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Introduction

Carbon dots (CDots)'* have emerged to represent a rapidly

On the myth of “red/near-IR carbon quantum dots”
from thermal processing of specific colorless
organic precursorsf

Weixiong Liang,? Ping Wang,® Mohammed J. Meziani,*® Lin Ge,? Liju Yang, & *©
Amankumar K. Patel,?® Sabina O. Morgan® and Ya-Ping Sun® *@

Carbon dots were originally found and reported as surface-passivated small carbon nanoparticles, where
the effective surface passivation was the chemical functionalization of the carbon nanoparticles with
organic molecules. Understandably, the very broad optical absorptions of carbon dots are largely the
same as those intrinsic to the carbon nanoparticles, characterized by progressively decreasing
absorptivities from shorter to longer wavelengths. Thus, carbon dots are generally weak absorbers in the
red/near-IR and correspondingly weak emitters with low quantum yields. Much effort has been made on
enhancing the optical performance of carbon dots in the red/near-IR, but without meaningful success
due to the fact that optical absorptivities defined by Mother Nature are in general rather inert to any
induced alterations. Nevertheless, there were shockingly casual claims in the literature on the major
success in dramatically altering the optical absorption profiles of “carbon dots” by simply manipulating
the dot synthesis to produce samples of some prominent optical absorption bands in the red/near-IR.
Such claims have found warm receptions in the research field with a desperate need for carbon dots of
the same optical performance in the red/near-IR as that in the green and blue. However, by looking
closely at the initially reported synthesis and all its copies in subsequent investigations on the “red/near-
IR carbon dots”, one would find that the “success” of the synthesis by thermal or hydrothermal
carbonization processing requires specific precursor mixtures of citric acid with formamide or urea. In
the study reported here, the systematic investigation included precursor mixtures of citric acid with not
only formamide or urea but also their partially methylated or permethylated derivatives for the
carbonization processing under conditions similar to and beyond those commonly used and reported in
the literature. Collectively all of the results are consistent only with the conclusion that the origins of the
observed red/near-IR optical absorptions in samples from some of the precursor mixtures must be
molecular chromophores from thermally induced chemical reactions, nothing to do with any nanoscale
carbon entities produced by carbonization.

nanoparticles with organic molecules or polymers,“'” which
logically led to the classical definition on CDots as surface-
functionalized (or more broadly as effectively surface-
passivated) small carbon nanoparticles (Fig. 1).>*® The optical

advancing and expanding research field, as made evident by the
large and ever increasing number of relevant publications in the
literature.*™® Originally, CDots were prepared by the chemical
functionalization of pre-processed and selected small carbon
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absorptions of the carbon nanoparticles cover a broad spectral
region including the visible, rather similar to those of carbon
nanotubes (except for the bandgap transitions found in single-
walled carbon nanotubes'®*’) and graphene nanosheets due to
their shared m-plasmon origins, which are all characterized by
progressively decreasing absorptivities toward longer wave-
lengths.* Therefore, the carbon nanoparticles are intrinsically
weak optical absorbers in the red/near-IR, so are their derived
CDots, because the surface functionalization of the carbon
nanoparticles by colorless organic species does not alter their
wavelength dependent optical absorptivities in any significant
fashion according to the existing experimental evidence.*"*?
Correspondingly, while the characteristically colorful

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Cartoon illustration on the classically defined CDots obtained
from the deliberate chemical functionalization of pre-existing carbon
nanoparticles.

