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Abstract

In recent years, fluorescent carbon dots have attracted great attention due to their good
luminescence and low toxicity. Here, blue fluorescent core-shell structured carbon polymer dots
(CPDs) with high stability under a wide range of pH values, long storage time and excellent
fluorescence in various solvents and even in solid state were prepared by hydrothermal synthesis
of dendritic tris(2-aminoethyl)amine (TAEA) and citric acid. The CPDs core structure provides
strong fluorescent luminescence, a shell structure of the core possesses high amount of dendritic
primary amino groups connected by ethylene groups to the core. This unique structure prevents
aggregation of the cores and self-quenching effect of CPDs. As a result, the CPDs have high
fluorescence in both aqueous and hydrophaobic solutions and even as pure solid-state powder. In
addition, the CPDs are also insensitive to pH of solutions, and the fluorescence intensity of the
solution was stable in the pH range of 4-14. The CPDs embedded polymer films and fibers
revealed excellent fluorescent properties.

Graphical Abstract
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INTRODUCTION

Fluorescent carbon polymer dots (CPDs) are attracting increasing attention due to their
bright luminescence, chemical inertness, low cytotoxicity and great biocompatibilityl—4
Many processes for preparing CPDs have been developed, including top-down methods of
electrochemical synthesis®, acidic oxidation®, ultrasonic synthesis?, arc discharge’ and laser
ablation® and bottom-up methods of carbonization of carbon compounds®, organic synthesis
of small molecules!?, self-assembly of polycyclic aromatic hydrocarbons!?, as well as
carbonization and dehydration methods by using hydrothermall2, microwavel3, and
concentrated acid pyrolysis processes'4. Among these processes, the hydrothermal method
has the advantages of being simple, low-cost, and use of natural glucose®, amino acid’8,
citric acidl’, and oligomeric cellulose!® as start materials. Citric acid is an important
precursor material due to its environmental-friendliness, low cost, and ability to directly
form CPDs possessing high fluorescence quantum yield (QY)% 20. Doping of citric acid
produced CPDs with heteroatoms such as phosphorus, nitrogen, and sulfur could further
increase the fluorescence intensity and QY, while nitrogen doping is a simple and effective
method to improve fluorescence stability and intensity2l. To date, a variety of different
nitrogen sources have been successfully applied to the fluorescence enhancement of citric
acid based CPDs, such as urea, ammonium hydroxide?2, and ethylenediamine (EDA)23,
Although nitrogen doping has been proven effective in increasing the fluorescence intensity
and stability of fluorescent carbon dots, the carbon dots produced are relatively sensitive to
pH and not adapting to a wide range of pH changes?2, and become self-quenched in solid
state?3. Therefore, it is still a challenging and important issue to develop CPDs with
improved stability in a wide pH range and long shelf lifetime and applicable in various
solvents and polymeric materials.

The carbon dots prepared from urea and ammonia as nitrogen sources showed self-
quenching phenomenon in the solid state due to potential resonance energy transfer (RET)
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or rt-m interactions24-26 of fluorophores. Thus, prevention of aggregation and dispersion of
the nitrogen doped CPDs in solid materials such as polymers2?, starch?® and silica xerogel?®
are key factors in preparation of solid-state fluorescent materials. Therefore, we designed a
new type of carbon dots possessing core-shell structural features with the core serving as a
photoluminescence center and the shell serving as a protective layer preventing formation of
aggregated photo-active cores and penetration of other elements affecting the cores (Figure
1). Such a structure should provide CPDs with high fluorescent efficiency and stability in
various solvents and polymers.

In this study, the new citric acid based core-shell structured CPDs were prepared by
following a simple hydrothermal one-pot method using tris(2-aminoethyl)amine (TAEA) as
a nitrogen source. TAEA is a compound capable of forming dendritic structure due to
existence of abundant amino groups, which has never been applied in the preparation of
CPDs previously. The TAEA not only can serve as a nitrogen source in the formation of
fluorescent CPDs but also could form a layer of abundant primary amino groups isolated
from the core by ethylene units (Figure 1). Compared with traditional CPDs prepared from
urea and ammonia, the new CPDs showed strong fluorescence not only in agueous solutions
but also in a pure solid-state material. After the prepared CPDs solution was stored for 2
months at room temperature, it still exhibited strong fluorescence. And in the pH range of 4—
14, the fluorescence of the CPD solution was stable, showing an excellent stability of the
CPDs in a wide range of pH values. Polymer films and fibers containing the CPDs also
exhibited excellent fluorescent properties.

