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Solvated cluster ions C&(H,0), with n = 4—7 have been generated by electrospray ionization and studied
by laser photofragment spectroscopy. The similarity between the spectrum of gas-phigs&@pe and the
absorption spectrum of aqueous cobalt(ll) suggests th&(Bg0)s (aq)iS responsible for the room-temperature
solution absorption spectrum. The observed photodissociation spectrum'¢HgD), is similar to new bands
which appear in aqueous cobalt(ll) at high temperatures and have been assign€dth@g .q) by Swaddle

and Fabes (Swaddle, T. W.; FabesQan. J. Chem198Q 58, 1418-1426). The hexahydrate was found to

dissociate by loss of one or two water molecules, whereas the heptahydrate dissociates by loss of two or
three water molecules. In both cases, loss of two water molecules is the preferred dissociation pathway. The

tetrahydrate dissociates either by simple loss of water or by charge separation to fornt (€O} and
HsO", with charge separation being the preferred dissociation channel. At 570 nm, photodissociation by
charge separation leads to a kinetic energy release of120 kJ/mol, 48% of the available energy. This
modest kinetic energy release is consistent with a “salt bridge” mechanism.

Introduction Swaddle and Fab&measured the absorption spectra of Co(ll)
solution at five temperatures from 290 to 625 K. Significantly
above room temperature, they observe two new bands in the
absorption spectrum at 552 and 486 nm whose intensity
increases rapidly with temperature. These high-temperature
features were assigned to £¢H,0)4aqy Recently, Swaddle
reasserted that high-pressure experiments suggest tRat Co
(H20)s rather than C&"(H.O)s is responsible for the room
temperature solution spectrum based on their experiments and

In aqueous solution, first-row transition metal dicationg-{\M
are surrounded by an inner solvation shell of six water
molecules, resulting in an octahedral or near-octahedral sgecies.
Crystal field theory states that the resulting field splits the
degenerate atomic 3d orbitals into moleculgaed bg orbitals.
The traditional view is that the characteristic absorption bands
in the visible and near-ultraviolet regions are due to transitions
gfet\/\(ﬁ?tg ;[/USSE, ngef;;iégﬁ:ﬁﬁg: i o%t;ﬁgiglr?ti tLagiltl'%ns o_Iata previously obtained by other techniglf€Ehis interpreta-
M~1 cm ™t As d-d transitions are symmetry forbidden in tion has been contested by Gilson and Kradss. ) ) )
isolated M+ and for MB+ in a potential containing a center of Gas_ phase molecular clusters have peen extensn(ely investi-
inversion (e.g., octahedral), the observation of these symmetry-9atéd in order to understand the evolution of properties such as
forbidden transitions is usually attributed to vibronic coupling 1on solvation, structure, and dynamics from isolated gas-phase
in the complex* molgcules to the condensed phé%é’*.Me_asurl_ng the absqrptlon

In a recent pap€rGilson and Krauss challenge the traditional of size selected clusters aIIows_ us to identify the carrier of the
interpretation of the €d absorption spectra of transition metal ~ Solution spectrum and to obtain the spectra of coordinatively
ions. They studied G6(H,0), (n = 4—6), computing energies unsaturated ions that are difficult to produce in the condensed
and intensities for transitions to the 10 lowest-lying electronic Phase.
states using complete active space multiconfigurational self- Although a great deal of work has been carried out on clusters
consistent field theory (CAS-MCSCF) and multiconfigurational of alkali and alkaline earth metal ions with watés3multiply
quasi-degenerate perturbation theory (MCQDPT). They proposecharged transition metal clusters have been less extensively
that although C% (H20)s is the major species in solution, itis  studied due to the historical difficulty of producing them in the
not responsible for the visible aqueous absorption due to thegas phase. The introduction of electrospray ionization mass
low oscillator strengthf(< 1076) for its electronic transitions  spectrometry (ESI-MS) by Yamashita and Fknin the mid-
in the visible. They concluded that the observed spectra are1980s has allowed increased access to multiply charged metal-
caused by a mixture of thermodynamically disfavored but containing species.
relatively strongly absorbing species, with the largest contribu-  Several research groups have examined the transition metal
tion coming from Cé"(H0)s. The pentahydrate is an important  M2*(H,0), systems using mass spectrometric techniques. The
intermediate of water exchange by aqueou3'Co® They also only previous study of cobalt-containing clusters is by Kebarle
suggest that Co(H.0), may contribute to the spectrum, and co-workers who determine§iG® values of hydration by

