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Carbon dots have garnered significant attention owing to their versatile and highly tunable optical prop-
erties; however, the origins and the underlying mechanism remains a subject of debate especially for
dual fluorescent systems. Here, we have prepared carbon dots from glutathione and formamide precur-
sors via a one-pot solvothermal synthesis. Steady state and dynamic techniques indicate that these dual
fluorescent dots possess distinct emissive carbon-core and a molecular states, which are responsible for
the blue and red optical signatures, respectively. To further glean information into the fluorescence
mechanism, electrochemical analysis was used to measure the bandgaps of the two fluorescent states,
while femtosecond transient absorption spectroscopy evidenced the two-state model based on the
observed heterogeneity and bimodal spectral distribution. Our findings provide novel and fundamental
insights on the optical properties of dual fluorescent dots, which can translate to more effective and tar-
geted application development particularly in bioimaging, multiplexed sensing and photocatalysis.
� 2021 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Carbon dots (CDs) are predominantly amorphous fluorescent
nanoparticles comprising an sp2/sp3 carbon network with sizes
spanning 10–15 nm. They are primarily composed of carbon, oxy-
gen, hydrogen and nitrogen with the overall composition heavily
dependent on the precursors and reaction conditions used. CDs
are attractive owing to their facile and scalable synthesis from
cheap and abundant precursors such as amino acids and sugars.[1-
7] Interest in CDs has stemmed from the myriad of attractive elec-
tronic and optical properties, tunable features (size and surface
chemistry), low photobleaching and photoblinking,[8,9] low toxic-
ity and high chemical stability,[8,10,11] which are relevant to
many applications including catalysis, bioimaging, sensing and
drug delivery, among others.[12-16] Their tunable fluorescence
can be tailored from the UV to the near-infrared (NIR); however,
a significant knowledge gap persists in our fundamental under-
standing of how they actually fluoresce despite several well-
founded works.[17-20]

Unlike quantum dots, CDs do not necessarily exhibit quantum
confinement behavior. Instead, the optical properties are influ-
enced by the composition of the surface and the core[21-23] as
was demonstrated by Sciortino et al. who noted that the absence
of blue-shifted fluorescence as a function of varying CD sizes.
[24,25] CDs are conventionally considered to possess multiple
emission centers, namely core and molecular states.[26-28] The
former is dependent on the p-conjugated network at the
carbogenic-core with a localized wavefunction, while the latter is
dictated by the coupling of multiple functional groups at the sur-
face with indications that the wavefunction delocalizes over the
whole surface. Upon photoexcitation and as dictated by wavefunc-
tion overlap, electrons from the core state (HOMO) can transition
to different LUMOs (i.e. core- or molecular- excited states); as a
result, multiple fluorescence signatures can arise in a single parti-
cle. Song et al. also showed that fluorescence originated from both
molecular states and carbon-core states with a CD-system based
on citric acid and ethanolamine.[29] Through systematic studies,
they determined that the formation of the CDs consisted of a highly
fluorescent intermediate fluorophore, IPCA, and the carbon core.
While the fluorescence core produced weak excitation-dependent
fluorescence, the bound fluorophores were characterized by strong
excitation independent fluorescence. This knowledge has led to the
study of CDs for sensing applications by exploiting their reliable
surface emission [28,30]. For instance, Yarur et al. demonstrated
through metal quenching experiments that one of two fluores-
cence signals was quenched upon interaction with an analyte sug-
gesting the presence of distinct states, namely core and molecular
states [30]. However, other studies point to the fact that the fluo-
rescence is dramatically influenced by the degree of crystallinity
of the core, [23,31] or by the nature of the presence of free mole-
cules in solution [32]. The existence of multiple hypotheses and
mechanistic theories speaks to the need for extensive studies that
can shed light and offer a better understanding of the optical prop-
erties of CDs.

Herein, we aim to further our fundamental understanding of the
fluorescence mechanism of dual fluorescent CDs prepared from
glutathione and formamide. Synthesis was carried out at different
reaction times to study the evolution of the physical and optical
properties, with careful purification to ensure removal of impuri-
ties and reaction intermediates. These nanoparticles possess
unique optical properties with two distinct fluorescence signatures
in different regions of the spectrum (blue and red), which are
believed to originate from different emissive states. Steady state
optical characterization highlights this unique property and evi-
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dences correlation between the length of the reaction time and
the optical signature. We probe the fluorescence mechanism rely-
ing on electrochemical studies and femtosecond transient absorp-
tion spectroscopy. Our investigation of the dynamics of the
photoexcited system reveals the presence of two prominent fluo-
rescent centers and suggests a significant interplay between core
and molecular states.

