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Abstract

Context. At least a dozen molecules with a formyl group (HCO) have been observed to date in the interstellar medium (ISM), suggesting that other such species exist and remain to be discovered. However, there is still a lack of high-resolution spectroscopic data for simple molecular species of this type that could provide a basis for their detection.

Aims. Cyclopropanecarboxaldehyde, c-C3H5CHO, is a small molecule containing a formyl group and is therefore an interesting candidate for astrophysical detection. The rotational spectrum of cyclopropanecarboxaldehyde has been observed before, but its experimental rotational parameters are not precise enough to allow its detection in the millimetre-wave domain.

Methods. We measured the rotational spectrum of cyclopropanecarboxaldehyde in the frequency ranges 31.5–50 GHz and 72–116.5 GHz using the GACELA (GAS CEll for Laboratory Astrophysics) broadband high-resolution rotational spectrometer constructed at the Yebes Observatory. The spectroscopic study was supported by high-level theoretical calculations which were used in the identification of the vibrational excited states of cyclopropanecarboxaldehyde.

Results. Our analysis of the rotational spectrum of cyclopropanecarboxaldehyde allowed us to obtain accurate rotational parameters for the ground state of both cis and trans isomers, which were used to derive sufficiently reliable predictions up to 300 GHz. In addition to the ground states, we identified 12 and 6 vibrationally excited states for the trans and cis isomers, respectively, including fundamental modes, multiple excitation quanta, and combination states. We find that the gas phase concentration of the trans isomer is almost 1.2 times larger than that of the cis one. These new experimental rotational parameters were employed to search for cyclopropanecarboxaldehyde in the warm molecular clouds Orion KL and Sgr B2(N) using the spectral surveys captured by ALMA (Orion) and IRAM 30 m (Sgr) at 1 and 3 mm, respectively.
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1 Introduction
Among the more than 200 molecular species detected so far in the interstellar medium (ISM) or circumstellar shells1, 12 species share a common structural unit, the formyl moiety, HCO. This group of molecules contains seven aldehydes (-CHO), the simplest carboxylic acid, formic acid (HOCHO; Zuckerman et al. 1971), two amides (-NCHO), formamide (Rubin et al. 1971) and N-methyl formamide (Belloche et al. 2019), and two formates (-OCHO), methyl formate (Brown et al. 1975) and ethyl formate (Belloche et al. 2009; Tercero et al. 2013). The interstellar aldehydes discovered so far are formaldehyde (HCHO; Snyder et al. 1969), acetaldehyde (CH3CHO; Gottlieb et al. 1973), cyanoformaldehyde (NCCHO; Remijan et al. 2008), propynal (HC2CHO; Irvine et al. 1988), propenal (H2CHCHO; Hollis et al. 2004), propanal (CH3CH2CHO; Hollis et al. 2004), and glycolaldehyde (HOCH2CHO; Hollis et al. 2000). The relative abundances of some aldehydes are not accurately reproduced by current theoretical chemistry models, and so there are no accepted formation routes in interstellar environments for these molecules. It is therefore not straightforward to make predictions as to which yet-undiscovered species could be abundant in the interstellar medium (ISM). However, given the many HCO-containing molecules detected in space, it is fair to anticipate that others of this type could be present as well.
Five of the seven aldehydes detected in the ISM are alkyl derivatives of the simplest aldehyde, formaldehyde. Hence, one candidate yet to be observed consists of an aldehyde containing a cyclic functional group, either an aliphatic or aromatic ring. While the astrochemical literature on aromatic rings is extensive, less information is available related to aliphatic rings. Cyclopropane, c-C3H6, is the smallest saturated carbon ring; it lacks a dipole moment and therefore cannot be detected by its rotational spectrum. This is not the case with its derived aldehyde, cyclopropanecarboxyaldehyde (c-C3 H5CHO, CPCA hereinafter) which is a good candidate for observation by way of its rotational spectrum. The microwave spectrum of CPCA was observed by Volltrauer & Schwendeman (1971) in the centimeter wave range up to 32 GHz and two different isomers, cis and trans (see Fig. 1), were identified. These measurements included rotational transitions with J ≤ 10 and Ka ≤ 2 and only the rotational constants were determined with large uncertainties. The astronomical search for CPCA at the observational frequency ranges of sensitive radio telescopes becomes difficult using the predictions obtained with these rotational parameters. A more accurate spectral modelling of CPCA with measurements extending into the millimetre-wave region therefore constitutes the first scenario for a robust astronomical detection.
In addition, CPCA was investigated by infrared (IR) and Raman spectroscopy (Durig & Little 1988; Durig et al. 1992; Durig & Shen 2000; Hudson & Coleman 2019) and electron diffraction (Bartell & Guillory 1965). In these works the abundance ratios for both cis and trans isomers were derived and it was found that the cis isomer is more stable in the gas phase while the trans is the only species present in liquid phase, which is in contrast with the rotational spectroscopy study, where the trans species were found to be the most abundant one (Volltrauer & Schwendeman 1971). Quantum chemical calculations (De Mare & Peterson 1983; Durig & Shen 2000) point out some uncertainties in terms of the relative stability of CPCA isomers due to the relative energies of cis and trans species which fluctuate with the calculation method employed. This raises important questions as to the relative abundances of CPCA isomers in the gas phase, which have considerable astrochemical implications.
In this work, we report new rotational spectroscopy measurements for CPCA in the 31.5–50 GHz and 72–116.5 GHz frequency ranges using a high-resolution broadband millimetre-wave spectrometer. The first aim of this investigation is to contribute to the astronomical search for CPCA by providing a better spectral modelling of CPCA isomers, extending the measurements into the millimetre-wave region. This comprehensive study involves the analysis of the rotational spectra in the low-lying vibrational states of CPCA isomers, motivated by the fact that these are found to be considerably populated in the warm environments of the ISM. The analysis of our new data allowed us to very accurately determine the rotational parameters needed to provide reliable predictions to support astronomical observations of CPCA in the warm molecular clouds Orion KL and Sgr B2(N) using the spectral surveys captured by ALMA (Orion) and IRAM 30 m (Sgr) at 1 and 3 mm, respectively. Secondly, this work is also devoted to obtaining insights into the relative stabilities of cis and trans CPCA isomers. To this end, we directly measured the abundance ratio of CPCA isomers in order to ascertain which of the two species, cis or trans, is energetically favoured in the gas phase, and we provide new high-level quantum chemical calculations to predict the theoretical stabilities.
	[image: thumbnail]	Fig. 1
Molecular structures and principal inertial axes for the trans and cis conformers of CPCA.



