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Abstract Carbon dots are small carbon nanoparticles with effective surface passivation by mostly organic
species. For such a simple and well-defined nanoscale structure, the classical and most reliable synthesis is the
use of pre-existing small carbon nanoparticles for surface chemical functionalization with organic molecules.
However, a more popular synthetic approach in the literature has been the “one-pot” carbonization of organic
precursors, which with appropriate processing conditions could in principle create local structures in the resulting
dot-like entities that may be comparable to the structural configuration in carbon dots, though the carbonization
can also easily produce colored organic materials crosslinked into the sample structures. An extreme example
was the thermal processing of the specific organic precursor mixtures including only citric acid with formamide or
urea to yield samples of red/near-IR absorption and emission features, which prompted the claims of
“red/near-IR carbon dots”. In reality, these spectral features have nothing to do with nanoscale carbon, let alone
carbon dots, but simply associated with molecular dyes/chromophores produced in chemical reactions of the
specific precursor mixtures under the thermal processing conditions intended for carbonization. In this work, the
isolation and identification of the responsible molecular dyes/chromophores were pursued. The results present
further evidence for the conclusion that the red/near-IR absorption and emission features have nothing to do

with carbon dots.
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Introduction

Carbon “quantum” dots or carbon dots (CDots)"® have
attracted much recent attention for their interesting properties
and potentially broad applications.®'® Phenomenologically and
mechanistically, CDots exploit the intrinsic properties of small
carbon nanoparticles in terms of their characteristic electronic
transitions and photoexcited state processes. In fact, small
carbon nanoparticles have increasingly been recognized as
representing the nanoscale carbon allotrope at zero-dimension,
with the other members of the family including the
one-dimensional carbon nanotubes and two-dimensional
graphenes (Figure 1).2'"! While structural and edge/surface
defects are unavoidable in all these nanoscale carbon
allotropes, at least experimentally, such defects in small carbon
nanoparticles are more pronounced with particularly significant
consequences when the nanoparticles are “naked”.?'8'9
Because of that, however, the passivation of the defects in
small carbon nanoparticles can have very dramatic effects,
enabling the realization and enhancement of the photoexcited
state properties and characteristic redox processes intrinsic to
the nanoparticles. Such passivation of defects serves as the
basis for CDots, in which the surface defects of small carbon
nanoparticles are passivated effectively by chemical
functionalization with selected organic molecules/species
(Figure 1).[2021

In principle the same configuration of nanoscale carbon
with surface passivation by organic moieties could also be
found in a comparable or even equivalent fashion in the
nano-carbon — organic moiety “mixtures” (Figure 1),5%%%% in
which the nanoscale carbon entities or domains could be
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Figure 1 Cartoon illustrations on a carbon dot (left) with a
solid carbon nanoparticle core surface-functionalized by
organic species, and the “nano-carbon/organic hybrid” (right)
from the carbonization processing of organic precursors under
appropriate conditions. Also illustrated is on the possible
structural comparability of the highlighted small domain in the
hybrid with the carbon dot.

generated/produced in the thermal carbonization processing of
the corresponding organic precursors. Such a comparability in
nanoscale configuration illustrated in Figure 1 must be the
assumption implicitly or explicitly behind the popular “one-pot”
carbonization approach for the synthesis of samples that exhibit
some of the characteristic properties of CDots, such as the
bright and colorful fluorescence emissions.["?*2*  While



convenient, the thermal carbonization synthesis s
understandably difficult to control, generally yielding
complicated mixtures at both the sample and sample structure
levels. In fact, the “dot” samples from the thermal carbonization
synthesis should be considered more appropriately as
carbon/organic hybrids that are randomly structured at the
nanoscale, dubbed “nano-hybrids” (Figure 1).12