2. Experimental

2.1. Chemicals and reagents

Formamide (�99.5%) and reduced L-glutathione (�98.0%) were
purchased from Thermo Scientific. All reagents (acetone, ethanol,
acetonitrile, ferrocene and TBAPF6) were used without further
modification or purification.

2.2. Synthesis of carbon dots (CDs)

The CDs were synthesized via a hydrothermal-mediated reac-
tion with glutathione and formamide. For each CD sample pre-
pared at different times, a 20 mL solution of 0.1 M glutathione in
formamide was prepared. The mixture was sonicated for 10 min
until it changed from a cloudy to a clear homogeneous solution.
The solution was transferred to a Teflon-lined container and placed
inside a hydrothermal reactor. The reactor was heated at 180 �C at
varying reaction times (1, 2, 4, 8 h). Once cooled, the dispersion
was purified to remove excess unreacted materials and fluo-
rophores via dialysis using a cellulose ester dialysis membrane
(molecular weight cut-off = 3.5–5.0 kDa). The dialysis lasted for
5 days, with water being replaced twice a day. Following this step,
the sample was concentrated down via rotovapping, and the
remaining impurities were washed twice with acetone and ethanol
(1:10, sample:solvent volume ratio; 10 min centrifugation at 10
000 G). The precipitate was collected after each wash. The final
product was then dried in the oven at 70 �C overnight.

2.3. Characterization

2.3.1. Transmission electron microscopy
CDs were dispersed in water at a concentration of 5.0 mg/mL.

Grids were prepared by pipetting 2 mL of the CD dispersion on a
300 Mesh Cu (Cu-300HD) coated with holey/thin carbon films
(Grid-Tech) followed by evaporation of the solvent. The TEM
images were collected using an LVEM5 benchtop electron micro-
scope operating at 5 kV. Images were processed, and the carbon
dot sizes were determined using Fiji imaging software.

2.3.2. UV–Vis absorbance spectroscopy
UV–visible absorption spectra were acquired from 200 to

800 nm on a Cary 5 Series UV–Vis-NIR Spectrophotometer (Agilent
Technologies) using a 1 cm quartz cuvette. A 5.0 nm bandwidth
and wavelength changeover at 450 nmwere used for analysis. Data
were processed using Cary Eclipse software.

2.3.3. Fluorescence quantum yield measurements
Quantum yield values were acquired on an FLS920 Fluorescence

Spectrometer (Edinburgh Instruments) with an integrating sphere
using a 1 cm quartz cuvette. The excitation and the emission slits
were set to a width of 5 nm, and The excitation wavelength was
set to 405 nm; the spectra from 300 to 800 nm were collected.
The quantum yields of the blue and red component were taken
in isolation; this is done by collecting the spectra from 300 to
550 nm (blue fluorescence) and 550–800 nm (red fluorescence).
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Scans were done in triplicates with a dwell time of 0.25 sec. Data
were processed using F900 Software.

2.3.4. Fluorescence spectroscopy
Fluorescence spectra were acquired using a Cary Eclipse fluo-

rescence spectrophotometer (Agilent Technologies). Spectra were
acquired in a 1-cm quartz cuvette at kex = 405 nm. The excitation
and emission slits were set to a width of 5 nm with a PMT voltage
at 600 V. All data were processed using Cary Eclipse software.

2.3.5. Fourier-transform infrared spectroscopy (FT-IR)
Fourier-Transform Infrared Spectroscopy (FT-IR) spectra were

collected using a Thermo Scientific Nicolet iS5 equipped with an
iD5 ATR accessory. Spectra were collected using 30 scans with a
resolution of 0.4 cm�1, a gain of 1, an optical velocity of 0.4747
and an aperture setting of 100. Data were processed using Omnic
9 software.

2.3.6. X-ray photoelectron spectroscopy (XPS)
A Thermo Scientific K-Alpha X-Ray Photoelectron Spectrometer

was used to obtain the XPS spectra of the CDs. Each analysis was
carried out in triplicate with 10 runs for each scan and the averages
were plotted for both the survey and high-resolution scans.

