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Abstract: This paper systematically investigates the structure, stability, and electronic properties
of niobium carbide clusters, Nb,,Cp (m = 5, 6; n = 1-7), using density functional theory. Nb5C,
and NbsCg possess higher dissociation energies and second-order difference energies, indicating
that they have higher thermodynamic stability. Moreover, ab initio molecular dynamics (AIMD)
simulations are used to demonstrate the thermal stability of these structures. The analysis of the
density of states indicates that the molecular orbitals of NbnC,, (m =5, 6; n = 1-7) are primarily
contributed by niobium atoms, with carbon atoms having a smaller contribution. The composition of
the frontier molecular orbitals reveals that niobium atoms contribute approximately 73.1% to 99.8%
to Nb,Ch, clusters, while carbon atoms contribute about 0.2% to 26.9%.

Keywords: density functional theory; structure; stability; electronic property; ab initio molecular dynamics

1. Introduction

Previous studies have indicated that detailed experimental and theoretical investi-
gations of transition metal clusters often reveal remarkable relationships between their
physical properties and chemical reactivity [1-4]. Niobium clusters are among the most
interesting transition metal clusters that have been extensively studied. They possess a
long and rich history of experimental and theoretical investigations, attributed to several
special properties, including the relative tendency to form clusters, the existence of a single
naturally occurring isotope, high melting point, high temperature resistance, and supercon-
ductivity [5-24]. The relative propensity to form clusters is experimentally advantageous,
and the presence of only one naturally occurring isotope simplifies the interpretation of
niobium spectra by avoiding complications from overlapping features caused by different
isotopomers. On the experimental side, the ionization potential (IP) [5], dissociation en-
ergy (DE) [6-8], reactivity [9-11], and electron affinity (EA) [12-14] have been measured
on niobium clusters and their ions. The results have revealed dramatic size-dependent
fluctuations of the electronic and chemical properties of niobium clusters. For example,
both the reactivity rates of Nb, (n < 20) clusters with D, and the ionization potential show
that Nbg, Nbjp, and Nby¢ are relatively unreactive [15,16]. The strong size dependence
of their chemical reactivity further makes them attractive for study, as certain species
may possess the required balance of properties for nanotechnology applications. On the
theoretical side, niobium has garnered significant attention, with a focus on studying the
structural and electronic properties of a series of pure niobium or niobium-related clusters
through the application of density functional theory (DFT) [19-21]. Many studies on small
Nb clusters confirm that Nbg, Nbyg, and Nby¢ clusters have higher stability than other
clusters. Pansini and co-workers studied the electronic structure and electrical properties
of Al-doped niobium clusters [21]. By using all-electron density functional theory with
Douglas—Kroll-Hess correction, the spin state, geometry, hardness, and mean static dipole
polarizability of NbxAly clusters were examined.
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Among the studies, niobium carbides, Nb,Cp,, have been the topic of extensive theoret-
ical and experimental research [25-35] due to their potential applications in numerous areas,
including catalysis, electronic materials, and energy storage. Mass spectrometry [25-28],
X-ray diffraction spectroscopy [29,30], photoelectron spectroscopy [30-32], and electron
spin resonance spectroscopy [33], combined with DFT, have been applied to study niobium
carbide clusters. The mass spectroscopic studies by Mafuné and co-workers used a double
laser ablation technique, and ionization potentials (IPs) of a series of Nb,C, (n = 3-10,
m = 0-7) were measured and compared with the IPs estimated by density functional theory
calculations [28]. Electron spin resonance spectroscopy was performed to study diatomic
NbC by Hamrick and Weltner [33]. The elastic properties of niobium carbide NbCy were
studied by Gusev and co-workers [34]. Metha and co-workers used photoionization ef-
ficiency spectroscopy in combination with DFT to determine the ionization potential of
Nb3Cy, (n = 14) and NbyC,, (n = 1-6), and Nb3C, and Nb4Cy clusters exhibited the lowest
IPs for the two series, respectively [27].

In this study, we investigate the geometry, stability, and electronic structures of Nby, Cyy
(m =5, 6; n = 1-7) clusters using DFT calculations with the BPW91 functional. Firstly, a
global search is performed to obtain the geometric structures of Nb5Cp and NbgCy, (n = 1-7)
clusters. Secondly, the relative stability of the optimized structure is determined by analyz-
ing the average binding energy, dissociation energy, and second-order difference energy,
and the stability reasons are explained. Finally, the density of states and compositions of
the frontier molecular orbitals are discussed.

