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This work describes the aggregation process and explains the optical behavior of graphene oxide quan-
tum dots (GOQDs) in different solvents using molecular dynamics, DFT, and experimental observations.
The optical behavior of electrochemically synthesized GOQDs in different solvents was analyzed by UV–
Vis spectroscopy, and dependence between the spectra and the solvents (water, ethanol, acetone, chlo-
roform, toluene, and n-hexane) was found. Molecular dynamics methods were used to determine that
the local structure of the solvent molecules and the nature of intermolecular forces between GOQDs dom-
inate their aggregation state and their optical properties in each solvent. These computational studies
based on liquid-liquid systems provide a fast and straightforward approach to develop synthesis and
purification methods that allow tailored advanced optical properties of GOQDs.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Graphene quantum dots (GQDs), members of the graphene fam-
ily materials, have shown interesting optical and electronic proper-
ties since their discovery. These properties, along with their high
chemical stability and biocompatibility, make GQDs suitable for a
broad spectrum of applications such as photocatalysis [1], electro-
catalysis [2], bioimage [3], sensors [4,5], photovoltaic solar cells [6]
and so on. GQDs can be obtained from different methods, including
top down [7] (chemical and electrochemical exfoliation, acidic oxi-
dation [4], hydrotermal) and bottom-up [7] (microwave-assisted
pyrolysis [3,8], electrochemical carbonization [5,9]) synthesis
strategies.

Important features of GQDs, such as their behavior as metal-
free semiconductor [9,10] and their optical properties, are related
to their size (quantum confinement), shape [11], surface chemical
composition (edge effect), functionalization with oxygenated
groups (AOH, ACOOH, C@O) [12–15] or doping with N, S, Se or B
[16–18]. When an oxidative method is used for GQDs synthesis,
these particles present a higher degree of functionalization with
oxygenated groups. These groups are mainly located at the edge
of the particles, increasing the reactivity in these positions. Due
to the number of oxygenated functional groups, these types of
particles receive the name of graphene oxide quantum dots
(GOQDs) or oxygenated GQDs [12,13,15].

Applications based on GOQDs include chemical sensors [19],
electrocatalysis [20], biomedical [21], and others. However, despite
the significant number of synthesis methods, these applications
are limited because their purification and extraction demand a
high cost in time and money [9]. Therefore, the identification of
physical properties of GOQDs in different solvents, such as the
adopted aggregation in them, could help identify solvents that
can facilitate their extraction.

Several studies have reported that the optical properties of
GOQDs vary depending on the solvent (negative solvatochromism)
[22], and the aggregation state they adopt on it [23-25] As
observed by Chinnusami et al [24] and Shixiong et al [26], GOQDs
aggregates retard the charge transfer during photocatalytic pro-
cesses, decreasing its efficiency. This effect gains interest under
the consideration that GQDs and carbon quantum dots (CQDs)
formed by pilled GQDs [27], generate very stable suspensions,
and that these do not show signs of precipitation even after a year
[27,28]. Therefore, the comprehension of the aggregation process
of GQDs and GOQDs could help choose the ideal solvent for prepar-
ing GOQDs or CQDs composites, depending on the application.

Forces like p-p stacking, hydrogen bonds, van der Waals inter-
actions, electrostatic interactions, and collision of solvent mole-
cules dominate the aggregation of graphenic materials
(polyaromatic molecules) [29]. Molecular dynamics (MD) methods
offer several advantages to study the behavior of graphenic
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Fig. 1. Optimized structure of GOQDs according to B3LYP/6-311G(d,p) theory level.
The blue circle shows the center of mass of the structure (COM).

