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Abstract: Hydrated trivalent rare earth metal ions containing yttrium and all naturally abundant lanthanide
metals are formed using electrospray ionization, and the structures and reactivities of these ions containing
17-21 water molecules are probed using blackbody infrared radiative dissociation (BIRD) and infrared
action spectroscopy. With the low-energy activation conditions of BIRD, there is an abrupt transition in the
dissociation pathway from the exclusive loss of a single neutral water molecule to the exclusive loss of a
small protonated water cluster via a charge-separation process. This transition occurs over a narrow range
of cluster sizes that differs by only a few water molecules for each metal ion. The effective turnover size
at which these two dissociation rates become equal depends on metal ion identity and is poorly correlated
with the third ionization energies of the isolated metals but is well correlated with the hydrolysis constants
of the trivalent metal ions in bulk aqueous solution. Infrared action spectra of these ions at cluster sizes
near the turnover size are largely independent of the specific identity of the trivalent metal ion, suggesting
that any differences in the structures of the ions present in our experiment are subtle.

Introduction

The optical properties of lanthanide metals are strongly
affected by interactions with water molecules, which makes
them useful as luminescent sensors1,2 and imaging markers.1,3

For example, the luminescence intensity of EuIII is very sensitive
to the identity of coordinating ligands, and changes in coordina-
tion with pH enables a dipyridyl-containing cryptate complex
to be used as a sensitive probe of solution pH.2 Maximum
luminescent intensity is observed near neutral pH, corresponding
to conditions in which the metal ion is fully solvated by amine
groups from the cryptate ligand.2 Luminescence intensity
decreases with decreasing pH due to additional interactions with
water molecules,2 which are more effective than amine groups
at quenching lanthanide luminescence.4 Some of the amine
groups are protonated under these conditions and no longer
solvate the metal ion, which enables additional interactions
between water molecules and the metal ion.2 With increasing
pH, EuIII luminescence in the cryptate complex is quenched by
hydroxide ligands formed via hydrolysis.2 Another important
application of lanthanide metal ions is the use of GdIII in MRI
contrast agents.5,6 GdIII shortens the relaxation times of neigh-
boring water molecules, which increases the contrast with water
molecules in neighboring tissues.5,6 Chelation of GdIII is

necessary because the pure aqua ion is highly toxic in vivo,
but chelation reduces the MRI contrast because fewer water
molecules interact with the metal ion and these water molecules
typicallyexchangemoreslowlywithouter-shellwatermolecules.5,6

A more detailed understanding of lanthanide metal ion solvation,
dynamics and reactivity may enable the development of new
lanthanide-containing complexes with optimized interactions
with water molecules.

Gas-phase studies of microsolvated ions can provide detailed
information about the structures, stabilities, relative solvent
affinities, and reactivities of ions,7–12 but studying hydrated
multiply charged metal ions in the gas phase is particularly
challenging due to the potential for a competing charge-
separation reaction in which both products are charged. For
example, [Ca(H2O)]2+ is readily formed by condensation, but
the addition of a second water molecule to this cluster results
in the formation of the metal hydroxide with one less net charge
and a protonated water molecule (Reaction 1):13,14

[Ca(H2O)]2++H2Of [Ca(OH)]++ H3O
+ (1)
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Charge-separation reactions can prevent the formation of
larger, more highly charged cluster ions by condensation in
supersonic expansions. A different strategy to form these ions
is through evaporation from more extensively solvated ions
using methods such as thermospray15 or electrospray (ESI).16–21

Alternatively, neutral ligated clusters formed in supersonic
expansions can be subsequently ionized via electron impact.22,23

Many hydrated divalent metal ions and dianions have been
observed using these techniques, enabling characterization using
a variety of methods, including high-pressure mass spectrometry
(HPMS),16,24–26 blackbody infrared radiative dissociation
(BIRD),19,27–29 electronic spectroscopy,30 ion molecule reac-
tions,18 photoelectron spectroscopy,31 guided ion beam mass
spectrometry,21 electron capture,32–34 and infrared action
spectroscopy.35–37

