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The aggregation of coronene is relevant to understand the formation of carbon nanomaterials, in-
cluding graphene quantum dots (GQDs) that show exceptional photophysical properties. This article
evaluates the influence of carboxyl and amine substituting groups on the aggregation of coronene
by performing a global optimization study based on a new potential energy surface. The structures
of clusters with substituted coronene are similar to those formed by un-substituted monomers, that
is, stacked (non-stacked) motifs are favoured for small-size (large-size) clusters. Nonetheless, the
presence of carboxyl and amine groups leads to an increase of the number of local minima of com-
parable energy. The clusters with substituted monomers have also shown to enhance the attractive
component interaction, which can be attributed to weak induction and charge transfer effects and
to stronger electrostatic contributions. Moreover, the calculated height of magic-number structures
of the clusters in this work is compatible with the morphology of the GQDs reported in literature.

1 Introduction
In the last decades, polycyclic aromatic hydrocarbons (PAHs),
such as pyrene, coronene, ovalene or circumcoronene, have
emerged as relevant chemical systems in several environments. In
combustion, PAHs have been recognized as precursors of soot par-
ticles1–5, while their presence in the interstellar medium has been
detected through ultraviolet-irradiated regions in our and exter-
nal galaxies6. The theoretical study of clusters formed by PAH
monomers assumes an important role in assessing the physico-
chemical evolution of small carbonaceous particles under realis-
tic astrophysical conditions7. Additionally, clusters of different
types of PAH molecules have been subjected to a great num-
ber of investigations8–11 by employing global optimization tech-
niques. This type of optimization methods, that are especially
adequate for exploring the energy landscapes of molecular clus-
ters, have been developed by many research groups all over the
years10,12–21. Among the global optimization studies on PAH
systems, those involving coronene clusters have received special
attention. Indeed, coronene clusters are considered as proto-
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type systems for the study of strong π −π interactions in carbon
nanomaterials22,23. Due to the intrinsic 0D (zero dimensional)
nature of the clusters, they are particularly relevant as models
to understand the physico-chemistry of crystalline carbon dots
(Cdots). These nanoparticles of carbon typically have dimensions
below 10 nm and they can be produced as a single layer or as
a quasi-spherical stack of few layers of sp2 carbons, also known
as graphene quantum dots (GQDs)24. Cdots are usually deco-
rated with oxygen and nitrogen containing functional groups that
provide solubility in aqueous media, reduce the non-radiative en-
ergy relaxation pathways due to surface passivation and afford a
rich chemical reactivity for customization towards specific appli-
cation. However, our understanding about the structural effects
on the physico-chemical properties of Cdots is clearly lagging be-
hind the excitement of the scientific community about their po-
tential applications in biomedical, photocatalytic and electronic
applications25–29. Despite the overwhelming number of yearly
publications dealing with Cdots, there are several open questions
yet: Are the optical properties determined by the carbon core or
do they have a molecular nature? Can their photophysics be ex-
plained by a cocktail of aggregated PAHs? Given the heterogene-
ity of the materials produced, are the properties determined by
the presence of truly monolayered dots, or stacks of sp2 carbons
or even molecular by-products?

Actually, most of the computational studies available are based
on isolated PAHs to simulate the carbons dots providing a useful,
though limited, understanding on the structure-properties corre-
lation30–32. The study of coronene clusters functionalized with
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polar groups at the edge can provide a deeper insight on the
structure of Cdots. Functionalization with carboxylic and amine
groups, typically found in Cdots, allows us to investigate the
concomitant contribution of π − π, electrostatic, van der Waals
and hydrogen bonding interactions to the properties of the corre-
sponding clusters. In addition, COOH moieties are relevant as key
intermediates appearing during the oxydation of coronene in the
context of soot combustion33. The functionalization of coronene
with imide has shown to be a potential route for tuning optoelec-
tronic properties34.

