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Owing to their extraordinary photophysical properties, carbon dots (CDs) have found applications across
various fields, including bioimaging, sensing, and environmental research. Despite huge application poten-
tial, the fabrication of CDs still lacks the desired control at the molecular level, and precise structural regu-
lation towards property-tailored CDs remains elusive. The mechanistic details of nucleation, growth, and
carbonization processes leading to CDs are still unknown, with key thermodynamic and kinetic parameters
yet to be revealed. Herein, we performed quantum chemical calculations of explicitly micro-hydrated reac-
tion systems to thoroughly explore the mechanism of a prototypical reaction of citric acid and ethylenedia-
mine. The theoretical results showed activation barriers and thermodynamics along the reaction pathway,
thus helping identify key heterocyclic intermediates and cyclization products. The cyclization and conden-
sation reactions were further simulated via a reactive molecular dynamics protocol, suggesting potential
growth scenarios and generating plausible structures for further exploration of the polymerization and car-
bonization processes. The theoretical calculations were cross-validated with NMR and MALDI-TOF
measurements. The data obtained provide a comprehensive deterministic insight into the initial stages of
CD formation, revealing new reaction intermediates and pathways, and rationally predicting the formation
of specific structural arrangements of premature CDs. The presented deterministic approach represents an
important step towards rational bottom-up design of these unique fluorescence systems.

Introduction

Carbon dots (CDs) represent an outstanding class of photo-
luminescent (PL) nanomaterials with diverse applications
such as bioimaging, sensing, photocatalysis, and anti-
counterfeiting."”® CDs can be conveniently fabricated in large
quantities via either top-down procedures from larger carbon
sources (e.g., graphite, amorphous carbon, and carbon nano-
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tubes) or bottom-up synthetic techniques from cost-effective
molecular precursors or even biomass and waste through
simple chemical processes.” Their accessibility, biocompatibil-
ity, and non-toxic nature make them highly attractive and sus-
tainable nanomaterials. The rational design of CDs is however
largely hampered by the lack of detailed information concern-
ing their structural features at the atomistic level."

The exact classification of CDs is debatable due to blurred
boundaries among individual sub-classes; however, four cat-
egories, i.e., graphene quantum dots (GQDs), carbon quantum
dots (CQDs), carbon nanodots (CNDs), and polymer carbon
dots (PCDs) are usually listed."'""> The chemical complexity

This journal is © The Royal Society of Chemistry 2025
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of CDs further hinders their accurate classification and precise
characterization. Usually, two parts of CDs, ie., a core and a
surface shell, can be distinguished. Depending on fabrication
procedures, the core can exhibit a variable degree of disorder.
On the one hand, there are highly disordered PCDs and CNDs
with an amorphous core; on the other hand, there are ordered
GQDs, CQDs, and some CNDs with a crystalline core, resem-
bling (doped) graphene/graphite with abundant sp>-hybridized
carbon atoms." The less structured surface shell usually com-
prises sp’>-hybridized carbon atoms and various functional
groups depending on the precursors, reaction conditions and
post-processing modifications. Besides structurally variable
CD domains, small heterocyclic molecular fluorophores (MFs)
can be produced using bottom-up synthetic approaches.'*™®
They can be attached, embedded or covalently linked to CDs,
largely affecting their structure and optical properties. MFs
often exhibit intense fluorescence, contributing to the exci-
tation-independent emission of CDs.

The large variability and heterogeneous nature of CDs bring
significant challenges to the experimental characterization of
their structure. Despite the application of advanced separation
techniques, achieving uniform size distribution and structural
uniformity remains a critical issue.'® Spectroscopic techniques
such as X-ray photo-electron spectroscopy, Fourier-transform
infrared spectroscopy (FTIR), Raman spectroscopy, nuclear
magnetic resonance (NMR), and light-induced electron para-
magnetic resonance spectroscopy provide valuable insights
into the presence and abundance of specific structural features
of CDs.?*"** However, this information is averaged across the
ensemble, preventing direct attribution to specific structural
features. Microscopic techniques such as high-resolution
transmission electron microscopy and atomic force
microscopy provide direct evidence of carbon nanoparticles.
However, their current capabilities do not allow for atomically
resolved imaging of CDs.**® On the other hand, compu-
tational chemistry tools are indispensable for understanding
structure—property relationships applicable to CDs.””*® Yet,
even the most sophisticated theoretical approaches require
accurate CD models to generate reliable data. To address the
problem of limited information on the CD structure, various
strategies for model development have been applied. These
include the construction and re-optimization of ad hoc mole-
cular models by quantum mechanics (QM) methods.?” >
Classical molecular dynamics (MD) simulations were also
applied to analyze the dynamics and aggregation of CD frag-
ments into multilayered self-assemblies,*>**7*> oligomeric net-
works,*® and highly disordered amorphous CD structures.®”
Although these models reflect relevant information gained
from experiments, they still remain tentative without direct
experimental validation.

