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ABSTRACT: The molecular emission model is the most accredited
one to explain the emission properties of carbon dots (CDs) in a low-
temperature bottom-up synthesis approach. In the case of citric acid and
urea, the formation of a citrazinic acid (CZA) single monomer and
oligomers is expected to affect the optical properties of the CDs. It is
therefore mandatory to elucidate the possible role of weak bonding
interactions in determining the UV absorption spectrum of some
molecular aggregates of CZA. Although this carboxylic acid is largely
exploited in the synthesis of luminescent CDs, a full understanding of its
role in determining the final emission spectra of the produced CDs is
still very far to be achieved. To this aim, by relying on purely first-
principles density functional theory calculations combined with
experimental optical characterization, we built and checked the stability
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of some molecular aggregates, which could possibly arise from the formation of oligomers of CZA, mainly dimers, trimers, and some
selected tetramers. The computed vibrational fingerprint of the formation of aggregates is confirmed by surface-enhanced Raman
spectroscopy. The comparison of experimental data with calculated UV absorption spectra showed a clear impact of the final
morphology of the aggregates on the position of the main peaks in the UV spectra, with particular regard to the 340 nm peak

associated with n-z7* transition.

1. INTRODUCTION

Since their discovery in 2004," light-emitting carbon dots
(CDs) have attracted great interest in the scientific
community: they have been proposed, in fact, as promising
candidates for the realization of a new generation of light-
emitters,” biomarkers,>™> sensors,”” and photocatalysts.g’9
Taking into account the low-temperature bottom-up approach,
a complete understanding of the formation mechanism of CDs
is still missing because of the involvement of a complex series
of chemical steps starting from the reaction and occasionally
the polymerization of the precursors, the formation of
aggregates, and eventually the carbonization of the macro-
molecules. The formation of graphitic structures or the
presence of aromatic domains within the carbon nanoparticles
was largely reported in the literature, calling for a molecule-like
model to explain the photophysical properties of CDs."™"?
There are mainly three different emission mechanisms to
explain the observed optical properties, and in particular, the
excitation-dependent emission: (i) the core emission, ascribed
to the quantum confinement effect or to conjugated z-domains
within the core of CDs, (ii) the surface states, where the
emission features are assigned to surface functional groups
bonded to the carbon backbone, and (iii) the molecular state,
where fluorescent molecules, free or bonded to the CD
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structure, are responsible for the gathered emission.'’”"* The
molecular model was proven to be successful by quanto-
mechanical calculations where different polyaromatic hydro-
carbons (PAHs) were exploited to simulate the optical
properties of CDs.'*™'® In particular, it was reported that
PAHs can accurately reproduce the peculiar excitation-
dependent emission of CDs. In some papers, the formation
of aggregates (typically dimers)'’~* or multiple layers™" was
considered the leading mechanism to explain the optical
features. Very recently, the formation of fluorescent stacked
dimers of imidazo[1,2-a]pyridine-7-carboxylic acid (IPCA)
was theoretically investigated as a model for molecular
luminescent centers in CDs.”” Indeed, by molecular dynamics
and quantum-chemistry calculations, it was shown that the
aggregates can be embedded within the CD structure or
bonded at the surface, in both cases preserving their optical
features. It was also proposed that the control of the
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interaction among emitting surface centers, such as perylene, is
an efficient strategy to tune the emission down to bright red
color.”® One of the main characteristics of the bottom-up
approach is that the intermediate macromolecules and
sometimes also the precursors are fluorescent species.”””’
Indeed, this represents an internal difficulty of the approach
because several intermediates and byproducts formed during
the synthesis display emission features in a range of frequencies
very close to the ones of the desired CD.”*”’ Among the
precursors, citric acid and urea are, by far, the most exploited
ones, the nitrogen atoms being requested to enhance the
quantum yield of the final nanoparticles.”®*” As expected,
citrazinic acid (CZA) was found to be present during the
formation of CDs in the synthesis using citric acid and
urea.”””" Even if CZA is widely used to synthesize a whole
class of organic molecules proposed as the building block of
new optoelectronic devices, a complete understanding of the
optical properties of this reactant is still far to be achieved. In
particular, besides few papers reported in the literature for the
IR region,32 the effect of the formation of oligomers, such as
dimers, trimers, and tetramers, a common feature of carboxylic
acids, on the intensities and position of the absorption spectral
lines has not been rationalized yet using a quantum mechanical
(QM) computational approach. Notably, QM theoretical
investigations are almost absent for the UV/visible (UV/vis)
region.”’ Even though our calculations are specifically referred
to free molecules and the formation of their aggregates in
solution, we believe that, according to the cited literature, ™
those aggregates could be relevant also for the case of bonded
and embedded molecular species in CDs.

