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Three types of carbon dots (CDs) are synthesized from isomers of phenylenediamine to develop multicolor
nanomaterials with low toxicity, high stability, and high quantum yield. The distinctive electronic structures
of CDs lead to the characteristic optical transitions, such as three colors of blue, green, and red, which are
primarily attributed to the difference in configurations, despite the similar basic structures of conjugated
systems. The excitation-independent emission and the single exponential decay of CDs indicate the
single chromophore-like nature in each type of CD. In addition, the two-photon luminescence of CDs
exhibits a comparable shape and time profile to the typical photoluminescence with high photostability.
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1. Introduction

Tunable multicolor nanomaterials have attracted much atten-
tion, because they hold high potential for various applications,
such as bioimaging, light-emitting diodes, and optoelectronic
devices.' In the past decades, abundant multicolor materials
have been developed, such as quantum dots and molecular
nanomaterials, although practical applications are often
limited by high toxicities, low stabilities, and low quantum
yields (QYs)."® Accordingly, carbon dots (CDs) are emerging as
alternatives due to low toxicities, high stabilities, and high QYs
with unique optical properties.®** In general, CDs are repre-
sented by the quasi-zero-dimensional nanomaterials with
small-sized, sp>-hybridized carbon frameworks, whose surfaces
contain hydrophilic functional groups to ensure the solubility
in water.****

Numerous approaches have been reported for fabrications of
CDs by varying precursor materials and synthesis proce-
dures,*** while most CDs share common features of small sizes
and bright emissions. Besides, several successful works have
realized tunable photoluminescence (PL) from blue to red,
which is independent of excitation energy, although the
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various applications as alternatives to quantum dots containing toxic elements.

corresponding mechanism still remains under debate.'** The
tunable emission is often attributed to the involvement of
surface states,'** whereas the quantum confinement effects
are also proposed for CDs with small sizes.**** Furthermore,
both confinement effects and surface states, in addition to their
strong interactions, are suggested to be responsible for tunable
emission.””'® Recently, the electronic structures estimated by
the first-principle calculations disclose that the band gap
energies of CDs are influenced by configurations of skeletal
frameworks, which is verified by the experimental spectra.”®*”
Therefore, the electronic structures of CDs, which afford the
tunable and excitation-independent feature of emission, should
be understood to control the multicolor emission.

CDs have been prepared by various bottom-up methods,
which include hydrothermal synthesis and microwave-assisted
reaction.'*™ However, the optical features of CDs synthesized
by the bottom-up approach are often inconsistent, while some
behaviors are even contradictory.'** In particular, the
excitation-energy dependent shape of PL suggests the existence
of multiple chromophores,”** which is supported by the broad
spectral shapes of as-prepared CDs."** Moreover, PL QYs of
CDs are frequently lower than those of well-known quantum
dots,’™ but the enhancement of QY is not easily achieved in
CDs. Certainly, many studies have proposed the strategies to
increase QY,*** although the underlying mechanism has not
been fully consented. Hence, in addition to the development of
facile methods to prepare stable and tunable emission of CDs
with controlled sizes and shapes, the systematic approach is
imperative to investigate the characteristics of optical
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transitions in CDs, which would provide innovative ways to
enhance QY of CDs.

The biocompatible feature with low toxicity is essential for
bioimaging applications. Consequently, CDs are suitable for
bioimaging, because the surface of CDs coated with hydrophilic
groups leads to the high solubility as well as the low toxicity
toward biosystems.'** The near-IR excitation is also conducive
to bioimaging, because near-IR excitation provides minimal
photobleaching, low autofluorescence, and deep tissue pene-
tration. Furthermore, two-photon absorption of near-IR gives
rise to the visible emission to enhance the imaging efficiency,
while the color coding with multicolor materials is beneficial to
the imaging of complex biosystems.”>*® Accordingly, the
multicolor emission of CDs by two-photon absorption of near-
IR would assist the imaging of biosystems, when the optical
transition of each color is controllable with high QYs and
stabilities.

