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Fluorescence lifetimes and quantum yields featuring polycyclic aromatic hydrocarbons (PAHs) and other or-
ganics constituting pyrogenic carbon particulate matter (PM) are seldom measured. In this work, PM sampled in
a fuel-rich ethylene flame was firstly separated in organic carbon (OC), soluble in dichloromethane, and re-
fractory organic carbon (ROC), soluble in N-methyl pyrrolidinone, and then analyzed by size exclusion chro-
matography (SEC) coupled with online UV and fluorescence detection, and by offline fluorescence spectroscopy
and mass spectrometry. It was found that three classes of differently light emitting carbon dots (CDs) could be
bottom-up synthesized in the same flame system by selecting appropriately the residence time. Actually, OC
presented blue fluorescence regardless the residence time, whereas ROC sampled at low and high residence time
emitted fluorescence in the green (green CDs) and in the yellow (yellow CDs) region, respectively. The SEC
molecular weight of all CDs presented similar trimodal distributions, centered around 300, 1000 and 10,000 u.
For the first time fluorescence lifetimes and quantum yields of pyrogenic CD fractions were measured as addi-
tional parameters useful for discriminating the fluorescent components and inferring their structural properties,
with the support of mass spectrometry. The different spectroscopic features of CDs could be associated to
different compositional characteristics as the polydispersity of molecular components featuring blue CDs,
opposed to the oligomer-like nature of green and yellow CDs. Pyrogenic CDs showed different fluorescence
emission ranges, quantum yield and lifetimes, appealing for their possible applications in the fields of imaging,
electronics and sensors.

1. Introduction

The high sensitivity and selectivity of fluorescence spectroscopy to-
ward aromatic molecules are useful for the detection of polycyclic aro-
matic hydrocarbons (PAHs). PAHs occurr naturally in fossil fuels and
derived products, biomasses, and as trace contaminants in form of car-
bon particulate matter (PM) mainly emitted by pyrogenic processes and
released in soils and aerosols [1,2]. Ex-situ fluorescence analysis of
carbon PM [3] and their fractions [4] and in-situ laser induced fluo-
rescence (LIF) [ [5] and references therein [6-8]] have been applied to
pyrogenic PAHs for their identification and for inferring their role as
intermediates in soot formation and emission and related health and
climate effects. LIF is an online and non-intrusive technique used for the
detection of differently-sized PAHs fluorescing in different emission
wavelength regions [9-11]. The attribution to small and large PAHs of
low (<400 nm) and high wavelength (>400-450 nm) fluorescence
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spectral regions, respectively, has been done by comparing in-situ and
ex-situ measurements [3,12]; in these latter studies, visible emission has
been attributed to the heavier part of organic carbon extracted/sepa-
rated from PM. Recently, delayed fluorescence has been detected at high
wavelengths and ascribed to PAH dimers [13,14].

Further interest on the fluorescence of pyrogenic PAHs derives from
the recent positive perspective of PM as source of multiemissive nano-
carbon materials like carbon dots (CDs), early detected in combustion-
derived PM as oxidized candle soot [15,16] and in-flame soot
[17-19]. CDs have attracted notable interest as promising competitors
to semiconductor quantum dots and organic dyes due to their low
toxicity, high biocompatibility and chemical stability [20-22]. These
advantageous features have opened the route to diverse CD applications
in various fields, ranging from imaging to sensing, photocatalysis, and
energy conversion [23-27].

The first attempt to get CDs directly from soot, avoiding harsh
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oxidative, expensive, and time-consuming treatments, has been done by
Kumar et al., who analyzed the fluorescent behaviour of CDs derived
from lamp soot in different solvents [28]. Blue-and green-emitting CDs
have been recently extracted from flame soot without need of chemical
post-treatments  [19]. The green CDs presented quite
excitation-independent fluorescence behaviour with low quantum
yields (about 3%) [19]. Common to most of CDs derived from dehy-
dration and thermal carbonization of carbon-based products, is the
incomplete understanding of the fluorescence mechanism and the
scarcity of information on the origin and the nature of fluorescence. The
topic is very debated and all the proposed explanations can be sum-
marized in three main emission mechanisms [29]: (1) the core emission,
due to the conjugated n-domains of carbon core or to the quantum
confinement effect [30,31]; (2) the surface states emission, related to the
presence of functional groups connected with the carbon backbone [32];
and (3) the molecular state emission, originating from free or bonded
fluorescent molecules [33,34]. In a previous work [19], the fluorescence
of flame-formed CDs was hypothesised to be due to the carbon aromatic
core whereas other authors found that the occurrence of surface func-
tional groups and surface oxidation is a mechanism at the origin of CD
fluorescence [35].

