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Hydrated divalent nickel clusters, N{H.O), (n = 4—7), have been generated through electrospray ionization

and studied with laser photofragment spectroscopy. Clusters containing six and seven water molecules dissociate
by loss of either one or two water molecules. In contrast! (Mi,O), dissociates via charge reduction, producing

H3O" + NiOH*(H,0),. The modest kinetic energy release in thgdH product is in agreement with a salt-

bridge dissociation mechanism. Observed dissociation cross-sections indicate that the hexahydrated species
is the probable carrier for nickel's aqueous absorption spectrum.

Introduction systems from both an experimental and a theoretical viewpoint.
¢ Kebarle and co-workers measured the equilibrium for the

Solvation of transition metals lies at the heart of much o . :
hydration reaction

condensed-phase chemistry and biochemistry. A complete
understanding of solvation requires that one look beyond the
bulk properties and concentrate on the microscopic environment
around the metal ion. One way to do this in a controlled fashion
is through gas-phase studies of solvation. However, most of
these studies have focused on singly charged metdtibrather
than the multiply charged species typical of transition metals
in solution. In aqueous solution, first-row transition metal
dications (M) are surrounded by an inner solvation shell of
six water molecules resulting in an octahedral, or nearly
octahedral, M"(H.0)s species. According to simple crystal
field theory, the resulting field splits the degenerate atomic 3d
orbitals into a set of gand by orbitals. Transitions between
these orbitals are responsible for the characteristic visible and
near-ultraviolet absorption spectra of transition metals. Because
d—d transitions are symmetry forbidden in the isolated™M
transitions between the levels are quite weak, with typical
extinction coefficients ot = 1-10 M~ cm™1.6

The advent of electrospray ion sourt€ESl) has allowed
scientists to directly study multiply charged gas-phase clusters
that maintain the local solution environment around the metal
ion. Several groups have examined transition met&l(M,0),

M?(H,0), + H,0 = M*"(H,0),,, 1)

for the transition metals from Mn to Zn, determiniads for

the proces&? The experiments were limited to clusters with

n = 8—13, and assumindS = 96 J/(K mol), led to an outer-
shell hydration energy of-63 kJ/mol. They also performed
collision induced dissociation (CID) studies on both inner- and
outer-shell species, which showed loss of water as the only
channel for large clusters. They observed a competitive charge-
reduction channel

M?*(H,0), — MOH" (H,0),_, + H,0" @)

for clusters containing fewer than a critical number of water
ligands. The number of ligands required for the onset of charge
reduction increases with the ionization energy of.M/ore
recently, Williams and co-workeYsused blackbody infrared
radiative dissociation (BIRD) to directly measure hydration
energies of Nit(H,0), (n = 5—7), obtaining a bond strength

of 100 & 4 kJ/mol for the sixth water on Rif(H,O)s. Posey

and co-workers used photofragment spectroscopy to investigate
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Figure 1. Schematic of the electrospray source. Labels are described

in the text. 0 — I I I I I
number of solvent molecules on the strongly allowed~{( 65 70 75 80 85
10 000 Mt em™) metal-to-ligand charge transfer band were m/z

s.tuc.iled. These §tud|es r.evealed photofragment Spectra that ar'lnfigure 2. Mass spectrum of hydrated divalent nickel clusters. Clusters
similar to, but slightly shifted from solution absorption spectra, ¢ontaining the two majofNi and ®Ni isotopes are separated by one
implying that the oxidation state of the metal in solution is vz unit showing their divalent nature. The maj$Ni isotope was
retained in the gas phase. used throughout the study.

