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a b s t r a c t

We report vibrational predissociation spectra of the O−
n , n = 3–10, 12 cluster ions in the 700–2400 cm−1

range. The odd numbered clusters are consistent with their identification as O−
3 · (O2)n. The even num-

bered clusters are based on the O−
4 core ion, where the first two O2 molecules add to O−

4 in locations that
individually break the symmetry of the core ion, but together restore this symmetry. Beyond O− · (O2)2,
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4
subsequent O2 attachment yields bands close to that of neutral O2, indicating that the special character
of the O−

4 · (O2)2 cluster is retained.
© 2009 Elsevier B.V. All rights reserved.
ibrational predissociation
ore ion

. Introduction

When a cluster consisting of closed shell molecules is electri-
ally charged by either adding or removing an electron, the excess
harge is accommodated on a smaller assembly consisting of 1–3
olecules, and this “core ion” is then effectively solvated by the

emaining neutral molecules [1]. This is the cluster analogue of
olaron formation in molecular solids [2]. The compositions of
he core ions depend on both system and cluster size, and there
re now many examples where the nature of the charge-bearing
omponent has been identified using electronic [3,4,5], photoelec-
ron [6–14], and most recently, vibrational spectroscopies [15–20].
he present work joins a number of recent contributions exploring
omogeneous systems [18,19,21,22] using vibrational predissocia-
ion spectroscopy. Here we focus on the negatively charged clusters
f oxygen, O−

n , n = 3–10, and 12, which introduces the situation
here the molecular constituents have an open shell electronic

onfiguration.
The evolution of the O−

n anions over the first few (n = 1–4) oxy-
en atoms occurs in a covalent bonding scenario in which all O
toms share the excess charge in the molecular orbital network.

he n = 2 case is, of course, the diatomic superoxide [23–25] ion,
hile the n = 3 species is the C2v ozonide anion [26,27]. The O−

4
on provides the first non-trivial situation, where the resulting
pecies is often regarded as a charge-resonance stabilized dimer

∗ Corresponding author. Tel.: +1 203 432 5226; fax: +1 203 432 6144.
E-mail address: mark.johnson@yale.edu (M.A. Johnson).
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derived from the degenerate O−
2 · O2 asymptotic structure, which

has equal excess charge on both O2 components. Two minimum
energy O−

4 structures have actually been reported in the literature
[16,28,29] with rectangular and trans-linear geometries. Vibra-
tional spectroscopy established the presence of the rectangular
structure [17,29], while a low-lying electronic band system near
4000 cm−1 has been interpreted as photoexcitation between the
isomeric forms [16]. Photoelectron and photofragmentation spec-
tra have been reported for the even clusters out to n = 12, and their
photophysics has been analyzed in the context of a dimer core ion,
O−

4 [30–35]. This conclusion is supported by thermochemical mea-
surements of the incremental binding energies [33]. There are, on
the other hand, no reports of the odd members of the O−

n series
above n = 3.

In this paper, we explore how the excess charge is accommo-
dated when additional O2 molecules are added to both the O−

3
and O−

4 species. Specifically, vibrational predissociation spectra are
reported for the O−

n , n = 3–10, 12 clusters in the 700–2400 cm−1

range using both Ar tagging and, when available, photofragmenta-
tion by loss of weakly bound O2 molecules. The region of vibrational
activity lies well below the adiabatic electron binding energies of
all species relevant to this study [36]. To investigate the possible
role of isomers, we performed electronic structure calculations uti-
lizing the ab initio Gradient Embedded Genetic Algorithm (GEGA)

and recovered a plethora of local minima. As it is generally difficult
to distinguish extra bands arising due to anharmonicity from those
corresponding to different isomers, we employed IR–IR hole burn-
ing [37] to identify experimentally the number of distinct species
prepared by the supersonic jet ion source. The spectra indicate that

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:mark.johnson@yale.edu
dx.doi.org/10.1016/j.ijms.2009.02.003
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O4 · (O2)n cluster ions, one anticipates the possibility of observ-
ing vibrational excitation of the O2 solvent molecules, especially
in cases where asymmetric binding and/or moderate charge delo-
calization is at play [36]. The energy of the isolated O2 fundamental
(1568 cm−1) [23,72] is indicated on the right side of Fig. 1, and
J.C. Bopp et al. / International Journa

he odd numbered clusters form around the O−
3 core molecular

nion, while the even clusters display extra bands that are traced
o solvent-induced symmetry breaking in the O−

4 dimer core anion.
wo isomers are identified for O−

6 , which both appear to be based
n O−

4 .

