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Gas-Phase Reactions Between Thiourea and Ca 2+ . New evidences for the formation of [Ca(NH 3 )] 2+ and other doubly-charged species

The gas-phase reactions between Ca 2+ and thiourea were investigated by means of electrospray ionization/mass spectrometry experiments. The MS/MS spectra of [Ca(thiourea)] 2+ complexes show the appearance of new doubly charged species formed by the loss of NH 3 and HNCS. Other intense peaks at m/z 43, 56, 60, 73, 76 and 98 are also observed, and assigned to monocations produced in different coulomb explosion processes. The structures and bonding characteristics of the different stationary points of the [Ca(thiourea)] 2+ potential energy surface (PES) were theoretically studied by DFT calculations carried out at B3LYP/cc-pWCVTZ level. The analysis of the topology of this PES permits to propose different mechanisms for the loss of ammonia and HNCS, and to identify, the m/z 43, 56, 60, 73, 76 and 98 peaks as H 2 NCNH + , CaNH 2 + , H 2 NCS + , CaSH + , thiourea +• and CaNCS + ions respectively. There are significant dissimilarities between the reactivity of urea and thiourea, which are related to the lower ionization energy of the latter, and to the fact that thioenols are intrinsically more stable than enols with respect to the corresponding keto forms.

Introduction

Most of the experiments in gas-phase ion chemistry deal with singly charged species. However, in recent years, due to the development electrospray ionization ionization techniques, the number of studies on the interaction of divalent cations with neutral molecules in the gas-phase has grown significantly. attracted a lot of attention in the last few years because, among other things allows to easily produce doubly and multiply charged species in the gas phase. Although monosolvated dications, such as Cu(H 2 O) 2+ , Cu(NH 3 ) 2+ or Pb(H 2 O) 2+ , have been detected in the gas phase, [6,18,25] and their lifetimes have been predicted to be extremely large when they are in the lower vibrational states, [28] most of the doubly charged species formed by association of a dication to a neutral system are stabilized through the interaction with several neutral or solvent molecules, so in some cases seems that there is a critical minimum size of the cluster for the multiply charged species to be detected by means of usual mass spectrometry techniques. As a matter of fact, when dealing with transition metal dications, the simple adducts ML 2+ in which the metal associates with a single neutral molecule are very often not seen. This is the case for instance when dealing with Cu 2+ and different bases. The oxidative character of the metal dication leads to the formation of the corresponding ligand radical cation L +• , which exhibits a much greater acidity than neutral system. Consistently, what it is detected in the gas phase are the [(L-H)M] + monocations produced by the deprotonation of this radical cation. This is not the case however when dealing with alkaline-earth dications such as Ca 2+ . The recombination energy of Ca 2+ is much smaller than those of most of the transition metal dications (the second ionization energy being much smaller for Ca than for most of the transition metals) and therefore its oxidative character much smaller.

The consequence is that CaL 2+ dications may be detected in the gas phase. This is indeed the case when the ligand is urea [29] or the first aminoacid, glycine. [30] This finding prompted us to initiate a systematic investigation of the reactions of Ca 2+ with different bases of biochemical relevance, since the importance of divalent alkaline-earth metal dications (Mg 2+ , Ca 2+ , Ba 2+ ) in many biological processes is well established. [31][START_REF] Fraudo Da Silva | The Biological Chemistry of Elements[END_REF][START_REF] Sigel | [END_REF][START_REF] Forsen | Bioinorganic Chemistry[END_REF][START_REF] Bukhman | [END_REF] Previous investigations have shown [29] that in the reactions between Ca 2+ and urea, coulomb explosions played a crucial role, although also new doubly charged species, such as H 3 NCa 2+ and HNCOCa 2+ , are produced in the reactions through unimolecular fragmentations, in which HNCO and neutral ammonia, respectively are lost.

