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ABSTRACT 

In the present work, high-level ab initio calculations were carried out for the ground electronic 

state of the methyl radical (CH3). The Dunning’s augmented correlation-consistent orbital basis sets 

were employed up to the quintuple-ζ valence quality with the core-valence electron correlation [aug-

cc-pCV5Z] combined with the single- and double-excitation unrestricted coupled cluster approach 

with a perturbative treatment of triple excitations [RHF-UCCSD(T)]. The explicitly-correlated 

version of the coupled cluster approach [RHF-UCCSD(T)-F12x{x=a, b}] was additionally applied 

with the core-valence cc-pCVQZ-F12 basis set in order to study convergence with respect to the basis 

set size. The contributions beyond the coupled cluster level of the theory like Douglas-Kroll-Hess 

scalar relativistic Hamiltonian, diabatic Born-Oppenheimer corrections and high-order electronic 

correlations have been included to the ab initio potential energy surfaces (PESs). It is shown that the 

theoretical band origins of CH3 converge gradually to the experimental values when applying the ab 

initio PESs using the aug-cc-pCVXZ [X = T, Q, and 5] basis sets. For the first time, all available 

experimental band origins of the gaseous CH3 are reproduced within an accuracy of 0.2 cm-1 using a 

newly developed PES extrapolated to the Complete Basis Set limit [CBS(TQ5Z)]. The reached 

accuracy is one order of magnitude better than that of the best available calculations. A new 

theoretical infrared line list was generated for astrophysical applications using an ab initio dipole 

moment surface computed at the RHF-UCCSD(T)/aug-cc-pCVQZ level of the theory. The 

manifestation of a large amplitude motion in CH3 is also discussed. 

 

Keywords: CH3, ab initio, potential energy surface, dipole moment surface, band origins, line list, 

large-amplitude motion 
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1. INTRODUCTION 

Methyl radical (CH3) is an intermediate species in chemical reactions associated with the 

production and destruction of the complex hydrocarbons, precursor in the formation of the carbon 

films during the chemical vapor deposition (see e.g. refs 1–4). Due to its very high reactivity, the CH3 

lifetime cannot be long under the Earth’s conditions but it increases in rarefied gaseous media which 

is typical for astronomical objects. There are essentially two natural ways to form CH3. The first one 

is based on the photolysis of methane, namely CH4 + hv → CH3 + H that can occur in planetary 

atmospheres.5–7 The second one is based on a series of ion-molecular reactions in the cold low-density 

interstellar medium CHx
+ + H2 → CHx+1

+ + H, where the reaction С + H3
+ → CH+ + H2 initiates the 

formation of the C–H bonds.8 Note that ethane, which is the second strongest abundant hydrocarbon 

in the atmospheres after CH4, can be formed via the reaction: 2CH3→C2H6. So far, CH3 was detected 

by the Infrared Space Observatory in Saturn,9 Neptune,10 and in the interstellar medium toward the 

Sagittarius A* radio source.11 

The present work aims at first computing an accurate PES for CH3 using advanced ab initio 

calculations before constructing a comprehensive, room-temperature line list from variational 

calculations. The previously published works (see e.g. refs 12–15) were based on both the 

multireference configuration interaction method and the explicitly correlated coupled cluster 

approach but they were not able to accurately reproduce the observed energy levels. For example, in 

the last study by Adam et al.15 the errors on the band centers were of 4 and 9 cm-1 for v2 and 2v2, 

respectively. Such deviations are surprisingly big if we keep in mind that the ground electronic state 

of CH3 is quite well isolated from the first excited state located at 216 nm or ~ 46000 cm-1. This paper 

is a continuation of our previous studies focused on the construction of theoretical line lists of rigid 

and non-rigid polyatomic molecules of different symmetries from accurate ab initio potential energy 

(PESs) and dipole moment surfaces (DMSs). It is structured as follows. First, the state-of-the-art in 

the CH3 spectroscopy is given in Section 2. The construction of the PES and DMS will be reported 

in Section 3. The final results including the corrections due to advanced ab initio methods and high 

order electronic correlation effects will be discussed in Section 4 before concluding in Section 5. 

The ab initio calculations reported in this work were performed by using the MOLPRO,16,17 

MRCC,18,19 and CFOUR20,21 packages while the nuclear motion calculations were carried out from 

our home-made variational computer code TENSOR22–24 applied with success in refs 25–34 for 

computing accurate spectroscopic line lists of semirigid molecules. As in ref 35, a hybrid nonrigid 

Hamiltonian model was built in this work using the Hougen−Bunker−Johns formalism36 where the 

relation between the curvilinear   and effective coordinates   was explicitly established in ref 37. 
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2. STATE-OF-THE-ART IN THE CH3 SPECTROSCOPY 

CH3 has one unpaired electron, therefore its ground electronic state (denoted to as 𝑋̃ 2

2A  in 

the D3h point group) is a doublet state. Consequently, the vibration-rotation spectra should exhibit 

spin-rotation splittings. Due to its planar configuration at the equilibrium geometry in the 𝑋̃ 2

2A  state, 

CH3 has no permanent dipole moment and consequently exhibits only weak magnetic-dipole 

rotational transitions (see ref 38 and reference therein for further details). 

Early experimental studies by Herzberg and Shoosmith39,40 were devoted to the ultraviolet 

absorption spectrum where the band at 216 nm (and 214.5 nm for CD3) was observed. This band 

obeys Rydberg formula and corresponds to the excitation of the unpaired electron located on the 

molecular 2pz character orbital into the 3s one. The structure and dissociation dynamics of the 

vibronic levels of the 3s Rydberg state (𝐵̃ 2

1A ) which is the lowest excited electronic state of CH3 

(D3h) were further studied in refs 41–45. The vibrational feature at 212.7 nm observed by Callear et 

al.41 was assigned to the hot band 𝐵̃ 2

1A (0100)← 𝑋̃ 2

2A (0100) by Westre et al.43 This hot band was 

detected at 211.6 nm for CD3. Another absorption at 207 nm was assigned to the cold band 𝐵̃ 2

1A

(1000)← 𝑋̃ 2

2A (0000) from analysis of the resonance Raman spectrum.43 At higher energies, in 

particular at 193 nm, a broad continuum was observed due to the photodissociation of CH3.
46 Note 

that the energies of the Rydberg states correlate with the excited electronic states of methylene (CH2) 

in the dissociation channel CH2(C2v) + H(2S) which leads to the strong predissociation properties.47–

49 In particular, for the 3s Rydberg state the empirical and theoretical values of the barrier estimated 

in refs 42 and 50 were of 6.29 kcal/mol (~2200 cm-1) and 2417 cm-1, respectively for the reaction: 

CH3(𝐵̃
2

1A ) → CH2(𝑎̃
1

1A ) + H(2S), where 𝑎̃ 1

1A  is the first excited singlet electronic state of CH2. 

