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ABSTRACT. Nitrogen-rich carbon nanodots have emerged as promising nanomaterials for a wide 

range of applications where a highly emissive and photo-active material with low toxicity and cost-

effectiveness is required. One of their hallmarks is indeed a bright, tunable fluorescence of 

excitonic nature. Disentangling the origin of their optical absorption and fluorescence properties, 

uncovering relaxation channels and interactions with solvents are some of the most debated issues 

in the field. Uncovering these aspects is essential for targeted applications, especially in the fields 
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of photocatalysis, but also photovoltaics and optoelectronics. Here, we present dedicated transient 

absorption measurements of purified monodispersed nanodots covering all relevant electronic 

transitions. Monodispersed nanodots of about 6 nm size exhibit well separated absorption and 

emission features and allow us to unambiguously establish the complete and size independent fs-

to-ns photo-cycle of nitrogen-rich carbon nanodots. Further rigorous analysis shows that the often-

complex absorption and emission spectra of an ensemble of nanodots with a broad size distribution 

results from the superposition of individual size-selective contributions. 

KEYWORDS. Carbon nanodots, Carbon Nitride, surface exciton, core exciton, photocycle, 

ultrafast spectroscopy, exciton emission. 

INTRODUCTION. The unique photophysical and photochemical properties of carbon nanodots 

(CDs),1–4 their low cost, low toxicity, high water solubility and excellent photo-stability have led 

to numerous applications in photocatalysis,5–7 photovoltaics,8–11  optoelectronics,12–16 e.g. for light 

emitting devices,3,17–19 but also in biology20–23 and sensing.1,4,24–29 The term CD encompasses a 

vast family of carbonaceous nanodots obtained from different synthesis protocols and with 

diameters of less than 10 nm, that differ in core structure, surface passivation or the presence of 

heteroatom dopants in diverse stoichiometric ratios.1,2,24,30,31 A unique property of CDs is their 

bright, excitation-dependent fluorescence,1,19,24,27,32–34 which distinguishes them from 

semiconductor nanoparticles, and the origin of which is still under debate.35–41 The optical 

absorption (OA) and photoluminescence (PL) spectra of CDs present a complex superposition of 

bands in the UV-VIS region. Moreover, in solution electron acceptor or donor molecules typically 

quench PL, indicating that photo-excited CDs themselves are excellent electron donors and 

acceptors. Disentangling the nature of the OA bands, uncovering their origin, their relaxation and 
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emission channels, their interaction with solvents, are some of the most debated issues. They are, 

however, of fundamental importance in view of providing tailored CDs for specific applications.  

Among the various subtypes, nitrogen-doped CDs (N-CDs) are particularly appealing37,40,41 as 

nitrogen doping creates low energy electronic transitions,37 which allow for tuning the 

fluorescence to the green41 and even to the red.27,29,39,40,42 Moreover, nitrogen doping greatly 

enhances the emission quantum yield (Φ), up to 80%,22,27,29,35,36,40 causes the emission to strongly 

depend on the environment, and activates photocatalytic properties with N-CDs exploited as 

electron injectors. Noteworthy, N-CD-sensitized electrodes were already studied and shown to 

enhance the photo-electrochemical properties of TiO2 nanowire arrays, very likely by inducing an 

efficient charge transfer between the substrate and the liquid environment. 43,44 

Here, we study CDs with high nitrogen content which form a carbon nitride type lattice structure. 

We study the nanoparticles as-synthesized and purified with size exclusion chromatography 

(SEC). The synthesis (scheme in Figure 1a) and structural characterization of this family of 

nanodots was thoroughly uncovered in our previous studies42. The purification allows to obtain 

remarkable homogeneity in the dots and to unambiguously exclude the presence of impurities in 

liquid phase.45–47 Furthermore, this process was recently proven as a valuable tool to advance the 

CDs’ emission mechanism investigation.25,48 In the section S1 of supporting information we report 

the complete structural characterization of the CDs herein investigated (as-synthesized, and 

purified by SEC) with atomic-force microscopy, high-resolution transmission electron 

microscopy, selected-area electron diffraction, X-ray photoelectron spectroscopy and Fourier-

transform infrared spectroscopy (Figures S1-S7). In particular, the structural analysis confirms that 

the crystalline structure of these dots is hexagonal β-C3N4. While the crystalline structure of CDs 

is frequently debated and synthesis-dependent, in recent works it has been conclusively shown that 



 4 

CDs spontaneously assume carbon nitride (β-C3N4) crystalline structure when the N content 

overcomes a certain threshold.31,37,41,49 Therefore, we take these CDs as an archetype of the typical 

highly N-doped CDs found in the literature. As a matter of fact, the optical properties we observe 

and study here match very well the optical features repeatedly reported by several works 

before,22,23,25 suggesting that all N-rich CDs have likely carbon nitride domains. 

The characteristic OA and PL spectra of the CDs studied in the present are displayed in Figure 1b 

and Figure S8. It is known that the two absorption bands, peaked at 272 nm and 410 nm, give rise 

to a green emission around 525 nm. While the absorption at 410 nm can be assigned to an intra-

band exciton,4,50–54 the nature of the 272 nm excitation and the subsequent dynamics in the excited-

state manifold are unclear. Depending on the synthesis protocol, many CDs display an additional 

absorption band between 335 nm to 350 nm (Figure 1b and Figure S4), which gives rise to an 

emission in the range of 420 nm to 440 nm. This activity is recognized in literature as the 

fingerprint of citrazinic acid and its derivatives, small molecular chromophores frequently present 

in nitrogen rich CDs samples.55 The chromophore can be found either in solution or attached to 

the CDs surface by covalent or weak bonding. In regard to the CDs investigated here, recent studies 

by photobleaching experiments revealed contributions of free-diffusing citrazinic acid to their blue 

fluorescence.56 However, detailed analysis of the chromatographic fractions of our sample, 

obtained by SEC purification, reveals that these molecular fluorophores are also found on the 

surfaces of CDs with small sizes (4 nm of less), where they play the role of the main blue-emitting 

surface chromophore (Figures S4 and S5). The activity related to this chromophore complicates 

the task of clarifying the true photocycle. Also unknown is the presence of non-radiative channels 

and their influence on the quantum efficiency, the role of solvation dynamics and of vibrations. 

Systematic dependencies of the lineshapes and lifetimes on the size of N-CDs have been observed 
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(Figure S3 to S5). Quantum confinement effect have been ruled out,56 but the role of the dot size 

in the photocycle and lineshapes is still not fully clarified. In this respect, we recently suggested 

that the radius of curvature of the dot would be the key parameter, which determines the 

availability and coupling between localized surface states and surface localized excitonic states, 

this effect being more relevant for low energy transitions31,49,57,58.  