In this study, we fabricate three kinds of CDs using isomers
of phenylenediamine (PD) to develop multicolor nanomaterials.
The optical transitions are distinctive in the three types of CDs,
which are mainly attributed to the configurational difference,
because CDs show the comparable sizes, element ratios, and
functional groups. The excitation-independent emission and
the single exponential decay of PL suggest the characteristics of
single chromophore in each type of CDs. Two-photon lumi-
nescence by near-IR excitation presents the similar shape and
time profile to typical PL of CDs with high photostability against
intense excitation. Although the excitation-dependent PL is
observed by intragap excitation, the low intensity indicates only
a minor contribution of defect states in the emission profile.
The detailed study on optical transitions unravels the unique
features of absorption, excitation, and emission, demonstrating
the potentials for multicolor nanomaterials as alternatives to
conventional quantum dots.

2. Experimental section

Three types of CDs were synthesized using microwave-assisted
reactions of PDs and subsequent purifications through silica
gel column chromatography.® Briefly, 0.25 g of PD isomers,
such as ortho-phenylenediamine (OPD), meta-phenylenedi-
amine (MPD), and para-phenylenediamine (PPD), was dissolved
in 10 mL of deionized water to prepare the individual solutions
of PDs. Each solution was subjected to the microwave irradia-
tion cycle, which included the heating to 220 °C, maintaining
for 10 min, and cooling to 55 °C, in a microwave synthesis
reactor (Monowave 300, Anton Paar GmbH). The resulting
solutions, such as the aqueous solutions of ortho-type carbon
dots (OCD), meta-type carbon dots (MCD), and para-type carbon
dots (PCD), were purified by silica gel column chromatography
(230-400 mesh) using mixtures of ethyl acetate and hexane as
eluents. Additional purification of CDs was also performed by
centrifugal ultrafiltration (Amicon ultra-4 centrifugal filter,
MWCO 3 K) as a control experiment. After drying purified
solutions, CDs were dispersed in ethanol (0.25 mg mL™") for
subsequent characterizations. Transmission electron micros-
copy (TEM) was performed using Tecnai G2 F30ST (FEI Co) in
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the Center for Advanced Functional Ceramics (Gachon Univer-
sity, Korea). X-ray photoelectron spectroscopy (XPS) and
Fourier-transform infrared (FTIR) spectra were acquired using
K-Alpha X-ray photoelectron spectrometer (Thermo Electron)
and Alpha II (Bruker Co), respectively. Raman spectra were
obtained using a home-made spectrometer at the excitation
wavelength of 532 nm. UV-visible absorption spectra were
attained using Agilent 8453 (Agilent Tech). Photoluminescence
excitation (PLE) and PL spectra were obtained using FluoroMate
FS-2 (Scinco Co). QYs were also estimated using FluoroMate FS-
2. Time-resolved PL spectra were measured using a home-made
spectrometer using femtosecond pulses from a cavity-dumped
oscillator (Mira/PulseSwitch, Coherent) and time-correlated
single photon counter (PicoHarp 300, PicoQuant).*>*?

3. Results and discussion

Three kinds of CDs (MCD, OCD, and PCD) were synthesized
from three isomers of PDs (MPD, OPD, and PPD), respectively.
TEM images of CDs revealed the well-dispersed but rather large-
sized CDs with the average diameters of 17.6 + 4.9 nm, 19.6 +
3.6 nm, and 16.4 + 4.1 nm for MCD, OCD, and PCD, respectively
(Fig. S11).*>*° The large sizes were frequently observed in CDs
synthesized from PDs.*** The chemical compositions esti-
mated by XPS showed that CDs were mainly composed of
carbon, nitrogen, and oxygen (Fig. S21). The element ratio ([C]/
[N]/[O]) was comparable, such as 91: 5 : 4 of MCD, 89 : 7 : 4 of
OCD, and 92 : 4 : 4 of PCD, where the dominant constituent of
carbon suggested the basic structures of CDs.”**® Furthermore,
carbon was predominantly in sp>hybridized (C-C/C=C) states
in the high-resolution spectra (Fig. S27), indicating the conju-
gated carbon systems of CDs. Nitrogen was mainly in pyridinic
states and oxygen was mostly in carboxyl and hydroxyl groups
(C=0 and C-0). The chemical bonds revealed by FTIR spec-
troscopy indicated the similar chemical structures and func-
tional groups (Fig. S37), including the peaks at 2900 cm™" (C-
H), 1730 cm~ ' (COOH), 1630 cm ™" (C=N), and 1250 cm ™" (C-
0).'8192¢ Notably, the characteristic peaks of CDs were barely
found in PDs (Fig. S37), implying the intermolecular reactions
of PDs, such as the decomposition, intermolecular cyclization,
and condensation processes, to form CDs by the heating and
microwave treatment. Raman spectra presented D-band at
1350 cm™ ' and G-band at 1580 cm ™' (Fig. S4t), which were
attributed to the disordered and graphitic structures of conju-
gated carbon systems, respectively. The intensity ratio of two
bands (Ip/lg) was comparable in the range of 0.95-1.11,'%*°
indicating the similar basic structures of conjugated systems
in CDs.