Although clusters of trivalent metal ions with dimethylsul-
foxide, dimethylformamide, acetonitrile, diacetonealcohol, and
other ligands have been observed in the gas phase,22,38–45 early

attempts to form analogous complexes with water were not
successful. For example, under conditions in which ESI from
solutions containing divalent metal ion salts readily yield
[M(H2O)n]2+ ions, solutions containing trivalent metal ion salts
insteadyieldcharge-reducedionsoftheform[M(OH)(H2O)n]2+.24,26,38

Using ESI, [M(H2O)n]3+ ions were recently observed for M )
La, Ce, and Eu, and initial experiments suggest that nanometer-
scale droplets are necessary to prevent charge reduction.20 Ions
of M ) La, Tb, and Lu were subsequently observed by
McQuinn et al. in ESI experiments performed on a commercial
instrument, although the resulting mass spectra were “dominated
by abundant [H(H2O)n]+ clusters”.46

Activation of hydrated multiply charged cations can result
in dissociation by two different pathways depending on cluster
size and experimental conditions: loss of a neutral water
molecule (Reaction 2) or proton transfer to form a reduced
charge metal hydroxide and a protonated water molecule or
cluster (Reaction 3):13,16,17,47

[M(H2O)n]
x+f [M(H2O)n- 1]

x++H2O (2)

[M(H2O)n]
x+f [M(OH)(H2O)n-m-1]

(x-1)++ H+(H2O)m (3)

For large clusters, loss of a water molecule is the favorable
process. For smaller clusters, charge-separation reactions become
competitive and can ultimately dominate as the cluster size
decreases. The branching ratio for these two competitive
dissociation channels depends on the extent of hydration, the
metal ion identity, and experimental parameters. For example,
with BIRD, a low-energy activation method, [Cu(H2O)n]2+

dissociates via Reaction 2 for n > 8, via Reaction 3 for n < 8,
and both processes are observed for n ) 8.47 With collisional
activation, which can deposit more internal energy than BIRD,
Reaction 2 is favored and [Cu(H2O)]2+ can be formed from
[Cu(H2O)7]2+ using a 128 eV laboratory reference frame
collision energy with argon gas.17 This indicates that Reaction
2 is entropically favored compared to Reaction 3 in this size
range. Factors that affect the minimum number of water
molecules that are necessary to stabilize divalent ions are
discussed elsewhere.13,16,17

Here we report the observation of hydrated trivalent rare earth
metals ion clusters containing yttrium and all naturally abundant
lanthanide metals. The special reactivities of these ions are
probed with BIRD, both as a function of metal ion identity and
as the number of water molecules, revealing an abrupt transition
in dissociation behavior with decreasing cluster size. The
structures of hydrated trivalent metal ions near this critical size
are probed with infrared action spectroscopy. These are the first
studies to probe the reactivity of size-selected hydrated trivalent
metals ions in a range where a transition in reactivity occurs
and comprise the first use of spectroscopy to probe their
structures.

Experimental Section

Experiments were performed on the Berkeley 2.75 T Fourier-
transform ion cyclotron resonance mass spectrometer.48 Hydrated
ions were formed by nanospray ionization using a home-built
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interface described elsewhere.20 The copper block surrounding the
stainless steel capillary entrance to the mass spectrometer was
maintained at 90-95 °C.20 Electrospray solutions were made to
∼1 mM of the trivalent metal ion of interest, typically using
hexahydrated metal chloride salts from commercial sources, in
ultrapure water (18.2 MΩ, e4 ppb organic content) from a Milli-Q
Gradient water purification system. Ions were accumulated for 3-10
s in a cylindrical ion cell that is surrounded by a copper jacket
cooled to 130 or 220 K using a regulated flow of liquid nitrogen.19

To assist with ion trapping and thermalization, dry N2 gas is
introduced into the ion cell at a pressure of ∼10-6 Torr using a
piezoelectric valve during ion accumulation. A delay of 15-35 s,
during which time residual gases are pumped out to a cell pressure
<10-8 Torr,49 allows ions to undergo activation by BIRD so that
the hydrated ion distributions generated by electrospray shift to
smaller cluster sizes. Infrared action-spectroscopy experiments were
performed using light generated by a tunable infrared optical
parametric oscillator/amplifier (LaserVision, Bellevue, WA), which
yielded ∼60 mW of light with ∼3 cm-1 bandwidth over the
frequency range of interest. Infrared frequencies were calibrated
by measuring the action spectrum of H+(H2O)21 and comparing
this spectrum to that reported previously for this ion.8