Table 1

Calculated relative energies (in cm−1) for the cis and trans isomers of CPCA at different levels of theory.

2 Quantum chemical calculations
Existing quantum chemical calculations available in the literature include very cheap Hartree Fock (HF; Hartree 1928) methods, small basis sets (Durig et al. 1992), and Møller-Plesset perturbation theory calculations (MP2; Møller & Plesset 1934) combined with Pople’sbasis sets (Frisch et al. 1984), with MP2/6-311++G(d,p) being the highest level of theory employed (Durig & Shen 2000). In order to evaluate the conformational stability of the CPCA isomers, we extended the quantum chemical calculations using two density-functional theory methods, namely Becke 3-parameter Lee-Yang-Parr (B3LYP; Lee et al. 1988) and Grimme’s functional including dispersion (B97D; Grimme 2006), and two post-Hartree Fock methods, namely MP2 and coupled-cluster with single and double excitations (CCSD; Cížek 1969). We combine all these methods with the 6-311++G(d,p) Pople’s basis set (Frisch et al. 1984) and the Dunning’s basis set cc-pVTZ (Dunning 1989) and aug-cc-pVTZ (Woon & Dunning 1995). In addition to the structural optimisation calculations, we carried out harmonic and anharmonic frequency calculations in order to estimate the energy and the rotational constants of the individual vibrationally excited states, facilitating the assignment of the experimental spectrum. These calculations were carriedout at the MP2/6-311++G(d,p) level of theory because this method reproduce the experimental rotational constants very well (see below). The energy calculations for the cis and trans isomers at different levels of theory are shown in Table 1 while a complete list of the vibrational frequencies is given in Table 2. All calculations were carried out using the Gaussian16 (Frisch et al. 2016) program package.
We compared the theoretical constants obtained for each of the levels of theory employed to those determined experimentally in this work. In general, all the methods nicely reproduce the rotational constants for both isomers, with the MP2/6-311++G(d,p) level of theory providing the best agreement with the experiment. The discrepancies for this method are 0.14 and 0.28% for cis and trans isomers, respectively, taking into account the sum of the relative errors for A, B, and C constants. B3LYP/cc-pVTZ, with relative errors of 0.21 and 0.32% for cis and trans, respectively, and CCSD/cc-pVTZ, 0.42 and 0.40%, provide good results as well. The least satisfactory results were found for B97D methods, with relative discrepancies larger than 1.5%.
Table 2

The MP2/6-311++G(d,p) anharmonic vibrational frequencies (in cm−1) of cis and trans isomers of CPCA.