UV-visible spectra (Fig. 1) showed the absorption bands of
CDs in deep-UV region (<300 nm), which were also found in PDs
(Fig. S51) and thus ascribed to 7w—mt* transitions.*** Moreover,
the distinctive absorption bands were observed in the long-
wavelength region (>300 nm), such as 345 nm of MCD,
430 nm of OCD, and 510 nm of PCD, which were not observed in
PDs. The different peak positions suggested that the electronic
structures were influenced by the isomer types of PDs employed

as precursors,”*” despite the analogous sizes and basic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Absorption (Ab), photoluminescence excitation (PLE), and photoluminescence (PL) spectra of (a) MCD (BCD), (b) OCD (GCD), and (c) PCD
(RCD). The intensities are adjusted for comparison. The left insets show the molecular structures of meta-, ortho-, and para-phenylenediamine
precursors. The right insets present the photographs of PL from CDs in solution. (d) Time-resolved PL profiles of CDs are fitted by the single-

exponential model (yellow lines).

chemical structures. PLE spectra obtained at the corresponding
emission maxima exhibited the analogous positions of excita-
tion bands to absorption bands (Fig. 1), supporting the char-
acteristic electronic structures. PL spectra also showed the
distinctive bands (Fig. 1), such as the bands at 405 nm of MCD,
530 nm of OCD, and 600 nm of PCD, which were different from
the corresponding PDs (Fig. S51). Indeed, PL of CDs was closely
correlated to the absorption band with the similar Stokes shift,
suggesting that PL was the band gap emission.***” Conse-
quently, MCD, OCD, and PCD were represented as the blue-
emitting CDs (BCD), green-emitting CDs (GCD), and red-
emitting CDs (RCD), respectively. The estimated QYs of BCD,
GCD, and RCD were 12%, 35%, and 8%, respectively, at the
peak wavelengths of PLE, which were comparable to the
previous results.>**” In addition, the excitation-independent
emission shapes suggested the nature of single chromophore
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with the characteristic band structure in each type of CDs
(Fig. 2). The time-resolved PL profiles evidenced the feature of
single chromophore, because the single exponential decays
were observed with lifetimes of 2.2, 3.7, and 9.2 ns in BCD, GCD,
and RCD (Fig. 1d), respectively.>**” Notably, upon UV excitation
(355 nm), CDs showed the primary colors of band gap emission,
such as blue, green, and red (insets of Fig. 1), with the sup-
pressed reabsorption due to the large Stokes shift.>*>**

The optical transition energies of CDs have been affected by
the synthesis conditions and precursors, which were generally
ascribed to the quantum confinement effect and the degree of
surface oxidation.'** In other words, the electronic structures
of chromophores were determined by the sizes and chemical
compositions of CDs,** which were further influenced by the
surface environments such as hydroxyl and carboxyl groups.'*>°
Certainly, three colors of blue, green, and red were previously
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Fig. 2 PL spectra of (a) BCD, (b) GCD, and (c) RCD at various excitation wavelengths show the excitation-independent emission shapes.
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reported in CDs synthesized from MPD, OPD, and PPD,
respectively,*” where the tunability of PL was attributed to the
quantum confinement effects and element ratios. However, the
optical transition energies in the present study were not closely
correlated to the average sizes of CDs (Fig. S1t), despite the
nearly identical absorption and emission wavelengths in the
three types of CDs to the previous study.>® Besides, the average
sizes were larger than the reported values, indicating that the
tunable PL might not be ascribed to the quantum confinement
effects. The optical transition energies were not also associated
to the element ratio of oxygen (Fig. S21), because the ratio was
nearly identical (~4%). Moreover, the ratio of nitrogen was not
linearly dependent on optical transition energies, because the
ratio increased and then decreased in the narrow range (5% to
7% and to 4%) with the decreasing transition energy.

