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Abstract: In this contribute the photophysical properties of CDs obtained as described in literature
from Citric Acid, Formic Acid and Urea were studied in two different solvents, water and DMSO
and under nitrogen and oxygen atmosphere. The results indicate a possible doping effect of Oxygen
which significantly impacts the optical proprieties.
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1. Introduction

Carbon dots (CDs) are an emerging class of 0-dimensional nanoparticles belonging
to the carbon-based family of materials. Characterized by a graphene-like core sur-
rounded by amorphous, functionalized carbon, these nanoparticles are typically less than
20 nm in size and were first reported in 2004 [1]. Over the past few years, CDs have at-
tracted significant attention due to their unique and advantageous properties. They are
easily synthesized from a broad range of low-cost starting materials via bottom-up ap-
proaches, making their production highly scalable and economically viable [2]. In addi-
tion, their biocompatibility, low cytotoxicity [3], tunable photoluminescence [4], and
photo-induced electron transfer capabilities have positioned CDs as versatile materials for
applications in sensing [5], bio-imaging [6], catalysis [7,8], photodynamic therapy [9,10],
packaging [11], and optoelectronic devices [12]. Because of these qualities, CDs are in-
creasingly seen as a promising organic alternative to metal-based quantum dots.

Despite their potential, there remain significant challenges in understanding the cor-
relation between the optical properties of CDs and their nanoparticle structure. Achieving
reproducibility in their synthesis and gaining insight into the mechanisms behind their
photoluminescence is one of the primary hurdles in fully exploiting the potential of these
carbon-based nanoparticles.

In particular, CDs that exhibit efficient excitation and emission in the deep-red [13—
15] and near-infrared (NIR) [16,17] spectral ranges are of considerable interest for bioim-
aging applications. Emission in these regions is crucial for in vivo imaging since tissue
autofluorescence and light scattering are minimized, leading to improved imaging con-
trast and spatial resolution. Several research groups have reported on CDs with deep-red
and/or NIR emissions, typically excited by light in the green spectral region. To achieve
such emissions, various techniques such as heteroatom doping, size control, surface engi-
neering, and chemical environment modulation of CDs have been explored. For instance,
Jiang et al. reported CDs [18] with full-range UV-Vis-NIR emission through fluorine and
nitrogen co-doping, where the optimum excitation wavelength was around 550 nm with
a photoluminescence quantum yield (PLQY) of 9.8%.
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Efficient red-emissive CDs in aqueous solutions remain scarce, which limits their per-
formance in high-resolution bioimaging. However, some progress has been made. For ex-
ample, a one-step solvothermal method has been developed to synthesize pure red-emis-
sive CDs (FA-CDs) [20] from citric acid and urea in formic acid, avoiding the need for
complicated purification procedures. Additionally, surface modifications of CDs have
been found to affect their NIR absorption and emission properties. The adsorption of elec-
tron-acceptor groups on the CD surface can enhance NIR emission, and it has been
demonstrated that the deprotonation of surface hydroxyl groups can shift the absorption
band toward longer wavelengths while also enhancing emission intensity by inhibiting
energy dissipation [19].

Understanding the factors that influence photoluminescence emission and photo-
thermal conversion in the deep-red/NIR regions is of utmost importance for the design of
CDs with enhanced emission in these ranges. One major area of study is the role of surface
hydroxyl groups, which are commonly found on CDs. The protonation and deprotonation
processes at the CD surface significantly impact their energy structure, yet relatively few
studies have investigated the effects of surface protonation on these optical properties.
Moreover, in applications for in vivo bioimaging, the effect of environmental oxygen on
CDs must be carefully considered. Unlike in electronic applications, oxygen is always pre-
sent in biological systems, and its interaction with CDs could influence their optical be-
havior.

In light of this, the present study examines the combined effects of solvent and oxy-
gen on the optical properties of CDs. Building on previous work by Zhang et al. [20],
which successfully demonstrated the use of CDs for in vivo applications, we analyze how
both UV absorption and photoluminescence are affected by oxygen exposure. Our results
suggest that oxygen may play a role in doping the CDs, thereby altering their optical prop-
erties. Understanding these interactions is critical for the development of CDs that are
optimized for biological imaging, where oxygen is an unavoidable component of the en-
vironment. This study contributes to the growing body of knowledge regarding the fac-
tors that influence the optical behavior of CDs, particularly in biologically relevant condi-
tions.

By continuing to explore the relationship between CD structure, surface chemistry,
and optical properties, researchers aim to enhance the reproducibility and efficiency of
CDs, bringing us closer to realizing their full potential in a wide range of applications,
especially in biomedical imaging and therapy.

2. Materials and Methods
2.1. Materials

Citric Acid was provided by Tokyo Chemicals Industry Co. (Belgium); Urea was pro-
vided by J.T. Baker Chemicals (Holland); Hydrazine by Fluka Chemika (Switzerland); For-
mic Acid, DMSQO, Ethanol from Merck (Germany). Omnipore 0.45 um PTFE filters are
provided from Merck; 0.22 um Nylon syringe filters are provided by Branchia.

