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Abstract 

 Electron capture (EC) experiments are performed on size-selected M2+(H2O)n for M = 

Mg, Mn, Fe, Co, and Zn with n = 36 – 240. A linear and monotonic decrease in the average 

water molecule loss as a result of EC with increasing precursor cluster size is observed for Co2+ 

and Zn2+. In contrast, sharp transitions in the data for Mn2+, Fe2+, and Mg2+ are observed around 

n = 47 – 50. Hydrated Mg2+ forms a solvent separated ion-electron pair upon capturing an 

electron, and the transition around n = 47 – 50 can be attributed to a change from a surface 

solvated electron to an internally solvated electron in the cluster. Around the same cluster size (n 

= 47 – 50), hydrated Mn2+ and Fe2+ undergo transitions from direct metal ion reduction to 

formation of solvent separated ion-electron pairs upon EC. These results indicate that the energy 

gained by solvating an electron internally in the cluster drives ion-electron pair formation in the 

larger Mn2+ or Fe2+ containing clusters. The trend in second ionization energies for the metals 

(with the exception of Zn) investigated here correlates with whether the corresponding divalent 

metal ions undergo direct metal ion reduction or form ion-electron pairs. Measured cluster 

recombination enthalpies for Mg2+, Mn2+, and Fe2+ are extrapolated as a function of n-1/3 to 

infinite cluster size to obtain a value for the electron hydration enthalpy (-1.15 ± 0.22 eV) in bulk 

solution. This value is slightly lower but consistent with a previous value (-1.34 ± 0.09 eV) 

determined from EC experiments on hydrated La3+ using this same method.   
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Introduction 

The physical properties and stability of ions in solution depend on ion-solvent 

interactions. These interactions play an important role in many biological and chemical 

processes, including ion structure and function, enzyme catalysis, and acid-base chemistry.1 In 

many cases the nature of these interactions and their effects on ion stability are not well 

understood. For example, transition metal cations exist in a range of stable oxidation states 

depending on d-electron configurations, which allow for metal binding with various ligands. 

However, many of these metals do not form long-lived or stable ions in the 1+ oxidation state in 

water.2,3 This could be because the monovalent ions undergo energetically favored 

disproportionation reactions, reactions with other species in solution, or they are unstable in 

water.  

Stable monovalent ions for some of the first row transition metal ions, such as Co+, Ni+, 

and Zn+, have been produced in aqueous solution by reducing the corresponding divalent metal 

ions with hydrated electrons using pulse radiolysis.2,3 However, for Co2+, Ni2+, and Zn2+ there are 

no experimentally measured one-electron reduction potential values in aqueous solution. For 

these ions, like many other of the first row transition metal ions, adding or removing a second 

electron is energetically more favorable than the first, known as potential inversion.4 Because 

reduction in solution-phase electrochemistry experiments is controlled by a potential, two rapid 

or concerted electron transfers occur in cases of potential inversion and thus only the two 

electron-reduction potentials can be easily measured.4 In contrast, metal ion reduction in the 

pulse radiolysis experiments depends on the chemical potential of the electron in water, which is 

reported to have a value between -2.6 and -2.9 V5 relative to the standard hydrogen electrode 

potential. Ions with more positive reduction potentials than the hydrated electron undergo direct 
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metal ion reduction in water. In contrast, ions with more negative reduction potentials are not 

reduced and instead the electron remains solvated in water. Relative one-electron reduction 

potentials for Mn2+, Fe2+, Co2+, Ni2+ and Zn2+ have been estimated from thermodynamic relations 

that use approximate values for the solvation Gibbs free energies, calculated using Pauling 

interpolation of the radii and the Born formula.6 These estimated values predict more positive 

one-electron reduction potentials for Ni2+ and Zn2+ than the value for the hydrated electron, 

consistent with the ability to form the corresponding monovalent ions in the pulse radiolysis 

experiments.6 In contrast, more negative one-electron reduction potentials are predicted for 

Mn2+, Fe2+, and Co2+ than for the hydrated electron. Although Co+ has been observed in pulse 

radiolysis experiments2,3 and thus does not follow the predicted trend, Mn+ and Fe+ have not 

been formed in aqueous solution. The inconsistency for Co2+ likely arises from errors in the 

estimated potential. A more accurate one-electron reduction potential for this ion could be 

calculated by taking into account ligand-field splitting stabilization effects, as has recently been 

demonstrated for Ni2+.7 

Various techniques have been used to investigate and characterize the properties of the 

hydrated electron in solution including Raman spectroscopy,8 electron spin resonance,9 and pulse 

radiolysis.10-14 These studies can be challenging because of the high reactivity and short lifetime 

of the electron in solution. The hydration enthalpy of the electron can provide a measure of its 

stability and reactivity in water. An absolute electron hydration enthalpy is defined as the 

enthalpy difference between an electron in water and one at rest in vacuum at infinite distance. 

