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Abstract

Multiply chargedions are intruiging species whose reactivity and thermodynamic stability depends on the extent of ligation. The possibility of
dissociating to two singly charged ions, which is often highly exothermic, leads to spectroscopy and dissociation dynamics that are qualitatively
different from their singly charged counterparts. Various methods of producing multiply charged ions are discussed. Spectroscopy of small
molecular dications, ligated/solvated transition metal dications, and multiply charged biological ions and metal cluster ions are discussed,
with emphasis on our studies of d—d transitions in solvated transition metal dications, and the ensuing dissociation dynamics.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction metal-ligand interactions than in singly charged ions. Spec-
troscopy of multiply charged metal containing ions in
Although multiply charged molecular ions were first ex- the gas-phase explores the strong noncovalent interactions
perimentally observed by Thomson in 19p11, the study that stabilize the charge. Varying the number and type of
of these energetic and highly reactive species has explodedmolecule bound to the metal reveals not only how the spec-
over the past two decadesig. 1 shows schematic poten- troscopic properties of the complex evolve from the isolated
tials for a ligated dication. Because the second ionization molecule to the bulk, but also shows interesting examples
potential (IP) of even most metal atoms significantly ex- of small clusters with unique properties.
ceeds the first IP of most stable molecules, small multiply ~ Much of the growth in spectroscopy of multiply charged
charged ions are typically metastable with respect to disso-ions is due to the development of ion sources with the high
ciation into two singly charged ions. This process is termed intensities required for spectroscopy. This has been coupled
charge reduction, charge separation, or Coulomb explosion.to sensitive spectroscopies, primarily based on detecting
For small molecular ions charge reduction occurs by elec- fragment ions produced by absorption and subsequent dis-
tron transfer. Depending on the ligands present, for larger sociation. Photofragment spectroscopy is also sensitive
ions charge reduction by proton or hydride transfer is usu- to the dissociation dynamics (kinetic energy release and
ally more favorable than electron transfer; proton transfer anisotropy; lifetime). This is especially important as the
dominates for protic ligands. Increasing the number of lig- possibility of dissociating to produce two like-charged ions,
ands stabilizes the multiply charged iddid. 1b), and larger and the large Coulomb forces that this entails, means that the
ions often dissociate by simply losing neutral ligands. dissociation dynamics of multiply charged ions are very rich
Transition metals in solution or in complexes typically and arequalitatively different from those of singly charged
have a nominal charge of2 or +3. In the gas-phase, ions or neutrals. Experimental techniques will be discussed,
the charge on the metal center leads to much strongerfollowed by a brief overview of studies of small molecular
ions such as p¥t—very high-energy species that are of-
ten thermodynamically unstable by several electron volts,
* Tel.: +1-413-545-6089; fax:+1-413-545-4490. yet are kinetically stable and often have long-lived excited
E-mail address: rbmetz@chemistry.umass.edu (R.B. Metz). states. Studies of the spectroscopy and photodissociation
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Fig. 1. () Schematic potentials for a solvated transition metal dicati®n(i0), showing the competition between dissociation by neutral loss, charge
reduction through electron transfer (producingQd), and proton transfer (producingzB*). Adiabatic potentials are shown with dotted line§; and

rpy are crossing points of diabatic curves for electron transfer and proton transfer, respectively. (b) As above, but for more highly solvated ion (large
n) or a metal with a smaller second ionization potential than in (a).

dynamics of solvated, multiply charged transition metal variety of multiply charged negative ions have been studied
ions, including several examples from our lab, will be dis- using photoelectron spectroscopy, particularly by Wang and
cussed in detail. For large molecules, the charge sites cancoworkers, who have characterized the repulsive Coulomb
be sufficiently separated that they do not interact strongly, barrier that impedes photodetachmpfit10].
and the reactivity and spectroscopy is not strongly depen-
dent on the charge state. This class of molecules includes
multiply charged biological ions and metal clusters, and 2. Experimental methods
their spectroscopy is presented in the last section.

