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An Experimental and Theoretical Investigation of Gas-Phase Reactions of Ca 2+ With Glycine

The gas-phase reactions between Ca 2+ and glycine ([Ca(gly)] 2+ ) have been investigated through the use of mass spectrometry techniques and B3-LYP/cc-pWCVTZ density functional theory computations. The major peaks observed in the electrospray MS/MS spectrum of [Ca(gly)] 2+ correspond to the formation of the [Ca,C,O2,H] + , NH2CH2 + , CaOH + and NH2CH2CO + fragment ions, which are produced in Coulomb explosion processes. The computed potential energy surface (PES) shows that not only are these species the most stable product ions from a thermodynamic point of view, but they may be produced with barriers lower than for competing processes.

Carbon monoxide is a secondary product, derived from the unimolecular decomposition of some of the primary ions formed in the Coulomb explosions. In contrast to what is found for the reactions of Ca 2+ with urea ([Ca(urea)] 2+ ), minimal unimolecular losses of neutral fragments are observed for the gas-phase fragmentation processes of [Ca(gly)] 2+ , which is readily explained in terms of the topological differences between their respective PESs.

Introduction

The study of gas-phase ion-molecule reactivity is quite often crucial to the understanding of the behavior of many biochemical systems and many biological processes, because these take place in essentially non-polar environments and cannot always be rationalized in terms of reactivity in solution. A paradigmatic example is provided by uracil. It has been well established that the pKa values for the N1 and N3 sites of uracil are virtually the same, [1] whereas the corresponding gas-phase acidities differ by more than 40 kJ mol -1 . Interestingly, the stability of anionic uracil in the active site of uracil-DNA glycosylase, established by means of contemporary NMR techniques, [2] is consistent with the enhanced intrinsic acidity of the N1 site, and contrary to the expectation based on solution acidities. [3] Similarly, gas-phase studies of the interaction of metal cations with amino acids can provide useful insights into the corresponding interactions with more complex biologically relevant systems such as peptides or proteins. In this respect, glycine represents the simplest model for such a theoretical and experimental investigation. To date, most efforts to determine the intrinsic reactivity of cationized small model biomolecules [4][5][6][7][8] have concentrated on singly-charged ions, in spite of the biochemical importance of interactions with multiply-charged ions. This is exemplified by the combined theoretical and experimental studies on reactions of glycine with Ni + and Cu + , which showed that the most important reactive pathways are those leading to the loss of H2O, CO and [C,H2,O2]. [9,10] Studies of the analogous reactions involving metal dications are important because of the role they play in the structural stability of biopolymers, as well as in many of the biological functions of proteins and nucleic acids. For example, alkaline earth and transition metal dications participate in the maintenance of the structure of folded proteins, nucleic acids and biological membranes, and are common cofactors in metalloproteins. In particular, Ca 2+ takes part in a wide range of biological processes, including the regulation of muscle contraction, transduction, glycolysis, gluconeogenesis, ion transport and the stabilization of interprotein complexes. [START_REF] Fraudo Da Silva | The Biological Chemistry of Elements[END_REF][START_REF] Forsen | Bioinorganic Chemistry[END_REF] Dissociative electron ionization (DEI) and photoionization (PI) are longstanding techniques that have been used for the determination of thermochemical information for gas-phase multiply-charged cations. [START_REF] Masuoka | [END_REF][14][15] More recently, the advent of electrospray ionization (ESI) has provided an attractive method for generating gas-phase multiplycharged clusters from aqueous solution. [16] However, studies on the gas-phase reactions of dicationic complexes [M•B] 2+ are still not common, because of difficulties in generating thermodynamically or kinetically stable dications in the gas phase. [17,18] The bonds in B within the [M•B] 2+ complex are activated and, under typical mass spectrometry conditions, it is normal to observe spontaneous loss of a proton from the base B. This limits the accessibility of the doubly-charged [M•B] 2+ complex, and the unimolecular reactivity of the deprotonated [M•(B -H)] + species is more readily observed. Although this is generally the case when dealing with transition-metal dications, we recently found for complexes of Ca 2+ with urea that deprotonation is endothermic and that the [Ca•urea] 2+ dication could be isolated and its subsequent reactivity analyzed. [19] This analysis was facilitated by knowledge of the [Ca•urea] 2+ potential energy surface (PES), which was achieved through quantum chemistry computations.

