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Abstract 

A classical 6-12 Lennard-Jones (LJ) equation has been widely used to model materials and is the 

potential of choice in studies when the focus is on fundamental issues. Here we report a systematic 

study comparing the pair interaction potentials within solid-state materials (i.e., [Co6Se8(PEt3)6][C60]2, 

[Cr6Te8(PEt3)6][C60]2, [Ni9Te6(PEt3)8][C60]) using density functional theory (DFT) calculations and 

LJ parametrization. Both classical (6-12 LJ) and modified (mLJ) Lennard-Jones models were 

developed. In the mLJ approach, the exponents 6 and 12 are replaced by different integer number n 

and 2n, respectively, and an additional parameter (α) is introduced to describe intermolecular distance 

shift arising within the geometric centers’ approach (instead of the shortest interatomic distance 

between particles). A general LJ approach re-examination reveals that in the case of nanoatoms, the 

attractive term decays with distance as the inverse 4th power, and the dominating at short distances 

repulsive term decays as the inverse 8th power. The modification of the LJ equation is even more 

prominent for interaction profiles, where intermolecular distance corresponds to separation between 

geometric centers of particles. In this approach, the attractive term decays with distance as the inverse 

12th power, while the repulsive term decays rapidly (as the inverse 24th power). Thus, the modified 

Lennard-Jones models (e.g., 4-8 LJ) rather than the 6-12 classical ones seem to be a better choice for 

the description of binary interactions of nanoatoms. The developed mLJ models and electronic 

structure characteristics give an insight into the explanation of the unique physicochemical properties 

of superatomic-based solid-state materials.  

Keywords: nanoatoms, solid-state materials, binary interactions, Lennard-Jones potential, metal 

chalcogenide clusters 
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1 Introduction 

Atomic clusters, owing to their unique properties, have been subject to interdisciplinary research 

since the 1930s. [1] These aggregates, comprising from a few to a few thousand atoms, are ultimate 

nanoparticles where every atom and every electron carries weight. [2]  They can consist of homo- or 

heteroatom species, and, once produced, might be mass isolated and studied individually. Clusters 

may display enormous thermodynamic stability and an electron shell structure similar to that of 

individual atoms. [3-16] These clusters mimic the chemistry of atoms and thus are considered to as 

superatoms. Atomic-like clusters can be assembled to build bulk matter, where the individual 

characteristics are preserved. Such cluster-assembled materials (CAMs), with unique and tailored 

properties, might expand the scope of materials science. 

CAMs offer an opportunity for science and technology to discover new phenomena and 

synthesize novel functional materials.[17] The main benefit of these materials over conventional bulk 

species is the capability to tailor their features by altering the chemical and physical identities of 

individual clusters. The prominent examples are superatomic crystals characterized by single-crystal 

X-ray diffraction and created from the binary assembly of metal chalcogenide clusters (i.e., 

Co6Se8(PEt3)6, Cr6Te8(PEt3)6, and Ni9Te6(PEt3)8; where PEt3 stands for a triethylphosphine) and C60 

carbon clusters as building blocks. [18] The [Co6Se8(PEt3)6][C60]2 and [Cr6Te8(PEt3)6][C60]2 solids 

might be compared to conventional [M2+][X-]2 solids because of the CdI2 structure type. In turn, the 

Ni9Te6(PEt3)8 (named 3 throughout the paper) as a more metal-rich system has a larger reducing 

ability than Co6Se8(PEt3)6 and Cr6Te8(PEt3)6 clusters (labeled 1 and 2 throughout the work, 

respectively) and produces cubic crystals analogous to M+X- salts. Crystallographic dissimilarity 

among these solids is accompanied by different electronic and magnetic properties, as the 1•2C60 and 

2•2C60 are gapped semiconductors, whereas 3•C60 possesses the ferromagnetic characteristic. The 

physicochemical diversity of superatom-based materials implies that multifunctional solid-state 

materials with desirable features might be formed by utilizing an adequately chosen superatomic 

system.  
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The Co6Se8(PEt3)6, Cr6Te8(PEt3)6, Ni9Te6(PEt3)8 molecular clusters represent an unusual class of 

stable species that exhibit low ionization energies (even for the removal of multiple electrons) 

enabling their classification as superdonor superatoms. The electron-rich chalcogenide clusters 

transfer charge to an electron-accepting unit (e.g., C60, C70, Fe8O4pz12Cl4) to produce solids. [19-20] 

These superatomic solids are formed through electron transfer between the electrically neutral 

building blocks, while the internal structures of the constituent clusters remain unchanged. The 

concept of cluster-based solids held together by charge-transfer interactions has been expanded into 

a vast library of multicomponent crystals formed by combining structurally and electronically 

complementary superatoms. [21] In this contribution, we decided to investigate pair potential 

interactions of chosen three nanoatoms (i.e., Co6Se8(PEt3)6, Cr6Te8(PEt3)6, Ni9Te6(PEt3)8) as 

representative electron-rich superatoms for the charge-transfer CAMs. 

If superatoms can form binary CAMs where the individual characteristics remain unchanged, 

materials with various structural and ionic features may emerge. Thus, it is essential to explore the 

unusual characteristics of superatoms and the role they can play in material science. In the present 

contribution, we report a systematic study comparing the pair interaction potentials within three 

cluster-assembled materials ([Co6Se8(PEt3)6][C60]2, [Cr6Te8(PEt3)6][C60]2, [Ni9Te6(PEt3)8][C60]) 

using density functional theory (DFT) calculations. Throughout the study, A-B, A-A, B-B interaction 

profiles (A=Co6Se8(PEt3)6, Cr6Te8(PEt3)6, Ni9Te6(PEt3)8; B=C60) at various computation procedures 

are considered. Inspired by experimental results, we consider each cluster (i.e., A, B) as a pseudo-

atom. Experiments suggest the materials [Co6Se8(PEt3)6][C60]2, [Cr6Te8(PEt3)6][C60]2, and 

[Ni9Te6(PEt3)8]C60 imitate atomic analogues upon forming bulk compounds. [18] The concept of large-

scale atoms for describing cluster solids allows chemists to apply their chemical intuition (a useful 

tool for designing new materials) when it comes to inter-cluster reactions. [22] Thus, we study a pair 

potential between atomic clusters in terms of their atomic-like features. The intermolecular interaction 

plots are built considering relative energy versus distance approach and subsequently parameterized 

according to a Lennard-Jones (LJ) potential. Explicitly, we decided to test the performance of both 
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classical and modified LJ models to suggest an effective treatment that could be used to further study 

CAMs. Recommending such a theoretical approach (which would be both fast and reliable) is the 

main purpose of this contribution. An additional goal was to analyze the relationship between the 

electronic characteristic of particular superatoms and the various structural and ionic properties of 

superatom-assembled solids.  

