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ARTICLE INFO ABSTRACT

Article history:

Up to date, solid-state carbon dots (CDs) with bright red fluorescence have scarcely achieved due to
aggregation-caused quenching (ACQ) effect and extremely low quantum yield in deep-red to near infrared
region. Here, we report a novel fluorine-defects induced solid-state red fluorescence (Aem = 676 nm,
the absolute fluorescence quantum yields is 4.17%) in fluorine, nitrogen and sulfur co-doped CDs (F,N,S-
CDs), which is the first report of such a long wavelength emission of solid-state CDs. As a control, CDs
without fluorine-doping (N,S-CDs) show no fluorescence in solid-state, and the fluorescence quantum
yield/emission wavelength of N,S-CDs in solution-state are also lower/shorter than that of FN,S-CDs,
which is mainly due to the F-induced defect traps on the surface/edge of FN,S-CDs. Moreover, the solid-
state FN,S-CDs exhibit an interesting temperature-sensitive behavior in the range of 80-420 K, with the
maximum fluorescence intensity at 120 K, unveiling its potential as the temperature-dependent fluores-

Received 4 March 2021
Revised 11 April 2021
Accepted 18 April 2021
Available online 26 April 2021

Keywords:

Carbon dots

Fluorine defects
Solid-state fluorescence
Thermosensitivity

Red emission

cent sensor and the solid-state light-emitting device adapted to multiple temperatures.
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Carbon dots (CDs), as one of the most promising carbon-
based nanomaterials with an excellent photoluminescent property,
high photostability and extremely low toxicity, have potential ap-
plications in bioimaging, information encryption, photocatalysis,
sensors, optoelectronic devices, and so on [1-7]. However, simi-
lar to many organic fluorophores, the fluorescence of CDs is of-
ten quenched in solid state or at aggregated state due to the
aggregation-caused quenching (ACQ) effect, which greatly limits
the practical applications of CDs in solid-state [8,9]. Since Tang and
his co-workers first found the aggregation-induced emission (AIE)
phenomenon in a certain organic chromophores [10,11], a boom-
ing reports on AIE dots have been published in the past decade,
but solid-state fluorescence (SSF) of CDs, particularly red-emissive
SSF-CDs were seldom reported. Recently, Chen et al. introduced
poly(vinyl alcohol) onto CDs to restrict the w-m interaction be-
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tween graphitic cores and thus achieved a yellow-greenish SSF of
the CDs [12]. Yang and his co-workers proposed that the SSF-CDs
might be caused by supramolecular cross-linking between adjacent
particles [13,14]. More Recently, Yang et al. reported an interest-
ing red AIE of CDs in the solid-state through restriction of the hy-
drophobic disulfide bonds rotation in the CDs and thus reducing
the non-radiative transition [15]. So far, synthesis of SSF-CDs with
a longer wavelength emission in deep-red to near infrared (NIR)
region is still a great challenge, and how to prevent ACQ of CDs in
solid-state has not been made clear yet.

Heteroatoms doping (e.g., nitrogen (N), sulfur (S), boron (B)
phosphorus (P), fluorine (F)) is one of the most commonly used
methods to tune the optical properties of CDs [16-18]. Among
them, F-doping has become a general strategy to regulate the sur-
face electronic state and conformation on the CDs, due to the
greatest electronegativity of F atoms and the highly polarized na-
ture of C-Fx bonds [19-22]. Several recent reports on F-doped CDs
all show large absorption and emission red-shifts that can be used
for in vivo bioimaging [23,24]. Notably, the N-CDs-F in a donor-r-
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accepter conjugated structure showed strong absorption & emis-
sion in deep red to NIR region, which can be attributed to the re-
duced gap between Highest Occupied Molecular Orbital (HOMO)
and Lowest Unoccupied Molecular Orbital (LUMO) levels for the
N-CDs-F [25]. This result agrees well with the Density Functional
Theory (DFT) calculation of FN co-doped carbon microspheres by
Zhou et al.,, they found that F atoms can induce redistribution of
charges of N atoms and then reduce the HOMO-LUMO gap [26].
Unfortunately, all of the above-mentioned F-doped CDs or EN co-
doped CDs showed no SSF, although they displayed bright fluores-
cence in solution state.

In this work, we report the synthesis of a novel kind of red-
emissive SSF-CDs (Aem = 676 nm) by F, N and S co-doping through
a facile, one-pot solvothermal approach. The yielded FN,S-CDs
show bright fluorescence in both solid-state and solution state.
However, the control sample without F-doping (N,S-CDs) shows no
SSF at all. Hence, the key role that F-defectson played in facilitat-
ing the SSF of CDs is investigated. More interestingly, the SSF of
FN,S-CDs presents an unique temperature-sensitive behavior (80-
420 K), showing the maximum fluorescence intensity at 120 K.
Besides, the FN,S-CDs show a "chameleon-like" phenomenon in
mixed solvents of H,O/dimethyl sulfoxide (DMSO).

