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EDTA-bonded multi-connected carbon-dots and
their Eu>* complex: preparation and optical
properties
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EDTA-bonded multi-connected carbon-dots (EDTA-C-dots) were prepared from carbon dot precursors
and complexed with Eu®* to give Eu**-coordinated EDTA-bonded multi-connected carbon dots (Eu—
EDTA-C-dots). Whereas EDTA-C-dots were readily soluble in DMSO, Eu—-EDTA-C-dots could not be
easily dissolved in DMSO, water, or other common organic solvents. The newly prepared materials were
thoroughly characterized. The X-ray diffraction results showed that no crystalline phase of Eu oxides
(europium oxide or europium hydroxide) could be observed in Eu-EDTA-C-dots. The infrared and UV-
Vis spectra showed that coordination with Eu** ions did not damage the structure of the EDTA-C-dots.
It was found that EDTA could be easily grafted on the surface of carbon dots and EDTA had minimal
influence on the photoluminescence of the carbon dot matrix. In contrast, the existence of Eu* ions
strongly quenched the photoluminescence of Eu-EDTA-C-dots. The measured and fitted decay lifetime
indicated that Eu-EDTA-C-dots possessed two photoluminescence decay processes, i.e., radiative
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1 Introduction

Carbon dots (C-dots) include all kinds of fluorescent carbon
nanoparticles having a particle diameter of <10 nm. The term
was first proposed in 2006 by Sun et al.* and received escalating
attention in the subsequent decade.”® Carbon dots have been
successfully exploited as optical materials in diverse applica-
tions, e.g., in studying cytotoxicity and biocompatibility,”® bio-
imaging,*'>" drug delivery,">™** photocatalysis,'® photothermal
therapy,"”™ photocurrent and photovoltaics,**** metal ion
detection,>***' H,0, detection,** etc.

The detection of metal ions with C-dots, as a kind of prom-
ising fluorometric nanosensor, has been investigated exten-
sively.>?>?* For instance, the detection of Fe*", Hg*", and Cu®>*
has been achieved based on the fluorescent quenching of the C-
dots nanosensor.?>? Since coexisting Fe*" and Hg>" in aqueous
solution could interfere with each other, Liu et al. studied the
detection of metal ions in the mixture solution of Hg*" and Fe*",
and demonstrated that C-dots could also be effectively utilized
in the presence of SCN™ and P;0,,°~ anions.?” Also, to improve
the sensitivity of Hg** detection in water, Chen et al. prepared C-
dots/Au-clusters nanocomposite and studied corresponding
ratiometric fluorescence in detail.>® In addition, non-transition
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recombination and non-radiative recombination.

metal ions (e.g. K¥,?° AI**,* Bi*", and Sn>") could also be detected
using C-dots.*

The detection of rare earth elements with C-dots has been
relatively less reported. Singhal et al. used Eu-coordinated C-
dots to detect F~ ions,® and indicated that the Eu®" ions
interacted relatively loosely with the carboxylic acid moiety on
the C-dots. Kailasa et al. recently reported that Eu** hybrid C-
dots could be used as a fluorescent nanosensor to detect Hg”>*
ions,* but in their sensor the Eu®*" ions did not directly coor-
dinate with the C-dots. Besides the application of C-dots with
Eu®" as detector, it should be also considered to extend to other
field, and first of all, Eu*" ions need be firmly bonded with C-
dots.

Highly fluorescent C-dots can be synthesized from different
organic precursors including citric acid, EDTA salts,*® or gra-
phene,*** but it remains challenging to bond C-dots firmly with
rare-earth ions. To our knowledge, nobody has obtained EDTA-
bonded C-dots, which can be bonded easily with Eu** ions. In
this work, based on the synthesis of EDTA-bonded multi-
connected C-dots (referred to as EDTA-C-dots), Eu-
coordinated EDTA-C-dots were successfully prepared through
a simple procedure and were then characterized systemically.