The lack of a fully fledged theoretical investigation can be
ascribed to the intrinsic difficulties in computing noncovalent
bonding interactions, such as hydrogen bonds and Van der
Waals forces responsible for the dimerization, which are in
general very complex to be modeled in a purely quantum
chemical computational scheme.”> The recent progress in the
parametrization of density functional theory (DFT) func-
tionals, however, can nowadays allow numerically treating this
kind of interaction by means of the so-called long-range
corrected functionals, as the @B97XD.**~*° By means of this
new class of functionals, it is now possible to correctly describe
the effect of hydrogen bonds not only on geometries’” but also
on the absorption UV/vis spectral lines, which are, in turn,
affected by the formation of aggregates.

In this combined computational-experimental study, we will
focus on the identification and optical characterization of
several possible dimers, trimers, and some selected tetramers of
the CZA in water solution. In particular, by means of a purely
DFT approach, we identified the most stable configuration
arising from hydrogen bonding of two, three, and four CZA
molecules. The effect of the resulting geometries on the
position and intensity of the UV absorption peaks is calculated
and compared to experimental data and their interpretation
within the excitonic theory framework.””**** Computed
vibrational features of aggregates are also in very good
agreement with experimental surface-enhanced Raman spec-
troscopy (SERS) measurements, here reported for the first
time. These results offer a realistic interpretation of optical
features recorded in CDs, supporting the molecular model and
the formation of aggregates as one of the main mechanisms for
the observed absorption and emission properties.

2. EXPERIMENTAL AND COMPUTATIONAL
METHODS

CZA (purity 0.97, Sigma-Aldrich) and milli-Q water were used
as received without further purification. Different solutions of
CZA in water were prepared with concentrations in the 0.01—
110 mg/L range. The absorbance spectra in the UV—vis range
of CZA solubilized in water were recorded with a Nicolet
Evolution 300 spectrophotometer from 200 to 600 nm
(cuvette optical path: 10 mm).

Micro-Raman scattering measurements were performed in
backscattering geometry through the confocal system SOL
Confotec MR750 equipped with a Nikon Eclipse Ni
microscope, exciting the samples at 532 nm (IO Match-Box
series laser diode). Spectral resolution was 0.6 cm™'. SERS
supports were ITO glasses coated with silver nanoparticles (S-
Silver SERS substrates, Sersitive, Warsaw Poland).

All the quantum-chemistry calculations were performed
using the Gaussian 16 suite of programs.40 We assumed as
starting geometry the keto tautomer of CZA which, from
preliminary calculation, was more stable in water solution than
the imine tautomer.

We performed a geometry optimization down to the self-
consistent field (SCF) energy of the monomer by means of
DFT calculations carried out at a B3LYP/6311++G(d,p)*"*
and @B97XD/6—311++G(d,p)**~*° level of theory. Solvation
effects arising from the interaction of CZA molecules with
water used as the solvent were treated with the self-consistent
reaction field model by simulating the dielectric solvent
through the polarizable continuum model calculation within
the integral equation formalism (IEFPCM)."

UV absorption spectra were simulated in terms of vertical
energy transitions with the solvent environment assumed to be
the same of the ground state of the molecule using both the
functionals with the same basis set. All the structures were
verified to be real energy minima with no imaginary
frequencies in the vibrational spectra. This protocol was
successively applied with all the aggregates generated as
described in the next paragraph.

Starting from the optimized geometry of the monomer, we
built the following dimer configurations, as depicted in Figure
1:

1 stack-parallel. The two monomers are assumed lying in
two parallel planes at a variable distance 3 A<z<5A

2 rot-z. Starting from a geometry generated in case 1, a
subsequent rotation € along the z axis is applied;

3 rot-y. Initially, two monomers are supposed to lie in the
same z = 0 plane with the nitrogen atom of a monomer
facing the carboxyl group of the other. A rotation ¢ is
then applied along the nitrogen—nitrogen axis (assumed
as y axis);

4 flipped-rot-y. As in case 3 but starting with two
monomers facing each other with the nitrogen atoms.