especially at high temperatures. measuring the equilibrium for the hydration reaction
* To whom all correspondence should be addressed. E-mail: rbmetz@ o a2+
chemistry.umass.edu. M (HZO)n,l + Hzo =M (Hzo)n 1)
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for transition metals from Mn to Z#:16 These studies were  needle held at 6.75 kV. The ions enter a differentially pumped
limited to n = 8—13 due to the design of their apparatus. By chamber maintained at1 Torr through a heated 18.4 cm long,
assuming the entropkS® = 96 J/K mol they obtained average 0.51 mm .d., 1.59 mm o.d. stainless steel desolvation tube held
outer-solvation shell hydration energies 63 kJ/moll516 between 0 and 100 V, then pass through a skimmer into a second
Collision-induced dissociation (CID) studies showed that loss differentially pumped chamber held at 4510~ Torr. The

of water is the major channel for dissociation and increases in potential difference between the desolvation tube and skimmer
importance with increasing. A charge reduction channel was s varied from 0 to 10 V to optimize the ion signal. An octopole
also observed for clusters containing fewer than a critical number then guides ions into an rf ion trap. This trap enables the

of water ligands continuous electrospray source to be coupled to the inherently
pulsed time-of-flight mass spectrometé?* lons are acquired
M2+(Hzo)n_’ MQH+(HZQ)n_2+ |_|3Q+ 2) in the ion trap for up to 49 ms, during which time they are

thermalized to 300 K by collisions with helium bath gas and
residual ait® Upon ejection from the trap, the ions are
Iaccelerated through a potential of 1800 V and are re-referenced
to ground potentiad® An Einzel lens and a series of deflector
plates guide the ion packet through a field-free region and into
the reflectron. At the turning point of the reflectron the mass-
oSelected clusters are excited using the unfocused output of a
study singly charged ions and has recently been applied to thedY€ l2ser pumped by the second or third harmonic of a Nd:
study of transition metal-containing dications. Posey and co- 'AG laser operating at 20 Hz repetition rate. The fragments
workerd’18 have used photofragment spectroscopy to study Pass through ase_cond_fleld-free regionto a mlcrochgnnel plate
Fe2+(bpy), F&*(terpy), and other ligated transition metal d_etector. Photod|ssomat|01_1 pathways are de_termlneql from
dications solvated by molecules such as methanol and DMsSO. difference spectra— the difference between time-of-flight
They studied the effect of the nature and number of solvent SPECtra obtained with the laser blocked and unblocked. Photo-
molecules on the strongly allowed metal-to-ligand charge- dissociation cross sections are determlned by integrating t.h.e area
transfer band. The photodissociation spectra obtained are similatinder the fragment peaks in the difference spectrum, dividing
to the solution spectra but shifted to shorter wavelength as thePY the area of the parent ion peak in the time-of-flight spectrum
number of methanol solvent molecules decreases. This implies@nd by the laser fluence. Uncertainties in the absolute cross

that the oxidation number of the metal in solution is retained in S€ctions are estimated at 50% and are due to laser beam
the gas phas¥. nonuniformity and uncertainty in the overlap between the laser

Recently, our group has carried out work on?NH,0), and ion be_améﬁ Careful power dependenc_:e_studies show that
complexes, focusing om = 4—7.1° Using photofragment the branching betwee_n fragmer_u c_hannels_ is independent of laser
spectroscopy in the region 72840 nm, it was found that the ~ Power and fragment ion yield is Imgar ywth laser fluence over
hexa- and heptahydrates photodissociate via simple loss of athe range measured0.1-0.6 J/cn), indicating that the effect
water molecule. The tetrahydrate dissociates exclusively via ©f multiphoton processes is minimal. To minimize saturation
charge reduction. Photodissociation of the pentahydrate was no€ffects the laser is attenuated, where necessary, to maintain total
observed. photodissociation below 15%. Because the clusters studied have

