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Interaction of the Excited Electronic States
of Carbon Quantum Dots and Molecular Oxygen

The S,N-doped carbon quantum dots based on citric acid and L-cysteine were synthesized. The sizes of the
synthesized carbon dots vary from 4 to 10 nm. The absorption spectrum exhibits a band with a maximum at
360 nm, as well as a shoulder at about 240-250 nm. The fluorescence band of the studied carbon dots is lo-
cated in the region of 370-600 nm with a maximum at ~430 nm. The properties of the long-lived lumines-
cence of carbon quantum dots solutions were studied. It was established that the decay of triplet states occurs
as a result of a radiative phosphorescent transition and triplet-triplet annihilation. The synthesized carbon
quantum dots are reviled to be the singlet oxygen sensitizers, as evidenced by the observed luminescence of
molecular oxygen upon excitation of solutions in the absorption band of the carbon quantum dots. It was

shown that when O2 (325) was added to the solution, the process of singlet-triplet annihilation develops, the
efficiency of which depends on the concentrations ratio of triplet carbon quantum dots and singlet O2(*Ag)

molecules. In the presence of plasmonic Ag nanoparticles, the phosphorescence of singlet oxygen is en-
hanced.

Keywords: carbon quantum dots, singlet oxygen, excited states, delayed fluorescence, phosphorescence, Ag
nanoparticles, plasmons.

Introduction

Molecular oxygen (O,) is an oxidizing agent that is involved in metabolic pathways that are fundamen-
tal to aerobic life. However, the oxidizing power of O, at room temperature is low due to the strong oxygen-
oxygen chemical bond, as well as its triplet nature of the ground state. These difficulties can be overcome by
transferring oxygen to the singlet state O2(*Ag) [1]. Oxygen activation is a very interesting task for biology,
chemistry and industry. A great contribution to the development of electronic mechanisms for the activation
of molecular oxygen was made by Minaev B.F. et al. [2-5].

To overcome the spin forbidding rule for the transition of O, to O>(*A), photosensitizers with a high yield
to the triplet state are required. Photosensitization-generated reactive oxygen species O,(*Ag) can be used for
various photodynamic applications, such as photodynamic therapy (PDT) [6-8], light deactivation of pro-
teins [9], oxidative processes in biological objects [10, 11] and photodegradation of organic pollution [12].

Therefore, the photophysical properties of photosensitizers (spin-catalysts) have a great importance for
the photosensitized activation of oxygen, especially the population of triplet states by intersystem crossing.

Carbon quantum dots (CQDs) are a promising type of photosensitizer. The CQDs refers to quasi-
spherical or spherical particles with a diameter of less than 10 nm. They could be represented as a core/shell
structure consisting of a carbon core with graphite fragments and a shell of various surface functional
groups [13]. CQDs have attracted attention due to their unique properties and some advantages over organic
molecules and traditional semiconductor quantum dots [14]. CQDs particles have chemical resistance and
photo-stability, high luminescence efficiency, good biocompatibility, and low toxicity. This causes their
wide application in such areas as bioimaging [15], protective coatings [16], LEDs, solar cells [17], la-
sers [18] and sensors [19].

CQDs along with fluorescence exhibit an additional afterglow that is also an undoubted advantage.
Moreover, the efficiency and position of the bands of both types of CQDs luminescence on the wavelength
scale can be controlled by the directed synthesis [13, 16]. In this regard, CQDs particles are an attractive
agent for PDT in deep tissues with controlled optical properties through chemical functionalization [16-19].
CQDs were shown as effective PDT agents in antibiotic therapy and wound healing, despite of low optical
absorption and emission in the IR and near IR ranges [20, 21].
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In view of extensive research of the CQDs exhibiting photodynamic effects inducing cytotoxicity in
cancer cells and tumors, the fundamental understanding of parameters that allow CQDs to be useful PDT
agents remains unclear. In [22], the role of oxygen-containing chemical groups in the catalytic generation of
OH radicals, one of the common types of reactive oxygen species, was illustrated. However, the detailed
mechanism of the photodynamic activity of CQDs has rarely been reported [23, 24].

The plasmonic effect is currently actively used to increase the efficiency of photo-processes both in or-
ganic molecules [25-28] and in semiconductor quantum dots [29], since the rates of photo-physical reactions
could be changed near the plasmonic nanoparticles (NPs) surface [25, 30-31].

For CQDs, the plasmonic effect was used to enhance fast fluorescence [32-36]. The authors of [36]
demonstrated that, by chemically binding CQDs to gold NPs, it is possible to achieve a fivefold enhancement
of the orange emission of carbon dots. The observed intensity grow is due to the ultrafast resonant energy
transfer from the gold NP to the carbon dot. Composites based on CQDs and plasmonic metal NPs were used
to detect mercury ions [37], chlorophyll [38], bioimaging [39], anticancer drug [40], etc.

