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Graphene quantum dots, atomically precise nanopieces of graphene, are promising nano-objects with
potential applications in various domains such as photovoltaics, quantum light emitters and bio-imaging.
Despite their interesting prospects, precise reports on their photophysical properties remain scarce. Here,
we report on a study of the photophysics of CogH»4(C12Hzs) graphene quantum dots. A combination of
optical studies down to the single molecule level with advanced molecular modelling demonstrates the
importance of coupling to vibrations in the emission process. Optical fingerprints for H-like aggregates
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are identified. Our combined experimental-theoretical investigations provide a comprehensive descrip-
tion of the light absorption and emission properties of nanographenes, which not only represents an
essential step towards precise control of sample production but also paves the way for new exciting
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Introduction

Graphene quantum dots (GQDs), the result of the confinement
of two-dimensional graphene to a quasi-OD nanostructure,
have recently attracted attention for their various promising
properties'® and applications including optical-gain media,*
photovoltaics® and bio-imaging.® A widely-used route for pro-
ducing graphene quantum dots is top-down chemistry. Most
of the time, these techniques are based on an acid treatment
of a graphitic source. They produce suspensions of small
pieces of graphene with various uncontrolled shapes, sizes
and chemical nature of the edges. As a consequence, their
emission properties are dominated by defect states that
prevent any study of the properties-structure relationship.”®
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physics focused on twisted graphenoids.

On the contrary, bottom-up synthesis, where graphene
quantum dots are constructed from carefully selected building
blocks, allows the production of topologically precise graphe-
noid nanostructures, where symmetries, size and edges can be
perfectly controlled.”** This opened up the way for the
specific tailoring of nanostructures according to desired appli-
cations, including charge transport'> or spin properties.'?
Similarly, the energy gap tunability provides a perspective for
the control of GQDs’ photophysical properties, and the
achievement of tunable light sources.™* Nevertheless, accessing
these exciting properties toward the development of devices
requires advanced basic studies. Despite the extensive research
activities to develop their synthesis, in-depth studies of the
photophysical properties of GQDs remain scarce.'® First, the
investigation of GQDs’ photophysical properties generally
focuses solely on measurements in solution.'®'” Moreover,
extensive theoretical studies on GQDs rarely take vibrational
aspects into consideration."®" However, the vibronic coupling
is mentioned as a possible reason for the brightening of some
dark states, without being formally addressed in the calcu-
lations.?® In this paper, we report on a comprehensive study of
the fluorescence of GQDs by a combination of several experi-
mental techniques, including single object spectroscopy and
molecular modeling. Here, we focus on CogH,4(C1,Hss)s GQDs
(called Co6Cy, hereafter) that are composed of a Cos graphe-
noid core with C;,H,5 alkyl sidechains placed in the periphery
to enhance solubility (Fig. 1(a)). We first focus on the spec-
troscopy of GQD monomers. Then, the effect of aggregation on

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Chemical formula of the Cg6C1, graphene quantum dots (GQDs). (b) Fluorescence raster scan of the GQD sample recorded by the con-
focal microscope. The false color represents the fluorescence intensity in kilo counts per second. The dotted white circle highlights a particular spot
the spectrum of which is displayed in (c). (c) PL spectrum of a single GQD when excited at 594 nm (in orange) and 532 nm (in blue dashed line).

Color arrows indicate the respective excitation wavelengths. Inset: Second-order correlation function g

the optical transitions is investigated, bringing new light on
the fluorescence spectrum of an ensemble of GQDs.

Experimental
Synthesis

The details of the synthesis have already been reported.'**°
Briefly, Co6Cy, GQD is synthesized in two steps from 1,3,5-
triethynylbenzene and 2,5-diphenyl-3,4-di(4-dodecylphenyl)-
cyclopentadien-1-one, similarly to the literature procedure,”’
via Diels-Alder cycloaddition followed by oxidative cyclodehy-
drogenation in the presence of FeCl;. The intermediate com-
pounds are fully characterized and the GQDs’ complete dehy-
drogenation is checked by MALDI-TOF mass spectrometry (see
ESI Fig. S9 and S10%).