However, the complete photocycle has not been established yet. Time-resolved spectroscopy is 

the method of choice to disentangle the relevant parts of the photocycle, however, these studies 

are sparse 22,42 and have shed light only on selected aspects. We performed in previous studies ns 

time-resolved spectroscopy with excitation within the main absorption band at 410 nm. The 

fluorescence shows no spectral evolution except a decay of the amplitude in few ns (4.8-5 ns in 

water), pointing to a simple two level scheme without population dynamics except ground state 

recovery.42 With the present study we want to shine light on the complete photocycle, focusing on 

the relaxation pathways in the shorter fs-to-ps timescale. Indeed, only with the complete fs-to-ns 

photocycle known, can we start engineering CDs for targeted applications. 
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RESULTS AND DISCUSSION. Here, we present the results of dedicated transient absorption 

(TA) spectroscopy of monodispersed N-CDs4,50–54 covering all relevant transitions from which we 

establish the complete photocycle. By using purified monodispersed N-CDs with an average size 

of 6 nm and with a minimal content of molecular chromophores, we are able to isolate and study 

the different optical activities independent from each other. We also studied as-synthesized 

samples in detail and found that all additional spectral signatures are due to a spectral overlap of 

different excitation or emission channels. 

 

Figure 1. a, Scheme of the synthesis of N-CDs, highlighting the difference between as-

synthesized sample (black label) and purified one (red label). b, Optical absorption (OA) spectra 

of as-synthesized and purified N-CDs (black and red curves), compared to the 

photoluminescence excitation (PLE) spectrum (green curve) of the emission around 525nm of 

the as-synthesized sample. The inset shows photoluminescence (PL) spectra upon 400 nm 

excitation of the as-synthesized and purified samples (red and black curves) and upon 270 nm 

excitation of the as-synthesized sample (blue line). PLE spectra upon 525 nm and 270 nm 

excitation of the purified sample are undistinguishable from the 400 nm excitation spectrum and 

therefore not shown here.  

a b 
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Figure 2. a, Time-wavelength TA plot for the purified N-CD sample upon 400 nm excitation 

and at magic angle detection. b, Selected TA spectra at representative time delays. To facilitate 

data interpretation, we label the different contributions to the TA spectra (see main text for 

notation) and add the inverted OA and PL spectra upon 400 nm excitation (dotted black and 

grey curves). The solid grey curve is a guide for the eye to indicate the ESA at λ<500 nm (see 

Figure S10). c, DAS spectra from SVD analysis of the experiment in panel a with corresponding 

lifetimes indicated. 

For the sake of readability, we hereafter label the 410 nm/272 nm and the 335 nm OA bands and 

corresponding emission as Green Activity (GA) and Blue Activity (BA), respectively. Figure 1b 

shows that the excitation spectrum (PLE) around 525 nm, related to the GA, closely resembles the 

OA in the region λ<300 nm and λ>350 nm. Conversely, the main spectral features of the BA at 

330-350 nm do not appear in the GA PLE, indicating that they do not contribute to the GA 

a b 

c 
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emission. Notably, among the different fractions of N-CDs extracted from the ensemble (Figure 

S4), 6 nm N-CDs present a minimal BA contribution to the OA spectrum (Figure 1b). This fraction 

is therefore the most promising to study the GA photocycle and to minimize spurious contributions 

from the BA. The latter is associated in literature to the activity of citrazinic acid and its 

derivatives, frequently present in nitrogen rich CDs samples.22,23,25 

Firstly, we investigate the early mid-gap exciton59 dynamics and the emission mechanism 

following 400 nm excitation. Figure 2 reports a time-wavelength TA plot upon 400 nm excitation 

and selected TA spectra extracted from it at representative time delays. Data were collected at 

magic angle (see Methods) to eliminate dynamics due to rotational diffusion and to focus on 

population and energy relaxation only.56 Comparing the TA spectra to the steady state OA and PL 

spectra, allows us to assign the spectral features to: 1) A negative ground state bleach (GSB) at 

410 nm due to a depopulation of the ground state following the pump absorption. 2) A negative 

stimulated emission (SE) which shifts from 535 nm to 550 nm within the first few ps and whose 

shape matches the inverted PL emission. 3) A positive excited state absorption (ESA) overlapping 

with the GSB in the region between 400 nm to 470 nm (see also Figure S10). 4) A second small 

positive ESA around 650 nm, which is present during the first picosecond. Both ESA bands are 

due to transitions to higher energy levels. Figure 2 already reveals a few important results. First, 

the GSB is centred at the peak of the GA absorption. It shows no structural inhomogeneity, because 

the GSB bandwidth is comparable to the steady state OA (≈70 nm FWHM) although the pump 

width is less than 9 nm (FWHM). While this result cannot rule out a dynamical spectral diffusion 

faster than the instrument response function (< 130 fs), it is sufficient to exclude structural (time-

independent) effects, as for instance size-effects or structural and chemical heterogeneity of the 

dot surface. A quantitative analysis (Figure S11) confirms these findings. The same study but on 
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the as-synthesized N-CDs (see section S4 of Supporting Information) provides comparable results 

confirming that the spectral homogeneity is an intrinsic feature of the GA OA band at 410 nm and 

it is not caused by the purification procedure. These results complete our previous study focusing 

on the nature of the low energy tail of N-CD absorption, where, in contrast to present findings, we 

demonstrated that a distinct spectral hole can be burned in the OA spectra.31,49,57 The present result 

clarifies that the static inhomogeneity is a characteristic of the low energy spectral region only, 

whereas the main absorption band at 410 nm is essentially homogeneous. 

Concerning the origin of the emission, an important result from Figure 2 is that the SE is 

immediately prompted within the excitation pulse, that is, with no detectable rise which is in 

contrast to previous studies.22,60 The only observed dynamics is a red shift over a few picoseconds, 

which we attribute to a solvatochromic relaxation. This is in agreement with previous observations 

that CDs are strongly sensitive to the solvent, especially to the presence of hydrogen 

bonding.22,23,25 Therefore, we can conclusively reveal that the GA emission is the direct inverted 

transition of the GA OA band. At long time delays we observe a slow decay of the SE and the 

GSB amplitude, in agreement with a partial radiative decay towards the ground state in 

nanoseconds.61,62  

To quantify the time scales and the associated spectral evolution, we decompose the experimental 

data via singular value decomposition (SVD) global analysis: we find that two decay associated 

spectra (DAS) with lifetimes τ1=1.2 ps and τ2=1 ns (Figure 2c, Figure S11) are sufficient to 

describe the entire spectral evolution. While τ2 corresponds to the depopulation of the excited state 

and the simultaneous recovery of the ground state, τ1 describes a red shift of the spectrum with a 

negligible change in amplitude (Figure S11). This is corroborated by the derivative-like line shape 

with respect to the SE signal, with a node at 535 nm close to the maximum of the initial emission 
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band, and also by comparing the area of the two DASs in the region of the SE band (450 nm to 

650 nm). The area of the τ1 DAS is one order of magnitude smaller than the one of DAS τ2. We 

attribute this dynamical Stokes-shift to the solvation response. At first glance, 1.2 ps could be 

considered too slow for the dynamic response of bulk water, since about 70% of the solvation in 

water is faster than 130 fs,63,64 but it is reasonable considering the strong influence of the polar 

CD-water interface on the water dynamics, similar to e.g. water-protein interfaces or water in 

nanopores4,50–54. To summarize this part, Figure 5 in the top part presents the emerging exciton 

photocycle upon excitation at 400 nm.  

