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Rovibrational spectral data for several tetra-atomic silicon carbide clusters (TASCCs) are computed in this work using a CCSD(T)-F12b/cc-pCVTZ-F12 quartic force field. Accurate theoretical spectroscopic data may facilitate the observation of TASCCs in the interstellar medium which may lead to a more complete understanding of how the smallest silicon carbide (SiC) solids are formed. Such processes are essential for understanding SiC dust grain formation. Due to SiC dust prevalence in the interstellar medium, this may also shed light on subsequent planetary formation. Rhomboidal Si2C2 is shown here to have a notably intense (247 km mol−1) anharmonic vibrational frequency at 988.1 cm−1 (10.1 μm) for ν2, falling into one of the spectral emission features typically associated with unknown infrared bands of various astronomical regions. Notable intensities are also present for several of the computed anharmonic vibrational frequencies including the cyclic forms of C4, SiC3, Si3C, and Si4. These features in the 6–10 μm range are natural targets for infrared observation with the James Webb Space Telescope (JWST)’s MIRI instrument. Additionally, t-Si2C2, d-Si3C, and r-SiC3 each possess dipole moments of greater than 2.0 D making them interesting targets for radioastronomical searches especially since d-SiC3 is already known in astrophysical media.
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INTRODUCTION
Small silicon carbide (SiC) clusters are hypothesized to be an integral step in the process that begins with the nucleosynthesis of carbon and silicon in small, carbonaceous asymptotic giant branch (AGB) stars and leads to the formation of SiC dust grains found in the interstellar medium (ISM) (Mélinon et al., 2007). Several steps along the process of formation from the atomic level to fractal aggregate dust grain structures are not entirely known (Matthews et al., 2007), but their aggregation is thought to have a direct impact on protoplanetary disk formation. Understanding the composition of stellar atmospheres and nebulae may lead to newfound insight into these processes of dust formation.
The only direct way to study interstellar dust grains is through chemical inspection of primitive chondrite meteorites which accreted before the formation of our Solar System. A chemical isolation technique for SiC dust grains found on primitive chondrite meteorites has long been established (Bernatowicz and Fraundorf., 1987; Nittler and Alexander, 2003) and has shown that SiC dust grains are prevalent in proto-planetary dust clouds. The prevalence of these grains on chondrite meteorites may indicate that SiC species should be targeted for observation in the unidentified infrared/microwave spectra of the interstellar medium.
In addition to terrestrial identification from meteorites containing proto-solar SiC dust grains, some SiC clusters have been accurately identified in stellar environments of carbonaceous AGB stars. The diatomic radical, SiC (Cernicharo and Gottlieb., 1989) along with the triatomic radical (Thaddeus et al., 1984) and closed-shell (Prieto et al., 2015) species of SiC2 and Si2C (Cernicharo et al., 2015), have all been identified in the circumstellar envelope of IRC+10216 (CW Leo). The only cyclic tetra-atomic species identified to date in the ISM is SiC3 (Apponi and McCarthy., 1999a), which was also detected in the aforementioned star IRC+10216. These species have all been detected with rotational spectroscopy. Such observations suggest that the SiC chemistry of these astronomical regions may be richer than has been observed to date. However, the observations so far have been limited to molecules with permanent dipole moments allowing for their detection via rotational spectroscopy. With the new JWST, similar molecules without dipole moments, such as some tetra-atomic silicon carbide clusters (TASCCs), may now be observable by infrared spectroscopy, but the data needed to elucidate such spectra first need to be generated here on Earth.
To that end, the spectral data for the pure carbon cluster, rhomboidal (r-)C4, has been extensively studied both experimentally (Algranati et al., 1989; Blanksby et al., 2000) as well as theoretically (Martin et al., 1996; Martin and Taylor, 1996; Varandas and Rocha, 2018; Wang and Whithey, 2018) at many different levels of theory including at the CCSD(T)/cc-pCV5Z level of theory by Wang and Bowman in 2013 (Wang and Bowman, 2013). In stepping into the silicon analogues of this molecule, cyclic SiC3 includes two C2v isomers, one exhibiting a transannular C-C bond and the other a transannular Si-C bond. The former will be referred to as diamond SiC3, or d-SiC3 hereafter. The d-SiC3 isomer, in particular has been a focus of previous theoretical and experimental work as it is currently the only cyclic tetra-atomic species identified in the ISM (Apponi and McCarthy., 1999a). Thus, previous theoretical (Linguerri et al., 2006), experimental microwave spectroscopy (Apponi and McCarthy., 1999b; McCarthy et al., 2019), and astronomically-observed (Apponi and McCarthy., 1999a; McCarthy et al., 2019) spectral data are available. The isomer of SiC3 with a transannular Si-C bond, which will be referred to as r-SiC3 hereafter, has been previously studied theoretically (Linguerri et al., 2006) and experimentally (McCarthy et al., 1999). While some spectral data do exist, the complete set of spectral data have yet to be produced especially for vibrational spectra of these SiC3 isomers. As such, the existing experimental data for these molecules will serve to benchmark the computations performed herein, but new data will also be provided beyond these benchmarks.
