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Abstract

Density functional theory (DFT) and time dependent density functional theory (TDDFT)
calculations were performed to represent carbon dots surfaces. The addition of
different oxygen functional groups to the aromatic carbon core structure and the
stability in the interaction with silver nanoparticles was also investigated. Adsorption
energies were evaluated in order to compare the competition for adsorption sites on
silver surface with D-glucose and D-gluconate ion molecules. The -COOH and -COO
groups and the interaction of the latter with silver were proposed to explain some
features of the UV-visible absorption spectra, which could also contribute to an
explanation for the charge observed on carbon dot surfaces.
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1. Introduction

Graphene quantum dots (GQDs) are graphenes with finite size, which can be
fabricated by bottom-up and top-down synthesis approaches [1,2]. Several theoretical
studies were already performed studying the electronic and optical properties of GQDs
[3-7], analyzing the influence of size, shape, functional groups and gas adsorption on
electronic and optical properties.

On the other hand, carbon dots (C-dots) are basically carbon nanoparticles with
size below 10 nm [8]. Synthesis of C-dots is made possible in multiple ways including
top-down approaches as arc discharge, laser ablation, electrochemical oxidation, or
bottom-up approaches as combustion, template, hydrothermal, ultrasonic, microwave,
and solvothermal processes [9]. Many experimental approaches investigate its
applications due to their fascinating optical properties, such as photoluminescence,
photoinduced electron transfer, chemiluminescence, and electrochemiluminescence
[10-13]. Nevertheless not many theoretical attempts have been performed in order to
have a reliable representation of this type of structures, and classical corone model to
describe its properties do not have a suitable absorption behavior in the UV-visible
region [5].

In addition combinations of C-dots and silver nanoparticles (AgNP) have been
recently synthesized and applied in different devices. In this sense, C-dots/silver
nanocomposites were prepared by hydrothermal treatment of ascorbic acid and were
applied for detecting iodide ions using the fluorescence of these structures in aqueous
media [14]. Also AgNPs supported on C-dots derived from biomass as a combined
reducing and capping agent for electrocatalytic applications [15]. Glucose detection
based on C-dots supported on AgNPs represents a new example of wide application of
C-dots [16]. Silver nanoclusters supported on C-dots were synthesized through a facile
and green approach with only glucose and AgNO; as precursors with remarkable
electrocatalytic performance towards oxygen reduction with the most efficient four-
electron transfer process [17]. The design of a fluorometric and colorimetric dual-signal
sensor for H,O,—assisted glucose detection based on Au@Ag NPs and C-dots was
achieved [18]. Carbon quantum dots (CQDs) decorated Ag nanoparticles (Ag@CQDs)
were successfully synthesized and characterized by UV-Vis spectroscopy,



fluorescence, FT-IR, and transmission electron microscopy (TEM), then utilized for the
sensitive detection of chloride ions (CI7) [19]. For that reason, a reliable model of C-
dots to evaluate and understand the interaction of C-dots with other structures like
AgNPs would be very helpful for future experiments in the field.

The formation of AgNPs by glucose were reported by Gonzalez Fa et. al. [20],
and the role of D-glucose and D-gluconate ion acting as capping agents on AgNPs was
evaluated using both Raman and DFT studies [21].In addition, the synthesis of C-dots
from hydrocarbons like glucose as a source of carbon is also possible applying
hydrothermal methods or microwaves [12,22]. For that reason a theoretical
representation of these structures in aqueous media would be very helpful to interpret
experimental results or to the design of new experiences. In the present work, we
provide the bases of construction of a reliable model to represent C-dots surfaces
using simple structures. We also reproduce the UV-visible spectra behavior for different
oxygen containing groups with good quality.

2. Theoretical model

DFT and TDDFT calculations were performed using the Vienna Ab initio
Simulation Package (VASP) [23,24], which employs a plane-wave basis set and a
periodic supercell method. The generalized gradient corrected approximation (GGA)
functional of Perdew, Burke, and Ernzerhof (PBE) was used [25]. The Kohn-Sham
equations were solved variationally using the projector- augmented-wave (PAW)
method [26,27]. For the plane-wave basis set expansion a cutoff energy of 400 eV was
used, overall with the gamma-centered Monkhorst—Pack scheme [28] with 1x1x1 k-
points grid for the integration over the Brillouin zone. A Gaussian smearing approach
was used for the electronic states partial occupations near the Fermi level, with a 0.2
eV smearing width.

Geometry optimizations were obtained by minimizing the total energy of the
supercell using a conjugated gradient algorithm to relax ions [29], until it converged
within 10 eV and the forces on each ion were less than 0.01 eV °A-'. The Grimme's
DFT-D2 method was adopted to account for the van der Waals interactions (vdW),
which is optimized for several DFT functionals [30]. Then the electronic structure was
obtained at B3LYP level [31] and the solvent effect was considered applying VASPsol
package [32,33] for energies calculations, density of states (DOS) and partial density of
states (PDOS).

