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Accurate calculation of ab initio potential energy surfaces (PES) for the NH3 molecule is a difficult task because of the poor convergence of the standard CCSD(T) method with respect to the basis size. Currently, the best available NH3 PESs contain empirically refined parameters. In this paper, we show that CCSD(T)/aug-cc-pCV6Z calculations are not sufficient to properly describe the PES over a large range of nuclear configurations. However, the PES obtained by the extrapolation of the CCSD(T)/aug-cc-pCVXZ (X=T, Q, 5, and 6) energies to the complete basis set limit is closer to that based on the explicitly correlated CCSD(T)-F12a method using the cc-pCVQZ-F12 orbital basis set. All the ab initio PESs constructed in this work include the following corrections: one electron relativistic effects, diagonal Born-Oppenheimer correction and high-order electronic correlations (CCSDT, CCSDTQ and CCSDTQP). Finally, the root mean square deviation between the predicted band centers obtained from our final "pure" ab initio PES and the experimental ones in the spectral region [0-7000] cm -1 is divided by two compared to the most accurate ab initio PES available in the literature.

INTRODUCTION

Although the use of empirically-refined potential energy surfaces (PESs) allows computing some energy levels close to the spectroscopic accuracy, there are at least two reasons for which the development of pure ab initio PESs is necessary: a) ab initio PESs generally better extrapolate energy levels beyond the range of observed data, making more consistent the prediction of strong interacting bands or of hot bands for high temperature calculations; b) testing and searching for accurate ab initio methods to build new PESs is very stimulating and allows checking consistency those PESs already published.

Currently, the single-and double-excitation coupled-cluster method with a perturbative treatment of triple excitations [CCSD(T)] is widely used for constructing the PESs of molecules below their dissociation energies. In early works, this method was combined with the augmented correlation-consistent polarized basis sets of triple (aug-cc-pVTZ) or quadruple (aug-cc-pVQZ) zeta quality. However, the errors on the energy levels may reach 20 cm -1 , and even higher, with respect to the NH3 experimental band origins. [START_REF] Rajamäki | Vibrational energy levels for symmetric and asymmetric isotopomers of ammonia with an exact kinetic energy operator and new potential energy surfaces[END_REF] More advanced calculations were based on larger basis sets, including the core-valence correlation effects and extrapolation to the Complete Basis Set (CBS) limit. Huang et al. [START_REF] Huang | An accurate global potential energy surface, dipole moment surface, and rovibrational frequencies for NH3[END_REF] obtained CCSD(T) energies extrapolated to the CBS limit using the aug-cc-pCVXZ (X=T, Q, and 5) basis sets. Although diagonal Born-Oppenheimer breakdown corrections (DBOC), relativistic and high-order correlation effects were included in ref 2, the deviations from the experimental band origins were 2.5 cm -1 in average. Such deviations turn out (i) smaller than those obtained from the previous ab initio PES of Yurchenko et al. [START_REF] Yurchenko | Potential-energy surface for the electronic ground state of NH3 up to 20000 cm -1 above equilibrium[END_REF] where only the corrections for the corevalence correlation and relativistic effects were considered, but (ii) bigger than the work of Rajamӓki et al. [START_REF] Rajamäki | High excitations in coupled-cluster series: vibrational energy levels of ammonia[END_REF] In the work by Polyansky et al., [START_REF] Polyansky | Calculation of rotation-vibration energy levels of the ammonia molecule based on an ab initio potential energy surface[END_REF] the multireference configuration interaction (MRCI) method was considered with the core-valence aug-cc-pCVQZ and aug-cc-pCV5Z basis sets and basis set extrapolation to improve the calculation of highly-excited vibrational states of NH3. More than ten possible ab initio contributions to the dissociation energy were analyzed and the mean errors on the band origins was of 1 cm -1 for energies up to 7000 cm -1 . Marquardt et al. [START_REF] Marquardt | Global Analytical Potential Energy Surface for the Electronic Ground State of NH3 from High Level ab Initio Calculations[END_REF] have constructed a global analytical PES of NH3 by combining both the CCSD(T) and MRCI methods: the CCSD(T) energies were extrapolated to the CBS limit using the aug-cc-pVXZ (X=T, Q, and 5) basis sets as in ref 3 and the MRCI energies were calculated using the aug-cc-pVQZ basis set. The final PES was used to compute the band origins of four isotopologues but the Obs.-Calc. deviation up to 5000 cm -1 was of 11 cm -1 on the average for the main isotopologue.

In ref 4, authors showed for NH3 that the explicitly correlated CCSD(T)-R12 method [START_REF] Kutzelnigg | Wave functions with terms linear in the interelectronic coordinates to take care of the correlation cusp. I. General theory[END_REF][START_REF] Noga | Coupled cluster theory that takes care of the correlation cusp by inclusion of linear terms in the interelectronic coordinates[END_REF] correctly describes the basis set incompleteness error. According to ref 4, the symmetric part of the NH3 PES including the radial and inversion modes converges very slowly with respect to the basis set size. For this reason, the CCSD(T)-R12 method could provide more reliable results than those obtained from the standard CCSD(T) method using a large basis set size. Another conclusion of ref 4 concerns the electronic correlation contribution which is important for levels up to five quanta of excitation.

In this work, we consider only "pure" ab initio PESs of NH3 i.e. without any empirical corrections. To achieve this end and unlike ref 4, all the corrections beyond the CCSD(T) level were systematically included for the six vibrational degrees of freedom. Here, the more advanced ab initio method for the DBOC calculations have been performed on a grid composed of ~40000 reference ab initio points. The Root Mean Square (RMS) deviation between the calculated and observed band origins is two times less than that obtained in refs 4 and 5. Section 2 gives all details about the construction of the final PES where various ab initio methods and basis sets, the analytical form of the PES as well as the grid of the reference ab initio points are discussed. The validation of our final PES is given in Section 3 before concluding in Section 4.