RESULTS AND DISCUSSION

Synthesis of core-shell CPDs

A synthesis scheme of the CPDs is shown in Figure S1 and briefed in Figure 1. TAEA can
act as a surface passivation agent on the CPDs and also can participate in the formation of
the CPDs core with a shell structure due to the existence of multiple primary amino groups.
The amino groups in TAEA are separated from a central tertiary nitrogen atom by ethylene
groups, isolating the fluorescent core CPDs from a spherical layer of the primary amino
groups and preventing any potential n-rc conjugation from nitrogen atoms to the core.
Therefore, the fluorescence quenching of the CPDs induced by electron transitions will be
blocked by the ethylene groups. Finally, the novel CPDs with the structural features and
desired properties were prepared, and a high QY (64.5 %) was achieved successfully in
aqueous solutions. The CPDs showed bright fluorescence in an aqueous solution, as shown
in Figure 1.

Optimization of preparation conditions

After confirmation of the basic CPDs structures and the desired fluorescence, reaction times,
temperatures and concentration ratios of reagents were varied to optimize the formation of
the CPDs. The absorption and emission spectra of the CPD solutions synthesized under
different reaction durations (from 2 h to 24 h) are shown in Figure 2a. The absorption and
emission spectra revealed a similar trend in both intensities. The fluorescence intensity
increased significantly as the reaction time prolonged from 2 h to 6 h and reached a
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maximum at 6 h, indicating completion of the formation of the core-shell CPDs. Prolonged
reaction time may cause damage to the formed ethylene-primary amine shell due to potential
degradation of the groups under high temperature. Thus, the fluorescence intensity
decreased slightly as the reaction time further increased. The hydrothermal reaction requires
high temperature, but very high temperature will cause the degradation of the formed CPDs,
especially the ethylene amino groups on the shell. The loss of the dendritic shell on the
CPDs will lead to nanoparticle aggregations and quenching, and consequently resulting in
reduced fluorescence. So, the UV-vis absorption and fluorescence of the samples
synthesized under different temperatures with a reaction time of 6 h varied accordingly
(Figure 2b). When the reaction temperature was increased from 120 °C to 160 °C, both the
absorption and emission of the samples increased gradually, except the adsorption at 160 °C,
which could be a critical point of potential degradation of the shell structures. Temperatures
higher than 160 °C definitely damaged the core-shell CPD structure and lowered the
fluorescence intensity.

The absorption and emission spectra of the CPDs prepared by using different molar ratios of
citric acid and TAEA were studied (Figure 2c). The results revealed that when the molar
ratio of citric acid: TAEA was 1:0.1, the fluorescence intensity of the CPDs was extremely
low, indicating the importance of the nitrogen compound in providing the photoactive effect.
When the molar ratios were increased to 1:0.5 and then 1:0.7, the fluorescence intensities
were increased and reached the maximum. An equal amount of citric acid and TAEA is
expected to produce a neutral product. The pH values of the CPD aqueous solutions
prepared with different molar ratios of citric acid/ TAEA were measured, and the results are
shown in Figure S2. At the molar ratio of citric acid /TAEA of 1:0.5, the CPDs solution was
neutral. Increased TAEA contents in the CPDS increased pH values of aqueous solutions,
but the pH values of the solutions weres stabilized at slightly above 8. These results
supported the structural feature of the core-shell CPDs (Figure 1), indicating that TAEA not
only passivated the core CPDs but also participated in the formation of a shell on the CPDs.

