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For the sake of good performance in nonlinear optical (NLO)
applications, two S,N-codoped carbon quantum dots (CQDs) were
synthesized from 3,7-dinitro-10H-phenothiazine under different
conditions of alkaline solution (D-1 from NaOH, D-2 from ammonia).
The synthesized carbon quantum dots D-1 and D-2 are monodisperse
with narrow size distribution (average 2.8 and 3.1 nm). These CQDs
exhibit strong n—n* transition in the UV region and broad intra-
molecular charge transfer (XICT) transition absorption bands in the
visible region. The PL properties of CQDs are excitation and pH
dependent. In addition, the PL intensity of the CQDs remains stable
under high ionic strength and 100 W UV light irradiation. Moreover,
D-1 and D-2 exhibit delightful NLO response and OPL performance
at 532 nm and 1000 nm laser pulses, and the results further
elucidate that these CQDs are promising nonlinear optical materials
for optical power limiting applications.

Introduction

Since the first carbon quantum dots (CQDs) were reported by
Scrivens et al. in 2004," they have caught much attention in
many fields for their unique photophysical properties. CQDs
exhibit excitation- and pH-dependent emission, excellent
photostability, high quantum yield and up-conversion proper-
ties, which make them act as outstanding optoelectronic
materials.>® Recent research progress further proved that
CQDs have great potential applications in lasing,* solar cells,’
photodetectors,® and light-emitting diodes.””® As is well known,
two classical synthetic approaches have been demonstrated in
the preparation of CQDs. The former one is top-down methods,
which cleave larger carbon structures to smaller ones by laser
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ablation, arc discharge or electrochemical oxidation.»*'°

However, such methods produce CQDs in a low production
yield and the processes are difficult and expensive. Therefore,
more attention is focused on the bottom-up methods, which
offer relatively high yields and convenient synthetic routes. The
bottom-up methods are realized by the carbonization of organic
precursors or fusion of organic molecules under thermal/
solvothermal/hydrothermal conditions."*™® To date, most
of the optoelectronic CQDs were synthesized by bottom-up
methods due to the advantage of low price, high yield, and
excellent photophysical properties.

To date, some investigations have focused on the nonlinear
optical (NLO) properties of CQDs, because CQDs offer feature-
less absorption spectra which cause unique broadband
optical power limiting (OPL) possibilities."*"> Compared with
other emerging types of nonlinear optical materials (such as
MOFs, antimonene, MXenes, TiS,, and perovskites),’®>° CQDs
exhibit comparable OPL properties. Moreover, CQDs have been
regarded as promising candidates in NLO device design
because of the presence of abundant delocalized m-electrons,
which ensured that the materials had good nonlinear optical
performance. What’s more, CQDs are easy to synthesise and
endowed with low-price. The mechanism of the OPL property of
CQDs is attributed to nonlinear scattering of the incident laser
radiation.”**> The Couris group reported quasi-spherical
sized carbon quantum dots,>® which were found to exhibit a
significant nonlinear optical response under the conditions of
532 and 1064 nm, ps and ns laser pulses. The OPL threshold of
CQDs was determined to be ca. 0.25 and 0.5 J em ™2 for 532 and
1064 nm laser pulses, respectively. The Liang group success-
fully synthesized a series of CQDs from citric acid,>* which
showed positive nonlinear refractivity and negative nonlinear
absorption coefficient, indicating the satisfactory performance
of the nonlinear property. CQDs exhibit potential prospects in
the application of NLO materials.

What’s more, element doping is proposed to be an effective
approach which could improve the fluorescence efficiency and
tune the photophysical characteristics of the CQDs. Nitrogen- and
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Scheme 1 Synthetic procedures of carbon quantum dots (D-1 and D-2).

sulphur-doped CQDs have shown excellent exhibition in multi-
functional applications. For the sake of good performance,
we synthesized the S,N-codoped CQDs D-1 and D-2 from
the phenothiazine derivative by hydrothermal treatment. In
the work to be reported below, we demonstrate that D-1 and
D-2 exhibit excitation- and pH-dependent emission and OPL
responses, indicating the potential application of NLO materials
(Scheme 1).