There have been few theoretical studies of hydrated transitionvery small photodissociation cross sectiopisptodissociation
metal dications. Akesson et al. used MCSCF methods to find Spectraare obtained by measuring the photodissociation cross
the total binding energy of six #0 molecules to a first-row  Section as described above as a function of photolysis wave-
transition metal center, giving aweragebond strength of 200  length.
kJ/mol2° This accounts for 75% of the total solvation energy
of M2+, Pavlov and co-workers used the B3LYP method to find Results and Discussion
sequentiabinding energies of the first six water molecules to
Zn?* 2L Their results show that the sequential solvation energies ~ Several cluster ions C6(H,0), have been observed, and
decrease with increasing with the sixth water bound by 91  clusters withn = 4—7 are examined in the range 46660 nm.
kJ/mol and the fifth by 100 kJ/mol. Because binding energies Only small amounts of the pentahydrate could be generated and
are primarily electrostatic in nature and the calcul#iéotal no photodissociation was observed. This is consistent with our
binding energies of six 0 to C&" and Zi#" differ by only results for N¥"(H,O)s, where photodissociation of the penta-
3%, the sequential bond energies in2Q¥i,0), should be  hydrate was immeasurably sm#il.
similar to those calculated for Zh(H,O)p. The photodissociation spectrum of a molecule mirrors its

In this work, we investigate the absorption properties of gas- absorption spectrum if absorption of light always leads to
phase C&"(H2O), (n = 4—7) cluster ions. Also, dissociation  photodissociation. Williams and co-workers determined the
channels and kinetic energy release are monitored as a functiorbinding energy of the sixth water molecule in2NH,0)s to
of the number of water ligands. This is part of a series of studies be 8400 cm? using the blackbody infrared radiation technidtie.

The critical number of water ligands required for charge
reduction depends on the second ionization energy of the meta
and the nature of the ligand. From CID studies, they were able
to estimate that the first three water molecules are bound to
Co*" by anaverageof ~250 kJ/mol each?®

Photofragment spectroscopy has been extensively used t

of the solvation of the first-row transition metal ions?Mwhich We expect water to be bound in €¢H.0)s by a similar amount
commenced with the study of Ni.1® based on the calculations of Akesson eéPas a 660 nm photon

) _ provides 15 150 cmt of energy, well above the expected
Experimental Section binding energy of the sixth water molecule, absorption should

Gas-phase C6(H,0), clusters are studied using a reflectron lead to fragmentation.

time-of-flight photofragment spectromet@r.In the custom Aqueous C&" has two absorption peaks in the visible and
electrospray sourc¥,cluster ions are formed under atmospheric near-ultraviolet: a peak at 515 nraf 4.6 M~ cm™1) and a
pressure by flowing a 5.0< 104 M solution of CoC} in small shoulder at 465 nne (= 2.6 M~ cm™1). Traditionally,