Fig. 2. (A) Calculated and experimental FTIR spectra of GOQDs and (B) calculated
UV–Vis absorption spectrum using CAM-B3LYP/6-31G(d) theory level.
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materials in different solvents, such as graphene sheets [30], func-
tionalized graphene sheets [31], fullerenes [32,33], carbon nan-
otubes [34], graphene oxide sheets [29], carbon dots[27] and
other polyaromatic compounds, such as asphaltenes [35,36]. These
methods allow the understanding of the adopted mechanism of
GOQDs aggregation, which can be face-to-face (H aggregates),
parallel-displaced (J aggregates), or T-shaped [36–38].

In this paper, we present results fromMD simulations to under-
stand the behavior of quantum dots of graphene oxide in polar
(water, ethanol, and acetone), non-polar (chloroform and n-
hexane), and aromatic (toluene) solvents. The aggregation state
was evaluated by radial distribution functions (RDF), mean square
displacement (MSD), and the number of hydrogen bonds (H-bond).
These results are contrasted with experimental UV–Vis spec-
troscopy measurements of electrochemically synthesized GOQDs
in different solvents.
Fig. 3. Experimental UV–Vis spectra of GOQDs in different solvents (water, ethanol,
acetone, chloroform, toluene, and n-hexane).
2. Experimental and computational details

2.1. GOQDs synthesis

GOQDs were synthesized by an electrochemical carbonization
method [5,9,39,40], using ethanol as a carbon source in an alkaline
medium. Briefly, a mixture of ethanol (96%) and KOH 0.01 M was
sonicated for 10 min. This was used as the electrolyte in a two-
electrodes cell composed of two graphite rods (area of 2 cm2). A
constant potential of 10 V was applied for 4 h to this system. After
this time, the initially transparent solution acquired a brown color.

2.2. UV–Vis absorption and FT-IR measurements

The UV–Vis spectroscopic measurements of GOQDs were per-
formed in a UV-3150 spectrophotometer (Shimadzu, Kyoto, Japan)
using quartz cells. The samples were prepared by pipetting an ali-
quot of a GOQDs dispersion in the chosen solvents (1:20) and son-
icating them for 30 min. The mixture was then left at room
temperature for 24 h for its stabilization. A blank sample of each
2
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solvent was prepared similarly, adding ethanol and KOH without
applying the oxidation potential.

The Fourier transform infrared (FT-IR) spectra were recorded
using KBr pellets using a Perkin Elmer GX spectrophotometer over
the range of 4000–400 cm�1 with a resolution of 1 cm�1.
Fig. 4. RDF curves of solvent molecules around GOQDs after 5 n

3

2.3. Computational details

The chemical structure of graphene oxide quantum dots
(GOQDs) was constructed based on the pH effect [38], the typical
outcome of a standard oxidation process [41], and experimental
s (time of complete aggregation state of GOQDs in water).
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results. This structure contains epoxy, hydroxyl, and carboxyl
groups, as the FT-IR results suggest. The size of the GOQDs (1.4 n
m � 1.3 nm) used in this study was chosen to represent the
experimental size of GOQDS obtained by electrochemical methods
(1–10 nm) [13,39,42,43] (Fig. 1). The optimization and vibrational
frequency analysis of GOQDs, water (HOH), ethanol (ETH), acetone
(ACT), chloroform (CLF), toluene (TOL), and n-hexane (HEX) struc-
tures were done using Gaussian 16 software at the B3LYP/6-311G
(d,p) [44] theory level. UV–Vis spectra calculations of GOQDs and
their aggregates (face-to-face, parallel displaced, and T-shape)
were carried out using CAM-B3LYP/6-31G(d) level of theory with-
out solvation. Atomic charges were evaluated using a corrected
ADCH model with the MULTIWFN package [45].

Optimized potential for liquid simulation/all atoms (OPLS/AA)
[46] force field was employed to to model molecules of water, ace-
tone, ethanol, chloroform, toluene, n-hexane, and GOQDs with
ethyl, hydroxyl, and carboxyl functional groups. The force field
parameters of carbon atoms in GOQDs were taken from Patra
and Zeng’s work [47,48].