In what follows we describe the methodology used in the pair interaction modeling and LJ 

parameterization (section 2), including the geometry optimization protocol (subsection 2.1), the 

potential energy surface (PES) sampling techniques (subsection 2.2), LJ parametrization procedure 

(subsection 2.3), LJ parameters evaluation (subsection 2.4). The obtained results are discussed in 

section 3, including the parameterization of the LJ potentials (subsection 3.1) and the analysis of the 

interaction between the superatom fragments (subsection 3.2), followed by the conclusions from the 

present study summarized in section 4. 

2 Computational methods 

2.1  Geometry optimization procedure and energy computations 

Geometrical optimizations and pair interaction potentials of A-A, A-B, and B-B systems 

(where A=Co6Se8(PEt3)6, Cr6Te8(PEt3)6, Ni9Te6(PEt3)8; B=C60) were obtained within the framework 

of density functional theory (DFT). The Becke three-parameter hybrid functional in the LYP (Lee–

Yang–Parr) variation (B3LYP) was applied here. [23] The dispersion terms were included by Grimme's 

D3 dispersion model with Becke–Johnson (BJ) damping (B3LYP-D3). [24] The recent report on the 

performance of various DFT methods in estimating kinetics, thermochemistry, and noncovalent 

interactions for general main group indicates the double hybrids functionals (i.e., DSD-BLYP-D3(BJ), 

DSD-PBEP86-D3(BJ), B2GPPLYP-D3(BJ)) as the methods of choice for robust, reliable and 

accurate density functional approximation. [25] However, this benchmark assessment was performed 

for the general main group, whereas in the case of transition-metal (TM) containing systems, the 

B3LYP-D3 method might be a viable alternative to the double hybrids methods. [26]  Since non-

electrostatic interactions of TM comprising species are the main area of our interest, we consider the 

theory level employed in the present contribution as sufficient. As far as the basis sets are concerned, 
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we applied the all-electron basis set of double-zeta quality (DGDZVP). [27-28] The effective core 

potentials (ECPs) were used for selenium (MWB28 basis sets) and tellurium (MWB46 basis sets). 

The basis set superposition error, BSSE, was corrected by introducing the counterpoise approach (as 

implemented in the Gaussian 16 (Rev. C.01) software). [29] Multiwfn v.3.6 was applied for 

wavefunction analyses. [30] 

2.2 The potential energy surface sampling procedures 

To obtain the potential energy surface (PES) points, we have accomplished three modeling 

procedures. In the first one, we performed only single point energy calculations for experimental 

geometric structures of studied complexes. Starting from the experimental structures, [18] we 

performed energy calculations for non-optimized binary complexes at different interparticle distances 

(the internal structures of the constituent clusters do not change during individual PES point 

calculation). In the second approach, we optimized the structure of the complexes found in the 

literature [18] and accomplished subsequent optimization computations for remaining structures (at 

various intermolecular distances) with one or two fixed intermolecular distances (for fixed distances 

description see section S2 of the electronic supporting information (ESI)). In the third procedure, 

based on the B3LYP-D3/DGDZVP+ECPs minimum geometries, we performed energy single point 

calculations at various intermolecular distances (with fixed intramolecular geometrical parameters) 

by applying scan approach (as implemented in the Gaussian 16 software). [29]  

In the [Co6Se8(PEt3)6][C60]2, [Cr6Te8(PEt3)6][C60]2, [Ni9Te6(PEt3)8][C60] materials, the internal 

structures of the constituent superatomic units remain unchanged, resulting in atomically precise 

solids. Hence, due to the strongly bounded structure of quasi-spherical superatoms and the stiff caged 

C60 molecule, the more sophisticated binding energy, including the effects of intramolecular 

distortional energy on the vdW parameters is not investigated in this paper. 

2.3 LJ parametrization procedure 

To parametrize the interaction potentials, we performed a classical 6-12 LJ equation, where the only 

adjustable parameters are the potential well depth (e) and finite distance (s) at which the potential 

between the particles is equal to zero (Equation 1 and Figure 1). We used the nonlinear trusted-region 
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algorithm to perform the optimization of the LJ parameters (see section 1.1 of supporting information). 

In this treatment, the mean of the difference for each intermolecular distance (r) between an obtained 

LJ curve for the system and the points estimated by the B3LYP-D3 method must be minimal. 
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Equation 1 

The first term 4e(s/r)12 in Equation 1 corresponds to the repulsive potential of two interacting 

molecules. It arises from the overlap of the electrons of the molecules close to each other and the 

increasing electronic kinetic energy of the molecules as they are squeezed by confinement. The 

second term 4e(s/r)6 is attractive pair potential related to dipole-dipole, dipole-induced dipole, and 

London (instantaneous induced dipole-induced dipole) forces. [31] 

 
Figure 1. The 6-12 LJ potential graph considering 
intermolecular potential (V) versus interparticle 
distance (r).  Well depth (e) is a measure of how 
strongly two particles attract each other. Zero 
intercept (s) is a distance at which the interaction 
between two particles is equal to zero. Equilibrium 
distance (rm) corresponds to minimum bonding 
potential.  

 

 

 

 

2.4  Method evaluation 
The determination of the LJ effective parameters might be achieved from fits to properties of pure 

compounds (i.e., A-A and B-B).  In this approach, A-B intermolecular interactions are estimated using 

a set of combining rules. To examine the adjusted unlike LJ parameters determined from the fit, we 

assessed Lorentz-Berthelot (LB) and Smith-Kong (SK) combining rules. In the former approach, the 

Berthelot rule (geometric mean rule; Equation 2) is performed for the eAB, whereas the Lorentz rule 

(arithmetic mean rule; Equation 3) is applied for the exclusion diameter (sAB). In the latter method, 

the repulsive interaction between unlike particles (AB) is expressed as the sum of the deformation 

energies of each particle (Equation 4). 
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Equation 5 

3 Results 

All the A-B, A-A, B-B complexes (A=Co6Se8(PEt3)6), Cr6Te8(PEt3)6, Ni9Te6(PEt3)8; B=C60) and 

each isolated monomer (i.e., A, B) geometrical structures were fully optimized without any symmetry 

constraints. The computation of harmonic vibrational frequency reveals that there are no imaginary 

frequencies in all considered systems, implying that they are dynamically stable and belong to minima 

in the corresponding potential energy surface. As for energetic stability, all considered complexes 

hold negative BE values (Figure 2), which indicates that they are energetically stable concerning 

fragmentations leading to their isolated subunits (i.e., A and B). 

  
Figure 2. Binding energy (BE, cyan columns), BE corrected for BSSE and ZPE (BEBSSE+ZPE, blue columns), 
BE corrected for BSSE (BEBSSE, grey columns), BE corrected for the ZPE (BEZPE, navy blue columns), BE 
obtained as energy difference between global minimum and structure with the intermolecular distance (r) of 
ca. 20 Å (BEdist, black columns), BSSE energy (ΔBSSE, purple circles) for A-B, A-A, and B-B binary 
assemblies. All binding energy values are in eV. 
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The 1-3AB equilibrium structures obtained at the B3LYP-D3/DGDZVP+ECPs level reveal 

satisfactory accordance with experimental structures. The estimated RMSD (root-mean-square 

distance) values between equilibrium structures and experimental geometries for 1-3AB are in the 

0.398-1.143 Å range with the largest RMSDs obtained for carbon atoms (Table S3 of ESI). Thus, we 

accomplished the B3LYP-D3/DGDZVP+ECPs theory level as sufficient, and the expected RMSD for 

all atoms in the system should not exceed 1.1 Å. 

