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Metal ions play an important role in the function of many
metalloenzymes. For example, the interactions of regulatory
proteins such as calmodulin with other proteins depend on whether
Ca2+ is specifically bound.1 Studies of metal ion hydration
provide information not only about the metal ion chemistry in
solution, but can lead to an improved understanding of the
structure and function of many biomolecules in which metal ion
interactions play a role. The hydration enthalpies of singly
charged metal ions in the gas phase have been extensively
investigated by using a variety of experimental techniques.2 In
contrast, gas-phase hydration studies of di- and trivalent metal
ions are significantly more limited.3-5 Kebarle and co-workers
measured free energies of hydration for a series of divalent metal
ions bound to between 7 and 13 water molecules.4b,d From these
values, hydration enthalpies for water molecules in the second
solvation shell were estimated. Recently, calculations of suc-
cessive hydration enthalpies of both inner and outer solvent shell
water molecules for several divalent metal ions have been
reported.6,7 Here, binding energies of water molecules to both
divalent calcium and nickel ions are measured by using blackbody
infrared radiative dissociation (BIRD) and master equation
modeling. These values are considerably lower than MP2
hydration enthalpies reported previously.6 They are in better
agreement with recently reported B3LYP values calculated with
large basis sets.7 To our knowledge, these are the first experi-
mental measurements of the binding energy of individual inner
shell water molecules to divalent metal ions.
Experimental measurements are performed with an external

electrospray ionization source Fourier transform mass spectrom-

eter. This instrument and the BIRD experiments have been
described previously.8 Hydrated metal ions are generated from
∼10-4 M chloride salt solutions with nanoelectrospray ionization.
The hydrated ions are trapped and thermalized by using a pulse
of N2 gas (10-6 Torr). The ion of interest is mass selected and
dissociated for times ranging from 10 to 500 s. At the low
pressures during the reaction times (<10-8 Torr), dissociation
occurs by absorption of blackbody photons generated by the
heated vacuum chamber walls.8-11 For measurements with
hydrated nickel ions, the pressure was<3 × 10-8 Torr. At this
pressure, collisions with background gas (primarily residual N2)
may affect the measured rate constants. Dissociation rate
constants are measured as a function of temperature. Under these
experimental conditions, the ion population is non-Boltzmann.
The threshold dissociation energy (Eo), the thermochemical value
of interest, is derived from the measured Arrhenius parameters
by master equation modeling.9,10 Microcanonical radiative rate
constants used in the modeling are calculated from ab initio
derived values12 and varied over a 9-fold range. Microcanonical
dissociation rate constants are calculated from RRKM theory and
adjusted to provide rapid energy exchange limitA-factors ranging
from 1014 to 1017.2 s-1. The range of values of microcanonical
rate constants used in the modeling should account for uncertain-
ties in both the calculation of these parameters and the minor
effect of collisions with background gas during the nickel
experiments. Uncertainties in the modeling as well as those in
the experimental values are included in the final error reported
for Eo. The implementation of the master equation model and
fitting procedure used to obtainEo are described in detail
elsewhere.10

Figure 1 shows the blackbody infrared radiative dissociation
data for Ca2+(H2O)6 and Ni2+(H2O)6 at 119°C. The hydrated
calcium ion dissociates more rapidly than nickel. This is
consistent with a lower hydration enthalpy due to the larger ionic
radius of calcium. For all ions studied, the only dissociation
process observed was loss of a single water molecule. Rate
constants for dissociation as a function of temperature were
measured for all hydrated ions that would dissociate with rate
constants between 0.0015 and 0.30 s-1 over a temperature range
of 22-210°C. These data are shown in an Arrhenius plot (Figure
2) from which Arrhenius parameters in the zero-pressure limit
are obtained (Table 1). Values ofEo are obtained from master
equation modeling of the kinetic data. If the reverse activation
barrier for dissociation of these ion-molecule complexes is
negligible, then the values ofEo should be equal to the binding
energy or hydration enthalpy at 0 K.
Previous results indicate that accurate dissociation energies of

small weakly bound ions can be obtained by using BIRD and
master equation modeling.10,11 As a further test of this method,
the dissociation kinetics of H3O+(H2O)n (n ) 2, 3) ions were
investigated. The measured zero-pressure limit activation pa-
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rameters and values ofEo obtained from modeling (Table 1) are
comparable to those of the hydrated metal ions. From master
equation modeling,Eo values of 19.0( 0.4 and 16.1( 0.3 kcal/
mol are obtained forn ) 2 and 3, respectively. Nearly identical