Our previous study of the reactions between Ca 2+ and urea [19] was carried out with the ultimate goal of modeling the reactivity of Ca 2+ with nucleic acids, peptides and proteins. In that study, the mass spectrum of [Ca(urea)] 2+ showed spontaneous losses of neutral HNCO and NH3, in addition to peaks corresponding to the NH2CO + , CaNH2 + and [Ca,N,C,O] + monocations that are produced in Coulomb explosion processes. To help in the understanding of the experimental results, we also carried out computations using the B3-LYP functional together with the cc-pWCVTZ basis set.

We had previously found this combination to provide a good compromise between accuracy and computational cost when calculating Ca 2+ binding energies. [20] This is therefore the theoretical approach chosen for the computations in the present paper, in which we use experiment and theory to examine how the reactivity pattern of the complex of Ca 2+ with the first member in the series of natural amino acids, namely glycine, compares with that of [Ca(urea)] 2+ .

Methods

A. Experimental Details: 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 (10 -4 mol L -1 ) and glycine (10 -4 mol L -1 ) were nanosprayed (20-50 nL/min) using borosilicate emitters (Proxeon). Samples were ionized using an 800-900 V nanospray needle voltage and the lowest possible nebulizing gas pressure (tens of millibars). The declustering potential (DP, also known as "cone voltage"), defined as the difference in potentials between the orifice plate and the skimmer (grounded), ranged from 0 to 30 V. To improve ion transmission and subsequently sensitivity during the experiments, collision gas (CAD, N2) 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 6.5 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 10 -5 mbar) were used to limit multiple ion-molecule collisions. Glycine (both labeled and unlabeled) and calcium chloride were purchased from Aldrich and used without further purification. All experiments were performed in Milli-Q purified water.

B. Computational Details: Geometries were optimized using density functional theory with the hybrid functional B3-LYP, [21,22] as implemented in the Gaussian 03 suite of programs, [23] in conjunction with the correlation-consistent polarized core-valence triple-zeta cc-pWCVTZ basis set. [24] The cc-pWCVTZ basis includes core-correlation functions, which are important for the accurate treatment of alkaline earth metal oxides and hydroxides. [25,26] Note that basis set superposition error (BSSE) has not been considered in the present study, as the B3-LYP/cc-pWCVTZ combination usually has very small BSSE corrections. [20] Harmonic vibrational frequencies were computed (at the same level) to classify stationary points as local minima or transition structures (TS), and to estimate their zero point vibrational energy (ZPVE) corrections (scaled by 0.985 [24] ). Intrinsic reaction coordinate (IRC) computations were used to confirm the connection between the transition structures and their adjacent minima. Further insight into the nature of [Ca(gly)] 2+ bonding was gained using the atoms-in-molecules approach. [START_REF] Bader | Atoms in Molecules. A Quantum Theory[END_REF] For this purpose, we located bond critical points and calculated the charge density values associated with them in order to be able to compare bond strengths. The nature of the interaction will be assessed by means of the contour maps of the energy density (H(r)), defined as:
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where 2 ( ) r    and ( ) G r  are the laplacian of the electron density and the kinetic energy density, respectively. Covalent bonds, in which the potential term dominates over the kinetic one, will be characterize by negative values of the energy density identify.

Conversely, ionic linkages, where the kinetic term dominates are characterized by positive values of H(r).

Results and Discussion

A. Mass Spectrometry Experiments: A typical nano-electrospray spectrum obtained at DP = 10 V for a 1:1 aqueous mixture of CaCl2/glycine is displayed in Figure 1. As previously observed during our [Ca(urea)] 2+ study, [20] several ion types are detected. study, [START_REF] Beyer | [END_REF] this dissociative charge transfer process is unfavorable, regardless of the alkaline earth metal considered (Be, Mg, Ca, Sr or Ba). This is confirmed in the present work both by the accurate mass measurement and the MS/MS spectrum, which exhibits an abundant loss of carbon monoxide and formation of the CH2=NH2 + cation at m/z 30.