Interestingly, the introduction replacing an amino group by a hydroxyl group in the base of an acidic function, which is the difference between urea and glycine, changes the reactivity pattern completely and only coulomb explosions are observed experimentally. [30] The aim of this paper is to investigate the reactivity pattern when the basic site of the system is a second-row atom by studying the reactions of Ca 2+ with thiourea (TU). Besides, like urea, thiourea has an undoubted relevance from the biological point of view. As a matter of fact, thiourea itself influences the photosynthesis of some species [36] , protects against oxidative damage [37,38] and some of its derivatives behave as radical scavengers [39] or inihibit virus replication. [40][41][42] .

Therefore, investigating whether the intrinsic reactivity of thiourea versus Ca 2+ exhibits some peculiarities with respect to that shown by its first-row analogue urea, is of great interest.

To get a complete picture of these reactivity patterns it is useful to combine the experimental information on the products distribution obtained by means of mass spectrometry techniques with a theoretical survey on the bonding and on the topology of the potential energy surface (PES) that connect the reactants with the products. For this purpose, in a previous paper [43] we have carried out an assessment of theoretical procedures for the description of the interactions between neutral molecules and Ca 2+ .

In that paper we have concluded that the B3-LYP density functional method associated with a cc-pWCVTZ basis set expansion provides a good compromise between accuracy and computational cost in the calculation of structures and binding energies for Ca 2+ complexes. Hence, this will be the theoretical scheme used in this work, in combination with electrospray mass spectrometry experiments.

METHODS

Experimental Section

Electrospray mass spectra were recorded on a QSTAR PULSAR i (Applied Biosystems/MDS Sciex) hybrid instrument (QqTOF) fitted with a nanospray source to minimize transfer-line contamination. Several L of aqueous mixtures of calcium chloride (5 10 -4 mol L -1 ) and thiourea (10 -4 mol L -1 ) were nanosprayed (20-50 nL/min) using borosilicate emitters (Proxeon). Samples were ionized using a 900 V nanospray needle voltage and the lowest possible nebulizing gas pressure (tens of millibars). The declustering potential (DP, also referred to as "cone voltage"), defined as the difference in potentials between the orifice plate and the skimmer (grounded), ranged from 0 to 40 V. The operating pressure of curtain gas (N 2 ) was adjusted to 0.7 bar by means of an electronic board (pressure sensors), as a fraction of the N 2 inlet pressure. To improve ion transmission and subsequently sensitivity during the experiments, collision gas (CAD, N 2 ) was present at all times for collisional focusing in both the Q0 (ion guide preceding Q1 and located just after the skimmer) and Q2 (collision cell) sectors. For MS/MS spectra, ions of interest were mass selected using quadrupole Q1, and allowed to collide with nitrogen gas at various collision energies ranging from 8 eV to 16 eV in the laboratory frame (the collision energy is given by the difference between the potentials of Q0 and Q2), with the resulting fragments separated by the time-of-flight (TOF) analyser after orthogonal injection. Low gas pressures (typically 1-2 10 -5 mbar) were used to limit multiple ion-molecule collisions. Thiourea and calcium salt were purchased from Aldrich and were used without further purification. All the measurements presented hereafter were carried out in 100% water purified with a Milli-Q water purification system.

Computational Details

The geometries of neutral thiourea as well as those of the different stationary points of the [Ca(TU)] 2+ potential energy surface were optimized using the B3LYP [44,45] density functional theory (DFT) approach, combined with cc-pWCVTZ [46,47] basis sets, which includes core-correlation functions which were found to be important for the accurate treatment of alkaline earth metal oxides and hydroxides, as well as in the accurate calculation of Ca 2+ binding energies. [43] The same theoretical scheme has been used to obtain their harmonic vibrational frequencies, used to classify the stationary points found as local minima or transition states, and to estimate the corresponding zero point energy (ZPE) corrections, which were scaled by the empirical factor 0.985. [48] To assess the connectivity between each transition state and the minima to which it evolves we have used the intrinsic reaction coordinate (IRC) procedure as implemented in the Gaussian-03 suite of programs. [START_REF] Frisch | Pople in Gaussian03[END_REF] Binding energies were calculated, at the same levels of theory used for geometry optimizations, as the difference between the energy of the most stable [Ca(TU)] 2+ complex and the energy of urea, in its most stable conformation and the energy of Ca 2+ , after including the ZPE corrections. (BSSE ??)

