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Analytical representation for the ozone electronic ground state potential function in the spectroscopically accessible range and extended vibration predictions

In this work, we give improved vibration band centres predictions for ozone isotopic species including the heterogeneous isotopologues 16 O 3 , 18 O 3 , and the mixed 16/18 substitutions 16 O 16 O 18 O, 16 O 18 O 16 O, 16 O 18 O 18 O, 18 O 16 O 18 O in the range approaching the dissociation limit. These calculations are performed from the new ozone electronic ground state ozone potential energy surface (PES) of the ozone molecule which is built in two steps. First, ab initio electronic energies were computed following the icMRCI-AVXZ ansatz as described by Holka, Szalay, Muller and Tyuterev, J. Phys. Chem. A 2010, 114, 9927-9935, but with for much dense 3D grid and for extended range of nuclear configurations. These points were fitted with our new analytical model. At the second step lower order PES parameters were empirically optimized in the vicinity of the equilibrium configuration using experimental vibration band centres of ∆V ≤ 5 bands of 16 O 3 . The predictions with this PES show better accuracy for band centres at higher energies. The improvement appears to be particularly important for the heterogeneous isotopic species. The major aim of this work is providing preliminary information for analyses of ozone isotopic vibration-rotation spectra at high wavenumber range which are currently in progress.

Introduction

The accurate determination of the ozone potential energy surfaces (PES) is a prerequisite for spectra analyses at high energy range as well as for theoretical calculations of complex kinetics of formation, dissociation, and recombination of the ozone molecule [1]. Considerable effort has been devoted to the determination of the X 1 A 1 ground electronic state PES by ab initio calculations [2][3][4][5][6][7][8][9][10][11][12][13] or by a fit to experimental rovibrational data [14][15][16].

Global 3D ab initio ozone surfaces adapted to dynamical calculations have been constructed by Yamashita et al. [6] and by Siebert, Schinke, and Bittererova (SSB PES), [7,8] the latter being actually the most accurate ab initio one built with the internally contracted (ic) multireference configuration interaction method with Davidson correction (icMR-CISD+QD) using cc-pVQZ basis. Babikov et al. [11] and Grebenshchikov et al. [12] used these calculations to study the metastable states and the van der Waals states, respectively. Related dynamical studies have been summarized by Schinke et al in Ref. [1]. Excited electronic ozone states have been considered in [17][18][19][20][21][START_REF] Ndengue | Spectroscopy and dynamics of ozone and related atmospheric species[END_REF].

The state of art in ab initio studies of the electronic ground state of ozone has been recently reviewed by Holka, Szalay, Muller and Tyuterev [START_REF] Holka | [END_REF], who have also given a detailed investigation of various basis and relativistic corrections as well as the extrapolation to the complete basis set limit using in 1D and 2D PES cuts for icMR-CISD and icMR-AQCC methods near the transition state towards the dissociation. An effect of a simultaneous including of 13 singlet electronic states in the CASSCF calculations for a relevant 1D PES cut has been considered by Dawes et al [24] with an implication for ozone kinetics.

Recent analyses of high resolution spectra [25][26][27][28][29][30][31][32] mostly relied on empirical potentials. Up to date, the most accurate empirical PES for the spectroscopic calculations near the open ozone configuration have been determined by Tyuterev, Tashkun et al et al. [14,15] from the fit of FTS experimental vibration-rotation data of 16 O 3 below 5800 cm -1 . This PES has been used, for a theoretical interpretation of rates of formation of ozone isotopologues [33], for the assignment of CW-CRDS spectra of 16 O 3 and 18 O 3 [25][26][27][28][29][30][31][32] and for the extrapolation towards highly excited vibrational states [34]. [25][26][27][28][29][30][31][32]34] using our previously determined empirical ozone PES [14][15][16].

Theoretical calculations for spectroscopic applications and the vibrational assignment of the upper states have been done by two complementary independent methods. One uses variational calculations in internal bond length-bond angle coordinates following Ref. [14][15][16], the second one employed the method of high order Contact Transformations (CT) in normal coordinates [35,36] providing full normal mode assignments for all bands. The band center predictions using this PES have been found accurate within 1 cm -1 both for 16 O 3 and 18 O 3 [25][26][27][28][29][30] up to 7000 cm -1 , but appeared less reliable at higher energy range and in the case of heterogeneous isotopic substitutions as explained in [14].

