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Synchrotron-based High Resolution Far-infrared Spectroscopy of trans-butadiene

The high resolution far-infrared spectrum of trans-butadiene has been re-investigated by Fouriertransform spectroscopy at two synchrotron radiation facilities, SOLEIL and the Canadian Light Source, at temperatures ranging from 50 to 340 K. Beyond the well-studied bands, two new fundamental bands lying below 1100 cm -1 , ν 10 and ν 24 , have been assigned using a combination of cross-correlation (ASAP software) and Loomis-Wood type (LWWa software) diagrams. While the ν 24 analysis was rather straightforward, ν 10 exhibits obvious signs of a strong perturbation, presumably owing to interaction with the dark ν 9 + ν 12 state. Effective rotational constants have been derived for both the v 10 = 1 and v 24 = 1 states. Since only one weak, infrared active fundamental band (ν 23 ) of trans-butadiene remains to be observed at high resolution in the far-infrared, searches for the elusive gauche conformer can now be undertaken with considerably greater confidence in the dense ro-vibrational spectrum of the trans form.

Introduction

Much attention has surrounded 1,3-butadiene (C 4 H 6 ) because this conjugated diene is an ideal candidate to observe the effects of π-electron delocalization [START_REF] Craig | Equilibrium Structures for Butadiene and Ethylene: Compelling Evidence for π-Electron Delocalization in Butadiene[END_REF][START_REF] Wiberg | Butadiene and heterodienes revisited[END_REF], and because it is of central importance in a wide range of chemistry applications, from its archetypal role in the Diels-Alder reaction [START_REF] Diels | Synthesen in der hydroaromatischen Reihe[END_REF] to industrial rubber production [START_REF] Liao | Controlling guest conformation for efficient purification of butadiene[END_REF]. Characterizing the structural conformers and isomerization dynamics of this diene, however, has proven surprisingly challenging. 1,3-butadiene exists in two stable forms, the more stable planar trans, and the long-elusive gauche, lying 12 kJ/mol higher in energy [START_REF] Baraban | The molecular structure of gauche-1,3-butadiene: Experimental establishment of non-planarity[END_REF]. The latter was only conclusively detected in the gas phase recently by several authors of the present work, an effort which also yielded a nearly complete semi-experimental equilibrium structure (r SE e ) from a combination of pure rotational measurements of various isotopic species and high-level quantum chemical calculations [START_REF] Baraban | The molecular structure of gauche-1,3-butadiene: Experimental establishment of non-planarity[END_REF].

While electron diffraction studies provided insight into the structure of trans-butadiene as early as the late 1930's [START_REF] Schomaker | The electron diffraction investigation of the structure of benzene, pyridine, pyrazine, butadiene-1,3, cyclopentadiene, furan, pyrrole, and thiophene[END_REF][START_REF] Kveseth | Conformational Analysis. The Structure and Torsional Potential of 1,3-Butadiene as Studied by Gas Electron Diffraction[END_REF], an accurate determination of its equilibrium structure was only achieved in 2006 [START_REF] Craig | Equilibrium Structures for Butadiene and Ethylene: Compelling Evidence for π-Electron Delocalization in Butadiene[END_REF]. This centro-symmetric species possesses no permanent dipole moment, and consequently no pure rotational spectrum. Determination of the ground state constants thus relied on the assignments of rotational transitions in its dense vibrational bands, a challenging feat overcome in 2004 with the highresolution analysis of three infrared bands -namely ν 17 (3100 cm -1 ) [START_REF] Halonen | Structural issues in conjugated hydrocarbons: High-resolution infrared slit-jet spectroscopy of trans-1,3-butadiene[END_REF], ν 11 (908 cm -1 ) [START_REF] Craig | Analysis of the rotational structure in bands in the high-resolution infrared spectra of butadiene and butadiene-2,3-d 2 : Refinement in assignments of fundamentals[END_REF], and ν 20 (1596 cm -1 ) [START_REF] Craig | Analysis of the rotational structure in bands in the high-resolution infrared spectra of butadiene and butadiene-2,3-d 2 : Refinement in assignments of fundamentals[END_REF]. From extensive isotopic investigations, Craig and co-workers [START_REF] Craig | Equilibrium Structures for Butadiene and Ethylene: Compelling Evidence for π-Electron Delocalization in Butadiene[END_REF] soon afterwards derived a full semiexperimental structure from the ground state rotational Accepted article 1/10 constants of eight isotopologues: the normal [START_REF] Craig | Analysis of the rotational structure in bands in the high-resolution infrared spectra of butadiene and butadiene-2,3-d 2 : Refinement in assignments of fundamentals[END_REF], 1,1-d 2 [START_REF] Caminati | Microwave Fourier Transform Spectrum of s-trans-1,3-butadiene-1,1-d 2[END_REF], 2,3-d 2 [START_REF] Craig | Analysis of the rotational structure in bands in the high-resolution infrared spectra of butadiene and butadiene-2,3-d 2 : Refinement in assignments of fundamentals[END_REF], 1,4-trans,trans-d 2 [START_REF] Craig | Rotational analysis of bands in the high-resolution infrared spectra of Accepted article 9/10 the three species of butadiene-1,4-d 2 ; refinement of the assignments of the vibrational fundamentals[END_REF], 1,4-cis,cis-d 2 [START_REF] Craig | Rotational analysis of bands in the high-resolution infrared spectra of Accepted article 9/10 the three species of butadiene-1,4-d 2 ; refinement of the assignments of the vibrational fundamentals[END_REF], 1,4-cis,trans-d 2 [START_REF] Craig | Rotational analysis of bands in the high-resolution infrared spectra of Accepted article 9/10 the three species of butadiene-1,4-d 2 ; refinement of the assignments of the vibrational fundamentals[END_REF], 1-13 C 1 [START_REF] Craig | Rotational analysis of several bands in the high-resolution infrared spectrum of butadiene-1-13 c 1 : Assignment of vibrational fundamentals[END_REF], and 2,3-13 C 2 [START_REF] Craig | Analysis of rotational structure in the high-resolution infrared spectrum and assignment of vibrational fundamentals of butadiene-2[END_REF] species.