3.1 Towards the parameterization of the LJ potentials for nanotoms 

3.1.1 The importance of inclusion dispersion correction to the energy computation 
procedure 
Dispersion terms have been proved to be vital in the optimization of chemical systems where 

p-p and van der Waals (vdW) interactions are relevant. [22, 32] Dispersion interaction arises from the 

correlation of electron motion between the molecules. In weakly bound systems, such as 

[Co6Se8(PEt3)6][C60]2 or [Cr6Te8(PEt3)6][C60]2, the movement of electrons within one region might 

form a temporary dipole, that, in turn, will induce a dipole in another region, resulting in a weak 

interaction between these regions. The B3LYP/DGDZVP+ECPs results are qualitatively incorrect as 

the model does not predict hardly any attraction, and the potential is repulsive at all intermolecular 

distances (Figures 3a-b, 4b, 5b). Hence, we anticipated the dispersion correction term as an essential 

for the description of the pair interactions of nanoatoms, in agreement with our previous reports on 

superatomic-based systems. [22]  
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Figure 3. The LJ curves for 1-3AB pair 
interactions and the PES points estimated by 
DFT methods. Energy single point calculations 
at the B3LYP-D3/DGDZVP+ECPs level (blue 
squares), single point calculations at the 
B3LYP/DGDZVP+ECPs level (grey squares), 
optimization at the B3LYP/DGDZVP+ECPs 
level (black diamonds). Optimization 
calculations at the B3LYP-D3/DGDZVP+ECPs 
level with one (violet diamonds) or two (yellow 
diamonds) fixed intermolecular distances; scan 
procedure (red circles) and BSSE-corrected scan 
procedure (green triangles). Relative energies are 
obtained in relevance to the energy of structure 
with r of ca. 20 Å. HOMOs are depicted for the 
global minima (in purple frames) and the 
optimized structures corresponding to r 
exceeding 9 Å (in blue frames). Hydrogen atoms 
are omitted for clarity. 
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Figure 4. The LJ curves for 1-3AA pair 
interactions and the PES points estimated by DFT 
methods. Energy single point calculations at the 
B3LYP-D3/DGDZVP+ECPs level (blue squares), 
optimization at the B3LYP/DGDZVP+ECPs level 
with one (grey diamonds) or two fixed 
intermolecular distances (black diamonds). Scan 
procedure (red circles) and BSSE-corrected scan 
procedure (green triangles). In each case, relative 
energies are obtained in relevance to the energy of 
structure with r of ca. 20 Å. HOMOs are depicted 
for the global minima (in purple frames) and the 
optimized structures corresponding to r exceeding 
9 Å (in blue frames). Hydrogen atoms are omitted 
for clarity. 
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Figure 5. The LJ curves for B-B system (B=C60) 
and the PES points estimated by DFT methods. 
Energy single point calculations (blue squares) at 
the B3LYP-D3/DGDZVP level and optimization 
calculations with two frozen distances at the 
B3LYP/DGDZVP level (black diamonds). 
Optimization calculations at the B3LYP-
D3/DGDZVP level; for each B-B calculation one 
(violet diamonds) or two (green diamonds) 
intermolecular distances were fixed; scan procedure 
(red circles). In each case, relative energies are 
obtained in relevance to the energy of structure 
with r of ca. 20 Å, and additionally for scan 
procedure in relevance to the sum of energies of 
isolated monomers (yellow crosses). Equilibrium 
minima structures optimized at the B3LYP-
D3/DGDZVP level are provided in purple frames. 

 

 
 

 
 

 
 

3.1.2  The importance of introducing pseudopotentials on the core electrons of heavy atoms 

Due to the presence of heavy atoms (Se and Te), we applied the effective core potentials (ECPs) 

to include relativistic effects for these atoms. Treating all electrons as nonrelativistic is valid for lither 

elements, but it becomes more problematic for heavier atoms (found in the fourth and higher rows of 

the periodic table). Ignoring relativistic effects in heavy atoms leads to core electrons to be predicted 

to be farther out than they really are. As a result, the valence electrons are pushed out too far, giving 

rise to a distorted description of their interactions and reactivity. We verified the impact of ECPs 

inclusion on our energy computations (section 3.4 of ESI) and assumed that treating ECP potentials 

is justified when modeling superatomic clusters comprising of heavy atoms. 
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3.1.3 Basis set superposition error (BSSE) 

Intermolecular forces are affected by BSSE, which occurs when basis functions present in one 

part of a compound overlap with other atoms and are used to describe the latter’s electron distribution, 

resulting in an artificial stabilization of the molecular structure. Since this effect is the most substantial 

with small basis sets, we decided to take a closer look at this issue in studied species. It can be seen 

from Figure 2 that both BSSE and zero-point energies (ZPE) inclusions lead to less negative BE 

values at the B3LYP-D3/DGDZVP+ECPs level of theory. The BSSE correction inclusion makes 

intermolecular complexes less stable, as BSSE introduces a nonphysical attraction between the two 

units. [33] The ΔBSSE values of superatom/C60 complexes depend on the molecular size of 

superatomic subunit (as evaluated in section 3.5 of the ESI) and growth with superatomic system 

increase. We anticipated the BSSE as a factor that might increase the accuracy of periodic electronic 

structure calculations on self-assembled materials and such as was implemented for energy profile 

estimation of all studied complexes. 

3.1.4 Scan energy for non-relaxed structures performed for an equilibrium geometry 

We tested the performance of three potential energy surface sampling procedures to study 

nanosized complexes, and a qualitative discussion of these treatments is provided in S3.7-3.8 sections 

of supporting material. We compared the energy single point calculation framework (blue squares in 

Figures 3-5), the optimization procedure (purple and yellow diamonds in Figures 3-5), and combined 

minimum energy geometry optimization and energy single point approach (red circles and green 

triangles in Figures 3-5). We assumed the latter treatment as the most sufficient since it produces not 

only reliable PES points but also demands less (than optimization procedure) computational cost. In 

this approach, we consider each complex in its lowest energy conformation obtained at the B3LYP-

D3/DGDZVP+ECPs level of theory. Then starting from these lowest-energy geometries, we 

performed a non-relaxed PES scan, varying the intermolecular distance from ca. 2 to 20 Å, in steps 

of 0.1 (around the minimum) and 1 Å. Due to performing energy single point calculations at various 

intermolecular distances (intramolecular atomic positions remain unchanged), the points on PES are 

distributed uniformly within the whole range of the intermolecular distances and are numerically 
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representative for the entire PES. Based on this fact, we consider the scan sampling procedure with 

BSSE corrections (green triangles in Figures 3-5) as the most decent and limit our following 

discussion to these values.  