The bonding within the different local minima was analyzed by evaluating the molecular graph of the most stable [Ca(TU)] 2+ and by calculating the corresponding energy density contour map, within the framework of the atoms in molecules (AIM) theory. [START_REF] Bader | Atoms in Molecules. A Quantum Theory[END_REF] The relative changes in the charge density at the different bond critical points offer information in the bonding perturbation undergone by the base upon Ca 2+ association. On the other hand, the sign of the energy density within each bonding region clearly indicates the covalent or ionic nature of the interaction.

Results and discussion

Mass Spectrometry

For thiourea the experimental conditions allowing the doubly-charged complex to be observed with a significant abundance turned out to be sensibly different from those adopted for the Ca 2+ /urea system. First, a very low cone voltage (DP= 0 V) had to be used. Regardless of the DP value, the overwhelming species is the calcium hydroxide CaOH + species (m/z 57). An ion at m/z 75, attributed to CaOH + .H 2 O is also observed in significant abundance. Interaction between thiourea and calcium ion gives rise to both singly-and doubly-charged complexes. Only one doubly-charged adduct, namely the [Ca(thiourea)] 2+ ion (m/z 58), is detected with a relative abundance of c.a. 10 %.

However, even with the DP parameter set to 0 V, its observation is not straightforward and preliminary optimization of the metal:thiourea ratio was necessary. This was achieved by varying the concentration of the metal while keeping that of thiourea constant (10 -4 mol/L), the DP value being fixed at 0 volts. In these conditions, the highest intensity of the m/z 58 ion has been obtained with a 5:1 ratio. Singly charged complexes of general formula [Ca(TU) n -H] + (n=1-3) are detected at m/z 115, 191 and 267. An additional intense ion corresponds to protonated thiourea (m/z 77) and in source fragmentations of the doubly charged [Ca(thiourea)] 2+ species.

Increasing the DP results in significant changes in the electrospray spectrum. First, the [Ca(thiourea)] 2+ complex quickly disappears. While CaOH + remains the base peak, increasing the cone voltage induces various in-source fragmentation processes. As a matter of fact, the [Ca(TU) 2 -H] + (m/z 191) and [Ca(TU) 2 -H] + (m/z 267) dissociate according to elimination of intact TU units, as checked by complementary MS/MS experiments. This results in the small increase of the intensity of the [Ca(TU)-H] + ion (m/z 115). In turn, this latter species eliminates a molecule of ammonia to give rise to a peak at m/z 98. A similar process occurs from protonated thiourea, resulting in an intense m/z 60 ion at high DP. Note that both m/z 60 and 98 ions could also correspond to dissociation of the doubly charged [Ca(thiourea)] 2+ ion, as detailed below.

We will now focus on the [Ca(TU)] 2+ MS/MS spectra. These spectra have been recorded at DP = 0 V. A typical CID spectrum for the [Ca(TU)] 2+ species is given in Figure 1. Note that on our instrument and for this particular system, the smallest collision energy in the laboratory frame (E lab ) for which sufficient amount of fragment ions can reach the detector, was 8 eV, and at this value dissociation of the parent ions occurs quite extensively, its relative abundance being already about 61 %. E lab was scanned from 8 to 14 eV. This corresponds to center-of-mass collision energies (E CM ) ranging from 3.11 to 5.44 eV, N 2 being used as target gas (see the corresponding breakdown graph given in Figure 2S Partner peaks arising from the Coulomb explosion processes should have in principle the same intensity. However, as it was already found for the urea-Ca 2+ system, the lightest ions (m/z 18, 40, 43 and 58) are systematically less intense than the heaviest ones (m/z 98, 76,73, 60, respectively). This effect is particularly pronounced for the three first pairs. Similar findings have been also previously reported for alcohols [START_REF] Kohno | [END_REF] and acetonitrile. [52] This phenomenon has been interpreted in terms of different radial ion energies, with the lighter ions generated by the Coulomb explosion gaining most of the radial energy and therefore having a much higher velocity than the relatively high mass ions. This can result in an unstable ion trajectory within the instrument and explains why lighter ions are detected in the MS/MS spectrum with smaller abundance. This effect may be even more pronounced in our QqTOF instrument, the lightest ions being less effectively transferred into the TOF region during the orthogonal injection step, because of their higher velocity.