values are obtained from the dissociation kinetics of these weakly
bound clusters by using the truncated Boltzmann model of Dunbar
(Table 1).11 These values are in excellent agreement with those
obtained previously with both high-pressure mass spectrometry
(HPMS)13-16 and energy resolved collisionally activated dissocia-
tion (CAD)17 methods (Table 1). The excellent agreement
indicates that the values ofEo reported here for the hydrated
divalent metal ions should have comparable accuracy.
For Ni2+(H2O)8, the value ofEo (17.1( 0.7 kcal/mol) is slightly

higher than the value of 15.1 kcal/mol measured by Kebarle and
co-workers.4d Kebarle’s value is likely to be somewhat low due
to effects of clustering which perturb the equilibrium distribution
of ions in the HPMS experiment, but the difference in these values
is negligible. We obtain a similar value ofEo for n ) 7 and 8,
but the value forn ) 6 is significantly higher. The large jump
in Eo indicates that the sixth water molecule is part of the first
hydration shell whereas the seventh and eighth water molecules
are in the second shell. This is consistent with the known
coordination of Ni2+ in bulk solution.18

For Ca2+(H2O)n, the values ofEo steadily increase by∼5 kcal/
mol for n ) 7-5.19 This is in contrast to the Ni which clearly
has a large increase in binding energy atn ) 6. Both
experimental and theoretical studies of Ca2+ in solution indicate
that 7, 8, and even 9 water molecules can be accommodated in
the first solvation shell due to the large ionic radius of calcium.20

Solvation of calcium ions in the protein calmodulin also occurs
by interaction with eight oxygen atoms from carbonyl or hydroxyl
groups.1 The values ofEo obtained for calcium are significantly
lower than MP2 calculations of the hydration enthalpy,6 but are
comparable to B3LYP values reported by Pavlov et al. (Table
1).7 The results of Pavlov et al. indicate that the most stable
structure of Ca2+(H2O)7 is one in which there are six water
molecules in the first shell and one in the second shell. Our
measured values are close to the hydration energies calculated
for this structure. However, the monotonic decrease in binding
energy we observe is somewhat suggestive of a structure in which
all seven water molecules are in the first shell.
The binding energies of water to the two divalent metal ions

reported here cover the full range of values that can be measured
for these ions by using BIRD with the current experimental
apparatus. At higher temperatures or with other methods, such
as energy resolved CAD, it should be possible to measure binding
energies of water to divalent metal ions for even lower extents
of hydration. Accurate hydration enthalpies for di- and trivalent
metal ions should greatly improve our understanding of interac-
tions of these metal ions both with water and with biomolecules.
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Figure 1. Appearance/depletion curves for the loss of one water molecule
from Ni2+(H2O)6 (circles) and Ca2+(H2O)6 (squares) measured by using
blackbody infrared radiative dissociation at 119°C.

Figure 2. Arrhenius plots for the dissociation of Ni2+(H2O)n (open
circles), Ca2+(H2O)n (filled circles), and H3O+(H2O)n (open squares).

Table 1. Measured Zero-Pressure Limit Arrhenius Parameters and
Eo Values Obtained from Master Equation Modeling for Loss of
One Water Molecule from Ni2+(H2O)n, Ca2+(H2O)n, and
H3O+(H2O)n along with Previously Reported Hydration Enthalpies

n
Ea

(kcal/mol) logA
Eo

(kcal/mol)
∆H298

(kcal/mol)

Ni2+ (H2O)n 6 14.8( 0.1 6.6( 0.2 24.1( 1.0
7 10.1( 0.5 5.9( 0.3 17.6( 0.8
8 9.3( 0.3 5.7( 0.1 17.1( 0.7 15.1b

Ca2+ (H2O)n 5 16.5( 0.2 6.4( 0.1 26.3( 1.4 34.2,c30.1,d27.7e

6 12.2( 0.2 5.6( 0.1 21.9( 1.4 31.8,c27.2,d24.7e

7 7.4( 0.4 4.3( 0.3 16.4( 1.2 21.4,c17.6e

H3O+ (H2O)n 2 14.7( 0.2 6.0( 0.2 19.0( 0.4 22.3,f19.5,g21.0,h

18.8( 0.2a 19.0,i20.5j

3 10.8( 0.3 5.7( 0.2 16.1( 0.3 17.0,f17.9,g16.0,h

15.9( 0.3a 17.6,i16.7j

aValues obtained with a truncated Boltzmann model.bHPMS results
from Kebarle and co-workers (ref 4d).cMP2 calculations from Bock
and co-workers (ref 6a).dMP2 calculations from Glendening and Feller
(ref 6b). eB3LYP calculations from Pavlov and co-workers (ref 7).
f Kebarle and co-workers (ref 13).g Kebarle and co-workers (ref 14).
hMeot-Ner and Field (ref 15).i Meot-Ner and Speller (ref 16).
j Armentrout and co-workers (ref 17).
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