fluorescence emissions of CDots at different excitation wave-
lengths do cover the red region, extending into the near-IR,"*
their associated quantum yields are generally low to very low,*
representing a major disadvantage of CDots in some biomedical
imaging and related applications. Thus, there have been
extensive efforts in the research field on the search and devel-
opment of “red/near-IR carbon dots”. By definition, such dots
must be much more absorptive, namely with much higher
optical absorptivities, in the red/near-IR spectral region than
the carbon nanoparticles from which CDots are derived, and by
extension also the other nanoscale carbon allotropies including
carbon nanotubes and graphene nanosheets. This would clearly
require some extraordinary exceptions to the established prin-
ciples on electronic transitions in classical photophysics, as it is
generally understood that optical absorptivities are funda-
mental parameters “given” by Mother Nature, hardly change-
able in any substantial degree.** Surprisingly, some research
groups have declared the achievement of major successes in
dramatically altering the optical absorption profiles of “carbon
dots” by simply manipulating the dot synthesis to produce
samples of some prominent optical absorption bands in the
red/near-IR.>**?° Unfortunately, however, a fundamental
problem with these shockingly casual claims is that whether
their observed optical absorption bands are actually associated
with any nanoscale carbon entities, which must be the key
ingredient in any carbon-based quantum dots or the like, is
questionable at best.

On the preparation of dot samples in general, overwhelming
majority of the syntheses reported in the literature have been
based on the carbonization of organic precursors, often in “one-
pot” thermal or hydrothermal processing, mostly under condi-
tions such as 200 °C or lower in temperature for a few hours or
less.***” With colorless organic molecules as precursors, such as
commonly used mixtures of citric acid and amino molecules or
oligomers (oligomeric polyethylenimine or PEI, as an example),
the carbonization processing typically yields colored samples of
fluorescence emissions resembling those of the classically
defined CDots (Fig. 1).*** The spectroscopic evidence has
generally been considered as sufficient for labeling the
carbonized samples as carbon dots (or carbon nano-dots or
various other naming variations), though the validity of such
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practice has raised serious concerns in recent studies, including
the experimental evidence on molecular chromophores in the
samples being primarily or majorly responsible for the spec-
troscopic results.**** Since by definition the purpose of
carbonization is to carbonize the organic precursors, namely to
produce carbon nanoparticle-like entities (or denoted as nano-
scale carbon domains in some publications®*’), the optical
absorptions of the samples thus prepared should in the best
case be the same as or similar to those of the pre-existing carbon
nanoparticles, which are again characterized by progressively
decreasing absorptivities toward longer wavelengths in the
visible.** While fluorescence emissions in the red (extending
into the near-IR) could be obtained with excitations at nearby
wavelengths, the corresponding fluorescence quantum yields
are always low, similar to what have been observed with the
classically defined CDots.>® For the dot structures derived from
both the pre-existing carbon nanoparticles and the carboniza-
tion, the apparent “deficiency” in the red/near-IR spectral
region must be due to the law of Mother Nature that dictates the
electronic transitions in the underlying nanoscale carbon
entities.

Against such a backdrop, however, it was reported that
strongly red/near-IR absorptive “carbon dots” could be
produced by the same carbonization processing but only with
the picking of a few specific colorless organic precursors.”>
The keywords here are “picking”, “a few”, and “specific”, as the
reported syntheses have so far been limited to a handful of
specific organic mixtures as colorless precursors, mostly citric
acid with formamide or urea, which are chemically equivalent
in terms of the amide moiety (one in the former versus two
symmetrically in the latter).>? Since thermally induced
carbonization is a process generally considered as random and
chaotic, the high selectivity and specificity with respect to the
picking of precursors should have triggered alarms or at least
suspicions on the true nature and outcome of the thermal or
hydrothermal processing intended for carbonization. Never-
theless, the urge to move carbon-based quantum dots into the
red/near-IR spectral region must have gotten in the way of
rigorously validating the claims on the making of “red/near-IR
carbon dots”. While most of the theoretical and mechanistic
efforts have been on rationalizing such dots, some others have
apparently had serous reservations on the existence of the
claimed “red/near-IR carbon dots”, probably too good to be
true/real. "3

Here we report a systematic investigation on the mixtures of
citric acid with urea or formamide or with their partially
methylated or permethylated derivatives for the carbonization
processing under conditions similar to and beyond those
commonly used and reported in the literature. Collectively all of
the results are consistent only with the conclusion that the
origins of the observed red/near-IR optical absorptions in
samples from some of the precursor mixtures must be molec-
ular chromophores from thermally induced chemical reactions,
nothing to do with any nanoscale carbon entities produced by
carbonization.
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Results and discussion

In literature reports,>*> mixtures of citric acid with urea or
formamide (Fig. 2) have been among a handful of colorless
organic precursors for thermal or hydrothermal processing into
samples of significant red/near-IR absorption bands. In this
work the same mixtures were investigated systematically under
processing conditions similar to and more aggressive than
those reported in the literature. Other related precursor
mixtures of citric acid with partially methylated or per-
methylated urea or formamide derivatives (Fig. 2) were also
systematically investigated for comparison.

