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A B S T R A C T   

Optical features of fluorescent components of pyrogenic carbons as flame-formed carbon particulate matter (PM) 
were studied by setting up a facile and fast method (SEC-Abs/Fluo) based on size exclusion chromatography 
(SEC) coupled with UV–Visible absorption and fluorescence spectrometers as detectors. The SEC-Abs/Fluo 
method simultaneously allowed the molecular weight (MW) separation and identification of blue- and green- 
fluorescent PM components exhibiting size and spectroscopic features typical of carbon dots (CDs). The SEC- 
Abs/Fluo method allowed the online determination of quantum yield (QY) and optical band gap of fluores-
cent components also in strongly-scattering carbon suspensions so avoiding tedious pretreatment of carbon 
samples. From the detailed separation and analysis of blue- and green-fluorescent PM components along with 
two commercial pitches, aromatic species having MW > 1000 u and band gap <1–1.5 eV resulted to be scarcely 
or no fluorescent indicating these are the MW and band gap thresholds for fluorescence emission. Indeed, a sharp 
QY decrease was for the first time noticed in a narrower band gap (1–1.5 eV) range, where carriers can more 
easily tunnel to defects of the carbon network reducing fluorescence emission. The exponential increase of QY as 
the band gap rises was found with a more regular trend for the MW-segregated components in comparison to the 
bulk samples. The method can support and guide the choice of the optimal operating conditions to maximize CD 
formation and their purification from not-fluorescing components and can also be helpful in disentangling CD 
fluorescence attribution.   

1. Introduction 

Fluorescence is an optical property featuring many kinds of carbon 
materials like hydrogenated amorphous carbons [1], 
combustion-formed particulate matter (PM) [2], and peculiar carbons 
like interstellar carbon dust [3]. Fluorescence is also an important 
feature of a new class of carbon materials named carbon dots (CDs) 
coming from diverse top-down and bottom-up processes involving single 
organic species and/or materials like biomasses, graphite, and carbon 
nanotubes. Due to their fascinating properties and possible applications, 
a plethora of scientific works has been devoted to the study of CDs [4–8]. 
Low toxicity, high biocompatibility and chemical stability [9,10] make 
CDs a promising alternative to semiconductor quantum dots and organic 
dyes for applications in various fields, from imaging to sensing, photo-
catalysis, and energy conversion [11–15]. Hence, research efforts have 
been devoted both to understand the fluorescence origin and to look for 
reliable top-down and bottom-up methods for scalable and controllable 
synthesis of CDs [16]. 

Top-down processes involve harsh physical and chemical treatments 
like the exfoliation and oxidation of carbon materials and are so based 
on laborious approaches as laser and chemical ablation [17], arc 
discharge [18] and plasma sources [19]. Bottom-up approaches 
encompass more facile synthesis routes, including hydrothermal or 
solvothermal carbonization [20,21], acid hydrolysis [22], flame syn-
thesis [23–27] and, microwave pyrolysis [28], starting from low-toxic 
organic compounds or natural materials as biomasses or waste-derived 
sources. Bottom-up processes for CD production generally involve 
dehydration/carbonization or polymerization/self-assembly of specific 
molecular organic precursors, e.g., citric acid and polycyclic aromatic 
hydrocarbons (PAHs). Citric acid is the most popular source for pro-
ducing CDs of high quantum yields (QYs) by bottom-up methods 
involving dehydration and carbonization [13–16]. Low molecular 
weight (MW) hydrocarbons like PAHs are instead precursors involved in 
an easily-accessible bottom-up process based on hydrocarbon combus-
tion in partially oxidative conditions forming multiemissive nanocarbon 
sources like candle soot [26,29], as-formed lamp [30] and in-flame soot 
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samples [23–25,31–33]. The composition of the reaction mixture deci-
sively influences the formation of carbonaceous species [25] that is 
closely related to the lack of oxygen in the reactive processes. The most 
common parameter used to describe a fuel/air mixture is the equiva-
lence ratio φ, defined as the ratio of the real fuel-to-oxidizer ratio to the 
stoichiometric fuel-to-oxidizer ratio. In fuel-rich conditions (φ > 1) fuel 
fragments tend to form heavier compounds and eventually carbon 
nanoparticles. 

