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ABSTRACT 

 

The gas-phase infrared spectra of 1-chloro-1-fluoroethene (geminal chloro-fluoroethene,  

ClFC=CH2, 1,1-C2H2ClF) were recorded at medium resolution in the range 400 – 6400 cm-1 and the 

vibrational analysis led to revised assignments for the 11 (A'' symmetry), 2 (A' symmetry)  and 1 

(A' symmetry) bands. Besides the fundamentals, all the most important spectral features were 

interpreted in terms of overtone and combination bands, thus obtaining an accurate description of 

the vibrational structure of ClFC=CH2. Accurate measurements of absorption cross section spectra 

were carried out and integrated band intensity data were determined. High-level ab initio 

calculations of harmonic and anharmonic force fields thoroughly supported and guided the analysis 

and the disentangling of the several strongly coupled polyads involving many vibrational levels. 

Diagonalization of the effective Hamiltonian with the off-diagonal elements involving several 

Fermi and Darling-Dennison resonance coefficients computed by the theoretical cubic and quartic 

force constants provided the predicted energy levels in good agreement with the vibrational 

assignments. The calculated infrared intensities, obtained by taking into account anharmonic 

corrections, were compared to the accurate experimental absorption cross section data here 

determined. 
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1. INTRODUCTION 

 

The last decade has seen a renewed  interest in halogenated ethenes, which have been the 

subjects of many experimental and computational studies. Among the halocarbons, their impact as 

organic pollutants1-3 with well known severe toxic effects, makes highly desirable the detecting and 

quantifying of their presence in the environment. Concerning the different available techniques, 

infrared spectroscopy is one of the most effective for environmental monitoring, provided that data 

of sufficient accuracy are available.4 High-resolution spectroscopy is able to yield the requested 

molecular constants,5-8 but the rovibrational analysis of the spectra of halocarbons is often 

complicated due to the congestions of the absorptions coming from low vibrational states and 

different isotopologues, and the presence of anharmonic and Coriolis interactions. Reliable band 

assignments combined with accurate modeling of vibrational couplings and high-level ab initio 

calculations provide the detailed basic data that,9-11 coupled to the different experimental methods 

developed for reducing the spectral congestion (for example the use of cooling cells,12-15 and 

supersonic jet expansion16-21) and with the aid by sophisticated data-processing techniques,22-27 are 

necessary to guide and support the rovibrational analysis. Besides the spectroscopic interest due to 

the environmental issues related to the presence of haloethenes in the atmosphere, the potential 

threat to the stratospheric ozone layer related to their photodissociation and corresponding release 

of halogen atoms motivated many studies on the elimination mechanisms and distributions of 

kinetic energy,28-31 the kinetics of their reactions with O(3P),32 and their photochemistry.33,34 

As short-chain organic compounds, halogenated ethenes are small enough to be accurately 

modeled by ab initio methods and several computational approaches up to high-level state-of-the-

art ones. They can be employed as test molecules to compare different approaches and therefore 

many theoretical works focusing on the prediction of properties like for example stabilities,35,36 

thermochemical data,37 on their use for benchmarking accurate equilibrium structures,38,39 and on 

the performances of different computational methods40,41 have been recently published for some of 
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them. Being considered trace gas pollutants, the kinetics of their reactions with O(3P),42 and their 

photochemistry33,34 and adsorption43-45 on substrates suitable for subsequent photodegradation have 

also been investigated. For supporting the monitoring by means of spectroscopic techniques studies 

dealing with the computation of the vibrational frequencies, the analysis of resonances and 

determination of anharmonic constants from the assignments of low-resolution infrared spectra 

have been carried out for some halogenated ethenes. 46-49  

 Regarding 1-chloro-1-fluoroethene (geminal chloro-fluoroethene, 1,1-C2H2ClF, ClFC=CH2), 

the microwave data, first measured by Stone and Flygare50 were later refined in the millimeter wave 

region by Alonso et al.,51 and then analyzed52,53 by means of two dimensional Fourier transform 

spectroscopy. Leung et al.54 some years ago reported on the rotational constants derived from the 

microwave spectra of eight isotopic modifications thus obtaining both average and Kraitchman 

substitution structures; subsequent studies on the molecular structure of 1-chloro-1-fluoroethene-

hydrogen fluoride complex were described.55  By using synchrotron radiation, the photoabsorption 

spectrum between 5 and 15 eV was recently analysed,56,57 and the valence/Rydberg transition region 

centered around 7 eV was investigated, thus extending the previous available data.58 In addition, its 

adiabatic ionization energy has been recently59 computed by CBS method and its first two ionic 

states have been studied by employing both time-dependent and time-independent density 

functional theories. 

Besides,  because of its toxicity both its removal in case of accidental release as well as the 

detection and monitoring of its presence in the atmosphere are highly desirable. Concerning the 

monitoring, the need of accurate spectroscopic data to support the detection of this molecule by 

means of infrared techniques motivated the recording of high-resolution infrared spectra and the 

rovibrational analysis of some important absorptions falling in the region of atmospheric 

interest.60,61 For its removal from the atmosphere, the degradation by means of heterogeneous 

photocatalysis represents a promising approach, and therefore its adsorption on TiO2
 was 

investigated by analyzing the modifications of its vibrational spectra by using infrared spectroscopy 
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and quantum-mechanical simulations.62  Nevertheless, the only available data on the vibrational 

assignment date back to the low-resolution infrared and Raman investigations reported long time 

ago.63-65 In these studies, besides ambiguities in the interpretation of the spectral features derived 

from the presence of many signals due to impurities, the proposed assignment of the bands was 

carried out mainly by correlating them with the positions of the fundamentals which, at that time, 

were assigned for CH2=CF2 and CH2=CCl2. It is worthwhile to note that for 1,1-difluoroethene 

assignments, especially the origins of both the anti-symmetric and symmetric CH2 stretchings, were 

revised and later definitely reassigned.47 

 In the present work, to support further high-resolution studies as well as to improve the 

modeling of its adsorption on different substrates,  we present a detailed study of the vibrational 

spectra of this molecule coupled with an accurate determination of the corresponding integrated 

intensities.  The spectral region from 400 to 6400 cm-1 was investigated and all the most important 

spectral features were assigned in terms of fundamental, overtone and combination bands, and their 

intensities were accurately retrieved. High-quality ab initio calculations, carried out by employing 

different levels of theory and basis sets, supported the vibrational analysis by the derivation of 

potential energy surfaces up to the fourth-order force constants in the space of normal coordinates. 

To be more precise, reliable harmonic frequencies and their corresponding anharmonic corrections 

were computed at the coupled cluster level of theory with single and double excitations augmented 

by a perturbational estimate of the effects of connected triple excitations,66-68 CCSD(T), as well as 

at MP269 and double hybrid B2PLYP70,71 level of theory: concerning the intensities, the corrections 

to the harmonic values calculated at CCSD(T) level of theory were yielded by terms calculated at 

MP2 and B2PLYP level. The high density of vibrational transitions (especially in the region of CH2 

stretchings) led to several anharmonic resonances (Fermi and Darling-Dennison), whose effects in 

the corresponding polyads of different vibrational states must be taken into account. In order to 

better understand their relative importance, also the criteria recently proposed by Krasnoshchekov 

et al.72 were used. As it will be explained in the next section, the choice of the basis set was 
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mandatory for a comprehensive assignment of the infrared spectrum and going into details it avoids 

the mislabeling of the resonant couple 3/210.  

 

2. EXPERIMENTAL AND COMPUTATIONAL DETAILS 

 

 We carried out the vibrational analysis on the gas-phase absorption spectra of 1-chloro-1-

fluoroethene recorded at room temperature in the range 400 – 6400 cm-1. The spectra were recorded 

at medium resolution (from 1.0 cm-1 up to 0.2 cm-1) by using a Bruker Vertex 70 FTIR instrument 

and employing a double walled, stainless steel cell, fitted with KBr windows and with an optical 

path-length of 134.0 (±0.5) mm. To improve the signal-to-noise ratio (SNR), 128 scans were 

acquired, and the pressure of the sample was varied in the range 0.1–660 hPa. For obtaining 

absorption cross section the temperature within the cell was kept constant at 298.0 K (±0.5 K) and 

the SNR was maximized by adding up to 256 interferograms. Taking into account the effects of 

finite resolution73,74 and the corresponding instrumental distortion, we adopted the experimental 

procedure already established in previous studies75 by mixing the sample with N2 (purchased by 

SIAD, Italy, with a purity >99%) to a total pressure of 101 kPa. By using a diffusion pump backed 

by a double stage rotary pump the cell was evacuated to about 10−4 Pa before and after the 

recording of every measurement, and the corresponding background spectra were recorded. 

Concerning the adsorption of the gas sample on the cell walls, we monitored it both by directly 

measuring the pressure, and by checking the absorption spectrum;76 it was found not significant 

over longer period than that used to record a spectrum. The commercial sample of 1-chloro-1-

fluoroethene was supplied by LANCASTER (stated purity > 97%) and we used it without any 

further purification. 

