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Hydration Energies of Zinc(II): Threshold Collision-Induced Dissociation Experiments and
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The first experimentally determined sequential bond dissociation energies of Zn*"(H,0), complexes, where
n = 6—10, are measured using threshold collision-induced dissociation in a guided ion beam tandem mass
spectrometer coupled with an electrospray ionization source. Kinetic energy dependent cross sections are
obtained and analyzed to yield O K threshold measurements for the loss of one and two water ligands after
accounting for multiple collisions, kinetic shifts, and energy distributions. The threshold measurements are
then converted from 0 to 298 K values to give the hydration energies for sequentially losing one water from
each parent complex. Theoretical geometry optimizations and single-point energy calculations are performed
using several levels of theory for comparison to experiment. Although different levels of theory disagree on
the ground-state conformation of most complexes examined here leading to potential ambiguities in the final
thermochemical values, calculations at the MP2(full) level provide the best agreement with experiment. On
this basis, the present experiments are most consistent with the inner solvent shell of Zn>* being five waters,
except for Zn*"(H,0)s where all waters bind directly to the metal ion. The charge separation process,
Zn*"(H,0), — ZnOH*(H,0),, + H*(H,0),—,,—1, which is in competition with the loss of water from the
parent complex, is also observed for n = 6—8. These processes are analyzed in detail in the following paper.

Introduction

Zinc solvation and coordination behavior is of paramount
importance in the fields of biochemistry and bioinorganic
chemistry as the zinc ion is required for the activation of certain
proteins and metalloenzymes.!™ Thus, zinc is biologically
important and not toxic. In addition, zinc metal consumption
ranks fourth in the world among all metals.* The most common
uses are to galvanize steel, as a component in brass, and as an
additive in rubbers and paints.* Such high usage implies large
discharges to the environment, such that zinc is quickly
infiltrating aqueous systems, thereby making its way into the
food chain, drinking water, and eventually the atmosphere.

Zinc coordination behavior has previously been studied using
a variety of experimental methods including Raman spectros-
copy on aqueous Zn?"(ClOy),,” ion equilibria using a variety
of ligands (but not water),”® collision-induced dissociation
(CID) mass spectrometry of the hydrated ion,>'* and X-ray
absorption fine structure studies of the ion in aqueous media.!!
Despite this activity, experimental thermochemistry for the
hydration of zinc cations is presently unknown. Because of the
lack of experimental bond energies, a host of theoretical work
has been performed utilizing a variety of quantum chemical and
Monte Carlo calculations including density functional theory
(DFT), Hartree—Fock (HF), and molecular dynamics simula-
tions.579,11718

Neither experiment nor theory has yet established definitively
the number of waters in the inner solvent shell surrounding the
zinc cation in Zn**(H,0), complexes. X-ray, Raman, and near-
IR spectroscopy report a coordination number of six forming
an octahedral inner shell, which until recently has been the
commonly accepted configuration.>>!"'° Using quantum chemi-
cal calculations, several studies found the differences in energies
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between inner solvent shells of four, five, and six water
molecules to be very small.'*!>13 Indeed, the lowest energy
complex switches between an inner shell of four or six
depending on the level of theory used. An inner shell of six is
favored by MP2 calculations, whereas B3LYP theory has a
slight preference for an inner shell of four.!*~!%18 Pavloy et al.'®
theorized that calculations of larger clusters (n > 12) are needed
to accurately represent the dilute solutions explored by X-ray
scattering, Raman, and near-IR experiments. However, such
conclusions are clearly influenced by the basis set size, as
demonstrated by Peschke et al.® for the Zn>* ion interacting
with acetone ligands. They found large energy differences when
geometries were calculated using B3LYP/6-311++G(d,p) com-
pared to the values given in the BALYP/LANL2DZ calculations
reported by Pavlov et al.'®

To address the lack of thermochemical information on the
hydration energies of the zinc cation, the present study examines
the dissociation behavior of Zn?*(H,0), complexes where n =
7—10. In all cases, the dominant process observed is reaction 1
followed by sequential loss of additional water molecules.

Zn**(H,0), — Zn**(H,0),_, + H,0 (1)

n—1

Analysis of the kinetic energy dependence of these reactions
provides the first experimental determinations of the hydration
energies of zinc cation—water complexes. These values are
compared to previous and present theoretical calculations, which
also examine the issue of the size of the inner solvent shell.

In addition, particular sized complexes are found to
undergo a charge separation process, reaction 2, which is
discussed in detail in the following paper.?
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Zn**(H,0), — ZnOH"(H,0),, + H'(H,0)

n—m—1

2

One result from the analysis in that work that is important
here is that competition between reactions 1 and 2 does
influence the experimental thresholds for reaction 1 with n
< 7 and this effect is included in the thermochemistry
reported here. Finally, we note that because the threshold
for charge separation is below the threshold for water loss
for n =7, electrospray ionization (ESI) sources are generally
limited to producing Zn>*(H,0); and larger complexes.

Theoretical and Experimental Section

Computational Details. Because there is a debate in the
literature regarding the calculated ground state of the Zn?*(H,0),
complexes, a simulated annealing procedure using the AMBER
(Version 8) program®' was used to generate all possible low-
lying isomers. Annealing procedures were followed three
independent times for inner hydration shells of four, five, or
six water ligands. To constrain the inner shell to these sizes, an
energetic barrier was used to prevent waters from moving too
far from the metal ion, and applied to the second-shell waters
(when applicable) preventing these ligands from entering into
the first shell. Each isomer was then optimized using a low level
of ab initio theory, HF/3-21G.?** Using the Gaussian03
package,” further geometry optimizations were performed on
the lowest lying isomers generated from the annealing process
(about 50 structures for the larger complexes). These structures
were first optimized at the B3LYP/6-31G(d) level® % in a
“loose” geometry optimization, which utilizes a large step size
(0.01 au) and rms force constant (0.0017) to give a rapid
geometry convergence. The lowest energy structures (about 25)
were further optimized with a larger basis set, B3LYP/6-
311+G(d,p). This level of theory was used for the final geometry
optimizations as well as providing vibrational frequencies and
rotational constants.

These calculated frequencies and rotational constants were
used in the RRKM thermochemical analysis discussed below,
as well as for zero point energy (ZPE) conversions of theoretical
bond dissociation energies to 0 K thermochemical values. The
vibrational frequencies were each scaled by 0.989% before being
used in these analyses. Using these geometries, single point
energy (SPE) calculations were performed using the B3LYP,
B3P86, and MP2(full)* levels of theory with a 6-311+G(2d,2p)
basis set. As will be seen below, conflicting results are provided
by these two DFT levels versus the MP2(full) calculations. To
explore which set of results is more likely to be accurate, a
third DFT calculation was performed using the MO06!3
functional, which was developed specifically for noncovalent
interactions found in ion solvation and hydration. Accordingly,
additional SPE energies were calculated using the M06 level
with a 6-311+G(2d,2p) basis set. Diffuse functions were used
in the geometry optimization, frequency calculation, and SPE
calculations because of their importance for describing the
hydrogen bonding of the zinc water clusters. Previous works
have discussed this importance in both zinc hydration and
solvation.®!® Basis set superposition errors (BSSE) were also
calculated for dissociation of the lowest energy structures at
each level of theory in the full counterpoise (cp) limit.3*3* The
BSSE corrections found for all three DFT calculations were
relatively small, <5 kJ/mol, and slightly larger for the MP2(full)
level, 8—10 kJ/mol depending on the size of the complex. For
simplicity purposes, when these four levels of theory are
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discussed the B3LYP and B3P86 levels will be abbreviated
together as “Bx” and the M06 and MP2(full) will be abbreviated
together as “Mx”. In addition to the Bx and Mx results, we
also performed BHandHLYP3/6-311++G(2d,2p)//BHandH-
LYP/6-311++G(d,p) calculations (which were shown in a
previous study*® to be able to describe hydrogen bonding in
amino acids as well as or better than computationally more
expensive methods) for the lowest energy complexes of the four,
five, and six water inner shells of Zn?>"(H,O)s. (Identical
geometries were obtained using the 6-311+G(d,p) basis set.)
BHandHLYP results show that the six water inner shell is the
lowest energy structure, but the other two complexes are ~2
kJ/mol above the ground state, similar to the MP2(full) level
discussed in more detail below.

In addition to the B3LYP and BHandHLYP geometry
optimizations performed, we also calculated MP2(full)/
6-311+G(d,p) geometries for Zn>*(H,0), for n = 5—9, M06/
6-311+G(d,p) geometries for n = 6—10, and B3LYP/6-
311++G(d,p) geometries for n = 6 and 9, along with their
corresponding SPEs at the same three levels of theory used
above. No discernible differences in the geometries and
energetics were found using these more expensive ap-
proaches. Hence, results from the B3LYP/6-311+G(d,p)
geometry optimizations are used exclusively in the discussion
below.

Experimental Procedures. Hydrated zinc dications are
generated using an ESI source,” comprising a stainless steel
electrospray needle, a heated capillary, an 88 plate ion funnel,
and a hexapole ion guide where the ions undergo sufficient
thermalizing collisions to bring them to a Maxwell —Boltzmann
distribution at ambient temperatures. Zn>*(H,0), clusters are
formed by passing a dilute solution of Zn(NQOs),, 107 M in
water, through the electrospray needle at a low flow rate of
0.02—0.10 mL/h with a high voltage applied to the needle,
typically 2.0—2.2 kV. The capillary following the spray is heated
to 80 °C to promote desolvation of large droplets and has a
small applied potential, typically <15 V. The ion funnel® collects
the ions emitted from the capillary thereby increasing signal
intensity.>**" The ions are pulled through the funnel by a gentle
dc gradient, typically 5—8 V, and undergo multiple collisions
with the ambient gas. The radio frequency (rf) hexapole ion
guide/collision cell traps the ions in the radial direction using
an rf amplitude typically set at 250 V peak to peak. Here, the
ions undergo >10* collisions with the ambient gas as they drift
through the hexapole, such that the ions emerging are thermal-
ized, as shown previously.’”*!=* Compared to previous settings
used in our lab, the source conditions needed to generate
7Zn**(H,0), complexes are unusually gentle because of the
charge separation process 2. If larger voltage drops between
components of the source are used, copious amounts of
ZnOH"(H,0), and H*(H,0),, are produced, thereby limiting the
intensity of the desired zinc water clusters. The dc fin electrodes,
an in source fragmentation technique described in more detail
elsewhere,* were used to increase the amount of the Zn**(H,0),
complex produced by our ESI. Increasing the voltage on the
fins tends to form smaller metal hydrate complexes as described
by Carl et al.;* however, for the case of zinc hydration
increasing the fin voltage past the intensity peak for the n =7
complex generated charge separation products and no complexes
smaller than n = 7 were observed from our source.

