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Whereas the concept of absolute ionization energies, IEs, (or
reduction energies) of isolated gas-phase atoms, molecules, and ions
is well understood, and extensive data have been tabulated, the
concept of comparable absolute values in solution is obfuscated
by several factors. In solution, electrochemical half-cell potentials
are measured on a relative basis and provide a ladder or scale of
thermochemical values that is anchored to the standard hydrogen
electrode (SHE), which is arbitrarily assigned a value of exactly 0
V. The development of an “absolute” electrode potential has been
extensively debated,1 and the concept of such a potential has been
described as “necessarily something very obscure and abstruse,
which certainly escapes the comprehension of average minds.
Something like the origin of life in the world, the Arabian phoenix
of electrochemistry.”1c

In principle, the half-cell potentials of hydrated ions can be
measured directly in the gas phase and for sufficiently large clusters,
these values can potentially be related to solution-phase values.
We recently demonstrated a method whereby extensively hydrated
divalent ions are used as “nanocalorimeters” to measure the internal
energy deposition when these ions are reduced by thermal
electrons.2 Specifically, the binding energy of a water molecule to
hydrated clusters rapidly approaches a value of∼10 kcal/mol with
increasing cluster size.2,3 When a thermal electron in the gas phase
recombines with a cluster, energy corresponding to the recombina-
tion energy (RE) or adiabatic IE of the reduced species can
potentially be deposited into the ion2 (Supporting Information Figure
1). The resulting internal energy distribution can be obtained from
the number of water molecules that evaporate from the cluster.
Electron capture by M(H2O)32

2+, M ) Mg, Ca, Sr, and Ba, results
in the loss of on average 10.0-10.3 water molecules from the
reduced clusters, corresponding to an average internal energy
deposition of∼4.5 eV.2 The RE does not depend significantly on
the metal ion identity despite the wide range in second IEs of the
isolated gas-phase atoms (10.0 and 15.0 eV for Ba and Mg,
respectively). This suggests that an ion-electron pair is formed in
the reduced cluster. By comparison to calculated values for the RE
for hydrated magnesium and calcium clusters, it was demonstrated
that electron capture (EC) results in statistical dissociation for these
extensively hydrated ions and that the RE values obtained from
this experiment correspond to gas-phase reduction energies of the
clusters.

Here, we show that the reduction energy of aqueous gas-phase
nanodrops that have a concentration equivalent of 1 M Ru(NH3)6

3+

can be measured using our nanocalorimetry method. The binding
energy of water to metal ions rapidly decreases with cluster size.
For Ca(H2O)n2+, n ) 6-14, the sequential water dissociation
enthalpy decreases from 25.3 to 11.9 kcal/mol.4 For larger clusters,
we expect that this value approaches about 10 kcal/mol; the heat
of vaporization of water is 10.8 and 9.7 kcal/mol at 0 and 100°C,
respectively.5 Thus, it should be possible to quantify the energy
deposition resulting from reduction of extensively hydrated trivalent

ions from the numbers of water molecules lost from the reduced
precursor ions.

Experiments were performed on a 2.75 T Fourier-transform ion
cyclotron resonance mass spectrometer with an ion cell cooled to
130 K using a regulated flow of liquid nitrogen.6 Electrons are
produced using a 1.0 cm heated cathode that is 20 cm from the
cell center, and 40 ms electron radiation times were used.

Electrospray ionization of an aqueous∼2 mM Ru(NH3)6
3+

solution results in a broad distribution of hydrated ions (Figure 1)
that can be shifted to larger or smaller clusters.6b A nanodrop
consisting of 55 water molecules and a single Ru(NH3)6

3+ corre-
sponds to a concentration of about 1 M, which should be similar
to the activity because no other ions are present. Isolation of
Ru(NH3)6(H2O)55

3+, followed by reduction of these ions by
thermally generated electrons results in three product ions:
Ru(NH3)6(H2O)n2+, n ) 36, 37, and 38 (Figure 2). In contrast to
the alkaline earth cation clusters, Ru ions are likely reduced in these
clusters. These results show that a weighted average of∼18.2 water
molecules are lost. Residual activation of the ions by blackbody
radiation or collisions with residual gases result in a loss of<0.1
water molecules, and the average water loss from EC reported here
is corrected for this minor background dissociation. From this value,
an average internal energy deposition resulting from EC by the
precursor ion of 18.2× 10 kcal/mol≈ 182 kcal/mol (7.9 eV) is
obtained. The maximum energy deposition corresponds to a value
between 19 and 20 water molecules lost or∼8.2 to 8.7 eV. By
comparison, the third IE of isolated Ru atoms is 28.5 eV. This
indicates that the ions are significantly stabilized by solvation in
the nanodrop. The deposited internal energy is reflected by the
distribution and the intensity of the product ions.2,7 The observed
distribution is very narrow and on the order of(15 kcal/mol
(0.7 eV).

