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The bond dissociation energies for losing one water from Cd%*(H,0), complexes, n = 3—11, are mea-
sured using threshold collision-induced dissociation in a guided ion beam tandem mass spectrometer
coupled with a thermal electrospray ionization source. Kinetic energy dependent cross sections are
obtained for n = 4-11 complexes and analyzed to yield O K threshold measurements for loss of
one, two, and three water ligands after accounting for multiple collisions, kinetic shifts, and energy
distributions. The threshold measurements are converted from 0 to 298 K values to give the hydra-
tion enthalpies and free energies for sequentially losing one water from each complex. Theoretical
geometry optimizations and single point energy calculations are performed on reactant and product
complexes using several levels of theory and basis sets to obtain thermochemistry for comparison
to experiment. The charge separation process, Cd** (H,0),, — CdOH " (H,0),, + H" (H,0),,_,,_1, is
also observed for n = 4 and 5 and the competition between this process and water loss is analyzed.
Rate-limiting transition states for the charge separation process at n = 3—6 are calculated and com-
pared to experimental threshold measurements resulting in the conclusion that the critical size for
this dissociation pathway of hydrated cadmium is ngy = 4. © 2011 American Institute of Physics.

[doi:10.1063/1.3553813]

I. INTRODUCTION

Cadmium is an especially toxic and environmentally haz-
ardous substance, whose anthropogenic emissions have been
categorized to be 18 times higher than naturally occurring
rates.”*> Because cadmium can deactivate important proteins
and enzymes, bioaccumulate, and has a biological half-life
of 10-30 years, the United States environmental protection
agency has classified cadmium as a priority pollutant. With
such a large anthropogenic discharge into the environment,
cadmium is quickly breaching valuable aqueous resources
around the world, particularly in industrialized countries. An
accurate and complete understanding of the thermochemical
properties and reaction pathways of Cd**(H,0), complexes
is necessary for the efficient removal of this metal pollutant
from these aqueous systems.

The hydration of metal cations, both singly and multi-
ply charged, has been studied extensively in the gas phase
over the past two decades.>'® Such studies had never included
the thermochemistry for hydration of cadmium until a recent
article'” in which we experimentally examined Cd>*(H,0),,,
n = 4-11, and discussed previous experimental and theoreti-
cal work'®2> on cadmium coordination behavior. This study
focused on the dominant reaction pathway, primary water loss
in reaction (1).

Cd**(H,0), — Cd*"(H,0),_1 + H,0. (1)

This is followed by sequential loss of additional water
molecules at higher energies. As will be seen below, particular
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sized complexes also undergo a charge separation process,
reaction (2).

Cd**(H,0), — CdOH (H,0),, + HY (H:0)y 1. (2)

The latter reaction is observed as a primary dissociation
channel only for complexes of n = 4 and 5. In the present
paper, we examine the competition between reactions (1)
and (2) in detail, thereby providing further thermodynamic
information for both channels.

Similar to the hydration of Zn?*(H,0),,”?%3? the
ground state (GS) structures and coordination number (CN)
for hydrated Cd* are highly dependent on the level of theory
used. Our preliminary report'” on Cd>*(H,0), explored
the experimental dissociation pathways as predicted by
MP2(full)/SD/6-311+G(2d,2p)//B3LYP/SD/6-311+G(d,p)
[with the Stuttgart—Dresden (SD) effective core poten-
tial (ECP) and basis set for Cd]*® calculations of the
low-energy structures and found an excellent agreement
between experimental and theoretical bond energies for water
loss. These results indicate CN = 6, whereas B3LYP/SD/6-
3114+G(2d,2p)//B3LYP/SD/6-3114G(d,p) low-energy struct-
ures of Cd**(H,0), have a smaller primary hydration shell
(CN = 4 or 5, depending on complex size). As shown
previously,”® our experimental thermochemistry can rely
on the specific isomer considered, specifically how many
inner shell versus outer shell water ligands are present in the
reactants and products. In order to obtain a complete under-
standing of the Zn>* hydration energies, we reported multiple
bond dissociation energies (BDEs) for Zn>*(H,0),, where n
= 6-10, based on differing low-energy structures predicted
at MP2(full) and B3LYP levels. Results from this previous
study combined with a recent infrared photodissociation
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spectroscopy investigation®* on Zn?*(H,0),, where n
= 6-12, support the GS structures predicted at the MP2(full)
level over those predicted at the B3LYP and B3P86 levels.
Consequently, in the present work, the thermochemical
properties of Cd**(H,0),, n = 3-11, are based on the GS
structures predicted at the MP2(full) level using two different
basis sets.

Compared to our previous report, ' we have recalculated
the Cd**(H,0), structures at the B3LYP/SD/6-311+G(d.p)
level to ensure that they are fully converged after the fre-
quency calculation. We also perform additional optimization
and single point energy calculations using a size-consistent
basis set for all atoms (Def2TZVP and Def2TZVPP).3
Ultimately, the analysis performed in the present study finds
the threshold energies reported earlier for reaction (1) remain
essentially the same, but now includes additional thermo-
chemical results and discussions of the cross sections and
competition between reactions (1) and (2). Additionally, the
new theoretical results are compared with the corresponding
primary thresholds for reaction (1).

17

Il. EXPERIMENTAL AND THEORETICAL SECTION
A. Experimental procedures

The experimental methods used to form the Cd>*(H,0),
complexes and obtain the kinetic energy dependent cross
sections for the collision-induced dissociation (CID) are de-
scribed in detail elsewhere.!” Briefly, the complexes are
formed at room temperature in an electrospray ionization
(ESI) source coupled with an ion funnel and radio frequency
hexapole ion guide. An in-source fragmentation technique,
utilizing electrodes in the hexapole region of our source,’®
was used to increase the amount of the n = 4-6 com-
plexes produced by our ESI source. Increasing the voltage
on the electrodes enhances the intensity of smaller metal
hydrate complexes as described previously for Ca’t(H,0),
(:omplexes;36 however, for Cd*t(H,0), complexes, increas-
ing the electrode voltage past the intensity peak for the n
= 4 complex generates only charge separation products with
no hydrated complexes smaller than n = 4 being observed.
After mass selection, complexes are collided at varying pres-
sures of Xe (typically about 0.05, 0.10, and 0.20 mTorr) and
intensities of the reactant and product ions are measured.
Product and reactant ion intensities as a function of the ion
kinetic energy in the lab frame are converted to absolute cross
sections as a function of relative energy and are extrapolated
to zero pressure to ensure single collision conditions, as out-
lined elsewhere.>’°

B. Threshold analysis

Competition between reactions (1) and (2) can be
modeled statistically using equations described elsewhere.*’
These methods include three adjustable parameters: o
which is an energy-independent scaling factor for channel
J» N which is an adjustable parameter that describes the
efficiency of collisional energy transfer,*! and Ep; which
is the threshold for CID of the ground electronic and
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rovibrational state of the reactant ion at 0 K for channel j.
The model incorporates Rice—Ramsperger—Kassel-Marcus
(RRKM) theory*** to describe the kinetics of the compet-
itive dissociations.**~*® Rotational constants and vibrational
frequencies needed in the analyses are taken from quantum
chemical calculations discussed below. Because the charge
separation process in reaction (2) produces two singly
charged species, there must be an associated Coulomb barrier
along the reactant coordinate for this dissociation channel,
such that the appropriate transition state (TS) is tight. The
rate limiting TSs of reaction (2) are labeled according to the
products formed, i.e., TS[m + (n — m — 1)]. For the water
loss channels of reaction (1), the TS is loose because the bond
cleavage is heterolytic with all the charge remaining on the
fragment containing the cadmium ion.*” This TS is treated at
the phase space limit in which the TS is product like and the
transitional modes are treated as rotors,*®

Thresholds for sequential dissociation of a second water
molecule were modeled in conjunction with that of the sin-
gle 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*® and Zn>*(H,0),,.2* Because of the complexity of
the sequential dissociation model, its use is presently limited
to a single primary product channel such that a “sequential
competitive” model is not included in our analysis.

Analysis of the data involves using equations described
elsewhere to reproduce the data over extended energy and
magnitude ranges, using a least-squares criterion for optimiz-
ing the fitting parameters, o, Eg, and N. The uncertainties
in these parameters include variations associated with model-
ing several independent experimental cross sections, scaling
the theoretical vibrational frequencies by +10%, varying the
optimum N value by £0.1, scaling the experimental time of
flight up and down by a factor of two, and the uncertainty in
the absolute energy scale (0.05 eV Lab).

C. Quantum chemical calculations

Calculations were performed using the GAUSSIAN 03
package,’” with full details described in our previous paper.!’
Briefly, geometry optimizations were performed at the
B3LYP (Ref. 51, 52) level of theory with a 6-3114+G(d,p)
basis set on the waters and the Stuttgart-Dresden ECP and
basis set on Cd>*. For comparison to our previous calcu-
lations, geometry optimizations were also performed at the
B3LYP/Def2TZVP level, where the Def2TZVP basis set in-
cludes triple zeta 4 polarization functions and the SD ECP.
Both basis sets and ECPs were obtained from the EMSL ba-
sis set exchange® and have a small effective core of 28 elec-
trons for Cd.*? Vibrational frequencies and rotational con-
stants were also calculated at both levels of theory. Since our
previous report!” on this system, additional calculations have
been performed to ensure that each structure is fully con-
verged after the frequency calculation. In addition, the tight
TSs of the charge separation processes were obtained using
TS optimization calculations at the B3ALYP/Def2TZVP level
and were found to have one imaginary frequency. Calcula-
tions of the TS for reaction (2) using the SD/6-311+G(d,p)
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basis set failed, yielding more than one negative frequency
or unreasonable structures. The benefit of the Def2TZVP (as
well as Def2TZVPP) basis sets is that they are balanced ba-
sis sets for all atoms, which could be the reason the SD/6-
3114+G(d,p) basis set failed for these tight TS calculations.
All other structures were found to be vibrationally stable us-
ing either basis set. Frequencies were scaled by 0.989 (Ref.
54) before being used in the RRKM analysis described above
and in the calculation of the zero point energy (ZPE) and
thermal corrections. The optimized parameters of the water
loss pathways modeled were not dependent on whether the
frequencies used in the modeling were calculated with the
Def2TZVP or SD/6-3114-G(d,p) basis set. Single point en-
ergies were calculated at the B3LYP, B3P86,% and MP2(full)
(Ref. 56) levels of theory using the SD/6-311+G(2d,2p) and
Def2TZVPP basis sets. Basis set superposition error correc-
tions were calculated for reaction (1) in the full counterpoise
(cp) limit."-38

lll. RESULTS AND DISCUSSION
A. CID cross sections

Experimental cross sections for collision-induced disso-
ciation with Xe were acquired for Cd**(H,0),, n = 4-11,
Fig. 1. In all cases the loss of a single water molecule, reac-
tion (1), is the dominant process, followed by loss of addi-
tional water molecules as the translational energy increases.
The individual products for reactions (1) and (2) are shown
in Figs. 1(a)-1(c), the cases where reaction (2) complicates
the dissociation of Cd>*(H,0)s, Cd**(H,0)4, and possibly
Cd**(H,0)3. The total cross section of all charge separa-
tion products is shown in Figs. 1(d)-1(f), because in these
three systems, these products do not compete with the two
lowest energy water loss channels. Only the sequential wa-
ter loss products from the dissociation of Cd**t(H,0) and
Cd**(H,0);; are shown in Figs. 1(g) and 1(h), respectively.
At these larger complex sizes, the charge separation products
were not observed because the reactant ion intensity is small
as is the extent of fragmentation to yield charge separation
products.

