New Insight into Fluorescent Polymeric Carbon Dots for Solid-State

Laser Device

Barun Kumar Barman,” David Hernandez-Pinilla,"" Ovidiu Cretu,® Riichiro Ohta,*" Keiko Okano,!

Toshifumi Shiroya,* Jun Sasai,* Koji Kimoto,®and Tadaaki Nagao * 2*

International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for Materials
Science (NIMS), Tsukuba, Ibaraki 305-0044, Japan

2Department of Condensed Matter Physics Graduate School of Science, Hokkaido University, Kita-10
Nishi-8 Kita-ku, Sapporo 060-0810, Japan

3Electron Microscopy Group, National Institute for Materials Science (NIMS), Tsukuba, lbaraki 305-0044,
Japan

4L'Oréal Research and Innovation, KSP R&D, 3-2-1 Sakado, Takatsu-ku, Kawasaki, Kanagawa 213-0012,
Japan

Email: BARMAN.Kumarbarun@nims.go.jp

mayphys87@gmail.com

riichiro.ohta@loreal.com

NAGAO.Tadaaki@nims.go.jp

Abstract: Polymeric carbon dots (PCDs) are an astonishing class of fluorescent materials with distinctive
structures, properties, and applications. However, internal structures of PCDs are still unclear and are the
subject of considerable debate, due to their complexity. Herein, a new type of pure blue light-emitting PCDs
was synthesized hydrothermally from e-poly-L-lysine and citric acid. PCDs were observed using scanning
transmission electron microscopy coupled with electron energy loss spectroscopy (STEM-EELS) on an
atomically thin graphene surface to determine the internal structure and compositional gradients combined
with other spectroscopic analyses. These methods revealed that PCDs have a spongy, porous structure with
uniform element distribution, reflecting organic polymeric frameworks that embrace fluorescent aromatic
moieties, devoid of graphitic, inorganic carbon. The polymeric framework acts as a transparent matrix and
effectively resists self-quenching of photoluminescence (PL) in solid-state. Exploiting their excellent
fluorescence properties, PCDs embedded in a planar microcavity composed of two distributed Bragg
reflectors (DBR), which was demonstrated as a single longitudinal solid-state blue laser. The results will
facilitate detailed understanding of internal structures of PCDs and their efficient, solid-state emission

toward development of rare-earth-free lighting devices.
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Introduction

Carbon dots (CDs), a new class of carbon-based nanostructures, have generated great interest from
the research community due to their unique optical properties, photo-stability, and low cost.® Since
CDs are mostly composed of C, O, and H, and are completely metal-free, many research groups
anticipate that CDs will ultimately replace RE-doped phosphors, metal chalcogenide-based quantum
dots, and perovskite quantum dots. Another advantage of CDs compared to other quantum dots is that
they can easily be synthesized bottom-up from various organic molecules via chemical methods.0-15
Optical properties of CDs depend strongly on their chemical composition, chemical bonding states,
structure, surface functionalization, dopants, etc. Structures of CDs include crystalline, amorphous,
molecular assembles, and polymeric structures,'6-?> some of which have not been proven to contain
graphitic, inorganic carbon. CD photoluminescence originates mainly from the surface state,
subdomain state, molecular state, and crosslink-enhanced emission (CEE) effect. The molecular state
and CEE effect predominantly dictate their optical properties.?® 212629 CDs derived from citric acid
(CA) and amine precursors, e.g., 1,2-ethylenediamine, ammonia, urea, exhibit strong blue
fluorescence (FL) with high photoluminescence quantum yields (PLQY) due to presence of
heteroaromatic moieties (1,2,3,5-tetrahydro-5-oxo-imidazo[1,2-a]pyridine-7-carboxylic acid (IPCA),
citrazinic acid (CZA), 4-hydroxy-1H-pyrrolo[3,4-c]pyridine-1,3,6 (2H,5H)-trione (HPPT)), which are
produced via condensation of carboxy groups in CA and amine groups and which contribute much of
the blue emission,3% 3! while supramolecular ionic materials exhibiting fluorescence can be reportedly
produced from CA and 1-(2-aminoethyl) piperazine (AEPZ) via non-covalent interaction just by
drying out the solvent, 32 implying that the origins of their optical properties are diverse and remain
vague for some cases. Recently, various research groups have developed a new kind of CD, termed
carbonized polymer dots (CPDs), consisting of both polymer and carbon hybrid structure. These dots
not only possess the unique optical properties of conventional CDs, but also inherit the softness of
polymeric materials. They contain a large amount of N and O, aqueous solubility, and high PLQY,
and have been synthesized via crosslinking and polymerization of small molecules and polymers.?”
3348 Some reports insist that these dots are composed of tiny carbon clusters surrounded by highly
dehydrated cross-linking and close-knit polymeric framework; however, these structures are still
unclear and the subject of considerable debate due to their complexity and limitations of microscopic
observation. For observation via transmission electron microscopy, due to low contrast between
carbonized polymer dots and carbon-coated copper grids, brightfield images of carbonized polymer
dots are seldom sufficiently distinct. There are also concerns about graphitic artifacts in the observed
images, which reportedly stem from graphitic contaminants in carbon-coated grids*® and structural
ordering due to electron irradiation during observation.® It is essential to resolve the aforementioned
points, as well as to determine the internal structures of the dots via both spectroscopic and

microscopic methods. Accordingly, electron energy loss spectroscopy (EELS) in a scanning
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transmission electron microscope (STEM) mode operated at low voltage can enable spectroscopic
mapping of structures with a tightly focused electron beam that scan across the nano specimen.
Interactions between primary electrons in the STEM probe and bound electrons in a single dot are
measured directly, which provides rich chemical information down to atomic scale.