With the notable exception of butadiene-1,1-d 2 which is slightly polar and was thus investigated using microwave spectroscopy by Caminati et al. [START_REF] Caminati | Microwave Fourier Transform Spectrum of s-trans-1,3-butadiene-1,1-d 2[END_REF], the rotational constants of all other isotopologues were derived from highresolution ro-vibrational measurements. trans-butadiene belongs to the C 2h point group and possesses 12 IR-active modes, 4 of a u and 8 of b u symmetries. Among them, 6 modes lie below 1100 cm -1 , i.e. in the far-IR domain: ν 13 (162.42 cm -1 , a u ) [START_REF] Craig | An Investigation of the Rotamers of Butadiene by High-Resolution Infrared Spectroscopy[END_REF], ν 24 (∼ 299.1 cm -1 , b u ) [START_REF] Krasnoshchekov | Anharmonic Vibrational Analysis of the Infrared and Raman Gas-Phase Spectra of s-trans-and s-gauche-1,3-Butadiene[END_REF], ν 12 (524.57 cm -1 , a u ) [START_REF] Craig | An Investigation of the Rotamers of Butadiene by High-Resolution Infrared Spectroscopy[END_REF], ν 11 (908.07 cm -1 , a u ) [START_REF] Craig | Analysis of the rotational structure in bands in the high-resolution infrared spectra of butadiene and butadiene-2,3-d 2 : Refinement in assignments of fundamentals[END_REF], ν 23 (∼ 990.3 cm -1 , b u ) [START_REF] Krasnoshchekov | Anharmonic Vibrational Analysis of the Infrared and Raman Gas-Phase Spectra of s-trans-and s-gauche-1,3-Butadiene[END_REF], and ν 10 (∼ 1013.8 cm -1 , a u ) [START_REF] Krasnoshchekov | Anharmonic Vibrational Analysis of the Infrared and Raman Gas-Phase Spectra of s-trans-and s-gauche-1,3-Butadiene[END_REF]. Of these, only threeν 10 , ν 23 , and ν 24 -have not been observed at high resolution prior to this work, and thus their band centers (listed above) are probably accurate to at most a few wavenumbers based on low resolution gas phase investigation [START_REF] Krasnoshchekov | Anharmonic Vibrational Analysis of the Infrared and Raman Gas-Phase Spectra of s-trans-and s-gauche-1,3-Butadiene[END_REF]. In this article, we report the first ro-vibrational analysis of two of these, ν 10 (outof-plane C-H wagging [START_REF] Panchenko | Predictive abilities of scaled quantum mechanical molecular force fields: Application to 1,3-butadiene[END_REF]) and ν 24 (in-plane C--C-C deformation [START_REF] Panchenko | Predictive abilities of scaled quantum mechanical molecular force fields: Application to 1,3-butadiene[END_REF]). The spectra were recorded at two synchrotron radiation facilities, SOLEIL and the Canadian Light Source (CLS), during a search for the ro-vibrational spectrum of the gauche-butadiene.

Methods

Quantum chemical calculations

Vibrational frequencies and rotational constants were computed by second-order vibrational perturbation theory (VPT2) [START_REF] Mills | Vibration-Rotation Structure in Asymmetric-and Symmetric-Top Molecules[END_REF]. The force field constants were obtained using a hybrid approach, wherein a coupled-cluster treatment of electron correlation with singles, doubles, and perturbative triples and the frozen-core approximation [fc-CCSD(T)] was employed with the ANO1 basis set for the harmonic frequencies and the ANO0 basis set for the anharmonic constants [START_REF] Almlöf | General Contraction of Gaussian Basis Sets. I. Atomic Natural Orbitals for First-and Second-row Atoms[END_REF]. Calculations were performed using the CFOUR suite of electronic structure programs [START_REF] Stanton | Coupled-Cluster techniques for Computational Chemistry, a quantum-chemical program package[END_REF]. The expected far-IR spectrum of butadiene from literature experimental values, when available, or these calculations, otherwise, is simulated in Fig 1 . Tables S1 and S2 report the calculated band centers and intensities, and the calculated rotational constants, respectively.

