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Abstract: The main goal of the present study was to verify in detail whether the use of
a cluster model for Stone–Wales (SW) defect-containing graphene (SWG) to study the
adsorption of Ln atoms yields results similar to those previously obtained by employing
a periodic model. We addressed this question by analyzing the optimized geometries of
SWG + Ln complexes, their formation energies, and selected electronic parameters (in
particular, the frontier orbital energies and atomic charges and spins). Within the frame of
density functional theory, we used the computational methodology of the PBE-D2/DNP
theoretical level using ECP pseudopotentials. The most important conclusion is that the use
of a cluster model gives qualitatively similar results to those of the periodic model. While
the corresponding plots of the dihedral angles θ versus the Ln atoms differ considerably,
the two models have many common features in the trends of the bonding strength despite
the use of two very different theoretical tools, namely periodic (plane waves) versus cluster
calculations (localized basis sets). In comparing the results for SW defect-free and SW defect-
containing cluster models, it is evident that SW defects serve as much more preferential
adsorption sites compared to the conditions in the defect-free graphene model.

Keywords: lanthanides; graphene; Stone–Wales defects; density functional theory; bonding
characteristics; electronic parameters

1. Introduction
Among the variety of structural imperfections that can exist in graphene sheets, those

called Stone–Wales (SW) defects (often referred to as Stone–Thrower–Wales defects) deserve,
and indeed have received, special attention [1–6]. One of the main reasons for this is that
these types of defects do not require the removal of carbon atoms (as with vacancies)
from or the addition of other atoms (heteroatoms) to the graphene backbone. Instead, the
mechanism of SW defect generation implies 90◦ C-C bond rotation in the plane of the
hexagonal network, which alters the nature of the sp2 backbone to a minimal degree.

On the other hand, the introduction of SW defects can have tangible effects on the phys-
ical and chemical properties of graphene compared to those of the pristine material, and
this is the second main reason why they have been the subject of numerous studies (see, for
example, refs. [7–39]). In particular, it has been shown that the electronic [22,23,31,33,35,37],
magnetic [8], and mechanical characteristics of graphene can be modified [16,17,19,25].
Among chemistry-oriented papers, those related to lithium doping and hydrogen stor-
age [14,15,20,27] and the adsorption and/or chemisorption of main-group and transition
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metal atoms [9,12,13,18,28,34], lanthanide atoms [24,39], and simple ambient and organic
molecules [7,9–12,21,26,28,36,38], as well as such large and complex molecules, such as
transition metal monophthalocyanines [29] and rare-earth bisphthalocyanines [30,32], are
worthy of mention.

Due to the evident and understandable difficulties in (or simply the principal impos-
sibility of) direct experimental studies of the adsorption of various chemical species, the
main source of information remains quantum-chemical calculations using density func-
tional theory (DFT). Our reports [24,30,32,39] can serve as examples of such calculations;
furthermore, they illustrate one of the most challenging tasks in treating highly degenerate
systems containing 4f elements, that is, lanthanides (Ln). When considering such extended
(or quasi-infinite) 2D systems as graphene sheets, two types of general theoretical modeling
approaches can be employed: cluster-type or periodic. Depending on the particular goal,
each of these models has its advantages and disadvantages, and it is impossible to know in
advance which model will provide more trustworthy and realistic data. The optimal (but
not always feasible) solution is to carry out both series of computations, then compare the
results obtained. We followed this strategy when analyzing the interaction of single Ln
atoms with a defect-free graphene sheet by using a 4 × 4 supercell (32 carbon atoms) for
periodic calculations [40] and a supercoronene model (C54H18) for cluster calculations [41].
Even though we employed the same combination of functional and dispersion correction,
we found considerable differences in the results. The most notable of these was a strong
bending distortion in the supercoronene model, whereas the periodic model remained
essentially planar.

In the present context, we were initially interested in the differences between the
adsorption of Ln atoms onto pristine [40] and SW defect-containing [39] periodic graphene
models, where an identical set of computation parameters was employed. We observed
that the adsorption of lanthanide atoms induces considerable distortions in the SW defect-
containing model, as is the case for a defect-free supercoronene cluster model [41]. Now, the
question of how a cluster model of Stone–Wales defect-containing graphene (hereafter re-
ferred to as SWG) would behave upon the adsorption of Ln atoms, compared to the periodic
model [39], arises. In the present study, we addressed this question by analyzing the opti-
mized geometries of SWG + Ln complexes, their formation energies and selected electronic
parameters (in particular, the frontier orbital energies and atomic charges and spins).