S tile rotation. Starting from the geometry obtained in case
3 with @ = 0, the system is then modified by increasing
the dihedral angle determined by the two monomers.
The stability of the optimized starting geometry was also
studied by rotating the dimers around the major and
minor axes of the dimeric system.

3. RESULTS AND DISCUSSION

3.1. Assessing the Functional Validity in Describing
Nonbonding Interactions. To check the validity of the

https://dx.doi.org/10.1021/acs.jpcc.0c10916
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Figure 1. Ball-and-stick representation of the five starting dimer
configurations. Red arrows indicate the direction of translation and
rotation. (white sphere = H atom, gray sphere = C atom, red sphere =
O atom, and blue sphere = N atom).

B3LYP and wB97XD functionals in describing nonbonding
interactions responsible for the dimerization of the CZA in
solution, we defined the binding energy of the system as

AE = Edimer —2E

monomer

(1)

where Eg;... represents the total DFT SCF energy resulting
from the optimization of the entire dimeric system while
E nonomer 18 the corresponding energy of an isolated monomer
calculated at the same level of theory.

As it is well known that the energy of aggregate systems can
be affected by a basis set superposition error (BSSE), a
separate calculation was performed to quantify the amount of
the correction to be applied and obtain an accurate estimate of
the binding energy (see the Supporting Information for
details): using both functionals, a total BSSE correction of 1.4
kcal mol™" was estimated leading to a complexation energy of
+7.63 keal mol™" in the case of the B3LYP functional and —
1.02 kcal mol™ in the case of the @B97XD functional. The
correction was then calculated and applied to the total SCF
binding energies of all the structures (see Table 1).

Table 1. Sample ID and Total DFT SCF Binding Energies,
Calculated before and after the Corrections Accounting for
BSSE for the Six Dimeric Systems Analyzed

sample SCF energy (kcal  BSSE corrected energy
ID configuration mol ™) (kcal mol™)

dimer-1  head-to-head —8.837 —7.890

dimer-2  tail-to-tail —10.391 —9.495

dimer-3  head-to-tail —13.251 -12.327
dimer-4  symmetric-stack- —7.798 —5.423

parallel
dimer-5  rot-z —4.057 —1.899
dimer-6  mirror-stack- —1.541 —0.0039

parallel

As reported in the Supporting Information (Figure S1), by a
direct analysis of the results obtained for the stack-parallel
configuration, it emerges that @B97XD can clearly identify the
presence of a stable dimer aggregate, while in the case of the
B3LYP functional, no stable configurations can be found for
any z stacking distance. In the case of the planar dimer
configurations (vide infra), considering the representative
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head-to-tail dimer, we obtained the formation of an energy
minimum with both the functionals at about the same distance
of the two monomer units, the energy minimum being about
2—3 kcal/mol lower for the @B97XD case than for the B3LYP
one. These results indicate that the ®B97XD functional must
be considered to calculate all possible dimers to explain the
experimental data that suggest the occurrence of aggregated
structures in aqueous solutions.”

Taking into account the observed ability to reproduce
aggregation phenomena, for further analysis we assumed the
long-range corrected wB97XD functional for geometrical
optimization of all the structures of interest. The gathered
results are the following: (i) none of the rot-y and flipped-rot-y
configurations provide an energy minimum; (ii) the stack-
parallel configuration is stable for a stacking distance of z =
3.66 A with a binding energy of —0.039 kcal mol™'; (iii) a
minimum energy configuration was retrieved for the tile
rotation dimer only at @ = 0°, and the energy of the dimer
keeps increasing as the dihedral angle among dimers increases;
and (iv) the rot-z configuration is stable (—1.899 kcal mol™")
for two (symmetric) values of the rotation angle 6
corresponding to @ = 54 and 306° at a distance of z = 3.25
A. Thus, the stack-parallel and rot-z models were further
considered in the discussion, together with three more planar
configurations suggested by the electrostatic potential map of
the monomer (vide infra).

3.2. Stability Analysis of Dimers and Electrostatic
Potential Map. Using the Gaussian 16 suite of programs, the
electrostatic potential map for the CZA monomer was
calculated at the wB97XD/6—311++G(d,p) level of theory:
the result, reported in Figure 2, evidences, as expected, a high
electronic charge density on the ketone oxygen and a moderate
nucleophilic potential on the carboxylic oxygen, while one of
the highest and dense electrophilic potentials is observed in
correspondence with the pyridinic nitrogen.