A particularly noteworthy result of the VPT2 calculations is the predicted resonance between v 10 = 1 (a u symmetry) and v 9 = v 12 = 1 (a u ), whose zero-order energies lie less than 1 cm -1 apart, around 1034 cm -1 , according to the ANO1 harmonic frequencies. Using the GUINEA module of CFOUR with hybrid ANO1/ANO0 constants, the effective Hamiltonian between the v 10 = 1 and v 9 = v 12 = 1 states has been constructed and diagonalized. Once anharmonicity is taken into account, the states are found to be 22 cm -1 apart (with v 10 = 1 lower in energy, lying at 1012 cm -1 and v 9 = v 12 = 1 lying at 1034 cm -1 , see Table S1) with an overall (pure vibrational) coupling matrix element of 0.8 cm -1 .

Butadiene sample preparation

In all of the experiments performed here, 1,3-butadiene was synthesized from thermal decomposition of sulfolene (C 4 H 6 SO 2 ) at 85-100 • C according to the reversible reaction:

C 4 H 6 SO 2 (s) ∆ ----C 4 H 6 (g) + SO 2 (g). (1) 
Theoretical calculations of this reaction [START_REF] Goldstein | Density functional theory prediction of the relative energies and isotope effects for the concerted and stepwise mechanisms of the diels-alder reaction of butadiene and ethylene[END_REF] predict gaseous butadiene is initially produced in the gauche form through a cis transition state via a retro-Diels-Alder mechanism.

To prevent the reverse Diels-Alder reaction, and to obtain a high purity sample of butadiene, an SO 2 trap consisting of KOH pellets was used:

SO 2 (g) + KOH(s) --→ K 2 SO 3 (s) + H 2 O(l), (2) 
where water released during reaction Eq. ( 2) was condensed in a cold trap maintained at about 0 • C. Butadiene passes through this trap, but was subsequently collected either by condensation in a vessel cooled with liquid nitrogen or was directly injected into the measurement cell. This purification procedure precludes the obtainment of nonthermal rotamer populations of butadiene (gauche:trans ratio) due to numerous collisions with the vessel walls.

Synchrotron-based FT-IR spectroscopy

The high resolution ro-vibrational spectrum of butadiene has been investigated using three complementary set-ups installed at two synchrotron facilities, SOLEIL and the Canadian Light Source. These set-ups allowed us to probe the sample at three different temperatures, namely 50, 273, and 343 K. In all cases, butadiene spectra were recorded using Fourier-transform spectroscopy (in the far-and mid-IR) using a Bruker IFS125HR spectrometer at its ultimate resolution of about 1 × 10 -3 cm -1 . When used as the light source, the synchrotron radiation was focused onto the entrance iris of the interferometer. In all cases, the interferometer was continuously evacuated to 10 -5 mbar to minimize absorption by atmospheric water. Each experiment is described in greater details in the following paragraphs.

Warm cell experiment

A synchrotron-based ro-vibrational spectrum of butadiene was recorded in the 400-1300 cm -1 region at the far-IR beamline of the CLS facility [START_REF] Mckellar | High resolution analysis of the ν 12 and ν 17 fundamental bands of acrolein, ch 2 chcho, in the 600 cm -1 region[END_REF]. About 40 µbar of sample was injected into a 2-m base-length multipass White-type cell aligned for a 72 m optical path length and maintained at a 343 K (70 • C) temperature [START_REF] Mckellar | High-resolution synchrotron far-infrared spectroscopy of acrolein: The vibrational levels below 700 cm -1[END_REF]. The cell was separated from the interferometer using KBr windows. 280 scans were collected at 0.00096 cm -1 resolution (according to Bruker definition) using a 80 kHz scanner velocity, a 1.15 mm entrance iris aperture, a KBr beamsplitter, and a Ge:Cu detector installed inside a QMC pulse tube cooled cryostat, and equipped with a KRS5 window. Simulation of the high resolution (at 0.001 cm -1 resolution and assuming a Doppler profile) far-IR spectrum of trans-butadiene (fundamental bands only) performed with the PGOPHER software using the experimental band centers and rotational constants when available, or those derived from the quantum chemical calculations (Table S1-S2). Computed intensities are plotted in arbitrary units. For the sake of clarity, the weak bands have been magnified by a factor 40 (ν 12 , ν 24 , in blue) or 1000 (ν 13 , in red). The two new bands investigated in this work (ν 10 and ν 24 ) have been highlighted in orange and the deformation associated with the two corresponding vibrations is represented by orange arrows on the molecular pictures.

The spectrum was calibrated using residual lines from HDO (around 1200 cm -1 ), HCN (around 715 cm -1 ), and CO 2 (around 670 cm -1 ) whose rest wavenumbers were taken from the HITRAN database [START_REF] Gordon | The hitran2016 molecular spectroscopic database[END_REF] and includes experimental data pertinent to this work [START_REF] Maki | Hightemperature infrared measurements in the region of the bending fundamental of h 12 c 14 n, h 12 c 15 n, and h 13 c 14 n[END_REF][START_REF] Zak | A room temperature co 2 line list with ab initio computed intensities[END_REF][START_REF] Horneman | High accurate peak positions for calibration purposes with the lowest fundamental bands ν 2 of N 2 O and CO 2[END_REF]. Residual lines of water, saturated in our experimental spectrum, were not considered in the calibration procedure. From the difference between the calibrated wavenumbers and the reference ones, accuracy of line positions for the entire spectrum should be better than ±2 × 10 -4 cm -1 (Fig. S1). Around 1100 cm -1 , where the ν 10 band of butadiene is predicted to lie, the Doppler full width at half maximum of the lines at 343 K is of about 2 × 10 -3 cm -1 ; thus, a wavenumber accuracy of about a tenth that value appears appropriate.

