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Luminescent compounds obtained from the thermal reaction of citric acid and urea have been studied and
utilized in different applications in the past few years. The identified reaction products range from carbon
nitrides over graphitic carbon to distinct molecular fluorophores. On the other hand, the solid, non-
fluorescent reaction product produced at higher temperatures has been found to be a valuable
precursor for the CO,-laser-assisted carbonization reaction in carbon laser-patterning. This work
addresses the question of structural identification of both, the fluorescent and non-fluorescent reaction
products obtained in the thermal reaction of citric acid and urea. The reaction products produced during
autoclave—microwave reactions in the melt were thoroughly investigated as a function of the reaction
temperature and the reaction products were subsequently separated by a series of solvent extractions
and column chromatography. The evolution of a green molecular fluorophore, namely HPPT, was
confirmed and a full characterization study on its structure and photophysical properties was conducted.
The additional
complementary optical and structural characterization. These two components form strong hydrogen-

blue fluorescence is attributed to oligomeric ureas, which was confirmed by
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bond networks which eventually react to form solid, semi-crystalline particles with a size of ~7 nm and

DOI: 10.1039/d0sc01605e an elemental composition of 46% C, 22% N, and 29% O. The structural features and properties of all
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Introduction

Small organic molecules are common starting materials for
hydrothermal or pyrolysis reactions, bringing forth new
compounds and materials with intriguing properties which are
valuable for a wide range of applications.”” In particular, the so-
called “carbon nanodots (CNDs)” have emerged as an inter-
esting new class of photo- and electroactive materials and have
been studied as components in functional systems and devices
such as fluorescent sensors,*® light emitting diodes,' drug

delivery systems,""" charge storage systems,"®
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three main components were investigated in a comprehensive characterization study.

photosensitizers>** etc. However, there has been a consensus
among experts in the field that their structural identification
and the correlation between their structure and optical prop-
erties are the most critical open questions that need to be
answered.">™"”

As an initial standard model for luminescent organic parti-
cles, a carbonized core bearing a number of functional groups,
such as amides, carboxylates, hydroxyls and amines, was
considered.'® The presence of a large number of functional
groups would facilitate water solubility as shown in molecular
dynamics simulations, which is usually not observed for
graphitic nanoparticles.” In the past few years, a variety of
thermal reaction products from small organic precursors in the
context of CNDs have been discussed and the identified or
proposed product palette is wide ranged. For example, the
fluorescence of the thermal CA/ethylene diamine reaction
product was assigned to a specific molecular species.” Other
observations revealed the presence of pure graphitic C;N,
phases, when reacting a 1 : 6 mixture of sodium citrate/urea in
an autoclave.”” These were documented by characteristic XRD
peaks at 27.4 and 13.1° 26. In a later report, crystalline phases of
B-C3N, were identified by high resolution transmission electron
microscopy studies.*® Recent literature demonstrates the exis-
tence of molecular fluorophores occurring in the product
mixture.**>® A recently published review article collects studies

This journal is © The Royal Society of Chemistry 2020
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on revelations of molecular fluorophores as active species in
CND samples based on typical reaction partners such as citric
acid (CA)/ammonia, CA/urea (U), CA/cysteine, CA/ethylene
diamine, CA/ethanolamine and other non-CA starting
materials.”

The thermal reaction of CA and urea is of special importance
in this regard, as it brings forth a variety of products with
different structural and optical properties.?>**>73°31  For
example, the reaction of CA and U involves the formation of
citrazinic acid, a reaction that was described more than
hundred years ago®” and, interestingly, it has been shown that
citrazinic acid exhibits similar electronic deactivation behavior
to that of the hydrothermal CA/urea-reaction product.*
Depending on the reaction conditions, however, other or
additional products have been identified, such as crystalline
particles and HPPT, a green fluorophore.>>*”**

Several purification or separation techniques have been
proposed, including centrifugation, precipitation, extraction,
chromatography and dialysis. Dialysis is the most widely used
technique.>***?” Therefore, it has been demonstrated that the
overall fluorescence in these samples originates from molecular
fluorophores. The isolation of fluorophores is of pronounced
importance to provide easy access to inexpensive and water-
soluble photoactive compounds. In fact, new dyes and fluo-
rophores, in particular those featuring a large Stokes shift, are
essential for a range of applications, such as fluorescence life-
time imaging microscopy (FLIM), stimulated emission deple-
tion microscopy (STED) and phase-fluorometric sensing
(PFS)‘38740

