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This dissertation reports on the development of a new gas-phase ion nanocalorimetry 
technique, in which electrochemistry is performed using large “aqueous” nanodrops in vacuo to 
obtain absolute half-cell potentials in bulk solution. Absolute recombination energies (REs) of 
nanometer-sized water droplets containing a divalent or trivalent metal ion are obtained from the 
number of water molecules lost upon electron capture (EC). REs are obtained from the 
experimentally measured average number of water molecules lost from the cluster, and from 
both the sum of the threshold water molecule binding energies and the sum of energy that is 
partitioned into the translational, rotational and vibrational modes of the products for each water 
molecule lost.  The energy removed by the lost water molecules is obtained from established 
theoretical models.  The width of the product ion distribution in these experiments is 
predominantly attributable to the distribution of energy that partitions into the translational and 
rotational modes of the water molecules that are lost.  These results are consistent with a singular 
value for the recombination energy.  Ion nanocalorimetry has been used to obtain a value for the 
absolute standard hydrogen electrode potential from three different nanocalorimetry based 
methods that all agree within 5% of each other (+4.05, +4.11, and +4.21 V).  Our extrapolation 
method, in which REs of size-selected and thermalized Eu3+(H2O)n, n = 55 to 140, are 
extrapolated to infinite size to obtain the absolute reduction potential of Eu3+(aq) and a value for 
the absolute SHE potential (+4.11 V), should be the most accurate because a solvation model is 
not used and therefore, errors associated with solvation models are eliminated.  

Water clusters containing ions for which one-electron reduction potentials in aqueous 
solution are not readily measurable, such as alkaline earth divalent metal ions and most of the 
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trivalent lanthanide ions, form solvent separated metal ion and electron ion pairs upon EC, as 
long as there are a sufficient number of water molecules to stabilize the ion pair.  The 
dependence of the RE values for Ca(H2O)n

2+ on cluster size suggest that the electron is 
delocalized on the surface of the cluster for n = 32–47, but a transition to a more highly solvated 
electron is indicated for n = 47–62 by the constant RE values for these ions. For La3+(H2O)n (n = 
42 to 160), the trend in recombination energies as a function of hydration extent is consistent 
with a structural transition from a surface-located excess electron at smaller sizes (n ≤ ~56) to a 
more fully solvated electron at larger sizes (n ≥ ~60). The recombination enthalpies for n > 60 
are extrapolated as a function of the geometrical dependence on cluster size to infinite size to 
obtain the bulk hydration enthalpy of the electron (–1.3 eV), which is within the wide range of 
values obtained from previous methods (–1.0 to –1.8 eV).  The ion nanocalorimetry method has 
the advantage that it does not require estimates for the absolute solvation energy of the proton or 
the H atom. 

Whereas EC by hydrated metal ions resulted in only the full internal conversion of the 
RE into the reduced precursor, some ions can fluoresce upon electronic excitation.  We report a 
new highly sensitive method for detecting the fluorescence of isolated, partially hydrated ions for 
the first time.  Fluorescence is indirectly detected based on the distribution of water molecules 
lost upon absorption of a UV photon. Photodissociation of hydrated protonated proflavine (n = 
13–50) undergoes three photophysical processes upon absorption of a 248 nm photon and 
excitation to a high energy singlet excited state: full internal conversion and fluorescence to the 
ground electronic singlet state, and formation of a long-lived triplet state, which slowly 
undergoes non-radiative intersystem crossing to the ground singlet state.  The high sensitivity of 
this method should make it possible to perform Förster resonance energy transfer experiments 
with gas-phase biomolecules in a microsolvated environment to investigate how a controlled 
number of water molecules effects biomolecular structure and dynamics. 

Although the precision in the nanocalorimetry method is excellent, the absolute 
uncertainty obtained is more difficult to assess because the energy removed by the lost water 
molecules has not been experimentally measured for large hydrated metal ions. Laser induced 
photodissociation experiments, in which M2+(H2O)n are dissociated by absorption of UV laser 
light at 193 (6.4 eV) and 248 nm (5.0 eV), are used to directly relate the average number of water 
molecules lost to the energy that is deposited into the cluster, which can be used to directly 
convert the average water molecules lost in EC experiments to experimentally measured RE 
values.  These results demonstrate that absolute solution phase reduction potentials can be 
obtained entirely from experimental data, with no modeling, and should provide the most direct 
route to establishing an absolute electrochemical scale with high accuracy.  
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Chapter 1 
 
 
 

Introduction 
 
 
 
 
 
 
 
 
 
 

1.1 Synopsis 
 
 Critical to the structure, reactivities, and dynamics of ions and molecules in solution is 
how such species are stabilized by the surrounding solvent, and inversely how ions and 
molecules affect the structure of the solvent itself.  One way of studying ion-solvent interactions 
is using gas-phase clusters,1-6 where the number of solvent molecules and counter ions can be 
readily controlled.  Microsolvated ions can be studied by a wide variety of gaseous ion 
techniques, including infrared multiple photon spectroscopy,7-12 photoelectron spectroscopy,13-16 
high-pressure mass spectrometry,17-22 blackbody infrared radiative dissociation,23-33 and many 
others, which can provide fundamental insights on the initial stages of ion solvation and how 
solvent can affect ion structure and reactivity.  One of the main goals of gaseous cluster research 
is to bridge the divide between the gas- and solution-phases,6,34 and answer fundamental 
questions pertaining to the number of cluster components necessary for a given physical property 
to behave like that of the bulk.2,35  Here, a new gas-phase cluster based method, hydrated ion 
nanocalorimetry, is used to obtain absolute solution-phase reduction potentials and absolute ion 
solvation energies, which can both be used to establish an absolute electrochemical and ion 
solvation energy scale.  The nanocalorimetry method is also used to investigate the solvation of 
an excess electron in water clusters containing divalent and trivalent metal ions, and to obtain a 
value for the absolute hydration enthalpy of the electron in bulk water.  A novel cluster-based 
approach is described for detecting gas-phase ion fluorescence from hydrated ions for the first 
time.  With this technique, the effects of a discrete number of water molecules on ion 
fluorescence are investigated.  Additionally, ultraviolet photodissociation experiments of large 
water clusters containing divalent metal ions are used to obtain average sequential water 
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molecule binding enthalpies at cluster sizes well past two solvation shells.  Because of the 
sensitivity of the method to the water molecule binding energies, minute differences in the 
average sequential binding enthalpies of M2+(H2O)n, for M = Fe, Cu, and Co, can be detected for 
cluster sizes with around 100 water molecules, indicating that ion identity can affect the structure 
of water well past three solvation shells. 
 
1.2 Thermometer Ions 
 
 Mass spectrometry is the method of choice for investigating and/or solving a gamut of 
different analytical problems in which the components of a sample, often present in a complex 
biological or environmental matrix, must be identified and quantified.  Identification of an ion or 
molecule using mass spectrometry will usually involve fragmentation,36 which can be induced 
using a host of different methods and instruments.  For example, electron impact fragmentation36 
is almost always the method of choice for rapidly identifying molecular products resulting from 
organic syntheses.  Using electrospray ionization, large biomolecule ions can be transferred 
intact into the gas-phase and analyzed using mass spectrometry.37,38  Protein and polypeptide 
ions can be fragmented by many different techniques, including collisions with neutral gases39 or 
solid surfaces,40 by absorption of photons from a variety of different sources,41-43 and by capture 
of an electron.44-50  These methods are being applied to both “top-down” and “bottom-up” 
approaches to proteomics. 
 A very important property of any ion activation technique, which can greatly affect the 
extent and type of fragmentation is the amount and overall distribution of energy that is 
deposited into the ion, although other factors can also drastically affect the extent of ion 
fragmentation.  For example, capture of a low-energy electron by a multiply charged ion can 
result in extensive fragmentation, such as for the small protein ubiquitin, in which nearly full 
amino acid sequence converage can be attained.44  This is surprising because the recombination 
energy (RE) is estimated to be only 4–7 eV,45-47 which is a small value when compared to the 
amount of internal energy that an isolated small protein has at room temperature (roughly 20 
eV).45  This extraordinary phenomenon has been rationalized by multiple mechanisms.  In one 
mechanism, ECD was rationalized to be a nonergodic process in which energy is localized into 
selected bonds.45,46,48  An alternative explanation suggests that while even electron proteins are 
stable at these energies, the odd electron ions formed by ECD have low barriers to dissociation 
and fragment statistically.51,52  Thus, by directly measuring the energy released upon ECD and 
the amount of energy that is partitioned into the precursor ion internal modes, the mechanism of 
this process may be better elucidated.  Because of the importance of better understanding ion 
fragmentation, several methods have been developed to obtain the amount of energy that is 
deposited into ions using various ion activation techniques. 
 Beynon and co-workers demonstrated that the relative abundances of fragment ions that 
form with vastly different entropy requirements can be used to measure the average internal 
energy content of the parent ion that gave rise to the fragments.53 The n-butylbenzene cation, a 
classic “thermometer” ion, can dissociate via direct bond cleavage to form C7H7

+, or via the 
McLafferty rearrangement54 to form C7H8

+.55  At lower precursor ion internal energies, the 
rearrangement reaction is favored, whereas at higher internal energies, direct bond cleavage 
becomes dominant.  The ratio of the m/z 91 to 92 fragment ion peaks resulting from 2–8 keV 
collisional activation of n-butylbenzene with either nitrogen or helium gas was compared to the 
ratio obtained from laser induced dissociation experiments as a function of photon energies 
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(~2.0–3.3 eV) that produced fragmentation with comparable relative abundances.53,56 From this 
comparison and assuming that the energy deposition mechanisms for photodissociation and high 
energy collisions are the same, the energy deposited into the precursor was determined to be just 
a small fraction of the lab frame collision energy (~2.4 eV for a single collision at 5 keV).  This 
method was used to investigate the energy deposition for many other ion activation methods, 
such as lower energy collisional induced dissociation,57-61 charge transfer,62 and surface-induced 
dissociation,63 and further effort has gone into investigating and improving the accuracy of this 
method.64,65 More recently, protonated leucine enkephalin has been used as a thermometer ion to 
optimize the extent of internal energy deposition upon collisional activation in an ion trap.66  
Williams and co-workers demonstrated that the internal energy of biomolecule ions activated by 
collisions can be determined by using the Arrhenius parameters measured directly with black 
body infrared dissociation.67   
 Cooks and co-workers used ions that dissociate sequentially with known reaction 
energies and comparable reaction entropies as “thermometer” ions to determine the amount of 
internal energy deposited into ions and to obtain information about the distribution of the energy 
that was deposited.68 The triethylphosphate radical cation, which dissociates sequentially by loss 
of C2Hx groups and water molecule loss with known activation energies, was used to estimate the 
distribution of energy deposited into the precursor from the distribution of product ions using 
several different ion activation techniques.  For example, the energy distribution deposited into 
the radical cation upon formation via electron impact at 70 eV was very broad (~1–9 eV), but on 
average less energy was deposited into the ion than for low energy collision induced dissociation 
(28 eV collision energy).68 This method was also used to investigate the internal energy 
deposition into Fe(CO)5

+· upon collision with a metal surface.69 For collision energies from 20–
130 eV, the average internal energy deposited into this ion ranges from ~2 eV to ~7 eV, and the 
distribution of energy is relatively narrow compared to high energy collision induced 
dissociation at 7 keV.  Other similar small ions that dissociate sequentially and with known 
reaction energies have been used to investigate the effects of various experimental conditions 
upon internal energy deposition for a variety of different ion activation techniques, such as 
inelastic collisions with electrons,70 charge exchange upon high71 and low72 energy collisions, 
and neutralization-reionization mass spectrometry.73 The effects of target gas identity,74 ion 
source conditions,75 ion polarity,76 and collection angle77 on the energy deposition in collision 
induced dissociation has also been investigated using this method.   
  
1.3  Hydrated Ion Nanocalorimetry 
 
 We recently introduced a new method, in which nanometer-sized hydrated ions that 
dissociate sequentially are used as ideal thermometer ions for determining the extent and width 
of the internal energy deposited into such ions upon electron capture dissociation.78-90  Using this 
hydrated ion “nanocalorimetry” method, both the charge state and size of the “thermometer” ion 
can be carefully controlled.  From the number of water molecules lost from the precursor upon 
electron capture (EC) and the sum of the energy removed from the reduced precursor for each 
sequential water molecule lost, the energy deposited into the ion can be obtained.  For example, 
reduction of Ca(H2O)32

2+ by a thermally generated electron results in the loss of 10 or 11 water 
molecules from the reduced precursor.  By comparison with the reference spectrum in which 
electrons are not injected into the ion cell, activation of the precursor via inelastic ion-electron 
collisions is negligible.  The internal energy deposited into the precursor was determined to be 
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4.4 eV, which was obtained from the average number of water molecules lost.  Comparison of 
the RE to the calculated adiabatic ionization energies indicated that the vast majority of the RE 
was deposited into internal modes of the clusters and that dissociation is statistical.84,85  This 
method has been used to obtain the internal energy deposited into a peptide ion upon EC,88 and 
extended to investigate other ion activation techniques including femtosecond electron transfer 
upon higher energy collisions with atoms in an accelerator mass spectrometer,89 and sustained-
off resonance irradiated collisionally activated dissociation (SORI-CAD) and on-resonance CAD 
in a Fourier transform ion cyclotron mass spectrometer (FT-ICR MS).90   
 In order to obtain accurate RE values using the ion nanocalorimetry technique, the 
contribution of the kinetic energy of the electron to the internal energy deposition must be 
known.  Experiments done on the Berkeley 2.75 T FT-ICR MS show that the energy deposited 
upon EC does not depend on the cathode voltage or the trapping potentials over a wide range of 
experimental conditions used.87 For example, varying the potential from –1.3 to –2.0 V of the 
heated cathode during electron capture dissociation resulted no effect on the average number of 
water molecules lost from the reduced precursors of either Ca(H2O)15

2+ or Ca(H2O)32
2+.87  If the 

initial kinetic energy of the electrons were deposited into the precursor ions upon EC, then 
increasing the initial kinetic energy of the electrons from –1.3 to –2.0 eV should result in the loss 
of almost 2 additional water molecules.  These results indicate that the initial electron kinetic 
energies do not contribute to the internal energy deposited into these ions upon EC under these 
conditions.  These results are consistent with the capture of electrons when the center of mass 
kinetic energy between the ion and electron is near zero.  Experiments done in ion storage rings 
in which the relative ion and electron velocities are carefully controlled demonstrate that EC 
cross sections increase by many orders of magnitude when the relative ion and electron velocities 
approach zero.91-95  In our EC experiments, there is a wide spread of electron kinetic energies, 
but some fraction of these electrons can have near zero relative ion and electron kinetic energies 
owing to effects of electron-electron repulsion, inelastic collisions that do not result in EC, and 
emission of electrons from long-lived Rydberg states formed by EC of more energetic electrons.  
It is the electrons for which the relative ion and electron kinetic energy is near zero that should 
be captured most efficiently.   
  
1.4  Absolute Solution-phase Reduction Potentials and Absolute Ion Solvation Energies 
 
 1.4.1  Introduction.  In solution, the potentials of half-cell reactions are measured 
relative to other half-cells, thus resulting in a ladder of thermochemical values that is anchored to 
the standard hydrogen electrode (SHE), H+(aq) + e– → 1/2H2(g), which is arbitrarily assigned a 
value of 0 V.  The reason half-cell potentials are measured relative to other half-cell potentials 
has been succinctly stated by Skoog, Holler and Crouch in Principals of Instrumental Analysis:96 

 “We must emphasize that no method can determine the absolute value of the 
potential of a single electrode, because all voltage-measuring devices determine 
only differences in potential (emphasis original).” 

As a result, there has been no direct measure of the absolute redox potential of a single half-cell 
reaction, although there has been considerable interest in and much effort towards establishing an 
absolute electrochemical scale.   
 Measuring absolute potentials are important for developing semiconductor and 
electrolyte junctions,97 in which the Fermi level of the electrolytic solution and the work function 
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of the solid semiconductor determine the potential of the solid/electrolyte cell.  The adiabatic 
electron affinity of water can also be obtained from the absolute SHE potential when combined 
with data from pulse radiolysis studies and various thermodynamic cyles.98  Furthermore, from 
absolute redox potentials, absolute solvation energies of single ions can be obtained from 
absolute solution phase reduction potentials, which serve as a bench mark for calibrating 
computational solvation models necessary for performing computational electrochemistry or 
modeling solution phase charge transfer processes. 
 1.4.2 Definitions.  There are several different definitions99 for the absolute SHE 
potential, which can be better understood using the thermodynamic cycle in Scheme 1.1. 
 
Scheme 1.1: 

 

In one definition,99 the potential of the hydrogen electrode reaction, Eabs(SHE) (bottom reaction 
in Scheme 1.1) is referenced to an electron at infinite distance from the solution, in vacuum, and 
with no kinetic energy.  The absolute SHE potential, Eabs(SHE), is related to Gibbs free energy 
for this reaction, ∆Gabs(SHE), by the Faraday relation (∆G = –nFE, where F is Faraday’s 
constant and n is the number of electrons transferred in the reaction), 
 
Eabs(SHE) = –∆Gabs(SHE)/F 
   
From the thermodynamic cycle in Scheme 1.1, ∆Gabs(SHE) is given by 
 
∆Gabs(SHE) = –∆Gsolv(H

+,aq) – ∆Gion(H) – (½)∆Gat(H2)     (1.1) 

where ∆Gsolv(H
+,aq) is the energy of transferring a gaseous proton from vacuum at infinite 

distance to an infinitely dilute aqueous solution well within the bulk of solution, ∆Gion(H) is the 
ionization energy of gaseous H, and ∆Gat(H2) is the atomization energy of molecular hydrogen.  
Whereas the latter two values are accurately known, the energy of solvating a single ion has not 
been directly measured because, for a solution, the absolute thermodynamic contribution of a 
single ion cannot be separated from the contribution of the counter ion.  However, if Eabs(SHE) 
can be obtained, then ∆Gsolv(H

+,aq) can also be obtained from eq. 1.1.  Note that the value of 
∆Gabs(SHE) (in eV) corresponds to the negative value of Eabs(SHE) (in V).  
 An alternative definition is the potential of the SHE referenced to an electron at infinite 
distance,99 in which the work of transferring a positive test charge into the bulk of the solution is 
added, Eabs(SHE,α).  That is, for this definition, ∆Gsolv(H

+,aq) in the Scheme 1.1 thermodynamic 
cycle is replaced with the ionic work function of H+(aq), α(H+,aq) (also called the “real” ion 
solvation energy or “real” ion potential),100,101 which is given by 
 
 α(H+,aq) = ∆Gsolv(H

+,aq) + Fχaq        (1.2) 
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where χaq is the surface potential of pure water, resulting from the work of transferring a positive 
test charge across the vapor–water interface without physically affecting the structure of the 
liquid nor its interface with the vapor phase.  That is, the surface potential102,103 is given by 
 
χaq = V(z′′) – V(z′) = −� �������

�		

�	
        (1.3) 

 
where V(z′′) is the potential of the point charge within the bulk of the solution at a position of z′′  
along the surface normal axis (z-axis) such that the average z-direction electric field, Ez(z), does 
not change with distance.  V(z′) is the potential of the test charge in vacuum at a position z′ far 
enough from the interface that the electric field does not change with z (note that the electric 
field at z′′ and z′ are equal.  The surface potential depends upon the average orientation of the 
water molecule dipoles at the vacuum–water interface and overall differences between the 
average orientations of the interfacial water molecules compared to that of the bulk. α(H+,aq) is 
considered the ionic work function of the proton101 because it includes the work of transferring a 
positive charge into the bulk of solution, in addition to the hydration Gibbs free energy of the 
proton.   

The surface potential of water cannot be directly measured, but a plethora of values based 
on experimental and computational results have been reported over a timeframe of nearly 80 
years that range between –1 to +1 V.104  Reviewers of the extensive amount data reported from 
experiment tend conclude that the value is small and positive (around +0.1 V),104 whereas more 
recent computational results from molecular dynamics simulations using many different water 
models, generally support a negative value of around –0.5 V.102 To the extent that the dipolar 
orientation of the water molecules at the interface are the dominant factor contributing to the 
surface potential of water, a positive value indicates that at the surface there is a net dipolar 
orientation of water molecule hydrogen atoms towards the bulk, whereas a negative potential 
indicates a net dipolar arrangement in which the hydrogen atoms on average are directed away 
from the bulk.  Surface sensitive vibrational spectroscopic techniques have identified a 
substantial contribution of free-OH bonds at the air-water interface,105-108 which is consistent 
with a negative surface potential. Although there does not appear to be a consensus on the sign of 
the surface potential of water, the absolute magnitude is likely to be relatively small.  

Replacing ∆Gsolv(H
+,aq) for α(H+,aq) in the Scheme 1.1 thermodynamic cycle gives the 

alternative definition for the absolute Gibbs free energy of the SHE reaction, ∆Gabs(SHE,α) 
  

∆Gabs(SHE,α) = – α(H+,aq) – ∆Gion(H) – (½)∆Gat(H2)     (1.4) 

which when combined with eq. 1.2 and rearranged gives 

∆Gabs(SHE,α) = ∆Gabs(SHE) – Fχaq        (1.5) 

and applying the Faraday relation (∆G = –nFE) results in 
 
Eabs(SHE,α) = Eabs(SHE) + χaq        (1.6) 

Thus, the difference between the two absolute SHE potential definitions is the surface potential 
of water.  This definition is convenient because the work function of ions from aqueous salt 
solutions can be obtained from voltaic cell experiments as described in the next section.  A third 
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definition is the SHE reaction referenced to an electron in a metal, although, this is not a true 
absolute reference state because the value would depend upon the metal ion identity.99 

1.4.3  Obtaining Eabs(SHE,α) and α(H+,aq) from Voltaic Cell Measurements. The 
work of transferring an ionic species (i) from infinity to within some phase β, µ*(i,β), can be 
theoretically separated into the “chemical” potential, µ(i,β), and the “electrical” potential, ziFΦ, 
where zi is the charge of the ion, and Φ is called the inner potential of the phase.100,109 

 
µ*(i,β) = µ(i,β) + ziFΦ          (1.7) 

The chemical potential is due solely to interactions between the ion and the components of the 
phase in the bulk of the phase and is equivalent to the Gibbs free energy difference of species i 
within the bulk of phase β and i in isolation with no interactions with any other species.  The 
inner potential Φ is given by 
 
Φ = ψ + χ           (1.8) 
 
ψ is the Volta potential, or the work of bringing a charge from infinity to outside the surface of 
the phase.  Ψ is zero if there is no net charge on the phase.  χ is the surface potential of the phase 
(see previous section). The work of transferring an ion from infinite distance to a phase that is 
electro-neutral, the electrochemical potential is given by the “real” ion potential, α (eq. 1.2 for 
the hydration of the proton), 
 
α(i,β) = µ(i,β) + ziFχ          (1.9) 

in which the chemical and electrical components are theoretically separated.  
The IUPAC recommended value for α(H+,aq) was obtained by Farrell and McTigue110 

from experiments using a Kenrick cell represented by 
 
Cu│Hg(N2) │≡│HCl(aq) │Pt,H2│Cu′       (1.10) 
 
where Hg(N2) indicates a mercury jet electrode streaming through a vertical tube with HCl(aq) 
flowing down the walls.  The flowing liquids are separated by a ~2mm gap containing N2 gas 
and the HCl solution is in equilibrium with a Pt hydrogen electrode (Pt, H2).  The measured 
potential between the copper leads is called the compensating potential difference (EC).  It is 
assumed that the Volta potential drop across the vapor gap is zero because the solutions are 
streaming, that is,   
 
ψ(Hg) = ψ(HCl,aq)          (1.11) 
 
The compensation potential is the difference in the inner potential between the Cu leads 
 
EC = Φ(Cu) – Φ(Cu′)          (1.12) 
 
Because of electrochemical equilibrium 
 
µ*(e–,Cu) = µ*(e–,Hg)          (1.13) 
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µ*(H+,HCl(aq)) + µ*(e–,Pt) = (½)µ*(H2,g)       (1.14) 
 
µ*(e–,Pt) = µ*(e–,Cu′)          (1.15) 
 
From eqs. 1.7–9, and 1.11–15, 
 
EC = [µ(e–,Hg) + µ(H+,HCl(aq)) – µ(H2,g)/2]/F + (χ(HCl(aq) – χ(Hg))   (1.16) 
 
or 
 
EC = [α(e–,Hg) + α(H+,HCl(aq)) – µ(H2,g)/2]/F      (1.17) 
 
That is, the measured compensation potential is related to the work function of mercury, the real 
proton solvation energy of the HCl solution, and the chemical potential of H2(g).  The work 
function of mercury is 4.50 eV, and the chemical potential of H2(g) is obtained from the 
ionization and atomization energy of atomic and molecular hydrogen, respectively.110  From 
these values and the measured EC, a value for α(H+,HCl(aq)) can be obtained, which is dependent 
upon the concentration of the HCl solution.  This value is separated into a standard state, 
α(H+,aq), which is the ionic work function for a proton at infinite dilution, and a concentration 
dependent term,110  
 
α(H+,HCl(aq)) = α(H+,aq) +RTln(γ(H+)) + (χ[HCl] – χaq)     (1.18) 
 
where R is the gas constant, T is temperature, and γ(H+) is the activity of the proton, and χHCl – 
χaq is the difference in surface potentials between the HCl solution at a given concentration and 
that of pure water.  Similarly, the concentration dependent expression for the compensation 
potential is given by110 
 
EC = EC

0 + (RT/F)ln(γ(H+)/P(H2)
½) + (χ[HCl] – χaq)      (1.19) 

 
where EC

0 is the same as that in eq. 17, except that the standard state α(H+,aq) is used instead of 
α(H+,HCl(aq)), that is, EC

0 is the compensation voltage in the limit of infinite dilution.  Ideally, 
α(H+,HCl(aq)) could be measured as a function of acid concentration and extrapolated to infinite 
dilution to obtain α(H+,aq). However, the concentration dependent expression shown in eq. 19 is 
complicated by the fact that the surface potential of the HCl(aq) solution also depends on the 
acid concentration and surface potentials cannot be measured directly as a function of 
concentration.  In order to obtain α(H+,aq), EC was measured as a function of concentration from 
0.5 mol/kg to 0.001 mol/kg and a model for the concentration dependence of the surface 
potential of the HCl(aq) solution was used to extrapolate EC to the limit of infinite dilution to 
obtain EC

0.  The concentration dependence of χ[HCl] – χaq was obtained from a model proposed by 
Madden et al,111 in which the surface potential of an electrolytic solution is taken to varying 
exponentially with distance from the interface and ions near the interface reduce the surface 
potential of water.  A solution to this model results in110 
 
χ[HCl] – χaq = –χaqI

1/2/[C–1 + I1/2]        (1.20) 
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where I is the ionic strength and C is a constant related to the distance from the gas-liquid 
interface at which the electric field resulting from the interface is reduced by a factor of 1/e, 
where e is Euler’s constant.  Combining eq. 1.19 and 1.20 gives110 
 
EC

* = EC – (RT/F)ln(γ(H+)/P(H2)
½) = EC

0 – χaqI
1/2/[C–1 + I1/2]    (1.21) 

 
EC

* values were measured and using eq. 1.21, were used to extrapolate these values to infinite 
dilution to obtain a value for EC

0.110   
The measured EC

* values reported by Farrell and McTigue110 are plotted as a function of 
both concentration (Figure 1.1, upper panel) and I1/2/[C–1 + I1/2], for C = 1, 2 and 3 (Figure 1.1, 
lower panel).  EC

* values decrease relatively dramatically from a value of ~–50 mV to nearly –62 
mV from 0.5 mol/kg to 0.1 mol/kg.  This decrease was attributed to an interfacial specific ion 
effect in which at higher HCl concentrations, there is an enhanced chloride concentration at the 
interface relative to the interfacial cation concentration, resulting in more positive surface 
potentials with increasing concentrations.  Farrell and McTigue110 conclude that at lower 
concentrations the surface potential of water depends on concentration according to the model 
proposed by Madden et al.,111 which does not account for specific ion solvent effects at the 
interface, and EC

* values vary linearly and monotonically with ionic strength as a function of 
I1/2/[C–1 + I1/2] (see eq. 1.21).  EC

* values are plotted as a function of I1/2/[C–1 + I1/2] in the lower 
panel of Figure 1.1 for C = 1, 2 and 3.  For this surface potential model, the C values are roughly 
equivalent to the number of molecular diameters from the interfacial surface at which the 
majority of the interfacial electric field is screened (reduced by a factor of 1/e). Linear regression 
best fit lines are shown for m < 0.02 mol/kg (grey lines).  For these C values and this 
concentration range, the linear fits are relatively good with R2 values of 0.984, 0.980, and 0.976, 
respectively. Farrell and McTigue110 justified using a value of C = 2 because this value resulted 
in the best fit for a similar analysis using a cell like that of eq. 1.10, except a silver chloride 
electrode was used instead of a hydrogen electrode, and because the intercept is relatively 
insensitive to the value of C. For C = 2, the best-fit line has an intercept of –55.9 mV.  If the 
model of the surface potential is correct and varies linearly and monotonically as a function of 
I1/2/[C–1 + I1/2] (for C = 2), then the extrapolated EC

0 value (–55.9 mV) can be used to obtain 
α(H+,aq).  In the limit of infinite dilution eq. 1.17 becomes110 
 
EC

0 = [α(e–,Hg) + α(H+, aq) – µ(H2,g)/2]/F       (1.22) 
 
and 
 
α(H+, aq) = FEC

0 – α(e–,Hg) + µ(H2,g)/2       (1.23) 
 
From the extrapolated EC

0 value, and the values for the work function of Hg and chemical 
potential of H2, a value of –260 kcal/mol for α(H+, aq) was obtained from eq. 1.23.110   
 



10 

 

 
 
Figure 1.1. EC

* vs. HCl molality in mol/kg (upper panel) and EC
* vs. I1/2/[C–1 + I1/2] for C = 1, 2, and 3 (lower 

panel).  Linear regression best fit lines for concentrations from 0.02–0.001 mol/kg are shown in gray (solid grey 
lines). Grey dashed lines indicate the extrapolation to infinite dilution.  Data obtained and reported by Farrell and 
McTigue.110  
 

Trasatti used the value for α(H+,aq) obtained by Farrell and McTigue, and the eq. 1.3 
thermodynamic cycle, including the atomization and ionization energies of molecular and atomic 
hydrogen, to obtain a value of +4.44 V for Eabs(SHE,α), which was recommended to IUPAC for 
the value for the absolute SHE potential.99  It should be noted that this value is not a purely 
experimental result because the dependence of the surface potential of the solution must be 
modeled to obtain α(H+,aq), and given the challenge posed in obtaining the surface potential of 
water from theory and the wide range of reported values for the surface potential of water, it is of 
interest to develop alternative methods for obtaining Eabs(SHE,α).   

Other values for Eabs(SHE,α) have been reported that range from +4.4 to +4.7 V. Gomer 
and Tryson obtained a value of +4.7 V by measuring the potential between a reference electrode 
in air above a solution and an submerged electrode combined with the work function of the 
electode.112 Hansen and Kolb reported a value of +4.7 V based on experiments in which the work 
function of an electrode is measured as it is slowly removed from a solution.113  Reiss and Heller 
proposed a value of +4.43 V based on a thermodynamic cycle that involves the Schottky barrier 
between InP and H2 saturated Pt, the work function of InP, and the potential of zero charge for 
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the Pt surface in contact with water at pH = 0.114 To date, there appears to be no general 
consensus as to the best approach to obtain the absolute SHE potential as a result of the many 
methods, assumptions and uncertainties involved in establishing this value. This has led 
Trasatti115 to conclude that “despite the numerous discussions, nobody seems seriously 
convinced of the arguments of the others” and to describe obtaining the absolute SHE potential  
as “the Arabian Phoenix of electrochemistry.” 
 1.4.4  Absolute Ion Solvation Energies.  Because ions in bulk solution always have a 
corresponding counterion that is necessary to maintain the balance of charge, separating the 
thermodynamic contribution due to an ion by itself is very challenging.  Thus, formation 
enthalpies of ions are typically reported relative to a common ion, most often the proton, which 
is assigned an arbitrary value of exactly zero.116  Obtaining accurate ion solvation energies is 
critical for computational approaches that are used to investigate ion structure and reaction 
thermodynamics of charge transfer processes in bulk solution.117,118  For example, to calculate 
solution phase reduction potentials or pKa values for species, the thermodynamic cycles in 
Scheme 1.2 and 1.3 are often used.119-133 Values for the thermodynamics (∆X = ∆G, ∆H, or ∆S) 
for charge transfer in solution , ∆Xabs(Oxz/z±1) or ∆Xacid(HAz±1,aq), can be obtained from the 
thermodynamic values for the gas-phase charge transfer reactions, ∆Xabs(Redz/z±1) or 
∆Xacid(HAz±1,g),  if the reactant and product solvation energies, ∆Xsolv, can be obtained.  From 
such calculations the mechanisms of charge transfer reactions, including details of intermediate 
charge transfer states can be investigated.  For example, Torres et al. used electronic structure 
calculations with a continuum solvation model to calculate the structures of the [Fe4S4(SCH3)4]

z– 
(z = 0, 1, 2, 3, 4), which is an analogue for a redox center active site motif that is common to 
many important proteins, and is found in a number of different protein environments, including 
domains of photosystem I.120  The calculations suggest that the number of interactions between 
the active site and the amide dipoles and hydrogen bonds with the surrounding protein 
environment plays an important role in modulating the redox behavior of the photosystem 
component.  Thus, it is important to obtain accurate values for absolute ion solvation energies so 
that the accuracy of solvation models for obtaining the solvent contribution to ion structure and 
reactivity can be improved.  An extensive review that discusses many of the solvation models 
used to investigate ion solvation and solvent effects has been published relatively recently.117 
Absolute ion solvation energies are also important because the absolute solvation energy of the 
proton can be used, along with pulse radiolysis data and various thermodynamic cycles and 
associated thermochemical data, to obtain the adiabatic solvation energy of the electron.98  In 
addition, the value of ∆Gsolv(H

+,aq) can be used to obtain a value for Eabs(SHE) (Scheme 1.1).   
 A number of researchers have expended great effort to determine the best value for 
∆Gsolv(H

+,aq) using a number of different approaches.  Reported values for ∆Gsolv(H
+,aq) range 

from ~–251 to –267 kcal/mol.116,134-138 Relatively recently a cluster-pair based approach has been 
used to obtain a value for ∆Gsolv(H

+,aq) of –265.9 kcal/mol116,136-138 from measured sequential 
gas-phase ion hydration energies (for clusters with up to 6 water molecules), relative ion 
hydration energies from solution-phase measurements, and a clever manipulation of 
thermodynamic cycles.  However, results from an improved cluster-pair based method is 
introduced in Chapter 11, using a more data set than used previously, indicates that the values 
obtained from the cluster pair based methods depend on cluster size and that values with less 
uncertainty could be obtained by inclusion of data for larger clusters. 
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Scheme 1.2: 

 
 
Scheme 1.3: 

 
  
1.5  Connecting Gas-Phase Cluster Measurements to Bulk 
 
 1.5.1  Sequential Ligand Binding Enthalpies Rapidly Approach Bulk Heat of 
Vaporization. For the investigation of the fundamental interactions of various molecular and 
ionic species, gas-phase clusters present a nearly ideal way to investigate purely the interaction 
of interest in a highly controllable environment.  Some of the most important properties of a 
cluster are the thermodynamic values (Gibbs free energies, enthalpies and entropies) for 
sequential clustering reactions.  Kebarle and co-workers pioneered the method of high-pressure 
mass spectrometry6,17-22 to measure the equilibrium of sequential clustering reactions of the form 
given in Equation 1.24, where M is an ion with charge z, and L is some solvent ligand. 
 
MLn

z ↔ MLn–1
z + L          (1.24) 

 
From the abundances of the charged reactants and products sampled from an equilibrium cell 
under a relatively high pressure of L, the equilibrium constants and Gibbs free energies for 
Equation 1.24 can be obtained.  By making these measurements as a function of cell temperature, 
enthalpies and entropies can also be obtained.  The upper size limit for the clusters that can be 
investigated with this method is limited by condensation.  Accurate values for sequential ligand 
binding enthalpies can also be obtained from guided ion beam mass spectrometry139,140 and 
blackbody infrared radiative dissociation.23-25  Although the binding enthalpies of water 
molecules to ionic clusters depend upon a number of factors, the sequential binding enthalpies 
for monovalent and divalent ions rapidly decrease with increasing cluster size and approach the 
bulk heat of vaporization of water (10.6 kcal/mol).  For example, the binding enthalpies of the 
sixth water molecules to divalent alkaline earth metal ions (for Mg2+ to Ba2+) range from 19.8 to 
25.3 kcal/mol, whereas the fourteenth water molecule binding enthalpies range for 10.9 to 12.1 
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kcal/mol.17  For the larger clusters, the binding enthalpies are not very dependent on the ion 
identity or charge state.  Limited experimental measurements of sequential water threshold 
binding energies141-143 and enthalpies141 for significantly larger ionic clusters have been reported. 
 1.5.2  Investigating Electron Hydration in Water Clusters.  One of the most 
elementary nucleophiles that can be generated in aqueous solutions, the hydrated electron, is a 
transient species because of its high reactivity with a number of trace impurities found in bulk 
water,144 which makes this species challenging to study in the bulk.  Nevertheless, the structure 
of the hydrated electron has been investigated using Raman spectroscopy,145-148 computational 
methods,149-151 transient absorption spectroscopy,149 and the hydrated electron in ice has been 
studied using pulsed electron paramagnetic resonance techniques.150,152  From these studies, the 
hydrated electron is likely in an s-like electronic state and strongly coordinated to six OH bonds 
of six different water molecules.  The cavity that is believed to contain the hydrated electron has 
a radius of roughly 2 Å.  Recent molecular dynamics studies investigating the reactivity of the 
hydrated electron with a proton suggests that this reaction is an interesting violation of the Born-
Oppenheimer approximation because the electron and its surrounding solvation shell must “wait” 
for the proton to shuttle into the electron cloud before an H atom is formed.153  
 An alternative way to study the interactions of an electron with water is to study water 
clusters that contain an excess electron, that is (H2O)n

–.12-15,154-160   A variety of different types of 
water clusters containing an excess electron, including M(H2O)n

–,79,161,162  M(H2O)n,
162-166 

M+(H2O)n,
30,167-169 and (H2O)n

–,12-15,154-159 have been investigated with a number of different gas-
phase techniques, such as photoelectron spectroscopy,13-16,116,154,156-158 black body infrared 
radiative dissociation,170 ion-molecule reactions,171-174 computational methods,160,175 
photoionization,162 and vibrational spectroscopy.12,176  Thus, electron water interactions can be 
investigated in a wide variety of different environments.  Coe et al. measured the vertical 
electron detachment energies (VDEs) from (H2O)n

– (n = 2–69) which was linear as a function of 
n–1/3.13  Because the VDEs were linear with n–1/3 (proportional to the cluster radius and vertical 
electron solvation energy) and extrapolated to a value of 3.3 eV for an infinitely large cluster, 
which agreed with several estimates for the bulk electron detachment threshold, the authors 
concluded the (H2O)n

– clusters contained an internalized electron.  This observation was in 
disagreement with both classical structural calculations,159 mixed classical and quantum 
structural calculations,175 and purely quantum mechanical calculations.155  Neumark and co-
workers identified at least three different (H2O)n

– isomers were formed in a supersonic expansion 
and assigned one of the three isomers to have an internally solvated electron.15,154  Nevertheless, 
the location of the electron in hydrated electron clusters remains a highly controversial topic. 
 Clusters of the form M+(H2O)n that contain an excess electron can readily lose an H atom 
and form a hydrated metal hydroxide cluster upon absorption of blackbody photons at a critical 
size of around 16.30,169  Larger clusters can stabilize both M2+ and e– and only lose sequential 
water molecules as a result of the absorption of blackbody photons, which is the same 
dissociation channel for hydrated monovalent metal ions that do not contain an excess electron. 
Whereas clusters containing ion-electron pairs can undergo H atom loss and hydroxide 
formation, higher charge state ions that do not contain an excess electron, can charge separate at 
smaller cluster sizes, lose a protonated water cluster or hydronium ion, and form a metal 
hydroxide cluster.  
 1.5.3  Other Ionic Water Cluster Experiments.  Bondybey, Beyer, Niedner-
Schatteburg and co-workers observed27-29,177 that extensively hydrated M+ clusters, for M = Cr, 
Mn, Fe, Co, Ni, Cu, Na, and Ag, dissolve gaseous HCl molecules and from the size specific 
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reactivity of such species under gentle activation techniques, it was concluded that M(I)Cl 
“precipitates” to form H+(H2O)n(MCl), at a specific critical size (generally nc = 3 – 7) and 
greater.28,177  Furthermore, it was observed that the reaction of M = Mg, Al, or V hydrated 
clusters with HCl, results in oxidation of the metal ion by HCl and evolution of either atomic or 
molecular hydrogen.28,31,178  This change in reactivity correlates with the ease of oxidation of 
Mg, Al and V metal versus the other metals investigated.28 Reviews focusing on hydrated metal 
ions and ion-water interactions has been published relatively recently by Beyer,1 Beyer and 
Bondybey,2 and Meot-Ner.3 
  
1.6  Formation of Hydrated Ions 
 
 Hydrated metal ions can be formed via one of two general ways involving either starting 
from large droplets and forming smaller droplets via evaporation and fission processes, or by 
starting with the bare metal ion and condensing water molecules onto the ion.  To form large 
hydrated ions from the bare ion, the ion must be stable in both isolation and the sequential 
hydrated states of this ion must be stable for each water molecule that is added to form the 
cluster of interest.  For example, the sulfate dianion in isolation spontaneously ejects an 
electron179 and will also charge separate when minimally solvated.180,181  Thus, SO4

2–(H2O)n 
cannot be formed in the gas-phase from the minimally solvated or bare ion via condensation.  
Charge separation also occurs for minimally solvated multiply charged metal cations,22,32,182 so 
that formation of extensively hydrated multiply charge cations cannot be achieved using 
condensation based strategies.  
 Formation of smaller droplets from larger droplets can be implemented using a variety of 
dispersive ionization techniques, such as electrospray ionization and thermospray ionization.  
Electrospray has been highly successful for forming hydrated multiply charged ions, including 
the sulfate dianion and multiply charged metal cations.  In electrospray ionization MS, large 
droplets are continuously formed at atmospheric pressure by applying a potential between an 
electrolytic solution held in a capillary and the entrance of a mass spectrometer.  Although the 
precise mechanism of ESI is not well agreed upon, in general, acceleration of the droplets at 
atmospheric pressure results in droplet shrinkage by solvent evaporation and droplet fission.  
Many such events leads to dramatically smaller droplets that can be sampled directly in the mass 
spectrometer.  In most mass spectrometry applications ions are completely desolvated and only 
bare ions are detected.  By using “gentle” source conditions, extensively hydrated ions can be 
generated and probed using a variety of experimental techniques.  Recently, the traditionally 
“elusive” M3+(H2O)n were recently observed using ESI when the metal ion was solvated by at 
least ~20 water molecules throughout the entire ionization process.182   
 
1.7  Fourier Transform Ion Cyclotron Resonance Mass Spectrometry 
 
 An ion with some velocity component perpendicular to a uniform magnetic field (B0) will 
be constrained in a circular orbit in the plane perpendicular to B0 as a result of the Lorentz force 
experienced by the ion.  The frequency at which the ion completes an entire circle, or cyclotron 
frequency, is proportional to the magnetic field strength and inversely proportional to the mass to 
charge ratio (m/z) of the ion.  In Fourier transform ion cyclotron mass spectrometry,183 ions are 
trapped in two dimensions in a homogenous magnetic field as a result of the Lorentz force.  In 
the third dimension, the ions are confined to an electrostatic potential well.  The pressure in the 
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trap is typically ultrahigh vacuum.  To detect ions, an opposing set of electrodes that are parallel 
to the B0 field are used to coherently excite ions of a given mass and charge to a larger cyclotron 
radius by applying a radio frequency across the plates that is resonant or near resonant with the 
cyclotron frequency.  The length and amplitude of the excitation pulse, in addition to B0 and the 
distance between the electrodes, determines the radius of the orbit to which the ions are 
coherently excited.  After coherent excitation of the ion packet, the frequency of the ion packet 
can be detected by measuring the time-dependent potential induced by the motion of the ions on 
a second set of opposing electrodes.  When many ions with different mass to charge ratios are in 
the trap, all the ions can be excited using a RF chirp and the transient resulting from all of the 
frequencies can be detected.  Fourier transform of the transient, which is a linear superposition of 
all the ion frequencies, identifies each frequency, and thus the m/z values of the ions in the trap.  
This device can also be used to eject unwanted ions from the trap by applying a resonant RF 
pulse with the appropriate amplitude and/or length, such that the ion orbit radius exceeds the 
dimensions of the trap.  Using these principles, a single ion packet can be isolated in the trap and 
stored for days or even weeks prior to detection.  FT-ICR MS has the advantages of ultrahigh 
accuracy and resolution detection.  Also, the instrument is ideally suited for tandem mass 
spectrometry experiments because multiple ion activation events can be implemented in 
sequence with relative ease.  The ability to trap ions for long periods generally allows any kinetic 
shift effects, in which ion dissociation is not fully complete upon ion detection, to be eliminated 
by simply increasing the delay prior to ion detection.  The ability to trap ions for long times has 
the additional advantage that ions can be readily thermalized prior to further experiments 
investigating structure, kinetics, dynamics and/or thermodynamics.  All experiments reported in 
this thesis are performed using a 2.75 T FT-ICR MS equipped with an external electrospray 
ionization interface which has been described in detail elsewhere.23,85,182  
 
1.8  Ion Activation Methods 
 
 1.8.1  Introduction.  Using ESI, large ions, such as proteins and peptides can be 
transferred intact into the gas-phase37,38 and fragmented by a number of different ion activation 
methods, including by collisions with neutral gases39 or solid surfaces,40 by absorption of 
photons from any number of different sources,42,43,184 or by capture of an electron.45,46,50  
Excitation of ions via many collisions with neutrals at collision energies on the order of 1 to 100 
eV (CID) is the most common method for inducing dissociation of ions in many different types 
of mass spectrometers.185  Low energy ion/molecule collisions result in conversion of some of 
the collision energy into vibrational energy of the ion.  The observed fragmentation depends on 
the bond dissociation energies, the entropy requirements for the possible ion dissociation 
reactions, as well as the extent and timescale of energy deposition.  For peptide ions, collisional 
dissociation usually results in cleavage of the lowest energy bonds, which is often the amide 
bond of the peptide back bone and/or bonds between “labile” post translational modifications 
and side-chain functional groups, because the ions are “slowly” heated by many collisions.  
Collisional activation often results in sequence specific dissociation in polypeptide ions, 
especially for those containing charge sites that are highly localized, such as protonated 
polypeptide ions containing the basic arginine side chain.  For increasing ion sizes, larger 
amounts of internal energy deposition is required to effectively dissociate a given bond largely 
because of two factors: (1) the deposited energy can be spread over an increasing number of 
internal modes and (2) for a fixed collision energy and target mass, the center-of-mass collision 
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energy decreases significantly with increasing ion mass.186  Other slow-heating methods 
available for dissociating ions include infrared multiple photon dissociation (IRMPD)187 and 
blackbody infrared radiative dissociation (BIRD),41,188 in which ions are slowly heated by the 
absorption of many infrared photons either from an infrared laser or from blackbody photons 
emitted from the surrounding vacuum chamber.  These slow heating methods produce 
fragmentation similar to low energy collisional activation. 
 Other ion activation methods that produce fragmentation complementary to, and less 
sequence specific than, collisional activation are desirable for increasing the information content 
that can be gained from mass spectrometry.  This is one of the primary motivating factors that 
has driven the development of alternative methods to CID such as surface induced dissociation, 
electron capture based methods, and laser-induced dissociation (such as dissociation using UV 
light from an excimer laser42,186 or using  high-powered femtosecond lasers189).  
 1.8.2  Electron Capture Dissociation.  Electron capture dissociation,45,46,49,190 in which a 
multiply charged ion is reacted with a free low-energy electron, results in extensive and 
relatively non-sequence specific dissociation of peptides and protein ions.  Typically, peptides 
and proteins dissociate via cleavage of the N–Cα bond of the peptide backbone in ECD, which 
are complimentary to those formed in collisional activation.  In the wake of the invention of 
ECD, other ion activation techniques, including transferring electrons to a multiply charged ion 
from an anion or atom,89,191 have been developed and there has been a resurgence in the 
investigation of radical cations by mass spectrometry, with particular emphasis on biomolecular 
radical cations.  There have been several reviews published which discuss electron capture 
dissociation45,49,50,190 as well as the various types of reactions between polypeptide ions and 
electrons.190 
  Briefly, in ECD precursor ions that are at least doubly charged are irradiated with low 
energy electrons (<0.2 eV).  The electron capture reaction is typically performed in the cell of an 
FT-ICR mass spectrometer.  Currently, the most common electron source is a heated dispenser 
cathode, which can generate very high electron currents through a relatively large volume to 
maximize overlap of the electron beam with trapped ions and thus, the efficiency of ECD.   
 1.8.3  UV Photodissociation.  An alternative approach to electron capture based ion 
activation methods is to induce ion dissociation by electronically exciting the ion of interest by 
absorbtion of ultraviolet or visible photons generated from a laser.  Laser induced dissociation 
has the advantages over electron capture based methods that singly charged ions, such as those 
most commonly formed from tryptic digestion of polypeptides, can be dissociated and the 
fragments detected.  Furthermore, extensive and rich fragmentation mass spectra can be 
generated using 193 nm activation, including side chain cleavages and formation of a type ions 
in addition to ions typical of collision induced dissociation.42 Williams et al. used 193 nm (6.4 
eV) irradiation to both photodesorb and dissociate a number of peptides and oligopeptides in an 
FT-ICR mass spectrometer.186 By using the same laser for ionization and photodissociation, 19 
of 20 amino acids in a relatively large oligopeptide could be identified, which was far more than 
with either collisional activation or photodissociation alone.  Many other groups have 
investigated photodissociation of polypeptide ions with 193 nm light, as well as more recently 
with 157 nm (7.9 eV) vacuum ultraviolet light, and extended such dissociation techniques to a 
number of different mass spectrometers and other types of biomolecules.  A couple recent 
reviews have been published that focus on the analysis of polypeptides using ultraviolet 
photodissociation.42,184 
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 In addition to using electronic excitation to fragment peptides, the photodissociation of 
cluster ions by absorption of UV, visible and IR photons has also been investigated.  The 
Lineberger group investigated the visible (532 and 650 nm) and IR photodissociation (1064 nm) 
of (CO2)n

+ (n = 2–26)192 and the ultraviolet photodissociation (308 and 355 nm) of (CO2)n
– (n ≤ 

40)193 upon the absorption of a single photon using a time-of-flight mass spectrometer.  In 
general, the number of monomers ejected from the cluster at each photon energy increases with 
increasing cluster size.  For example, at 532 nm only a single monomer is ejected from (CO2)2

+, 
but with increasing cluster size the average number of CO2 molecules ejected steadily increases 
and plateaus from n = ~20–26 to a value of ~11 CO2 molecules.  A value for the average energy 
removed per lost CO2 molecules of 4.9 kcal/mol is obtained by dividing the photon energy by the 
average number of CO2 molecules lost.  This value is an upper limit to the average sequential 
CO2 binding energies of the lost CO2 molecules because some of the precursor internal energy is 
partitioned into the translations and rotations of the products.  For clusters of the opposite 
polarity, (CO2)n

–, the average energy removed by CO2 molecules upon absorption of 355 and 308 
nm light was measured to be 5.1 kcal/mol.  These data indicate that the polarity of the ion does 
not appreciably affect the binding energy of the monomers. 
  Laser-induced dissociation of water clusters containing positively charged aniline, 
An+(H2O)n, has been investigated as a function of photon energy (1.65 to 4.66 eV) in a time-of-
flight mass spectrometer.36  The average energy removed per water molecule was measured to be 
~0.47 eV for n = 10–20, and increased steadily to a value of ~0.77 eV for n = 5.  These 
experiments indicate that the photon energy is fully internalized into the cluster and that the 
water molecules are lost sequentially, rather than as clusters which is entropically unfavorable, 
because the average energy removed per lost water molecule is only slightly higher than the bulk 
heat of water vaporization and the calculated water molecule binding energy of a large ionic 
water clusters (~0.4 eV).194   
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2.1  Abstract 
 
 The Thomson model, used for calculating thermodynamic properties of cluster ions from 
macroscopic properties, and variations of this model are compared to each other and to 
experimental data for both hydrated mono- and divalent ions.  Previous models that used the 
Thomson equation to calculate sequential binding thermodynamic values of hydrated ions, either 
continuously or discretely including an ion-dipole interaction term, were compared to a discrete 
model that includes the excluded volume of an impurity ion.  All models, given their limitations, 
provided reasonable agreement to data for monovalent ions.  For divalent cluster ions, the 
continuous model, and a discrete model that includes the ion-exclusion volume provide 
significantly better agreement to both the binding enthalpy and entropy data as compared to the 
model that includes an ion-dipole term.  A systematic deviation in the continuous model resulted 
in significantly lower binding enthalpies than the discrete model for clusters with fewer than 
about 9 and 19 water molecules for mono- and divalent ions, respectively, but this difference 
became negligible for larger clusters.  Previous investigations of the various Thomson model 
implementations used parameters for bulk water at 313 K.  Using parameters at 298 K has a 
negligible effect at small cluster sizes, but at larger sizes, the binding enthalpies are 0.2 kcal/mol 
higher than with the 313 K parameters.  Although small, the effect is significant for ion 
nanocalorimetry experiments in which thermochemical information is obtained from the number 
of water molecules lost upon activating large clusters.   
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2.2  Introduction 
 
 Molecular cluster ions, which have been described as “bridging the gas and condensed 
phases,”1 can provide fundamental insight into ion-solvent dynamics, solution-phase phenomena, 
such as the Hofmeister series,2 and atmospheric phenomena, such as ion-induced nucleation3 and 
aerosol chemistry.4  Because of the importance of ion-water interactions, extensive effort have 
gone into investigating the properties of gaseous hydrated ions and how these properties change 
with cluster size and approach those of bulk solutions.  An abundance of information for smaller 
cluster ions has been reported, including thermodynamic properties (∆G, ∆H, ∆S, ∆U) of 
sequential hydration of numerous elemental cations5-28 and anions,28,29 as well as a wide variety 
of molecular ions.28,30-33  These and other structural studies, such as spectroscopy,34-42 resulted in 
a detailed understanding as to how water organizes around ions, information about ion 
coordination numbers, and even how water interacts with and affects the structure of 
biomolecules.34-36  Extending such measurements to larger cluster sizes is challenging, and 
experimental results concerning clusters with two or more solvent shells are limited.  In 
principle, it is possible to obtain bulk physical properties by extrapolating data from clusters as a 
function of size, but this can require measurements obtained from very large clusters.  For 
example, the vertical electron affinity of water has been extrapolated from photoelectron 
spectroscopy measurements of anionic water clusters with up to 69 water molecules.43 

The binding energies of water molecules to ionic clusters depend on many factors, 
including the ion identity, charge state, and cluster size.  Effects of ion identity on water binding 
energies are significant for smaller clusters but rapidly decrease with increasing cluster ion size.  
For example, values for the binding enthalpy of the first water to M(H2O)n

+ (M = Li, Na, and K) 
range from 17.9 to 32.7 kcal/mol,10,11,19 whereas these values for the sixth water molecule range 
from 10.0 to 12.1 kcal/mol.10,11  Similarly, effects of charge on water binding energy rapidly 
decrease with cluster size; values for the water binding enthalpy to divalent Mg, Ca, Sr, and Ba 
are between 11.6 and 13.0 kcal/mol for clusters with 13 water molecules.20  Few experimental 
measurements of water binding energies8,9,44 and enthalpies8 for significantly larger ionic clusters 
have been reported. 

Accurate thermodynamic values of water binding to large clusters are important for a 
variety of applications, including modeling ion-induced nucleation45 and ion nanocalorimetry.46-

49  The latter method recently has been used to provide new insight concerning ion-electron 
recombination reactions from which information about absolute electrochemical half-cell 
potentials in bulk solution48,49 and other bulk physical properties can be obtained.  In ion 
nanocalorimetry, a measure of the internal energy that is deposited into a cluster upon activation 
is obtained from the distribution of ligands that are lost from the cluster.  For example, electron 
capture by [Ru(NH3)6(H2O)55]

3+ results in the loss of 17 – 19 water molecules from the reduced 
precursor.48,49  For large clusters such as this, the recombination energy is determined 
predominantly from the sum of the ligand binding energies for each water molecule lost.46-49  
Because of the large number of water molecules that typically evaporate from the clusters upon 
ion-electron recombination, accurate values for the binding energy of water as a function of 
charge state and cluster size are essential to obtain accurate bulk properties.  Uncertainties 
concerning the binding energy of each water molecule that evaporates from these reduced 
clusters add up and contribute significantly to the overall uncertainty of this method. 

Because of the paucity of experimental data on large cluster ions and clusters containing 
multivalent ions with high charge states, an attractive approach is to calculate the thermodynamic 
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properties of water binding using ion-solvation models.  Thomson derived an equation to 
calculate the effect on the vapor pressure of a liquid when confined to a charged spherical 
drop,50,51 which increases the vapor pressure versus the bulk.  Charging the drop decreases the 
vapor pressure.  This Thomson liquid drop model50,51 has been used to calculate the 
thermodynamic properties of ion clustering reactions,10,52-55 to calculate barriers to 
nucleation,52,56 and to correlate single-ion solvation enthalpies with stepwise solvation data.57  
Castleman and Holland calculated sequential binding enthalpies and entropies for monovalent 
clustering reactions of the form 

  
M+Ln → M+Ln–1 + L          (2.1) 
 
with the Thomson equation using solvent parameters for water, ammonia, pyridine, acetonitrile, 
and methanol.53  Values from this “continuous” charged liquid drop model (C model) were 
comparable to those obtained from high-pressure mass spectrometry (HPMS) for water, but the 
agreement for other solvents was not as good.  In general, the agreement between the sequential 
enthalpy calculations and experimental data were better than for entropy.   