As shown in Scheme 1, the FN,S-CDs were synthesized by a
simple one-pot solvothermal method at 180 °C, using DMSO as the
solvent, citric acid (CA) as the carbon source and 3-fluoroaniline
as the F and N doping source. Obviously, the FN,S-CDs show a
red fluorescence in the solid-state while a yellow fluorescence in
the solution-state. In contrast, the control sample (N,S-CDs) syn-
thesized via replacing 3-fluoroaniline by aniline, show no SSF at
all but a green fluorescence in the solution-state.

A typical TEM image (Fig. 1a) of the as-synthesized FN,S-CDs
and the corresponding size distribution histogram show that the
FN,S-CDs are mono-dispersed with an average size of 5.72 nm.
Fig. 1b shows a high-resolution TEM (HRTEM) image of an indi-
vidual FN,S-CD, which reveals the high crystallinity of the carbon
core. The spacing of lattice fringe is 0.204 nm, which corresponds
to the (100) plane of graphite carbon [27-29]. Compared with
the FN,S-CDs, the N,S-CDs have a smaller average size (2.69 nm),
as demonstrated in Fig. S1 (Supporting information). Besides, we
found that with the addition of poor solvent H,O into the tetrahy-
drofuran (THF) solution containing the FN,S-CDs, an aggregation
phenomenon occurred. When the volume ratio of THF to H,O is
1:1, as shown in Fig. 1c, the tiny FN,S-CDs will aggregate into
larger spherical particles with an average size of 64 nm. While fur-
ther increasing the proportion of H,0 to 1:9, the FN,S-CDs will ag-
gregate more severely and then crosslink with each other to form
a network-like structure (Fig. 1d). Attractively, the photographs in
Fig. 1e show (fyw from 0 to 95%) under 365 nm UV irradiation
(the lower row). The corresponding photoluminescence (PL) spec-
tra (Fig. S2 in Supporting information) confirm that with the in-
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Fig. 1. (a) TEM image (inset: the corresponding particle size distribution histogram)
and (b) HR-TEM of FN,S-CDs in THF; TEM image of FN,S-CDs in the THF/H,0 mix-
tures with volume ratios of (c) 1:1 and (d) 1:9. (e) Photographs of the FN,S-CDs in
H,0/DMSO mixtures with different H,O fractions (f, = 0—-95%) taken under sun-
light (upper row) and 365 nm UV irradiation (lower row).

crease of H,O fraction in the mixed solvents of H,O/DMSO, the
original peak at 550 nm gradually decreases, while the peak at
663 nm has no obvious change. This interesting "smart" AIE phe-
nomenon during the aggregation process may be due to the fluo-
rescence emission (550 nm) from the carbon core or surface states
(oxygen- and nitrogen-containing functional groups) of CDs being
quenched, while the emission peak of 663 nm caused by F doping
can resist self-quenching effect.

Figs. 2a and b show the Raman spectra of the FN,S-CDs and the
N,S-CDs under 532 nm excitation, respectively, where two promi-
nent bands at 1390 cm~! (D band) and 1602 cm~! (G band) are
observed. The intensity ratio of D band to G band (Ip/Ig) is a com-
mon method to determine the structural changes of graphitic crys-
talline domains (sp2-hybridized carbon atoms) and disordered do-
mains (sp3-hybridized or amorphous carbon) in CDs [30]. Here,
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Fig. 2. Raman spectra of (a) FN,S-CDs and (b) N,S-CDs (Aex = 532 nm). (c) FTIR
spectra and (d) 'F NMR spectra of the FN,S-CDs and the N,S-CDs.

a much higher Ip/Ig ratio (0.992) for the FN,S-CDs than that for
the N,S-CDs (0.481) indicates an increased content of disordered
carbon domains and defects in the former due to F-doping. In
addition, we have fitted another A band in the Raman spectra of
CDs, which is based on sp? point defects, especially non-hexagonal
rings [31,32]. The appearance of A band indicates that some five or
seven-membered carbon ring defects have been generated in the
carbon core during the synthesis of CDs. Compared with that of
N,S-CDs, the intensity ratio of A band to G band (Ia/Ig) of FN,S-CDs
has no obvious change, revealing that the more disordered struc-
ture or defects caused by F-doping mainly locate on the surface of
FN,S-CDs, and thus have not affected the carbon cores. Addition-
ally, the broadened XRD pattern of the FN,S-CDs (Fig. S3 in Sup-
porting information) than that of the N,S-CDs suggests a poorer
crystallinity, which is in accordance with the result of Raman spec-
tra analysis [33,34].