Whichever the source and the kind of CD production process, the 
formation of multicomponent mixtures with a high level of impurities is 
generally observed, which make difficult the correct attribution and 
interpretation of fluorescence mechanisms [34] and the safe application 
of CDs in specific fields like biomedicine. As matter of fact the fluores-
cence attribution for CDs is very debated and three main emission 
mechanisms are generally considered [35]: i) the surface states emis-
sion, related to the presence of functional groups connected with the 
carbon backbone [36,37]; ii) the core emission, due to the conjugated 
π-domains of carbon core or to the quantum confinement effect [38,39]; 
and iii) the molecular state emission, originating from free or bonded 
fluorescent molecules [40,41]. Actually, the conjugation of π− π do-
mains [36] is one of the mechanisms proposed for interpreting the 
fluorescence of CDs, especially of those having few surface functional 
groups, for which the emission center lies in the carbon core and is 
determined by the band gap of conjugated π-domains [42]. Typical 

examples of species with aromatic conjugated moieties are PAHs 
considered the species useful for mimic optical properties of CDs [8] as 
well as precursors of some carbon materials derived from pyrogenic 
processes [2]. The difficulties in CD fluorescence attribution are also due 
to the persistence of molecular precursors of CDs (citric acid, PAHs and 
so on), and of byproducts or molecular scaffolds that could significantly 
contribute to the mixture fluorescence [23,43–45]. Their presence 
cannot be detected by transmission electron microscopy (TEM), largely 
employed for determining another critical property of CDs, i.e., their 
size [46]. Consequently, and also because of the possible interference of 
non-fluorescent carbon material, separation and purification methods 
are obliged passages for improving CD production and application, and 
for studying their fluorescence mechanisms. 

Size exclusion chromatography (SEC) performed on a high pressure 
liquid chromatography system allows to rapidly separate classes of 
carbon components in order of decreasing MW/size. The fractions can 
be recovered downstream of the SEC system and analyzed for individ-
uating the fluorescent and non-fluorescent components [47–50]. How-
ever, the collection of specific MW/size-segregated fractions requires a 
careful evaluation of the elution time and is particularly crucial when 
chromatographic peaks are not well separated and partially overlapped. 
Furthermore, the fractions recovered from SEC column are very diluted 
so that multiple injections are necessary to collect enough specimen to 
be further analyzed [51]. Additionally, the use of low-volatile eluents 

Fig. 1. Separation scheme of carbon PM. (A colour version of this figure can be viewed online.)  
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makes difficult sample fraction recovery by solvent evaporation. 
Our previous work reports about the fluorescence emission of species 

extracted from carbon PM due to molecular fluorophores like PAHs, 
π-conjugated aromatic domains and carbon-core states [23,52]. The 
attribution of fluorescence to specific components and the evaluation of 
their optical properties have been done in the present work setting up a 
rapid method based on SEC coupled with UV–Visible absorption and 
fluorescence spectrometers as detectors (SEC-Abs/Fluo) able to achieve 
the simultaneous estimation of the MW distribution and the online 
spectroscopic analysis of the main components of carbon PM. The pro-
cedure has been implemented on flame-formed carbon PM composed of 
soot and blue- and green-fluorescent components extracted from PM as 
schematized in Fig. 1. Meaningful spectroscopic properties as optical 
band gap and quantum yield (QY) have been evaluated analyzing the 
online UV–Visible (UV–Vis) absorption and fluorescence spectra ac-
quired at selected MW as described in section 3.1. Absorbance and 
fluorescence chromatograms and online spectroscopic features of soot 
and green-fluorescent CDs separated on a wide-MW range column are 
reported in Sect. 3.2. Details on blue- and green-fluorescent CDs, sepa-
rated in a narrower MW range on a different column, are described in 
section 3.3. Spectroscopic data are analyzed in sect. 3.4, with particular 
regard to the optical band gap and QY features, also in reference to the 
analysis of commercial pitch samples. 

2. Experimental 

2.1. Samples and preparation procedure 

Carbon PM was thermophoretically sampled from a heavily-sooting 
premixed ethylene/oxygen flame (at 8 mm above the burner and φ =
3.0) [53] on a rotating glass plate driven by a gear motor. Carbon PM 
caught on the plate was submitted to a separation procedure schema-
tized in Fig. 1. It was first treated with dichloromethane (DCM) and then 
filtered on Teflon filters (0.45 μm pore size, Millipore) for separating the 
insoluble solid phase, here named soot, from the DCM-extract. Stable 
suspensions of soot recovered from the Teflon filter were obtained by 
ultrasonic stirring in N-Methyl-2-Pyrrolidone (NMP). Soot suspensions 
were filtered on 0.02 μm membrane filters (Anodisc) separating solid 
particles with diameter >20 nm from components transferred into the 
NMP-extract. DCM- and NMP-extracts showed to emit fluorescence in 
the blue and green region, respectively [23]. On the basis of their 
spectroscopic properties, along with SEC and TEM analysis [23] 
demonstrating their nanometric/subnanometric size, the DCM- and 
NMP-extracts have been here named as blue- and green-fluorescent CDs, 
respectively. More experimental details on the sampling and separation 
procedure are reported in previous works [23,54]. 

