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Introduction

Since the pioneering work of Ferguson et al [START_REF] Michael | Photoelectron spectroscopy of ClH 2 and ClD 2 : A probe of the Cl+H 2 van der waals well and spin-orbit excited states[END_REF] several studies were dedicated to the Photo electron spectroscopy of the H 2 -Cl complex. These authors showed that it was a good way to probe the reactant Van der Waals well of the endothermic reaction Cl + H 2 ! HCl + H.

At about the same time, [START_REF] Wild | The 35 Cl H 2 and 35 Cl D 2 anion complexes: Infrared spectra and radial intermolecular potentials[END_REF], [START_REF] Alexander | Theoretical investigation of the lower bend-stretch states of the Cl H 2 anion complex and its isotopomers[END_REF] and [START_REF] Buchachenko | Ab initio potential energy and dipole moment surfaces, infrared spectra, and vibrational predissociation dynamics of the 35 Cl . . . H 2 /D 2 complexes[END_REF] studied the vibrational pre-dissociation dynamics of the 35 Cl-H 2 /D 2 complexes and provided 3D potential energy surfaces for these systems. More recently [START_REF] Wild | Complex formation in three-body reactions of Cl with H 2[END_REF] were able to measure in an ion trap the three-Body rate of formation of the H 2 Cl complex. They also tried to measure the radiative association rate and concluded that it was too small to be measurable. In another related work a combined theoretical [START_REF] Lara-Moreno | Predissociation spectra of the 3 5Cl (H 2 ) complex and its isotopologue 3 5Cl (H 2 )[END_REF] and experimental determination of the pre-dissociation spectrum of the H 2 Cl complex was reported by [START_REF] Dahlmann | Strong ortho/para e↵ects in the vibrational spectrum of Cl (H 2 )[END_REF]. A very good agreement between theory and experiment was obtained allowing to explain the strong ortho/para e↵ects in the vibrational spectrum of H 2 Cl . These studies demonstrated the very good accuracy of both the PES of [START_REF] Buchachenko | Ab initio potential energy and dipole moment surfaces, infrared spectra, and vibrational predissociation dynamics of the 35 Cl . . . H 2 /D 2 complexes[END_REF] and the computed quasi bound states of the complex. On the other hand, the relationship between three body (3B) and radiative association (RA) rates was explored long ago by [START_REF] Herbst | Rate Coe cients in Astrochemistry[END_REF] aiming to deduce one from the other. The general formula obtained by these authors requires the knowledge of the quasi bound states of the complex computed in our previous work [START_REF] Dahlmann | Strong ortho/para e↵ects in the vibrational spectrum of Cl (H 2 )[END_REF].

In the present study we then perform the first Close Coupling calculation of the H 2 /D 2 + Cl RA . To this aim we use the 3D PES of [START_REF] Buchachenko | Ab initio potential energy and dipole moment surfaces, infrared spectra, and vibrational predissociation dynamics of the 35 Cl . . . H 2 /D 2 complexes[END_REF] and perform dynamics calculations using the method we developed for N 2 H [START_REF] Stoecklin | A new theoretical method for calculating the radiative association cross section of a triatomic molecule: application to n2-h[END_REF] and applied to many systems [START_REF] Burdakova | Formation of Nacontaining complex molecules in the gas phase in dense molecular clouds: quantum study of the Na + + H 2 and Na + + D 2 radiative association step[END_REF][START_REF] Jones | Formation of Al containing molecular complexes in the gas phase in dense molecular clouds: quantum study of the radiative association of Al + +H 2 and Al + + D 2[END_REF][START_REF] Thierry Stoecklin | On the gas-phase formation of the HCO anion: Accurate quantum study of the H + CO radiative associ-ation and HCO radiative electron attachment[END_REF][START_REF] Thierry Stoecklin | On the gas-phase formation of the HCO radical: accurate quantum study of the H+CO radiative association[END_REF]. We then compare our results with an indirect estimate of the experimental values using the relation ship with the 3B rate measured by [START_REF] Wild | Complex formation in three-body reactions of Cl with H 2[END_REF] .

The manuscript is organized as follows: In section 2 we briefly describe the main features of both the PES and the dipole moment surface calculated by [START_REF] Buchachenko | Ab initio potential energy and dipole moment surfaces, infrared spectra, and vibrational predissociation dynamics of the 35 Cl . . . H 2 /D 2 complexes[END_REF]. We also summarize the main steps of the method used to calculate the RA rate coefficients and remind how the experimental 3B rate can be used to give an estimate of the experimental RA rate. In section 3 we present and discuss our results . Conclusions can be found in section 4.

Methods

All the calculations are performed in the spaced fixed frame using reactant Jacobi coordinates (R, r, ✓) where R is the intermolecular distance, r the bond length of the diatom and ✓ the angle between r and R.

