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ABSTRACT: Citrazinic acid (CZA) is a weakly fluorescent molecular 910
compound whose optical properties are dependent on aggregation states and
chemical environment. This molecule and its derivatives have been recently
identified as the source of the intense blue emission of carbon dots obtained
from citric acid with a nitrogen source, such as ammonia or urea. Citrazinic
acid has a strong tendency to aggregate and form tautomers whose optical 5,
properties are largely unexplored. At extreme acidic and basic pH values, we

have observed an “anomalous” optical response of citrazinic acid, attributed

to the formation of aggregates from the tautomers. We have characterized 0=,
the molecule, both at pH = 1 and 14, using UV—vis, NMR, steady-state, and
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time-resolved fluorescence spectroscopy. At extremely low pH values, the
protonation causes luminescence quenching and the appearance of new emissions. On the contrary, high pH values are responsible

for deprotonation and splitting of the excitation spectra.

1. INTRODUCTION

Fluorescent molecular compounds are rapidly gaining the
attention of researchers as new systems for implementing
devices in applications ranging from light-emitting diodes
(LEDs) (OLEDs, PLEDs) and organic—inorganic hybrid
LEDs to active optical media for lasers or bioimaging
systems.' >

Carbon dots belong to this class of compounds. These
systems have nanometric dimensions, excellent fluorescence
properties, and an extraordinary simplicity of synthesis, based
mostly on the thermal degradation of organic precursors that
can take place both in dry conditions and in solutions (through
reflux or hydro/solvothermal environment). The excellent
luminescent properties of carbon dots are generally governed
by quantum and chemical-physical processes.” The former
involves electronic recombination channels in the inner core
region that displays a well-defined crystalline structure. In this
context, the optical properties can be traced back to the
variation in the size of the crystalline area and are based on the
same principles of the more common quantum dots.” In the
second case, the presence of fluorophores molecular species
that are not involved in graphite condensation governs the
emission of carbon dots. In this scenario, the identification of
specific fluorophores is of great interest. However, very little is
still known about the mechanisms providing the formation of
these fluorophores and how a possible mutual interaction leads
to a considerable quantum yield and the possibility of tuning
the emission wavelengths.”
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Citrazinic acid (CZA) is one of the molecular precursors
behind the formation of highly fluorescent carbon dots.
Investigating how the molecular aggregation of the fluoro-
phores affects the optical properties of carbon dots could
potentially inspire new methods of synthesis. Citrazinic acid
strongly tends to form dimers at high concentrations. Although
the mechanisms and the intrinsic characteristics of the
aggregated forms are still far from being fully understood, it
is speculated that the properties of carbon dots derive from
aggregates of citrazinic acid and its derivatives. A change in the
pH value may inhibit or promote the formation of aggregates
and, correspondingly, influence the optical properties of
aqueous solutions. In particular, fluorescence and absorption
spectra are highly affected by protonation and deprotonation
processes induced in acidic and basic environments,
respectively.

Among the numerous fluorophores reported in the
literature, citrazinic acid (CZA) has been identified as the
main cause of the emission in the blue region by carbon dots,
derived from the condensation of citric acid with a nitrogen
source, such as ammonia or urea.'’
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Citrazinic acid consists of a ring of dihydroxy-pyridine with a
substituting carboxylic acid group. A wide emission band in the
visible range with a maximum around 440 nm is characteristic
of CZA. It also has the tendency to tautomerism and formation
of dimers.'""* The presence of dimers can substantially affect
the optical properties of the molecule in solution. In our recent
work,'! we have shown that increasing the CZA concentration
in aqueous solution gives rise to the formation of fluorescent
dimers. The presence of dimers has been investigated by
spectroscopic methods. In fact, dimers exhibit a distinct optical
absorption and excitation spectrum and are associated with a
red shift of photoluminescence compared to the monomer
emission. CZA, at the same time, can form tautomers in acidic
conditions. The stability of a tautomer depends on the pH
values of the solution."” Correspondingly, we expect that the
optical properties of CZA are strongly influenced by the
protonation and deprotonation processes that occur at extreme
pH values.

In this article, we have used a comprehensive spectroscopic
characterization of CZA in strongly acidic and alkaline
solutions aiming to highlight the role of proton addition or
removal reactions on the molecular optical properties. We have
observed an “anomalous” optical response, which is due to the
formation of aggregates from the tautomers.