MD simulations were performed using the GROMACS 5.1
[49,50] package with periodic boundary conditions in all direc-
tions. Both van der Waals and Coulombic interactions were treated
with a smooth cutoff at a distance of 10 Å. Visual Molecular
Dynamics, VMD, was used for the simulation analysis [51].

The aggregation process of GOQDs in solvents was studied
through standard MD simulations. To do this, four GOQDs particles
and, subsequently, the solvent molecules were distributed ran-
domly in a 5.0 nm cubic box (Fig. S1A and B). Energy minimization
ensured a stable initial configuration. Before the simulation, the
system was equilibrated in a canonical ensemble NVT at 298 K.
The system was relaxed in an NPT ensemble at 298 K and atmo-
spheric pressure. Radial distribution functions (RDF) were used
to analyze the occurrence of aggregation
Fig. 5. Configuration of (A) acetone, (B) ethanol, (C) toluene, a
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3. Results and discussion

3.1. Experimental and computational FT-IR and UV–Vis spectra

Calculated and experimental FT-IR spectra of the GOQDs are
shown in Fig. 2.A. The FT-IR was computed at the B3LYP level using
the triple split valence basis and the diffuse functions 6-311G(d, p).
A scaling factor of 0.9661 was used on the calculated vibrational
frequencies to compare it with experimental results. Stretching
signals of AOH from ACOOH groups appear as two bands
(3820 cm�1 and 3180 cm�1) in the calculated spectrum and as
one in the experimental (between 3743 and 3774 cm�1). The calcu-
lated signal at 3184 cm�1 relates to the stretching of ACH groups
attached to the aromatic rings, which can also be seen at
2969 cm�1 in the experimental spectrum. ACH2A and ACH3 sig-
nals were observed experimentally around 2944–2848 cm�1 and
were calculated at 2938–2853 cm�1 [3,8,52]. The calculated and
experimental ACH bending vibrations from the ethoxide group
were observed at 3016 cm�1 and 2927 cm�1, respectively. The
asymmetric O@COH stretching appears at 1725 cm�1 in the calcu-
lated spectrum and experimentally at 1682 cm�1. The calculated
bands at 1641 cm�1 and 1463 cm�1 relate to the C@C stretching
and the ACH2A bending. Their experimental values correspond
to 1643 cm�1 and 1460 cm�1 bands [53,54]. Vibrational frequen-
cies of AOH and ACH stretching were calculated at 1370 cm�1

[54], and observed at 1364 cm�1. Finally, the strong, calculated
band at 1044 cm�1 relates to the COC stretching, which is in good
agreement with its corresponding experimental value at
1042 cm�1.

Electronic transitions of GOQDs were studied from an opti-
mized structure at B3LYP/6-311G(d, p) through a theoretical UV–
Vis spectrum calculated using CAM-B3LYP/6-31G(d) in the gas
phase (Fig. 2.B). The absorption spectrum of GOQDs exhibits three
nd (D) n-hexane around GOQDs after 5 ns of simulation.



Fig. 6. RDF curves of GOQDs-GOQDS in different solvents after 1, 5, 10, and 15 ns (30 ns for toluene). Snapshots of GOQDs aggregation state after 1, 5, 10, and 15 ns are
displayed in the inset.
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well-defined absorption bands: B1 (core band, between 200 and
250 nm) caused by the p ? p* electronic transition of the C@C
bonds in the aromatic structure, B2 (edge band, between 300 and
5

400 nm) corresponding to the n ? p* electronic transitions related
to the C@O bonds, and B3 (surface band, with low energy absorp-
tion >400 nm) assigned to the surface state of GOQDs. These elec-
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tronic transitions are characteristic of graphenic materials with a
certain oxidation degree (AOH and ACOOH), as proposed in this
study [12,13,38,55,56].