Kinetic energy dependent cross sections for collision-induced
dissociation of the Zn**(H,0), complexes are measured using
our guided ion beam tandem mass spectrometer described in
detail elsewhere.***% The ions generated as described above are
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focused into a magnetic momentum analyzer, which selects the
desired reactant zinc water complex. The reactant is decelerated
to a known potential relative to the ion source, V| ,,, and focused
into an rf octopole ion guide where the ion is trapped radially.*’
A collision gas cell surrounds part of the octopole and contains
xenon, which is introduced to the collision cell at pressures
varying between 0.05 and 0.20 mTorr. Xenon makes an
excellent choice for inducing dissociation as it is heavy,
monatomic, polarizable, and chemically unreactive.*®*° After
collision, reactant and product ions drift to the end of the
octopole guide, where they are focused into a quadrupole mass
filter for mass analysis and then detected utilizing a Daly
detector.>

As described elsewhere,* ion intensities are converted to
absolute cross sections with an uncertainty of £20%. In addition,
the laboratory potential of the ions, V., is converted to the
relative kinetic energy in the center-of-mass (CM) frame using
Ecv = 2 Vegwm/(m + M), where m is the mass of the neutral
collision gas, M is the mass of the ionic reactant, and the factor
of 2 accounts for the charge on the reactant complexes. The
absolute energy zero and kinetic energy distribution of the
reactant ions are determined using a retarding potential tech-
nique.* The derivative of the normalized ion intensities is fit
to a Gaussian distribution, with a full width at half-maximum
(fwhm) in V., that ranges in these experiments from 0.08 to
0.15 eV. The absolute uncertainty in Vp,, is 0.05 eV. For the
remainder of this paper, all energies are reported in the CM
frame.

Threshold Modeling. In order to extract accurate thermo-
chemical results from analysis of the kinetic energy dependent
cross sections, several factors must be considered. Experiments
were performed at three different pressures of Xe (typically
about 0.05, 0.10, and 0.20 mTorr) and the resulting cross
sections extrapolated to a zero pressure cross section to ensure
single-collision conditions.’!? This rigorously removes effects
arising from multiple collisions, which are particularly signifi-
cant in the present system for higher order water losses and the
charge separation channels. Using this zero pressure cross
section, the loss of a single water molecule from a reactant
Zn**(H,0), complex is modeled using eq 3.

O(E) = 0y > ¢(E + E, — E)"IE 3)

In this modified line-of-centers expression, 0y is an energy
independent scaling factor, E is the relative translational energy
of the reactants, E; is the reaction threshold at 0 K, and N is an
adjustable fitting parameter that characterizes the energy deposi-
tion during collision.*® The summation is over the rovibrational
states of the reactants having excitation energies E; and
populations g;, where Yg; = 1. The number of rovibrational
states is directly counted using the Beyer—Swinehart Stein—
Rabinovitch algorithm,~3¢ and a Maxwell—Boltzmann distri-
bution is used to describe the populations g;. Before comparison
with the data, the model is also convoluted over the kinetic
energy distributions of the reactants.*

The complexes examined in the present study are sufficiently
large that their dissociation lifetime near the dissociation
threshold is comparable to the experimental time of flight, 7 ~
5 x 107* s in this apparatus. This behavior can give rise to a
kinetic shift that can be estimated by incorporating Rice—
Ramsperger—Kassel—Marcus (RRKM) theory>*>7 into eq 3, as
discussed in detail elsewhere.’®~% In addition, theoretical results
discussed in the section below show that a distribution of
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different reactant and product isomers are possible. To account
for the competition between these multiple dissociation path-
ways, which in this case yield product ions having the same
mass, statistical theory can be used for each individual reaction
channel j, as discussed elsewhere.®! With both of these changes,
eq 3 is modified to eq 4

0 (E) = (Noy,/E) ). g; fEEE [k (E*) ko (E¥)]
Po(E— " de) @

where ¢ is the energy transferred into the reactant ion by the
collision such that the energy available for dissociation is E*
= ¢ + E. Ppy = 1 — exp[—k(E*)7] is the probability of
dissociation of the energized molecule, EM. Should the uni-
molecular rate constant be sufficiently fast for complete dis-
sociation, eq 4 reduces to eq 3 for a single channel. The RRKM
unimolecular rate constants for dissociation are given by eq 5

Kol = DKED = BN (E* = Ey Mo (B
Q)

where s; is the reaction degeneracy for channel j given by the
ratio of the rotational symmetry numbers (reactant/products),*
Ny, j 1s the number of rovibrational states of the transition state
(TS) for channel j at an energy E* — E,; above the reaction
barrier, and p,(E¥) is the density of states for the rovibrational
levels of the EM. The rotational constants and vibrational
frequencies of the EM and TSs are taken from quantum chemical
calculations (detailed above). For water loss channels, the
transition state is loose as the bond cleavage is heterolytic with
all the charge remaining on the complex containing the zinc
ion.®? The TS for water loss is treated at the phase space limit
(PSL) in which the transitional modes are treated as rotors.*
In this limit, the TS is product-like such that its molecular
parameters are taken from quantum chemical calculations of
the products.

Because the charge separation process 2 prevents clusters
smaller than Zn>*(H,0); from being formed in our source, CID
studies were limited to complexes of n = 7—10. In order to
obtain thermochemical information on smaller complexes,
thresholds for sequential dissociation were modeled in conjunc-
tion with modeling the single water loss channel, reaction 1. A
statistical approach to modeling sequential dissociation has
recently been developed and proven to provide accurate
thresholds for singly charged systems.®* This model makes
statistical assumptions regarding the energy deposition in the
products of the initial CID reaction. Ultimately, this model
assigns a probability for further dissociation of the product of
reaction 1

Ppy, = 1 — exp[—ky(E,*)7] (6)

where E,* is the internal energy of the product ion undergoing
sequential dissociation. This energy is determined by energy
conservation, i.e., E,* = E* — Ey — T} — E;, where T] is the
translational energy of the primary products and Ep is the
internal energy of the neutral product. Statistical assumptions
are used to assign the distributions of each of these quantities,
thereby allowing calculation of the secondary dissociation rate
constant, k,. Because of the complexity of the sequential
dissociation model, its use is presently limited to single primary



13730 J. Phys. Chem. A, Vol. 113, No. 49, 2009

TABLE 1: B3LYP/6-311+G(d,p) Geometry Optimized Structures for Ground State Zn*"(H,0);_4

Cooper et al.

complex symmetry r(Zn0O) (A) Z£0Zn0O (deg) Z7ZnOH (deg) r(OH) (A) ZHOH (deg)
H,0 Cy, 0.962 (2) 105.1
Zn*"(H,0) Cy, 1.881 125.3 (2) 0.984 (2) 109.5
Zn*"(H,0), Dy, 1.876 (2) 180.0 125.6 (4) 0.979 (4) 108.8 (2)
Zn*"(H,0)3 C, 1.944 (2) 120.0 (3) 125.3 (2) 0.974 (4) 107.9 (2)
1.953 126.8 (2) 0.979 (2) 107.2
126.4 (2)
Zn*"(H,0), Sy 2.002 (4) 105.1 (2) 126.0 (4) 0.970 (8) 107.6 (4)
111.7 (4) 126.3 (4)

“Values in parentheses indicate degeneracies.

TABLE 2: Relative Calculated Enthalpy (AH,) and Free Energies (AGyys)* (kJ/mol) of Zn”(HzO)x(HzO)y Where x is the
Number of Waters in the Inner Solvent Shell and y is the Number of Waters in the Second Shell”

present work literature
B3LYP/ B3P86// Mo6// MP2(full)//  B3LYP// B3LYP// MP2(FC)// MP2//
complex (x,y) B3LYP B3LYP B3LYP B3LYP B3LYP*  B3LYP RHF¢ HF
Zn**(H,0)s (4,1)_AA 0.0 (2.6) 0.0 (2.9) 6.5 (8.2) 334.3) 0.0 0.0 2.5 3.8 (0.0)
(4,1)_A 1.1 (0.0) 0.8 (0.0) 149 (129) 8.4 (5.7)
(5,0) 4.2 (5.8) 4.6 (6.4) 0.0 (0.6) 0.0 (0.0) 42 1.7 0.0 0.0 (0.4)
(5,0)_switch 58 (5.4) 6.0 (5.8) 1.4 (0.0) 2.4(0.3)
Zn**(H,0)6 (4,2)_2AA 0.0 (0.0) 0.0 (0.0) 13.1 (12.8) 3.8 (7.5) 0.0 0.0 0.0 18.8 (12.6)
(5,1)_AA, 8.2 (0.3) 8.6 (0.6) 122 (4.1) 42 (0.0) 20.5 42 15 16.7 (3.8)
(5.1)_A, 171 3.1) 174 33) 266 (12.3)  16.9 (6.6) 155 26.4 (11.3)
(6,0) 13.7 (14.0)  14.6 (14.8) 0.0 (0.0) 0.0 3.9) 14.2 4.6 0.6 0.0 (0.0)
Zn?*(H,0);  (4,3)_3D,DD_2AA.A 0.0 (6.5) 0.0 (6.5) 149 (9.6) 108 (5.5)
(4,3)_2D,DD_AA2A 4.1 (0.0) 4.1 (0.0) 23.6(77)  18.0 (2.1)
(4,3)_2D,2DD_3AA 10.1 (23.0)  10.2(23.0)0  17.9 (18.9)  18.1 (19.1)
(5,2)_4D_2A A, 0.2 (12.0) 0.1 (12.0) 0.0 (0.0) 0.0 (0.0) 0.0
(6,1)_AA 184 (31.3) 187 (31.6) 3.2 (43) 8.7 (9.7) 20.1
Zn?t(H,0)s  (4,4)_2D,2DD_2AA2A 1.8 (0.0) 2.4 (0.1) 214 (12.5) 149 (6.1)
(5,3)_3AA 0.0 (7.1) 0.0 (6.6) 0.0 (0.0) 0.0 (0.0)
(6,2)_2D,.DD_2AA 168 (23.5)  17.7(23.9) 2.1 (1.7) 6.7 (6.3)
(6,2)_4D_2AA 177 25.0)  17.8 24.6) 2.0 (22) 7.3 (1.5)
Zn>*(H,0)y  (4,5)_D,3DD_2AA3A 5.8 (0.0) 6.3 (0.0) 30.7 (14.6)  22.1 (6.0)
(5,4)_4ApA, 0.0 (10.3) 0.0 (9.8) 0.0 (0.0) 0.0 (0.0)
(6.3)_6D_3AA 135(27.9) 13.1 (26.9) 2.8 (7.0) 3.9 (8.0)
(6,3)_4D,DD_3AA 169 (26.0) 167 (253) 4.5 (3.3) 7.2 (6.0)
Zn*"(H,0)1p  (4,6)_2AA4A 3.5 (0.0) 4.4 (0.0 26.9 (16.3)  18.6 (8.0)
(5,5)_4AuALA, 0.0 (7.1) 0.0 (6.2) 0.0 (0.0) 0.0 (0.0)
(6,4)_4D,2DD_4AA 18.1 35.5) 16.9(33.5) 0.0(10.3) 5.5 (15.9)

