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The recent astronomical detection of c-C3HC2H and l-C5H2 has led to increased interest in C5H2 isomers and their relative stability. The present work provides the first complete list of anharmonic vibrational spectral data with infrared intensities for three such isomers as well as including the first set of rotational data for the bipyramidal C5H2 isomer allowing for these molecules to serve as potential tracers of interstellar carbon. All three isomers have fundamental vibrational frequencies with at least one notably intense fundamental frequency. The l-C5H2 isomer has, by far, the highest intensities out of the three isomers at 2076.3 cm−1 (738 km mol−1) and 1887.5 cm−1 (182 km mol −1). The c-C3HC2H isomer has one intense peak at 3460.6 cm−1 (84 km mol−1), and the bipyramidal C5H2 isomer has one intense peak at 489.3 cm−1 (78 km mol−1). The relative intensities highlight that while l-C5H2 is not the lowest energy isomer, its notable intensities should make it more detectable in the infrared than the lower energy c-C3HC2H form. The bipyramidal isomer is firmly established here to lie 44.98 kcal mol−1 above the cyclic form. The explicitly correlated coupled cluster rovibrational spectral data presented herein should assist with future laboratory studies of these C5H2 isomers and aid in detection in astronomical environments especially through the newly operational James Webb Space Telescope.
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1 INTRODUCTION
The unidentified infrared bands (UIRs) are unattributed spectral features observed in virtually all types of astronomical objects whose provenance is not firmly established (Peeters et al., 2002). The UIRs were first recognized in 1973 in the 8–13 μm region and have since been detected in nebulae and in the diffuse interstellar medium (ISM) among other astronomical environments (Peeters et al., 2002). The UIRs were first believed to originate from mostly grain mantle molecules (Allamandola et al., 1979). However, since 1984 most of the UIR spectral features have been hypothesized to be caused by polycyclic aromatic hydrocarbons (PAHs) (Leger and Puget, 1984; Sellgren, 1984; Molster et al., 2001). One difficulty with supporting this so-called PAH hypothesis is that most PAHs are not rotationally active at worst or weakly dipolar at best. This leads many PAHs to be poor candidates for rotational astronomical detection, which has been the primary vehicle for most astrochemical molecular observation including the recent detection of PAH-like molecules (Cabezas et al., 2021; Cernicharo et al., 2021). However, some small PAH-like molecules, like isomers of C5H2, have a lower symmetry which can allow for a nonzero dipole moment and possible rotational activity. Recently, two isomers of C5H2, l-C5H2 and ethynyl cyclopropenylidene (c-C3HC2H), have been independently detected in Taurus Molecular Cloud-1 and pathways of formation have been determined experimentally and supported theoretically (He et al., 2020; Cabezas et al., 2021; Cernicharo et al., 2021; Karton and Thimmakondu, 2022). The detection of C5H2 isomers could allude to other rotationally dark PAHs lurking in the interstellar medium. Insight into the presence, and identity, of PAHs in various astronomical environments can shed light on the chemical and physical aspects of these environments and how they contribute to the UIRs (Tielens, 2008). Additionally the recently launched James Webb Space Telescope (JWST) will allow for more detections through vibrational/infrared spectroscopy which can be used for the detection of PAHs that previously could not be detected through rotational spectroscopy.