Potential energy surface and dipole moment

We use the ab initio 3D dipole moment surface (DMS) and potential energy surface (PES) developed by [? ] where all details can be found. Contour plots of this PES are represented in Figure 1where the equilibrium geometry of the H 2 Cl complex ( 835.7 cm 1 ) is seen to be linear shaped with R = 5.75 a 0 and an H This is in contrast with the three systems mentioned for which the rigid rotor approximation was used.

As expected for a charged atom interacting with a non polar molecule the ab initio main component of the dipole moment calculated by [START_REF] Buchachenko | Ab initio potential energy and dipole moment surfaces, infrared spectra, and vibrational predissociation dynamics of the 35 Cl . . . H 2 /D 2 complexes[END_REF] is found to be along the inter molecular vector. In other words, the radial component of the dipole moment along the intermolecular vector is well . Red and blue curves are respectively associated with negative and positive energies.

represented by a function linear in R as for the three other ionic systems.

Bound and quasi bound states of the complexes and Dynamics

We use to calculate the RA cross section and rate the method initially presented in [START_REF] Stoecklin | A new theoretical method for calculating the radiative association cross section of a triatomic molecule: application to n2-h[END_REF]. All details can be found in that paper and in the following references . It is based on the driven equation space fixed formalism (see [START_REF] Heather | Photodissociation of triatomic molecules: Rotational scattering e↵ects[END_REF] and references therein) which connects the bound and scattering wave functions through the light-matter interaction operator. The bound states energies and wave functions of the formed complex are first calculated using a variational approach as detailed in [START_REF] Lara-Moreno | Predissociation spectra of the 3 5Cl (H 2 ) complex and its isotopologue 3 5Cl (H 2 )[END_REF]. For given initial (J) and final (J') values of the total angular momentum, each of the matrix elements of the dipole moment operator between the complex bound states (↵, J 0 ) and the continuous scattering wave function describing the approach of Cl towards H 2 in a given ro-vibrational state (⌫, j) are then accumulated during the course of the propagation of the initial scattering wave function allowing to obtain the RA cross sections.

v,j (E) = 8⇡ 2 3k 2 vj c 3 X J,J 0 ,↵ ! 3 ↵  M ↵,J 0 v,j,J (E) 2 (1) 
where ! ↵ is the angular frequency of the emitted photon and M ↵,J 0 v,j,J (E) are the integrated matrix elements of the dipole operator between an initial scattering state (⌫, j, J) of the fragments and a given bound state (↵, J 0 ) of the complex.

Relationship between 3B and RA rates

As radiative association rates are small and di cult to measure, astronomers developed approaches allowing to deduce them from 3B rates. We will here only briefly resume the results obtained by [START_REF] Herbst | Rate Coe cients in Astrochemistry[END_REF] based on a statistical approach. Within this model, both three body

A + + B + C * ) AB + + C (2) 
and radiative association

A + + B * ) AB + + h⌫ (3) 
processes are assumed to proceed in two steps:

The first step which is common to the two processes sees a charged atom A + colliding with a molecule B and form an excited complex (AB + ) ⇤ .

A + + B k F * ) k D (AB + ) ⇤ (4) 
with the (AB + ) ⇤ formation and destruction rates of this step denoted respectively k F and k D .

In the second step the excited ionic complex relaxes to its fundamental state either by emission of a photon in the case of the RA process:

(AB + ) ⇤ k R ! AB + + h⌫ (5) 
or by collision with a third body C in the case of 3B collision:

(AB + ) ⇤ + C k C ! AB + (6) 
Within the steady state approximation, [START_REF] Herbst | Rate Coe cients in Astrochemistry[END_REF] demonstrated that the RA and 3B rates are respectively related to those of each elementary step by the following relationship:

k RA = ✓ k F k D ◆ k R and k 3B = ✓ k F k D ◆ k C (7) 
It then follows from this expression that the two rates are related by the simple relationship:

k RA = ✓ k R k C ◆ k 3B (8) 
In a recent work [START_REF] Lara-Moreno | Predissociation spectra of the 3 5Cl (H 2 ) complex and its isotopologue 3 5Cl (H 2 )[END_REF] we determined the quasi bound state energies " J i and widths J i of the Cl H 2 /D 2 complexes. The unimolecular decay rate of each of these quasi bound states is straightforwardly obtained as:

k Ji R = J i ~.
We then compute for each value of J a rotationally selected unimolecular decay rate of the complex:

k J R (T ) = P i k Ji R exp( "i /k B T ) P i exp( "i /k B T ) (9) 
From the value of the rotational constant B C of the Cl H 2 /D 2 complex one then calculate the unimolecular decay rate k R :