Characterization of core-shell CPDs

The CPDs cores are mainly composed of carbon condensed from citric acid with amide
structures formed due to nitrogen doping effect of TAEAS. 30, The CPDs revealed strong
absorption in both UVC and UVA regions in the UV-vis absorption spectrum (Figure 3a)
with two peaks at 250 nm and 350 nm in aqueous solution. A strong fluorescence emission
peak was centred at around 445 nm, as shown in Figure 3b. The emission spectra indicated
that the CPDs possess excitation-wavelength-dependent photoluminescence (PL)31: 32,
When the excitation wavelength was changed from 240 nm to 360 nm, the emission peak
remained at 445 nm. With the excitation wavelength further increased, the emission intensity
significantly decreased and the peak shifted to longer wavelengths. Although a detailed
mechanism of excitation-wavelength-dependent PL of the CPDs remains unanswered, the
emission characteristics of the CPDs under longer excitation wavelength could be attributed
to reduced absorption and excitation and varied emissive sites located on the surface of
CPDs33. The unique fluorescence properties of the CPDs offer an additional advantage in
distinguishing excitation wavelengths according to the different emissions, which could be
applied in fluorescent sensors, anti-counterfeit labels and fluorescence imaging.
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Drops of the CPDs aqueous solution were deposited on a carbon-coated copper grid for
TEM analysis. The particle size and morphology of the CPDs were observed. The particles
were distributed evenly on the copper grid, demonstrating excellent dispersion of the CPDs
in the solutions. The particle size and distribution of CPDs were analyzed by a statistical
software34, with results showing that the CPDs were narrowly-distributed nanoparticles and
the average diameter was 3 nm (Figure 3c). As shown in the TEM image, the CPDs possess
a clear two-dimensional lattice structure. The spacing is 0.21 nm by accurate measurement,
similar to the lattice spacing of graphite 2H of graphitic (sp?) carbon3®. The XRD pattern
displays a broad diffraction peak due to the small size of CPDs, indicating the
nanocrystalline characteristics of the sample3® (Figure 3d). The diffraction peaks in the XRD
pattern are basically same as those of graphite 2H according to the Powder Diffraction File
(PDF) card36, which are in good agreement with the results of the TEM images.

The X-ray photoelectron spectroscopy (XPS) spectrum of the CPDs (Figure 4a) shows three
peaks at 284.7, 399.7 and 530 eV, attributing to C1s, N1s, and O1s, respectively. In addition,
the CPDs contains 67.6 at. %6 of C element, 15.6 at. % of O element, and 16.8 at. % of N
element according to the corresponding binding energies in Figure 4a. The C1s spectrum
(Figure 4b) can be deconvoluted to four peaks at 283.9, 284.9 and 287.2 eV, corresponding
to C-N, C-C/C=C, and C=N/C=0, respectively37: 38, The N1s spectrum (Figure 4c) has three
peaks at 398.3, 399.4 and 400.9 eV, attributing to C-N-C, N-(C)3 and N-H, respectively. The
structural features measured by XPS illustrate the participation of N atoms in the synthesis
reaction of the CPDs39. The functional groups of the CPDs were detected by FT-IR (Figure
4d). The broad absorption band at 3200-3550 cm™1 is ascribed to ~OH and -NH, bonds.
The appearance of 2950 cm~1 and 2844 cm™1 are attributed to the C-H bond. The bands at
1780 cm~1 and 1710 cm™! are attributed to C=0 of COOH. The absorptions at 1655 cm™1
and 1570 cm™1 prove the existence of amide I, amide 11, respectively, further confirming the
existence of amide structure in the CPDs*0: 41,

Due to the structural feature of TAEA, excess amount of primary amino groups should exist
on the surfaces of the CPDs. The quantity of total primary amino groups on the surface of
CPDs was determined by following a traditional ninhydrin colorimetry method. Ninhydrin
could react with primary amino group and produce a compound with a deep purple colour
known as Ruhemann’s purple, as shown in Figure S2. The intensities of absorption at 569
nm are positively proportional to the concentration of the amino groups in a certain range. A
calibration curve was prepared by using standardized TAEA concentrations, showed in
Figure S2a. The primary amino groups on the surface of the core-shell CPDs were compared
with that of the CPDs prepared from urea with the same concentration. It was found the
core-shell CPDs contain about 3.2 times more primary amino groups than the ones made
from using urea as a nitrogen source, confirming the abundant amino groups on the surface
of the CPDs prepared from the TAEA.

