical densities of the references and the carbon nanodots were matched at the 

excitation wavelength (350, 496 or 450 nm). The steady-state emission spectra were 

integrated using SigmaPlot 11.0 software. Quantum yields were calculated using 

equation 2.1.  

 

 

 

 

 

 



 

 121 

 

6.2.3 Singlet Oxygen Generation Experiments 

In order to study the 1O2 generation of carbon nanodots, singlet oxygen sensor 

green reagent (SG, Thermo, Waltham, MA) was purchased and utilized. A stock 

solution of 5 mM SG was prepared and stored in a dark vial at -20°C until it was 

used. Experiments were carried out on the FluoroMax-4 spectrofluorometer (Horiba 

Scientific, Edison, NJ) utilizing the FluorEssence software. A black 1-cm cuvette 

with small 1-mm opening was used for measuring the spectra (Figure 6.1). 

 To generate 1O2, the sensitizer (S), in these experiments either methylene blue 

(MB) or carbon nanodots, must be in the triplet state (3S) in order to interact with 

molecular oxygen (3O2) and produce 1O2.
77–81,105,106 Therefore, the sensitizer was 

excited into its singlet-excited-state by a pump wavelength (630 nm for MB and 300 

for nanodots), from where the sensitizer can intersystem cross into the triplet state.77–

81,105,106 The 3S can interact with 3O2 to generate 1O2, which is subsequently detected 

by change in emission intensity of SG when excited at 470 nm. Experiments were 

Figure 6.1 Photograph of the black cuvette with 1-mm windows for excitation and emission 

collection used for singlet oxygen experiments. 

 

Sample 
Window
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carried out to analyze the efficiency of SG and carbon nanodots in detecting and 

generating 1O2. 

Methylene Blue Experiments A set of control experiments using methylene blue 

(MB), a well-known photosensitizer, were carried out to test SG as a detection 

method and to determine ideal experimental parameters needed. These experiments 

were completed with a pump wavelength for MB at 630 nm and excitation of SG at 

470 nm for the detection of 1O2. A typical control sample consisted of 3 µL of SG 

(5mM) and MB and 1.5 mL of 100 mM TRIS buffer, as suggested by the 

manufacturer.  

The control experiments were carried out at different durations of the pump 

wavelength (630 nm) ranging from 1 to 6 minutes and the detection of 1O2 was 

analyzed immediately after the pumping of MB and up to 5 minutes after the pump, 

in 1 minute increments. The typical parameters used for the control experiments are 

shown in Table 6.1.  

 

Carbon Nanodot Experiments. Analyzing the ability of carbon nanodots to generate 

1O2 was carried out in a similar manner to the control experiments. These experiments 

Table 6.1 Typical experimental parameters used for Methylene Blue control experiments. The 

pump of MB was varied from 1 to 6 minutes. 

λex

Before pump 470

Pump of MB 630

Immediately After Pump 470

1 Minute After Pump 470

2 Minute After Pump 470

3 Minute After Pump 470

4 Minute After Pump 470

5 Minute After Pump 470
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were completed with a pump wavelength for carbon nanodots at 300 nm and 

excitation of SG at 470 nm for the detection of 1O2. The samples consisted of 2 µL of 

SG (5mM), 200 µL of carbon nanodots and 1 mL of 100 mM TRIS buffer. The same 

experimental parameters (Table 6.1) were used and analyzed for carbon nanodot 

samples. Water and HBr dots were analyzed and compared for their ability to produce 

1O2. 

  

6.3 Results and Discussion 

 Brominated carbon nanodots were synthesized from methane gas and 

collected in 5 M hydrobromic acid (HBr) for either 2 or 4 hours. Following the 

synthesis, the nanodots solutions were further refluxed in the HBr solvent for 6 or 12 

hours at up to 120°C in an effort to incorporate the bromide ions from the HBr onto 

the nanodots structure. The nanodots synthesized in this study are hereafter referred 

to as HBr dots to differentiate these brominated dots from the previously synthesized 

carbon nanodots. 

 

Absorption Characterization 

The absorption spectra of brominated carbon nanodots synthesized for 2 and 4 

hours, before the samples were refluxed, are shown in Figure 6.2 below. The spectra 

show a high absorbance in the UV region with tailing off into the visible regions. The 

spectra were similar to those of the water dots described in Chapter 3 and in literature 

described carbon nanodots.2–5  
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When the HBr dots and water dots absorption spectra are compared (Figure 

6.3), it can be seen that the water dots had a higher absorbance in the visible region 

than the HBr dots, however, this is simply likely due to concentration of nanodots 

collected in each sample. The difference could also be the result of carbon nanodots 

that have different optical properties based on the solvent. As shown in Chapter 3, 

that the solvent can influence the photophysical properties of the nanodots, therefore 

by using HBr as the solvent, we have speculated that it may be possible to obtain 

carbon nanodots with different properties.30,31,88,89  
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Figure 6.2 Absorption spectra of HBr dots (before reflux) synthesized for 2 or 4 hours  
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Next, the absorption spectra of the HBr dots were assessed for Rayleigh light 

scatter to determine if HBr dots contained large amounts of scatter, like the water 

dots. Figure 6.4 demonstrates this comparison and shows that HBr dots do not have a 

significant amount of light scatter, which means the broad absorption is likely due to 

the nature of the carbon nanodots. This observation is different than what was seen 

for water dots in chapter 3 and could be the result of different solvated nanodots 

collected in the HBr synthesis. 

Wavelength (nm)

250 300 350 400 450 500 550

A
b

s
o

rp
ti

o
n

0.0

0.5

1.0

1.5

2.0

2.5

Water Dots

HBr Dots

Figure 6.3 Comparison of the absorbance spectra of water dots and HBr dots synthesized for 2 

hours 
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In order to determine if refluxing was an effective method to change the 

photophysical properties of HBr dots, the absorption spectra of HBr dots before and 

after reflux were compared (Figure 6.5). Comparing the three spectra for each 

synthesis time, it was observed that there are slight differences between the spectra. 

Based on these differences and differences seen in the emission spectra, as described 

in the next section, it is thought that the refluxing of the nanodots could influence the 

photophysical properties of HBr dots. 

