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Predicting preferences for adduct formation in electrospray ioniza-

tion: the case study of succinic acid  

Stepan Stepanovic and Gérard Hopfgartner* 

 

ABSTRACT: A simple theoretical approach is developed, that can be used to predict the preference of ion adducts formation (with 

alkali Li+, Na+, K+ and alkaline earth Ca2+, Mg2+ metals) in electrospray ionization mass spectrometry (ESI-MS) of succinic acid, 

associated with several protonation/deprotonation equilibria. The applied strategy consists of using vacuum environment as well as 

both implicit and explicit solvation of reactive sites and density functional theory (DFT) as method of choice. These distinct levels 

of theory mimic the smooth transition between condensed environment and free ion in a gas phase. Good correlation between the 

Gibbs free energies for protonation/adduct formation processes with the peak observation in the obtained mass spectra provides the 

insight into the physical basis behind adduct preference and selectivity. This signifies the relationship between microscopic interac-

tions, ionization efficiency and types of ions that reach the detector. 
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Introduction  

Liquid chromatography coupled to mass spectrometry (LC-

MS) using electrospray ionization (ESI) is largely applied for 

qualitative and quantitative analysis of low molecular weight 

compounds in metabolism, metabolomics and forensic. Alt-

hough the most common way for ion formation in ESI is proto-

nation in positive and deprotonation in negative mode, multiple 

other ionization processes are known such as adducts or homo- 

and heteromultimers formation. Beside the broad pallets of ex-

perimental setups and analyte classes, this also has a downside 

- the obtained spectra are often complicated due to the ioniza-

tion by adduct formation with metal or small organic ions.[1, 2] 

The appearance of multiple adducts makes sample identifica-

tion more problematic in particular considering that they do not 

fragment well in collision induced dissociation.[3-5] This is 

why, in metabolomics, the adducts are typically regarded as un-

wanted contaminants.[4] Fortunately, since many features are 

mutually related, statistically grouping correlated features re-

duces the total number of feature groups.[6] The source of metal 

adducts remains unclear as they can originate from the solvents, 

the additives, the sample or the analytical system. In quantita-

tive studies they may decrease the sensitivity by dividing ana-

lyte signal across the ion series or affect assay linearity and 

challenge assay transfer.[4] It has been reported the concentra-

tion of sodium in mobile phase does not affect the relative ion-

ization efficiency of [M+H]+ nor [M+Na]+ but the topic remains 

unclear for multimers or real samples[7]. Furthermore, acidic 

functional groups are highly represented in metabolites and nat-

ural products[8] and are shown to facilitate the adduct for-

mation.[9] Simultaneously, many alkaloids (like cocaine) are 

basic and do not exhibit preference for adduct formation. It 

would be highly desirable and very beneficial if the adduct pres-

ence could have been rationally predicted for analytes with 

completely different functional groups and molecular struc-

tures. 

Adduct annotation methods,[4, 5, 9-11] such as the multi-lay-

ered approach,[3] are very powerful for the peak assignation 

and features reduction, but they do not offer deeper insight into 

the microscopic mechanisms. By far the most studied metal ion 

adducts contain Na+ and K+ cations.[12, 13] While Li+ and di-

valent cations have received much less attention. It is important 

to note that [M·Na]+ [M-H·Mg]+ can be easily misassigned 

since their masses are very similar, although the characteristic 

Mg2+ isotopic pattern can be a clear indication. The same ap-

plies for the K+-Ca2+ pair. Since we have already observed the 

formation of Ca2+ adducts, that were wrongly assigned as K+ 

adducts in the literature [3], we decided to investigate whether 

this is a consequence of stronger ionization efficiency of Na+/K+ 

over the other ions, or they are just often present in excess and 

form the only visible signals in the electrospray ionization mass 

spectrometry (ESI-MS). Since one of the aims of this paper is 

to correlate experimental observations with the microscopic in-

teractions, it is instructive to consider the mechanisms involved 

in solvated analyte path to the MS detector reviewed by Cech et 

al.[14]  