Thermal processing of precursor
mixtures and spectroscopic results

Citric acid (CA)-urea

Solutions of the CA-urea mixture in DMF (clear and colorless in
appearance) were heated with stirring at 100 °C (6-72 h), 135 °C
(6 h), and 160 °C (6 h), and the solutions all became dark red in
color, including the one processed at 100 °C for 72 h, mostly
consistent with what have been reported in the literature.”®*>®
Their corresponding optical absorption spectra are compared in
Fig. 3. The similar spectral profiles for the samples obtained
from the treatments at 135 °C and 160 °C suggest that the
underlying species responsible for the red appearance could be
produced at processing temperatures significantly lower than
the 160 °C popular in studies reported in the literature.

Citric acid (CA)-N,N,N -trimethylurea (TriMU)

A solution of the CA-TriMU in DMF was heated with stirring at
160 °C for up to 6 h, and the solution became dark red in color
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Fig. 2 Molecular structures of the molecules involved in the thermal
processing, with the key functional groups highlighted.
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Fig. 3 Optical absorptions of samples from the CA-urea mixture
processed for 6 h at 100 °C (dash), 135 °C (dash-dot-dot), and 160 °C
(solid).

in the end. Shown in Fig. 4 are corresponding absorption
spectra. The absorptions are overall much lower than those of
the CA-urea samples obtained from comparable processing
conditions, especially for the missing of the absorption bands
in the red spectral region (Fig. 4).

Citric acid (CA)-N,N,N',N'-tetramethylurea (TetraMU)

A solution of the CA——TetraMU in DMF was heated with stirring
at 160 °C for up to 6 h. The solution color did not change in any
dramatic fashion, becoming only light yellow even after the
thermal processing for 6 h. The corresponding absorption
spectrum is apparently featureless in the visible spectral region
(Fig. 5), similar to that of the small carbon nanoparticles in well
functionalized CDots.*
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Fig. 4 Optical absorptions of samples from the CA-TriMU mixture
processed at 160 °C for (in the direction of the arrow) 1 h, 2 h, 3h, 4 h,
5 h, and 6 h. Inset: A comparison between the 6 h sample (solid) and
the CA—urea sample from 160 °C for 6 h (dash-dot-dot).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optical absorptions of samples from the CA-TetraMU mixture
processed at 160 °C for (in the direction of the arrow) 1 h, 2 h, 3 h, and
6 h. Inset: A comparison between the 6 h sample (solid) and the 160 °C
for 6 h samples from the mixtures of CA—urea (dash-dot-dot) and CA—
TriMU (dash).

Citric acid (CA)-formamide (FA)

A solution of the CA-FA mixture in DMF was heated with stir-
ring at 160 °C for 6 h, in which the solution also became dark
red in color in the end. Shown in Fig. 6 is the corresponding
absorption spectrum, whose profile is apparently comparable
with that of the sample from the similarly processed CA-urea
mixture.

Citric acid (CA)-N-methylformamide (MFA)

A solution of the CA-MFA mixture in DMF was heated with
stirring at 160 °C for up to 6 h, during which the solution turned

Absorbance

500 600
Wavelength (nm)

400

Fig. 6 Optical absorptions of the sample from processing the CA-FA
mixture at 160 °C for 6 h (solid) are compared with those of the sample
from the CA—urea mixture processed under the same condition (dash-
dot-dot).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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to dark red in color, suggesting significant absorptions over the
visible spectrum. However, the observed absorption spectra are
again different from those of the sample solutions from the CA-
FA mixture as precursor, missing the red band features found in
the latter (Fig. 7).

