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ABSTRACT: The preparation and application of hydrophobic /g gy .ﬁﬂ
carbon dots (HCDs) are now the hotspots in the field of
nanomaterials. This paper reports the fast synthesis of long-
wavelength-emitting HCDs (yellow-emitting, 4., = 541 nm)
through a solid-phase route, with L-cysteine hydrochloride
anhydrous and citric acid as carbon sources and dicyclohex-
ylcarbodiimide as a dehydrating agent, reacting at 180 °C for 40
min, with a quantum yield of 30%. The solid-phase route avoids the
usage of organic reagents during the synthesis process and is thus
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environmentally friendly. The obtained HCDs can be simply E"‘ am-N | Q
separated into HCDs-L (less density) and HCDs-W (higher ws
density) with differences in physical (polarity, density), optical, and | s &

Wavelongth{nm)

chemical properties. The differences in HCDs-L, HCDs-W, and
water-soluble CDs (WCDs) were compared through various characterization methods, and the synthesis and luminescence
mechanisms of HCDs were investigated. Meanwhile, HCDs were employed in the fields of LED lamp production and solid
fluorescent shaping material. The prepared HCDs were then modified into WCDs through the liposomal embedding method. The
HCDs prepared by the new solid-phase route exhibit stable and highly efficient photoluminescence ability and will have a promising
outlook in their applications in various fields.

B INTRODUCTION

In recent years, fluorescent nanomaterials have become the
focus of researchers because of their excellent optical and
chemical prozpertie& Research studies on graphene,"” metal
nanoclusters,”* metal quantum dots,® and carbon dots (CDs)
have developed rapidly. As a novel nanomaterial, CDs have
acquired a })romising outlook in their applications in the fields
of sensing,””” biological imaging,”'* and drug delivery'"'* due
to their excellent stability and low toxicity. Until now, most
prepared CDs are hydrophilic, which would lead to
aggregation-caused quenchin§ (ACQ) because of the limi-
tation of surface groups,'”'* and this would hinder their
applications in organic electronics,"® film application,'® or
detection in the hydrophobic environment.'” Therefore,
hydrophobic CDs (HCDs) have become a new attraction to
the researchers.

The synthesis of HCDs is usually classified into two types.
The first type modifies prepared water-soluble CDs (WCDs)
into hydrophilic ones through surface modification.'"? For
instance, Shang et al.'® dissolved the WCDs into toluene and
oleylamine with heating (130 °C) and refluxing for 6 h and
acquired orange-emitting HCDs with the emission wavelength
(Aem) red-shifted by 20 nm. Varisco'” and his team modified
prepared WCDs with ethylenediamine or dodecylamine under
heating (115 °C) and stirring for 4 h and acquired HCDs
without A, shifting. This type of synthesis process requires a
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complicated operation and long reaction time with reduced
quantum yields.

Another type of synthesis is a one-step reaction in strong

.1 13,20-27 23 . 17,18,24,25
acids, strong bases,”” or organic reagents under
high temperatures. Usually, ascorbic acid,?*™%* glucose,17 or

. 17,242527,28

octadecylamine were used as carbon sources and

132021 ., . L 12224 . )
phosphate, nitric acid, sodium hydroxide,” and

. 11,18,19
some organic reagents (toluene or l-octadecene ) as
solvents; the reaction temperatures of most of the experiments
range from 160 to 280 °C and the reaction times range from
20 min to 12 h.

For instance, Lu et al.'” acquired blue-emitting HCDs with
glucose and octadecylamine as carbon sources (160 °C, 30
min), and Kwon et al.”* prepared blue-emitting HCDs through
adding oleamine and octadecene to the nitric acid solution of
citric acid (250 °C, 2 h). Mao et al.”’ mixed ionic liquid
BmimPF, with phosphate (S mol/L, dissolved in ethanol) for
96 h (200 °C) and centrifuged the mixture to acquire green-
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Scheme 1. Proposed Mechanism for HCD Synthesis
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Figure 1. (a) PL spectra of HCDs with different addition masses of oxidant DCC and (b) UV—vis spectra of HCDs with different DCC addition
masses (WCDs are dissolved in water, and HCDs are dissolved in dichloromethane).

emitting HCDs. Zheng™ and his team used hexadecylpyr-
idinjum chloride monohydrate and sodium hydroxide as raw
materials and acquired green-emitting HCDs after stewing the
mixture for 2 h. However, the solvents used in this type of
synthesis routes are strong in toxicity and corrosivity,
unfriendly to the environment. Meanwhile, since the long-
wavelength-emitting HCDs show promising outlook in their
applications in optical materials and biological imaging, the
development of a simple, fast, and environmentally friendly
(avoiding the usage of strong acids, strong bases, and organic
reagents) solid-phase synthesis route is the target of this
program.