@ AGaog values given in parentheses. ” Values are single-point energies calculated at the level shown using a 6-3114+G(2d,2p) basis set with
geometries calculated at the B3LYP/6-311+G(d,p) level. Zero point energy corrections are included. ¢ Values reported by Pavlov et al.'® using
a B3LYP/6-311+G(2d,2p)//B3LYP/LANL2DZ level of theory. ¢ Values reported by Hartmann et al.'> using a B3LYP/SHA1//B3LYP/SHA3
level of theory. ¢ Values reported by Bock et al.'* using a MP2(FC)/HUZSP*//RHF/HUZSP* level of theory. / Values reported by Lee et al.'®

using a MP2/TZ2P//HF/TZ2P level of theory.

product channels such that no designation of the individual
reaction channel j is included in eq 6.

Analysis of the data involves using eqs 3 or 4 to reproduce
the data over extended energy and magnitude ranges, using a
least-squares criterion for optimizing the fitting parameters, oy,
Epj, and N. The uncertainties in these parameters include
variations associated with modeling several independent ex-
perimental cross sections, scaling the theoretical vibrational
frequencies by £10%, varying the N value by =£0.1, scaling
the experimental time-of-flight up and down by a factor of 2,
and the uncertainty in the absolute energy scale.

Results and Discussion

Theoretical Geometries of Zinc Water Clusters. As
described above, geometry optimizations and frequency calcula-
tions were performed at the B3LYP/6-311+G(d,p) level of
theory. Although experimental data for the Zn**(H,0), com-
plexes where n = 1—5 are not accessible at this time, for
completeness, these structures were also optimized and SPEs
calculated at the same theoretical levels designated above.

In agreement with previous theoretical results performed on
these smaller complexes,>®!37!8 all waters bind directly to the

zinc metal ion for n = 1—4. In all four species, the water ligands
are distributed to maximize the distance between ligands, such
that the oxygen atoms are located in linear, distorted trigonal
planar, and near-tetrahedral geometries for n = 2—4, respec-
tively. Key structural parameters for these smaller complexes
are provided in Table 1.

For larger cluster sizes, n > 5, there is a debate as to the
number of waters in the inner shell of the ground-state structure.
Both Hartmann et al. and Lee et al. examined the possibility of
having an inner shell of 3 water ligands at the n = 4 and 5
complexes and both studies found that these structures were
very high in energy.'>'¢ In the present work, several isomers
of the n = 5—10 clusters (excluding the 3 water inner shell)
were explored theoretically, with energy differences for low-
energy isomers presented in Table 2. The lowest energy
structures having inner solvent shells of 4, 5, and 6 water ligands
are shown in Figures 1—3 for the n = 6—8 complexes, whereas
those for n = 9 and 10 are shown in Figures S1 and S2 of the
Supporting Information. In most cases, when a second-shell
water ligand forms two hydrogen bonds to the inner shell
(indicated by an AA designation), the structure is lower in
energy than if there is only one hydrogen bond to the inner
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Zn*(H0)u(H0) - (4.2)_2AA Zn**(Hz0)5(Hz0) - (5,1)_AdA:

Zn*'(H;0) - (6,0)

Figure 1. Low-energy isomers of Zn>"(H,0)s calculated at the B3LYP/
6-311+G(d,p) level of theory.
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Zn*'(H:0)4(H:0)s - (4,3)_3D,DD_2AA A Zn®*(H,0)5(H20); - (5,2)_4D_2A.A:

2,0’

Zn**(H,0)%(H:0) - (6,1)_AA

Figure 2. Low-energy isomers of Zn**(H,0); calculated at the B3LYP/
6-3114+G(d,p) level of theory.
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Zn?*(H,0)4(H:0)s - (4,4)_2D,2DD_2AA 2A

%,.,g'

Zn*(H;0)s5(H20)s - (5,3)_3AA

(6.2)_2D,DD_2AA

(6,2)_4D_2AA

Zn?* (Hz0)s(H20)z

Figure 3. Low-energy isomers of Zn**(H,O)s calculated at the B3LYP/
6-3114+G(d,p) level of theory.

shell (indicated by A). A number of additional higher energy
isomers were also calculated for all inner-shell sizes of the n =
6—10 complexes. Because of the large number of isomers
investigated, their geometries and relative energetics are dis-
cussed in more detail in the Supporting Information. (Table S1
of the Supporting Information lists relative energies for all
isomers with key geometric parameters of all larger complexes
provided in Table S2. Figure S3 shows the additional structures
found.)

For n = 5, the present results find that the Zn*>*(H,0),(H,0),
or (4,1)_AA structure has a distorted tetrahedral inner solvent
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shell with the fifth water forming two hydrogen bonds to the
inner shell (Figure S3a in Supporting Information). The
nomenclature used here for these complexes specifies the
number of inner-shell waters x and second-shell water ligands
y by (x,y) augmented with the designation of the hydrogen
bonding motif of the complex. The (4,1)_AA structure is slightly
more stable at the Bx levels (B3LYP and B3P86) than the
Zn>*(H,0)s5 or (5,0) structure with all five waters in the inner
solvent shell forming a square pyramidal shape (Figure S3b)
but Mx results (M06 and MP2(full)) find the opposite result
(Table 2). The Bx results are in agreement with earlier DFT
theoretical work performed on this size complex,'>!® as are the
MP2 results with analogous earlier calculations.!*'¢ Alternate
isomers include the (4,1)_A structure, which has the second-
shell water singly hydrogen bonded to the inner shell and lies
1—15 kJ/mol higher than (4,1)_AA. Because the torsional
motion of the outer water molecule is now much looser (nearly
a free rotor), this structure has a lower 298 K free energy than
(4,1)_AA at the Bx levels. Compared to the (5,0) structure,
(5,0)_switch decreases the £OZnO bond angle of the two waters
whose hydrogen atoms are pointing vertical to the base of the
square pyramid, whereas ZOZnO increases for the waters whose
hydrogens are in the plane of the base (Figure S3b).

For n = 6, there are now three options for the size of the
inner shell with (4,2), (5,1), and (6,0) configurations, where the
latter has all six water ligands in the inner solvent shell in a
pseudo-octahedral geometry. These optimized structures are
shown in Figure 1 and are comparable to geometries in previous
reports.'*'® Bock et al. performed geometry optimizations and
SPE calculations using a MP2(FC)/HUZSP*//RHF/HUZSP*
level and found that the energy difference between (4,2)_2AA,
(5,1)_AA, and (6,0) was less than 2 kJ/mol (Table 2)."* In
contrast, Lee et al. found a larger energetic difference favoring
the (6,0) structure by almost 17 kJ/mol over the (4,2)_2AA and
(5,1)_AA structure using MP2/TZ2P//HF/TZ2P calculations.'®
As for the n = 5 complex, B3LYP results provide a much
different ordering. Pavlov et al. found a flexible coordination
calculating the preference for (4,2) 2AA to be about 14—21
kJ/mol whereas the (5,1)_AA and (6,0) differ from each other
by about 1 kJ/mol using a B3LYP/6-311+G(2d,2p)//B3LYP/
LANL2DZ level of theory.'® Hartmann et al. used a B3LYP/
SHA3//B3LYP/SHAL1 level of theory and found a preference
toward the (4,2)_2AA complex by 4—5 kJ/mol over (5,1)_AA
and (6,0)." Pavlov et al. and Lee et al. also included an
alternative (5,1)_A geometry, which was found to be about 5
kJ/mol lower in energy than (5,1)_AA at the B3LYP level'®
but about 10 kJ/mol higher than (5,1)_AA at the MP2 level.'®

As for these previous results, we find energy differences
among the three possible structures of the n = 6 complex
calculated here to be relatively small, <14 kJ/mol, with the
ground state changing from (4,2)_2AA for Bx to (6,0) for Mx
calculations (Table 2). In the lowest energy (4,2)_2AA isomer,
both second solvent shell water molecules bind to the inner
solvent shell through two hydrogen bonds (Figure 1). The
(5,1)_A,A, structure binds the outer-shell water molecule to the
apex water and one water in the base, abbreviated with the “a”
and “b” subscripts, respectively. This arrangement necessitates
rotation of one of the base water molecules, which disrupts some
of the hydrogen bonding found in the (5,0) and (5,0)_switch
structures. The (5,1)_A, isomer has the sixth water singly
hydrogen bound to the apex water of the square pyramid inner
shell, such that it lies 9—14 kJ/mol above (5,1)_A,Ap at 0 K, in
contrast to the results of Pavlov et al. At 298 K, this excitation
energy drops to 3—8 kJ/mol and the MP2(full) GS becomes
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the (5,1)_A,A;, complex, whereas (6,0) becomes the M0O6 ground
state (Table 2). The (4,2)_2AA remains the GS for the Bx
calculations at 298 K.

