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ABSTRACT: The emission of a bright blue fluorescence is a unique
feature common to the vast variety of polymer carbon dots (CDs)
prepared from carboxylic acid and amine precursors. However, the
difficulty to assign a precise chemical structure to this class of CDs yet
hampers the comprehension of their underlying luminescence
principle. In this work, we show that highly blue fluorescent model
types of CDs can be prepared from citric acid and ethylenediamine
through low temperature synthesis routes. Facilitating controlled
polycondensation processes, the CDs reveal sizes of 1−1.5 nm
formed by a compact network of short polyamide chains of about 10
monomer units. Density functional theory calculations of these model
CDs uncover the existence of a spatially separated highest occupied
molecular orbital and a lowest unoccupied molecular orbital located
at the amide and carboxylic groups, respectively. Photoinduced
charge transfer between these groups thus constitutes the origin of the strong blue fluorescence emission. Hydrogen-bond-
mediated supramolecular interactions between the polyamide chains enabling a rigid network structure further contribute to the
enhancement of the radiative process. Moreover, the photoinduced charge transfer processes in the polyamide network
structure easily explain the performance of CDs in applications as revealed in studies on metal ion sensing. These findings thus
are of general importance to the further development of polymer CDs with tailored properties as well as for the design of
technological applications.

■ INTRODUCTION

Fluorescent carbon dots (CDs) are a unique class of spherical
nanometer sized objects contributing to the most recent
advances in the fields of sensors,1−6 biosensors,7−10 bioimag-
ing,11−14 drug delivery,15−18 light emitting devices,19,20 and
photocatalysis.21,22 Apart from their high fluorescent quantum
yields, their use in diverse applications is based on their facile
fabrication and a broad set of cheap precursor materials, their
water solubility, low toxicity, and good biocompatibility, as
well as their favorable energy and charge transfer properties.
Unfortunately, the polydispersity of the CD products and the
difficulty to ascertain a precise chemical structure yet
undermine the comprehension of the underlying general

fluorescence phenomena and also hinder the design of
advanced CDs with tunable optical properties.
The synthesis of fluorescent CDs by common bottom-up

approaches involves the polymerization/cross-linking of
organic molecules and/or polymers at high temperature in
hydrothermal or microwave-assisted reactions.23−25 The
formation process resembles a dehydration and condensation
process among the abundant functional groups of the
precursor materials, whereby the resulting polymer CDs are
composed of mixtures of molecules, oligomers, polymer chains,
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and polymer clusters, which even may show a certain degree of
carbonization, depending on the starting reagents and the
synthesis conditions.26,27 Random reaction processes thus
contribute to the vast number of CD products available.
However, despite their large variety and uncertain chemical
structure, all of these types of CDs reveal a unique blue
fluorescence emission as a common unifying feature.
Part of the recent studies relate the fluorescence of CDs to

the detection of conjugated fluorophores, such as IPCA
(1,2,3,5-tetrahydro-5-oxo-imidazo[1,2-α]pyridine-7-carboxylic
acid),28−30 derivatives or citrazinic acid,31,32 or pyridine-like
structures.33,34 On the other hand, the group of B. Yang put
under closer scrutiny the polymeric structure of the CDs. The
observation that also nonconjugated polymers cause a bright
photoluminescence, regardless of the presence of other
emissive sources such as molecular fluorophores or a carbon
core, was ascribed to the so-called cross-link enhanced
emission (CEE) effect.24,35−39 Here the rigidity of the polymer
network, achieved by cross-linking, aggregation, or immobiliza-
tion, decreases the vibrational and rotational freedom of
subfluorophores such as CO, NO, and CN heter-
oatom-containing double bonds, facilitating their radiative
relaxation. Nevertheless, the exact nature of these subfluor-
ophores and their role in the optical properties of non-
conjugated polymer CDs is not well understood yet, mainly
due to the lack of studies focusing on the synthesis of CDs to
which a precise chemical structure can be assigned.
The aim of this work is to unambiguously identify the origin