Deterministic analysis of the reaction mechanisms leading
to the formation of CDs represents an alternative strategy for
identifying plausible chemical structures and deciphering the
structural features of CDs. It can provide an overview of the
entire process and help us understand how reaction con-
ditions affect the structure and composition of the products,
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which is crucial for the rational design of CDs with specific
characteristics. The formation of CDs is undoubtedly a
complex process involving competitive reactions of precursors
and intermediates, aggregation, polymerization, and
carbonization.'*®? Each of these reaction steps is challen-
ging to model and requires appropriate computational tools
for accurate representation. While the initial sequence of reac-
tions can be addressed by standard QM methods, description
of latter steps involving nucleation, aggregation and the
growth of polymeric chains requires utilization of advanced
techniques of molecular modelling including, e.g., the reactive
MD approach. Modelling the carbonization phase, which
includes further interlinking, reductive decarboxylation/deami-
nation, and the formation of the sp* core, is expected to be
even more complex and would require more sophisticated pro-
tocols and techniques of computational chemistry.

The reaction between citric acid (CA) and ethylenediamine
(EDA) represents a prototypical synthetic route leading to an
important class of nitrogen doped CDs with bright PL, which
are relevant for various applications, including sensing,>*
photocatalysis,”® heavy metal detection,"* optoelectronics,*?
anti-counterfeiting,** and bioimaging.** The reaction of CA with
EDA under hydrothermal conditions was experimentally
explored by Song et al.,*® who revealed that the intense exci-
tation-independent PL component of CA + EDA-based CDs can
be attributed to the presence of a specific MF, i.e., 5-0x0-1,2,3,5-
tetrahydroimidazo[1,2-a]pyridine-7-carboxylic ~ acid  (IPCA),
whose presence was unambiguously confirmed by 2D-NMR.
The authors tentatively proposed a sequence of reactions poss-
ibly leading to IPCA, although they did not describe the kinetics
and thermodynamics of individual reaction steps, which are
critical for a deep understanding of the reaction mechanisms.

Herein we use a sequential QM/reactive-MD computational
protocol to analyse early steps of the reaction of CA and EDA
and processes leading to oligomeric aggregates representing
nucleation centres for the further development of CDs. The
thermodynamic and kinetic parameters (i.e., activation bar-
riers) of individual steps of the CA + EDA reaction were calcu-
lated using a composite DLPNO-CCSD(T)/def2-TZVPP//M06-
2X-D3/6-31+G(d,p) approach applied to a combined explicit/
implicit water model. This approach allowed us to compare
the relative stability of all reaction intermediates and pro-
ducts and identify the rate-limiting steps of the proposed
competitive pathways. Our study also explicitly highlights the
importance of considering dissociated forms of reaction
species and explicit water molecules that facilitate key reac-
tion steps by proton transfers. Using the kinetic data from
QM calculations, heuristic-aided reactive MD simulations
were carried out to mimic the formation of low molecular
mass intermediates and the growth process, identifying
potential CD evolution scenarios. Theoretical calculations
were cross-validated against NMR spectroscopy and matrix
assisted laser desorption ionization-time of flight mass spec-
trometry (MALDI-TOF MS) experimental data for reaction
mixtures attained in a short reaction time (1 hour), which
also disclosed a new 5-membered ring cyclization pathway.
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This systematic study employing a combination of theoretical
calculations with experiments on the transformation of mole-
cular precursors to MFs and oligomeric structures offers com-
prehensive insights into the initial steps of CA-based CD for-
mation. In addition, it provides reliable structural models of
oligomeric aggregates mixed with MFs, which can be used for
the exploration of structure-property relationships in poly-
meric CDs as well as in follow-up studies of the polymeriz-
ation and carbonization processes occurring in the later
stages of CD synthesis.

Results and discussion

Computational insights into the reaction of CA with EDA:
cyclization versus polymerization

The standard reaction Gibbs energies (A,G°(T = 180 °C)) and
the activation barriers (AGHT = 180 °C)) of individual reaction
steps between CA and EDA in water have been computed along
various reaction pathways (Scheme 1) using a composite
approach at the DLPNO-CCSD(T)/def2-TZVPP//M06-2X-D3/6-
31+G(d,p) level (Fig. 1).