Two isomers of Si2C2, a rhomboidal D2h structure with a transannular C-C bond and a Cs trapezoidal isomer with a transannular Si-C bond, have been studied experimentally (Presilla-Márquez et al., 1995) using vibrational spectroscopy. The r-Si2C2 species with a C-C transannular bond has also been theoretically studied using density functional theory (DFT) at the B3LYP/6-311G(3df) level of theory (Yadav et al., 2006). Trapezoidal (t-)Si2C2 and r-Si2C2 isomers with transannular Si-Si bonds have only been studied theoretically at the MP2/6-31G* level (Lammertsma and Güner, 1988). A higher level of theory could be useful in corroborating these early computations making more modern computations on these structures necessary.
Two isomers of Si3C are studied in this work. Like with the SiC3 isomers, r-Si3C exhibits a transannular Si-C bond, while d-Si3C possesses a transannular Si-Si bond. The r-Si3C isomer has been studied in the laboratory via vibrational spectroscopy (Presilla-Márquez and Graham, 1992; Stanton et al., 2005; Truong et al., 2015). Both isomers have only been theoretically studied in regards to their spectroscopic constants (Rittby, 1992) more than 30 years ago at the Hartree-Fock level of theory. Lastly, only the r-Si4 cation has been both theoretically and experimentally studied (Savoca et al., 2012). Conversely, theoretical spectral data are currently unavailable for the neutral species of r-Si4 leaving the door open for a more complete theoretical analysis and spectroscopic characterization of these structures.
Despite all the previous work discussed previously, high level theoretical methods have only been applied to three of the nine TASCCs with various levels of spectral completeness reported. Additionally, one experimental study has investigated the spectral data of heteroatomic TASCCs (Babin et al., 2021), while another study has undertaken DFT analysis with the 6-311G* basis set for various TASCC cations (Lavendy et al., 1997). The current work applies recent advancements in modern approaches to all nine TASCCs herein including the first high-level computations for the remaining six species. By covering every combination of Si and C in a tetra-atomic molecule, this work will examine the effect of silicon doping on the IR emission bands for carbide clusters, which previously has only been briefly studied (Inostroza et al., 2008; Savoca et al., 2013), and no work has studied this effect on TASCCs.
In light of a need for modern approaches, this work utilizes quartic force field (QFF) methods to produce highly-accurate, explicit anharmonic vibrational frequencies, rotational constants, and other spectroscopic constants for each of the molecules studied herein. A QFF is a fourth-order Taylor series expansion of the potential portion of the internuclear Watson Hamiltonian (Fortenberry and Lee, 2019). Previous work has shown that QFF techniques produce fundamental anharmonic frequencies that are accurate to within 5–7 cm−1 of gas-phase vibrational frequencies and within about 20 MHz of experimental rotational constants (Huang and Lee, 2008, 2009; Huang et al., 2011; Fortenberry et al., 2012; Huang et al., 2013; Fortenberry et al., 2014a, 2015; Zhao et al., 2014; Kitchens and Fortenberry, 2016; Bizzocchi et al., 2017; Fortenberry et al., 2018a; Valiev et al., 2020; Gardner et al., 2021). These constants may be used to aid in determination of the molecules responsible for unidentified peaks in the infrared and microwave spectra in nebulae, gas clouds, circumstellar envelopes, or other astronomical environments. Accurate characterization of these environments may lead to a more complete understanding of the processes that lead to their evolution possibly including dust nucleation and planet formation. Vibrational observation may be promising for the novel molecules studied herein as JWST’s MIRI instrument can resolve spectra at frequencies down to roughly 350 cm−1 (28 μm).
COMPUTATIONAL METHODS
The present QFFs are computed at two different levels of theory for each TASCC. Both methods use coupled cluster theory at the singles, doubles, and perturbative triples level (Raghavachari et al., 1989) within the explicitly correlated F12b formalism, or CCSD(T)-F12b (Adler et al., 2007; Peterson et al., 2008; Knizia et al., 2009; Huang et al., 2010). The first QFF method utilizes the cc-pVTZ-F12 basis set alone, and this combination will henceforth be abbreviated as “F12-TZ”. F12-TZ has been shown to yield accurate results for vibrational frequencies, within 5–7 cm−1 compared to gas-phase experiment, and it still exhibits far greater time savings than previously used composite, coupled cluster methods (Agbaglo et al., 2019; Agbaglo and Fortenberry, 2019a,b; Gardner et al., 2021). The second QFF method employs the cc-pCVTZ-F12 (Hill and Peterson, 2010) basis set to include the effects from core electron correlation (cC) with additional corrections for scalar relativity (R). This composite method is hereafter abbreviated “F12-TZ-cCR” (Watrous et al., 2021). In addition to including core correlation in the computation, the F12-TZ-cCR method utilizes Douglas-Kroll scalar relativistic corrections (Douglas and Kroll, 1974) in its single-point energy computations at the CCSD(T)/cc-pVTZ-DK level of theory to produce a more accurate description of the potential energy surface for an increased computational cost relative to F12-TZ that is still far less than the composite methods used previously.
All of the QFFs reported in this work are computed in the same, general manner beginning with the optimization of the molecular geometry with the CCSD(T)-F12b method whether excluding (F12-TZ) or including (F12-TZ-cCR) core electron correlation in the computation. All also utilize the MOLPRO 2020.1 quantum chemical program (Werner et al., 2020). The resulting optimized geometry serves as a reference point from which the INTDER program (Allen., 2005) displaces bond lengths and angles/torsions by 0.005 Å and radians, respectively (Huang and Lee, 2008). For the tetra-atomic D4h and D2h molecules, such as rhomboidal C4 and Si4 and the rhomboidal and diamond isomers of Si2C2, 233 displacement points are required utilizing the following symmetry-internal coordinates (SICs) with atomic labels, as shown in Figure 1. QFFs of this connectivity have previously employed such a coordinate system (Westbrook and Fortenberry, 2020).
