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Introduction

There is a renewed interest in the lanthanoid (Ln) isotopic compositions of irradiated nuclear fuels for neutronic calculations of new nuclear reactors, and for the management of radioactive wastes. [1][2][3] In both cases predictive modeling is based on nuclear data that are validated by isotopic analysis. For this, Inductively Coupled Plasma -Mass Spectrometry (ICP-MS) is currently the technique mostly used. It is a versatile tool having good detection limit for many elements and short time analysis. While this technique is used in several fields, 4 isobaric interferences arise between different chemical elements with isotopes of equal mass, typically 151,152 Sm/Eu, 154 Sm/Gd, 154,155 Eu/Gd in the nuclear fuel cycle, 5 thus potentially causing some problems when this technique is used for the separation of lanthanoids.

Using a collision/reaction cell is an elegant way to eliminate isobaric interferences, especially for heavy and radioactive isotopes. To that end, the cell (placed just before the mass filter) is filled with a low pressure gas chosen for its chemical reactivity and selectivity towards the interfering ions. 4,[6][7][8] Using an ICP-MS equipped with a collision/reaction cell, we intend to investigate the chemical reactivity of Lanthanoids with gases in order to provide a way of eliminating isobaric interferences and get an efficient method applicable for the separation of lanthanoids in the gas phase. More generally, we are interested in measuring the isotopic compositions of Ln fission products, 9 actinoids (An) activation products and their decay products irradiated in nuclear fuels. 10 Our experiments are performed with a commercially available Q-ICP-MS, where the ions are not especially thermalized prior to the reaction. This is different from the thermalized SIFT-MS 5,[11][12][13][14][15] experimental set-up developed by Bohme and coworkers, and one can imagine that the corresponding extra energy in our experimental set-up might induce different chemical reactions, in particular allowing more endothermic reactions. Only single mono-ionizations of lanthanoids (noted hereafter Ln + ) are usually obtained in ICP-MS, and hereafter we only refer to this charge state.

A better understanding of the chemical reactivity of Ln + should help choosing the reacting gases in order to be able to suppress the isobaric interferences. Reactions of Ln + ions have been evidenced with several gases, 5,11,[14][15][16][17][18][19][20][21] suggesting that Ln + strongly reacts when it has two non-f unpaired valence electrons, and that reactivity and electronic promotion energy (PE) are correlated 18,19 (PE is the energy needed for the promotion of one electron from the fundamental electronic configuration 4f n 5d 0 6s 1 to the reactive configuration 4f n-1 5d 1 6s 1 , where n is the number of 4f-electrons in the Ln + ground state).

Gibson 22 also proposed a quantitative correlation between the bonding energies and the electronic promotion energies for oxide ions and molecules of the f-block elements in the gas phase. Furthermore, chemical reactivity of metal ions is of fundamental interest for the activation of covalent bonds (typically C-H, C-C, C-O, C-F, N-H, N-O), 5,[23][24][25][26][27][28] and for the potential elimination of H 2 associated with some of these activations, which could be used to produce gas phase H 2 .

Gases with O donor atoms, as O 2 and H 2 O, have often been found reactive toward Ln + ions, but less selective than gases based on the softer N donor atoms. Namely, most Ln + ions (La + , Ce + , Pr + , Nd + , Sm + , Gd + , Tb + , Dy + , Ho + , Er + and Lu + ) are very reactive with O 2 (giving LnO + ) except for three of them: Eu + , Tm + and Yb + . 14 Reactions with H 2 O are slightly more selective, giving LnO + with relatively high reaction rate coefficients for La + , Ce + , Gd + , Tb + and Lu + , and with low reaction rate coefficients for Pr + , Nd + and Sm + . 13 N donor gases such as N 2 O and NH 3 are more selective across the Ln + series. The primary reactions with N 2 O generally proceed via the O atom transfer to the bare atomic cation for all the Ln + ions (Ln + + N 2 O  LnO + + N 2 ). 14 N atom transfers leading to the LnN + cations were observed for La + and Ce + (Ln + + N 2 O  LnN + + NO). The primary reaction channel with NH 3 results in the formation of the protonated lanthanoid nitride LnNH + for La + , Ce + , Gd + and Tb + (Ln + + NH 3  LnNH + + H 2 ), 4,5 while LnNH + was not found for the other Ln + ions.

We presently chose to study the chemical reactivity between Ln + and NH 3 gas, as NH 3 appears a selective gas. As already pointed out, our present experiments are based on more energetic collisions, and the comparison between our results and the ones from Bohme and co-workers. will allow us to probe the effect of energy for the chemical reactions to occur. Another reason for that choice is that gases based on N donor atoms have been suggested for industrial partitioning of f-block elements, namely for selective extraction of the Am and Cm minor actinoids from lanthanoid fission products. 29,30 Such fundamental understanding of the chemical reactivity between Ln + and NH 3 gas requires associated theoretical calculations, in order to dissect more precisely the mechanisms of the chemical reactions including stable conformers formed, transition states and energetics of the reactions. Very few theoretical studies have been published on mono-cations of f-block elements in the literature. 27,31,32 Very recently Ma et al. studied the insertion of Ce + in the N-H bond of ammonia by using the DFT/B3LYP and CCSD(T) levels of calculation. 32 In the present work, we will be investigating the mechanisms of the chemical reactions of La + , Sm + , Eu + and Gd + with ammonia by means of the DFT, MP2, CCSD(T) and CASSCF/CASPT2 theoretical methods.