@/\
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As some of the reaction steps are facilitated by surrounding
water molecules, key explicit water molecules (facilitating
proton transfer reactions) were included in the model (as
shown in the inset in Fig. 1), while the dielectric nature of the
environment was taken into account by using an implicit
solvent model (see Computational details). It should be noted
that the previous literature did not consider the role of proto-
nation states of the reaction species. The reaction species, i.e.,
CA, EDA and other reaction intermediates are predominantly
present as charged species (or zwitterions) in water. The acid-
base equilibria significantly affect the feasibility of competing
cyclization and polymerization pathways, as also inferred from
the influence of the pH value on the characteristics of products
observed experimentally,®® and therefore must be taken into
account. The experimentally determined initial pH value (6.1)
of a stoichiometric mixture of CA and EDA (2: 3) implies that
the dominant forms are anions CA(2-), CA(3—) and di-proto-
nated cations EDA(2+), respectively (Table S11).*> As the acti-
vation barrier for a direct condensation of the ammonium
group with carboxylate is rather high (~31 keal mol™), it can
be expected that the first condensation reaction proceeds
mainly via CA(2-) anions and a less abundant EDA(+) form
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Scheme 1 Proposed mechanism for the reaction of CA and EDA under hydrothermal conditions. Species in red frames were confirmed by NMR
and MS. The structures with given molecular masses were associated with observed MS signals. The pathway marked by blue arrows was tentatively
proposed by Song et al.3® Intermediate 3 in a blue dashed frame represents a crossroad point for various competitive reactions. ®The formation of 3

can proceed via a reaction of 2 with either 1 or CA anhydride (see text).
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Fig. 1 Standard Gibbs energy diagram (T = 180 °C) of the early stages
of the reaction between CA and EDA in water (inset: micro-hydrated
structure of TS3) obtained at the composite DLPNO-CCSD(T)/def2-
TZVPP//M06-2X-D3/6-31+G(d,p) level. Details of individual steps includ-
ing structural information are provided in the ESI} (Section 12).

with a much lower barrier (~20 kcal mol™), systematically
shifting the acid-base equilibria towards these forms due to
their transformation to condensates. The formation of 3 pre-
sumably starts with a nucleophilic attack of the amine group
onto protonated carboxylate with a small barrier (~5 kcal mol™)
leading to an intermediate 3a which transforms to 3 via a
chain proton transfer reaction (AG* = 18 kcal mol™) facilitated
by surrounding water molecules ending with the detachment
of a water molecule (Fig. S3 and S4%). Let us note that the
barrier for this proton transfer without considering explicit
water molecules is as high as ~37 kcal mol™" (at the DFT
level), highlighting the active role of the water environment in
the reaction. Alternatively, the intermediate 3 can be formed
via the reaction of EDA(+) with CA anhydrides (Fig. S5 and
S67), which may exist in minute quantities under the reaction
conditions (computed K.q = 3.4 x 10™* at 180 °C).**™** The
effective activation barrier for this reaction, calculated as the
sum of A.G°(T = 180 °C) for CA anhydride formation (7.2 kcal
mol™") and the activation barrier for the subsequent nucleo-
philic attack by EDA(+) (12.4 kcal mol™") equals ~20 kecal
mol~". This suggests that the anhydride-based pathway is com-
petitive with the direct reaction of CA(2—) and EDA(+). The
condensate 3 appears to be a crossroad point of the whole
process. At pH = 5-6, a protonated form of the terminal amine
group of 3 is dominant, and therefore further condensations
with CA towards intermediates 4 and 5 require overcoming the
relatively high activation barrier (~31 kcal mol™) for a direct
reaction of an ammonium group with carboxylate. Although
its reactivity can be elevated in the basic environment, the
increase of pH would cause the depletion of the CA(2—) form
impeding the condensation reactions. This is in keeping with
the experimental evidence that the formation of MFs prevails
over the polymerization and carbonization processes in the
slightly basic environment.*® The involvement of the terminal
ammonium group in intramolecular cyclization reactions is
also less probable compared to a neutral nitrogen atom of the

This journal is © The Royal Society of Chemistry 2025
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amide group. Consequently, the cyclization can result in the
formation of either 6-membered ring (6) or 5-membered ring
(12) intermediates, depending on which of the carboxylic
groups of 3 the nucleophilic attack takes place. Interestingly,
the latter is both kinetically and thermodynamically favoured,
which is in line with the undeniable experimental evidence of
12 in the lower temperature (150-180 °C) regimes (vide infra).
Although the 5-membered ring structure can be involved in
subsequent condensation reactions leading e.g. to the sur-
mised structure 13 and thus can be present in the polymeric
structures formed using longer reaction times, its transform-
ation to IPCA (10) would require complex rearrangements
involving concurrent ring opening and closure via a bicyclic
intermediate (Scheme S17) as well as hydrolysis of the amide
group in the last step (transformation of 11 to 10). Therefore,
we hypothesize that at higher temperatures the 5-membered
ring of 12 reversibly opens back to 3, and the reaction further
proceeds via a competitive 6-membered ring cyclization
towards the thermodynamically most stable product 10, which
is IPCA. This process advances via an intermediate 7 proposed
by Song et al.,*® which is however relatively unstable and trans-
forms to 8. Then, the elimination of a water molecule results
in 9 which readily changes to 10 by a hydrogen transfer facili-
tated by two water molecules (Fig. S13 and S147). Notably, the
elimination of a water molecule from the 5-membered ring
(reaction 8 — 9) is more favorable (by ~5 kcal mol™") compared
to the alternative pathway starting with water elimination from
the 6-membered ring of 7 (Fig. S16}). To sum up, the upper
limit of the activation barrier of the rate-limiting step for the
whole process leading to IPCA is estimated to be ~31 kcal
mol ™" (3 — 6), which is relatively high but explains the prefer-
ence for the 5-membered ring pathway at lower temperatures.
The barrier is comparable to that calculated for the conden-
sation of charged ammonium and carboxylate groups
(~31 kcal mol™) implying that polymerization and formation
of IPCA become competitive pathways at elevated
temperatures.