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[image: Figure 1]FIGURE 1 | Visual depiction of the optimized structures for each TASCC with atomic labels, including molecular bond lengths reported in Å, computed at the F12-TZ-cCR level of theory. Silicon is shown in tan and carbon is shown in gray. These are ordered as (top row, from left) r-C4, d-SiC3, r-SiC3, r-Si2C2, t-Si2C2 (bottom row) d-Si2C2, r-Si3C, d-Si3C, r-Si4.
Differently, 413 displacement points, as employed previously (Fortenberry et al., 2013; Bassett and Fortenberry, 2018), are computed for the cyclic C2v molecules (r-Si3C and d-SiC3) incorporating the following SICs with atom labels given in Figure 1.
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Furthermore, 665 points are used for the Cs molecule in this study (d-Si3C) with the following SICs from earlier work (Fortenberry et al., 2018b, 2019; Fortenberry, 2019) with atomic labels, shown in Figure 1.
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Finally, 743 symmetry-unique (for a total of 805) points, as incorporated in previous work (Fortenberry et al., 2011, 2012, 2020), are used for the planar Cs molecule in this study (t-Si2C2). The SICs for such a connectivity are labeled as shown in Figure 1.
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Regardless of the number of displacements, single-point energy computations are conducted at both levels of theory for each of the molecules analyzed in this work. Once the single-point energy computations finish, their relative energies are fit to a potential function by a least squares procedure with sums of squared residual values of better than 10–16 a. u.2, excluding d-Si3C, r-SiC3, and t-Si2C2/d-SiC3 which have slightly higher residuals of 10–13, 10–14, and 10–15 a. u.2, respectively. The QFF is then refit including corrections from the initial fitting to produce the final equilibrium geometry and zero-gradient force constants. The INTDER program (Allen., 2005) then converts the force constants from SICs into Cartesian coordinates. The Cartesian force constants provide greater flexibility for use in the SPECTRO program (Gaw et al., 1991), which utilizes second-order rotational and vibrational perturbation theory (Mills, 1972; Watson, 1977; Papousek and Aliev, 1982) (VPT2) to produce highly-accurate rovibrational constants and fundamental vibrational frequencies. SPECTRO also incorporates Fermi resonances as well as resonance polyads (Martin and Taylor, 1997), of the Supplementary Material, to increase the accuracy of the computed fundamental anharmonic vibrational frequencies and rotational constants. Coriolis resonances are included in the rotational constant computations, as well.
Additionally, the Gaussian16 (Frisch et al., 2016) program is used to compute transition intensities for each anharmonic vibrational frequency at the MP2/cc-pVDZ level of theory. This method has been shown to produce semi-quantitative accuracy for anharmonic infrared intensities at a low computational cost (Fortenberry et al., 2014b). Finally, dipole moments for each molecule are computed using the Molpro 2020.1 quantum chemical program (Werner et al.,2020).
RESULTS AND DISCUSSION
The fundamental anharmonic frequencies for r-C4 from a CCSD(T)/cc-pCV5Z semi-global potential energy surface within a variational approach (Wang and Bowman, 2013) compare well with the QFF VPT2 current data provided in Table 1. In each of these tables, ω represents the harmonic values of the vibrational frequencies, ν represents the anharmonic values, and the description of the modes (Desc.) is given in terms of the SICs from the previous section. These values all fall within 3.6 cm−1 (ν2) and 1.00% (ν6) of the F12-TZ-cCR data in this work while averaging a 1.8 cm−1 (0.32%) difference. Such correlation suggests that the F12-TZ-cCR QFF VPT2 treatment is handling the system well. In contrast, the F12-TZ values do not compare as well as the F12-TZ-cCR data to the previously determined CCSD(T)/cc-pCV5Z data. The ν2 frequency has the largest absolute difference of 10.7 cm−1 (0.85%), and the difference for the total set averages 4.6 cm−1 (0.46%). Thus, the F12-TZ-cCR method may come at the optimal ratio of accuracy and computational efficiency for chemical systems of the current nature. Equilibrium (e), vibrationally-averaged (0), and singly-vibrationally excited (n>0) rotational constants for r-C4 can be found in Table 2, along with the quartic (Δ and δ) and sextic (Φ and ϕ) distortion coefficients in the Watson A-reduced Hamiltonian and the dipole moment (μ), which by symmetry is zero in this case. The vibrational frequency at 1315.1 cm−1 (ν1) is the best candidate for potential vibrational observation as the frequency is above the [image: image] cm−1 cutoff for JWST’s MIRI, and the intensity is notable with a value of 159 km mol−1. The antisymmetric stretch of water, used here as a familiar basis for comparison, has an intensity of 70 km mol−1 implying that this frequency in r-C4 has a higher oscillator strength by more than a factor of two.
TABLE 1 | Harmonic (ω) and Fundamental (ν) Vibrational Frequencies (in cm−1) with Intensities (in km mol−1, in Parentheses) for r-C4. Mode descriptions (Desc.) refer to the SICs in Eqns. 1-24.
[image: Table 1]TABLE 2 | Equilibrium (e), vibrationally-averaged (0), and singly-vibrationally excited (n>0) principal rotational constants, quartic (Δ/δ) and sextic (Φ/ϕ) distortion constants, principal rotational constants, and quartic for r-C4.