2. Results and Discussion
2.1. Geometry

The structures of different isomers for Nb5sC, and NbgC,, (n = 1-7) are obtained using
the BPWO91 functional with the 6-311G+(2d) basis set for C and SDD basis set for Nb.
Figure 1 displays the lowest-energy geometries and some low-lying isomers of NbsC,, and
Nb¢Cp (n = 1-7). According to the total energy from low to high, the isomers of NbsC,,
(n = 1-7) are designated by 5-na, 5-nb, and 5-nc, while the isomers of NbsCy, (n = 1-7)
are designated by 6-na, 6-nb, and 6-nc, where n is the number of C atoms. The Cartesian
coordinates of the lowest-energy structures of NbsC,, and NbgCy, (n = 1-7) are summarized
in Table S1 of the Supplementary Materials. The optimized results show that the most
stable structures of Nb5C,, (n = 1-7) exhibit a doublet spin state, whereas those of NbsCy,
(n = 1-7) exhibit a singlet spin state. In the following sections, we discuss these results
in detail.

2.1.1. NbsCp (n = 1-7)

The lowest-energy structure of NbsC is found to be a distorted prism with a doublet
spin state, which can be viewed as the one obtained from replacing one Nb atom by a C
atom in the Nbyg structure. The corresponding quartet states are higher in energy than the
doublet state by 0.26 eV. Another two similar structures, 5-1b and 5-1c, are obtained, and
their relative energies to the ground state are 0.53 and 0.82 eV, respectively.

NbsC; is an irregular pentagonal bipyramid with similar features as the structure of
Nby. The structure of NbsC, can be described as the one obtained from replacing two Nb
atoms by C atoms sitting on the pentagonal ring. The point group symmetry is Cp, and the
calculated equatorial bond lengths of the pentagonal ring are 2.04, 2.05, and 2.84 A, whereas
the polar-equatorial bond lengths are 2.19, 2.63, and 2.55 A. The pole-to-pole bond length
is 3.13 A. Structure 5-2b is also a pentagonal bipyramid with Cy, point group symmetry.
Comparing structures 5-2a and 5-2b, the two C atoms occupy opposite positions in the
pentagonal ring in structure 5-2a and adjacent positions in structure 5-2b. Structure 5-2b
lies 0.69 eV above structure 5-2a. Structure 5-2c possesses low Cs symmetry and is less
stable than 5-2a by 0.93 eV.
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Figure 1. Geometric structures, point group symmetries, as well as relative energies of Nb5sC,, and
NbgCh (n = 1-7) clusters. The relative energies are in eV.

A previous study predicted that Nb5C3 has a similar cubic structure as NbyCy. The
BPW91 calculation determined that NbsCj is a distorted cubic structure and has low Cy
symmetry. Structure 5-3a consists of two quadrangles. The upper quadrangle contains
two C atoms in opposite positions and the lower quadrangle has one C atom. Isomer 5-3b
presents a similar geometry as structure 5-3a, with a slight distortion, but with two C atoms
occupying adjacent positions. Isomers 5-3b and 5-3c are less stable than 5-3a by 0.30 and
0.53 eV, respectively.

The three low-lying isomers of Nb5Cj4 listed in this paper are all capped structures,
and the main difference between the three isomers is the position of the four C atoms in the
cluster. It should be pointed out that the energies of structures 4a and 4b are very close,
and the energy of structure 5-4b is only 0.02 eV higher than that of 5-4a. In view of such
a small relative energy and in order to ensure the accuracy of calculations, we conducted
DFT computations with the Def2-DZVPP basis set instead of the SDD basis set. It was
found that the energy difference between 5-4a and 5-4b was very small, but the energy
level order was reversed. The energy of structure 5-4b was 0.01 eV lower than that of the
5-4a structure (see Table S2). Additionally, DFT calculations were also performed using the
B3LYP functional. The B3LYP functional calculations showed that isomer 5-4b is the lowest
energy structure, in which each of the two C atoms occupies the opposite position of the
upper and lower quadrangle. In this case, we calculated the vertical ionization potentials
(VIPs) of both isomers 5-4a and 5-4b. The results found that the calculated VIP of isomer
5-4b is 5.15 eV (B3LYP) or 5.13 eV (BPW91), and the calculated VIP of isomer 5-4a is 4.85 eV



Molecules 2024, 29, 3238

4of 16

(B3LYP) or 4.90 eV (BPW91). No matter the B3LYP or BPW91 functional, the calculated VIP
value for structure 5-4b is in better agreement with the experimental result (5.12 &= 0.12 eV)
than for structure 5-4a. Therefore, isomer 5-4b should be the ground state structure. Isomer
5-4c is less stable than 5-4a by 0.15 eV.