Since impurities and unreacted species in CDs might affect
the observed optical features, an additional purification proce-
dure was employed, although the silica gel column chroma-
tography has been widely used to separate and reduce the
impurities.’***?¢ After the separation through the column
chromatography, CDs were further purified by centrifugal
ultrafiltration. Nevertheless, the difference was hardly observed
in the optical shapes of absorption, excitation, and emission
spectra (Fig. S61), indicating that the effect of impurities was
not significant in the present study. The functional groups at
surface were also similar in CDs (Fig. S31), suggesting another
aspect to influence the electronic structures of CDs.

Recently, the optical transition energies were estimated for
three molecular configurations synthesizable from isomers of
PDs by the first-principle calculations using the density func-
tional theory (DFT).*® The difference in configuration led to the
change of transition energies, which was supported by experi-
mental spectra. To investigate the molecular geometries of
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chromophores in blue-, green-, and red-emitting CDs correlated
to isomers of PDs, the electronic band structures were calcu-
lated for various forms of PDs using Gaussian 09 program
suite.** Stable geometries of the ground and excited states were
calculated using DFT at the level of wB97XD/aug-cc-pVDZ and
the energies were estimated using the zero-point vibrational
energy corrections through frequency calculations. Among
various forms of PDs (Fig. S77), the energy gaps between the
ground and excited states in the trimeric forms of PDs were in
the comparable feature to the measured optical transition
energies (Fig. S87), such as the appropriate red-shift from BCD
to GCD and to RCD, supporting the configurational effects
correlated to isomers of PDs.

However, the calculated energies were slightly different from
the experimental results (Fig. 3),>® implying additional contri-
bution on the electronic band structures. Hence, the functional
groups observed in FTIR spectra were included in the first-
principle calculations. Although the functional groups influ-
enced the energy gaps in the trimeric forms of PDs (Fig. S97),
the effect of functional groups was not predominant. Therefore,
the distinctive electronic structures in the three types of CDs
were mainly attributable to the configurational effects, while the
development of electronic structures was also dependent on the
sizes, chemical compositions, and functional groups of CDs.
Consequently, the well-defined electronic band structures,
which were influenced by the molecular configurations and
stabilized by the interactions with surface conditions,'*® were
responsible for the excitation-independent optical features with
the single exponential decay. Certainly, the disordered struc-
tures were not negligible in Raman spectra (Fig. S47), compared
to the graphitic structures of conjugated systems, implying that
the disordered structures correlated to the difference in
molecular configurations could affect the electronic structures
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Fig. 3 Schematic band structures of (a) BCD, (b) GCD, and (c) RCD. Energy gaps between the ground and excited states of CDs are reduced by
intermolecular reactions of PDs, which are influenced by configurations and stabilized by surface groups. The energy values denote the
experimentally obtained values at the maximum positions of absorption and PL spectra. The energy values in parentheses denote the calculated
values for trimeric forms of PDs. (d) The calculated absorption spectrum (Ab.s) of RCD is compared to the experimental PLE and PL spectra.

1354 | Nanoscale Adv, 2022, 4, 1351-1358

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1na00811k

Open Access Article. Published on 28 December 2021. Downloaded on 11/23/2024 1:15:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and the trimeric forms of PDs would be the skeletal frameworks
of CDs.”” Although the interactions with surface conditions
would be also indispensable for the evolution of electronic
structures, the similar types and densities of functional groups
were not primarily responsible for the difference in electronic
structures of CDs.