In the present study, a new type of pure blue light-emitting polymeric carbon dots (PCDs)
was synthesized by hydrothermally reacting CA and e-poly-L-lysine (PLys) of uniform hydrodynamic
size in the range 4-10 nm (avg. 5.5 nm) with absolute PLQY as high as 49 %. These PCDs were
observed using STEM-EELS to determine the structure, compositional gradients, and elemental
distribution. STEM-EELS observations combined with results of nuclear magnetic resonance
spectroscopy, X-ray photoelectron spectroscopy, vibrational analyses, dynamic light scattering, and
total carbon analysis revealed that these PCDs do not contain graphitic, inorganic carbon, but possess
an amorphous polymeric structure composed of tiny clusters with uniform element distribution, having
an organic polymeric framework embracing fluorescent, aromatic moieties. Interestingly, because the
fluorescent aromatic moieties are enclosed in a polymeric framework, self-quenching of PLs was
inhibited in solid form. Spectroscopic analysis revealed that PL centers formed by pyridinic moieties
embraced in polymeric frameworks are the indispensable, basic building blocks of blue luminophores,
responsible for the high luminescence of PCDs. Finally, using a planar microcavity with only one
resonant mode, coupled with emission of PCDs, a single, longitudinal, solid-state, blue laser device
has been constructed. The results in this study will aid detailed understanding of PCDs and will
promote efficient, solid-state emission toward development of completely rare-earth-free lighting
devices.

Experimental Section

PCD synthesis

PLys (25 w/v % aqueous solution, ~36 mer, molecular weight 4600 g mol*) was purchased from JNC
Corporation (Tokyo, Japan). CA monohydrate was purchased from FUJIFILM Wako Pure Chemical
Corporation. All chemicals were used without further purification. CA monohydrate (0.48 M, ~2.5 g)
and 4 wt.% of PLys (~1 g) solution were mixed in 25 mL Milli-Q water via sonication for ~3 min.
The transparent mixture solution was then transferred to a 50-mL polytetrafluoroethylene vessel and
placed in a stainless-steel autoclave crucible for hydrothermal reaction. The solution was heated at
180 °C for 4 h for synthesis of PCDs and then cooled to room temperature to produce a yellowish
supernatant dispersion along with agglomerated sticky material. The dispersion was centrifuged at
8000 rpm for 5 min and passed through a 0.2-um syringe filter to remove aggregates and large
particles. Then the solvent was evaporated by heating on a hot plate followed by heating in a vacuum
furnace at 110 °C to remove excess water, resulting in a yellowish powder. After centrifugation and
filtering, PCDs were utilized as synthesized for further characterization and for optical gain

experiments.



Material characterization

The crystallinity of as-prepared samples was characterized using X-ray diffraction (XRD; RINT-
Ultima 111, Rigaku Corporation) equipped with Cu Ka radiation (. = 1.5406 A). The composition and
chemical bonding states of PCDs were characterized using CHNO elemental analysis, X-ray
photoelectron spectroscopy (XPS), nuclear magnetic resonance spectroscopy (NMR), and attenuated
total reflection-Fourier transform infrared spectroscopy (ATR-FTIR). XPS was performed using a PHI
Quantera SXM (ULVAC-PHI, Inc.) with Al Ka as an X-ray source. ATR-FTIR employed a Nicolet
iS50 FTIR instrument (Thermo Fisher Scientific Inc.) under vacuum conditions to minimize the
influence of atmospheric gases, including humidity. Each spectrum was collected with 50 accumulated
scans. The measurement of Raman spectra was performed in an Alpha 300S microscope (WITec
GmbH) by using a 785 nm laser source (Toptica photonics, Inc.) with 30 accumulated scans for each
spectrum. *H and *C NMR were performed on PCDs, PLys, and CA using dimethyl sulfoxide-D6,
D,0, and MeOD as solvents. The amount of organic carbon (OC) and graphitic inorganic carbon
(hereinafter, referred to as elemental carbon (EC) as described in the evaluation guide previously
issue) “2 in PCDs were analyzed using a total carbon analysis (Lab OC-EC Aerosol Analyzer, Sunset
Laboratory Inc.) coupled with correction utilizing optical reflectance. Specimens were prepared for
analysis by dropping a dispersion of PCDs on a quartz filter (2500QAT-UP, TOKYO DYLEC
CORP.), and then evaporating the solvent. Amounts of OC and EC were estimated from the amount
of CO; produced by heating the specimen in a He atmosphere at 250°C, 450°C, 500°C, and 550°C and
in He/O; (98%/2%) atmosphere at 550°C, 700°C, 800°C, 870°C, 920°C, and 950 °C, respectively, as
described in the evaluation guide.5* The amount of CO, was quantified by detecting CH4 produced
after reduction of CO; using a flame ionization detector. An aqueous solution of commercial graphene
oxide (highly concentrated graphene oxide dispersion in water, concentration: 5g L, composition:
carbon (> 46%), oxygen (< 46%), thickness: 1 atomic layer - at least 60%., color: brown, Graphene
Supermarket®, Graphene Laboratories Inc.) was used for comparison. Amounts and concentrations of

each sample are summarized in Table 1.