3.1.5  Parameterization of the Lennard-Jones potentials 

The pairwise interaction plots were built considering relative energy versus distance approach 

(where the largest separation distance (in this case ca. 20 Å) is attributed to zero energy) and 

parametrized with a classical LJ potential. Estimated well depth (ϵ) and the zero intercept (σ) 

parameters are provided in Figures 3-5 (see Table S5  for a detailed description of symbols used in 

graphics throughout the paper), whereas the numerical fit results are depicted in Figure 6. In general, 

the values of R2 (green horizontal segments in Figure 6) are high and the error values (RMSE and 

SSE represent by respectively magenta horizontal segments and cyan squares in Figure 6) are 

relatively low and similar (excluding 3AB, 1AA, 3AA systems for which SSE exceed 0.5). Thus, we 

pointed out that our LJ curves are decent fitted and robust for weakly bound systems (B/B, 1AB, 2AB, 

2AA). Moreover, analysis of the visual correlation between the points on PES and corresponding LJ 

curves for the BB, 1AB, 2AB, 2AA complexes are satisfactory (Figures 3-5) as well. The apparent 

poorer fit observed for the 3AB, 1AA, and 3AA systems is due to a non-zero Coulomb interaction, 

rather than vdW-type forces which at least the classical LJ potential is meant to be used for.  

Figure 6. Candlestick plots of the R2 (green 
horizontal segments), RMSE (magenta horizontal 
segments), and SSE (cyan squares) of the single 
point energy calculations (sp), optimization with 
one fixed intermolecular distance (1f), 
optimization with two frozen intermolecular 
distances (2f), scan procedure (scan), and scanBE 
procedure (scanBE). *SSE exceeds 1 
(SSE(3ABscan)=1.11). 

 

 

3.1.6 Combining rules for unlike-pair parameters 

Applying the combining rules allows for the determination of the LJ effective parameters from 

fits to properties of homogenous dimers (i.e., AA, BB).  We used Lorents-Berthelot (LB, dashed blue 
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lines in Figure 7) and Smith-Kong (SK, dotted cyan lines in Figure 7) combining rules to describe the 

1-3AB interactions. It can be seen from Figure 7, that accordance between combining rules and LJ 

parametrization data decreases with heterogenous dimer interaction energy increase. In particular, we 

observed the highest accordance of estimated LJ parameters (e1AB=0.698 eV and s1AB=2.400 Å) and 

combining rules outcomes (eLB1AB=0.692 eV, sLB1AB=2.461 Å, eSK1AB=0.614 eV, sSK1AB=2.456 Å) for 

the 1AB system; see Figure 7a. In the case of the 3AB system, both combining rules predict twice 

lower well depth (eLB3AB=0.593 eV and eSK3AB=0.471 eV) than DFT calculations (e3AB=1.313 eV). 

Thus, applying Lorents-Berthelot and Smith-Kong combining rules leads to very good agreement 

with modeled LJ parameters of weakly bound van der Waals systems, whereas it falls for stronger 

bound systems where ionic interactions occur.  
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Figure 7. The Lorents-Berthelot (LB) and Smith-Kong (SK) combining rules for the 6-12 LJ potential. The 
potential well depths (e) in eV and zero intercepts (s) in Å. 

3.1.7 The modified Lennard-Jones potentials 

The 6-12 LJ simple empirical expression, has been widely used to model a wide range of materials, 

ranging from the rare gas solids to metallic liquids. [34-37] It is also the potential of choice in studies 

when the focus is on fundamental issues, rather than on properties of specific materials. The 
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interactions in materials, however, are more complex than that described by a simple pair interaction.  

Here, in the determination of LJ potentials, model parameters were chosen by fitting to reproduce 

interaction information around the equilibrium structure. Interaction computations were thus used to 

test the 6-12 LJ functional form. However, interaction computation data might be used to improve 

the choice of potential forms. Thus, the additional purpose of our work is to derive modified LJ 

potentials (mLJ) for superatoms, which combine a general form of LJ pair potential (with an exponent 

n) [38] and correction to zero intercept s value (symbolized as α; Equation 6). 
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 In Figures 8-10, a solid green line represents a classical 6-12 Lennard-Jones potential, where 

the s value was obtained according to Equation 7 and α is fixed to 0, whereas a dotted green line 

stands for mLJ parametrization with adjustable α parameter. From the comparison of these two 

approaches, we assume the s value obtained based on the position of the maximum well depth is: (i) 

slightly underestimated for the 1-3AB (α cover the 0.010-0.050 Å range); (ii) slightly overestimated 

for the 1-3AA; (α cover the range from -0.125 to -0.015 Å), and equal to 0.080 Å for the BB system. 

A classical 6-12 LJ model provides a relatively simple yet accurate description of van der Waals 

potentials and works well in the asymptotic regions (i.e., at r→0 and r→∞), it breaks down, however, 

in the intermediate region near the well depth. In turn, the 4-8 LJ model (represents by a solid orange 

line in Figures 8-10) seems to be the best approximation for all systems but 2-3AA and BB; for 2AA 

and BB the best LJ fitting is for 5-10 LJ (a solid purple line in Figures 9-10). As a consequence, we 

postulate that the attractive term decays with distance as the inverse fourth power (dipole-dipole and 

Coulomb interactions), and the repulsive term (dominating at short distances) decays as the inverse 

eighth power. 
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Figure 8. The mLJ curves for 1-3AB interactions and the PES points estimated at the B3LYP-
D3/DGDZVP+ECPs level. Intermolecular distances (r, in Å) are the shortest interatomic distance between 
particles (green triangles) or particle center-to-center spacing (blue triangles). Relative energies (E, in eV) 
are corrected for BSSE and obtained in relevance to the energy of structure with the largest separation 
distance (i.e., r=20 Å (green triangles) and r=30 Å (blue triangles), respectively). The relaxed geometries of 
the ground state 1-3AB structures in which each subunit’ center of mass is indicated by the grey sphere are 
also provided. The potential well depths (e) in eV, zero intercepts (s) and α correction in Å. 
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Figure 9. The mLJ curves for 1-3AA interactions and the PES points estimated at the B3LYP-
D3/DGDZVP+ECPs level. Intermolecular distances (r, in Å) are the shortest interatomic distance between 
particles (green triangles) or particle center-to-center spacing (blue triangles). Relative energies (E, in eV) 
are corrected for BSSE and obtained in relevance to the energy of structure with the largest separation 
distance (i.e., r=20 Å (green triangles) and r=30 Å (blue triangles), respectively). The relaxed geometries of 
the ground state 1-3AA structures in which each subunit’ center of mass is indicated by the grey sphere are 
also provided. The potential well depths (e) in eV, zero intercepts (s) and α correction in Å. 
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Figure 10. The mLJ curves for BB interaction. Intermolecular distances (r, in Å) are the shortest interatomic 
distance between particles (green triangles) or particle center-to-center distance (blue triangles). Relative 
energies (E, in eV) are corrected for BSSE and obtained in relevance to the energy of structure with the 
largest separation distance (i.e., r=20 Å (green triangles) and r=30 Å (blue triangles), respectively). The 
relaxed geometry of the ground state BB structure in which each subunit’ geometric center is indicated by the 
grey sphere is also provided. The potential well depths (e) in eV, zero intercepts (s) and α correction in Å. 