2.3.7. Cyclic voltammetry
Electrochemical measurements were performed using a Wave-

Driver 200 Integrated Bipotentiostat/Galvanostat workstation. A
three-electrode systemwas used to analyze the photoelectrochem-
ical response of the different CDs with an FTO substrate as a work-
ing electrode (WE), a platinum wire as a counter electrode (CE),
and a Ag wire as a reference electrode in a 0.1 M tetrabutylammo-
nium hexafluorophosphate (TBAPF6) electrolyte solution. All
potentials were measured against the reference electrode. The
films of CDs on the FTO were illuminated by four white LEDs at a
5 cm distance from the film. The electrochemical properties of
the CDs were determined using a three-electrode system by
drop-casting the CDs on a 1 mm button platinum WE, a platinum
wire as a CE, and an Ag wire pseudo-reference electrode in a
0.1 M TBAPF6 solution. All potentials were calibrated against fer-
rocene as an internal standard.

2.3.8. Transient absorption spectroscopy (TAS)
TA experiments were carried out upon excitation at 620 nm,

425 nm and 310 nm. The 620 nm, linearly polarized pump beam
was generated from a non-collinear parametric amplifier (Topas-
White, by Light Conversion), pumped with 800 nm pulses from a
5 kHz Ti:Sapphire fs regenerative amplifier (Coherent Legend).
The laser source provided 130 fs full width half maximum (FWHM)
pulses focused into a ~60 mm diameter spot (1/e2). The energy per
pulse was set to 60 nJ. 425 nm and 310 nm linearly polarized pump
beams were generated by frequency doubling in a b–BBO 850 nm
and 620 nm beams, respectively, from a non–collinear parametric
amplifier (TopasWhite, by Light Conversion), pumped with 800 nm
pulses from a 5 kHz Ti:Sapphire fs regenerative amplifier (Coherent
Legend). These beams consisted of 90 fs (FWHM) pulses and were
focused into ~60 mm diameter spot (1/e2) with energy per pulse of
90 nJ. The probe was a white-light continuum generated by focus-
ing a small fraction of the 800 nm Ti:sapphire laser output to a
5 mm thick CaF2 plate. The probe spot at the sample position
was ~40 lm diameter (1/e2). Pump and probe beams were spa-
tially overlapped at the sample position, and the pump delay with
respect to the probe was controlled by a motorized delay stage. The
pump and probe polarization was set to magic angle conditions to
avoid contribution of rotational diffusion to the signal. The probe
beam was dispersed after the sample with a prism and detected
by a 512 pixel CCD camera (Hamamatsu S11105 Series) capable
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of measuring single-shots. A reference baseline for the pump/refer-
ence ratio was recorded for each measurement by introducing a
mechanical chopper in the pump beamline at half the repetition
rate to block every other pump pulse. A photo-diode after the
chopper monitored the shot-to-shot pulse intensity to sort
‘‘pumped” and ‘‘unpumped” measurements and to compensate
for fluctuations and drifts of the pump pulse intensity. To avoid
photo-degradation, the sample solutions were flowed with a micro
gear pump through a UV-grade quartz flow cell with an internal
path length of 200 lm. Special care was taken to measure in linear
regime in terms of pump and probe intensity and sample concen-
tration. Typical signals were obtained by averaging 500 pumped
and 500 unpumped spectra for each time delay and scanning over
the pump–probe delay 5–10 times. Steady-state UV–visible
absorption spectra measured before and after TA measurements
showed no changes, indicating the remarkable photostability of
the investigated complexes.
3. Results and discussion

CDs were synthesized at a temperature of 180 �C with varying
reaction times from 1 to 8 h (See SI for experimental details) as
shown in Scheme 1 and Fig. S1 (CD-1, CD-2, CD-4 and CD-8 corre-
sponding to 1, 2, 4 and 8-hour reaction times). The size and the
morphology of the dots were investigated using transmission elec-
tron microscopy (TEM). The TEM micrographs (Fig. S2a-d) indicate
that the CDs are quasi-spherical with sizes ranging from 12 to
15 nm and an appreciable particle size overlap (Table S1). The
XRD patterns present a broad amorphous halo spanning 10–80
�2h, as observed for CD-1 (Fig. 1a),[30,33] yet with increasing reac-
tion times, an increasingly crystalline profile is confirmed by the
appearance of a crystalline reflection centered at 27.3� 2h ascribed
to the (100) diffraction plane of graphitic structures. This is attrib-
uted to an increase of the polymerization levels of the CDs and for-
mation of more organized structures.[34]