On the other hand, the applications of HCDs are also the
focus of the researchers. Thanks to their excellent solid
fluorescence properties, HCDs would have promising
applications in both liquid and solid phases. In the li(%uid
phase, HCDs can be used in the fields of cell imaging,””*°
material detection in organic phases,w’31 the marking of
hydrophobic bacteria and antibiosis.'>'® Cheng et al.”® applied
the prepared green-emitting HCDs for the detection of 2,4,6-
trinitrophenol in organic reagents with a detection limit at 1.8
UM. Stankovic'® and his team prepared a hydrophobic film by
coating HCDs on different substrates. Based on this film, they
realized the antibiosis and antibiotic activity experiments by
taking advantage of the properties of HCDs that they release
singlet oxygen under irradiation of blue light. Moreover,
Talib®” and his team realized the biological imaging of breast
cancer stem cells. Compared with commercial CdSe quantum
dots, the imaging effect of HCDs did not show an obvious
difference. In its solid phase, the fields like light-emitting
diodes (LEDs) and latent fingerprint indication are also a
novel platform for the application of HCDs. Jiang'® and his
team applied the prepared white-emitting HCDs to produce a
light source of LEDs. Additionally, the —COOH existing on
the surface of HCDs would combine with the amino acid on
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the surface of latent fingerprint and thus enhance the labeling
effect of fingerprint development.

This paper, for the first time, reports a novel, environ-
mentally friendly, and fast solid-phase synthesis method in
preparing long-wavelength-emitting HCDs (4., = 541 nm).
With vr-cysteine hydrochloride anhydrous (i-cys-HCl) and
citric acid monohydrate (CA) as cocarbon sources and
dicyclohexylcarbodiimide (DCC) as a dehydrating agent,
yellow-emitting HCDs were acquired (180 °C, 40 min) with
a quantum yield of 30%. The synthesis and luminescence
mechanisms of HCDs, HCDs-L (less density), and HCDs-W
(higher density) were explored through multiple character-
ization methods. Meanwhile, the prepared HCDs have been
applied in the production of LED lights and solid fluorescent
shaping materials and have been modified into hydrophilic
CDs through a liposomal embedding method. This new solid-
phase synthesis method avoids the addition of strong acids,
strong bases, and organic reagents and thus successfully avoid
the environmental pollution during the synthesis. The
proposed synthesis mechanism of yellow-emitting HCDs
would inspire new synthesis methods for HCDs in the future.

B RESULTS AND DISCUSSION

Impact of Synthesis Parameters on the Optical
Properties of HCDs. Considering the strong corrosivity of
strong acids, strong bases, and organic reagents, which do not
meet the requirements for green synthesis, a novel solid-phase
synthesis route for long-wavelength-emitting HCDs was
developed. As shown in Scheme 1, in the first step, the raw
materials L-cys-HCL and CA were dissolved in 2 mL of pure
water and then heated in an unsealed autoclave (70 °C) for 12
h. A colorless viscous colloid was obtained after all of the water
evaporated. The product was speculated as a small-molecular
blue-emitting fluorophore S-oxo-3,5-dihydro-2H-thiazolo[3,2-
a]pyridine-3,7-dicarboxylic acid (TPDCA). In the second step,
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without the presence of DCC, only water-soluble blue-emitting
CDs were acquired. When DCC is added as a dehydrating
agent, the small-molecular TPDCA will complete the oxidative
dehydration step and yield yellow light-emitting HCD solid
powder (Figure S1). What is worth mentioning is that 300 uL
of acetonitrile was used as the solvent for DCC to ensure the
complete interaction between DCC and the product of the first
step. Since the amount of acetonitrile is quite small and it is in
a vapor state under high temperatures, this route is still
regarded as the solid-state synthesis.

The impacts of synthesis parameters including the ratio of
two carbon sources, the amount of DCC, reaction time, and
temperature, on the optical properties of prepared HCDs and
the possible synthesis mechanism are explored in this part.