distilled water at a rate of 0.75 mL/h through a stainless steel these transitions have been assigned to symmetry forbidden
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Wavelength (nm) into six states spanning 1100 chand the*T,¢(P) excited state
650 600 550 500 450 into six states spanning 1200 cf The calculatedT4(P) <
; 4T,4 transition energy of 20 500 cm is reasonably close to
O Co®'(H,0), the 18350 cm? absorption of the gas-phase Ce(2" cluster,
1.0 .-% — 2232232 88 2::; and the shoulder at 19 600 cfin the cluster spectrum could
shifted 1500 o™’ be due to absorptions to higher-lying spiorbit states, or to
spin-forbidden transitiodsto doublet states. The intensity of
the 4T14(P) — #T1g4 transition is zero by symmetry in an
octahedral complex and is calculated to be essentially zero for
the relaxed complex. Vibronic coupling to a nonsymmetric
vibration could give rise to the observed, weak, intensity. Gilson
and Krauss attempted to estimate the extent to which vibronic
coupling affects the transition intensity by systematically moving
an axial water from its equilibrium position and calculating
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0.0 electronic transition moments.Distortion from octahedral
12 - O Co®'(H,0), symmetry by 0.15 A only produced an oscillator strength of
c o -~ Aqueous Co {Il) 1076 This led them to conclude that &€@H;O)s(aq) is not
g 10F shifted 1350 em responsible for the aqueous absorption spectrum of Co(ll)
» ;o gl solutions. However, based on our observation that ¢,0)s
@ 08 /g O ﬁﬂn clusters absorb sufficiently strongly,ax ~ 37 M~ cm™) to
s 06k ,E@% o |:F‘ account for the solution spectrum, on the similarity between
o ’ OO > the cluster and solution absorption spectra, on the fact that the
E 04l o o, hexahydrate is the dominant species in soluti@md on the
£ ﬂ 0y high-temperature studies of cobalt solutions by Swaddle and
0.2} ] co-workers’*0we believe C8&"(H20)s (aq)is responsible for the
- Tl observed solution spectrum.
0.0 . . L ' . In our earlier study we observed that, from 11 900 to 13 900

16000 18000 20000 22000 24000

_1 2+ . . -
Energy(cm) cm™, Ni¢*(H,O)s dissociates by loss of a single water

_ _ o molecule®® In contrast, photodissociation of Eg¢H,O)s occurs
Figure 1. Top, Comparison of total photodissociation spectrum of py |oss of one or two water molecules, with loss of two waters
Co?*(H20)s (circles) to the absorption spectrum of aqueous cobalt(ll) increasing from 50% of total dissociation at 14 900 érto

chloride and to the aqueous absorption spectrum shifted 1500tom 0 : L . .
lower energy. A relative cross section of one corresponds=o6 x 95% of total dissociation at 21 800 cra This trend is exactly

1020 cn? for Ce?*(H,0)s ande = 4.6 M~% cm for aqueous CoG! what one would expect on the basis of statistical theories of
Bottom, Total photodissociation spectrum of?@i;0); (squares). A unimolecular dissociatiof.? RRKM calculations show that
relative cross section of one correspondsste- 5 x 10720 cn? for loss of the first water molecule (to form €qH,0)s) is rapid,
Co?*(HO),. Also shown _for comparison is the absorption spectrum of put, at lower photon energies, many of the?@#i,0)s ions
aqueous cobalt(ll) chloride, shifted 1350 chio lower energy. have insufficient energy to lose a second water molecule during

our experimental observation time of2us. The likelihood of
losing the second water molecule increases with photon (and
hence, available) energy. The transition between loss of one
and two water molecules is not sharp, partly because tR&-Co
(H,O)s parent ions are at 300 K and thus have a broad
distribution of internal energies. Thus, the different dissociation
pathways observed for €oH.0)s and NE™(H,0)s are at least

d—d transitions in the octahedral €§H,O)s species, with
the explanation that the transitions are weakly vibronically
allowed?#

Larger Clusters: Co2"(H,0), (n = 6,7). Figure 1 (top)
compares the total photodissociation spectrum of"G0)s
to the aqueous absorption spectrum of cobalt(Il). The observed
Eﬂffgsztlz dvféyl :\:vrglrlagr:grgi%geg;ags;s(ixi ecl); t{l:o?{:ur;[qlon, partially dug to the very different photodissociation wavelengths
with the peak occurring at 18 350 cim The maximum employed in the two studies. o
photodissociation cross section of the cluster is 6 x 10720 The heptahydrated cluster, €¢H.0)7, has a very similar
cim?, which corresponds to an extinction coefficienteof 37 structure to the .hexahydrate as itisin gffect the hexahydrate
M~1 cmL. The C3*(H,0)s cross section is larger than the 2 chromophore with one water mqlecule in the outer splya'uon
x 10-20 cm? measured for Nit(H,0)s previously® The error shell. The spectrum obtalngd (Flgure 1., bottom) is similar to
bars shown in the figure represent uncertainties in relative crossthat of the hexahydrate, but is slightly shifted to higher energies
section; as noted above, uncertainties in the absolute crosgtoward the solution spectrum), peaking at 18 500 tnt this