Citric acid (CA)-DMF

A solution of CA in DMF was heated with stirring at 160 °C for
6 h, and the solution color was little changed, only turning light
yellow in the end. The corresponding absorption spectrum is
shown in Fig. 8. As also compared in the figure, the spectral
profile is rather similar to that of the sample solution from the
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Fig. 7 Optical absorptions of samples from the CA-MFA mixture
processed at 160 °C for (in the direction of the arrow) 1 h, 3 h, 4 h, and
6 h. Inset: A comparison of the 6 h sample (solid) with the CA-urea
(dash-dot-dot) and CA-TriMU (dash) samples from the same pro-
cessing conditions.
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Fig. 8 Optical absorptions of the sample from the CA-DMF mixture
processed at 160 °C for 6 h (solid) are compared with those of CA—
TetraMU (dash-dot), CA-MFA (dash), and CA-FA (dash-dot-dot)
samples from the same processing conditions.
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processing of the CA-TetraMU mixture, both of which are
comparable with that of the small carbon nanoparticles in well
functionalized CDots.*

Implications of the spectroscopic
comparisons

The results presented and discussed above on the spectroscopic
comparisons for samples from the thermal processing of
different precursor mixtures are hardly random, exhibiting
instead clear and dramatic dependencies on the chemical
structures of the precursor organic molecules, namely the
different urea and formamide derivatives. Such dependencies
counter the purpose and principles of the thermal carboniza-
tion, which should by no means be so sensitive to the relatively
minor variations in chemical structures of the precursor organic
molecules, suggesting that the samples from the processing are
much more likely dominated by products from chemical reac-
tions for at least the observed spectroscopic results in the visible
spectrum at longer wavelengths including the red/near-IR
absorption features.

Citric acid (CA) with three carboxyl groups is thermally not so
stable, understandably popular as a precursor for carbonization
in many studies reported in the literature. However, for urea,
formamide (FA), or their derivatives in the precursor mixtures,
the thermal processing outcomes are obviously dependent
sensitively on specific chemical structures of the amide moie-
ties identified in Fig. 2, suggesting that the thermally induced
processes relevant to the observed red/near-IR absorption
features of the products thus produced must be dominated by
chemical reactions instead of the intended carbonization. The
chemical reactions are likely rather similar between CA-urea
and CA-FA mixtures, yielding species of comparable absorption
spectral features (Fig. 6). What is shared by urea and FA in terms
of chemical functionalities is that they both contain unsub-
stituted amide groups, as highlighted in Fig. 2. In that sense,
urea is chemically equivalent to symmetrically fused two FA
molecules. At the other extreme with all of the amide moieties
methylated in N,N,N'N'-tetramethylurea (TetraMU) and DMF
(N,N-dimethylformamide), the same thermal processing
conditions could not produce any species of red/near-IR
absorptions at all, yielding instead samples of absorptions
similar to those of pre-existing carbon nanoparticles (Fig. 8).
The clear correlation between the unsubstituted amide groups
in urea and FA and the observed red/near-IR absorptions points
to dye-like products formed in the thermally induced chemical
reactions of CA with urea or FA, namely that the specific
chemical reactions require the unsubstituted amide groups
(Fig. 2).

For urea and FA derivatives of one unsubstituted amide
group (TriMU and MFA, respectively) in the precursor mixtures,
the thermal processing could yield products of similarly
enhanced absorptions in the visible spectrum, but only to about
600 nm (Fig. 4 and 7), without the red/near-IR absorption
bands/features found for the products from the CA-urea and
CA-FA precursor mixtures discussed above. Nevertheless, all of
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these results suggest that unsubstituted amide groups (-CONH,
as identified in Fig. 2) must be critical in their thermally
induced chemical reactions with CA to yield dye-like products of
significant absorptions at longer wavelengths in the visible
spectrum, extending into the near-IR for some of the products
(Fig. 6). Such absorptions are responsible for the dark red
appearance of their corresponding solutions after the thermal
processing, apparently prompted the claims in the literature on
the successful preparation of “red carbon quantum dots” or
“red/near-IR carbon quantum dots”.>*?° However, with the
complete absence of such absorptions in samples from CA
mixtures with TetraMU or DMF (Fig. 8), in which the amide
groups are fully methylated (Fig. 2), the specific molecular
structural dependence of thermal processing outcomes is
indicative of thermally induced chemical reactions, rather than
the commonly perceived carbonization. Obviously there are no
justifications at all for any thermally induced carbonization to
be highly sensitive to the -CONH moiety in urea, FA, and their
derivatives as organic molecular precursors. Logically, the
chemical reactions must have produced molecular products,
some of which contain red or red/near-IR chromophores, but
certainly nothing to do with any carbonization-generated
“carbon quantum dots”.