The signals observed in the ESI mass spectra are controlled by 

various equilibria, involving analyte, ions, and solvent mole-

cules, occurring on the path from the solution in ESI needle to 

the mass detector. The initial step is analyte-ion interaction in-

side the needle, followed by interactions inside charged 

nanodroplets. These processes occur in a condensed phase. As 

already described, succeeding steps include solvent evaporation 

linked with adduct endurance in the vacuum environment. Un-

fortunately, even the experimental results are not easily repro-

ducible, and a small change in temperature, capillary/cone volt-

age, pressure, diverse vendor setups and source geometries can 

lead to different line intensities observed. As one might guess, 

it is a very non-trivial task to theoretically model these phenom-

ena and reproduce experimental observations and trends.[15-

17]  

Even from this short description of the overall process it is clear 

that the complicated ab-initio molecular dynamics set of calcu-

lations would need to be undertaken, in order to model the over-

all system dynamics and describe the bond breaking-bond mak-

ing process involved in proton transfer and possible fragmenta-

tion properly. On the path toward a simple model that can be 

used to tackle the ionization preference with the ESI ion source, 

we further need to consider the relevant processes and their in-

fluence on the overall spectra. Should more focus be directed 

toward the condensed phase interaction in the ESI source, ad-

duct endurance in the vacuum environment or, perhaps, the 

equilibria within the charged nanodroplets traveling to the MS 

detector? This is not a trivial question, but one could argue that 

ion source processes are mainly “setting the stage”, since there 

are many equilibria taking place between the source and MS 

detector. As for the desolvation phase, although it is extremely 

important step, (vide infra), its complexity sets it outside of this 

manuscripts scope.  

Experimentally, the adduct binding constants in condensed 

phase do not obey the trends observed in ESI/MS.[18] In line 

with that finding, there are some correlations between ioniza-

tion efficiency and analyte hydrophobicity. Furthermore, the 

analyte surfactant properties are very important since it is the 

excess charge rich parent droplet's surface layer that breaks up 

into descendants’ droplets. Thus, it is not difficult to conceive 

that surface-active analytes will follow the surplus charge into 

the offspring droplets, increasing their ionization efficiency.  

Finally, although it is reasonable to expect correlation between 

solution basicity in a positive mode ESI/MS and ionization ef-

ficiency,[19-24] it would be wrong to think that proton transfer 

occurs only in the condensed phase. Gas phase proton shift oc-

curs when solution phase basicity and gas phase proton affinity 

are not correlated.[25] 

From the description given above, neither the condensed phase 

equilibrium nor the gas phase interactions or vacuum stability 

can be a priori ignored. To tackle this complicated problem, we 

have performed both calculations in vacuum, implicit-solvation 

and partial explicit solvation of the interaction sites. These dif-

ferent levels of theory correspond to smooth transition between 

free ion in a gas phase and partial condensed environment. The 

goal of this manuscript was to evaluate to what extent the ob-

served spectra correlate with the thermodynamics of analyte ion 

interaction.  

This work extends some very interesting research[26-28] re-

garding Cs+ affinities to the various (mono- and poly-) carbox-

ylic acids. But, beside similar subject (metal-cluster stability es-

timate, with the help of DFT), it centers around completely 
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different problem – microscopic mechanism for observed pref-

erence in adduct formation and relative peak intensities in MS1 

ESI spectra. In this framework, the succinic acid is used just as 

computationally interesting model system, to tackle the ques-

tion of protonation vs adduct formation for any given analyte. 

Since succinic acid gives solely the ion adducts and protonated 

molecule, has a complicated potential energy surface (with 

many close lying cyclic and acyclic conformers) and the most 

important signals also involve carboxylic group deprotonation, 

it was selected as a test system for our model development.  

 

Methods 

 

All DFT calculations were performed with the Amsterdam 

Modelling Suite (AMS2021) program package.[29, 30] Initial 

structures were refined with global minimization techniques 

available in AMS, namely Basin Hopping[31] and systematic 

variation of dihedral angles,[32] using XTB semiempirical 

methodology.[33] The obtained low energy structures were 

later reoptimized with PBE DFT method,[34, 35] using full 

electron TZ2P Slater type orbitals basis, Grimme G4[36] dis-

persion correction and implicit[37-39] (as well as partial ex-

plicit) solvation, until the maximum gradient component was 

less than 5·10-4 a.u (default is 10-3). The nature of stationary 

points is confirmed by calculating analytical Hessians.  