Sample preparation

Stock solutions of GQD dispersion with a target concentration
of 3 x 107> mol L™" were obtained by dispersing GQD powder
in 1,2,4-trichlorobenzene (TCB) by stirring for 24 h at room
temperature after sonicating the solution for a few seconds
(Elma, Elmasonic P). Absorption measurements were directly
performed on stock solutions. Stock solutions were then
diluted by 100 for fluorescence measurements in solution. In
order to prevent any oxygen photo-assisted degradation, the
samples are stored in a glovebox under an inert atmosphere
(Ar). Samples for single-molecule experiments were obtained
by mixing one volume of the diluted GQD solution with one
volume of a solution of polystyrene in TCB (at 10% in wt). The
solution was spin-coated on a glass coverslip for 180 s at 2000
rpm. Before the spin-coating procedure, the glass coverslip was
subjected to 5 minutes of plasma cleaning. The sample was
annealed on a hotplate at 90 °C for 1 h.

Optical measurements

Absorption spectroscopy was performed using a commercial
spectrometer (PerkinElmer Lambda 950) with 2 mm optical

This journal is © The Royal Society of Chemistry 2022

@ with single-emitter signature (g*?(0) < 0.5).

path cuvettes (Hellma Analytics, Quartz Glass High
Performance cuvette). Solution PL and PLE measurements
were performed using a commercial spectrofluorometer
(Horiba, FluoroMax+) with a 10 mm optical path cuvette.
Single-molecule measurements were performed using a home-
built confocal microscope under ambient conditions. The exci-
tation sources were a continuous-wave diode laser at 594 nm
(Cobolt Mambo 100) and a continuous-wave solid-state laser at
532 nm (Sapphire Coherent). The excitation beam was focused
onto the sample using an oil-immersion microscope objective
(NA = 1.42, Olympus PLAPON 60XO) mounted on a piezoelec-
tric XYZ scanner (Mad City Labs Inc.). Luminescence from the
sample was collected in reflection using the same objective,
with the excitation beam filtered by a dichroic mirror (zt 594
RDC, Chroma and 552 edge LaserMux, Semrock) and long-
pass filters (FELH0600, Thorlabs or 532EdgeBasic, Semrock),
and then directed into a spectrometer (SP-2358, Princeton
Instruments) coupled with an LN-cooled CCD camera
(PyLoN:100BR eXcelon, Princeton Instruments) or into two
silicon-based  avalanche  photodiodes  (SPCM-AQR-13,
PerkinElmer) mounted in a Hanburry Brown and Twiss con-
figuration. Second-order photon correlation measurements
were done using a time-correlated single-photon counting
module (PicoHarp300, PicoQuant). A supercontinuum pulsed
laser (Fianium), tuned at 580 nm using an acousto-optic
tunable filter, was used for lifetime measurements, with a 6 ps
pulse width and 60 MHz repetition rate.

Computational details

The Co6C1, GQD electronic structure and its optical properties
have been computed in the gas phase within the framework of
the density functional theory (DFT) and time-dependent DFT
(TDDFT) using the Gaussian 16 package.>” The molecular geo-
metry was optimized at the B3LYP/6-31G(d) level. On the basis
of this equilibrium structure, the dependence of the excitation
energies has been explored for the B3LYP, HSE06, M06-2X,
©B97X-D, and LC-0PBE (@ = 0.110 Bohr™') exchange-corre-
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lation functionals (XCF), and the latter is selected for all
TDDFT calculations reported below (see ESI Table S27).
Molecular dynamics (MD) simulations were carried out to
investigate the dynamical behavior of GQD monomers and
dimers in the 1,2,4-TCB solvent (same as the experiments
reported here) using the NAMD code.>® All simulations started
from a low-density box with a 150 A side and were first equili-
brated for 2 ns in the NpT isothermal-isobaric ensemble with
N being the number of particles, p = 1000 atm, and T =
298.15 K, applying periodic boundary conditions in all three
dimensions. In the case of the monomer, the system was
further equilibrated for 5 ns at p = 1 atm before a 5 ns pro-
duction run. For the dimer, an equilibration of 55 ns was per-
formed prior to a 10 ns production run. A time step of 1 fs was
used, controlling temperature by rescaling velocities every 100
steps, and pressure with a weak-coupling thermostat. A cutoff
radius of 12 A was employed to truncate the short-range non-
bonded interactions, while long-range electrostatic inter-
actions were evaluated through the particle-mesh Ewald
method.** GQD and solvent molecules were modeled using
the General AMBER Force Field®® (GAFF), with electrostatic
potential-fitted partial atomic charges derived from DFT calcu-
lations at the B3LYP/6-31G(d) level. To assess the impact of
structural dynamics on the optical properties of the CosCy,
GQD monomer and dimer, TDDFT calculations were per-
formed on 43 and 7 frames extracted from MD simulations,
respectively.