Figure 2. Molecular electrostatic potential for an isolated CZA
molecule in aqueous solution. The map displays isovalue contours in
the range [—0.1:0.1] electrostatic potential in atomic units in the
molecular plane: red regions indicate negative potentials (nucleo-
philic-donor coordination sites) and blue regions positive electrostatic
potentials (electrophilic-acceptor coordination sites).

https://dx.doi.org/10.1021/acs.jpcc.0c10916
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Based on this result, we designed three new dimeric planar ——0.01mg/L
systems not evaluated in the previous subsection: a sketch of 309 ——0.1mg/L 0.04
geometries and main structural parameters of the final six ——1mg/L 8
analyzed dimer systems are depicted in Figure 3. As reported, 254 ——10mg/L & 008
30mg/L So02
50mg/L 8
204 \——70mg/L  <°o
90mg/L 0.00

dimer-2

t s dimer-4

dimer-1

dimer-3

dimer-6
dimer-5

Figure 3. Ball-and-stick representation of the selected dimeric
systems: binding energies and configuration descriptions are listed
in Table 1 (white sphere = H atom, gray sphere = C atom, red sphere
= O atom, and blue sphere = N atom).

dimer-1, =2, and — 3 correspond to head-to-head, tail-to-tail,
and head-to-tail configurations. Dimer-4, —5, and — 6 have the
already described symmetric-stack-parallel configuration, the
rot-z configuration, and the mirror-stack-parallel configuration.
When designing the new systems, we took care of not facing
electrostatic charges of the same sign to avoid electrostatic
repulsion. For example, in the case of dimer-1 the electrophilic
acceptor pyridinic nitrogen site of one monomer was faced to
the nucleophilic donor ketone oxygen site of the other.

To verify the stability in aqueous solution of each
investigated system, single-point energies and bonding energies
were calculated for each system, evaluating BSSE contributions
for each dimer. We observed the highest bonding energy in the
dimer-3 configuration, while the dimer-6 configuration
displayed the lowest one.

A reasonably good stability is further observed in the case of
dimerization mediated by the two carboxyl groups while the
stability of dimers bound by a ketonic-to-ketonic interaction is
considerably lower (see Table 1).

3.3. Experimental and Theoretical UV/vis Absorption
Spectra Analysis. Experimental absorption spectra are
reported in Figure 4. As the concentration of CZA increases,
the absorption peak around 340 nm (3.6 €V) undergoes a blue
shift, typically ascribed to the formation of oligomers.

To analyze the spectral shift in detail, we performed a
spectral deconvolution in the energy space with Gaussian
bands. The experimental spectra were fitted with two high
energy bands, at about 4.5 and 5.5 eV, to account for the far
UV contributions, and one or two bands in the 3.0—4.0 eV
range to reproduce the spectral features of the 3.6 eV (340
nm) band. The fitting results over the whole spectral range are
reported in the Supporting Information (Figure S2).

At very low concentration (0.01 mg/L), the band at 340 nm
was not detected, its signal starting to be detectable in the
solution with 0.1 mg/L of CZA. At this concentration, the
absorption spectrum can be successfully fitted with just one
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Figure 4. Experimental absorbance spectra as a function of CZA
concentration. The inset shows a magnified view of the 300—400 nm
range at low concentration

Gaussian band peaked at 3.63 eV with a full width at half
maximum (FWHM) of 0.60 eV (Figure 5).At larger
concentration, in the 1—30 mg/L range, two Gaussian bands
are required to fit the spectrum, red and blue shifted with
respect to the previous one, at 3.46 and 3.68 eV respectively,
with a FHWM of about 0.32 and 0.59 eV. Finally, at larger
concentrations the band becomes again symmetric, a single
Gaussian band at 3.73 eV and FWHM of 0.68 eV being needed
to fit the analyzed portion of the absorption spectrum.

