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Abstract 

 

This work presents a benchmark study on the calculation of the sextic centrifugal distortion 

constants employing cubic force fields computed by means of density functional theory (DFT). For 

a set of semi-rigid halogenated organic compounds several functionals (B2PLYP, B3LYP, 

B3PW91, M06, M06-2X, O3LYP, X3LYP, B97XD, CAM-B3LYP, LC-PBE, PBE0, B97-1 and 

B97-D) were used for computing the sextic centrifugal distortion constants.The effects related to the 

size of basis sets and the performances of hybrid approaches, where the harmonic data obtained at 

higher level of electronic correlation are coupled with cubic force constants yielded by DFT 

functionals, are presented and discussed. The predicted values were compared to both the available 

data published in the literature and those obtained by calculations carried out at increasing level of 

electronic correlation: Hartree-Fock Self Consistent Field (HF-SCF), second order Møller-Plesset 

perturbation theory (MP2), and coupled-cluster single and double(CCSD)level of theory.Different 

hybrid approaches, having the cubic force field computed at DFT level of theory coupled to 

harmonic data computed at increasing level of electronic correlation (up to CCSD level of theory 

augmented by a perturbational estimate of the effects of connected triple excitations, CCSD(T)) 

were considered. The obtained results demonstrate that they can represent a reliable and 

computationally affordable method to predict sextic centrifugal terms with an accuracy almost 

comparable to that yielded by the more expensive anharmonic force fields fully computed at MP2 

and CCSD levels of theory. In view of their reduced computational cost, these hybrid approaches 

pave the route to the study of more complex systems.  
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1.Introduction 

 

It is nowadays widely recognized the importance of molecular spectroscopy in providing data 

with the accuracy needed for detailed structural investigations. Anyway, the analysis of 

spectroscopic measurements, especially for larger systems, is often a very complex and time-

consuming task. For this reason, in the last decade, the experimental investigations were 

increasingly coupled to computational studies, since the latter are able to provide reliable 

predictions of several parameters which, in turn, can be employed to simulate the spectra. On the 

other hand, the experimental data can be used to benchmark the theoretical predictions of the 

different available computational strategies [1]. Given this fruitful interplay of theory and 

experiment it is therefore highly desirable to investigate the properties like accuracy and 

convergence behaviors of the different computed values. Within the framework of vibrational 

perturbation theory up to the second order (VPT2) [2–4], many spectroscopic parameters can be 

obtained from the anharmonic force field data. For calculating the properties relevant to rotational 

spectroscopy (e.g. vibrational corrections to equilibrium rotational constants and sextic centrifugal 

distortion constants), the cubic force constants are often needed.   

Concerning the computations of rotational constants, there is a remarkable amount of literature 

studies focused on their dependence on the level of theory and basis set (see for example Refs. [5–

7] and references therein).  The derivation of accurate equilibrium structure by means of ab initio 

computed corrections to the experimental ground-state rotational constants were also extensively 

investigated (see, for example, Refs. [8–11] and references therein). Nowadays the methods of 

choice for accurately computing the vibrational corrections are those based on high level of 

electronic correlation, and the coupled cluster  level of theory with single and double excitations 

augmented by a perturbational estimate of the effects of connected triple excitations, CCSD(T) [12-

14], is considered the ''gold standard'' for this task [15–17]. The downside of this approach lies in 

its unfavorable scaling with respect to the system size, that limits the applicability to molecules 

having not more than ten atoms. Recently the performances of the hybrid functional B3LYP [18-21 

]were positively reviewed [10, 11] in view of its satisfactory results with less demanding 

computational cost. Actually, approaches based on density functional theory (DFT) were proved to 

perform very well for calculations of anharmonic corrections to vibrational properties [22–24], 

especially when coupled to harmonic data yielded by computations carried out at CCSD(T) level of 

theory [25–27]. Their predictions of anharmonic corrections to intensities and of the coupling 

parameters for interacting vibrational states are comparable (or even better) to those obtained at 

second order Møller-Plesset perturbation theory, MP2 [28], and even at coupled cluster level of 
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theory. Anyway, to the best of our knowledge, the performances of DFT functionals in yielding 

reliable sextic centrifugal distortion constants have not thoroughly investigated so far. In the present 

work we therefore carried out a systematic study on the use of DFT methods to predict these data; 

several functionals were employed to compute the cubic force constants using the correlation 

consistent Dunning’s basis set [29–31] cc-pVnZ (n = D,T and Q) and their augmented diffuse 

counterparts, aug-cc-pVnZ. Additional calculations were carried out by using the B3LYP functional 

in conjunction with the SNSD [25, 32] and N07D [32] basis sets. We performed the investigation 

on a set of four small semi-rigid molecules, focusing on halomethanes and haloethenes, a class of 

compounds which in recent years was the subjects of several theoretical and experimental 

investigations (see for examples Refs. [33–48] and references therein). For these molecules very 

accurate computed values are available in literature (i.e. obtained from calculations performed at 

CCSD(T) level of theory with at least triple- basis set). These values were taken as reference data 

in the current work to benchmark the DFT methods, which are computationally much less 

demanding and therefore applicable to the study of larger systems. It is worthwhile to note that 

some of their experimentally obtained sextic constants are not well determined (being strongly 

correlated and affected by errors rather large). Concerning the halomethanes, because of their 

atmospheric relevance we chose difluoromethane, CH2F2, and chlorofluoromethane, CH2ClF; for 

both of them very accurate ab initio predictions and experimental data coming from previous 

studies are available (see for example Refs. [49–51] for CH2F2 and Refs. [26, 52, 53] for CH2ClF). 