B. n=4

Cross sections for reaction (1) with Cd*t(H,0), have
been discussed previously,'” but little attention was given to
reaction (2) and its products. The Cd**(H,0), reactant dis-
sociates via both reactions (1) and (2), Fig. 1(a). The low-
est energy charge separation process observed corresponds to
reaction (3),

Cd**(H,0)4 + Xe — CdOH'(H,0), + HT(H,0) + Xe,
3)

which has a lower apparent threshold than that for formation
of Cd**(H,0); in reaction (1). This observation along with
the quantitative thresholds presented below show that reaction
(3) is thermodynamically favored over reaction (1). Because
of this, our thermal ESI source is limited to producing reac-
tant ions of n > 4, as discussed in detail previously for the hy-
drated Zn>* system.?®*’ Despite being energetically favored,
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the magnitude of the cross section for charge separation is
smaller compared to that for water loss above about 1.3 eV,
clearly indicating that charge separation is an entropically dis-
favored reaction. Although the loss of H,O is energetically
more costly than reaction (3), the relative threshold difference
between the two dissociation pathways is small and reaction
(1) is entropically favored thereby allowing the observation
of Cd?>*(H,0); and Cd**(H,0), complexes at high collision
energies in our CID experiments [Figs. 1(b)-1(f)].

The magnitudes of the cross sections for CAOH™ (H,0),
and H*(H,0O) formed in reaction (3) should be identical, but
that for the protonated water cluster is smaller than that of its
hydrated cadmium hydroxide cation partner. Similar observa-
tions are made in all systems examined here, Figs. 1(a)-1(c),
and previously* for zinc dication hydrates. This difference is
a result of the lower collection efficiency of the lighter prod-
uct ion. Because the products of the charge separation process
pass over a large Coulomb barrier, there is considerable ki-
netic energy release in the product channel. In particular, the
lighter product ion can have large kinetic energies that can
exceed the center of mass velocity, meaning that a portion of
these ions can travel backwards in the laboratory frame and
are lost at the entrance to the octopole ion guide under the fo-
cusing conditions usually used. Focusing conditions in which
such backward scattered products are reflected at the en-
trance and therefore collected at the detector can be used and
demonstrate that the protonated water cross sections increase
to match those of the hydrated metal hydroxide cation. Un-
der such conditions, the cross sections of all heavy ion prod-
ucts (i.e., the singly charged hydrated metal hydroxide and
the doubly charged hydrated metal) are unaffected. However,
these focusing conditions greatly lower the overall reactant
ion intensity, leading to an increase in the total experimental
collection time and reduced signal-to-noise ratio. Therefore,
the data shown are collected under standard focusing condi-
tions with the understanding that the hydrated metal hydrox-
ide cation cross section is the more accurate determination of
the absolute cross section for the charge separation processes.

The CdOHT(H,0), product cross section decreases
above 1.8 eV, indicating that it must be dissociating, as also
indicated by the observance of CdAOH*(H,0). The onset in
the CdAOH™ (H,0) product cross section exhibits a pressure ef-
fect, such that the low energy feature below 1.8 eV disappears
upon extrapolation to zero pressure, Fig. 1(a). Above about
2.4 eV in Fig. 1(a), there is a 40% increase in the H" (H,0)
product cross section, observed more easily on a linear y-axis
scale, that is mirrored in the sum of the cadmium hydroxide
product cross sections. This increase is believed to correspond
to reaction (4).

Cd**(H,0); + Xe — CdOHT (H,0) + H(H,0) + Xe.
4)

This reaction is plausible because the charge separation
process should be energetically favored over the loss of a wa-
ter ligand for all complexes smaller than n = 4, a trend dis-
cussed previously for the related zinc system.*’ Therefore,
the CdOH™ (H,0) product cross section can have contribu-
tions from both reaction (4) and water ligand loss from the
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FIG. 1. CID cross sections for the sequential water loss (lines in parts a—c and open symbols in parts d-h) and charge separation processes (symbols in parts
a—c and solid symbols in parts d-h) for Cd>*W,,, where n = 4-11 and W = H,O colliding with Xe at 0.2 mTorr as a function of laboratory voltage (upper
x-axis) and center-of-mass energy (lower x-axis).
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CdOH ™ (H,0), product, while Ht(H,0) is formed in both
reactions (3) and (4). These trends and pathways are discussed
further below in the context of the available thermochemistry.

Although the relative magnitudes of the product cross
sections shown in Fig. 1(a) provide good qualitative in-
formation, the absolute magnitudes of these products may
be inaccurate because the '"Cd*t(H,0), reactant has the
same mass as KT(H,O);, a common contaminant in these
solutions. This is also the reason why no Cd** (H,0), product
is shown in Fig. 1(a), as this product has the same mass as
a K*(H,0), product. Utilization of other isotopes of Cd**
were equally problematic because the other main isotopes
of Cd have mass overlaps with other common contaminant
ions found in our instrument: Ca?t(H,0)g and Ht(H,0)s.
Studies using different metals hydrated with D,O have been
attempted, but the intensities of pure M>*(D,0), complexes
formed in our source are not sufficient to conduct threshold
collision-induced dissociation experiments. It should be
noted that this contamination problem does not affect the
thermochemical and threshold information derived from the
primary water loss or charge separation products of the disso-
ciation of n = 4. It only affects the absolute values of the cross
sections and therefore the o values used in the modeling.
No other Cd**(H,0), complexes had similar difficulties.

C. n=5

In the dissociation of Cd**(H,0)s, products are observed
for reactions (1) and (5), Fig. 1(b).

Cd** (H,0)s + Xe — CdOH*(H,0), + H"(H,0), + Xe.
(5

Both products formed in reaction (5) have a higher ap-
parent threshold than the water loss product from reaction
(1) indicating that reaction (1) is energetically favored over
reaction (5). Products of reaction (5) have a much smaller
cross section than the Cd?*(H,0), product (by over 2 or-
ders of magnitude) because reaction (5) is both thermody-
namically and entropically disfavored over reaction (1). Re-
action (3) is also observed in the sequential dissociation
of Cd?>*(H,0)s, as evidenced by the increase in magnitude
of the CdOHT(H,0), cross section above ~1.4 eV. Fur-
ther, this second feature is not observed in the HY(H,0),
product cross section, but does match the appearance of the
H*(H,0) product associated with reaction (3). As shown
in Fig. 1(a), the threshold for reaction (3) [as exhibited by
both the second feature of CdAOH"(H,0O), and the onset of
H™(H,0)] appears close to but slightly below that for forma-
tion of Cd**(H,0);. Examination of the CdOH™ (H,0) cross
section also shows two features, both of which start at ~1 eV
above the more obvious onsets in the CAOH"(H,0), cross
section. In both cases, the CAOH T (H,0) product is probably
formed by water loss from the CAOH " (H,0), product formed
in reactions (3) and (5), but could also have contributions from
reaction (4) at higher energies, as discussed below in further
detail.

J. Chem. Phys. 134, 114308 (2011)

D. n=6

The dominant reaction observed in the dissociation of
Cd2*t(H,0) is the loss of a single water molecule, followed
by the sequential loss of additional water molecules as the
collision energy increases down to npyy, = 2. For n = 6, no
additional charge separation products were observed other
than those already discussed for the smaller complexes,
Fig. 1(c). Thus reaction (2) is higher in energy than both
reaction (1) and the sequential loss of another water ligand to
form Cd**(H,0)4, consistent with the discussions above and
Fig. 1(b). Above about 2 eV, the CAOH ™ (H,0); product con-
tinues to increase in magnitude while the H* (H,0), product
cross section levels and then begins to gradually decrease
above 3 eV, most likely corresponding to a water loss disso-
ciation. As shown in Fig. 1(b), the additional increase in the
CdOH™ (H,0), product cross section matches the appearance
of the H*(H,0) product indicating the onset of reaction (3).
Unlike Figs. 1(a) and 1(b), the products of reaction (3) appear
to have a higher apparent threshold than that for the formation
of Cd**(H,0)s, but because these ion intensities are now all
much smaller, this is simply an issue of sensitivity. As shown
in Fig. 1(b), the CdOH"(H,0) cross section exhibits two
features that probably correspond to water loss dissociation
from the CAOH* (H,0); products formed in reactions (3) and
(5) with possible contributions from reaction (4).

E. n=7-11

In all cases, the dominant reactions are the loss of a single
water molecule, reaction (1), followed by the loss of addi-
tional water molecules as the collision energy increases,
Figs. 1(d)-1(h). This behavior has been discussed
previously.!” For these five systems, the charge separa-
tion reactions observed do not complicate the dissociation
of the first two water ligands. The Cd?*t(H,0);, reactant was
observed with very small intensity such that data for loss
of only the first two water ligands were collected, Fig. 1(h),
although loss of three waters was observed experimentally.