Concerning the quantum chemical calculations carried out at CCSD(T) level of theory, at 

first, we optimized the molecular geometry and computed the harmonic force field at the 



7 
 

corresponding equilibrium structure. The anharmonic force fields, computed in subsequent runs, 

expressed in terms of cubic and quartic semi-diagonal force constants were evaluated in the normal 

coordinates space by numerical differentiation of the analytic second derivatives calculated at points 

displaced along the normal coordinates,77 using a step size Q = 0.05 amu1/2 bohr. Different 

correlation consistent Dunning basis sets were employed in order to get the best frequency 

evaluation and they will be discussed here (another group of basis sets were used to obtain the best 

geometry and will be reported in a next work).78 The correlation consistent polarized valence triple 

zeta cc-pVTZ basis,79-81 which is a [5s, 4p, 2d, 1f / 4s, 3p, 2d, 1f / 3s, 2p, 1d] contraction of a (15s, 

9p, 2d, 1f / 10s, 5p, 2d, 1f / 5s, 2p, 1d) primitive set for Cl / C, F / H atoms, respectively, was used 

in the frozen core (fc) approximation (this basis set is hereafter labeled as VTZ). With this basis set, 

a cubic (complete) and quartic (semi-diagonal force constants) anharmonic force field was 

determined. In order to improve the overall assignment of frequencies which gave errors too large 

compared to the experimental values, the augmented cc-pVTZ basis set79,80 (11s, 6p, 3d, 2f) / [5s, 

4p, 3d, 2f] was employed  for the fluorine atom to derive the corresponding geometry and harmonic 

frequencies. This basis set, referred to as VTZ-AVTZ(F) in the present work, avoids the known 

problems (low accuracy)82 related to the use of diffuse function to the triple- basis for all the atoms 

in haloethenes. With this run, also carried out in the frozen core approximation, the harmonic force 

field, determined at the optimized geometry, was used in conjunction with the anharmonic force 

constants computed with the VTZ basis set. Employing this hybrid force field, a general 

improvement of the data calculated was observed, however, not yet sufficient for some bands and in 

particular for the resonant couple 3/210. Using the correlation consistent polarized core/valence 

triple zeta basis set cc-pCVTZ79,83,84 for Cl, C whereas the aug-cc-pCVTZ80,84 basis set was 

employed for the F atom (in the present work this basis set is referred as CVTZ-ACVTZ(F)), the 

harmonic force field was evaluated (all the electrons were correlated) and used in conjunction with 

the anharmonic terms previously computed with the VTZ basis set. Since the improvement 
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achieved by this hybrid computation was not considered satisfactory to resolve the resonant dyad 

3/210, also the anharmonic force field was evaluated employing the CVTZ-ACVTZ(F) basis set 

(all electrons correlated). There was a general improvement in the overall assignment: the computed 

data led to assign all the most important features unambiguously and without any mislabeling of the 

bands when treating the Fermi resonance affecting the vibrational states v3 = 1 and v10 = 2. We 

performed a further calculation employing the atomic natural orbital sets introduced by Taylor and 

Amlöf85 with [5s, 4p, 3d, 2f, 1g / 4s, 3p, 2d, 1f] contractions for C, F / H atoms and [6s, 5p, 3d, 2f] 

for the Cl atom (ANO2 basis set).86 Core correlation effects were excluded from the calculations 

and all cubic and semi-diagonal quartic constants were calculated by numerical differentiation of 

analytic second derivatives, at the optimized geometry, as discussed earlier. We carried out all these 

calculations with the CFOUR suite of programs.87  

 Besides these calculations carried out at CCSD(T) level of theory, we performed additional 

computations at lower level employing the Gaussian09 software:88 namely, MP2 (within the frozen 

core approximation) and B2PLYP level of electronic correlation were employed in conjunction with 

the CVTZ-ACVTZ(F) basis set previously described to compute the derivatives of the potential 

energy surface (PES) up to cubic and quartic semi-diagonal terms.  

We employed the cubic and quartic semi-diagonal force constants calculated for computing 

anharmonic corrections to the harmonic wavenumbers in the framework of vibrational second-order 

perturbation theory, VPT2.89-91 This theory has the advantage of the avaibility of analytic formulas 

for obtaining several spectroscopic parameters (ro-vibrational constants, ,  anharmonic constants, 

xi,j, etc.). These expressions, however, may suffer from singularities, and therefore lead to large 

errors in the corresponding computed quantities, in case of first order resonances called Fermi 

resonances (FR). These interactions affect two close energy levels differing by three units in their 

vibrational quantum number (for this reason they are also named vibrational 1-2 resonances); more 

specifically, they are classified as type I when the difference is equal to one in one mode and two 

quanta in the other, while they belong to type II when the difference is equal to one in one mode 
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and two in two different modes. The commonly adopted approach for their proper treatment is 

performed in a two-step procedure: first, the formulas for computing spectroscopic parameters are 

converted into expressions with terms which, in the denominators, have linear combination of the 

harmonic frequencies (i, j, …). Following the criteria proposed by Martin et al.,92 Fermi 

resonances are then identified by considering frequency differences and evaluating the results 

coming from a model variational calculation with respect to those obtained by perturbative 

accounting for the cubic terms. The terms whose denominators are potentially vanishing (flagged as 

''resonant'' terms) and thus leading to near-singularities, are therefore removed from the 

corresponding equations employed to compute anharmonicity constants, xi,j, thus leading to 

modified (''deperturbed'') constants 
*

ji,x  which are now considered unaffected by error due to 

resonances. Then, the numerical diagonalization of quasi-diagonal Hamiltonian matrices containing 

the energies of the vibrational levels (which are now computed employing 
*

ji,x  and therefore 

''deperturbed'') and having the corresponding Fermi interactions taken into account by their 

respective coupling terms, W, yields the final energies. Besides Fermi resonances, there are also 

couplings which manifest themselves in the second order, called Darling-Dennison resonances 

(DDR);93 in addition to the classical 2-2 resonance (when there is the annihilation of two vibrational 

quanta in one mode and the corresponding creation of two quanta in another), they can have also the 

form 2-11 (annihilation of two vibrational quanta in one mode and the creation of one quantum in 

two distinct modes), 11-11 (annihilation of two vibrational quanta in two distinct modes and the 

creation of two quanta in other two), 1-3 (annihilation of one vibrational quantum in one mode and 

the creation of three quanta in another), 1-21 (annihilation of one vibrational quantum in one mode 

and the creation of two quanta in one mode and of one quantum in another), 1-111 (annihilation of 

one vibrational quantum in one mode and the creation of one quantum in three distinct ones), and 1-

1 (with a total change of two vibrational quanta in two different modes).72 In the presence of DDR 

the corresponding terms, KDD, are also present in the coupling matrix. Following the classification 
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recently reviewed by Piccardo et al.,94  we label GVPT2 (Generalized Vibrational second-order 

Perturbation Theory) this approach for dealing with resonances (both of first order, FR, and second 

order, DDR) within the framework of VPT2.  The presence of Fermi resonances leads to an 

additional problem for the calculation of the couplings arising from DDR. Within the framework of 

VPT2 there are analytic expressions for every Darling-Dennison coupling constants (KDD): these 

equations contain different contributions coming from the quartic force field, the vibrational angular 

momentum (expressed as combinations of Coriolis zeta constants,  ji , ,  and harmonic frequencies, 

i), and from the cubic part of the anharmonic potential. The latter terms have the same kind of 

resonance denominators as those of the anharmonicity constants, which may therefore lead to 

singularities when FR occurs. These terms, affected by first order couplings as recognized in 

literature,95 should be removed in order to get the corrected results. So, we implemented the second 

order Darling-Dennison resonances and associated KDD constants95,96 in a local version of the 

program SPECTRO:97 following Martin et al.95 the resonances constants, KDD, are expressed in 

terms of the D-notation:  

 

   
),,(

1
),,(

mlk

mlkD
 

                                                                                            (1) 

 

This notation, besides the easy translation into the program code, facilitates treating the effects of 

resonances because the denominators which are affected by recognized Fermi resonances can be 

excluded from the summation formula which computes the KDD constants.95,96,98,99 In the present 

work the relative magnitude of the several Darling-Dennison resonances thus computed, 

deperturbed from the effects related to FR, was discussed and compared with respect to the recently 

suggested criteria for assessing their estimated effects.72  

In addition, for calculating the anharmonic corrections to the harmonic frequencies 

computed at higher level, i.e. CCSD(T), we also employed the recently developed hybrid 
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degeneracy-corrected second-order perturbation theory, HDCPT2,100 which is a modification of the 

degeneracy corrected PT2 (DCPT2) approach originally proposed by Kuhler et al.101 for evaluating 

vibrational energy levels in the presence of resonances. 

To compute the anharmonic corrections to the infrared intensities, we used the derivatives of 

the potential energy surface (PES) and of the dipole moments, carried out at MP2 and B2PLYP 

level of electronic correlation. Following the procedure established in the precedent studies,82,102 

these terms were employed in conjunction with the harmonic data derived by CCSD(T) calculations 

to compute two hybrid force fields, labeled HYB-MP2-1 and HYB-B2PLYP-1, having the 

anharmonic corrections yielded at fc-MP2/CVTZ-ACVTZ(F) and B2PLYP/CVTZ-ACVTZ(F) 

level of theory, respectively. In addition, other two hybrid force fields were derived (labeled HYB-

MP2-2 and HYB-B2PLYP-2) by combining the harmonic part calculated at fc-CCSD(T)/ANO2 

level with the anharmonic ones computed at fc-MP2/CVTZ-ACVTZ(F) and B2PLYP/CVTZ-

ACVTZ(F), respectively: they have been used to benchmark their anharmonic predictions of 

intensities with respect to those calculated by correcting the harmonic data obtained at 

CCSD(T)/CVTZ-ACVTZ(F) level of theory. We used the corrections to harmonic intensities thus 

obtained for comparing the predicted values to the accurate values of absorption cross sections 

determined in the present work. 

