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Multiply charged anions are common in the condensed phase, and their existence has been generally taken
for granted. But until very recently, these species have only rarely been observed in the gas phase. A new
experimental technique, using photodetachment photoelectron spectroscopy, electrospray, and ion-trap mass
spectrometry, has been developed in the author’s laboratory to probe multiply charged anions in the gas
phase. In this article, the principles of this technique and some of the initial results will be presented and
discussed. The difference between photodetachment of singly and multiply charged anions is emphasized.
Photodetachment photoelectron spectroscopy is ideal to probe the chemical and physical properties of free
multiply charged anions. Among the initial findings, the repulsive Coulomb barriers existing in multiply
charged anions have been directly observed. The relationship between the intramolecular electron-electron
repulsion and the potential barrier is elucidated, culminating in the first observation of a negative electron
binding energy in a quadruply charged anion. Electron tunneling effects through the repulsive Coulomb barriers
are also observed and interpreted using a model Coulomb potential and the theory developed to understand
R-decay in nuclear physics. We show that the electrospray technique provides a unique means that allow
solution phase species and chemistry to be investigated in the gas phase with molecular details and specificity
but without the complication of the condensed phase environments.

1. Introduction

Photoionization of a neutral molecule produces a positive ion
and an outgoing electron (Figure 1a); photodetachment of a
singly charged molecular anion also produces an outgoing
electron and a neutral molecule (Figure 1b). In both cases, the
long-range interactions between the photoproducts are attractive
in nature. However, photodetachment of a multiply charged
anion (MCA) results in two negatively charged particles (a free
electron and a negative ion with one less charge than the parent
MCA), whose long-range interactions are mainly the Coulomb
repulsion (Figure 1c). The superposition of the short-range
binding of the electron and the long-range Coulomb repulsion
gives rise to a potential barrier for the outgoing electron, as
schematically shown in Figure 2a for a hypothetical MCA
(ABn-). This repulsive Coulomb barrier (RCB) was inferred in
studies of multiply charged clusters and fullerene anions.1-7 The
RCB in MCA’s is analogous to the potential barrier binding
the R-particles in a radioactive atomic nucleus,8 even though
the length and energy scales are quite different in the two cases.

The RCB has profound effects on the properties of MCA’s
and is expected to lead to interesting phenomena in photode-
tachment experiments. For example, Wigner’s threshold law9

of photodetachment would not hold and threshold photodetach-
ment of MCA’s is simply not feasible any more. Thus one has
the interesting situation, where, if the detachment photon energy
is below the RCB, no electron detachment will occur even if

the photon energy is above the asymptotic electron binding
energy (see Figure 2a). In this case, detachment can only take
place through electron tunneling, which at threshold would have
negligible probability. Therefore, determination of the excess
electron binding energies (BE, Figure 2a) of MCA’s can only

Figure 1. Schematic potential energy curves for (a) photoionization
of a neutral molecule, (b) photodetachment of a singly charged anion,
and (c) photodetachment of a multiply charged anion. Note the long-
range Coulomb repulsion in (c).
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be accomplished through photoelectron spectroscopy (PES)
using photon energies higher than the RCB, since Einstein’s
photoelectric equation still holds:hν ) KE + BE, wherehν is
the photon energy, KE is the outgoing electron kinetic energy,
and BE is the electron binding energy. Photoelectron kinetic
energies (KE) are measured in PES; the electron binding
energies (BE) are thus determined straightforwardly. Such PES
experiments have recently been performed for the first time in
our laboratory for a number of MCA’s.10-21 By performing
photon-energy-dependent PES experiments, we have observed
directly the effects of the RCB and electron tunneling. We have
also determined the magnitude of the RCB and elucidated the
electrostatic interactions and electronic stability of MCA’s and
their relationship to the RCB.

Even more interesting is the situation when the long-range
Coulomb repulsion is stronger than the short-range electron
binding, resulting in metastable MCA’s (Figure 2b). Such
species may exist because of the RCB, which can render
substantial lifetimes to the metastable MCA’s. Basically, in this
case, the AB(n-1)- anion is electronically more stable than the
ABn- MCA, which thus possesses a negative electron binding
energy (Figure 2b). This would result in an unusual phenomenon
in PES experiments that the outgoing electron kinetic energy
would be higher than the incoming photon energy (Einstein’s
photoelectric equation is still valid!). The extra energy derives
from the electrostatic energy stored in the ABn- MCA. Such
metastable MCA’s with negative electron binding energies have
been recently observed in our laboratory, and the magnitudes
of the negative binding energies are directly measured from PES
experiments.18-20

Multiply charged anions are ubiquitous in nature and are
important constituents in solutions and solids. Their existence
has been generally taken for granted in the teaching of chemistry
and our understanding of materials. However, free MCA’s have
been difficult to study and very few of them have been known
in the gas phase previously.1,2,22-25 This is partly due to the
fact that many MCA’s acquire their stability in the condensed
phase through solvation and other electrostatic interactions and

are not stable in the gas phase. Experimentally, the few MCA’s
observed in the gas phase were all through mass spectrometry.
Doubly charged anions were first observed with large organic
molecules,26-30 where the two excess charges are well separated,
reducing the Coulomb repulsion. The observation of small
carbon cluster dianions, Cn

2- (n ) 7-28), by Compton et al.
using a sputtering source,32 has stimulated much recent experi-
mental and theoretical interests in gaseous MCA’s. Doubly
charged anions have since been observed in a number of
systems, including small carbon clusters,33-36 fullerenes,37-39

and other species,40-42 primarily using the ion sputtering
technique. Kerbarle and co-workers,43-45 as well as others,46-51

have used electrospray to produce a number of doubly charged
small organic, inorganic, and fullerene anions, which exist in
liquid solutions.