Experimental exploration of the reaction between CA and EDA

To decipher the early stages of IPCA/CD formation, we studied
the composition of mixtures prepared by short-term (1 h) and
long-term (10 h) hydrothermal reactions of CA (5 mmol) and
EDA (5 mmol) in water (10 mL) at various temperatures by
NMR spectroscopy and MALDI-TOF spectrometry. The samples
attained by a 1-hour treatment at 150 °C, 180 °C, 210 °C, and
240 °C were denoted as CD-150-1, CD-180-1, CD-210-1, and
CD-240-1, respectively, while those obtained using a longer
reaction time were denoted analogously (e.g., CD-150-10 for T
= 150 °C). Importantly, the shorter reaction time (unlike the
standard 10 h treatment) should allow us to detect metastable
intermediates preceding the formation of IPCA, e.g., com-
pounds 6-9, and thus gain direct insights into the reaction
mechanism. Indeed, the "H NMR analysis of CD-150-1 showed
unreacted CA and EDA together with a partial conversion
(~20%) to a non-symmetric compound (bearing two pairs of
diastereotopic -CH,— hydrogen atoms together with a -CH,-

Nanoscale, 2025,17, 7780-7789 | 7783
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CH,- moiety assigned to a fragment originating from EDA)
which could correspond to hemiaminal 7 or imine 8. However,
the structure 7 did not match the observed **C NMR spectrum
(no signal for carbon in the hemiaminal region - for more
details, see the predicted and observed signals in Section 9 of
the ESIT), and the presence of compound 8 in the sample was
inconsistent with the observed m/z in MALDI-TOF (showing a
peak in the positive mode at m/z 217.1 instead of expected m/z
199.1, as shown in Section 5 of the ESI{) nor with the ">C NMR
spectrum (see Section 4 in the ESIY).

To elucidate the structure of the observed intermediate, we
used "’N NMR technique which is known to be very sensitive
to various nitrogen bonding modes. Surprisingly, besides the
expected signal for sp>-nitrogen next to the electron-withdraw-
ing carbonyl group at —207 ppm, the 'H-'>N HMBC spectrum
of CD-150-1 also showed a relatively shielded signal at
—351 ppm corresponding to a nitrogen with a similar character
as in EDA (signals for hydrogen in amino groups of diproto-
nated EDA are observed at —353 ppm, compared to —365 ppm
for the unprotonated species, as reported in ref. 49). This hints
that the observed intermediate contains a free amino group, as
in intermediate 6 resulting from a nucleophilic attack of the
amide nitrogen to the edge carboxylate group in 3. However, 6
did not match the observed 'H and **C NMR data due to its Cg
symmetry. Therefore, we concluded that the observed inter-
mediate was formed via an alternative pathway involving a
nitrogen attack on the central carboxylate and subsequent for-
mation of a 5-membered heterocycle 12. The excellent agree-
ment between the observed *C and °N chemical shifts and
those predicted by the gauge-including atomic orbitals (GIAO)
method supports this hypothesis (see Section 9 in the ESIT).
To unambiguously prove the correct determination of structure
12, an alternative synthetic strategy leading to this intermedi-
ate was devised based on a previously reported procedure for
the synthesis of similar 5-membered compounds (see Section
2 in the ESI}).>° "H NMR spectrum of the product prepared in
this manner exactly matched the signals observed in the
spectra of samples prepared by a hydrothermal treatment of
CA and EDA, thus confirming the presence of a 5-membered
ring in 12.

The intermediate 12 was also formed at elevated tempera-
tures. CD-180-1 contained approx. 35% of 12 along with
unreacted CA and EDA. At 210 °C, CA and EDA were fully con-
sumed, and although traces of 12 were still observed, the main
component of the mixture was IPCA. Finally, at an even higher
temperature (240 °C), the only species seen in the 'H NMR
spectrum was IPCA together with unspecified oligomers or
polymers (as can be seen from an elevated baseline in the
region 2.5-3.5 ppm, Fig. 2f).