Besides water-soluble fluorophores, insoluble,
fluorescent reaction products are also often produced during
solvothermal or thermal reactions, which are typically dis-
carded as carbonaceous particles or larger particles without
further use.**** This insoluble fraction produced during the
low-temperature thermal reaction of a CA/U mixture was found
to be an excellent precursor material in our recently introduced
laser-assisted carbonization process.*” A careful analysis of
these products is, therefore, meaningful as it reveals the
formation of an intermediate product on the way to a fully
carbonized material. In general, the structural identification of
such intermediate reaction products during low-temperature
thermal synthesis may help to achieve a comprehensive
understanding of carbonization reactions. The thermal CA/U
reaction may be used as an example reaction, as the reaction
conditions determine the reaction pathways to a broad product
palette and the properties of the final carbonization product are
a direct result of the structure of the low-temperature thermal
intermediates.

In this study, we analyzed the thermal reaction of citric acid
and urea in the melt by varying the reaction temperature. First,
the reaction products were analyzed by means of optical spec-
troscopy and nuclear magnetic resonance (NMR) spectroscopy.
Under any reaction conditions, the product consists of three
main components, two soluble fractions, referred to as “ther-
mally accessed fluorophores (TAFs)”, and an insoluble fraction
(nanoparticles). The three fractions were separated and purified
by a series of extractions and column chromatography. The

non-
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isolated compounds were structurally characterized by electron
spray ionization mass spectrometry (ESI-MS), 2D-correlation
nuclear magnetic resonance (2D-NMR) and Fourier-transform
infrared (FT-IR) spectroscopies, and thermogravimetric anal-
ysis (TGA). The insoluble fraction was characterized by means of
transmission electron microscopy (TEM), FT-IR, X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy (XPS) and TGA.
Based on these results, a reaction mechanism is proposed and
possible side reactions are discussed.

Results and discussion
Reaction conditions

We started our investigation by analyzing the solid-state
mixtures of citric acid and urea. Urea is a well-known
hydrogen bond donor that forms strong eutectic mixtures
with a variety of compounds.”® We performed differential
scanning calorimetry (DSC) with mixtures of citric acid and urea
at different compositions (Fig. 1). The mixtures form a eutectic
system with melting points significantly lower than those of the
pure compounds. The lowest melting points were measured for
molar ratios between 1: 5 and 1 : 3 (CA/U) at ~95 °C.

Mixtures with a molar ratio of 1 : 3 were reacted at different
temperatures ranging from 100 °C to 290 °C in a laboratory
microwave. Besides the temperature, the reaction time was also
found to have an influence on the reaction yields. For
comparison, we performed every synthesis for 20 min. To
ensure homogeneous blending of the precursors, the mixture
was stirred at 100 °C for 5 min, and then the reaction was
ramped up to the reaction temperature and kept for 20 min. At
temperatures >130°, a yellow product with blue fluorescence
was observed (Fig. S11). However, significant amounts of
unreacted precursors were still present in the products up to
reaction temperatures of 150 °C, as shown in NMR experiments.
At temperatures >150 °C, the visible fluorescence turns green. At
180 °C, the product yield increases dramatically and no reaction
educts are contained in the product (Fig. S2). In aqueous
solutions of the raw products, a notable Tyndall scattering effect
starts to occur at temperatures >190 °C.
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Fig. 1 Melting points of citric acid/urea mixtures obtained by differ-
ential scanning calorimetry.
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Fig. 2 Characterization of selected raw products of the thermal CA/U reaction (0.013 mg mL™?) at 110-210 °C: (a) UV-vis absorption spectra in
H,O:; (b) fluorescence spectra in H,O obtained upon excitation at 350 nm:; (c) *H-NMR spectra recorded in DMSO-d6.

In Fig. 2a and b the electronic absorption and fluorescence
spectra of selected raw products are shown. The spectra of all
raw product samples synthesized at different temperatures
between 100 and 290 °C are collected in Fig. S3.1 In the low
temperature regime between 100 and 140 °C, a distinct
absorption peak at 337 nm evolves, which corresponds to the
fluorescence peak at 440 nm. At 150 °C a second absorption
peak with a maximum at 406 nm starts to evolve together with
a set of peaks at <300 nm. The peak at 406 nm causes a second
fluorescence peak at 523 nm. At temperatures >180 °C, a notable
increase of the absorption at 406 nm with respect to the
absorption at 337 nm occurs. Simultaneously, the absorption
maxima shift from 337 and 406 to 327 and 411 nm, respectively.
These changes occur along with the appearance of a new
emission band with a maximum at 394 nm. This effect becomes
more pronounced at temperatures >250 °C (Fig. S31). Given the
differences in the electronic absorption of the reaction products
after the thermal CA/U reaction, we hypothesize a structural
transition of the reaction product, the evolution of a new
product, or electronic interaction between the species present.
For example, a sample reacted at 230 °C contains all three
products, since both the absorption peaks (327 and 411 nm)
and all three emission peaks (394, 440, and 523 nm) are present.
The correlation between the absorption and emission features
has been previously assigned to different nitrogen doping levels
of carbon nanodots or clusters of citrazinic acid.***