Results and discussion
Design and synthesis

The CQDs are prepared by the bottom-up approach to obtain
high emission efficiency.>® Detailed synthetic procedures
and characterization data for the precursors and CQDs can be
found in the Experimental section and ESI.f Hereby, we
employed a hydrothermal treatment of alkaline solution to
synthesize the CQDs due to its facility and effectiveness.
3,7-Dinitro-10H-phenothiazine was used as the precursor.
NaOH aqueous solution and ammonia were used to compare
the influence of alkaline solution. Two different CQDs were
prepared under different conditions of alkaline solution
(D-1 from NaOH, D-2 from ammonia). The hydrothermal
conditions and reaction time were optimized to achieve the
optimum quantum yield. The as-prepared CQDs were further
purified by dialysis and are quite soluble in water and common
polar organic solvents, which implies that these dots have good
monodispersion.

Characterization of CQDs

The size distribution and morphology of these CQDs were
characterized by TEM (Fig. S1, ESIt) and HRTEM (Fig. 1). As
shown in Fig. S1 (ESIt), the CQDs are quasispherical and
monodisperse with a narrow size distribution. Fig. 1 shows
the HRTEM image of D-1 and D-2, demonstrating the spherical
shape and narrow size distribution which are mainly in the
range of 1.5-4 nm. The average diameters of D-1 and D-2 are 2.8
and 3.1 nm, respectively. This result of HRTEM clearly certifies
the successful formation of these two CQDs. Otherwise, no
obvious crystalline planes and patterns were found in the
HRTEM images, attesting to the amorphous structure of D-1
and D-2. The atomic force microscopy (AFM) image (Fig. S2,
ESIt) further complements the HRTEM result, and it reveals
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Fig.1 HRTEM images of the obtained D-1 and D-2 (a and b); and the
images of size distribution (c and d).

that the CQDs are around 1.4 nm in thickness, which is close to
4-5 graphene layers.

For further confirm the surface functionalities, the CQDs
were characterized by Fourier transform infrared (FT-IR) spectra
and X-ray powder diffraction (XRD) measurements. FT-IR spectra
(Fig. 2a) of precursor 1 show two peaks centered at 3477 cm ™"
and 3328 cm ™, corresponding to the stretching vibrations of
O-H/N-H in the phenothiazine. Another strong peak centered
at 1505 cm™~ ' represents the bending vibrations of the nitro
unit. For the as-prepared CQDs, they showed a decrease in
adsorption of the nitro unit bending vibrations at 1505 cm™*
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Fig. 2 (a) FT-IR spectra of 1, D-1, and D-2. (b) XRD pattern of the D-1
and D-2.
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owning to the drop of the nitro unit during the formation of
nanoparticles. The D-1 nanoparticles exhibited characteristic
absorption bands of N-H and O-H stretching vibrations at
3435 cm™ ', N-H and O-H bending vibrations at 1430 cm ™" and
1590 em ', and C-N and C-O stretching vibrations at
1024 cm ™! and 1128 cm™'. Different from D-1, the D-2 CQDs
exhibited characteristic absorption bands of N-H and O-H
stretching vibrations at 3371 em ', indicating more amino
group on the D-2 surfaces. The absorption bands from N-H
bending vibrations were also observed at 1600 cm ™. Otherwise,
no obvious absorption bands of C-S were exhibited in the FT-IR
spectra. There are two possible reasons for the emission of C-S
absorption bands. First, the absorption bands of C-S are
similar to those of C-N and C-O stretching vibrations. Second,
the small amounts of sulfur result in weak absorption bands. In
addition, the XRD (Fig. 2b) shows a broad (002) peak centered
at around 20 = 24.96, which further confirms the CQD struc-
ture. The interlayer spacing distances of D-1 and D-2 are
0.534 nm and 0.551 nm, respectively. The value of interlayer
spacing distance is a little larger than the graphene structure,
owing to the existence of organic functional groups on the CQD
surfaces. Besides, no other diffraction peaks were found owing
to the amorphous structure, which is in agreement with the
TEM results. Raman spectroscopy also exhibits the character-
istic G band at ca. 1609 em™" and the D band at ca. 1309 cm ™"
(Fig. S3, ESIY), the crystalline G-band (Ip/Ig) for the N,S-CQDs is
about 0.4, indicating its high quality.