of the blue fluorescence, commonly observed in non-
conjugated polymer CDs. To this end, model types of blue
fluorescent CDs with a well-defined structure, consisting of
commonly employed carboxylic acid and amine functional
groups, are synthesized. Citric acid and ethylenediamine are
chosen as rather simple precursor molecules, and three
synthesis routes are designed to establish a polycondensation
process resulting in amide bond formation while avoiding
undesired side-reactions. This includes low temperature
microwave assisted reactions controlling reaction time and
reactive groups, as well as a novel yet unexplored room-
temperature synthesis route, exploiting reactions based on
carbodiimide chemistry. All three routes produce highly blue
emitting fluorescent polymer CDs of 1−1.5 nm. A complete
characterization of their chemical structure by a broad set of
methods reveals the formation of a compact network of short
polyamide chains of about 10 monomer units. Density
functional theory (DFT) analysis of the ground and excited

states of these model polymer CDs discloses the existence of
spatially separated highest occupied (HOMO) and lowest
unoccupied (LUMO) molecular orbitals located at the amide
and carboxylic moieties, respectively. Photoinduced charge
transfer between these groups thus constitutes the origin of the
strong luminescence behavior, further assisted by hydrogen-
bond-mediated supramolecular interactions of the entangled
polyamide chains. Finally, studies on the use of polymer CDs
for metal ion sensing further confirm that their performance is
a direct consequence of the supramolecular polyamide network
structure and the photoinduced charge transfer processes
between spatially separated amide and carboxylic groups.

■ RESULTS AND DISCUSSION

Citric acid (CA) and ethylenediamine (EDA) in a 1:1 ratio
were chosen as starting materials for the synthesis of CDs1.
The fluorescent nanoparticles were obtained by microwave
irradiation at 140 °C for 3 min (see the Experimental Section).
A preliminary study shows that an increase of the reaction time
in the considered range does not produce any change on the
size, structure, and optical properties of the product (see the
Supporting Information for details, Figures S1−S10 and Tables
S1−S3). During the synthesis of CDs1, the amide bond
formation is expected. The amidic condensation between CA
and EDA thus could be considered as a sufficient condition for
obtaining fluorescent CDs. In order to investigate the role of
the amide bond in the formation of the fluorophore, two more
syntheses of CDs were carried out. Keeping in mind that the
CA reactivity is not only determined by the acid moieties but
also by the presence of the hydroxyl group, which at high
temperature could lead to unpredictable products, CA was
replaced by tricarballylic acid (TA). While this leaves
unaffected the plausible formation of the amide bonds, it
ensures that reactions involving the hydroxyl group are
excluded. Thus, in a process equivalent to the synthesis of
CDs1, the nanoparticles CDs2 were obtained from a water
solution of TA and EDA 1:1 under microwave irradiation (see
the Experimental Section). The reaction temperature is an
additional decisive parameter to keep under control the
synthesis, since high temperatures enable a wider range of
reaction pathways and reorganization processes. Therefore, a
third material was prepared at room temperature, exploiting
carbodiimide chemistry. Here the coupling agent N,N′-
diisopropylcarbodiimide was employed to selectively catalyze
the condensation of CA and EDA (1:1 molar ratio) at room
temperature (see the Experimental Section) affording as

Figure 1. (top) Reaction of EDA with CA through two synthetic pathways to form CDs1 and CDs3. (bottom) Reaction of EDA with TA to form
CDs2. (right) Photographs of CDs1, CDs2, and CDs3 in solid and in water solution (0.5 mg/mL), with and without UV irradiation.
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product CDs3. Analyses of the three CD samples by atomic
force microscopy (Supporting Information, Figure S11),
dynamic light scattering (Supporting Information, Figure S12
and Table S4), and diffusion ordered spectroscopy (Support-
ing Information, Figure S13) reveal in all of the cases the
formation of nanoparticles with sizes between 1 and 1.6 nm.
Interestingly, all CD samples show a bright blue emission when
irradiated by UV light (Figure 1).
The optical properties of CDs1, CDs2, and CDs3 were

