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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 for 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 the 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(H,0),*" (n = 42—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). This extrapolation method has the advantages that

it does not require estimates of the absolute proton or hydrogen hydration enthalpies.

Introduction

Information about the effects of solvent on ion structure and,
conversely, how ions influence solvent organization is funda
mental to understanding the molecular structure and stability
of ions in solution. lon—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. lon—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 divalent* and trivalent® metal ions, as
well as those that contain solvent-separated ion pairs. Informa-
tion about the structures of such microhydrated ions has been
obtained from avariety of thermochemical,>*® spectroscopic,®”’
and computational approaches.®° From these and other studies,
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detailed information about how water organizes around ions and
how hydration affects the structures of the ions themselves can
be obtained. ! Information about how afinite number of water
molecules can solvate and cause dissociation of ionic salt pairs,®
as well as acids,*? may also be deduced.

One of the most fundamental charged speciesis the electron,
which in liquid water is ephemeral, owing to its high reactivity
(E°y, = —2.6 to —2.9 V)™ with trace impurities (the rate
constants of e~ (ag) reacting with many different trace species
found in water containing e (ag) is on the order of 10° or 10
L mol~* s79).%% The kinetics, thermodynamics, and dynamic
properties of the hydrated electron, which is likely in an s-like
ground state orbital and is trapped in a cavity surrounded by
water molecules,***> have been previously investigated using
an assortment of experimental and theoretical techniques,
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including measurements of reaction kinetics from radiolysis
studies,*® 2 electron spin resonance of an excess electron
trapped in ice,>® Raman spectroscopy,®® and computations.®*

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 agueous solution and an electron at rest under
vacuum at an 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 egs 1,%% 2,'° and 3.%°

H+OH —e +H,0 1
e +H —H @)
e + NH,” —H + NH, )

From the enthalpy of any of these reactions and a corresponding
Born—Haber type thermodynamic cycle, a value for the solva-
tion 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 under vacuum. However, obtaining an accurate value
for the proton solvation enthalpy is challenging because, in
solution, it isnot possible to directly separate the thermodynamic
contribution of a single ion from its counterion. Instead, ion
solvation enthalpies of one ion relative to another ion are
obtained from solution-phase redox and/or dissolution experi-
mental data. Thisresultsin aladder of relative thermodynamic
values which is anchored to the value for the proton that is
commonly assigned an arbitrary value of 0.

Much effort has been devoted toward 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.?® 32 In combination with
these proton solvation enthalpy values, vaues for the electron
solvation enthalpy can be obtained from the three different pulse
radiolysis methods. Han and Bartels'® reported avalue of —1.31
eV for the hydration enthalpy of the electron using the proton
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solvation enthalpy value recommended by Conway (—267 kcal/
mol)?® and other thermodynamic values. Shiraishi et al. reported
avalue of —301.6 kcal/mol referenced to that of the proton.*®
Schwarz reported a value of 66.3 kcal/mol for the formation
enthalpy of the hydrated electron referenced to that of the
hydrated proton.?° Using the same proton solvation enthal py?®
as that used by Han and Bartels™® results in a range of values
from —1.31 to —1.50 eV for the solvation enthalpy of the
electron from these three'® 2° pulse radiolysis studies. Com-
bining this range in values derived from the pulsed radiolysis
methods'®2° with the range of the proton solvation enthalpies
that have been reported®® =2 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 investi-
gated by probing the structures, reactivities, and dynamics of
stable water clusters that contain an excess eectron, (H,0),~, %
as well as investigating stable clusters that contain an excess
electron and a metal ion: e.g., M(H,0), (M = Li,* Na34°¢
C9)*" and M(H,0)," (M = Mg,**84° Ca>). Other insightsinto
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 17(H,0),,>"? or from photo-
electron spectroscopy of Na~(H,0),.** 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 isinteresting to know how water organizes around the electron
in these types of clusters. Neumark and co-workers reported
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that at least three different (H,O),,~ isomers were formed using
a supersonic expansion cluster source based on the measured
vertical detachment energies (VDESs) of these clusters for n up
to ~150.3* One of these isomers is reported to have an internally
solvated electron based on the comparison of the measured
VDEs with calculated values.**> 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.®* 43