Results and discussion

As we have recently demonstrated, Co6C;, photoluminescence
can be addressed at the single object level.' This is a critical
advantage to probe the intrinsic photophysical properties of
these objects. We thus first investigate the photoluminescence
properties of an isolated single GQD dispersed in a polystyrene
matrix. To identify single GQDs, we first measure the second-
order correlation function of photon emission (g(z)), inte-
grated over the whole spectrum, on a diffraction-limited spot
(see Fig. 1(b)). The appropriate antibunching signature (g*(0)
< 0.5, inset of Fig. 1(c)) ensures that a single GQD is addressed.
We then measure on such single GQDs, the emission spec-
trum, under a A = 594 nm excitation. The orange curve in
Fig. 1(c) displays a typical PL spectrum. The characteristic
emission lines of a GQD monomer with the main emission
peak at around 650 nm are detected. This matches our pre-
vious report.'* The presence of defects in GQDs synthesized by
top-down methods results in a fluorescence spectrum that
depends on the excitation wavelength.® Therefore, to test the
presence of higher energy emission lines, we increased the
excitation energy (decreased the excitation wavelength to 4 =
532 nm) and recorded the spectrum of the very same GQD. As
shown in Fig. 1(c), the emission spectrum is not impacted by
the excitation wavelength. This observation confirms that the
photon emission from this single object results from intrinsic
electronic transitions of GQDs and not from a collection of

3828 | Nanoscale, 2022, 14, 3826-3833

View Article Online

Nanoscale

defect states characterized by a wide range of transition
energy. In order to get deeper insights into the photophysics,
DFT/TDDFT calculations were performed. The first four
excited states of the Cy6C1, GQD monomer can be described as
combinations of excitations involving doubly degenerate delo-
calized HOMO and LUMO of e” symmetry (see Fig. S37 for the
description of the orbitals). It results in two low-lying dark
states (S;, S,) and two degenerate bright states (S;, S,) at
higher energy (see ESI Table S3t). Interestingly, transitions to
S; and S, are forbidden by the symmetry. It highlights the
importance of the shape of GQDs to tailor their properties.
The GQD studied here has a C; symmetry. A similar behaviour
was reported theoretically for GQDs with Dg, symmetry,
wherein breaking the symmetry leads to a brightening of the
two low-energy dark states.”® More specifically, for the CosCjs,,
S; and S; correspond to the antisymmetric and symmetric
linear combinations of HOMO-1 — LUMO and HOMO -
LUMO+1 excitations, respectively, while S, and S, involve the
symmetric and antisymmetric combinations of HOMO-1 —
LUMO+1 and HOMO — LUMO, respectively. According to
Clar’s notation for fully benzenoid polycyclic aromatic hydro-
carbons (PAHSs) like Co6Cy, GQDs, these states can be associ-
ated with the o-, p-, and B-bands, in the order of increasing
energy.'" Accounting for the dynamical behavior of the system,
an average transition energy of 2.55 eV is computed for the
bright states (see the ESI Table S47). This result fits well with
the transition at 478 nm (2.59 eV) measured in optical absorp-
tion spectroscopy (see Fig. 4(a) and ESI Fig. S6T). As men-
tioned above, the two first singlet states are dark by symmetry.
Nevertheless, several processes can be at the origin of sym-
metry breaking as has been observed in many systems.””*° In
particular, the calculations leading to the forbidden tran-
sitions were performed on the planar geometry of the GQD.
Interestingly, the transition towards S, appears to be partially
allowed when the molecular dynamics at room temperature is
included in the calculations. Indeed, it gives a non-zero oscil-
lator strength of /> 0.1, indicating the coupling of the singlet
states to vibrational modes. In particular, low frequency modes
that can be associated with the out-of-plane distortion of the
nanographene core turn on the S, — S, transition. For the
sake of illustration, Fig. 2(a) and (b) respectively show a frame
obtained in molecular dynamics simulations and the corres-
ponding calculated normal mode. Following the deformation
of this mode, the oscillator strength increases and finally
exceeds 0.2 (Fig. 2(c)). Surprisingly, and in disagreement with
what was expected,”® we note that such an intensity borrowing
effect does not occur for the S, — S, transition that is charac-
terized by the vanishing transition densities on all sites,
whether the molecule is distorted or not (see ESI Fig. S57).
Fig. 2(c) shows that the excitation energy of the S, — S, tran-
sition decreases with the increasing deformation amplitude of
the considered mode. Therefore, we speculate that this tran-
sition either becomes the lowest-lying singlet excited state
upon molecular distortion, the state from which the emission
occurs, or that S, — S; remains the lowest-lying singlet excited
state but, being dark, is not observed experimentally. However,