To examine the unimolecular reactivity of the [Ca(gly)] 2+ complex, we have carried out a series of MS/MS experiments. The first analyser (Q1) of our QqTOF is unable to properly distinguish the [Ca(gly)] 2+ complex (m/z 57.49) from the CaOH + cation (m/z 56.96). Consequently, we used labeled glycine to shift the m/z ratio of the former and ensure correct parent ion selection. The MS/MS spectra obtained with 1-13 C-glycine and 2,2-d2-glycine are shown in Figure 2. The unimolecular reactivity appears to be different from that observed for the [Ca(urea)] 2+ system, [20] as there is almost no loss of neutral molecules. The elimination of ammonia, leading to the peak at m/z 50, is observed in Figure 2b, but only to a relatively minor extent. Examination of Figure 2a shows that four characteristic fragment ions are observed, at m/z 30, 57, 59

and 86. The m/z 30 species certainly corresponds to the NH2=CH2 + cation, as its mass to charge ratio is shifted by 2 Thomsons when using 2,2-d2-glycine. The methylenimmonium cation, together with the m/z 86.0 species (85.0 in Figure 2b), which includes the C(1) atom and corresponds to [Ca,C,O2,H] + , may be generated through a Coulomb explosion process. The most abundant fragment in the case of the 1-13 C-glycine complex corresponds to CaOH + (m/z 57), which is also produced by a

Coulomb explosion that additionally yields an m/z 59 species (Figure 2a). When 1-13 Cglycine is replaced by 2,2-d2-glycine, the m/z 57 peak remains while the m/z 59 peak (Figure 2a) is shifted by 1 Thomson to m/z 60 (Figure 2b), which is consistent with [START_REF] Masuoka | [END_REF] C removal and addition of two deuterium atoms. Therefore, Figures 2a and2b allow us to conclude that the ions at m/z 59 and 60 contain both C(1) and C(2) centers, and could correspond to a [C2,H4,N,O] + species that is generated together with the [CaOH] + monocation.

One might have expected the partner peaks arising from a Coulomb explosion to be of equal intensity, but this is not the case in our MS/MS spectra. Instead, the m/z 30 and m/z 57 peaks (Figure 2a) are significantly more intense than their counterpart peaks at m/z 86 and m/z 59, respectively. This is the reverse of our previous observations for [Ca(urea)] 2+ , [20] where the Coulomb explosion leading to ions with m/z 18 and 82 produced a lower abundance of the lighter ion. This phenomenon was 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 usually not detected in the MS/MS spectrum. In the present case, this phenomenon cannot account for the large intensity difference between m/z 57 and 59 ions, which have similar masses. A more plausible explanation is that the m/z 59 and 86 ions (m/z 60 and 85 for 2,2-d2-glycine) may undergo secondary fragmentation (loss of 13 CO) leading to ions with m/z 30 and 57, respectively (Figure 2a). This is possible if one assumes that m/z 59 and 86 ions correspond to NH2CH2 [START_REF] Masuoka | [END_REF] CO + and [Ca, [START_REF] Masuoka | [END_REF] C,O2,H] + , respectively. We therefore propose the fragmentation shown in Scheme 1, where the m/z values given in italics correspond to those observed for the 2,2-d2-glycine. In addition to a decrease in the intensity of the m/z 59 and 86 peaks, the fragmentation pattern in Scheme 1 will result in a concomitant increase in the m/z 30 and 57 peak intensities. [Ca(1- The optimized [Ca(gly)] 2+ geometries and their relative energies are summarized in Figure 3. Attachment of Ca 2+ to the two oxygen atoms of zwitterionic glycine leads to the most stable isomer (1), in agreement with previous theoretical calculations carried out at the MP2 level. [29] and at the B3-LYP and MP2 levels using effective core potentials. [30] More generally, the lowest energy structures (1-4) correspond to bridged complexes, in which the metal dication interacts with multiple glycine centers.