Results and Discussion

Formation of Hydrated Trivalent Metal Ions. Hydrated ions
in an ESI mass spectrum can be formed by evaporation of water
molecules from larger hydrated precursor ions and by condensa-
tion of water molecules onto smaller hydrated ions.50 Previous
results indicate that maintaining nanometer-scale droplets
through the entire ESI process is essential to preserving the
charge states of hydrated trivalent metal ions.20 The abundance
of [M(H2O)n]3+ is generally greatest for larger values of n, e.g.,
n > 100. Attempts to shift the distribution of [M(H2O)n]3+ to
smaller n by using “harsher” conditions in the nanospray
interface generally resulted in increased abundances of
[M(OH)(H2O)n]2+ at the expense of that for [M(H2O)n]3+.
Smaller clusters can be formed by dissociation of larger clusters
in the higher pressure source region, and then undergo a charge-
separation reaction. Water can subsequently condense on these
lower-charge-state ions during the supersonic expansion that
occurs in the transition from high to low pressure in the
interface.20,50 High abundances of [M(H2O)n]3+ with substan-
tially smaller values of n, e.g., n ≈ 20-40, could be generated
by allowing larger clusters, e.g., n > 100, to gently evaporate
over the course of 15-35 s as a result of BIRD. The integrated
infrared cross sections of these ions should be roughly propor-
tional to n due to the increased number of oscillators,51–53 but
threshold dissociation energies depend only weakly on n,34 such
that larger clusters dissociate preferentially. A representative
mass spectrum obtained by trapping ions formed by ESI of
LaCl3 · (H2O)6 and subsequent dissociation by BIRD for 30 s to
obtain smaller clusters is shown in Figure 1A. Because of the
long ion storage time and low pressure, the ions should reach
a steady-state internal energy distribution that is determined by

the temperature of the copper jacket surrounding the ion cell
through radiation absorption and emission, as well as by
evaporative cooling.52,53

[M(H2O)n]3+ ions were observed for yttrium and all naturally
abundant lanthanide metals using this approach. Ion intensities
were adequate to enable dissociation experiments for all metals
except M ) Yb; intensities for this lanthanide were at least an
order of magnitude weaker than those for the remaining M.
Under conditions that readily yielded [M(H2O)n]3+ for the
remaining M, [Yb(H2O)n]3+ intensities were <1% of the total
ion signal in ESI mass spectra; intense signals for
[Yb(OH)(H2O)n]2+ were observed instead. The low signal
observed for [Yb(H2O)n]3+ precluded additional characterization
of these ions.

Dissociation Pathways. BIRD at a copper jacket temperature
of 220 K of [La(H2O)n]3+, n g 19, results exclusively in the
loss of a single neutral water molecule (Reaction 2), whereas
BIRD of [La(H2O)17]3+ results exclusively in charge separation
(Reaction 3). BIRD of [La(H2O)18]3+ results in dissociation via
both pathways to form [La(H2O)17]3+, [La(OH)(H2O)13]2+,
[La(OH)(H2O)14]2+, [H(H2O)3]+, and [H(H2O)4]+ (Figure 1C).
One second BIRD reaction times were used to ensure that any
subsequent depletion of product ions through either of these
two reactions is minimized. Protonated water cluster products
were not directly measured in most experiments in order to
optimize instrument detection conditions for the higher m/z ions.
The intensities of these products were instead estimated as 1/2
those of the corresponding [M(OH)(H2O)n]2+ products, which
accounts for the different charge states. Formation of the
protonated water cluster products was confirmed by additional
experiments in which mass spectra were also obtained for lower
m/z values.