In writing a review, there is always a tradeoff between 2.1. lon sources
breadth, depth, and manageable length. In focusing on the
optical spectroscopy and dissociation dynamics of multiply  Multiply charged ions are challenging to make, and spec-
charged ions we mention in passing several related fields thattroscopy places greater demands on ion sources than simple
have recently been surveyed by others. A review by Dun- mass spectrometry or collision induced dissociation. Many
can gives an excellent overview of the broader field of ion ions absorb weakly, or at wavelengths where intense light
spectroscopy?]. Reactions and collision induced dissocia- sources are not available, so it is useful to have sufficient
tion of multiply charged ions have been studied extensively ion currents to be able to detect dissociation products that
and are the subject of several revie[8s-7]. Also, a wide are only 0.1-1% of the parent. The ion source should be
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matched to the duty cycle of the light source. In addition, sufficient vapor pressure at room temperature. One disad-
an ideal ion source would produce ions that are internally vantage of the technique is that electron impact produces
cold, which simplifies the spectroscopy. Due to these con- vibrationally excited ions. As they do not undergo further
straints, and the many types of multiply charged ions that collisions, they can only cool by boiling off ligands. As a
have been studied, many different ion sources have beerresult, the cluster ions are not cold and have a nonthermal
used. For spectroscopic studies, ligated, multiply chargedinternal energy distribution.
ions have been produced by (a) further ionizing ligated neu- In 1994, Velegrakis and Luder produced “stable”
trals or singly charged ions (pickup source/electron impact Mg?t(Ar), clusters, along with Mg (H20)(Ar),,, using
ionization); (b) adding ligands to smaller multiply charged a pulsed laser ablation sourf20]. Recently, Duncan and
ions (ablation source); or (c) desolvating solvated, ligated coworkers[21] have used pulsed laser ablation to pro-
ions (electrospray). duce “unstable” ions such as Ki(COy),, CA*(Ar), and
While ligatedsingly charged ions are readily produced by ~ Si¢t(Ar),. They examined photodissociation of €¢Ar),
termolecular reactions;ig. laillustrates why this approach  which occurs primarily by electron transfer. They also pro-
is difficult with multiply charged ions. If the second IP of duced M@*(H,0) and C8t(H.0), but were not able to
the metal exceeds the first IP of the ligand, charge transfermake larger hydrated clusters, presumably due to proton
often results: transfer reaétions. Attempts to produce “unstable” com-
2 plexes of Mg™ with organic ligands such as acetonitrile,
M* +L—> M7 +LY (1) methanol and acetone were unsuccessful. They suggest

The charge transfer is efficient when the curves cross atthat the multiply charged clusters are produced by electron
distances of{; < 7A[4,11,12] Even if electron transfer is ~ impact or Penning ionization of neutral or singly charged
endothermic, proton transfer reactiqi8—15]often prevent clusters in the ablation source, so that when they are formed,
the production of |arger clusters: the ions have < r:ST orr < rzT (Flg 1) [20] The ablation
2+ 2+ source shows great potential, as ions have many collisions
Ca™ +H20 — Ca (H20) (2a) with the carrier gas after they are produced, then expand
Ca&* (Ho0) + HpO — CaOH" + HzO™ (2b) into vacuum, resulting in substantial cooling. Also, the duty
cycle of a pulsed laser ablation source is well matched to
as illustrated inFig. 1b (dashed curves). As a result, sol- photofragment spectroscopy using pulsed lasers.
vated, multiply charged ions are typically generated either  Electrospray mass spectrometry (ESI) was introduced by
by further ionizing existing clusters (so the ions are formed Yamashita and Fenf22] in 1984, and a few years later
with r < rj;) or by desolvating larger ions produced from Kebarle and coworkerf23,24] demonstrated that ESI gives
solution. excellent yields of solvated, multiply charged ions. Posey
Stace and coworkers have generated many gas-phasand coworkers have used ESI to produce solvated, ligated
metal(ll) complexes using a “pickup” sourd&6-19] A ions such as Fe(bipyjt(CH30H), [25-27] Electrospray
mixture of ~1% of the ligand of interest seeded in ar- is also the method of choice for producing multiply charged
gon expands through a pulsed nozzle. The neutral clus-biological molecules. The mechanism of electrospray has
ter beam then picks up metal atoms as it passes over aeen widely discuss€@8—32]
high-temperature effusion cell, which produces the metal The ability of electrospray to produce large, multiply
vapor. The neutral metal-containing clusters are ionized by charged ions makes it an ideal source for ion cyclotron
electron impact, which produces primarily singly charged resonance (ICR) spectrometers. An early study by Freiser
ions, but gives sufficient yields of doubly charged ions for and coworkers used laser ablation of a metal disk and
collision induced dissociation experiments and spectroscopyion-molecule reactions in the ICR to produce g2t
of strongly absorbing ions. Among the intriguing ions they and LaGHg?"; they were subsequently dissociated using
have produced are Gt(Ar), Ag2t(Ar) and AUt (Ar) [18]. a lamp-monochromator combinatid3]. However, ICR
In these ions, the second IP of the metal exceeds the firstspectrometers are better suited to measuring low-resolution
IP of the ligand by 4.5-5.8eV. lons in which the second spectra of larger, more complex iof81]. Multiply charged
IP of the metal exceeds the first IP of the ligand are often ions can be produced by electrospray, or more complex
loosely called “unstable,” even if the ligated ignay be ions can be synthesized by subsequent ligand exchange or
thermodynamically stable due to the strong metal-ligand ion-molecule reactions in the ICR. The extremely high mass
interaction. They have also produced larger clusters, suchresolution is useful when dealing with heavy ions, and the
as Cét(H,0), (n = 3—-25)[19]. The method is applicable long observation times aid in detecting slow dissociation of
to almost all metals, as only sufficient vapor pressure at the large ions near thresho[85]. This versatility comes at the
temperatures used is required. One notable advantage is thatxpense of a low repetition rate, which is a disadvantage in
it is not limited to studying oxidation states that are stable measuring structured spectra, where dissociation must be
in solution. Stace and coworkers have produced complexesmeasured at many different wavelengths.
with argon, water, ammonia and many organic compounds Fig. 2 shows our second-generation electrospray
[16—19} the primary constraint is that the ligand have photofragment spectrometer, which couples an electrospray