Detailed XPS investigations into the composition and nature of
the chemical bonds of the CDs (Fig. S3) confirm the presence of
four peaks centered at 531 eV, 400 eV, 285 eV and 164 eV ascribed
to the binding energies of O1s, N1s, C1s and S2p respectively. The
deconvolution of the high-resolution XPS spectra (HR-XPS) of C1s
(Fig. 1b-e) reveal binding energies ascribed to CAN (287.5 eV),
CAO/C@O (285.9 eV) and CAC/C@C (284.6 eV) functional groups.
The samples synthesized from 1 to 4 h present similar photoelec-
tron spectra, however a slight increase in the CAO/C@O peak is
observed with an increasing reaction time suggesting amide bond
formation. The dots prepared at 8 h, however, present a major
increase in the CAN and C@N peaks. This is attributed to the
increase in carbonization at longer reaction times. Initially, precur-
sors form highly fluorescent molecules; as the reaction progresses,
reactants and fluorophores further carbonize to form the carbo-
genic core.[35] The HR-XPS for O1s (Figure S4) evidences C@O
(532.2 eV) and CAO/CAOH (531.0 eV) functional groups for all
CDs. An increase in the CAO/C@O peaks is observed from 1 to
4 h. However, at 8 h, most of the oxygen is present under the form
of C@O. The HR-XPS for N1s (Fig. S5) indicates the presence of pyr-
rolic (399.6 eV) and pyridinic (398.17 eV) moieties. With the
increasing reaction time, an increase in the peak of the pyridinic
nitrogen is observed, indicating the formation of a larger aromatic
domain. Lastly, the HR-XPS for S2p confirm the presence of S@O
(167.9 eV), thiols (164.5 eV), and thiophenes (163.3 and
167.1 eV). With increasing reaction time, S@O groups are further
oxidized giving rise to SOx species.

We further investigated the surface chemistry of the dots, with
increasing reaction times, via FTIR (Fig. 1f) and our findings corrob-
orate the XPS results. For all four types of dots, we note a broad



Scheme 1. Preparation of dual-fluorescent CDs with glutathione and formamide. The CDs were prepared via solvothermal assisted reaction at 180 �C with different reaction
times. Such change in reaction parameters results in the CDs exhibiting different fluorescence signatures in both the blue and red regions of the spectrum, which stem from
the core- and molecular-states, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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band ranging from 3500 to 3000 cm�1 ascribed to the symmetric
and asymmetric stretching modes of the NAH and AOH groups,
while stretching modes of amide C@O, CAOH and CAN were
observed at 1671, 1596 and 1384 cm�1, respectively. The similari-
ties between the FT-IR and XPS spectra suggest that the changes in
optical properties (vide infra) arise from structural modifications at
the core, and the interface of the core and the surface of the dots; in
other words, molecular states do not stem from a single surface
functional group but rather delocalized throughout multiple func-
tional groups.[24] We confirmed the increased carbonization of the
CD core through Raman spectroscopy (Fig. 1g) where characteristic
D (structural disorder) and G bands (graphitic order) at 1344 and
1525 cm�1, respectively, were measured. The core of the CDs com-
prises sp2 clusters, which are largely responsible for the G band.
[22,36,37] It is noted that the ID/IG (intensity band ratio) decreases
with increasing reaction time (from 1.19 for CD-1 down to 0.77 for
CD-8) induced by the growth of the aromatic domain and the
graphitization of the carbon-core of the CDs,[38] which induces a
more ordered structure.

As shown in Fig. 2a, the UV–Vis absorption spectra of the sam-
ples display three analogous prominent bands at 320 nm, 400 nm
and 580–700 nm. The first band is assigned to the transition of the
C@C bonds of the carbon-core, while the second and third bands
are ascribed to the p ? p* and n ? p* transitions of the aromatic
sp2 domains for the C@O and C@S/C@N, respectively.[26,30,39]
The overall absorbance decreases with increasing reaction times;
it is noted that the absorbance band intensities at 580–700 nm
decrease at a faster rate than those in the lower regions of the spec-
trum. The multiple absorption bands emanate from different
emissive