Complexes 2 and 4 form five-membered-ring structures, with the Ca 2+ dication simultaneously coordinated to an oxygen and a nitrogen atom, while in 3 the Ca 2+ is bonded to the two oxygen atoms of an ylide-type form of glycine. Analogues of complex 2 have previously been found to be the most stable species on the PESs for complexes of glycine with Li + , Na + , Cu + , and Ni + . [9,[31][32][33] We have also located structures 7 and 10, where glycine acts as a monodentate base. In these complexes, which are relatively high in energy (Figure 3), Ca 2+ interacts exclusively with either the carbonyl or the amino group. Also high in energy lie complexes 8 (208 kJ mol -1 ) and 9

(216 kJ mol -1 ), in which Ca 2+ interacts with the methine carbon atom and with the carbonyl or hydroxyl oxygen, respectively, of an ylide-type structure of glycine. The remaining minima that we have located on the PES, namely structures 5 and 12, correspond to bisligated complexes of Ca 2+ with NH3 and [C2,H2,O2] moieties.

C. Bonding in [Ca(gly)] 2+ :

The bonding between Ca 2+ and glycine in the [Ca(gly)] 2+

complexes is essentially ionic. This is demonstrated by the energy density contour maps of isomers 1 and 2 (Figure 4), which have positive H(r) values in the region between Ca 2+ and the base. This finding is also supported by the small values of the charge density at the Ca-O and Ca-N bond critical points (See Figure 5), as is typical of conventional ionic linkages. As a result of the strong ionic bonding in the [Ca(gly)] 2+

complexes, polarization effects are very important, as the Ca 2+ causes a significant reorganization of the glycine charge density and results in the activation of several bonds. For example, on going from neutral glycine to complex 2 (Figure 5), the charge Ca 2+ and glycine zwitterion present in solution to persist in the gas phase, where in addition our calculations predict that it represents the most stable structure. Hence, we shall initially focus our attention on the unimolecular reactivity of form 1. As illustrated in Figure 6, three Coulomb explosions have their origin in this complex. The most favorable one (with a barrier of 233 kJ mol -1 ) leads to the dissociation of 1 (via TS1b)

into CaOH + (m/z 57) and NH2CH2CO + (m/z 58), [34] which are two of the products detected experimentally in the MS/MS spectra (e.g., m/z 57 and m/z 60 in the spectrum involving the 2,2-d2 isotopomer of glycine in Figure 2b). The other two Coulomb explosions leading (via TS1a) to NH4 + (m/z 41) + CHCO2Ca + (m/z 97) or (via TS1c) to

CO2Ca + (m/z 84) + NH3CH2 + (m/z 31) involve much higher (308 and 316 kJ mol -1 , respectively) barriers.

The zwitterionic complex 1 can also rearrange, in a low energy process via TS6-1 at 164 kJ mol -1 to the transient intermediate 6. From this point, rearrangement via TS6a at 202 kJ mol -1 would yield the most stable fragments in Figure 6, namely

COCaOH + (m/z 85) and NH2CH2 + (m/z 30), at -66 kJ mol -1 . These correspond, for example, to the m/z 85 and m/z 32 peaks in the MS/MS spectrum involving the 2,2-d2 isotopomer of glycine in Figure 2b. Alternatively, rearrangement via TS6b at 231 kJ mol -1 would produce CaOH + (m/z 57) + NH2CH2CO + (m/z 58), as obtained also directly from 1. As an aside, we note that it is possible that in the vicinity of TS6-1, a small part of the flux is directed to the loss of NH3 at 356 kJ mol -1 , which might account for the weak m/z 50 peak found in the 2,2-d2-glycine MS/MS spectrum (Figure 2b).

In summary, Coulomb explosion processes originating from the zwitterionic complex 1, either in direct reactions or via the intermediate 6, can account for all of the products detected in the experimental MS/MS spectra.