sections are estimated at 50%. energy, the estimated cross section is 3202° cn? (e ~ 30
According to the calculations of Gilson and Kradss M~ cm™). The heptahydrate also shows two dissociation
octahedral Co(kD)e?*" theF (3df) ground state of isolated €b pathways: loss of three waters to form the tetrahydrate or loss
is split into the groundTy state, & T, state at~6700 cnt? of two waters to form the pentahydrqte, with the loss of two
and a‘A, state near 14 000 cth. The“T14(P) state near 20500  Waters preferred X80% over the entire wavelength region

cm! arises from theP (3d) excited state of C. Calcula- examined). Again, this is different from the results for*Ni
tion27 and a wide body of woAd on octahedral Co (H20)7, which at lower photon energy dissociates via loss of

complexes with oxygen-containing ligands thus suggest that theOne or two waters?

4T,¢(P)— “Ta4 transition is responsible for the visible absorption Pavlov et aP! and Park et al® computed the binding energies
spectrum of Co(kO)e?". Allowing the cluster geometry to fully  of Zn?*(H,0),. Their results show that several nearly isoener-
relax (which slightly distorts the symmetry from octahedral) getic structures are possible for each hydrated"Zpecies,
and including spir-orbit interactions splits th€l1gground state forn > 5. These are described by the number of water molecules
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Wavelength (nm) similar. The aqueous spectrum is slightly broader, presumably
due to inhomogeneous broadening and a higher temperature (497
700 650 600 550 500 450 K vs 300 K for the gas-phase cluster). The peak photodisso-
' ' ' ' — : ciation cross section for Go(H,0), is 2.5 x 107 cn? (e =
A A Co™(H0), 150 Mt cmY). The intensity of the tetrahydrate spectrum is a
—— Ag. Co**(H,0), factor of 4 greater than that of the hexahydrate spectrum. The
---- Aq. Co**(H,0), tetrahydrate is expected to absorb significantly more strongly
shifted 1200 cm’™’ than the hexahydrate because its tetrahedral geometry lacks a
center of inversioR:3 As with the hexahydrate, Co(H,0)4
absorbs somewhat more strongly thad™#H,0), which has a
peak cross sectiom = 7 x 10720 cnm?.1® As the tetrahydrate is
only a minor species in solution, Swaddle and Fabes were unable
to obtain an accurate value for its concentration and hence
On the basis of analogy with tetrahedral crystals, Swaddle and
Fabes propose that the total integrated oscillator strefidibs
between 2« 103 and 8x 1072 for the visible absorption bands
of the tetrahydrat@ Our results show that the gas-phaseGo
(H20)4 cluster had ~ 2.4 x 1073,
Gilson and Krauss also suggest that Co(H,0); may
contribute to the solution spectrum of aqueougCat higher
Energy (cm’) temperatures. They calculate three fairly intense absorption
Figure 2. Comparison of total photodissociation spectrum ofGo ~ Pands at 18 866, 18 900, and 19 707 énwhere the splitting

(H20)s4 (triangles) to the spectrum assigned to aqueol?s (E@O), at is due to a slight distortion from tetrahedral symmetry. As was
497 K by Swaddle and Fabes (ref 9; solid line). Also shown is the the case for the hexahydrate, the calculated transition energies

aqueous spectrum shifted by 1200 ¢rto lower energy (dashed line).  for the tetrahydrate are slightly high. Gas-phasé'Qé,0),
A relative cross section of one correspondste 2.5 x 107° cn for has a peak at 17100 cthand a shoulder at 19 300 cf

" ]
Co*' (H0) Overall, there is surprisingly good agreement between the
positions of the calculated and observed visible absorption
Shands, especially considering the difficulty of accurately

. calculating excited electronic states for systems of this complex-
2+
of Ni*"(H20), we found that the tetrahydrate and hexahydrate i, poever, the total calculated intensity of the visible

clusters have very different absorption spectra, with the tet- absorption bandsf (v 2.3 x 1074 is low by a factor of 10,

rahydrate spectrum peaking at 570 nm and the hexahydrateg, eqting that, even in the tetrahydrate, the transition derives
peaking near 775 nm. In this study, we find that the absorption