studied by UV/vis spectroscopy (Figure 2a), steady state

photoluminescence spectroscopy (Figure 2b), and time-
resolved photoluminescence spectroscopy (Supporting In-
formation, Figure S14). A peculiar absorption band in the
range 350−390 nm appears in the UV/vis spectra of the three
types of CDs, which is directly related to the photo-
luminescence emission. In fact, the maximum emission
intensity, found at 445 nm for CDs1 and CDs3 and at 470
nm for CDs2, is achieved by exciting exactly in the same region
(360−390 nm depending on the CDs sample, see Figure 2b).
Remarkably, emission spectra of CDs1, CDs2, and CDs3
taken at different excitation wavelengths do not reveal a
wavelength dependency (Supporting Information, Figure S15).
Although small shifts of the maximum position are found
between the different types of CDs, their absorbance,
excitation, and emission are highly comparable and can be
related to the same radiative process. The calculated
photoluminescence lifetimes are also similar, being 14.7 ns
for CDs1, 11.5 ns for CDs2, and 10.4 ns for CDs3. The fast
lifetimes indicate that the radiative relaxation occurs by means
of fluorescence. The quantum yield is very high for CDs1,
reaching 64%, and yet still remarkable in CDs2 (7%) and in
CDs3 (13%) (Supporting Information, Figure S16). The
higher quantum yield of CDs1 and CDs3 with respect to
CDs2 should be related to the presence of the hydroxyl group.
In fact, even if not directly involved in the fluorescence
emission itself, the ability of this group to form H-bonds may
contribute to provide enhanced rigidity to the polymer
structure and thus assists to suppress nonradiative decay
channels.

The optical properties of CDs1−CDs3 are very similar to
those obtained from different amine and carboxylic acid
p r e c u r s o r s , a s r e p o r t e d i n t h e l i t e r a -
ture.3,5,6,11,12,14,19,26,31,33,34,40−51 This coincidence implies a
common principle behind the optical properties, suggesting the
involvement of amides, amines, and carboxylic acids.
Consequently, any alteration of the polymer conformation
thus should lead to a modification of the fluorescence behavior.
Therefore, absorbance and emission measurements of CDs1 at
various pH values were performed. A highly basic solution of
CDs1 (pH > 14) was treated dropwise with a HCl solution up
to pH < 1. A sudden decrease in the absorbance and the
emission of CDs1 is observed between pH 5 and pH 3 (Figure
2c and Supporting Information, Figure S17a,b). Switching the
pH between basic and acidic conditions, a reversible loss of
fluorescence intensity is detected, even during several cycles
(Figure 2d and Supporting Information, Figure S17c,d). These
facts, ascribable to the carboxylic acid protonation−deproto-
nation, underline the role of H-bonds and/or electrostatic
forces in the interaction originating the fluorescence.
In order to shine light on the chemical interactions behind

the fluorescence, a detailed structural characterization of
CDs1, CDs2, and CDs3 was performed by means of elemental
analysis, infrared spectroscopy, nuclear magnetic resonance
spectroscopy, and X-ray photoelectron spectroscopy.
Results of elemental analyses of CDs1 and CDs3

(Supporting Information, Figure S17 and Table S5) match
with a formula of C8H12N2O5, indicating that a stoichiometric
copolymer is formed by condensation of CA and EDA in a 1:1
molar ratio. The same correspondence is found for CDs2,
revealing a stoichiometric formula of C8H12N2O4 (Supporting
Information, Figure S18 and Table S5). These facts provide a
good starting point for the understanding of the chemical
structure of the formed CDs.
In the IR spectrum of CDs1 (Figure 3a), the typical CO

stretching mode of the carboxylic group splits in two bands.
The band at 1710 cm−1 reflects the carboxylic acid involved in
a H-bond, while the band at 1780 cm−1 is the free form. The
former exhibits a significantly higher intensity than the latter
one. This indicates that almost all of the carboxylic groups are
involved in H-bonds. The amide vibrational modes I and II are
found at 1653 and 1560 cm−1, respectively. Their shifted
position is comparable to the peptide bond vibrational modes
and reflects the amide participation in H-bonds that increases
the rigidity of the polymer.52,53 More features such as OH
and NH stretching and CO and CN stretching are
observed at 3500−2900 cm−1 and 1438, 1402, and 1341 cm−1,
respectively. Therefore, IR spectroscopy reveals that the
structure of CDs1 encompasses a high involvement of H-
bonds and ionic supramolecular interactions that contribute to
enhance the rigidity of the system. Identical considerations
apply to the cases of CDs2 and CDs3, which both exhibit very
similar IR profiles.
The X-ray photoelectron spectroscopy (XPS) results of

