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Herein, F-doped CDs with bright red SSF were synthesized by a sol-
vothermal method using trifluoroethanol as the solvent and m-
hydroxybenzaldehyde as the carbon source. Strong F—F interactions
are vital for inducing crystallization, and solid luminescence is ach-
ieved by blocking the nonradiative energy dissipation pathways of
crystalline organizations.

Carbon dots (CDs),? due to their excellent optical properties,
low toxicity, good biocompatibility, environmental friendliness,
and ease of preparation, have shown promise in various
fields.** However, high-performing CDs often suffer from
severe aggregation-driven quenching (ACQ) in the solid state
due to the predominance of nonradiative energy dissipation
pathways, which limits their commercial applicability.®” In
recent years, researchers have used various strategies to
circumvent ACQ caused by fluorescence resonance energy
transfer (FRET) and direct -7 interactions between fluores-
cence sources.®*** The main methods include dispersing CDs
into other matrix materials to form composite materials,
introducing long-chain alkyl groups to increase steric
hindrance, and regulating surface functional group structures
and aggregate-induced emission.”**” Among these methods,
crystallization-induced emission (CIE) is an important method
for avoiding fluorescence quenching.'® The CIE properties arise
due to intermolecular interactions in the crystal structure that
result in locking of the ground state molecular geometry and
blocking relaxation from the excited state.**° To achieve CIE,
additional strong interactions, such as hydrogen bonding, must
be introduced into carbon dots to increase crystallinity.*"*
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However, as electron acceptors, hydrogen bonding moieties
often affect excited-state electrons, affecting efficiency.?

The replacement of hydrogen with fluorine leads to changes
in the physical and chemical properties of compounds. It has
been proven that the fluorination of alkyl groups in proteins
affects protein folding through F---F interactions.** In addition,
fluorination of an organic compound can significantly enhance
intermolecular interactions and crystal stability.® Although
F---F interactions are considered weak and are weaker than
hydrogen bonding interactions, they play an important role in
molecular assembly and crystal engineering.*® Due to the strong
electronegativity of F atoms and the highly polarized nature of
C-F bonds, F doping has become an effective strategy for
inducing solid-state fluorescence (SSF) by adjusting the surface
electronic state and interactions of CDs.>”*® Unfortunately, all
the reported F-doped SSF carbon dots exhibit varying degrees of
ACQ, resulting in lower fluorescence efficiency in the solid state,
although they exhibit bright fluorescence in the solution
state.”*

Herein, we report the synthesis of a novel kind of red-
emissive SSF-CD (Aer, = 640 nm) that is prepared by F-doping
via a facile solvothermal approach (Fig. 1). The prepared F-
CDs exhibit crystallinity, and their red fluorescence efficiency
in the solid state is similar to that in solution. However,
a control sample without F-doping (H-CDs) shows no SSF. The
XRD results show that F-doping leads to the formation of crystal
structures in F-CDs, and this crystal conformation prevents
compact -7 packing. The strong interactions between F atoms
in the F-CDs allowed for the preparation of white LEDs by room-
temperature pressing. The results of this study expand on the
synthesis strategies available to prepare controlled SSF CDs,
which is very important in this emerging field.

As shown in Fig. 1, the F-CDs were synthesized by a simple
one-pot solvothermal method at 180 °C using trifluoroethanol
as the solvent and m-hydroxybenzaldehyde as the carbon
source. The precipitate was first removed from the reaction
suspension, and then the solvent was removed by rotary evap-
oration to obtain orange crystals that emitted red fluorescence
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Fig. 1 Schematic of the synthesis procedures; optical images of the
CDs dispersed in ethanol solution under 365 nm UV light. Schematic
diagram of the SSF mechanism model.

under a 365 nm UV lamp. Through scanning electron micros-
copy (SEM) observations of these crystals, it was found that the
F-CDs form a large crystal structure with a thickness of
approximately 15.5 pum, while the H-CDs are composed of
smaller amorphous structures, indicating that there were
strong interactions among the F-CDs (Fig. 2a and b). This
crystalline structure was dissolved in ethanol and diluted to
1.0 mg mL ", after which the sample was observed by TEM, and
an aggregated structure of 20-35 nm was still observed (Fig. 2c).
The carbon dot solution was further diluted to 0.1 mg mL™",
and discrete carbon dots with an average diameter of 2.0 +
0.1 nm were observed. In contrast, discrete carbon dots can be
observed in the H-CDs at a concentration of 1 mg mL ™", with an
average diameter of 3.5 + 0.2 nm (Fig. 2d). Fig. S1{ shows
a high-resolution TEM (HR-TEM) image of individual F-CDs and
H-CDs, which reveals the high crystallinity of the carbon core.
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Fig. 2 SEM images of the (a) F-CDs and (b) H-CDs. TEM image (inset:
the corresponding particle size distribution histogram) of the (c) F-CDs
and (d) H-CDs.
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The spacing of the lattice fringe is 0.20 nm, which corresponds
to the (100) plane of graphitic carbon.**