2. RESULTS AND DISCUSSION

Citrazinic acid presents an emission in the blue region of the
visible spectrum, and different molecular forms, such as
tautomers or aggregates, can arise in aqueous solution as a
function of concentration and pH. To study the effect of pH
on the CZA optical properties, we have used acidic and basic
solutions of CZA at extreme pH values and we have combined
several spectroscopic techniques and theoretical calculations.
Figure 1 shows the absorbance spectra of CZA in H,O
(black line) and H,SO, (red curve). A strong absorption band
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Figure 1. Absorbance spectra of CZA (10 mg L™') in H,O and in
H,S0, (10%, v/v).

between 275 and 450 nm characterizes CZA. The n—rn*
transition involving the excitation of lone 1pair in the pyridone
moiety is at the origin of the absorption.’' The maximum of
this band has been relported to be strongly affected by the
chemical environment.'' In particular, in acidic conditions, we
have observed a marked blue shift from 344 to 328 nm and a
full width at half- maximum (FWHM) narrowing of 13 nm. In
addition, the 7—7* band at 235 nm"" in water is shifted down
to about 218 nm to overlap the strong absorption at 200 nm
(m—>n*).

The shift toward lower wavelengths of the 235 nm band
follows the lowering of the pH value (Figure 2). At pH 1, the
hypsochromic shift stops at 214 nm, as shown by the
deconvolutions of the high-energy structured band (Figure
S1). Increasing the H,SO, concentration does not induce any
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Figure 2. Absorbance spectra of CZA as a function of pH in H,SO,
solution (10 mg L™").

further shift but a gradual increase of the absorbance (see
Figure S2).
The study of emission and excitation properties can provide
new clues about what happens in a strongly acidic solution.
Figure 3 shows the three-dimensional (3D) fluorescence
spectra [excitation (y)—emission (x)—intensity (z)] of CZA in
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Figure 3. 3D fluorescence spectra (excitation—emission—intensity) of
CZA (10 mg L™") in water and in H,SO, solutions (1, 10, and 20%,

v/v).

water and in acidic solutions. CZA in water presents a
symmetric pattern in excitation with the intensity maximum at
Aex = 344 nm and A, = 440 nm. The excitation maximum is in
good accordance with the absorption spectrum of Figure 1.
Under excitation at 344 nm, the CZA displays a broad-band
emission ascribed to a single monomeric chemical species.'" In
acidic conditions, the three-dimensional (3D) pattern intensity
undergoes a considerable change and, correspondingly, a new
band at lower wavelengths appears. At 1% (v/v) of H,SO,
concentration, CZA intensity is quenched of about 1 order of
magnitude and keeps lowering at higher concentrations.

Figure 4 shows the excitation (PLE) and emission (PL)
spectra of CZA at 10% (v/v) H,SO, concentration. By
monitoring the emission at 440 nm, an excitation band with
maximum at about 348 nm is observed. This excitation curve
well reproduces the absorption spectrum for n—7* transition
and is attributed to the excitation of CZA monomer in aqueous
solution."" The green band at 530 nm displays a two-
component excitation spectrum with two maxima at 345 and
430 nm. Still, the former corresponds to the excitation of CZA
in pure water. The second excitation band represents a new
feature of CZA in an acidic environment.

At a high acid concentration, CZA is in a full protonated
configuration'* (Scheme 1). In principle, the presence of a
protonated form can promote a dimerization process with
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Figure 4. Excitation and emission spectra of CZA in H,SO, (10%) at
10 mg L7\

Scheme 1. Effect of Basic and Acidic Solutions on Monomer
Molecular Structures
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consequent formation of new aggregates that show new optical
properties. These aggregates, present in a small amount, can be
identified by monitoring their weak emission at larger
wavelengths.

The main absorption at 328 nm in H,SO, is due to the
protonated monomeric configuration of CZA. The hypsochro-
mic shift with respect to the aqueous solution is attributable to
the adjustment of electronic distribution after the protonation
process. This also affects the 7—7* band at higher energy, as
shown in Figure 1.

After having investigated the optical properties of CZA in
strong acid solutions, we have moved to the other extreme,
very high basic conditions. Figure 5 shows the absorbance
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Figure 5. Absorbance spectrum of CZA in NaOH (pH 14) at
concentrations of 10, 50, 100, and 200 mg L

spectrum of CZA in aqueous solutions of NaOH at pH 14. At
10 mg L', CZA exhibits a very different and apparently
anomalous optical absorption spectra. Two intense bands with
maxima at 344 and 234 nm are in fact detected. The former
has the same spectral characteristics of bandwidth and
maximum position as the n—7z* transition in water. The
band at lower wavelengths appears in water as well. However,
under basic conditions, the absorption transition at around 200
nm, which has the highest attenuation value in water, is
inhibited. No significant spectral differences (maxima positions

and bands ratios) are appreciable as the concentration of CZA
in solution increases, except for the overall increase in light
attenuation. Moreover, the absorbance at 344 nm in NaOH is
about 4 times the one measured in water, at the same
concentration.