From the point of view of growth, the lowest-energy structure of NbsCs can be viewed
as the one obtained from capping of the C atom to the lowest-energy structure of NbsCy4
with a little local distortion. Another isomer, 5-5b, which possesses similar shape but a
different C atom position with isomer 5-5a, is less stable than 5-5a by 0.45 eV. Structure 5-5¢,
which has relatively high Cy, point group symmetry and can be obtained by adding one C
atom to the bottom of structure 5-4¢, is 1.03 eV higher in energy than structure 5-5a.

The lowest-energy structure for NbsCy is found to be a ring, consisting of four C atoms
and three Nb atoms capped with one C atom and one Nb atom on each side of the ring.
The point group symmetry is Cy,. Another two structures, 5-6b and 5-6¢, with lower C;
symmetry, are less stable than structure 5-6a by 1.27 and 2.22 eV, respectively. For NbsCy,
when a C atom is added to the lowest-energy structure of 5-6a at different positions, isomers
5-7a, 5-7b, and 5-7c are formed. Isomer 5-7a is more stable than 5-7b and 5-7c by 0.07 and
0.25 eV, respectively.

2.1.2. NbeCp (n = 1-7)

For NbgC, the lowest-energy structure is a pentagonal bipyramid with four Nb atoms
and one C atom in a plane, and the other two Nb atoms are located on each side of the
pentagonal ring. The energies of the other two structures, 6-1b and 6-1c, are higher than
those of structure 6-1a by 0.66 eV and 0.99 eV, respectively. We found the lowest-energy
structure of NbgC, is approximately C; point group symmetry. Three Nb atoms and two C
atoms make up a ring that is not in the plane, and one Nb atom and a dimer Nb; occupy
each side of the ring, respectively. Another structure, 6-2b, with Cs point group symmetry,
is less stable than 6-2a by 0.67 eV. The lowest-energy structure of NbsCs can be obtained
by capping of an atom to NbsC3 with different positions of C atoms. Structures 6-3b and
6-3c are less stable than 6-3a by 0.50 and 0.64 eV, respectively. The lowest-energy structure
6-4a has relatively high D,y point group symmetry. The structure can be viewed as the one
obtained from capping of a Nb atom to the bottom of structure 5-4c of Nb5Cy4, with small
structure distortion. Structures 6-4b and 6-4c are 0.75 and 0.95 eV higher in energy than
structure 6-4a. As for NbgCs, NbCg, and NbgCy clusters, three low-lying isomers of each
system are listed in this paper; isomer 6-5a is the structure with the lowest energy, and the
energies of the other two isomers are 0.24 and 0.43 eV higher than that of structure 6-5a,
respectively. [somer 6-6a is the lowest-energy structure for the NbsCg cluster, and isomers
6-6b and 6-6¢ are less stable than isomer 6-6a by 0.73 and 0.84 eV, respectively. Isomers 6-7b
and 6-7c are less stable than the lowest-energy isomer 6-7a by 1.75 and 2.31 eV, respectively.

2.2. Comparison between Calculated and Experimental Vertical Ionization Potential

The VIPs of the stable structures of NbsC,, and NbgCy, (n = 1-7), determined with
BPWO91 calculations, are shown in Table 1 and Figure 2, along with the experimental
results [28]. The calculated VIP values are in excellent agreement with the experiments
for NbsC,, (n = 1-6); however, for NbsCy, the calculated result likely overestimates this
parameter, and the relative error is 8.6%. We tried to obtain more of the various structures
and calculate the VIPs of different isomers, but the results were not satisfactory. For NbgCp,
(n = 1-7) clusters, the employed DFT method predicted VIPs with acceptable agreement
with the experiments. The calculation results showed that the relative error of NbsCp
(n =1-7) clusters is within 3.5%. The good agreement between the calculated VIPs and the
experimental values gives confidence in the assigned the ground state for the complexes
considered in the present paper.
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Table 1. The vertical ionization potential (VIP) for NbsC,, and NbgCp, (n = 1-7) clusters, all energies
are in eV, the values in parentheses are relative error (%).