Materials and methods.

Experimental set-up

Mass spectrometry measurements were carried out with a single quadrupole ICP-MS X Series II (Thermo-Fisher Scientific, Bremen, Germany) equipped with the Collision Cell Technology (CCT). Ar plasma -in which samples are nebulized-is provided by the application of a 1250 W radio frequency potential at 27.12 MHz. The other main operating parameters are summarized in the Supporting Information. Spectra are recorded up to 245 amu, which corresponds to the quadrupole mass limit. Many elements can be analyzed in standard mode, i.e. without gas in the cell. Nevertheless, interferences can complicate the analysis, especially for nuclear fuels where elements are not with their natural isotopic compositions. Collision/reaction devices are currently used to get rid of such interferences. This system is based on addition of collision and/or reaction gas after cation formation. The gas impacts or reacts with an ion beam for eliminating isobaric or poly-atomic interference. The ion lens setting, the nebulizer gas-flow rate and the torch position of the instrument were optimized every day with a multi element tuning solution (SPEX) in standard mode. This solution contains 1 µg.L -1 of uranium and indium. It is used to maximize sensitivity, and to perform short term stability tests. Typical sensitivities were better than 150,000 counts.s -1 .µg -1 .L with a residual standard deviation better than 1 % for 10 measurements of 1 minute. In gas mode, a 1 µg.L -1 indium solution, which does not react with the gas, was used to maximize sensitivity for each gas flow rate. 10 µg.L -1 Ln mono-elemental solutions were prepared from 1000 mg.L -1 La and Eu standard SPEX, and from 152 Sm and 160 Gd mono-isotopic solutions diluted in a 0.5 N nitric acid solution. This 0.5 N nitric acid solution was prepared by diluting a sub-boiling 14.3N nitric acid solution with deionized water (resistivity 18.2 M cm). The sub-boiling nitric acid solution was obtained by distillation of a 65% HNO 3 Normatom solution using an EVAPOCLEAN system (Analab, France). Indium has been added in each sample to follow the scattering losses consecutive to the introduction of a gas in the Q ICP-MS reaction cell. Ammonia (minimum purity of 99.98%) was obtained from MESSER (Puteaux, France).

High purity was used to avoid secondary reactions with impurities. Nevertheless, deuterated ammonia (ND 3 ) -D isotopic content of 99.75% -was used to check results obtained with NH 3 . It was purchased from Euriso-top (Gif-sur -Yvette, France). The gas flow rate was measured with a Mass Flow Controller (MFC), calibrated for He. The flow rate of NH 3 , φ NH 3 = f NH 3 φ He , was calculated by using f NH 3 = 0.551 in our conditions.

Theoretical calculations

Potential energy surfaces were calculated for La + , Sm + , Gd + and Eu + interacting with NH 3 , including minima and transition states for the relevant spin states. The geometries of the minima and the saddle points were optimized at the B3LYP level of calculation, 33 while energies have been calculated at the MP2 level of theory 34 and checked at higher levels of theory, typically CCSD(T). 35 The geometries of LaNH + and GdNH + were also re-optimized at the MP2 level of calculation to test the reliability of B3LYP geometries: the differences in bond distances were found to be less than 0.02Å in LaNH + and GdNH + . All these calculations were performed with the Gaussian03/09 suite of programs. [START_REF] Frisch | Revision B.01 Gaussian 09[END_REF] Stuttgart's small core relativistic effective core potentials ECP28MWB [START_REF] Cao | [END_REF][38][39] with 28 core electrons were used for the Ln atoms. Note that in the ECP28MWB_SEG associated basis set, hereafter called STUT, the exponents for the g-functions were taken from f-ones. All the original f-functions were kept, while at most two g-functions with optimized exponents were found to be enough for our systems. The g-functions were found to have negligible influence on the optimized Ln-N distance in LnNH + (see Supporting Information). The STUT basis set in which the g-functions have been suppressed is called STUTf.