CDs1, CDs2, and CDs3 (Figure 3b) fit very well with the
presence of the above-described structural features. The C 1s
peak was deconvoluted into five contributions (Figure 3c), the
CC (284.9 eV), CN (285.7 eV), COH (286.3 eV,
absent in CDs2), NCO (286.8 eV), and COOH
(288.2 eV). The O 1s peak consists of three components
corresponding to amide (531.7 eV), carboxylic acid (532.2
eV), and hydroxyl group (533.0 eV) (Supporting Information,
Figure S19a−c). The N 1s peak is the sum of the amide (399.4

Figure 2. (a) UV/vis, (b) excitation and emission spectra of CDs1
(black), CDs2 (blue), and CDs3 (red). (c) pH dependence of the
CDs1 fluorescence emission at 450 nm (ex = 370 nm). (d)
Fluorescence emission of CDs1 switching repeatedly the pH from
basic to acidic conditions and vice versa.
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eV) and the amine contribution (400.1 eV) (Supporting
Information, Figure S19d−f).
Proton (1H) and carbon (13C, APT: attached proton test)

standard NMR experiments as well as two-dimensional
correlation experiments, 1H−13C HSQC (heteronuclear
single-quantum coherence) and 1H−13C HMBC (heteronu-
clear multiple-bond correlation), of the CDs were measured in
D2O and allowed to gather determinant information about the
chemical structure and connectivity. In Figure 3d and e, a
comparison of the 1H and 13C{1H} APT NMR spectra of
CDs1, CDs2, and CDs3 is shown. Despite the differences in
the synthesis methods, the NMR profiles of CDs1 and CDs3
are remarkably similar, showing that in both cases the same
type of polymer structure is obtained. The NMR spectra of
CDs2 are also highly comparable, taking into account the
differences due to the absence of the hydroxyl group. Merging

the information obtained from all of the NMR experiments,
the chemical structure of CDs1, CDs2, and CDs3 is
unambiguously identified as a nonconjugated polymer
consisting of the product of condensation of CA and EDA
for CDs1 and CDs3 and of TA and EDA for CDs2. The
detailed analyses of all spectra for CDs1, CDs2, and CDs3 as
well as the full assignment of all peaks are provided in the
Supporting Information (Figures S20−S22). The comparison
of the NMR spectra also proves that unassigned minor
features, specific to each of the employed synthetic routes, are
not common to all of the samples, and thus cannot form the
basis of the fluorescent behavior. Furthermore, NMR experi-
ments provided valuable information regarding the conforma-
tion of the polymeric dots. In the 1H NMR spectra, the sharp
line shape of the peaks (singlets and triplets) strongly suggests
a compact and static structure, in fast motion with respect to

Figure 3. (a) IR spectra and (b) XPS survey of CDs1 (black), CDs2 (blue), and CDs3 (red). (c) C 1s spectra of CDs1 (top), CDs2 (center), and
CDs3 (bottom). (d) 1H NMR and (e) 13C{1H} (APT) NMR of CDs1 (black), CDs2 (blue), and CDs3 (red). (f) Chain isomers for the signal
attribution of (top) CDs1, CDs3, and (bottom) CDs2.
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the time of response of the technique. The 1H−13C HSQC
spectra (Supporting Information, Figures S19c, S20c, and
S21c) show that the methylene carbons couple with a rather
condensed set of proton signals. The high density of sharp
signals is related to the variety of static chemical environments
that surrounds these protons and can be explained with the
presence of various chain isomers of the repetitive unit that
coexist in the polymer, as well as with the existence of different
ionized forms. These data highlight the branched and rigid
conformations of the polymeric CDs.
In order to achieve a deeper understanding of the structure