However, these theoretical results are not replicated experi-
mentally when the GOQDs are studied in different solvents. Exper-
imental UV–Vis spectroscopy shows that the local solvent
structure around GOQDs changes their optical properties (red
and blue shifting, and shape variation of the experimental
absorption spectra) [57,58]. As observed in Fig. 3, the measured
absorption varies towards greater or lesser wavelengths (batho-
chromic or hypsochromic, respectively). This variation is due to
the GOQDs-solvent interaction and the electronic effect of the sol-
vent [33,58]. In non-polar solvents, the negative solvatochromism
provokes a hypsochromic shift in the absorption spectra of GOQDs
[22]. In oxygenated, non-polar, aromatic compounds, this behavior
associates with two phenomena: (1) the effect of the chemical
structure of solvent molecules around GOQDs particles (solute–
solvent interaction) and (2) the formation of H-type GOQDs
aggregates (face-to-face configuration) that causes a blueshift in
carbonic structures [58,59].

The experimental absorption spectra show a redshift tendency
for GOQDs in less polar solvents than water (Fig. 3 and Fig. S2).
In acetone, the oxygen of the carbonyl group (C@O), a typical Lewis
base, has a small p-p interaction with the oxygenated groups of the
GOQDs [60]. This is possible due to the preferable parallel orienta-
tion between the acetone and the GOQDs [61]. The redshift of the
spectra in toluene results from the strong p-p interaction between
the solvent molecules and the GOQDs [58]. Finally, n-hexane and
chloroform molecules interact with GOQDs particles through Van
der Waals forces because of their nature. In water, ethanol, and
acetone, they do it through hydrogen bond interactions [58].
Fig. 7. Calculated absorption spectra of different configurations adopted by GOQDs: fac
GOQDs (coo). The intensity of the UV–Vis spectra peaks of isolated GOQDs (black) and G
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3.2. Local structure of solvent around GOQDs particles

To understand the previously observed effect of solvents of dif-
ferent nature and polarity on the behavior of GOQDs, a molecular
dynamics (MD) study was carried out. These solvents can be cate-
gorized into protic polar (water, ethanol), aprotic polar (acetone),
non-polar (chloroform, n-hexane), and aromatic (toluene) [58].
During the simulation, the distance between representative sites
of these solvent molecules (center of mass, oxygen, hydrogen, or
specific carbon atoms) and of the GOQDs (center of mass and oxy-
gen atom) was evaluated. The analysis of these distances through
the construction of RDF curves allowed the determination of the
solvent molecular behavior around GOQDs in an instant (5 ns).
Our results suggest that, during the simulation, the behavior of
solvent molecules around GOQDs does not change. The peak inten-
sity variations observed in the RDF curves are only related to the
GOQDs aggregation.

First, the RDF curves between the center of masses of GOQDs
and solvent molecules (COM-COM) were analyzed. These curves
give information about the organization of solvent molecules due
to their interaction with the surface of GOQDs (Fig. 4, black lines).
The COM-COM RDF curves of GOQDs in water and acetone present
a broad curve with no peaks. This indicates a small association
between the solvent molecules and the surface of GOQDs [32].
On the other hand, RDF curves of GOQDs in ethanol, chloroform,
toluene, and n-hexane show the appearance of an intense peak.
This suggests a greater organization of the solvent molecules
around GOQDs.

Second, RDF curves between GOQDs COM and the oxygen
atoms of the solvents were constructed (red lines in Fig. 4). RDF
curves of GOQDs in water, ethanol, and acetone show a small peak
e-to-face (FF), parallel displaced (PD), T-shaped (TSh), and deprotonated COOH in
OQDs-coo have been duplicated for a better analysis.