In this work, we have employed an evolutionary algorithm (EA)
to perform a global optimization study on clusters of coronene
molecules substituted with carboxyl and amine groups. Based on
accurate density functional theory (DFT) calculations, an analyti-
cal potential energy surface (PES) has been also proposed for the
interactions involving pairs of monomers. By applying the EA to
the new PES, we have discovered putative global minimum and
low-energy structures of the clusters up to 15 monomers, which
allows for the assessment of the effect of substituting groups from
the comparison with the results on pure coronene aggregates.
Accordingly, the plan of the paper is as follows. The methodol-
ogy employed in the construction of the PES is fully described in
Section 2, where we also overview the EA used to discover the
low-energy structures of the clusters. In section 3, the global op-
timization results are presented and discussed, while section 4
summarizes the main conclusions of this study.

2 Methodology

According to the guidelines followed in the recent investigation
of pure coronene clusters9, also the present study has been per-
formed starting from extensive theoretical calculations, addressed
to characterize in detail structures, and energy sequence of the
coronene substituted dimer in its most stable configurations. The
subsequent objective has been the formulation of a semiempirical
representation of the multi-dimensional intermolecular PES for
the same dimer, whose potential parameters have been defined in
terms of fundamental chemical-physical properties of monomers.
On general ground, this objective is crucial to describe the main
features of dimers, as well as of larger clusters, formed by substi-
tuted coronene monomers under a variety of conditions. More-
over, the detailed comparison of the semiempirical model predic-
tions with results of ab initio calculations has been extensively
exploited to test, improve, and generalize the semiempirical for-
mulation of the intermolecular potential. The analytical PES here
proposed provides an internally consistent description of the in-
termolecular interaction in the full space of the relative configu-
rations of the investigated systems. As stressed above, this con-
dition has been considered basic to represent the main features
of the low-energy landscape, as well as to carry out any type of
molecular dynamics simulation. The analytical PES so obtained
has been then exploited, by employing an EA method, to search
the global minima (and other low- energy structures) of substi-
tuted coronene clusters of increasing size.

2.1 Electronic-structure calculations

As for pure coronene clusters9, also for present coronene substi-
tuted clusters the interaction energies were computed within the
generalized gradient approximation of the Perdew, Burke, and
Ernzerhof (PBE)35 exchange-correlation functional using the cc-
pVTZ basis set36. In order to correct the obtained interaction en-
ergies for required dispersion contributions we have added those
from the DFT-D3(BJ) method of Grimme et al37. Moreover, the
counterpoise method38 was applied to correct for the basis set su-
perposition error. The reliability of the obtained interaction ener-
gies has been checked through the comparison with correspond-
ing benchmark MP2C39 estimations (exploiting a complete basis
set (CBS) extrapolation scheme40,41), as reported in the Supple-
mentary Information (see Fig. S1 in there) for the interaction pro-
files corresponding to a couple of parallel configurations of the
coronene substituted dimer. The PBE-D3(BJ) method was there-
fore safely employed to identify the low lying structures of the
coronene substituted dimer and to obtain the proper sequence of
the related complexation energies. The same approach was also
used to verify the relative stability of the low-lying minima discov-
ered with the EA for cluster up to pentamers, as shown in Table 4.
The partial atomic charges involved in the electrostatic term of
the analytical potential function formulation (see next section)
have been determined from electronic structure calculations us-
ing the B3LYP hybrid functional42 and the cc-pVQZ basis set36

within the Charge Model 5 (CM5) approach43, which represents
an extension of the Hirshfeld population analysis and in general
guarantees reliable estimations. All calculations were carried out
with the Gaussian 09 package44.

2.2 Analytical potential function

As stressed above, extensive molecular simulations, especially for
systems of increasing complexity, require the use of an analytical
formulation of the multidimensional PES. A careful analysis of
the dimer behavior has been considered crucial to achieve such
purpose. In particular, an important condition adopted is that
the parameters defining the multidimensional PES must have a
physical meaning in order to guarantee the representation cor-
rectness of the intermolecular potential in the full space of the
relative configurations of involved partners. In this study, we as-
sume that coronene (Cor) molecules substituted with -COOH and
-NH2 groups (hereafter designated as R-Cor-R’) are rigid bodies,
in which the C-C bond lengths and C-C-C angles were set to 1.420
Å and 120o, respectively, whereas C-H bond lengths and C-C-H
angles were chosen to be 1.090 Å and 120o, respectively. Such
values are very close to those of pure coronene. However, in the
evaluation of the interaction parameters we assumed that the size
of each C atom in substituted coronene is slightly smaller with re-
spect to that in pure coronene because of the aromatic π electron
cloud polarization promoted by the two functional groups involv-
ing N and O atoms with high associated electronegativity value.
The main features of the Cor monomer are shown in Figure 1.