Isomers vIP Expt. [28] Isomers VIP Expt. [28]
5-1a 5.30 (1.0%) 5.25 £ 0.08 6-la 5.11 (2.7%) 5.25 +0.07
5-2a 4.45 (3.3%) 4.6 £0.15 6-2a 5.20 (0.2%) 521 +0.07
5-3a 4.60 (1.5%) 4.53 £0.05 6-3a 4.99 (3.5%) 4.82 £ 0.06
5-4b 5.13 (0.2%) 512 £0.12 6-4a 4.94 (0.8%) 49+01
5-5a 5.02 (0.6%) 5.05 £0.10 6-5a 5.18 (1.6%) 51401
5-6a 5.00 (0.4%) 5.02 + 0.08 6-6a 5.28 (2.5%) 515+ 0.12
5-7a 5.54 (8.6%) 5.10 £0.12 6-7a 5.28 (3.5%) 51+£0.12
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Figure 2. The experimental and calculated VIPs of Nb5C;, and NbgCy, (n = 1-7) clusters.

2.3. Relative Stability

To determine the structural stabilities of these NbsC,, and NbgC,, (n = 1-7) clusters,
the average binding energy per atom (E},) can be calculated using the following formulas:

Ep (Nb5Cp) = [SE(NDb) + nE(C) — E(Nb5Cn)]/(5 + n) 1)

Ep (NbeCh) = [6E(ND) + nE(C) — E(NbsCn)]/(6 + n) ()

Here, E(NDb), E(C), E(Nb5C,), and E(NbgCy) represent the total energy of Nb, C, NbsC,
and NbgC,, respectively, where “n” denotes the number of C atoms. The average binding
energy is a measurement of the thermodynamic stability of the clusters, and the results are
listed in Table 2 and plotted in Figure 3 as a function of the number of C atoms. As shown
in Figure 3, the E}, values of these Nb5;C,, and NbgCy, (n = 1-7) clusters are quite large,
ranging from approximately 4 to 6 eV, and are close to each other. For NbsC,, (n =1-7),
the E;, becomes a growing function of the number of C atoms and has two inflection
points, corresponding to n = 2 and 6, indicating that NbsC, and NbsCg clusters are more
stable than others. For the NbgC,, cluster, the Ej, shows a monotonic increasing trend with
increasing cluster size. Starting from n = 3, the rate of increase in average binding energy
slightly decelerates, indicating that NbgC3 exhibits slightly higher but not significantly
pronounced stability.
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Table 2. The average binding energy per atom (Ey), dissociation energy (DE), and second-order
difference energy (A;E) for Nb5C,, and NbgCy (n = 1-7) clusters, all energies are in eV.

Isomers E, DE AE Isomers Ep DE AE
5-1a 4.408 7.956 —0.384 6-la 4.639 8.952 1.652
5-2a 4.970 8.340 1.151 6-2a 4971 7.300 —0.160
5-3a 5.247 7.190 —0.333 6-3a 5.248 7.459 0.243
5-4b 5.500 7.523 —0.094 6-4a 5.444 7.216 0.111
5-5a 5.712 7.617 —0.628 6-5a 5.595 7.105 —0.279
5-6a 5.942 8.245 2.103 6-6a 5.745 7.384 —1.232
5-7a 5.959 6.142 6-7a 5.965 8.617

6.0 —— 6.0
5.6 5.6 /
5.2 __—

Eb (eV)
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48
4.4] Nbe Nb,C.,
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Figure 3. The average binding energy per atom (Ey,), dissociation energy (DE), and second-order
difference energy (A;E) for NbsC, and NbgCy (n = 1-7) clusters.