The Thomson liquid drop model and other variants discussed next do not explicitly 
account for structural effects in the clusters.  For small clusters, specific ion-solvent interactions, 
such as shell structures or magic numbers, can result in deviations from models that are based 
solely on bulk solvent properties.  Such models should provide more accurate thermodynamic 
values at larger sizes where specific structural effects should be less significant.  Because 
experimental data generally exist for smaller cluster sizes, the effect of cluster structure is an 
important factor when evaluating such models.  

In the Thomson liquid drop model, the charge is located in the center of a homogeneous 
dielectric sphere.  The location of the ion in a cluster depends on the identity of the ion impurity 
and cluster size.  For example, the location of the excess electron (surface vs interior) in hydrated 
electron clusters and how this depends on cluster size is still hotly debated.58-61  Hynes and co-
workers introduced a surface ion liquid drop model, in which sequential binding thermodynamic 
values are calculated using the C model but were corrected for a surface-solvated charge.54  This 
model also takes into account the volume of the impurity ion, a factor not included in previous 
models.52,53,55  To account for the impurity ion volume, absolute solvation free energy data were 
used to obtain the approximate size exclusion radii for Na+ and I– using the Born solvation 
equation.62  Hydrated Na+ and I– clusters were investigated because Na+ is solvated internally, 
whereas I– is likely to be surface solvated for n up to ~60.63,64  Calculated sequential enthalpy 
and free energy values from the C model and clustering data for Na(H2O)n

+ at small sizes (n ≤ 6) 
were in good agreement, whereas the surface ion liquid drop model performed less well at small 
cluster sizes when compared to sequential binding enthalpies for I(H2O)n

–, measured 
experimentally for n ≤ 5 and calculated using computer simulations for n ≤ 6.   

A new implementation of the Thomson liquid drop model recently was introduced 
(referred to in the following text as the DD model), in which clustering reactions are treated 
discretely, a term for the energy of the permanent dipole and induced dipole interaction beween 
the evaporating ligand and the ionic cluster was introduced, but the model does not include the 
ion size.55  The sequential binding enthalpies calculated with this model were compared to 
sequential solvation enthalpies of protonated water, methanol, ammonia and pyridine clusters 
using solvent parameters at various temperatures, including 313 K for water.  The calculated 
values agree relatively well with measured data for protonated clusters.  No comparisons to 
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solvated metal ion cluster data were made.  The DD model was recently used to develop a 
second-generation ion-mediated nucleation model.45  

Because of the strong dependence of these models on charge, comparisons to solvated 
divalent metal ion data provide a more rigorous test of the validity of such models.  Whereas 
solvated monovalent clusters can be readily formed using association reactions between a metal 
ion and solvent vapor, divalent clusters ions can be more difficult to produce because of the 
possibility of a competitive charge separation pathway at small cluster sizes.65  Electrospray 
ionization (ESI)66 enables the gentle transfer of ions that exist in solution to the gas phase67 and 
has been used to produce hydrated divalent20-26 and even trivalent cluster ions.68  
Thermodynamic values for the sequential binding of water to divalent ions have been measured 
for numerous ions using HPMS,20-22,29 black body infrared radiative dissociation (BIRD),23-25 and 
guided ion beam mass spectrometry (GIBMS).26  This body of data presents a prime opportunity 
to test the various Thomson model implementations for calculating stepwise binding 
thermodynamic values from strictly macroscopic properties and ascertain the limits of these 
models.   
 Here, we compare three variants of the Thomson equation to previously reported 
experimental mono- and divalent ion clustering thermodynamic data.  Effects of charge and 
temperature on the Thomson equation models were examined, and a slightly modified 
implementation of the Thomson liquid drop model was found to provide the best fit to 
experimental data for a wide range of cluster ions of various sizes and charges. 
  
2.3  Various Implementations of Thomson Model for Calculating Sequential 
Thermodynamic Properties of Cluster Ions 
 

2.3.1  Continuous Thomson Model.  The free energy to create a cluster ion, MLn
z, 

consisting of an ion impurity, Mz, of nominal charge z and solvated by n ligands may be 
approximated using the Thomson equation,50,51 in which the energy to condense n ligands is 
combined with the surface energy required to form the neutral drop (∆Gsurf) and the energy to 
charge the condensed dielectric (or the energy to solvate the charged drop, ∆Gsolv, using the Born 
equation).62  In SI units, the free energy change for drop formation, ∆G0,n, can be expressed by53 
 
∆G0,n = –nkTlnPR + 4πγRn

2 + (z2e2/8πϵ0Rn)·(1 – ϵ–1)      (2.2) 
 
where the first, second and third terms correspond to the condensation free energy, ∆Gsurf, and 
∆Gsolv, respectively; k, ϵ0, and e are the Boltzmann constant, vacuum permittivity, and elementary 
charge, respectively; T is the temperature, PR is the ratio of the partial pressure of L to the normal 
vapor pressure of L at the same temperature; and γ and ϵ are the surface tension and dielectric 
constant of L, respectively.  The radius of the cluster is calculated using 
 
Rn = (n + ai)

1/3Rs          (2.3) 
 

where Rs is the effective radius of L, and ai is a volume factor relating the size of L to the size of 
the ion impurity.  The effective radius is calculated from bulk density data 
 
Rs = (3M/4πρN)1/3          (2.4) 
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where M and ρ are the molar mass and density of L, respectively, and N is Avogadro’s constant.  
The free energy change per addition of a single ligand (∆Gn,n–1) may be approximated by 
differentiating the negative of Equation 2.2 with respect to size, n,53 resulting in (SI units) 
 
∆Gn,n–1 = –kTlnP0 – γ(32πM 2/3ρ2N2n)1/3  + (z2e2/32π2

ϵ0N)(1 – ϵ–1)(4πN/3n)4/3  (2.5) 
 
where the first term is the bulk free energy of vaporization (∆Gvap), and P0 is the vapor pressure 
of L at temperature T.  Stepwise binding entropies (∆Sn,n–1) are calculated by differentiating 
Equation 2.5 with respect to temperature (∆S = –∂∆G/∂T) holding the internal droplet pressure 
constant.  The approximate sequential binding enthalpies (∆Hn,n–1) are obtained from the 
thermodynamic relationship 
 
∆Hn,n–1 = ∆Gn,n–1 + T∆Sn,n–1         (2.6)   

 
Results of the C model using physical properties of water at 313 K (Table 2.1) are shown 

in Figure 2.1 for monovalent, divalent and trivalent ions as a function of cluster size.  As 
expected, higher charge states result in significantly higher calculated ∆Hn,n–1 values, and this 
effect is most pronounced at smaller cluster sizes.  For n = 2, ∆Hn,n–1 equals 18, 54, and 113 
kcal/mol for z = 1, 2, and 3, respectively.  However, for n = 30, the difference between ∆Hn,n–1 
for z = 1 and 2 is less than 1 kcal/mol, and for n = 61, the difference in ∆Hn,n–1 between z = 1 and 
3 is less than 1 kcal/mol.  By n ≈ 350, the binding enthalpies for the z = 1–3 clusters are 
calculated to be within 0.1 kcal/mol, indicating that the effect of charge state on individual water 
binding energies is minimal for these larger sizes.  The C model for all three charge states 
converges to the bulk water enthalpy of vaporization (10.3 kcal/mol) as n approaches ∞.  For n = 
1000, the calculated ∆Hn,n–1 values of the z = 1, 2 and 3 clusters are 9.8 kcal/mol and for n = 
10,000, this value is 10.1 kcal/mol.  This model predicts that a very large hydration number is 
needed to reach the corresponding bulk enthalpy value.  
 
Table 2.1  Properties of water at 313a and 298 K.b  

T (K) 313.15 298.15 
M (g/mol) 18.015 18.015 
ρ (g/cm3) 0.9922 0.9970 
∂ρ/∂T –0.00038 –0.00026 

e 73.15 78.38 
∂ϵ/∂T –0.3350 –0.3363 

γ (mN/m) 69.56 71.99 
∂γ/∂T –0.1635 –0.1541 
lnP0 –2.6200 –3.464917 

∂lnP0/∂T 0.0530 0.0597 
a From reference 53. b Obtained and calculated from 69. 
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Figure 2.1  Stepwise binding enthalpies (∆Hn,n–1) calculated as a function of size, n, and nominal charge, z, using the 
continuous (C), discrete (D), and discrete ion-dipole (DD) Thomson models.  Area of interest to recent 
nanocalorimetry experiments (see reference 49) is scaled by a factor of 1.5.    

 
 2.3.2  Discrete Thomson Model.  With the continuous Thomson model, the discrete 
phenomenon of sequential ligand evaporation was approximated by a continuous function.  
Calculating the thermodynamic properties of the product cluster, MLn–1

z, from the slope of this 
continuous function at the MLn

z cluster resulted in a systematic deviation that became more 
significant at smaller cluster sizes (vide infra).  The stepwise thermodynamic properties of ligand 
binding to a metal ion can be discretely calculated using the thermodynamic cycle shown in 
Scheme 1, where ∆Gsolv, ∆Gsurf, and ∆Gvap are combined to obtain ∆Gn,n–1 of the cluster MLn

z, 
resulting in 
 
∆Gn,n–1 = ∆Gsolv(n) – ∆Gsolv(n – 1) – ∆Gsurf(n) + ∆Gsurf(n – 1) + ∆Gvap   (2.7) 
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Scheme 2.1: 

 
 
Evaluating these equations explicitly for the reactant and product clusters results in 
 
∆Gn,n–1 = (z2e2/8πϵ0)(4πρN/3M)1/3(1 – ϵ–1)[(n + ai – 1)–1/3 – (n + ai)

–1/3] 
+ 4πγ(3M/4πρN)2/3[(n + ai – 1)2/3 – (n + ai)

2/3] – kTlnP0    (2.8) 
 
and the entropy was calculated by differentiating the negative of the Equation 2.8 free energy 
with respect to T at fixed internal droplet pressure, resulting in 
 
∆Sn,n–1 = (z2e2/8πϵ0)(4πN/3M)1/3[(n + ai)

–1/3 – (n + ai – 1)–1/3][(1/3)(1 – ϵ–1)ρ–2/3(∂ρ/∂T) +  
 ρ

1/3
ϵ

–2(∂ϵ/∂T)] – 4π(3M/4πN)2/3[(n + ai – 1)2/3 – (n + ai)
2/3][ρ–2/3(∂γ/∂T) – 

 (2/3)γρ–5/3(∂ρ/∂T)] + klnP0 + kT(∂lnP0/∂T)      (2.9) 
 
which is combined with Equation 2.6 and 2.8 to give the stepwise binding enthalpies. 
 The results of this discrete Thomson equation (or D model) for the stepwise binding 
enthalpies for z = 1, 2 and 3 are displayed in Figure 2.1.  Comparison to results of the C model 
indicates that at larger sizes, the two models are equivalent, but at smaller sizes for which mono- 
and divalent experimental data exist, binding enthalpies from the C model are lower than those 
from the D model.  This difference is more significant for higher charge states.   For n = 2, the 
binding enthalpies from the C model are smaller than those of the D model by ~6, 26 and 60 
kcal/mol for z = 1, 2 and 3, respectively.  The difference between the discrete and continuous 
models is less than 0.1 kcal/mol by n = 9, 19 and 27 for the monovalent, divalent and trivalent 
clusters, respectively.  The systematic deviation of the C model compared to the D model occurs 
because the slope of the total cluster enthalpy of the n-mer with respect to n at size n is used to 
extrapolate the enthalpy of the n – 1 cluster.  The C model enthalpy values are systematically 
lower because the total cluster enthalpy increases with decreasing cluster size.  At small cluster 
sizes and higher charge states, where the rate of enthalpy change with size is the greatest, the 
systematic deviation is most significant. 

2.3.3  Discrete Ion-dipole Thomson Model.  A modified Thomson model was recently 
introduced that includes the energy required for the evaporating ligand to escape the ion-dipole 
interaction between the n – 1 cluster and the ligand to infinite separation.55  For this model, the 
free energy contribution of the interaction between the dipole and cluster ion (∆GIDI) to the 
stepwise binding free energy was calculated to be 
 
∆GIDI = (1/2)αEn–1

2 + kTln[sinh(x)/x]        (2.10) 
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where En–1 = ze/(4πϵ0(Rn + R1)
2), x = µ0En–1/kT, α  is the polarizability of L and µ0 is the dipole 

moment of L.  The free energy contribution of the ion-dipole interaction is the force between the 
ion and both the induced and permanent dipoles integrated over the reaction coordinate distance 
for removing L from the surface of MLn

z to infinite distance.  The corresponding entropy (∆SIDI) 
is obtained from the differential of the Equation 2.10 free energy with respect to temperature 
resulting in 
 
∆SIDI = –(1/2)En–1

2[∂α/∂T + (∂ρ/∂T)(n – 1)M/(πNRn–1
2(Rn–1 + R1)ρ

2)] – kln[sinh(x)/x] 
 + kL(x)x – kTL(x)[µ0

–1(∂µ0/∂T) + (∂ρ/∂T)(n – 1)M/(2πNRn–1
2(Rn–1 + R1)ρ

2]  (2.11) 
 
where L(x) = [coth(x)] – x–1.  These terms are combined with Equations 2.8 and 2.9 to calculate 
∆Hn,n–1 values.  The temperature dependence of the α and µ0 terms is not included in the 
calculated entropy values (i.e., ∂α/∂T and ∂µ0/∂T are set to zero). 

The results of calculating the stepwise binding enthalpies using the DD model are shown 
in Figure 2.1.  The additional ion-dipole interaction term results in an increase in the calculated 
binding enthalpy.  With both the discrete and continuous Thomson models, the sequential 
binding enthalpies reach a local minimum for intermediate n.  No such minimum occurs with the 
DD model (at least for n ≤ 1000) because the combined magnitude of the ion-dipole term and ion 
solvation term exceed that of the surface tension term (vide infra).   

2.3.4  Components to Sequential Clustering Enthalpies and Temperature Effects.  
The solvation, surface and bulk heat of vaporization components to the calculated stepwise 
enthalpy values using the discrete and continuous models are shown in Figure 2.2.  The 
difference in the solvation enthalpy components between the D and C models is larger than that 
for the surface component because the rate of change is larger for the solvation component than 
the surface component.  The solvation enthalpy essentially goes to zero (< 0.05 kcal/mol) by n = 
122 for M+ and n = 344 for M2+, whereas the contribution due to surface enthalpy is –0.5 
kcal/mol at n = 1000.   

 It is interesting to examine the effects of temperature upon the various liquid drop model 
implementations.  Castleman used parameters for bulk water at 313 K,53 and these same 
parameters were used in subsequent studies.54,55  Using the parameters for water at 298 K69 for 
all three liquid drop models (see Table 2.1) results in essentially the same values as using 313 K 
parameters for the surface and solvation enthalpy components, although very subtle differences 
exist (Figure 2.2).  However, the bulk vaporization enthalpy of water is 10.5 kcal/mol at 298 K 
and 10.3 kcal/mol at 313 K.  This small difference should not appreciably affect the comparison 
between experimental and calculated values for small n values but results in a ~0.2 kcal/mol 
higher binding enthalpy at larger cluster sizes.  This reflects the large contribution from the bulk 
vaporization value at larger cluster sizes to the calculated ∆Hn,n–1 value.  This difference is 
significant for recent nanocalorimetry experiments where energy deposition is determined from 
the sum of binding enthalpies for a large number of water molecules that are lost.  
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Figure 2.2  Stepwise enthalpy contributions from the solvation (Solv), surface (Surf), and bulk vaporization terms to 
∆Hn,n–1 calculated using physical properties of water at 298 and 313 K. 
 
2.4  Comparison to Experimental Stepwise Hydration Data 
 

2.4.1  Monovalent Cluster Ions.  A comparison between the C, the D and the DD 
models to protonated water sequential hydration data5-9 is shown in Figure 2.3.  At smaller 
cluster sizes (n < 9), most of the experimental data are obtained from equilibrium measurements 
of the stepwise thermodynamic properties of various metal ions using HPMS.5-7  For n > 8, the 
sequential hydration energies are obtained exclusively from either metastable ion fractions 
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combined with Klots’ model of evaporative dissociation8 or from collisional induced dissociation 
experiments.9  The discrepancy in results obtained from these two methods is significant (~4 
kcal/mol for many values).  For n = 6, enthalpy values range from 8.5 to 16.1 kcal/mol.8,9  
Protonated water clusters can form a range of interesting structures37-39,70,71 that are not 
accounted for with the various implementations of the Thomson liquid drop model.  Both 
experimental and computational results suggest H(H2O)n=5–28

+ clusters form chain, single-ring, 
multiple-rings, or cage-like structures as n increases.38,71  Spectroscopic results and electronic 
structure calculations for H(H2O)n

+, for n = 20,37,70 21,37,39,70 and 28,39 also suggest that the 
proton is at the surface of a cage-like structure.  At n = 20, sequential enthalpy values calculated 
using the surface ion liquid drop model54 are ~1 kcal/mol lower than that calculated using the C 
model.  Because of the uncertainties in the experimental values and potentially significant 
structural effects for protonated water clusters, data for other ion clusters in which the charge 
impurity is located in the interior of the cluster, such as hydrated metal ion data, may provide a 
more direct comparison to the calculated thermodynamic properties from the Thomson liquid 
drop models.   

A comparison between the C, the D, and the DD models to monovalent hydrated metal 
ion data10-15 is shown in Figure 2.4.  The values calculated using the C and D models both agree 
with most of the experimental data at small sizes better than the DD model, although there is a 
large variance in the experimental data for different ions, and all three models fit the data 
relatively well.  The DD model is in good agreement with HPMS data for monovalent 
strontium,15 but these values appear to be anomalously high.  Because the models depend highly 
on the ionic charge, a more stringent test may be obtained by comparisons to experimental data 
for divalent ions. 
 2.4.2  Divalent Cluster Ions.  Stepwise water binding enthalpy values from the C, D, and 
DD models and experimental data for divalent ions measured by HPMS,20-22 BIRD,24,25 and 
GIBMS,26 as well as select computational values for smaller cluster sizes22 are compared in 
Figure 2.5.  Values obtained using the DD model are higher than the largest measured binding 
enthalpy data by ~2 to ~4 kcal/mol for n = 6–14, and in this size range, both the C and the D 
models clearly perform better.  Thermodynamic values obtained from the Thomson model 
depend only on the initial and final states of the evaporation process.  The ion-dipole term in the 
DD model adds some of the reaction path energy to the thermochemical values based on the 
initial and final states and in doing so erroneously accounts for the ion-molecule interactions.  
The anomalously high values for the DD model are directly attributable to this additional ion-
dipole term that essentially takes into account electrostatic interactions between the ion and the 
molecule twice.  At the smallest sizes, where the Thomson models are expected to perform the 
worst, all models fit the calculated data moderately well. 

As for the monovalent clusters, the binding enthalpies for the divalent clusters depend 
strongly on ion identity at small sizes, but these values converge for larger n.  At n = 6 and 12, 
the divalent experimental sequential enthalpy values span a range of ~7 and ~4 kcal/mol, 
respectively.  The average absolute difference between the D model and the experimental data is 
2.9 and 0.9 kcal/mol at n = 6 and 12, respectively.  At n = 6 and 12, the average absolute 
difference between the C model and the experiment is 4.0 and 1.0 kcal/mol, respectively. 
To evaluate the effect of ion volume on the D model, ∆Hn,n–1 values that include the calculated 
size exclusion volume for [SO4]

2–, ai = 2.2, are shown (lower curve in Figure 2.5).  The ai value 
is obtained from the absolute solvation energy (–260.5 kcal/mol)72 of [SO4]

2– and the Born 
equation.62  The size exclusion volume of [SO4]

2– is larger than those of the other impurity ions 
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(especially those that are positively charged) and thus represents an upper limit to this effect for 
the ions investigated (the other limit corresponding to ai = 0).  Including the size exclusion 
volume of the impurity ion with the D model results in a lower binding enthalpy, and the 
agreement with both calculated quantum chemical values73 and experimental values29 for 
[SO4(H2O)n]

2– is excellent.  However, the range in experimental values for clusters of a given 
size that contains different impurity ions is greater.  This may be due to specific structural 
effects, although uncertainties in the experimental measurements may also contribute 
significantly to the range in values.  At larger sizes, the ion volume does not significantly affect 
the calculated binding enthalpies. At n = 24, the difference in binding enthalpies for ai = 0 and 
2.2 is less than ~0.1 kcal/mol.  
 

 
Figure 2.3  Sequential hydration enthalpy values for monovalent cluster ions calculated using the continuous (C), 
discrete (D), and discrete ion-dipole (DD) Thomson equations using properties of water at 298 and 313 K.  
Experimental values for protonated water clusters are from references 5–9.  
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Figure 2.4  Sequential hydration enthalpy values for monovalent cluster ions calculated using the continuous (C), 
discrete (D), and discrete ion-dipole (DD) Thomson equations using properties of water at 298 and 313 K.  
Experimental monovalent metal ion values are from references 10–18.  
 
 Because the Thomson models are based on bulk physical properties of the solvent, 
specific structural effects are not taken into account.  It is interesting to compare entropy data 
because structural differences can cause relatively large changes in entropy.  Sequential binding 
entropy data have been compared to calculated values for monovalent cluster ions.52,53,55  Yu 
showed that the sequential binding entropies calculated by the DD model agree better than the C 
model for protonated water, methanol, ammonia and acetonitrile clusters.55  However, for small 
water clusters both models agree reasonably well.  To better test the limits of the Thomson 
models, calculated entropy values are compared to experimental data for hydrated divalent ions 
in Figure 2.6.  Values from the DD model are much higher than the experimental values.  Both 
the continuous and discrete models (for both ai = 0 and 2.2) provide better agreement.   
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Figure 2.5  Sequential hydration enthalpy values for divalent cluster ions calculated using the continuous (C), 
discrete (D) with an ion impurity volume factor (ai) of 0 and 2.2 corresponding to [SO4]

2–, and discrete ion-dipole 
(DD) Thomson equations using properties of water at 298 and 313 K.  Clustering experimental data are from 
references 20–26 and 29.  Filled symbols are calculated quantum chemical values from reference 73. 
 
 Although the Thomson drop model does not take into account specific ion effects, the 
model does remarkably well at accounting for charge effects at small cluster size.  Specific ion 
effects and solvent orientation might be expected to be more significant for divalent than 
monovalent ions, yet both the C and D models appear to fit the data for these two different 
charged clusters equally well.  Thus, although an ion may lower the effective dielectric constant 
of the solvent near the ion74 and the presence of a charge in a drop may alter the surface 
tension,75 these effects should increase with charge state.  The generally good agreement 
between the Thomson drop model and the experimental data for mono- and divalent ions 
suggests that these effects may not be very large. 
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Figure 2.6  Sequential hydration entropy values for divalent cluster ions calculated using the continuous (C), 
discrete (D) with an ion impurity volume factor (ai) of zero and 2.2 corresponding to [SO4]

2–, and discrete ion-dipole 
(DD) Thomson equations using properties of water at 298 and 313 K.  Filled symbols are calculated quantum 
chemical values from reference 22.  Unfilled symbols are experimental data from references 20 and 29.  
 
2.5  Conclusions 
 
 The Thomson equation is a robust macroscopic model from which thermodynamic data 
for evaporation of solvent from clusters can be obtained.  The performance of various 
implementations of this model was compared for hydrated clusters containing both mono- and 
divalent ions.  For hydrated clusters containing monovalent ions, all the models appear to fit 
existing experimental data reasonably well given the expected limitations of these models.  
However, for hydrated divalent ions, the continuous model53 and a discrete model that takes into 
account effects of the excluded volume of the impurity ion perform significantly better than a 
recently proposed model that includes an ion-dipole term.55  For smaller clusters, the systematic 
deviation introduced by the continuous model results in significantly lower binding enthalpies 
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than those calculated from the discrete model, but this difference becomes negligible for larger 
clusters. 
 In earlier work, physical properties of water at a temperature of 313 K were used.  For 
small clusters, effects of temperature are negligible, and parameters of water at 298 K resulted in 
nearly the same water binding enthalpies and entropies.  However, effects of temperature are 
more significant at larger cluster sizes for which there is limited or no experimental data.  With 
parameters for water at 298 K, binding enthalpies are ~0.2 kcal/mol higher for n ≥ 4 and 10 for z 
= 1 and 2, respectively.  Although small, this effect is significant for the ability to accurately 
obtain thermodynamic properties from recent ion nanocalorimetry experiments in which energy 
deposition is obtained primarily from the sum of binding enthalpies for each water molecule that 
evaporates from a cluster.46-49  When energy deposition is large, a small uncertainty in binding 
energy values results in a large uncertainty in the sum of these values because the number of 
water molecules that are lost can be quite large.48,49  In establishing a value for the absolute 
standard hydrogen electrode potential versus a free electron using this nanocalorimetry method 
with clusters containing 55 water molecules,49 a 0.2 kcal/mol difference in binding enthalpy 
values results in a 0.2 V difference in the value of the SHE.  Improved models for obtaining 
thermochemical data of large ionic clusters can greatly enhance the accuracy with which such 
nanocalorimetry experiments can be applied.  Comparisons of various models to data for 
multivalent ions of even higher charge states as well as those that are solvated by ligands other 
than water should also provide an important test of these models. 
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Chapter 3 
 
 
 

Measuring the Extent and Width of Internal Energy Deposition in 
Ion Activation Using Nanocalorimetry 

 
 
 
 
 
 

This chapter is reproduced with permission from Donald, W. A.; Williams, E. R. “Measuring the Extent and Width 
of Internal Energy Deposition in Ion Activation Using Nanocalorimetry” Journal of the American Society for Mass 

Spectrometry 2009, doi: 10.1016/j.jasms.2009.12.006. © 2009 Elsevier Inc. 
 

 

3.1  Abstract 
 
 The recombination energies resulting from electron capture by a positive ion can be 
accurately measured using hydrated ion nanocalorimetry in which the internal energy deposition 
is obtained from the number of water molecules lost from the reduced cluster.  The width of the 
product ion distribution in these experiments is predominantly attributable to the distribution of 
energy that partitions into the translational and rotational modes of the water molecules that are 
lost.  These results are consistent with a singular value for the recombination energy.  For large 
clusters, the width of the energy distribution is consistent with rapid energy partitioning into 
internal vibrational modes.  For some smaller clusters with high recombination energies, the 
measured product ion distribution is narrower than that calculated with a statistical model.  These 
results indicate that initial water molecule loss occurs on the time scale of, or faster than energy 
randomization.  This could be due to inherently slow internal conversion or it could be due to a 
multi-step process, such as initial ion-electron pair formation followed by reduction of the ion in 
the cluster.  These results provide additional evidence for the accuracy with which condensed 
phase thermochemical values can be deduced from gaseous nanocalorimetry experiments. 
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3.2  Introduction 
 
 Capture of a low energy electron by a multiply charged peptide or protein can result in 
extensive and relatively non-selective fragmentation of the amide backbone, from which 
information about the amino acid sequence,1-3 post-translational modification sites,3-5 and higher-
order structure2,6,7 can be obtained.  Similar fragmentation can be obtained by transferring an 
electron to the peptide or protein cation from a molecular anion8 or from atoms.9,10  These 
methods are being applied to both “bottom-up” and “top-down” approaches to protein analysis. 
 An important parameter in understanding how activated ions fragment is the extent of 
internal energy that is deposited in the activation step.  For electron capture dissociation (ECD),1-

6 the recombination energy (RE) resulting from capture of an electron by a multiply charged 
peptide or protein has been estimated to be between 4 and 7 eV,1,11,12 based in part on known or 
estimated thermochemical data.  Dissociation may occur from excited electronic states or from 
ground states,13,14 so that the internal energy deposited into an ion may not be a singular value. 
 Some ions have been used as chemical thermometers to measure internal energy 
deposition.15-18  For example, dissociation of the molecular ion of n-butylbenzene results in 
formation of product ions at m/z 91 and 92, the ratio of which provides information about the 
average internal energy of the activated precursor.15,16  Ions that dissociate via sequential 
fragmentation and that have known threshold dissociation energies and similar dissociation 
entropies have also been used.18-20  From the abundance of the product ions, information about 
both the average energy and the width of the energy deposition can be inferred. 
 An alternative approach to measuring internal energy deposition uses nanometer-sized 
hydrated ions as “nanocalorimeters” to precisely measure the amount of energy that is deposited 
into these ions upon activation.21-30  When these ions are activated, they sequentially lose water 
molecules.  Under conditions where these ions are stored at low pressure and at low temperature, 
the internal energy deposition upon activation can be obtained from the number of water 
molecules lost, i.e., the energy deposited into the ions goes into breaking the interactions 
between the departing water molecules and the rest of the cluster, and into translational, 
rotational, and vibrational modes of the products.  The number of water molecules that are lost 
upon electron capture (EC) by large hydrated ions can be high.  For example, Ca(H2O)32

2+ loses 
10 or 11 water molecules and Ru(NH3)6(H2O)55

3+ loses 17 to 19 water molecules upon EC.22,24  
From the sum of the threshold water molecule binding energies and the amount of energy that is 
partitioned into translational, rotational, and vibrational modes of the products for each lost water 
molecule, the internal energy deposited into the ion can be obtained.  Because the EC energy 
deposition is much faster than the timescale of the experiments, the energy resulting from solvent 
reorganization to accommodate the change in the oxidation state of the cluster is reflected in the 
number of water molecules that are lost from the reduced clusters.  Thus, the RE values obtained 
from this nanocalorimetry method correspond to adiabatic ionization energies of the reduced 
precursors.  This method has been used to measure the internal energy deposited with ECD of a 
diprotonated peptide,29 and has also been used to obtain absolute reduction energies of hydrated 
ions that can be related to solution-phase reduction potentials.22,25,27  Using different 
nanocalorimetry based methods, three values for the absolute standard hydrogen electrode (SHE) 
potential that all agree within 5% of each other (+4.05, +4.11, and +4.21 V) were obtained.22,25,27  
These values can also be used to establish the absolute solvation free energy and enthalpy of the 
proton.25,27  A single half-cell potential of a redox couple has not previously been measured 
directly in solution, and both the SHE potential and the solvation free-energy and enthalpy of the 
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proton are conventionally assigned an arbitrary value of zero and other thermochemical values 
are reported relative to these standards. 
 Here, we model the energy that is partitioned into the translational, rotational and 
vibrational modes of the products for each sequential water loss resulting from EC by many 
different large hydrated metal ions and obtain theoretical product ion distributions.  The 
calculated product ion distributions accurately account for the distribution of the experimentally 
measured product ion abundances.  These results indicate that the breadth of the energy 
deposited into the hydrated ions upon EC is exceedingly narrow, and that the width of the 
measured product ion distribution is almost entirely attributable to energy partitioning into the 
products during dissociation. 
 
3.3  Experimental 
 
 Experiments were performed on a 2.75 T Fourier transform ion cyclotron resonance 
(FT/ICR) mass spectrometer31 equipped with an ion cell that is cooled to 133 K using a 
controlled flow of N2(l).

32  Hydrated ions are formed from aqueous solutions of ~1 to 10 mM of 
the metal ion of interest using an external nanoelectrospray ionization source.31  The nanospray 
emitters are produced from borosilicate capillaries pulled to an inner tip diameter of ~1–2 µm.  A 
potential of +500 to +700 V (relative to the ~80–100 °C heated capillary entrance to the mass 
spectrometer) is applied to a platinum wire that is in contact with the solution.  Ions are 
introduced into the cell of the instrument through 5 stages of differential pumping and are 
accumulated for 4–6 s.  During this ion accumulation time, dry N2(g) is introduced into the 
vacuum chamber to a pressure of ~10–6 Torr to enhance trapping and thermalization of the ions.  
At the end of ion accumulation, a mechanical shutter is closed to prevent additional ions from 
entering the cell.  A 4–7 s delay prior to ion isolation ensures that the pressure returns to <10–8 
Torr and that the ions achieve a steady-state distribution of internal energies prior to EC 
experiments.  Precursor ions were isolated and after 50 ms, electrons were introduced into the 
ion cell from a heated cathode by pulsing the cathode housing to –1.5 V for 120 ms for the 
transition-metal containing nanodrops and to –1.4 V for 40 ms for the triply charged clusters.  A 
detailed description of the experimental setup used here has been previously reported.23,28  
Between 500–1000 spectra were co-added to improve the signal-to-noise ratios in these 
experiments. 
 To obtain the theoretical EC product ion distributions, the distribution of energy lost to 
translational, rotational, and vibrational modes of the products for each sequential water 
molecule loss is approximated by an exponential function approaching zero at high energy.  
These distributions for all water molecules lost are convolved using Mathcad 14 (Parametric 
Technology Co., Needham, MA, USA) by multiplying the Laplace transform of each exponential 
function and performing the inverse Laplace transform on this product.  Fragment ion 
abundances were fit with Gaussian functions using Igor Pro 4.07 (WaveMetrics, Inc., Lake 
Oswego, OR, USA).  The noise level was used to estimate the fragment ion abundances at both 
extremes of the distributions.  Professor Jamie H. Cate (University of California-Berkeley) 
generously provided the Ir(NH3)6Cl3 solution used in these experiments.  All other metal salts 
came from commercial sources. 
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3.4  Results and Discussion 
 
 3.4.1  Effects of Transition-metal Ion Identity.  Broad distributions of M2+(H2O)n and 
M3+(H2O)n can be formed via nanoelectrospray ionization and trapped in the ion cell where they 
are thermalized to the temperature of the copper jacket surrounding the ion cell (133 K).25,31  
Individual clusters are isolated using SWIFT waveforms and are irradiated with thermally 
generated electrons for electron capture (EC) experiments.  The product ion mass spectra 
resulting from EC by M(H2O)32

2+, M = Mn, Fe, Co, Ni, Cu, and Zn, are given in Figure 3.1a–f, 
respectively.  EC by these precursor ions results in reduction of the nanodrop and the loss of 
water molecules (Pathway I, Scheme 3.1).   
 
Scheme 3.1: 

 
 
 Interestingly, Mn(H2O)32

2+ dissociates via an additional pathway in which a H atom and 
water molecules are lost from the reduced precursor to form a hydrated metal hydroxide cluster 
(Pathway II, Scheme 3.1).  These results indicate that Mn(H2O)n

+, for n ≤ 20–32, lose a hydrogen 
atom readily under these conditions.  In addition to the water molecule loss resulting from EC, 
some dissociation of the precursor and fragment ions occurs as a result of the absorption of 
photons from the surrounding blackbody field (< 10%) during the 210 ms between ion isolation 
and detection.  The average number of water molecules lost as a result of EC alone is obtained 
by correcting for this minor blackbody infrared radiative dissociation (BIRD) and these values 
are given in Table 3.1.  The average number of water molecules lost from these clusters as a 
result of EC alone range from 11.3 (M = Zn) to 16.3 (Cu).  Remarkably, the widths of the 
product ion distributions are very narrow compared to the overall number of water molecules 
that are lost from the clusters upon EC (Figure 3.1).  For example, an average of 16.3 water 
molecules is lost from Cu(H2O)32

2+ upon EC, but the product ion distribution is less than three 
water molecules wide. 
 
Table 3.1  Average number of water molecules lost and RE resulting from EC by M(H2O)32

2+, the full-width at half-
max (FWHM) of the distribution obtained by fitting the product ion abundances with Gaussian functions (Exp.) and 
the FWHM of the calculated kinetic energy release distribution, P<x>(E), for M(H2O)32

2+ (Calc.). 
M <x> RE (eV) Exp.  

FWHM (eV) 
Calc.  

FWHM (eV) 
Mn 12.02(2)a 5.47(1)b 0.58(2)c 0.66 
Fe 12.12(3) 5.52(1) 0.54(4) 0.67 
Co 12.11(2) 5.51(1) 0.53(3) 0.67 
Ni 13.24(1) 6.11(1) 0.55(8) 0.75 
Cu 16.35(2) 7.83(1) 0.57(3) 1.01 
Zn 11.31(5) 5.11(1) 0.55(6) 0.61 

a Uncertainties in <x> values are propagated from the noise in the respective mass spectra.  b The numbers in 
parentheses for the reported RE values correspond to a precision and not an absolute uncertainty.  c Uncertainty in 
exp.  FWHM values are propagated from the uncertainty in the width of the best fit Gaussian function. 
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Figure 3.1 Electron capture dissociation product ion mass spectra of M(H2O)32

2+, M = (a) Mn, (b) Fe, (c) Co, (d) Ni, 
(e) Cu, and (f) Zn.  Asterisks indicate electronic noise. 
 
 By comparison, M(H2O)32

2+, M = Mg, Ca, Sr and Ba, all lose ~10.2 water molecules 
upon EC and a solvent separated ion-electron pair is formed in these reduced nanodrops.21,26  
Both the greater extent of water loss, and the different number of water molecules that are lost 
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upon EC of M(H2O)32
2+, M = Mn, Fe, Co, Ni, Cu, and Zn, indicate that the divalent transition 

metals are reduced in these nanodrops.  Direct M2+ reduction is more favored for metals with 
higher second ionization energies, more stable monovalent ions, and less stable divalent ions.  
The second IEs of the transition metals (15.6–20.3 eV)33 are higher than those of the alkaline 
earth metals (10.0–15.0 eV).33  Thus, the difference in cluster reactivity for the transition metals 
versus the alkaline earth metals is likely a result of the higher ionization energies (IEs) of the 
former, although ion solvation effects also play a role.   
 3.4.2  Effects of Cluster Size on Nanodrop Reactivity.  The number of water molecules 
lost from the reduced nanodrops depends on cluster size.  In general, both smaller and larger 
clusters lose fewer water molecules than intermediate size clusters.  For example, EC of 
Ca(H2O)n

2+ results in the loss of 2.8, 10.2, and 9.0 water molecules for n = 4, 32, and 47, 
respectively.23  At smaller cluster sizes, fewer water molecules are lost despite high RE values 
because the binding energies of water molecules closest to the metal ions are higher and because 
more energy partitions into translational and rotational modes of the products due to the high 
initial effective temperatures of the reduced clusters.  At much larger sizes, fewer water 
molecules are lost because the RE decreases due to improved ion solvation, and effects of water 
binding energy and energy partitioning are smaller and depend less strongly on ion size.  The 
cluster size at which the number of water molecules reaches a maximum depends on the identity 
of the ion in the cluster. 

In addition to the extent of water molecule loss depending on cluster size, the competition 
between loss of exclusively water molecules (Pathway I) and the loss of a H atom and water 
molecules (Pathway II) upon EC by M(H2O)n

z+ also depends on n.  Pathway II is favored at 
small cluster sizes, whereas Pathway I is dominant at larger sizes, with a relatively rapid 
transition occurring between both pathways at n ~ 24 and ~44, for M = Ca2+,23 and M = La3+, 
respectively.  Mn is the only divalent metal ion that dissociates by both pathways with 32 water 
molecules (Figure 3.1a), although both pathways are observed for all the transition-metal ions 
with 24 water molecules 27. 

H atom loss upon EC can potentially occur via several different mechanisms.26,27  
Reduction of hydronium ion, formed transiently or facilitated by the incoming electron, would 
result in formation of H3O, which is nominally stable in isolation34 and should readily dissociate 
via H atom loss under these conditions.  Salt-bridge structures, of the form M2+OH–H3O

+, have 
been identified as stable intermediates in charge separation reactions.35  Alternatively, a water 
molecule could be directly reduced to form H2O

–, which should also dissociate via H atom loss.  
Recent ab initio methods support this latter mechanism.36  Also, direct metal ion reduction could 
result in an intracluster reaction followed by H atom ejection, similar to the mechanism proposed 
for the gentle dissociation of Mg+(H2O)n.

37   
 3.4.3  Recombination Energies.  Conceivably, the recombination energy (RE) of a 
reduced cluster ion could be obtained from the energy corresponding to the maximum number of 
water molecules lost upon EC, if for each water molecule that is lost from the cluster, only the 
energy corresponding to the water molecule binding energy, E0, is removed.  The likelihood that 
no energy is partitioned into the translational and rotational modes of the products for every lost 
water molecule is exceedingly small when a large number of water molecules is lost.  Instead, 
more accurate RE values can be obtained from the sum of the sequential water molecule binding 
energies (E0) and the sum of the average energy lost to the translational, rotational, and 
vibrational modes of the products for each sequential water molecule that is lost.  Under the 
conditions of these experiments (<10–8 Torr), collisional and radiative cooling should be 



47 

 

minimal.21-23  Clusters with fewer than 55 water molecules dissociate faster than the timescale of 
the experiment so kinetic shift effects are negligible.25  Because experimentally measured 
sequential water molecule binding energies have not been obtained for the clusters formed in 
these experiments, E0 values are obtained from a discrete implementation of the Thomson liquid 
drop model (TLDM).38  Calculated sequential water molecule binding enthalpies of M(H2O)n

2+ 
agree with the measured binding enthalpies to within one kcal/mol for the largest clusters for 
which experimental binding enthalpies have been measured (n ≤ 14).38  The values obtained 
from the TLDM rapidly approach the bulk heat of vaporization of water and should become 
increasingly accurate with increasing cluster size.  Effects of ion identity are not included in the 
implementation of the model used here, but the charge state of the ion is taken into account.  
Effects of ion identity on the water molecule binding energies should not be significant for the 
larger cluster sizes investigated here.   

To obtain the energy that is partitioned into the translational and rotational modes of the 
products (defined39 as kinetic energy release, KER), the internal energy and effective 
temperature of the cluster ions formed upon EC and subsequent sequential loss of water 
molecules are calculated assuming that the RE is instantaneously deposited into the precursor 
and is randomized before dissociation, which should occur for the larger clusters.  The energy 
that partitions into the vibrational modes of the lost water molecules should be negligible under 
these conditions.  Upon EC, the reduced cluster average internal energy, UR, is given by 

 
UR = UP + RE            (3.1) 
 
where UP is the average internal energy of the precursor at the initial ion temperature (133 K).  
Internal energies were obtained from harmonic frequencies for a B3LYP/LACVP**++ energy-
minimized structure of Ca(H2O)14

2+, scaled by the vibrational degrees-of-freedom of the cluster 
of interest.  The RE is given by 
 
RE = ∑E0 + (5/2)k∑T*         (3.2) 
 
where ∑E0 is the sum of the E0 values for each sequential water molecule that is lost and 
(5/2)k∑T* is the sum of the energy partitioned into the products for each water molecule lost,40-43 
where k is the Boltzmann constant and T* is the effective temperature of each cluster formed as a 
result of each sequential water molecule loss.  Although there are several models to obtain the 
energy partitioned into translational energy,44-46 the Klots cluster evaporation model43 is used 
because it includes both translations and rotations.  In this model, water molecule loss from a 
large water cluster results in the partitioning of kT* and (3/2)kT* into translational and rotational 
modes, respectively, for a total of (5/2)kT* for each water molecule lost.  The effective 
temperatures of the newly formed cluster (as opposed to that of the precursor) is used for the 
energy partitioning values because this effective temperature should best match that of the 
products for dissociation through a loose transition state with no reverse activation barrier.43  The 
average internal energy of each cluster formed upon sequential water molecule evaporation is 
given by 
 
Ui(Ti*) = Ui+1(Ti+1*) – E0,i+1 – (5/2)kTi*       (3.3) 
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where Ui(Ti*) and Ui+1(Ti+1*) are the internal energies of the newly formed cluster, i, and parent 
cluster, i+1, respectively, for each stepwise water molecule loss.  E0,i+1 is the binding energy of 
the i+1 cluster, and Ti* is the effective temperature of the ith cluster, for each water molecule 
lost.  Equations 3.1 and 3.2 can be combined to give the total internal energy of the reduced 
precursor and the internal energy of each cluster formed upon sequential water molecule loss is 
given by Equation 3.3.  This results in a system of equations with more equations than unknowns 
(T* values), which can readily be solved to obtain a unique set of T* values for the reduced 
cluster and all clusters formed by water molecule loss.  From these calculated effective 
temperatures and the sequential E0 values obtained from a discrete implementation of the 
TLDM,38 the RE is obtained using Equation 3.2.  Because the RE values and calculated effective 
temperatures are obtained from modeling, and the accuracies of these models are not well 
known, uncertainty in the RE values is difficult to assess.  However, UV and visible laser 
photodissociation experiments can be used to calibrate the RE values with high accuracy by 
measuring the average number of water molecules lost from a cluster upon absorption of a 
photon of known energy.  These experiments are currently underway. 
 The effective temperatures of select clusters after EC as a function of the number of 
water molecules lost, calculated using the method described above, are given in Figure 3.2.  For 
Ru(NH3)6(H2O)37

3+, EC increases the cluster temperature from ~130 to ~610 K (open circles), 
whereas that for Ru(NH3)6(H2O)55

3+ increases to ~480 K (open diamonds).  Sequential water 
molecule loss decreases the cluster internal energies and the effective temperatures close to that 
of the precursor before EC.  The higher effective temperature for the smaller precursor cluster is 
due to the higher cluster internal energy owing to the fewer vibrational degrees-of-freedom and a 
higher RE; the RE for Ru(NH3)6(H2O)n

3+ is 8.91 and 8.53 eV for n = 37 and 55, respectively.  
The energy removed by sequential water molecule loss, EW = E0 + (5/2)kTi*, is given on the right 
vertical axis in Figure 3.2.  The differences in the EW values in Figure 3.2 are due predominantly 
to the different T* values as a result of differences in the cluster internal energies, although there 
are also minor differences in water molecule binding energies due to the different cluster sizes. 
 3.4.4  Product Ion Distributions.  In addition to obtaining RE values, it is interesting to 
investigate the origin of the remarkably narrow product ion distributions resulting from EC by 
hydrated ions.  The observed product ion distribution should reflect broadening resulting from 
dissociation of the precursor and product ions as a result of the absorption of photons from the 
surrounding blackbody field (BIRD), the width of the energy deposited upon EC, and broadening 
due to the variable amount of energy removed into translational and rotational modes of the 
products upon each sequential water molecule loss.  Because the timescale of the ion 
nanocalorimetry experiments for the medium to smaller sized clusters (n ≤ 65) are short (≤ 210 
ms), dissociation resulting from BIRD is on average 0.1 water molecules or less.  Thus, 
broadening due to BIRD has a very minor effect on the width of the product ion distributions 
under these conditions.  
 To determine the extent of product ion broadening resulting from KER effects, the 
distribution of energy removed by each sequential water molecule loss must be known.  The loss 
of a water molecule should occur through a “loose” transition state and centrifugal effects on this 
barrier should be minimal.  An exponential KER distribution,45 P(E) = <E>–1exp(–E/<E>), 
where <E> is the average KER value, (5/2)kT*,40-43 should be a good approximation for 
evaporation of a water molecule from a large ionic water cluster in which there is essentially no 
reverse activation barrier (neglecting the centrifugal barrier).  The energy broadening due to the 
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kinetic energy release distribution (KERD) of all the water molecules lost from the reduced 
cluster is obtained by convolving all of these distributions. 
 

 
 
Figure 3.2  The calculated effective temperatures of the reduced clusters, T*, (left vertical axis, open symbols) and 
the energy removed upon sequential water molecule loss from the reduced clusters, EW, (right vertical axis, closed 
symbols) for Ru(NH3)6(H2O)37–x

2+, circles, and Ru(NH3)6(H2O)55–x
2+, diamonds.  The horizontal dashed line 

indicates the initial ion temperatures (133 K). 
 
 The effect of the KER for each water molecule lost on the product ion abundances is 
illustrated in Figure 3.3.  The relative product ion abundances (loss of 17–19 water molecules) 
for EC by Ru(NH3)6(H2O)55

3+ are plotted as a function of the cumulative threshold E0 values 
required to form Ru(NH3)6(H2O)55–x

2+ (bottom axis).  The corresponding number of water 
molecules lost is given on the upper axis.  The cumulative threshold energies required to form 
the observed product ions are substantially less than the RE (vertical dashed line) because the 
KER upon each sequential water molecule loss increases the energy removed by the water 
molecule evaporation above the threshold value, i.e., EW = E0 + (5/2)kT*.   
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Figure 3.3  Experimental product ion abundances (black sticks) for EC by Ru(NH3)6(H2O)55

3+ plotted as a function 
of the sum of the threshold E0 values corresponding to the formation of Ru(NH3)6(H2O)55–x

2+ (bottom horizontal 
axis) where x is the number of water molecules lost from the reduced cluster (top axis).  The cumulative 
translational and rotational energy release distributions, Px(E)s, are a convolution of translational and rotational 
energy release distributions for each sequential water molecule lost up to the xth water molecule.  The vertical 
dashed grey lines are a guide for the eye between the x values of the upper axis and the corresponding cumulative 
threshold energy values on the bottom axis.  The recombination energy, RE, is indicated by the black vertical dashed 
line.  The smallest black sticks correspond to the average noise level and the horizontal black dashed line 
corresponds to the average noise level plus three times the standard deviation in the noise. 
 
The KERD of the first water molecule lost, P1(E), is exponential and the most probable KER 
value is 0 for reactions with no reverse activation barrier (neglecting the centrifugal barrier).  
Note that the KERDs are plotted as RE – Px(E) to illustrate the KER effect of reducing the 
number of water molecules that is lost from the cluster.  The convolution of the KERD for the 
first and second water molecule, P2(E), results in a most probable KER value of ~2.3 kcal/mol.  
The probability that loss of both the first and second water molecule occurs with no KER is 
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nearly zero.  Increasing the number of convoluted KER distributions to P3(E) and larger (select 
distributions shown in Figure 3.3) results in KERDs that are shifted to larger average values and 
that broaden with increasing numbers of water molecules lost.  The P18(E) and P19(E) 
distributions correspond to the convolution of all KERDs that resulted in the formation of these 
ions and are nearly identical because they differ by only the loss of the 19th water molecule, 
which is only a difference of roughly ~1/18th of the total energy deposited.  To obtain the 
theoretical cumulative KERD, P<x>(E), the calculated P18(E) and P19(E) are weighted by the 
average number of water molecules lost from the reduced cluster (18.2), i.e., P<x>(E) = (19 – 
18.2)·P18(E) + (18.2 – 18)·P19(E).  The agreement between the experimentally determined 
product ion distribution and that obtained theoretically is excellent, especially considering the 
large number of water molecules that is lost from this cluster. 
 To determine effects of cluster size and the magnitude of the RE value on the product ion 
distributions, the product ion distributions and the calculated P<x>(E)s for Ru(NH3)6(H2O)37

3+ and 
Ir(NH3)6(H2O)n

3+, n = 37 and 55, are compared with that for Ru(NH3)6(H2O)55
3+ (Figure 3.4).  

Also included for comparison are the distributions obtained by fitting the experimentally 
measured product ion abundances with Gaussian functions.  The full-width-at-half-maximum 
(FWHM) value for the theoretically calculated P<x>(E) and the FWHM value of the Gaussian 
function fit to the product ion abundances for these clusters are given in Table 3.2.  The 
agreement between the theoretical and experimental distributions is excellent and indicates that 
product ion broadening is due almost entirely to the translational and rotational energy release 
into the products upon sequential water molecule evaporation.  This result is consistent with the 
RE being a singular value for all of these ions. 
 The breadth of the product ion distributions are wider for the smaller clusters (n = 37) 
than for the larger clusters (n = 55) that contain the same ion because the former have both 
higher RE values and fewer internal degrees-of-freedom than the larger clusters, resulting in 
greater cluster internal energies and a greater KER effect.  For clusters of the same size, the Ru 
containing clusters have wider distributions than the Ir containing clusters because the larger RE 
of the former clusters results in greater cluster internal energies and more KER. 
  
Table 3.2 Average number of water molecules lost and RE resulting from EC by M(NH3)6(H2O)n

3+, the full-width at 
half-max (FWHM) of the distribution obtained by fitting the product ion abundances with Gaussian functions (Exp.) 
and the FWHM of the calculated kinetic energy release distribution, P<x>(E), for M(NH3)6(H2O)n

3+ (Calc.). 
 

 
M 

 
n 

 
<x> 

 
RE (eV) 

Exp.  
FWHM (eV) 

Calc.  
FWHM (eV) 

Ru 37   17.78(1) a   8.91(1) b   0.83(2) c 0.91 
Ru 55 18.15(2) 8.53(1) 0.78(4) 0.72 
Ir 37 14.82(2) 7.22(1) 0.74(1) 0.71 
Ir 55 14.27(2) 6.55(1) 0.62(4) 0.54 

a Uncertainties in <x> values are propagated from the noise in the respective mass spectra.  b The numbers in 
parentheses for the reported RE values correspond to a precision and not an absolute uncertainty.  c Uncertainty in 
exp. FWHM values are propagated from the uncertainty in the width of the best fit Gaussian function. 
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Figure 3.4  Experimental product ion abundances (black sticks) for EC by M(NH3)6(H2O)n

3+, (a) M = Ru, n = 37, 
(b) M = Ru, n = 55, (c) M = Ir, n = 37, and (d) M = Ir, n = 55,  plotted as a function of the sum of the threshold E0 
values corresponding to the formation of the given product ions (bottom horizontal axis) where x is the number of 
water molecules lost from the reduced cluster (top axis).  Calculated P<x>(E) distributions (black lines with the 
shorter dashes) and distributions obtained by fitting the product ion abundances with Gaussians (solid black lines) 
are compared.  The vertical dashed grey lines are a guide for the eye between the x values of the upper axis and the 
corresponding cumulative threshold energy values on the bottom axis.  The smallest black sticks correspond to the 
average noise level and the horizontal black dashed line corresponds to the average noise level plus three times the 
standard deviation in the noise. 

 
 3.4.5  Effect of Recombination Energy.  To investigate the effect of the RE value on the 
rate of energy deposition, product ion distributions for EC by M(H2O)32

2+, M = Mn, Ni, Fe, Cu, 
Co, and Zn, are compared to the calculated KER distributions assuming that the RE is deposited 
instantaneously (Figure 3.5).   
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Figure 3.5  Experimentally measured product ion abundances measured for electron capture by M(H2O)32
2+, M = (a) 

Mn, (b) Fe, (c) Co, (d) Ni, (e) Cu, and (f) Zn, plotted as a function of the sum of the threshold E0 values 
corresponding to the formation of the given product ions (bottom horizontal axis) where x is the number of water 
molecules lost from the reduced cluster (top axis).  Calculated P<x>(E) distributions (black lines with the shorter 
dashes) and distributions obtained by fitting the product ion abundances with Gaussians (solid black lines) are 
compared.  The vertical dashed grey lines are a guide for the eye between the x values of the upper axis and the 
corresponding cumulative threshold energy values on the bottom axis.  The smallest black sticks correspond to the 
average noise level and the horizontal black dashed line corresponds to the average noise level plus three times the 
standard deviation in the noise. 
 
The FWHM values for the calculated distributions and the distributions obtained by fitting the 
experimental product ion distributions with Gaussians are given in Table 3.1.  For ions with the 
lowest RE values (M = Mn, Fe, Co, Ni, and Zn), the calculated product ion distributions are 
slightly wider than, but in relatively good agreement with the experimental product ion 
distributions.  This indicates that rate of energy deposition is fast compared to the rate of water 
evaporation for these ions.  For M = Cu, which has the highest RE value, the calculated width is 
much broader than the observed product ion width.  This indicates that the initial calculated 
temperature is too high.  This discrepancy between the calculated and measured product ion 
distribution could occur if some water molecule loss occurred on the timescale in which the 
recombination energy is converted to internal modes of the precursor ion.  Sequential water 
molecule loss would occur at lower effective temperatures and KER effects on the width of the 
product ion distribution would be reduced.  This may be a result of a multistep electronic-to-
vibrational energy conversion process or due to the formation of a relatively long lived ion-
electron pair26 in which the metal ion is not immediately reduced and the electron is near the 
surface of the nanodrop.  To estimate the rate of water molecule evaporation, the Klots cluster 
evaporation model47 was used to calculate a lifetime of roughly 2 x 10–14 s for reduced 
Cu(H2O)32

2+.22  This lifetime is shorter than that calculated for Zn(H2O)32
2+ (2 x 10–13 s), and 

may be sufficiently short that water molecules could evaporate before the full internalization of 
the recombination energy.  These results indicate that for a fixed number of internal degrees-of-
freedom, higher REs result in water evaporation rates that are more competitive with the energy 
deposition rates.  For Cu(H2O)n

2+, n = 24, 32, and 41, the differences in the calculated and 
experimental widths are 0.5, 0.4 and 0.2 eV, respectively.  These data indicate that the rate of 
water molecule evaporation becomes slower than the rate of energy deposition with increasing 
cluster size and decreasing RE values.   
 3.4.6  Effect of Cluster Reactivity.  EC by Ni(H2O)24

2+ results in dissociation via 
Pathways I and II and the average number of water molecules lost via each pathway is 13.1 and 
10.3, respectively.  The difference in the number of water molecules lost via each pathway 
corresponds to the energy removed upon H atom loss for the Pathway II process.  The energy 
difference obtained by modeling these two processes is 1.6 eV, which corresponds to the H atom 
affinity of NiOH(H2O)23

+.27  The width of the experimentally measured Pathway II product ion 
distribution is in excellent agreement with the width of the calculated KERD (Figure 3.6a), 
indicating that the broadening of this distribution is attributable almost entirely to KER effects 
and that internalization of the RE is fast relative to ion dissociation.  In contrast, upon 
dissociation of this same ion to form Pathway I products, the experimentally measured product 
ion distribution is significantly narrower than the calculated distribution (Figure 3.6b).   
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Figure 3.6  Experimental product ion abundances for EC by Ni(H2O)24

2+ resulting in (a) loss of a H atom and water 
molecules (Pathway II) or (b) loss of exclusively water molecules (Pathway I) plotted as a function of the sum of the 
threshold E0 values corresponding to the formation of the given product ions (bottom horizontal axis) where x is the 
number of water molecules lost from the reduced cluster (top axis).  Calculated P<x>(E) distributions (black lines 
with the shorter dashes) and distributions obtained by fitting the product ion abundances with Gaussians (solid black 
lines) are compared.  The vertical dashed grey lines are a guide for the eye between the x values of the upper axis 
and the corresponding cumulative threshold energy values on the bottom axis.  The smallest black sticks correspond 
to the average noise level and the horizontal black dashed line corresponds to the average noise level plus three 
times the standard deviation in the noise. 
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As was the case for Cu(H2O)32
2+, the discrepancy between the calculated and experimental 

distributions for pathway I can be attributed to the rate of initial water molecule loss being 
comparable to, or faster than, that of internal energy conversion.  If some water loss occurs prior 
to full internal energy conversion, the calculated effective temperature of the reduced cluster will 
be too high, which accounts for the wider calculated distribution.  The measured product ion 
distribution for Pathway II is wider than Pathway I.  This difference can be attributed to the loss 
of a H atom occurring prior to significant water loss.  Significantly more energy is removed from 
the cluster when a H atom is lost (1.6 eV) compared to when a single water molecule is lost (0.5 
eV).  Loss of the H atom reduces the calculated cluster effective temperature by ~120 K, whereas 
the loss of a single water molecule reduces the cluster by only ~20 K.  Thus, H atom loss in 
Pathway II more efficiently reduces the effective temperature than water molecule loss.  At this 
lower temperature, the rate of water loss should be relatively slow compared internal conversion, 
so that the calculated distribution fits the experimental distribution for products formed by this 
pathway. 
 