The auxiliary material DCC plays a critical role in the
synthesis. As shown in Figure 1a, the addition amount of DCC
has an obvious impact upon the 4., of prepared HCDs. When
the addition amount of DCC increases from 0.0 to 0.1 g, the
hydrophilic WCDs become hydrophobic HCDs, and the
emission peak red-shifts from 4SS to 541 nm. With a further
increase of DCC amount to 0.3 g, the extent of red shifting
decreases (from 520 to 541 nm). However, the excessive
amount of DCC would reduce the fluorescence intensity of
prepared HCDs. Figure S2 shows the HCDs prepared by
different amounts of DCC. Obviously, with an increase of
DCC amount, the prepared HCDs gradually turn from a
transparent colorless colloidal solid to a tan dried solid, and the
absorption peak at 430 nm also gradually increases (Figure
1b).

Meanwhile, other synthesis parameters were also inves-
tigated. Figure 2a—c shows the optical property changes of
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Figure 2. PL spectra of HCDs with different (a) raw material ratios,
(b) reaction temperatures, and (c) reaction times (inset: the changes
of QYs of HCDs synthesized under different reaction conditions).

prepared HCDs with the adjustments of the ratio of two
carbon sources, reaction temperature, and time, respectively.
By adjusting the ratio of L-cys-HCl to CA from 4:1 to 4:7, the
fluorescence intensity of prepared HCDs reaches maximum at
4:5, which means that this ratio is beneficial to the growth of
the carbon core.”> However, such a ratio change only causes
fluorescence intensity change, instead of A, change. The
increases of reaction temperature and time both can lead to the
red shift of A, of prepared HCDs, as shown in Figure 2b,c.
Some literature works reported that high reaction temperatures

and long reaction times are beneficial to the dehydration and
carbonization processes.”” Since the synthesis method reported
in this paper does not require the dehydration and aggregation
processes as a hydrothermal route,”* longer reaction times and
high temperatures also, to some extent, enhance the extent of
carbonization of HCDs, reducing its surface defects and then
leading to the red shift of the emitting wavelength, which is
similar to the effect of DCC in the synthesis process.

Resolving Property of HCDs. We propose that the
resolving ability of prepared HCDs is related to the polarity
and structure of solvents. Figures 3a and S3 show the results of
adding the same amount of HCDs (S mg) to different solvents.
As shown in Figure 3a, HCDs are not soluble in water but
soluble in most common organic reagents with polar
coefficients between 7.2 and 3.4 (including DMSO, THF,
and various alcohols) and slightly soluble in organic reagents
with polar coefficients lower than 3.4. Table S1 shows the polar
coeflicients of various solvents. Meanwhile, it is discovered that
HCDs exhibit stronger solubility in certain structured solvents.
As shown in Figure 3a, the solubility of HCDs in four solvents
with similar polar coeflicients differs greatly. They are
completely soluble in THF (polar coefficient = 4.2), IPA,
and EtOH (polar coefficient = 4.3) but slightly soluble in EA
(polar coefficient = 4.3). HCDs are also completely soluble in
NBA, whose polar coefficient (3.9) is lower than EA. The good
solubility of HCDs in alcohols and THF might be because
these solvents are prone to form hydrogen bonds, which could
combine with O, N, and H elements on the surface of HCDs,
and these van der Waals forces increase the solubility in these
solvents. Although the solubility of HCDs is influenced by two
factors, the polarity of solvents is still the dominant one. The
broad dissolution range of HCDs is beneficial to their further
applications in biological imaging and chemical detections.

In the process of understanding the solubility of HCDs,
HCDs are also proven to be the mixture with at least two kinds
of products with different densities, polarities, and optical
properties. As shown in Figure 3a, when using H,O as a
dispersant, there is some powder floating on the upper level of
the solution besides the dissoluble powder at the bottom of the
solution. In some solvents like Tol, the dissoluble powder only
appears at the lower level of the solution, while in CTC, the
dissoluble powder all floats on the upper level. Therefore, it
can be proposed that HCDs contain at least two different
components: one floating on the surface of water and sinking
to the bottom of Tol, with intensity at 0.88—1.00 g/cm® (Tol-
H,0), which is then labeled as HCDs-L, and another staying at
the bottom of water and floating on the surface of CTC, with
intensity at 1.00—1.59 g/cm® (H,0—CTC), which is labeled as
HCDs-W. This may originate from the structural difference of
two HCDs, such as the doping extent of heteroatoms or the
tightness extent of the molecular alignment, which will be
discussed in detail in the part of the discussion on the synthesis
mechanism.