The transformation of CA and EDA to IPCA via intermediate
12 is also reflected in the FTIR spectra of the above-mentioned
samples (Fig. 3a) by changes of intense peaks at ca. 1700 cm ™"
(attributed to intermediate 12) and 1650 cm ™" (attributed to
IPCA). The FTIR spectra of CD-150-1 and CD-180-1 are similar
to the FTIR spectrum of unreacted CA/EDA mixture, pointing
to the presence of the precursors. The only significant differ-
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1, in line with the

ence is an increase of the peak at 1700 cm™
increasing amount of intermediate 12 (¢f the corresponding
"H NMR spectra, Fig. 2¢ and d, showing approx. 20% and 35%
conversion of CA/EDA to 12 in samples CD-150-1 and CD-180-
1, respectively). The FTIR spectrum of CD-210-1 is significantly
different: besides the peak for intermediate 12, an intense
peak at 1650 cm™' appears, corroborating the presence of

IPCA. At higher temperatures, the peak for intermediate 12 dis-
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appears, and the only observed peak in the 1600-1700 cm ™"
region corresponds to IPCA (1650 cm™"). The FTIR spectra of
samples attained after the 10 h reaction time reflect the pro-
gress of the ongoing reactions. The indicative peak for IPCA
(1650 cm™") appears already at 150 °C, whereas the peak for 12
is no more present in the spectra above this temperature.

The initial presence of 12 in large amounts and then its
complete disappearance suggest that 12 can be converted to
IPCA. Indeed, hydrothermal treatment of compound 12 alone
(prepared by the above-mentioned alternative route) resulted
in the formation of IPCA as the main product (for details, see
Section 8 of the ESIY).

Although 'H NMR and FTIR spectra detect the significant
presence of IPCA only in the samples subjected to 1 hour
hydrothermal treatment of CA/EDA mixtures at elevated temp-
eratures (>210 °C), IPCA was already present in trace amounts
(<3%) in sample CD-150-1. These trace amounts were detected
by MALDI-TOF spectrometry. This method also revealed other
minor species present in trace quantities: simple CA/EDA
amide 3 (m/z 235.1), present in low-temperature samples
(150-180 °C), gradually converted into more complex systems
(presumably via 5-membered derivative 12), such as species 14
or 15 (m/z 259.1) and even 13 (m/z 415.2). Experiments con-
ducted at 150-210 °C using prolonged reaction time (10 h)
showed the presence of IPCA, as evident from "H NMR (see
Section 6 of the ESIf) as well as FTIR spectra (Fig. 3b). In
samples prepared at 150 °C, the intermediate 12 is present
even after 10 h of hydrothermal treatment (as evident from the
NMR spectra shown in Section 6 of the ESIf and the FTIR
peak at 1700 cm™" shown in Fig. 3b), but at higher tempera-
tures, it gradually converts to IPCA (FTIR peak at 1650 cm ™)
and/or carbonization products (manifested by the increase of
the spectral linewidth in the FTIR spectrum of the sample
CD-240-10). The higher degree of decarboxylation and de-
hydration for longer lasting harsher conditions was also corro-
borated by the survey X-ray photoelectron spectroscopy (XPS)
and high-resolution (HR) XPS C1s spectra showing systemati-
cally growing content of carbon (and C=C/C-C bonds) at the
expense of oxygen (and C-O/C=O0 bonds) with the increasing
reaction temperature and reaction time (see Section 10 in the
ESIYt).

Interestingly, if the reaction of an equimolar mixture of CA
and EDA was conducted at 180 °C for 10 hours, after cooling to
room temperature, formation of brownish crystals was
observed, which were identified as pure IPCA. By evaporating
the mother liquor, a dark brown powder was obtained, whose
main component was also IPCA, as seen from 'H NMR
spectra. Partial crystallisation of products was also observed at
150 °C but in much less quantity. At temperatures above
180 °C, no crystals were formed. For the synthesis conducted
at 240 °C, no IPCA was detected by "H NMR spectroscopy,
suggesting that IPCA itself is thermally unstable and can
undergo further decomposition/carbonisation reactions.

To further study the composition of the mother liquor from
the sample CD-180-10, especially the presence of polymeric
and/or carbonized species, which may be hard to observe by
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Fig. 4 (a) Samples of fractions 1-10 obtained by Sephadex chromato-
graphy of the mother liquor (ML) from CD-180-10 under daylight (top)
and 365 nm UV lamp (bottom); (b) TLC analysis of mother liquor and
fractions 1-9 (TLC plate: SiO,, eluent: ethyl-acetate/methanol (1: 1, v/v))
viewed under 254 nm (top) and 365 nm UV lamp (bottom); (c) the
content of individual fractions in the original mixture; (d) UV-VIS spectra
of fractions 1-10. Samples marked a were measured as eluted from the
column, samples marked b were diluted with deionized water (1:20); (e)
PL excitation—emission color map of the most prominent extracted frac-
tions (F1-F3) and the full (hon-separated) sample CD-180-10 (“mother
liquor”).