The comparison of purified and as-synthesized N-CDs, detailed in section S4 of the SI and 

summarized in Figure 3, confirms that the excitation at 400 nm is not photo-selective with respect 

to a specific fraction22,42 but fs and ps behaviour is identical in both the samples. Evidences of the 

lack of photo-selectivity are: steady state absorption of different fractions show all strong 

absorption at 400 nm (Figure S4); ns studies show a clear difference in the ns emission relaxation 

behaviour in purified 6 nm and as-synthesized sample, confirming that the additional fractions 

contribute to the GA;65 steady-state emission of purified and as-synthesized sample show different 

tunability dependent on the excitation wavelength (Figure S5).  As a consequence the GA (at least 

for λ<450 nm) is not affected by size and surface effects and the conclusions inferred so far hold 

for any N-CD. In particular the different behaviours of the signals and the interpretation difficulties 

often encountered in analysing the photocycle of CDs can be fully ascribed to a simultaneous 

excitation of the BA and GA.  
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Figure 3. a, Comparison of TA spectra at 300 fs upon excitation at 400 nm of as-synthesized 

and purified N-CDs (orange and red curves, respectively). The difference between the two 

spectra (green curve) is compared to the signal obtained from the as-synthesized sample excited 

at 355 nm (blue curve). b, Kinetic traces at the maximum of GA emission (550 nm) compared 

to panel a (same colour code). 

To isolate the contribution of the BA to the overall signal upon excitation at 400 nm, we compare 

in Figure 3a the difference between the TA spectra at 300 fs upon excitation at 400 nm of as-

synthesized and purified N-CDs to the signal obtained from the as-synthesized sample excited at 

355 nm (green and blue curve, respectively). At this excitation wavelength, the GA contribution 

(Figure S8) is negligible and the signal of the as-synthesized sample is dominated by the BA. The 

two spectra are identical, indicating that the signal of the as-synthesized sample is just a linear 

combination of signals related to the GA and the BA. This holds at any time as seen in Figure 3b 

where the kinetic traces at the maximum of GA emission (550 nm) are compared to panel a. 

Noteworthy, the BA TA signal is characterized by a SE at 440 nm and by a broad and flat ESA at 

lower energies. This implies that, regardless the nature of chromophores or transitions responsible 

of BA and GA, they do not interfere and are not coupled with each other. This means that our 

a b 
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conclusions about the GA are independent of the nature of the BA. A more detailed discussion is 

found in the SI (section S4). 

Lastly, we focus on the second transition leading to GA emission, namely the absorption at 272 

nm (Figure 1b and Figure S8). Figure 4 shows TA measurements at magic angle and DAS after 

SVD decomposition. The result is very similar to the one obtained upon 400 nm excitation: A GSB 

centred around 400 nm, a positive ESA centred at 465 nm and a negative SE signal centred at 550 

nm. In particular, the SE signal perfectly overlaps with the SE signal excited at 400 nm already 

after 10 ps (Figure 4b), proving that the higher lying photo-excited state decays to the same final 

emissive state within a few picoseconds. A difference in intensity but not in shape is present in the 

ESA at 465 nm, where the intensity upon 272 nm excitation is twice stronger than upon 400 nm 

excitation. Nevertheless, we found an important difference in the dynamics triggered by the two 

excitations. From the data and SVD analysis, we see, in contrast with 400 nm excitation, a rise of 

the emission in τ1=0.14 ps. Moreover, very surprisingly, no Stokes shift of the emission is visible 

suggesting that the solvation relaxation happens faster than the emission sets in. This is seen from 

the first DAS, which exhibits no shifting features and describes a rise, mirroring exactly the TA 

signal and the long-lived signal represented by DAS τ3 with opposite sign. The shape of DAS τ2 

presents some features of BA with a flat positive ESA at lower energies and a negative peak in the 

UV region (Figure 3a). Thus, also upon 272 nm excitation (in agreement with the PLE in Figure 

S8), we excite a residual BA, whose signal in the visible decays in 3.9 ps in agreement with 

previous analysis and Figure 3b.  
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Figure 4. a, TA wavelength time plot of purified N-CDs upon 272 nm excitation and at magic 

angle detection. b, Representative selection of TA spectra extracted from a. For comparison, the 

TA spectra for the same sample at 200 ps upon 400 nm excitation (black curve). c, DAS 

decomposition after SVD analysis, labelled with the respective lifetimes. 

From these observations, we infer that the 272 nm pump excites the same emissive state as the 400 

nm pump but along an indirect path. While the state excited at 400 nm undergoes solvation 

relaxation in 1.2 ps (Figure 2), the lack of dynamical Stokes shift at 272 nm pump indicates that 

the initially excited transition has a dipole that already aligns the solvent within 0.14 ps, faster than 

the relaxation to the state responsible of the GA emission. As already mentioned, a solvation time 

scale of 1.2 ps is relatively slow for water, but can be explained as the effect of a strong surface 

charge formed by photo-excitation, which tends to slow down water relaxation. In contrast, the 

ultrafast relaxation found upon 272 nm excitation is consistent with solvation of free water. In fact, 

in this condition, the characteristic solvation time of water is 138 fs.42 Furthermore the perfect 

a 

c 

b 
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mirror-like shape of the first DAS with respect to the final one and the lack of any signature typical 

of thermal relaxation and cooling in the first two DASs reveals that the GA emission is already a 

cold emission, namely the excess of vibrational energy released through vibrational relaxation 

upon 272 nm excitation is very efficiently and quickly dissipated toward the phonon modes of the 

CD. Accordingly, we can exclude that the differences in timescales of Stokes shift are due to non-

equilibrium thermal effects as for instance overcoming activation barriers related to solvent 

reorganization. These considerations allow us to exclude that 272 nm excitation forms immediately 

a surface-localized state, otherwise solvation times upon 400 nm and 272 nm excitation should be 

similar (i.e. 1.2 ps). 

While the transition at 410 nm has been attributed to a surface-localized exciton,4 the nature of the 

absorption transition at 272 nm can now also be explained. On one hand, the 272 nm band is too 

narrow (≈10 nm) to be a molecular transition (even if such narrow lines are sometimes observed, 

e.g. in porphyrins59). On the other hand, the OA peaks at 255 nm and 272 nm are separated by as 

much as 7300 cm-1, such that we can exclude that the 252 nm peak is a vibronic replica of the 270 

nm. Our measurements reveal that this transition induces an instantaneous formation of an electric 

dipole inside the CD core, which gives origin to a surface localized exciton in 140 fs. Last, the 

energy bandgap for crystalline carbon nitride is expected at energy higher than 4 eV (310 nm), 

which is compatible with the presence of excitonic transition at λ<310 nm in nanocrystals of the 

same material.42 Thus, we can infer that the origin of the 272 nm transition is still excitonic. To 

explain the ultrafast dynamics in Figure 4, we propose that photo-excitation upon 272 nm first 

leads to a core localized excitonic transitions that induce an internal electric dipole aligning the 

solvent within 100s of femtoseconds, as schematically depicted in Figure 5. This time constant is 

more typical of bulk (free) water and is observed here because the solvent experiences an electric 
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field without a direct charge at the surface, thus reducing the role of the solvent at the interface. 