2. Computational Methodology
In the present work, we employed the DMol3 numerical-based DFT module [42–45]

incorporated within the Materials Studio package. To facilitate a comparison with the pre-
vious related results [39–41], we maintained the use of the Perdew–Burke–Ernzerhof (PBE)
general gradient approximation (GGA) functional [46] complemented by the empirical
dispersion correction developed by Grimme [47]. This combination is usually referred to
as PBE-D2. The basis set of choice was the DNP double-numerical basis set, which has a
polarization d-function added to all non-hydrogen atoms plus a polarization p-function
added to H atoms; this is approximately equivalent to the 6-31G(d,p) Pople-type basis set.

To make calculations involving lanthanide (as well as any other heavy element) species
affordable, it is necessary to apply pseudopotentials. Within the DMol3 module, two
types are available: DFT semi-core pseudopotentials (DSPPs; more recent and specially
developed for use within this module), which implement relativistic effects and spin–
orbit coupling, and quasi-relativistic effective core potentials (ECPs) [48,49]. As a recent
comparative analysis [50] showed, both of these types exhibit certain imperfections. In
particular, the use of DSPPs gives rise to very strong inversion of the frontier orbitals (with
six empty orbitals between them) for Gd atoms, with a negative HOMO-LUMO gap value
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of −0.690 eV; calculations with ECPs do not exhibit such a flaw, but instead fail to reach
self-consistent field (SCF) convergence for Tb [41,50]. In the present work, we decided to
use ECPs, as in the previous reports [41,51].

The presence of 4f orbitals in lanthanide species results in the existence of a series of
very close degenerate states near the Fermi level, which makes achieving SCF convergence
almost always impossible without applying a thermal (or Fermi) smearing procedure. The
correct way to apply it was illustrated in previous publications [32,39–41,51]; in particular,
setting the smearing value as low as 0.0001 Ha (equivalent to a temperature of 31.6 K)
produces stable and consistent results for most Ln-containing systems. The data reported
here were obtained at the same smearing value.

The full geometry optimization and calculations of electronic parameters were com-
pleted with the convergence criteria set to ‘fine’, that is, to the following values: energy
gradient, 10−5 Ha/Å; maximum force, 0.002 Ha/Å; maximum displacement, 0.005 Å; SCF
tolerance, 10−6 Ha. The global orbital cutoff, defined by the presence of lanthanide atoms,
was as high as 5.8 Å.

3. Results and Discussion
The cluster model for graphene containing the Stone–Wales defect at the center (SWG)

is shown in Figure 1. One should note that its general formula C66H20 is somewhat
larger than supercoronene model formula (C54H18) that was proposed for a defect-free
graphene sheet [41]. The latter had a hexagonal symmetry, which cannot be conserved for
a model with (at least) one SW defect. Furthermore, generating a SW defect within the
supercoronene cluster would produce a low-symmetry C2v structure in which the defect
would be displaced toward one edge; this would place it too close to its H atoms, and
the two pentagonal rings would occupy non-equivalent positions. Instead, the C66H20

model has a higher D2h symmetry, where the SW defect is found at its center and has two
equivalent pentagons.

The choice of graphene models (cluster versus periodic) should be specifically ad-
dressed. The periodic models [39,40,51] can be a better match for the quasi-infinite structure
of graphene sheet. A particular advantage of such calculations (which employ substantially
different physical concepts and involve other types of parameters, such as plane waves,
k-points, among others) is that they can provide information on band structure and density
of states, which is crucial to characterize the material’s electronic properties. Cluster mod-
els, however, could be considered more general and versatile since they can account for a
changeable chemical environment [52], such as oxidized functionalities at the graphene
sheet edges [53–56]. Furthermore, introducing some defects gives rise to a symmetry that
is impossible to implement in a periodic model, such as pentagonal symmetry due to the
presence of one pentagonal ring [29,30,32,57].