Table 1. Amounts and concentrations of dispersions of graphene oxide and PCDs dropped onto a

quartz filter for total carbon analysis

Sample Concentration Weight of the droplet Weight of the solid
(ng mgt) (mg) component
(ng)
Graphene oxide 2.75 8.69 23.9
PCDs 4.0 8.86 35.4




The hydrodynamic size of PCDs in the dispersion was estimated using dynamic light scattering
(ELSZ-2000, Otsuka Electronics Co., Ltd.). CONTIN was used as the analytical method of the
autocorrelation function. PCDs were also characterized via transmission electron microscopy (TEM)
using a Titan (Thermo Fisher Scientific Inc.) electron microscope in scanning (STEM) mode,
equipped with a Quantum EELS spectrometer (Gatan, Inc.). STEM-EELS analysis was conducted at
relatively low voltage (80 kV) so as to minimize damage due to electron irradiation, which reportedly
causes crystallization of amorphous carbon to form carbon onions over 100 kV.®° The size of the probe
was approximately 0.2 nm, and the probe current was set to ~50 pA. Images were acquired using an
annular dark-field (ADF) detector. Samples were prepared by drop-casting diluted aqueous
dispersions onto TEM grids covered with either amorphous carbon (with a thickness of ~ 6 nm) or
several layers of graphene oxide (GO), which is sufficiently flat for observation of substances of nano-
scale height. Some samples were heated at 150 °C for 5 min in a high vacuum (10 Pa) prior to
observation. Topography of PCDs dispersed on Si substrates was observed under ambient conditions
using an atomic force microscope (AFM; SPA-400, SPI-3800N, Seiko Instruments Inc.) with a Si
probe (SI-DF40, Seiko Instruments Inc.; force constant = 48 N m™) in dynamic force mode (DFM).
A V-570 UV—VIS—NIR spectrometer (JASCO Corporation) was used to collect absorbance spectra
of both dispersions and films. Fluorescence spectra were collected using a FP8500 spectrometer
(JASCO Corporation). Absolute PLQYs of PCDs dispersions and their films were measured under
atmospheric conditions using a C9920-02G integrating sphere system (Hamamatsu Photonics K.K.).
The laser experiment was performed using a 10x objective with a numerical aperture of 0,30. The

pump beam (wavelength of 355 nm) focused by this objective has a spot radius of 0.77 um.

Mirror fabrication and characterization

Distributed Bragg reflector (DBR) architectures were designed via optical simulations using the
rigorous coupled-wave analysis (RCWA) numerical technique from RSoft software (Synopsys, Inc.).
Optical constants of AIN and SiO, were experimentally obtained via spectroscopic ellipsometry of
actual sputtered thin films in the Namiki Foundry at the Research Division for Material
Nanoarchitectonics (MANA, NIMS), using a SE850DUV ellipsometer (SENTECH Instruments
GmbH). Following the simulation results, mirrors consisting of 17 alternating AIN and SiO; layers
with thicknesses of 48 nm and 72 nm were prepared on clean quartz substrates via 300 W RF sputtering
(i-Miller CFS-4EP-LL, Shibaura Megatronics Corporation). AIN layers were deposited under a mixed
18 sccm Ar and 2 sccm N atmosphere while SiO; layers were prepared under a pure 20 sccm Ar after
evacuation to a 3.5x10° Pa base pressure. The optical response of sputtered DBR mirrors was
measured using a V-570 UV-VIS-NIR spectrophotometer (JASCO Corporation). Cross-sectional
images of the mirrors were observed using an S-4800 Scanning Electron Microscope (SEM; Hitachi
High-Tech) at the Namiki Foundry at NIMS.



Results and Discussion
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Figure 1. Schematic representation of PCD formation via a hydrothermal reaction between CA and

PLys. Schematic representation of potential structure in PCDs with molecular fluorophores.

The yellowish dispersion (Figure 1) of PCDs was produced from CA and PLys via
hydrothermal reaction at 180 °C for 4 h. The reason for using PLys as a coupling agent was to promote
a nucleophilic reaction between the amine group of PLys and the carboxyl group of CA to potentially
form amide bonds and small molecular fluorophore (Figure 1). The structure of as synthesized PCDs
was characterized with various characterization methods. Figure 2a shows the XRD patterns of PLys
and PCDs. PLys is a peptide polymer that can form a-helices, 3-sheets, and random coil structures in
solid states. For this reason, multiple XRD peaks at 26=~21 appear, corresponding to different
conformations of peptide structure.> After the hydrothermal reaction, a broad peak at 26=~21
appeared and multiple peaks corresponding to PLys disappeared, indicating formation of a disordered,
amorphous structure. Chemical functional groups in PCDs were further analyzed using ATR-FTIR
(Figure 2 b). Broad, strong peaks appeared from 3500 to 2100 cm in the PCD spectrum. Peaks at
3000-3500 cm* correspond to the stretching vibration of NH3*, -NH, and -OH bonds.*” ° Peaks at

2570 cm™ correspond to the O-H stretching vibration in -COOH groups. Peaks at 3000 cm!

correspond to C-H stretching vibrations.>-> These peaks are broader than those in the spectrum of
PLys, implying that chemical bonding states, including these functional groups are more diverse in
PCDs than those in PLys. The peaks of -COOH groups at 2570 cm™!, as well as a very sharp peak at

1700 cm corresponding to the C=0 stretching vibration, did not appear in the spectrum of PLys but
only in that of PCDs, indicating that unreacted -COOH groups of CA remain in the PCDs.
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Figure 2. (a-c) XRD pattern, ATR-FTIR, and XPS survey spectra of PLys and PCDs. De-convoluted
XPS spectra of (d,e) C-1s and (f,g) N-1s of PLys and PCDs. (h) Comparison of O-1s spectra of PLys
and PCDs. (i) Scattering light distribution of PCDs dispersion obtained via DLS.