To determine the effect of cluster size on the number of
water molecules that evaporate from the cluster, EC spectra of
Ru(NH3)6(H2O)n3+ were measured forn between 18 and 61. For
clusters withn g 40, reduction of the precursor ion results only in
loss of water molecules, the average number of which reaches a
broad maximum betweenn ) 40-55 (Figure 3). For clusters with
n e 37, a competing channel is observed where loss of one
ammonia molecule accompanies water loss. The average ligand loss
(including the ammonia loss channel) decreases with cluster size
for n < 37, an effect presumably due to higher ligand binding
energies to the smaller reduced species. This effect may be
counteracted by increasing RE with decreasing cluster size,2b but
the effect of higher binding energy is predominant. The average
number of water molecules lost from the larger clusters decreases
slightly from the maximum, an effect that is predominantly
attributable to greater ion stabilization with increasing nanodrop
size. A larger number of degrees of freedom8 and slightly higher
water binding energies due to surface energy effects9 with increasing
cluster size may also contribute.2b
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These gas-phase measurements can be related to solution-phase
reduction potentials at 0 K by thethermodynamic cycle described
in eqs 1-5. The measured RE (eq 1), obtained from the number of
water molecules lost from the reduced precursor (assuming statisti-
cal dissociation), is combined with the solvation energies of the
reactantEsolv(3+) and productEsolv(2+) clusters (eq 2 and 3)
obtained from Born theory and the adiabatic electron affinity (AEA)
of water (eq 4) resulting in an approximate energy for solution-
phase reduction (eq 5) referenced to an electron in aqueous solution
(or a gas-phase electron by omitting eq 4).

For gas-phase∼1 M aqueous Ru(NH3)6
3+, we estimate this value

to be roughly-8.2 + 3.1 + 1.3 ≈ -3.8 eV, where the 0 K AEA
of water is ∼1.3 eV,10 and the∆EsolV(3+,2+) is -3.1 eV (see
Supporting Information for details). This 0 K energy can be
temperature corrected to 25°C and related to a half-cell potential
(∆G ) -nFE). By comparison, the one-electron reduction potential
of Ru(NH3)6

3+ in aqueous solution, extrapolated to infinite dilution,
is +0.1 eV versus the SHE.11 Within the limits of the approxima-
tions and uncertainties associated with our method, this suggests
that eq 5 or the SHE can be assigned an absolute value to which
all other half-cell potentials can be referenced. Results from
additional redox couples can provide information about the accuracy
of this method. Such studies, combined with temperature correction
estimates, are ongoing. It should be emphasized that the reduction
energy from eq 5 corresponds to reduction of the ion by a solvated
electron versus an electron from a metal electrode in solution;
relating these two values is made more complicated by the absence
of any counterions or junction potentials in the gas phase and other
factors. However, a key advantage of this approach to measuring
absolute half-cell reduction potentials over methods that use
solvation models and IEs of the bare ion12 is that solute-solvent
specific interactions which are poorly accounted for in solvation
models13 are accurately accounted for in our measurements.
Additional advantages include that the effects of counterions,
dilution, and chemical form are easily controlled and individually
quantifiable, and half-cell reactions not directly observable in
aqueous solution, such as a one electron reduction of hydrated Fe2+,
can be readily measured in the gas phase.
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Figure 1. ESI mass spectrum of∼2 mM aqueous Ru(NH3)6
3+ showing

hydrated clusters, Ru(NH3)6(H2O)n3+, with n indicated in the figure.

Figure 2. Electron capture dissociation products resulting from reducing
isolated Ru(NH3)6(H2O)55

3+ with thermally generated electrons. Inset is the
calculated theoretical isotope distribution for then ) 37 product ion.

Figure 3. The average number of ligands lost because of electron capture
by Ru(NH3)6(H2O)n3+ as a function of cluster size. Forn g 40, loss of
water is the only process observed. Forn e 37, a competing channel
corresponding to loss of water molecules accompanied by loss of a single
ammonia molecule is observed.
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