3.5 Conclusions 
 
 Ion nanocalorimetry can be used to precisely characterize the internal energy deposited 
into activated ions, even for highly exothermic ion-electron recombination reactions.  The 
product ion distributions resulting from electron capture by large hydrated ions are very narrow, 
and the width of these distributions can be accounted for by a statistical model to determine 
energy partitioning into translational and rotational modes of each water molecule lost.  These 
results indicate that the recombination energy is a singular value for these ions and that the vast 
majority of the recombination energy is randomized prior to fragmentation for the larger clusters.  
For some clusters where the recombination energy is high and/or the cluster size is small, water 
loss is competitive with energy randomization.  This could be a result of a multi-step process, 
such as ion-electron pair formation in the droplet prior to reduction of the ion, or inefficient 
conversion of electronic-to-vibrational energy transfer.  These results provide additional support 
for the accuracy with which condensed phase thermochemical values, which are difficult or 
impossible to measure directly in solution, can be obtained from gaseous nanocalorimetry 
data.22,25,27  
 This ion nanocalorimetry method should be generally applicable to measuring the extent 
of internal energy deposition in a broad range of activation methods.  The energy deposition 
could be experimentally calibrated using laser-generated photons of known energy.  In 
combination with the energy partitioning model used here, water binding energies in clusters 
could be obtained for much larger clusters than have been investigated previously.  These values 
could provide information about the accuracy of the Thomson liquid drop model in which bulk 
physical parameters are used to deduce thermochemical information about finite size clusters. 
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Absolute Standard Hydrogen Electrode Potential Measured by 
Reduction of Aqueous Nanodrops in the Gas Phase 
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E. R. “Absolute Standard Hydrogen Electrode Potential Measured by Reduction of Aqueous Nanodrops in the Gas 
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4.1  Abstract 
 
 In solution, half-cell potentials are measured relative to those of other half-cells, thereby 
establishing a ladder of thermochemical values that are referenced to the standard hydrogen 
electrode (SHE), which is arbitrarily assigned a value of exactly 0 V.  Although there has been 
considerable interest in, and efforts towards, establishing an absolute electrochemical half-cell 
potential in solution, there is no general consensus regarding the best approach to obtain this 
value.  Here, ion-electron recombination energies resulting from electron capture by gas-phase 
nanodrops containing individual [M(NH3)6]

3+, M = Ru, Co, Os, Cr, and Ir, and Cu2+ ions are 
obtained from the number of water molecules that are lost from the reduced precursors.  These 
experimental data combined with nanodrop solvation energies estimated from Born theory and 
solution-phase entropies estimated from limited experimental data provide absolute reduction 
energies for these redox couples in bulk aqueous solution.  A key advantage of this approach is 
that solvent effects well past two solvent shells, that are difficult to model accurately, are 
included in these experimental measurements.  By evaluating these data relative to known 
solution-phase reduction potentials, an absolute value for the SHE of 4.2 ± 0.4 V versus a free 
electron is obtained.  Although not achieved here, the uncertainty of this method could 
potentially be reduced to below 0.1 V, making this an attractive method for establishing an 
absolute electrochemical scale that bridges solution and gas-phase redox chemistry. 
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4.2  Introduction 

Whereas absolute energies for many chemical processes are readily measurable, the 
absolute potentials of isolated half-cells in solution are not.1  Half-cell redox potentials are 
routinely measured relative to those of other half-cells, thereby establishing a ladder of relative 
thermochemical values.  This ladder is anchored to the universally accepted (for reactions in 
protic solvents) standard hydrogen electrode (SHE), which has arbitrarily been assigned a value 
of exactly 0 V.  Measurement of an absolute half-cell potential would make possible an anchor to 
which all other half-cell potentials may be referenced, thereby establishing an absolute 
electrochemical scale.  Considerable effort has been applied towards defining and ultimately 
determining an absolute half-cell potential.1-16  At least three different definitions for an absolute 
redox potential have been proposed.  In one, the “absolute,” or single,17 half-cell potential is 
defined versus a free electron at rest in vacuum.2  There is substantial interest in this definition 
because the resulting values are important for matching semiconductor energy levels to Fermi 
levels of electrolytic solutions,18,19 comparing calculated potentials to measurable values (vida 
infra),20-34 and obtaining the solvation energy of an electron (or adiabatic electron affinity, AEA) 
in water.35,36  Absolute half-cell potentials may also be referenced to a solvated electron2 (by 
combining the AEA with the first definition).  In a third definition, the potentials are referenced 
to an electron in a metal electrode.2   

Numerous estimates have been made for the potential of the SHE versus a free electron.1-

7  Reiss and Heller proposed a value of +4.43 V,3 calculated from a thermodynamic cycle that 
combines the work function of 110 p-InP, the Schottky barrier created between the InP and H2 
saturated Pt, and the potential of zero charge for the Pt surface when in contact with water at pH 
= 0.  An implicit assumption in this definition is that the dipole of the InP is 0.  Parsons proposed 
a value of +4.44 V,4 and Trasatti made an International Union of Pure and Applied Chemistry 
recommendation for this same value.2  Parsons used a thermocycle that combines the atomization 
and ionization energies of hydrogen with the proton hydration energy.  The latter value has been 
the subject of some controversy.37-39  Alternatively, using the absolute proton hydration free 
energy obtained from extrapolated cluster data of ion pairs (–11.45 eV),37,38 this same method 
gives a value of +4.3 V.  Trasatti used a similar approach to Parsons’, but included another 
thermocycle that combines the potential of zero charge of Hg, with its work function, the 
potential of an Hg/air/SHE cell, and the contact potential difference between Hg and water, 
which results in essentially the same value.  These two approaches, however, are not independent 
because many of the values are obtained from the same experimental data.  Gomer and Tryson 
obtained a value of +4.73 V by measuring the potential between a reference electrode in air 
above a solution and the solution combined with the work function of the reference.5  Hansen 
and Kolb originally suggested a value of +4.7 V by measuring the work function of electrodes 
slowly removed from solutions.6  Subsequent work by Hansen and co-workers resulted in a value 
of +4.456 V from measurements of the potential between the Fermi level of lead and an 
electrolyte solution in vacuum and assuming a value of 4.495 eV for the work function of Hg.7  
To date, there is no general agreement on either the absolute value of the SHE or on the best 
approach to obtain this value, in part due to the plethora of methods, assumptions and significant 
uncertainties.  This has led Trasatti to conclude that “despite the numerous discussions, nobody 
seems seriously convinced of the arguments of the others.”8 

In contrast to solutions, absolute gas-phase ionization energies of isolated atoms and ions 
are well understood and can be readily measured.  These absolute energies can be related to 
solution values by calculating the solvation energies of the oxidized and reduced species.  This 
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strategy has been employed extensively to obtain both relative and absolute solution-phase 
reduction potentials.20-34  To compare the calculated absolute redox potentials to relative 
experimental values, an estimate of the absolute SHE versus a free electron was used.  Thus, 
evaluating the accuracy of these computational approaches depends on the value of the absolute 
SHE potential.  A key difficulty to calculating bulk redox potentials with this strategy is the 
ability to correctly evaluate ion solvation energies, an especially difficult problem for the first 
few ion solvation shells where the solvent molecules behave anomalously when compared to the 
bulk.20,40,41  Uudsemaa and co-workers calculated the redox potentials of M3+/2+, for M = Sc, Ti, 
Cr, Mn, Fe, Co, Ni, and Cu , treating M and what was assumed to be the first two solvation shells 
(18 water molecules) with density functional theory and related the ionization reaction to 
solution with the conductor-like solvation model.20  Values for M = V, Cr, Fe and Cu were 
reproduced to within 0.1 V or better compared to experiment, and the average error for all M 
investigated was 0.29 V.  For similar redox calculations, increasing the number of solvent 
molecules treated explicitly has been shown to increase the accuracy of such approaches.20-22     

Correlations have been shown to exist between the gas-phase electron affinities and 
solution-phase reduction potentials of neutral aromatic compounds in nonaqueous solvents.42,43  
Further correlations have been noted between first ionization energies and one electron reduction 
potentials for aromatic compounds,42,44-46 as well as for a series of closely related tris(β-
diketonato)-ruthenium(III) complexes.47  The degree of correlation between the gas- and 
solution-phase data depends strongly upon solvent effects,44,48 which has limited these studies to 
investigations of molecules and solvents in which these effects remain relatively constant or 
negligible.  Similar correlations have not been reported for redox reactions in aqueous solutions 
or for charge states greater than +1.   

We recently proposed a route towards establishing an absolute electrochemical scale 
based on experimental measurements of the energy deposited into hydrated ions upon capture of 
a thermally generated electron in the gas phase.49  Capture of a thermally generated electron by a 
multivalent hydrated ion results in a reduced cluster and accompanying water molecule loss.49-51  
For large hydrated clusters, the dissociation process is statistical and the energy deposition 
resulting from electron capture (EC) can be obtained from the sum of the binding energies of the 
water molecules lost.49-51  For larger clusters, the sequential binding energies of water molecules 
are not a strong function of metal ion identity, charge state, or cluster size, making it possible to 
use these nanodrops as “nanocalorimeters” to accurately measure the internal energy deposition 
resulting from ion activation.  For [M(H2O)32]

2+, M = Mg, Ca, Sr, and Ba, the recombination 
energy (RE) is relatively constant (4.5 and 4.4 eV for Mg and Ba, respectively) despite a 5.0 eV 
range in second ionization energies of the bare atoms, indicating that an ion-electron pair is 
formed in the nanodrop.50  Results for other ions indicate that the oxidation state of the metal ion 
in the nanodrop is reduced.49  In combination with estimates of nanodrop solvation energies 
obtained from Born theory, these gas-phase nanodrop reduction energies can be related to bulk 
solution-phase reduction potentials.  Initial investigation of the [Ru(NH3)6]

3+/2+ redox couple 
indicated a reduction energy of roughly –3.8 eV (+3.8 V) at 0 K referenced to a solvated 
electron.49  This route towards obtaining an absolute electrode potential has a key advantage over 
pure computational approaches in that the effects of solvent organization near the ion are 
included in the experimental measurements well past two solvation shells. 

Here, we report experimentally measured absolute reduction potentials of the 
[M(NH3)6]

3+/2+, for M = Ru, Co, Os, Cr, and Ir, and the Cu2+/1+ redox couples in gas-phase 
nanodrops.  Estimates of solvation energies of the charged nanodrops and temperature 
corrections to standard conditions are made to obtain values of the absolute reduction potentials 



62 

 

of these redox couples in bulk aqueous solution.  From these values, a measure of the absolute 
SHE potential is obtained. 
4.3  Experimental 

 
4.3.1  Nanocalorimetry.  A 2.75 Tesla Fourier-transform ion cyclotron resonance 

(FT/ICR) mass spectrometer with an external electrospray ionization (ESI) source and 
temperature controlled ion cell (cooled with a regulated flow of liquid N2) is used for these 
experiments.52   Nano ESI using borosilicate capillaries that are pulled to an inner diameter of ~1 
µm at the tip is used to produce hydrated ions from 1 mM aqueous solutions.51,53  The potential 
of a platinum wire that is in direct contact with solution is ~550 V relative to the heated (~100 
˚C) capillary entrance to the mass spectrometer.  Ions are introduced into the ion cell after 
passing through five stages of differential pumping and are accumulated for 6 s during which 
time N2 gas is introduced at a pressure of ~10–6 Torr using a piezoelectric valve to enhance ion 
trapping and thermalization of the ions.  A mechanical shutter is closed after the accumulation 
period preventing additional ions from entering the cell.  Ions are stored for an additional 6 s to 
ensure steady state internal energy distributions and allow the vacuum chamber pressure to 
return to ~10-8 Torr before introducing electrons into the cell for EC experiments.  The 
temperature of the copper jacket that surrounds the ion cell is maintained at 133 K. 
 For EC experiments, a 1.0 cm diameter heated dispenser cathode impregnated with 
barium scandate (Heatwave Labs, Watsonville, CA) and mounted axially 20 cm from the cell 
center is used to produce electrons.  A direct current of 3 A heats the cathode to ~950 ˚C.  
Following ion isolation with SWIFT waveforms and a 50 ms delay, electrons are introduced by 
applying –1.4 V to the cathode housing for 40 ms.  A potential of +10 V is applied to the cathode 
at all other times to prevent electrons from entering the cell.  A copper wire mesh is mounted 0.5 
cm in front of cathode housing and held at +9 V.  
 A MIDAS data system was used to collect 64 K data point transients.  The average 
number of water molecules lost from the precursor ions is calculated from a weighted average of 
the observed product ion distribution.  This value is corrected for the blackbody infrared 
radiative dissociation loss of up to 0.1 water molecules that occurs in the absence of EC, yielding 
the corrected average loss due to EC alone.51  The relative product ion abundances were fit with 
Gaussian distributions using the optimized Levenberg-Marquardt method in the software 
package Igor Pro 4.07 (WaveMetrics, Inc., Lake Oswego, OR).  The noise level was used to 
estimate the fragment ion abundances at both extremes of the distributions. 

Ru(NH3)6Cl3, Co(NH3)6Cl3, and CuCl2 were purchased from Aldrich (St. Louis, MO). 
The synthesis of Cr(NH3)6(NO3)3 and Os(NH3)6I3 were performed as described elsewhere.54,55  
Although [Os(NH3)6]

3+ is reported to decompose over several hours in aqueous solution,55 it 
remained stable in aqueous solution at a concentration of 100 mM for several weeks.  Professor 
Jamie H. Cate (University of California, Berkeley) generously provided a sample of Ir(NH3)6Cl3. 

4.3.2  Computational.  All calculations were performed using hybrid density functional 
theory methods (B3LYP) as implemented in Jaguar v6.5 (Schrödinger, LLC, Portland, OR).  
Ionization energies were calculated using unrestricted spin methods and a triple-ζ contraction of 
the LANL2DZ effective core potential with diffuse D functions (LACV3P+).  Internal energies 
were calculated using a set of vibrational frequencies obtained by calculating harmonic 
frequencies for a B3LYP/LACVP**++ energy-minimized structure of [Ca(H2O)14]

2+.  The 
average internal energy was calculated for this set of harmonic oscillators at the temperature of 
interest and was linearly scaled by the vibrational degrees-of-freedom of the cluster of interest 
divided by the vibrational degrees-of-freedom of [Ca(H2O)14]

2+.  
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4.4 Results and Discussion 
 

4.4.1  Electron Capture.  A broad distribution of hydrated ions, [M(NH3)6(H2O)n]
3+, M = Ru, 

Co, Os, Cr, and Ir, and [Cu(H2O)n]
2+ can be generated using nano ESI and stored in a cooled ion 

cell (133 K) of a FT/ICR mass spectrometer.  For EC, the cluster of interest is isolated and 
electrons, generated by a heated cathode (950 ˚C), are introduced into the ion cell by applying –
1.4 V to the cathode relative to instrument ground for 40 ms.  Results from EC experiments for 
[M(NH3)6(H2O)55]

3+, M = Ru, Co, Os, Cr, and Ir, are shown in Figure 4.1. Upon EC, fragment 
ions corresponding to exclusively loss of water molecules from the reduced clusters are observed 
for all metal ions at this cluster size.  In addition to water molecule loss, some loss of a single 
ammonia molecule along with water loss is observed for Cr and loss of up to two ammonia 
molecules accompanied by water molecule loss is observed for Ir in small abundance (<3%).  
The number of ligands (water or ammonia) lost does not depend significantly on the ligand 
identity although the weighted average of ligands lost is slightly higher for the all water channel 
for Cr suggesting that the binding energy of ammonia to the cluster may be slightly higher than 
that of a water molecule. The extent of ammonia loss is less than that expected statistically if 
each of the ammonia molecules were equivalent to each of the water molecules.  Both results are 
consistent with the location of the ammonia in the inner core of the precursor ion.   

The number of ligand molecules lost is 17 – 19 for Ru and Co, 16 and 17 for Os and Cr, 
and 14 and 15 for Ir.  From the product ion abundances, a weighted average of 18.2, 18.0, 16.7, 
16.3 and 14.2 ligand molecules are lost from each of these respective clusters.  Unlike the results 
for hydrated alkaline earth metal ions,50,51 the differing number of water molecules lost from 
each of these clusters suggests that that the metal ion in the nanodrop is reduced upon EC. 

  4.4.2  Cluster Size.  The number and identity of ligands lost from the reduced precursor 
ions depend on cluster size, metal ion identity and charge state.  The number of water molecules 
lost from the reduced precursor increases with cluster size, reaches a broad plateau, and then 
decreases slowly with increasing nanodrop size.49,51  For smaller clusters, the binding energy of 
the water increases with decreasing cluster size56,57 so that fewer water molecules are lost for a 
given amount of internal energy deposited.  This effect apparently predominates over any 
increase in electron RE that is expected for smaller clusters,51,58 although nonergodic dissociation 
observed for small clusters may also play a role.51  For large clusters, ions are increasingly 
stabilized by additional water molecules resulting in lower gas-phase REs.  A larger number of 
degrees-of-freedom59 and slightly higher water binding energies due to surface and solvation 
energy effects60,61 with increasing cluster size may also contribute.50 

The extent of ammonia loss is a function of both cluster size and metal identity.  As 
reported previously,49 [Ru(NH3)6(H2O)n]

3+ clusters with n ≥ 40 lose exclusively water molecules, 
whereas loss of one or more ammonia molecules accompanies water molecule loss for the 
smaller clusters.  The plateau region for maximum water molecule loss extends over a broad 
range (n = 40 to 55).  Similar results were obtained for the other metal ions although subtle 
differences exist.   A nanodrop consisting of 55 water molecules and a single [M(NH3)6]

3+ ion 
corresponds roughly to a concentration or activity of 1 M.  The extent of water molecule loss 
upon EC of neighboring clusters are similar suggesting that effects of any “magic” clusters, if 
present, are minimal.  No magic clusters were apparent in any of the ESI spectra.  Thus, the 
choice of precursor clusters with 55 water molecules is somewhat arbitrary and does not 
significantly affect the final value of the SHE we report, although data acquired from even larger 
clusters may potentially provide a more accurate measure of this value (vida infra). 
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Figure 4.1  Product ion mass spectra resulting from EC by [M(NH3)6(H2O)55]

3+, M = Ru, Co, Os, Cr, and Ir, to form 
[M(NH 3)6(H2O)n–y]

2+ + yH2O.  Spectra are aligned by the number of water molecules lost from the reduced precursor 
ions.  Insets are theoretical isotope distributions calculated for the most abundant product ion.  Fragment ions 
corresponding to the loss of one or two ammonia molecules in addition to water molecule loss overlap in m/z with 
the isotopic contribution from the all water loss dissociation channel. 
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A more detailed analysis of the size-dependent water molecule loss will be presented 
elsewhere.  However, it is interesting to speculate why an ammonia molecule is lost for some 
metals, but not others at this cluster size.  In solution, the extent of reversibility of each 
[M(NH3)6]

3+/2+ couple is different and depends on a number of environmental factors, such as 
temperature, pH, concentration, and electrolyte identities.  The redox reaction for M = Ru in 
aqueous solution is highly reversible; aquation, or other decomposition of the reduced species 
was not observed using a cyclic voltammetry (CV) scan rate of 50 V/s.62  For M = Os, the couple 
is reversible at all but the slowest scan rates (0.05 V/s).63  For aqueous M = Co and Ir, the 
reduced species aquates (loses ammonia) rapidly.  No reverse oxidation CV wave for either 
species was observed at a 100 V/s scan rate.64  The M = Cr couple was also determined to be 
irreversible by CV.65  In our gas-phase nanodrop experiments, no ammonia ligand loss occurs for 
[M(NH3)6(H2O)55]

3+, M = Ru, Co and Os, but a small amount is observed for M = Cr and Ir.  
With the exception of M = Co, the gas-phase data appear to correlate with the observations of 
reversible and irreversible redox couple behavior from solution-phase CV data.  Additional CV 
measurements to determine the reversibility of these redox couples under more similar 
conditions along with EC measurements as a function of size would provide useful information 
about the stability of the reduced species at short times.      

For [Cu(H2O)n]
2+, only water molecule loss is observed for clusters with n ≥ 26;  loss of a 

hydrogen atom accompanied by water molecule loss is observed for smaller clusters (n < 26), as 
was observed previously for [Ca(H2O)n]

2+ with n ≤ 28.51  The maximum number of water 
molecules lost upon EC by [Cu(H2O)n]

2+ occurs for n between 24 and 33;  for [Cu(H2O)32]
2+, an 

average of 16.3 water molecules are lost upon EC. 
4.4.3  Background Dissociation.  Under the conditions of these experiments, some 

dissociation of the precursor ion by loss of a single water molecule occurs during the 90.4 ms 
time between the end of ion isolation and the start of ion detection even without introducing 
electrons into the cell.  The abundance of this single product ion depends on cluster size and is 
between 6 to 10%.  Previous studies indicate that most of this dissociation occurs due to 
absorption of blackbody photons generated by the heated cathode (950 ˚C) that is located 20 cm 
from the cell and that dissociation due to inelastic collisions with electrons is not observed under 
these experimental conditions.50,51  This effect could be minimized by moving the heated cathode 
further from the cell.  The average number of water molecules lost from each of the precursor 
ions is corrected for the minor background loss,51 which is less than or equal to 0.10 water 
molecules for these clusters. 

4.4.4  Kinetic Shift.  The number of water molecules lost from the reduced precursor can 
be influenced by a kinetic shift, in which energy above the threshold dissociation energy, E0, is 
required to observe fragmentation on the timescale of the experiment.  This shift can become 
increasingly problematic for larger ions that have more degrees-of-freedom.  At 133 K, 
[M(NH3)(H2O)55]

3+ ions have an average of roughly 24 kcal/mol (1.0 eV) of internal energy, an 
amount that exceeds the threshold dissociation for loss of a water molecule (roughly 9 kcal/mol 
or 0.39 eV).  The minor abundance of the loss of a water molecule from the precursor ion due to 
blackbody radiation suggests that any effects of a kinetic shift are small under these conditions.  
Experiments in which the temperature of the initial precursor ion population is varied prior to EC 
are currently underway.  Loss of water molecules appears to occur rapidly; no additional water 
molecule loss is observed for [Ca(H2O)47]

2+ when the time after EC but before ion detection is 
increased by 50 ms.  Any kinetic shift effect will result in the observed recombination energies 
obtained from the average number of water molecules lost to be lower than the actual value. 



66 

 

4.4.5  Recombination Energies.  The vertical ionization energy of a hydrated cluster is 
greater than the adiabatic ionization energy (AIE) by a value corresponding to the solvent 
reorganization energy of the ionized cluster (λz+) (Figure 4.2).  Although EC may be a vertical 
process, the experimentally determined RE should closely approximate the AIE of the reduced 
species because the time between EC and the start of ion detection is between 0.4 and 40.4 ms 
(depending on when EC occurs) which is significantly longer than the time needed for solvent 
reorganization to occur.  Results from condensed phase ultrafast spectroscopy experiments66 and 
molecular dynamics simulations67,68 indicate that water reorganization occurs in low 
picoseconds.  Energy released by solvent reorganization of the product cluster (λ(z–1)+) after EC 
will contribute to the observed water evaporation from the cluster.  The observation of no 
additional loss of water from [Ca(H2O)47]

2+ when the time between EC and ion detection is 
increased by 50 ms is consistent with solvent reorganization being complete on the timescale of 
these experiments. 

 

 
 
Figure 4.2  Energy level diagram of the ionization and reduction of a hydrated metal cluster cation, with a hydration 
number of n, in the gas phase.  The adiabatic ionization energy, vertical ionization energy, vertical reduction energy, 
recombination energy, and the solvent reorganization energies of the z+ and (z–1)+ clusters (λz+ and λ(z–1)+, 
respectively) are shown. 

   
Ion-electron recombination, depicted in Scheme 4.1, results in an activated reduced 

species (Pathway III) from which water molecule loss occurs (Pathway V).  If this process occurs 
without heat exchange with the surroundings, that is, the process is adiabatic, ∆U(III) and ∆U(V) 
= 0.  In these experiments, the pressure is ~1 x 10–8 Torr so that effects of collisions on the sub 
40.4 ms time frame should be negligible.  In addition, effects of radiative cooling should also be 
minimal both because of the short time frame and because of the fast evaporative cooling by 
weakly bound water molecules.  The energy corresponding to Pathway IV is equivalent to the 
combined sum of the E0 values for each water molecule lost and the energy partitioned into the 
translational, rotational, and vibrational modes of each water molecule via Pathway II.  This 
quantity is the RE and ∆U(I) = –RE and ∆U(II) = RE.  Thus, if the energetics for water molecule 
loss from the activated reduced precursor are known, the adiabatic ionization energy of the 
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reduced cluster may be obtained (Pathway I) as well as the ionization enthalpy at 298 K from 
Equation 4.1 
 
∆H(I) = ∆U(I) + (5/2)kB∆T                                  (4.1) 
 
in which the change in constant pressure heat capacities is integrated over the temperature range 
0–298 K. 
 
Scheme 4.1: 

 
 

4.4.6  Threshold Dissociation Energies at Large Cluster Sizes.  To determine the RE 
from the number of water molecules lost from the reduced precursor, the E0 values for the loss of 
these water molecules must be known.  Values for the size clusters investigated in this study 
have not been directly measured.  For such large clusters, we proposed that the binding energy 
should be roughly 10 kcal/mol (0.43 eV)49-51 based on trends established from measurements on 
smaller ionic clusters56,69 and the bulk heat of vaporization for water (10.5 kcal/mol at 298 K).70  
Here, we explicitly evaluate these values as a function of cluster size using the Thomson liquid 
drop model.61,69,71  In this model, the stepwise binding free energies, enthalpies, and entropies for 
finite size clusters are obtained from the sum of the free energies of bulk vaporization, droplet 
formation, and ion solvation terms.  Values for the solvent parameters are those for bulk water at 
298 K.  

Results from the Thomson liquid drop model are shown in Figure 4.3 in which the 
enthalpy for the loss of a water molecule from a cluster of size n (∆Hn,n-1) is plotted as a function 
of solvation number for Cu + and M2+.  As an approximation, the metal ions are treated as point 
charges and the ammonia molecules are treated as water molecules.  As expected, effects of 
charge state for the smaller clusters are significant, but the difference in binding enthalpies 
between a singly and doubly charged metal containing droplet is reduced to less than 1 kcal/mol 
for clusters with n ≥ 29.  The stepwise binding enthalpies for the reduced clusters formed in 
these experiments range from 9.7 to 9.8 kcal/mol for M2+ (n = 43 to 61) and 9.2 kcal/mol for 
Cu1+ (n = 16 to 32).  The corresponding E0 values are estimated from these stepwise binding 
enthalpies using Equation 4.2 
 
∆Hn,n-1 = E0 + RT          (4.2) 
 
where the vibrational energy lost from the precursor is assumed to be equal to the gained 
translational, rotational and vibrational energy of the products.  At 298 K, the E0 values are 0.6 
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kcal/mol less than the binding enthalpies.  The E0 values obtained from the Thomson liquid drop 
model for Cu1+ (8.6 kcal/mol for n = 16 to 32) are nearly the same as that reported previously 
(8.5 kcal/mol) for singly charged hydrated anions for clusters with between 15 to 30 water 
molecules.72 
 

 
 
Figure 4.3  Sequential binding enthalpies (∆Hn,n-1) calculated as a function of cluster size for hydrated Cu+ and M2+ 
using the Thomson liquid drop model and parameters for bulk water at 298 K.  Dashed line indicates the bulk heat 
of vaporization of liquid water (∆Hbulk).  Cluster sizes relevant to this study are indicated. 
 

4.4.7  Energy Partitioning Effects.  In each case, the internal energy distribution 
resulting from EC by these ions is remarkably narrow compared to most other activation 
methods.73  For example, EC by [Os(NH3)6(H2O)55]

3+ results in an average number of 16.7 water 
molecules lost, but only two product ions, corresponding to the loss of 16 and 17 water 
molecules, are observed.  In addition to causing the loss of water molecules from the reduced 
precursor, the RE can partition into translational, rotational, and vibrational energies of the 
products.  Thus, the RE can be estimated from the threshold for formation of the smallest product 
ion (maximum number of water molecules lost) for which the combined translational, rotational, 
and vibrational modes of the products are zero.  Due to the limited S/N in these experiments, 
accurately determining threshold values is challenging.  A potentially more accurate approach is 
to determine the RE from the average number of water molecules lost combined with an estimate 
of the overall average energy partitioned into the products.  Very little energy should partition 
into the vibrational modes of the water molecules that are lost from the reduced precursors 
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because these modes should not be significantly populated under these conditions.  Some energy, 
however, will be lost to translational and rotational modes of the products.  For dissociation 
reactions where there is essentially no reverse activation barrier, as should be the case here, the 
most probable kinetic energy of each departing water molecule is zero, but because there are 
many water molecules lost (between 14 and 19), the most probable energy for the sum total of 
the lost water molecules will be nonzero. 
 Both the translational and rotational energy distributions associated with each water 
molecule lost should be an exponential function with the maximum at zero owing to the large 
number of oscillators and essentially no reverse activation barrier for this process.74  The average 
translational and rotational energy lost to each departing water molecule is approximately  
(5/2)kBT*, where T* is the effective temperature of the newly formed cluster.60  Upon EC, the 
effective temperature of the reduced cluster significantly increases.  To estimate the energy 
partitioned into the products, the average effective temperatures of the clusters are calculated for 
each sequential water molecule loss assuming that the entire RE is deposited prior to the 
evaporation of any water molecule using Equation 4.3 
 

 U(Tn*) = U133K + RE = U133K + ∑
+−=

n

yni 1

(E0,i) + (5/2)kB ∑
−

−=

1n

yni

(Ti*)      (4.3) 

 
where U(Tn*) is the average internal energy of the reduced cluster (prior to any dissociation), 
U133K is the initial precursor energy at 133 K, and the RE is the sum of the E0 values and the sum 
of average energy partitioned into the products.  The effective temperatures of the stepwise 
product clusters are obtained using Equation 4.4 
 
U(Ti*) = U(Ti+1*) – E0,i+1 – (5/2)kBTi*        (4.4) 
 
for each stepwise cluster.  From this array of expressions, the effective temperatures of each 
stepwise cluster may be iteratively solved.   

Calculated effective temperatures as a function of the number of water molecules lost are 
plotted in Figure 4.4 for reduced [Os(NH3)6(H2O)55]

3+ and [Cu(H2O)32]
2+.  The reduced 

[M(NH3)6(H2O)55]
3+ clusters initially have T* values ranging from 409 to 477 K which reflects 

differences in REs for these species.  The T* of the reduced Cu cluster (696 K) is much higher 
than that of the reduced Os(NH3)6 cluster (451 K), despite the fact that both have the same RE  
(7.8 eV).  The different T* in this case is due to the different number of degrees-of-freedom for 
these two different size clusters. 

4.4.8  Product Ion Distribution Width.  The distribution of energy partitioned into the 
products should be roughly Gaussian when the number of water molecules lost is large (Central 
Limit Theorem), as is the case here.  The width of this Gaussian is a measure of the contribution 
of translational and rotational energy release to the width of the distribution of product ions 
formed.  The internal energy distribution of the precursor will also contribute to this width.   

The widths of the product ion distributions were calculated for the case in which 
broadening results exclusively from translational and rotational energy release.  From the mean 
of the energy release distribution of each departing water molecule, the variance for the sum total 
of water loss may be calculated.  The width of the product ion distribution, σ, is obtained from 
the variance.   
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Figure 4.4  Calculated effective temperatures (T*) for the sequential cluster ions as a function of water molecules 
lost (y) from the reduced clusters ([Cu(H2O)32-y]

1+ and [Os(NH3)6(H2O)55-y]
2+). 

 
 
 The experimentally measured product ion distributions were fit using a Gaussian and the 
widths of these Gaussian functions (σ) as well as those from the calculations neglecting the 
precursor internal energies are given in Table 4.1.  For [M(NH3)6(H2O)55]

3+, the observed width 
is comparable to the calculated width.  This suggests that the effects of the internal energy 
distributions of the starting precursors are negligible, or that our calculations overestimate the 
contributions of energy partitioning into the products.  In contrast to the results for 
[M(NH3)6(H2O)55]

3+, the measured width for [Cu(H2O)32]
2+ is significantly less than the 

calculated value, indicating that the calculated energy partitioning is too large.  This suggests that 
some water molecule loss may occur on the timescale in which the RE is converted into internal 
modes resulting in lower effective cluster temperatures than those predicted if the conversion to 
internal energy is instantaneous.  This may be due to a multistep electronic-to-vibrational energy 
conversion process or it could be due to the production of a meta-stable intermediate, such as an 
ion-electron pair in which the metal ion in the droplet is not yet reduced and the electron resides 
close to the periphery of the nanodrop.49  Such an intermediate may be longer lived than the 
timescale for evaporation of several water molecules. 
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Table 4.1  Width of the measured product ion distribution (in number of water molecules) resulting from EC fit 
using a Gaussian distribution and that modeled assuming that the only contribution to this width is from partitioning 
of energy (kinetic energy released) into translational and rotational modes of the products (see text).  

precursor observed width (σ) maximuma KER width (σ) minimumb KER width (σ) 
[Ru(NH3)6(H2O)55]

3+ 0.78(8) 0.67 0.28 
[Co(NH3)6(H2O)55]

3+ 0.77(7) 0.67 0.28 
[Os(NH3)6(H2O)55]

3+ 0.54(3) 0.62 0.27 
[Cr(NH3)6(H2O)55]

3+ 0.55(4) 0.61 0.27 
[Ir(NH 3)6(H2O)55]

3+ 0.55(2) 0.53 0.25 
[Cu(H2O)32]

2+    0.59(16) 0.93 0.28 
[Cu(H2O)33]

2+ 0.59(3) 0.91 0.28 
a Modeled assuming that energy deposition, including solvent reorganization, occurs faster than the loss of any 
water molecules. b Modeled assuming that energy deposition, including solvent reorganization, occurs much slower 
than water molecule loss. 

 
 To obtain an estimate of the solvent evaporation kinetics, the evaporation model of 
Klots75 was used to determine the lifetimes of the reduced precursor for [Os(NH3)6(H2O)55]

3+ and 
[Cu(H2O)32]

2+ using the initial temperatures from Figure 4.4; these lifetimes are roughly 8 x 10–

13 and 2 x 10–14 s, respectively.  These lifetimes are sufficiently short that some water molecule 
loss may occur prior to full energy conversion and solvent reorganization.  To estimate the 
maximum possible magnitude of competitive water molecule loss, the analysis described above 
was done using the assumption that the energy conversion into internal modes was significantly 
slower than the timescale for water evaporation so that the effective temperature of the reduced 
droplet never exceeds 157 K due to evaporative cooling.  The resulting width (σ ~ 0.27) obtained 
using this “slow internal energy conversion model” is substantially less than any of the widths 
from the experimental data indicating that although some water molecule loss may occur prior to 
complete energy conversion, this effect is likely to be relatively small, that is, the energy 
conversion is as fast or faster than significant water molecule loss. 

4.4.9  Comparison to Gas-Phase Atomic Ionization Energies.  Gas-phase reduction 
energies for [M(NH3)6(H2O)55]

3+, M = Ru, Co, Os, Cr, and Ir, and [Cu(H2O)32]
2+ are given in 

Table 4.2 (at 0 K) along with the corresponding ionization energies of the bare ions.  The 
corresponding values for the hexamine complexes have not been reported.  Interestingly, there is 
no apparent correlation between the ionization energies of the bare ions and the RE of these gas-
phase nanodrops.  For example, the average RE of [Ru(NH3)6(H2O)55]

3+ (8.5 eV) is higher than 
that of [Cr(NH3)6(H2O)55]

3+ (7.6 eV) or [Ir(NH3)6(H2O)55]
3+ (6.6 eV), but the third ionization 

energies of both Cr and Ir are higher than that of Ru.  Even more striking are the results for 
[Cu(H2O)32]

2+ that has a RE of 7.8 eV, which is comparable to [Cr(NH3)6(H2O)55]
3+ despite the 

significantly higher third ionization energy of Cr (31 eV) compared to the second ionization 
energy of Cu (20 eV).  

 
Table 4.2  Average number of water molecules lost (x), second and third ionization energies (IE) of the bare metal 
atoms and recombination energy (RE) values at 0 K for [M(NH3)6(H2O)55]

3+ and [Cu(H2O)32]
2+ in eV.  

M x third IE RE M x second IE RE 
Ru 18.2  24.46b (28.6) 8.5 Cu 16.3 20.29b (20.7) 7.8 
Co 18.0 33.5 b  (34.0) 8.5     
Os 16.7            (26.9) 7.8     
Cr 16.4  30.96 b (31.9) 7.6     
Ir 14.2              (29.2) 6.6     

a Calculated values are in parentheses. b From reference 100. 
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4.4.10  Thermochemical Cycles.  The reduction energies of these gas-phase nanodrops 
can be related to bulk solution-phase reduction energies by the thermodynamic cycle shown in 
Scheme 4.2, where ∆Hsolv is the Born enthalpy associated with solvating a droplet with n water 
molecules and nominal charge z into bulk solution.   

 
Scheme 4.2: 

 
 
A modified Born equation (Equation 4.5) is used to obtain the free energy of solvation, ∆Gsolv, of 
the product and reactant charged nanodrops 
 
∆Gsolv = –(z2e2/8πϵ0Rs)(1 – ϵ–1)(n + ai + 6aam)–1/3 

                
(4.5)

  
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 factors that relate the size of an ammonia molecule and a metal ion, respectively, to 
that of a water molecule.  The differential of the negative of equation 4.5 with respect to 
temperature is used to estimate the entropy of solvation (Equation 4.6) 
 
∆Ssolv = (z2e2/8πϵ0ϵ

2Rsn
1/3)(∂lnϵ/∂T)        (4.6) 

 
and is combined with the free energy of solvation at 298 K to obtain the enthalpy of solvation at 
this temperature.  The enthalpic AEA is omitted in our subsequent analysis and the solution-
phase reduction potentials are referenced to a gas-phase electron at infinite distance from the 
vacuum water interface.  Values of the enthalpic AEA have been reported;35,36,76 the absolute 
half-cell potential could be referenced to a solvated electron by including this term (see Chapter 
8).   

The vacuum reference definition is for a gas-phase electron at rest at infinite distance.  In 
these experiments, the electrons can have a range of kinetic energies, but capture of an electron 
should be most efficient when the relative kinetic energy between an ion and an electron is zero.  
The relative kinetic energies can be more carefully controlled using merged ion beam techniques 
employed at storage rings, making possible accurate measurements of capture cross sections as a 
function of relative kinetic energies.77-81  The cross sections for ion-electron recombination 
increase rapidly as the relative kinetic energy between the ion and electron approaches zero.  For 
example, the EC cross section for D+(D2O)2 increases by about 3 orders of magnitude when the 
center-of-mass kinetic energy decreases from 10–2 to 10–3 eV.80  The dissociative recombination 
cross section of protonated water increases by about 5 orders of magnitude when the center-of-
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mass kinetic energies are decreased from 30 to 10–3 eV.81  In our EC experiments, the thermally 
generated electrons are formed at a potential of –1.4 eV relative to the vacuum chamber ground 
whereas the charged nanodrops are stored in the cell using a trapping plate potential of +3 V.  
Although there is excellent spatial overlap between the ions and electrons, the relative velocities 
can span a relatively wide range.  It is probable that the very low EC efficiency observed for the 
charged nanodrops in this experiment is due to inefficient matching of these velocities and that 
the observed spectra occur from recombination when these relative velocities are near zero 
(corresponding to the maximum capture cross section). Due to the very high electron currents 
used in these experiments, electron-electron repulsion is expected to be significant and will result 
in an even wider range of electron kinetic energies and this effect may account for electron 
capture at zero or near zero center-of-mass kinetic energies. 

To determine the effect of the cathode potential on the internal energy deposition upon 
EC, experiments in which the cathode potential was varied from –1.5 to –2.0 V were performed 
with [Ca(H2O)15]

2+ as the precursor. Upon EC, the reduced precursor loses an H atom and an 
average of 8.2 ± 0.1 water molecules with no discernible trend over this range of cathode 
potentials. Under the conditions of these experiments, the EC efficiency decreases significantly 
at higher and lower cathode potential. Similarly, EC of [Ca(H2O)32]

2+ under slightly different 
experimental conditions as those reported previously50 results in loss of an average of 10.23–
10.30 ± 0.05 water molecules over a –1.3 to –1.6 V range of cathode potentials. If an additional 
0.3 eV were deposited into [Ca(H2O)32]

2+ upon EC, the average number of water molecules lost 
would increase by 0.8. Thus, there appears to be a negligible effect of cathode potential on the 
internal energy deposited into the ions, consistent with the presence of low-energy electrons in 
the cell due to electron-electron repulsion or other effects, and the highest electron capture 
efficiency occurring when the relative ion and electron velocity approaches zero. Further 
experiments investigating the extent of water loss upon EC as a function of cathode and trap 
potentials and electron current, extrapolated to zero could potentially lead to more accurate 
values. 

The absolute solution-phase reduction enthalpies are obtained using the Scheme 4.2 
thermodynamic cycle at 298 K (Table 4.3), where the REs are obtained from the average number 
of water molecules lost integrated over the appropriate E0 values and the average energy 
partitioned into the products.  The ∆Habs values correspond to temperature corrected absolute 
reduction enthalpies in solution which may be compared to the corresponding relative values that 
are easily measured in solution (vida infra). 

 
Table 4.3  Differences in enthalpies for ion solvation for the gaseous redox clusters (∆∆Hsolv), absolute enthalpies 
(∆Habs) and free energies (∆Gabs) for solution phase redox couples obtained from gas-phase nanodrop measurements, 
and the corresponding relative solution-phase values (∆Grel) at 298 K (all values in eV).   
 ∆∆Hsolv ∆Habs ∆Gabs ∆Grel 
[Ru(NH3)6]

3+/2+ 4.8 –3.6 –3.9  –0.07a 

[Co(NH3)6]
3+/2+ 4.8 –3.6 –3.8    0.16b 

[Os(NH3)6]
3+/2+ 4.8 –2.9 –3.1    0.78c 

[Cr(NH3)6]
3+/2+ 4.8 –2.8 –3.0    0.66d   

[Ir(NH 3)6]
3+/2+ 4.8 –1.7 –1.9    1.46b 

Cu2+/1+ 3.4 –4.1 –4.4  –0.16e 
a from reference 90. b from reference 64. c  from reference 63. d from reference 97. e from reference 98. 

 
4.4.11  Solvation Energy Parameters.   Although the absolute condensed-phase 

reduction enthalpies are predominantly derived from the gas-phase nanodrop EC experimental 
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data, the Born energy terms for the precursor and reduced nanodrops are significant factors.  The 
parameters used in this model along with a brief analysis of the uncertainties in these values are 
described below.  The size exclusion radius of water, Rs (1.93 Å) used in the solvation enthalpy 
calculation, is obtained from bulk density data for liquid water at 298 K (0.9970 g/cm3).70  The 
density of ice depends upon temperature,82 and at –180 ˚C, the size exclusion radius is calculated 
to be less than the 0 ˚C value (1.98 Å) by one-hundredth of an angstrom (1.97 Å).  The density of 
supercooled water at –30 ˚C (0.9838 g/cm3)83 results in an Rs of 1.94 Å. The size exclusion 
volumes of water are consistent with the experimentally obtained Rs value of 1.95 Å from 
photoelectron spectroscopy of hydrated electron clusters.84  Varying Rs over this range (1.93 to 
1.98 Å) results in a difference in ∆Habs of less than 0.1 eV for all species. 

Evidence from photodestruction spectroscopy of hydrated electron clusters, [(H2O)n]
–, 

indicate that the radii of the excited state complexes can be different than those in the ground 
state.85  In our experiments, the RE is a measure of the difference between the reactant and 
product clusters for the isothermal EC pathway (Scheme 4.1), and excited state effects on the 
cluster radii are not expected to contribute significant uncertainty to the calculated solvation 
energies.   

 The solvation energy depends upon the dielectric constant, ϵ, of the solvent which is a 
function of temperature.  Between 0 and 30 K, the dielectric constant is estimated to be 3.1, but 
rapidly increases to a value of ~275 at 50 K.86  The permittivity gradually decreases to 91.5 at 
273 K.86,87  The 298 K values are more physically relevant and these are insensitive to the value 
of the dielectric constant.  The ϵ at 298 K is 78.4;88 values of 70 or 90 result in essentially the 
same ∆Habs. 

 The solvation entropy term is small (~0.1 eV) and depends upon the same factors as the 
solvation free energy, but also ∂lnϵ/∂T.  The natural log of the dielectric constants used to obtain 
this parameter (–0.337 K–1) are linear over a large temperature range (10–70 ˚C).  The dielectric 
contstants at these temperatures are known to four significant digits; because the entropy term is 
a minor correction and the dielectric constant of water over these temperatures are well known, 
any uncertainty associated with this solvation entropy analysis is expected to be minor as well.  

The volume factors of the metal ions, ai, are very small relative to the size of the solvent 
molecules (n + 6aam >> ai) and do not contribute significantly to the solvation and surface 
energies.  The volume factor aam is estimated to be 1.04, obtained from the density of solid 
ammonia (0.834 g/cm3),89 and does not appreciably effect the surface or solvation energies when 
compared to treating ammonia molecules as water molecules for estimating the radii of these 
clusters.   
 4.4.12  Free Energies.  To relate an absolute enthalpy to an absolute Gibbs free energy 
value, the absolute entropy, ∆Sabs, for the solution-phase redox reaction is required.  This may be 
obtained from electrochemical measurements using a nonisothermal cell apparatus in which the 
potential of a redox reaction is measured at varying temperatures referenced to another half-cell 
at a constant temperature.90-93  Weaver and co-workers investigated the absolute entropy for 
various redox couples as a function of metal ion identity, oxidation state and ligand 
substitution.90-93  The ∆Sabs for the [Ru(NH3)6]

3+/2+ (19 cal/mol·K) and [Os(NH3)6]
3+/2+ (18 

cal/mol·K) couples were determined and compared to other redox couples with varying degrees 
of chelating ligand substitution.90  In general, ∆Sabs values decrease as the numbers and 
“stiffness” of chelating ligands are increased.  This and other evidence94 suggests that ∆Sabs for 
redox couples depend primarily on the coordinated ligands and on the oxidation states rather than 
upon the metal ion identity.  The ∆Sabs value for all the [M(NH3)6]

3+/2+ species were 
approximated from the data for M = Ru and Os (18.5 cal/mol·K). 
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Another method to obtain ∆Sabs is by measuring the isothermal temperature coefficient 
(∂E0/∂T) of a redox reaction by varying the temperature of both half-cells in concert.  
Nonisothermal (or absolute) temperature coefficients are obtained by adding the nonisothermal 
temperature coefficient of the SHE (+0.871 mV/K),95 a value deduced from experimental data 
and thermodynamic assumptions, to the isothermal temperature coefficient and converting to an 
absolute entropy, ∆Sabs = nF(∂E0/∂T).  Brastch has compiled isothermal temperature coefficient 
data (both measured and calculated) for 26 aqueous 3+ to 2+ reduction reactions for metal ions 
without chelating ligands other than water.94  These values do not depend strongly on ion identity 
but do depend on the oxidation states of the reactant and products.  12 of the 26 aqueous 3+ to 2+ 
reduction reactions tabulated have isothermal temperature coefficients of 1.6 mV/K (∆Sabs 
corresponds to 55.0 cal/mol·K), the lowest is 1.1 mV/K (∆Sabs corresponds to 45.5 cal/mol·K) 
and the highest is 1.8 mV/K (∆Sabs corresponds to 61.6 cal/mol·K).  The higher values for bare 
metal ions than for [M(NH3)6]

3+/2+ are consistent with a strong interaction between the metal ion 
and the ammonia ligands in the latter complex.  For the Cu2+/1+ couple, a ∆Sabs = 21.77 
cal/mol·K, obtained from the measured isothermal temperature coefficient (+0.073 mV/K),96 is 
used.   

It should be noted that the entropies of octahedrally complexed Co(III) to Co(II) 
transitions in solution are an exception to the general observation that metal ion identity does not 
significantly influence ∆Sabs.

91,92  The entropy for [Co(NH3)6]
3+/2+ has not been previously 

reported.  However, the ∆Sabs values for [Co(bpy)3]
3+/2+ and [Co(en)3]

3+/2+  are roughly 20 
cal/mol·K higher than those of [Cr(bpy)3]

3+/2+ and [Ru(en)3]
3+/2+,91,92 respectively.  This suggests 

that we may be significantly underestimating this value for [Co(NH3)6]
3+/2+. 

  By combining this entropy data with the enthalpies obtained from Scheme 4.2 at 298 K, 
the absolute Gibbs free energy of each species is determined.  These values, as well as the 
relative solution-phase values,63,64,90,97,98 are given in Table 4.3.  The absolute Gibbs free energy 
values are related to a potential via the Faraday constant relation, ∆G = –nFE0. 

4.4.13  Absolute Standard Hydrogen Electrode Potential.  The absolute 298 K Gibbs 
free energies derived from the gas-phase nanodrop data for each of the redox couples, are plotted 
against the corresponding solution-phase relative potentials (SHE = 0 V) from the literature 
(Figure 4.5).  These data are fit to a line with a slope of 1.4, a y-intercept of –4.2 eV or +4.2 V 
and an R2 of 0.97.  The y-intercept corresponds to the absolute SHE potential versus a free 
electron.  The standard deviation for the absolute SHE value, derived from the scatter about the 
linear regression best fit line of the Figure 4.5 data, is ±0.1 V.  The uncertainty in the final value 
of the absolute SHE, including contributions from any systematic error, is more difficult to 
accurately assess.  The major contribution to this uncertainty is the values for E0 used to obtain 
the energy deposition from the number of water molecules lost.  Binding enthalpies calculated 
using the Thomson liquid drop model for some non-aqueous hydrogen bonding solvents61 are 
systematically low and the same may be true for water.  Klots proposed a method for calculating 
stepwise binding energies of water to neutral clusters using a calculated value for the water heat 
of vaporization at 0 K (11.2 kcal/mol) combined with a surface energy term.60  Using this model, 
the stepwise E0 values range from 9.6 to 9.8 kcal/mol for n = 43–61.  If these values are used in 
our method, the corresponding Figure 4.5 best fit line has a slope of 1.7, y-intercept of 4.9 V and 
R2 of 0.90.  We expect that the Thomson liquid drop model, which explicitly includes effects of 
charge and uses a well known bulk heat of vaporization of water, is more accurate.   

Another source of uncertainty is the modeling of the energy partitioned into the products.  
The slope of the Figure 4.5 data suggests that there is a systematic deviation between the gas-
phase cluster results and those in solution.  Interestingly, if the “slow internal energy conversion” 
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limit model is used, the slope of the corresponding Figure 4.5 plot is 1.1 and the y-intercept is 
+3.3 V.  Although this limit is almost certainly not physically meaningful, it does indicate that 
any water molecule loss that occurs prior to full energy conversion of the RE into internal modes 
of the cluster lowers the slope and decreases the value of the absolute SHE.  Modeling the water 
molecule loss and the energy transfer processes would improve the accuracy of this method. 

 

 
 
Figure 4.5  Absolute solution-phase ∆G values for the [M(NH3)6]

3+/2+, M = Ru, Co, Os, Cr, and Ir, and Cu2+/1+ 
couples obtained from gas-phase nanodrop measurements versus the corresponding relative solution-phase values.  
The solid line is a linear regression fit with a slope of 1.4 and y-intercept of –4.2 eV or +4.2 V.  The y-axis (dashed 
line) intercept corresponds to the absolute SHE versus a free electron.  Error bars reflect a select range of reported 
solution-phase values and estimates of the uncertainty in the gas-phase measurements. 

 
It is also possible that the Born energy correction may be insufficient to fully account for 

the solvation energies of these nanodrops, although the data for [Cu(H2O)32]
2+ follows the trend 

established by the [M(NH3)6(H2O)55]
3+ cluster data.  The solution-phase redox potentials were 

measured under different conditions (with the exception of M = Co and Ir).  For reactions that do 
not have a well defined reverse oxidation wave (M = Co, Cr and Ir), there is greater uncertainty 
in the solution values.  These solution-phase redox couples may be measured as a function of 
ionic strength and extrapolated to infinite dilution,99 providing values that are more directly 
comparable to our measurements.  Further experiments are ongoing to make possible better 
comparisons under more similar conditions between measured half-cell potentials of these 
species.  The reported uncertainty reflects uncertainties in obtaining RE values from the 
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experimental data, not uncertainties in other parameters.  In sum, we estimate the uncertainty in 
the absolute value of the SHE to be about ±10% or 4.2 ± 0.4 V. 

 
4.5  Conclusions 

 
Recombination energies resulting from EC by extensively hydrated ions in the gas phase 

can be obtained using nanocalorimetry and related to solution-phase reduction potentials, thus 
providing a route to an absolute electrochemical scale.  The absolute values obtained using this 
method are referenced to a free electron in the gas phase but could just as easily be referenced to 
an aqueous electron by including the adiabatic electron affinity of water.  There are several 
important differences between these measurements and those done in bulk solution.  In these 
gas-phase experiments, EC occurs with a single solvated ion without other ions or counter ions 
present.  In addition, there are no boundary layers or junction potentials, nor effects associated 
with metal electrodes in these gas-phase experiments.   

The range obtained for the absolute SHE versus a free electron from this method (4.2 ± 
0.4 V) brackets many previously reported estimates of this value.2-4  It is challenging to 
accurately assess the uncertainty in the absolute value of the SHE obtained using this method, 
and this uncertainty is significantly larger than the accuracy with which relative potentials can be 
measured.  We have attempted to provide rough estimates of uncertainties in many of the 
parameters that contribute to the final value but a more complete analysis is required.  The 
accuracy of this method could be improved by establishing more accurate values for the 
threshold dissociation energies of water molecules as a function of cluster size and charge.  
Accurate experimental measurements of binding enthalpies for much larger clusters than have 
been measured previously could significantly improve the confidence in the absolute SHE value.  
Modeling of the internal energy conversion and water molecule loss process could lead to an 
improved estimate of the energy that is partitioned into products. 

An alternative approach to improving the accuracy is to perform EC experiments on 
much larger clusters.  Fewer water molecules are lost from larger clusters due to increased ion 
solvation and lower RE values.  This would reduce the uncertainty originating from both the 
water molecule binding energy and the Born solvation energy terms.  Competitive energy loss 
via radiative emission limits the ultimate cluster size that can be investigated using this method.  
A more accurate value for the absolute SHE may also be obtainable by extrapolating size 
dependent cluster data measured over a finite range to infinite size which would eliminate the 
Born solvation energy term used in the current method. 

Uncertainties in the reported solution-phase reduction potentials obtained from the 
literature and measured under different conditions, as well as the limited stability of some of the 
reduced species, likely contribute significantly to the overall uncertainty in our reported value.  
Measurements of these values under controlled conditions are ongoing, as are measurements of 
additional redox couples.  By carefully controlling experimental conditions and investigating 
each step in this method, we anticipate that the uncertainty in the value for the SHE obtained 
using this method can be reduced to below 0.1 V.  This uncertainty may ultimately be limited by 
our understanding of ion solvation at long range and experiments on size-selected nanodrops 
may provide important new information that can be used to improve solvation models.  Although 
not yet achieved, a value for the absolute SHE obtained by this method with an uncertainty of 
less than 0.1 V, would be much more valuable than using an arbitrary value of exactly zero for 
the SHE and should be sufficient to establish an absolute electrochemical scale that bridges 
solution and gas-phase ionization/reduction energies and potentials.   
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5.1  Abstract 
 
 Solution-phase half-cell potentials are measured relative to other half-cell potentials, 
resulting in a thermochemical ladder that is anchored to the standard hydrogen electrode (SHE) 
which is assigned an arbitrary value of 0 V. A new method for measuring the absolute SHE 
potential is demonstrated in which gaseous nanodrops containing divalent alkaline-earth or 
transition-metal ions are reduced by thermally generated electrons. Energies for the reactions   1) 
M(H2O)24

2+(g) + e–(g) → M(H2O)24
+(g) and 2) M(H2O)24

2+(g) + e–(g) → MOH(H2O)23
+(g) + 

H(g) and the hydrogen atom affinities of MOH(H2O)23
+(g) are obtained from the number of 

water molecules lost via each pathway. From these measurements on clusters containing nine 
different metal ions and known thermochemical values that include solution hydrolysis energies, 
an average absolute SHE potential of +4.05 V vs. e–(g) (standard deviation of 0.02 V) and an 
absolute proton solvation free energy of –270 kcal/mol are obtained. With this method, the 
absolute SHE potential can be obtained from a one-electron reduction of nanodrops containing 
divalent ions that are not observed to undergo one-electron reduction in aqueous solution. 
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5.2  Introduction 
 

In solution, oxidation and reduction potentials of half-cell reactions cannot be measured 
in isolation, but are measured relative to other half-cell potentials that are referenced to a 
common electrode, thus establishing a ladder of relative thermochemical values. The universally 
accepted “anchor” to this electrochemical series is the standard hydrogen electrode (SHE), e– + 
H+ → (1/2)H2(g), which is assigned an arbitrary half-cell potential of exactly 0 V. Establishing 
an absolute electrochemical scale would enable direct comparisons of half-cell potentials to other 
absolute thermodynamic values, such as those readily obtained in the gas or solid phases. For 
example, absolute half-cell potentials are important for developing semiconductor and electrolyte 
junctions,1 in which the Fermi level of the electrolytic solution and the work function of the solid 
semiconductor determine the potential of the solid/electrolyte cell. 

