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Abstract 

The association of Ca2+ to serine and the subsequent gas-phase unimolecular reactivity of 

the [Ca(Ser)]2+ (Ser=Serine) adduct was investigated throughout the use of tandem mass 

spectrometry techniques and B3LYP/6-311+G(3df,2p)//B3LYP/6-311+G(d,p) density 

functional theory calculations. In a first step, the structure and relative stability of all 

possible conformers of serine were obtained and analyzed, as well as the most stable 

[serine-Ca]2+ adducts. For the analysis of the different potential energy surfaces 

associated with the gas-phase unimolecular reactivity of these adducts, only those that 

differ by less than 100 kJꞏmol-1 from the global minimum were taken into account. In 

agreement with previous studies, the serine-Ca2+ global minimum corresponds to a 

charge-solvated structure in which Ca is tricoordinated to neutral serine. The major peaks 

observed in the nanoelectrospray-MS/MS spectrum of [Ca(Ser)]2+ adduct correspond to 

both, coulomb explosions, yielding either CaOH+ + [C3,H6,N,O2]+ or [C2,H4,O,N]+ + 

[Ca(C,H3,O2)]+, and to the loss of neutrals, namely CH2O, and H2O. Our theoretical 

survey of the energy profile allow us to conclude that, although all the aforementioned 

fragmentation processes can have their origin at the global minimum, similar 

fragmentations involving low-lying conformers, both zwitterionic and non-zwitterionic 

compete and should be considered to account for the observed reactivity. We have also 

found that in some specific cases post-transition state dynamics similar to the ones 

described before in the literature for formamide-Ca2+ reactions, may also play a role.  
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INTRODUCTION 

 Gas-phase ion chemistry1,2 is crucial to understand the intrinsic reactivity of a 

molecule in the absence of other factors, as solvation effects, that can deeply alter the 

reactivity patterns. However, a complete information on the intrinsic reactivity of a given 

compound cannot be usually achieved by just using experimental techniques, most of 

them in the realm of mass spectrometry, because the information obtained on the 

mechanism is scarce and fragmentary and, in this sense, the contribution of a parallel 

theoretical survey of the associated potential energy surface can be crucial to obtain a 

more complete picture of the whole phenomenon.3 In some cases, an even more realistic 
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picture requires to include in the analysis the kinetic aspects through appropriate 

molecular dynamic formalism.4-6 However, the first step is unavoidable to have a good 

description of the potential energy surface and to check that it is compatible with the 

available experimental evidence.  

 The aim of this paper is to investigate, through the use of tandem mass 

spectrometry techniques and high-level DFT calculations, the gas-phase reactions 

between serine and Ca2+. Serine is a chiral aminoacid present in many proteins and Ca2+ 

is an alkaline-earth dication also systematically present in many biochemical 

environments. The study of serine reactivity is particularly interesting because of its high 

hydrophilicity since, together with threonine it is one of the two hydroxyl amino-acids, 

and is often found in the outer region of soluble proteins. Ca2+ is interesting not only 

because it is abundant in the physiological media, but also because of its low 

recombination energy. Its oxidative character7 is much smaller than that of transition 

metal dications, and accordingly Ca-serine2+ dications can be experimentally detected and 

their reactivity analyzed. The obvious consequence is that two main fragmentations 

should be observed, those corresponding to coulomb explosions, where the products are 

two singly charged species, and the loss of neutral fragments accompanied by molecular 

dications lighter than the initial Ca-serine2+ species. In this respect it is interesting to 

mention that the dominant role of one of these reactive channels depends a lot on the 

nature of the neutral compound. A good example is provided by urea, thiourea, and 

selenourea. Whereas for urea the coulomb explosions are dominant,8 for thiourea9 and 

selenourea10 is the other way around and the reactivity is clearly dominated by the loss of 

neutrals. On top of that, whereas for urea some neutral loss, like that of ammonia, 

