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Post-Synthetic Graphitization and Photoluminescence
Tuning of Carbon Dots from L-Glutamic Acid

Andrés Ferrer-Ruiz, Laura Rodriguez-Pérez, Nazario Martin,

and Maria Angeles Herranz*

Carbon dots are promising luminescent nanostructures. Their availability, based
on inexpensive precursors and their intrinsic fluorescent nature, place them as
potential choices against traditional quantum dots in some applications.
However, the carbon dots nature is nowadays not well defined and understood.
They are usually hybrid nanomaterials in terms of structure and composition,
which hinders the knowledge of their photoluminescence mechanisms. Herein,
the solvent-free pyrolysis of L-glutamic acid by microwave synthesis leads to an
incomplete graphitization of the precursor resulting in loose polymer-like
nanohybrids. Further experiments confirm that these carbon dots (CD) can be
crosslinked and graphitized in a second heating step when using temperatures
above 160 °C, reaching a plateau of graphitization over 200 °C. An exhaustive
analysis by thermogravimetric analysis, Raman and X-ray photoelectron spec-
troscopy highlights the structural changes undergo from 140 to 200 °C, where an
increase of stability is observed due to the graphitization process. The con-
densation and decarboxylation reactions with loss of hydrophilic functional
groups like amine and carboxylic acids explain the formation of sp> domains and
the concomitant loss of solubility. The annealed CD exhibit a broader and slightly
red-shifted emission band, with lower emission quantum yields, when compared

"~

graphite, have long been essential in the
chemical industry. In recent decades,
innovative carbon nanomaterials, includ-
ing fullerenes, carbon nanotubes, and gra-
phene have also become prominent. These
materials are widely studied and utilized
across chemistry, materials science, and
other interdisciplinary fields, largely
due to their environmental benefits.!"
However, conventional macroscopic car-
bon materials often lack the suitable band
gap required to function as effective fluo-
rescent probes. This is where fluorescence
nanoscale carbon particles in the range of
1-10 nm, the so-called carbon dots (CD),
come into play emerging as a promising
new member of the carbon family.”! In
the last years, they are positioning as an
alternative to metal-based semiconductor
quantum dots (SQD)"! for their exceptional
and tunable photoluminescence (PL), with
low toxicity, good biocompatibility, and

to the initial nanohybrids.

1. Introduction

Carbon-based materials are crucial to the advancement of mate-
rials science. Well-established forms, like activated carbon and
carbon black, and traditional types, such as carbon fibers and
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cost-effectiveness.
Since the seminal report of Sun et al. in
2006,5! and attending to their nature, quan-
tum confinement, and crystalline structure,
a variety of terms have emerged to describe different categories
of CD.! The samples derived from the thermal treatment of var-
ious organic materials from amino acids to biomass,”® can be
broadly classified as carbon quantum dots (CQD) and carbon
nanodots (CND).”) CQD possess a carbon core with certain
degree of crystallinity and their fluorescence shows quantum
confined effects, while CND usually possess a carbonized core
structure without obvious crystallinity and their fluorescence
does not show any quantum confined effects. To regulate CD
properties the surface capping should be carefully considered
as well. It is usually populated with abundant and random defects
caused by peripheral organic functionalities dominated by
amines, alcohols, and carboxylic acids.!'” These functionalities
make CD to present a hydrophilic character, compatible with
reactions in aqueous media, and also enhanced PL in compari-
son with naked carbon nanoparticles.”’

The synthesis and derivatization of CD has been explored to
developed materials for diverse applications, including biomedi-
cine,"” catalysis,"® and optoelectronic devices.™*) Within the
reported procedures, thermal or hydrothermal approaches from
small organic precursors are particularly versatile. They enable
the exploration of several core/surface relationships and allow
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the optimization and tuning of properties. The primary advan-
tage of these methods lies in its simplicity and speed, often allow-
ing for a “one-pot” processing approach that typically takes from
a few minutes to hours. During the treatment under high pres-
sure or elevated temperature the organic precursors tend to dehy-
drate and crosslink to produce a fluorescent material. The final
structure and properties of CD are deeply affected by the choice
of precursors and synthetic conditions, including decomposition
temperature, treatment duration, and the choice of solvent.”*4
Particularly, heteroatom doping is a common strategy to opti-
mize the optoelectronic properties of CD and nitrogen has been
extensively used to raise the electron density and the quantum
yield (QY) of CD.”) However, one of the main drawbacks in
the field is the development of reproducible purification strate-
gies, which are often inadequate, poorly substantiated, or entirely
absent, resulting in misconceptions about the nature and prop-
erties of these materials."®! Several researchers have already
alluded to the fact that during the bottom-up synthesis, molecular
fluorophores (potentially oligomeric or polymeric in nature) are
formed as by-products, which account for most of the emission
from these CD composite samples.['® For moving forward, rig-
orous and consistent purification steps will need to be uniformly
implemented to guarantee the reproducibility of the properties
and, the control of the functionalities introduced on the surface
of CD for successful post-synthetic modifications.