Since we essentially describe the adduct formation and the 

proton transfer, in cases when the species we need are not the 

most stable (for example, we have one protonation form of re-

actant while the other is in product, one of them being the more 

stable one) we performed the constrained optimization. De-

pending on the desired proton localization, the “natural bond 

length” was used as constraint. For example, if we use the ace-

tate ion for the deprotonation process, it is more favorable for it 

to take the succinic acids proton. In order to keep the proton on 

succinic acid (in the reactant) we optimized it with the preferred 

bond length in the free succinic acid. We have now explicitly 

included the constraints description wherever used, and we also 

provide the example input files.   

Experimental spectra were acquired on a TripleTOF 6600+ 

(Sciex, Concord, ON, Canada) in positive ionization modewith 

an electrospray ionization (ESI) probe, Optimized ion source 

parameters were as follows: curtain gas (CUR) was set to 25 

psi, nebulizing gas (GS1) was set to 30 psi and drying gas (GS2) 

was set to 20 psi. Needle voltage (ISVF) was set to 4-5 kV and 

temperature (TEM) was set to 300 oC.  The raw data were pro-

cessed with PeakView (v2.2, Sciex). Spectra were averaged and 

were then centroided and exported as text files. 

50% MeCN and 50% MeOH were used as solvents. Solution of 

pure succinic acid (100µg/mL) was used, unless different con-

centration is clearly noted (some spectra in SI). When salt solu-

tions are added (only infusion was used at 10-50 µl/min), the 

following ions were used LiCl, NaCl, KCl, MgCl2, CaCl2 (all 

with c=2mM). When acetate counter ion or formic acid additive 

were utilized (again, just few examples in the SI) it was clearly 

noted and rationalized. All the used compounds are p.a. quality, 

commercially available and were obtained from: Alfa Aesar 

(succinic acid, 99+%), ACROS (LiCl, , 99%), Sigma Aldrich 

(NaOAc, 99%; KCl, minimum 99.0%; NaCl, ≥99.5%), Fluka 

(CaCl2·2H2O, >99%), Merk (MgCl2·6H2O, >99.5%). The 

following solvents were used: HPLC-grade acetonitrile (ACN) 

and methanol (MeOH) from VWR (Darmstadt, Germany); and 

water from Huberlab (Aesch, Switzerland). No buffer was 

added, and solution was essentially weakly acidic  

(100µg/mL≈0.00085M succinic acid and, in one case, 2mM 

MgCl2 are the only non neutral solution constituents). TOF 

spectrum were acquired over a range of m/z 100 to 1000 with 

an accumulation time of 250 msec, the declustering potential 

was set 80 V.  

Results and Discussion 

As explained, there are many complicated factors that influ-

ence the intensity of a specific ion signal in the mass spectrum. 

Since our model system is succinic acid (vide infra) we will 

shortly describe/illustrate simplified view of some important 

equilibria for the carboxylic acid containing systems that lead 

to a [M+X]+ ion observed at the detector (X is metal cation or 

H+). We have chosen general carboxylic acid to demonstrate the 

most important points, since that enables us to ignore confor-

mational flexibility and possible chelate complexes. The equi-

libria that involves protonation/adduct formation and subse-

quent ‘naked ion’ formation (whose signal is observed at the 

detector) is conceptually sketched on Figure 1. On Figure 1-a, 

we have depicted the protonation process, on Figure 1-b the ad-

duct formation with the one-valent metal cations, and, finally, 

the adduct formation with two-valent cation, coupled with 

deprotonation process, can be seen on Figure 1-C.   

 

Figure 1: Schematic representation of protonation and adduct for-

mation with metal ions, for general carboxylic acid as the simplest 

model system. M+/M2+ represents singly or doubly charged metal 

cation and the curved (double-headed) shows the movement of an 

electron pair. Dashed line between the metal and anionic oxygens 

represents an ionic interaction, while the dashed double bond in 

second and third structure (parts a) and b)) demonstrates a reso-

nance stabilization of carboxylic ions.  