For clusters formed by n (R-Cor-R’) monomers, the total inter-
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Fig. 1 Representation of the 3D structure of the (R-Cor-R’) monomer.
The numbers on the atoms indicate the order followed to describe the
interaction potential in this work.

action potential is defined as:

Vcluster =
n(n−1)/2

∑
k=1

(
Vel,k +Vnel,k

)
(1)

where the first (second) term in the summation refers to the elec-
trostatic (non-electrostatic) component arising as combination
of all independent interacting pairs distributed on the frame of
monomers involved in the cluster. This model has been developed
as a natural evolution of those previously proposed for the in-
teraction involving benzene-benzene45 and coronene-coronene9

systems. The calculation of Vel,k, i.e., between monomers A and
B in vacuum (permitivity εo) forming the k pair, assumes the fol-
lowing expression:

Vel =
41

∑
i=1

41

∑
j=1

qiq j

4πεori j
(2)

where i ( j) runs over all charge points distributed on the
monomer A (B) frame and ri j is the distance between two charge
points located in distinct monomers; i (or j) values are here as-
signed to the atomic centers, as in Figure 1, while the correspond-
ing charges are given in Table 1. Charge values distributed on the
coronene-substituted molecular frame have been computed as in-
dicated above and are considered here as fixed parameters. All
possible deviations (expected to be small) from the used values
are accounted for in the optimization of the parameters of the
non-electrostatic component of the interaction (see below).

As for the non-electrostatic energy component, associated to
the same k pair, consistently with previous PES formulations9,45,
it is described again as a sum of partial contributions, i.e.,

Vnel =
41

∑
i=1

41

∑
j=1

VXi−Yj (3)

where VXi−Yj represents the non-electrostatic interaction between

Table 1 Partial charges assigned to the atoms of the monomer. Each
atom belongs to the group indicated in parenthesis.

i atom (group) charge/e
1 C (Cor) -0.014067
2 C (Cor) -0.074214
3 C (Cor) -0.014482
4 C (Cor) 0.007266
5 C (Cor) 0.002901
6 C (Cor) -0.003732
7 C (Cor) -0.102700
8 C (Cor) -0.093862
9 C (Cor) -0.017734

10 C (Cor) 0.002825
11 C (Cor) -0.006821
12 C (Cor) -0.013269
13 C (Cor) -0.099765
14 C (Cor) -0.095018
15 C (Cor) -0.113695
16 C (Cor) 0.102275
17 C (Cor) -0.014972
18 C (Cor) 0.004031
19 C (Cor) 0.004350
20 C (Cor) -0.011434
21 C (Cor) -0.096995
22 C (Cor) -0.092226
23 C (Cor) -0.097937
24 C (Cor) -0.097875
25 N (-NH2) -0.641022
26 C (-COOH) 0.273383
27 O (-COOH) -0.367484
28 O (-COOH) -0.351177
29 H (Cor) 0.113885
30 H (Cor) 0.099767
31 H (Cor) 0.105742
32 H (Cor) 0.102366
33 H (Cor) 0.104263
34 H (Cor) 0.102495
35 H (Cor) 0.104652
36 H (Cor) 0.106880
37 H (Cor) 0.104842
38 H (Cor) 0.102726
39 H (-NH2) 0.311651
40 H (-NH2) 0.303564
41 H (-COOH) 0.360169
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the atomic center Xi of monomer A and the atomic center Y j of
monomer B. The adoption of an effective atomic electronic polar-
izability, different from that of the isolated atom, takes into ac-
count of its participation in stable chemical bonds. Moreover, the
sum of all effective atomic values must be consistent with the po-
larizability of the R-Cor-R’ molecule. In equation 3, each term is
described by an improved Lennard-Jones (ILJ) potential function
VILJ