With this motivation in mind, here, we report the pyrolytic
synthesis of CD from an organic precursor, L-glutamic acid,
in a microwave reactor. Subsequent experiments have been per-
formed to understand the graphitization process undergone by
these CD once subjected to an annealing treatment and the var-
iations observed on their structure and optical properties. In this
article, we use the term CND to describe all the types of CD pro-
duced, ever since they are carbon-based quasi-spherical particles
that could be described as nanocarbon polymeric hybrids with
different contents of sp® carbon and sp* domains.”!

2. Results and Discussion

2.1. Pyrolytic Synthesis and Characterization of L-Glutamic
Acid CND

CND have been synthesized via the pyrolysis of L-glutamic acid
in a microwave reactor. Specifically, L-glutamic acid was placed
in a microwave tube and heated to its decomposition tempera-
ture of 210°C for 10min. The resulting dark brown solid
indicates the successful formation of CND,gy, (Scheme 1).
Subsequently, larger aggregates were removed through filtration,
and any remaining starting material in the obtained solution
was eliminated via precipitation to yield a brown solid with a
34% w/w yield (more details in the experimental section).

The investigation of the spectroscopic features of this new
nanomaterial (Figure 1) reveals in the UV-Vis spectrum of
CND,¢1, in MeOH an absorption maximum at 215 nm, along
with an additional band at 334nm, attributed to m—n* and
n—m* transitions, respectively."® In terms of PL properties, upon
light excitation (dexc = 350 nm) the as-prepared CND,¢y,, display
a strong emission at 430 nm responsible of the blue emission
visible to the naked eye (Figure 1b).

Small Struct. 2025, 6, 2400532 2400532 (2 of 10)

www.small-structures.com

@)
O Q 210°C
HOJWLOH ————
MW

10 min.

Scheme 1. a) Schematic representation of CND,g, synthesis.
b) L-glutamic acid before the microwave treatment. c) Reaction crude
obtained after microwave reaction. d) CND,, powder obtained after puri-
fication (upper) and after 72 h of thermal treatment at 220 °C in an oven
(see discussion in section 2.2).

Conclusion of the strong fluorescent homogeneity could be
drawn from transmission electron microscopy (TEM), where
rather uniform and monodisperse CND,g,, with average diam-
eters of 1.4 £ 0.2 nm can be found (Figure 1c,d). Complementary
investigations by atomic force microscopy (AFM) offer a similar
picture of the sample, displaying individual objects of average
heights of 1.6 £ 0.5 nm together with small aggregates (Figure S1,
Supporting Information).

According to prior reports, mass spectrometry presents a valu-
able method for acquiring information regarding the size and
composition of the sample.'” MALDI-TOF analysis showed a
molecular weight distribution, as expected from the random com-
bination of various atoms, centered around 2000 Da (Figure S2b,
Supporting Information). Below this molecular weight, only
small oligomers were identified, and no free L-glutamic acid
was detected (Figure S2a, Supporting Information).