In addition to the astronomical interest, previous theoretical works have disagreed about the relative energy of C5H2 isomers. These have been quantum chemically computed using coupled cluster theory at the CCSD/DZP, CCSD/TZ2P, and CCSD(T)/cc-pVTZ levels, but there are still discrepancies in the relative energies (Balaji and Michl, 1988; Seburg et al., 1997; Veis et al., 2008). Specifically, the bipyramidyl C5H2 isomer, shown in Figure 1, has an inconsistent magnitude of relative energy when compared to other C5H2 isomers depending on the level of theory utilized (Balaji and Michl, 1988; Seburg et al., 1997; Veis et al., 2008). A previous study at the HF/6-31G* level (Pople et al., 1993) places bipyramidal C5H2 100 kcal mol−1 higher than other C5H2 isomers while another study utilizing MBPT(2)/6-31G* puts the bipyramidal C5H2 isomer only 30 kcal mol−1 higher (Balaji and Michl, 1988; Pople et al., 1993; Seburg et al., 1997). Furthermore, previous density functional and coupled cluster theory computations also place the bipyramidyl C5H2 isomer 47–70 kcal mol−1 higher than other isomers (Seburg et al., 1997; Karton and Thimmakondu, 2022). Despite the different levels of theory agreeing that the bipyramidyl C5H2 isomer is not the lowest energy isomer, there is a clear disagreement on the magnitude of energy difference for the isomer (Balaji and Michl, 1988; Pople et al., 1993; Seburg et al., 1997; Karton and Thimmakondu, 2022). Determining more accurate relative energies is necessary because the ambient energy in the ISM allows for the formation of non-global-minimum structures. However, the energy can not be too much higher; a higher energy difference closer to 100 kcal mol −1 is much more unreasonable for formation in the ISM (Seburg et al., 1997). Newer, higher-level computations could help to settle the disagreements as to the relative energy of the bipyramidal C5H2 structure compared to the other isomers of C5H2. A further look into the l-C5H2 isomer, shown in Figure 2, and the c-C3HC2H isomer, shown in Figure 3, can provide a common reference to determine the relative energy of the bipyramidal C5H2 isomer. Additionally the c-C3HC2H isomer and the l-C5H2 isomer have been detected in the laboratory by Fourier transform spectrometry which provides a benchmark to the theoretical methods utilized herein (McCarthy et al., 1997; Travers et al., 1997).
[image: Figure 1]FIGURE 1 | Bipyramidal C5H2.
[image: Figure 2]FIGURE 2 | l-C5H2.
[image: Figure 3]FIGURE 3 | c-C3HC2H.
The present work utilizes high level quantum chemical computations to compute molecular structures, energies, and spectroscopic data for the bipyramidal C5H2 isomer shown in Figure 1, the l-C5H2 isomer shown in Figure 2, and the c-C3HC2H isomer shown in Figure 3. The spectroscopic data is computed using quartic force fields (QFFs) which are fourth-order Taylor series expansions of the internuclear potential energy portion of the Watson Hamiltonian (Fortenberry and Lee, 2019). QFFs based on coupled cluster theory at the singles, doubles, and perturbative triples level within the explicitly correlated F12b construction [CCSD(T)-F12b] (Adler et al., 2007; Knizia et al., 2009) and a triple-ζ basis set can frequently achieve agreement to within 5–7 cm−1 of gas-phase experimental vibrational frequencies (Gardner et al., 2021). However a shortcoming of this method is that the rotational constants are only accurate to about 60 MHz (Agbaglo et al., 2019; Agbaglo and Fortenberry, 2019a,b; Watrous et al., 2021). An improvement would be to utilize a composite method combining core-correlated CCSD(T)-F12b with the cc-pCVTZ-F12 basis set and a correction for scalar relativity (Watrous et al., 2021). This method is referred to as F12-TZ-cCR and offers closer agreement, compared to previous methods, to experimental rotational constants on the order of 7.5 MHz which is necessary for accurate detection (Westbrook et al., 2021b; Watrous et al., 2021). Thus the fundamental vibrational frequencies and rotational constants at this level of theory provided here will lend theoretical support to experiments that will help NASA missions such as the Stratospheric Observatory for Infrared Astronomy (SOFIA) and JWST to facilitate the detection of these isomers in space.
2 COMPUTATIONAL DETAILS
All four levels of theory in the present work utilize CCSD(T)-F12b (Raghavachari et al., 1989; Adler et al., 2007; Knizia et al., 2009; Shavitt and Bartlett, 2009). The first two QFFs use the cc-pVXZ-F12 basis sets (Peterson et al., 2008; Yousaf and Peterson, 2008; Knizia et al., 2009) where X is D or T. This combination is abbreviated as F12-XZ in the following. F12-DZ and F12-TZ QFFs are utilized for all three isomers. The other two levels of theory are based on core-correlated CCSD(T)-F12b with the cc-pCVXZ-F12 basis sets, (Watrous et al., 2021), where X is again D or T. Additionally this method includes a correction for scalar relativity computed with canonical CCSD(T) with a cc-pVTZ-DK basis set (Douglas and Kroll, 1974; Jansen and Hess, 1989). This combination is hereafter referred to as F12-XZ-cCR. F12-DZ-cCR and F12-TZ-cCR QFFs are only utilized for the c-C3HC2H isomer due to the substantial increase in computational cost. The QFF for the c-C3HC2H isomer is composed of 20,641 displacements from the equilibrium geometry along the symmetry-internal coordinates (SICs) shown below with atom labels corresponding to Figure 3.
