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The physico-chemical properties of ‘bottom-up’ carbon dots synthesized from small molecules feature
both generalities, such as sp?-networked carbon and core-surface energy transfer, and heterogeneities,
due to the unpredictable location of heteroatoms and often non-crystalline structure. Here we focus our
review on three aspects of these systems: (1) coupling characterization with bottom-up synthesis to
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1 Introduction

Since the late 1980s, different nanoscale carbon materials have
excited the imagination of the nanoscience community:
buckyballs,* carbon nanotubes,? graphene and graphene oxide
sheets,® and most recently carbon dots.* Carbon dots are
nanometer-size particles rich in sp” networked carbon, but also
contain heteroatoms either due to their top-down synthesis
from oxidized graphite particles, or bottom-up synthesis from
small organic molecules. Top-down carbon dots often show
multilayered graphenic structure, while bottom-up carbon dots
typically are more amorphous materials due to the presence of
heteroatoms such as nitrogen in their bulk, presumably
following the condensation of smaller carbon sheets into dots.*
Carbon dots cover an interesting regime where molecular and
bulk quantum effects can compete.®

In this review, we focus on the synthesis, single particle-
verified properties, and electronic structure of bottom-up
carbon dots with sp®-carbon rich cores, as species closely
related to top-down carbon dots. Bottom-up carbon dots allow
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a heterogeneous ensemble of carbon dots.

a great variety of heteroatom doping, but the relatively harsh
and uncontrolled conditions of pyrolysis-, ablation- or sol-
vothermal reaction at high temperature produce heterogeneous
dots with a size distribution and unpredictable defects. The
name ‘carbon dot’ has also been applied to other materials,
such as polyester nanospheres made by microwave synthesis,
shown to lack the sp> network.” In addition, study of bottom-up
carbon dots has been complicated by the presence of many
small-molecule byproducts;*® we do not include such CH,-rich
(mainly sp®) materials and small molecules under ‘bottom-up’
carbon dots and focus instead on materials in the 3-10 nm size
where Raman G-bands,' electron microscopy,” scanning
tunneling microscopy (STM) bandgap measurements,'” or
single molecule techniques™ have verified the sp® networked
nature of the nanoparticles, whether they are mainly crystalline
(top-down syntheses) or mainly amorphous (bottom-up
syntheses).

As nano-size particles with good biocompatibility, straight-
forward synthesis, high solubility when properly surface-
modified, strong optical absorption (extinction up to
10° M ' em ™), and interesting fluorescence properties (gener-
ally blue to yellow, with red fluorescence less certain), carbon
dots have been proposed for myriad applications in imaging,
cell-based therapies, sensors, and catalysis. These applications
have been reviewed in depth recently in the literature,* and will
not be considered in this review. Instead, we will focus here on
the triptych of synthesis-purification, single-particle imaging,
and electronic structure on which the physical chemistry
knowledge of bottom-up carbon dots is built.

Many basic concepts from organic synthesis come into play
in identifying oligomeric precursors and byproducts that can
interfere with carbon dot spectroscopy, and analytical
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chemistry provides techniques that allow resolution of carbon
dots,™ sometimes several fractions with different optical prop-
erties, from precursors and byproducts so the genuine carbon
dot can be characterized; single particle techniques such as
confocal fluorescence microscopy, scanning tunneling micros-
copy, ultrafast single particle spectroscopy, atomic force
microscopy, and transmission electron microscopy allow reli-
able identification of carbon dots based on physical properties
such as size, crystallinity, optical bandgaps, and electrical
properties;'®'” finally, electronic structure calculations, difficult
but valuable for such large systems can tell us about the origin
of optical properties from likely surface defects contributing to
fluorescence, to core-surface coupling that blue-shifts fluores-
cence of surface chromophores, to internal conversion or
intersystem crossing processes that relax energy within carbon
dots and affect their quantum yields.*®

Intrinsically heterogeneous nanomaterials such as carbon
dots are best studied by this three-fold combination of extensive
purification, single particle analysis, and electronic structure
theory approaches to achieve a better basic understanding of
their properties and provide insights how to tailor syntheses to
produce materials that while remaining heterogeneous, have
desirable properties either on average (e.g. bio-optical applica-
tions) or in their outliers (e.g. catalytic applications).

2 Bottom-up synthesis and
purification
2.1 Bottom-up techniques

Bottom-up synthesis methods play a crucial role in the field of
carbon dots,"” where organic small molecules such as citric
acid, phenylenediamine, urea, and glucose are commonly
employed as precursors. These molecules undergo various
synthesis techniques such as hydro/solvothermal treatment,
microwave methods, and template approaches to form carbon
dots. However, the optical properties of the resultant carbon
dots can be obscured by the presence of small fluorescent
molecules formed during synthesis. Consequently, analyses
based on impure carbon dots may yield misleading conclu-
sions. To mitigate such inaccuracies, purification methods
including dialysis, gel electrophoresis, and size-exclusion and
gel chromatography are routinely utilized. These techniques
effectively separate carbon dots from residual small molecules
and ensure the integrity of subsequent optical property evalu-
ations and application assessments.

In the characterization phase, structural and compositional
analyses play a pivotal role. Techniques such as transmission
electron microscopy (TEM), atomic force microscopy (AFM),
mass spectrometry (MS), X-ray diffraction (XRD), nuclear
magnetic resonance (NMR) spectroscopy, Fourier-transform
infrared spectroscopy (FTIR), and X-ray photoelectron spec-
troscopy (XPS) are employed. These methods provide insights
into the morphology, crystallinity, chemical structure, and
elemental composition of carbon dots, crucial for under-
standing their properties and optimizing their performance in
various applications.
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Hydro/solvothermal synthesis involves the use of water or
organic solvent in a high-pressure, high-temperature environ-
ment to facilitate the formation of carbon dots.” The process
occurs in a sealed vessel, such as an autoclave, where the
aqueous/organic solution containing carbon precursors
undergoes thermal decomposition, polymerization, and
graphitization to produce carbon dots in a high-pressure, high-
temperature (150-250 °C) environment. The choice of precur-
sors, reaction conditions, and solvents can significantly influ-
ence the size, morphology, and functionalization of the
resulting carbon dots. The primary advantages of this method
include its simplicity and cost-effectiveness.

Microwave-assisted synthesis has emerged as an efficient
method for the production of carbon dots.** Microwave-assisted
synthesis utilizes microwave radiation to heat a reaction
mixture quickly and uniformly. This approach reduces thermal
gradients, enhance reaction rates, and reduce synthesis times,
leading to better control over the reaction conditions and hence
improving the consistency, reproducibility, and overall quality
of the carbon dots produced. The drawback over solvothermal
synthesis is that the milder (low pressure) conditions may not
promote the formation of sp>hybridized lattices, leading
instead to the formation of polymer nanoparticles.

Pyrolysis involves heating organic precursors in a controlled
environment to decompose them into carbon-rich materials.>
The process typically occurs at temperatures ranging from 300 °©
C to 900 °C under an inert atmosphere (e.g., nitrogen or argon)
to minimize oxidation.* Pyrolysis is an efficient technique for
converting small organic molecules into carbon nanoparticles,
making it suitable for large-scale production and diverse
applications, due to its simplicity and scalability.*

Template synthesis involves the use of a template material
like silica nanospheres to guide the formation of carbon
dots.>®?® The template provides a specific shape or structure
that the carbon precursors adhere to or fill, thereby influencing
the final morphology and properties of the carbon dots, but also
preventing aggregation of the nanosized carbon dots during
pyrolysis. After the synthesis, the template is usually removed by
etching with NaOH or HF solution,”*® leaving behind the
desired carbon dots.