 

3. RESULTS AND ANALYSIS 

3.1. Equilibrium Geometry and Harmonic Force Field Calculation. 

 

The equilibrium structure of 1-chloro-1-fluoroethene was determined at the different levels 

of theory previously described. Figure 1 reports the ClFC=CH2 molecule with the three principal 

axes of inertia. In Table 1 are reported the equilibrium geometries obtained at CCSD(T) level of 

theory employing the basis sets described in the previous section. The correspondence with the 

chemical intuitive internal coordinates, assuming that the molecule is planar, is also indicated. The 
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equilibrium rotational constants, being inversely proportional to the moments of inertia (which are 

derived from the optimized geometry), are related to the molecular structure. Table 1 lists therefore 

also their values obtained at the corresponding optimized geometries. The harmonic wavenumbers 

for each of the normal modes (i, i = 1, …, 12) computed with the quadratic force constants at the 

CCSD(T) level of theory are summarized in Table 2 together with the intensities (km mol-1) 

computed within the double harmonic approximation.  As it can be seen, the major difference 

concerns the 5 value which can be described as a C–F stretching mode: this is a known problem 

for polar bonds, in particular those involving fluorine atoms, to give a serious overestimation of the 

C-F stretching frequency.103,104 The use of aug-cc-pCVTZ basis set on the fluorine atom leads to a 

consistent improvement in the computed vibrational frequencies which will be much close to the 

final anharmonic values. By using the quadratic force constants obtained at CCSD(T) level of 

theory we computed the total energy distribution (TED) with respect to the symmetry adapted 

internal coordinates. These coordinates were chosen to pinpoint the CH2 group vibrational modes 

(stretchings and bendings) and are reported in Table 3. In this Table, rij represents the bond length 

between the atoms i and j, ijk is the angle enclosed by the bonds rij and rjk with j being the apex 

atom, ijkl is the torsion angle between the planes formed by the atoms ijk and jkl, and ijkl is the out-

of-plane angle between the bond rij and the plane defined by the atoms kjl (the atoms are numbered 

as illustrated in Figure 1). The approximate descriptions of the fundamental vibrations, based on the 

percentage of TED,105 are indicated in Table 4. Almost all the vibrational modes are well described 

by the symmetry coordinates except the 5 and 6 which show a strong mixing between the C–F 

stretching and the CH2 rocking mode. 

 

3.2. Vibrational Assignment of the Gas-Phase Infrared Spectra, and Analysis of 

Resonances. 
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 We started the vibrational analysis from the spectra recorded at lower pressure to firstly 

identify all the fundamentals falling in the range 400 – 3200 cm-1 (a survey spectrum is depicted in 

Figure 2). As previously mentioned, the original assignments, proposed by Torkington et al.,63 

some years later were revised and extended to all the fundamentals by Mann et al.;64 besides some 

ambiguities and difficulties in the identification of  the spectral features due to the presence of 

signals related to the impurities in the sample, their assignments were carried out on the basis of the 

analogous data available at that time for CH2=CCl2 and CH2=CF2. Especially in the case of 1,1-

difluoroethene, the assignments were later revised and the positions of both the CH2 stretchings 

shifted to higher wavenumbers.47 Therefore we proceeded  to verify the positions of all the 

fundamentals falling in the range investigated taking into account the results of the ab initio 

calculations and the predicted intensities (both harmonic and anharmonic values) and then to assign 

all the most important remaining absorptions in terms of combination, overtone and hot bands, up to 

6400 cm-1. First, we checked the quality of the different anharmonic calculations by comparing their 

band center predicted values with respect to the experimental ones for all the fundamentals but 

those related to CH2 stretchings, since these assignment could be not reliable.  Among all the 

fundamentals, the 3 band is significantly perturbed by 210 (Fermi type I resonance) and therefore 

we employed mainly this dyad as benchmark for the different anharmonic calculations previously 

described: we found that only the ones computed using the CVTZ-ACVTZ(F) basis set and having 

the harmonic part at CCSD(T)/CVTZ-ACVTZ(F) level were able to correctly treat this interaction 

and to predict the positions of both 3 and 210 (observed at 1655.8 cm-1 and 1689.6 cm-1, 

respectively). Among these computations, we decided to employ the one having all the force 

constants computed at CCSD(T) level of theory for the band center predictions and to use it in 

conjunction with the data about anharmonic intensities yielded by the others hybrid force fields for 

supporting the overall spectral assignments. Concerning the fundamentals, the discrepancies 

between the present assignments and the ones reported in literature are related to the 11, 2 and 1 
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fundamentals. In the following discussion of the vibrational analysis, we therefore first refer to 

these fundamentals and then present the remaining assignments of the other bands up to 6400 cm-1, 

grouped according to their positions in the overall spectral region investigated.  

3.2.1. The 11 fundamental. This band of A'' symmetry, as evident from the TED analysis 

(see Table 4), involves mainly the torsion of F-C=C-H4 group; concerning the predictions obtained 

by the different ab initio methods carried out in the present work, its harmonic intensity lie in the 

range 0.24 – 0.06 km mol-1, while its positions, at  the harmonic level, falls in the range 724 – 722 

cm-1 (see Table 2). Torkington et al.63 reported a weak C-type band around 621 cm-1. Later, Mann et 

al.64 located this fundamental at 607 cm-1, even if they admitted the presence of spurious signals due 

to impurities; on the basis of the spectra they presented, the intensity of the signal they attributed to 

11 can be estimated to be 5 – 10%  with respect to the stronger 12 fundamental (which they 

centered at 515 cm-1, in good agreement with our value of 514.7 cm-1). Nielsen and Albright 

however, in their subsequent analysis of Raman spectra,65 were able to measure all the signals in the 

regions reported by Mann but the one for 11. The predicted harmonic intensity for 12 band is 0.78 

km mol-1 (at CCSD(T)/CVTZ-ACVTZ(F) level of theory), and the predicted anharmonic value lies 

between 1.08 and 0.73 km mol-1, depending on the hybrid force field, in agreement with the 

experimentally measured value (0.94 km mol-1, see later); on the basis of the relative intensity of 11 

with respect to 12 estimated from the spectra presented by Mann, the 11 should therefore have an 

intensity falling in the range 0.05 – 0.09 km mol-1. We investigated the region around 610 cm-1 by 

recording different spectra employing sample pressure up to 660 hPa, but we did not observe any 

signal which can be clearly distinguished from the baseline noise (see Figure 3, which presents the 

signals recorded in the spectral region 460 – 760 cm-1 employing different sample pressures). 

Moving to the anharmonic computations (see later in the text), the predictions locate this band 

around 708 cm-1 with an intensity which, having a negligible anharmonic correction, is similar to 

that calculated at harmonic level. On these bases, we therefore revised the original position of this 



15 
 

band shifting it to around 709 cm-1 (according to the ab initio data) and thus resulting completely 

covered by the stronger absorption related to the 7 fundamental at 700.3 cm-1. 

3.2.2 Assignment of the1 and 2 fundamentals. These two bands, mainly related to the 

anti-symmetric (1) and symmetric (2) CH2 stretchings, were first located by Torkington et al.63 

around 3140 cm-1 and 3055 cm-1, respectively. Subsequently Mann et al.,65 on the basis of the 

assignments available at their time for the CH2 stretchings of 1,1-difluoroethene and 1,1-

dichloroethene, suggested the positions centered at 3069 and 3016 cm-1 for 1 and 2, respectively. 

Concerning 1,1-difluoroethene, the CH2 stretching bands were definitely located at 3175.6 cm-1 (7, 

anti-symmetric) and 3057.8 cm-1 (1, symmetric) by McKean et al.,47 thus revising the value of 

3103 cm-1 previously accepted for the anti-symmetric CH2 stretching;106 subsequently these values 

were found in agreement with the predictions yielded by high-level theoretical computations.40 All 

our harmonic calculations carried out at CCSD(T) level of theory yielded values around 3300 and 

3200 cm-1 for the anti-symmetric (1) and symmetric (2) CH2 stretchings, respectively (see Table 

2). Concerning the intensities, the 1 band computed harmonic value is significantly lower than that 

of 2 (0.23 vs. 3.11 km mol-1, respectively, at CCSD(T)/CVTZ-ACVTZ(F) level of theory): the 

corrections yielded by all the anharmonic force field data (HYB-MP2-1, HYB-B2PLYP-1, HYB-

MP2-2 and HYB-B2PLYP-2) still predict a greater intensity of 2 than 1. The position of the latter 

is computed around 3160 cm-1 by the different anharmonic force field calculations carried out, 

while the former, perturbed by different anharmonic resonances which will be discussed in detail 

later, is expected around 3080 – 3070  cm-1. On these bases, the band located at 3158.9 cm-1 in our 

spectra is assigned as 1, while the absorption centered at 3072.1 cm-1 is attributed to 2 (see Figure 

4), thus in line with the assignment originally proposed.63   

3.2.3. Assignments in the 400 – 600 cm-1. In this spectral region the most important 

absorptions are due to the 8 (A' symmetry) and 12 (A'' symmetry) fundamentals. The 8 band is 

located at 432.2 cm-1, in good agreement with its predicted value, which  lie in the range 427 – 430 
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cm-1 according to the different CCSD(T) anharmonic force field calculation carried out. Its 

harmonic intensity varies from 1.58 km mol-1 (at fc-CCSD(T)/VTZ level) up to 1.86 km mol-1 (at 

CCSD(T)/CVTZ-ACVTZ(F) level), while with the anharmonic corrections taken into account it lies 

between 1.64 and 1.72 km mol-1, in rather good agreement with the experimental value of 1.63 km 

mol-1. The signals of the hot band 8+9-9 at 432.9 cm-1 yield an experimental value for the 

anharmonic constant x8,9 of 0.7 cm-1, which is consistent with that computed (1.0 cm-1 at 

CCSD(T)/CVTZ-ACVTZ(F) level). The 12 fundamental at 514.7 cm-1 is very well predicted by 

CCSD(T)/CVTZ-ACVTZ(F) anharmonic force field (515.5 cm-1); concerning the intensity, the 

HYB-B2PLYP-2 hybrid, which employs the harmonic value computed at fc-CCSD(T)/ANO2 level 

corrected by anharmonic terms calculated at B2PLYP/CVTZ-ACVTZ(F) level, yields a final value 

of 1.02 km mol-1, which agrees remarkable well with the observed value of 0.94 km mol-1 (the 

predictions of HYB-MP2-1 and HYB-B2PLYP-1 are slightly worse, being 0.79 and 0.73 km mol-1, 

respectively, while HYB-MP2-2 gives 1.08 km mol-1).   