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The QFFs for the l-C5H2 and bipyramidal C5H2 isomers are run directly in Cartesian coordinates composed of 46,064 points and 38,968 points respectively. This increase in the number of points for Cartesians instead of SICs exacerbates the increase in computational cost that would be needed for the F12-DZ-cCR and F12-TZ-cCR methods. For the SIC-based QFFs, the geometry is first optimized at each of the four levels of theory, then each geometry is displaced by 0.005 Å or 0.005 radians along the SICs to form the QFF. For the c-C3HC2H isomer, in addition to the previous displacements, the out-of-plane bends (OPB) are instead displaced by 0.010 Å or 0.010 radians to help combat the well-known OPB problem (Westbrook et al., 2020; Lee and Fortenberry, 2021). At each of the displaced geometries, single-point energies are calculated. The resulting energies are then fit by a least-squares procedure to yield the optimized geometry. A refit to the function minimum zeroes the gradients and yields the new equilibrium geometry as well as the corresponding force constants. The force constants are then converted from SICs to Cartesian coordinates by using the INTDER program (Allen and coworkers, 2005). For the Cartesian QFFs, each geometry is first optimized at the F12-DZ and F12-TZ levels of theory. Then, each geometry is displaced by 0.005 Å along the Cartesian x, y, and z axes. For l-C5H2 at the F12-DZ level of theory, each geometry was displaced by 0.010 Å in the out-of-plane coordinates. The force constants are computed numerically by central finite differences (Westbrook et al., 2021b).
For all of the QFFs, the rovibrational spectral data is computed using the SPECTRO software package (Gaw et al., 1991) which uses the Cartesian force constants in vibrational perturbation theory at second order (Watson, 1977; Papousek and Aliev, 1982; Franke et al., 2021) and second-order rotational perturbation theory (Mills, 1972). Type-1 and -2 Fermi resonances, Fermi polyads (Martin and Taylor, 1997) and Coriolis resonances are taken into account to further increase the accuracy of the rovibrational data (Martin et al., 1995; Martin and Taylor, 1997). These are shown in Supplementary Tables S1–S3 of the Supplemental Information (SI) along with the optimized geometrical parameters and T1 diagnostics shown in Supplementary Tables S4–S6. The anharmonic zero point vibrational energy (ZPVE) from the refit geometry, refit energy (only for the SIC QFF), and energy from the optimized minima are added together to calculate the relative energy.
The geometry optimizations, harmonic frequencies, single point energies, and dipole moments are computed using the Molpro 2020.1 software package (Werner et al., 2020). The dipole moments are computed at the F12-TZ level of theory. Double-harmonic and anharmonic infrared intensities are computed using Gaussian16 (Frisch et al., 2016) with the MP2/aug-cc-pVTZ (Møller and Plesset, 1934; Kendall et al., 1992), B3LYP/aug-cc-pVTZ (Yang et al., 1986; Lee et al., 1988; Becke, 1993), and B3LYP/N07D (Barone et al., 2008) levels of theory. Previous work has shown semi-quantitative accuracy for harmonic infrared intensities for the MP2 level of theory for a substantial decrease in cost relative to higher-level computations (Yu et al., 2015; Finney et al., 2016; Westbrook et al.,2021a).
3 RESULTS AND DISCUSSION
The relative energies of l-C5H2, c-C3HC2H, and bipyramidal C5H2 are compared at the F12-DZ and the F12-TZ levels of theory as shown in Table 1. The relative energies of the c-C3HC2H and l-C5H2 isomers are similar to previous (Seburg et al., 1997) relative energy computations with the l-C5H2 isomer being 13.79 kcal mol−1 higher in energy than the c-C3HC2H isomer. However, the bipyramidal C5H2 isomer is lower in relative energy than some previous computations (Balaji and Michl, 1988; Pople et al., 1993; Seburg et al., 1997). The relative energy of the bipyramidal C5H2 isomer at the F12-TZ level of theory is 44.98 kcal mol−1 compared to the c-C3HC2H isomer. This relative energy is much closer to the previous MBPT(2)/6-31G* calculations, at about 30 kcal mol−1, as opposed to previous calculations at the HF/6-31G* level of theory where the relative energy was roughly 100 kcal mol−1 higher than other C5H2 isomers (Balaji and Michl, 1988; Pople et al., 1993; Seburg et al., 1997). While this highly-symmetric isomer gives indication of possessing multi-reference effects due to its large T1 diagnostic (0.059), the extent to which this will affect the relative energies is left for future work.