(2) Reactions Originating from 2: Figure 7 shows rearrangement and fragmentation pathways originating from the most stable adduct of Ca 2+ with neutral glycine, i.e., 2.

This isomer can be produced from 1 via 6, or by direct attachment of Ca 2+ to the neutral form of glycine. Complex 2 can explode, via TS2a at 259 kJ mol -1 , to yield CaOCOH + (m/z 85) plus NH2CH2 + (m/z 30). The same product ions can also be formed from adduct 2 via the intermediate 7 and TS7a at 257 kJ mol -1 . We note that these ions, which have an energy of 24 kJ mol -1 relative to 1, have the same mass as the ions COCaOH + plus NH2CH2 + produced from 1 but they represent a higher energy combination and require higher energy TSs. If both the lower-energy pathway from 1 and the higher-energy pathway from 2 are in fact followed, this would mean that the [Ca,C,O2,H] + (m/z 85) ions observed in the MS/MS spectra would correspond to a mixture of two different type of species, i.e. those (produced from 1) in which the calcium is inserted between the carbonyl and the hydroxyl moieties and those (produced from 2) in which Ca 2+ bridges the carbon and the oxygen atoms of the carbonyl group (see Figure 7).

Other reaction pathways starting from 1 or 2 and involving the intermediates 3, 6

or 7 are possible, but since all of them are high-energy processes they are presented and discussed in the supporting information. The same applies to the mechanisms involving bisligated [NH3-Ca-C2H2O2] 2+ and other Ca-N bonded isomers, and also in this case the PES and its discussion is given as supporting information.

( The Coulomb explosion reaction pathways that yield these product ions have barriers that are lower than those we have found for pathways leading to any of the other fragmentation products (Figures 6 and7 of the Supporting Information). In addition, these combinations of product ions are by far the most stable from a thermodynamic point of view (see Figures 6 and7 of the Supporting Information).

Despite the inherent characteristics of Coulomb explosions, where the partner ions should yield equally intense peaks, the m/z 32 (NH2CD2 + ) and m/z 57 (CaOH + ) peaks in Figure 2b are significantly more intense than their counterpart peaks at m/z 85 ([Ca,C,O2,H] + and m/z 60 (NH2CD2CO + ), respectively. Although part of the available energy in a Coulomb explosion process will appear as kinetic energy of the fragments, [18] these fragment ions are likely to retain sufficient internal energy from the CID to undergo spontaneous unimolecular decompositions. The intensity differences mentioned above may then be attributed to the NH2CD2CO + and [Ca,C,O2,H] + species decomposing by loss of CO (in either single-or two-step processes) into NH2CD2 + (m/z 32) and CaOH + (m/z 57), respectively (Scheme 1 and Figure 8). This leads not only to a decrease in the intensity of the m/z 85 and m/z 60 spectral lines, but in a concomitant increase in the intensity of the peaks at m/z 32 and m/z 57. This results in (neutral) carbon monoxide being produced but it is of course a secondary product arising from the unimolecular decomposition of primary monocation products formed in the Coulomb explosions rather than being associated with dication fragmentations.

E. Comparison Between the Reactions of [Ca(urea)] 2+ and [Ca(gly)] 2+

: The reactions of Ca 2+ with urea and glycine show substantial differences. For [Ca(urea)] 2+ , unimolecular processes that lead to loss of neutral fragments (e.g., NH3, HNCO) compete with the Coulomb explosions that lead to monocations (e.g., CaNH2 + + NH2CO + and CaOCN + + NH4 + ). In contrast, the [Ca(gly)] 2+ reaction products originate virtually exclusively from Coulomb explosion processes, the only notable exception corresponding to loss of NH3 for which the observed peak is too weak for this reaction path to be considered competitive. In other words, while in the [Ca(urea)] 2+ reactions we have both monocations and dications as products, only monocations are formed in significant quantities for the [Ca(gly)] 2+ reactions. These differences can be understood by looking at the characteristics of the corresponding PESs. In the reactions of [Ca(urea)] 2+ , some of the Coulomb explosions, for example those leading to NH4 + products, must be preceded by several hydrogen-transfer processes that involve reaction barriers similar to or higher than those associated with the H-shifts required for neutral (e.g., NH3) loss. [20] Consequently, because of spontaneous NH3 loss, the population of precursors able to yield NH4 + is small. In contrast, the [Ca(gly)] 2+ Coulomb explosions have barriers much lower than the alternative pathways.