The intensity of a sharp peak that appeared at 1178 cm™ in the spectrum of PCDs was higher
than that of PLys. This peak may be assigned to the C-O stretching vibration mode in -COOH groups.
Other peaks in the fingerprint region (<1500 cm!) in the spectrum appeared similar to those of PLys,
while their positions were slightly different. Compositions of PLys and PCDs determined using CHNO
analysis are summarized in Table S1. The H/C and N/C atomic ratios of PLys are 2.10 and 0.33, but
decreased to 1.40 and 0.12, respectively, in PCDs, whereas the O/C ratio increased from 0.17 to 0.70
after the hydrothermal reaction. This resulted from the reaction of PLys with CA, which contains a
lower proportion of N and H atoms and a higher proportion of O atoms than PLys. Table 2 shows the
result of total carbon analysis of PCDs in comparison with that of commercial graphene oxide. All
carbon was detected as OC and the amount of EC corresponding to graphitic inorganic carbon was

less than the detection limit of the analytical method, indicating that PCDs are mainly composed of
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materials with organic characteristics. The weight (18 pg) of total carbon was almost half of the weight
(35.4 ng) of the solid component in the dispersion subjected to analysis. The residual weight of the
solid component originates from H, N, and O atoms, according to CHNO elemental analysis (Table
S1). The significant amount of elements other than C implies the presence of chemical functional
groups responsible for the organic characteristics of PCDs. XPS survey spectra also revealed the
presence of C, O, and N atoms in PCDs (Figure 2c). The atomic ratio in PCDs obtained via XPS

survey was C:O:N (63.7/28.8/7.5), in which a large amount of oxygen was present in PCDs, similar

to the atomic ratio of C:0:N (55.1/38.6/6.3) by excluding H atoms from the CHNO analytical result
(Table S1). The larger amount of C atoms seen in XPS results relative to CHNO analysis may be
attributed to surface contamination of PCDs because XPS is more surface-sensitive than CHNO
analysis. Figures 2d and e display the deconvoluted C-1s peaks of PLys and PCDs. The peak at 284.8
eV can be attributed to sp® hybridized and sp? hybridized C atoms in carbon networks or those bound
to H atoms. The peaks assigned to C atoms bound to N atoms and those bound to O atoms are located
at 285.7 eV. The peak at 287.7 eV corresponds to C atoms in peptide bonds (Figure 2. d).17: 5 After
formation of PCDs, the high binding energy peak at 288.4 eV attributed to C atoms in carboxylate and
amide groups is shifted by 0.7 eV to higher binding energy with respect to bare peptide bonds.
Deconvoluted spectra also show an increase of COOH functional groups in PCDs compared to PLys
and a decrease of C-N%. Figures 2f and g show deconvoluted N-1s spectra of PLys and PCDs,
respectively. The spectrum of PLys comprises two major configurations corresponding to N atoms in
amide and amine functional groups. The N-1s peak deconvoluted to multiple peaks attributed to
pyridinic-N (398.8 eV), amine (399.6 eV), amide/pyrrolic N (400.3 eV), and graphitic N (401.3 eV)
(Figure 29).56-%8 Figure 2h shows a comparison of O-1s spectra of PLys and PCDs. Both spectra consist
of two peaks at ~531 eV and at ~533 eV, which may be assigned to O atoms bound to C atoms with
double bonds (O=C) and O atoms bound to C atoms with single bonds (O-C), respectively.>® The O-
1s spectrum of PLys mainly comprised the peak assigned to O=C, which is consistent with its
molecular structure. The ratio (~34 %) of peak assigned to O-C in the spectrum PCDs was larger than
that (~12 %) in the spectrum of PLys. This implies the presence of chemical structures similar to those
of CZA and the remaining CA in the PCDs, which are further discussed below on the basis of NMR
spectra. *H and *C NMR spectra of PCDs, PLys, and CA were collected to further reveal chemical
bonding states. The 'H NMR spectrum of PCDs is shown in Figure S1. When compared with the
spectrum of the precursors, peaks (~2.5-2.6 ppm) positioned close to those of CA (Figure S2) were
detected. Since intensities of these peaks are strong, structures assigned to them are likely present in
relatively high concentrations. Peaks (1-2 ppm) of protons in hydrocarbons bonded to C atoms, and
peaks (3-3.5 ppm) of protons in hydrocarbons bonded to N atoms in the spectrum of PCDs appeared

close to those in the spectrum of PLys (Figure S3), indicating that the PLys framework remains in the