The 3D fluorescence maps, shown in Figure 6, provide
further information on the effects of CZA concentration in

600

10 mg L

50 mg L™

1.040E+07

7.800E+06

5.200E+06

2.600E+06
. 0.000

100 mg L

Excitation wavelength / nm

200 400 600 200 400 600
Emission wavelength / nm

Figure 6. 3D fluorescence maps (emission—excitation intensity) of
CZA in NaOH solutions at pH 14 as a function of concentration (10,
50, 100, 200 mg L™").

strong alkaline solutions. Starting at the concentration of 10
mg L7, the 3D pattern shows a band consisting of two
overlapped components. By increasing the concentration of
CZA, the two components tend to split into two well-defined
bands. At 50 mg L™, the splitting of the two bands becomes
appreciable. Finally, the two components are completely split
at the concentration of 100 mg L™ Only a slight shift is
appreciable at 200 mg L™". The general trend can be followed
more accurately by extracting the excitation spectra (PLE), as
shown in Figure 7. The PLE spectra were acquired by
monitoring the emission band maximum at 440 nm, being
independent of concentration variations.
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Figure 7. Excitation spectra of CZA in NaOH (pH 14) as a function
of concentration (10, 50, 100, 200 mg L™").

The spectrum at 10 mg L™' shows an excitation band with a
maximum at 358 nm, which can be deconvolved into two
components at 3.40 and 3.78 eV (Figure S3). In addition, there
is a weak band at about 4.96 eV (250 nm), which is responsible
for the high-energy contribution of the absorption spectrum
(m—n*). At 50 mg L', the two excitation bands n—r*
separate toward opposite directions at 377 nm (3.29 eV) and
320 nm (3.88 eV). At higher concentrations, the two bands are
at 390 nm (3.18 eV) and 297 nm (4.18 eV). The excitation
band at a higher energy shifts to 270 nm (4.59 eV).

The study of the photoluminescence kinetic may provide
further information for the interpretation of the collected
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steady-state data. Time-resolved photoluminescence (TR-PL)
measurements have been carried out on CZA at extreme pH
conditions. Figure 8 shows the PL decay profile of CZA in

— hexc = 350 nm
— kexc =410 nm
Curve Fit

Normalized Intensity
&

0123456738
Time delay / ns
Figure 8. Time-resolved spectra of CZA in H,SO, (pH 1) at

excitation wavelengths of 350 nm (black curve) and 410 nm (blue
curve).

acidic conditions. According to the excitation spectra, which
have revealed the presence of two components, the sample has
been irradiated at 350 and 410 nm, to study the emission at
440 and 530 nm, respectively. The component at 440 nm
presents a double-exponential decay, with an average time of
7% = 0.5 ns. The component at 530 nm can be also fitted with
two exponentials and an average lifetime of 7* = 2 ns. The
trend of luminescence kinetics suggests the formation of CZA
dimers by protonation. In general, these aggregates are weakly
fluorescent as the nonradiative recombination is highly
favored.”""

CZA at pH 14 has been excited at two different wavelengths
as displayed by the excitation spectra (Figure 7). Ao, = 300 and
380 nm have been considered as a good compromise for the
two excitation channels of CZA at different concentrations.
The corresponding PL decay in the scale of 50 ns is reported in
Figure 9. Under both excitation wavelengths, the photo-
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Figure 9. Time-resolved spectra of CZA in NaOH (pH 14) as a
function of concentration (10, 50, 100, 200 mg L™"). (a) Excitation at
300 nm and (b) 380 nm.

luminescence decays through a single-exponential law I = A
exp (—t/7). Under A,. = 300 nm, the CZA at the
concentration of 10 mg L™ displays a decay lifetime of 7 =
6.5 ns, in good accordance with CZA in pure water.'" As the
CZA concentration increases, we assist to a slight decrease of
lifetime value down to $.5 ns at the highest concentration (200
mg L7'). This can be attributed to a weak interaction of
neighboring molecules at the increase of concentration,
contributing to enhance the nonradiative component (77! =
Todintive  + Toonradiative ). Under the excitation at 380 nm,
CZA does not show a significant difference as a function of
concentration, retaining a lifetime of 6.5 ns. Time-resolved
spectra confirm that CZA in alkaline conditions show a kinetics
of PL decay attributable to a monomeric form.