Following our previous work regarding blue and green CDs separated
from PM sampled at low residence times of a fuel-rich laminar premixed
ethylene flame [19], in the present work we have explored the same
flame system and found the occurrence of yellow CDs just by sampling
PM at high residence times. Deep insight on the fluorescence behaviour
of these blue, green and yellow CDs in relation to their chemical struc-
ture is also given. More in detail, the PM fluorescing components were
firstly separated in organic carbon (OC), soluble in dichloromethane
(DCM) and in refractory organic carbon (ROC), soluble in N-methyl--
pyrrolidinone (NMP). It is worth to note that most of CDs (e.g. those
derived from citric acid) often contain highly fluorescent precursor
molecules [33,34] and also in the present work blue-fluorescing PAH
molecules, recognized as soot precursors and considered to mimic op-
tical properties of CDs [36], have been found to be present in OC and, to
amuch lesser extent, in ROC. However, the high absorption in the visible
of OC and ROC (corresponding to an optical band gap much lower than
that of standard PAH and aromatic pitches [37]), TEM analysis (see
Fig. 2 in Ref. 19) and size evaluation by size exclusion chromatography
(SEC) hint to the CD nature of both OC (hereafter named blue CDs) and
ROC (hereafter named yellow and green CDs), in dependence on their
fluorescence emission. Blue, green and yellow CDs presented three
MW-segregated fractions as separated in the 100-2E4 u range by SEC
coupled with UV absorption and fluorescence detectors. Online fluo-
rescence detection has been used for individuating the MW of main
fluorophore class inside each CD class. In support to SEC and fluores-
cence measurements, CDs fractions, collected downstream SEC column,
have been also individually analyzed by fluorescence spectroscopy and
mass spectrometry.

Noteworthy, for the first time an important fluorescence parameter
of CDs from pyrogenic carbon and of their fractions, namely the fluo-
rescence lifetime, was provided as additional tool for inferring their
structural properties, which in turn are important to disentangle their
fluorescence mechanism [38] as well as their role as soot precursors and
as health and climate altering.

2. Material and methods
2.1. Samples

Carbon PM was thermophoretically collected on glass plates [39]
placed at 6 mm and 14 mm downstream of a premixed fuel-rich flame of
ethylene/oxygen produced at atmospheric pressure on a commercial
McKenna burner (Holthuis & Associates) (equivalence ratio 3.03,
velocity of 4 cm/s [40]). The two sampling points correspond to the
beginning of soot formation region (young soot) and the region where
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soot formation attains the maximum concentration (mature soot),
respectively. The experimental combustion system was described in
detail elsewhere [40].

High purity solvents, standard PAHs as anthracene, phenanthrene,
crysene, pyrene and coronene, blue and green graphene carbon dots and
polyacenaphthylene (PACE) were purchased from Sigma Aldrich.

2.2. Separation and analysis

Carbon PM, caught on plates, was first extracted with DCM for
separating OC soluble in DCM, from soot. NMP was used to achieve
stable dispersions of soot to be analyzed by chromatographic and
spectroscopic methods. Soot dispersions were further filtered on 20 nm
pore size Anotop filters (Whatman), getting species with size <20 nm
that are challenging and intriguing to be analyzed due to the low vola-
tility and peculiar features as light absorption and emission in the visible
[19]. These features have been attributed to heavy aromatic species so
strongly incorporated in soot particles to require the use of a powerful
solvent like NMP for their extraction. For this reason, such NMP-soluble
soot fraction is here referred to as ROC [41].

The SEC separation of OC and ROC samples was carried out on a
HPLC system HP1050 series by elution with NMP on a highly cross-
linked “individual-pore” column (Polymer Laboratories, Ltd., U.K.;
particle size of 5 pm diameter and a pore dimension of 50 nm), cali-
brated by external standard species (polystyrenes, PS) for MW deter-
mination in the 100 — 2E4 u range (corresponding to sizes of about 2-3
nm). The relation between retention times and molecular mass of PS has
shown to be held also for PAH standards.

The species eluted from the SEC column were detected at the exit of
the column by a HP1050 UV-Visible diode array detector, measuring the
absorbance signal from 250 to 600 nm and a G1321AR fluorescence
emission detector, placed in series to the UV-Visible detector. A delay
time of 0.1 min was calculated between the UV-Visible and fluorescence
detector and fluorescence emission chromatograms were accordingly
shifted. Beside to get the MW distribution of OC and ROC, SEC was used
to collect the three MW-segregated fractions of OC and ROC, separated
on the basis of their chromatographic profiles, as described later on in
the Results section.