Electrochemical bottom-up synthesis of carbon dots oxidizes
and polymerizes small organic precursors, such as citric acid,
ethanol, glucose, or amino acids, to form carbonaceous nano-
particles. This process occurs in an electrochemical cell
comprising two electrodes submerged in an electrolyte solution
containing the carbon precursors.***°

2.2 Problems in bottom-up synthesis

Although researchers have made high quantum yield, biocom-
patible, and photostable carbon dots by means of the synthesis
methods discussed above, small molecules existing in the
reaction are a big issue for bottom-up carbon dots, and can
confound the origin of fluorescence and other optical proper-
ties. In the citric acid-amine system, carbon dots synthesized
from citric acid and ethylenediamine appear to exhibit a sharp
absorption band, high quantum yield values, and excitation-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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independent photoluminescence (PL) when excited through
that band, but a molecular fluorophore is the likely origin.”
Although various models have been proposed to explain the
observed emission properties, such as energy transfer among
different fluorophores embedded within a carbonaceous scaf-
fold, surface-mediated photoluminescence, and aggregation-
mediated photoluminescence, the discovery of the highly
emissive citrazinic acid derivative imidazo[1,2-a]pyridine-7-
carboxylic acid, 1,2,3,5-tetrahydro-5-oxo (IPCA) as a byproduct
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of this synthesis raises questions about the true nature of this
emission.*>* This type of reaction forming novel blue emissive
compounds can also be found in the reaction between all citric
acid and «,B-amines, B-amino alcohols, and f-amino thiols.?*3*

A similar situation occurred when ortho-, meta-, and para-
phenylenediamine (OPD, MPD and PPD) are used as precursor
for making multicolor carbon dots.*® Time-resolved electron
paramagnetic resonance spectroscopy (TREPR) and fluores-
cence correlation spectroscopy (FCS) characterization have
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Fig. 1 Small molecular byproducts in the bottom-up synthesis of carbon dots. (a and b) UV-vis absorption spectra and emission spectra of
commercially pure compounds 2,3-diaminophenazine (2,3-DAP) and 2-methylquinolin-7-amine (MQA), low molecular weight product from
bottom-up synthesis,** and spectra mis-assigned to o-carbon dots and m-carbon dots in ref. 35. (c) Normalized FCS curves with fits for solutions
containing byproducts and o-carbon dots (yellow), m-carbon dots (green), and p-carbon dots (red), with Coumarin 503 as a standard for
comparison (adapted with permission from ref. 8). The rapid diffusion indicates that fluorescence originates from small molecules, not carbon
dots. (d) Normalized FCS curves for citrate Cit-carbon dots (brown), Arg-carbon dots (orange), and Coumarin 153 (gray), resulting in a similar
conclusion (adapted with permission from ref. 34). (e) Details of the structure and properties of species identified after purification. The chi-
roptical properties result not from carbon dots, but from unreacted precursors and their small-molecule derivatives (adapted with permission
from ref. 36).
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revealed that the unusually high fluorescence quantum yield
originates mainly from small molecules with sizes of less than
10 A formed during early stages of the hydrothermal synthesis
(Fig. 1).® The red/green/blue fluorescent small molecules are
formed by the condensation reaction of aminobenzene and the
reaction between the aminobenzene and ethanol in oxygenated
solvents.™

2.3 Purification - obligatory for carbon dots

Above all, purification is crucial in the field of bottom-up
systems where small-molecule absorption and fluorescence
are too easily mistaken for the optical properties of carbon dots.

Dialysis is a separation technique®” that operates based on
the principle of selective permeability of a dialysis membrane.
In this process, a solution containing carbon dots is placed
inside a dialysis tubing or membrane, which is then submerged
in a larger volume of water or buffer solution. The membrane
allows small molecules, ions, and impurities to pass through
while retaining larger molecules such as carbon dots. Over time,
the removal of unwanted substances and the purification of the
carbon dots are achieved.

Membranes are characterized by their molecular weight cut-
off (MWCO), which determines the size of molecules that can
pass through. Choosing a dialysis membrane with a suitable
MWCO is critical for sufficient purification.” Common MWCOs
range from 1 kDa to 50 kDa, depending on the size of the carbon
dots and the molecular weight of impurities. The duration is
also important for a successful dialysis.*” For bottom-up carbon
dots that are not adequately dialyzed to separate small
precursor molecules, analysis of the chemical compositions or
the fluorescence properties of the samples collected only leads
to meaningless and confusing conclusions.

Dialysis membranes are typically composed of cellulose ester
(CE) or regenerated cellulose (RC). The choice of membrane
material influences its resistance to various organic solvents.
Cellulose ester membranes are particularly sensitive to organic
solvents. Strong polar solvents such as acetone, methyl ethyl
ketone, or dioxane can cause irreparable damage to CE
membranes. However, lower alcohols like methanol, ethanol,
and isopropanol can be used with CE membranes for short
exposure times or at low concentrations. In contrast, regen-
erated cellulose membranes exhibit good chemical resistance to
a broad range of solvents, including hydrocarbons, halogenated
hydrocarbons, alcohols, ketones, esters, oxides, and solvents
containing nitrogen. RC membranes are therefore more versa-
tile and durable in carbon dot dialysis applications.

Size-exclusion columns also operate on the principle of size-
based separation. A sample containing carbon dots and other
components is introduced into a column packed with a porous
stationary phase, often composed of cross-linked polymer
beads. As the sample flows through the column, smaller
molecules diffuse into the pores of the stationary phase, while
larger carbon dots, are excluded from the pores and elute faster.
This size-based separation allows for the isolation of carbon
dots from other contaminants and byproducts.
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Materials such as Sephadex or Bio-Gel are employed as
a stationary phase,* providing a range of pore sizes suitable for
different molecular weights and sizes. Due to the different
solubility of different carbon dots species in organic solvent and
water, Sephadex columns can be used in either organic or
aqueous phases, such as Sephadex LH-20 for most organic
solvents,* and G100 for water,* providing universal purifica-
tion for both hydrophilic and hydrophobic carbon dots.

Silica gel column chromatography is a widely used technique
for the separation and characterization of carbon dots.** Carbon
dots with fair solubility in organic solvents are appropriate for
silica gel columns to separate different fractions based on the
difference in polarity. This method leverages the differences in
the physical and chemical interactions between carbon dots
and the silica gel stationary phase to purify and fractionate
carbon dots based on their size, surface properties, and chem-
ical composition.