The stability of NbsC,, and NbgCy, (n = 1-7) clusters was further investigated by
calculating the dissociation energy (DE), defined as follows:

DE (NbsCn) = E (Nb5Cp,—1) + E(C) — E(NbsCh) ©)

DE (NbsCn) = E (NbsCp—1) + E(C) — E(NbsCh) (4)

The dissociation energies to remove a C atom from the clusters are illustrated in Table 2
and Figure 3. For the NbsC,, (n = 1-7) cluster, the dissociation energies of Nb5Cy and NbsCg
corresponding to dissociation paths NbsCy — NbsC 4 C and NbsCy — Nbs5Cs + C yield
the local maxima of all calculated clusters, indicating that Nb5C, and NbsCg clusters are
more stable than their neighbors. The dissociation energy of NbsC3 corresponding to the
dissociation path NbsC3 — NbsC, 4 C yields the local minima of all calculated clusters,
indicating that NbsCj has relatively weak stability. For NbsCy, the dissociation energy of
Nb¢C3 corresponding to the dissociation path NbgCz — NbgCy + C yields a small local
maximum, indicating slightly higher stability compared to neighboring clusters. This result
is consistent with the results of the average binding energy.

The second-order difference (A,E) refers to taking the difference again based on the
first-order difference of energy. A;E, a more sensitive quantity, reflects the relative stability
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of the clusters. Positive peaks of A>E indicate greater stability of the cluster, while a smaller
A, E suggests weaker stability of the cluster. The AyE values of NbsC,, and NbgCy, (n =1-7)
clusters were determined using the formulas:

AE (NbsCh) = E(NbsCy 1) + E(Nb5Cpy1) — 2E(Nb5Ch) )

A2E (NbgCh) = E(NbsCy, 1) + E(NbgCpry1) — 2E(NbgCh) (6)

where E(Nbs /4Cy—1), E(Nbs5 /4Cn), and E(Nbs /6Cp.+1) represent the total energy of Nbs /6C—1,
Nbs,6Cn, and Nbs,6Cp41, respectively. The AE is presented in Table 2 and plotted in
Figure 3 as a function of the number of C atoms. The minima of NbsC, (n = 1-7) are
found at Nb5C3 and NbsCs, indicating that these clusters show obviously weak stability.
The maxima of NbsC,, are found at n = 2 and 6, indicating that NbsC, and NbsCg pos-
sess higher stability than their neighbors. The curve for DE shows a similar behavior in
Figure 3, confirming the thermodynamic stability of these clusters. For NbsCp (n = 1-7),
A,E initially decreases, then increases, and gradually decreases again from n = 3 to 6.
The curve of AyE reaches a small local maximum at n = 3, showing a trend similar to the
dissociation energy, implying that the stability of NbgC3 clusters is slightly higher than that
of neighboring clusters.

Comparing the analysis results of average binding energy, dissociation energy, and
second-order difference energy, it can be observed that NbsC, and NbsCgy exhibit signif-
icantly higher stability. The stability of NbgCs is slightly higher among NbgCy, clusters
but not notably so. Next, we use ab initio molecular dynamics (AIMD) analysis to explain
the reasons for the higher stability of NbsC, and NbsCg. Furthermore, whenn =1 and
n =7, due to the limitations imposed by the cluster sizes computed in this study, NbsC
and Nb5Cy as well as NbsC and NbgCy are positioned at the endpoints of the line. Their
stability will also be further discussed in conjunction with AIMD analysis.

2.4. Stability Analysis via AIMD Simulations

In the above discussion, through a comprehensive comparison of the results of average
binding energy, dissociation energy, and second-order difference energy, we identified that
NbsC, and NbsCy clusters exhibit higher stability. To analyze the reasons for the stability
of these clusters, AIMD simulations, implemented in Born-Oppenheimer MD (BOMD)
format, were conducted to analyze their stability. Additionally, AIMD calculations were
performed on clusters positioned at the endpoints, namely NbsC, NbsCy, NbsC, and NbCy.
Each system was set at three different temperatures (100 K, 200 K, and 300 K) under vacuum
conditions and maintained a certain temperature stability every 15 fs. The simulations
allowed us to observe the thermal motion of the atoms and the geometric fluctuations in
these systems. Figure 4 presents the root mean square deviation (RMSD) curves for the
three AIMD trajectories at these temperatures. Here, RMSD is defined as the square root
of the mean square difference between the position where each atom moves and its initial
position. The trajectory from the beginning to the end is represented by three colors: red,
white, and blue. The more overlapping of the atoms represented by these three colors, the
smaller the range of atomic fluctuations, corresponding to smaller RMSD values and better
thermal stability.