Room temperature experiment

A synchrotron-based ro-vibrational spectrum of butadiene was recorded in the 50-650 cm -1 region at the AILES beamline of the SOLEIL synchrotron facility [START_REF] Brubach | Performance of the ailes thz-infrared beamline on soleil for high resolution spectroscopy[END_REF]. A spectrum consisting of 220 co-added interferograms was recorded at a resolution of 0.00102 cm -1 (Bruker definition) using a 2.5-m base-length room temperature multipass White-type cell aligned for about 150 m optical path length [START_REF] Pirali | Rotationally resolved infrared spectroscopy of adamantane[END_REF] and filled with 180 µbar of sample. A 2 mm iris, a 6 µm thick mylar-silicon composite beamsplitter, and a liquid-helium Si bolometer were used for the measurements. The cell was isolated from the interferometer by two 50 µm thickness polypropylene windows.

Calibration was performed using residual H 2 O and CO 2 lines whose reference wavenumbers were taken from Refs. 29, 30, which in turn allowed line frequencies to be determined to better than ±1 × 10 -4 cm -1 below 500 cm -1 and ±2 × 10 -4 cm -1 above 500 cm -1 (Fig. S1).

Supersonic-jet experiment

Finally, a spectrum of butadiene in a supersonic jet expansion was recorded in the 850-1050 cm -1 region using the Jet-AILES apparatus at SOLEIL [START_REF] Cirtog | The (CH 2 ) 2 O-H 2 O hydrogen bonded complex. ab initio calculations and fourier transform infrared spectroscopy from neon matrix and a new supersonic jet experiment coupled to the infrared ailes beamline of synchrotron soleil[END_REF][START_REF] Asselin | Competition between interand intra-molecular hydrogen bonding: An infrared spectroscopic study of jet-cooled amino-ethanol and its dimer[END_REF]. A slit nozzle of 60 mm length and 130 µm width was used to expand the sample seeded in helium buffer gas, with respective flows of 1 and 20 standard liters per minutes (slm), into a large chamber that was continuously evacuated by a set of Roots pumps. The reservoir and chamber pressures were maintained at 260 and 0.8 mbar, respectively, and the chamber was separated from the interferometer and the detection compartment by two KBr windows. The high resolution spectrum is the result of the co-addition of 130 individual scans recorded at 0.00102 cm -1 resolution using a globar source, a 1.13 mm iris aperture, a KBr beamsplitter, and photovoltaic MCT detector. A low-pass optical filter was placed in front of the detector thereby limiting the upper wavenumber value of the measurements to 1050 cm -1 . Under our experimental conditions, the use of the synchrotron radiation instead of the globar source resulted in a lower signal-to-noise ratio. Additional spectra were recorded at lower resolution (0.01 cm -1 ) for different sample to buffer gas ratios (2 slm of butadiene and x slm of He, where x = 0, 5, 10, 20, 30) but otherwise identical experimental conditions. Since

Accepted article

3/10 accurate rotational constants of the ν 11 band of transbutadiene were available from prior work [START_REF] Craig | Analysis of the rotational structure in bands in the high-resolution infrared spectra of butadiene and butadiene-2,3-d 2 : Refinement in assignments of fundamentals[END_REF], simulations of the band profile (using the PGOPHER software [START_REF] Western | PGOPHER: A Program for Simulating Rotational, Vibrational and Electronic Spectra[END_REF]) allowed us to infer the rotational temperature of the spectra with different mixing ratios. A temperature of 30 K well reproduced the high resolution Jet-AILES spectrum, while temperatures of 150, 100, 70, 50, and 40 K were estimated to reproduce the lower resolution spectra with 0, 5, 10, 20, and 30 slm of He, respectively (Fig. S2).

In the relatively narrow range covered by the Jet-AILES spectrum, only two bands of trans-butadiene, ν 10 and ν 11 , are visible, which precludes a conventional frequency calibration using standard molecules. Instead, calibration was performed by comparing strong, isolated lines in both the well-calibrated warm spectrum recorded at CLS with those in this jet spectrum. Several drawbacks to this procedure should be noted: i) the wavenumber accuracy of the CLS transitions is at best 2 × 10 -4 cm -1 whereas accuracy as low as 1 × 10 -4 cm -1 should be possible in the cold Jet-AILES spectrum owing to the narrower lines and sparser spectrum that arises at colder rotational temperatures; and ii) because of the temperature difference between the two spectra, lines that are strong in the Jet-AILES spectrum may not be intense in the CLS spectrum, and vice versa. To increase our calibration reliability, we have selected as many lines as possible on the Jet-AILES spectrum that correspond to lines having a transmittance higher than 0.2 in the warm CLS spectrum. A conservative wavenumber accuracy of 5 × 10 -4 cm -1 is expected from this procedure (Fig. S1).