To gain structural insights, X-ray photoelectron spectroscopy
(XPS) and Fourier-transform infrared (FTIR) experiments were
conducted. The XPS survey spectra, depicted in Figure 2, showed
three primary features at 284.6, 399.6, and 531.6 eV correspond-
ing to the C 1s, N 1s, and O 1s core-level contributions of
CND,q1y, as it was anticipated. Deconvolution of the C 1s
core-level peak displays four species with binding energies of
284.8eV (C—C/C=C), 285.7eV (C—O/C—N), 286.4eV (C=0),
and 288.1eV (O—C=O0). Notably, it is important to mention
the lack of the shake-up fingerprint, characteristic contribution
for graphitic systems. Additionally, the deconvolution of the N
1s and O 1s peaks provided binding energies consistent with car-
boxylic acids, amides, and free amines present in the CND,g1,
structure. Finally, and as expected, the content of graphitic-N
is quite low due to the limited number of sp? carbons in the
CND,¢j, framework. Additional proof for these functional
groups came from FTIR spectroscopy. In Figure S3
(Supporting Information) typical stretching vibration modes of
C=0, C—N, and C—O are noted at 1725-1637, 1460-1383,
and 1241-1085 cm ', respectively. In addition, the stretching
vibrations of O—H and N—H evolve around 3300 cm ', while
aliphatic C—H bond stretching vibrations are discernible at
2925-2833 cm™'. However, the characteristic C=C stretching
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Figure 1. a) Normalized UV-Vis absorption spectrum (black) and emission spectrum under 350 nm excitation wavelength (blue) of CND,gy, in MeOH.
b) CND,g), solution in MeOH under 365 nm light irradiation. c) TEM image of CND,),. d) Size distribution histogram with a curve fit of the data using a

Gaussian model. Average height: 1.4 £0.2 nm.

vibration is only observed in the form of a small shoulder
included in the band of the C=0 groups.

Complementary information regarding the nature of the sam-
ple was obtained through X-ray diffraction (XRD) and Raman
spectroscopy. The diffractogram of CND,gy, consists of several
distinct peaks, indicating a crystalline polymeric phase rather
than an amorphous graphitic structure (Figure S4, Supporting
Information). To ensure that these peaks were not attributable
to residual L-glutamic acid, the diffractogram of CND,g, was
compared with that of L-glutamic acid, revealing no coinciding
diffraction peaks.’” This analysis confirms the synthesis of a
novel nanomaterial with a crystalline phase that has not been pre-
viously reported. Raman spectroscopy further supports these
findings discussed atop, as no features characteristic of graphitic
systems (such as the D and G bands) were observed for CND,¢1,;
only the typical fluorescence background was recorded during
the experiments. These characteristics are indicative of
polymeric-like CDs, where incomplete carbonization may lead
to the formation of nanohybrid structures rather than graphitic
forms.[2!

2.2. Graphitization Study

Considering the structural characterization performed on the
CND,q1, samples, the methodology employed in this study
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appears to yield incomplete carbonization, resulting in polymer-
type materials with a predominant ratio of sp* to sp® carbon
domains, as well as a variety of polar oxygenated and nitrogen-
ated functionalities. Consequently, we aimed to investigate
whether post-treatment carbonization could enhance the degree
of sp” domains. In these experiments, several CND,¢;,, samples
were subjected to heating in an oven for 72 h at varying temper-
atures ranging from 100 to 220 °C, followed by further character-
ization. To clearly differentiate the samples, the as-prepared
CND,¢y, were labeled as CND,gyy i, While the heated samples
were designated according to their respective heating tempera-
tures; for instance, the CND heated to 100 °C were referred to
as CND,c1u 100, and so forth.

The first property examined following the annealing experi-
ments was the thermal stability of each sample, as assessed by
thermogravimetric analysis (TGA) (Figure 3, left). Up to 140 °C,
no significant changes in thermal stability were observed com-
pared to the CND,gj,m; reference material. However, beyond
140 °C, the material appears to initiate a graphitization process,
leading to an increase in thermal stability. This process reaches
its maximum thermal stability at 220 °C (Figure S5, Supporting
Information), with the primary weight loss occurring
around 400 °C, which is nearly 150 °C higher than that observed
for CNDaGlu Ini-

Additionally, XRD analysis provided further insights into
the structural evolution of CND,g,m; after each heating step.
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Figure 2. XPS analysis of CND,g,: a) Survey spectrum. b) C 1s component deconvolution. c) O 1s component deconvolution. d) N 1s component

deconvolution.
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Figure 3. a) TGA and first derivative under inert conditions of CND,gy, ini, and samples heated in an oven for 72 h at temperatures of 160, 180, and 220 °C.
b) XRD diffractograms of CND,gy, i, and samples heated in an oven for 72 h at temperatures of 140, 160, and 220 °C.