To analyze the elemental composition of the CQDs, X-ray
photoelectron spectra (XPS) were recorded. As illustrated in
Fig. 3, the as-prepared CQDs mainly contain carbon, oxygen,
nitrogen and sulfur, similar to the composition of other CQDs
in the literature.?*">® Table 1 shows the concentration of C, N,
O, and S in D-1 and D-2 determined by XPS. It is noted that
the nitrogen percentage in D-2 is much higher than that in D-1
and the nitrogen content of D-2 reached up to 9.69% by weight
(3.45% for D-1), which is because the addition of ammonia
increases the nitrogen precursors. The high-resolution spectra
of C1s exhibit three main peaks (Fig. S3a and S4a, ESIt). Among
these, the binding energy peak at 284.3 eV confirms the
graphitic structure (sp> C-C). The peak at about 285.9 eV
suggests the presence of C-N/C-O/C-S, and the peak around
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Fig. 3 XPS spectra of D-1 and D-2.
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Table 1 The relative contents of C, O, N and S atoms for D-1 and D-2
(determined by XPS)

Element content/%

Samples C (o) N S

1 49.83 22.12 14.53 11.08
D-1 55.34 36.15 3.45 0.83
D-2 58.59 26.39 9.69 0.51

285.0 eV could be assigned to C—C. Besides, the N1s spectra
(Fig. S3b and S4b, ESIT) show three peaks at 398.7 eV, 399.6 eV,
and 400.4 eV, which are attributed to pyridinic N, amino N
and pyrrolic N, respectively. What’s more, the high-resolution
spectra of S2p were also studied (Fig. S3c and S4c, ESIf), and
two obvious peaks reveal the presence of S2pj, C-S-C unit
(163.5 eV) and S2p,/, C-S-C unit (164.7 V). These high-resolution
spectra clearly show the formation of the CQDs and confirm the
successful incorporation of nitrogen and sulfur into the core of
the carbon dots.

The ground state properties of CQDs

The UV-Vis absorption spectra of precursor 1, D-1 and D-2 are
presented in Fig. 4. Precursor 1 exhibits two obvious absorption
peaks located at 318 nm and 493 nm. The absorption band
at 318 can be assigned to the n-r* transition of the conjugated
n-system because of the narrow sharp and strong intensity.
Another band at 493 nm corresponds to the intramolecular
charge transfer (*ICT) transitions from the electron-donating
phenothiazine moiety to the electron-withdrawing nitro group.
The main absorption bands of D-1 and D-2 are located in the
ultraviolet region and D-1 shows strong absorption intensity
at 260 nm and 350 nm, corresponding to the m-n* transition
of the aromatic sp> domains and the trapping of excited-state
energy by the surface states, respectively. Different from D-1,
D-2 exhibits an obvious band at 600 nm, which should be due
to the high conjugation and high quality of D-2, which are
in line with similar CQDs reported previously.">?” The broad
ground state absorption is also beneficial to broaden the
optical protection window for OPL applications.
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Fig. 4 UV-visible absorption spectra of 1, D-1 and D-2.
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The emission properties of CQDs

Precursor 1 exhibits a pronounced positive solvatochromic
effect in different solvents (Fig. 5a). When the polarity of
the solvent increases, the emission energy of the precursor 1
decreases. In a low-polarity solvent (toluene), precursor 1 shows
yellowish-green emission at 577 nm, and when in a high-
polarity solvent (DMSO), the emission turns to red (658 nm),
which reveals the typical ICT emission. Under UV light excita-
tion, D-1 and D-2 exhibit green and yellow emission in the
aqueous solution, respectively. Like most CQDs, the emission
wavelengths of the D-1 and D-2 are dependent on their excita-
tion wavelengths.>® As shown in Fig. 5b and c, the emission
wavelength of D-1 shifts from 486 to 586 nm when the excita-
tion wavelength changes from 380 to 500 nm, whereas the
emission wavelength of D-2 shifts from 535 to 618 nm when the
excitation wavelength changes from 380 to 520 nm. In addition,
D-1 exhibits the highest emission intensity at 486 nm under
the excitation of a 380 nm xenon lamp. When the excitation
wavelength decreases, the emission intensity of D-1 is also
gradually increased. D-2 also shares similar properties, but exhi-
bits the strongest emission under the excitation of 420 nm under
a xenon lamp. Although there is still no convincing photolumi-
nescence mechanism for quantum dots, according to the reported
work, the obvious excitation-dependent emission could be
ascribed to the surface-related defect states.”*>%>°