Concerning the nuclear motion calculations, our variational computer code TENSOR [START_REF] Rey | Ab initio ro-vibrational Hamiltonian in irreducible tensor formalism: a method for computing energy levels from potential energy surfaces for symmetric-top molecules[END_REF][START_REF] Rey | Complete nuclear motion Hamiltonian in the irreducible normal mode tensor operator formalism for the methane molecule[END_REF][START_REF] Rey | Group-theoretical formulation of an Eckartframe kinetic energy operator in curvilinear coordinates for polyatomic molecules[END_REF] has been adapted to molecules exhibiting one large amplitude motion. [START_REF] Viglaska | Derivation of ρ-dependent coordinate transformations for nonrigid molecules in the Hougen-Bunker-Johns formalism[END_REF] This code was initially designed to the treatment of rigid molecules which was applied with success to the construction of accurate spectroscopic line lists (see e.g. CH4, [START_REF] Rey | Ab initio variational predictions for understanding highly congested spectra: rovibrational assignment of 108 new methane subbands in the icosad range (6280-7800 cm -1 )[END_REF][START_REF] Rey | TheoReTS -An information system for theoretical spectra based on variational predictions from molecular potential energy and dipole moment surfaces[END_REF][START_REF] Rey | Accurate Theoretical Methane Line Lists in the Infrared up to 3000 K and Quasi-continuum Absorption/Emission Modeling for Astrophysical Applications[END_REF] CF4, [START_REF] Rey | Understanding global infrared opacity and hot bands of greenhouse molecules with low vibrational modes from first-principles calculations: the case of CF4[END_REF] PH3, 17 NF3, [START_REF] Egorov | Global modeling of NF3 line positions and intensities from far to mid-infrared up to 2200 cm -1[END_REF] C2H4, [START_REF] Viglaska-Aflalo | A global view of isotopic effects on rovibrational spectra of six-atomic molecules: a case study of eleven ethylene species[END_REF] and SF6 [START_REF] Rey | Towards a complete elucidation of the ro-vibrational band structure in the SF6 infrared spectrum from full quantum-mechanical calculations[END_REF] ). Concerning the ab initio calculations, the MOLPRO, [START_REF] Werner | The Molpro quantum chemistry package[END_REF][START_REF] Werner | version 2019.2, a package of ab initio programs[END_REF] MRCC, [START_REF] Kállay | The MRCC program system: Accurate quantum chemistry from water to proteins[END_REF][START_REF] Kállay | a quantum chemical program suite[END_REF] and CFOUR [START_REF] Matthews | Coupled-Cluster Techniques for Computational Chemistry: the CFOUR Program Package[END_REF][START_REF] Stanton | a quantum chemical program package[END_REF] packages have been considered in this work.

CONSTRUCTION OF THE POTENTIAL ENERGY SURFACE

Choice of the ab initio methods and basis sets. Since the symmetric part of the NH3

PES is very sensitive to the choice of the basis set, one way to study the convergence is to analyze the height of the inversion barrier. In the following, the results of ref 4 computed with the CCSD(T)-R12 explicitly correlated method will be considered as the reference value. The R12 [START_REF] Kutzelnigg | Wave functions with terms linear in the interelectronic coordinates to take care of the correlation cusp. I. General theory[END_REF][START_REF] Noga | Coupled cluster theory that takes care of the correlation cusp by inclusion of linear terms in the interelectronic coordinates[END_REF] and F12 [START_REF] Knizia | Simplified CCSD(T)-F12 methods: Theory and benchmarks[END_REF] families of explicitly correlated methods include explicitly the inter-electronic coordinate in the wave function, allowing to reach the complete basis set values without extrapolations. Two of the most popular simplified versions, called F12a and F12b, [START_REF] Knizia | Simplified CCSD(T)-F12 methods: Theory and benchmarks[END_REF] are implemented in the MOLPRO package. In order to make consistent the comparison with ref 4, the correlation of all electrons was necessary. For this reason, the CCSD(T) method combined with the aug-cc-pCVXZ (X=T, Q, 5, and 6) basis sets (hereafter, ACVTZ, ACVQZ, ACV5Z, and ACV6Z) are considered for this work. Concerning the CCSD(T)-F12q (q=a, b) methods, the cc-pCVQZ-F12 basis set (hereafter, CVQZ-F12) was used. It is currently the bigger basis implemented in MOLPRO for the explicitly correlated methods for which the core-valence correlation is taken into account.

To extrapolate the energies to the CBS limit, we used the following functional

  exp X CBS E E A C X      , (1) 
which is available in MOLPRO, where X E and CBS E are the total energies (Hartree-Fock(reference)

+ correlation) corresponding to the ACVXZ basis set and CBS limit. The choice (1) differs from the inverse powers functional used in refs 2 and 3 but is in a better agreement with that of Klopper et al. [START_REF] Klopper | Equilibrium inversion barrier of NH3 from extrapolated coupled-cluster pair energies[END_REF] According to our tests for NH3, the converged values obtained from the inverse powers functional are below those provided by the explicitly correlated methods. This is probably one of the reasons why the ab initio band origins in refs 2 and 3 are systematically higher than the observed values (see in Table 3). 4). The result for CCSD(T)-R12 was taken from ref 4. Note, here the "CBS" results come from the extrapolation of the total CCSD(T)/ACVXZ energies (given in parenthesis in cm -1 ). The results based on the extrapolation of the correlation energy are given in supplementary material I. The NH3 PES has two stationary points: the first one corresponds to the global minimum at the pyramidal (C3v) geometry while the second one corresponds to the saddle point at the planar (D3h)

geometry. The height of the inversion barrier can be determined from these two geometries. Although they can be optimized in MOLPRO, we preferred optimizing the geometries using the constructed PESs.

According to Figure 1 and Table 1, the height of the inversion barrier computed at the CCSD(T)/ACV6Z level of the theory is about 4 cm -1 higher than the reference value provided by the explicitly correlated CCSD(T)-R12 method. A good agreement between the F12b method with the CVQZ-F12 basis set and CCSD(T)/ACV6Z is confirmed by the comprehensive study conducted in ref 29. On the contrary, The F12a method provides a value in excellent agreement with the CBS limit taken from ref 4.

The three points extrapolation scheme, which involves the CCSD(T) energies computed with the ACVXZ (X=T, Q, and 5) basis sets, allows approaching the reference value of the barrier within 1.7 cm -1 using the functional (1). Another scheme, which additionally includes the CCSD(T)/ACV6Z energy, turns out to be very promising since the agreement is within 0.5 cm -1 in this case. An exclusion of the CCSD(T)/ACVTZ energies does not allow improving the results: the CBS(Q56Z) extrapolation gives a value that is 1.3 cm -1 higher than the reference one. As it can be seen in Section 3.2 of the present paper, the convergence test presented in this section mainly explains the final agreement between the calculated and observed band origins of NH3.

Note that by default MOLPRO extrapolates the correlation energy. From Table S1 of Supporting File I, the reader, however, can see that the agreement with the experimental data is slightly better in terms of RMS when the total energies are extrapolated instead of the correlation ones (RMSr+c=0.480 cm -1 and RMSc = 0.522 cm -1 for the CCSD(T)/CBS(TQ56Z) PES). Although a difference of 0.042 cm -1 is not big and clearly indicates that the Hartree-Fock energies are well converged at the CCSD(T)/ACV6Z level of the theory, we will consider below the results based on the extrapolation of the total energies.

Analytical form of the PES.