. Experimental methods

The larger O−
n , n = 7–10, 12 clusters were generated by expand-

ng pure oxygen gas at a stagnation pressure of about 3 bar and
onizing it with a counter-propagating 1 keV electron beam. The
r tagged O−

n · Ar, n = 3–6 species were also surveyed, and were
enerated using the supersonic entrainment technique described
reviously [38] in which neat O2 was introduced into a pure argon
xpansion through a second pulsed valve. In the case of ozonide
nd O−

4 , the Ar tagging method is essential since these ions are too
table (D0 = 5110 and 3669 cm−1, respectively) [27,33] to allow their
ibrational fundamentals to be detected by predissociation in the
ne-photon absorption regime.

Vibrational predissociation spectroscopy was carried out with
he Yale double-focusing, tandem time-of-flight photofrag-

entation spectrometer [32]. Tunable infrared radiation
700–2400 cm−1) was generated using a Nd:YAG pumped OPO/OPA
Laser Vision) where parametric conversion in AgGaSe2 delivered
–300 �J/pulse over the scan range, with the low power output
ccurring lowest in frequency. The reported spectra typically result
rom the accumulation of 5–10 individual scans, and are displayed
s the net fragment ion yield normalized to the laser energy/pulse
t each wavelength. The error in the reported wavenumbers of the
ands is 5 cm−1 owing to the 2 cm−1 bandwidth of the laser and
he reproducibility of the scans.

The search for the global minimum structures was performed
sing the Gradient Embedded Genetic Algorithm [39,40]. The ini-
ial search was done at the UB3LYP [41–43]/6-311G(d) [44,45]
evel. GEGA was run separately for clusters of multiplicities of 2,
, 6, and 8. Subsequent CASSCF(7,8) [46–51]/6-311G(d) calculations
evealed that all doublets and quartets have highly multiconfigu-
ational wave functions. Therefore, all broken-symmetry UB3LYP
olutions were corrected using the spin-projection procedure for
he estimation of spin-coupling constants [52]. The energies of
he final isomers were refined at the CCSD [53–58]/6-311G(d),
CSD/aug-cc-pVDZ, CASMRCI-SD [59,60]/6-311G(d) and CASMRCI-
D/aug-cc-pVDZ [61] levels. The UB3LYP, CASSCF, MPn, CCSD,
nd CCSD(T) were run using the Gaussian’03 [62] package. The
ASMRCI-SD and CASPTn calculations were performed with the
OLPRO package [63].
We found that the even O−

n clusters present several great chal-
enges for theoretical treatment, which prevented us from their
eeper exploration. Identified complications include: (1) their
ulticonfigurational nature; (2) the large electronic relaxation

nergies, making CASSCF results unreliable; (3) the failure of per-
urbation theory for these systems, which excludes the usage of
uch methods as MPn [64–68], CASPTn [69], and CCSD(T) [70] with
riple excitations to be treated perturbatively; (4) the very flat and
nharmonic potential energy surfaces, which, together with the
ailure of the perturbation theory, complicates calculation of their
R-spectra (e.g., results differ drastically between the methods, and
lso appear unacceptably blue shifted, as compared to the exper-
ment); (5) problematic SCF-convergence (as can be anticipated);
nd (6) the fact that many isomers lie close in energy (11 isomers
ithin 5 kcal/mol of the minimum energy structure), whose order
lso changes depending on the method. The most reliable protocol
or treating these clusters would appear to be a complete geom-
try optimization at CASMRCI-SD along with analytic anharmonic
requency calculations; both of which, however, are presently com-
utationally prohibitive. Thus, in spite of considerable effort, we can
ass Spectrometry 283 (2009) 94–99 95

only provide a qualitative context for the likely structures at play
in these clusters, and we report several minimum energy geome-
tries lying close in energy using UB3LYP, CCSD, and CASMRCI-SD
approaches. We explicitly note the nature of the difficulties here
to alert future workers to some of the challenges presented by this
surprisingly demanding system.