and photoluminescence of these nanoparticles, DFT calcu-
lations have been performed on the basis of the CDs1 and
CDs3 polymeric [C8H12O5N2]n units (see the Supporting
Information for details). For the analysis of the structural
features that may be responsible for the CEE effect, clusters of
different size have been studied, in particular the dimer (n = 2),
octamer (n = 8), and decamer (n = 10). The latter is a good
approximation of the CDs1 real chain, whose molecular mass
was measured to be 2300 Da by size exclusion chromatography
(SEC/RI, Supporting Information, Figure S4), while the
polymeric unit weighs 216 Da. The optimized structures
show that the main characteristic is a very intricate network
due to the establishment of both intra- and intermolecular
hydrogen bonds. In Figure 4a, two dimeric chains (n = 2) are

represented exhibiting a clear degree of entanglement, both
within and between chains. In Figure 4b is represented one
decameric chain (n = 10) that also shows a highly intricate
structure due to the intramolecular hydrogen bonding (HB).
This feature is reflected in the size of the nanoparticle. The
calculated diameters are 1.564 and 1.670 nm for the octamer
and the decamer, respectively, in good agreement with the
particle size measured experimentally.
As has been previously mentioned, this aggregation of the

chains is responsible for the enhancement of the fluorescence
in these systems, due to a restriction of the vibrational or
rotational degrees of freedom that may favor a nonradiative
relaxation. In order to corroborate this statement, the optical
properties of four representative systems have been calculated,
namely, three dimers and one octamer. The first dimer has
only one chain, while the others comprise two dimeric chains
to generate two conformers, where either the intramolecular or
the intermolecular HB is favored. The use of one or two

chains, as well as two different conformers, allows studying the
influence of the intra- and intermolecular interactions
independently. The octamer has been used in order to relieve
the computational effort. In Table 1 are gathered the
absorption and emission energies and the corresponding
wavelengths.

It is observed that the four models absorb in the UV, with
wavelengths in the range λabs = 239−269 nm. The nature of the
transition has been characterized by the analysis of the
molecular orbitals involved, which is depicted in Figure 4c and
d for the dimer, in order to facilitate the visualization. The
HOMO has its main contribution from the amide moiety
(−CONH−), while the LUMO is centered in the carboxylic
groups (−COOH) and it is from HOMO to LUMO where
excitation takes place. This means that HOMO and LUMO
molecular orbitals are confined at very specific sites, that they
are well separated, and that the fluorescence is a charge transfer
process. This process is enhanced for the large models due to
the sum of all local charge transfer processes occurring in each
amide−carboxyl pair of the chain. Experimental evidence for
these findings is provided by the results of our photo-
luminescence studies. First, the large Stokes shift of about 1 eV
(see Figure 2b) should be related to a considerable change in
the dipole moment between ground state and excited state,
being consistent with the typical photoinduced charge transfer
mechanism.54−57 Second, the protonation dependency of the
emission intensity (see Figures 2c and S17) reveals the
important role of the carboxylic acids in the fluorescence
process: They affect the rigidity of the overall polymer network
structure via hydrogen bonding or electrostatic interactions, as
discussed above. Concomitantly, they act as electron acceptors
in the charge transfer process. The observation of a strong
decay of the fluorescence in an acidic environment is a
consequence of the weakening of the carboxyl acid intra-
molecular interactions, which create the emitting state (see
Figure 4c,d). On the contrary, strengthening the carboxylic
intramolecular chain interactions, as obtained under neutral
and basic conditions, leads to the recovery of the carboxylic
acid intramolecular chain interactions, favoring charge transfer
and the fluorescence process.
Regarding the emission, a striking behavior is found. Both

the dimer with one chain and that with two chains where the
main interaction is the intramolecular HB show transitions that
are remarkably red-shifted. In fact, the emission takes place in a
region where the singlet excited state and the ground state
potential energy surfaces cross, known as internal conversion
(IC), involving a nonradiative relaxation and, hence, no
fluorescence will be observed.
Considering the dimer with two chains, in which the

intermolecular HB is favored, a clear red shift of the emission
energy is observed with respect to the absorption, arising from
a singlet excited state well separated from the ground state
(1.8317 eV above the ground state). This emission takes place
in the visible region (λem = 676.9 nm). These results suggest

Figure 4. Optimized molecular structures of (a) two dimer (n = 2)
chains and (b) one decamer (n = 10) chain. (c) HOMO and (d)
LUMO molecular orbitals involved in the fluorescence phenomenon.

