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Abstract 

Carbon dots (CDs) are novel fluorescent nanoparticles that combine intense emission of visible 

light with eco-friendly and inexpensive carbon-based composition. In this work, CDs are 

synthesized trough a glycothermal treatment of resorcinol (1,3-hydroxybenzene) in air 

atmosphere. The presence of catalysts (NaOH and H2SO4) increases the reaction rate, 

promoting a faster and massive production of nanoparticles. The spectroscopic monitoring of 

fluorescence during CD synthesis, supported by a DFT study, allows to depict the formation 

and structural evolution of OH terminated polycyclic aromatic hydrocarbons (PAHs) from 

resorcinol polycondensation. In purified CDs, PAHs embedded in the amorphous carbogenic 

core are responsible for an intense green fluorescence emission with a quantum yield up to ~ 

40%. Such band exhibits high resistance to UV photobleaching, attributed to the physical 

protection of the carbogenic matrix. Finally, adding a strong acid/base to the CD solution, the 

CD fluorescence can be cyclically quenched/restored (due to reversible aggregation), 

suggesting the convenient use of such CDs in on/off sensors or stimulus-responding devices. 

Keywords: Carbon dot, Open reactor, Catalyzed green synthesis, DFT, Fluorescence 

spectroscopy, Photobleaching. 
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1. Introduction 

Fluorescent carbon nanoparticles, usually named Carbon Dots (CDs), have recently emerged 

in the panorama of luminescent materials, which already includes organic fluorescent 

molecules, rare earth-based phosphors, semiconductor and perovskites quantum dots [1–3]. 

Indeed, CDs combine low cost effectiveness, biocompatibility and environmental friendliness 

with efficient and stable photoluminescence (PL) in the visible spectrum [4,5]. Thanks to such 

properties, their application in several technological fields, such as bioimaging, sensors, solar 

energy conversion and in the fabrication of optoelectronic devices is attracting increasing 

attention in the scientific community [6–10].  

The high interest for such nanoparticles is also largely determined by the possibility of 

synthesizing them via simple bottom-up approaches, producing large quantities of CDs in a 

single one-pot procedure, starting from low-cost raw carbon sources [4,11–13]. In a typical 

bottom-up synthesis, opportunely selected organic molecules undergo pyrolysis and 

polycondensation reactions during high temperature thermal treatments. Then, fluorescent 

carbon nanoparticles can be isolated as products of the carbonization. The preparations are 

mainly carried out in hydrothermal/solvothermal conditions, although other carbonization 

methods are also applied, such as microwave-assisted synthesis and direct pyrolysis from solid 

state or organic molecular precursors [4,5,11–13]. 

Among the organic molecules tested as precursors for CDs, some recent works have focused 

on the use of aromatic compounds featuring two or three hydroxyl functionalities [14–24]. 

Indeed, such precursors can lead, via polycondensation, to the formation of planar polycyclic 

aromatic compounds with different configurations, which exhibit an intense fluorescence, high 

photoluminescence quantum yield (PLQY) and unusually narrow emission bands.  

In particular, Yuan et al. [14] employed 1,3,5-trihydroxybenzene (phloroglucinol) as carbon 

precursor for CDs in a solvothermal synthetic approach. Due to the symmetry of the selected 

molecule, the resulting CDs are characterized by polyaromatic layers of triangular shape, with 

very narrow bandwidth emission. Moreover, by properly adjusting the reaction time and/or 

employing an acid catalyst (H2SO4), the CD emission can be tuned across the visible spectrum, 

by controlling the number of fused benzene ring in the graphenic CDs. Subsequently, it was 

demonstrated that 1,3-dihydroxybenzene (resorcinol) is more suitable to produce CDs with 

emission at wavelengths > 600 nm. Such a characteristics was ascribed to the lower activation 

energy in the polycondensation of resorcinol molecules with respect to that of phloroglucinol 

[15]. In successive works, o-, m-, p-hydroxybenzene and phloroglucinol were used to 

synthesize CDs using solvothermal or microwave-assisted approaches [17–23].  

Very recently, CDs synthesized from hydroxybenzenes treated at high temperatures (180 – 

190°C) in glycols have also been obtained under air atmosphere and ambient pressure [16,24]. 

The motivation behind the use of such strategy is to promote evaporation and hence removal 

of H2O molecules, that form as secondary products of condensation reactions. In such methods, 

carbonization is performed in open reaction vessels, so to let the water evaporate from the 

reaction solution. Since H2O is a reaction side-product, its removal from the reaction 

environment leads to an increase of the condensation reaction rate [25,26], thus promoting a 

faster carbonization. 



However, in the very limited number of papers reporting such a synthetic strategy [16,24], the 

whole potential of CD preparation in an open vessel by using high boiling solvents and, 

especially, the correlation between the employed reaction conditions (e.g. temperature, time, 

catalysts) and the properties of the obtained CDs have been so far only partially investigated. 

In some of these works, it was proved that condensation of hydroxybenzene precursor during 

the synthesis, leads to the formation of fluorescent -OH terminated polyaromatic hydrocarbons 

(PAHs) [14–16,18,19]. Therefore, understanding how such fluorescent PAHs form and how 

their emission properties evolve during the reaction time can significantly support the rational 

design of CDs with defined optical properties.  

Here, we investigated in depth the mechanisms of hydroxybenzene polycondensation reactions, 

leading to fluorescent PAHs. In particular, starting from the findings of Yuan et al. [15], we 

selected resorcinol as hydroxybenzene precursors and EG as solvent. 

We monitored the evolution of the spectroscopic properties of the reaction mixture during the 

synthesis, focusing on how the resorcinol polycondensation results in the formation of 

fluorescent PAHs. Such a study was facilitated by the use of a non-sealed synthetic apparatus, 

promptly accessible for sampling anytime during the reaction, unlike the closed solvothermal 

or microwave reactors. Then, after a purification step needed to remove residual free molecular 

species, the spectroscopic features of CDs were thoroughly investigated, analyzing their 

underlying mechanisms. In particular, thanks to a convenient integration of steady-state and 

time-resolved fluorescence experiments, two distinct contributions were assigned to the CD 

emission, deriving from (i) PAH and (ii) CD surface states. 

Moreover, in order to increase the rate of resorcinol polycondensation and carbonization, the 

effect of catalysts in assisting the reaction was investigated. Firstly, NaOH was tested as basic 

catalyst. In fact, NaOH has been previously used as dehydration and carbonization promoter in 

some bottom-up CDs synthetic approaches [27] and, considering the resorcinol reactivity in 

the presence of OH- [28,29], it is expected to be effective in activating its condensation 

reactions. In addition, we investigated the effect of an acidic catalyst, H2SO4, previously used 

in solvothermal CD synthesis [14]. 