Gel electrophoresis was used for purification of the very first
batch of carbon dots in 2004.*> Gel electrophoresis involves the
application of an electric field across a gel matrix, separating
particles based on their size and charge. Carbon dots,
depending on their surface charge (e.g. from carboxylates) and
size, migrate through the gel at different rates, allowing for their
separation from other particles, as well as neutral small mole-
cule impurities. The gel matrix acts as a molecular sieve, with
smaller particles with more charge migrating faster through the
pores while larger particles with less charge encountering more
resistance and moving slower.*®

2.4 Structural and compositional analysis

Transmission Electron Microscopy (TEM) enables a direct check
for the existence of carbon dots because single small molecules
are below the resolution and carbon dots show decent contrast
in TEM images. TEM is also widely used to determine the size
distribution, shape, and morphology of carbon dots, e.g.
whether carbon dots have amorphous or crystalline structure.
High-resolution TEM (HRTEM) allows for the visualization of
lattice fringes, indicating the presence of crystalline domains
within the carbon dots. These fringes, often with a lattice
spacing of around 0.21 to 0.32 nm, correspond to the (100) or
(002) planes of graphitic carbon, providing evidence of
a graphitic core structure.*** A darker spot than the back-
ground without any crystalline and lattice structures is seen for
amorphous carbon dots by HRTEM.*® Some carbon dots with
a crystalline carbon core and an amorphous shell can also be
observed, indicating graphenic sheets in the core decorated
with irregularly distributed oxidized heteroatom groups such as
-NH, or -COOH at the surface.”” The degree of crystallinity in
carbon dots can be assessed through HRTEM and selected area
electron diffraction (SAED) patterns. The SAED patterns provide
complementary information about the crystallinity, where
discrete diffraction rings or spots suggest a polycrystalline
nature, while diffuse rings indicate mostly amorphous
characteristics.***

Especially following bottom-up synthesis, the organic small
molecule side products may form nanocrystals on the grid for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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TEM characterization if there is insufficient purification. The
aggregation of small molecules on TEM grids due to the drying-
aggregation effect lead to misleading conclusions from TEM
imaging.* TEM can also be used in determine whether the
particles are agglomerated or dispersed on the grid. For
example, in single molecule imaging and STM, well dispersed
single dots are needed for understanding the individual elec-
tronic properties, and aggregation must be avoided.***> TEM
provides a high resolution and quick method to characterize
drying-induced and other aggregation issues.

Atomic force microscopy (AFM) operates by scanning a sharp
probe across the sample surface, producing high-resolution,
three-dimensional images at the nanoscale. AFM is an invalu-
able tool for analyzing the size, shape, and surface morphology
of carbon dots.” While TEM can only characterize the shape of
carbon dots in two dimensions, AFM represents a complemen-
tary technique to measure the height of carbon dots. By
combining AFM and TEM, the overall three-dimensional shape
of carbon dots can be determined. Like TEM, AFM is suited for
checking whether the particles are well dispersed.>

X-ray diffraction (XRD) provides insights into the crystalline
nature and graphitic content of carbon dots as well.>* By
analyzing the intensity and sharpness of the diffraction peaks of
carbon dots, it is possible to determine their crystallite size and
degree of graphitization. A typical XRD pattern has a peak in the
20 range of 18.3-27° indicating an interlayer graphite spacing of
(002) planes between 0.31 to 0.34 nm.*****® The peaks of
amorphous carbon dots are broader than those for graphite,
meaning that the carbon dots consist of a mixture of sp> and sp®
domains. Sharp and narrow peaks can also be observed in
bottom-up carbon dots as a result of their polycrystallinity.>”

'"H NMR and "™C NMR reveal the chemical structure of
carbon dots (or uncarbonized byproducts) are the most
commonly used techniques for carbon dot characterization. *C
NMR can detect various carbon environments, such as sp’-
hybridized aliphatic carbons, sp*-hybridized aromatic carbons,
and carboxyl or carbonyl groups.*® NMR spectroscopy also offers
insights into the formation mechanism of carbon dots or
aliphatic polymers prepared as by-products by bottom-up
synthesis.*

NMR is a very useful tool for checking if there is a sub-
millimolar concentration of small molecules in the carbon dot
solution, reducing the risk of mistaking the properties of
molecular or oligomeric residues as the carbon dots.®* In NMR
spectroscopy, the presence of sharp peaks typically indicates the
presence of small molecules or impurities, hence suggesting
incomplete purification of the sample.® To ensure the sample is
adequately purified, one should revisit and refine the purifica-
tion steps until the NMR spectrum shows only broad signals.
Broad signals in NMR are characteristic of larger molecules or
nanostructures, such as carbon dots, which exhibit restricted
tumbling motion and a heterogeneous environment. Broad
peaks therefore confirm that the purification process has
successfully removed small-molecule contaminants to the level
of the detection limitation of NMR. Good signal-to-noise ratio
detection of a "H NMR signal requires about 1 mg of sample for
a 500 Da organic molecule, or millimolar solution, with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a realistic detection limit to be able to differentiate small
molecule lineshapes 0.1 mM or higher. Ref. 36 discusses carbon
dots from chiral precursors as an example. By comparing the "H
NMR of carbon dots, finely purified carbon dots, and chiral
precursors, the assessment in that study was that unreacted
chiral precursors, not carbon dots, were responsible for the
chiroptical properties.

Diffusion-ordered spectroscopy (DOSY) NMR is useful for
distinguishing carbon dots from such small molecular
byproducts. Carbon dots, which are typically 3-10 nm in
diameter and composed primarily of carbon with various
surface functional groups, are much larger than conventional
small organic molecules (generally <1 nm in size). This size
disparity leads to slower diffusion of carbon dots in solution,
causing them to appear as distinct “clouds” of signal intensity
in 2D DOSY spectra, separate from those of smaller molecules.
Based on the Stokes-Einstein equation, the molecular size of
carbon dots and small molecules can be differentiated.®® For
example, Sousa et al. employed DOSY-NMR to analyze carbon
dots made by a bottom-up hydrothermal method.®* While TEM
and AFM images confirmed nano-sized crystalline carbon dots,
the diffusion coefficient of the majority species in water, equal
t0 3.8 + 0.1 x 107 '° m?> s ! was similar to the reference sample
of the small dye Rhodamine 6G (=3.0 £ 0.1 x 10 ° m> s ),
which has a molecular weight of only 479 Da, revealing small-
molecule contamination. In a similar result, the 2D DOSY-
NMR spectrum of carbon dots synthesized by Wang et al
reveals that the carbon dots can be as small as 0.9 nm, which
should be classified as small molecules.®> Thus, DOSY-NMR can
be used to analyze the purity of complex mixtures to ensure
sufficient purification before characterization of carbon dots.
Based on the Stokes-Einstein equation, if carbon dots are dis-
solved in water at 25 °C, those with diameters from 3 to 10 nm
should exhibit diffusion coefficients between 2.0 x 10~ m>s™*
and 5 x 107" m>s™".

Fourijer-transform infrared (FTIR) spectroscopy and Raman
spectroscopy are powerful characterization techniques used to
investigate the surface chemistry, carbonization and functional
groups present in carbon dots.” FTIR, along with Raman
spectroscopy, identifies both sp>-hybridized carbon and func-
tional groups based on their characteristic absorption bands,
providing insights into the chemical composition of carbon
dots.®* In Raman spectroscopy, the D (= tetrahedral sp°
hybridized carbon) and G (= planar sp®> hybridized carbon)
band intensity ratio and band broadening reveal the hybrid-
ization in carbon dots, effectively indicating how carbonized or
graphitized they are. Samples with high D band intensity may
consist of sub-nm structures,* or of aliphatic polymers rather
than carbonized dots with low hydrogen content. This infor-
mation is crucial for correlating synthesis conditions with
structural properties and ultimately optimizing the perfor-
mance of carbon dots in various applications.”” While FTIR and
Raman offers a qualitative picture of the core and surface of
carbon dots, XPS is used for a quantitative elemental analysis of
the surface.