As mentioned above, the smallest cadmium water com-
plex observed is Cd**(H,0),, Figs. 1(b)-1(e). Cd**(H,0);
and Cd>*(H,0), product cross sections are considerably
smaller than that of the Cd**(H,0), product by factors of
about 2 and 60 at elevated collision energies in Fig. 1(b)
(and even larger factors for larger parent complexes). In
addition, the energy gaps between the onsets of Cd>*(H,0)4,
Cd**(H,0)3, and Cd**(H,0), are considerably larger than
between any other pair of sequential products. These obser-
vations parallel those found in our hydration studies of Zn>*
(nmin = 3) (Ref. 26) but are distinct from those found for Ca2*
and Sr2t (nymin = 0).5%% For all four metal dications, the
general trends are explained by gradually increasing hydra-
tion energies as n decreases, and this explanation is sufficient
for Ca>* and Sr**. For both Zn?* and Cd**, another possi-
ble contribution comes from the enhanced stability given by
the 18e™ rule, as fulfilled for their n = 4 complexes, and dis-
cussed further below. Another contributing factor to the sub-
stantial decrease in the magnitude of the Cd**(H,0), cross
section comes from the energetic preference for the charge
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TABLE I. Relative calculated enthalpies (AHp) and free energies (AGagg)® in kJ/mol of Cd** (H,0),,.

SD/6-311+G(2d,2p) Def2TZVPP
n Complex name B3LYPP MP2(full)? B3LYP* MP2(full)¢
5 (5.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
@,1_A 11.1(4.8) 26.2 (20.0) 9.9 4.9) 18.6 (13.6)
6 (6,0) 0.0 (1.4) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
(5,1)_ApAy, 3.7(1.0) 17.1 (13.1) 3.0 (0.6) 11.0 (8.6)
(5.1)_A, 10.7 (0.0) 26.8 (14.7) 10.0 (0.6) 19.5 (10.1)
(4.2)_2AA 9.8 (15.8) 35.0(39.6) 8.1(13.7) 22.8(28.4)
7 (6.1)_AA 4.8 (1.0) 0.0 (0.0) 7.1(2.8) 0.0 (0.0)
(5.2)_2AbAy 0.0 (1.6) 8.4 (13.8) 0.0 (0.9) 0.7 (5.9)
(5,2)_ApAp,A, 7.1(0.0) 18.4 (15.1) 7.5(0.0) 9.9 (6.8)
(4.3)_4D_AA2A 155 (3.6) 41.7 (33.6) 14.8 (3.1) 26.5(19.2)
(1.0) 39.8 (31.8) 22.4(18.2) 42.9 (35.5) 263 (23.3)
8 (6.2)_4D_2AA 2.9(1.2) 0.0 (0.0) 5.6 (5.0) 0.0 (3.1)
(6,2)_2D,DD_2AA 3.8(4.0) 0.9 (2.7) 10.1 (1.5) 4.9 (0.0)
(5.3)_2ApAn.AuAp 0.0(22) 11.8 (15.6) 0.0 (0.4) 33(1.5)
(5.3)_3AbAp 2.3(2.2) 13.7(15.3) 2.4 (0.0) 5.3(6.7)
(5.3)_2AbAb.Ab 5.7 (0.0) 19.8 (15.7) 6.3(0.2) 11.6 (9.3)
(4.4)_2AA2A 15.4(9.4) 43.6 (39.3) 14.2(6.1) 27.6(23.2)
9 (6.3)_6D_3AA 0.0 (4.5) 0.0 (4.0) 0.0 (8.9) 0.0 (4.8)
(6.3)_4D.DD_3AA 2.8(1.0) 24(0.0) 29(4.4) 2.6 (0.0)
(5.4)_3ApAn.A, 7.3(0.2) 23.5(15.8) 6.1(3.3) 16.5 (9.6)
(4,5)_AA4A 25.0(0.0) 61.1(35.6) 22.0 (0.0) 44.7 (18.7)
10 (6.4)_4AA 0.0 (5.6) 0.0 (0.3) 0.0 (4.8) 0.0 (0.0)
(6,4)_3AAA 3.0(4.2) 4.1(0.0) 37(7.1) 3925)
(6.4)_2AA AAD.A Ay 4.5(12.5) 28(5.5) 5.5(15.4) 39(89)
(5.5)_4ApAn.A, 0.8 (0.0) 17.3(11.2) 0.0 (0.0) 9.5 (4.6)
(4,6)_2AA 4A 17.1(7.6) 51.2(36.4) 14.0 (1.8) 353(18.3)
11 (6.5)_3AA,AAD,A| Ay 0.0 (13.3) 0.0 (6.5) 0.5 (16.8) 0.0 (6.4)
(6,5)_4AAA 35(5.5) 4.8 (0.0) 3509.1) 4.4(0.0)
(5.5.1)_3ApAp. Ay ApApD_A 2.2(0.0) 23.0(16.7) 0.0 (0.0) 129 (3.1
(74)_4AA 28.9 (40.3) 19.9 (24.4) 309 (44.9) 23.1(272)

2 AGaog values given in parenthesis.

YSingle point energies calculated at each respective level shown using a SD/6-311-+G(2d,2p) basis set with geometries calculated
at B3LYP/SD/6-311+G(d,p). ZPE correction included.
¢Single point energies calculated at each respective level shown using a Def2TZVPP basis set with geometries calculated at

B3LYP/Def2TZVP. ZPE correction included.

dStructure converged but not in conjunction with frequency calculation.

separation reaction (4) versus reaction (1) for the dissocia-
tion of n = 3. At high energies, the CdAOH" (H,0) + H;0*
product channel has a larger magnitude than the entropically
favored Cd**(H,0), + H,0 product channel, in contrast to
observations for reactions (3) and (5) versus reaction (1) for n
=4 and 5, respectively. The relative energetics are discussed
more quantitatively below. Of course, such minimum sizes
have been reported previously for Cd**(H,0), as nmip, = 1
(Ref. 9) and <7 (Ref. 10); however, such comparisons are not
very useful as the minimum size observed is very dependent
on instrumental sensitivity, source conditions, and collision
conditions.

F. Theoretical geometries: Cd?+(H,0),

Our previous work!” gave a detailed discussion of the
predicted GS structures at the MP2(full) level for n = 1-11
complexes, as well as comparisons between previously

reported structures™®' of Cd**(H,0), and the respective
complexes of Zn?* and Ca’*. Since that report, further
calculations were performed to ensure that all structures
are fully converged after the frequency calculation leading
to relative energies and vibrational frequencies that have
changed slightly (relative energies by <2 kJ/mol and fre-
quencies by <10%,). Relative 0 K enthalpies and 298 K free
energies for the low-energy isomers of different inner shell
sizes are presented in Table I for results calculated using both
the SD/6-3114+G(2d,2p) and Def2TZVPP basis sets at the
B3LYP and MP2(full) levels. Similar calculations using the
B3P86 level of theory were also performed, yielding results
close to those of the B3LYP level and therefore are given in
the supporting information section, Table S1.

Our (x, y, z) nomenclature describes the different con-
formations of Cd2+(H20)x(H20)y(H20)Z, where x, y, and z
are the number of water molecules in the first, second, and
third shells, respectively. When needed, this designation is
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augmented by the hydrogen bonding motif of the isomer,
where a second shell water molecule that hydrogen bonds to
two different inner shell water molecules is a double accep-
tor (AA), whereas a second shell water molecule that forms
only one hydrogen bond to the inner shell is a single acceptor
(A). An inner shell water molecule that donates either one or
two hydrogen bonds is designated as a single or double donor
(D or DD, respectively). Water molecules in the second shell
that hydrogen bond to water molecules in the third shell are
a combination of both an acceptor and donor water molecule
and are named accordingly.

A number of additional higher energy isomers were also
calculated for all inner shell sizes of the n = 5-11 complexes.
Because of the large number of high and low-energy isomers
investigated using the two different basis sets, their relative
energetics and structures are given in the supporting infor-
mation section, Table S1 and Figure S1.%% In general, trends
in the relative energetics for both basis sets are in agreement
with each other, although specific complexes where results
disagree are discussed below.

For n = 1-5, all levels of theory predict that the
lowest-energy conformers at both 0 and 298 K have all wa-
ter ligands coordinating directly to the metal ion through
the oxygen atom, as previously discussed.!” For n = 6,
the 0 K GS is the (6,0) structure at each level of the-
ory and at 298 K for MP2(full) and B3LYP/Def2TZVPP
calculations; whereas, B3LYP/SD/6-3114+G(2d,2p) calcula-
tions find that the (6,0) complex is within 1 kJ/mol of a
(5,1)_A; GS complex (where the A, designation indicates
that the sixth water is singly hydrogen bound to the apex
water in a square pyramid inner shell). The (5,1)_ApAy
complex is also low in energy at the DFT levels, where
the second shell water forms two hydrogen bonds with
the base of the square pyramidal inner shell, as designated
by the A, nomenclature. For n = 7, low energy struc-
tures include (6,1)_AA [the MP2(full) GS at 0 and 298 K],
(5,2)_2Au A, (the DFT GS at 0 K), and (5,2)_ApAp,A, (the
DFT GS at 298 K). This latter structure has one A wa-
ter molecule forming a single hydrogen bond to the inner
shell thereby making a weaker bond compared to an AA wa-
ter, but such an arrangement is entropically favored over the
(5,2)_2Ap Ay because of the near free rotation allowed for the
A water.

For n = 8, the MP2(full)/SD/6-311+G(2d,2p) GS is
the (6,2)_4D_2AA complex at both 0 and 298 K, whereas,
the (6,2)_2D,DD_2AA complex is 1-3 kJ/mol higher in en-
ergy, Fig. 2. Interestingly, at the MP2(full)/Def2TZVPP level,
the (6,2)_2D,DD_2AA complex is the free energy GS by
3 kJ/mol but higher in 0 K enthalpy (AAH; = 5 kJ/mol).
Clearly these two complexes are isoenergetic with each other
at the MP2(full) level. The DFT relative energies for these
(6,2) complexes are higher in energy by 1-5 kJ/mol in
298 K free energy (AAH, = 3-10 kJ/mol) over five-
coordinate complexes using either basis set. These DFT lev-
els predict the 0 K GS to be (5,3)_2ApAp,AAp; however, this
complex has essentially the same (within 2 kJ/mol) 298 K free
energy as the (5,3)_2ApAp,Ap and (5,3)_3ApA, complexes.
All five-coordinate complexes are higher in 298 K free energy
than the six-coordinate GS by 7-16 kJ/mol at the MP2(full)

J. Chem. Phys. 134, 114308 (2011)

level. The (4,4)_2AA,2A complex is higher in 298 K free en-
ergy by 6-9 kJ/mol at the DFT levels and 23-39 kJ/mol at the
MP2(full) level.