Similar experiments were performed for each of the metal
ions. The neutral-loss fraction, defined as the fraction of all
product ions that are formed via Reaction 2, resulting from 1 s
BIRD at a copper jacket temperature of 220 K for precursor

(49) One of the UHV pumps normally used for experiments on this
instrument was not functional for some of the spectroscopy experi-
ments, resulting in high base pressures (∼3 × 10-8 Torr) and an
overall reduction in S/N.
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(52) Price, W. D.; Williams, E. R. J. Phys. Chem. A 1997, 101, 8844–
8852.

(53) Price, W. D.; Schnier, P. D.; Jockusch, R. A.; Strittmatter, E. F.;
Williams, E. R. J. Am. Chem. Soc. 1996, 118, 10640–10644.

Figure 1. ESI mass spectrum of a solution of 1 mM LaCl3 obtained at a
copper jacket temperature of 220 K and a BIRD delay of 30 s to produce
smaller clusters (A), isolated [La(H2O)18]3+ (B), and a product spectrum
resulting from 1 s BIRD of [La(H2O)18]3+ (C).
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ions containing M ) Y and all naturally occurring lanthanide
metals except M ) Yb, are plotted as a function of cluster size
in Figure 2. The transition between the two dissociation
pathways occurs over a narrow range of n (3 or 4) for each M
(Figure 2), but there are significant differences in these ranges
between the various metal ions studied.

Effect of Trivalent Metal Ion Identity on Dissociation
Pathways. An alternative way to compare the reactivity of these
hydrated trivalent metal ions is to determine the effective cluster
size at which the rates of Reaction 2 and Reaction 3 become
equal by finding the intercept between the neutral-loss curves
and the line drawn at a neutral-loss fraction of one-half. These
values, designated turnover sizes, are shown in Figure 3 and
exhibit a strong dependence on metal ion identity.

With BIRD, the smallest [M(H2O)n]3+ product ions contain
17, 18, and 19 water molecules for M ) La, Tb, and Lu,

respectively. In contrast, the smallest [M(H2O)n]3+ products
observed by McQuinn et al. from collisionally activated
dissociation (CAD) of [M(H2O)48]3+ contained 15, 16, 18 for
M ) La, Tb, and Lu, respectively.46 The internal energy
deposition in the CAD experiments is considerably greater than
that in the BIRD experiments, and comparison of these results
indicates that the loss of a neutral water molecule is entropically
favored compared to the loss of a protonated water cluster,
consistent with analogous results for hydrated sulfate dianions.29

Because BIRD is a very “gentle” activation method, especially
at 220 K, the cluster size at which the transition occurs is likely
an upper limit to what would be observed by other activation
methods. Significantly smaller [M(H2O)n]3+ clusters could very
likely be generated using more energetic activation methods.

Reactivity and Ionization Energies of the Isolated Metals.
Kebarle and others have made pioneering contributions to
understanding trends in reactivity for the competitive loss of a
neutral water molecule or a protonated water molecule from
hydrated divalent metal ions. In a thermochemical cycle reported
by Kebarle and co-workers, values for the second ionization
energies (IEs) of the metals and hydroxyl binding energies to
the singly charged metal ion were determined to have the
greatest effect on the observed reactivity of the hydrated divalent
metal ions.24 Many subsequent investigations of [M ·Ln]x+ ions,
where L refers to a solvating ligand, e.g., acetonitrile, dimethyl-
sulfoxide, methanol, or water, demonstrated that several aspects
of the formation and reactivity of the these ions were predomi-
nantly attributable to the relevant IEs of M and L.17,22,38,42–44,54,55

In contrast, the present study shows that the turnover sizes of
[M(H2O)n]3+ are not well correlated with the third IEs of the
isolated metals (Figure 4). For example, the third IEs of Ce
and Eu differ by 4.7 eV and the turnover sizes of the hydrated
trivalent metal ions differ by only 0.1 water molecules, whereas
the third IEs of Gd and Lu differ by only 0.3 eV and the turnover
sizes of these hydrated trivalent metal ions differ by 2.1 water
molecules.

Although Kebarle’s thermochemical cycle24 is correct, the
[MOH]+ product in that thermochemical cycle is treated as a

(54) Wright, R. R.; Walker, N. R.; Firth, S.; Stace, A. J. J. Phys. Chem. A
2001, 105, 54–64.