Figure 1b shows that the SWG model is not totally planar, contrary to the common
defect-free graphene models. Nevertheless, the degree of distortion is minor compared to
the one observed for all SWG + Ln complexes (Figure 1c). Figure 1d shows what numeric
characteristics were employed for the characterization of SWG + Ln complex geometry,
namely, the C–C bond length (dC–C), the closest Ln· · ·C approaches (dLn· · · C), and the
dihedral angle θ.
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Figure 1. The cluster model for graphene containing a Stone–Wales defect at the center (denoted as 
SWG; general formula C66H20): (a) top view and (b) side view. (c) A typical bent geometry (side 
view) for the SWG + Ln complexes. (d) Isolated SW defect with an adsorbed Ln atom, explaining 
the parameters employed for the geometry characterization: the C‒C bond length (dC‒C) in the (7,7) 
junction, the closest Ln…C approaches (dLn…C), and the dihedral angle θ (highlighted in yellow). 
Atom colors: carbon, gray; hydrogen, white; lanthanide, turquoise blue. 

As a matter of fact, the most important parameter describing the interaction between 
two chemical species is the bonding energy. As was demonstrated in our previous reports 
[39,41,57], the interaction between lanthanide species and graphene models is a very spe-
cial (and somewhat ambiguous) case, in which the distortion of the normally planar pol-
ycyclic aromatic network of hexagonal rings inevitably and dramatically increases its en-
ergy. Due to elongation/shortening of C−C bonds and C−C−C angle bending, this increase 
(which we usually denote as ∆Edist) can be quantified by calculating the difference between 
the entire energy of the fully optimized isolated graphene model (either defect-free [39,52] 
or SW defect-containing [41]) and the single-point energy of the graphene model retrieved 
from the optimized graphene + Ln complex (in other words, after removing the Ln atom). 
Within the present context and terminology, the full formation energy ∆Efull for the SWG 
+ Ln complexes can be calculated as 

∆Efull = ESWG + Ln − (ELn + ESWG) (1)

and it is a sum of two components, namely: 

∆Efull = ∆Edist + ∆Ebond (2)

where ∆Ebond is the energy contribution specifically responsible for bonding between the 
Ln atom and SWG graphene model. It can be calculated as: 

∆Ebond = ∆Efull − ∆Edist (3)

Figure 1. The cluster model for graphene containing a Stone–Wales defect at the center (denoted as
SWG; general formula C66H20): (a) top view and (b) side view. (c) A typical bent geometry (side
view) for the SWG + Ln complexes. (d) Isolated SW defect with an adsorbed Ln atom, explaining
the parameters employed for the geometry characterization: the C–C bond length (dC–C) in the (7,7)
junction, the closest Ln· · ·C approaches (dLn· · · C), and the dihedral angle θ (highlighted in yellow).
Atom colors: carbon, gray; hydrogen, white; lanthanide, turquoise blue.

As a matter of fact, the most important parameter describing the interaction between
two chemical species is the bonding energy. As was demonstrated in our previous re-
ports [39,41,57], the interaction between lanthanide species and graphene models is a very
special (and somewhat ambiguous) case, in which the distortion of the normally planar
polycyclic aromatic network of hexagonal rings inevitably and dramatically increases its
energy. Due to elongation/shortening of C–C bonds and C–C–C angle bending, this in-
crease (which we usually denote as ∆Edist) can be quantified by calculating the difference
between the entire energy of the fully optimized isolated graphene model (either defect-
free [39,52] or SW defect-containing [41]) and the single-point energy of the graphene model
retrieved from the optimized graphene + Ln complex (in other words, after removing the
Ln atom). Within the present context and terminology, the full formation energy ∆Efull for
the SWG + Ln complexes can be calculated as

∆Efull = ESWG + Ln − (ELn + ESWG) (1)

and it is a sum of two components, namely:

∆Efull = ∆Edist + ∆Ebond (2)

where ∆Ebond is the energy contribution specifically responsible for bonding between the
Ln atom and SWG graphene model. It can be calculated as:

∆Ebond = ∆Efull − ∆Edist (3)
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The ∆Efull, ∆Edist and ∆Ebond values obtained for all SWG + Ln complexes are specified
in Table 1, with the corresponding plots presented in Figure 2a. The value attracting
immediate attention is the positive formation energy ∆Efull of 7.8 kcal/mol calculated
for SWG + Er, which could lead to the illogical conclusion that the interaction between
SWG cluster and Er atom is repulsive. We previously addressed a similar situation for the
complex of Gd atom with the supercoronene model, for which the ∆Efull was calculated to
be 16.4 kcal/mol [41]. Nevertheless, the analysis based on the above equations provides
a reasonable negative ∆Ebond value of −14.5 kcal/mol. As a whole, with some degree of
oversimplification, one can say that the values of ∆Efull and ∆Ebond first increase from La
to Sm and Eu, then decrease, then increase again from Dy to Er–Yb, and finally fall for
Lu. Unfortunately, the central part of the two curves remains incognita due to the absence
of data for Tb. The ∆Efull values span from −116.3 for La to 7.8 kcal/mol for Er, and the
∆Ebond values, from −140.7 to −14.5 kcal/mol, for the same elements, respectively; in
other words, by roughly one order of magnitude. Figure S1 compares the ∆Ebond values
calculated for the cluster (present work) and periodic SWG models [39] which shows that
the general trends are rather similar.

