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Abstract

:

For bulk three-dimensional materials, it is common for the surface to melt at a slightly lower temperature than the bulk. This is known as surface melting, and is typically due to the fact that there are fewer bonds to surface atoms. However, for small clusters, this picture can change. In recent years, there have been investigations of the B19 and B19− clusters, which show striking diffusive behavior as they are heated to 1000 K. We wondered what the effect of substituting a few carbon atoms would be on the properties of these small clusters. To this end, we carried out extensive structural searches and molecular dynamics simulations to study the properties of C3B16 and C2B14− at elevated temperatures. The ground state structures and lowest energy isomers for these clusters were determined and calculated. The lowest energy structures are two-dimensional with vacancies inside. The C atoms are located in the outer ring in the ground state. At 1400 K, the outer rim containing the carbon atoms has fixed bonding, while the interior atoms are able to diffuse freely. Therefore, both of these clusters display interior melting at 1400 K. This interior melting is explained by the larger bond strength of the rim atoms. Molecular dynamics simulations at 3000 K showed complete melting and we observed a wide variety of configurations in both clusters.
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1. Introduction


For bulk three-dimensional materials, it is common for the surface to melt at a slightly lower temperature than the bulk. This is known as surface melting, and is typically due to the fact that there are fewer bonds to surface atoms [1]. However, for small clusters this picture can change. Recently, there have been investigations of the B19 and B19− clusters which show striking diffusive behavior as they are heated to 1000 K. We wondered what the effect of substituting a few carbon atoms would be on the properties of these small clusters. To this end, we carried out extensive structural searches and molecular dynamics simulations to study the properties of C3B16 and C2B14− at elevated temperatures.



Wang and Boldyrev’s groups studied B19−. They found a planar structure, and theoretical calculations showed that the global minimum of B19− is a nearly circular planar structure with a central B6 pentagonal unit bonded to an outer B13 ring [2]. They also studied B162− with 10 π-electrons, which is an interesting all-boron analogue of naphthalene [3].



In 2015, Wang et al. found that a B11− cluster at elevated temperatures can have the outer ring of atoms move freely like a tank tread [4]. In 2017, Wang et al. studied why nanoscale tank treads move in the doped boron cluster B10C [5]. Jalife et al. also studied the dynamic behavior of planar boron clusters. They observed an interesting rotation of inner rings of atoms compared to outer rings [6]. Zhai and co-workers reported dual dynamic modes in binary clusters [7]. They also studied the Mg2B8 cluster, which can be considered a nanoscale compass [8].



Several other studies of dynamics in small B clusters have been reported. Jiménez-Halla et al. published the observation of a B19− aromatic wankel motor [9]. Internal rotation in B13+ was studied with chemical bonding analysis [10], and activated with a laser [11]. Further work includes Reference [12]. In 2014, a single C atom substitution into B19− shut down the fluxionality in the anion [13]. One carbon atom substituted into the structure (in the neutral CB18) enforced bond localization.



Wang and colleagues published a comprehensive review article on planar B clusters in 2016 [14]. They discussed photoelectron spectroscopy of size-selected boron clusters from planar structures to borophenes and borospherenes. They found that interior holes or vacancies are only seen in the ground state when you reach a minimum size of B20−. Wang et al. observed dynamic fluxionality in a B15+ cluster, and they labeled this a nanoscale double-axle tank tread [15]. Borospherene (B40) is predicted to act as a support-free spherical two-dimensional liquid at moderate temperatures [16]. In other words, B40 could be called a nanobubble.



There has also been a study of a small mixed C and B cluster CB6, which found that the C avoids hyper coordination [17]. Wang’s group also investigated the doping of B clusters with transition metals. For example, the planar CoB18− cluster was examined as an example of metallo-borophenes [18]. Liu et al. studied IrB12− and changed a rigid boron B12 platelet to a Wankel motor [19].



There are a large number of techniques for comprehensive geometrical searches for the structures of small clusters. A review of the literature, as well as a recent example of a first principles molecular structural search using genetic algorithms, is described by Supady et al. [20].