Although there have been many theoretical studies of hydratedchamber, which is maintained atl Torr by an 8.3 L/s

divalentalkaline earthmetals%3*1§ there have been relatively o hanical pump, through a heated 23 cm long, 0.51 mm i.d.,
few studies of the corresponding transition metal systems. 1 59 mm o.d. s.s. desolvation t#B¢B) held between 0 and

Akesson et al used SCF methods to find the total binding 100 V. The needledesolvation tube distance and orientation

energy of six HO molecules to the first-row trgnsition metals, .an pe adjusted: they are typically collinear anti cm apart.
while Akesson and Petterss8iealculated the first and second e exiting the desolvation tube, ions are focused with a tube

hydration energies for the same transition metals. Sandstro lens (C) and pass throbga 1 mm diameter skimmer (D)
apd .co-worker.%S used the. B3LYP method to find sequential typically held at 5-30 V, into the source chamber maintained
binding energies of the first six 40 molecules to Z#r. In at 3 x 107 Torr by a 6 in. diffusion pump. A 10 cm long
addition to thermochemical analysis, theorists have sought to home-built octopole ion guidé2s (E) leads the ions into an f

identify the specific carrier in the transition metal aqueous ;. trap (RM Jordan Co., F). The ion trap serves to cotigie
absorption spectra. In the most detailed study, Gilson and the continuous ESI source to an existing pulsed (20 Hz) RTOF

Krauss usff_eoll dcomplete active sr:jace lm“'“?_(’"f'gt_”at"l’” self- jnstrument that can also be used with a pulsed laser ablation
consistent field (CAS-MCSCF) and multiconfigurational quasi- ¢4 ,ce22.28 |ons are trapped for a maximum of 49 ms and

degenerate perturbation theory (MCQDPT) calculations 10 yharmajized to 300 K by approximately 1700 collisions with
compute transition energies and oscillator strengths for the tetra-, 1 mTorr helium and 600 collisions with0.3 mTorr air. Using
penta-, and hexahydrate Cepecies. In addition, they computed  yemajized ions allows for a better comparison between gas-

the spectrum of ions formed by substituting a hydroxide ion nn4q6 jons and room-temperature solution spectra. The rf field

for a Wgterdmolecule in each .sptzacies. Thgy prophosed that theapplied to the trap has been modified to run in either a standard
most abundant aqueous species;'@d;0)s, is not the carrier  ,niinyous mode or in a variable pulsed mode that gates the rf

of agueous absorption because it has a very love () field.2° Running under pulsed conditions aids in the formation
oscillator strength. To obtain an oscillator strength of 1076, of small clustersr{ < 5). Stored ions are injected into the RTOF
the axial waters had to 'be distorted from octaheplral symmetry oo spectrometer by a 110 V pulse applied to the front plate
by 0.15 A. For comparison, if the hexahydrate is assumed 0 (¢ 10 trap. This pulse also functions as the extraction field of
be responsu_)le for cot_>a|t’s aqueous abs_orptlon peak_ near 51Q,q Wiley—MacLaren TOF mass spectrometer. lons are ac-
nm, conversion of the integrated absorption coefficfeyields celerated to~1800 V, enter the first differential chamber
an approximate oscillator strength of 3331075, All of the held at 3x 106 Torr by a 4 in. diffusion pump, and are re-’

five remaining species are predicted to absorb. They suggesteference# to ground potential. An Einzel lens and deflectors
that aqueous absorption is due to the pentahydrate with SOMe&y e the ions into the detector region which is maintained below

contrib_ution from the tetra_hydrate at .high temperaﬁ%lre. __2x 107 Torr by a 240 L/s ion pump. A mass spectrum obtained
In this work, the absorption properties and photodissociation \;nqer conditions that favor small clusters is shown in Figure 2.

dynamics of hydrated nickel dications, AN(H;0), (n = 4-7), Mass-selected clusters are excited at the turning point of the

