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SPECTRAL AND LUMINESCENT PROPERTIES OF CARBON QUANTUM
DOTS FUNCTIONALIZED WITH N- AND S-CONTAINING GROUPS
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In the presented work, carbon quantum dots were obtained by microwave synthesis based on citric acid and L-
cysteine. The resulting particles were characterized by electron and probe microscopy, dynamic light scattering and
Fourier transform infrared spectroscopy. The spectral and luminescent properties were investigated for the initial
solution of carbon quantum dots, as well as solutions obtained as a result of dialysis of the synthesized product. It is
shown that all samples exhibit the same optical properties. At the same time, the measurement of quantum yields
showed that carbon dots that have passed through the dialysis membrane have the best fluorescent ability.
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Introduction

Carbon quantum dots (CQDs) are nanoparticles less than 10 nm in size with a carbon structure [1, 2]. This
new member of the family of carbon nanomaterials is attracting more and more attention due to its promising
properties, such as fluorescent radiation, chemical inertness, resistance to photobleaching, high water solubility,
low toxicity, biocompatibility, and relatively simple and cheap synthesis methods. All these properties make
carbon dots a promising material in such areas as photocatalysis, sensing, bioimaging, solar energy conversion,
and the creation of light-emitting diodes [1-4]. There are two main approaches to obtaining CQDs: “top-down”
and “bottom-up”. The first group includes mechanical grinding, laser ablation, chemical oxidation,
electrochemical oxidation. Methods such as microwave synthesis, hydrothermal synthesis, and pyrolysis belong
to the second approach to CQDs production. A variety of hydrocarbons, including vegetable and food ones, can
be used as raw materials [2, 3].

Despite the fact that there are quite a few synthesis methods and applications for CQDs, the question of the
source of fluorescence is still unclear. It is believed that the fluorescence of carbon quantum dots is determined
by their size and the presence of functional groups [5-7], at the same time, some studies have revealed the
contribution of molecular fluorophores to the fluorescence of carbon dots] [8-10]. For example, Essner's group
showed that fluorescent impurities are formed as by-products of the synthesis of carbon dots, and CQDs must be
sufficiently purified to obtain reliable results [10]. The aim of work is to study the spectral and luminescent
properties of carbon dots functionalized with N- and S-containing groups. To study the effect of the carbon dots
size on their optical properties, the synthesized product was purified by dialysis. Comparative studies of the
initial solution (without dialysis), the dialysate obtained on the first day, and the solution remaining in the
dialysis bag (retentate) were carried out.

1. Experimental part

Carbon quantum dots were obtained by microwave synthesis from citric acid (Sigma Aldrich) and L-
cysteine (Sigma Aldrich). An equimolar aqueous solution of the starting materials (5 ml) in a borosilicate glass
tube was placed in a Monowave 200 microwave reactor (Anton Paar) and heated at 200 °C for an hour with
vigorous stirring. Then the solution was cooled to 70 °C in a microwave reactor, and then to room temperature
in vivo. As a result of the synthesis, a dark brown solution was obtained, which, according to the literature data
[3, 5, 7], indicates the formation of carbon quantum dots. To remove large particles, the resulting solution was
centrifuged at 10,000 rpm for 30 minutes. The decantate for further purification was dialyzed using a dialysis
bag (MWCO 3.5 kDa) for 48 hours with periodic replacement of the dialysate with pure water. The structure
and sizes of carbon dots were studied using a scanning electron microscope MIRA 3 (TESCAN) using a
transmitted electron detector (STEM), an atomic force microscope JSPM-5400 (JEOL), and dynamic light
scattering on a submicron particle size analyzer Zetasiser Nano ZS (Malvern).
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FTIR spectra were obtained on an FSM 1201 FT-IR spectrometer (Infraspec). Absorption spectra were
measured on a Carry 300 spectrophotometer (Agilent). Luminescence spectra and luminescence excitation
spectra were measured on an Eclips spectrofluorimeter (Agilent). The kinetics of fast fluorescence of CQDs
solutions was measured on a pulsed spectrofluorometer with picosecond resolution and recording in the time-
correlated photon counting mode (Becker & Hickl). The fluorescence of the samples was excited using a pulsed
semiconductor laser with a generation wavelength A,., = 375 nm. The kinetic curves were analyzed using the
SPCM-Image software (Becker & Hickl). The fluorescence quantum yield was measured by the absolute
method using an AvaSphere 30-REFL integrating sphere and an AvaSpec-ULS2048 spectrometer (Avantes)
[11,12].

2. Results and discussion

Fig. 1 and Fig. 2 show STEM and AFM images of carbon dots from the initial solution and retentate. In the
initial solution particles with sizes from 10 nm to 400 nm are observed, the average size is 50 nm + 10 nm.
Large particles are irregular, small and medium particles are rounded. The AFM image shows that the maximum
particle height is no more than 1.57 nm. STEM images of CQDs that have not passed through the dialysis
membrane show large rounded particles ranging in size from several tens of nanometers to several micrometers
and irregularly shaped particles from 10 to 70 nm, from which larger particles are possibly formed. From the
images obtained, it can be assumed that small particles are "flakes" resembling graphene structures that can
aggregate to form "disk-shaped" particles.
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Fig.2. AFM image (a) and surface profile (b) of CQDs from the initial solution

The average size of carbon dots passing through the dialysis membrane was obtained by dynamic light
scattering and has a value of ~ 3.5 nm (Fig.3). It was not possible to obtain images of particles from the
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dialysate on an SEM using a detector of transmitted electrons due to the insufficient resolution of the
microscope.
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Fig.3. Particle size distribution in dialysate.