134 R.B. Metz/ International Journal of Mass Spectrometry 235 (2004) 131-143

: N q

El E2 L\/J
A | B L — ]

1 Torr 10°Torr 5x 10" Torr

PV T

Fig. 2. Schematic of our electrospray time-of-flight photofragment spectrometer. Labels are described in the text.

source to time-of-flight mass analysis. An earlier version from methanolic tris(2,2bipyridyl)iron(ll) perchlorate)
was used to study the spectroscopy ofNH,0), and [25]. Posey and coworkers have shoj@6] that running un-
C?t(H20), (n = 4-7)[36,37] The electrospray source der conditions that produce desolvated clusters-(0) and
consists of a stainless steel hypodermic needle (Fign 2) adding nitrogen saturated with another solvent to the source
through which flows a 10° to 104 M solution of the appro-  region leads to the production of Egbipy)s solvated by
priate metal(ll) chloride in water. The needle is held at 7kV acetone, DMF, methanol, etc. This allows the synthesis of
relative to the desolvating tube (B), which acts as a counter ions from solvents that do not spray well. In a similar vein,
electrode. The potential difference between the needle andpartial desolvation/resolvation in the interface region should
counter electrode causes the production of micron-sized,allow the synthesis of ions such as"MH,0),(benzeng)
highly charged droplets. Solvent evaporation causes thefrom aqueous metal(ll) solutions by adding benzene vapor
droplets to shrink, increasing the charge on the surface.to the electrospray source or directly to the interface region.
Sufficiently small droplets fission, eventually producing  Electrospray produces a continuous ion beam, so it is
small ions. The source operates at atmospheric pressurdogical to couple it to a continuous mass analyzer and CW
and can be purged with heated nitrogen to facilitate solvent lasers for spectroscopy. This is the approach used by Posey
evaporation. Clusters of & with methanol, acetonitrile or ~ and coworkers in their studies of metal-to-ligand charge
DMSO are easier to produce than metal-water clusters: wetransfer (MLCT) bands in solvated, ligated ions such as
use solutions in the desired solvent and operate at a lowerFe?t (bipy)s(CH3OH), [25-27} Our work focuses on sol-
needle voltage. Metal-ammonia clusters are produced byvated ions such as # (H.0),, whose visible absorption
adding an ammonium salt to the soluti@3,24] lons enter bands are due to metal centered d—d transitions. In octahedral
the interface chamber through the heated desolvation tubeM?*(H,0)e, these symmetry forbidden bands are about a
(B) [38] and are focused (C) through a skimmer (D). Pro- factor of 1000 weaker than the MLCT transitions studied by
ducing good yields of the desired ion requires optimizing Posey and coworkers, with maximum extinction coefficients
the temperature of the tube (40-10) and the voltages on  of e ~ 10M~2cm™! (6 ~ 1.7 x 10-29cm?). We use pulsed

the tube, lens and skimmer. Low tube and skimmer volt- dye lasers for our studies due to their superior fluence and
ages favor production of larger clusters such &3 (#,0), tunability. We also use a pulsed (time-of-flight reflectron)
(n = 6-14). Larger potential differences between the tube mass spectrometer to mass select the parent ions and analyze
and skimmer lead to more energetic collisions of ions with charged fragments. A radiofrequency ion tré&) couples