(55) Shvartsburg, A. A.; Wilkes, J. G. J. Phys. Chem. A 2002, 106, 4543–
4551.

Figure 2. Neutral-loss fractions, defined as the fraction of all product ions
that are formed via Reaction 2, measured after 1 s BIRD at a copper jacket
temperature of 220 K. Error bars are one standard deviation. Color figure
available as Supporting Information Figure 1.

Figure 3. Turnover sizes, defined as the effective cluster size at which the
neutral-loss and charge-separation reaction rates become equal, for
[M(H2O)n]3+ determined using the data in Figure 2. Error bars are two
standard deviations. Experiments were not performed for M ) Pm and Yb.

Figure 4. Turnover size plotted versus the third IEs of the isolated metals.
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singly charged metal ion interacting with a hydroxyl radical,
rather than as a divalent metal ion interacting with a hydroxide
anion. A modified thermochemical cycle devised by Beyer et
al. replaces the terms involving electron transfer with more
chemically intuitive terms involving proton transfer.13 That
analysis and calculations exploring the transition state for charge
separation indicate that effects of second IEs on the charge-
separation chemistry of [M(H2O)2]2+ ions, M ) alkaline earth
metals, are indirect.13

Another important consideration is that the IEs of metals
hydrated in water nanodrops can be considerably different than
those in isolation. For example, calculated adiabatic IEs for
[Mg(H2O)n]+ rapidly decrease from 15 eV for n ) 0 to 10 eV
for n ) 3.56 Depending on the level of theory, this value
converges to ca. 4-7 eV with increasing n.56 Electron capture
nanocalorimetry experiments indicate that the electron recom-
bination energies for [M(H2O)32]2+ are 4.4,32 7.8,34 and 4.5 eV,32

for M ) Ba, Cu, and Mg, respectively, whereas the second IEs
of the isolated metals are 10.0, 20.3, and 15.0 eV. For large
hydrated ions such as these, the recombination energies cor-
respond to the adiabatic IEs of the reduced hydrated metal
ions.33,34 In all of these cases, the second IEs of moderately
solvated metal ions are considerably less than the IE of a water
molecule, consistent with charge-separation reactions from
[M(H2O)n]3+ occurring through proton transfer rather than
electron transfer.

Reactivity and the Hydrolysis Constants in Aqueous
Solution. Metal-mediated water hydrolysis in aqueous solution
(Reaction 4)

M3+(aq)+H2Of [MOH]2+(aq)+H+(aq) (4)

is very similar to the gas-phase charge-separation reaction
observed for small [M(H2O)n]3+ (Reaction 3). Interestingly, the
gas-phase turnover sizes for [M(H2O)n]3+ ions appear to be
reasonably well correlated with solution hydrolysis constants57

(Figure 5). Proceeding across the lanthanide metals series, data
for M ) La-Gd and Sm-Lu can both be fit well by straight
lines. M ) Sm, Eu, and Gd can be fit equally well by both

lines, and this behavior is generally consistent with a “gado-
linium break.”

Many aspects of the coordination chemistry and reactivity
of the lanthanide metals have transitions in the middle of the
series that are often referred to as “gadolinium breaks.” For
complexes with the same coordination number (CN), the ionic
radii of the lanthanide metals monotonically decrease with
increasing atomic number due to poor shielding between the
nucleus and the 5s25p6 valence shell by the 4f electrons (the
lanthanide contraction),58 and to a first approximation, metal
ion hydrolysis constants are inversely proportional to ionic
radii.59 An additional factor is that the CN of lanthanide metal
complexes, including hydrated lanthanide metal ions in bulk
aqueous solution, change from nine for metals with small atomic
numbers to eight for metals with large atomic numbers. For
example, the partial molar volumes in aqueous solution and
Pauling ionic radii for trivalent La, Pr, and Nd (CN ) 9) are
directly related, as are those quantities for Tb, Dy, Ho, Er, and
Yb (CN ) 8), but those for Sm and Gd show intermediate
behavior, indicating variable CN (Eu was not included in that
study, but lies between Sm and Gd in the lanthanide series).60

This comparison indicates that the free energies of the eight-
and nine-coordinate forms of trivalent Sm-Gd are very close
and that the chemistry of these ions may be very sensitive to
small changes in environment and interactions.