UV-Visible and fluorescence emission spectra of OC and ROC and
their MW-segregated fractions were measured in standard 1 cm path-
length quartz cells, on a HP8453 spectrophotometer and on a HORIBA
Scientific FluoroMax-Plus TCSPC spectrofluorometer, respectively. The
excitation source of the spectrofluorometer was a 150 W CW Ozone-free
xenon arc lamp and the monochromators had Czerny-Turner design
with plane gratings for optimized focus at all wavelengths and minimum
stray light. The base detector was a Photomultiplier R928P, 185-900
nm, air cooled and stabilized.

The spectrofluorometer was equipped with an enhanced time
correlated single photon counting (TCSPC) system with fast PPD fluo-
rescence lifetime detector for very short (down to 25 ps) lifetime mea-
surements. Two pulsed nanoLED (at 370 and 455 nm) were used as
excitation sources. Decay Analysis Software (DAS) is used for decon-
volving the decay curves.

Quantum yields (QY) were evaluated measuring the ratio between
fluorescence and absorbance at a fixed wavelength by comparison with a
standard species (9,10-diphenyl anthracene) [42].

Laser desorption ionization-time of flight mass spectrometry (LDI-
TOFMS) was applied to OC and ROC samples and their fractions on
positive reflectron mode on a SCIEX TOF/TOF™ 5800 System using a Ng
laser. The target was prepared by depositing on a standard stainless steel
plate a sample dissolved/dispersed in NMP, without matrix, as all the
investigated samples are able to absorb the light at the laser emission
wavelength (337 nm), acting as a self-matrix [43-45]. Fast Fourier
Transform (FFT) analysis was used to compute the discrete Fourier
transform (DFT) of a repetitive signal like the intensity of mass spectrum
peaks. A graphic software (Origin) has been used for mass spectrometry
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data analysis. More details of LDI-TOFMS analysis and mass spectrom-
etry data analysis are reported in Refs. [45,46].

3. Results
3.1. Steady-state fluorescence spectra and contour maps

The steady-state fluorescence spectra measured at selected excitation
wavelengths and the contour maps of the 3D fluorescence spectra of OC
and ROC are reported in Figs. 1-3 to give an overall view of their
fluorescing properties. Consistently with the blue emission under UV
light excitation (365 nm) (see the image in the inset of Fig. 2), the young
OC emission spectra and related contour map show the maximum
emission in the 425-500 nm emission wavelength range by using
300-350 nm excitation wavelength (contour map from red to yellow).
OC sampling at different residence times along the flames presented very
similar fluorescence behaviour with respect to young OC and the same
blue light emission under UV light (365 nm). It is noteworthy that the
fluorescence emission maximum of OC (red region in contour map) is
localized in a very narrow emission wavelength range, 450-470 nm.
Moreover, the emission spectra exhibit some fine structure in the spec-
tral pattern, indicating the presence in OC of individual fluorescent
molecules as PAHs and large PAHs [19]. In previous works, a mixture of
three- and four-membered ring PAH was considered to mimic the optical
properties of carbon dots, presenting a strong blue emission [47,48]. In
the following, young and mature OC together will be hereafter grouped
under the same name: blue CDs.

In comparison to OC fluorescence spectra, young ROC presents a
broader fluorescence emission shifted at higher wavelengths, in the
480-640 nm range, by excitation in the 300-455 nm range (contour map
from red to yellow) (Fig. 3). It can be also seen that young ROC produces
visible emission in the green (see in the inset the image of the ROC so-
lution under UV light (365 nm)). The broad and almost excitation-
independent shape of fluorescence spectra of young ROC suggests a
common fluorophore in ROC components. In the following, young ROC
is named green CDs.

Interestingly, mature ROC exhibits a fluorescence spectral shape
similar to that of young ROC, only slightly shifted at higher emission
wavelengths (Fig. 3). This small downward shift corresponds to yellow
light emission (see the image under UV light (365 nm) in the inset). Due
to this characteristic, mature ROC is hereafter named yellow CDs.