NMR measurements in basic conditions have provided
experimental evidence of deprotonation of carboxylic groups in
CZA (NMR data are reported in Figure S4).

As shown in the experimental results, absorption spectra
significantly change as a function of pH value. It turns out that
the absorption is dependent on the acidity or alkalinity index of
the solution. In particular, it is observed that the acidic
environment promotes a blue shift of the 300—350 absorption
band and the base affects the bands in the range of 200—270
nm.

Computational analysis of the molecule in different
environments can help in the interpretation of the
experimental data. To simulate the CZA molecule under
different pH conditions, two possible structures have been
hypothesized and optimized in their geometry (Figure 10).
The resulting structures have been utilized for the calculation
of UV—vis spectra by time dependent-density functional
theory (TD-DFT). More precisely, a fully protonated CZA
structure has been assumed as a model for the study at low pH
values. In contrast, fully deprotonated CZA has been supposed
for simulations in alkaline environments. The latter is also
supported by NMR measurements.

Figure 10a shows the theoretical UV—vis spectra in the
range of 150—550 nm. As already reported in our previous
work,'" the adopted computational level very well reproduces
the absorption features of CZA molecule. A molecular orbital
attribution of the main transition bands is reported in Figure
10b. When fully protonated, CZA,,, displays a strong blue
shift of 46 nm. The strongest absorption lines at 196 nm in
CZA are almost unchanged with the protonation of pyridine
moiety, while the weak transition at around 222 nm undergoes
a blue shift of 8 nm and a weakening of oscillator strength.
Albeit with some differences, the theoretical UV—vis spectra
are in good accordance with the experimental data, allowing for
inferring that the absorption characteristics of CZA in sulfuric
acid are dominated by the protonated configuration of the
molecule. CZA,, has been selected as the best guess for
high-pH solutions. n—7* appears almost unmodified as the
protons are removed, confirming the experimental trend
(Figure S). In the absence of hydrogen terminations, the
transitions at high energies appear at around 250 nm. This shift
reproduces the corresponding experimental UV—vis spectra.
Moreover, it is worth underlining the growth of n—n*/7— 7*
ratio after deprotonation, as experimentally measured.

Unlike in acidic conditions, where photoluminescence shows
significant changes, CZA in NaOH does not show any
variation in the emission spectrum, exhibiting the characteristic
emission of the monomer. If the corresponding absorption can
be correlated to the deprotonation of carboxyl and hydroxyl
groups, the excitation spectra show a unique trend as a
function of concentration. The splitting recorded in excitation
is a typical signature of dimer formation.'”'® According to the
excitonic theory of Kasha,'” a molecular system can undergo a
strong and narrow red shift as a result of the formation of J-
dimers, type of aggregated manifesting a coplanar alignment.
H-dimers, in stacking configuration, typically show a blue shift
and a corresponding quenching of fluorescence. Both the
effects are observable in absorbance and become more marked
as the monomers come closer, that is, as a function of
concentration. A third possible configuration is allowed.
Oblique aggregates, i.e., intermediate configurations between
H- and J-, exhibit high- and low-energy transitions allowed,
providing a measurable splitting in absorption (Davydov
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Figure 10. (a) Calculated UV—vis spectra of CZA molecules, protonated CZA (CZAPmt) and deprotonated CZA (CZAdepmt). (b) Molecular
orbitals of CZA. The molecular orbitals were plotted taking into account the transitions with higher oscillator strength for each absorption band.

splitting)."” In the case of CZA in NaOH, the splitting is only
appreciable in the excitation spectra, whereas the absorption
band at 344 nm keeps unaffected by pH increase. In light of
this, the recorded photoluminescence as a function of
excitation wavelength represents a measure of the recombina-
tion transitions. According to experimental results, the
fluorescent recombination at 440 nm corresponding to the
absorption at 344 nm becomes forbidden as dimers form.
Correspondingly, only the absorptions at higher (1 > 340 nm)
and lower (1 < 340 nm) wavelengths cause an allowed
luminescent transition.