states, the first state being the carbon-core state comprising pri-
marily an sp2 carbon network, while the second corresponds to the
molecular states.[36] As shown by XRD and XPS, an increase in
reaction time further causes carbonization and aromatization. This,
in turn, leads to the formation of more extensive sp2 networks (re-
sulting in a larger carbon core, discussed in the XRD and XPS data)
to the detriment of the surface upon further carbonization.
[18,19,40] This process inevitably modifies the local environment
relating to the HOMO wavefunction. Therefore, the overlap
between the HOMO and surface LUMO wavefunctions will be
affected due to an increase in spatial distance. This change affects
the oscillator strength of the transition resulting in a decrease in
absorption – specifically in the red region of the spectrum. The dis-
tinct change in absorbance profiles relates to the noticeable differ-
ence in the color of the CD dispersions (Fig. S1).
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Steady-state fluorescence spectra showcase signatures in both
the blue and red regions of the spectrum for all the samples further
speaking to the potential for existence of two fluorescence centers.
The blue component is noted to be excitation dependent, while the
red fluorescence is excitation independent (kex = 680 nm); these
are attributed to the carbon-core and molecular states respec-
tively.[27] As shown in the photoluminescence excitation (PLE)
spectra (Fig. S6a), a broad range of wavelengths can be used to
excite these states. In addition, different states can be probed as
the excitation wavelength is changed with notable differences in
the blue and red fluorescence contributions (Fig. S6b for CD-1).
Both carbon-core and molecular states are excited simultaneously
at kexc � 420 nm with lower excitation wavelengths favoring a
stronger blue fluorescence. Conversely, longer excitation wave-
lengths (kexc � 600 nm) allow for excitation of the lower HOMO-
LUMO bandgap of the red fluorescence component band.

Steady state fluorescence studies suggest that apart of changes
in spectral intensities of the blue and red emissions, which are
indicative of the variations in accessible emissive centers, both
bands evidence no changes in spectral shape (Fig. 2c). The relative
red:blue fluorescence intensity is at its maximum for CD-1 and
decreases with increasing reaction times (Fig. 2d). A similar trend
is observed for fluorescence quantum yield (QY, Fig. 2e-f) with val-
ues of 5.3%, 4.9%, 2.8% and 4.4% for CD-1, CD-2, CD-4 and CD-8,
respectively. Upon closer inspection, the blue fluorescence is noted
to gradually increase from 1.1 to 3.5%; inversely, its red counter-
part decreases from 4.2 to 0.9%. This observation can be explained
by the carbonization of molecules linked to the CDs, (responsible
for the molecular states - red fluorescence) at the expense of the
growth of the sp2 network in the core (responsible for the core
states - blue fluorescence).

The existence of both states was further verified via photo-
bleaching experiments as it can be associated with the presence
of different emissive centers.[19] Following extended periods of
UV exposure (kex = 365 nm), the red component of CD-1 decreases
at a much higher rate than the blue component (Fig. S7). Such
behavior is expected as the blue fluorescence mainly stems from
the direct electron-hole recombination in the carbon core states
of the CDs. This agrees with previous reports showing that the car-
bon core-states of CDs typically emit at a lower wavelength, pos-
sess better photobleaching resistance, and much lower
fluorescence QYs relative to molecular states.[41,42] Furthermore,
two lifetimes of 4.6 ns and 0.6 ns were identified, suggesting mul-
tiple fluorescence centers. It is postulated that the longer fluores-
cence lifetime stems from the relaxation of the electrons from



Fig. 1. (a) XRD patterns of CDs to evaluate their degree of crystallinity; HR-XPS of the C 1s spectrum for (b) CD-1, (c) CD-2, (d) CD-4 and (e) CD-8 illustrating the presence of
CAN, CAO/C@O and CAC/C@C bonds (HR-XPS spectra for O1s, N1s and S2p are found in the Supplementary Information); (f) FT-IR spectra of the CDs showcasing the
similarities in their surface functional groups; (g) Raman spectra of the CDs illustrating the increase in D/G bands ratio with increasing reaction times suggesting the growth
of the aromatic core.
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the core, while the fast lifetime corresponds to the electron-hole
recombination in the molecular states.[43]

Our study of the optical properties in CDs has been influenced
by previous investigations into the nature of the excitons in carbon
nitride dots. However, it is important to recognize the disparities
from our CD system to conceive a proper assignment of the optical
transitions. The typical interpretation for the emissive centers in N-
rich CDs is surface localized excitons. However, this explanation
does not apply to our system because we observe differences
regarding our optical data, despite having C@N sp2 aromatic
domains. For instance, carbon nitride dots show an emission peak
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at 525 nm (upon excitation at 410 nm).[44] Comparatively, we do
not observe any significant emission under the same excitation
regime.