Theoretical investigations of MCA’s have also been very
active recently.2 Early theoretical considerations of MCA’s
derived from interests in searching for molecular species with
unusually high electron affinities (EA’s)52-57 and in understand-
ing electronic structure of condensed phase species.58-60 Inter-
estingly, Gutsev and Boldyrev even proposed formulas to search
for the highest possible second and higher order EA’s.54 Major
theoretical advances in MCA’s have been made lately by the
groups of Cederbaum and Simons. Cederbaum and co-
workers61-76 have investigated a series of gaseous MCA’s and
proposed a “construction principle” for predicting gaseous
MCA’s on the basis of the alkali-metal and alkaline-earth-metal
halide systems.65-67 They have predicted a number of other
interesting cluster dianions, some of which have been recently
observed in mass spectrometric studies.41,42 Simons and co-
workers have considered many MCA’s that exist in the
condensed phase and investigated their structure, bonding, and
stability in the gas phase.77-83 There have also been a number
of other theoretical studies on gaseous MCA’s,84-96 in particular
concerning small carbon clusters86-90 and those relevant to
condensed phase materials.91-96 The electron-electron repulsion
and the resultant RCB have been considered in several theoreti-
cal works on multiply charged metal cluster and fullerene
anions.5-7,97-99

Photoelectron spectroscopy is a powerful experimental tech-
nique to probe the electronic structure of matter.100-102 It has
been widely used to study singly charged anions,103-110 provid-
ing information about electron affinities and low-lying electronic
states for a vast number of neutral species and clusters. We
have recently developed a PES apparatus designed to investigate
multiply charged anions in the gas phase, using electrospray
and ion-trap mass spectrometry.16 PES is an ideal technique to
investigate the intrinsic properties of multiply charged anions
in the gas phase. It provides direct measurements of the excess
electron binding energies in multiply charged anions, thus
allowing information about their stability and intramolecular
Coulomb repulsion to be obtained. Photon-energy-dependent
studies also allow the RCB and electron tunneling to be
investigated. Many inorganic metal-complex anions can now
be studied in the gas phase using PES, which will provide
detailed molecular electronic structure information about these
solution species. More importantly, the electrospray technique
provides a general tool, which allows solution phase species
and processes to be investigated in the gas phase. In this article,
some of our initial results10-21 in this new endeavor will be
discussed.

2. Experimental Methods

The difficulty in studying MCA’s lies at their formation in
the gas phase. Even if a doubly charged anion is stable as a

Figure 2. Schematic potential energy curves showing the excess
electron binding energy (BE) and the repulsive Coulomb barrier (RCB)
in multiply charged anions: (a) for an electronically stable multiply
charged anion with a positive BE; (b) for an electronically unstable
multiply charged anion with a negative BE.
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gaseous species, it would still be fairly challenging to make it
through sequential electron attachments in the gas phase, because
of the long-range Coulomb repulsion between the initially singly
charged anion and the second electron. Although a number of
doubly charged anions have been observed using ion sputtering
and other collisional techniques,32-42 there is not a general
experimental technique to produce gaseous multiply charged
anions. However, recently the electrospray ionization technique,
pioneered by Fenn and co-workers,111-113 has been shown not
only to be a powerful soft-ionization method for biomolecules114

but also to be able to produce small gaseous MCA’s from
solutions.43-47 In electrospray, one starts with a solution sample
containing the MCA’s of interests. The solution is sprayed
through a syringe needle biased at a negative high voltage,
producing highly charged liquid droplets at ambient conditions.
The liquid droplets are broken down in a heated bath gas or
capillary, in which the solvent molecules are removed (desol-
vation) and the intended MCA’s are thus formed out of the liquid
droplets. The limitation of the electrospray technique is that the
MCA of interest has to be present in the original solution. The
advantage is that one avoids the sequential electron attachment
processes and it is generally applicable to a wide range of
MCA’s so long as they exist in a solution and are long-lived in
the gas phase.

The apparatus that we have developed couples an electrospray
ion source with a magnetic-bottle time-of-flight (TOF) photo-
electron analyzer.106,110 Details of this apparatus have been
published,16 and Figure 3 gives a schematic overview. Typically,
a water/methanol (2/98 ratio) mixed solution containing the
anions of interest is sprayed at ambient conditions through a
fine syringe (1), which is biased at a negative high voltage.
The highly charged liquid droplets produced are fed into a
desolvation capillary (2) heated to 50-100 °C. The molecular
anions emerged from the desolvation capillary are guided by a
RF-only quadupole system (3) into a quadrupole ion-trap (4).
The anions are usually accumulated for about 0.1 s before being
pushed out into a TOF mass spectrometer (5, 6, 9) for mass
and charge analyses. The desired anions are selected by a mass
gate and decelerated (7) before being detached by a laser beam

in the interaction zone of the magnetic-bottle PES analyzer (8,
10, 11). A number of detachment photon energies are used,
ranging from a Nd:YAG laser (532, 355, 266 nm) to an excimer
laser (193 and 157 nm). The photoemitted electrons are collected
at nearly 100% efficiency by the magnetic bottle and analyzed
by the 4-m-long electron flight tube (10). The ion-trap and TOF
mass spectrometer are operated at 10 Hz repetition rate while
the magnetic-bottle PES analyzer is operated at 20 Hz with the
ion beam off at alternating laser shots for background subtrac-
tion, which is necessary at 266, 193, and 157 nm detachment
wavelengths. The photoelectron kinetic energies are usually
calibrated with the known spectra of O- and I-. The resolution
of the magnetic-bottle PES analyzer is about 2% (∆KE/KE),
i.e., ∼10 meV for 0.5 eV electrons.

3. Highlights of Recent Work

3.1. Direct Observation of the Repulsive Coulomb Barrier.
The first PES experiment was performed on the citrate dianion
(CA2-; see Figure 4a for structure).10 Figure 5a shows the
spectrum of CA2- at 355 nm (3.496 eV), where one broad band
(X) was observed with an estimated adiabatic electron binding
energy of 1.0 eV. Figure 5b displays the spectrum of CA2- at
266 nm (4.661 eV), where an even broader spectrum was
observed. Close examination of the 266-nm spectrum revealed
that it actually contained two overlapping bands, the X-band
observed in the 355-nm spectrum and another band at a higher
binding energy (A), as seen more clearly in Figure 5c. The
A-band was estimated to be∼0.6 eV higher in binding energy
than the X-band. We also attempted to take the PES spectrum
of CA2- at 532 nm (2.331 eV). However, no photoelectron
signals were observed even though the 2.331-eV photon energy
was higher than the binding energies of both the X and A bands.

The photodetachment transitions take place between the
ground state of CA2- and the ground and excited states of the
CA- singly charged anion. The X-band represents the ground
state of CA-; the discernible fine features in Figure 5a are due
to partially resolved vibrational structures. The spectral width
(the Franck-Condon envelope) is a measure of the geometry

Figure 3. Schematic view of the electrospray-photodetachment apparatus. Key: 1, syringe; 2, heated desolvation capillary; 3, radio frequency
quadrupole ion guide; 4, quadrupole ion-trap; 5, time-of-flight mass spectrometer extraction stack; 6, Einzel lens assembly; 7, three-grid mass-gate
and momentum decelerator assembly; 8, permanent magnet (NdFeB); 9, 40-mm dual microchannel plates in-line ion detector; 10, 4-m time-of-
flight tube with a low field solenoid and double layerµ-metal shielding; 11, 18-mm Z-stack microchannel plates photoelectron detector. From ref
16.
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changes between the dianion and the singly charged anion. The
A-band then is due to the first excited state of CA-.