the ~1 Torr gas in the interface chamber, which heats the [42,43] the continuous electrospray source to the pulsed
ions, producing smaller clusters with < 6. Even larger ~ mass spectrometer, which is limited to 20 Hz rep. rate by the
potential differences lead to extensive fragmentation and laser. This approach is also used by Wang and coworkers
formation of MOH"(H20), and Hf(H20),. Electrospray  to obtain photoelectron spectra of multiply charged anions
produces ions with a nearly thermal internal energy distri- produced by electrosprg®]. The continuous electrospray
bution [27,39], although the temperature is slightly higher source leads to much higher gas loads than a pulsed ablation
if higher potentials are used in the interface region and source and requires the use of several stages of differential
for more strongly bound ions, which have more difficulty pumping before the mass spectrometer. Octopoles (E1, E2)
cooling by solvent evaporation. Electrospray of metal(lll) guide the ions through the differential chambers and into the
solutions with aprotic solvents can producéMsolvated ion trap, with minimal mass discrimination. lons are trapped
by DMSO or acetonitrilg40]. The controversial ion Cd for up to 49 ms and thermalized to 300K by approximately
(H20), which is thermodynamically unstable but has a life- 1700 collisions with 1 mTorr helium and 100 collisions with
time of at least a microsecond is not observed directly in 5 x 10~° Torr background air. We will soon enclose the ion
ESI, but has been produced by collision induced dissoci- trap in a liquid—nitrogen cooled can and pre-cool the helium
ation of larger ions and by high energy collisions of'Cu  buffer gas. This will allow us to study ions at temperatures
(H20) [41]. Electrospray of solutions of ligated ions pro- down to ~80K [44,45] Using an ion trap also allows us
duces solvated, ligated ions (e.g.,%Fébipy)s(CH3OH), to synthesize new ions via ligand exchange reactions with
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reagent gases leaked into the trap. Stored ions are extractethe spectroscopy of multiply charged molecular ions. Re-

into the time-of-flight mass spectrometer by applying a

110V pulse to the entrance plate of the trap. They are ac-

celerated to 1800V, re-referenced (G) to ground potential
[46], focused by Einzel lenses (H and J) and steered () into

cent reviews have dealt with high resolution (rotationally re-
solved) spectroscopy of diatomic dicatigb4] and with the
reactions and spectroscopy of larger multiply charged ions
[5,52], so these ions will only be briefly discussed. Although

the detector region. A pulsed mass gate (K) deflects thethe ground state of ) lies 4.4eV above Nl + Nt, sev-

mass-selected cluster of interest into a reflectron (M).
2.2. lon spectroscopy

The low number densities of ions makes absorption and
emission spectroscopies very challenging, and this is espe
cially true of multiply charged ions. So, spectra are typically
obtained using indirect methods of detecting absorption—
monitoring the appearance of product ions or parent ion
depletion following irradiation of a mass selected ion beam
[47]. Product ions are usually formed by photodissociation
(often accompanied by charge transfer), but irradiation can
lead to further ionization of large iotji48]. In our photofrag-

ment spectrometer, ions are excited at the turning point of the

reflectron using the unfocused output of a Nd:YAG-pumped
dye laser (L). With frequency doubling and mixing, the laser

system is tunable from 220 to 850 nm. Parent and fragment
ions are detected by 40 mm dia. dual microchannel plates

(N). The resulting signal is collected on a 500 MHz digital

oscilloscope and the masses of parent and fragment ions ar

determined by their flight times. We make two types of mea-
surementsDifference spectra are the difference between

time-of-flight spectra obtained with the dissociation laser
blocked and unblocked at a fixed wavelength. They identify

eral electronic states of R+ are quasi-bound, supporting
several vibrational levels at short bond lenffi,54]. Many

of these states have been characterized from rotationally re-
solved emissior{55-57] and ion beam photodissociation
spectra[47,54,58,59] Rotationally resolved spectra have
also been obtained for N by emission{60,61], but pho-

todissociation spectra are unstructuféd,62] In DCI?t,
vibrational excitation of the long-lived = 1 state to the

short-livedv = 2 state produces D+ CI* with 4.9-6 eV ki-
netic energy release. The vibrational spectrum shows vibra-
tional and even hyperfine structure, and the measured widths
of individual lines are in good agreement with calculations
[51,63,64]

Photodissociation of larger molecular ions leads to richer
dynamics, with competition between charge reduction and
loss of neutral fragments. Unfortunately, electronic transi-
tions tend to be to repulsive states, leading to unstructured
spectrg52]. Thus, for example, photolysis of S# leads
to charge reduction, but the major channel is F atom loss to

?)roduce SiEt, especially at higher energies;?Siis also

observed above 2.2 e}65]. Competition between neutral
loss and charge separation is also observed in photolysis of
CCl?t, CR?t, SR?t and Sk%* [66,67] and is a recur-
ring theme in photolysis of ligated transition metal ions as

fragment channels and branching ratios. The shapes of frag—WeII

ment peaks reflect the kinetic energy release, anisotropy,

and dissociation rat§36,37,49,50] The photodissociation
spectrum of an ion is obtained by monitoring the yield of
a specific fragment ion as a function of wavelength and
normalizing to parent intensity and laser fluence. It is the

absorption spectra of those ions that dissociate to form the

fragment being monitored. If absorption of light always
leads to photodissociation, then the photodissociation spec
trum of a molecule mirrors its absorption spectrum. This is
expected to be the case for many ligated, multiply charged
ions, where ligand loss provides a facile dissociation path-
way. For example, loss of one water from &¢H>0)s
requires only~8000cnt?! and 15,500—-22,000 cnt pho-
tons lead to rapid photodissociation of&¢H,0)s by loss

of one or two water moleculd87]. Again, lack of tailing in

the time-of-flight profile (indicating rapid«50 ns, dissocia-
tion) and loss of multiple solvent molecules are a strong in-
dication that absorption leads to dissociation in this system.