3.2. MW distributions of blue, green and yellow CDs: absorption and
fluorescence detection

Provided the aromatic nature of blue, green and yellow CDs sepa-
rated by extraction of PM, the SEC analysis carried out in this work has
shown to be effective in detecting all their components in a wide MW
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range (up to 2E4 u), when coupled with the UV-Visible detection.
Specifically, the MW distributions based on the absorption fixed at 370
nm (upper part of Fig. 4), hereafter named absorption MW distributions,
exhibit a multimodal distribution featured by three main MW modes,
whose average MW values, reported on the peak apex in Fig. 4, are of the
order of hundreds, thousand and tens of thousands mass units. The
striking difference between the absorption MW distribution of blue CDs
with respect to those of green and yellow CDs, is in the peak distribution
ratio with the neat prevalence of the highest MW species mode (1.5E4 u)
for green and yellow CDs (Fig. 4, middle and right) contrasted with the
almost similar intensity of the three main peaks in the MW distribution
of blue CDs (the lowest and the highest MW peak intensities are almost
the same and the intermediate MW peak intensity is more than half of
the others, Fig. 4, left). The slight shift toward higher MW of peak
maxima of green and yellow CDs distribution is another signature of the
larger high-MW species abundance in these samples.

Deep differences can be instead noticed in dependence on the
detection system (absorbance or fluorescence), as shown in the lower
part of Fig. 4, where the fluorescence MW distributions of CDs at two
excitation wavelengths (370 and 455 nm) and fixed emission wave-
length (500 nm) are reported. Actually, the fluorescence MW distribu-
tion appearance of all CDs (lower parts of Fig. 4) appears drastically
modified in comparison to the absorption MW distributions. The almost
complete disappearance of the highest MW mode is remarkable,
denoting the overall negligible and/or low fluorescence of species with
MW > 800-1000u. Moreover, in respect to the absorption MW distri-
bution, the fluorescence MW distribution of blue CDs shows also a slight
difference of the ratio between the peaks in the 100-1000u range with
the large predominance of 100-400 u peak in respect to two smaller
peaks at MW > 400 u, testifying the higher fluorescence of the first mode
of MW distribution of blue CDs. As regards the effect of the excitation
wavelength, the fluorescence MW distribution profile of blue CDs at
higher excitation wavelength, Aexc = 455 nm, presents the increase of the
higher molecular mass peaks, hinting to some wavelength-dependence
of blue CD fluorescence, associated to specific component features. By
contrast, negligible wavelength dependence can be noticed for green
and yellow CDs as deduced from the similarity of the fluorescence
profiles at 370 and 455 nm excitation wavelength (lower part of Fig. 4).

The structural and optical properties of CDs have been more deeply
investigated by analyzing the main MW-segregated fractions collected at
the SEC column exit, in correspondence of the three main peaks indi-
cated in Fig. 4. Even though the maxima of the fractions separated from
the three samples are not located exactly at the same MW, for the sake of
simplicity the fractions of CDs are hereafter named F-300 (the lighter
fraction, with maximum at 260 u for blue CDs and 360 u for green and
yellow CDs), F-1000 (the second fraction, with maximum at 750 u for
blue CDs and 1300 u for green and yellow CDs), and F-10000 (the
heavier fraction, with maximum at 10,000 u for blue CDs and 15,000 u
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Fig. 1. OC (blue CDs): Emission spectra with 305-545 nm excitation wavelengths (left) and contour map of the three-dimensional fluorescence spectra (right). In the
inset, the sample in NMP solution under UV light (365 nm). (A colour version of this figure can be viewed online.)
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Fig. 2. Young ROC (green CDs): Emission spectra measured at 305-505 nm excitation wavelength (left) and contour map of the three-dimensional fluorescence
spectra (right). In the inset, the sample in NMP solution under UV light (365 nm). (A colour version of this figure can be viewed online.)
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Fig. 3. Mature ROC (yellow CDs): Emission spectra at 305-505 nm at excitation wavelengths (left) and contour map of the three-dimensional fluorescence spectra
(right). In the inset, the sample in NMP solution under UV light (365 nm). (A colour version of this figure can be viewed online.)
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Fig. 4. MW distributions of blue CDs (left), green CDs (middle) and yellow CDs (right), acquired by SEC with UV-Visible detector at 370 nm (up) and fluorescence
detector (down) at fixed emission wavelength (500 nm) by using 370 and 455 nm excitation wavelengths. (A colour version of this figure can be viewed online.)
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for green and yellow CDs). The F-300-, F-1000 and F-10000 fractions,
separated and collected downstream of the SEC column, were re-
injected onto the same column to check the efficacy of SEC separation
in terms of MW range selection. As matter of fact, the fluorescence MW
distribution acquired for each fraction of CDs, reported in Fig. 5, is
reduced to a single peak having fluorescence intensity that decreases
going from the lighter up to heavier fractions. The bulk fluorescence
spectra of CDs fractions, excited at 370 nm and reported in the inset of
Fig. 5, show some fine structure traceable to individual PAHs, especially
for F-300 and F-1000 of blue CDs and to some extent for F-300 of green
CDs (Fig. 5 left and middle), whereas F-10000 of blue CDs, F-1000 and F-
10000 of green CDs and yellow CDs fractions show a broad unstructured
shape (Fig. 5).