Another crucial aspect in the optical performance of CDs is their resistance to photochemical 

degradation. In fact, poor photobleaching resistance may pose severe limitations to the 

applications of CDs in many technological fields [30]. Nevertheless, the photostability of CDs 

synthesized from resorcinol or other hydroxybenzenes is currently largely unexplored. 

Moreover, as reported in previous works [31–34], elucidating the mechanisms behind the 

photodegradation of PL features has been found useful to clarify the debated origin of CD PL. 

In particular, it has made possible to distinguish surface site emission from that deriving from 

molecular fluorophores formed during the CD synthesis. Therefore, we investigated the 

spectroscopic properties of CDs under exposure to continuous UV irradiation and showed that 

the two CD emission bands exhibit a different resistance to photochemical degradation, thus 

confirming their origin from either CD’ surface energy state emission or PAH fluorescence. 

Finally, we demonstrated a relevant quenching/enhancing effect of the CD emission in the 

presence of acidic or basic compounds in their surrounding environment, feature that makes 

such CDs interesting candidates for on/off sensing or stimulus-responsive devices. 

  



2. Experimental section 

2.1 Chemicals 

Resorcinol (≥ 99%), ethylene glycol (EG, ≥ 99%), sodium hydroxide (NaOH, ≥ 97%), 

hydrochloric acid (HCl, 37%), sulphuric acid (H2SO4, 95.0 – 98.0%), ethanol (EtOH, ≥ 99.5%,) 

were purchased by Sigma Aldrich and used as received, without any further purification or 

distillation. Solvents were of analytical grade. All aqueous solutions were prepared using 

MilliQ water. 

2.2 Synthesis of CDs 

CDs synthesized without added catalysts (n-CDs) were prepared through thermal-assisted 

carbonization of resorcinol in a high boiling polar solvent (EG). First, EG (12 mL) was heated 

at 180 °C in a round bottom flask. Then, a solution of resorcinol (1.5 g) in EG (3 mL) was 

quickly injected through a syringe, and the system was allowed to react at 180°C for 6 h. The 

vessel was kept open throughout the reaction in order to promote evaporation of water deriving 

from resorcinol polycondensations. Moreover, the reaction temperature was monitored and 

kept constant via a temperature controller connected to a heating mantle by a thermocouple 

placed inside the reaction flask. For CDs synthesized with base catalyst (b-CDs) and acid 

catalyst (a-CDs), soon after the injection of the resorcinol solution, 500 μL of a 2 M aqueous 

solution of either NaOH or H2SO4 were quickly injected into the reaction vessel, corresponding 

to 1 mmol of added catalyst. 

2.3 Purification of CDs 

The obtained n-CDs, b-CDs and a-CDs were purified by washing with a very diluted (~ 10-4 

M) HCl aqueous solution. In details, 2 mL of raw reaction batch were mixed with 5 mL of HCl 

solution under vigorous stirring. Then, such solution was centrifuged (at 9000 rpm for 30 min), 

and a dark brown precipitate was obtained. The solid precipitate was further dispersed in water 

and centrifuged, repeating the same procedure 4 times. At the end of the purification, the dark 

precipitate was dried under vacuum and then weighted to calculate the mass reaction yield. The 

as-obtained CDs in the form of dry brown powder were dispersed in ethanol for further 

analysis. 

2.4 Morphological investigation 

Transmission Electron Microscopy (TEM) analysis was carried out using a JEOL JEM-1400 

microscope, equipped with a W filament operating at 120 kV. The images were acquired using 

an Olympus Quemesa CCD camera. The samples were prepared by dipping carbon-coated 

copper grids in opportunely diluted ethanol solutions of CDs, then leaving the grids to dry in 

air. The statistical analysis on CD size was performed by using a free image analysis software 

(ImageJ, v.1.52a). In particular, mean size (μ) and standard deviation (s) were calculated 

assuming a gaussian sizes distribution. Percent standard deviation (σ) was then calculated as: 

σ =
s

μ
×100 

 

2.5 WAXS analysis 



Drops of CD solutions were deposited on miscut silicon substrates. Wide Angle X-ray 

Scattering (WAXS) data were collected in grazing incidence reflection geometry (GIWAXS) 

at the X-ray MicroImaging Laboratory (XMI-L@b), equipped with a Fr-E+ SuperBright 

rotating anode table-top microsource (Cu Kα, λ= 0.15405 nm, 2475W), a multilayer focusing 

optics (Confocal Max-Flux; CMF 15-105) and a three-pinholes camera (Rigaku SMAX-3000). 

An image plate detector with 100 μm pixel size was employed, placed at 87 mm from the 

sample. The grazing incidence angle was 0.2°. GIWAXS data were calibrated by using Ag 

behenate powder as reference material.  

2.6 Infrared Spectroscopy analysis 

Fourier-Transform Infrared (FT-IR) investigation was carried out using a PerkinElmer 

Spectrum One Fourier Transform Infrared spectrometer. All spectra were recorded using the 

attenuated total reflection technique, with a 4 mm diameter diamond microprism as internal 

reflection element. Approximately 5 μL of CD ethanol dispersions (2 mg/mL) were drop-casted 

onto the surface of the microprism and the solvent was allowed to evaporate. Spectra were then 

acquired on CD powders. In order to investigate the spectroscopic changes upon addition of 

strong acid and bases, respectively 1 mmol of HCl and NaOH (from 2M aqueous solutions) 

were added to the aforementioned CD dispersions; subsequent drop-casting procedure and 

spectrum acquisition conditions were kept unchanged.  

2.7 UV-Vis Spectroscopic investigation 

UV-Vis absorption spectra were recorded with a Cary 5000 (Agilent Technologies, Inc., Santa 

Clara, CA, USA) UV-Vis-NIR spectrophotometer. Steady-state PL emission spectra were 

acquired using a Fluorolog 3 spectrofluorometer (HORIBA Jobin-Yvon GmbH, Bensheim, 

Germany), equipped with double-grating excitation and emission monochromators and a 450W 

Xe lamp as excitation light source. The time evolution of the spectroscopic properties during 

the synthesis was investigated by drawing small aliquots (~ 100 μL) from the reaction mixture, 

diluting them in ethanol and recording UV-Vis absorption, PL excitation and emission spectra. 

PL emission spectra were recorded using excitation wavelengths (λexc) at 350 and 485 nm, 

while PL excitation spectra were recorded at the emission wavelength (λem) of 565 nm. To 

prevent re-absorption of emitted photons, sample solutions were diluted to have the absorbance 

at the excitation wavelength ≤ 0.1 a.u. Absolute PLQY was measured using a “Quanta-phi” 

integration sphere coated with Spectralon® (HORIBA Jobin Yvon GmbH, Bensheim, 

Germany) (reflectance ≥95% in the range 250–2500 nm). Time-Resolved PL (TRPL) 

measurements were carried out by Time Correlated Single Photon Counting (TCSPC) 

technique, with a FluoroHub (HORIBA Jobin-Yvon). CDs solutions were excited using 80 

picosecond laser diode sources at 375 nm (NanoLED 375L) and at 485 nm (NanoLED 485L). 