) " > o much of its intensity from vibronic coupling.
maxima of C"(Hz0); and C8"(H,O)s are much more similar Co2*(H20), Photodissociation DynamicsThe tetrahydrate
than _those of the _C(_)(respondlng nickel cIu;ters,_sq we have 1055 1o possible dissociation pathways: simple loss of water
consider the possibility th_at the o_bserved dlssomatl_on éfco and charge separation to form two cations
(H20)s could be due to dissociation of a3 or 4+2 isomer.
Our data is only consistent with thet+® structure being
responsible for the observed spectrum. First, the abundance of
the pentahydrate and the tetrahydrate clusters in the mass . .
spectrum of C&"(H,O), are both much lower than those of the Charge separatlon IS the dominant pathwgy throughout the
larger clusters. We would expect much higher abundance for €N€"9Y range studied. Simple loss of water is observed for the
these species if “solvated” small clusters were responsible for E€tralydrate, but is at least an order of magnitude less likely

the hexahydrate spectrum. Also, if the pentahydrate were formedthan charge separation. Simple loss of water was not observed

by adding an outer-shell water to the tetrahydrate {al 4 for the analogous nickel SyStemP CIII?e_Xperlments, Kebarle

structure), dissociation of the pentahydrate should be observed ar_12d+ co-workers obsgrve _that dissociation of%t'(blé) )a and

This is not the case. Most tellingly, the shape of the photodis- Ni2#(H20)s occurs primarily by charge reductiéh.

sociation spectra of the hexa- and heptahydrate clusters is quite It shquld be noted that both charged fragments are ob;erved

different from that of the tetrahydrate. The spectra of the larger In the d|ﬁerenie spectrum. None of the more thermodynamically

clusters are narrower and do not have a pronounced shouIder.f"‘“/or""bIe HO™(H20) which would be formed by

In fact, the spectra of the hexa- and heptahydrate clusters are - .

very similar to that of aqueous Co(ll), whereas, as discussed Co™ (H0), + hw— COOW(Hzo) +H,0'(H0) (4)

below, the spectrum of the tetrahydrate is similar to that of

aqueous C8 (H;0). is observed. A small amount of CoGKH,0) is observed in
Co2*(H,0)s. Figure 2 shows the total photodissociation the_dif_ference spectrum but this _is due to secondary_photodis-

spectrum of gas-phase E¢H,0)s. Also shown is the spectrum ~ Sociation of the strongly absorbing CoOt20), species?

of aqueous C¥(H,0), obtained by Swaddle and Fabes from 2% 31 , o ,

additional bands that appear in the absorption spectrum of Neglecting the contribution of the photon, a thermochemical

aqueous cobalt(ll) solutions at high temperafuithe cluster ~ CYcle for reaction 3 at 298 K can be written as

spectrum obtained in this work is red-shifted by 1200 &from oi N

the solution spectrum, with a peak near 17 100°trand a  AHpns= AH,((Co™) — IP(CE") + IP(H,0) +

shoulder at 19 300 crﬁ. As the dashed line in Figure 2 shows, PA(OH) — PA(H,0) — D(Co'—OH) —

once the 1200 cr¥ shift is taken into account, the absorption

spectra of the gas phase and aqueols EO), are strikingly D(COOW_Hzo) - D(COOWHZO_Hzo) (5)
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in the inner and outer solvation shells and the possible structure
for the hexahydrate aret®, 5+1 and 4+2. In our earlier study