Infrared Action Spectra of Hydrated Trivalent Lanthanum.
Infrared action spectra of selected [M(H2O)n]3+ ions were
measured for n near the turnover size and are shown in Figure
6. These spectra were measured in the free-OH region
(3600-3760 cm-1), which corresponds to the stretching modes
of hydroxyl groups that do not donate a hydrogen bond. Many
studies have shown that these bands are particularly useful for
characterizing hydrated ion structure.7–9,11,36,61,62 Hydrogen-
stretch spectra acquired at lower frequencies, corresponding to
hydroxyl groups that donate a hydrogen bond, can provide
additional information, but this region of the spectrum can be
challenging to interpret because of band broadening, spectral
congestion, and other factors.8,36,37 Because [M(H2O)n]3+ readily
dissociates due to ambient radiation alone under these condi-
tions, the absorption of just one laser photon should cause
observable photodissociation and the relative intensities in these
action spectra should be very similar to those of true absorption
spectra.

The spectra of [M(H2O)n]3+ exhibit a four-band structure that
is qualitatively similar to those observed for [H(H2O)n]+.7,8

These bands, marked using the notation of Shin et al.,8 are
attributable to nonbonded hydrogen stretches of water molecules
in different hydrogen-bonding configurations, shown schemati-
cally in Figure 7. Bands a and d are assigned to the symmetric
and asymmetric stretches of single-acceptor only water mol-
ecules (A, one-coordinate water), respectively, and bands b and
c are assigned to the dangling-OH stretches of double-acceptor-
single-donor (AAD, three-coordinate water) and single-acceptor-

(56) Reinhard, B. M.; Niedner-Schatteburg, G. J. Chem. Phys. 2003, 118,
3571–3582.

(57) Klungness, G. D.; Byrne, R. H. Polyhedron 2000, 19, 99–107.
(58) Seitz, M.; Oliver, A. G.; Raymond, K. N. J. Am. Chem. Soc. 2007,

129, 11153–11160.
(59) Baes, C. F.; Mesmer, R. E. The Hydrolysis of Cations; John Wiley

and Sons: New York, 1976; pp 407-409.
(60) Spedding, F. H.; Pikal, M. J.; Ayers, B. O. J. Phys. Chem. 1966, 70,

2440–2449.
(61) Kamariotis, A.; Boyarkin, O. V.; Mercier, S.; Beck, R. D.; Bush, M. F.;

Williams, E. R.; Rizzo, T. R. J. Am. Chem. Soc. 2006, 128, 905–916.
(62) Bush, M. F.; Prell, J. S.; Saykally, R. J.; Williams, E. R. J. Am. Chem.

Soc. 2007, 129, 13544–13553.

Figure 5. Turnover size plotted versus the first hydrolysis constant, log
0�1(M),57 for each trivalent metal ion studied in bulk aqueous solutions.
Linear best fits are shown for La-Gd (dashed line) and Sm-Lu (solid line).
Note that the elements near the middle of the lanthanide series, Sm, Eu,
and Gd, are included with both sets.
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single-donor (AD, two-coordinate water) water molecules,
respectively.7,8 In addition, the infrared spectra of [Ca(H2O)n]2+,
n g 8, indicate that double acceptor-only water molecules (AA,
Figure 7) are important hydrogen-bonding motifs in the solvation
of hydrated multiply charged cations.36 The asymmetric stretch
of AA water molecules produces an intense band at a similar
frequency to the dangling-OH stretch of the other two-coordinate
motif (AD),36 and the symmetric stretch is tentatively assigned
to the lowest-frequency band (a*).