PCDs. The broadening of peaks at 1-2 ppm in the spectrum of PCDs is attributable to the disordering
of the PLys crystalline structure, which was confirmed via XRD analysis (Figure 2a). The peaks at
4.0-4.5 ppm in the spectrum of PCDs can be potentially assigned to protons in methine groups
neighboring amide bonds, which implies the formation of crosslinking between the PLys framework
and fluorophores. The peak at ~13 ppm in the spectrum of PCDs disappeared after addition of D0,
indicating that the peak is assigned to protons in a carboxylic acid (Figure S4). There are numerous
small peaks at 5.7 ppm to 7.5 ppm corresponding to protons in pyridinic and aromatic structures in the
spectrum of PCDs. The peak appearing at 5.7 ppm in the spectrum of PCDs located close to the
calculated chemical shift for protons bound to aromatic carbon in one tautomer of de-protonated CZA
(CZA1MA).5° The peak appearing at 6.5 ppm in the spectrum of PCDs located close to the calculated
chemical shift for protons bound to aromatic carbon and heteroatoms in another tautomer of de-
protonated CZA and that for protons bound to aromatic carbon in CZA (CZA1M). The calculated
chemical shifts for protons bound to heteroatoms in CZA (7.2 ppm) and in CZA1MA (5.9 ppm) as
well as the experimentally detected peaks for protons bound to aromatic carbon (6.2 ppm) and protons
bound to heteroatoms (12.1 ppm) for citriazinic acid reportedly located in the similar chemical shift
region of the peaks appearing in the spectrum of PCDs.% 61 The appearance of these peaks implies
that the PCDs comprise pyridinic moieties having chemical structures similar to those of CZA, which
has been reported as a molecular fluorophore. The 3C NMR spectrum is shown in Figure S5,

compared with the spectrum of the precursor materials (CA and PLys) and osmosis-purified PCDs

(0.5-1 kDa for 24 h) (Figure S6). Assignments of peaks for CA and PLys are described in the inserted

chemical structure. These peaks were detected at 43.3 ppm, 72.9 ppm, 171.8 ppm, and 175.1 ppm for
CA (Figure S5a). Very close to these peaks, sharp, intense peaks at 43.0 ppm, 73.1 ppm, 171.5 ppm,
and 174.8 ppm were detected for as-synthesized PCDs (Figure S5c) and those at 43.9 ppm, 72.6 ppm,
172.0 ppm, and 176.0 ppm were detected for osmosis purified PCDs. The presence of these peaks
indicates that the CA remains in the PCDs even after osmosis, possibly due to interactions such as
hydrogen bonding with amino groups in the polymeric framework from PLys. Sharp, intense peaks
appeared at 24.2 ppm (Cy), 30.4 ppm (Cd), 36.3 ppm (Cp), 40.2 ppm (Cg), 56.2 ppm (Ca), and 177.5
ppm (C=0) in ¥C NMR spectrum of PLys (Figure S5b), of which the assignments shown in the
parentheses are represented as follows; Cy, C3, Cp: C in alkyl chain, Ce: C in alkyl chain, neighboring
amide nitrogen, Ca: C in methine groups, neighboring carbonyl carbon and an amino group.5 In the
13C NMR spectrum (Figure S5¢) of the as-synthesized PCDs, multiple small peaks also appeared.
After osmosis purification (Figure S6), some of these small peaks disappeared, leaving the peaks
including those at 20-60 ppm, some of which are assigned to alkyl chains in the framework originating
from PLys. Those at ~52.8-53.6 ppm were assigned to C having chemical bonding states similar to
those of Ca, positions of which may shift due to structural changes such as disordering, fragmentation,

and crosslinking or hydrogen bonding of the amino groups with fluorophores. Chemical bonding states
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leading to the peak at 84.9 ppm, which is assigned to C in alkynes, those at 113.0 ppm and 147.8 ppm,
assigned to C in alkenes or aromatic rings, and that at 160.2 ppm, which is assigned to C in aromatic
or pyridinic rings, comprise = and n orbitals possibly contributing to the fluorescence. Additional
multiple peaks range from 180-170 ppm peaks corresponding to up-field and down field shift of C=0
functional groups indicating intermolecular H-bonding with amide/NH; functional groups and
esterification/amide bond formation.®? Pyridinic molecular fluorophores could be entrapped in
numerous oligomeric branches possibly via crosslinking or hydrogen bonding in a polymeric
framework originating from PLys. Figure S7 shows the comparison of the Raman spectra of PLys and
PCDs. Typically, the spectrum of PLys displays Raman-active bands corresponding to the amide

bands I, 111, the C-C stretching mode, and the methylene bending mode,®® whereas the spectrum of

PCDs additionally comprised a band at 1650-1800 cm™, in which peaks reportedly assigned to vC=C

for protonated forms of CZA via calculation® and peaks of vC=0 appear, and bands at 1550-1600
cm?tand at 1200-1300 cm™, in which strong bands have reportedly appeared for CZA in acidic pH.%
The appearance of these bands for PCDs imply that the presence of chemical structures similar to
CZA, which are consistent with the results of the other spectroscopic analyses. The particle
hydrodynamic size of PCDs in dispersion was determined as ~5-12 nm (avg. ~5.5 nm) from DLS
measurements (Figure 2i). The higher reaction temperature (up to 220 °C) did not induce a large

change in the hydrodynamic size of PCDs (Figure S8).

Table 2 Total carbon analysis of PCDs compared with commercial graphene oxide.