X-ray photoelectron spectroscopy (XPS) is an essential tool to
analyze the surface chemistry of carbon dots.* XPS is highly
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surface-sensitive, analyzing only the top 1-10 nanometers of the
sample, which matches the size of carbon dots (<10 nm). XPS
can precisely quantify the elemental composition of the whole
carbon dots, helping to determine the presence and concen-
tration of dopants like oxygen, nitrogen, and other hetero-
atoms.*”” XPS further enables the distinction between different
chemical states of elements, such as carbon in C-C, C-O, or
C=O0 bonds, providing insights into the functional groups
present on carbon dot surfaces. For some common elements in
carbon dots, the main peaks are summarized below, but each
peak might shift a little due to the different chemical environ-
ment the carbon dots might have. The C 1s spectrum should
contain the following peaks: C=C/C-C (284.6 eV),*® C-N/C-O
(286.1 eV),* C=N (286.3 eV)," C=0 (288.3 eV),” and 0=C-OH
(288.7 €V).” The O 1s spectrum have C=0 (531. 4 eV),”* C-O
(532.8),”> and CO-O*H (532.8 eV)** peaks. And, the N 1s spec-
trum can typically contain amino nitrogen (399.5 €V),” pyrrolic
nitrogen (400.0 eV),”* and graphitic nitrogen (400.9 eV) peaks.”

Optical spectra are typically featureless with very high
absorbance in the ultraviolet past 250 nm, gradually tapering off
with relatively (Fig. 2a), making it distinct from small mole-
cules. To estimate a typical extinction coefficient, we synthe-
sized and purified carbon dots based on ref. 73. By adopting an
average diameter of 3.2 nm based on TEM and an average
height of 1.2 nm based on AFM of a disc-shaped carbon dot, the
volume is ~12.5 nm®. Assuming a density similar to graphite
(2.26 g cm™?), we estimate an average molar mass of ~54 000 g
mol ', which also matches MS spectra. The average molar
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Fig.2 (a) UV-vis spectra of purified carbon dots at different solvent vol
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extinction coefficient in Fig. 2a therefore decreases from 1.67 x
10° M ' em™! at 250 nm to 1.4 x 10° M"' em ™' at 400 nm.
Carbon dots, especially in the UV spectral range, have much
higher absorption cross sections than dyes of similar cross
sectional area because they are internally 3-D structures with
more than one graphenic layer that contributes to absorption.
The presence of ~5 layers in a typical carbon dot of 3.2 nm
diameter with a 0.336 nm spacing between graphene layers
explains the roughly 10x greater absorption cross section when
compared to typical dyes (max. of 1.6 x 10° for dye vs. 1.5 x
10° M " em ™ for carbon dots).

When sharp features are seen in an absorption spectrum, it
generally reflects vibronic sub-bands of small-molecule impu-
rities, for example the red-fluorescent fraction in Fig. 1d of ref.
12 or the black trace in Fig. 2b shown here. In particular, we
have investigated a number of fluorescent carbon dot fractions
from different precursors treated by solvothermal synthesis or
top-down synthesis, and found that the fluorescence is often
associated with small molecules; a good example is the ‘red’
carbon dots discussed in ref. 35, whose actual fluorophore
phenazine was identified in ref. 14. Fig. 2b-d shows another
example from a different type of synthesis: MS reveals the
presence of small molecules in the purified product, and TEM
shows no significant fraction of carbon dots in the fluorescent
product. The synthesis does produce carbon dots, but the
fluorescence comes from small molecule impurities not suffi-
ciently removed by the dialysis and silica gel chromatography
purification protocol. Thus great care should be taken when
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3rd batch of carbon dots in ref. 65. Accurate absorbances were extracted using the Beer—Lambert law. (b and c) The problem of spurious
fluorescence can even affect high-yield carbon dot syntheses: (b) UV-vis absorption (black) and fluorescence (blue, excited at 365 nm) spectra
taken from a product where we replicated the 'b-GQD’ blue-fluorescent graphene quantum dot synthesis and purification protocol from ref. 66.
(c) Mass spectrometry of the fluorescent product reveals that the fluorescence-active material in the product mixture consists of small molecules
with molecular mass under 1000 Da. (d) TEM image of the fluorescent-active material reveals that no nano-sized carbon dots can be found in the
fluorescent fraction.
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exciting structured regions of carbon dot absorption to probe
emission, making sure that the feature in the absorbance
results from a moiety attached to the dot, not from a freely
diffusing small molecule.?

Carbon dots have a wide range of bulk quantum yields, with
the highest reliable measurements (i.e. not due to small mole-
cule byproducts) generally around 10 to 50%.”° When absorber
(core of the dot) and emitter (surface groups) are separated, for
example the blue to green dots in ref. 77, fluorescence can be
size-independent.”® Energy transfer from the core to the surface
occurs in picoseconds, populating fluorescent surface states.>
Internal conversion or intersystem crossing lower the quantum
yield of carbon dots, and this aspect represents an area where
single particle studies can provide much assistance. Surface
oxidation can increase the quantum yield of carbon dots,” and
other modifications such as PEGylation of carboxylates on the
surface have also been reported to increase quantum yield,*
although we have found rather modest changes when we
reproduced such experiments.

In summary for Section 2.4, to conclusively verify the
absence of small molecular byproducts, a comprehensive
analytical approach is necessary. "H NMR should be cross-
checked with a combination of additional techniques such as
Mass Spectrometry in both the low (<1 kDa) and high (>30 kDa)
range, High-Performance Liquid Chromatography (HPLC), and
complementary NMR methods such as *C NMR, DOSY-NMR to
ensure thorough purification.’”®**' Sharp features in highly
sensitive UV-vis absorption spectra, often indicative of small
molecule vibronic progressions, should be viewed with caution,
and there change of intensity with respect to broad background
absorption after a purification step indicates continued pres-
ence of small molecules. In such a case, single particle spec-
troscopy such as measurements of the diffusion constant can
identify even very low concentrations of small molecule
contaminants.®* We thus turn to single-particle measurements
next.

3 Carbon dots: single-particle
properties
3.1 Photon-based probe techniques

While single molecule spectroscopy is more powerful than bulk
measurements for heterogeneous nanomaterials like carbon
dots, bulk absorption, fluorescence, and quantum yield
measurements nonetheless form an important basis for further
characterization, as long as they can be carried out on purified
samples free of small molecules and oligomers, as discussed in
the previous section. In addition to improving quantum yields,
the origin of the carbon dot emission and its wavelength
tunability have received considerable attention,* as under-
standing the emission mechanism would allow for rational
color tuning and optimized yields. While different mechanisms
have been suggested based on single particle
spectroscopy,'”**®# with the majority involving radiative
recombination of charges localized in surface states, a compre-
hensive molecular level picture is still missing due to the
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difficulty of correlating chemical structure to optical properties,
as also further elaborated below in our discussion on modeling
carbon dots. Nevertheless, especially single carbon dot emis-
sion spectroscopy has been able to at least partially resolve
some of the unusual trends observed by bulk fluorescence
spectroscopy, such as the excitation wavelength dependence of
the carbon dot emission spectra.'”**%

For bulk spectra the emission maximum redshifts as the
excitation wavelength is increased, implying that either the
ensemble carbon dot solution is comprised of a collection of
dots that can be photo-excited selectively and as a sum then add
up to the ensemble spectrum, or that each carbon dot itself
supports several chromophores with varying excitation ener-
gies, as well as of course a combination of these two possibili-
ties. Early work that resolved single carbon dot spectra found
that the spectra recorded at room temperature are narrower
compared to the bulk spectrum and have maxima that are
randomly shifted, covering the range of the ensemble results
(Fig. 3a). These carbon dots were produced by microwave
synthesis from sucrose and PEG. From the single particle
spectra, it was furthermore possible to resolve a lower energy
shoulder with an energy separation of 70 to 150 meV with
respect to the main emission peak. This lower energy band was
assigned to the excitation of optical phonons coupled to radi-
ative charge carrier recombination; a detail otherwise hidden
within the broad ensemble spectrum. This work therefore
concludes that the ensemble heterogeneity and resulting exci-
tation wavelength dependence originates from inter-dot varia-
tions, as further illustrated by exciting the same dot with both
467 and 488 nm (Fig. 3b). In fact, it is argued that these carbon
dots consist of only one chromophore that is excited and likely
the same one emits again based on excitation and emission
polarization measurements that resolved individual and
importantly parallel absorption and emission dipoles, which
are fixed and do not re-orient based on repeated imaging.