The XRD patterns indicate a transition from crystalline materi-
als, characterized by distinct diffraction peaks (for Ini, 140, and
160 °C), to a broad diffraction peak at 220 °C, indicative of an
amorphous graphitic structure (Figure 3b). Consequently, vari-
ous crystalline phases are derived from the CND,¢y, 1n; Structure
up to 160°C, at which point a rapid graphitization occurs,

Small Struct. 2025, 6, 2400532 2400532 (4 of 10)

generating a new amorphous lattice similar to that observed
in graphite-based materials.*>%’]

Raman spectra of the solid materials were recorded by using
an excitation wavelength of 785 nm (Figure 4). This excitation
wavelength falls within the long-wavelength tail of the fluores-
cence spectra of the samples, reducing interference from strong
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Figure 4. Raman spectra of CND,gjuiniy CNDaciu1400 CNDaglu160, and
CNDagiu 220, obtained with a laser excitation wavelength of 785 nm.

PL, which is common when excitations at 532 or 633 nm are
used. Despite these precautions, Raman spectra remain unre-
solved for samples treated at temperatures below 220°C, as
shown in Figure 4, where a typical fluorescence background is
obtained. In contrast, for the sample obtained at 220°C, the
Raman spectrum is resolved and presents the typical two bands
pattern at 1300-1350 and at 1560-1600 cm™", which correspond
to the characteristic D and G Raman bands of graphitic materials,
respectively. However, at this temperature, the solid sample does
not uniformly graphitize, as it is seen in the spectra taken in
zones of the sample with different brightness. The starting mate-
rial, along with samples annealed at 140 and 160 °C, exhibits a
spectral background without vibrational resolution, consistent
with their strong fluorescence. Nonetheless, the forms of the
D and G bands start to get profiled in these samples at interme-
diate temperatures.

XPS provided further insights into the graphitization process
of CND,1u mi- Table S1 (Supporting Information) presents the
elemental composition and deconvolution data for CND,g1y 1ni,
CND.clu160, and CND,clu220- The compositional analysis
indicates an increase in carbon content during the graphitization
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process, accompanied by a reduction in oxygen content.
Unlike carbon and oxygen, the nitrogen distribution experiences
only a marginal decrease as the graphitization progresses. This
can be accounted for the decarboxylation of carboxylic acids dur-
ing thermal treatment, which promotes the formation of new sp?
carbon structures, extending the n-conjugated network. By this
reason, the content of oxygen would decrease, and the content
of carbon would increase, as the obtained results show.

Looking inside the deconvolution of the C 1s core-level of the
three samples, it is remarkable the increase of the C—C/C=C
component, alongside a corresponding reduction in the
O—C=0 (carboxylic acid) component in samples subjected to
higher temperatures (Figure 5 and Table S1, Supporting
Information). The ratio of sp” to sp® carbon can be determined
by analyzing the C 1s spectrum of samples CND,g1, 160 and
CND,g1u 220, as graphitization progress the percentage of sp”
increases from 7.2% for CND,ciu160 t0 27% for CND,ciy 220-
Moreover, in these samples it was also discerned the presence
of the distinctive ni—n* shake-up band of graphitic structures,*
confirming the enhancement of sp® hybridization with increas-
ing annealing temperature.

Moving to the deconvolution of the N 1s core-level contribu-
tion, the nitrogen doping species (pyridinic, pyrrolic, and
graphitic) are identified and quantified from the XPS spectra
(Table S1, Supporting Information) with a noticeable raise in
the graphitic-N species as the annealing temperature increases,
with the highest concentration observed in CND,gy, 220. Finally,
in the deconvolution of the O 1s, the drop in the C=0 content,
accompanied with the raise of the C—O content, is consistent
with the trends observed for the C 1s core-level contribution
(further supported by FTIR analysis discussed below).