The NH3 molecule has six vibrational degrees of freedom where there are two symmetric and two doubly degenerate asymmetric vibrations. For a full account of symmetry, a set of suitable coordinates has to be introduced. Actually, the symmetry coordinates are preferred to the internal ones because each coordinate transforms as an irreducible representation of the group. [START_REF] Papoušek | Molecular Vibrational-Rotational Spectra. Theory and Applications of High Resolution Infrared[END_REF] For NH3, such a set of coordinates can be built with the help of the projection technique. [START_REF] Bunker | Molecular Symmetry and Spectroscopy[END_REF] For stretching and bending vibrations, the symmetry coordinates were defined as the following linear combinations: 

         
                            , ( 2 
)
where the Morse-type functions for stretching vibrations

  1 exp k k e y b r r        , (3) 
and cosine functions for bending ones

    cos cos k k e      , (4) 
with k = 1, 2, and 3; b = 1.9 Å -1 , were used for a correct asymptotic behavior. Concerning the inversion coordinate  , the sine function is a good choice because it equals to one at the planar configuration

( o 90  )     1 2 sin sin A e S      , (5) 
where

    1 2 3 2 sin sin / 6 3          . (6) 
Finally, the analytical form of the PES can be expressed as a linear combination of irreducible

tensor operators p j R   max 11 1 2 3 3 4 4 0 , , , , , p AAE E E E p a b a b j j pj V S S S S S S C        R (7)
where j C are the expansion coefficients to be determined. Since the NH3 PES must be totally symmetric with respect to the symmetry operations of the D3h group, each irreducible tensor has to transform as 1 A and it can be written as a power series expansion in the symmetry coordinates: 

ii i i i i n pp p p p p AA p E E E E j i a b a b i T S S S S S S                                       R . ( 8 
)
Here, the i T 's are the D3h Clebsch-Gordan coefficients and each term in Eq. ( 8) is of order p. In this work, the polynomial (7) was expanded up to max 8 p  , resulting in 590 irreducible tensor operators. However, only 305 tensors were included in the final fits of the PESs. It is worth mentioning that due to the use of the symmetry coordinates, the equilibrium geometry only depends on the two-dimensional symmetric part of the PES. points with a maximum energy of 14000 cm -1 for the coupled coordinates.

Construction of the

To properly fit the ab initio points, we have considered a weight function similar to that previously used for CH4 [START_REF] Nikitin | First fully ab initio potential energy surface of methane with a spectroscopic accuracy[END_REF] where the weights decrease asymptotically from 1.0 to 0.9 for energies in the range of 0-8000 cm -1 , and then lower to 0.5 and 0.1 at 10000 and 15000 cm -1 , respectively. For all energies above 20000 cm -1 , a fixed weight of 0.001 was applied.

Since the ab initio calculations using the ACV6Z basis set are quite demanding (up to 2 (resp.

7) hours for one point using the Cs (resp. C1) symmetry), our strategy was to build another fulldimensional but smaller grid composed of 2235 points (called Grid_2) and used to compute the energy difference between the CCSD(T) calculations made with the ACV6Z and ACV5Z basis sets.

It turns out that the behavior of CCSD(T)/[ACV6Z-ACV5Z] is quite smooth with an energy difference going from -412 cm -1 to -485 cm -1 and a mean value of -434 cm -1 . Thus, only 40 irreducible tensors in the expansion (7) were necessary to fit this difference with an RMS error less than 0.08 cm -1 .

Finally, the correction factor CCSD(T)/[ACV6Z-ACV5Z] was applied to the whole Grid_1 leading to an extrapolated CCSD(T)/ACV6Z PES. The 305 irreducible tensors of the expansion (7) reproduced the Grid_1 of the reference ab initio points with the RMS error less than 0.5 cm -1 .

Corrections beyond the CCSD(T) method.

With the increase of the computer capabilities, it is now common to take into account corrections beyond CCSD(T) for computing the vibrational band origins within 1 cm -1 of accuracy. Generally, there are three types of corrections:

one electron relativistic effects (Relativistic), DBOC, and high-order electronic correlation effects (in this work CCSDT, CCSDTQ, and CCSDTQP). In the case of NH3, all these corrections were analyzed in details in ref 4. Therefore, in the following we shall mainly focus on the differences between this work and that of Rajamäki et al. [START_REF] Rajamäki | High excitations in coupled-cluster series: vibrational energy levels of ammonia[END_REF] Unlike ref 4, our aim was to apply these three corrections to the six degrees of freedom of NH3. In particular, the energies at the CCSDT/cc-pVTZ and CCSDT(Q)/cc-pVTZ levels of the theory were calculated for the whole Grid_1 with the help of the MRCC code. The calculations of the Relativistic and DBOC contributions were also performed for Grid_1. In this work, the CFOUR code was used to compute DBOC from the CCSD method and the cc-pVTZ basis set while only HF/cc-pVDZ was considered in ref 4. Concerning the relativistic corrections in MOLPRO, the second-order Douglas-Kroll-Hess Hamiltonian was used in conjunction with the ACVTZ-DK basis. It turns out that the "DK" extension in the name of the basis set, which is important to optimize the inner-core orbitals, [START_REF] Werner | The Molpro quantum chemistry package[END_REF] was omitted in ref 4, resulting to a difference of +1 cm -1 on the inversion barrier height: 19 cm -1 versus 18 cm -1 (see in Section 3.3).

The smaller grid (Grid_2) was considered for the two most time demanding corrections, namely CCSDTQ and CCSDTQP. The ab initio calculations at the CCSDTQ/cc-pVTZ level took 3 (resp. 13) hours for one point in the Cs (resp. C1) symmetry. Since the convergence of high-order coupled-cluster methods is quite fast with the respect to the basis set size, the CCSDTQP method was combined here with the cc-pVDZ basis set in MRCC, as in ref 4. At this stage, it is worth mentioning that bigger basis sets require much more computational effort when considering higher order coupled cluster methods. For example, the cost of calculation using CCSDT(Q)/cc-pVQZ is about 11 times more demanding than that using CCSDT(Q)/cc-pVTZ employed in this work for the same nuclear configuration. For one point at the CCSDTQ(P)/cc-pVTZ level, up to 42 hours are necessary (about 2 days), against 10 minutes using CCSDTQ(P)/cc-pVDZ. A good compromise would be to decrease drastically the number of points in the grid but this may lead to a wrong estimation of the contribution of the correction because of the coupling between the vibrational modes. Undoubtedly, the complete construction of the PES using high-order electronic correlation methods will become possible in a near future.