3 Experimental setup
The emission rotational spectrum of CPCA was recorded using the GACELA (GAS CEll for Laboratory Astrophysics) broadband high-resolution rotational spectrometer constructed at the Yebes Observatory (Spanish National Geographic Institute (IGN)) in the frame of the ERC synergy project Nanocosmos. The GACELA spectrometer is equipped with radio receivers similar to those used in radio astronomy to search for molecular emission in space. The receivers are equipped with 16 × 2.5 GHz FFT spectrometers with a spectral resolution of 38.14 kHz allowing the observation of the rotational transitions in the Q (31.5–50 GHz) and W bands (72–116.5 GHz). The spectrometer performance has been described at length in previous works (Tanarro et al. 2018; Cernicharo et al. 2019; Cabezas et al. 2019, 2020a,b).
The CPCA sample (purity >98%), purchased from Apollo Scientific, was placed into a PyrexTM vacuum Schlenk which was connected directly to the cell of the spectrometer. This latter consists of a stainless steel cylinder of 890 mm length and 490 mm diameter. In order to avoid sample condensation during the experiment, which was carried out in continuous flow mode, the temperature of the sample container, the injection line, and the cell were kept at 350 K using a dry heating tape and a proportional integral derivative (PID) temperature controller. Prior to introduction of the sample, the pressure inside the vacuum chamber was 2.0 × 10−4 mbar and during the experiment the pressure was kept at 6.0 × 10−3 mbar because higher pressures produce undesirable line broadenings. With the selected working pressure, the rotational lines of CPCA have a HWHM of 0.2−0.35 MHz which is well adapted to measuring frequencies with high accuracy. The total observing time to obtain the whole CPCA spectrum in the Q (31.5–50 GHz) and W bands (72–116.5 GHz) was six days. In all these experiments, a frequency switching with a throw of 50 MHz was selected as the observing procedure. This has previously been confirmed as the most suitable mode, as the lines are observed twice and the noise is improved by a factor [image: equation], allowing us to derive accurate line profiles and intensities for lines of up to 2 MHz full width at half maximum (Cernicharo et al. 2019). With this observing procedure the baseline shows several ripples which can be easily eliminated by applying a FFT filter and removing the corresponding time domain, or by a polynomial baseline removal.
4 Rotational spectrum and analysis
The two CPCA isomers are near symmetric tops with moderate dipole moments that have been experimentally determined by Volltrauer & Schwendeman (1971). For the trans isomer, |μa | and |μc | were found to be 3.221 D and 0.493 D, respectively, while the dipole moment components for the cis species are |μa | = 2.019 D and |μb| = 1.856 D. A very rich rotational spectrum is therefore observed for CPCA, which is governed by strong a-type rotational transitions for the trans isomer. Figure 2 shows the typical pattern of a-type R-branch rotational transitions for the ground state of the trans isomer together with weaker b-type Q-branch rotational transitions for the ground state of the cis isomer. For the trans isomer, we measured a total of 208 a-type R-branch transitions with maximum values of J and Ka quantum numbers of 18 and 17, respectively, which were fitted using the SPFIT (Pickett 1991) program with the S-reduction of the Watson’s Hamiltonian in Ir representation (Watson 1977). A list of all the measured transitions is available at CDS. In spite of the fact that the trans isomer also presents a c-type dipole moment different from zero, no c-type rotational transitions could be measured in our spectrum. This can be explained taking into account the fact that the intensity of the rotational transitions is proportional to the square of the dipole moment components, and therefore c-type transitions for the trans species are expected to be about 43 times weaker than the a-type ones. The fit for the trans isomer provided a set of experimental constants, including rotational constants, and four quartic and two sextic centrifugal distortion constants, which are listed in the first column of Table 3.
For the cis isomer, we first measured a-type R-branch transitions and the initial fit of these lines provided a set of refined experimental constants, which were used for new spectral predictions that in turn allowed the identification of b-type R- and Q-branch transitions. The best fit for all these lines was obtained using the S-reduction of Watson’s Hamiltonian in IIIr representation (Watson 1977). This fit was done using the Kisiel’s ASFIT program (Kisiel & Bialkowska-Jaworska 2019) which is best suited when the S-reduction in IIIr representation is required. A total of 819 rotational transitions with maximum values of J and Ka quantum numbers of 79 and 21, respectively, were assigned for the ground vibrational state of the cis isomer. A list of all the measured transitions is available at CDS. The analysis provided a list of experimental constants, shown in Table 4, which includes the rotational constants, and all the quartic and six sextic centrifugal distortion constants.
The spectrum in Fig. 2 shows that each ground-state line of CPCA was accompanied by many satellite lines attributable to rotational transitions in vibrationally excited states, as no other coupling interaction is expected for this closed-shell molecule. As can be seen in Table 2, four vibrational modes are predicted below 500 cm−1, which originate many low-energy vibrationally excited states from overtones and combination states. For the assignment of these satellite lines, the rotational spectra of the lower-energy excited states were modelled on the basis of calculated first-order vibration–rotation constants αi that define the vibrational dependence of rotational constants Bν = Be - ∑i αi (νi + 1/2), where Bν and Be substitute all three rotational constants in a given excited state and in equilibrium, respectively, and νi is the vibrational quantum number. The calculations were carried out with the Gaussian16 program package at the MP2/6-311++G(d,p) level of theory. Our frequency calculations are in agreement with those reported before and with the experimental vibrational assignments (Durig & Little 1988; Durig et al. 1992; Durig & Shen 2000) which point out that the lowest energy vibrational modes are ν27, ν16, ν26 and ν15. These four modes correspond to the asymmetric torsion, the ring CHO in-plane bend, the ring CHO bend, and the CCO bend, respectively. According to this, we searched for the rotational transitions coming from these modes and were able to identify up to 12 and 6 vibrationally excited states for the trans and cis isomers, respectively.