The subject of determining the absolute electrode potential has been of considerable 
interest and has stimulated many different approaches to obtain a value.2-15 However, because of 
the difficulty of directly measuring an absolute potential and because of the relatively wide range 
of values that have been reported from the different methods, this topic has remained 
controversial;2-15 it has even led to one of the leaders in this field to conclude that “despite the 
numerous discussions, nobody seems seriously convinced of the arguments of the others.”2  

The International Union of Pure and Applied Chemists (IUPAC) recommended definition 
for the absolute SHE potential is the SHE potential referenced to a gas-phase electron in 
vacuum,16 that is, H+(aq) + e–(g) → ½H2(g).3 Estimates of the absolute potential of the SHE 
versus a free electron3-12 have been obtained from a variety of methods. One such method uses 
thermodynamic cycle shown in the Scheme 5.1,  

 
Scheme 5.1: 

 
 
in which ∆Gsolv(H

+,aq) is the absolute solvation Gibbs free energy of H+(g), ∆Gion(H) is the 
ionization Gibbs free energy of H(g), ∆Gat(½H2) is the atomization Gibbs free energy of ½H2(g), 
and ∆Gabs(SHE) is the absolute free energy of the SHE vs. a free electron. This thermodynamic 
Born-Haber type cycle results in 
 
∆Gabs(SHE) = –∆Gat(½H2) – ∆Gion(H) – ∆Gsolv(H

+,aq)     (5.1) 
 
and is used to obtain the absolute potential of the SHE from the Faraday relation, ∆G = –nFE, 
where n is the number of transferred electrons, F is the Faraday constant, and E is the reaction 
potential. Because ∆Gion(H) and ∆Gat(½H2) are well known, then the value of ∆Gabs(SHE) is 
readily obtained if the value of ∆Gsolv(H

+,aq) is known, and vice versa. The IUPAC reported 
value for the absolute SHE potential (+4.44 V)3 referenced to an electron in vacuum near the 
surface of the vacuum-water interface is obtained using a value for the real proton solvation 
energy of –260.0 kcal/mol, that was reported by Farrell and McTigue.17 The real proton solvation 
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energy is the energy of solvating the proton in bulk water referenced to the proton in vacuum just 
outside the surface of the vacuum-water interface. This value, which should include the surface 
potential of water, χ(aq), was obtained by measuring the potential across a high-resistance 
voltaic cell (∆φ),  
 
Hg(N2)|≡|HCl(aq,m)|Pt, H2         (5.2) 
 
where Hg(N2) is a mercury jet electrode that is separated from a flowing HCl solution by an 
atmosphere of N2 gas and “≡” represents the high-resistance N2 gap, and the HCl solution is in 
contact with a hydrogen half-cell (Pt, H2), as a function of HCl molality (m). It was shown that 
∆φ is proportional to the surface potential of the HCl solution/air interface. The ∆φ value was 
measured as a function of HCl concentration from 20 mM to 1 mM, and extrapolated to infinite 
dilution using the dependence of the surface potential on ionic strength derived from a theoretical 
model.18 A simplifying assumption is that the difference between the surface potential of the HCl 
solution, χ(HCl,m), and that of pure water, χ(aq), will vary linearly and monotonically as a 
function of –χ(aq)I1/2/[(Bλ)–1 + I1/2], where I is the ionic strength of the HCl solution, B is the 
appropriate Debye-Huckel constant, and λ is the persistence length defined in the theoretical 
model, from a concentration of 20 mM to infinite dilution. Fitting the measured data from 20 to 1 
mM, results in a linear dependence. By assuming that Bλ = 2, the slope and intercept of this line 
are +25 and –55.9 mV, respectively; these values correspond to χ(aq) and ∆φ in the limit of 
infinite dilution, ∆φ(aq). The real solvation energy of the proton (–260.0 kcal/mol) is obtained 
from the value of ∆φ(aq) using a thermodynamic cycle that includes the work function of Hg, 
and the atomization and ionization energies of molecular and atomic hydrogen, respectively. 
Because this value is obtained using a theoretical model of the air/water interface18 to calculate 
the dependence of the surface potential of the HCl solution as a function of HCl concentration, it 
is interesting to compare the surface potential obtained in these experiments to more recently 
calculated values of χ(aq). Calculations using empirical interaction potentials for water results in 
even more negative χ(aq) values ranging from –110 to –890 mV.20,21 The positive value obtained 
by Farrell and McTigue is inconsistent with these calculated values, but does fall within the 
range of many other previously reported values (–1.1 V to +0.5 V).22 If the surface potential of 
water is negative or much different than +25 mV, the assumptions in extrapolating data from 1 
mM to infinite dilution must be questioned as this would imply that the ∆φ values measured by 
Farrell and McTigue17 should not depend linearly and monotonically as a function of –
χ(aq)I1/2/[(Bλ)–1 + I1/2] which could result in a much different intercept and different values for 
∆φ(aq) and the real proton solvation energy. For example, the theoretical model18 used in the 
Farrell and McTigue extrapolation was originally used to obtain a value of  –0.05 V for χ(aq) 
using a different set of experimental data.5,18 

Other approaches towards obtaining the absolute SHE potential have been investigated.5-

10 For example, the potential differences between emersed vs. immersed electrodes of electrolytic 
solutions have been measured and a value of +4.7 V for the absolute SHE potential was obtained 
from two separate measurements.5,6 However, reorientation of adsorbed molecules upon the 
electrode when emersed vs. immersed may explain the differences between these and other lower 
estimates for the absolute SHE potential.23 Another method is to determine ∆Gsolv(H

+,aq) using 
Equation 5.1 to obtain the value of the absolute SHE potential referenced to an electron at 
infinite distance from the vacuum-water interface. Computational methods have been used to 
obtain values for the solvation free energy of the proton that range from –254.4 to –266.7 
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kcal/mol.24-26 A novel cluster-pair correlation scheme that incorporates both gas-phase and 
solution-phase experimental solvation data for many different ions has also been used obtain a 
value of –265.9 kcal/mol for the solvation free energy of the proton.7,8,27-29 These values can be 
compared to those referenced to a proton just outside the surface of the vacuum water interface 
by including the surface potential of water. Absolute SHE potential values between +4.2 and 
+4.7 V are obtained from the range of calculated values for the proton solvation free energy, 
neglecting χ(aq), which should be small.  

Because of the wide range of SHE values obtained from previous indirect measurements 
and computational approaches, it is interesting to investigate more direct experimental methods 
to measure reduction potentials. We recently introduced a new gas-phase ion nanocalorimetry 
technique,30-37 based on the ion thermometer method of Cooks and coworkers,38 in which 
electrochemistry using large “aqueous” nanodrops is performed in vacuo to obtain absolute half-
cell potentials in bulk solution.30,31 Water nanodrops containing individual redox active Cu2+ and 
M(NH3)6

3+, for M = Ru, Co, Os, Cr, and Ir, that capture thermally generated electrons results in 
loss of water molecules from the droplet.30 The adiabatic ion-electron recombination energy 
(RE) is equal to the energy removed by the lost water molecules. The REs can be related to 
absolute reduction potentials in bulk solution. By comparing these absolute reduction potentials 
to experimental relative potentials in solution,30 a value for the absolute SHE of +4.2 ± 0.4 V was 
obtained. This method has the advantages that solvent reorganization energy resulting from the 
change in ion charge state is reflected in the measured RE, but this method does require that the 
corresponding relative one-electron reduction potential in solution to be either known or 
measurable.  

In addition to water molecule loss observed for larger clusters, electron capture (EC) by 
smaller hydrated metal ions can result in the loss of a hydrogen atom and water molecules. These  
two dissociation pathways are shown below: 
 
Scheme 5.2: 

 
 
EC by Ca(H2O)n

2+ results in dissociation only by pathway II for n ≤ 22, whereas only pathway I 
occurs for n ≥ 30.32 At n = 24, the abundance of each pathway is comparable and both pathways 
result in the loss of about 10 water molecules from the reduced precursor.  

Here, reduction of hydrated M(H2O)24
2+, M = Mg, Ca, Sr, Mn, Fe, Co, Ni, Cu and Zn, 

which results in the loss of an H atom and water molecules, is investigated and a value for the 
absolute SHE potential is obtained via a route that is largely independent of our previous method. 
The energy for the pathway for loss of atomic hydrogen and water molecules is shown to be 
directly related to hydrolysis in solution. From these and other well known thermochemical data, 
the absolute SHE potential and ∆Gsolv(H

+,aq) can be obtained from a single cluster measurement.  
Unlike our previous method, this new method does not use relative solution-phase redox 
potentials to obtain the absolute SHE potential.  Thus, a value for the SHE potential can be 
obtained from one-electron reduction of moderate size gaseous nanodrops containing metal ions 
that do not undergo a one-electron reduction in solution. 
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5.3  Results and Discussion 

 
5.3.1  Nanodrop Fragmentation Pathways upon Electron Capture. EC by M(H2O)24

2+ 
results in exclusively loss of a hydrogen atom and water molecules (pathway II) for M = Mg, but 
only water molecule loss (pathway I) occurs for M = Ba. For M = Ca, the ratio of ions formed 
via pathway II to I is about 2 to 1, whereas this ratio is about 1 to 2 for M = Sr (Figure 5.1a, b). 
These results indicate that H atom loss is more favorable with increasing charge density of the 
metal ion. The difference between the numbers of water molecules lost via each pathway is 
essentially the same for M = Ca and Sr, which suggests that the barrier to loss of an H atom from 
the reduced cluster is small. 

 

 
 
Figure 5.1  Mass spectra resulting from EC by M(H2O)24

2+ for M = (a) Ca, (b) Sr, (c) Ni, and (d) Fe. Noise peaks 
are indicated by asterisks. Peaks corresponding to SrOH(H2O)12

+ and SrOH(H2O)13
+ have a 7 % contribution from 

87Sr(H2O)13
+ and 87Sr(H2O)14

+. 
 
EC of M(H2O)24

2+, M = Mn, Fe, Co, Ni, Cu and Zn, results in dissociation by both 
pathways (representative data shown in Figure 5.1c, d). In contrast to the alkaline earth metal 
ions, the average number of water molecules lost via each pathway can differ dramatically 
(Table 5.1). For example, EC by Cu(H2O)24

2+ results in the loss of an average of 16.3 and 10.7 
water molecules via pathway I and II, respectively. The average number of water molecules lost 
via pathway II ranges from about 10.2 to 10.6 for the different metal ions, whereas an average of 
10.0 to 16.3 water molecules are lost by pathway I (Table 5.1). For all clusters, the product ion 
distributions are remarkably narrow indicating that the range of internal energy deposition is also 
very narrow.  
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Table 5.1  Nanodrop hydrogen atom affinities, absolute standard hydrogen electrode potentials, and related values. 
 

M 
 

<x> a 
 

<y> b 
E(I)c 

(kcal/mol) 
E(II) d 

(kcal/mol) 
HAe 

(kcal/mol) 
∆Hhyd(M

2+)f 

(kcal/mol) 
∆Habs(SHE)g 

(eV) 
∆Gabs(SHE)h 

(eV) 
Mn 12.0(1) 10.2(1) 131.9(3) 110.4(2) 21.5(3) 13.8(6) –3.75 –4.01 
Fe 11.2(1) 10.4(1) 121.5(3) 112.7(7) 8.7(7) 12.6(6) –3.80 –4.06 
Co 12.2(1) 10.4(1) 135.1(2) 112.6(5) 22.5(6) 12.9(6) –3.81 –4.07 
Ni 13.1(1) 10.3(1) 146.9(2) 111.6(3) 35.2(4) 13.4(6) –3.78 –4.04 
Cu 16.3(1) 10.6(1) 197(1) 115.3(3) 82(1) 10.6(6) –3.82 –4.08 
Zn 11.6(1) 10.4(1) 127.9(2) 113.1(6) 14.7(6) 11.9(6) –3.79 –4.05 

Mg[i]  –– 10.2(1) –– 110.2(5) >8.6 14.3(6) –3.76 –4.02 
Ca 10[j]  10.2(1) >106 110.3(3) >8.6 14.7(6) –3.79 –4.05 
Sr 10.1(1) 10.2(1) >108.1 110.1(3) >8.6 15.2(6) –3.80 –4.06 

a The average number of water molecules lost via pathway I, <x>, upon EC by M(H2O)24
2+. b The average number of 

water molecules lost via pathway II, <y>, upon EC by M(H2O)24
2+. c Enthalpies of Equation 5.3, E(I), obtained for 

each M(H2O)24
2+. d Enthalpies of Equation 5.4, E(II) , obtained for each M(H2O)24

2+. a–e Error range is propagated 
from the signal-to-noise in each corresponding mass spectrum. e Hydrogen atom affinities (HA) of MOH(H2O)23

+. f 
M2+ solution hydrolysis enthalpies, ∆Hhyd(M

2+), from reference 59. g Enthalpy (∆Habs) of the absolute SHE obtained 
for each M2+ ion. h Free energy (∆Gabs) of the absolute SHE obtained for each M2+ ion. i Products resulting from 
pathway I were not observed for M = Mg. j Only the x = 10 product was observed for the pathway I reaction for M = 
Ca. 

 
5.3.2  Nanodrop Hydrogen Atom Affinities. These results can be rationalized in context 

of the energy diagram in Figure 5.2, where, E(I) is the recombination energy corresponding to 
 

M(H2O)24
2+(g) + e–(g) → M(H2O)24

+(g)       (5.3) 
 
and is determined from the number of water molecules lost via pathway I. E(II) is the energy 
corresponding to 
 
M(H2O)24

2+(g) + e–(g) → MOH(H2O)23
+(g) + H(g)      (5.4) 

 

and is obtained from the number of water molecules lost via pathway II. Under the conditions of 
these experiments, heat exchange between the ions that capture an electron and the surroundings 
via collisional or radiative energy transfer is negligible owing to the low pressure (≤ 10–8 Torr) 
and rapid energy loss via water evaporation from the cluster. Thus, both reaction pathways 
correspond to adiabatic processes where the energy of the products is equal to the energy of the 
reactants (Figure 5.2). The energies obtained from the numbers of water molecules lost from the 
reduced clusters correspond to the isothermal reaction,30 like values obtained from standard 
calorimetry techniques.  The difference between E(II) and E(I), corresponding to 
 
MOH(H2O)23

+(g) + H(g) → M(H2O)24
+(g)       (5.5) 

 
is the negative of the hydrogen atom affinity (HA) of MOH(H2O)23

+(g). 
To obtain a quantitative measure of E(I) and E(II) from the average number of water 

molecules lost, the threshold dissociation energies and the energy partitioned into translational, 
rotational, and vibrational modes of these water molecules must be known.30 Because water 
binding energies for the size clusters investigated here have not been measured, threshold 
dissociation energies are calculated using the Thomson liquid drop model.39,40 Sequential 
hydration energies calculated using a discrete implementation of this model compare very well to 
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experimental data for both monovalent and divalent metal ions,39 and should be increasingly 
accurate with increasing cluster size.  

 

 
 
Figure 5.2  The recombination energy, E(I), and the energy corresponding to the formation of CuOH(H2O)23

+ + H, 
E(II), is obtained from the average number of water molecules that evaporate for each pathway.  The hydrogen atom 
affinity, HA, of the CuOH(H2O)23

+ cluster is the difference between E(I) and E(II). The grey dashed lines indicate 
the energies of the corresponding species. The black dashed lines indicate the evaporation of water molecules from 
the reduced clusters. 
 
Although the metal ion identity is not included in this implementation of the model, water 
binding energies rapidly approach the bulk heat of vaporization with increasing cluster size and 
become largely independent of ion identity, even for divalent metal ions that have as few as a 
dozen or so water molecules attached.39 Thus, this model should provide reasonably accurate 
water molecule binding energies for the much larger singly charged reduced clusters investigated 
here. Little vibrational energy should partition into the evaporated water molecules because these 
modes should not be significantly populated under these conditions. The translational and 
rotational energy partitioned into the products is modeled by iteratively solving for the effective 
temperature, T*, and internal energy of the clusters upon reduction and sequential evaporation 
that results in the observed water molecule loss due to EC30 to obtain the average energy 
partitioned into the ionic and neutral products, (5/2)kT*,41-44 where k is the Boltzmann constant. 
As examples, the effective temperatures of the reduced clusters, Cu(H2O)24–x

+ and Fe(H2O)24–x
+, 

as a function of water molecules lost, x, and the energy removed by each of these water 
molecules are shown in Figure 5.3. In these experiments, all M(H2O)n

2+ investigated are 
thermalized to a temperature of ~130 K prior to EC. Upon EC, the effective temperature of 
Cu(H2O)24

+ increases from the initial precursor temperature of ~130 K to ~910 K, whereas that 
for M = Fe increases to ~650 K. The clusters have the same number of degrees of freedom; the 
higher effective temperature of the former cluster is due to the higher RE. Loss of each water 
molecule reduces the cluster temperature so that less energy partitions into translational and 
rotational modes for each sequential water molecule that is lost. For M = Cu, the calculated 
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energy removed by each sequential water molecule, which is the sum of the water molecule 
binding energy from the Thomson liquid drop model and the energy partitioned into translations 
and rotations upon water molecule loss as a function of reduced cluster temperature, ranges from 
13.0 to 10.0 kcal/mol, for the first and last respective water molecules lost; for M = Fe, these 
energies range from 11.7 to 9.3 kcal/mol, respectively. The higher energy removed upon 
sequential water evaporation, EW, for M = Cu is due to the larger recombination energy and 
hence the higher temperatures of the reduced clusters. 

 

 
 
Figure 5.3  Calculated cluster effective temperatures (Tx*, open symbols) and energy removed upon sequential 
water evaporation (EW, closed symbols) as a function of water molecules lost, x, for Cu(H2O)24–x

+ (circles) and 
Fe(H2O)24–x

+ (diamonds). The dashed-line indicates the initial precursor temperature (~130 K). 
 
Values of E(I), E(II) and the HAs are given in Table 5.1. These are the first 

experimentally determined HAs to hydrated metal ion clusters. For clusters containing a 
transition metal ion, the HAs range from ~9 to 82 kcal/mol for M = Fe and Cu, respectively, and 
all these values are greater than the binding energy of a water molecule (~8.6 kcal/mol). These 
results are consistent with previous studies in which M(H2O)n

+, M = Mn, Fe, Co, Ni, Cu and 
Zn,45-47 for n up to ~50 are only observed to fragment via water molecule loss with blackbody 
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infrared radiative dissociation (BIRD), a method that favors the lowest energy dissociation 
pathways. The order in which the H atom is eliminated from the cluster ions after EC can 
potentially affect the value obtained for E(II), but this effect should be small. Because the HAs of 
the transition metal ion clusters are much greater than the binding energy of a water molecule, H 
atom loss from the reduced cluster should occur before substantial evaporative cooling of the 
cluster ion.  

The number of water molecules lost via each pathway for M = Ca and Sr containing 
clusters is nearly the same indicating that loss of an H atom has only a small barrier. Ca(H2O)n

+ 
formed in a cluster ion source are stable for n > ~13, but CaOH(H2O)n

+ is observed for n between 
4 and ~13.48 This suggests that the HA of CaOH(H2O)n

+ is greater than the water binding energy 
(8.6 kcal/mol) for n > 13, but less than the binding energy of water for 4 < n ≤ 13. In the EC 
experiments for M = Ca and Sr, the smaller M(H2O)n

+ clusters that initially react by pathway I 
may subsequently lose an H atom at smaller sizes. For example, only Ca(H2O)14

+ is observed 
upon EC of Ca(H2O)24

2+, not Ca(H2O)13
+ which would dissociate by loss of an H atom if formed 

with sufficient internal energy. Similarly for M = Mg, BIRD experiments indicate that loss of a 
water molecule from Mg(H2O)n

+ occurs for n > 17, whereas MgOH(H2O)n
+ formation is favored 

for the smaller clusters.49 This is consistent with no pathway I products being formed by EC of 
Mg(H2O)24

2+ because these products are unstable with respect to H atom loss at smaller cluster 
sizes. Because EC by M(H2O)32

2+, M = Mg, Sr, Ca and Ba, results in formation of only 
M(H2O)21

+ and M(H2O)22
+,34 we conclude that the HA of MOH(H2O)23

+ is slightly greater than 
the binding energy of a water molecule (8.6 kcal/mol). 

Hydrogen atom loss upon EC could occur by several different mechanisms.35 A salt-
bridge within the cluster, M2+OH–H3O

+, may be transiently formed,50 possibly facilitated by the 
incoming electron. Reduction of H3O

+ would form the reactive H3O radical, which should 
dissociate via loss of H. The electron may attach directly to an outer shell water molecule to form 
H2O

–, which as an isolated ion, dissociates via loss of H.51 Results from electronic structure 
computational methods support this latter mechanism.52 The metal ion may be directly reduced 
and followed by an intracluster reaction to form the hydrated metal hydroxide and H atom 
elimination, similar to that proposed for thermal dissociation of Mg(H2O)n

+.49 
5.3.3  Relating Nanocalorimetry Measurements to Bulk Hydrolysis. The value for 

E(II) can be directly related to bulk hydrolysis using the Scheme 5.3 thermodynamic cycle, 
where ∆Hsolv(2+) and ∆Hsolv(1+) are the cluster ion solvation energies of M(H2O)24

2+ and 
MOH(H2O)24

+, respectively, and ∆Hat(½H2), ∆Hhyd(M
2+), and ∆Habs(SHE) are the enthalpies of 

H2 atomization, the first M2+ hydrolysis reaction in aqueous solution, and the absolute SHE vs. a 
free electron, respectively.  

One source of uncertainty is the extent to which the surface of the droplets and the 
hydration coordination sphere around the metal ions resembles that of bulk solution. Recent 
results from infrared multiple photon dissociation spectroscopy of Ca(H2O)n

2+ with n ranging 
from 4 to 69 indicate that the coordination number of Ca2+ changes from a value of 6 at cluster 
sizes below 12 to a value of 8 at larger sizes.53,54 Eight-coordinate solvation is consistent with 
results from many solution-phase studies.55-59 The bonded OH regions in the spectra of the larger 
clusters are similar to, but blue shifted from, that of bulk water.54 The free-OH regions are well 
resolved and indicate that the surfaces of the clusters are well ordered with a structure 
approaching that at the bulk air-water interface. For the intermediate size clusters in this study, 
the coordination number of Ca2+ is likely the same as that in bulk water and the majority of 
surface water molecules accept two hydrogen bonds and donate a single hydrogen bond to 
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adjacent water molecules and have a free OH. These results indicate that the water structure at 
the surface of these intermediate size nanodrops should be similar to that of the bulk air-water 
interface and this should be increasingly true for larger nanodrops. 

 
Scheme 5.3: 

 
 
Because the enthalpies of solvation of the different metal ion containing nanodrops 

should not depend appreciably on the metal ion identity at this cluster size, and because 
∆Hat(½H2) and ∆Habs(SHE) are constant, there should be a direct correspondence between E(II), 
obtained from these nanocalorimetry experiments, and bulk ∆Hhyd(M

2+) values as a function of 
metal ion identity. Bulk hydrolysis Gibbs free energies, ∆Ghyd(M

2+), are well known for the 
divalent metal ions studied here.60,61 To obtain ∆Hhyd(M

2+), an entropy value calculated from an 
empirical formula for each M2+ ion is combined with measured free energy values.60 The 
estimated standard deviation in T∆Shydrolysis is ± 0.6 kcal/mol, but T∆S is only an average of 2.3% 
of the hydrolysis enthalpy value (∆H = ∆G + T∆S) for the transition metal ions and 16% for the 
alkaline earth metal ions, i.e., ∆Hhyd(M

2+) values are obtained predominantly from experimental 
free energies.60 Values of –E(II) vs. the ∆Hhyd(M

2+) (Table 5.1) for each metal ion are shown in 
Figure 5.4. A linear regression results in a slope of 1.2 ± 0.1 and an R2 value of 0.95. This slope 
is slightly higher than the predicted value of 1.0, but the general relationship between these 
nanocluster measurements and solution values is excellent especially when considering that the 
range in enthalpy values is only ~5 kcal/mol and the uncertainty in the solution phase hydrolysis 
entropy correction is relatively large.  
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Figure 5.4  The negative of E(II), from gas-phase nanocalorimetry measurements, vs. enthalpy of solution-phase 
hydrolysis. The black vertical error bars reflect the uncertainty in the average number of water molecules lost 
propagated from the signal-to-noise level in the electron capture dissociation mass spectra for each metal ion. The 
horizontal error bars correspond to one standard deviation in the entropy correction.59 

 
5.3.4  Absolute SHE from Gas-phase Cluster Measurements and Solution 

Hydrolysis. The Scheme 5.3 thermodynamic cycle provides a unique route to obtain the absolute 
SHE from a single cluster measurement that does not require the use of metal ions that have 
known one-electron reduction potentials in solution: 

 
∆Habs(SHE) = ∆∆Hsolv – ∆Hhyd(M

2+) – E(II) – ∆Hat(½H2)     (5.6) 
 
where the difference in ∆Hsolv(1+) and ∆Hsolv(2+) can be obtained from a modified Born 
equation,62 resulting in a ∆∆Hsolv value of 89.9 kcal/mol. Although these nanoclusters are smaller 
than those used in our previous method,30 they are still sufficiently large that a continuum 
solvation model should account for the vast majority of the energy for M(H2O)24

z+(g) → 
Mz+(aq). The value of ∆Hat(½H2), 52.10 kcal/mol,63 is well known. Values for the absolute 
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∆Habs(SHE) vs. a free electron for each individual metal ion calculated from Equation 5.6 are 
given in Table 5.1. The absolute entropy term (T∆S) of the SHE at 298 K (0.260 eV),64 has been 
obtained from temperature dependent measurements of common half-cell reactions and is 
consistent with another value (0.262 ± 0.002 eV)65 obtained from experiments in which effects of 
junction potentials were investigated. The absolute SHE free energy values are obtained from 
∆Habs(SHE) and this absolute entropy term. The average value of ∆Gabs(SHE) obtained for each 
metal ion is –4.05 eV or +4.05 V (∆G = –nFE), and the standard deviation in these values is 
±0.02 V.  

5.3.5  Reproducibility and Uncertainty. The standard deviation in three replicate 
measurements of EC by Ca(H2O)24

2+ made over the course of 18 months is ±0.02 water 
molecules or ±0.3 kcal/mol (less than 0.2%). In addition, recent experiments done on this 
instrument show that the energy deposited upon EC does not depend on the cathode voltage or 
the trapping potentials over a wide range of experimental conditions used.33 Experiments done in 
ion storage rings in which the relative ion and electron velocities are carefully controlled 
demonstrate that EC cross sections increase by many orders of magnitude when the relative ion 
and electron velocities approach zero.66-70 In our EC experiments, there is a wide spread of 
electron kinetic energies, but some fraction of these electrons can have near zero relative ion and 
electron kinetic energies owing to effects of electron-electron repulsion, inelastic collisions that 
do not result in electron capture, and emission of electrons from long-lived Rydberg states 
formed by EC of more energetic electrons. It is the electrons for which the relative ion and 
electron kinetic energy is near zero that should be captured most efficiently. 

Although the precision of this method is good, the absolute uncertainty is higher owing to 
possible systematic deviations in the energy lost per water molecule, calculated cluster solvation 
energies, and any differences in the surface potential of these nanodrops and bulk water. The 
value of ∆Gabs(SHE) vs. a free electron obtained with this method is lower than the value of 
+4.21 V that we obtained using a similar but largely independent method.30 The majority of the 
absolute uncertainty can be attributed to the calculated water binding energies. In our previous 
study, as many as 19 water molecules were lost upon reduction of Ru(NH3)(H2O)55

3+ and 
predominantly divalent ions were formed upon EC. Here, fewer water molecules are lost and 
monovalent ions are formed upon EC. Because of these two factors, the uncertainty in the RE 
values reported here should be less. However, the uncertainty in the solvation energy and the 
energy partitioned into translational and rotational modes of the products is greater for smaller 
clusters.  

The slightly lower ∆Gabs(SHE) value obtained with this method may be partially 
attributable to small differences in the sequential water binding energies to a hydrated M+ vs. 
MOH+ cluster. Because of the large number of water molecules lost, even small differences can 
be significant. Electronic structure calculations indicate that the sequential hydration energies for 
CaOH+ are higher than for Ca+;32 for n = 1 and 5, the hydration energy of the hydroxide ion is 
4.2 and 1.2 kcal/mol higher, respectively.32 If the hydroxide ion containing clusters have 
systematically higher binding energies than the M+ containing clusters, this would result in E(II) 
values that are systematically low; only a ~0.4 kcal/mol higher water molecule binding energy to 
MOH+ vs. M+ containing clusters could account for the 0.16 V difference in the absolute SHE 
potential obtained by these two nanocalorimetry methods. There may also be a slight difference 
in the surface potentials for the different sized clusters used in the two different methods, 
although IRMPD spectra indicate that the orientation of water at the nanodrop surface does not 
change very significantly in this size range. The similar absolute SHE values obtained by these 
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two largely independent methods indicate that the absolute uncertainty in both methods is less 
than ±10%. In principle, binding energies can be accurately measured for the clusters relevant to 
these and previous nanocalorimetry experiments, which would improve the absolute accuracy of 
these methods.  

5.3.6  Absolute Proton Solvation Free Energy. From the absolute SHE potential, the 
absolute proton solvation free energy can be obtained using the Scheme 5.1 thermodynamic 
cycle.71 A ∆Gabs(SHE) value of +4.05 V obtained here or +4.21 V obtained with the previous 
nanocalorimetry method30 corresponds to values for ∆Gsolv(H

+,aq) of –270.4 or –266.7 kcal/mol 
(–11.7 or –11.6 eV), respectively. These values are close to, but more negative than, the value 
reported by Coe and co-workers (–265.9 kcal/mol), and are slightly more negative than the 
previous reported values (–254.4 to –266.7 kcal/mol).24-26 
 
5.4  Conclusion 

 
The value for the absolute SHE potential obtained from these nanocalorimetry 

experiments does not include effects of counter ions (or other solute effects) nor do they include 
effects related to the solid/liquid interface between a metal electrode and solution because these 
effects are absent in the nanocalorimetry measurements. However, these measurements are more 
direct and have several other potential advantages, including the ability to investigate counter ion 
effects by carefully controlling the content of the nanodrop, or investigating individual electron 
transfer events for redox active couples for which transfer of multiple electrons is spontaneous. 
In solution, measuring hydrolysis energies can be challenging when multiple forms of the 
reduced ion may exist, as is the case with Cu2+ hydrolysis, or when the chemical form of the 
products are ambiguous. These gas-phase measurements could be used to provide 
thermodynamic values of bulk hydrolysis in such cases. Although the absolute uncertainty in the 
value of the absolute SHE potential obtained from these measurements is difficult to evaluate, 
the high precision of the method indicates that possible systematic errors could be identified by 
investigating different size clusters and clusters containing additional metal ions. By carefully 
evaluating and eliminating potential sources of systematic error, an absolute electrochemical 
redox scale that bridges gas-phase and solution-phase electrochemistry could be established 
using these methods. 
 
5.5  Experimental Section 
 

5.5.1  Nanocalorimetry. Experiments are performed on a 2.75 T Fourier transform ion 
cyclotron resonance mass spectrometer with an ion cell cooled to –140 ºC using a regulated flow 
of N2(l).

32,33,74 Hydrated metal ions are generated from 1 to 10 mM aqueous solutions of metal 
sulphate or chloride salts using nanoelectrospray. A potential of ~600 V relative to the heated 
(~80 ºC) entrance capillary of the mass spectrometer is applied to a platinum wire that is in direct 
contact with the solution contained in a borosilicate capillary with an inner tip diameter of ~1 
µm. Ions are guided into the ion cell through 5 stages of differential pumping and accumulated 
for 4 to 6 s during which time dry N2(g) is introduced to a pressure of ~10–6 Torr to enhance 
thermalization and trapping of the ions. A 4 to 6 s delay prior to ion isolation ensures that the 
ions reach a steady-state internal energy distribution and allows the cell pressure to return to < 
10–8 Torr prior to EC experiments. Precursors are isolated and after a 50 ms delay, electrons that 
are thermally generated using a resistively heated barium scandate impregnated cathode are 
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introduced into the ion cell for 120 ms by pulsing the cathode housing to –1.5 V. A potential of 
+10 V is applied to the cathode at all other times to prevent electrons from entering the cell. 

5.5.2  Data Analysis. The average number of water molecules lost from the reduced 
precursor is obtained from a weighted average of the observed product ion distribution and 
corrected for minor dissociation of up to 0.1 water molecules due to the absorption of blackbody 
infrared radiation from the ion cell, cell jacket and from the heated cathode located 20 cm from 
center of the cell. Internal energies were calculated as described previously30 using calculated 
harmonic frequencies for a B3LYP/LACVP**++ energy-minimized structure of Ca(H2O)14

2+. 
The internal energies for clusters of interest were obtained by linearly scaling the degrees of 
freedom of these clusters by the degrees of freedom of Ca(H2O)14

2+.  
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Chapter 6 
 
 
 

Directly Relating Reduction Energies of Gaseous Eu(H2O)n
3+, n = 55 

to 140, to Aqueous Solution: The Absolute SHE Potential and 
Proton Solvation Energy 

 
 
 
 
 
 

This chapter is reproduced with permission from Donald, W. A.; Leib, R. D.; Demireva, M.; O’Brien, J. T.; Prell, J. 
S.; Williams, E. R. “Directly Relating Reduction Energies of Gaseous Eu(H2O)n3+, n = 55 to 140, to Aqueous 
Solution: The Absolute SHE Potential and Proton Solvation Energy” Journal of the American Chemical Society 

2009, 131, 13328–13337. © 2009 American Chemical Society. 
 
 

6.1  Abstract 
 
 In solution, half-cell potentials are measured relative to other half-cells resulting in a 
ladder of thermodynamic values that is anchored to the standard hydrogen electrode (SHE) which 
is assigned an arbitrary value of exactly 0 V. A new method for measuring the absolute SHE 
potential is introduced in which reduction energies of Eu(H2O)n

3+, from n = 55 to 140, are 
extrapolated as a function of the geometric dependence of the cluster reduction energy to infinite 
size. These measurements make it possible to directly relate absolute reduction energies of these 
gaseous nanodrops containing Eu3+ to the absolute reduction enthalpy of this ion in bulk solution. 
From this value, an absolute SHE potential of +4.11 V and an absolute proton solvation energy 
of –269.0 kcal/mol is obtained. The infrared photodissociation spectrum of Eu(H2O)119-124

3+ 
indicates that the structure of the surface of the nanodrops is similar to that at the bulk air-water 
interface and that the hydrogen bonding of interior water molecules is similar to that in aqueous 
solution. These results suggest that the environment of Eu3+ in these nanodrops and the surface 
structure of the nandrops is comparable to the condensed phase. This method for obtaining 
absolute potentials of redox couples has the advantage that no explicit solvation model is 
required, which eliminates uncertainties associated with these models making this method 
potentially more accurate than previous methods. 
 
 

 
 



99 

 

6.2  Introduction 
 

In solution, reduction potentials of half-cells are not measured in isolation, but rather are 
measured relative to the potentials of other half-cells, resulting in a ladder of relative 
thermochemical redox potentials. This relative ladder of values is anchored to the standard 
hydrogen electrode (SHE), H+ + e– → ½H2(g), which is arbitrarily assigned a redox potential of 
exactly 0 V. If an absolute potential of a single half-cell could be accurately measured, an 
absolute electrochemical scale could be established. Determining absolute electrode potentials 
has been a subject of considerable interest, which has led to the development of many different 
approaches to solving this problem.1-14 However, because previous experimental approaches to 
obtain absolute potentials have been indirect, and because of the relatively wide range of reported 
values from different methods, this topic remains controversial.1-14 These factors have led 
Trasatti to conclude about the absolute electrode potential that “despite the numerous 
discussions, nobody seems seriously convinced of the arguments of the others.”1 

A widely accepted definition of the absolute SHE potential is the reduction potential of an 
aqueous proton referenced to a gaseous electron near the surface of the vacuum-water interface.2 
The absolute Gibbs free energy of the SHE reaction, ∆Gabs(SHE), (which is related to the 
standard redox potential, Eº, by ∆G = –nFEº, where n is the number of transferred electrons and 
F is the Faraday constant) is given by 

 
∆Gabs(SHE) = –∆Gat(½H2) – ∆Gion(H) – α(H+,aq)      (6.1) 
 
where ∆Gat(½H2) and ∆Gion(H) are the atomization and ionization energies of molecular and 
atomic hydrogen, respectively, and α(H+,aq) is the real proton solvation free energy. This latter 
value can be expressed as 
 
α(H+,aq) = µ(H+,aq) + eχ(aq)         (6.2) 
 
where µ(H+,aq) is the chemical potential of the hydrated proton, e is the elementary charge and 
χ(aq) is the surface potential of the bulk air-water interface as a result of the orientation of water 
molecules at the interface. By excluding the surface potential from Equation 6.2 and using the 
absolute proton solvation Gibbs free energy, ∆Gsolv(H

+,aq), the absolute SHE potential 
referenced to an electron at infinite distance from the vacuum-water interface can be obtained.  
Trasatti has recommended a value of +4.44 V for the absolute SHE potential referenced to an 
electron in vacuum near the vacuum-water interface2 to the International Union of Pure and 
Applied Chemists that is obtained from a value of –260.0 kcal/mol for α(H+,aq) that was reported 
by Farrell and McTigue.15 This latter value is obtained from the extrapolation of experimental 
measurements of the potential across a high resistance electrochemical cell from 1 mM HCl 
concentration to infinite dilution using a theoretical model16 of the dependence of the surface 
potential of the air-aqueous HCl interface on electrolyte concentration. The surface potential of 
the HCl solution is assumed to vary monotonically and linearly from 20 mM to infinite dilution. 
Because this method uses a theoretical model for the surface potential dependence on ion 
concentration16 and because of the controversy17-19 as to what the surface potential of water is 
and the wide range of values that have been reported for this potential (–1.1 to +0.5 V),17-19 it is 
interesting to compare the χ(aq) value reported by Farrell and McTigue (+25 mV) to that 
obtained from more recent calculations. For example, a value of –18 mV for the surface potential 
of pure water18 was recently reported from quantum chemical calculations. If the surface 



100 

 

potential of water is negative or much different from +25 mV, then the values obtained for α(H+-

,aq) and the absolute SHE potential from this method could be different as well. 
Other methods have been used to obtain a value for the absolute SHE potential. From the 

experimentally measured potential differences between immersed and emersed electrodes, values 
of +4.75 and +4.73 V4 have been reported. However, reorientation of adsorbed solvent molecules 
at the surface of electrodes upon emersion vs. immersion may explain the difference between the 
value from these experiments and other lower estimates for the absolute SHE potential.20 
Another method to obtain the absolute SHE potential is to determine ∆Gsolv(H

+,aq) and combine 
this value with the surface potential of water, using Equations 6.1 and 6.2. Various computational 
methods have been used to obtain values for the solvation free energy of the proton that range 
from –254.4 to –266.7 kcal/mol.21-23 A cluster-pair correlation scheme, that uses extensive gas-
phase clustering experimental data, has also been used to obtain a value of –265.9 kcal/mol 
(reported using the reference state given in reference 6) for the solvation free energy of the 
proton.6,7,24-26 Absolute SHE potential values between +4.2 and +4.7 V are obtained from the 
range of reported values for the proton solvation free energy.  

An alternative route to investigating condensed-phase physical properties is from gas-
phase studies of clusters27-30 or isolated molecules.31-36 For example, properties of the hydrated 
electron have been inferred from gas-phase studies of water clusters with an excess electron.37-43 
“Aqueous” nanodrops have also been shown to demonstrate other interesting bulk-like 
properties. For example, M+(H2O)n, M = Cr, Mn, Fe, Co, Ni, Cu, Na, and Ag, clusters can 
dissolve HCl(g) molecules and “precipitate” M(I)Cl in the form of H+(H2O)n(MCl) at large 
enough cluster sizes.44,45 Other clusters containing Mg, Al, or V result in metal ion oxidation by 
the dissolved HCl.44,46,47 The change in reactivity correlates with the oxidation potentials of the 
metals.44 Other studies have shown correlations between the first ionization energies31-34,36 (or 
electron affinities)33,35 in the gas phase and the one-electron reduction potentials in non aqueous 
solution for a series of neutral aromatic compounds. The degree of correlation between the gas- 
and solution-phase data depends strongly upon solvent effects,31 which has limited such studies 
to investigations of molecules and solvents in which these effects remain relatively constant or 
negligible. These results highlight the complications in directly comparing absolute gas-phase 
ionization energies to the corresponding absolute reduction potentials in the condensed phase. 

Because of the wide range of reported values from previous indirect experimental 
measurements and computational approaches, it is interesting to develop more direct 
measurements of reduction potentials. We recently introduced a gaseous ion nanocalorimetry 
technique,48-56 in which gas-phase electrochemistry is performed using large aqueous nanodrops 
to obtain absolute half-cell potentials in the condensed phase.48,49 Water clusters containing Cu2+ 
and M(NH3)6

3+, for M = Ru, Co, Os, Cr, and Ir, that capture thermally generated electrons result 
in the loss of water molecules from the reduced droplet.48 The adiabatic ion-electron 
recombination energy (RE) is equal to the energy removed by the lost water molecules. Solvent 
reorganization energy resulting from the change in ion charge state is reflected in the measured 
RE. The REs can be related to absolute reduction potentials in bulk solution using a solvation 
model, which results in values that strongly correlate with the relative solution-phase reduction 
potentials. From the absolute reduction potentials and the experimental relative potentials in 
solution,48 a value for the absolute SHE of +4.2 V was obtained. Very recently,50 we introduced a 
second, largely independent method to obtain the absolute SHE potential. From the RE values for 
reduction of hydrated M(H2O)24

2+, M = Mg, Ca, Sr, Mn, Fe, Co, Ni, Cu and Zn, that results in the 
loss of an H atom and water molecules, and a thermodynamic cycle that includes solution 
hydrolysis, a value for the absolute SHE potential of +4.05 V was obtained. This method has the 
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advantage that ions that do not undergo one electron reduction in solution may be used to obtain 
the absolute SHE potential, i.e., solution-phase redox potentials are not used. 

 Here, the reduction energies of size-selected Eu(H2O)n
3+ with n from 55 to 140 are 

measured using ion nanocalorimetry. These values are extrapolated to infinite cluster size to 
obtain an absolute reduction enthalpy for Eu3+ in aqueous solution. In combination with an 
experimental value for reduction entropy, the absolute free energy of reduction, and hence the 
absolute reduction potential is obtained. From this value, the absolute SHE potential and absolute 
proton solvation energy are determined. This method is largely independent of our other two 
nanocalorimetry methods used to obtain an absolute SHE potential and this method has the 
advantage that no solvation models are used, eliminating sources of error associated with these 
models. This is the most direct measurement of an absolute reduction potential and could 
potentially be the most accurate way to establish an absolute electrochemical redox scale. 

 
6.3  Experimental 
 

Nanocalorimetry experiments are performed on a 2.75 T Fourier transform ion cyclotron 
mass spectrometer equipped with a cooled ion cell that is equilibrated to a temperature of –140 
ºC;51,53,57,58 select experiments are performed with the ion cell equilibrated to either –110 or –90 
ºC. Ions are generated by nanoelectrospray of 1 to 5 mM aqueous solutions of EuCl3. A potential 
of +500 to +800 V relative to the heated (~80 ºC) entrance capillary of the mass spectrometer is 
applied to a Pt wire that is in direct contact with the EuCl3 solution contained in a borosilicate 
capillary that has an inner tip diameter of ~1 µm. Ions are guided into the ion cell through 5 
stages of differential pumping, accumulated for 3 to 9 s, during which time dry N2(g) is pulsed 
into the vacuum chamber to a pressure of ~10–6 Torr using a piezoelectric valve to enhance the 
trapping and thermalization of the ions. Ions are then stored for an additional 4 to 10 s to allow 
the vacuum chamber pressure to return to ≤10–8 Torr and to ensure the ions have steady state 
internal energy distributions at the temperature of the copper jacket (133 K) surrounding the ion 
cell.  

For electron capture (EC) experiments,51,53 ions are isolated using SWIFT waveforms. 
Following a 40 ms delay, electrons are introduced into the ion cell from a heated dispenser 
cathode (Heatwave Labs, Watsonville, CA) mounted axially 20 cm from the cell center that is 
pulsed to a potential of –1.5 V for 120 ms. A delay of 1.00 s between the end of electron 
introduction and before ion excitation/detection is used to ensure that the dissociation of the 
reduced cluster is complete. A potential of +10 V is applied to the cathode at all other times to 
prevent electrons from entering the cell. A Cu wire mesh mounted 0.5 cm in front of the cathode 
is held at a potential of +9 V.  

The average number of water molecules lost from the reduced precursor is obtained from 
a weighted average of the observed product ion distribution and is corrected for the blackbody 
infrared radiative absorption loss of water molecules that occurs in the absence of EC to give the 
average number of water molecules lost due to EC alone. Internal energies were calculated as 
described previously48 using calculated harmonic frequencies for an energy-minimized 
B3LYP/LACVP**++ structure for Ca(H2O)14

2+. Internal energies were obtained by linearly 
scaling the degrees-of-freedom of Ca(H2O)14

2+ by the degrees-of-freedom of the cluster of 
interest.   

To obtain a photodissociation spectrum of Eu(H2O)n
3+, a distribution of ions from n = 

119 to 124 is isolated using SWIFT waveforms and irradiated with tunable infrared light in the 
OH stretch region (~3000–3800 cm–1) from an OPO/OPA laser system that has been described in 
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detail elsewhere.59 An irradiation time of 2 s (20 laser pulses) is used to achieve significant 
photodissociation for free and bonded OH stretch features. The relative intensities are obtained 
from the average number of water molecules lost from the initial Eu(H2O)n

3+ distribution upon 
laser irradiation as a function of photon energy. These values are corrected for dissociation 
resulting from the absorption of blackbody infrared photons from the 133 K ion cell and cell 
jacket and variations in the laser power with frequency.  
 
6.4  Results and Discussion 
 

6.4.1  Electron Capture by Size-Selected Eu(H2O)n
3+. Nanoelectrospray of aqueous 

solutions containing EuCl3 results in the formation of broad distributions of Eu(H2O)n
3+ and 

EuOH(H2O)n
2+ clusters, that can be shifted to larger (Figure 6.1a), or to smaller cluster sizes 

(Figure 6.1b), by changing instrumental parameters.57 Experimental conditions for the mass 
spectrum shown in Figure 6.1b were optimized for Eu(H2O)55

3+; results of isolating and 
subsequently reacting this ion with thermally generated electrons for 120 ms are shown in Figure 
6.1c. Electron capture (EC) by Eu(H2O)55

3+ results in the loss of 16–19 water molecules from the 
reduced cluster (Figure 6.1c). Water molecule loss from the precursor ion also occurs (34%) as a 
result of absorption of blackbody infrared radiation from the cooled ion cell and surrounding 
copper jacket as well as from the heated cathode located 20 cm from the cell. Previous 
experiments with Ca(H2O)n

2+ indicate that inelastic collisions with electrons and collisions with 
residual gas in the ion cell do not affect the extent of water molecule loss from the precursor or 
the reduced precursor under these conditions nor does the initial electron kinetic energy because 
EC is most efficient when the relative kinetic energy between the ion and electron approaches 
zero.53 The average number of water molecules lost due to EC of Eu(H2O)55

3+ alone can be 
obtained by correcting the observed average number of water molecules lost from the reduced 
precursor (17.5 water molecules) for the average number of water molecules lost due to 
blackbody infrared radiative dissociation (BIRD), which is estimated from the average number of 
water molecules lost from the precursor ion (0.4 water molecules). That is, the average number 
of water molecules lost due to EC alone is 17.5 – 0.4 = 17.1. Although the number of water 
molecules lost is large, the product ion distribution is remarkably narrow (Figure 6.1c).  

The average number of water molecules lost resulting from EC by size-selected 
Eu(H2O)n

3+ was obtained for n between 50 and 140 (Figure 6.2). For n ≥ 55, the average number 
of water molecules lost decreases with increasing cluster sizes. This effect is primarily attributed 
to increasing ion solvation with increasing cluster size,48,54 which results in a lower RE. Under 
these conditions, collisional and radiative cooling are expected to be minimal. By comparison, 
the average number of water molecules lost upon EC by Ru(NH3)6(H2O)n

3+ for n ≤ 4049 
decreases with decreasing cluster size as a result of increasing water binding energies and 
increasing energy partitioning into translational and rotational modes of the products. For n 
between 40 to 55, a broad plateau in the average number of water molecules lost occurs and 
reflects competing effects of ion solvation vs. water binding energy and energy partitioning 
effects.49 Fewer water molecules are lost upon EC of Ru(NH3)6(H2O)61

3+ than 
Ru(NH3)6(H2O)55

3+,49 consistent with the results for Eu(H2O)n
3+ reported here.  



103 

 

  
Figure 6.1  Nanoelectrospray mass spectra of Eu(H2O)n

3+ and EuOH(H2O)m
2+ optimized for (a) larger and (b) 

smaller cluster sizes, and (c) electron capture mass spectra of Eu(H2O)55
3+ resulting in the loss of 16–19 water 

molecules from the reduced precursor as a result of electron capture dissociation (ECD) and blackbody infrared 
radiative dissociation (BIRD). Up to two water molecules are lost from Eu(H2O)55

3+ and EuOH(H2O)33
2+ as a result 

of BIRD. The theoretical isotope distribution of Eu(H2O)55
3+ is inset (left) in (c). The peak at m/z = 381 contains a 

~24 % contribution from Eu(H2O)55
3+ and ~76 % contribution from EuOH(H2O)33

2+. Asterisks mark peaks 
corresponding to H(H2O)21

+ (m/z = 379), H(H2O)20
+ (m/z = 361), Eu(OH)2(H2O)+ (m/z = 367) and instrumental noise 

(m/z = 411).  
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Figure 6.2  The average number of water molecules lost from reduced Eu(H2O)n

3+ as a result of electron capture as a 
function of the precursor cluster size, n. 

 6.4.2  Dissociation Timescale. For small clusters, dissociation upon EC is fast compared 
to the timescale of the experiment.51 For clusters with n ≥ 55, the RE decreases with increasing 
cluster size due to improved ion solvation whereas the number of degrees-of-freedom in a cluster 
increases with size. Thus, the effective temperature to which a cluster is heated decreases with 
increasing cluster size. This results in a slower rate of water evaporation from the cluster upon 
EC with increasing cluster size. To obtain accurate RE values from these nanocalorimetry 
experiments, water evaporation after EC must be complete prior to product ion detection, i.e., the 
reduced cluster must return to close to the initial temperature at the start of the experiment. In 
addition, competitive processes, such as collisional energy transfer to background gas or radiative 
cooling must be slow compared to the rate of water molecule loss. 
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To investigate the rate at which water evaporation occurs for the larger clusters in this 
study, Eu(H2O)n

3+, n = 55, 110, and 140 were isolated, irradiated with electrons, and a variable 
delay after EC but prior to detection was added. For Eu(H2O)55

3+, an average water molecule loss 
due to EC of 17.04 and 17.11 occurs with a reaction delay of 40.4 ms and 1.00 s, respectively. 
The similar water loss indicates that dissociation of these clusters is rapid following EC and that 
any kinetic shift for clusters this size is negligible even for experiments as short as 40.4 ms. For 
Eu(H2O)110

3+, the average number of water molecules lost upon EC as a function of reaction 
delay time is shown in Figure 6.3. With a reaction delay of 40.4 ms after electron irradiation, the 
average number of water molecules lost upon EC is 16.1 whereas this value is 16.3 after 250 ms. 
This value remains essentially constant for longer reaction delays up to 1.50 s. These results 
indicate that dissociation is complete on a time scale between 40.4 and 250 ms for this cluster 
size. For Eu(H2O)140

3+, an average of 15.34 and 15.32 water molecules are lost from the reduced 
cluster with a reaction delay of 1.00 and 1.50 s, respectively. This indicates that a reaction delay 
of 1.00 s is sufficient to ensure that any effects of a kinetic shift are negligible for clusters with n 
≤ 140, and this value was chosen for experiments at all cluster sizes. 

6.4.3  Recombination Energies. In many methods used to measure ionization energies, 
such as photoelectron spectroscopy, vertical electron detachment energies are often obtained. In 
contrast, the recombination energy values obtained in these ion nanocalorimetry experiments 
correspond to adiabatic values because the time scale of water molecule reorganization (low 
picoseconds)60-62 occurs much faster than the timescale of the experiment. In principle, RE 
values can be obtained from the sum of the sequential threshold dissociation (E0) values for each 
water molecule lost from the reduced cluster that has lost the most water molecules. However, 
because some of the RE can partition into the translational, rotational and vibrational modes of 
the water molecules that are lost, the probability that no energy partitions into these modes of any 
of the departing water molecules is infinitesimally small. Thus, in these nanocalorimetry 
experiments in which many water molecules are lost and where the signal-to-noise ratio is 
relatively low, the RE is obtained from the average number of water molecules lost, the sum of 
the sequential E0 values, and from the energy partitioned into the translational, rotational and 
vibrational modes of the products. Because the sequential binding energies to these large clusters 
have not been measured, the Thomson liquid drop model is used to calculate the binding energies 
of water molecules in these clusters.63,64 Calculated binding enthalpies from a discrete 
implementation of this model reproduce experimental binding enthalpies within one kcal/mol for 
the largest cluster ions for which accurate experimental binding enthalpies have been reported.64 
These calculated values should be significantly more accurate for the larger clusters investigated 
here. At large n, the calculated water molecule binding enthalpies are comparable to the bulk heat 
of vaporization, consistent with the approach of the experimentally measured binding enthalpies 
to this value at relatively small cluster sizes (n > 14) even for clusters with divalent ions.64 
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Figure 6.3  The average number of water molecules lost from Eu(H2O)110

3+ as a result of electron capture as a 
function of the reaction delay time between the end of electron capture and start of ion excitation and detection. 
Solid line is a linear regression best-fit line to the data from 0.250 to 1.50 s and the dashed-line is a guide for the eye. 

To determine the energy released into the translational, rotational and vibrational modes 
of the products upon the loss of water molecules, the cluster effective temperatures are modeled 
statistically48 by solving for the cluster internal energies that give the observed average water 
molecule loss. For example, the calculated cluster effective temperatures for Eu(H2O)55–x

2+ and 
Eu(H2O)140-x

2+ are shown in Figure 6.4 (closed symbols). Upon EC, the reduced precursors heat 
up to 460 and 270 K for the n = 55 (diamonds) and 140 (circles) clusters, respectively; the lower 
temperature of the n = 140 cluster is due to both a smaller RE value and a much larger number of 
degrees-of-freedom than the n = 55 cluster. Subsequent sequential water molecule loss cools the 
clusters to a temperature close to that of the ion cell (133 K, dashed line). From the cluster 
effective temperatures, T*, the average energy lost to the translational and rotational modes of the 
ionic and neutral products, (5/2)kT*, where k is the Boltzmann constant,65-68 is obtained for each 
water molecule evaporated. Under these conditions, vibrational excitation of the lost water 
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molecules should be negligible. The energy removed by each water molecule, i.e., the sum of the 
binding energy and the energy partitioned into the translational, rotational and vibrational modes, 
is shown in Figure 6.4 (open symbols) for the Eu(H2O)55–x

3+ (diamonds) and Eu(H2O)140–x
3+ 

(circles) precursor clusters. For example, the first water molecule lost from reduced Eu(H2O)55
3+ 

removes 11.5 kcal/mol and the last water molecule lost removes 10.1 kcal/mol of energy. For 
reduced Eu(H2O)140

3+, the first and last water molecules lost remove 10.5 and 9.8 kcal/mol of 
energy, respectively. The sequential energy loss is greater for Eu(H2O)55

3+ than for Eu(H2O)140
3+ 

(open diamonds vs. open circles) predominantly because of the higher cluster effective 
temperatures for the smaller cluster results in more energy partitioned into translational and 
rotational modes of the products, although there are slight binding energy differences (≤ 0.2 
kcal/mol) due to the substantially different cluster sizes. 
 