 

 

 

 

 

Wavelength (nm)

300 400 500 600 700 800

N
o

rm
a
li
z
e
d

 A
b

s
o

rp
ti

o
n

0.0

0.2

0.4

0.6

0.8

1.0
2 hour synthesis

4 hour synthesis

Scatter

Figure 6.4 Normalized absorption spectra of brominated carbon nanodots (Before Reflux) and 

Rayleigh scattering (λ-4 trace). Data normalized from Figure 6.2 
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Fluorescence Characterization 

Before Reflux 

 The emission properties of HBr dots were analyzed to determine the effects of 

the HBr solvent on the fluorescence of carbon nanodots. Figures 6.6 and 6.7 show the 

emission spectra of HBr dots, before reflux, synthesized for 2 and 4 hours, 

respectively. First, in Figure 6.6, the contour plots display the emission spectra over 

multiple excitation wavelengths. When comparing the contour emission structure 

between the two duration times, it can be observed that they look similar, but as 

highlighted by the white dashed circles, there were some slight differences. These 

differences could be explained by a change in concentration of the nanodots in 

solution between the two samples. As described in Chapter 3, the longer the synthesis 

time, typically results in more concentrated samples and therefore, a stronger 

emission intensity was expected, as seen in Figure 6.6. When compared to water dots, 

Figure 6.5 Comparison of the normalized absorption spectra of HBr dots before reflux (Black), 

after 6-hour reflux (Red), and after 12-hour reflux (Blue) for A) 2-hour synthesis and B) 4-hour 

synthesis 
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there are some notable differences seen in the contour plots. For water dots, the 

emission intensity appeared as a much broader spectra and higher intensities, 

whereas, HBr dots appeared to have more emission spectra structure and overall 

lower fluorescence emission intensity. It is hypothesized that the lower fluorescence 

emission intensity of HBr dots is due to the presence of phosphorescence, which will 

be discussed later. 
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Figure 6.6 Contour plot of HBr (before reflux) synthesized for A) 2 hours and B) 4 hours. The 

intensity, red band is the zero-order overtone band due to the monochromator. 
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Next, when examining the normalized emission plots, shown in Figure 6.7, 

the excitation wavelength dependent emission is present in HBr dots, before reflux, as 

well. Also, there is a decrease in emission intensity at longer wavelengths (Data not 

shown). Again, both of these observations are unique emission properties of all 

carbon nanodots.2–5 From both the absorption and emission spectra of HBr dots, it can 

be observed that different carbon nanodots are collected within this synthesis. 

 

After Reflux 

 The emission spectra for HBr dots (2-hour synthesis), after either a 6 or 12-

hour reflux, are shown in Figures 6.8 and 6.9, respectively.  There are significant 

differences between the before reflux and the after-reflux emission spectra. As shown 

in the contour plots (Figure 6.8), the spectra have significantly decreased in the 

intensity, along with a bathochromic shift (red shift) in the emission signal. In the un-

refluxed samples, the emission intensity was typically centered between 370 and 410 

nm and in the after-reflux samples, the emission intensity was typically centered 
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Figure 6.7 Normalized emission spectra of HBr dots (before reflux) synthesized for A) 2 and B) 

4 hours. Samples were excited from 200 nm to 700 nm with the arrow representing the increase 

of the excitation wavelength. 
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between 400 and 500 nm. This general trend was reproducible over several different 

HBr dots samples. A comparison of the normalized emission signal for before and 

after refluxed HBr dots is shown in Figure 6.9. All samples were excited at 300 nm 

and a bathochromic shift can be seen for HBr dots that were refluxed. A similar trend 

was observed for HBr synthesized for 4 hours as well. The purpose of refluxing the 

HBr dots was to increase the chances of creating phosphorescent dots. Therefore, 

observing a decrease in the emission intensity could be due to an increase in the 

triplet emission of HBr dots after reflux.  
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Figure 6.8 Contour plots of HBr dots (2-hour synthesis) after being refluxed for A) 6 and B) 12 

hours. 
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Fluorescence Quantum Yields Determination 

The relative fluorescence quantum yields of HBr dots were determined by 

using equation 2.1 and three known fluorophores standards namely, quinine sulfate, 

fluorescein, and rhodamine 101. The quantum yields for the 2-hour HBr dots were 

determined to be 2-4% when compared to quinine sulfate, however, when compared 

to di-sodium fluorescein the quantum yields increased to 4-6%. For the 4-hour HBr 

dots the quantum yields were determined to be 5.5% and 6.5%, when compared with 

quinine sulfate and fluorescein, respectively. When both the 2 and 4 hour HBr dots 

were compared to Rhodamine 101, there was a significant decrease in the quantum 

yields to less than 1%. Table 6.1 summarizes the average quantum yield results from 

three or four different measurements. 

Table 6.2 Relative approximate quantum yield calculations of HBr dots at 

various excitation wavelengths. 
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 When the quantum yields of HBr dots are compared to the earlier water dots, 

we see that there is a significant decrease in the fluorescence quantum yields. For 

example, for quinine sulfate, the quantum yields for the 2-hour water dots was 20% 

compared to the 4% for the 2-hour HBr dots. It is also worth noting that, unlike water 

dots, the HBr dots do not appear to have large amount of scatter light (Figure 6.4). 

Therefore, it is believed that relative quantum yields are not underestimated, like the 

water dots, in Chapter 3. The decrease in the fluorescence quantum yield suggests 

that the nanodots are using a different deactivation pathway to return to the ground-

state. It is believed that because bromide ions are present, either in solution or on the 

surface of the nanodots, that the HBr dots could be phosphorescent.49–51 The presence 

of phosphorescence would explain the decrease in the S1 emission intensities 

observed and the decrease in the fluorescence quantum yields. 

 

Phosphorescence Characterization 

 To determine if the decrease in the emission signal was due to triplet 

emission, phosphorescence spectra were collected for HBr dots, before and after 

Sample Average Φ (%) Average Φ (%) Average Φ (%)

λex= 350 nm1 λex= 496 nm2 λex= 450 nm3

HBr (4hrs) 5.47  0.10 4.65  0.64 0.54  0.05

HBr (4hrs) 5.40  0.33 N/A N/A

HBr (2hrs) 3.58  1.19 5.33  0.57 0.58  0.03

HBr (2hrs) 2.10  0.24 3.98  0.16 0.48  0.03

1,2,3 refer to the standards use for comparison at those excitation wavelengths, Quinine Sulfate, 

Fluorescein, and Rhodamine 101. *Each average quantum yield calculation is from triplicate 

measurements within same batch of nanodots. 
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reflux. Since triplet states can be readily quenched by diffusing species due to their 

long-lived nature, samples were mixed with glycerol to slow down the diffusional 

quenching processes. The viscosity of water and glycerol are 1.002 m*Pa*s and 1.408 

Pa*s, respectively, therefore glycerol will reduce the diffusion molecules in solution 

better than water.107 phosphorescence spectra of HBr dots synthesized for 2 hours, 

before reflux, are shown in Figure 6.10. When comparing the fluorescence and 

phosphorescence spectra (Figure 6.10B), a new peak appeared in the 

phosphorescence spectrum that is somewhat red shifted from the fluorescence 

emission spectra. Since the phosphorescence spectra are collected in a gated manner 

and there is a red shift in the spectra, it could be concluded that the peak seen at 520 

nm is due to the presence of phosphorescence. 
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Figure 6.10 A) Phosphorescence spectra of HBr dots (2 hours, before reflux) in glycerol and B) 

Normalized fluorescence and phosphorescence spectra of HBr (2 hours, before reflux) excited at 

300 nm. 
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However, when the same experiment was completed for refluxed HBr dots, a 

phosphorescent peak was not observed. Figure 6.11 shows the normalized 

phosphorescence spectra for HBr dots before and after refluxing and it can be seen 

that nanodots only before the reflux have a phosphorescent peak. When examining 

the HBr dots synthesized for 4 hours, after the 12-hour reflux, a phosphorescent peak 

was observed at approximately 530 nm (Figure 6.12). The reason for these 

differences is still under investigation, since the it is unknown if the bromide ions 

were covalently added to the structure of the nanodots or if the bromide ions are 

electrostatically attracted, i.e. ion paired, to the charged surface of the nanodots. The 

strong acidic environment of the nanodots could be potentially degrading the 

nanodots as they are heated and refluxed, however when using a similar procedure for 

candle-based carbon nanodots, the acidic environment (HNO3) helped to synthesis 

fluorescent nanodots.13,15 It could also be reasoned that refluxing is not consistent 

method to incorporate halides onto the nanodots, as seen by the success of the 

phosphorescent peak in the 4-hour HBr versus the lack of the phosphorescent peak in 

the 2-hour HBr dots. Further experiments are needed to gain a better understanding of 

the addition of halide to the carbon nanodots.  