For the trans isomer, in addition to the three fundamental modes ν27, ν16, and ν26, we identified, between the 12 states, the second quanta of ν27, ν16, and ν26 (2ν27, 2ν16 and 2ν26), and the third quanta of ν27 (3ν27), together with some combination states, namely ν27 +ν16, ν27 +ν26, 2ν27+ν16, 2ν27+ν26, and 3ν27+ν16. We note the non-detection of ν15 in spite of it being predicted to lie below other identified modes, such as 2ν16. We scrutinised the rotational spectrum searching for transitions attributable to ν15 but all attempts were fruitless. All the measured rotational transitions for the vibrationally excited states of the trans isomer available at the CDS were analysed using the SPFIT program (Pickett 1991) in the same manner as that used for the ground state, and the derived spectroscopic constants are shown in Table 3. As for the trans ground state, four quartic and two sextic centrifugal distortion constants were determined for all the vibrationally excited states except for 2ν27+ν26, with ΦJK fixed to the ground state value, and 3ν27, whose transitions were very weak and for which only a few parameters could be determined.
The six vibrationally excited states identified for the cis isomer arise from the three lowest energy modes ν27, ν16, and ν26. These three fundamental modes were observed together with the second and third quanta of ν27, 2ν27, and 3ν27, and the combination state ν27 +ν16. The analysis of the rotational lines for all these states was carried out in the same manner as that for the cis ground state, and the spectroscopic constants obtained are collected in Table 4. For ν27, the rotational parameters included the rotational constants and all the centrifugal distortion constants derived for the ground state of the cis isomer, except the h2 constant. For the other five vibrationally excited states, in addition to the rotational constants, only the quartic centrifugal distortion constants could be fitted.
As shown before by Cernicharo et al. (2019), our GACELA spectrometer allows us to determine the concentrations of the different molecular species from the observed line intensities with high accuracy; these concentrations are proportional to the line strength, the partition function, the square of a corresponding component of the electric dipole moment, and the molecular concentration. Therefore, the abundance of each CPCA isomer in the gas phase can be directly determined by relative intensity measurements of their ground-state rotational transitions. In these measurements, we compared the intensities of tens of a-type rotational transitions and we find that the transitions for the trans isomer are 1.1985(37) times more intense than those for the cis isomer. Assuming a temperature for our experiment of 350K, this implies an energy difference between both isomers of 44.05(75) cm−1, with the trans species being the most stable. This result can be compared to those previously reported for the relative stability of CPCA isomers, which seem fairly ambiguous. Durig & Little (1988), Durig et al. (1992) and Bartell & Guillory (1965) in their respective experiments found that the cis isomer was the most stable species in the gas phase, with an energy difference of around 40–60 cm−1, while Hudson & Coleman (2019) showed that the cis/trans ratio was 1:1. On the other hand, Volltrauer & Schwendeman (1971) proposed that in the gas phase the trans species was slightly more stable (10 ± 20 cm−1) than the cis one, but with large uncertainties. In liquid phase, the panorama is completely distinct because the trans isomer was found by Durig & Little (1988) to be the only species present, with an energy gap of 405 cm−1 over the cis isomer. In addition, large discrepancies are encountered when quantum chemical calculations at different levels of theory are used to evaluate the isomer energies. De Mare & Peterson (1983) and Durig & Shen (2000) used HF and MP2 methods combined with modest basis sets and their results indicated that the cis species was the most stable. We carried out additional calculations at different levels of theory and the results, collected in Table 1, show discrepancies as well. Density functional levels of theory, B3LYP and B97D, predict the trans isomer to be more stable than the cis isomer with relative energies of between 12 and 128 cm−1. In contrast, more sophisticated calculation methods, such as MP2 and CCSD, provide totally different results, with the cis isomer being found to be the most stable. In this case, the relative energies also oscillate between 7 and 132 cm−1. In light of this, we can conclude that the small energy difference between cis and trans isomers makes experimental determination of the isomer energies more difficult. However, we find that the trans isomer is moderately more stable than the cis one and therefore both species should be taken into consideration for astronomical implications. Secondly, the use of quantum chemical calculations to estimate the relative energies of CPCA isomers should be handled with caution because these relative energies are near to the level of accuracy of the calculations.
We used the rotational parameters obtained in this work for both cis and trans isomers of CPCA to obtain accurate frequency predictions up to 300 GHz, providing a means for their astronomical detection. These frequency predictions for both CPCA isomers, calculated at T = 300 K, are provided at the CDS. The rotational and vibrational partition functions used in these predictions, at different temperatures, are listed in Table 5. The rotational partition function was calculated considering a maximum value of J = 90, while the vibrational partition function was calculated using the method described by Gordy & Cook (1984) and the anharmonic frequencies from Table 2. The conformational partition function and the conformational abundances were calculated using the energy difference between isomers determined in this work.
	[image: thumbnail]	Fig. 2
Section of the rotational spectrum of CPCA showing a-type R-branch rotational transitions for the ground state, and ν27 and ν16 vibrationally excited states of the trans conformer, and b-type Q-branch transitions for the ground state of the cis species. The negative spectral features are produced by the folding of the frequency-switched data and appear at ±50 MHz of each rotational transition.