3.1.8  Geometric centers of the subunits approach 

The 1-3 superatoms and C60 fullerene are pseudo-spherical molecular clusters and might be 

considered as large-scale atoms. In this frame, we build the intermolecular interaction potential plots 

considering relative energy versus distance between the geometric centers of the subunits approach. 

The energy profiles and LJ approximations for r corresponding to the particle center-to-center 

separation are provided in Figures 8-10, while the numerical fit results are depicted in Figure 11. 

In this approach, the parametrization of the modified LJ equation (Equation 6) leads to a 

significantly larger α correction (of 5-9 Å) which corresponds to the intermolecular distance shift to 

larger r values. Considering the particle center-to-center separation (instead of the shortest nonbonded 

interatomic distance) is naturally accompanied by α correction significant increase that expressed the 

size of interacting particles. The diameters of the 1-3 nanoatoms are in the 8.5-9.2 Å range (as 

measured by SCXRD) [18] and these values are consistent with estimated α values for corresponding 

A/A dimers (α of 8.5-9.5 Å range for the 12-24 LJ model; see Figures 8-10).  

The approximation of 6-12 LJ potential to PES points at geometric centers distances (dotted blue 

lines in Figures 8-10) always reveals poorer fit than corresponding 6-12 LJ curves to PES points 

where r corresponds to the shortest nonbonded interatomic distance (dotted green lines in Figures 8-

10). Within this approach, the best adjustment is observed for weakly bound complexes (B/B and 
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1AB), whereas SSE of remaining systems exceed 1. Replacing the exponents 6 and 12 in the LJ 

equation by larger numbers (i.e., 10-20 LJ, 11-22 LJ, 12-24 LJ) significantly improves the adjustment 

to PES points. For all studied complexes, the 12-24 LJ model seems to be a good approximation of 

plots considering relative energy versus distance between the geometric centers. For the most stable 

complexes (i.e., 3AB (e=1.313 eV) and 1AA ((e=1.471 eV)), the 10-20 LJ equation reveals the best 

fitting to PES points. The modified Lennard-Jones models (e.g., 12-24 LJ) rather than the 6-12 

classical ones seem to be a better choice for the description of large-scale atoms binary interaction at 

r values corresponding to the distance between geometric centers. 

 
Figure 11. Candlestick plots of the R2 (green horizontal segments), RMSE (magenta horizontal segments), 
and SSE (cyan squares) for mLJ potential parametrization of binary interaction profiles based on center-to 
center distances between particles. The numerical fit of 6-12 LJ to PES points where r corresponds to the 
shortest nonbonded interatomic spacing between two particles are also provided for comparison (denoted by 
scanBSSE subscription). *SSE exceeds 1 (see Table S7 for these SSE values). 
 

To conclude, both the classical and modified LJ models were performed to provide description of 

pairwise interaction for nanoscale atoms. The classical Lennard-Jones potential is a simple pair 

potential suitable for model weak van der Waals bonds. In this approach, the attractive interactions 

are due to temporary dipoles created by fluctuations of the electron cloud, while the repulsive 

interactions are due to overlap of the electron clouds (Pauli exclusion principle), which forces 

electrons into higher energy states. [31] The attractive term (dominating at long distances) is assumed 

to decay with distance as the inverse sixth power (dipole-dipole interactions), and the repulsive term 

(dominating at short distances) is assumed to decay more rapidly. The LJ, originally desired for noble 

gases, seems to be accurate description of van der Waals potentials (e.g., C60/C60) and less precise for 
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nanoatoms-based interactions because it does not include the non-zero Coulomb forces. However, it 

does provide a qualitative distinction between dipole-dipole interactions and electron transfer-

induced attraction, which is useful for an understanding of superatomic-based materials phenomena, 

such as their physicochemical diversity. 

A general LJ equation re-examination allows us to assume that in the case of nanoatoms the 

attractive term decays with distance as the inverse fourth power (dipole-dipole and Coulomb 

interactions), and the dominating at short distances repulsive term decays as the inverse eighth power. 

The modification of LJ equation is even more prominent in the case of interaction profiles, where 

intermolecular distance corresponds to separation between geometric centers of particles. In this 

approach, the attractive term decays with distance as the inverse 12th power, and the repulsive term 

decays rapidly (as the inverse 24th power). 

3.2 The analysis of the interaction between the superatom fragments 

3.2.1 A-B interaction analysis 
The [superatom][C60] complexes at their equilibrium structures (purple frames in Figure 3) 

were stabilized by 0.698-1.313 eV with respect to C60 and the corresponding superatom. It can be 

seen from Figure 3a-c that, for each A-B system, the energy smoothly decreases as the C60 approaches 

the superatom molecule, and there is no kinetic barrier that has to be surmounted. Since the energies 

of the separated superatoms and C60 are larger than the energy of equilibrium [superatom][C60] 

structures and the A+B→[A][B] processes are predicted to be barrier-free, one may expect the 

[superatom][C60] complexes to be formed spontaneously in the gas phase (whenever the C60 

nanoparticles find themselves in the vicinity of superatoms). 

While analyzing the energy profiles for the A+B→[A][B] processes, the highest energy 

molecular orbital (HOMO) has to be assigned to the superatom rather than fullerene (for the separated 

superatom and C60 species) because 1-3 superatoms are electron-rich (due to presence of highly 

delocalized valence electrons), while fullerene is electron-deficient (due to [6,6] double bonds). 

Indeed, as visualized in Figure 3 (blue frames), the HOMO is always located in the vicinity of the 

superatomic species. However, the part of the electron density is being transferred to the C60 subunit 
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as the initially distant 3 superatom approaches the C60 to form the [Ni9Te6(PEt3)8][C60] system (see 

Figure 3c where the HOMO for the global minimum and HOMO for structure corresponding to r=10 

Å are plotted). Consequently, the HOMO density is distributed among both superatom and fullerene 

in the [Ni9Te6(PEt3)8][C60] complex and indicates π-π interaction between an electron-rich 3 moiety 

and the electron-deficient C60. The dependence of electron-donating features of superatomic 

counterparts on the stability of resulting compounds is yet to be discussed in the following section. 

3.2.1.1 Superalkali nature of Ni9Te6(PEt3)8 system 

As can be seen from Figure 3, the LJ potential depth of the 3AB system is substantially larger 

in comparison to the remaining two A-B systems. Namely estimated epsilon values for 1AB and 2AB 

are in similar and read 0.698 and 0.806 eV, respectively, whereas epsilon of 1.313 eV was obtained 

for the 3AB system; see doted green lines in Figure 3. To explain this difference, the superalkali 

nature of 3 is considered here. 