For n = 9 and 10, the 0 K GSs are the (6,3)_6D_3AA
and (6,4)_4AA complexes at all levels of theory. At 298 K,
MP2(full) calculations find that the (6,3)_4D,DD_3AA com-
plex is favored by 4 kJ/mol using either basis set and for n
= 10, find two low-energy complexes at 298 K, (6,4)_4AA
and (6,4)_3AA A, which lie within 4 kJ/mol of one another
at 0 and 298 K. In contrast, DFT calculations find that the
6-coodinate species are higher in free energy for both n = 9
and 10. For n =9, the (4,5)_AA,4A complex is the 298 K GS
using either basis set, but is higher in 0 K enthalpy (AAH,
= 22-25 kJ/mol). Close in free energy to the (4,5) complex is
the (5,4)_3ApAp,A,, similar to (5,5)_4ApAp,A,, the DFT free
energy GS structure for n = 10 found with both basis sets.

For n = 11, the 0 K GS complex at the B3LYP/SD/6-
3114+G(2d,2p) and both MP2(full) levels is the
(6,5)_3AA,AAD,A | A; complex, where one double acceptor
water hydrogen bonds to both the first and second solvent
shell (AjA;) thereby forming a ringlike series of hydro-
gen bonds (which we have previously called AA,, because a
pseudo third solvent shell is formed). Thus, there is also a sec-
ond shell water that is both a double acceptor and donor water
molecule (AAD). At 298 K, the (6,5)_4AA,A free energy
GS complex is lower by 6—7 kJ/mol at the MP2(full) level
using either basis set; however, this complex is 6-9 kJ/mol
higher in free energy than the (5,5,1)_3AAA,AAD_A
structure at the DFT levels (although this structure could not
be fully converged using the Def2TZVP basis set because
of large motions and displacements of the single acceptor
waters). No four-coordinate structures were calculated at this
complex size. The (7,4)_4AA complex is higher in energy at
all levels by 20—45 kJ/mol.

G. Comparison to Zn?*(H,0),

The conflicting theoretical results on the predicted low-
energy structures between the DFT and MP2(full) levels are
similar to our recent investigation of zinc hydration.’® In the
case of hydrated zinc, the DFT levels favored four-coordinate
complexes as the GSs, with five and six-coordinate complexes
higher in 298 K free energy by 1-12 kJ/mol and 7-36 kJ/mol,
respectively, for n = 6-10. In contrast, the MP2(full) level
of theory favored five-coordinate complexes over both four
and six-coordinate structures by 2—8 kJ/mol and 4-16 kJ/mol,
respectively. The M06 functional,®*% which is specifically
designed to handle hydrogen bonding, gave similar relative
energies as those predicted by the MP2(full) level. The ex-
perimental bond dissociation energies for water loss from the
n = 6 to 10 complexes were reproduced by an average of
2 kJ/mol better using the structures and energies predicted
by the MP2(full) level of theory over the B3LYP and B3P86
levels. (Calculations using the M06 functional were in poor
agreement with experiment.’®) Although a 2 kJ/mol differ-
ence is hardly conclusive, this observation suggests that the
GS structure of gas phase hydrated Zn?>* is five-coordinate
and that the MP2(full) level is more accurate than B3LYP and
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FIG. 2. Low-energy isomers of Cd*+(H,0); calculated at the B3LYP/SD/6-31 1+G(d,p) level of theory.

B3P86 for these systems. This conclusion was recently con-
firmed by infrared photodissociation spectroscopic studies,>*
which show a preference for a coordination number of 5 with
possible contributions from 6. No evidence consistent with
four-coordinate species was observed. A key conclusion of
this spectroscopy study was that B3LYP and B3P86 relative
energies do not appear to be reliable for these hydrated com-
plexes, therefore, the MP2(full) predicted low-energy com-
plexes of Cd?*(H,0), will be used in the analysis of our
experimental data.

The results of the MP2(full) calculations predict that the
low-energy structures of hydrated Cd** have an inner shell
of six, one water molecule larger than those predicted for hy-
drated Zn**. This difference is a consequence of the larger

ionic radius of Cd2* versus that of Zn2", 0.99 and 0.78 A%
respectively, and the higher nuclear charge of the Cd** ion.

H. Theoretical geometries: charge separation
transition states

The rate-limiting step of reaction (2) is needed for the
thermochemical analysis of this dissociation and involves
the HT(H,0),,_,,_1 pulling away from the complex leaving
CdOH*(H,0),,, where m =3 forn =6, m =2 forn = 5 and
4, and m = 1 for n = 3. The optimized tight TSs of the charge
separation processes occurring for n = 3-6 are shown in
Fig. 3. In all cases, both the CdOH"(H,0), and
H*(H;0),_n_1 portions of each TS have geometries
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FIG. 3. Optimized rate-limiting transition states of the n = 3, 4, 5, and 6 charge separation products CAOH* (H,0),, + H*(H,0),,_,,_;, where m = 1, 2, 2,
and3andn —m — 1 =1, 1,2, and 2 for parts a—d, respectively, calculated at the B3LYP/Def2TZVP level of theory.

similar to their respective GS products. Although complete
reaction coordinate diagrams were not calculated for these
charge separation reactions, the TSs shown correspond to
the Coulomb barrier associated with the approach of the two
singly charged product ions, which must be the rate-limiting
TS along the reaction coordinate. This was explicitly shown
to be the case for the charge separation of Zn*t(H,0),
where the complete reaction coordinate was calculated.*’
The barrier heights of these processes will be discussed in
quantitative detail below.

I. Thermochemical results

Cross sections for the primary and secondary dissociation
products were analyzed in several ways, with Table II sum-
marizing the average optimum modeling parameters. Thresh-
old Ey values are given for the primary dissociation of each
complex from modeling a single dissociation channel and in-
cluding lifetime effects. If lifetime effects are not included,
the threshold obtained from analysis is higher because of a
kinetic shift. The kinetic shifts and primary threshold values
have been discussed elsewhere for this system.'” The vibra-
tional frequencies calculated at the B3LYP/SD/6-311+G(d,p)
level were used in the RRKM analysis presented here, al-
though it was verified that the optimum modeling parameters
do not change outside of the listed uncertainties when fre-
quencies calculated at the B3LYP/Def2TZVP level are used
instead. Additionally, the primary threshold energies obtained
were not affected by any changes in the vibrational frequen-
cies resulting from the additional calculations taken to ensure
structural convergence, Table II. However, these new calcu-
lations did lead to slight changes in the relative energies of
a couple low-energy isomers, such that the experimental data
for the n = § and 10 complexes were also interpreted assum-
ing two additional structures. For n = 10, MP2(full)/SD/6-
311+G(2d,2p) calculations indicate that the (6,4)_3AA.A
isomer is in thermal equilibrium with the (6,4)_4AA reactant
and may dissociate to the (6,3)_6D_3AA complex. Assuming
that the n = 10 reactant complex is (6,4)_3AA,A instead of
(6,4)_4AA lowers the threshold by 0.05 eV to 0.44 £ 0.05 eV

because of a change in the kinetic shift. Similar changes in
kinetic shifts are discussed in detail in our previous zinc hy-
dration study.?® Briefly, if the assumed reactant complex has
more outer shell waters with lower torsional frequencies (i.e.,
more single acceptor water molecules), it has a higher den-
sity of states, which lowers the rates of dissociation. This
in turn increases the kinetic shift thereby lowering the 0 K
threshold, as seen for the (6,4)_3AA,A reactant. For n = 8,
the (6,2)_2D,DD_2AA primary dissociation to (6,1)_AA is
now included because the MP2(full)/Def2TZVPP level pre-
dicts this reactant complex to be the 298 K free energy GS
as opposed to the (6,2)_4D_2AA complex predicted by the
MP2(full)/SD/6-311+G(2d,2p) level. Here, there is a negligi-
ble change to the threshold (a difference of 0.01 eV) because
of the similarities in the hydrogen bonding network of these
two complexes.

J. Competitive analysis: water loss versus charge
separation

The dissociation pathways of Cd’>*(H,0); and
Cd2*t(H,0)s are both influenced by the competition be-
tween the water loss and charge separation processes. For
competing channels, the thermodynamically favored reaction
pathway will remain largely unaffected, but the threshold
of the disfavored pathway will shift to lower energies once
competition is accounted for, known as a competitive shift.
(Note that the uncertainty in the relative thresholds for
competing channels is typically lower than the combined
absolute uncertainties for each individual channel because
several contributions to the uncertainty cancel in the relative
value.) For reasons discussed previously in our study of
charge separation in the zinc system,* the lowest five
vibration frequencies of the tight TSs were changed to
rotational degrees of freedom in our threshold analysis for
n = 4 and 5 to better reproduce the energy dependence of
the experimental cross sections of the charge separation
products. For each of these TSs, one vibrational frequency
corresponds to a torsion of the complex about the reaction
coordinate and the other four vibrations are rotations of each
incipient product, CdAOH " (H,0),, and H" (H0),,__1.
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TABLE II. Optimized parameters from analysis of CID cross sections®.