As haloethenes, we chose 1-chloro-1-fluoroethene, ClFC=CH2, and chlorotrifluoroethene, 

F2C=CFCl, since they can be considered representative of X-C=C-Y systems, where the C atoms, 

sp2 hybridized, are linked to  X and Y atoms; besides, they are potential trace gas pollutants. For 

these reasons, in recent years both of them were the subjects of several experimental and theoretical 

investigation; see, for example Refs. [27,54–57] for ClFC=CH2 and Refs. [58–63] for F2C=CFCl.  

In total, we used 13 functionals: eight hybrids (B3LYP, B3PW91 [64, 65], PBE0 [66], O3LYP 

[67], X3LYP [68], M06, M06-2X[69], and B97-1 [70]), three range-separated (CAM-B3LYP [71], 

LC-PBE [72–74], B97XD [75]), one GGA (B97-D [76]), and the double-hybrid B2PLYP [77]. 

Their convergence behaviors with respect to the basis sets employed were analyzed, and the 

comparison with the corresponding results obtained using different increasing levels of electron 

correlation (HF, MP2 and CCSD) allowed us to assess their overall performances. In addition, we 

worked out different hybrid force fields where the harmonic data, obtained at higher level of 

electronic correlation like CCSD and CCSD(T), were coupled to the cubic force constants yielded 

by DFT methods; their performances were compared with those achieved by hybrids having the 

harmonic data calculated at B2PLYP level of theory. 
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2. Methodology and computational procedure 

 

 In all the quantum chemical calculations described in the present work, we first optimized the 

molecular geometry and then we computed the harmonic force field. In a subsequent step, we 

evaluated the cubic force constants by carrying out the numerical differentiation of the analytical 

hessians computed at points displaced along the normal coordinates, following the procedure 

described by Schneider and Thiel [78]. By using these cubic force constants, expressed in 

dimensionless normal coordinates, in conjunction with the equilibrium rotational constants, the 

inertial derivatives and the Coriolis coupling constants, we computed the sextic centrifugal 

distortion constants employing the expressions available in the literature [79–81]. Being all the 

molecules considered in the present work asymmetric rotors, among the Hamiltonian reduction 

mostly used [81, 82] we employed the Watson’s A-reduction for CH2F2, CH2ClF and ClFC=CH2, 

and the Watson’s S-reduction for F2C=CFCl.  

We performed all the calculations of the analytical hessians by using two different suites of 

program packages: Gaussian09 [83] for DFT, HF and MP2 computations, and CFOUR [84] for 

those carried out at CCSD level of theory. For all the density functionals employed, we used the 

option UltraFine grid available in Gaussian09 (corresponding to 99 radial and 590 angular points), 

given its good results (see for example Refs. [27, 85]) for anharmonic force field computations. At 

DFT and MP2 levels of theory, we used the Dunning’s correlation-consistent cc-pVnZ and aug-cc-

pVnZ basis sets, with n = D, T and Q (for CH2F2 and CH2ClF we carried out the calculations at HF-

SCF and MP2 levels extending the basis set up to cc-pV5Z). These basis sets, for brevity, are 

labeled as VnZ and AVnZ, respectively. For the computations carried out on haloethenes, to avoid 

the known problems [25] related to low accuracy when using diffuse functions on all the atoms, we 

used the augmented aug-cc-pVTZ and aug-cc-pVQZ basis sets only on fluorine atoms: in the 

present work these basis sets are referred to as VTZ-AVTZ(F) and VQZ-AVQZ(F), respectively.  

 

3. Results and discussion 

 

3.1 Results obtained at HF-SCF, MP2 and CCSD levels of theory 

First of all, we investigated the convergence of the values of the sextic centrifugal distortion 

constants obtained at both HF-SCF and MP2 level of theory in conjunction with the hierarchical 

series of basis sets VnZ, ranging from double- to quintuple-zeta quality, taking CH2F2  and CH2ClF 

as test molecules (the results obtained at HF-SCF and MP2 levels of theory are available as 

Supplementary Material for this article, see Tables S1 and S2).  
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Going from triple-zeta to larger basis sets both methods show a monotonic trend for each 

constant, even if not the same for all constants. At HF-SCF level of theory, considering for example 

CH2F2, going from triple-zeta to quintuple-zeta some of the sextic centrifugal distortion constants 

increase while the others decrease, and the same behavior happens for CH2ClF. Looking at the 

effects related to the basis set size we estimate that, on average, at HF-SCF level of theory when 

using the V5Z basis set the errors due to basis-set truncation could be considered almost negligible. 