Next electronic transitions in CH3 are associated with the 3pxy (
2E  ) and 3pz (

2

2A ) Rydberg 

states. The energy of the 3pxy(
2E  )←𝑋̃ 2

2A  vertical excitation calculated in refs 48, 51 and 52 varied 

within 6.95–7.17 eV (172.9–178.4 nm). The 3pz(
2

2A )←𝑋̃ 2

2A  band was measured by the Resonance-

Enhanced Multiphoton Ionization (REMPI) spectroscopy in refs 53–61. Simultaneous absorption of 

two photons with energies between 325 and 336 nm resulted in the detection of several absorptions 

with the maximum located at 333.4 nm that is about 166.7 nm (59972 cm-1) in terms of two-photon 

energy. The frequency of the v2 mode at the 3pz(
2

2A ) Rydberg state extracted in refs 55, 57 and 61 

was about two times bigger when comparing with the ground electronic state whereas other 

fundamentals, particularly v1
57,61 and v3

58 were red-shifted by ~74 cm-1. Some of the higher excited 

Rydberg states (4p, 4f, and 5f) were also detected by the REMPI spectroscopy in refs 55, 62 and 63. 
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As to the infrared spectra, the region of the out-of-plane bending vibration (v2 band) associated 

with the strongest z component of the molecular dipole of CH3 and located at 606 cm-1 (or 16.50 μm) 

was one of the first for which high-resolution studies were carried out. In early works,64–66 the spectra 

of CH3 were recorded by the matrix isolation technique with a certain shift in the frequency depending 

on the inert gas matrix applied (argon, nitrogen, neon etc.). Tan et al.67 recorded the spectra of the 

gaseous short-lived CH3 with the help of the rapid-scanning infrared spectrometer. Yamada et al.68 

applied the pyrolysis and electric discharge approaches to produce CH3 and used a diode laser 

spectrometer. As a result, the rotational structures of the v2, 2v2–v2 and 3v2–2v2 bands were resolved 

in the gas phase. The spin-rotation parameters extracted from the observed spin-rotational splitting 

were in a good agreement with the theoretical estimation. 

Although the v1 symmetric stretch band of CH3 is not infrared active, its rotational structure 

(especially, Q-branch) was explicitly resolved at 3004 cm-1 by the Coherent anti-Stokes Raman 

Spectroscopy (CARS) in refs 69–71 using the second harmonic of the YAG laser as a pumping beam 

and by the resonance Raman spectroscopy in ref 72. The spectra obtained in ref 71 under the near-

nascent conditions show the domination of the ground vibrational state of CH3 when it is produced 

by the UV laser photolysis from CH3I. This agrees with the theoretical study73 which predicts a slow 

relaxation from the pyramidal to the planar configurations after the bond breaking. 

The x component of the molecular dipole is responsible for the infrared absorption in the 

regions of the v3 and v4 bands (in-plane degenerate asymmetric stretch and bend, respectively). The 

difference frequency laser spectrometer applied in ref 74 allowed to record several series of the Q-

branch transitions of the v3 band located at 3161 cm-1. The absorption of this band was then 

remeasured in ref 75 under the sub-Doppler conditions that allowed to resolve the spin-rotation and 

partially nuclear hyperfine splitting. To our knowledge, there is no studies of the v4 band of the 

gaseous CH3 to confirm results of the matrix isolation spectroscopy: its band origin varies from 1385 

to 1403 cm-1, depending on the gas matrix (see e.g. refs 65, 76–78). 

When extracting the line intensities of CH3 from the measured spectra, the most complicated 

issue is the determination of the concentration and temperature inside the cell under the plasma 

conditions. Currently, the vibrational transition moments (
V

V



 ) of three infrared bands, namely, v2, 

2v2–v2, and v3 were analyzed at different levels of accuracy. In early works,79,80 the peak absorbances 

of the single transition belonging to the Q-branch of v2 was measured to calculate its 
V

V



 . Stancu et 

al.81 examined the line intensities of ten transitions of the v2 band by including line profiles to 

determine accurately the temperature. The obtained value of 
V

V



  was in a good agreement with the 

ab initio estimations, particularly, with ref 82. According to refs 83–85, the v3 band is about 6.5 times 
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weaker than v2 in terms of V

V



 , whereas for the hot band 2v2–v2 the V

V



  value is about 1.5 times 

stronger.86 

Note that the 
V

V



  values in experimental works were determined at the zero-order 

approximation i.e. without rotation-vibration couplings. Such approach can provide satisfactory 

results for the strongest bands (e.g. for v2 of CH3) but turns out not sufficient to predict weaker bands 

whose intensities mainly come from vibrational-rotational interactions. A new, non-perturbative 

approach was recently proposed in ref 87 to obtain the transition moment spectroscopic effective 

parameters directly from the ab initio DMS for computing both cold and hot bands. 

 

3. CONSTRUCTION OF THE PES AND DMS 

3.1. Analytical representation. The PES and DMS of CH3 are both expressed in this work 

as a Taylor power series expansion in terms of symmetry coordinates iS . This analytical 

representation, which converges quite rapidly despite the out-of-plane bending vibration, has been 

recently used to describe the NH3 PES with its 2 minima separated by a barrier of 2000 cm-1.35 The 

D3h symmetry coordinates associated with the symmetric and asymmetric stretching and in-plane 

bending vibrations are defined using the projection technique88 as follows 
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                                              (1) 

where 
ky  and 

k  with k = 1, 2, and 3 are functions depending on the internal coordinates. Here, we 

have considered the Morse-type functions  

                                                                  1 expk k ey b r r       ,                                               (2) 

for the stretching part with b = 1.9 Å-1 and the cosine functions  

                                                                    cos cosk k e     ,                                                  (3) 

for the bending part. 
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Figure 1. Behavior of the potential energy (a) and z component of the dipole (b) of CH3 along the out-of-

plane bending angle (calculations were made at the RHF-UCCSD(T)/ACVQZ level; all non-scanned 

coordinates were fixed to their equilibrium values). 

 

Note that Eqs. (1–3) are the same for both the PES and DMS while the out-of-plane bending 

coordinate is different. Indeed, the sign of the z component of the dipole between 0о to 90о and 

between 180о to 90о is different whereas it is the same for the PES (see Figure 1). Consequently, a 

sine function 

                                                                     1

2 sin sin
A

eS

                                                         (4) 

will be used for the PES (here e e   , see ref 37) and a cosine function 

                                                                             2

2 cos
A

S

                                                            (5) 

for the DMS, where   can be related to the three in-plane bending angles as follows 

                                                1 2 3

2
arcsin sin / 6

3

 
       

 
.                                            (6) 

The use of symmetry coordinates which transform as the irreducible representations of the 

molecular symmetry or point group88,89 allows to express the PES or DMS as sum-of-products of 

irreducible tensor operators p

jR  

                                              
max

1 1

1 2 3 3 4 4

0

, , , , ,
p

A A E E E E p

a b a b j j

p j

V S S S S S S C
     



  R                                         (7) 

where jC  are expansion coefficients to be determined and the irreducible tensors are written as 

                                 
1 2 3 4 5 6

1 1

1 2 3 3 4 4

1

i i i i i i
n

p p p p p p
A Ap E E E E

j i a b a b

i

T S S S S S S
     



                           R .                    (8) 
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The iT ’s are computed from the D3h Clebsch-Gordan coupling coefficients and each term in Eq. (8) 

is of order p. The tensor formalism used in this work shares the same coupling coefficients and phase 

factor conventions with the variational computer code TENSOR. Since the PES is totally symmetric, 

Eq. (7) must contain only the terms which transform as 
1A . The dipole moment operator has a similar 

expansion, except its z and (x,y) components will transform as 
2A  and E , respectively. 

