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Time-dependent Wavepacket Study on trans-cis Isomerization of HONO with an external field

The present paper is devoted to a full quantum mechanical study of the cis→ trans isomerization of HONO, similar as in our previous publication (Richter et al. [J .Chem. Phys. 120, 6072 (2004)]).

However, the dynamics is now performed in presence of an external time-dependent field in order to be closer to experimental conditions. We show that there is a selective IVR-pathway. Ab initio calculations on a six-dimensional dipole moment function are performed. Using the previoulsy developed PES (Richter et al. [J .Chem. Phys. 120, 1306 (2004)]), all eigenstates up to 4000 cm -1 are calculated. We simulate the dynamics during and after excitation by a pulse whose parameters are chosen to efficiently trigger the isomerization.

I. INTRODUCTION

Nitrous acid (HONO) is one of the smallest molecules, which exhibits a cis-trans conformational equilibrium and the corresponding isomerization presents a strong mode selectivity. Consequently, this molecule constitutes an ideal prototype for theoreticians to investigate the selective intramolecular vibrational-energy redistribution (IVR) leading to a chemical process. Furthemore, since HONO plays an important role in atmospheric chemistry, it has spurred numerous experimental and theoretical works [START_REF] Mcdonald | The infrared laser photoisomerization of HONO in solid N 2 and Ar[END_REF][START_REF] Shirk | Isomerization of HONO in solid nitrogen by selective vibrational excitation[END_REF][START_REF] Khriatchev | HONO in solid Kr: Site-selective transcis isomerization with narrow-band infrared radiation[END_REF][4][START_REF] Guilmot | The rovibrational spectrum of trans-HNO 2[END_REF][START_REF] Guilmot | The rovibrational spectrum of cis-HNO 2[END_REF][START_REF] Schanz | A femtosecond study of the infrared-driven cis-trans isomerization of nitrous acid (hono)[END_REF][START_REF] Botan | The infrared-driven cis-trans isomerization of hono. ii: Vibrational relaxation and slow isomerization channel[END_REF].

Simulations of the IVR in polyatomic systems are very important since the IVR process can have a decisive influence on the reactivity of the molecular system [9][10][11][START_REF] Wyatt | Quantum dynamics of overtone relaxation in benzene. I. 5 and 9 modes models for relaxation from CH(ν = 3)[END_REF][START_REF] Wyatt | Quantum dynamics of overtone relaxation in benzene. II. 16 mode models for relaxation from CH(ν = 3)[END_REF][14][START_REF] Wyatt | Quantum dynamics of overtone relaxation in benzene. V. CH(ν = 3) dynamics computed with a new ab initio force field[END_REF][16][START_REF] Iung | Time-dependent quantum mechanical studyy of intramolecular vibrational energy redistribution in benzene[END_REF][18][START_REF] Maynard | A quantum dynamical study of CH overtones in fluoroform. II. Eigenstate analysis of the v(CH) = 1 and v(CH) = 2 regions[END_REF][START_REF] Minehardt | Quasiclassical dynamics of benzene overtone relaxation on an ab initio force field. I. Energy flow and survival probabilities in planar benzene for CH(v = 2,3)[END_REF]. Much theoretical effort must therefore be directed toward modelling these systems and to further develop general methods of molecular dynamics which, coupled with quantum chemistry calculations, could predict the vibrational states leading to a desired reaction path. In our previous papers [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF][START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF], time-dependent computations were performed for the cis-trans and trans-cis isomerizations of HONO. Our calculations confirmed the general trends proposed by classical and quasiclassical trajectory calculations [START_REF] Guan | Intramolecular energy transfer and cistrans isomerization in HONO[END_REF][START_REF] Guan | Mode specificity and the influence of rotation in cis-trans isomerization and dissociation in HONO[END_REF][START_REF] Qin | Classical dynamics study of HONO using constrained trajectories[END_REF][START_REF] Qin | Semiclassical treatment of tunneling effects in HONO cistrans isomerization[END_REF][START_REF] Agrawal | Theoretical studies of the effects of matrix composition, lattice temperature, and isotopic substitution on isomerization reactions of matrix-isolated HONO/Ar[END_REF][START_REF] Guo | A theoretical study of cistrans isomerization in hono using an empirical valence bond potential[END_REF], i.e. the fact that the cis-trans process proceeds much faster than the opposite direction. Moreover, we have shown that there are very large differences between the energy redistributions after different excitations stressing the strong mode selectivity of HONO.

These works can be seen as a part of our studies on IVR in relatively large systems such as a 9 dimensional model of Toluene, [START_REF] Gatti | Intramolecular vibrational energy redistribution in Toluene: A nine dimensional quantum mechanical study using the MCTDH algorithm[END_REF] Fluoroform [START_REF] Iung | Intramolecular vibrational energy redistribution in the highly excited Fluoroform molecule: A quantum mechanical study using the MCTDH algorithm[END_REF], HFCO [START_REF] Pasin | Theoretical investigation of Intramolecular Vibrational Energy Redistribution in highly excited HFCO[END_REF], DFCO [32], and H 2 CS [START_REF] Meyer | Calculation and selective population of vibrational levels with the Multiconfiguration Time-Dependent Hartree (MCTDH) algorithm[END_REF] in their full dimensionality. These investigations aim at developing a systematic study of the IVR for numerous systems and could offer a precious tool for a synergy between experimentalists and theoreticians in this field. Except for H 2 CS, the initial excitations were chosen to be excitations of local modes. These preliminary studies were very helpful to highlight the IVR selectivity and the qualitative features of the processes. However, the somewhat artificial excitations of local modes can be very different from excitations which are obtained by irradiation with laser light, the standard way to experimentally excite molecules. In order to truly simulate the dynamics during the interaction with laser pulses, as in the experimental femtochemistry, the next step is then to explicitly implement the dipole moment surfaces and the external fields in the quantum mechanical simulations. We have already started such a simulation for the H 2 CS molecule [START_REF] Meyer | Calculation and selective population of vibrational levels with the Multiconfiguration Time-Dependent Hartree (MCTDH) algorithm[END_REF]. This paper aims at going further in this direction and, in particular, at deepening our previous studies on the cis-trans isomerization of HONO.

For this, we have calculated an accurate dipole moment function. The dynamics can then be performed, as in our previous articles, by means of the multiconfiguration time-dependent Hatree method [START_REF] Meyer | The multi-configurational time-dependent Hartree approach[END_REF][START_REF] Manthe | Wave-packet dynamics within the multiconfiguration Hartree framework: General aspects and application to NOCl[END_REF][START_REF] Beck | The multiconfiguration time-dependent Hartree method: A highly efficient algorithm for propagating wavepackets[END_REF][START_REF] Meyer | Quantum molecular dynamics: Propagating wavepackets and density operators using the multiconfiguration time-dependent Hartree (MCTDH) method[END_REF] along with the six-dimensional potential energy surface (PES) calculated in Ref. [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF] and the exact kinetic energy operator in polyspherical coordinates provided in Ref. [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF]. It is then possible to find efficient pathways leading to the isomerization and tailored femtosecond laser pulses which can trigger this reaction. The outline of this study is as follows. In Section II, we explain the theoretical model which constitutes the framework of our simulations and bring out a selective pathway leading to the isomerization. Section III is devoted to the presentation of the new six-dimensional dipole moment function. After a brief presentation of MCTDH in section IV, the vibrational levels up to 4000 cm -1 and the corresponding transition moments are given in section V. Finally, section VI displays the dynamics with the chosen parameters of the pulse and the paper draws perspectives for the future.