J. Chem. Phys. 134, 114308 (2011)

n Reactant Product 00, N Epj (eV) ASTOOO (J/mol K)

4 (4,0 (3,0)° 52 (3) 0.6 (0.1) 1.61 (0.05) 25 (5)
4,0) TS[2 + 17° 5(D) 0.4 (0.1) 1.34 (0.04) 29 (5)
(4,0) (3,0)¢° 48 (3) 0.8 (0.1) 1.52 (0.04) 20 (5)
TS[2 + 1]¢ 0.03 (0.03) 0.8 (0.1) 1.31 (0.03) 29 (5)
5 (5,0) (4,00 70 (4) 0.8 (0.1) 1.11 (0.05) 60 (5)
(5,0) 4,004 72 (4) 0.8 (0.1) 1.11(0.05) 60 (5)

(3,004 29 (4) 0.8 (0.1) 2.73 (0.05)
(5,0) TS[2 +21° 2(2) 0.1 (0.2) 1.21 (0.07) 39 (5)
(5,0) 4,0)¢ 68 (7) 0.8 (0.2) 1.10 (0.03) 60 (8)
TS[2 + 2]¢ 0.1(0.2) 0.8 (0.2) 1.14 (0.03) 39 (5)
(5,0) (3,0)° 39 (11) 0.2 (0.1) 2.72(0.11) 22 (5)

(2,0)° 1(0.5) 0.2 (0.1) 4.85(0.18)
6 (6,0) (5,00 64 (4) 0.9 (0.1) 0.90 (0.05) 56 (5)
(6,0) (5,004 65 (3) 0.9 (0.1) 0.90 (0.04) 56 (5)

(4,004 60 (20) 0.9 (0.1) 2.10(0.05)
(6,0) 4,0)° 60 (12) 0.7 (0.2) 1.97 (0.08) 57 (5)

(3,0)° 11(3) 0.7 (0.2) 3.75 (0.20)
7 6,1) (6,00 80 (4) 0.8 (0.1) 0.70 (0.05) 39 (4)
6,1) (6,04 77 (5) 0.9 (0.1) 0.67 (0.05) 41 (4)

(5,0) 78 (12) 0.9 (0.1) 1.67 (0.07)
8 (6,2) 6,1)° 96 (5) 0.8 (0.1) 0.66 (0.06) 63 (5)
(6,2) 6,14 88 (5) 0.9 (0.1) 0.62 (0.08) 63 (4)

(6,04 75 (7) 0.9 (0.1) 1.37 (0.09)
(6,2)_2D,DD_2AA 6,1)° 95 (5) 0.8 (0.1) 0.67 (0.06) 69 (5)
9 (6,3)_4D,DD_3AA (6,2)° 109 (2) 0.8 (0.1) 0.61 (0.05) 59 (5)
(6,3)_4D,DD_3AA (6,24 103 (3) 0.7 (0.1) 0.62 (0.06) 59 (4)

6,14 70 (11) 0.7 (0.1) 1.34 (0.08)
10 (6,4) (6,3 95 (6) 0.9 (0.1) 0.49 (0.05) 18 (5)
(6,4) 6,34 91 (2) 0.9 (0.1) 0.45 (0.06) 19 (4)

(6,24 75 (5) 0.9 (0.1) 1.16 (0.07)
(6,4)_3AAA (6,3)° 91 (2) 0.9 (0.1) 0.44 (0.05) 9(5)
11 (6,5)_4AAA (6,4)° 59 (4) 1.1 (0.1) 0.43 (0.05) 23 (4)
(6,5)_4AAA (6,4) 59 (4) 1.1 (0.1) 0.41 (0.06) 23 (5)

6,34 37 (5) 1.1 (0.1) 1.06 (0.09)

*Uncertainties in parentheses.
bSingle channel dissociation model.
€Competitive dissociation model.
dSequential dissociation model.

®Tertiary fit using the sequential dissociation model.

Figure 4 shows a representative model for the competi-
tive dissociation of Cd**(H,0)4. The rate limiting TSs for re-
action (2) are abbreviated according to the products formed,
i.e., TS[m + (n — m — 1)]. For n = 4, the thermodynamically
favored TS[2 + 1] has a threshold of 1.31-1.34 eV whether
the cross section is fit independently or with competition;
whereas the water loss channel shifts down from 1.61 + 0.05
to 1.52 + 0.04 eV, a competitive shift of 0.09 £ 0.03 eV,
Table II. The charge separation dissociation pathway is fa-
vored by 0.18-0.21 £ 0.03 eV over the water loss channel. A
similar competitive shift of 0.08 eV for the analogous water
loss dissociation channel was seen in the zinc hydration study,
which favored the charge separation channel by 0.13 eV for
the dissociation of Zn>*(H,0);.%

The water loss threshold for n = 5 remains between 1.10
and 1.11 eV regardless of how this cross section is analyzed,

Table II. However, the threshold for charge separation at n
=5, TS[2 + 2],is 1.14 £ 0.03 eV and shifts up by 0.07 £ 0.04
eV if competition is not included. This competitive shift is
smaller than that for the analogous charge separation dissoci-
ation of Zn?*(H,0)g (also the thermodynamically disfavored
pathway) of 0.16 eV.*> The competitive shift seen for the
Cd**(H,0)s system is probably smaller because of the prox-
imity in the thresholds for the water loss and charge separation
pathways, which only differ by 0.03—-0.04 & 0.03 eV in favor
of the water loss channel, compared to the Zn?>*(H,0);g sys-
tem, where the water loss pathway is favored by 0.07-0.09 e V.

K. Water loss secondary threshold energies

There is no primary charge separation process to com-
plicate the dissociation of Cd**(H,0),, where n = 6-11,
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FIG. 4. Cross sections for the CID of Cd>* (H,0)4 with 0.15 mTorr of Xe.
Solid lines show the best fit to the primary water loss and the competing
charge separation product ion using the primary model convoluted over the
kinetic and internal energy distributions of the neutral and ionic reactants.
Dashed lines show the models in the absence of experimental kinetic energy
broadening for reactants with an internal energy of 0 K. Optimized parame-
ters for this model are found in Table II.

therefore, the secondary water loss was analyzed using a se-
quential model with equations described elsewhere,*”*® and
the results are reported in Table II. In modeling the secondary
(and primary) dissociation, 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), which goes on to dissoci-
ate to the 0 K GS secondary product isomer.?® As for compet-
ing channels, the uncertainty in the “sequential BDE,” which
is derived from the difference between the primary and sec-
ondary thresholds, is typically lower than the calculated abso-
lute uncertainty for primary and secondary thresholds because
several contributions to the uncertainty in the energy can-
cel in the relative value. A representative model is shown in
Fig. 5 for the sequential dissociation of Cd**(H,0)s assumed
to be a (6,2)_4D_2AA reactant dissociating to (6,1) + H,O
and (6,0) 4+ 2H,0. From this point forward, we abbreviate our
naming scheme to (x,y) for the lowest energy isomer of each
inner solvent shell, except for instances where the AGygg and
AH, complexes differ at the MP2(full)/SD/6-3114+G(2d,2p)
level, where the full name of the AGjgg GS is given. In cases
where the GS differs between the two basis sets, the full
name of the GS predicted by the Def2TZVPP basis set is
given.

For the sequential dissociation of Cd**(H,0);, modeled
as (6,5)_4AAA — (6,4) + HO — (6,3) + 2H,0, the se-
quential BDE for the dissociation energy of Cd**(H,0)o-H,0
is 0.65 £ 0.07 eV. This result is 0.16 & 0.09 eV higher in en-
ergy than the primary water loss threshold of 0.49 & 0.05 eV
for n = 10 when modeled as a (6,4) — (6,3) + H,O process.
This difference will be discussed further below.

The secondary threshold for n = 10 is 1.16 = 0.07 eV,
modeled as (6,4) — (6,3) + H,O — (6,2) + 2H,0,
yielding a primary—secondary threshold difference of 0.71
+ 0.05 eV for Cd** (H,0)g-H,O. This sequential BDE is 0.10
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FIG.5. Zero pressure extrapolated cross sections for the CID of Cd>+ (H,0)g
with Xe. Solid lines show the best fit to both the primary and secondary wa-
ter loss products using the sequential model convoluted over the kinetic and
internal energy distributions of the neutral and ionic reactants. Dashed lines
show the models in the absence of experimental kinetic energy broadening
for reactants with an internal energy of 0 K. Optimized parameters for this
model are found in Table II.

+ 0.08 eV higher than the primary dissociation threshold
for n = 9. For n = 9, the sequential model gives a relative
threshold value of 0.72 £+ 0.03 eV for Cd**(H,0)7-H,0,
as modeled assuming a (6,3)_4D,DD_3AA — (6,2) + H,O
— (6,1) + 2H,0 process, only 0.06 £ 0.07 eV higher than the
primary dissociation threshold for n = 8, within experimental
uncertainty. For n = 6-8, the primary—secondary threshold
differences are 0.05-0.10 eV higher than their primary dis-
sociation counterparts. Specifically, for n = 8 the sequential
BDE for Cd**(H,0)¢-H,0 is 0.75 + 0.03 eV, which is in
good agreement with the primary threshold for n = 7 at 0.70
£ 0.05 eV. The relative primary—secondary thresholds for
Cd**(H,0)s-H,0 and Cd**(H,0)4-H,O0 are 1.00 £ 0.03 and
1.20 £ 0.04 eV, respectively. These are 0.10 = 0.06 and 0.09
4 0.06 eV higher in energy than their primary counterparts
of 0.90 £ 0.05 and 1.11 £ 0.05 eV for n = 6 and 5,
respectively.

The sequential dissociation at n = 5 is modeled as
a (5,00 - 4,00 + H,O — (3,0) + 2H,0 process; how-
ever, the secondary dissociation to form the (3,0) product
is complicated by competition with the charge separation
process, reaction (3). Unfortunately this sequential compe-
tition cannot be modeled using our computational program
for data analysis, CRUNCH. Ignoring this complication, we
find that the sequential BDE for Cd?*(H,0)3;-H,0 is 1.62 +
0.03 eV, which is in excellent agreement with the primary dis-
sociation threshold determined without including competition
with the charge separation reaction (3), 1.61 £ 0.05 eV for
n = 4. We anticipate that the competitive shift found for
n =4, 0.09 + 0.03 eV should apply to both of these pro-
cesses. Additionally, we analyzed the tertiary threshold of the
n = 6 reactant to provide another sequential BDE for the
n = 4 complex, Table II. We find the difference between
the tertiary and secondary thresholds for Cd?**(H,0)3-H,0
is 1.78 £+ 0.14 eV, 0.16-0.17 = 0.15 eV higher than the
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TABLE III. Comparison of 0 K experimental bond energies (kJ/mol) to theoretical values.

n Reactant Product Exp, primary® Exp, sequential® Exp, weighted averageb MP2(full)/SD/6-3114+G(2d,2p)¢ MP2(full)/Def2TZVPP¢
3 (5,0 2,0 186 + 14° 175.4 (189.6) 185.7 (193.6)
4 4,0) (30) 1467+£39 1477 +4.1F 1472457 144 .4 (158.6) 154.5 (162.9)
146.7 + 5.6
5 (5,0 4,0 107.1+48  1158+39 1123+ 6.1 106.3 (120.9) 110.3 (119.1)
6 6,0 (500 868+48 96.5+2.9 93.9+5.0 97.7 (114.0) 99.1 (108.5)
7 (6,1)_AA 6,00 67.5+48 724429 71.1£5.0 71.1 (80.2) 75.6 (82.7)
8 (6,2)_4D_2AA 6,1)  63.7+58 69.5+£2.9 68.3+£52 73.7 (82.5) 76.4 (83.4)
(62)_2DDD_2AA (6,1) 646+58 72.7 (81.6) 71.6 (78.5)
9 (6,3) _4D.DD_3AA (62) 58.9+48 68.5 +4.8 63.7+6.8 67.7 (76.4) 71.8 (78.6)
10 (6,4)_4AA (6,3) 473+£48 62.7 +6.8 524+7.38 54.9 (63.6) 58.0 (64.8)
(6,4)_3AAA 63) 42.5+48 52.8 (59.5) 54.1 (60.9)
11 (6,5)_4AAA 6,4) 41.5+48 49.2 (55.9) 51.2(56.2)
MADs Primary 7.9¢ 7.0 (16.7)" 9.6 (16.9)"
MADs Sequential 4.8 (8.3)" 4.2 (9.3)"
MADs Weighted average 3.5 (12.5)0 5.8 (13.0)"

*Values from Table II.
"Weighted average of the primary and sequential BDEs.