competes with the corresponding coulomb explosion producing NH4
+,8 for selenourea the 

production of NH3 is almost negligible.10 Very interestingly, for glycine, that can be 
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considered the result of replacing one of the amino groups of urea by a hydroxyl group, 

the reactivity patterns with Ca2+ changes completely, and whereas for urea the loss of 

neutral competes with the coulomb explosions, for glycine only coulomb explosions are 

concerned. We will see that with serine, where besides the amino-acid function we have 

a hydroxyl group, both kinds of reactions are observed. Our results also complement other 

previous studies on the interaction of Ca2+ and peptides.11 Indeed, the interaction of 

proteins with metals is a topic that attracted always high attention,12 and in particular on 

calcium binding proteins.13,14 Dealing with proteins it should be mentioned that the 

specific binding of Ca to proteins is so important in biochemistry that the denomination 

calciomics was proposed to designate these processes.15,16  

 

EXPERIMENTAL SECTION 

 Both electrospray and MS/MS spectra were recorded in the positive-ion mode 

with a QqTOF hybrid instrument (QSTAR PULSARi/AB Sciex) equipped with a 

nanoelectrospray source. Several L of aqueous mixtures of calcium chloride (10-³ mol 

L-¹) and Ser (10-³ mol L-¹) were nanosprayed using borosilicate emitters (Proxeon) at a 

flowrate of several tens of nL.min-1. Sample ionization was achieved by applying a 

voltage of 900 V onto the nanospray tip, and by using the lowest possible nebulizing gas 

pressure (tens of millibars). The declustering potential (DP), which corresponds to the 

difference of potentials between the orifice plate and the skimmer (grounded), was varied 

from 0 to 30 V in order to determine the best conditions to observe the Ca2+/serine doubly-

charged adduct. For better sensitivity, the collision gas (N2) was present at all times to 

improve ion transmission by collisional focusing in both the Q0 (ion guide preceding Q1 

and located just after the skimmer) and Q2 (collision cell) regions. 



 5

 For MS/MS spectra, the precursor ions of interest were mass selected using Q1, 

and allowed to collide with nitrogen as collision gas in the second quadrupole (Q2). The 

resulting fragment ions were finally characterized by the time-of-flight (TOF) mass 

analyzer after orthogonal injection. MS/MS spectra of the doubly charged ions were 

systematically recorded at various collision energies, adjusted by varying the difference 

between the potentials of Q0 and Q2 from 7 V to 14 V. The amount of N2 introduced into 

Q2 was set to its minimum value, by setting the CAD parameter to 1. However, given the 

actual pressure within Q2 (about 10 mTorr17) and its size (22 cms), at this pressure not 

only N2 molecules but also ions of interest (which have higher collision cross-sections) 

may undergo tens of collisions along their path through Q2, but also during their travel 

along Q0 and Q1, as N2 diffuses inside these quadrupoles. Consequently, MS/MS spectra 

are very likely obtained under multiple-collision regime,10,17 which further increases the 

amount of energy actually available. 

 Both calcium chloride and serine were purchased from Aldrich and used without 

further purification. All experiments were performed in Milli-Q purified water. 

 

COMPUTATIONAL DETAILS 

 Taking into account that high-level ab initio calculations such as CCSD or 

CCSD(T) procedures are prohibitively expensive for systems of this size, we have 

decided to use density functional theory (DFT) approaches, which were shown to be a 

reasonably good and much cheaper alternative in a previous assessment in which the 

performance of a series of different theoretical procedures in describing the binding of 

Ca2+ to nitrogen and oxygen bases was carried out.18 Hence, all the calculation will be 

carried out using the B3LYP hybrid functional,19,20 as implemented in the Gaussian 09 

suite of programs.21 The final energies were obtained22 at the B3LYP/6-311+G(3df,2p) 
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level, on geometries optimized using a smaller basis set expansion, namely 6-311+G(d,p), 

which according to another recent assessment is suitable to obtain reliable geometries of 