 
Figure 6.4  Modeled cluster effective temperatures (left axis, closed symbols) for Eu(H2O)n–x

2+ and the calculated 
sequential energy removed by the xth water molecule (right axis, open symbols) for Eu(H2O)n

3+, n = 55 (diamonds) 
and n = 140 (circles), activated by electron capture. The energy removed by each lost water molecule is obtained 
from the water molecule binding energy and the average energy partitioned into the translational and rotational 
modes of the products upon the loss of each water molecule. The dashed line indicates the temperature of the 
equilibrated ion cell and average temperature of the precursor ions prior to electron capture (133 K). 
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To determine the effects of precursor cluster temperature on the RE values obtained via 
this method, measurements were performed on Eu(H2O)110

3+ at ion cell temperatures between  
–90 ºC and –140 ºC. An average number of 15.5, 15.6 and 15.8 water molecules were lost as a 
result of EC for ion cell temperatures of –90, –110 and –140 ºC, respectively; these correspond to 
respective RE values of 7.01, 6.99 and 7.02 eV. These RE values are essentially the same despite 
the different number of water molecules lost because more energy is partitioned into the 
translational and rotational modes of the products at higher cell temperatures owing to the greater 
cluster internal energies at these temperatures. These results indicate that the RE values are not 
sensitive to initial cluster temperatures over this temperature range.69 

6.4.4  Extrapolation of Absolute ∆HR Values of Eu(H2O)n
3+ to the Condensed Phase. 

The gas-phase reduction enthalpy of a metal ion containing cluster is related to the solution-phase 
reduction enthalpy of the metal ion by the difference in the solvation enthalpies of the precursor 
and reduced precursor (Scheme 6.1) 

 
Scheme 6.1: 

 
 
where the ∆HR is the enthalpy of recombination (∆HR  = –RE – cel, where cel is the integrated 
heat capacity of the electron from Fermi-Dirac statistics),70 ∆Hsolv(z) and ∆Hsolv(z–1) are the 
solvation enthalpies of the respective z+ and (z–1)+ clusters, ∆Habs(M) is the absolute solution-
phase reduction enthalpy of Mz+(aq). The absolute reduction Gibbs free energy of Mz+(aq) can be 
obtained by combining the ∆Habs(M) value with the absolute entropy term (T∆S) from solution-
phase measurements. From the solution-phase absolute reduction free energy, the absolute 
potential of the redox active species in solution is obtained from the Faraday relation (∆G = –
nFEº).   

One approach to obtain bulk reduction potentials of metal ions in solution that does not 
require any ion solvation models like our previous methods48,50 is to extrapolate absolute RE 
measurements to infinite cluster size to determine the energy of the corresponding process in the 
condensed phase. From the Scheme 6.1 thermodynamic cycle, 

 
∆HR = ∆Habs(M) + ∆∆Hsolv         (6.3) 
 
where ∆∆Hsolv is the difference between the solvation enthalpies of the z+ and (z–1)+ cluster 
ions. The solvation enthalpy of a cluster ion is proportional to the inverse of the cluster radius (R) 
for sufficiently large cluster ions that can be approximated by a sphere. The volume of a sphere is 
proportional to n, so that the radii of the clusters should be proportional to n1/3, and 1/R is 
proportional to n–1/3. Thus, Equation 6.3 can be rewritten as 
 
∆HR(n) = ∆Habs(M) + Cn–1/3         (6.4) 
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where C is a constant and ∆HR(n) is the measured reduction enthalpy as a function of n. Thus, for 
sufficiently large clusters that can be approximated by a sphere, a plot of the measured ∆HR(n) 
values vs. n–1/3 should result in a line with an y-axis intercept corresponding to ∆Habs(M). This 
functional dependence is the same as that used to obtain the photoelectric threshold of bulk water 
by extrapolating vertical electron binding energies of gas-phase hydrated electron clusters to 
infinite cluster size.37,38  

The negative of the recombination enthalpies of Eu(H2O)n
3+ as a function of n–1/3 are 

shown in Figure 6.5. These data are linear from n = 55 to 140, from which a regression analysis 
results in a line with a y-axis intercept of 3.03 and a precision ± 0.06 eV (Figure 6.5, solid line). 
The slope and R2 values are 19.38 and 0.997, respectively. The linear dependence of the 
recombination enthalpies as a function of n–1/3 at larger sizes (n ≥ 55) indicates that ion solvation 
accounts for the vast majority of the decrease in the recombination enthalpies with increasing 
cluster sizes and that the y-axis intercept of the linear regression best fit line (–3.03 ± 0.06 eV) 
corresponds to the absolute Eu3+/2+ reduction enthalpy in aqueous solution. This extrapolation 
extends over a range of nanodrop diameters from about 1.5 nm to 2.0 nm. The slightly lower 
recombination enthalpy value for the n = 50 cluster than that predicted by the fitted line for the 
larger clusters suggests that other effects in addition to ion solvation have a slight role at cluster 
sizes smaller than ~55 water molecules. The absolute reduction potential of the Eu3+/2+ redox 
reaction can be obtained from solution-phase experimental measurements of the absolute 
entropy71,72 and our measured absolute solution-phase reduction enthalpy. This results in a value 
of –3.75 eV (+3.75 V) for the absolute solution-phase reduction free energy of Eu3+. Combining 
the absolute reduction potential of Eu3+/2+ from our nanocalorimetry method with the relative 
reduction potential of Eu3+/2+ vs. the SHE (–0.36 V),73 a value of +4.11 V for the absolute SHE 
potential is obtained.  

It is interesting to compare the linear regression best fit line to the best fit line obtained 
using a slope of 18.76 eV that is calculated using a modified Born solvation enthalpy calculation 
(Figure 6.5, dashed line).74,75 The vertical deviation from the best fit line is ±0.026 eV vs. ±0.028 
eV for the line obtained from Born solvation theory, indicating that both lines fit the data very 
well. From the y-axis intercept of latter line (3.17 eV), an absolute SHE value of +4.24 V is 
obtained. This value is obtained essentially in the same way as in the single-cluster direct-
reduction method48 except that this value is an average of many measurements for different size 
clusters containing the same metal ion. The differences in the slope of the best fit line (19.38 eV) 
compared to that predicted by the Born solvation model (18.76 eV) may be due to uncertainties 
inherent in a continuum solvation model that does not explicitly account for quantum mechanical 
interactions between the solvating medium and the solvated ion and uncertainties in the 
parameters used to calculate the solvation enthalpy, such as the radii of the precursor and reduced 
precursor clusters, the dielectric constant of the solvent (ϵ), and ∂lnϵ/∂T. The effects that these 
parameters have on the calculated cluster ion solvation enthalpies have been discussed 
previously.48   
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Figure 6.5  The negative of the measured Eu(H2O)n
3+ cluster recombination enthalpies vs. n–1/3. The solid line is a 

linear regression best-fit line and the dashed line is a best-fit line using a slope (18.76 eV) calculated using the Born 
solvation model. The y-axis intercept corresponds to the absolute solution-phase reduction enthalpy of the Eu3+/2+ 
half-cell (–3.03 ± 0.06 eV). The precursor cluster sizes, n, for each measurement are indicated on the top horizontal 
axis. 

6.4.5  Sources of Uncertainty. Although the accuracy of this extrapolation method is 
difficult to assess, the precision is excellent (± 0.06 eV). The greatest uncertainty is likely in the 
values used for the energy removed by evaporation of each water molecule from the reduced 
cluster. Both the water binding energies and the energy partitioned into translational and 
rotational modes of the products are obtained from well established models and uncertainties in 
these values are difficult to evaluate because of the lack of any experimental data for clusters this 
size. Photodissociation experiments done on large hydrated clusters of different charge states and 
size could be used to calibrate these models and would greatly reduce the uncertainty. For 
example, photodissociation of Eu(H2O)68

2+ using 157 nm light from a F2 Excimer laser would 



111 

 

deposit 7.9 eV into this cluster, an energy equal to that calculated from the average water 
molecules lost upon EC by Eu(H2O)61

3+. Any difference would indicate an error in the modeled 
values.  Similarly, light at different frequencies could be used to bracket our experimental data. 
Because the energy deposited in laser photodissociation can be very narrow, laser 
photodissociation data can be used to accurately calibrate the nanocalorimetry method so that no 
modeling of the experimental EC data would be required to obtain recombination energies. 

Another source of uncertainty is that a long extrapolation to infinite cluster size (data for 
n–1/3 between 0.1926 and 0.2630 extrapolated to zero) is required due to the range of cluster sizes 
that can be investigated with the current experimental apparatus. Similar long extrapolations are 
routinely used in Arrhenius analysis where kinetic data measured over a limited temperature 
range is extrapolated to infinite temperature to obtain accurate entropies of chemical 
reactions.76,77 Data measured over a limited temperature range where measurements are possible 
are also extrapolated to zero temperature in equilibrium experiments to determine reaction 
enthalpies.30,78  Despite the long extrapolations used in these methods, highly accurate 
thermochemical information can be obtained because of the high precision possible in these 
measurements. The precision of our extrapolation method is excellent (±0.06 eV), which can be 
attributed to the reproducibility with which these data can be obtained and to the large number of 
cluster measurements over a reasonably wide range of sizes. The uncertainty in the average 
number of water molecules, propagated from the signal-to-noise ratios for the relevant ion 
abundances in each mass spectrum, range from  0.04 to 0.13 water molecules for Eu(H2O)n

3+, n = 
50 to 140, and the average of all these values is 0.07 water molecules (~0.7 kcal/mol).  The 
linearity of the Figure 6.5 data indicate that the structure of water in these nanodrops does not 
change significantly over this size range, consistent with limited data obtained from infrared 
photodissociation spectroscopy (vide infra) that indicates structures similar to that of bulk water. 
The accuracy of the absolute potential could be further improved by making these measurements 
on even larger clusters. The size clusters that can be investigated is limited by the magnetic field 
strength of our current apparatus. Because many performance characteristics of FT/ICR mass 
spectrometry, including ion storage capabilities and m/z range, scale with the square of the 
magnetic field strength,79 measurements on clusters with over 900 water molecules could be 
made at 7.0 T (7.002/2.752 x 140 = 907). 

There are other possible sources of systematic error, including the estimation of the 
cluster size itself, which depends on the effective size of the metal ion and its effect on the 
effective volume of the surrounding water molecules. We estimate the uncertainty arising from 
the effect of the ion on the cluster size by including the average of the effective ionic volumes of 
Eu3+ and Eu2+, āi = 0.23,80-82 which corresponds to increasing the volume of the cluster by 0.23 
water molecules; by using (n + āi) in our analysis with āi = +0.23, a value for the absolute SHE 
potential of +4.10 V is obtained. It is also possible that the multivalent metal ion reduces the 
volume of the cluster vs. that of bulk water owing to the strong electrostatic interactions with the 
inner shell water molecules; a value of āi = –0.23 results in an absolute SHE potential of +4.12 
V. Because of the difficulty of assessing the effect of the ion on cluster volume and because of 
the effect of the physical size of the ion is likely to be counteracted by the ion-water attraction for 
inner shell water molecules, a value of α = 0 appears to be reasonable and unlikely to be a 
significant source of error. 

Another factor is radiative cooling of the cluster following EC, the rate of which depends 
on cluster size and could potentially result in a lower number of water molecules lost with 
increasing cluster size, and consequently a lower absolute SHE value. This effect for the smaller 
clusters should be negligible because water evaporation occurs in <40 ms, a timescale in which 
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radiative emission should not be competitive. EC dissociation rates decrease with increasing 
cluster sizes so that radiative cooling could be more competitive, but the effective temperatures 
of these clusters are also lower owing to more degrees-of-freedom and lower REs, which reduces 
radiative cooling rates. The absence of any curvature in the Figure 6.5 data suggest that effects of 
radiative cooling are negligible over this cluster size range. Modeling of radiation processes for 
these clusters is currently underway. 

Another potential size-dependent effect could arise from the BIRD correction, in which 
the average number of water molecules lost due to EC alone is estimated from the average 
number of water molecules lost from the reduced precursor corrected for the average loss from 
the precursor. This approximation should become better with increasing cluster sizes because the 
size of the precursor and reduced precursor become more comparable. The average number of 
water molecules lost due to EC alone is essentially constant over a wide range of reaction delays 
for the n = 110 cluster (250 ms to 1.50 s) and n = 55 cluster (40.4 ms to 1.00 s), which strongly 
indicates that this effect is negligible. 

There is also uncertainty in the solution phase relative reduction potential of the Eu3+/2+ 
half-cell potential. In non-complexing supporting media, standard potential values of between  
–0.35 and –0.38 V for the one-electron reduction of aqueous Eu3+ vs. the SHE have been 
reported.83-91 An average of six independent measurements from six different groups83-88 results 
in a potential of –0.36 ± 0.02 V, consistent with the tabulated value reported by Milazzo et al.73 
This agrees with other tabular sources71,92,93 that reference a value of –0.35 ± 0.03 V, which is 
based on an average of three independent measurements86,87,90 that do not include what appear to 
be the two most recent measurements.83,88 Here, we use a value of –0.36 V for the Eu3+/2+ half-
cell potential. The absolute entropy term (T∆S) of the SHE half-cell reaction (0.260 eV)72 used in 
this method agrees with another reported value of 0.262 ± 0.002 eV94 and should not be a 
significant source of error. The latter experiment investigated and accounted for salt-bridge 
effects on the value obtained.94  

  6.4.6  Ion Coordination and the Nanodrop Surface Structure. Two important 
questions must be addressed in order to extrapolate bulk physical properties from these nanodrop 
experiments. First, is the ion coordination in the nanodrops the same as that in bulk solution? 
Second, how closely does the structure of water at the surface of the nanodrops resemble that of 
bulk water? We address both of these questions below. 

 Ion coordination numbers (CNs) can be obtained from gas-phase measurements of small 
clusters using a variety of different methods. However, relating these values to those in bulk 
solution can be complicated by many factors. For example, a CN of 6 for Ca2+ has been deduced 
in small gaseous water clusters from high pressure mass spectrometry,95 blackbody infrared 
radiative dissociation,96,97 guided ion beam mass spectrometry,98 infrared photodissociation 
(IRPD) spectroscopy experiments99 and theory,97,98,100 although some support for a CN = 7 has 
also been reported.96,97 In solution, Ca2+ has been investigated using a variety of methods, 
including X-ray,101-105 neutron diffraction,106-108 and theory.105,109-115 Most studies indicate a CN 
between 7 and 8 although the full range of reported values is between 5 and 10.101-115 Recent 
IRPD studies of size selected gaseous Ca(H2O)n

2+ indicate that the CN of Ca2+ in these clusters 
changes from six for clusters with fewer than 12 water molecules to eight for clusters with 12 or 
more water molecules.99,116 A CN of eight is consistent with results from many solution-phase 
studies and suggests that the local environment of Ca2+ in the larger gaseous clusters is similar to 
that in bulk water. 

 Further support for the similar local environment of the metal ions in these nanodrops to 
that in bulk solution is obtained from the reactivity of size selected M(H2O)n

3+, M = La, Ce, Pr, 
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Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Lu, and Y.117 These clusters undergo a charge separation 
reaction to produce H(H2O)x

+ and MOH(H2O)y
2+ at cluster sizes between 17 and 21 water 

molecules. Turnover sizes, where the branching ratio for the charge separation reaction and the 
loss of a water molecule are equal, showed a strong correlation with solution hydrolysis in which 
data for M = La to Gd and M = Sm to Lu were well fit by two lines that both share M = Sm, Eu 
and Gd. The intercept between these lines is consistent with a “gadolinium break” in which a 
change in some physical properties occurs for ions in the middle (around Gd) of the series.118-120 
The correlation between the charge separation reaction in the gas-phase and hydrolysis in 
solution suggests that the local environment of these ions in both phases is similar. 

 Information about the surface structure of these nanodrops can be obtained from IRPD 
spectroscopy experiments.99,116,117,121-123 For Ca(H2O)n

2+, n up to 69,99,116 the free OH stretches of 
surface water molecules in larger clusters can be readily observed and assigned to water 
molecules that accept either one or two hydrogen bonds and donate a hydrogen bond, based on 
the frequency of the free OH stretches. Results from the IRPD spectroscopy experiments indicate 
that the number of single acceptor water molecules at the cluster surface is essentially zero by n ~ 
30, and the spectra of the largest clusters have only subtle changes with increasing cluster size. 
These spectra indicate that the majority of the surface water molecules with a free OH stretch in 
the larger clusters accept two hydrogen bonds and donate a single hydrogen bond, consistent with 
what is known about the structure of water at the bulk air-water interface.124-128 Very recent IRPD 
spectroscopy results on La(H2O)n

3+ with n up to 161 indicate that the frequency of the free OH 
stretch of the double-acceptor single-donor surface water molecules does not change with cluster 
size above n = ~100 and is about the same as that measured at the air-water interface in sum 
frequency generation experiments.124-128 These results suggest that the orientations of surface 
water molecules do not change significantly for clusters in this size range and that the surface 
water molecules in these nanodrops are similar to those at the bulk air-water interface. The 
spectra of the bonded OH region for these clusters appears similar to the infrared spectrum of 
bulk water in this region129 suggesting that the interior water molecules in these clusters also 
resemble those in bulk solution. 

An ensemble averaged IRPD spectrum of Eu(H2O)n
3+, with n = 119 to 124, which is 

indistinguishable from IRPD spectra of comparable-size nanodrops containing La3+, is shown in 
Figure 6.6. The sharp feature at 3694 cm–1 corresponds to the free OH stretch of surface water 
molecules that accept two hydrogen bonds and donate one hydrogen bond and the band occurs at 
nearly the same frequency as that for surface water molecules in sum frequency generation 
spectra of the bulk air-water interface (~3700 cm–1).124-128 The less intense sharp band at 3716 
cm–1 corresponds to surface water molecules that accept and donate a single hydrogen bond. The 
broad peak centered at ~3430 cm–1 corresponds to hydrogen bonded OH stretches. The frequency 
and width of this band are similar to that in the transmittance FTIR spectrum of liquid water in 
this region.129 A more detailed discussion of the IRPD spectra and structures of size-selected 
La(H2O)n

3+ will be presented elsewhere. 
The results from these IRPD experiments indicate both that the ion coordination number 

and the hydrogen bonding environment of surface water molecules on the nanodrops should be 
very close to those in bulk solution.  Any differences in the surface of these nanodrops from that 
in bulk solution should contribute negligibly to any uncertainties in these absolute reduction 
enthalpy measurements.  
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Figure 6.6  Ensemble infrared photodissociation spectrum of Eu(H2O)n
3+, n = 119 to 124, at 133 K. The 

photodissociation intensity is obtained from the average number of water molecules lost due to absorption of infrared 
radiation from a wavelength tunable OPO/OPA laser system corrected for absorption of blackbody infrared photons 
and laser power. 

 6.4.7  Absolute Solvation Energy of the Proton from Gaseous Cluster 
Measurements. If the absolute potential of the SHE is known, the absolute proton solvation 
energy can be obtained. The absolute SHE potential value obtained from this extrapolation 
method (+4.11 V) corresponds to a value of –269.0 kcal/mol for the absolute proton solvation 
energy. Our value agrees reasonably well with that obtained using the cluster-pair correlation 
method (–265.9 kcal/mol; using the same reference state as Truhlar and coworkers)6,7,24 and that 
obtained computationally by Goddard and coworkers (–266.7 kcal/mol).21  
 
6.5  Conclusions 
 

We have demonstrated three largely independent methods that use ion nanocalorimetry to 
obtain a value for the absolute SHE potential that range from +4.05 to +4.21 V.48,50 In our 
previous two nanocalorimetry methods, the cluster solvation enthalpies are calculated from the 
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Born solvation model, which is a continuum model that does not explicitly account for quantum 
mechanical interactions between the ion and solvent. A key advantage of the extrapolation 
method demonstrated here is that a solvation model is not required, which eliminates the 
accompanying uncertainties associated with models, making this the most direct method to 
obtain the absolute SHE potential. For these reasons, the value of +4.11 V obtained by this 
method is likely more accurate than those obtained from our other two ion nanocalorimetry 
methods.  

A more accurate value for the absolute SHE potential could be obtained using our 
extrapolation method by 1) calibrating the recombination energy values using laser 
photodissociation experiments at multiple wavelengths, cluster sizes, and charge states, 2) 
increasing the magnetic field strength of the experimental apparatus from 2.7 to 7.0 T, which 
would increase the size of the clusters that could be studied to ~900 water molecules, and 3) 
measuring other redox couples. By combining this extrapolation method with laser calibrated 
nanocalorimetry data, an absolute reduction potential could be directly measured with no 
modeling necessary. This would be the most direct route to experimentally measuring an absolute 
reduction potential. Combined with the other proposed improvements, an absolute reduction 
potential could be directly measured for a single redox couple with accuracy better than ±0.05 V, 
which could then be used to establish an absolute electrochemical scale. 

The absolute reduction potential obtained in our nanocalorimetry experiments does not 
include effects from counter ions or supporting electrolytes, junction potentials or other effects 
from liquid/metal or metal/metal interfaces because such effects are absent in our measurements. 
This method has the advantage that counter ion effects on reduction potentials can be 
investigated by careful control of the nanodrop content. This method could also be used to 
investigate reduction energies of ions in solvents in which electrochemistry is difficult or 
impossible to perform with conventional methods. These ion nanocalorimetry experiments 
illustrate that gas-phase ionization/reduction energies and solution-phase redox potentials can be 
directly related from size-selected cluster measurements and that these measurements can 
provide new insights into effects of ion solvation.  
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7.1  Abstract 
 
 A gaseous nanocalorimetry approach is used to investigate effects of hydration and ion 
identity on the energy resulting from ion-electron recombination.  Capture of a thermally 
generated electron by a hydrated multivalent ion results in either loss of a hydrogen atom 
accompanied by water loss or exclusively loss of water.  Loss of a hydrogen atom could 
originate from a salt-bridge structure or by direct dissociative electron attachment.  From the 
extent of water loss, the energy resulting from electron capture by the precursor is obtained.  
Results for large, size-selected clusters of [Co(NH3)6(H2O)n]

3+ and [Cu(H2O)n]
2+ indicate that the 

ion in the cluster is reduced upon electron capture.  The trend in the data for [Co(NH3)6(H2O)n]
3+ 

over the largest sizes (n ≥ 50) can be fit to that predicted by the Born solvation model.  This 
indicates that the decrease in water loss for these larger clusters is predominantly due to ion 
solvation that can be accounted for using a model with bulk properties.  In contrast, results for 
[Ca(H2O)n]

2+ indicate that an ion-electron pair is formed when clusters with more than ~30 water 
molecules are reduced.  For clusters with n = 32 to 47, these results suggest that the electron is 
delocalized near the surface, but a structural transition to a more highly solvated electron is 
indicated for n = 47 to 62 by the constant recombination energy.  These results suggest that an 
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estimate of the adiabatic electron affinity of water could be obtained from measurements of even 
larger clusters in which an electron is fully solvated. 
 
7.2  Introduction 
 

Ion-solvent interactions are fundamental to many important phenomena in chemistry and 
biology, including ion transport through ion channels, salt-bridge formation, surface tension, 
protein stability (the Hofmeister effect),1 and yet many aspects of ion-solvent interactions are 
still not well understood.  Mass spectrometry is an important tool for probing ion-solvent 
interactions and has been widely used to obtain valuable thermochemical information.  The 
ability to form gaseous clusters of a plethora of hydrated divalent ions,2 and more recently 
trivalent ions,3 has greatly expanded the capabilities of mass spectrometry to contribute to 
important problems in ion solvation.  Recent results for hydrated trivalent ions indicate that at 
least 16 water molecules, corresponding to droplets with a diameter of about a nanometer, are 
necessary for their observation under thermal conditions,3 although smaller clusters can be 
formed by high-energy activation methods.4  Structural information of hydrated ions has been 
obtained from a variety of thermochemical methods5-7  and more recently spectroscopy.8,9  From 
these studies, information about how water molecules organize around ions, and how water can 
affect the structures of ions themselves, can be obtained.9-11 

Understanding the most fundamental aqueous ion, the hydrated electron, is difficult 
because of its powerful reducing nature (E0

1/2 = –2.87 V versus the standard hydrogen 
electrode)12 and high reactivity.  Solvated electrons have been observed in many different 
solutions13 and are important solute intermediates in radiation chemistry, electron transfer 
processes, and many biological processes, including those that can lead to irreversible cellular 
damage.  The hydrated electron is accommodated by a cavity in which the electron is trapped.  
The nature of this cavity and the local effects of the electron on water organization has been 
investigated by several different methods, including electron spin resonance14 and Raman 
spectroscopy,15 but details about the structure of this cavity remain elusive. 

Information about hydrated electrons and electron-water interactions has been obtained 
from studies of the structures and dynamics of stable water clusters containing an electron, 
[(H2O)n]

1–.  Since the first electron attached water clusters were observed via mass 
spectrometry,16 the structures of these clusters have been hotly debated.17-28  Evidence for both 
externally and internally solvated electrons have been reported.  Coe et al. measured the electron 
vertical detachment energies (VDEs) of hydrated electron clusters using photoelectron 
spectroscopy as a function of cluster size for n between 2 and 69.17  By extrapolating these data 
to infinite cluster size using the dependence of the solvation energy on the cluster size (which 
proceeds geometrically as n–1/3), a value of 3.3 eV was obtained.  This value is consistent with 
the photoelectric threshold of water obtained from a thermocycle involving the hydrated electron 
in ice (3.2 eV)17 and values obtained via theoretical estimates that range from 3 to 4 eV,29 
suggest a bulk interior state for these clusters.  However, subsequent calculations suggest that 
surface state data would also proceed linearly with n–1/3.18,30  From mixed quantum-classical 
simulations of hydrated electron clusters with between 20 and 200 water molecules, Turi et al. 
concluded that surface states were most consistent with results from all previous experimental 
studies.18  In contrast, photoelectron data obtained by Neumark and coworkers for n up to ~150 
indicate that at least three cluster isomers can be produced via supersonic expansion and that 
clusters with both surface and internal electrons could be identified based on their VDEs.19,20  
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Results from femtosecond resolved photoelectron imaging of the electron dynamics in hydrated 
electron clusters21,22 suggest that an interior electronic state was probed.21,23  Recent infrared 
spectroscopy data of such clusters provide important new insights into electron-water 
interactions, but do not resolve the debate over the electron location.31 
 An alternative approach to investigating interactions between ions, electrons and water is 
to measure recombination energies (RE) resulting from electron capture (EC) by hydrated ions in 
the gas phase.32  In this ion nanocalorimetry method, electrospray ionization is used to produce 
gaseous aqueous nanodrops that contain charged metal ions which are subsequently reduced by 
thermally generated gaseous electrons.32-35  For large clusters, the available RE is deposited into 
internal modes of the reduced cluster resulting in cluster heating and subsequent evaporation of 
water molecules.32,33  An estimate of the RE can be obtained from the sum of the sequential 
threshold dissociation energies for the maximum number of water molecules that are lost.  More 
accurate REs may be obtained from the average numbers of water molecules lost, in combination 
with threshold dissociation energies derived from a discrete Thomson liquid drop model36 and 
estimates of the translational, rotational, and vibrational energy released into the products.35  
Because solvent reorganization after EC takes place on a timescale that is significantly faster 
than that for these nanocalorimetry measurements, energy release due to solvent reorganization 
in the reduced precursor should be reflected in the overall number of water molecules lost from 
this cluster.34,35  Thus, the REs obtained from these experiments should correspond to the 
adiabatic ionization energies of the reduced clusters.  This nanocalorimetry method has recently 
been used to obtain absolute reduction energies of gaseous clusters containing different redox 
active species which can be related to reduction potentials in bulk solution.  By comparing these 
absolute reduction potentials to relative values measured in solution, an absolute value for the 
standard hydrogen electrode potential of 4.2 ± 0.4 V was obtained.35  

Here, the effects of size and ion identity on the reactivity of nanodrops with electrons is 
investigated.  Data supporting ion-electron pair formation upon EC by large gaseous 
[Ca(H2O)n]

2+ clusters is presented.  The trend in recombination energies with cluster size is 
consistent with a transition from an ion-electron pair in which the electron is delocalized at or 
near the surface to a more fully solvated electron with increasing size.  Analysis of the 
recombination energies as a function of solvation suggests that at larger cluster sizes, 
thermodynamic values in aqueous solution may be obtained by extrapolating results from these 
nanocalorimetry experiments to infinite size. 
 
7.3  Results and Discussion 

 
7.3.1  Effects of Cluster Size and Metal Ion Identity upon EC Reactivity.  Reduction 

of aqueous nanodrops can result in dissociation by two primary pathways depending on cluster 
size and ion identity (Scheme 7.1). 
 
Scheme 7.1: 

 
 
Results from EC experiments of isolated [Cu(H2O)n]

2+ for n = 15, 21, and 29, which illustrate 
these pathways, are shown in Figure 7.1.  EC by [Cu(H2O)15]

2+ results predominantly in loss of a 
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hydrogen atom accompanied by loss of either 8 or 9 water molecules (Pathway II), although a 
single low abundance product ion corresponding to the loss of 11 water molecules is also 
observed (Pathway I; Figure 7.1a).  In contrast, EC by [Cu(H2O)29]

2+ results in the loss of 
primarily 16 or 17 water molecules from the reduced precursor (Pathway I; Figure 7.1c).  No 
ions from pathway II are observed from this or larger clusters.  For [Cu(H2O)21]

2+, both reaction 
channels occur with comparable probability, but the extent of water loss for these two reaction 
pathways differs dramatically (Figure 7.1b); an average of 15.2 and 10.4 water molecules are lost 
via pathways I and II, respectively. 
 

 
 
Figure 7.1  Mass spectra resulting from electron capture of isolated (a) [Cu(H2O)15]

2+, (b) [Cu(H2O)21]
2+, and (c) 

[Cu(H2O)29]
2+; expansions are indicated on each spectrum. 

 
The average number of water molecules lost due to EC by selected gaseous clusters of 

[M(H2O)n]
2+, M = Ca, Mg, and Cu and for [Co(NH3)6(H2O)n]

3+ for both pathways combined are 
shown in Figure 7.2.  For [Ca(H2O)n]

2+, n ≤ 22, loss of a hydrogen atom accompanied by loss of 
water molecules is exclusively observed, whereas only loss of water molecules occurs for n ≥ 30.  
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A sharp transition in the dissociation pathways occurs at about n = 24.33  Fewer water molecules 
are lost from the smaller clusters due to higher water binding energies with decreasing cluster 
size.  This effect predominates over any increasing RE that may occur with decreasing cluster 
size.37  In addition, the loss of hydrogen may occur by a nonergodic process, at least for the 
smaller cluster sizes.33  The average number of water molecules lost from the reduced precursor 
reaches a broad maximum of about 10.2 for cluster sizes between n = 24 and 31 and then 
decreases slightly with increasing cluster size, but remains nearly constant between n = 47 and 
62.  This initial decrease can be attributed to increased ion stability with increasing nanodrop 
size, although surface energy effects on water binding energies and a degrees of freedom effect 
may also play a small role.33  A similar general trend is observed for [Co(NH3)6(H2O)n]

3+, but 
these data show a general decrease in the number of water molecules lost with n ≥ 40.  The near 
constant number of water molecules lost for [Ca(H2O)n]

2+ with n between 47 – 62 is surprising 
and indicates that an additional factor must contribute to the observed water loss in this size 
regime.  Data obtained for [Mg(H2O)n]

2+ (n ≤ 32) follows a similar trend with only minor 
differences observed primarily for the smaller clusters, an effect that can be attributed to 
differences in water molecule binding energies for clusters this size. 

For both [Cu(H2O)15]
2+ and [Ca(H2O)15]

2+, the average number of water molecules lost is 
nearly the same (Figure 7.2).   However, a dramatic difference between nanodrops containing 
Cu2+ and Ca2+ is observed for larger clusters, where the average number of water molecules lost 
from Cu containing clusters is ~16.4  compared to ~10.2 for Ca for n = 26 – 33 (Figure 7.2).   

  7.3.2  Ion-electron Pair Formation.  Several pieces of evidence suggest that an ion-
electron pair is formed upon EC of [Ca(H2O)n]

2+ over the range of cluster sizes in which water 
loss is exclusively observed.  For [M(H2O)32]

2+, M = Mg, Ca, Sr and Ba, EC results in nearly the 
same number of water molecules lost (Figure 7.2), corresponding to a RE of ~4.5 eV, despite the 
5 eV difference in second ionization energies of the bare Mg and Ba atoms (15.0 and 10.0 eV, 
respectively).32  In striking contrast, the RE for [Cu(H2O)32]

2+ is ~7.1 eV35 and the second 
ionization energy of bare Cu is 20.3 eV.  These results show that relatively few water molecules 
have a significant effect on ionization energies.  The much higher RE for [Cu(H2O)32]

2+ indicates 
that Cu2+ in this nanodrop is reduced whereas the similar REs for the nanodrops containing the 
divalent alkaline earth metal cations indicate that an ion-electron pair is formed.  By comparison, 
reduction of alkaline earth dications in aqueous solution occurs via a two-electron process.  A 
one-electron process does not occur presumably because the monovalent cations are relatively 
unstable in solution due to solvent effects, whereas a one-electron oxidation is observed in 
aqueous solution for Cu1+.38  This could be due to both the higher second ionization energy of Cu 
compared to Ca, which would drive metal ion reduction over solvent reorganization barriers, and 
differences in the solvent reorganization energies for these metal ions. 

The change in the dissociation pathway and the significant difference in the number of 
water molecules lost from reduced [Cu(H2O)n]

2+ for these two pathways at n ≈ 21 is remarkable.  
Copper hydroxide may be a higher energy structure in the reduced droplet compared to reduced 
copper itself, but its formation may be the kinetically favored process in this cluster size range.  
This would indicate that loss of an H atom is faster than the transit of an electron through two or 
three solvent shells to the ion in the nanodrop core.  The significant difference in water loss by 
these two pathways may also be due to a nonergodic loss of the H atom which could carry away 
significant excess kinetic energy.33 

Computational studies of [Mg(H2O)n]
1+ indicate that for n = 6 – 8, the most stable 

structures correspond to a divalent ion with six water molecules in the first solvation shell and a 
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diffuse electronic surface state in which the electron density is shared by many water 
molecules.37  For larger clusters (n between 9 and 19), the electron density is dispersed between 
two water molecules in a molecular “tweezers” structure with the electron interacting with the 
hydrogen atoms of two surface exposed water molecules.  A solvated electron and Mg2+ pair has 
also been proposed for gaseous [Mg(H2O)n]

1+ clusters with n > 17 based on a change in 
dissociation reactivity that occurs for clusters this size.39  These results are all consistent with 
ion-electron pair formation in these reduced clusters.  An analogous structure is an electride, 
which is an ionic salt where the electron is the anion.  Although such electrides have been 
investigated for many years,40 it was not until relatively recently that a single crystal electride 
that is both thermally stable and unreactive was reported.41  Results for size-selected clusters, 
such as those reported here, may provide new insights into the stabilities of electrides. 

 

 
 
Figure 7.2  The average number of water molecules from the reduced precursor from both dissociation pathways I 
and II as a function of the precursor ligand number, for M = [Co(NH3)6]

3+, Cu, Ca, Mg, Sr and Ba; data for the larger 
clusters used in Figure 7.4 are enclosed by dashed squares.   

 
There are intriguing parallels between these EC results and those from infrared multiple 

photon dissociation experiments of size-selected hydrated electron clusters measured for n = 15 – 
50.31  For clusters with up to n = 20 – 25, the spectra indicate that the electron interacts primarily 
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with a single water molecule which is oriented so that the hydrogen atoms are in the electron 
cloud.  For clusters with n between 20 and 50, additional water molecules directly interact with 
the electron.  The spectra for the larger clusters are indicative of the electron density being 
delocalized over multiple water molecules.  At n ~25, there is also a change in the slope of the 
electron VDEs19,20 and excited-state lifetimes24 which has been suggested to be the result of a 
transition between an externally to internally solvated electron.20,24  Interestingly, infrared 
multiple photon dissociation results in electron photo-detachment and water loss for  
n ≤ 24 whereas only water loss occurs for the larger cluster sizes.31  By comparison, a relatively 
abrupt change in dissociation pathways resulting from EC of [Ca(H2O)n]

2+ occurs for clusters 
this size as well.  The transition from the loss of an H atom and water molecules to loss of 
exclusively water molecules in these EC experiments is suggestive of a transition from a cluster 
structure where the electron interacts predominantly with just a single water molecule to one in 
which the electron is delocalized over many molecules with increasing cluster size.   

7.3.3  Hydrogen Atom Loss Mechanisms. It is interesting to speculate why the presence 
of a metal ion in the smaller gaseous clusters appears to catalyze hydrogen atom loss upon EC.  
Loss of a hydrogen atom and water molecules from the smaller reduced clusters could occur 
either by direct dissociative attachment of the electron to an outer shell water molecule resulting 
in cleavage of the O-H bond, or it could occur via a salt-bridge mechanism in which the electron 
is captured by H3O

+ located at or near the surface.  These two different mechanisms are 
illustrated in Figure 7.3.  In the salt-bridge mechanism (A), a metal hydroxide and a hydronium 
cation pair may be formed by shuttling a proton from an inner to an outer shell water molecule.  
Capture of the electron by the hydronium ion results in formation of neutral H3O, which is 
unstable and should spontaneously dissociate to form a hydrogen atom and water.  Analogous 
salt-bridge structures can be stable intermediates in charge separation reactions observed for 
smaller hydrated clusters of multivalent ions.42  The salt bridge may be transient or its formation 
may even be induced by a captured electron in a high-n Rydberg state.  In the direct attachment 
mechanism (B), the electron attaches to a water molecule resulting in ejection of a hydrogen 
atom and shuttling of a proton from an inner to an outer shell water molecule to form the stable 
metal hydroxide.  Dissociative electron attachment to an isolated water molecule results in the 
fragments carrying away the majority of the dissociation energy in the form of kinetic energy.43  
Although negatively charged water clusters are stable, the presence of the metal ion could reduce 
the barrier to H loss via direct attachment. 

7.3.4  Relating Nanodrop Chemistry to the Condensed Phase.  Adiabatic REs are 
obtained from the average number of water molecules lost from the reduced precursors, where 
the sequential threshold dissociation energies of water molecules to these extensively hydrated 
cluster ions are derived from a discrete Thomson liquid drop model36 and combined with the 
estimated translational, rotational, and vibrational energy released into the products.35  For 
reduced [Ca(H2O)62]

2+, the energy removed for each sequential water molecule lost ranges from 
9.3 to 10.3 kcal/mol.  For reduced [Co(NH3)6(H2O)58]

3+, this range is 10.0 to 11.3 kcal/mol.  
When the metal ion inside the nanodrop is reduced, the absolute reduction energy in a discrete 
gas-phase nanodrop can be related to that in bulk solution using a Born solvation model, which 
has been done for [M(NH3)6(H2O)55]

3+, M = Ru, Co, Os, Cr and Ir, and [Cu(H2O)32]
2+ to obtain 

absolute reduction enthalpies for the corresponding redox couples in the condensed phase.35  
From experimental measurements of entropy in solution, free energies are obtained and by 
comparing these values to relative values in solution, the absolute potential of the standard 
hydrogen electrode can be obtained.35 
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An alternative approach to relating these gas-phase measurements to thermochemical 
values in bulk solution is to obtain data as a function of cluster size and extrapolate these data to 
infinite size as has been done previously for measurements of vertical electron binding 
energies.17  For sufficiently large clusters, where specific cluster effects, i.e., “magic numbers,” 
are minimal, and solvation approaches that in bulk solution, the REs reported here should also 
progress towards bulk as n–1/3 because the solvation enthalpies should be inversely proportional 
to the cluster radii. 

 

 
 
Figure 7.3  Mechanisms for loss of a hydrogen atom and water molecules from reduced precursor nanodrops 
containing metal ions; A) salt-bridge mechanism in which a metal hydroxide and hydronium ion pair are formed and 
the electron is captured by the hydronium ion and B) direct dissociative attachment mechanism in which the electron 
is captured by an outer shell water molecule resulting in ejection of an H atom and subsequent metal hydroxide 
formation. 

 
To determine if the decrease in the number of water molecules lost from the larger 

reduced nanodrops can be explained by ion solvation effects alone, these values are converted to 
RE values as described elsewhere,35 and these RE values for the larger size clusters of both 
[Co(NH3)6(H2O)n]

3+ and [Ca(H2O)n]
2+ are plotted as a function of n–1/3, over a cluster size 

ranging from about 1.2 to 1.6 nm in diameter (Figure 7.4).  As a simplification, ammonia 
molecules are treated as water molecules for [Co(NH3)6(H2O)n]

3+ in this analysis.  For 
[Co(NH3)6(H2O)n]

3+, these data are relatively linear over the range of n = 40 – 58, although there 
is slight curvature.  The slope of the linear regression best fit line (35.0 eV) compared to that 
expected due to ion stabilization alone, calculated using a Born solvation model (~18.5 eV),44 
suggests that other factors in addition to ion solvation contribute to the decreased recombination 
energies.  However, the slope of the n = 50 through 58 data is 22.5 eV, which indicates that the 
majority of the decrease in recombination energies with size can be accounted for with a 
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solvation model that uses bulk physical properties.  This suggests that the absolute reduction 
potential of [Co(NH3)6]

3+/2+ may be obtained by extrapolating cluster recombination energies for 
these cluster sizes and larger to infinite size.   

 

 
 
Figure 7.4  Ion-electron recombination energies derived from the number of water molecules lost from the reduced 
precursor as a function of n–1/3 for hydrated Ca2+ and (n + 6)–1/3 for [Co(NH3)6]

3+; as a simplification, ammonia is 
treated as water in this analysis. 

 
For [Ca(H2O)n]

2+, the data are linear from n = 32 to 47, with a slope of 16.5 eV (Figure 
7.4).  The expected slope from the Born equation, calculated with a point charge embedded in 
the center of a homogeneous dielectric sphere, is ~11.1 eV.  This suggests that ion stabilization 
with increasing droplet size in this size regime can be attributed primarily to solvent effects.  
However, a break in this trend between n = 47 and 62 clearly indicates that a greater amount of 
energy is deposited into these nanodrops than that expected by this solvation model at these 
larger sizes.  This suggests that the droplet changes to a more stable structure in this size regime 
resulting in a higher RE than expected based on a single structure and a simple solvation model.  
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For reduced [Ca(H2O)n]
2+ clusters where only water molecule loss is observed, an ion-electron 

pair is formed in which the electron is delocalized.  Initially, Ca2+ is in the center of the 
nanodrop8 and upon EC, the electron is most likely at the droplet surface with Ca2+ remaining in 
the center, although distortion of the nanodrops is also likely to occur to accommodate the ion 
pair.  The deviation of the [Ca(H2O)n]

2+ data for n = 47 to 62 in Figure 7.4 can be explained by a 
change in structure from one in which the electron is delocalized near the surface of the 
nanodrop to one where the electron is increasingly solvated by water.  Although the orientation 
of the water molecules is strongly influenced by the presence of Ca2+ in the droplet interior, this 
effect should decrease with increasing droplet size and orientation of water molecules by the 
electron should become increasingly favored, as should a more interior electron state.  The 
observed trend in RE versus n–1/3 for the largest clusters indicates that the transition between 
these two structures is not complete at the largest cluster size studied.  The onset of a fully 
solvated electron in these nanodrops should be indicated by a decrease in RE with even larger 
cluster size.  

To the extent that the reduced calcium containing nanodrops in the size range of n = 32 to 
47 form ion-electron pairs in which the electron is delocalized, an upper limit to the energy 
required to promote such a delocalized electron into vacuum from bulk water can be obtained by 
extrapolating these data over this limited size range to infinite cluster size.  This is an upper limit 
because the observed slope is greater than the expected Born solvation energy slope.  The 
calcium data in Figure 7.4 are linear over this range of cluster sizes (R2 = 0.998), with a y-
intercept of –0.6 eV, corresponding to an upper limit of +0.6 eV for forming a comparable 
delocalized electron in bulk water from the vacuum level.  This value should be comparable to 
the upper limit for the conduction band edge of water, V0, which is the energy of forming a 
delocalized quasi-free electron in bulk water from the vacuum level with zero kinetic energy.  
Despite the importance of V0 toward understanding water band structure and the stability of the 
hydrated electron, its value remains controversial with proposed values ranging from –1.3 to 
+1.0 eV45-51, although estimates for a value for V0 closer to zero46,52 appears to be more widely 
accepted.  It is difficult to ascertain how the calcium ion in these nanodrops influences the value 
obtained from this extrapolation compared to bulk solution where ion effects are negligible, but 
some indication could be obtained by similar studies of other alkaline earth metal ions that 
should also form ion pairs.  

 
7.4  Conclusions 
 

Although this ion nanocalorimetry method is a somewhat unorthodox and indirect route 
to investigate electron-water interactions, there are several advantages to this approach, including 
the potential for high accuracy, the ability to investigate transitions from a localized to a 
delocalized electron, and ultimately to a fully solvated electron for sufficiently large clusters.  
For these latter clusters, it should be possible to obtain a direct measure of the adiabatic electron 
affinity of water by extrapolating these data to infinite cluster size.  Unlike in aqueous solution 
where the lifetime of a solvated electron can be fleetingly short, the lifetime of the ion-electron 
pair in these experiments should extend for the lifetime of the nanodrop, which can be many 
seconds, depending on cluster size, making structural studies of a delocalized or solvated 
electron accessible by a host of methods.  By investigating clusters containing other divalent 
alkaline earth metal ions in which the metal ion itself is not reduced, effects of the metal ion on 
the electron-solvent interaction energy not accounted for in a Born solvation model could be 
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determined.  Although there is still significant uncertainty about the nature of the ion-electron 
pair in these nanodrops, insights from theory and ion spectroscopy may provide important new 
structural information that would aid interpretation of these data.  

 For clusters containing metal ions that are reduced, adiabatic quantities, such as the 
absolute reduction free energies in bulk solution, could be obtained by extrapolating the 
corresponding cluster data to infinite size.  This could provide an alternative route to establishing 
an absolute electrochemical redox scale that eliminates uncertainties from specific solvation 
models.  For sufficiently large clusters, both effects of uncertainties in energy partitioning and in 
water binding energies are reduced, making it a potentially more accurate method than that 
previously demonstrated.35  Extension of these measurements to significantly larger clusters 
would be greatly enhanced at higher magnetic field strength.  Many instrumental performance 
features for the apparatus used in these experiments increase with the square of the magnetic 
field, including accessible mass range.53  With state-of-the-art instruments with 12 T or even 15 
T magnets, investigations of clusters with well over 1000 water molecules should be possible, 
and should enable bridging the divide between studies of ions in isolated clusters and ions in 
aqueous solution. 

 
7.5  Method 
 

Experiments were performed using a 2.7 T Fourier transform ion cyclotron resonance  
mass spectrometer 3 with the ion cell cooled to 133 K using a controlled flow of liquid N2.

54  
Hydrated ions are formed from aqueous solutions using nanoelectrospray ionization.  Electrons 
are produced using a 1.0 cm diameter heated cathode (Heatwave Labs, Watsonville, CA) 
positioned 20 cm from the cell center and are introduced into the cell for EC experiments by 
pulsing the cathode housing to –1.4 V for 40 – 120 ms.33  A detailed description of how RE 
values are obtained from the average number of water molecules lost from the reduced precursor 
is give elsewhere.35 

 
7.6  Acknowledgements 
 

The authors thank John I. Brauman, Daniel M. Neumark and Richard J. Saykally for 
helpful discussions.  This work was supported by the National Science Foundation (Grant CHE-
0718790), the National Institutes of Health (Grant R01GM064712), and the European Project 
ITS LIEF (RII 3/02 6016) for support of A.I.S.H. 
 
7.7  References 
 
(1) Kunz, W.; Lo Nostro, P.; Ninham, B. Curr Opin Colloid Interface Sci 2004, 9, 1-18. 
(2) Jayaweera, P.; Blades, A.; Ikonomou, M.; Kebarle, P. J Am Chem Soc 1990, 112, 2452-

2454. 
(3) Bush, M.; Saykally, R.; Williams, E. Int J Mass Spectrom 2006, 253, 256-262. 
(4) McQuinn, K.; Hoff, F.; McIndoe, J. Chem Commun 2007, 40, 4099-4101. 
(5) Džidić, I.; Kebarle, P. J Phys Chem 1970, 74, 1466-1474. 
(6) Rodriguez-Cruz, S.; Jockusch, R.; Williams, E. J Am Chem Soc 1998, 120, 5842-5843. 
(7) Dalleska, N.; Honma, K.; Armentrout, P. J Am Chem Soc 1993, 115, 12125-12131. 
(8) Bush, M.; Saykally, R.; Williams, E. Chem Phys Chem 2007, 8, 2245-2253. 



131 

 

(9) Kamariotis, A.; Boyarkin, O.; Mercier, S.; Beck, R.; Bush, M.; Williams, E.; Rizzo, T. J 
Am Chem Soc 2006, 128, 905-916. 

(10) Blom, M.; Compagnon, I.; Polfer, N.; von Helden, G.; Meijer, G.; Suhai, S.; Paizs, B.; 
Oomens, J. J Phys Chem A 2007, 111, 7309-7316. 

(11) Bush, M.; Prell, J.; Saykally, R.; Williams, E. J Am Chem Soc 2007, 129, 13544-13553. 
(12) Han, P.; Bartels, D. J Phys Chem 1990, 94, 7294-7299. 
(13) Kevan, L. Acc Chem Res 1981, 14, 138-145. 
(14) Schlick, S.; Narayana, P.; Kevan, L. J Chem Phys 1976, 64, 3153-3160. 
(15) Tauber, M.; Mathies, R. J Am Chem Soc 2003, 125, 1394-1402. 
(16) Haberland, H.; Ludewigt, C.; Schindler, H.-G.; Worsnop, D. J Chem Phys 1984, 81, 

3742-3744. 
(17) Coe, J.; Lee, G. H.; Eaton, J. G.; Arnold, S. T.; Sarkas, H. W.; Bowen, K. H.; Ludewigt, 

C.; Haberland, H.; Worsnop, D. R. J Chem Phys 1990, 92, 3980-3982. 
(18) Turi, L.; Sheu, W.-S.; Rossky, P. Science 2005, 309, 914-917. 
(19) Verlet, J.; Bragg, A.; Kammrath, A.; Cheshnovsky, O.; Neumark, D. Science 2005, 307, 

93-96. 
(20) Verlet, J.; Bragg, A.; Kammrath, A.; Cheshnovsky, O.; Neumark, D. Science 2005, 310, 

1769b. 
(21) Bragg, A.; Verlet, J.; Kammrath, A.; Cheshnovsky, O.; Neumark, D. Science 2004, 306, 

669-671. 
(22) Paik, D.; Lee, I.-R.; Yang, D.-S.; Baskin, J.; Zewail, A. Science 2004, 306, 672-675. 
(23) Jordan, K. Science 2004, 306, 618. 
(24) Bragg, A.; Verlet, J.; Kammrath, A.; Cheshnovsky, O.; Neumark, D. J Am Chem Soc 

2005, 127, 15283-15295. 
(25) Ayotte, P.; Johnson, M. J Chem Phys 1997, 106, 811-814. 
(26) Barnett, R.; Landman, U.; Cleveland, C.; Jortner, J. J Chem Phys 1988, 88, 4429-4447. 
(27) Kammrath, A.; Verlet, J.; Griffin, G.; Neumark, D. J Chem Phys 2006, 125, 076101. 
(28) Hammer, N.; Shin, J. W.; Headrick, J. M.; Diken, E. G.; Roscioli, J. R.; Weddle, G. H.; 

Johnson, M. A. Science 2004, 306, 675-679. 
(29) Schnitker, J.; Rossky, P. J Chem Phys 1987, 86, 3471-3485. 
(30) Makov, G.; Nitzan, A. J Phys Chem 1994, 98, 3459-3466. 
(31) Asmis, K.; Santambrogio, G.; Zhou, J.; Garand, E.; Headrick, J.; Goebbert, D.; Johnson, 

M.; Neumark, D. J Chem Phys 2007, 126, 191105. 
(32) Leib, R.; Donald, W.; Bush, M.; O'Brien, J.; Williams, E. J Am Chem Soc 2007, 129, 

4894-4895. 
(33) Leib, R.; Donald, W.; Bush, M.; O'Brien, J.; Williams, E. J Am Soc Mass Spectrom 2007, 

18, 1217-1231. 
(34) Leib, R.; Donald, W.; O'Brien, J.; Bush, M.; Williams, E. J Am Chem Soc 2007, 129, 

7716-7717. 
(35) Donald, W.; Leib, R.; O'Brien, J.; Bush, M.; Williams, E. J Am Chem Soc 2008, 130, 

3371-3381. 
(36) Donald, W.; Williams, E. J Phys Chem A 2008, 112, 3515-3522. 
(37) Reinhard, B.; Niedner-Schatteburg, G. J Chem Phys 2003, 118, 3571-3582. 
(38) Altermatt, J.; Manahan, S. Anal Chem 1968, 40, 655-657. 
(39) Berg, C.; Beyer, M.; Achatz, U.; Joos, S.; Niedner-Schatteburg, G.; Bondybey, V. Chem 

Phys 1998, 239, 379-392. 



132 

 

(40) Dye, J.; Yemen, M.; DaGue, M.; Lehn, J.-M. J Chem Phys 1978, 68, 1665-1670. 
(41) Kim, S.; Miyakawa, M.; Hayashi, K.; Sakai, T.; Hirano, M.; Hosono, H. J Am Chem Soc 

2005, 127, 1370-1371. 
(42) Beyer, M.; Williams, E.; Bondybey, V. J Am Chem Soc 1999, 121, 1565-1573. 
(43) Fedor, J.; Cicman, P.; Coupier, B.; Feil, S.; Winkler, M.; Gluch, K.; Husarik, J.; Jaksch, 

D.; Farizon, B.; Mason, N. J.; Scheier, P.; Mark, T. D. J Phys B At Mol Opt Phys 2006, 
39, 3935-3944. 

(44) Born, M. Z Physik 1920, 1, 45-48. 
(45) Coe, J.; Earhart, A. D.; Cohen, M. H.; Hoffman, G. J.; Sarkas, H. W.; Bowen, K. H. J 

Chem Phys 1997, 107, 6023-6031. 
(46) Coe, J. Int Rev Phys Chem 2001, 20, 33-58. 
(47) Grand, D.; Bernas, A.; Amouyal, E. Chem Phys 1979, 44, 73-79. 
(48) Ballard, R. Chem Phys Lett 1972, 16, 300-301. 
(49) Jortner, J. Ber Bunsenges Phys Chem 1971, 75, 696-714. 
(50) Henglein, A. Ber Bunsen-Ges  Phys  Chem 1974, 78, 1078-1084. 
(51) Cabral do Couto, P.; Costa Cabral, B.; Canuto, S. Chem Phys Lett 2006, 429, 129-135. 
(52) Coe, J. V.; Williams, S.; Bowen, K. Int Rev Phys Chem 2008, 27, 27-51. 
(53) Marshall, A.; Guan, S. Rapid Commun Mass Spectrom 1996, 10, 1819-1823. 
(54) Wong, R.; Paech, K.; Williams, E. Int J Mass Spectrom 2004, 232, 59-66. 
 
 



133 

 

 

 
 

Chapter 8 
 
 
 

Electron Hydration and Ion-electron Pairs in Water Clusters 
Containing Trivalent Metal Ions 

 
 
 
 
 
 
 
 

This chapter is reproduced with permission from Donald, W. A.; Demireva, M.; Leib, R. D.; Aiken, M. J.; Williams, 
E. R. “Electron Hydration and Ion-electron Pairs in Water Clusters Containing Trivalent Metal Ions” J. Am. Chem. 

Soc. 2010, 132, 4633–4640. © 2010 American Chemical Society. 

 
 

8.1  Abstract 
 
 The hydrated electron is one of the most fundamental nucleophiles in aqueous solution, 
yet it is a transient species in liquid water, making it challenging to study. The solvation 
thermodynamics of the electron are important to determining the band structure and properties of 
water and aqueous solutions. However, a wide range of values for the electron solvation enthalpy 
(–1.0 to –1.8 eV) has been obtained from previous methods, primarily because of the large 
uncertainty as to the value for the absolute proton solvation enthalpy. In the gas phase, electron 
interactions with water can be investigated in stable water clusters that contain an excess 
electron, or an electron and a solvent-separated monovalent or divalent metal ion. Here, we 
report generation of stable water clusters that contain an excess electron and a solvent-separated 
trivalent metal ion that are formed upon electron capture by hydrated trivalent lanthanide 
clusters. From the number of water molecules lost upon electron capture, adiabatic 
recombination energies are obtained for La(H2O)n

3+ (n = 42 to 160). The trend in recombination 
energies as a function of hydration extent is consistent with a structural transition from a surface-
located excess electron at smaller sizes (n ≤ ~56) to a more fully solvated electron at larger sizes 
(n ≥ ~60). The recombination enthalpies for n > 60 are extrapolated as a function of the 
geometrical dependence on cluster size to infinite size to obtain the bulk hydration enthalpy of 
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the electron (–1.3 eV). This extrapolation method has the advantages that it does not require 
estimates of the absolute proton or hydrogen hydration enthalpies. 
 
8.2  Introduction 
 

Information about the effects of solvent on ion structure, and conversely, how ions 
influence solvent organization, is fundamental to understanding molecular structure and stability 
of ions in solution. Ion-solvent interactions are important to the structural, thermodynamic and 
dynamic characteristics of many chemical, biological and atmospheric processes, such as charge 
transfer reactions, catalysis, radiolysis, and ion nucleation events. Ion-solvent interactions can be 
investigated in gaseous hydrated clusters as a function of hydration extent and content, including 
individual ions either with or without counterions. The range of ion-water interactions that can 
be studied has been greatly expanded by the introduction of methods to form water clusters 
containing divalent1 and trivalent2 metal ions, as well as those that contain solvent separated ion-
pairs.3 Information about the structures of such microhydrated ions has been obtained from a 
variety of thermochemical,1,4-5 spectroscopic6-7 and computational approaches.8-9 From these and 
other studies, detailed information about how water organizes around ions and how hydration 
affects the structures of the ions themselves can be obtained.10-11 Information about how a finite 
number of water molecules can solvate and cause dissociation of ionic salt pairs,8 as well as 
acids,12 may also be deduced.  