3. Optical spectroscopy of multiply charged ions
3.1. Small molecular ions

Due to their interesting bonding and dissociation proper-

3.2. Ligated transition metal ions

With the development of pickup and, especially, elec-
trospray sources, several groups have studied transition
metal complexes in the gas-phase, examining the proper-
ties of ions in which the metal is in its “normal” oxida-
tion state of+2 or +3. While complexes with charged
ligands don’t require the study of multiply charged ions
[68], most studies have focused on neutral ligands. Sev-
eral of these studies use gas-phase techniques to address
classic issues in inorganic chemistry. How do the geom-
etry and electronic states of a transition metal complex
depend on the number and type of ligands? How does
the solvent stabilize the complex and affect its spec-
troscopy?

Studying the spectroscopy of size-selected cluster ions al-
lows control over the number and type of molecule bound to
the metal center, or solvating a ligated ion. Gas-phase stud-
ies also allow the investigation of coordinatively unsaturated
complexes which are unstable in solution. In addition to the
spectroscopic studies discussed below, there is a large body
of work on reactions and collision induced dissociation of
solvated and ligated multiply charged transition metal ions

ties and importance in plasmas, several groups have studied23,24,69—-77]
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3.2.1. Metal-to-ligand charge transfer spectra of ligated transfer. By modeling how the maximum depends on the
complexes number of solvent molecules they showed that over half

In 1996, Posey and coworkers found that M(kdY) the solvent reorganization energy in the MLCT transition is
(CH3OH), (M = Fe, Ru) have metal-to-ligand charge trans- due to solvent molecules in the first shpiB]. Complexes
fer (MLCT) bands that are similar to those found in solution with different solvent molecules can be conveniently syn-
[25], demonstrating that electrospray can be used to producethesized by spraying methanolic solutions of Fe(terpy)
gas-phase transition metal complexes which retain the oxi-in an atmosphere saturated with the solvent of interest (see
dation state of the metal. They have gone on to study the ef-Section 2.1and[26]). These studies showed that a dielectric
fect of the number and type of solvent molecules on MLCT continuum model predicts the shift in the absorption max-
transitions in F&" and R#* ligated by bipyridine and ter-  imum with solvents of differing polarity surprisingly well,
pyridine (terpy)[25-27,78—-8Q]Fig. 3 shows the evolution  even for clusters with as few as four solvent moleclifés.
of the photodissociation spectra of Fe(teggyXDMSO), Stace and coworkers have studied metal-to-ligand
with increasing solvation. As the photon energy greatly charge transfer and d—d transitions in Z&¢pyridine),
exceeds the solvent binding energy, the photodissociationand C#*(pyridine), (» = 2—7) in the visible[81,82] and
spectra should be equivalent to the absorption spectra ofUV [83]. In the visible, the photodissociation spectrum of
the clusters. The shift in the absorption maximum reflects Cu?* (pyridine), is similar to that of Cu(ll)/pyridine com-
the contributions of successive solvent molecules to the plexes in solution, but the gas-phase spectra shift to the
solvent reorganization energy which accompanies chargered for larger clustersKig. 4), while the solution spectra

shift to the blue. The intensity of the transitiotsdo nm ~
100 M~1cm1) is reasonable for a d—d transitigé1,82]

63 o 3 2+
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Fig. 3. Photodissociation spectra of Fe(tepgyYDMSO), (n = 1-11) ob- 5000 10000 15000 20000 25000
tained at photon energies in the range 17,800-18,900 ciithe spectrum
shown forn = 3 corresponds to Fe(terpf) (DMSO-d)s. The smooth Energy/cm'l
lines through the data represent nonlinear least-squares fits to log-normal
functions. The absorption spectrum of [Fe(tegdPFs)2 in DMSO so- Fig. 4. Photodissociation spectra of &(pyridine),, with n = 4-6.
lution is designated byn — oo. Reprinted with permission frorfi79]. Reproduced with permission from The Royal Society of Chemistry from