The four-band structure for [La(H2O)n]3+ occurs at signifi-
cantly lower frequencies than that for [H(H2O)n]+, consistent
with increased charge transfer from water molecules to higher
charge-density cations.11,36,63 On the basis of comparisons with

the spectra reported previously for [H(H2O)n]+,7,8 and
[Ca(H2O)n]2+,36 the increasing relative intensity of bands a, b,
and d in the infrared spectra of [La(H2O)n]3+ is most consistent
with additional one- and three-coordinate water molecules,
relative to two-coordinate water molecules, with increasing n.
For example, if an AD-water molecule forms a new hydrogen
bond to a free water molecule, the former would adopt an ADD
configuration and exhibit no free-OH bands (band c depleted),
whereas the later would adopt an A configuration and exhibit
bands a and d (Figure 7). Alternatively, if an AA-water molecule
forms a new hydrogen bond to a free water molecule, the former
would adopt an AAD configuration exhibit band b (band c
depleted), whereas the latter would adopt an A configuration
and exhibit bands a and d (Figure 7).

The decreasing intensity of bands a and d, associated with
one-coordinate water molecules, with decreasing n suggests that
such water molecules may be fully depleted for n ≈ 16. That
cluster size may correspond to a tight, multishell core around
trivalent lanthanum, to which additional water molecules bind
in less favorable orientations. However, it is almost certain that
multiple structures contribute to these infrared spectra and it is
challenging to assign these spectra to specific structures.
Disrupting water molecules involved in such a strongly bound
core may be unfavorable, making hydrolysis of water a
competitive process. Additionally, the activation barrier for
hydrolysis may be reduced in the high-electric-field environment
present in a minimally solvated, highly charged ion. If a salt-
bridge structure is formed, the barrier to dissociation for hydrated
H3O+ would be significantly lower than that for the loss of a
water molecule due to Coulombic repulsion.13

Effect of Trivalent Metal Ion Identity on Hydrated Ion
Structure. The spectra of [M(H2O)19]3+ and [M(H2O)20]3+

exhibit no discernible dependence on metal ion identity (Figure
6), even though the gas-phase turnover sizes and solution
coordination numbers do. This suggests that the structures of
[M(H2O)n]3+, n ≈ 20, are similar for all rare earth metal ions.
The differences in gas-phase turnover sizes may be the result
of subtle differences in activation energies for the two processes
rather than significant differences in ion structure. Because
dissociation in these BIRD experiments is kinetically controlled
and likely occurs near threshold, branching ratios for Reaction
2 and Reaction 3 are likely to be extremely sensitive to even
very small differences in the threshold dissociation energies for
these two processes. The binding energy of a water molecule
to the cluster increases with decreasing n in this size range.
With decreasing n, the barrier to Reaction 2 increases, whereas
the higher charge densities may lower the barrier to salt-bridge
formation in Reaction 3.

It is also possible that there are subtle differences in structure
that are not reflected by the IR spectra in the free-OH stretch
region. Additional spectra in the bonded-OH stretch, water bend,
or fingerprint regions may provide complementary information,
but previous results for [H(H2O)n]+7-9 and [Ni(H2O)n]+11

indicate that spectra in the free-OH region are most sensitive
to hydrated cation structure. Alternatively, the f-f electronic
spectra of aqueous Nd3+, Ho,3+ and Er3+ are very sensitive to
the number of coordinating ligands,64 and the f-f electronic
action spectra of hydrated trivalent metal ions in the gas phase
may strongly complement these infrared spectra. Previously,
d-d electronic action spectra of [Co(H2O)4-7]2+ provided

(63) Cappa, C. D.; Smith, J. D.; Messer, B. M.; Cohen, R. C.; Saykally,
R. J. J. Phys. Chem. B 2006, 110, 5301–5309. (64) Karraker, D. G. Inorg. Chem. 1968, 7, 473–479.

Figure 6. Infrared action spectra of [M(H2O)n]3+, with M and n identified
on the figure, obtained at a copper jacket temperature of 220 K. Both raw
photodissociation data (markers) and a three-point average (line) are shown
for M ) Y, Pr, Tb, and Tm.49

Figure 7. Acceptor (A) and donor (D) hydrogen-bonding configurations
expected to contribute to the reported infrared spectra. The expected bands
for each configuration are noted in lower-case italics and marked in Figure
6.
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insights into the temperature-dependent spectra of divalent cobalt
in aqueous solution.30

Other Hydrated Trivalent Metal Ions. Under conditions
which readily yield [M(H2O)n]3+ ions for most lanthanide
metals, ESI mass spectra of soutions containing MIII ) Al, Cr,
Fe, In, and Sc, exhibit no [M(H2O)n]3+ ions. Charge-reduced
ions and/or protonated water clusters are observed instead. For
example, conditions that yield [La(H2O)n]3+ ions from a LaIII

salt (Figure 8A) and [Fe(H2O)n]2+ ions from an FeII salt (Figure
8B) yield only [Fe(OH)2(H2O)n]+ and [H(H2O)n]+ ions from
an FeIII salt (Figure 8C).65 Lowering the temperature of the
stainless steel capillary increased the number of solvating water
molecules20 but did not affect the charge states of the ions
observed.