Superalkalis are extraordinary clusters exhibiting enormously low ionization energies (IEs 

lower than those of alkali atoms), which mimic the chemistry of alkali atoms. [39] IEs of 1-3 

superatoms were obtained according to Koopmans’ Theorem (KT) and read 4.307 eV (1), 4.543 eV 

(2), and 2.910 eV (3). The IE of Ni9Te6(PEt3)8 is significantly lower than IE of lithium atom (3.657 

eV as estimated at the same theory level), which empathizes its superalkali characteristic. The 

Ni9Te6(PEt3)8 might easily lose its HOMO electron to form a stable ionic cluster. As a consequence, 

this superatom acts as an alkali atom when interacting with C60 electrophile (EA of 3.756 eV as 

estimated at the KT approach) and the charge is transferred between them, forming ionic 

[Ni9Te6(PEt3)8]+[C60]- solids analogous to [Na]+[Cl]-. [18] The IE values of the 1 and 2 nanoatoms are 

significantly higher in comparison to 3 system. As a result, they are less electron-donating systems 

and are found to form CdI2 structure type systems (i.e., [Co6Se8(PEt3)8][C60]2 and 

[Cr6Te8(PEt3)6][C60]2) in their binary cluster materials.[18] The IE value of superatomic counterpart 

might be thus considered as a key factor in determining the crystallographic structure of superatom-
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based materials. Based on this simple rule, binary cluster materials with diverse structural and ionic 

features might be prepared by utilizing the properly chosen nanoatoms. 

                               
Figure 12. The top and side views of HOMOs of 
1-3 superatoms and LUMO of fullerene. The 
HOMO-LUMO energy gaps are provided in green. 

 

 

 

 

 

 

 

 

 

 

 

 

To support our discussion on the structural and ionic diversity of binary superatom/fullerene 

assemblies, we provide the three-dimensional pictures of their highest energy molecular orbitals for 

the structures corresponding to equilibrium geometry (purple frames in Figure 3) and the separation 

distance of ca. 10 Å (blue frames in Figure 3). For non-interacting subunits (which is attributed to 

zero energy in the LJ curve), the HOMOs are distributed among superatomic counterparts and reveal 

the bonding character with respect to the Se-Co and Cr-Te interactions for the 1AB and 2AB, 

respectively. On the contrary, for the 3AB system, the HOMO indicates an antibonding character 

between the nickel and tellurium atoms.  To understand the significance of the HOMO characteristic, 

we recall that for most superalkalis known (e.g., Li3O), the HOMOs exhibit antibonding character in 

relevance to the ligand-metal atom interaction, which determines their low ionization potentials. [39]  
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The 3 superatom possesses antibonding HOMO and low IE, which implies its superalkali nature, and 

this conclusion is in accordance with earlier theoretical results. [40] In turn, the HOMOs of the 1 and 

2 superatoms display the bonding character with respect to the metal-metal interactions (Figure 12) 

and larger electronic stabilities, which empathizes that the outermost electrons are higher bound in 

those superatoms (in contrary to chemically reactive 3 system). 

3.2.2 A-A interaction analysis 

All dimeric AA assemblies seem to be energetically favorable as estimated epsilon values are 

in the 1.080-1.471 eV range (Figure 9a-c). The attractive interactions between dimers of the 1-3 

nanoatoms are due to temporary dipoles created by fluctuations in the electron density of any of the 

two nanoatoms, and the repulsive interactions are due to overlap of the electron clouds (Pauli 

exclusion principle) which forces electrons into higher energy states. As soon as electronic density 

distribution of 1-2AA systems is concerned, for the separated monomers (blue frames in Figure 4a-

b), the HOMO is allocated at one superatomic subunit and the part of the electron density is being 

transferred to the second superatomic subunit in equilibrium 1-2AA structures (purple frames in 

Figure 4a-b). The bonding HOMO delocalization over both nanoatoms is naturally associated with 

the stability increase (by 1.47 eV (1AA) and 1.00 eV (2AA)) concerning the separated subunits. 

Stabilization effect (by 1.08 eV) sis also observed for the 3AA system, where the antibonding HOMO 

is delocalized over only one superatomic counterpart. 

In the case of the 3AA species, for separated superatomic subunits (i.e., r=11 Å; blue frame in 

Figure 4c) the HOMO is equally distributed among both superatomic counterparts and have an 

antibonding character with respect to Ni-Te interactions. The part of the electron density is being 

transferred to the 3A counterpart as the initially distant Ni9Te6(PEt3)8 superatoms approach each other 

to form the 3AA dimer (the HOMO for the global minimum is plotted in magenta frame of Figure 

4c). Consequently, the HOMO density is distributed among one superatom moiety in the 

[Ni9Te6(PEt3)8][Ni9Te6(PEt3)8] complex.  
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3.2.3 B-B interaction 

The potential energy surface has been sampled by calculating two different intermolecular 

interaction profiles between two C60 molecules. The small energy gap (within 0.028 eV) between C2- 

(purple frame in Figure 5a) and C2h-symmetry (purple frame in Figure 5b) equilibrium structures, 

indicates that this complex may likely exist in both isomeric forms, although adopting C2-symmetry 

structure is energetically more favorable. Such a small energy difference between two geometrically 

stable isomers indicates that the interchange between these structures is probably rapid at the 

temperatures used experimentally (see B-B structure corresponding to r=2.5 Å in the magenta frame 

in Figure 5a, which adopts geometrical orientation similar to C2h-symmetry isomer). 

Among studied binary interactions, the B-B energy profile reveals the largest similarity to 

Lennard-Jones form. It needs to be recalled that 6-12 LJ potential was originally performed for noble 

gas atoms and works for simple molecular systems. A good 6-12 LJ approximation to the effective 

pair potential of the C60-C60 system is observed as C60 is fairly inert and quasi-spherical compound.  

3.2.4 Frontier molecular orbitals (FMOs) analysis 

The FMOs are well known to play a prominent role in governing chemical reactions. In 

particular, an analysis of the HOMO implies the regions of the molecule that possess a tendency to 

donate electrons to electrophilic species (i.e., the reactivity of a molecule as a nucleophile), whereas 

the analysis of the LUMO predicts the regions of the particle with a high tendency to accept electrons 

from nucleophilic species (i.e., reactivity as an electrophile). In the 1AB and 2AB complexes, HOMO 

is distributed among superatomic fragment, whereas LUMO is localized on fullerene moiety (Figure 

13). This observation reveals both the nucleophilic character of superatomic counterparts and the 

electrophilic tendency of fullerene moiety. In turn, for the 3AB system, HOMO is distributed 

uniformly among both counterparts which originates from the formation of a charge transfer complex 

[Ni9Te6(PEt3)8+−C60−]. These results strongly indicate that C60 fullerene in the 3AB is more reduced 

than in the 1AB or 2AB systems. 



26 

 
Figure 13. Molecular orbitals and energy levels of studied complexes at their equilibrium geometries. The 
HOMO and LUMO energies (in eV) are provided in black and red, respectively. The HOMO-LUMO energy 
gaps are also indicated (in green). 

As far as A/A species are concerned, the HOMOs of 1-2AA are uniformly delocalized among 

both subunits, which results in their significant stability increase in relevance to isolated monomers. 