 

 135 

 

Dynamic Light Scattering (DLS) 
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Figure 6.11 Comparison of the normalized phosphorescence spectra of HBr dots (2 hours) 

before reflux (Black), after 6-hour reflux (Red) and after 12-hour reflux (Blue) excited at 300 

nm. 
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Figure 6.12 Comparison of the normalized phosphorescence spectra of HBr dots (4 hours) 

before reflux (Black), after 6-hour reflux (Red) and after 12-hour reflux (Blue) excited at 

300 nm. 
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Dynamic light scattering measurements were undertaken to determine the size 

distributions of HBr dots. The results revealed a large distribution of sizes of HBr 

dots after synthesis. The HBr dots samples were studied before centrifugation and 

after 14,500 RPM centrifugation to determine if centrifugation could remove the large 

carbon nanodots from the samples. Figure 6.13 shows the DLS results before and 

after centrifugation for HBr dots collected for 2 hours. DLS experiments revealed 

that, after synthesis, there is a distribution of sizes from 1 to >1000 nm however, 

centrifugation can be used to some extent to separate out the smaller particles. These 

results are similar to the DLS results discussed in Chapter 3. 

Figure 6.13 Dynamic light scattering of HBr synthesized for 2 hours before and after 

centrifugation at 14,500 R. Inset. Zoomed in graph of the smaller distribution of sizes of HBr 

dots. 
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Time-Resolved Intensity Decay Characterization 

The time-resolved intensity decay experiments were carried out to determine 

the average lifetime of the excite-state of the HBr dots. However, unlike the previous 

carbon nanodots, HBr dots appeared to have both a very short component and a 

longer-lived component, as shown in Figure 6.14.  

The short-lived component is speculated to be the decay of the nanodots 

quenched by the bromide, although we are unable to ascertain a specific value to it, as 

it was below the time-resolution of the instrument, i.e. ≈ <300 ps. We do not however 

believe that the short-lived component is a consequence of scattered light in the 

sample, due to the lack of notable scattering present in the absorption spectra of HBr 

dots (Figure 6.4). In order to determine the average lifetime of the long-lived 

component, a tail fit of the intensity decay was used. The average lifetime of the long-

lived component was found to be 33.5 ns, which is much longer than the ~4 ns 

lifetimes of water dots. However, it is worth noting that the amplitude contribution of 

the long-lived species to the overall intensity decay of the HBr dots appears to ~5% 
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Figure 6.14 Fluorescence intensity decay of HBr dots synthesized for 2 hours. The excitation 

wavelength was 351 nm and the emission was collected at A) 375 nm and B) 395 nm. (Black 

line- instrumental response function, Red line - fluorescence decay). 
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therefore, it does not appear to have a great influence on the overall average lifetime 

of the HBr dots. The origin of this long-lived fluorescence component is not known at 

this time. 

The overall intensity decay could be approximated to a multi-exponential 

intensity decay using the DAS 6 Analysis software. However, in order to gain a better 

understanding of the long-lived components, measuring the longer lifetimes of the 

HBr dots would be ideal. The spectrofluorometer used for the phosphorescent 

measurements (FluoroMax 4P) would be capable of measuring the long lifetimes and 

using the FluorEssence software, it could be possible to determine the lifetime of the 

longer-lived component of HBr dots. Also, the use of another instrument in our labs, 

namely the TemPro Fluorescence Lifetime System (Horiba Scientific, Edison, NJ) 

could be utilized to analyze the long-lived component. This system is able to measure 

intensity decays of up to one second and operates relatively similar to the FluoroCube 

system used within this research. Further experiments utilizing the 

spectrofluorometer, will be able to help gain a better understanding of the long-lived 

lifetimes of HBr dots. 

 

Singlet Oxygen Generation  

 As shown in the above sections, HBr dots have phosphorescence character 

which, in turn, makes the interaction between HBr dots and molecular oxygen a 

possibility. This interaction could potentially generate singlet oxygen. In order to 

determine if carbon nanodots are able to generate 1O2, the singlet oxygen sensor green 
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reagent (SG), was utilized as a sensor, based on the changes in the fluorescence signal 

of the SG. 

 First, control/signal optimization experiments using methylene blue (MB) 

were completed to analyze SG ability to detect 1O2. These experiments varied the 

pump duration of MB, with the expectation at longer pump times, more 1O2 would be 

generated due to more MB being excited and available to react with molecular 

oxygen. Also, the experiments varied the collection times of the SG spectra to 

determine how long 1O2 could be detected after excitation of the sensitizer. Figure 

6.15 shows the results of those experiments. 
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Figure 6.15 Singlet oxygen generation from methylene blue utilizing sensor green at A) 2 

minutes, B) 4 minutes, and C) 6 minutes’ pump durations of MB. The pump wavelength for MB 

was 630 nm and the excitation wavelength for SG was 470 nm. SG spectra were collected after 

various times after exciting the MB ranging 0 to 5 minutes after pump. 
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 As seen in the above figure, detection of 1O2 is maximum immediately after 

the pump of MB which was expected given the reactivity of 1O2 and its short lifetime 

of approximately 4 µs.77  As time passes after the pump of MB, the amount of 1O2 

decreases since the 1O2 has most likely already reacted and returned to the more 

stable ground-state. When comparing the duration of the pump of MB, it can be 

observed that longer pump times results in slightly more 1O2 generation. The lack of a 

significant increase at the longer pump times, could be due to the short lifetime of 1O2 

in water and the time delay between pumping the MB and collecting the SG spectra 

(~10-20 seconds). This delay would result in only the measurement of a fraction of 

the 1O2 generated from the MB. To further understand this process, the changes in the 

SG emission spectra, before and immediately after the pump, were analyzed by 

determining the percent change based on integrating the areas under the curves 

(AUC). This was carried out using SigmaPlot 11 and the AUC for the 2-minute pump 

(Figure 6.16A), 4-minute pump (Figure 6.16B) and 6-minute pump (Figure 6.16C) 

were determined to be 7.19, 9.18, and 9.68%, respectively. Based on the results of the 

AUC, more 1O2 appeared to be generated at the longer pump times. These 

experiments were completed to ultimately gain an understanding of SG detection of 

1O2 and to see the effectiveness of SG in detecting 1O2 from a well-known sensitizer. 

The next steps were to subsequently analyze the carbon nanodots as a possible 

sensitizer for 1O2 generation.  