Figure 5 vividly demonstrates the effects and the first direct
observation of the RCB. The photon-energy-dependent spectra
can be understood with the help of the schematic potential curves
in Figure 4b, where the binding energies of the two observed
states (X and A) are shown. There exists a RCB for each state.
The 266-nm photon must be above the RCB of both the X and
A states, so both these states are observable at 266 nm. The
355-nm photon must be below the RCB of the A-state but higher
than that of the X-state, so only the X-state is accessible at 355
nm. The 532-nm photon must then be lower than the RCB of
both the X and A states; thus, no signal can be observed at this
photon energy. If the RCB’s of the X and A states are assumed

to be the same, they can be estimated (bracketed) based on the
above photon-energy-dependent information. The RCB of CA2-

is estimated to be 1.9< RCB < 2.5 eV, as given in Figure 4b.
The two charges are known to be localized on the two

terminal carboxyl groups in CA2- (Figure 4a). The distance
between the two charge centers, assumed to be the terminal
O-O distance, is estimated to be∼6.14 Å, as shown in Figure
4a. We thus estimate a Coulomb repulsion energy (e2/4πε0r)
of about 2.3 eV, which is right in the range of the RCB
determined experimentally. This observation suggested that the
magnitude of the RCB is related to the intramolecular Coulomb
repulsion energy.

3.2. Intramolecular Electron-Electron Repulsion and the
Repulsive Coulomb Barrier. The citrate dianion is an ideal
system to understand the intramolecular Coulomb repulsion
because the two negative charges are localized and their spatial
relationship is known. Its two detachment bands (Figure 5) are
due to removal of electrons from one of the carboxylate groups.
The above discussion suggests that the intramolecular Coulomb
repulsion estimated from the known molecular structural
parameters is approximately equal to the magnitude of the RCB
in the CA2- dianion. This is a significant observation because
if this is true the relationship between the RCB and the
intramolecular Coulomb repulsion can be understood. In
particular, one can then quantitatively determine the magnitude
of the intramolecular Coulomb repulsion in MCA’s through
measurements of the magnitudes of the RCB. This would be
especially valuable for MCA’s whose charge distributions are
more complicated or even delocalized.

To confirm the above observation, we performed PES
experiments on a series of linear dicarboxylate dianions (DC2-),
-O2C-(CH2)n-CO2

-, where n indicates the aliphatic chain
length.11 These dianions are similar to the citrate dianion, and
the two charges are localized on the terminal carboxyl groups,
but now the separation between the two charges can be
systematically varied. We expected that the electron binding
energies of these dianions would increase withn and extrapolate
to that of a singly charged X-CO2

- species (X represents an
aliphatic group), whenn approaches infinity. Similarly, the RCB
should decrease withn and extrapolate to zero asn approaches
infinity.

Figure 6 shows the PES spectra of a series of DC2-, with n
) 3-10, at two photon energies, 266 and 355 nm.11 Several
observations can be made immediately. First, two spectral
features (X and A) are observed in the 266-nm spectra, similar
to that of CA2- (Figure 5), except that the two features are better
separated for the DC2- dianions. Second, indeed the electron
binding energies increase withn. Third, the A-band disappears
in the 355-nm spectra due to the RCB, which can be similarly
understood using the potential energy curves of Figure 4b.
Again, if we assume that the RCB has the same magnitude for
the X and A states, we can estimate the RCB for each DC2-

anion using a similar bracketing procedure, as done for the CA2-

dianion.
Figure 7 shows the adiabatic electron binding energies (EBx)

and the estimated RCB’s as a function of 1/rn, wherern is the
distance between the terminal O-O in DC2- (also see Figure
4a) and obtained through ab initio calculations.11 The top axis
shows the chain length index,n. Interestingly, we observed that
both the binding energies and the RCB’s are dependent on 1/rn

linearly. A least-squares fit of the EBx curve gives the
following: EBx ) 3.21- 16.7/rn. The 3.21 eV value, whenrn

approaches infinity, is consistent with our measured binding
energy of 3.4 eV for a singly charged carboxylate anion

Figure 4. (a) Schematic structure of the citrate dianion with relevant
bond lengths (Å) and bond angles (deg). (b) Schematic potential energy
curves showing the adiabatic binding energies and the repulsive
Coulomb barrier for detachment of CA2-, leading to the X and A
asymptotic states of CA-. Note that the barrier heights relative to the
X and A states are assumed to be the same. From ref 10.

Figure 5. Photoelectron spectra of citrate dianion (CA2-) at (a) 355
nm (3.496 eV) and (b) 266 nm (4.661 eV). Note the increased spectral
width in the 266-nm spectrum, implying an additional detachment
channel as shown in (c). From ref 10.

Feature Article J. Phys. Chem. A, Vol. 104, No. 10, 20001981



CH3CO2
-.11 The RCB curve indeed goes through the origin.

That is, at infinitive charge separation, there is no intramolecular
Coulomb repulsion, and consequently, there would be no RCB.

We note that the coefficients of the EBx and RCB curves
have the same magnitude with opposite signs. This leads to the
interesting result, EBx+ RCB ) 3.21 eV. Referring to Figure
2a and Figure 4b, we note that EBx+ RCB is the potential
well that effectively binds the electron relative to the ground

state (X) of the singly charged anion. This result means that
the potential wells for all the DC2- dianions are the same and
this potential well is equivalent to the binding energy of an
electron to a carboxyl group. Therefore, the decrease of the
binding energy in the dianions, due to the presence of the second
charge (intramolecular Coulomb repulsion), is equal exactly to
the RCB. This result unequivocally confirmed that the magni-
tude of the RCB in MCA’s is equal exactly to the amount of
intramolecular Coulomb repulsion. This conclusion should be
generally applicable to all MCA’s.

