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Hydration of Gaseous Copper Dications Probed by IR Action Spectroscopy
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Clusters of Cu*"(H,0),, n = 6—12, formed by electrospray ionization, are investigated using infrared
photodissociation spectroscopy, blackbody infrared radiative dissociation (BIRD), and density functional theory
of select clusters. At 298 K, the BIRD rate constants increase with increasing cluster size for n = 8, but the
trend reverses for the smaller clusters where Cu®>"(H,O)s is less stable than Cu>*(H,0)s. This trend in stability
is consistent with a change in fragmentation pathway from loss of a water molecule for clusters with n = 9
to loss of hydrated protonated water clusters and the formation of the corresponding singly charged hydrated
metal hydroxide for n < 7. The lowest-energy structures of Cu?*(H,0),, n = 6—8 and 10, identified at the
B3LYP/LACV3P**++ level of theory, all have coordination numbers (CN) of 4, although structures with a
CN = 5 are within about 10 kJ/mol for all clusters except Cu?t(H,O)s. IR action spectra indicate the presence
of hydrogen bonding for all clusters, and results for Cu>*(H,0),, n = 6—38, are consistent with a CN = 4,
although minor contributions from structures with higher CN cannot be ruled out. Bands in the action spectra
of Cu?>*(H,0),, n = 10—12, show the presence of water molecules that accept two hydrogen bonds and
donate one hydrogen bond as well as single hydrogen bond acceptors clearly indicating the onset for formation

of a third solvent shell at a relatively small cluster size.

Introduction

Copper plays an important role in many biochemical pro-
cesses, such as the activity of many enzymes,'* and is an
essential element for human health. For example, abnormal
regulation of cellular copper is connected to neurodegenerative
diseases,>* including Alzheimer’s disease.> Redox properties
of copper and copper complexes have been extensively studied,
but some basic properties, such as the coordination number (CN)
in water, are not unambiguously known. Cu™ salts have low
solubility in water (Ky, < 1077) which limits some solution-
phase studies. By comparison, Cu?* salts are readily dissolved
in water and can be studied using a variety of methods. It is
widely assumed that Cu?* has a CN of 6, although coordination
numbers ranging from 4 to 6 have been indicated from results
of X-ray absorption spectroscopy,>>~’ neutron diffraction,%°
infrared spectroscopy,’ and computational studies.’!* Hydration
of Cu?" is especially interesting because the d° electronic
configuration results in Jahn—Teller distortion characterized by
two elongated axial bonds in octahedral structures. Ambiguity
about the structure of the first solvation shell has been attributed
in part to structural assumptions in the fitting procedures
necessary to analyze X-ray absorption spectra and the inability
to distinguish axial Cu—O from overlapping Cu—H correlations
in neutron diffraction studies.’ There may be no clearly preferred
structure but rather rapidly interconverting structures that have
coordination numbers ranging from 4 to 6.

Insights into the hydration of ions in solution can potentially
be obtained by investigating hydrated clusters in the gas
phase.'#3? Structures can be examined as a function of cluster
size to reveal evidence for shell formation or other uniquely
stable structures, such as clathrates for some protonated and
other ion-containing water clusters.'®!° Electrospray ionization
(ESI) has made possible the production of hydrated metal
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dications and even trications*® for a wide variety of metal ions.
Cu?*(H,0), was first produced by ESI,*! but these clusters can
also be produced using a pickup technique in which water
molecules are condensed onto neutral copper atoms and
subsequently are ionized by electron impact.>3#? The dissociation
of hydrated divalentions has been extensively investigated. 24334244
In general, activation of hydrated divalent ions results in
sequential loss of water molecules for larger clusters, but a
charge-separation reaction typically occurs for small clusters
in which H3O™ and the corresponding hydrated metal hydroxide
with a single charge is produced. The cluster size at which the
transition between these two reaction pathways is observed
depends on ion identity as well as on activation conditions.3? A
salt-bridge mechanism in which proton transfer occurs from the
first solvation shell to a water molecule in the second shell has
been proposed for the charge-separation reaction,*> and both
experimental and computational data supporting this mechanism
for several hydrated ions have been reported.36-3°

Duncombe et al. investigated the formation and dissociation
of Cu2t(H,0),, and Cu?*(NHjs), and found that these clusters
with eight ligands are the most abundant in the mass spectrum.>
For Cu?™(H,0),, water loss occurs for clusters with n = 7
whereas charge separation occurs for n = 6—8.303344 In contrast
to results for some other hydrated divalent metal ions,0-3843
both mono- and dihydrated H;O" is produced in the charge-
separation reaction. A salt-bridge mechanism analogous to that
of Beyer et al.,*¥ but in which a second water molecule
coordinates to the H;O™ before charge separation occurs, has
been proposed.®® On the basis of their results for gas-phase
clusters, Duncombe et al. concluded that Cu?™(H,O)s was of
special significance and that the structure of this ion may play
an important role in aqueous solution.’> Density functional
theory (DFT) calculations reported by Bérces et al. on clusters
with n = 3—8 indicate that the CN of Cu?*(H,0), is 4 and that
the first solvation shell for clusters containing up to eight water
molecules is square planar.*> The stability of Cu?>*(H,O)s was
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attributed to each of the four water molecules in the second
shell accepting two hydrogen bonds from the four water
molecules in the inner shell, and it was concluded that the gas-
phase shell development does not properly reflect that in solution
when a limited number of solvent molecules are considered.*