 Carbon nanodot 1O2 experiments were carried out in a similar manner as the 

MB experiments with slight adjustments to the volumes of solvents and pump 

wavelength used, as described in the experimental section. Both water dots and HBr 
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dots were studied for 1O2 generation using a pump wavelength of 300 nm. This 

wavelength was chosen based on the phosphorescent peak observed for HBr dots at 

300 nm, discussed previously, which is needed for production of 1O2. When 

analyzing water dots for singlet oxygen generation, as shown in Figure 6.16, there 

appeared to be no 1O2 generation observed, even for the longer pump times. These 

results were expected due to the lack of phosphorescence present for water dots.  

 For HBr dot, there was a phosphorescent peak observed when the nanodots 

are excited with 300 nm light, therefore, the triplet-state of the nanodots could 

interact with molecular oxygen to generate 1O2. First, HBr dots were analyzed in 

solution (no glycerol) at the acidic pH and the signal from SG was degraded, as 

shown in Figure 6.17, suggesting that the SG is not stable in the harsh acidic 

conditions. Therefore, the HBr dots were neutralized with NaOH as described in 

Chapter 3, and re-analyzed for 1O2 generation with SG, which is stable at the neural 

pH. 
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Figure 6.16 Singlet oxygen generation from water dots utilizing senor green at different pump 

durations of A) 2 minutes and B) 6 minutes. The pump wavelength for water dots was 300 nm 

and the excitation wavelength for SG was 470 nm. SG spectra were collected after various times 

after exciting the water dots, ranging 0 to 5 minutes after pump. 
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Figure 6.17 Singlet oxygen generation from acidic HBr dots utilizing senor green pumped for 6 

minutes. The pump wavelength for HBr dots was 300 nm and the excitation wavelength for SG 

was 470 nm. SG spectra were collected after various times after exciting the water dots, ranging 

0 to 5 minutes after pump. 
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By neutralizing the pH of HBr dots, the fluorescence signal of SG was 

restored; however, when examining the spectra, it appeared that little to no 1O2 was 

generated, even at the longer pump times for the nanodots, as shown in Figure 6.18.  

The HBr dots display phosphorescence when excited with 300 nm light, 

however in order to see the phosphorescence character, the neutralized HBr dots were 

mixed in glycerol. Lack of 1O2, could be due to quenching of the triplet state. 

Therefore, the next set of experiments were completed using neutralized HBr dots 

mixed with glycerol and control experiments of MB in glycerol to ensure that there 

was no effect on the SG.  

The control experiments with MB in glycerol showed the ability of MB to 

produce 1O2 and that there was no effect on the SG spectra due to the addition of 

glycerol (Data not shown). When analyzing the HBr dots in glycerol, it was 

determined that small amounts of 1O2 generation were possible (Figure 6.19) when 

the samples were pumped for 6 minutes. The AUCs were analyzed for the before 
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Figure 6.18 Singlet oxygen generation from neutralized HBr dots utilizing senor green pumped 

for A) 2 minutes and B) 6 minutes. The pump wavelength for HBr dots was 300 nm and the 

excitation wavelength for SG was 470 nm. SG spectra were collected after various times after 

exciting the water dots, ranging 0 to 5 minutes after pump. 
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pump spectrum and immediately after pump spectrum to determine if singlet oxygen 

was generated. This analysis showed a 1.26% increase in the SG emission intensity, 

after the carbon nanodots were pumped, meaning that a small amount of 1O2 was 

detected, as shown in Figure 6.19B. 

 

  

 

 

 When analyzing 1O2 production of HBr dots to MB, it was determined that 

HBr dots are not as efficient in generating 1O2 based on the AUC analysis (10% of 

MB compared to 1% from HBr dots). Also, when comparing multiple HBr samples, it 

was observed that the amounts of 1O2 varied from 1-4%. This could be due to the 

phosphorescence differences between samples because not all of the HBr samples 

showed phosphorescence and the signal intensity varied from sample to sample. HBr 

dots with a weaker phosphorescence signal would be expected to generate less 1O2 

than a sample with stronger phosphorescence, similar to the comparison of MB to 
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Figure 6.19 A) Singlet oxygen generation from neutralized HBr dots utilizing senor green 

pumped for 6 minutes. B) Singlet oxygen generation from HBr dots utilizing sensor green 

pumped for 6 minutes comparing the before pump and immediately after pump spectra and the 

calculated percent change based on the AUC. The pump wavelength for HBr dots was 300 nm 

and the excitation wavelength for SG was 470 nm. SG spectra were collected after various times 

after exciting the water dots, ranging 0 to 5 minutes after pump. 
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HBr dots. This issue could be related to the synthetic process of HBr dots meaning 

that further optimization of incorporating bromide to the carbon nanodots is needed. 

6.4 Conclusions 

 By using 5 M HBr as the collection solvent, carbon nanodots with 

phosphorescence properties were synthesized, characterized, and analyzed for 1O2 

generation. HBr dots showed a broad absorption spectrum, along with an excitation 

wavelength dependent emission, which is similar to that observed for water dots. 

However, some HBr dots showed phosphorescence when excited at 300 nm, which 

could explain the lower fluorescence quantum yield (~5%) observed for these 

nanodots. The time-resolved data revealed a multi-exponential decay that showed a 

short-lived component along with a long-lived component that was not seen in water 

dots however, further analysis of the long-lived component is needed. 

  In an effort to increase the phosphorescence of HBr dots, the nanodots were 

refluxed for 6 or 12 hours. It was thought that by refluxing the HBr dots, the bromide 

in solution could be incorporated onto/within the nanodots, similar to oxidization of 

the candle soot, as described in Chapter 2. However, those results were not consistent 

enough to draw a conclusion thus requiring further analysis and optimization. 

 Since phosphorescence was observed for some HBr dots, it was hypothesized 

that HBr dots could generate 1O2. Therefore, several experiments were carried out to 

determine if HBr dots could be a sensitizer of 1O2. These experiments analyzed water 

dots and neutralized HBr dots and revealed that water dots are not capable of 

producing 1O2, but neutralized HBr dots, when in glycerol, could generate low 

amounts of 1O2. The results for the HBr dots varied from sample to sample, therefore 
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further optimization of the singlet oxygen experiments and the synthetic route to 

produce phosphorescence dots are needed to improve the generation and consistency 

of 1O2 generation.  
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Chapter 7:  Plasmonic Enhancement of Carbon Nanodots’ 

Fluorescence and Phosphorescence 

7.1 Introduction 

In this chapter, metal-enhanced fluorescence (MEF) and phosphorescence 

(MEP) of candle-based and methane-based carbon nanodots will be discussed. MEF 

has shown the ability to enhance the emission and phosphorescence signals of 

fluorophores33,59,62,65,67,75,82,108–110 and it is the goal of this chapter to use MEF and 

MEP to improve the weak signals of both candle-based and methane-based carbon 

nanodots. 