The value of the coefficient (16.7 eV Å) in the curves of
Figure 7 is somewhat unusual. With a dielectric constant of
one (for vacuum), the coefficient for the Coulomb repulsion
(e2/4πε0r) should be 14.4 eV Å. The 16.7 eV Å value would
indicate a dielectric constant less than one. Yet the dielectric
constant of bulk saturated hydrocarbon is∼2.115Previous studies
of proton affinities in+H3N-(CH2)n-NH3

+ dications, which
have a similar intramolecular Coulomb repulsion between the
two protons, have concluded that the effective dielectric constant
in these systems is approximately one.116 Our current observa-
tion is consistent with this previous result. Our obtained
coefficient of 16.7 eV Å, which is larger than the expected value
of 14.4 eV Å, is caused by the charge delocalization over the
carboxyl groups in the DC2- dianions, resulting in a uncertainty
in determining the charge separations.11 The O-O distances
used in the plot of Figure 7 overestimated the true distances
between the two charges. If slightly smaller O-O distances were
to be used, the 14.4 eV Å coefficient could be recovered. A
recent theoretical study, concerning the effective dielectric
constants using different spacer groups in doubly charged ions,
confirmed our current observation and interpretation.117

3.3. Electron Tunneling through the Repulsive Coulomb
Barrier. Analogous to theR-decay phenomenon,8 quantum
tunneling effects are expected to occur through the RCB when
the detachment photon energies are above the asymptotic
binding energy of an MCA but below the RCB. Indeed, such
tunneling effects have been observed in the DC2- anions at 532
nm and have been studied quantitatively using the WKB
formalism developed forR-decay theory.15,19

Figure 8 shows the PES spectra of DC2- (for n ) 3-5) at
532 nm, compared to that at 355 nm. The schematic potential
energy curves in each case are also shown with the necessary
energetic information. It is seen that the 532-nm photon is below
the RCB in all cases (top of Figure 8); thus, any signals observed
at this photon energy have to be due to electron tunneling or a
two-photon process. The latter was eliminated through photon-
flux dependent studies. The signals at 532 nm are indeed much
weaker, consistent with the tunneling mechanism. Interestingly,
the signals also decrease asn increases, with negligible tunneling
signals observed for the dicarboxylate dianions (-O2C-(CH2)n-
CO2

-) with n > 5. Another puzzling observation was that the
532-nm spectra seem to shift to lower binding energies relative
to the 355-nm spectra and the shift increases asn increases, as
indicated by the vertical lines in Figure 8. From the potential
curves shown in Figure 8, we see that the position of the 532-
nm photon has the same distance to the RCB top in all cases,
because the well depth is the same for all the DC2- dianions.
The only difference is that the electron kinetic energies
corresponding to the detachment features in each case decrease
with n, because the binding energies increase withn.

The potential energy between the outgoing electron and the
singly charged anion, DC-, is determined by their Coulomb
repulsion at long range and the electron binding energy to DC-

at short range. The exact shape of the short-range potential is

Figure 6. Photoelectron spectra of-O2C-(CH2)n-CO2
- (DC2-)

dianions (n ) 3-10) at (a) 266 nm (4.661 eV) and (b) 355 nm (3.496
eV). From ref 11.

Figure 7. Measured adiabatic electron binding energies (EBx) and the
estimated repulsive Coulomb barrier (RCB) heights for-O2C-(CH2)n-
CO2

- (DC2-) dianions (n ) 3-10) as a function of 1/rn, wherern is
the average equilibrium distance (Å) between the two charge centers
in DC2-, assumed to be localized on the O atoms of the carboxylate
groups. Key: circles, EBx; squares, RCB; lines, least-squares fits. From
ref 11.

1982 J. Phys. Chem. A, Vol. 104, No. 10, 2000 Wang, et al.



not known and would require a rigorous quantum treatment.
To understand the observed electron tunneling phenomenon, we
choose to use a very simple model potential, as shown in Figure
9. This potential is entirely analogous to the nuclear potential
used in theR-decay theory.8 Here the short-range potential is
modeled as a square well:V0 is the binding energy of the
outgoing electron, which is measured experimentally, andR is
the equilibrium distance between the two charges in DC2-, taken
as the terminal O-O distances. The value ofR should be 14.4
(e2/4πε0R), if we use the unit of eV for energy and Å for
distance. However, we take theR value as 16.8, as derived
above,11 since we use the terminal O-O distance as the charge
separation. The largerR value is due to the fact that the two
charges are not point charges but rather slightly delocalized, as
discussed above. This potential should be a good approximation
since the tunneling effects we are interested occur well below
the barrier top. According to the WKB approximation,8 the
tunneling probability can be calculated as:

whereR andR′ define the width of the RCB at energyE, as
shown in Figure 9,m is the mass of the electron, andp is the
Planck constant. Using our model potential, eq 1 is reduced to8

The kinetic energy of the outgoing electron,E, is equal to the
detachment photon energy (532 nm, 2.33 eV) minus the electron
binding energy in each case.

Since the tunneling probability depends on the electron kinetic
energy exponentially, it is easy to understand the decrease of
tunneling signals asn increases. For the transition to the ground
vibrational level, we calculated a transmission probability of

12%, 8%, 4%, and 0% forn ) 3, 4, 5, and 6, respectively. The
tunneling probabilities decrease rapidly for the larger DC2-

dianions, in excellent agreement with the experimental observa-
tion (Figure 8).

We also note that the 532-nm spectra all seem to shift to
lower binding energies. This is due to the decreased tunneling
probabilities for the higher vibrational features (which cor-
respond to lower electron kinetic energies) and the presence of
hot band transitions (which correspond to higher electron kinetic
energies). In other words, in the tunneling regime, the observed
spectra do not represent the normal Franck-Condon envelope,
because the Franck-Condon factors of the different vibrational
levels are modified by the tunneling probabilities. The hot band
transitions, resulting in slightly higher photoelectron kinetic
energies, tend to have higher tunneling probabilities, giving the
appearance of the spectral shift at 532 nm relative to the spectra
at 355 nm, where tunneling does not play a role. This situation
is more easily understandable if we normalize the intensities of

Figure 8. Comparison of the 532-nm (2.331 eV) photoelectron spectra of DC2- (n ) 3-5) to those taken at 355 nm. Top: schematic potential
energy curves corresponding to the ground state of the DC- singly charged anions, with the respective adiabatic binding energies and barrier
heights. The position of the 532-nm photon is shown in the potential energy curves. The shift of the 532-nm spectra relative to the 355-nm spectra,
as indicated by the vertical lines, is due to the electron tunneling effects.

T ) exp[- 2
p|∫R

R′ x2m(E - V(r)) dr|] (1)

T ) exp[- 2
p

Rx2m
p (a cosxER

R
- xER

R (1 - ER
R ))] (2)

Figure 9. Coulomb potential used to calculate electron tunneling in
photodetachment of DC2- at 532 nm. Here the short-range potential is
modeled as a square well.V0 is the binding energy of the outgoing
electron, as measured from the PES spectra.R is the equilibrium
distance between the two charges in DC2-. R is a constant taken as
16.8 eV Å (see Figure 7).11 E is the kinetic energy of the outgoing
photoelectron. From ref 15.
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the 532-nm spectra relative to the 355-nm spectra, as shown in
Figure 10. This result suggests that at finite temperatures PES
features resulting from tunneling cannot yield true measures of
the electron binding energies. Sufficiently high photon energies
are necessary to make sure that there is no tunneling bias on
the PES features. Another significant finding of the tunneling
calculations is that if the photon energy is only slightly above
the asymptotic electron binding energy, the tunneling probability
was shown indeed to be negligible as are the cases forn > 6 at
532 nm, thus making threshold photodetachment impossible for
MCA’s.