Since near-IR excitation is widely employed to probe bio-
systems,**” the optical properties of CDs were investigated by
near-IR excitation to evaluate the possibility of multicolor
applications.”®*" Upon excitation of 710 nm pulses, CDs
exhibited the comparable emission to the typical PL (Fig. 4a),
despite a lower excitation energy (1.75 eV) than the band gap
energy. The emission intensities were in the quadratic depen-
dence on excitation intensities (Fig. S10t), indicating two-
photon luminescence (TPL). In addition to the similar shapes,
the time profiles of TPL were equivalent to those of PL (Fig. 4b),
which confirmed that TPL was the band gap emission. Since the
stability against photobleaching was essential for bioimag-
ing,**? the photostability of CDs was examined with the intense
near-IR excitation. Even when subjected to pulsed excitation of
710 nm at a high repetition rate (1.0 x 10° Hz) and a high
excitation intensity (50 pJ cm~? pulse™), TPL spectra of CDs
remained nearly unchanged for long-time exposure (Fig. S117),
while the intensities of TPL were slightly reduced (<3%) until 3.6
x 10° excitation (1 hour) under ambient conditions. Likewise,
the intensities of the typical PL did not decrease noticeably for
the long-time exposure of UV (355 nm) even at the high exci-
tation power of 1.0 W cm > (Fig. S111). Such stability was
comparable to the previous results,”>*® demonstrating the high
photostability suitable for multicolor applications.
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Fig. 4 (a) PL spectra of CDs obtained by excitation of 355 and 710 nm
are normalized for comparison. (b) Time-resolved PL profiles of CDs
obtained by excitation of 355 and 710 nm are normalized.
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However, TPL of BCD displayed a tail in the long wavelength
region (>430 nm), which was different from the typical PL
(Fig. 4a), although the band maximum was not changed by the
excitation wavelength (1., = 355 and 710 nm). To understand
the tail region of emission, PL spectra were further obtained
with increasing excitation wavelength. Evidently, the shape of
PL was excitation-independent (Fig. 2) above the band gap
energy of BCD (Ax = 360 nm). On the other hand, with
increasing excitation wavelength to the tail region of absorption
(Fig. 1a), PL became red-shifted (inset of Fig. 5a). Accordingly,
the excitation-dependent property of PL was observed by the
excitation of long wavelengths (A.x > 360 nm),”>* whereas the
intensity of PL was considerably reduced (Fig. 5a). For instance,
upon excitation of 380 nm, the band maximum was observed at
435 nm, which was red-shifted from the band maximum of
405 nm (Aex = 360 nm). Indeed, the emission peak of BCD was
also observed at 435 nm upon excitation of 365 nm in the
previous study.> The time profile of 435 nm (i = 380 nm)
showed the bi-exponential decay with the time constants of 0.8
and 4.5 ns (Fig. 5b), which was different from the single expo-
nential decay of 405 nm with lifetime of 2.2 ns (Aex = 355 nm).
The band maximum was further shifted to ~500 nm (inset of
Fig. 5a) by excitation of a longer wavelength in near-IR region
(800 nm), and the time profile of 500 nm (Ax = 800 nm) was
different from that of 405 nm (Aex = 710 nm).

The excitation-dependent PL spectra indicated the existence
of multiple chromophores in the intragap region of BCD, which
were supported by the multi-component time profiles upon the
intragap excitation.'®” The multiple chromophores in CDs have
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Fig. 5 (a) PL spectra of BCD with increasing excitation wavelength to
the tail region of absorption. The inset shows the normalized PL
spectra. (b) Time-resolved PL profiles of BCD at 405, 435, and 500 nm
obtained by excitation of 355, 380, and 800 nm, respectively.
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been attributed to several types of trapped states, such as self-
trapped exciton states and surface-related defect states, whose
energy levels were influenced by local environments.**** The
contribution of trapped states in optical transitions was evi-
denced by the comparison of absorption to PLE spectra of BCD
(Fig. S127). The absorption profile showed the tail in the long
wavelength region (>360 nm), which was much reduced in the
PLE profile. Accordingly, the absorbance in the long wavelength
region was ascribed to the involvement of trapped states,*>*
which were responsible for the excitation-dependent PL spectra
by the intragap excitation. Besides, the reduced intensity sug-
gested the low emission efficiency of trapped states (<5%),>
because the absorbance in the long wavelength region indicated
the nontrivial density of trapped states. In addition, the emis-
sion of trapped states was not easily discernible from the
emission of band gap states by excitation of band gap region
(Fig. 2). This implied that the energy transfer from band gap
states to trapped states did not occur effectively, despite lower
energy levels, suggesting the localized nature of trapped
states.'®*®