Finally, note that the MS/MS spectra of all the singly-charged [Ca(TU) n -H] + complexes have also been recorded. Their MS/MS spectra appear to be much more simple. The [Ca(TU-H)] + ion MS/MS spectrum exhibits only fragment ions obtained by elimination of ammonia. The higher homologues are characterized by loss of up to n-1 thiourea units.

Structure and bonding

The most stable [Ca(TU)] 2+ adduct, 1, corresponds to a structure in which the metal dication is attached to the thiocarbonyl sulfur atom. It is worth noting that for both urea and thiourea the most basic site to protonation is the carbonyl [53] and the thiocarbonyl group, [54] respectively. At variance with urea, this structure adduct 1 is only 2.9 kJ mol -1 lower in energy than form 2 in which the metal dication bridges between the thiocarbonyl sulfur atom and one of the amino nitrogens (See Figure 2).

Another important difference between both bases is that, while in the [Ca-urea] 2+ most stable complex, the metal dication lies in the same plane of the molecule, in [Ca(TU)] 2+ complex 1, Ca 2+ locates in the plane that bisects the NCN angle of the base and forms an angle of 120º with the C=S bond. The preference of bent structures for thioderivatives versus the preference of linear arrangements for the corresponding oxygen containing counterparts have been already reported for other metal monocations. [START_REF] Alcamí | Modeling intrinsic basicities: the use of the electrostatic potentials and the atoms-in-molecules theory[END_REF] This is essentially a consequence of the different size of the basic center lone pairs. In the carbonyl group both lone pairs are small and the cation locates between both to enhance polarization effects. In thiocarbonyl groups the sulfur lone pairs are much larger and the specific interaction with a single lone pair is clearly favored.

Similarly to what was found for urea [29] , a third local minimum, 3, 128 kJ mol -1 less stable than 1, corresponds to a complex in which Ca 2+ bridges between both amino groups (See Figure 2).

Ca 2+ -thiourea interactions are essentially electrostatic as revealed by the positive value of the energy density in the region between the two interacting subunits. It is worth noting however that the energy density contour maps for the two most stable adducts 1 and 2, show a strong polarization of the valence shell density of sulfur toward the metal dication, and also of the nitrogen lone pair in the latter (See Figure 1S of the supporting information). This polarization affects directly the C=S bond, but it is transmitted also to the other bonds of the base. A comparison of the molecular graphs of neutral thiourea and the two most stable Ca 2+ /thiourea complexes shows in both adducts, 1 and 2, a decrease in the electron density at the C=S bond critical point, which lengthen by 0.095 and 0.019 Å, respectively. Concomitantly, in structure 1 the aforementioned polarization leads to an increase of the conjugation of the nitrogen lonepair of the amino groups, which become strictly planar. Accordingly, the electron density at the C-N bcps increases and the C-N bonds shorten by 0.041 Å. In complex 2, the C-N bond directly interacting with the metal becomes significantly (0.054 Å) longer and the electron density at the bcp significantly smaller, whereas the other C-N bond becomes significantly reinforced, with a bond length 0.053 Å shorter and a greater electron density at the bcp. These changes are also reflected in the stretching frequencies. The C=S stretching frequencies in complexes 1 and 2 appear 83 and 41 cm -1 red-shifted, respectively with respect to the neutral compound. As far as the C-N stretching frequencies are concerned, they appear coupled as symmetric and antisymmetric combinations both in the neutral and in complex 1, and are blue-shifted by 10 and 140 cm -1 , respectively. In complex 2 however, they are decoupled, that of the amino group interacting with the metal dication being significantly red shifted, while that of the free amino group is blue-shifted.