Fig. 8. (A) MSD of solvents (water, ethanol, acetone, chloroform, toluene, and n-
hexane) and (B) MSD of GOQDs during the aggregation process.
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at 0.18 nm, indicating the preferential orientation of the solvent
atoms around the carbon atoms of GOQDs. In contrast, the broad
curve with no peaks of the RDF curve of GOQDs in chloroform
suggests the absence of preferred orientation. In toluene and
n-hexane, the observed wide peak at 0.5 nm indicates that these
solvents molecules have a preferred orientation parallel to the
GOQDs. The main intermolecular forces present in the interaction
between GOQDs and these solvents are weak Van der Waals
[30,58] and strong p-p stacking, respectively. GOQDs in toluene
present an additional interaction between the oxygenated groups
of GOQDs and the solvent (OHA p interactions), which causes
the shifting observed in the UV–Vis spectra (Fig. 5C) [58].

Finally, interactions between the oxygenated groups in the
GOQDs and the oxygen atoms of the solvents were evaluated (blue
lines in Fig. 4). RDF curves of GOQDs in water, ethanol, and acetone
present a peak at ~0.28 nm. This indicates the formation of hydro-
gen bonds between GOQDs and these solvents, as shown in Fig. 5A,
B, and C [62,63]. In particular, ethanol molecules present a much
more organized structure around the oxygenated groups of the
GOQDs, specifically, around the ethoxy groups of the GOQDs
(Fig. 5B).

3.3. Aggregation mechanism of GOQDs

To understand the influence of the solvents on the size and for-
mation rate of GOQDs aggregates, we performed an MD simulation
7

for every solvent. Fig. 6 displays snapshots of the aggregated struc-
tures of GOQDs and the COM-COM RDF curves between GOQDs in
each solvent over time. Overall, the presence of peaks at ~0.75 nm
indicates that GOQDs exhibit a moderate to high tendency to
aggregate in water (<1 ns), n-hexane and acetone (<10 ns), and
ethanol (<15 ns). In contrast, GOQDs in chloroform and toluene
show a decreasing tendency to aggregation.

According to the RDF curves, the aggregation of GOQDs in
water begins instantaneously due to the p-p interaction of the
uncharged GOQDs, reaching a separation distance of ~0.36 nm
(COM-COM). This distance is similar to the observed separation
between graphene sheets and carbon dots without oxygenated
functional groups [27,29,31]. Once this distance is reached, the
repulsion between the functional groups in GOQDs rotates the
sheets until a stable separation of ~0.47 nm is reached, with no
further distancing between aggregated GOQDs [27], In contrast,
the RDF curves of GOQDs in ethanol show that the aggregation
of GOQDs begins only after 10 ns. RDF curves of GOQDs in n-
hexane and acetone display small peaks, which indicates the for-
mation of aggregates with different configurations. In acetone, the
peaks at ~0.55 nm and ~0.9 nm indicate a significant separation
between the GOQD layers and greater stacking order of the
GOQDs layers, respectively. RDF curves of GOQDS in chloroform
and toluene, show only a peak at ~0.4 nm, indicating a low aggre-
gation degree of GOQDs.

The adopted structure of GOQDs aggregates and their aggrega-
tion mechanism can be determined from the snapshots and RDF
curves of Fig. 6. These adopted configurations can be face-to-face,
T-shaped, or parallel-displaced. In the face-to-face structure, the
p-p interactions of the aromatic particles are optimized, and the
separation distance between GOQDs sheets is the minimum [36].
The parallel-displaced and T-shaped configurations present a
greater separation between GOQDs and depend on the size [32],
the structure of the GOQDs [32,35], and the structure and compo-
sition of the solvent molecules [32]. GOQDs in water quickly adopt
a face-to-face configuration; in ethanol, the aggregates of GOQDs
initially form a parallel displaced configuration before adopting a
fully stacked structure. In acetone, a parallel-displaced structure
is observed. In n-hexane, the GOQDs aggregates adopt a T-shaped
configuration formation. In chloroform and toluene, the appear-
ance of dimers is observed, showing less tendency to aggregate.