In turn, for 3AA system, HOMO is localized on one subunit, which is accompanied by lower stability 

(in comparison to the 1AA system). Nevertheless, all three nanoatoms might form energetically 

favorable A/A dimers. 

The energy gap between the HOMO and LUMO orbitals (GAP= εLUMO − εHOMO) is an essential 

measure of kinetic stability. A large GAP implies high kinetic stability and low chemical reactivity 

due to the energetic disadvantage of adding electrons to a high-lying LUMO or removing electrons 

from a low-lying HOMO and so to form the activated complex of any potential reaction. Hence, GAP 

will be lower for more reactive species. GAPs for isolated counterparts range from 1.13 to 3.00 eV 

with the largest GAPs obtained for 1 (3.00 eV) and C60 (2.73 eV) molecules. The GAP values might 

explain both relatively high reactivity of the 3 superatom (GAP=1.13 eV) and low binding energy of 

C60/C60 dimer. In addition, the GAP of the C60 monomer reads 2.73 eV and decreases to 2.59 eV for 

the dimer. This decreasing GAP trend with increasing polymer size is in agreement with previous 

reports on superatomic assemblies and is related to the disappearance of superatomic orbitals with a 



27 

principal quantum number of two. [41-42] In turn, each AA dimer seems to maintain the superatomic 

character, as the HOMO-LUMO gap only slightly decreases when going from monomer (GAP of 

3.00 (1), 1.89 (2), 1.13 eV (3),) to corresponding dimers (2.99 eV (1AA), 1.88 eV (2AA), and 1.10 

eV (3AA)).  

The HOMO-LUMO gap is closely related to band gaps in solid-states. The 1•2C60 and 2•2C60 

systems have been proved to possess good electrical conductance with a semiconducting behavior 

with Arrhenius activation energies (Ea) of about 150 meV (1•2C60) and 100 meV (2•2C60). [18] 

Considering the obtained GAPs (of  68-89 meV; Figure 13), both systems have small-gap 

semiconductor nature. Our applied DFT functional is expected to underestimate the GAP, which then 

correlates nicely with the experimental activation energies. 

The 1-3AB systems show a monotonic decrease in GAP values with a decrease in IE of 

nanoatoms. All the three systems show the reduction in GAP values as compared to pure 1-3 species. 

This reduction in GAP value is the largest for 3AB system (to 0.48 eV) and gives evidence for the 

generation of new HOMO orbital between original HOMO and LUMO orbitals; as a consequence, 

the original superatom’ HOMO becomes HOMO-1 and the HOMO–LUMO gap becomes much 

smaller than in the pure nanoatom. It means 3 superalkali reduces the GAP by shifting the valence 

electron to C60. To confirm the new HOMO orbital formation, we plotted the total density of state 

(TDOS) and partial density of state (PDOS) spectra for pure nanoatoms and 1-3AB complexes. As 

seen in DOS spectra (Figure 14), the change in density of the states and HOMOs are caused by the 

excess electron of the 3 superalkali. When 3 nanoatom interacts with fullerene, the valence electron 

of superalkali is pushed out as excess electron. Due to this excess electron, a new energy level is 

generated into the occupied orbital site. Such a situation was observed for the superalkalis studied in 

the past and enables the GAP reduction of their complexes, which enhances their conductance 

properties. [43]  
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Figure 14. TDOS and PDOS of the 1-3AB systems and their isolated counterparts (1-3, C60) derived at 
B3LYP-D3/DGDZVP+ECPs level. Some corresponding FMOs are also shown as insets. 

As seen in DOS spectra (Figure 14), states of the 1-2AB systems show a very localized nature. 

Their HOMOs are contributed by the p and d orbitals of the transition metal-chalcogen cluster and 

thus not by the anion (here C60), as it would be expected by an ionic solid. This observation implies 

a rather minor ionic character of the chemical system. On the contrary, the 3AB reveals the HOMO 

consists of hybridization of 3 nanoatom and C60 p and d orbitals. This is an indication of the covalent-
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like interaction between the 3 superalkali and the fullerene, in agreement with our previous reports 

on metal cluster-fullerene materials. [22] 

4 Conclusions 

In this contribution, we examined the performance of the DFT approach and a Lennard-

Jones potential in nanoatoms interaction description. Based on our results, we conclude as follows: 

(i) The electronic difference between superatoms affected the corresponding LJ potential profiles 

as shown by the similar epsilon values (of 0.698 eV (Co6Se8(PEt3)6/C60) and 0.806 eV 

(Cr6Te8(PEt3)6/C60)), whereas a considerably higher epsilon was observed for the 

Ni9Te6(PEt3)8/C60 (e=1.313 eV). 

(ii) Although superatoms are fairly inert, nearly spherical compounds, their pair intermolecular 

potentials are not ideally 6-12 LJ models. Parametrization of these intermolecular interaction 

potentials, however, allows a qualitative comparison between different superatoms. 

(iii) From a general LJ equation re-examination for nanoatoms, the attractive term decays with 

distance as the inverse fourth power (dipole-dipole and Coulomb interactions), and the 

dominating at short distances repulsive term decays as the inverse eighth power. 

(iv) The 1-3 superatoms and C60 are large-scale atoms, and the intermolecular interaction potential 

plots might be constructed considering relative energy versus distance between the geometric 

centers of the subunits approach. The modified LJ models (e.g., 12-24 LJ) rather than the 6-

12 classical ones seem to be a better choice for the description of binary interactions where 

the interparticle distance corresponds to center-to-center separation between the particles. 

(v) The A+B→AB and A+A→AA processes are predicted to be barrier-free, and the energies of 

the pure subunits exceed (by 0.698-1.313 eV) the energy of corresponding [superatom][C60] 

and [superatom][superatom] systems at their equilibrium structures; thus one may expect the 

complexes to be formed spontaneously in the gas phase. 

(vi) The HOMO of Ni9Te6(PEt3)8 is antibonding with respect to the nickel-tellurium interactions, 

and the energy of the HOMO is above the corresponding energy of the AOs of a lithium atom, 

which favours a lower ionization energy of the Ni9Te6(PEt3)8 nanoatom (of 2.910 eV) than 
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that of alkali metal atoms (IE(Li)=3.657 eV). As a consequence, Ni9Te6(PEt3)8 cluster might 

act as superalkali in chemical processes.  

(vii) Due to superalkali nature and low ionization energy, the Ni9Te6(PEt3)8 superatom is more 

chemically reactive in comparison to remaining nanoatoms (i.e., Co6Se8(Pet3)6, and 

Cr6Te8(PEt3)6). When interacting with C60 electrophile (EA of 3.756 eV), the stabilization 

effect is the highest in the compound consist of this superatom.  

Acknowledgments 

Calculations have been carried out using resources provided by Wroclaw Centre for Networking and 

Supercomputing (http://wcss.pl), grant No. 378. The authors wish to acknowledge the use 

of New Zealand eScience Infrastructure (NeSI) high performance computing facilities. New 

Zealand's national facilities are provided by NeSI and funded jointly by NeSI's collaborator 

institutions and through the Ministry of Business, Innovation & Employment's Research 

Infrastructure programme. URL https://www.nesi.org.nz (project no. uoa02699). 

