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ABSTRACT

The controversial nature of Carbon Dots (CDs) fluorescent properties, either ascribed to surface
states or to small molecules adsorbed onto the carbon nanostructures, is a withstanding issue. To
date, an accurate picture of CDs and an exhaustive structure-property correlation are still lacking.
Using unconventional spectroscopic techniques: fluorescence correlation spectroscopy (FCS) and
time-resolved electron paramagnetic resonance (TREPR), we contribute to fill this gap. Albeit
electron micrographs evidence the presence of carbon cores, FCS reveals that the emission
properties of CDs are based neither on those cores nor on molecular species linked to them, but
rather on free molecules. TREPR provides deeper insights into the structure of carbon cores, where
C-sp® domains are embedded within C-sp® scaffolds. FCS and TREPR prove to be powerful
techniques, characterizing CDs as inherently heterogeneous systems, providing insights into the
nature of such systems and paving the way to standardization of these nanomaterials.

KEYWORDS Carbon Dots, FCS, EPR spectroscopy, Fluorescence, Optical properties, Triplet

states.
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Since its inception, the fascinating idea of new carbon allotropes inspired the research on carbon-

1 2 4

based materials beyond fullerenes !, nanotubes 2, nanodiamonds 3, graphene *, and yielded

astounding results: nowadays, applications widely range from photovoltaics >’ to electrochemistry
8.9 and biosensing!® !,

The opportunity to obtain environmental-friendly and biocompatible substitutes for high-
performance inorganic nanostructures lies at the heart of the more recent and ever-increasing
interest in carbon nano-materials. The last five years have witnessed an exponential growth in the
research related to the synthesis and characterization of graphene and carbon quantum dots > 13, In
analogy with their inorganic counterparts, different applications are being envisaged and tested for

these materials ranging from two-photon tissue imaging'* '° to metal ion sensing '® !

and catalysis
18.19 Furthermore, the possibility to tune the bandgap of these materials by quantum size effect 2022
is extremely appealing for photovoltaic applications.

Looking at the inorganic counterpart, semiconductor colloidal quantum dots (QDs) offer superior
and tunable opto-electronic properties 2*. However, toxicity issues hamper their use in biomedical
applications and cast doubts on their large-scale production %,

It is important to bear in mind that the successful evolution of QDs, since their inception some 25
years ago, was fueled by a fruitful synergy between a thorough characterization of their properties
and the consequent development of tailored nano-structures®> 2°. A lack of such synergy is still
present in the development of carbon nano-materials and in particular of the very promising
nitrogen-doped carbon dots (N-CDs). The possible underlying cause is the variable and poly-

disperse nature of these nanostructures?! 2’28

, 1.e. the wide variability of structure, composition and
size of the reported systems. This ill-defined nature deprives photo-physical considerations on these
materials of a general significance, necessary for a rational development of their design. Many

bottom-up syntheses of CDs have been proposed without reaching a complete characterization of

their structural and chemical properties 2**°, further complicating this picture.



The ongoing debate on the origin of their photoluminescence is just an example of how a thorough

picture for these systems is still missing 3133535 A «

multi-chromophoric scaffold” architecture is
widely used as a model to account for the optical properties of many CDs 334365355 This model
associates the absorption features to a core state, whereas emission is ascribed to the presence of
many different surface states. Within this model, excitation-dependent emission is attributed to
exciton self-trapping in aromatic network or to surface chemical moieties. However, another model
explains CDs properties by considering that the synthesis generates CDs with a wide dimensional
distribution *’. To a general extent, a unanimous agreement in the scientific community is still
lacking.