Benzo(ghi)perylene, anthracene and 9,10-diphenyl anthracene, used 
as standards to set up and verify the SEC-Abs/Fluo method, were 

obtained from Sigma Aldrich. Coal tar pitches named aromatic pitch 1, 
ArP1 (Electrode binder pitch: 65996-93-2 [55]) and aromatic pitch 2, 
ArP2 (Carbores: 121575-60-8 [55]), kindly provided by Rain Carbon 
Inc., were also analyzed as typical mixtures of unsubstituted PAHs, 
which are strongly absorbing and fluorescing in the UV–Vis wavelength 
range [55]. Carbon PM and pitches studied in this work are mainly 
composed of carbon and hydrogen atoms with a negligible presence of 
nitrogen and oxygen as derived from elemental analysis and confirmed 
by infrared spectroscopy [55–57]. Table 1 reports the list of carbon 
samples here analyzed. 

2.2. Sample separation and spectroscopic characterization methods 

Standard PAHs (benzo(ghi)perylene, anthracene and 9,10-diphenyl 
anthracene), pitches and as-prepared carbon samples (soot, blue- 
fluorescent CDs (DCM-extract) and green-fluorescent CDs (NMP- 
extract)) were dissolved/suspended in NMP and analyzed by steady- 
state UV–Vis absorption and fluorescence spectroscopy. Steady-state 
UV–Vis absorption spectra were measured on a HP8453 spectropho-
tometer in standard 1 cm path-length quartz cells (samples concentra-
tion 10 mg/l) whereas steady-state fluorescence spectra (λexc = 350 nm) 
were measured in standard 1 cm path-length quartz cells on a HORIBA 
Scientific FluoroMax-Plus TCSPC spectrofluorometer (sample concen-
tration 0.1–1 mg/l). 

SEC-Abs/Fluo analysis of NMP suspensions of soot and green- 
fluorescent CDs separated from soot by extraction with NMP and 
filtration, was carried out on a HPLC system HP1050 series using a Jordi 
Gel DVB Solid Bead column 300 × 7.8 mm for the MW determination in 
a wide range, namely 2000–10^11 u range. The injection volume was 10 
μl, NMP was used as eluent at room temperature with a flow rate of 0.8 
ml/min. Soot suspended in NMP was injected at a concentration of 100 
mg/l whereas the concentration of green-fluorescent CDs was estimated 
to be around 20 mg/l by gravimetric measurements of soot deposited on 
the Anodisc filter. The absorbance and fluorescence chromatograms of 
standard species and samples were simultaneously obtained by placing 
in series at the exit of the SEC column an UV–Vis absorption and a 
fluorescence spectrometric detector. Specifically, the absorption chro-
matogram was obtained by fixing the absorption wavelength at 350 nm, 
of an HP1050 UV–Vis diode array detector able to simultaneously 
measure the absorption spectra in the whole 250–600 nm wavelength 
range. The fluorescence chromatogram was obtained by fixing the 
excitation and emission wavelength (λexc = 350 nm, λem = 500 nm) of a 
G1321AR fluorescence detector able to measure fluorescence spectra in 
the 280–900 nm emission range selecting the excitation wavelength in 
the 200–700 nm range. The online absorption and fluorescence spectra 
were acquired in the 250–600 nm and in the 375–600 nm absorption 
and emission wavelength range, respectively. On the basis of standard 
PAH analysis, a delay time of 0.1 min between absorbance and fluo-
rescence chromatograms was evaluated. The fluorescence chromato-
grams have been accordingly back shifted to allow the direct 
comparison of the chromatograms and evaluate the QY by dividing the 
absorption and fluorescence signals for selected MW, as detailed in the 
result section. 

The MW separation/determination of blue- and green-fluorescent 
CDs was also carried out in a narrower MW range (100–10^5 u) on a 
highly cross-linked “individual-pore” column (Polymer Laboratories, 
Ltd., U.K.; particle size of 5 μm diameter and a pore dimension of 50 
nm). In this case the injection volume was 100 μl and the analyses were 
performed at a temperature of 70 ◦C with a flow rate of 0.5 ml/min using 
sample concentrations around 10–20 mg/l. 

On both SEC columns the MW calibration was obtained by deter-
mining the retention time of polystyrene and PAH standard species of 
known MW [58] and soot particles with known size as derived by dy-
namic light scattering, assuming a spherical particle shape and a density 
of 1.8 g/cm3 [59]. On the basis of these standard species the retention 
time abscissa of the SEC profiles reported in the paper were transformed 

Table 1 
List of analyzed samples with source description.  