Therefore the solvent molecules can quickly adapt to the electrostatic field generated by the core 

exciton and, when its negative part completes the migration to the surface, the solvent 

configuration is already the final equilibrated one. 

 

Figure 5. The scheme illustrates the dynamical processes (a) and (b) the photocycle of the GA 

upon excitation of the two main transitions at 272 nm and 400 nm. A 400 nm pump photon 

excites a surface localized exciton. Because of the surface charge, solvation dynamics is slowed 

down, with a time constant of τ=1.2 ps. Upon 272 nm pump an exciton (dipole) in the CD’s core 

is excited. Now, solvation dynamics is fast and completed before the photo-generated exciton 

migrates to the CDs surface in 0.14 ps. In both scenarios, the green emission is peaked at 525 

nm and results from radiative recombination of a surface localized exciton with a lifetime of 5 

ns.31,37,41,49 Dashed line in panel b represents the non-radiative processes (vibrational relaxation 

and fast solvation) that accompany the surface migration of the exciton. 

CONCLUSIONS. In summary, the aim of this study was to isolate and study the different optical 

activities that constitute the complex UV/VIS optical spectra of carbon nitride CDs and to establish 

a b 



 16 

their photocycle. In particular, the investigation of purified samples with TA upon VIS and UV 

excitation allowed us to unravel the origin of the 525 nm emission band, as shown in Figure 5. TA 

is an effective strategy to conclusively disentangle the GA and BA, which are indeed the two main 

contributions to the optical activity of highly N-doped CDs, demonstrated by many works in the 

literature.31,37,41,49 Therefore, we believe that these results may greatly help to shed light on the 

complexity of CDs photocycles, providing advances for applications especially in photocatalysis 

and photovoltaics, where N-CDs can be exploited as injectors into a (semi-)conductive 

substrate.8,43,44 Analysis of the data obtained upon 400 nm excitation points to a direct excitation-

emission mechanism, with no observed rise time. The emission subsequently experiences a 

solvatochromic red shift within 1.2 ps, demonstrating the sensitivity to the solvent and to the 

presence of hydrogen bonding. In addition, the analysis strongly suggests that the band is 

homogeneous.  

We assign the absorption at 272 nm to an excitonic transition in the crystalline N-CD structure 

involving core states only. The GA emission upon excitation shows a clear rise in 0.14 ps and, to 

our surprise, no dynamical Stokes shift. Further, we find that the emissive state is the same as upon 

400 nm excitation, however indirectly populated. It is worth to note that ultrafast techniques were 

never employed to study the deep-UV activity of CDs, but this work shows its potential to achieve 

a deeper fundamental understanding of the CD photophysics, in particular with respect to the 

photo-induced charge and exciton dynamics in conduction and valence bands. 

These results allow us to construct the complete photocycle of carbon nitride CDs down to the fs 

and ps time domain and to explain their UV/VIS activity. Details outlined in the supporting 

information proof that the photocycle is independent of size and that apparent size-dependent 

spectro-temporal signatures result from a linear superposition of adjacent spectral features 
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attributable to the BA. More specifically, we present conclusive answers to major open questions 

on nature and interplay of different transitions, on spectral heterogeneity and its mapping to 

structural heterogeneity and on the influence of solvent dynamics. Noteworthy the GA, when 

present, is similar in N-CDs synthesized with different methods and N content.43,44 We can 

therefore expect that the photo-cycle established here is valid for all nitrogen doped CDs showing 

this characteristic optical activity. This ubiquity of the GA strongly proposes that the GA is a 

hallmark of the presence of crystalline carbon-nitride domains within the CDs and of the excitons 

formation upon absorption of UV and Vis light. Accordingly, the presence of GA can be used to 

discriminate those CDs, where absorption of UV and Vis light results in the excitation of surface 

excitons and, therefore, are prospectively relevant for application where electron injection into a 

substrate is crucial, as photocatalytic or photovoltaic devices.8,43,44 

EXPERIMENTAL SECTION.  

Synthesis and structural characterization of N-CDs. CDs synthesis and structural characterization 

is described in complete details in the section S1 of the Supporting Information. A scheme of the 

synthesis can be additionally found in Figure 1a. CDs were synthesized by microwave assisted 

thermal decomposition of a solution of citric acid and urea in a 1:1 weight ratio in milliq water. 

The as-synthesized sample is an ensemble of crystalline nanoparticles of 3-8 nm in diameter with 

carbon nitride core structure and a surface rich of polar groups (Figure S1-S2). Upon purification 

by size column chromatography a purified sample made of monodispersed 6 nm diameter CDs 

was obtained (Figure S3-S6). 

Steady state spectroscopy. The steady state absorption and emission spectra were recorded in a 1 

cm quartz cuvette by a double beam spectrophotometer (JASCO V-560) and a JASCO FP-6500 
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spectrofluorometer, respectively, with a spectral resolution of 1 nm. In addition, emission spectra 

were corrected for spectral instrumental response. 

Time resolved femtosecond transient absorption setup. TA experiments were carried out upon 

excitation at 272 nm, 335 nm and 400 nm. The 400 nm, linearly polarized, pump beam was 

generated by doubling 800 nm pulses from a 1 kHz Ti:sapphire femtosecond regenerative amplifier 

(Coherent Elite Duo Femto) with a b-BBO crystal. The laser source provided 90 fs full width half 

maximum (FWHM) pulses focused into a ~100 µm diameter spot (1/e2). The energy per pulse was 

set to 70 nJ. 272 nm and 335 nm linearly polarized pump beams were generated by frequency 

doubling in a b-BBO of 544 nm and 670 nm beams, respectively, from a non-collinear parametric 

amplifier (TopasWhite, by Light Conversion), pumped with 800 nm pulses from a 5 kHz 

Ti:Sapphire fs regenerative amplifier (Coherent Legend). These beams consisted of 130 fs 

(FWHM) pulses and were focused into ~60 µm diameter spot (1/e2) with energy per pulse of 90 

nJ. The probe was a white-light continuum generated by focusing a small fraction of the 800 nm 

Ti:sapphire laser output to a 5 mm thick CaF2 plate. The probe spot at the sample position was 

∼70 μm diameter (1/e2) with 400 nm pump and ∼40 μm diameter (1/e2) with 272 nm and 335 nm 

pump. Pump and probe beams were spatially overlapped at the sample position and the pump delay 

t with respect to the probe was controlled by a motorized delay stage. The angle between the pump 

and probe polarization was controlled by means of suitable λ/2 waveplates inserted in the pump 

line. The probe beam was dispersed after the sample with a grating and detected by a 1024 pixel 

CMOS camera capable of measuring single-shots (Glaz PulseSync, Synertronic Designs) in case 

of 400 nm pump. For the 272 nm and 335 nm pump, the probe beam was dispersed after the sample 

with a CaF2 prism and detected by a 512 pixel CMOS camera (Hamamatsu S11105 Series). A 

reference baseline for the pump/reference ratio was recorded for each measurement by introducing 
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a mechanical chopper in the pump beamline at half the repetition rate to block every other pump 

pulse. A photo‐diode after the chopper monitored the shot‐to‐shot pulse intensity in order to sort 

“pumped” and “unpumped” measurements and to compensate for fluctuations and drifts of the 

pump pulse intensity. 