Analysis procedure

Since several ro-vibrational bands of trans-butadiene have previously been assigned at high resolution, it is reasonable to assume that the vibrational ground state is very well-described, even though no pure rotational measurements of the main isotopologue are available. As a consequence, analysis of the newly-recorded bands appears well-suited for the Automated Spectral Analysis Approach (ASAP) developed by C. P. Endres and several of the authors of this paper [START_REF] Martin-Drumel | The soleil view on sulfur rich oxides: The s 2 o bending mode ν 2 at 380 cm -1 and its analysis using an automated spectral assignment procedure (asap)[END_REF][START_REF] Thorwirth | An asap treatment of vibrationally excited s 2 o: The ν 3 mode and the ν 3 + ν 2ν 2 hot band[END_REF]. Briefly, this procedure facilitates fast analysis of a ro-vibrational band when one of the two vibrational levels involved, the so-called reference state, is well-characterized. The second, or target state is thus the one from which spectroscopic information needs to be extracted. The method exploits the power of the Loomis-Wood approach for ro-vibrational assignments (see, e.g., Refs. [START_REF] Kisiel | Rotational spectrum of trans-trans diethyl ether in the ground and three excited vibrational states[END_REF][START_REF] Lodyga | Advanced graphical software for assignments of transitions in rovibrational spectra[END_REF] and the redundancy of the spectroscopic information in a ro-vibrational band with multiple selection rules (typically P-, Q-, R-branches and asymmetric splitting), i.e. when transitions originating from different rotational energy levels of the reference state reach the same rotational energy level of the target state. Since the energy levels of the reference state are well-determined, the error in the predicted ro-vibrational frequencies between the reference and target state are dominated by the error in the prediction of the target state. Since each set of transitions reaches the same rotational level, the frequencies of the sought-after experimental transitions all share the same offset relative to their prediction, with the value of that offset being the error in the predicted energy of the particular target rotational level. Assigning ro-vibrational transitions in such a set thus entails identifying lines lying at the same offset value from the prediction in each portion of the spectrum. ASAP simplifies this step by cross-correlating (multiplying) these portions of the spectrum. For spectra plotted in absorbance, the signal approaches zero between transitions, provided the spectrum is well-resolved. Thus, most frequency points will be multiplied by zero at least once except if a line is always present on each plot. This method allows for significant spectral simplification, as only a few points will stand out from the baseline, and by plotting successive J values in a Loomis-Wood fashion, one can assign series of lines. One consequence of the cross-correlation is that the actual rovibrational frequencies are no longer assigned; rather the energy of the sought after target state is directly extracted (predicted energy + assigned offset). Since it is no longer necessary to assign each transition for each selection rule, but only the target energy levels involved in the band, this procedure greatly speeds-up analysis time. The energy levels together with other available data are input to the SPFIT/SPCAT suite of programs [START_REF] Pickett | The fitting and prediction of vibration-rotation spectra with spin interactions[END_REF] to derive the rotational constants and band center of the target state.

The ASAP method has proven extremely helpful in assigning several bands of S 2 O, for which the rotational ground state was accurately known from extensive pure rotational investigations [START_REF] Martin-Drumel | The soleil view on sulfur rich oxides: The s 2 o bending mode ν 2 at 380 cm -1 and its analysis using an automated spectral assignment procedure (asap)[END_REF][START_REF] Thorwirth | An asap treatment of vibrationally excited s 2 o: The ν 3 mode and the ν 3 + ν 2ν 2 hot band[END_REF]. In the present case, however, since no such pure rotational data exists and since the ro-vibrational bands assigned in the literature were recorded at similar or lower resolution compared to the present work, once the target state rotational constants were derived from the ASAP analysis, a conventional assignment of each ro-vibrational transition was also undertaken. To do so, the LWWa software developed by W. Lodyga was used [START_REF] Lodyga | Advanced graphical software for assignments of transitions in rovibrational spectra[END_REF].

Results and discussion

Initial fit of the literature data

To obtain ground state constants that are as accurate as possible, we have refitted all of the ro-vibrational data previously published, i.e. in the ν 11 [START_REF] Craig | Analysis of the rotational structure in bands in the high-resolution infrared spectra of butadiene and butadiene-2,3-d 2 : Refinement in assignments of fundamentals[END_REF], ν 12 [START_REF] Craig | An Investigation of the Rotamers of Butadiene by High-Resolution Infrared Spectroscopy[END_REF], ν 13 [START_REF] Craig | An Investigation of the Rotamers of Butadiene by High-Resolution Infrared Spectroscopy[END_REF], ν 17 [START_REF] Halonen | Structural issues in conjugated hydrocarbons: High-resolution infrared slit-jet spectroscopy of trans-1,3-butadiene[END_REF], and ν 20 [START_REF] Craig | Analysis of the rotational structure in bands in the high-resolution infrared spectra of butadiene and butadiene-2,3-d 2 : Refinement in assignments of fundamentals[END_REF] bands. A Watson S-reduced Hamiltonian in the I r representation and the Pickett SPFIT program were used. Since A >> B ∼ C, we have chosen S-reduction although literature data were fitted using the A-reduction. Data from ν 12 and ν 13 [START_REF] Craig | An Investigation of the Rotamers of Butadiene by High-Resolution Infrared Spectroscopy[END_REF] were weighted according to their experimental uncertainty (0.0002 cm -1 ), while those in ν 11 and ν 20 [START_REF] Craig | Analysis of the rotational structure in bands in the high-resolution infrared spectra of butadiene and butadiene-2,3-d 2 : Refinement in assignments of fundamentals[END_REF], for which the estimated line accuracy was not stated, were weighted using the standard deviation obtained in the fit reported by the authors (0.0002 and 0.007 cm -1 , respectively). In the case of ν 17 , the authors [START_REF] Halonen | Structural issues in conjugated hydrocarbons: High-resolution infrared slit-jet spectroscopy of trans-1,3-butadiene[END_REF] noted that the expected wavenumber accuracy Accepted article 4/10 on each transition should be 10 times better than the standard deviation of their fit (0.003 cm -1 ) but perturbations, most likely from a rovibrational dark state, limited the fit convergence. Since in our study no attempt was made toward treating this perturbation, the value of this standard deviation was retained as the line uncertainty. In total, 7015 transitions (6929 different frequencies) are included in our fit with J = 0 -73 and K a = 0 -18. All quartic centrifugal distortion (CD) terms were varied in the ground state while those unfitted in the excited states were constrained to the ground state value. By using a 5σ rejection criterion (i.e. transitions were discarded if the observed-calculated frequency was five or more times the postulated uncertainty ), 16 lines from Refs. 9, 14 were rejected from the fit. In these instances, it appears that the inability to reproduce the literature data to within the experimental accuracy is due to perturbations rather than misassignments. We have therefore decided to keep these lines in the fit but to reduce their wavenumber accuracy by a factor 10 (see Table S4 for the list of transitions). The reduced standard deviation (unitless) of the combined fit is 1.16, ranging from 0.73 to 1.54 for individual bands.