Citric acid based N-CDs, proposed first by Sun et al.*®, were obtained through reaction between
citric acid and ethylenediamine in autoclave. Resulting N-CDs displayed a high quantum yield, up
to 94%. These well-performing materials, generally considered to be carbonaceous nanoparticles,
were employed in a number of applications ranging from bio-imaging * to light-emitting devices
4041 During the last two years, few works demonstrated the molecular nature of the emitting species
in citric-acid based N-CDs *> **. Namely, albeit carbonaceous core were actually synthesized, the
PL origin was univocally attributed to organic small molecules and in particular to imidazo[1,2-
a]pyridine-7-carboxylic acid, 1,2,3,5-tetrahydro-5-oxo, (IPCA). This discovery casts doubts both on
the “multi-chromophoric scaffold model” and on the relation between photoluminescence and
carbon cores. However, the hypothesis of IPCA molecules embedded in- or connected to- the
carbonaceous scaffold (i.e. multi-chromophoric scaffold model) would encompass the formation of
IPCA and the presence of highly luminescent CDs.

To our view, it is of paramount importance to understand whether free small molecules
effectively drive CDs samples fluorescence, because every bottom-up synthesized CDs potentially
can present the same issue. The identification and separation of fluorescent molecules from
carbonaceous cores via chemical methods is a tough hurdle to overcome due to the similar

solubility of molecules and carbon cores 3 4% 4443,



Aim of this paper is to provide a spectroscopic approach to this point and to suggest the use of
less-conventional techniques, beyond basic characterization, to shed light on some missing
information concerning CDs characterization. By combining optical and magnetic spectroscopies
with electron micrographs, we obtain a better description of these materials and we highlight
possible pitfalls of conventional characterization.

The method of choice to identify the dimension of the emitting species is Fluorescence
Correlation Spectroscopy (FCS), whereas we employ Transient Electron Paramagnetic Resonance
(TR-EPR) to gain information related to the photophysics of carbon cores, within the same N-CD
mixture. In the following, we will discuss the results for two samples: citric acid-based N-CDs
(Cit-CDs) and arginine-based N-CDs (Arg-CDs). Through investigation on Arg-CDs, we aim to
extend the outreach of our considerations to other samples belonging to the CDs family. Details on
their synthesis and basic characterization can be found in a previous paper 4.

We synthetized citric acid-based N-CDs (Cit-CDs) by a microwave-assisted modification of
previously reported synthesis*® 47, The as-synthesized samples are purified by dialysis (details on
synthesis can be found in SI). TEM micrograph for Cit-CDs (Fig.1A) reveals a distribution of
rather uniform and spherical shaped particles. The particle size distribution, obtained by statistical
analysis over 180 nanoparticles gives an average diameter 2.6+0.6 nm, similar to that of Arg-CDs
(Fig. SI 3) *®. Basic structural characterization of Cit-CDs (Figure 1) is in agreement with many
literature reports on N-CDs. Raman spectrum (Fig.1B) reveals the presence of graphitic carbon (G
bands) as well as oxidized carbon (D*,D’,D’’)*. Photoemission spectroscopy (XPS) further
confirms this result (Fig.1C). Furthermore, the analysis of Nis peak ((Fig. S _1D) allows
identifying the presence of pyrrolic and pyridinic nitrogen, as well as graphitic nitrogen (further

discussion in SI), confirming results on Arg-CDs reported in previous papers *.
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Figure 1- (A) TEM micrograph of Cit-CDs. Size distribution bar chart is shown in the inset. (B)
Raman spectrum of Cit-CDs (black) and multi-peak fit (red), according to Ref. 46 (C),(D) Carbon

peak and nitrogen peak of the XPS spectrum of Cit-CDs.

Therefore, standard characterization outlines for both samples typical carbon dot systems, but a
direct structure-property correlation can be misleading since it does not fully uncover the possible
heterogeneous nature of the sample, meaning the possibility to have both nanometer size
carbonaceous nanoparticles as well as small organic molecules.

Optical properties as well are consistent with those reported in the literature 3% 3> 3 for both Cit-
CDs and Arg-CDs (Fig. 2). Cit-CDs display a well-defined (30nm FWHM) absorption peak at
355nm (Fig.2A), while Arg-CDs show a broad absorption spectrum (Fig.2A). Emission wavelength

dependence is reported in Fig.2B and Fig.2D for both studied samples.