Conclusions

Reactions between Ca 2+ and glycine have been studied under electrospray mass spectrometry conditions. A theoretical characterization of the [Ca(gly)] 2+ potential energy surface shows that the global minimum corresponds to Ca 2+ coordinated to the two oxygen atoms of zwitterionic glycine in a bridged structure, 1. Since the zwitterionic form of glycine is dominant in solution, and taking into account the mild conditions associated with electrospray techniques, complex 1 should also be dominant in the mass spectrometer. The computed binding energy between neutral glycine and Ca 2+ (516 kJ mol -1 ) is larger than that calculated for urea ( 453 kJ mol -1 ) at the same level of theory. The large binding energy between glycine and Ca 2+ explains why all the mechanisms leading to the experimentally observed products involve stationary points on the PES that lie well below the entrance channel. The calculated PES indicates that the most favorable reaction processes correspond to Coulomb explosions originating mainly (and perhaps exclusively) from the zwitterionic complex 1 but perhaps also from the complex of Ca 2+ with neutral glycine, 2, either through direct reactions or via intermediates 6 and 7. These Coulomb explosions lead to final products that lie 43 and 66 kJ mol -1 below 1. These products in turn can account for the four intense peaks ([Ca,C,O2,H] + , NH2CH2 + , CaOH + and NH2CH2CO + ) observed in the MS/MS spectra.

Bisligated [NH3-Ca-C2H2O2] 2+ complexes do not play a significant role in the reactivity of the system. Carbon monoxide is a secondary product of the [Ca(gly)] 2+ reactions, produced by the unimolecular decomposition of some of the primary ions formed in the Coulomb explosions.

In contrast to findings for the reactions of [Ca(urea)] 2+ , in which some of the fragmentation products are molecular dications arising from the loss of a neutral fragment, no dications are found among the products in the [Ca(gly)] 2+ reactions. The difference in behavior between [Ca(urea)] 2+ and [Ca(gly)] 2+ can be readily explained in terms of the topological differences between their respective PESs.

FIGURE CAPTIONS

Figure 1. Positive nano-electrospray spectrum of an aqueous CaCl2/glycine (10 -4 mol L -1 /10 -4 mol L -1 ) mixture, recorded with a declustering potential of 10 V. 1 and with a near-zero barrier relative to 11). However, these are all high-energy processes. one isomerization pathway proceeds via TS2-12 to give 12, followed by a 1,3-H shift via TS12-5 to give 5. Isomer 5 is a precursor for the direct loss of neutral fragments NH 3 (at 356 kJ mol -1 ) or CO 2 CH 2 (at 406 kJ mol -1 ). Successive H-shifts also yield complex 10, the only stationary point on the PES where Ca 2+ is exclusively attached to nitrogen, through a two-step process involving the transition structures TS2-4 (at 239 kJ mol -1 ) and TS4-10 (at 247 kJ mol -1 ). Structure 10 can undergo a Coulomb explosion leading to fragments NH 2 Ca + and CH 2 CO 2 H + via TS10 (at 416 kJ mol -1 ). Again, the relatively high energies of the products generated by these mechanisms, as well as the large barriers involved, explain why these species are not detected in the MS/MS spectrum. It appears that bisligated adducts do not play a significant role in the gasphase reactions between Ca 2+ and glycine. 

Reactions Involving

Scheme 1 .