 To avoid photo-degradation, the sample solutions were flowed with a micro gear pump through 

an UV-grade quartz flow cell with an internal path length of 200 μm. Solutions were prepared 

dissolving 2.7 g/l and 0.4 g/l for the as-synthesized and purified CDs, respectively, achieving an 

optical density of 0.3 OD and 0.04 OD in 200 mm at 400 nm.  

Special care was taken to measure in linear regime in terms of pump and probe intensity and 

sample concentration. The TA signal was measured for different polarization angles between pump 

and probe and calculated as the change ΔAbs(λ,t) in the absorption of the photo-excited sample. 

Typical signals were obtained by averaging 500 pumped and 500 unpumped spectra for each time 

delay, and scanning over the pump-probe delay 5-10 times. Steady-state UV-visible absorption 

spectra measured before and after TA measurements showed no changes, indicating the 

remarkable photo-stability of the investigated complexes. 

In the article we discuss only data recorded at magic angle condition to ignore dynamics due to 

rotational diffusion and to focus on population and energy relaxation only.59 

The singular value decomposition and global fit analysis method used to analyse the TA data are 

reported in section S2 of Supporting Information. 

Time gated emission setup. The experiment was performed upon 400 nm excitation and using 800 

nm delayed beam as a gate. The beams are originated from the output of a 5 kHz Ti:sapphire fs 
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amplifier with 50 fs pulse and 700 mJ/pulse at 800 nm. A 50% beamsplitter divides the amplifier 

output into excitation and gate beams. The excitation beam was obtained from SHG with BBO 

crystal. The beam is than focused on the sample (flowcell 200 μm thickness) with spot diameter 

of 50 μm. After excitation of the sample, the spontaneous emission is collected and focused into a 

250 mm thick sum-frequency crystal. At this point the gate is also focused on the crystal and 

overlapped with the fluorescence. The sizes of fluorescence and gate spots are about 250 μm and 

350 μm, respectively. The angle between the gate and the fluorescence is 4°. The time delay is 

scanned with a motorized translational stage in order to measure the fluorescence spectrum as a 

function of excitation-gate delay. A λ/2 waveplate in the gate path allows changing the polarization 

of the beam. After sum-frequency generation, the up-converted emission passes through a 

dispersive prism and triplet achromatic lens, which focuses it into the detection system, consisting 

of a photomultiplier connected to a lock-in amplifier. Data are collected as single-wavelength 

traces. The instrumental response time (IRT) is 180 fs, full width at half maximum (FWHM), and 

it corresponds to a time resolution of 70 fs. It is mainly limited by the non-collinear geometry and 

by group velocity mismatch between the gate and fluorescence occurring in the non-linear crystal. 

The spectral resolution, which depends on the acceptance bandwidth of the crystal at 550 nm, is 

13 nm. 
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S1. Synthesis, steady state spectroscopy and structural characterization 

 

The synthesis and purification of these dots follows a well-established protocol which has been 

developed throughout a series of previous studies. Their detailed structural characterization was 

fully covered in these previous publications. The main points are shortly summarized here. 

 

Synthesis: We produce CDs by microwave-assisted or thermal (autoclave) decomposition of a 

solution of citric acid and urea dispersed, in different ratios, in milliq water or DMF.1,2 In 

particular, the CDs used in this work were synthesized in water using a 1:1 ratio between citric 

acid and urea. The as-synthesized CDs were characterized in detail by atomic-force microscopy 

(AFM), high-resolution transmission electron microscopy (HRTEM), selected-area electron 

diffraction (SAED) and X-ray photoelectron spectroscopy (XPS)3.  

 

Characterization of as-synthesized CDs: As can be seen from Figure S1, these dots consist in 

nanoparticles with a wide distribution of sizes, ranging from 3 to 8 nm in diameter. Their core 

crystalline structure was unambiguously identified by HRTEM (single-dot level) and by SAED 

(ensemble-level), as discussed in detail in reference.3 HRTEM and SAED demonstrate that the 

whole pattern of observed lattice reflections can be attributed to the nanocrystalline structure of 

hexagonal β-C3N4. In particular, in these synthesis conditions we observe no contributions from 

any other crystalline structure, such as graphitic carbon nitride or graphite (the typical 0.34 nm 

lattice distance between graphite sheets is never observed), although we have elsewhere shown 

that N-doped graphitic dots can be produced at lower levels of N-doping.1 The β-C3N4 structure 

of these dots in the current synthesis conditions is also consistent with XPS data (Figure S2), was 

further confirmed by several independent experiments1,3,4 and is also confirmed by detailed 

HRTEM analysis of single chromatographic fractions extracted from the as-synthesized sample 

(see below). 
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Figure S1: AFM size distribution (panel a) and HRTEM image (panel b) of a typical as-

synthesized β-C3N4 carbon dot. Panel c: Fourier transform of the HRTEM image, which 

demonstrates a good agreement with the calculated diffraction pattern of bulk hexagonal β-C3N4 

(space group P63/m, space group number 176, a=b=6.38 Å and c=2.395 Å) in the [310]-zone 

axis. Further HRTEM imaging and SAED analysis are discussed in detail in reference 3. 

Reproduced from Ref. 3 with permission from the Royal Society of Chemistry. 
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Figure S2: XPS C1s, and N1s signals detected in as-synthesized β-C3N4 carbon dots (black 

lines), their decomposition in different contributions, and the resulting fits of the experimental 

data (blue lines). The C1s signal contains different contributions and, in particular, the 

contribution peaking at 287.7 eV corresponds to a sp3-type C-N bonds inside the core of the 

nanoparticles. The N1s signal contains two contributions, the peak at 399.9 eV is attributed to N 

atoms of the β-C3N4 structure (sp2-type N atoms). The N/C ratio between the “core” N and C 

peaks matches the expected value of 4/3 for a carbon nitride structure3. All the other peaks are 

related to surface moieties. Reproduced from Ref. 3 with permission from the Royal Society of 

Chemistry. 