Another empirical PES has been obtained [16] through a simultaneous least squares fit to experimental vibration-rotation energy levels of six ozone isotopic species. This PES was the most precise one for rotational calculations as well as for vibrations at low energies resulting in a root mean-square (rms) deviation of 0.02 cm-1 for E/hc < 3800 cm-1, and 0.12 cm-1 for E/hc < 4500 cm-1 above the zero-order energy (ZPE) for isotopic data available at that time. Note as an example a recent work [37] where the CT calculation from this PES [16] have allowed building a full Effective Hamiltonian model for the (220)/(121)/(022) triad in the 3000 cm-1 range with very accurate prediction of the entire set of rotational, centrifugal distortion and resonance interaction parameters.

The state of art of spectroscopic applications of global predictions from the electronic ground state ozone PES is schematically represented in Fig 1 . As shown in the series of ozone spectra analyses by Barbe et al [25][26][27][28][29][30][31][32], accurate predictions of band centers and rotational constants, in particular for dark perturbing states, are of crucial importance for identifying resonance interactions and for an appropriate set up of the effective Hamiltonian model. A further improvement of the shape of the energy surface is clearly necessary at higher energy range near the dissociation.

Extended ab initio calculations

The key advantage of the SSB global PES [7,8] is that this surface covers the entire range of nuclear configurations by using the spline interpolation. This also provided correct values of vibration energies, at least for low and medium vibration excitations. For this reason the SSB PES or somewhat modified versions of this PES have been used for the most of studies of ozone dynamics. However these calculations underestimated the GS dissociation limit by about 900 cm -1 because of insufficiently large basis set AVQZ with the icMRCI method: larger 3D calculations on the entire grid required for a smooth spline interpolation were at the time of SSB publication too expensive.

In this work we extended icMR-CISD electronic structure calculations with larger complete active space as descried by Holka, Szalay, Muller and Tyuterev [START_REF] Holka | [END_REF]. More specifically we computed 3D surfaces with aug-cc-pVXZ(fc) basis sets ( abbreviated as AVXZ ) , were (fc) invokes the frozen-core approximation with X=Q,5, and 6. Extrapolation Q-5 and 5-6 to the complete basis set (CBS) limit were performed. In addition we have also completed all electron calculations with the ACVQZ basis set for the 3D surface at the main C 2V well. Relativistic corrections and size-consistency Davidson and Pople corrections approximately accounting for higher excitations were also explored. This part of the study will be presented in more detail elsewhere [38].

A comparison of the density of the grid points for nuclear configurations of this study around the main C 2V equilibrium and along the transition state to the dissociation is shown in Figure 2. MRCI_AV5z < 11000 cm -1 SSB < 5000 cm -1 MRCI_AV5z < 5000 cm -1 Siebert, Schinke, Bittererova (SSB) [7,8 ] with our recent calculations which are essentially focused on the main potential well and on the way towards the dissociation transition state. The ab initio ansatz corresponds to that of Table I of Holka et al [START_REF] Holka | [END_REF].

Extended

Extended ab ab initio initio calculations calculations

Our new 2000 points Siebert et al (AVQZ) Figure 2. Comparison of the density of nuclear configuration for ab initio electronic ground state energies of the ozone molecule in the previous global PES by

Analytical representation of the PES

A 3D spline PES interpolation has well-known advantages and limitations. An obvious advantage is a possibility of representing complicated shapes of global surfaces. However a reliable 3D spine interpolation requires filling the entire nuclear configuration space by a grid of ab initio points even in the ranges which are of no use for spectroscopy or for dynamics. Also this method is very sensitive to outliers due to possible poorly converged points. A physically justified analytical PES representation should be in a sense more robust. This also allows a more flexible choice of the grid by increasing the density of points in the ranges important for spectroscopy applications as shown in Figure 2.

However an investigation of ab initio energies suggested that a standard (morse) × (cosine) analytical parameterization (which was used for most of previous empirical PESs ) was not flexible enough for describing a complicated shape of the PES at large internuclear distances. Numerical tests have shown that no other analytical PES representations available in the literature would be suitable to describe complicated features of the ozone transition states.