Larger complexes, n = 7—10, were optimized using the same
basic inner-shell shapes. As many of these complexes have
similar hydrogen bonding in the second solvation shell, our
nomenclature includes terms “D” or “DD” to describe an inner-
shell water that donates to a second-shell water with one or
two hydrogen bonds, respectively. For the n = 7 complex, the
4- and 5-coordinate zinc ion structures are isoenergetic with
each other at the two Bx levels of theory, whereas Mx
calculations favor the 5-coordinate inner shell. These structures
are shown in Figure 2. In the (4,3)_3D,DD_2AA,A complex,
the seventh water is added to the (4,2)_2AA complex such that
it forms only one hydrogen bond to the inner shell, which is
much weaker than the two hydrogen bonds formed for the
second-shell ligands in the (4,2)_2AA and (5,2)_4D_2AA,
complexes, as discussed further below. The (4,3) complex forms
three higher energy isomers (Figure S3e). Among these, the
(4,3)_2D,.DD_AA,2A has two singly hydrogen-bound waters
in the outer shell, where one of these is bound to an inner-shell
water that also binds the bridging second-shell water. Although
this complex is 4—9 kJ/mol higher in energy than (4,3)_3D,DD_
2AA A at 0 K, it has a lower free energy at 298 K by 2—7
kJ/mol. Interestingly, the (4,3)_2D,2DD_3AA isomer is highest
in energy even though all three second-shell waters form two
hydrogen bonds to the inner shell. This is because the pseudo-
tetrahedral inner shell must distort severely to allow the third
second-shell water to hydrogen bond to inner-shell waters
already binding the other second-shell water ligands. The
(5,2)_4D_2AuAy, structure of the n = 7 complex has both
second-shell waters doubly bound across from each other to
the base of the square pyramid and is comparable in geometry
to the complex reported by Hartmann et al.'> Four other (5,2)
isomers were located, 1—16 kJ/mol higher in energy (Table S1
and Figure S3f). No high-energy isomers for the (6,1)_AA
structure were investigated in the present work, as Pavlov et
al. reported a slight preference for the seventh water being
doubly hydrogen bonded to the octahedral inner shell instead
of a single hydrogen bond, with these two isomers being very
close in energy (<1 kJ/mol).'® A (7,0) complex was investigated
here, but in agreement with the work of Hartmann et al.,' the
(7,0) structure would always rearrange to the (6,1)_AA during
optimization. Both of these previous studies neglected calcula-
tions of the (4,3) complexes.

In the Zn**(H,0)s complex, for which previous theoretical
results are not available, the tetrahedral 4-coordinate structure
rises in energy at 0 K and the square pyramidal 5-coordinate
inner shell is the lowest energy structure at all four levels of
theory (Table 2). This transition results from both distortions
in the tetrahedral inner shell that result as the eighth water is
added (Table S2) and to the fact that the eighth water must be
singly hydrogen bonded whereas the (5,3)_3AA and (6,2)_2D,DD_
2AA structures allow the eighth water to form two hydrogen
bonds (Figure 3) thereby lowering the energies of these
structures. The (4,4)_2D,2DD_2AA,2A structure adds two
singly hydrogen bonded water molecules to (4,2)_2AA. At 298
K, these two singly bound second-shell water ligands raise the
entropy of this complex, such that this four-coordinate structure
is lowest in free energy at the Bx levels. Another five (4,4)
isomers are detailed in the Supporting Information. Three (5,3)
isomers were located with the lowest energy O K structure,
(5,3)_3AA, having all three second-shell waters doubly hydro-
gen bonded to the inner-shell waters, with two connected to
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opposite pairs of base inner-shell waters and the third connecting
the apex water with a base water. This structure is also lowest
in free energy at the Mx levels. The (6,2)_2D,DD_2AA and
(6,2)_4D_2AA structures differ by less than 1 kJ/mol in energy
(Table 2). Both have two second-shell waters doubly hydrogen
bonded to the inner shell, but in the lower energy structure,
one of the inner-shell waters is shared by the second-shell
waters, whereas in (6,2)_4D_2AA, they use two different pairs
of inner-shell waters (Figure 3). The former structure allows
for the retention of more hydrogen-bonding interactions among
the inner-shell waters. At 298 K, Bx calculations predict the
six-coordinate complexes to be much higher in free energy
(23—25 kJ/mol); however, Mx calculations predict both (6,2)
complexes to be only 2—7 kJ/mol higher in free energy.

In Zn>*(H,0)o, the tetrahedral 4-coordinate structure again
rises in energy relative to the (5,4)_4A,A;, which is the ground-
state geometry at all four levels of theory. The (6,3)_6D_3AA
structure also lowers slightly in energy as the ninth water doubly
hydrogen bonds to the inner shell forming a complex with Ds
symmetry (Figure S1). There are six isomers located with a
4-coordinate inner shell, as described in the Supporting Informa-
tion. The lowest of these, (4,5)_D,3DD_2AA,3A, has two
second-shell waters doubly hydrogen bonded with the other three
waters all singly hydrogen bonded to inner-shell waters. There
are also six isomers of the 5-coordinate complexes, with the
lowest, (5,4)_4AuAy, having all 4 outer shell waters forming
two hydrogen bonds to the base of the square pyramid inner
shell. Although this (5,4) structure is lowest in enthalpy at 0 K,
its 298 K free energy is 10 kJ/mol higher than the (4,5) at the
Bx levels (6 and 15 kJ/mol lower at MP2 and MO06, respec-
tively). The (6,3)_6D_3AA maximizes the distance between the
second solvent shell waters such that no inner-shell water is
bound to two different second-shell waters. The (6,3)_4D,DD_3AA
complex is ~2—3 kJ/mol higher in energy than (6,3)_6D_3AA
because one inner-shell water is shared between two second-
shell waters. At 298 K, (6,4)_4D,DD_3AA becomes lower in
free energy by about 2—3 kJ/mol because one inner-shell water
is not constrained by a H bound to a second-shell water.

For the Zn**(H,0),, complex, again the 5-coordinate inner-
shell structure, (5,5)_4A,Ap,A, is lowest in energy and can be
formed by adding the tenth water singly hydrogen bonded to
the apex water of the symmetric (5,4)_4ApA, structure. How-
ever, the tetrahedral (4,6)_2AA,4A structure is relatively low
in energy, has D,, symmetry, and can be formed by singly
hydrogen bonding four second-shell waters to the inner solvent
shell of the (4,2)_2AA structure (Figure 1).In(6,4)_4D,2DD_4AA,
which has C, symmetry, the second shell is orientated in such
a way that two inner solvent shell water ligands must each share
two different second-shell waters, i.e., the binding motif
illustrated in the (6,2)_2D,DD_2AA complex (Figure 3).

Comparison to Calcium Water Clusters. In contrast to the
ambiguity of the inner coordination shell of Zn**, our previous
studies of Ca®* hydration*! indicate that the 6-coordinate inner
shell is the clear ground-state configuration, being lower in
energy by 10—23 kJ/mol compared to the 5-coordinate and
lower by 24—47 kJ/mol compared to the 4-coordinate, depend-
ing on the level of theory for the n = 6 complexes. This
assignment has now been confirmed by recent spectroscopic
studies.** The 6-coordinate structures remain the ground states
for larger Ca?*(H,0), complexes (up to n = 11) with structures
similar to the lowest energy structures found here. The
(6,2)_2D,DD_2AA and (6,2)_4D_2AA isomers are similar to
the two lowest energy structures discussed previously for
Ca’*(H,0)gs, although there the (6,2)_4D_2AA structure is lower
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Figure 4. CID cross sections for the sequential water loss (open symbols) and charge separation processes (line) for Zn>*W, where n = 7—10 and
W = H,0 (parts a—d, respectively) colliding with Xe at 0.2 mTorr as a function of energy in the laboratory (upper x-axis) and center of mass (lower

x-axis) frames.

in energy by 2.2—2.6 kJ/mol. Also, the (6,3)_ 6D_3AA structure
was found to be the ground-state structure of Ca>"(H,O)s.

Interestingly, the calculated distances from the metal ion to
the inner-shell oxygens are 0.2—0.4 A larger for Ca** compared
to Zn** for all complex sizes. This difference directly reflects
the relative ionic radii of Ca®" versus Zn?*, 1.05 and 0.78 A,
respectively,®® which can be attributed to the higher nuclear
charge of Zn>" with the additional 10 electrons added to the 3d
core orbitals. Compared to Ca>*, which has a rare gas electron
configuration, the ambiguity of the most stable inner shell for
zinc can be understood in part by the 18 e~ rule, which is
satisfied by Zn*"(H,O),, lending this inner shell enhanced
stability compared to those where more waters are directly
bonded to the metal ion.

CID Cross Sections. Experimental cross sections for colli-
sion-induced dissociation with Xe were acquired for Zn?>*(H,0),
where n = 7—10, as shown in Figure 4. In all cases, the
dominant reactions are the loss of a single water molecule,
reaction 1, followed by loss of additional water molecules as
the translational energy increases. The smallest zinc water
complex observed was Zn>"(H,0); (Figure 4b,c) which has a
cross section that is considerably smaller than that of the
Zn*"(H,0), product. In addition, the energy gap between the
onsets of these two product ions is considerably larger than
between any other pair of sequential products. These observa-
tions suggest that the Zn**(H,0), complex is particularly stable
and may provide a clue as to the inner solvent shell of Zn>*, as

discussed further below. ZnOH*(H,0), and H*(H,0),, products
are also observed and shown as the total “charge separation”
cross section in Figure 4a—d. These processes are discussed in
detail in the following paper.?’ For the purposes of the present
work, it is important to note that the Zn>*(H,O); complex
dissociates by charge separation in reaction 7 at lower energies
than loss of a water molecule in reaction 1.

Zn*(H,0), + Xe — ZnOH'(H,0), + H"(H,0), + Xe
(N

Because the charge separation process 7 is energetically more
favorable than the competing water loss reaction, competition
between these channels shifts the apparent water loss threshold
to higher energies. Including this competition for n < 7 is
necessary when extracting accurate threshold energies, as
discussed in detail in the following paper.?’