The different functional groups present in the CND,¢y,, sam-
ples were characterized using FTIR and NMR spectroscopies.
The FTIR spectra for the initial sample and the sample heated
to 140 °C exhibit notable similarities (Figure 6). Characteristic
peaks at 1723 cm ™' and 1635 cm ', corresponding to the stretch-
ing vibrations of carboxylic acid (C=0) and amide (C=0) groups,
are evident. Additionally, the broad absorption band spanning
3000-3700 cm™! can be attributed to the O—H stretching vibra-
tions of carboxylic acids and the N—H stretching vibrations of
amide groups. The intense peak at 3304 cm ™!, observed in both

(b)
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Intensity (a.u.)
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Figure 5. C 1s component deconvolution of the XPS of: a) CND,gj, 160 and b) CNDagiy 220-
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Figure 6. FTIR spectra of CND,gy, ini (black), CND,gy 140 (red), CNDaciu 160 (green), and CND,gy, 220 (blue). a) From 4000 to 2750 cm™ . b) From 2000

to 1000 cm ™.

spectra, confirms the presence of primary amine groups. Moving
to the next sample (160 °C) several changes are observed. On the
one hand, two new peaks appear at 1775 and 1692 cm™", which
could be the symmetric and asymmetric C=0 stretching modes
of anhydride groups. The presence of these groups should be a
consequence of a condensation process between free carboxylic
acids of the CND. This hypothesis is further supported by the
appearance of new peaks at 1355 and 1314 cm™", which nicely
correspond to the symmetric and asymmetric C—O stretching
modes of the anhydride groups. On the other hand, the peak
associated with free amine groups at 3304 cm ™' completely dis-
appears at 160 °C, indicating the loss of amine functionality.
These changes imply that the loss of carboxylic acid and amine
groups are the driving force for the graphitization of the CND
surface leading to the introduction of sp>hybridized carbon
atoms, thus increasing its thermal stability, as corroborated in
the TGA analysis.

In accordance with this observation, the small peak between
1550 and 1600cm ™' is assigned to the newly formed C=C
stretching bands.”?”! Finally, for the sample heated at 220 °C, very
few vibration modes are detected, the most prominent feature
being a broad absorption centered at 1683 cm™", resulting from
the superposition of C=0 stretching vibrations from anhydrides,
amides, and residual carboxylic acids (Figure S6, Supporting
Information). Furthermore, it also contains a shoulder due to
the C=C stretching bands present in the CND. The significant
reduction of bands in this spectrum can be rationalized as a con-
sequence of the significant increase in sp carbon content, indicat-
ing the material’s transition toward a more graphene-like structure.

In the NMR experiments, in both 'H and *C-NMR spectra, no
noticeable changes were detected in the registered resonance
signals up to 160 °C. However, at this temperature, initial evi-
dence of graphitization began to emerge (Figure S7,
Supporting Information). Above 160 °C new signals were dis-
cerned in the aliphatic region (highlighted in red) of the spectra
but, more important, new features raised up in the aromatic
region (highlighted in blue) as a result of the graphitization pro-
cess which led to the formation of new sp” carbons. The carbon
signals in the 150-165 ppm range show a distinct upshift, which

Small Struct. 2025, 6, 2400532 2400532 (6 of 10)

can be attributed to the influence of electron-withdrawing func-
tional groups in the local chemical environment. Furthermore, it
is important to mention the emergence of new signals associated
with the formation of additional carboxylic and amide groups.

In addition to the structural transformations, morphological
changes were also noticed by AFM microscopy. The most notable
comparison is that observed between CND,g.m; (Figure S1,
Supporting Information) and the sample annealed at 220°C
(Figure S8, Supporting Information). The latter exhibits a more
heterogeneous distribution of nanoparticles. AFM statistical
analysis of the heights of 100 nanoparticles from the
CNDyg1u 220 sample yielded an average height of 2.1 + 0.6 nm,
slightly higher than the 1.6 + 0.5 nm average height measured
for CND,gumi- This increase in height can be attributed to
particle growth during annealing, along with the increased sp?
carbon content resulting from the condensation of polymer-like
chains. In this process, the loose of functional groups such as
amines and carboxylic acids takes places. Furthermore,
MALDI-TOF experiments also confirmed that through the
annealing processes, the molecular weight of the samples slightly
increases. Figure S9 (Supporting Information) shows the
MALDI-TOF spectra of CND, g, 220 Which present a polydisperse
profile with most of the population located around 2500 Da,
500 Da above that observed for CND,g1, 1 (2000 Da).