Samples Description 

Flame-generated samples 

Soot DCM-insolubles of carbon PM sampled in an ethylene 
laminar premixed flame 

Blue CDs (DCM- 
extract) 

DCM-extract of carbon PM sampled in an ethylene laminar 
premixed flame 

Green CDs (NMP- 
extract) 

NMP-extract of soot filtered on 20 nm filter  

PAH-laden samples 
Aromatic pitch 1 

(ArP1) 
Electrode binder pitch (Rutgers): 65996-93-2 

Aromatic pitch 2 
(ArP2) 

Carbores (Rutgers): 121575-60-8  
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in MW. 

3. Results and discussion 

3.1. Online evaluation of QY and optical band gap of SEC-separated 
carbon fractions 

The SEC-Abs/Fluo method simultaneously gives out an absorption 
and a fluorescence chromatogram as those shown in Fig. 2a, where 
exemplificative chromatograms of a single fluorescent species are 
reported. 

The optical band gap values have been evaluated on the UV–Vis 
absorption spectra measured at selected MW of the absorption chro-
matograms applying the Tauc method [59–61] proposed in early work 

for deriving the band gap energy of germanium, i.e., the energy gap 
between the conduction and valence band, using its optical absorption 
spectrum. It has been found that the absorbance A follows the Tauc 
relationship: A ∗ E = B ∗ (E − Eg)

r, where E is the energy of the incident 
radiation, B is a constant, Eg is the optical band gap and r is a constant 
varying according with the reciprocal values of the moment of the top of 
the valence band and of the bottom of the conduction band energy. The 
Tauc equation has been used for calculating the band gap of amorphous 
carbons as carbon PM imposing a r value of 2: if (AE)^(1/2) vs E is a 
straight line, Eg can be obtained from the extrapolation to energy axis. 
On the basis of the sp2-bonded cluster model proposed by Robertson and 
O’Reilly [61], the size of sp2− bonded clusters, i.e., the aromatic layer 
length usually named La, can be derived according to the formula Eg 
(eV) = 7.7/La. 

Fig. 2. Exemplificative chromatograms of an individual species detected by absorption (λabs = 350 – red curve) and fluorescence (λexc = 350 nm, λem = 500 nm – 
blue curve) chromatograms (a). Absorption (b) and fluorescence (λexc = 350 nm) (c) spectra at a selected MW. The formula used for QY evaluation at a specific MW of 
the chromatograms is reported in (d). (A colour version of this figure can be viewed online.) 

Fig. 3. Absorption (λabs = 350) and fluorescence (λexc = 350 nm, λem = 500 nm) chromatograms of soot (a) and green-fluorescent CDs (b) as a function of MW. In the 
inset, the images of the samples in NMP solution under UV light (λexc = 365 nm). (A colour version of this figure can be viewed online.) 
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For the determination of QY, a reference species with unitary QY, 
namely 9,10-diphenyl anthracene (DFA) [62], was injected into the SEC 
system. It produced one single peak in the chromatograms obtained by 
absorption and fluorescence detection at fixed wavelengths. Actually, 
the detectors allow the online measure of absorption and fluorescence 
spectra, respectively, which can be measured, point by point, on the 
chromatograms. Exemplificative absorption and fluorescence spectra 
are reported in Fig. 2b and c, respectively, along with the formula used 
for QY evaluation (Fig. 2d). At a specific MW (MW*) the integrated area 
of the fluorescence spectrum produced by excitation at a fixed wave-
length (350 nm) was divided by the absorbance value at the same 
wavelength. This emission/absorption ratio was then divided by the 
same ratio measured for the DFA reference species in order to evaluate 
the QY of the MW-segregated components of carbon samples. The QY 
values of single standard PAHs, namely benzo(ghi)perylene and 
anthracene, were evaluated applying the same method on the chro-
matographic peaks obtained by SEC injection and compared with the QY 
measured using steady-state fluorescence and absorption spectra. The 
QY of these PAHs evaluated on online and steady-state fluorescence 
spectra resulted to be very similar (0.31 and 0.28 for benzo(ghi)per-
ylene, and 0.34 and 0.38 for anthracene), supporting the reliability of 
the online QY evaluation method. 

3.2. Soot and green-fluorescent CDs: SEC separation on a wide-MW range 
and spectroscopic analysis 

Soot is typically constituted of carbon species distributed in a very 
wide MW/size range, going from strongly-adsorbed and/or imbedded 
organic carbon components of relatively high MW (300-1000 u) [63], up 
to solid carbon particle/aggregates with MW around 10^9 u, roughly 
corresponding to aggregate size of about 100 nm [59]. The chromato-
grams in a such wide MW of soot and green-fluorescent CDs (Fig. 1) have 
been obtained on a wide-MW range column (sect. 2.1) simultaneously 
registering absorption and fluorescence signals collected at appropriate 
absorption wavelength (λabs = 350 nm) and fluorescence wavelengths 
(λexc = 350 nm and λem = 500 nm). 