Thermochemical Results. Cross sections for the primary and
secondary dissociation products were analyzed using eqs 3 and
4 and the sequential dissociation model in several ways, with
Table 3 summarizing the average modeling parameters used.
Threshold E, values were determined for the primary dissocia-
tion of each complex from modeling with (eq 4) and without
(eq 3) including RRKM theory. The difference between these
results is the kinetic shift, which is appreciable for all complexes.
The kinetic shifts for the water loss channels gradually increase
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TABLE 3: Optimized Parameters of Eq 4 from Analysis of CID Cross Sections®

n reactant product o) N kinetic shift (eV) E, (PSL, eV) AS{ooox (J/mol K)
10 (5,5) (5,4) 103 (3) 1.0 (0.1) 0.58 (0.04) 0.44 (0.03) 12 (4)
(5,5) (5,4)° 102 (4) 1.1 (0.1) 0.58 (0.07) 0.44 (0.06) 12 (4)
(5,3)° 83 (5) 1.1 (0.1) 1.17 (0.03)
(5,5) (5,4)¢ 103 (4) 1.0 (0.1) 0.58 (0.04) 0.44 (0.03) 12 (4)
(6,3)%¢ 103 (4) 1.0 (0.1) 0.48 10 (4)
(5,5 (5,4)¢ 103 (3) 1.0 (0.1) 0.58 (0.04) 0.44 (0.03) 12 (4)
(4,5)4 103 (3) 1.0 (0.1) 0.50 80 (4)
(5,5) 4,5)° 101 (4) 1.1 (0.1) 0.55 (0.07) 0.47 (0.06) 79 (4)
(5,3)° 84 (5) 1.1 (0.1) 1.14 (0.03)
(5,5) 4,5)° 101 (4) 1.1 (0.1) 0.55 (0.07) 0.47 (0.06) 79 (4)
4,4)° 84 (5) 1.1 (0.1) 1.13 (0.03)
(4,6) (5,4)¢ 103 (3) 1.0 (0.1) 0.64 (0.04) 0.38 (0.03) =50 (4)
(4,5)4 103 (3) 1.0 (0.1) 0.44 16 (4)
9 5,4) (5,3 92 (8) 0.9 (0.2) 0.42 (0.10) 0.55 (0.08) 54 (8)
5,4) (5,3)° 92 (6) 0.9 (0.2) 0.40 (0.08) 0.57 (0.06) 57 (8)
(4,3)° 58 (17) 0.9 (0.2) 1.31 (0.09)
5,4) (5,3)° 93 (6) 0.9 (0.2) 0.39 (0.08) 0.58 (0.06) 56 (8)
(5,2)¢ 58 (17) 0.9 (0.2) 1.30 (0.09)
5,4) (5,3)¢ 92 (8) 0.9 (0.2) 0.42 (0.10) 0.55 (0.08) 54 (8)
(6,2)%¢ 92 (8) 0.9 (0.2) 0.62 75 (8)
5,4) (5,3)¢ 92 (8) 0.9 (0.2) 0.42 (0.10) 0.55 (0.08) 54 (8)
4.4 92 (8) 0.9 (0.2) 0.57 90 (8)
4,5) (5,3)¢ 91 (8) 0.9 (0.2) 0.50 (0.10) 0.47 (0.08) —8(8)
(4,4)4 92 (8) 0.9 (0.2) 0.49 28 (8)
4,5) (4,4)0 91 (8) 0.9 (0.2) 0.48 (0.10) 0.49 (0.08) 23 (8)
8 (5,3) (4,3)" 67 (6) 0.8 (0.2) 0.34 (0.09) 0.71 (0.07) 65 (8)
(5,3) (4,3)° 68 (5) 0.8 (0.2) 0.33 (0.08) 0.72 (0.06) 67 (9)
4,2)° 48 (5) 0.8 (0.2) 1.68 (0.06)
(5,3) (5,2)¢ 66 (6) 0.8 (0.2) 0.37 (0.09) 0.68 (0.07) 55 (8)
(4,3)%¢ 66 (6) 0.8 (0.2) 0.79 65 (8)
(5,3) (4,3)¢ 67 (6) 0.8 (0.2) 0.34 (0.09) 0.71 (0.07) 65 (8)
(5,24 67 (6) 0.8 (0.2) 0.71 54 (8)
(4,4) (4,3)¢ 66 (6) 0.8 (0.2) 0.39 (0.09) 0.66 (0.07) 22 (8)
(5,24 66 (6) 0.8 (0.2) 0.66 11 (8)
(4,4) (5,2)% 65 (6) 0.8 (0.2) 0.44 (0.09) 0.62 (0.07) 17 (8)
7 4,3) (4,2)¢ 58 (5) 0.7 (0.2) 0.20 (0.10) 0.89 (0.06) 18 (7)
4,3) (4,2)¢ 58 (7) 0.8 (0.2) 0.21 (0.11) 0.88 (0.07) 19 (10)
4,1)° 37 (10) 0.8 (0.2) 2.02 (0.09)
(5,2) (6,0)° 58 (7) 0.8 (0.2) 0.19 (0.11) 0.90 (0.07) 63 (10)
(5,0)¢ 37 (10) 0.8 (0.2) 2.00 (0.09)
(5,2) (5,1)¢ 58 (7) 0.8 (0.2) 0.14 (0.11) 0.95 (0.07) 76 (10)
(5,0)¢ 37 (10) 0.8 (0.2) 1.98 (0.09)
(5,2) (6,0)¢ 58 (5) 0.7 (0.2) 0.18 (0.10) 0.91 (0.06) 62 (7)
(4,2)%¢ 58 (5) 0.7 (0.2) 0.95 28 (7)
(5,2) (6,0)¢ 57 (5) 0.7 (0.2) 0.16 (0.10) 0.92 (0.06) 62 (7)
(5,1)%¢ 57 (5) 0.7 (0.2) 0.96 73 (7)
4,3) (4,2)¢ 58 (5) 0.7 (0.2) 0.20 (0.10) 0.89 (0.06) 18 (7)
5,4 58 (5) 0.7 (0.2) 0.98 67 (7)
(4,3)_# (4,2)¢ 58 (5) 0.7 (0.2) 0.28 (0.10) 0.81 (0.06) =29 (7)
5,4 58 (5) 0.7 (0.2) 0.90 18 (7)

@ Uncertainties in parentheses. ” Single channel modeling using eq 4. ¢ Sequential dissociation modeling using eqs 4 and 6. ¢ Composite
modeling using eq 4. ¢ Difference between the higher and lower energy threshold is given by MP2(full) results for respective complex sizes.
! Difference between the higher and lower energy threshold is given by Bx results for respective complex sizes. ¢ (4,3)_2D,DD_AA,2A isomer.

as the complex gets larger. Notably, cross sections could not
be reproduced with fidelity in the threshold region when fitting
the water loss channels with eq 3, whereas including RRKM
theory in eq 4 allows the kinetic energy dependence of the cross
sections to be modeled accurately over a wide range of energies.

One complication with the analyses conducted here is that
the results depend on the isomers assumed for the reactants and
products. It should be realized that these changes in the threshold
values are not a result of experimental error, but of the ambiguity
in the theoretical calculations regarding the GS structures of
the reactant and product complexes. Because theory provides
ambiguous guidance about which isomers are favored, the
analyses summarized in Table 3 include all pertinent permuta-

tions of the predicted EMs and TSs, as discussed below for
each complex.

n =9 and 10. For Zn>*(H,0),y and Zn*"(H,0),, there are
no charge separation processes competing with either the
primary or secondary water loss channels (Figure 4). For both
complexes, the primary water loss dissociation is modeled
simply by using eq 4 and the secondary water loss is modeled
by introducing the secondary dissociation using eq 6. A
representative model is shown in Figure 5a for the sequential
dissociation of Zn>*(H,0)s, assumed to have the (5,4)_4AyA,
ground-state geometry, or (5,4) (from this point forward we
abbreviate our naming scheme to (x,y) for the lowest energy
isomer of each inner solvent shell). We find that the primary
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thresholds obtained are independent of whether the sequential
dissociation channel is included in the modeling or not (Table
3). However, small differences are observed depending on the
isomers assumed for the reactants and products. If the
Zn*"(H,0)y data is analyzed using molecular parameters
appropriate for the (5,5) isomer dissociating to (5,4) + H,O,
then the threshold is 0.44 £ 0.03 eV, whereas dissociation to
(4,5) + H,0 yields a slightly higher threshold of 0.47 £+ 0.06
eV, and a (4,6) — (5,4) + H,O dissociation gives a lower
threshold by 0.06 eV. Likewise, analysis of Zn*"(H,0), data
assuming a (4,5) reactant has a threshold that is 0.08 eV lower
than the (5,4) reactant (Table 3). These changes in measured
thresholds are the result of differing kinetic shifts in all cases.
When the reactants have four inner-shell water ligands, there
are more outer-shell waters with lower torsional frequencies,
which leads to a higher density of states and a much lower
entropy of activation (by 60 J/(mol K), Table 3) than when the
reactants have a five water inner shell. Because of this restriction,
the rates of dissociation decrease thereby increasing the kinetic
shift and lowering the 0 K threshold for the four water inner-
shell complexes. Overall, there is no experimental means of
ascertaining which interpretation of the data is preferred, so
multiple values are discussed below in comparison to theoretical
bond energies.

In the analyses discussed above, it was assumed that a single
reactant isomer dissociates to a single product isomer, whereas
several product isomers could conceivably be formed from any
reactant. To consider this, we analyzed the data assuming that
a single EM could dissociate to multiple product channels, such
that several dissociation channels (each leading to a product
having the same mass) compete, as modeled using eq 4. In these
“composite” models, the energy difference between product
channels was fixed at the theoretical difference calculated at
either the Bx (an average of B3LYP and B3P86) or MP2(full)
levels. This method of analysis may better describe changes in
the kinetic shift resulting from different entropies and densities
of states of each product channel. A representative model is
shown in Figure 5b for the composite fitting of (5,5) dissociating
to both (5,4) + H,O and (4,5) + H,O using the Bx predicted
relative energy of 0.06 eV between these two product channels.
Dissociation to (5,4) is the lowest energy pathway; however,
above about 0.85 eV, the (4,5) product dominates (Figure 5b),
because it has a larger number of states resulting from the singly
hydrogen bonded outer shell water ligand. Thus, the (5,5) —

Zn*'(H,0),, + Xe —=Zn'(H,0),

0 1 2

Energy ( eV, CM )
Figure 5. Zero pressure extrapolated cross sections for the CID of Zn>"(H,O), (a, left) and Zn>*(H,0), (b, right) with Xe. Solid lines show the
best fits to both the primary and secondary water loss using eqs 4 and 6 convoluted over the kinetic and internal energy distributions of the neutral
and ion. Dashed lines show the absence of experimental kinetic energy broadening for reactions with an internal energy of O K. In part b, the

relative energy between the (5,4) and (4,5) products is set to the 0.06 eV value from Bx calculations. Optimized parameters for these fits are found
in Table 3.

(4,5) + H,O dissociation is faster according to RRKM rate
theory and will have a smaller kinetic shift than the (5,5) —
(5,4) + H,0 dissociation. Although the (4,5) product channel
does not directly affect the threshold, it controls the high energy
shape of the cross section, potentially influencing the N value
in eq 4 used to reproduce the data, which could indirectly shift
the measured threshold. In practice, we find that such composite
fits of the data do not lead to significant shifts in the N values
or measured thresholds (in all cases, changes in Ej of less than
0.01 eV, Table 3). Thus, composite fits may very well be more
accurate representations of the dissociation phenomena occurring
but do not influence the thermochemistry derived.

