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Ionization and Reduction: 

 

 
Supplemental Figure 1.  Energy level diagram for the ionization and reduction of hydrated 
rutheniumhexaammine cluster ions in the gas phase.  The adiabatic ionization energy (AIE), 
vertical ionization energy (VIE), vertical recombination energy (VRE), recombination energy 
(RE) and the solvent reorganization energy of the trivalent (λ3+) and divalent (λ2+) clusters are 
shown. 

 

The vertical ionization energy (VIE) of a hydrated cluster is greater than the adiabatic 

ionization energy (AIE) by a value corresponding to the solvent reorganization energy of the 

trivalent cluster (λ3+) (Supplemental Fig. 1).  Although EC may be a vertical process, the 

experimentally determined recombination energy (RE) should closely approximate the AIE of 

the reduced species because the time between EC and the start of ion detection is between 0.375 

and 40.4 ms (depending on when EC occurs) which is significantly longer than the time needed 

for solvent reorganization.  Energy released by solvent reorganization of the divalent cluster (λ2+) 

after EC will appear as internal energy and will contribute to the observed water evaporation 
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from the cluster.  For Ca(H2O)47
2+, increasing the time between EC and ion detection by 50 ms 

results in no additional loss of water.  This indicates that solvent reorganization must be 

complete on the time scale of these experiments. 

Solvation energy calculations: 

A limitation of solvation models is the difficulty of accurately modeling the effects of 

solvent-ion interactions at short distances where the solvent properties are different from the 

bulk.1  Previous computational approaches have used either implicit solvation models that use 

bulk properties,2 or have treated the solute and what is believed to be the first and second 

solvation shells explicitly with quantum mechanics and then used classical electrostatic models 

to account for long-range effects.2m-o  The latter approach can greatly enhance the accuracy of 

calculating absolute electrochemical potentials.2m The reduction potentials of the Mn3+/2+ and 

Fe3+/2+ couples were calculated using density functional theory (DFT) and polarizable continuum 

model (PCM) treating either 6 or 18 water molecules explicitly.2m With 6 solvent molecules 

treated explicitly with DFT, the reduction potentials were about 1 V higher than when 18 water 

molecules were explicitly included.  This indicates that including just a single solvation shell 

explicitly is insufficient.  Results from DFT and conductor-like solvation model (COSMO) 

calculations of the redox potentials of fourth-period transition metals indicate that inclusion of 

two solvation spheres (18 water molecules) was necessary to reproduce experimental values to 

within an average error of 0.29 V.2o   

A key advantage of our approach to determining an absolute redox potential is that our 

experimental measurements include the effects of solvent on reduction energies well past two 

solvation shells (61 solvent molecules).  Thus, these measurements account for ion-solute 

interactions at shorter distances that have been shown to be difficult to determine 
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computationally.1 Continuum models, which use bulk solvent properties are more accurate at 

longer distances.1 Thus, by combining our measurements with a continuum model, it may be 

possible to obtain a more accurate absolute potential. 

Here, we use a modified Born equation (1), a simple continuum model, to determine the 

solvation energy at a given charge state, Esolv, and relate our measured gas-phase reduction 

potentials of the clusters to solution-phase reduction potentials: 
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where ze is the charge, n is the number of water molecules, Rs is the size-exclusion radius of a 

water molecule, εo is the vacuum permittivity and ε is the dielectric constant of the solvent, aam 

and ai are normalizing factors that relate the size of an ammonia molecule and an ion, 

respectively, to that of a water molecule.  Values used for these parameters are given in 

Supplemental Table 1. 

Supplemental Table 1.  Parameters used in calculation of cluster solvation energies. 

z Rs/Å ε n aam ai Esolv/eV ∆ Esolv/eV 
3+ 1.98 3.1 55 1.04 0.04 -5.6 -3.1 
2+ 1.98 3.1 55 1.04 0.13 -2.5  

   

A value of Rs = 1.98 Å is obtained from the density of hexagonal ice at 0 ˚C (0.9167 

g/cm3)3a.  The density of hexagonal ice varies with temperature.  At -180 ˚C, the density is 

0.9340 g/cm3,3a which corresponds to an Rs of 1.97 Å.  This difference decreases the resulting 

value of ∆Esolv by 0.1 eV.  The density of water at 0 ˚C (0.9998 g/cm3)3b and supercooled water 

at -30 ˚C (0.9839 g/cm3)3b corresponds to Rs values of 1.93 and 1.94 Å, respectively; these values 

result in a ∆Esolv of -3.2 eV.  The Rs values obtained from the density of ice and water are similar 

to the value derived from photoelectron spectroscopy experiments of solvated electrons (1.95 
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Å),4 which result in a ∆Esolv of -3.2 eV.  We conclude that the Born solvation energy correction is 

relatively insensitive to the value of Rs over this range. 

 The Born solvation energy correction depends on the value of the dielectric constant (ε) 

of water which is a function of temperature.5a This value at 0 K is estimated as the high-

frequency permittivity of ice at 0 K.5a,b  A value of 3.15 is used because the reduction energy is 

referenced to 0 K.  The dielectric constant has been modeled as a function of temperature.5a 

Between 0 and 30 K, this value does not change but rapidly increases to a value of ~275 at 50 K.  

The permittivity gradually decreases to ~90 at 273 K.  The dielectric constant of ice at 273.15 K 

is 91.5.6  The calculated ∆Esolv is insensitive to the dielectric constant for values above roughly 

20.  Using the dielectric of ice at -57 ˚C (114)6 or that of liquid water at room temperature (80), 

the ∆Esolv is calculated to be -4.6 eV; a value of ε = 20 results in a ∆Esolv of -4.4 eV.  A value of 

∆Esolv at 298 K is more physically relevant for comparison to solution-phase values.  Subsequent 

work more directly relating the reduction energy obtained with this approach to those measured 

in solution will be reported elsewhere. 

 The values of aam and ai were obtained from the density of solid ammonia (0.834 g/cm3),7 

and the ionic radius of Ru3+ (0.68 Å),8 respectively.  The ionic radius for Ru2+ was estimated to 

be between that of Pd2+ and Sr2+ (0.86 Å and 1.18 Å, respectively, for coordination numbers of 

six).8 Note that [n + 6aam] >> ai for both divalent and trivalent ruthenium cations, and that the 

corresponding ionic volume factors do not contribute any significant amount to the final 

calculated solvation energy.   
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