The scaling factor from CCSD(T) to CCSDT has been evaluated by computing the [CCSDT-CCSD(T)]/cc-pVTZ energy difference which was equal to -46 cm -1 on the average. It turns out that the CCSDT(Q) correction gives the biggest contribution to the inversion barrier height with a shift of +3 cm -1 . The [CCSDT(Q)-CCSDT]/cc-pVTZ energy difference was equal to -76 cm -1 on the average while the mean difference [CCSDTQ-CCSDT(Q)]/cc-pVTZ was found to be +3 cm -1 on the average with a smaller impact on the barrier height (see in Section 3.3). Concerning the CCSDTQ→CCSDTQP scaling, the energies were calculated using the cc-pVDZ basis set. The energy differences going from -2 cm -1 to -11 cm -1 have been successfully fitted with an RMS error of 0.04 cm -1 using only 50 tensor parameters up to 4 th order. There are less experimental data concerning the cold bands falling in the spectral region 4000-6000 cm -1 . In particular, the combination bands v1+v2, v2+v3, and v2+2v4 were studied in refs 72 and 73 from Fourier transform spectra. Brown et al. [START_REF] Brown | Empirical line parameters of NH3 from 4791 to 5294 cm -1[END_REF] analyzed the v1+v4 and v3+v4 regions that are important for remote sensing of planetary atmospheres. Čermák et al. [START_REF] Čermák | Spectroscopy of 14 NH3 and 15 NH3 in the 2.3 μm spectral range with a new VECSEL laser source[END_REF] reported new experimental spectra of the v1+v2/v2+v3 bands based on new laser sources. However, the very congested spectra in the high-energy region of NH3 make analysis very difficult using effective Hamiltonians, as discussed in ref 76.

Around 6600 cm -1 , the spectra contain many blended lines that are difficult to resolve, even by Doppler-limited spectroscopy. Lundsberg-Nielsen et al. [START_REF] Lundsberg-Nielsen | Analysis of the High-Resolution Spectrum of Ammonia ( 14 NH3) in the Near-Infrared Region, 6400-6900 cm -1[END_REF] assigned the experimental transitions of the v1+v3 and 2v3 bands from the room-temperature Fourier spectra. Some lines of these bands were also measured in ref 78 using the external cavity tunable diode laser to provide the higher sensitivity.

Berden et al. [START_REF] Berden | Cavity-enhanced absorption spectroscopy of the 1.5 μm band system of jet-cooled ammonia[END_REF] applied the cavity-enhanced absorption technique combined with the slit-nozzle expansion for rotationally cooling the spectra. As a result, some lines of the v1+2v4 band were additionally detected. Li et al. [START_REF] Li | External cavity tunable diode laser spectra of the ν1 + 2ν4 stretch-bend combination bands of 14 NH3 and 15 NH3[END_REF] In a more recent work, [START_REF] Földes | Low-temperature high-resolution absorption spectrum of 14 NH3 in the ν1+ν3 band region (1.51 μm)[END_REF] the v1+v3 band was studied from the jet-cooled cavity ring-down (CRDS) and cavity enhanced absorption (CEAS) spectroscopy. Twagirayezu et al. [START_REF] Twagirayezu | Quadrupole splittings in the near-infrared spectrum of 14 NH3[END_REF] recorded sub-Doppler, saturation dip, spectra of the v1+v3, v1+2v4, and v3+2v4 bands with partially resolved hyperfine splittings due to the nitrogen quadrupole coupling.

A large number of experimental transitions of NH3 has been collected via the MARVEL (Measured Active Rotational-Vibrational Energy Levels) spectroscopic network protocol. In the most recent release, Furtenbacher et al. [START_REF] Furtenbacher | Empirical rovibrational energy levels of ammonia up to 7500 cm -1[END_REF] applied MARVEL with 28 new experimental data sources below 11 7500 cm -1 , resulting in the most reliable list of experimental band origins for NH3. This list is used below in Tables 2 and3 to validate our vibrational band centers calculated from our ab initio PESs. The original ab initio PESs (before adding the corrections) were obtained with the CCSD(T) and CCSD(T)-F12q (q = a, b) methods and with the basis sets presented in the Table. According to Table 2, the largest deviations from the CCSD(T)/ACV6Z PES correspond to the fundamental and overtone frequencies of the inversion mode. The CCSD(T)-F12b/CVQZ-F12 PES produces similar results which are confirmed by our convergence test in Figure 1 and Table 1.

These two methods give an inversion barrier height that is about 4 cm -1 higher than the values provided by the CCSD(T)-R12, 4 CCSD(T)-F12a/CVQZ-F12, and CCSD(T)/CBS(TQ56Z) methods.

Although the deviations of the fundamental frequencies for the other modes are within 1 cm -1 , our two PESs based on CCSD(T)/CBS(TQ56Z) and CCSD(T)-F12a/CVQZ-F12 are about 2-3 times more accurate than the best available ones.

When comparing the results obtained from the CCSD(T)/CBS(TQ56Z) and CCSD(T)-F12a/CVQZ-F12 PESs, one can see the levels where the inversion overtone is involved are less accurate when using the first PES. Conversely, the energy levels near 6600 cm -1 are in better agreement with observation than for the CCSD(T)-F12a/CVQZ-F12 PES. Finally, the RMS error using these two PESs is rather small (within 0.1 cm -1 ). Since the calculations of the ab initio points using the CCSD(T)/ACVXZ (X=T, Q, 5, and 6) methods are about 300 times more demanding, the use of CCSD(T)-F12a/CVQZ-F12 is a good compromise and turns out more appropriate for the construction of the full NH3 PES with much less effort within 1 cm -1 of accuracy. The CCSD(T)/CBS(Q56Z) PES provides an intermediate result in terms of RMS. From Table 2, it is seen that the frequencies of the inversion mode become more accurate using the CBS(Q56Z) extrapolation in comparison with the CCSD(T)/ACV6Z PES but they are less accurate compared with CCSD(T)/CBS(TQ56Z) calculations.

According to the benchmarks, [START_REF] Knizia | Simplified CCSD(T)-F12 methods: Theory and benchmarks[END_REF] the F12a method gives slightly overestimated values of the correlation energy whereas the F12b methodthe underestimated ones. However, there is no reliable information on using the F12a method in a combination with the core-valence correlation CVQZ-F12 basis set. Results of this work indicate that the "overestimation property" of the F12a method is suitable for NH3 because the standard CCSD(T) method has poor convergence with respect to the basis set size for this molecule.

There are only five bands in Table 2 for which the band centers calculated with the CCSD(T)-F12a/CVQZ-F12 PES have a deviation bigger than 1.0 cm -1 . Among these, four bands are associated with the third overtone of the inversion mode, namely [4v2( 1 A , 2 A ) and 4v2+v4 ( E , E )] while the last one is associated with the inversion-bending combination band 2v2+3v4( E ). According ref 85, all these bands, with the exception of 4v2( 1 A ), are related with only 1 or 2 rovibrational levels in the MARVEL database, making their accuracy quite poor compared to v2+v3 ( E , E ), for example, whose band origins were confirmed by more than 100 rovibrational observed levels.

As it can be seen in Table 3, are less than their critical values (of 0.02 and 0.05) that confirms the reliability of coupled cluster method. For further details about the T1 and D1 diagnostics, the original works [START_REF] Lee | A diagnostic for determining the quality of single-reference electron correlation methods[END_REF][START_REF] Janssen | New diagnostics for coupled-cluster and Møller-Plesset perturbation theory[END_REF] can be suggested.