This paper presents the results of our study of the singlet oxygen photosensitization by CQDs, as well
as the plasmon effect of NPs on these processes. The both electronic mechanisms of intermolecular interac-
tions between the triplet CQDs and also — CQDs species with molecular oxygen are considered.

Experimental

For the CQDs synthesis the citric acid (CA, Sigma Aldrich) was used as a carbon source, and
L-cysteine (Sigma Aldrich) was chosen as a source of N- and S-containing groups. All reagents were of ana-
Iytical grade and used without further purification. The microwave reactor Monowave 200 (Anton Paar) was
used for the preparation of CQDs. To do this, CA and L-cysteine were diluted with deionized water (5 mL)
in a borosilicate glass tube and sonicated for 30 minutes. Next, the tube was placed in a microwave reactor
and heated at 200 °C for an hour with vigorous stirring. The molar ratio of citric acid:L-cysteine was 1:2.
After that solutions with different concentrations of ethanol were prepared. Its volume fraction was 25, 50, or
75 %. In the CQDs+Ag NPs solutions the concentration of CQDs was constant, and the concentration of
plasmonic NPs was 1074, 107** or 102 mol/L.

Silver NPs were obtained in solution by ablation of a silver target by high-intensity laser radiation from
a Nd:YAG laser with a generation wavelength (Agen) of 532 nm, a pulse duration tpuse=8 ns, and a pulse ener-
gy E~90 mJ. The laser beam was focused by a converging lens onto a target immersed in ethanol. The diam-
eter of the laser spot on the target was 0.01 cm?2. The height of the solvent above the target was 0.8 cm. The
diameter of the resulting NPs was 4612 nm (Zetasizer S90, Malvern). SEM images (Mira 3LMU, Tescan)
showed that the NPs have a spherical shape (Fig. 1).

T Ay £V

Pl R = .................. ..........

Mumber (Percent)

Size (d.nm)
Figure 1. Size distribution and SEM image of Ag NPs

Absorption spectra were obtained using a Cary 300 spectrophotometer (Agilent Techn.). Fast and long-
lived luminescence spectra were recorded using a Cary Eclipse spectrometer (Agilent Techn.).

Fluorescence decay kinetics was measured on a spectrofluorometer with picosecond resolution and reg-
istration in the time-correlated single photon counting mode from Becker&Hickl. The excitation of the sam-
ples was carried out using a diode laser with Agen=375 nm, Touse=120 ps. Fluorescence lifetimes were estimat-
ed with SPCImage software (Becker&Hickl).

Long-lived luminescence was recorded with an FLS1000 luminescence spectrometer (Edinburgh Instr.)
equipped with highly sensitive UV-Vis (R13456, Hamamatsu) and IR (H10330C-75, Hamamatsu) photode-
tectors. Photoexcitation of samples at Aexc=360.8 nm was carried out using a laser system based on Nd:YAG
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laser LQ529, parametric light generator LP604 and second harmonic generator LG305. For the long-lived
luminescence registration the cuvette with the CQDs solution was evacuated to a pressure of P = 10> mm
Hg.

Results and Discussion

The absorption spectra of the studied CQDs are shown in Figure 2. The spectrum exhibits a weak band
with a maximum at 360 nm, as well as a strong shoulder at about 240-250 nm. The long-wavelength absorp-
tion band is associated with 7—7r* transitions in aromatic compounds of the CQD, while the absorption at
200 nm and the shoulder at 250 nm are associated with n—c* and n—n* transitions, respectively. As shown
in [41], the intensity and position of the maximum of the CQD fluorescence band depend on the excitation
wavelength (Aexc). The most intense emission was registered for Aec=350 nm. Under these conditions, the
fluorescence band is located in the region of 370-600 nm with a maximum at ~430 nm.
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Figure 2. (a) Absorption (black curve) and fluorescence (blue curve, Aexc=350 hm) spectra of CQDs
and (b) long-lived luminescence of CQD in a solution with 25 % of ethanol.
The inset shows decay kinetics of long-lived luminescence detected at 430 nm and 580 nm. Eexc= 5.5 mJ

A broad band with two maxima at 430 and 580 nm was recorded in the long-lived luminescence spec-
trum (Fig. 2b). Since the short-wavelength band coincides in position and shape with the fast fluorescence
spectrum, it can be concluded that it belongs to the delayed fluorescence (DF) of CQDs. The long wave-
length band can be interpreted as phosphorescence. This is confirmed by the times estimated from the decay
kinetics of the long-lived luminescence recorded at 430 and 580 nm. The duration of phosphorescence is al-
most 2 times longer than that for DF. Therefore, the DF can be of the triplet-triplet (T-T) annihilation nature.
According to [42, 43], the presence of oxygen groups induces a decrease in AEst and an increase in the spin-
orbit interaction in the CQD, which contributes to the population of triplet states.