STUTf was used for the B3LYP geometry optimizations, while optimized g-functions were added to STUTf for the MP2 and CCSD(T) energy calculations. The resulting basis set is here called STUTgn, where n is the number of optimized g-functions (n = 1, 2 or 3): at least one g-function is needed for the MP2 energies (see Supporting Information). The STUTg2 basis set was used for the energy calculations, where the g-exponents (1.2691 and 0.4230 for La) were optimized to give the minimum MP2 energy (and in fact also giving the minimum La-N distance) for low-spin LaNH + . The original g-functions of the STUT basis set vary almost linearly along the Ln series; nevertheless, the same g-exponents (1.2691 and 0.4230) were taken for La and Gd, since linearly extrapolating the g-exponents for Gd (1.5356 and 0.5498) changed the energy of reaction Ln + + NH 3 → LnNH + + H 2 by less than 1 kJ.mol -1 . The number of g-functions has a negligible influence on the MP2 and CCSD(T) results. Finally, two identical gexponents were added on STUTf for La, Sm, Eu and Gd: they are those optimized for La (1.2691 and 0.4230). The 6-31+G(d,p) and the 6-311+G(2df,2p) basis sets for N and H atoms were used for the geometry optimizations and for the energy calculations, respectively.

Basis set superposition error (BSSE) was estimated for LaNH 3 + using the counterpoise method. 40 This BSSE appeared to be small (<6 kJ.mol -1 ), and we did not take it into account for the final values of energies presented here. Two spin states, i.e. low spin and high spin, were considered for La + (S=1 and 3), Sm + (S=6 and 8), Eu + (S=7 and 9) and Gd + (S=8 and 10). In the high spin state all the electrons are unpaired. Intrinsic reaction coordinate (IRC) 41,42 calculations were computed for all the transition states to check the connectivity of the reactant, the transition state and the product. The zero-point energy (ZPE) was calculated at the B3LYP level. Some ZPE were calculated at the MP2 level on 11 structures along the La and Gd pathways: we found differences lower than 7 kJ.mol -1 with the ZPE calculated at the B3LYP level for 10 structures. The highest difference was observed for GdNH 3 + (S=10) with a value of 12 kJ.mol -1 . Natural population analysis (NPA) were performed with the software NBO5.9. 43 The multireference character of our CCSD calculations was estimated with the T1 diagnostic: 44 the values obtained for LaNH + (0.013) and GdNH + (0.023) indicate that the single-reference approximation is enough. To check the reliability of using single reference methods, we used CASSCF/CASPT2 method on B3LYP minimum energy geometries. The relativistic all electron ANO-RCC basis sets 45 were used to validate the electronic picture given by single reference MP2, in particular, the ANO-RCC-VTZP basis set was used for the Ln elements, and the ANO-RCC-VDZP basis set was used for N and H atoms. In all calculations, the Cholesky decomposition [46][47][48] technique and the Douglas-Kroll-Hess

Hamiltonian 49 were applied to reduce the computation cost, and to account for scalar relativistic effects respectively. In order to avoid intruder states, an imaginary level shift of 0.2 a.u. was used in the CASPT2 calculation. 50 In the cases of Gd, Eu and Sm, complete active spaces which include the full valence electron shells and the additional orbitals from NH 3 would result in large active spaces that could not be applied in a practical fashion. Thus, a truncated version of the full valence active space was constructed by removing the empty 5d orbitals of the lanthanoids out of the active space to reduce computational cost. In the case for the GdNH 3 cation, we took into account 9 electrons and 9 orbitals from Gd + , 3 electrons and 3 orbitals from N, 1 electron and 1 orbital from each H resulting in a 15 electron in 14 orbital active space, denoted as (15,14). Similarly, a (13,14) active space was applied to the GdNH + cation to ensure the consistent size of active space throughout the series for comparison purposes. Following the same approach for the choice of the active space, a (14,14) and (13,14) active space for the EuNH 3 and SmNH 3 cationic complexes respectively and other complexes' active space were adjusted as mentioned above to ensure the consistency of the size of the active space. A different active space choice was made for the La series as the La cation formally does not have any 5d or 4f

electrons. Yet to accompany possible population into the empty 5d and 4f orbitals, we took into account 2 electrons and 4 orbitals from La + , resulting in an 8 electron in 10 orbital active space (8,10) for the LaNH 3 cation, other complexes' active space was adjusted accordingly by modifying the number of electrons within the active space.

The CASSCF/CASPT2 calculations were done with the MOLCAS quantum chemistry software. 51 We have extended our theoretical investigations to the addition of supplementary NH 3 molecules to the LaNH + , i.e. LaNH(NH 3 ) n-1 + + NH 3 → LaNH(NH 3 ) n + for n = 1 to 6, using B3LYP/STUTf geometry optimizations at the low spin state (S=1).

Gibbs' energy of the reaction ( r G n °) have been calculated using MP2 electronic energies and the B3LYP harmonic thermal corrections. Superscript ° is for the standard state. For such reactions the thermal corrections are for the reference state conditions, 52,[START_REF] Stokes | Activity Coefficients in Electrolyte Solutions[END_REF] especially here for the standard state pressure (P° = 1 atm), while P cel , the NH 3 pressure in the reaction cell, is much lower (about 10 -5 atm).

