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Abstract

Carbon dots (CDs) usually emit a strong blue light and excitation wavelength dependent long
wavelength lights. This significantly limits their applications because one has to use a series of
different excitation light sources to get different colors and the long wavelength emissions are
usually very weak. We found that one type of CDs synthesized from p-phenylenediamine could
emit various long wavelength lights (green to red) independent of the excitation wavelength when
dispersed in different solvents. The photoluminescence quantum yields of the same CDs were 10—
35% in different solvents for different color emissions. Based on this solvent-color effect, we
further mixed the same CDs with different polymers to form solid CD films for various color
emissions, and these film emissions were also excitation wavelength independent. Multicolor
LEDs were demonstrated with the same CDs in solution and solid film states for color displays.

Introduction

Carbon dots (CDs) have emerged as a new type of fluorescent material due to their multiple
advantages, such as high photoluminescence quantum yield (QY), earth abundant raw
materials, great environmental sustainability, low production cost, and excellent

biocompatibility.1~# CDs thus have already been studied for broad applications including in
fluorescent probes and sensors,>8 biolabeling and medical imaging,”8 LED color display
and lighting devices.®11 In these applications, the fluorescence emission colors from blue to
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red are all needed, especially from green to red.12:13 Therefore, the development of
multicolor emission CD materials is highly desirable.14

Many CD materials have been synthesized over the past decade from a variety of starting
materials and preparation methods. They could emit photoluminescence colors from blue to
red, but most of them emitted strong blue light, and the other longer wavelength lights were
obtained with long excitation wavelengths.3:515 A similar phenomenon was also observed
with electroluminescence; longer wavelength (than blue) lights required higher injection
currents in an LED design.® Such excitation wavelength dependent emissions were usually
ascribed to the different photon absorption mechanisms of the CDs and they often delivered
very low QYs for yellow and red lights.16:17 Another way to obtain a long wavelength light
is to use repeated photon absorption and emission with the extended light pathway length or
the increased concentration of the CD particles in solutions or solid matrices.18:1
Apparently, the emission efficiency was very low, too. Nonetheless, Pan et al. lately prepared
some CDs with citric acid and formamide by using a microwave. These CDs showed the
same excitation wavelength dependent multicolor emission, but with comparable QYs
(11.9-26.2%) across nearly the entire visible spectrum (466—-637 nm) in water.2°

Besides the majority of reports describing the excitation wavelength dependent emission
behavior, several recent reports described methods to obtain multicolor CD emissions under
one single excitation wavelength. Hu and colleagues prepared six CD samples with
photoluminescence colors of blue to red (400-710 nm, QY 6-20%) by adjusting the
reagents and synthesis conditions. The multicolor emissions were due to the changes in the
CD’s chemical composition, primarily epoxides or hydroxyls on the CD surface.?! Pang and
coworkers prepared a series of CDs with different fluorescence emissions from 430-610 nm
(QY 1.1-20.7%) by tuning the reaction time, reaction temperature and amount of nitric acid,
and the reasons for such multicolor emissions were ascribed to both the quantum size effect
and surface oxidation.?2 Lin’s group synthesized three CDs with blue (435 nm, QY 17.6%),
green (535 nm, QY 4.8%) and red (604 nm, QY 26.1%) emissions by a solvothermal
method from three different organic compounds as carbon sources. They claimed that the
mechanism of different emission colors was due to the quantum size effect and the nitrogen
content of the CDs.23 Ding et a/. used p-phenylenediamine and urea through a hydrothermal
synthesis method to prepare a batch of CDs. The CDs were separated viasilica column
chromatography and eight CD portions with emissions of blue to red (440-625 nm, QY 8.5-
35%) were obtained. The different emission colors were due to the different surface states.1®
All these CDs emitted different long wavelength lights under one single excitation
wavelength because of their different sizes and/or different surface states.

Other than these reports, a few publications briefly mentioned CD emission color changes in
different solvents. For example, Wu and coworkers reported that the fluorescence emission
of their CDs changed from 400 to 430 nm in different solvents with the same excitation
wavelength.24 Lin et al. stated that the CDs synthesized from /mphenylenediamine exhibited
strong solvent-dependent emission of 400-500 nm in different solvents.2> A research on
graphene quantum dots also described an emission wavelength change from 475 to 515 nm
in a few solvents.26
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Herein, we report a method (see the Experimental section in the ESIT) in which the
photoluminescence color change is varied from 511 to 615 nm on the same CDs in a series
of solvents. All the colors can be simultaneously excited by one excitation wavelength and
all the emission spectra are strictly excitation wavelength independent. The as-synthesized
CDs can also be embedded in different polymer matrices to form CD/polymer composites as
solid phosphors which also exhibit strict excitation wavelength independent multicolor
photoluminescence from dark green to red.