[image: Table 2]The d-SiC3 structure is found to be the lowest energy cyclic isomer for the first silicon replacement analogue. It lies approximately 6.1 kcal mol−1 below r-SiC3. The d-SiC3 F12-TZ-cCR rotational constants compare well with previously determined experimental values by McCarthy et al. (McCarthy et al., 2019). The experimental and present theoretical F12-TZ-cCR spectroscopic constants found in Table 3 differ by just 0.20% for A0, 0.04% for B0, and 0.02% for C0, suggesting high-accuracy for the current method. The dipole moment of d-SiC3 is computed to be 4.03 D, comparing well with previous work (Alberts et al., 1990) which determined the dipole moment to be 4.2 D. This large dipole moment is likely the cause of d-SiC3’s previous detection in the ISM. F12-TZ-cCR rotational constants for r-SiC3 compare well with experimental values determined by McCarthy et al. (McCarthy et al., 1999), with the A0, B0, and C0 constants displaying differences of 0.08%, 0.02%, and 0.02%, respectively. The r-SiC3 isomer is shown to have a dipole moment of 2.07 D, also comparing well with a previous 2.2 D value (Alberts et al., 1990). The strength of the dipole moment for r-SiC3 may also lead to its radioastronomical detection. However, the slightly higher relative energy of this isomer and roughly half dipolar strength of the d isomer imply that the r isomer will likely have a notably smaller emission profile.
TABLE 3 | Equilibrium (e), vibrationally-averaged (0), and singly-vibrationally excited (n>0) principal rotational constants, quartic (Δ/δ) and sextic (Φ/ϕ) distortion constants, and dipole moments (μ) for SiC3 Isomers.
[image: Table 3]Differently, all harmonic frequencies reported for d-SiC3 and r-SiC3, found in Table 4, at the F12-TZ-cCR level provided herein exhibit notable deviations from previous theoretical work done by Linguerri et al. (2006) at the CCSD(T)/cc-pVQZ level of theory. The largest differences are 16.2 cm−1 (ω3 from d-SiC3; 1.64%) and 11.4 cm−1 (ω2 from r-SiC3; 1.01%). Linguerri et al. (2006) also report fundamental anharmonic frequencies using VSCF for both cyclic isomers of SiC3. These values compare poorly for both isomers with fundamental frequencies differing by up to 16.3 cm−1 (ν5; 3.98%) and 27.2 cm−1 (ν3; 3.31%) for the presently analyzed d-SiC3 and r-SiC3 isomers’ F12-TZ-cCR data, respectively. Such poor comparison of the anharmonic frequencies is to be expected for the relatively poor agreement in the harmonic frequencies. The most obvious difference between the present and previous studies is the inclusion of core electron correlation (or lack thereof). As a result, the present F12-TZ-cCR results should be producing more accurate data for subsequent experimental or observational comparison. Additionally, potentially observable fundamental frequencies for r-SiC3 include ν1 at 1525.5 cm−1 and ν3 at 793.8 cm−1 with intensities of 77 and 54 km mol−1, respectively, given favorable ISM conditions.
TABLE 4 | Harmonic (ω) and Fundamental (ν) Vibrational Frequencies (in cm−1) with Intensities (in km mol−1, in Parentheses) and Relative Energies (in kcal mol−1) for SiC3 Isomers. Mode descriptions (Desc.) refer to the SICs in Eqns. 1-24.
[image: Table 4]With the accuracy of the current methods benchmarked on the aforementioned species, this work presents the first high level theoretical data for the remaining isomers herein. Relative energies computed at the F12-TZ-cCR level for the three cyclic Si2C2 isomers determine that r-Si2C2 with the transannular C-C bond is the lowest energy isomer, followed by t-Si2C2, which is 7.5 kcal mol−1 higher in energy, and, lastly, the other d-Si2C2 isomer with the transannular Si-Si bond resides 83.8 kcal mol−1 higher in energy. Experimental matrix studies are available for ν2, shown to be 988.1 cm−1 in this work, and ν5, 383.0 cm−1 here, for r-Si2C2 with a transannular C-C bond (Presilla-Márquez et al., 1995). These values are determined to be about 5.2 (0.53%) and 0.8 cm−1 (0.21%) lower than the F12-TZ-cCR data found in Table 5, respectively. This agreement is relatively good, especially for ν5 which suggests the accuracy of both the experiment and computations. Matrix studies performed by Presilla-Márquez et al. (Presilla-Márquez et al., 1995) considered ν1 and ν3 as potential candidates for accurately observed vibrational frequencies of t-Si2C2, and the current work shows values for these modes differing by only 0.4 cm−1 (0.03%) for ν1 at 1537.6 cm−1 and 4.9 cm−1 (0.78%) for ν3 at 636.9 cm−1 for the F12-TZ-cCR computations found in Table 5. This may be promising for the vibrational observation of ν3 for t-Si2C2 in the ISM as the intensity is determined to be 63 km mol−1. The lowest energy isomer of cyclic Si2C2 is found to have an anharmonic vibrational intensity of 247 km mol−1 for ν2 at 988.1 cm−1, which is over three times more intense than that of the aforementioned antisymmetric stretch of water. Also, t-Si2C2 is found to have a strong dipole moment of 2.90 D given in Table 6, which suggests the molecule may be rotationally observable if present in high concentrations. This may be likely given the prevalence of SiC dust on chondrite meteorites and in the observed ISM.
TABLE 5 | Harmonic (ω) and Fundamental (ν) Vibrational Frequencies (in cm−1) with Intensities (in km mol−1, in Parentheses) and Relative Energies (in kcal mol−1) for Si2C2 Isomers. Mode descriptions (Desc.) refer to the SICs in Eqns. 1-24.
[image: Table 5]TABLE 6 | Equilibrium (e), vibrationally-averaged (0), and singly-vibrationally excited (n>0) principal rotational constants, quartic (Δ/δ) and sextic (Φ/ϕ) distortion constants, and dipole moments (μ) for Si2C2 Isomers.
[image: Table 6]The d-Si2C2 isomer with the transannular Si-Si bond displays a strong pseudo-Jahn Teller type-2 distortion effect in the potential energy surface of the molecule (Mintz and Crawford, 2010; Bersuker, 2021). Such behavior causes overlap in the surfaces between this isomer and r-Si2C2. This negates the computation for all of the fundamental vibrational frequencies, but the five that can be determined are reported in Table 5. The one that is missing involves the out-of-plane bend. The coordinates for this motion cause the orbital occupations to collapse to that of the r-Si2C2 isomer where the Cs symmetry is too low to distinguish the wavefunctions in the reference. Even so, the fundamentals reported herein should serve as estimates for any subsequent analysis. Intensities for d-Si2C2 are not computed due to the complexity of the type 2 pseudo-Jahn Teller distortion.