The 'H-NMR and “C-NMR spectra of a selection of raw
products synthesized at temperatures between 110 and 210 °C are
shown in Fig. 2c and S2.} At low temperatures, a peak at 5.47 ppm
arises, which remains dominant for any sample. The advent of
this peak correlates with the evolution of the previously discussed
absorption peak at 340 nm. At a reaction temperature of >150 °C,
a peak at 5.18 is observed, which indicates the formation of the
compound causing the absorption peak at 410 nm. At higher
temperatures, the two peaks shift to 5.45 and 5.35, respectively. In
the higher temperature samples (>150 °C), the educts, citric acid
and urea, are entirely consumed, as no related NMR signals were
observed (see Fig. S41). Moreover, no evidence for the presence of
citrazinic acid was found (see Fig. S5t).

Separation

The product mixtures were separated by a series of solvent
extractions followed by column chromatography (see Fig. S6+

8258 | Chem. Sci,, 2020, N, 8256-8266

and the Experimental section). For example, a reaction ofa 1: 3
mixture of CA/U conducted at 230 °C yields a reaction product
containing a minimum of three components. The three main
components were isolated and characterized. Initially, the dry
reaction product was dissolved in HyOnjjiipore and stirred well to
dissolve the soluble part. The mixture was then centrifuged to
separate the soluble part from the insoluble part. The super-
natant was dried under reduced pressure and then re-dissolved
in methanol (MeOH). The mixture was again centrifuged to
remove insoluble materials and the obtained yellowish-brown
supernatant was dried. The second washing step in MeOH
helps to remove small amounts of residual insoluble particles
and to obtain a pure fluorophore fraction. The product was then
separated by column chromatography using silica gel as
a stationary phase and H,Ominipore as the eluent yielding two
fractions, a yellowish-brown fraction showing green emission
(citric acid/urea-green: CUg) and a colorless fraction showing
blue emission (citric acid/urea-blue: CUb) under UV light
(Fig. 3). Other eluent/stationary phase combinations, such as
acetonitrile or methanol failed to separate the reaction prod-
ucts. The precipitate from the initial centrifugation step was
washed with H,Omjiiipore at 95 °C for 24 h and, then, again
centrifuged. The larger fraction of the precipitate is a fine black
powder (citric acid/urea-particles: CUp) that is dispersible in
a range of solvents, even non-polar, such as CH,Cl,. The
respective yields of the three main components depend on the
reaction conditions. For example, a reaction at 180 °C with
20 min reaction time yields 46% CUDb, 26% CUg, and 4% CUp.
When performing the same reaction at 230 °C, 23% CUb, 35%
CUg, and 36% CUp were obtained. The remaining mass corre-
sponds to reaction side products or material losses (product
mixtures) from the separation process.

The two fluorescent molecular fractions, CUg and CUb, are
soluble in polar solvents, such as H,O or MeOH, and have clear
NMR patterns; therefore, we refer to those as “thermally
accessed fluorophores” (TAFs). The third fraction, CUp, is an
insoluble, non-fluorescent material which consists of nano-
particles with sizes on the order of a few nanometers and
a certain degree of crystallinity as shown by XRD measure-
ments. The TAFs were analyzed by optical absorption and
photoluminescence spectroscopies and 2D-correlative 'H- and
3C- and N-NMR spectroscopy, mass spectrometry (MS) and
elemental analysis (EA) and X-ray photoelectron spectroscopy

This journal is © The Royal Society of Chemistry 2020
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Fig.3 Separated products, CUb, CUg, and CUp, from the crude thermal reaction product of citric acid and urea; right: isolated reaction products

in the solid state, in H,O in daylight and in H,O under UV light.

(XPS). CUp was analyzed by a set of characterization methods
including XRD, XPS, TEM, EA, FT-IR, TGA and solid-state NMR.