Protonation, metal binding and (possible) deprotonation pro-

cesses are represented as condensed phase equilibria, and de-

scribed by appropriate ΔG value (left portion of Figure 1-a, b 

and c). The second step in the equations show in the Figure 1 IS 

depicted as just desolvation of adduct formed in the previous 

step. Cleavage of carboxylic acid-metal ion adducts in a vac-

uum state seems unlikely because their association energies are 

very negative thus, this process is not included in the sketch. It 

A

B

C



4 

 

is important to note that the desolvation phase is not a simple 

equilibration process, but a dynamic declustering behavior, 

governed by kinetic energy (dependent on the excess charge and 

electric field, among other factors) and vacuum environment. It 

probably involves, beside solvent evaporation, Coulomb fis-

sions and/or field desorption of some solvated ions. This is the 

most complicated step in the ion path that is responsible for 

many patterns observed in the spectra and cannot be easily mod-

eled. This phase must be modeled with molecular dynamics 

(MD), and, preferably, using at least some semi-empirical Ham-

iltonian (if not DFT/ab-initio) to tackle proton transfer, ion 

binding and any possible ion breaking with the appropriate 

quantum mechanical description.  

In this work, we have modeled the thermodynamics of con-

densed phase proton transfer and adduct formation processes, 

to check for possible correlation with ionization efficiency and 

some patterns observed in the spectra. The proposed approach, 

which is explained in detail later on, is very straightforward – 

consisting on microsolvation of reaction centers, treated with 

DFT optimization with implicit, COnductor-like Screening 

MOdel (COSMO) solvation included. It is also easily extenda-

ble and applicable to other small to medium sized systems. The 

possible complication arises with conformationally very flexi-

ble molecules, and potential multidentate analytes since there is 

a need to properly explore the very complicated Potential En-

ergy (hyper)Surfaces (PES). With the surge of automatized 

methods nowadays, majority of the process can be automated, 

including for example, screening of multiple protonation/depro-

tonation/ion binding sites. 

Beside already described properties, the succinic acid was se-

lected as the main model because it represents a very challeng-

ing system for computational modelling. It has considerable 

flexibility and even the opportunity to coordinate the pro-

ton/metal ion with two sides and two oxygens on each carbox-

ylic group. Thus, there are a plethora of combinations to form 

complicated local minima on PES. The general pathways re-

garding proton transfer/adduct formation are similar as the ones 

shown on the Figure 1 for the general carboxylic acid. What 

differs is the possibility for many close-lying conformers and 

chelation and bridging ligation. 

Standard ESI-MS spectra of succinic acid can be seen on Fig-

ure 2- a). Most of the peaks originate from the adduct ions of 

the form [(succ)p(succ-H)(m·n-1)(M
n+)m]+, i.e. succinic acid can 

be in neutral or deprotonated form, depending on the metal 

charge and count, so the total charge of the complex is +1. Pro-

tonated succinic acid is not observed. 