MP2(full)/SD/6-311+G(2d,2p)//B3LYP/SD/6-311+G(d.p) level. ZPE corrected. Values listed with (without) cp correction.
IMP2(full)/Def2TZVPP//B3LYP/Def2TZVP level. ZPE corrected. Values listed with (without) cp correction.

¢Tertiary sequential energy including an estimated competitive shift of 19.3 & 2.9 kJ/mol.

fValues including an 8.6 % 2.9 kJ/mol correction for competition.
&Mean absolute deviation between primary and sequential BDEs.
"Mean absolute deviation between experiment and theory with (without) cp correction.

primary and sequential thresholds, just outside the experi-
mental uncertainty. This process should also be influenced by
competition with charge separation and therefore should also
have the 0.09 £ 0.03 eV competitive shift applied.

Because of the contamination discussed above, no sec-
ondary threshold was available for sequential analysis of the
4,0) - (3,0) + H,O — (2,0) + 2H,0 dissociation. In an
attempt to provide a bond energy for the n = 3 complex, the
tertiary dissociation of the n = 5 reactant was analyzed us-
ing the sequential model, Table II. In a previous analysis of
higher order dissociations of the K*(NH3), system, where n
= 2-5, the absolute tertiary and quaternary thresholds were
high (as is commonly found) and the relative energies were
also somewhat high (and increasing with the order of the
process), but within experimental uncertainty of values de-
termined from lower order processes.*® In the sequential dis-
sociation of the Cd?>T(H,0)s reactant, the tertiary threshold
for the formation of Cd%*(H,0), was analyzed, where the
relative tertiary—secondary sequential BDE for Cd**(H,0),-
H,0 is 2.13 £ 0.14 eV. This sequential dissociation is com-
plicated by reaction (3) and possibly reaction (4) in a simi-
lar fashion to the sequential BDE of Zn**(H,0)s5-H,0, which
was found to have an experimental competitive shift of 0.20
+ 0.03 eV.*” Using this analogous competitive shift of the
Zn’* system, we estimate that the BDE of n = 3 is closer to
1.93 £ 0.14 eV. The sizable experimental uncertainty found
for this dissociation as well as the tertiary—secondary en-
ergy for Cd**t(H,0)3-H,0 is a result of the scatter in the
cross sections resulting from the needed zero pressure extrap-
olation, which is appreciable for a tertiary water loss pro-
cess. Both tertiary processes were also modeled using raw
data at the lowest Xenon pressure, ~0.05 mTorr, although
here the thresholds for both the secondary and tertiary pro-
cesses were not fit with high fidelity because of the low

energy features in the threshold regions resulting from mul-
tiple collisions.

L. Comparison of bond dissociation energies:
primary versus sequential

The sequential model has been proven to give accu-
rate experimental BDEs for singly charged systems metal
systems®® and was used in our previous study on Zn>*
hydration.”® For Cd** hydration, the sequential BDEs are
1-15 kJ/mol higher in energy than the corresponding primary
values, Table III, with a mean absolute deviation (MAD) of
7.9 kJ/mol for n = 4-10, just outside of experimental uncer-
tainty. The largest energy differences between the two values
are seen for the n = 10 and 9 complexes, 15.4 + 8.7 and 9.6
+ 7.7 kJ/mol, respectively.

In the zinc system, a large difference between the primary
and sequential BDEs was also observed for the n = 9 com-
plex, 17.3 £ 8.2 kJ/mol.?® It was hypothesized that the pres-
ence of higher energy isomers in our reactant ion beams could
lead to primary dissociation thresholds that are low by the ex-
citation energies of the higher energy complexes. In contrast,
the sequential BDE is not influenced by alternate isomers in
the reactant beam because the primary and secondary thresh-
olds are lowered by the same amount of energy, such that
the relative measurement of the two thresholds is unaffected.
Additionally, these alternate isomers are more common for
large values of n, where more hydrogen bonding is possible
such that there are more complexes with smaller relative en-
ergy differences.

For Cd**(H,0)9 and Cd**(H,0)y, the free energy GSs
are higher in 0 K enthalpy by 2—4 kJ/mol and may cause the
primary dissociation to be lowered by this amount compared
to the sequential model threshold. Thus, this hypothesis does
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FIG. 6. Comparison of experimental (solid symbols) and MP2(full) the-
oretical (open symbols) hydration enthalpies at 0 K for both the SD/6-
3114+G(2d,2p) and Def2TZVPP basis sets. All theoretical results shown
are counterpoise corrected. The (6,2)* corresponds to the MP2/Def2TZVPP
predicted (6,2)_2D,DD_2AA reactant isomer while (6,2) is the MP2/SD/6-
3114+G(2d,2p) predicted (6,2) 4A_2AA. The (6,4)* corresponds to the
(6,4)_3AA,A reactant isomer which is in thermal equilibrium with the (6,4)
= (6,4)_4AA reactant at the MP2(full)/SD/6-3114+G(2d,2p) level.

not explain the full magnitude of the difference. Additionally,
the sequential BDEs for n = 5 and 6 are also 9-10 kJ/mol
higher than the primary values and no higher-energy isomers
are predicted to be in thermal equilibrium with the reactant
GSs at the MP2(full) level. Good agreement between the se-
quential and primary values is found for n = 4, 7, and 8. For
n = 4, the primary and sequential values are 146.7 + 5.6
and 147.7 £ 4.1 kJ/mol, respectively, after accounting for the
8.6 £ 2.9 kJ/mol competitive shift noted above. The relative
secondary-tertiary BDE for Cd** (H,0)3-H,O is higher at 163
+ 14 kJ/mol, but agrees with the other values within the large
experimental uncertainty. The judicious application of the se-
quential model as an upper limit for higher order processes
has been discussed previously.*

The sequential BDEs seem to provide accurate upper lim-
its either within or just outside the experimental uncertainty
of the primary BDEs, exceeding these by anywhere from 1 to
16 kJ/mol for all values of n examined here. This model seems
to be an excellent alternative to obtain thresholds not readily
obtained from a primary water loss because of limitations of
the ion source, the charge separation process, or signal inten-
sity of the smaller complexes. Additionally, observations and
results from this study and our previous study®® on hydrated
Zn’* suggest that this model may in fact be slightly more
accurate for complexes where theory predicts multiple high
and low-energy isomers to be in thermal equilibrium with
each other, as discussed above. It seems low primary BDEs
are more common at larger complexes as seen for Cd** at n
= 9-11 and Zn?** for n = 9 and 10, where more structures
with a variety of hydrogen bonding are in thermal equilib-
rium. In addition, because of the many low frequency mo-
tions of the second shell waters, these larger complexes may
be harder to thermalize in our source because of the larger
numbers of internal degrees of freedom or may be collision-
ally excited during extraction from the source much more eas-
ily in such a way that their population is no longer in thermal
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equilibrium before reaching the collision cell. For the above
reasons, the sequential BDEs may be more accurate than the
primary BDEs at larger complex sizes because the sequential
energies should be unaffected by the presence of higher en-
ergy complexes.

Ultimately, there is no experimental means of distin-
guishing the accuracy of the primary versus sequential BDEs
for the dissociation of Cd?*(H,0),, and hence, we have cal-
culated their weighted average, Table III. The weighted av-
erage of these BDEs give MADs between experiment and
cp corrected theory of about 5 kJ/mol using either basis set
(~12 kJ/mol without cp correction). The weighted average
also reflects an increase in the experimental uncertainty for
larger complexes where the assumption of a room temperature
population distribution may not be accurate, as noted above.

M. Experiment versus theory: water loss

Figure 6 is a direct comparison of experimental and
MP2(full) theoretical 0 K hydration energies from Table III.
These 0 K bond dissociation energies include ZPE and coun-
terpoise corrections. Single point energies were calculated at
the B3LYP, B3P86, and MP2(full) with SD/6-311+4+G(2d,2p)
and Def2TZVPP basis sets from geometry optimizations us-
ing B3LYP/SD/6-3114-G(d,p) and B3LYP/Def2TZVP lev-
els of theory, respectively. As discussed above, there is evi-
dence that our most accurate interpretation of the data comes
from the relative energies and low-energy structures predicted
at the MP2(full) level, therefore only the BDEs calculated
at the MP2(full) level are given in Table IIl and Fig. 6.
A comparison of the primary BDEs to the MP2(full)/SD/6-
311+4+G(2d,2p) values with and without counterpoise correc-
tions have already been discussed in detail along with a com-
parison to theoretical values obtained from the literature.!”-?>
Clearly there is good agreement between the experimental and
theoretical results and the qualitative trends in the experimen-
tal values are reproduced in the theoretical BDE:s.

The sequential BDE for water loss at n = 3 of 186
+ 14 kJ/mol is found by modeling the tertiary dissocia-
tion of the Cd’*(H,0)s reactant and applying a 19.3 + 2.9
kJ/mol competitive shift found an analogous dissociation in
the zinc hydration study, as explained above. This higher
order sequential process is anticipated to be an upper limit
to the BDE for this complex size as discussed above and
agrees within 1 kJ/mol with the MP2(full)/Def2TZVPP result
(within 11 kJ/mol of the MP2(full)/SD/6-3114+G(2d,2p) re-
sult). The experimental BDE for the water loss at n = 4 of
146.7 £ 3.9 kJ/mol includes explicit modeling of competi-
tion with charge separation. Our previously reported value at
n = 4 was slightly higher (~1 kJ/mol) because the compet-
itive shift was estimated using that found for the analogous
complex size in our zinc hydration study.