46–48, which depends on the separation distance, r, between
the two interacting centers according to the expression:

VILJ = ε

[
m

n(r)−m

( r0

r

)n(r)
− n(r)

n(r)−m

( r0

r

)m
]

(4)

where ε and r0 are, respectively, the well depth and equilibrium
distance associated to each specific interaction pair formed by two
“effective” atoms. As usual for neutral-neutral systems, the m pa-
rameter is here chosen equal to 6 in all cases. The first term in
Eq. 4 describes the size (or Pauli) repulsion, while the second one
represents the attraction, mostly depending on dispersion contri-
butions. The n(r) exponent, defining simultaneously the falloff
of the effective atom-effective atom repulsion and the strength of
the attraction, is expressed as46

n(r) = β +4.0
(

r
r0

)2
(5)

For typical non covalent interactions the additional β param-
eter assumes standard values falling in the 7-9 range45–49 be-
ing related to the hardness of involved partners. Therefore, the
β value and the proper n(r) dependence make the ILJ function
more flexible and more realistic than the classical LJ model, re-
moving most of its inadequacies due to an excessive attraction
and to a too strong repulsion. Moreover, in the tuning and final
choice of the parameters, whose zero order values were estimated
from the effective atomic polarizabilities, the following modula-
tion criteria have been adopted: 1) Each interaction pair, involv-
ing a positive charged H atom of a monomer (see Table 1) and
a negative charged (essentially O and N, cf. Table 1) of another
monomer, can promote the formation of intermolecular hydrogen
bond (HB). Accordingly, the r0 parameter has been decreased of
about 10-11% and, consequently, ε has been increased in order to
maintain constant the long range dispersion attraction contribu-
tion, defined as ε · r6

0. For such a pair also β has been lowered to
6.5, since the variation within limiting ranges of β allows also to
indirectly include additional interaction components emerging at
intermediate and short range, as perturbative-stabilizing induc-
tion and charge transfer effects associated to the weak HB forma-
tion. 2) For pairs involving less positive H atoms, as those linked
to the coronene plane, that can promote weak HB, r0 parameter
has been decreased of only 2% and ε has been slightly increased
in order to maintain always constant the long range dispersion
attraction contribution, while β has been maintained at 6.5. 3)
As anticipated before also the size, and consequently related r0

of all pairs involving C(Cor), has been decreased with respect to
values adopted for pure coronene clusters, in order to account
for polarization effects of the π electron cloud. The final param-
eters employed for the non-electrostatic atom-atom interactions

Fig. 2 Four dimer structures optimized at the PBE-D3(BJ)/VTZ level
of theory. The corresponding energies are given in Table 3.

are given in Table 2.
Note also that in the adopted potential formulation the param-

eters, which maintain the correct physical meaning, have been
optimized to obtain a proper comparison with the results of the ab
initio estimations. The analytical PES so obtained provides bind-
ing energies which represent the best compromise with values
predicted by both MP2C and DFT methods and the correct stabil-
ity sequence of low lying dimer minima (see Figure 2 and Table
3). Moreover, the same formulation reproduces related binding
energy values which appear to be significantly stronger than those
for the coronene dimer9.

2.3 Global optimization method
A hybrid evolutionary algorithm (EA) developed in our group20

has been employed to search for low-energy structures of the
clusters (R-Cor-R’)n (with R≡NH2 and R’≡COOH) studied in this
work; the (R-Cor-R’) monomers are treated as rigid molecules.
The EA combines an efficient global optimization strategy to ex-
plore promising structures at the basins of attraction of the poten-
tial energy surface with the limited memory Broyden-Fletcher-
Goldfarb-Shanno (L-BFGS) algorithm50,51 to obtain the local
minimum geometry at the bottom of each basin. This latter proce-
dure reduces the space to be searched, since the global optimiza-
tion runs over structures already minimized and, thus, avoids to
deal with a number of bad-quality intermediate solutions. On fol-
lowing, we describe the main features of the EA, while further
details were published in the original paper20 and revised in a re-
cent work on molecular clusters52. Additionally, the EA has been
successfully applied to the global optimization of clusters involv-
ing coronene9,49.