As in many situations, adduct ions are normally present (pre-

dominant!) in the spectra, and they usually originate from the 

glassware (current case) but can also come from solvent impu-

rities and coupled HPLC. This indicates that there is a large pre-

dominance toward ion adduct formation compared to the proto-

nation process. This seems very natural if we look at the basic 

chemical properties: succinic acid is very weakly basic but has 

a lot of oxygen atoms with high affinity toward metal coordina-

tion (which even increases after facile deprotonation). On the 

other hand, there is an abundance of examples showing that 

basic molecules have (often predominant) signal of protonated 

analyte. This directed us to examine how important is a simple 

quantity such as ΔG(proton/ion – adduct) interaction in the ex-

tremely complicated ESI-MS setup. This limited the scope of 

the investigation significantly, since it is clear that many effects 

that influence signal presence and intensity are concentration 

dependent. Simple example can be seen on on Figure 2, which, 

again, depicts the ESI-MS spectra of succinic acid, but this time 

with added 2mM LiCl, NaCl, KCl, MgCl2 and CaCl2. It is clear 

that, as expected, only the adducts with the cations from the 

supplemented salt became visible, and the various small con-

centration salts from glassware impurities are no longer detect-

able. We will focus little bit on spectra with added NaCl(Figure 

2- c))we can see that many sodium adduct peaks can be ob-

served. Interested readers are directed toward literature,[12] but 

also the paragraph on page S2 in Supporting Information (SI), 

where one can also find more data and better insight on Figures 

S1and S2 (the change of succinic acid ESI-MS spectra with 

constant NaCl concentration and varying the amount of succinic 

acid is displayed). Figure S3 demonstrates what happens when 

the acid concentration is kept constant and the amount of NaCl 

is varied. In order to (at least to some extent) reduce the con-

centration influence on ion competition for adduct formation, 

we used 2mM concentration for all salts.  
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Figure 2:   Mass spectra of succinic acid dissolved in 50% methanol, a).  b) shows succinic acid  +  LiCl, c) is succinic acid+ NaCl, d) 

displays th spctra of succinic acid +KCl. Finally, on e) we can see succinic acid+ MgCl2 and f) depicts succinic acid +CaCl2  

The described acid-salt relative concentration effects are 

strictly dynamical phenomena and cannot be treated with 

“static” quantum mechanical (QM) methods. Since the aim was 

to propose a simple, smoothly applicable and easily extendable 

approach, we restricted our model to appropriate reactive site 

micro solvation (in order to obtain comparable energies for both 

protonation, deprotonation and ion binding processes), structure 

relaxation and ΔG estimation using DFT. The experimental 

spectra in SI (Figures S1-S3) clearly demonstrate that the pref-

erence of larger vs smaller multimers, and their composition are 

strictly concentration-dependent phenomena! Thus, it is point-

less to address that question with a static approach and cluster 

stability arguments. But, it is possible to compare the stability 

of various metal acid adducts, take the deprotonation into ac-

count (which is necessity in order to form an adduct with mul-

tiply charged cations), correlate that with the protonation pro-

cess and associate all these facts with the observed ions in the 

ESI-MS spectra. This approach has the potential to provide a 

scientifically reasonable estimate not only whether ion adduct 

formation will be preferable compared to the protonation pro-

cess, but also the different affinity of single and multiple 

charged cations.  

 As it is mentioned in the introduction, the examined cations 

were selected in order to test their preference of adduct 

formation, and analyze the results correlation with almost ex-

clusive reports of Na+/K+ adducts and lack of representation of 

other ions. Thus, in this investigation we have analyzed the 

preference of succinic acid for a series of mono-valent (Li+, Na+ 

and K+) and di-valent (Mg2+ and Ca2+) metal ions. We have 

complemented the experimental results with the set of DFT cal-

culations that provides the microscopic insight and cluster sta-

bility arguments. The spectra were recorded in two different 

solvent mixtures MeOH/H2O (50%) and MeCN/H2O (50%), 

and, all ions are added in 2mM concentration as chloride salts 

(acetate counter ions facilitate formation of pronounces con-

glomerate structures and complicate the spectra, see SI Figure 

S4 and S5 and appropriate paragraph). 

The detailed and fully annotated list of all the succinic acid-

salt mixtures are given in the Supplemental Info, Figures S6-

S11, in both solvent mixtures, together with the description of 

the observed patterns. In short, similar types of adducts can be 

found as in on Figure 2, i.e. [(succ)p(succ-H)(m·n-1)(M
n+)m]+. 

Only the adducts formed by the added salt are observed, since 

the ions from impurities and glassware are suppressed because 

of their low concentration. In order to compare the affinity for 

particular ions, the spectra of ion mixture (all with equal conc. 

of 2mM) have also been recorded, and can be seen on Figure 3 

and Figure S11. 

A B

D

FE

C

m/z m/z
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Figure 3: Mixture of LiCl, NaCl, KCl, MgCl2, CaCl2 (c=2mM) and succinic acid (100µg/mL) in MeOH/H2O (50%) 

It can be seen that the peaks that dominate the spectra (most 

intensive ones) are from M2+ ion adducts and that only some-

what intense M+ adduct is with Li+ ion. Protonated succinic acid 

is not observed. It is obvious that the adducts charge density 

plays an important role. Thus, it can be expected to obtain rea-

sonable results with the theoretical approach that captures the 

interaction energy, which is an important contribution to ioni-

zation efficiency.  