04

= A —ageo | 51(B) i
5 0.34 . — Cit-CD S 4] —2200m (x5)
— | S 440nm (x5)
g Y WEH LU >3 =iy
v | ™\ qf.:) 2 —532nm (x40)
Ee) ] | \ - 4
= o] TN\ £
0 / \ 1 "
| UNY -
0.04 — 0l
200 300 400 500 600 320 400 480 560 640 720
Wavelength (nm) Wavelength (nm)
=018](C oD 1.5 -
§0.16.‘( ) | Arg-CD — (D) —340nm
o 1 e -] > e 380NM
— 014 ] - % © ——420nm (x2)
o 0.12 ] 1N . = 1.0 440nm (x2)
2 < Mainly CDs| £ — & 6)
= 0_10-‘ * B \}_ . Excited 5 —532nm (x12)
5 0.08 ] ¥ £ 5.
5 0.06 | Mainly ‘i’ \\}\ i
C:5 0.04 1 Molecules Ty
1 0.02 4 Excited ¥ H
% 0.00 . : : . : 0.0 : . . :
300 350 400 450 500 550 320 400 480 560 640
Excitation Wavelength (nm) Wavelength (nm)

Figure 2- (A) Absorption spectrum of Cit-CDs (orange) and Arg-CDs (dark red) in water solution.
Colored arrows indicate excitation wavelengths, color coding is respected and is related to
excitation wavelength used for emission measurements. (B) Excitation wavelength dependence of
Cit-CDs emission. (C) Excitation wavelength dependence of PL QY for Cit-CDs and Arg-CDs.
Blue and red shadowed regions identify the leading contribution of different species (molecular

species and CDs). (D) Excitation wavelength dependence of Arg-CDs emission.

Excitation energy dependent properties are a puzzling question related to the wider topic of CDs
photoluminescence mechanism. Albeit complete agreement on the origin of this phenomenon is still
lacking, excitation-energy dependent emission is considered distinctive of CDs systems.
Possible explanations range from heterogeneity in sample composition to slow solvent relaxation
properties 3% 3% 3°, Recent work employing single molecule and anisotropy measurements revealed
the presence of different emitters within CDs emission band. 3*°* According to these papers, the

progressive red-shift of the emission band as the excitation wavelength is also tuned towards the red



(Fig. 2B and 2D) originates from the presence of different moieties/entities (for example aggregates
of specific moieties) characterized by an overlapping spectral distribution. When the excitation
wavelength is changed, different moieties/entities are excited to a different extent. In these works,
the authors still maintain that these entities are either embedded within the sp? carbon core of the

CDs or attached to its surface.

On the other hand, Yang demonstrated that a citrazinic acid derivative called IPCA is responsible
for the main optical properties of citric-acid based N-CDs ** 43, Within this framework, optical
properties of Cit-CDs should combine those of IPCA with the one of carbon cores.

Photoluminescence quantum yield (QY) is the ratio between the number of emitted and absorbed
photons, and is usually constant for a single emitting state/moiety. Instead, we observed excitation
energy dependence of QY, for both studied samples. In both Cit-CDs and Arg-CDs we observe QY
to be almost stable, when sweeping the excitation wavelength from 320nm to 380nm (Fig.2C). Yet
QY rapidly decreases above 440nm excitation. Albeit similar behavior in QDs was ascribed to hot-
exciton trapping >4, we suggest it to stem from the heterogeneous composition of CDs solutions (i.e.
in as-synthesized CDs both free molecules and nanometric sized carbon particles are present). One
photon absorption is shared between molecular and carbon core species, whereas their emission
efficiencies are different **. For instance, in Cit-CDs 520nm photons are not expected to excite
IPCA molecules and the resulting emission is assigned to carbon cores. *>* Similar results were
recently reported by Rogach, for Cit-CDs.> Noteworthy, the QY behavior of Arg-CDs is akin to
that of Cit-CDs. (A more thorough discussion on Arg-CDs solution composition is given in SI)

We took advantage of Fluorescence Correlation Spectroscopy (FCS) in order to confirm the
pivotal role played by free IPCA molecule in Cit-CDs and also to evaluate the origin of
fluorescence in the Arg-CDs systems.