On the comparison between the samples from CA-urea and
CA-FA mixtures as precursors, their optical absorptions share
similar spectral features that are responsible for the observed
dark red solution color, again consistent with the formation of
similar underlying red/near-IR chromophores in thermally
induced chemical reactions, not any carbon-based/derived
quantum dots by the intrinsically chaotic and indiscrim-
inative carbonization. In fact, the intended carbonization for
the thermal processing, which at up to 160 °C for a few hours
could not be as significant or substantial as claimed in some
literature reports, might produce relatively small amounts of
nanoscale carbon domains as a part of the complicated product
mixtures in the resulting samples. The optical absorptions of
the nanoscale carbon domains thus produced are generally
rather similar to those of pre-existing carbon nanoparticles.*

Carbonization conditions and
outcomes

Among the precursor mixtures in this work (Fig. 2), those of CA
with TetraMU and DMF that do not contain unsubstituted
amide groups could not participate in the thermally induced
chemical reactions to form the dark red colored chromophores.
Instead, their products from the thermal processing would
reflect mostly the outcomes of the limited carbonization due to
the relatively mild processing conditions. The observed
absorptions are largely similar between the products from CA-
TetraMU and CA-DMF (Fig. 8) and also comparable to those of
the small carbon nanoparticles in well functionalized CDots,
where the well functionalization eliminates a major portion of
the light scattering found in suspensions of the carbon nano-
particles. For the other precursor mixtures (Fig. 2), the contri-
butions due to the actual carbonization can become more

© 2021 The Author(s). Published by the Royal Society of Chemistry
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prominent and eventually dominant as more aggressive
thermal processing conditions are applied.**

For the CA-FA mixture as an example, the carbonization
could be enhanced significantly by increasing the thermal
processing temperature to 260 °C or 300 °C, yielding samples
that were generally less soluble. The insoluble precipitants
appeared black, suggesting high carbon contents. For the
supernatants, the measured optical absorptions are similar in
profile to those of the samples from the processing of CA-Tet-
raMU and CA-DMF mixtures at 160 °C for 6 h, and again
comparable with those of the pre-existing small carbon nano-
particles (Fig. 9). The similarity and comparability are under-
standable, as the thermal -carbonization must be
indiscriminative, generally independent of the precise chemical
structures of the organic precursors used for the carbonization.

Logically, the dependence on the thermal processing
conditions for the mixtures containing the unsubstituted amide
groups is such that at lower processing temperatures, probably
up to around 200 °C, the dominating reactions in the mixtures
must be chemical in nature to produce organic chromophores
of absorptions in the visible spectrum, including the red/near-
IR for some products. The intended carbonization is
secondary at best under the relatively mild processing condi-
tions,*** but does play a role in complicating the product
mixtures and hindering the separation and isolation of the
organic chromophores in the product mixtures, as discussed in
more detail below. With more aggressive processing conditions
at higher temperatures, the carbonization apparently becomes
more significant, carbonizing not only the precursor mixtures,
but also the initially produced organic chromophores (thus
eliminating their corresponding absorptions). The observed
optical absorptions converge to those of the pre-existing carbon
nanoparticles that are well dispersed and mostly free from
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Fig. 9 Optical absorptions of samples from the CA-FA mixture pro-
cessed at 160 °C for 6 h (dash-dot), 260 °C for 2 h (dash), and 300 °C
for 2 h (solid). Inset: Optical absorptions are compared between the
300 °C for 2 h sample (solid), the CA—DMF sample processed at 160 °C