NMR, a part of the mother liquor (350 mg) was also separated
using Sephadex chromatography. We obtained 10 fluorescent
fractions (Fig. 4a), which were analysed by thin-layer chromato-
graphy (Fig. 4b), UV-VIS spectroscopy (Fig. 4d), and photo-
luminescence spectroscopy (Fig. 4e), and the most abundant
fractions (1-3 and 10) also by '"H NMR spectroscopy (after
evaporation to dryness using a rotary evaporator - for details,
see Section 7 of the ESIT).

Size-exclusion chromatography allowed the separation of
larger polymeric species (with '"H NMR signals mainly in the
aliphatic region, fraction 1, 30 mg), from smaller IPCA mole-
cules (fraction 3, 160 mg) and their mixture (fraction 2,
125 mg). All other fractions contained less than 10 mg of the
dissolved material and had only low absorption and fluo-
rescence, as seen from UV-VIS spectroscopy and thin layer
chromatography (TLC) analysis. Interestingly, after separation,
the stationary phase remained slightly fluorescent, which
suggested the presence of an analyte which was strongly non-
covalently bonded to the Sephadex column. To isolate it, the
column was purged with deionized water (approx. 2 L) and the
eluate was concentrated in vacuo to afford a fraction 10 (8 mg).
NMR analysis of this sample suggested a structure similar to
IPCA, but containing two EDA fragments, therefore corres-
ponding to compound 11 (also seen in MALDI-TOF at m/z
223.1). However, the influence of this newly discovered fluoro-
phore on the properties of CDs is only insignificant, given its
small abundance compared to IPCA.

Furthermore, all extracted samples were analyzed using
photoluminescence (PL) spectroscopy. The PL excitation-emis-
sion maps of individual fractions revealed significant differ-
ences in optical properties (Fig. 4e). Given that fractions 1, 2,
and 3 were the most prevalent in the mother liquor, the focus
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was on evaluating these fractions. Fraction 1 (Fig. 4e, F1)
exhibited a PL emission maximum at 435 nm upon excitation
at 320 nm and 350 nm. The comparable intensity of PL emis-
sion with different excitation wavelengths reflected the struc-
tural complexity of a mixture of hardly distinguishable species,
which was consistent with "H NMR measurements. Fraction 2
(F2) exhibited a similar range of suitable excitation wave-
lengths to F1; however, individual excitation maxima could not
be resolved. This, combined with a slight redshift from
435 nm to 443 nm in PL emission, indicated an increasing
amount of IPCA in the mixture. Fraction 3 (F3) featured a
narrow, excitation-independent PL emission at 443 nm, which
implied the dominant abundance of IPCA, thus corroborating
the findings from NMR measurements. Interestingly, a second-
ary emissive channel upon excitation at 300 nm was observed.
Due to its significantly lower PL intensity and the same posi-
tion of PL maxima, this could be attributed to either PL emis-
sion resulting from the excitation to higher excited states of
IPCA or trace amounts of impurities, which were not detect-
able by NMR spectroscopy. Finally, the PL properties of the
extracted fractions were compared to those of the crude solu-
tion (CD-180-10) to identify the main contributors to the
overall PL. The PL excitation-emission map of CD-180-10
exhibited an excitation-independent character, with a PL
maximum at 444 nm. Additionally, similar to F3, a second
radiative channel was observed at higher energy excitation wave-
lengths (~Aex = 250 nm), indicating that IPCA is the component
contributing the most to the overall PL properties of the as syn-
thesized assembly (Fig. 4e, CD-180-10). In the remaining frac-
tions, the character of PL emission changed from excitation-
dependent (F4 to F6, Section 7 in the ESIT) to excitation-inde-
pendent (F7 to F10, Section 7 in the ESIf), the latter presumably
associated with the presence of molecular fluorophores such as
compound 11 identified by NMR. However, due to their low
content (less than 10 mg) in the crude solution, they contribu-
ted only minimally to the overall PL.

Heuristic reactive molecular dynamics

To explore dynamic aspects of the initial phases of the reaction
between CA and EDA, we performed an extensive set of reactive
MD simulations utilizing a heuristic protocol designed to
model complex and predefined reactions, employing the clas-
sical fixed-valence method (for more details see Sections 10
and 13 in the ESI{).>! This approach allowed us to incorporate
insights from the QM calculations, focusing on the compe-
tition of cyclization and polymerization pathways. Considering
the kinetics and thermodynamics of this reaction, in particular
a relatively high activation barrier for the condensation of
charged ammonium and carboxylate groups, we divided the
whole process into two main stages. The first simulation stage
(phase I) involved a condensation reaction of neutral groups
along with self-cyclization processes, while the more energeti-
cally demanding cross-linking of the charged ends was mod-
elled in the second stage (phase II). It was expected that the
first stage occurs much faster than the subsequent reactions
between charged-end species. This division allowed for a more
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manageable modelling approach and ensured that each reac-
tion phase was adequately represented within the given simu-
lation time, adhering to the constraints of our heuristic proto-
col. We modelled the evolution of a mixture with two different
compositions referred to as systems A and B, corresponding to
slightly and strongly acidic environments, respectively,
differing by the presence of fully deprotonated CA in the
former (Fig. 5a; for the details on the compositions see ESI
Table S31). Moreover, we studied the effect of the presence of
the thermodynamically most stable product (IPCA) in the reac-
tion system from the beginning of the reaction. The IPCA
anions as well as the fully deprotonated CA did not directly
participate in the initial reaction stage but could influence the
system mechanistically. The probabilities of condensation and
cyclization reactions were set to qualitatively reflect the related
activation barrier heights obtained from QM calculations.