The carbonization of organic precursors is not different from
overcooking vegetables, which is always characterized by the
varying degrees of overcooking and correspondingly the
formation of various colored species in addition to the char as a
product of the locally extreme overcooking. The colored
species as unavoidable byproducts of the carbonization
processing are organic dyes/chromophores, which depending
on their covered wavelengths may interfere with the
photophysical and photochemical functions of the
carbonization-generated nano-hybrids referred to above
(Figure 1), which are configuration-wise somewhat analogous
to CDots.l""?*?® One extreme case for such interference is in
the samples obtained from the thermal processing of only a few
specific organic precursors, mixtures of citric acid with
formamide or urea as precursors to be exact.?*3 The
red/near-IR absorptions and fluorescence emissions of the
samples obtained from the thermal processing of these specific
precursors were mistakenly assigned to “red/near-IR carbon
dots”,?*3% yet in reality they could only be associated with
organic molecular dyes/chromophores produced in chemical
reactions of the precursor molecules under the thermal
processing conditions.?®** The investigation reported here was
aimed at an understanding of the samples containing the
organic molecular dyes/chromophores that are responsible for
the observed red/near-IR absorptions and fluorescence
emissions, and assessing the feasibility with respect to their
isolation and/or identification.

Results and Discussion

In studies reported in the literature, citric acid (CA) has
been a popular component in precursor mixtures for
carbonization synthesis, such as mixtures of CA with small
diamines and oligomeric  polyethylenimine.®%538  The
popularity is likely due to the three carboxylic acid moieties in
the CA molecular structure amenable to ready decarboxylation
under thermal processing conditions. However, only when CA is
paired with formamide (FA) or urea, both containing the same
unsubstituted amide groups (Figure 2), the thermal processing
of the mixtures under relatively mild conditions such as 160 C
for a few hours has vyielded samples of strong visible
absorptions with significant red/near-IR spectral features
(Figure 2).%%34 Since there is no similar absorption feature in
samples from CA mixtures with fully N-substituted FA or urea,
N,N-dimethylformamide (DMF) or N,N,N’ N’-tetramethylurea
(TetraMU), respectively (Figure 2), nor from FA or urea only
without CA, the only explanation for the observed absorption
results is that the red/near-IR absorptions of the samples from
the CA-FA and CA-urea precursor mixtures must be due to
molecular dyes/chromophores produced in thermally induced
chemical reactions under the processing conditions originally
intended for carbonization.®*

The sample from the processing of the CA-urea mixture at
160 T for 6 h was selected for the effort on isolating and
identifying the primary molecular dyes/chromophores that are
responsible for the observed solution color and red/near-IR
absorptions (Figure 2). The as-produced sample was
apparently rather complex, with NMR spectra showing both
sharp and broad peaks (Figure 3) corresponding to small
molecules and “polymeric” species, respectively. In the high
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Figure 2 Upper: Molecular structures of the organic
precursors. Lower: Absorption spectra of DMF solutions of
samples from the thermal processing of CA-urea (dash), CA-FA
(dash-dot), CA-TetraMU (solid), and CA-DMF (dash-dot-dot)
mixtures. Insert: Photos of the CA-urea sample in DMF
solutions of lower (left) and higher (right) concentrations.
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Figure 3 Proton NMR spectra in DMSO-ds for the
as-produced CA-urea sample (lower), the cleaned sample after
DCM precipitation (middle), and the insoluble sample from
methanol anti-solvent precipitation (upper, with the inset for
high field). “X”: The DMF solvent peak.
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field (< 4 ppm) region of the proton NMR spectra, there are
multiple strong sharp peaks due to the presence of abundant
aliphatic moieties. The sample was cleaned and/or fractionated
via dialysis and anti-solvent precipitation.

The simple cleaning of the sample was dialysis in a
membrane tubing of pore size ~500 in molecular weight
equivalent against fresh water for 12 h to remove unreacted
precursor molecules and other small molecular species. The
highly colored portion of the sample was found to remain inside
the dialysis tubing, as confirmed by the absorption results
shown in Figure 4, thus suggesting the association of the
red/near-IR absorption features with molecular
dyes/chromophores in relatively large species incapable of
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Figure 4 After the dialysis of the CA-urea sample, absorption
spectra of DMF solutions of the samples recovered from inside
the dialysis tubing (solid) and from the water outside the dialysis
tubing (dash-dot-dot).