 One of the most fundamental charged species is the electron, which in liquid water, is 
ephemeral owing to its high reactivity (E0

1/2 = –2.6 to –2.9 V)13 with trace impurities (the rate 
constants of e–(aq) reacting with many different trace species found in water containing e–(aq) is 
on the order of 109 or 1010 L·mol–1

·s–1).13 The kinetics, thermodynamics and dynamic properties 
of the hydrated electron, that is likely in an s-like ground state orbital and trapped in a cavity 
surrounded by water molecules,14-15 have been previously investigated using an assortment of 
experimental and theoretical techniques, including measurements of reaction kinetics from 
radiolysis studies,16-21 electron spin resonance of an excess electron trapped in ice,22 Raman 
spectroscopy,23 and computations.24  

The hydration enthalpy of the electron is one of the most important properties that 
characterizes the stability and reactivity of the hydrated electron. The absolute hydration 
enthalpy of the electron is the enthalpy difference between a hydrated electron in a pure aqueous 
solution and an electron at rest in vacuum at infinite distance from bulk water. Three different 
pulse radiolysis methods have been used to investigate the stability of the hydrated electron by 
measuring the enthalpies of the reactions given in Equations 8.1,18,25 8.2,19 or 8.3.20 
 
H + OH– → e– + H2O          (8.1) 
 
e– + H+ → H           (8.2) 
 
e– + NH4

+ → H + NH3         (8.3) 
 
From the enthalpy of any of these reactions and a corresponding Born-Haber type 
thermodynamic cycle, a value for the solvation enthalpy of the electron can be obtained. These 
cycles include the absolute solvation enthalpy of the proton, which is the enthalpy difference 
between a proton in water and a proton at rest in vacuum. However, obtaining an accurate value 
for the proton solvation enthalpy is challenging because, in solution, it is not possible to directly 
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separate the thermodynamic contribution of a single ion from its counter ion. Instead, ion 
solvation enthalpies of one ion relative to another ion are obtained from solution-phase redox 
and/or dissolution experimental data. This results in a ladder of relative thermodynamic values 
which is anchored to the value for the proton that is commonly assigned an arbitrary value of 
zero.  
 Much effort has been devoted towards establishing an absolute ion solvation 
thermodynamic scale. Values for the solvation enthalpy of the proton in liquid water ranging 
from –274.9 to –260.0 kcal/mol have been reported.26-33 In combination with these proton 
solvation enthalpy values, values for the electron solvation enthalpy can be obtained from the 
three different pulse radiolysis methods. Han and Bartels18 reported a value of –1.31 eV for the 
hydration enthalpy of the electron using the proton solvation enthalpy value recommended by 
Conway (–267 kcal/mol)26 and other thermodynamic values. Shiraishi et al. reported a value of –
301.6 kcal/mol referenced to that of the proton.19 Schwarz reported a value of 66.3 kcal/mol for 
the formation enthalpy of the hydrated electron referenced to that of the hydrated proton.20 Using 
the same proton solvation enthalpy26 as that used by Han and Bartels18 results in a range of 
values from –1.31 to –1.50 eV for the solvation enthalpy of the electron from these three18-20 
pulse radiolysis studies. Combining this range in values derived from the pulsed radiolysis 
methods18-20 with the range of the proton solvation enthalpies that have been reported,26-33 results 
in a range from –1.0 to –1.8 eV for the solvation enthalpy of the electron. Because of the wide 
range in values and the uncertainty as to the value for the proton solvation enthalpy, it would be 
interesting to develop alternative methods to obtain these values.  
 The interaction of electrons with water can also be investigated by probing the structures, 
reactivities and dynamics of stable water clusters that contain an excess electron, (H2O)n

–,34-43 as 
well as investigating stable clusters that contain an excess electron and a metal ion, e.g., 
M(H2O)n, M = Li,44 Na,3,45-46 and Cs,47 and M(H2O)n

+, M = Mg9,48-49 and Ca.50 Other insights 
into the interactions of an excess electron with water have been obtained by investigating the 
charge transfer of an electron to solvent upon laser activation of I–(H2O)n,

51-52 or from 
photoelectron spectroscopy of Na–(H2O)n.

44 From these different cluster types, electron-water 
interactions can be investigated in a gamut of different hydrated environments from water 
clusters containing only the excess electron to water clusters containing an excess electron that is 
solvent-separated from a neutral atom, a monovalent metal ion, or a divalent metal ion. It is 
interesting to know how water organizes around the electron in these types of clusters. Neumark 
and co-workers reported at least three different (H2O)n

– isomers were formed using a supersonic 
expansion cluster source based on the measured vertical detachment energies (VDEs) of these 
clusters for n up to ~150.34 One of these isomers is reported to have an internally solvated 
electron based on the comparison of the measured VDEs with calculated values.34-35 However, 
the location of the excess electron in the clusters has been the subject of intense debate and 
evidence supporting both internally and externally solvated electrons has been reported.34-43  

 An alternative and unorthodox approach to probe the interactions of metal ions, electrons 
and water is to investigate the thermodynamics of ion solvation by measuring the recombination 
energies (REs) resulting from electron capture (EC) by nanometer sized hydrated metal ions.53-63 
In this method, termed hydrated metal ion nanocalorimetry, a gaseous droplet containing a 
multiply charged metal ion is reduced by a thermally generated electron. The reduction energy 
results in rapid heating of the cluster and evaporation of water molecules which reduces the 
cluster temperature to that of the initial cluster. The energy removed from the cluster by 
evaporative cooling is equal to the adiabatic recombination energy of the precursor cluster 
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because the rate of water reorganization is much faster than the timescale of the experiment and 
the water reorganization energy is reflected in the overall extent of water evaporation from the 
reduced nanodrop. The recombination energies are obtained from the average number of water 
molecules lost from the cluster, the sum of the threshold water molecule binding energies and the 
energy that is partitioned into the translational, rotational and vibrational modes of the 
products.53-54 This technique has been used to obtain a value for the absolute standard hydrogen 
electrode potential from three different nanocalorimetry based methods that all agree within 5% 
of each other (+4.05, +4.11 and +4.21 V).53,55-56  

 Upon EC, the electron is not necessarily captured by the individual cluster constituent 
that has the highest ionization energy in isolation. For example, reduction of Ca(H2O)n

2+, n > 22, 
results in the formation of an ion-electron pair.57-59 The trend in the REs with increasing cluster 
size for Ca(H2O)n

2+, n up to 62, is consistent with a transition from a surface located electron to a 
more solvated electron at n ~47.57 Interestingly, Neumark and co-workers interpret the trend in 
the VDEs of (H2O)n

–, for the isomers that have the highest VDEs, as having a transition from a 
surface to internally bound electron with increasing size for n between 12 and 25;34-35 time-
resolved photoelectron data also appears consistent with this transition to a bulk-like electron at n 
> ~25.39 It is interesting to consider that the presence of the metal ion “pushes” the electron out 
of the cluster and results in a transition that occurs at a larger hydration extent vs. that for 
(H2O)n

–, likely the result of steric and increased water patterning effects caused by the presence 
of the divalent metal ion. However, such comparisons should be made with caution because of 
the different conditions under which these two cluster types are generated and uncertainty as to 
the location of the electron in (H2O)n

–. 
 Here, we report evidence that large water clusters containing an excess electron and a 

trivalent metal ion can be formed and are stable in the gas phase. The effects of size and ion 
identity on the reactivity of these nanodrops are investigated. The trend in the REs for 
La(H2O)n

3+, for n from 42 to 160, is consistent with a transition from a surface located excess 
electron to a more fully solvated electron at n ~ 58. The REs for n > 60 are extrapolated to 
infinite cluster size to obtain a value for the bulk solvation enthalpy of the electron. This value is 
consistent with the wide range of previous values, but our method has the advantage that an 
estimate of the absolute proton solvation enthalpy, which is the primary source of uncertainty 
with prior methods, is unnecessary. 
 
8.3  Experimental 

All experiments are performed on the Berkeley 2.75 T Fourier transform ion cyclotron 
resonance mass spectrometer equipped with an external nanoelectrospray ion source and an ion 
cell surrounded by a temperature controllable copper jacket that is equilibrated to 133 K.2,59,64 
Extensively hydrated ions are formed by nanoelectrospray from ~5 mM aqueous solutions of 
metal(III) chloride or nitrate salts. A positive potential of ~500–800 V relative to the heated 
capillary (~75–100 ºC) entrance of the mass spectrometer is applied to a Pt wire that is in direct 
contact with the metal(III) salt solution. This solution is contained in a borosilicate capillary that 
has an inner tip diameter of ~2 µm. Ions are introduced into the cell of the mass spectrometer 
through five stages of differential pumping and are accumulated in the cell for 2.7–8.0 s, during 
which time N2(g) is pulsed into the cell chamber to pressures of ~1 x 10–6 Torr to enhance 
trapping and thermalization of the ions. A mechanical shutter is subsequently closed to prevent 
additional ions from entering the cell. Ions are stored for an additional ~3.0–9.0 s so that the ion 
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cell pressure returns to ≤10–8 Torr and to ensure that the ions have steady state internal energy 
distributions at the temperature of the copper jacket surrounding the ion cell (133 K). 

 For electron capture dissociation experiments,59 ions of interest are isolated using SWIFT 
waveforms. Following a 40 ms delay, electrons generated from a heated dispensor cathode 
located axially 20 cm from the cell center are introduced into the cell by applying –1.5 V for 120 
ms to the cathode housing. A delay ranging from 40 ms to 1.5 s between the end of electron 
irradiation and ion excitation/detection is used to ensure that dissociation of the reduced 
precursor is complete. A +10 V potential is applied to the cathode at all other times to prevent 
electrons from entering the cell. A potential of +9 V is applied to a Cu wire mesh mounted 0.5 
cm in front of the cathode. 

 The average number of water molecules lost from the reduced precursor is obtained from 
a weighted average of the observed product ion intensities and is corrected for the loss of water 
molecules resulting from the absorption of blackbody photons that occurs in the absence of EC 
to give the average number of water molecules lost due to EC alone. Average internal energies 
are calculated as described previously53-54 using calculated harmonic frequencies for an energy 
minimized B3LYP/LACVP**++ structure for Ca2+(H2O)14. For larger clusters, average internal 
energies are obtained by scaling the vibrational degrees-of-freedom of Ca(H2O)14

2+ by the 
vibrational degrees-of-freedom of the larger cluster.  

 Molecular mechanics simulations of Mo3+I–(H2O)n were performed using the OPLS-2005 
force field implemented in MacroModel 8.1 (Schrödinger, Inc., Portland, OR) at 300 K and with 
no electrostatic cutoffs. Five starting structures were generated by fixing the Mo3+/I– bond 
distance (d) at ~2.6 Å, which corresponds to the equilibrium bond distance for this ionic pair in 
isolation, adding the appropriate number of water molecules randomly around the ion pair core, 
running the simulation at a temperature of 300 K, and sampling one structure every 200 ps. 
These five starting structures were then run under the same conditions except that the Mo3+ and 
I– were allowed to move relative to each other and structures were recorded every 10 ps.  
 
8.4  Results and Discussion 

8.4.1  Electron Capture by Thermal Size-selected M(H2O)n
3+. Nanoelectrospray 

ionization of aqueous solutions containing ~5 mM LaCl3 results in the formation of wide 
distributions of La(H2O)n

3+ and LaOH(H2O)m
2+ (n = 92–130 and m = 58–83; Figure 8.1a) that are 

thermalized to the temperature of the copper jacket surrounding the ion cell (133 K). The range 
of cluster sizes can be shifted to larger or smaller sizes by changing instrumental parameters, 
such as the temperature of the capillary in the electrospray ionization interface. Results for EC by 
La(H2O)103

3+ are shown in Figure 8.1b. The loss of 12 and 13 water molecules from the reduced 
precursor is observed. A delay of 1.0 s after EC and prior to ion detection is used to ensure that 
dissociation due to EC is complete. During this delay, substantial loss of water from 
La(H2O)103

3+ occurs owing to the absorption of photons from the surrounding blackbody field.65 
The average number of water molecules lost due to EC alone is obtained by correcting the 
average water molecule loss from the reduced precursor as a result of EC and blackbody infrared 
radiative dissociation (BIRD) (12.4 water molecules) for the average number of water molecules 
lost due to BIRD alone. This latter value is estimated from the average number of water 
molecules lost from the precursor without electrons injected into the cell (0.9 water molecules). 
Thus, the average number of water molecules lost due to EC alone is 12.4 – 0.9 = 11.5 water 
molecules for this ion. The width of the product ion distribution is remarkably narrow compared 
to the number of water molecules that are lost. 
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Figure 8.1  (a) Nanoelectrospray ionization mass spectrum of an aqueous LaCl3 solution showing distributions of 
La(H2O)n

3+ and LaOH(H2O)m
2+ and (b) electron capture dissociation (ECD) mass spectrum of isolated La(H2O)103

3+ 
resulting in the loss of 12 and 13 water molecules from the reduced precursor as a result of ECD and blackbody 
infrared radiative dissociation (BIRD). Inset is a 2.5 times vertical expansion of the mass spectrum from m/z 850 to 
920. 
 

8.4.2  Effects of Size and Charge State on Electron Capture Fragmentation 
Pathways. In addition to the reduced cluster dissociating via sequential water molecule loss, 
clusters can dissociate via the loss of a hydrogen atom and water molecules to form a hydrated 
metal hydroxide cluster.56,59 These two competitive dissociation pathways are shown in Scheme 
8.1. 

 
Scheme 8.1: 
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The branching ratio between these two processes depends upon the precursor cluster size and the 
metal ion identity (Figure 8.2). For La(H2O)n

3+, Pathway II dissociation occurs exclusively for n 
≤ 39, whereas Pathway I dissociation occurs exclusively for n ≥ 52. The transition between 
Pathway I and II dissociation for La(H2O)n

3+ occurs over a slightly wider range in cluster sizes 
and at significantly larger clusters sizes (from n = 39 to 52) than for Ca(H2O)n

2+ (from n = 22 to 
30).59 These data are consistent with previous results for the alkaline earth metal ions56 that 
indicate dissociation via H atom loss is favored for metal ions with higher charge densities and 
for smaller cluster sizes. For a single size selected La(H2O)n

3+ cluster that dissociates via both 
pathways (n = 42–48), the average number of water molecules lost (between 12 and 13) via each 
pathway are comparable, which indicates that loss of a H atom from La(H2O)n

2+, n < ~42 – 12 = 
~30, occurs readily under these conditions. Possible mechanisms for H atom loss upon EC are 
discussed elsewhere.57,66 
 

 
 
Figure 8.2  Normalized product ion intensities for dissociation by Pathway I (loss of water molecules, diamonds) 
and Pathway II (loss of H and water molecules, circles) resulting from electron capture by Ca(H2O)n

2+ (open 
symbols) or La(H2O)n

3+ (closed symbols). Rapid transitions between each pathway occurs between n = 22 and 30 for 
Ca(H2O)n

2+, and n = 39 and 52 for La(H2O)n
3+. The data for Ca has been published previously.59 Sigmoidal trend 

lines were fit to these data as a guide. 
 

 8.4.3  Dissociation Timescale. For the smaller clusters investigated, dissociation upon 
EC is very rapid relative to the timescale of the experiments.59 However, for the larger clusters, 
the effective temperature of the reduced cluster decreases with increasing cluster size owing to 
two factors: the RE decreases with increasing size due to increased ion solvation by additional 
water molecules53,55,57 and the RE is distributed over more degrees of freedom with increasing 
cluster size. These two factors result in a slower rate of water evaporation upon EC with 
increasing cluster size. Thus, for the larger clusters, it is important to ensure that water 
evaporation is complete prior to ion detection to obtain accurate RE values. Radiative and 
collisional cooling effects are expected to be minor under the conditions of these experiments. 

 To investigate the rate of water evaporation from the clusters activated via EC, a variable 
reaction time delay between the end of EC and beginning of ion detection was used for 
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experiments with isolated La(H2O)65
3+, La(H2O)125

3+ and La(H2O)160
3+. For n = 65, an average of 

12.59 water molecules are lost due to EC only for a reaction time delay of 40 ms, whereas a 
delay of 0.5 s results in an average of 12.67 water molecules lost. This indicates that for this size 
cluster and smaller, the reaction is rapid. For n = 125, the average number of water molecules 
due to EC are plotted as a function of the reaction time delay for times ranging from 40 ms to 1.5 
s in Figure 8.3. The average number of water molecules lost increases from 10.5 at 40 ms to 
~11.0 at 1.0 s and longer. These data indicate that the reaction is complete somewhere between 
500 and 750 ms. For n = 160, a delay of 1.0 s results in an average of 10.49 water molecules lost 
whereas a 1.5 s delay results in 10.40 water molecules. This indicates that 1.0 s is a sufficiently 
long reaction time. For all n ≤ 65, a delay of 40 ms is used, for 65 < n < 125 a delay of 1.0 s is 
used, and for n ≥ 125, a delay of 1.5 seconds is used to ensure that the reaction is complete for 
each cluster size investigated. 
 

 
 
Figure 8.3  The average number of water molecules lost from La(H2O)125

3+ as a result of EC as a function of the 
reaction time delay between the end of EC and ion detection. Dashed line is a guide for the eye. Error bars are 
propagated from one standard deviation in the noise level in the mass spectra. 
 
 8.4.4  Effects of Cluster Size and Ion Identity on the Extent of Water Molecule Loss. 
The average number of water molecules lost upon EC by M(H2O)n

3+, M = La and Eu, and by 
M(H2O)103

3+, M = Ce, Pr, Tb, Ho, Tm, and Lu, are shown in Figure 8.4. At the smaller cluster 
sizes, the extent of water molecule loss decreases with decreasing cluster size because both the 
water molecule binding energies and the energy that partitions into the products upon water 
molecule loss increase with decreasing cluster size. For example, La(H2O)34

3+ loses an average 
of 12.7 water molecules as a result of EC whereas La(H2O)18

3+ loses 9.0 water molecules. As the 
cluster size increases, the average number of water molecules lost reaches a plateau and then 
decreases with increasing cluster sizes. The decrease in the average number of water molecules 
lost with increasing size is predominantly due to ion solvation that increases with increasing 
cluster size. The plateau at intermediary cluster sizes is a result of competition between ion 
solvation effects and effects of water molecule binding energies and energy partitioning into the 
translational and rotational modes of the products. 
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Figure 8.4  The average number of water molecules lost as a result of EC alone (data corrected for loss by BIRD) as 
a function of the precursor cluster size for M(H2O)n

3+, M = La and Eu, and M(H2O)103
3+, M = Ce, Pr, Tb, Ho, Tm, 

and Lu. Solid arrows indicate precursor cluster sizes in which Pathway I or II are exclusively observed for hydrated 
La3+. The data for Eu has been published previously.55 
 

Metal ion identity can strongly affect the extent of water molecule loss from the 
nanodrops as a result of electron capture. For example, the average number of water molecules 
lost from Eu(H2O)103

3+ (16.0 water molecules)55 is much greater than that for M(H2O)103
3+, M = 

La, Ce, Pr, Tb, Ho, Tm, and Lu, which all lose nearly the same average number of water 
molecules as a result of EC (between 11.5 –11.7 water molecules) despite the differences in the 
third ionization energies of the unsolvated metal atoms that range from 19.18 eV for La to 23.68 
eV for Tm.67 Because the clusters containing trivalent La, Ce, Pr, Tb, Ho, Tm, and Lu lose nearly 
the same number of water molecules and because many other trivalent metal ion containing 
water clusters (e.g. M(NH3)6

3+, M = Ru, Co, Os, Cr, Ir, and Eu3+)53 lose both different numbers 
of water molecules (between 14 and 19) and more water molecules (up to ~5.6 more water 
molecules for Ru(NH3)6(H2O)55

3+,53 than La(H2O)60
3+), these data indicate that EC by 

M(H2O)n
3+, M = La, Ce, Pr, Tb, Ho, Tm, and Lu, results in the formation of a solvent separated 

ion-electron pair at sizes in which dissociation via pathway I occurs (n ≥ 42, for La(H2O)n
3+). 

These results are entirely consistent with the fact that in bulk aqueous solution, one electron 
reduction of M3+ = La, Ce, Pr, Tb, Ho, Tm, and Lu, does not occur, whereas the one electron 
reduction potentials of Eu3+ and M(NH3)6

3+, M = Ru, Co, Cr, Os and Ir, are readily measurable. 
Thus, the EC reactivity of these hydrated metal ions correlates with the bulk solution-phase 
redox chemistry.  
 8.4.5  Adiabatic Recombination Energies from Experimental Cluster 
Measurements. Unlike many gas-phase methods used to determine ionization energies, ion 
nanocalorimetry measurements can be used to obtain adiabatic recombination energy values 
because the solvent reorganization time (low ps) is much faster than the timescale of the 
experiment. Adiabatic recombination energy values are obtained from the average number of 
water molecules lost from the reduced precursors, the sum of the threshold binding energies (E0) 
for each lost water molecule, and the energy that partitions into the translational, rotational and 
vibrational energy of the products.54 Briefly, threshold water molecule binding energies are 
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obtained from the Thomson liquid drop model,68-69 and the energy that partitions into the 
translational and rotational modes of the products upon sequential water molecule loss from the 
reduced clusters is obtained from a statistical model.70 A detailed description of this method for 
obtaining RE values from the average number of water molecules lost is given elsewhere.54 
 8.4.6  Ion-electron Pairing versus Reduction. It is remarkable that a trivalent metal ion 
and electron can be separated in a small nanocluster. To better understand the competition 
between direct metal ion reduction and formation of a solvent separated ion-electron pair upon 
EC by M(H2O)n

3+, the thermodynamic cycles shown in Scheme 8.2 are useful, 
 
Scheme 8.2: 

 
 
where ∆Hi(III) is the third ionization enthalpy of a metal atom M, ∆Hsolv(3+,n) and ∆Hsolv(2+,n) 
correspond to the adiabatic enthalpy of solvating isolated M3+ or M2+, respectively, in a cluster of 
n water molecules, ∆Hred and ∆Hpair are the recombination enthalpies for either direct metal ion 
reduction or formation of an ion-electron pair, respectively, and ∆Hr/p is the energy 
corresponding to direct metal reduction by the excess electron in a water cluster containing a 
solvent separated ion-electron pair, M3+(H2O)ne

–. From these thermodynamic cycles, the 
enthalpy that drives direct metal ion reduction, ∆Hr/p, can be separated into the individual 
processes that contribute to this quantity (Equation 8.4). 
 
∆Hr/p = ∆Hred – ∆Hpair = –∆Hpair – ∆Hi(III) – ∆Hsolv(3+,n) + ∆Hsolv(2+,n)   (8.4) 
 
From Equation 8.4, ion-electron pair formation will be favored for more negative values of 
∆Hsolv(3+,n) (i.e., for more stable hydrated M3+), smaller values for ∆Hi(III), and less negative 
values of ∆Hsolv(2+,n) (i.e., for less stable hydrated M2+). ∆Hpair depends on ion charge state, but 
at a sufficiently large cluster size, it does not depend significantly on metal ion identity. Thus, 
metal ion reduction of the larger clusters is driven by the ∆Hi(III) of the bare ion and the 
difference in the solvation energies of the divalent versus trivalent ion. Formation of a solvent 
separated ion-electron pair upon EC of M3+(H2O)n, M = La, Ce, Pr, Tb, Ho, Tm, and Lu, occurs 
because the corresponding third ionization energy of the bare metal is not great enough to 
overcome the change in ion solvation energy that would result if the metal ion was reduced in the 
nanodrop. This is consistent with the fact that Eu, which is directly reduced in the nanodrop, has 
a higher third ionization energy (24.9 eV)67 than the other lanthanides investigated, which have 
third ionization energies that range from 19.2 to 23.7 eV.67  

 8.4.7  Molecular Dynamics Simulation of Ion Separation in Water Clusters. To 
investigate the effects of solvent on the interactions between a trivalent metal ion and an excess 
electron in aqueous nanodrops, OPLS-2005 molecular dynamics (MD) simulations were 
performed on water clusters containing Mo3+ and I– with up to 160 water molecules (Figure 8.5). 
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I– has an effective ionic radius (2.2 Å)71 that is comparable to the radius (2.1 Å) of the octahedral 
water cavity that has been suggested to trap the hydrated electron in ice,22,72 and it has been used 
by others as an analogue for the hydrated electron in MD simulations.73 Mo3+ is used because it 
is the largest trivalent metal that is parameterized for the software package used to perform these 
molecular mechanics calculations. 

 

 
 
Figure 8.5  (a) Mo3+I–(H2O)160 structure obtained by fixing the Mo3+/I– distance at 2.6 Å (the equilibrium bond 
distance for this ion pair in isolation) in a cluster of 160 water molecules and running a molecular dynamics 
simulation for 1000 ps using an OPLS 2005 force field at 300 K. (b) Structure of Mo3+(H2O)nI

– obtained by running 
a molecular dynamics simulation for 1000 ps using an OPLS 2005 force field (300 K) starting with the structure 
shown in (a) and allowing the Mo3+/I– distance to vary freely. Mo3+ (yellow sphere) and I– (orange sphere) are 
marked with black circles. (c) Center-to-center distance between Mo3+ and I– as a function of simulation time for 
five different simulations starting from five different starting cluster structures resembling that in (a) for n = 160 
(red dashed lines) or n = 40 (solid blue lines). 
 

A representative starting structure for Mo3+I–(H2O)160 is shown in Figure 8.5a. After 1000 
ps simulation, the structure in Figure 8.5b is obtained and is typical of the structures that are 
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sampled in these simulations. The ion-to-ion distance is plotted as a function of simulation time 
in Figure 8.5c for two different cluster sizes (n = 40 and 160). After 10 to 200 ps, the ionic pair 
core of the nanodrop separates to form a solvent separated ion pair, in which the iodide is usually 
at the surface (for n < ~100) or within a solvent shell from the surface of the nanodrop (n > 
~100). The ions separate to an average ion-to-ion bond distance, <d>, that depends on the 
number of water molecules in the cluster. For n = 40, the ions separate to an equilibrium distance 
of 4.8 ± 0.3 Å, whereas for n = 160, this distance is 6.2 ± 1.1 Å. For the latter cluster, nearly the 
same distance is obtained by running the simulation for three times as long (3 ns). Simulations in 
which I– starts on the outside of a Mo3+ containing cluster result in the same average ion-to-ion 
bond distance for a given sized cluster. These results indicate that 1000 ps simulation times at 
300 K are adequate for the ion-to-ion bond distance to approach its equilibrium value. 

Values for <d> were obtained as a function of cluster size for n from between 10 and 160 
and are shown in Figure 8.6. The values of <d> range from 2.8 to 6.2 Å and generally increase 
smoothly with increasing cluster size (Figure 8.6a). The large change in <d> that occurs between 
n = 10 (2.8 Å) and 20 (4.2 Å) is due to the transition between a contact ion pair equilibrium set 
of structures for the former to solvent separated ion pair equilibrium structures for the latter. 
With increasing cluster size, the fluctuations in d increase due to reduced electrostatic interaction 
between the ions and the increasing conformational space. 

Based on Coulomb’s law, a plot of <d>–1 versus n–1/3 should result in a linear relationship 
if the structures of the clusters do not dramatically change as a function of cluster size and the 
ions do not interact significantly at infinite dilution (see Supporting Information). Values for 
<d>–1, obtained from the cluster simulations, are plotted as a function of n–1/3 in Figure 8.6b. A 
linear regression analysis of the simulation data for n = 20–160 results in a best fit line with an 
R2 value of 0.97, indicating that the simulation data agree well with the n–1/3 relationship. The n 
= 10 data point is a significant outlier because the simulations for this cluster resulted in only 
contact ion pair structures after 1000 ps. The intercept corresponds to an inter-ion separation of 
12.3 Å at infinite dilution. At this distance, the Coulomb attraction between the ion and electron 
is on the order of RT. Although the interaction between the ion and electron is not adequately 
modeled by these molecular dynamics simulations, these results do suggest that the Coulomb 
attraction between the ion and electron is sufficiently small that these ions will drift apart at 
infinite dilution.  These results indicate that the n–1/3 relationship applies to cases in which an 
ion-electron pair is formed in the nanodrops. This is consistent with calculations that indicate 
vertical ionization energies for hydrated clusters containing either a surface-bound or an interior 
electron should proceed as a linear function of n–1/3.74 

8.4.8  Extrapolation of Cluster Adiabatic Ionization Enthalpies to Bulk Water. To 
connect the cluster recombination energies to the corresponding electron solvation process in 
aqueous solution and investigate the structure of the La3+ containing nanodrops, the 
recombination enthalpies are plotted as a function of the geometric dependence of these data on 
cluster size and extrapolated to an infinitely large cluster size.55,57 Recombination enthalpy 
values for La(H2O)n

3+ and Eu(H2O)n
3+ are plotted as a function of n–1/3 in Figure 8.7 for clusters 

that dissociate via pathway I. 
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Figure 8.6  (a) Average distance between Mo3+ and I– (<d>) obtained from OPLS-2005 dynamics simulations at 
300 K for Mo3+I–(H2O)n as a function of n and (b) this same data plotted as <d>–1 (which is proportional to the 
electrostatic energy between the ions) versus n–1/3 (which is proportional to the cluster radii). The error bars 
represent 1 standard deviation in the average distance of each structure monitored every 10 ps for ~4.8 ns for each 
cluster size. One ns simulations were run using 5 different starting structures with an initial ion-ion bond distance of 
~2.6 Å for each cluster. For n = 115, 130 and 160, a 5 ns simulation using a single starting structure was used.  
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Figure 8.7  Recombination enthalpies of Eu(H2O)n

3+ (squares)55 and La(H2O)n
3+ (circles) as a function of n–1/3 with 

(a) the y-axis intercept shown and (b) a magnified view shown. Solid black lines are linear regression best fit lines to 
the EC data for either Eu(H2O)n

3+, n = 55–140,55 or La(H2O)n
3+, n = 65–160. Dashed line is a linear regression best 

fit line to EC data for La(H2O)n
3+, n = 42–56. The data for Eu has been published previously.55 

 
The recombination enthalpy values for La(H2O)n

3+ linearly and monotonically decrease 
with increasing size from n = 42 to 56, but remarkably, the recombination enthalpy for n = 60 is 



147 

 

significantly larger than that for n = 56. For n = 60 to 160, the recombination enthalpy values 
again decrease linearly and monotonically with increasing cluster size. To the extent that similar 
ion-electron pair structures are formed in the droplets upon EC, the recombination enthalpy 
values should depend linearly on n–1/3. The origin of this break at n = ~58 can be explained by a 
structural transition from a surface bound electron at smaller cluster sizes to a more solvated 
electron at the larger sizes, that is, an electron penetrating into the droplet. The larger RE value 
for n = 60 than for n = 56 is due to the increased electron solvation energy as a result of the 
electron being located more internally at the larger cluster size. The relatively sharp transition 
could be due to a critical minimum number of water molecules necessary to stabilize an 
internally solvated electron in these nanodrops containing a trivalent ion. In comparison to 
La3+(H2O)n, the recombination enthalpy values for Eu(H2O)n

3+ decrease linearly and 
monotonically as a function of n–1/3 from n = 55 to n = 140. The difference between the Eu3+ and 
La3+ data indicates that the nonlinearity at n = ~58 for La3+ is not due to a cluster size dependent 
phase transition. 

 The linear regression best fit of the La(H2O)n
3+ data from n = 42 to 56 results in a line 

with slope of 20 ± 2 eV, y-axis intercept of +0.3 ± 0.5 eV and R2 value of 0.962; for the data 
from n = 65 to 160, linear regression results in a line with a slope of 17.5 ± 0.4 eV, y-axis 
intercept of 1.34 ± 0.09 eV and R2 of 0.993. The y-axis intercept of the latter line corresponds to 
a value of –1.34 eV for the hydration enthalpy of the electron, that is, e–(g) → e–(aq). This value 
is well within the wide range of values obtained for the solvation enthalpy of the electron (–1.0 
to –1.8 eV) from the reaction enthalpies for Equations 8.1,18 8.2,19 and 8.3,20 and the values 
previously reported26-33 for the solvation enthalpy of the proton. A more direct comparison of our 
value to those obtained from the pulse radiolysis data is complicated by the wide range of values 
for the proton solvation energy that have been reported. Our nanodrop extrapolation method to 
obtain the electron solvation enthalpy is entirely independent of the pulse radiolysis methods18-20 
and has the advantages that the proton and H atom solvation enthalpies do not need to be known. 

 To the extent that the electron is delocalized on the surface of smaller clusters (n = 42 to 
56), the y-axis intercept of the best-fit line to these data corresponds roughly to a value of –0.3 ± 
0.5 eV for the conduction band edge of liquid water, V0, that is, the energy of forming a quasi-
free delocalized electron in bulk water from the vacuum level with zero kinetic energy. The 
value for the conduction band edge of water has been the subject of some controversy with 
reported values as low as –1.3 eV75 and a proposed upper limit as high as +1.0 eV.76 More recent 
considerations suggest that the V0 of liquid water is closer to zero.30 The results from the 
nanocalorimetry data from M(H2O)n, M = Ca2+ and La3+, (V0 ~ +0.6 eV57 and –0.3 eV, 
respectively) bracket this estimated value of ~0 for the V0 of liquid water30 as well as a recently 
reported value of ~0 for ice.43 Potential sources of uncertainty in these measurements are 
presented in the Supporting Information.  

 
8.5  Conclusions 
 

 The fleetingly short lifetime of an electron in aqueous solution can obfuscate studies 
aimed at understanding electron hydration whereas gaseous water clusters with an electron 
attached can be much longer lived making possible characterization of electron hydration by a 
number of methods. However, the location of the electron in gaseous water clusters has been 
controversial and evidence for up to three different structures has been reported.34 Combining an 
electron with a gaseous water cluster containing a trivalent metal ion can result in either 
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reduction of the metal ion or formation of a trivalent metal ion-electron pair in the overall 
reduced droplet. For La3+ clusters with between ~42 and 56 water molecules, capture of an 
electron results in formation of an ion-electron pair in which the electron is bound to the surface 
of the droplet, whereas capture by larger La3+ containing droplets results in ion-electron pairs in 
which the electron is more internally solvated. By extrapolating the recombination energies 
obtained from the nanocalorimetry experiments on larger clusters to infinite cluster size, a value 
for the hydration enthalpy of an electron in bulk water of –1.34 eV with a precision of ±0.09 eV 
is obtained.  This method for establishing an electron solvation enthalpy has the advantages that 
the position of the electron in the larger droplet is more precisely known than for clusters that do 
not contain a metal ion, and there is no need for estimates of the solvation enthalpy of a proton or 
of atomic hydrogen. 

 The accuracy of these experiments could be significantly improved by experimentally 
calibrating the nanocalorimetry method using laser photodissociation experiments at multiple 
wavelengths, cluster sizes, and charge states.  An increase in the magnetic field strength of the 
experimental apparatus from 2.75 to 7.0 T would make these experiments possible on clusters 
with up to about 900 water molecules, which would greatly improve the precision with which the 
electron solvation energy could be measured.  These results clearly demonstrate that stabilization 
of ions by a finite number of water molecules can be substantial and even greater than the 
recombination energy of some trivalent metal ions with an electron.  The results from these gas-
phase electrochemical experiments correlate beautifully with traditional electrochemical 
experiments done in solution and provide a bridge between gas-phase and solution studies.  An 
advantage of these measurements is that counterions can either be eliminated or precisely 
controlled by mass selection, which makes it more readily possible to measure ion effects 
directly.  Such ion-electron recombination studies should ultimately lead to a better 
understanding of ion and electron stabilization in solution. 
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8.7  Supporting Information 

 
8.7.1  Relating Ion-pair Distance from Molecular Mechanics Simulations to Cluster 

Size. To investigate the relationship between <d> and n, the thermodynamic cycle in Scheme 8.3 
is used, where AA is the anion affinity of M3+(H2O)n, which is the RE when X = electron, 
∆Esolv,c(3+) and ∆Esolv,c(2+) are the solvation energy of the 3+ and 2+ clusters, respectively, and 
∆Esolv(X

–,aq) is the solvation energy of X–. The AA is given by 
 
AA = –∆Esolv(X

–,aq) – ∆∆Esolv,c         (8.5) 
 
where ∆∆Esolv,c is the difference in the solvation energies of the corresponding 3+ and 2+ clusters 
shown in Scheme 8.3. Based on Coulomb’s law, AA should be roughly proportional to the 
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inverse of the distance between the charges in the cluster, <d>–1. From the Born solvation 
energy, ∆∆Esolv,c should be proportional the inverse cluster radii if the respective clusters are 
spherical. Combining these proportionality relationships with Equation 8.5, results in Equation 
8.6, 
 
<d>–1 ∝ C1n

–1/3 + C2          (8.6) 
 
where C1 and C2 are constants. Thus, a plot of <d>–1 versus n–1/3 should result in a linear 
relationship if the structures of the clusters do not dramatically change as a function of cluster 
size. 
 
Scheme 8.3: 

 
 

8.7.2  Sources of Uncertainty. Although the absolute uncertainty in this method is 
difficult to assess, the precision obtained for the solvation enthalpy of the electron is excellent (± 
0.09 eV). The largest source of uncertainty is in obtaining RE values from the number of water 
molecules lost. The RE data can be calibrated with high accuracy by using laser induced 
dissociation experiments in which appropriate size-selected clusters are irradiated with photons 
of a well defined energy from a laser source. By measuring the average number of water 
molecules lost as a function of photon energy for many different clusters, calibration curves can 
be obtained that would make it possible to directly determine the solvation enthalpy of the 
electron entirely by experiment when combined with the extrapolation method shown here. 

The effect of the metal ion on the RE values also introduces uncertainty. The electrostatic 
energy between the metal ion and the electron upon formation of an ion-electron pair is reflected 
in the RE. The molecular dynamics simulations indicate that the distance between the ion and the 
electron increases with increasing cluster size. Extrapolating this distance as a function of cluster 
size results in a value of 12.3 Å at infinite cluster size. At this distance, the Coulomb attraction 
between the ion and electron is on the order of RT. Although the interaction between the ion and 
electron is not adequately modeled by these molecular dynamics simulations, these results do 
indicate that the Coulomb attraction between the ion and electron is sufficiently small that these 
ions will drift apart at infinite dilution. To the extent that the effective dielectric constant as 
defined for Coulomb’s law remains relatively constant as a function of cluster size, the 
electrostatic energy between the ion and electron in the clusters should extrapolate to zero as a 
function of n–1/3 because the Coulomb potential is inversely proportional to R. This Coulomb 
effect for the ion-electron pair extrapolation method can be better investigated by obtaining RE 
measurements at much larger cluster sizes. However, the excellent linearity of the Figure 8.7 
data for n > 60 indicates that this is a relatively minor source of uncertainty. The effective 
volume of the electron also introduces some uncertainty. Plotting the data as (n + αe)

–1/3, where 
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αe is the ratio of the size exclusion volume of the electron to that of a water molecule, for αe = 
1.377 an intercept of 1.29 and a precision of ±0.09 eV is obtained. Thus, the volume occupied by 
the electron should not significantly affect the value obtained from the extrapolation. Other 
factors that affect these extrapolated values have been discussed in detail elsewhere.55 

 Although the extrapolation used in our analysis for the solvation enthalpy of the electron 
is relatively long compared to the abscissae covered by the data, the extrapolation length is 
comparable to that of other techniques that are well established for obtaining accurate 
thermodynamic information from experimental measurements. For example, similarly long 
extrapolations are routinely used in Arrhenius analyses in which kinetic data measured over a 
finite temperature range is extrapolated to infinite temperature to obtain reaction entropies.78-79 
Data measured over a limited temperature range where measurements are possible is 
extrapolated to zero temperature in equilibrium experiments to obtain accurate reaction 
enthalpies.80-81 The length of the extrapolation abscissae relative to that covered by the Figure 8.7 
data for obtaining the electron solvation enthalpy is comparable to many other extrapolation 
methods and the precision of this measurement is good owing to the large number of data points 
and to the high precision with which each of these data points can be measured. However, the 
extrapolation used to obtain a value for V0 is longer and has fewer data points, resulting in a 
much larger uncertainty in this value. 

 Another source of uncertainty is the extent to which the structure of water in the larger 
droplets resembles that in solution. Results from infrared photodissociation spectroscopy of 
Eu(H2O)119-124

3+ suggest that water molecules in the interior of the nanodrops are hydrogen 
bonded similarly to those in bulk solution.55 The water molecules at the cluster surface have 
similar hydrogen bonding arrangements as those at the bulk air-water interface, with a sharp 
band corresponding to a free OH stretch that occurs at 3694 cm-1 in these clusters compared to 
~3700 cm-1 determined from sum frequency generation spectra of the bulk air-water interface.55 
Data on much smaller size-selected M(H2O)n

3+, M = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, 
Tm, Lu, and Y indicate that the cluster size at which there is a change in reactivity from 
exclusively loss of a water molecule to a charge separation reaction to produce H(H2O)+ and 
MOH(H2O)y

+ correlates well with solution hydrolysis data for these ions.7 These and other 
results82 indicate that the coordination numbers of these ions are similar to those in bulk solution 
and that the orientation of water at the surface of these nanodrops is nearly the same as that of 
bulk water. Thus, uncertainties related to the differences in ion coordination or structure of water 
between the droplets and bulk water should be minor. 

The reported electron solvation enthalpy is referenced to an electron in vacuum at infinite 
distance from bulk water. The potential at the surface of the nanodrop is not zero owing to both 
the charged metal ion in the droplet interior and to the orientation of water molecules at the 
interface between water and vacuum. To the extent that surface potential effects owing to 
orientation of water at the droplet surface also scales as n–1/3, as suggested by the excellent 
linearity of the La data in Figure 8.7, effects of surface potential on the extrapolated electron 
solvation enthalpy value should be negligible. Although there is significant uncertainty in the 
value of the surface potential of water,83-85 this value is likely to be small. 
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“Weighing” Photon Energies with Mass Spectrometry: Effects of 
Water on Ion Fluorescence 
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9.1  Abstract 
 
 We report a new, highly sensitive method for indirectly measuring fluorescence from 
ions with a discrete number of water molecules attached. Absorption of a 248 nm photon by 
hydrated protonated proflavine, PH+(H2O)n (n = 13–50), results in two resolved product ion 
distributions that correspond to full internal conversion of the photon energy (loss of ~11 water 
molecules), and to partial internal conversion of the photon energy and emission of a lower 
energy photon (loss of ~6 water molecules). In addition to fluorescence, a long-lived triplet state 
with a half-life of ~0.5 s (for n = 50) is formed. The energy of the emitted photon can be 
obtained from the number of water molecules lost from the precursor to form each distribution.  
The photon energies generally red shift from ~450 nm to 580 nm with increasing cluster size (the 
onset of the PH+(aq) fluorescence spectrum is 600 nm and the maximum is 518 nm) consistent 
with preferential stabilization of the first excited singlet state versus the ground state.  The 
fluorescence quantum yield of PH+(H2O)n for n ≥ 30 is 0.36 ± 0.02, the same as that in bulk 
solution, and increases dramatically with decreasing cluster sizes, due to less efficient conversion 
of electronic-to-vibrational energy.  The high sensitivity of this method should make it possible 
to perform Förster resonance energy transfer experiments with gas-phase biomolecules in a 
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microsolvated environment to investigate how a controlled number of water molecules facilitates 
dynamical motions in proteins or other molecules of interest. 
 
9.2  Introduction 
 

Fluorescence is widely used to detect molecules with high sensitivity and is an excellent 
probe of molecular structure and dynamics owing to its sensitivity to the microenvironment of 
the fluorophore. By comparison, fluorescence detection of gas-phase ions has been largely 
limited by challenges associated with efficiently collecting the isotropically emitted photons 
from a limited number of ions and from background scattering. Despite these challenges, laser-
induced fluorescence of trapped ions has been reported1-6 for various fluorinated benzene 
cations,1a laser dye cations1b–f and dye tagged biomolecules.1g,h One of the advantages and 
ultimate goals of applying optical spectroscopy techniques to charged ions in vacuo is to better 
understand the effects of water solvation on the physical properties and structures of ions. For 
example, Parks and coworkers used Förster resonance energy transfer (FRET) to investigate how 
complementary strands of a dye labeled double stranded oligonucleotide helix complex 
dissociates in the gas phase.1h By investigating fluorescence or FRET of ions with a controlled 
extent of hydration, detailed information about how water affects molecular structure, excited 
state chemistry, and dynamics can potentially be obtained. However, such studies have not been 
performed largely due to low abundances and short lifetimes of extensively hydrated ions and 
relatively low fluorescence photon collection efficiencies. 

When isolated hydrated ions are electronically excited, conversion of electronic to 
internal energy can occur rapidly. The resulting energy is released by evaporating water 
molecules from the cluster. For example, electron capture by size-selected, thermalized, and 
extensively hydrated metal ions results in a large number of water molecules lost from the 
reduced precursors.2  The energy deposited into the ions can be obtained from the average 
number of water molecules lost from the clusters, the sum of the threshold binding energies of 
the lost water molecules, and the total energy that partitions into the translations, rotations and 
vibrations of the products.2a However, if an excited ion fluoresces, the energy of the photon that 
is emitted is not available to convert into internal modes of the cluster, so fewer water molecules 
are lost. For laser-induced ion fluorescence, the energy of the fluorescent photon that is emitted 
can be obtained from the difference in energy of the photon absorbed by the ion and the energy 
required to evaporate the observed number of water molecules from the cluster that has 
fluoresced. A key advantage of this indirect detection method is that all dissociaion products 
resulting from emission are observed, irrespective of the direction of which the photon is emitted, 
i.e., this is equivalent to 100% photon collection efficiency, which makes this indirect method for 
measuring fluorescence in the gas phase highly sensitive. Here, we report the first results using 
this method to measure laser-induced ion fluorescence of hydrated ions. 
 
9.3  Experimental 
 

Experiments were performed on a 2.75 T Fourier-transform ion cyclotron resonance mass 
spectrometer equipped with an external nanoelectrospray source and an ion cell cooled to 133 
K.7 Effects of temperature on nanocalorimetry experiments are discussed elsewhere.3b A KrF 
excimer laser (248 nm, ~1 W average power) was used to irradiate size-selected and thermalized 
hydrated protonated proflavine ions, PH+(H2O)n, n = 13–50, for 250 ms. After ion irradiation, a 
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delay of 50 ms to 3 s prior to ion detection is used to investigate the dynamics of long-lived 
electronic excited states accessed upon absorption of a 248 nm photon.  
 
9.4  Results and Discussion 

Three distinct product ion distributions are observed in these experiments (Figure 9.1, 
data for n = 50 shown). Up to two water molecules are lost from PH+(H2O)50 as a result of 
absorption of blackbody photons (D1). Upon absorption of a single 248 nm photon (5.0 eV), two 
fully resolved distributions of product ions corresponding to the loss of ~6 (D2) and ~11 (D3) 
water molecules are observed. The widths of these distributions are remarkably narrow (≤ 3 
water molecules) relative to number of water molecules lost. Under these conditions, collisional 
and radiative cooling are negligible. A parallel distribution shifted by ~11 water molecules from 
D2 and D3 is observed (17% of the sum of D2 and D3 abundances) as a result of absorption of 
an additional photon. 

 

 
 
Figure 9.1  UV photodissociation spectrum of PH+(H2O)50 irradiated for 250 ms (bottom) showing two resolved 
distributions in which ~11 (D3) and ~6 (D2) water molecules are lost compared to the reference spectrum (top) 
taken under identical conditions except without 248 nm laser irradiation. 

 
The distribution corresponding to the loss of ~11 water molecules (D3) results from 

absorption from the ground electronic state (S0) to an excited singlet state (Si, i ≥ 4, 
corresponding to a strong absorption band in solution; see Supporting Information) followed by 
full internal conversion of the electronic energy into internal modes of the precursor, i.e., 
nonradiative relaxation. The energy removed per water molecule lost (0.47 eV) for this 
distribution is slightly higher than the binding energy of a water molecule to a large ionic water 
cluster (~0.4 eV)8 because some energy partitions into translations and rotations of the products. 
The energy deposition necessary to form this product ion distribution can be determined from the 
average number of water molecules lost, the sum of the sequential water binding energies 
obtained from a discrete Thomson liquid drop model, and a statistical model for energy 
partitioning; this modeling is described in detail elsewhere.2a A value of 4.6 eV is obtained, 
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indicating that the model underestimates the true energy deposition by ~8% for the n = 50 ion.  
The average deviation between the modeled and true value is 0.16 eV (~3%) over the cluster size 
range investigated. This excellent agreement indicates that protonated proflavine is not 
photodissociated in these clusters which would reduce the energy available for water 
evaporation. 

The other laser-induced product ion distribution (D2) corresponds to a significantly fewer 
number of water molecules lost (an average of 5.9 for n = 50). The normalized abundance of D2 
decreases exponentially with time (half-life of ~0.5 s for n = 50) to an asymptotic value of 0.33 ± 
0.01 after 2 s, whereas the abundance of D3 increases over this same time frame (Figure 9.2, 
inset). Formation of D2 is attributed to two different photophysical processes. Upon absorption 
of a 248 nm photon, nonradiative relaxation to the first singlet excited state (S1) rapidly occurs. 
A fraction of the S1 population promptly fluoresces to S0 and the remaining population 
undergoes intersystem crossing to a long-lived near degenerate triplet state which slowly 
undergoes nonradiative intersystem crossing to S0. We conclude from these kinetic data for 
PH+(H2O)50 that upon absorption of a 248 nm photon, ~1/3 of the ions nonradiatively relax to S0 
directly forming D3, ~1/3 of the ions fluoresce to form D2, and ~1/3 of the ions form a long-
lived triplet state (initially D2) that undergoes nonradiative intersystem crossing to S0 (τ ~ 0.5 s) 
forming D3.  The asymptote of 0.33 to which D2 decays (Figure 9.2 inset) corresponds to the 
fluorescence quantum yield of PH+(H2O)50, which is the same as the fluorescence quantum yield 
for PH+(aq) (0.34 ± 0.02, λexcite = 436 nm).9 The fluorescence quantum yield as a function of 
hydration extent (obtained with a 2 s delay prior to ion detection) is shown in Figure 9.2. These 
values decrease from 0.75 ± 0.03 for n = 13, to an average of 0.36 ± 0.02 for n ≥ 30, indicating 
convergence to the bulk value for these larger clusters. The higher fluorescent yield at smaller 
cluster sizes is likely due to less efficient nonradiative relaxation from S1 to S0 in the cluster as a 
result of decreased fluorophore solvation, i.e., there are fewer water molecules to facilitate the 
conversion of electronic-to-vibrational energy. 

 

 
 
Figure 9.2  PH+(H2O)n laser-induced fluorescence quantum yield vs. n, and that for bulk PH+(aq) (dashed lines). 
The normalized product ion abundances of D2 as a function of the delay between laser irradiation and ion detection 
for PH+(H2O)50 (inset). 
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The energy of the fluorescent photon is obtained from the difference in the average 

number of water molecules lost from the precursor for each of the distributions corresponding to 
ion fluorescence (D2, 2 s delay) and full internal conversion (D3) (see Supporting Information).2a 
The emitted photon energies as a function of hydration extent from n = 13–50 are given in Figure 
9.3. The photon energies generally red shift from ~450 nm to ~580 nm with increasing 
hydration, although there are large oscillations at the smallest sizes investigated. The onset of the 
PH+(aq) fluorescence spectrum is 600 nm and the maximum is 518 nm.10 For n = 25–40, the 
emitted photon energies are within 30 nm of the bulk emission maximum, and the value for n = 
50 is bracketed by the bulk fluorescence onset and maximum. The red shift is consistent with 
water stabilizing the excited state more effectively than the ground state. 

 

 
 
Figure 9.3  Average energies of fluorescent photons emitted from PH+(H2O)n upon laser-induced excitation at 248 
nm. The bulk maximum and onset for PH+(aq) fluorescence10 are indicated by solid and dashed lines, respectively. 

 
This unorthodox and new method for indirectly probing ion fluorescence and triplet state 

formation has the advantages of high sensitivity (the equivalent of 100% collection efficiency of 
the emitted photons) and no optical detection equipment is required. The high sensitivity of this 
method should make it possible to perform FRET experiments with gas-phase biomolecules in a 
microsolvated environment to investigate how a controlled number of water molecules facilitates 
dynamical motions in proteins or other molecules of interest. 
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9.6  Supporting Information 

 
9.6.1  248 nm Absorption by PH+(aq) and Internal Conversion to S1.  Aqueous PH+ 

has two major absorption bands between 200 and 520 nm with maxima (λmax) at ~444 nm and 
~260 nm.10-12  The electronic structure of PH+(aq) has been calculated using self-consistent field 
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methods by two different groups.11-12  The difference in energy between the vibrational ground 
state of S1 and that of S0 were calculated to be 42211 and 494 nm12 (2.9 and 2.5 eV, see Table 
9.1).  These calculated values bracket the maximum of the lower energy absorption band in the 
measured spectrum (2.8 eV), and this band was assigned to the S1←S0 transition.11-12  These 
groups calculated the energy of the PH+(aq) electronic excited singlet states (Si) for S1 to S10 that 
range in energy from 2.9–5.8 eV11 and 2.5–6.4 eV12 relative to S0.  Ingraham and Johansen 
attributed the experimental 260 nm band to absorption from the S0 state to the S5, S8 and S9 states 
based on the calculated singlet excited state energies and the calculated oscillator strength of the 
transitions;11 Ito and I’Haya assigned the 260 nm band to absorption by S0 to S4, S5, and S7.

12 
Although the calculations are not in perfect agreement, they are consistent in that the energy gap 
between S0 and S1 is much larger than for any other successive Si states and that the higher 
energy absorption band is due to transitions from S0 to several Si states, for i ≥ 4.  The large 
energy gap calculated between S1 and S0 compared to the successive energy gaps between the 
higher energy singlet states (Table 9.1) is consistent with the Kasha-Vavilov rule,13-14 which 
states that polyatomic molecules generally fluoresce from the lowest electronic excited singlet 
state and as a result, the fluorescence quantum yields are generally independent of the excitation 
wavelength.  This rule is a consequence of both the “Energy Gap Law”,15 in which the rate 
constants for nonradiative relaxation decrease exponentially as the energy difference between 
two electronic states increases, and the tendency for polyatomic molecules to have very large 
energy gaps between S1 and S0 relative to the energy differences between successive electronic 
singlet states at higher energies.  Upon absorption of a photon by a molecule from the S0 state 
into a higher singlet electronic state and/or vibrational state, the rate of internal conversion is 
generally much faster than fluorescence from these higher energy states, which are closely 
spaced, and the molecule will tend to partially relax to the lowest electronic excited state (S1) 
nonradiatively.  Because of the large energy gap between the S1 and S0 state, full relaxation to 
the S0 state via fluorescence from S1 will be more competitive with internal conversion than 
fluorescence to S0 from the higher energy singlet states.  Thus, fluorescence generally occurs 
from the lowest electronically excited singlet state. 

 
Table 9.1  Calculated energy of the vibrational ground state of the singlet (Si) electronic energy levels of PH+(aq) by 
Ingraham and Johansen (IJ)11 and Ito and I’Haya (II).12 
i IJ Calc. Energy (eV) II Calc. Energy (eV) 
0 0 0 
1       2.9 (S)       2.5 (S) 
2 3.3 2.9 
3 3.9 3.6 
4 4.3      4.0 (S) 
5       4.9 (S)      4.5 (S) 
6 5.0 4.9 
7 5.5       5.2 (S) 
8       5.6 (S) 5.4 
9       5.7 (S) 5.6 
10 5.8 6.4 
S = strong calculated oscillator strength for Si←S0 transition. 

 
Based on the calculations of the electronic structure of PH+(aq),11-12 we attribute the 248 

nm absorption for PH+(H2O)n to a transition from S0 to some electronic excited state Si, for i ≥ 4.  
Also, because the energy gap between the S1 to S0 is much greater than that calculated11-12 for 
any successive higher energy singlet excited states, we assume that the Kasha-Vavilov rule 
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applies and that upon 248 nm photon absorption by PH+(aq), rapid internal conversion from the 
high electronic excited state (Si, i ≥ 4) to the S1 state occurs prior to fluorescence or intersystem 
crossing.  The fluorescence quantum yield should be independent of the excitation wavelength 
and directly comparable to fluorescence quantum yield measurements for bulk PH+(aq) using 
436 nm excitation.9 

9.6.2  Obtaining Fluorescent Photon Energies from Ion Nanocalorimetry 
Measurements. The average energy of the photons emitted from the ions upon 248 nm photon 
absorption is equal to the difference in energy between the absorbed photon (5.0 eV) and the 
energy removed from the activated cluster upon water molecule evaporation to form the product 
ions corresponding to D2. The average energy removed from the n = 50 cluster per water 
molecule lost is 0.47 eV (5.0 eV/10.7 water molecules = 0.47 eV per water molecule) when 5.0 
eV is deposited. The sequential water molecule binding energy to a large hydrated ion is ~0.4 
eV;4 more energy is removed per water molecule because additional energy partitions into 
translations and rotations of the products. The energy partitioning depends on the amount of 
internal energy that is deposited into the ion and the cluster size. If less energy is deposited into 
internal modes (e.g., some of the energy goes into forming a long-lived triplet state or emits a 
photon), then the amount of energy that partitions into translations and rotations is reduced. For a 
fixed amount of energy deposited, smaller clusters will be heated to higher effective 
temperatures and more energy will partition into the products.  
 The internal energy deposition required to produce a given product ion distribution is 
obtained from the average number of water molecules lost from the precursor, the sum of the 
sequential binding energies for the lost water molecules, and the sum of the energy that partitions 
into translations, rotations and vibrations of the products. The sequential water molecule binding 
energies to PH+(H2O)n have not been measured. These values are estimated by comparison to 
measured values for similar molecules and a discrete implementation of the Thomson liquid drop 
model (TLDM).  Values for the binding enthalpy of a water molecule to protonated pyridine of 
15.0,16 15.617 and 16.118 kcal/mol have been reported.  Different alkyl or amino alkyl 
substitutions onto protonated pyridine reduces the water binding enthalpies to ~12.0–15.0 
kcal/mol.16,18  These values are similar to the binding enthalpy of a fourth water molecule to a 
monovalent metal ion calculated using a discrete implementation of the Thomson liquid drop 
model (TLDM).8  The sequential binding energies of water molecules to PH+ are estimated using 
values calculated for a singly charged ion with (n + 4) water molecules from the TLDM.  The 
energy that partitions into translational and rotational modes of the products is estimated using a 
statistical model.19  Additional details about how thermochemical values are obtained from these 
nanocalorimetry experiments are given elsewhere.20 
 A modeled internal energy deposition value of 4.6 eV is obtained for the product 
distribution corresponding to full internal conversion when PH+(H2O)50 absorbs a 248 nm photon 
(5.0 eV), indicating that the internal energy deposition estimated by this model is low by ~8% for 
this ion. These values as a function of cluster size are shown in Figure 9.4.  The average 
deviation between the modeled and true values is 0.16 eV, although there appears be a decrease 
in the modeled values with increasing cluster size.  Although the model is only accurate to within 
an average of ~3% over this range in cluster size, the energy of the fluorescent photon measured 
in these experiments should be more accurate because this value is obtained from the difference 
in calculated energies for forming D3 and D2 and systematic deviations in the model should 
largely cancel. 
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Figure 9.4  Calculated energy deposited from the average number of water molecules lost corresponding to full 
internal conversion of the 5.0 eV photon using binding enthalpies for PH+(H2O)n calculated for M+(H2O)n+4. The 
horizontal dashed lines are 1 standard deviation from the average of the calculated values. 
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Sequential Water Molecule Binding Enthalpies of M(H2O)19-124
2+ (M 

= Co, Fe, Mn, and Cu) Measured with Ultraviolet Photodissociation 
at 193 and 248 nm  
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Ultraviolet Photodissociation at 193 and 248 nm.” 