These studies were carried out on three 96-well plates: uncoated, Quanta Plate 

1™ and Quanta Plate 2™. The uncoated plate serves as a control sample whereas, the 

two silver coated plates are used to study the enhancement of emission and/or 

phosphorescence signals of the carbon nanodots. For candle-based carbon nanodots, 

all fractions were analyzed with 473 and 532 nm laser lines and a fluorometer for 

fluorescence, whereas, methane-based carbon nanodots (water, ethanol, methanol, 

HBr) were studied using 405 and 473 nm laser lines and a fluorometer in both 

fluorescence and phosphorescence modes. The results of those experiments are 

examined in the following sections. 
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7.2 Experimental Details 

7.2.1 96-Well Plates Utilized for MEF Experiments 

Uncoated 96-well plates were purchased from Thermo Fisher Scientific 

(Waltham, MA) and Quanta Plates™ were supplied by Plasmonix, Inc (Baltimore, 

MD). Both types of plates were used as is when they were received. Figure 7.1 shows 

photographs of the three plates used for the metal-enhanced experiments. 

 

7.2.2 Candle-Based and Methane-Based Carbon Nanodots MEF Experiments 

Fluorescence Measurements via Laser Excitation. Metal-enhanced fluorescence 

experiments were carried out using 405, 473 or 532 nm laser sources (Lasermate, 

Walnut, CA) connected to an OceanOptics spectrometer utilizing the SpectraSuite 

software, through a bi-truncated 600 µM optical fiber. For each laser source, the 

appropriate notch or laser line filter was used to remove the excitation from the 

emission signal. Samples (80μL) were studied in a 96-well plate (Thermo Fisher 

Scientific, Waltham, MA) that was either uncoated or coated with silver. The 

experimental setup is depicted in Figure 7.2. 

A CB

Figure 7.1 A) Uncoated 96-well plates, B) Quanta Plate 1™ C) Quanta Plate 2™. 
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 Fluorescence Measurements using a Benchtop Fluorometer (Varian). Metal-

enhanced fluorescence experiments were studied using a Varian Cary Eclipse 

fluorescence spectrophotometer (Agilent Technologies, Santa Clara, CA). The 

instrument is equipped with a xenon arc flash lamp, plate reader and Cary Eclipse 

software. Experiments were carried out on each of the 96-well plates using 80 μL of 

carbon nanodot sample with a scan rate of 600 nm/min. The excitation and emission 

monochromators were adjusted to obtain the appropriate wavelengths to collect 

emission data.  

Figure 7.2 Experimental setup of metal-enhanced fluorescence studies using laser excitation and 

an Ocean Optics spectrometer. 

Lasers
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Spectrometer

Notch Filters
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Phosphorescence Measurements using a Benchtop Fluorometer (Varian). Metal-

enhanced phosphorescence experiments were carried out on the Varian Cary Eclipse 

fluorescence spectrophotometer (Agilent Technologies, Santa Clara, CA) operating in 

phosphorescence mode with a scan rate of 600 nm/min. General parameters used for 

phosphorescence collection are shown in Table 7.1 and the excitation and emission 

monochromators were adjusted to obtain the appropriate wavelengths to collect 

emission data.  

 

Synchronous Scattering Measurements. Synchronous spectra of the uncoated and 

Quanta Plates™ were measured on the Varian Cary Eclipse fluorescence 

spectrophotometer (Agilent Technologies, Santa Clara, CA) in the synchronous mode 

(λex=λem). The experiments were completed on empty wells (no sample) and using the 

parameters shown in Table 7.2 along with a scan rate of 120 nm/min. 

 

 

 

Table 7.2 Experimental parameters for synchronous spectra. 

Table 7.1 Experimental parameters for phosphorescence measurements. 

Delta nm 0.00

Excitation Start (nm) 300 

Excitation End (nm) 600

Excitation Slit (nm) 2.5

Emission Slit (nm) 1.5

Flash Delay 0.200 ms

Sample Window 5.000 ms

Time per Flash 20.000 ms

Flash Count 1
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7.3 Results and Discussion  

7.3.1 MEF of Candle-Based Carbon Nanodots 

Synchronous Scatter 

The synchronous spectra (λex=λem) for an uncoated well and Quanta Plate 1™ 

are shown in Figure 7.2 with image of the plate used for the metal-enhanced 

fluorescence experiments inset within the figure.  
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Figure 7.3 Synchronous spectra for uncoated well (Black) and Quanta Plate 1TM (Red). Inset. 

Image of Quanta Plate 1TM and uncoated wells. 
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The above spectra show that the scattering of the Quanta Plate 1™ has a broad 

spectral range from the visible tailing into the near infrared with maximum scattering 

around 500 nm. When in the synchronous mode of the fluorometer, the excitation and 

emission wavelengths are scanned simultaneously in order to record the scattering 

properties of the surface. This spectrum describes the extinction spectrum of the 

surface silver coating, which is well-known to influence MEF due to the coupling and 

subsequent radiation of the fluorophore through the scattering mode of the surface 

immobilized silver nanoparticles.59–61,71 The synchronous spectrum can also predict 

the wavelength dependence of the MEF enhancement factor and subsequently spectra 

distortions based on the overlap of the carbon nanodots emission spectrum with the 

scattering spectrum of the silver-coated surface.59,71,72 

 

Metal-Enhanced Fluorescence via Laser Excitation 

Two laser lines at 473 nm and 532 nm were used to study the effect of silver-

coated surfaces on the emission of the carbon nanodots. Figure 7.4 shows the results 

of those experiments for the 10,000 RPM fraction of candle-based carbon nanodots. 

When in the presence of silver nanoparticles, the emission of candle-based carbon 

nanodots were enhanced 9.70 and 12.40 times for 473 and 532 nm laser lines, 

respectively at lambda maximum. The enhancement factor was calculated by dividing 

the coated surface signal by the uncoated surface signal at lambda maximum. Also, in 

order to determine the wavelength dependence of the MEF enhancement factor, a 

similar calculation was used, i.e. coated surface divide by uncoated surface for the 

entire wavelength range. It can be observed that there is spectra distortion on the red-
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edge of the MEF enhancement spectra, which is thought to be due to the lack of 

spectra overlap between the carbon nanodots and the silver-coated surface at longer 

wavelengths.72 The same wavelength dependence and enhancement trends were seen 

for all the carbon nanodot fractions. A summary of the enhancement for the 473 and 

532 nm laser lines are portrayed in Tables 7.3 and 7.4.  
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Figure 7.4 Metal-Enhanced Fluorescence of candle-based nanodots separated at 10,000 rpm on 

uncoated well (Black) and Quanta Plate 1TM (Red) excited at A) 473 nm laser line with 488 nm 

long pass filter and B) 532nm laser line with 532 long pass filter with the wavelength 

dependence of the enhancement factor superimposed on the emission spectra.  

 

Table 7.3 Metal Enhancement of candle-based nanodots excited with 473 nm laser line. 

Sample (rpm) MEF

3,000 9.50

5,000 10.70

10,000 9.70

14,500 10.60
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It notable that the enhancement factor appears to be greater when using the 

532-nm laser as the excitation source when compared to the 473-nm laser. This is 

hypothesis that since the emission signal is weaker at 532 nm, the enhancement 

would be greater for weaker signals.58 This trend is further observed when candle-

based carbon nanodots are compared to methane-based carbon nanodots. 