k R (T ) = P J (2J + 1)k J R (T ) exp( B C J(J+1) /k B T ) P J exp( B C J(J+1) /k B T ) (10) 
In the absence of a full quantum calculation requiring the dtermination of a PES describing the collision of the Cl H 2 complex with an H 2 molecule we rely on approximate methods to estimate the k C collisional rate. The most common one is to use the Langevin rate k L associated with the collisions of Cl H 2 + H 2 when considering the simple case of a charge interacting with a non polar molecule:

k L = 2⇡ r ↵ µ ( 11 
)
where ↵ is the polarizability of H 2 and µ is the relative mass of the (Cl H 2 ) H 2 system. The rate coe cient k C is taken to be proportional to the Langevin rate:

k C = C k L ( 12 
)
where C is interpreted to be the e↵ective probability that a single collision causes stabilization. A few approximate models were proposed to determine the value of C but their accuracy is questionable. Also we will simply take k C = k L in our application of the model.

Results

Bound states

The variation of the calculated number of bound states of Cl H 2 and Cl D 2 are respectively shown as a function of the total angular momentum quantum number J in Figs. 2 and3 . The total number of bound states is 492 for Cl H 2 and 1111 for Cl D 2 while the largest value of J resulting in a bound state is 25 for the Cl H 2 and 36 for Cl D 2 . This is quite comparable with the results we obtained previously for the Na + H 2 /D 2 [START_REF] Burdakova | Formation of Nacontaining complex molecules in the gas phase in dense molecular clouds: quantum study of the Na+ + H2 and Na+ + D2 radiative association step[END_REF] and Al + H 2 /D 2 complex. [START_REF] Jones | Formation of Al containing molecular complexes in the gas phase in dense molecular clouds: quantum study of the radiative association of Al + +H 2 and Al + + D 2[END_REF], the relative masses of these three systems being also very similar while the Cl H 2 well depth is intermediate between those of Al + H 2 and Na + H 2 .

RA cross sections and rates

The RA cross sections variations as a function of collision energy are presented in figures 4 and 5 for the Cl H 2 and Cl D 2 for various initial rotational states of the diatomic fragments. Not surprisingly, these figures are very similar to those obtained previously for the above mentioned systems. The magnitude of the cross sections is directly proportional to the well depth of each system. A larger well depth leading to lower bound state energies while the cross sections are proportional to ! 3 . The initial rotational state j = 1 gives the largest Al + H 2 /D 2 RA cross sections while the RA cross sections then decrease monotonously as a function of rotational excitation. The linear shaped equilibrium geometry of the complex does not seem to lead to noticeable di↵erences of behavior with the three T shaped systems treated previously.

In Figs. [START_REF] Herbst | Rate Coe cients in Astrochemistry[END_REF] (Cl H 2 ) and 7 (Cl D 2 ) we present j resolved RA rate coe cients as well as the total Boltzmann averaged reaction rates. 2:1 and 3:1 ratios obtained from the spin statistics were included when combining respectively the ortho/para-D 2 and ortho/para-H 2 rate coecients. The Boltzmann averaged rate coe cients are seen to be almost flat at low temperature for both reactions before reaching a maximum close to 80 K for Cl H 2 and 160 K for Cl D 2 formation . Both rate coe cients thereafter decrease monotonously and follow the expected T 1 law predicted by modified thermal theory. This general behaviour was also obtained and analysed for the three other ionic Van der Waals complexes we treated previously .

We compare in Table 1 the maximum values of the RA rates for all the Van der Waals complexes we treated up to now. As can be seen in this table the maximum value of the RA rate is of the same order of magnitude for the four systems compared whatever is the magnitude of the well depth. The Cl H 2 complex which is the only linear at equilibrium gives the lowest value of the rate. The temperature giving the maximum value of the rate is seen to increase as a function of the well depth. This is a direct consequence of the presence of the inelastic scattering resonances which appear for collision energies lower than the well depth. When Boltzman averaged these resonances give birth to a bump of the rate coe cient which maximum is shifted towards larger temperature when resonances also appear at higher collision energy.

In the same table we also report the value of the RA rate of Cl with D 2 . Again ,we obtain a very strong isotope e↵ect for this system as a result of the larger number of bound states. The temperature of the RA rate maximum is also shifted to higher temperature.