3.2.4. Assignments in the 600 – 1000 cm-1.  This spectral range comprises the 7, 10 and 

6 fundamentals, the weak signals coming from the first overtone of 9 and 8, and some 

combination and hot bands (originating from the thermally populated v= 1 state). As previously 

described, the strong signal  of 7 (A' symmetry) located at 700.3 cm-1 (in good agreement with the 

predicted value of 696.7 cm-1 computed at CCSD(T)/CVTZ-ACVTZ(F) level of theory) hides the 

weak feature of 11 (which our anharmonic calculations predict around 708 cm-1 and very weak). 

The absorptions at 835.5 and 947.7 cm-1 are  assigned to 10 (A'' symmetry) and 6 (A' symmetry) , 

respectively, as confirmed by calculations (calculated value 834.6 cm-1 and 944.7 cm-1 at 

CCSD(T)/CVTZ-ACVTZ(F) level of theory, respectively). The strongest band is 10, while 6 and 

7 are almost equal. In addition, the analysis of  the spectra recorded at higher pressure and at 

different resolution in order to maximize the signal-to-noise ratio led to the identification of the 

weak signals (predicted intensities lower than 0.1 km mol-1) related to 29 (at 741.7 cm-1) and 28 
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(at 860.3 cm-1), visible in the spectra recorded at higher pressure, together with the binary 

combination 9+12 (located at 896.2 cm-1), and  some hot bands involving the v9 = 1 vibrational 

level.  

3.2.5. Assignments in the 1000 – 1800 cm-1. This spectral region is dominated by the 

strong features of 5 and 3 (both of A' symmetry), located at 1188.1 and 1655.8 cm-1, respectively. 

As previously described, the latter is strongly perturbed by Fermi type I resonance with the nearby 

210 (observed at 1689.6 cm-1), and only the anharmonic data computed at CCSD(T)/CVTZ-

ACVTZ(F) level correctly describes this interaction. The corresponding matrix has the following 

off-diagonal coupling term  

 

4
2v,v|ˆ|v,1v

10,10,3

103103


 H                                                                                     (2) 

 

 After diagonalization, the lower v3=1 level (1670.3 cm-1) is shifted downward to 1653.6 cm-1 while 

the vibrational v10 = 2 state moves from 1674.7 up to 1691.3 cm-1, thus resulting in very good 

agreement with the experimental data. In the spectra recorded at higher pressure, the absorption due 

to the other fundamental falling in this range, the weak 4 band, becomes visible (centered at 1374.7 

cm-1). Together with the  combination 10+12 (located at 1338.1 cm-1) and the first overtone of 7 

and 11, it  constitutes a tetrad of bands, 4/10+12/27/211, which are perturbed by three Fermi 

resonances (one of Type I and two of Type II) and three Darling Dennison resonances (one of the 2-

2 Type and two of 2-11 Type). The off-diagonal elements of the corresponding interacting matrices 

are: 

 

8
1v,1v,v|ˆ|v,v,1v

12,10,4

1210412104


 H                                                                  (3) 
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4
2v,v|ˆ|v,1v

7,7,4

7474


 H                                                                                        (4) 

4
2v,v|ˆ|v,1v

11,11,4

114114


 H                                                                                      (5) 

2
2v,v|ˆ|v,2v

11,11;7,7

117117

K
H                                                                                  (6) 

8
1v,1v,v|ˆ|v,v,2v

12,10;7,7

1210712107

K
H                                                                (7) 

8
1v,1v,v|ˆ|v,v,2v

12,10;11,11

121011121011

K
H                                                             (8) 

 

The magnitude of the effects of Fermi resonances on the values of the different Darling-

Dennison constants involved in the calculation of the matrix elements can be evaluated by 

computing the corresponding values keeping the resonance denominators and comparing them with 

those obtained after their removal. For K7,7;10,12 and K7,7;11,11 the effects are dramatic: the perturbed 

values (K7,7;10,12 = 474.76 cm-1, K7,7;11,11 = 330.29 cm-1) are two order of magnitude larger than the 

deperturbed ones (K7,7;10,12 = –0.53 cm-1, K7,7;11,11 = –2.80 cm-1). Concerning K11,11;10,12  taking into 

account FR lowers its value from 16.40 cm-1 to 1.04 cm-1. Once the correct values for the Darling-

Dennison constants were obtained, this polyad (and the followings) was used to evaluate the 

criteria, recently suggested,72 for selecting the DDR resonances which are mandatory to treat by 

post-VPT2 variational procedure. Krasnoshchekov72 suggested the need to consider the couplings 

which: (1) have a value of the coupling term greater than 5.0 cm-1; (2) the resonance denominator 

containing the corresponding harmonic frequencies of the involved levels is less than 200 cm-1; and 

(3) the so-called repulsion effect, , occurring on the two deperturbed vibrational levels as a 

consequence of diagonalization of the corresponding block Hamiltonian matrix, is larger than 0.1 

cm-1. The latter term is computed by using the following expression:72 
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where K is the coupling terms between the two deperturbed (i.e. computed by using the 
*

ji,x
 

anharmonicity constants) vibrational levels E1 and E2. Besides, Krasnoshchekov compared these 

criteria to the one based on the ratio, P, of the coupling coefficient to the energy difference between 

the involved vibrational levels: a value close to (or larger than) 0.1 points to the presence of a 

resonance which should be explicitly taken into account.107 The larger value (0.17 cm-1) is 

computed for the 27/211, thus suggesting the relevance of this interactions with respect to the 

other two DDR (being = 0.04 and 0.01 cm-1 for 211/10+12 and 27/10+12, respectively).  

Looking at the P values,  that of 27/211 is 0.0831, larger than those for the other two DDR (0.019 

and 0.024 for 211/10+12 and 27/10+12, respectively), thus being in line with the indications 

yielded by considering parameter  Considering the complete matrix (containing all the DDR 

plus the Fermi resonances), after its diagonalization the corresponding eigensolutions are 4 = 

1376.8 cm-1 (moved upward of 4.6 cm-1), 10+12 = 1338.7 cm-1 (shifted  downward of about 14 

cm-1) , 27 = 1391.2 cm-1 and 211 = 1424.6 cm-1 (moved up by about 10 cm-1). These predictions 

are in a very good agreement with the experimentally measured values of 1338.1 cm-1 (10+12) and 

1374.7 cm-1 (4). Neglecting the anharmonic couplings involving 211/10+12 and  27/10+12   the 

eigensolutions are  4 = 1377.5, 10+12 = 1338.4, 27 = 1391.2 and 211 = 1424.3 cm-1. As it can 

be seen, the differences for 211, 27 and 10+12 are small (less than 0.3 cm-1), but for 4 the 

predictions are significantly different (2.8 cm-1), as a consequence of its complex interactions with 

the other vibrational states.  

The remaining absorptions visible in the spectra at higher pressure are due to two quanta 

combination bands and first overtones, and their measured positions are all consistent with their 
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corresponding predicted values (the mean of the absolute deviations between observed and 

predicted transitions, MAD, is 2.4 cm-1). 

   3.2.6. Assignments in the 1800 – 2900 cm-1.  The analysis of this spectral region was 

carried out on the spectra recorded at higher pressure, since it is characterized by the weak 

absorptions due to binary combination bands and first overtones. The latter are 26 (located at 

1893.9 cm-1) and 25 (at 2370.4 cm-1) in rather good agreement with their theoretical values of 

1887.5 and 2362.8 cm-1, respectively. Between them, the most important features is assigned to 

5+6 (at 2130.2 cm-1), with a predicted intensity quite similar to those predicted for 26 and 25. At 

higher wavenumbers there is a complex structure arising from the overlapped absorptions of 

different weak two quanta (4+5, 3+6, 3+5) and three quanta combination bands (3+28, 

3+212). For this spectral region, the overall agreement with the calculated band positions could be 

considered  more than satisfactory (MAD = 6.5 cm-1). 

 3.2.7. Assignments in the 2900 – 3200 cm-1.  As previously described, in this interval we 

locate the 1 and 2 fundamentals at 3158.9 and 3072.1 cm-1, respectively, revising the previously 

assignments. The 1 fundamental is essentially free from anharmonic interactions with nearby 

vibrational states. The 2 band is perturbed by a Fermi Type II resonance with the nearby 3+4, 

observed at 3020.2 cm-1; the corresponding off-diagonal coupling term  has the following form  

 

8
1v,1v,v|ˆ|v,v,1v

4,3,2

432432


 H                                                                      (10)

 

 

and the eigensolutions of the resulting matrix are 2 = 3081.0 cm-1 and 3+4 = 3014.5 cm-1. This 

kind of coupling between the levels of the symmetric CH2 stretching and binary combination related 

to C=C stretching and CH2 scissor mode is common to other ethenic compounds.47, 108  
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In addition, in the spectra (see Figure 4) there is partially visible another signal (shoulder 

around 3102 cm-1) which, on the basis of its expected (deperturbed) value and taking into account 

the intensity, can be tentatively assigned to 3+211, a three quanta combination band involving the 

strong 3 fundamental. Taking into account the corresponding anharmonic  resonance  leads to the 

following Darling-Dennison coupling terms to be considered: 

 

4
2v,v,1v|ˆ|2v,1v,v

3,11,11;2

11321132

K
H                                                           (11) 

 

The eigensolutions of the corresponding polyad are 3+4 = 3011 cm-1,  2 = 3071.6 cm-1, and 

3+211 = 3094.6 cm-1, in rather good agreement with the measured spectroscopic values. Also in 

this case neglecting of Fermi resonances yields abnormally large values for the KDD constant: the 

K2;11,11,3 term becomes 36.26 cm-1 (perturbed)  instead of –0.14 cm-1 (deperturbed). The analysis of 

this polyad suggests that the DDR coupling between 3+211 and 2 is very low (≈ 0 cm-1, P-

ratio = 0.0022). A similar mixing (due to anharmonic resonances) with other vibrational states 

concerning the CH2 stretching falling at lower frequency, while the one located at higher 

wavenumbers  is essentially unperturbed, has been detected and analyzed for 1,1-difluoroethene.39 

 3.2.8. Assignments in the 3200 – 5900 cm-1.  The observed absorptions falling in this 

spectral interval are binary combination bands mostly involving v1 and v2 vibrational levels, some 

ternary combinations (visible only in the spectra recorded at higher pressure), and the first and 

second overtones of 3 (measured  at 3325.9 and 4969.7 cm-1, respectively). The predicted band 

centers agree reasonably well with the spectroscopic data (MAD of 7.0 cm-1). 