Negative standard Gibbs's energy of reaction ( r G n °) typically indicates whether the LnNH(NH 3 ) n + product is more stable than the reactants at the 1 atm reference state, while

 r G n cel =  r G n ° -R T ln(P cel / P°). (1) 
the Gibbs's energy of reaction at pressure P cel , is the relevant energy change to discuss the stability of P LaNH(NH 3 ) + n in the reaction cell. Equivalently P LaNH(NH 3 ) + n is stable if log K n cel > 0, where K n cel is the corresponding equilibrium constant. The equilibrium constants were calculated as  r G n = -R T ln K n (using the proper state ° or cel ) and K n ° = (P° / P NH 3 ). Furthermore, P NH 3 ,n = P°/K n ° is the NH 3 partial pressure at the point of half reaction, namely, NH 3 partial pressure where there is the same amount of LaNH(NH 3 ) + n-1 and LaNH(NH 3 ) + n , as deduced from K n ° = (P° / P NH 3 ) (P LaNH(NH 3 ) + n / (P LaNH(NH 3 ) + n-1 ).

Results and discussion

We first describe our experimental results for the reaction of Ln + with NH 3 . They confirm the order of reactivity La +  Gd + >> Sm + > Eu + , already observed by others with different experiments. We then describe our computational results that are consistent with the difference in reactivity as observed from difference in potential energy surface (PES) and associated electronic structures through the PES.

ICP-MS results for the Ln + + NH 3 chemical reaction

Results of the reactions of La + , Sm + , Eu + and Gd + in NH 3 gas with our Q ICP-MS using NH 3 gas at different gas flow rates in the reaction collision cell are presented in Figure 1 and 2. La + and Gd + exhibit high reactivities with NH 3 , giving LnNH(NH 3 ) n + (n=0-5) products (Figure 1), and their MS signals quickly decrease when NH 3 is introduced (Figure 2). The major product cations seen in the spectra are LaNH + and GdNH + , representing 42% and 38% of the species, respectively (NH 3 flow rate at 0.05 ml.min -1 ), following the reaction Ln + + NH 3  LnNH + + H 2 . NH 3 can further be added to LnNH + , forming LaNH(NH 3 ) n + (n = 1-5) and GdNH(NH 3 ) n + (n = 1-4) complexes, as seen in the MS signatures in Figure 1. Complexes with more NH 3 molecules could not be observed, because their masses are bigger than the mass limit of our instrument (245 amu).

Another product is observed at mass M+16 (Fig 1 to Ln + to form La(NH 3 ) n + (n=4 to 6) and Gd(NH 3 ) n + (n=4, 5) are also observed (Figure 1), but in relatively small quantities, i.e. 10% for both La and Gd (NH 3 flow rate of 0.05 mL.min -1 ).

In contrast, Eu + reacts only slightly with NH 3 . We compared this signal with those obtained with not reactive indium, which signal gives the scattering loss that can explain the intensity decrease of the Eu signal (Figure 2). Only the EuNH 3 + species is detected (in very small quantities: less than 0.5%) for the smallest value of the NH 3 flow rate. The EuNH 3 + peak is no longer detected, when the NH 3 flow rate is increased. This can be attributed to the decrease of the detection limit when increasing the partial pressure in the collision cell. The peak detected at the vicinity of m/z 208 is due to lead, an impurity present in the acid.

Sm + has an intermediate behavior between those of La + /Gd + and Eu + . The Sm + signal follows nearly the indium one, it decreases slightly more quickly with the NH 3 gas flow rate (Figure 2). This reflects some affinity for ammonia. As for La and Gd, a second product is also observed at mass M+16 corresponding to SmO + as confirmed by using ND 3 (Figure 1b).

Our experimental data are consistent with previous experiments, and in particular those of Koyanagi et al. 5 founding that LnNH + is a key reaction product of the reaction for several Ln monocations including La + and Gd + in their SIFT ICP-MS. Similarly, LaNH + and GdNH + were obtained here by using a Q ICP-MS. Interestingly, our results show that thermalisation of the reactants before they enter the reaction collision cell is not pivotal for the formation of LaNH + and GdNH + , as this is the main difference between the experiments performed in Ref. 5 and ours. Koyanagi et al. 5 also observed the addition of up to 5 NH 3 molecules on LaNH + and GdNH + ions, and they did not report the formation of larger complexes.

We also demonstrated that the M+16 peak was due to the LnO + impurity, not to isobaric LnNH 2 + in our experimental conditions for Ln = La, Gd and Sm, a subject debated in the literature for Ce + . 

Potential Energy Surfaces for Ln + + NH 3 reactions

In this section, each step of the potential energy profiles (Figure 4) of the reaction pathways, and the geometries (Figure 5) are described for La + , Gd + , Sm + and Eu + reacting with one NH 3 molecule.

Reaction LnNH 3 +  TS1 will appear to be the key step to explain the differences in the reactivity across the Ln + series. The reaction mechanisms are summarized in Scheme 1.