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Deformation patterns for the structure extracted from frame
c325 of the molecular dynamics simulations. Colored rings correspond
to out-of-plane deformations, upward (dark-grey-filled) or downward
(blue-filled) relative to the molecular median plane. (b) Normal mode 12
corresponding to the deformation. (c) Evolution of the oscillator
strength and excitation energy of the Sy — S, transition along the
normal mode deformation.

the relatively high fluorescence quantum yield of CgsCi,
(=35%)"* does not tally with such a dark state at lower energy
than the emissive state, hence we believe the first scenario to be
more likely. We note that the lines at lower energies in Fig. 1(c)
correspond to vibronic replicas with a quantum of vibration of
~170 meV that is close to the C=C stretching mode energy.

Despite their high interest, one major hurdle of GQDs that
slows down basic studies as well as their use in devices is their
tendency to aggregate through n-n interactions due to the
large size of their sp”> carbon core. This problem appears
clearly while looking at the objects present in the solution. For
example, transmission electron microscopy (TEM) reveals lots
of small particles (<2 nm), corresponding to individual mono-
mers or a few stacked GQDs dispersed on the graphene
support layer as well as columns with few vertically stacked
GQDs (see ESI Fig. S117). Note that such columnar structures
have been reported for the specific GQD structure we study
here® and for other nanographene structures.”” These obser-
vations strongly confirm the existence of H-type aggregates in
the solution, with high size dispersion. In this context, we
have been looking for a spectral signature of the aggregation
in the optical properties of GQDs.

In order to explore the effect of aggregation on the elec-
tronic properties, we first extended our calculations on a dimer
of Cy6Cy,. Structurally, the dimer of CosCi, GQD presents an

This journal is © The Royal Society of Chemistry 2022
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H-like configuration with an average interlayer distance of
3.48 A, indicating n-r interactions within the dimer. The most
stable configuration shows a twist angle between the two
GQDs of 23° + 2°. Accordingly, the formation of a dimer is
accompanied by a blue-shift of the optical transition by about
30 meV (see ESI Table S5t). The average oscillator strength
over the first ten low-lying states amounts to 0.004, which is
two orders of magnitude lower than that of the monomer.
This should lead to a decrease in fluorescence efficiency in
these H-like aggregates. Moreover, we performed the same
TDDFT excited-state calculations coupled to MD simulations
as done for the monomer in order to probe the effect of lattice
fluctuations on the electronic excitations. Compared to the
monomer case, the amplitude of the geometric distortions is
reduced in the physical dimer. Fig. 3(a) shows the out-of-plane
distortion of the GQDs characterized by the branch twist di-
hedral angle of the GQD branches with respect to the median
plane. The distributions of this dihedral angle for a GQD as a
monomer and in the dimer are plotted in Fig. 3(b). We observe
that the distribution of angles for the monomer is broader
than for the GQD in the dimer with a standard deviation of

| GQD indimer -

occurence

200 .
100 | .

O ] 1
-25-20-15-10 -5 O 5 10 15 20 25
branch twist dihedral

Fig. 3 (a) Out-of plane distortion of the GQDs (b) Distributions of the
branch twist dihedral angle of the GQD branches with respect to the
median plane: for a monomer (yellow) and for a GQD in a dimer (blue).
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Omono = 6.2° for the monomer versus ogimer = 4.4° and 4.6° for
the two GQDs constituting the dimer (see ESI Fig. S47t for the
results on the second GQD of the dimer). Most importantly,
these structural deformations have a very small impact on the
oscillator strength of the lowest-lying states. In summary, these
calculations predict that the coupling between monomers in
small aggregates leads to a global increase in the energy of the
So-S,, transition and a decrease in the radiative decay rate from
the emissive states.