The optical absorption in the visible and near-UV spectral
regions also plays a critical role in ensuring the accuracy of anal-
yses by helping to rule out interference from molecular dyes or
chromophore contaminants in the samples of CND. Nanoscale
carbon entities produced by carbonization of organic molecules
exhibit quite stable absorption characteristics across a broad
spectral range (~350 to 800 nm), with minimal variation even
with surface modifications or doping.”’ This stability is analo-
gous to that observed in other nanoscale carbon materials, such
as multiwalled carbon nanotubes, due to their similar electronic
transition behaviors."*?®! Specifically, CND are effective in
photon-harvesting in the short-wavelength region of the UV-Vis
spectra due to their structural features. The origin of this absorp-
tion stems from a variety of ni—n* (C=C) transitions in the UV-Vis
region (260-320nm) with a tail extending into the visible
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range.**”) In some cases, it is also observed a shoulder peak in
the range of 270-390 nm which can be ascribed to n—-n* transi-
tions of C=0 bonds.”*® In this context, the UV-Vis spectra shown
in Figure 1 and Figure S10 (Supporting Information) demon-
strate the characteristic absorption features of CND,gy, 1n; With
distinct n—n* (C=C) and n-n* (C=O0) transitions arising from
their sp® nanodomains and surface carboxyl groups, as men-
tioned earlier. However, CND exhibit significantly enhanced
absorption, particularly due to the increased number of m—n*
transitions, with a pronounced tail in the visible region for
CNDyg1u 220- The loss of surface carboxyl functionalities during
the annealing process is evidenced by the decrease of the n—n*
transition bands in the spectra of annealed samples CND,c1y, 160
and CNDaGlu 220-

Interestingly, all the CND synthesized exhibit fluorescent,
with the emission color shifting from blue to yellowish as the
degree of graphitization increases (Figure 7a). The emission
of selected CND,g1, samples under 365nm excitation wave-
length is shown in Figure 7b. As the annealing temperature
increases, the emission bands broaden, accompanied by a slight
red-shift in the maximum emission peak. This broadening of the
emission profile closely resembles that observed in graphene
quantum dots (GQDs), which matches the previous evidence
of the graphitization of the samples.?*®

@)

~
(g
~

—— 330 nm

Intensity (a.u.)

T T 1T T T "1
350 400 450 500 550 600 650
Wavelength (nm)

www.small-structures.com

Excitation-dependent emission studies reveal a consistent
trend for samples heated up to 180 °C: a red-shift in the emission
peak as the excitation wavelength increases, accompanied by a
decrease in fluorescence intensity (Figure 7c). However, in
samples heated above 180 °C, while a red-shift is still observed,
the fluorescence intensity increases with longer excitation
wavelengths (Figure 7d). Furthermore, the fluorescence quan-
tum yield of CND decreased to 4.5% (CND,giu180) and 2.2%
(CNDyg1u 220) from a 13.8% of CND,gy, mi- These findings are
preliminarily consistent with PL mechanisms involving trap
states and assembled individual emitters of different sizes,
although further investigations are ongoing to confirm these
mechanisms.**®)

Finally, it is important to note that the graphitization of
CND ¢}, not only influences its optical properties but also signif-
icantly impact its solubility in water. As the graphitization pro-
cess progresses, the solubility of CND,g, in aqueous media
markedly decreases due to the loss of hydrophilic functional
groups, such as amines and carboxylic acids, through condensa-
tion and decarboxylation reactions, which promote the formation
of sp” carbon domains (Figure S11, Supporting Information).
Samples subjected to annealing above 180°C become nearly
insoluble in water, in contrast to those heated to lower temper-
atures. Therefore, during the synthesis of these nanomaterials, it

(b)
—— CND,g, Ini

—— CND,¢,, 180
—— CND,¢,, 220

Intensity (a.u)

1~ T T " T 7
400 450 500 550 600 650
Wavelength (nm)

—
o
~

—— 330 nm
—— 340 nm
—— 350 nm
— 360 nm
—— 370 nm
—— 380 nm
—— 390 nm
—— 400 nm
—— 410 nm
—— 420 nm
—— 430 nm
—— 440 nm
—— 450 nm
—— 460 nm
Tttt Tt
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Wavelength (nm)

Intensity (a.u.)