Reactions Mechanisms for the unimolecular reactions of [Ca(U)] 2+ complexes

As it could be easily anticipated the potential energy surface (PES) corresponding to the unimolecular reactions of the [Ca(TU)] 2+ system is very complicated. Hence, for the sake of clarity we will discuss first that part of the PES with origin in the global minimum 1 (See Figure 3). The first conspicuous fact of figure 3 is that the most favorable process from the global minimum 1 is its isomerization, through an internal rotation of the SCa group, to yield the second local minimum 2. Hence, it is reasonable to admit that both will have an almost equal significance as far as the unimolecular reactivity of [Ca(TU)] 2+ species is concerned. Hence, in the forthcoming sections we will also analyze in detail the PES with origin in this second local minimum.

In both Figures 3 and4 we have distinguished the mechanisms associated with the loss of a neutral fragment (black solid lines) from those which correspond to the formation of two monocations through Coulomb explosions (red dashed lines).

Reaction mechanisms with origin in the global minimum 1

Besides its aforementioned isomerization yielding complex 2, three other reaction pathways have their origin in minimum 1: i) a 1,3-H shift from one amino group towards the sulfur atom yielding the structure 8 through the transition state TS1_8, ii) a symmetric displacement of Ca towards the plane containing the two amino nitrogen leading to the adduct 3, iii) its coulomb explosion through the transition state TS1d

giving rise to Ca + + thiourea 

Reaction mechanisms with origin in adduct 2

The local minimum 2 can be formed either by a direct attachment of Ca 2+ to thiourea in a rather exothermic process or, as mentioned above, by isomerization from the global minimum through a very low activation barrier. Once complex 2 is formed, if one excludes the 2  1 interconversion, the most favorable process is its isomerization through an internal rotation of the NH 2 -Ca moiety (see Figure 4), yielding the adduct 3 whose unimolecular reactivity was already discussed in the previous section. A little higher is the activation barrier associated with the coulomb explosion of 2 giving rise to the H 2 NCa + + H 2 NCS + singly-charged species. This mechanism is consistent with the significant activation of one of the C-N bonds in complex 2 discussed above. Hence, we can conclude that complex 2 would yield H 2 NCa + + H 2 NCS + either in a direct coulomb explosion, through the TS2d transition state or through a previous 2  3 isomerization (see Figure 3). Like for structure 1, the less favorable process from 2 is a 1,3H shift between the two amino groups, leading to complex 4.

A bunch of processes arise from complex 4 (see Figure 4). The first two correspond to the cleavage of the C-NH 3 bond, leading to the formation of the very stable complexes 5 and 7, in which the NH 3 subunit initially bound to the C atom in structure 4 is now linked to Ca. These two complexes differ only by the atom of the HNCS moiety that is actually bonded to Ca (nitrogen in complex 7 or sulfur in complex 5). These two complexes may lose either NH 3 or HNCS, leading to the two doublycharged fragments [Ca,H,N,C,S] 2+ and [Ca(NH 3 )] 2+ , respectively, that are indeed observed experimentally in the MS/MS spectrum, at m/z 49.5 and 28.5, respectively.