Besides difference in densities, these two powders also show
difference in polarities. As shown in Figure 3b, the addition of
MeOH into the HCD solution (H,0/MeOH = 2:1, v/v)
would dissolve HCDs-L but not HCDs-W, which means
HCDs-L possesses higher polarity than HCDs-W. This might
be because HCDs-L have more polar groups on the surface.
Moreover, HCDs-L and HCDs-W were separated from the
solution through filtration and then dissolved in MeOH and
DCM to study their difference in optical properties.

https://dx.doi.org/10.1021/acsomega.0c03239
ACS Omega 2020, 5, 22587—-22595


http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03239/suppl_file/ao0c03239_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03239/suppl_file/ao0c03239_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03239/suppl_file/ao0c03239_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c03239/suppl_file/ao0c03239_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03239?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03239?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03239?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c03239?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c03239?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

THF DCM

H,0 MeOH EtOH

——

e == —

(c)
—— Aex=340nm

800 —— Aex=360nm 900

700 —— Aex=380nm 750
2 600 ——Aex=400nm 2
2 500 ——Aex=410nm 2
£ 400 £ 450
g 30 & 300

200

100 150

e e -

= e -

(b)

Tol

S

(d)

—— Aex=340nm
—— Aex=360nm
—— Aex=380nm
—— Aex=400nm
—— Aex=420nm
—— Aex=450nm
—— Aex=470nm

Add
methanol

0
350 400 450 500 550 600 650 700
Wavelength(nm)

0
350 400 450 500 550 600 650 700
Wavelength(nm)

Figure 3. (a) Photos of HCDs dissolved in different solvents, (b) images of HCDs in daylight and ultraviolet light before (up) and after (down) the
addition of methanol, and fluorescence spectra of (c) HCDs-L and (d) HCDs-W dissolved in methanol under different excitation wavelengths.
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Figure 4. TEM images of (a) WCDs and (b) HCDs and the particle size distributions of WCDs (inset in (a)) and HCDs (inset in (b)).
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Figure S. (a) Comparison of IR spectra of four CDs. XPS spectra of HCDs: (b) raw data, (c) C 1s, (d) N 1s, (e) O 1s, and (f) S 2p.

First, the two kinds of HCDs are compared in their
illuminating states: HCDs-L are a colorless transparent
solution under daylight and emit blue fluorescence under UV
light. HCDs-W are a yellow clear and transparent solution and

emit green fluorescence under UV light. Their UV—vis spectra
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are also quite different. At the same mass concentration,
HCDs-L had a distinct absorption peak at 352 nm and no
significant absorption at 450 nm. HCDs-W had a gentle and
broad absorption peak from 352 to 500 nm. Finally, the
excitation dependence of HCDs-L and HCDs-W is also

https://dx.doi.org/10.1021/acsomega.0c03239
ACS Omega 2020, 5, 22587—-22595
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different. With an increase in excitation wavelength (Figure
3c), the A, of HCDs-L does not show obvious red shifts,
which means they do not possess excitation wavelength
dependency. Comparatively, HCDs-W show excitation wave-
length dependency (Figure 3d). With an increase of excitation
wavelength, the emission peak shifts from 450 to 540 nm. The
excitation-dependent emission of HCDs-W is due to the rich
functional groups on their surface, which can form a series of
different fluorophores, thus forming a variety of surface state
emission traps.”>*® Also, we will further characterize HCDs-L
and HCDs-W in the following sections to analyze the origins of
differences in polarities, densities, and optical properties.

Characterizations of HCDS. To compare the differences
in morphologies and crystallinities of WCDs (obtained without
DCC during synthesis) and HCDs (obtained by adding
DCC), TEM was used to characterize the prepared WCDs and
HCDs. As shown in Figure 4, WCDs and HCDs exhibit unique
distributions in excellent spherical shape, with the particle
diameter of WCDs of about 9.0 nm and HCDs of about 5.8
nm.