Sample Weight of OC Weight of EC Weight of
total carbon

Graphene oxide 6.3 ug 3.7 g 10 pg

PCDs 18 ug Below the detection limit 18 g

10



(d) ~10-50 nm

~3 nm

PCDs flattened after drying
on TEM grid

Figure 3. (aand b) TEM grids loaded with PCDs from dispersions with high- and low- concentration,
respectively. (c) Determination of PCD height. (d) Proposed schematic representation of flattened
PCDs.
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Figure 4. (a) TEM image of monolayer graphene oxide (GO)-coated TEM grid. (b) Atomically clean

hexagonal graphene domains. (c-f) Low and high magnification TEM images of PCDs on an
atomically thin GO substrate (inset shows the schematic). (€) HR-TEM image of PCDs and (f) height
profile of HR-TEM image of PCDs.
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To investigate the structure of dried solid forms of PCDs, we employed TEM to observe the
PCDs desiccated from dispersions with high (Figure 3.a) and low (Figure 3b) concentration on the
TEM grid coated with ultrathin, amorphous C (thickness of C: ~6-10 nm). The TEM image of the grid
loaded with PCDs from the high-concentration dispersion accompanied with the histogram (inset) of
particle size distributed from the few nm to 60 nm (Figure 3a). A similar particle-size range is also
seen for the grid loaded with PCDs from the low-concentration dispersion. The height and width of
PCDs is also evaluated from the TEM image of a single PCD (Figure 3c and Figure S9), revealing
that the height (~ 3 nm) is smaller and the width (~10 - 65 nm) is larger for PCDs on TEM grid (inset
of Figure 3c Figure S9) compared to their hydrodynamic sizes (avg. ~5.5 nm) in aqueous dispersion
estimated from DLS. This may be due to flattening during the drying process (Figure 3d), due to their
soft polymeric framework. However, the thickness of the amorphous C deposited on the TEM grid is
~ 6-10 nm, which is thicker than typical PCDs; therefore, further detailed structure of PCDs is difficult
to investigate using this grid.

To solve this issue, we performed a similar observation on a TEM grid coated with graphene
oxide (GO), which is very thin, and which provides low background contrast and is sufficiently flat
for observation of PCDs of nano-scale height. Figures 4a and b display TEM and HRTEM images of
single-layer GO flakes, which were used to observe PCD structure. The HRTEM image of GO shows
the atomically clean domains of hexagonal aromatic rings. Figures 4c and d show the low- and high-
magnification images of PCDs on a monolayer GO substrate. The highly magnified TEM image shows
the porous, interconnected, close-knit, polymeric PCD framework (Figure 4e). Figure 4.f shows a
height profile of PCDs, revealing formation of a porous structure with width of ~10-60 nm and height
of ~ 3 nm. These dimensions are respectively larger and smaller than the hydrodynamic size of PCDs
in the dispersion, consistent with those of PCDs on the grid coated with amorphous C. Additionally,
the topographic images and height profile obtained using AFM also displayed particulate structures
with a thickness < 4 nm and width of several tens of nm (Figure S10), which also indicates flattened,

aggregated PCDs, as observed with TEM.
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Figure 5. (a) Overview image. (b) ADF-STEM image of a single PCD from the selected region of (a).

(c-e) STEM-EELS elemental mapping of C, N, and O atoms from the area in (b).

Figures 5 a and b show a STEM image and an ADF image of single PCD. Figures 5 c-e show
elemental mapping of C, N, and O atoms of the corresponding PCD, showing that the chemical
composition appears uniform. The distribution of C, N, and O atoms is proportional to the bright
regions in ADF images, indicating that they do not originate from grid, but from PCDs, since the grid
does not contain N atoms. This STEM-EELS image and ADF mapping of a single PCD reveal that

particles appear to have relatively uniform chemical composition and that they appear porous.
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Figure 6. (a) EELS spectrum from suspended region and the inset shows the suspended sample. (b)

K-C edge EELS fine feature from different position of the suspended sample.

Chemical composition and bonding nature were evaluated from the EELS spectrum of
suspended PCDs in the holes of a C film. Figure 6a shows the EELS spectrum of the suspended sample
(inset shows the TEM image of the suspended sample). The EELS spectrum shows the presence of
intense peaks of C, O, and N. The average atomic % ratio of C, N, and O are 81.5%, 9.9%, and 8.6 %,
respectively. The N/C ratio in the sample is 0.12, which is close to the N/C ratio evaluated by XPS
(N/C=0.12) and CHNO analysis (N/C=0.11). For the C K-edge spectrum, there are two peaks located

at 284 eV and 292 eV, corresponding to 1s-7* and 1s-c* electronic transitions, respectively, which
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originates from sp? bonded carbon. N K-edge and O K-edge spectra also comprise two apparent peaks.
Peaks at 397.6 eV and 402 eV correspond to the 1s-n* and 1s-o* transitions in C=N bonds,
respectively. Peaks at 530 eV and 534 eV correspond to the 1s-7* and 1s-c* transitions in C=0 bonds,
respectively (Figure 6a).5>%7 Fine features of the near-edge EELS spectrum of C-K (Figure 6.b) show
an additional peak at 286.5 eV, attributable to the 1s-x* transition of different O and N-related groups
in PCDs.58-70
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Figure 7. (a) UV-VIS absorbance spectra of PLys and PCDs. (b) PLE and FL spectra of an aqueous
dispersion of PCDs (inset shows the photograph of 0.01 wt. % dispersion). (c) 2-D Excitation and
emission peaks of an aqueous dispersion. (d) CIE coordinates of the FL spectrum. (e) pH-dependent
FL properties of PCDs. (f) PLE and (g) FL and 2-D excitation-emission spectra of a PCD solid film
on a quartz substrate. (h) Absolute PLQY value and FL spectra of different PCD films prepared from

dispersions of PCDs with different concentration. (i) TRPL spectra of both dispersion and solid film.