An alternative and unorthodox approach to probe the interac-
tions of metal ions, electrons, and water is to investigate the
thermodynamics of ion solvation by measuring the recombina-
tion energies (REs) resulting from electron capture (EC) by
nanometer-sized hydrated metal ions.>*~% |n 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, because the rate of water reorganization is
much faster than the time scale 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.>3** This technique has been used to obtain a value
for the absolute standard hydrogen electrode potentia from three
different nanocalorimetry-based methods that all agree within
5% of each other (+4.05, +4.11, and +4.21 V).53555¢

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(H,0),2" (n >
22) results in the formation of an ion—electron pair.>”>° The
trend in the REs with increasing cluster size for Ca(H,0),?" (n
up to 62) is consistent with a transition from a surface-located
electron to a more solvated electron at n &~ 47.%" Interestingly,
Neumark and co-workers interpret the trend in the VDESs of
(H20),~, for the isomers that have the highest VDEs, as having
atransition from a surface to an internally bound electron with
increasing size for n between 12 and 25;°** time-resolved
photoel ectron data a so appear consistent with this transition to
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a bulk-like electron at n > ~25.% 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 (H,O),~, 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 (H,O),™.

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 have been investigated. The
trend in the REs for La(H,0),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. Thisvalue
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.

Experimental Section

All experiments were performed on the Berkeley 2.75 T Fourier
transform ion cyclotron resonance mass spectrometer equipped with
an external nanoel ectrospray ion source and an ion cell surrounded
by a temperature-controllable copper jacket that is equilibrated to
133 K.2°964 Extensively hydrated ions are formed by nanoelec-
trospray from ~5 mM aqueous solutions of metal(I11) chloride or
nitrate salts. A positive potential of ~500—800 V relative to the
heated capillary (~75—100 °C) entrance of the mass spectrometer
is applied to a Pt wire that is in direct contact with the metal(111)
salt solution. This solution is contained in a borosilicate capillary
that has an inner tip diameter of ~2 um. lons 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 N,(g) is pulsed into the cell chamber to pressures of
~1 x 1078 Torr to enhance trapping and thermalization of the ions.
A mechanical shutter is subsequently closed to prevent additional
ions from entering the cell. lons are stored for an additional
~3.0—9.0 s so that the ion cell pressure returns to <1078 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,> 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
—1.5V 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 potentia is applied to the cathode
at al other times to prevent electrons from entering the cell. A
potential of +9 V is applied to a Cu wire mesh mounted 0.5 cmin
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 previously®*** using calculated harmonic
frequencies for an energy-minimized B3LY P/LACVP**++ struc-
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Figure 1. (&) Nanoelectrospray ionization mass spectrum of an agueous
LaCl; solution showing distributions of La(H,0),°>" and LaOH(H;0).2"
and (b) electron capture dissociation (ECD) mass spectrum of isolated
La(H,0)105>" 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). The inset givesa 2.5x vertical expansion of the mass
spectrum for m/z 850—920.

ture for Ca?*(H,0)4. For larger clusters, average internal energies
are obtained by scaling the vibrational degrees of freedom of
Ca(H»0)14>" by the vibrational degrees of freedom of the larger
cluster.

Molecular mechanics simulations of Mo®t1~(H,0), were per-
formed using the OPLS-2005 force field implemented in Macro-
Model 8.1 (Schrodinger, Inc., Portland, OR) at 300 K and with no
electrostatic cutoffs. Five starting structures were generated by fixing
the Mo®*/1~ bond distance (d) at ~2.6 A, which corresponds to
the equilibrium bond distance for thisionic 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 Mo*" and |~ were alowed to move relative to each other and
structures were recorded every 10 ps.

Results and Discussion

Electron Capture by Thermal Size-Selected M(H;0).>".
Nanoel ectrospray ionization of agueous solutions containing ~5
mM LaCl; results in the formation of wide distributions of
La(H,0),*" and LaOH(H,0),2" (n = 92—130 and m = 58—83;
Figure 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(H20)10:°" are shown in Figure 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(H,0).0:>" occurs, owing to
the absorption of photons from the surrounding blackbody
field.®® The average number of water molecules lost due to EC

(65) Price, W. D.; Schnier, P. D.; Williams, E. R. Anal. Chem. 1996, 68,
859-866.
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aloneis 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 molecule). Thus, the average
number of water molecules lost due to EC aloneis 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.