 3.2.9. Assignments in the 5900 – 6400 cm-1.  This spectral region is characterized (see 

Figure 5) by the absorptions of the first overtones of CH2 stretchings (21 and 22, observed at 

6272.6 and 6042.6 cm-1, respectively); together with the binary combination 1+2 (measured at 
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6106.2 cm-1) they constitute a triad coupled by three Darling-Dennison resonances (one of the 2-2 

Type and two of the 1-1 Type). The corresponding off-diagonal terms are: 

 

2
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2121

K
H                                                                                     (12) 
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As previously done for the other polyads, also this one was analyzed to determine the relative 

relevance of the different DDR involved. The 2-2 resonance involving  21/22  has  = 16.04 

cm-1 and a P-ratio of 0.30, while the other two couplings (1-1 DDR) have smaller values (21/1+2, 

= 3.68 cm-1, P-ratio = 0.27; 22/1+2, = 2.75 cm-1, P-ratio = 0.14). These results suggest 

that the stronger perturbation is due to the 2-2 DDR between v1 = 2 and v2 = 2 vibrational states. 

Taking into account all the anharmonic resonances, the v2 = 2 vibrational state is moved down by 

about 17 cm-1, the v1 = 2 is shifted upward by about 20 cm-1, while the  1+2 state is perturbed by 

only 2 cm-1. The eigensolutions of the resonant matrix containing all the coupling terms are 21 = 

6273.2 cm-1, 22 = 6041.7 cm-1, and 1+2 = 6109.7 cm-1, thus being in remarkable agreement with 

the spectroscopic data. The overall agreement between experimental and theoretical values (MAD = 

4.0 cm-1) is very good. In this case the error caused by terms affected by Fermi resonances yields 

some differences (up to a few cm-1) in some of the K1,l;2,l and K2,l;1,l involved in the sum related to 

the 1-1 resonances between 1+2 and the first overtones of 1 and 2.  

Table 5 summarizes all the assignments carried out in the present work, together with their 

estimated experimental errors; where identifiable, the absorptions related to 37ClFC=CH2 are also 

listed. The overall assignments are consistent with the predicted values, and the small value of the 
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absolute mean deviations for the transitions. For the data computed at CCSD(T)/CVTZ-ACVTZ(F) 

level of theory, considering the reduced set containing only fundamentals, first overtones and binary 

bands the MAD is 4.6 cm-1, while taking into account the overall set it becomes 5.3 cm-1; this value  

confirms the quality of the anharmonic force field calculation carried out in this work. 

In Table 6 are reported the fundamental modes together with their theoretical values 

computed by the anharmonic force fields at CCSD(T)/CVTZ-ACVTZ(F) level of theory and 

employing the GVPT2 as well as the HDCPT2 approaches for treatment of resonant terms. 

Concerning the GVPT2 model, the deviations between the experimental and the corresponding 

theoretical values lie within 3 cm-1: this agreement is remarkable (mean absolute deviation of 2.0 

cm-1) thus assessing the high quality of the ab initio force field. In addition, for the 9 and 11 

fundamental modes, which could not be identified in the experimental spectrum due to their too 

weak intensities, one can rely on the computed values. Three resonance manifolds were identified 

from which significant perturbations of the fundamental levels of 2, 3 and 4 originate. Their 

values, marked with an asterisk in Table 6, are the eigensolutions of the corresponding resonant 

matrices and are also in good agreement with the experimental data. The HDCPT2 model with the 

same basis set and level of theory yields rather satisfactory results (almost all the predictions lie 

within 10 cm-1 with respect to their experimental counterparts), except the 3 fundamental, which is 

strongly perturbed by Fermi Type I interaction with 210 and several Darling-Dennison resonances 

(as previously discussed). It is interesting to compare these performances obtained at CCSD(T) 

level of theory with those yielded by the hybrids HYB-MP2-1 and HYB-B2PLYP-1 (which have 

the harmonic data at CCSD(T) level and the anharmonic ones at MP2 and B2PLYP level, 

respectively) thus assessing the accuracy of their cubic and quartic semi diagonal force constants. 

Within the framework of GVPT2 model, the fundamentals predicted by HYB-MP2-1 have a MAD 

of 3.8 cm-1, with a maximum deviation of 6.3 cm-1, while the theoretical data computed by HYB-

B2PLYP-1 show a MAD of 3.3 cm-1, with a maximum discrepancy of 6.2 cm-1. The HDCPT2 
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approach yields a MAD of 5.6 cm-1 and 6.1 cm-1 for HYB-MP2-1 and HYB-B2PLYP-1, 

respectively, the maximum deviation for both being the predicted value of 3 (which is computed 

about 30 cm-1 higher than the experimental observation). By considering these overall results, the 

good performances of B2PLYP model for computing anharmonic corrections within GVPT2 

approach are further confirmed. 

In Table 7 the left lower triangle of the symmetric matrix formed by the computed 

anharmonicity constants, xi,j, is reported. The calculated values which are affected by Fermi 

interactions are labeled by an asterisk: in these cases it is necessary to consider the xi,j effective 

constants excluding the contributions of the interacting vibrations from the perturbational 

summations.91 These effective anharmonicity constants were here introduced to account for the 

following Fermi resonances: 2/3+4, 3/210, and 4/10+12/27/211. The symmetric and 

asymmetric CH2 stretching vibrations of the ethene group follow the x-K relations of Mills and 

Robiette109  here reported 

 

x1,1 = x2,2 = x1,2/4 = K1,1;2,2/4                                                                                                (15) 

 

where K1,1;2,2 is the Darling-Dennison constant. The corresponding calculated theoretical values (in 

units of cm-1) are x1,1 = –32.7, x2,2 = –28.4, x1,2 = –105.4, and K1,1;2,2 = –116.35, in good agreement 

with the empirical relations. In general, most of the experimentally derived anharmonic constants 

are consistent with respect to their theoretical counterparts (derived from VPT2 calculations carried 

out), thus further supporting the overall vibrational assignment. The presence of several anharmonic 

resonances (previously discussed) explains the observed deviations between the computed and the 

experimental anharmonic constants; in particular, Fermi and Darling Dennison resonances 

involving 3 and 2 are reflected by the spread between the calculated and observed parameters 

(which were derived from the position of binary combination and the corresponding fundamentals), 
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especially for the x2,2, x2,6, x3,4, x3,5, x3,6, x3,10, and x3,12 ones. In these cases the experimental values 

should be taken as effective fitting parameters, thus not being comparable with the anharmonicity 

constants derived from perturbation theory. The effect of the Fermi resonance concerning the 3 can 

be clearly seen by looking at the x3,3 constant. The value of x3,3 determined taking into account the 

experimental positions of its first and second overtones agrees very well with the theoretical 

predictions, since 23 and 33 are not affected by anharmonic resonances. On the other hand, the 

one yielded by the analysis of 23 and 3 is clearly affected by the interaction of the latter with the 

v10 = 2 vibration level (Fermi type I resonance, as previously discussed in the text). 

 

3.3. Theoretical calculations of molecular spectroscopic parameters 

 

 Once the rotational constants related to the equilibrium structure were determined, those of 

the vibrational ground state were subsequently computed by taking into account the corresponding 

vibrational corrections given by computed anharmonic vibration-rotation  constants. Quartic 

centrifugal distortion constants were obtained from the harmonic force field data, while sextic 

centrifugal distortion terms were calculated on the basis of the cubic force constants. To obtain the 

vibrational corrections to rotational constants and the sextic centrifugal distortion parameters for 

both 35ClFC=CH2 and 37ClFC=CH2, once the complete anharmonic force field up to the third order 

were obtained, it was transformed from the dimensionless normal coordinate space into the internal 

coordinate representation. The internal quadratic and cubic force constants, where no masses enter 

in their definition, were then used for computing the molecular spectroscopic parameters, relevant 

to rotational spectroscopy, of either 35Cl-isotopologue or 37Cl-isotopologue of 1-chloro-1-

fluoroethene. Table 8 lists the calculated anharmonic vibration-rotation  constants. Within the 

VPT2 approach the computation of these data could be affected by Coriolis resonances and 

therefore we checked for the presence of these kind of couplings. We found that there is a 
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significant a-axis coupling between the v7 = 1 and v11 = 1 vibrational modes, and therefore for the 

calculation of the corresponding  constants we followed the procedure suggested by Papoušek and  

Aliev.91 Table 8 lists also the available experimental data: the overall agreement with the theoretical 

values should be considered more than satisfactory. Table 9 reports the results (rotational ground 

state constants, quartic and sextic centrifugal distortion terms) obtained by using the 