TABLE 1 | Relative energy of C5H2 Isomers in kcal mol−1 compared to previous experiment.
[image: Table 1]3.1 Rotational constants
Out of the three isomers, the l-C5H2 isomer has the largest dipole moment of 5.94 D and its equilibrium (e) and vibrationally-averaged (0) rotational constants, shown in Table 2, demonstrate near prolate character (κ = − 0.99987 for the F12-TZ level of theory, where κ is defined as (2B0 − A0 − C0)/(A0 − C0)). This large dipole moment has helped with detection of the molecule through rotational spectroscopy. The F12-DZ and F12-TZ rotational constants agree well with a maximum relative difference of 0.57% in the B0 rotational constant. Compared to experimental Fourier transform microwave spectroscopy (McCarthy et al., 1997), the F12-TZ B0 and C0 rotational constants differ from experiment by only 3.0 MHz (0.13%) and 1.1 MHz (0.05%) respectively. This benchmarking constrains the expected accuracy for other, unknown spectral observables provided in this work. The A0 rotational constant differs from experiment by 10,200 MHz (3.67%), but the error for the A0 rotational constant is known to have a higher error for near prolate molecules (Gardner et al., 2021). The complete set of the vibrationally excited rotational constants are reported in Supplementary Table S7 of the SI. The quartic and sextic distortion constants in the S-reduced Hamiltonian are reported in Table 2. The DJ constant is about 13 Hz lower than experiment while the DJK constant differs from experiment by around 24 kHz at the F12-DZ level of theory, but has a much higher difference at the F12-TZ level of theory at around 2,596 kHz. While DJK often exhibits minor effects on the rotational spectrum of near-prolate molecules (Stein et al., 2015), this erroneous l-C5H2DJK value for F12-TZ (and, in fact, all of its sextic distortion constants, as well) presently stems from a compounding error brought about by the step size and the resulting QFF improperly representing these data. The F12-DZ data are consistent within step size and experimental comparison implying that these data are reliable as are the F12-TZ data behaving in similar ways.
TABLE 2 | Rotational constants of l-C5H2 compared to previous experimenta.
[image: Table 2]The c-C3HC2H isomer has a smaller dipole moment than the l-C5H2 isomer at 3.59 D. The c-C3HC2H isomer also shows near prolate character (κ = − 0.98026 at the F12-TZ-cCR level of theory) as exhibited by the rotational constants B0 and C0 being almost the same as shown in Table 3. The F12-TZ-cCR data agrees extremely well with previous Fourier transform spectrometry results (Travers et al., 1997), differing by only 1.1 MHz (0.03%) for the B0 rotational constant, 0.96 MHz (0.03%) for the C0 rotational constant, and even 15 MHz (0.04%) for the A0 rotational constant. Both the F12-DZ-cCR and F12-TZ-cCR methods produce rotational constants closer to experiment than F12-DZ and F12-TZ which in line with previous work (Watrous et al., 2021). Doubling the step size for the OBPs has little-to-no effect in the rotational constants as expected. The S-reduced Hamiltonian quartic and sextic distortion constants are reported in Table 3, and the DK constant compares well with experiment, only differing by 0.2 kHz at the F12-TZ-cCR level of theory. The experimental DJ rotational constant is 288 Hz while the computed DJ rotational constant is 246.14 Hz. However, the computed A-reduced Hamiltonian ΔJ, determined in this work, has a value of 285.28 Hz which aligns closely with the reported experimental value, suggesting a potential misattribution in the experimental work.
TABLE 3 | Rotational constants of c-C3HC2H compared to previous experimenta.
[image: Table 3]Unlike the other two isomers, the bipyramidal C5H2 isomer does not have a dipole due to its D3h symmetry. Even so, the rotational constants for the bipyramidal C5H2 isomer are given in Table 4 for completeness. Additionally, the molecule is oblate and has only B0 and C0 rotational constants. The bipyramidal C5H2 molecule has not been detected in astrophysical observations or even observed experimentally. The F12-DZ and the F12-TZ methods have good agreement differing by only 9.2 MHz for the C0 rotational constant. Hence, the results presented here provide the most accurate predictions of its rotational constants which may be helpful for the accurate kinetic rate determination or the thermochemical analysis that requires the full rotational partition function.
TABLE 4 | Rotational constants of bipyramidal C5H2.