Co”"(H,0),+ hv — CoOH"(H,0), + H,O0"  (3)
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which is an extension of the cycle used by Keba?I¥ Proton
affinities and ionization potentials are taken from standard
reference source’:33 The Co"—OH bond strength was deter-
mined to be 300+ 4 kJ/mol @ 0 K by Armentrout and co-
workers*which corresponds to 298 4 kJ/mol at 298 K, where
the thermal correction is based on computed frequencies (see
below). The remaining quantities in eq 5 have not been
experimentally determined, so computed values are used. The
binding energy of four waters to €bis estimated ad\H, -
(Co?*") = 1142 kJ/mol based on theoretical calculatiéh&:
D(CoOH"—H,0) and D(CoOHH,0—H,0) were calculated to
be 213 and 123 kJ/mol, respectively, using energies and
optimized geometries calculated with the B3LYP hybrid density
functional and the 6311"*G** basis set for oxygen and
hydrogen and the Stuttgard SDD effective core potential for
cobalt. Values were converted to 298 K using frequencies
calculated at the same level. All calculations were carried out
using Gaussian 98.Evaluation of the cycle shows the charge
separation channel isxothermicby 21 kJ/mol in the absence
of a photon. As will be discussed in more detail below, the
reactants and products are separated by a significant barrier due
to the interaction between the attractive 20d1,0);—H,0
potential and the repulsive CoOKH,0),—HzO" potential. The
presence of this barrier allows for the observation of the
thermodynamically unstable €qH,0), species. -100 -50 0 50 100

If reaction 3 proceeded via a direct, inner-shell proton transfer, Relative Flight Time (ns)
one would expect most of the available energy to be releasedFigure 3. Top, Time-of-flight spectrum of the " fragment produced
as fragment kinetic energy due to the Coulombic repulsion by photodissociation of C6(H20) at 570 nm with the laser polarized
between the like-charged fragments. The kinetic energy releasdParallel to the ion flight path (squares) in a “low” reflectron field. The

. . . solid line is a simulation at a total kinetic energy of 110 kJ/mol;
(KER) of this process will lead to a broadening of the fragment simulations at 90 and 130 kJ/mol are shown as dashed lines. Bottom,

ion time-of-flight spectrum. Figure 3 shows an enlargement of Time.of.flight spectrum of the BO* fragment under the same
the HO™ channel from the difference spectrum obtained at 570 conditions as above, but in a “high” reflectron field (circles). The solid
nm with the polarization of the dissociation laser parallel to line is a simulation at a total kinetic energy release (KER) of 110 kJ/
the ion flight path at low and high reflectron fields. Spectra mol; simulations at 90 and 130 kJ/mol are shown as dashed lines.
taken with the polarization perpendicular to the ion path showed .

no systematic difference. The electric field in the dissociation dications is based on the work of Beyer etnd Peschke et
region of the reflectron maps fragment velocity along the beam alAo Who carneq out density functional calculations of the charge
axis to relative arrival time at the detector. Kinetic energy release reduction reaction

leads to more broadening under low field conditions (108 V/cm) ot N N

than under the more usd&high field conditions (205 V/cm). M~ (H,0), ~ MOH" + H,0 (6)

Also shown are simulatio%3” for KER of 90, 110, and 130

kJ/mol. The simulations include the spread in parent ion position for the alkaline earth metals. They suggest that the reaction
and velocity and the finite size of the detector (which causes occurs via a mechanism in which a water molecule first moves
the dip at the center of the peak). The total KER is therefore from the inner solvation shell to the outer shell and then abstracts
110+ 20 kJ/mol with an anisotropy ¢f = 0.0+ 0.3. This is a proton from a water molecule in the inner solvation shell to
consistent with theory which states that photodissociation of a form HzO". At the transition state, the complex forms a salt-
tetrahedral (spherical top) molecule should occur with an bridge configuration M"OH™H3O". The separation of the
anisotropy of zer@® positive charges and the Coulombic attraction between the OH