2 Materials and methods
2.1 Materials

All reagents were of analytical reagent grade and used without
further purification. 1-Ethyl-3-(3-dimethylaminopropyl)
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carbodiimide  hydrochloride =~ (EDC) and  N-hydrox-
ysulfosuccinimide sodium salt (S-NHS) were purchased from
Aladdin. Eu(NOj3);-6H,0 (99.9%), ethylene diamine tetraacetic
acid (EDTA), citric acid, ethylenediamine, and dimethylsulf-
oxide (DMSO) were purchased from Sinopharm.

2.2 Methods

Preparation of EDTA-free x-C-dots. The precursor carbon
dots (C-dots) were prepared from citric acid and ethylenedi-
amine in autoclave as described in the literature report,*® and
subsequently as comparison, multi-connected C-dots (referred
to as x-C-dots) were synthesized at room temperature as follows.
0.35 g of EDC (1.82 mmol) and 0.20 g of S-NHS (0.91 mmol) was
sequentially added into a solution with the C-dots powder (0.20
g) and DMSO (20 mL) under magnetic stirring. The resulting
homogeneous solution was stirred at ambient temperature for
one day before the addition of 150 mL ethanol, which rapidly
gave a suspension. The suspension was centrifuged and washed
with ethanol for four times to give the EDTA-free x-C-dots.

Synthesis of EDTA-C-dots and Eu-EDTA-C-dots. To the
solution of C-dots (0.20 g) in DMSO (60 mL) was successively
added EDTA (0.35 g), EDC (0.12 g), and S-NHS (0.06 g). The
mixture was stirred at ambient temperature for one day before
the addition of ethanol (150 mL), and the precipitated EDTA-C-
dots were washed with ethanol for four time, and then treated
under vacuum at about 40 °C.

To the solution of the obtained EDTA-C-dots (0.07 g) in
DMSO (50 mL) was added Eu(NO3);-6H,0 (0.012 g) under stir-
ring at room temperature. The mixture was then stirred at
ambient temperature for one day before the addition of ethanol
(100 mL), and the precipitated Eu-EDTA-C-dots suspension
was collected by centrifugation and washed with ethanol for
four times. After treated under vacuum, the product was stored
at room temperature. The Eu®" content in the Eu-EDTA-C-dots
was analyzed by ICP-MS to be about 11.9 wt%.

Fig. 1 gives the schematic illustration of the preparation of
EDTA-C-dots and Eu-EDTA-C-dots, along with one HRTEM
image of the precursor C-dots (~2.5 nm in particle diameter).

Measurements and characterization. The UV-Vis absorption
spectra were measured on an Agilent Cary-60 UV-Vis

EDTA-C-dots

or
EDTA

l+Eu3"

or T
EDTA
Eu-EDTA-C-dots

Eu®*
EDTA

Fig. 1 Schematic illustration of the preparation process of EDTA-C-
dots and Eu—EDTA-C-dots. In the inset, there includes one HRTEM
image of precursor C-dots with about 2.5 nm of particle diameter.
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spectrophotometer. The photoluminescence (PL) spectra of the
samples in quartz cells were recorded on a Cary Eclipse fluo-
rescence spectrophotometer using a Xe lamp as the excitation
source in the same condition of measurements. The Fourier
transform infrared (FTIR) spectra were measured on a Thermo
Scientific IR spectrophotometer. The X-ray powder diffraction
(XRD) analysis was performed on a Bruker AXS-D2 diffractom-
eter with Cu Ko radiation (1 = 1.5406 A). The transmission
electron microscope (TEM) images were recorded on a Tecnai
F30 instrument. The Eu** content in Eu-EDTA-C-dots was
measured on an Agilent-7900cx inductively coupled plasma
mass spectrometer (ICP-MS). The decay lifetime of the samples
was measured at room temperature using a DeltaFlex ultrafast
lifetime spectrofluorometer.