The surface groups and chemical compositions of the FN,S-CDs
and N,S-CDs are identified by Fourier transform infrared (FT-IR), X-
ray photoelectron (XPS) and '°F NMR. As shown in Fig. 2c, the FT-
IR spectra indicate the presences of N-H/O-H (3012-3680 cm!),
C=0/C=N (1693 cm~!), C-N (1474 cm~!) and C-S (1173 cm™!)
bonds in both samples [35,36], except an unique vibration peak of
C-F bond (1242 cm~!) present in the FN,S-CDs [25,37]. Further-
more, Fig. 2d shows the °F NMR spectra of the FN,S-CDs and N,S-
CDs in deuterated DMSO. Obviously, there are three chemical shifts
in the range of —110 to —120 ppm for the sample of FN,S-CDs,
which might be attributed to the C-F bonds [38,39] linked with
carbon atoms at different chemical environments, such as i) the
six-member carbon ring derived from the 3-fluoroaniline residue
group containing aniline-N, ii) the graphitic carbon core, and iii)
the five-member ring containing pyrrolic-N. In contrast, the 1°F
NMR spectrum of the N,S-CDs shows no trace of F at all. More
evidently, as shown in Fig. S4 (Supporting information), the water
contact angles of the solid samples of FN,S-CDs and N,S-CDs are
99.5° and 49.5°, respectively. This result further confirms the exis-
tence of hydrophobic C-F bonds on the surface of FN,S-CDs, which
increases the surface hydrophobicity remarkably [40].

Next, the full-survey XPS spectra (Fig. 3a) confirm the exis-
tence of F element in the sample of FN,S-CDs whereas the ab-
sence of F in the sample of N,S-CDs. Correspondingly, Table 1 lists
the main elements and their atomic ratios in both samples col-
lected from their XPS data. It shows that the sample of FN,S-CDs
is mainly consisted of C (70.44%, atomic percentage), N (8.29%), O
(11.33%), S (1.56%) and F (8.39%). Notably, the atomic ratio of F:N
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Table 1

Chemical compositions of the FN,S-CDs and N,S-CDs (collected from XPS data).
Sample C (at%) N (at%) O (at%) S (at%) F (at%)
F,N,S-CDs 70.44 8.29 11.33 1.55 8.39
N,S-CDs 76.97 8.56 12.42 2.05 -

is still approaching to 1:1, originated from the source material of
3-fluoroaniline. In addition, the high-resolution XPS spectrum of C
1s (Fig. 3b) shows four peaks at 284.8, 285.5, 286.7, and 288.6 eV,
which can be assigned for C-C/C=C, C-N/C-0/C-S, C=0/C=N, and
C-F bonds, respectively [41,42]. The N 1s spectrum (Fig. 3c) can
be de-convoluted into three parts such as pyridinic-N (398.6 eV),
aniline-N (399.5 eV) and pyrrolic-N (400.5 eV) peaks [43]. The
spectrum of O 1s can be de-convoluted into three peaks at 531.3
532.1 and 533.2 eV, ascribed to C=0, C-0 and 0=C-0, respectively
(Fig. 3d) [44]. The high-resolution spectrum of S 2p (Fig. 3e) re-
veals the presence of C-S-C bond, which is due to the participa-
tion of solvent DMSO in the formation of CDs [41]. Particularly, the
high-resolution spectrum of F 1s (Fig. 3f) shows a typical signal
of the C-F bond (686.3 eV) [26,37,45]. As a control, the XPS high-
resolution C 1s, N 1s, O 1s and S 2p spectra of the N,S-CDs are also
shown in Figs. S5a-d (Supporting information). the N 1s spectra of
the FN,S-CDs and N,S-CDs show the presence of large proportion
of aniline-N in both samples, but derived from 3-fluoroaniline and
aniline, respectively.

Considering the XPS results such as the high content of F and
N, the atomic ratio of F:N (1:1) and the presence of C-F bond, it
can be deduced that a large amount of 3-fluoroaniline residues
remain on the surface of FN,S-CD. However, in comparison to
the N 1s spectrum of the N,S-CDs, it can be found that the pro-
portion of pyrrolic-N is significantly increased while the propor-
tion of pyridinic-N is reduced in that of the FN,S-CDs. Pyrrolic-
N, which is sp3-hybridized, may lead to a poorer planarity of the
graphite skeleton of the sp2-hybridized carbon core and thus the
higher proportion of disordered carbon domains in the FN,S-CDs
than that in the N,S-CDs, as evidenced by the Raman spectroscopy
(Figs. 2a and b) [46].