At the beginning, each system was equilibrated for 10 ns in
the NpT ensemble to the reaction temperature (200 °C), then
switched into the reactive mode and simulated for additional 2
ns. After this time, the step-growth mechanism of the polymer-
ization reached chemical equilibrium, regardless of the system
composition, with no further reactions occurring in the system
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Fig. 5 (a) A simplified diagram showing the composition of systems A
and B and the division of simulation phases | and II; (b) Pie charts
showing the distribution of products by molar mass of the product; (c)
number of reactions per ns that occurred in the individual systems. The
inset shows the number of cyclic reactions in the systems; (d) molecular
structure of the 4 most common polymers according to molar mass,
which were formed in the systems after both phases. Color code:
oxygen, red; nitrogen, blue; carbon, gray; hydrogen, white.
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(Fig. 5a). In phase I, system A provided a large percentage of
small products (~85% of all product molecules) according to
the mass distribution (Fig. 5b) comprising adducts of 1 CA
molecule and 1 or 2 EDA molecules. Only an insignificant
number of compounds above 700 g mol™* were identified. It
was partly caused by the presence of a fully dissociated form of
the CA that did not participate actively in the reaction phase I
and thus limited the reaction space of the system. Moreover, it
interacted strongly with other surrounding monomers or het-
erodimers/trimers and thus acted as a protection against
further polymerization. Approximately 9% of the products had
a molecular weight of 400-500 g mol™*, which included chains
with 2 CA molecules. A similar distribution of rather small pro-
ducts could also be seen in experimental measurements,
where mostly small fragments were identified. As expected, in
system B, corresponding to lower pH conditions, only singly
and doubly deprotonated forms of CA were present (maintain-
ing the same concentration of CA molecules in the system),
and led to more reactions and, overall, to more diverse, yet still
rather small, products. This was caused by the fact that system
B contained more neutral groups than system A (by ca. 30%)
that could participate in the reaction phase I.

The influence of IPCA molecules on the reaction of system
A was only marginal. However, system B was surprisingly far
more sensitive to the presence of IPCA molecules. Under the
lower pH conditions, the total number of reactions and the
number of products increased by 14% and 26%, respectively,
compared to system B without IPCA (Table S4}). Furthermore,
in the system without IPCA molecules, there was a higher pro-
portion of formed small molecules (with molar mass up to
300 ¢ mol™"). Upon closer examination, it was found that the
increased reactivity of system B containing IPCA was due to a
greater proportion of minimal contacts between the -COOH
and -NH, groups of CA(2-) and EDA(+), respectively
(Fig. S17d7). This was not observed in system A, where the
fully dissociated CA(3—) molecules competed presumably for
the same binding sites, influencing their interactions with
other molecules. Thus, the addition of IPCA anions into
system A had a much smaller impact compared to system B.

In the next step, we compared the number of cyclic pro-
ducts created in different systems. Regardless of the system
composition, on average 19% of all completed reactions
formed cyclic products (see the inset of Fig. 5c). All the formed
cycles were 5-membered compounds, corresponding to the
experimentally isolated product 12, thus supporting the experi-
mental observation. The 6-membered product was not observed
in our systems at any point during the 2 ns simulation time,
but its formation could not be excluded at longer timescales,
which would be however computationally too demanding.
Therefore, to address the ratio of formed 5- and 6-membered
ring intermediates, in the next step we increased the probability
of cyclization reactions by 2 orders of magnitude (still maintain-
ing the same ratio between 5- and 6-membered reaction path-
ways). This bias only slightly increased the total percentage of
cyclic products (~24%) without affecting the total number of
polymerization reactions. However, 5% of the cycles resulted in
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6-membered intermediates. This number further increased to
15%, when the simulation temperature was increased to 250 °C.
This corroborates the importance of the competitive branch of
the reaction, which, due to the kinetics, may play an important
role in the initial stages of CD formation.