The low emission efficiency and ineffective energy transfer
indicated that the trapped states would be the surface-related
defect states, rather than the self-trapped exciton states.****
Since the energy levels of surface states were strongly influenced
by local environments,'**® the appearance of multiple chro-
mophores was correlated to various local conditions at the
surface of CDs. Therefore, a few surface-related defect states
were involved in the intragap optical transitions of BCD,
although the contribution of defect states was much lower than
that of band gap states in the emission profile. Notably, the ratio
of two bands (Ip/I) in Raman spectra of BCD was slightly higher
than the ratios of GCD and RCD (Fig. S47), despite the similar
basic structures of conjugated systems. The enhanced intensity
of D-band supported the contribution of defect states in BCD,
because D-band was correlated to the defect states as well as the
disordered structures.'®

On the other hand, TPL (4., = 710 nm) exhibited the nearly
identical shape to the typical PL in GCD and RCD (Fig. 4a).
Furthermore, TPL obtained by another wavelength of near-IR
(Aex = 800 nm) showed the comparable profile (Fig. S131). In
addition, the shapes of PL were barely changed even with
increasing excitation wavelength to the tail region of absorption
(Fig. S137), suggesting excitation-independent features of GCD
and RCD. Moreover, the absorption profiles of GCD and RCD
did not significantly deviate from the PLE profiles near the
onset (Fig. S127), supporting the low contribution of the defect
states in the optical transitions.

Despite the nontrivial density of defect states, the low
emission efficiency of defect states, to which the energy transfer
from band gap states was not active, was responsible for the
excitation-independent spectra with only a minor contribution
of defect states, when the band gap region was excited in BCD
(Fig. 6). However, the optical transition of defect states was
discernible by the intragap excitation, where the band gap
emission was absent (Fig. 5a). Besides, the coexistence of a few
defect states led to the multiple components in the time profiles
(Fig. 5b), suggesting that the interaction between the defect
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Fig. 6 Schematic band structures of BCD (middle). A few localized
surface states are accessible by direct absorption, leading to the
multiple components in the time profiles of PL (right). The optical
transition to surface states is enhanced for two-photon absorption of
710 nm (left).

states was not strong with the localized features (Fig. 6).***
Nevertheless, the shape in the long wavelength region of TPL
was different from that of PL in BCD (Fig. 4a), although two-
photon energy of 710 nm was identical to single-photon
energy of 355 nm. The appearance of the tail in the long
wavelength was ascribed to the oscillator strength of two-
photon process, which was not equal to that of single-photon
process.*>** The optical transition of defect states, which was
relatively enhanced for two-photon absorption, could be
detectable to some extent even by the band gap excitation
(Fig. 6). still, the oscillator strength for two-photon process of
710 nm of band gap states was much higher than that of defect
states, leading to a higher emission intensity of band gap states
than that of defect states in the TPL spectrum of BCD (Fig. 4a).

4. Summary

Three types of CDs were synthesized from isomers of PDs to
develop multicolor nanomaterials with unique optical transi-
tions. CDs showed the comparable sizes, element ratios, and
functional groups, indicating the similar basic structures of
conjugated systems. However, the distinctive optical transitions
suggested the different electronic structures in the three types
of CDs, which were supported by excitation-independent
emission shapes and the single exponential decays. The calcu-
lation results indicated that characteristic electronic structures
were primarily attributable to the configurational effects, while
the constitution of band structures was also influenced by sizes,
chemical compositions, and functional groups of CDs. TPL
obtained by near-IR excitation exhibited the comparable shape
and time profile to typical PL with high photostability. The
excitation-dependent property was observed in BCD by the
intragap excitation, although the emission intensity was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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significantly reduced. The low emission efficiency and ineffec-
tive energy transfer suggested the contribution of surface-
related defect states, whose energy levels were influenced by
local environments. Overall, the detailed studies of optical
transitions in CDs enhance the controllability of tunable
nanomaterials for various applications, such as multicolor
bioimaging and optoelectronic devices, with alleviated concern
of toxicity.
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