CCSD(T)/CVTZ-ACVTZ(F) level of theory. Here the computed ground state rotational and quartic 

centrifugal distortion constants are compared with the recent experimental data yielded by Leung et 

al.,54  while the calculated sextic distortion terms are compared with the values reported by Alonso 

et al.51 Concerning the ground state rotational constants, the predicted values differ less than 0.7% 

with respect to the microwave data,54 with a mean accuracy of 0.6% for both the chlorine 

isotopologues. Moving to the centrifugal distortion terms, the quartic ones (for both the 35Cl and 

37Cl isotopologues) are computed with a mean deviation of 1.8% with respect to the most recent 

values, while for the sextic constants the discrepancies are generally within 20% for 35ClFC=CH2 

(MAD of 15%), while the predictions for 37ClFC=CH2 show larger discrepancies, especially for JK 

and J. To comment these results, we highlight that the experimental accuracy for 35ClFC=CH2 and 

37ClFC=CH2 sextic fitted parameters is not very high, being the standard errors for the former in the 

range 3% (K) to 18% (KJ) and those of the latter from 6% (K) to 25% for JK (considering 

3times the standard deviation, this interval becomes 18% – 75%);  besides, the same authors 

pointed out that some of the centrifugal distortion constants are strongly correlated.51 

Table 9 lists also the diagonal elements of the inertial chlorine quadrupole coupling tensor 

ij obtained at CCSD(T)/CVTZ-ACVTZ(F) level of theory; the elements of the tensor, evaluated 

from an applied field gradient qij, were calculated according the relation 

 

ij = e Q qij       (i, j = a, b, c)                                                                                                (16) 
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where e is the electronic charge, Q the nuclear electric quadrupole moment of chlorine nucleus, and 

a, b, and c are the inertial axes. Being 1-chloro-1-fluoroethene a planar molecule, the inertial 

nuclear quadrupole tensor has only one off-diagonal element, ab. Using Q(35Cl) = –0.08165 barn 

and Q(37Cl) = –0.06435 barn (both values taken from Ref. 110), the nuclear quadrupole coupling 

tensors were computed as 

 

ij (MHz) = 234.9647 Q (barn) qij (au)      (i, j = a, b, c)                                                     (17) 

 

3.4. Cross Section Spectra and Computed Anharmonic Dipole Moment Surface. 

 

In the present work, besides the thorough vibrational assignments previously reported,  

accurate measurements of integrated band intensities were carried out on the corresponding 

absorption cross section spectrum. These data, necessary to quantify the impact of halocarbons on 

the Earth’s radiative budget, are also required to thoroughly evaluate the quality of the computed 

anharmonic dipole moment surface. Several spectra were measured at increasing sample pressures 

and employing N2 as inert buffer gas: the analysis on this series of measurements was then carried 

out by using an established procedure where, assuming the validity of Beer’s law, the point-by-

point absorbance value )~(A  measured at each wavenumber, ~ , was least square fitted versus the 

corresponding gas concentration. From this regression analysis it was therefore derived the slope 

)~(  at each wavenumber; this slope is the absorbance cross section per molecule (cm2 

molecule−1) according to 

 

clN

vA

A

)10ln()~(
    )~(                                                                                                              (18) 

 



28 
 

where l is the optical path length (cm), c corresponds to the sample concentration (mol cm3) and NA 

is the Avogadro’s constant. As noted in our previous studies76 this approach, proposed by Chu et 

al.,111 offers the great advantage of using a wide range of sample pressure by avoiding distortion in 

the measured absorbance values related to saturation effects for the stronger bands and therefore it 

greatly improves the signal-to-noise ratio for the weaker signals; besides this method also yields the 

error estimate at each wavenumber in terms of the statistical uncertainty given by the fitting 

procedure. Figure 6 shows the absorption cross section spectrum of 1-chloro-1-fluoroethene in the 

400 – 6400 cm−1 range; as it can be seen, the most intense absorptions fall between 1000 and 1800 

cm-1, being related to 5 and 3 fundamentals.  

As reported in the previous section, the CCSD(T) harmonic intensities obtained in 

conjunction with the CVTZ-ACVTZ(F) and ANO2 basis sets were corrected by means of 

anharmonic corrections calculated at the B2PLYP and MP2 levels of theory employing the CVTZ-

ACVTZ(F) basis set, thus leading to the different hybrid models HYB-MP2-1, HYB-B2PLYP-1, 

HYB-MP2-2 and HYB-B2PLYP-2. For the calculation carried out with B2PLYP functionals, we 

tested also the influence of the integration grids available in Gaussian09 on the computed 

anharmonic corrections to intensities. Since we found a negligible difference between the result 

obtained with SuperFine (150 radial points, 794 angular points) grid and the one yielded by 

UltraFine (99 radial points, 590 angular points),  we employed the UltraFine grid for computing 

the anharmonic corrections to CCSD(T) harmonic intensities.  Table 10 reports the experimental 

integrated absorption cross section values (and the corresponding integration limits) and the 

computed data. There is an overall good agreement between the measured data and the computed 

values for all the different hybrid models employed (the mean absolute error is less than 1.20 km 

mol-1 for all the three calculations). The best performances are yielded by combining the 

anharmonic corrections at B2PLYP level with the harmonic intensities at CCSD(T) level of theory 

and in conjunction with  the  CVTZ-ACVTZ(F) basis set (mean  absolute deviation  of 0.60 km 

mol-1 considering the whole spectral region up to 6400 cm-1) while those of HYB-MP2-1 are 
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slightly worse (MAD of 0.69 km mol-1). Using the harmonic data yielded by ANO2 basis, the MAD 

are 0.99 and 0.91 km mol-1 for HYB-MP2-2 and HYB-B2PLYP-2, respectively.  On these grounds, 

we can conclude that B2PLYP yields anharmonic corrections to intensities which result in better 

agreement with the experimental data, thus further confirming the reliability of this DFT method, 

especially when employed in conjunction with the harmonic data provided by calculations carried 

out at higher level of electronic correlation. 

 

4. CONCLUSIONS 

 

 In this work, we presented a complete analysis of the gas-phase infrared spectra of 1-chloro-

1-fluoroethene up to 6400 cm-1 supported by high-level ab initio computations. Accurate band 

position values for fundamentals, overtones, and combination bands up to three quanta were 

determined. Besides this vibrational investigation, the absorption cross section spectra were 

measured over the 400 – 6400 cm-1 spectral region and the integrated band intensities for the most 

important absorption features were determined with a great accuracy. Harmonic calculations at 

CCSD(T) level of theory and employing different basis sets were carried out to provide optimized 

geometries and the corresponding quadratic force field data for both frequencies and intensities, 

plus the quartic centrifugal distortion constants. Within the framework of GVPT2, the cubic and 

quartic semi-diagonal force constants obtained using different basis sets were then employed to 

compute the theoretical predictions of the anharmonic spectra. The best agreement between 

experimental and theoretical positions was reached by the anharmonic force field at CCSD(T) level 

of theory and employing the CVTZ-ACVTZ(F) basis set, which uses the correlation consistent 

polarized core/valence triple zeta basis set cc-pCVTZ79,83,84 for Cl, C and the aug-cc-pCVTZ80,84 

basis set for the F atom to correctly describe the issues related to the π charge distribution of 

haloethenes.82  The analysis led to the identification of many polyads affected by Fermi (both type I 
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and II) and several Darling-Dennison (2-2, 2-11, 1-21, 1-3, 1-1) resonances.  Concerning the latter, 

the removal of the terms related to resonance denominators was found to be mandatory for a correct 

evaluation of the DDR couplings and for assessing their relative magnitude. The computed values 

obtained from the diagonalization of the corresponding interaction matrices were found in very 

good agreement with the experimental counterparts (for the whole set of transitions the mean 

absolute deviation is 5.3 cm-1) thus confirming the quality of the ab initio calculations. Accurate 

values for integrated cross sections were determined for all the most important absorptions falling in 

the range 400 – 6400 cm-1; these data were used to assess the performances of MP2 and B2PLYP 

methods in computing anharmonic corrections to harmonic intensities. The comparison confirms 

the overall good performances of the B2PLYP functional especially when used in conjunction with 

the harmonic data obtained by calculations carried out at higher level of electronic correlation.        
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Figure Captions 

 

Figure 1. Molecular structure of ClFC=CH2 and its principal axes of inertia: the a and b axes 

are in the molecular plane, the c axis is perpendicular to it. 

 

Figure 2. Survey spectra of ClFC=CH2 in the region 400 – 6400 cm-1 (resolution = 1.0 cm-1, 

optical path length = 13.4 cm, room temperature). Trace a refers to the spectrum 

recorded employing a sample pressure of 376 Pa, trace b (displaced for clarity) to the 

one obtained with a sample pressure of 61.28 hPa. Only some representative bands 

are labeled. 

 

Figure 3. Spectra of ClFC=CH2 in the 460 – 760 cm-1 region (resolution = 0.5 cm-1, optical 

path length = 13.4 cm , room temperature). Trace a refers to the spectrum measured 

employing a sample pressure of  800 Pa, trace b to the one obtained at 400 hPa, trace 

c to that one recorded at 660 hPa. Only 7 and 12 bands are labeled. 

 

Figure 4. Spectrum of ClFC=CH2 in the 2900 – 3200 cm-1 region (resolution = 0.2 cm-1, 

optical path length = 13.4 cm , room temperature, sample pressure = 400 hPa).  

 

Figure 5. Spectrum of ClFC=CH2 in the 5900 – 6400 cm-1 region (resolution = 0.2 cm-1, 

optical path length = 13.4 cm , room temperature, sample pressure = 120.2 hPa). The 

absorptions assigned to the triad 21/1+2/22 are labeled. 

 

Figure 6. Absorption cross section spectra of ClFC=CH2 (T = 298 K, resolution = 0.5 cm-1). 