 
 
 

 
 

10.1  Abstract 
 

The average sequential water molecule binding enthalpies to large water clusters 
(between 19 and 124 water molecules) containing divalent ions were obtained by measuring the 
average number of water molecules lost upon absorption of a UV photon (193 or 248 nm), and 
using a statistical model to account for the energy released into translations, rotations, and 
vibrations of the products.  These values agree well with the trend established by more 
conventional methods for obtaining sequential binding enthalpies to much smaller hydrated 
divalent ions.  The average binding enthalpies decrease to a value of ~10.4 kcal/mol for n > ~40 
and are insensitive to the ion identity at large cluster size.  This value is close to that of the bulk 
heat of vaporization of water (10.6 kcal/mol) and indicates that the structure of water in these 
clusters may more closely resemble that of bulk liquid water than ice either owing to a freezing 
point depression or rapid evaporative cooling and kinetic trapping of the initial liquid droplet.  A 
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discrete implementation of the Thomson equation using parameters for liquid water at 0 °C 
generally fits the trend in these data, but provides values that are ~0.5 kcal/mol too low.  
 
10.2  Introduction 
   

Interactions between ions and solvent molecules affect the stability, reactivity and 
dynamics of ionic species in solution,1,2 particularly for reactions involving charge transfer or ion 
association, and these interactions play important roles in cellular function, protein 
crystallization, catalysis, radiolysis, and energy storage.  One approach to obtain information 
about ion–solvent interactions is to probe ions in a microsolvated environment, where the size 
and content of an individual cluster can be carefully controlled.3-5  Information about how the 
physical properties of an ion in isolation evolve upon stepwise addition of solvent can be 
obtained and used to infer properties in bulk solution.  Cluster measurements can be particularly 
important in cases where the lifetime of a charged particle, such as an electron in water,6-14 is 
short, making condensed phase measurements more difficult.  Structural information can be 
obtained from spectroscopy15-19 or can be inferred from trends in solvent binding energies 
measured as a function of cluster size.20-36  Methods such as electrospray ionization,37 make it 
possible to experimentally investigate clusters with divalent27,35 and even trivalent38 ions and 
new information about the structures and ion coordination numbers of these clusters containing 
multivalent ions is emerging.15-17

  
 Several techniques have been used to measure sequential water molecule binding 
energies of hydrated divalent ions with up to 14 water molecules, including high pressure ion-
source mass spectrometry (HPMS),27,35,36 threshold collision induced dissociation measurements 
(TCID),31-34 and blackbody infrared radiative dissociation (BIRD).28-30 These experiments show 
that the sequential binding enthalpies of a water molecule to a divalent ion depend on the ion 
identity and cluster size.  The effects of metal ion identity are significant for smaller clusters that 
have relatively strong metal–ligand interactions, but decrease rapidly with increasing cluster size 
as a result of increased ion solvation.  For divalent Mg, Ca, Sr and Ba, the thirteenth water 
molecule binding enthalpies range from 11.6 and 13.0 kcal/mol.27   

Data for the sequential water binding energies to much larger cluster sizes are more 
limited owing to the difficulty of applying many conventional thermochemical methods to large 
ions.  Values for the sequential water molecule binding energies to H+(H2O)n (for n up to 28) 
were obtained from metastable decay measurements and ranged from 9–11 kcal/mol for n from 6 
to 28.25 These values are ~3.9 kcal/mol higher than those from collision-induced dissociation 
measurements illustrating the difficulty of obtaining accurate data for large clusters.26  

Another method to estimate ligand binding energies is to measure the number of ligands 
lost when an ionic cluster absorbs a photon of known energy.39-41  Each molecule that is lost 
from the cluster after it absorbs a photon will remove energy corresponding to the binding 
energy and energy that is partitioned into translational, rotational, and vibrational energy of the 
products.  Thus, the average energy removed per lost monomer, obtained by dividing the energy 
of the absorbed photon by the average monomer units lost, is an upper limit to the average 
sequential monomer binding energies of the lost monomers.  Lineberger and co-workers 
measured the average number of CO2 molecules lost when (CO2)n

+ and (CO2)n
– absorb radiation 

at different wavelengths26,27 and found that the average energy removed by each molecule was 
~0.22 eV.  A similar method was used to estimate the binding energy of water to (H2O)18

– and 
(H2O)34

– (~0.43 eV)42 and hydrated cationized aniline, An+(H2O)n, for n up to 20.43  For 
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An+(H2O)n, the average energy removed per water molecule lost decreased from ~17.8 kcal/mol 
for n = 5 to a nearly constant value of ~9.7 kcal/mol for n = 10–20.43 Because these later values 
are close to the binding energy of water to large ionic water clusters44 and the bulk heat of 
vaporization (10.5 kcal/mol),45 these data indicate that the energy of the absorbed photon is fully 
converted into internal modes of the precursor cluster.  This is in contrast to recent UV 
photodissociation results for hydrated protonated proflavine, PH+(H2O)n,

46 which indicate that 
full internal conversion, ion fluorescence, and formation of a long-lived triplet state can all occur 
when these clusters absorb a 248 nm photon. 

Photodissociation experiments at 1064 nm have also been used to obtain the internal 
energy content of (H2O)48

– and (H2O)118
– and cluster heat capacities as a function of the initial 

ion temperatures.42  The onset of sharp increases in the cluster heat capacities with increasing 
cluster temperature at 93 and 118 K, for (H2O)48

– and (H2O)118
–, respectively, were attributed to 

the onset of cluster melting.42  These results are consistent with the phenomenon of melting point 
depression, where particles melt at lower temperatures than the corresponding bulk material as 
the size of the particles decrease. 
 Cluster thermodynamics for sequential water molecule binding to large hydrated ions, 
which directly affect the lifetimes and stability of droplets, are important to modeling ion-
induced nucleation,47 obtaining cluster heat capacities from metastable decay measurements,48 
and ion nanocalorimetry.13,14,46,49-58  The latter method, in which recombination energies (REs) of 
extensively hydrated ions are obtained from the number of water molecules lost upon electron 
capture, has been used to obtain values for the absolute standard hydrogen electrode (SHE) and 
absolute proton hydration energy.49-51  In these experiments, a large number of water molecules 
can be lost from the reduced precursor.  For example, electron capture by Eu3+(H2O)103 results in 
reduction of Eu3+ and the loss of 15–19 water molecules.49  The vast majority of the RE goes into 
breaking the binding interaction of the water molecules to the reduced precursor, which can be 
calculated using a discrete44 implementation of the Thomson liquid drop model (TLDM).44,59  
Because of the large number of water molecules lost in these experiments, any systematic error 
in the calculated binding energy values is amplified by the number of water molecules lost.  An 
alternative approach to obtain ion-electron REs is to measure the average number of water 
molecules lost upon deposition of a known amount of energy, such as upon the absorption of a 
UV photon, as a function of the energy deposited.  By comparing the number of water molecules 
lost upon electron capture to absorption of different photon energies, the adiabatic REs of 
extensively hydrated ions can be experimentally determined.  By combining these laser 
calibration experiments with our previous RE extrapolation method,49 an absolute potential for 
the SHE and absolute proton hydration energy could be obtained entirely from these 
experimental data. 

Here, we report results from UV photodissociation of M2+(H2O)n (M = Co, Fe, Cu, Mn 
and CeNO3; n ≤ 124), from which the average sequential water molecule binding enthalpies of 
extensively hydrated clusters can be obtained.  These values indicate that the structure of water 
in these nanodrops may be more similar to that of bulk liquid water than ice, and indicate that 
values calculated from the TLDM are slightly too low for clusters in this size range. 
 
10.3  Methods 
 

10.3.1  Experimental. Experiments were performed on a 2.75 T Fourier transform ion 
cyclotron resonance mass spectrometer equipped with an external nanoelectrospray ionization 
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source38 and a temperature controlled ion cell.30 Hydrated transition metal ions were generated 
by nanoelectrospray ionization from aqueous solutions of ~1 mM metal(II) salts. A positive 
potential of ~500 V was applied to a platinum wire in direct contact with the aqueous solutions 
contained in a borosilicate capillary (tip diameter of 1–2 µm) relative to the capillary entrance to 
the mass spectrometer. Ions are transferred through five stages of differential pumping and 
accumulated in the ion cell for 3 s, during which time dry N2(g) is pulsed into the vacuum 
chamber surrounding the ion cell to a pressure of ~10–6 Torr to enhance trapping and 
thermalization of the ions. A mechanical shutter is closed after ion accumulation to prevent 
additional ions from entering the cell. A delay of 4 s after accumulation ensures the pressure of 
the vacuum chamber surrounding the ion cell returns to <~10–8 Torr and that the ions have 
steady-state internal energy distributions. A copper jacket surrounding the ion cell is equilibrated 
to a temperature of 133 K for at least 8 h prior to data acquisition.  
 For UV photodissociation experiments, an ensemble of three neighboring cluster ions (n 
>90), or individual ions (n < 90), are isolated using SWIFT techniques. After a delay of 50 ms, a 
mechanical shutter controlled by a rotary solenoid (Ledex, OH, USA, part number: 810-28-330) 
is opened and UV light (193.3 ± 0.5 or 248.4 ± 0.2 nm corresponding 6.41 ± 0.02 or 4.991 ± 
0.004 eV, respectively; ~8 W) from an excimer laser (EX100, GAM Laser Co., Florida, USA) is 
focused through a 1 m focal length CaF2 lens (~1.25 m from the ion cell center) and enters the 
vacuum chamber through a CaF2 window. After the ions are irradiated for 0.5 to 5 s, the 
mechanical shutter is closed to prevent laser light from entering the ion cell during detection. The 
front and back trapping plates of the cylindrical ion cell have radially centered 1.5” diameter 
holes that have been slightly modified from the original design30 such that Cu wire does not span 
the holes in the trap plates. This ensures that the laser light can pass directly through the ion cell 
without forming laser ablation products. After a delay of 50 ms, precursor and product ions are 
detected simultaneously.   
 Blackbody infrared radiative dissociation kinetics were obtained for M2+(H2O)n (M = Co 
and Cu), for n from 15–65, by storing these ions for up to 8 s in the ion cell at 133 K prior to 
detection.  The precursor dissociation was measured for a minimum of four delay times (t).  
BIRD rate constants, kBIRD, were obtained from linear regression best fits of ln([In] t/[In]0) vs. 
time, where [In] t is the abundance of M2+(H2O)n at the storage time, t, and [In]0 is the sum of the 
abundances for  M2+(H2O)n and all BIRD products at time t.  These kinetic data are first order for 
all clusters investigated. 

10.3.2  Calculations. The amount of energy deposition required to “boil” off the 
observed number of water molecule lost in a rapid heating process (such as for UV 
photodissociation or electron capture dissociation) can be obtained from the average number of 
water molecules, the sum of the sequential water binding energies of the water molecules lost, 
and the energy that partitions into translations, rotations and vibrations of the products for each 
sequential water molecule that is lost.50,52 Because sequential water molecule threshold binding 
energies to large hydrated divalent metal ion clusters (for n > 14) have not been previously 
measured, these values are obtained from a discrete implementation of the Thomson liquid drop 
model.44 The energy partitioned into translations, rotations and vibrations is obtained by 
calculating the effective temperature and internal energy of the clusters for each water molecule 
lost, assuming that all of the energy is instantaneously deposited and full energy randomization 
occurs prior to water evaporation.  
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 For instantaneous conversion of electronic-to-vibrational energy, the energy required to 
boil off the observed number of water molecules lost from the precursor (ED) can be obtained 
from the following system of equations 
 
U0(T* 0) = UP(133 K) + ED         (10.1) 
 
U1(T* 1) = U0(T*0) – E0 – (5/2)kT*1        (10.2) 
 
U2(T* 2) = U1(T*1) – E1 – (5/2)kT*2        (10.3) 
                           ⁞   
Ux(T* x) = Ux–1(T* x–1) – Ex–1 – (5/2)kT* x       (10.4) 
 
where UP(133 K) is the average internal energy of the initial precursor ion thermalized to a 
temperature of 133 K. Ui is the average internal energy of the ith cluster, where i is the number 
of water molecules lost to form this cluster, and Ux corresponds to the average internal energy of 
the observed product ions. Ei is the binding energy of the lost water molecule obtained from the 
discrete implementation of the Thomson liquid drop model and (5/2)kT* i–1 is the energy 
partitioned into translational and rotational modes of the products for each water molecule lost 
according to the Klots’ water cluster evaporation model,60 where T* i–1 is the effective 
temperature of the (i–1) cluster and k is the Boltzmann constant.  Average internal energies were 
obtained from harmonic frequencies calculated for a B3LYP/LACVP**++ energy-minimized 
structure of Ca(H2O)14

2+ and scaled by the vibrational degrees-of-freedom of the cluster of 
interest.50,52  ED is given by 
 
 ED = ∑Ei + (5/2)k∑T* i–1         (10.5) 
 
where ∑Ei is the sum of the threshold dissociation energy values for each lost water molecule, 
(5/2)k∑T* i–1 is the sum of the energy partitioned into the products for each sequential water 
molecule lost. The system of equations represented by equations 10.1–10.5 has x+2 equations 
and x+2 unknowns (T* values and ED), which can be readily solved to obtain T* values and ED.  
 If the photon energy is completely converted into internal modes of the ion, i.e., 
fluorescence and/or formation of long-lived electronic excited states46 do not occur, then the 
method for obtaining the energy deposition from the average number of water molecules lost can 
be used to calculate an average threshold binding energy value for all the lost water molecules 
(<E0>). To calculate <E0>, Ei values (previously calculated with the discrete implementation of 
the Thomson liquid drop model)44 are substituted with the unknown <E0> value in equations 
10.1–10.5 and ED is substituted with the known photon energy (hv = 6.42 or 4.99 eV) resulting in 
a system of equations that can be solved to obtain <E0>, which is the average threshold binding 
energy for the clusters from <n> to <n> – <x>, the average of which is <n> – <x>/2. The average 
sequential water molecule binding enthalpy for each lost water molecule <∆Hn,n–1>, is obtained 
from 
 
∆Hn,n–1 = E0 + RT          (10.6) 
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where the vibrational energy lost upon water loss is approximated as being equal to the gained 
translational, rotational and vibrational energy of the products and R is the ideal gas constant (RT 
= 0.6 kcal/mol at 298 K). 

 
10.4  Results and Discussion 
 

10.4.1  Ultraviolet Photodissociation of Hydrated Transition Metal Ions. Broad 
distributions of Co2+(H2O)n (n = 72–139 shown in Figure 10.1a) and other hydrated divalent ions 
can be formed by nanoelectrospray ionization and trapped in a cell that is surrounded by a copper 
jacket at 133 K.  A minor distribution of Co2SO4(H2O)m

2+ is also observed (m = ~80–122; Figure 
10.1a).  BIRD spectra (133 K) of an isolated ensemble of neighboring clusters, Co2+(H2O)103–105 
at 50 ms and 1 s, are shown in Figure 10.1b and c, respectively. At 50 ms, some of the 
Co2+(H2O)102 is formed (12.3% relative abundance). At 1 s, the ion distribution shifts to smaller 
cluster sizes from an average of 103.768 ± 0.005 to 102.737 ± 0.004 water molecules.  A 
photodissociation spectrum of this same isolated Co2+(H2O)103–105 ensemble with 1 s of 193.3 ± 
0.5 nm irradiation is shown in Figure 10.1d. In addition to the distribution resulting from 1 s of 
BIRD, a relatively narrow distribution of product ions, Co2+(H2O)88–90, formed by absorption of a 
single 193 nm photon is observed.  The average number of water molecules lost from the 
precursor distribution by absorption of the 193 nm photon, <x>, is given by the difference in the 
average precursor cluster size (<n>f), 102.737 ± 0.004, and the average product ion distribution 
(<p>f), 88.94 ± 0.06, or 13.80 ± 0.06 water molecules. The average precursor cluster size for the 
entire irradiation time (<n>) is obtained from the average of the isolated distribution (<n>i) and 
the distribution after irradiation is complete (<n>f), that is, <n> = (103.768 + 102.737)/2 = 
103.253 ± 0.007.  
 The energy removed by each water molecule that is lost is given by hv/<x> = 6.41 
eV/13.80 = 0.46 eV.  This value is an upper limit to the average E0 of each lost water molecule, 
and is slightly higher than the water molecule binding energy calculated using a discrete 
implementation of the Thomson liquid drop model (~0.4 eV).44 The average energy removed per 
water molecule should be higher than E0 because internal energy in the precursor also partitions 
into the products in the form of translational, rotational, and vibrational energy. Because the 
energy removed per lost water molecule is only slightly higher than the calculated E0 value, we 
conclude that the energy of the absorbed 193 nm photon is fully converted into the internal 
vibrational modes of the precursor ions, that is, fluorescence and/or formation of long-lived 
electronic excited states does not occur.  These results also indicate that loss of water clusters, 
which is entropically unfavorable, does not occur to any significant extent.  
 Photodissociation mass spectra (193 nm) of M2+(H2O)103–105, M = Co, Fe and Cu, with 1 s 
of irradiation, are shown in Figure 10.2a–c, respectively.  Photodissociation of Fe2+(H2O)103–105 
results in the formation of Fe2+(H2O)88–91 (Figure 10.2b), which corresponds to the loss of an 
average of 13.49 ± 0.08 water molecules from the precursor ions as a result of the absorption of a 
193 nm photon, and is close to that obtained for Co, <x> = 13.80 ± 0.06. The photodissociation 
efficiencies of Fe and Co are both very low (3.2 and 2.4% photofragment yield, respectively) 
compared to Cu2+(H2O)103–105 which absorbs 193 nm light more strongly (Figure 10.2c; ~50.1% 
photofragment yield). In addition to the formation of Cu2+(H2O)88–91, two additional distributions 
are formed, Cu2+(H2O)74–78 and Cu2+(H2O)61–64. These distributions correspond to the loss of an 
average of 13.4, 26.9 and 40.4 water molecules from the precursor distribution as a result of the 
absorption 1, 2, and 3 UV photons, respectively. From these data, an average of 13.38 ± 0.02,  
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Figure 10.1  (a) Electrospray ionization mass spectrum of ~1 mM aqueous solution of CoSO4 showing distributions 
of Co(H2O)n

2+ and Co2SO4(H2O)m
2+ (b) blackbody infrared radiative dissociation (BIRD) mass spectrum of  isolated 

Co(H2O)103-105
2+ at 50 ms (c) BIRD at 1 s and (d) 1s 193 nm photodissociation mass spectrum, which is the same as 

c except with 193 nm light entering the ion cell. Inset is a 20 x vertical expansion of m/z 812–851. Asterisks indicate 
Co2SO4(H2O)m

2+ clusters. 
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Figure 10.2  1 s ensemble 193 nm photodissociation mass spectra of isolated M(H2O)103–105
2+, for M = (a) Co, (b) 

Fe, and (c) Cu.  Peaks corresponding to M(H2O)n
2+ are labeled by n.  Symbols indicate Co2SO4(H2O)n

2+(*), 
electronic noise (†), CuOH(H2O)n

+ (#), Cu2SO4(H2O)94
2+ (◊), and H+(H2O)53 (‡). 

 
13.50 ± 0.03 and 13.49 ± 0.03 water molecules are lost from Cu2+(H2O)100–105, Cu2+(H2O)88–91, 
and Cu2+(H2O)74–78, respectively. If two photons were absorbed by Cu2+(H2O)100–105 
simultaneously or near simultaneously to form Cu2+(H2O)74–78 (or three to form Cu2+(H2O)61–64), 
then the activated Cu2+(H2O)100–105 should be at a higher effective cluster temperature than if 
only one photon was absorbed.  More energy partitions into the translational and rotational 
modes of the products (defined as the kinetic energy released, KER, into the products) at higher 
cluster effective temperatures.  If multiple photons are absorbed prior to significant dissociation, 
the average number of water molecules lost per photon absorbed will be less than if each photon 
is absorbed sequentially.  Because the extent of water loss from each distribution is nearly 
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identical, we conclude that the photons are absorbed by each sequential distribution and 
multiphoton absorption by the original precursor is negligible. 

10.4.2  Effects of Photon Energy and Cluster Size. The average number of water 
molecules lost for M2+(H2O)n (M = Co, Fe, Cu, Mn, and CeNO3; <n> between ~24 and 131) at 
248 and 193 nm as a function of the average precursor cluster size is shown in Figure 10.3. 
Absorption of a single 6.4 eV photon results in a greater number of water molecules lost (<x> 
~11–14 for <n> between 24 and 131) than absorption of a single 5.0 eV photon (<x> ~ 8–10 for 
<n> between 24 and 124) by at least two water molecules for <n> greater than ~30. The extent 
of water loss also depends significantly on the precursor cluster size. For example, an average of 
8.57 and 10.69 water molecules is lost from Fe(H2O)24

2+ and  Fe(H2O)~124
 2+, respectively, when 

a single 248 nm photon is absorbed. Fewer water molecules are lost at the smaller cluster sizes 
because water molecule binding energies and the KER into the products increase with decreasing 
cluster size.  For larger clusters, these effects depend less strongly on size and thus, the average 
number of water molecules lost also depends less on size.  There is no evidence of ion 
fluorescence or formation of long-lived electronic excited states at any cluster size at either 
excitation wavelength. 

 

 
Figure 10.3  Average number of water molecules lost as a result of absorption of a 193 nm (6.4 eV) photon by 
M(H2O)n

2+, M = Co (○), Mn ( ), Fe ( ), and Cu ( ), and absorption of a 248 nm (5.0 eV) photon by M(H2O)n
2+, M 

= Fe( ) and CeNO3 ( ) as a function of the average ensemble precursor cluster size.  UV irradiation times vary 
from 0.5–5 s.  Error bars indicate the propagated uncertainty from the noise in each mass spectrum. 
 

10.4.3  Irradiation Time and Kinetic Shift Effects. Because of the low photon 
absorption efficiency for most of the ions (with the exception of Cu2+(H2O)n at 193 nm), 
relatively long irradiation times are required to observe photodissociation products under these 
conditions. During laser irradiation, both the precursors and the photofragment products will 
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undergo dissociation as a result of BIRD. To the extent the product and precursor ion 
distributions dissociate at the same rate, <x> will reflect the average number of water molecules 
lost due to photon absorption alone. This should be increasingly true for shorter irradiation times 
and for larger clusters in which the BIRD rate constants do not depend strongly on size over 
relatively small range in cluster sizes.  To investigate the effects of BIRD on the average number 
of water molecules lost, 193 nm photodissociation data for Co(H2O)n

2+ was acquired using 
irradiation times of 0.5, 1, 3 and 5 s (Figure 10.4).  The average number of water molecules lost 
does not depend significantly on irradiation time (within 0.1 water molecules), indicating that the 
BIRD rates of the precursor and UV photofragments are sufficiently similar that this BIRD 
correction method is adequate. 

For a fixed amount of internal energy deposited, the time required for water molecule 
evaporation to occur will increase with increasing cluster size owing to the greater number of 
degrees of freedom.  If dissociation is slow relative to the experimental timescale, there will be a 
kinetic shift. To test for a kinetic shift in these experiments, Fe2+(H2O)124–126 was irradiated for 1 
s with 248 nm light and ions were detected after a delay of 50 ms to 1 s. An average number of 
10.7, 10.6, 10.8 and 10.5 water molecules were lost (BIRD corrected) with a delay of 50, 250, 
500 and 1000 ms, respectively.  Irradiation of Co2+(H2O)133–135 results in an average of 13.8 and 
13.7 water molecules lost at 50 ms and 0.5 s, respectively.  These results indicate that any effects 
of a kinetic shift for clusters with n ≤ ~135 are negligible for delay times of 50 ms or longer and, 
in this work, a delay of 50 ms between the end of ion irradiation and ion detection is used for all 
other photodissociation experiments. 

 

 
Figure 10.4  Average number of water molecules lost from hydrated Co2+ clusters upon absorption of a 193 nm 
photon as a function of the average precursor cluster size (<n>) using an irradiation time of 0.5 (), 1 ( ), 3 ( ), 
and 5 ( ) s. 
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 10.4.4  Metal Ion Identity.  Although the metal ion can significantly affect the UV 
absorption cross sections (Figure 10.2), there is a much smaller effect of metal ion identity on the 
extent of water molecule loss for a given cluster size. For example, upon 193 nm photon 
absorption by M2+(H2O)36, M = Co, Fe, Mn and Cu, an average of 12.43, 12.23, 12.10, and 11.75 
water molecules is lost, respectively (Figure 10.3).  For M = Cu and Co, this corresponds to a 
difference of (6.41 eV/11.75) – (6.41 eV/12.43) = 0.03 eV per lost water molecule, that is, each 
lost water molecule from Cu2+(H2O)36 removes an average of 0.03 eV more energy than that 
from Co2+(H2O)36. 

To investigate why a slightly different number of water molecules are lost from Co 
compared to Cu, BIRD rate constants, which are very sensitive to E0 values, were measured 
(Figure 10.5).  The extent of BIRD depends on E0, the infrared radiative absorption and emission 
rates of the cluster, and on the number of water molecules at the surface of the cluster that can be 
lost (degeneracy factor).  The kinetic data at 133 K for M2+(H2O)35 and M2+(H2O)16 (M = Co and 
Cu) are shown in Figure 10.5a.  The larger cluster dissociates more rapidly than the smaller 
cluster predominantly because of greater radiative absorption rates, although slightly decreasing 
binding energies with increasing cluster sizes may also contribute to this effect.  If for a given 
cluster size, the radiative absorption and emission rates and degeneracy factors are similar for 
different metal ions, then any differences in the BIRD rates should largely be due to differences 
in E0 values.  The measured kBIRD values for M2+(H2O)16 are 0.112 ± 0.005 and 0.123 ± 0.003 s–1 
for Cu and Co, respectively, suggesting that the binding energy of water to Cu2+(H2O)16 may be 
slightly higher than that for Co2+(H2O)16, but this difference is negligible for M2+(H2O)36.  A 
linear regression analysis of the dehydration rate constants as a function of cluster size (Figure 
10.5b) results in slopes of 0.018 ± 0.001 and 0.016 ± 0.001 s–1 for Cu and Co, respectively.  To 
investigate the effect of binding energies when many water molecules are lost, such as when a 
193 nm photon is absorbed, each sequential dehydration rate constant from n to n–12 was 
summed, and these values as a function of n are shown in Figure 10.5c.  These summed values 
for Cu are greater than that of Co (by an average of 0.30 s–1 for n = 26–42).  These results 
suggest that on average, Cu2+(H2O)n may have slightly lower water molecule binding energies 
over this range of cluster sizes (n = 15–65).  However, in the UV photodissociation experiments, 
the Cu containing clusters lose slighly fewer water molecules than the Co containing clusters for 
n < ~44, which indicates that the Cu containing clusters have slightly higher E0 values on 
average.   

This apparent discrepancy, which is very subtle, can be explained by two effects: (1) the 
Cu containing clusters have higher infrared absorption cross sections as is the case at 193 nm, or 
a slightly higher degeneracy factor, which would lead to larger BIRD rate constants.  (2) 
Alternatively, upon absorption of a UV photon, slightly less energy (< 1 kcal/mol) could 
partition into the translations and rotations of the products for the Co containing clusters if the 
water molecules are lost from clusters with lower effective temperatures, which could occur if 
internal conversion of electronic-to-vibrational energy is slow compared to the loss of the first 
water molecule.  The effect of metal ion identity on the number of water molecules lost is very 
subtle at small cluster sizes, and becomes negligible at larger cluster sizes (n > ~44).  These 
results are consistent with electron capture experiments with hydrated divalent and trivalent 
metal ions which indicate that for smaller clusters with large recombination energies, the rate of 
ion dissociation, at least for some of the initial water molecules lost, can be competitive with the 
rate of energy deposition, i.e., non-ergodic dissociation, whereas for larger clusters, the rate of 
energy deposition occurs much faster than the rate of water molecule loss.52,55  
 



173 
 

 
Figure 10.5  (a) BIRD dissociation kinetics for M2+(H2O)n (M = Co ( ) and Cu ( ), n = 16 and 35), (b) dehydration 
rate constants as a function n, and (c) sum of the dehydration rate constants from n to n–12 as a function of n. 
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The sum of the dehydration rate constants from n to n–12 increases nearly monotonically 
as a function of cluster size from n = 26–35, slightly plateaus from n = 35–37, and continues to 
increase with increasing size for n > 37.  The deviation in the monotonically increasing values is 
similar to the data in Figure 10.3 for Co, in which the average water molecules lost increases 
sharply and nearly monotonically from 11.2 to 12.6 for n = 29–33, decreases slightly to 12.3 at n 
= 37, and monotonically increases again with increasing size.  The slight change in the average 
binding energies that results in this “bump” feature in both the BIRD and photodissociation data 
could arise from a structural transition, such as the onset of a third solvent shell or a transition to 
a larger ion coordination number with increasing cluster size. 

10.4.5  Evaluation of Energy Deposition Model.  The energy deposited into a hydrated 
ion can be determined from the average number of water molecules lost, the sum of the threshold 
binding energies, and the sum of the energy that partitions into the translations, rotations and 
vibrations of the products for each sequential water molecule lost,50,52  using both the TLDM,44 
to calculate threshold binding energies to larger clusters for which experimental data is not 
available, and a statistical model60 to determine the energy partitioning.  To evaluate the 
accuracy with which the energy deposited upon ion activation can be obtained from these 
models, the energy deposited into the clusters is calculated from the number of water molecules 
lost and are compared to the known photon energies in Figure 10.6.  In general, the energy 
deposition values obtained by modeling the experimental data are nearly constant over a wide 
range in cluster sizes (for n > 40) for both photon energies (Figure 10.6), whereas the average 
number of water molecules lost increase substantially over this same size range (Figure 10.3).  
The values obtained by modeling the measured water molecule loss are on average 0.41 ± 0.13 
eV and 0.38 ± 0.05 eV lower than the energy of the absorbed photons (6.4 and 5.0 eV, 
respectively).  Thus, the values obtained using the TLDM and energy partitioning model 
underestimate the actual energy deposited by 6.5 and 7.7% for absorption of a 6.4 and 5.0 eV 
photon, respectively.  Because the deviation between the calculated values and actual energy 
deposited for each photon energy are similar and because the calculated values are nearly 
constant over a wide range in cluster sizes, and the KER depends strongly on cluster size and 
photon energy, the dominant source of the systematic error in the model is likely a direct result 
of the calculated threshold binding energy values obtained from the TLDM being lower than the 
actual values.  

10.4.6  Effective Temperatures and Kinetic Energy Release. The effective temperature 
of the cluster depends upon the initial energy deposited into the ion, the cluster size, and the 
number of water molecules lost.  For example, the calculated cluster effective temperatures of 
Co2+(H2O)30 and Co2+(H2O)130 increase to 640 and 280 K (from an initial temperature of 133 K), 
respectively, upon absorption of a 193 nm photon (Figure 10.7). Sequential water molecule loss 
reduces the cluster effective temperature to near the initial ion temperature. Because the energy 
deposition is the same (6.4 eV), the larger ion is heated to a lesser extent because the deposited 
energy is spread over many more degrees of freedom. The average energy that partitions into the 
products for each sequential water molecule lost, (5/2)kT*, is plotted on the right axis as a 
function of the number of water molecules lost. More energy partitions into translations and 
rotations for the smaller cluster because the water molecules are lost from clusters with higher 
effective temperatures. 
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Figure 10.6  Calculated energy deposited from the average number of water molecules lost upon absorption of a 193 
nm or 238 nm photon by M2+(H2O)n (markers same as in Figure 10.3), the binding energies of the lost water 
molecules (calculated using the TLDM), and the energy partitioning model (see Calculations section) as a function 
of the average precursor clusters size. 
 
 

 
Figure 10.7  Calculated cluster effective temperatures (open symbols, left axis) and energy released into the 
translations (Trans.) and rotations (Rots.) of the products (closed symbols, right axis) upon absorption of a 193 nm 
photon by Co2+(H2O)30 and Co2+(H2O)130 as a function of the number of water molecules lost.  Horizontal line 
indicates the initial temperature of the precursor clusters. 
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10.4.7  Average Binding Enthalpies from UV Photodissociation Data and KER 
Model.  The average ensemble sequential water molecule binding enthalpies to M2+(H2O)n 
(<∆Hn,n–1>), obtained from the UV photodissociation data and KER model, as a function of the 
average cluster size for each water molecule that is lost (<n> – <x>/2 = ~19–124) are shown in 
Figure 10.8. The average ensemble water molecule binding enthalpies decrease from 11.6 
kcal/mol for an average cluster size of ~19 to an average value of 10.3 ± 0.1 kcal/mol that is 
essentially constant for clusters with more than ~40 water molecules.  The binding enthalpies 
level off to a value that is just slightly lower than the bulk heat of vaporization (10.5 kcal/mol at 
298 K) at large sizes,45,61,62 indicating that water–water interactions, as opposed to ion-water 
interactions, dominate the binding energy of the surface water molecules in the cluster. 

For comparison, sequential water molecule binding enthalpy values (∆Hn,n–1) to divalent 
ions measured using HPMS,27,36 BIRD28-30 and TCID31-34 as a function of n are included (for n 
up to 14 in Figure 10.8).  The values obtained from the UV photodissociation measurements 
(average clusters sizes from ~19 to 124) are in excellent agreement with the trend in values from 
HPMS, BIRD, and TCID for M2+(H2O)n (n up to 14).  The average ensemble enthalpy values 
obtained from either 248 nm or 193 nm agrees with each other to within 0.5 kcal/mol. We 
estimate the absolute uncertainty in our sequential average ensemble binding enthalpy values to 
be ±1 kcal/mol,63 which is comparable to the uncertainty reported for the other thermochemical 
methods27-34 for obtaining sequential binding enthalpies at smaller cluster sizes.  This method has 
the advantage that these measurements can be readily made on very large clusters (well past 
three solvent shells), and complements the traditional thermochemical methods27-34 that have 
been used to measure the binding enthalpies of water molecules in the first and second hydration 
shells (see inset, Figure 10.8a).  

The values obtained for the divalent ions here are in good agreement with, but slightly 
higher than, those reported by Castleman and co-workers25 for H+(H2O)n (n up to 28).  For 
example, the average water molecule binding energy values to Fe2+(H2O)n obtained from the UV 
photodissociation experiments for average cluster sizes of ~19.6 and 29.0 water molecules are 
11.1 and 10.0 kcal/mol, respectively, whereas for H+(H2O)n, the binding energy values obtained 
from metastable decay experiments25 are 10.8 and 9.3 kcal/mol for the n = 20 and 28 clusters 
respectively.  However, the sequential water molecule binding energy values for H+(H2O)n 
obtained from collision-induced dissociation experiments26 in a triple-quadrupole mass 
spectrometer are significantly lower (E0 values of 7.0 and 8.2 kcal/mol, for n = 20 and 28, 
respectively) than the values obtained from either the UV photodissociation or from the 
metastable decay measurements.  At these relatively large cluster sizes, the metal ion charge state 
should have only a minimal effect on the water molecule binding energies.  

The ions in the FT/ICR cell may have a temperature that is somewhat higher than that of 
the surrounding copper jacket owing to absorption of photons originating from outside the 
copper jacket and from heat transfer along electrical connections to the cell plates.  The average 
sequential water molecule binding enthalpy determined from the 193 nm photodissociation data 
for Co(H2O)26

2+ assuming an initial ion temperature of 133 K or 191 K is 10.8 or 10.6 kcal/mol, 
respectively.  For an average cluster size of ~124 water molecules, values for the average 
sequential water molecule binding enthalpy of 10.2 and 10.0 kcal/mol for 133 and 191 K, 
respectively, are obtained.  Thus, the actual initial ion temperature only slightly effects the values 
obtained for the average sequential water molecule binding enthalpies from this method and 
should not be a significant source of uncertainty. 
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Figure 10.8  Average ensemble sequential binding enthalpies (<∆Hn,n–1>) measured for M2+(H2O)n (M = Co, Fe, 
Mn, Cu and CeNO3; <n> – <x>/2 = ~18-125) obtained from UV photodissociation experiments at 193 and 248 nm 
(see legend) as a function the average cluster size (<n> – <x>/2), compared to sequential binding enthalpies from 
high-pressure mass spectrometry (HPMS),27,36 blackbody infrared radiative dissociation (BIRD),28-30 and threshold 
collision-induced dissociation (TCID)31-34 as a function of n. Data is shown for enthalpy values from (a) 7–50 
kcal/mol, and (b) 7–14 kcal/mol.  Size range of previous measurements (HPMS, BIRD, TCID and MD) and of 
current work are indicated in the inset of a.  Horizontal line indicates bulk heat of vaporization at 298 K.   
 

10.4.8  Temperature Effects.  The effective temperatures of the clusters after absorption 
of a UV photon depend strongly on the cluster size and can be quite high prior to water loss 
(Figure 10.7). The average effective temperatures of the clusters during the evaporation process,  
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Figure 10.9  (a) Average of the calculated effective temperatures of each cluster formed upon sequential water 
molecule loss at 193 and 248 nm and (b) average ensemble sequential binding enthalpies (<∆Hn,n–1>) measured for 
M2+(H2O)n (M = Co, Fe, Mn, Cu and CeNO3; <n> – <x>/2 = ~18-125) obtained from UV photodissociation 
experiments at 193 and 248 nm (same ion markers as in Figure 10.3) as a function the average cluster size (<n> – 
<x>/2).  Labeled horizontal lines indicate the melting point of bulk water (Tmelt(H2O)), the initial cluster temperature 
(Tinitial), the 298 K bulk heat of vaporization (Bulk Vaporization) and 273 K bulk heat of sublimation (Bulk 
Sublimation).  Vertical gray lines indicate the cluster size at which the average cluster effective temperature is equal 
to the melting point of bulk water.  Effective temperatures are fit with power functions as a guide.   
 
calculated by averaging the cluster temperature for each water molecule lost, is plotted as a 
function of the average cluster size (<n> – <x>/2) in Figure 10.9a. For example, when 
Co2+(H2O)30 absorbs a 193 nm photon, its effective temperature prior to any water loss is 640 K, 
but the average effective temperature is ~440 K for all water molecules lost (Figure 10.9a and 
Figure 10.7). For cluster sizes from ~40 to 125 water molecules, the average sequential binding 



179 
 

enthalpies are essentially constant (10.3 ± 0.1 kcal/mol), whereas the average effective 
temperatures of each cluster formed as a result of water molecule loss upon photon absorption 
decreases from ~360–230 K and ~330–220 K, for 193 and 248 nm photon absorption, 
respectively (Figure 10.9).  

Although the initial cluster temperature (133 K) is substantially lower than the melting 
point of pure hexagonal ice (273 K), the ∆Hn,n–1 values obtained from these experiments are 
closer to the heat of water vaporization (10.5–10.7 kcal/mol for T = 293–273 K)45 than the bulk  
heat of ice sublimation (12.2 kcal/mol),62 which is significantly larger.  Moreover, there does not 
appear to be a significant trend in the ∆Hn,n–1 values with cluster size or photon energy even 
though both factors significantly affect the average cluster effective temperatures at which water 
is lost (Figure 10.9a).  These clusters may be more like bulk liquid water as a result of melting 
point depression, such as that recently reported for (H2O)n

–, for n = 48 and 118, in which a 
melting transition for these clusters were reported at temperatures of 93 and 118 K, 
respectively.42  Ion impurities in water clusters can pattern water at relatively long distances64 
which disrupts the water network relative to a pure water cluster.  Because these clusters are 
formed by solvent evaporation from electrospray droplets,38,65 rapid evaporative cooling may 
kinetically trap these clusters into structures that are more like bulk liquid water than ice.  These 
data also indicate that the cluster structures do not significantly change when rapidly heated for a 
short amount of time, that is, sequential water molecule loss rapidly cools the cluster after photon 
absorption and before any large scale structural rearrangements or phase transitions that are 
significant enough to alter the measured water binding enthalpies occur.  

10.4.9  Comparison of Liquid Drop Models to Experimental Data.  Various 
implementations of the Thomson liquid drop model have been used to calculate the binding 
enthalpies (and energies) to large ionic water clusters for a variety of applications.44,48,59,66,67  
Sequential water molecule binding enthalpies obtained from the Thomson liquid drop model 
include a cluster charging term, a surface tension term, and a bulk binding enthalpy term.   
∆Hn,n–1 values calculated using the TLDM44 are plotted in Figure 10.10 as a function of n (solid 
line labeled TLDM).  The charging term, which increases ∆Hn,n–1 vs. the bulk value, is a result of 
the difference in enthalpy of charging two dielectric spheres that are about the size of the n and 
n–1 clusters, where the cluster sizes are obtained from the density of bulk water.  The surface 
enthalpy term decreases the binding enthalpy value as a result of the slightly lower surface 
energy of the n–1 cluster, and omitting this term results in higher values (TLDM–ST; Figure 
10.10). The temperature affects the values obtained from the TLDM; using values for bulk water 
at 298 vs. 273 K increases ∆Hn,n–1 by ~0.1 kcal/mol at larger cluster sizes. 

 Other modified TLDMs have been reported.48,67 Yu introduced a new ion-dipole term to 
the TLDM which includes the energy of the ion–dipole interaction between the cluster and the 
lost water molecule (Dipole TLDM).67  Values obtained with this model are significantly higher 
because this model includes additional energy that is already accounted for by the TLDM.44  
More recently, the Thomson equation has been used to calculate binding energies of protonated 
water clusters (1+ drop expansion model in Table 10.1).48  In this implementation of the model 
(called drop expansion), sequential water molecule E0 values are approximated as being equal to 
∆Gn,n–1 values that are calculated using the continuous TLDM59 with parameters for bulk water 
at 273 K, and a bulk binding energy value of 0.49 eV (y-axis offset value).  Sequential water 
binding enthalpy values obtained for divalent ions from the drop expansion model are nearly 2 
kcal/mol higher than the values obtained from the TLDM,  because the value used for the bulk 
binding energy term (11.9 kcal/mol) is too large (Figure 10.10). 
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Although the binding energy values calculated using the TLDM parameterized using bulk 
values at either 298 K or 273 K agree with the experimental data better than the values calculated 
using the other models, these values are still ~0.5 kcal/mol lower than the experimental values at 
the larger cluster sizes (Figure 10.10; Table 10.1).  Values obtained using the TLDM–ST are in 
better agreement with the experimentally measured values than those from the other models that 
overestimate binding enthalpy values, but are higher than the experimental data by an average of 
0.9 kcal/mol.  Best fits of the y-axis offset value for the TLDM (both temperatures, Figure 10.10) 
and the TLDM–ST (data not shown) results in a better fit for the TLDM (∆AD = 0.2, for 298 and 
273 K parameters) than for the TLDM–ST (∆AD = 0.3). These data indicate that the TLDM fits 
the shape of experimental data better than the TLDM–ST.   

The TLDM fits the relative size-dependent trend in the data well, but are systematically 
too low.  To determine the best effective binding enthalpy term to be used in the TLDM (i.e., the 
y-axis offset) for clusters in this size range, the deviation between the values obtained from the 
TLDM and the experimental values were minimized, resulting in an effective enthalpy value of 
11.17 kcal/mol using parameters for liquid water at 273 K.  This effective enthalpy for clusters 
this size may account for other uncertainties in the model, or it may indicate that the clusters 
have some partial ice-like structures.  
 

 
Figure 10.10  Average ensemble sequential binding enthalpies measured for M2+(H2O)n (M = Co, Fe, Mn, Cu and 
CeNO3; <n> – <x>/2 = ~19-124) obtained from UV photodissociation experiments at 193 and 248 nm (same ion 
markers as in Figure 10.3) as a function the average cluster size (<n> – <x>/2).  Values for sequential water 
molecule binding enthalpies to M(H2O)n

2+ calculated using the discrete implementation of the Thomson liquid drop 
model (TLDM),44 the TLDM without surface tension (TLDM(–ST)), the TLDM modified to include an additional 
ion-dipole term (Dipole TLDM)67 parameterized to 298 K, the TLDM parameterized to 273 K (TLDM 273 K),44 and 
the liquid drop expansion model (Drop Expansion),48 are plotted as a function of n.  Error bars represent uncertainty 
in the average number of water molecules lost propagated from the noise in the corresponding mass spectra.   
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10.5  Conclusions 
 

Water binding enthalpies to clusters containing divalent metal ions and up to 124 water 
molecules were measured by dissociating trapped thermal ions with UV radiation at 248 and 193 
nm.  These measurements compliment more conventional thermochemical methods that have 
been used to measure water molecule binding energies to smaller clusters and these UV 
photodissocation measurements can be made with comparable accuracy.  The binding energies 
decrease with increasing cluster size for the smaller clusters but there is a discontinuity ~34 
water molecules for Co2+, which is reproduced by the summed BIRD kinetic data for these 
clusters, which may be due to a structural transition between a second and third hydration shell 
when many water molecules are lost.  The average binding enthalpies for all ions reach a nearly 
constant value of ~10.4 kcal/mol for clusters with more than 40 water molecules, a value that is 
within 1% of the bulk heat of vaporization of water.  No evidence for phase transitions, 
fluorescence, or long-lived excited states was observed.  These results indicate that the structure 
of water in these clusters may be more like that of bulk liquid water than ice, a result that could 
be due to freezing point depression or kinetic trapping owing to fast evaporative cooling of the 
initial droplets. 

These experimental data follow the trends indicated by the Thomson liquid drop model 
using parameters for liquid water near 0 °C, but modeled values are lower than the experimental 
values by an average of ~0.5 kcal/mol.  Other models show even larger deviations from the 
experimental data.  These data were fit with a semi-empirical equation, which makes it possible 
to obtain sequential binding enthalpies to large clusters with higher accuracy.  This UV 
photodissociation method can be used to calibrate ion nanocalorimetry data, such as 
recombination energies of electrons with extensively hydrated ions, which should make it 
possible to obtain highly accurate thermochemical values, including absolute solution-phase 
reduction potentials, entirely from experimental data with no modeling. 
 
Table 10.1  Average absolute deviation (∆AD) between values calculated with various liquid drop models and the 
experimental values obtained from UV photodissociation experiments.  Best fit of y-axis offset for TLDM and 
TLDM-ST to experimental data.  All models are for hydrated divalent ions, unless indicated otherwise. 
Model ∆AD (kcal/mol) ∆Hn,n–1 [kcal/mol]g 
TLDM a 0.5(2) 354.44[(n–1)–1/3 – n–1/3] + 7.68[(n–1)2/3 – n2/3] + 10.54 
TLDM 273 Kb 0.5(3) 344.03[(n–1)–1/3 – n–1/3] + 8.04[(n–1)2/3 – n2/3] + 10.69 
TLDM–STc 0.9(4) 354.44[(n–1)–1/3 – n–1/3] + 10.54 
Dip. TLDMd 2.4(1.1) ≈ 204.62n–1.25 + 10.33h 
1+ Drop Exp.e 0.7(3) –3.38n–1/3 +28.83n–4/3 + 11.89 
2+ Drop Exp.f 1.3(3) –3.38n–1/3 +115.30n–4/3 + 11.89 
TLDM Fit 0.2(2) 354.44[(n–1)–1/3 – n–1/3] + 7.68[(n–1)2/3 – n2/3] + 11.08 
TLDM 273 K Fit 0.2(2) 344.03[(n–1)–1/3 – n–1/3] + 8.04[(n–1)2/3 – n2/3] + 11.17 
TLDM–ST Fit 0.3(2) 354.44[(n–1)–1/3 – n–1/3] + 9.64 
a Discrete implementation of Thomson liquid drop model parameterized with properties from bulk water at 298 K.44 
b TLDM using bulk water parameters at 273.16 K. c Discrete implementation of Thomson liquid drop model (298 K 
parameters) without surface tension term. d Discrete implementation of Thomson liquid drop model with ion–dipole 
term included (298 K parameters).67  e Liquid droplet model expansion (Drop Exp.) equation for monovalent 
cluster.48  f Drop Exp. for divalent cluster.48  g Can convert to binding energy values using equation 10.6. h Equation 
approximated from power fit to enthalpy values calculated using Dip. TLDM. 
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11.1  Abstract 
 

An improved cluster pair correlation method that is based on the method originally 
introduced by Tuttle et al. (Tuttle et al., J. Phys. Chem. A 2002, 106, 925–932) was developed 
and evaluated using a significantly larger data set than used previously.  With this larger data set, 
values for the absolute proton hydration free energy of –259.3 and –265.0 kcal/mol were 
obtained using the original and improved method, respectively.   The former value is ~4.5 
kcal/mol less negative than previously reported values obtained with the same method but with 
smaller data sets.  The dependence of this value on data set size indicates that the uncertainty in 
the original method may be greater than previously realized.  The improved method has the 
advantages of higher precision and the effects of cluster size on the proton hydration free energy 
and enthalpy values can be more readily evaluated.  Data for ions with extreme pKas, many of 
which were included in previous estimates of the proton hydration free energy, were found to be 
unreliable and were eliminated from the extended data set.  There is only a subtle effect of 
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cluster size on the Gibbs free energy values, and within the limits of the approximation inherent 
in the cluster pair correlation method, the “best” value for the standard absolute proton hydration 
free energy obtained with this new method and larger data set is –263.4 kcal/mol (average for 
clusters with 4 to 6 water molecules).  The absolute proton hydration enthalpy values decrease 
from –273.1 to –275.3 kcal/mol with increasing cluster size (one to six water molecules, 
respectively).  This trend, along with an anomalously high value for the absolute proton 
hydration entropy, indicates that the enthalpy obtained with this method may not have converged 
for these relatively small clusters. 
 
11.2  Introduction 
 

The thermodynamics (∆G, ∆H, and ∆S) of ion solvation provide valuable information 
about the band structure of liquid water or other solvents,1 and the equilibria and dynamics of 
solution-phase chemical transformations involving charge transfer or neutralization,2,3 such as 
for the photosynthetic production of chemical energy or the conversion of stored chemical 
energy into electrical energy by batteries.  Since at least 1920, when Max Born introduced his 
famous ion solvation equation,4 there has been much effort devoted to improving and/or 
developing ever more accurate ion solvation models.2,3,5-7  More recent state-of-the-art solvation 
models, such as solvation model 8 (SM8),6 are useful for computationally investigating the 
equilibria, dynamics and/or mechanisms of a host of solution-phase charge transfer processes,2,3 
including those involving free radicals8 or the redox properties of Fe–S proteins.9  One of the 
best ways to evaluate a given solvation model is to compare the calculated solvation energies of 
various solutes to experimental data.7,10  However, absolute ion solvation free energies or 
enthalpies, that is, the energy or enthalpy of transferring an ion at rest in isolation into the bulk of 
solution at infinite dilution, are not measured directly.  The corresponding relative values, that is, 
the partial thermodynamic contribution of a single ion relative to another ion, can be accurately 
obtained from solution-phase calorimetric and/or electrochemical measurements.5,7,10-13  
Relative, or conventional, ion solvation energies or enthalpies are commonly referenced to a 
single ion, the proton, and the relative proton solvation energy or enthalpy (or solvated proton 
formation energy or enthalpy) is assigned an arbitrary value of exactly 0.  Thus, if the absolute 
solvation energy or enthalpy of a single ion can be determined, the entire relative ion solvation 
scale can be converted to an absolute ion solvation scale.   

As a result of the importance of the absolute thermodynamic values for proton solvation, 
there has been intense interest in, and efforts towards, obtaining these values from a number of 
different approaches, including electrochemical measurements,14-18 direct computations,19-22 and 
cluster based methods.1,10,11,23-30  Voltaic cell measurements have been used to obtain the “real” 
proton hydration free energy, which is equal to the sum of the absolute proton hydration energy 
and the surface potential of bulk water, resulting from the orientation of water molecules at the 
vapor-water interface.14-18  Farrell and McTigue reported a value of –260.0 kcal/mol for the real 
proton hydration free energy that was obtained by extrapolating high-resistance voltaic cell 
electrochemical measurements to infinite dilution using an electrostatic model,14 and this value 
was recommended to the IUPAC by Trasatti in 1986.15  Because the surface potential of water is 
not accurately known, comparing absolute ion hydration energies to the real ion hydration 
energies is challenging, although the potential is believed to be small.31-34  Depending on how it 
is defined, the potential of the absolute standard hydrogen electrode (SHE) can be obtained from 
the atomization of H2, the ionization free energy of H, a thermodynamic cycle, and either the 
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absolute proton hydration free energy or the real proton hydration energy.15,16,35  Using a value 
for the absolute hydration free energy of the proton is favored by computational chemists,10,26,35 
because it is directly relevant to the ion solvation free energies that are calculated using various 
ion solvation models, and calculated absolute solution-phase redox potentials can be converted to 
relative redox values for comparison to experimental redox data.  Using the absolute proton 
hydration free energy to obtain the absolute SHE potential also has the advantage that the 
potential of the reaction obtained from this reference state depends only on the chemical 
potentials of the reactants and products and not on the surface potential of water.  Values for the 
absolute proton hydration free energy have been obtained from numerous computations19-22 by 
explicitly treating the proton and some number of water molecules in the first or second 
hydration shell with electronic structure calculations and treating the rest of the bulk solvent with 
a continuum solvation model.   

We have recently developed a new ion nanocalorimetry method,28-30,36-43 in which the 
recombination energies of extensively hydrated metal ions upon electron capture in the gas-phase 
can be obtained from the number of water molecules lost from the reduced precursor and directly 
related to absolute potentials in bulk solution.  From three largely independent hydrated ion 
nanocalorimetry methods, values for the absolute SHE potential of +4.05, +4.11 and +4.21 V 
were obtained that are within 5% of each other.28-30  This method is affected by the surface 
potential of the water clusters only for ions that reside at the nanodrop surface, which should not 
be the case for the ions investigated.  Thus, these absolute SHE potentials, which are referenced 
to an electron at infinite distance, do not include the surface potential of water, and the 
corresponding standard absolute proton hydration free energy values are –269.1, –267.7, and –
265.4 kcal/mol, respectively. The ion nanocalorimetry method is being calibrated using UV laser 
photodissociation experiments which should improve the accuracy of these absolute proton 
hydration free energy values.  One of the three methods has the advantage that no modeling is 
required when combined with the laser calibration, making it the most direct measure of an 
absolute ion reduction potential that is obtained entirely from experimental data.28 

Values for the absolute proton hydration free energy and enthalpy can be also be obtained 
by relating data from gaseous measurements of sequential hydration free energies and enthalpies 
of relatively small clusters11,23-25,44-46 to bulk solution using various methods and thermodynamic 
cycles.  Kebarle demonstrated that the difference in the sum of the sequential hydration 
enthalpies of oppositely charged ions for clusters with up to 8 water molecules approached the 
absolute difference in bulk solution with increasing cluster size, which supported a value for the 
absolute proton hydration enthalpy of ~–270 kcal/mol, which was previously recommended by 
Desnoyers and Jolicoeur.47  Klots obtained values for the absolute proton solvation energy (–
262.5 kcal/mol) and enthalpy (–271.2 kcal/mol) from the differences in gaseous clustering data 
between oppositely charged ions, the relative differences in solution, and a clever manipulation 
of various thermodynamic cycles.23  In Klots’ analysis,23 data for clusters with only 4 water 
molecules were considered, and it was assumed that all ions would have the same sequential 
water molecule binding free energies and enthalpies for n > 5.24  Coe, Tuttle, and co-workers 
subsequently improved upon this previous work by introducing the cluster pair based 
approximation method11 to obtain values for the standard absolute proton hydration energy and 
enthalpy of –264.0 kcal/mol and –274.9 kcal/mol, respectively, from gaseous measurements for 
sequential ion and neutral water cluster hydration (for up to 6 water molecules), and bulk relative 
ion hydration data.  Tuttle et al. introduced a similar cluster based method called the cluster pair 
correlation scheme,25 in which data for neutral water clusters is not required, that resulted in 
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essentially the same values for the proton hydration enthalpy and free energy as the cluster pair 
approximation method.  The cluster pair correlation scheme was also used to obtain solvation 
energies of ions in ammonia using data for clusters with just one ammonia molecule.25  Kelly et 
al.10 used the cluster pair correlation method with a much more extensive ion data set and 
obtained essentially the same value for the standard absolute proton hydration energy as 
Tissandier et al.11 (–264.0 kcal/mol), and used the method to obtain the solvation energies for the 
proton in methanol (–261.6 kcal/mol), acetonitrile (–258.3 kcal/mol) and dimethyl sulfoxide (–
271.4 kcal/mol)26 using data for clusters with up to three solvent molecules. A similar value for 
the hydration energy was obtained using calculated water molecule binding energies for clusters 
with only a single water molecule.27 

As a result of these cluster pair based methods and the agreement between the various 
methods from different ion data sets, the value of –264.0 kcal/mol reported by Tissandier et al. is 
becoming nearly universally accepted. For example, Camaioni and Schwerdtfeger48 state that 
“this benchmark experimental value (Tissandier et al.’s reported value)11 should not be changed 
unless/until it is superseded by better measurements.” Kelly et al. stated,10 based upon their 
evaluation of the cluster pair correlation scheme method with a more extensive ion data set than 
that used by Tissandier et al., that “…we agree with Camaioni and Schwerdtfeger and suggest 
using a value of –265.9 kcal/mol (corresponding to a standard state value of –264.0 kcal/mol)11 
for the absolute aqueous solvation free energy of the proton in all future applications.”   