 

Purification and separation in different fractions: In any case, the as-synthesized sample is 

still highly inhomogeneous and contains fractions with different optical properties. In particular, 

from recent photobleaching experiments5 we have evidenced that the sample contains appreciable 

amounts of small molecular impurities, partly free and partly attached to the surface of the dots.5 

Therefore, to purify the sample and to isolate spectroscopically homogeneous fractions from it, the 

as-synthesized sample was fractionated by size exclusion column chromatography (SEC). The 

procedure was carried out using a glass column (100 cm length, 1.5 cm diameter) where the 
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stationary phase consisted of three resins with increasing cut-off values (Sephadex G25, G15 and 

G10) which are suitable to separate nanoparticles in the 1-6 nm range of diameters. Therefore, it 

was possible to identify three different fractions of CDs with distinct size distributions, 

morphological and optical characteristics, discarding free molecules or large aggregates.4 The size 

distribution of the fractions is shown in Figure S3. Their absorption and emission spectra are 

shown in Figures S4 and S5. Their structural analysis is described hereafter. 

 

Structural characterization of CDs fractions: Detailed AFM analysis of the three fractions 

(Figure S3) demonstrates that these three fractions consist in quasi-spherical CDs with average 

sizes of 6 nm, 4 nm and 2.6 nm respectively. When compared to the as-synthesized sample, their 

size distributions are comparatively monodispersed. The spectrum of the 6 nm fraction displays a 

single and well-isolated absorption band at 400 nm (Figure S5-a), indicating a high degree of 

homogeneity of this sample, as reported in detail before. 4  This fraction is the most relevant for 

the purpose of this paper and it is the fraction here referred to as “purified”. 

The other two fractions, sized 2.6 nm and 4 nm, display a broader absorption spectrum where it 

is recognizable also an additional peak around 350 nm (Figure S4). As presented also in the main 

text of the article, this peak is typically associated in literature with the optical activity of citrazinic 

acid. 6–8 Therefore, the smaller dots still contain citrazinic acid impurities attached to the surface, 

either by covalent or weak bonding, absent in the 6 nm fraction. 

The individual fractions were analysed in detail by HRTEM and FTIR, as shown in Figures S6 

and S7. Their crystalline structure is always β-C3N4 despite the different size distribution. In none 

of the individual fractions we see evidence of graphitic or amorphous CDs. FTIR spectroscopy 

(Figure S7) reveals the same main surface groups (-COOH, -CONH2 and -OH) on the three 

fractions although in different relative ratios. While the small molecular impurities attached to the 

surfaces of the smallest dots (2.6 nm and 4 nm) cannot be directly imaged by HRTEM, it is worth 

noting that we can exclude the crystallization or pi-pi stacking of these molecules into larger, 

ordered structures, because the latter should be clearly visible in HRTEM. 
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Figure S3: AFM size distribution of the three CD fractions extracted by SEC, as compared 

with the size distribution of the as-synthesized sample. Reproduced from Ref. 9 with permission 

from the Royal Society of Chemistry. 

 

 

Figure S4: Normalized absorption spectra of the unfractionated carbon dot sample (black 

curve), compared to the three fractions isolated by SEC. As resulting from subsequent analysis 

(Figures S6-S7), all three fractions consist in β-C3N4 carbon dots, but they have different average 

sizes: 6 nm (red spectrum), 4.0 nm (brown) and 2.6 nm (green). Reproduced from Chem. Mater. 

2018, 30, 5, 1695-1700. Copyright 2018 American Chemical Society. 4 
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Figure S5: Emission spectra of the three subsets of CDs obtained by SEC. The excitation 

wavelength and the size of the samples are indicated in the legend. Reproduced from Ref. 9 with 

permission from the Royal Society of Chemistry. 
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Figure S6: HRTEM images (left side panels) and their Fourier transforms (right side panels) 

of carbon dots belonging to different chromatographic fractions of the as-synthesized sample: 

upper panels correspond to the 6 nm-sized fraction and bottom panels to the 2.6 nm-sized 

fraction. All observed dots are well-formed hexagonal β-C3N4 monocrystals, confirmed by the 

good agreement between their Fourier transform and the calculated diffraction pattern of bulk 

hexagonal β-C3N4 (space group P63/m, space group number 176, a=b=6.38 Å and c=2.395 Å) 

in the (a) [311]- and (b) [325]-zone axis, respectively). Reproduced from Chem. Mater. 2018, 

30, 5, 1695-1700. Copyright 2018 American Chemical Society. 4 
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Figure S7:  FTIR measurements of differently sized CD fractions obtained by SEC, compared 

with the as-synthesized CDs. The spectra display the usual complex pattern of vibrational 

fingerprints associated to the highly polyfunctional surfaces of CDs. The spectra collected from 

the two fractions are similar: they contain the same vibrational fingerprints (e.g. C=O vibration 

around 1700 cm-1, amide around 1600 cm-1, C-N around 1400 cm-1…), although in different 

relative ratios. Reproduced from Ref. 9 with permission from the Royal Society of Chemistry. 
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Figure S8: optical absorption (OA) spectra of as-synthesized CDs (solid black line), emission 

(PL) and photoluminescence excitation (PLE) spectra related to the 335 nm OA band (violet 

lines), PL and PLE related to the 410 nm OA band (green lines). 
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S2. Singular Value Decomposition and Global Fit (SVD-GF) Analysis  

After correction for probe group velocity dispersion, data from -200 to 200 fs around time zero 

were neglected to avoid artefacts caused by pump-probe cross-phase modulation from the solvent. 

Singular Value Decomposition (SVD) analysis on the transient absorption data (TA(𝜆𝜆𝑚𝑚, 𝑡𝑡𝑛𝑛), where 

n and m are indexes running over the number of wavelengths and time delays, M and N 

respectively), was done to separate the noise, 𝛯𝛯(𝜆𝜆𝑚𝑚, 𝑡𝑡𝑛𝑛), from the spectral evolution of the system, 

𝑇𝑇𝑇𝑇� (𝜆𝜆𝑚𝑚, 𝑡𝑡𝑛𝑛) (namely TA(𝜆𝜆𝑚𝑚, 𝑡𝑡𝑛𝑛) = 𝑇𝑇𝑇𝑇� (𝜆𝜆𝑚𝑚, 𝑡𝑡𝑛𝑛) + 𝛯𝛯(𝜆𝜆𝑚𝑚, 𝑡𝑡𝑛𝑛)), and to reduce the number of relevant 

spectral and kinetic components to analyse:10 

In SVD analysis, data are decomposed into spectral (𝑉𝑉𝑖𝑖𝑚𝑚 = 𝑉𝑉𝑖𝑖(𝜆𝜆𝑚𝑚)) and kinetic (𝑈𝑈𝑗𝑗𝑛𝑛 = 𝑈𝑈𝑗𝑗(t𝑛𝑛)) 

components with a weight diagonal matrix (S).  