Basically, a generational approach is adopted in the present EA,
meaning that the pool of structures forming the population of pos-
sible solutions is replaced from one generation to the other. Since
each (R-Cor-R’) molecule is assumed to be a rigid-body structure,
the geometry of the cluster is defined by specifying the center-of-
mass coordinates and the orientation Euler-angles of the corre-
sponding monomers. For a cluster with n (R-Cor-R’) monomers, a
solution in the pool is, thus, constituted by n six-tuples, each one
encoding three Cartesian coordinates of the center-of-mass and
three Euler angles.

The initial population of structures forming the pool of possi-
ble solutions is randomly generated and optimized to local min-
ima by employing the L-BFGS algorithm50,51. The next gen-
eration is, then, obtained by applying the genetic operators.
First, tournament selection is applied to choose pairs of struc-
tures from the population that undergo crossover to originate off-
spring solutions. Our EA relies on the arithmetic simulated-binary
crossover53 to combine the selected pairs of structures. Second,
both center-of-mass and orientation of monomers have a certain
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Table 2 Analytical Parameters of the (R-Cor-R’)-(R-Cor-R’) Interaction
Potential: Well Depth(a) (ε), Equilibrium Distance(b) (r0) and β Param-
eters of the ILJ Potential for the Atom-Atom Pair Interactions.

ILJ interaction ε/meV r0/Å β

C(Cor)–C(Cor) 3.670 3.900 7.0

C(Cor)–H(Cor) 2.200 3.505 6.5

H(Cor)–H(Cor) 1.610 3.099 9.0

C(COOH)–C(Cor) 4.460 3.810 7.0

C(COOH)–C(COOH) 4.755 3.709 7.0

C(COOH)–H(Cor) 2.427 3.464 8.0

C(COOH)–O(COOH) 4.484 3.603 7.0

C(COOH)–H(COOH),
C(COOH)–H(NH2) 2.298 3.451 8.0

O(COOH)–C(Cor) 4.050 3.720 7.0

O(COOH)–H(Cor) 2.790 3.250 6.5

O(COOH)–O(COOH) 4.465 3.481 7.0

O(COOH)–H(COOH),
O(COOH)–H(NH2) 5.140 2.900 6.5

C(COOH)–N(NH2) 5.020 3.709 7.0

O(COOH)–N(NH2) 4.773 3.603 7.0

H(COOH)–H(Cor),
H(NH2)–H(Cor) 1.560 3.076 9.0

H(COOH)–C(Cor),
H(NH2)–C(Cor) 2.470 3.470 6.5

H(COOH)–H(COOH),
H(NH2)–H(NH2),
H(COOH)–H(NH2) 1.509 3.053 9.0

N(NH2)–N(NH2) 5.317 3.709 7.0

N(NH2)–H(NH2),
N(NH2)–H(COOH) 4.610 3.100 6.5

N(NH2)–C(Cor) 4.680 3.810 7.0

N(NH2)–H(Cor) 2.857 3.400 6.5
(a)1 meV=0.0964853 kJ mol−1; (b)1 Å=0.1 nm

Table 3 Interaction Energies of Four Minimum Structures Obtained For
the Dimer at the PBE-D3(BJ)/VTZ Level of Theory And That Are Dis-
played in Fig. 2. Also Represented Are the Corresponding Single-Point
MP2C/CBS and the Analytical PES Energies.

structure EDFT EMP2C EPES
(kJmol−1) (kJmol−1) (kJmol−1)

M1 -115.31 -121.44 -112.28
M2 -107.11 -119.40 -111.83
M3 -107.53 -115.05 -108.03
M4 -99.33 -108.68 -94.85

Table 4 Interaction Energies for the Global Minimum (GM) and Other
Relevant Structures of the (R-Cor-R’)n (n = 3− 5) Clusters Obtained by
applying the EA to the Analytical PES and by Performing Single-Point
PBE-D3(BJ)/VTZ.