Time resolution was ~300 ps for all the measurements. 

2.8 UV irradiation experiment  

Ethanol dispersions of CDs (0.03 mg/mL) were placed in quartz cuvettes and exposed to a 

medium pressure Hg lamp (λ > 250 nm) under continuous magnetic stirring. In particular, 

samples were irradiated with a light beam perpendicular to the cuvette face with a section able 

to cover the entire volume of CD dispersion; the irradiance of such beam was 0.07 W/cm2. 

Periodically, the cuvettes were transferred to the UV-Vis spectrophotometer and 

spectrofluorometer for spectroscopic monitoring.  



2.9 Computational Methods 

The structure of several possible PAHs with OH functionalization was optimized with quantum 

mechanics calculation by means of the Gaussian 16 suite [35]. The level of theory was set 

within the DFT framework with the B3LYP hybrid functional and the 6-311 ++ G(d,p) basis 

set [36–38]. The interaction of computed structures with solvent water was accounted for by 

applying the Self Consistent Reaction Field (SCRF) approach and simulating the dielectric 

solvent through the Polarizable Continuum Model (PCM) calculation within the integral 

equation formalism (IEFPCM) [39,40]. Frequency calculations were performed on the 

optimized structures at the same theory level, and no imaginary frequencies were found, 

confirming their character of energy minima. Ball and stick representation of the structures was 

performed with the Gaussian package. The calculated absorbance spectra were simulated by 

assuming convolution of gaussian bands centered at the computed transitions, with height 

proportional to the oscillator strength and half width at half height of 0.333 eV. 

3. Results and discussion 

3.1 Synthesis of n-CDs and formation of fluorescent PAHs 

n-CDs are obtained through a thermal synthetic approach in an open reaction vessel, followed 

by simple and solvent-saving purification steps. This method allows to easily monitor 

variations of spectroscopic properties during the reaction, taking advantage of the open reactor. 

In particular, our attention is focused on polycondensations between resorcinol molecules, 

which lead to fluorescent PAHs. 



 

 
Figure 1: (a) Pictures of the reaction vessel during the synthesis of n-CDs, recorded (from left 

to right) at 10, 30, 45, 60, 180 and 300 min reaction time (b) PL spectra (λexc of 350nm and 

485 nm, blue and green line, respectively) and PL excitation spectra (λem = 565 nm, yellow 

line), recorded during the synthesis at 10 min, 30 min, 1 h and 2 h reaction time (c) ratio 

between the intensity of the PL band at 400 nm (λexc = 350 nm) and at 520 nm (λexc = 485 

nm) as a function of reaction time. 

Figure 1Figure 1a reports the pictures of the reactor vessel at increasing reaction time. The 

initially colorless EG turns to pale yellow 10 min after the addition of resorcinol and then the 

color shifts to orange/red. Such color changes can be associated to the formation, and gradual 

increase in concentration, of PAHs from resorcinol polycondensations, and eventually n-CDs, 

with optical absorption in the visible region. 

Resorcinol solution at the beginning of reaction does not show any fluorescence, while exhibits 

an absorption band in the UV, centered at 276 nm (Figure S1a). PL excitation and emission 

spectra, recorded on the raw reaction batch at different reaction times (from10 min to 2 h), are 

reported in Figure 1b. When excited at 350 nm (blue curves), the PL spectra display two bands 

peaked at 400 nm and at 520 nm, with relative intensity changing with reaction time. When 

λexc is set at 485 nm, it is possible to excite only the emission band centered at 520 nm, which 

is characterized by a narrow line shape. Similarly, the profiles of the PL excitation spectra are 

characterized by a narrow band that approximately mirrors the green emission band. In 

contrast, the emission band centered at 400 nm (i.e. blue region) is very broad (FWHM ~ 60 

nm) and asymmetric. From a first inspection, the excitation and emission features of the green 

band recall the fluorescence properties of a molecular fluorophore [41]. On the contrary, the 
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broad and asymmetric line shape of the blue band can be the signature of a heterogeneous 

ensemble of an heterogeneous ensemble of emitting species.  

In Figure 1c the intensity ratio of the two emission bands as a function of the reaction time is 

reported. At reaction times longer than 10 min, the ratio decreases sharply, reaching a plateau 

after 1h. This evidence points out that the blue emission, very intense at the early stages of 

reaction, is strongly quenched in time, due to emitting species that are consumed or modified 

within the first hour of reaction.  

The blue emitting fluorophores reasonably form at very short reaction times through the 

condensation of two or more resorcinol molecules [14–16,18,19] (Scheme 1) that are thermally 

activated (being the system heated at 180°C) and favored by the specific chemical reactivity of 

resorcinol [28] (Figure S1b). In particular, from the condensation of 3-4 resorcinol molecules, 

small–OH terminated PAHs should form. Such small PAHs have been already reported to 

exhibit blue fluorescence [42–46]. Therefore, the intense blue emission observed at short 

reaction times can be safely ascribed to the early formation of these species. On the other hand, 

EG is expected not to participate to the polycondensations leading to PAHs, due to its much 

lower reactivity [47]. At increased reaction time, the small PAHs are progressively consumed 

in part to favor the formation, by the addition of more aromatic rings, of larger PAHs emitting 

in the green region. Indeed, sharp bands with spectrally resolved vibronic transitions, as the 

green emission observed in Figure 1b, closely evoke the UV-Vis spectroscopic characteristics 

of either PAHs or molecular dyes based on polycyclic aromatic units. In general, after their 

formation, the PAHs can be reasonably found either dispersed in solution, or bound to CD 

surface or even incorporated into their carbonaceous core; where in the last case, they would 

behave as the actual emitting centers of n-CDs [42–44,48–50]. However, a weaker blue 

emission stays, almost constant in intensity, also at longer reaction times. 

 
Scheme 1: Thermally activated condensation of resorcinol molecules. 

3.2 Modelling of –OH terminated PAHs chemical structure and spectroscopic properties 

However, the isolation of the specific PAHs responsible for the observed fluorescence is a 

process of high experimental complexity. In order to assess the proposed reaction mechanism, 

the formation and time evolution of polyaromatic fluorescent molecules during the reaction 

was further studied performing a DFT theoretical investigation. In particular, possible 

alterations in the structural properties of PAHs occurring during the reaction (i.e. variation of 

number and/or arrangement of aromatic rings, –OH groups, molecular planarity) were 

investigated, to understand whether and how such modifications may affect the energy level 

structure of the PAHs, and, accordingly, their spectroscopic properties. It is worth to note that 

the DFT approach does not aim to resolve the exact chemical structure of fluorescent PAHs, 
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as a consistent number of different PAHs structures could give rise to similar optical properties. 