Although it appears generally accepted that inter-dot
heterogeneity contributes to the ensemble emission spectrum
and can explain the excitation wavelength dependence, a more
recent study provides evidence that each carbon dot itself can
support multiple chromophores that are selectively excited with
different wavelengths.?” Using a broader range of excitation
wavelengths, single carbon dots prepared under refluxing of
chloroform and diethyl amine were measured successively with
638, 488, and 405 nm laser light. While blue emission with
405 nm excitation was seen for all of the five carbon dots in
Fig. 4c, the majority of dots also displayed green emission with
488 nm excitation, while one supported distinct blue, green,
and red emission for all three excitation wavelengths. Impor-
tantly, adding up many single dot emission spectra measured
for these three excitation wavelengths separately reproduced
well the excitation wavelength dependent bulk fluorescence
spectra. Hence, dot-to-dot emission peak dispersion as well as
individual dots supporting multiple and different chromo-
phores can play a role.

It is important to highlight that despite the differences seen
in these two studies, the number of different chromophores is
small. Thus, isolating the chemical nature of the emitting
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(a) Ensemble emission spectrum of carbon dots in water (1) and single particle photoluminescence spectra of four carbon dots on glass

(2-5). The inset is a photograph of the ensemble solution excited with 488 nm seen through a long-pass filter. Also given are the separations
between zero-phonon and phonon-assisted emission bands. (b) Single particle emission spectra of five carbon dots on glass. A 20 MHz white
light laser system with tunable filters excited the same dots with wavelengths of 467 nm (red) and 488 nm (black) individual carbon dots did not
show an excitation wavelength dependence suggesting that sub-ensembles of carbon dots with one chromophore are responsible for exci-
tation-dependent emission seen in ensemble spectra.’’ (c) Single particle emission spectra of five carbon dots taken on a homebuilt widefield
fluorescence microscope. Emission image (left) visualizing the spectra (right) taken from the particles within the ~1 um slit of the spectrometer.
Excitation with 405 nm (blue), 488 nm (green), and 638 nm (red) continuous wave lasers reveal an excitation-wavelength dependence of the

emission for individual carbon dots.®?

centers at the single dot level could therefore tremendously
accelerate our understanding of their optical properties, espe-
cially when coupled with high throughput measurements and
theoretical modeling, as mentioned further below.

There are also some studies claiming the absence of any
heterogeneity between single particle spectra as well as in
comparison to the ensemble spectrum, potentially because
their preparation strategies either produced homogeneous

4202 | Chem. Sci, 2025, 16, 4195-4212

molecular aggregates of chromophores, or predominantly
emission from individual molecular precursors. In ref. 82 and
83 in particular, which uses benzene-1,2-diamine as
a precursor, the spectra attributed to carbon dots actually match
the small molecule phenazine, explaining the complete absence
of heterogeneity.

Finally, it should be noted that in the few studies recording
single carbon dot emission spectra, no evidence for spectral

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) Single carbon dot emission intensity trajectories excited with
561 nm for oxidized (left) and reduced (right) carbon dots, showing
examples of carbon dots with only one (top) vs. multiple (bottom)
intensity levels before single-step bleaching. Electrochemical reduc-
tion fills trap states, increasing the number of emitters and total
emission counts.® (b) Single particle fluorescence intensity trajectories
of synthesized carbon dots and small molecules found in the carbon
dot solution. The left panel displays trajectories for carbon dots made
from three different precursors distinguished by the blue, teal, and
green data. The right column contains the data for the small molecules
found in the corresponding carbon dot solution. On the right side of
each panelis an intensity histogram, further illustrating that the carbon
dots exhibit multistate state behavior (red) with single-step bleaching
while the molecules only show one intensity before turning off.** (c)
Single particle fluorescence intensity trajectory with several fluores-
cence lifetime resolved blinks and single-step bleaching. The bottom
panel contains the trajectory with each emission event labeled by
numerals. The fluorescence lifetime shown in the panel above was
extracted from the decay associated with each event. The average
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diffusion has been given so that it is not clear from the analysis
of spectra if for carbon dots supporting multiple emissive sites
energy transfer between them is possible. Likely low tempera-
ture emission spectroscopy is needed to understand if spectral
diffusion indeed occurs in carbon dots. A technically easier
approach to understand the existence and coupling of multiple
emitters on the single dot level is to record emission transients
to characterize blinking and bleaching, both hallmark attri-
butes of single-molecule and single-particle spectroscopy.®**’

For single molecules, emission blinking and bleaching refer
to the intermittent and permanent decrease of the intensity to
the background level, respectively,®**®” often observed in
a digital on-off behavior for the former. Bleaching occurs due to
irreversible photochemistry that renders the fluorophore non-
emissive, while blinking for single molecules typically involves
the transient population of a dark state such as a spin triplet
that non-radiatively returns to the ground state, thereby
enabling the recovery of the bright singlet state. Although based
on slightly different mechanisms, blinking and especially
single-step bleaching has also been observed for a variety of
inorganic and organic nanomaterials, like semiconductor
quantum dots,®*®* conjugated polymers,”® and carbon
dots.®***** For single chromophoric systems, single-step photo-
bleaching as a sudden permanent intensity turn off appears
trivial, but yet represents a tremendously important proof that
indeed a single object, and not an aggregate, is measured. For
multi-chromophoric systems such as multiple uncorrelated dye
labels,* discrete intensity jumps corresponding to individual
bleaching events can be used to count the number of emissive
units. However, a concerted photobleaching even for many
chromophores has surprisingly been observed for systems like
conjugated polymers,” where the excitation energy is often
funneled into one bright chromophore that eventually
undergoes single-step photo-bleaching turning the entire
nanomaterial dark, i.e. a photogenerated dark state quenches
all chromophores.

Indeed, single-step photobleaching has also been reported
for the majority of single carbon dot studies, regardless of
evidence for single emitting sites or multi-chromophoric
systems. The latter explanation was invoked based on the
fluorescence transients recorded for oxidized and reduced
carbon dots that were prepared from nanodiamond powders.*
Oxidized carbon dots mainly displayed one emission intensity
level, while the reduced carbon dots primarily showed multi-
level behavior (Fig. 4a). However, for all carbon dots in
oxidized and reduced forms both trends were seen, as indicated
by the percentages in Fig. 4a. It was suggested that the increase
in multi-level emission and with it an overall increase in total
photon counts is related to the electrochemical reduction of the
carbon dots, filling trap states and hence reducing non-
radiative pathways.