The absorption spectrum of PCDs in an aqueous dispersion (Figure 7a) comprises two strong

absorption bands at UV-A (344 nm) and UV-C (242 nm) wavelength regions, which are attributable
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to n-x* and n-w* transitions in the molecular fluorophores. The n-z* transition originates from
excitation of lone pairs in nitrogen atoms at pyridinic sites, whereas the n-n* transition originates from
excitation of = orbitals in aromatic rings.5> " Both the UV-A and UV-C absorbance properties of
PCDs are drastically enhanced compared to the sample produced by hydrothermal treating of PLys
alone. Absorbance of UV-A was enhanced by increasing the reaction temperature (Figure S11),
implying that the increase in reaction temperature promotes production of UV-A absorbing aromatic
moieties in PCDs. Figure 7b shows the normalized excitation (PLE) and fluorescence (FL) emission
spectra of 0.01 wt.% aqueous dispersion, revealing strong absorbance at 344 nm and
photoluminescence at 422 nm, respectively. The inset shows a photograph of bright blue emission
from a PCD dispersion upon excitation at 365 nm UV. The 2D excitation-emission mapping of the
dispersion indicates that PCDs emit blue light (~422 nm) via excitation with UV light and display
excitation-independent FL (Figure 7c). The CIE XY chromaticity diagram shows that the (x, y) values
of emissions are (0.15, 0.05), indicating the pure blue color emission from PCDs (Figure 7d). An
aqueous dispersion of PCDs exhibited an absolute PLQY of 49 % and depends on the pH of the
medium. The PLQY of PCD dispersion changes from 40% to 58% when the pH of the medium
changes from 0.7 to 12 (Figure 7e). Molecular fluorophores are reportedly non-emissive at low pH
values due to protonation.®* However, PCDs are still emissive with PLQY ~ 40 % at a lower pH. This
study strongly suggests that the fluorophores cannot be protonated because they are already H-bonded
with the polymeric framework. Typically, luminescence of CDs is quenched in the solid state, i.e.,
after they are dried to cause agglomeration, because self-absorption results from the close spacing.
Interestingly, PCDs in the present study exhibited non-quenched strong emission even in the dried
solid state (Figure S12). Figure 7f shows PLE and FL properties of a transparent smooth film on a
quartz substrate. The film also exhibited strong UV-A absorbance and emission of blue light centered
at 425 nm. The inset of Figure 7f shows a transparent film and its blue-light emission via excitation at
365 nm. PCDs in a solid film also exhibited excitation-independent FL similar to that of PCDs in the
dispersion, exhibiting an emission peak centered at 425 nm (Figure 7g). Figure 7h shows a comparison
of PLQY and FL spectra of films prepared from dispersions of PCDs with different concentrations.
Films were prepared from 0.5 wt.% PCD dispersion exhibited solid-state emission and films prepared
from the dispersion with increased concentration exhibited decreased PLQY, indicating that self-
absorption was promoted (Figure 7h). As a result, the PLQY of PCDs in a solid state is ~16 %, far
lower than its aqueous dispersion (~49 %). Stability of PCDs in dispersion and solid-state was further
investigated. Free-molecular fluorophores are reportedly not stable in aqueous medium and drastically
decrease in PLQY after a few days.3! These PCDs are stable in aqueous dispersion and did not show
decreased PLQY even after a few days (Figure S13). The PLQY of PCDs both in dispersions and thin
films was also stable even after long exposure to UV-A radiation (365 nm, 4 mW UV power for 2 h),

maintaining ~90 % PL intensity (Figure S14). The slight decrease in PLQY may be due to
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photobleaching. Overall, these PCDs are stable, which may be due to protection of fluorophores inside
the polymer matrix. Figure 7i shows the time-resolved photoluminescence (TRPL) spectrum of both

aqueous dispersion and solid transparent film. The average PL lifetime (tavg) was obtained from the

bi-exponential fitted time decay spectra using the following equation: tavg - (A1 21 + Az 1% )/( Arti +
Ast,), where Ag, and A; are the amplitudes, and 11 and 1, are the PL decay times.” The obtained values

of Ay, Az, 11, and 1 is summarized in Table-S2. The decay time of excited electrons of the film (tavg:
1.1 ns) was shorter than that of the dispersion (tav: 7.63 ns) due to enhancement of non-radiative
recombination transition in the film compared to the dispersion (Figure S15). As a result, a decrease
in the PLQY from colloidal dispersion to solid film is observed.®* Overall, these PCDs can directly be
used as a transparent pure blue light emitter in solid-state. This is due to the presence of the matrix,

which keeps emission centers well separated, even in a dried, solid state.
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show a cross-sectional SEM image of sputtered DBR mirror. (c) Schematic representation of

fabrication steps to obtain a quartz/DBR/PCDs/DBR/quartz sample for optical gain experiments.