Table 1. Absorption (Eabs) and Emission (Eem) Energies

Eabs (eV) Eem (eV)

dimer (one chain) 5.1811
dimer of two chains (HB intramolecular) 4.8794
dimer of two chains (HB intermolecular) 5.1382 1.8317
octamer 4.6142 1.9602
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that, in a small chain like a dimer, the cross-link generated by
the intramolecular HB is not enough to avoid the nonradiative
relaxation by vibration or rotation of the chain, and the main
confinement is exerted by the intermolecular interactions.
Nevertheless, this prominent feature disappears when longer
chains are considered and a larger number of intramolecular
interactions are allowed. Thus, inspecting the results for the
octamer (single chain), a similar red shift is observed and the
emission also takes place in the visible (λem = 632.5 nm). This
means that the intramolecular cross-link is strong enough to
hinder the vibration and rotation of the chain, and fluorescence
is observed. At this point, it is worthwhile to outline that the
theoretical calculations are based on simplified models, which
do not take into account several effects of experimental
relevance, such as polymer branching, influence of additional
chains, and solvent effects, nor those related to the presence of
free amines or charged states. These parameters contribute to
enhance the rigidity of the polymer and thus may lead to
further important down shifts of the calculated emission
wavelengths toward the blue wavelength range. Importantly,
despite quantitative shortfalls, our models yet provide a solid
base to qualitatively explain the origin of the fluorescence of
the CDs.
The identification of charge transfer processes between well-

defined and spatially separated functional groups as the origin
of the fluorescence in polymer CDs now provides a powerful
toolbox toward an improved understanding of their use in
technological applications. This is demonstrated at hand of
studies on the sensing of metal ions in aqueous solutions. To
this end, the fluorescence of an aqueous solution of CDs3 (0.4
mg/mL) was measured in the presence of several types of
metal ions at a concentration of 1 mM. A high affinity (i.e.,
high quenching rate) toward Fe3+, Cu2+, and Hg2+ and other
types of metal ions to a lower content is observed (Figure 5).

Similar results were obtained for CDs1 and CDs2, which are
also in agreement with those observed for CDs of unknown
chemical structure.58−60 These findings clearly confirm that the
high sensitivity can be ascribed to the common chemical
structure of polymer CDs. In fact, the same groups identified
to be involved in the charge transfer process can act also as
chelating agents, in a similar way to EDA, EDTA, and citrate.
Carboxylic acids, amides, and amines are therefore interacting
strongly with the metal ions and the binding provides favorable

nonradiative relaxation pathways, which compete with the
intramolecular charge transfer process and drastically reduce
the photoluminescence emission. This study not only proves
the existence of photoinduced charge transfer processes
between spatially separated amide and carboxylic moieties in
polymer CDs, but it also explains how to successfully exploit
this mechanism in other types of applications of technological
relevance.

■ CONCLUSIONS
The synthesis of blue fluorescent model polymer CDs was
obtained from CA and EDA as well as from TA and EDA by
microwave irradiation and from CA and EDA by a novel
coupling-agent-mediated condensation at room temperature.
The optical features of the three types of model CDs of 1−1.5
nm in size are remarkably similar, suggesting that the
copolymerization of the reagents by amide bond is a sufficient
condition for the formation of the fluorophore in polymer
CDs. This hypothesis was further confirmed by a detailed
structural characterization of the materials, which revealed that
the presence of H-bonds and electrostatic interactions goes
along with the high conformational rigidity of the polymeric
chain. DFT and time dependent density functional theory
(TDDFT) calculations of the octamer of this structure indeed
show that supramolecular H-bond-mediated interactions cause
the rigid entanglement of the chains, hindering vibration and
rotation, and facilitate the radiative relaxation process. Finally,
the amide and the carboxylic groups are recognized as the
moieties which respectively provide the main contribution to
the HOMO and LUMO molecular orbitals. Photoinduced
charge transfer between these spatially separated groups,
assisted by H-bond-mediated supramolecular interactions in
the entangled polyamide network, therefore is identified as the
origin of the fluorescence phenomena in polymer carbon dots.
We believe that this single emitter type process provides a
universal explanation for the CDs’ blue fluorescence observed
in the vast and increasing amount of reports where these
nanoparticles are prepared from carboxylic acids and amines.
However, this process becomes masked by the contribution of
additional fluorescent emitters, typically obtained when
employing harsher conditions, resulting in an excitation
dependent emission behavior. Our finding of a unifying
principle so far well explains the performance of polymer
CDs in existing technological applications. Moreover, it paves
the way to exploit novel synthetic bottom-up routes to obtain
polymer CDs with tailored properties uncovering yet
unexploited opportunities.