The absorption (red lines) and fluorescence (blue lines) chromato-
grams of soot and of green-fluorescent CDs, are reported in Fig. 3a and b, 
respectively, as a function of the MW. 

On the basis of standard samples (see Sect. 2.2) different MW/size- 
segregated classes could be assigned to the chromatographic peaks 
[59]. The last peak of the soot absorption chromatogram is ascribed to 
particles/aggregates of 100 nm (Fig. 3a), whereas the first and second 
peaks can be attributed to single 5–20 nm soot particles and compounds 
with MW falling in the range 100–10^5 u, respectively [59]. Only these 
two latter peaks are noticed in the absorption chromatogram of 
green-fluorescent CDs (red line in Fig. 3b), whereas the 100 nm aggre-
gate peak is obviously absent because green-fluorescent CDs derive from 
filtration on 20 nm membrane filters (Fig. 1) blocking particles/ag-
gregates having size >20 nm. Consistently with the absence of 100 nm 
particle aggregates, scattering visually observed in the image of soot 
suspension (inset of Fig. 3a) is quite absent in the image of 
green-fluorescent CDs (inset of Fig. 3b). The scattering and reabsorption 
of the incident and/or emitted radiation by these particle aggregates 
reduce the fluorescence emission of soot, but do not modify its spectral 
shape as shown in Fig. 4 displaying the comparison of the steady-state 
fluorescence spectra (λexc = 350 nm) of soot and green-fluorescent 
CDs with the same fluorophore concentration. 

The comparison of absorption and fluorescence chromatograms 
clearly shows that both the aggregates and small soot particles do not 
present significant fluorescence (Fig. 3a). Specifically, the fluorescence 
chromatogram of both soot and green-fluorescent CDs (blue lines in 
Fig. 3a–b) exhibits only one peak corresponding to compounds with a 
MW in the range 100–10^5 u that falls at the lower limit of MW linearity 
for the column used. 

The optical band gap values of soot and green-fluorescent CDs have 
been evaluated on the UV–Vis spectra measured on the peaks of ab-
sorption chromatograms (red lines of Fig. 3a and b). The optical band 
gap values of 0.27 and 1.17 eV were evaluated on the UV–Vis spectra 
measured on the aggregates and particles peaks, respectively. These 

Fig. 4. Steady-state fluorescence spectra (λexc = 350 nm) of soot suspension 
and green-fluorescent CDs. (A colour version of this figure can be 
viewed online.) 

Fig. 5. UV–Vis absorption and fluorescence (λexc = 350 nm) spectra of blue-fluorescent (a) and green-fluorescent CDs (b). (A colour version of this figure can be 
viewed online.) 
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values lie in the range typical of particles, while a higher optical band 
gap (1.52 eV) features the smaller and more fluorescent components 
[64]. Interestingly, quite similar optical band gap values, namely 1.19 
and 1.64 eV, could be evaluated on the two corresponding peaks of the 
absorption chromatographic profiles of green-fluorescent CDs (Fig. 3b). 
Likewise, the QY values of both soot and green-fluorescent CD chro-
matograms, evaluated for the species eluting as unique peak in the 
fluorescence chromatograms (blue lines of Fig. 3a and b), resulted to be 
very similar, namely 8.2 and 8.6%, respectively. The QY measured for 
soot suspension was 0.4% completely hiding this valuable fluorescent 
component due to the presence of soot particles quenching fluorescence 
emission. 

The similarity of the online optical properties of soot and green- 
fluorescent CD components demonstrates that, beside the MW estima-
tion, the SEC-Abs/Fluo method allows the online determination of op-
tical band gap and QY of fluorescent components directly in strongly- 

scattering suspensions of solid carbons like soot, without need of any 
further filtration or purification steps. It is also noteworthy that only one 
class of species of relatively low MW resulted to be responsible of soot 
green-fluorescence indicating that species above this MW range cannot 
emit fluorescence in spite of their aromatic character testified by UV–Vis 
absorption. Interestingly, the transfer of green-fluorescent CDs species in 
the NMP-extract left behind non-fluorescent soot particles aggregates 
which could no longer be effectively re-suspended. This indicates that 
green-fluorescent CDs constitute a sort of “glue” for soot particles as 
having hydrogen functionalities that give to soot fluorescing properties 
and allow their dispersion in organic solvents. 