[image: Table 4]3.2 Vibrational frequencies
The l-C5H2 isomer has the largest anharmonic intensities out of the three C5H2 isomers, as shown in Table 5. The two most intense modes are ν3 with an intensity of 738 km mol−1 at 2076.3 cm−1 (4.81 μm) and ν4 with an intensity of 182 km mol−1 at 1887.5 cm−1 (5.30 μm). These intensities represent the movements in the linear carbon chain and are up to ten times larger than the anti-symmetric stretch in water, which has an intensity of about 70 km mol−1 at the same level of theory. The large intensities of these two frequencies imply that l-C5H2 should be observable right at the edge of the NIRspec instrument onboard JWST in a region often bereft of known transitions for organic molecules. Out of the three levels of theory in this work used to compute intensities, only the B3LYP/N07D results are reported for the l-C5H2 isomer as it is the only method with all real frequencies in line with the present high-level computations. The previous theory used to compute the intensities agrees qualitatively with the order of intensities computed with B3LYP/N07D. Additionally, the N07D basis set is designed to handle hydrocarbon systems like this and has been used to produce anharmonic frequencies in reasonable agreement with experiment (Barone et al., 2008; Barone et al., 2013). However in this case, the anharmonic frequencies produced by B3LYP/N07D fall short in comparison with the fundamental frequencies produced by the F12-TZ level of theory. In contrast, the F12-DZ and F12-TZ anharmonic frequencies have relatively close agreement. The exceptions to this are the modes involving an in-plane bend (IPB) or OPB of the carbon chain, ν10-ν15. The portions of the QFF involving these modes have problems with the cubic and quartic force constants. Those modes are reported as the harmonic values, and most anharmonic corrections are within the margin of error for the levels of theory. A larger step size is also used at the F12-DZ level of theory to combat the OPB problem (Fortenberry et al., 2018; Westbrook et al., 2020; Lee and Fortenberry, 2021; Lee and Fortenberry, 2021). However there is no significant improvement of the issue. As a result, the larger step size is not repeated for the F12-TZ level of theory. This will not affect possible detection via JWST because the NIRSpec and MIRI instruments on the JWST only capture spectra to about 333 cm−1, but the resolution drops for the lower frequencies below 2000 cm−1 since the larger range MIRI instrument does not have the same capabilities as NIRspec. The harmonic frequencies for both the F12-DZ and F12-TZ levels of theory agree well with previous theoretical harmonic frequencies for most modes (Karton and Thimmakondu, 2022), but vary more for the OPB and IPB which is likely due to the aforementioned OPB problem (Westbrook et al., 2020; Lee and Fortenberry, 2021).
TABLE 5 | F12-DZ and F12-TZ harmonic and fundamental vibrational frequencies and B3LYP/N07D intensities (in km mol−1) of l-C5H2 compared to previous theory computed at the fc-CCSD(T)/cc-pVTZ level of theoryb.
[image: Table 5]For the c-C3HC2H isomer, the vibrational frequencies are in Table 6, and the double-harmonic intensities are in Table 7. The c-C3HC2H isomer has two intense peaks with the most intense peak being the acetylene C-H stretch, ν1, at 3,347.8 cm−1 (2.99 μm) with an anharmonic intensity of 84 km mol−1 at the B3LYP/N07D level of theory. The second most intense peak is the C5-C6-H7 in-plane bend (IPB), ν11, at 577.9 cm −1 (17.3 μm) with an intensity of 52 km mol−1. The intensity changes depending on which level of theory is used to calculate the double-harmonic intensities, but all three methods computed for the intensities agree on the qualitative order of intensities for the modes, as does the previous theory (Karton and Thimmakondu, 2022). The intensities for c-C3HC2H are not as strong as the intensities for l-C5H2, but are still strong enough for detection.
TABLE 6 | Harmonic and fundamental vibrational frequencies of c-C3HC2H compared to previous theory computed at the fc-CCSD(T)/cc-pVTZ level of theoryb.
[image: Table 6]TABLE 7 | Intensities in km mol−1 of c-C3HC2H compared to previous theory computed at the fc-CCSD(T)/cc-pVTZ level of theorya.