Because of the importance of the values for the absolute proton solvation free energy and 
enthalpy, and new experimental methods that can be used to measure these values more directly 
with large clusters where ions are more fully solvated,28-30 we were interested in investigating the 
uncertainty with which values can be obtained using the cluster pair correlation method from the 
available measured ion solvation data.  Here, we evaluate this method using a more extensive ion 
data set than used previously,10 and introduce an improved method for analyzing the ion 
hydration data.  The effects of ion identity and cluster size upon the values for the proton 
hydration free energy and enthalpy obtained from this gaseous cluster based method are 
investigated. 
 
11.3  Results and Discussion 
 

11.3.1  Relative and Absolute Ion Solvation Thermodynamics. The standard absolute 
solvation thermodynamics (∆Xsolvº(Z) =  ∆Gsolvº(Z) or ∆Hsolvº(Z)) for transferring an isolated ion 
(Z) at infinite distance into the bulk of solution are not measured directly.  However, relative 
solvation thermodynamics, ∆Xrelº(Z), of an ion can be obtained accurately from experiments and 
these values have been tabulated for a large number of ions in various solvents.5,7,10,12,26  The 
absolute and relative ion solvation thermodynamic values are related by10,23 

 
∆Xrelº(M

+) = ∆Xsolvº(M
+) – ∆Xsolvº(H

+)       (11.1)  
 
And 
 
∆Xrelº(B

–) = ∆Xsolvº(B
–) + ∆Xsolvº(H

+)        (11.2) 
 
where M+ and B– are positive and negatively charged ions, respectively.  Equations 11.1 and 11.2 
satisfy the condition that the sum of the ∆Xrelº(Z) values for a given monovalent cation and anion 
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pair are equal to the sum of the corresponding absolute values.  The values of ∆Grelº(Z) and 
∆Hrelº(Z) for aqueous solution are given in Tables 11.S1 and 11.S2, respectively, in the 
Supporting Information.5,7,10-13 

In this work, we report standard hydration energy values for which the standard 
concentrations are 1 atm of the ion of interest in the gas-phase and 1 mol/L in solution, ∆Gsolvº(Z) 
and ∆Grelº(Z).  This is a different reference state than is sometimes reported by others, such as in 
Kelly et al., where the ion concentrations are 1 mol/L in both the gas and solution phases, 
indicated by an “*” symbol (∆Grel

*(Z) and ∆Gsolv
*(Z)).10  At 298 K, ∆Grel

*(B–) is 3.8 kcal/mol 
more negative than ∆Grelº(B

–), ∆Grel
*(M+) = ∆Grelº(M

+), and ∆Gsolv
*(Z) is 1.9 kcal/mol more 

negative than ∆Gsolvº(Z) values, as discussed by Kelly et al. (page 16067).10  The relative 
solvation thermodynamic values used here are referenced to ∆X = 0 for proton solvation, H+(g) 
→ H+(aq), and not to the heat or free energy for the formation of the hydrated proton. The 
conversion between these conventions, which differs by the heat of formation of the proton in the 
gas phase, is described in detail by Kelly et al. (pg. 16068).10  

11.3.2  Derivation of the Fundamental Equation of the Cluster Pair Correlation 
Method. The first step in the derivation of the fundamental equation of the cluster pair 
correlation method20,33 is to simply subtract Equation 11.2 from Equation 11.1, and solve for the 
absolute proton hydration ∆X value, which results in  

 
∆Xsolvº(H

+) = (1/2)[∆Xsolvº(M
+) – ∆Xsolvº(B

–) – ∆Xrelº(M
+) + ∆Xrelº(B

–)]   (11.3) 
 
This equation, which contains three unknown terms, ∆Xsolvº(H

+), ∆Xsolvº(M
+), and ∆Xsolvº(B

–), 
provides the “scaffold” for the derivation of the cluster pair approximation11 and the cluster pair 
correlation25 methods for obtaining values for the absolute proton solvation energy and enthalpy 
from gaseous clustering data. 
  The second step in the derivation involves connecting the absolute hydration ∆X value to 
the gas-phase sequential hydration ∆X value for a given ion, using the thermodynamic cycle 
shown in Scheme 11.1.  From this thermocycle, the ∆Xsolv°(Z) value is equal to the sum of three 
terms: (1) the sum of the sequential gaseous ion hydration ∆X values for Z(H2O)n from 0 to n 
water molecules, ∆X0,nº(Z), (2) the bulk liquid (l) water (W) vaporization ∆X value, ∆Xvapº(W,l),  
multiplied by n, and (3) the absolute hydration ∆X value of Z(H2O)n, ∆Xsolvº(ZWn), where Wn is 
an abbreviation for (H2O)n; that is, 
 
∆Xsolvº(Z) = ∆X0,nº(Z) + n∆Xvapº(W,l) + ∆Xsolvº(ZWn)      (11.4) 
 
Scheme 11.1:  

 

The first two terms on the right-hand-side of Equation 11.4 can be obtained from experimental 
measurements.  The Gibbs free energies and enthalpies of sequential ion hydration have been 
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measured for many different ions (Table 11.S3 and 11.S4 of Supporting Information).49-102 
Taking the difference between Equation 11.4 for two oppositely charged monovalent ions results 
in 
 
∆Xsolvº(M

+) – ∆Xsolvº(B
–) = ∆X0,nº(M

+) – ∆X0,nº(B
–)  

+ ∆Xsolvº(MWn
+) – ∆Xsolvº(BWn

–)  (11.5) 
 

The latter two terms of Equation 11.5 go to zero in the limit of infinite n and this equation 
becomes, 
 
∆Xsolvº(M

+) – ∆Xsolvº(B
–) = ∆X0,∞º(M+) – ∆X0,∞º(B–)       (11.6) 

 
Combining Equation 11.6 with 11.3 results in, 
 
∆Xsolvº(H

+) = (1/2)[∆X0,∞º(M+) – ∆X0,∞º(B–) – ∆Xrelº(M
+) + ∆Xrelº(B

–)]   (11.7) 
 
Gas-phase sequential ion hydration ∆X values can only be measured for finite values of n.  
Separating ∆X0,∞º(Z) into the corresponding terms for 0 to n water molecules and that for n+1 to 
an infinite number of water molecules in Equation 11.7 results in 
 
∆Xsolvº(H

+) = (1/2)[∆X0,nº(M
+) – ∆X0,nº(B

–) + ∆Xn+1,∞º(M+) – ∆Xn+1,∞º(B–)  
– ∆Xrelº(M

+) + ∆Xrelº(B
–)] (11.8) 

 
which can be rearranged to the fundamental equation of the cluster pair correlation method,10,25 
 
(1/2)[∆X0,nº(M

+) – ∆X0,nº(B
–)] + (1/2)[∆Xrelº(B

–) – ∆Xrelº(M
+)] =  

(1/2)[∆Xn+1,∞º(B–) – ∆Xn+1,∞º(M+)] + ∆Xsolvº(H
+) (11.9) 

 
where the terms on the left-hand-side of the equation can been obtained from experimental data 
and the terms on the right-hand-side are unknown.  For the cluster pair correlation scheme, the 
goal is to find the value of (1/2)[∆Xrelº(B

–) – ∆Xrelº(M
+)] for a hypothetical ideal cationic and 

anionic pair, M+
′ and B–

′, such that ∆X0,nº(M
+
′) – ∆X0,nº(B

–
′) = 0.  A key approximation of this 

method is the implicit assumption that if (1/2)[∆X0,nº(M
+
′) – ∆X0,nº(B

–
′)] = 0, then 

(1/2)[∆Xn+1,∞º(B–
′) – ∆Xn+1,∞º(M+

′)] = 0, i.e., if the sequential solvation energies of the 
hypothetical ideal cation and anion pair are equal at small cluster sizes, these values will also be 
equal at much larger sizes.  To the extent that this assumption is correct, then for the hypothetical 
ideal ion pair, (1/2)[∆Xrelº(B

–
′) – ∆Xrelº(M

+
′)] = ∆Xsolvº(H

+).  Tuttle et al.25 showed that the value 
of (1/2)[∆Xrelº(B

–
′) – ∆Xrelº(M

+
′)] can be obtained from the intercepts of the best fit lines to plots 

of (1/2)[∆X0,nº(M
+) – ∆X0,nº(B

–)] + (1/2)[∆Xrelº(B
–) – ∆Xrelº(M

+)] versus (1/2)[∆Xrelº(B
–) – 

∆Xrelº(M
+)] for many different ion pairs and cluster sizes (for n up to 6).  For simplicity, we let 

 
Λ(M+,B–) = (1/2)[∆Xrelº(B

–) – ∆Xrelº(M
+)]       (11.10) 

 
And 
 
Ω(M+,B–,n) = (1/2)[∆X0,nº(M

+) – ∆X0,nº(B
–)]       (11.11) 
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and note that a plot of (1/2)[∆X0,nº(M

+) – ∆X0,nº(B
–)] + (1/2)[∆Xrelº(B

–) – ∆Xrelº(M
+)] versus 

(1/2)[∆Xrelº(B
–) – ∆Xrelº(M

+)] is equivalent to plotting Λ(M+,B–) + Ω(M+,B–,n) versus Λ(M+,B–).  
Thus, the data on both the x and y axes are significantly dependent upon each other. For Gibbs 
free energy values, a “G” subscript is used (i.e. ΛG(M+,B–) and ΩG(M+,B–,n)) and for enthalpy 
values an “H” subscript is used (i.e. ΛH(M+,B–) and ΩH(M+,B–,n)). 

11.3.3  Original Method for Obtaining a Value for ∆Gsolv°(H
+) from the Cluster Pair 

Correlation Method. To evaluate the cluster pair correlation methods, we only include 
experimental values in our expanded data set that includes data for 55 ions (a total of 1916 data 
points) and only use the experimental values used by Kelly et al.10 (36 ions; 787 experimental 
data points) (see Table 11.S1 of Supporting Information).  Kelly et al. also investigated the 
effects of including an additional 15 ions using calculated ∆G0,1(Z) values in their analysis, but 
found that these data did not significantly affect their results.10  In Figure 11.1, ΛG(M+,B–) + 
ΩG(M+,B–,n) values are plotted as a function of ΛG(M+,B–) (left panels of Figure 11.1), for the 
original data set used by Tuttle et al.11,25 (Figure 11.1a), the experimental data set used by Kelly 
et al.10 (Figure 11.1b), and our expanded data set (Figure 11.1c).  A linear regression analysis 
results in best fit lines for each cluster size (Table 11.1), with R2 values that range from 0.773–
0.996, 0.738–0.986, and 0.617–0.974 for the Tissandier et al. data set, the Kelly et al. data set, 
and the expanded data set, respectively.  The R2 values indicate that the plots of ΛG(M+,B–) + 
ΩG(M+,B–,n) vs. ΛG(M+,B–) are reasonably linear for the ions used in the analysis, although the 
scatter in these data increases with data set size.  For n = 0, ΩG(M+,B–,n) = 0 and the n = 0 line is 
simply ΛG(M+,B–) vs. ΛG(M+,B–) (Figure 11.1a–c) with a slope of exactly 1.  With increasing 
cluster size, the slopes of the best fit lines decrease because the y-axis values, ΩG(M+,B–

,n)+ΛG(M+,B–), approach a constant value with increasing cluster size, which at infinite cluster 
size is equal to the absolute proton hydration free energy for any given ion pair (Equation 11.9).  
At the points of intersection between any two lines, ΩG(M+,B–,n) = 0, and the ΛG(M+,B–) ordinate 
value at the intersection between these two lines corresponds to (1/2)[∆Xn+1,∞º(B–

′) – 
∆Xn+1,∞º(M+

′)] + ∆Xsolvº(H
+).  The implicit assumption with this method is that (1/2)[∆Xn+1,∞º(B–

′) 
– ∆Xn+1,∞º(M+

′)] = 0, and that ∆Xsolvº(H
+) can be obtained directly from the intercepts of any two 

lines.  For the 7 lines in these plots (6 best fit lines and the n = 0 line) there are 21 points where 
any 2 of the 7 lines intersect and the ordinate values for each intersection point for all three sets 
of data are given in Table 11.2.  Tuttle et al.25 and Kelly et al.10 calculated the average of the 
ordinate values for each of the intersection points (21 points in all) to obtain a value for the 
absolute standard proton hydration free energy of –263.6 kcal/mol and –264.0 kcal/mol, 
respectively, which are the same values we obtain using the same method and same data.  A 
significantly less negative value of –259.3 kcal/mol is obtained with this method from the larger 
data set.  The ~4.5 kcal/mol less negative value obtained when more data are included indicates 
that the uncertainty in the previously reported absolute proton hydration free energy value 
obtained from the cluster pair correlation method may be much larger than previously 
appreciated.   

Tuttle et al.25 noted that when the slopes of any two lines are similar, the value of the 
intersection point can be far from the average of all the intercept values, that is, the uncertainty in 
the intersection points is greatest for lines that have similar slopes.  In Table 11.2, we list the 
ordinate intersection points and the upper limit to the uncertainty in these values obtained by 
propagating the uncertainty in the slope and intercept of the best fit lines (see Supporting 
Information).  Because the uncertainty in the slope and intercept of any line are strongly  
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Figure 11.1  Plots of ΛG(M+,B–) + ΩG(M+,B–,n) vs. ΛG(M+,B–) using data from (a) Tissandier et al.11 (b) Kelly et 
al.,10 and (c) the expanded data set, and plots of ΛG(M+,B–) vs. ΩG(M+,B–,n) using data from (d) Tissandier et al.11 (e) 
Kelly et al.,10 and (f) the expanded data set.  The range in the ordinate values of all the intercept points between each 
best fit line obtained are indicated by the arrows and the corresponding horizontal lines.  Values on both axes in 
kcal/mol.
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correlated, these propagated uncertainty values represent gross upper limits to the actual 
uncertainty.  Although these are upper limits, they can be used to compare the extent of 
uncertainty for each intersection point relative to the uncertainty propagated for the other 
intercept values.  Values with the least uncertainty are generally obtained from intersection 
points between any of the n = 1–6 best fit lines and the n = 0 line (Table 11.2).  An extreme 
example of the uncertainty introduced when the intersection point of two lines with similar 
slopes are used is the intersection point between the n = 4 and n = 6 best fit lines for the 
expanded data set (Figure 11.1c). Because the slopes of the n = 4 and 6 best fit lines are nearly 
the same, i.e., nearly parallel, the ordinate value at the intersection point is –151.7 kcal/mol, 
which is 107.6 kcal/mol higher than the average of all the intersection points!  More accurate 
values could be obtained by only considering the intersection points of each best fit line with the 
n = 0 lines.  For example, the average and standard deviation of the of the intercept values of the 
n = 1–6 best fit lines with the n = 0 line is –265.3 kcal/mol and 0.5 kcal/mol, respectively, 
compared to the corresponding values of –259.3 and 24.8 kcal/mol obtained from the average of 
all the data points (most extensive data set).   
 
Table 11.1.  Cluster Pair Correlation Method y+x vs. x Best Fit Lines for n = 1–6 for Obtaining a Value for 
∆Gsolv°(H

+).a   
 Tissandier et al.11 Data Set Kelly et al.10 Data Set More Extensive Data Set 
N m b R2 M b R2 m b R2 
0 1 0 1 1 0 1 1 0 1 
1 0.67(10) –87.5(2.5) 0.996 0.677(5) –86.0(1.2) 0.986 0.68(04) –84.1(1.07) 0.974 
2 0.45(2) –144.1(4.9) 0.968 0.44(1) –148.0(2.2) 0.950 0.48(1) –138.0(1.7) 0.911 
3 0.32(3) –180.2(6.8) 0.889 0.31(1) –181.4(2.3) 0.891 0.34(1) –176.0(2.4) 0.803 
4 0.24(3) –200.0(7.0) 0.814 0.23(1) –202.3(3.1) 0.806 0.26(1) –196.6(3.9) 0.641 
5 0.20(3) –211.6(6.5) 0.773 0.21(1) –210.2(3.7) 0.808 0.23(2) –203.6(5.0) 0.617 
6 0.15(1) –223.5(3.7) 0.937 0.17(2) –219.8(5.4) 0.738 0.26(3) –196.9(7.6) 0.674 
a Slope (m) values are unitless and intercept (b) values are in kcal/mol. 
 
Table 11.2.  Ordinate Values of the Intercepts Between Each Best Fit Line from Table 11.1 for n = 0–6 (in 
kcal/mol) From the x+y vs. x Cluster Pair Correlation Method for Obtaining ∆Gsolv°(H

+).a–c 
 n 0 1 2 3 4 5 
 1 –263.3(84.7) ––– ––– ––– ––– ––– 

2 –263.7(18.3) –263.9(91.0) ––– ––– ––– ––– 
3 –264.0(20.2) –264.3(52.0) –264.5(69.7)* ––– ––– ––– 
4 –264.1(18.8) –264.3(38.6) –264.4(42.3) –264.3(105.1) ––– ––– 
5 –263.9(16.5) –264.0(30.7) –264.0(31.3) –263.7(57.9) –263.2(134.8) ––– 
6 –263.3(9.0) –263.3(18.1) –263.2(16.4) –262.9(26.9) –262.3(43.1) –261.9(72.7)* 

 1 –266.1(7.5)* ––– ––– ––– ––– ––– 
 2 –264.4(7.8) –263.3(16.9)* ––– ––– ––– ––– 
 3 –264.1(6.9) –263.5(10.8) –263.7(27.1) ––– ––– ––– 
 4 –264.1(8.0) –263.8(10.6) –263.9(18.0) –264.1(38.1) ––– ––– 
 5 –264.4(9.5) –264.2(11.8) –264.4(17.9) –264.8(30.9) –266.1(107.0) ––– 
 6 –264.2(13.3) –264.0(15.5) –264.1(20.6) –264.2(29.3) –264.3(55.0) –263.4(93.9) 
 1 –265.6(6.8) ––– ––– ––– ––– ––– 
 2 –265.4(6.7) –265.3(16.7) ––– ––– ––– ––– 
 3 –265.0(7.2) –264.8(11.4) –264.5(23.8) ––– ––– ––– 
 4 –265.0(10.6) –264.8(13.9) –264.7(20.9) –264.9(49.5) ––– ––– 
 5 –264.7(13.2) –264.5(16.4) –264.3(22.6) –264.1(42.6) –262.6(159.7) ––– 
 6 –266.0(20.8) –266.1(26.2) –266.4(37.7) –268.3(85.6)* –151.7(2786.6)* –256.5(198.6) 
a The upper limit to the uncertainty is indicated in parentheses, which are obtained from propagation of the 
uncertainty in the slopes and intercepts of the best fit lines. b Asterisks indicate the smallest and largest values 
obtained for each data set. c Data sets used to obtain these values are from Tissandier et al.,11 Kelly et al.,10 and the 
expanded data set (Tables 11.S1 and 11.S3).   
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11.3.4  Improved Method for Obtaining a Value for ∆Gsolv°(H
+) from the Cluster 

Pair Correlation Method.  To compensate for the fact that the ordinate value of the intersection 
points between best fit lines with similar slopes have more uncertainty than that for lines that 
have a greater difference between the slopes, Tuttle et al.25 reported the average of all the 
ordinate intercept points weighted by a fraction relating the difference in the slope of the two 
intersecting lines to the sum total of the difference in slope between all the other lines.  Rather 
than weight the ordinate values obtained from the intersection points of each line, we found that 
the uncertainty in the (1/2)[∆Gn+1,∞º(B–

′) – ∆Gn+1,∞º(M+
′)] + ∆Gsolvº(H

+) values obtained from the 
cluster pair correlation scheme can be dramatically reduced by simply plotting ΛG(M+,B–) versus 
ΩG(M+,B–,n), fitting the data with a linear regression analysis, and obtaining the y-axis intercept 
of these best fit lines for each n (Figure 11.1d–f; see Table 11.3 for parameters of best fit lines).  
Thus, the data plotted on the x and y axes are significantly less correlated than for the traditional 
method of plotting ΛG(M+,B–) + ΩG(M+,B–,n) vs. ΛG(M+,B–).  When plotted this new way, the y-
axis intercept is the value of ΛG(M+,B–) for which ΩG(M+,B–,n) = 0, that corresponds to the value 
of ∆Gsolvº(H

+) + (1/2)[∆Gn+1,∞º(B–
′) – ∆Gn+1,∞º(M+

′)] (See Equation 11.9).  From here on, we 
refer to this as the x vs. y method of plotting the data, as opposed to the y+x vs. x method that 
was previously10,25 used. This x vs. y method of plotting the data has the advantage that both the 
range and uncertainty in the values obtained for ∆Gsolvº(H

+) + (1/2)[∆Gn+1,∞º(B–
′) – 

∆Gn+1,∞º(M+
′)] are significantly reduced (Table 11.4), especially for cases where the y+x vs. x 

method results in lines that are nearly parallel (see Figure 11.1c vs. 11.1f). For example, for the 
most extensive data set, the y+x vs. x method of plotting the data results in 21 intersection points 
with an average ordinate value of –259.3 kcal/mol and a standard deviation of 24.8 kcal/mol.  By 
contrast, simply plotting same data as x vs. y results in 6 best fit lines with an average y-axis 
intercept of –265.0 kcal/mol and a standard deviation of only 0.4 kcal/mol.  Thus, the absolute 
proton hydration free energy value obtained using this new method is 5.7 kcal/mol more negative 
than that obtained with the conventional25 cluster pair correlation method using the same 
extended data set. 

 
Table 11.3.  Cluster Pair Correlation x vs. y Method Best Fit Lines for n = 1–6 for Obtaining ∆Gsolv°(H

+).a   
 Tissandier et al. Data Set Kelly et al. Data Set More Extensive Data Set 
N m b R2 M b R2 m b R2 
1 –2.96(9) –263.2(4) 0.985 –2.91(4) –265.9(2) 0.941 –2.81(4) –265.2(1) 0.889 
2 –1.79(6) –263.5(5) 0.978 –1.73(3) –264.3(2) 0.968 –1.78(2) –265.1(1) 0.923 
3 –1.43(6) –263.8(6) 0.974 –1.42(2) –264.0(2) 0.975 –1.42(2) –264.7(2) 0.941 
4 –1.29(5) –263.9(6) 0.977 –1.28(2) –264.0(2) 0.978 –1.26(3) –264.7(2) 0.936 
5 –1.23(4) –263.7(5) 0.982 –1.24(2) –264.3(3) 0.984 –1.23(3) –264.4(3) 0.947 
6 –1.18(2) –263.3(3) 0.998 –1.18(3) –264.1(4) 0.986 –1.28(5) –265.6(5) 0.944 
a Slope (m) values are unitless and intercept (b) values are in kcal/mol. 
 

In addition to providing a much more negative absolute proton hydration free energy 
value, this method results in significantly better precision.  The upper limit of the uncertainty in 
the intercept values, i.e., the propagated uncertainty, is only 2 kcal/mol for the x vs. y method vs. 
170 kcal/mol for the y+x vs. x method.  The improved uncertainty is a result of (1) the better 
linear correlation obtained from plotting x vs. y compared to y+x vs. x (Table 11.1 vs. Table 
11.3), and (2) the intercept values are generally obtained from intersecting lines with larger 
angles between the lines for the x vs. y plot than for the y+x vs. x plots.  For example, 17 out of 
18 of the best fit lines obtained from the x vs. y plots for each of the three data sets have R2 
values greater than 0.9 (Table 11.3).  This is in contrast to the lines obtained from plotting y+x 
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vs. x, for which only 7 out of the 18 best fit lines have R2 values or greater than 0.9, and some 
have R2 values as low as 0.6. Also, for the x vs. y plots, the angles between the intersecting lines 
(between the n = 1–6 best fit lines and the y-axis) approach 45º with increasing n, whereas for the 
y+x vs. x method these angles can be considerable less (nearly 0º in the case of the n = 4 and 6 
lines for the most extensive data set).  Thus, from here on, we only use the x vs. y method of 
plotting the data to obtain values for ∆Gsolvº(H

+) + (1/2)[∆Gn+1,∞º(B–
′) – ∆Gn+1,∞º(M+

′)]. 
 
Table 11.4.  Values for ∆Gsolvº(H+) + (1/2)[∆Gn+1,∞(B

–
′) – ∆Gn+1,∞(M

+
′)] in kcal/mol Obtained Using the x+y vs. x 

Cluster Pair Correlation Method and the Improved x vs. y Method.a  
 Tissandier et al. Data Kelly et al. Data More Extensive Data Set 
 x+y vs. x x vs. y x+y vs. x x vs. y x+y vs. x x vs. y 

n <Y0>a SD<Y> bc <Y0> a SD<Y> bc <Y0> a SD<Y> bc 
0 –263.7(27.9) 0.4 ––– –264.5(8.8) 0.8 ––– –265.3(10.9) 0.5 ––– 
1 –263.8(52.5) 0.4 –263.2(4) –264.1(12.2) 1.0 -265.9(2) –265.2(15.2) 0.6 -265.2(1) 
2 –264.0(44.9) 0.5 –263.5(5) –264.0(18.1) 0.4 -264.3(2) –265.1(21.4) 0.8 -265.1(1) 
3 –264.0(55.3) 0.6 –263.8(6) –264.1(23.8) 0.4 -264.0(2) –265.3(36.7) 1.5 -264.7(2) 
4 –263.8(63.8) 0.8 –263.9(6) –264.4(39.4) 0.9 -264.0(2) –245.6(506.9) 46.0 -264.7(2) 
5 –263.4(57.3) 0.8 –263.7(5) –264.5(45.2) 0.9 -264.3(3) –262.8(75.5) 3.1 -264.4(3) 
6 –262.8(31.0) 0.6 –263.3(3) –264.0(37.9) 0.3 -264.1(4) –245.8(525.9) 46.3 -265.6(5) 

All –263.6(47.5)b 0.7 –263.6(5)d –264.2(26.5) b 0.7 –264.4(2)d –259.3(170.4)b 24.8 –265.0(2)d 
a  Obtained from the intercept of each best fit line for the indicated cluster size with the other 6 lines.  For x+y vs. x 
method, the propagated uncertainty is given in parenthesis and is an upper limit to the uncertainty in the 
corresponding intercept value.  Standard deviation values (SD) are lower limits to the uncertainty. b Obtained from 
the average of all 21 intercepts of the best fit lines. c Obtained from the y-axis intercepts (b) of the best fit lines 
to the x vs. y plots. d The average of the intercept values of the best fit lines for each cluster size (n = 1–6). 
 

 
Figure 11.2  Values of ∆Gsolvº(H

+) + (1/2)[∆Gn+1,∞(B
–) – ∆Gn+1,∞(M

+)] in kcal/mol obtained from the y-axis 
intercepts of the best fit lines to the ΛG(M+,B–) vs. ΩG(M+,B–,n) plots in Figure 11.1d–f  using data from Tissandier 
et al.11 (open circles), Kelly et al.10 (open squares), and the expanded data set (open triangles).  The number next to 
each symbol indicates the number of data points fit to obtain each intercept value.   
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11.3.5  Effects of Cluster Size and Ion Data Set on ∆Gsolv°(H
+).  The other advantage 

of plotting the data as x vs. y is that effects of cluster size on the values obtained for 
(1/2)[∆Gn+1,∞º(B–

′) – ∆Gn+1,∞º(M+
′)] + ∆Gsolvº(H

+) can be more readily investigated because the 
values are obtained from a line corresponding to a single cluster size intersecting with only the y-
axis and not with any of the other lines that correspond to other cluster sizes, that is, the x vs. y 
method gives intercept values for each cluster size that are more independent of the other cluster 
sizes.103  Furthermore, the intercept values obtained from the x vs. y method generally have less 
uncertainty, which should make it easier to determine if the differences in the intercept values 
obtained for different clusters size or ion data sets are significant. Values for ∆Gsolvº(H

+) + 
(1/2)[∆Gn+1,∞º(B–

′) – ∆Gn+1,∞º(M+
′)] as a function of cluster size (Figure 11.2) vary between –266 

and –263 kcal/mol depending on the data set and on the cluster size used, and there does not 
appear to be any strong trend with cluster size. 

11.3.6  Relative Solvation Energies of Protonated and Depronated Ions.  Because 
∆Gsolvº(H

+) is a constant value, differences between the values obtained from the cluster pair 
correlation method from different ion sets and cluster sizes can be the result of differences in 
(1/2)[∆Gn+1,∞º(B–

′) – ∆Gn+1,∞º(M+
′)] values and/or uncertainties in the experimental data itself.  

Gaseous sequential ion hydration and solution-phase relative ion solvation ∆X values both are 
used in the cluster pair approximation, and uncertainties in these measurements affect the 
uncertainty of the values for the proton hydration free energy and enthalpy obtained from the 
method.  Values for sequential ion hydration free energies and enthalpies from equilibrium mass 
spectrometry and guide ion-beam measurements usually have an uncertainty of around ±1 
kcal/mol.  By contrast, obtaining accurate relative ion solvation free energies and enthalpies for 
ions with extreme pKa values, referenced to dilute aqueous solution at neutral pH is very 
challenging.  In this and the next section, we consider effects of large uncertainties in the relative 
solvation energies for ions with extreme pKa values.   

The relative ion solvation energies of deprotonated neutral molecules, ∆Grelº(A
–), can be 

obtained from the gas-phase basicity of the deprotonated ion, ∆GGBº(A–), the solvation energy of 
the neutral molecule, ∆Gsolvº(HA), the pKa of the neutral molecule (corresponding to the Gibbs 
free energy of solution-phase deprotonation ∆GpKº(HA)), and the Scheme 11.2 thermodynamic 
cycle, from which,5,7,10 

 
∆Grelº(A

–)  = –∆GGBº(HA) + ∆Gsolvº(HA) + ∆GpKº(HA)     (12) 
 
Scheme 11.2: 

 
 
An analogous equation can be obtained for the relative solvation energy of a protonated neutral 
molecule, ∆Grel°(HA+), from the solvation energy of the neutral molecule, ∆Gsolvº(A), the gas-
phase basicity of the neutral molecule, ∆GGBº(A), the pKa of the protonated molecule 
(corresponding to ∆GpKº(HA+)), and the Scheme 11.3 thermodynamic cycle (Equation 
11.13);5,7,10 
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∆Grelº(HA+) = ∆GGBº(A) + ∆Gsolvº(A) – ∆GpKº(HA+)      (13) 
 
Scheme 11.3: 

 
 
The relative ion solvation energies of an extensive set of protonated and deprotonated neutrals 
have been previously tabulated5,7,10 using these thermodynamic cycles and the corresponding 
Gibbs free energy data obtained from experiment.  However, it is important to consider that the 
pKa values of extremely strong acids and the pKa values of the conjugate acids (HA) of extremely 
strong bases (A–, referred to here as pKa of a base) are difficult to measure directly in dilute 
aqueous solutions at neutral pH because of the intrinsic limits set by the autoprotolysis constant 
of water.104-106  For example, the pKa of acetylene is estimated to be ~25,107-109 so there should be 
only 1 HCC–(aq) for every 1018 HCCH(aq) in neutral water containing acetylene. Thus, 
accurately measuring extreme pKa values in dilute aqueous solutions is a highly challenging 
analytical problem.  Instead, extreme pKa values of extremely strong acids and bases are 
routinely measured in a variety of nonaqueous solvents and referenced to dilute aqueous 
solutions using acidity functions that relate the pKa of a species in a nonaqueous solvent or 
strongly acidified (or a strongly basic) aqueous solution to the pKa of the species in dilute 
aqueous solution at neutral pH.104-106  As a result, the reported pKa of various species with 
extreme pKa values are generally estimates for these values in dilute aqueous solution.   

11.3.7  Effects of Using Extremely Strong Acidic and Basic Ions on the Cluster Pair 
Correlation Method.  Because of potential uncertainties of pKa values for ions with extreme 
pKas in dilute aqueous solution at neutral pH, we investigated the effect of these ions on the 
cluster pair correlation method.  There are 11 ions in the more extensive data set (Table 11.S1) 
that have pKa values that are less than 0 or greater than 14 (with the exception of H3O

+ and OH–).  
We use the relative solvation energies for the ions with extreme pKa values that were compiled 
by Kelly et al.5 (acetylene, methanol, 5 oxonium ions, protonated pyrrole, acetonitrile, and 
dimethyl sulfoxide) and Pliego et al.7 (protonated acetamide).  In Figure 11.3, ΛG(M+,B–) is 
plotted as a function of ΩG(M+,B–,n) using data for ions with reported pKa values between 0 and 
14 (and including data for H3O

+ and OH–) in addition to protonated acetonitrile, which has the 
most extreme pKa value (~–10)110 of any of the ions used in this work.  Reported pKa values for 
protonated acetonitrile range from ~–4 to –11,110-112 although most estimates appear closer to a 
value of ~–11.111  In general, the ΛG(M+,B–) values for data points that include protonated 
acetonitrile data are ~7 kcal/mol lower than that for the other data points at a given ΩG(M+,B–,n) 
value (Figure 11.3).   

The cluster pair correlation method can be tested for a given ion by iteratively solving for 
the ion pKa value that minimizes the deviation between the best fit line of all the Λ(M+,B–) vs. 
Ω(M+,B–,n) data points and the best fit line for the data points that include only the ion of 
interest.  For example, the average absolute deviation of the Λ(M+,B–) values that include 
protonated acetonitrile from the best fit line for all of the data points range from ~6.0–8.0  
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Figure 11.3  ΛG(M+,B–) vs. ΩG(M+,B–,n), for n = 1–6 (a–f, respectively), using data for ions that are not extremely 
strong acids (pKa < 0, except for H3O

+) and ions that are not extremely basic (pKa of conjugate acid >14, except for 
OH–) (colored symbols).  Grey symbols indicate data points that include data for protonated acetonitrile (using a pKa 
value of –10).  Solid lines are best fit lines of all the data and dashed grey lines are best fit lines of the only the data 
points that include data for protonated acetonitrile.  Values on both axes in kcal/mol.
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kcal/mol using a pKa value of –10 for acetonitrile.  For each cluster size, the pKa value of 
protonated acetonitrile can be optimized such that the average absolute deviation between the 
Λ(M+,B–) vs. Ω(M+,B–,n) data points for those that include data for protonated acetonitrile and all 
the other data points is minimized.  From this optimization, pKa values for protonated acetonitrile 
of between +2.7 and +1.0 for n = 1 to 6 are obtained.  These values are dramatically higher than 
the previously reported values for this ion (~–4 to –11).110-112    
 In Figure 11.4, the optimized pKa values obtained from the cluster pair correlation 
method for all of the ions with extreme pKa values are plotted as a function of the literature pKa 
values, for each cluster size. The optimized pKa values obtained for protonated dimethylsulfide 
(n = 1 and 2), protonated formamide (n = 2–5), and methanol (n = 2) are relatively close to the 
literature value (within 1 pKa unit).7,104  However, the optimized pKa values obtained from the 
cluster pair correlation method are significantly larger than the estimated values for the other 
ions.  For example, the optimized pKa value for protonated acetophenone is 3 and 4 (for n = 1 
and 2, respectively), whereas the value reported in aqueous solution is ~–4.3!104  These results 
suggest that data for larger clusters may be required to obtain accurate pKa values for such ions 
using the cluster pair correlation method.   
 

 
Figure 11.4  Optimized pKa values obtained from the cluster pair correlation scheme vs. the estimated pKa values5,7 
for ions that are extremely acidic and extremely basic, for n = 1 ( ), 2 ( ), 3 ( ), 4 ( ), 5 ( ), and 6 ( ). pKas for 
extremely basic ions (B–) refer to the pKa of the conjugate acid (BH). 
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11.3.8  Effect of Ion Identity on Cluster Pair Correlation Method.  Because of the 
difficulty in determining the relative ion solvation energies for ions with extreme pKa values, we 
obtained the values of ∆Gsolvº(H

+) + (1/2)[∆Gn+1,∞º(B–
′) – ∆Gn+1,∞º(M+

′)] using the same data set 
as in Table 11.S1 and 11.S3 (of Supporting Information), but removed the 11 ions with extreme 
pKa values (see the ions listed in Figure 11.4).  A qualitatively similar trend ∆Gsolvº(H

+) + 
(1/2)[∆Gn+1,∞º(B–

′) – ∆Gn+1,∞º(M+
′)] values is observed, but these values are on average 1.2 

kcal/mol less negative than when the ions with extreme pKa values are included. 
Kelly et al.10 reported that the absolute proton hydration free energy values obtained from 

the cluster pair correlation method depend on the number and type of ions used.  To investigate 
this effect with the larger data set, these data were broken into general arbitrary categories 
(Figure 11.5).  For monotonic ions, or ions including three or fewer ions (and NH4

+ because of 
its relatively small physical size), the values generally decrease with increasing cluster size.  For 
the larger ions (four or more atoms,  symbols), the values are significantly lower, and for 
ammonium cations, the values increase with increasing cluster size.  Because the proton 
solvation free energy value is a constant value, these data indicates that the value of 
(1/2)[∆Gn+1,∞º(B–

′) – ∆Gn+1,∞º(M+
′)]  depends on both the ion identity and on the cluster sizes used 

in the analysis.  (1/2)[∆Gn+1,∞º(B–
′) – ∆Gn+1,∞º(M+

′)] should approach 0 with increasing cluster 
size, so that the most accurate values for ∆Gsolvº(H

+) should in principle be obtained from the 
largest clusters.  These results suggest that a more accurate value for ∆Gsolvº(H

+) could be 
obtained from data for larger clusters, although such experimental data is sparse. 

 

 
Figure 11.5  Values of ∆Gsolvº(H

+) + (1/2)[∆Gn+1,∞(B
–) – ∆Gn+1,∞(M

+)] in kcal/mol obtained from the intercepts of 
the best fit lines to the ΛG(M+,B–) vs. ΩG(M+,B–,n) plots using data for ions with 3 or fewer atoms (and NH4

+, ), 4 
or more atoms (except NH4

+, ), monotomic ions only ( ), ammonium ions with all anions (), and all ions ( ).  
None of these data sets include the 11 extremely basic or acidic ions listed in Figure 11.4.  The numbers near each 
symbol indicate the number of data points fit to obtain the corresponding intercept value. 
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11.3.9  Effects of Cluster Size and Ion Data Set on ∆Hsolvº(H
+) Values Obtained from 

the Cluster Pair Correlation Method.  A value for the proton solvation enthalpy can also be 
obtained from the cluster pair correlation method in an analogous manner.  In Figure 11.6, values 
of ∆Hsolvº(H

+) + (1/2)[∆Hn+1,∞º(B–) – ∆Hn+1,∞º(M+)] were obtained from a plot of ΛH(M+,B–) vs. 
ΩH(M+,B–,n) using the enthalpy data set from Tissandier et al. (open circles) that includes data 
for 9 ions and a more extensive data set for 23 ions (filled circles) that are listed in Tables 11.S2 
and 11.S4 (see Supporting Information).  Values of ∆Hsolvº(H

+) + (1/2)[∆Hn+1,∞º(B–) – 
∆Hn+1,∞º(M+)] obtained using the Tissandier et al. data are relatively constant as a function of 
cluster size (between –275.7 and –274.2 kcal/mol).  In contrast, values obtained using the more 
extensive data set decrease from a value of –273.1 kcal/mol for n = 1 to a value of –275.3 
kcal/mol for n = 6, with increasing cluster size.  These results indicate that the value of 
(1/2)[∆Hn+1,∞º(B–) – ∆Hn+1,∞º(M+)] also depends on the ion identities and cluster sizes used in the 
cluster pair correlation method analysis.  The stronger dependence on cluster size for the 
enthalpy values vs. the free energy values could be a result of the larger uncertainty that is often 
associated with enthalpy values, which are obtained from the temperature dependence of free 
energy values in equilibrium experiments, than for free energy values, which can be obtained 
from a measurement at a single temperature.  Alternatively, convergence to a constant 
∆Xsolvº(H

+) with increasing cluster size may be different for free energies and enthalpies.  
 

 
Figure 11.6  Values of ∆Hsolvº(H

+) + (1/2)[∆Hn+1,∞(B
–) – ∆Hn+1,∞(M

+)] in kcal/mol, obtained from the intercepts of 
the best fit lines to the ΛH(M+,B–) vs. ΩH(M+,B–,n) plots using data from Tissandier et al. (open circles) and from the 
expanded data set in Table 11.S2 and 11.S4 (closed circles), as a function of cluster size.  The numbers near each 
symbol indicate the number of data points fit to obtain the corresponding intercept value. 
 
 11.3.10  Absolute Proton Hydration Entropy.  Although the absolute proton solvation 
Gibbs free energy and entropy are not directly measured in solution, the absolute proton 
solvation entropy can be measured using non-isothermal electrochemical measurements by 
varying the temperature of one half-cell referenced to another half-cell at a constant 
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temperature.113,114  From these measurements, the absolute entropy of half-cell reactions and 
standard single ion entropies in aqueous solution can be determined.   Conway and coworkers 
measured the temperature dependence of the hydrogen electrode (0.878 ± 0.003 mV/K),115 which 
is in very good agreement with the earlier value reported by de Bethune.114  From this data, a 
value of –30.7 ± 0.7 cal/mol·K for the absolute proton solvation entropy is obtained,116,117 which 
is in excellent agreement with the value of –30.8 ± 0.3 cal/mol·K obtained from an average of 10 
reported values for the standard entropy of the aqueous proton from various experimental 
methods.49  The directly measured value for the absolute proton solvation entropy (–30.7 
cal/mol·K) can be compared to the values obtained from the cluster pair correlation method.  A 
value of –39.8 cal/mol·K for the absolute proton solvation entropy is obtained from the 
difference in the enthalpy value (–275.3 kcal/mol) obtained from the largest cluster size in Figure 
11.6 (for the more extensive data set; closed circles), and Gibbs free energy value of –263.4 
kcal/mol obtained from the average of the n = 4–6 data points in Figure 11.5 (for the more 
extensive data set; closed diamonds). A proton hydration entropy value of –36.6 cal/mol·K is 
obtained from the Tissandier et al.11 values for the absolute proton solvation enthalpy (–274.9 
kcal/mol) and Gibbs free energy (–264.0 kcal/mol).  Both of the absolute proton hydration 
entropy values obtained from the cluster pair correlation method using the two different ion data 
sets (–39.8 and –36.6 cal/mol·K) are significantly more negative than the value measured directly 
in bulk solution by Conway and Wilkinson (–30.7 ± 0.7 cal/mol·K).113  These values obtained 
from bulk measurements are referenced to the proton in the bulk of aqueous solution and should 
not include an entropic contribution from the surface potential of water.49  However, because the 
temperature dependence of the surface potential of water is negative (~–1.0 ± 0.5 mV/K),34 
including the entropic contribution from the surface potential of the interfacial water increases 
the absolute proton solvation entropy value to a less negative value, and would lead to even more 
severe disagreement between the entropy value obtained from the cluster pair correlation method 
and the directly measured value.   
 
11.4  Conclusions 
 

The cluster pair correlation method originally developed by Coe, Tuttle and co-workers25  
for obtaining a value for the absolute proton hydration free energy from gaseous cluster data is 
clever and remarkably robust.  We evaluated this method with a substantially larger experimental 
data set that includes 19 more ions (a total of 1129 more data points) than that used previously10 
and found that the resulting absolute proton hydration free energy is –259.3 kcal/mol, a value 
that is ~4.5 kcal/mol less negative than previously reported values obtained using this method 
with smaller data sets10,25 indicating that the uncertainty in this method may be larger than 
previously appreciated.  We found a new method of plotting and analyzing these data which 
results in a 5.7 kcal/mol more negative value than the conventional method10,25 when using the 
larger data set.  This improved cluster pair correlation method has the advantage of better 
precision and effects of cluster size can be more readily evaluated than the original method10,25 or 
the cluster pair approximation method.11 

Using this new method, solvation energies for ions with extreme pKas were found to be 
unreliable and these ions, many of which were included in a previous data set used to obtain a 
value for the absolute proton hydration free energy,10 were removed from the larger data set.  
With the new data set and the improved method, the “best” value for the standard absolute 
proton hydration free energy is –263.4 kcal/mol, which is the average value for the three largest 
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clusters with 4 to 6 water molecules.  The key assumption that is inherent in this method is that 
sequential solvation energies for ideal ion pairs of opposite polarity that are the same for small 
clusters will also be the same for larger clusters. 

Although the precision of this improved cluster pair correlation method is excellent, the 
dependence of the absolute proton hydration free energy values on data set size indicates that the 
overall uncertainty of this method is much higher. There is also a slight trend in these values as a 
function of cluster size, and a much more significant trend is obtained for the enthalpy values. 
The absolute proton hydration enthalpy values decrease from –273.1 kcal/mol for clusters with 
one water molecule to –275.3 for clusters with six water molecules.  The trend in enthalpy values 
with increasing cluster size, along with an anomalously high absolute proton hydration entropy 
obtained with this method, suggests that these enthalpy values obtained with the cluster pair 
correlation method may not have converged using data for clusters with up to 6 water molecules.  
Although limited at this time, inclusion of more extensive experimental data for larger clusters, 
as it becomes available, would provide a better indication of the overall accuracy of this method. 
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11.6  Supporting Information 
 
 11.6.1  Ion Hydration Data. 
 
Table 11.S1  Standard ion solvation Gibbs free energies, ∆Grelº(Z), of ions referenced to a proton solvation energy 
value of exactly 0 and an ion concentration of 1 atm in the gas-phase and 1 mol/L in aqueous solution.  Energy 
values in kcal/mol. 

Z 

More 
Extensive 
Data Seta Kelly et al.10 Tissandier et al.11 

H+ 0.0 0.0 0.0 
Li + 137.5 137.5 137.5 
Na+ 162.7 162.7 162.7 
K+ 179.9 179.9 179.9 
Rb+ 185.3 185.3 185.3 
Cs+ 190.8 190.8  
Ag+ 147.2 147.2  
H3O+ 155.6 155.6  
CH3OH2

+ 172.9 172.9  
CH3CH2OH2

+ 177.5 177.5  
(CH3)2OH+ 186.2 186.2  
CH3C(OH)CH 3

+ 188.8 188.8  
CH3C(OH)C6H5

+ 201.4 201.4  
NH4

+ 180.7 180.7  
CH3NH3

+ 189.5 189.5  
CH3(CH2)2NH3

+ 194.4 194.4  
(CH3)2NH2

+ 197.3 197.3  
(CH3)3NH+ 204.8 204.8  
(C2H5)3NH+ 211.3 211.3  
(n-C3H7)3NH+ 215.0 215.0  
C4H8NH2

+ 199.9 199.9  
pyridineH + 204.8 204.8  
EtNH 3

+ 192.97   
PhNH3

+ 193.17   
HCONH 3

+ 183.47   
m-CH3C6H4NH3

+ 196.05   
m-NH2C6H4NH3

+ 200.05   
PyrrolidineH + 200.05   
PyrroleH+ 204.05   
AcetonitrileH + 182.75   
(CH3)2SH+ 201.05   
F– –366.5 –366.5 –366.5 
Cl– –336.6 –336.6 –336.7 
Br – –330.4 –330.4 –330.3 
I – –322.0 –322.0 –321.4 
OH– –366.8 –366.8 –366.9 
O2

– –345.4 –345.4  
HS– –334.2 –334.2  
HC2

– –338.6 –338.6  
CN– –332.3 –332.3  
CH3O– –357.1 –357.1  
HCO2

– –338.3 –338.3  
CH3CO2

– –339.7 –339.7  
C6H5O– –334.0 –334.0  
CH3S– –335.9 –335.9  
C6H5S– –325.5 –325.5  
C6H5COO– –333.25   
CF3COO– –321.25   
CH2ClCOO– –332.25   
CHCl 2COO– –324.25   
CH3SO3

– –330.07   
NO2

– –333.412   
HCO3

– –340.312   
NO3

– –325.512   
HSO4

– –332.512   
ClO3

– –321.012   
a Same values used in reference 1, unless otherwise referenced. 
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Table 11.S2   Standard ion solvation enthalpies, ∆Hrelº(Z), of ions referenced to a proton solvation energy value of 
exactly 0. Enthalpy values in kcal/mol. 
Z Marcus/Fawcett12,13,a Tissandier et al.11 
H+ 0.0 0.0 
Li + 136.713 136.5 
Na+ 164.113 164.1 
K + 183.913 184.0 
Rb+ 190.013 190.0 
Cs+ 196.013  
Ag+ 148.213  
Cu+ 123.813  
H3O+ 154.611 154.6 
NH4

+ 185.012  
CH3NH3

+ 178.812  
F– –385.713 –385.8 
Cl– –351.313 –351.3 
Br – –343.913 –343.9 
I – –333.913 –334.1 
OH– –387.912 –387.9 
HS– –344.912  
CN– –346.312  
HCO2

– –366.912  
CH3CO2

– –365.212  
NO2

– –362.112  
HCO3

– –355.412  
NO3

– –338.212  
ClO3

– –335.112  
a From Marcus12 and Fawcett13 with the exception of the value for H3O

+, which is from Tissandier et al.11 
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Table 11.S3  Negative of the sequential hydration free energy values, –∆Gn–1,n(Z), of various monovalent ions (Z) in 
kcal/mol. Superscripts indicate reference(s) from which datum was obtained. 
Ion n = 1 n = 2 n = 3 n = 4 n = 5 n =6 
Li + (25.9)49,50,a 18.950 13.350 7.550 4.550 2.550 
Na+ 17.850-52 13.250 9.250,54,58 6.050,53,54,58,59 3.650,53,54 2.950 
K+ 11.852,60,61 8.960 6.358,60 4.460 3.260 2.360 
Rb+ 9.850,52 7.050 5.050 3.850 2.850  
Cs+ 8.050,63 5.950,63 4.550,63 3.050   
Ag+ 24.864 18.864 8.664 6.164 4.764 3.764 
H3O+ 25.570,75,76,79 13.570,75,76,79 9.670,75,76,81 5.675,81 4.375,76 2.976 
CH3OH2

+ 18.665,79 12.165,79 6.865,79 4.965,79 3.665,79 2.865,79 
CH3CH2OH2

+ 16.879,84 10.879,84 6.279,84 4.679,84 3.579 4.884 
(CH3)2OH+ 15.065,77 7.577 6.277 4.577   
CH3C(OH)CH 3

+ 13.265 7.165 5.965 4.865 2.865  
CH3C(OH)C6H5

+ 9.665 7.865     
NH4

+ 12.865,75,85 8.575,85 6.165,75,85 3.965,85 2.165,85  
CH3NH3

+ 11.565,82 7.165,82 4.565,82 3.765   
CH3CH2NH3

+ 9.882 5.982 4.082    
CH3(CH2)2NH3

+ 8.858,65 5.265 3.465 2.565   
(CH3)2NH2

+ 8.265 6.165 4.065 3.065 1.265  
(CH3)3NH+ 7.465,71,86 4.065 2.665    
(C2H5)3NH+ 7.371      
(n-C3H7)3NH+ 3.571      
C4H8NH2

+ 7.480 5.380     
PyridineH+ 7.762,71 3.862 2.562    
PyrrolidineH + 7.480 5.380     
PyrroleH+ 7.180,87 3.780,87     
PhNH3

+ 8.583      
m-CH3C6H4NH3

+ 6.983      
m-NH2C6H4NH3

+ 3.283      
CH3CNH+ 15.765,88 10.065 7.265 4.765 3.065 1.465 
HCONH 3

+ 13.165,66 7.265,66 5.565,66 3.865,66 2.265,66  
(CH3)2SH+ 6.472 4.772     
F- 21.989 11.578,90,92 7.978,90,92 5.778,92 4.378,92 3.578 
Cl- 8.678,90,92,93 6.578,90,92,93 4.878,90,92,93 3.678,92,93 3.078 2.578 
Br - 7.178,90,92 5.778,90,92 4.378,90,92 3.078,92 2.378 1.978 
I - 5.478,90,92,93 4.178,90,92,93 3.178,93 2.278 (1.5)78  
OH- 19.673,75,90,94 11.475,90 9.075 5.775 4.375 4.375 
O2

- 12.591 9.791 6.691,95 4.595 3.395  
HS- 8.668 6.568 4.768    
HC2

- 10.769      
CN- 7.968,90,96 6.368 5.368    
CH3O- 17.867,74 12.467 7.167 5.067 3.667 2.767 
HCO2

- 9.257,73 6.857 5.157    
CH3CO2

- 9.357,73 6.857,73 5.257    
C6H5O- 8.373      
CH3S- 8.797 6.597 5.097 3.997   
C6H5S- 5.697      
C6H5CO2

- 8.157 5.757 4.557    
CF3CO2

- 6.857 4.757     
CH2ClCO2

- 7.757      
CHCl 2CO2

- 6.857 4.957     
HCO3

- 8.598 6.298 4.698 3.598   
NO2

- 8.290,99,100 5.957,90,95,99 4.357,90,95,99 3.295,99   
NO3

- 7.057,90,99 5.257,99 3.957,99    
ClO3

- 6.257 4.757     
HSO4

- 5.957 4.757     
CH3SO3

- 6.957 5.457 4.457    
a Enthalpy value used was obtained directly from GIBMS experiments49 and entropy value was obtained from 
extrapolation of ∆Sn–1,n values for larger Li(H2O)n

+ (n > 1) from HPMS experiments.50   
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Table 11.S4  Negative of the sequential hydration enthalpy values, –∆Hn–1,n(Z), of various monovalent ions (Z) in 
kcal/mol. Superscripts indicate reference(s) from which datum was obtained. 
Ion n = 1 n = 2 n = 3 n = 4 n = 5 n =6 
Li + 32.749 26.449,50 21.649,50 16.649,50 13.849,50 13.249,50 
Na+ 23.350,101 19.750,101 16.350,101 13.450,101 12.350 10.750 
K+ 17.460,61 16.160 13.158,60 11.860 10.760 10.060 
Rb+ 15.950 13.650 12.250 11.250 10.550  
Cs+ 13.750 12.550 11.250 10.650   
Cu+ 35.9102 38.2102 16.664,102 15.564,102 14.064  
Ag+ 33.364 25.464 15.064 14.964 13.764 13.364 
H3O+ 32.970,75,76,79 19.970,75,76,79 17.370,75,76,81 12.175,81 11.475,76 10.776 
NH4

+ 19.565,75,85 16.175,85 13.265,75,85 11.465,85 9.565,85  
CH3NH3

+ 17.865,82 14.665,82 12.465,82 10.365   
F- 27.489 17.578,90,92 14.278,90,92 13.778,92 12.778,92 10.978 
Cl- 14.278,92,93 12.878,92,93 11.778,92,93 10.978,92,93 9.678 8.878 
Br - 12.378,90,92 12.178,90,92 11.578,90,92 10.978,92 10.878 10.378 
I - 10.578,90,92,93 9.778,90,92,93 9.378,93 9.278 9.078  
OH- 26.573,75,90,94 17.875,90 16.275 12.075 11.575 11.275 
HS- 14.268 12.668 11.768    
CN- 13.768,90,96 11.768 10.768    
HCO2

- 16.073 13.857 12.157    
CH3CO2

- 16.257,73 13.357,73 10.857,73    
HCO3

- 15.798 14.998 13.698 13.498   
NO2

- 14.790,99,100 13.257,90,99 11.257,90,99 11.699   
NO3

- 13.757,90,99 13.257,99 12.357,99    
ClO3

- 13.257 11.757     

 
 

11.6.2  Obtaining the Ordinate Value at the Intersection Point Between Two Lines 
and the Propagated Uncertainty. The ordinate value, yij, at the intercept between two lines, y = 
mix + bi and y = mjx + bj, where m and b are the slope and intercepts of the lines and y and x are 
ordinate and abscissa variables, is given by 

 
yij = (mjbi – mibj)/(mj – mi)         (S1) 
 
and the propagated uncertainty in this value, ∆yij is obtained from 
 
∆yij = |∂yij/∂mi|∆mi + |∂yij/∂mj|∆mj + |∂yij/∂bi|∆bi +|∂yij/∂bj|∆bj    (S2) 
 
where ∆m and ∆b values are the uncertainty in the slope and intercept (± 1 standard deviation) of 
each line obtained from linear regression analysis of the corresponding data.  Evaluating 
Equation 11.S2 results in 
 
∆yij = |(bimj – bjmi)/(mi – mj)

2 + bj/(mi – mj)|∆mi  
+ |(bimj – bjmi)/(mi – mj)

2 – bi/(mi – mj)|∆mj  
+ |–mj/(mi – mj)|∆bi + |mi/(mi – mj)|∆bj (S3) 
 

The propagated ∆yij values are upper limits to the uncertainty in the yij value obtained from 
Equation 11.S3, because the uncertainty in the slope and intercept of a given line are highly 
correlated. 
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