To further understand the PL properties of these CQDs, the
emission intensity against pH of the medium was investigated.
As displayed in Fig. 6, both D-1 and D-2 show great emission
intensity when the pH changed from 4 to 10, but under acidic
(pH = 2-4) and alkaline conditions (pH = 10-12), the emission
intensity precipitously decreased, which may be ascribed to the
protonation or deprotonation of the oxygen containing func-
tional groups and thus shift the Fermi level of the CQDs.>*°
Otherwise, D-1 and D-2 exhibit stable emission under different
ionic strengths of the medium (Fig. S6, ESIt), indicating the

——DMSO
——CHN
——DCM
—THF
Toluene

22000

1500

1000

500

Emission intensity

600 700 300 900 100

500 600
Wavelength/nm Wavelength (nm)

100 500 600 700 300
Wavelength (nm)

Fig. 5 (a) Normalized room temperature emission spectra of 1 with
467 nm excitation in different solvents; (b and c) emission spectra of D-1
and D-2 at different excitations ranging from 380 to 520 nm with a 20 nm
increase in each step; (b) the photos of D-1 and D-2 under the irradiation
of UV light at 365 nm.
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Fig. 6 Effect of pH on the fluorescence intensity of D-1 (a and b) and D-2
(c and d), the fluorescence intensities are recorded at 486 nm and 535 nm
for D-1 and D-2, respectively.

structural stability. The photostability of D-1 and D-2 were also
examined by monitoring the change of the emission intensity
with irradiation time using the xenon lamp (Fig. S7, ESIT). After
irradiation for 1 h, no PL bleaching was observed (486 nm for
D-1 and 535 nm for D-2), indicating that D-1 and D-2 are
photostable, which is beneficial to their application as OPL
materials under the irradiation and excitation of laser pulses.

The optical power limiting properties of CQDs

For several CQDs investigated as protectors against a laser due
to their unique nonlinear optical response, the NLO and OPL
properties of D-1 and D-2 were evaluated by using the Z-scan
technique at 532 nm and Cg, is used as the benchmark OPL
material.’" During the experiments, when the sample with NLO
behavior is moved into the focus slowly, the laser intensity
increases and the NLO effect enhances. D-1 and D-2 were
individually dispersed in DMF by 30 min of ultrasonic proces-
sing. To make sure that all samples were under the same
conditions, the linear transmittance at 532 nm was adjusted
to 70%.>> As shown in Fig. 7a, all CQDs exhibit an obvious
reduction in transmission around the focus of the lens, which
indicates a prominent optical limiting response. At the focal
point, the input fluence reached a maximum and the transmit-
tance at 532 nm of D-1, D-2 and benchmark OPL material Cg,
are reduced to a minimum (7,,;,) of 72, 64 and 60%, respec-
tively. Compared with the benchmark OPL material Cgo, D-1
and D-2 exhibit a slightly poorer transmittance at Z = 0 mm.
The z-scan response curves were obtained at 1000 nm. Intensity
dependent open-aperture Z-scan curves and close-aperture
Z-scan curves (35 fs, 1000 nm optical pulses) were also studied
(Fig. S8 and S9, ESIt). While the intensity increases, D-1 and D-2
exhibit better NLO responses. Furthermore, nonlinear scattering
(NLS) is regarded as another important factor for the NLO effect of
CQDs and their derivatives. The fluence-dependent scattering
measurement at an angle of 40° to the propagation axis of the
transmitted lasers is shown in Fig. 7b, and D-1 and D-2 exhibit
better NLS responses than Cg,. All the results indicate that D-1 and
D-2 are able to act as effective NLO materials.
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Fig. 7 (a) Open-aperture Z-scan curves, (b) scattering response, (c) optical
limiting performance of D-1, D-2 and Cgg With the same linear transmittance
of 70% to 4 ns, 532 nm optical pulses.