All the C-dots calculations were performed in a box of 30x30x30 A, to achieve
the optimized isolated structure, as was performed in previous works following
graphene quantum dots model [3,5]. To evaluate the properties of silver nanoparticles
and its interactions with C-dots, the same box cell was used and a triangular silver
cluster of three atoms was employed. This cluster size has demonstrated being a good
approximation for adsorption of molecules on silver nanoparticles [34] and was used for
calculating to the adsorption energies on glucose and gluconate ion on silver
nanoparticles [21,35]. A similar model was used to obtain SERS and UV-visible spectra
of silver nanoparticles [34,35]. Ag; cluster relaxation at PBE level lead to a bond
distance of 2.73 A which match well with other DFT calculations [34,36].



Eqgn (1), was used to calculate the adsorption energy for the molecule or C-dot
(Eags) on the silver nanoparticle

Euqs = E(Ag3 + molecule (or Cdot)) —E(Ag3) —E(molecule (or Cdot)) (1)

where E(Ags+molecule (or Cdot)), E(molecule (or Cdot)) and E(Ags) are the
total energies of the molecule (D-glucose or D-gluconate) or C-dot adsorbed on Ag;
cluster, the isolated Ags cluster, and the isolated molecule or C-dot respectively. With
this definition negative adsorption energy corresponds to a stable adsorption of the
molecules or C-dot on the silver surface.

UV-visible absorption calculations were carried out applying TDDFT for linear
optical properties implemented in VASP [37,38] at the B3LYP level including solvent
effect.

3. Results and Discussion

Recent calculations studied the optical and electronic properties of graphene
quantum dots with symmetrical form [5]. Different shapes and functional groups at the
edges of these structures were also considered [3,4]. However, the maximum in the
absorption spectrum achieved for these structures are far for the maximum obtained for
C-dots synthesized by hydrothermal methods [8,9,18,39,40]. In order to achieve an
adequate model to represent C-dots, different structures were proposed. In this sense,
their UV-visible spectra were calculated with the aim to achieve structures with a
maximum absorption peak in the region 240-300 nm [18,40], which corresponds well
with the experimental measurements.

Attending to the fact that C-dots structures consist of graphitic and amorphous
carbon structures and functional groups formed by the carbonization of organic
molecules [39], with a carbonized core [39,41], we constructed a geometrical structure
which represents well C-dot behavior at its core-surface interface. Fig. 1 shows
different structures proposed to represent the C-dots carbon structure. In a realistic
model, these layers could be aggregated, but for the main aim of the present work the
use of single layer does not represent a problem. This is due to the interaction between
nanographene layers will be van der Waals forces [42], not affecting the chemical
properties of its edges. To indentify the different structures, a number at the beginning
is used to indicate the number of rings followed by the letters R_h, R_diag, R_triang
referring to the structures with the center of the rings in horizontal, diagonal and
triangular position respectively.
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Fig. 1: Optimized geometry structures to represent C-dots without functional groups for ; (a) 2R, (b)
3R_triang, (c) 3R _diag, (d) 3R, (e) 4R and (f)4R_paralelogram.



2R
2R _cuad
—3R
o= 3R_triang
Simee: 3R_diag
— 4R
4R_paralelogram

€ (a.u.)

o ]

I
400 500 600
A (nm)

Fig. 2: Calculated optical absorption spectra for C-dots of different sizes and shapes.

The spectra obtained for different ring sizes, are shown in Fig.2. The peak at
approximately 381 nm, corresponds to a three rings (3R _triang) with a number of
carbon atoms that do not match with the Huckel rule for aromatic compounds [43].
Electronic and aromatic properties of nanograhene are highly dependent of its size and
edge shape, determining different aromaticity patterns in the structure [44-46]. This
affects band gap and electronic properties, which partially explains why the peak is
shifted when not all the rings in the structure are aromatic due to different aromatic
periodicity. Instead, the other proposed structures contain its maximum among
approximately 220-280 nm, as expected for aromatic 11 systems [47].The absorption
spectra represented with a dash-dotted line contain three maximums, which do not
match well with the experimental ones reported for C-dots aromatic structure [8]. As the
number of rings is increased, a shift of the peak to higher wave length is observed.
When the Hiuckel rule is achieved, the aromatic absorption peak of the proposed
structures is similar to the absorption bands obtained for C-dots by experimental
measurements due to T-1* transition [8,39]. For that reason, chains of carbon rings are
considered adequate to model the behavior of C-dots carbon structure.