Ca2+ adducts.23 The harmonic vibrational frequencies were evaluated also at the 

B3LYP/6-311+G(d,p) level and used to classify the stationary points as local minima or 

saddle points on the potential energy surface and to estimate the zero point vibrational 

energy (ZPVE) for each stationary point. The connectivity between the transition 

structures and the minima connected to them was confirmed through the use of the 

intrinsic reaction coordinate (IRC) procedure as implemented in Gaussian 09.21    

 Some preliminary molecular dynamics simulations were also carried out by using 

the extended Lagrangian molecular dynamics trajectory method that employs atom-

centered basis functions and density matrix propagation (ADMP).24,25 This ADMP 

calculations were carried out using a B3LYP/6-311+G(d,p) formalism to obtain the 

density matrix, using an initial kinetic energy of 0.1 millihartree.  

 

RESULTS AND DISCUSSION 

Mass Spectrometry Experiments 

 The positive-ion nanospray spectrum of an equimolar aqueous mixture (10-3 M) 

of calcium chloride and Serine is presented in Figure 1a and is rather simple to interpret. 

This particular spectrum was obtained at DP=0 V, which corresponds to the mildest 

source/interface conditions attainable. The base peak observed at m/z 106.05 corresponds 

to protonated serine, very likely obtained by proton transfer from the solvent due to the 

rather high gas-phase basicity of the amino acid.  

 Several series of calcium-containing species can be observed in significant 

abundances. The first one corresponds to hydrated calcium dications [Ca(H2O)n]2+ (n = 

1-3), detected at m/z 28.99, 37.99 and 47.00. Their intensity is generally significant at 
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very low DP and is diagnostic of gentle source/interface conditions. Their intensity 

quickly drops as one increases the DP parameter. As a matter of fact [Ca(H2O)n]2+ ions 

easily dissociate according to two main competitive channels:26-28 i) loss of water 

molecules and charge separation process leading to either bare (m/z 56.97) or solvated 

(m/z 74.98) calcium hydroxide ions. The interaction of Ca2+ with the amino acid gives 

rise to two types of ions. The first one is the singly charged [Ca(Ser)-H]+ adduct (m/z 

144.00) detected in weak abundance. The second series corresponds to doubly-charged 

complexes of general formula [Ca(Ser)]2+ (m/z 72.50) and [Ca(Ser).H2O]2+ (m/z 81.51). 

Their abundance is maximum for DP=0 V. Increasing the DP value results in the fast 

removal of the doubly-charged complexes by "in source" fragmentation processes leading 

notably to the species detected at m/z 86.98 and 88.04 (vide infra). Another in source 

fragmentation observed is the loss of 46 u from protonated serine (a typical process for 

protonated amino acids) leading to the immonium ion (m/z 60.04). The m/z 88.04 ion can 

also arise from dehydration of protonated serine. An additional ion is observed in 

significant abundance at m/z 145.08. It has already been observed for other Ca2+/ligand 

systems that we studied in the past, and therefore does not result from an interaction with 

serine. Notably, the formation of [Ca(Ser)]+ ion can be discarded as this ion should be 

observed at lower value (m/z 145.01). Furthermore, examination of its isotopic 

distribution indicates a doubly charged ion, suggesting a possible interaction of Ca2+ with 

a known contaminant, presumably polypropylenglycol (PPG).29 The PPG [(C3H6O)4]H2O 

species, interacting with Ca2+, would indeed result in a doubly-charged adduct 

theoretically detected at m/z 145.07 (monoisotopic peak), in agreement with the m/z value 

observed. 

 The DP parameter was set to 0V to record the MS/MS spectrum of the [Ca(Ser)]2+ 

adduct, and if necessary, slightly increased to promote in source/interface dissociation to 
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generate its fragment ions in sufficient abundance for subsequent “MS/MS/MS like” 

experiments.  