Stability under different conditions

The stability of fluorescence intensity is crucial in the practical application of CPDs, which
could be affected by different nitrogen sources employed in the synthesis#2. The core-shell
structured CPDs prepared from TAEA should possess outstanding stability for long-term
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storage, especially compared to ammonium hydroxide and urea based CPDs prepared under
the same conditions. The fluorescence intensities of these samples in aqueous solutions were
measured after one- and two-months storage under the same condition for one and two
months, respectively. The results revealed that after storage in the air for one month, the
fluorescence intensities of three samples were reduced to 63%, 71% and 90% of the original
samples prepared from ammonium hydroxide, urea and TAEA as nitrogen sources,
respectively. The intensities of the samples further reduced to 43%, 57% and 78% of the
original samples after two months of storage (Figure 5a—c). Obviously, the sample prepared
by using TAEA as a nitrogen source proved to have the best stability. The core-shell CPDs
possessed excess amount of dendritic amino groups on the shell surface, preventing
aggregations of the CPDs in solvents and even in solid state (Figure 5d). Such a result
further supports the structural features of the CPDs confirmed by chemical analysis.

The ethylene connection units between the fluorescent CPDs core and rich amino shell
prevent potential electron transitions internally and ensure good fluorescence at condensed
phases such as solid or in different polymer media. As shown in Figure 6a, the core-shell
CPDs (CPDs 1) displayed the strongest fluorescence intensity in a solid-state form, while
the CPDs prepared from citric acid and urea (CPDs 4) or ammonia (CPDs 5) did not show
any fluorescence in solid-states (Figure 6b). The unique shell surface of the CPDs provided
by TAEA effectively prevents the aggregation of these nanoparticles, as shown in Figure 6c.
To further confirm the contribution of TAEA serving as a shell on a fluorescent core, we
prepared different CPDs by using aconitic acid (CPDs 2) and tricarboxylic acid (CPDs 3) as
different carbon sources, respectively, with TAEA as the nitrogen source. Both products
(CPDs 2 and CPDs 3) also revealed fluorescence in solid powder forms, with the intensities
still strong but slightly weaker than that of the CPDs prepared from citric acid (Figure 6a
and Figure 6b). Those results all served as evidence of formation and protective function of
the dendritic amino shell from TAEA on the fluorescent cores of the CPDs.

The CPDs prepared from TAEA (CPDs 1) and urea (CPDs 4) were dissolved in different
solvents and then tested the fluorescence intensities, respectively (Figure S4). The results
showed the fluorescence intensities of both CPDs decreased with the reduction of the
solvent polarity. However, in the very hydrophobic solvent, hexane, the CPDs 1 still retained
similar fluorescent intensity to the solid powder. The CPDs 4 were totally quenched in
hexane solvents and also in solid powder form. This result again proved the core-shell
CPDs’ unique properties.

The dendritic amino groups on the shell of the CPDs could interact with excess amount of
protons in aqueous solution and protect the fluorescent core intact in a wide range of pH
values. This structural feature could significantly improve fluorescence stability of the CPDs
under different pH conditions, which has been an interest to many researchers3L: 43. 44 The
fluorescence intensities of the core-shell CPDs were tested in a range of pH 1-14 in aqueous
solutions (Figure 7a), and the fluorescence intensities were very stable for 60 hours under
continuous exposure to 365 nm UV light at room temperature (Figure 7b). The fluorescence
intensity of the CPDs solutions were almost unchanged in a pH range of 4-14, but decreased
rapidly as the pH was reduced from 4 to 1. Excess amount of primary amino groups on the
shell could be protonated by high concentrations of H* to form cationic -N*H3 groups
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which are more repulsive to protons, preventing penetration of the H* into the fluorescent
cores (Figure 7c). The fluorescence intensities of the solutions were nearly constant in the
pH range of 4-14, which was better than the reported results of the other CPDs prepared
from using different nitrogen sources*®. Overall, alkaline and weaker acidic conditions
would not be able to break through the protective shell layer and affect the carbon core of
the CPDs (Figure 7c), making the CPDs applicable in the pH of 4-1446: 47 However, the
fluorescence intensity decreased when pH of solutions was further lowered and became
extremely acidic (<4), the proton concentration was increased to a level that the ions can
penetrate through the protective shell due to a high potential created by the concentration
difference and attack the CPDs core*®. This quenching reaction was reversible if the solution
was re-adjusted back to pH above 4 and the fluorescence intensity kept stable after 6 cycles,
as shown in Figure 7d.