However, it still provides insights of possible chemical structures of PAHs involved in blue 

and green emission, and in general, of other polycondensed aromatic structures that can form 

during the reaction. 

A variety of PAH structures were optimized featuring increasing number of benzenoid rings 

and approximately one –OH substituent for each ring at the edge of the structure. In general, 

when a structure with a certain number of rings is considered, –OH groups can be found in 

different amounts and positions, depending on how resorcinol molecules assemble via 

condensation. Moreover, the geometrical arrangement of the benzenoid rings can also vary, 

according to the relative orientation of the condensed resorcinol molecules. Either ring 

arrangement, number or position of –OH may influence the optical features of PAHs.  

The DFT calculated UV-vis absorption spectra of –OH terminated PAHs with 1 – 4 rings are 

reported in Figure 2, with the representation of each structure in the inset. The resorcinol single 

unit shows two absorption bands in the UV, with the transition from the Highest Occupied 

Molecular Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO) at about 

250 nm. This band can be correlated to the absorption band experimentally measured for 

resorcinol solution in ethanol, that has a maximum at 276 nm (Figure S1a). The fusion of two 

rings (Figure 2b) induces the HOMO-LUMO (HL) gap to redshift, while the increase of the 

number of fused rings to 3 and 4 (Figure 2c,d) leads to a further progressive redshift of the HL 

gap. In general, the same trend is also observed for larger PAHs with 7 – 9 rings (Figure S2). 

Indeed, such a behaviour is in agreement with the HL gap redshift observed in PAHs as the 

number of benzene rings increases [51].  

However, the presence of –OH substituents at the edges of the investigated structures, also 

affects the observed optical features. In particular, terminal –OH groups are generally found to 

further reduce the HL gap, compared to the correspondent unsubstituted PAHs. For example, 

the structure shown in Figure 2d can be regarded as pyrene (a paradigmatic PAH system) with 

the substitution of four edge H atoms with likewise –OH groups. The presence of –OH 

substituents induces a narrowing HL gap of ~200 meV, being the exact value dependent on the 

relative position of –OH functionalities, with respect to unsubstituted pyrene. In addition, the 

–OH groups affect the oscillator strength of the HL transition, although with a stronger 

dependence on the relative position of the –OH groups. For example, considering the –OH 

functionalized 7-ring coronene (Figure S2a), the HL gap is redshifted with respect to the 

analogously functionalized pyrene (Figure 2d), however with a decrease of the HL oscillator 

strength. The trend is exemplified in the case of the pyrene system, where the narrowing of the 

HL gap by increasing the number of terminal –OH groups is paired with the decrease of the 

oscillator strength (Figure S3). However, large redshifts paired with very high oscillator 

strength values were also observed, in particular for 8-rings and 9-rings structures in Figure 

S2b-d. This suggests that PAHs with both redshifted and intense optical transitions can be 

formed as products of resorcinol condensations and thus can be considered responsible for the 

strong green emission band of synthesized CDs.  

Lastly, planarity of PAHs is a crucial aspect. In fact, all structures considered above have a 

planar geometry. However, planarity is not to be taken for granted when very large PAHs are 

considered, as it is also largely affected by the specific rings’ assembly and the relative position 

of their –OH substituents. Indeed, considering the 12-rings PAHs in Figure S4a-c, the HL gap 



is remarkably larger than that found for the 8 or 9 ring PAHs (Figure S2b-d). Such an opposite 

trend can be assigned to the non-planarity of the structure. However, by changing the ring 

organization in order to obtain a planar geometry with the same number of rings and –OH 

groups (Figure S4d), the HL gap is found to redshift, thus confirming the role of planarity, 

alongside the number of benzenoid rings, in inducing a redshift. 

Despite the difficulty in directly comparing the quantum mechanical calculations with the 

experimental data, these results still provide useful insights of the possible chemical structures 

of PAHs involved in the CDs emission. The shift of the PAHs emission from blue to green as 

the reaction proceeds can be explained on the basis of the formation of planar –OH terminated 

PAHs with increased number of benzenoid rings. In particular, PAHs with a defined number 

and position of terminal –OH groups and a suitable arrangement of benzenoid rings display a 

redshifted emission as well as high oscillator strength, which can account for the intense green 

fluorescence of CDs, as observed during their synthesis. On the other hand, experimentally, 

the HL gap is not found to further shift from the green to the red region at increasing reaction 

time. The performed calculations highlighted that for polyaromatic structures consisting of 

several benzenoid rings, geometrical arrangements characterized by distorted and non-planar 

structure are possible. Notably, these structures show absorption transitions shifted towards 

higher energies, because of the interruption of extended conjugation in the molecule. 

Consequently, when several (e.g. >10) benzenoid rings are condensed in a PAH, the probability 

of forming a distorted molecule can be reasonably assumed to increase, thus explaining the 

occurrence of structures with larger HL gaps. 

 
Figure 2: Simulated absorption spectra and calculated oscillator strength of (a) 1-ring, (b) 2-

rings, (c) 3-rings and (d) 4-rings structures. The insets report the representation of each 

structure (C atom = grey sphere, H atom = white sphere, O atom = red sphere). 



3.3 n-CDs: morphology, structure and optical properties 

 

 
Figure 3: (a) TEM micrograph and size distribution histogram (inset) of the purified n-CDs; 

(b) FT-IR spectrum of the n-CDs compared with the spectra of resorcinol and ethylene 

glycol; (c) PL excitation (λem = 585 nm black line) and emission spectra at different 

excitation wavelengths of purified n-CDs dispersed in ethanol. 

The purification procedure described in the Experimental Section was found effective in 

removing unreacted resorcinol and molecular reaction intermediates not bound to the CD 

surface; this can be confirmed by the UV-Vis absorption investigation of purified n-CDs 

(Figure S5Errore. L'origine riferimento non è stata trovata.), which highlights a dampening 

of the characteristic resorcinol absorption band at 276 nm after the precipitation and 

redispersion cycles. 

After purification, n-CDs have been morphologically characterized by TEM. The micrograph 

(Figure 3a) shows spheroidal shaped nanoparticles with a mean size of 1.5±0.3 nm (σ = 22%).  