Figure 7. a) Top: 0.1 mg mL~" solutions in DMSO of CND,cy, going from the initial sample (left) to samples heated at 100, 120, 140, 150, 160, 180, 200,
and 220 °C (right). Bottom: The same solutions under 365 nm illumination. b) Emission spectra of CND,g), 1ni and the samples heated at 180 and 220 °C
in DMSO under 365 nm light irradiation. c) Emission spectra of CND, g, 1, in DMSO at different wavelengths. d) Emission spectra of CND gy 220 in

DMSO at different wavelengths.
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is crucial to balance the degree of graphitization with the desired
solubility features.

3. Conclusion

In summary, CND have efficiently been produced by a bottom-up
methodology using microwave-assisted pyrolysis of L-glutamic
acid. The obtained CND,g,, present quasi-spherical shapes with
average heights of 1.6 £ 0.5 nm with a blue-shifted and narrow
emission band. However, CND,¢y, exhibited a polymeric nature
with a structure composed with mostly sp> domains. This fact
was confirmed from the observed crystalline polymeric phase
in XRD experiments, the lack of n—r shake-up contributions
in XPS and the absence of graphitic features in Raman experi-
ments. For that reason, a post-treatment carbonization was per-
formed with the aim of obtaining a higher degree of sp* domains.
These experiments confirmed that it is possible to induce some
graphitization in CND,g;, samples in a second heating step
when using temperatures above 160 °C, reaching a limit in
the graphitization over 200 °C. In this range of temperatures,
an increase of the stability in TGA, a graphitic profile (D and
G bands) in the Raman spectra, and an increase in the C=C
and graphiticcN components in the XPS were observed.
Besides the structural changes, CND,g, subjected to thermal
annealing with increasing temperatures, showed a broad emis-
sion band, which is slightly red-shifted when compared to the
starting CND,¢1,. The increase of temperature in the annealing
process also influences the fluorescence quantum yields of the
resulting materials, which decrease as samples graphitized.
Finally, the CND,q, solubility in water tended to decrease sig-
nificantly due to the loss of hydrophilic functional groups,
namely amines and/or carboxylic acids, through condensation
and/or decarboxylation processes, which trigger the formation
of new sp® graphitized domains.

This detailed study on the effect of temperature on fundamen-
tal properties, namely fluorescence, of CND should improve the
control on the nature of these fascinating and ease to prepare
carbon-based nanomaterials, thus helping to better designing
their properties at will.

4. Experimental Section

Materials and Methods: Organic solvents and reagents used in this
work were purchased from commercial suppliers and used without further
purification, unless stated otherwise. Vacuum filtrations of CND materials
were carried out with polytetrafluoroethylene (PTFE) (pore size = 0.1 pm,
@ =47 cm) membrane.

Thermogravimetric Analyses (TGA): Were carried out with a thermoba-
lance TA-TGA-Q-500 under N,. The sample (~0.5 mg) was introduced
inside a platinum crucible and equilibrated at 90°C followed by a
10°C min~' ramp between 90 and 1000 °C.

Proton Nuclear Magnetic Resonance ('H-NMR) Spectra: Were recorded
on a Bruker AVIII-700 at 298 K, using partially deuterated solvents as inter-
nal standards. Chemical shifts (5) are expressed in ppm and are referred to
the residual peak of the solvent. Spin multiplicities are reported as
singlet (s), doublet (d), triplet (t), quartet (g), multiplet (m), and broad (br),
with proton—proton coupling constants (J) given in Hz.

Mass Spectra: MALDI-TOF spectra were determined on a Bruker
Autoflex instrument.
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FTIR spectra were recorded in solid on a Bruker TENSOR 27 (ATR
device, 4000-550 cm’1), with a resolution of 1cm™', and in pellets of dis-
persed samples of the corresponding materials in dried KBr (spectral
range was 4000-400 cm ") with a resolution of Tcm™".

Raman Measurements: Excitation wavelengths of 532, 633 and 785 nm
were used in an Invia Reflex Raman RENISHAW microscope.

