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1. Introduction

Carbon nanodots (CNDs) are nano-sized, carbon-based materials whose structure involves -
conjugated domains and surface functional groups [1]. CNDs could be synthesized either by
cutting down macrostructures of carbon, e.g. carbon nanotubes and graphite or by fusing
molecular precursors into nano-sized carbon structures. However, CNDs are more preferably
synthesized by bottom-up approaches, such as hydrothermal or solvothermal methods because
they allow to use of a great number of carbon precursors [2]-[5]. CNDs synthesized by bottom-
up procedures usually contain molecular-like fluorophore that, in addition to the conjugated
component, greatly influences the absorption and emission properties of CNDs [6], [7]. Because
of the covalent bonding nature in a CND, the surface functional groups also affect the optical
properties of CNDs by increasing or decreasing the confinement space originated by conjugated
components [8]-[10]. Additionally, surface functional groups modify the energy levels of HOMO
(the highest occupied molecular orbital) and LUMO (the lowest unoccupied molecular orbital) that
are important to design visible photocatalyst [9], [10]. Furthermore, surface functional groups
determine the solubility of CNDs [3], influence the interactions between CNDs and the dispersing
environment [11], [12], and govern the interactions between CNDs and an analyte in sensing
applications [2], [4], [13]-[15]. Therefore, control of the surface functional groups of CNDs is of
importance to consider their potential applications. Post-surface modifications based on carbon
chemistry that usually involve multiple steps could be used to change the surface of CNDs [16].
Alternative methods that are simple and allow the synthesis of CNDs to have targeted functional
groups are strongly demanded. Herein, we synthesized a series of CNDs using mixtures of citric
acid (CA) and ethylenediamine (EDA), which are widely used precursors in the synthesis of blue-
emitting CNDs [7], [17] to correlate the changes in the surfaces of CNDs and the CA/EDA ratio. It
has been demonstrated that the surface functional groups of CNDs could be controlled as carboxy (-
COOH) or amino (-NH,) by changing the initial CA/EDA ratio. Carboxy-functionalized CNDs
(denoted as CND-COOH) could have an emission quantum yield (QY) as high as 34.0% while that
of amino-functionalized (CND-NH,) was 63.0%.

2. Experimental section
2.1. Chemicals and equipments

Chemicals including citric acid monohydrate (99.5%) and ethylenediamine (99.5%) were
purchased from Aladdin Chemicals and used without any purifications. Double-distilled water
was freshly prepared in the laboratory and used as a synthetic solvent. A 50 mL,
polypropiolactone (PPL) lined autoclave was used as a hydrothermal reactor. A Binder ED115
electric oven was used to control the synthetic temperature.

2.2. The synthesis and purification of CNDs

To a PPL vessel, 5M CA and EDA aqueous solutions were added, mixed, and aerated with
nitrogen gas before being transferred into an autoclave reactor. The reactor was placed in an electric
oven at 200 °C for 4 hours to conduct the hydrothermal synthesis. After being cooled to room
temperature, the resultant mixture was dialyzed against water for 48 hours using a dialysis bag
having a molecular cutoff of 2000 Dalton. The CND solutions in the dialysis bag were then filtered
through PTFE 0.22 p syringe filters to remove large particles. Finally, the resultant CND solutions
were rotary evaporated to obtain dried solid CNDs which were stored at 4 °C till being used.

2.3. Characterizations

The absorption spectra of CNDs dissolved in water were measured using a Shimadzu UV-2450
spectrometer. Photoluminescence (PL) and photoexcitation (PLE) spectra of CND solutions were
recorded on a FLS1000 spectrometer. A Jasco FT/IR6300 spectrometer was used to conduct Fourier-
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transform infrared (FT-IR) spectra of CNDs by a KBr method. Transmission electron microscope
(TEM) images of CNDs were taken on a JEM 2100 microscope operating at 200 kV using LaB6
filament. A D8 Advanced X-ray diffractometer was used to measure the X-ray diffraction pattern of
dried CNDs. To determine the QY of CNDs, a solution of quinine sulfate dissolved in H,SO, 0.5M
was used as a standard solution. The standard solution and CND solutions were prepared so that the
absorbance at 350 nm was about 0.1. Their PL spectra were measured using the same conditions
when excited at 350 nm. QY of CNDs was calculated using equation (1), where Iz and Icyp are the PL
intensity of the standard and CND solution; Ar and Acyp are the absorbance of the standard and CND
solution at 350 nm; and Qg of 54% is the QY of quinine sulfate.
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Theoretical calculations were performed in gass phase using DFT method and B3LYP/6-31g
basic set available in GO09. The energy levels of HOMO and LUMO of optimized structures

were extracted by GaussView 5.0.8 program.