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.®®>° These two
competitive dissociation pathways are shown in Scheme 1.

Scheme 1

L M(H,0),,# 1 + x(H,0)

M(H,0),#* + &
: I MOH(H,0),.,_{=* + y(H,0) + H

n-y-1

The branching ratio between these two processes depends
upon the precursor cluster size and the metal ion identity (Figure
2). For La(H,0),*", pathway |1 dissociation occurs exclusively
for n < 39, whereas pathway | dissociation occurs exclusively
for n = 52. The transition between pathway | and |1 dissociation
for La(H»0),>" occurs over a slightly wider range in cluster
sizes and at significantly larger cluster sizes (n = 39—52) than
for Ca(H,0),2" (n = 22—30).%° These data are consistent with
previous results for the alkaline-earth-metal ions™ that indicate
dissociation viaH atom lossis favored for metal ions with higher
charge densities and for smaller cluster sizes. For a single size
selected La(H,0),*" cluster that dissociates via both pathways
(n = 42—48), the average numbers of water molecules lost
(between 12 and 13) via each pathway are comparable, which
indicates that loss of a H atom from La(H,0)2" (n < ~42 — 12
= ~30) occurs readily under these conditions. Possible mechanisms
for H atom loss upon EC are discussed el sewhere. 5”6

Dissociation Time Scale. For the smaller clustersinvestigated,
dissociation upon EC is very rapid relative to the time scale of
the experiments.> However, for the larger clusters, the effective
temperature of the reduced cluster decreases with increasing
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Figure 2. Normalized product ion intensities for dissociation by pathway
| (loss of water molecules, diamonds) and pathway |1 (loss of H and water
molecules, circles) resulting from electron capture by Ca(H,0).2" (open
symbols) or La(H,0),.>* (closed symbols). Rapid transitions between each
pathway occur at n = 22—30 for Ca(H,0).2" and n = 39-52 for
La(H,0),*". The data for Ca have been published previously.>® Sigmoidal
trend lines were fit to these data as a guide.



Investigating Electron Hydration

ARTICLES

11.24

-
o
o

L

\

.

108]

10.69 .

Average Number of Hp,Os Lost

N
o
ob

Figure 3. Average number of water molecules lost from La(H,0)1,5°" as
aresult of EC as a function of the reaction time delay between the end of
EC and ion detection. The dashed lineis a guide for the eye. Error bars are
propagated from 1 standard deviation in the noise level in the mass spectra.

cluster size, owing to two factors: the RE decreases with
increasing size due to increased ion solvation by additional water
molecules®®>*” 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 isimportant 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
experiments with isolated La(H,0)es*", La(H,0)15°", and
La(H,0)160%". 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 israpid. 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 msto 1.5 s in
Figure 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, adelay of 1.0 sresultsin an average
of 10.49 water molecules lost, whereas a 1.5 s delay results in
10.40 water molecules. Thisindicates that 1.0 sisasufficiently
long reaction time. For al n < 65, adelay of 40 msis used, for
65 < n< 125 adelay of 1.0 sisused, and for n > 125, a delay
of 1.5 sisused to ensure that the reaction is complete for each
cluster size investigated.

Effects of Cluster Size and lon Identity on the Extent of
Water Molecule Loss. The average numbers of water molecules
lost upon EC by M(H,0).*" (M = La, Eu) and by M(H;0)105%"
(M = Ce, Pr, Th, Ho, Tm, Lu) are shown in Figure 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 partitionsinto the products
upon water molecule loss increase with decreasing cluster size.
For example, La(H,0)3°" loses an average of 12.7 water
molecules as aresult of EC, whereas La(H,0):6>" 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

(66) Neff, D.; Simons, J. Int. J. Mass Spectrom. 2008, 277, 166-174.
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Figure 4. Average number of water molecules lost as aresult of EC alone
(data corrected for loss by BIRD) as a function of the precursor cluster
size for M(H,0),°" (M = La, Eu) and M(H,0)105*" (M = Ce, Pr, Th, Ho,
Tm, Lu). Solid arrows indicate precursor cluster sizes in which pathway |
or Il is exclusively observed for hydrated La®". The data for Eu have been
published previously.®

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.