The reported data suggest the formation of aggregates of
CZA and can be interpreted within the exciton theory
framework.”® According to the theory, the formation of a
composite molecule obtained from the interaction of two
single monomers causes a variation in the optical absorption
transition energy expressed as follows:

AEj .. = AE + AD =T

monomer

)

where AE is the transition energy of the dimer (monomer),
AD is the variation in the Van der Waals contribution in the
aggregate structure, and I' is the exciton splitting term.
According to the above equation, besides the general lowering
of the transition energy because of the Van der Waals
interaction, the excited state is split into two energy levels, at
higher and lower energy with respect to the monomeric one.
These two bands are typically defined as the H and J band,
respectively, and their observation depends on the spatial
arrangement of the two monomer units, which determines if a
transition is allowed or not. Indeed, within the exciton theory,
there are different possible geometric configurations of the
dimers, depending on the alignment of the single unit
transition polarization axis, such as parallel and in-line
transition dipoles (also known as H and ] dimers), oblique
transition dipoles, and coplanar or nonplanar transition
dipoles.

According to this simplified theory, the H band is the only
transition observed in parallel H dimers, while the ] band is the
allowed transition for in-line J dimers. Both transitions are
allowed for the oblique dimers, while for coplanar and
nonplanar structures, the energy levels change continuously
as a function of the relative orientation of the two monomers.

https://dx.doi.org/10.1021/acs.jpcc.0c10916
J. Phys. Chem. C 2021, 125, 4836—4845
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Figure S. Deconvolution of absorbance spectra at different CZA
concentrations with Gaussian bands in the 3.0—4.0 eV range

Within this scenario, the recorded experimental data report
the unique formation of the monomeric unit of the molecule
(the transition being peaked at 3.63 eV) at low concentration
(below 1 mg/L). In the 1—30 mg/L concentration range, the
formation of dimers causes the excitonic splitting of the band,
with two transitions recorded at lower and higher energies with
respect to the monomeric one (3.46 and 3.68 eV, respectively,
estimated splitting 0.22 eV, and Van der Waals interaction
—0.06 eV).

According to the theory, these findings call for the presence
of both J and H dimers or the formation of the oblique ones.
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As the concentration keeps increasing, a close packing of
monomer units is forced, thus J dimers or oblique ones
disappear being transformed into H dimers. We should,
however, keep in mind that the exciton theory is a simplified
model that considers only the formation of dimers and how the
absorption spectrum changes accordingly as a function of the
concentration. The latter, indeed, affects the kind of observed
dimers, being the geometrical configuration of the interacting
monomeric units related to the surrounding environment. As
the concentration increases, however, not only the geometry of
the dimers changes, but also larger oligomers, such as trimers
and tetramers, can be formed. The theoretical simulations aim
to clarify the effect of the presence of various oligomers on the
absorption spectrum of CZA solutions.

Theoretical UV/Vis absorption spectra were calculated by
means of a time-dependent DFT approach in the framework of
Franck—Condon approximation: to assess the validity of our
calculated data, a preliminary UV spectrum was generated for
the case of the monomer, to be compared to the reported
experimental data, using both B3LYP/6—311++G(d,p) and
®wB97XD/6—311++G(d,p) combination. We obtained in this
case that the B3LYP functional can better fit the experimental
pattern observed, while the wB97XD functional leads to a
substantial underestimation of absorption wavelength. For this
reason, the UV/vis spectra of the whole set of investigated
structures were calculated with the B3LYP functional.

In Figure 6, UV/vis absorption spectra are depicted for the
case of two isolated CZA molecules (labeled as a monomer)

2 T T T
monomer ———
1.8 dimer-1 ——
A\ dimer-2
| di -3
_ e\
L\\ dimer-5 ——
o L4 oo dimers —
£ ‘ [
g 12 [ i —
‘i‘ R T AT ) il T N
8
T 08|
T \
g 06}
0.4 \\L ;
0.2 -
~ T
0 L ) B = L~ L
200 250 300 350 400 450 500

Wavelength / nm

Figure 6. UV/vis absorption spectra simulated for the case of two
isolated CZA molecules (labeled as a monomer) and the six dimeric
systems depicted in Figure 3 and referenced in Table 1. A constant
shift of 0.2 arbitrary units is applied for the sake of comparison.

and the six dimeric system analyzed. To emphasize the
observed shift in the absorption peaks, spectra are shown in
terms of arbitrary absorbance units where a constant shift of
0.2 units is applied. Referencing to Figure 6, a bathochromic
shift is observed in the case of dimer-2 if compared to the case
of two isolated molecules, and a similar effect is observed in
dimers 4 and S, because of the arising of a previously
unobserved absorption peak for 4 > 344 nm.