3 Results and discussion

3.1 Characterization of C-dots and x-C-dots

In the FTIR spectra of the precursor C-dots and EDTA-free x-C-
dots (Fig. 2A), the amide I and amide II bands appeared at
around 1690 and 1550 cm ™', which in combination with the
vibration absorptions of C=0 and N-H bands*® confirmed the
presence of the -NHCO- linker in the two samples.* The
absorption peak at around 1020 cm ™" could be assigned to the
C-O stretching vibration.** In addition, C-dots and x-C-dots had
similar UV-Vis spectra (Fig. 2B), indicating that the x-C-dots
were made of the C-dots. However, their PL spectra differed
strikingly because the electron-hole state of various groups on
the material surface (e.g. -COOH, -NH,, and -NHCO-) had
changed after the reaction.*” The x-C-dots showed the strongest
PL intensity under excitation at 340 nm, and aside from the
primary fluorescent peak at 480 nm, there was also a broad
fluorescent peak at about 430 nm. In contrast, the precursor C-
dots had the strongest PL intensity under excitation at 365 nm,
and only gave one fluorescent peak at 450 nm without broad-
ening. It could be inferred that the surface groups with PL
behaviors underwent certain changes after they were subjected
to the reaction conditions (i.e., exposure to EDC and NHS).

3.2 Characterization of EDTA-C-dots and Eu-EDTA-C-dots

Similarly, EDTA-bonded multi-connected C-dots (EDTA-C-dots)
were prepared and further coordinated with Eu®** to give Eu-
EDTA-C-dots. Before the complexation produced, the EDTA-C-
dots could be dissolved in DMSO, and whereas it was found that
Eu-EDTA-C-dots hardly dissolved in water or other common
organic solvents (e.g., DMSO, DMF, ethanol, acetone). X-ray
diffraction analysis confirmed that Eu oxides did not exist in
the Eu-EDTA-C-dots (Fig. 3A).

The complexation between EDTA-C-dots and Eu®* could also
be confirmed by FTIR measurements (Fig. 3B). Since the IR
spectrum of the EDTA-C-dots was similar to that of x-C-dots, it
could be reasoned that the reaction of EDTA with C-dots barely
affected the structure of the C-dots. The amide I and amide II
bands at around 1692 cm ™" and 1545 cm™ " in the EDTA-C-dots
also proved the existence of the ~-OCNH- linker.** In compar-
ison, the absorption pattern of the Eu-EDTA-C-dots in 1500-

This journal is © The Royal Society of Chemistry 2019
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Fig.2 Characterizations of precursor C-dots and EDTA-free x-C-dots: (A) FTIR spectra; (B) XRD patterns; (C) PL of the C-dots; (D) PL of the x-C-

dots.

1700 cm ™" differed prominently, and the notable peak broad-
ening in this area could be attributed to the coordination of the
Eu®" ions.® It could be inferred that the complexation between
Eu®" ions and EDTA-C-dots changed both the state of valence
electrons and the bond length in the amide linker.

Fig. 3

The morphologies of the EDTA-C-dots and Eu-EDTA-C-dots

could be clearly observed from their TEM images (Fig. 3C and
D). Under the preparation condition of the EDTA-C-dots, the
precursor C-dots appear obvious aggregation due to the reaction

between different C-dots with each other, supported by the TEM
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(A) XRD pattern of Eu-EDTA-C-dots; (B) FTIR spectra of EDTA-C-dots and Eu-EDTA-C-dots; (C) TEM image of EDTA-C-dots; (D) TEM
image of Eu—EDTA-C-dots. Inset in (C) is the TEM image of precursor x-C-dots.
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image of x-C-dots and below PL results. Similar to the TEM
image of the EDTA-C-dots, the TEM image of the x-C-dots in the
inset also shows serious aggregation, inferring the morphology
of the EDTA-C-dots may result from the reaction between C-
dots. In fact, it should be easily understood that because the
co-existence of -COOH and -NH, groups on the surface of each
carbon-dot, C-dots can also react with each other under the
synthesis of EDTA-C-dots. The coordination of Eu*" ions still
remain similar aggregation state, and the solubility proves that
such Eu-complex possesses much serious aggregation.