This value can be obtained from thermodynamic cycles that include measured reaction enthalpies 

of the electron with other species in solution, as well as the absolute solvation enthalpy of the 

proton. However, an absolute proton solvation enthalpy cannot be measured directly due to 
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confounding effects of counter-ions in solution. Many approaches have been developed to obtain 

an absolute solvation enthalpy for the proton, which have yielded a wide range of values 

reported15-20 and consequently a wide range of values for the absolute hydration enthalpy of the 

electron (-1.0 to -1.8 V).21 

Gas-phase experiments of solvated ions offer alternative and potentially more direct 

approaches to investigate the properties of metal ions and electrons in bulk solution.1,20,22-25 An 

advantage of these studies is that ion-solvent interactions can be probed without the interference 

of counter-ions and the number of solvent molecules can be controlled, so that effects of 

individual solvent molecules on ion stability can be investigated.24-31 Furthermore, monovalent 

ions that are not usually stable in aqueous solution can be formed in aqueous nanodrops and thus 

investigated using gas-phase experiments.32-42 For example, sequential binding energies of up to 

4 water molecules have been measured by Armentrout and coworkers for monovalent first row 

transition metal ions ranging from Ti through Cu.32 Water binding to M+(H2O) with M = Fe+ and 

Mn+,33,34 Ni+(H2O)n with n ≤ 25,35 Co+(H2O)n with n = 4 – 6,36 and Zn+(H2O)n with n = 1 – 437 

have also been investigated using infrared photodissociation spectroscopy. In other gas-phase 

cluster experiments, the reactivities and redox properties of various monovalent metal ions have 

been investigated as a result of desolvation and/or reactions with other species.40-44 The stability 

of the monovalent metal ions in the aqueous nanodrops depends on the number of solvent 

molecules attached. For example, Mg+ is stable only when solvated by fewer than 6 water 

molecules, but results suggest that Mg+(H2O)n consists of Mg2+ and a hydrated electron, i.e., a 

solvent separated ion-electron pair for larger clusters (n > 14).45,46  

Recently, a gas-phase electrochemistry method has been introduced that measures 

absolute ion-electron recombination energies of hydrated metal ion clusters and relates these 
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values to absolute reduction potentials.47-52 In these experiments, activation of the hydrated metal 

ion clusters results in boiling off of water molecules.52-54 The energy deposited is obtained from 

the average number of water molecules lost by accounting for the binding energies and the 

energy partitioned into translational, rotational and vibrational energy of each lost water 

molecule.52-54 One approach to relating the measured recombination energies to bulk values is by 

extrapolating the cluster measurements to infinite size.21,50 Such experiments on hydrated Eu3+ 

have been used to obtain an absolute value for the standard hydrogen electrode potential from the 

measured absolute one-electron reduction potential of Eu3+ and its relative solution-phase value. 

However, not all metal ions in these gas-phase electrochemistry experiments undergo direct 

metal ion reduction. For example, capture of an electron by hydrated La3+ clusters results in 

formation of a solvent separated ion-electron pair that consists of a trivalent metal ion and a 

hydrated electron inside the same aqueous nanodrop.21 These experiments indicate that a 

transition from a surface solvated electron to an internally solvated electron occurs around 60 

water molecules and extrapolating the measured recombination energies for the larger clusters to 

infinite size yields a value for the absolute hydration enthalpy of the electron in bulk solution.21 

More recent gas-phase electrochemistry experiments on hydrated Co2+, Ni2+, and Zn2+ indicate 

that Co2+ and Ni2+ are directly reduced upon capturing an electron in size-selected aqueous 

nanodrops. In these experiments, both absolute and relative one-electron reduction potentials are 

obtained for these ions, which cannot easily be measured with solution-phase electrochemistry 

methods.55 Results for larger clusters containing Zn2+ are ambiguous as to whether direct metal 

ion-reduction or ion-electron pair formation occurs and thus indicate that both processes might 

occur.55   
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Here, EC experiments are performed on size-selected M2+(H2O)n for M = Mg, Mn, and 

Fe with n = 36 – 240 to investigate the effects of hydration extent on direct metal ion reduction 

and formation of ion-electron pairs. Data published recently for Co2+ and Zn2+ are included to 

illustrate more clearly the differences in behavior between the various divalent metal ions upon 

EC. Results show that Mn2+ and Fe2+ undergo direct metal ion reduction when solvated by fewer 

than 47 water molecules, but form solvent separated ion-electron pairs when solvated by more 

than 50 water molecules. Insights into why this transition occurs is provided by EC data for 

Mg2+, which forms an ion-electron pair and the results show that a transition from a surface 

solvated to an internally solvated electron occurs in this same cluster size range (n = 47 – 50). 

This provides evidence that the additional energy gained from solvating an electron internally 

stabilizes ion-electron pair formation in the larger Mn2+ and Fe2+ clusters. Measured cluster 

recombination enthalpies for Mg2+, Mn2+, and Fe2+ are extrapolated to infinite size to obtain a 

value for the hydration enthalpy of the electron in bulk aqueous solution, which is consistent 

with the previously measured value from EC experiments on hydrated La3+ using the same 

method. 

  

Methods 

Experiments. Gas-phase electrochemistry experiments are performed on a 7 T Fourier 

transform ion cyclotron resonance mass spectrometer. Both the procedure for these electron 

capture (EC) experiments and the instrument are described in detail elsewhere.21,50,55-57 Briefly, 

hydrated metal ion clusters are formed using nanoelectrospray ionization (nESI) from 5 – 10 mM 

aqueous metal salt solutions (MgCl2, CoSO4, MnCl2, FeCl2, or ZnCl2). Ions enter the mass 

spectrometer through a heated (~40 – 60 °C) source inlet capillary and are steered into the ion 
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cell through five stages of differential pumping. The ion cell is cooled by a surrounding copper 

jacket, which is temperature controlled to 133 K using liquid nitrogen.57 To aid with 

accumulation, trapping, and thermalization of the ions, dry nitrogen is introduced into the cell for 