for 6 h (dash), and the aqueous suspended small carbon nanoparticles
(dash-dot-dot).
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scattering effects (Fig. 9), as one would expect. For the precursor
mixtures with TetraMU and DMF, their lack of unsubstituted
amide groups makes them incapable of the chemical reactions,
thus only relatively minor carbonization at the lower processing
temperatures. Their similar visible absorptions for all samples
from different processing conditions should have been ex-
pected, as such absorptions are due to nanoscale carbon
domains or entitles that are likely smaller but not fundamen-
tally different from the pre-existing small carbon nanoparticles
in terms of the underlying optical transitions.

Complex product mixtures and
separation effort

The spectroscopy results presented and discussed above are on
as-produced samples without any post-production treatments
for the purpose of not to introduce any unintended changes to
the samples. Since the precursor mixtures are all colorless, the
optical absorption results in the visible spectrum are therefore
free from any contributions from unreacted molecules in the
precursor mixtures, namely that the observed visible absorp-
tions are due entirely to contributions by the produced organic
chromophores and various populations of nanoscale carbon
domains or entities.

The samples from the thermally induced chemical reactions
of CA with urea, FA, or their derivatives of unsubstituted amide
groups are understandably complex due to the intrinsically non-
selective nature of the processing conditions originally inten-
ded for carbonization. For the samples obtained from the pro-
cessing at 160 °C for a few hours, which are representative in
terms of the observed strong visible absorptions at longer
wavelengths, the removal of unreacted precursor molecules and
other species from the as-processed samples had little effects on
the observed optical absorption spectra. More specifically on
the sample from the CA-urea precursor mixture as an example,
the as-processed sample could be cleaned via anti-solvent
precipitation, from the original concentrated DMF solution
into dichloromethane (DCM) as the anti-solvent. The visible
absorptions of the cleaned sample are essentially the same as
those of the as-processed sample (Fig. 10). Further fractionation
and separation efforts on the cleaned sample revealed that it
was a complex mixture of colored species that are collectively
responsible for the observed visible absorptions.

In the fractionation via precipitation from a concentrated
DMF solution into methanol as anti-solvent, the fraction
insoluble in methanol could be identified as being nearly
entirely responsible for the observed red/near-IR absorption
features (Fig. 10), namely the same absorptions that have
prompted the perception and claim of “red/near-IR carbon
quantum dots” in the literature.”*?° These “magic dots” of red/
near-IR absorptions and emissions were supposed to be
produced in carbonization under conditions such as the
commonly employed and reported thermal treatments at 160 °C
for a few hours. In reality, however, these absorptions could not
have been due to entities containing carbon nanoparticles,
which represent the key ingredient and structural element of

Nanoscale Adv., 2021, 3, 4186-4195 | 4191
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Fig. 10 Optical absorptions of the CA—urea samples (160 °C for 6 h):
as prepared (dash-dot-dot) versus the precipitated fraction in the anti-
solvent precipitation from DMF into methanol (solid). Inset: A
comparison between the as-prepared sample (dash-dot-dot) and the
sample precipitated from DMF into dichloromethane (dash).

any carbon “quantum” dots, because the well established
optical absorptions of the pre-existing carbon nanoparticles at
shorter wavelengths are largely absent (Fig. 10). Rather, the
observed red/near-IR absorption features must be associated
with molecular chromophores from the thermally induced
chemical reactions, which are likely mixtures by themselves and
also in complex mixtures with other species, including some
nanoscale carbon domains or entities from the limited
carbonization.