3.4. Observation of Negative Electron Binding Energy.
According to Figure 2b, it is possible to have MCA’s with
negative electron binding energies. In fact, this is the case for
many familiar textbook MCA’s, such as SO4

2-, CO3
2-, and

PO4
3-, which have so high negative electron binding energies

as to rendering them unstable in the gas phase.79 Boldyrev and
Simons have calculated that SO4

- is more stable than SO42-

by more than 1.34 eV and declared that “Isolated SO4
2- and

PO4
3- Anions Do No Exist”.79 Indeed these MCA’s have never

been observed in the gas phase because of the small sizes of
the anions and the facile electron autodetachment. To discover
MCA’s with negative binding energies and substantial lifetimes,
one needs to look in larger molecular systems. One obvious
target is C60

2-, which has been observed to be long-lived in
the gas phase37,38and predicted theoretically to have a negative
binding energy as much as 0.3 eV.2,5,7,98.99However, we were
not successful in producing C60

2- with our electrospray source.
Other groups also failed to observe C60

2- using electrospray;118

the previous sightings of C60
2- were both done with laser

desorption in an ion-cyclotron resonance mass spectrometer.37,38

Our first successful observation of a negative binding energy18

came as a complete surprise in a quadruply charged anion,
copper phthalocyanine, 3,4′,4′′, 4′′′-tetrasulfonate [CuPc(SO3)4]4-,
as shown in Figure 11.119 This MCA was produced abundantly
by electrospray of a sodium salt solution. Both monosodiumated
and monoprotonated triply charged anions were also observed.20

Figure 12a,b shows the spectra of [CuPc(SO3)4]4- tetraanions

at 266 and 193 nm.18 The 193-nm spectrum reveals a weak
feature (X) at negative binding energies with a threshold energy
of -0.9 eV and two broad features (A and B) at higher binding
energies. The observation of the negative binding energy feature
is remarkable, indicating the photoelectron kinetic energy
corresponding to this feature is 7.32 eV at 193 nm, i.e., 0.9 eV
higher than the photon energy! At 266 nm, the negative binding
energy feature becomes dominant; the higher binding energy
feature B disappears, and only a tail of the feature A is observed.
Figure 12c,d shows the spectra of the triply charged monopro-
tonated species, [CuPc(SO3)4H]3-, at 266 and 193 nm. The
features of the 193-nm spectrum of the trianion (Figure 12d) is
similar to that of the tetraanion (Figure 12b) except that the
trianion spectrum is shifted to higher binding energies with a
threshold energy at 1.2 eV. Again at 266 nm, the higher binding
energy features of the trianion spectrum disappear (Figure 12c).
The photon-energy dependence of the PES features of both the
tetra- and trianions is consistent with the existence of RCB’s
and the multiply charged nature of these species.

The observation of the negative binding energy in [CuPc-
(SO3)4]4- was not expected, because we know that the sulfonate
groups are the charge carriers and they have very high electron

Figure 10. Comparison of the unnormalized (dotted) and normalized
(N) 532-nm spectra to the 355-nm spectra, showing that the spectral
shift at 532 nm was really due to the fact that different vibrational
levels, corresponding to slightly different electron kinetic energies, have
different tunneling probabilities. From ref 15.

Figure 11. Structure of the [CuPc(SO3)4]4- tetraanion as determined
in bulk crystals.119 The location of the charges and the distances between
the charge centers and between the charge centers and the central Cu
atom are shown. Structural optimization using the semiempirical method
gives similar structural parameters.20

Figure 12. Photodetachment spectra of [CuPc(SO3)4]4- and [CuPc-
(SO3)4H]3- at 266 and 193 nm: (a, b) [CuPc(SO3)4]4-; (c, d)
[CuPc(SO3)4H]3-. Note the negative electron binding energy feature
(X) of the tetraanion and the rigid shift to higher binding energies of
the trianion spectra. From ref 18.
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binding energies. Our PES spectra of benzenesulfonate anion
(C6H5SO3

-) show two detachment features from the-SO3
-

group separated by 0.6 eV with a threshold binding energy of
∼5 eV.20 In the tetraanion, the electron binding energy in-SO3

-

is expected to be reduced due to the Coulomb repulsion from
the other three negative charges. Figure 11 shows a schematic
molecular structure of the tetraanion and the estimated distances
between the charge centers and between the central Cu atom
and the charge centers.119 The -SO3

- group at position 1
experiences the largest Coulomb repulsion, which amounts to
∼3.8 eV (∑n)2

4 e2/R1n). Therefore, electrons on this-SO3
-

group are still expected to be bound by at least 1.2 eV (5-3.8
eV). Thus we would not expect a negative binding energy if
the HOMO of [CuPc(SO3)4]4- were derived from-SO3

-.
However, we noted that the PES spectra of Figure 12b,d are

rather similar to that of the neutral parent CuPc molecule in
the vapor phase except that neutral CuPc has a much higher
BE with a threshold ionization potential of 6.3 eV.120 The
similarity between the PES spectra of the charged species and
that of the parent CuPc suggests that detachment occurs from
molecular orbitals mainly of CuPc characters in the tetra- and
trianions. This can be understood from the localized nature of
the -SO3

- groups and the electrostatic interactions within the
charged species. Previous density functional calculations predict
that the HOMO of CuPc is a Cu dπ orbital with a single
occupancy (11b2g, Figure 13a).121 An N pπ orbital (2a1u, Figure
13a) is close to the HOMO. We estimated that the four negative
charges would create a 7.2 eV (∑n)1

4 e2/Rn5) negative potential
on the central Cu atom; i.e., an electron localized on Cu would
experience a Coulomb repulsion of 7.2 eV. As schematically
shown in Figure 13c, the HOMO of the CuPc will be shifted
up by 7.2 eV, due to the Coulomb repulsion from the four
negative charges on the peripheral-SO3

-, giving rise to a-0.9
eV (6.3-7.2 eV) binding energy. This estimated binding energy

is in perfect agreement with the experimental observation,
despite the qualitative nature of the estimation. In the trianion,
the most likely protonation position is to the-SO3

- group at
position 1 (Figures 11 and 13b). The Coulomb repulsion to the
central Cu due to the three charges at positions 2, 3, and 4 is
now reduced to 5 eV (∑n)2

4 e2/Rn5), again in excellent agree-
ment with the experimental observation that the trianion has a
positive binding energy of 1.2 eV. Thus, we see a stepwise
tuning of the HOMO of CuPc due to the charging at its
periphery. Semiempirical calculations using the SPARTAN
software package20 show that indeed there is a stepwise rigid
shift of the MO’s of CuPc due to the negative charges and
predict a negative binding energy for the HOMO of the
tetraanion. The calculations further confirm that there is little
mixing between the MO’s of-SO3

- and CuPc and that the
charges are indeed localized on the-SO3

- groups.