Energies calculated at the different steps along the chemical reactions are reported in Table 1 and2, with four different levels of representation (B3LYP, MP2, CCSD(T) and CASPT2). Energies are calculated on the B3LYP optimized geometries. Globally, each method provides similar results, with some differences that we describe in the following. In particular, B3LYP energies are in good agreement with MP2, CCSD(T) and CASPT2 methods, for almost all structures. By inspecting the T1 diagnostic of the CCSD calculations and the CASPT2 wavefunctions, it appears that only few structures display a multi-configurational character, namely LaNH 3 + (S=1), SmNH 3 + and TS1 for Sm + reaction (both for S=6), and all the Eu based compounds with S=7 (see Supporting Information). Nevertheless, MP2

energies of these species are still reasonably close to the CASPT2 values. We can safely conclude that the MP2 method is enough in order to treat the chemical reactivity of Ln + with NH 3 . Note that Ma et al. 32 very recently studied the activation of an N-H bond in ammonia by Ce + at the B3LYP level of theory, also finding a reasonable agreement with CCSD(T) calculations. Similarly, Matsuda et al. 31 studied C-F activation by Ln + using B3LYP and CASPT2, and showed a good agreement between the two methods.

In the following, reactivity is thus discussed on the potential energy surface (see Figure 4) calculated at the MP2 level with ZPE corrections from the B3LYP level. The discussion starts from the bare cation (Ln + ) properties up to the chemical products (LnNH + + H 2 ), through intermediates (LnNH 3 + , HLnNH 2 + ) and transition states. Structures are shown in Figure 5.

The high spin state is the most stable one for the four bare mono-cations (Figure 4). The energy difference between La + (S=3) and La + (S=1) obtained by MP2 is +31 kJ.mol -1 , reasonably close to the NIST value (3 kJ.mol -1 ) [START_REF] Nist | [END_REF] . The MP2 energy difference (+46 kJ.mol -1 ) between Gd + (S=10) and Gd + (S=8) is even closer to the NIST value (35 kJ.mol -1 ) [START_REF] Nist | [END_REF] . Similarly, the MP2 energy differences between the low and the high spin of Eu + (+20 kJ.mol -1 ) and Sm + (+18 kJ.mol -1 ) are consistent with the NIST value (+20 and +18 kJ.mol -1 respectively). [START_REF] Nist | [END_REF] The ground states found for La + and Gd + are [Xe] 5d 2 and

[Xe] 4f 7 5d 1 6s 1 respectively, where all the valence electrons are unpaired, corresponding to the maximum possible spin multiplicity: S = 3 for La + and S = 10 for Gd + . It is in agreement with the published fundamental electronic configurations. 5,[START_REF] Nist | [END_REF] For Sm + and Eu + , the electronic configuration are

[Xe] 4f 6 6s 1 and [Xe] 4f 7 6s 1 , respectively. . In the case of La and Gd, the spin multiplicity decreases in the course of the reaction. The HLnNH 2 + intermediate is more stable than the LnNH 3 + precursor. The relative energies of the reactant, the TS and the product suggest that the spin crossing occurs before reaching the transition state (TS1). The same was very recently found for Ce + in a detailed study locating the crossing points between the potential energy surfaces. 32 From here, the reaction proceeds on the low spin PES for both La and Gd. The energy barrier from LnNH 3 + (high spin) to TS1 (low spin) is 105 and 155 kJ.mol -1 for La and Gd, respectively. In TS1, one H is bridging Ln and N, being closer to N (Figure 5). Note that we did not manage to locate any TS1 for La in its high spin state (S=3). The low spin HLnNH 2 + intermediate is more stable than the high spin LnNH 3 + precursor by 100 (La) or 38 kJ.mol -1 (Gd).

HLaNH 2 + and HGdNH 2 + in their low spin states display planar structures, while the higher energy high spin states have non-planar structures (see Fig. 5). Similar geometries were found by Mavridis et al. and by Hendrickx et al. 55,56 for the reaction of Sc + with NH 3 . In the non-planar structures, N is sp 3 hybridized, thus allowing the formation of only one σ bond with Ln + , while N is sp 2 hybridized in the planar structures, thus allowing the formation of a Ln=N double-bond. This explains why the planar structure is stabilized: there is one more covalent bond, which is associated with electron pairing. The low spin species are more stable than the high spin ones by 244 kJ.mol -1 (La) and 211 kJ.mol -1 (Gd). Here, we pause to explain these observed differences in reactivity by taking into account the differences in promotion energies of the bare Ln + ions as suggested by Bohme and coworkers. In order to form a stable Ln=N double bond, two non-f electrons are needed, i.e. an electronic configuration

[Xe]4f n 5d 1 6s 1 , with n=0-14. For Gd + this is the ground state electronic configuration, thus explaining its reactivity. La + has a small promotion energy (19 kJ.mol -1 ) from the fundamental ground state