As can be seen in Figure 4, by comparing the RMSD of these systems, it is evident that the
order of fluctuation amplitude is NbsCy(NbsCg) < NbgC < NbsC7 < NbgC7 < NbsC. Neither
isomerization nor dissociation of these systems was observed during 2000 fs simulations at
the three temperatures, which implies that the thermal stability should never be underesti-
mated, at least in vacuum and not too high temperature. As the temperature increases, the
differences in the ability of different systems to maintain equilibrium gradually manifest.
For NbsC, NbsC7, and NbgCy, the fluctuation amplitude significantly increases with the
increase in temperature, and no regular vibration period forms. Especially, the RMSD
values of NbsC do not show a convergence trend, indicating that it is likely to undergo
dissociation. By contrast, for NbsCy, Nb5Cg, and NbgC, the variation amplitude with
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temperature change is not significant (usually less than 0.1 A), and it has a relatively obvi-
ous vibration period (about 250 fs) with a clear convergence trend, indicating that these
structures have a certain degree of flexibility and can also maintain good stability.
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Figure 4. RMSD of (a) NbsC; (b) Nb5Cp; (c) NbsCy; (d) NbsCy; (e) NbgC; and (f) NbgCy at three differ-
ent temperatures. The trajectories have been aligned to the first frame prior to the RMSD calculation.

The reasons for the differences in stability among the different systems can also be
analyzed based on the atom colors (red—white-blue) in Figure 5. For Nb5C;, and NbsCg,
they both exhibit a certain degree of symmetry and balanced bond lengths. The horizontal
movements have relatively small amplitudes, and the movements perpendicular to the
paper surface are almost stationary. This results in these structures having a better ability
to resist interference. On the other hand, the other candidates show a reduction or loss of
symmetry, leading to a decrease in their ability to resist interference. One example is the
loss of partial symmetry, as seen in NbgC. Although the positioning of the doped atoms on
the pentagonal ring distorts the structure of the pentagonal bipyramid, the overall structure
remains largely unchanged, allowing it to maintain a certain degree of stability. The second
example is the loss of symmetry through the addition of atoms, as observed in NbsC7 and
NbgCy. The additional atoms have a greater impact on their neighboring atoms, while their
impact on other atoms is relatively small, resulting in fluctuations occurring only between
a portion of the atoms and minimal overall decreases in stability. The worst case is NbsC,
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where the uneven bond lengths and fewer atoms result in weak binding forces between the
atoms. Consequently, this leads to the highest volatility at high temperatures.

(b)

Figure 5. AIMD simulation trajectories of (a) NbsC; (b) Nb5Cy; () Nb5Cg; (d) NbsCy; (e) NbgC; and
(f) NbgCy7, The left and right sides of each small image represent the trajectories at 100 K and 300 K,
respectively. The structures are extracted every 100 fs, the color corresponds to the time step and
varies as red—white-blue.

When comparing Figures 3-5, we can observe that NbsC;, NbsCgy, and NbyC clusters,
which exhibit high thermal stability, also perform well in terms of dissociation energy (Eq)
and second-order difference energy (A,E). Additionally, Nb5C, and Nb5C¢ correspond to
points where the slope of the average binding energy increases rapidly, indicating that
these structures are possible magic number clusters.