2.2. Instruments

The autoclave is a Buchi Tinyclave with Teflon insert in Steel body; Atomic Force Mi-
croscopy (AFM) was performed with AFM NTMDT NTEGRA (NT-MDT Spectrum Instru-
ments LLC. Moscow, Russia) in tapping mode with a cantilever NSG10 operating at a
typical cantilever resonance frequency of 140-390 kHz, UV-Vis analysis are performed
with Perkin Elmer UV/VIS/NIR Lambda 900, Luminescence measurements with NanoLog
composed by a iH320 spectrograph equipped with a Synapse QExtra charge-coupled de-
vice by exciting with a monochromated 450W Xe lamp, FT-IR characterization with a
Bruker Tensor 27. The quartz cuvette used for Abs and Em has a path length of 1 cm and
it has a quartz cap with a sink.
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2.3. Methods

The CDs have been obtained through solvothermal reaction in autoclave from Citric
Acid and Urea using Formic Acid as solvent according to literature [20]. Briefly, 1 g of
Citric Acid (5.2 mmol) and 2 g of Urea (6.4 eq) were placed in a 25-mL Teflon-lined auto-
clave and dissolved in Formic Acid with the aid of magnetic stirring. Once the reagents
are solubilized, the autoclave is heated in an oil bath at 160 °C for 4 h. Then the autoclave
is cooled down to room temperature and the reaction mixture is diluted with 40 mL of
Ethanol, that lead CDs to precipitate. After centrifugation at 6000 rpm for ten minutes; the
supernatant solution is removed, and the CDs are redispersed in Ethanol and centrifu-
gated other 2 times to remove unreacted precursors and the blue absorbing fraction of
CDs. At the end the washed solid is dissolved in distilled Water and filtered firstly on a
0.45 pm buchner filter and then through a 0.22 pum syringe filter. The solution is dried
using rotary evaporator to obtain a black powder.

Absorption and emission spectra have been registered both in Distilled water and
DMSO, the solutions are prepared in inert environment under Nitrogen gas, the CDs sam-
ple powder have undergone several Nitrogen-vacuum cycles to ensure the absence of Ox-

ygen.
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Figure 1. Synthesis scheme of CDots.

3. Results and Discussion
Characterization

The dimensions of the synthetized CDs have been evaluated through AFM technique;
the height of the sample is 12-15 nm. The FT-IR shows absorption peaks at 3550 cm™' v of
O-H dimers, 3475 cm™ and 3415 cm™ v of N-H of primary amides or amines, peak at 2962
cm v of CHsand CHy, peak at 2923 cm™ v of =C-H, 1704 cm™ v of C=0, 1627 cm™ and
1618 cm™ of COO/COONHYj4, 1401 cm™ and 1386 cm™ of C-O groups. Elemental analysis
reveals the composition of the CDs (C, H, N, O), with the Oxygen value obtained by dif-
ference of the others: C (45.63%), H (4.12%), N (14.12%), O (36.13%).
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Figure 2. On the left AFM image and particles profile, on the right FT-IR spectrum in KBr.
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Normalized
Absorbance and Intensity

To verify a possible effect of Oxygen over absorption/emission properties spectra
have been recorded for 4 different solutions for each solvent: one solution made with de-
gassed solvent identified as “Solvent + N2”, one “Solvent + O2” obtained from “Solvent +
N2” after bubbling Oxygen inside identified as “Solvent +O2 + Hydrazine” obtained from
the previous one with the addition of hydrazine, and a fresh one “Solvent + N2 + Hydra-
zine”.

Hydrazine is reported in the literature as an agent used for the de-doping of organic
materials [21,22]. This is particularly relevant in cases of oxygen-induced doping, as oxy-
gen often acts as an electron acceptor in conjugated polymers, leading to an increase in
charge carrier concentration, essentially creating a “doped” state. Hydrazine, being a
strong reducing agent, has the ability to remove these charge carriers and restore the pol-
ymer to its neutral or “de-doped” state. Hydrazine is widely used in the treatment of or-
ganic materials because it is compatible with the chemical structure of conjugated poly-
mers. It does not damage the polymer chain but acts selectively on the oxidized groups,
preserving the desired electronic properties of the material. Thus, CDs can be seen as anal-
ogous to organic conjugated polymers [23,24], both in terms of their structural versatility
and the presence of functional groups that define their interactions with light, charge car-
riers, and other materials for this reason we decide the treatment with hydrazine of the
solutions.