Metal ion identity can strongly affect the extent of water
molecule loss from the nanodrops as aresult of electron capture.
For example, the average number of water molecules lost from
Eu(H,0)10:" (16.0 water molecules) is much greater than that
for M(H,0)105*>" (M = La, Ce, Pr, Th, Ho, Tm, Lu), which all
lose nearly the same average number of water molecules as a
result of EC (between 11.5 and 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 €V for
Tm.®” Because the clusters containing trivalent La, Ce, Pr, Th,
Ho, Tm, and Lu lose nearly the same number of water molecules
and because many other trivalent metal ion containing water
clusters (e.g., Eu¥*, M(NH3)¢*" (M = Ru, Co, Os, Cr, 1))
lose both different numbers of water molecules (between 14
and 19) and more water molecules (up to ~5.6 more water
molecules for RU(NHz)g(H20)s5>" 52 than for La(H,0)e°"), these
data indicate that EC by M(H,0),** (M = La, Ce, Pr, Th, Ho,
Tm, Lu) results in the formation of a solvent-separated
ion—electron pair at sizes in which dissociation via pathway |
occurs (n = 42, for La(H,0),*"). These results are entirely
consistent with the fact that, in aqueous solution, one-electron
reduction of M3 = La, Ce, Pr, Th, Ho, Tm, Lu, does not occur,
whereas the one-electron-reduction potentials of Eu™ and
M(NH3)¢®" (M = Ru, Co, Cr, Os, Ir) are readily measurable.
Thus, the EC reactivity of these hydrated metal ions correlates
with the bulk solution-phase redox chemistry.

Adiabatic Recombination Energies from Experimental
Cluster Measurements. Unlike many gas-phase methods used
to determine ionization energies, ion nanocal orimetry measure-
ments can be used to obtain adiabatic recombination energy
values because the solvent reorganization time (in the low
picoseconds) is much faster than the time scale of the experi-
ment. 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 (Eo) for
each lost water molecule, and the energy that partitions into

(67) CRC Handbook of Chemistry and Physics, Internet Version; Lide,
D. R, Ed.; Taylor and Francis: Boca Raton, FL, 2007.
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the trandational, rotational, and vibrational energy of the
products.> Briefly, threshold water molecule binding energies
are obtained from the Thomson liquid drop model,%8° and the
energy that partitions into the trand ational and rotational modes
of the products upon sequential water molecule loss from the
reduced clustersis obtained from a statistical model.” A detailed
description of this method for obtaining RE values from the
average number of water molecules lost is given elsewhere.>

lon—Electron Pairing versus Reduction. It is remarkable that
atrivalent 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(H,0),.>*, the thermodynamic
cycles shown in Scheme 2 are useful, where AH;(111) isthe third
ionization enthalpy of a metal atom M, AHg,(3+,n) and
AHg(2+,n) correspond to the adiabatic enthalpy of solvating
isolated M3" or M?", respectively, in a cluster of n water
molecules, AH,y and AHp; are the recombination enthalpies
for either direct metal ion reduction or formation of an
ion—electron pair, respectively, and AH,;, is the energy corre-
sponding to direct metal reduction by the excess electron in a
water cluster containing a solvent-separated ion—electron pair,
M3*(H,0).e". From these thermodynamic cycles, the enthalpy
that drives direct metal ion reduction, AH,;,, can be separated
into the individual processes that contribute to this quantity (eq
4).

AH,, = AH,—AH = —AH 4 —AH (11—
AHg,(3+.n) + AHg, (2+.0)  (4)

From eq 4, ion—electron pair formation will be favored for
more negative values of AHg,(3+,n) (i.e, for more stable
hydrated M3"), smaller values for AH;(I11), and less negative
values of AHg(2+,n) (i.e., for less stable hydrated M2"). AHgir
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 clustersis driven by the AH;(111)
value 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 M3t(H,0), (M = La,
Ce, Pr, Th, Ho, Tm, 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. Thisis consistent
with the fact that Eu, which is directly reduced in the nanodrop,
has a higher third ionization energy (24.9 eV)®’ than the other
lanthanides investigated, which have third ionization energies
that range from 19.2 to 23.7 eV.%”

Molecular Dynamics Simulation of lon Separation in

(68) Holland, P. M.; Castleman, A. W., Jr. J. Phys. Chem. 1982, 86, 4181—
4188.