In this paper, we examine the result of substituting two or three C atoms into small B clusters. In particular, 20,000 possible configurations were examined in a comprehensive search for the ground state and low-level excited states of C2B14− and C3B16. Due to the large computational cost of the comprehensive searches with these large clusters, two representative clusters of different sizes were chosen for study (one neutral and one ionized). In both cases, the ground state configurations are flat with the C atoms around the edges. Internal vacancies are observed in the ground states. These vacancies permit the inner atoms to move freely at temperatures of 1000 K and 2000 K in density functional theory (DFT) molecular dynamics simulations. At 3000 K, both clusters were fully melted and displayed a wide variety of configurations.




2. Computational Methods


The geometric search was performed using Gaussian, with starting configurations generated at random using the coalescence kick method (CK-Search) [21,22]. This method has been employed successfully by many groups to study small clusters. DFT was used at the PBE1PBE/3–21G and higher levels. Approximately 20,000 geometries were produced for both C2B14− and C3B16. Then ~15,000 geometries were optimized in each case at the 3–21G level. The geometries were then optimized up to the PBE1PBE/6–311+G(d) level. Finally, accurate energies were generated for the 20 lowest structures in each case using Coupled Cluster Single-Double and perturbative triple CCSD(T) theory with 6-311+G(d) basis.



Born–Oppenheimer ab initio molecular dynamics simulations were performed using periodic cells with a single cluster in the center. The unit cell was fixed at 15.0 Å × 15.0 Å × 15.0 Å. The spacing between adjacent cells ensures good isolation. The DFT-D and Tkatchenko–Scheffler (TS) methods were used in CASTEP [23] in Materials Studio 8. A cutoff energy of 280 eV, “fine” parameters, SCF tolerance = 3 × 10−6, smearing = 0.03, and the Nosé–Hoover thermostat were used.




3. Results and Discussion


In Figure 1, we show the results of the comprehensive geometry search for C2B14−. The energies are listed at the CCSD(T) level, relative to the ground state at the top left. The ground state for this cluster has 11 B atoms in a compact and flat configuration with the two C atoms located around the outer edge. The system has one C atom with just two double bonds to neighboring B atoms (as determined by bond length in Materials Studio). Unusually, a vacancy is observed in the ground state of the cluster. A similar configuration is also observed with relative energy +1 eV. Surprisingly, the fully compact configuration has an energy of +6.8 eV, and is slightly curved. In all eight of the lowest energy configurations, the two C atoms are located on the outside of the cluster. Hirshfeld charge analysis reveals that most of the charge is located on the C atoms, with a net charge of 0.20e and 0.34e on the two C atoms, respectively.



In Figure 2, the lowest energy configurations for the C3B16 cluster are shown. The ground state is at top left with relative energy 0 eV. The three lowest energy configurations are flat. The next two configurations with relative energy 0.54 eV are curved. The bottom right two configurations at higher energies show a three-dimensional (3D) structure. The carbon atoms are generally located in the outer rim, although the second configuration has one C atom in the center. Vacancies are observed in all of these configurations.



A snapshot from the C2B14− molecular dynamics movie at 1400 K is displayed in Figure 3. The bonding configuration stays generally the same during this movie. The outer rim atoms still stay bonded in the same order. Therefore, this cluster shows interior melting at 1400 K. In the supplemental information, movies at 1000 K, 1400 K, 2000 K, and 3000 K for this cluster are available. As the temperature is raised from 1000 K to 2000 K, the exterior atoms stay locked in place, while the interior is liquid. As the temperature is raised, the motion increases, and the clusters fold more. Figure 4 shows the last frame from the 2000 K simulation.



For C3B16, the molecular dynamics simulations at 1000 K, 1400 K, and 2000 K show that the outer atoms still maintain their relative order, while the inner atoms and vacancies are diffusing around. Therefore, the interior is liquid, while the outer rim is still solid in this temperature range. This cluster has an unusual form of interior melting as opposed to surface melting. Frames at 39 ps and 40 ps from the 1400 K molecular dynamics (MD) simulation are shown in Figure 5. A snapshot from the 40-ps MD movie at 2000 K is shown in Figure 6. The outer rim atoms stay in order. Therefore, this cluster shows interior melting at 1400 K. Portions of the MD movies at 1000 K, 1400 K, 2000 K, and 3000 K are included in the supplemental material.