At DP=0 V, the smallest potential difference between Q2 and Q0 leading to a recordable 

MS/MS spectrum for the [Ca(Ser)]2+ adduct was 7 V. For this ion, the kinetic energy in 

the laboratory frame (Elab) was then scanned from 14 to 28 eV (N2 being used as target 

gas). This corresponds to center-of-mass collision energies (ECM) ranging from 2.27 to 

4.53 eV. The CID spectrum obtained at Elab=20 eV is given in Figure 1b. The 

unimolecular reactivity of the [Ca(Ser)]2+ adduct is characterized by a combination of 

neutral losses and coulomb explosions, as already reported for cysteine.30 However, 

although only differing by a single atom within the side chain (CH2OH vs CH2SH), the 

unimolecular reactivity upon collision of the [Ca(Ser)]2+ and [Ca(Cys)]2+ adducts are 

markedly different. Examination of Figure 1b shows that the neutral losses from the 

former correspond to elimination of water (m/z 63.50) and C,H2,O (m/z 57.50), whereas 

deamination was clearly overwhelming with respect to loss of H2S for the latter.30 The 

charge separation channels are also different. Thus, formation of the ammonium ion is 

not detected in presence of serine. Instead, two processes are observed, leading to CaOH+ 

(m/z 56.97) and [C3,H6,N,O2]+ (m/z 88.04) in one hand, and to [C2,H4,N,O]+ (m/z 58.03) 

and [Ca,C,H3,O2]+ (m/z 86.98) on the other hand. Within a given pair, the fragment ions 

do not exhibit similar intensities. This can be explained by the secondary fragmentations, 

which have been studied by increasing the DP parameter, leading to fragmentation within 

the ESI interface and thus allowing MS/MS spectra of the primary fragment ions to be 

recorded. From this set of experiments the dissociation pattern displayed in scheme 1 

could be established. For example, one can observe that the calcium hydroxide ion is 

formed from a primary process, but is also the quasi-unique fragment ion of the m/z 86.98 

ion, as shown in Figure S1 of the Supporting Information. This particular process occurs 
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readily as the m/z 86.98 is almost totally consumed at low collision energy, therefore 

accounting for the lower intensity of m/z 86.98 with respect to m/z 58.03, or the higher 

abundance of CaOH+ as compared to m/z 70.03 and 88.04 (Figure 1b). Note that the latter 

ion mostly dissociates according to dehydration, generating the m/z 70.03 ion. Our 

experiments also show that the ion m/z 63.50 arising from dehydration is particularly 

reactive upon collision, notably exhibits four distinct neutral losses ( -H2O, -CO, -C,H2,O 

and CO2).  

 To summarize, the interaction of Ca2+ with serine promotes numerous fragment 

ions upon CID. This behavior is radically different from that observed in presence of 

different alkali metals. As a matter of fact, according to a series of threshold CID studies, 

the M+-serine adducts (M= Na, K, Rb, Cs) react solely by loss of the intact serine when 

xenon is used as collision gas,31-33 suggesting a weaker interaction of the metal with the 

amino acid. For these four adducts, loss of intact serine is also observed upon Infrared 

Multiple Photon Ion Dissociation (IRMPD) activation. 21 The interaction with Li+ is much 

stronger, and consistently, the [Li-Ser]+ adduct exhibit additional fragmentation channels 

upon collision, such as loss of water, C,H2,O and carbon dioxide.34 The two first processes 

are also observed with Ca2+ (vide supra). Finally, a combined experimental and 

theoretical study of the interaction of serine with two transition metals, namely cadmium 

and zinc, has been recently reported.35 The doubly-charged M2+(Ser) adducts could not 

be generated in the gas phase, and IRMPD experiments were performed onto [Zn(Ser-