In reference [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF], the dynamics was performed with a time-independent hamiltonain operator :

Ĥ0 = T + V ( 1 
)
where T is the exact kinetic energy operator for total J = 0 and in terms of the six valence polyspherical coordinates given in the Appendix of Ref. [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF]. V is the six dimensional potential energy surface calculated in Ref. [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF] and expressed in terms of the same coordinates.

To explicitely include a laser pulse in the dynamics, the system will be described by a time-dependent Hamiltonian : Ĥtot = Ĥ0 + ĥ(t)

where, ĥ(t) represents the first order interaction of the molecule with a classical external laser field E(t) [START_REF] Loudon | The Quantum Theory of Light[END_REF], i.e. ĥ(t

) = -ˆ μ • E(t), (3) 
where ˆ μ is the Dipole Moment operator. We have neglected the effect of polarisability in this equation, however, we will estimate its influence in Section III. In order to mimic a laser pulse, we adpot the following form for the external field:

E(t) = E 0 cos(ωt) sin 2 (πt/t p ) Θ(t) Θ(t -t p ) e (4)
where E 0 is the field strenth, ω the field frequency, Θ(t) the Heavyside's step function, t p the pulse duration and e, the unit vector in polarization direction.

In our model, we assume the molecule being "ideally oriented" [START_REF] Hervé | Effect of rotations on the generation of coherent internal molecular motion[END_REF], i.e. a molecule where the Euler angles of the Eckart frame α E , β E , γ E are fixed (rigid constraints: αE = 0, βE = 0, γE = 0, here q denotes dq dt ). Molecular orientation is a current active research field [40][41][42][43][44][START_REF] Marquardt | Tunneling dynamics of the nh chromophore in nhd 2 during and after coherent infrared excitation[END_REF]. Polar molecules can be indeed (partially) oriented in the gas phase by a static field ("brute force method" [40]) or by an external field which varies smoothly in a way that it is concerted with the internal motion [46].

We have to note that the kinetic energy operator which we are using (eq. ( 1)) does not describe such an oriented molecule (which corresponds to a superposition of an infinite number of J states), but a J=0 situation, i.e. equivalent to d dα E = 0, d dβ E = 0, d dγ E = 0. However, we shall keep the J=0 operator since its expression is far more simple. Generally, the two situations (J=0 and oriented molecule) lead to two different kinetic energy operators [START_REF] Gatti | Flexible monomer formulation for non-rigid systems[END_REF]. This point has been indeed adressed in reference [48] (reviewed in Ref. [START_REF] Gatti | Quantum-mechanical description of rigidly or adiabatically constrained molecular systems[END_REF]50]), in which the rigorous derivation of rigidly constrained kinetic energy operators was presented in a full ab initio and general context. Such constrained expressions were applied several times (see for instance [50]) and experience shows that the correction term obtained by properly imposing q = 0 compared to simply putting d dq to zero results in often numerically small corrections which are important only in accurate infrared spectroscopy (see [START_REF] Leforestier | Determination of a flexible (12D) water dimer potential via direct inversion of spectroscopic data[END_REF] for an application for which such corrections are included).

Hence, our model assumption is, that the Eckart frame [52] (in which the rotation of the molecule is zero by definition ) keeps an initially choosen spatial orientation throughout the excitation process. Consequently, the dipole vector depending on the Euler angles will be refered to the Eckart axis system and the laser field can be oriented parallel to an axis of choice. Marquardt and coworkers [START_REF] Hervé | Effect of rotations on the generation of coherent internal molecular motion[END_REF]53,54] have already extensively discussed this model of the "ideally oriented" molecule. In particular, they have investigated a diatomic system coupled with a laser field (time-dependent). The authors oriented the molecule with the aid of a second field (static). Therein, it was shown that the vibrational dynamics of the complete treatment (including the rotation) converges to the dynamics of the 'pure vibrational model' (J=0) as in eq. ( 2) at reasonable field strengh. Consequently, it is very reasonable to think that the dynamics is not very different when considering an hamiltonian operator for which the molecule is oriented or when taking the J=0 case as in eq. ( 2).

B.

A mechanism for selective isomerization.

In order to trigger the process by means of a laser field, a dipole moment function is needed and a proper choice of the maximum field strength, the frequency and the pulse duration of the laser excitation (eq. ( 4)) has to be made. In this work, we decided to focus on excitations which lead to a final energy of about 1. eV above the minimum of the PES (the zero-point energy corresponds to about 0.45 eV of vibrational excitation energy). We did so for two reasons: first, for comparing our results with our previous ones [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF]. Secondly, because the quality of our PES (ref. [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF]) is not assured higher in energy.

Since the cis→ trans isomerization is much faster than its opposite, we will focus on the cis geometry in this paper. (The true ground state is in trans geometry). In particular, we will start the dynamics from the ground state in this geometry.

Moreover, in Ref. [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF], we have shown that the most efficient local modes for triggering the cis→ trans isomerization are the ON middle stretching and the HON bending modes.

For all propagations, we artificially excited local overtones such that the total energy was close to about 1. eV. About 12 percent was isomerized after 2 ps for both cases. While the excited HON bending mode tends to rapidly distribute the energy among all the modes, the energy after ON stretching mode excitation mostly remained localised in the ONO/ON modes (see Figures 2 and3 in Ref. [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF]). Following the analysis in [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF], the isomerization after ON stretching mode excitation is essentially driven by an efficient potential coupling with the torsional angle. It was indeed shown (Fig. 4(b) in Ref. [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF]) that the barrier height is considerably lowered when the ON stretching mode is allowed to adjust. On the contrary, numerous complex resonances with all the modes of vibration can explain the energy transfer into the torsional mode in the case of HON bending mode. Since we are interested in a selective isomerization proccess, we will thus focus on the ON excitation only and exclude as much as possible the HON bending mode excitation which leads to a statistical energy distribution, i.e. to a non-selective IVR. Consequently, it is intuitive to think that an external field parallel to the ON bond, i.e. to the z BF axis is a good starting choice.

In the following, we present in more details the essential properties of the PES which might account for an efficient isomerization and then propose an excitation exploiting these potential features.