Since there was some controversy in the literature about the existence of metal dications solvated by a single molecule of water or ammonia [5,6,28,[START_REF] Stace | [END_REF]57] , it is worth noting that in these processes the doubly charged species [Ca(NH 3 )] 2+ is indeed generated, which provide further evidence for the existence of a Ca 2+ dication solvated by only one molecule of ammonia in the gas phase. [58] This species was already detected in the study of the Ca 2+ /urea system. [29] It is also worth noting that these fragmentations in which a doubly charged species is formed can be viewed as a Cooks kinetic experiment. [59,60] Hence, the dissociation of complex 5 or 7 into [Ca(NH 3 )] 2+ and [CaSCNH] 2+ or [Ca(H)NCS] 2+ , respectively, clearly show that the Ca 2+ affinity of ammonia is greater than that of HNCS, regardless of the attachment site of the metal to the HNCS moiety.

Our data also show that HNCS behaves preferentially as a nitrogen base towards Ca 2+ .

Figure 4 also shows that the most favorable process occurring from 4, is the formation of the intermediate 6, in which a NH 4 + ion is hydrogen bonded to a NCSCa + fragment, as reflected in its molecular graph (See Figure 1S of the supporting information) that

shows the existence of a bond critical point between one of the hydrogen atoms of the NH 4 + moiety and the N atom of the NCSCa + subunit, while the net charge of both subunits is practically +1 (+0.98 and +1.02, respectively). This weakly bound species undergoes two different coulomb explosions, which differ in the connectivity of the ion that accompanies NH 4 + . In the most exothermic one Ca is attached to the nitrogen atom of the NCS entity, which is its most basic site. In the less exothermic, Ca is bound to the sulfur atom. These two coulomb explosions account for the formation of the ions at m/z 18 and 97.9. The latter one should therefore correspond to a mixture of two structures, even if one may reasonably assume that the population of [CaNCS] + should be dominant.

Finally, the last process involving the adduct 4 gives rise to the intermediate 8b, which, as previously described, may evolve towards the formation of HSCa + (m/z 72.9) and H 2 NCNH + (m/z 43).

Analogies and dissimilarities between urea-Ca 2+ and thiourea-Ca 2+ reactions

The overall topology of the thiourea-Ca 2+ PES is in agreement with the experimental observations. MS/MS spectra were recorded at a collision energy ranging from 8 to 14 eV in the laboratory frame. This corresponds to center of mass collision energies starting from 3.11 eV. Interestingly, the fact that all the product ions are already detected at the lowest collision energy is consistent with the energetics associated of the various reactions pathways considered in Figure 3 and4. It is also worth noting that bare Ca 2+ ions at m/z 20 start to be detected for center of mass collision energies higher that 4 eV, which merely corresponds to the calculated binding energy for TU (404 kJ mol -1 ). The intensity of Ca 2+ remains very small as the collision energy is further increased, as can be observed onto the breakdown graph given in the supporting information (Figure 2S).

The highest barriers associated with the various coulomb explosions are typically in the 201-230 kJ mol -1 range. The lowest energy paths are those yielding to NH 2 Ca + and CaSH + , then followed by those leading to Ca + and NH 4 + , which are also observed for the urea/Ca 2+ system. In addition, both the loss of NH 3 and HNCS are very minor processes. This is consistent with the fact that they originate from the suitable precursors 5 and 7, and therefore require much more energy than the proton transfer leading to the NH 4 + moiety in complex 6. This is at variance with respect to the [Ca(urea)] 2+ unimolecular reactivity, where the energy requirements to form NH 4 + ion or to lose NH 3 , were rather similar, explaining that the loss of NH 3 was much more important in the urea case.

Another interesting difference between urea-and thiourea-Ca 2+ reactions is that the dissociative charge transfer leading to Ca + and the ionized ligand, is a favorable process for the Ca 2+ /thiourea system, as attested by the intense peak at m/z 76 (TU +• ), while such a charge transfer is not observed with urea. This dissimilarity between urea and thiourea undoubtedly reflects the large difference in their ionization energies (10.27 to 8.50 eV, respectively), [START_REF]Standard Reference Database[END_REF] the charge transfer being thermodynamically favorable only in the case of thiourea.

The third important difference between urea-and thiourea-Ca 2+ reactions is that while the coulomb explosion yielding CaSH + + H 2 NCNH + is very favorable for the latter, a similar process (formation of CaOH + + H 2 NCNH + ) is not observed for urea.