3. Results and discussion

3.1. Overview of the O−
n , n = 3–10, 12 predissociation spectra

Fig. 1 presents an overview of the O−
n vibrational predissociation

spectra. This is a composite data collection, since the n = 3 and 4
spectra were obtained using Ar tagging while the n ≥ 5 spectra cor-
respond to loss of one or more O2 molecules from the neat clusters.
The number of O2 molecules ejected gradually increases across the
scan range as expected for the usual statistical fragmentation mech-
anism [20,71]. The dominant pattern in the spectra is an even/odd
alternation in the location of a single intense feature, which appears
near 800 cm−1 in the odd clusters and 1000 cm−1 in the even clus-
ters. Several weaker bands appear in both cases which are spread
out widely at higher energy. The chromophores arising from the O−

3
and O−

4 ions (dotted lines in Fig. 1) persist in the spectra of the odd
and even series, respectively.

In the limiting cases of their characterizations as O−
3 · (O2)n and

−

Fig. 1. Vibrational predissociation spectra of O−
n , n = 3–10 clusters, employing both

argon, n = 3–4, and O2, n = 5–10, as messenger species. Dashed lines with labels
denote the locations of bands for O−

3 , O−
4 , and O2 at 797, 974, 1568 cm−1, respec-

tively. To reveal higher energy features for n ≥ 7, spectra monitoring loss of O4 are
inset as this becomes the dominant loss channel at higher energies.
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Fig. 2. Vibrational predissociation spectra of the odd O−
n clusters, n = 3–9 in the

700–1850 cm−1 range. The infrared spectrum of O−
3 · Ar reveals transitions at 797

and 1752 cm−1, which are assigned to the asymmetric stretch (�3) and a combi-
nation band of the asymmetric and symmetric stretches (�1 + �3), respectively. The
expected location of this band, without accounting for anharmonicity, is indicated
b
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Table 2
Observed peak positions in the predissociation spectra of the O−

n , n = 4, 6, 8, 10, and
12, clusters.

Species Observed transitions (cm−1)

�5 �1 �str
O2

a �str
O2

b �1 + �5

O−
4 ·Arc 974 2231

O−
6 982/1004 1266/1278 1468/1488 2230/2253

O−
8 1016 1280 1492 2256

O−
10 1024 1281 1499 1540 2267

O−
12 1031 1500 1540 2278

a

y the arrow. The neutral O2 stretch (�O2 ) is denoted by the dashed line. The structure
orresponds to a low energy minimum recovered for the O−

3 · · ·O2 cluster. The charges
n the structure are the Natural Population Analysis [83–88] values computed at the
3LYP/6-311G(d) level of theory.

ndeed O−
3 · O2 exhibits a weak band at 1531 cm−1 just below this

alue. On the other hand, the bands nominally associated with O2
olvent molecules display a more complex evolution in the even
lusters, as we discuss further below in Section 3.5. We first consider
he simpler behavior of the odd clusters before discussing the origin
f the band shifts and extra bands observed in the even analogues.

.2. Band assignments in the O−
3 · (O2)n series

The dominant transition at 797 cm−1 recovered in O−
3 · Ar

Fig. 1a) is in excellent agreement with the antisymmetric stretch-
ng (�3) fundamental found at 796 cm−1 in a Ne matrix [29,73], and
04 cm−1 in an Ar matrix [74,75]. Fig. 2 isolates the spectra of the
dd series to facilitate their direct comparison, and the locations

f the observed transitions are collected in Table 1. The fact that
his band is retained with very little perturbation in the larger clus-
ers is consistent with the large difference between the electron
ffinities of O3 and O2 (2.103 and 0.448 eV, respectively) [76,77].

able 1
bserved peak positions in the predissociation spectra of the O−

n , n = 3, 5, 7, and 9,
lusters.

pecies Observed transitions (cm−1)

�3 �str
O2

�1 + �3

−
3 ·Ara 797 1752
−
5 798 1531 1754
−
7 798 1535 1753
−
9 797 1539 1755

a Spectra obtained through the use of Ar atom as the “messenger” in the predis-
ociation event.
Peak corresponding to first solvation shell around the core ion.
b Peak corresponding to second solvation shell around the core ion.
c Spectra obtained through the use of Ar atom as the “messenger” in the predis-

sociation event.