are investigated. The effect of coordination number on the \efeciron using the unfocused output of a Nd:YAG-pumped
absqrptlon spectrum is examined and dissociation channels areaye laser operating at 20 Hz repetition rate. Most of the species
monitored as a function of cluster size. studied have a very small photodissociation cross section, so
background interference to the fragment signal needs to be
minimized. Upon extraction from the ion trap, a small percent-
Gas-phase Ni (H,0), ions are produced using a home-built age of ions is excited through collisions with background gas
electrospray ion source and studied in a reflectron time-of-flight molecules, producing unstable clusters that dissociate in the
(RTOF) mass spectromet& A schematic of the electrospray  flight tube. Voltages applied to the reflectron are chosen to
source is given in Figure 1. Clusters are formed under separate photofragment ions from these background ions. Parent
atmospheric conditions from a 3:010~* M solution of NiCh and fragment ion intensities are determined by their flight times
in distilled water, which flows at a rate of 0.3 mL/hr through a to a 40 mm diameter dual microchannel plate detector. Mass
0.11 mm i.d., 0.47 mm o.d. (26s gauge) stainless steel (s.s.)spectra are collected on a 500 MHz digital oscilloscope
needle (A in Figure 1) held at 7 kV. lons enter the interface (Tektronics 524A) and averaged on a PowerMac running a

Experimental Section
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useful probe into the absorption properties of the cluster. Figure

d—d transitions are symmetry-allowed two-photon transitions

and aqueous Ri also absorbs near 400 nm. At 815 nm,
Ni?*(H,0) photodissociation with an unfocused laser beam is linear with

-0.2 — 26 :

laser power (Ip) and leads exclusively to loss of on®Hgand.

Photodissociation using a focused (1 m lens) laser beam is

Ni**(H,0)s 3 shows a difference spectrum taken at 735 nm. Photodisso-

0.1+ ciation was investigated from 720 to 840 nm and occurs by the
s loss of one water molecule. Simple loss of water is consistent
.‘g 0.0 with the dissociation channels observed in CID experiments by
2 ~ Kebarle®® No sharp structure in the photodissociation cross
g section was observed over the region studied. Two-photon
E 014 absorption needs to be considered fot'Ii{{H,0)s, because the
2
e

I I I ! I proportional to (Ip)® and results in loss of ¥ and 2 HO.
-1.5 '1-0. 05 i 0.0 0.5 Thus, using an unfocused laser beam leads to one-photon
Relative Flight Time (us) dissociation. The absolute cross section for one-photon photo-

Figure 3. Difference spectrum of Rf(H,O)s at 735 nm showing loss  dissociation, estimated by normalizing the percent dissociation
of H0. The small peaks shifted by 0. from the major peaks are  to the laser fluence, is 2 10720 cn¥ at 775 nm, which cor-
due to photodissociation of tH&Ni?*(HO)s isotopomer. responds to an extinction coefficient of14 M-1 cm L

] ~ Uncertainties in the absolute cross sections are estimated at 50%
LabView-based program. Fragment channels and branchingand are due to laser beam nonuniformity and uncertainty in the
ratios are determined fronhffelrence spectra- the difference overlap between the laser and ion beams. Th& (NbO);
between spectra obtained with the dissociation laser b|00k9dspecies is in effect the Rii(H,0)s chromophore with an outer-
and unblocked. shell water attached. It also absorbs in this region with a similar
cross section to Ni(H,0)s and dissociates via loss of either
one or two water molecules.

In aqueous solution, Ki has three absorption peaks in the Of all the clusters studied, the most surprising result comes
visible and near-UV region: at 395 nm ¢ 5.2 M1 cm™?) from the pentahydrate, for which we observe no photodisso-
and a doublet in the red with maxima at 658 nev{( 1.9 M1 ciation over the visible and near-UV. Calculations predict that
cm 1) and 725 nm4 ~ 2.1 M~! cm™1).6 Traditionally, these the fifth water molecule is bound to Zhby 100 kJ/moF® which
transitions have been assigned to symmetry-forbidded d  corresponds to a threshold of 1190 nm. Because the binding is
transitions in the octahedral M(H,O)s species! with the primarily electrostatic in both Z and NP* clusters, photons
standard explanation being that the transitions are weakly in the visible should have sufficient energy to photodissociate
vibronically alloweds® However, the ab initio study of Gilson ~ Ni?"(H20)s. Thus, the absence of photodissociation in the region
and Kraus¥ on cobalt’s absorption properties suggests that a examined is due to limited absorption by the chromophore. We
small amount of a strongly absorbing minor species could be determine an upper limit for the photodissociation cross section
responsible for the observed solution spectrum. They identify 0 < 3 x 1072 cn? at 355 nm, on the basis 0f0.15%
M2t(H,0)s as a likely carrier. This species is formed in solution fragmentation upon irradiation with 50 mJ/pulse. This result
as the hexahydrate exchanges water lig&hds. suggests that Ri(H,O)s is not responsible for the aqueous