The IR spectrum was often used to identify the functional
groups on the surface of materials, and was thus used to
compare the surface groups on HCDs, HCDs-L, HCDs-W,
and WCDs in our research. As shown in Figure Sa, among the
IR spectra of the four CDs, the spectra of WCDs show the
largest difference. There are hydrophilic groups such as —NH,
(3070 cm™"), —OH (3421, 1397 cm™"), and —COOH (1634
cm™). These peaks do not appear on the surface of the three
HCDs. After adding the dehydrating agent DCC, the
hydrophilic groups on the surface of the WCDs are removed
to form a hydrophobic structure on the surface. Compared
with WCDs, HCDs, and their separated product HCDs-L, IR
spectra of HCDs-W are more similar. Both of them show
—NH- (3330 cm™); —CH,— (2923, 2857 cm™"); C—S (1080
cm™'); and some conjugated groups such as C=0 (1704
ecm™), C=C (1026, 639 cm™), and C—O—C (1241 cm™).
The presence of these hydrophobic bonds also reduces the
polarity of the three HCDs. However, there are still some
differences in the surfaces of HCDs-L and HCDs-W, such as
HCDs-W keep —NH, (3330, 3247 cm™") instead of —NH—;
CO—-NH (3300, 1628, 1569 cm™") not contained in HCDs-L
is present in HCDs-W and HCDs. These extra surface groups
increase the conjugated system of HCDs and HCDs-W,
making their 4., red-shift.

Similar groups can also be observed in the XPS spectrum.
Figure Sb shows the four main peaks at 164.1, 284.6, 398.9,
and 531.9 eV, attributed to C 1s, N 1s, O 1s, and S 2p,
respectively. The C 1s XPS spectra (Figure Sc) proves the
existence of C—C/C=C (284.6 eV), C—N (285.4 eV), and
C=0 (288.2 eV) groups. The XPS spectrum of N 1s (Figure
5d) shows the existence of three fitting peaks, attributed to N—
H (399.2 €V), N—C (400.3 €V), and pyrrolic-like N (399.8
eV). The peak at 531.9 eV is attributed to C=0 in the O 1s
spectrum, and the peak at 532.4 eV is attributed to C—O—-C
(Figure Se). The fitting peaks at 163.23, 164.31, and 168.80 eV
in the S 2p area spectrum (Figure 5f) show three different
components, attributed to 2p;/, and 2p,,, sites of the —CS
covalent bond of thiophene and —SO,, respectively. However,
in four-element XPS spectra of WCDs (Figure S4), except for
the S 2p fitting peak the same as that of HCDs, the
combinations of the rest three elements are different. The
spectrum of WCDs shows the existence of —NH, (401.6 eV)
and —OH (532.9 eV) but not C—N (285.4 and 399.58 eV).
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The presence of —OH and —NH, is a source of hydrophilicity
for WCDs. Also, the spectra of HCDs-L and HCDs-W (Figure
S5) are similar to those of HCDs.

In addition, the C, N, O, and S elements of WCDs, HCDs,
HCDs-L, and HCDs-W were used to compare the chemical
composition differences. First, comparing WCDs with HCDs,
we can find that there are significant differences in their
element contents. WCDs contain a large amount of O and C
elements but less N and S elements; the contents of N and S
elements in HCDs have been greatly improved and that of O
element has been decreased. We compared the elemental
composition of HCDs-L and HCDs-W and found that the
content of S element in HCDs-W is much higher than that of
HCDs-L. The large incorporation of S elements with higher
relative atomic mass may be responsible for an increase in the
density of HCDS-W. When comparing the four sets of data
together, we found an interesting phenomenon: The element
composition ratio of HCDs-L is closer to that of WCDs and
that of HCDs-W is closer to that of HCDs. Their optical
properties also show a similar trend (Figure S6): there is no
excitation dependence between WCDs and HCDs-L, and their
emission wavelengths are around 450 nm (Table 1).

Table 1. Comparison of Element Compositions between
HCDS and WCDs

at % C N (¢} S
WCDs 73.72 2.43 22.57 1.28
HCDs-L 62.43 745 27.24 2.89
HCDs-W 47.89 2891 12.92 10.57
HCDs 53.40 23.72 17.92 4.96

Synthesis and Luminescence Mechanism of HCDs. It
is proposed that the hydrophobic and optical properties of
HCDs are closely related to their synthesis process. Scheme 1
describes the synthesis process and mechanism with the
participation of DCC.