(69) Donald, W. A.; Williams, E. R. J. Phys. Chem. A 2008, 112, 3515—
3522.

(70) Klots, C. E. J. Chem. Phys. 1985, 83, 5854-5860.
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Figure 5. (a) Mo®"17(H,0)1e Structure obtained by fixing the Mo®"/1~
distance at 2.6 A (the equilibrium bond distance for thision 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 Mo*"(H,0),l~ 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 Mo®*/I~ distance to vary
freely. Mo®" (yellow sphere) and |~ (orange sphere) are marked with black
circles. (c) Center-to-center distance between Mo®" and I~ as afunction 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).

Water Clusters. To investigate the effects of solvent on the
interactions between atrivalent metal ion and an excess electron
in agueous nanodrops, OPL S-2005 molecular dynamics (MD)
simulations were performed on water clusters containing Mo®*
and |~ with up to 160 water molecules (Figure 5). I~ has an
effective ionic radius (2.2 A)™ that is comparable to the radius
(2.1 A) of the octahedral water cavity that has been suggested
to trap the hydrated electron in ice, "2 and it has been used by
others as an analogue for the hydrated electron in MD
simulations.” Mo*" is used because it is the largest trivalent
metal that is parametrized for the software package used to
perform these molecular mechanics calculations.

A representative starting structure for Mo®*'1~(H0)1ep iS
shown in Figure 5a. After 1000 ps simulation, the structure in
Figure 5b is obtained and is typical of the structures that are
sampled in these simulations. The ion-to-ion distance is plotted
as a function of simulation time in Figure 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 A, whereas for n = 160, this distance is
6.2+ 1.1 A. For the latter cluster, nearly the same distance is
obtained by running the simulation for 3 times as long (3 ns).
Simulations in which |1~ starts on the outside of a Mo®*-
containing cluster result in the same average ion-to-ion bond

(71) Shannon, R. D. Acta Crystallogr. 1976, A32, 751-767.

(72) Feng, D.-F.; Kevan, L. Chem. Rev. 1980, 80, 1-20.

(73) Frigato, T.; VandeVondele, J.; Schmidt, B.; Schutte, C.; Jungwirth,
P. J. Phys. Chem. A 2008, 112, 6125-6133.
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Figure 6. (a) Average distance between Mo®" and 1~ ({d)) obtained from
OPL S-2005 dynamics simulations at 300 K for Mo®"1~(H,0), as afunction
of nand (b) these same data plotted as (d)~* (which is proportional to the
electrostatic energy between the ions) versus n~Y3 (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 nanosecond simulations were run using five different
starting structures with an initial ion—ion bond distance of ~2.6 A for each
cluster. For n = 115, 130, 160, a 5 ns simulation using a single starting
structure was used.

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 6. The
values of (d) range from 2.8 to 6.2 A and generally increase
smoothly with increasing cluster size (Figure 6a). The large
change in (d) that occurs between n = 10 (2.8 A) and 20 (4.2
A) isdueto 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.

On the basis of Coulomb’s law, a plot of (d)~* versus n™Y2
should result in a linear relationship if the structures of the
clusters do not dramatically change as a function of cluster size
and theions do not interact significantly at infinite dilution (see
the Supporting Information). Values for (d)~*, obtained from
the cluster simulations, are plotted as a function of N3 in Figure
6b. A linear regression analysis of the simulation data for n =
20—160 results in a best-fit line with an R? value of 0.97,
indicating that the simulation data agree well with the n™23
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 A at infinite dilution. At this
distance, the Coulomb attraction between the ion and electron

3

Figure 7. Recombination enthalpies of Eu(H;0).3" (squares)®® and
La(H,0)," (circles) as afunction of =2 with (&) 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(H,0),*" (n = 55—140) or
La(H,0).** (n = 65—160). The dashed line is a linear regression best-fit
line to EC data for La(H,0).*" (n = 42—56). The data for Eu have been
published previously.®