5 – 13 s. A subsequent delay of 8 – 20 s allows the pressure to return below 10-8 Torr and also 

ensures that the ions have steady-state internal energies. Stored waveform inverse Fourier 

transform excitation is used to isolate the precursor ion(s). Individual precursor ion clusters are 

isolated for M2+(H2O)n with n < 100, whereas distributions consisting of five adjacent precursor 

ions are isolated for n ≥ 100. Electrons are generated using a heated dispenser cathode (~3.4 A, 

~5.8 V) (HeatWave Labs, Inc., Watsonville, CA)52,55 and are introduced into the cell for 120 ms 

by applying a negative cathode housing potential (-3.2 to -4.2 V). Within the limited range of 

initial electron kinetic energies used in these experiments, there is no measurable effect on the 

extent of water molecule loss.55,56 This is attributed to highest electron capture efficiency 

occurring when the relative kinetic energy of the ion and electron approaches zero.55,56 After 

electron irradiation, a delay of 0.5 – 1.0 s is used to allow ample time for activated precursor ions 

to dissociate and thus avoid kinetic shift effects.21,50,55 A MIDAS58 data system is used for 

excitation and detection of the ions. For an individually isolated precursor ion, the average 

number of water molecules lost is obtained from a weighted average of the observed product ion 

abundances. This value is corrected for dissociation that results from absorption of blackbody 

photons (i.e. blackbody infrared radiative dissociation (BIRD)). For a distribution of isolated 

adjacent precursor ions, the average number of water molecules lost is obtained directly from the 

difference in the average cluster sizes between the precursor and product ion distributions.59 The 

average number of water molecules lost for a given precursor cluster size and metal ion is not 

affected by whether a single precursor ion or a distribution of precursor ions is isolated. This is 
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demonstrated for Fe2+(H2O)95 in Figure S1 in the Supporting Information where on average 8.52 

(Figure S1 (b)) and 8.57 (Figure S1 (c)) water molecules are lost due to EC alone for individually 

isolated precursor ion, Fe2+(H2O)95, and for a distribution of adjacent precursor ions, Fe2+(H2O)n 

with n = 93 – 97, respectively.   

Calculations. Ion internal energies are calculated as described in detail previously.50 The 

harmonic frequencies for an energy minimized B3LYP/LACVP**++ structure of Ca2+(H2O)14 

are used to calculate internal energies for larger clusters by linearly scaling the degrees-of-

freedom of Ca2+(H2O)14 by those of the cluster of interest. Recombination energies (RE) are 

obtained from the average number of water molecules lost by summing energy contributions 

from the binding energies and the energy partitioned into translational, rotational, and vibrational 

energy (ETRV) for each lost water molecule.21,50-52 Binding energies are estimated from a discrete 

implementation of the Thomson liquid drop model,60 and the average ETRV is modeled 

statistically using Klots’ evaporation model by iteratively solving for effective temperatures that 

give the observed average number of water molecules lost.61-63 ETRV distributions are modeled as 

previously using an exponential function which approaches zero at high energies.53 Cumulative 

ETRV distributions as a result of x number of water molecules lost are obtained by convolving x 

exponential functions. 

 

Results and Discussion 

Electron capture by M2+(H2O)n with M = Mg, Mn, Fe, Co, and Zn. Broad 

distributions of hydrated metal ion clusters can be generated from aqueous solutions containing 

the Mg, Mn, Fe, Co, or Zn metal salts using nESI. The cluster sizes can be varied by adjusting 

the source inlet capillary temperature as well as other instrument parameters. Individual 
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precursor ion clusters are isolated for these metal ions with 36 and up to 100 water molecules 

attached. Representative EC product ion mass spectra for isolated M2+(H2O)36 with M = Mg, Mn, 

Fe, Co, and Zn are shown in Figure 1 (a) – (e), respectively. To facilitate comparison of the 

number of water molecules lost as a result of EC between the various metal ions, the horizontal 

axis has been converted to a cluster size scale. The singly charged product ion distributions are 

relatively narrow, consisting of at most three cluster sizes. The product ion distributions for 

Mn2+, Fe2+, and Co2+ are similar and are formed by the loss of 11, 12, and 13 water molecules 

from the precursors. In contrast, 10 and 11, and 11 and 12 water molecules are lost upon EC 

from Mg2+(H2O)36 and Zn2+(H2O)36, respectively. The average number of water molecules lost 

obtained from the weighted average of the product ion abundances is 10.4, 12.0, 12.3 12.2, and 

11.3 for Mg2+, Mn2+, Fe2+, Co2+, and Zn2+, respectively. Water molecule loss also occurs from 

the precursor ions (data not shown) due to absorption of blackbody photons, i.e. BIRD. The 

average number of water molecules lost due to EC alone is obtained by subtracting the 

contribution from BIRD, which is estimated from the dissociation of the precursor ions. For 

example, on average 10.4 water molecules are lost from Mg2+(H2O)36 upon EC and 0.3 water 

molecules are lost from this precursor ion due to BIRD, resulting in an average number of 10.4 – 

0.3 = 10.1 water molecules lost due to EC alone. The corresponding average water molecule loss 

values, corrected for BIRD, for Mn2+, Fe2+, Co2+, and Zn2+ are 11.8, 12.0, 12.0 , and 11.0, 

respectively. 

A distribution of five adjacent precursor ions is isolated for precursor ion metal clusters 

with ~100 and up to 240 water molecules attached. These “ensemble” experiments help to 

improve the precision in the water loss measurements for large clusters, which dissociate 

significantly faster via BIRD.64 Representative EC product ion mass spectra for isolated 
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precursor ion distributions with n = 208 – 212 are shown in Figure 1 (f) – (j) for Mg2+, Mn2+, 

Fe2+, Co2+, and Zn2+, respectively. The product ion distributions for Mg2+, Mn2+, Fe2+, and Zn2+ 

are centered around the same product ion cluster size ([M(H2O)y]
+ with y = ~200), whereas the 

product ion distribution for Co2+ is centered at slightly lower product ion cluster size (y = 198). 