cluster size structure EPES EDFT
(n) (kJmol−1) (kJmol−1)

3 GM -230.44 -197.48
M1 -229.68 -196.73
M2 -229.66 -184.64
M3 -177.79 -160.25

4 GM -348.71 -295.68
M1 -343.40 -295.64
M2 -339.14 -284.30
M3 -336.87 -278.61
M4 -315.23 -271.92

5 GM -464.67 -397.44
M1 -458.56 -394.55
M2 -447.48 -359.91
M3 -438.64 -370.37
M4 -420.14 -358.99

probability to be modified by applying sigma mutation54. Third,
the structures so obtained are subjected to local optimization by
using the L-BFGS algorithm50,51, which leads to the formation of
the new generation of solutions. As mentioned above, this new
population replaces the old one in the pool of possible solutions.
Such replacement strategy, however, includes the application of
an elite operator in order to avoid lost the lowest-energy struc-
ture.

The procedure just described for the formation of a new gen-
eration of possible solutions of the (R-Cor-R’)n cluster is repeated
until the corresponding potential energy function is evaluated by
30000 times; this iterative process is usually designated as a run.
As we are dealing with a stochastic approach, the EA has to be run
several times so that statistically meaningful results are achieved.
Here, we have employed 30 runs for each cluster size; other rele-
vant settings of the EA are the same as those given in a previous
work45.

Finally, the putative global minimum for a given cluster size is
the structure with the lowest-energy that has been obtained after
the completion of 30 runs. The EA also saves a given number of
other low-energy structures besides the global minimum, which
are relevant for the subsequent analysis. We further note that the
average CPU time estimated for (R-Cor-R’)3 is 〈tCPU〉= 8742s per
run of the EA in a computer Intel(R) Core(TM) i7-3770 CPU @
3.40 GHz with x86_64 architecture.

3 Results and discussion
The presence of functional groups in substituted coronene in-
creases the number of structures of comparable energy in the
formed clusters with respect to the case of equivalent aggregates
with un-substituted monomers. In particular, several energy min-
ima are expected to occur in the multidimensional PES of each
substituted coronene cluster. The interaction energies associated
with the low lying structures of (R-Cor-R’)n clusters with size
n = 3− 5 and characterized by the EA are reported in Table 4.
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In the same table are also given for an useful comparison results
obtained performing Single-Point PBE-D3(BJ)/VTZ calculations.
The comparison suggests that although the EA values tend to be
higher in absolute value than the DFT determinations it is neces-
sary to take into account that the latter refer to single point es-
timations and that the analytical PES employed in the minimiza-
tion procedure assumes rigid monomers. In addition, we have
checked that for the absolute minimum (GM) of the trimer a DFT
optimization with flexible monomers the corresponding interac-
tion energy increases to −215.9kJmol−1 and get closer to the EA
prediction. Furthermore, it is important to stress that the stability
sequence of the low lying structures is provided in a consistent
way by the two methods and the structural details of the low-
lying minima of Table 4 are addressed in the end of this section.
In turn, the putative global minimum structures discovered by the
EA are represented in Figure 3. It is apparent from this figure that
columnar-type global minimum structures are favored up to n= 5.
Conversely, larger clusters show multi-stack configurations: two
stacks forming a “handshake” structure (for n = 7− 12) or three
stacks (for n = 13− 15). We observe that large stacks with up to
six monomers, which tend to be distorted, can be stabilized as the
cluster grows up. Such kind of structures, highlighting the preva-
lence of π − π interactions, have been also reported in previous
global optimization studies on pure coronene (Corn) clusters9,55.
Indeed, we have found9 quite similar structures for Corn clusters
that were modeled with a PES based on the same approach em-
ployed in this work for the title system. Nonetheless, some subtle
differences arise between the global minimum structures of Corn

and (R-Cor-R’)n clusters; a detailed analysis requires the compar-
ison between Figure 3 and Figure 3 of Ref. 9. Mainly, we should
emphasize that stacks in (R-Cor-R’)n clusters tend to be more dis-
torted than in the corresponding Corn structures and, in some
cases, showing monomers squeezed by the stronger attraction in-
volved (see below). Moreover, the major qualitative difference
appears for n = 6 whose putative global minimum shows three
stacks (with 2+2+2 monomers) for Corn and only two stacks
(with 4+2 monomers) for (R-Cor-R’)n.