The further cleaning of the sample was by anti-solvent
precipitation from the concentrated DMF solution of the sample
into dichloromethane (DCM) as the anti-solvent. However, the
visible absorptions of the recovered sample after the cleaning
were essentially the same as those of the pre-precipitation
sample, and the NMR spectra were somewhat similar as well
(Figure 3), though most of the aliphatic species responsible for
the strong aliphatic NMR peaks in the high field (< 4 ppm) were
apparently removed in the DCM anti-solvent precipitation. The
cleaned sample remained very complex nonetheless, as
reflected by the many fractions found in the separation on a
preparative thin-layer chromatography (TLC) plate shown in
Figure 5, together with their corresponding absorption spectra.

The use of methanol as anti-solvent could fractionate the
sample to have the precipitate contain most of the red/near-IR
absorptive species (Figure 6). The weak absorptions of the
recovered sample in the blue/near-UV spectral region suggest
little content of carbon nanoparticles-like entities in the fraction
thus obtained, because it is well known that carbon nano-
particles have relatively much stronger absorptions in the
blue/near-UV spectral region (Figure 6).1"" Thus, the results are
strongly against the claims in the literature reports on
“red/near-IR carbon dots” being responsible for the observed
red/near-IR absorptions, since carbon dots are derived from
carbon nanoparticles (or nanoscale carbon entities/domains
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Figure 5 Absorption spectra of DMF solutions of the 7
fractions from the separation on the TLC plate (inset) for the
CA-urea sample after DCM anti-solvent precipitation, with the
spectra arranged such that the absorbance at 500 nm
increasing progressively (marked by the arrow) from fraction (1)
to fraction (7), corresponding to the designation of fraction
numbers on the TLC plate.
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Figure 6 Absorption spectra of DMF solutions of the
as-prepared CA-urea sample (dash) and the insoluble sample
from the methanol anti-solvent precipitation (solid, photos in the
inset on the solution and the TLC plate separation with
DMF-ethyl acetate of 20 vol% DMF as eluent), in comparison
with the spectrum of the aqueous suspended small carbon
nanoparticles (dash-dot-dot).

that are equivalent to the nanoparticles) both by definition and
in practice experimentally.

The further separation of the red/near-IR absorptive fraction
was proven difficult, taking Figure 6 for example, with most of
the sample staying at the origin of the TLC plate under various
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elution solvent conditions such as 20/80 (V/V) DMF-ethyl
acetate mixture. The difficulty in TLC separation may be
attributed to the extreme complexity of the sample, including
perhaps also the polymeric nature of the species that contain
the red/near-IR absorptive chromophores. As discussed above,
these species were found to be too large to escape via the
pores of the dialysis tubing.

The NMR results of the methanol insoluble fraction
containing the red/near-IR absorptive species are also shown in
Figure 3. Since the fraction accounts for only a small
percentage (somewhat less than 5%) in the sample from DCM
anti-solvent precipitation or for even smaller percentage in the
as-produced sample, the dominating NMR signals in the
spectrum of this fraction are clearly different from those in the
other spectra (Figure 3). Especially prominent are the 4
relatively broad peaks of equal integrations in the 6.5—7.8 ppm
region, likely associated with aromatic protons in species of
less mobility (more polymeric) than simple molecules
containing aromatic moieties. The high field is dominated by 2
relatively sharper peaks at 2.76 ppm and 3.04 ppm (Figure 3
inset).

The red/near-IR fraction obtained from the methanol
anti-solvent precipitation was found to be significantly
fluorescent, with the observed emissions strongly dependent on
excitation wavelengths, but the dependence is very different
from what is known and established for CDots,"*¥ thus again
strongly against the claims of “red/near-IR carbon dots”. As
shown in Figure 7 on the excitation wavelength dependence,
the emission spectra appear to be in two groups, one (group 1)
corresponding to 400—500 nm excitations and the other (group
2) corresponding to 560—680 nm excitations, with the spectra
at 520 nm and 540 nm excitations apparently as transition
between the two groups (as also marked in the figure). The
divide between the two groups coincides with the sharp change
in the absorption spectrum of the mixture sample before the
methanol anti-solvent precipitation, as marked by the arrow in
Figure 7 (Upper), which seems to suggest that the
methanol-insoluble fraction may also contain the chromophores
responsible for the more intense absorption band over the
400—520 nm spectral region (Figure 7).

