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Abstract: 32 

 Four spectra of formaldehyde in natural isotopic abundance in the 3700-5200 cm-1 region 33 

were recorded at low temperature 160-166 K at Synchrotron SOLEIL for various pressures. Line 34 

positions and intensities were retrieved by non-linear least-squares curve-fitting procedures in 35 

the range 3700-4450 cm-1 and analyzed using ab initio based effective Hamiltonian and line 36 

intensities computed using new ab initio dipole moment surface. A new measured line list 37 

contains positions and intensities for 6177 features. Refined parameters of effective Hamiltonian 38 

were fitted to all assigned line positions with the RMS deviations of 0.001 cm-1. Updated line 39 

lists include intensity values based on ab initio variational calculations which were subsequently 40 

empirically optimized. Comparison of our theoretical simulation with previously available data 41 

as well as with high-resolution and low-resolution experimental spectra are reported. 42 

 43 

Introduction 44 

 45 

Accurate data on the absorption of formaldehyde can be used for the retrieval of this 46 

molecule in various environments. This molecule is relatively abundant in the interstellar 47 

medium [1], was found in comets [2] and in proto-planetary discs around some stars [3]. It 48 

was classified as genotoxic cancerogenic species [4] and is considered as an environmental 49 

pollutant in the atmosphere [5], [6], [7], [8]. Improved line-by-line analyses are required for the 50 

interpretation of spectra recorded by the ground-based and satellite observatories [9], [10].  51 

Such analyses can be efficiently assisted by theoretical predictions of spectra using ab initio  52 

potential energy surfaces (PES) and of dipole moment surfaces (DMS). This was the case of 53 

some recent variational calculations for three-atomic [11], [12], [13], [14], [15], four-atomic 54 

[16], [17], [18] and five-atom molecules [19], [20], [21], [22], [23] where ab initio based 55 

approaches helped better modelling and assignments of high-resolution spectra. Many ab initio 56 

PESs have been subsequently refined by a fit to experimental data to achieve better accuracy in 57 

line positions. Theoretical line lists for ammonia [16], [24] and phosphine [25], [17], [18] are 58 

successful examples of this trend for four-atomic species. New PESs and DMSs have been 59 

recently reported for five-atomic [26], [27], [28], [29] six-atomic molecules [30], [31], [32], [33] 60 

and seven-atomic [34] [35] molecules.  61 

 62 
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The formaldehyde molecule was often considered as a benchmark molecule for theoretical 63 

models and high-level quantum-chemical calculations where different methods were conducted 64 

in various coordinate systems. Burleigh et al. [36] have empirically refined the CCST(T)/cc-65 

pVTZ ab initio quartic force field of Martin et al. [37] using observed transition frequencies 66 

available at that time. A review of earlier works refs [36], [37], [38], [39], [40] that reported 67 

calculations of the formaldehyde PES and energy levels can be found refs. [41], [42].  First 68 

calculations of ab initio dipole moments of the formaldehyde molecule have been reported by 69 

Poulin et al [43] and by Carter et al [44]. The latter work provided rovibrational energies and 70 

dipole transition intensities for polyatomic molecules using MULTIMODE method. Yachmenev 71 

et al. [42] have calculated an ab initio PES in a wide range of geometries at the CCSD(T)/aug-72 

cc-pVQZ level of the theory. Al-Refaie et al. [45] have worked out  an extensive rotation-73 

vibration line list of H2
12C16O up temperatures of 1500 K, as part of the ExoMol project [46]. 74 

They empirically refitted the PES of Yachmenev et al. [15] because the previous work did not 75 

provide correct intensity predictions, and re-calculated the DMS also at the CCSD(T)/aug-cc-76 

pVQZ level of theory in the frozen-core approximation using CFOUR code [47]. Morgan et al. 77 