 

3.2. Ab initio calculations. In order to study the ground electronic state of the open-shell CH3 

radical, the spin-unrestricted coupled cluster (CC) method [RHF-UCCSD(T)] implemented in 

MOLPRO by Knowles et al.90,91 was employed. The unpaired electron was located on the 2pz 

molecular orbital during all calculations that corresponds to the 𝑋̃ 2

2A  state of CH3. The pragmatic 

CC approach provides accurate and size-consistent calculations of the correlation energy especially 

for single-reference electronic states. To estimate the multireference character of the 𝑋̃ 2

2A  state, the 

T1 and D1 diagnostic numbers were extracted from the output files of MOLPRO. As depicted in 

Figure 2, we can see that the maximum values of T1 and D1 are about two times less than their critical 

values of 0.02 and 0.05, respectively, established in refs 92 and 93 for all the nuclear configurations 

of the grid. 

 

  

Figure 2. T1 (a) and D1 (b) diagnostic numbers for the 𝑋̃ 2

2A  state of CH3 produced by MOLPRO when 

calculating the potential energy at the RHF-UCCSD(T)/ACVQZ level of the theory for “Grid_1” composed 

of 36032 nuclear configurations (for more details, see section 3.3). Note that the averaged T1 and D1 values 

are one third of their critical values of 0.0292 and 0.05,93 respectively. 

 

Contrary to previous ab initio studies, in particular refs 12 and 13, the Dunning’s augmented 

correlation-consistent orbital basis sets94 were applied up to the quintuple-ζ valence quality with the 
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core-valence electron correlation [aug-cc-pCV5Z, hereafter, ACV5Z]. In the case of the correlation-

consistent basis set, the ab initio energies can be further extrapolated to the Complete Basis Set (CBS) 

limit using different extrapolation formula.95 In this work, we used the three-point exponential 

functional 

                                                             exptotal total

X CBSE E A C X                                                    (9) 

which was recently applied with success in ref 35 for NH3. In Eq. (9) total

XE  and total

CBSE  are the total 

energies (Hartree-Fock (reference) + correlation) corresponding to the ACVXZ (X = T, Q, and 5) 

basis set and CBS limit, respectively.  

Along with the “standard” CC method, the simplified explicitly correlated versions [RHF-

UCCSD(T)-F12x{x=a, b}] of Knizia et al.96 were also employed in order to reach the CBS limit 

without extrapolation. According to refs 35 and 97, the accuracy of the F12b method combined with 

the correlation-consistent core-valence cc-pCVQZ-F12 basis set (hereafter, CVQZ-F12) is 

comparable to that of the sextuple-ζ basis set. 

In the CBS limit, further corrections beyond the CC level of the theory are required to predict 

the band centers within 1 cm-1 or below of accuracy. There are three types of corrections that are 

actually analyzed when considering the ground electronic state: scalar relativistic effects (relativistic), 

diabatic Born-Oppenheimer correction (DBOC), and contributions to the correlation energy from the 

highly-excited Slater determinants. Since the convergence of the high-order CC methods is quite fast 

with respect to the basis set size, the cc-pVTZ basis set will be enough to completely include the 

contributions from the triple [CCSDT] and quadruple [CCSDT(Q)] excitations whereas the cc-pVDZ 

basis set will be used for the pentuple excitations. Note that the MRCC and CFOUR packages 

consider the unrestricted Hartree-Fock (UHF) reference wave function, making the open-shell CC 

method different to that implemented in MOLPRO. For this reason, the ab initio energies computed 

from MOLPRO were not used when making the scaling from CCSD(T) to CCSDT. All the energy 

differences, namely [CCSDT–CCSD(T)]/cc-pVTZ, [CCSDT(Q)–CCSDT]/cc-pVTZ, and 

[CCSDT(Q)–CCSDTQP]/cc-pVDZ were calculated using the ab initio energies from MRCC. 

The relativistic correction was calculated using the Douglas-Kroll-Hess (DKH) scalar 

relativistic Hamiltonian available in MOLPRO. A fourth order DKH Hamiltonian was combined with 

the ACVTZ-DK basis set. The energy contributions from higher order transformations were found to 

be less than 10-4 cm-1. The DBOC correction was calculated at the UHF-CCSD/cc-pVTZ level in 

CFOUR. According to extensive benchmarks from ref 98, “…the CCSD approach is a good choice 

for the accurate calculation of the DBOC…” because it provides the contribution of about 90 % to 

the electron correlation energy. 
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As to the ab initio dipole moment, it was calculated via the finite difference approximation as 

the first derivative of the potential energy with respect to the electric field. Since CH3 is a symmetric 

top molecule, only two components of the dipole moment were necessary. Here, a field was applied 

along the x and z axes with the magnitudes of 0.002 a.u. and –0.002 a.u. The RHF-

UCCSD(T)/ACVQZ method was applied for the energy calculations.  

 

3.3. Definition of the two grids for the nuclear configurations. Because of the high-quality 

but costly basis sets and corrections beyond the RHF-UCCSD(T) level employed in this work to 

construct the PES, two different grids of nuclear configurations have been considered. A similar 

strategy was already applied for other molecules (see e.g. CH4,
99 H2CO,100 and NH3

35).  

The first grid (called Grid_1) was generated by varying simultaneously all the six coordinates 

defined by Eqs. (1) and (6). The   coordinate takes the following values (here in degrees): 90, 94, 

98, 102, 106, 108, 110, and 112. The two components 
3

E

bS

 and 

4

E

bS

 of the stretching and bending 

coordinates take values between 0 to 0.20 and between 0 to 0.72, respectively, while the ranges for

1

1

AS

, 

3

E

aS

 and 

4

E

aS

 are the following: [–0.2, 0.25], [–0.2, 0.25], and [–0.72, 0.90], respectively. Finally, 

the Grid_1, which is composed of 36032 nuclear configurations up to 15000 cm-1, was used to 

compute (i) the PES at the RHF-UCCSD(T)/ACVQZ and RHF-UCCSD(T)-F12x{x=a,b}/CVQZ-

F12 levels and (ii) the x and z components of the DMS at the RHF-UCCSD(T)/ACVQZ level. This 

Grid_1 was fitted with a Root Mean Square (RMS) deviation of 0.18 cm-1 for the PES and of 0.000627 

(resp. 0.00038) Debye for the z (resp. x) component of the DMS using 303 and 61 (resp. 143) 

expansion coefficients in Eq. (7). The fitted sets of the parameters included the irreducible tensor 

operators up to 8th and 6th orders for the PES and DMS, respectively. 