This may be explained by the substantial difference between the barriers associated with the hydrogen shifts from the amino groups towards the carbonyl (thiocarbonyl) group.

In thiourea these hydrogen shifts involve activation barriers that are rather similar to those of the different coulomb explosions and to those of the hydrogen shifts between the amino groups. Conversely, in urea, these barriers are much higher in energy, and therefore the associated processes very unfavorable. This actually reflects the fact that a carbonyl bond is stronger than a thiocarbonyl one, while a S-H bond is weaker than an O-H bond, the first effect being dominant as it has been shown by comparing the atomization energies of thioformaldehyde + methanol with the atomization energies of formaldehyde + thiomethanol [START_REF] Gonzalez | [END_REF]63] . Consistently, the thiocarbonyl-thioenol enthalpy difference is much smaller than the carbonyl-enol enthalpy difference [64] , so while the formation of a S-H bond in thiourea reactions is energetically accessible, the formation of an O-H bond in urea is not.

Conclusions

The gas-phase unimolecular reactivity Ca 2+ ions towards urea and thiourea share several common features as well as significant dissimilarities. In both processes, the However, while these processes are dominant with urea, they only occur to a minor extent with thiourea. The H 2 NCa + and NH 4 + monocations are also observed in both systems, as a result of typical coulomb explosion processes. In the particular case of the Ca 2+ /thiourea system, two new coulomb explosions are observed, yielding Ca + + thiourea +• and HSCa + + H 2 NCNH + , respectively. The first is attributed to the ionization energy of thiourea, which is significantly lower than that of urea. The second is a consequence of the fact that, as shown previously in the literature [START_REF] Gonzalez | [END_REF] , thioenols are intrinsically more stable than enols with respect to the corresponding keto forms.

Consequently, the H-shift processes from the amino group toward the carbonyl (thiocarbonyl) group which in urea are very unfavorable become energetically accessible for thiourea and are characterized by activation energies similar to those involved in H-shifts between the amino groups.

MADRISOLAR, Ref.: S-0505/PPQ/0225 of the Comunidad Autónoma de Madrid. A generous allocation of computing time at the CCC of the UAM is also acknowledged. 

Table of Contents Text for the Table of contents

The unimolecular reactivity of [Ca(thiourea)] 2+ dications leads, by the loss of NH 3 and HNCS, to the formation of new doubly charged species, namely [Ca,H,N,C,S] 2+ and [Ca(NH 3 )] 2+ (blue arrows) which provides further evidence for the existence of a Ca 2+ dication solvated by only one molecule of ammonia (or HNCS) in the gas phase. These processes compete with several coulomb explosions (red arrows). Keywords: thiourea; Ca 2+ reactions; electrospray mass spectrometry; density functional calculations; gas-phase doubly charged species
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  of the supporting information). The [Ca(TU)] 2+ complex dissociates according to either neutral losses generating new dications, or through several Coulomb explosion processes. Like for urea, elimination of ammonia is observed, which gives rise to an ion at m/z 49.5. Two additional neutral molecules are eliminated. The first one is [H,N,C,S], giving rise to an ion at m/z 28.5. The second one corresponds to the loss of the intact thiourea, but the bare dication (m/z 20) is only observed for E lab values greater than 11 eV (4.28 eV in the center of mass frame). All the other fragments observed in the MS/MS spectrum (namely m/z 18, 40, 43, 56, 60, 73, 76 and 98) arise from four distinct Coulomb explosion processes i.e., fragmentation of the [Ca(TU)] 2+ dication into two monocations. All the fragmentations are summarized in scheme 1, together with the chemical formula postulated for each fragment ion. m/z 58.0 m/z 28.5 m/z 49.5 m/z 97.9 m/z 56.0 -NH 3 -HNCS [Ca(TU)] 2+ [Ca,C,H,S,N] 2+ [Ca,N,H 3 ] CaSH] + [C,H 3 ,N 2 ] + <Scheme 1> Unlike with urea, elimination of neutral molecules never prevails. For comparison, only two Coulomb explosions were observed with urea, which presently correspond to the 18/98 and 56/60 pairs. The most striking feature is the occurrence of a dissociative electron transfer between the ligand and the metallic center, giving rise to Ca + (m/z 40) and radical cation of thiourea (m/z 76.0). The fourth coulomb explosion, characteristic of this system leads to the calcium thiohydroxyl cation [CaSH] + at m/z 72.9 and concomitant formation of the organic ion [C,H 3 ,N 2 ] + (m/z 43).
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 1 Figure 1. Low-energy CID spectrum of the [Ca(thiourea)] 2+ complex recorded at DP =0
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 2 Figure 2. Optimized geometries for the most stable thiourea-Ca 2+ adducts. Bond lengths