[41] have published a very thorough study  of the quartic force fields of formaldehyde near 78 

equilibrium using CCSDT(Q) ansatz with the CBS extrapolation and have obtained an excellent 79 

agreement vs experiment for the equilibrium structure and for low vibration levels. In our 80 

previous work [48], we reported ab initio PES that provided the RMS (obs.-calc.) errors of 0.25 81 

cm-1 for fifteen vibrational band centers. The average error dropped to 0.08 cm-1 for an 82 

empirically optimized PES with six adjusted parameters, which was used to compute theoretical 83 

band origins up to 7000 cm-1.  84 

 85 

Experimental formaldehyde spectra have been studied in many groups including MW and IR 86 

spectral ranges. The early work was reviewed by Clouthier and Ramsay (1983) [49] . Since then, 87 

the analyses of high-resolution spectra recorded with various experimental techniques in mid-IR 88 

were published in [50] [51] [52] [53] [54] [55] [56] [57] [58], [59].  Large number of 89 

experimental transitions were measured by Flaud et al. [60], Perrin et al. [61] [62] and 90 

KwabiaTchana et al. [63]. Rotationally-resolved absorption spectra from 1.4 to 1.6 μm were 91 

recorded by Ruth et al. [64] and Fjodorov et al. [65].  Vibrational band origins from low 92 

resolution dispersed laser-induced fluorescence data were reported by Bouwens et al [66]. Al-93 

Derzi et al. [67], have collected experimental positions of assigned lines to determine empirical 94 

values of vibration-rotation levels in the electronic ground state using Marvel code [68]. They have 95 

used these empirical levels to update line positions of the ExoMol line list available at [69]. Recently 96 

German at al [70] have used optical frequency comb Fourier transform spectroscopy to record low-97 



4 

pressure, room temperature spectra of H212C16O in the range of 1250 to 1390 cm- 1 with the 0.4 98 

MHz median uncertainty for the measured lines. These data were used to update MARVEL 99 

empirical levels, however the resulting line list did not have yet high-resolution accuracy in the 100 

range considered in our work. 101 

Despite the importance of formaldehyde for various applications and significant progress in 102 

the measurements and analyses, this molecule remains relatively less studied compared to main 103 

atmospheric species in terms of the number of experimentally assigned bands.  One of the 104 

possible reasons for this is the unavailability of the cold spectra caused by the high temperature 105 

of congelation and a complex technique for creating the formaldehyde gas. While for methane 106 

over 200 assigned vibrational energy levels have been measured with high accuracy ( [71], [72], 107 

[73], [74], [75], [76], [77], [78], [79] and references therein) , in case of formaldehyde, the recent 108 

lists  [67], [70] extracted from high resolution rotationally resolved spectra contain the 109 

rovibrational levels of only 25 vibrational states. Currently, the HITRAN [80] and GEISA [81] 110 

databases, which are the major source of publicly available spectroscopic data, include the 111 

transitions of H2CO in the range below 3100 cm-1. 112 

The aim of the present work is two-fold: theoretical levels of formaldehyde computed from ab 113 

initio PES [48] were used to extend analyses of high-resolution spectra in the 3700-4450 cm-1 114 

region, whereas new ab initio DMS was used for intensity calculations. 115 

The scheme of vibrational polyads of H2CO and the band origin corresponding to our spectra 116 

range is given in Fig 1. The Polyad 3 band system contains 28 upper state vibrational levels. In 117 

this work we have analyzed 18 bands in the considered spectral range.  118 

 119 
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 120 

Fig. 1. Vibrational levels of the H2CO polyads (left side), and the vibrational band origins 121 

(right side) corresponding to rovibrational bands analyzed in this work. The right hand side 122 

panel displays the principal vibration quantum numbers (notation ν1ν2ν3ν4v5v6), and symmetry 123 

types of vibration levels within the Polyad 3. The symmetry types correspond to irreducible 124 

representations of the C2v point group.  125 

 126 

This paper is structured as follows. The experimental conditions are described in Section 2.  127 

Ab initio DMS calculations are outlined in Section 3 whereas the transformation of the full 128 

nuclear motion Hamiltonian to the effective one for the Polyad 3 is considered in Section 4. 129 