The geometrical structures of the two types of CDs were
analysed via X-ray diffraction (XRD) (Fig. 3a). The broad peak at
26.5° in the XRD pattern of the H-CDs corresponds to the (002)
facet of graphite and is attributed to amorphous carbon derived
from deformations caused by heteroatomic dopants or sp®
carbon defects in graphitic structures.*»*® The XRD pattern of
the F-CDs shows many sharp diffraction peaks, which confirms
the crystal structure.’” Due to the strong interactions among F
atoms, crystallization is induced, circumventing direct face-to-
face -1 aggregation between carbon dots, which is likely to
be the reason for the solid-state fluorescence phenomenon.

The chemical composition and surface functional groups of
the H-CDs and F-CDs were examined by Fourier transform
infrared (FT-IR) and X-ray photoelectron spectroscopy (XPS). As
shown in Fig. 3b, the FT-IR spectra indicate the presence of O-H
(3012-3680 ecm ™), C=0 (1663 cm™ "), and C=C (1570 cm™ ")
bonds in both samples, but a unique vibrational peak corre-
sponding to the C-F bond (1074 cm™") is present in the F-CD
spectrum.***® In addition, the full-survey XPS spectra (Fig. 3c)
confirm the presence of F in the F-CD sample. As shown in
Fig. 4d, the H-CDs contain C and O at proportions of 83.2% and
16.8%, respectively, while the F-CDs mainly contain C, O and F
at proportions of 78.2%, 18.8% and 3.0%, respectively. In
addition, the high-resolution XPS spectrum of C 1s (Fig. 3d)
shows four peaks at 284.8, 286.7, 288.5, and 291.2 eV, which can
be assigned to C-C/C=C, C-O, C=0 and C-F bonds,
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Fig. 3 (a) XRD pattern image, (b) FTIR spectra, (c) XPS survey spectra,

and high-resolution (d) C 1s, (e) O 1s, and (f) F 1s spectra of the F-CDs.
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Fig.4 PLemission spectra of (a) F-CDs-/, (b) H-CDs-|, and (c) F-CDs-s
at different excitation wavelengths; (d) photoluminescence decays of
H-CDs and F-CDs in ethanol solution and (c = 0.1 mg mL™Y) in the
solid state; 3D PL spectra of (e) F-CDs-l and (f) H-CDs-L.

respectively.*>** The O 1s spectrum can be deconvoluted into
two peaks at 531.5 and 533.1 eV, ascribed to C=0 and C-O,
respectively (Fig. 3e).** In particular, the high-resolution F 1s
spectrum (Fig. 3f) shows a typical signal corresponding to the
C-F bond (688.4 eV).”> The high-resolution C 1s and O 1s XPS
spectra of the H-CDs are also shown in Fig. S2.f The above
results show that F is successfully doped into F-CDs using tri-
fluoroethanol as the solvent.*

The optical properties of the F-CDs and H-CDs in both the
solution state and solid-state were investigated. Fig. S31 shows
the UV-vis absorption of the solution-state F-CDs, H-CDs and
solid-state F-CDs. Both CDs show two main absorption peaks at
254 nm and 317 nm, which can be attributed to the T—7* and n-
T* transitions, respectively.**** However, compared to those of
the H-CDs, the F-CDs have a broader UV-vis absorption range,
which could have occurred because new defects were induced
by F-doping.*® The H-CDs and F-CDs in the solution state emit
red fluorescence, and their emission peaks occur at 642 nm and
632 nm, respectively, under UV excitation (Ax = 365 nm); both
the F-CDs and H-CDs exhibit excitation-independent emission
behaviour (Fig. 4a, b and Table 1). Under optimal excitation, the
fluorescence quantum yields (QYs) of the F-CDs and H-CDs in
ethanol are 30% and 38%, respectively. Due to the influence of
the electron-absorbing group of F atoms, the emission peak of
the F-CDs is blue-shifted, and the QY is lower than that of the H-
CDs. In addition, the time-resolved PL decay data show that the
F-CDs have a longer average fluorescence lifetime (t4g = 5.50

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Fluorescence characterization data of F-CDs-L, H-CDs-L,
and F-CDs-S

F-CDs-L H-CDs-L F-CDs-S
Aex 531 nm 550 nm 555 nm
Aem 632 nm 642 nm 640 nm
QYs 30.0% 38.0% 28.0%
Tavg 5.50 ns 4.55 ns 3.73 ns

ns) than the H-CDS (tayy = 4.55 ns) (Fig. 4d).*” The 3D spectrum
shows that both CDs only have red emission centres; the
difference is that F-CDs can be excited by two optimal light
sources of different wavelengths and then emit light at the same
wavelength; that is, F-CDs have two channels for achieving
strong fluorescence, which may be related to the new absorp-
tion region formed due to F-doping (Fig. 4e and f).*® In the solid
state, the F-CDs exhibit bright red fluorescence with an emis-
sion peak at 640 nm and an excitation peak at 560 nm, without
excitation dependence (Fig. 4c). Compared with that in the
liquid state, the F---F interaction in the solid-state promotes
a redshift in the emission peak and prevents fluorescence
quenching.” In contrast, solid-state H-CD samples did not
show any fluorescence under excitation of all different
wavelengths.