Our recent single-particle fluorescence imaging of carbon
dots in comparison to their molecular precursors also revealed

lifetime from each of the five events in the trace is 2.0 ns and implies
that throughout the trace the emitting moiety remained the same
despite the change in total intensity.8
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more complex, multi-level emission transients, indicative of
multiple, albeit few chromophores for some dots, while the
single molecular precursors displayed the expected one inten-
sity level blinking and bleaching behavior (Fig. 4b). The
assignment of multiple intensity levels to multiple chromo-
phores coupled with single-step photo-bleaching implies that
these chromophores must be electronically coupled. More work
is needed though to decipher the underlying energy and charge
transfer processes.

A different interpretation for multiple emission intensity
levels has emerged by a study that correlated emission intensities
with lifetimes. Carbon dots synthesized from urea and p-phe-
nylenediamine by a hydrothermal method displayed at least two
levels with distinct emission intensities. However, their mono-
exponential lifetimes were always similar for the same dots
(Fig. 4c), implying that the emissive site was the same. The lower
intensity level was therefore assigned to a gray state based on the
following mechanism that was developed also from the observed
power law behavior of emission on and off times. Quenching by
Dexter-type electron transfer to surface groups modulates the
emission intensity between bright, gray, and off states, while
electron transfer from the core to the surface restores the bright
on state. It was further argued that only one surface chromophore
with a fixed orientation exists per dot and that it is excited
directly, as obtained from polarization sensitive imaging.

Regardless of the photo-blinking mechanism, its presence has
allowed for the application of carbon dots in super-resolution
imaging. Taking advantage of their stochastic blinking, one can
super-localize individual carbon dots to a few tens of nanometers
by point spread function fitting even for densely labeled biolog-
ical systems as not all carbon dots are bright at the same time.
Furthermore, photoactivation with a 401 nm laser was demon-
strated after exciting carbon dots with a 639 nm laser, which
causes emission but also produces a dark cationic state that is
recovered with blue light. This dynamic behavior is ideal for
implementing photo-activation strategies that have been devel-
oped for super-resolution imaging techniques.

In summary, single-particle optical emission spectroscopy
presents a powerful approach to remove or at least reduce the
heterogeneity intrinsic to bottom-up synthesis of carbon dots and
therefore allows underlying mechanisms to be established. In
addition to heterogeneity within the same sample batch, one
should also ask about reproducibility of not only synthesis
methods, but also optical properties determined by single-
particle methods for carbon dots prepared by accepted,
common processes. Unfortunately, there have not been enough
single-particle emission studies reported to compare results for
similarly prepared carbon dots. Specifically, for the results
highlighted in Fig. 3 and 4, the carbon dots were synthesized
from sucrose and polyethylene glycol in a microwave," refluxing
of chloroform and diethylamine,** high temperature annealing of
nanodiamond powders in a furnace,* and by combining urea
and 0.2 g of p-phenylenediamine in an autoclave.®* These vastly
different synthesis methods, likely resulting in carbon dots with
quite different chemical compositions and structures, explain
why dissimilar and even contradicting optical studies have been
reported (Fig. 3 and 4), even if common features like photo-
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blinking has been observed in the majority of studies. More
work is therefore needed to test reproducibility among several
labs for carbon dots made by one or a few standard and agreed-
upon methods. We further note that this issue has also been
encountered in other areas of nanoscience and it took improve-
ments in both synthesis and characterization to establish best
protocols as well as reproducible optical, magnetic, and elec-
tronic properties that then can be accurately modeled.

3.2 Electron-based probe techniques

To verify the dimensions and shape of carbon dots, single
particle transmission electron microscopy has proved invalu-
able. Although observation of nanoparticles by TEM does not
guarantee that bulk optical properties of a sample originate
from such particles made in low yield, it is important as a gold
standard to verify that nanoparticles are at least present, and
surprisingly often neglected in the carbon dot literature. While
a layered crystalline structure is frequently observed for top-
down dots, bottom-up syntheses yield more amorphous prod-
ucts. Nonetheless, regular lattice spacings have been observed,
for example in urea/phenylenediamine-based carbon dots made
by hydrothermal synthesis where a 0.21 nm lattice spacing
characteristic of (100) graphene layering was observed.” As
discussed in Section 2, TEM is an excellent tool for size-
distribution characterization. While top-down crystalline
carbon dots can have sharply peaked (as low as +3%) size
distributions, bottom-up carbon dots also often have narrow
size distributions (+10%), e.g. o-carbon dots in ref. 14. This
distribution is not as narrow as for quantum dots, but still
suggests that homogeneous nucleation and capping by oxida-
tion (heteroatoms localized on the outer shell of carbon dots)
controls the size of carbon dots in solvothermal synthesis.*

Single particle AFM and STM measurements also provide
valuable information on shape and electronic structure of
carbon dots. In particular, high resolution AFM in tapping
mode, which relies on Pauli exclusion (degeneracy pressure) to
measure repulsive walls of intermolecular electronic potentials,
has revealed highly structured carbon dot aggregation on
surfaces, producing either rod-like or ring-like oligomers.**
Individual carbon dots in the aggregates can be made out when
~10 nm diameter dots were synthesized. While AFM, unlike
TEM, cannot be used to reliably determine particle diameters, it
is complementary to TEM because it can be used to estimate
particle heights. Thus, tapping mode AFM has shown that some
bottom-up-syntheses indeed produce multi-layered particles in
the 2-4 nm height range, as opposed to graphene-like single-
layer discs.”

Scanning tunneling microscopy current-voltage (I-V) curves
in particular reveal that bandgaps are inhomogeneously
distributed over carbon dots.”> In dots derived from benzene
tetracarboxylic acid and diaminofluorene,” bandgaps
measured by STM over the bulk lie in the 5 eV range (UV
absorption), whereas at isolated surface sites bandgaps in the
1.8 to 2.1 eV (red to blue fluorescent surface sites) are observed
(Fig. 5a and b). This evidence supports the idea that the bulk of
the carbon dot has a bandgap in the UV region, whereas surface-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Carbon dot emission is a core — defect interaction. (a) STM image of optical defect excitation: (i) STM topography; (i) SMA-STM reveals
a localized excited defect with laser excitation; (iii) the defect is not visible without laser excitation. (b) STM position-resolved /-V curves

determine that there are two main spatial components (yellow in the middle figures) in the optical transition: a core transition with a bandgap of
5 eV that encompasses the whole carbon dot; and surface defect sites with a smaller bandgap of =2.1eV.*2 (c) Time-resolved SMA-STM resolves
the picosecond lifetime of the optically excited defect. Carbon dots (1) and (2) settle into a long lived (>200 ps) excited state, whereas dot (3)
swiftly decays back to the ground state. The longer-lived excited states have the opportunity to fluoresce with high quantum yield, whereas the
dots with short excited-state lifetime reduce the average quantum yield of the bulk sample®® Adapted with permission from ref. 12 (panels (a) and

(b)) and 50 (panel (c)).

modified sites can have smaller bandgaps that lead to visible
fluorescence. pH sensitivity shows that the dots contain
phenolic or carboxylate groups at the surface. It is worth noting
that the reddest-fluorescing fraction of these carbon dots puri-
fied using chromatography contains a sharp absorption band
probably due to a small molecule.