Looking at the overall trends in Fig. 6 there are three dis-
tinct patterns in the experimental BDEs that are reproduced
by the theoretical numbers. These patterns are most likely
a consequence of the three distinct types of waters found
in the hydrogen bond networks of the predicted GS struc-
tures. Moving from n = 3 to 6, each BDE decreases from the
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TABLE IV. Comparison of 0 K transition state energies to theory and water loss bond energies (kJ/mol).

n Reactant Product Experiment B3LYP* B3P86* MP2(full)*
3 (3,0 TS[1 + 1] 83.0 83.9 93.6
CdOH*(H,0) + HT(H20) —88.2 —88.1 —74.0
(2,0) 186 (14)° 185.9 188.4 185.7
4 (4,0) TS[2 + 1] 126.4 (2.9)° 128.8 128.5 139.5
CdOH* (H,0), + HT(H,0) —23.7 —24.1 —10.1
(3,0) 146.7 (3.9)° 151.7 154.2 154.5
5 (5,0 TS[2 + 2] 110.0 (2.9)° 81.3 78.9 105.0
CdOH ™ (H>0)> + H* (H,0)» —62.9 —66.1 -37.0
(4,0 107.1 (4.8)¢ 104.8 106.9 1103
6 (6,0) TS[3 + 2] 90.7 86.9 117.2
CdOH™ (H0)3 + H* (H0), —41.5 —46.9 —14.5
(5,0) 86.8 (4.8)¢ 92.1 93.6 99.1

2Single point energies calculated at the level shown using a Def2TZVPP basis set using geometries optimized at a

B3LYP/Def2TZVP level. All values are ZPE corrected.

"Value taken from Table IIT using the sequential dissociation model to analyze a tertiary threshold.

“Values taken from Table II using competitive dissociation model.

dValues taken from Table II using the primary dissociation channel model.

previous complex, consistent with each water dissociating
from the complex being directly coordinated to the metal ion,
as predicted by the MP2(full) level of theory. The primary
BDE:s of the n = 7-9 complexes are similar, within 10 kJ/mol
of each other (sequential BDEs within 4 kJ/mol), because
each of these dissociations involves the loss of a second shell
AA water molecule. Lowest in energy are the BDEs found for
the n = 10 and 11 complexes. If the results for n = 10 are in-
terpreted as corresponding to the (6,4)_3AA,A complex [the
MP2(full)/SD/6-311+4+G(2d,2p) 298 K free energy GS], then
the experimental BDEs for n = 10 and 11 are within 1 kJ/mol
of each other. This is consistent with the interpretation that
both complexes lose a second shell A water molecule, which
binds more weakly than an AA water because it has only a sin-
gle hydrogen bond to the inner shell. Alternatively, the results
for n = 10 can be interpreted in terms of the (6,4)_4AA com-
plex, predicted to be in thermal equilibrium using either basis
set at the MP2(full) level. Now the experimental and theoreti-
cal BDEs for n = 10 lie below those of n =9 (by 6-11 kJ/mol
experimental, 13-14 kJ/mol theory) and above those of
n = 11 (by 6 kJ/mol experimental, 3—4 kJ/mol theory),
Table III. Here an AA water is lost, explaining why it is more
strongly bound than the A water of the n = 11 complex, but is
bound more weakly than those for n = 7-9 because this com-
plex is forced to have two inner shell DD water molecules
that each share two second shell water ligands. In the case of
n = 10, there is not sufficient experimental evidence to defini-
tively conclude which of the two possible complexes is actu-
ally being probed in our experiments because experiment and
theory are self-consistent for both possibilities. It is certainly
possible that the experimental results are a superposition of
both configurations.

There is little change in our experimental and
MP2(full)/SD/6-3114+G(2d,2p) theoretical values from our
previously reported results.!” Our experimental primary
BDEs agree best with the SD/6-3114-G(2d,2p) basis set with
a mean absolute deviation of 6.9 kJ/mol and a MAD be-
tween the sequential BDEs and theory of 4.8 kJ/mol. Com-

parisons between experiment and theoretical results from the
Def2TZVPP basis set give MADs of 9.0 and 4.2 kJ/mol for
the primary and sequential BDEs, respectively. In general,
the MP2(full)/Def2TZVPP level gives theoretical BDEs 1—
10 kJ/mol higher in energy than those of the MP2(full)SD/6-
3114+G(2d,2p) level. A similar trend was seen in a re-
cent report on the inner shell hydration energies of Sr’*,%
where BDEs calculated with the MP2(full)/Def2TZVPP ba-
sis set were higher by 1-6 kJ/mol over those calculated
at MP2(full)/SD/6-311+(2d,2p) for n = 1-5 and lower by
1 kJ/mol at n = 6. One difference between these two lev-
els of theory is that the counterpoise correction for the
SD/6-3114+G(2d,2p) basis set is larger, ranging from 7 to
14 kJ/mol, whereas, the correction using the Def2TZVPP ba-
sis set is only 4—10 kJ/mol. The larger correction for the SD/6-
311+4+G(2d,2p) basis set is most likely because the basis set is
not size consistent for all atoms (unlike Def2TZVPP), and be-
cause the basis set on Cd is smaller than the Def2TZVPP basis
set.

N. Charge separation barrier heights

Theoretical results for the charge separation processes
are compared with experimental results in Table IV. The
predicted energetic barriers for n = 3, 5, and 6 are rela-
tively constant at 79-91 kJ/mol at the DFT levels and at
94-117 klJ/mol at MP2(full). Similar barrier heights were
also calculated for Zn>*(H,0), charge separation when n
= 5-7, where the predicted barrier heights ranged from
66 to 75 (83-94) kJ/mol at DFT [MP2(full)] levels.** In
contrast with these similar barriers, the predicted barrier
for n = 4 is higher in energy by 38-50 kJ/mol and 22—
46 kJ/mol, respectively, compared to the n = 3, 5, and
6 TSs, Table IV. Examination of the reverse Coulomb bar-
rier shows a more systematic result in which the barrier de-
creases as n increases, i.e., 171, 153, 144, and 132 kJ/mol
for n = 3-6, respectively, at the B3LYP level [168, 150, 142,
and 132 kJ/mol at the MP2(full) level], agreeing with trends
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discussed for Zn>* hydration.*’ In part, this decrease in the
reverse Coulomb barrier as n increases can explained by in-
creasing charge delocalization for larger values of n because
of the increasing number of waters on each part of the TS and
the charge separation products.

The increase in the predicted forward barrier height for
the n = 4 complex may be understood in part by the 18 e~
rule, which is fulfilled at the Cd**(H,0)4 complex leading to
an enhanced stability of the n = 4 complex. Thus, the larger
barrier height leads to a lower absolute exothermicity for n
= 4 compared to the values found for n = 3, 5, and 6. The
stability of the n = 4 complex is also evidenced by the rel-
atively large increase (38—47 kJ/mol) in the predicted water
loss BDEs from n = 5 to 4. Indeed, this increase exceeds that
predicted for n = 4 to 3, 31-34 kJ/mol, even though water
loss BDEs are expected to increase as n decreases.

The experimental measurement of the charge separation
TS energy increases by almost 16 kJ/mol from n = 5 to 4,
changing from 110.0 £ 2.9 kJ/mol for TS[2 + 2] to 126.4
=+ 2.8 kJ/mol for TS[2 + 1], Table IV, agreeing with the pre-
dicted trends discussed above. There is good agreement in this
TS energy between experiment and theory at n = 4, with the
MP2(full) value being somewhat high (by 13 kJ/mol). For n
=5, MP2(full) calculations predict a barrier height that is in
best agreement (within 5 kJ/mol) with the experimental TS[2
+ 2] barrier, whereas values predicted by both DFT levels are
too low by ~30 kJ/mol.

0. Water loss versus charge separation

The 0 K thresholds and theoretically predicted energies
for both the charge separation and water loss dissociation
pathways are compared in Table IV. For the n = 3 complex,
there is no experimental barrier height measured for TS[1
+ 1] although theory predicts this barrier ranges from 83 to
94 kJ/mol. Some evidence for this process is observed in the
dissociations of the n = 4 complex, Fig. 1(a), as discussed
above. Here, Cd*t(H,0)s can dissociate by reaction (1)
followed by reaction (4) to form CAOH* (H,0) + H*(H,0)
+ H,O, which is calculated to require 235 (248) kJ/mol at
the B3LYP (MP2(full)) levels, i.e., the sum of the energy for
loss of the water molecule and the TS[1 + 1] barrier height.
This prediction is consistent with the increase observed in the
H*(H,0) cross section near 2.4 eV, as well as a 30% increase
in the total cadmium hydroxide cross section occurring at the
same energy. The evidence for this reaction is not definitive,
however, because the CdAOH'(H,0) and H*(H,0) products
can also be formed via an alternative route, namely reaction
(3) [forming CdOH"(H,0), and H'(H,0)] followed by
reaction (6).

CdOH*(H,0), + Xe — CdOH'(H,0) + H,0 + Xe.
(6)

Reaction (6) is predicted to require 91 (99) kJ/mol. When
combined with the barrier for TS[2 + 1] from Table IV, the
energy for the reactions (3) + (6) pathway is predicted to
cost 220 (239) kJ/mol. Thus, the reactions (3) + (6) pathway,
predicted to be 9—15 kJ/mol lower in energy than reactions
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(1) + (4) pathway, is believed to correspond to the observed
onset in the CdOH*(H,0) cross section above ~1.8 eV in
Fig. 1(a), as mentioned above. The experimental data for both
the H(H,0) and CdOH™* (H,0) cross sections are in quali-
tative agreement with the predicted relative energies between
these two sequential processes. Further evidence of reaction
(6) is observed in the CAOH" (H,0) product cross sections
in Figs. 1(b) and 1(c). In both of these cross sections, there
are two features that each start ~1 eV (96 kJ/mol) above the
more obvious onsets in the CAOHT (H,0), cross sections, as
discussed above, which is in qualitative agreement with the
predicted BDE of reaction (6) (91-99 kJ/mol). Further indi-
rect indications of reaction (4) center on the dissociation be-
havior of the Cd*>"(H,0)3 complex. The experimental water
loss BDE for n = 3 is 186 = 14 kJ/mol, in excellent agree-
ment with the bond energies predicted by all levels calculated
using the Def2TZVPP basis set, Table IV. Compared to this
energy, the predicted barrier of reaction (4) is much lower in
energy by 92-105 kJ/mol. In agreement with our qualitative
discussions above, this large energetic preference of reaction
(4) probably explains the very low observed magnitude of the
Cd**(H,0), product.

