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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 a real
proton solvation energy of -269.0 kcal/mol are 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 potential
of the nandrops are comparable to those of 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.

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 thermo-
chemical redox potentials. This relative ladder of values is
anchored to the standard hydrogen electrode (SHE), H+ + e-

f 1/2H2(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 ap-

proaches 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 at infinite distance.2 The absolute Gibbs free
energy of the SHE reaction, ∆Gabs(SHE) (which is related to
the standard redox potential, E°, by ∆G ) -nFE°, where n is
the number of transferred electrons and F is the Faraday
constant), is given by

where ∆Gat(1/2H2) and ∆Gion(H) are the atomization and
ionization energies of molecular and atomic hydrogen, respec-
tively, and R(H+,aq) is the real proton solvation free energy.
This latter value can be expressed as

where µ(H+,aq) is the chemical potential of the hydrated proton,
e is the elementary charge, and �(aq) is the surface potential of
the bulk air-water interface as a result of the orientation of
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water molecules at the interface. Trasatti has recommended a
value of +4.44 V for the absolute SHE potential2 to the
International Union of Pure and Applied Chemists that is
obtained from a value of -260.0 kcal/mol for R(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 �(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 potential of water is negative or much different from
+25 mV, then the values obtained for R(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 versus 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
µ(H+,aq) and combine this value with the surface potential of
water, using eqs 1 and 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, which 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
ref 6) for the solvation free energy of the proton.6,7,24-26 Relating
these reported values for the solvation free energy of the proton
to the SHE potential may be complicated because of apparent
controversy as to whether or not some of these values include
�(aq).7,8,21,22 Using the most recent value of �(aq), -18 mV,
from quantum-mechanical molecular dynamics calculations,

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 nonaqueous solution for
a series of neutral aromatic compounds. The degree of correla-
tion 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 ap-
proaches, 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 electro-
chemistry is performed using large aqueous nanodrops to obtain
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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 +4.29 V (revised here to +4.05 V; see Supporting
Information) was obtained. This method has the advantage that
ions that do not undergo one-electron reduction in solution may
be used to obtain the absolute SHE potential; that is, 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 are obtained. From this value, the absolute
SHE potential and real proton solvation energy are determined.
This method is largely independent of our other two nanocalo-
rimetry 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.

Experimental Section

Nanocalorimetry experiments are performed on a 2.75 T Fourier
transform ion cyclotron resonance (FT/ICR) mass spectrometer
equipped with a cooled ion cell that is equilibrated to a temperature
of -140 °C;51,53,57,58 select experiments are performed with the
ion cell equilibrated to either -110 or -90 °C. Ions are generated
by nanoelectrospray of 1-5 mM aqueous solutions of EuCl3. A

potential of +500 to +800 V relative to the heated (∼80 °C)
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 five stages of differential
pumping, accumulated for 3-9 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 4-10 s to allow the
vacuum chamber pressure to return to e10-8 Torr and to ensure
the ions have steady state internal energy distributions at the
temperature of the copper jacket (-140 °C) 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 Laboratories, 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+. In-
ternal 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 detail elsewhere.59 An irradiation time
of 2 s (20 laser pulses) is used to achieve significant photodisso-
ciation 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.

Results and Discussion

Electron Capture by Size-Selected Eu(H2O)n
3+. Nanoelec-

trospray of aqueous solutions containing EuCl3 results in the
formation of broad distributions of Eu(H2O)n

3+ and
EuOH(H2O)n

2+ clusters, which can be shifted to larger (Figure
1a) or to smaller cluster sizes (Figure 1b), by changing
instrumental parameters.57 Experimental conditions for the mass
spectrum shown in Figure 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
1c. Electron capture (EC) by Eu(H2O)55

3+ results in the loss of
16-19 water molecules from the reduced cluster (Figure 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
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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 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 2). For n g 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 mol-
ecules lost upon EC by Ru(NH3)6(H2O)n

3+ for n e 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 and 55, a broad plateau in the average number of water
molecules lost occurs and reflects competing effects of ion
solvation versus 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.

Dissociation Time Scale. For small clusters, dissociation upon
EC is fast as compared to the time scale of the experiment.51

For clusters with n g 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; that is, 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
as compared to the rate of water molecule loss.

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 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 e 140, and this value was chosen
for experiments at all cluster sizes.

Recombination Energies. In many methods used to measure
ionization energies, such as photoelectron spectroscopy, vertical

Figure 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 spectrum 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).

Figure 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.
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electron detachment energies are often obtained. In contrast,
the recombination energy values obtained in these ion nano-
calorimetry experiments correspond to adiabatic values because
the time scale of water molecule reorganization (low pico-
seconds)60-62 occurs much faster than the time scale 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 nanocalorim-
etry 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 1 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

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 4 (closed symbols).