The fluorescence spectra (height normalized) at Aexc = 370 nm of F-
300 (left panel), F-1000 (middle panel) and F-10000 (right panel)
fractions of blue, green and yellow CDs are contrasted in Fig. 6. The
spectra clearly show the shift toward higher wavelengths passing from
blue to green and yellow CDs, especially for F-300 and F-1000 fractions.

Thanks to the SEC separation, it has been also possible to measure the
lifetime of each fraction useful for inferring the nature of fluorescing CDs
components. The fluorescence decay profiles (Aexcitation = 370 nm) of
CDs and their MW/size segregated fractions are displayed in Fig. 7. It is
worth to note that NMP, used as solvent, has higher viscosity (1.65cp
@25 °C Sigma Aldrich) and lower oxygen solubility with respect of
many other organic solvents [49] so reducing the oxygen quenching,
known to affect lifetime measurements.

The decay of fluorescence intensity as a function of time in a uniform
population of molecules excited with a brief pulse of light is described by
an exponential function: I(t) = Io e exp (-t/t), where I(t) is the fluores-
cence intensity measured at time t, lo is the initial intensity observed
immediately after excitation, and 7 is the fluorescence lifetime [11].

The fluorescence lifetime is the time that a molecule remains in an
excited state prior to return to the ground state and it is characteristic for
each fluorescent molecule. It is, however, also influenced by the
chemical environment, i.e., the solvent characteristics. Indeed, during
the excited state lifetime, a fluorophore can undergo conformational
changes as well as interact with other molecules and diffuse through the
local environment [42]. Complex systems, containing a mixed set of
fluorophores, yield multi-exponential values [50] when fluorescence
decay is measured, and an average value is generally evaluated [11].
The non-single exponential decay of fluorescence lifetimes, more than
an indication of multiple contributions to the overall emission, can
suggest also the occurrence of non-radiative pathways [29]. In the
present work, three exponential components (11, T2 and t3) have been
obtained by deconvolution of the fluorescence decays measured at Aexc
= 370 and 455 nm, but the shorter lifetime (t; = 1.7 ns) due to NMP

blue CDs

green CDs
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solvent, has been neglected. The exponential components attributable to
the samples (12 and 73) are reported in Table S1 in the Supplementary
material, along with the pre-exponential factors. The average of t5 and
T3, 7, reported in Table 1, lies in the 9-17 ns range at Aexc = 370 nm and
8-12 ns at Aexe = 455 nm. These lifetimes are shorter than those
measured for PAHs like naphthalene and pyrene in cells at flame tem-
perature [8] and also shorter than those measured in an opposed-flow
flame [10]. However, they are comparable to lifetimes measured in
the present work at ambient temperature in NMP (Aexe = 370 nm) for
some 3-7 rings PAHs like anthracene, phenanthrene, crysene, pyrene
and coronene (4-15 ns) and for commercial blue and green graphene
carbon nanodots (15.7 and 4.6 ns, respectively). They are also consistent
with the lifetimes of pyrolytic carbon solution measured at ambient
temperature in different solvents and at similar excitation wavelengths
[51,52]. Kumar and Bohidar [51] reported that the fluorescence life-
times of pyrolytic carbon (see T3 and 73 in Ref. [51]) lie in the 5-19 ns
range, which is similar to the ranges reported in Table S1. However, they
have also evaluated a smaller average lifetime (3.5-7 ns) as the decay
curves have been deconvolved with 3 parameters, but the first, very
short, lifetime (see 711, around 1 ns in Ref. [51]), due to solvent, was
included in the average lifetime calculation. Carbon nanoparticles (3—4
nm diameter) prepared by microwave pyrolysis have shown comparable
lifetimes of about 9 ns attributed to the radiative recombination nature
of excitations [52].