Section 5 is devoted to the modeling and assignments of experimental spectra. New line list in 130 

the 3700-4450 cm-1 range and comparisons with other sources of data are discussed in the 131 

conclusion Section 6. 132 

 133 
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2. Experiment  134 

 135 

Four absorption spectra of formaldehyde were recorded with a Bruker IFS 125 HR high-136 

resolution Fourier transform spectrometer (FTS) using the cryogenic long path optical cell 137 

located on the AILES beamline of the SOLEIL synchrotron [63]. The instrument was fitted with 138 

a tungsten source, an entrance aperture set to 1.0 mm, a Si/CaF2 beam splitter, a 1.3 mm aperture 139 

and 418 mm focal length collimator, and an InSb detector cooled down to 77 K. Formaldehyde 140 

was generated by slow thermal decomposition of paraformaldehyde (Sigma Aldrich, 95% purity) 141 

in a high vacuum glass line. The resulting product was then distilled twice at low temperature (-142 

90°C) and stored at low temperature in a glass bulb before being sublimed directly in the low 143 

temperature cell. It contained a trace amount of CO2 but did not present any evidence of 144 

decomposition or repolymerization at the low cell temperature about 160K). The pressures were 145 

measured with a Pfeiffer capacitance manometer of 10 mbar full-scale range, temperature 146 

stabilized at 45°C and characterized by an accuracy of reading of 0.1%.  147 

An optical path length of 93 meters was adopted for all spectra. The spectra were 148 

successively recorded near 160K. About four days were needed to achieve this temperature with 149 

a 2 K temperature gradient. The varying parameters for all spectra are given in Table 1. All the 150 

interferograms were recorded with a maximum optical path difference (MOPD) of 150 cm, 151 

corresponding to a spectral resolution of 0.006 cm–1 (0.9/MOPD, according to the Bruker 152 

definition of the spectral resolution) and were transformed without apodization function (Boxcar 153 

option) with a zero-filling factor of 8. The number of interferograms averaged to yield the single 154 

beam spectra is provided in Table 1. The transmittance spectra were obtained after division by a 155 

zero-absorption spectrum recorded with the cell evacuated and a 0.06 cm-1 spectral resolution. 156 

The recordings cover the range 2500 to 7000 cm–1 but are mostly dedicated to the 3900-6500 cm-157 

1 range where the absorption amplitude allows for quantitative measurements. At the low 158 

pressures and temperatures used here, the Doppler width is always larger than the resolution and 159 

even than the width of the sync function (0.004 cm-1). 160 

Accurate calibration of the frequency axis was achieved using CO2 impurity lines and a high 161 

resolution N2O spectrum and line positions provided in the HITRAN database [80] (with the 162 

uncertainties in the 10–3-10–4 cm-1 range). After calibration, an RMS deviation of the position 163 

differences of about 3×10-4 cm-1 was achieved. 164 

 165 

Table 1. Experimental conditions for series of H2CO spectra in the range of Polyad 3. 166 

 167 
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Spectrum ID Scan number Pressure (Torr) Temperature (K) 

TrCH2O_2hPa 240 0.015 166 

TrCH2O_7Pa 720 0.053 160 

TrCH2O_22Pa 1620 0.165 165 

TrCH2O_45Pa 360 0.315 163 

 168 

3. Ab initio dipole moment in normal coordinates 169 

To find the dipole moment surface (DMS), the X, Y, Z components of the dipole moment 170 

were calculated using the coupled clusters CCSD(T) method with the aug-pVTZ atomic basis set 171 

(in abbreviated AVTZ notations in what follows) on a large grid of 15000 nuclear geometries. 172 

The finite difference method for all three components was used for calculation. Additionally, on 173 

a smaller grid of 2120 geometries at the bottom of the potential well, the dipole moment was 174 

calculated using larger ACVQZ basis. We computed the analytical DMS differences 𝑑𝑖𝑓𝑓2(𝑆𝑖) =175 

𝐴𝐶𝑉𝑄𝑍 − 𝐴𝑉𝑇𝑍  involving two basis sets where the notation Si (i=1,…6) stands for 176 

symmetrized internal vibrational coordinates. These differences can be provide the energy 177 

corrections due to the account of augmented orbitals and of core-valence correlation at X=4 178 

cardinal number. They were modeled analytically using the fourth-order expansions in Si . Since 179 

the full-grid direct MOLPRO calculations with the AVTZ basis set were already available the 180 

dipole moment 𝐴𝐶𝑉𝑄𝑍 = 𝑑𝑖𝑓𝑓2(𝑆𝑖) + 𝐴𝑉𝑇𝑍 was then evaluated for all remaining 15000-2120 181 

geometries. The total DMS computed at the CCSD(T)/ACVQZ level of ab initio theory was 182 

analytically modelled in the form of a 5-th order expansion in symmetrized Si coordinates, with 183 

the RMS fit deviation of 0.00005 a.u. The scatter of the fit deviations between our analytical 184 