The interior melting of these clusters is explained by the unusually large bond strength of the rim atoms. This may be due to several effects, including the two-dimensional (2D) nature of some of the clusters, the presence of C atoms in the rim, and the specific bonding. Stronger bonding of the rim atoms has been observed previously in small 2D B clusters. For boron-based 2D clusters, the rim has relatively strong 2c–2e sigma bonds and delocalized pi and sigma bonds with respect to the interior delocalized pi and sigma bonds [24]. The presence of C atoms primarily in the rim, and the lack of hyper-coordination for C are consistent with and explained by the recent results of Feng and Zhai [25].



Molecular dynamics simulations were also carried out at 3000 K to explore the higher temperature regime. At 3000 K, the C3B16 cluster is completely melted. A wide variety of structures are observed including flat two-dimensional structures, compact three-dimensional structures, and mixed or other structures. At some points, carbon atoms are able to penetrate the interior of the cluster. Even after 40 ps, flat 2D structures (with all three carbons on the outside) similar to the ground state structures are still observed. This confirms the results of the comprehensive geometric search. Furthermore, when the system is in one of these flat 2D structures, it is more stable than when it is in one of the other three-dimensional structures. Movies of these high-temperature liquid clusters are included in the supplemental information. The molecular dynamics simulation of C2B14− at 3000 K also shows that the cluster is completely melted and able to access a wide variety of configurations.




4. Conclusions


In this paper, we examined the result of substituting two or three C atoms into small B16 and B19 clusters. Using extensive computation, 20,000 possible configurations were examined in a comprehensive search for the ground state and low-level excited states of C2B14− and C3B16. The ground state configurations are flat with the C atoms around the edges. Low symmetry structures and unusual two-dimensional structures were found. The energies of the lowest excited states were accurately determined. Unusual vacancies were observed in the ground states. These vacancies permit the inner atoms to move freely at temperatures between 1000 K and 2000 K in DFT molecular dynamics simulations. Therefore, both clusters display unusual interior melting in this temperature range. This interior melting is due to the increased bonding strength of the outer rim atoms. At 3000 K, both clusters were completely melted, and were able to access a wide variety of configurations. Molecular dynamics movies are available in the supplemental information.








Supplementary Materials


Molecular dynamics movies of the simulations are available available online at http://www.mdpi.com/2410-3896/2/4/35/s1. Note that the two clusters have different frame rates in the movies.
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Figure 1. Lowest energy configurations for C2B14−. Energies in eV are shown relative to the ground state at the top left. These configurations are all relatively flat, with the ground state flat. The carbon atoms are located in the outer rim. Vacancies are observed in most of these configurations. 
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Figure 2. Lowest energy configurations for C3B16. The ground state is shown at top left with relative energy 0. The three lowest energy configurations are flat. The next two configurations with relative energy 0.54 eV are curved. The bottom right two configurations at higher energies show a three-dimensional (3D) structure. The carbon atoms are generally located in the outer rim, although the second configuration has one C atom in the center. 
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Figure 3. Snapshot from a 10-ps C2B14− molecular dynamics movie at 1400 K. The bonding configuration stays generally the same during this movie. The outer rim atoms still stay bonded in the same order. 
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Figure 4. Last frame of the C2B14− simulation, 9 ps, 2000 K. 
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Figure 5. Two snapshots from the C3B16 molecular dynamics movie at 1400 K. (a) is the result at 39 ps, and (b) at 40 ps. The outer rim atoms are able to oscillate, but the outer atoms stay bonded in the same order. The bonding and the inner atoms change as the open areas or vacancies and the atoms diffuse around the interior of the cluster. 
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Figure 6. Snapshot from the 40-ps C3B16 molecular dynamics movie at 2000 K. Much more motion is observed, including larger holes and faster changes. The outer rim atoms still stay bonded in the same order. 
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