The current work presents the only spectroscopic constants computed at a high level of theory for cyclic Si3C isomers. The r-Si3C species is found to be the lowest energy isomer residing 49.6 kcal mol−1 below d-Si3C. Anharmonic vibrational modes of r-Si3C, found in Table 7, computed at the F12-TZ-cCR level compare well with previous experimental matrix studies performed by Presilla-Márquez and Graham (1992) differing by 5.8 cm−1 (1.62%) for ν4 and 5.4 cm−1 (1.06%) for ν3. Similarly, ν2 shows a maximum difference of 3.2 cm−1 (0.49%). Table 8 displays the rotational constants for both isomers. The d-Si3C species may be rotationally observable as the dipole moment for this molecule is determined to be 2.64 D. The d-Si3C isomer has no observable vibrational modes, meaning no modes above JWST’s high resolution cutoff of 350 cm−1 have an intensity near the anti-symmetric stretch of water, or 70 km mol−1. However, ν1 of r-Si3C has a higher intensity at 80 km mol−1. This may lead to the vibrational observation of this species in the ISM if found in sufficient quantities relative to adjacent molecular species.
TABLE 7 | Harmonic (ω) and Fundamental (ν) Vibrational Frequencies (in cm−1) with Intensities (in km mol−1, in Parentheses) and Relative Energies (in kcal mol−1) for Si3C Isomers. Mode descriptions (Desc.) refer to the SICs in Eqns. 1-24.
[image: Table 7]TABLE 8 | Equilibrium (e), vibrationally-averaged (0), and singly-vibrationally excited (n>0) principal rotational constants, quartic (Δ/δ) and sextic (Φ/ϕ) distortion constants, and dipole moments (μ) for Si3C Isomers.
[image: Table 8]Similarly to the previous isomers, this work provides the first high level theoretical spectral data for neutral r-Si4. Computed spectral data for r-Si4 are presented in Tables 9 and 10. The anharmonic frequency ν1 may be observable experimentally, as it is shown to have a reasonable intensity of 41 km mol−1.
TABLE 9 | Harmonic (ω) and Fundamental (ν) Vibrational Frequencies (in cm−1) with Intensities (in km mol−1, in Parentheses) for r-Si4. Mode descriptions (Desc.) refer to the SICs in Eqns. 1-24.
[image: Table 9]TABLE 10 | Equilibrium (e), vibrationally-averaged (0), and singly-vibrationally excited (n>0) principal rotational constants, quartic (Δ/δ) and sextic (Φ/ϕ) distortion constants, principal rotational constants, and quartic for r-Si4.
[image: Table 10]As silicon composition increases with each TASCC, the current data sheds some light on the effects of silicon doping on the spectral frequencies of tetra-atomic carbon clusters. This is possible due to a similar connectivity between r-C4, r-Si2C2 with a transannular C-C bond, and r-Si4. Tables 1, 5, and 9 and Figure 2 demonstrate that the addition of silicon to carbon clusters causes a redshift in each of the vibrational frequencies, agreeing with the work done on larger silicon clusters by Savoca et al. (2013). This can be seen with ν1 for each species with r-C4 coming at 1315.1 cm−1, C-C r-Si2C2 falling to 1069.7 cm−1, and r-Si4 coming down to 505.9 cm−1. While such a relationship is expected for heavier atoms, quantification of this relationship may aid in accurately identifying the silicon composition in stellar atmospheres of large carbonaceous stars, or subsequent novae and nebulae. Identifying the molecular framework and elemental ratios in these environments may lead to a more holistic understanding of their processes of formation, i.e. novae processes and the formation of the first interstellar dust grains. With SiC dust making up a large portion of the available cosmic dust for research on chondrite meteorites, characterization of carbon to silicon ratios in various astronomical environments may lead to a better understanding of the ISM and the processes that lead to its formation but only if data such as those provided herein can be utilized to detect more SiC molecules and clusters.
[image: Figure 2]FIGURE 2 | Stick spectra of r-C4, r-Si4, and r-Si2C2 at the F12-TZ-cCR level of theory showing the decreasing frequencies with Si concentration.
CONCLUSION
The most promising anharmonic fundamental frequency for astronomical vibrational detection for these silicon carbide clusters is the ν2 frequency at 988.1 cm−1 (10.1 μm) of r-Si2C2 with a transannular C-C bond displaying a very large intensity of 247 km mol−1. This frequency may be a distinct feature in the unidentified IR spectrum and would be a likely candidate for observation if found in sufficient concentrations. Other notable IR features for possible observation include ν1 of r-C4 (1315.1 cm−1; 7.6 μm) with an intensity of 159 km mol−1, ν1 of d-SiC3 (1339.4 cm−1; 7.5 μm) with an intensity of 128 km mol−1, ν1 of r-Si3C (1100.3 cm−1; 9.1 μm) with an intensity of 80 km mol−1, and ν1 of r-SiC3 (1525.5 cm−1; 6.6 μm) with an intensity of 77 km mol−1. Each of these anharmonic frequencies are good candidates for observation with the recently operational MIRI instrument aboard the JWST between 9.09 μm and 6.56 μm. Finally, rotational observation may be possible for t-Si2C2, d-Si3C, and r-SiC3 due to dipole moments of 2.90, 2.63, and 2.07 D, respectively. Because of this, the prevalence of SiC dust in the ISM, and the known observation of the related d-SiC3, these molecules are strong candidates for radioastronomical observation.
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5 Hz 496.534 507.600 58.969 59.474
8¢ kHz 2,010 2.054 1818 1.857
, uHz 970.090 1001 16.430 17.281
Oy mHz 24473 24.819 92.259 95.198
Oy mHz -10177 ~10.646 2.988 3.082
Oy uHz 823.430 1252 ~41670 -42841
¢ uHz 442.034 456.609 6322 6.565
O mHz -4.522 -4732 1512 1.562
O mHz 22.870 23.636 23.430 24322