The second grid (called Grid_2) was generated using totally symmetric ( 1A ) irreducible 

tensors up to order 8 and is composed of 5849 points for the PES up to 10000 cm-1. The Grid_2 was 

used to calculate the energies at the RHF-UCCSD(T)/ACVXZ (X=T, Q, and 5) levels as well as all 

corrections that are quite demanding (see section 3.2). As in refs 35 and 99, the energy differences, 

namely, RHF-UCCSD(T)/[ACVTZ-ACVQZ], RHF-UCCSD(T)/[ACV5Z-ACVQZ], and RHF-

UCCSD(T)/[CBS(TQ5Z)-ACVQZ] have a smooth behavior and were fitted with an RMS error less 

than 0.1 cm-1. The predicted energy differences were then used to correct the energies RHF-

UCCSD(T)/ACVQZ calculated for the whole Grid_1 in order to obtain extrapolated ACVTZ, 

ACV5Z, and CBS(TQ5Z) PESs. The same strategy was employed to include the sum of the five 

corrections (relativistic + DBOC + CCSDT + CCSDT(Q) + CCSDTQP) fitted with an RMS error 

of 0.045 cm-1 to the whole Grid_1. 
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4. RESULTS AND DISCUSSION 

4.1. Equilibrium geometry and vibrational band origins. The equilibrium geometry (re) of 

CH3 was obtained as the stationary point of the fitted PES and allowed us to analyze the contributions 

of various corrections to re. According to Table 1, there is a good agreement (error of 0.00006 Ang.) 

between the results at the CBS(TQ5Z) limit and those provided by the explicitly correlated 

F12x{x=a, b} methods. Through a series of corrections, the equilibrium geometry became closer to 

the value re = 1.076298 Ang. obtained in ref 15 from an empirical optimization of the ab initio PES. 

It is necessary to stress, however, that our theoretical re cannot be directly compared to the 

experimental data derived from the rotational constants because the ground vibrational state lies 

higher (by Zero-Point-Energy) than the global minimum of the PES. Our ab initio A=B=9.5820 cm-1 

and C=4.7396 cm-1 rotational constants of the ground vibrational state agree within 0.0041 cm-1 and 

0.0024 cm-1 with the empirical values from ref 68. 

 

Table 1. Equilibrium geometry (re in Ang.) of CH3 (D3h) at the RHF-UCCSD(T) level of the 

theory and after adding various correctionsa 

Basis RHF–UCCSD(T) +Rel. +DBOC +CCSDT +CCSDT(Q) +CCSDTQP 

ACVTZ 1.078220 1.078103 1.078243 1.078394 1.078458 1.078465 

ACVQZ 1.076552 1.076433 1.076574 1.076723 1.076787 1.076794 

ACV5Z 1.076025 1.075907 1.076047 1.076196 1.076259 1.076266 

CBS(TQ5Z) 1.075788 1.075670 1.075810 1.075958 1.076022 1.076029 

–F12a/CVQZ-F12 1.075849 1.075731 1.075872 1.076020 1.076083 1.076090 

–F12b/CVQZ-F12 1.075842 1.075724 1.075865 1.076013 1.076076 1.076083 

aDetails of the calculation can be found in section 3.2. 

All geometries were obtained from the fitted PESs. 

 

The biggest contribution to re of 0.000148 Ang. was obtained using the CCSDT correction. 

The contributions from CCSDT(Q) and CCSDTQP of 0.000063 Ang. and 0.000007 Ang. clearly 

indicate the negligible effect of the higher excited determinants (e.g. sextuple order) to the correlation 

energy of CH3. We also tested the convergence of the highly-correlated CC methods with respect to 

the basis set size. The (T)→T scaling using the lower level cc-pVDZ basis set resulted in a difference 

of +0.000055 Ang. in re compared to the cc-pVTZ one. On the other hand, the scaling from T to (Q) 

gave the same contribution to re when using the cc-pVDZ and cc-pVTZ basis sets. This simple test 

confirms the fast convergence of the high-order CC methods with respect to the basis set size and 

gives the guaranty that the cc-pVDZ basis set is more than enough for the (Q)→P scaling. Currently, 

the CCSDTQP/cc-pVTZ calculations are too costly. 
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Table 2. Theoretical band origins of СH3 predicted from the ab initio PESs constructed using 

different orbital basis setsa 

Band 
Exp.b 

Exp.b – Calc. 

V1 V2 V3 V4 Γvib ACVTZ ACVQZ ACV5Z CBS(TQ5Z) CVQZ-F12b CVQZ-F12a 

0 1 0 0 
2A  606.4531(6)c 

8.690 2.377 0.538 –0.223 0.575 –1.143 

0 2 0 0 
1A  1288.0900(10)c 14.772 4.156 1.086 –0.167 0.850 –1.757 

0 3 0 0 
2A  2019.1657(11)c 19.894 5.701 1.646 0.016 1.050 –2.181 

1 0 0 0 
1A  3004.436(12)d, e 

9.065 3.704 1.265 –0.194 –0.046 0.094 

0 0 1 0 E  3160.82118(6)f, h 10.430 4.125 1.398 –0.202 –0.224 –0.170 

Total RMS 13.270 4.151 1.244 0.177 0.664 1.356 

aAll our PESs were constructed using the RHF-UCCSD(T) and RHF-UCCSD(T)-F12x{x=a,b} methods with the basis 

set displayed in Table 2 and including the following corrections: relativistic, DBOC, and high-order electronic 

correlations [CCSDT, CCSDT(Q), and CCSDTQP]. The details can be found in section 3.2. 

bOnly gas-phase IR data are used for validation: c – Yamada et al.;68 d and e – Triggs et al.70 and Zahedi et al.;71 f and 

h – Amano et al.74 and Davis et al.75 

 

For variational calculations the hybrid model implemented in our homemade computer code 

TENSOR was applied. The kinetic energy and potential parts were Taylor expanded in the five 

normal mode coordinates describing the `small’ vibrations (associated here with the ν1, ν3, and ν4 

modes) for each point of a numerical grid of the nonrigid coordinate   describing the large amplitude 

motion (associated here with the ν2 mode). To this end, the correspondence between the coordinate 

  involved in the kinetic energy operator of the Hougen-Bunker-Johns Hamiltonian36 and the 

geometrically defined “real” coordinate   involved in the PES was made following  ref 37. The final 

10th order Hamiltonian included 11607 terms and was built on a grid of [0.41, 2.69] rad by step 

of 0.02. To achieve a convergence better than 0.01 cm-1 for the vibrational levels, the following 

numbers of basis functions were used: 7662, 6738, 14388, 5742, 6555, and 12276 for the symmetry 

blocks 1A , 2A , E , 1A , 2A , and E , respectively. As in ref 35, the atomic masses were employed in 

the kinetic energy operator while the nuclear masses were used in the DBOC calculation, as it is 

implemented in the CFOUR code. 