H)CH3CN]+ and [CdCl(Ser)]+ ions. 
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[Ca(Ser)]2+

m/ z 72.51

[Ca(Ser), -H2O]2+

m/z 63.50

CaOH+

m/z 56.97

m/z 70.03

[C3,H4,O,N]+

m/z 49.50

- CO

- H2O

- H2O

- C,H2,O[Ca(C2,H5,N,O2)]2+

m/z 57.50

[Ca(C2,H5,N,O2)]2+

m/z 86.98

[Ca,C,H3,O2]+

m/z 58.03

[C2,H4,O,N]+

- C,H2,O

m/z 54.49

m/z 48.49

m/z 88.04

[C3,H6,N,O2]+

[Ca(C3,H3,O,N)]2+

- C,H2,O

[Ca(C,H2,N,O)]2+

m/z 41.50

[Ca(C2,H5,N,O2)]2+

- CO2

- H2O

 

 

Scheme 1. Observed fragmentations of the [Ca(Ser)]2+ adduct upon CID. Black and blue 
arrows correspond to the loss of neutrals and coulomb explosions, respectively. 
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Figure 1. a) Nanospray spectrum of an equimolar aqueous mixture (10-3M) of calcium 
chloride and serine recorded at DP= 0V and b) low-energy MS/MS spectrum of the 
[Ca(Ser)]2+ adduct (m/z 72.51) recorded at a collision energy of 20 eV (laboratory frame). 
 
 
 
Structures  
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 Molecular systems such as serine are very rich from the conformational point of 

view. Although in previous theoretical studies on the infrared spectra of glycine-, 

cysteine- and serine-Ca2+, the most stable conformers of serine-Ca2+ adducts were 

reported,22,36 a complete characterization of the potential energy surface associated with 

the gas-phase reactivity between serine and Ca2+ requires to fully investigate the relative 

stability of the different conformers of the neutral compound and of their adducts with 

Ca2+, because under CID conditions endothermic reactions and dissociations may be 

possible and because during the ESI process it cannot be excluded that some high-energy 

conformers may be formed and kinetically trapped. In our B3LYP/6-

311+G(3df,2p)//B3LYP/6-311+G(d,p) survey of serine conformers, we have 

characterized a total of 41 local minima, whose relative energies are summarized in Table 

S1 of the Supporting Information. A Boltzmann distribution of these conformers, 

obtained at room temperature (298.15 K), is shown in Figure S2 of the Supporting 

Information and allowed us selecting the six conformers (see Figure 2) out of a total of 

41 conformers investigated whose abundance is larger than 3% and which are going to 

be the ones retained for our analysis of the serine-Ca2+ reactions. The structures shown in 

Figure 2 were previously reported by G. Bouchoux37 as the most stable conformers 

obtained at the G4 level of theory, though the relative order was not strictly the same 

because we are focusing our attention in conformers which differ in a very small amount 

of energy (6 kJꞏmol-1). 
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Figure 2. B3LYP/6-311+G(d,p) optimized geometries of the most stable conformers of 
serine. Relative enthalpies (in kJꞏmol-1) calculated at 298.15 K are given. Dashed lines 
show the intramolecular hydrogen bonds stabilizing these systems (See the corresponding 
molecular graphs in Figure S3 of the Supporting Information). Bond lengths are in Å. 
 
 
 
 A similar procedure allowed us to identify the most stable serine-Ca2+ adducts 

(see Figure 3) that could be obtained by direct attachment of the metal dication to one of 

its neutral conformers. It is worth noting, that as shown in a previous study,22 the global 

minimum 1 and its conformer 2, are characterized by a triply-coordinated Ca atom, 

bonded to the carbonyl oxygen of the acidic function, to the hydroxyl and to the amino 

groups as revealed by the atoms in molecules (AIM) analysis38-40 of their electron density. 