Focusing on the results obtained at the MP2 level of theory we note that the use of the V5Z basis set 

yields values having almost negligible errors due to basis-set truncation. The results reported 

suggest also that the AVTZ basis set could provide sufficiently accurate estimates of the 

corresponding CBS limit values, differing on average less than 3% with respect to that  obtained 

with the use of V5Z basis set.  

Then, we analyzed the effect of increasing the level of electron correlation by performing 

calculations at HF-SCF, MP2 and CCSD level of theory and using the VTZ basis set augmented by 

diffuse functions for halomethanes, while for haloethenes we used the augmented cc-pVTZ basis set 

only for fluorine atoms. We previously demonstrated how this kind of basis set is well suited for 

anharmonic computation on haloethenes [27]. It is worthwhile to point out that CCSD calculations 

perform remarkably well with respect to the reference data. From the analysis of the overall results 

(data available as Supplementary Material for this article, see Tables S3 and S4) we conclude that, 

provided the use of a basis set at least of triple- quality, CCSD level of theory yields sextic 

centrifugal distortion constants in very good agreement with respect to the ones computed at 

CCSD(T) level, thus confirming the previous findings for HD17O [86].  With respect to CCSD data, 

in conjunction with triple-zeta basis set, the data suggest that the MP2 level of theory can be 

employed as alternative to CCSD computations, being computationally less demanding, while even 

the HF-SCF method can be used to have satisfactory estimates.  

 

3.2 Results obtained at DFT level for halomethanes 

For CH2F2 and CH2ClF we investigated the convergence behavior of the sextic centrifugal 

distortion constants computed by means of DFT methods by using correlation consistent basis sets 

VnZ with n= D, T and Q, and their augmented counterparts, AVnZ, for analyzing the effects of 

adding diffuse functions. In addition, we checked the performance of basis sets having diffuse 

functions only on fluorine atoms, labeled as VnZ-AVnZ(F), n = D, T and Q. On average, the 

differences between the results obtained in conjunction with AVTZ basis set and those given by the 

use of VTZ-AVTZ(F) can be considered almost negligible. The same holds when considering the 

differences between the values obtained in conjunction with AVQZ and VQZ-AVQZ(F) basis sets 
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(as an example of the trends generally observed, in Table S5 of the Supplementary Material for this 

article we report the results for B3LYP functional). 

We evaluated the performances of the different combinations of functionals and basis sets by 

computing the MAD and the maximum absolute percentage deviation, MAX, from the computed 

values available in the literature for both the molecules. Table 1 lists the results obtained for CH2F2, 

while Table 2 reports those found for CH2ClF. 

Concerning the results obtained for difluoromethane (see Table 1), we note that employing the 

AVQZ basis sets the best performances (in terms of mean absolute deviation with respect to the best 

computed data) are given by PBE0 with MAD equals to 1.5%, followed by B97XD, M06-2X, 

CAM-B3LYP  and B97-1. When moving to the AVTZ basis set, the best five DFT models are LC-

PBE, M06-2X, PBE0, B97XD  and CAM-B3LYP. The basis set dependence of the 

performances of the different functionals is illustrated in Figure 1, where the corresponding results 

(MAD with respect to the best computed data reported in literature) are shown. We can observe 

that, on average, going from the AVDZ basis set to AVTZ improves results more than going from 

AVTZ to AVQZ. 

Moving to the chlorofluoromethane (see Table 2), in conjunction with the AVQZ basis set, 

CAM-B3LYP with MAD equals to 2.5% is the best functional, followed by LC-, B97XD, PBE0 

and B97-1. Going to the AVTZ basis set,  B97XD, M06-2X  and LC-PBE have the lowest MAD  

(2.4%), followed by CAM-B3LYP, B2PLYP and PBE0. Again, the worst results are obtained by 

means of B97-D and M06 functionals. Figure 2 shows the basis set dependence of the performances 

of the different functionals, where the corresponding results (MAD with respect to the best 

computed data reported in literature) are shown. In this case, going from AVDZ to AVTZ or from 

AVTZ to AVQZ leads to erratic behavior; anyway, on average, the AVTZ basis set yields good 

results. 

 

3.3 Results obtained at DFT level of theory for haloethenes 

Focusing on ClFC=CH2, we first investigated the performances yielded by the different 

functionals employing correlation consistent basis sets from VDZ up to VQZ and their augmented 

counterparts having the diffuse functions only on F atoms. The results are reported in Table 3. By 

inspection of the statistics (MADs and MAXs), we note that, on average, moving from VTZ-

AVTZ(F) to VQZ (or to VQZ-AVQZ(F)) does not lead to relevant improvements, being the 

differences between the corresponding MADs generally not greater  than 1.0% and those between 

the corresponding MAXs on average lower than 2%. At VTZ-AVTZ(F) levels the best results are 
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yielded by B3PW91 (MAD = 1.3%), PBE0, B97-1, followed by LC-PBE and B2PLYP. Among 

the worst ones we find M06-2X  and B97-D; the latter has also the greatest MAX. 