To our knowledge, only ground state combination differences and some individual ro-vibrational bands were fitted together prior to this study. Since a combined effective fit has been performed here, the ground state rotational constants should be quite reliable.

The ν 24 vibrational band

The ν 24 band of trans-butadiene (a/b hybrid) is observed in the room temperature spectrum recorded at SOLEIL (Fig. 2).

Fig. 2.

Overview of the high-resolution spectrum of the ν 24 band of trans-butadiene observed at room temperature. Isolated lines arise from residual water vapor, and most of these are saturated. A portion of the Q-branch is also saturated.

ASAP assignments Using the ground state as the reference state and v 24 = 1 as the target state, ASAP searches were performed. The initial rotational constants for v 24 = 1 were obtained by scaling the VPT2 results by the experimentally-derived versus calculated constants in the ground state (Table S1-S2). The initial frequency for Because several series of lines are readily identifiable on the ASAP plots (Fig. 3), a preliminary assignment of the band could be performed almost immediately; it consists of 290 energy levels in v 24 = 1 with J = 4 -44, K a = 4 -14, measured to 0.0001 cm -1 accuracy. These energy levels were then added to the list of literature assignments, as defined in the previous section, and constants fit using the Pickett software. The resulting parameters are reported in Table 1. Even though we suspected that inclusion of higher-order CD parameters would help to reduce the standard deviation, at this juncture of the analysis the number of fitted parameters was limited because it appeared that the energies derived in the ASAP procedure were not as accurate as expected given our experimental resolution. Ostensibly this situation arises because of residual error in the ground (reference) state energies owing to the absence of extremely accurate pure rotational data. Indeed, after fitting, the ASAP series are still not uniformly aligned, and the distribution of residuals is larger than expected for a spectrum recorded at a resolution of 0.001 cm -1 . This may come from the fact that the data defining the ground state has at best an uncertainty twice what we expect from the ν 24 measurements (0.0002 vs. 0.0001 cm -1 ). Additionally, some Q-branch lines are saturated, which induces broadening of the ASAP lines. Because it is not possible to omit specific lines in the crosscorrelation procedure using the current version of the software, this effect may skew the ASAP plots. For both of these reasons, a subsequent line-by-line assignment of the ν 24 band has been performed using the LWWa software.

LWWa assignments Using the preliminary constants derived for v 24 = 1, assignments using the LWWa software are straightforward. Comparison of the LWWa diagrams with those from ASAP (Fig. 4) indicates that lines ap-Accepted article 5/10 pear better aligned (i.e. have a smaller dispersion) compared to the former plots. It should be noted, however, that the LWWa software represents a line as a triangle placed at its center frequency, with no consideration for the width of the actual line, while the ASAP plot displays a cross-correlated line profile. Nevertheless, the LWWa plots allow assignment over a wider range of quantum numbers without ambiguity. In total, 2840 transitions with J = 4 -87 and K a = 2 -18 have been assigned with a frequency uncertainty of 0.0001 cm -1 using this approach. The c-type ν 10 vibrational band of butadiene was observed both in the cold supersonic jet spectrum recorded at SOLEIL (Fig. 5) and in the warm one recorded at CLS. During the measurements with the supersonic jet, we were also able to observe the effect of rotational cooling on the band profile: from a standard c-type band with a sharp Q-branch at moderate temperature, the band evolves to a completely different profile with two Q-branch lobes at low temperature (Fig. 6).

ASAP assignments Following the same procedure as for the ν 24 band, assignments were first performed using the ASAP software. The ground state was used as the reference state, the initial constants of the target state (here v 10 = 1) were obtained by scaling the VPT2 calculation (Table S2), and the initial frequency of the band center was taken from the low-resolution gas-phase assignment of Ref. [START_REF] Krasnoshchekov | Anharmonic Vibrational Analysis of the Infrared and Raman Gas-Phase Spectra of s-trans-and s-gauche-1,3-Butadiene[END_REF].