" D 264 0.07
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Constant Units a-5iCy r-51C3
F12-TZ F12-TZ-cCR Previous Expt.” F12-TZ F12-TZ-cCR Previous Expt."
MHz 38038.3 38353.3 124108 124912
MHz 6266.0 6305.8 11332.8 11419.4
MHz 5379.8 54155 5923.6 5965.6
MHz 377134 38026.4 37950.7 12403.5 12483.9 124743
MHz 6241.1 6280.7 6283.0 11257.0 113425 113451
MHz 5350.3 5385.8 5386.8 5895.9 5937.5 59362
MHz 37585.8 37898.1 123232 124034
MHz 62257 6265.3 11298.1 11383.6
MHz 5336.8 53722 5890.7 59322
MHz 37686.6 38000.8 12356.5 12436.6
MHz 6220.8 6260.3 11263.5 11349.0
MHz 53325 5367.8 5886.1 5927.6
MHz 373246 37632.5 124239 12504.6
MHz 62428 62827 11214.4 11299.5
MHz 5339.6 5375.1 5881.8 5923.3
MHz 37678.0 37992.3 12385.6 12465.9
MHz 62303 6269.7 112420 11327.2
MHz 5336.8 5372.1 5875.4 5916.8
MHz 377229 38035.6 124132 124937
MHz 62234 6263.1 111985 112833
MHz 5328.8 5364.2 5856.5 5897.6
MHz 376322 37945.3 12504.0 125849
MHz 6253.7 62932 11173.7 11258.6
MHz 5368.6 5404.1 5929.0 5970.8
Ay kHz 1617 1.634 9.085 9.216
Ax kHz 237495 238.762 0.000 0.000
A kHz 8120 8161 20559 20.860
5 Hz 260571 262,815 3684 3738
5 kHz 10218 10.308 19.036 19.310
®, uHz 228.827 228.657 7861 8013
Oy mHz 949.770 935.446 -106.231 -109.143
Dy mHz -14.085 -13.928 -181.217 -186.481
by mHz -237.178 ~237.086 287.878 296.036
¢ uHz 138.857 139.332 4107 4188
Oy mHz ~5.426 -5.404 -90.403 -93.051
0y mHz 984.051 992.679 179.137 182.597
n D 403 207