Table 3

Spectroscopic constants for the ground- and vibrationally excited states of the trans conformer of CPCA.

Table 4

Spectroscopic constants for the ground and vibrationally excited states of cis conformer of CPCA.

Table 5

Rotational, vibrational, and conformational partition functions for both cis and trans isomers of CPCA at different temperatures.

5 Search for cyclopropanecarboxaldehyde in space
Thanks to the improved frequency predictions provided by the present work, we were able to carry out a rigorous search for trans and cis isomers of CPCA in space. For this search, we rely on our line surveys and public data towards different astronomical sources at frequencies above 80 GHz (Cernicharo et al. 2012; Belloche et al. 2013; Tercero et al. 2018, 2015). For these frequencies, the energies of the rotational levels of the CPCA a-type transitions are above 30 K, preventing the detection of CPCA in our IRAM 30 m data of cold clouds at 3 mm (Cernicharo et al. 2012). Therefore, we focused the search on high-mass star-forming regions which show high abundances of acetaldehyde (CH3CHO) such as Orion KL and Sgr B2 (see, e.g. Belloche et al. 2013; Cernicharo et al. 2016). We used the MADEX code (Cernicharo 2012) to exploit the spectroscopic parameters presented in this work and to derive the synthetic spectrum of this species (assuming local thermodynamic equilibrium) according to the physical parameters of the sources (see below) collected in Table 6. The column density was the only free parameter for these models. Corrections for beam dilution were applied to each line depending on its frequency.
Orion KL
Science Verification (SV) data from the Atacama Large millimetre/submillimetre Array (ALMA) interferometer towards Orion KL (Tercero et al. 2015, 2018) were explored to search for CPCA. The ALMA SV data allow us to obtain the spectrum between 213.7 and 246.7 GHz for different positions within the source characterised by different chemistry and physical parameters. We distinguished three positions, two of them presenting high abundances of CH3CHO, namely the south hot core and the MM4 source (Cernicharo et al. 2016). The other location is the compact ridge which shows emission peaks of several complex O-bearing species such as methyl formate, dimethyl ether, and methyl acetate (Favre et al. 2011; Brouillet et al. 2013; Tercero et al. 2018). To model the CPCA emission in these components, we adopted physical parameters according to those derived by Cernicharo et al. (2016) and Tercero et al. (2018). Figure 3 shows selected frequencies and positions within these data together with the model derived by MADEX that demonstrates the lack of CPCA lines above the confusion limit of the data.
Table 6

Physical parameters of the considered cloud cores.

Table 7

Column density ratios.

Sgr B2
we also searched for CPCA in public data available for Sgr B2. We did not find this species above the detection limit of the data either in the PRIMOS survey2 (Neill et al. 2012) or in the IRAM 30m data at 3 mm provided by Belloche et al. (2013). To estimate upper limits to the CPCA column density in the region, we adopted the physical parameters derived by Belloche et al. (2013) for CH3CHO (see Table 6). Figure 3 shows the model provided by MADEX together with the IRAM 30 m data of Sgr B2(N). This model is also consistent with the lack of CPCA lines above the detection limit of the PRIMOS data.
Table 7 shows the CH3CHO/CPCA density ratios in Orion KL and Sgr B2. It is worth noting that the lower limit ratios derived agree for the considered Orion cores and for Sgr B2, and they are extremely low (~2–4). As we discuss previously for other species (Bermúdez et al. 2018; Cabezas et al. 2019, 2020b), the CPCA partition function is approximately four times larger than that of CH3CHO at ~100 K. As a result, the CPCA lines appear weaker than those of CH3CHO assuming similar abundances. Therefore, it is reasonable to suggest that the derived lower limit ratio is far from the real abundance ratio between these species in the considered regions.
6 Conclusions
This paper presents an extensive laboratory study of the rotational spectrum of CPCA in its ground- and vibrationally excited states, extending the earlier limited knowledge on the spectroscopic properties of this molecule. Measurements were performed in the 31.5–50 and 72–116.5 GHz frequency regions using a high-resolution broadband spectrometer. From the analysis we obtainedaccurate rotational parameters for the ground state of both cis and trans isomers of CPCA which allowed us to obtain sufficiently reliable frequency predictions up to 300 GHz. In addition to the ground states, we identified 12and 6 vibrationally excited states for the trans and cis isomers, respectively, comprising fundamental modes, multiple excitation quanta, and combination states. By comparison of the observed line intensities, we determined the concentration of both cis and trans isomers in the gas phase with high accuracy. We find that the trans isomer is almost 1.2 times more abundant than the cis isomer, which means that the former is 44.05(75) cm−1 more stable than the latter. Finally, these new laboratory data were employed to search for CPCA in the warm molecular clouds Orion KL and Sgr B2(N) using the spectral surveys captured by ALMA (Orion) and IRAM 30 m (Sgr) at 1 and 3 mm, respectively. We did not find any CPCA above the detection limit of these data and provide upper limits to the column density for the two isomers of CPCA.
	[image: thumbnail]	Fig. 3
Observed data of Orion KL and Sgr B2 taken with the ALMA interferometer and the IRAM 30 m telescope, respectively (histogram black spectrum), together with the synthetic spectra obtained using the column densities given as upper limits in Table 6 (red and blue thin curves). The synthetic total model for the 30 m data of Sgr B2(N) (see Belloche et al. 2013) is overlaid in green. A vLSR of +9.0 km s−1 and +64.0 km s−1 is assumed for Orion KL and Sgr B2, respectively.
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Molecular structures and principal inertial axes for the trans and cis conformers of CPCA.