2.5. Density of States

To better understand the molecular orbitals of NbsC,, and NbgC,, (n = 1-7) clusters,
the total density of states (TDOS) and the partial densities of states (PDOS) of Nbs/Nbg
and C, atoms are plotted in Figures 6-9 using the BPW91 functional. TDOS refers to the
density of electronic states or the number of electronic energy levels per unit energy within
a given energy range. It describes the distribution of electronic energy levels within the
cluster and can be used to analyze the electronic structure of the material. The calculation
of PDOS involves decomposing DOS to obtain contributions from different atomic orbitals
or interatomic interactions. The calculation of NbsC,, (n = 1-7) is based on an unrestricted
open-shell treatment, and both alpha-TDOS and beta-TDOS are obtained. For NbeC,
(n = 1-7), the calculation predicts it to be a closed shell and the spin state is singlet. From
these graphs, it can be observed that for both NbsC;, and NbgCy, (n = 1-7) series, the PDOS
profiles of the C atoms are commonly lower, compared to the PDOS curves of Nb. With the
increase in the number of C atoms, the contribution of C atoms to the molecular orbitals
increases slightly. That is to say, Nb atoms play an important role during the formation
of molecular orbitals compared with the usually smaller contribution of C atoms. For
low energy regions (the first peak), C atoms are active and contribute significantly to the
molecular orbitals. However, as the energy increases, the contribution of C atoms decreases.
In particular, the contribution of C atoms to the frontier molecular orbitals is very small. We
provide the compositions of the frontier molecular orbitals (alpha-HOMO, alpha-LUMO,
beta-HOMO, beta-LUMO) for the open-shell structures NbsC, (n = 1-7) and closed-shell
structures NbgCp, (n = 1-7) in Table 3 and Figures 10 and 11. The results indicated that
the HOMOs and LUMOs are primarily derived from the contribution of Nb atoms, and
the contribution from C atoms is commonly small. For example, for x-HOMO, 79.7-99.7%
is contributed by Nb atoms, while 0.3-20.3% is contributed by C atoms. For a-LUMO,
87.4-99.6% is contributed by Nb atoms, while 0.4-12.6% is contributed by C atoms. For
B-HOMO, 73.1-98.2% is contributed by Nb atoms, while 1.8-26.9% is contributed by C
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atoms. For 3-LUMO, 82.1-99.5% is contributed by Nb atoms, while 0.5-17.9% is contributed
by C atoms. For the NbsC,, (n = 1-7) cluster, 83.4-99.8% is contributed to HOMO by Nb
atoms, while 0.2-16.6% is contributed to HOMO by C atoms. Additionally, 88.1-99.2% is
contributed to LUMO by Nb atoms, while 0.8-11.9% is contributed to LUMO by C atoms.
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Figure 6. The total density of state (TDOS) and partial density of state (PDOS) of NbsC,, (n = 1-4)
with a full width at half maximum (FWHM) of 0.5 eV.
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Figure 7. The total density of state (TDOS) and partial density of state (PDOS) of Nb5C, (n = 5-7)
with a full width at half maximum (FWHM) of 0.5 eV.
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Figure 8. The total density of state (TDOS) and partial density of state (PDOS) of NbsCy, (n = 1-4)
with a full width at half maximum (FWHM) of 0.5 eV.
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Figure 9. The total density of state (TDOS) and partial density of state (PDOS) of NbgCy (n = 5-7)
with a full width at half maximum (FWHM) of 0.5 eV.
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Table 3. The compositions of the frontier molecular orbitals for open-shell structures of Nb5Cy and
closed-shell structures of NbgCpy (n = 1-7).

ot B
Isomer Atom Isomer Atom HOMO LUMO
HOMO LUMO HOMO LUMO
51 Nb 97.9% 99.5% 96.3% 98.2% 61 Nb 99.8% 99.2%
—a C 2.1% 0.5% 3.7% 1.8% 4 C 0.2% 0.8%
59 Nb 99.7% 99.6% 98.2% 99.5% 62 Nb 97.4% 97.8%
- C 0.3% 0.4% 1.8% 0.5% ~ea C 2.6% 2.2%
5.3 Nb 96.8% 98.4% 93.5% 92.0% 63 Nb 94.4% 94.5%
o C 3.2% 1.6% 6.5% 8.0% ~oa C 5.6% 5.5%
5.4p Nb 93.8% 90.7% 95.4% 91.9% 64 Nb 84.3% 98.3%
B C 6.2% 9.3% 4.6% 8.1% - C 15.7% 1.7%
55 Nb 92.6% 94.9% 73.1% 86.2% 6.5 Nb 83.4% 90.8%
~a C 7.4% 5.1% 26.9% 13.8% ~a C 16.6% 9.2%
56 Nb 91.0% 92.3% 94.7% 90.2% 66 Nb 84.2% 93.4%
-oa C 9.0% 7.7% 5.3% 9.8% ~oa C 15.8% 6.6%
5.7 Nb 79.7% 87.4% 84.7% 82.1% 67 Nb 88.8% 88.1%
/e C 20.3% 12.6% 15.3% 17.9% a C 11.2% 11.9%
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Figure 10. Molecular orbitals (isosurfaces = 0.05) and energy levels of Nb5Cy, (n = 1-7).
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Figure 11. Molecular orbitals (isosurfaces = 0.05) and energy levels of NbgCy, (n = 1-7).
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3. Computational Methods