Each of the cluster ions Rii(H,0), (n = 4—7) is examined absorption bands.
in the region of nickel’s solution absorption bands. A natural ~ The minor N+ (H,O), species is expected to absorb more
starting point is Nit(H,0)e, the most abundant aqueous species. strongly than the hexahydrate, because it has a tetrahedral
Because absorption near 725 nm provides 165 kJ/mol of energy,geometry, which lacks a center of inversion. Generally, tetra-
well above the 100 kJ/mol binding energy of the sixth water hedral complexes have-dl transitions that are-12 orders of
given by the BIRD experimenf, photodissociation provides a magnitude more intense than octahedral complé¥eamina-

Results and Discussion
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Figure 4. Difference spectrum of Ri(H,O), at 570 nm. Primary dissociation is to NiOHH,0), + H3O*. Subsequent photodissociation of
NiOH*(H,0), likely produces NiOH(H;O).
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tion of the tetrahydrate species as a possible carrier is backed
by the observation of absorption assigned t8'Qd,0), in high-
temperature aqueous cobalt solutidiye measured the photof-
ragment spectrum of Kif(H,0), over the range 490 to 740 nm,
observing a broad feature with a maximum cross section of 7
x 10720 cn? (e &~ 44 M~ cm™1) at 570 nm. Comparison to
Ni2*(H20)s (¢ ~ 14 M~ cm~1) shows no dramatic difference
in the maximum absorption properties between the two species.
This leads to the Nif(H,0)s complex being assigned as
responsible for the aqueous absorption bands, as it is much more
abundant than the Rii(H,0), complex in agueous solution at
room temperature.

Unlike the hexa- and heptahydrates, which dissociate by
simple water loss, Ni (H,O), photodissociates via the charge
reduction reaction

H,O" Fragment Yieid

Ni**(H,0), + hv — NiOH"(H,0), + H,0"  (3) -100 -50 0 50 100
Relative Flight Time (ns)

Figure 5. Enlargement of the ¥D* channel in the difference spectrum
of Ni?"(H,0), taken at 570 nm with the laser polarized parallel to the
ion flight path (squares). The solid line is a simulation with a total

Neglecting the contribution of the photon, a thermochemical
cycle for reaction 3 at 298 K can be written as

AH, 3= AH4,O(Ni2+) — IP(Ni*) + IP(H,0) + PA(OH) — kinetic energy release (KER) of 80 kJ/mol; simulations at 60 and 100
PA(H,0) — D(Ni+—OH) _ D(NiOH+—HZO) _ ;J/:mg.l KER are in dashed lines. All simulations are for an anisotropy