[image: Table 7]For the c-C3HC2H, there are differences in the anharmonic frequencies between the levels of theory and step sizes as shown in Table 6. Fundamental frequencies ν12, ν14, and ν15 produce questionable positive anharmonicities, although they are below or on the lower edge of the range to be detected through the aforementioned instruments on JWST. Additionally, these three modes have a maximum intensity of 5 km mol−1. Both considerations make these frequencies unlikely to be detected. Increasing the level of theory to F12-DZ-cCR improves the anharmonic correction for the ν9, ν10, and ν13 fundamentals. The doubled step size in the OPB coordinates further improves the anharmonic correction for F12-DZ and F12-DZ-cCR. As a result only the doubled step size is calculated at the higher levels of theory due to the increased computational cost. Similarly, this doubled step size helps the anharmonic correction for ν7 and ν8 with F12-DZ and F12-DZ-cCR. There is much less variation in the harmonic frequencies between the levels of theory. Additionally, the harmonic frequencies compare well to previous theory (Karton and Thimmakondu, 2022). Figure 4 shows a simulated spectrum of the F12-TZ-cCR anharmonic frequencies and the B3LYP/N07D intensities with all bands incorporated; only those with notable intensities are present.
[image: Figure 4]FIGURE 4 | Simulated spectrum of c-C3HC2H.
For the bipyramidal C5H2 isomer, the vibrational frequencies for the F12-DZ and F12-TZ QFFs, shown in Table 8, have close agreement for most of the frequencies. The bipyramidal C5H2 isomer has one intense frequency in which is ν10, the symmetric C2-C3 + C2-C4 stretch, with an intensity of 78 km mol−1 at 426.1 cm −1 (23.5 μm) which is slightly smaller than the c-C3H2H isomer and much smaller than the most intense peaks for the l-C5H2 isomer. Unlike the other isomers, the bipyramidal C5H2 isomer only has three other fundamentals that have intensities over 10 km mol−1 at the B3LYP/N07D level of theory. These are ν4 at 1,273.6 cm−1 (7.85 μm), ν5 at 1,108.7 cm−1 (9.02 μm), and ν8 at 829.5 cm−1 (12.0 μm). While the different methods differ in the quantitative value of the intensities, they again agree qualitatively with each other and with previous theory on what will be the most and least intense peaks (Karton and Thimmakondu, 2022). However only having one fundamental with a large intensity could increase the difficulty for the detection of the bipyramidal C5H2 isomer compared to the other two isomers. The F12-DZ and the F12-TZ QFFs show good agreement for the harmonic and anharmonic fundamental frequencies and the harmonic frequencies further show good agreement to previous theory (Karton and Thimmakondu, 2022). The largest discrepancy arises in ν10, with a difference of 26.5 cm−1, but a majority of the frequencies agree to within 3 cm−1. However, given the greater computational rigor of F12-TZ, its data should be considered the more reliable of the two.
TABLE 8 | F12-DZ and F12-TZ harmonic and fundamental frequencies of bipyramidal C5H2 with intensities in km mol−1 compared to previous theory computed at the fc-CCSD(T)/cc-pVTZ level of theorya
[image: Table 8]4 CONCLUSION
The large intensities for some of the fundamental frequencies in all of the isomers may facilitate the detection of these C5H2 structures via JWST. Such spectral data could lead to the identification for some UIRs as well as unknown transitions of known interstellar molecules such as l-C5H2 and c-C3HC2H. The bipyramidal C5H2 isomer has some of the lowest intensities of the three isomers but still has one peak at 426.1 cm−1 (23.5 μm) with an intensity of 78 km mol−1. The c-C3HC2H isomer has one intense fundamental frequency at 3,347.8 cm−1 with an intensity of 84 km mol−1. The l-C5H2 isomer has the two highest intensities out of the three isomers for its ν4 at 1887.5 cm−1 with a large intensity of 182 km mol−1 and ν3 at 2076.3 cm−1 with a very large intensity of 738 km mol−1 making this fundamental the most likely of the group especially since, again, l-C5H2 has been previously detected via radioastronomy. The F12-TZ methodology produces rotational constants for l-C5H2 within 3 MHz (0.13%) for the B0 and C0 rotational constants. Improving upon this high level of accuracy, the F12-TZ-cCR methodology for c-C3HC2H produces B0 and C0 rotational constants within 1.1 MHz (0.03%) of experiment. This close agreement to experiment lends supports to the accuracy of the other theoretical values, notably the fundamental vibrational frequencies, reported herein. Out of the three C5H2 isomers presented in this work, the c-C3HC2H isomer has the lowest relative energy, with l-C5H2 13.79 kcal mol−1 higher in line with previous work (Seburg et al., 1997). The bipyramidal C5H2 isomer is 44.98 kcal mol−1 higher in energy compared previous computations which places this D3h isomer 100 kcal mol−1 or more higher than other C5H2 isomers (Seburg et al., 1997). The dipole moments for the c-C3HC2H and l-C5H2 isomers are large at 3.59 D and 5.94 D, respectively, which has facilitated the previous detections of the isomers in space through rotational spectroscopy. Overall, the anharmonic vibrational frequencies and rotational constants presented herein may help to facilitate the laboratory or astronomical detection of unknown transitions of known molecules. In particular, the high-intensity fundamental frequencies of each molecule that fall within the high-resolution range of JWST may also help to disentangle some of the heretofore unidentified features in the UIRs.