In these “ensemble” measurements, the average number of water molecules lost due to EC alone 

is obtained directly from the difference in the average cluster sizes between the precursor and 

product ion distributions.59 For example, the average precursor cluster size for Mg2+(H2O)n with 

n = 208 – 212 isolated is 207.0 (n = 203 – 211, lower cluster sizes formed by BIRD) and the 

average product cluster size is 200.0 (n = 197 – 203), which gives an average water molecule 

loss of 207.0 – 200.0 = 7.0. The corresponding average water molecule loss for Mn2+, Fe2+, Co2+, 

and Zn2+ is 7.1, 7.1, 8.4, and 7.3, respectively. At small cluster sizes (n = 36, Figure 1 (a) – (e)), 

Mn2+, Fe2+, and Co2+ lose a similar number of water molecules, and both Zn2+ and Mg2+ lose a 

different number of water molecules. However, about the same number of water molecules is 

lost from Mg2+, Mn2+, Fe2+, and Zn2+ at larger cluster sizes (n = ~210, Figure 1 (f) – (j)), whereas 

one additional water molecule is lost from Co2+.  

Effects of cluster size and ion identity on extent of water molecule loss. EC 

experiments are performed on M2+(H2O)n for M = Mg, Mn, Fe, Co, and Zn with n = 36 – 240 to 

obtain the average number of water molecules lost as a function of precursor cluster size. These 

data are shown in Figure 2, together with data for Mn2+, Fe2+, Co2+, and Zn2+ with n = 32, which 

have been published previously.53 The earlier results for n = 32 are consistent with and follow 

the same trends in average water molecule loss as the rest of the data. The data for Co2+ and Zn2+ 

are reported and discussed elsewhere,55 but are also included here to illustrate more clearly the 

differences in behavior between various divalent metal ions upon EC. Both precursor cluster size 
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and metal ion identity affect the number of water molecules that are lost upon EC (Figure 2). The 

average number of water molecules lost for Co2+ and Zn2+ decreases monotonically with 

increased precursor cluster size, attributed to improved solvation of the metal ions, which results 

in lower recombination energies. In contrast, the data for Mg2+, Mn2+, and Fe2+ exhibit different 

behavior from the Co2+ and Zn2+data over the cluster size range n =~45 – 52. In this size range, 

there is an increase in the average number of water molecules lost for Mg2+ and a sharp decrease 

in the average number of water molecules lost for Mn2+ and Fe2+. The metal ion ordering for 

most to least number of water molecules lost also changes within this precursor cluster size 

range. For example, the metal ion ordering is Mn2+ ≈ Fe2+ ≈ Co2+ > Zn2+ > Mg2+ for most to least 

number of water molecules lost for n < ~47 and changes to Co2+ > Mg2+ ≈ Mn2+ ≈ Fe2+ ≈ Zn2+ 

for n > ~50.  

Precursor cluster size range, n = 45 – 52. There is a significant change in the number of 

water molecules lost over a small precursor cluster size range for Mn2+ and Fe2+. Product ion 

mass spectra resulting from EC by Mn2+(H2O)n with n = 47 – 50 are shown in Figure 3 (a) – (d), 

respectively. To compare more easily the product ion distributions from EC for different 

precursor cluster sizes, the horizontal axis is converted to a scale showing the number of water 

molecules lost from the precursor ion. The number of water molecules lost is centered around 11 

– 12 (Figure 3 (a)) and ~10 (Figure 3 (d)) for n = 47 and 50, respectively. The average number of 

water molecules lost for these respective cluster sizes is 11.1 and 9.8. The product ion 

distributions for Mn2+(H2O)48 (Figure 3 (b)) and Mn2+(H2O)49 (Figure 3 (c)) are bimodal, and 

centered around 12 and 10 water molecules lost, respectively. The relative abundances of these 

distributions shift from loss of 12 water molecules, greatest for Mn2+(H2O)48 (Figure 3 (b)), to 
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loss of 10 water molecules, greatest for Mn2+(H2O)49 (Figure 3 (c)). Similar bimodal product ion 

distributions to those for Mn2+ are also observed for Fe2+(H2O)n with n = 48 and 49 upon EC.  

 In contrast, the product ion distributions for Zn2+(H2O)n with n = 45, 48, 50, and 52 

(Figure 3 (e) – (h), respectively) are unimodal and do not change significantly over this limited 

range in precursor cluster size. The average number of water molecules lost decreases from 10.3 

for n = 45 to 10.0 for n = 52, consistent with the trend predicted as a result of increasing ion 

solvation with increasing cluster size. Similarly, no significant differences between the product 

ion distributions for Co2+ are observed over this narrow range of precursor cluster sizes.    

Similarly to the product ion distributions for Zn2+, the product ion distributions for 

Mg2+(H2O)n with n = 46, 48, 49, and 50 (Figure 3 (i) – (l)) are unimodal. However, the product 

ion distributions for Mg2+ shift noticeably to a higher number of water molecules lost with 

increasing cluster size. The resulting average number of water molecules lost upon EC for 

Mg2+(H2O)n increases from 9.5 for n = 46 to 9.9 for n = 50. This trend is opposite from those 

observed for Zn2+ and Co2+, and for Mn2+ and Fe2+ where slight and significant decreases in the 

average number of water molecules lost occur, respectively, with increasing cluster size over this 

same range.  