In contrast, no significant difference can be found in the case
of dimer 6, as expected from the negligible binding energy of
the system, a condition which can justify the treatment of
dimer 6, from an optical point of view, as two isolated CZA
molecules.

The dimer-3 absorption spectrum, finally, evidences a
conspicuous broadening of the absorption wavelength range
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centered around A = 344 nm: this effect is explained by the
splitting of the previously unique absorption peak at 4 into two
different, less intense, absorption peaks, symmetrically
distributed around A’ = 340 nm, an effect amenable to the
interaction energy between the carboxyl and the pyridinic
groups of the two monomers. We point out that
solvatochromic studies™ reported hypsochromic and bath-
ochromic shifts of the absorption bands in polar protic solvent
with respect to polar aprotic ones. Although the experimental
and calculated optical properties here reported refer to water
solution and differences can be observed in different solvents,
water is the typical medium used during the synthesis; thus we
believe that the discussed formation of aggregates could be
relevant for the general synthesis of CDs.

It is important to underline that the UV spectrum of the
most energetically favored dimer, dimer-3, is in very good
agreement with the experimental data in the 1-30 mg/L
concentration range, where two excitations were spectrally
resolved by means of Gaussian deconvolution. The calculated
exciton splitting is in stark agreement with the experimental
one; thus we can definitely assign to in-line head-to-tail dimers
the measured spectral features. In addition, the formation of
other less energetically favored dimers, such as dimer-1 and 2,
cannot be ruled out, in particular if we consider the
dimerization at the surface or within the core of CDs, where
the C atom network can decrease the formation energy of the
process. Those dimers provide a further enlargement of the
340 nm band, opening new excitation channels down to the
near visible range (dimer-1), as in general observed in CDs. It
is worth noting that the reported optical properties are in good
agreement with the experimental ones reported for CZA
aggregates and the related CDs obtained through solvothermal
synthesis,”® showing by means of transmission electron
microscopy (TEM) images that aggregated CZA molecules
embedded in a polyvinylpyrrolidone matrix can polymerize and
form nanoparticles of about 4 nm. Finally, we point out that
the redshifted contributions calculated for the reported dimers
agree well with the excitation maximum previously ascribed to
fluorescent J-type dimers whose presence can be experimen-
tally monitored through the redshift of the emission peak of
citric-acid-related CDs.*

3.4. Beyond Dimerization: Trimeric and Tetrameric
Aggregates. Using the same approach employed for dimers,
three-and four-molecule aggregates were built and analyzed to
identify the most stable configuration of these complex
structures and verify the impact of possible H-bonded larger
structures on the optical activity.

In the construction of the trial configurations, we focused on
planar aggregates, and the stability of the aggregate is ensured
by the presence of hydrogen bonds because, from the analysis
of dimers, the stacking configuration is characterized by a
significantly lower interaction energy.

Four possible configurations have been identified for the
trimeric system as reported in Figure 7. After optimization
using the aforementioned wB97XD functional, the trimer-1
configuration proved to be the most stable and was
successively selected for UV—vis absorption spectral analysis.

In a similar fashion, seven tetrameric structures were
generated by exploring all the possible orientations of each
single monomeric unit, a recursive search being possible thanks
to the presence of symmetric constraints (see Figure S3 in the
Supporting Information). The most stable structure isolated is
depicted in Figure 8.
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Figure 7. Trial structures for the three-molecule CZA-based
aggregates investigated. Trimer-1 configuration emerged as the most
stable structure after full DFT geometrical optimization.
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Figure 8. Most energetically stable tetrameric structure.

UV-—vis absorption spectra for the most stable two-, three-,
and four-molecule aggregates found along with the monomer
spectrum as a reference are depicted in Figure 9. Two opposite
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Figure 9. UV—vis spectra for the most stable dimeric (red), trimeric
(blue), and tetrameric (dark green) aggregates. The monomer UV
spectrum, in a black dashed line, is shown as a reference.

trends emerge in the optical absorbance features of the
aggregates as the number of constituent units increases. In the
lower wavelength region (150—250 nm), in fact, a consistent
redshift can be traced, with the most prominent modification
being visible for the monomer to dimer transition with the
suppression of the ~160 nm peak. As the dimension of the
aggregate increases, the main absorption peak at ~190 nm in
the monomer and dimeric system gradually shifts to higher
wavelength, positioning at 220 nm in the tetramer.