DMS representation and ab initio points is given in Fig. 2 as function of the energy. 185 
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 186 

Fig. 2 Fit error of the H2CO analytical DMS to the ab initio values computed with the ACVQZ 187 

basis set.  188 
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4. Ab initio effective Hamiltonian and dipole moment 189 

To construct the effective Hamiltonian ( Heff ), the PES reported in ref. [48] was used. 190 

The accuracy of the vibrational levels obtained from this PES is of the order of ~ 0.5 cm-1. To 191 

improve the vibrational predictions, an empirical correction of the harmonic parameters of the 192 

PES was made. 193 

The TENSOR code [82], [83], [84], [85] was then used to calculate the energy levels in 194 

normal coordinates using the Watson-Eckart kinetic energy operator. As an alternative to the 195 

contact transformation method described in Refs. [86], [87], the numerical approach proposed 196 

recently in [88] was used in the present work. It is based on the transformation of some 197 

variational eigenfunctions computed from the TENSOR code to derive an initial set of ab initio 198 

effective polyad Hamiltonian parameters to be refined on experimental data. Beyond obviating 199 

the need to make tedious algebraic calculations, the advantages of such an approach is threefold: 200 

(i) For a full account of symmetry, the irreducible tensor operator formalism is used at the very 201 

first stage of calculation, even for m belonging to non-Abelian point groups, (ii) In order to 202 

improve the accuracy of the effective parameters, variational energies can be replaced with 203 

empirical energy levels during the numerical block-diagonalization procedure (iii) Last but not 204 

least, a set of effective dipole moment parameters can be derived simultaneously from an ab 205 

initio DMS. Mathematically speaking, for a given polyad vector 𝒄 = (𝑐1, 𝑐2, 𝑐3, … )𝑡 such as the 206 

polyad number is 𝑃 = 𝑐1𝜔1 + 𝑐2𝜔2 + 𝑐3𝜔3 + ⋯, we search for a matrix transformation 207 

𝑻(𝐽,𝐶)that brings 𝑯(𝐽,𝐶)into a block-diagonal form 𝑯(𝐽,𝐶,𝑃). Here, 𝑯(𝐽,𝐶) is the matrix 208 

representation of the nuclear-motion Hamiltonian in a given basis set and for a given symmetry 209 

block (𝐽, 𝐶). Following the iterative procedure in [88], effective Hamiltonian parameters are 210 

obtained by solving an overdetermined system of equations. The transformation 𝑻(𝐽,𝐶) is then 211 

used to derive a set of effective dipole moment parameters in a similar fashion.  212 

In this work, we start from the PES of ref. [48]. In order to better match observations, the 213 

equilibrium geometry as well as quadratic force constants were slightly empirically refined. The 214 

Eckart-Watson normal-mode Hamiltonian was expanded at order 18 and reduced at order 10 215 

following the procedure described in [83]. The variational eigenpairs were computed up to 𝐽 = 5 216 

using the reduced 18→10 vibrational basis set. Using the polyad vector 𝒄 = (2,1,1,1,2,1)𝑡, an ab 217 

initio Heff  expanded at order 8 for the vibrational part and at order 6 for the vibration-rotation 218 

part was generated. This Hamiltonian is composed of 2740 tensor operators. As shown in ref. 219 

[88], the error on the energy levels calculated up to 𝐽 = 8 between the variational calculation and 220 

the effective approach is of ~ 0.001 cm-1 around 5000 cm-1. For line intensity predictions, the ab 221 

initio effective dipole moment operator for all transitions 𝑃𝑖 − 𝑃𝑗 , 𝑖, 𝑗 = 0,1, 2, 3 was composed 222 
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of 1141 𝐶2𝑣 irreductible tensor operators.  It was built from the DMS described in Section 3 223 

following the method outlined in [88], and line intensity calculations were computed with the 224 

partition function of [89].  225 

5. Spectra modeling and assignment: line parameters in the 3700–226 

4450 cm-1 region 227 

The origins of thirteen formaldehyde bands fall in the considered range, see Fig. 1. The 228 

transitions of the 𝑣3 + 𝑣5 band have been assigned in the work [59]. In the same work, the 229 

transitions of the 2𝑣2 + 𝑣6 band have been detected. Though the center of this band is above 230 