GIWAXS 2D pattern was collected on n-CDs deposited onto Si substrate (Figure S6a), and 

after calibration and centering was transformed in the GIWAXS 1D profile shown in Figure 

S6b. Upon data indexing [52], the identification of a crystalline phase corresponding to a 

carbon phase was possible [53]. The very broad peaks centered at ~8° and ~22° (Figure S6b), 

indicate an overall lower degree of crystallinity with respect to CDs synthesized either from 

resorcinol or phloroglucinol via solvothermal approaches, where high pressure are reached due 

to the confined reaction environment [14,15]. The poor crystallinity of these CDs can be 

correlated to the occurrence of the distorted polyaromatic structures, which would be consistent 

with the formation of the large and non-planar –OH terminated PAHs resulting from DFT 

investigation (Sec.3.2). 

Figure 3b shows a comparison between the FT-IR spectrum of n-CDs, resorcinol and the 

solvent, EG. A detailed list reporting the assignment of each peak in the spectra is provided in 

Table S1 and Figure S7. The most relevant features observed in the spectrum of n-CDs are a 

broad band centered at 3320 cm-1 ascribed to the stretching vibrations of the O-H bond, a 
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doublet at 2950 and 2880 cm-1, assigned to C-H stretching vibration, a peak at 1603 cm-1 due 

to aromatic C=C within the carbogenic core, along with various peaks in the region 960-1150 

cm-1 related to the stretching of C-O bonds. In particular, these C-O stretching peaks are also 

present in the spectrum of resorcinol. On the other hand, the doublets at 2950 and 2880 cm-1 

and at 1085 and 1040 cm-1 are also found in the spectrum of EG. Since no carbonyl nor carboxyl 

features are observed in the FT-IR spectrum of n-CDs, it can be inferred that the surface of 

such nanoparticles is crowded by –OH groups. Moreover, the ethylene glycol characteristic C–

O and C–H stretching peaks in the spectrum of CDs distinctly indicate the presence of such 

molecule in the purified sample. Due to the chemical affinity of diol molecules for the –OH 

surface chemical groups of CDs and the capability of both species to form hydrogen bonds, it 

is very likely that some residual EG molecules remain at the surface of n-CDs, bound to the–

OH groups.  

A ζ-potential of ~ -25 mV was measured for n-CDs, indicating a negatively charged surface 

for the purified nanoparticles, likely ascribed to deprotonated –OH or C–O- groups at the n-

CDs surface. Notably, since the surface of n-CDs is not expected to feature long chain 

molecules/moieties that may enable a steric stabilization, their negative charge has to be 

considered essential for their colloidal stability. 

PL excitation and emission spectra of purified n-CDs, recorded at several λexc in the range 

between 350 and 500 nm are reported in Figure 3c. In the PL excitation spectrum, narrow bands 

centered at 520 nm and 415 nm are observed, together with weaker shoulders at 490 nm and 

390 nm. The PL emission spectra show a very narrow band peaked at 535 nm with a full width 

at half maximum (FWHM) of only ~36 nm, accompanied by a weaker shoulder at 585 nm, 

independent from λexc. The absolute PLQY of such green band is of ~ 42%, when excited at 

485 nm (Table 2).  

Narrow bandwidth excitation and emission optical bands in the visible region of the spectrum 

have been reported in some previous works in which bottom-up synthesis of CDs using either 

resorcinol or other benzenediols or benzenetriols was examined [14–23]. In some reports, the 

small FWHM values result from the intrinsic emission from the CD carbogenic core states or 

from HOMO-LUMO transitions of graphenic layers constituting the conjugated sp2 domains 

in the core of CDs [14,15,18–22]. However, here, n-CDs display a less marked structural order. 

Nonetheless their optical properties are still characterized by sharp excitation and emission 

bands that can only be explained based on the presence of fluorescent PAHs in the 

nanoparticles. In particular, since in n-CDs the contribution of free molecular fluorophores in 

solution is eliminated through purification, the remaining PAHs responsible for the green 

luminescence could be either enclosed within the carbogenic matrix of the n-CDs or bound 

externally onto their surface. 

Furthermore, the already weak blue emission observed for non-purified n-CDs at long reaction 

times (Figure 1b), is even weaker for purified n-CDs (Figure 3c). Such an intensity dampening 

can be ascribed to removal of free small PAHs present in the raw reaction batch. In addition, 

in purified n-CDs a very weak and broad emission found between 365 and 500 nm can be 

observed only for λexc up to 400 nm and characterized by an excitation wavelength dependence. 

Since such blue band can no more be ascribed to small PAHs, it can be tentatively attributed 

to the radiative emission from surface states of n-CDs [12,54–58]. Finally, the green band of 

the purified sample is slightly redshifted with respect to that observed in non-purified n-CDs 



(Figure 1b). This shift is due to a solvatochromic effect induced by a polarity variation of the 

surrounding environment. In fact, the spectra in Figure 1b are recorded in the presence of EG, 

which will be only later removed upon purification (Figure 3c). Thus EG, by increasing the 

polarity, can be considered responsible of the observed shift, in agreement with the behavior 

reported by T. Yoshinaga et al. for CDs synthesized from phloroglucinol in a glycol solvent 

[18]. 

Therefore, consistently with the discussed attributions, the spectroscopic features of n-CDs can 

be rationalized and summarized as follows (Figure 4). 

 
Figure 4: Schematic description of the proposed mechanisms explaining the spectroscopic 

features of n-CDs; the CDs’ levels and the PAHs’ levels are represented on different arbitrary 

energy scales. 

Firstly, the PAHs emission originates from the radiative decay of two electronically excited 

states (S2 and S1) towards the ground state (S0). Such transitions correspond to the PL excitation 

bands at 390 – 415 nm (S0 → S2) and at 490 – 520 nm (S0 → S1). According to the literature, 

the strong absorption of n-CDs in the UV (Figure S5) is ascribed to transitions between states, 

due to planar or non-planar conjugated C=C double bond structures in the carbogenic core of 

CDs [59–61]. Upon excitation with UV light (at 350 – 375 nm), photons can be absorbed either 

by the CD carbogenic core (Figure 4a), or by PAHs through a S0 → S2 absorption transition 

(Figure 4b). Then, radiative recombination can occur from CD surface states after a non-

radiative excited state energy transfer from the LUMO of CD core states. Surface state 

recombination accounts for the excitation dependent blue band of n-CDs. On the other hand, 

UV excitation of PAHs results in the narrow emission bands found at 535 and 585 nm after an 

intersystem crossing from S2 to S1, according to Kasha’s rule [41]. Similarly, when excited at 

485 nm, radiative decay in PAHs directly occurs with a S1 → S0 transition (Figure 4b). 

To assess these attributions, we investigated the TRPL decays of n-CDs in correspondence of 

the two emission bands (Figure 5a,b), exciting in the UV (at 375 nm) and in the blue (at 485 

nm). 