We have also considered the Ca2+ attachment to zwitterionic forms of serine, because 

although for the isolated system these forms are rather high in energy, different 

computational studies have shown that in the gas phase the interaction of an alkali-earth 

dication strongly stabilizes the zwitterionic forms of amino acids. In the particular case 

of glycine, the interaction with a zwitterionic form (Salt-bridge, SB) is found more 

favorable than with a neutral one (Charge-solvated, CS) for all the alkali-earth metals but 

Be.41 The energy gap between these forms is generally small. In addition, different 

theoretical studies have demonstrated that the interconversion barrier between complexes 
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involving SB and CS forms can be barrierless. The process was found spontaneous42 for 

Mg2+ and it was shown that for Ca2+, the intramolecular proton transfer leading to the 

zwitterionic glycine occurred without any activation barrier.43 One may therefore 

reasonably consider the possibility of the presence of mixture of structures in aqueous 

solution of calcium chloride and amino acids, and that interconversion processes may 

potentially occur either in solution or during the electrospray process. The association of 

Ca2+ to the oxygen atoms of these zwitterionic species is particularly stabilizing, and 

indeed three of these forms, namely 3, 4 and 5 in Figure 3, are among the most stable 

serine-Ca2+ adducts. Our estimations indicate that whereas the energy gap between 

canonical and zwitterionic forms of serine is around 130 kJꞏmol-1 or larger, the association 

to Ca2+ reduces de energy gap to about 25 kJꞏmol-1 (see Table S2 of the Supporting 

Information). Similar findings have been reported in the literature for the case of glycine-

Ca2+ interactions.44 IRMPD studies have also demonstrated the presence of zwitterionic 

species for different systems. Dunbar and co-workers45 reported the IRMPD spectrum of 

divalent barium complexed with tryptophan and concluded that tryptophan is zwitterionic 

in this ion. Similarly, it was demonstrated that arginine, glutamine, proline, serine, and 

valine all adopt zwitterionic structures when complexed with divalent barium.46 The same 

conclusion could be drawn for Sr2+/arginine system. In the particular case of Serine 

interacting with alkali metals, a mixture of different structures were observed in presence 

of K+, Rb+ and Cs+, and the presence of a zwitterionic form was evidenced for the latter.47 

Performing IRMPD studies would clearly indicate whether CS, SB or a mixture of both 

are actually generated under ESI conditions for the present system, provided it can be 

generated by ESI in an ion trap device.  
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Figure 3. B3LYP/6-311+G(d,p) optimized geometries of the most stable conformers of 
serine-Ca2+ adducts. In structures 1, 2 and 7, Ca appears tricoordinated. The 
intramolecular hydrogen bonds stabilizing these systems are also shown (dashed lines). 
Bond lengths are in Å. 
 
 

 

Mechanisms for the unimolecular reactions of [serine-Ca]2+ 

 We will start our analysis of the possible reaction mechanisms leading to the 

products observed and summarized in Scheme 1, starting from the global minimum 1 of 

the [Ca(Ser)]2+ adduct.  

Coulomb explosions 
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 From all the possible mechanisms analyzed originating from the global minimum, 

the most favorable one, as it involves the lowest activation barriers, is the one associated 

to the coulomb explosions yielding CaOH+. The schematic potential energy profile 

corresponding to this process is displayed in Figure 4. The first step of the process is 

associated with a hydrogen transfer from the central NH2CH group to the CH2 group 

directly attached to it through the TS1-I1 transition state. This hydrogen transfer from the 

NH2CH group is accompanied by a dramatically reinforcement of its C-NH2 bond, 

whereas the initial Ca-NH2 weak bonding interaction22 disappears. At the same time, 

changing the CH2 group into a CH3 one also results in the cleavage of the initial CH2-OH 

linkage. Once the intermediate I1 is formed, the O-Ca bond cleavage through the 

transition state TSI1-P1, results in the coulomb explosion yielding CaOH+, being the 

accompanying ion the C deprotonated form of alanine.  