4450 cm-1, many weak lines of 2𝑣2 + 𝑣6 with large 𝐽 fall into the considered spectral interval. 231 

The modeling of some bands from our range was made in the work [60], the correct centers of 232 

two bands 2𝑣3 + 𝑣6 and 𝑣3 + 𝑣5 were given in the same work, however without assignments of 233 

vibration-rotation lines. The work [67] provides a list of transitions with quantum identification. 234 

We made a comparison of the list of [67] by matching the same quantum numbers with the 235 

calculated transitions from our EH and EDM. In this comparison only 1303 transitions were 236 

taken with the consistent 𝐽, 𝐶 identification for lower and upper levels and with a difference in 237 

wave numbers less than 0.005 cm-1. This includes 1081 transitions of 𝑣3 + 𝑣5, 98 transitions of 238 

𝑣4 + 𝑣5 , 76 transitions of 𝑣1 + 𝑣4 and 33 transitions of 2𝑣2 + 𝑣6. Another 8 transitions of 3𝑣2 239 

and 7 of transitions of 2𝑣5 from the list reported in ref. [67] were several orders of magnitude 240 

weaker than in our calculation, and we suspect than these assignments were wrong. The list of 241 

lines reported in recent ref. [67] in this range is clearly not complete: many strong observed 242 

transitions are absent there. The ExoMol linelist [45] was complete for H2
12C16O transitions and 243 

agrees well with the main observed absorption features in the considered spectral range 3700-244 

4450 cm-1 at low resolution. However, it did not have high-resolution accuracy for the line 245 

positions with some errors about 0.5 – 0.7 cm-1.  246 

As explained in the previous section, thirteen observed cold bands were analyzed in the 247 

present work using the Heff constructed from the ab initio PES with a subsequent empirical 248 

optimization. First, few parameters specific to lower polyads were slightly adjusted to line 249 

positions. This generally led to calculated low-𝐽 line positions of thirteen bands to an uncertainty 250 

of about 0.1 cm-1, except for some outliers. The program suite MIRS [90] was used to extend 251 

assignment to higher J iteratively assisted by the combinational difference method. More detail 252 

description of the assignment procedure and of the Heff fit was already described in previous 253 

work devoted to spectra analyses of [91], [92], NF3 [93], CF4 [94] , methane [73],[74], [95], [96] 254 

and it isotopologues [97], [98]. Together with line intensities predicted from our ab initio DMS, 255 

this permitted to assign 6177 lines of H2CO up to 𝐽 =  24. The RMS (obs.-calc.) deviation for 256 
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these line positions in the range 3700-4450 cm-1 has quite rapidly converged to 0.001 cm-1 after a 257 

fine tuning of a subset of Heff parameters. The band-by-band statistics of the line position fit 258 

using finally optimised effective Hamiltonian is shown in Table 2.  259 

All positions and intensities were determined using the SpectraPlot software [99] from 4 260 

experimental spectra specified in Table 1. The Voigt line shape profile with fixed self-261 

broadening (see the next Section ) and the instrumental function described in [100] were used in 262 

this work. Several examples of assigned spectra and absorption simulations using extracting line 263 

parameters from the observed spectra for various spectral intervals is shown in Figs. 3-7. Note, 264 

that the observed spectra in Figs. 3-7 were recorded for low temperatures while the calculated 265 

linelist was converted to 296K. Although our analysis was limited to the indicated spectral 266 

interval covering thirteen bands in Table 2, the interaction Heff parameters with upper vibrational 267 

states of the third polyad were also partly refined to account for the corresponding perturbations. 268 

Using a sample of measured intensities we have carried out a preliminary empirical optimization 269 

of few parameters of the effective dipole transition moments. This procedure will be finalized in 270 

the future work as soon as a complete analyses of the whole Polyad 3 are achieved. 271 