Characterization

TAFs. The electronic absorption and emission spectra of the
separated products show, indeed, that the peak at 330 nm
originates from CUb (Fig. 4a). The corresponding fluorescence
peak appears at 443 nm. CUg shows a set of absorption maxima
at a wavelength of < 300 nm and a broad maximum at 410 nm
(Fig. S7t) with a corresponding fluorescence maximum at
514 nm. Both fluorescence signals appear as single modes and
originate from a single excitation peak as shown in the 2D
photoluminescence plots in Fig. 4b and c. Notably, the fluo-
rescence peak at 390 nm as observed in the raw products was
not observed in the isolated fractions; therefore, we assume that
it originated from the electronic interaction within the mixture
or from a minor fraction that was lost during the separation.
Fluorescence lifetimes were determined by time-correlated
single-photon counting (TCSPC) (Fig. S8t). The fluorescence
of CUb decays with two lifetime components of 4.1 and 9.5 ns in
H,0 and 3.1 and 7.6 ns in MeOH (Table S1t). The two lifetime
components may derive from different species in the mixture of
compounds (vide infra). The longer lifetimes of CUb in the more
polar H,O are likely due to the higher polarity of their excited
states. The opposite trend is observed for CUg, where single-
exponential decays with lifetimes of 5.3 or 9.0 ns in H,O or
MeOH, respectively, were obtained. The fluorescence quantum
yields of CUg were determined by the gradient method to be
27% in H,0 and 70% MeOH using Na-fluorescein as a standard
(Fig. S97). The results are summarized in Table S2.1 Notably,
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CUg features remarkable photostability in solution. After 16 h
illumination at 410 nm in H,O, the fluorescence intensity was
still 100% (Fig. S101). For CUb, a quantification of the optical
parameters was difficult due to an intrinsic instability of the
sample as shown in Fig. S10.f

First structural information was obtained by elemental
analysis of the isolated fractions yielding 38% C, 13% N, 3% H
and 44% O for CUg. This is in sound agreement with the pre-
dicted elemental composition of HPPT-2H,O (4-hydroxy-1H-
pyrrolo[3,4-c]pyridine-1,3,6(2H,5H)-trione) as reported in the
literature.® For CUb an elemental composition of 25% C,
38% N, 6% H and 31% O was determined, which coincides very
well with the predicted elemental composition of triuret or
tetrauret: 25% C, 38% (37%) N, 4% H, and 33% (34%) O.

Mass spectrometric analysis shows a main molecular frac-
tion with a mass of m/z = 179 for CUg, the expected mass for
HPPT (Fig. S111).>> CUb was analyzed in both the positive ion
mode and the negative ion mode. When looking at the signifi-
cant noise in the ESI-MS pattern, CUb seems to contain a variety
of small compounds (Fig. S121). In the negative ion mode,
a peak at m/z = 171 is dominant, which matches with a cyclic
tetrauret species and the signal at m/z = 121 matches with the
biuret-ammonium adduct. The dominant peak of CUb in the
positive ion mode appears at m/z = 121 and minor fragments
with signals of m/z = 149, 186, and 279 are detected. Important
are the signals at m/z = 149 and 186 as these may originate from
melamine-Na® or melaminylguanidine-NH*" (Fig. S13t). A
minor peak at 128 indicates the presence of cyanuric acid.

Characterization by nuclear magnetic resonance spectros-
copy (NMR) was performed in DMSO-d6 or D,0. DMSO was
found to be a good choice as a solvent for the characterization
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Fig. 4 Optical characterization of TAFs: (a) absorbance of CUg (green), CUb (blue) and the unseparated raw product (brown) in H,O; (b) 2D
photoluminescence plots of CUb and (c) CUg in H,O at room temperature.
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because proton exchange is suppressed to some degree. The 'H-
NMR spectrum of CUg shows one dominant signal at 5.40 ppm
and two peaks at 9.82 and 10.0 ppm (Fig. 5a). The *C-NMR
spectrum shows seven peaks at 169.6, 168.5, 167.75, 160.3,
147.7,95.6, and 91.0 ppm. In the ">N-NMR spectrum, two peaks
at 176.3 and 156.3 appear, indicating the presence of two imide-
like nitrogens. The molecular structure was verified by >C and
N heteronuclear single quantum correlation (HSQC) and
heteronuclear multiple-bond correlation (HMBC) spectroscopy
experiments with ’N-enriched samples (Fig. S14t). Only one
proton (5.40 ppm) is immediately bonded to carbon (95.6 ppm).
Two protons (9.82 and 10.0 ppm) are directly bonded to nitro-
gens (176.3 and 156.3 ppm), respectively. Using heteronuclear
multiple-bond correlation spectroscopy (HMBC), we identified
the coupling of protons to *C or >N over three bonds within
the structure (Fig. S15t) and were able to confirm the structure
of HPPT.>