Information about ion—water interactions and coordination
numbers can be obtained from infrared (IR) action spectroscopy
of hydrated ions,!6-2346-49 although this method has only recently
been applied to investigating shell structures of hydrated metal
dications.” The frequencies of OH stretching vibrations can shift
substantially with changes in the hydrogen bonding of the water
molecule making this method especially well suited for structural
elucidation of hydrated ions. For example, the IR action
spectrum of Cut(H,O)s*Ar has a bonded OH feature that is
clearly observed at 2980 cm™!, a > 600 cm™! shift from the
free-OH stretching region of 3600—3700 cm™!, indicating that
even with only three water molecules, one of the water
molecules coordinating to the metal ion donates a hydrogen bond
to a second-shell water molecule.*8

Here, structures of Cu?*(H,0),,, n = 6—12, are probed using
IR action spectroscopy, blackbody infrared radiative dissociation
(BIRD), and hybrid density functional theory. From these
studies, new insights into the hydration of copper dication and
its shell structures are obtained.

Experimental Section

Mass Spectrometry. All experiments were performed on a
275 T Fourier transform ion cyclotron resonance mass
spectrometer.?%40-0 Distributions of Cu>*(H,0), were produced
by nanoelectrospray ionization of a 4 mM aqueous solution of
CuSOy (Fischer Scientific, Waltham, MA). These clusters were
introduced into the mass spectrometer and were trapped in a
cylindrical ion cell that is surrounded by a copper jacket cooled
to 215 K by a regulated flow of liquid nitrogen.?” The copper
jacket temperature was allowed to equilibrate for at least 8 h
prior to the experiments. Ions were accumulated in the cell for
4—6 s during which time dry N, gas (~107° Torr) was pulsed
into the vacuum chamber using a piezoelectric valve to enhance
trapping and thermalization of the ions. A mechanical shutter
was subsequently closed to prevent further ion accumulation,
and residual gases were pumped out for 6—10 s resulting in a
base pressure of ~1078 Torr prior to ion isolation.

Cu?"(H,0);7 was the smallest cluster observed directly by ESI
under a wide range of source conditions. Cu**(H,O)s was
formed by collisionally activating larger clusters using a
frequency sweep or chirp excitation waveform (200 us, 2000
Hz/us, ~250 Vpk) that increased the average velocity of all
trapped ions with m/z > 90. This excitation was repeated nine
times with a 300 ms delay between each chirp to maximize the
intensity of Cu>"(H,O)s. Dry Ny was pulsed into the chamber
(~107° Torr) during this time to enhance collisional activation,
and residual gases were then pumped out for 10 s prior to
isolation of this ion.

The cluster of interest was isolated using a stored waveform
inverse Fourier transform. To obtain IR action spectra, the
isolated clusters were irradiated using tunable IR light produced
by an optical parametric oscillator/amplifier (OPO/OPA) system
(LaserVision, Bellevue, WA) pumped by the fundamental of a
Nd:YAG laser (Continuum Surelight I-10, Santa Clara, CA) at
a 10 Hz repetition rate. Laser irradiation times were varied from
1 to 20 s to improve the dynamic range and the signal-to-noise
of the IR spectrum. Typically, 1 or 3 s irradiation times were
used for frequencies in the free-OH stretch region (3600—3750
cm™!) of the IR spectrum; otherwise, a 20 s irradiation time

O’Brien and Williams

=

o

o
|
>

5 AN

] o n=10 w cu™(H,0),
§ 1 0 H'(H,0),
s 1 A CuOH'(H,0),
c . n
3
o ]
<
;02: T ° I7=8.
o ] {o
& ] nSS | | R
0 ] J.an. .JLLI -II Lo, Il IL |I 1
EREI WY N T NY SWNTT N PAN RN ST W
40 60 80 100 120 140 160 180
miz

Figure 1. A representative electrospray ionization mass spectrum of
a 4 mM aqueous CuSOy solution with the copper jacket that surrounds
the ion cell at 215 K. Distributions of Cu?*(H,0),, CuOH"(H,0),, and
H;0"(H,0), are indicated on the spectrum.

was used. From the abundances of the precursor and product
ions, dissociation rates as a function of the IR laser frequency
were obtained. These dissociation rates were corrected for the
BIRD background dissociation, the differences in laser power
at different frequencies, and the duration of laser irradiation.
To obtain unimolecular dissociation rate constants for both laser
photodissociation at a specific frequency and for BIRD,**?7 ions
were exposed to radiation for up to 50 s, and these data were
fit to first-order kinetics. All data were acquired using a
MIDAS>! modular data system.