SMA-STM (single molecule absorption STM) experiments, in
which the nanoparticle under the STM tip is excited by a laser,
and the tip probes how the tunneling current is modulated by
nanoparticle electrons that occupy excited state orbitals, also
shows that there are localized surface excitations on some
carbon dots. For blue benzene tetra-acetic acid/
ethylenediamine-derived dots, SMA-STM reveals that localized
electronic density on the dots corresponds to bandgaps of about
2.6 eV, closely aligned with the 477 nm observed fluorescence.*

© 2025 The Author(s). Published by the Royal Society of Chemistry

Time-resolved SMA-STM (Fig. 5c), in which a femtosecond
pump-probe laser pulse sequence excites and then depletes an
excited state orbital, thus modulating tunneling current
through the carbon dot into the substrate, demonstrated that
absorbed energy is transferred form the core to localized (<1
nm) surface states in a few picoseconds.* Two types of surface
states were found: ones with a >200 ps lifetime, and ones with
a <10 ps lifetime. This result suggests that the bulk quantum
yield observed for such carbon dots could come from a mixture
of very high quantum yield dots with long-lived surface states
that fluoresce, and very low quantum yield dots with surface
states that decay via nonradiative processes such as internal
conversion from the excited surface electronic state back down
to the vibrationally excited ground state (see next section on
electronic structure calculations).
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Despite the power of single dot imaging and spectroscopy to
provide detailed insights into their structure as well as their
electronic and optical properties, two main challenges exist
going forward in order to relate observables with theory and
mechanistic models: first, the higher complexity of single
particle measurements compared to standard ensemble
measurements typically implies that for a particular sample
only one or a few observables are recorded on an already chal-
lenging setup, such as, for example, radiative properties only
deduced from emission microscopy vs. electronic bandgaps and
absorption by SMA-STM. This point is evident from the limited
number of single dot studies performed to date. Ideally, highly
multi-modal acquisition should be developed to record simul-
taneously several observables that are intimately linked and
needed to acquire a comprehensive picture of the photophysics
and photochemistry of carbon dots, especially as this knowl-
edge can in turn be used to optimize carbon dot synthesis. In
particular, closely linking absorption with emission for the
same single carbon dot promises to yield tremendous new
insights with respect to unwanted non-radiative relaxation
pathways as well as the possibility to directly determine abso-
lute emission quantum yields on a single dot level. In fact,
a clever ensemble cavity spectroscopy approach that quantifies
yields through the distance dependent modulation of the
radiative lifetime has shown that the bulk emission quantum
yield obtained by comparison to standards underestimates the
true quantum yield of graphene dots due to the presence of non-
emissive dots.”® Another challenge is to directly and continu-
ously connect the ultrafast transient absorption dynamics on
the picoseconds timescale with the slower emission lifetimes
occurring over several nanoseconds.

Second, in conjunction with multi-modal imaging it is
imperative that data throughput is drastically increased to
establish the behavior of hundreds to thousands of carbon dots
and potentially even more so that patterns can be identified
together with outliers that can prove to be equally important for
the understanding and optimization of carbon dots. Multi-
modal instruments must therefore be automated to run inde-
pendent of slow user input and ideally even incorporate in situ
analysis that forms the feedback for measurement control,
establishing in an autonomous way when enough dots, large
enough signal-to-noise, or a sufficiently long transients have
been acquired. Machine learning methods to control such
smart microscopes are undoubtedly a major asset as long as
their analysis algorithms remain grounded in physical models.
The challenge of automation is not unique to carbon dots.
However, given the diversity in synthesis procedures and the
still unknown structures together with the multitude of possible
chemical surface groups, high throughput is clearly needed to
investigate different carbon dot samples in various environ-
ments (e.g., pH) or oxidation states. Tackling this large sample
parameter space on the single dot level will only be possible
through clever measurement automation, which needs to occur
together with the speedy analysis of large data sets as well as
theoretical modeling, a topic that is reviewed next.
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4 Carbon dots: electronic structure

Given the two-fold capabilities to adjust synthetic methods to
tune carbon dot properties and to make spatially-resolved
spectroscopic observations of the resulting dynamics, the
ability to directly map atomistic structure to function feels
tantalizingly close. Electronic structure simulations can provide
an important missing link. Simulation studies to date paint
a complex picture of the electronic structure of carbon dots, in
which their properties arise from networks of chromophores
that exchange energy and charge via numerous pathways.” %
Yet carbon dots push standard simulations tools to their limits,
given that bottom-up carbon dot materials can only be
described in terms of large ensembles of disordered structures.
These limitations are driving the development of new compu-
tational tools that work hand-in-hand with experiment to define
and explore large ensembles of carbon dot structures for
comparison with experiments.

For nanoscale systems like carbon dots, density functional
theory (DFT) and its excited state extension, time-dependent
density functional theory (TDDFT), remain the primary work-
horse electronic structure methods, owing to the balance
between accuracy and computational cost that they provide. A
DFT calculation takes as input a precise molecular structure
and provides as output a prediction of any of a number of
molecular properties—total energy, optimized molecular
structure, electronic density of states, etc. TDDFT can go a step
further and provide information about electronic excitations,
e.g. absorption/emission energies and oscillator strengths. In
a sense, a single DFT calculation is similar to a single particle
experiment. They both provide the properties of a single unique
structure, drawn from the ensemble of possible structures.
However, unlike in the experimental case, in the context of
a DFT calculation the precise atomistic structure is known and
may be chosen by the scientist.

One may therefore design their own computational experi-
ments, by varying the atomistic structure in thoughtful, well-
controlled ways and observing the resulting change in proper-
ties. For example, as can be seen in Fig. 6a, simulations of
idealized carbon dot structures with highly conjugated sp” cores
have indicated the existence of quantum confinement effects,
akin to those observe in inorganic quantum dots.*** In dots with
mixed sp?/sp® character, it is the size of the sp> domains that
determine the excitations energies.'*'**'* Computational
experiments on small single-layer dots indicate that graphitic N
defects significantly shift the lowest absorption bands of carbon
dots (Fig. 6b),'*>''® and that surface functional groups can
impact the luminescence via charge transfer to/from the sp*
core.'*t"14112 A thorough overview of specific heteroatom effects
can be found in the nice perspective article by Yu, et al.*®

Density functional calculations also allow us to approximate
and observe the electronic wave function itself, providing
information that is not observable experimentally.'** Where
single particle luminescence measurements provide informa-
tion about the transition dipoles and SMA-STM experiments
can provide nanoscale spatially resolved information about

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electronic excitations, simulation provides a picture of the
electronic excitations on sub-atomic length scales. For example,
even in relatively ideal dots, heteroatom defects both at the
surface and in the core can indirectly cause the excitations to
localize by breaking the planarity of the system (Fig. 6¢).*°¢1%
Calculations of realistic carbon dots comprised of multiple
conjugated subunits demonstrate that nearly any conceivable
contact between conjugated units (covalent, stacked, hydrogen
bonded, etc.) can introduce electronic coupling (Fig. 6d).**"'**
The picture of the electronic structure of carbon dots that
arises from these theoretical studies and the single particle
experiments described above is quite complex. In the rare case
of a perfect sp*>-conjugated layer, excitons may be delocalized
over the entire dot. But in the more realistic case, the disordered
and defective atomistic structures of bottom-up carbon dots will
have excitations that are localized to smaller chromophores.
Each such unit is electronically coupled to its neighbors
through covalent linkers (conjugated or not), hydrogen bonds,
m-stacking, or other intermolecular interactions, introducing
a complex three-dimensional network of energy and charge
transfer pathways. It is these pathways that control the exciton
dynamics, and the ultimate fate of an electronic excitation: does
it decay radiatively or nonradiatively? If radiatively, at what
wavelength and which lifetime? And the answers to these
questions may not be static. Weak intermolecular interactions