GC-MS results of the methanol soluble fraction suggested
complex mixtures, so did the results from 'H and *C NMR
characterizations. The separation of the fractions on thin-layer
chromatography plates each yielded a large number of poorly
separated components, again suggesting complex mixtures.
While in principle the mixtures could be separated for the
identification of individual compounds, a likely complication in
these mixtures was the consequence of carbonization, not
substantial but nevertheless present in the thermal processing,
producing nanoscale carbon domains or entities that would
essentially serve the function of crosslinking agents to link
multiple organic species in the mixtures. Evidence for the
presence of such “polymeric” species included the significant
broadening in some of the NMR peaks. The separation and
identification of the organic molecular chromophores formed
in the thermally induced chemical reactions clearly represent
an intrinsically challenging task, somewhat beyond the scope of
this work that is to show that the observed red/near-IR
absorption features could not be due to any “red/near-IR
carbon quantum dots” from the thermal processing.

More discussion and conclusion

On the samples from the thermal processing of the various
colorless organic precursor mixtures in this work, our focus on
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optical absorptions at longer wavelengths in the visible spec-
trum is deliberate, even though these samples are also emissive
in the similar spectral region, as our purpose is to eliminate the
need to deal with photoexcited states and related complica-
tions. By definition, therefore, the real red/near-IR carbon dots,
if existed, should be carbon dots of substantially more optically
absorptive in the red/near-IR spectral region than their coun-
terparts that do not. More clearly, the red/near-IR absorptions
must be due to the intrinsic optical transitions of the nanoscale
carbon domains or entities in the dots, not due to any organic
dyes or similar molecular chromophores in the dot structures.
Red dyes (or molecular chromophores in general) incorporated,
doped, or modified dot-like carbon nanostructures are by no
means red carbon dots, just like in the case of colloidal TiO,
that similar red dye modifications obviously do not make “red
TiO, nanoparticles”. It should be pointed out that for carbon
dots (or classically defined CDots illustrated in Fig. 1), their
optical absorptions are always similar to those of the core
carbon nanoparticles in the dots, demonstrating their high
stabilities in optical absorptivities against changes due to
structural and other modifications such as the carbon nano-
particle surface functionalization by the commonly used
organic species. In fact, the general lack of means to alter
optical absorptivities dramatically, except for in some limited
cases relatively meaningful changes associated with making
forbidden transitions more allowed, is consistent with the
general knowledge and principles in photophysics. With respect
to the repeated claims of “red/near-IR carbon dots” in the
literature, however, there has been a surprisingly lack of
considerations in the reported studies on why and how the
simple and specific organic precursor mixtures processed under
relatively mild thermal conditions could produce the presumed
“carbon nanomaterials” of so dramatically different optical
transitions from those of the pre-existing carbon nanoparticles
(or other nanoscale carbon allotropes including carbon nano-
tubes and graphene nanosheets). A similarly simple and also
much more logical explanation is that the observed red/near-IR
absorption features are due to molecular chromophores in the
thermally processed samples, namely that the chromophores
are formed in the chemical reactions under processing condi-
tions intended for carbonization.

Among various theoretical and mechanistic rationale in the
literature on the claimed “red/near-IR carbon quantum dots”,
some did question or postulate the involvement of molecular
chromophores for their being responsible for the observed red/
near-IR absorptions.*»*** As discussed above, however, carbon
dots containing red molecular chromophores are hardly red
carbon dots. In fact, there have been studies in which red/near-
IR organic dyes were explicitly included in the precursor
mixtures for carbonization to obtain dot samples that are
strongly absorptive in the red/near-IR spectral region.**™*” These
are again red/near-IR dyes incorporated or modified dot struc-
tures, not red/near-IR dots. The difference of those samples
from the samples obtained from the thermal processing of CA-
urea mixtures, for example, is that in the former the dye
incorporation or modification is deliberate and explicit, while
in the latter the dye-like species are produced in the processing,
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creating the elusion of new dot structures that are genuinely
absorptive strongly in the red/near-IR. The latter is also much
less tunable or controllable, making no sense at all.