It is worth to note that the main fluorescent component of green- 
fluorescent CDs has MW close to the MW of light blue-fluorescing PAH 
molecules, formerly removed from carbon PM by DCM extraction 
(Fig. 1) [23,33,63]. To improve the MW estimation getting in-depth 
insights on their spectroscopic features, both blue- and 

Fig. 6. Absorption (λabs = 350) and fluorescence (λexc = 350 nm, λem = 500 nm) chromatograms of blue-fluorescent (a) and green-fluorescent CDs (b) as a function of 
MW. Arrows numbered 1 to 5 indicate the points where online absorption (c, d) and fluorescence (e, f) spectra have been collected. The inset in a) and b) report the 
images of the blue- and green-fluorescent samples in NMP solution under UV light (365 nm). (A colour version of this figure can be viewed online.) 
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green-fluorescent PM components have been further analyzed on a SEC 
column able to separate them in a narrower MW range, down to 100 u 
(Sect. 2.1). 

3.3. Blue- and green-fluorescent CDs: MW distribution and spectroscopic 
features 

Before of describing the detailed SEC separation and spectroscopic 
analysis of blue- and green-fluorescent CDs derived from carbon PM, 
some observations can be done on their steady-state spectroscopic 
properties. 

UV–Vis absorption and fluorescence (λexc = = 350 nm) spectra of 
blue-fluorescent CDs are reported in Fig. 5. The fine structure of the 
UV–Vis absorption spectrum (Fig. 5a) and a broad fluorescence emission 
in the 360–600 nm wavelength region peaked at 470–480 nm (Fig. 5b) 
hint to the large PAH abundance in the blue-fluorescent CDs as also 
confirmed by the high QY (13.7% at λexc = 350 nm) typical of small- 
medium size PAHs [62]. Green-fluorescent CDs present a structureless 
absorption spectrum and a fluorescence spectrum shifted and broad-
ening toward higher wavelengths (Fig. 5b), along with a relatively low 
QY (3% at λexc = 350 nm). These features are typical of relatively large 
PAHs (MW > 300 u) either in form of planar or curved PAHs [33,63,65]. 

Fig. 6 reports the absorption and fluorescence chromatographic 
profiles of blue- (Fig. 6a) and green-fluorescent CDs (Fig. 6b) obtained 
on the species eluting in the 50000 down to 100 u MW range. The overall 
improvement of the separation can be seen by comparing the chro-
matographic profiles obtained on the two columns of green-fluorescent 
CDs (cfr. Figs. 3b and 6b). As matter of fact, the chromatographic pro-
files of Fig. 6b show that the low-fluorescing species are much better 
separated from the fluorescent ones. Moreover, green-fluorescent spe-
cies, appearing as a unique peak on the wide-MW column (Fig. 3b), are 
further separated in form of a major peak at 300 u with a broad shoulder 
due to species with MW ranging from 500 to 2000 u (Fig. 6b). 

The absorption chromatograms of both blue- and green-fluorescent 
CDs (red lines in Fig. 6a and b) shows three main peaks corresponding 
to three MW-segregated fractions centered around 300, 800 and 10000- 
20000 u, respectively [33,50,58]. However, some remarkable differ-
ences can be observed in the relative peak intensity. The peak corre-
sponding to 200-600 u species is predominant for blue-fluorescent CDs, 
especially in comparison to the adjacent shoulder associated to species h 
a MW of 600–1000 u (Fig. 6a). This inference is consistent with the 
predominance of small planar PAHs also inferred from the fine-structure 
of blue-fluorescent CD absorption spectrum (Fig. 5a). Green-fluorescent 
CDs present a more uniform and similar intensity distribution of the two 
peaks in the 200-1000 u range whereas the third peak, in the 
10000-20000 u MW range, is clearly prevalent (Fig. 6b). 

It can be seen that only the low-MW species, up to about 1000 u, 
present significant fluorescence emission so that 1000 u seems a sort of 
MW threshold for emitting fluorescence from this kind of carbon species. 

Fig. 6 displays the UV–Vis absorption and fluorescence spectra (λexc 
= 350 nm) measured at different MW for blue- and green-fluorescent 
CDs. The fine structure of the UV–Vis absorption spectrum of species 
having MW peaked at 300 u is particularly evident for blue-fluorescent 
CDs and appears to be broadened as the MW increases (Fig. 6c). 

In comparison to blue-fluorescent CDs, green-fluorescent species 
exhibit broader and less structured absorption spectra (Fig. 6d) and 
fluorescence spectra shifted toward longer emission wavelengths 
consistently with their emission into the green. The online fluorescence 
spectra of green-fluorescent CDs do not show significant spectral 
changes with the MW increase (Fig. 6f). 

The different features of fluorescent components have been deeply 
analyzed in the following section focused on the spectroscopic param-
eters, namely the optical band gap and QY, evaluated at different MW 
values for blue- and green-fluorescent CDs. 