Table 1. The ∆Efull, ∆Edist, and ∆Ebond, along with HOMO, LUMO, and HOMO-LUMO gap energies
for the SWG + Ln complexes.

Atomic
Number Ln ∆Efull

(kcal/mol)
∆Edist

(kcal/mol)
∆Ebond

(kcal/mol) HOMO (eV) LUMO (eV) HOMO-LUMO
Gap (eV)

57 La −116.3 24.4 −140.7 −3.358 −3.133 0.225

58 Ce −100.6 25.2 −125.8 −3.380 −3.153 0.227

59 Pr −83.9 21.8 −105.7 −3.398 −3.114 0.284

60 Nd −79.9 21.6 −101.5 −3.600 −3.119 0.481

61 Pm −77.4 21.4 −98.8 −3.387 −3.116 0.271

62 Sm −26.2 19.2 −45.4 −3.638 −3.280 0.358

63 Eu −23.0 19.8 −42.8 −4.114 −3.119 0.995

64 Gd −50.2 13.0 −63.2 −4.111 −3.178 0.933

66 Dy −80.4 14.5 −94.9 −4.634 −4.222 0.412

67 Ho −49.4 20.4 −69.8 −3.741 −3.266 0.475

68 Er 7.8 22.1 −14.5 −3.643 −3.261 0.382

69 Tm −13.9 21.0 −34.9 −3.619 −3.310 0.309

70 Yb −12.9 22.6 −35.5 −4.078 −3.348 0.730

71 Lu −77.7 20.7 −98.4 −4.253 −3.539 0.714

The values of ∆Edist, at the same time, change less significantly throughout the entire
lanthanide series, not more than by a factor of two, from 13.0 kcal/mol for SWG + Gd to
25.2 kcal/mol for SWG + Ce. None of the energy parameters analyzed above correlate with
the lanthanide contraction phenomenon.

When analyzing the geometric parameters (Figure 1d and Table 2), one can see that
the shortest C–C bond (dC–C), 1.381 Å in the (7,7) junction, corresponds to SWG + Dy
(central lanthanides), and the longest one, 1.428 Å, corresponds to the SWG complex with
Yb, which does not have any unpaired electrons (in particular, its 4f shell is full). For
comparison, the value of dC–C for the isolated optimized SWG model is 1.344 Å. For most
SWG + Ln complexes, this bond length slightly fluctuates around 1.42 Å (Table 2). The
SWG distortion can be most adequately characterized by the dihedral angle θ, which is
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180◦ in the absence of Ln atoms. In the complexes, it varies from 142.1◦ for SWG + Ce to
154.2◦ for SWG + Gd (Table 2 and Figure 2c). It is important to note that the behavior of the
dihedral angle θ qualitatively (ascending and descending branches of the plots) correlates
with the closest Ln· · ·C approaches (dLn· · · C). In particular, the longest dLn· · · C distances,
2.530 and 2.533 Å, were calculated for SWG + Gd. At the same time, the shortest ones,
2.351 Å for both, form in the case of Lu (and not Ce) complex; this is apparently caused by
a manifestation of the lanthanide contraction.
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Figure 2. (a) Changes in the ∆Efull, ∆Edist and ∆Ebond energies (in kcal/mol) for the SWG + Ln
complexes, from La to Lu. (b) Changes in charge (red) and spin (blue; absolute values) of the Ln
atoms in SWG + Ln complexes, according to the Mulliken population analysis. (c) Changes in
the dihedral angles θ for SWG + Ln complexes (dataset in pink) and in the corresponding Ln· · ·C
distances (green).