In contrast, the increase in dimension of the aggregate
produces a blueshift in the higher wavelength region (300—400
nm) because of the formation of new excited states, higher in
energy compared to the case of the monomer, determining the
emergence of a prominent left shoulder around the main
absorption line at ~344 nm. Thus, the formation of larger
oligomers, expected when increasing the CZA concentration,
causes an overall blueshift of the 340 nm band, as here
experimentally observed at concentration larger than 30 mg/L,
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Table 2. Brightest Absorption Transition (Imposing Cut-off on Oscillator Strength £ > 0.1) for the Most Stable Aggregates of

CZA Investigated and Selected for NTO Analysis”

monomer dimer trimer tetramer
A (nm) e (au.) A (nm) e (au.) A (nm) € (au.) A (nm) e (au.)
194.37 0.6095 195.75 0.9637 213.32 0.4283 218.28 0.2242
162.01 0.2381 212.43 0.4125 213.17 0.1837 219.50 0.1422
344.72 0.1258 218.21 0.1154 219.51 0.1343 343.45 0.1086
159.74 0.1231 199.14 0.1149 218.16 0.1342
198.46 0.1051 196.83 0.1072 342.20 0.1207
“The monomer case is reported as a reference.
and is in general paired to a net decrease of the related
emission properties because of quenching phenomena,****~* M “
: L onomer .
In the perspective of CD engineering, all the results here ®
reported on the formation of aggregates point out that a strict uv “
control on the composition and concentration of precursors State ‘
should be granted to achieve highly efficient CDs with
excitation in the near visible range. A
3.5. Natural Transition Orbital (NTO) Analysis. To Dimer R * e Qe ‘Q
better clarify the impact of aggregate formation on observed uv ‘ ’ ©® & @
optical spectra, a set of NTOs was generated for each State ‘ F=) *
investigated system by performing separate unitary trans- "
formations on the occupied and on the virtual set of orbitals to

obtain a localized picture of the transition density matrix."’

Focusing on the most stable conformations, the transitions
to be studied have been selected among the brightest in the
two wavelength regions previously pointed out. As a
quantitative criterion of selection, a cut-off of 0.1 on the
oscillator strength was set, obtaining the ensemble listed in
Table 2.

A direct inspection of the numerical values clearly confirms
the two trends observed, with a redshift of the main absorption
peak in the low-wavelength region from 194 to 218 nm when
aggregate dimension spans from 1 to 4 monomeric units. In
the high-wavelength region, instead, no significant shift can be
traced for the 344 nm main peak, confirming that the increase
of the blue shoulder observed must be reconnected to the
formation of new energy level above the fundamental level
characteristic of the monomer.

We observed that all the transitions listed in Table 2 arise
from multiple contributions of different molecular orbitals, a
circumstance which leads to the use of the NTO to better
provide a clearer description of the absorption process in terms
of the classical electron—hole framework by a proper localized
picture of the transition density matrix, as proposed in Martin’s
work."”

The NTOs for the brightest transitions of the CZA
monomer and dimer-3 in the UV range are reported in Figure
10. The ones for the deep UV range, as well as the trimer and
tetramer cases for both ranges, are reported in Figure S3.
Within this scenario, the reported absorption at about 340 nm
can be interpreted as because of n-7* transitions in the whole
set of structures, with the involvement of the H-bond region
being observed upon excitation in the aggregates.

As compared to the investigation of IPCA dimers,”” there
are two issues worth discussing: the geometry of the dimers
and the electronic character of the 340 nm transition. IPCA
dimers were proven to aggregate as stacked structures while in
the present case we found in-line aggregates. Thus, the
formation of different aggregates depending on the bottom-up
starting precursors and concentration can explain the non-
ubiquitous observation of graphitic crystalline planes in CDs.
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Figure 10. NTOs for the brightest transitions of the CZA monomer
and dimer-3 in the UV range. The isocontour value is 0.02 au.

We may speculate that the different geometry could be related
to the larger planar configuration of IPCA as compared to
CZA.

Second, the reported results for transition orbitals for CZA
agree well with the typical n-7* character reported for the 340
nm transition,”® while the one calculated for IPCA as well as
the previously reported ones for oxygen-functionalized graph-
itic CDs" evidenced a z-* character. In the latter, the lack of
carbonyl groups to which the n-z* transition is ascribed,* as
also confirmed by our NTO results, can explain the different
character of the computed excitation.