Finally, we inspected the second stage of the reaction in
which the charged-ends of species present in the systems at
the end of phase I were allowed to react. Therefore, in phase II
small oligomers including charged species and zwitterions
could form bigger particles. Regardless of the system compo-
sition common products have been identified. 8% of all
formed species were in the range of 600-800 g mol™", whereby
a large number of the products had retained their small size
from the first phase simulations (Fig. S17ct). In the presence
of IPCA molecules, on average about 46% of the products had
incorporated IPCA into their structure. This proportion
increased with temperature, reaching up to 55% at 250 °C. The
occurrence of 5/6-membered cycles in the structures was more
pronounced in system B, where nearly twice as many products
contained such cycles compared to system A (23%). A similar
trend was observed in the system without IPCA, where the pro-
portion of products containing 5/6-membered cycles increased
to 51% in system B and 38% in system A. This increase is most
likely due to the reduced number of possible reactions in
system B/without the presence of IPCAs, allowing the system to
follow an energetically more demanding pathway.

In general, the products exhibited a predominantly poly-
meric character, with occasional intra-chain cross-linking
leading to the formation of cyclic aggregates. In system A,
increasing the temperature led to a greater number of larger
molecules (M, > 700), as expected. The largest observed clus-
ters had molecular weights slightly exceeding 2000 g mol ™,
corresponding to approximately 14% of the theoretical
maximum product weight. Reactive MD did not show much
aggregation of the polymers due to a rather short simulation
time scale. Long MD simulations of polymers with and
without attached IPCA moieties showed clustering of polymers
with IPCA more preferentially than without IPCA (Fig. S197).
In some cases, IPCAs from different polymers stacked on each
other and therefore formed an aggregation center. Such
agglomerates could act as possible nucleation centers during
the growth of polymeric CDs and form a base for the carbo-
nized phase. It is noteworthy that other products found in the
reaction mixture, such as e.g. compound 11, which are structu-
rally similar to IPCA, can also presumably act as nucleation
centers; however, their abundance in the reaction mixtures is
very low to contribute significantly to the nucleation process.

Conclusions

The high application potential of CDs urges gaining atomistic
insights into their organization and understanding the links
between precursors/reaction conditions and the structure of
products. The formation of CDs involving initial reactions of
low mass species, polymerization, nucleation, growth, and - at
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higher temperatures - carbonization is a multi-branch process
resulting in high heterogeneity and complexity of CD struc-
tures. The modelling of these steps is highly challenging and
requires a combination of various computational approaches.
Here we focused on the analysis of the thermodynamic and
kinetic aspects of processes occurring in early stages of CD
evolution, i.e., before the carbonization phase. First, we per-
formed a detailed QM investigation of the reaction between
two very common precursors — CA and EDA - in an aqueous
environment as a prototypical system leading to the formation
of molecular fluorophores (predominantly IPCA) and oligo-
meric condensates which can further grow and aggregate, thus
forming nucleation sites for later stages of CD formation. The
QM analysis revealed that (i) condensation reactions preferen-
tially proceed via contacts of neutral groups which are however
much less abundant than charged ends under weakly acidic
conditions, thus opening cyclization pathways; (ii) the for-
mation of a 5-membered ring intermediate is kinetically more
favourable than the 6-membered cyclization pathway; neverthe-
less, the latter path becomes dominant at elevated tempera-
tures (>210 °C) due to high thermodynamic stability of IPCA;
and (iii) the barriers for condensation of charged ends and the
formation of IPCA are comparable; thus the polymerization
and MF formation become competitive processes at higher
temperatures. Importantly, water molecules surrounding the
reaction sites play a crucial role in mediating proton transfers
as well as dehydration steps. Reaction mixtures at early phases
of the reaction between CA and EDA were analysed by NMR
spectroscopy and MALDI-TOF spectrometry, unambiguously
confirming the preferential formation of the 5-membered ring
intermediate at lower temperatures, while higher amounts of
IPCA and unspecified oligomers or polymers were observed at
higher temperatures. To gain a deeper mechanistic insight into
the cyclization and polymerization reactions, reactive MD simu-
lations were performed. In line with the static QM picture and
experimental data, low-mass molecular products formed in the
first (fast) phase predominantly comprised 5-membered ring
intermediates along with short (dimeric/trimeric) condensates
of CA and EDA. The 6-membered ring species were formed to
much smaller extent and only when the reaction probabilities of
cyclization reactions were scaled up to mimic higher tempera-
ture conditions and longer reaction times. The reactive MD
simulations of the second (slow) phase allowing for the reac-
tions of charged ends revealed the formation of various oligo-
mers with incorporated cyclic structures and IPCA moieties.

To sum up, the combination of QM calculations, experi-
mental measurements, and reactive MD simulations enabled
us to unravel the reaction mechanism in the early stages of CD
formation from CA and EDA precursors, determine the rate
limiting steps for the cyclization and polymerization pathways,
and put forward plausible oligomeric structures forming a
base for polymeric CDs. The latter can be used for further ana-
lysis of optical properties of this important class of CDs and
also as a starting point for modelling later stages of CD for-
mation such as aggregation and carbonization, which are the
scope of our follow-up studies.
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