The stability of the growing clusters can be evaluated from the
average binding energy, i.e.,

En =−Ecluster(n)/n (6)

where Ecluster(n) is the global-minimum energy at size n. In Fig-
ure 4, we represent the average binding energy (En) as a function
of the cluster size. First of all it can be appreciated that, if com-
pared with the corresponding results for Corn clusters reported in
Fig. 4 of Ref. 9, present average binding energies are significantly
larger of about 40%. This enhancement in the global interaction
energy must be associated to the presence of polar functional
groups which generates further attractive interaction contribu-
tions in the medium and long ranges due to the formation of weak
hydrogen bonds as well as to stronger electrostatic effects. In ad-
dition, we may observe that the above mentioned change from a
one-stack structure to multi-stack motifs when moving from n = 5
to n = 6 cannot be noticed in the En curve. In contrast, the van
der Waals (Coulomb) contribution for En diminishes (increases)

Fig. 3 Putative global minimum structures of the (R-Cor-R’)n clusters
(with n = 1−15); R≡-NH2 and R’≡-COOH. Plots of the structures were
obtained with the Visual Molecular Dynamics (VMD) program56.

Fig. 4 Energy per monomer for the (R-Cor-R’)n clusters (with n= 1−15):
(a) average binding energy of the cluster (red line and squares) and van
der Waals component (black line and triangles); (b) average Coulomb-
energy contribution.
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Fig. 5 Second energy difference for the (R-Cor-R’)n clusters (with n =

2−14).

Fig. 6 Contributions for the (R-Cor-R’)n (n= 2−14) second-energy differ-
ence in Fig. 5: van der Waals (blue curve) and Coulomb (orange curve)
interactions.

significantly from n = 5 to n = 6; notice also that Coulomb inter-
action provides destabilization effects up to n = 5. A similar be-
havior, though with a smaller magnitude, is also observed when
changing from a handshake-type motif (at n= 12) to a three-stack
structure (at n = 13). Thus, it appears that stacking maximizes
the van der Waals contribution in relation to the Coulomb-energy
component. Although the former constitutes, by far, the major
contribution for the binding energy, the latter becomes relevant
for changing the structural motif of the global minimum.

Another relevant parameter that accounts for the stability of
the clusters is the second energy difference:

∆2E(n) = Ecluster(n−1)−2Ecluster(n)+Ecluster(n+1) (7)

This equation estimates the relative stability of the (R-Cor-R’)n

global minimum structure regarding to the neighbor-size clus-
ters, whose energies are Ecluster(n− 1) and Ecluster(n+ 1). Clus-
ters with high relative stability correspond to maxima of the ∆2E
curve and are usually designated as “magic numbers”. Figure 5
shows magic numbers for (R-Cor-R’)n clusters at n= 4, 11, and 13.

In particular, the n = 11 magic number is associated to a broad
maximum that includes also the (R-Cor-R’)10 structure, while the
most prominent peak arising at n = 13 may be related to the tran-
sition from the two- to the three-stack structural motifs. It is
worth noting that, in the same size range, n = 10 has been as-
signed as the strongest magic number for Corn clusters9, which
might be attributed to the compact handshake structure formed
by 5+5 stacks8. We also note that the height of the magic-number
structures ranges from 1 nm (n = 4) to 2 nm (n = 13). This is in
agreement with the morphology of small graphene quantum dots
prepared using a bottom up approach, which shows height dis-
tributions peaking in the range 1− 2nm and lateral dimensions
< 10nm24,57,58. The existence of more than one stack in larger
clusters can explain why it is difficult to collect a clear picture
of the graphitic in-plane lattice spacing of the dots using electron
microscopy. It is also in agreement with the broad band that char-
acterizes the X-ray diffractogram in GQDs, resembling amorphous
material.