Height of the inversion barrier: contribution of the corrections. The inversion barrier

separates two wells in the potential of NH3 and for a correct calculation of the inversion splitting, one needs to accurately estimate its height during the construction of the PES. The influence of different corrections on the equilibrium and saddle point geometries as well as on the inversion barrier height is given in Table 4. Although our analysis is based on the CCSD(T)-F12a/CVQZ-F12 PES, such corrections give similar contributions for the other PESs that can be seen in Tables S2-S7 of Supporting File I. Details of the calculation for the three corrections are given in Section 2.4.

According to Table 4, the relativistic correction shifts the barrier height by +19.39 cm -1 while its contribution was estimated at +18.1 cm -1 in ref 4. We have checked that the difference of about +1 cm -1 was caused by omitting the "DK" extension in the basis set name in ref 4. Our relativistic corrections using the ACVTZ basis set gave a contribution of +17.7 cm -1 to the barrier height. Since the "DK" extension is of key importance for optimizing the orbitals when using the relativistic Douglas-Kroll-Hess Hamiltonian, our test calculations of the band origins have demonstrated the less good agreement with the MARVEL database.

The DBOC corrections lower the barrier height by 10 cm -1 which is quite consistent with refs In this work, we have calculated the CCSDT(Q) energies for the whole Grid_1 composed of 40148 nuclear configurations. As it can be seen in the last column of Table 4, the difference between the CCSDT(Q) and CCSDTQ corrections is less than +0.2 cm -1 compared to the contribution of +1.4

cm -1 when scaling from CCSD(T) to CCSDT. The final contribution of the high-order electronic correlations to the barrier height is of +5.03 cm -1 . Note that the excitations of the quintuple order

[CCSDTQP] shift the barrier by +0.40 cm -1 against +1.0 cm -1 as estimated in ref 4. This difference could be explained by a larger number of points in our grid, the basis set size being similar in both cases.

Effect of the corrections on the band origins.

As expected, the three corrections considered in this work have played a major role in the prediction of the band origins associated with the radial and inversion vibrations (see Table 5). The contribution of the relativistic and DBOC corrections is up to 9.31 cm -1 and -4.80 cm -1 in the 2v2( 1 A ) band while that due to the electronic correlations has a bigger impact on the radial vibrations (up to -4.66 cm -1 and -4.9 cm -1 in the v1( 1 A

) and v3( E ) bands) and becomes larger for combination bands (up to -5.92 cm -1 and -5.58 cm -1 in the v1+v4( E ) and v3+2v4( E ) bands). Given values are the differences in the band origins (in cm -1 units) when the corresponding correction is taken into account. For example, the "CCSDT" column means the difference in the band origins calculated at the [CCSD(T)- when scaling to the CCSDTQP level from CCSDT(Q)→CCSDTQ. On the other hand, if the electronic correlations of the quadruple order would have been calculated directly using the CCSDTQ method without their estimations by the perturbation theory [CCSDT(Q)] then the CCSDTQ→CCSDTQP scaling would have lowered the RMS by 0.2 cm -1 , which is considerable.

SUMMARY AND CONCLUSION

In this work, five new ab initio potential energy surfaces (PESs) for NH3 have been constructed and tested. To reach an accuracy of 1 cm -1 in the prediction of the band origins of NH3 located in the 0-7000 cm -1 region from the reliable CCSD(T) method, the relativistic, DBOC and high-order electronic correlation effects have been added. Despite all these corrections, the largest aug-cc-pCV6Z basis set was not enough to obtain a good agreement with the experimental data tabulated in the MARVEL database. This was partly demonstrated by the convergence test shown in Figure 1. Note that the results using the explicitly correlated CCSD(T)-F12b method with the CVQZ-F12 orbital basis set were close to those obtained from CCSD(T)/aug-cc-pCV6Z. This last statement will be valuable when developing the PESs of large polyatomic molecules, for which the use of the aug-cc-pCV6Z basis set is not feasible.

It was also shown that for a correct extrapolation to the complete basis set (CBS) limit, the energies calculated with the aug-cc-pCV6Z basis set have to be included through the extrapolation functional. This was confirmed by our CCSD(T)/CBS(TQ56Z) PESs from which the RMS deviation with the MARVEL levels is divided by 2 in comparison with the best available ab initio PES. The The CCSD(T)-F12a/CVQZ-F12 PES gave an inversion height of 1788.58 cm -1 which is about 2 cm -1 larger than that already published. This is mainly explained by more accurate calculation of the relativistic and DBOC corrections in this work. As to the electronic correlations, the quadruple excitations gave the largest contribution on both the inversion barrier height and band origins. The RMS deviation with the experimental band origins of 1 cm -1 can be already achieved after adding the electronic correlations of the perturbative quadruple level of the excitations [CCSDT(Q)]. We hope this work will be of great help for future ro-vibrational calculations and spectra analysis of NH3. The vibrational energy levels with their assignments can be found in Supplementary Information as well as the program code to compute potential energies from the constructed PESs.

Supporting Information

Supporting File I includes the following: Table S1 

Figure 1 .

 1 Figure 1. Height (in cm -1 ) of the inversion barrier for NH3 computed from the CCSD(T) and CCSD(T)-F12q (q=a, b) methods as a function of the cardinal number for the basis set (the effect of other contributions is given in Table4). The result for CCSD(T)-R12 was taken from ref 4. Note, here the "CBS" results come

a, b

 b Geometries and Einv were obtained: ain MOLPRO; bfrom the fitted PES. c Ref 4.

  grid and fit of the PES. The grid of the nuclear configurations was first generated by fixing e    and varying simultaneously the remaining five symmetry coordinates. The resulting grid was then prolonged to e       , where   took the following values: ±5, ±7, ±14, and ±22. Since the use of the sine function in Eq. (5) may be problematic at the two limit angles (  0° and  180°), the range of the 1D cut for the inversion angle was from -1 ) by step of o 1 . The final grid (called Grid_1) thus contains 40148

1 .

 1 Variational calculations. The Hamiltonian model was built using the Hougen-Bunker-Johns formalism[START_REF] Hougen | The vibration-rotation problem in triatomic molecules allowing for a large-amplitude bending vibration[END_REF] where the relation between the curvilinear bar{ρ} and effective coordinates ρ was explicitly established in ref 12. For this work, a hybrid model was implemented in our homemade computer code TENSOR which consists in Taylor-expanding the kinetic energy and potential parts in terms of normal mode coordinates associated with the ν1, ν3, and ν4 modes for each point of a numerical grid describing the nonrigid coordinate ρ.[START_REF] Viglaska | Derivation of ρ-dependent coordinate transformations for nonrigid molecules in the Hougen-Bunker-Johns formalism[END_REF] Here, a 11 th order Hamiltonian composed of 8648 D3h irreducible tensor operators was built on a grid of ρ ϵ [0.5, 2.7] rad by step of 0.02. In order to properly converge the vibrational energy levels (with errors < 0.01 cm -1 ) in the range of observed values, 6945, 5985 and 12915 basis functions have been used in the variational calculation for the symmetry blocks ( 1 A , 2 A ), ( 2 A , 1 A ) and ( E , E ), respectively. In this work, 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 (more details about the role of the masses with/without non-adiabatic contributions can be found in refs 34 and 35).