To construct a simple but appropriate model system, it was 

important to note that (most favorable) protonation site and 

deprotonation center are adjacent carboxylic oxygens. There-

fore, we need to be able to accurately model and compare two 

different proton transfer events as well as the ion coordination.  

In order to achieve that, we have treated all important interac-

tion centers with two explicit water molecules. The model is 

depicted on Figure 4.  

On Figure 4-a we can see a Ca2+ and Mg2+ ions binding 

model, coupled with the deprotonation process (it is clearly de-

picted which bonds swap from covalent to the H-bond and the 

other way around). Figure 4-b demonstrates the M+ ion binding, 

where H+ is also included. It should be noted that neither actual 

coordinated nor solvated proton are in tetrahedral environment, 

since it is very unfavorable. More detail about the calculations 

involved, together with coordinates of all optimized structures 

can be found in the SI, pages S15-S26.  

Although it was mentioned that oligomeric adducts will not 

be analyzed, since their prevalence is highly concentration de-

pendent, the adduct with two M+ cations and deprotonated suc-

cinic acid is also included. It was done for one important reason: 

to be able to fairly compare M+ and M2+ ions, since ∆G for 

M2+also includes the deprotonation process (and taking accurate 

energetic contribution of deprotonation is not a trivial task). The 

adducts formed with two M+ cations and deprotonated succinic 

acid are depicted on Figure 4-c.  

The effort was invested to access only relevant processes. For 

example, a care was undertaken to avoid additional H-bond for-

mation between the water molecules solvating different interac-

tion centers, for more details see SI, pages S-15-S26. Gibbs free 

energies for the metal/proton binding reactions schematically 

depicted on Figure 4 are given in Table 1.  Electronic energies, 

that follow identical trends, are given in the SI, Table S1. 

 

Table 1 Gibbs free energies for the processes depicted in Figure 

4. All energies are given in kcal/mol 

 
∆G 

PBE 

∆G 

B3LYP 

[(succ-H)·Ca]+ -18.1 -17.0 

(succ-H)·Mg]+ -30.9 -32.1 

[(succ-H)·2K]+ 10.8 12.0 

[(succ-H)·2Li]+ -16.5 -16.4 

[(succ-H)·Na]+ -2.8 -3.2 

[succ·H]+ -0.3 1.9 

[succ·K]+ 6.3 6.4 

[succ·Li]+ -7.9 -8.4 

[succ·Na]+ 0.2 0.4 

m/z

cp
s
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Figure 4: Model system for succinic acid ion binding 

Simple inspection demonstrates that M2+ ions bind more fa-

vorably to succinic acid than M+ ions and that acid protonation 

is among the least favorable options. Within the M+ ions, Li+ 

gives by far the most stable adduct. These results perfectly cor-

roborate the general trends observed in experimental ESI-MS 

spectra, Figure 3.  

In order to test applicability of the developed approach, it has 

also been utilized on 1,3,7-trimethyluric acid, which can show 

the presence of metal adducts, but, the protonated molecule is 

the dominant line in the spectra. The results can be found in the 

SI (Figure S13 and Table S3, on pages S15 and S16), and they 

further demonstrate that simple thermodynamics of protona-

tion/adduct formation correlates well with ionization efficiency, 

and has the possibility to explain qualitative trends from ESI-

MS spectra. 

Furthermore, it is necessary to once again state discrepancies 

between some trends in cluster/adduct stabilities and experi-

mental spectra. First of all, although it is captured that M2+ ions 

dominate the MS spectra, it is crucial to note that Ca2+ peaks are 

more pronounced than the ones from Mg2+, which doesn’t fol-

low the trend in Gibbs free energy. Furthermore, although al-

most all the ion adducts are more favorable than the protonation 

process, the K+ ion is an exception. This is no surprise since it 

would be naive to expect that small and constant micro solva-

tion can fully accommodate H+, Li+, and K+ which is completely 

different in terms of size and charge density. All these, and 

many other observations, just confirm that molecule-proton/ion 

affinity is an important factor in a much broader and more com-

plicated process that determines the overall look of ESI-MS 

spectra.  