Figure 1 around here

The six internal (valence) polyspherical coordinates describing the systems are depicted in Figure 1. First of all, it must be pointed out that it is little probable that the isomerization follows the minimal energy path if the torsion is not directly excited. Indeed, this minimal energy path mainly involves the torsion (see Ref. [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF]). Moreover, the barrier height is about 4000 cm -1 above the cis minimum while the ground state energy of the torsion alone can be estimated to be about 300 cm -1 (in a good approximation, since the torsion is weekly coupled with the other modes for the ground-state). If one (non-torsional) mode is excited, we can estimate that the energy transfer into the torsional mode will not exceed 1000 cm -1 , if the total energy remains below 1. eV. Therefore, we are looking for an isomerization path, which might have an absolute barrier higher than the minimal energy path, but whose 'potential barrier' B τ defined as

B τ = V (R 1 , R 2 , R 3 , θ 1 , θ 2 , τ top ) -V (R 1 , R 2 , R 3 , θ 1 , θ 2 , τ = 0) (5) 
can be much smaller than the barrier height of the minimal energy path. In eq. ( 5), V is the HONO potential and

τ top = τ top (R 1 , R 2 , R 3 , θ 1 , θ 2 )
is the value of the torsional angle

which maximizes V for fixed values of R 1 , R 2 , R 3 , θ 1 , θ 2 . B τ (R 1 , R 2 , R 3 , θ 1 , θ 2 )
can then be interpreted as the barrier height to proceed the isomerization from cis to trans by changing only the torsional coordinate at a given value for the other coordinates. In the limits ))' as belonging to the optimal path if this geometry minimizes B τ with respect to all the geometries which are isoenergetic. Of course, the optimal path does not necessarily have to coincide exactly with the steepest descent path suggested by B τ (R 3 , cos(θ 2 ). However, we have observed that the optimal path deviates only slightly from the latter within the considered energy range. Other coordinates than R 3 and cos(θ 2 ) do not undergo considerable change along the optimal path. The optimal path is depicted in the Figure 2 (thick broken lines) overlayed with chosen cis eigenfunctions strongly located along the optimal path. (Note that this figure will be discussed in more detail in section VI.) We can already conclude from figure 2, that efficient isomerization is expected when a wave packet motion is induced introducing a simultaneous increase of R 3 and cos(θ 2 ). Consequently, in the analysis of the eigenstates in section V, we will focus on those eigenstates in the cis geometry which can compose such a motion.

R 1 = ∞, R 2 = ∞, R 3 = ∞, θ 1 = 180 • or θ 2 = 180

Figure 2 around here

The six-dimensional Dipole Moment Surface (DMS) was generated by ab initio calculations using the density functional theory aproach with the B97-1 functional [55] implemented in CADPAC [START_REF] Amos | The Cambridge Analytic Derivatives Package[END_REF]. The TZ2P basis set (ref. [START_REF] Dunning | [END_REF] and references therein) was employed. It is known from various calculations [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF] that the electronic wavefunction has only one dominant determinant for the considered geometries. 924 dipole moment vectors were calculated by DFT for geometries in the region 1.

3 < R 1 < 2.6 bohr, 1.8 < R 2 < 2.7 bohr, 2.0 < R 3 < 3.85 bohr, 170 • < θ 1 < 100 • , 170 • < θ 2 < 50 • ,
and -90 • < τ < 90 • . The molecular body-fixed system is centered at the O central atom, the z axis points along O→N, and its zx plane is in the ONO plane, such that the terminal O atom lies in the (xz, x >0) half plane. The dipole moment vectors were calculated starting from the body fixed frame as a space fixed frame and then rotated to the Eckart frame [52]. The x component of the Eckart transformed dipole moment vector has been fitted to the following form:

μ x (R 1 , R 2 , R 3 , θ 1 , θ 2 , τ) = ijklmn c x ijklmn R i 1 R j 2 R k 3 θ l 1 θ m 2 cos(nτ ) ( 6 ) 
Using finally the restriction:

i + j + k + l + m + n ≤ 4; (7) (8) 
the 210 coefficients (available upon request) were calculated using a least mean square procedure. For the z-component tanh (0.7(R 3 -2.2)) was choosen instead of R 3 as fit coordinate in order to describe a turning point of μ z appearing along the R 3 -stretch. The parameters appearing in the tanh were optimised. This modification lowered the root mean square error by about a factor of 1/2. For the y-component sin (nτ ) was used as the fit function for the torsion and n was additionally restricted to n > 1 to adopt the odd symmetry for this case resulting in 86 terms only. The root mean squares of the fits were about 0.0014, 0.0002, 0.0020 a.u. for the x, y, z components, respectively. The convergence of the fit can be estimated by comparing the variationally averaged dipole moments and the transition moments resulting from the described surfaces with those obtained from surfaces fitted with about twice the number of terms.

Finally we have estimated the influence of the polarisability α on the dynamics using the following ratio :

| 1/2α eq zz E 2 o μ eq z E o + 1/2α eq zz E 2 o | (9)
where α eq zz and μ eq z denote the polarisability and the dipole moment respectively calculated at the equilibrium geometry. For an external field whose intensity is equal to 0.003 a.u., the effect of the z-component of the polarisability is equal to about 12 % of the value of the effect of the z-component of the dipole moment. In this paper, we will thus neglect the contribution of the polarisability, 1/2 E T (t)α E, in the time dependent operator ĥ(t) (eq. ( 3)).

IV. MULTICONFIGURATION TIME-DEPENDENT HARTREE

All the dynamical calculations discussed in this article are performed with the multiconfiguration time-dependent Hartree (MCTDH) method, which is a powerful method for propagating multidimensional wave packets. We have used the Heidelberg MCTDH package [START_REF] Worth | The MCTDH Package[END_REF], which is a set of programs for propagating, analyzing and visualizing wave packets.

As MCTDH is well documented in the literature [START_REF] Meyer | Calculation and selective population of vibrational levels with the Multiconfiguration Time-Dependent Hartree (MCTDH) algorithm[END_REF][START_REF] Meyer | The multi-configurational time-dependent Hartree approach[END_REF][START_REF] Manthe | Wave-packet dynamics within the multiconfiguration Hartree framework: General aspects and application to NOCl[END_REF][START_REF] Beck | The multiconfiguration time-dependent Hartree method: A highly efficient algorithm for propagating wavepackets[END_REF][START_REF] Meyer | Quantum molecular dynamics: Propagating wavepackets and density operators using the multiconfiguration time-dependent Hartree (MCTDH) method[END_REF], we do not discuss it here in detail. However, we want to emphasize that -due to a recent development -MCTDH cannot only solve the time-dependent Schrödinger equation but the time-independent one as well. Eigenstates and their energies may be calculated by the so called improved relaxation algorithm [START_REF] Meyer | Calculation and selective population of vibrational levels with the Multiconfiguration Time-Dependent Hartree (MCTDH) algorithm[END_REF][START_REF] Meyer | Quantum molecular dynamics: Propagating wavepackets and density operators using the multiconfiguration time-dependent Hartree (MCTDH) method[END_REF].

Turning to the calculations discussed below we note that the same mode-combination scheme is used as in our previous publication [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF]

, i. e. [R 1 , τ], [R 3 , θ 2 ] and [R 2 , θ 1 ].
The primitive grids used are similar to Ref. [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF].

V. VIBRATIONAL EIGENFUNCTIONS AND INTENSITIES OF cis-HONO

The harmonic frequencies ω i of the different vibrational modes for the cis geometry are given in Table I. The (anharmonic) fundamentals ν i are also given in Table I andcompared with experimental values.