From the photon-energy-dependent spectral features, we
estimated that the tri- and tetraanion possesses a RCB of 2.5
and 3.5 eV, respectively, as shown in Figure 13. The tetraanion
can be viewed to store 0.9 eV excess electrostatic energy, which
is unleashed during photodetachment and responsible for the
seemingly puzzling fact that the photoelectron kinetic energy
can be higher than the input photon energy. The tetraanion is
thus electronically metastable and is expected to have a finite
lifetime, which can be estimated with our ion-trap. We observed
no measurable ion loss within a period of 400 s that we can
store the ions. The long lifetime of this metastable tetraanion
in the gas phase is also surprising and is attributed to the large
barrier height and the large size of the molecule, such that the
electron has to tunnel a long distance to escape. The RCB can
be viewed as an electrostatic corral in this semiplanar molecule,
trapping the negatively bound electron inside. These anions can
thus be viewed as an electrostatic energy storage medium in
the gas phase or a molecular capacitor. They can also be
considered as a molecular analogue of a bulk charged metal
surface, where the work function combined with the electric
field around the metal surface creates a potential barrier
(Schottky effect),122 similar to that shown in Figure 13c. Finally,
the current observation of tuning molecular energy levels by
charging may also be relevant to the interactions of intense laser
fields with atomic and molecular systems, leading to tunnel
ionization.123-125 In the latter, the strong electric field induced
by a high power laser suppresses the Coulomb attraction for
ionization and creates a potential barrier such that the electron
can tunnel out (ionized). In the current tetraanion case, the four
extra charges create a negative potential which is effectively
higher than the ionization potential of the parent neutral CuPc.
Despite the static nature of the electronic interactions in the
multiply charged anion, the analogy between the two phenomena
is interesting and may deserve further considerations.

3.5. Probing the Electronic Structure of Multiply Charged
Transition Metal Complexes.There are many inorganic metal
complexes that exist in solutions as MCA’s.126 These species
have been studied extensively in the condensed phase. Gas phase
studies of these metal complexes would be much desirable to
obtain information about their intrinsic molecular properties
without the complications of the condensed phase environments.
The obtained molecular and spectroscopic information can be
used to compare directly with theoretical calculations, which
are often done on gaseous species. The apparatus that we
developed is ideally suitable to study these species in the gas
phase and obtain electronic structure information for any such
metal complexes so long as they are long-lived in the gas phase.

Figure 13. Schematic diagrams showing the top three molecular
orbitals of the parent CuPc molecule and the rigid upshift of these
orbitals due to the addition of three and four negative charges: (a)
parent CuPc; (b) [CuPc(SO3)4H]3-; (c) [CuPc(SO3)4]4-. The cartons
show the cyclic neutral CuPc molecule and the sequential charging at
its periphery. Schematic potential energy curves for removing an
electron from the highest occupied orbital of the respective species are
shown, illustrating (a) the long-range attraction in the CuPc case, (b)
the long-range Coulomb repulsion and the Coulomb barrier in the
trianion, and (c) both the Coulomb barrier and the negative electron
binding in the tetraanion. The experimentally determined electron
binding energies and the Coulomb barrier heights in eV are indicated.
The 6.3 eV ionization potential of CuPc is from ref 120. From ref 18.
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Our initial experimental effort to probe the electronic structure
of inorganic metal complexes was focused on the octahedral or
quasi-octahedral hexahalogenometalate species, MX6

2- (M )
Re, Os, Ir, Pt; X) Cl, Br).17 These dianions are classical
Werner-type transition metal complexes and are commonly
found in the condensed phase.126,127 These species are also
interesting electron transfer agents in solutions and have been
extensively studied as such.128-139 There is also an extensive
body of literature on the properties of these species in
solids.140-143 There have also been several theoretical investiga-
tions about the electronic and geometrical structures of these
hexahalogenometalates.144-146 However, there is no previous
gas phase study on these species and it is not known if they are
stable as free dianions or can be formed in the gas phase prior
to our work.

We found that the hexahalogenometalate dianions can be
made abundantly by electrospray of the corresponding potassium
salt solutions, except for OsBr6

2-, for which we found no
commercial source for the needed salt compound. Figure 14
shows the PES spectra for the seven MX6

2- dianions at 193
nm. All of these species were found to be stable as free gaseous
doubly charged anions. We have also obtained the PES spectra
of all the dianions at several lower detachment photon energies.17

The photon-energy-dependent spectra clearly revealed the
dianion nature of these species and allowed their RCB’s to be
estimated. The binding energies of the second excess electron
in the dianions can be determined straightforwardly from the

threshold detachment feature in each spectrum. A wealth of
electronic structure information about these metal complexes
was obtained, and low-lying and highly excited electronic states
of the corresponding singly charged anions were observed, as
shown in Figure 14. By comparing the spectral features of Cl
complexes with those of the Br complexes, we can clearly
distinguish detachment features from metal d orbitals or ligand
orbitals, as labeled in Figure 14. We found that detachments
from the metal d orbitals all occur at low binding energies
whereas those from the ligand-dominated orbitals all take place
at rather high binding energies.

For the four chloride anions, there has been a recent
calculation by Macgregor and Moock.139 Their calculated EA’s
for the monoanions, i.e., the binding energies of the second
electron in the dianions, are consistent with our measured values
and show the same trend (Figure 15), although the calculations
in general underestimated the excess electron binding energies.
In particular, the calculations gave a negative EA for OsCl6

-;
i.e., the calculation predicted that the OsCl6

2- dianion was not
electronically stable, in contrast to our experimental observation.