These aggregation configurations adopted by the GOQDs in
every solvent can be related to the observed optical behavior
shown in Fig. 3. To achieve this, the absorption spectra of GOQDs
were calculated using the density functional theory and the
CAM-B3LYP/6-31G(d) level of theory. Results show that
face-to-face, parallel-displaced, and T-shaped configurations
change the spectra obtained for isolated GOQDs (Fig. 7). The face-
to-face configuration shows a blueshift. On the other hand, the
parallel-displaced and T-shape configurations show a redshift of
the spectra. Furthermore, OH-p interactions between the GOQDs
aggregated in a T-shape configuration in n-hexane produce a
change in the shape of the calculated absorption spectrum [58]. A
redshifting of the absorption spectra is also observed when GOQDs
are deprotonated, as occurs in an environment such as acetone.

3.4. Interactions involved in the aggregation mechanism of GOQDs

The mean square displacement (MSD) was calculated to under-
stand the mobility of the solvent molecules (Fig. 8A) [64]. The
results indicate that the mobility of solvent molecules decreases
according to water > acetone > n-hexane > chloroform > toluene =
ethanol. The similar mobility of ethanol and toluene relates to
intermolecular interactions of hydrogen bonding and p-p stacking
between the solvent molecules, respectively. The species with the
highest diffusion rate (water, acetone, and n-hexane) are those in



Fig. 9. (A) Number of intermolecular H-bond interactions among GOQDs. (B) Electrostatic and (C) van der Waals energies between GOQDs and solvent molecules.
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which GOQDs have a high aggregation degree [30] (Fig. 6). In con-
trast, solvents with the lowest diffusion rate (chloroform, toluene,
and ethanol during the initial instants) show a low aggregation
degree. These results show the importance of solvent collision pro-
cesses during the GOQDs aggregation in different media [29]. RDF
curves made for solvents bulk (Fig. S4) show good agreement with
the literature, and for small molecules like water, acetone, and
chloroform, these show the presence of compact solvation spheres
[65–69].

These MSD curves were also calculated to illustrate GOQDs
aggregation dynamics in different solvents (Fig. 8B). The observed
steep curve of GOQDs in water indicates that GOQDs move freely,
while the flat curves in the acetone and toluene solvents indicate
that the GOQDs move slowly in these [70]. This movement restric-
tion of GOQDs in toluene is caused by the strong p-p interactions
between them. In ethanol, the hydrogen bonds between ethanol
molecules (AOH) and GOQDs particles (AOH and ACOOH) [71],
and the interaction between the alkyl chains in both ethanol and
GOQDs, allow the formation of a solvent layer around the GOQDs
at the beginning (Fig. 4). This layer reduces the mobility of GOQDs
in ethanol. MSD curves show a decrease in the diffusion rate of
GOQD particles in all solvents, especially in water. This phe-
nomenon is caused by the GOQDs aggregation, which must move
with the rest of the aggregated GOQDs and the recently formed
coordination spheres of the solvent.

Hydrogen bonds (HAbonds) between GOQDs are among the
main forces involved in the aggregation mechanism, affecting this
8

phenomenon significantly [29]. Fig. 9.A displays the number of H-
bonds formed between GOQDs over time in each solvent. In this
figure, a more significant number of these bonds is observed at
the beginning of the GOQDs aggregation in n-hexane, followed
by toluene and chloroform. These interactions are initially not
shown in water, ethanol, and acetone, because these H-bonds only
form between the solvent molecules and the GOQDs. This H-
bonding between GOQDs and the solvent is only possible in these
solvents (Fig. S5). The decrease in the number of H-bond in these
solvents is caused by the H-bond formation between GOQDs,
which is faster in water, followed by ethanol and, finally, acetone.