Table I around here

In order to obtain the eigenstates, the previously developed improved Relaxation method [START_REF] Meyer | Calculation and selective population of vibrational levels with the Multiconfiguration Time-Dependent Hartree (MCTDH) algorithm[END_REF][START_REF] Meyer | Quantum molecular dynamics: Propagating wavepackets and density operators using the multiconfiguration time-dependent Hartree (MCTDH) method[END_REF] was employed. For the convergence of the desired eigenstate with this method the choice of the initial guess is crucial. The user has indeed to define an initial state which should have a decent overlap with the eigenstate one wants to compute. In this paper, we decided to generate the initial guess by single harmonic excitations of already calculated eigenfunctions. This single harmonic excitation was obtained by applying the corresponding raising operator to the lower eigenfunction which is the closest to the sought state. For example, the initial guess for an eigenfunction which could be tentativaly assigned as, say 012340 , would be a † 5 012330, a † 5 beeing the raising operator for mode 5 and 012330 a previously converged eigenfunction tentativaly assigned as 012330. This procedure was robust enough to deal with the various resonances appearing in HONO. In particular, this procedure is far more efficient than choosing the harmonic eigenfunctions as initial states. Indeed, we have found that the squared overlap between the initial guess and the final wavefunction was often considerably larger than the squared overlap between the harmonic eigenstate and the final wavefunction (see Table 2). (The harmonic eigenstates were obtained by converging the ground state of the harmonic hamiltonian and by applying the various raising operators to it). It should be emphasized that the aformentioned raising operators are not the raising operators in terms of the (usual) rectilinear normal coordinates. The former are defined as:

a † α = 1 √ 2 (Q α + ∂ ∂Q α ) ( 10 
)
with Q α beeing the curvilinear normal coordinate associated with mode α. We define curvilinear normal modes as in Ref. [START_REF] Pasin | Theoretical investigation of Intramolecular Vibrational Energy Redistribution in highly excited HFCO[END_REF], i.e. starting from a zero order harmonic Hamilto-nian Ĥo expressed as

Ĥo = 1 2 6 n,m=1 (q n -q eq n )F nm (q m -q eq m ) + pn G o nm pm , ( 11 
)
where pn = ∂/∂q n , G o represents the functions appearing in the kinetic energy operator (eq.

(A2) in ref. [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF]) fixed to their values at the equilibrium geometry q eq , q n and q m denote the 6 polyspherical coordinates and the F matrix corresponds to the harmonic approximation of the potential:

F nm = ∂ 2 V /∂q n ∂q m | qeq .
In order to define curvilinear normal modes {Q α } in terms of the polyspherical coordinates, one diagonalizes the matrix F G o such as

F G o L = L ω 2 (12) 
where ω 2 denotes the diagonal eigenvalue matrix and L is the eigenvector matrix. The curvilinear normal coordinates Q α are related to the polyspherical coordinates as

Q α = ω 1/2 α 3N -6 n=1 (q n -q eq n )L nα . ( 13 
)
Let us return to the PES. The spectral properties resulting from the present PES have been already presented elsewhere [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF]. In Ref. [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF], the vibrational energy levels have been calculated variationally using a method developed by Carter and Handy [59] and a slightly modified PES. Tables II, III and IV compare the latter results with the cis vibrational energy levels obtained in this work using the improved relaxation method and the unmodified PES. In the energy range up to 2500 cm -1 the variational levels were expected to have been converged to within 1 cm -1 in Ref. [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF]. In Ref. [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF] the PES was slightly adjusted in order to bring the cis-ν 1 level closer to the corresponding experimental value. This lowered the ν 1 value by about 10 cm -1 and the remaining variational levels by less than 1 cm -1 . When computing the levels with improved relaxation we learned that this artificial modification of the PES was unnecessary. The too high cis-ν 1 level was due to a lack of convergence and not due to an error in the surface. This problem can be traced back to the contraction scheme which is utilized in the variational code. This contraction scheme indeed optimizes the basis functions with respect to one geometry only associated with one of the two wells (to be precise, we took the trans-well). The whole Hamiltonian is then diagonalised in this precontracted basis set. Consequently, this contraction scheme can not be very efficient for both wells together. On the contrary, the MCTDH results are reliable even for these difficult cases. Indeed, they do not depend upon such a rather unflexible contraction scheme, for, in principle, MCTDH probes the whole primitive space to find an optimal solution. The artificial modification of the PES was hence removed. This explains why the variational levels up to about 1000 cm -1 are slightly lower in energy with respect to MCTDH results which are the more accurate ones. Otherwise (below 2500 cm -1 ), the variational energy levels are slightly higher by up to about 1 cm -1 compared to the MCTDH ones. There are significant exceptions to this trend, for instance the levels including excitations of the N=O stretch. In particular, the N=O fundamental level at 1632 cm -1 is about 8 cm -1 lower than the variationally calculated value. The fundamental levels of the unmodified PES are still in excellent agreement with the experimental values although cis ν 2 lies now -9 cm -1 off the experimental value. This discrepency is not surprising. In the literature it is stressed several times that also CCSD(T) level calculations underestimates the anharmonic N=O stretching in HONO (for instance p. 8803 in [START_REF] Luckhaus | The vibrational spectrum of HONO: Fully coupled 6D direct dynamics[END_REF]). On the other hand, it should be added that due to the use of a large basis set in the CCSD(T) calculations (cc-pVQZ spdf) this error is as low as -9 cm -1 . In the energy regime higher than 2500 cm -1 -excluding the OH stretch fundamental level -the MCTDH results are lower than the variational ones in energy up to about 20 cm -1 , as expected.

The squared overlaps, c 2 harm , of the eigenfunctions with the corresponding eigenfunctions of the "harmonic" Hamiltonian are given in Tables II, III and IV. Interestingly enough, these values are usually smaller than 0.5, even for some of the fundamental levels. Even the ground state appears to be strongly correlated underlining the strong anharmonicity of the potential. However, these small values of c 2 harm can also be traced back to the various resonances appearing in cis-HONO. As shown in Ref. [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF], the eigenfunctions of the one dimensional ON and ONO modes are nearly degenerate and there is therefore a strong coupling between these two modes. This is why the corresponding eigenfunctions (0000a0 and 000a00) are mainly composed of the symmetric and antisymmetric superpositions of the corresponding local modes. The symmetric and the antisymmetric directions are here thought to be along the Q + ON O/ON and Q - ON O/ON axes, respectively, defined as

Q ± ON O/ON = (R 3 -R 0 3 ) ±(cos (θ 2 ) -cos (θ 0 2 )
). The small c 2 harm values for 000010 and 000100 arise from the fact that the antisymetric superposition (located along the Q - ON O/ON axis) refers to 000010 (616 cm -1 ) and the symmetric one (located along the Q + ON O/ON axis) refers to 000100 (850 cm -1 ) while the contrary is true for the harmonic eigenfunctions (000010) harm (644 cm -1 ) and (000100) harm (882 cm -1 ). It is not surprising that small perturbations can lead to drastic changes in the wavefunction when resonant cases are considered. Indeed, while the harmonic potential in the Q - ON O/ON direction is slightly weaker than in the Q