Computational Chemistry. Candidate low-energy structures
were identified using conformational searching and previously
reported low-energy structures.® Initial structures were gener-
ated using 10 000 step Monte Carlo conformational searching
as implemented in Macromodel 8.1 (Schrodinger, Inc., Portland,
OR) using the MMFF94 force field. The conformation searching
generated primarily structures with CN = 6. To obtain structures
with CN'=4 and 5 similar to those reported previously,* water mol-
ecules were manually rearranged from structures with CN = 6.

These candidate structures were geometry optimized, and the
self-consistent field (SCF) energy was calculated with B3LYP
hybrid density functional calculations using the LACV3P**++
basis set as implemented in Jaguar v. 6.5 (Schrodinger, Inc.,
Portland, OR). Harmonic vibrational frequencies and intensities
were calculated using the numerical derivatives of the LACV3P**++
energy-minimized Hessian. All structures yielded positive
frequency modes indicating that they are local-minimum
structures. The energies reported are the relative Gibbs free
energies at 215 K, the temperature of the copper jacket in the
experimental measurements, and include zero-point energy
corrections. Relative electronic energies are reported for com-
parison to previous results for Cu?T(H,O)s. Structures were
energy-minimized, and vibrational frequencies and intensities
were calculated for the low-energy structures of Cu?*(H,0)s at
the BP86/LACV3P**++ level of theory. All vibrational
frequencies are scaled by 0.956 which has been shown previ-
ously to provide good agreement with experimental IR spectra
in the free-OH region.?? To approximate temperature and other
broadening effects, the calculated line spectra are convolved
using 15 and 50 cm™! full width at half-maximum (fwhm)
Lorentzian distributions for the nonbonded and bonded features,
respectively.

Results and Discussion

Ion Formation. Electrospray ionization of a 4 mM solution
of aqueous CuSOy results in broad distributions of Cu?"(H,0),,
CuOH"(H,0),, and HT(H,0),.. A typical ESI spectrum is shown
in Figure 1. The size and width of these distributions depend
on ion source and other instrumental parameters and can
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Figure 2. BIRD spectra of isolated Cu?*(H,0),, n = 7—9, measured
with a copper jacket temperature of 298 K and 20, 25, and 0.5 s reaction
times for n =7, 8, and 9, respectively. Harmonics of the fundamental
frequencies of trapped ions are marked with an “*”.

generally be shifted to the cluster size of interest by adjusting
these parameters.*® Although Cu?*(H,O)s can be made the base
peak in the spectrum, its abundance does not stand out from
that of its neighboring clusters under a wide range of conditions
(Figure 1). Cu**(H,0)7 is the smallest dication copper cluster
observed consistent with earlier results of hydrated dication
copper ions formed by ESL.#! Clusters as small as Cu?*(H,0),
were observed by Duncombe et al. with the pickup technique,?
and clusters with n between 1 and 6 have been produced by
collisional activation of Cu?"(H,0),6.3%3*%* To form
Cu?"(H0)s in this experiment, the broad distribution of ions
trapped in the Fourier transform ion cyclotron resonance (FT/
ICR) cell are collisionally activated using a series of frequency
sweep or chirp excitation pulses. No smaller hydrated Cu®"
clusters were observed over a wide range of conditions.

Ion Fragmentation and Stability. BIRD spectra of isolated
Cu?*(H0),, n = 7—9, measured at a cell temperature of 298
K and at 20, 25, and 0.5 s reaction times for n = 7, 8, and 9,
respectively, are shown in Figure 2. BIRD of isolated
Cu?*(H,0),, n = 9—12, results in consecutive loss of a neutral
water molecules.

Cu” (H,0),—~ Cu*"(H,0),_,+H,0 n=9-12 (1)

For n = 6 and 7, a charge-separation reaction takes place
resulting in formation of protonated water clusters and the
corresponding hydrated (CuOH)™.

Cu*"(H,0),—~ CuOH"(H,0),_, , +H,0"(H,0), n=
6,7;k=1,2 (2)

For Cu?*(H,0)g, fragment ions from both reactions are formed
in roughly equal proportions (Figure 2). These results are
consistent with the metastable fragmentation pathways reported
by Duncombe et al., although in that study, some neutral water
loss from Cu?"(H,0); was also observed.’> By comparison,
Cu?*(H,0),, n = 1—6, can be produced by collisional activation
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Figure 3. BIRD rate constants of Cu?t(H,0),, n = 6—12, with a copper
jacket temperature of 215 K.

of Cu?t(Hy0),>6.30334 With the relatively long time scale of
these BIRD experiments, low-energy dissociation processes are
favored compared to activating ions by energetic collisions.
Thus, formation of CuOH(H,0)," under the lower-energy
activation conditions of BIRD used here indicates that loss of
a water molecule is entropically favored over the charge-
separation reaction consistent with previous results for
S04~ (H0),.%