 

 
 
Figure 4. Enthalpy profile (298.15 K) for coulomb explosions of [serine-Ca]2+ yielding 
[C3,H6,N,O2]+ + CaOH+ starting from the global minimum, 1. Relative enthalpies are in 
kJꞏmol-1. 
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 However, other mechanisms leading to different monocations are possible. Figure 

5 shows that the global minimum 1 easily connects with the local minimum 9 by the 

cleavage of the Ca-NH2 linkage. A H transfer from the CH-NH2 group towards the near 

COOH group leads to the intermediate I17, which exhibits a C=NH2 group. Subsequently, 

I17 structure undergoes a first rearrangement leading to I18, where Ca bridges between 

the two oxygen atoms of the HOC(H)O group just formed. A new H-transfer from the 

NH2 group towards the CHOCaOH group leads to I19 characterized by the presence of a 

very stable CH2OCaOH subunit, which will be one of the monocations formed in its 

coulomb explosion through the TSI19-P9 transition state.  

 

Figure 5. Enthalpy profile (298.15 K) for coulomb explosions of [serine-Ca]2+ yielding 
[C2,H4,O,N]+ + [Ca(C,H3,O2)]+ from the global minimum, 1. Relative enthalpies are in 
kJꞏmol-1. 
 

Hence, the monocation [Ca(C,H3,O2)]+ formed is the result of the bonding of Ca2+ to a 

molecule of formaldehyde and to a hydroxyl group.   



 18 

 

Loss of water 

 Dehydration is the prominent neutral loss observed experimentally. The possible 

mechanisms associated with the loss of water with origin at the global minimum 1 exhibit 

the energy profile shown in Figure 6. The first step corresponds to the hydrogen transfer 

from the CH2 group to the OH group attached to it. Such internal hydrogen transfer has 

been already suggested from the water loss observed for the [Li-Ser]+ complex.34 This 

process presently implies an activation barrier of 291 kJꞏmol-1, with respect to adduct 1.  

The intermediate formed, I7, can undergo two processes. The first one would be the direct 

loss of water to yield the doubly-charged species P5 or alternatively undergo a second 

hydrogen transfer from the amino group to the CH group that remained after the first 

hydrogen transfer. This will lead to a rather stable intermediate, I8, in which the Ca atom 

is again tricoordinated. A further stabilization is achieved by a third H transfer from the 

CH to the CH2 group to yield intermediate I9, from which the loss of water will be much 

more favorable from the energetic viewpoint than the first water loss process mentioned 

above, yielding a dication, P4, in which Ca2+ is attached to the NH group of a 

deprotonated alanine molecule.  
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Figure 6. Enthalpy profile (298.15 K) for the loss of water from the [Ca(Ser)]2+ ion, 
originating from the global minimum, 1. Relative enthalpies are in kJꞏmol-1. 
 

Loss of formaldehyde 

 According to Scheme 1, the [Ca(Ser)]2+ ion can also lose formaldehyde rather than 

water. This reaction can also have its origin, as shown in Figure 7, from the global 

minimum, 1.  
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Figure 7. Enthalpy profile (298.15 K) for the loss of formaldehyde from the [Ca(Ser)]2+ 

ion, starting from the global minimum, 1. Relative enthalpies are in kJꞏmol-1. 
 

 

The most probable mechanism for the loss of CH2O from the global minimum involves 

the formation of the intermediate I2. From I2 a hydrogen transfer from the hydroxyl 

group to the vicinal CH yields the intermediate I10, slightly lower in energy. The 

subsequent interaction of Ca2+ with the two free OH groups leads to intermediate I11, 

which directly leads to the loss of formaldehyde. We have also indicated that the loss 

ofCH2O can also occur from the transition state TSI10-I11, through a post-transition state 

dynamics similar to the one described before in the literature for formamide-Ca2+ 

reactions.48,49 Indeed, preliminary ADMP calculations show that in TSI10-11 the Ca–

OCH2 linkage breaks apart, so the loss of formaldehyde does not necessarily involve the 

transient formation of the more stable local minimum I11. The possibility of having other 

post-transition state dynamics in the different mechanisms included in this study should 
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not be necessarily small, but a more detailed dynamical analysis is clearly beyond the 

scope of this paper.  