+ ON O/ON
direction, inclusion of anharmonic potential terms slightly distorts the potential such that Q + ON O/ON is now the weaker one and the symmetric superposition becomes the lower solution of the resonant pair. In section II B, it was shown that an efficient isomerization is expected when a wave packet motion is induced by a simultaneous increase of R 3 and cos(θ 2 ). This motion corresponds to the excitation in the Q + ON O/ON direction. This is why the corresponding eigenstates (the 000a00 series) will play a very important role in this paper. Another set of Fermi resonance doublets concerning the 000a00 series is of the type 010a00/000(a + 2)00. Even though the energy difference of the corresponding harmonic eigenstates is about 90 cm -1 , the resonant character rapidly increases with a such that an assignement by means of harmonic quantum numbers for a > 2 is rather arbitrary for this pair. It should be added that the 000a00 overtones contain a considerable admixture of the HON local mode as almost all eigenfunctions do for cis HONO. To illustrate the statment that the energy optimal path corresponds to the 000a00 series we have depicted in Figure 2 this path in dashed line overlayed with the reduced density plots of the 010(a-2)00/000a00 pairs with a = 2, 3, 4, 5. A visual inspection of Figure 2 confirms that the most efficient isomerization pathway corresponds to the excitation of this series.

Similary to 000010/000100, the fundamentals refered to as N=O (010000) and HON (001000) fundamentals are both rather a mixture of both local modes. But in this case the effects due to resonances are much less pronounced and no inversion of ordering appears.

Hence, the small c 2 harm value for 001000 result from another type of resonance:

probably a resonance of the type abcdef /ab(c -1)de(f + 2) whose pairs are likely to present resonant doublets. Indeed, the energy difference between the corresponding harmonic eigenstates is about 6 cm -1 .

The vibrationally averaged dipole moments are also given in Tables II, III and IV for the calculated vibrational states of the symmetry A'. The averaged value on the ground state of the dipole moment is of 0.5718 a.u and its angle with the a principal axis of the inertia tensor (making itself an calculated angle of 26.9 • with the ON-axis) is of 73.2 • .

They are in reasonable agreement with the experimental values (0.5599 a.u. and 77.6

• [61],
respectively). The angles between the transition dipole moments and the a principal axis were calculated to be of 11.4 , 81.9 • , respectively). They also confirm the findings of [START_REF] Deely | The infrared vibration-rotation spectrum of trans and cis nitrous acid[END_REF] that among the observed bands only the ν 1 transition is nearly of b principal axis type in cis-HONO. We predict that the (until now not observed) ν 3 band to be also nearly of b type with 70.7 • (72

• in Ref. [START_REF] Bulychev | Multidimensional anharmonic calculation of the vibrational frequencies and intensities for the trans and cis isomers of hono with the use of normal coordinates[END_REF]) between the transition dipole moment and the principal axis of the inertia tensor.

We have also calculated transition intensities in km/mol using the following formula [START_REF] Bulychev | Multidimensional anharmonic calculation of the vibrational frequencies and intensities for the trans and cis isomers of hono with the use of normal coordinates[END_REF]64]:

S if = 2.50643 ν if α i|μ α |f 2 (14) 
with E if = E f -E i , f > i and ν i beeing the energy of the i'th eigenstate.

Table V around here

The results for i = 0 are given in Table V. They are in good agreement with the only existing experimental value and in reasonable agreement with the previous theoretical predictions given in Table V. Inspection of the components of the transition moments from the ground state in Tab. II reveals that restricting the radiation on z direction favors excitation of 000a00 against other transitions. Since this choice of the laser parameters should favour the excitation of the middle-ON stretch it would make sense here to characterize 000100 as the ON mode, as generally proposed in the literature. x or y components (on the other hand the transitions of the series (a) increase) so that we are confident that a laser pulse parallel to the z BF axis is optimal to excite the Q + ON O/ON motion. We have calculated the trans eigenstates in A'-symmetry using the same procedure as for the cis eigenstates. The results are presented in Table VI, VII, VIII, IX and X. The comparison with the previously calculated levels (ref. [START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF]) lead to the same conclusions as for the cis geometry. In particular, the N=O stretch fundamental 010000 is lowered by 8 cm -1 using the improved relaxation method and the unmodified PES. As for the cis geometry, the ON (000100) stretch and the ONO bend (000010) fundamentals can be described as a symmetric (000100) and antisymmetric (000010) superposition of local ON and ONO modes. However, in contrast to the cis HONO geometry, fermi-resonances are generally much less pronounced. Consequently, the square harmonic coefficients are larger than 0.5 at least for the fundamentals. In particular, the HON bend fundamental and overtones have no resonant character. They have a very local HON bend character.

We have also found a few delocalised pairs which correspond to cis-trans resonances, i.e.

pairs levels close in energy with an unexpected strong delocalisation. The latter can only be explained by a resonance between the cis and trans eigenfunctions. To be more specific, trans-000312 (3883.4 cm -1 )/cis-002200 (3880.2 cm -1 relative to the trans ground state) and trans-010004 (3681.9 cm -1 )/ cis-000302(3675.0 cm -1 relative to the trans ground state) can be characterised by such cis-trans resonance pairs. In the isomerization, these pairs only play a minor role, since they can not be efficiently excited (they are combination bands). For the sake of completenes, transition energies and moments for the trans geometry are given in In section II B, we have stated that we will start from the ground state of the cis geometry (since the cis→ trans isomerization is much faster than the opposite direction).

Furthermore, we found that an efficient isomerization is expected when a wave packet motion is induced introducing a simultaneous increase of R 3 and cos(θ 2 ). This exactly corresponds to the excitation of the (b) series in Figure 3 using a laser frequency of about 850 cm -1 . Since the transition moments of the (b) series are highest for the z component of the dipole field, the optimal oriention of the laser is parallel to the z BF axis (see Section V), i.e. parallel to the middle-ON bond. Consequently, we will use z-polarised laser fields with frequencies of about 850 cm -1 .

Ideally, the dynamics should proceed as follows: a periodic motion along the optimal (R 3 , cos (θ 2 )) path is induced by the laser field. Each time the meanvalues of the two coordinates R 3 and cos (θ 2 ) reach their maximal values B τ becomes minimal and pronounced irreversible isomerization takes place. This mechanism is extremely selective since the desired reaction is thought to be finished before the major part of the energy is redistributed.

Interestingly enough, similar arguments can hold for the trans to cis isomerization (which is not investigated in detail in this paper since as shown in Ref. [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF], the trans to cis is far less efficient). There is, however, a marked difference. Indeed, it is now the opposite direction, i.e. 'asymetric' Q - ON O/ON direction, and hence the 0000a0 series, which induces the trans to cis isomerization. The decrease of B τ in this second case, due to the Q - ON O/ON motion, is less pronounced than for the the cis to trans isomerization (The definition of B τ for the trans case differs from eq. ( 5) by setting τ = 180). This disymmetry is very important for it will prevent the wavepacket from returning to the cis geometry and thus ensures a partial irreversibility of the cis to trans isomerization.