The correct tautomeric form of HPPT was confirmed by
quantum mechanical calculations in a vacuum and polar
solvents. The tautomer B with strong intramolecular H-bonding
affinity was found to be the most stable (Fig. S167).
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In the 'H-NMR spectrum of CUb, a dominant peak at 5.45
and two weak peaks at 6.84 and 8.64 ppm are observed (Fig. 5b).
The “C-NMR spectrum shows two peaks at 160.1 and
156.0 ppm and the *°N spectrum shows two triplets centered at
76.6 and 83.6 ppm and a weak signal at 123 ppm. All of the **N
peaks appear in the amine-typical region. In neither of the
'H-"*C 2D-correlation spectroscopies, HSQC and HMBC,
coupling between protons and carbon was seen (Fig. S17 and
S$181); therefore, carbon-hydrogen bonds are excluded. "H-"°N
HSQC and HMBC experiments were performed with *°N-
enriched samples to detect the coupling of "H and N. A
direct coupling between the proton signal at 5.45 and the
amine-like '°N signal at 76.6 ppm is confirmed. Direct coupling
was also observed between the 'H at 6.84 and the N at
83.6 ppm as well as the 'H at 8.64 ppm and the '°N at 123 ppm.
Three-bond coupling between these 'H and "N is also observed
(Fig. S187). In general, the NMR pattern resembles the expected
pattern of oligomeric ureas such as triuret or tetrauret. A
commercial reference for triuret is not available; the peak
positions, however, match with a commercial biuret sample, for
which similar shifts are expected (Fig. S191). Based on these
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Fig. 5 Structural characterization of TAFs, CUg and CUb, isolated from the reaction product of the thermal reaction of citric acid and urea: (a)
H-, 13C-, and ®*N-NMR spectra of CUb recorded in DMSO-d6; for the *N-NMR spectrum, samples were enriched with **N; (b) *H-, **C-, and
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results, we assume small oligomeric ureas to be the dominant
species in CUb. A positive “biuret test” confirmed the presence
of oligomeric urea in CUb (Fig. S207).

More structural information on CUg and CUb was obtained
by FT-IR spectroscopy (Fig. 5c). For CUg, the broad peaks
between 2700 and 3600 cm ™' indicate the presence of OH and
NH stretching vibrations. The strong signals at 1711 and 1597
or 1719 and 1622 cm ' are assigned to C=O and C=N
stretching modes, respectively, and the peak at 1378 cm ™' is
assigned to C-N stretching modes. Notably, the peaks appear
significantly broadened in comparison to, for example, CUb or
typical nucleobases or purine bases. Such a peak broadening is
typically observed for molecules that undergo significant H-
bonding. The FT-IR spectrum of CUb shows a set of distinct
absorption bands at 3474, 3463, and 3336 cm™ ', which are
assigned to N-H stretching vibrations typically observed for
primary amines (compared to urea, biuret, or melamine). The
two sharp peaks at 1719 and 1622 cm™' originate from C=0
and C=N stretching modes, respectively. The peak at
1464 cm ™" derives from a C-N stretching vibration. In general,
the spectrum resembles the FT-IR spectra of urea and its olig-
omers, as their dominant peaks occur in a similar fashion.

Thermogravimetric analysis provided information about the
thermal stability of the isolated TAFs. CUg is stable up to
a temperature of ~300 °C with a peak decomposition temper-
ature of 364 °C (Fig. 5d). In this temperature regime, the main
decomposition products are NH', CH,0,"", CH,0"", CHO,"",
Co,"", CH,NH,", CH’CN"", and CH,CN"" stemming from
primary amines, CO, and N-containing heterocycles (Fig. S217).
The results, presented in Fig. 5e, clearly show the low thermal
stability of CUb. At a peak temperature of 164 °C, the sample
decomposes. A simultaneous mass analysis of the decomposi-
tion products reveals that the major decomposition products
stem from primary amines and low-molecular-weight carbon
species. The evaporation products are NH', NH,', NH;",
CH,0,"", CHO,"", CO,"", and CH,NH," (Fig. S22+). Notably, the
decomposition of CUb occurs at a significantly higher temper-
ature of ~210 °C in combination with CUg. A TGA profile of
a raw mixture prior to column chromatography is shown in
Fig. S23.1

The elemental composition and the structural features of the
proposed products, CUg and CUb, were confirmed by X-ray
photoelectron spectroscopy (Fig. S24t). In CUg, the expected
binding situation as for HPPT is observed, with contributions
from C-N, C=N, C=O0, and C-NH. Adsorbed H,O causes
a strong signal maximizing at 531 eV. The C-N or C=N features
are the dominant X-ray absorption features in CUb. All peaks,
the Cy5, Nig and O, peaks, in CUb show a predominance of C=
N, C-N, C-O, and C=0, as present in oligomeric ureas.