FCS records fluorescence intensity fluctuations in femtoliter volumes *. A wide variety of

processes concur to these fluctuations and potentially give rise to structured curves at different time



scale. Among these, a pivotal role is played by translational diffusion of the luminescent species

0. We analyze the CDs fluorescence autocorrelation curve to

inside the investigated volume
estimate the diffusion coefficient of the emitting species and, from this, its average hydrodynamic
size. FCS curves for Arg-CDs and Cit-CDs (Fig.3) are typical of molecular entities and very
similar to the curve collected for the reference standard (Coumarin 503), whose chemical formula is

given in SI (curves are normalized to allow direct comparison).

FCS curves of Arg-CDs and Cit-CDs are fitted to the equation

y -y,
G(r):%(l+z_ij (Hsfrj : (1)

Where N is the number of molecule in focal volume and the characteristic time 7, is associated

with the diffusion coefficient D via relationz, = w,* /4D . S is the confocal shape factor, i.e. the
ratio between axial (z,) and lateral (w,) radius at which intensity is reduced by e factor. In

normalized FCS curves, N is set equal to 1. This model accounts for fluorescence intensity
fluctuation caused by translational diffusion of fluorophores, and well fits recorded curves (Fig.3).
Coumarin 503 is used as standard to determine the parameters wo and zo, which in turn are used to
obtain the hydrodynamic radius of CDs via Stokes-Einstein relation

_ 4kyTr),

R, = .
" 6w,

2)

Where ks is the Boltzmann constant, 7 is the laboratory absolute temperature, zp is the CD
diffusion time gained from fitting, and 7 is the solution viscosity.

FCS fitting outcomes reveal an average hydrodynamic radius of R, = 4.9 + 0.8 A for Cit-CDs
and Ry = 5.4 + 0.7 A for Arg-CDs (for details, see SI). These dimensions are typical of common
organic dyes. Notably, these estimates are also in agreement with the one of the IPCA molecule

found by Yang in Cit-CDs **. Consequently, we can unequivocally state that Arg-CDs and Cit-CDs



emission properties when excited in the 370-440 nm range are dominated by a “molecular” entity

with below-nm hydrodynamic radius.
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Figure 3- Normalized FCS curves for Cit-CDs (brown dots), Arg-CDs (orange dots), and Coumarin
153 (grey dots). Normalization allows direct comparison between diffusional times, fitting was
performed before normalization operation. FCS curves are fitted (solid lines) to the translational

diffusion model in Eq.1

Notably, FCS measurements performed at different excitation wavelength (370nm, 400nm, 440nm,
throughout the red region in Fig.2C) are very similar. We stress the fact that FCS results refer to
translational diffusion of emitting species. Therefore, emission under reported excitation
wavelengths is originated by free molecular species, having comparable diffusion coefficients.
FCS curves measured under 488nm excitation bolstered our interpretation of CDs heterogeneity.
We observe larger hydrodynamics radii at this excitation wavelength for both samples (Fig. SI_10).
This observation is consistent with both the dimensions of CDs found in TEM and the low QY
reported in Fig. 2C, and suggests that emission at these excitation wavelengths is dominated by
poorly emitting carbonaceous cores. A detailed discussion on excitation wavelength resolved FCS
is carried out in SI.

With the aim to investigate the carbon cores structure and their photophysics, we employed

TREPR technique with microsecond time resolution. Being selective and sensitive to paramagnetic
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species that are generated by photoexcitation, TREPR technique allows us probing the excited state
dynamics of those species that cannot be investigated using photoluminescence measurements. 48

The TREPR spectra (Fig. 4A and SI_11) of our samples show broad bands (about 100 mT) with
an emissive/absorptive character and a decay time of about 20 ps, all features typical of
photoexcited triplet states.51
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Figure 4— (A) Two-dimensional TREPR spectrum of Cit-CD acquired after 532 nm laser pulse. (B,
C) One-dimensional TREPR spectra taken at 1us after a 532 nm or 355 nm laser pulse of Arg-CD
and Cit-CD (brown lines) and best fit spectral simulations (blue lines). The measurements were

performed at 130K. Abs = Absorption, Em = Emission.