The features on the right side of Fig. 2 are expanded to highlight
the behavior of the weaker transitions. The band arising from the
O2 solvent molecules occurs with a slight broadening and blue shift
(∼8 cm−1) in going from O−

3 · O2 to O−
3 · (O2)3.

To explore the origin of the infrared transition moment for exci-
tation of the nominally forbidden O2 fundamental, we carried out
a search for minimum energy structures using the ab initio GEGA
method, with the lowest energy structure included at the top of
Fig. 2. The structure features asymmetrical attachment of the O2
molecule to a terminal oxygen atom on the ozonide anion. The
extent of asymmetry and charge transfer is indicated by the nat-
ural electron population analysis values included on the structure.
Note that the structure shown is representative of a possible ground
state, as various other multiplicities and geometries lie too close
in energy to make a definitive determination of the ground state
structure. In this structure, either vibration-induced modulation of
charge transfer or the asymmetry induced in O2 could activate the
O2 fundamental observed experimentally.

The O−
3 · (O2)n spectra also exhibit a weak feature higher in

energy near 1750 cm−1. This band is already present in the O−
3 · Ar

spectrum (top trace in Fig. 2), establishing that it arises from the
O−

3 core ion. Like the other bands observed in the odd clusters,
it does not evolve significantly upon addition of O2 molecules.
The most straightforward assignment is to the �1 + �3 combination
band, which is anticipated to occur, in the absence of anharmonic-
ity, at 1815 cm−1 [78,79] as indicated by the arrow labeled �1 + �3 in
Fig. 2. Such an assignment requires a X13 anharmonic coupling con-
stant (−38 cm−1) similar to that found in neutral O3 (−31.4 cm−1)
[80]. Summarizing, the odd O−

n clusters appear as a clear case
where ozonide is simply surrounded by largely neutral O2 “solvent”
molecules.

3.3. Band assignments in the O−
4 · (O2)n series

Fig. 3 presents the spectra of even clusters, with expanded insets
to highlight the weaker bands at higher energy. Locations of the
observed transitions are collected in Table 2. The strong 974 cm−1

transition in O−
4 has also been reported in matrices [16,81] as well

as in a previous study from our lab using Ar predissociation [17].
This band is due to the out-of-phase (b1u symmetry) O–O stretch-
ing vibration of the two nearest O2 moieties in rectangular O−

4
(see structure in inset), and is denoted �5 in the labeling scheme
established by Jacox [29]. The large intensity of this transition is
traced to the vibration-induced excess charge modulation associ-
ated with displacements along this mode, which alternately drive
the system toward the more charge-localized O−

2 · O2 and O2 · O−
2

electronic configurations. The characteristic O−
4 band is basically

intact in the larger even clusters, consistent with the conclusion
of the previous photoelectron and thermochemical studies that
these are basically “dimer core” or O−

4 · (O2)n species [16,33]. The
∼1000 cm−1 signature feature evolves into a close doublet in O−

6 ,
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Fig. 3. Vibrational predissociation spectra of the even O−
n clusters, n = 4–12 in the

800–2400 cm−1 range. For O−
4 , the feature at 974 cm−1 is assigned to the out of phase

O stretches (� ), while the feature at 2231 cm−1 is assigned to the � + � combi-
n
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Fig. 4. Vibrational predissociation spectra of O−
6 collected using various predissoci-

ation pathways: (a) O−
6 · Ar collected through the loss of Ar, (b) bare, O−

6 , collected
by the loss of O2, and (c) O− · Ar collected monitoring the loss of O2 and Ar. The * in
2 5 1 5

ation band of the in- and out-of-phase O2 stretches. The free O2 stretch is denoted
y the dashed line. The labels Oa

2 and Ob
2, indicate the signatures of the two distinct

inding sites of the nominally neutral O2 solvent molecules. The structure in (a) is
aken from Ref. [28].

owever, and broadens and blue shifts with increasing cluster size.
hese observations suggest that there is more interaction between
he nominally neutral O2 molecules and core ion than is apparent
n the odd clusters.