PCDs exhibit good self-quenching resistant, solid-state emission with nanosecond PL lifetime
(Figures 7 f and i). These properties are very attractive for optical amplification processes, and in this
context, we carried out laser experiments utilizing synthetized PCDs as gain media. With this aim, a
Fabry-Pérot (FP) laser architecture was fabricated by sandwiching a PCD layer between two semi-
transparent DBRs specifically designed for PCDs (Figure 8 a) and the electric field simulation shows
confinement of emitted light by top and bottom FP based DBR microcavity. In order to achieve optical
amplification of PCD emission, DBR mirrors were engineered to yield high reflectance (R > 95%) in

the main emission spectral range of PCDs (400-480 nm), while simultaneously allowing UV
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transmittance (T ~80% @355 nm) to reach PCDs for efficient excitation (Figure 8.a). Since materials
with high energy band gaps exhibit high transparency at 355 nm, alternating layers of AIN and SiO»
were deposited via magnetron sputtering on quartz substrates, acting as DBR mirrors to constitute the
optical resonators. Figure 8b inset shows a SEM cross-sectional image of one of the fabricated DBR
structures. Optical properties of these photonic structures are related to the refractive index contrast
between the constituent materials and the thickness of each layer. Prior to deposition, optical
simulations of AIN-SiO, DBR resonators were carried out using RCWA to ensure the appropriate
spectral response of the resonators for PCDs. The final PCD samples for optical gain experiments
were prepared as depicted in Figure 8c. 10 pL of 20.6 wt.% PCD dispersion was drop-casted on the
surface of one of the sputtered DBR mirrors and immediately sandwiched with an upside-down DBR
mirror to ensure small cavity lengths and smooth interfaces. The Quartz/DBR/PCDs/DBR/Quartz

sample was dried at 60°C overnight to complete solidification of the PCD layer.
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Figure 9. Laser emission at a wavelength matching the maximum emission of PCDs. Inset shows the
Amplified Spontaneous Emission (ASE) of the quartz/DBR/PCDs/DBR/quartz sample upon UV

excitation, as well as a photograph of the sample during the experiments. A schematic representation

of the laser emission is included at the right side of Figure 9.
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After drying, the sample was placed on a custom-made optical microscopy system and was subjected
to UV radiation (A = 355 nm). Experiments were performed in back-scattering configuration, with
both excitation and emission performed at normal incidence. At low excitation power, the competition
of longitudinal modes for available optical gain results in many sharp emission peaks, corresponding
to an amplified spontaneous emission (ASE) regime. In contrast with other luminescent systems
devoid of photonic microcavities,” 7 since this regime is achieved even at very low excitation powers,
no transition from spontaneous emission to ASE is observed. A recorded ASE spectrum is shown in
the inset of Figure 9. As observed, the ASE follows the spectral response of the DBR mirrors as a
result of photonic coupling of PCD emission and localized electromagnetic modes from the DBR
resonator in the high-reflectance spectral range from 400 -500 nm. Weaker amplification features are
also observed at longer wavelengths, in accordance with lower gain provided by lower reflectance
values of the DBR resonator at these wavelengths. The ASE intensity of PCDs increases linearly with
incident pump power until laser regime is finally achieved. The transition from ASE to laser regime
is characterized by an abrupt increase of the intensity of the longitudinal mode with the highest optical
gain. This ASE to laser transition indicates the laser threshold, which is observed at a pump power
density of approximately 1.6 kW/cm?, which is comparable to other reported CD-based laser systems,
mostly ranging from 0.07 to 220 kW/cm?.7578 Figure 9 shows an example of blue laser emission
measured at a wavelength of A = 442 nm yielding ~ 45 times higher intensity than the emitted ASE
radiation (Figure 9, inset). Unfortunately, the laser amplification process involves intense localized
photon densities that cause thermal damage to the PCD layer. For this reason, laser emission remains
unstable and no input-output power curves could be measured. Nevertheless, the results hold promise

for fabrication of biodegradable optical amplifier devices based on novel polymeric gain media.

Conclusions

A new type of pure blue light-emitting PCDs has been synthesized in colloidal and solid state via the
hydrothermal reaction from natural, biodegradable ingredients (CA, PLys). Synthesized PCDs had
hydrodynamic sizes in aqueous dispersion ranging from 4 to 10 nm (avg. ~5.5 nm) and exhibited an
absolute PLQY up to 49 %. STEM-EELS observations revealed internal structures of PCDs, including
compositional gradients and elemental distribution as well as diameters and thicknesses of PCDs deposited
on the grid. In combination with NMR, XPS, vibrational analyses, and total carbon analysis, we propose a
structure composed of tiny clusters with uniform element distribution, which has an organic polymer
framework embracing fluorescent aromatic moieties that do not contain graphitic inorganic carbon,
leading to soft organic polymeric characteristics and excellent self-quenching resistance in solid form.
Spectroscopic analyses also identify aromatic moieties with m-conjugation, which may act as
photoluminescent centers that emit radiatively. To exploit PCD-suppressed self-quenching and lifetimes

on the order of nanoseconds, optical gain experiments were also carried out. We prepared photonic planar
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microcavities formed of two DBRs that sandwich PCDs. Both sharp ASE and unstable single-mode laser
emission are achieved. These results indicate the structural and optical properties of hydrothermally
produced PCDs, and may pave the way for development of completely rare-earth-free, light-emitting, and

other photonic devices.
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SYNOPSIS:
The internal structure of polymeric carbon dots (PCDs) on atomically-thin graphene and their applicability

as microcavity-integrated optical gain media are reported.

PCDs internal structure on a graphene surface Blue laser@442 nm

Microcavity
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