In our analysis of the Zn?>*(H,0),, data, the difference
between the primary and secondary thresholds is 0.73 4 0.03
eV when treated as (5,5) — (5,4) + H,O — (5,3) + 2 H,O0,
0.67 £ 0.03 eV when treated as (5,5) — (4,5) + H,O — (5,3)
+ 2 H,0, and 0.66 + 0.03 eV when treated as (5,5) — (4,5) +
H,0 — (4,4) + 2 H,0. Analysis of the Zn**(H,0)y data yields
a primary - secondary threshold difference of 0.74 &+ 0.09 eV
when treated as (5,4) — (5,3) + H,O — (4,3) + 2 H,0. These
threshold energy differences are more precise than the differ-
ences in the absolute threshold energies listed in Table 3 because
several systematic uncertainties cancel. The latter value of 0.74
£ 0.09 eV agrees well with that obtained from the 0.71 £ 0.07
eV threshold for the primary dissociation processes, reaction 1
modeledas (5,3)— (4,3) + H,O. In contrast, the primary—secondary
threshold difference for n = 10 of 0.73 £ 0.03 eV is higher in
energy than the 0.55 £ 0.08 eV value given by the primary
dissociation of n = 9, reaction 1 modeled as (5,4) — (5,3) +
H,0. Likewise, the 0.67 £ 0.03 and 0.66 + 0.03 eV threshold
differences are similarly higher than the primary threshold when
modeled in a self-consistent manner, namely as (4,5) — (5,3)
+ H,0 and (4,5) — (4,4) + H,O0, respectively. This result is
discussed further below.

n =7 and 8. Analysis of the primary reaction pathways of
Zn*"(H,0)s and Zn*"(H,0); considering various reactant and
product isomers yields similar results as the n = 9 and 10
complexes. The (4,4) — (4,3) + H,0 dissociation yields an E
value that is 0.05 eV lower than the (5,3) — (4,3) + H,O
dissociation, which has a threshold of 0.71 £ 0.07 eV. As for
the larger complexes, this increase is a result of the larger
number of low torsional frequencies of the (4,4) compared to
the (5,3) reactant, such that the entropy of activation decreases
by 40 J/(mol K) (Table 3). We also find that a (5,3) — (5,2) +
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TABLE 4: Comparison of Experimental 0 K Bond Energies (kJ/mol) to Theoretical Values®

Cooper et al.

B3LYP// B3P86// Moo/ MP2(full)// MP2(EC)// B3LYP/ B3LYP// MP2//
n reactant  product expt B3LYP’ B3LYP’ B3LYP*  B3LYP RHF B3LYP! B3LYP*  HF
6 42) @,1) 98.4%" (3.9) 97.0 100.6 103.7 95.7 101.3 100.8 95.0
109.0" (4.8)
(6,0) (5,0) 94.6+(3.9) 87.1 90.1 110.2 93.6 123.1 91.2 110.9
105.8" (4.8)
7 4,3) 42) 78.2% (4.8) 79.8 82.5 78.3 76.5
92.6" (5.8)
4,3y 4,2) 71.4¢ (4.8) 75.7 78.4 69.6 69.3
(5.2) (6,0) 79.2¢ (4.8) 93.5 97.0 81.7 83.3
(6,1) (6,0) 75.1 76.6
(5.2) (42) 79.7 87.9
8 a4) 4,3) 63.7¢ (5.8) 74.8 77.0 76.4 72.7
(5.3) 4,3) 70.4% (5.8) 75.8 78.6 96.3 86.3
71.4" (8.7)
(5.3) (5.2) 67.5¢ (5.8) 76.0 78.8 81.4 75.4
69.5" (8.7)
9 @,5) (5.3) 45.3¢ (1.7) 65.6 66.8 495 50.9
64.6" (2.9)
(5.4) (5.3) 53.1% (1.7) 70.8 72.5 79.4 71.6
70.4" (2.9)
10 (4,6 (5.4) 36.7¢ (2.9) 572 58.1 343 40.2
(5.5) (5.4) 42,5+ (2.9) 60.6 62.4 61.5 59.0

“Values in bold highlight the experimental threshold energies interpreted on the basis of the corresponding theoretical value. ” Geometry
optimizations calculated using a B3LYP/6-311+G(d,p) level and SPE values calculated with a 6-311+G(2d,2p) basis set for each level. ZPE
and cp corrected. ¢ Values reported by Bock et al. using MP2(FC)/HUZSP*//RHF/HUZSP*.'* ¢ Values reported by Pavlov et al. using B3LYP/
6-311+G(2d,2p)//B3LYP/ LANL2DZ.'® ¢ Values reported by Hartmann et al.'> using B3LYP/SHA1/B3LYP/SHA3. / Values reported by Lee et
al.' using MP2/TZ2P//HF/TZ2P. ¢ Values including competitive shift reported in following publication.?’ " Sequential dissociation modeled
using eqs 4 and 6. ' No counterpoise correction. / (4,3)_2D,DD_AA 2A isomer. ¥ Single-channel model using eq 4.

H,0 pathway has a lower threshold than (5,3) — (4,3) + H,O
by 0.03 eV, because the former product is more constrained
than the latter (with a change in the entropy of activation of
only 10 J/K mol). Similarly, the (4,4) — (5,2) + H,O
dissociation has the lowest threshold and entropy of activation
of 0.62 £ 0.07 eV and 17 £ 8 J/(mol K), respectively, because
this dissociation involves the loosest reactant dissociating to the
most constrained product.

More dissociation pathways were analyzed for the dissociation
of Zn**(H,0); because theory predicts multiple low energy
structures of the reactant and product. Comparing the (4,3) —
(4,2) + H,O0 dissociation, which has an E{, value of 0.89 + 0.06
eV, (5,2) — (6,0) + HyO is only 0.01—0.03 eV higher in energy
(depending on whether a composite analysis is used and what
the higher energy channel is), well within experimental uncer-
tainty. Lowerin energy is the dissociation of (4,3)_2D,DD_AA,2A
to the (4,2) complex having an E, value of 0.81 = 0.06 eV, a
difference of 0.08 eV. This shift is relatively large because two
of the three second-shell waters are singly hydrogen bonded in
(4,3)_2D,DD_AA,2A, whereas only one of them is in (4,3).
This leads to a change in the entropy of activation of about 50
J/(mol K).

For sequential dissociation of Zn>"(H,0)z, modeled as (5,3)
— (4,3) + H,O — (4,2) + 2H,0, the difference between the
primary and secondary thresholds yield 0.96 £ 0.06 for the
dissociation energy of Zn?*(H,0)s—H,0. This value agrees with
the threshold value obtained from the primary dissociation
process of Zn**(H,0); modeled as (4,3) — (4,2) + H,0, 0.89
4 0.06 eV. In this system, derivation of accurate thermochem-
istry requires that the modeling should take into account the
competition between the water loss and charge separation
processes using eq 4. This is described fully in the following
paper.?°

In our analysis of the sequential dissociation of Zn**(H,0),
a number of reactant and product isomers were again considered.
When modeled as (4,3) — (4,2) + H,O — (4,1) + 2H,0, the
difference between the primary and secondary thresholds is 1.13

£ 0.05 eV. When modeled as (5,2) — (6,0) + H,O — (5,0) +
2H,0, the difference between the primary and secondary E,
values is 1.10 £ 0.05 eV, within experimental uncertainty.
However, the difference between the primary and secondary
thresholds is 1.03 £ 0.05 eV, 0.10 eV lower in energy, when
the data is analyzed assuming (5,2) — (5,1) + H,O — (5,0) +
2H,0. Examination of Table 3 shows that this difference is a
result of small changes in both the absolute primary (by 0.07
eV) and secondary (by 0.04 eV) thresholds. In both cases, the
differences in the thresholds can be traced to changes in the
kinetic shifts associated with the varying reactant and product
isomers. For this secondary threshold, no primary threshold for
the dissociation of Zn?*(H,0) is available for the comparison
as charge separation limits the size of the reactants to n > 7.

Experimental Bond Enthalpies: Primary and Secondary
Values. Table 4 lists experimental O K hydration energies that
are equated with the primary threshold energies and differences
between the secondary and primary threshold energies, all taken
from Table 3. Theoretical 0 K hydration energies calculated
here at three levels of theory and from the literature are shown
for comparison. The reactant and product isomers chosen for
comparison in Table 4 are based on the relative 298 K free
energies and O K enthalpies given in Table 2. For a primary
threshold energy, the reactant isomer is assumed to be the 298
K GS (as this species should have the dominant population in
a thermally equilibrated source) and the product isomer is the
0 K GS (as our threshold analysis is dominated by the lowest
0 K enthalpy species, Figure 5b). In contrast, the secondary
thresholds correspond to the 0 K primary product GS isomer
dissociating to the 0 K product GS isomer for each level of
theory. Because Bx and Mx calculations give differing results
for the various GS complexes, the data are interpreted using
both the Bx and Mx GSs and then compared to the self-
consistent theoretical value interpretation of the data. In Table
4, values in bold highlight the experimental threshold energy
and its corresponding theoretical value.
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Figure 6. Comparison of experimental (solid symbols) and theoretical (open symbols) hydration enthalpies at 0 K for Bx (a, left) and Mx (b, right)
results. All theoretical results shown are counterpoise corrected. The (4,3)* isomer corresponds to (4,3)_2D,DD_AA2A.

For the n = 6 bond enthalpies, which can only be obtained
from secondary thresholds for dissociation of Zn2*(H,O);
dissociating to Zn>*(H,O)s + 2H,0, values were obtained
including competition with the charge separation process, as
accounted for and explained in the following paper,® and
ignoring this competition. For both possible reactant isomers,
(4,2) and (6,0), the value that includes this competition is lower,
ranging from 94 to 99 kJ/mol, and is our best measurement of
the n = 6 hydration energy. The energy difference between the
values with and without competition is nearly constant, 10—11
kJ/mol for the two isomers, and is a measure of the competitive
shift in this case.