■ EXPERIMENTAL SECTION
Materials. Citric acid anhydrous (≥99.5%), tricarballylic acid

(99%), ethylendiamine (99+%), N,N′-diisopropylcarbodiimide
(99%), nickel(II) nitrate hexahydrate (98.5%), iron(III) chloride
(97%), cobalt(II) nitrate hexahydrate (98%), zinc(II) chloride
(≥97%), magnesium(II) nitrate hexahydrate (99%), calcium(II)
chloride dihydrate (99%), copper(II) nitrate hemi(pentahydrate)
(98%), lead(II) nitrate (≥99%), and mercurium(II) nitrate hydrate
(98%) were used without further purifications. Dialysis tubes with a
molecular weight cutoff (MWCO) of 0.5−1 kDa were bought from
Spectrum Laboratories.

Synthesis. Synthesis of CDs1. A 2.0 g portion of citric acid
monohydrate (9.5 mmol, 1 equiv) was dissolved in 15 mL of
ultrapure water. Upon addition of 0.64 mL of EDA (1 equiv), the
solution was heated up to 140 °C through microwave irradiation
(stirring, open batch), provoking the evaporation of the water. The

Figure 5. (a) Emission spectra of a CDs3 water solution in the
presence of 1 mM concentration of Mg2+, Ca2+, Fe3+, Pb2+, Ni2+, Cu2+,
Ag2+, Zn2+, Co2+, and Hg2+. (b) Relative fluorescence intensity of
CDs3, where I and I0 are the intensities in the presence and absence
of the metal ions.
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temperature was kept constant for 1 min; after that, the irradiation
was stopped and the mixture redissolved in 10 mL of water. The same
process was repeated two more times, for a total of 3 min at 140 °C.
The solid product was diluted with ultrapure water, filtrated through a
0.45 μm PTFE membrane, and dialyzed against ultrapure water
(MWCO = 0.5−1.0 kDa, 3 days, twice a day), yielding a brownish
powder with a yield in mass of 35%.
Synthesis of CDs2. A 2.0 g portion of tricarballylic acid (11.4

mmol, 1 equiv) was dissolved in 15 mL of ultrapure water. Upon
addition of 0.76 mL of EDA (1 equiv), the solution was heated up to
140 °C through microwave irradiation (stirring, open batch),
provoking the evaporation of the water. The temperature was kept
constant for 3 min; after that, the irradiation was stopped and the
mixture cooled down. The solid product was diluted with ultrapure
water, filtrated through a 0.45 μm PTFE membrane, and dialyzed
against ultrapure water (MWCO = 0.5−1.0 kDa, 3 days, twice a day),
yielding a brownish powder with a yield in mass of 27%.
Synthesis of CDs3. A 1.0 g portion of anhydrous citric acid (5.2