Adiabatic cluster recombination enthalpies and extrapolation to bulk solution. The 

method for obtaining recombination energies (RE) from the average number of water molecules 

lost as a result of EC is explained in detail elsewhere.50,52,55 Briefly, the RE is calculated from the 

average number of water molecules lost by summing the energy contributions from the binding 

energies and the energy partitioned into translational, rotational, and vibrational modes (ETRV) of 

each lost water molecule. Water molecule binding energies are estimated from a discrete 

implementation of the Thomson liquid drop model60 and a statistical model is used to calculate 
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ETRV.53 Recombination enthalpies at 298 K are obtained from ΔHR = –RE – cel,
50 where cel is the 

integrated heat capacity for the electron from Fermi-Dirac statistics.65    

To connect the measured cluster recombination enthalpies to solution phase values, the 

cluster values are plotted as a function of the solvation energy dependence on cluster size (i.e. n-

1/3 which is proportional to 1/r, where r is the cluster radius) and extrapolated to infinite 

size.21,50,55 These data for M2+(H2O)n with M = Mg, Mn, Fe, Co, and Zn are shown in Figure 4. 

The recombination enthalpies for Co2+ and Zn2+ decrease linearly and monotonically with n-1/3. 

The good linear dependence indicates that increasing ion solvation accounts for the majority of 

the decrease in the recombination enthalpy with increasing clusters size. The data for Mn2+, Fe2+, 

and Mg2+ also generally decrease linearly with increasing cluster size. However, sharp transitions 

for these metal ions occur in the cluster size range n = ~46 – 52 (vide supra). There is a steep 

decrease in the recombination enthalpies for Mn2+ and Fe2+ with increasing size over this small 

precursor cluster size range, which contrasts with the increase in recombination enthalpies for 

Mg2+ over this same range. An increase in the recombination enthalpy with increasing cluster 

size over a narrow size range was observed previously for hydrated La3+, which forms a solvent 

separated ion-electron pair (i.e. [La3+(H2O)-
n]

2+) upon EC. This increase in recombination 

enthalpy was attributed to a transition from a surface bound electron in the smaller clusters to an 

internally solvated electron in the larger clusters.21 Thus, the data for Mg2+ indicate that this 

metal ion is not directly reduced but rather forms a solvent separated ion-electron pair. This is 

consistent with previous electron capture results on hydrated Mg2+ and Ca2+,66 as well as results 

from other studies on Mg+(H2O)n, which suggest that for n > 14 the aqueous nanodrops contain a 

separately solvated Mg2+ and a hydrated electron.45,46 
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In contrast, the higher recombination enthalpies for Co2+ relative to those for Mg2+ 

indicate that Co2+ is directly reduced upon EC in the clusters. Additionally, the monotonic 

decrease and linear dependence on n-1/3 with increased cluster size indicates that no transitions 

occur for Co2+. The recombination enthalpies for Mn2+(H2O)n and Fe2+(H2O)n with n < 47 are 

higher than those for Mg2+(H2O)n and are similar to those for Co2+(H2O)n, indicating that Mn2+ 

and Fe2+ are directly reduced in the smaller clusters. In contrast, for n > 50 the recombination 

enthalpies for Mn2+(H2O)n and Fe2+(H2O)n are indistinguishable from those of Mg2+(H2O)n, 

indicating that Mn2+ and Fe2+ form solvent separated ion-electron pairs in the larger clusters. The 

sharp decrease in recombination enthalpies for Mn2+ and Fe2+ between n = 47 and 50 

corresponds to a transition from direct metal ion reduction at the small cluster sizes to formation 

of ion-electron pairs at larger sizes. The bimodal product ion distributions for Mn2+(H2O)n with n 

= 48 and 49 (Figure 3 (b) and (c)) are due to part of the ion population undergoing direct metal 

ion reduction (distribution centered at ~12 water molecules lost) and the rest of the population 

forming a solvent separated ion-electron pair (distribution centered at ~10 water molecules lost).  

Surface bound versus internally solvated electron. The solvation enthalpies for both a 

fully solvated electron and one that is at the water surface are obtained from the vertical 

intercepts in Figure 4 by extrapolating separately the two sets of linear data for Mg2+(H2O)n with 

n = 55 – 240 and n = 36 – 46, respectively. The slopes, vertical intercepts, and R2 values from 

the linear fits to the data in Figure 4 are summarized in Table 1. The extrapolation from the best 

fit line to the data for Mg2+(H2O)n with n = 36 – 46 yields a vertical intercept of 0.3 ± 0.2 eV. 

The linear fit for Mg2+(H2O)n with n = 55 – 240 results in a vertical intercept of 1.25 ± 0.10 eV. 

Extrapolating the cluster data for Mn2+ and Fe2+ in which solvent separated ion-electron pairs are 

formed (i.e. for n > ~50) gives vertical intercepts of 1.10 ± 0.13 eV and 1.09 ± 0.15 eV, 
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respectively. Thus, the following hydration enthalpy values for the electron of -1.25 ± 0.10, -1.10 

± 0.13, and -1.09 ± 0.15 eV are obtained from the Mg2+, Mn2+, and Fe2+ data, respectively. The 

average of these three values is -1.15 ± 0.22 eV, which is consistent with that obtained from EC 

experiments on hydrated La3+ (-1.34 ± 0.09 eV) using this same method.21 The slightly lower 

values obtained from the divalent metal ions may be due to a possible systematic error in the 

modeled water molecule binding energies used to calculate the REs, which depend on the charge 

state of the ion. This would be consistent with recent gas-phase electrochemistry experiments, 

where a slightly lower value for the absolute standard hydrogen electrode potential was obtained 

from Cu2+ data55 compared with the value obtained from Eu3+ data.50 Future laser experiments, 

where the energy deposited is well defined, will be used to calibrate the calculated REs both as a 

function of cluster size and charge state and can be used to assess whether this deviation arises 

from a systematic error that results from differences in charge state.  