3.4. QY and optical band gap analysis 

The QY and optical band gap of blue and green-fluorescent samples 
and their SEC-separated fractions are reported in Table 2 in comparison 
with those evaluated on fluorescent commercial samples typically con-
taining PAHs like aromatic pitches [55]. Beside their PAH character, 
these pitches have been chosen as showing SEC profiles, reported in 
Fig. S1 (supplementary material), peaked in a MW range similar to that 
of blue- and green-fluorescent CDs. It is interesting to note that pitches 
present a broad peak in the 200-1000 u region hinting to a wide MW 
distribution of species of similar structure [55], whereas the main 
fluorescing components of blue-and green-fluorescent CDs (blue lines in 

Table 2 
Optical band gap and QY of pitches, CDs and of relative MW-segregated fractions 
(see rows in Fig. 6 and Fig. S1). MW as evaluated from SEC analysis and the MW 
of the aromatic unit mass as derived from optical band gap are also reported.  

Sample Band gap, 
eV 

QY, % MW, u MW, u 

(by SEC 
analysis) 

(by band-gap equation 
[59-60]) 

Green CDs 
bulk 

1.27 3.26   

Green CDs 
(1) 

1.68 12.7 326 437 

Green CDs 
(2) 

1.56 8.13 617 494 

Green CDs 
(3) 

1.53 2.77 888 510 

Green CDs 
(4) 

1.3 0.3 1400 671 

Green CDs 
(5) 

1.2 0.11 16337 770 

Blue CDs 
bulk 

1.72 13.78   

Blue CDs (1) 1.98 15.57 295 335 
Blue CDs (2) 1.8 11.91 514 391 
Blue CDs (3) 1.84 9.03 707 377 
Blue CDs (4) 1.62 1 1679 464 
Blue CDs (5) 1.42 0.44 13013 578 
ArP1 bulk 1.57 20.26   
ArP1 (1) 2.06 30.98 312 315 
ArP1 (2) 1.73 15.77 849 417 
ArP1 (3) 1.59 6.52 1338 479 
ArP1 (4) 1.21 0.53 12434 758 
ArP2 bulk 1.45 16.32   
ArP2 (1) 2 29.36 564 330 
ArP2 (2) 1.53 5.36 1115 510 
ArP2 (3) 1.49 2.46 1338 533 
ArP2 (4) 1.28 0.23 12434 689  

Fig. 7. QY as a function of optical band gap as evaluated on the spectra of the 
bulk spectra (circles) of pitches and CDs and on their relative MW/size segre-
gated fractions (diamonds). (A colour version of this figure can be 
viewed online.) 
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Fig. 6) elute as two rather distinct fractions: a predominant fraction in 
form of a sharp peak centered at low MW, below 300-400 u, and a minor 
fraction in correspondence of a broad shoulder at higher MW. This 
inference has suggested the occurrence of a structural change as the MW 
of PAHs increases above 300-400 u like the change from planar PAHs, 
featuring the major peak, toward curved cyclopenta-PAHs as MW in-
creases [63]. Indeed, such structural change is somehow expected in the 
growth of PAH beyond 300-400 u at high-temperature conditions and in 
flames carried out in fuel-rich conditions [66]. 

The relationship between the band gap and QY before observed for 
amorphous carbon [67] has been found to occur also for carbon PM and 
pitches. In particular, in this work for the first time we have analyzed the 
variation of PL in a wider range of optical band gap, including values 
down to 1.2 eV. 

Particularly, a broad trend of increasing QY with the optical band 
gap rise is well evidenced in Fig. 7 showing the exponential increase of 
QY as the band gap rises. Noteworthy, QY values of the unseparated bulk 
samples lie a little bit out from the regular broad trend demonstrating 
the need of isolating the fluorescent species from a complex carbon 
matrix for a proper determination of their properties. In this regard, the 
SEC-Abs/Fluo method, and in particular the online determination of 
optical properties on the MW-segregated peaks, appears a good 
approach for determining these properties avoiding preliminary filtra-
tion of carbon PM. It can be also noticed that the QY strongly decreases 
in correspondence of very low values of band gap (1–1.5 eV), as typically 
occurs for narrow optical band gap hydrogenated amorphous carbons 
[67], where carriers can more easily tunnel to defects of the carbon 
network reducing fluorescence emission. 