To investigate the formation process of CDs and their reac-
tion mechanism, we performed time gradient experiments on
the synthesized F-CDs (Fig. S6-87). As the reaction progressed,
the normalized PL spectra show that the maximum emission
wavelength of the F-CDs slowly redshifted from 420 nm to
632 nm, which indicates that the conjugated structures of the
fluorophores in the F-CDs gradually became larger. The F-CD
solid powder began to display a fluorescent colour after
approximately 3 h and reaches its brightest point after 6 hours.
Based on dynamic NMR analysis of F-CDs and our previous
research,” we believe that the -CH,CF; group is introduced at
the 5-site of m-hydroxybenzaldehyde during the reaction
(Fig. 5a) and that the F---F interaction supports the crystal
structure and prevents strong m—7 stacking, blocking the major
approach for nonradiative energy dissipation in crystalline
aromatic compounds and inducing SSF.*>** The unit structure
of the fluorescent molecules in the F-CDs might be dyad 4. In
addition, the length of the molecule along the long axis of the
dyad was approximately 1 nm. The average particle size of the F-
CDs as measured by TEM was approximately 2.0 nm, suggesting
that the fluorescent molecules were concentrated by as many as
four units. After supramolecular aggregation, CDs were formed
with a layer spacing of 0.2 nm. This process could enhance
photoluminescence by restraining the movement of the fluo-
rescence center, akin to the emission enhancement effect of
supramolecular cross-linking.**-*

SSF was not observed when o-hydroxybenzaldehyde and p-
hydroxybenzaldehyde were used as the reaction matrix
(Fig. S91). In addition, the CDs obtained under acidic or alka-
line conditions also did not exhibit SSF (Fig. S107), possibly
because the acid or base destroyed the reactive sites and -
CH,CF; was not successfully introduced at the 5-site of m-

Nanoscale Adv., 2024, 6,1997-2001 | 1999
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Fig. 5 (a) Mechanisms of CD formation; (b) LED production diagram;
(c) corresponding emission spectra; (d) photos of LEDs; (e) CIE colour
coordinates of white LEDs.

hydroxybenzaldehyde. The hydrothermal reaction that occurred
when trifluoroethanol was combined with other solvents
(ethanol, methanol or water) in different proportions to form
the reaction solvent also confirmed that the action of F atoms
led to SSF. The doping of F atoms is detrimental to the forma-
tion of CDs, such as leading to smaller particle sizes, shorter
conjugated structures in the carbon nucleus, and lower fluo-
rescence efficiency.*® However, F atoms can enhance the inter-
action between carbon dots, promote their crystallization, and
induce the emission of solid fluorescence, which is referred to
as the crystal induced emission effect.®”

Considering that the F-CDs exhibited strong SSF in the deep-
red region, we used them to prepare a CD thin film and white
light-emitting LED.”® Due to the presence of F atoms, we ex-
pected strong interactions between molecules, so we pressed
the F-CD powder into a tablet to form a film, which was
subsequently covered with a blue chip to obtain a luminous
white LED (Fig. 5b). As shown in Fig. 5¢ and d, the photo-
luminescence spectra of white LEDs prepared from F-CD films
show panchromatic emission at 400-700 nm, where two
different emission bands centred at 451 nm and 636 nm overlap
each other and display (0.36, 0.37) CIE coordinates (Fig. 5e).

In summary, we proposed a simple and novel F-strategy for
the synthesis of solid-state red fluorescent F-CDs. Both the FTIR
and XPS data confirmed the formation of C-F bonds at the
periphery/edge or on the surface of the F-CDs. The XRD data
demonstrated the formation of crystalline structures in the F-

2000 | Nanoscale Adv,, 2024, 6, 1997-2001
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CDs. Unlike the H-CDs that contained no F dopant, the F-CDs
showed bright red fluorescence in the solid state. Strong F-F
interactions are vital for inducing crystallization, and solid
luminescence is achieved by blocking the non-radiative energy
dissipation pathways of crystalline organizations. This study
provides novel evidence supporting the synthesis and applica-
tion of SSF CDs.
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