Copyright 1998 American Chemical Society. [82].
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Dissociation in the visible and UV occurs by simple lig- structure contributing at high temperatuf@9,90] This
and loss, with larger clusters tending to lose more ligands. view has been challenged by Swaddle and coworkers,
Surprisingly, the corresponding Ag clusters behave some- who measured absorption spectra of aqueous cobalt(ll) at
what differently. Although larger clusters & 6) dissociate temperatures up to 625K and found that the major absorp-
by ligand loss, small clusters undergo electron transfer to tion peak changed little with temperatuf@1,92] They
form pyridine™ and Ag"(pyridine),. The visible band of do observe a new absorption band that grows in at higher
Ag?* (pyridine), is somewhat more intense than that of the temperatures and assign it to the= 4 complex.
copper complex g ~ 500 M~1cm™1), implying that the We undertook to address the controversy directly, by mea-
transition has significant charge transfer charaf@&r82] suring the spectra of isolated &qH»0), (n = 4-6) ions
This revises the traditional assignment (from solution stud- in the gas-phase. By studying mass-selected ions, the spec-
ies) of the visible band of this complex to a d—d transition. troscopy of each particular sized cluster can be measured,
Electrospraying solutions of complexes of transition met- free from interference from surrounding solvent molecules.
als with negatively charged ligands leads to multiply charged In addition, coordinatively unsaturated complexes that are
negative ions. Most studies of multiply charged negative ions difficult to prepare in the condensed phase can be made
are by photodetachment photoelectron spectroscopy and ar@and spectroscopically characterized in the gas-phase. This
discussed in detail elsewhefé-10]. In a very thorough allows us to measure how the d—d bands evolve with coor-
study, Kappes and coworkers looked at photodissociationdination number, without changing the ligarig. 5 com-
of IrBrg?~ and IrCk?~ from 1.5 to 2.9 eV photon energy pares the photodissociation spectrum ofgi,0)s to the
[84]. Primary photodissociation of Irg#~ leads to IrBg~ absorption spectrum of aqueous cobalt(ll). The photodisso-
+ Br—, with 2.2 + 0.2 eV kinetic energy release. The pho- ciation spectrum mirrors the absorption spectrum as excited
todissociation spectra are similar to absorption spectra ofions readily dissociate by loss of one or twg®molecules
the complexes in aqueous solution, with a slight shift to (loss of one HO requires~8000cnt? [73]). The cluster
lower energy for some peaks. These charge-transfer bandspectrum is very similar to that of the solution, but is shifted
are fairly intense, with photodissociation cross-sections of ~1500 cnt? to lower energy. The maximum photodissocia-

o~ 1-35x 10 7 cn?. tion cross-section of the clusterds~ 6 x 1029 cm?, which
corresponds to an extinction coefficients 37 M~tcm 1.
3.2.2. Metal-based d—d transitions Uncertainties in the absolute cross-section are estimated

In aqueous solution, first-row transition metal?Mm at 50% and are due to laser beam nonuniformity and un-
are surrounded by an inner solvation shell of six water certainty in the overlap between the laser and ion beams
molecules, which leads to an octahedral, or nearly octahe-[37,93] The spectrum of Co"(H.0); is similar, but is only
dral, M2+ (H,O)s species[85]. Crystal field theory states  shifted by 1350cm! [37]. We were unable to photodis-
that the resulting field splits the degenerate atomic 3d or- sociate then = 5 cluster, although it is predictef@9] to
bitals into moleculareg and tyg orbitals. The absorption  absorb in the same wavelength region assithe 4 and 6
bands that give agueous solutions of Mheir characteris-  clusters, so it does not appear to absorb significantly more
tic colors have traditionally been assigned to transitions be- strongly than Cé+(H,0)s. These results (and similar results
tween these molecular orbitals. These transitions are weak,on Ni#*(H»0), (n = 4—7)[36]) completely support the tra-
with typical extinction coefficients ~ 1-10M-tcm! ditional view: C#*(H20)s is the chromophore responsible
[86,87] Because d—d transitions are symmetry forbidden for for the characteristic absorption spectrum of cobalt(ll) solu-
M2t in octahedral complexes (or any structure containing tions.

a center of inversion), the observation of these transitions is  So, why do the calculations underestimate the intensity
usually attributed to vibronic couplinfB6—88] This view of the transitions? Gilson and Krauss estimated the effect of
was questioned by a high-level ab initio study of the elec- vibronic coupling on the spectrum of €g(H,0)s by mov-
tronic spectroscopy of Cd(H20), (n = 4-6) complexes  ing one water ligand 0.15 A from the metal. They found that
by Gilson and Kraus$89]. They calculated the energies the distorted complex still had a very low transition proba-
and intensities for transitions to the first ten electronic states bility ( f < 10~°) [89]. Vibronic coupling in small symmet-
for these ions. They find that the Jahn-Teller distortion for ric molecules such as GQformaldehyde and, especially,
Cc?t(H20)e is very small and the oscillator strength for benzene have been the subject of several theoretical studies
Co**(H20)s transitions in the visible is zero. The oscilla- [94-96] Typically, these studies involve calculating elec-
tor strength remains very lowf(< 10°), even when the  tronic transition intensities for complexes distorted along
complex is distorted by moving an axial water 0.15A. This each vibrational normal mode with the correct symmetry to
is inconsistent with the experimental observation that the allow vibronic coupling. In benzene, transitions to the low-
aqueous C& (*T1g(P) < *T14(F)) absorption band near est excited state'Bay) from the A4 ground state are for-
510 nm hasf ~ 8 x 10~° if Co?*(H,0)s is assumed to be  bidden by symmetry. Although four vibrations in benzene
the chromophore. Their provocative conclusion is that the have the correct symmetry to make the transition vibroni-
aqueous absorption spectrum is due to a strongly-absorbingcally allowed, 90% of the electronic transition intensity is
minor species, probably the = 5 cluster, with then = 4 due to a single vibration—the in-plane ring deformation
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Fig. 5. Photodissociation spectra of gas-phasét@,0)s and C&+(MeOH)s. The absorption spectra of cobalt(ll) in water and methanol solution are
also shown, shifted to facilitate comparison. Each spectrum has been normalized to a relative intensity of 1.