Our predicted band origins are displayed in Table 2 where no empirical corrections have been 

applied in this work. Table 2 shows that the calculated band origins of CH3 converge gradually to the 

experimental values when going from the lowest [ACVTZ] to the highest [ACV5Z] basis sets. The 

less demanding explicitly correlated F12x{x=a, b} methods are good indicator of the convergence 

with respect to the basis set size. From the published benchmark calculations (see e.g. ref 96), it is 

known that the F12a method combined with the CVQZ-F12 basis set provides an overestimated 
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values of the correlation energy whereas the results based on the F12b method are comparable with 

the sextuple-ζ basis set. This is corroborated by our calculation: the frequency of the v2 band is 0.5 

lower than the experimental value when using the F12b method and it is about 1 cm-1 bigger when 

the F12a method is applied. Therefore, the values of the converged vibrational energies with respect 

to the basis set size must fall between those provided by the F12a and F12b methods. In others words, 

they fall in the region of the sextuple-ζ basis set or slightly lower if we remember the approximate 

nature of the F12x{x=a, b} methods. 

Although the ACV6Z basis set was not considered here because of its cost of calculation, the 

results based on the extrapolated to the complete basis set potential energies [RHF-

UCCSD(T)/CBS(TQ5Z)] were enough to reproduce for the very first time all available experimental 

band origins of CH3 with an RMS error of 0.177 cm-1. Such deviation is close to that obtained from 

the weighted fit of the PES (0.183 cm-1). Note that the accuracy of the faster method F12b/CVQZ-

F12 is of 1 cm-1 which can be thus seen as a good alternative to the standard CC approaches for CH3. 

 

Table 3. Ab initio band origins of CH3 calculated in this work in comparison with previous 

studiesa 

Band Energy (cm-1) Exp.b–Calc. 

V1 V2 V3 V4 Γvib I II III This work I II III This work 

0 1 0 0 2A  596.32 591.70 602.43 606.68 10.13 14.75 4.02 –0.22 

0 2 0 0 1A  1278.89 1266.20 1281.24 1288.26 9.20 21.89 6.85 –0.17 

0 0 0 1 E  1387.53 1388.39 1387.26 1390.66     

0 1 0 1 E  1996.99 1991.79 2002.22 2008.63     

0 3 0 0 2A  2025.6 1994.20 2010.09 2019.15 –6.43 24.97 9.08 0.02 

0 2 0 1 E  2690.55 2673.95 2691.61 2700.01     

0 0 0 2 1A  2748.17 2750.70 2739.64 2756.82     

0 0 0 2 E  2766.09 2767.81 2762.05 2773.08     

0 4 0 0 1A  2829.01 2763.20 2776.86 2787.63     

1 0 0 0 1A  2991.45 2988.50 3002.76 3004.63 12.99 15.94 1.68 –0.19 

0 0 1 0 E  3144.36 3142.62 3158.83 3161.02 16.46 18.21 1.99 –0.20 

0 1 0 2 2A  3371.05 3367.10 3371.59 3386.62     

0 1 0 2 E  3388.51 3382.97 3391.11 3402.09     

0 3 0 1 E  3447.82 3407.54 3430.06 3440.16     

0 5 0 0 2A  3686.04 3557.70 3569.95 3581.61     

1 1 0 0 
2A  3575.47 3572.80 3596.3 3603.44     

0 1 1 0 E  3715.98 3710.21 3736.97 3743.45     
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0 2 0 2 
1A  – 4057.50 – 4088.06     

0 2 0 2 E  – 4073.08 4091.72 4102.87     

0 0 0 3 E  – 4107.74 4075.46 4115.54     

0 0 0 3 
1A  – 4138.90 4120.58 4146.60     

0 0 0 3 
2A  – 4138.00 – 4147.14     

0 4 0 1 E  – 4179.66 – 4216.86     

1 2 0 0 
1A  – 4234.30 4260.53 4269.70     

1 0 0 1 E  – – – 4388.67     

0 2 1 0 E  – – – 4405.25     

0 6 0 0 
1A  – – 4397 4411.42     

0 0 1 1 
2A  – – – 4530.40     

0 0 1 1 E  – – – 4535.01     

0 0 1 1 
1A  – – 4538.93 4544.87     

0 1 0 3 E  – – 4728.62 4756.68     

0 1 0 3 
2A  – – 4767.06 4785.99     

0 1 0 3 
1A  – – – 4787.48     

0 3 0 2 
2A  – – 4822.79 4838.48     

0 3 0 2 E  – – 4839.85 4852.37     

1 1 0 1 E  – – 4983.16 4992.10     

1 3 0 0 
2A  – – 4981.52 4992.58     

0 5 0 1 E  – – – 5025.67     

0 3 1 0 E  – – – 5116.90     

0 1 1 1 
1A  – – – 5124.28     

0 1 1 1 E  – – – 5129.51     

0 1 1 1 
2A  – – – 5139.35     

0 7 0 0 
2A  – – – 5256.66     

0 0 0 4 
1A  – – 5364.56 5446.23     

0 0 0 4 E  – – – 5460.52     

0 2 0 3 E  – – – 5471.31     

0 2 0 3 
1A  – – 5480.07 5497.70     

0 2 0 3 
2A  – – – 5498.32     

0 0 0 4 E  – – – 5511.60     

0 4 0 2 
1A  – – 5607.2 5623.31     

Total RMS 11.56 19.52 5.52 0.18 
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aFirst 50 levels are displayed. Total list up to 7000 cm-1 is given in Supporting Information I. This work PES has Zero-

Point Energy of 6482.697 cm-1. 

bThe sources of the experimental data are the same as in Table 2. 

I – ic-MRCI(Q)/AVTZ by Schwenke;12 II – ic-MRCI(Q)/AVTZ by Medvedev et al.;13 III – RHF-RCCSD(T)-

F12b/CVQZ-F12 by Adam et al.15 

 

Since the RHF-UCCSD(T)/CBS(TQ5Z) PES provided the most accurate results, it was used 

for a comparison with the previous published studies. Our vibrational labels are the four vibrational 

quantum numbers as well as the vibrational symmetry in the D3h point group. According to Table 3, 

the calculations based on the ic-MRCI(Q)/AVTZ PES from ref 12 are comparable with our results 

obtained at the RHF-UCCSD(T)/ACVTZ level (see Table 2). The best available band centers have 

been published in ref 15 using the partially spin restricted open-shell explicitly correlated CC method 

[RCCSD(T)-F12b/CVQZ-F12] and correspond to our RHF-UCCSD(T)/ACVQZ PES. According to 

the trial calculations in refs 90 and 91, the difference between RHF-UCCSD and RCCSD is generally 

smaller than the basis set error. To demonstrate this, a geometry optimization was performed for the 

ground 𝑋̃ 2

2A  state of CH3 using the default settings in MOLPRO and the CVQZ-F12 basis set. The 

following re values (in Ang.) were obtained: 1.075829 and 1.075823 using RCCSD(T)-F12x{x=a,b}, 

and 1.075878 and 1.075874 using RHF-UCCSD(T)-F12x{x=a,b}. As it can be seen, the difference 

of 0.00005 Ang. is small and can be explained by the default energy threshold of 10-6 a.u. during the 

geometry optimizations in MOLPRO. Thus, we assume two main reasons why the predictions given 

in ref 15 are less accurate than expected. 1) the equilibrium geometry re=1.077369 Ang. used in ref 

15 for the construction of the PES is not accurate enough and corresponds to a value obtained between 

ACVTZ and ACVQZ (see Table 1). 2) the corrections due to relativistic, DBOC, and high-order 

electronic correlation effects were not considered though they do not contribute significantly for the 

v2 and 2v2 bands (see Section 4.2). 

