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a b s t r a c t

Low-energy collision-induced dissociation in a quadrupole ion-trap (resonance excitation) has been used
to investigate the intrinsic stability of the dichromate dianion, Cr2O7

2−. Upon isolation of Cr2O7
2− in the

ion-trap and subsequent resonant excitation, the lowest energy activated decay pathway corresponds to
electron detachment with concomitant production of the Cr2O7

− monoanion. This behaviour is distinctive
since all of the previously studied small dianionic transition metal ions (e.g., Pt(CN)4

2−) decay preferen-
tially via ionic fragmentation with production of a pair of monoanions upon resonance excitation. Since
electron detachment decay can occur via electron tunnelling through the coulomb barrier, the behaviour
of Cr2O7

2− indicates that the barrier for decay via electron detachment occurs at either a lower energy than
the barrier for ionic fragmentation, or at a broadly similar energy. A series of density functional theory
calculations were performed to compare the potential energy surfaces for decay of Cr2O7

2−. The calcula-
tions indicate that the barrier for electron detachment lies below that for ionic fragmentation in Cr O 2−,
2 7

consistent with the experimental observations. The distinctive behaviour of the dichromate dianion can
be fully understood with reference to the computed potential energy surfaces and attributed to the strong
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covalent bonding that exis

. Introduction

Gas-phase multiply charged anions (MCAs) represent a class
f high-energy molecular ions that are prone to decay by either
onic fragmentation or electron detachment [1–4], with the poten-
ial energy surfaces for decay via both of these channels being
ominated by the presence of novel repulsive coulomb barriers
RCBs). These features are of crucial importance in determining the
ntrinsic stability of a multiply charged ion since they can confer

etastability on a system even when it is exothermic with respect
o fragmentation [5–7].

Over the last 10 years, a number of important studies have been
onducted to characterize the RCB surfaces of prototypical MCAs
4,8–10]. In our group, an innovative approach has been developed
sing resonance excitation (low-energy collision-induced dissoci-
tion) of MCAs within a quadrupole ion-trap to evaluate whether
he barrier height for decay is lower for the electron detachment or

onic fragmentation channel of a given MCA [11]. Fig. 1 displays a
chematic diagram of the potential energy surfaces for decay of an
B2

2− dianion with the barrier height for ionic fragmentation being
abelled RCBif (inner), and the corresponding barrier for electron
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etachment labelled as RCBed (inner). For the range of systems stud-
ed to date, RCBif (inner) was always observed to lie below RCBed
inner) [1,11–13], leading us to conclude that ionic fragmentation
ill represent the preferred lowest energy decay pathway for tran-

ition metal complex dianions that can dissociate to form a pair of
table monoanions [11].

We have recently embarked on a study of inorganic mul-
iply charged systems that contain multiple metal atoms (e.g.,
e2Cl82−), to investigate the utility of resonance excitation as a
echnique for identifying metal–metal bonding within inorganic
luster ions. During this work, we investigated the dichromate dian-
on, Cr2O7

2−, a well-known polyoxometalate anion that is stable
n aqueous solution and crystalline compounds [14,15]. Intrigu-
ngly, the dichromate dianion was observed to decay with electron
oss upon resonance excitation, behaviour that contrasts with
hat of the other MCAs we have investigated [1]. In this paper,
he results of the resonance excitation experiments and ab ini-
io calculations for Cr2O7

2− are presented to probe the intrinsic
tability of Cr2O7

2− and investigate why this dianion displays
typical low-energy fragmentation behaviour. The mononuclear

hromate oxoanions and dichromate species have been stud-
ed previously by Wang and co-workers using photodetachment
pectroscopy [16–18], with the positively charged mononuclear
nalogues having been investigated by Schwarz and co-workers
19].

http://www.sciencedirect.com/science/journal/13873806
mailto:ced5@york.ac.uk
dx.doi.org/10.1016/j.ijms.2008.06.016
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ig. 1. Schematic potential energy curves for decay of an AB2
2− dianion via (a)

lectron detachment and (b) ionic fragmentation into AB− + B− . The RCBs (inner)
nd (outer) for electron detachment (RCBed) and ionic fragmentation (RCBif) are
llustrated.