As for the aggregates of IPCA, the presence of the imidazole
ring leads to a redistribution of the electronic charge upon the
five-member cycle thus favoring a z-7* configuration also in
this case.

The simulated Raman and IR spectra of the monomer and
aggregates show that all the vibrational features are preserved
when the oligomers are formed, with a small blue shift of the
calculated modes as the aggregation increases (Figure 11 and
Figure S4 in the Supporting Information for the Raman and IR
spectra, respectively).

The main signatures of aggregation are the two modes
recorded around 2900 and 3200 cm™' pertaining to the
vibrations of the H atoms bonded to the nitrogen and to the
oxygen of the carboxylic group and involved in the H-bonding
between two monomers. The reported data agree quite well
with previous literature findings (see Supporting Information
Table S1), reporting the formation of different tautomers of
CZA depending on the pH of the solution but neglecting the
possible presence of oligomers (only reported data refer to 0.1
M concentration, where, according to our optical absorbance
results, aggregates should be expected). Indeed the Fourier-
transform infrared spectrum reported by Sarkar’’ do show two
large bands that could be partly related to H-bonding between
monomer units besides the larger contribution of OH groups

https://dx.doi.org/10.1021/acs.jpcc.0c10916
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Figure 11. Raman spectra for the most stable dimeric (red), trimeric
(blue), and tetrameric (dark green) aggregates. The monomer
spectrum (dashed line) is reported as a reference.

typically found in this vibrational range that hampers the
Raman analysis of CZA water solution down to 3500 cm™. In
a very recent paper, we showed that, besides the formation of
different ionic species, aggregation is also important for the
magnetic features of CZA-related carbon nanodots.”’

3.6. Raman and IR Spectra. To experimentally test the
formation of aggregates, we performed SERS measurements of
a concentrated water solution of CZA dropped on Ag-coated
ITO substrates. After solvent evaporation, we obtained a
Raman spectrum in very good agreement with the vibrational
features previously reported®” and with the calculated modes,
with most intense vibrations recorded in the 1200—1800 cm ™"
range (Figure 12 and Table S1 in the Supporting Information).
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Figure 12. Experimental SERS spectrum of S0 mg/L CZA water

solution. The inset shows a magnification in the 2400—3300 cm™!
range.

In addition to the main modes, the recorded spectrum
shows the presence of a vibrational band at 2900 cm™ that
could be ascribed to H-bonding interaction (see the inset of
Figure 12), thus fully confirming the calculated spectra and the
formation of aggregates.

It is finally important to underline that, besides the
observation of the aggregation fingerprints, the formation of
the aggregates causes a small intensity increase in the
calculated vibrational features as compared to the ones of
the monomer structure (from a factor 2 to 3 from dimers to
tetramers). Vibrations are responsible, in general, for non-
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radiative relaxation from the excited state and cause the
molecular emission to be independent of excitation. The
calculated IR intensities in oligomers could help to explain
why, if we assume aggregation as one of the main mechanisms
for the widening of the absorption spectrum of CDs down to a
visible range, they still have a quite high quantum yield and
display excitation-dependent emission properties.>”

4. CONCLUSIONS

The topic of molecular aggregation is dramatically relevant for
bottom-up synthesized CDs where molecule-like models are
considered as the most reliable model for the observed optical
properties. Indeed, spectral tuning can be achieved by
engineering the precursors and their concentration. Among
the others, CZA occupies a prominent position because citric
acid and urea are frequently used to prepare efficient CDs. We
demonstrated that CZA can form in-line aggregates whose
spectral features can account for the measured shift and
widening of the UV 340 nm absorption band. The aggregation
is mediated by H-bonding interaction and to properly deal
with H-bonding the application of a proper long-range
functional was essential to achieve minimum energy structures.
Aggregation was also verified by vibrational spectra, exper-
imental SERS data, and calculated one, being in very good
agreement and both showing a fingerprint mode at about 2900
cm™'. NTO analysis assigned an n-7* character and a 7-7*
character to the UV and deep UV absorption transitions.

Although these results can be properly referred only to the
CZA-related CDs, they can help in the general interpretation
of the observed features of bottom-up prepared CDs,
promoting the molecular model and the aggregation
phenomena as an efficient and persuasive explanation of
their optical and vibrational properties and endorsing a closer
collaboration between experimentalist and computational
theorist researchers in finding the most meaningful correlation
between CDs’ nanometric structure and chemical-physics
properties.
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