The most important absorptions are labeled.  
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Table 1. Equilibrium geometries and rotational constants of 35ClFC=CH2 obtained at CCSD(T) 

level of theory and employing different basis setsa 

 VTZb VTZ-AVTZ(F)b CVTZ-ACVTZ(F)b ANO2b 

C2–F1 1.3304 1.3559 1.3344 1.3321 

C2=C3 1.3286 1.3282 1.3252 1.3279 

C3–H4 1.0800 1.0801 1.0790 1.0802 

C2–Cl5 1.7245 1.7218 1.7140 1.7194 

C3–H6 1.0775 1.0777 1.0767 1.0778 

< C3–C2–F1 122.7 122.4 122.3 122.6 

< C3–C2–Cl5 125.2 125.8 125.9 125.5 

< C2–C3–H6 120.2 120.1 120.1 120.1 

< C2–C3–H4 119.3 119.3 119.4 119.4 

Ae 10654.86681 10648.19902 10691.88168 10653.40565 

Be 5052.52871 5050.61532 5084.90533 5072.94900 

Ce 3427.30406 3425.73368 3446.02524 3436.53598 

 a Bond lengths and angles reported in Å and deg, respectively; equilibrium rotational constants listed in MHz. See text 

for labeling of the atoms.                                                                                                    
 b VTZ stands for cc-pVTZ basis set on all atoms; VTZ-AVTZ(F) stands for  cc-pVTZ basis set on C, H and Cl atoms 

and aug-cc-pVTZ on F atom; CVTZ-ACVTZ stands for calculation carried out with all the electrons correlated and 

employing the cc-pCVTZ basis set on C, H and Cl atoms and the aug-cc-pCVTZ basis set on F atom.  
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Table 2. Harmonic wavenumbers (Wvn) and intensities (I) of  35ClFC=CH2 calculated at 

CCSD(T) level of theory and using different basis sets 

  
VTZa VTZ-AVTZ(F)a CVTZ-ACVTZ(F)a ANO2a 

Mode Sym.b Wvnc Ic Wvnc Ic Wvnc Ic Wvnc Ic 

1 A' 3300.8 0.19 3299.3 0.21 3304.8 0.23 3301.2 0.25 

2 A' 3193.3 2.74 3191.5 3.05 3195.4 3.11 3193.3 3.09 

3 A' 1706.5 129.57 1704.2 125.53 1708.5 125.37 1702.8 120.8 

4 A' 1413.6 3.77 1410.3 2.78 1412.4 2.49 1406.8 2.13 

5 A' 1221.1 173.75 1207.9 176.7 1210.4 175.98 1213.0 166.88 

6 A' 967.4 34.72 960.5 40.06 962.1 39.91 963.9 35.86 

7 A' 701.5 39.58 702.07 37.48 706.1 36.93 702.3 37.96 

8 A' 432.7 1.58 429.7 1.85 432.2 1.86 432.4 1.74 

9 A' 368.8 0.07 366.4 0.08 368.9 0.07 369.7 0.02 

10 A'' 849.1 55.87 848.8 54.68 851.4 54.84 847.9 53.49 

11 A'' 723.6 0.20 722.6 0.06 724.2 0.06 722.2 0.24 

12 A'' 523.1 0.58 519.7 0.68 523.4 0.78 520.4 1.07 

a VTZ stands for cc-pVTZ basis set on all atoms; VTZ-AVTZ(F) stands for  cc-pVTZ basis set on C, H and Cl atoms 

and aug-cc-pVTZ on F atom; CVTZ-ACVTZ stands for cc-pCVTZ basis set on C, H and Cl atoms and the aug-cc-

pCVTZ basis set on F atom (all electron correlated).  
b Symmetry. 
c Wavenumber (Wvn) and intensity (I) reported in cm-1 and km mol-1, respectively. 
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Table 3. Definition of symmetry adapted internal coordinates of ClFC=CH2 in terms of 

internal coordinates 

Symmetry Species Symmetry coordinates Internal coordinatesa 

A' S1 
2

1
 (r34 + r36) 

 S2 r23 

 S3 r12 

 S4 r25 

 S5 
2

1
(234 + 236) 

 S6 
2

1
 (r34 – r36) 

 S7 
2

1
(234 – 236) 

 S8 123 

 S9 325 

   

A'' S10 
2

1
(4326 + 6342) 

 S11 
2

1
(1235 + 5213) 

 S12 
2

1
(1234 + 5236) 

a See text for labeling. 
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Table 4. Approximate description, Total Energy Distribution (TED%) in terms of symmetry-

adapted internal coordinates of ClFC=CH2 as computed at CCSD(T)/CVTZ-ACVTZ(F) level 

of theory, and the corresponding wavenumbers (Wvn, in cm-1) 

Approximate 

description 
Mode TED Wvn 

anti-sym. CH2 stretch. 1 S6(99) 3304.8 

symm. CH2 stretch. 2 S1(98) 3195.4 

C=C stretch. 3 S2(76)  1708.5 

CH2 scissors 4 S5(87)  1412.4 

C-F stretch. 5 S3(41) + S7(31)  1210.4 

CH2 rock 6 S7(50) + S3(42)  962.1 

C-Cl stretch. 7 S4(67) + S8(12)  706.1 

C=C-F bending 8 S8(83) + S4(18)   432.2 

C=C-Cl bending 9 S9(104)  368.9 

CH2 wag 10 S10(100) 851.4 

torsion 11 S12(94)  724.2 

C=CClF out-of-plane 12 S11(94)  523.4 
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TABLE 5. Summary of the assigned bands (cm-1) from the gas-phase infrared spectra of ClFC=CH2 

Band Wavenumbera Band Wavenumbera Band Wavenumbera Band Wavenumbera 

8 432.2(2)/428.3(2)b 6+9 1317.5(4)/1315.7(4)b 3+8 2523.5(5) 2+5 4253.9(3) 

8+9–9 432.9(3) 10+12 1338.1(3) 5+6+8 2540.3(5) 1+7+8 4283.5(5) 

12 514.7(2)/514.2(2)b 4 1374.7(2) 4+5 2559.8(5) 1+5 4343.5(3) 

7 700.3(3) 7+11 1407.6(4)/1405.7(4)b 3+6 2602.9(5) 3+24 4398.8(5) 

29 741.7(3)/737.9(3)b 6+12 1460.5(5) 3+12 2687.4(5) 1+4 4516.5(3) 

39–9 743.4(3) 10+11 1537.1(4) 4 2741.7(5) 1+27 4563.4(3) 

7+8–9 756.3(3) 5+9 1556.9(4) 3+5 2840.3(4) 1+5+8 4754.6(5) 

10 835.5(2) 3 1655.8(2) 3+6+9 2968(1) 1+6+7 4793.1(5) 

10+9–9 836.9(3) 10 1689.6(3) 3+4 3020.2(5) 1+3 4834.9(3) 

28 860.3(3)/854.2(3)b 6+10 1784.9(4) 2 3072.1(3) 2+5+7 4923.2(5) 

9+12 896.2(3) 6 1893.9(4) 1 3158.9(5) 3 4969.7(5) 

8+10–9 899.6(3) 3+9 2024.9(4) 5+6 3285.1(3) 2+3+6 5661(1) 

6 947.7(2) 4+7 2060.3(4) 3 3325.9(3) 1+4+5 5699(1) 

4–9 1004.2(3) 5+6 2130.2(3) 3+4+9 3397.7(3) 2 6042.6(3) 

212 1027.8(3)/1026.9(3)b 3+12 2184.5(3) 1+9 3529.2(5) 1+2 6106.2(3) 

7+9 1063.2(3) 5 2370.4(4) 2+10 3899.1(5) 1+3+4 6166.5(5) 

9+11 1075.9(5) 5+8+10 2451.2(5) 1+10 3978.2(5) 1 6272.6(3) 

5 1188.1(3) 6+7+10 2471.3(5) 2+6 4010.9(5)   

11+12 1221.8(3) 3+10 2486.6(5) 1+6 4101.2(3)   

a  The experimental error in parentheses is on the last significant digit. 
b 35/37Cl isotopologues. 
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TABLE 6. The observed and calculated (at CCSD(T) level of theory employing the CVTZ-

ACVTZ(F) basis set) gas-phase infrared frequency fundamentals (cm-1) of 35ClFC=CH2 

   GVPT2a HDCPT2b 

Band Symmetry Observedc Calculatedc,d Obs. – Calc.c Calculatedc Obs. – Calc.c 

1 A' 3158.9(5) 3159.6 –0.7 3161.8 –2.9 

2 A' 3072.1(2) 3071.6* –0.5 3072.4 –0.3 

3 A' 1655.8(2) 1653.6* 2.2 1681.6 –25.8 

4 A' 1374.7(2) 1376.8* –2.1 1374.4 0.3 

5 A' 1188.1(2) 1184.5 3.6 1184.0 4.1 

6 A' 947.7(2) 944.7 3.0 944.0 3.7 

7 A' 700.3(3) 696.7 3.6 694.8 5.5 

8 A' 432.2(2) 429.8 2.4 429.7 2.5 

9 A' 370e 368.0 2.0 367.7 2.3 

10 A'' 835.5(2) 834.6 0.9 823.9 11.6 

11 A'' — f 708.7 — 708.7 — 

12 A'' 514.7(2) 515.5 –0.8 515.8 –1.1 

a Generalized second-order Vibrational Perturbational Theory, see Ref. 94. 
b Hybrid Degeneracy-Corrected second-order Perturbation Theory, see Ref. 100.  
c All the values in cm-1.  
d Values marked by an asterisk are computed taking into account anharmonic resonances (see discussion in the text). 
e Value taken from Ref. 65. 
f Covered by the stronger absorption of 7 centered at 700.3(3) cm-1. 