Indirect comparison with experiment using the 3B rate

We presented in section 2.3 the relationship [START_REF] Heather | Photodissociation of triatomic molecules: Rotational scattering e↵ects[END_REF] obtained by [START_REF] Herbst | Rate Coe cients in Astrochemistry[END_REF] between 3B and RA rates. The 3B rate of the

Cl + H 2 + H 2 * ) (H 2 Cl ) + H 2 (13) 
process was recently measured by [START_REF] Wild | Complex formation in three-body reactions of Cl with H 2[END_REF] between 10 and 26 K where it follows a proposed k 3B (T ) = aT 1 law with a = 1.12(2) ⇥ 10 29 cm 6 Ks 1 . We can then infer an experimental estimate of the

Cl + H 2 ! (H 2 Cl ) + h⌫ (14) 
RA rate from the measured 3B rate using equation [START_REF] Heather | Photodissociation of triatomic molecules: Rotational scattering e↵ects[END_REF]. We first need to calculate k R and k C .

k C is taken to be the Langevin rate k L defined in [START_REF] Stoecklin | A new theoretical method for calculating the radiative association cross section of a triatomic molecule: application to n2-h[END_REF]. Using ↵(H 2 ) = 5.44 a 3 0 we obtain:

k C = k L = 1.52 ⇥ 10 9 cm 3 molecule 1 s 1 (15) 
In order to calculate k R from expression [START_REF] Lara-Moreno | Predissociation spectra of the 3 5Cl (H 2 ) complex and its isotopologue 3 5Cl (H 2 )[END_REF] we would need both the energies and widths of the (H 2 Cl ) quasi bound states . While the energies were calculated accurately in our previous study [START_REF] Lara-Moreno | Predissociation spectra of the 3 5Cl (H 2 ) complex and its isotopologue 3 5Cl (H 2 )[END_REF] the width were more di cult to converge and are available only for a few quasi bound states. We then take instead for k R a usual typical value recommended by [START_REF] Herbst | Rate Coe cients in Astrochemistry[END_REF] for such process: (18) The statistical model of [START_REF] Herbst | Rate Coe cients in Astrochemistry[END_REF] then allows to obtain from the experimental 3B rate an estimate of the RA rate coe cient which is of the same order of magnitude than the calculated one. This is quite encouraging as we used very approximate values of both k R and k C . We then expect that more accurate determination of these two rates should allow obtaining even better estimate of the RA rate using experimental 3B rate for similar systems.

Conclusion

We investigated theoretically the formation of the Al + H 2 and Al + D 2 complexes through RA at the close-coupling level using available 3D PES and dipole moment surfaces. The total number of Al + D 2 bound states is more than twice as large as the one of Al + H 2 while the largest value of J resulting in a bound state is 25 for Al + H 2 and 36 for the Al + D 2 as expected from the mass di↵erence between the two systems. As a result the RA rate is up to 3 orders of magnitude larger with D 2 than with H 2 . We compared our results with those obtained for three other ionic van der Waals complexes and verified that both the temperature of the maximum and the maximum of the RA rate increases a function of the well depth. The linear shaped equilibrium geometry of the complex does not seem to lead to noticeable di↵erences of behaviour with the three T shaped systems treated previously. We also determined an approximate experimental estimate of the Cl + H 2 ! (H 2 Cl ) + h⌫ RA rate using the relationship between the RA and 3B rate for Cl +H 2 +H 2 (H 2 Cl )+H 2 measured recently. We found that the calculated and approximate experimental estimate of the RA rate are of the same order of magnitude. This encouraging result suggest that experimental estimate of the RA rate could be obtained from existing 3B rate for other systems.

Fig. 1

 1 Fig. 1 Contour plots of the potential energy surface of Cl H 2 obtained by Buchachenko et al. for r = 1.4097 a 0 . The energy is given in cm 1. Red and blue curves are respectively associated with negative and positive energies.

Fig. 2 Fig. 3

 23 Fig. 2 Number of bound states of Cl H 2 as a function of the total angular momentum quantum number of the system.

Fig. 4

 4 Fig. 4 Radiative association cross section of Cl H 2 as a function of collision energy depicted for di↵erent values of j.

Fig. 5

 5 Fig. 5 Radiative association cross section of Cl D 2 as a function of collision energy depicted for di↵erent values of j.

Fig. 6

 6 Fig. 6 Radiative association rate coe cient for forming Cl H 2 as a function of temperature depicted for di↵erent values of j.

Fig. 7

 7 Fig. 7 Radiative association rate coe cient for forming Al + D 2 as a function of temperature depicted for di↵erent values of j.

k R = 10 3 s 1

 1 (16) and obtain an experimental estimate ofk Exp RA (T = 26K) = 3.4 ⇥ 10 20 cm 3 molecule 1 s 1(17) while our calculated value is k Cal RA (T = 26K) = 6.7 ⇥ 10 21 cm 3 molecule 1 s 1

Table 1

 1 Comparison between the RA coe cients given

	in cm 3	molecule 1	s 1	calculated for several ionic Van der
	Waals complexes.			
	System	Geometry	De (cm 1	)	Tmax (K)	k RA
	H Na + Al + Cl Cl	N 2 H 2 H 2 H 2 D 2	T-shaped T-shaped T-shaped Linear	349.1 1184 668.4 835.7	4 100 8 7 80 147	4 .3 ⇥ 10 20 6 • 10 20 1 .9 • 10 20 8.1 • 10 21 2.5 • 10 18
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