The lifetime gives an absolute measure (independent of concentra-
tion) and allows a dynamic picture of the fluorescence, whereas steady-
state fluorescence (emission intensity vs wavelength) provides an
average representation. The fluorescence quantum yield (®) of all
fractions has been calculated from the steady-state fluorescence, as
described in the experimental section and in Ref. [42], and reported in
Table 1. The quantum yield of all CDs fractions exhibits a linear rela-
tionship with the average lifetime as shown in the diagram in Fig. 8. A
linear trend between quantum yield and lifetime is rather common as
the main relationship between quantum yield and lifetime is ® = k, t
[11], where Kk, is the radiative constant rate. In the case of the CDs here
studied, k, is of order of 107 sec™!, which is comparable for a similar
spectral region with a strongly fluorescent organic dye like anthracene
(5*107 sec! [53]1) and with the commercially supplied best-performing
CdSe/ZnS QDs, “QD525PEG” from Invitrogen (3107 sec™! [54]), sug-
gesting the occurrence of very strong electronic transitions. It is
noticeable that the lifetimes of green and yellow CDs fractions lie on the
same line (Fig. 8) and their k; is about double with respect to the k; of
blue CDs, which indicates a higher contribution of radiative with respect
to non-radiative processes and therefore, better performances as CDs
[55].

By reporting the quantum yields and lifetimes of CD fractions as a

yellow CDs
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Fig. 5. MW distribution profiles of SEC separated fractions of blue (left), green (middle) and yellow (right) CDs, acquired with fluorescence detector at 370 nm
excitation wavelength and 500 nm of emission wavelength. In the inset the emission fluorescence spectra at Aexc = 370 nm of the three fractions of CDs are reported.
Blue line: F-300. Green line: F-1000. Red line: F-10000. (A colour version of this figure can be viewed online.)
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Yellow CDs. (A colour version of this figure can be viewed online.)
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Table 1
Average lifetimes and fluorescence quantum yield at 370 and 455 nm of CDs and 25 F-300
their fractions.
Samples 370 (D) T455 (nS) D370 (%) @455 (%)
Blue CDs 14.1 10.1 6.0 8.6E-02 20 7]
F-300 16.4 11.1 15.0 2.2E-01
F-1000 11.8 9.3 7.0 1.0E-01 —
z X ) | C
F-10000 8.7 7,7 1.0 1.83E-02 X 15 F-1000
Green CDs 10.7 9.5 3.4 4.3E-02 S
F-300 12.6 11.9 23.0 3.4E-1 o
F-1000 10.1 9.5 9.0 1.4E-1 R 10
F-10000 8.3 7.7 9E-2 2.0E-3 e ]
Yellow CDs 11.6 11.9 2.4 4.2E-02
F-300 11.4 11.7 18.0 2.9E-01
F-1000 10.6 10.9 12.0 2.0E-01 5 B blue CDs
F-10000 9.4 9.8 3.0E-1 9.5E-03 u green CDs
*the error on lifetimes was estimated to be 0.3 ns. u 0 F- 10000 yellow CDs
0 L T - T = T d T > T % T ® T = T ' T
function of MW in Figs. 9-11, their decrease with MW is well visualized 8 9 10 11 12 13 14 15 16 17

both using Aexe = 370 nm and 455 nm. These trends hint to a relatively
uniform fluorescence radiative process throughout the fractions [54],
supposing that the variations observed in the quantum yield and life-
times are mainly due to the non-radiative processes, which increase
passing from a lighter fraction to a heavier one. The non-radiative
processes, which are the sum of the internal conversion and inter-
system crossing, appear to become more and more significant passing
from lighter (F-300) to heavier components, almost completely over-
coming radiative emission for F-10000. Moreover, lifetimes of blue CDs
fractions significantly change when excitation wavelength changes

905

'fm (ns)

Fig. 8. Linear relationship between the quantum yields and average lifetimes
for CD fractions at Aeye = 370 nm. The lines are only guide for eyes. (A colour
version of this figure can be viewed online.)

(decreasing from Aexe = 370 to Aexe = 455 nm) (Fig. 9) and this feature
confirms the polydispersity of blue CD fluorophores. Differently, the
lifetimes for green and yellow CDs remain, in the error limit, unchanged
(Figs. 10 and 11), supporting the macromolecular nature of these CDs,
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Fig. 9. Quantum yield (gray points) and lifetimes (black squares) of blue CDs fractions vs MW at Aexc = 370 nm (left) and 455 nm (right). (A colour version of this
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Fig. 10. Quantum yield (gray points) and lifetimes (black squares) of green CD fractions vs MW at 370 nm of excitation wavelength (left) and 455 nm (right). (A
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Fig. 11. Quantum yield (gray points) and lifetimes (black squares) of yellow CD fractions vs MW at 370 nm of excitation wavelength (left) and 455 nm (right). (A

colour version of this figure can be viewed online.)

already presumed on the basis of the steady-state fluorescence spectra
(Figs. 2 and 3).