TA = 𝑇𝑇𝑇𝑇� + 𝛯𝛯 = 𝑉𝑉𝑉𝑉𝑈𝑈� 

and 

TA(𝜆𝜆𝑚𝑚, 𝑡𝑡𝑛𝑛) = �𝑉𝑉𝑖𝑖(𝜆𝜆𝑚𝑚)𝑠𝑠𝑖𝑖𝑈𝑈𝑗𝑗(t𝑛𝑛)
L

𝑖𝑖=1

 

eqs. S1 

 

Defining L as the smaller between M and N, the orthogonal matrices 𝑈𝑈 and 𝑉𝑉 have 𝑁𝑁 × 𝐿𝐿 and 

𝐿𝐿 × 𝑀𝑀 dimensions respectively; while the diagonal matrix S is 𝐿𝐿 × 𝐿𝐿. In the case of this article N 

and M are typically 290 and M=780, respectively, depending on the specific data set. The elements 

of the diagonal matrix S (𝑉𝑉𝑖𝑖𝑖𝑖 = 𝑠𝑠𝑖𝑖) are so-called singular values. The magnitude of 𝑠𝑠𝑖𝑖 can be used 

to discriminate which are the P spectral and kinetic components most relevant to the signal from 

the ones containing mainly noise: 

TA(𝜆𝜆, 𝑡𝑡) = �𝑉𝑉𝑖𝑖(𝜆𝜆)𝑠𝑠𝑖𝑖𝑈𝑈𝑖𝑖(t)
𝑃𝑃

𝑖𝑖=1

+ � 𝑉𝑉𝑖𝑖(𝜆𝜆)𝑠𝑠𝑖𝑖𝑈𝑈𝑖𝑖(t)
𝐿𝐿

𝑖𝑖=𝑃𝑃+1

 eq. S2 

where we can identify the former and the latter terms on the right with 𝑇𝑇𝑇𝑇� (𝜆𝜆𝑚𝑚, 𝑡𝑡𝑛𝑛) and 𝛯𝛯(𝜆𝜆𝑚𝑚, 𝑡𝑡𝑛𝑛), 

respectively. In the following, for the sake of readability we will omit the indexes n and m. 

A global fit (GF) is performed on the P relevant 𝑈𝑈𝑗𝑗(t) traces to fit them with a suitable number 

(Q) of exponential decays convoluted with the instrumental response function (IRF): 
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𝑈𝑈𝑗𝑗(t) = �� 𝑎𝑎𝑗𝑗𝑗𝑗𝑒𝑒
−�𝑡𝑡 𝜏𝜏𝑘𝑘� �

𝑄𝑄

𝑗𝑗=1
�⨂𝑒𝑒−�

𝑡𝑡−𝑡𝑡0
0.6.𝛥𝛥𝐼𝐼𝐼𝐼𝐼𝐼

�
2

.  (j=1,.., P) eq. S3 

𝑈𝑈𝑗𝑗(t) traces are analyzed simultaneously considering lifetime decays (𝜏𝜏𝑗𝑗), the FWHM of the IRF 

(𝛥𝛥𝐼𝐼𝐼𝐼𝐼𝐼) and time zero (𝑡𝑡0) as global parameters (namely the same for all 𝑈𝑈𝑗𝑗) while exponential 

amplitudes (𝑎𝑎𝑗𝑗𝑗𝑗) as local coefficients (i.e. for each given j, 𝑎𝑎𝑗𝑗𝑗𝑗 form an independent set for 𝑈𝑈𝑗𝑗).  

These coefficients are then used to construct from the 𝑉𝑉𝑖𝑖 traces decay-associated spectra (DAS) 

for each lifetime decay obtained by the GF:  

𝐷𝐷𝑇𝑇𝑉𝑉𝑗𝑗(𝜆𝜆) = � 𝑎𝑎𝑗𝑗𝑗𝑗 . 𝑠𝑠𝑗𝑗 .𝑉𝑉𝑗𝑗(𝜆𝜆)
𝑃𝑃

𝑗𝑗=1
  (k=1,…,Q) eq. S4 

The spectral contribution of each lifetime decay is now contained in the corresponding DAS and 

in this new basis the relevant signal 𝑇𝑇𝑇𝑇� (𝜆𝜆, 𝑡𝑡) can be written as: 

𝑇𝑇𝑇𝑇� (𝜆𝜆, 𝑡𝑡) = � 𝐷𝐷𝑇𝑇𝑉𝑉𝑗𝑗(𝜆𝜆). �𝑒𝑒−�
𝑡𝑡 𝜏𝜏𝑘𝑘� �⨂𝑒𝑒−�

𝑡𝑡−𝑡𝑡0
0.6.𝛥𝛥𝐼𝐼𝐼𝐼𝐼𝐼

�
2

�
𝑄𝑄

𝑗𝑗=1

, eq. S5 

which is the equation reported in the main text. 

SVD can also be used to filter out noise from experimental data. First data are decomposed 

according to eq. S2 and then time-spectral signal are reconstructed retaining only the first term of 

the right member upon choosing a P big enough to reject SVD components describing only noise. 

We found that P>11 was the right choice to reduce noise without causing signal distortion, as 

verified by the comparison in Figure S9. It is worth mentioning that this procedure is used only to 

visualize the experimental data with a better signal-to-nose ratio but has non effects on the data 

analysis, which is carried out on the experimental data. 
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S3. Transient absorption of purified 6 nm sample upon 400 nm excitation 

 

 

Figure S9: Comparison of original experimental spectra extracted from time-wavelength TA 

data with white noise filtered spectra (black dotted lines), obtained rejecting high order 

contributions (n>11) after SVD analysis. 
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Figure S10: Fitting of the TA signal at 200 ps of purified 6 nm-size CDs with Gaussian 

functions for ground state bleaching (GSB) and excited state absorption (ESA); the stimulated 

(SE) signal is calculated from steady state emission shown in Figure 1, with a correction factor 

λ4 due to the different detection principle. The Gaussian GSB fitting gives the parameters 

λ0=418.3 nm ± 1.2 nm, width = 34 nm ± 3 nm (2 standard deviation or 2σ). The Gaussian ESA 

fitting gives the parameters λ0=422.4 nm ± 2.3 nm, 2σ = 73 nm ± 6 nm. 

 

 
Figure S11: Sum of DAS from Figure 3, reconstructing the TA experiment signal evolution of 

the purified sample upon 400 nm excitation in Figure 2. 
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S4. Transient absorption of the as-synthesized sample and comparison with the 6 nm 

purified sample 

 

The data discussed in the main text are obtained on the 6 nm size CDs, raising the question 

whether the conclusions on the GA photocycle are general or only valid for this fraction. The 

comparison of results for purified and as-synthesized CDs, reported in this section, confirms that 

the green activity (at least at λ<450 nm) is not affected by size effects and the conclusions inferred 

from the study of the purified sample are of general validity for any N-rich CD.  