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 theion and electron is sufficiently small that
these ions will drift apart at infinite dilution. These results
indicate that the n~2 relationship applies to cases in which an
ion—electron pair isformed in the nanodrops. Thisis 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=¥3.74

Extrapolation of Cluster Adiabatic lonization Enthalpies
to Bulk Water. To connect the cluster recombination energies
to the corresponding electron solvation process in agueous
solution and investigate the structure of the La®"-containing
nanodrops, the recombination enthal pies are plotted as a function
of the geometric dependence of these data on cluster size and
extrapolated to an infinitely large cluster size.>>*” Recombina-
tion enthal py values for La(H,0),>* and Eu(H,0),>" are plotted
asafunction of n™¥3in Figure 7 for clusters that dissociate via
pathway 1.

The recombination enthalpy values for La(H,0),>" linearly
and monotonically decrease with increasing size for n = 42—56,
but remarkably, the recombination enthalpy for n = 60 is
significantly larger than that for n = 56. For n = 60—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~Y3. The origin of this break at n = ~58 can be

(74) Makov, G.; Nitzan, A. J. Phys. Chem. 1994, 98, 3459-3466.
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explained by astructural transition from a surface-bound electron
at smaller cluster sizes to amore solvated electron at the larger
sizes: that is, an electron penetrating into the droplet. The larger
RE vaue for n = 60 than for n = 56 is due to the increased
electron solvation energy as aresult 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
La*"(H,0),, the recombination enthal py values for Eu(H,0),>"
decrease linearly and monotonically as a function of n=*2 from
n = 55 to n = 140. The difference between the Eu®* and La®"
data indicates that the nonlinearity at n = ~58 for La®" is not
due to a cluster-size-dependent phase transition.

The linear regression best fit of the La(H,0),>" datafor n =
42—56 results in a line with slope of 20 + 2 eV, a y-axis
intercept of +0.3 £ 0.5 eV, and an R? value of 0.962; for the
data with n = 65—160, linear regression results in a line with
adlopeof 17.5 + 0.4 eV, ay-axisintercept of 1.34 4+ 0.09 eV,
and an R? value of 0.993. The y-axis intercept of the latter line
corresponds to a value of —1.34 eV for the hydration enthal py
of the electron: that is, €7 (g) — e (aq). Thisvaueiswell within
the wide range of values obtained for the solvation enthalpy of
the electron (—1.0 to —1.8 eV) from the reaction enthal pies for
egs 1,'8 2,'° and 3% and the values previously reported®® =2
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 extrapol ation method to obtain the electron solvation
enthalpy is entirely independent of the pulse radiolysis
methods'®?° 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—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, Vy: 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 eV "®
and a proposed upper limit as high as +1.0 eV.”® More recent
considerations suggest that the V, of liquid water is closer to
zer0.%° The results from the nanocal orimetry data from M(H,0),
(M = Ca*, La®"; Vo ~ +0.6%” and —0.3 eV, respectively)
bracket this estimated value of ~0 for the V; of liquid water°
as well as a recently reported value of ~0 for ice.*® Potential
sources of uncertainty in these measurements are presented in
the Supporting Information.

Conclusions

The fleetingly short lifetime of an electron in aqueous solution
can obfuscate studies aimed at understanding el ectron hydration,
whereas gaseous water clusters with an electron attached can
be much longer lived, making possible characterization of

(75) Bdlard, R. E. Chem. Phys. Lett. 1972, 16, 300-301.
(76) Jortner, J. Ber. Bunsen-Ges. Phys. Chem. 1971, 75, 696—714.
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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.®* Combining an electron with a gaseous water
cluster containing a trivalent metal ion can result in either
reduction of the metal ion or formation of a trivalent metal
ion—electron pair in the overall reduced droplet. For La®"
clusters with between ~42 and 56 water molecules, capture of
an electron resultsin formation of an ion—electron pair in which
the electron is bound to the surface of the droplet, whereas
capture by larger La**-containing droplets resultsin ion—electron
pairs in which the electron is more internally solvated. By
extrapolating the recombination energies obtained from the
nanocalorimetry experiments on larger clustersto 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 nanocal orimetry
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
2.7510 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 afinite 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 beauti-
fully with traditional electrochemical experiments done in
solution and provide a bridge between gas-phase and solution
studies. An advantage of these measurements s 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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