The observed fluorescence quantum vyields are also
excitation wavelength dependent (Figure 7), but again the
dependence is different from the pattern known for CDots.!394%
There are similarly two groups of excitation wavelengths, one
over the 400—500 nm region corresponding to the higher
plateau in quantum yields, and the other over the red spectral
region corresponding to the lower plateau in quantum yields
(Figure 7). The pattern is roughly comparable with that for the
excitation wavelength dependence of fluorescence spectra,
which collectively suggests the dominance of fluorescence
emissions by various mixtures of molecular dyes/chromophores
in their respective spectral regions, with little to do with the
minor content of nanoscale carbon entities/domains in the
original sample and even less so in the fraction from the
methanol anti-solvent precipitation.

Overall, the spectroscopy results of the methanol-insoluble
fraction, along with the lack of success in the TLC separation
effort, are consistent with the assessment that like the
as-produced and cleaned (with dialysis and DCM anti-solvent
precipitation) samples, the fraction from the methanol anti-
solvent precipitation remained a complex mixture of many
components, some of which must be polymeric in nature to
result in the significant broadening in NMR measurements.
More specifically on the large species containing the red/
near-IR molecular chromophores, an educated guess is that
they might be molecular dyes formed in the thermally induced
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Figure 7 Upper: Absorption spectra of the as-prepared
CA-urea sample (solid, the small arrow pointing to the turn
between two regions) and the insoluble sample from the
methanol anti-solvent precipitation (dash), and fluorescence
quantum yields of the latter at different excitation wavelengths.
Lower: Fluorescence spectra at different excitation wavelengths
(from 400 to 680 nm in 20 nm increment) of the insoluble
sample from the methanol anti-solvent precipitation. All spectra
were measured in DMF solutions.
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chemical reactions of citric acid with urea, which are
crosslinked by some nanoscale carbon entities and/or other
crosslinked organic species produced in the relatively minor
carbonization and/or thermal reactions. These randomly
produced entities may be structurally similar to the
nano-hybrids illustrated in Figure 1, except that the organic
moieties in the nano-hybrids contain red/near-IR molecular
dyes/chromophores from the thermally induced chemical
reactions of the few specific precursor molecules.

In conclusion, there is no “red/near-IR carbon dot”, only
red/near-IR molecular dyes/chromophores in rather complex
mixtures with other organic species crosslinked among
themselves and/or by the minor content of nanoscale carbon
entities, analogous to the product mixtures from overcooking
some vegetables or organic matters. It is likely that such
complex mixtures with crosslinking are impossible to be
separated for the isolation and unambiguous identification of
the red/near-IR absorptive molecular dyes/chromophores.
Alternatively, however, investigations on more controlled
chemical reactions of the specific precursor molecules, namely
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the mixtures of citric acid with formamide or urea, may
ultimately reveal the identities of the molecular
dyes/chromophores, so as to put the erroneous claims of
“red/near-IR carbon dots” to rest for good. On the broad
implications of the conclusion here, all existing and future
claims of “red/near-IR carbon dots” from any precursors and/or
from any syntheses must be accompanied by unambiguous
evidence that the intrinsically weak optical absorptions of small
carbon nanoparticles over the red/near-IR spectral region can
be and have been enhanced by increasing the corresponding
electronic transition probabilities. According to the currently
available knowledge and experimental results on the electronic
transitions in carbon nanoparticles and other nanoscale carbon
allotropes in general, the desired enhancement will prove to be
impossible.

Experimental

Materials

Citric acid, formamide, and DMF were purchased from
VWR, urea from Alfa Aesar, and N,N,N’,N-tetramethylurea from
TCI. Dichloromethane and methanol were obtained from
Mallinckrodt. Dialysis membrane tubing (molecular weight
cutoff ~500) was supplied by Spectrum Laboratories. Water
was deionized and purified in a Millipore Direct Q Water
Purification System.