    

  
    Table 1 

Calculated relative energies (in cm−1) for the cis and trans isomers of CPCA at different levels of theory.



	Level of theory
	ΔE cis(a)
	ΔE trans(a)





	B3LYP/6-311++G(d,p)
	80.7
	0.0



	B3LYP/cc-pVTZ
	12.5
	0.0



	B3LYP/aug-cc-pVTZ
	99.7
	0.0



	B97D/6-311++G(d,p)
	107.9
	0.0



	B97D/cc-pVTZ
	45.6
	0.0



	B97D/aug-cc-pVTZ
	128.0
	0.0



	MP2/6-311++G(d,p)
	0.0
	84.7



	MP2/cc-pVTZ
	0.0
	131.7



	MP2/aug-cc-pVTZ
	0.0
	69.2



	CCSD/6-311++G(d,p)
	0.0
	21.6



	CCSD/cc-pVTZ
	0.0
	52.1



	CCSD/aug-cc-pVTZ
	0.0
	6.8






Notes. (a) Relative energy to that of the most stable isomer.





  
    Table 2 

The MP2/6-311++G(d,p) anharmonic vibrational frequencies (in cm−1) of cis and trans isomers of CPCA.



	Mode
	Symmetry
	cis
	trans





	1
	A′
	3151.20
	3145.01



	2
	A′
	3093.76
	3099.70



	3
	A′
	3063.01
	3064.97



	4
	A′
	2760.82
	2761.57



	5
	A′
	1713.99
	1726.74



	6
	A′
	1468.38
	1472.44



	7
	A′
	1405.60
	1409.03



	8
	A′
	1372.12
	1328.22



	9
	A′
	1206.92
	1205.11



	10
	A′
	1110.92
	1188.50



	11
	A′
	1060.63
	1050.07



	12
	A′
	975.63
	937.64



	13
	A′
	845.99
	884.08



	14
	A′
	789.91
	781.27



	15
	A′
	670.71
	503.01



	16
	A′
	261.17
	291.83



	17
	A″
	3137.81
	3131.83



	18
	A″
	3063.79
	3063.40



	19
	A″
	1437.12
	1448.33



	20
	A″
	1197.58
	1189.28



	21
	A″
	1092.27
	1107.45



	22
	A″
	1072.78
	1063.72



	23
	A″
	1024.21
	1016.76



	24
	A″
	818.36
	845.64



	25
	A″
	817.48
	828.91



	26
	A″
	305.46
	339.88



	27
	A″
	123.01
	126.92






  
    
      Fig. 2 
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Section of the rotational spectrum of CPCA showing a-type R-branch rotational transitions for the ground state, and ν27 and ν16 vibrationally excited states of the trans conformer, and b-type Q-branch transitions for the ground state of the cis species. The negative spectral features are produced by the folding of the frequency-switched data and appear at ±50 MHz of each rotational transition.


    

  
    Table 3 

Spectroscopic constants for the ground- and vibrationally excited states of the trans conformer of CPCA.



	Constants/units
	Ground state
	ν27
	2ν27
	ν16
	ν26
	3ν27
	ν27 + ν16





	A/MHz
	15 885.549(45)
	15 778.423(62)
	15 676.048(88)
	15 980.713(47)
	15 888.49(11)
	15 577.886(79)
	15 863.51(13)



	B/MHz
	3195.10235(26)
	3207.76840(41)
	3219.76650(60)
	3192.87144(33)
	3190.93426(74)
	3231.18571(60)
	3206.19178(89)



	C/MHz
	3040.93992(25)
	3045.99119(36)
	3050.78930(64)
	3038.13243(28)
	3035.87075(64)
	3055.33570(58)
	3042.89403(84)



	DJ/kHz
	0.50922(15)
	0.53049(23)
	0.55487(22)
	0.50253(23)
	0.50187(43)
	0.57944(35)
	0.51843(52)



	DJK/kHz
	12.5700(11)
	11.7320(14)
	10.8774(22)
	12.8823(25)
	12.7997(39)
	10.0613(28)
	12.1590(50)



	d1/kHz
	−0.019406(24)
	−0.02509(36)
	−0.03146(60)
	−0.01630(28)
	−0.02138(65)
	−0.03913(55)
	−0.01959(80)



	d2/kHz
	−0.00581(13)
	−0.00620(16)
	−0.00731(17)
	−0.00608(10)
	−0.00535(19)
	−0.00867(20)
	−0.00648(30)



	HJK/Hz
	0.0837(24)
	0.0537(30)
	0.0523(44)
	0.0600(50)
	0.0802(79)
	0.0495(57)
	0.061(10)