As with the ν 24 analysis, several series of lines, slightly displaced from the prediction, were readily observed and assigned (Fig. 3): over 100 energy levels in total, with J = 1 -24 and K a = 0 -6. As before, the reduced standard deviation of the fit, assuming a 0.0005 cm -1 accuracy for the energy levels, is high (σ = 16 when fitting a single quartic CD term in addition to the rotational constants and band center; see Table 1). Owing to the limited range of the quantum numbers that are accessible at this temperature, no additional CD terms were varied at this stage of the analysis.

LWWa assignments Using the preliminary set of rotational constants and the LWWa software we were able to assign 927 lines with 682 different frequencies, including 131 lines with ∆K c = ±2, in the Jet-AILES spectrum. These transitions involve J = 1 -29 and K a = 0 -7.

Additionally, 1176 transitions (964 different frequencies) were also assigned in the warm CLS spectrum with J = 2 -49 and K a = 0 -7. More lines, likely involving higher J and K a values, are present in the warm spectrum, but it was not possible to assign them with confidence using our best model (see the Combined fit section).

Other bands

In the FIR spectra we recorded, limited sensitivity prevented detection of any combination bands. Searches for ν 23 (lying around 977 cm -1 ) were also unsuccessful. This band is expected to be extremely weak (see Fig. 1 and Table S1) and increasing the pressure in hopes of detecting it resulted in full optical saturation of ν 10 and ν 11 in the room temperature and warm spectra.

Combined effective fit

A fit has been performed using the Pickett software for all the literature data and the newly assigned transitions. Energy levels assigned at the ASAP step were not included, nor were the assignments of the ν 10 band from the warm CLS spectrum (only the cold Jet-AILES data were considered for this band). The best-fit constants and relevant fit parameters for the ν 10 and ν 24 bands are summarized in Table 1, while the complete set of constants (all states in the fit) is given in Table S3. For ν 24 , inclusion of two higher-order (sextic and octic: H K and L K ) CD terms, not needed for the ground state, are required to reproduce all assigned transitions to their experimental accuracy (resulting in a reduced standard deviation of 1.1). Taken together with the larger value of D K in v 24 = 1 compared to that in v = 0, this behavior likely indicates v 24 = 1 is somewhat less "rigid" than the ground state.

The situation for the ν 10 band is significantly more complicated; the band shows obvious signs of a (strong) perturbation. To reproduce as many transitions from the cold spectrum as possible, three sextic (H K , H JK , and H K J ) CD terms are required. These parameters, however, as well as the quartic CD terms, have magnitudes that are much larger than expected (e.g., D JK is 38 times larger than the ground state value and H K is 50 times larger than the corresponding value in v 24 = 1). Despite their inclusion, 163 transitions (120 different frequencies) were still rejected from the fit using a 5σ criterion. These transitions are almost exclusively high J values in each K a branch, meaning that the highest values of J included in the fit decrease with K a . For completeness these transitions are reported in the Supporting Information. In light of the difficulties encountered in the cold Jet-AILES spectrum, which samples a limited range of rotational excitation, no attempt was made to fit the warm CLS spectrum. Based on the available data it appears that a strong perturbation occurs for K a ≥ 4, likely from the nearly degenerate dark state ν 9 + ν 12 , if the VPT2 calculations can be trusted.

Treatment of the perturbation in ν 10 has been attempted. From our quantum chemical calculations, the v 9 = v 12 = 1 level is predicted to lie at 1034 cm -1 , and the interaction between this state and v 10 = 1 is predicted to be Fermi and/or c-type Coriolis, the former with a coupling value of order 0.8 cm -1 . The same calculation also predicts v 10 = 1 at 1012.2 cm -1 (about 1 cm -1 away from the experimental value) and scaled rotational constants that are consistently very close to the experimental values for the other bands investigated in this work, i.e. about 0.2 % for B and C, and 5% for the A constant (see Tables 1 andS2). Nevertheless, no satisfactory fit was obtained for the combined fit, regardless of the magnitude of the coupling parameter. At present, we believe this fitting failure is no accident, but rather due to a coincidence between K a = 4 of v 10 = 1 and the first K a values in v 9 = v 12 = 1, based on effective Hamiltonian predictions (Fig. 7). This is consistent with the large residuals associated with the K a = 4 value in the ν 10 band. The main obstacle is the lack of accurate data on the dark v 9 = v 12 = 1 state: no pure rotational data are available and there is no evidence of the ν 9 + ν 12 band in the experimental spectra, presumably because its calculated intensity is more than two orders of magnitude lower than that of ν 10 .