Fig. 4 shows the FTIR spectrum of the initial product. The FTIR spectra of the synthesized CQDs agree
with the FTIR spectra obtained for the CQDs in [7, 13, 14]. The spectra show peaks at 3431 and 3179 cm™,
which refer to the absorption peaks of stretching vibrations of O-H and NH groups, a weak band at 2928 cm’
can be caused by stretching vibrations of the C-H bond, the band at 1580 cm™ is connected with vibrations of
the carbon skeleton of the aromatic ring, weak characteristic peaks in the region of 2500-2600 cm™ correspond
to the peaks of stretching vibrations of the SH group, the band at 1705 cm™ is caused by stretching vibrations of
the C = O bond, the peak at 1400 cm™ is associated with stretching vibrations of bonds CN, NH and —COO [7,
13, 14].
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Fig.4. FTIR spectrum of synthesized CQDs

Fig.5. shows the absorption, luminescence, and excitation spectra of the solutions under study. The
absorption spectra of all solutions have a band with a maximum at 340-348 nm and a shoulder at 230-240 nm
and are similar to the absorption spectra of the CQDs obtained in [5, 7]. The shoulder at 230 nm is attributed to
the n-m* transition [5, 15], the absorption band at 340-350 nm is attributed to the n-n* transition caused by
carboxyl, amino and other groups [5, 7, 15].

It should be noted that the long-wavelength wing of the absorption spectra of the initial solution and
retentate extends to the near-IR region of the spectrum. This is especially noticeable for the retentate spectrum.
The fluorescence spectra obtained upon excitation at the wavelength of the absorption maximum (A=350 nm)
are located in the wavelength range of 350—-650 nm with a maximum at A=430 nm. Fluorescence excitation
spectra for all solutions correlate with absorption spectra. Table 1 shows the main characteristics of the spectra,
from which it follows that the centers of absorption and luminescence in solutions have the same nature.
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Fig.5. Spectra of absorption (1), excitation of fluorescence (2) and fluorescence (3) of the initial solution (a),
dialysate (b) and retentate (c).

Table 1. Characteristics of absorption, fluorescence and excitation spectra of aqueous solutions of CQDs

Sample Aymax'abs | FWHM (abs), | Aymax'fl | FWHM (fl), | Aymax’ex | FWHM (ex),
,nm nm nm nm nm nm
Initial solution 348 64 430 74 348 69
Dialysate 348 64 429 74 348 66
Retentate 340 - 432 79 350 63

The quantum yields obtained by the absolute method are 0.47, 0.68, and 0.03 for the initial solution,
dialysate and retentate, respectively. The fluorescence lifetimes measured by the time-correlated photon
counting method are 7.8 ns for the initial solution, 7.3 ns for dialysate, and 5.9 ns for retentate. A characteristic
feature of the CQDs is the dependence of the luminescence spectra on the excitation wavelength. We measured
the fluorescence spectra of the studied solutions under excitation in the range from 350 to 550 nm (Fig. 6).

The maximum luminescence intensity is observed upon excitation at a wavelength of 350 nm. With
increasing excitation wavelength, the fluorescence band shifts to longer wavelengths. In this case, along with a
decrease in the luminescence intensity, broadening of the spectra is observed. The shift of the luminescence
spectra indicates different luminescence centers, as indicated in [16, 17]. Luminescence spectra with maxima
around 430-450 nm are the result of deactivation of electronic excitation inside the carbon core of quantum dots
and electron-hole recombination. Whereas the red-shifted spectra appear as a result of the capture of electronic
excitation by surface traps of different energies or functional groups. This is clearly seen in the absorption and
excitation spectra. As can be seen from Fig. 5, it is the carbon core that most intensively absorbs the incident
light in the UV region, the band at about 350 nm is less manifested. In the fluorescence excitation spectrum, on
the contrary, the band responsible for functional groups is more manifested. Thus, in synthesized CQDs, it is the
surface groups that make the greatest contribution to the total luminescence.
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Fig. 6. Normalized CQD fluorescence spectra at different excitation wavelengths:
1 —300 nm; 2 —350 nm; 3 —380 nm; 4 400 nm; 5 — 420 nm; 6 — 440 nm

Their composition, as can be seen from the FTIR spectrum, is very diverse, which is responsible for the
shift and different intensities of the red-shifted fluorescence of the carbon dots under study.

Conclusion

Investigations of the structural and spectroscopic properties of carbon quantum dots synthesized by the
microwave method have been carried out. It was found by microscopic methods and dynamic light scattering
that the resulting particles have the shape of disks, the size of which varies from 3.5 to 400 nm.

FTIR spectra contain characteristic peaks confirming the presence of O, N and S-containing functional
groups. The positions of the electronic absorption and fluorescence bands are practically the same for the initial
solution, dialysate, and retentate. The best luminescent ability with a fluorescence quantum yield of 0.68 is
possessed by dialysate carbon dots with a size of ~ 3.5 nm. With an increase in the excitation wavelength, a
long-wavelength shift of the fluorescence spectra occurs, accompanied by a broadening of the spectra. The data
obtained can be used in optical nanotechnology to create light-emitting systems based on carbon materials.

The novelty and fundamental difference of the obtained data from similar works is the use of microwave
synthesis in the preparation of CQDs from the above-mentioned components. The resulting carbon structures
have a rather high quantum yield. This will allow them to be used in various applications, such as laser
technology, optoelectronic devices, organic and nanocomposite LEDs and photodetectors, organic
photovoltaics. It is also possible to use them as biomarkers and sensors in bioimaging and biophysics.
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