The UV/visible absorption spectrum of GQD dispersed in
1,2,4-trichlorobenzene (TCB) given in Fig. 4(a) shows broad
features typical of large PAHs in solution.'®?*> The main
absorption peak is composed of two bands at 455 nm and
475 nm. On the red side of this band, one can observe two
other features at 576 nm and 635 nm. This correctly corres-
ponds to the absorption profile previously reported for this
specific GQD.”'* While the main features of the absorption
spectrum are fully reproducible, the details of the structures
can vary from one solution to another with more or less pro-
nounced broadening (see ESI Fig. S6t). The fluorescence spec-
trum of GQDs in the solution is shown in Fig. 4(b). It shows
two strong peaks at 644 nm (peak 1) and 703 nm (peak 2),
which correctly match the emission lines we previously
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observed in the single-molecule measurements (see Fig. 1(c)).
The energy split between peaks 1 and 2 is ~167 meV, which is
also consistent with the vibronic replica observed on the
single-molecule spectra. An additional broader band at
577 nm, labeled peak 3, is also noticed. The origin of this
higher energy emission peak is yet unclear. First, this high
energy line is not detected in the single-molecule measure-
ments reported in Fig. 1(c), excluding the possibility that it
arises from intrinsic fluorescence, for instance from a higher
singlet state. Therefore, it can be rather related to additional
fluorescent species in the solution. This interpretation is
strengthened by the time-resolved PL (TR-PL) measurements
performed at the wavelengths of peaks 1, 2 and 3, as plotted in
Fig. 4(c). The TR-PL spectra collected at 650 nm and 705 nm
show the same mono-exponential decay, with a lifetime of ~5
ns, in agreement with experiments on single molecules."* The
observation of the same dynamics for the emission at the two
wavelengths is a solid indication that peaks 1 and 2 in the PL
result from the emission of the same object, in our case GQD
monomers. The dynamics observed at 575 nm show a multi-
exponential decay, with an average shorter fluorescence life-
time. This stark difference in the dynamics confirms that the
emission from peak 3 stems from different fluorescent objects.
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Fig. 4 (a) Absorption spectrum of the C96C1>, GQD in TCB and PLE spectra collected at the wavelengths of PL peaks 1, 2 (solid lines) and 3 (dashed
line). (b) Evolution over time of the fluorescence spectrum of Cg6Cy, in TCB. (c) Time-resolved fluorescence spectra detected at the wavelengths of
PL peaks 1 (red), 2 (yellow) and 3 (blue) and the (d) PLE 2D map of Cg¢Cy, in TCB.
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As a first hypothesis, synthesis by-products could be con-
sidered as a possible origin of this peak. Few impurities, with
masses close to the one of CysC;,, are detected in MALDI-TOF
experiments. The different possible structures corresponding
to the detected mass are discussed in the ESL.{ Nevertheless,
Fig. S67 shows that the intensity ratio between PL lines 1 and 3
varies from one suspension to another inside the same batch
of GQDs. Making the assumption that the intensities of the PL
lines are proportional to the concentrations, this observation
demonstrates that the amount of each species varies from one
suspension to another, which is unlikely if line 3 would orig-
inate only from synthesis by-products. To get more specific
insights on the evolution of the fluorescent species population
in the solution, we follow its PL time evolution. Fig. 4(b) gives
an example of the evolution of the PL spectrum after leaving
the sample in an inert Ar environment. We observe that the
intensities of peaks 1 and 2 associated with the emission of
GQD monomers show a net decrease while the intensity of
peak 3 at higher energy increases. In this particular case, an
iso-emissive point is observed at 615 nm (see Fig. S7t for other
examples). The presence of an iso-emissive point is the signa-
ture of a population conversion between the GQD monomers
(peaks 1 and 2) and a molecular species emitting at higher
energy (peak 3). This again excludes that line 3 arises only
from the synthesized by-products. Finally, while the intensity
of the fluorescence lines of GQD monomers is reduced by
approximately a factor four, the intensity of peak 3 is increased
only by a factor ~1.5. It demonstrates that the species the GQD
monomers are converted into possess a lower fluorescence
quantum yield. This is in line with the decrease in oscillator
strength predicted by the calculations. Moreover, the decrease
in fluorescence upon aggregation is also commonly observed
in other types of chromophores. This is, for instance, one
limitation of the efficiency of organic light-emitting diodes.*
In summary, peak 3 is blue-shifted in comparison to the lines
of GQD monomers with a lower quantum yield. Therefore, in
line with the theoretical predictions, this line can be related, at
least partially, to the emission of small aggregates of CoCy,
(dimers, trimers...).