References 

[1] A. H. Pfund, Phys Rev 1930, 36, 0071-0076. 
[2] P. Jena, Q. Sun, Chem Rev 2018, 118, 5755-5870. 
[3] S. Takano, S. Ito, T. Tsukuda, J Am Chem Soc 2019, 141, 15994-16002. 
[4] M. R. Narouz, S. Takano, P. A. Lummis, T. I. Levchenko, A. Nazemi, S. Kaappa, S. Malola, 

G. Yousefalizadeh, L. A. Calhoun, K. G. Stamplecoskie, H. Hakkinen, T. Tsukuda, C. M. 
Crudden, J Am Chem Soc 2019, 141, 14997-15002. 

[5] C. Sikorska, J Chem Inf Model 2019, 59, 2175-2189. 
[6] C. Sikorska, Chemphyschem 2019, 20, 2236-2246. 
[7] J. Schacht, N. Gaston, Phys Chem Chem Phys 2018, 20, 6167-6175. 
[8] C. Sikorska, Int J Quantum Chem 2018, 118. 
[9] A. Bruma, U. Santiago, D. Alducin, G. P. Villa, R. L. Whetten, A. Ponce, M. Mariscal, M. 

Jose-Yacaman, J Phys Chem C 2016, 120, 1902-1908. 
[10] P. Koirala, M. Willis, B. Kiran, A. K. Kandalam, P. Jena, J Phys Chem C 2010, 114, 16018-

16024. 
[11] O. Lopez-Acevedo, H. Tsunoyama, T. Tsukuda, H. Hakkinen, C. M. Aikens, J Am Chem Soc 

2010, 132, 8210-8218. 
[12] D. E. Jiang, R. L. Whetten, W. D. Luo, S. Dai, J Phys Chem C 2009, 113, 17291-17295. 
[13] G. L. Gutsev, S. N. Khanna, B. K. Rao, P. Jena, Phys Rev A 1999, 59, 3681-3684. 
[14] Z. R. Li, F. F. Wang, D. Wu, Y. Li, W. Chen, X. Y. Sun, F. L. Gu, Y. Aoki, J Comput Chem 

2006, 27, 986-993. 
[15] P. Karamanis, N. Otero, C. Pouchan, J. J. Torres, W. Tiznado, A. Avramopoulos, M. G. 

Papadopoulos, J Comput Chem 2014, 35, 829-838. 
[16] X. J. Li, Z. J. Yan, S. N. Li, J Comput Chem 2016, 37, 2316-2323. 



31 

[17] J. J. Yang, B. Y. Zhang, A. D. Christodoulides, Q. Z. Xu, A. Zangiabadi, S. R. Peurifoy, C. 
K. McGinn, L. Y. Dai, E. Meirzadeh, X. Roy, M. L. Steigerwald, I. Kymissis, J. A. Malen, 
C. Nuckolls, J Am Chem Soc 2019, 141, 10967-10971. 

[18] X. Roy, C. H. Lee, A. C. Crowther, C. L. Schenck, T. Besara, R. A. Lalancette, T. Siegrist, P. 
W. Stephens, L. E. Brus, P. Kim, M. L. Steigerwald, C. Nuckolls, Science 2013, 341, 157-
160. 

[19] A. Turkiewicz, D. W. Paley, T. Besara, G. Elbaz, A. Pinkard, T. Siegrist, X. Roy, J Am Chem 
Soc 2014, 136, 15873-15876. 

[20] E. S. O'Brien, J. C. Russell, M. Bartnof, A. D. Christodoulides, K. Lee, J. A. DeGayner, D. 
W. Paley, A. J. H. McGaughey, W. L. Ong, J. A. Malen, X. Y. Zhu, X. Roy, J Am Chem Soc 
2018, 140, 15601-15605. 

[21] A. Pinkard, A. M. Champsaur, X. Roy, Acc Chem Res 2018, 51, 919-929. 
[22] L. Hammerschmidt, J. Schacht, N. Gaston, Phys Chem Chem Phys 2016, 18, 32541-32550. 
[23] A. D. Becke, J Chem Phys 1993, 98, 5648-5652. 
[24] S. Grimme, S. Ehrlich, L. Goerigk, J Comput Chem 2011, 32, 1456-1465. 
[25] L. Goerigk, A. Hansen, C. Bauer, S. Ehrlich, A. Najibi, S. Grimme, Phys Chem Chem Phys 

2017, 19, 32184-32215. 
[26] J. Wang, L. Liu, A. K. Wilson, J Phys Chem A 2016, 120, 737-746. 
[27] N. Godbout, D. R. Salahub, J. Andzelm, E. Wimmer, Can J Chem 1992, 70, 560-571. 
[28] C. Sosa, J. Andzelm, B. C. Elkin, E. Wimmer, K. D. Dobbs, D. A. Dixon, J Phys Chem-Us 

1992, 96, 6630-6636. 
[29] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, et 

al., Wallingford, CT, 2016, p. Gaussian 16 Rev. B.01. 
[30] T. Lu, F. Chen, J Comput Chem 2012, 33, 580-592. 
[31] K. H. J. Buschow, Encyclopedia of materials : science and technology, Elsevier, Oxford, 

2001. 
[32] C. Sikorska, Phys Chem Chem Phys 2016, 18, 18739-18749. 
[33] N. Kobko, J. J. Dannenberg, J Phys Chem A 2001, 105, 1944-1950. 
[34] A. Vidal-Vidal, C. S. Lopez, O. N. Faza, J Phys Chem A 2017, 121, 9518-9530. 
[35] Y. N. Zhang, L. Wang, S. Morioka, W. M. Wang, Phys Rev B 2007, 75. 
[36] M. Kaukonen, A. Gulans, P. Havu, E. Kauppinen, J Comput Chem 2012, 33, 652-658. 
[37] I. Deb, R. Pal, J. Sarzynska, A. Lahiri, J Comput Chem 2016, 37, 1576-1588. 
[38] E. B. Tadmor, R. E. Miller, Modeling Materials: Continuum, Atomistic and Multiscale 

Techniques, Cambridge University Press, New York, 2011. 
[39] G. L. Gutsev, A. I. Boldyrev, Chem Phys Lett 1982, 92, 262-266. 
[40] V. Chauhan, S. Sahoo, S. N. Khanna, J Am Chem Soc 2016, 138, 1916-1921. 
[41] J. Wang, W. R. Jiang, W. Y. Xie, J. P. Wang, Z. G. Wang, Sci China Mater 2019, 62, 416-

422. 
[42] Y. Yang, Z. H. Zhang, E. S. Penev, B. I. Yakobson, Nanoscale 2017, 9, 1805-1810. 
[43] Z. Lin, T. Lu, X. L. Ding, J Comput Chem 2017, 38, 1574-1582. 

 