The hydration enthalpy of the electron determined from these experiments is within the 

range (-1.0 to -1.8 eV)21 of previously reported values, which were obtained by combining 

measured reaction enthalpies of the electron from pulse radiolysis studies12-14 with 

thermodynamical cycles that include the absolute solvation enthalpy of the proton.15-20 

Extrapolation of the smaller Mg2+ cluster data to infinite size yields a value of -0.3 ± 0.2 eV for 

an electron located at the water surface in bulk solution. This value is consistent with that (-0.3 ± 

0.5 eV) obtained from the La3+ cluster measurements,21 and should be comparable to the 

conduction band edge of liquid water (V0), which is the energy to form a quasi-free delocalized 

electron in bulk solution from the vacuum level with zero kinetic energy. Previous reported 

values for V0 range from -1.3 eV67 to 1.0 eV,68 with more recent results suggesting that this value 

is closer to zero.20 
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The recombination enthalpies for Mg2+ (Figure 4) indicate that a structural change occurs 

in the nanodrop upon EC at precursor cluster size of n = 47 – 50, in which the captured electron 

can be solvated inside the nanodrop. These results are consistent with those for Ca2+ where the 

same transition also occurs around n = 47.66 For hydrated La3+, this transition occurs at larger 

cluster sizes (n = 56 – 60).21 This is likely due to the higher charge state of La3+, which can affect 

the hydrogen bonding of the surrounding water molecules more strongly,69 and thus more water 

molecules are needed to fully solvate this cation before water molecules can reorient and 

separately and fully solvate an electron in the same nanodrop. This is consistent with infrared 

photodissociation spectroscopy results for hydrated mono, di, and tri-valent metal ions with ~36 

water molecules attached, which indicate that acceptor only surface water molecules (i.e. those 

with both hydrogen atoms free) are present to some extent only in clusters containing positive 

triply charged ions.69 Thus, there is a more significant ion-induced patterning effect as a result of 

the higher charge state ion that persists out to larger cluster sizes.   

Reduction versus ion-electron pair formation. Hydrated Mg2+ forms a solvent 

separated ion-electron pair, whereas hydrated Co2+ is directly reduced for all cluster sizes 

investigated. In contrast, Mn2+ and Fe2+ are reduced at small cluster sizes and form solvent 

separated ion-electron pairs at large cluster sizes. To better understand this competition between 

metal ion reduction and formation of solvent separated ion-electron pairs, it is useful to consider 

what drives direct metal ion reduction. The measured reduction enthalpy for these divalent metal 

ions can be divided into two main contributions, the second ionization energy of the bare metal 

and the difference in the solvation enthalpy between the doubly and singly charged metal ions as 

a result of reduction. The second ionization energies for Mg, Mn, Fe, Co, and Zn are 15.04, 

15.64, 16.19, 17.08, and 17.96 eV, respectively.70 For the most part, the trend in second 
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ionization energies correlates with whether or not direct metal ion reduction occurs. For 

example, Mg has the lowest second ionization energy and Mg2+ forms an ion-electron pair upon 

EC at all clusters sizes. The second ionization energy for Co is about 2 eV higher than for Mg 

and Co2+ undergoes direct metal ion reduction at all cluster sizes. The second ionization energies 

for Mn and Fe are between those listed for Mg and Co, consistent with Mn2+ and Fe2+ showing 

transitions from direct metal ion reduction to formation of ion-electron pairs with increasing 

hydration extent. EC cluster measurements on hydrated Cu2+ and Ni2+ discussed elsewhere55 

show that Cu2+ has a higher RE than Ni2+, with both these ions having higher REs than Co2+. 

This trend in REs is consistent with the trend in the corresponding second ionization energies for 

Cu (20.29 eV), Ni (18.17 eV), and Co (17.08).70 The exception to the trend in second ionization 

energies is Zn2+. Zn has a higher second ionization energy than Co. However, the measured 

recombination enthalpy values for Zn2+ at all cluster sizes are lower than those for hydrated Co2+. 

This suggests that the solvation enthalpy difference for Zn2+ as a result of reduction is 

significantly different than that for the other ions. Additional discussion on Zn2+ can be found 

elsewhere.55 

Improved electron hydration drives ion-electron pair formation for Mn2+ and Fe2+. 