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vy(a) Cy-C,-H, IPB 949.9° 8917 9442 9589 9485 9162
v(a'’) C,-C,-H, OPB 892.9° 8485 895.9% 865.1 893.7% 898.2%
vo(a'") C;-Cq-H, OPB 710.0° 684.7 7116 689.8 705.2 646.6
vola’) C;-C; Stretch 696.0° 698.2 675.1 6903 6747 7009
(e’ C;-C-H, IPB 555.1 574.6 5744 585.6 595.0 577.9
va(a’!) C,-C5 Out-Of Plane Motion 510.4 510.4* 5116 5116 517.7 5217
vis(a’) C,-C; In Plane Motion 498.8% 4766 502.1 506.6 5043 500.7
vya'") C5-C4 Out-Of-Plane Motion 201.8* 201.8* 202.8* 202.7 2026 203.6*
vis(a’) C5-Cg In-Plane Motion 189.2* 189.2* 190.7* 190.7% 190.8* 169.5

‘Harmonic values reported.

bPrevious theory from Karton and Thimmakondu, 2022,
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Isomer F12-DZ F12-TZ CCSD(T)/cc-pVTZ* CCSDT(Q)/CBS”

-C;HC,H 0.00 0.00 201 0.66
I-CsH, 13.86 13.79 13.82 13.53
bipyramidyl C;H, 45.90 4498 47.51

“From Ref. (Seburg et al,, 1997) where energies are relative to a lower energy isomer.
bFrom Ref. (Karton and Thimmakondu, 2022) where energies are relative to a lower energy isomer.
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F12-DZ F12-TZ
Constant ~ Units  0.005 0.010 0.005 Exp.*
MHz 2901625 2901625 2901236
MHz 22901 2290.1 2296.4
MHz 22721 22721 2278.4
MHz 2862483 2862459 2878328 277600
MHz 22946 22045 2307.8 2304.7844
MHz 22757 2757 2286.9 2285.8053
D, Hz 92822 92831 91191 104
Dy kHz 70773 71920 2,625 464
Dy MHz 22182 22,180 19.676
d, mHz ~7716 ~7716 7759
d, mHz -2856 -2820 1,081.6
H, nHz -55898  -51646  -216800
Hyx mHz 23814 23278 11,321
Hy KHz ~18080 14656 47898
Hy KkHz 6.9698 66280 484.19
hy nHz -50873  -10528 36970
hy mHz 11503 10644 ~0.015785
hy nHz 12191 11504 20426
u D 5.94
K ~099987  ~0.99987 099985

From McCarthy et al., 1997.
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F12-DZ F12-TZ B3LYP/NO7D Previous t.heor}”

Description 0.005 0.010 0.005 Freq f Freq f
w,(b,) C-H Anti-Sym Stretch 32194 32194 32155 3,199.1 1 32151 00
wy(ay) C-H Sym Stretch 31277 31277 3125.1 31175 1 3127.3 06
ws(ay) (C-C) - (C-Cy) +(C-Cy) - (C4-Cs) 21453 2,453 21535 2127 806 21516 677.1
wya;) (C1-Cy) - (C-Cy) - (C4-Cy) + (C4-Cs) 19244 19244 19352 19746 206 1921.8 176.6
ws(ay) H-C-C Sym Bend 1503.9 1503.9 15069 15138 9 1,503.5 77
w(a,) (C,-Gy) +(C,-Cy) - (C4-Cy) - (C-Cs) 1349.5 1349.5 1355.8 1369.9 7 1346.9 18.0
wy(by) H-C-C Anti-Sym Bend 1033.7 1,033.7 1030.7 1031.0 1 1030.3 0.4
wy(by) C, OPB 936.0 9363 941.4 968.6 34 943.4 316
ws(a;) (C-Cy) +(Cy-C3) + (Cy-Cy) +(C4-Cs) 749.0 7490 7522 769.8 1 745.5 04
wioby) C,-C, OPB 534.0 5343 536.1 6564 7 576.2 28
w,(by) C,-C, IPB 398.4 3984 4117 5276 4 445.4 09
wp(by) C,-C, OPB 2448 2447 239.9 3148 Y 2709 85