Since we did not observe a significant improvement going from triple-zeta to quadruple-zeta 

basis sets, and taking also into account the corresponding not negligible increase in computational 

costs due to the use of larger basis set, we carried out the calculations for chlorotrifluoroethene in 

conjunction only with double- and triple-zeta basis sets. The results obtained for F2C=CFCl are 

listed in Table 4. By employing the VTZ-AVTZ(F) basis set the best results are yielded by B3LYP 

(MAD = 2.6%), followed by X3LYP and B2PLYP.  B97-1 and LC-PBE have the same MAD, but 

the latter shows larger deviations, also greater than those found for another range-separated 

functional, CAM-B3LYP. It is worthwhile to note that the worst results are yielded by B97XD, 

M06  and B97-D. 

From the analyses carried out on both molecules, we can conclude that, in conjunction with a 

basis set of triple-zeta quality,  the great majority of the functionals considered lead to satisfactory 

results (with the exception of B97-D). We can identify as valid alternative to the more demanding 

CCSD approaches, the B97-1 functional while, among the hybrid ones, we suggest the B3LYP, 

B3PW91 and PBE0 methods.  

 

3.4 Results obtained by means of hybrid force fields 

Taking CH2ClF as test molecule, we checked the performances offered by hybrid force fields, 

where the harmonic data computed at CCSD and CCSD(T) levels of theory are coupled to the cubic 

force constants calculated by DFT methods (we labeled these two sets as CCSD/DFT and 

CCSD(T)/DFT, respectively); besides, we compared these results with those yielded by employing 

the cubic data obtained at HF-SCF and MP2 levels of theory. For all these computations we 

employed the AVTZ basis set. We carried out also hybrid force fields having the harmonic data at 

B2PLYP/AVTZ level and the cubic ones yielded by B3LYP (this set was labeled as 

B2PLYP/B3LYP) in conjunction with the SNSD and N07D basis sets. 

First, we carried out the CCSD/DFT hybrid force fields in conjunction with the AVTZ basis set. 

We compared their results with respect to the values computed at CCSD/AVTZ level of theory 

(which yields values in good agreement with the best computed data); Figure 3 lists the 

corresponding performances. Focusing on those having the cubic force constants given by DFT 

models, we see that the best results are obtained by using B97-1, followed by CAM-B3LYP, PBE0, 

B3PW91 and B2PLYP. Using HF-SCF for computing the cubic part yields a MAD of 4.6%, while 

the MP2 method, computationally more demanding, leads to a MAD of 2.0%. Among the 

functionals, the worst are LC-PBE, M06 and B97-D (MAD = 6.3%, MAX = 18.6%). For 
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comparison, the hybrid models having the harmonic data computed at B2PLYP/AVTZ level give a 

MAD of 6.5% when the cubic force constants are obtained at B3LYP/SNSD level and a MAD of 

6.1% when the cubic force constants are calculated at B3LYP/N07D level. 

Then, we performed the  another set of hybrid force fields, CCSD(T)/DFT, again in conjunction 

with the AVTZ basis set. Figure 4 shows the corresponding performances with respect to the data 

obtained by cubic force field obtained at CCSD(T)/AVTZ level. The best agreement is yielded by 

CAM-B3LYP, then by B3PW91, followed by B2PLYP, B97-1 and O3LYP (MAD = 1.7%). It is 

worthwhile to note that computing the cubic part at HF-SCF level of theory yields a MAD of 3.9%, 

while the MP2 method gives a MAD of 2.6%. Among the worst functionals we note LC-PBE 

(MAD= 6.1%, MAX= 14.2%). For comparison, the B2PLYP/B3LYP model yields a MAD of 4.3% 

when B3LYP is coupled to the SNSD basis set and a MAD of 3.8% when coupled to the N07D one. 

We then compared the performances of the different hybrid force fields, CCSD/DFT and 

CCSD(T)/DFT, with respect to the best computed data reported in the literature (their results are 

reported as Supplementary Material available for this article, Tables S6 and S7). Figure 5 illustrates 

the performances of former: among the different functionals B97-1 is the best one, followed by 

B97XD, M06-2X, PBE0 and CAM-B3LYP. Figure 6 illustrates the performances of the 

CCSD(T)/DFT set: PBE0 and B97-1 are the best ones, followed by CAM-B3LYP, B3PW91 and 

B2PLYP. 

The excellent results yielded by CCSD(T)/DFT hybrid force fields for CH2ClF stimulated us to 

check the performances of similar approaches for haloethenes, choosing ClFC=CH2 as test 

molecules. We therefore coupled the harmonic data computed at CCSD(T) level of theory with the 

cubic force constants obtained by the several functionals considered in the present work in 

conjunction with the VTZ-AVTZ(F) basis set. As shown in Figure 7, the best agreement with the 

best computed data in the literature is given by B3PW91 (MAD = 1.1%), followed by PBE0, CAM-

B3LYP and B2PLYP, and then by B3LYP. Considering the overall obtained by the CCSD(T)/DFT 

sets for both CH2ClF and ClFC=CH2, the best results are given by B3PW91 functional, followed by 

CAM-B3LYP, B2PLYP, PBE0 and B97-1. 