The mixture of carbon sources L-cys-HCl and CA produces a
colorless viscous colloid in the first step of synthesis. According
to the research of Shi et al.,** the colloid is blue-emitting small-
molecular TPDCA. Further heating the acquired TPDCA
would cause the small molecules in the precursor to experience
tangling, aggregation, and carbonization processes to form
blue-emitting WCDs. Comparatively, when heating the
mixture of TPDCA and DCC, with an increase of DCC
amount, the product turns from transparent colloid WCDs into
brownish-black solid HCDs. Compared with WCDs, as shown
in Figure 2b, the absorption peak of HCDs at 240 nm
enhances, illustrating that the 7 — 7* conjugation enhances in
the core of HCDs,”” and the absorption peak at 360 nm
weakens, showing the decreased n — 7™ conjugation on its
surface.”® This phenomenon proves the effect of DCC as a
dehydrating agent in the synthesis process, helping the
carbonization of the small-molecular polymer, promoting the
formation of the carbon core and detaching the hydrophobic
groups, such as —OH and —NH,, from the surface of WCDs,
which could be proved by the IR and XPS spectra of HCDs
and WCDs during the characterization process. The excessive
amount of DCC, however, could destroy the fluorophore on
the surface of HCDs, decreasing the fluorescence intensity of
prepared HCDs.

Because the precursor TPDCA is in a solid state during the
reaction, it cannot completely react with DCC uniformly,
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Figure 6. (a) Electroluminescence (EL spectrum) of HCDs and (b) corresponding CIE coordinates of the HCDs.

resulting in HCDs containing various components with
different densities, solubilities, and optical properties. This
phenomenon was also noticed and reported by some other
researchers.”””” Mao et al.*’ simultaneously acquired both
WCDs and HCDs with ionic liquid BmimNTF, and ghosphate
as a carbon source and ethanol as a solvent. Ding”' and his
team used a SiO, column to separate the one-pot synthesis
product prepared by phenylenediamine and urea and acquired
eight different emitting CDs.

By comparing the elemental composition and optical
properties of WCDs, HCDs, HCDs-L, and HCDs-W, we
found that the elemental composition ratios and optical
properties of HCDs-L are closer to those of WCDs and those
of HCDs-W are closer to those of HCDs. Therefore, we
speculate that with the gradual reaction of DCC, WCDs first
remove the hydrophilic groups on the surface and become
HCDs-L. Then, the diazo bond and the large conjugated
structure of DCC are connected to the surface of HCDs-L, so
that the content of N element in HCDs-W is further increased,
increasing the degree of conjugation of HCDs-W. In this
process, L-cys-HCI is also gradually reacted and internalized
into HCDs-W to increase its S element doping rate.

Until now, the luminescence mechanism is still controver-
sial. Researchers proposed many models, including a quantum
size effect,’” a luminescence process based on doping of
multiple elements,"" or surface state. In this study, the
dehydrating agents work as both the catalyst and reducing
agent, directly reacting with hydrophilic luminescent molecule
TPDCA. WCDs and HCDs were characterized to study the
reason for the red shift of the emission wavelength of HCDs
caused by the addition of DCC. As shown in Figure 3a,
compared with WCDs, since the 4., of HCDs red-shifts from
452 to 540 nm, together with the smaller particle size of HCDs
than that of WCDs shown in TEM (Figure 4), it can be
inferred that the red shift of A.,, may come from the quantum
size effect. As shown in Figure 1, the N content in WCDs
(23.72%) is obviously higher than that of HCDs (2.43%).
Meanwhile, IR spectra clearly show that the contents of
—CH,—, C=0, and CON—H groups on the surface of HCDs
are higher than those of WCDs, illustrating that the addition of
DCC increases the conjugate system of HCDs, reduces the
energy gap, and thus causes the red shift of 4., Meanwhile,
some research studies pointed out that during the separation of
the one-step prepared fluorescence-tunable CDs, the enhanced
oxidation extent is the main reason for the red shift of A, of
prepared HCDs.>”** As a well-known oxidant, DCC plays a
critical role in the process of surface modification of HCDs.
Therefore, based on the results acquired from experiments and

literature works, we propose that N doping on the surface and
the existence of relevant sp” groups are critical to the yellow
emission of prepared HCDs.