Electrochemical and ultrafast transient absorption spectroscopy
studies were carried out to probe the fluorescence dynamics. These
investigations were limited to CD-1, as it provided the highest sig-
nal intensity for both red and blue fluorescence signatures. Cyclic
voltammetry (CV) measurements were used to estimate the
HOMO/LUMO energies of CD-1 Fig. 3a-b); all potentials reported
were assigned against NHE. A non-reversible peak with an onset
value of Eox = +1.1 V was observed when the potential was swept



Fig. 2. UV–Vis absorbance and fluorescence spectra, and quantum yield of 50 lg mL-1CD dispersion in MilliQ water; (a) UV–Vis absorption spectra of the CDs show three
absorption bands centered at 320 nm, 420 nm and 580–700 nm; (c) Following excitation at 420 nm, two fluorescence bands are observed at 350–550 nm and 650–750 nm
(spectra normalized to blue the fluorescence); (e) Quantum yield measurements of the blue and red fluorescence at an excitation wavelength of 420 nm. (b) The absorbance,
(d) the fluorescence and (f) the quantum yield show a similar trend in which the signal of the red region of the spectra decreases relative to that in the blue. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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through the oxidative side (Fig. 3a). Likewise, another non-
reversible wave was noted when the potential was swept through
the reductive side with an onset value of Ered = �0.9 V. Interest-
ingly, when comparing these values to the absorbance spec-
troscopy results, the HOMO-LUMO gap calculated from CV
(2.0 eV) is in agreement with the UV–Vis data for the red compo-
nent of the CDs dispersed in water (kmax = 680 nm). To calculate
the HOMO and LUMO of the blue component, blue fluorescent car-
bon dots were synthesized in a similar fashion for 20 h, completely
removing the red fluorescence due to the excess carbonization.[30]
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The HOMO and LUMO were calculated to be �1.75 V and 1.2 V
(Fig. 3b), respectively, which amounts to a band gap of 2.95 eV in
accordance with the UV–Vis data for the blue fluorescence. As
shown in Fig. 3c, this data suggests the possibility that the fluores-
cence stems from: (i) a direct electron-hole radiative recombina-
tion in each state (core and molecular) with (ii) the possibility of
an energy transfer from the carbon core-state down to the
molecular-state followed by a radiative recombination.

CD-1 were cast onto a transparent conductive substrate (FTO) to
evaluate the photocurrent density at different excitation wave-



Fig. 3. Cyclic voltammograms for the calculation of the HOMO and LUMO positions for (a) CD-1 and (b) bCDs. The redox potentials for CD-1 were calculated from both the
oxidative and reductive non-reversible peaks. These values were calculated from separate scans for bCDs. The oxidative potential was computed from the oxidative onset
value (green scan), while the reductive potential was calculated from the non-reversible peak (blue scan). RE: Ag wire; CE: Pt wire; WE: FTO|CD-1 film, 0.1 M TBAPF6 in
acetonitrile (Scan rate: 100 mV s�1); (c) Simplified energy diagram representing the fluorescence stemming from the carbon core and molecular states. The HOMO and LUMO
of both states are measured (1.2 eV and �1.75 eV for the core-state; 1.1 eV and �0.9 eV for the molecular state). Fluorescence stems from two possible pathways: (i) direct
electron-hole radiative recombination and (ii) energy transfer of an excited electron in the core state to the molecular state followed by a radiative recombination. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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lengths through chronoamperometry in a three-electrode system
with no applied bias. Three light sources were used including red
(620–640 nm; kmax = 630 nm), blue (455–475 nm; kmax = 465 nm),
and white LEDs (see white LED emission spectrum in Fig. S8);
where the first two targets the red fluorescent component, while
the white LEDs target both the blue and red together. Chopped-
light illumination experiments were sequentially conducted with
each light source cycling from white to red to blue for two cycles
in a 0.1 M solution of TBAPF6 with no sacrificial agents (Fig. S9).
Upon irradiation, a current increase from the electron injection
into the FTO was observed with a charging signature due to the
build-up of charges at the solid–liquid interface. The current den-
sities for all the chopped-light experiments were calculated and
are shown Table S2. In addition, the integration of the absorption
portion that is targeted by each LED was tabulated (Table S3)
and compared to the current densities to correlate the density of
states with the current output upon light irradiation. As expected,
irradiation of the electrode with white light yields the highest cur-
rent density since it can excite both the red and blue components
of the dots (Fig. S8). The integration of the targeted absorption
region for this excitation is also the highest. Interestingly, the red
excitation yields Our results suggest that electrons responsible
for the red fluorescence might populate the red excited state after
a non-radiative electron transfer from the blue excited state
(LUMO-LUMO transition), accounting for the high emission inten-
sity for the red state compared to the blue when the sample is
excited at 420 nm (Fig. 2c and Fig. S6). This electron transfer to
the red state (or molecular state) can increase the current density
observed in the chronoamperogram, which is what is observed
when the CDs are irradiated use blue excitation wavelengths; this
current density was almost comparable to that of the white excita-
tion. Moreover, such behavior may point to the possibility that
both emission signatures originate from the same ground-state
located at the core of the CD, which is possible based on the similar
calculated LUMOs.