Dissociation rate constants in the zero-pressure limit>> were
obtained from BIRD spectra as a function of reaction times up
to 50 s at 215 K. The temperature of 215 K was chosen so that
the lifetimes of Cu?>*(H,0)9—1» are sufficiently long that IR
action spectra can be readily measured. These rate constants as
a function of cluster size are shown in Figure 3. For n > 8, the
BIRD rate constant increases with cluster size. This can be
attributed both to a decrease in water-binding energy?*2° and
to an increase in the rate of absorption of blackbody radiation>*
with increasing cluster size. Surprisingly, the trend in ion
stability reverses at n = 8, where the n = 7 and n = 6 clusters
are progressively less stable. This can be attributed to a lower
barrier for the charge-separation reaction versus water loss as
well as to possible ion structure effects. The higher stability of
the n = 7 compared to n = 6 cluster indicates that the barrier
for the charge-separation reaction decreases with cluster size
over this range.

The stabilities of these clusters alone do not provide
significant insights into structures. Additional studies aimed at
determining water-binding energies or entropies may provide
more useful insights into shell structures.

IR Action Spectroscopy and Free-OH Stretches. Infrared
action spectra from ~2800 to 3800 cm™! for Cu?*(H,0)¢—12
measured with the ion cell temperature at 215 K are shown in
Figure 4. The spectra for Cu?"(H,0)¢—9 each have two bands
in the high-frequency region at ~3600 cm™! and ~3660 cm™!
consistent with the respective symmetric (Vsym) and asymmetric
(Vasym) free-OH stretch frequencies of water molecules that do
not donate any hydrogen bonds (acceptor-only molecules).
Dangling-OH stretch frequencies from water molecules that
donate a single hydrogen bond can also contribute to the band
at ~3660 cm™~!. These bands can be readily identified as free-
OH stretches on the basis of comparison to previously reported
IR action spectra of hydrated metal ion clusters, such as
Ca? " (H0)4-0,°Nit(H0); 52! CsH(H,0); -5, 2 and H;0 (H,0)3 .57
The frequencies of these vibrations are substantially red-shifted
from those of an isolated water molecule (3649 cm™! and 3731
cm™!, respectively)®® or free-OH stretches of Nit(H,O)*Ar,
(3623 cm™! and 3696 cm™!)?! because of partial electron transfer
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Figure 4. Infrared action spectra of Cu?*(H,0),, n = 6—12, obtained
with a copper jacket temperature of 215 K. The cluster size (n) is
indicated for each spectrum.

Figure 5. Hydrogen bonding motifs: A = single acceptor, AA =
double acceptor, DD = double donor, AAD = acceptor—
acceptor—donor.

from the water molecules to the cation which leads to weaker
O—H bonding and lower frequency vibrations.?! These peaks
for Cu?t(H,0)6—12 blue shift with increasing cluster size because
the magnitude of the electron transfer per water molecule
decreases. Similar trends have been observed in the spectra of
both H;0"(H,0),'”!8 and Ca?*t(H,0),.2°

In contrast, spectra of Cu>"(H,O)0-12 have four distinct
features in this region which become more pronounced with
increasing cluster size. All of these features are characteristic
of different free-OH stretching vibrations in hydrated clusters,
and these hydrogen bonding motifs are illustrated in Figure
5.15-20 These bands can be assigned on the basis of previously
reported IR action spectra of H30T(Hy0)7-2"°"'° and the
calculated spectra of low-energy structures (vide infra). The
peaks at ~3640 cm™! and ~3725 cm™! are consistent with
the free-OH vgym and v,gym, respectively, of water molecules
that accept a single hydrogen bond, that is, single acceptor (A)
molecules. The band at ~3660 cm™! is due to the Vasym Of water
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Figure 6. Infrared action spectra of Cu?"(H,O)s, Ca?"(H,0)s, and
Ca’"(H,0); measured at the indicated temperature. The hydrated
divalent calcium spectra are replotted from ref 20.

molecules that accept two hydrogen bonds and donate one, that
is, acceptor—acceptor—donors (AAD). The band at ~3690 cm™!
is the vagym of water molecules that accept two hydrogen bonds
(AA) blue-shifted from the corresponding vibration in the
smaller clusters.

Hydrogen-Bonded OH Stretches. Two bands corresponding
to hydrogen-bonded stretches are identified in the Cu?*(H,0),
IR action spectra: a very broad band from ~3300 to 3600 cm™!
that is clearly present for n = 8—12 and a second broad feature
(~3000—3300 cm™!) in the spectra of Cu?>*(Hy0)19—12. Weak
photodissociation occurs for Cu?t(HyO)s7 in the region between
~3200 and 3500 cm™!. Similarly broad OH bonded features
have been observed in the IR spectra of Cu*t(H0),,*
Nit(H,0),,2! Ca2*(H,0),,2 and H3;0"(H,0),.16-1° On the basis
of earlier studies, the very broad feature centered near 3500
cm™! for the larger clusters is assigned to the hydrogen-bonded
OH stretches of double-donor (DD) water molecules. The
photodissociation between 3300 and 3500 cm™! for
Cu?"(H,0)g.7 is consistent with DD water molecules indicating
that some population of the clusters contain at least two water
molecules in the second solvation shell. The band centered
around 3100 cm™! in the larger clusters coincides with the
appearance of the AAD vy free-OH peak and is consistent
with results from protonated water clusters for which a band in
the same region is assigned to the hydrogen-bonded vy, OH
stretches of AAD water molecules.'8