 1 Scheme 1. Proposed fragmentation scheme for [Ca(1-13 C-glycine)] 2+ and Ca(2,2-d2glycine)] 2+ (m/z values in parentheses).The mechanism outlined in Scheme 1 is consistent with the changes in the spectra that are observed as the collision energy is increased from 8 eV (laboratory frame) to 16 eV. These show in the case of [Ca(2,2-[D2]-glycine)] 2+ (see Figures S1-S5 in the Supporting Information) that the peaks at m/z 32 and 57 become increasingly dominant, while those for the corresponding parent ions at m/z 60 and 85 practically disappear by the time a 16 eV collision energy is reached. The dominance of the m/z 32 and 57 peaks as the collision energy is increased is also shown in FigureS6. As we shall also show below, these findings are consistent with our theoretical finding that the reactions corresponding to loss of CO from the m/z 59 and 86 ions have low-energy requirements.

Originating from 1 :

 1 density at the C=O and C-N bond critical points significantly decreases, by 0.043 and 0.031 e au -3 , respectively. Accordingly, the C=O and C-N distances lengthen by 0.043 and 0.049 Å, while the C-C and C-OH bonds shorten by 0.011 and 0.067 Å, respectively. Their stretching frequencies are concomitantly red-shifted by 151 (C=O) and 110 (C-N) cm -1 . For the zwitterionic form of glycine, Ca 2+ attachment leads to reductions of 0.030 and 0.010 e au -3 in the charge density at the two C=O bond critical points, and to a concomitant lengthening of 0.036 and 0.013 Å, while the C-C shortens by 0.066 Å.D. Rearrangement and Fragmentation Pathways of [Ca(gly)] 2+: (1) Reactions Figure6shows the PES associated with rearrangement and fragmentation pathways originating from the global minimum energy structure 1, which corresponds to complexation of Ca 2+ with the zwitterionic form of glycine. The zwitterionic form of glycine is the dominant form in solution and, due to the softness of the ESI technique employed to form dications, one should expect the complex between

  ) Summary Remarks Concerning the Potential Energy Surface: The high energies predicted by the B3-LYP/cc-pWCVTZ computations for the fragmentation products and transition structures associated with species 3, 8, 9 and 11 (see Figure 7), as well as for bisligated [NH3-Ca-C2H2O2] 2+ and other Ca-N bonded isomers (see the supporting information) are consistent with the fact that the monocations NH4 + (m/z 18), NH3CH + (m/z 30), NH3CH2 + (m/z 31), CaH + (m/z 41), NH2Ca + (m/z 56), CH2CO2H + (m/z 59), NH2CHCO2H + (m/z 74), CO2Ca + (m/z 84), CO2HCa + (m/z 85), CCO2HCa + (m/z 97), and CHCO2Ca + (m/z 97), or the dications NH3Ca 2+ (m/z 28.5) and CaCO2CH2 2+ (m/z 49), are not observed experimentally. The computations also provide a rationalization as to why m/z 32, 57, 60 and 85 are the only significant peaks in the MS/MS spectra.

Figure 2 .

 2 Figure 2. Low-energy CID spectra of the [Ca(gly)] 2+ complex obtained with a) 1-13 Cglycine and b) 2,2-d2-glycine recorded with a collision energy of 10 eV (laboratory frame).

Figure 3 .

 3 Figure3. Optimized B3-LYP/cc-pWCVTZ geometries (Å) for glycine and isomeric [Ca(gly)] 2+ structures. Relative energies (kJ mol -1 ) are given in parentheses. For the zwitterionic form of glycine, the structure shown was obtained by constraining the N-H bond lengths to be the same as those in complex 1, in order to avoid collapse to the neutral isomer.

Figure 4 .

 4 Figure 4. Contour maps of the energy density for [Ca(gly)] 2+ complexes 1 and 2. Blue dashed lines and solid red lines correspond to negative and positive values of H(r), respectively.

Figure 5 . 3 Figure 6 .

 536 Figure 5. Molecular graphs of glycine, in its zwitterionic and neutral forms, and complexes 1 and 2, showing the bond critical points (bcps; red) and the ring critical points (yellow). Electron densities are in e au -3 Figure 6. Schematic energy profile corresponding to the unimolecular reactivity for complexes of Ca 2+ with: zwitterionic glycine (1). The mechanisms originating from 1 that lead to the most favorable Coulomb explosions are shown in blue. Slightly higher energy processes originating from 1 shown in green. The Pink lines indicate the

Figure 7 .Figure 8 . 7 .