Transient absorption spectroscopy (TAS) studies were carried
out to investigate the dynamics of the optical processes. Colloidal
CDs were excited at 620, 425 and 310 nm. Studies following exci-
tation at 620 nm (Fig. 4a-c) investigate and isolate the electronic
transitions for the red activity (RA; fluorescence at 680 nm). Con-
versely, excitation at 310 nm (Fig. 4d-f) provides information on
the blue activity (BA; fluorescence at 475 nm). It is noted that
CD-8 showed a very weak signal preventing its analysis. The TA
spectra are compared to the steady state absorbance (Fig. 2a), flu-
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orescence (Fig. 2c) and PLE spectra (Fig. S6), which enables the
assignment of peaks to the following spectral features: (i) a nega-
tive ground state bleaching (GSB) due to a depopulation of the
ground state following the pump absorption, which aligns with
the peaks of the inverted absorption spectra; (ii) a negative stimu-
lated emission (SE), where the shape would match the inverted flu-
orescence signal; (iii) a positive excited state absorption (ESA) due
to transitions to higher energy levels. The TAS spectra evidence
very few differences. At 620 nm (Fig. 4a-c), the spectra collected
at the shortest observable time delays resemble closely inverted
absorbance spectra with negative features (GSB) aligning with
PLE at 680 nm. This confirms that these absorption bands share
the same ground state, originating from the same chromophore,
and are transitions to the first and second electronic excited states,
leading to the red fluorescence at 680 nm. Within 10 ps, a promi-
nent change in line-shape occurs, with a decay of a band centered
at 390 nm, as well as a change in the GSB ratios at 640 and 680 nm
(with the former decreasing rapidly) and the excited state absorp-
tion (ESA) at 450 nm disappears. The remaining signal is long-lived
with ground state recovery in the ns timescale. This behavior is
present in each sample (Fig. 4a-c) pointing towards the presence
of two RA relaxation processes, each occurring at different time-
scales: (i) The first mechanism is on the order of a few ps and
can be described by the decay of GSB at 390 nm and 640 nm,
accompanied by the decay of the ESA at 450 nm and (ii) the second
mechanism, responsible for the red steady-state emission, is
slower and is assigned to the remaining ground state recovery sig-
nal, characterized by a GSB at 410 nm with a distinctive triangular
shape and the SE at 680 nm. These results imply the presence of
structural heterogeneity in the dots with multiple RA relaxation
processes, involving different radiative and non-radiative channels.
TAS experiments at 425 nm (Fig. S10) are consistent with the find-
ings presented upon excitation at 620 nm. The overall signal and
its evolution illustrate the slow decaying RA with a small contribu-
tion from the fast decaying RA, as would be expected from the exci-
tation of the absorbance band presenting the higher quantum
yield. A small SE rise at 680 nm for CD-1 and CD-2 can be observed
at a short time scale of 140 to 460 fs (Fig. S10a-b). This is indicative
of an ultrafast internal conversion from a higher excited state pop-
ulating the lower excited states responsible for the red fluores-
cence.[45]

Time-resolved spectra following 310 nm excitation highlight
transitions ascribed to BA (Fig. 4d-f). We note that the red compo-
nent is still partially excited, based on the PLE in Fig. S6, preventing