We also found a remarkable correlation between electron
affinities measured in vacuo and the redox potentials of these
species in solution. An elementary oxidation reaction is a one-
electron process and proceeds according to [MX6]2- f [MX 6]-

+ e-, which, beside the solvation effects, is similar to electron
detachment in the gas phase. Therefore, the gas phase EA’s
should be inherently related to the redox potentials, except that

Figure 14. Photoelectron spectra of ML6
2- (M ) Re, Ir, Os, Pt; L) Cl, Br) at 193 nm. The labels “d” and “L” indicate features from metal d

orbitals and ligand orbitals, respectively. From ref 17.
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the solvation effects essential in redox processes in solution are
missing in the electron detachment in a vacuum. In Figure 15,
the redox potentials for MCl6

2- (M ) Re, OS, Ir, Pt) in
solution139 are compared with our measured EA’s. It is seen
clearly that there is a remarkable correlation between the gas-
phase EA’s for the hexachloride complexes and their redox
potentials, suggesting that the solvation energies for all the
relevant ions are probably similar in these cases. This is perhaps
not surprising because the sizes of these anions, i.e., the M-Cl
bond distances, are indeed very similar in the condensed
phases.139

Many metal complexes can now be investigated in the gas
phase using our experimental technique. Recently, we have
obtained well-resolved PES spectra for the classical Werner
complexes PtCl4

2- and PtBr42-.19 We have also obtained for
the first time well-resolved spectra for the well-known metal
complex containing a metal-metal multiple bond [Re2Cl8]2-.147

These data provide unprecedented experimental electronic
structure information that would be valuable to verify the
electronic structure models developed for these classical metal
complexes.

3.6. Experimental Search for the Smallest Stable Gaseous
Multiply Charged Anions. Different from ordinary molecules
or singly charged anions, the stability of MCA’s is entirely
determined by the Coulomb repulsion between the excess
charges. In order for a doubly charged anion to be stable, the
Coulomb repulsion must be smaller than the electron affinity
of the corresponding singly charged species (electronic stability)
and the chemical bond strength against charge separation
fragmentation (thermodynamic stability). To meetboth condi-
tions is difficult in small molecular species, requiring a delicate
balance among the electron binding strength, chemical bond
strength, and molecular structures. The smallest molecular entity
that can bind two or more excess electrons withbothelectronic
and thermodynamic stability is still an open question. There
have been only a few convincing experimental observations of
relatively small MCA’s in the gas phase with less than 10 atoms,
including Cn

2- (n ) 7-9),32-35 S2O6
2-,43 S2O8

2-,13,43and very
recently, SiCn2- (n ) 6, 8),42 BeF4

2- and MgF4
2-,41 and BeCn

2-

(n ) 4, 6, 8).40 The latter in fact was shown to be metastable.40,41

Among the MCA’s with less than 7 atoms, there is now a
consensus that no single atom can bind two or more excess
electrons.1,2 It has also been concluded that no diatomic or
triatomic dianions are stable. The enormous Coulomb repulsion
between the two excess charges in these small dianions makes
them unstable against electron autodetachment. For tetraatomic

systems, Sheller and Cederbaum predicted some of the smallest
electronically stable MCA’s consisting of alkali-metal halides
(MX3

2-).63 However, these dianions were not observed in a
recent experimental search, in which only pentaatomic BeF4

2-

and MgF4
2- were turned up.41 A recent theoretical calculation

of LiF3
2- indicates that it has very short lifetime at finite

temperatures,85 due to its thermodynamic instability against
fragmentation (LiF32- f LiF2

- + F-). Boldyrev and Simons
predicted that Mg2S3

2- is likely to be the smallest electronically
stablelinear dianion.78 Other pentaatomic MCA’s that have been
predicted to be electronically stable include alkaline-earth-metal
halides (MX4

2-),64 among which BeF42- and MgF4
2- have been

recently observed experimentally although they were shown to
be metastable with finite lifetimes,41 consistent with theoretical
predictions that these species were thermodynamically unstable
against fragmentation (MX42- f MX3

- + X-).61,64,82,83Among
hexatomic systems, M2X4

2--type of alkali-metal halides and
Si2O4

2- have been predicted to be electronically stable.60,70But
again, the hexatomic Li2F4

2- was not observed in the recent
experimental search.41

We have engaged in an extensive experimental search for
the smallest stable gaseous multiply charged anions.19 Two types
of small dianions were considered in this effort. The first
includes the MX42--type of transition metal complexes (X)
Cl, Br) that are known to exist in solutions.126 The second type
of dianions involved alkali-metal or alkaline-earth-metal halides
species that are predicted theoretically to be electronically stable
in the gas phase.63-68 As pointed out in the Experimental
Section, anions produced from our electrospray source were
accumulated and stored in a quadrupole ion-trap for 0.1 s before
being analyzed by the TOF mass spectrometer. Thus only
MCA’s with sufficiently long lifetimes (∼0.1 s) can be observed
in our experiments. For metastable MCA’s, we can estimate
their half-lives using the ion-trap. Since fluoride compounds
have very low solubility in water or methanol, our search of
the smaller alkali-metal and alkaline-earth-metal halide MCA’s
was focused mainly on the chloride and bromide complexes.

We did not observe the anticipated tetraatomic alkali--metal
halide dianions, MX32- (M ) Li, Na, K; X ) Cl, Br), the
smallest dianions predicted to be electronically stable in the gas
phase.63 The hexatomic M2X4

2--type of alkali-metal halide was
also not observed. These findings are consistent with the recent
search, which used a sputtering source.41 We also failed to
observe the pentaatomic alkaline-earth-metal halide dianions,
MX4

2- (M ) Mg, Ca; X) Cl, Br), despite their longer predicted
lifetimes. The recent observation of BeF4

2- and MgF4
2- put

their lifetimes in the hundreds of microsecond range,41 which
would be too short for them to be observed in our experimental
time scale.

For the transition metal tetrahalide complex dianions, MX4
2-

(X ) Cl, Br), we searched all the 3d and group-10 elements.
Much to our surprise, we could not observe any MX4

2- species
containing 3d elements, although many of these complexes exist
in solutions.126 Our only success came with the two heavier
group-10 elements, Pd and Pt.19 We observed abundant PtCl4

2-

and PtBr42- dianions. The Pd-containing dianions were barely
observable with very weak signals, in particular, for PdCl4

2-.
We could not search for the MX42--type of dianions for the
other 4d- and 5d-elements because of the lack of appropriate
precursor compounds.126 They all prefer higher oxidation states
(>+2), suggesting that the MX42--type of dianions probably
do not exist for these other 4d- and 5d-elements.