Particles. The insoluble fraction of the reaction product, CUp,
was analyzed by means of a set of characterization methods. CUp
was obtained by washing the centrifugate with water at 95 °C
several times. About 10 wt% of the material removed during the
washing process is composed of molecular compounds such as
HPPT (Fig. S257). The remaining material appears as a fine black
powder without apparent fluorescence in dispersion. In alkaline
solutions or basic solvents, such as DMSO or DMF, CUp
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seemingly solubilizes with an apparent color change to brown.
Upon re-dispersion of CUp into aqueous dispersion, slight
yellow-brown coloring of the solvent is noted. This effect is even
more pronounced in DMSO or dimethylformamide (DMF). A
concentration dependent UV-vis and fluorescence analysis of
CUp in H,0, shown in Fig. S267, reveals strong auto-quenching
effects in solution. Moreover, the UV-vis absorption pattern
shows a strong plasmonic background absorption trailing from
the UV into the NIR. Two broad maxima at ~345 and 430 nm are
observed in the UV-vis spectra (Fig. S261). In principle, this
absorption pattern resembles the one of CUg, however, with large
red shifts of ~15 and 25 nm. The fluorescence intensity is rather
low and maximizes at 463 nm upon excitation at 350 nm.
Concentration dependent spectroscopic assays reveal a strong
tendency towards aggregation-induced quenching at concentra-
tions above 4 mg L™,

NMR experiments were performed in basic solution and
DMSO but did not show any signals. Elemental analysis yields
a composition of 46% C, 22% N, and 29% O. We examined the
product by transmission electron microscopy (TEM). The TEM
samples were prepared from diluted dispersions in DMSO. In
Fig. 6a, a representative TEM image of CUp is shown.
Throughout the investigated areas, particles with sizes of about
2-7 nm were observed. These are also seen in samples prepared
from aqueous solutions, however, strongly aggregated. The X-
ray powder diffraction pattern of CUp in Fig. 6b shows a peak
at 27.2° 260 (Cu K,) indicating the presence of a graphitic (002)
lattice spacing typically seen for graphitic or graphitic carbon
nitride samples. The particle sizes observed in TEM match with
the mean size of the graphitic domains as determined by the
peak width using the Scherrer equation.

FT-IR spectroscopy reveals the presence of OH groups within
the material (Fig. 6¢). Furthermore, a large contribution to the
IR absorption is coming from C=0 stretching vibrations. Other
peaks indicate the presence of C-N and C=N groups. Similar to
the observation made for CUg, the IR-absorption peaks appear
rather broad, which indicate strong H-bonding within the
sample.

A more comprehensive picture about the composition and
the type of bonding in the material was provided by X-ray
photoelectron spectroscopy (XPS). The fitted spectra with
focus on the Cy,, Ny, and Oy, region are shown in Fig. 6d.
Fitting of the C,, signal suggests an abundance of sp>
carbons.**** Other signals with lower intensity are assigned to
C-C (sp®), C=N and C-0. The C=N signals are also observed in
the Ny, region at 398 eV. A set of three signals in the O, region
is assigned to C-O, C=0, and O-C=0 bonds. The thermal
stability was determined with TGA in an inert atmosphere
(Fig. 6€). Decomposition starts at ~324 °C and is accomplished
at 610 °C.

Proposed reaction mechanism

Taking the results from the structural characterization into
consideration, we propose a potential reaction mechanism.
Citric acid and urea form a solid eutectic mixture at room
temperature (Fig. 7). H-Bonds between the two species are
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Fig. 6 Characterization of the insoluble reaction product, CUp, isolated from the reaction product of the thermal reaction product of citric acid
and urea: (a) transmission electron micrograph of CUp deposited from a dispersion in DMSO; (b) powder X-ray pattern of CUp; (c) Fourier-
transform infrared spectrum of CUp; (d) X-ray photoelectron spectra of CUp with emphasis on the Cys, Ny5, and Oy regions; (e) thermogravi-

metric analysis of CUp in an inert atmosphere.