It is known that the annihilation-type DF is a magnetically sensitive process [44], and its intensity de-
pends quadratically on the intensity of the exciting light. To study the influence of the magnetic field on the
DF of the CQDs species, we used the N35 neodymium magnet with a magnetic induction of ~1 T. The mag-
nitude of the magnetic effect g(B) was estimated from the relative change in the luminescence intensity in the
presence and in the absence of a magnetic field using the following formula:

g8 =B 1O 10006, (1)
1(B)
where Iz and lo are the luminescence intensities in the field and without the field, respectively.

As shown by the results (Table 1), in the presence of a magnetic field, the DF intensity decreases
by ~33 %. The magnitude of the magnetic-field effect g(B) decreases with increasing time of registration,
which is apparently associated with a decrease in the number of triplet-excited particles. The intensity of the
long-lived luminescence at Ag=580 nm is not significantly affected by the magnetic field.
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Table 1

Values of magnetic effect g(B) on DF of the CQDs at various times of registration

Ne Time of registration, ps g(B), % Areg= 430 Nm
1 0 -33.243
2 5 -31.243
3 15 -28.6+3

The data presented in Figure 3 were obtained upon excitation of the CQDs solutions by laser pulses of
various intensities. At a wavelength of 580 nm, the luminescence intensity linearly depends on the excitation

energy, which is typical for phosphorescence. At Areg= 430 nm, the dependence 1, ~ 12 indicates that the
DF signal is a result of the T-T annhilation of the triplet carbon dots.
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Figure 3. Dependence of the DF and phosphorescence intensity of CQDs
on the energy (intensity) of the exciting light

Thus, the data obtained indicate that the photoexcitation of the CQDs solutions leads to formation of the
excited CQDs triplet states (Tcp), as a result of singlet-triplet interconversion. These Tcp decay occurs as a
result of the following processes:

Tco — So + PhOS., (2)
TCD+TCD—>(TCD...TCD)—>81+50—>250+ADF, (3)
where So, S1, Tcp are the singlet and triplet electronic states of CQDs.

Reaction (2) is phosphorescence and expression (3) represents the reactions of triplet-triplet annihilation
generating the delayed fluorescence (ADF).

CQDs are good sensitizers of singlet oxygen [22—-24]. The efficiency of sensitization will be determined
not only by the concentration of triplet CQDs, but also by the solvent [2, 3, 45-48]. Figure 4a shows the de-
cay kinetics of the phosphorescence of singlet oxygen Oa(*Ay) in water—ethanol solutions with different etha-
nol contents, measured at atmospheric pressure. With an increase in the proportion of ethanol, the intensity
and lifetime of O2(*A) phosphorescence increase, since the oxygen concentration and the O2(*A,) lifetime in
ethanol are higher than in water [3, 45-48].

The results of experiments on the oxygen concentration effect on photo-processes in a water—ethanol
solutions of CQDs are presented in Figure 4b. Before the start of measurements, the cuvette with the solution
was evacuated to a pressure of P = 10> mm Hg. In this case, there was no signal of oxygen phosphorescence

at a wavelength of 1270 nm. With an increase in the concentration of 02(3Z§) in the cell, the intensity of

phosphorescence of Oz(1Ay) increases (red curve). The lifetime within the measurement error remains con-
stant and equal to ta= 9.2 ps. The DF signal of CQDs (black curve) was grew up with the addition of oxygen
and reaches a maximum at C(O;) = 0.05 mL and then quenches. The DF lifetime of CQDs decreases with

increasing O- (32;) concentration (blue curve). The CQD’s phosphorescence was quenched when initial ox-

ygen concentrations were added to the solution, and we could not follow its dynamics, since water strongly
scattered the exciting light.
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Figure 4. (a) Decay kinetics of 1O, phosphorescence (Areg = 1270 nm) sensitized by CQDs in solutions
with different concentrations of ethanol at atmospheric pressure. The inset — the phosphorescence spectrum
0of 102 (hexc = 350 nm) in a CQDs solution with 75 % ethanol. (b) Dependence of the intensity and lifetime of DF
of CQDs (75 % ethanol) and 'O phosphorescence (Aexc = 350 nm) on the concentration of the oxygen

According to [1-3], the following processes can occur in collision complexes of molecular oxygen and
CQD:

Tcpt (3Z£) — (Tcp 32; )1‘3‘5 — So + 1Ag 4)
Tep+ lAg — (Tco lAg)3 — S5+ 32& — So+ 32& + hopr 5)
"Ag — °%; + hvphos, (6)

where formula 4 — the reaction of singlet oxygen sensitization; formula 5 — the singlet-triplet annihilation
reaction; formula 6 — the generation of singlet oxygen phosphorescence.