Similar to the n = 6 complexes, the n = 7 complex exhibits
a competitive shift of ~14 kJ/mol for the (4,3) — (4,2) + H,O
dissociation pathway (Table 4). (Although not explicitly exam-
ined, it is expected that similar shifts would occur for any of
the other combinations of reactant/product isomers for the n =
7 complex, as was observed for the n = 6 system.) Note that
the secondary threshold listed for Zn**(H,0)s dissociating to
Zn*"(H,0)s + 2H,0, 0.96 £ 0.06 eV, agrees within experi-
mental uncertainty with the primary dissociation threshold of
Zn**(H,0); that does not account for competition, 0.89 4 0.06
eV (Table 3). In both measurements, competition with charge
separation has shifted the thresholds to higher energies. As for
the n = 6 complex, our best experimental hydration energies
for n = 7 are those obtained from the analyses that include
competition, here the primary thresholds. These range from 71
to 79 kJ/mol (Table 4), depending on the various reactant and
product isomers assumed in the analysis.

The water loss dissociation channel of the n = 8 complex is
not affected significantly by competition with the charge
separation channel that occurs at this complex size. Accordingly,
the difference between 0 K hydration energies obtained from
the primary and secondary dissociation channels are within 1—2
kJ/mol, well within experimental uncertainty. These values range
from 63 to 72 kJ/mol (Table 4), depending on reactant and
product isomers.

For the n = 9 complex, there is no charge separation channel
competing with dehydration. We measure a difference between
the primary and secondary E, values for the (5,5) — (5,4) +
H,0 — (5,3) + 2H,0 process as 0.73 4 0.03 eV, whereas the
primary E, value for (5,4) — (5,3) + H,O is lower, 0.55 +
0.08 eV (Table 3). The difference between these two measure-
ments (0.18 eV) is outside of experimental uncertainty (0.11
eV), and alternate isomer assumptions, (4,5) — (5,3) + H,O,
yield similar results (see above). One possible explanation for
this difference hypothesizes that we are producing a distribution

of isomers of these larger complexes in our ESI source. For
instance, isomers of the n = 8—10 complexes having a
4-coordinate inner hydration shell are calculated to lie 15, 22,
and 19 kJ/mol, respectively, above the 5-coordinate GSs at the
MP2(full) level of theory (Table 2). According to the free
energies of these species calculated at the MP2(full) level, a
Boltzmann distribution at 298 K predicts the (4,5) structure to
be 8% abundant. The presence of these higher energy isomers
in our reactant ion beams could lead to primary dissociation
thresholds that are low by amounts up to these excitation
energies. However, using this example, if the n = 9 cross section
is modeled assuming 92% (5,4) and 8% (4,5) isomers are present
with an energy gap of 22 kJ/mol (0.23 eV) between them, the
0 K threshold determined changes by only 0.03—0.04 eV from
analysis where only the (5,4) reactant is present. Notably, the
relative Bx free energies of the (5,4) and (4,5) are reversed
compared to the Mx energies, such that the (4,5) species would
be calculated to comprise 98% of the reactant beam. In this
case, virtually no change in threshold would occur if 2% excited
isomers in the reactant ions were included in the analysis.

Unlike the primary dissociations, we do not believe that the
difference between the primary and secondary dissociation
thresholds is influenced by alternate isomers in the reactant
beam. This is because even if the reactant ions have a
distribution of isomers, the primary and secondary thresholds
are lowered by the same amount of energy, such that the relative
measurement is unaffected. It can also be noted that a distribu-
tion of primary product isomers, such as that shown in Figure
5b, will not influence the absolute secondary threshold because
the thermodynamics cannot be dependent on the pathway used
to produce the secondary product from reactant ions. From an
experimental point of view, neither the primary threshold of
0.55 4 0.08 eV nor the secondary threshold of 0.73 + 0.03 eV
can be discounted as a valid measurement for the (5,4) — (5,3)
+ H,0 process.

Comparison of Experimental and Theoretical Bond Ener-
gies. Parts a and b of Figure 6 are direct comparisons of
experimental and theoretical O K hydration energies from Table
4. Figure 6a has experimental data interpreted using Bx predicted
GS isomers compared to Bx theoretical hydration energies and
Figure 6b compares the values obtained from Mx predicted
isomers. As discussed above, there is no primary value for n =
6 as this complex cannot be formed in the ESI source because
of the charge separation process, and there is no secondary value
for n = 7 because competition with the charge separation
process cannot be included in the analysis. Good agreement with
theory is found for n = 6, for all reactant and product isomers,
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but only when the effects of competition are included (Table
4), which verifies the importance of including the competitive
shifts reported in the following paper.?’ This more sophisticated
modeling is necessary to obtain accurate hydration energies for
this complex size, yielding 98.4 + 3.9 kJ/mol using the Bx
predicted (4,2) isomer and 94.6 + 3.9 kJ/mol for the Mx
predicted (6,0) reactant. Both methods of data analysis give
excellent agreement to their respective levels of theory with
MADs (mean absolute deviations) between experiment and three
of the four levels of theory: 1.8 kJ/mol for the Bx (4,2) isomer
and 1.0 kJ/mol for the MP2(full) (6,0) reactant. In contrast, the
MO6 level predicts a binding energy for (6,0) that is 15.6 kJ/
mol higher in energy than experiment and 16.6 kJ/mol higher
than MP2(full). Overall, neither theory nor the precision of the
data analysis allows an unambiguous determination of which
isomer is the true ground state. Therefore, we show both
individual dissociation pathways in Figure 6a and 6b.

Similar to the n = 6 dissociation, the experimental 0 K
hydration energies for the different isomers of n = 7 vary
between the (4,3)_2D,DD_AA,2A and (5,2) reactant species
predicted by Bx and Mx, respectively. The (4,3)_2D,DD_AA,2A
dissociation is lower by 8 kJ/mol, compared to the (5,2)
dissociation, a difference that is attributed to a change in the
kinetic shift as discussed above. The (4,3)_2D,DD_AA,2A
dissociation gives reasonable agreement with Bx theory, MAD
of 5.7 kJ/mol (Figure 6a). Threshold results interpreting the data
using the (5,2) reactant also gives excellent agreement to Mx
theory with a MAD of 3.3 kJ/mol (Figure 6b) within experi-
mental uncertainty.

As for the n = 7 results, the 0 K hydration energies for the
various isomers of n = 8 remain within experimental uncertainty
of each other. Here more dissociation pathways are considered
because the primary process is assumed as the lowest 298 K
free energy reactant dissociating to the lowest O K product, but
the secondary process is the lowest energy 0 K dissociation. In
this case, Bx results predict a (4,4) — (4,3) + H,O primary
process and a (5,3) — (4,3) + H,O secondary process with
MADs of 12.2 and 5.8 kJ/mol, respectively. The Mx GS
structure results are less ambiguous at the larger complex sizes,
predicting the (5,3) — (5,2) + H,O for both the primary and
secondary processes (Figure 6b). The differences in these
thresholds from MP2(full) theory are 7.9 and 5.9 kJ/mol,
respectively, and increase to 13.9 and 11.9 kJ/mol for M06
theory, respectively. Overall, neither theory nor experiment are
able to definitively ascertain which reactants or dissociations
are truly active.

For the larger n = 9 and 10 water complexes, experimental
E, values obtained using eq 4 assuming a five-water inner
solvent shell for the reactants differ from theoretical results by
16—26 kJ/mol depending on the level of theory used to interpret
the data. However, when the data is analyzed assuming a (5,5)
— (5,4) + H,O — (5,3) + 2H,0 dissociation pathway, predicted
by both Bx and Mx, the relative secondary threshold obtained
yields a binding energy for n = 9 that is in excellent agreement
with theory, with a MAD of only 4.3 kJ/mol. This is in much
better agreement with theory than the primary values. The
primary value predicted by Bx is the (4,5) — (5,3) + H,O
dissociation, with a MAD of 20.9 kJ/mol (Figure 6a). The Mx
levels again predict the primary process as the 5-coordinate
dissociation. Although this is the same isomeric dissociation
seen in the secondary value above, the primary process has a
MAD of 22.5 kJ/mol lower than the energy predicted by theory
(Figure 6b). Obviously the secondary value is in much better
agreement with all three levels of theory. These deviations have
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several possible explanations. As discussed above, higher energy
isomers could be present in the reactant ion beams, leading to
primary dissociation thresholds that are lower than the calculated
bond energies for the GSs. In particular for these larger
complexes, it seems possible that rehydration of smaller
complexes in the hexapole region of the source could place a
water ligand in a more weakly bound outer solvent shell, e.g.,
(5,3,1). As shown in the accompanying paper,?® there can be
appreciable barriers to rearrangement of such outer shell water
molecules moving to more stable inner-shell positions. Another
possible explanation is that thermalization of these larger
complexes is not as complete as the smaller, more strongly
bound complexes. Indeed, analysis indicates that the primary
threshold would agree with that derived from the secondary
threshold if the n = 9 reactant had a temperature of 500 K.
However, such an analysis also necessitates lowering the N value
such that the model no longer reproduces the data nearly as
well, thereby discounting this hypothesis. Furthermore, a
temperature of 500 K seems extraordinarily high for a source
that has previously shown to produce thermalized ions.’’#! ™%
The third explanation is that theory is not accurately accounting
for the partially filled second solvent shell seen in the 8—10
water complexes. Rudolph et al. believed that the second
hydration shell around Zn?* is filled at n = 18 with an inner
shell of 6, and any smaller structure with a partially filled second
shell yielded a calculated binding enthalpy that would account
for only 62—69% of the experimentally found single ion
hydration enthalpy.’ However, the study by Rudolph et al. only
performed calculations using HF and MP2 levels of theory (with
a variety of smaller basis sets compared to those used here) on
the n = 1—6 and 18 complexes. On the basis of the calculations
performed here, an inner solvent shell of six is consistently
higher in energy than inner solvent shells of five and four for
complexes up to n = 10, with the exception of the Mx results
for the (6,0) complex. Pavlov et al. also addressed the
importance of a filled second solvent shell for accurate binding
energies and inner-shell size prediction. They concluded that
larger cluster sizes of at least n > 12 were necessary to represent
the dilute solutions found in spectroscopy experiments.'® The
importance of the second hydration sphere in the calculation of
both frequencies and SPEs is seen both in the literature and in
the work presented here for n > 8. Investigations are ongoing
as to whether an alternate basis set or theoretical approach will
more accurately account for this partially filled second shell.