The good results achieved by using these hybrid approaches prompted us to verify the 

performances offered by computationally less demanding methods having the harmonic parts 

computed at B2PLYP levels, which are applicable to larger systems. Again, we focused on CH2ClF 

and ClFC=CH2 molecules, employing the B2PLYP functional to compute the quadratic force field 

in conjunction with the AVTZ basis set (for ClFC=CH2 we employed the VTZ-AVTZ(F) one), 

while the cubic part is obtained by other DFT methods; these hybrid force fields are referred to as 

B2PLYP/DFT. Among the DFT functionals, basing on the results previously reported, we used 
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B3PW91, CAM-B3LYP, PBE0, B97-1 and the popular B3LYP one. Concerning the calculations of 

the cubic force field, for CH2ClF  we employed the AVTZ basis set, while for ClFC=CH2 we 

chosen the VTZ-AVTZ(F) one. For comparison purposes, we used the B3LYP functional also in 

conjunction with the double-zeta SNSD and N07D basis set. Table 5 reports the results obtained for 

CH2ClF, while the corresponding data for ClFC=CH2 are listed in Table 6. From the inspection of 

both the Tables, the overall good performances of B3PW91, CAM-B3LYP, PBE0 and B97-1 are 

further confirmed.  

 

4. Conclusions 

 

In the present work we investigated the performances of different DFT methods for the 

calculations of sextic centrifugal distortion constants with respect to the results obtained at HF-SCF, 

MP2, CCSD and CCSD(T) level of theory. From this analysis, we can highlight the following 

points. 

 

 The MP2 level of theory in conjunction with triple-zeta basis set augmented by diffuse 

functions predicts values in good agreement with those obtained at CCSD(T) level of 

theory. 

 At DFT level of theory, PBE0, CAM-B3LYP, B97-1, B2PLYP and B3PW91 on average 

yield good results in conjunction with almost all the basis sets considered.  

 Within the framework of DFT methods, even if there is a slight increase in the overall 

performances when going from AVTZ to AVQZ basis sets, the former seems to be the 

right tradeoff between reliable results and computational costs. 

 The use of an hybrid approach where the quadratic part is obtained at CCSD(T) level of 

theory and the DFTs are employed to compute only the cubic force constants yields a 

dramatic improvement of the overall performances. The best results are obtained by 

using the B3PW91, CAM-B3LYP, B2PLYP, PBE0 and B97-1 functionals. 

 Within the framework of hybrid approach, as a valid alternative (and computationally 

much less demanding) to that mentioned above, we highlight the use of B2PLYP 

functional to compute the harmonic parts.  

 

Approaches based on hybrid force fields led to results in excellent agreement to those given by 

calculations having also the cubic part computed by CCSD(T). Given the small set of molecules 

here investigated we cannot warrant a straightforward application of these results to more complex 
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systems and therefore an extension of this study is currently underway. Besides, given the good 

performances demonstrated by the hybrid approaches carried out in the present investigation, future 

work will be aimed to check their validity (especially of the B2PLYP/DFT one that can be 

employed on bigger molecules). Another important issue that in the last years was investigated [87–

90] is related to the use of different basis sets in conjunction with DFT methods for computing the 

Kohn-Sham complete basis set limit (KS-CBS) for several vibrational properties. Recently [91] it 

was reported that, in conjunction with the B3LYP functional, some basis sets show an irregular 

behavior, while the newly developed Jensen’s polarization consistent pcseg-n and aug-pcseg-n ones 

[92] yield smooth and regular trends. Given also their reduced computational cost with respect to 

the Dunning’s correlation consistent basis sets, in the future it would be therefore interesting to test 

their performances in conjunction with different DFT methods. 
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Figure Captions 

Figure 1. Performances, expressed in term of mean absolute percentage deviation, MAD, with 

respect to the best computed data in the literature for CH2F2 of the different DFT 

methods in conjunction with AVDZ, AVTZ and AVQZ basis sets. 

 

Figure 2. Performances, expressed in term of mean absolute percentage deviation, MAD, with 

respect to the best computed data in the literature for CH2
35ClF of the different DFT 

methods in conjunction with AVDZ,  AVTZ and AVQZ basis sets. 

 

Figure 3. Performances of different hybrid force fields (set CCSD/DFT) sorted according to 

their mean absolute percentage deviation, MAD, with respect to the data obtained at 

CCSD/AVTZ level of theory for CH2
35ClF. For each hybrid force field its maximum 

absolute percentage deviation,  MAX,  is also reported.  

 

Figure 4. Performances of different hybrid force fields (set CCSD(T)/DFT) sorted according to 

their mean absolute percentage deviation, MAD, with respect to the data obtained at 

CCSD(T)/AVTZ level of theory for CH2
35ClF. For each hybrid force field its 

maximum absolute percentage deviation,  MAX,  is also reported.  

 

Figure 5. Performances of different hybrid force fields (set CCSD/DFT) sorted according to 

their mean absolute percentage deviation, MAD, with respect to the computed data of 

CH2
35ClF reported in the literature. For each hybrid force field its maximum absolute 

percentage deviation, MAX, is also reported.  

 

Figure 6. Performances of different hybrid force fields (set CCSD(T)/DFT) sorted according to 

their mean absolute percentage deviation, MAD, with respect to the computed data of 

CH2
35ClF reported in the literature. For each hybrid force field its maximum absolute 

percentage deviation, MAX, is also reported.  