As aformentioned, we wish to induce quasiclassical motion of large amplitude in the Q + ON O/ON direction, implying a large number of excited eigenstates of type (b) (cf. Figure 3), preferably 000a00 and 010(a-2)00. Of course, a compromise has to be found between a short time/high field strength and a long time/low field strength propagation. The first may indeed result in pronounced excitations of eigenstates different from the b-type. On the other hand, with a low field strength, it can become very intricate to coherently populate even a sufficient number of the desired overtones, albeit more selective population is possible.

When pulse widths of individual transitions (which are directly linked to the field strength) become smaller than the level spacings between the eigenstates, the absorbtion becomes very sensitive to the choosen frequency. It may then happen, that a proper frequency for a desired multiphoton excitation cannot be found at all. A systematic study of this problem for multiphoton mechanisms using model systems is presented in [START_REF] Donley | Some simple mechanisms of multiphoton excitation in many-level systems[END_REF]. In our case, we found that the values 0.0035 a.u. for the field strength and 500 fs for the irradiation time are sufficiently good candidates for exciting HONO, although these values could be, of course, further optimised (see below). The final total energy was about 1.05 eV. In Figure 4, the squared overlapps between the wavepacket after excitation by the previously defined laser field (E 0 = 0.0035 a.u., ω = 850 cm -1 , and t p = 500 fs) and all converged eigenfunctions up to around 4000 cm -1 are depicted. The Fourier transform of the autocorrelation function (up to 5000 cm -1 ) is also displayed on the same figure .   A series of groups of levels with about 850 cm -1 energy difference between each group crops up. The main contributions in each group correspond to the following eigenstates:

(0: 000000), (I: 000100/...), (II: 000200/010000/..), (III: 000300/010100/001002/..), (IV: 000400/010200/001120/000024 ...), (V: 000500/010300/011020/000124/...) at about 850, 1685, 3290, and 4065 cm -1 , respectively. The last two group most likely contain also 000600/010400 and 000700 as main contributions, but it was impossible to converge the corresponding eigenfunctions. Figure 4 explicitely demonstrates that the external field leads to a very different excitation from the one of Ref. [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF] obtained by an artificial excitation of the ON stretch: compare Figure 2 (b) in Ref. [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF] with Figure 4. This justifies the importance of adding a laser pulse in the dynamics in order to be closer to experimental conditions. Moreover, Figure 5 shows that this process is a successive or stepwise multi photon one. We have noticed that the excitation process is relatively robust against variation of the excitation energy. In the range of 830-870 cm -1 for the excitation frequency, we have obtained roughly the same resulting spectrum and absorbed energy (see also the discussion with the chirped laser below with frequencies ranging from 889 to 850 cm -1 ). This is most likely due to the pulse width beeing larger than the level spacing within each group at the chosen field strength, or, in other words, due to the relatively large density of states in each group of levels.

Figure 6 around here

In Figure 6, the evolution of the scaled meanvalues of the internal coordinates and P trans is shown during the 500 fs radiation. As expected, < R 3 > and < cos(θ 2 ) > oscillate in phase. Their meanvalues take the extremal values of 3.0 bohr and -0.25, corresponding roughly to a mean torsional barrier B τ of about 1900 cm -1 (the values at the equilibrium geometry are 2.6 3.0 bohr and -0.39). The sudden changes of P trans are clearly correlated to the oscillations of R 3 and cos(θ 2 ) as long as the wave packet remains fairly localised. eV and the highest one to 2. eV. Depicted are also snapshots of the evolution of reduced dimensionality probability densities of HONO between 290 and 400 fs after excitation start.

Figure 7 shows that the wave packet performs a localized motion in the initial phase of the excitation with the laser pulse (t = 290 and 305 fs): excitation along the z axis leads to regular oscillations along the optimal direction. The averaged value of R 3 is smaller than the value at the equilibrium geometry for 290 fs and larger for 305 fs. When the averaged value of R 3 becomes larger the wave packet starts to delocalize in the τ direction towards the trans geometry (t = 315 fs). This is perfectly coherent with the discussion in Section II B, since t = 315 fs corresponds to a low value of B τ . The absorbed energy is thus sufficient to allow for a motion of the wave packet over the inversion barrier (t = 325 and 350 fs). After 350 fs, the system has absorbed a larger amount of energy and the population in the trans is larger (t = 370 and 400 fs). The part of the wave packet in the trans potential well is spread out and several maxima of probability appear. 8 which provides the evolution of the expectation values of the coordinates ON and ONO after the irradiation suggests that this induced process continues (albeit less pronounced) also during the IVR, i.e. when the laser field is off after 500 fs. Note that the "in phase" motion of the HON bend is due to the nature of the 000a00 overtones (see above the analysis of the spectrum). Let us now turn to a detailed description of the dynamics over the first 2500 fs and in terms of the energies of the harmonic modes which are depicted in Figure 9. The calculation of these energies was performed as in Ref. [START_REF] Pasin | Theoretical investigation of Intramolecular Vibrational Energy Redistribution in highly excited HFCO[END_REF], i.e. after having defined curvilinear normal modes (see section V in the present work and section C.2 in Ref. [START_REF] Pasin | Theoretical investigation of Intramolecular Vibrational Energy Redistribution in highly excited HFCO[END_REF]). At 2500 fs around 35 % of the energy was deposited in the Q + ON O/ON harmonic mode, 20 % in the torsional mode. On the other hand, at 2500 fs, we find around 20 % of the energy in the N=O stretch, 15 % in the HON bend, and 10 % in the Q - ON O/ON mode. We can thus say that about 55 % of the energy is utilized for the isomerization.

The above proposed mechanism can therefore be considered as rather selective. Finally, it is important to notice that a quasiperiodic energy flow between the Q + ON O/ON and the N=O harmonic modes is observed revealing a resonance between these two modes. This is consistent with the analysis of the eigenstates (see section V) where a Fermi resonance of the type 010a00/000(a + 2)00 was described. Unfortunately for the purpose of our work, it is impossible to induce a regular motion in Q + ON O/ON direction without exciting the N=O stretch and the HON bend at the same time. Consequently, the strong mode coupling in HONO prevents a highly selective process. While periodic excitation of N=O stretch only delays the isomerization, the energy deposited in the HON bend is almost completely lost for the isomerization. If we now compare with the artificial excitation of the local ON mode in Ref. [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF], we see that the latter was more selective excluding almost all the modes from excitations except ON and ONO. On the other hand, the local ON mode in Ref. [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF] consists of a mixture of 000a00 and 0000a0 eigenfunctions which is less effective for isomerization than the 000a00 series alone obtained by the excitation by the laser field in this work. This explains roughly the similar isomerization rates for both processes. Let us return to Figure 9 : about 900 cm -1 of energy is transfered into the torsional mode during the whole process. This is not surprising since the spectrum up to 4000 cm -1 (Figure 4) shows excited groups which contain combination bands of the ON, ONO and the torsional modes. In the higher energy part of the spectrum one can also expect such combination bands to be excited. The highest excited eigenstates have a stronger tendancy to delocalize into the trans well. Within the dynamic picture this transfer can be mainly understood considering the potential couplings Q + ON O/ON -torsion (see Section II B). Note that the energy transfer into the torsional coordinate here is somewhat higher (> 800 cm -1 ) compared with our previous work [START_REF] Richter | Time-dependent wavepacket study on trans-cis isomerisation of HONO[END_REF] during the corresponding propagation after an artificial excitation of the ON stretch.