Still, the nature of dimers has to be figured out. In pyridine
systems, the formation of dimers is strongly favored and is
mainly mediated by the presence of protons at the hydroxyl
groups or at the nitrogen groups in the form of amines.'® In
these cases, the established dynamic equilibrium of proton
exchange favors the stability of the aggregate. In our case, the
high pH promotes the deprotonation of the molecule and,
correspondingly, a salt is formed. It has been reported that the
presence of alkali cations favors the formation of dimers."” In
particular, the binding of alkali ions can promote the
dimerization of cluster and a consequent structural change.
The bridging effect of cations depends on the size and, in turn,
influences the dimerization degree. Therefore, we can assume
that the presence of salt determines a weak interaction among
molecular units in solution, originating the new feature in
excitation.

3. CONCLUSIONS

The investigation of CZA in solutions with acidic pH (~1) and
basic pH (~14) revealed substantial differences from the
optical properties measurable in pure water.

In sulfuric acid, CZA undergoes a significant luminescence
quenching with the consequent formation of new molecular
species as evidenced by excitation spectra. The corresponding
absorption spectrum shows a strong hypsochromic shift that is
attributed to the protonation of the molecule. Computational
calculations have accurately reproduced the experimental
trend. The corresponding time-resolved measures show a
reduction of lifetime compared to the monomer, in accordance
with the formation of weakly fluorescent aggregates.

At pH 14, citrazinic acid maintains the emission spectrum of
its monomeric form. The absorption spectrum shows no
change in the transition at lower energy (n—7z*) and a red
shift of the higher-energy m—a* absorption. This effect has
been reproduced by computational calculations by tentatively
imposing the formation of a deprotonated configuration. In
this scenario, the increase in CZA concentration has an impact
on excitation spectra showing a maximum splitting of about 90
nm in the analyzed concentration range. This effect can be
interpreted in the framework of the formation of aggregates,
which according to Davydov’s theory are identified as
obliquely favored aggregate monomers by the presence of
alkali cations even if the mechanism that leaves the emission
spectrum and low-energy absorption unaltered is not fully
revealed by spectroscopic investigation.

4. EXPERIMENTAL AND THEORETICAL METHODS

Citrazinic acid (purity 97%, Sigma-Aldrich) and water (Milli-
Q) were used as received without further purification. CZA, in
powder form, was dissolved in aqueous solutions of H,SO, at
progressive decreasing of pH down to 1. The optical properties
of CZA at 1, 10, and 20% (v/v) of acid concentration were
analyzed. Similarly, the powder was dissolved in basic solution
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of NaOH at pH 14. The corresponding solutions were finally
neutralized to verify the reproducibility of the measurements.

4.1. Experimental Methods. UV—vis measurements of
CZA solubilized in water were performed using a Nicolet
Evolution 300 spectrophotometer from 200 to 600 nm,
employing quartz cuvettes of 1 and 0.1 cm light-path.

Steady-state optical response of the CZA solutions was
investigated by 3D fluorescence mapping [excitation (y)—
emission (x)—intensity (z)] using a Horiba Jobin Yvon
FluoroMax-3 spectrofluorometer equipped with a 450 W
xenon lamp as the excitation source. The maps were collected
in the excitation/emission range of 200—700 nm, a 1 nm slit
for excitation and emission.

TR-PL measurements were recorded by exciting the samples
with 200 fs long pulses delivered by an optical parametric
amplifier (Light Conversion TOPAS-C) pumped by a
regenerative Ti:sapphire amplifier (Coherent Libra-HE). The
repetition frequency was 1 kHz, and the PL signal was
recovered by a streak camera (Hamamatsu C10910) equipped
with a grating spectrometer (Princeton Instruments Acton
SpectraPro SP-2300). All of the measurements were collected
in the front-face configuration to reduce inner filter effects.
Proper optical filters were applied to remove the reflected
contribution of the excitation light.

"H NMR spectra were recorded on a 500 MHz Varian
spectrometer at 25 °C using dimethyl sulfoxide (DMSO) (2.50
ppm) as a solvent. "H NMR measurements were carried out
using 4 mg (0.026 mmol) of CZA dissolved in 1 mL of
DMSO-d; after sonication for 10 min at room temperature.

4.2. Computational Methods. All of the calculations
were carried out using Gaussian 16 code.”® The energy
calculations of the optimized structures were performed within
density functional theory (DFT) with Becke’s three parameters
and the Lee—Yang—Parr’s nonlocal correlation functional
(B3LYP).”’™** The basis sets for C, N, O, and H were 6-
311++G(d,p), while the electronic excitation energies were
calculated on the basis of the TD-DFT method. The analysis of
frequencies confirms that optimized structures are at a
minimum of potential surface, and no imaginary frequencies
were obtained. The calculations were performed using both
water and vacuum as the medium. GaussView 6 was used to
interpret the computed data.”*
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