At the n = 4 complex, experimental and theoretical re-
sults both suggest that reaction (2) is energetically favored
over reaction (1) by 20 & 3 and 15-26 kJ/mol, respectively.
For n = 5, the relative experimental thresholds for reactions
(1) and (5) favor the water loss dissociation pathway by ~3
4 3 kJ/mol. In contrast, theory suggests that the charge sep-
aration reaction is energetically favored over the water loss
dissociation by 5-28 kJ/mol, depending on the level. As dis-
cussed above, the relative apparent thresholds in Figs. 1(b)
and 1(c) for these competing dissociations also suggest that
water loss is the energetically favored dissociation pathway.
No experimental charge separation products were observed in
the primary dissociation of n = 6 and it does not seem likely
that the charge separation reaction is energetically favored
over water loss in agreement with the predicted MP2(full)
energies (water loss favored by 18 kJ/mol), but contrary to
the DFT results (charge separation favored by 1-7 kJ/mol). In
agreement with our conclusions above, the MP2(full) theoret-
ical results appear to provide a better quantitative reproduc-
tion of experimental results for charge separation than DFT
approaches.

The thermal ESI source used in this study is limited to
producing complexes of sizes n > ngi, as demonstrated pre-
viously for hydrated Zn?* and in our in-source fragmentation
studies.?® 3 For hydrated Cd>*, we are able to generate the n
= 4 complex, albeit at low signal intensities, suggesting that
neir < 4. A large discrepancy between the levels of theory
in the predicted barrier heights was found previously for hy-
drated Zn’*,* which suggests that theory is not adequately
describing the barrier heights for charge separation, although
for hydrated Cd**, MP2(full) gives better agreement to the
experimental barrier heights and relative energies between
the competing channels. Consequently, we use these exper-
imental observations combined with the experimental relative
BDE results to conclude that the critical size for charge sep-
aration in the Cd**(H,0), system is ngje = 4, where g
is defined as the maximum-sized cluster for which charge

Downloaded 06 Mar 2012 to 155.97.11.184. Redistribution subject to AIP license or copyright; see http:/jcp.aip.org/about/rights_and_permissions



114308-16  Theresa E. Cooper and P. B. Armentrout J. Chem. Phys. 134, 114308 (2011)

TABLE V. Conversion of 0 K thresholds to 298 K enthalpies and free energies for the charge separation tran-
sition states for Cd2+(H20)44,5 and water loss dissociations from Cd**(H, 0),,, where n = 3—11. All values in
kJ/mol with uncertainties in parentheses.

Reactant Product AHp? AHags — AH® AH)g TAS»08° AGag
(3.0) (2,0) 186 (14) 1.2(0.4) 187 (14)  282(1.3) 159 (14)
(4,0) (3.0) 146.7 (3.9) 1.1(0.4) 147.8(3.9) 342(13) 113.6(4.1)
TS[2+1] 1264(29)  —29(0.3)° 123.5(29) 205(1.5 103.0(3.3)
1.8 (0.2)¢ 1282(29) 47(03) 1235(29)
(5.0) 4.0) 107.1 (4.8) 2.5(0.6) 109.6 (4.8) 426(14)  67.0(5.0)
TS[2+2] 1100(29)  —5.2(04) 104.8(29) 243(1.8) 805(34)
0.1 (0.3) 110.1(29) 89(0.6) 1012(3.0)
(6.0) (5.0) 86.8 (4.8) 1.4(0.5) 882(4.8) 414(14)  468(5.0)
(6.1)_AA (6.0) 67.5 (4.8) 3.5(0.4) 71.0(4.8)  362(L0) 34.8(4.9)
(6,2)_4D_2AA (6,1) 63.7 (5.8) 3.9(0.4) 67.6(58)  43.1(1.0) 245(5.9)
(6,3)_4DDD_3AA (6.2) 58.9 (4.8) 4.1(04) 63.0(48) 425(1.0) 20.5(4.9)
(6.4)_4AA (6.3) 47.3 (4.8) 1.7(0.3) 49.0(4.8) 323(1.2) 167 (4.9)
(6,5)_4AAA (6.4) 41.5 (4.8) 1.2 (0.4) 42748)  31.6(1.3) 11.1(50)

*Experimental values from Table III.

YValues calculated from the vibrations and rotations calculated at the B3LYP/SD/6-311+G(d,p) level (for water loss energies)
and at the B3LYP/Def2TZVP level (for charge separation barrier heights). Uncertainties found by scaling the frequencies up and
down by 10%.

“Values calculated with the lowest five vibrations of the TS being treated as rotations.

dValues calculated using all vibrations.

separation is energetically favored over the loss of one water
ligand.*’

This value agrees with previous work by Shvartsburg
and Siu, although they assign this value as a lower limit be-
cause the determination depends on instrumental sensitivity
and their definition of critical size does not depend on the
energetics of the reaction.” Shvartsburg and Siu also sug-
gest that the critical size depends directly on the second ion-
ization energy of the metal, a hypothesis pioneered by the
Kebarle group>*% and charge separation mechanism suggest
by the Williams group® for a series of different metal ions. In
agreement with this, hydration studies in our laboratory find
the energy dependent critical size changes as Sr** < Ca®*
< Cd?t < Zn?+ 493990 a5 order that also mirrors their sec-
ond ionization energies.

P. Conversion to 298 K

Using the calculated frequencies and rotational constants
of the transition states, a rigid rotor/harmonic oscillator ap-
proximation was applied to convert the 0 K primary water loss
threshold energies of the n = 4-11 complexes, the sequential
BDE of the n = 3 complex, and the 0 K charge separation
barrier heights of the n = 4 and 5 reactants to 298 K val-
ues in Table V. The uncertainties in these conversion factors
are found by scaling the vibrational frequencies up and down
by 10%. The conversions to 298 K energies have been re-
ported previously for the Cd>* system;'” however, the values
changed slightly after the GS structures were fully converged
and the values listed here should be considered our most accu-
rate. The changes are within the reported uncertainties, such
that the overall trends discussed in our previous report have
not changed and are therefore not revisited here.

There are two possible conversion values for the charge
separation TSs depending on whether the five low frequency

torsions are treated as vibrations or rotors. The 298 K energies
for the charge separation TSs at n = 4 and 5 are 123.5 and
104.8 kJ/mol, respectively, when the five lowest frequency
vibrations are treated as rotors. When these vibrations are
treated as low frequency torsions, the 298 K energies rise to
128.2 and 110.1 kJ/mol yielding a difference between the con-
version values of ~5 kJ/mol. This difference between the two
conversion methods along with trends in the entropies of dis-
sociation, TASgg, and the AGyog values are similar to those
reported for the charge separation TSs of hydrated Zn?>*.4°
Namely, the TASy9g values are larger when the first five vi-
brations are treated as rotors thereby decreasing the AGyog
values compared to results when all vibrations are used in
the TS.

IV. CONCLUSIONS

Complementing our previous article on Cd**
hydration,!” the present study examines collision-induced
dissociation cross sections for Cd2t(H,0),,, where n = 411,
in more detail with regard to the primary charge separation
products for n = 4 and 5, CdAOH* (H,0),, + H*(H,0),, 1,
and the sequential loss of two or three waters from the
reactant complex, where n = 5-11. Compared to our previous
study,'” computations in the present work ensure that all
low and high-energy complexes are fully converged after the
frequency calculation. These additional calculations change
the relative energies by less than 2 kJ/mol for all complexes
investigated and did not affect our experimental thresholds
and modeling parameters for water loss channels. However,
the structures reported in this paper along with the conversion
to 298 K energies are our most accurate.

Ordinarily, our best experimental results are believed
to correspond to the measurement of primary dissociation
thresholds as they have fewer uncertainties regarding the
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distribution of energy available to the dissociating species.
However, BDEs obtained from our sequential dissociation
model of higher order thresholds provide relatively good
agreement with results determined from the primary disso-
ciation channel. The sequential values are slightly higher than
the primary thresholds by 1-16 kJ/mol, where these differ-
ences are highest for the larger values of n [as also found
for Zn**(H,0),, n > 9] and for the tertiary—secondary rel-
ative energies. The higher sequential bond energies at larger
complex sizes may indicate that there are distributions of low
and high-energy complexes in these reactant beams, which
would lower the primary thresholds by those excitation ener-
gies. Because such excitations affect both primary and sec-
ondary thresholds equally, it is plausible that the sequential
model may be more accurate for BDEs of such complexes.

The trends in the relative BDEs for the Cd*>*(H,0), sys-
tems exhibit three distinct regions in both the experimen-
tal and theoretical values. For n = 3-6, the BDEs decrease
rapidly with increasing n because the waters are directly
bound to the metal, whereas for n = 7-9, the waters lost are
in the second shell and form two hydrogen bonds to the first
shell (AA). For n = 10 and 11, the simplest interpretation is
that the most weakly bound water ligands are in the second
shell forming a single hydrogen bond with the inner shell (A),
although there is the possibility that for n = 10, the water lost
is also AA but must share an inner shell donor with another
second shell ligand.

The experimental cross sections show that charge separa-
tion occurs at n = 4 and 5 and possibly at n = 3, although
definitive observation of the latter is obscured because the
same products are also formed by alternative lower-energy
routes. The molecular parameters for the tight TSs associ-
ated with charge separation are calculated and used to analyze
the product cross sections for the CID of Cd?**(H,0)4 and
Cd”*(H,0)s by including the competition between water loss
and charge separation reactions. Accounting for this competi-
tion is necessary for obtaining accurate bond energies of these
complexes. On the basis of these experimental thresholds, the
Cd**(H,0), system is determined to have a critical size of
nerie = 4 for the charge separation reaction. The predicted re-
verse Coulomb barrier for the charge separation processes at
n = 3-6 systematically decreases as n increases, whereas the-
oretical predictions show that the barriers for the charge sepa-
ration reactions at n = 3, 5, and 6 are similar in energy, while
the barrier for n = 4 is much higher in energy. It appears that
the forward barrier height at n = 4 is higher because of the
increased stability of this reactant complex as a consequence
of the 18 e~ rule. This conclusion is further validated by an
increase to the experimental barrier heights for charge sepa-
ration from n = 5 to 4 and by the observation that all levels
of theory find a difference between the n = 3 and 4 hydration
energies that is smaller than the difference between the n = 4
and 5 hydration energies, Table IV.
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