 

4.2. Corrections beyond RHF-UCCSD(T). In this section, the contributions to the band 

origins of CH3 obtained from various corrections are analyzed and discussed. Note that in Tables 2 

and 3 all corrections have been already included to our PESs. It is also worth mentioning that 

according to Table 4 the various contributions on the CH3 vibrational levels are closer to those of the 

CH4 molecule than to those of NH3 belonging to the same symmetry. Indeed, in NH3,
35 the relativistic 

and DBOC corrections had big contributions (up to 9.3 cm-1 and –4.8 cm-1, respectively) especially 

for the vibrational levels where v2 is involved. In CH4,
99 on the contrary, their effects were within ±1 

cm-1 for most of the vibrational bands whereas the high-order electronic correlations gave the main 

contribution. 
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Table 4. The contributions of the ab initio corrections beyond the RHF-UCCSD(T) level of 

the theory into band origins of CH3
a 

Band 
Relativistic DBOC CCSDT CCSDT(Q) CCSDTQP Total 

V1 V2 V3 V4 Γvib 

0 1 0 0 2A  –0.095 0.413 –0.472 0.184 0.064 0.093 

0 2 0 0 1A  –0.091 0.686 –0.967 0.176 0.095 –0.101 

0 0 0 1 E  0.294 0.004 –0.750 –0.672 –0.059 –1.184 

0 1 0 1 E  0.188 0.407 –1.233 –0.498 0.003 –1.133 

0 3 0 0 2A  –0.038 0.888 –1.484 0.076 0.112 –0.445 

0 2 0 1 E  0.184 0.678 –1.740 –0.517 0.033 –1.362 

0 0 0 2 1A  0.548 0.030 –1.516 –1.324 –0.116 –2.379 

0 0 0 2 E  0.573 0.015 –1.507 –1.347 –0.119 –2.385 

0 4 0 0 1A  0.053 1.024 –2.008 –0.062 0.117 –0.876 

1 0 0 0 1A  –0.040 –0.485 –2.486 –1.125 –0.084 –4.221 

0 0 1 0 E  –0.068 –0.397 –2.485 –1.011 –0.101 –4.061 

0 1 0 2 2A  0.430 0.408 –2.009 –1.161 –0.056 –2.388 

0 1 0 2 E  0.454 0.406 –2.003 –1.180 –0.057 –2.380 

0 3 0 1 E  0.232 0.883 –2.269 –0.629 0.047 –1.735 

0 5 0 0 2A  0.085 0.897 –2.605 –0.004 0.095 –1.531 

1 1 0 0 
2A  –0.106 0.126 –2.900 –0.714 0.010 –3.584 

0 1 1 0 E  –0.201 0.018 –2.975 –0.800 –0.032 –3.989 

0 2 0 2 
1A  0.412 0.668 –2.535 –1.182 –0.026 –2.664 

0 2 0 2 E  0.452 0.650 –2.515 –1.239 –0.035 –2.687 

0 0 0 3 E  0.795 0.067 –2.287 –1.978 –0.172 –3.574 

0 0 0 3 
1A  0.836 0.033 –2.273 –2.021 –0.178 –3.603 

0 0 0 3 
2A  0.838 0.029 –2.272 –2.025 –0.179 –3.608 

0 4 0 1 E  0.310 1.038 –2.812 –0.693 0.052 –2.104 

1 2 0 0 
1A  –0.192 0.176 –3.469 –0.890 0.022 –4.354 

1 0 0 1 E  0.262 –0.461 –3.272 –1.849 –0.147 –5.467 

0 2 1 0 E  –0.218 0.283 –3.490 –0.806 0.000 –4.229 

0 6 0 0 
1A  0.267 1.041 –3.013 0.779 0.115 –0.810 

0 0 1 1 
2A  0.247 –0.331 –3.286 –1.740 –0.166 –5.276 

0 0 1 1 E  0.224 –0.385 –3.264 –1.702 –0.161 –5.289 

0 0 1 1 
1A  0.228 –0.403 –3.261 –1.720 –0.162 –5.318 

0 1 0 3 E  0.667 0.415 –2.789 –1.836 –0.115 –3.657 
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0 1 0 3 
2A  0.700 0.409 –2.784 –1.860 –0.117 –3.651 

0 1 0 3 
1A  0.704 0.407 –2.782 –1.868 –0.118 –3.657 

0 3 0 2 
2A  0.443 0.870 –3.089 –1.281 –0.013 –3.071 

0 3 0 2 E  0.477 0.882 –3.072 –1.320 –0.016 –3.049 

1 1 0 1 E  –0.104 0.259 –3.715 –1.361 –0.068 –4.988 

1 3 0 0 
2A  0.089 0.120 –4.009 –1.173 0.038 –4.935 

0 5 0 1 E  0.393 1.033 –3.392 –0.536 0.040 –2.464 

0 3 1 0 E  –0.165 0.451 –4.016 –0.947 0.008 –4.669 

0 1 1 1 
1A  0.106 0.073 –3.780 –1.542 –0.098 –5.241 

0 1 1 1 E  0.059 0.055 –3.780 –1.448 –0.083 –5.197 

0 1 1 1 
2A  0.088 0.001 –3.756 –1.522 –0.095 –5.285 

0 7 0 0 
2A  0.377 0.710 –3.340 1.831 0.116 –0.307 

0 0 0 4 
1A  1.046 0.131 –3.083 –2.627 –0.238 –4.770 

0 0 0 4 E  0.943 0.251 –3.137 –2.451 –0.202 –4.596 

0 2 0 3 E  0.755 0.519 –3.266 –2.067 –0.124 –4.183 

0 2 0 3 
1A  0.681 0.664 –3.321 –1.910 –0.092 –3.977 

0 2 0 3 
2A  0.676 0.672 –3.325 –1.903 –0.091 –3.971 

0 0 0 4 E  1.085 0.062 –3.055 –2.689 –0.237 –4.834 

0 4 0 2 
1A  0.495 1.022 –3.670 –1.248 –0.006 –3.406 

aFirst 50 levels are displayed. Total list up to 7000 cm-1 is given in Supporting Information I. 

Given values are the differences in the band origins (in cm-1) when the corresponding correction is taken into account. 