In order to check the robustness of the described mechanism against variations of the frequency we have used a laser pulse chirped from the harmonic ν 5 frequency 889 cm -1 to the anharmonic one at 850 cm -1 . We found that an field strength of 0.003 a.u. was sufficient to excite the molecule to 1.02 eV of total energy in the chirped case. Except that the chirped pulse is a little bit more efficient, we have noticed that the same mechanism was induced to the system resulting in about P trans = 13 % isomerization after 2 ps.

As aformentioned, this confirms that the excitation process is relavively robust against variations of the excitation energy. Furthermore, we excited the molecule to higher total energies using higher laser intensities, but the same time duration of the laser pulse and a fixed frequency of 850 cm -1 . In order to compare both the rapidity of the isomerization and final isomerization yield for all the processes we have fitted the survival propabilities 1 -P trans (t) to the expression :

1 -P trans (t) = exp(-kt)P F trans + (1 -P F trans ), t > 500f s ( 15 
)
where the rate constant k and final trans probability P trans (t → ∞) = P F trans were optimized. The root mean square error of the fit shows that this expression provides a reasonable description of P trans . Hereby, we have not used points of P trans (t) for t < 500 fs, since during the excitation P trans (t) is not expected to follow our model function. (Note that the model function is fixed at 1 for t = 0 anyway). The results in Table XI give a fair idea about the trends for higher total energies. The final trans probability P F trans roughly linearly increases with increasing absorbed energy within the considered energy range. The reaction time propational to 1/k also decreases roughly linearly with increasing total energy.

To give an estimate of the expected final trans-probability for an experiment with free orientation, we have also propagated for other orientations than z. We found no isomerisation for x and y polarisations for 0.0035 a.u. field strengh. Orientation of 45 deg. between the x and y axis yields about the half of the final P t rans of the z polarised case. Thus, asuming isotropic orientation during the laser irradiation one can roughly estimate that only one third of the calculated P t rans will be observed.

VII. CONCLUSIONS

We have investigated the cis → trans insomerization in HONO with an external timedependent field using a realistic PES and a realistic dipole moment function. A full quantum mechanical approach was adopted. The main results are summarized as follows:

• (i) we have determined an efficient selective IVR-pathway leading to the cis → trans isomerization. This path corresponds to a simultaneous increase of the (middle) ON stretch and of the ONO bending.

• (ii) we have calculated a realistic six-dimensional dipole moment surface and calculated all the vibrational eigenstates up to 4000 cm -1 using our previously developped PES and the improved relaxation method of MCTDH. We have observed that the selective IVR-pathway corresponds to an excitation of the 010a00/000(a+2)00 series of eigenstates (see table I and section V for the definition of the normal and local modes).

• (iii) we have simulated the dynamics with MCTDH and in presence of laser pulse with a carrier frequency of 850 cm -1 , an intensity of 0.0035 a.u., and an irradiation duration of 500 fs. We have observed the isomerization process and the fact that the process is relatively robust against variation of the excitation frequency.

• (iv) in section II, we have detailed the model which constitutes the framework of this work indicating all our approximations. We predict that HONO isomerizes in gas phase with a yield of about 10 percent when the suggested parameters for the pulse are used. Higher yields are likely if higher intensities or longer irradiation times are used. eigenfunctions as labeled at the left upper corner in the R 3 , cos (θ 2 ) plane. The right column shows the ν 4 overtone series 000a00 (a=2,3,4.5) and the plots in the left column at the same row present present the 0100(a-2)0 counterpart of the resonant pair (0100(a-2)0/000a00). The dashed line in each picture represents the path where B τ is minimal with respect to the total potential energy. 
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 488 FIG.8: Time evolution of the scaled meanvalues of ON, or R 3 , (thick broken lines) and ONO, or θ 2 , (thin broken lines) and of P trans (solid line). The Y-axis gives the value of P trans . The other meanvalues are scaled like in Figure6with f = 1.

  For higher values of R 3 and cos(θ 2 ), B τ falls very quickly to less than 500 cm -1 within the grid ranges considered in this work.

	values are R 3 = 2.7 bohr, cos(θ 2 ) = -0.35 and B τ = 4700 cm -1 . As shown later, the former
	values correspond to meanvalues which can be attained during a propagation with 1 eV
	total energy. The desired excitation should minimise B τ with a minimal effort. Therefore, we define
	a geometry '(R opt 1 , R opt 2 , R opt 3 , cos(θ opt 1 ), cos(θ opt 2
	• B τ will tend to zero. A systematic study
	of B τ (not explicitely presented here) shows the following properties. In the considered
	energy regime, the ON stretching mode -as expected -but also the ONO bending mode,
	have significant influence on B τ . While variations of only ONO hardly influence this barrier
	height, a combined variation of ON and ONO does. The other coordinates have negligible
	influence on B τ . More important, a simultanious elongation of R 3 and an increase of cos(θ 2 )
	diminishes B τ effectively. To provide an estimate, B τ reaches the value of about 1000 cm -1
	at about R 3 = 3.0 bohr and cos(θ 2 ) = -0.25. For comparison we recall that the equilibrium

  • , 16.5 • , 2.0 • , 79.6 • for the fundamental transitions: ν k k←0 (k=5,4,2,1). They are in rather good agreement with those calculated in Ref. [62] (7.0 • , 17.5 • , 5.5

Table X

 X 

. The transition intensities for the fundamentals are compared to the experimental values and to calculated values from other works. They are in reasonable agreement with both.

VI. EXCITATION AT 850 cm -1 LASER FREQUENCY

TABLE I :

 I Calculated harmonic frequencies of the different vibrational modes and comparison of calculated and experimental transition energies in cm -1 for the cis geometry.

	Frequencies	harmonic a Mode	obs. b MCTDH c
	ω 1 (OH)	3652.6	ν 1	3426	3438.5
	ω 2 (N=O)	1679.6	ν 2	1641	1632.0
	ω 3 (HON)	1356.7	ν 3		1311.6
	ω 4 (ON)	889.8	ν 4	852	850.1
	ω 5 (ONO)	651.6	ν 5	609	616.7
	ω 6 (out-of-plane)	675.5	ν 6		
			2ν 6		1212.7

a Harmonic frequencies from Ref.

[START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF]

.

b Experimental values taken from Ref.

[START_REF] Guilmot | The rovibrational spectrum of cis-HNO 2[END_REF]

. c This work with the improved relaxation method.