As concerns the macromolecular character of green and yellow CDs,
it can be underlined that the inverse proportionality of fluorescence
quantum yield with MW has been typically found also for oligomers
[56]1, and proposed as a method for calculating the degree of polymer-
ization. The correlation of quantum yield and lifetimes with MW for
PAH oligomers has been here verified for acenaphthene (ACE) and its
oligomer, polyacenaphthylene (PACE) with a MW range of 5000-10,000

u.

ACE

906

QO

PACE

The features of both the UV-Visible absorption [57] and fluorescence
spectra of ACE and PACE reported in the Supplementary material
(Fig. S1) are very similar, demonstrating that the radiative process does
not vary passing from acenaphthene to its oligomer PACE. This behav-
iour is explained by the fact that PACE is constituted of acenaphthene
units linked by a single carbon-carbon bond, which avoids the conju-
gation between couples of adjacent rings and the consequent shift of
absorption and fluorescence toward visible. It was found that, passing
from the monomer to the polymer, the lifetime (at 370 nm of excitation
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wavelength) decreases of about 20% (from 10.9 ns to 8.9 ns), whereas
the quantum yield (at 300 nm of excitation wavelength) becomes less
than a third (passing from 6.2% to 1.9%). Quantum yield was evaluated
at 300 nm as at 370 nm absorption is too low, hindering quantum yield
calculation.

Also in the case of green and yellow CDs, the similarity of fluores-
cence spectra of the fractions (Figs. 2 and 3), and the inverse propor-
tionality of both fluorescence quantum yield and lifetimes with MW
suggest that their fractions have a polymeric character with similar ar-
omatic moieties (fluorophores) linked together by 6-bonds, interrupting
bond conjugation. An easier energy dissipation through other conver-
sion routes (roto-vibrational movements) is more probable for oligomers
like PACE with respect to larger and more rigid or semi-rigid aromatic
structures such as sandwich-like PAH structures [10]. For such
polymer-like structure the probability for non-radiative decay increases
with the MW increase, and the fluorescence quantum yield becomes
lower and lower [58,59].

To support the interpretation of fluorescence behaviour hereafter
reported, the MW composition of CDs fractions has been investigated by
LDI-TOFMS. The spectra of F-300 and F-1000 of blue CDs, reported in
Fig. S2 of the Supplementary material, have been analyzed by using FFT
method evidencing periodic mass differences in the mass spectra [45,
46]. To take into account for the change of the mass spectral distribution
with increasing masses, the FFT analysis for green and yellow CDs has
been carried out in selected mass ranges [45]. The FFT mass differences
of CDs fractions are gathered in Table 2.

In the case of F-300 of blue CDs (Fig. S2 and Table 2), beside a mass
spacing of 1 (indicating the presence of peaks at every mass unit), the 12
and 24 mass differences, typical of PAH growth sequences are noticed
consistently with the polyaromatic nature of blue CDs. The F-1000 of
blue CDs still presents the 12 and 24 peaks along with the 14 mass
difference, indicative of methyl group substituents (also inside a ring) or
methylene bridges between PAH units. The blue CDs mass spectrometric

Table 2

FFT mass difference for CDs and
their MW-segregated fractions.
(Bold numbers indicate the higher
intensity peaks).

Samples | mass range (m/z)
200-1000
Blue CDs 1,12,24
F-300 1,12,24
F-1000 1,12,14,24
F-10000 1,12,14
100-300 | 300-800
Green CDs | 112,14 112,24
F-300 - 1,12,24
F-1000 1,12,14 1,14,24
F-10000 1,12,14 1,14
Yellow CDs | 112,14 1,12,24
F-300 = 1,12,24
F-1000 1,12,14 1,14,24
F-10000 1,12,14 1,14
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analysis has been reported in detail in a previous paper (see OC in
Ref. [45]). In that paper, LDI-TOFMS at low and high laser power led to
exclude the contribution of dimers and long chain alkyl-bridged PAHs,
attributing the second mass spectral mode, corresponding to the F-1000
fraction of blue CDs, mainly to both fully-benzenoid and
cyclopenta-PAHs. By analyzing the individual fractions, the interference
of F-300 fraction composed of easily ionizable species (PAHs and large
PAHs), which covers the signal of minor and less ionizable components,
was avoided allowing to do some speculations about the structure of
higher molecular weight fractions F-1000 and F-10000. In agreement
with previous results [45], fluorescence analysis of the F-1000 fraction
demonstrates that it is not constituted of PAH dimers (sandwich-like
PAH structures or chemical bonded PAH dimers) as this kind of struc-
tures should exhibit a shift of the fluorescence emission and an increase
of lifetimes [13,60]. It can be instead hypothesised that F-1000 is
constituted mainly of cyclopenta-PAHs and large PAHs with aliphatic
methylene bridges, which, interrupting conjugation, have the effect of
decreasing lifetimes, without shifting the emission fluorescence range.
However, also curved PAHs should be considered since the curvature
decreases the lifetime, as found in the present work measuring the
lifetimes of fullerenes with respect to large planar PAH (Tab. S2, Sup-
plementary material) and in Refs. [61,62]. Curved PAH can be origi-
nated by the rearrangement of a PAH with an externally-fused
cyclopenta group toward a PAH with a centrally-fused cyclopenta group,
a process which has been observed under conditions pertinent to com-
bustion [4,63,64].