In conclusion, the red/near-IR absorptive samples from the
thermal or hydrothermal processing of a handful of specific
organic precursor mixtures, such as citric acid with formamide
or urea, should not be claimed as “red/near-IR carbon dots” at
all, because they are not theoretically or practically. These
samples are complex mixtures containing some limited nano-
scale carbon domains or entities, molecular chromophores or
organic dye-like species formed in thermally induced chemical
reactions, and other organic species that have survived the mild
carbonization conditions. The effort on the separation, isola-
tion, and identification of the molecular chromophores/dyes in
the samples was unsuccessful in this work due to challenges
associated with the complexity and more so with the expected
crosslinking in the sample mixtures. More studies are needed to
address the challenges, which may prove to be very tough.

Experimental section

Materials

Citric acid (CA), formamide (FA), and DMF were purchased
from VWR, urea (>98.3%), N-methylformamide (MFA, 99%),
and N,N,N-trimethylurea (TriMU) from Alfa Aesar, and
N,N,N,N'-tetramethylurea (TetraMU) from TCI. Water was
deionized and purified in a Millipore Direct Q Water Purifica-
tion System.

Measurement

Optical absorption spectra were recorded on a Shimadzu UV-
2501 spectrophotometer. NMR measurements were performed
on a Bruker NEO 500 MHz NMR spectrometer equipped with
a Prodigy nitrogen-cooled cryoprobe. Gas chromatography-
mass spectrometry (GC-MS) analyses were carried out on a Shi-
madzu GCMS-QP2010 SE instrument.

CA-urea

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 to 100 °C, 135 °C or 160 °C. After stirring for 6 h
under nitrogen protection, the solution was cooled back to
ambient temperature for characterization and measurements.

For the anti-solvent precipitation from DMF into dichloro-
methane (DCM), the as-processed 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 pm
membrane filter, and the filter cake was collected and washed
with DCM three times.

Similarly for the anti-solvent precipitation into methanol,
the concentrated sample solution in DMF was slowly dropped
into ice cold methanol (100 mL) in an Erlenmeyer flask with
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vigorous stirring. The mixture was vacuum-filtrated through
a 0.22 um membrane filter, and the filter cake was collected and
washed with cold methanol three times.

CA-TriMU and CA-TetraMU

CA (1 g) and TriMU (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 °C. The thermal
reaction with stirring was for up to 6 h, during which a few
drops of the reaction mixture were taken every hour for
absorption measurement. After 6 h, the final solution was
cooled back to ambient temperature for characterization and
measurements.

The CA-TetraMU mixture in DMF solution was prepared and
processed in the same way under the same conditions.

CA-FA

CA (0.5 g) was dissolved in DMF (10 mL) in a glass vial at 40 °C
under mild sonication (VWR 250D ultrasonic cleaner), and to
the solution was added 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 °C, and stirred for
6 h under nitrogen protection, followed by the cooling of the
solution back to ambient temperature for characterization and
measurements.

The same precursor mixture of CA-FA was loaded into
a stainless steel tube reactor (1.9 cm OD and 30 cm long). The
sealed reactor was heated in a tube furnace at 260 °C or 300 °C
for 2 h. Post-processing, the reaction mixture in the reactor back
at ambient temperature was collected, including the washing of
the reactor with water. The aqueous mixture thus obtained was
centrifuged at 1000 g to collect the supernatant for character-
ization and measurements.

CA-MFA

CA (0.5 g) was dissolved in DMF (7.6 mL) at 40 °C under mild
sonication (VWR 250D ultrasonic cleaner), and to the solution
was added MFA (7.4 mL). The resulting mixture was transferred
to a two-neck round bottom flask in an oil bath pre-heated to
160 °C, and stirred for 6 h under nitrogen protection. During the
reaction a small aliquot (~50 uL) of the solution was taken every
hour for absorption measurement. At the conclusion of the
reaction, the final solution was cooled back to ambient
temperature for characterization and measurements.

CA in DMF

The solution of CA (1 g) in DMF (10 mL) was stirred in a two-
neck round bottom flask under nitrogen protection in an oil
bath at 160 °C for 6 h. During the reaction, a few drops of the
solution were taken every hour for absorption measurement. At
the conclusion of the reaction, the final solution was cooled
back to ambient temperature for characterization and
measurements.
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