 

Metal-Enhanced Fluorescence on a Benchtop Fluorometer 

All fractions of the candle-based carbon nanodots were analyzed on the 

Varian at excitation wavelength of 482-nm. These studies require the use of 

excitation and emission filters to remove scattering and stray light from the spectrum. 

Figure 7.5 shows the enhanced emission of the carbon nanodots to be about 30 times 

greater at lambda max, when excited with 482 nm light, when comparing silver-

coated wells to uncoated wells. There is an increase enhancement seen with using the 

Varian as compared to laser lines. This is thought to be due to the emission 

wavelength overlapping with the scattering mode of the silver. However, it has also, 

been hypothesis that Varian is more efficient at collecting the emitted light than the 

fiber used with laser set-up. Also, these spectra reveal a similar wavelength 

Table 7.4 Metal Enhancement of candle-based nanodots excited with 532 nm laser line.  

 

Sample (rpm) MEF

3,000 11.70

5,000 11.40

10,000 12.40

14,500 11.10
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dependence of the MEF compared to the 473-nm laser line. Similar results were seen 

for the other fractions of candle-based carbon nanodots. 

 

7.3.2 MEF of Methane-Based Carbon Nanodots 

Synchronous Scatter 

Methane-based carbon nanodots were analyzed on Quanta Plates 1 and 2™. 

The Quanta Plate 1™ synchronous spectrum was shown in Figure 7.3 and the Quanta 

Plate 2™ synchronous spectrum is shown in Figure 7.6. When comparing the 

scattering spectra for both plates, the appear to be similar except for overall lower 

scattering intensity observed for Quanta Plate 2TM. This lower intensity would be 

expected to result in a lower enhancement effect on the emission of carbon nanodots.  
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Figure 7.5 A) Metal-Enhanced Fluorescence of candle-based carbon nanodots separated at 

10,000 rpm on uncoated well (Black) and Quanta Plate 1TM (Red) excited at 482 nm B) 

Wavelength dependence of MEF of Candle Nanodots separated at 10,000 rpm excited at 482 

nm. 
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Metal-Enhanced Fluorescence via Laser Excitation 

The MEF of water, ethanol, and methanol carbon nanodots on Quanta Plates 1 

and 2™ were analyzed by 405 and 473 nm laser lines with either a 450 or 488 nm 

long pass filter. The results the 405 and 473 nm experiments with water, ethanol and 

methanol dots are shown in Figure 7.7-7.7.9 A and B, correspondingly. 
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Figure 7.7 Metal-Enhanced Fluorescence on Uncoated Wells (Black), Quanta Wells (Red) and 

Quanta Plates (Blue) from Water Dots synthesized for 2 hours excited with A) 405 nm laser line 

and B) 473 nm laser line. 

 

Figure 7.6 Synchronous spectra for uncoated well (Black) and Quanta Plate 2TM (Red). The 

band at 700 nm is thought to be a due the grating of the monochromator. 
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Figure 7.8 Metal-Enhanced Fluorescence on Uncoated Wells (Black), Quanta Wells (Red) and 

Quanta Plates (Blue) from Ethanol Dots synthesized for 2 hours excited with A) 405 nm laser 

line and B) 473 nm laser line.  

 

Figure 7.9 Metal-Enhanced Fluorescence on Uncoated Wells (Black), Quanta Wells (Red) and 

Quanta Plates (Blue) from Methanol Dots synthesized for 2 hours excited with A) 405 nm laser 

line and B) 473 nm laser line  
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For all three solvents, it can be seen that Quanta Plate 1™ has a greater 

enhancement than Quanta Plate 2™. However, when comparing the enhancement for 

each plate against each solvent, the enhancement is not that much different when the 

solvent is changed. Also, when comparing the above spectra, the noise seen in each is 

reasoned to be due the weak emission for each sample at the excitation wavelengths. 

The enhancement factors for methane-based carbon nanodots, for both excitation 

wavelengths are shown in Tables 7.5 and 7.6. This enhancement factors show the 

consistent trend of Quanta Plate 1TM having a greater enhancement than Quanta Plate 

2TM. 

  

 

Metal-Enhanced Fluorescence on a Benchtop Fluorometer 

Water, ethanol, and methanol dots were studied on the Varian at the excitation 

wavelength of 480 nm with excitation and emission filters, Figure 7.10. The 

Table 7.5 Average MEF enhancement of methane-based nanodots excited with 405 nm laser. 

line 

 

Table 7.6 Average MEF enhancement of methane-based nanodots excited with 473 nm laser 

line. 

 

 

Sample MEFQP1 (average) MEFQP2 (average)

Water 4.18 2.30

Methanol 3.99 2.08

Ethanol 3.70 1.86

Sample MEFQP1 (average) MEFQP2 (average)

Water 6.25 2.35

Methanol 5.49 2.74

Ethanol 7.02 2.36
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enhancement factors are observed to be greater when using the Varian to collect to 

spectra than using the laser sources. This observation was similar to the observation 

for candle-based carbon nanodots, which is reasoned to be due to the Varian having 

more efficiency in collecting the emitted light than the optical fiber. Also, it is 

noteworthy that Quanta Plate 1™, again, is observed to have a greater enhancement 

than Quanta Plate 2™ for methane-based carbon nanodots.  

Figure 7.10 Metal-Enhanced Fluorescence on Uncoated Wells (Black), Quanta Wells (Red) and 

Quanta Plates (Blue) from A) Water Dots, B) Ethanol Dots, and C) Methanol Dots synthesized 

for 2 hours excited at 480 nm  
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When comparing the candle-based carbon nanodots to methane -based carbon 

nanodots, it clearly seen that the candle-based nanodots have a great enhancement 

with 30x enhancement compared to 11x enhancement for methane-based nanodots.  

This difference is thought to be use to the differing free-space quantum yields of the 

two carbon nanodots (2% as compared to 20%).58 Also, the different enhancement at 

the different excitation wavelengths would be explained by the same reasoning, as 

methane-based carbon nanodots have lower quantum yields at lower excitation 

wavelengths (Chapter 3). 

 

7.3.3 MEF of HBr Methane-Based Carbon Nanodots 

Metal-Enhanced Fluorescence via Laser Excitation 

Figure 7.11 and 7.12 show the metal enhancement of HBr dots, synthesized 

for 2 and 4 hours, when excited with 405 and 473 nm laser lines. There is a small 

enhancement for both Quanta Plates™ used, with plate 1 still having a greater 

Figure 7.11 Metal-Enhanced Fluorescence on Uncoated Wells (Black), Quanta Wells (Red) and 

Quanta Plates (Blue) from HBr Dots synthesized for 2 hours excited with A) 405 nm laser line 

and B) 473 nm laser line. 
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enhancement than plate 2.  

 The fluorescence emission signals of HBr dots were observed to be much less 

than the previous carbon nanodots, which is thought to be due to the fact that the HBr 

dots show evidence for ISC and phosphorescence. When comparing the enhancement 

over several syntheses the average MEF of Quanta Plates 1 and 2™ for 405 nm 

excitation are 4.75 and 1.75, respectively. For 473 nm excitation, the average MEF 

for the two are 7.29 and 2.96, respectively. Again, these enhancement factors show 

that Quanta Plate 1TM has a greater ability to enhance the emission signal than Quanta 

Plate 2TM. 