The F-10000 fraction of blue CDs presents 1, 12, 14 mass differences
that can be due to the presence of homologous series of aromatic poly-
mers (gap of m/z 12) with a different degree of unsaturation (gap of m/z
1) and aliphatic bridges (CHg, gap m/z 14).

F-300 of green and yellow CDs presents gaps similar to those found
for F-300 of blue CDs (Table 2), but these gaps are found only above m/z
300, indicating larger aromatic moieties with respect to F-300 of blue
CDs (this is also confirmed by steady-state fluorescence spectra less
structured and shifted at longer wavelengths, insets of Fig. 5).

F-1000 and F-10000 of green and yellow CDs are instead very similar
but different from F-1000 of blue CDs. The mass differences of 1, 12 and
14, with prevalence of 1, support the attribution to polymers of aromatic
monomers, linked by aliphatic bridges long enough to interrupt conju-
gation and leave unchanged the steady-state fluorescence (inset of
Fig. 5).

4. Conclusions

The fluorescence features of pyrogenic PAHs and organic species
constituting the extractable part of PM, sampled in fuel-rich ethylene
premixed flame, have shown to be intriguing and challenging both for
their structural elucidation and for exploring the promising applications
of their fluorescence emitting performances. In the present work, the
fluorescing PM components were discriminated firstly in OC and ROC
classes, through separation in two different organic solvents, DCM and
NMP, respectively. It was found that OC, coming from PM sampled at
any residence time in flame, presents fluorescence emission in the blue
region (420-500 nm), whereas ROC, derived from PM, sampled at low
and high residence time, fluoresces in the green (500-550 nm) and
yellow region (550-600 nm), respectively. Therefore, it has been
demonstrated that it is possible bottom-up synthesizing three classes of
CDs: blue, green and yellow CDs from the same flame system just by
changing the solvent and selecting different residence time in the flame
reactor.

The blue, yellow and green CDs have been analyzed by SEC coupled
with online UV absorption and fluorescence detectors. Trimodal MW
distributions, centered around 300, 1000 and 10,000 u, with different
relative abundance for blue, yellow and green CDs have been observed.
Specifically, high MW species were found to be more abundant in the
green and yellow CDs.
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The fluorescence lifetimes of blue, yellow and green CDs and their
fractions as separated by SEC have been measured for the first time as
additional tool for inferring their structural properties. It was found that
the fluorescence lifetimes and quantum yield correlation with MW of
CDs at different excitation wavelengths can give deep insights on their
structure, furnishing a rapid and non-destructive screening for structural
investigation of such complex materials. Blue CDs exhibit an excitation-
dependent fluorescence, as well as a fine structure fluorescence pattern
and lifetimes that present different trends with MW at different exciting
wavelengths. Green and yellow CDs present almost excitation-
independent spectra, with broad features, and almost constant life-
times changing the emission wavelength.

SEC separation has allowed the isolation of MW-segregated fractions
of these pyrogenic carbon CDs, individuating the MW range of species
responsible for fluorescence emission. Fluorescence and mass spectro-
metric analysis data of the MW-segregated fractions separated from
blue, green and yellow CDs have provided further insights on their
structure also in relation to soot formation.

The following structures and emission mechanisms for CDs have
been hypothesised: - a polydispersity of fluorescent molecular aromatic
components for blue CDs, with a molecular state emission mechanism,
originating from free or bonded fluorescent molecules; - whereas a
macromolecular, oligomer-like nature for green and yellow CDs, with
aromatic moieties linked by sigma-bonds, therefore with an emission
mechanism as the core emission, due to the conjugated n-domains of
carbon core. Blue, green and yellow CDs, here synthetized from pre-
mixed flame PM without need of chemical post-treatments, present
quantum yields and lifetimes typical of carbon dots, which make them
appealing for application in the fields of imaging, electronics and sensors
[65].
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