Application in Polymeric Materials

The prepared core-shell CPDs demonstrated high fluorescence in both hydrophobic and
hydrophilic solvents and also in solid state, revealing possibility for producing fluorescent
polymers if properly embedded. As an example, a hydrophobic fiber-forming polymer,
polyacrylonitrile (PAN) was mixed with the hydrophilic core-shell CPDs in solutions and
then spun into fluorescent PAN fibers. The fluorescent PAN fibers are coded as FPAN-1,
FPAN-2, FPAN-3, FPAN-4, and FPAN-5, representing the CPD concentrations in the PAN
fibers as 0.01 wt.%, 0.05 wt.%, 0. 2 wt.%, 0.5 wt.% and 1.0 wt.%, correspondingly. The
fluorescent excitation and emission of the FPANSs were tested, and the result showed that the
FPANS possess the same excitation and emission wavelengths with the CPDs. The emission
intensity increased with the increasing concentration of the CPDs in the PAN matrix and
then keep stable when the concentration was 1.0 wt.%. This result indicated the hydrophilic
CPDs could mix well with the hydrophobic polymer and produce the fluorescent fibers,
which is another solid evidence of the designed core-shell CPDs structure and excellent
performance. The fluorescent characterizations of the PAN fibers under the illumination of
both visible and UV light are shown in Figure S5.

The core-shell CPDs were also blended with different hydrophilic polymers, including
cellulose, poly(vinyl alcohol-co-ethylene) (PVA-co-PE), and agarose, as well as PAN, and
the blends were casted into films. The films all demonstrated good and durable fluorescence.
As shown in Figure S6, the strong fluorescence on the films were stable after stored in the
air at room temperature for more than 2 months, indicating that the CPDs possess excellent
compatibility and good stability in different polymers.

CONCLUSIONS

In summary, amino rich and dendritic core-shell structured CPDs were prepared by a simple
hydrothermal method using citric acid as a carbon source and TAEA as a nitrogen source.
The dendritic structure and excess free amino groups on the surface of the CPDs act as
“protective shell”, which have a huge repulsive force to prevent the aggregation of these
nanoparticles, making these CPDs with strongly fluorescent in various solvents and even as
solid-state powder. The prepared CPDs have wide pH tolerance and a relatively stable
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fluorescence intensity in the pH range of 4 to 14. The storage stability of the CPDs is
excellent, with 78% of original intensity retained after two months of storage. The CPDs can
be mixed with both hydrophilic and hydrophobic polymers and produce strong fluorescent
fibers and films.

EXPERIMENTAL SECTION

Preparation of CPDs

All chemicals were purchased from vendors of either Acros or Aldrich and used as received.
The core-shell CPDs were synthesized by a hydrothermal method using citric acid as a
carbon source and TAEA as a nitrogen source at an appropriate temperature for several
hours. When the reaction kettle was returned to room temperature, the sample was taken out
and dialyzed for 48 hours with a dialysis bag having a molecular weight of 3000, during
which time the water was continuously changed. The contents of the dialysis bag were
collected and subjected to rotary evaporation and freeze drying. A brown powder was finally
obtained and used in subsequent tests and application.

CPDs 2 and CPDs 3 were prepared from aconitic acid and tricarboxylic acid as carbon
sources, respectively, TAEA as a nitrogen source, and the molar ratio was 2:1. CPDs 4 was
prepared from using citric acid and urea, and the molar ratio was 2:1.5. CPDs 5 was
prepared from citric acid and ammonia, and the molar ratio was 2:3. All the CPDs were
prepared at 160 °C for 4h by the hydrothermal method, the solid powders were collected
following the same procedure as the core-shell CPDs (CPDs 1).