Measurement

Optical absorption spectra were recorded on Shimadzu
UV-2501 and UV-1280 spectrophotometers. Fluorescence
spectra were acquired on a Jobin-Yvon emission spectrometer
equipped with a 450 W xenon source, Gemini-180 excitation
and Triax-550 emission monochromators, and a photon
counting detector (Hamamatsu R928P PMT at 950 V.
9,10-Bis(phenylethynyl)anthracene in hexane was used as a
standard in the determination of fluorescence quantum yields
by the relative method (matching the absorbance at the
excitation wavelength between the sample and standard
solutions and comparing their corresponding integrated total
fluorescence intensities). Fluorescence spectra were corrected
for nonlinear instrument response by using separately
determined correction factors. NMR measurements were
performed on a Bruker NEO 500 MHz NMR spectrometer
equipped with a Prodigy nitrogen-cooled cryoprobe.

CA-Urea

Citric acid (CA, 1 g) and urea (2 g) were dissolved in DMF
(10 mL) in a glass vial under mild sonication (VWR 250D
ultrasonic cleaner). The resulting colorless solution was
transferred to a two-neck round bottom flask (25 mL), with one
neck fitted with a glass condenser and the other for purging with
nitrogen, in an oil bath pre-heated to160 T . After stirring for 6 h
under nitrogen protection, the solution was cooled back to
ambient temperature for characterization and measurements.

For the dialysis, the as-produced sample solution (3 mL)
was diluted to 10 mL with water before being added to the
dialysis tubing (MWCO ~500), where the dilution was to protect
the dialysis tubing from any damages. The dialysis was in a
large glass beaker (2 L) filled with fresh water for 12 h. Then,
the solution inside the dialysis and water in the beaker were
both collected and concentrated for further characterizations.

For the anti-solvent precipitation with dichloromethane
(DCM) as the anti-solvent, the as-produced sample solution in
DMF was concentrated to around 5 mL, and then slowly
dropped into DCM (100 mL) in an Erlenmeyer flask with
vigorous stirring. The resulting mixture was vacuum-filtrated
through a 0.22 ym membrane filter, and the filter cake was
collected and washed with DCM 3 times. Similarly for the
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anti-solvent precipitation into methanol, the as-produced
sample solution in DMF was concentrated, and slowly dropped
into ice cold methanol (100 mL) in an Erlenmeyer flask with
vigorous stirring. The resulting mixture was vacuum-filtrated
through a 0.22 ym membrane filter, and the filter cake was
collected and washed with ice cold methanol 3 times. The
cleaned samples from the anti-solvent precipitation treatments
were used for further characterization.

For separation/fractionation using preparative thin-layer
chromatography (TLC), the sample recovered from the DCM
anti-solvent precipitation was dissolved in DMF for a
concentrated solution. The sample solution was carefully
deposited onto a TLC plate (10 x 20 cm). The separation was in
the DMF-ethyl acetate mixture (30/70, V/V) as elution solvent,
and multiple colored fractions on the TLC plate were observed.
The fractions were scraped off the plate and dissolved
separately in DMF (3 mL each), followed by centrifuging at
10,000 g to keep the supernatants as DMF solutions of the
fractions for further characterization. Similarly, the methanol-
insoluble sample from the methanol anti-solvent precipitation
was dissolved in DMF for a concentrated solution to be
carefully deposited onto the same TLC plate for the elution in
DMF-ethyl acetate mixtures of different volume fractions.

CA-TetraMU

CA (1 g) and N,N,N’,N-tetramethylurea (TetraMU, 2 g) were
dissolved in DMF (10 mL) in a glass vial under mild sonication
(VWR 250D ultrasonic cleaner). The solution was transferred to
a two-neck round bottom flask in an oil bath pre-heated to
160 T . After stirring for 6 h under nitrogen protection, the
solution was cooled back to ambient temperature for
characterization and measurements.

CA-FA

CA (0.5 g) was dissolved in DMF (10 mL) in a glass vial at
40 € under mild sonication (VWR 250D ultrasonic cleaner),
and to the solution was added formamide (FA, 5 mL) with some
more sonication. The resulting mixture was transferred to a
two-neck round bottom flask in an oil bath pre-heated to 160 T ,
stirred for 6 h under nitrogen protection, and then allowed to
cool back to ambient temperature for characterization and
measurements.

CA-DMF

CA (1 g) was dissolved in DMF (10 mL) for a solution stirred
in a two-neck round bottom flask under nitrogen protection at
160 T for 6 h. Then, the solution was allowed to cool back to
ambient temperature for characterization and measurements.
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