D(NiIOH "H,0—H,0) (4) . _ o _

(KER) in this process will lead to broadening in the lighg®+
which is an extension of the cycle used by Keb&ilée binding peak. Figure 5 shows an enlargement of th©Hchannel in
energy of four waters to Ri is estimated based on theoretical the difference spectrum of Ki(H,O)s with the dissociation laser
calculationd>17asAH, o(Ni2+) = 1200 kd/mol. Proton affinities polanzaqon parallel to th_e ion flight path. Spectra tqkerj at
and ionization potentials are taken from standard reference Perpendicular laser polarization showed no systematic differ-
source$4% The Ni*—OH bond strength was determined by ~€nce- Also sh_own in Figure 5 is a simulattéf® of t_he _H30+
photodissociation studies in our laboratory as 257 kJAhol, fragment profile for a total KER of 80 kJ/mol (solid line) and
while D(NiOH*—H,0) and D(NiOHH,O—H,0) were calcu- 60 and _100 kJ/mpI (dashgd lines). The.5|mulat|on [ngludgs the
lated to be 201 and 116 kJ/mol, respectively, using GaussianSPread in parent ion position and velocr[y apd the finite size of
98% at the B3LYP leveP® Evaluation of the cycle shows the the detector (which causes the small dip in the ce_nter of the
charge reduction channel Exothermicby 8 kJ/mol in the peak). The total KER is thus &8 20 kJ/mol, with an anisotropy
absence of a photon. The reactants and products are separate®f # = 0.0+ 0.3. Photodissociation of a tetrahedral (spherical
by a significant barrier due to the interaction between the toP) molecule should occur with an anisotropy of zéro.
attractive N#+(H,0)s—H,0 potential and the repulsive NiOH Recently, Bondybey and co-worké%ssed c_zlen3|ty functional
(H,0),—H3O* potential. The presence of this barrier allows for theory to study the charge reduction reaction
the observation of the thermodynamically unstabl& #,0),
species. M%*(H,0), —~ MOH™ + H,O" (6)

A difference spectrum of Ri(H,0); at 570 nm kw = 210

kJ/mol) is shown in Figure 4. Note that both of the charged for the alkaline earth metals M Be, Mg, Ca, Sr, and Ba. For

fragments are observed in the photofragment spectrum. Photo-Mg?" to B&* they propose that the reaction takes place through

dissociation is very selective in that a transition state in which a water molecule moves from the
first solvation shell to the second solvation shell before

Ni*"(H,0), + hv — NiOH"(H,0) + H,0"(H,0) (5) abstracting a proton. At the TS, the complex assumes a salt-

bridge arrangement, M—OH~—H30™", where the oxygen in

is not observed, although it is20 kJ/mol more exothermic H3O" is ~6 A from the metal. The large distance between the

than reaction 3. The 7 (H,0) fragment is bound by 13& positive charges at the TS and the Coulomb attraction between

6 kJ/mol?8 and thus should be detected if formed from reaction H3;O' and the nearby OHshould lead to relatively low kinetic

5. Because kD" (H,0) is not observed, the small amount of energy release in the dissociation. Note that a direct inner-shell

NiOH™(H,0) in Figure 4 is due to either unimolecular dis- proton-transfer mechanism should yield a very large KER,

sociation of internally excited NiOHH,0), formed in reaction because the Coulomb repulsion between twb ions is 700

3 or, more likely, by secondary photodissociation of the strongly kJ/mol & 2 A (the inner-shell M— O distance in a typical

absorbing ¢ ~ 1 x 107 c?) NiOH*(H,0),. Photodissocia-  hydrated M*) and only decreases to 80 kJ/mol at 17 A

tion studies of NiOH(H,0), will be published separatef§. separation.

Kebarle’s CID study of Nit(H,0), also exhibited a charge In a complementary study, Kebarle and co-workersed
reduction channel (reaction 3), but differs from our result in B3LYP calculations to also examine reaction 6 for W¥and
that simple ligand loss to Kif(H,0); was also observed. C&*. They find that the TS for charge reduction lies below the

If reaction 3 proceeded via a direct proton-transfer transition TS for simple water loss, but their separation decreases as the
state (TS), one would expect, due to the Coulombic repulsion number of water ligands is increased. Our observation that
between the adjacent fragment ions, most of the available energyphotodissociation of Ni (H,0), exclusively occurs via charge
to be released in fragment translation. The kinetic energy releasereduction to form NiOH(H,0), + HzO", and that this occurs
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with relatively low KER is consistent with a salt-bridge

J. Phys. Chem. A, Vol. 104, No. 35, 2008159

(18) Akesson, R.; Pettersson, L. G. @hem. Phys1994 184, 85—95.

mechanism where one of the four inner-shell waters first moves 5§129) Gilson, H. S. R.; Krauss, M. Phys. Chem. A998 102, 6525~

to the outer shell, then abstracts a proton and departs.

Conclusions
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