The generation of excited triplet states is a process competitive with the emission from excited
singlet. The detection of triplet states therefore is to be attributed to some non-fluorescent
components in the CDs samples. From best-fit spectral simulation of TREPR acquired using 532
nm radiation (Fig. 4B), we obtain the Zero Field Splitting (ZFS) parameters D and E, defining the
magnetic dipolar interaction between the two electrons of the triplet state. The D parameter is
related to the mean distance between the two unpaired electrons, whereas the E parameter defines
the deviation from axial symmetry of the triplet state wavefunction. Simulated values are
D=1380MHz for both CDs and E=250MHz and 310MHz, for Arg-CDs and Cit-CDs, respectively.

In order to have a hint of the spatial delocalization of the carbon cores triplet wavefunctions, it
can be useful to compare their D values with those of some aromatic or hetero-aromatic species.

This comparison suggests that CDs excited triplet state is delocalized on molecular structures

11



composed of approximately 4-5 aromatic rings.”> These dimensions are not compatible with the
hydrodynamic radii estimated by FCS in 370-440nm excitation interval. Therefore, TREPR further
demonstrates the presence of different entities within CDs solutions. The estimated delocalization
of the triplet wavefunction on sp?> domains suggest the presence of aromatic domains within cores
of dimensions larger than about 2 nm, as measured by TEM and by FCS at 488nm excitation. The
identification of aromatic fragments within the CD is in agreement with the description of CDs

carbon cores suggested by Feldmann 33

who demonstrated the presence of polyaromatic
hydrocarbon (PAH) domains embedded in a sp’-hybridized carbon matrix. The large
inhomogeneous broadening observed in TREPR spectra is a possible consequence of the size and
local environment heterogeneity of aromatic domains.

Further insight on the photo-physics and the structure of the carbon cores is provided by TREPR
measurements using 355 nm excitation (Fig. 4C). TREPR spectra of both samples show a
photoexcited triplet signal much broader than those observed using visible photoexcitation (Fig.
4B). The simulation yields D and E values (D= 2100 and 1900 MHz, E=500 and 400 MHz
respectively for Arg-CDs and Cit-CDs) compatible with aromatic domains composed of smaller
aromatic units extending for about three condensed aromatic rings.>* This is again compatible with
the results of Feldmann® and indicates that using different excitation wavelengths, different
aromatic domains are excited.

Considering the complete picture emerging from our observations, small photo-luminescent
molecules free in solution are mainly responsible for the emissive properties of CDs systems, in
320-450nm excitation range. On the other hand, excitation above 480nm allows observing almost
selectively carbon cores. These photophysical entities display lower QYs and bulkier
hydrodynamics radii, consistently with TEM micrographs results. Moreover, by TREPR we delve
into their structure: aromatic domains embedded within the carbon cores are responsible for the

generation of long-living excited triplet states. The presence of such triplets is consistent with

recorded low QY.
12



The combination of optical and magnetic spectroscopies reveals the complex nature of the
system, made up of different species, presenting non-homogeneous photo-physics. In agreement
with recently reported PL anisotropy measurements >*, different emitters concur to the puzzling and
unusual emission of CDs.

In conclusion, FCS and TREPR showed that the CDs systems synthesized by us behave as a
multiple facet entities, often switching through the borders separating single molecules and
nanomaterials. According to this picture, for our CDs we could devise applications in catalysis or
photodynamic therapy. Their use as fluorescent tracers must take into account that luminescence
mainly originates from free small molecules dispersed in solution: consequently, those molecules,
rather than carbon cores, will label biological substrates.

The outreach of our results is inherently limited to the samples investigated in this work, i.e.
microwave assisted one-pot CDs synthesis. Nevertheless, the resemblance of optical and structural
properties suggests a potential extension of these results to CDs from different synthetic routes.
Further experimental work is currently underway to test this hypothesis. Dealing with this
complexity, we want to remark how FCS and TREPR, two unconventional techniques, can lend a

precious hand to investigate the properties of pristine and chemically functionalized CDs.
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