Comparison to Divalent Calcium. Some useful insights into
the structures of Cu>*(H,0), can be obtained by comparing data
for hydrated divalent calcium, which has a larger ionic radii
(1.00 A, CN = 6) compared to that for copper (0.73 A, CN =
6).>7 IR action spectra of Cu?*(H,0)s and Ca>*t(H,0)s; are
shown in Figure 6. The relative intensities of the gy, and vgym
free-OH stretches of Cu?t(H,0)s more closely resembles that
of Ca2™(H,0); than that of Ca?"(H,0)s. Ca2T(H,O)¢ has an
octahedral structure (CN = 6) on the basis of BIRD,?*-2¢ guided
ion beam,? spectroscopic,?? and computational?>?® results. Some
of these studies indicate that Ca2"(H,O); also has a CN = 6
although a heptacoordinated structure is not ruled out.?
Spectroscopic evidence indicates the presence of at least two
different structures of this ion in which an outer shell water
molecule accepts either one (A) or two (AA) hydrogen bonds
from inner-shell water molecules.?
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The free-OH stretches in the Cu?*(H,O)g spectrum are red-
shifted by ~10 cm™! compared to the corresponding bands in
the Ca?*(H,0)g spectrum. This indicates greater electron transfer
from the water molecules to the Cu®>* consistent with the smaller
size and therefore greater charge density of Cu*. The intensity
of the vy, band relative to that of the v,sm band for Cu?*(H,0)s
is substantially smaller than that for Ca>*(H,0)s and is much
closer to that of Ca?>*(H,0);. The significantly lower intensity
of vyym compared to V,ym has been observed in many other
action spectra of large hydrated clusters.!®214% The relative
intensities of these bands are related to the structure of the cluster
and to the extent of hydrogen bonding!72'3* and for
Ca?*(H,0),2° and NiT(H,0),?' are indicative of the onset for
second-shell formation. This ratio for the Cu?"(H,O)s also
suggests that one or more water molecules are in the second
shell, although structural differences between Cu?*(H,0), and
Ca®>"(H,0),, will almost certainly affect this ratio as well.

A region of the spectrum that is potentially more indicative
of water molecules in a second shell is the lower frequency
region between 3000 and 3500 cm™!, which corresponds to the
OH stretching region of inner-shell water molecules involved
in hydrogen bonding to outer-shell water molecules. Some
photodissociation in this region is observed for Cu?"(H,O)s,
although the intensity is very low. By comparison, significantly
more photodissociation in this region is observed for Ca?*(H,0);
than for Ca?>"(H,O)s, although the photodissociation intensity
in this region for Ca>*(H,0); is much less than that expected
on the basis of calculated absorption spectra for structures
containing a second-shell water molecule.??

The laser photodissociation rate at 3450 cm™! for Cu>*(H,O)s
is only about 2 times higher than the BIRD rate. To ascertain
if this laser-induced photodissociation is significant and indicates
the presence of a second- shell water molecule or molecules,
data were acquired as a function of time for reaction times up
to 50 s. The data for Cu*"(H,0)s were acquired at 215 K, the
temperature at which the spectra were obtained. The data for
Ca®>"(H,0)¢ were acquired at both 296 (data not shown) and
335 K (Figure 7). The latter temperature was chosen so that
the BIRD rate would be comparable to that for Cu?*(H,O)s at
215 K. Measurement of laser photodissociation kinetics under
conditions where the BIRD rates of the two ions are comparable
should compensate for the different dissociation energies of these
two ions so that absorption of one or more laser generated
photons should produce comparable dissociation despite the
different dissociation energies. These data are fit to first-order
kinetics, and the rate constants are reported in Table 1.

Laser photodissociation data, obtained under the same condi-
tions as the BIRD data and at 3450 and 3655 cm™!' for
Cu2t(H,0)s and at 3450 and 3610 cm™! for CaZ"(H,0)s, are
shown in Figure 7. The two higher frequencies are where
maximum photodissociation occurs in the IR action spectrum
of each cluster. The lower frequency corresponds to an
approximate maximum in the hydrogen-bonding band in the
Cu?*(H,0)s spectrum, the smallest cluster in which a distinct
hydrogen-bonding feature is clearly observed. These data fit
first-order kinetics, and laser-induced photodissociation rate
constants are obtained from the difference of the total dissocia-
tion and BIRD rate constants. These values are given in Table 1.