	HKJ/Hz
	−0.8448(33)
	−0.7034(44)
	−0.6184(55)
	−0.8395(65)
	−0.940(12)
	−0.566(10)
	−0.695(22)



	σrms/kHz
	9.65
	9.32
	8.79
	9.53
	11.57
	9.21
	13.15



	Nlines
	208
	196
	164
	142
	150
	168
	138



	Jmin∕Jmax
	5/18
	11/18
	10/18
	11/18
	11/18
	11/18
	11/18



	Ka,min∕Ka,max
	0/17
	0/17
	0/16
	0/16
	0/16
	0/15
	0/14



	




	Constants/units
	ν27 + ν26
	2ν27 + ν16
	2ν16
	2ν27 + ν26
	2ν26
	3ν27 + ν16



	




	A/MHz
	15 790.59(11)
	15 753.84(17)
	16 075.714(99)
	15 692.61(17)
	15 882.6(12)
	15 597.86(27)



	B/MHz
	3203.52896(82)
	3218.6359(13)
	3190.77722(98)
	3216.0069(13)
	3187.4267(38)
	3227.8800(22)



	C/MHz
	3041.59709(72)
	3047.2257(13)
	3035.57590(53)
	3047.2385(12)
	3031.3270(26)
	3052.7581(19)



	DJ/kHz
	0.52627(48)
	0.54322(69)
	0.49676(71)
	0.55387(60)
	0.4397(58)
	0.5668(15)



	DJK/kHz
	11.8662(50)
	11.4110(67)
	13.2328(77)
	10.8954(44)
	13.4(24)
	9.840(21)



	d1/kHz
	−0.02846(74)
	−0.0248(12)
	−0.01287(67)
	−0.0375(12)
	−0.0505(30)
	−0.0410(19)



	d2/kHz
	−0.00606(41)
	−0.00787(41)
	−0.00630(39)
	−0.00685(44)
	−0.00535 (b)
	−0.00938(72)



	HJK/Hz
	0.063(10)
	0.079(13)
	0.075(15)
	0.0837 (a)
	0.0802 (b)
	0.115(43)



	HKJ/Hz
	−0.749(19)
	−0.691(25)
	−0.628(37)
	−0.629(31)
	−0.940 (b)
	−0.73(16)



	σrms/kHz
	11.41
	15.39
	15.61
	20.98
	27.20
	25.30



	Nlines
	141
	134
	104
	130
	18
	76



	Jmin∕Jmax
	11/18
	11/18
	11/18
	11/18
	11/18
	11/18



	Ka,min∕Ka,max
	0/13
	0/13
	0/12
	0/14
	0/1
	0/10






Notes. Numbers in parentheses represent the derived uncertainty (1 σ) of the parameter in units of the last digit. (a)Fixed to the ground-state value. (b)Fixed to the ν26 state value.





  
    Table 4 

Spectroscopic constants for the ground and vibrationally excited states of cis conformer of CPCA.



	Constants/units
	Ground state
	ν27
	2ν27
	ν16
	ν26
	3ν27
	ν27 + ν16





	A/MHz
	11 417.32304(39)
	11 454.85634(69)
	11485.3120(23)
	11 444.8779(39)
	11 452.2176(21)
	11 522.0344(19)
	11 482.1682(18)



	B/MHz
	3994.186538(85)
	3967.16406(24)
	3950.3361(12)
	3975.58760(64)
	3981.7448(15)
	3928.67737(90)
	3945.6599(11)



	C/MHz
	3849.930881(87)
	3842.87981(23)
	3836.8000(11)
	3837.08702(58)
	3844.5882(12)
	3830.59473(82)
	3829.9139(11)



	DJ/kHz
	3.7355(11)
	4.0405(17)
	4.4152(67)
	4.065(12)
	3.8166(58)
	4.4654(51)
	4.2188(52)



	DJK/kHz
	1.24912(24)
	0.89498(43)
	0.5717(10)
	1.347(14)
	1.16303(84)
	0.5214(16)
	0.7408(40)



	DK/kHz
	−3.30818(76)
	−3.2752(17)
	−3.3254(54)
	−3.784(17)
	−3.3080(36)
	−3.3402(44)
	−3.3230(55)



	d1/kHz
	−1.33950(88)
	−1.4677(18)
	−1.7152(58)
	−1.792(12)
	−1.4089(39)
	−1.7766(45)
	−1.5892(41)



	d2/kHz
	−0.76937(41)
	−0.74076(90)
	−0.9201(29)
	−0.9135(59)
	−0.7784(20)
	−0.9256(22)
	−0.6459(20)



	HJ/Hz
	0.00713(92)
	−0.02318(33)
					


	HJK/Hz
	−0.013204(89)
	−0.00749(10)
					


	HKJ/Hz
	0.02195(73)
	0.03481(14)
					


	HK/Hz
	−0.016015(15)
	−0.01646(14)
					


	h1/Hz
	0.01140(81)
	−0.005664(36)
					


	h2/Hz
	0.00796(40)
						


	σrms/kHz
	37.90
	32.22
	47.51
	46.23
	39.54
	47.07
	49.05



	Nlines
	819
	471
	230
	157
	252
	315
	241



	Jmin∕Jmax
	3/76
	3/69
	7/52
	9/62
	8/50
	7/62
	9/53



	Ka,min∕Ka,max
	0/21
	0/13
	0/13
	0/10
	0/11
	0/14
	0/13






Notes. Numbers in parentheses represent the derived uncertainty (1 σ) of the parameter in units of the last digit.