The ground states of Nb5Cp, and NbgCp, (n = 1-7) clusters were determined using DFT
with the generalized gradient approximation by employing GAUSSIAN programs [36]. In
recent years, various algorithms and strategies have played an important role in exploring
the potential energy surface (PES) of clusters [37-39]. We first performed the search for
the global minima on the PES for NbsC,, and NbgCr, (n = 1-7) systems using the stochastic
kicking (SK) method [40-42]. In recent years, our research group has effectively predicted
the ground-state structures and electronic properties of binary mixed clusters utilizing
the SK-DFT method [4,19,35,43]. All of the atoms are placed at the same point initially
and then are “kicked” randomly with a sphere of some radius. The kick method was
run approximately 500 times at the BPW91/3-21G level until no new minima appeared.
Subsequently, several relevant lower-lying isomers were selected for further optimization
utilizing the larger basis set. The triply-split basis set with polarization and diffuse functions,
6-311+G(2d) and SDD pseudopotential basis set, which accounts for relativistic effects,
were used for C atoms and Nb atoms, respectively. The BPW91 functional was employed
in these calculations [44,45], which has been successfully used in the calculations of Nb
clusters [46-48]. Different possible spin multiplicities were also considered for each of these
structural isomers to determine the preferred spin states of these complexes. For Nb5C,
(n = 1-7) clusters, spin multiplicities of 2, 4, 6, and 8 were considered during the calculation
process, while for NbsC,, (n = 1-7) clusters, spin multiplicities of 1, 3, 5, and 7 were
considered. Spin-restricted DFT calculations were employed for the singlet state, while spin-
unrestricted DFT calculations were employed for all other electronic states. The calculated
results showed that the most stable structures of Nbs;C,, and NbgCy, (n = 1-7) prefer the
lowest spin state. Vibrational frequency calculations were performed to ascertain the
stability of lowest energy isomers. Hence, the structures depicted in Figure 1 represent true
local minima as they exhibit positive frequencies. In addition, the low-lying energy isomers
identified in Figure 1 were recalculated with higher precision using the Def2-DZVPP basis
set instead of the SDD basis set, as shown in Table S2 of the Supplementary Materials.
VIP is defined as the energy difference between the cation clusters at optimized neutral
geometry clusters and optimized neutral clusters: VIP = E(cation clusters at optimized
neutral geometry) — E(optimized neutral). AIMD simulations were performed with ORCA
5.0 code [49], and the dynamic trajectories were visualized by Visual Molecular Dynamics
(VMD 1.9.3) software [50]. In the simulations, the BPW91 functional was selected, the step
size was set to 1 fs, and a CSVR thermostat with a time constant of 15 fs was employed
to maintain the temperature. Density of states and orbital composition analysis were
performed by the Multiwfn program [51] and visualized by VMD 1.9.3 software.

4. Conclusions

The geometries, stabilities, and electronic properties of niobium carbide clusters,
NbnCh (m =5, 6; n = 1-7), have been investigated within the framework of density
functional theory. The average binding energy, dissociation energy, and second-order
difference energy, combined with AIMD simulations, are used to discuss the stability of
Nb,Cp (m =5, 6; n = 1-7) clusters. The results reveal that Nb5C,, NbsCg, and NbgC exhibit
relatively higher thermodynamic stability among all clusters investigated in this study. In
addition, the molecular orbitals of Nby,,C, (m =5, 6; n = 1-7) are primarily contributed by
niobium atoms, and niobium atoms contribute approximately 73.1-99.8% to Nb,»Cy (m =5,
6; n = 1-7) clusters. By contrast, carbon atoms make a modest contribution, ranging from
0.2% to 26.9%.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29133238/s1, Table S1: Cartesian coordinates for the
lowest energy structure of Nby, C, (m = 5,6; n =1-7) at the BPW91/Nb/SDD//C/6-311+G(2d) level;
Table S2: The relative energies of Nby, C, (m = 5,6; n =1-7) at the BPW91/Nb/SDD/ /C/6-311+G(2d)
and BPW91/Nb/Def2-TZVPP//C/6-311+G(2d) level.
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