A detailed analysis of the contribution of van der Waals and
Coulomb energy components for establishing the magic numbers
can be extracted from Figure 6. A first inspection of this figure
clearly shows that the two energy contributions act in opposite
directions concerning the relative stabilization of most of the clus-
ters, and hence the magic numbers arise from the subtle balance
between van der Waals and Coulomb components. Accordingly,
distinct energetic features contributing to the above mentioned
n = 11 and n = 13 magic numbers (cf. Figure 5) are apparent in
Figure 6: whereas the former is due to the van der Waals contri-
bution, the latter results from the Coulomb-energy stabilization.
In contrast, both energy components of the empirical potential
contribute to the small magic number appearing at n = 4.

We now move the discussion to the analysis of the low-energy
structures whose energies are given in Table 4. The correspond-
ing structures are displayed in Figures 7-9; the global mini-
mum configurations are also included to facilitate the compari-
son with the other minima. We can observe in these figures and
Table 4 that stacked structures are more stable than unstacked
ones. For instance, the first unstacked structure for (R-Cor-R’)3 is
about 52kJmol−1 above the global minimum, within the proposed
model. It is worth noting that this energy difference is signifi-
cantly higher than the value (∼ 23kJmol−1) previously reported9

for the trimer of the pure coronene cluster. As in the case of Corn

clusters9, the energy difference between stacked and unstacked
structures of (R-Cor-R’)n decreases as the size of the cluster in-
creases. In turn, several stacked structures can arise by rotating
monomers around the stack axis and by sliding one monomer
over the other. This changes the relative orientation of the sub-
stituting groups and the corresponding minima may have distinct
values of the energy as is the case of tetramers GM, M1, M2 and
M3 (pentamers GM, M1 and M2) shown in Figure 8 (Figure 9).
This may be attributed to the strong electrostatic contribution due
the presence of the polar functional groups as well as the influ-
ence of inter-monomer weak hydrogen bonds. Finally, the forma-
tion of different configurations are also achieved by changing the
up/down orientation of both the carboxyl and amine groups of
one monomer in relation to the other. In general, this leads to a
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Fig. 7 Minimum structures of the (R-Cor-R’)3 cluster whose energies are
given in Table 4; R≡-NH2 and R’≡-COOH. Plots of the structures were
obtained with the Visual Molecular Dynamics (VMD) program56.

small difference in the energy of the two conformers, as shown
by the trimers M1 and M2 of Figure 7.

4 Conclusions

We have investigated the energy and structure of (R-Cor-R’)n

(n=1-15) clusters, with R≡NH2 and R’≡COOH, by exploiting a
new all-atom analytical PES representing the involved global in-
teraction and validated on accurate electronic structure calcula-
tions. The molecular structure and size of the R-Cor-R’ monomer
can be considered comparable with those of the un-substituted
Cor counterpart and this leads to quite similar features in the
organization of the related aggregates with a correspondence of
stacked and non-stacked motifs. However, the presence of po-
lar functional groups in R-Cor-R’ globally enhances the role of
the attractive component of the intermolecular interaction in the
medium and long ranges due to the influence of weak hydrogen
bonds as well as to stronger electrostatic contributions. In fact,
the EA approach has allowed to obtain the binding energy and
structure of the most stable configurations of the investigated
clusters, which present an increase of the number of local min-
ima of comparable energy with respect to correspondent pure
coronene aggregates, being the global minima of the former more
stable of about 40% than those of the latter. The different role
of the electrostatic, Vel , and non-electrostatic, Vnel , components
in determining the cluster structural features has been also evi-
denced.

The height of the magic-number structures is in agreement with
the morphology of GQDs and small bottom-up carbon dots re-
ported in literature. This supports the use of the cluster model of
the present work to further study the optical properties of such
material duly accounting for interlayer stacking and intrack inter-
actions which are overlooked by simplified single-layer models.

Fig. 8 As in Fig. 7 but for the minimum structures of the (R-Cor-R’)4
cluster.

Fig. 9 As in Fig. 7 but for the minimum structures of the (R-Cor-R’)5
cluster.
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