3. 2 .

 2 Comparison with experimental data. Investigation of the high-resolution spectra of NH3 has a long-standing history. Below, we give a non-exhaustive list of the main experimental studies. Since this molecule is of great interest in astrophysical observations, its inversion-rotation spectra within ground and excited vibrational states were the subject of many works (see e.g. refs 36-43, and references therein). Among the early results on the study of infrared spectra, let us cite the works by Urban et al.[START_REF] Urban | Coriolis and l-type interactions in the ν2, 2ν2, and ν4 states of 14 NH3[END_REF][START_REF] Urban | The ν2 band of 14 NH3: A calibration standard with better than 1×10 -4 cm -1 precision[END_REF][START_REF] Urban | High-J transitions in the ν2 bands of 14 NH3 and 15 NH3[END_REF] where the low-lying fundamental band v2 was studied using an effective vibration-inversion-rotation Hamiltonian. The hyperfine structure observed in the ground state and the v2 bands due to the nitrogen quadrupole splitting was then analyzed in refs 47-50. In addition, we can also mention some other studies where the transitions of the v2 band were measuredrefs 40, 51-57, and references therein; while refs 44, 58-61, and references therein were devoted to the overtone of the inversion mode as well as to the v4 band. The 3v2/v2+v4 system was studied in ref 62 while the interacting band system v1/v3/2v4 was recorded and analyzed in ref 63 together with the 4v2 band. A re-analysis of 2v2/v4 was made in ref 64 and by Pearson et al. 43 who also re-analyzed the 3v2/v2+v4 band system in ref 65. Some efforts were made in refs 42, 65-71, and references therein to assign hot band transitions. Previous works on v1/v3/2v4 can be found in the references cited in this paragraph.

  assigned new transitions of the v1+2v4 band with the help of an external cavity tunable diode laser spectrometer. The spectral region around v3+2v4 was analyzed in ref 81 by isotopic shift labeling while Sung et al.[START_REF] Sung | Extended line positions, intensities, empirical lower state energies and quantum assignments of NH3 from 6300 to 7000 cm -1[END_REF] conducted an analysis in the whole 6300-7000 cm -1 region. The line positions and intensities of all previously measured bands (v1+v3, 2v3, v1+2v4, v3+2v4, and 2v2+3v4) were reanalyzed from the room and low temperature Fourier spectra. According to ref 82, among the 4800 resolved features in the recorded spectra, only 1096 lines were assigned.

b

  The experimental values were taken from the MARVEL database; squared brackets denote the values with low spectroscopic accuracy (see details in ref 85).c The CCSD(T)/ACV6Z PES was obtained from the CCSD(T)/ACV5Z PES by the extrapolation of the CCSD(T)/[ACV6Z-ACV5Z] energy difference computed on a grid of the 2235 points (see details in Section 2.3).dThe CCSD(T)/CBS PESs were obtained by the extrapolation of the CCSD(T)/ACVXZ (X=Q, 5, and 6; X=T, Q, 5, and 6) energies to the complete basis set limit (see Section 2.1).The marked by bold-italic font band origins with the deviations bigger than 1.1 cm -1 for the CCSD(T)-F12a/CVQZ-F12 PES are related with only 1 or 2 experimental rovibrational levels (see details in ref 85).

  the ab initio PESs developed in this work allow decreasing the RMS error by a factor 2 compared to refs 4 and 5. The ab initio results from refs 2 and 3, which are based on the extrapolations of the CCSD(T)/ACVXZ (X = T, Q, 5) and CCSD(T)/AVXZ (X = T, Q, 5) energies respectively, are systematically bigger than the experimental values. According to our convergence test (see Figure 1), the NH3 energies computed with the ACV6Z orbital basis set size should be taken into account when extrapolating to CBS. It is confirmed by our CCSD(T)/CBS(TQ56Z) PES which is as accurate as the PES based on the explicitly correlated coupled cluster method. Although the multireference methods were used in ref 5, the ACV6Z basis set was also not considered. Finally, the band origins computed from the ab initio PES in ref 5 are in less good agreement with MARVEL than those given in ref 4 and they are systematically overestimated, like in refs 2 and 3.Concerning the importance of the multireference effects for NH3, we put FigureS1with the T1 and D1 diagnostic numbers in Supporting File I. The T1 and D1 diagnostic numbers computed and printed by the MOLPRO package are used to estimate the multireference behavior of the coupled cluster method. It is seen that for the nuclear geometries considered in this work for NH3, T1 and D1

2 and 28 .

 28 The decrease of 11 cm -1 obtained in ref 4 can be explained by the use of the Hartree-Fock method (see the end of Section 2.1 in ref 4).

F12a/

  CVQZ-F12+Relativistic+DBOC+CCSDT] and [CCSD(T)-F12a/CVQZ-F12+Relativistic+DBOC] levels of the theory We can see that the CCSDTQ and CCSDTQP contributions are very close in absolute values but with the opposite signs. The positive signs in the "CCSDTQ" column indicate that the CCSDT(Q) method overestimates the correlation energy from the determinants of the quadruple order of the excitation. For this reason, the RMS deviation with the MARVEL database is lowered by 0.05 cm-1 

  CCSD(T)/CBS(Q56Z) PES provides the result that lies between the CCSD(T)/ACV6Z and CCSD(T)/CBS(TQ56Z) PESs in terms of RMS. Another PES based on the explicitly correlated CCSD(T)-F12a/CVQZ-F12 method gave quite similar to the CCSD(T)/CBS(TQ56Z) PES results but was about 300 less demanding in terms of CPU time. Both these PESs can be recommended for future theoretical calculations. Note also that two previously published PESs of NH3 constructed by the extrapolation of the CCSD(T) energies calculated with the aug-cc-pVXZ and aug-cc-pCVXZ (X=3, 4, and 5) basis sets gave systematically bigger values of the band centers.

  FigureS1(The T1 and D1 diagnostic numbers in dependence on the energy). The C++ code for computing potential energies from the constructed PESs can be found in Supporting File II.