  272 
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 273 

Table 2. Line position statistics for assigned experimental transitions of H2CO in the 274 

studied range 275 

Vibrational 

upper state 

levels 

Vibration Energy 

cm-1 

This work 

Line positions 

Number 

of fitted 

lines 

RMS 

(10-3 cm-1) 
Jmin Jmax 

(000102) 𝑩𝟏 3676.611   47 1.48  3 17 

(000003) 𝑩𝟐 3735.970  199 1.29  0 16 

(001200) 𝑨𝟏 3826.05    7 3.04  3 10 

(001101) 𝑨𝟐 3888.41   26 2.22  4 18 

(001002) 𝑨𝟏 3935.491  101 0.85  3 18 

(100100) 𝑩𝟏 3941.530  414 1.09  0 21 

(000110) 𝑨𝟏 3996.519  302 1.20  1 19 

(100001) 𝑩𝟏 4021.081  839 0.72  0 21 

(010200) 𝑨𝟏 4058.358  361 1.01  0 20 

(000011) 𝑨𝟏 4082.992  276 0.62  0 21 

(010101) 𝑨𝟐 4164.720  384 0.74  1 18 

(002100) 𝑩𝟏 4165.179  459 1.28  1 21 

(002001) 𝑩𝟐 4192.383  718 0.67  0 23 

(010002) 𝑨𝟏 4247.664  350 1.00  0 20 

(101000) 𝑨𝟏 4255.457   69 1.31  3 16 

(001010) 𝑩𝟐 4335.098  952 0.61  0 23 

(011100) 𝑩𝟏 4397.745  227 1.04  4 21 

(011001) 𝑩𝟐 4466.755  384 0.97  1 22 

(003000) 𝑨𝟏 4495.   20 0.64  2  8 

(110000) 𝑨𝟏 4529.    1 0.89 21 21 

(010010) 𝑩𝟐 4571.   39 2.03  8 24 

(020100) 𝑩𝟏 4624.    1 1.70 14 14 

(012000) 𝑨𝟏 4729.    1 0.62 11 11 

 Total 6177 0.940 0 24 

 276 

The origins of the bands 2+ 3+6 and 33 lie above our investigated spectral range, therefore ther 277 

determination using extrapolations of line series could be less accurate than for 18 other bands in Table 2. 278 

The 3+ 24, 2+ 4+ 6 bands are very weak with few lines assigned in our spectra.  279 

 For this reason , in both case we give approximate rounded values for the band origins.   280 

 281 
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 282 

Fig. 3 Example of quantum assignments in the H2
12CO spectra. The upper panel shows residuals 283 

(obs-calc) for three experimental spectra (green 0.053 Torr at 160 K, orange 0.165 Torr at 165 284 

K and violet 0.315 Torr at 163 K). Next panel below shows our calculated line sticks at 296 K. 285 

The definition of the corresponding quantum numbers is given in Table 3. Next panel below 286 

shows three experimental spectra and three corresponded simulation spectra (green 0.053 Torr 287 

at 160 K, orange 0.165 Torr at 165 K and violet 0.315 Torr at 163 K). Next panel shows 288 

assigned experimental line list at 296 K. 289 

 290 

 291 

 292 



14 

 293 

Fig. 4. The same as in Fig. 3, except for the spectral range of 4153.2-4153.7 cm-1 294 

 295 

 296 
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 297 

Fig. 5. The same as in Fig. 3, except for the spectral range of 4204-4204.6 cm-1 298 

 299 

 300 

 301 

 302 

 303 
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 304 

Fig. 6. The same as in Fig. 3, except for the spectral range of 4351.4-4352.2 cm-1 305 

 306 

 307 

 308 
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 309 

Fig. 7. The same as in Fig. 3, except for the spectral range of 4440.4-4441 cm-1 310 

 311 

6. Conclusion 312 

 313 

Quantum assignments were made for 6177 transitions, which represent more 95% of the 314 

integrated line intensity at 160K and more 70% integrated line intensity at 296K in this region. 315 