@\icCarthy etal. (2019).
bMcCarthy et al. (1999).
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Isomer Rel. E Mode

d-iCy 0.0 @ (@)
@, (b;)
wy(a)
@,(@)
ws(by)
wy(by)

vi(a)
vy(b,)
vs(ay)
valay)
vs(by)
ve(br)

r-SiCy 61 w,(by)
wy(a,)
ws(a)
wya))
(b,
w(by)

v (by)
va(a)
vs(a,)
va(ay)
vs(b,)
ve(by)

previous theory, Linguerri et al. (2006).

Desc

1.109'S, +0.0795,
0.9508, - 0.0508;
S
1073 S, +0.099S,
0,950 8, +0.0508,
Ss

0.9245; +0.0768,
0.5865, +0.2525, +0.1625,
0.8765, - 0.1268,

07508, - 02888,

0.9245, - 00768,

Ss

F12-TZ

13945
1052.2
9924
692.1
4319
2480

13324
10222
9711
6778
4232
2486

1556.8
11326
805.6
5230
4206
1692

15163
11188
7905
5118
4111
1902

F12-TZ-cCR

1402.3 (166)
1057.6 (5)
1001.2 (29)
695.6 (41)
4355 (35)
2500 (9)

1339.4 (128)
1027.2 (4)
980.0 (23)
680.9 (38)
4263 (34)
249.9(8)

15663 (79)
11404 (-)
809.1 (55)
525.5(10)
4219 (2)
170.7 (54)

1525.5 (77)
1126.5 (-)
793.8 (54)
514.2(9)
4122 (2)
191.2 (50)

CCSD(T)/cc-pVQZ™

1390
1048
985
688
427
246

1348
1026
968
671
410
243

1555
1129
804
519
416
173

1527
1107
821
495
398
188
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Mode Desc F12-TZ F12-TZ-cCR CCSD(T)/cc-pCV5Z*
@ (by) S5 1388.0 1395.8 (183) 13960
w(ag) s 12653 12725 () 12722
w3(bsg) S, 10323 10381 (-) 10389
wy(ag) S, 945.0 9496 (-) 9496
ws(b,) S¢ 5386 541.1(26) 5399
wg(bs,) M 304.7 306.4 (49) 306.1
vi(by,) 1308.0 1315.1 (159) 1314.54
vy(ay) 12457 12528 () 1256.40
v3(bsg) 997.5 1002.9 () 1002.93
vi(a,) 926.6 93L1(-) 930.11
v5(by,) 5229 525.2(27) 522.60
Vo(bs,) 3042 305.9 (47) 30287

previous theory, Wang and Bowman (2013).
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Constant Units F12-TZ F12-TZ-cCR

MHz 36884.1 371542
MHz 13801.8 13875.6
MHz 10043.6 101027
MHz 366315 36897.8
MHz 137357 13809.2
MHz 9974.7 100333
MHz 36477.8 36743.3
MHz 13690.2 13763.4
MHz 9941.7 10000.0
MHz 36476.7 36740.7
MHz 13708.0 137816
MHz 9952.0 100105
MHz 36551.9 36817.4
MHz 13690.6 137639
MHz 99205 9978.8
MHz 36552.5 36816.1
MHz 13746.8 138206
MHz 9955.1 100135
MHz 37469.2 377439
MHz 13680.4 137539
MHz 9925.2 99835
MHz 35755.8 36012.8
MHz 13765.7 138393
MHz 10015.9 10074.7
8 kHz 6.764 6.803
A kHz 160.208 162.249
Ay kHz 21818 21935
5 kHz 1.881 1.891
5 kHz 23617 23.798
®, mHz 5.603 5.634
Oy Hz 1325 1332
e mHz ~38.586 ~38.920
By mHz ~129.708 ~130.439
¢ mHz 2694 2708
Dy mHz -6.332 -6.429

b Hz 1.208 1225
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Isomer Rel. E Mode Desc F12-TZ F12-TZ-cCR Previous Expt.”
d-$i,C 496 @ (@) 1.0678, - 0.0818, 747.1 753.1(2)
wy(by) S5 687.2 692.1(8)
wy(a) 0.5378, +0.422, +0.0735, 462.9 464.0(1)
w,(a)) 0719, - 0.6855, — 0.3828, 401.0 4026 (15)
ws(by) S, 2827 282.8(1)
wg(by) 1.041 S; +0.2025, - 0.1748, 155.7 156.7 (63)
vy(a,) 737.9 7427 (2)
vy(by) 669.4 672.0(7)
vy(a,) 456.7 457.5(1)
vy(a,) 397.4 398.5 (14)
vs(b,) 2784 277.9(1)
vy(by) 1446 144.9 (60)
r-Si;C 0.0 @, (by) S, 1113.8 1118.4 (84)
w(a) 0.842 S, +0.2208, - 0.0628, 663.7 668.9 (40)
wy(a) 0.751S, +0.1335, - 0.1168, 5128 515.4(17)
w,(ay) S5 368.4 369.0 (9)
ws(by) 0.929 S, +0.0438, 3148 3154 (4)
wg(by) S, 170.5 172.1(-)
vi(by) 1095.9 11003 (80) 11014
vy(ay) 656.5 6614 (39) 6582
vy(ay) 505.2 506.4(17) 5118
vi(a,) 3623 363.4(9) 3576
vy(by) 3086 307.0 (4) 3095
vo(by) 1744 165.5(-)