responsible for a drastic reduction of the melting point to
~95 °C. The H-bond networks formed between citric acid and
urea are expected to be rather complex due to the amphiphilic
H-bond formation properties of both compounds. Upon heat-
ing to the reaction temperatures, urea dissociates into isocyanic
acid and ammonia and condenses with citric acid to form cit-
razinic acid, which immediately reacts with isocyanic acid to
form HPPT according to a mechanism provided in the litera-
ture.”® Notably, as shown in the literature, the citric acid/urea
reaction in H,O yields different reaction products as the reac-
tion from citrazinic acid to HPPT is suppressed by H,0.*
Simultaneously, excess urea condenses into oligomeric ureas,
such as triuret or tetrauret, as well as small amounts of side
products such as melamine or guanidine, the typical conden-
sation products of urea.***” The unstable blue fluorescence
likely originates from conjugated oligomeric ureas or isolated
CN ring structures formed from urea which are stabilized by

their oligomers. These reaction intermediates form a strong H-
bond network. Upon further heating, both CUb and CUg are
consumed in a further condensation reaction to form CUp,
which appears as insoluble particles. H-Bonding between all
three components facilitates the stable dispersion of particles.
Strong H-bonding is still observed in CUg and interactions
between CUb and CUg are inferred from TGA measurements
and shifts in the NMR spectra. In synergy with CUg, the thermal
decomposition of CUb occurs at 210 °C instead of 164 °C
(Fig. S237). Significant shifts in the 'H-NMR spectra were
observed in the mixture of both compounds (Fig. S271), which
strongly suggests that the H-bond networks formed between
CUb and CUg increase their thermal stability. Considering the
relative reaction yields of the three main compounds in the
reaction at 180 °C and 230 °C, we assume a consumption of
both CUg and CUb on account of CUp. These observations
coincide with the results of other reports on the same reaction.>®

Oﬁ,NHz NH HaN
O--H, .CJ
g - o o
HO H Ox OH _H Hoy-H---0Z N7 To-H—0=1 .f &
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Fig. 7 Proposed reaction mechanism of citric acid and urea to produce solid organic nanoparticles via molecular intermediates.
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This assumption is supported by the analysis of the
elemental compositions. With respect to the determined
compositions of the three components, CUp has the highest
carbon content and a medium nitrogen content. On the one
hand, XPS and FT-IR measurements show that large amounts of
C-N and C=N bonds are present. The XRD peak at 26 of 27.2°
and the fact that the dominant carbon species is sp>-hybridized,
as shown in XPS experiments, point to the presence of nitrogen-
containing graphitic domains in CUp.

Notably, in our experiments, we focused on CA/U reaction
mixtures with a molar ratio of 1: 3. It is feasible that higher
amounts of urea lead to the predominant formation of C;N,
clusters in the reaction product.”®*** Isocyanic acid, the initial
reactive species formed, is known to react with cyanuric acid
and carbon nitrides.*® The covalent incorporation of CUg into
such nitrogen-containing graphitic domains is feasible as
absorption features resembling those of CUg are still observed
in the solution phase of purified CUp.>** H-Bonding between
excess TAFs and CUp may support the solubilization of the
latter. In the crude mixture, molecular compounds such as CUg
and CUD act as surfactants and prevent the aggregation of CUp.

Condensation products of only citric acid are largely sup-
pressed by the excessive presence of urea. When heating only
citric acid in neutral aqueous solution, typically a brown or
orange product is obtained which is soluble in water. This
brown product is most likely a polymer formed by the fusion of
citric acid or aconitic acid molecules. Aconitic acid is formed at
a temperature of ~120 °C upon elimination of the hydroxyl
group and a proton.*® Upon addition of a base, the carboxylic
acid groups are deprotonated and upon further heating,
a decarboxylation reaction occurs which leads to the reduction
and aromatization of the citric acid polymer.****> The product
based on pure citric acid exhibits a single absorption maximum
at ~360 nm and the fluorescence quantum yields are reported
to be rather low.*

Conclusions

The thermal reaction of citric acid and urea in the melt was
thoroughly investigated. The composition of the reaction
product is strongly dependent on the reaction parameters such
as temperature, time, and composition. In this study, the
reaction products were analyzed at a constant reaction time and
different temperatures by means of absorption and fluores-
cence and NMR spectroscopies. Three main reaction products
are formed during the reaction depending on the temperature,
namely two molecular fluorophores and non-fluorescent
carbonaceous particles. These products were isolated by
a series of extractions and chromatography and thoroughly
characterized in a comprehensive study. Based on the results,
a potential reaction mechanism was proposed in which the
nanoparticles are a product of the intermediately formed
fluorophores.

The results presented herein demonstrate the complexity of
the thermal citric acid/urea reaction. The raw reaction product
should be seen as a complex mixture with symbiotic properties,
similar to natural products such as litmus. Based on the results
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presented and recent literature, a clear distinction between
thermally accessed fluorophores and carbonaceous nano-
particles should be made and thorough separation may help to
improve their performance in various applications.