For the n = 10 complexes, the primary processes are again
much lower in energy than theory. If the data are interpreted as
a 4-coordinate reactant dissociating to a 5-coordinate product
(as predicted by Bx), the threshold, 36.7 + 2.9 kJ/mol, has a
MAD from theory of 20.9 kJ/mol (Figure 6a). This value
actually agrees within experimental uncertainty with values
calculated at the Mx levels of theory, however, this level of
theory strongly supports the 5-coordinate GSs, leading to internal
inconsistency. Similarly, the (5,5) — (5,4) + H,O process
supported by Mx has a threshold of 42.5 £ 2.9 kJ/mol, with a
MAD compared to theory of 17.8 kJ/mol (Figure 6b). If a
temperature of 500 K for the reactant is used in the analysis,
the threshold increases to 50.3 kJ/mol giving a MAD of 10.0
kJ/mol. However, raising the temperature of the reactant means
that the model fails to reproduce the data well and gives a
threshold for » = 10 that is still lower in energy than that
predicted by theory. Because primary thresholds for both n =
9 and 10 are low compared to theory, and the secondary value
for n = 9 agrees, we do not believe these primary thresholds
represent our best experimental values.
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TABLE 5: Conversion of 0 K Thresholds to 298 K Enthalpies and Free Energies for Water Loss from Zn>"(H,0),*

n dissociation AH()b AHzgx - AH()C AHz()g TASng(‘ AG293
6 4.2)—@4,1) 98.4 (3.9) 4.7 (0.4) 103.1 (3.9) 46.6 (1.0) 56.5 (4.1)
(6,0) —(5,0) 94.6 (3.9) 2.1(0.5) 96.7 (3.9) 45.5(1.4) 51.2(4.1)
7 4,3)_“—(4,2) 71.4 (4.8) —1.0(0.3) 70.4 (4.8) 179 (1.4) 52.5(5.0)
(5.2) = (6,0) 79.2 (4.8) 6.2 (0.3) 85.4 (4.8) 39.1(1.2) 46.3 (4.9)
8 4.4)—4.3) 63.7 (5.8) 1.1 (0.3) 64.8 (5.8) 34.6 (1.6) 30.2 (6.0)
4.4)—5.2) 59.8 (5.8) 1.6 (0.2) 61.4 (5.8) 29.8 (1.1) 31.6 (5.9)
(5.3)—4.3) 71.4 (5.8) 3.6 (0.6) 75.0 (5.8) 46.0 (1.2) 29.0 (5.9)
(5.3)—(5.2) 67.5 (5.8) 4.2(0.4) 71.7 (5.8) 41.2(1.1) 30.5(5.9)
9 4,5)—(5.3) 45.3 (7.7) —1.4(0.1) 43.9 (7.7) 20.7 (1.6) 23.2(7.9)
5.4)—(5.3) 53.1(7.7) 2.6 (0.4) 55.7 (6.8) 40.6 (1.1) 15.1 (7.8)
10 (4,6) — (5.4) 36.7 (2.9) —3.2(0.04) 33529 10.9 (1.4) 22.6 (3.2)
(5,5 — (5.4 42.5(2.9) 1.1 (0.3) 43.6 (2.9) 29.2 (1.0) 14.4 (3.1)

@ All values in kJ/mol with uncertainties in parentheses. * Experimental values from Table 4. ¢ Values calculated from the vibrations and

rotations calculated at the B3LYP/6-311+G(d,p) level. Uncertainties found by scaling the frequencies up and down by 10%.

4(4,3)_2D,DD_AA,2A isomer.

Conversion from 0 to 298 K Thermodynamics. Using the
vibrational frequencies and rotational constants of the zinc water
clusters calculated at the B3LYP/6-311+G(d,p) level of theory
discussed above, a rigid rotor/harmonic oscillator approximation
was applied to convert the 0 K bond energies to 298 K hydration
enthalpies (Table 5). The uncertainties in these conversions are
found by scaling the vibrational frequencies up and down by
10%. This approximation may not be suitable for all cases
because of the low frequency torsional motions. Nevertheless,
values appropriate for the GS species as determined from single-
point energies and free energies at both the Bx and Mx levels
of theory were considered, as discussed above. When looking
at the different reaction pathways in Table 5, it can be noted
that changes in the TASys values are inversely related to changes
in the kinetic shift from Table 3. As the kinetic shift increases,
the hydration energy decreases and both the entropy of activation
and dissociation also decrease.

Comparing the dissociation pathways selected for Figure 6a
(those predicted by Bx), the free energy values (AGaos) decrease
as the complex gets larger. For the predicted primary dissocia-
tion pathways, the relative entropies of dissociation, TAS,s,
change as (4,2) > (4,3)_2D,DD_AA2A < (4,4) > (4,5) > (4,6),
whereas the secondary dissociations vary as (4,2) > (4,3) < (5,3)
> (5,4) > (5,5). In general, the TAS,9g value will increase as the
relative number of states of the products increases or the number
of states of the reactant decreases. Because the TASyg values
are calculated as the difference in the entropies of the product
GS + H,0 and reactant GS, variations in the entropies of
dissociation are largely dependent on the vibrational frequencies.
If the reactant has more loose torsional frequencies compared
to the product, the entropy of dissociation decreases. An example
of this is seen in the large decrease (28.7 kJ/mol) from the (4,2)
to(4,3)_2D,DD_AA,2A dissociations. Herethe (4,3)_2D,DD_AA2A
has two single acceptor waters, “A”, in the second solvent shell
and thereby has more low torsional frequencies than the (4,2)
complex where both second-shell waters form “AA” H-bonds.
Overall, the patterns in dissociation entropies parallel those for
the entropy of activation (discussed above for n = 7—10).
Although the entropy of activation values are evaluated at 1000
K and do depend on details of the RRKM analysis, the variation
in their values is also largely dependent on the changes in the
vibrational frequencies of the EM and TS associated with solvent
shell rearrangements.

Now looking at the dissociations predicted by the Mx levels
of theory found in Figure 6b, the trend in TAS,gg values can be
explained using similar reasoning as that applied to the Bx
predicted dissociations. Because the inner solvent shell remains

constant at five waters, the relative entropies of dissociation
remain fairly constant with values varying as (6,0) > (5,2) ~
(5,3) ~ (5,4) > (5,5). There is only a small decrease in the
TASy9s from the (6,0) to (5,2) reactants. The latter complex
undergoes an inner solvent shell rearrangement upon dissocia-
tion, which can have a more drastic affect on the TAS»og value,
as seen above. However, both the (5,2) and (6,0) complexes
have all water ligands bound relatively tightly with no singly
hydrogen bound waters in the second shell, unlike the
(4,3)_2D,DD_AA,2A complex.

Obviously, the AS', TAS,o3, and AAGyog values (difference
between the AG,os values of Zn>"(H,0), and Zn**(H,0),—;) of
the water loss products are directly dependent on the GS
structure chosen and will vary based on the inner solvent shell
size and second-shell bonding. This emphasizes the need for
careful analysis of all reaction dissociation pathways because
of the ambiguous results of the theoretical calculations, espe-
cially in the cases where alternate isomers lead to changes in
the kinetic shift large enough to alter the hydration energy. In
addition to the dissociations chosen here for analysis in Table
4, all pathways analyzed in Table 3 are compared to theory
and converted to 298 K in Tables S3 and S4 in the Supporting
Information.

Conclusion

The energy-dependent cross sections of the collision-induced
dissociation of Zn>"(H,0);, Zn**(H,0)s, Zn**(H,0)y, and
Zn*"(H,0)y are determined using guided ion beam mass
spectrometry. Experimental and theoretical bond dissociation
energies for the Zn*"(H,0), (n = 6—10) show a steady increase
in energy as each water is removed agreeing with an intuitive
understanding of metal ion hydration. Although the ESI source
is limited to producing complexes of n > 7, our sequential
dissociation model is able to provide additional thermochemical
information for n = 6. Work is also underway to extend the
sequential model to provide threshold analysis down to
7Zn>*(H,0); which is the smallest zinc water cluster seen in the
CID cross sections. Also, work has been performed analyzing
the affect of the competition of the charge separation on the
water loss thresholds, specifically those for the n = 7 and 6
binding energies. These results are discussed in detail in a
separate publication on these processes.?’

An exhaustive and thorough search into the low-energy
structures of Zn*"(H,0),, where n = 1—10, is reported and
examines inner-shell sizes of 4, 5, and 6. We find B3LYP and
B3P86 calculations predict a GS with an inner shell of 4 up to
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n = 8 where the GS switches to an inner shell of 5. This
transition to a larger inner shell is a result of distortions in the
tetrahedral inner shell and the need to bind outer-shell water
ligands to the inner shell via single hydrogen bonds, both of
which raise the energy of the 4-coordinate structure relative to
the 5-coordinate. The average of the MADs between experiment
and Bx theory reported in Figure 6a is 9.8 kJ/mol. In contrast,
MO06 and MP2(full) calculations show a preference of an inner
shell of 5 for n =5 and 7—10, and of 6 for n = 6. The average
of the MADs between experiment and Mx theory in Figure 6b
is 11.0 kJ/mol. This larger MAD is primarily because the M06
calculations generally overestimate the binding enthalpies,
whereas the MAD between experiment and MP2(full) theory
is 8.0 kJ/mol. Thus, it appears that MP2(full) gives the best
agreement between experiment and theory for the water loss
dissociation energies. For most values of n, both DFT and MP2
calculations show that all three inner-shell sizes are close in
energy and a distribution of all isomers is experimentally
possible. Because of this ambiguity, analysis of all dissociation
pathways of the varying structures predicted by both levels of
theory is carefully considered. Changes in the structures of the
EM and TS lead to changes in the kinetic shift of the
dissociation. Scrutiny of Figures 6a and 6b shows that Bx and
MP2(full) theory provide similar agreement with experiment
for the n = 6 and 7 complexes, but the Bx theoretical predictions
of (4,4) and (4,5) GSs for n = 8 and 9 are inconsistent with the
data. In contrast, the MP2 predictions of (5,3) and (5,4) GSs
are in good agreement with our experimental results for n = 8
and 9. Although not definitive at this point, these comparisons
suggest that the structural predictions of MP2 theory are more
reliable. This means that most zinc complexes studied here have
a five-coordinate inner hydration shell, with the exception being
Zn*"(H,0)s where all ligands are bonded directly to the metal
ion. Future work will look into the isomer distributions produced
via ESI as well as theoretical calculations for the n > 8
complexes, which may better describe the binding energies of
second solvent shell waters. Spectroscopic investigation of these
complexes is also underway.
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