(vg) [96]. In the case of CB (H.0)s, the d—d bands are the forbidden d—d transitiof86,87} Although larger clus-
vibronically allowed with a contribution from a vibration ~ters dissociate by simple water loss, the= 4 complex
with ungerade symmetry. As there are 27 such vibrations, undergoes proton transfer:
treating vibronic coupling properly is very computationally + +
demanding. The approach used by Gilson and Krauss ofCOZ (H20)a + v — COOH' (Hz0)2 + HsO ®)
stretching one metal-ligand bond corresponds to a combi- As a result of Coulomb repulsion between the fragment ions,
nation of normal modes and does not include the effect of, dissociation leads to substantial kinetic energy releige7
for example, ligand—-metal-ligand bending on the electronic shows the time-of-flight profile of the 40" fragment. lons
transition. In order to try to identify the specific vibrations that dissociate towards and away from the detector arrive at
responsible for the observed intensity in the visible bands early and late times, respectively; ions that dissociate per-
of Co?*(H20)s we are calculating vibronic coupling using  pendicular to the flight path miss the detector, causing the
time-dependent density functional theory (TD-DFT) with dip in the center of the spectrum. The 110kJ/mol kinetic
the B3LYP hybrid density functional. TD-DFT is much energy release (KER) is 48% of the available energy (much
less computationally demanding than the methods used byhigher KERs have been observed for small molecular ions,
Gilson and Krauss, but is surprisingly accurate for elec- seeSection 3.). The analogous methanol complex also dis-
tronic transitions in transition-metal containing id83,98] sociates via proton transfer:
Preliminary results give a calculated integrated absorption
of f ~ 4 x 107°, in good agreement with the experimental C?T(CH30H)4 + hv — CoOCH; T (CH30H)»
§0Iutiqn yaluef ~ 8 x 1079, arjd most of the vibronic + CH3OH, " (4)
intensity is due to a handful of vibrations.

Swaddle and Fabes observed a new absorption in aqueThe time-of-flight profile Fig. 7) indicates a slightly higher
ous cobalt(ll) at high temperature and assigned the absorpKER. Tailing in the spectrum indicates that&¢CHzOH)4
tion to aqueous Cd (H20)4 [91]. The photodissociation photodissociates on a 200 ns time scale; we observe no tail-
spectrum of the isolated €b(H,0)4 ion confirms this as- ing for C&**t(H»0)s, indicating a lifetime below 30 ns.
signment Fig. 6). The spectrum of the gas-phase ion is  The relatively low kinetic energy release suggests that
slightly narrower, presumably due to the absence of inho- the positive charges are well separated at the transition state

mogeneous broadening and the lower temperatuB9(Q K for proton transfer. This is consistent with B3LYP calcula-
versus 497K). Thes = 4 complex absorbs significantly tions by Beyer that predict a salt-bridge mechanism in which
more strongly ¢ ~ 2.5 x 10~1°cn?) than then = 6 clus- one of the four inner-shell waters moves to the outer shell,

ter. This is expected for a tetrahedral complex, as it lacks athen abstracts a proton (leading to a salt-bridge arrangement
center of inversion. As a result, contributions of metal-based M2t ... OH~ - .. H3O") and depart§50]. Fig. 8 shows the
p orbitals to the bonding add some allowed d—p character tocalculated potential, along with structures of transition states
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Fig. 6. Comparison of the photodissociation spectrum ot'@d,0), (triangles) and the spectrum assigned to aqueods ERO), at 497 K by Swaddle
and Fabeg91] (solid line). Also shown is the aqueous spectrum shifted 1200cim lower energy.

and local minima. This is the quantitative version of the pro- for the methanol complex suggests that it may have a higher
ton transfer channel shown schematicallyFig. 1b This barrier to dissociation than the hydrated complex; this would
mechanism also suggests that?CCH30H), dissociates also contribute to lowering the dissociation rate.

more slowly because the additional vibrational degrees of Although these studies are still in their infancy and we
freedom lead to a much higher density of states near thehave looked at few systems, we have already found an ion in
transition state. The higher kinetic energy release observedwhich the small size of the complex and absence of solvent