 



51 
 

TABLE 7. Anharmonicity constants xi,j (cm-1) of 35ClFC=CH2
a 

i/j 1 2 3 4 5 6 7 8 9 10 11 12 

1 
–32.7 

[–22.6 ±0.3] 
           

2 
–105.4 

[–124.8±0.5] 

–28.4 

 [–50.8±0.3] 
          

3 
1.0 

[20.2±0.5] 
–11.5* (+2.03) 

–6.0 

[7.2±0.3; –6.4±0.4]b 
         

4 
–21.2 

[–16.6±0.5] 

–16.7* 

(–3.19) 

–4.6* (–18.1) 

[ –9.8±0.6] 

–4.3 

[-3.4±0.3] 
        

5 
–3.8 

[–3.5±0.5] 

–4.5 

[–6.3±0.5] 

–8.8 

[–3.6±0.6] 

–3.7 

[–2.5±0.6] 

–3.1 

[–2.9±0.4] 
       

6 
–5.6 

[–5.4±0.5] 

–4.6 

[–8.9±0.6] 

–6.8 

[–0.6±0.6] 
–3.6 

–6.3 

[–5.6±0.5] 

–0.9 

[–0.8±0.3] 
      

7 –0.7 –1.0 0.0 
–0.7*(62.0) 

[–14.2±0.5] 
–3.6 –3.3 

–1.0*  

(–16.7) 
     

8 –0.4 –0.2 –1.8 0.5 –2.2 –1.4 –1.8 
0.2 

[–2.1±0.3] 
    

9 –0.3 –0.4 –2.1 0.4 
–1.7 

[–1.2±0.5] 
–0.1 –1.5 1.0 

0.5 

[1.2±0.3] 
   

10 
–16.5 

[–16.2±0.6] 

–9.7 

[–8.5±0.6] 

–8.7* (+112.4) 

[–4.7±0.6] 
–10.8*(0.3) 0.4 

2.2 

[1.7±0.5] 
0.1 0.7 0.7 

2.8* (–27.4) 

[9.3±0.3] 
  

11 –5.9 –6.7 –3.8 
–2.0* 

(–23.5) 
–2.8 –0.2 –0.5 –0.1 –0.1 –5.2 –0.8* (4.6)  

12 –0.9 –1.1 
–5.4 

[14.0±0.5] 
–1.0* (9.5) –2.2 

–1.7 

[–1.9±0.6] 
–1.9 0.1 0.2 

2.2* (0.2) 

[–12.1±0.4] 
–0.7 

–0.8 

[–0.8±0.3] 

a Ab initio deperturbed constants are marked by an asterisk (in parentheses are reported the values altered by nearly singular terms, see text); experimental values, 

together with the corresponding errors, are listed within square brackets. 
b The first value is computed from the position of 23 and 3 bands, the second one from 33 and 23 bands. The difference is due to Fermi resonance involving 3 and 

210 (see text). 
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TABLE 8. Anharmonic vibration-rotation   constants for ClFC=CH2 computed at 

CCSD(T)/CVTZ-ACVTZ(F) level of theorya 

  35ClFC=CH2 
37ClFC=CH2 

Symmetry Mode A B C A B C 

A' 1 13.350 1.546 1.870   13.354  1.471  1.803 

 2 7.621 2.885 2.137    7.624  2.763  2.074 

 3 39.894 10.760 8.991   39.920 10.404  8.764 

 4 –10.342 0.045 1.236  -10.347  0.098  1.214 

 
5 

31.392  

(32.7169)b 

8.826 

(12.42295)b 

12.330 

(11.71796)b 
31.376 8.607 11.980 

 
6 

9.413 

(9.94562)c 

–4.596 

(–4.28808)c 

2.951 

(3.05437)c 
9.462 –4.318 2.848 

 7 0.649d 25.856 10.014   0.377 d 23.073  9.760 

 8 0.630 –0.863 –7.962    0.718 –0.826 –7.904 

 9 –11.593 –1.539 13.387  –11.846 –1.443 13.216 

A'' 10 20.054 2.676 –1.927 20.255  2.451 –1.870 

 11 20.548 d –6.889 –0.303 16.941 d –4.865 –0.598 

 
12 

–8.406 

(–9.48018)c 

2.188 

(1.98710)c 

–3.018 

(–3.02756)c 

–8.795 

(–8.96558)c 
2.248 –2.987 

a All values in MHz.  
b Experimental values taken from Ref. 60.  
c Experimental values taken from Ref. 61. 
d Values deperturbed by the effect due to Coriolis resonance (see text).   

 

 

 

 

 

 

 



53 
 

TABLE 9. Spectroscopic parameters of ClFC=CH2 relevant to rotational spectroscopy 

 35Cl 37Cl 

 Experimentala Computedb Experimentala Computedb 

 A0    /MHz 10681.65141(47) 10635.277 10681.32209(40) 10637.074 

 B0    /MHz 5102.15417(16) 5064.458 4955.24868(17) 4918.577 

 C0    /MHz 3448.30884(18) 3426.172 3380.51600(20) 3358.934 

J   /kHz 1.4231(86) 1.39090 1.3323(69) 1.31891 

JK   /kHz 4.987(32) 5.04291 4.861(54) 4.90144 

K   /kHz 5.157(80) 4.99625 5.277(80) 5.20362 

J    /kHz 0.4832(30) 0.47648 0.4503(26) 0.44571 

K   /kHz 5.434(35) 5.36951 5.268(66) 5.22362 

J   /Hz 0.00107(8) 0.00085 0.00051(7) 0.000772 

JK  /Hz 0.0133(9) 0.01465 0.0181(9) 0.01384 

KJ  /Hz –0.011(2) –0.01407 –0.023(2) –0.0128 

K  /Hz 0.024(1) 0.02576 0.032(2) 0.0252 

J   /Hz 0.00036(5) 0.00044 0.00057(4) 0.000403 

JK  /Hz 0.010(1) 0.00891 0.004(1) 0.0084 

K  /Hz 0.092(3) 0.09498 0.108(4) 0.0944 

aa /MHz –72.9696(13) –72.12808 –57.49659(95) –56.83385 

bb /MHz 38.6765(13) 38.00352 30.4711(11) 29.93960 

cc /MHz 34.2932(14) 34.12456 27.0255(11) 26.89424 

ab /MHz  6.44245  5.17676 

a Experimental ground state rotational constants (MHz) and quartic centrifugal distortion constants (kHz) taken 

from Ref. 54, while sextic distortion terms (Hz) taken from Ref. 51. Experimental quadrupole coupling 

constants (MHz) are taken from Ref. 54. 
b Values computed at CCSD(T) level of theory and employing the CVTZ-ACVTZ(F) basis set. 
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TABLE 10. Integrated cross sections (km mol-1) in the range 400 – 6400 cm-1 for ClFC=CH2 

Integration 

limits (cm-1) 
Main bands Experimentala HYB-MP2-1b HYB-B2PLYP-1b HYB-MP2-2b HYB-B2PLYP-2b 

400 – 455   1.63(11) 1.74 1.74 1.62 1.62 

500 – 520   0.94(4) 0.79 0.73 1.08 1.02 

650 – 750   39.3(2) 37.68 37.77 38.59 38.80 

780 – 900 28, 9+12 50.6(5) 52.77 53.14 51.32 51.79 

900 – 1000   41.9(2) 40.67 40.91 36.58 36.86 

1000 – 1060   2.60(2) 2.20 2.21 2.13 2.21 

1090 – 1260   166.2(5) 167.8 168.4 159.0 159.3 

1260 – 1440   5.27(5) 2.42 2.50 2.04 2.14 

1490 – 1580  +  1.59(6) 1.32 1.18 1.38 1.18 

1580 – 1790   130(3) 128 130 126 125 

1840 – 1950   2.42(2) 2.02 2.54 2.02 2.54 

1950 – 2180  +  1.87(3) 1.39 1.44 1.39 1.44 

2180 – 200  +  0.024(2) 0.04 0.05 0.04 0.05 

2270 – 2420   1.42(13) 0.94 0.79 0.94 0.79 

2420 – 2920  + 2.51(7) 2.13 2.15 2.13 2.15 

2920 – 3190   1.87(3) 0.83 1.41 0.79 1.41 

3200 – 3480  1.69(5) 1.88 1.46 1.88 1.46 

3950 – 4050 +  0.198(7) 0.20 0.16 0.20 0.16 

4050 - 4150 +  0.345(3) 0.38 0.33 0.38 0.33 

4150 – 4305 +  0.629(5) 0.65 0.71 0.65 0.71 

4305 – 4420 +  0.487(3) 0.44 0.51 0.44 0.51 

4420 – 4600 +  1.056(5) 1.14 1.08 1.14 1.08 

5940 – 6210  0.79(5) 0.61 0.78 0.61 0.78 

6210 – 6330  0.48(5) 0.65 0.86 0.65 0.86 

a Standard deviations in units of the last significant digits are given in parentheses.  
b The values are the sum of the intensities computed for fundamental, overtone and combination bands comprised in the integration limits. HYB-MP2-1 refers to the model 

with CCSD(T)/CVTZ-ACTZ(F) harmonic intensities combined with anharmonic corrections computed at fc-MP2/CVTZ-ACVTZ(F) level, HYB-B2PLYP refers to the 

model with CCSD(T)/CVTZ-ACTZ(F) harmonic intensities combined with anharmonic corrections computed at B2PLYP/CVTZ-ACVTZ(F) level, HYB-MP2-2 refers to 

the model with fc-CCSD(T)/ANO2 harmonic intensities combined with anharmonic corrections computed at fc-MP2/CVTZ-ACVTZ(F) level, HYB-B2PLYP-2 refers to 

the model with fc-CCSD(T)/ANO2 harmonic intensities combined with anharmonic corrections computed at B2PLYP/CVTZ-ACVTZ(F) level. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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