 

Alternative routes originating from other zwitterionic and non-zwitterionic minima 

 We have also explored alternative mechanisms that can originate in other low-

lying local minima, such as the zwitterionic complexes 3, 4 and 5, or the non-zwitterionic 

species 6-9. As a suitable example, we present in Figure S4 of the Supporting Information 

the energy profiles corresponding to the loss of CH2O from complexes 4 (zwitterionic) 

and 6 (non-zwitterionic). It can be observed that the mechanism with origin at the 

zwitterionic form 4 clearly competes with the one starting from the global minimum 

(Figure 7), since all the activation barriers along the process are lower in energy as well 

as the final products P7 with respect to P6. This is also the case as far as the mechanism 

starting from adduct 6 is concerned, although the products P8 are much higher in energy, 

because the HOCH product is a high-lying isomer of formaldehyde. It should be noted 

however that the process leading to P8 is still exothermic and the HOCH molecule has 

enough internal energy to evolve to the CH2O global minimum, which lies 221 kJꞏmol-1 

lower in energy. It is worth noting that in all these products, the [C2,H5,N,O2] moieties to 

which Ca2+ is attached are isobaric of glycine, so them can lead, as shown in Figure S5 

of the Supporting Information, to [Ca(Gly)]2+ complexes either in their canonical or in 

their zwitterionic forms,44 in agreement with the behavior of the Li+-serine system, as 

reported by Ye and Armentrout.34  

  In Figure S6 of the supporting information, we present alternative coulomb 

explosion mechanisms to those shown above in Figure 5. The starting point would be 

again the global minimum 1, but evolving in this case to yield the local intermediate I2. 

From here, two alternative reactive pathways are open, one towards the intermediate I3 
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and a second one towards I4. In both cases, they evolve according to a coulomb explosion 

into [Ca(C,H3,O2)]+ + [C2,H4,O,N]+ monocations, but in conformations much less stable 

than the same species produced along the mechanism shown in Figure 5.  

 Figure S7 shows that starting from the same local minimum 9, another reaction 

pathway is opened leading to the loss of formaldehyde, though involving activation 

barriers that, although higher than those associated with the energy profile shown in 

Figure 7, may be still accessible and therefore, the contribution of this mechanism to the 

loss of formaldehyde should not be necessarily negligible.  

 

CONCLUDING REMARKS 

 By means of electrospray ionization/mass spectrometry techniques and DFT 

calculations we have shown that [Ca(Ser)]2+ adduct dissociates in the gas phase either  

through coulomb explosion processes or through the loss of neutral fragments, mainly 

water and formaldehyde. Two different coulomb explosions were observed yielding 

either CaOH+ + [C3,H6,N,O2]+ or [C2,H4,O,N]+ + [Ca(C,H3,O2)]+. However, according to 

our potential energy surfaces survey, the mechanisms involved and therefore the 

structures of the monocations produced, depend on the initial structure of the [Ca(Ser)]2+ 

adduct undergoing dissociation. They are different when the reactive process implies the 

global minimum or alternate low-lying isomers. A similar observation can be made as far 

as the losses of neutrals are concerned. Our theoretical survey of the energy profile allows 

us concluding that, although all the fragment ions can come from the global minimum, 

similar fragmentations involving both zwitterionic and non-zwitterionic low-lying 

conformers may compete, and should be considered to account for the observed reactivity. 

We have also found that in some specific cases post-transition state dynamics, similar to 

the ones described previously for formamide- 
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Ca2+ reactions, may also play a role.  
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