In this work we limit our analytical PES representation by the range which is essential for spectroscopy applications: in the vicinity of the main open equilibrium configuration and along the minimum energy path towards the dissociation. As was argued in [14], in order to relate the global potential surface with such an effective potential function , it is convenient to divide the entire vibrational coordinate space r 1 , r 2 , r 3 into three sectors:

(s1): r 2 < r 1 ; r 3 < r 1 (s2): r 1 < r 2 ; r 3 < r 2 (s3): r 1 < r 3 ; r 2 < r 3 The sectors (s1), (s2), and (s3) each have an open structure minimum and all three minima are equivalent. It is clear that it is sufficient to know the potential function within only one of the sectors. An extension to the other sectors can be made by symmetry operations permuting the central nucleus to an "end" position. In the present work, we assume that the potential energy barriers between different C 2v minima, and between each C 2v minimum and the possible metastable ring structure minimum with r 1 = r 2 = r 3 , are sufficiently high to be insuperable on the time scale of the experiments with which we are concerned. This assumption is supported by the fact that all available experimental data can be interpreted in terms of asymmetric top effective Hamiltonians which is consistent with one C 2v structure for the molecule.

Our analytical representation can be schematically written as follows:

Contrary to a usual expansion form (as that of Partridge and Schwenke [39] which was well adapted for H 2 O ) , our modified curvilinear Morse-type functions follow the minimum energy path (Figure 3) and account for the shrinking of the bond length ( d mep ) of the O 2 diatomic fragment on the way to the dissociation:

Here r 0 is the O 3 equilibrium band length. P n ( r 1 ,r 2 , θ ) is a correction polynomial and G ( r 1 ,r 2 , θ ) is a damping factor:
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For our ab initio PES at icMRCI-AV5Z level of calculations with Pople and relativistic corrections we have obtained r 0 = 2.409547 borh and θ 0 = 116.7772 °.

Figure 3. The 2D representation of the minimum energy path (MEP) to the ozone dissociation in the electronic ground state with our PES. The apex angle if fixed to 117 ° (near equilibrium value). The bond lengths R1 and R2 are given in bohr.

Note ones again that this form represents a shape of the PES in one of the sectors (s i ) and neglects the ring structure well which is much higher in energy and is not thus accessible in usual experimental conditions.

Variational and DVR calculations

There exist various implementations of global methods of calculations in molecular spectroscopy. A common feature is a numerical solution of the quantum mechanical eigenvalue problem for the Hamiltonian depending on 3N -3 suitably chosen rovibraTonal coordinates. A variational approach (see [39][40][41][42][43][44][14][15][16] and references therein) with basis optimization and matix truncation-compression technique is usually applied. A discrete variable representation (DVR) [START_REF] Tennyson | Methods in Computational Chemistry[END_REF][START_REF] Choi | [END_REF][47][48] and filter-digitalization [49] techniques aimed at improvement of a basis convergence for high-energy range are also widely used. Global methods offer complementary possibilities as compared to traditional band-by-band or polyad-by-polyad effective Hamiltonian models. A comparison of specific advantages and problems of these two approaches in molecular spectroscopy have been recently discussed in [50].

In order to compute vibration-rotation energies from the exact kinetic energy (EKE) Hamiltonian, we use the methods and computer codes in the same way as described in our previous papers on global calculations for the ozone molecule ( see [14][15][16] for more details). In order to confirm the results by two independent EKE-methods, we have performed calculations both with the DVR and variational methods which we were able to converge to nearly to the same values at least up to 7500 cm -1 .

Empirical optimisation at low energies

Pure ab initio PESs computed with various ansatze outlined above in section 2 give quite closed results for lower vibrational levels in a reasonable agreement with experimental data. An example of the effect of basis corrections and of CBS limit on the main expansion coefficients in a polynomial approximation is given in Table 1. The results of the pure ab initio calculations will be reported elsewhere [38] Here we just mention that in general, for all icMRCI-AVXZ calculations the bending levels are somewhat underestimated (as already discussed in [START_REF] Holka | [END_REF]) whereas stretching levels tend to overestimate experimental values when the cardinal number X increases. The main purpose of this work was to build an optimized PES for spectroscopic applications at high energy range. To this end we adjusted lower order polynomial parameters in the correction terms (second term in our PES representation) which are responsible for the PES fine tuning near the equilibrium configuration. Only 19 parameters for n < 4 terms were fitted to experimental vibration band centres of ∆V ≤ 5 bands of 16 O 3 which were very well defined from FTS ozone spectra [START_REF] Babikov | Spectroscopy and molecular properties of ozone[END_REF]. This represents only 11% of the total number (168) of PES parameters. All "frame" terms (first term in our PES representation) which are responsible for the surface behaviour at large internuclear distances were kept fixed to the values determined from ab initio points at the first step of calculations.