TABLE II :

 II Vibrational levels (A') 'rlx' obtained with the improved relaxation method and cisprobabilities (P cis ) of cis-HONO. Energies are relative to the ground-state of the trans-HONO. c 2 harm is the square of the overlap between the eigenstate and the nearest harmonic eigenstate. Δvar. is the difference E rlx -E var , E var beeing the results of Ref.[START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF] obtained by the variational method (see text). Given are the averaged valuesμ ii x =< i|μ x |i >, μ ii z =< i|μ z |i >, μ 0i x =<GS|μ x |i >and μ 0i z =<GS|μ z |i > of the x and z components of the dipole moment vector. S is the transition intensity from the ground state to the corresponding excited state. S z is its z component only.

	rlx Δvar. P cis c 2 harm μ ii x	μ ii z	μ 0i x	μ 0i z	S	S z

TABLE III :

 III Continuation of Table II.

	rlx Δvar. P cis c 2 harm μ ii x	μ ii z	μ 0i x	μ 0i z	S	S z

TABLE V :

 V Comparison of calculated and experimental transition energies in cm -1 at the cis geometry. Given in parentheses are the transition moments in km/mol.

		ν exp			
	000010	609	606(42)	592(37) 584(40) 620(46) 616.3	616.7(33.7)
	000100 852(291) 854(296) 830(346) 841(214) 862(353) 849.7	850.1(281)
	001000	-	1336(9) 1269(15) 1308(88) 1340(8) 1312.6	1311.6(7.5)
	010000 1641 1641 (157) 1576(195) 1694(77) 1595 (136) 1639.5	1632.0(177)
	100000 3426	3653(38) 3404(69) 3405(6) 3413(30) 3438.5	3438.1(18.0)
	000002	-	-	1130(9) 1219(18) 1259(1) 1213.4	1212.7 (0.2)

a Calc. b Calc. c Calc. d Calc. e var. f CCSD(T)/DFT g a From Ref. [6] b CCSD(T) calculations from Ref. [66]. c (MP2/CC-VSCF)/HF 2D-anharmonic calculations from Ref. [3]. d DFT, 6D-anharmonic calculations from [60]. e MP2/3D-anharmonic from [62]. f From [21]. g This work.

TABLE VI :

 VI Vibrational levels (A') 'rlx' obtained with the improved relaxation method and transprobabilities (P trans ) of trans-HONO. Energies are relative to the ground-state of trans-HONO. c 2 harm is the square of the overlap between the eigenstate and the according harmonic eigenstate. Δvar. is the difference E rlx -E var , E var beeing the results of Ref.[START_REF] Richter | A study of mode-selective trans-cis isomerisation in HONO using ab initio methodology[END_REF] obtained by the variational method (see text). Given are the averaged valuesμ ii x =< i|μ x |i >, μ ii z =< i|μ z |i >, μ 0ix =<GS|μ x |i > and μ 0i z =<GS|μ z |i > of the x and z components of the dipole moment vector.S is the transition intensity from the ground state to the corresponding excited state. S z is the transition intensity for a z-polarised laser and space fixed eckart frame.

	rlx Δvar. P trans c 2 harm μ ii x	μ ii z	μ 0i x	μ 0i z	S	S z
	[cm -1 ] [cm -1 ]	[a.u.] [a.u.] [a.u.] [a.u.] [ km mol ] [ km mol ]
	000000 0.0	0.00 1.0000 0.910 0.738 -0.271 0.7384 -0.2711 -	-

TABLE VII :

 VII Following of Table VI.

	rlx Δvar. P trans c 2 harm μ ii x	μ ii z	μ 0i x	μ 0i z	S	S z

TABLE VIII :

 VIII Following of Tables VI and VII.

	rlx Δvar. P trans c 2 harm μ ii x	μ ii z	μ 0i x	μ 0i z	S	S z

TABLE IX :

 IX Following of Tables VI, VII and VIII.

	rlx Δvar. P trans c 2 harm μ ii x	μ ii z	μ 0i x	μ 0i z	S	S z
	[cm -1 ] [cm -1 ]	[a.u.] [a.u.] [a.u.] [a.u.] [ km mol ] [ km mol ]
	000124 3806.2	-	0.8108 0.035 0.370 -0.107 0.0000 0.0000 0.0 0.0
	001202 3811.5	-	0.9846 0.000 0.565 -0.118 0.0000 0.0000 0.0 0.0
	000240 3815.8	-	0.9999 0.166 0.627 -0.025 0.0000 0.0000 0.0 0.0
	010210 3826.3	-	0.9912 0.079 0.667 -0.144 0.0001 -0.0001 0.0 0.0
	000052 3828.9	-	1.0000 0.028 0.575 0.019 0.0000 0.0000 0.0 0.0
	000500 3838.3	-	0.9986 0.030 0.680 -0.158 0.0001 -0.0002 0.0 0.0
	002110 3851.0	-	0.9971 0.099 0.679 -0.168 0.0000 0.0001 0.0 0.0
	000312 3883.4	-	0.7561 0.001 0.383 -0.220 0.0000 0.0000 0.0 0.0
	010022 3893.7	-	0.6394 0.001 0.288 -0.163 -0.0002 0.0001 0.0 0.0
	000070 3923.9	-	0.9998 0.024 0.604 0.050 0.0000 0.0000 0.0 0.0
	001220 3936.6	-	0.9973 0.105 0.652 -0.105 0.0001 -0.0002 0.0 0.0
	000026 3991.4	-	0.7774 0.173 0.333 -0.096 0.0000 0.0000 0.0 0.0

TABLE X :

 X Comparison of calculated and experimental transition energies in cm -1 at the trans geometry. Given in parentheses are the transition moments in km/mol.

		ν exp			
	000010	596	590(139) 549(175) 580(186) 602(182) 600.5	600.9(135)
	000100 790(139) 796(128) 763(133) 804(44) 796(143) 795.7	796.0(131)
	001000 1263 1308(169) 1217(216) 1245(550) 1260(179) 1268.5	1267.6(172)
	010000 1700 1696 (129) 1620(143) 1764(116) 1653(94) 1698.2	1690.0(162)
	100000 3591	3785(76) 3560(122) 3596(35) 3587(83) 3586.5	3591.0(60)
	000002	-	-	890(37) 1080(5) 1093(6) 1056.3	1055.4(4)

a Calc. b Calc. c Calc. d Calc. e var. f CCSD(T)/DFT g a From Ref. [6] b CCSD(T) calculations from Ref. [66]. c (MP2/CC-VSCF)/HF 2D-anharmonic calculations from Ref. [3]. d DFT, 6D-anharmonic calculations from [60]. e MP2/3D-anharmonic from [62]. f From [21]. g This work.

TABLE XI :

 XI Comparison of the different values of k from eq.[START_REF] Wyatt | Quantum dynamics of overtone relaxation in benzene. V. CH(ν = 3) dynamics computed with a new ab initio force field[END_REF] in the text and the final trans probability P F trans for different total energies and laser intensities. The laser frequency is equal to 850 cm -1 . Reduced (i.e. integrated over the other degrees of freedom) density plots of calculated

	FIG. 2:			
	laser intensity [a.u.]	total Energy [eV]	k [ps -1 ]	P F trans (t=2500 fs)
	0.0035	1.045	0.67	0.17
	0.004	1.128	0.89	0.22
	0.005	1.260	1.80	0.28
	0.006	1.363	2.66	0.34
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