In Figure 3 are reported on the left the Absorption and Emission spectra at different
excitation wavelength of CDs in water under N2. The absorption spectrum has a main
absorption band at 556 nm and an excitation-dependent PL (photoluminescence) emission
In Water (N2) the overall Luminescence is composed by 3 contributes [25]: one in blue
range at about 498 nm, one in the yellow area (598 nm) and one red component at 645 nm.
In Figure 3 on the right are reported the absorption spectra in water with and without
Oxygen, and after treatment with hydrazine. No significant changes are observed in the
absorption positions, but a broadening of the bands and an increased long wavelength tail
are noted compared to the corresponding spectra treated with hydrazine.
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Figure 3. On the left Absorption and Emission (dotted lines) spectra at different excitation wave-
length of CDs in H20 under N2, on the right Absorption of CDs in H20 in the 4 conditions.

In Figure 4 are reported on the left the Absorption and Emission spectra at different
excitation wavelength of CDs in DMSO under N2. The absorption spectrum has a main
absorption band at 580 nm and two shoulders, one at high energy at about 540 nm and
one at lower energy at about 605 nm and a strongly excitation-dependent PL emission.
Also, in the DMSO solvent three different emissions can be recognized, a broad one in the
blue region, at about 470 nm (tav=7.46 ns), and two sharper ones in the yellow and red
regions, at 583 nm (Tav=3.84 ns) and 640 nm (tav=2.74 ns), respectively. The different be-
havior in the two solvents, as previously observed in literature [26], is due to the fact that
while water is a polar protic solvent, DMSQO is a polar aprotic solvent with good deproto-
nation ability due to the S = O groups and strong electron-withdrawing ability. It had been
demonstrated that deprotonation of the surface can enhance the surface electron-with-
drawing environment of CDs, leading to redshifted absorption band, and enhanced
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emission intensity by inhibiting the energy dissipation of hydroxyl groups [20]. Indeed,
the PL Quantum Yields of water and DMSO solutions, measured under Nz, display values
of 15% and 54% for water and DMSO solutions, respectively (see Table 1).
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Figure 4. On the left Absorption and Emission spectra at different excitation wavelength of CDs in
DMSO solution under N2, on the right Absorption of CDs in DMSO in the 4 conditions.

Table 1. PL QY of solutions (excitation at 565 nm).

N2 QY% 0:2QY% O: Hydrazine QY% N:Hydrazine QY%
H20 DMSO DMSO DMSO DMSO
15 54 45 30 47

The effect of oxygen is particularly evident in the absorption spectra of the DMSO
solutions, as shown in Figure 4 on the right. In the presence of oxygen, the absorption
shows a sharp reduction of the high energy peak and a consequent red shift of the maxi-
mum at around 609 nm. Treatment of the solution with hydrazine does not cause a shift
in the main bands but reveals the disappearance of the 640 nm lower energy shoulder,
which could be attributed to the presence of oxygen in the synthetized material due to the
fact that synthesis and purification were not carried out in an inert atmosphere.

In Figure 5 the PL spectra of the water (A) and DMSO (B) solutions are reported of
the four solutions whose absorption is reported in Figure 3 (right) and Figure 4 (right).
When Ozis bubbled into the solutions, a reduction of the yellow component of the PL is
observed, particularly evident in the case of the DMSO solvent. By adding Hydrazine to
the Oz solution the yellow emission is partially restored. So, the Hydrazine is able to par-
tially restore the yellow emission after it has been quenched by the Oz. By adding Hydra-
zine to the Nz solutions the PL shape does not change significantly.
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Figure 5. Emission spectrum of: [A] CDs in H2O in the 4 conditions with 555 nm excitation, [B] of
CDs in DMSO in the 4 conditions with 540 nm excitation.
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When O2is bubbled into the DMSO + N2 solution, analogously to the addition to Wa-
ter solution, the yellow emission at 587 nm is switched-off, so each excitation in DMSO +
Oz lead to the 645 nm emission; while the absorption peaks decrease in intensity except
for the one at 605 nm.

By the addition of Hydrazine to the DMSO +O:2 sample the yellow emission is pretty
restored at 599 nm, while if it is added to the DMSO + N2 solution the peak at 587 increase
its intensity and red shifts at 591 nm. The lower-energy absorption component, at 605 nm,
in both cases, following Hydrazine addition, disappears.

In conclusion, we have performed a photophysical analysis of water and DMSO so-
lutions under N2, with oxigen or hydrazine addition, in order to recognize the role of ox-
ygen in doping the CDs. In both the solvents three components are present in the absorp-
tion and emission spectra. In DMSO an absorption component at 640 may be attributed to
the presence of oxygen accompanied by a sharp reduction of the 540 nm band. The 640
nm component is present also in the brodening at lower energy of the absorpiton spec-
trum in water. The PL analysis shows that oxigen quenches the yellow component of the
emission in in both water and DMSO. By hydrazine addition the yellow emission compo-
nent is partially restored. However, the PL QY analysis in DMSO (see Tablex) shows that
the addition of hydrazine induces a reduction of the overall intensity of the PL.
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