Figure 16 shows the 266-nm PES spectra for the four
observed dianions.19 Surprisingly, PtCl42- and PtBr42- were

Figure 15. Correlation between measured (EA(exp.)) and calculated
(EA(cal.))139 adiabatic electron affinities of MCl6

- (M ) Re, Os, Ir,
Pt) and the redox potentials of the corresponding dianions, MCl6

2-, in
solution.139 From ref 17.
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found to have negative electron-binding energies, suggesting
that they are electronically unstable (or metastable), whereas
PdCl42- and PdBr42- gave positive electron-binding energies,
suggesting that they are electronically stable species. To confirm
the electronic metastability of PtCl4

2- and PtBr42-, we further
measured their lifetimes using the ion-trap. Within our experi-
mental sensitivity, we estimated roughly a half-life of∼0.2 s
for PtCl42-. Similar measurements showed that PtBr4

2- has a
much longer half-life of about∼60 s. We were also able to
measure the lifetime of PdBr4

2- and were surprised to find that
it was short-lived with a half-life of only∼8 s, suggesting that
this dianion is actuallythermodynamicallyunstable against
fragmentation. The PdCl4

2- signal was too weak for us to
perform any lifetime measurements. We thus attributed the very
weak PdCl42- signal to its thermodynamic instability. From our
experimental time scale, we inferred that its half-life should be
less than 0.1 s.

The MX3
2--type of alkali-metal and MX42--type of alkaline-

earth-metal halide dianions are predicted to be only stable
electronically;63,66they are unstable thermodynamically against
loss of a halide ion, due to the relatively weak metal-ligand
bonding, which is essentially ionic in nature. Their lifetimes
are determined by the magnitude of a potential barrier, analogous
to the RCB for electron loss, along the fragmentation coordinate.
The relatively weak bonding in the small alkali-metal and
alkaline-earth-metal halide systems suggests that the potential
barrier would be small in these dianions. A recent detailed
lifetime calculation on LiF32-,85 which has a relatively small
barrier of∼0.2 eV, indicates that although it has a lifetime of
>1017 s at temperatures< 20 K, the lifetime falls below 10-5

s at 80 K. The electrospray source produces ions around or
slightly above room temperature, which sets a practical limit

for the observability of metastable dianions with relatively weak
chemical bonding or small barriers. The current results suggest
that even the enhanced metal-ligand bonding strength in the
3d MX4

2- dianions relative to the alkaline-earth-metal species
is not enough to render these dianions observable under our
experimental conditions. It takes the enhanced bond strength
of a 4d metal-ligand system to make the MX42--type of
dianions to be sufficiently long-lived to be observed. It is also
interesting to note that despite the superior electronic stability
of the Pd complexes relative to the Pt complexes, it was much
easier to observe the Pt complexes, due to their stronger metal-
ligand bonding. Thus we see that the chemical bond strength is
critical in determining the stability, lifetimes, and observablility
of MCA’s, because when considering MCA’s one has to take
into accountboth the electronic and thermodynamic stabilities.
Although the four pentaatomic MCA’s observed here,19 as well
as the other pentaatomic dianions observed recently,41 are
metastable after all, they set a practical lower size limit for the
smalleststable (both electronically and thermodynamically)
dianions in the gas phase.

4. The Future

We have shown in this overview some of the initial findings
on gaseous multiply charged anions using photodetachment
spectroscopy. These results demonstrate the power and versatil-
ity of the photodetachment technique to probe the properties of
gaseous multiply charged anions. The investigation of free
multiply charged anions is really still in its infantry, and it is
fair to say that these initial efforts only represent the tip of an
iceberg. First of all, the repulsive Coulomb barrier plays the
most important role in determining the physical and chemical
properties of multiply charged anions. The estimates using
photon-energy-dependent PES in our studies are not precise.
More accurate evaluations of the RCB’s can be accomplished
using tunable laser photodetachment, which will also allow more
detailed characterization of the electron tunneling phenomenon
as one tunes through the RCB and across the barrier top. Second,
double electron detachment of a dianion with a single photon
would be very interesting, although this channel will undoubt-
edly have low cross section. Such studies will provide unique
opportunities to investigate electron correlation effects and
dynamic electron-electron repulsion in MCA’s. These experi-
ments would require coincident detection of the two outgoing
electrons or simply monitoring neutral products with a tunable
laser. Third, photodetachment of multiply charged anions yields
direct information about higher order electron affinities.148 Very
high first-order electron affinities have been predicted in a class
of molecules called “superhalogens”,149-151 which possess
electron affinities higher than the halogen atoms, the highest
electron affinity atomic species. Very high electron binding
energies have been predicted for a number of multiply charged
“superhalogen” anions.2,52-56,61-68,77,80-82 It would be interesting
to confirm these predictions and search for “superhalogen
anions”,19,148i.e., anions with electron affinities higher than that
of the halogens. Fourth, the photodetachment experiments
presented here provide direct information about the electronic
stability of MCA’s, whereas thermodynamic stability can only
be inferred indirectly by lifetime measurements. Photofragmen-
tation or collision-induced dissociation of MCA’s (Coulomb
explosion) will yield direct thermodynamic information about
the MCA’s, such as the barrier to bond dissociation, bond
strength, and energetic information.

More exciting is the prospect that we now have available to
us a means to investigate solution phase chemistry and species

Figure 16. Photoelectron spectra of (a) PtCl4
2-, (b) PtBr42-, (c)

PdCl42-, and (d) PdBr42- at 266 nm (4.661 eV). The numbers and
arrows indicate the estimated adiabatic electron binding energies with
an uncertainty of(0.05 eV. Note the negative binding energies revealed
for PtCl42- and PtBr42-. From ref 19.
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in the gas phase. For example, we have observed abundant ion-
pair and salt-bridge complexes,14,152 which are important in
understanding properties of electrolyte solutions. Solvation
effects and solvent stabilization of MCA’s are other issues
important to solution phase chemistry and can be addressed with
the techniques described here.12 How many solvent molecules
are needed to stabilize an otherwise unstable MCA in the gas
phase? Answers to this question not only provide information
about the stability and energetics about the MCA but also
molecular information about the microsolvation of the MCA
in solution. Other significant issues of solution chemistry that
may be addressed by photodetachment include energetics of
H-bonded species, in particular, species with intramolecular
H-bonding, and energetics and electronic structure information
about electron-transfer reactions, organic anions and free
radicals, and even DNA’s and proteins. Just as the supersonic
beam technique has revolutionized the study of chemical
reaction dynamics under well-controlled reaction conditions, the
electrospray technique provides yet another tool that has the
promise to open up a whole new realm of investigation of
solution phase phenomena in the gas phase with molecular
details and specificity.
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