Results and discussion

The morphology of our CDs was characterized by transmission electron microscopy (TEM)
and atomic force microscopy (AFM). As shown in Fig. 1a, the CDs have diameters in the
range of 2.0 to 3.6 nm and the average diameter is 2.6 nm. The high-resolution TEM
(HRTEM) images show that the CDs have clear crystalline lattice fringes (Fig. 1b). The 0.21
nm spacing could be attributed to the (100) in-plane lattice of graphene.1127 The AFM
image of CDs (Fig. 1c) exhibits similar results to the TEM characterization; their
topographic heights are about 2.7 nm, indicating that the CDs are nearly spherical.

The surface functional groups and chemical compositions of the CDs were investigated by
Fourier transform infrared (FTIR) and X-ray photoelectron spectroscopy (XPS). The FTIR
spectrum is shown in Fig. 1d. Many bonds were observed in the CDs, such as —OH (3468
cm™1), N-H (3383-3193 cm™1), C-H (3031 cm™1), C=N (1638 cm™1), C=C (1597 cm™1),
C-N (1493 and 1304 cm™1), and C-O (1140 cm™1). It is revealed that the CDs were
composed of aromatic structures and possessed abundant —NH> on their surface. XPS was
used to further explore the CD surface. The spectrum presented in Fig. S1T shows three
typical peaks: C 1s (285 eV), N 1s (399 eV), and O 1s (533 eV). These findings indicate that
the CDs are consisted of C, N and O elements. The atomic percentages of C, N and O were
61.82%, 27.33%, and 10.85%, respectively; the atomic ratio of C, N and O elements was
therefore calculated as 1 : 0.442 : 0.176. In the high-resolution XPS spectrum of C 1s (Fig.
1e), there are four peaks for different states of carbon: C-C/C—=C (284.6 eV), C-N (285.4
eV), C-0 (286.0 eV), and C=N (288.0 eV). The N 1s high-resolution XPS spectrum (Fig.
1f) can be analyzed as three peaks at 398.6, 399.3 and 400.2 eV, representing pyridinic,
amino and pyrrolic N. It indicates that the CDs contain many nitrogenous fused-ring
structures. The O 1s spectrum shows only one peak at 533.1 eV which can be attributed to
the C-0 bond (Fig. S21).

The CDs exhibited excellent solubility in many organic solvents, such as carbon
tetrachloride (CCly), toluene, chloroform (CHCI3), acetone, N, N-dimethylformamide
(DMF), and methanol (CH30H). However, the CDs had relatively poor solubility in water. A
clear CD water solution could be obtained with ultrasound, but a little precipitate appeared
after 24 hours at room temperature.

As shown in Fig. 2a, the CDs in different solvents exhibited different photoluminescence
peaks under a single excitation wavelength. The emission peaks were observed at 511, 525,

TElectronic supplementary information (ESI) available. See DOI: 10.1039/c6nr09200d
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545, 554, 568, 602 and 615 nm in CCly, toluene, CHClIs, acetone, DMF, CH30H and H,0,
respectively, showing dark green, green, yellow-green, yellow, dark yellow, orange-red and
red colors (see the inset photos in Fig. 2b—h). In general, the emission peaks shifted to red as
the solvent polarity increased. This solvent-dependent phenomenon is very similar to the
“solvatochromism” in organic dyes. Many organic dyes’ fluorescence emissions shift in
different solvents. The solvatochromic effect is usually attributed to the intramolecular
charge transfer.28-30 This effect is common for organic dyes, but is rarely known in CDs. In
contrast to the existing reported CDs with solvent-dependent properties, 2426 our CDs
exhibited a much broader color tunable range of 511-615 nm. Furthermore, it can be clearly
seen from Fig. 2b—h that the fluorescence emission bands of CDs in any solvent do not shift
with different excitation wavelengths. This strict excitation wavelength independence is
distinctive in our CDs. It gives the easy handling and design of multicolor applications, and
the existing use of traditional quantum dots (such as Cd chalcogenides) can be easily
switched to CDs31:32 to reduce the synthesis complexity and production cost, and to

eliminate the biological and ecological toxicity (from the heavy metals of Cd, Cu, Pb, efc)).
33,34