 
Figure 5: TRPL decays of CDs excited at (a) 375 nm and (b) 485 nm. The insets show the 

steady-state PL spectra excited at the corresponding excitation wavelengths; the PL intensity 

decays have been monitored in correspondence of the emission peaks, i.e. at 455 and 535 nm 

for λexc = 375 nm and at 535 for λexc = 485 nm. 

The TRPL decays at 535 nm show the same slope, independently from the λexc, while a slight 

difference is observed in the decay of the blue band emitting at 455 nm. The decay of the green 

band can be fitted with a mono-exponential function, yielding a lifetime of (3.9± 0.3) ns. On 

the other hand, for fitting the decay of the blue band, an additional stretched component with a 

lifetime of (1.8 ± 0.5) ns was required (details about the fitting procedure are provided in the 

Supplementary Information). The mono-exponential decay of the PL at 535 nm is compatible 

with a radiative decay arising from molecular fluorophores, such as PAHs, in agreement with 

its attribution [62,63]. Conversely, the stretched PL decay at 455 nm denotes the occurrence of 

recombination pathways originating from a heterogeneous ensemble of emitting centers, 

further proving that emission in the blue region has to be associated with radiative 

recombinations occurring at the surface energy states of n-CDs. 

3.4 Synthesis of b-CDs and a-CDs 

The study of n-CDs synthetic reaction allows to infer that the carbonization step which leads 

to nanoparticle formation is a rather slow and low yield process. In fact, after a reaction time 

of 6 h only a small number of purified n-CDs can be obtained (< 0.7% of the initial resorcinol 

mass). Therefore, very long reaction times are needed for the complete consumption of 

precursor, which in turn makes the yield of the synthesis very low and thus not efficient for up-

scaled the CD production process. In order to speed up the reaction, two types of catalysts have 

been tested, namely NaOH and H2SO4, following the procedures reported in the Experimental 

Section. Both the basic and the acid catalysts are expected to promote resorcinol condensation 

reactions, through different mechanisms (Scheme 2). In particular, when reacting with 

resorcinol, OH- deriving from the base catalyst should form resorcinol monoanion (phenolate), 

which has enhanced reactivity with respect to resorcinol due to electron delocalization to 

adjacent carbon atoms [28,29,64] (Scheme 2a). On the other hand, H+ deriving from the acid 

catalyst promotes the formation of the leaving group (H2O) during the condensation, by 

protonation of a resorcinol hydroxyl group [28,64,65] (Scheme 2b).  
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Scheme 2: Different mechanisms for (a) base (NaOH) and (b) acid (H2SO4) catalyzed 

condensation of resorcinol molecules. 

 
Figure 6: Comparison of the UV (left panels) and visible (right panels) absorption spectra 

recorded at increasing reaction times up to 6 h for (a) b-CDs (a) and (b) a-CDs. The insets 

show the trend of the absorbance at 276 nm (peak of the resorcinol absorption band) as a 

function of reaction time, with the results of the fitting procedure shown as solid lines 

alongside its 95% confidence interval. 

Since both the base and acid catalyzed mechanisms are expected to promote a faster resorcinol 

polycondensation, the reaction rate in the presence of the two investigated catalysts has been 

examined by monitoring the progressive dampening of resorcinol characteristic absorption 

band at 276 nm (Figure S1a). In the synthesis of b-CDs (Figure 6a), the intensity of absorption 

band decreases in time and the dampening can be fitted with a mono-exponential function 

characterized by a decay time of ~2 h (SI, Table S2). The decay reaches a plateau at ~ 6 h, 

indicating that the resorcinol consumption is almost complete at that reaction time. On the other 

hand, in the absence of catalysts (with equal concentration of precursor), saturation of 

absorbance is observed at all investigated reaction times up to 6 h (Figure S8). This indicates 

that resorcinol concentration remains always very high for n-CDs, i.e. that the reaction kinetics 

is very slow. Moreover, after the same reaction time (6 h) and post-synthetic treatments, for b-

CDs a large increase of the reaction yield is found. In fact, while for n-CDs only a small amount 

(< 10 mg) of purified product is obtained, for b-CDs around 250 mg are collected, 

corresponding to a mass reaction yield of 17%.  
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Interestingly, when H2SO4 is added (Figure 6b), an even faster consumption rate of resorcinol 

is observed, and the absorbance decay reaches a plateau in only 30 min. However, examining 

the UV-Vis absorption spectra at long wavelength (Figure 6b, right side panel), a contribution 

due to light scattering that becomes gradually more relevant as the reaction time increases can 

be observed. This contribution can be ascribed to the formation of large aggregates caused by 

the poor colloidal stability of a-CDs, which leads to particle coalescence. In fact, ζ-potential 

measurements of a-CDs indicate a very small positive value (~ + 0.5 mV), in contrast to the 

high negative ζ-potentials obtained for b-CDs and n-CDs (Table 1). As previously mentioned, 

considering that the surface of CDs is crowded only by small functional groups (–CO- and –

OH groups), steric stabilization is not possible, and only electrostatic repulsion is responsible 

for the stability of the colloidal dispersion. Thus, the small net surface charge of a-CDs leads 

to unstable colloidal suspensions, which results into nanoparticle coalescence and formation of 

large aggregates responsible for the observed light scattering. 

Sample ζ-potential (mV) 

n-CDs - 24.7 

b-CDs - 27.8 

a-CDs + 0.5 

Table 1: ζ-potential measurements performed on the n-CDs, b-CDs- and a-CDs 

After purification, b-CDs were observed as spheroidal shaped nanoparticles with a mean size 

of 1.8±0.3 nm (σ = 17%, Figure 7a). Thus, b-CDs result similar to n-CDs also in terms of size 

and shape. On the other hand, a-CDs micrographs are characterized by the presence of ~ 100 – 

200 nm sized agglomerates (Figure 7b), which contain small CDs with a mean size of 1.9±0.4 

nm (σ = 23 %). The presence of such CDs aggregates confirms the low colloidal stability of a-

CDs in solution.  

The occurrence of an eventual graphitic crystalline structure for b-CDs and a-CDs was verified 

by observing SAED patterns (Figure S9). Both b-CDs and a-CDs show very diffuse diffraction 

rings, suggesting that also CDs synthesized with catalysts are characterized by a mainly 

amorphous structure.  

Moreover, in order to investigate eventual modification in the chemical group composition for 

b-CDs and a-CDs, their FT-IR spectra were recorded (Figure S10). If compared with the FT-

IR spectrum of n-CDs (Figure 3b), b-CDs and a-CDs spectra do not show additional absorption 

signals in the region 4000 – 400 cm-1. However, the observed peaks (assigned to O-H, C-H, 

C=O, C=C and C-O stretching vibrations) display variations in the shape, spectral position and 

relative intensities. This indicates that the use of catalysts does not introduce new functional 

groups to the chemical composition of the CDs, or in other words that n-CDs, b-CDs and a-

CDs contain essentially the same chemical groups. Nonetheless, in n-CDs, b-CDs and a-CDs, 

the same chemical groups may have different chemical surroundings, leading to the observed 

spectral modifications. 