As it is described in several works [18,39-41,48,49], the surface of C-dots
contains different functional groups. Based on structural properties [41,48,49], typical
functional groups are given by hydroxyl, carbonyl and carboxylic groups. Fig.3 shows
the selected structures proposed to represent the C-dots surface, with the addition of a
functional group in one extreme, associated with the surface. To identify this, we added



a number which represent the number of functional groups, followed by the typical
molecular formula for the specified functional group. In this sense, the molecular
formulas -OH, -COOH, -COO were used to indicate hydroxyl, carboxyl and carboxylate
anion groups.
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Fig. 3: Optimized geometry structures to represent C-dots with functional groups for; (a) 1R_1COOH, (b)
2R_1COOQOH, (c) 2R_10H, (d) 3R_20H, (e) 3R_1COOH, (f) 3R_1COO0, (g) 3R_1C-OH, (h) 3R_1Carbonyl.
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Fig. 4: Calculated optical absorption spectra for C-dots of different sizes with functional groups.

To analyze the effect of the functional groups in C-dots spectra, the resonance
absorption peaks of these structures were obtained again, and are shown in Fig. 4. As
can be seen, the peak associated with -1 transitions, in all the cases is red shifted.
Also, a small peak appears at higher wave lengths for almost all the structures, that
depends on the functional group considered and the number of rings. This region of
absorption is associated with a n-1r* transition [8,39]. Since, the -COOH group can be
dissociated in solution, the group -COO without H atom, was also considered to
represent this situation, and included in the same graph. The spectra represented with
dash-dotted lines, do not correspond well with the reported experimental data obtained
for C-dots structures [8,39]. On the contrary, the ones with solid lines reproduce better
the experimental behavior within some shifts of the maximum peak values, being the
3R_COOH or 3R _COO structures the most suitable. In this sense, the proposed
structures can be considered basic units that constitute the C-dot surface-solution
interface. These are important structures where evaluate their interaction with silver
NP.
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Fig. 5. Calculated, (a) optical absorption spectra for Ags cluster, and (b) DOS and PDOS for Ag atom.

As can be observed in Fig. 5 (a), Ags absorption spectra has two clear peaks.
One at approximately 410 nm, which match very well with the silver surface peak
obtained in UV-visible spectras for AQNP synthesized by glucose [20,50]. Accordingly
to recent works [51,52], this peak corresponds to dipole plasmon resonance. In
addition, another absorption peak is observed at approximately 314 nm. It was reported
that this peak is associated with silver nanoprism structures and corresponds to
quadrupole plasmon resonance [52]. In the present calculations, all these resonance
peaks are related with electronic transitions [53,54], and to verify if the same are
associated with dipole and quadrupole plasmon resonance, electric dipole and
quadrupole transition selection rules must be fulfilled. After an analysis of DOS and
PDOS for Ag; cluster (Fig. 5 (b)), transitions between d occupied states and s
unoccupied states are possible, in agreement with a pure quadrupole transition
selections rule, Al =+ 2 , where [ is the angular momentum quantum number [53], and
for that reason the peak at 314 nm appears. In addition, based on PDOS, transitions
between d and s occupied bands to p unoccupied bands are also possible, this
corresponding to Al =+ 1 dipole transition selection rule. The fact that the peak at lower
wave lengths is higher, contrasts with the measured UV-visible spectra, where the
opposite occurs [50]. However, this behavior is attributed to the considered triangular
cluster, with states that reproduce only approximately the behavior of the AgNP surface
atoms.



Gonzalez Fa et al. [21], reported through a correlation between Raman
measurements and DFT calculations, that both D-glucose and D-gluconate ion
molecules can be found adsorbed on silver surface NPs, acting as capping agents. In
the present work, it is interesting to analyze how silver NPs interacts with C-dots in
dilute systems with and without capping agents, using the mentioned molecules for
capping. In the first case, taking into account a possible competition for adsorption sites
between C-dots structures and D-glucose or D-gluconate ion, we also carried out

calculations using the most stable configurations of these molecules [21,50]. Fig. 6 and
7 shows all the optimized structures.
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Fig. 6. Optimized geometry structures for C-dots adsorbed on Ags cluster; (a) 3R_Ags, (b) 3R_10H-Ags,
(c) 3R_20H-Ags, (d) 3R_1C-OH-Ag; (geom1), (e) 3R_1C-OH-Ags; (geom2), (f) 3R_1Carbonyl-Ags, (g)
3R_1COO0OH-Ag; (geom1), (h) 3R_1COOH-Ag; (geom2), (i) 3R_1CO0O-Ags.
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Fig. 7. Optimized geometry structures for molecules adsorbed on Agjs cluster; (a) a-D-glucose (geom1)-
Ags, (b) a-D-glucose (geom2)-Ags, (c) a-D-glucose (geom3)-Ags, (d) a-D-gluconate.