[Xe]4f 0 5d 2 6s 0 to the reactive configuration [Xe]4f 0 5d 1 6s 1 . Conversely, Eu + and Sm + are [Xe]4f 7 5d 0 6s 1 and [Xe]4f 6 5d 0 6s 1 respectively, with a promotion energy of 388 kJ.mol -1 and 260 kJ.mol -1 , 5 thus explaining their high energy barrier and their lack of reactivity.  r G n °, the Gibbs energy of the reactions LnNH(NH 3 ) n-1 + + NH 3  LnNH(NH 3 ) n + has been calculated, and we give an interpretation through the corresponding equilibrium constant K n ° and partial pressure P NH 3 ,n of NH 3 at half reaction to add an n th NH 3 molecule to LaNH(NH 3 ) n-1 + (see Table 3 and Computational details). P NH 3 ,n is found to be smaller than P NH 3 ,cel = 10 -5 atm (Table 3) for n=1 to 5, meaning that the NH 3 pressure in the reaction-collision cell is enough to form LaNH(NH 3 ) n + up to n=5, while P NH 3 ,6 > 10 -5 atm thus predicting that the NH 3 pressure in the reaction-collision cell is too low to allow the addition of one more NH 3 molecule to LaNH(NH 3 ) 5 + . This thermodynamic interpretation is in line with the experimental observations of Koyanagi et al. 5

Conclusions

The reactivity of La This type of reactions is often called in the literature activation of ammonia N-H bonds by a metallic cation, as well as insertion of metallic cation into a covalent bond. 23,24,28 Up to 5 NH 3 additions were further observed on LnNH + giving LnNH(NH 3 ) n + (n=1-5). In contrast, Eu + and Sm + did not form LnNH + in our experimental conditions (about 10 -5 atm of ammonia). Eu + gave less than 0.5 % of EuNH 3 + , and Sm + gave about 2 % of SmNH 3 + (or HSmNH 2 + ) with a gas flow rate of 0.05mL.min -1 . A second reaction was observed for La + , Gd + and Sm + leading to the formation of a monocation of mass M + 16, a subject debated in the literature for Ce + : 4,5 this species does not correspond to LnNH 2 + as evidenced by using ND 3 , but rather to LnO + , arising from a secondary reaction with gas impurities.

Our results obtained on a commercially available Q-ICP-MS confirm the data obtained by Koyanagi et al. 5 on their SIFT-ICP-MS. These authors also pointed out that the high reactivity of Ln + is correlated with low promotion energies to electronic states that have two non-4f unpaired valence electrons. Our experimental results are consistent with such a correlation for Ln + ions with high (La + and Gd + ), medium (Sm + ) and low (Eu + ) reactivities.

Our theoretical calculations support and illustrate the key role of the Ln atomic electronic configuration. The first step of the reaction pathway is the formation of the LnNH 3 + complex for the four Ln + monocations. The second step, which leads to the formation of HLnNH 

Ln + + NH 3  LnNH 3 +. 3 +  TS1  HLnNH 2 +

 332 The reaction of Ln + with NH 3 first proceeds through the exothermic formation of LnNH 3 + showing that the La and Gd systems are a little more exothermic (Δ r E = -167 kJ.mol -1 and -153 kJ.mol -1 , respectively) than the Eu (-114 kJ.mol -1 ) and Sm (-112 kJ.mol -1 ) ones. Spin multiplicity is unchanged during this step: LnNH 3 + is more stable in its high spin configuration. The optimized geometries of the LnNH 3 + complexes are C 3v (Figure5), with virtually identical Ln-N distances for Ln = La (2.61 Å), Sm (2.64 Å), Eu (2.63 Å) and Gd (2.65 Å). Note that low spin Ln-N distances are shorter (Figure5) than the corresponding high spin ones.LnNH
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 6555 Figure6), so that LaN-H defines a normal plane for the coordination of ligands to NH 3 . This geometry
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 23 Figure 1. Q ICP-MS mass spectra of 10 µg.L -1 solutions with NH 3 reacting gas (0.05 mL.min -1 ): 139 La standard solution (a), 152 Sm (b) and 160 Gd (d) mono-isotopic solutions, and Eu (c) standard solution.

Figure 4 .Figure 5 .

 45 Figure 4. Energy profiles for reactions of NH 3 on Ln + in low (-) and high (---) spin multiplicities relative to Ln + (High spin) + NH 3 , including ZPE calculated at the B3LYP level.
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 6 Figure 6. Optimized structures of LaNH(NH 3 ) n + complexes. The bond lengths are in angstroms and the
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 1 Scheme 1. Schema of reaction Ln + + NH 3  LnNH + + H 2 for La and Gd (a), and for Eu and Sm (b).