From the ratio of the laser-induced photodissociation rate
constants at the two photon energies, a comparison of the relative
extent of fragmentation that occurs in the hydrogen-bonding
region of the spectrum of Cu?t(H,0)s to that of Ca?T(H,0)s is
obtained (Table 1). For Ca?>t(H,O)s, the laser-induced photo-
dissociation rate constant at 3450 cm™! is ~450 times smaller

J. Phys. Chem. A, Vol. 112, No. 26, 2008 5897

Time (s)

0 5 10 15 20 25 30 35 40
0 | 1 1 1 1 IBIRDI ]
-0.101 g

B ——n
-0.20 4
-0.30 3450 cm™!
-0.40 1
-0.50
-0.60

-0.70
080] ¢ 3610cm

Ca*'(H,0),

In{rel. ion abundance)

-0.90 1
-1.00

Time (s)
0 5 10 15 20 25 30 35 40
0 1 1 1 1 1 1 1 ]

-0.10 BIRD

-0.20
2030 3450 cm”?

-0.40
-0.50
-0-607 Cu'(H0),
-0.707 3655 cmi!

-0.80
-0.90
-1.00-
Figure 7. BIRD and laser photodissociation data at the frequencies

indicated in the plots for Cu*"(H,0)s and Ca?>*(H,O)s with a copper
jacket temperature of 215 and 335 K, respectively.

In(rel. ion abundance)

than that at 3610 cm™!. In sharp contrast, this rate constant for
Cu2t(H,0)s at 3450 cm™! is 60 times smaller than that where
maximum dissociation occurs. Thus, there is ~8 times more
relative dissociation in the hydrogen-bonding region for
Cu?"(Hy0)s compared to that for Ca?t(H,O)s. These data
indicate the presence of hydrogen bonding for the Cu?*(H,0)g
cluster and illustrate the advantage of the high signal-to-noise
ratio that is possible in these experiments for identifying weak,
but structurally significant, features.

For the Ca>*(H,0); data at 295 K, the laser-induced photo-
dissociation rate contant at 3450 cm™! is almost 1000 times
smaller than that at 3610 cm™!. The lower dissociation efficiency
at the lower temperature and frequency suggests that some of
the photodissociation can be attributed to absorption of more
than one photon under these conditions. By increasing the
temperature, a greater fraction of the population can be
dissociated upon absorption of a single photon.

Computations. More detailed structural information can be
obtained by comparing the experimentally measured IR action
spectra to calculated absorption spectra of candidate low-energy
structures. The relative electronic energies as well as Gibbs free
energies at the temperature of the spectroscopy experiments (215
K) are reported in Table 2 for Cu?*(H,0),, n = 6—8, 10. The
lowest-energy structure for each cluster size is found to be very
similar to those identified by Bérces et al. who used the BP86
density functional and Slater function basis sets.*> The only
minor structural differences are the orientations of some water
molecules; tetrahedral bonding of water molecules is favored
by the BP86 functional whereas more planar bonding is favored
by B3LYP.* However, the energy differences between different
structures are substantially smaller at the B3SLYP/LACV3P**++
level of theory. Relative electronic energies from calculations
for Cu?t(H,0)s at the BPS6/LACV3P**++ level of theory are
compared to those reported by Bérces et al.** (Table 2). These
values are within 10 kJ/mol of the previously reported values,*
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TABLE 1: Dissociation Rate Constants (s71) for Cu2™(H,0)s and Ca2"(H,0)¢

Kmax (S_l) k3450 (S_l) ksIrRD (S_l) BIRD corrected kpax/k34s0
Cu?"(H,0)s 0.22 +0.01 8.1x1073+4x 10 4.6 x 1034+£2 x 107 61
Ca?"(H,0)s (296 K) 0.15 4+ 0.008 1.6 x 1074 £8 x 107°° 40x 107°54£5x%x10°° 954
Ca*"(H,O)s (335 K) 0.26 4+ 0.004 38x 103 £1x 10 32x1073+£1x 107 433

@ At copper jacket temperatures of 215 K for Cu?*"(H,O), and at both 296 and 335 K for Ca?>*(H,0O)s. Obtained from the slopes of Figure 7
data; the laser frequency of kiax is 3655 cm™! and 3610 cm™! for Cu?*(H,0)s and Ca?t(H,0)s, respectively.

TABLE 2: Relative Gibbs free energies (kJ/mol) at 215 K
and Relative Electronic Energies for Select Structures of
Cu?*(H;0),, n = 6—8 and 10°

B3LYP BP86
LACV3P##++ LACV3P**++  Slater
relative relative
relative Gibbs electronic electronic previous
structure  free energies energies energies work?
6AI 0 1 0 0
6AII 3 0 3 13
6B 9 13 22 29
6C 22 37 61 71
7A 0 0
7B 11 15
7C 38 46
8A 0 0
8B 21 21
8C 40 53
10A 0 0
10B 10 5
10C 32 31

“From B3LYP/LACV3P**++  calculations and
electronic energies from BP86 calculations. ® From ref 45.

relative

but the energy differences between structures with B3LYP/
LACV3P**++ are substantially lower. This indicates that
although the ordering of the stabilities of the different structures
is nearly the same, the magnitude of the energetic differences
depends strongly on the density functional used.