While unsatisfactory in some respects, the effective fit reported here improves our understanding of the rovibrational structure of trans-butadiene. Concerning the band centers, for instance, the value determined in this work for the ν 24 band is 2 cm -1 lower than the previous value, derived from low-resolution spectroscopy reported in Ref. [START_REF] Krasnoshchekov | Anharmonic Vibrational Analysis of the Infrared and Raman Gas-Phase Spectra of s-trans-and s-gauche-1,3-Butadiene[END_REF]. A much closer agreement is obtained for the ν 10 band (0.5 cm -1 ) as a consequence of this band being a c-type, which is characterized by a sharp Q-branch at room temperature. The rotational constants in the ground state are also extremely reliable, since they have now been derived from measurements of roughly 10,000 lines.
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Conclusions

While attempting to record the ro-vibrational spectrum of gauche-butadiene, we have re-investigated the far-infrared spectrum of its more stable trans conformer. Two new bands, ν 24 and ν 10 , have been observed and assigned, meaning that only one IR active band below 1100 cm -1 , namely ν 23 , has evaded detection at high resolution. The ASAP software was used to initially assign the spectra of both bands in a few hours. While the assignment was straightforward, the fit has proven more challenging since the ν 10 band appears strongly perturbed, most likely by the dark v 9 = v 12 = 1 state. In absence of any experimental information for this state (rotational constants or band center), no reasonable treatment of the perturbation could be achieved. Further investigation of the species under rotationally cooled conditions may prove useful to determine the ν 9 + ν 12 band centers, and ideally rotational constants, assuming a sufficient signal-to-noise ratio can be reached. Such measurements may also enable the detection of the ν 23 band. Nevertheless, now that the far-IR ro-vibrational spectrum of the most abundant conformer of butadiene is nearly complete, renewed attempts to assign the gauche spectrum can be undertaken with greater confidence.

Supporting Information. Calibration plots (Figure S1); Experimental Jet-AILES spectra and comparison with simulations (Figure S2); Calculated band centers and intensities (Tables S1); Predicted rotational constants (Table S2); Full list of derived rotational constants (Table S3); Literature transitions for which the estimated uncertainty was increased in the present fit (Table S4). Complete list of observed transitions and fit files (in text format).
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Fig. 1 .

 1 Fig.1. Simulation of the high resolution (at 0.001 cm -1 resolution and assuming a Doppler profile) far-IR spectrum of trans-butadiene (fundamental bands only) performed with the PGOPHER software using the experimental band centers and rotational constants when available, or those derived from the quantum chemical calculations (TableS1-S2). Computed intensities are plotted in arbitrary units. For the sake of clarity, the weak bands have been magnified by a factor 40 (ν 12 , ν 24 , in blue) or 1000 (ν 13 , in red). The two new bands investigated in this work (ν 10 and ν 24 ) have been highlighted in orange and the deformation associated with the two corresponding vibrations is represented by orange arrows on the molecular pictures.

1 Fig. 3 .

 13 Fig. 3. Initial ASAP views of the ν 24 band (left panel, for one of the two K a = 7 asymmetric branches) and the ν 10 band (right panel for a K a = 1 branch). Predicted energies are represented by the black vertical line (0 cm -1 offset) and visible series of lines are highlighted in blue.

Fig. 4 .

 4 Fig. 4. Initial LWWa view of the ν 24 band for one of the two K a = 8 branches in comparison with the corresponding final ASAP plot (i.e., following the initial fit).

3. 3 .Fig. 5 .

 35 Fig. 5. Overview of the high resolution, rotationally cold spectrum recorded using the Jet-AILES apparatus: both the ν 10 and ν 11 bands of trans-butadiene are clearly visible.

Fig. 6 .

 6 Fig.6. Evolution of ν 10 band profile as a function of rotational temperature showing an expanded view of the Q-branch (gray insert). Spectra were all recorded at medium resolution (0.01 cm -1 ) but with different sample:He ratios. Rotational temperatures determined from simulations of the ν 11 band profile are indicated on the far right (see text in the Methods section and Fig.S2for further details).

d 2 ×10 9 -Fig. 7 .

 97 Fig. 7. Rotational energy level diagram in v 10 = 1 (best fit, black dots) and v 9 = v 12 = 1 (best prediction, red triangles). The term 1 /2(B + C)J(J + 1) is subtracted from the energy. K a values are noted at the head of each series.

Table 1 .

 1 Rotational constants of butadiene in the ground state, v 24 = 1, and v 10 = 1 after initial assignments using the ASAP software and the final fit in comparison with predicted values. Numbers in parenthesis are one standard deviation in units of the last quoted digit. Brackets indicate parameters fixed to the ground state values.

	D J ×10 6 D JK ×10 6 D K ×10 6	C	B	A	E	Constant	
	7.2929(11) [ • ]	-0.23874(16) [ • ]	0.0287444(89) [ • ]	0.133694116(62) 0.1338	0.147885664(59) 0.1478	1.39038285(40) 1.3455	299.1	Final Pred. a	v = 0
	19.4396(32) 21.9587(59)	-0.22862(60) -0.24369(17)	0.027890(37) 0.0278283(90)	0.13364383(222) 0.133616011(65)	0.14793757(207) 0.147960763(63)	1.43140808(57) 1.43163076(55)	297.0970719(258) 297.0923451(62)	Ini. (ASAP) Final	v 24 = 1
		[ • ] -16.3923(253)	[ • ] [ • ]	0.1337 0.13381633(72)	0.1469 0.14945258(72)	1.3950 1.3861088(66)	1013.8 1013.371993(93)	Pred. a Ini. (ASAP)	v 10 = 1
		-9.191(57)	0.0470(12)	0.13382711(68)	0.14952571(74)	1.386966(15)	1013.368967(66)	Final	
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