Our theoretical calculations indicate that the first four tran-
sitions should be blue-shifted upon aggregation. Therefore, we
performed PL excitation (PLE) spectroscopy. First, the PLE 2D
map is plotted as shown in Fig. 4(d). Some hotspots are
observed that are related to resonances between the excited
and emissive states. In particular, one can observe the intense
spots related to the emission of monomers when excited by
the S;, transitions. Moreover, this 2D map highlights some
periodic structures marked by the white dotted circles in the
figure. These periodic features are characteristic of the Frank-
Condon progression of vibronic replicas. To go into more
detail, we focus on the PLE traces detected at several emission
wavelengths as displayed in Fig. 4(a). The PLE spectra recorded
at 640 nm and at 703 nm lines (emission lines of monomers)
present unambiguously the same excitation peaks, which is
predictable for PLE spectra originating from the same object.
From the lowest to the highest energy, the wavelengths of the

This journal is © The Royal Society of Chemistry 2022
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lines are: 631 nm, 579 nm, 535 nm, 475 nm, 446 nm, and
420 nm. The energy splits between the three peaks at lower
energy and the three peaks at higher energy are respectively,
~176 meV and ~170 meV. These values are again compatible
with the C=C vibration energy. This behaviour is fully repro-
ducible from one sample to another. Let us now focus on the
high energy emission line 3 at 577 nm. One can see that the
excitation energy resonances related to line 3 are blue-shifted
by ~100 meV. The blue-shift of the transition, which is fully
reproducible, strongly supports the interpretation that line 3
includes a contribution from the emission of small aggregates
of Co6C1» GQDs. Calculations appear to underestimate the
blue-shift due to aggregation (30 meV vs. 100 meV). This is
possibly related to the presence of larger aggregates in the
sample than the simple dimers considered in the calculations.
Moreover, for this particular sample, the periodic structures in
PLE spectra are also observed in emission line 3. From the
lowest to the highest energy, the wavelengths of the lines are:
458 nm, 433 nm, and 411 nm. The energy split between these
lines is 153 meV, which gives a value lower than that for the
lines observed for GQD monomers. This lower value in com-
parison with the monomer would reflect a decrease in the
C=C energy mode in the aggregate. Finally, as for the absorp-
tion spectra, the fine structure of the PLE spectra varies for all
measured samples. Indeed, for the same powder of GQDs,
depending on the suspension process, the blue-shifted PLE
spectra show more or less pronounced vibronic progression.
The energy shift of the electronic levels, the lowering of the
vibration mode and the broadening of the lines originate from
the interactions between the monomers inside an aggregate.
This interaction is therefore dependent on the details of the
structure of the aggregate. Thus, the TEM investigations men-
tioned previously show that the sample contains aggregates in
a H-like configuration with different structures going from two
to a dozen layers and with different degrees of disorder. The
amount of each type of aggregate depending on the solubil-
ization process, can explain the differences observed from one
suspension to another.

Conclusions

In summary, we investigated the photophysics of the Co6Cia
GQDs both at the single-molecule level and in suspension. We
demonstrated that the emission spectrum of single GQDs does
not depend on the excitation wavelength and arises from
intrinsic quantum states. Moreover, calculations showed that
the vibrations of the molecular core brighten the second
singlet transition while leaving the first one dark. The high-
light of the importance of electron-vibration coupling in the
emission process suggests digging into this question more
deeply. In particular, single-molecule experiments at low temp-
eratures are ongoing. The reduction of the linewidth will
enable precise insights into the vibronic coupling in GQDs.
Moreover, our results also suggest investigating GQDs with
other symmetries, such as D,y,,”° but with the same number of
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atoms would be very helpful for understanding the structure-
properties relationship. Finally, we explored the effect of aggre-
gation on the optical transitions of GQDs. We showed, both
theoretically and experimentally, that it leads to a blue shift in
the transition and a decrease in the quantum yield. Beyond
the better understanding of the photophysics of GQDs, this
work opens the way for extensive studies focused on the
physics of small aggregates of GQDs that can be viewed as
twisted graphenoids.
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