For example, the “DBOC” column means the difference in the band origins calculated at the [RHF-

UCCSD(T)/CBS(TQ5Z)+Relativistic+DBOC] and [RHF-UCCSD(T)/CBS(TQ5Z)+Relativistic] levels of the theory 

 

In the case of CH3, the relativistic corrections give rather small contributions both for the 

stretching and out-of-plane bending vibrations and contribute more significantly on the bands where 

v4 is involved. Conversely, the contributions from DBOC is quite small for v4. In terms of absolute 

values, the relativistic and DBOC corrections were of 0.38 cm-1 and 0.45 cm-1 in average. As 

expected, the inclusion of the CCSDT correction resulted in the significant shifts (–2.73 cm-1 in 

average) for all band centers, in particular for the stretching vibrations. The last two corrections, 

namely CCSDT(Q) and CCSDTQP, gave contributions which gradually decrease: 1.27 cm-1 and 0.09 

cm-1 in average, respectively. Finally, among the four fundamental vibrations, the sum of these 

corrections was the biggest for the v1 and v3 stretching bands (–4.221 cm-1 and –4.061 cm-1, 

respectively) while we have a shift of –1.184 cm-1 for v4 and of 0.093 cm-1 for v2. 
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4.3. Large amplitude motion in CH3. The choice of the irreducible representation for the 
2S  

symmetry coordinate has to be discussed. On the one hand, the CH3 PES is symmetric with respect 

to the equilibrium configuration (contrary to the NH3 molecule), therefore the out-of-plane bending 

vibration should obey the “standard” rules for the bending mode, namely    2 2 cosS A    (here 

 cos / 2 0e    ) making allowed only even powers in the PES expansion and thus implying a 

quadratic shape near the equilibrium configuration.12 This quadratic shape is crucial if, for example, 

the normal mode coordinates are used. 

On the other hand, an anomalously large anharmonicity was revealed for the v2 mode by 

Yamada et al.,68 proving that the shape of the PES is not totally quadratic but quite flat instead, even 

for vibrations with small amplitudes. This feature was further examined by Hirota et al.,101 who 

confirmed that higher order terms are needed in the PES for an accurate description of the v2 mode 

because of the slow convergence of the normal mode series. According to ref 101, the out-of-plane 

bend strongly interacts with the 1A  symmetric stretch. In particular, the negative sign of the F122 

anharmonic potential constant (defined in terms of the curvilinear coordinates) can be explained by 

the elongation of the C-H bonds when the out-of-plane angle is excited. 

 

  

Figure 3. Fit of the ab initio 1D cut of the CH3 PES along the out-of-plane bending angle. Blue and red 

scatters correspond to the fits based on the 
1A  and 

2A  irreducible tensors operators up to the 8th order. The 

ab initio energies are calculated at the RHF-UCCSD(T)/ACVQZ level of the theory; all non-scanned 

coordinates were fixed to their equilibrium values. 
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In this work, the CH3 PES was constructed by following the same approach as for NH3 in 

ref 35. Both even and odd powers were allowed for the 
2S  symmetry coordinate which transforms 

as the totally symmetric representation (see Eq. (4)). As expected, there is a strong linear term in the 

PES with a value of 0.10323 a.u associated with the S2 coordinate. For NH3 the linear terms were 

removed from the PES expansion after a geometry optimization. As an alternative, a fit using  2 2S A  

has been performed, leading to an RMS error of 0.54 cm-1 against 0.18 cm-1 when using  2 1S A . The 

deviations of the fit of the 1D cut along the   coordinate are displayed in Figure 3. After several 

trials, the PES had to be expanded up to order 10 when using  2 2S A  in order to obtain an RMS error 

similar to that when using  2 1S A . Moreover, high order terms in the PES generally require 

computing additional points in the grid to obtain well-defined fitted high-order parameters. All the 

results presented in Tables 2-4 have been obtained using the new hybrid version of the TENSOR 

dealing with a large-amplitude coordinate. 

 

4.4. New theoretical CH3 line list in the infrared. The new ab initio PES and DMS presented 

in the previous section were used to generate the variationally-computed infrared line list of CH3 that 

is compared below with the semi-empirical line list of Adam et al.15 In this latter reference the ab 

initio DMS corresponds to the RCCSD(T)/AVTZ theoretical level of the theory. Here, “semi-

empirical” means that the ab initio band origins of certain bands (namely, v2, 2v2, v1, v4, and v3) were 

replaced by the experimental values while the remaining bands are displayed in Table 3 in column 

“III”.  

Since the ground electronic state of CH3 is a doublet there is a fine structure due to the spin-

rotation coupling. According to ref 68, the spin-rotation splitting has the magnitude of 0.01 cm-1 that 

is lower than the expected accuracy of our theoretical line list. This was also corroborated in Tab. VII 

of ref 102. In this latter reference, the spin-rotation Hamiltonian was fitted as

  40.01183 0.351 cossr y yH N S      , where 
yN  and 

yS  are y components of the rovibronic and 

electron spin angular momenta, respectively.88 In this work, the spin-rotation coupling term was not 

considered because of its quite weak contribution. Therefore, our spectral line positions are simply 

the transition frequencies between the vibration-rotation energy levels: -1cmfi f iv E E     . 

The intensity of the spectral line [in cm-1 / (molecule·cm-2) units] is calculated by the well-

known expression (see e.g. ref 103): 

                          
 

 
38

exp 1 exp
3

fi fii
f i i

B B

v vE
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                    

                   (10) 
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where the subscripts f and i refer to the final and initial (lower) states;  Q T  is a partition function; 

ig  is a statistical weight of the lower state; iE  is the lower state energy; T  is the temperature; 

 S f i  is a line strength (the square of the matrix element of the molecular electric dipole 

moment); Bk  is the Boltzmann constant (≈0.695031 cm-1·K-1); [erg s]h   and [cm/ s]c  are the Planck 

constant and speed of light. The partition function is defined as a sum by all ro-vibrational states: 

   exp /j j Bj
Q T g E k T  . For CH3, the statistical weights are given by 8, 0, 4, 8, 0, and 4 for 

the 1A , 2A , E , 1A , 2A , and E  irreducible representations in the D3h point group. Finally, the 

partition function calculated at T = 296 K is 715.96. 