 

Figure 7. Performances of  different hybrid force fields (set CCSD(T)/DFT) sorted  according 

to their mean  absolute percentage deviation, MAD, with respect to the computed 

data of 35ClFC=CH2  reported in the literature. For each  hybrid force field  its 

maximum absolute percentage deviation, MAX, is also reported.  



17 
 

 

Table 1. Performances of the DFT functionals in conjunction with different basis sets for CH2F2.
a 

  

VDZ 
VDZ-

AVDZ(F) AVDZ VTZ VTZ-

AVTZ(F) 
AVTZ 

VQZ VQZ-

AVQZ(F) 
AVQZ 

SNSD N07D 

          

B2PLYP 
MAD 2.8 7.4 5.3 2.5 3.3 4.1 1.8 2.5 2.5 - - 

MAX 20.3 19.5 6.6 4.7 7.3 9.0 3.8 4.1 4.2 - - 

B97-1 
MAD 3.5 6.7 5.1 2.9 3.0 3.6 2.4 2.5 2.6 - - 

MAX 17.7 15.6 6.6 6.2 7.6 9.6 5.0 4.1 3.7 - - 

B3PW91 
MAD 4.5 7.2 5.9 1.9 2.0 3.2 3.3 2.6 2.8 - - 

MAX 16.8 17.7 8.9 4.5 4.3 5.0 4.8 4.9 4.7 - - 

B3LYP 
MAD 4.4 7.9 6.7 3.4 3.9 4.8 3.1 3.5 3.3 3.7 4.5 

MAX 15.2 19.7 11.2 5.5 5.9 7.5 6.3 6.2 6.3 6.1 6.7 

M06 
MAD 10.1 9.1 5.5 5.3 4.6 5.4 4.3 5.0 4.5 - - 

MAX 55.9 29.8 18.6 11.3 10.6 11.9 8.1 10.1 9.1 - - 

M06-2X 
MAD 9.6 4.2 2.8 1.6 1.7 1.9 2.0 1.8 1.9 - - 

MAX 53.0 17.1 9.8 3.9 4.1 3.8 4.5 3.7 3.7 - - 

O3LYP 
MAD 3.8 8.5 6.8 3.5 3.8 4.3 5.0 4.1 4.3 - - 

MAX 16.2 14.7 9.7 7.1 6.9 7.9 7.6 7.5 7.6 - - 

X3LYP 
MAD 4.1 7.6 6.4 3.1 3.5 4.5 2.8 3.1 2.9 - - 

MAX 14.9 20.4 11.9 4.8 5.3 7.7 5.4 5.3 5.4 - - 

B97XD 
MAD 5.6 5.2 3.9 2.2 2.3 2.4 1.6 1.8 1.8 - - 

MAX 19.6 15.2 6.5 4.8 6.2 8.0 5.8 4.2 4.4 - - 

LC-PBE 
MAD 19.7 4.2 4.2 1.7 1.5 1.8 2.9 2.1 2.4 - - 

MAX 52.8 17.0 11.2 4.9 5.1 4.6 10.1 7.1 8.5 - - 

PBE0 
MAD 20.6 6.1 4.4 1.1 0.9 2.0 2.0 1.3 1.5 - - 

MAX 50.3 18.8 9.5 2.4 2.0 4.2 3.4 2.4 2.5 - - 

CAM-B3LYP 
MAD 21.3 5.8 5.1 1.4 1.6 2.7 2.4 2.2 2.2 - - 

MAX 53.4 21.5 14.1 3.3 4.5 8.2 4.4 4.9 3.6 - - 

B97-D 
MAD 19.0 14.9 13.4 8.9 10.0 11.1 8.5 9.5 9.3 - - 

MAX 56.1 24.8 18.3 13.2 15.0 15.9 15.4 15.6 15.7 - - 

 aMAD and MAX are the mean absolute percentage deviation and the maximum absolute percentage deviation, respectively, with respect to the computed values taken from the 

literature [49]. 
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Table 2. Performances of the DFT functionals in conjunction with different basis sets for CH2
35ClF.a 

  

VDZ 
VDZ-

AVDZ(F) AVDZ VTZ VTZ-

AVTZ(F) 
AVTZ 

VQZ VQZ-

AVQZ(F) 
AVQZ 

SNSD N07D 

          