P —— Simulation
(110 kJ/mol)
k=]
©
>—
g [
S
2
g O H'(CH;0H)
w —— Simulation

(170 kJ/mol, 200 ns)

-200 -100 0 100 200 300 400 500
Relative Flight Time (ns)

Fig. 7. Time-of-flight spectra of kD" and H"(CH3OH) produced by photodissociation of &qH,0)4 and C3*(CH3OH)s, respectively. The solid
lines are a simulation of the time-of-flight profile with a single kinetic energy release and, fo(Cid30H),4, a dissociation lifetime of 200 ns.
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Fig. 8. Reaction path for the photodissociation of?€g,0); to CoOH(H0),+ and HOt. A 570 nm photon deposits 210 kJ/mol in £¢H,0), as

electronic excitation. Rapid internal conversion results in a highly vibrationally excited molecular ion. In the first step towards chargenseperatater

ligand moves to the second solvation shell. Subsequently, a proton is transferred from a water molecule in the first solvation shell to one in the seconc
solvation shell, followed by Coulombic explosion of the complex. Of th231 kJ/mol available energy, 13020 kJ/mol is released as kinetic energy.

cause it to behave quite differently from the solvated ana- The protein may still be held together by tertiary, noncova-
logue. The photodissociation spectrum of?C(CH30H)g lent bonding. IRMPD of (M+ nH)®~D+¢ then produces
(Fig. 5 has a peak cross-section ®f~ 2.8 x 10~ 2cn?, characteristic fragments. McLafferty and cowork¢d®]

a factor of four larger than that of €b(H»0)s. In solu- have extended this technique by measuring the IR photodis-
tion, methanolic cobalt(ll) only absorbs about 40% more sociation spectrum of the (M- 7H)®t* and (M + 8H)"**
strongly than aqueous cobalt(ll). One possible explanationions of ubiquitin from 3050 to 3800 cn. They observe

is that the bulkier ligands cause the complex to distort fur- a broad peak at 3350 cth that is likely due to the N—H
ther from octahedral geometry, and that this distortion is stretch of hydrogen-bonded protonated amine residues.
more pronounced in the gas-phase cluster. This is supported Andersen et al. demonstrated some of the potential of
by solution spectra of cobalt(ll) in larger alcohols: spectra combining an ESI ion source with an electrostatic heavy-ion
in iso-propanol andert-butanol are significantly different  storage ring by photodissociating [cytochrome 17H*+
from those in water and methanol, while ethanolic solutions at 532 nn199]. Fuke and coworkers have also irradiated [cy-
are intermediate and temperature-dependent. We are explortochromec + nH]"* (n = 9-17) at 532 and 355 nm. Rather
ing this further in gas-phase studies o &@omplexes with than photodissociation, they observe photoionization to form

larger alcohols. [cytochromec 4 nH] D+ via a two-photon process, with
] ) the ionization yield decreasing rapidly for the more highly
3.3. Spectroscopy of muiltiply charged proteins charged ions. This is consistent with a model in which the

highly charged protein is completely unfolded, forming a

Proteins are sufficiently large that they can support mul- linear polypeptide chaif4g]

tiple charged sites that do not interact strongly. How the
extent of protonation and the solvent affects protein ter-
tiary structure is an area of active inquiry, and one which
spectroscopy of gas-phase ions is just beginning to address.
Infrared multiphoton dissociation (IRMPD) has been used
to help determine the tertiary structure of gas-phase protein
ions. Typically, electron capture dissociation (ECD) is used
to break a covalent bond in the backbone ohgsrotonated
protein:

3.4. Multiply charged metal cluster ions

Several groups have studied the stability and collision in-
duced dissociation of cluster ions,& formed by photoion-
ization. Martin et al. have extended these studies by produc-
ing Na,** (z = 7 andn up to several hundred) by 193 nm
photoionization of neutral clustef400]. The cluster ions
were then “heated” by irradiating them at 470 nm, near the
(M 4+ nH)"™ 4+ & — (M + nH)"~D+e (5) plasmon resonance, which leads to evaporation of neutral
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and charged fragments. From the resulting mass spectrunphotodissociation), and photodissociation of molecules

they measured the smallesfor a given charge. The crit- “tagged” with a weakly bound spectator (typically argon).

ical condition for stability is given by These technigues have been extensively applied to neu-
P trals and singly charged iorj408,110-112] and multiply

© <0.125 (6) charged ions are a logical target. Along these lines, we are
n currently evaluating vibrational spectroscopy of solvated

A simple, classical liquid droplet model shows that energized transition metal dications using IRMPD.
clusters dissociate in an asymmetric fashion, losing small,

singly charged ions (e.g., Na®" loses Na*) [101,102]

This is surprisingly similar to the Iribarne—Thomson mech- Acknowledgements

anism for ion productiofi28] in electrospray ionization.

Schweikhard and coworkers have studied the photodisso- Spectroscopy of multiply charged ions in my group has
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