The UV absorption spectra were measured for the CDs in different solvents (Fig. S3t). In
the high-energy region (200-350 nm) of all the spectra, the same peak was observed at 280
nm, corresponding to the rt—m* transitions of C—=C and C=N bonds. The fluorescence
visible emission of CDs in different solvents clearly originated from the absorption in the
lower-energy region (350-800 nm). In the lower-energy region (Fig. S3t and more details in
Fig. 2i), the spectra exhibit distinct absorption bands at 448, 461, 464, 471, 478, 500, and
488 nm indicating that the CDs possess different energy gaps in different solvents. As the
solvent polarity increased, the absorption wavelength exhibited a red shift except in water.
The inconsistency in water could be resulting from the poor solubility and therefore the
aggregation of CDs.

The QYs of the CDs in different solvents were measured and are listed in Table S1.1 It can
be seen that the CDs have good QY in all the seven solvents. The CDs exhibited the highest
QY of 34.5% in CHCI3 for the green emission color but a lower QY (9.2%) in water (red);
the latter is due to the poor water solubility of the CDs. In water, the CDs were kind of
aggregated and the fluorescence was thus greatly quenched because of the excessive
resonance energy transfer or m—m interactions,35-38

This solvent-dependent photoluminescence is regarded as a dipole induced surface
electronic state change. According to the FTIR and XPS data, our CDs have high nitrogen
and oxygen compositions (27.33% + 10.85%) and abundant oxygen and nitrogen-containing
sub-structures like hydroxyl and amine on the surface of CDs. Besides, many nitrogen atoms
are bonded to the edge of the sp2-hybridized carbon core in pyridinic and pyrrolic forms.
These oxygen and nitrogen substructures increase the charge carrier density and induce the
charge transfer of electrons towards the edge (Fig. 3). Like organic dyes, the stable excited
states of such a structure on the CD surface are strongly influenced by the dipole moment of
the solvents.2930 |n aprotic solvents, as the solvent polarity increases, the dipole moment
affects the surface electronic structure more. Then it reduces the energy gap and results in
the red shift of the fluorescence emission wavelength. Therefore, this is the reason for the
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solvatochromic effect in these aprotic solvents.3® The fluorescence lifetimes of CDs in
different aprotic solvents were measured to further support our hypothesis. As summarized
in Table S2,1 the fluorescence average lifetimes of CDs in solvents firstly increased and then
decreased. The tendency is similar to that of QYs.

For organic dyes with a solvatochromic effect, they usually show very weak fluorescence in
CH30H because of the high solvent polarity. However, our CDs exhibited a nice orange-red
emission in CH30H (QY 24.8%) which was stronger than those in acetone and DMF. The
fluorescent properties of CDs in several other alcohol solvents were thus further
investigated. The CDs were dissolved in methanol, ethanol, benzyl alcohol, 1-hexanol and 1-
octanol with successively decreased polarities. The CDs exhibited excellent solubility in all
these alcohol solvents and very similar fluorescence spectra (Fig. S4at). All the emission
peaks were very close with slight variations from 598 to 602 nm (Table S37). The
fluorescence emission bands of CDs in any of the alcohol solvents also did not shift with
different excitation wavelengths, 7.e. they were excitation wavelength independent (Fig. 29
for CH30H and Fig. S5t for others). Besides, the absorption spectra showed similar profiles
for all the alcohol solvents (Fig. S4bt). The absorption peaks in the low-energy region
slightly changed (from 496 to 500 nm).

The polarities of these five alcohol solvents are very different. However, the CDs in these
solvents had almost the same absorption and photoluminescence spectra. According to these
results, it can be inferred that the absorption and photoluminescence of CDs in alcohol
solvents are dominated by the —OH groups rather than the solvent polarity. In alcohol
solvents, the nitrogen and oxygen atoms on the CD surface can form strong hydrogen bonds
to alcohol molecules, which leads to the stabilization of the excited state,28:29 and eventually
the very similar strong orange-red emission in all the alcohol solvents (Fig. 3). This
conclusion was also supported by the fluorescence decay measurements (Table S4t). The
CDs showed similar fluorescence lifetimes in the alcohol solvents which indicated the same
fluorescence centers and mechanism. Besides, the QY's of the CDs were measured to be at
the 30% level from 24.8% to 34.7% (Table S3t). As the alcohol solvent polarity decreased,
the QY of CDs increased which is similar to an organic dye’s behavior. The QY was 34.7%
in 1-octanol, which is among the highest values in the reported orange-red emission CDs. In
the light of this unique property, our CDs may become a good fluorescent probe for the
detection of compounds with hydroxy! groups.