Upon EC, the reduced precursors heat 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 molecules should be negligible. The
energy removed by each water molecule, that is, the sum of
the binding energy and the energy partitioned into the transla-
tional, rotational, and vibrational modes, is shown in Figure 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+ (] vs O) predominantly

because of the higher cluster effective temperatures for the
smaller cluster resulting in more energy partitioned into
translational and rotational modes of the products, although there
are slight binding energy differences (e0.2 kcal/mol) due to
the substantially different cluster sizes.

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 and -140 °C. 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 °C, 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

(60) Fecko, C. J.; Eaves, J. D.; Loparo, J. J.; Tokmakoff, A.; Geissler,
P. L. Science 2003, 301, 1698–1702.

(61) Fecko, C. J.; Loparo, J. J.; Roberts, S. T.; Tokmakoff, A. J. Chem.
Phys. 2005, 122, 1–18.

(62) Ohmine, I.; Tanaka, H. Chem. ReV. 1993, 93, 2545–2566.
(63) Holland, P. M.; Castleman, A. W., Jr. J. Phys. Chem. 1982, 86, 4181–

4188.
(64) Donald, W. A.; Williams, E. R. J. Phys. Chem. A 2008, 112, 3515–

3522.

(65) Klots, C. E. J. Chem. Phys. 1985, 83, 5854–5860.
(66) Klots, C. E. J. Chem. Phys. 1976, 64, 4269–4275.
(67) Klots, C. E. J. Chem. Phys. 1973, 58, 5364–5367.
(68) Klots, C. E. Z. Naturforsch., A: Phys. Sci. 1972, 27A, 553–561.

Figure 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.
The 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.

Figure 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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number of water molecules lost because more energy is
partitioned into the translational and rotational modes of the
products at higher cell temperatures due 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

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 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, and ∆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
) -nFE°).

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 1 thermodynamic cycle,

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, eq 3 can be rewritten as

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 versus n-1/3 should result in a line with a 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 is shown in Figure 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 eV and a precision (0.06
eV (Figure 5, solid line). The slope and R2 values are 19.38
and 0.997, respectively. The linear dependence of the recom-
bination enthalpies as a function of n-1/3 at larger sizes (n g
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 extrapola-
tion extends over a range of nanodrop diameters from about
1.5 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 in 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+ versus
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 5, dashed line).74,75 The vertical deviation from the best-
fit line is (0.026 eV versus (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

(69) At temperatures above -90 °C, the cluster ion abundance was too
low to perform EC measurements. At temperatures below -140 °C,
the instrument pumping efficiency dramatically decreased, and the
ion signal became unstable.

(70) Bartmess, J. E. J. Phys. Chem. 1994, 98, 6420–6424.

(71) Bratsch, S. G. J. Phys. Chem. Ref. Data 1989, 18, 1–21.
(72) de Bethune, A. J.; Licht, T. S.; Swendeman, N. J. Electrochem. Soc.

1959, 106, 616–625.
(73) Milazzo, G.; Caroli, S.; Sharma, V. K. Tables of Standard Electrode

Potentials; Wiley: Chichester, 1978.
(74) Born, M. Z. Physik. 1920, 1, 45–48.
(75) This slope was calculated using an effective water molecule radius

of 1.93 Å and dielectric constant of 78.5.

Scheme 1

∆HR ) ∆Habs(M) + ∆∆Hsolv (3)

∆HR(n) ) ∆Habs(M) + Cn-1/3 (4)

Figure 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 of the former line 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.
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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) as 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 ∂ ln ε/∂T. The effects that these parameters
have on the calculated cluster ion solvation enthalpies have been
discussed previously.48

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 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 are 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 extrapola-
tions used in these methods, highly accurate thermochemical
information can be obtained because of the high precision
possible in these measurements. The precision of our extrapola-
tion 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,
ranges from 0.04 to 0.13 water molecules for Eu(H2O)n

3+, n )
50-140, and the average of all of these values is 0.07 water
molecules (∼0.7 kcal/mol). The linearity of the Figure 5 data
indicates that the structure of water in these nanodrops does
not change significantly over this size range, consistent with
limited data obtained from infrared photodissociation spectros-
copy (vide infra) that indicate 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 are 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 × 140 ) 907).

There are other possible sources of systematic error, including
the estimation of the cluster volume, 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
volume by including the average of the effective ionic volumes
of Eu3+ and Eu2+, aji ) 0.23,80-82 which corresponds to
increasing the volume of the cluster by 0.23 water molecules;
by using (n + aji) in our analysis with aji ) +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 versus that of bulk water due to the strong
electrostatic interactions with the inner shell water molecules;
a value of aji ) -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 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 aji ) 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 time
scale in which 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 due to
more degrees-of-freedom and lower REs, which reduce radiative
cooling rates. The absence of any curvature in the Figure 5 data
suggests 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

(76) Benson, S. W.; O’Neal, H. E. Kinetic Data on Gas Phase Unimo-
lecular Reactions; U.S. National Bureau of Standards: Washington,
1970.