 

Metal-Enhanced Fluorescence on a Benchtop Fluorometer 

Similar to the experiments for water, ethanol, and methanol dots, HBr dots 

were studied on the Varian at the excitation wavelength 480 nm. Both the 2 and 4 

hour syntheses show an enhancement, with plate 1 being greater than plate 2. Figure 

Figure 7.12 Metal-Enhanced Fluorescence on Uncoated Wells (Black), Quanta Wells (Red) and 

Quanta Plates (Blue) from HBr Dots synthesized for 4 hours excited with A) 405 nm laser line 

and B) 473 nm laser line. 
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7.13 shows the spectra from these experiments. As seen with laser excitation, HBr 

dots emission signal is much lower than previous carbon nanodots samples, which is 

thought to be due to ISC and phosphorescence being present for these types of carbon 

nanodots. Also, the Varian appears to be more efficient at collecting the emitted light 

than the optical fiber, thus greater enhancement factors and cleaner spectra. 

Metal-Enhanced Phosphorescence on a Benchtop Fluorometer 

Metal-enhanced phosphorescence experiments were carried out on HBr dots 

mixed with glycerol in order to be able to see the phosphorescence signal. Figures 

7.14 and 7.15 show the MEF and MEP of HBr synthesized for 2 and 4 hours when 

excited at 300 nm. These figures show that the phosphorescence in present for HBr 

dots, but it also shows that the phosphorescence signal can be enhanced along with 

the emission signal. The below figures show that there is clearly phosphorescence 

present for HBr dots due to the Stokes shift seen between the fluorescence and 

phosphorescence signals. Also, when the fluorometer is in phosphorescence mode, 

there is a delay in signal collection so that no fluorescence signal will be recorded. 
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Figure 7.13 Metal-Enhanced Fluorescence on Uncoated Wells (Black), Quanta Wells (Red) and 

Quanta Plates (Blue) from HBr Dots synthesized for A) 2 hours and B) 4 hours excited at 480 

nm.  
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Once more, the enhancement is great for plate 1 than plate 2. This continued  

pattern is supported by the scattering spectrum being greater for plate 1 than plate 2. 

Therefore, plate 1 would be predicted to have a greater enhancement than plate 2, 
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Figure 7.14 A) Metal-Enhanced Fluorescence and B) Phosphorescence on Uncoated Wells 

(Black), Quanta Wells (Red) and Quanta Plates (Blue) from HBr Dots synthesized for 2 hours 

80% glycerol excited at 300 nm.  
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Figure 7.15 A) Metal-Enhanced Fluorescence and B) Phosphorescence on Uncoated Wells 

(Black), Quanta Wells (Red) and Quanta Plates (Blue) from HBr Dots synthesized for 4 hours in 

80% glycerol excited at 300 nm. 
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which is what is being repeatedly seen. To show a better comparison of the 

fluorescence and the phosphorescence enhancements Figures 7.16 and 7.17 show the 

normalized signals for fluorescence and phosphorescence of HBr dots when on 

Quanta Plate 1 and 2™. These figure help highlight the Stokes shift seen between the 

fluorescence and phosphorescence signals of HBr dots.49–51 
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Figure 7.17 Comparison of normalized fluorescence and phosphorescence spectra of Quanta 

Plate 2TM from HBr Dots synthesized for A) 2 hours and B) 4 hours in 80% glycerol excited at 

300 nm. 
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Figure 7.16 Comparison of normalized fluorescence and phosphorescence spectra of Quanta 

Plate 1TM from HBr Dots synthesized for A) 2 hours and B) 4 hours in 80% glycerol excited at 

300 nm. 
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7.4 Conclusions 

In the presence of silver nanoparticles, carbon nanodots, synthesized from 

candle soot and methane gas, emission can be successfully enhanced. Candle-based 

carbon nanodots emission signals were enhanced up to 30 times when compared to 

the control (uncoated wells). Methane-based carbon nanodots showed a significantly 

lower enhancement of the emission signal at only 11 times greater than the control. 

This difference is due to the noteworthy difference in the quantum yields of the two 

synthetic methods. Metal-enhanced fluorescence is dependent on the natural quantum 

yield of the fluorophore and as the quantum yield increases, the coupled system 

enhancement factor decreases.58 Along with metal-enhanced fluorescence, metal-

enhanced phosphorescence was observed from methane HBr dots, when excited with 

300 nm light. The phosphorescence is distinguishable from the fluorescence because 

of the red shift observed in the spectra and time-gated nature of the intensity 

collected. Overall, the emission and phosphorescence signals of carbon nanodots 

synthesized multiple ways and in various solvents, are able to be enhanced in the 

presence of silver-coated surfaces. 
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Chapter 8:  Conclusions and Future Directions 

8.1 Conclusions 

 Carbon nanodots are small fluorescent nanoparticles that have several unique 

photophysical characteristics which makes them potentially useful as luminescent 

probes in multiple fields of science.2–6 Although synthetic routes of carbon nanodots 

have been extensively investigated, many of them produce carbon nanodots with low 

fluorescence quantum yields and/or require surface modifications to become 

fluorescent nanoparticles.1–4,13,15,22,23 The present research aimed to address the issue 

of low quantum yields by developing a simple and inexpensive combustion method to 

synthesize highly fluorescent carbon nanodots, followed by characterization and 

modifications to change their photophysical properties.  

 Two synthetic pathways were investigated that utilized either candle soot or 

ultra-pure methane gas to generate carbon nanodots. First, the candle-based carbon 

nanodots were synthesized and characterized. The candle-based synthetic procedures 

were found to be time-consuming and multifaceted and resulted in nanodots with only 

~2% quantum yields. This approach required the oxidization of candle soot with 

nitric acid for 12 hours followed by multiple neutralization and separation steps 

before the nanodots could be characterized. The candle-based carbon nanodots 

showed an excitation wavelength dependent fluorescence, a broad absorption, good 

photostability, coupled with complex intensity decays. Due to the length and 

ineffectiveness of the synthetic procedures to produce highly fluorescent carbon 

nanodots, a second synthetic method was developed to produce carbon nanodots from 

methane gas. 
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  The methane-based approach produced and collected the carbon nanodots 

directly from a sooting flame with an overall synthesis time of four hours and no 

further treatment of the nanodots was required. This method reduced the experimental 

time drastically and was able to produce nanodots with quantum yields of up to 

~30%. The characterization of the methane-based nanodots revealed an excitation 

wavelength dependent fluorescence, a broad absorption, and complex intensity 

decays that were slightly different from nanodots synthesized with candle-based 

method. It has been reported that the synthetic pathway utilized can influence the 

photophysical properties of carbon nanodots, which supports the differences observed 

for candle-based and methane-based carbon nanodots.2–6  

 Further investigation of the methane-based carbon nanodots photophysical 

properties was undertaken, utilizing fluorescence quenching, to help understand the 

possible mechanism/origin of their luminescence. The luminescence properties of 

carbon nanodots are hypothesized to be due to either a core structure and surface traps 

or possess multiple emissive centers. However, it is also possible that the nanodots 

have a combination of both the core/surface traps mechanism and the multiple 

emissive centers.6,42,87 The methane-based nanodots appeared to have a buried 

chromophore core that was inaccessible to the solvent based on the presence of 

vibronic structure observed in the emission spectra (Figure 3.14). The existence of 

both a buried core and multiple emissive centers on the surface was further supported 

by the fluorescence quenching experiments of methane-based carbon nanodots. These 

experiments showed that fluorescence of the nanodots could be quenched by 

negative, positive, and neutral quenchers, but that only the neutral quencher 
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(acrylamide) could diffuse into the core and quench the vibronic structure whereas, 

the charged quenchers are able to quench the luminescence due to the emissive 

centers on the surface. These experiments also revealed that the quenching of carbon 

nanodots occurred by a dynamic quenching mechanism for charged quenchers and a 

static quenching mechanism for the neutral quencher based on the Stern-Volmer 

plots. 