The resulting KER accounts for about 48% of the available @nd HO™ lead to a relatively low KER in the dissociation, with
energy in the system. This is similar to the value calculated for the remainder of the available energy going to internal excitation
nickel, where the KER accounts for 38% of the available energy. Of the products. Thus, in the salt bridge mechanism for
For comparison, a direct proton transfer between two inner- Photodissociation of Nf (Hz0)s and CG*(H20)a, one of the
shell solvent molecules would result in a much higher KER four inner-shell waters first moves to thg outer shell, then
because the Coulombic repulsion between two singly charged@bstracts a proton and departs. The energetically favorafiie-H
ions is 700 kJ/mol @2 A (the typical M-O distance in a (H20) product (reaction 4)_ is not formed be_caus_e, at the
hydrated M*) and only decreases to 110 kJ/mol at 13 A. The (H20);M?*-OH™H30" transition state, the 4™ is quite far
mechanism for photodissociation of €¢H,0), must account from the remaining yvater molecu_les. Detqlled galpulatlons by
for the modest kinetic energy release and for our observation Beyer on the salt bridge mechanism for dissociation of'€o
of dissociation via reaction 3 rather than the more exothermic (H20)s are currently underwaf.
reaction 4. The similarities between the dissociation pathways
and kinetic energy releases we obséhfer Ni2+(H,0), and
Co?"(H20)4 suggest that they dissociate by the same mecha- The photodissociation spectra of gas-phasg ¢0), have
nism: a “salt bridge” mechanism. Our proposal of a salt bridge been observed fan = 4, 6, and 7; the pentahydrate was only
mechanism for charge reduction reactions of transition metal present in small amounts and did not dissociate in the energy

H30+ Fragment Yield

H,O" Fragment Yield

Conclusions



Hydrated Cé" Clusters

range examined in this study. The similarity between the

spectrum of gas-phase €¢H,0)s and the absorption spectrum
of aqueous cobalt(ll) suggests thatOi,0)s(aq)is responsible

for the room-temperature solution absorption spectrum. The

observed photodissociation spectrum ofbi,0), is similar

to new bands which appear in aqueous cobalt(ll) at high

temperatures and have been assigned t8"ERO)aq by

J. Phys. Chem. A, Vol. 105, No. 44, 20010059

(16) Blades, A. T.; Jayaweera, P.; lkonomou, M. G.; Kebarld, Bhem.
Phys.199Q 92, 5900-5906.

(17) Spence, T. G.; Burns, T. D.; Guckenberger, G. B.; Posey, L. A.
Phys. Chem. A997 101,1081-1092.

(18) Spence, T. G.; Trotter, B. T.; Posey, L.A.Phys. Chem. A998
102,7779-7786.

(19) Thompson, C. J.; Husband, J.; Aguirre, F.; Metz, RJBPhys.
Chem. A200Q 104, 8155-8159.

(20) Akesson, R.; Pettersson, L. G. M.; Sandsird/.; Siegbahn, P. E.

Swaddle and FabésThe hexahydrate dissociates by loss of M.; Wahigren, U.J. Phys. Chem1992 96, 10 773-10 779.

one or two water molecules, whereas the heptahydrate dissoci
ates by loss of two or three water molecules. In both cases,

(21) Pavlov, M.; Siegbahn, P. E. M.; SandstroM. J. Phys. Chem. A
1998,102,219-228.
(22) Husband, J.; Aguirre, F.; Ferguson, P.; Metz, R1I.BChem. Phys.

loss of two water molecules is the preferred dissociation 1999,111,1433-1437.

pathway. The tetrahydrate was found to dissociate either by

simple loss of water or by charge separation to form C6OH

(23) Chien, B. M.; Michael, S. M.; Lubman, D. Nht. J. Mass Spectrom.
1994 131,149-179.
(24) Michael, S. M.; Chien, B. M.; Lubman, Anal. Chem1993 65,

(H20), and HO™, with charge separation being the preferred 2614-2620.
dissociation channel. Charge separation produces a kinetic (25) Posey, L. A.; DeLuca, M. J.; Johnson, M. 8hem. Phys. Lett.

energy release of 114 20 kJ/mol, which represents 48% of

the available energy. The “salt bridge” mecharii¥proposed

1986,131,170-174.
(26) Rodriguez-Cruz, W. E.; Jockusch, R. A.; Williams, E.RAm.
Chem. Soc1998 120 5842-5843.

by Beyer et al. predicts the observed products and the modest (27) Rulsek, L.; Havlas, ZJ. Chem. Phys200Q 112, 149-157.

kinetic energy release.
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