Line positions were modeled with the empirically optimized effective Hamiltonian. Initial values 316 

of line intensities were computed from the ab initio dipole moment determined in this work 317 

transformed to the effective one following [88].  Using a sample of measured intensities we have 318 
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carried out a preliminary empirical optimization of few parameters of the effective dipole 319 

transition moments that led to the values included in the line list. The assigned line list which 320 

includes empirically fitted line positions and line intensities computed from our ab initio DMS is 321 

provided as a Supplementary Materials. The sample of the Supplementary material file is shown 322 

it Table 3. 323 

 324 

Table 3. Sample of the line list of H2CO at 296 K with assignment in the 3700-4450 cm-1 325 

region provided as Supplementary Material. 326 

 327 

Iso a Keyb 
WvNm1c 

cm-1 

WvNm2d 

cm -1
 

Intensity (296 K)e 

(cm/molecule) 

Assignment (P, J, C, N)f Upper  

Vibrational 

 stateg 

 

Elow 

(cm-1) k Lower 

 state 

Upper 

state 

211 - 3700.6106 3700.6106 1.35e-24 0 12  B2   1 3 12  B1   8 000102 B1 190.843096 

211 - 3700.6191 3700.6191 1.37e-24 0  2  B1   1 3  3  B2   5 000102 B1  15.720228 

211 ! 3700.8125 3700.8137 3.80e-25 0  8  A2   1 3  7  A1   9 000003 B2 120.129107 

211 - 3700.9572 3700.9572 2.70e-25 0 17  A2   1 3 16  A1   7 000003 B2 363.872696 

211 + 3701.0894 3701.0897 1.35e-24 0  2  B2   1 3  3  B1   4 000102 B1  15.236945 

211 - 3701.1673 3701.1673 1.70e-25 0 26  B1   1 3 26  B2   8 000003 B2 871.974228 

211 ! 3701.1963 3701.1962 1.74e-24 0 14  B2   1 3 13  B1   8 000003 B2 253.823339 

211 - 3701.2917 3701.2917 2.72e-25 0 14  A1   2 3 14  A2   7 000102 B1 290.956347 

211 - 3701.5206 3701.5206 4.18e-25 0 12  B2   3 3 11  B1  16 000003 B2 393.771127 

211 - 3701.5217 3701.5217 3.64e-25 0 12  B1   3 3 11  B2  16 000003 B2 393.771149 

211 + 3701.6021 3701.6009 1.08e-24 0  7  B2   2 3  6  B1   9 000003 B2 141.713506 

211 + 3701.6901 3701.6879 1.05e-24 0  7  B1   2 3  6  B2   9 000003 B2 141.708939 

211 - 3701.9251 3701.9251 2.66e-25 0  9  A2   3 3  8  A1  13 000003 B2 240.203571 

211 - 3701.9283 3701.9283 2.66e-25 0  9  A1   2 3  8  A2  12 000003 B2 240.203358 

 328 

Notes: 329 
a always 211 330 
b “+”:assigned line, “-“: unassigned line, “!”: assigned upper level from other transition the upper energy level is 331 

assigned due to another transition 332 
c measured line positions for assigned lines and calculated line positions for other. 333 
d calculated line positions for all lines 334 
e calculated line intensities at 296 K in cm/molecule. 335 
f assignment for lower and upper state rovibrational assignments are given by the vibrational polyad number P, the 336 

rotational quantum number J, the rovibrational symmetry type C (C2v irreducible representation) and the 337 

rovibration ranking index N. 338 
g Upper vibrational state 339 
 k lower state energy (in cm-1)  340 

 341 

Absorption simulations in Figs 3-7 shows a good agreement with the observed cold spectra. In 342 

Figure 8 we give the comparison with available room-temperature low resolution PNNL spectra 343 

[101]. Theoretical simulations using our linelist in experimental conditions of PNNL (upper part) 344 

give a good agreement with PNNL cross section (lower part). Note that all half-widths were 345 

fixed at 0.018 cm-1/atm, which may affect the heights of the observed peaks in the calculated 346 

spectra. 347 

 348 

 349 
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 350 

 351 

Fig 8. Comparison of the absorption cross-sections simulation at P=1000 mbar, T=296K, 352 

Halfwidth=0.018cm-1/atm., using our line list (upper pane) with experimental room-temperature 353 

PNNL spectrum [101] (lower pane: upside down).  354 

 355 

 356 

 357 

Comparison of simulation using our line list with the ExoMol lines list (updated by corrected 358 

line positions Marvell with empirical energy levels) at higher spectral resolution are plotted at 359 

the upper panels of Figure 9. Supplemental material file 2 contains 11 figures in 50 cm-1 scale 360 