For all these clusters, structures with a CN = 4 were found
to be most stable. For all but Cu?"(H,O)s, structures with a CN
= 5 are ~10 kJ/mol less stable at 215 K. Structures with CN
= 6 are more than 20 kJ/mol less stable. As noted previously
for Cu?t(H,0)s,%3* there is a clear preference for a CN = 4
structure because of an especially favorable hydrogen bond
network.

Comparisons to Experimental Data. Vibrational frequencies
and intensities were calculated for the low-energy structures at
the B3ALYP/LACV3P**++ level of theory for comparison to
the experimentally measured IR action spectra. The calculated
vibrational frequencies are scaled by 0.956, a factor found
previously to provide good agreement between measured
and calculated spectra in the free-OH stretch region.??> The
calculated line spectra are convolved with Lorentzian peak
shapes with 15 cm™! fwhm for nonbonded features and 50 cm™!
for bonded features. Because of the very large conformational
spaces of these ions, comparisons with only a limited number
of structures that illustrate important bonding motifs are
presented. Also, there are uncertainties associated with compar-
ing calculated absorption spectra at zero K using the double-
harmonic approximation with IR action spectra measured at 215
K.

For Cu?t(H,0)s, the two lowest-energy structures, 6AI and
6AII, each have a square planar inner shell with the two second
shell water molecules each accepting two hydrogen bonds from
the inner shell (Figure 8). The second-shell water molecules in

=y
]
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+0 kJ/mol

Relative Intensity
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+3 kJ/mol
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- +22 kJ/mol
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Figure 8. Infrared action spectrum of Cu?t(H,O)s obtained with a
copper jacket temperature of 215 K and the spectra for four low-energy
conformers (6AI—6C) from B3LYP/LACV3P**++ calculations.

6AI occupy adjacent double acceptor sites whereas these
molecules in structure 6AII are opposite one another. The
calculated spectra of these structures are different because of
the presence of a double-donor water molecule in the former.
The vasym and vy associated with double-donor water molecules
are calculated to occur in the 3300—3400 cm™! region whereas
those of single donors are calculated to be between 3100 cm™!
and 3300 cm™!. Structures 6B (CN = 5) and 6C (CN = 6) are,
respectively, ~9 and 22 kJ/mol less stable than 6AI at 215 K.
The calculated spectra of structures 6AI and 6AIIl match the
experimental spectrum well in the free-OH region, though subtle
differences exist. These bands for structure 6C are 30 cm™!
higher and there are no hydrogen-bonding features whereas the
experimental data has significant, albeit low-intensity, photo-
dissociation between 3100 and 3500 cm ™. These results indicate
that structures with a CN = 4 provide the best match to the
experimental spectrum, but minor contributions from other
structures cannot be ruled out.

The photodissociation intensity between 3100 and 3500 cm™!
relative to features in the free-OH region is much lower than
predicted by the calculated absorption spectra. Even for larger
clusters with significant hydrogen bonding, such as Cu?t(H,0)s,
the relative peak intensity of the hydrogen-bonded features is
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Figure 9. Infrared action spectrum of Cu?*(H,0O); obtained with a
copper jacket temperature of 215 K and the spectra for three low-energy
conformers (7A—7C) from B3LYP/LACV3P**++ calculations.

substantially weaker than calculations predict. This discrepancy
has been observed previously in the water loss IR action spectra
of other clusters'>1%2% and has been attributed to several factors
including the broadness of hydrogen-bonded bands relative to
free-OH bands. OH stretching bands can broaden considerably
when involved in hydrogen bonding, thereby reducing the peak
intensity of these bands relative to those of the free-OH
stretches.?0-2148:58 However, even the integrated photodissocia-
tion intensity of these bands does not account for the discrepancy
indicating that other factors, such as lower photon energy,
calculation uncertainties, and anharmonicity, also play a role.

For Cu?*(H,0)7, the free-OH region matches well with that
calculated for 7A (Figure 9), the lowest-energy structure in these
calculations, although the vy, and vgy, bands are calculated
to be ~10 cm™! lower in frequency. The lack of distinct bands
below 3550 cm™! in the measured action spectrum precludes
any more detailed comparison to the calculated absorption
spectra.

The free-OH region of the measured spectrum of Cu>*(H,O)s
matches well with that calculated for 8A (Figure 10), although
the calculated vasym and vsym bands are about 10 cm™! lower in
frequency as was the case for 7A for Cu>*(H,0). These bands
for 7A are calculated to blue shift by ~20 cm™! for 8A. This
same shift is observed in the experimental action spectra of these
two ions consistent with structures with CN = 4 for both cluster
sizes. This shift indicates that less charge transfer occurs at n
= 8 compared to n = 6 and 7 and coincides with the change in
fragmentation from charge separation to water loss. In the
hydrogen-bonded region of Cu?*(H,0)s, broad photodissociation
occurs from ~3200 to 3600 cm ™! without distinct features which
is somewhat surprising given the large energetic preference
calculated for 8A.