  

  ). It could correspond to LnNH 2 + produced from Ln + and NH 3 with H-elimination, Ln + + NH 3  LnNH 2 + + H. However, it can also be attributed to LnO + , which would arise from a possible secondary reaction with gas impurities, since LnNH 2 + and LnO + are isobaric. To elucidate whether LnNH 2 + was actually formed in our ICP-MS, the same experiment was repeated with deuterated ammonia (ND 3 ), as illustrated for Gd + in Figure 3. GdND + (m/z = 176) is observed while LnND 2 + (m/z = 178) is not. We therefore conclude that the peak at mass M+16 in our NH 3 spectrum of La and Gd was only due to LnO + . NH 3 additions to LnO + to form LnO(NH 3 ) n + (n=1 to 4 or 5) are also observed, as also confirmed with ND 3 experiments. NH 3 additions

  4,5 A few other Ln + cations were also studied here. Similar chemical reactivities were observed for Nd + , Dy + and Er + as compared to that of Sm + , while Yb + has an intermediate reactivity between those of Eu + and Sm + . This is consistent with Koyanagi et al. results.5 

Table 2 )

 2 for this reaction step of Eu. The spin multiplicity remains unchanged for the corresponding reactions of Eu: both the reactant (EuNH 3 + ) and the product (HEuNH 2 + ) are high spin with one unpaired electron. HEuNH 2 + is higher in energy (17 kJ.mol -1 at the CASPT2 level of calculation) in its low spin state as compared to its high spin state. No new Eu-N covalent bond is formed. Eu-N is a single bond in HEuNH 2 + (S=9) is found to be +308 kJ.mol -1 . In line with the experimental observations, we propose that this energy is too high to allow the reaction to proceed. The reaction pathway is stopped because of the TS1 energy barrier to overcome. In the case of Sm + , the HSmNH 2 + intermediate is much higher in energy than the precursor SmNH 3 + , similarly to the corresponding reaction for Eu. This was found for both the high and low spin states (Fig 4). However, HSmNH 2 + is more stable (by 161 kJ.mol -1 ) in its low spin state than the high spin one, at opposite to what found in case of Eu. The energy barrier is smaller for the Sm based compound than for the Eu based one, which would predict that HSmNH 2 + could more easily formed than the HEuNH 2 + corresponding species. The experimental reactivity of Eu + is found even smaller than that of Sm + .

	HLaNH 2	+ and HGdNH 2	+ have very similar planar structures, where as expected the Ln=N double bond
	is shorter (2.15 Å and 2.06 Å for La and Gd respectively) than the single one in the LnNH 3	+ reactant
	(2.61 Å and 2.65 Å for La and Gd respectively).	
	In contrast, the HEuNH 2	+ intermediate is much higher in energy than the precursor EuNH 3	+ . The
	intermediate HEuNH 2	+ (S=7) displays a multiconfigurational character (see Supporting Information).
	For	this	reason,	we	discuss	the	CASPT2	energies	(

  + , Sm + , Eu + and Gd + towards NH 3 has been studied by coupling Q ICP-MS equipped with a collision/reaction cell experiments and the study of the associated potential energy surfaces obtained through quantum chemistry calculations.Experimentally, two different types of reactivities were observed. La + and Gd + are very reactive and mostly give rise to LnNH + through H 2 elimination. Ln + reduces NH 3 into stable H 2 . As a result, the Ln + reducer is oxidized into Ln III , still assuming usual formal oxidation states in LnNH + : Ln III , N -III and H I .

Table 1 .

 1 Relative energies (in kJ mol -1 ) obtained with different methods on the B3LYP minimum energy geometries on the La and Gd PES.

	2	+ , was found the rate-

+ intermediate. Note that this is the key step to explain the observed differences in reactivity across the Ln + series, and the correlation with the electronic promotion energy, since the electronic promotion energy is included in the energy barrier of

Table 2 .

 2 Relative energies (in kJ mol -1 ) obtained with different methods on the B3LYP minimum energy geometries on the Sm and Eu PES.

	System			S	B3LYP	MP2	CASPT2
	Sm + + NH 3	6	21	18	25
	Sm + + NH 3	8	0	0	0
	SmNH 3	+	6	-101	-98	-119
	SmNH 3	+	8	-113	-120	-139
	TS1 Sm		6	74	143	125
	HSmNH 2	+	6	60	52	118
	HSmNH 2	+	8	120	218	163
	TS2 Sm		6	123	41	160
	SmNH + + H 2	6	137	143	189
	SmNH + + H 2	8	172	188	138
	Eu + + NH 3	7	24	20	54
	Eu + + NH 3	9	0	0	0
	EuNH 3	+		7	-79	-97	86
	EuNH 3	+		9	-124	-122	-122
	TS1 Eu			7	132	225	164
	TS1 Eu			9	145	150	150
	HEuNH 2	+	7	114	167	203
	HEuNH 2	+	9	138	211	186
	TS2 Eu			7	192	213	149
	TS2 Eu			9	200	230	222
	EuNH + + H 2	7	168	188	156
	EuNH + + H 2	9	175	200	168

Table 3 .