Figure 1S .

 1S Figure 1S. (a) Contour map of the energy density and molecular graphs for two most stable [Ca(thiourea)] 2+ complexes. In the plot of the energy density blue dashed lines
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 2S3 Figure 2S. Breakdown diagram associated with the fragmentation of the [Ca(TU)] 2+
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 4 Figure 4. Energy profile of thiourea-Ca 2+ reactions with origin in the second most
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  It should be mentioned that although the HNCS+ + CaNH3+ dissociation limit is lower than the HNCS + CaNH 3 2+ , both complexes 5 and 7 dissociate diabatically into HNCS + CaNH 3 2+ , while their dissociation into HNCS + + CaNH 3 + requires a very high activation barrier through a conical intersection that lies 360 kJ/mol above local minimum 7 as estimated in CASSCF(4,4)/6-31G* level of theory

  +• .Adduct 3 may also undergo a coulomb explosion, through an even lower activation barrier (TS3d), to yield H 2 NCa + + H 2 NCS + , which correspond to the peaks detected at m/z 56 and 60, respectively in the CID spectra. H 2 NCa Ca interacts with both the sulfur atom and the amino group, whereas in 8b, it bridges the sulfur atom and the imino group, Minimum 8b, may also finally yield, through the intermediates 9 and 10, a very stable complex 11 in which the metal is connected to a SH 2 and a H 2 NCN subunits. This species may dissociate either into SH 2 + H 2 NCNCa 2+ or into H 2 SCa + + H 2 NCN + (the dissociation into H 2 SCa 2+ + H 2 NCN, being 37.7 kJ mol -1 higher in energy). Both processes are quite endothermic with respect to 11. Furthermore, the activation barrier to go from 9 to 10 is the highest of the whole PES, and therefore neither the loss of SH 2 nor the formation of H 2 SCa + ions should be observed, in agreement with the experimental findings.

	accounting for its enhanced stability. More importantly, species 8b yields in a quite
	exothermic coulomb explosion, through an activation barrier of 166 kJ mol -1 , the CaSH +
	+ H 2 NCNH + product ions observed experimentally. Actually, the peak corresponding to
	CaSH

+ can be also produced by the coulomb explosion of complex 8 (through TS8_d), the difference being the connectivity of the accompanying ion. Hence, according to our calculations, the m/z 60 peak might correspond to two different ions, namely H 2 NCS + and HNCSH + , even though the former should be clearly dominant, because the corresponding process is more exothermic and the activation barrier associated with the coulomb explosion of species 3 is lower than that of species 8.

Adduct 3, may also evolve, through the TS3_8b transition state, to yield a quite stable local minimum 8b. It is worth noting that this new minimum can be viewed as a conformer of species 8. As a matter of fact, in 8 + (m/z 72.9) is among the more intense in the ESI spectra.

  formation of new doubly charged species, namely [Ca,H,N,C,S] 2+ (or [Ca,H,N,C,O] 2+ ) and [Ca(NH 3 )] 2+ by the loss of NH 3 and HNCS (or HNCO), respectively, are observed.
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