(77) Schnier, P. D.; Price, W. D.; Jockusch, R. A.; Williams, E. R. J. Am.
Chem. Soc. 1996, 118, 7178–7189.

(78) Gao, B.; Wyttenbach, T.; Bowers, M. T. J. Am. Chem. Soc. 2009,
131, 4695–4701.

(79) Marshall, A. G.; Guan, S. Rapid Commun. Mass Spectrom. 1996,
10, 1819–1823.

(80) The value of aji is calculated using the effective radii of trivalent
(1.275 Å) and divalent (1.093 Å) europium ions and that of a bulk
water molecule, from the density of bulk water at 298 K (0.9970
g/cm3) from refs 81 and 82.

(81) Shannon, R. D. Acta Crystallogr. 1976, A32, 751–767.
(82) Marsh, K. N. Recommended Reference Materials for the Realization

of Physiochemical Properties; Blackwell: Oxford, 1987.
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number of water molecules lost from the reduced precursor
corrected for the average loss from the precursor. This ap-
proximation should become better with increasing cluster sizes
because the sizes 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+ versus 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

Ion Coordination and the Nanodrop Surface Structure. Two
important questions must be addressed 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, because the absolute SHE potential includes
a contribution for the surface potential of the bulk air-water
interface due to the orientation of water molecules at this
interface, is the surface potential of these nanodrops the same
as that of the bulk air-water interface? 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 experiments,99 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 diffrac-
tion,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 environ-
ment 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, 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 ratios 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
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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 experi-
ments.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 either one or no
hydrogen bonds, 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 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
appear similar to the infrared spectrum of bulk water in this
region,129 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 ) 119-124, which is indistinguishable from IRPD spectra
of comparable-size nanodrops containing La3+, is shown in
Figure 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 that both
the ion coordination number and the hydrogen-bonding environ-
ment of surface water molecules on the nanodrops should be
very close to those in bulk solution. Although the surface
potential of bulk water is not accurately known and has not
been directly measured,19 many estimates4,15,19,130 and quantum
chemical ab initio theoretical results18 indicate that this potential
is relatively small. Thus, 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. The linearity of the RE values for Eu(H2O)n

3+

as a function of n-1/3 also indicates that the surface potential of
these nanodrops does not change significantly over this size
range or that this effect is small.

Real Solvation Energy of the Proton from Gaseous
Cluster Measurements. If the absolute potential of the SHE is
known, the real proton solvation energy can be obtained from
eq 1. The absolute SHE potential value obtained from this
extrapolation method (+4.11 V) corresponds to a value of
-269.0 kcal/mol for the real proton solvation energy. This value
of R(H+,aq) is more negative than that reported by Farrell and
McTigue (-260.0 kcal/mol15 revised to -261.3 kcal/mol using
Fermi-Dirac statistics for the heat capacity of the electron and
to have the same gas and solution-phase concentration50) and
by Fawcett (-260.7 kcal/mol).8 However, 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 co-workers)6,7,24 and that obtained com-
putationally by Goddard and co-workers (-266.7 kcal/mol).21

These latter values may not accurately account for the surface
potential because of the small cluster sizes used.8 However, if
the surface potential of water is small, as indicated by recent
ab initio molecular dynamics calculations,18 then our experi-
mentally measured value is in reasonable agreement with values
obtained from these two recent studies.

Conclusions

We have demonstrated three largely independent methods that
use ion nanocalorimetry to obtain a value for the absolute SHE
potential that ranges from +4.05 to +4.21 V.48,50 In our previous
two nanocalorimetry methods, the cluster solvation enthalpies
are calculated from the Born solvation model, which is a
continuum model that does not explicitly account for quantum
mechanical interactions between the ion and solvent. A key
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Figure 6. Ensemble infrared photodissociation spectrum of Eu(H2O)n
3+,

n ) 119-124, 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.

13336 J. AM. CHEM. SOC. 9 VOL. 131, NO. 37, 2009

A R T I C L E S Donald et al.



advantage of the extrapolation method demonstrated here is that
a solvation model is not required, which eliminates the ac-
companying 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 experi-
mental 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 combin-
ing this extrapolation method with laser calibrated nanocalo-
rimetry 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 nanocalo-
rimetry experiments does not include effects from counterions

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 counterion effects on reduction potentials can be investi-
gated 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 ener-
gies and solution-phase redox potentials can be directly related
from size-selected cluster measurements and that these measure-
ments can provide new insights into effects of ion solvation.
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