A weak band is also evident at high energy in the Ar-solvated O−
4

on (top trace) at 2231 cm−1, which persists in the larger clusters.
his band was observed previously [17] and assigned to a combi-
ation band of the rectangular O−

4 structure involving excitation
f the �1, in-phase (Ag symmetry) stretching vibration of the two
2 constituents along with one quantum of the �5 mode. Note that

his band blue shifts with the stronger feature near 1000 cm−1 as O2
olecules are added, supporting this assignment scheme where the

pper band is linked to the lower energy transition. As mentioned
arlier, the bands closest to the energy of the neutral O2 transition
�O2 ) are quite red-shifted for n = 6 and 8 (Oa

2), while a new band (Ob
2)

ppears closer to the neutral value at n = 10 and becomes stronger
n the n = 12 spectrum.

Perhaps the most unexpected observation of this study is the
volution of the bands near the strong �5 band of O−

4 (∼974 cm−1)
ith additional O2 molecules. This feature splits into a closely

paced (22 cm−1) doublet in the O−
6 spectrum (Fig. 3b), and a new

eature appears at 1278 cm−1 that was not present in the O−
4 spec-

rum.
.4. A closer look at O−
6 : Ar tagging and isomer-selection using

ole burning

The O−
6 spectrum presented in Fig. 3b was detected through pho-

oejection of neutral O2, and this presents a possible complication
6
(b) indicate the features shown by double resonance to be associated with the same
isomer, while the † indicates the member of the doublet belonging to a different
isomer.

because the energy to remove one O2 molecule from n = 6 is rather
high (∼840 cm−1) [33] as determined from ion thermochemistry,
and as such can possess significant internal energy. We therefore
extended the study to include the O−

6 · Ar complex, because the
argon atom has a lower binding energy than O2, typically on the
order of 400–500 cm−1 for small ions [82]. Fig. 4 presents a com-
parison of the bare O−

6 predissociation spectrum (Fig. 4b) with
two action spectra obtained from the O−

6 · Ar complex that were
recorded by monitoring the loss of Ar (Fig. 4a) and O2 + Ar (Fig. 4c).
The first conclusion from this comparison is that the features in
the bare O−

6 spectrum persist in the Ar tagged species. Note, how-
ever, that the relative intensities of the bands differ according to
whether the action spectra are recorded in the loss of Ar (40 amu,
Fig. 4a) or O2 + Ar (72 amu, Fig. 4c) fragmentation channels. It is, of
course, usual to observe a gradual increase in the extent of frag-
mentation as the photon energy is increased on the scale of the
binding energies for the species involved, as predissociation often
occurs in the evaporative limit. This effect likely accounts for the
appearance of the �1 + �5 band when detecting the loss of O2 + Ar
(Fig. 4c), which is absent when monitoring the loss of only Ar atoms
(Fig. 4a). Such a mechanism cannot account for the strong intensity
variations in the closely spaced doublet near 1000 cm−1, however,
as these transitions lie too close in energy (∼22 cm−1) to be sig-
nificantly affected by their energetic difference. Nonetheless, the
doublet appears with quite different relative intensities depending
on the loss channel detected (0.85:1 in Fig. 4c and 2.5:1 in Fig. 4a).
This behavior suggests that the two members of the doublet are
derived from different isomeric species.

In order to sort out the role of isomers leading to heterogene-
ity of the O−

6 spectrum, we employed the pump-probe population
labeling scheme recently developed in our laboratory to identify
transitions arising from a common species [37]. In this approach,
one laser is tuned to a particular transition to remove the popula-
tion of the isomer responsible for it through predissociation, and

a second laser is tuned through the spectrum to identify which
transitions are depleted as one isomer is removed. This exercise
demonstrated that all transitions labeled with (*) in Fig. 4b arise
from the same isomeric species, while the lower energy member of
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he doublet (labeled †) is indeed due to a second isomeric form. The
ifferential loss behavior can then be understood if, for the † isomer,
he effective binding energy for either the third O2 molecule or the
r atom (or both) is sufficiently lower relative to these values in the
isomer that the loss channel corresponding to ejection of O2 and
r is enhanced, even when the excited transition (†) occurs slightly

ower in energy. Unfortunately, the shoulders on the lower energy
ide of the two bands occurring higher in energy near 1300 and
500 cm−1 were too weak to allow identification using the double
esonance technique. The proximity of the bands suggests that the
wo isomers have closely related structures.