(similar to figure 9) in the range 3700-4450 cm-1. 361 
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 362 

Fig 9. Upper panel: comparison of the absorption cross-sections simulation in the 4150-4200 cm-363 

1 range at P=120 mbar using our line list with the simulation using updated ExoMol list at [69] 364 

(upside down). Lower panel: comparison of the absorption cross-sections simulation at P=1000 365 

mbar using our line list experimental room-temperature PNNL spectrum [101] (upside down).  366 

 367 

It is instructive to compare experimental band origins with the variational calculations 368 

using previously published PESs. Vibrational predictions in this range from ab initio PESs of the 369 

formaldehyde molecule have been reported in ref [42] and later in ref [48] The calculation 370 

accuracy in the latter work [48] was estimated to be no worse than 1 cm-1 that is confirmed by 371 

the comparison given in Table 4. High accuracy empirical band origins were calculated in refs. 372 

[60], [61], [62], [54] while low accuracy empirical band origins were given in ref. [66]. 373 

The empirical energy levels obtained with high accuracy coincided well with the 374 

calculated levels with the RMS deviation for thirteen band origins of 0.45 cm-1. Note, that  375 

empirical levels obtained from low-resolution spectra [66] or from dark states analyses [60]  376 

were clearly less accurate.  377 

 378 

 379 

 380 

 381 

 382 
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Table 4. Comparison of H2
12CO band origins computed from published PESs [42], [48] with 383 

the empirical values determined in this work in the range 3470 - 4400 cm-1 384 

Vib. State C Centre 

TW 

Calc [51] Exp-Calc [48]  Calc [42] Exp-Calc [42] 

2𝑣2 𝐴1 3471.715 3472.69 -0.975 3469.39 2.33 

3𝑣4 𝐵1 3481.494 3480.76 0.734 3478.04 3.45 

2𝑣4 + 𝑣6 𝐵2 3587.022 3586.19 0.832 3581.09 5.93 

𝑣4 + 2𝑣6 𝐵1 3676.610 3676.03 0.58 3668.88 7.73 

3𝑣6 𝐵2 3735.970 3735.54 0.43 - - 

𝑣3 + 2𝑣4 𝐴1 3826.074 3825.74 0.334 3822.43 3.64 

𝑣3 + 𝑣4 + 𝑣6 𝐴2 3888.412 3888.10 0.312 3883.37 5.04 

𝑣3 + 2𝑣6 𝐴1 3935.512 3935.09 0.422 3929.86 5.65 

𝑣1 + 𝑣4 𝐵1 3941.530 3941.57 -0.04 3939.85 1.68 

𝑣4 + 𝑣4 𝐴2 3996.519 3995.94 0.579 3994.75 1.77 

𝑣1 + 𝑣6 𝐵2 4021.081 4021.18 -0.099 4017.7 3.38 

𝑣2 + 2𝑣4 𝐴1 4058.357 4058.28 0.077 4054.6 3.76 

𝑣5 + 𝑣6 𝐴1 4082.992 4082.54 0.452 4078.88 4.11 

𝑣2 + 𝑣4 + 𝑣6  𝐴2 4164.719 4164.74 -0.021 4159.35 5.37 

2𝑣3 + 𝑣4 𝐵1 4165.179 4165.37 -0.191 - - 

2𝑣3 + 𝑣6 𝐵2 4192.383 4192.51 -0.127 4189.62 2.76 

𝑣2 + 2𝑣6 𝐴1 4247.663 4247.79 -0.127 4241.02 6.64 

𝑣1 + 𝑣3 𝐴1 4255.456 4255.86 -0.404 4253.86 1.60 

𝑣3 + 𝑣5 𝐵2 4335.098 4335.05 0.048 4334.78 0.32 

𝑣2 + 𝑣3 + 𝑣4 𝐵1 4397.747 4398.14 -0.393 4394.05 3.70 

RMS deviation   0.45  4.27 

 385 

 386 

Vibrational-rotational energy levels and linelists will be included in future edition of the 387 

TheoReTS database [102]. 388 

 389 
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