The precursor cluster size range, n = 47 – 50, at which the transition from direct metal ion 

reduction to ion-electron pair formation occurs for Mn2+(H2O)n and Fe2+(H2O)n coincides with 

the range at which an excess electron can be solvated internally in a droplet that also contains a 

divalent metal ion, as indicated by the Mg2+ data (Figure 4). Thus, these results suggest that the 

additional energy that is gained from solvating an electron in the interior rather than on the 

surface of the droplet is sufficient to drive ion-electron pair formation over reduction for Mn2+ 

and Fe2+.  
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To gain insights into the energetics of direct metal ion reduction and formation of ion-

electron pairs, product ion abundances from the mass spectra in the transition region for 

Mn2+(H2O)n with n = 47 – 50 are plotted in Figure 5 as a function of the sum of the threshold 

dissociation energies required to form these products as described in detail elsewhere.53,55 The 

corresponding number of water molecules lost is indicated on the top horizontal axis. The 

cumulative binding energies required to form the product ions for n = 47 (Figure 5 (a)) and 50 

(Figure 5 (d)) are less than the calculated REs (vertical dashed line), because of energy that is 

removed as ETRV with each lost water molecule. This is also demonstrated by the cumulative 

ETRV distributions (PTRV,x) for n = 47 and 50 which are plotted as RE – PTRV,x to illustrate that 

fewer water molecules are lost than would be expected if no energy was lost to ETRV. The 

unimodal product ion distribution for Mn2+(H2O)47 indicates that direct metal ion reduction is the 

dominant process that occurs upon EC for this precursor ion. Similarly, the unimodal product ion 

distribution for Mn2+(H2O)50 indicates that ion-electron pair formation is the dominant process 

that occurs upon EC for this precursor ion. The final cumulative ETRV distributions for n = 47 

and 50 can thus be used to fit the bimodal distributions, where one population corresponds to 

direct metal ion reduction and the other to ion-electron pair formation, for n = 48 and 49. These 

ETRV distributions are compared with Gaussian fits (R2 > 0.99) to the experimental bimodal 

product ion abundances. 

The good agreement between the Gaussian fits and the modeled ETRV distributions for n = 

48 and 49 indicates that the width of each separate population can entirely be accounted for by 

broadening as a result of energy partitioned as ETRV of each lost water molecule.55 The average 

RE for each individual process, i.e. direct metal ion reduction or formation of an ion-electron 

pair, is obtained from the fits of the n = 48 and 49 data. Respective values of 4.29 and 3.48 eV 
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for n = 48 are obtained for reduction and ion-electron pair formation, and 4.46 and 3.65 eV for n 

= 49. The energy difference between these two processes is 0.81 eV. The recombination enthalpy 

difference obtained for Mg2+(H2O)n between n = 46 and 50 corresponding to a surface solvated 

electron and internally solvated electron, respectively, is ~0.2 eV. Interestingly, the enthalpy 

difference obtained from the vertical intercepts (i.e. bulk solution) between a surface and fully 

solvated electron is ~0.8 eV, the same enthalpy difference between direct metal ion reduction 

and forming an ion-electron pair. Formation of an ion-electron pair for Mn2+ and Fe2+ with n > 

~47 is driven by this additional energy that is gained from improved solvation of the excess 

electron. In contrast, Co2+ is directly reduced at all cluster sizes likely because the energy gain in 

solvating the electron internally in the cluster is not sufficient to counteract the higher second 

ionization energy for Co.  

 

  Conclusions 

Gas-phase electrochemistry cluster measurements demonstrate that Mn2+ and Fe2+ are 

directly reduced upon capturing an electron when solvated by fewer than 47 water molecules but 

form solvent separated ion-electron pairs in clusters with more than 50 water molecules. Within 

this same cluster size range, there is a transition from a surface bound electron to an internally 

solvated electron in aqueous nanodrops that also contain a separately solvated divalent metal ion 

(i.e., Mg2+). This provides evidence that ion-electron pair formation is favored over direct metal 

ion reduction for the larger Mn2+ or Fe2+ containing clusters due to improved electron solvation. 

Interestingly, a correlation with second ionization energies for the metals investigated exists as to 

whether direct metal ion reduction or ion-electron pair formation occurs. Similar transitions 

might be observed for other metal ions, such as some of the triply charged lanthanide ions, that 
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do not have stable reduced forms and whose one-electron reduction potentials cannot be 

measured directly in aqueous solution. These gas-phase electrochemistry cluster measurements 

provide valuable insights into the competition between direct metal ion reduction and ion-

electron pair formation, and reveal transitions from gas- to solution-phase behavior including the 

exact number of solvent molecules needed for ions to exhibit bulk-like properties.  

Additionally, these gas-phase electrochemistry cluster experiments provide an alternative 

and potentially a more direct approach to measure the hydration enthalpy of the electron in bulk 

solution. Here a value of -1.15 ± 0.22 eV is reported by extrapolating measured cluster 

recombination enthalpies for hydrated Mg2+, Mn2+, and Fe2+ (which form solvent separated ion-

electron pairs) to infinite cluster size. This value is consistent with the value of -1.34 ± 0.09 eV 

obtained from EC of hydrated La3+ clusters using the same extrapolation method. This indicates 

that there are no significant effects of metal ion charge state on the measured electron hydration 

enthalpy and thus the measured value should correspond to the “unperturbed” electron hydration 

enthalpy in bulk aqueous solution. The accuracy of this value could be improved with future 

laser calibration experiments, which would eliminate uncertainties associated with the modeling 

used in calculating the recombination enthalpies. 
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Table 1. Vertical intercept, slope, and R2 value from linear fits to data shown in Figure 4 (-ΔHR 

vs. n-1/3) for Mg2+, Mn2+, Fe2+, Co2+, and Zn2+. The cluster size (n) ranges used for the linear fits 

are indicated. 