The absence of [M(H2O)n]3+, M ) Al, Cr, Fe, In, and Sc,
ions in these mass spectra is primarily attributable to the first
hydrolysis constants of these metals in aqueous solution,59 which
indicate that the metals are predominantly hydrolyzed in pure
aqueous solution. Addition of HCl at concentrations ranging
from 100 µM to 1 M to the FeCl3 electrospray solution increases
the abundance of [H(H2O)n]+ ions, but at the expense of signal
for ions containing iron. Addition of weak acids, e.g., acetic
acid, to the FeCl3 electrospray solution increases the abundance
of [H(H2O)n]+ ions and new charge-reduced species containing
the metal and the conjugate base of the weak acid, but neither
[Fe(OH)(H2O)n]2+ nor [Fe(H2O)n]3+ were observed.

Conclusions

Electrospray ionization, BIRD, and infrared action spectros-
copy have been used to form and characterize the structures
and reactivities of hydrated trivalent rare earth metal ions in
the gas phase. These ions dissociate by either the loss of one
neutral water molecule (Reaction 2) or by the loss of a small
protonated water cluster (Reaction 3). Relative rates for these
two dissociation processes depend strongly on metal ion identity
and cluster size. The transition from dissociation exclusively
via Reaction 2 to exclusively via Reaction 3 occurs over a
narrow range of cluster sizes that differ by only a few water
molecules for each metal ion. Infrared action spectroscopy
experiments indicate that for clusters with n ≈ 17-20, over
which this transition in reactivity occurs, single-acceptor only
water molecules are depleted with decreasing n. Infrared action
spectra of [M(H2O)19-20]3+ exhibit no discernible dependence
on metal ion identity, even though the gas-phase reactivities of
these ions and solution coordination numbers do. These results
suggest that any differences in ion structure may be very subtle
and that the substantial differences in gas-phase reactivities
exhibited by ions differing by as few as one water molecule
may be attributable to very small differences in dissociation
energy for Reactions 2 and 3.

Abundances of [Yb(H2O)n]3+ were significantly lower than those
observed for the other hydrated rare earth metals, even though the
ionic radius of Yb is slightly larger than that of the smallest metal
Lu.58 Explaining the origin of the low abundances of [Yb(H2O)n]3+

remains a topic of ongoing exploration and may provide additional
insights into challenges of forming [M(H2O)n]3+ for M outside of
group III. In contrast to some previous studies of multiply charged
metal ion clusters,17,22,38,42–44,54,55 we find that the charge-separation
chemistry of [M(H2O)n]3+ does not depend directly on the
ionization energy of the bare metal ion but does correlate well with
the first hydrolysis constant in aqueous solution.

An important implication of these results, which indicate that
trivalent lanthanide ions readily hydrolyze water when not
surrounded by at least two solvent shells, is that ions that are
weak acids in bulk solution, i.e., the lanthanide metals, which
all have pKa constants greater than that of water,57 may have
considerably greater propensities to hydrolyze water and bio-
molecules in environments that lack extended hydrogen bond
networks and/or neighboring counterions. These conditions may
be present in many important environments, including the
interfaces between water and either air or membranes or in the
cavities of large biomolecules.
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Figure 1. This material is available free of charge via the Internet
at http://pubs.acs.org.
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(65) Note that these experiments cannot distinguish between

[Fe(OH)2(H2O)n]+ and [FeO(H2O)n+1]+.

Figure 8. ESI mass spectra of LaCl3 (A), FeSO4 (B), and FeCl3 (C)
obtained in pure water under identical conditions.
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