Calculated spectra of some low-energy Cu?*(H,O);¢ struc-
tures are shown in Figure 11. Structure 10A matches well with
the experimental spectrum in the free-OH region. The experi-
mentally observed peaks at ~3715 and ~3630 cm™! match the
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Figure 10. Infrared action spectrum of Cu?*(H,0O)s obtained with a
copper jacket temperature of 215 K and the spectra for three low-energy
conformers (8A—8C) from B3LYP/LACV3P**++ calculations.
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Figure 11. Infrared action spectrum of Cu?>"(H,0);o obtained with a
copper jacket temperature of 215 K and the spectra for three low-energy
conformers (10A—10C) from B3LYP/LACV3P**++ calculations.

free-OH vyym and vy, of single acceptors in 10A indicating
the presence of water molecules in a third solvation shell. The
band observed at ~3690 cm™! corresponds to the free-OH Vysym
of double-acceptor water molecules and the peak at ~3660 cm™!
matches the Vygym of the two AAD water molecules in 10A.
These four bands become progressively more distinct for
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Cu?"(H,0);; and Cu?>T(H,0),, suggesting continued filling of
the third solvation shell. The band at 3100 cm™! corresponds
with the hydrogen-bonded vy, of the AAD molecules in 10A
and becomes more prominent in the spectra of Cu?*(H,O);
and Cu?t(Hy0), further indicating the presence of additional
third-shell water molecules in these larger clusters.

An exhaustive conformational search of Cu2™(H,O);o was not
performed because of the many low-energy conformations
possible and the difficulty associated with identifying these
conformers. Many structures similar to 10A with CN = 4 are
expected to be low in energy and should have similar calculated
absorption spectra. The calculated spectrum of 10B with CN
= 5 and a single third shell water molecule is also consistent
with the experimental spectrum, although the higher frequency
region is not as good a match as that for 10A. Structure 10C
with a CN = 6 is substantially higher in energy and does not
have a low-frequency band attributable to third-shell water
molecules. For a structure with CN = 6 to have a third-shell
water molecule, a net loss of two hydrogen bonds would be
necessary. Such structures are expected to be substantially higher
in energy. From these calculated spectra, the experimental results
for Cu?"(H,0)10-12 are found to support the formation of a third
solvent shell and are consistent with a CN = 4 although
contributions of structures with CN = 5 and even 6 cannot be
ruled out.

Conclusions

Structures of Cu?t(H0),,, n = 6—12, were investigated using
IR action spectroscopy, blackbody infrared radiative dissocia-
tion, and density functional calculations on select cluster sizes.
Results from BIRD show that cluster stability decreases with
increasing size above n = 8§, but this trend is reversed for the
smaller clusters where Cu?T(H,O)s is the most stable and
Cu?*(H,0)s is the least stable. This reversal in stability coincides
with a change in the dominant fragmentation pathway from loss
of a water molecule for clusters with n = 9 to a charge-
separation reaction producing protonated water clusters and the
corresponding singly charged hydrated metal hydroxide for n
< 7. These results indicate a lower dissociation barrier for the
latter reaction pathway that decreases with decreasing cluster
size.

Results from density functional theory calculations for
Cu?t(H,0),, n = 6—8 and 10, indicate that the lowest-energy
structures have a coordination number of 4, although structures
with a CN = 5 are within about 10 kJ/mol for all clusters except
Cu?"(H,0)s. The structure of the latter cluster is square planar
with each of the four second shell water molecules accepting
two hydrogen bonds from the inner-shell water molecules. These
lowest-energy structures are essentially the same as those
identified previously,* but the energy differences between these
structures and those with higher coordination numbers are sig-
nificantly lower with the B3ALYP/LACV3P**++ level of theory.

IR action spectra provide evidence for hydrogen bonding in
each of these clusters and the results for Cu?t(H,0),, n = 6—8,
are consistent with structures with CN = 4, although structures
with higher CN may contribute to these spectra. New spectral
features for Cu*"(H,0),, n = 10—12, attributable to single
acceptor and acceptor—acceptor—donor water molecules indi-
cate the onset of the formation of a third solvation shell.

The axial bonding sites of Cu®>" are unfavorable even in the
larger clusters investigated, although structures with a CN =5
are calculated to be close in energy and such structures may
contribute substantially to the measured IR action spectra for
the larger clusters. With the exception of Cu?*(H,0)s, which

O’Brien and Williams

has a clear preference for a CN = 4, the relative energy
differences between CN = 4 and 5 for the other gas-phase
clusters are not so pronounced. The propensity to form a third
solvent shell at such a small cluster size indicates that the energy
differences between different CN in solution may not be large.
Experiments on even larger clusters may provide additional
insights of the interactions of Cu?* in bulk solution.
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