In the last few paragraphs, we correlated the results from the 

salt mixtures (Figure 3) with the thermodynamics of 
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protonation/adduct formation (Table 1). Can the similar trend 

be extracted from the single salt solutions? It may be instructive 

to note the most intensive peaks in the salt solutions, Figure 

2/Figures S5-S11. The most intensive peaks are with Mg2+ and 

Ca2+ (respectively), then Li+ followed by Na+ and K+. Thus, 

peak intensities of distinct succinic acid+salt solutions nicely 

follow the trends from Table 1. Indicated result corroborate the 

assumption that our model captures important contributions to 

ionization efficiency. This paves the way toward rational prog-

nosis of small molecule tendency toward protonation / adduct 

formation, as well as relative adduct signal intensities. 

 

Finally, it is necessary to address simple vacuum and 

COSMO calculations, as well as the choice of base for the 

deprotonation step, in order to rationally evaluate the im-

portance in the influence of explicit solvation treatment and 

model extendibility when different salts are used. The obtained 

values can be seen in Table 2. Despite the fact that the trends 

between ions are still similar (since they are caused by metals 

charge densities), the vacuum results demonstrate unnatural sta-

bilization of M2+ adducts which is a consequence of vacuum 

M2+ instability. Both COSMO and vacuum results show weaker 

agreement with experimental spectra for Li+ ion and the proto-

nation. Better perspective and a qualitative intuition of the rela-

tive contribution importance (COSMO, vacuum, explicit solva-

tion, electronic and Gibbs free energy, different functionals) is 

provided in SI, Table S3 and the accompanying text.  

Table 2: Electronic energies for the vacuum and COSMO cal-

culations , for the processes depicted in Figure S12 and Figure 

4. All energies are given in kcal/mol 

 
Vacuum 

∆E, PBE 

  COSMO 

∆E, PBE 

  

[(succ-H)·Ca]+ -176.5   -27.9   

(succ-H)·Mg]+ -288.8   -56.0   

[(succ-H)·2K]+ 19.7   12.9   

[(succ-H)·2Li]+ -38.9   -22.5   

[(succ-H)·Na]+ -3.1   2.1   

[succ·H]+ -44.7   -12.6   

[succ·K]+ -32.2   -11.1   

[succ·Li]+ -63.5  -32.4   

[succ·Na]+ -43.7   -16.9   

 

Regarding the choice of base for the deprotonation step, it 

needs to be stressed out that we only used water for simplicity 

and universality but we by no means claim that the actual depro-

tonation mechanism involves only water molecules. We whish 

to emphasize that in case that basic anions are present, it is much 

more reasonable for them to be used.[40, 41] We provide elec-

tronic energies and some additional comments, for the adduct 

formation processes described in Figure 4, with water mole-

cules, chloride anion and acetate anion as bases involved in 

deprotonation process in the Supplemental Info (as Figure S 14-

15 and Table S 4). 

Conclusion 

The approach for estimation of analyte preference for metal 

adduct formation vs protonation is given. The model is applied 

on succinic acid but it is simple and easily extendable proce-

dure. It consists of ∆G estimation for the processes of interest 

using explicitly solvated interaction center and DFT as chosen 

methodology. The outlined results reasonably follow many ex-

perimental trends and preferences, demonstrating that tendency 

for adduct formation is an important contribution to ionization 

efficiency. Furthermore, it experimentally demonstrated and 

theoretically confirmed that M2+ ion adducts should no longer 

be neglected, especially when analytes possess strongly coordi-

nating functional groups. Thus, looking across the periodic ta-

ble and focusing into the cationic pairs, like Na+/(Mg-H)+ and 

K+/(Ca-H)+, low resolution spectra makes is difficult to distin-

guish between them, even with the different isotopic pattern. 

This approach provides a simple microscopic insight into the 

nature of adduct formation and give us the presumption which 

one should we expect in the final spectra. 
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