Application of HCDs. The excellent optical properties of
the prepared long-wavelength-emitting HCDs and its abilities
in dissolving in various solvents promised their applications in
various fields, such as in optoelectronic devices™** or in vivo
or in vitro fluorescence imaging probes.”" The excellent
fluorescence of prepared HCDs exhibits its potential
application in solid-state lighting and monitoring. Therefore,
HCDs were used as a light source in white LED lamps. Figure
6a shows the electroluminescence spectrum of the white LED
lamp based on prepared HCDs. The spectrum has two
emission bands: blue emission at 450 nm originating from the
blue GaN-based chip, and broad yellow emission originating
from HCDs. The mixture of two emission bands produces
white light. As shown in Figure 6b, the CIE of the produced
white LED light is (0.2637, 0.2255), locating in the white light
area, which illustrates the successful production of the white
LED lamp based on yellow-emitting CDs.

Besides its applications in biological material fields, HCDs
also show their potential application as fluorescent solid
materials. Addition of a proper amount of HCDs to a mixture
of transparent epoxy resin A and epoxy resin B (mass ratio at
3:1) for 24 h under room temperature in a selected mold
would produce a solid luminescent shaped material, as shown
in Figure 7. This material is hard solid, brown under daylight,
and emits yellow fluorescence under irradiation of UV light
(365 nm).

Figure 7. Images of epoxy crafts wrapping CDs under (a) natural light
and (b) UV light.

Liposome is a carrier with excellent biological compatibility
and is often used to wrap fat-soluble dru§ molecules or
fluorescent nanoparticles for drug delivery”™ and in vivo
imaging.46 As shown in Figure 8, since HCDs can insert into
the lipid bilayer of liposomes to form liposome—CD (Lipo-
CDs) nanostructures, they possess the merits of both: the
excellent optical properties of HCDs and the biocompatibility
of liposomes. The supporting software of fluorescence
microscope MvImage vt 1.0 n was used to measure the
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Figure 8. Images of liposomes wrapping CDs under (a) bright field
and (b) green light emission.

average particle size of lipo-CD nanostructures, and the
average diameter is 400 nm.

The lipo-CD nanostructure exhibits three obvious merits.
First, with the wrapping of liposomes, the hydrophobic CDs
turns into hydrophilic ones, endowing them biocompatibility
for in vivo and in vitro imaging. Then, the lipid bilayer could
prevent the wrapped CDs from escaping from the structure
and thus strengthen the wrapping of CDs. Third, considering
their applications in target imaging, the surface of lipo-CDs
could be further functionalized through attaching of targeting
molecules and then ensures their promising outlook in the
fields of target imaging and target drug delivery systems.

Compared with some works on hzfdroghobic CDs published
in recent years (Table §2),'*!'7*03202747=%9 this article
provides a new synthetic idea, makes new explorations in the
synthesis mechanism, luminescence mechanism, and applica-
tions of HCDs, and provides further research on HCDs.

B CONCLUSIONS

This paper reports the preparation of yellow-emitting hydro-
phobic CDs by adding dehydrating agent DCC to the mixture
of two carbon sources (L-cys-HCl and CA) for 40 min (180
°C), and the quantum yield of acquired CDs reaches 30% (4.,
= 540 nm). The impacts of different synthesis parameters on
the optical properties of HCDs were then investigated, and
multiple characterization means were used to characterize their
optical properties and surface groups for further exploration of
the luminescence mechanism of CDs. Meanwhile, the prepared
HCDs were wrapped in liposomes to realize the change of
hydrophobic CDs to hydrophilic ones. Their applications as
solid luminescent shaped materials and the light sources for
LED lamps were also explored. The solid-phase synthesis route
for preparing HCDs avoids the use of organic reagents and
greatly shortens the reaction time to acquire long-wavelength-
emitting CDs with high QYs. The highly efficient and stable
photoluminescence ability would promise their potential
applications in wide range fields as optical materials.

B MATERIALS AND METHODS

Reagents and Instruments. 1-Cys-HCl (>99.0%) was
obtained from Shanghai Kayon Biological Technology Co.,
Ltd. DCC (99.0%) and cholesterol (>95.0%) were purchased
from Aladdin Chemistry Co., Ltd. CA (>99.5%), dimethyl
sulfoxide (DMSO, >99.0%), methanol (MeOH, >99.5%),
acetonitrile (CAN, >99.0%), acetone (PK, >99.0%), ethanol
(EtOH, >99.7%), ethyl acetate (EA, >99.7%), tetrahydrofuran
(THF, >99.8%), isopropanol (IPA, >99.7%), n-butyl alcohol
(NBA, L >99.5%), dichloromethane (DCM, >99.5%), toluene
(Tol, >99.5%), carbon tetrachloride (CTC, >99.5%), cyclo-
hexane (CYH, >99.5%), potassium dihydrogen phosphate