Fig. 4. Transient absorption (TA) spectra at selected delays of the CD-1, CD-2 and CD-4 (a-c) at lex = 620 nm and (d-f) kex = 310 nm. The grey lines are guidelines to identify the
different contributions to the TA signals: excited state absorption (ESA), ground state bleaching (GSB) and stimulated emission (SE). It’s noted that the ESA contributions are
always positive, while GSB and SE provide negative signals. The inverted absorbance spectra of the respective CDs are plotted in black (dashed); the inverted PLE for the PL at
475 nm and 680 nm are plotted in blue and in red, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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completely isolated studies of the blue counterpart. The main
dynamics of the spectra at this excitation wavelength share simi-
larities with the features observed using 620 nm excitation with
some key differences: (i) The spectra at the shortest observable
time delays are similar to the inverted absorbance spectra in the
region between 350 nm and 600 nm; (ii) a reduction of the ESA
peak at 450 with respect to broad ESA band at 500–550 was
observed when compared to the signal at 620 nm excitation. This
is expected as the blue fluorescence is absent upon excitation at
620 nm. The fact that we observe a reduction of the positive signal
but not a change in sign of the overall signal (i.e. negative signal)
means that the ESA is stronger than that of the stimulated emis-
sion; (iii) the GSB band at 620–640 nm exhibits a very weak signal,
and GSB at 680 nm is much smaller relative to the GSB at 400 nm
when compared to the experiment at 620 nm (Fig. 4a-c). Interest-
ingly, a small rise of the signal up to 500 fs is observed, which sug-
gests that there is still excitation of the red fluorescence (similar
analyses at 425 nm). It cannot be conclusively discriminated here
if, upon 310 nm excitation, the red activity is directly or indirectly
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populated from the energy states responsible for BA. This is due to
a lack of evident signs of an energy transfer, apart from a small SE
rise at 680 nm in the first 100 s fs, which in turn could stem from
the excitation of the RA at higher energies. In the dynamics, we
observe two mechanisms relating to RA: (i) a fast recovery at ps
range, with the decay of GSB bands at 400 nm and 640 nm, accom-
panied by the decay of the ESA at 450 nm and (ii) a ground state
recovery in the ns timescale. Interestingly, a major difference in
the initial spectra is observed for the CD-4 sample (illustrated in
Fig. 4f), where the presence of a broad ESA between 450 nm and
700 nm points to the excitation of electronic states in the molecu-
lar conduction band, consistent with the increase of the core crys-
talline structure. This evidence combined with the differences in
the GSB could suggest the excitation of a transition with a different
ground state with respect to the RA, with different initial and final
excited states.

Our electrochemical and TAS results further supports that the
multiple absorption bands (Fig. 2a) emanate from a typical HOMO
localized at the core of the dot comprising primarily an sp2 carbon
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network. On a similar note, the blue and red fluorescence signals
(Fig. 2c) are assigned to two physically distinct emissive states
originating from a localized core LUMO and a delocalized molecu-
lar LUMO at the surface, responsible for the blue and red emission,
respectively. In addition, our TAS data effectively disproves the
presence of surface localized excitons, such as the ones observed
in carbon nitride dots, because of the differences in the observed
optical properties.[44] Instead, our results indicate a strong corre-
lation with previous TAS studies on graphitic CDs.[46] To further
our understanding of the fluorescence mechanism of these dots,
it would be interesting to study the fluorescence anisotropy decay
in the ultrafast and ns regime. This technique could give more
insight relating to the blue and red activity, their origins and
how they are coupled. In addition, the comparison of the two rota-
tional relaxation times could provide vital information relating to
the transitions of the different states found in the CDs.
4. Conclusion

As the fluorescence mechanism of CDs remains a topic of dis-
cussion, there remains an urgent need to generate novel and addi-
tional insights through various experimental studies to further our
knowledge relating to this phenomenon. In this work, we synthe-
sized a series of CDs using glutathione and formamide via a
solvothermal reaction at varying reaction times. It is observed that
these dots showcase a unique dual-fluorescence behavior where
they concomitantly fluoresce in both the blue and red regions of
the spectrum. The underlying mechanism of this dual-
fluorescence phenomenon was investigated through extensive
studies using steady-state and time-resolved fluorescence tech-
niques. Our experimental results suggest that two emissive states
are present: carbon-core and molecular states. The former stems
from the sp2 carbon network, while the latter originates from
fluorophore-like moieties; the dual-fluorescence signature of these
CDs is attributed to the presence of both states. We demonstrate
that both excited states share the same ground state, based on
the calculated HOMO/LUMO energies and the TAS studies. With
this knowledge, we show that carbonizing the dot (i.e. increasing
the reaction time) promotes a notable growth of the carbon-core
sp2 network allowing the decoupling of the distinct emissive
states. Our results promote a better understanding of dual fluores-
cent CDs, and our iterative approach using synthesis and character-
ization offers novel insights into the design of CDs and tailoring
their physico-optical properties.
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