Table 1 . Equilibrium and saddle point geometries as well as height of the inversion barrier (Einv, in cm -1 ) using different methods and basis sets
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	Method/Basis	re (Angs.)	ρe (deg.)	αe (deg.)	rplanar (Angs.)	Einv
	CCSD(T)/ACVTZ a	1.013429	67.76788	106.57474	0.996436	1879.07
	CCSD(T)/ACVQZ a	1.011504	67.89177	106.71031	0.995047	1806.97
	CCSD(T)/ACV5Z a	1.010867	67.94277	106.76596	0.994563	1783.45
	CCSD(T)/ACV6Z b	1.010755	67.96003	106.78478	0.994484	1778.11
	CCSD(T)/CBS(TQ5Z) b	1.010555	67.97033	106.79600	0.994310	1772.34
	CCSD(T)/CBS(Q56Z) b	1.010667	67.96433	106.78946	0.994413	1775.32
	CCSD(T)/CBS(TQ56Z) b	1.010654	67.96949	106.79509	0.994403	1774.50
	CCSD(T)-F12a/CVQZ-F12 b	1.010705	67.98181	106.80851	0.994464	1774.18
	CCSD(T)-F12b/CVQZ-F12 b	1.010680	67.97524	106.80135	0.994422	1778.04
	CCSD(T)-R12 c	1.01069	67.974	106.80	0.99445	1774.0
	For extrapolations, the total energies (reference + correlation) were used with the functional (1) (see details in ref 22).

Table 2 . Differences between experimental and theoretical band origins of NH3 computed from the ab initio PESs including Relativistic, DBOC, CCSDT, CCSDTQ, and CCSDTQP corrections a
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	Band					Exp. b -Calc.	
	V1 V2 V3 V4 Γvib	Exp. b	CCSD(T)/ ACV6Z c	CCSD(T)-F12b/ CVQZ-F12	CCSD(T)/ CBS(Q56Z) d	CCSD(T)/ CBS(TQ56Z) d	CCSD(T)-F12a/ CVQZ-F12
	0 0 0 0	2 A 0.7934030(10)	0.016	0.009	0.010	0.007	0.001
	0 1 0 0	1 A	[932.4]	-1.184	-0.663	-0.693	-0.509	0.202
	0 1 0 0	2 A 968.121930(28) -0.567	-0.182	-0.328	-0.204	0.397
	0 2 0 0	1 A	[1597.5]	-2.482	-2.276	-1.356	-1.047	-0.424
	0 0 0 1 E 1626.27472(29) 0.181	-0.518	-0.001	-0.056	0.092
	0 0 0 1 E 1627.37238(20) 0.203	-0.506	0.012	-0.044	0.094
	0 2 0 0	2 A 1882.177445(30) -0.561	-0.524	-0.301	-0.162	0.399
	0 3 0 0	1 A	[2384.2]	-0.421	-0.767	-0.223	-0.063	0.326
	0 1 0 1 E 2540.5243(27) -1.150	-1.221	-0.812	-0.715	0.283
	0 1 0 1 E 2586.12855(50) -0.426	-0.677	-0.388	-0.350	0.480
	0 3 0 0	2 A 2895.52192(42) 0.387	-0.088	0.172	0.309	0.754
	0 2 0 E	[3189.4]	-2.346	-2.708	-1.561	-1.334	-0.384
	0 0 0 2	1 A	[3215.9]	0.281	-0.939	-0.098	-0.171	0.109
	0 0 0 2	2 A 3217.57919(50) 0.356	-0.874	-0.033	-0.107	0.161
	0 0 0 2 E 3240.16297(53) 0.370	-0.978	0.015	-0.089	0.189
	0 0 0 2 E 3241.59828(65) 0.402	-0.960	0.034	-0.072	0.193
	1 0 0 0	1 A	[3336.1]	0.510	-0.471	0.002	0.183	-0.191
	1 0 0 0	2 A 3337.09694(53) 0.528	-0.451	0.021	0.198	-0.177
	0 0 1 0 E 3443.62788(54) 0.577	-0.485	0.023	0.184	-0.471
	0 0 1 0 E 3443.98765(53) 0.585	-0.482	0.028	0.187	-0.471
	0 4 0 0	1 A	[3462.4]	0.909	0.266	0.184	0.560	1.064
	0 2 0 1 E	[3502.6]	-0.336	-0.902	-0.360	-0.279	0.529
	0 4 0 0	2 A	[4061.6]	1.517	0.786	0.319	0.881	1.557
	0 1 0 2	1 A	[4115.9]	-0.941	-1.510	-0.825	-0.742	0.559
	0 1 0 2 E	[4135.8]	-1.243	-1.874	-1.100	-1.035	0.248
	0 1 0 2	2 A	[4173.1]	-0.250	-1.017	-0.449	-0.444	0.613
	0 1 0 2 E	[4192.9]	-0.423	-1.279	-0.599	-0.618	0.422
	1 1 0 0	1 A	[4294.5]	-0.336	-0.681	-0.545	-0.056	0.301
	1 1 0 0	2 A 4320.030806(90) 0.088	-0.364	-0.271	0.149	0.439
	0 1 1 0 E 4416.915053(90) -0.302	-0.768	-0.571	-0.194	-0.015
	0 1 1 0 E 4435.446476(90) 0.040	-0.521	-0.363	-0.028	0.072
	0 2 0 2 E	[4773.8]	-2.277	-3.208	-2.040	-1.679	-0.442
	0 0 0 3 E	[4799.2]	0.739	-1.023	0.182	0.078	0.530
	0 0 0 3 E	[4801.4]	0.921	-0.862	0.344	0.234	0.666
	0 0 0 3	1 A	[4841.6]	0.462	-1.492	-0.076	-0.214	0.193
	1 0 0 1 E 4955.75609(50) 0.705	-0.996	-0.010	0.138	-0.095
	1 0 0 1 E	[4956.9]	0.709	-0.994	-0.002	0.137	-0.101
	1 2 0 0	1 A	[5000.2]	-2.016	-2.474	-1.580	-0.826	-0.366
	0 0 1 1	2 A	[5052.0]	0.710	-1.071	-0.049	0.093	-0.405
	0 0 1 1	1 A	[5052.7]	0.808	-0.944	0.045	0.195	-0.320
	0 0 1 1 E	[5052.6]	0.706	-1.082	-0.056	0.083	-0.447
	0 0 1 1 E	[5053.2]	0.716	-1.044	-0.052	0.095	-0.453

Table 3 . Comparison of calculated band origins of NH3 using different ab initio PESs with experiment.

 3 The experimental values were taken from the MARVEL database; squared brackets denote the values with low spectroscopic accuracy (see details in ref 85). I -Rajamӓki et al.[START_REF] Rajamäki | High excitations in coupled-cluster series: vibrational energy levels of ammonia[END_REF] ; II -Yurchenko et al.[START_REF] Yurchenko | Potential-energy surface for the electronic ground state of NH3 up to 20000 cm -1 above equilibrium[END_REF] ; III -Huang et al.[START_REF] Huang | An accurate global potential energy surface, dipole moment surface, and rovibrational frequencies for NH3[END_REF] ; IV -Marquardt et al.[START_REF] Marquardt | Global Analytical Potential Energy Surface for the Electronic Ground State of NH3 from High Level ab Initio Calculations[END_REF] ; V -Polyansky et al.[START_REF] Polyansky | Calculation of rotation-vibration energy levels of the ammonia molecule based on an ab initio potential energy surface[END_REF] 