In accordance with reactions (4-6), the dependence of Ipr on the Oz(SEg) concentration (Fig. 4b, black

curve) is due to reaction 5. At low oxygen concentrations, the number of triplet CQDs is still sufficient to
form pairs (7cp 32& Y135 which, decaying with the formation of S, states of CQDs, additionally generate

DF. Under conditions of strong quenching of CQD triplets, the efficiency of the processes of both singlet—
triplet (5) and intrinsic (3) annhilation decreases, which leads to a decrease in the CQD luminescence intensi-
ty.

In the presence of plasmonic NPs, the sensitization of singlet oxygen by organic dyes is enhanced [49,
50]. The next we consider the effect of Ag NPs on the activation of 02(32;) molecules. The maximum ab-

sorption spectrum of silver NPs exhibits at 420 nm. At 250-270 nm, the absorption band of d-electrons of
Ag appears. In the presence of plasmonic NPs, no change in the shape of the CQD absorption spectrum was
observed. In this case, the optical density also practically did not change, both in the long-wavelength and
short-wavelength absorption bands of the CQD.

At atmospheric pressure, the highest quenching of CQD’s fluorescence was observed at
Cag= 10" mol/L. The decrease in intensity was about 11 % (Table 2). The fluorescence lifetime also de-
creases by 8-10 % on average. The observed decrease in the intensity and lifetime of CQD fluorescence in
the presence of Ag NPs is associated both with the effect of plasmonic NPs on the radiative decay rate of
CQDs and with nonradiative energy transfer (FRET) from CQDs to metal NPs [25, 30].

The measurements showed that, in the presence of plasmonic NPs, the intensity of the CQDs DF de-
creases almost twice. Its duration was also reduced (Table 2).

Registration of the oxygen phosphorescence kinetics showed that in the presence of plasmonic NPs, its
intensity in solutions of carbon particles increases by almost 2 times (Fig. 5). The greatest enhancement was
recorded at a silver concentration of 10 mol/L. The lifetime did not change and amounted to
9.3+0.2 ps.
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Table 2

Ag NPs effect on optical density, intensity and lifetime of fluorescence and DF of CQDs (75 % of ethanol)
and phosphorescence of O2(*Ag) at atmospheric pressure

IoF, r.u. +0.2, I, r.u. +0.2,
Cag, mol/L D ru | owsodns | g n | et | m | 1270am
0 0.17 52.90 8.70 480.00 29.7 1115 9.35
1075 0.17 50.86 8.14 380.50 245 163.3 9.34
107 0.17 50.10 8.10 360.50 24.4 168.0 9.26
107 0.17 49.90 7.85 324.00 24.2 202.0 9.35
107 0.17 47.10 8.00 354.50 25.8 176.0 9.44
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Figure 5. Decay kinetics of sensitized phosphorescence of O2(*Ag) (Areg=1270 nm)
at different concentrations of Ag NPs in solution

Possible reasons for the enhancement of oxygen phosphorescence may be the following. The plasmonic
effect can increase the population of the CQDs triplet state, which will lead to an increase in the concentra-

tion of singlet oxygen. The effect of Ag NPs on the exchange of energy between CQDs species and 02(325 )
triplet molecules is also possible [49]. In addition, the plasmon effect can directly enhance the rate of radia-

tive decay of singlet oxygen. Our further work will be devoted to a detailed establishment of the mechanisms
of the influence of the plasmon effect of metal NPs on the photo-physics of molecular oxygen and CQDs.

Conclusions

The properties of the long-lived luminescence of CQDs solutions were studied. It was established that
the decay of the CQDs triplet states occurs as a result of a radiative phosphorescent transition and triplet—
triplet annihilation. The synthesized CQDs species are the singlet oxygen sensitizers, as evidenced by the
observed luminescence of molecular oxygen upon excitation of solutions in the CQDs absorption band. It

was shown that the addition of aerated 02(3Z§) to the solution leads to the development of the process of

singlet—triplet annihilation, the efficiency of which depends on the concentrations ratio of triplet CQDs and
the singlet O, (*Aq) molecules. In the presence of plasmonic Ag NPs, the phosphorescence of singlet oxygen
is enhanced.
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