Optical Measurements: UV-Vis-NIR Spectra were recorded in a UV-3600
Shimadzu Spectrophotometer using 1 cm quartz cuvettes. A Horiba Jobin
Yvon Fluoromax 3 spectrometer was used for the steady state fluorescence
measurements. By recording the S/R-channel the fluorescence spectra are
corrected with respect to the lamp spectrum. The integration time was set
to 0.1 s, while the entrance and exit slits of excitation and emission mono-
chromator were set to 2nm. All measurements were performed in
10 x 10 mm quartz cuvettes. The software FluorEscence was used for data
evaluation. The quantum yields were obtained in a PicoQuant FluoTime
300 instrument, by a relative method using quinine sulfate (QY = 55% in
0.5 M H,S0,), adjusting the optical absorbance to 0.1 at 373 nm and inte-
grating the fluorescence intensity between 380 and 840 nm.

Transmission Electron Microscopy (TEM): Micrographs were obtained
using a JEOL JEM 1400 microscope operating at 120 kV. The samples were
dispersed in DMSO and dropped onto a holey carbon copper grid
(200 mesh), the solvent was removed in a vacuum oven during 48 h.

Atomic Force Microscopy (AFM): Was performed under ambient condi-
tions using SPM Nanoscope Illa multimode working on tapping mode
with a RTESPA tip (Veeco) at a working frequency of B235 KHz. Height
and phase images were simultaneously obtained. The samples were pre-
pared by drop-casting or spin coating an ethanol solution of the different
nanomaterials on freshly cleaved mica. The substrate was dried under
ambient conditions for 24 h and, afterwards, in a vacuum oven for 48 h.

X-ray Diffraction (XRD): Was performed with a Panalytical X'Pert PRO
diffractometer with Cu tube (4= 1.5418 A) in th-2th reflection symmetric
mode. The divergence slit was used in automatic mode with 12 mm irra-
diated constant length. Samples were deposited on “zero background”
silicon sample holders and measured in reflection geometry.

X-ray Photoelectron Spectroscopy (XPS): Were performed on a SPECS
GmbH (PHOIBOS 150 9MCD) spectrometer operating in the constant
analyzer energy mode. A non-monochromatic aluminum X-ray source
(1486.61 eV) was used with a power of 200W and voltage of 12kV.
Pass energies of 75 and 25 eV were used for acquiring both survey and
high-resolution spectra, respectively. Survey data were acquired from
kinetic energies of 1487-400eV with an energy step of 1eV and
100 ms dwell time per point. SpecsLab Version 2.48 software was used
for spectrometer control and data handling. The semi-quantitative analy-
ses were performed from the C 1s (284.3 eV) signal. The samples were
introduced as pellets of 8 mm diameter.

Synthesis of the Starting CND,,gy,: L-glutamic acid (1 g) was added into a
microwave tube and heated at 210 °C in a microwave reactor for 10 min.
A dark brown solid was obtained, which indicates the formation of CND.
Then, a few mL of acetone were added, and the dispersion was filtered over
a 0.2 pm syringe filter in order to remove the solid byproducts. The col-
lected solution was stored in a freezer in order to precipitate the starting
L-glutamic acid, which has not reacted. After 24 h. the solution was filtered
over a 0.1 um hydrophilic (PTFE) membrane to remove the excess of
L- glutamic acid. Once filtered, the collected solution was evaporated under
reduced pressure to give rise to the brown solid CND,gy, (0.34g). FTIR
(KBr), v (cm™"): 1703-1638 (C=0 stretching mode), 1500 (C=C stretching
mode), 1460-1383 (C—N stretching mode) and 1241-1085 (C—O stretch-
ing mode). TGA (N, atmosphere): weight loss and temperature desorption
(material stability): 90%, 650°C. XPS (binding Energy, eV)% atomic:
C (284.6eV) =658, O (531.6eV)=23.9, N (399.6eV) =10.3.

Synthesis of Annealed CND,g,: In these graphitization experiments, a
sample of CND,cy 1ni (30 mg) was heated in an oven at different temper-
atures for 72 h. The temperatures used in each experiment were: 100, 120,
140, 150, 160, 180, 200, and 220 °C generating the corresponding products
CNDaglu100,  CNDagiu120,  CNDaglurao. CNDagiuiso,  CNDagluso,
CND,ciy 180, CNDaglu 200, and CND,gyy 220- The changes observed in com-
parison with the starting CND,g, 1ni Were commented and discussed in
the “Results and Discussion” section.
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