  
    Table 5 

Rotational, vibrational, and conformational partition functions for both cis and trans isomers of CPCA at different temperatures.



	Temperature/K
	Qr (c)(a,b)
	Qr (t)
	Qv(c)
	Qv(t)
	Qc
	X(t/c)





	350.000
	82 331.3
	86 128.5
	7.3
	6.8
	0.83
	1.83



	300.000
	65 822.4
	69 359.9
	4.8
	4.5
	0.81
	1.81



	225.000
	42 979.0
	45 656.3
	2.8
	2.6
	0.75
	1.75



	150.000
	23 411.5
	24 951.4
	1.7
	1.6
	0.66
	1.66



	75.000
	8275.4
	8823.1
	1.1
	1.1
	0.43
	1.43



	37.500
	2927.1
	3120.7
	1.0
	1.0
	0.18
	1.18



	18.750
	1036.3
	1104.6
	1.0
	1.0
	0.03
	1.03



	9.375
	367.5
	391.5
	1.0
	1.0
	0.00
	1.00






Notes. (a) Qr, Qv, and Qc are the rotational, vibrational, and conformational partition functions, respectively. X(t/c) is the trans/cis isomer ratio at different temperatures. (b)c and t refer to cis and trans isomers, respectively.





  
    Table 6 

Physical parameters of the considered cloud cores.



	Source
	Coordinates
	HPBW(a)
	Frequencies(b)
	vLSR (c)
	Δ vFWHM (d)
	dsou (e)
	Trot (f)
	N(trans)(g)
	N(cis)(h)



		(J2000.0)
	(″)
	(GHz)
	(km s−1)
	(km s−1)
	(″)
	(K)
	×1014 (cm−2)
	×1014 (cm−2)





	Orion KL
	α = 05h35m14.5s
	~1.9 × 1.4
	213.7–246.7
	8.0
	3.0
	3
	150
	≤(2.5 ± 1.2)
	≤(6.0 ± 3.0)



	(ALMA SV)
	δ = −05°22′32.5″
								


	Hot core
									


	




	Orion KL
	α = 05h35m14.1s
	~1.9 × 1.4
	213.7–246.7
	7.5
	2.0
	3
	150
	≤(2.0 ± 1.0)
	≤(5.0 ± 2.5)



	(ALMA SV)
	δ = −05°22′36.9″
								


	Compact ridge
									


	




	Orion KL
	α = 05h35m14.2s
	~1.9 × 1.4
	213.7–246.7
	5.0
	3.0
	3
	150
	≤(2.0 ± 1.0)
	≤(5.0 ± 2.5)



	(ALMA SV)
	δ = −05°22′31.1″
								


	MM4
									


	




	Sgr B2(N)
	(IRAM 30m)
	30–21
	80–115.5
	63
	8.0
	3
	100
	≤(100 ± 50)
	≤(200 ± 100)



		α = 17h47m20.0s
			73
	8.0
	3
	100
	≤(100 ± 50)
	≤(200 ± 100)



		δ = −28°22′19.0″
							


		(GBT 100m)
	80–15
	7–50
						


		α = 17h47m19.8s
								


		δ = −28°22′17.0″
								





Notes. (a) HPBW for observations with single dish telescope (IRAM 30 m and GBT 100 m) and synthetic beam for the ALMA SV observations. (b) Range of frequencies considered in the analysis. (c)Radial velocity with respect the Local Standard of Rest. (d)FWHM. (e) Source diameter assuming a uniform disc-type model. (f)Rotational temperature. (g) Column density for trans isomer of CPCA in the ground state. (h)Column density for cis isomer of CPCA in the ground state.





  
    Table 7 

Column density ratios.



	Source
	N(CH3 CHO)
	N(CH3CHO)/



		(cm−2)
	N(CPCA) (a)





	Orion KL (HC)
	1.6 × 1015 (b)
	≥2



	Orion KL (MM4)
	1.4 × 1015 (b)
	≥2



	Sgr B2 (c)
	2.2 × 1017 (d)
	≥4






Notes. (a) trans+cis. (b) Cernicharo et al. (2016). (c) Sum of the different spectral components.(d)Belloche et al. (2013).





  
    
      Fig. 3 
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Observed data of Orion KL and Sgr B2 taken with the ALMA interferometer and the IRAM 30 m telescope, respectively (histogram black spectrum), together with the synthetic spectra obtained using the column densities given as upper limits in Table 6 (red and blue thin curves). The synthetic total model for the 30 m data of Sgr B2(N) (see Belloche et al. 2013) is overlaid in green. A vLSR of +9.0 km s−1 and +64.0 km s−1 is assumed for Orion KL and Sgr B2, respectively.
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