Because of the Z-scan properties and good NLS responses,
D-1 and D-2 are expected to show great OPL performance. To
demonstrate this, non-linear transmission experiments for D-1
and D-2 in DMF were also carried out at 532 nm using a 4.1 ns
laser pulse. The concentration of each sample solution was
adjusted to a linear transmission of 70% at 532 nm. Fig. 7c
displays the output energy density vs. input energy density for
D-1, D-2 and Cg,. When under low energy laser excitation
(<0.08 J em™?), the output energy density was in line with
the input energy density, which originates from the linear
absorption. When the input energy density was increased to
~1.5 J em™?, the normalized transmittance decreases to ca.
46% for D-1 and 42% for D-2, respectively. It is noted that D-2
exhibits better OPL behavior than D-1 due to the larger size of
the dots, which could cause stronger NLS response. The OPL
effect of CQDs may be ascribed to two mechanisms. One
mechanism involves the phase transition from solid to gas
with the CQDs generating explosive growth of micro-plasmas.
The other one corresponds to heat transfer from the CQDs to
the surrounding liquid and expansion of the micro-plasma,
leading to solvent bubble growth.** As a result, D-1 and D-2
show comparable OPL performance to Ce. Moreover, doping
into the functional polymers is one of the potential device
applications for optical power limiting. Different degrees of
doping could lead to different optical responses. These depen-
dence investigations were also proved by the Xie group and
other groups.***> Furthermore, the cheap price and synthesis
facility of D-1 and D-2 make them act as promising nonlinear
optical materials for OPL applications.

Experimental section

Synthetic procedures

Synthesis of D1. Precursor 1 (0.3 g) was dispersed in an
NaOH solution of DI water (60 mL, 0.2 M) by ultrasonication
(500 W, 40 kHz) for 2 h. The suspension was transferred to a
poly(tetrafluoroethylene) (Teflon)-lined autoclave and heated at
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200 °C for 12 h. After cooled to room temperature, the product
containing water-soluble CQDs was filtered through a 0.22 pm
microporous membrane to remove the insoluble carbon pro-
duct, and further dialysed in a dialysis bag (retained molecular
weight: 3500 Da) to remove sodium salt and unfused small
molecules. The purified black CQDs D1 were dried at 80 °C for
structural characterization and property measurement.

Synthesis of D2. Precursor 1 (0.3 g) was dispersed in an
ammonium hydroxide of DI water (60 mL, 1 M) by ultrasonica-
tion (500 W, 40 kHz) for 2 h. The suspension was transferred to
a poly(tetrafluoroethylene) (Teflon)-lined autoclave and heated
at 200 °C for 12 h. After being cooled to room temperature, the
product containing water-soluble CQDs was filtered through a
0.22 pm microporous membrane to remove insoluble carbon
product, and further dialysed in a dialysis bag (retained mole-
cular weight: 3500 Da) to remove sodium salt and unfused
small molecules. The purified yellow CQDs D2 were dried at 80 °C
for structural characterization and property measurement.

Conclusions

In summary, we reported the structure, photophysical and NLO
properties of the S,N-codoped CQDs D-1 and D-2. The results of
TEM, AFM, XRD, FT-IR and XPS confirm the successful fabrica-
tion of S, N-codoped CQDs. Additionally, their photophysical
properties and steady-state fluorescence were studied systemi-
cally. D-1 and D-2 not only exhibit excitation- and pH-dependent
emission, but also perform satisfactory photostability under the
conditions of different ionic strengths and 100 W UV light.
The NLO properties and OPL performance of D-1 and D-2 were
investigated using Z-scan measurements at 532 nm with 4 ns laser
pulses. Both D-1 and D-2 exhibit delightful NLO response and
OPL performance. What’s more, D-2 exhibits better OPL behavior
due to the larger size of the dots, which could cause stronger NLS
response. In addition, both CQDs show comparable OPL perfor-
mance to Cgo. The cheap price and convenient synthesis facility
make them promising nonlinear optical materials for OPL appli-
cations. Moreover, the satisfactory photophysical properties make
these CQDs potential multi-functional materials for quantum dot
light emitting diodes and pH sensors.
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