 787 Figure 7. Schematic energy profile corresponding to the unimolecular reactivity for complexes of Ca 2+ with neutral glycine (2). Medium energy processes from 2 are shown in green Pink lines indicate the mechanisms associated with the still higher energy Coulomb explosions. Relative energies (kJ mol -1 ) are given in parentheses Figure 8. Simplified scheme showing the most important Coulomb explosion processes (waved lines) for isomers 1 and 2 of [Ca(gly)] 2+ , either directly or via the intermediates 6 or 7. Also shown are the energy profiles corresponding to the unimolecular decompositions (dashed lines) of the initially formed [Ca,C,O2,H] + and NH2CH2CO + species. These provide an explanation for the greater relative intensities of the peaks in the MS/MS spectrum in Figure 2b at m/z 32 and 57 compared with 85 and 60. Relative energies (kJ mol -1 ) are given in parentheses.
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 2 Evolution of the parent and main fragment ions in function of the collision energy

Bisligated [NH 3 -Ca-C 2 H 2 O 2 ]

 3222 2+ and Other Ca-N Bonded Isomers: Figure S1 shows the energy profile associated with chelated structure 2 and the reaction paths leading to either bisligated [NH 3 -Ca-C 2 H 2 O 2 ] 2+ complexes (12 and 5), or to other adducts containing a Ca-N bond (4 and 10). Starting from structure 2,

  

  

  better rationalize these experimental findings and to test our assumptions, we have used theoretical calculations to explore the [Ca(gly)] 2+ potential energy surface and describe the bonding characteristics of the most stable complexes. : We have considered the coordination of Ca 2+ to the various basic sites of neutral glycine, as well as to the glycine zwitterion.

	NH 2 =CH 2 +		Ca 13 COOH +
	m/z 30 (m/z 32)	m/z 86 (m/z 85)
	-13 CO	13 C-glycine)] 2+ m/z 58.0 (m/z 58.5)	-13 CO
	NH 2 CH 2 13 CO +		CaOH +
	m/z 59 (m/z 60)	m/z 57 (m/z 57)

To

B. Structures and Stabilities of [Ca(gly)] 2+

3. Higher-Energy Fragmentations Involving Intermediates 3, 6 and 7:

  Other less competitive reaction pathways starting from 1 or 2 and involving the intermediates 3, 6 or 7 are possible. For example, complex 6 can rearrange via TS6-3 to structure 3, which in turn can dissociate to NH 4 + + CCO 2 HCa + via TS3, which lies 423 kJ mol -1 above 1. Alternatively, 3 may dissociate by breaking a C-C bond to form CO 2 HCa + + NH 3 CH + , a combination that is located 388 kJ mol -1 above the lowest energy COCaOH + + NH 2 CH 2 + products. Clearly, these two mechanisms cannot compete with the Coulomb explosions discussed earlier as they involve either very high barriers and/or lead to much less stable products. This is consistent with the fact that in the MS/MS spectrum obtained with 2,2-d 2 -glycine (Figure 2b), an m/z 32 ion (NH 2 CD 2 + ) is observed while a possible NH 3 CD + ion that would appear at m/z 31 is not detected. Starting from structure 2, it is possible to reach the rest of the PES via 7 and appropriate H-shifts. For example, 7 may rearrange via TS7-8 to isomer 8 which, in a similar manner to complex 3, would yield NH 4 + + CHCO 2 Ca + or CO 2 HCa + + NH 3 CH Structure 11 could also eventually dissociate via a Coulomb explosion into the product pairs of CaH + + NH 2 CHCO 2 H + (via TS11, 353 kJ mol -1 above 1) or CaOH + + NH 2 CH 2 CO + (via TS11b, 276 kJ mol -1 above

+

as dissociation products. Furthermore, 8 could isomerize in a two-step process involving TS8-9 and TS9-11 to finally yield 11.
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