B2PLYP 
MAD 6.0 4.3 3.3 4.9 4.4 3.2 3.2 3.2 3.2 - - 

MAX 13.7 10.3 9.9 6.8 6.5 4.8 6.3 5.2 5.2 - - 

B97-1 
MAD 6.3 2.7 2.9 4.8 4.0 3.7 3.5 3.2 3.3 - - 

MAX 10.5 5.0 6.8 8.9 7.7 8.0 8.4 7.9 7.8 - - 

B3PW91 
MAD 5.6 2.8 3.0 4.4 3.8 3.5 3.8 3.6 3.6 - - 

MAX 10.8 7.7 5.7 9.5 8.6 8.9 9.3 8.9 8.9 - - 

B3LYP 
MAD 8.0 5.0 5.1 6.9 6.1 5.2 5.1 5.0 5.0 6.9 6.2 

MAX 14.7 10.9 8.5 10.3 9.0 9.2 9.4 9.0 8.9 9.6 9.8 

M06 
MAD 7.7 16.9 13.4 9.2 8.9 7.9 6.6 6.8 7.2 - - 

MAX 19.1 42.9 29.0 23.1 23.2 20.4 15.6 16.1 17.2 - - 

M06-2X 
MAD 7.7 3.8 2.1 1.7 3.2 2.4 3.2 3.5 3.4 - - 

MAX 16.9 5.8 3.8 2.4 8.5 6.9 7.4 8.2 7.8 - - 

O3LYP 
MAD 7.7 4.8 4.7 6.5 6.0 5.7 5.7 5.6 5.6 - - 

MAX 13.9 9.8 7.4 12.6 11.6 11.5 12.6 11.9 12.8 - - 

X3LYP 
MAD 7.7 4.6 4.7 6.6 5.7 4.9 4.7 4.6 4.4 - - 

MAX 13.9 10.8 8.1 9.4 8.1 8.3 8.8 8.3 8.2 - - 

B97XD 
MAD 2.7 3.2 1.6 3.3 2.4 3.5 3.6 3.1 3.2 - - 

MAX 6.8 4.7 2.6 8.6 3.7 6.2 6.9 5.9 6.2 - - 

LC-PBE 
MAD 4.7 5.1 3.0 2.4 2.1 2.4 3.1 3.0 3.0 - - 

MAX 7.0 9.1 6.7 4.2 3.8 4.1 6.4 5.9 6.4 - - 

PBE0 
MAD 5.4 4.2 2.6 3.9 3.4 3.2 3.3 3.2 3.2 - - 

MAX 10.6 9.3 7.7 6.6 5.6 5.9 8.0 7.7 8.4 - - 

CAM-B3LYP 
MAD 4.5 4.9 2.9 3.4 2.8 2.5 2.6 2.5 2.5 - - 

MAX 9.9 7.7 7.5 5.9 6.3 4.3 4.0 4.0 3.9 - - 

B97-D 
MAD 14.2 11.1 10.6 12.7 12.0 9.4 11.2 11.2 9.7 - - 

MAX 22.2 21.1 15.3 19.7 18.5 18.7 19.2 18.7 18.9 - - 

 aMAD and MAX are the mean absolute percentage deviation and the maximum absolute percentage deviation, respectively, with respect to the computed values taken from the 

literature [26]. 
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Table 3. Performances of the DFT functionals in conjunction with different basis sets for 35ClFC=CH2.
a 

  

VDZ 
VDZ-

AVDZ(F) VTZ VTZ-

AVTZ(F) VQZ VQZ-

AVQZ(F) 

SNSD N07D 

        

B2PLYP 
MAD 10.2 5.4 4.5 3.5 - - - - 

MAX 15.2 7.2 6.6 4.4 - - - - 

B97-1 
MAD 8.1 4.6 3.0 1.9 3.0 1.9 - - 

MAX 12.1 6.3 5.9 3.6 5.9 3.6 - - 

B3PW91 
MAD 6.3 4.6 1.5 1.3 1.6 1.6 - - 

MAX 8.0 7.5 3.0 4.2 6.4 6.5 - - 

B3LYP 
MAD 9.8 6.1 5.4 4.1 5.4 4.1 6.3 6.1 

MAX 14.9 8.5 8.6 6.8 8.6 6.8 8.5 9.4 

M06 
MAD 12.7 9.4 4.4 5.7 6.1 6.0 - - 

MAX 32.7 28.9 8.9 19.4 20.3 20.1 - - 

M06-2X 
MAD 12.5 6.0 11.1 10.1 9.6 9.6 - - 

MAX 32.9 8.9 29.2 25.4 23.5 23.4 - - 

O3LYP 
MAD 6.5 6.1 2.9 3.7 4.2 4.2 - - 

MAX 8.9 8.9 10.3 13.5 16.2 16.2 - - 

X3LYP 
MAD 9.8 6.1 5.5 4.2 3.6 3.6 - - 

MAX 15.5 8.6 8.7 6.6 5.9 5.8 - - 

B97XD 
MAD 9.4 5.7 5.2 3.9 2.7 2.7 - - 

MAX 13.9 9.8 8.7 6.0 4.9 4.9 - - 

LC-PBE 
MAD 5.1 4.4 4.7 2.2 2.7 2.6 - - 

MAX 9.0 8.3 9.0 3.9 4.9 4.8 - - 

PBE0 
MAD 6.1 4.5 0.9 1.5 2.3 2.2 - - 

MAX 8.5 8.5 2.3 5.0 7.3 7.2 - - 

CAM-B3LYP 
MAD 8.7 5.1 4.9 3.6 2.9 2.8 - - 

MAX 14.0 6.8 8.4 5.7 5.2 4.8 - - 

B97-D 
MAD 21.3 15.8 17.7 16.1 15.6 15.4 - - 

MAX 51.6 39.9 46.3 42.1 40.7 40.2 - - 

aMAD and MAX are the mean absolute percentage deviation and the maximum absolute percentage deviation, respectively, with respect to 

the computed values taken from the literature [27]. 
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Table 4. Performances of the DFT functionals in conjunction with different basis sets for 