 3 Energies (in kJ mol -1 ) of reactions LaNH(NH 3 ) + n-1 + NH 3  LaNH(NH 3 ) + n : electronic energy ( r E el,n ), ZPE thermal corrections at T (= 298.15 K) are included in  r E n . ln K n ° (= - r G n °/R T) for P° (= 1 atm) standard state; P NH 3 ,n (= 1/K n °) is the NH 3 partial pressure at the point of half reaction.  r G n cel (=  r G n ° -R T ln P cel ) is the Gibbs Energy at P cel reference state. P cel (=10 -5 atm) is the NH 3 pressure in the

	reaction/ collision cell.							
	n	 r E el,n	 r E n	 r G n °	lgP NH 3 ,n	-lgK n	cel	 r G n	cel
	1	-152	-143	-116	-20	-15		-88	
	2	-138	-130	-107	-19	-14		-78	
	3	-125	-118	-75	-13	-8		-47	
	4	-102	-95	-60	-10	-5		-31	
	5	-77	-69	-38	-7	-2		-10	
	6	-68	-62	-20	-3	+2		+9	

HLnNH 2 +

 TS2  LnNH + + H 2 . The following and final steps of the reaction channel are now presented for La + and Gd + in their low spin states, since the reaction path of Sm + and Eu + is stopped before the first transition step. LnNH + is formed through a four-center transition state (TS2), where H 2 is weakly bound to LnNH + (Figure 5). The energy barriers from HLnNH 2 + to TS2 are 63 kJ.mol -1 (La) and 118 kJ.mol -1 (Gd). LnNH + is formed by H 2 elimination from TS2. In both cases, the high spin LnNH + structures are much higher in energy. Similar reaction pathways were proposed for Sc +23,24,28,57 and Ce + . 32 The LaNH + and GdNH + final products have linear structures. Their Ln-N bond lengths are the shortest ones with respect to all the other structures from the PES: 1.88 (La-NH + ) and 1.83 Å (Gd-NH + ) (Figure 5). This is consistent with the published Sc-N (1.71 Å) and Y-N (1.85 Å) distances 23,58 assuming similar M-N covalent bonds for M = Sc, Y, La and Gd. The linear geometry of LnNH + suggests sp hybridization for N, thus associated with Ln-N triple bond. This was confirmed in our companion paper. 59 Hui-Zhen et al. 58 also found a triple bond formed in linear YNH + involving Y s-and d-orbitals, and N s-and porbitals. Note that linear structures of EuNH + and SmNH + can also be calculated, but with longer bond lengths (2.16 Å for both), corresponding to the formation of a double bond between Ln + and NH.

Adding supplementary NH 3 molecules to form larger LaNH(NH 3 ) n + clusters (n=1 -6)

The geometries of LaNH(NH 3 ) n + complexes have been optimized at the B3LYP level ( Figure 6). The LaNH bond length increases from 1.89 Å for n=0 to 2.04 Å for n=6. This bond length is much shorter than the La-NH 3 ones (2.71 to 2.85 Å) in all the LaNH(NH 3 ) n + complexes. Shorter LaNH distance reflects that the triple bond is not much destabilized upon NH 3 additions, as indeed the same type of LaNH triple bond is still present in all the LaNH(NH 3 ) n + complexes.

In LaNH(NH 3 ) + , the HN-La-NH 3 angle is almost 90°, while the (HN-La-NH 3 ) + linear isomer is a transition state, higher in energy by 40 kJ.mol -1 . Adding up to 4 NH 3 molecules to the linear LaNH + results in their placement roughly in a plane perpendicular to the LaN-H axis ( the transition state. The formation of HLnNH 2 + is exothermic for La and Gd, while it is endothermic for Eu and Sm.

Cations as Sm + and Eu + have high promotion energies (260 kJ.mol -1 and 388 kJ.mol -1 ), which prevent them from having these 2 non-f electrons. La + has a small promotion energy (19 kJ.mol -1 ) from the fundamental electronic configuration 4f 0 5d 2 6s 0 to the reactive configuration 4f 0 5d 1 6s 1 , and the energy received in the course of the LaNH 3 + formation is probably enough to allow this electronic activation.

Gd + is already in the reactive configuration 4f 7 5d 1 6s 1 in its ground state electronic configuration.

We also found that LnNH + final product is more stable for La and Gd than for Eu and Sm. This is in line with the Ln-N distances that are much shorter for La (1.88 Å) and Gd (1.83 Å) than for Eu (2.16 Å)

and Sm (2.16 Å), where the Ln-N bond is a triple bond for La and Gd, while it is a double bond for Sm and Eu.

Finally, our thermodynamic interpretation for the addition of NH 3 to LaNH + is also consistent with ICP-MS results of Koyanagi et al. 5 showing additions of no more than 5 NH 3 molecules. Furthermore, we found that these five NH 3 ligands are coordinated in a pseudo plane normal to a linear LaN-H + , which explains the quite small coordination number of 5 due to steric constraints.