These insights not only help to understand the origin of the
fluorescence in pyrolyzed organic materials, in general, but also
provide easy access to a new class of highly inexpensive, water-
soluble fluorescent molecules, such as HPPT, which is an
interesting candidate for biological or fluorescence imaging
and sensing applications due to its excellent photophysical
properties. Moreover, as demonstrated in earlier studies, non-
fluorescent organic nanoparticles are excellent precursors for
our recently developed laser-assisted carbonization process.
The structural information from this study helps to understand
the fundamental chemical requirements for a good carbon
precursor for this laser-assisted carbonization process.

Experimental section

Synthesis: Two stock solutions of CA/U with molar ratios 1 : 3
and 1 : 5 were prepared with total concentrations of 100 or 84 g
L™, respectively. 4 mL of the stock solutions were added to the
microwave vessel and H,O was evaporated under reduced
pressure in a vacuum oven. The solid mixture was pre-stirred for
5 min at 90 °C to ensure complete melting. Then the microwave
power was increased to reach the reaction temperature. The
reaction temperature was held for 20 min. The product was
collected and analyzed or further purified. Melting point anal-
ysis: Homogeneous mixtures of Ca and U were produced by
solubilizing both components (ca. 1 g in total) in 1 mL H,0. H,O
was then slowly evaporated under reduced pressure at room
temperature. The resulting homogeneous mixtures were then
analyzed by differential scanning calorimetry. Chromatographic
separation: The separated fractions were collected and
condensed. The solution was filtered to remove any solid silica
that was washed from the column. Each fraction was dried
under reduced pressure. Transmission electron microscopy was
performed using an EM 912 Omega from Zeiss operating at 120
kv. To prepare the TEM samples, the carbon material was
dispersed in methanol by sonication for 10 min and 5 pL
droplets of the dispersion were placed on a carbon-coated
copper TEM grid and dried at room temperature. Thermogravi-
metric analysis was performed using a Thermo Microbalance TG
209 F1 Libra (Netzsch, Selb, Germany). A platinum crucible was
used for measuring 10 + 1 mg of samples under a nitrogen flow
of 20 mL min~" and a purge flow of 20 mL min~" at a heating
rate of 10 K min~"'. Elemental analysis was performed with
a vario MICRO cube CHNOS elemental analyzer (Elementar
Analysensysteme GmbH). The elements were detected with
a thermal conductivity detector (TCD) for C, H, N and O and an
infrared (IR) detector for sulfur. UV-vis-NIR absorption
measurements were performed with a Specord 210 plus from
Analytik Jena using 10 mm quartz cuvettes. Fluorescence
measurements were performed with a Fluoromax 4 from
Horiba. The fluorescence decays were measured using a Single
Photon Counting Controller Fluorohub (Horiba Jobin Yvon)
operating in the time-correlated single-photon-counting
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(TCSPC) mode. A nanosecond pulsed diode laser NanoLED-450
(Horiba Jobin Yvon) with a pulse width of 1.3 ns, Aex = 447 nm
and a repetition rate of 1 MHz was used for excitation. Fourier-
transform infrared measurements were performed using a Nico-
let iS 5 FT-IR-spectrometer in conjunction with an iD5 ATR unit
from Thermo Fisher Scientific. X-ray diffraction was performed
on a Bruker D8 Advance diffractometer in the Bragg-Brentano
mode at the Cu Ko wavelength. Nuclear-magnetic resonance
spectroscopy was performed on a 400 MHz Bruker Ascend 400 or
a 700 MHz Bruker Ascend 700. X-ray photoelectron spectroscopy
was performed on a Quantera II (Physical Electronics, Chan-
hassen, MN, USA). A monochromatic Al Ko X-ray source (1486.6
eV) operating at 15 kV and 25 W was applied. Each measured
spot was sputtered with Ar-ions (1 keV) for 30 seconds for
surface cleaning. The C=C, sp> carbon peak was referenced to
284.4 eV according to the literature.”® Casa XPS was used for
fitting. Geometries of tautomers A-C were pre-optimized using
the MMFF94x*” forcefield and the program MOE 2008.10.%®
Based on these geometries, DFT calculations were performed
using the program package Gaussian 16 (ref. 59) with the hybrid
functional M062X* and the basis set def2-TZVP.®* Dispersion
correction was performed by using the empirical dispersion
developed by Grimme.®> Moreover, calculations were performed
in the presence of a solvent (MeOH, H,0) using the PCM model
developed by Tomasi.®® For all obtained geometries, frequency
analyses were performed to ensure that they are minima and to
calculate the zero-point vibrational energy.
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