Interestingly, these low band gap values correspond to MW around 
1000 u as estimated by applying the empirical relation between the 
optical band gap and the MW of the polyaromatic basic unit also re-
ported in Table 2 [61]. This relationship is strictly valid for planar and 
pericondensed PAHs, since band gap is also affected by the distortion 
induced by rings or chains and ring arrangement. Studying carbon 
nanoparticles produced by pulsed-laser pyrolysis of hydrocarbons 
Llamas-Jansa et al. [68] highlighted the disagreement between the 
Tauc-derived and HRTEM-measured size of aromatic clusters, confirm-
ing the inappropriateness of the model to provide quantitative infor-
mation on the internal structure of complex and disordered carbon 

materials. Indeed, DFT calculations have demonstrated that cross-
linking, curvature, symmetry, and radical character have an impact on 
optical band gap values [69]. Moreover, also the high sp2 concentration 
of sp2-rich high-density amorphous carbon as soot [64] prevents any 
clusters from being independent each other and the interaction between 
π-systems in the solid state reduces the band gap [64,70]. Overall, it is 
confirmed that the optical band gap determination is a reliable method 
to evaluate the MW only for small aromatic systems [70] and the com-
parison of MW evaluated by SEC and optical band gap (Table 2) con-
firms that this relationship can be used just to get MW from the lighter 
fluorescent components of blue- and green-fluorescent CDs. 

Moreover, being the optical band gap sensitive to the size/MW of 
aromatic moieties, it can be deduced that heavier and less fluorescent 
components are constituted of aggregates of PAHs. The probability of 
non-radiative decay for PAH aggregates is higher causing the decrease of 
QY [71]. This aspect is clearly visible in the bubble diagram reported in 
Fig. 8 where for selected MW fractions (Table 2) the MW values of 
fluorescing species estimated from the SEC analysis, named SEC-MW, 
are plotted versus the MW of the aromatic unit, named band gap-MW, 
whose size has been derived by the band gap using the cluster model 
[61]. In the inset reporting SEC-MW up to 2500 u also straight lines with 
slopes (m) going from 1 to 3 are reported. It can be seen how the size of 
the bubble, indicative of the QY magnitude, is larger for species having 
low MW whatever the evaluation method is used. Moreover, the bubble 
size decreases as soon as the SEC-MW overcomes the band gap-MW, 
namely when SEC-MW becomes two-three times the band gap-MW. 
The higher values of QY are mainly enclosed between the straight 
lines corresponding to m = 1 (SEC-MW = Band-Gap MW) and m = 3 
(SEC-MW = 3*band gap-MW). Further decrease of QY occurs for larger 
SEC-MW values and this inference along with the difference between the 
SEC- and band gap-MW support the attribution of high-MW species to 
PAH aggregates. As the aromatic unit size increases exceeding a certain 
size (400-500 u), aromatic molecules rapidly coagulate to form large 
poorly fluorescent aggregates. 

4. Conclusions 

This study represents the first investigation on the separation and 
simultaneous estimation of MW and optical properties, namely spectral 

Fig. 8. MW as derived from SEC analysis as a function of the MW of aromatic mass unit as derived from the optical band gap at selected chromatographic points of 
pitches and CDs. A zoom for MW up to 2500 u and for aromatic mass unit up to 600 u is reported along with three straight lines having 1, 2 and 3 slope (m) values. 
QY values are reported inside the bubbles of the inset. (A colour version of this figure can be viewed online.) 

C. Russo et al.                                                                                                                                                                                                                                   



Carbon 209 (2023) 118009

9

features, optical band gap and QY, of fluorescing and not-fluorescing 
components of carbon particulate matter. A fast method (SEC-Abs/ 
Fluo) involving SEC coupled with online UV–Vis absorption and fluo-
rescence spectrometers, proved to be able to easily measure the MW 
distribution and UV–Vis absorption and fluorescence spectral properties 
of MW-segregated species present also in strongly-scattering carbon 
suspensions without the need of filtering and separating them by solvent 
extraction. In view of the renewed interest in the fluorescent properties 
of carbonaceous materials as possible CD sources, the method represents 
an innovative, rapid and simple analysis for a deep and detailed char-
acterization of fluorescing components. 

It was also shown as the SEC-Abs/Fluo method can be used as a rapid 
screening tool for analyzing, with just one measurement, CD-containing 
carbon materials to.  

• individuate the fluorescent MW/size -segregated fractions, 
• directly evaluate the optical properties of the fluorescent compo-

nents along all the MW/size distribution featuring CDs. 

Specifically, optical parameters, as the optical band gap and the QY, 
important for evaluating CD performance, could be online evaluated on 
size/MW segregated components as a function of the MW. The expo-
nential increase of QY as the band gap rises was found with a more 
regular trend for the MW-segregated components in comparison to the 
unseparated bulk sample. Moreover, for the first time we have analyzed 
PL in a wider range of optical band gap, including values down to 1.2 eV. 

The method can support and guide both the choice of the optimal 
operating conditions to maximize CD formation and the search for the 
better solvent able to purify/isolate fluorescing from not-fluorescing 
components. Moreover, this analysis easily distinguishes and in-
dividuates the molecular fluorophores often widely spread in synthe-
sized CDs. 
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