F2C=CF35Cl.a 

  

VDZ 
VDZ-

AVDZ(F) VTZ VTZ-

AVTZ(F) 
SNSD N07D 

        

B2PLYP 
MAD 5.5 2.5 1.0 2.8 - - 

MAX 12.2 5.7 2.4 4.2 - - 

B97-1 
MAD 3.6 5.8 2.1 3.4 - - 

MAX 6.2 14.0 3.4 6.5 - - 

B3PW91 
MAD 3.0 5.6 3.3 4.2 - - 

MAX 5.7 13.2 6.4 8.2 - - 

B3LYP 
MAD 4.7 3.2 1.5 2.6 6.3 6.1 

MAX 7.7 7.0 2.9 3.9 8.5 9.4 

M06 
MAD 7.7 3.2 6.4 7.3 - - 

MAX 18.1 7.1 15.6 17.3 - - 

M06-2X 
MAD 9.8 10.1 3.5 4.7 - - 

MAX 19.0 13.7 6.1 6.1 - - 

O3LYP 
MAD 1.2 6.6 3.3 4.4 - - 

MAX 3.2 15.3 7.8 10.5 - - 

X3LYP 
MAD 5.1 3.3 1.7 2.8 - - 

MAX 8.3 6.9 3.2 3.8 - - 

B97XD 
MAD 3.6 11.1 4.8 5.9 - - 

MAX 8.7 28.1 11.4 14.4 - - 

LC-PBE 
MAD 4.1 5.1 2.5 3.4 - - 

MAX 7.4 13.7 5.5 8.1 - - 

PBE0 
MAD 4.0 6.0 3.7 4.7 - - 

MAX 7.4 13.4 6.2 8.6 - - 

CAM-B3LYP 
MAD 5.9 4.4 2.7 3.6 - - 

MAX 9.8 8.2 4.7 4.9 - - 

B97-D 
MAD 12.8 7.7 7.0 6.5 - - 

MAX 30.9 19.3 11.6 11.0 - - 

aMAD and MAX are the mean absolute percentage deviation and the maximum absolute percentage 

deviation, respectively, with respect to the computed values taken from the literature [58]. 
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Table 5. Results (in Hz) of the hybrid force fields (belonging to the B2PLYP/DFT set) for CH2
35ClF, with respect to 

computed reference data taken from the literature.a  Each hybrid force fieldhas the cubic force constants obtained by the 

DFT listed in the corresponding columns and in conjunction with the AVTZ basis sets, except B3LYP-1 and B3LYP-2, 

which have SNSD and N07D, respectively. 

 
B3LYP-1 B3LYP-2       B3LYP CAM-B3LYP   B3PW91 B97-1 PBE0 

Jx103 2.703 2.692 2.731 2.932 2.907 2.971 2.982 

JKx102 4.483 4.374 4.273 4.151 3.974 4.223 3.975 

KJ -2.899 -2.891 -2.863 -2.890 -2.867 -2.879 -2.887 

Kx10 2.658 2.652 2.643 2.653 2.650 2.653 2.658 

Jx103 1.056 1.059 1.069 1.102 1.103 1.107 1.114 

JKx102 1.803 1.810 1.855 1.950 1.940 2.020 1.979 

K 3.277 3.280 3.289 3.289 3.293 3.297 3.292 

MAD 6.0 5.5 4.4 2.2 2.6 3.0 2.9 

MAX 8.6 7.9 6.6 5.7 5.6 5.7 5.9 

aMAD and MAX are the mean absolute percentage deviation and the maximum absolute percentage deviation, respectively, with respect to the 

computed values taken from the literature [26]. 
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Table 6. Results (in Hz) of the hybrid force fields (belonging to the B2PLYP/DFT set) for 35ClFC=CH2, with respect to 

computed reference data taken from the literature.a  Each hybrid force field has the cubic force constants obtained by the 

DFT listed in the corresponding columns and in conjunction with the VTZ-AVTZ(F) basis sets, except B3LYP-1 and 

B3LYP-2, which have SNSD and N07D, respectively. 

 
B3LYP-1 B3LYP-2 B3LYP CAM-B3LYP B3PW91 B97-1 PBE0 

J x 104 
7.817 7.755 7.649 8.350 8.115 8.030 8.399 

JK x 102 1.421 1.439 1.425 1.417 1.466 1.438 1.475 

KJ x 102 -1.328 -1.374 -1.351 -1.283 -1.347 -1.332 -1.338 

K x 102 
2.512 2.523 2.513 2.488 2.527 2.537 2.542 

J x104 4.125 4.099 4.050 4.364 4.264 4.208 4.392 

JK x103 8.479 8.550 8.438 8.664 8.828 8.616 8.986 

K x 102 9.242 9.242 9.228 9.288 9.297 9.261 9.326 

MAD 4.8 4.1 5.1 3.3 2.5 3.5 1.6 

MAX 7.9 8.6 9.9 8.8 4.4 5.4 4.9 

aMAD and MAX are the mean absolute percentage deviation and the maximum absolute percentage deviation, respectively, with respect to the 

computed values taken from the literature [27]. 
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Figure 5 
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Figure  6  
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Figure  7  
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