	Band						Exp. -Calc.
	V1 V2 V3 V4 Γvib	Exp. a	I	II	III	IV	V	CCSD(T)/	CCSD(T)-F12a/
									CBS(TQ56Z)	CVQZ-F12
	0 0 0 0	2 A 0.7934030(10) 0.00 0.00 -0.02 0.04 0.01	0.01	0.00
	0 1 0 0	1 A	[932.4]	0.39 -1.85 -0.48 0.13 -0.64	-0.51	0.20
	0 1 0 0	2 A 968.121930(28) 0.49 -1.61 -1.11 1.90 -0.38	-0.20	0.40
	0 2 0 0	1 A	[1597.5]	0.22 -3.81 0.48 -3.96 -1.12	-1.05	-0.42
	0 0 0 1 E 1626.27472(29) 0.65 -2.57 -2.05 -2.18 0.09	-0.06	0.09
	0 0 0 1 E 1627.37238(20) 0.67 -2.58 -2.07 -1.96 0.11	-0.04	0.09
	0 2 0 0	2 A 1882.177445(30) 0.21 -3.33 -2.06 3.19 -0.44	-0.16	0.40
	0 3 0 0	1 A	[2384.2]	0.01 -4.35 -2.58 3.17 -0.41	-0.06	0.33
	0 1 0 1 E 2540.5243(27) 1.31 -4.25 -1.89 -19.94 -1.13	-0.72	0.28
	0 1 0 1 E 2586.12855(50) 1.45 -4.08 -2.74 -13.35 -0.62	-0.35	0.48
	0 3 0 0	2 A 2895.52192(42) 0.00 -4.97 -4.07 6.71 -0.21	0.31	0.75
	0 0 0 2	1 A	[3215.9]	0.92 -5.25 -3.24 -4.97 -0.14	-0.17	0.11
	0 0 0 2	2 A 3217.57919(50) -0.75 -5.19 -3.23 -4.51 -0.07	-0.11	0.16
	0 0 0 2 E 3240.16297(53) 0.87 -5.25 -3.68 -6.71		-0.09	0.19
	0 0 0 2 E 3241.59828(65) 1.40 -5.28 -3.70 -7.13 -0.17	-0.07	0.19
	1 0 0 0	1 A	[3336.1]	-0.02 -6.14 -0.98 1.37 -1.52	0.18	-0.19
	1 0 0 0	2 A 3337.09694(53) -0.09 -6.12 -0.98 1.49 -1.50	0.20	-0.18
	0 0 1 0 E 3443.62788(54) -1.65 -5.72 -0.06 -2.22 -0.50	0.18	-0.47
	0 0 1 0 E 3443.98765(53) -1.55 -5.72 -0.06 -2.00 -0.50	0.19	-0.47
	0 4 0 0	1 A	[3462.4]	-0.18 -5.93 -5.21 9.32 -0.12	0.56	1.06
	0 1 0 2	1 A	[4115.9]	1.69 -7.11 -2.76 -18.51 -1.62	-0.74	0.56
	0 1 0 2 E	[4135.8]	1.53 -7.20 -3.24 -31.76 -2.05	-1.03	0.25
	0 1 0 2	2 A	[4173.1]	1.05 -6.96 -3.96 -11.30 -0.99	-0.44	0.61
	0 1 0 2 E	[4192.9]	1.52 -7.14 -4.30 -21.41 -1.28	-0.62	0.42
	1 1 0 0	1 A	[4294.5]	0.24 -7.96 -1.23 20.43 -2.16	-0.06	0.30
	1 1 0 0	2 A 4320.030806(90) 0.29 -7.91 -1.81 17.16 -1.99	0.15	0.44
	0 1 1 0 E 4416.915053(90) -1.22 -7.49 -0.80 7.94 -0.92	-0.19	-0.01
	0 1 1 0 E 4435.446476(90) -1.20 -7.48 -1.20 7.54 -0.82	-0.03	0.07
	1 0 0 1 E 4955.75609(50) 0.41 -9.27 -2.90 6.17 -1.45	0.14	-0.10
	1 0 0 1 E	[4956.9]	0.82 -9.34 1.14 6.38 -1.44	0.14	-0.10
	0 0 1 2 E 6677.43169(50) -0.54 -1.03 -2.22 -4.71 -1.11	-0.06	-0.86
	Total RMS		0.938 5.744 2.538 11.042 1.048	0.401	0.412

a

Table 4 . Effect of the relativistic and DBOC corrections as well as high-order electronic correlations on the equilibrium and saddle point geometries and on the height of the inversion barrier (Einv in cm -1 ) for NH3
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	Ab initio level	re (Angs.)	ρe (deg.)	αe (deg.)	rplanar (Angs.)	Einv
	CCSD(T)-F12a 1.010705	67.98181	106.80851	0.994464	1774.18, 1774.0 a
	+Relativistic	1.010722	67.92817	106.75003	0.994346	1793.57 (+19.39), 1792.1 a
	+DBOC	1.010750	67.95004	106.77389	0.994416	1783.56 (-10.01), 1781.1 a
	+CCSDT	1.010767	67.94875	106.77248	0.994426	1784.96 (+1.40), 1782.7 a
	+CCSDT(Q)	1.010981	67.92761	106.74942	0.994581	1788.02 (+3.06)
	+CCSDTQ	1.010969	67.92791	106.74975	0.994571	1788.18 (+0.16), 1785.7 a
	+CCSDTQP	1.010990	67.92572	106.74736	0.994584	1788.58 (+0.40), 1786.7 a
	a Rajamӓki et al. 4					

Table 5 . Contributions of the corrections beyond the CCSD(T)-F12a/CVQZ-F12 level to the band origins of NH3
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	Band V1 V2 V3 V4 Γvib	Relativistic	DBOC	CCSDT	CCSDT(Q)	CCSDTQ	CCSDTQP
	0 0 0 0	2 A	-0.05	0.02	0.00	-0.02	0.00	0.00
	0 1 0 0	1 A	4.68	-2.43	0.51	0.35	0.06	0.09
	0 1 0 0	2 A	2.90	-1.63	0.41	-0.25	0.07	0.02
	0 2 0 0	1 A	9.31	-4.80	0.91	1.02	0.08	0.21
	0 0 0 1 E	0.55	-0.27	0.25	-1.42	0.11	-0.10
	0 0 0 1 E	0.48	-0.24	0.25	-1.44	0.12	-0.10
	0 2 0 0	2 A	3.72	-2.32	0.67	-1.09	0.15	-0.04
	0 3 0 0	1 A	3.81	-2.53	0.79	-1.67	0.20	-0.09
	0 1 0 1 E	5.62	-2.85	0.79	-0.91	0.16	0.01
	0 1 0 1 E	3.42	-1.87	0.66	-1.67	0.18	-0.08
	0 3 0 0	2 A	1.79	-1.75	0.81	-2.94	0.27	-0.22
	0 0 0 2	1 A	0.79	-0.47	0.39	-2.86	0.23	-0.22
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