Preparation of Fluorescent PAN Fibers

DMSO was applied as a solvent to dissolve PAN powder, the ratio of PAN and DMSO is
20% (w/v). A concentrated CPD DMSO solution was prepared. Different concentrations of
CPDs in the PAN matrix solutions were prepared, and then stirred until the spinning solution
become transparent. The fibers were prepared by a wet spinning method with water applied
as a coagulation bath. The spinning solution was extruded into water and formed into fibers
immediately. The needle was 23G, and the pumping speed was 6 mL/min.

Characterization

X-ray diffraction (D8 Advance X-ray diffractometer, Bruker AXS, Germany) was used to
measure the phase composition of the CPDs powder by a Cu Ka radiation at a voltage of 40
kV and current of 40mA under a scan speed of 0.1sec/step at room temperature. The
diffraction angle 26 ranges from 10° to 70°. X-ray photoelectron spectrometry (XPS)
experiments were performed by a Thermal ESCALAB 250X1 X-ray source system (Thermo
Fisher Scientific, USA). The excitation and emission spectra of the CPDs aqueous solutions
were recorded on a spectrofluorometer (FS5, Edinburgh Instruments, England) at room
temperature. The absolute quantum yield (QY) of this CPDs was measured by the
spectrofluorometer (FS5, Edinburgh Instruments, England) at room temperature. The UV-vis
absorption spectra of CPDs aqueous solutions were recorded by an UV-mini1240
spectrophotometer (Shimadzu, Japan). Fourier transform infrared (FT-IR) spectroscopy was
conducted on a Bruker IFS 66/S spectrophotometer. The pure CPDs powder was mixed with

ACS Appl Nano Mater. Author manuscript; available in PMC 2021 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yuetal.

Page 9

KBr and then compressed into a crucible for FTIR scanning. The spectra were recorded over
the range 4000-500cm™1 with a resolution of 4 cm™1. Morphology of the samples were
analyzed by a high-resolution transmission electron microscopy (TEM) on Hitachi 9500
TEM and Hitachi HD-2000 STEM systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic illustration of the possible formation process and the surface state of the CPDs
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Figure2.
Spectra of UV-Vis absorption and emission of samples prepared (a) at different reaction

times at the temperature of 160 °C, (b) at different reaction temperatures for 6 h and (c) at
different molar ratios of raw materials.
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Figure 3.
Optical characterization of CPDs: (a) UV-vis spectrum; (b) emission spectra under

excitations of different wavelengths; (c) TEM images of CPDs at low and high

magnifications (d) XRD pattern. The inserts in (c) are a representative images of individual

CPDs with graphite structure (upper) and the size distribution of CPDs (lower).
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(a) XPS survey spectrum; (b) the high-resolution C1s peaks and the fitting curves; (c) N1s
peaks and the fitting curves; (d) the FT-IR spectrum
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Figureb.
Fluorescence intensity changes of CPDs aqueous solutions during storages of one and two

months. The CPDs were prepared by using (a) ammonium hydroxide, (b) urea, (C)TAEA as
the nitrogen sources, respectively. (d) The high dispersion property mechanism of CPDs
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Figure 6.
(a) Fluorescence intensity changes of solid-state CPDs prepared by different starting

materials. (b) The solid-state CPDs prepared by different starting materials under UV (left)
and visible light (right). (c) The self-quenching mechanism of traditional CPDs and self-
guenching-resistant mechanism of the core-shell dendritic structured CPDs.
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Figure7.
(a) Fluorescence spectra of CPDs in solutions with different pH values (pH=1-14). (b) The

fluorescence intensity of CPDs placed under UV light (365nm) during 0 to 60 hours. Data
are presented as the average + standard deviation (n=3). (c) The mechanism of fluorescence
quenching (pH =1-3). (d) Fluorescence intensity changes of CPDs switching repeatedly
under varied pH values from neutral to extremely acidic conditions and vice versa.
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Figure 8.
Optical characterization of fluorescent PAN: (a) excitation spectra; (b) emission spectra with

different fibers containing different concentrations of CPDs (CPD concentrations in
FPAN-1, FPAN-2, FPAN-3, FPAN-4, and FPAN-5 were 0.01, 0.05, 0. 2, 0.5, and 1.0 wt.%,
respectively)
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