3.3 Optical properties of EDTA-C-dots and Eu-EDTA-C-dots

The UV-Vis absorptions of the EDTA-C-dots and Eu-EDTA-C-
dots (Fig. 4) were similar except for the slight redshift of the
absorption peak of Eu-EDTA-C-dots, indicating that the
complexation of Eu®*" hardly affected the structure of the EDTA-
C-dot ligands. The PL spectra of the EDTA-C-dots and Eu-
EDTA-C-dots under excitation at 340 nm (Fig. 4 inset) differed
obviously in 400-600 nm. After the coordination of Eu** with
Eu-EDTA-C-dots, the PL peak at 480 nm experienced serious
fluorescence quenching, due to the energy transfer of the non-
radiative recombination between Eu** ions and C-dots.

The PL behaviors of EDTA-C-dots and Eu-EDTA-C-dots
upon different excitations were further inspected (Fig. 5). The
PL spectrum of the EDTA-C-dots was similar to that of x-C-dots
(Fig. 5A), further demonstrating that grafting EDTA on the
surface of x-C-dots did not destroy the surface fluorescent
groups. The strongest fluorescent peak (at ~480 nm) of EDTA-
C-dots was observed when excitation was applied at 340 nm. In
contrast, the addition of Eu** obviously quenched the strong PL
emission at ~480 nm, probably due to energy transfer
quenching via non-radiative recombination between Eu®" ions
and C-dots (elaborated below further in the lifetime measure-
ments). Similar quenching was previously observed for Au@C-
dots or C-dots/ZnO** in the presence of Fe**, Hg**, or Pb>*

ions.*¢8
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Fig. 4 UV-Vis absorption spectra of EDTA-C-dots and Eu-EDTA-C-
dots. Inset is the PL spectra of the EDTA-C-dots and Eu-EDTA-C-
dots under 340 nm of excitation wavelength.
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Fig. 5 Photoluminescence spectra of EDTA-C-dots and Eu—EDTA-
C-dots under different excitation wavelength.

3.4 Luminescent decay spectra of EDTA-C-dots and Eu-
EDTA-C-dots

The luminescent decay spectra of EDTA-C-dots and Eu-EDTA-
C-dots subjected to excitation at 340 nm revealed the transfer
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Fig. 6 Luminescence decay spectra of EDTA-C-dots (a) and Eu-
EDTA-C-dots (b) with 340 nm of excitation wavelength.
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properties of the photo-induced electron (Fig. 6). The PL decay
(exciton lifetime) of EDTA-C-dots was measured to be 9.47 ns
and could be single-exponentially fitted to be 9.83 ns. In
contrast, Eu-EDTA-C-dots had a measured PL decay of 2.47 and
9.86 ns that could be double-exponentially fitted to be 0.85 and
7.13 ns, respectively. Since the C-dot precursor was reported to
have a short PL decay of about 3.6 ns,* the longer exciton life-
time of EDTA-C-dots probably resulted from the radiative
recombination between linked C-dots. In contrast, Eu-EDTA-C-
dots showed two obviously distinct exciton lifetimes, probably
because two kinds of processes were involved in the decay, i.e.,
radiative recombination between linked C-dots and non-
radiative recombination between C-dot and Eu®".

4 Conclusions

In this work, we prepared and characterized EDTA-bonded
multi-connected carbon dots (EDTA-C-dots) and Eu*'-coordi-
nated EDTA-bonded multi-connected carbon dots (Eu-EDTA-C-
dots). We found that EDTA-C-dots readily dissolved in DMSO
but Eu-EDTA-C-dots could not be easily dissolved in DMSO,
water, or other common organic solvents. In preparing EDTA-C-
dots, the -COOH and -NH, groups on the surface of the
precursor C-dots not only reacted with the added EDTA but also
reacted with each other. The attachment of EDTA barely
affected the photoluminescence (PL) properties of the carbon
dots, but the existence of Eu*" ions in Eu-EDTA-C-dots notably
quenched the fluorescence, which suggested the occurrence of
non-radiative processes between the carbon dots and the Eu®*
ions. The measured and fitted PL decay of Eu-EDTA-C-dots
showed two decay lifetimes, which corresponded to two kinds
of electron transfer processes, i.e., radiative recombination and
non-radiative recombination.
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