(>99.5%), and dipotassium hydrogen phosphate (>98.0%)
were obtained from Sinopharm Chemical Reagent Co., Ltd.
Lecithin (BR) were bought from Sinopharm Chemical Reagent
Co., Ltd. Blue-emitting LED (Part no. SXS-HP1B033S-
460NM) lights were purchased from Shenzhen Sanxin
Photoelectric Lighting Technology Co., Ltd. Epoxy resins A
and B were bought from Shenzhen Osbang New Material Co.,
Ltd.

Fluorescence spectra were recorded on a LSS5 spectro-
fluorometer (PerkinElmer). UV—visible absorption spectra
were acquired with a Lambda-35 UV-—visible spectropho-
tometer (PerkinElmer) to determine the band gap absorption
of HCDs. Fourier transform infrared spectra were obtained on
a Nicolet 6700 (IR) spectrometer (Thermo Fisher Scientific),
and the sample was tested as a solid powder. Transmission
electron microscopy (TEM) images were obtained with a
TECNAI G* F20 S-TWIN transmission electron microscope
(FEI Company). XPS spectra were obtained on a VG Multilab
2000 X-ray photoelectron spectroscope (Thermo Electron
Corporation).

All optical measurements were performed at room temper-
ature under ambient conditions. The relative PLQYs of the as-
prepared HCDs were measured according to literature works
with rhodamine 6G in ethanol (QY = 95%) as a reference
standard. All optical measurements were performed at room
temperature under ambient conditions.

Synthesis of HCDs. CA (0.5 mmol) and r-cys-HCI (0.4
mmol) were dissolved in 2 mL of water, and the solution was
heated in an unsealed Teflon-equipped stainless steel autoclave
at 70 °C for 12 h until the products turn into a colorless
viscous colloid. The autoclave was heated to 100 °C under the
protection of nitrogen gas, and 0.3 g of DCC (dissolved into
300 uL acetonitrile) was then added into the reactor. The
mixture was heated under 180 °C for 40 min. Through
changing the amount of the raw material, reaction time, and
temperature, the impact of synthesis parameters on the
properties of the product was explored.

The result product was dissolved in the mixed solution of
dichloromethane and methanol (2:1, v/v) and purified through
a 1 kD dialysis membrane to obtain HCD powders.

Separation of HCDs. The appropriate amount of water
was added to the HCD powder contained in a separate funnel,
and the mixture was shaken well and allowed to stand for 30
min. Methanol was added to dissolve HCD-L powder floating
on the liquid surface (water/methanol = 2:1, v/v); then,
dichloromethane was added to dissolve the HCD-W powder
sinking at the bottom of the solution. The HCD-L and HCD-
W solutions were poured out separately, and the powder was
obtained after drying.

WLED Light. The white-light-emitting device was prepared.
For the fabrication of the white-light-emitting device, a blue-
emitting chip with the peak wavelength centered at ~460 nm
was attached to the bottom of the LED base. The two leads on
the battery were prepared to connect to the power supply.
Afterward, the epoxy resin was mixed with HCD dissolution
(HCDs/resin = 1:10, v/v) and then sonicated to remove the
bubbles. The HCDs/resin mixtures were dispensed on the
LED chip and thermally cured at 60 °C for 1 h.

Preparation of Solid-Shaped Materials. First, resins A
and resin B were mixed uniformly (2:1, m/m); then, the
appropriate amount of HCDs was added to the solution. After
removing bubbles, the mixed colloid was poured into a mold
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and allowed to stand at room temperature. After 24 h, the
mold was taken out.

Preparation of Liposomes. Lecithin (25 mg), 10 mg of
cholesterol, and an appropriate amount of HCDs were
uniformly dispersed in an appropriate amount of the organic
reagent. A liposome film was obtained under vacuum
distillation under reduced pressure. 20 mM PBS buffer was
slowly added into the container, and the solution was
ultrasounded for S min and then was purified with a 0.22
um filter. Liposomes encapsulating HCDs were obtained.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Images of the acquired HCD powder under daylight and
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different solvents; polarity coeflicients of HCD solvents;
XPS spectra of the prepared WCDs; XPS spectra of the
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