The optical properties of the FN,S-CDs and N,S-CDs in both
solution-state and solid-state were investigated. Fig. 4a shows
the UV-vis absorption (left) and the PL emission (right) of the
solution-state F,N,S-CDs (red line) and N,S-CDs (blue line) in DMSO.
Both samples show two main absorption peaks at 264 nm and
320 nm, which can be attributed to 7—7z* and n—m* transi-
tions, respectively [47,48]. However, compared to the N,S-CDs, the
F,N,S-CDs have a broader UV-vis absorption range, which could be
explained by new defects induced by F-doping [25]. Notably, the
N,S-CDs and FN,S-CDs in DMSO show green (Aem = 504 nm) and
bright-yellow (Aem = 556 nm) fluorescence respectively under an
UV excitation (Aex = 365 nm). Hence, the introduction of F-related
sites produces a red-shift emission of at least 50 nm. As shown
in Fig. S6 (Supporting information), both of the FN,S-CDs and N,S-
CDs exhibit an excitation-independent emission behavior in the ex-
citation range of 360-460 nm, and have the same optimal exci-
tation wavelength of 440 nm. Under this optimal excitation, the
absolute fluorescence quantum yields (QYs) of the FN,S-CDs and
N,S-CDs in DMSO (Fig. S7 in Supporting information) are 14.57%
and 6.57%, respectively. Besides, the time-resolved PL decay curve
(Fig. S8 in Supporting information) shows that FN,S-CDs owns a
longer average fluorescence lifetime (7ave = 3.41 ns) than that of
the N,S-CDs (tavg = 1.51 ns). The above-mentioned results demon-
strate that F-doping resulted in not only a red-shift emission but
also a higher fluorescence QY and a longer PL lifetime of the FN,S-
CDs in solution-sate. Similarly, as shown in Fig. 4b, the solid-state
F,N,S-CDs presents a wider UV-vis-NIR (200-1000 nm) absorption
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Fig. 3. (a) XPS survey spectra of the FN,S-CDs and the N,S-CDs. XPS high-resolution (b) C 1s, (c) N 1s, (d) O 1s, (e) S 2p and (f) F 1s spectra of the FN,S-CDs.
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Fig. 4. (a) UV-vis absorption (left) and PL (right) spectra of the FN,S-CDs and the
N,S-CDs in DMSO. (b) UV-vis DRS of the solid-state FN,S-CDs and N,S-CDs. (c) PL
spectra of solid-state FN,S-CDs measured in the temperature range of 80-420 K
(inset: plots of fluorescence intensity with the temperature).

range than that of the solid-state N,S-CDs (200-650 nm), although
both exhibit a broader absorption than each in the solution-state.
Among them, the strong absorption bands at 490 nm and 539 nm
can be assigned for the n—m* transition of C=N/C=0, C-0 and
C-S bonds on the surface of N,S-CDs and FN,S-CDs, respectively
[25,30].

More intriguingly, as shown in Fig. S9 (Supporting information),
the solid-state FN,S-CDs powder displays bright red fluorescence
under different wavelength excitations, with a maximum emission
near 676 nm. The absolute fluorescence QY of the solid-state F,N,S-
CDs is 4.17% (Fig. S10 in Supporting information). Its correspond-
ing time-resolved PL decay curve shows an average lifetime of
0.38 ns (Fig. S11 in Supporting information). Oppositely, the solid-

Table 2
Parameters such as line width and g factor obtained from EPR data of the FN,S-CDs
and N,S-CDs.

Sample Line width (G) g factor
FEN,S-CDs 11.6 2.0016
N,S-CDs 5.5 2.0011

state N,S-CDs sample does not show any fluorescence under all of
the different wavelength excitations.