Table 1. Adsorption energies and bond distances for C-dots and molecules adsorbed on Ags; cluster.

System Eads/eV d/A

3R_Ags -0.07 2.19
3R_10H-Ags -0.38 2.36
3R_20H-Ag; -0.15 2.47
3R_1C-OH-Ag; (geom1) -0.12 2.52
3R_1C-OH-Ag; (geom2) -1.76 2.11
3R_1Carbonyl-Ag; -2.74 2.10
3R_1COOH-Ag; (geom1) -0.18 2.38
3R_1COOH-Ag; (geom2) -0.37 2.24
3R_1C0O0-Ag; -3.98 2.21
a-D-glucose-Ag; (geom 1) -0.40 2.39
a-D-glucose-Ag; (geom 2) -0.52 2.31
a-D-glucose-Ag; (geom 3) -0.44 2.36
D-gluconate -5.19 2.30

Table 1, reports the adsorption energies and bond distances, indicated with a
black dotted line in Fig. 6 and 7, between interacting atoms for the different C-dots



structures and molecules adsorbed on a silver Ag; cluster. The less stable interaction
occurs between Ag and H atoms at the Ags cluster. C-dots with -OH surface groups are
stable on Ag; cluster, but these groups do not interact strongly enough with silver to
produce the displacement of D-glucose or D-gluconate ion. The same occur for —
COOH. In the case of -C-OH (geom2) and carbonyl groups, they are stable enough to
replace D-glucose, however their absorption peaks do not match very well with the
experimental ones as was already analyzed in Fig. 4. A change occurs with -COO
group. Compared the C-dot adsorption for —-COOH and -COO groups, the adsorption
on silver is more stable for —-COO group, consequently it is expected that the —-COOH
groups have a major tendency to dissociate when they are adsorbed on Ag; cluster.
Moreover, the adsorption energy is more than 3.5 eV higher in absolute value than D-
glucose in its more stable configuration, which means that an exchange between D-
glucose and C-dot is energetically favorable. From this results, it is possible to suggest
that, even in a stage where AgNPs are adsorbed with D-glucose and D-gluconate as
capping agents, the interaction between AgNPs and C-dots can be produced directly
between C-dot and silver on free sites, and also by the replacement of D-glucose by C-
dot structures on the silver surface adsorption sites occupied by this molecule. If the
adsorption of C-dots through —COOH or —COO groups can occur as calculations
suggest, this phenomenon could explain negative charge (z potentials) surrounding C-
dots, which is observed in the characterization of their experimental synthesis [8].
Since, the source of this charge can be then attributed to the —COO- anion, which is
feasible based on the correlation between experimental and calculated spectra when
this group is present.
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Fig. 8. UV-visible spectra of C-dot(ads)+Ag; and C-dot isolated, both with -COO group.

Among the different oxygenated groups studied on the C-dot surface model, the
-COO group is the one which is adsorbed more strongly on the silver surface model.
For that reason, it is interesting to analyze its spectra in order to describe C-dot general
characteristics when it is adsorbed. Fig. 8, shows the spectra corresponding to C-dot
with -COO group, adsorbed on a silver cluster. In addition, we included the spectra of
the isolated C-dot for comparison (dash-dotted line). An intensification of the aromatic
peak occurs after the interaction with silver. Also, the two peaks of silver disappear,
and a round small peak is observed at approximately 335 nm, which could be
associated with the small shoulder peak in isolated C-dots shifted. This is probable due
to transitions corresponding to O-Ag bonds states near the Fermi level, which yield to a
red shift of the wave length.

4. Conclusions

A suitable model for representation of C-dots and its interactions with AgNPs,
which predicts well aromatic and functional groups absorption peaks correlated with
observed in experimental measurements, was achieved.

C-dots interact in a more stable way with silver surface model of the AgNPs in
dilute solutions though functional groups on C-dots surface. C-dots with a —COO group
on its surface presents the higher interaction with the silver surface model. Due to the
fact that -COOH is less stable than —COO on the silver surface model, it can be
dissociated when it is adsorbed. Moreover, the presence of this group on C-dot



surfaces explains additional peaks features on UV-visible spectra for C-dots, and can
be the responsible of its charge. In addition it is possible to predict a negative charge
for the C-dots/AgNPs composite system interfaces, because C-dot is stably adsorbed.

Furthermore, in the case where D-glucose and D-gluconate ion capping agents
are present, there is also an energetic preference of -COOH or —COO groups to
replace D-glucose of the silver surface, yielding to an interaction between AgNPs and
C-dots even in that special case.
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