 While completing the fluorescence quenching experiments, a novel 

temperature dependent emission property was observed. This property resulted in the 

increase of the emission intensity as a function of increased temperature. The 

mechanism behind this property is hypothesized to be Thermally-Activated Delayed 

Fluorescence (TADF), which is commonly found in fullerenes.97–102 TADF occurs 

through intersystem crossing from the S1 state to the T1 state and back intersystem 

crossing to the S1 state, where delayed fluorescence occurs. The results obtained from 

this research appear to support the TADF mechanism, however, further work is 

needed in order to gain a full understanding of this property of carbon nanodots. 

 The final aspect of this research was to modify the methane-based carbon 

nanodots to produce phosphorescence nanodots that could be used for singlet oxygen 

(1O2) generation and to use Metal-Enhanced Fluorescence (MEF) to improve the 

fluorescence and phosphorescence signals. Brominated carbon nanodots were 

synthesized by using a solvent that contained bromide ions, which are known to 

promote intersystem crossing.49–51 These brominated nanodots displayed similar 

photophysical properties as the previously synthesized methane-based nanodots, with 

the exception of low fluorescence quantum yields (~5%), a long-lived lifetime 
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component and phosphorescent peaks at certain excitation wavelengths. The low 

fluorescence quantum yields are attributed to the phosphorescence property of theses 

nanodots. As hypothesized, brominated nanodots were shown to produce low 

amounts of singlet oxygen, whereas, methane-based nanodots did not generate singlet 

oxygen. However, further studies are needed to optimize the synthesis of 

phosphorescent nanodots and singlet oxygen generation. Finally, the emission and 

phosphorescence signals of candle-based, methane-based and brominated carbon 

nanodots were successfully enhanced when in the presences of silver nanoparticles 

due to MEF. 

8.2 Future Directions 

8.2.1 Synthesis of Methane-Based Carbon Nanodots 

  It has been previously reported and showed in this research that the solvent 

effects can influence the photophysical properties of the nanodots therefore, the use 

of other solvents should be further investigated.30,88,89 The present research analyzed 

three polar solvents (water, ethanol and methanol) and one non-polar solvent 

(hexane), thus investigating other non-polar solvents, such as acetonitrile or dimethyl 

sulfoxide (DMSO) could provide more details on the luminescence origin of 

methane-based carbon nanodots.30,88,89  

8.2.2 Temperature Dependent Emission of Methane-Based Carbon Nanodots  

 An increase in the emission intensity of carbon nanodots as a function of 

increased temperatures is an indicator for TADF.97–103  TADF requires a small energy 

gap between the triplet and singlet excited-states and high probabilities of intersystem 
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and back intersystem crossing therefore, determining the energy gap between the 

singlet and triplet states (ΔGST) of carbon nanodots would provide evidence that 

TADF is the mechanism for these temperature observations. The standard method for 

determining the ΔGST involves the measurement of delayed fluorescence and 

phosphorescence intensities as function of temperature and using a plot of ln(IDF/IP) 

vs 1/T.97,98,100,102 Due to the lack of quality phosphorescent spectra of the methane-

based carbon nanodots, an alternative method utilizing the temperature dependence of 

the ratio of IDF/IF, would have to be used to determine the ΔGST (equation 

8.1).
97,98,100,102   

 

In this equation, kP + kNR is dominated by the non-radiative pathway and the 

ΔGST is determined by plotting the left side versus 1/T.97,98,100,102  However, this 

method requires the quantum yield of the triplet state (ΦT), which could be 

determined in a similar manner as the fluorescence quantum yield by comparing the 

carbon nanodots to standard phosphorescence fluorophores or by determining the 

lifetime of the triplet state, through time-revolved techniques. By finding both of 

these parameters, the ΔGST of methane-based carbon nanodots could be determined. 

8.2.3 Bromination of Methane-Based Carbon Nanodots 

 Optimization of the synthesis of phosphorescent carbon nanodots is needed in 

order to produce carbon nanodots with more consistent phosphorescence properties. 

One way to achieve this would be to incorporate iodide instead of bromide into the 

ln  
𝐼𝐹
𝐼𝐷𝐹

−  
1

𝜙𝑇
− 1  = ln 

𝑘𝑃 + 𝑘𝑁𝑅
𝑇

𝑘𝐼𝑆𝐶
𝑇 𝑆  +

 𝐺𝑆𝑇
𝑅𝑇

 (8.1) 
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nanodots. The efficiency of a halide to promote intersystem crossing is based on the 

atomic number (Z), i.e. Z4, therefore, iodide ion has a larger atomic number and could 

promote more intersystem crossing than the bromide ion.49–51 The experimental 

parameters could be adjusted in two ways to incorporate iodide into the nanodots. 

First, hydriodic acid (HI) could be used in place of hydrobromic acid, and the 

nanodots synthesized in the same manner as described in Chapter 6. However, this 

method showed some ability to produce phosphorescent nanodots but, it proved to be 

mostly inconsistent with bromide, as shown in Chapter 6. A second method to 

introduce iodide ion could be to vaporize I2 and combine the vapor with the methane 

gas. This process would make the iodide available in the flame, which could allow for 

the iodide to be more efficiently incorporated into the structure of the nanodots, as 

opposed to the nanodots interacting with a solvent after they have been synthesized.  

 Optimization of the singlet oxygen experiments is also needed to improve the 

amount and detection of singlet oxygen produced. First, several experiments that 

purge the carbon nanodots sample with oxygen or nitrogen should be investigated. By 

purging with N2 gas, all the O2 should be removed from the sample, thus resulting in 

no 1O2 generation. But when purging with O2 gas, there should be more 1O2 

generation because there is sufficient oxygen available to interact with the carbon 

nanodots and the sensor green. These experiments could be used to determine if the 

carbon nanodots are able to produce large amounts of 1O2 and if the low amounts 

observed in this research is due to a lack of oxygen in the sample. It is also possible 

that the detection method of 1O2 is not ideal, therefore this should be further studied. 

Sensor green solutions are not stable for long periods of time, i.e. stock solution must 
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be used with 5 days, and the emission signal can vary in intensity day to day. 64,77–

79,106 This makes sensor green difficult to optimize and work with, therefore, utilizing 

the direct detection of the phosphorescence of 1O2 at 1270 nm could be a more 

beneficial detection method.64,77–79,106 
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