The PL spectra of b-CDs and a-CDs (Figure 7c,d) are both characterized by a broad and 

excitation dependent blue band centered at around 400 nm for λexc = 350 nm, and a narrow 

green band independent from excitation peaking at 535 nm, similarly to the emissions of n-

CDs (Figure 3c). As discussed in the previous sections, we attribute these two bands 



respectively to emission from CD surface energy states and from PAHs formed by resorcinol 

polycondensation reactions. Thus, the presence of catalyst does not affect very much the 

spectral shape and position of the final molecular PAH conveying the green fluorescence to 

these CDs. 

 

 
Figure 7: TEM micrograph and size distribution histogram (inset) of purified (a) b-CDs and 

(b) a-CDs; PL spectra at different excitation wavelengths of purified (c) b-CDs and (d) a-CDs 

obtained at the end of the synthesis. 

However, in n-CDs, b-CDs and a-CDs the bands exhibit different relative intensities. In 

particular, an enhancement of the blue band intensity is observed for b-CDs (Figure 7c) with 

respect to n-CDs (Figure 3c); this band becomes even more intense and predominant for a-CDs 

(Figure 7d) at high energy excitation. Such result can be due to the modification induced by 

the presence of acid and base catalysts on the surface states responsible for the emission. 

Furthermore, in the three CDs samples, the green emission displays different PL efficiencies 

(Table 2): in particular, a-CDs have a markedly decreased PLQY with respect to both n-CDs 

and b-CDs, possibly related to their poor colloidal stability and to the occurrence of aggregation 

phenomena already discussed above.  

Sample PLQY % 

n-CDs 42±5 

b-CDs 35±4 

a-CDs 8±1 
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Table 2: Absolute PLQY measured at λexc = 485nm for the green band of n-CDs, b-CDs and 

a-CDs. 

Finally, a further experiment was made to investigate for a possible redshift of the CDs 

emission by prolonging the reaction time. In fact, based on the DFT calculations results, an 

increase in the PAHs conjugation extent, hypothetically occurring for longer reaction time, is 

expected to result in a smaller HL gap and thus emissions at lower energy. Moreover, a 

progressive redshift of CDs emission is also expected on the basis of previous reports for CDs 

synthesized from hydroxybenzenes [14,15]. The CD synthesis was performed in base catalyzed 

conditions to promote a faster reaction rate while preserving a high colloidal stability of the 

CDs. Reaction time was prolonged up to 24h, while periodically monitoring the peak position 

and the FWHM of the PL green band (Figure 8). 
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Figure 8: PL peak position (blue dots) and FWHM (red dots) of the b-CDs emission band 

(λexc = 485 nm), for reaction times up to 24h. 

A small and progressive redshift of only few nm was observed increasing the reaction time up 

to 14h. Then the spectral position of the peak remained unchanged thereafter, despite the 

remarkable increase of the polycondensation rate induced by the catalysts. Also, no further 

decreases in FWHM were observed for prolonged reaction time (>6 h). The absence of redshift 

of the CDs emission at prolonged reaction times (up to 24 h), might appear in contrast with the 

seminal works of Yuan et al. [14,15], where an increasingly redshifted emission is obtained by 

solvothermal route in autoclave by extending the reaction time. This, in turn, suggests that the 

pressure, the atmosphere composition and in general, the specific experimental conditions of 

the synthetic procedure contribute to determine the final optical properties of CDs. On the other 

hand, at increasing reaction time, when a large number of benzenoid rings are expected to be 

condensed in PAH, DFT simulation forecasts the formation of distorted and non-planar 

structures. Such structures are characterized by HL transitions at higher energies, due to the 

interruption of extended conjugation in the molecule, thus explaining the absence of the red-

shift emission at increased reaction time.  

3.5 CDs photobleaching resistance  

In order to evaluate the resistance of the CD emission to photo-induced degradation processes, 

the nanoparticles in solution were exposed to continuous UV irradiation (further details on the 

experimental procedure are provided in Sec.2.8). The b-CDs were selected for this experiment, 

due to the faster reaction rate and higher reaction yield. Upon UV exposure, O2 molecules 

dissolved in ethanol are reasonably expected to form reactive oxygen species (ROSs) that can 



easily induce degradation reactions, in agreement with previous works on photobleaching of 

CDs and molecular fluorophores in solution [66].  

 
Figure 9: (a) UV-Vis absorption and (b) PL spectra recorded exciting at 350 nm, during the 

UV-light exposure of b-CDs at progressive irradiation times. 

After 4h of UV irradiation, the absorption of b-CDs (Figure 9a) only minimally changed. 

Instead, the PL bands of b-CDs (Figure 9b) showed a different behavior: at increasing exposure 

time, the emission intensity of the blue band decreased sensibly, becoming roughly half of its 

initial value after an irradiation time of 4 h, while the green band remained mainly unaltered.  

The results indicate that PAHs in CDs have a high photobleaching resistance. In particular, 

since both absorption and emission of PAHs exhibit no significant dampening under UV 

irradiation, we can conclude that PAHs are stable and do not undergo photo-induced 

degradation during the experiment. On the other hand, for the blue band we observe a strong 

quenching of the PL emission, without any relevant decrease in its relative absorption (at λ < 

400 nm). This denotes that UV treatment affects only the sites responsible for radiative 

recombination, while the absorption states remain almost unaltered. This result is in agreement 

with the consideration that in CDs emitting from surface states, absorption occurs at the 

carbogenic core intrinsic states, while radiative recombination arises from discrete states 

localized at the CD surface [56–58]. In fact, absorption transitions, occurring at the level of the 

internal core states, are slightly or not at all affected by the UV treatment. Conversely, the CD 

surface, and hence the sites of the radiative recombination can be more easily involved in 

photochemical reactions. Then, the ROSs in solution can easily provide degradation of CD 

edges or surface chemical groups, resulting in a significative bleaching of their emission [30–

32,34].  

Following a similar reasoning, if PAHs were located on the CD surface, they also would 

undergo ROS-induced photobleaching. On the contrary, the preservation of their absorption 

and green emission, suggests that they are not exposed to ROSs, but rather located in the inner 

carbonaceous matrix of the CDs, beyond the diffusion length of molecular O2 or other ROSs 

[66]. 