Vib levels of 16 O 3 [E v / cm -1 ]: calculation from ab initio PES optimised with observed FTS data using V ≤ ≤ ≤ ≤ 5

Included in the PES fit: RMS ~0.15 cm -1

Our predictions: RMS < 1 cm -1

Obs CRDS (Grenoble) : all bands < 7900 cm -1 ( preliminary assignments by Barbe et al, 2012) Figure 4. A scheme of empirical optimisation adopted for our PES

For the empirical optimisation we used the same technique of flexible constraints as described in [14][15]. The results of the fit are schematically represented in Figure 4. The stretch-stretch cuts of our empirically optimized PES for various bond-bond angles is given in Figures 5a-5c. The dissociation limit of this PES (D 0 = 1.096 eV) is somewhat overestimated. At the current state this PES shows physically meaningful shape up to 10000-12000 cm -1 which is the most important range for spectra analyses. This means the range of internuclear distances covered by wave functions of quantum states which could be actually accessible by spectroscopic high-resolution experiments: in segments {1.9 bohr < r 1 < 3 bohr with 1.9 bohr < r 2 < 20 bohr } or symmetrically {1.9 bohr < r 2 < 3 bohr with 1.9 bohr < r 1 < 20 bohr }. The apex angle variations is expected to be reliably described in the range 90° < θ < 135° in the main potential well.

Figures 5a-5c:

The stretch-stretch cuts of our empirically optimized PES for the bondbond angles 100°, 117° and 130°. Horizontal axes: r 1 and r 2 /bohr; vertical axis: PES /cm -1 This PES does not yet have a perfect shape in the entire range of nuclear configurations: in particular it shows some artefacts on the r 1 /r 2 bisector cut (though for energies more than twice higher than the dissociation threshold) and for very low apex angles. We hope to be able improving this behaviour for dynamical applications at the next update and thus consider the results as preliminary ones. However these features should not have a considerable impact on vibrational predictions which are useful for current analyses of vibration-rotation spectra.

Vibration band centres predictions.

It is well known [START_REF] Flaud | [END_REF] that for A-type vibration states of C 2V ozone species containing 16 O and 18 O isotopes the J=0 rovibration levels are not allowed by nuclear spin statistics. However in experimental spectra analyses a band centre is traditionally defined as J → 0 limit of rovibrational upper state levels. This limit could be experimentally determined from spectra by following transition series in P, Q or R branches in a sufficiently large range of J, Ka values. For this reason it is instructive to calculate theoretical values for the band centres. The values for the centres of bands (N'=0, A) → (N,Γ) computed with exact kinetic energy operator and the DVR method using our new empirically optimized PES are given in the Appendices A-D. Here N' and N are global vibration ranking numbers for the low and upper states, Γ is a vibration symmetry type of the upper vibrations state and (N'=0, A) stands for the ground vibration state: A=A 1 for C 2V species and A=A' for C s species. Atomic masses are used in the calculations.

Note that these are yet preliminary results that aim at helping current experimental spectra analyses in high energy range for various ozone isotopic species.

Further improvement of our PES at large internuclear distances is in progress. 

Figure 1 .

 1 Figure 1. Schematic presentation of the state of art in spectroscopic studies[25][26][27][28][29][30][31][32]34] using our previously determined empirical ozone PES[14][15][16].

Table 1 :

 1 . Effect of basis corrections and of CBS limit on the main expansion coefficients in a polynomial approximation in the vicinity of the main well if only P

	Parameter	AVQZ	AV5Z	AV6Z	AVX5_CBS	ACVQZ
	C 002	0.3321E+05	0.3332E+05	0.3340E+05	0.3344E+05	0.3360E+05
	C 101	-0.3271E+05	-0.3291E+05	-0.3307E+05	-0.3313E+05	-0.3331E+05
	C 110	0.6237E+05	0.6236E+05	0.6234E+05	0.6236E+05	0.6189E+05
	C 200	0.2460E+06	0.2480E+06	0.2489E+06	0.2501E+06	0.2491E+06

n ( r 1 ,r 2 , θ ) is used for the PES fit withour damping factor and without the Morse terms. All versions account for Pople and relativistic corrections.
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