Based on the experimental observation and our hypothesis, we further tried to make solid
CD emission materials with different colors as they did in solvents. Five polymers were
chosen to make solid CD/polymer composites: polystyrene (PS), poly(methyl methacrylate)
(PMMA), poly(vinyl pyrrolidone) (PVP), poly(ethylene glycol) (PEG), and poly(vinyl
alcohol) (PVA). They were chosen based on the groups which were similar to the above-
mentioned solvents. As shown in Fig. 4a and Table S5, the emission peaks of the CD/
polymer films were 518, 531, 564, 580, and 594 nm with PS, PMMA, PVP, PEG, and PVA,
respectively. All the five CD/polymer films exhibited strong photoluminescence lights from
dark green to red (Fig. 4b). To our knowledge, this is the first report that the same CDs emit
different colors when mixed with different polymers (solid state) under one single excitation
wavelength. For each composite, the emission peak did not change when excited by different
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excitation lights, /.e, strict excitation wave-length independent emissions as happened in
solutions (Fig. S6t). The mechanism of the color-tuning in different polymers is the same as
that occurred in different solvents. The polymers around the CD particles exert similar
interactions as the surface of the CDs and therefore change their surface electronic
structures. Based on the large number of commercially available polymers and new
polymers which are constantly designed and synthesized in the labs, CDs have great
potential to make various solid phosphors for many sorts of applications.

According to the unique optical properties described above, the CDs were employed to
prepare LEDs for various color emissions. Liquid LEDs and solid LEDs were both
fabricated. For the preparation of liquid LEDs, a CD solution was sealed in a flat silica glass
box and packed above a UV-LED chip (370 nm emission). Three kinds of CD solutions
(CDs in toluene, DMF and methanol) were respectively sealed into the silica glass boxes. As
shown in Fig. 5a—c, these liquid-form devices showed nice emission colors of green, yellow
and red, respectively. In the preparation of solid LEDs, a CD/polymer solution (CD/PMMA
in CH,Cl,, and CD/PVA in water) was carefully dropped on a UV-LED chip (370 nm
emission) and dried under vacuum. This operation was repeated multiple times until a
required uniform coating (shape and thickness) was obtained. As shown in Fig. 5e and f, the
two solid LEDs emitted good green and red colors from CD/PMMA and CD/PVA,
respectively.

Conclusions

In summary, we reported an approach to the synthesis of CDs with bright multicolor
fluorescence emissions which are strictly excitation wavelength independent. The synthesis
and purification of our CDs were simple with a high yield which could easily achieve large
scale production. The CDs exhibited different fluorescence emission colors from dark green
to red when they were dispersed in different media, both in liquid (solvents) and solid
(polymers) states. In all the surroundings, the CDs exhibited strong fluorescence emissions
and a particular 34.7% QY for the 602 nm emission. To our knowledge, this is the first
report on CDs displaying completely excitation wavelength independent broad long
wavelength emissions, and all colors can be achieved from one type of CD particles. The
multicolor liquid and solid CD-LEDs based on the same CD particles demonstrated
promising application potentials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

394 396 398 400 402 404
Binding energy (eV)

The TEM (a), HRTEM (b), and AFM (c) images of the CDs. The inset in (a) shows the
particle size distribution histogram. The inset in (c) shows the height-profile analysis along
the corresponding line. The FTIR (d), high-resolution XPS spectra of C 1s (e) and N 1s (f)

of the CDs show the existing chemical bonds and compositions.
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Fig. 2.
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The photoluminescence spectra of the same CDs in 7 solvents excited by 420 nm light (a),

and the photoluminescence spectra of the same CDs excited by different wavelength lights

in solvents of CCl, (b), toluene (c), CHCI3 (d), acetone (e), DMF (f), CH30H (g), and H,O
(h). The UV-vis absorption spectra (350-800 nm) of the same CDs in the 7 solvents (i).
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Fig. 3.
The illustration of the possible emission processes of the CDs in different solvents. Other
types of hydrogen bonds (e.g., CD-N-H...O, CD-0-H...O) were omitted for clarity.
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The photoluminescence spectra of five CD/polymer films excited at 420 nm (a) and the
corresponding photos of excited five CD/polymer films (b).
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Fig. 5.

True color photographs of CD-LEDs: emissions of liquid LEDs of CDs in toluene (a), DMF
(b), and methanol (c); solid LEDs of CD/polymer under room light (d) and the emissions of
CD/PMMA (e) and CD/PVA (f).
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