3.6 Exploiting b-CDs surface charge towards on/off pH sensitive devices 

As discussed in the previous sections, the synthesized n-CDs and b-CDs display a negative 

charge, due to– CO- groups on their surface; conversely, a-CDs only have a very small positive 

300 400 500 600 700 800
0.0

0.5

1.0

1.5  0 min

 15 min

 30 min

 1 h

 2 h

 3 h

 4 h

P
L

 i
n
te

n
si

ty
 (

a.
u
.)

Wavelength (nm)

400 500 600
0.0

0.2

0.4

0.6

0.8

1.0
 0 min

 15 min

 30 min

 1 h

 2 h

 3 h

 4 h

P
L

 i
n

te
n

si
ty

 (
a.

u
.)

Wavelength (nm)

ba



charge which results in poor stability of the colloidal suspensions. Interestingly, high 

fluorescence efficiency is only measured for the stable and negatively charged CDs, while a-

CDs display much lower PLQY (Table 2). Therefore, it is interesting to analyze more in depth 

how the fluorescence of CDs is affected by the presence of acid and basic compounds in their 

surrounding environment. In our experiment, b-CD powder (as obtained after synthesis and 

purification steps) was dispersed in ethanol (4×10-3 mg/mL) to form a stable colloidal 

dispersion. Then, different amounts of HCl and NaOH (~ 10 – 100 μmol) were added in 

alternating steps to 1 mL of CDs solution, while monitoring the intensity of the PAHs green 

band. As show in Figure 10a, the addition of 20 μmol of HCl provided an almost immediate 

and strong quenching of the CD fluorescence (PL intensity at 535 nm is around 6% of its initial 

value). Interestingly, the CD emission was almost fully restored by adding an equimolar 

amount of NaOH. Then, further quenching was once more caused by adding up to 160 μmol 

of HCl in three successive steps and again the fluorescence was almost recovered by adding 

the same amount of base (Figure 10b). 

 
Figure 10: (a) PL excitation (λem = 585 nm) and emission (λexc = 485 nm) spectra of b-CDs 

before and after addition of 20 μmol of HCl and NaOH; (b) PL intensity recorded at 535 nm 

for pristine b-CDs and after cyclic addition of HCl and NaOH, expressed as percentage of the 

initial intensity; (c) O–H stretching band observed in the FT-IR spectra of b-CDs before and 

after treatment with HCl and NaOH 

These results can be explained based on the reversible aggregation of CDs: upon addition of 

HCl, the surface –CO- groups of b-CDs get protonated, with the consequent neutralization of 

their pristine negative surface charge. This can lead to flocculation and formation of weakly 

emitting aggregates of CDs (as also detected in the absorption spectra recorded during the 

synthesis of a-CDs, Figure 6b). Indeed, it is well known that CDs suffer from serious self-

quenching due to π–π stacking or non-radiative energy transfers in aggregates observed in 

solution and/or solid state [67]. On the other hand, introducing NaOH restores the electrostatic 

repulsion among CDs, that are then able to separate and recover their emission properties. The 

ability of HCl and NaOH to modify the protonation state of the CDs’ surface –CO- groups is 

further confirmed from the O–H stretching band behavior (Figure 10c). In fact, upon the 
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addition of HCl, b-CDs show a strong –OH band, indicating protonation of the surface –CO- 

moieties to C–OH. The next addition of NaOH reversibly restores the intensity of O–H 

stretching band to that of the pristine b-CDs. These results are also corroborated by the ζ-

potential of b-CDs, which shows no change in its average value upon NaOH addition while 

becoming very close to zero for HCl-added b-CDs (ζ-potential goes from -27.8mV to +0.5 

mV). As a consequence, b-CDs dispersions result being stable in alkaline conditions, in which 

deprotonated –CO- groups can occur onto the nanoparticle surface, ensuring a good 

stabilization by electrostatic repulsion. On the other hand, in acidic conditions, protonation of 

surface –CO- groups will lead to surface charge neutralization and eventually to destabilization 

of CDs colloidal suspensions.  

Notably, this also influences long-term stability of CDs fluorescence properties. Indeed, b-CDs 

ethanol solutions displayed some fluorescence loss over weeks, when simply stored at room 

temperature. This can be ascribed to some aggregation of CDs eventually occurring over time. 

On the other hand, CDs optical properties could be preserved over months in NaOH-added 

solutions or alternatively, storing the CDs as purified powders and dispersing them in ethanol 

when required. 

Finally, it is worth noting that when the process of PL quenching and restoration is cyclically 

repeated for a certain number of times (Figure 10b), after every restoration with NaOH a low 

but net loss in emission intensity is observed. This may be ascribed to the fact that, upon 

addition of NaOH, separation of b-CDs only partially occurs, while some of them remain 

irreversibly aggregated and hence weakly fluorescent. 

The observation of such interesting on/off behavior of the Cs PL, caused by their partly 

reversible aggregation, paves the way for the use of CDs as sensitive platform for specific 

acidic/basic compounds, able to selectively quench or restore the CD PL, as well as pH-

sensitive smart materials [18,68–73]. 

4. Conclusions 

We synthesized CDs by thermal carbonization of resorcinol in EG in air at atmospheric 

pressure. During carbon nanoparticle synthesis, fluorescent –OH substituted PAHs are formed 

from resorcinol polycondensations, and real time spectroscopic monitoring of the reaction, 

corroborated by a DFT investigation, allowed to analyze their formation and time evolution. In 

particular, small PAHs arise in the first steps of the reaction, and are further converted into 

green fluorescent PAHs via addition of aromatic rings. After purification, the synthesized CDs 

show two emission bands, one in the green (narrow and excitation independent), of PLQY of 

~ 40% and ascribed to PAHs and one in the blue (broad and excitation dependent), attributed 

to CDs’ surface state emission.  

The resorcinol polycondensations is speeded-up by using NaOH and H2SO4 as catalysts. In 

particular, the acid catalyst yields a very fast carbonization of resorcinol (~ 30 min). However, 

the a-CDs show poor colloidal stability and low PLQY of green band. Instead, NaOH enables 

an almost complete resorcinol carbonization within 6 h of reaction, with a large increase of the 

reaction yield, preserving at the same time the high PLQY of green band and a good colloidal 

stability. 



The resistance to photobleaching has been tested by exposing the b-CDs to prolonged UV 

irradiation. While surfaces sites, responsible for blue emission, undergo a progressive 

quenching, the green emission attributed to PAHs was preserved. Such evidence strongly 

suggests that PAHs are enclosed within the CD carbogenic matrix rather than at their surface 

edges. Finally, we demonstrate the possibility of cyclically quenching/restoring the green 

fluorescence by simple addition of a controlled amount of strong acid/base, thus enabling the 

viable application of the synthesized CDs in sensing technology and smart-materials 

fabrication. 
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