 

Table 5. Integrated intensities (Sv) of the strongest bands of CH3 at T = 296 Ka 

Band Origin (cm-1) Range (cm-1) Sv(cm / molecule) Number of lines 

v2( 2A ) 606.676 151–989 9.5288·10–18 601 

v2+v4( E )–v4( E ) 617.969 235–1018 2.1863·10–20 1368 

2v2( 1A )–v2( 2A ) 681.581 250–1238 9.3576·10–19 587 

3v2( 2A )–2v2( 1A ) 730.893 333–1164 4.8211·10–20 561 

v4( E ) 1390.665 844–1941 8.8901·10–19 1106 

v2+v4( E )–v2( 2A ) 1401.958 892–2139 5.1094·10–20 1012 

3v2( 2A ) 2019.150 1340–2401 1.0432·10–20 506 

2v2+v4( E ) 2700.009 2223–3672 2.7724·10–20 1018 

2v4( E ) 2773.080 2237–3719 5.6534·10–20 1386 

v2+v3( E )–v2( 2A ) 3136.776 2548–3651 1.2056·10–19 1096 

v3( E ) 3161.023 2513–3702 1.7747·10–18 1353 

v1+v2( 2A ) 3603.443 3204–4710 2.0471·10–20 499 

3v4( E ) 4115.543 3640–5242 3.2020·10–20 1091 

v1+v4( E ) 4388.674 3853–5150 1.3373·10–19 1102 

2v2+v3( E ) 4405.255 3865–5173 1.4356·10–20 1005 

v2+v3+v4( E )–v2( 2A ) 4522.834 4046–5040 3.9800·10–20 1197 

v3+v4( 2A ) 4530.401 3929–5271 1.4535·10–20 749 

v3+v4( E ) 4535.006 3950-5080 9.1010·10–19 1473 

v3+v4( 1A ) 4544.869 3991–5170 1.2414·10–20 721 

v3+2v4( E )b 5882.889 5380–6608 1.8948·10–20 1895 

v1+v3( E ) 6080.087 5534–6617 2.6499·10–20 1009 

2v3( E ) 6298.839 5588–6762 6.3266·10–20 1031 
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aAll data were based on the developed ab initio line list. The integrated intensities are the sum of the intensities of 

the individual ro-vibrational lines of the certain band. The lines which intensities were bigger than 10-27 cm/molecule 

were included into the sum. The integrated intensities of the displayed bands are bigger than 10-20 cm/molecule. 

bThere is one more band centered at 5910.589 with the same vibrational assignment. 

 

Our theoretical line list has been computed using the TENSOR computer code in the spectral 

range [0–7000] cm-1 up to J = 20 ( J N , S = 0). The integrated intensities of the strongest cold and 

hot bands are displayed in Table 5. The absorbance spectra simulated at P = 0.1 Torr and L = 20 cm 

with a Gaussian profile and at resolution of 0.1 cm-1 are given in Figure 4. According to Table 5, there 

are three hot bands which fall in the region of the fundamental band v2( 2A ). Two bands, namely, 2v2(

1A )–v2( 2A ) and 3v2( 2A )–2v2( 1A ) were previously detected in ref 68. A part of absorption near the 

next two fundamental v4( E ) and v3( E ) bands is due to the relatively strong v2+v4( E )–v2( 2A ) and 

v2+v3( E)–v2( 2A ) hot bands. Above, the combination bands v1+v4( E ) and v3+v4( E ) are the 

strongest ones. The fundamental band v1( 1A ) is not infrared active and is thus very weak. 

Our ab initio line list is in good agreement, both for line positions and line intensities, with 

the semi-empirical list,15 in particular in the spectral regions of v2( 2A ) and v3( E ) (see Figures. 4a 

and 4c) where empirical corrections were applied. In the regions where no observation is available, 

the difference is much bigger. For example, the spectra in the v4( E ) and v3+v4( E ) bands are shifted 

by +5 cm-1 and –6 cm-1 (see Figures 4b and 4d). It is also worth mentioning that our line intensities 

for v4( E ) are two times stronger compared to those in ref 15. Our calculation is corroborated by the 

measurements of Snelson et al.65 who obtained an intensity ratio of 10 between v2( 2A ) and v4( E ) 

(see Table 5). 
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Figure 4. Absorbance of CH3 simulated using the ab initio line list developed in this work compared to 

that based on the semi-emprirical line list of Adam et al.15 Labels a, b, c, and d correspond to the spectral 

regions of the following bands: a–v2( 2A ), b–v4( E ), c–v3( E ), and d–v3+v4( E ). 
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5. SUMMARY AND CONCLUSION 

In this article, high-level ab initio calculations for CH3 have been performed in order to 

reproduce the vibrational band centers of the ground electronic state within an accuracy of 1 cm-1. 

The augmented correlation-consistent orbital basis sets were tested up to quintuple-ζ valence quality 

combined with the core-valence electron correlation [aug-cc-pCV5Z]. The quality of the calculated 

levels obtained from the “standard” open-shell coupled cluster approach [RHF-UCCSD(T)] was 

improved by including the following contributions: Douglas-Kroll-Hess scalar relativistic 

Hamiltonian, diabatic Born-Oppenheimer correction, and high-order electronic correlations. It has 

been thus demonstrated that the variationally computed band origins of CH3 converge gradually to 

the experimental ones when applying the ab initio PESs using the aug-cc-pCVXZ [X = T, Q, and 5] 

basis sets. Finally, an RMS error of 0.18 cm-1 with respect to all the available experimental band 

origins of the gaseous CH3 was obtained for the first time by extrapolating the ab initio potential 

energies to the Complete Basis Set limit [CBS(TQ5Z)]. Note that the reached accuracy is one order 

of magnitude better than that of the best available calculations. Another ab initio PES based on the 

less demanding explicitly correlated RHF-UCCSD(T)-F12b/cc-pCVQZ-F12 method allowed to 

predict the band origins with an RMS error of 0.66 cm-1.  

Among the fundamental vibrations, the corrections beyond the [RHF-UCCSD(T)] level of the 

theory had the biggest contributions for the stretching ones (up to –4.221 cm-1) while the in-plane and 

out-of-plane bending vibrations have been corrected by –1.184 and 0.093 cm-1, respectively. This 

work also confirmed the presence of the large-amplitude behavior for the out-of-plane v2 mode of 

CH3. Since the  2 1S A  linear term cannot be neglected, the shape of the PES is not totally quadratic 

near the equilibrium configuration making very limited the description of v2 in terms of the “standard” 

normal mode approach. 

Our newly-developed ab initio PES was applied to calculate all the band centers falling in the 

region [0–7000] cm-1. In this work, we report the most accurate theoretical values for the fundamental 

v4 band at 1390.66 cm-1 as well as for all other combination cold and hot bands with strong integrated 

intensities. The main advantage of using “pure” ab initio calculations for the construction of the line 

list has been clearly demonstrated when compared with the previously published empirically 

corrected line list.15 Our theoretical line list is able to predict quite accurately spectral regions which 

were not studied so far. Undoubtedly, the results presented in this work will be useful for future high-

resolution experimental studies of CH3 as well as for astrophysical applications. 

Our line list as well as the ab initio PESs and DMS are made available in Supporting 

Information. 

 

Supporting Information 
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Supporting Information I, total list of the ab initio band origins of CH3 calculated in this work up to 

7000 cm-1 (Table S1); the effect of the ab initio corrections on the band origins of CH3 (Table S2); 

Supporting Information II, the C++ code for computing potential energies and dipole moment from 

the constructed PESs and DMS; the ab initio line list of CH3 with the complete quantum assignment 

up to 7000 cm-1 (ZIP); Supporting Information III, the ab initio points of the potential energies and 

dipole moment for the nuclear configurations of “Grid_1” and “Grid_2” calculated in this work (ZIP). 
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