3. Results and discussion
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Figure 1. a) The UV-Vis absorption and b) normalized PL spectra of CNDs

The absorption spectra of CNDs with varying CA/EDA ratiod are shown in Figure la. It
revealed that when both CA and EDA were used, the resultant CNDs had a common absorption
band at about 350 nm. This characteristic absorption peak was attributed to the existence of 5-oxo-
1,2,3, 5-tetrahydroimidazo[1,2-a]pyridine-7-carboxylic acid (IPCA) fluorophore within the CNDs
[18]-{20]. The existence of ICPA could be briefly explained as follows: CA and EDA react to form
amides that partially undergo intermolecular condensation to form IPCA [21]. Under hydrothermal
conditions, continuous condensation and carbonization involved amides, IPCA, and other
oligomers forming n-conjugated molecules. IPCA and those conjugated molecules assembled into
CNDs induced by zm-r attraction [22], [23]. When excited at 350 nm, the PL spectra of CNDs
shown in Figure 1b were broad, ranging from 375 nm to 625 nm. The PL maximum position varied
from 438 nm to 460 nm depending on the CA/EDA ratio but no tendency was observed. It is noted
that CNDs with CA/EDA of 10/0 or of 0/10 also had similar PL spectra to other CNDs although
they did not involve IPCA in their structure as indicated by the absence of IPCA absorption peak at
350 nm (Figure 1a). It was because the emission regions originated from ICPA, mixtures of -
conjugated components, and carbogenous structures were similar [16], [24], [25].

The surface chemistry of CDNs was studied by FT-IR and the results are shown in Figure 2.
All CNDs had a broad absorption band in the long-wavelength region (3200-3600 cm™)
indicating that CNDs had polar bonds, such as O—H (3600 cm™) and N-H (3450 cm™) bonds. As
the CA/EDA ratio increased from 10/0 to 0/10, the IR feature of CNDs changed gradually from
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EDA alone CND to CA alone CND. It is reasonable to assume EDA alone CND to be CND-NH,
and CA alone CND to be CND-COOH. Three absorption features at 1650, 1710, and 1780 cm™
were attributed to the stretching vibrations of C=0 bonds in amide, carboxyl, and conjugated
acid, respectively [20]. The absorption at 1780 cm™ was only observed in CA/EDA= 10/0 sample
while the absorption of C=0 in —COOH groups was not observed in CNDs with CA/EDA ratios
of less than 4/6. As the same time, the absorption of O—H bending at about 1205 cm™ dissapeared
as CA/EDA decreased to less than 4/6. Therefore, we can conclude that when the CA/EDA ratio
is greater than 4/6 the surface of CNDs involves —COOH groups. Additionally, IR features of
CA/EDA=2/8 and EDA alone samples were similar indicating that —NH, is the dominant
functional group on the surface of CNDs.

CA/EDA

0/10 3450
> W T T~ |
© | 46
Q |64 Fa
I
o .82
S Al
a 0/0
< ﬁ/

1780
3600
1650 1710
500 1000 1500 2000 2500 3000 3500

Wavenumber (cm'1)

Figure 2. FT-IR spectra of CNDs obtained at different CA/EDA ratios
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Figure 3. PL spectra of CNDs in comparison with quinine sulfate when excited at 350 nm
The CA/EDA ration was: a) 10/0, b) 8/2, ¢) 6/4, d) 4/6, e) 2/8, and f) 0/10
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In addition to the emission region, the emission quantum yield is an important factor of CNDs
in many applications, such as bioimaging, light-converting materials, and light encryption. QY of
CNDs with different CA/EDA ratios was determined by comparing with quinine sulfate whose
QY is 54.0%. The results are shown in Figure 3. The QY varied from 2.5% to 63.0% depending
on the CA/EDA ratio although the dependence was not in a clear trend. Those QY values were
comparable to values reported by other groups [20]. Carboxy-functionalized CNDs that have the
highest QY (34.0%) were obtained when the CA/EDA ratio was 6/4. If the CA/EDA ratio was
2/8 CND-NH, had the best QY of 63.0%.
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Figure 4. a) X-ray diffraction pattern, b) TEM image, and ¢) HR-TEM image of CND-NH,