Non-bonding, electrostatic, and Van der Waals interactions
between GOQDs and the solvent molecules were evaluated to
determine their influence on the aggregation process. Fig. 9B
shows that the electrostatic energy between the solvents and
the GOQDs decreases according to water > ethanol > acetone >
chloroform > toluene > n-hexane. This energy is influenced by
the oxygen atoms, which have a high polarity and are present
in solvents and GOQDs sheets [72]. On the other hand, van der
Waals energies are mainly related to the size of the solvent
molecule [72], and their effect on GOQDs decrease according to
toluene > chloroform > n-hexane > acetone > ethanol > water.
This interaction contributes to the low tendency to form aggre-
gates, which was found for toluene and chloroform.

According to the obtained results, the GOQDs aggregation
mechanism is driven by different forces and p-p stacking interac-
tions. In water, H-bonds and the collision between water
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molecules are the main forces that drive the aggregation phe-
nomena [29]. In ethanol, the solvent molecules form coordination
spheres based on van der Waals interactions (non-polar side) and
H-bonds (polar side) that restrict the movement of GOQDs and, at
the same time, the solvent. For its part, acetone molecules inter-
act through H-bonds and act as a Lewis base in the presence of
GOQDs, decreasing the mobility of GOQDs. Chloroform molecules
interact with GOQDs and other solvent molecules by van der
Waals interactions. Toluene molecules create a strong p-p stack-
ing interaction between solvent molecules and between solvent
and GOQDs, restricting their mobility and aggregation. In n-
hexane, the molecules form a horizontal layer of solvent on the
surface of the GOQDs. The displacement of this solvent layer by
other sheets of GOQDs during the aggregation [30], generates a
T-shaped aggregation configuration. These results suggest that
GOQDs have a better dispersion in toluene and chloroform and
that GOQDs form a stable dispersion, compared to GOQDs in
water [3,40].
4. Conclusions

GOQDs were synthesized by a simple, fast, highly scalable, and
environmentally friendly electrochemical carbonization method.
FT-IR spectroscopy was used for the characterization of this mate-
rial. The optical properties of these molecules in different solvents
were analyzed by UV–Vis spectroscopy, finding an effect of the sol-
vent on the aggregation state and these properties.

To study the behavior of GOQDs in different solvents, MD meth-
ods were used. These simulations were carried out using solvents
of different nature, such as polar (water, ethanol, and acetone),
non-polar (chloroform and n-hexane), and aromatic (toluene).
RDF curves constructed from these simulations were analyzed to
understand the nature of the interactions between solvent mole-
cules and GOQDs. These results showed a greater tendency to
GOQDs aggregation in water, n-hexane, acetone, and ethanol and
a higher degree of stabilization in chloroform and toluene. The
optical behavior and the aggregation mechanism of GOQDs in dif-
ferent solvents depend on their interaction with the solvent, the
interaction with themselves, and the collision between the solvent
molecules. The dominant forces that accompany the p-p interac-
tions during the aggregation of GOQDs vary in different solvents.
In water predominates the collision of solvent molecules and
hydrogen bonds. In ethanol, hydrogen bonds and van der Waals
are the main forces. In acetone, a Lewis base that causes a redshift
in absorption spectra, the dominant forces are hydrogen bonds.
GOQDs in chloroform only are affected by van der Waals interac-
tions. In toluene, it dominates the p-p interactions with solvent
molecules, which affects the absorption spectra due to the OHA
p interaction. In n-hexane, the dominant forces are the solvent
molecules collision, van der Waals interactions, and hydrogen
bonds among the GOQDs. In this solvent, the OH-p interaction
between GOQDs is also observed, which changes their absorption
spectra. The final geometry of the GOQDs aggregates was deter-
mined by the analysis of RDF curves. Results indicate that the
aggregation of GOQDs is face-to-face in water and ethanol and par-
allel displaced in acetone and n-hexane. In contrast, in chloroform
and toluene, a low degree of aggregation is observed. This behavior
of GOQDs in chloroform and toluene indicates that these solvents
can be used to purify GOQDs by solvent extraction and prepare
composites.
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