wis(by) C,-C, IPB 2311 2311 230.9 2862 7 2549 57
wia(by) C,-C; IPB 1333 1333 1232 1483 1 139.3 00
wis(by) C, OPB 110.8 1107 1043 1437 2 1223 31
ZPVE 8758.4 88125 8948.0
vi(by) C-H Anti-Sym Stretch 3073.7 3066.1 3078.2 30474 1
vy(a;) C-H Sym Stretch 30192 30116 2,955.4 3013.1 2
vy(a,) (C}-Cy) - (C,-C3) +(C4-Cy) - (C4-Cs) 2098.9 2090.6 2076.3 2170.4 738
vi(a,) (€1-G)) - (C-Cy) - (C4-Cy) + (C4-Cy) 1898.0 18949 1887.5 1944.1 182
vs(a,) H-C-C Sym Bend 1472.0 1467.4 1438 14835 6
ve(a,) (C-Cy) +(Cy-Cy) - (C4-Cy) - (C4-Cy) 13407 13341 13189 13505 6
v,(by) H-C-C Anti-Sym Bend 10225 1018.7 1155.4 10116 1
vy(by) C, 0PB 9246 9238 769.0 9448 35
vo(ay) (C1-Cy) +(Cy-Cy) + (C4-Cy) +(C,-C5) 7410 7301 7564 7724 1
vio(by) C,-C, OPB 534.0° 534.3% 536.1% 365.8 7
v (by) C,-C, IPB 398.4% 3984 417 2858 2
vip(by) C,-C, OPB 224.8° 2447 239.9 2443 4
via(by) C,-C, IPB 2311 23110 230.9° 275 9
vi4(by) C,-C5 IPB 133.3* 1333% 123.2* 151.6 1
vis(by) C, OPB 110.8* 1107* 104.3* 1337 2

‘Harmonic values reported.
bPrevious theory from Karton and Thimmakondu, 2022,
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F12-DZ F12-DZ-cCR F12-TZ F12-TZ-cCR
Constant Units 0.005 0.010 0.005 0.010 0.010 0.010 Exp.*
A, MHz 345937 345937 34768.1 34768.1 346293 348353
B, MHz 34101 34101 34245 34245 34131 34296
C. MHz 31041 31041 3175 31175 31067 31223
Ay MHz 343869 34398.1 345786 345787 344494 34654.1 34638.701
By MHz 34060 34062 34209 34207 34099 34260 3424.8768
G MHz 30958 3096.1 3,109.8 31006 30996 31146 3113.6386
D, Hz 245.00 245.00 24672 24671 24468 246.14 288
Dy KkHz 29813 29801 29780 29788 29659 29795 295
Dy kHz 10597 10580 107.72 10672 10579 106,57
d, Hz -28.524 -28.523 -28.662 ~28.663 -28472 ~28.589
d, Hz -19.625 -19.617 -19.581 ~19.586 -19.524 ~19.570
H, uHz -173.88 -173.55 -172.98 -17273 -170.73 ~171.01
H mHz 10673 106,531 106.24 105.97 104.63 105.22
Hy Hz -4.0028 -3.9978 ~3.9473 ~3.9491 ~3.8877 ~39.167
Hy Hz 40870 40827 40363 40384 39812 40.157
hy uHz ~13.184 -13.165 -13.022 ~13.040 -12.987 -12952
hy uHz 90.284 90.145 89.750 89.589 88.667 88.905
hy uHz 18237 18222 18.092 18.098 17999 18.007
i D 359
K ~0.98018 ~0.98019 ~0.98023 ~0.98023 ~0.9802 ~0.98025

"Prom Travers et al.. 1997.
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Constant Units F12-DZ F12-1Z
B, MHz 12733.1 12742.1
C; MHz 91452 9153.0
B MHz 12647.4 12656.6
G MHz 9055.4 9063.7
D, KHz 2979 2979
D kHz 6770 6718
D¢ kHz 1.676 1.751
d, mHz 486 206

d, mHz 842 121

H, mHz 1.736 1.746
Hye mHz ~10.886 ~11.033
Hy mHz 9.011 9.935
Hy mHz 21254 20,669
hy uHz 0.702 -1.215
hy uHz 1.282 -2913
hy uHz 263914 257523
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