The charge and spin of Ln species in SWG + Ln complexes were retrieved from
the Mulliken population analysis [58,59]. It was natural to expect that lanthanide atoms
acquire some positive charge upon the interaction with a hyperconjugated aromatic system.
Indeed, this is the case for all except for Dy, which becomes negatively charged (−0.434 e)
(Figure 2b and Table 2). We made several attempts to recalculate SWG + Dy complex,
but the value always remained negative. This appears to be an artifact of the Mulliken
scheme because the Hirshfeld charge became positive (0.082 e), but was still too small.
Unfortunately, it is not possible to obtain the related data for Tb, which is the ‘neighbor’ of
Dy. For the remaining SWG + Ln complexes, the smallest positive charge on the lanthanide
component was obtained for Lu (0.718 e), and the largest one, for Yb (1.090 e). This
interesting observation was not expected. The Yb atom is a closed-shell species (note its
close-to-zero spin of 0.003 e in SWG + Yb; Table 2), which should complicate the charge
transfer. As the same time, the value for Lu could be expected to be higher due to the
presence of one 5d electron, which is more easily transferrable to a graphene-like structure:
that is, closer to the values of 0.995 e and 1.071 e found for La and Ce, respectively, both of
which also contain one 5d electron.
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Table 2. The geometric parameters (Figure 1d), including the shortest distances dLn· · · C, the length
of C–C bond in the (7,7) junction, the dihedral angle θ, along with the charge and spin of Ln species
in SWG + Ln complexes, according to the Mulliken population analysis.

Atomic Number Ln dLn· · ·C (Å) dC–C (Å) θ (◦) Ln Charge (e) Ln Spin (e)

57 La 2.432, 2.442 1.418 142.9 0.995 0.504

58 Ce 2.425, 2.426 1.418 142.1 1.071 −1.541

59 Pr 2.477, 2.479 1.421 145.2 0.764 2.900

60 Nd 2.452, 2.462 1.421 145.7 0.777 4.009

61 Pm 2.475, 2.488 1.424 146.4 1.071 5.050

62 Sm 2.476, 2.488 1.422 148.2 1.077 6.115

63 Eu 2.470, 2.471 1.423 147.9 1.089 7.099

64 Gd 2.530, 2.533 1.410 154.2 0.914 −8.229

66 Dy 2.387, 2.387 1.381 148.0 −0.434 −4.276

67 Ho 2.391, 2.391 1.422 146.6 1.088 3.092

68 Er 2.383, 2.392 1.424 145.6 1.080 2.081

69 Tm 2.389, 2.391 1.425 146.2 1.080 1.009

70 Yb 2.378, 2.380 1.428 145.3 1.090 0.003

71 Lu 2.351, 2.351 1.417 145.8 0.718 0.990

Regarding the spin of adsorbed Ln atoms, they behave rather ‘smoothly’ (Figure 2b),
correlating closely with the values of the isolated lanthanide atoms in their ground state.
From Table 2, one can see that the calculated spin values tend to be positive (spin-up
orientation), with a few exceptions of Ce, Gd, and Dy exhibiting negative values (spin-
down). When analyzing their absolute values, one can see that, compared to the ground
state, a spin gain takes place in most cases, with the exception of La, Ce, Pr, and Lu (spin
depletion). The spin depletion varies from 0.010 e for Lu to as much as 0.496 e for La; the
spin gain can be as negligible as 0.003 e for Yb, and reaches the maximum value of 0.276 e
for Dy.

Another interesting related aspect is how exactly the unpaired electrons are distributed
within SWG + Ln complexes, which can be visualized as spin density plots. In the isosur-
faces at 0.02 a.u. (Figure 3), for the complexes with a low degree of spin gain or depletion
(which form the majority of cases), only the lobes due to Ln atoms can be seen. The picture
becomes more complicated for La (depletion of 0.496 e), Ce (depletion of 0.459 e), Gd (gain
of 0.229 e) and Dy (gain of 0.276 e). In the latter two cases, minor spin-up lobes can be
detected on the two carbon atoms of the (7,7) junction plus on the additional four C atoms
adjacent to this bond. In the extreme cases of La and Ce, additional medium-sized lobes
appear on the farthest C atoms of the heptagonal rings. Naturally, no lobes can be seen in
the plot for SWG + Yb.