4 Presilla-Méarquez and Graham (1992).
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Isomer Rel. E Mode Desc F12-TZ F12-TZ-cCR Previous Expt.”
r-$i,C,0 0.0 w,(ay) 07198, -0.281S, 1078.7 1089.3 (-)
wylby,) S5 1003.1 10067 (263)
w3(by) s 981.0 984.9(-)
w,(a,) 0719 S, +0.2818, 5228 525.5(-)
w5(by,) S5 386.0 3885 (57)
wg(bs,) S, 199.4 200.4 (3)
vi(a,) 1060.3 1069.7 (-)
va(by,) 9843 988.1 (247) 9829
v(byy) 960.9 9647 (-)
vyag) 517.5 520.1(-)
v5(ba) 3806 383.0 (56) 3822
vg(bs,) 199.1 199.2(3)
d-5i,C, 838 w(ap) 09165, - 0.0845, 8522 8575
@, (b)) S5 739.7 744.0
@;(by,) S 705.4 707.5
w,(by) Sy 4867 4915
ws(ag) 09168, +0.0845, 4783 4802
v(a) 8249 8307
Va(by) 7163 7205
vy(by,) 686.6 688.9
va(bs) 479.6 484.3
vs(a,) 462.0 464.7
t-5i,C, 75 w,(a) 09068, - 0.074, 15497 1558.2 (24)
wy(a) 0400 S~ 0.3108, - 0.2318, - 0.0565, 7272 730.9 (27)
w;(a’) 07128, +0.2315;+0.1298, - 0.1025, 643.9 647.5 (66)
wy(a") 08395, +0.1885; 5160 5186 (4)
wya') 0864 8, —0.1585; +0.044S, 3096 309.6 (1)
wgla'") S 195.9 196.1 (14)
(') 1528.1 1537.6 (23) 15380
vy(a’) 719.8 724.1 (26)
vy(a) 635.2 636.9 (63) 6320
vy(a') 506.8 509.1(3)
vy(a') 306.5 301.0 (1)
vela'! 2154 173.5 (13)

@presilla-Mirquez et al. (1995).
blcomer with the trancannular C-C bond.
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Constant Units r-51,C, a-51,C, t-51,C,
F12-TZ F12-TZ-cCR F12-TZ F12-TZ-cCR F12-TZ F12-TZ-cCR
A, MHz 398310 401419 120295 121311 115798 116883
MHz 32108 32330 6067.5 6113.1 48303 48647
MHz 29712 29919 4033.1 40649 34083 34350
MHz 39517.1 39826.7 11988.8 12090.0 115132 116205
MHz 31996 32218 6014.8 6060.5 48219 48565
MHz 29589 2979.6 4000.0 4031.5 3395.1 34216
MHz 38901.6 39208.6 11972.4 12073.7 115438 11651.6
MHz 32084 32307 60000 60455 48047 48392
MHz 29617 2982.4 39922 40237 33895 34159
MHz 395294 398393 11999.5 12100.9 11494.1 11601.1
MHz 31853 32073 5992.9 6038.5 48095 48439
MHz 29469 2967.5 3986.2 40176 33857 34121
MHz 395377 398488 119257 12026.6 114693 115759
MHz 31878 32009 60253 6071.1 48291 48638
MHz 2947.7 2968.2 3991.9 4023.3 33922 3418.6
MHz 39509.8 39819.8 12000.5 121014 114273 11533.0
MHz 31949 32170 5960.2 6006.0 48377 48726
MHz 29534 2974.0 3968.9 4000.4 33927 34192
MHz 39506.2 39815.4 12018.1 121188 115592 11666.9
MHz 31941 32163 6010.4 6056.7 47973 48319
MHz 29517 29724 39962 40279 33763 34027
MHz 394899 39798.1 119355 12036.0 114526 11559.2
MHz 32050 32273 59943 6039.7 48365 48714
MHz 29670 2087.8 3998.2 4029.7 3407.3 34340
5 Hz 439138 444353 219 2253 1818 1854
Ak kHz 277086 277585 9.730 9.980 16086 16314
By kHz 0,000 0.000 2.827 2737 3401 3520
5 Hz 41274 41.649 800777 812913 566.558 576924
5 kHz 2614 2.647 6.061 6.096 5497 5.635
®, uHz 2113 22846 2024 2124 1671 -1713
o mH -173310 ~168.405 10.910 13.678 -9679 ~9.929
e mHz -1.577 ~1611 ~65.246 ~64.794 12,606 13392
Py mHz 42002 42591 104525 102.066 -1250 -1012
& uHz 12940 13.136 1001 1049 715437 ~733.169
b uHz ~372.535 ~375.455 -30316 -29836 6716 -6739
b mHz 317.768 320509 83.273 84.465 128887 133.943
N . = 290
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