 

400 nm excitation 

Figure S12 reports TA spectra for the as-synthesized sample upon 400 nm excitation. Its 

photocycle seems significantly more complex than the monodisperse sample (Figure 2): 1) while 

the line-shape is remarkably similar, the as-synthesized sample shows in the first few picoseconds 

an apparent rise of the SE, accompanied by the decay of the ESA at 650 nm; 2) GSB appears 

deeper than for the monodisperse sample (Figure 2) and exhibits a fast recovery. 
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Figure S12: As Figure 2, but on the as-synthesized sample: a, TA time-wavelength plot upon 400 

nm excitation of as-synthesized CDs at magic angle detection; b, selected TA spectra at 

representative time delays. To facilitate data interpretation, the different contributions to the TA 

spectra are marked (see main text for notation) and the inverted OA and is shown (dotted black 

line). The solid grey line is a guide for the eye to depict the ESA at λ<500 nm and at λ>600 nm. 

The outcome of SVD analysis is summarized in in Figure S14. 

As aforesaid the as-synthesized sample shows a strong BA, which is partially overlapped with 

the GA (Figure 1 and Figure S8). Therefore the hypothesis to check is if the different behaviour 

of the two samples occurs mainly due to this spectral overlap. In this case the difference between 

data in Figure 2 and Figure S12b should be due to an additional, independent contribution to the 

TA signal related to the BA for the as-synthesized case. To test this hypothesis, we compare the 

TA result at 400 nm with the TA at 335 nm. According to Figure S8, at this wavelength the GA 

PLE contribution is minimal and the OA is dominated the BA.  

Firstly, normalized TA spectra upon 400 nm excitation of purified and as-synthesized samples at 

long times (>200 ps) are identical (Figure S13), revealing that they stem from the same relaxed 

excited state. This allows normalizing the TA signals to the number of photo excited GA centres 

and to compare quantitatively the early dynamics (Figure 4a). The difference spectrum between 

the two samples exactly reproduces the spectrum obtained exciting the as-synthesized CDs under 

the same experimental conditions but at the 335 nm. This holds at this time delay as well as at any 

other time delay (Figure 4b). 

 

a b 
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Figure S13: Comparison of normalized TA spectra at 200 ps for as-synthesized (orange) and 

purified (red) CDs upon 400 nm excitation. 

A more complete study of TA upon 335 nm excitation and BA photophysics is beyond the scope 

of this article and will be the subject of a forthcoming publication, but for sake of completeness 

and following discussion we can remark that this signal is characterized by a SE at 440 nm in 

agreement with the BA emission (Figure S8) and at lower energies it is dominated by a broad and 

flat ESA. 

The analysis in Figure 4 in the main text reveals that the signal upon 400 nm excitation in as-

synthesized samples is just a linear combination of the signals related to the GA and to the BA, 

definitively pointing to an independent origin of the two activities and two uncoupled photocycles. 

Consequently, the main conclusion from the study of the purified sample, i.e. a direct excitation 

of the GA emission upon excitation within the first OA band, should be still valid and the SE rise 

observed in Figure S12 is only apparent. To prove independently and directly the validity of these 

results also in the as-synthesized sample, we were able to monitor the evolution of the sole 

emission at 550 nm upon 400 nm excitation in as-synthesized CDs (Figure S17) by means of fs 

time-gated emission (see next section). As expected no rise of the GA emission is observed, 

definitively confirming the direct excitation mechanism of the GA emission and its excitonic 

nature due to a radiative electron-hole recombination. 

Furthermore, since the excitation at 400 nm is not photo-selective with respect to a specific 

fraction4,9,11 but fs and ps behaviour is identical in both the samples, we can also infer that the 

conclusions for the purified sample apply to all CDs, regardless their size. Evidences of the lack 
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of photo-selectivity are: steady state absorption of different fractions show all strong absorption at 

400 nm11 (Figure S4); ns studies show a clear difference in the ns emission relaxation behaviour 

in purified 6 nm and as-synthesized sample, confirming that the additional fractions contribute to 

the GA;4,11 steady-state emission of purified and as-synthesized sample show different tunability 

dependent on the excitation wavelength11 (Figure S5). 

It follows that the more complex features observed in the study and analysis (Figure S14) of the 

photocycle in as-synthesized CDs at early time delays are mainly caused by the simultaneous 

excitation of the BA and GA. Figure S14 shows the DASs obtained by SVD decomposition of the 

experimental TA spectra from the as-synthesized sample (Figure S12). Four characteristic 

lifetimes are obtained: 150 fs, 750 ps, 3 ps and 1030 ps. The interpretation of the first three DASs, 

without the knowledge of the analysis of the purified sample, would be rather complicated, but 

after the presented analysis it is straightforward: they describe an emission red-shift due to 

solvation, overlapped with the decay of the BA signal shown in Figure 4a. This analysis clearly 

confirms that there are no differences between the emission mechanism and photocycle in the 

purified and as-synthesized samples related to the GA and the optical transition responsible of the 

410 nm OA band is homogenous and unaffected by the dot size. It is worth noticing again that this 

result does not hold for the low energy spectral region, whose optical response is dominated by 

static inhomogeneity. 

 

Figure S14: a, DASs for as-synthesized CDs upon 400 nm excitation, presented with the 

respective lifetimes; b, DASs sums reconstructing the TA signal evolution. 

         

a b 
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272 nm excitation 

 

Figure S15: Comparison of selected TA spectra for purified CDs in panel a and as-synthesized 

CDs in panel b upon 272 nm excitation. 

Upon 272 nm excitation, similarly to excitation upon 400 nm, purified and as-synthesized 

samples show the same activity except for the contribution of the BA. This is inferred because TA 

signals show the same line-shape, except for additional aforesaid features characteristic of the BA 

(Figure S15).  

The SVD analysis (Figure 4c and Figure S16) confirms that also upon 272 nm excitation the TA 

signals for purified and as-synthesized samples show the same line-shape, except for the 

characteristics attributed to the BA, in particularly the marked ESA at 650 nm in the as-synthesized 

sample, decaying in few ps.  

a b 
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Figure S16: DASs sums reconstructing the TA signal evolution for purified sample upon 272 

nm excitation. 

In conclusion, we proved that while the photocycle of purified CDs can be entirely ascribed to a 

single, green-emitting chromophore, photodynamics of as-synthesized CDs involves a second 

independent optical activity that absorbs at 350 nm and emits at 440 nm (BA). The signal upon 

400 nm and 272 nm can be fully described as a linear combination of GA and BA, which explains 

the differences in the signals and the interpretation difficulties often encountered in analysing the 

photocycle of CDs. 
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S5. Time-gated emission from the as-synthesized sample upon 400 nm excitation 

 

 

Figure S17: Kinetic trace at 550 nm from time-gated emission experiment of as-synthesized 

sample in water. For sake of visualization, time axis is split in two intervals (-0.5 to 1ps and 1 

to 10 ps) to appropriately show the earlier dynamics. The blue line is the outcome of a best fitting 

in terms of a Heaviside function convoluted with an instrumental response function, assumed 

Gaussian and with an IRT of 180 fs. The emission is observed immediately after photo-

excitation, and does not show any rise, as proven by excellent agreement with the fitting curve. 
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