The last set of parameters we analyzed is the energies and distribution of the fron-
tier orbitals. The HOMO, LUMO, and HOMO-LUMO gap energies for the SWG + Ln
complexes are summarized in Table 1; for comparison, the corresponding values for the
isolated components, that is, Ln atoms and SWG model, can be found in Table S1 in the
Supplementary Materials. We focus on the HOMO-LUMO gap values, as the characteristics
most important from the practical point of view. For the graphene model, we obtained the
value of 0.893 eV. For the isolated Ln atoms, the gap energy spans from 0.203 eV for Ce
to 2.867 eV for the closed-shell Yb. We discarded the negative value of −0.190 eV due to
HOMO/LUMO inversion, as was observed for Sm [50]. In the case of SWG + Ln complexes,
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the variations in HOMO-LUMO gap energies were much less significant, from 0.225 eV
for SWG + La to 0.995 eV for SWG + Eu. One can say, therefore, that this characteristic
better correlates with the gap energy of the graphene model than with the one of isolated
lanthanide atoms, with SWG + Yb (0.730 eV) as the most notable example.
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(3) HOMO and LUMO are distributed to a similar degree but with a different pattern 
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Figure 3. Spin density plots (isosurfaces at 0.02 a.u.) for the SWG + Ln complexes. Blue lobes
correspond to spin-up, and yellow lobes to spin-down unpaired electrons.

The variability of the HOMO-LUMO plots presented in Figure 4 reflect the complexity
in the behavior of the corresponding numerical values. All of the plots exhibit their own
individual features. We attempted to classify them into categories, which are as follows:

(1) HOMO is localized (completely or mainly) on the Ln atom, and LUMO is distributed
throughout heavy atoms of the complex. This is the case with Pr, Nd, Pm, Gd, and Dy.

(2) HOMO expands from the Ln atom to the adjacent C atoms, and LUMO is distributed
throughout most atoms of the complex. This is the case with La and Ce.

(3) HOMO and LUMO are distributed to a similar degree but with a different pattern
throughout heavy atoms of the complex. This is the case with Eu.

(4) Both HOMO and LUMO are centered on the Ln atom, with a limited extension to the
(mostly adjacent) C atoms. This is the case with Sm, Ho, Er, Tm, and Lu.

(5) HOMO is distributed throughout heavy atoms of the complex (similar to SWG + Eu),
with dominating LUMO lobes on Ln (as with the Ho, Er, Tm, and Lu complexes). This
is the case with Yb.
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4. Conclusions
The most important conclusion of the present study is that the use of a cluster model

(general formula C66H20) for Stone–Wales defect-containing graphene to simulate the ad-
sorption of Ln atoms gives qualitatively similar results compared to the periodic model [39].
There is a strong distortion of the adsorption site (SW defect), with the dihedral angle θ

varying from 142.1◦ for SWG + Ce to 154.2◦ for SWG + Gd. In the case of the periodic
model [39], the dihedral angle θ comprised the values from 140.9◦ for SWG + Tb to 149.7◦

for SWG + Sm. While the corresponding plots of θ versus Ln atom differ considerably, the
trends in bonding strength (in terms of the ∆Efull and ∆Ebond energies) have many common
features between the two models, despite the use of two very different theoretical tools,
namely, periodic (plane waves) versus cluster models (localized basis sets).

When comparing the results for the defect-free (general formula C54H18 [41]) and
SW defect-containing cluster models, it is evident that the presence of the SW defect in
graphene produces energetically more favorable adsorption sites for Ln compared to pris-
tine graphene. While the ∆Ebond values spanned from −72.4 to −4.6 kcal/mol for the defect-
free cluster, in the present case, the bonding energy interval comprised from −140.7 to
−14.5 kcal/mol, that is, the absolute values increased by roughly two times. The correlation
between the ∆Ebond values for these two sets (Figure S2 in the Supplementary Materials)
is much less evident compared to the one between the cluster (present work) and periodic
SWG models [39] (Figure S1).
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At the same time, at least two aspects need further clarification: (1) the behavior of
Tb-containing systems (whose calculations fail when using the ECP pseudopotentials), and
(2) why the Dy atom acquires a negative charge in SWG + Dy complex?

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/surfaces8020032/s1, Table S1: The total energies E, HOMO,
LUMO, and HOMO-LUMO gap energies for the isolated components (Ln atoms and SWG model)
and their SWG + Ln complexes, as well as single-point energies of the distorted SWG clusters after
removing the Ln atom (SWG + Ln − Ln); Figure S1: Comparison between the ∆Ebond values calculated
for the cluster (present work) and periodic SWG models [39]; Figure S2: Comparison between the
∆Ebond values calculated for the SWG (present work) and supercoronene cluster models [41].
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