Because CND-NH, had the highest QY among CNDs, we studied further on the structure of
CND-NH, by X-ray diffraction (XRD) and transmission electron microscope; the results are
shown in Figure 4. XRD pattern of CND-NH, in Figure 4a exhibited a broad peak at 2 theta of
23° which could be attributed to the diffraction from (002) plans of graphite structure [26], [27].
TEM image in Figure 4b shows individual CNDs as black dots whose diameter was in the 5.5-
11.0 nm range. High-resolution TEM (HR-TEM) image in Figure 4c clearly shows a lattice
feature with a d-spacing of 0.33 nm corresponding to do) Of the graphitic carbon.
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Figure 5. Optical characteristics of CND-NH,: a) Excitation-dependent PL spectra, b) Effect of the
excitation wavelength on the PL position and PL intensity, and ¢) PLE and absorption spectra

We studied the optical properties of CND-NH, in detail and the results are summarized in
Figure 5. PL spectrum of CNDs depended on the excitation wavelength (Figure 5a). Concretely,
the emission intensity reached maximum value when the excitation wavelengths were about 360
nm (Figure 5b). At the same time, the position of PL maximum was lowest, at about 467 nm,
when CNDs were excited around 360 nm. When CNDs were excited above 360 nm, the position
of PL maximum increased gradually with the excitation wavelength. PLE observed at 467 nm
and 520 nm exhibited a common band centered at 360 nm, which was similar to the absorption
band (Figure 5¢). To explain the optical properties of CNDs shown in Figure 5, we put a tentative
mechanism in Figure 6. A CND involves IPCA fluorophore and conjugated domains assembled
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in a carbogenic core whose surface is functionalized with -NH, groups, as in the case of
CA/EDA of 2/8 (Figure 6%). The absorption at 360 nm and the emission maximized at 467 nm
likely originates from the IPCA component of CNDs. When the excitation was around 360 nm
(upward arrow 1 in Figure 6b), the light was mostly absorbed by IPCA giving rise to IPCA
emission at 467 nm (downward, blue arrow in Figure 6b). Photogenerated charges at ICPA could
partially transfer to carbogenic component (noted by dashed arrows in Figure 6b) at which they
recombine to emit light at the higher wavelength region, e.g. 520 nm (downward, green arrow in
Figure 6b) as indicated by the PLE peak at 360 nm shown in Figure 5¢c. When CNDs were
exposed to light above 360 nm, the carbogenic component was excited (upward arrow 2 in Figure
6b) and gave PL emission whose position increased with the excitation wavelength. Figure 5b
shows that the emission from the carbogenic component was very inefficient when compared
with the emission from the IPCA component. Shortly, ICPA fluorophore in CNDs dominates the
absorption and emission properties of CNDs.
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Figure 7. Effects of surface functional groups on
the electronic structure of CNDs

Finally, to evaluate the fate of surface functional groups on the electronic properties of
CNDs, we conducted DFT calculations on a simple model in which n groups of either -NH, or -
COOH are bonded to a pyrene conjugated system. Energy levels (versus the vacuum level) of
LUMO (blue lines) and HOMO (red lines) and energy gap of modeled CNDs with different
functional groups are shown in Figure 7. Two tendencies are clearly revealed, including 1) as the
number of functional groups increases the energy gap decreases and 2) the energy levels of CND-
NH, are higher than those of CND-COOH. In photocatalyst applications, excited electron and
hole occupy HOMO and LUMO, respectively. At those levels, electron and hole initiate redox
reactions. Results in Figure 7 indicate that excited CND-NH, would have a higher reduction
ability compared to CND-COOH counterpart. Those theoretical calculations are an important
guideline for constructing CNDs for photocatalysts.

4. Conclusion

A series of carbon nanodots was successfully synthesized by hydrothermal treatment of CA-
EDA mixtures with different CA/EDA ratios to study the effects of precursor ratio on the
surface chemistry and the optical properties of obtained CNDs. Carboxy was the main
functional group on the surface of CNDs when the CA/EDA ratio was greater than 4/6 while
amino-functionalized CNDs were obtained when the CA/ED ratio was less than 2/8. The
absorption and photoluminescent properties of CNDs were greatly affected by IPCA
fluorophore. CNDs that had the highest emission quantum yield of 63.0% were CND-NH,.
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Theoretical calculations indicate that CND-NH, has higher HOMO and LUMO levels than
CND-COOH while their energy gaps are similar. These research results could be used to
design suitable carbon nanodots for diverse applications.
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