M2+ –ΔHAbs (eV) Slope (eV) R2 

Mg2+ (n = 36 – 46)  0.3 ± 0.2 13.7 ± 0.6 0.99 

Mg2+ (n = 55 – 240) 1.25 ± 0.10 11.1 ± 0.5 0.98 

Mn2+ (n = 55 – 240) 1.10 ± 0.13 12.0 ± 0.6 0.97 

Fe2+ (n = 51 – 240) 1.09 ± 0.15 11.9 ± 0.7 0.96 

Co2+ (n = 36 – 240) 1.75 ± 0.09 11.7 ± 0.4 0.98 

Zn2+ (n = 36 – 240) 1.00 ± 0.08 12.7 ± 0.3 0.99 
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Figure 1. Electron capture mass spectra (product ion region) of M2+(H2O)36 (left) with M = (a) 

Mg, (b) Mn, (c) Fe, (d) Co, and (e) Zn and M2+(H2O)208-212 (right) with M = (f) Mg, (g) Mn, (h) 

Fe, (i) Co, and (j) Zn. The horizontal axis has been changed to a cluster size scale to facilitate 

comparison between the different metal ions. Electronic noise is marked by an asterisk (*). 
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Figure 2. The average number of water molecules lost upon EC by M2+(H2O)n with M = Mg 

(squares), Mn (triangles), Fe (diamonds), Co (circles), and Zn (pentagons) as a function of the 

precursor ion cluster size, n. Data for Co2+ and Zn2+ and n = 32 have been published 

previously.53,55 
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Figure 3. Electron capture mass spectra (product ion region) for Mn2+(H2O)n (left) with  n = (a) 

47, (b) 48, (c) 49, and (d) 50, Zn2+(H2O)n (middle) with n = (e) 45, (f) 48, (g) 50, and (h) 52, and 

Mg2+(H2O)n (right) with  n = (e) 46, (f) 48, (g) 49, and (h) 50. The horizontal axis has been 

converted to a number of water molecules lost scale to more readily compare between different 

precursor cluster sizes. Electronic noise is marked by an asterisk (*).  
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Figure 4. (a) Absolute recombination enthalpies as a function of n-1/3 for M2+(H2O)n with M = 

Mg (squares), Mn (triangles), Fe (diamonds), Co (circles), and Zn (pentagons) extrapolated to 

infinite cluster size and (b) expanded graph of data. The precursor cluster size, n, is indicated on 

the top horizontal axis. The solid lines are linear regression best-fit lines. Data for Co2+ and Zn2+ 

and n = 32 have been published previously.53,55 
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 Figure 5. Experimental product ion abundances (black sticks) from EC by Mn2+(H2O)n with (a) 

n = 47, (b) n = 48, (c) n = 49, and (d) n = 50 plotted as a function of the sum of the threshold 

dissociation energies required to form [Mn(H2O) n-x]
+(bottom horizontal axis), where x is the 

number of lost water molecules (top horizontal axis). Cumulative ETRV distributions (solid lines) 

are obtained by convolving PTRV,x(E) = (5/2 kT*)-1exp(-E/(5/2 kT*) for each lost water molecule. 

ETRV distributions for Mn2+(H2O)n with n = 47 and 50 are used to fit the populations resulting 
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from reduction and ion-electron pair formation, respectively, for Mn2+ with 48 (b) and 49 (c) 

water molecules. Experimental product ion abundances are also fitted with Gaussian functions 

(dashed line) for comparison. 
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Effect of isolating an individual precursor ion vs. a distribution of five adjacent precursor 

ions on average number of water molecules lost upon electron capture (EC). 

Nanoelectrospray ionization of aqueous solutions containing the Mg, Mn, Fe, Co, or Zn metal 

salts results in a broad distribution of hydrated metal ion clusters formed. These distributions can 

be shifted in cluster size by adjusting experimental parameters. A representative mass spectrum 

for Fe2+(H2O)n with n = ~80 – 200 is shown in Figure S1 (a). In the EC experiments, individual 

precursor ions are isolated for n < 100 and a distribution of 5 adjacent precursor ions are isolated 

for n ≥ 100. To show that this does not affect the number of water molecules lost that are 

obtained, EC experiments were performed on individually isolated Fe2+(H2O)95 and on a 

distribution of five adjacent Fe2+(H2O)n precursors centered around n = 95, i.e. precursor ions 

with n = 93 – 97 were isolated. EC mass spectra for Fe2+(H2O)95 and Fe2+(H2O)93-97 are shown in 

Figure S1 (b) and (c), respectively. EC of Fe2+(H2O)95 results in loss of 8, 9, 10, and, 11 water 

molecules. Water molecule loss also occurs from the precursor ion (up to two water molecules) 

due to absorption of blackbody photons as is indicated by the ions corresponding to n = 93 and 

94 in Figure S1 (b). From the weighted average of the product ion abundances and corrected for 

dissociation due to blackbody infrared radiative dissociation, an average water molecule loss of 

8.52 is obtained due to EC alone. Electron capture of precursor ion distributions with n = 93 – 97 

results in formation of product ions [Fe2+(H2O)-
y]

+ with y = 82 – 88 (Figure S1 (c)). The average 

water molecule loss due to EC is obtained from the difference in the average cluster sizes 

between the precursor and product ion distributions. This results in an average water molecule 

loss of 8.57 due to EC alone, which is essentially the same as that obtained from isolating an 

individual precursor ion. Thus, whether a single precursor ion or a distribution of precursor ions 

is isolated has negligible effect on the average water molecule loss in the EC experiments.  
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Figure S1. (a) Nanoelectrospray mass spectrum of Fe2+(H2O)n. (b) Electron capture mass 

spectrum of Fe2+(H2O)95  resulting in 8.52 water molecules lost from the reduced precursor ion. 

(c) Electron capture mass spectrum of Fe2+(H2O)93-97  resulting in 8.57 water molecules lost from 

the reduced precursor ions. 
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