© 2025 The Author(s). Published by the Royal Society of Chemistry

allow both thermal and photochemical rearrangements, which
may dynamically modify the energy landscape so as to favor one
pathway over another.®> Additionally, one must consider that
the ensemble of experimentally realizable carbon dots is vast.
Each carbon dot is likely to be unique, like a snowflake, with its
own set of energy transfer pathways. It is only by averaging over
a massive ensemble of such structures that the macroscopic
behavior may be understood. In fact, considering an ensemble
of carbon dot structures differing only in the fraction of sp?
hybridized carbons, Kundelev et al. account for two of the more
idiosyncratic features of experimentally observed carbon dot
luminescence: large Stokes shift and strong excitation wave-
length dependence (Fig. 7a).'*

Considering this picture, it is clear that the close connection
between atomistic structure and function is both the great
strength and the most limiting feature of DFT-based computa-
tional experiments. DFT is well suited for designing experi-
ments based on minor variations of an ideal system. But on its
own, DFT does not compute ensemble properties unless it is fed
an ensemble of structures and a proportionally large allotment
of computer resources. Without the ability to investigate
ensemble properties, we are limited in the questions we can ask
and in the connections we can draw between simulation and
experiment.
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In plotting a path forward, we must ask how we can deter-
mine an experimentally realistic ensemble of possible struc-
tures for subsequent analysis. It might be tempting to use
simulation to determine realistic structures, but with current
technology, this is impossible. DFT is extremely useful for pre-
dicting the thermodynamic properties of materials. For
example, it is widely used to predict the presence and stability of
defects in crystalline materials,"® and it has been used to great
effect to explore the structural ensembles of heterogeneous
catalysts.'”” But carbon dots have less in common with relatively
labile inorganic materials than with organic molecules. As in
a typical organic synthesis, the goal of carbon dot synthesis is
not to achieve thermodynamic equilibrium, but rather to
kinetically trap a thermodynamically unstable arrangement of
atoms with desirable properties. Structural determination by
direct simulation of the synthetic process, which may last

4208 | Chem. Sci,, 2025, 16, 4195-4212

several hours and involve an astronomically large network of
chemical reactions, is not presently feasible. Thus, the path to
determining the structural ensemble cannot rely on theory
alone, and instead must incorporate experimental data and/or
knowledge of the synthetic procedure.

We have recently used experimental hints at the structural
ensemble to elucidate surprising differences between the
luminescence observed from carbon dots synthesized under
similar conditions from three precursors: ortho-, meta-, and
para-diaminobenzene. Obviously, if these three stoichiometri-
cally identical systems were brought to equilibrium, the
resulting carbon dots would have identical structural ensem-
bles and properties. However, dramatic differences in the
luminescence are observed. Carbon dots synthesized from m-
diamino benzene (m-carbon dots) exhibit strong excitation
wavelength dependence, where o- and p-carbon dots exhibit

© 2025 The Author(s). Published by the Royal Society of Chemistry
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almost no dependence (Fig. 7b right and left, respectively).*
This behavior suggests that m-carbon dots include a much
wider variety of emitting states than o- and p-carbon dots.
Having observed the presence of a few small-molecule inter-
mediates (different phenazine diamines for o- and p-carbon
dots and 2-methylquinolin-7-amine for m-carbon dots), we
generated small ensembles of larger o-, m-, and p-carbon dot
structures constructed from the appropriate precursor units.
Fig. 7c indicates that computed o- and p-carbon dots’ lumi-
nescence wavelengths are very insensitive to particle size,
whereas those for m-carbon dots exhibit more typical quantum
size effects. Analysis of the electronic structure indicates that
graphitic N defects in o- and p-carbon dots break the conjuga-
tion, resulting in very localized excitons with size-insensitive
emission. In contrast, N defects in m-carbon dots tend to be
on the edges of the flakes, allowing for delocalized core excita-
tions with size-sensitive emission.

In this case, we took a synthesis-centered approach and
chemical intuition to generate a small structural ensemble. But
ideally tools would exist to take advantage of all available
experimental information. A natural path forward would be to
use multi-experimental datasets in conjunction with artificial
intelligence (AI) to generate and sample from large, unbiased
structural ensembles. To date, efforts to incorporate Al into the
design loop have been focused on linking synthetic parameters
(e.g. precursor, solvent, temperature) to function (e.g. lumines-
cence color and yield).”*"'**>> These studies indicate that AI
provides a useful framework for predicting the properties of
not-yet-synthesized carbon dots. However, these approaches
focus on linking synthetic procedure directly to macroscopic
properties, without consideration of the ensembles of atomistic
structures underlying this relationship. Thus, they cannot
provide physical understanding in the form of causal structure-
function relationships, which remains the central goal of
physical nanoscience.” Incorporating a representation of the
structural ensemble would enable development of such phys-
ical understanding. In this sense, AI could be leveraged to
enable deeper physical understanding, rather than replace it.

Once one has the tools to generate realistic structural
ensembles, a second roadblock arises when one wishes to
predict the properties of massive ensembles of carbon dots—
many properties are difficult to compute efficiently enough to
apply to an entire ensemble of structures. Computing the
absorption wavelength of thousands of small (1 to 2 nm) carbon
dots would be fairly routine with modern electronic structure
software, but computing non-radiative rates, emission line-
widths, charge/energy transfer pathways, and many other
dynamical properties would not be. Thus, a deep understanding
of the relationship between structural ensembles and function
in carbon dots also depends on the development of highly
efficient tools for simulating photophysical outcomes without
explicitly computing large numbers of expensive ab initio
molecular dynamics simulations. With these critical needs in
mind, carbon dots offer fertile soil for ongoing computational
method development efforts.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5 Outlook

Bottom-up (and top-down) carbon dots are a class of mainly
carbon-based materials with several interesting optical and
electronic properties. Like other organic materials, they can be
less toxic to cells or tissues than quantum dots. They also can be
sensitive to pH due to the surface origin of fluorescence
involving (de)protonatable groups such as -COOH/-COO™ in
many cases. Still, why pursue carbon dots for practical uses?
Unlike small organic dyes, their extinction coefficients can
stretch into 10° M™" em™" range, putting them among the
strongest known absorbers per cross-sectional area. As single-
molecule studies have shown, their larger surface is amenable
to housing multiple chromophores, which can increase the
resistance to total bleaching compared to single dyes. Their
fluorescence properties can be independent of size, in principle
allowing dots of different colors to form uniform films if size
can be controlled to <5% variation. However, care must be taken
particularly for bottom-up dots (much less so for top-down dots)
that small molecule synthesis byproducts do not obscure the
optical properties. Sharp peaks in UV-vis absorption spectra
should lead the researcher to caution and use of a carefully
chosen battery of NMR, mass spectroscopy, chromatography
and dialysis to purify samples to the point where dot fluores-
cence exceeds the fluorescence of synthesis intermediates.
Carbon dots are inherently heterogeneous systems with
particle-to-particle differences, but modern electronic structure
calculations have reached the ability to analyze such flaws. Such
calculations reveal how fairly similar surface structures can lead
to a wide range of fluorescence emission peaks, or how seem-
ingly very similar precursor isomers can lead to very different
dot structures and properties. Single molecule measurements
have shown that some structures have very desirable properties
(e.g. string absorption and near 100% quantum yield with low
bleaching), but there is a large gap with bottom-up synthesis:
although the latter has the promise of making chemically
tailored structures even for very large molecules, we need to
understand the structure-function relationship much better
than we currently do to make targeted improvements in
synthesis.
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