mmol, 1 equiv) was dissolved in 5.0 mL of DMF. The solution was
cooled in an ice bath, and 2.6 mL of diisopropyl carbodiimide (DIC, 3
equiv) was added. Subsequently, 0.35 mL of EDA (1 equiv) in 5 mL
of water was slowly added and the reaction was stirred for 30 min at
room temperature, during which the mixture turns its color from
slightly yellow to red. The filtered reaction was stopped by adding
slowly during a time of 3 h a NaOH solution at pH 10, until no
formation of DIC−urea precipitate was observed. The crude was
diluted in ultrapure water, filtered, and washed with ethyl acetate.
During these operations, the coupling agent urea byproduct, in the
form of a white precipitate, was removed. The water phase was
dialyzed against ultrapure water (MWCO = 0.5−1.0 kDa, 3 days,
twice a day). The dry product was obtained by freeze-drying, with a
yield in mass of 29 wt %. It appears as a brownish powder.
Metal Sensing. A 5 mM aqueous solution of the metal was

prepared. A water solution of 0.5 mg/mL of CDs3 was prepared. One
mL of the metal solution was mixed with 4 mL of the CDs solution,
and the fluorescence emission was measured. The blank was prepared
adding 1 mL of water in the place of the metal solution.
Instruments and Characterization. The microwave-assisted

reaction was performed in a CEM Discover SP reactor employed in
open-batch modality. Atomic force microscopy (AFM) images were
acquired in air under ambient conditions using a NT-MDT Aura
NTEGRA instrument operating in tapping mode at 110 kHz
resonance with Au tips HA_NC ETALON (10 nm curvature radius).
Samples were prepared on silica substrates by drop casting of diluite
water solutions. Particle height distribution analysis was carried out by
using the Gwyddion software. Size exclusion chromatography was
performed on a system composed by a pump (Izasa Scientific),
automatic injector (Izasa Scientific), PL aquagel column OH-mixed-H
(Agilent), and refractive index detector T-REX (Wyatt Technology).
The mobile phase (0.1 M sodium acetate) was flowed at 1 mL/min at
35 °C. For the calibration, PEO/PEG polymers were used in the
range 1970−44400 g/mol. The samples were dissolved in the mobile
phase at a concentration around 1 mg/mL. The dynamic light
scattering (DLS) measurements were recorded on a Malvern Nano
Zetasizer HT, on a 10 mm path-length plastic cuvette. Elemental
analyses were performed in a Thermo Flash EA 1112 instrument with
∼3 mg of powder samples. Infrared absorption measurements were
performed on powder samples pressed with KBr into pellets with a
Bruker Vertex 70 spectrometer. 1H and 13C NMR spectra were
recorded in D2O solutions at 25 °C on a Bruker AV500 spectrometer
(δ in ppm and J in Hz) at a 1H NMR operating frequency of 500.13
MHz. 1H and 13C NMR spectra were referenced using the solvent
signal as an internal standard. The assignment of the 1H NMR signals
and the corresponding 13C NMR peaks was carried out using standard
1H−13C edited-HSQC and 1H−13C HMBC (JHC = 8 Hz) 2D
experiments. The determination of the diffusion coefficients D (m2/s)
was performed at controlled temperature (300 K) in spinning
solutions of the corresponding compounds in D2O (concentrations
about 2 mM). The values of delta (δ) and delta (Δ) were optimized
for each sample. In the case of δ, the values found were in the range

1.7−2.0 ms, while, for Δ, the optimized values ranged from 0.17 to
0.20 s. X-ray photoelectron spectroscopy (XPS) measurements were
taken with an ESCAPlus spectrometer using a Mg anode (1253.5 eV)
and a power of 225 W. XPS data analysis was performed with casaXPS
software. UV/vis absorption spectra were recorded on a Shimadzu
UV-2401 PC spectrophotometer. Photoluminescence excitation and
emission spectra were recorded on a Horiba Jobin Yvon Fluoromax-P,
slits of excitation and emission at 1 mm. All of the spectra were
recorded at room temperature using a 10 mm path-length quartz
cuvette. Picosecond time-resolved fluorescence spectra were meas-
ured by the time-correlated single-photon-counting (TCSPC)
method on a Nano-Log spectrofluorometer (Horiba JobinYvon), by
using a laser diode as an excitation source (NanoLED, 375 nm) and a
UV−vis detector TBX-PMT series (250−850 nm) by Horiba
JobinYvon. Lifetimes were evaluated with the DAS6 Fluorescence-
Decay Analysis Software.
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