Further, an unusual thermo-sensitive SSF behavior of the FN,S-
CDs is discovered. Fig. 4c shows the PL spectra of solid-state FN,S-
CDs in the temperature range of 80-420 K. While the temperature
increasing from 80 to 120 K, the PL intensity enhances continu-
ously and reaches the maximum at 120 K, but begins to decrease
monotonically with temperature increasing from 120 K to 420 K,
revealing an inflection point near 120 K. The inset of Fig. 4c shows
a good linear dependency (R? = 0.9522) of the PL intensity de-
creasing with the temperature in the range of 120-420 K. More-
over, differential scanning calorimetry (DSC) of FN,S-CDs (Fig. S12
in Supporting information) shows a prominent endothermic peak
at about 124.6 K, suggesting that the aggregation state of FN,S-
CDs may be changed near this temperature. Although the detailed
structural change has not been unclear yet. Furthermore, during
the cooling process, the PL intensity of FN,S-CDs increases with the
decrease of temperature (Fig. S13 in Supporting information), but
there is no inflection point of fluorescence change, which is a little
different from the behavior during the heating process. However,
the SSF of CDs exhibits the same temperature-sensitive behavior
when we increased the temperature from 80 K to 420 K again.
Therefore, the SSF of FN,S-CDs show a reversible temperature-
sensitive behavior in the temperature range of 120-420 K.

EPR measurements were carried out to gain an insight to elec-
tronic spin situation of the solid state FN,S-CDs (Fig. S14a in Sup-
porting information) and N,S-CDs (Fig. S14b in Supporting informa-
tion). Both EPR signals attain almost the same g value of 2.0016 or
2.0011 (approaching to the free electron g value of 2.0023), which
means the main paramagnetic centers in carbon cores for both
kinds of CDs are identical while F is bonded to C at the edge or
on the honeycomb surface of the FN,S-CDs. In the meantime, as
listed in Table 2, the EPR linewidth of FN,S-CDs is obviously wider
than linewidth of the N,S-CDs at temperature of 295 K, this broad-
ening can be attributed to the larger concentration of main param-
agnetic centers induced by fluorine doping, and smaller spin-spin
and spin-lattice relaxation times in the F-containing CDs.
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Fig. 5. Illustration of the possible mechanism of F-defects induced SSF of the FN,S-
CDs.

Considering that the N,S-CDs showed no SSF while the FN,S-
CDs showed strong SSF in deep-red region, a possible mechanism
of SSF induced by F-defects is proposed, as illustrated in Fig. 5. The
marked i), ii) and iii) represent for F-bonded carbon in three dif-
ferent forms, which is in accordance with three signals at different
chemical shifts in the °F NMR spectrum (Fig. 2d). Combined Ra-
man, XPS data with PL spectra, it can be inferred that the new SSF
originates from sp3 defects due to the C-F groups attached to the
sp? honeycomb carbon core (sites on the periphery and/or in the
basal planes of the CDs) [49]. The formation of the polarized C-F
bonds broke the symmetry of the sp? hybridized carbon lattice (G
band), defect-induced Raman scattering of the D band intensity as
well as the Ip/Ig of EN,S-CDs is significantly increased, compared
to that of the N,S-CDs [37,49]. The fluorine-induced defect traps
excitons at the local potential well, make the charge preferentially
gather around the defect, where the excitons recombine to pro-
duce red SSF. However, in solution-state, the large quantity of S=0
groups of the solvent molecules (DMSO) interacted with the sur-
face of FN,S-CDs [50,51], which weaken the electro-withdrawing
capability of surface F-defects. In addition, the HOMO-LUMO en-
ergy levels of CDs were investigated by using cyclic voltammetry
(Fig. S15 in Supporting information) [52,53]. The energy gap be-
tween LUMO and HOMO of FN,S-CDs (1.41 eV) is lower than that
of the N,S-CDs (1.74 eV), which reveals that the introduction of F-
defect effectively changes the system of electronic energy levels
of CDs, and thus the PL red-shift from green (N,S-CDs) to yellow
(FEN,S-CDs) in solution state (as shown in Scheme 1).

In summary, We have proposed a simple and novel F-strategy
for synthesis of solid-state red fluorescent F,N,S-CDs. Both F NMR
spectrum and XPS data confirm the formation of C-F bond at the
periphery/edge or on the surface of the FN,S-CDs. Compared with
the N,S-CDs without F doping, the FN,S-CDs showed an emis-
sion redshift and fluorescence QY increase in solution state. Be-
sides, the solution-state FN,S-CDs exhibited a "chameleon-like"
phenomenon (PL emission shifts from yellow to red) in a mixed
solvent of H,O/DMSO with different H,O fractions. More remark-
ably, F-defects are proved by the obvious enhancement of Ra-
man scattering of D band intensity as well as the ratio value
of Ip/lg. Further, a possible mechanism of F-defects induced SSF
is also discussed. Additionally, the FN,S-CDs showed an unusual
thermosensitive-SSF behavior in the temperature range of 80-
420 K. It is expected that these red-emissive FN,S-CDs has the po-
tential applications in temperature-dependent sensors as well as
light-emitting devices, particularly, they may be used together with
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various polymer-like protective coatings having the optical trans-
parency in the red spectral range.
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