.5. Asymmetric solvation and importance of the O−
4 · (O2)2

pecies

Having established that the strongest set of bands (* in Fig. 4) is
ue to one isomer, we now turn our attention to the assignment of
he band at 1284 cm−1, which only appears with appreciable inten-
ity in the spectrum of O−

6 . We note that this energy is quite close to
he value inferred for the �1 fundamental (arrow in Fig. 4b) based on
he assignment of the �1 + �5 band at 2253 cm−1 (arrow in Fig. 3a).
ecall that the �1 mode corresponds to the symmetrical (in-phase)
tretching vibrations of the shortest O–O bonds in rectangular O−

4 ,
nd is thus absent in the spectrum of O−

4 due to symmetry. The
ccurrence of this transition in O−

6 , along with the persistence of the
−
4 b1u (�5) mode and the feature close to the O2 stretch, all point to
−
6 adopting a structure with a O−

4 core ion solvated asymmetrically
y a largely neutral O2 molecule.

Regarding the nature of the isomer causing the feature marked
in Fig. 4b, we note that the extensive global minimum search
erformed during the GEGA runs shows that the potential energy
urface corresponding to the motion of the third O2 unit in O−

6 is
xtremely flat. Several of the minima arise from the O2 molecule
dopting a different orientation or location relative to the plane of
he O−

4 rectangle. It is also possible that the second isomer could
e due to another spin pairing in the cluster. For example, the cal-
ulations at various levels revealed that the O−

6 cluster has many
ow-lying spin states, and these minima often had nearly the same
eometries, but occurred with the multiplicities raised or lowered
elative to the minimum energy structure.

The assignment of an asymmetrical binding site (relative to the
rinciple symmetry axes of the rectangle) for O2 is supported by the
ehavior of the larger clusters. In particular, note that the �1 transi-
ion, which is quite distinct in O−

6 , becomes much smaller in the O−
8

pectrum. This suggests that the additional O2 molecule adopts an
quivalent binding site to that in O−

4 · O2, thus restoring symmetry
nd suppressing this band. Interestingly, the O−

4 · (O2)3 spectrum
Fig. 3d) maintains the pattern of �5, �1 + �5 and �Oa

2
but a new, weak

ransition appears that is closer to that of neutral O2 (Ob
2 in Fig. 3d),

nd this new peak becomes stronger in the O−
4 · (O2)4 spectrum.

he emerging overall picture is that the first two oxygen “solvent”
olecules strongly attach to binding sites that perturb the core

on and yield O2 bands with a significant red-shift (80 cm−1). Once
hese two sites are filled, the symmetry of the core ion is restored,
nd subsequent O2 molecules attach to more remote sites that yield
ands closer to that of neutral O2. This analysis refines the earlier
onclusions of Hiraoka [33], which also indicated the enhanced sta-
ility of O−

4 · (O2)2 in measurements of sequential binding energies
f O2 molecules onto O−

2 .
. Conclusions

Vibrational predissociation spectra of the even numbered O−
n

lusters provide a more detailed picture of their structures than
ould be inferred from previous photophysical [34–36] and ion

[
[
[
[
[

ass Spectrometry 283 (2009) 94–99

thermochemistry studies [33]. The persistence of the intense O−
4

bands in the higher clusters supports their earlier qualitative iden-
tification as O−

4 · (O2)n “dimer–core” complexes, but the vibrational
bands indicate that the nominally neutral O2 molecules add asym-
metrically to the O−

4 core with two interactive binding sites that are
signaled by red-shifts in the O–O stretching bands. The odd clusters
are simpler in that they are accurately described as O−

3 · (O2)n clus-
ters in which the ozonide ion is solvated by neutral O2 molecules.
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