This is the first study we are aware of where a small molecu-
ar dianion has been observed to decay with electron detachment
ollowing low-energy activation in a quadrupole ion-trap. This
bservation is of interest since it suggests that the repulsive
oulomb barrier for electron detachment lies below that for ionic
ragmentation in this system. We emphasise that this result is atyp-
cal for small molecular dianions [1,11]. It should be noted, however,
hat there have been numerous previous studies relating to elec-
ron detachment of MCAs and that electron detachment is the most
ommonly studied decay pathway [3]. For example, Wang and co-
orkers have intensively used photodetachment spectroscopy to
robe the properties of a very wide range of MCAs [4,20]. Kappes
nd co-workers have studied autodetachment of both fullerenes
nd small dianions such as PtCl42− in an FTICR mass spectrome-
er [21,22], with Herlert et al. observing delayed electron emission
rom gold cluster dianions [23]. Tuinman and Compton probed the
lectron detachment potential energy surfaces of dianions through
harge-exchange collisions of fullerenes [10], while Nielsen and
o-workers used electron scattering of p-benzoquinone to study
utodetaching resonance states of dianions [24]. In addition, elec-
ron detachment has been recognized as a common decay channel
n high-energy collisions of MCAs with noble gas atoms [25].
. Experimental methods

The experiments were performed as described previously
1,11]. A Finnigan LCQ quadrupole ion-trap mass spectrometer
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un in negative-ion mode was used to perform the experi-
ents. Sample solution concentrations were ∼1 × 10−3 M (50:50
ethanol/water), prior to electrospraying in pure methanol. The

odium salt complex was purchased from Aldrich (e.g., Na2Cr2O7)
nd used without further purification.

Low-energy collision-induced dissociation (CID) (or resonance
xcitation) was performed by applying an excitation AC voltage
o the end caps of the trap to induce collisions of the isolated
nions with the helium buffer gas (∼1 × 10−4 Torr). A Mathieu qz

arameter of 0.25 was used for resonance excitation and ions were
ubject to a 30-ms excitation time. The excitation voltage amplitude
as varied between 0 and 2.5 V zero-to-peak resonant excitation
otential. Measured minimum resonance excitation amplitudes
or decomposition of polyatomic ions in the quadrupole ion-trap
ID experiment have been shown to correlate with the literature
ritical dissociation energies; however, there is no straightfor-
ard conversion from the resonance excitation voltage to absolute
issociation energies [26,27]. (Note that this situation contrasts
ith other guided ion beam CID experiments [28].) CID ener-

ies in this work are therefore quoted as a percentage of the
.5 V excitation voltage, in line with the standard, widely adopted
ractice [29,30]. Alternatively, energies could be quoted as the
xcitation voltage [31], but this provides exactly equivalent infor-
ation.
Precursor ion excitation within the quadrupole ion-trap occurs

hrough multiple low-energy collisions with the buffer gas at a
requency of ∼104 s−1 [27,32]. Excitation is similar to thermal exci-
ation in a hot, low pressure gas, so that when the high-energy tail of
he ion energy envelope reaches the activation energy for the lowest
nergy decomposition pathway, decomposition begins to occur and
ragment ions are observed. The fragment ions observed therefore
haracterize the ground-state potential energy surface, a significant
dvantage compared to higher-energy collision techniques which
an simultaneously access numerous electronic states [1,28].

. Computational methods

The equilibrium geometry, energies, and harmonic vibrational
requencies of the ions studied in this work were calculated with the
3LYP hybrid exchange and correlation functional. The LANL2DZ
ouble-� basis set [33] was used for all of the calculations since this
as been found to give reliable computational results for Cr2O7

2−

34]. All of the calculations were carried out using GAUSSIAN 03,
ith the default convergence criteria applied to the geometry opti-
izations [35]. Partial charge distributions were calculated using

he natural population analysis (NPA) method [36]. The potential
nergy surface for the lowest energy ionic fragmentation decay
athway was calculated by scanning the total energy as a func-
ion of the distance between the ionic fragments. The point charge

odel of Dreuw and Cederbaum was applied to model the potential
nergy surface for electron detachment [37,38].

. Results and discussion

.1. Resonance excitation of the Cr2O7
2− dianion

Fig. 2a displays the negative-ion electrospray ionisation mass
pectrum (ESI-MS) of Cr2O7

2−. CrO4
−/HCrO4

− is the major peak
n the spectrum, with the Na+·Cr2O7

2− and Cr2O7
2− ions also
ppearing with significant intensity. To investigate the lowest
nergy decay pathway, the Cr2O7

2− parent dianion was isolated
n the quadrupole trap and activated using resonance excitation.
t 0% collision energy (Fig. 2b), Cr2O7

2− is observed to decay with
roduction of a number of ionic fragments. Similar effects have
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Fig. 2. (a) Negative-ion ESI-MS of the sodium salt of Cr2O7
2− obtained by tuning on

m/z 108 (i.e., optimizing the ion optics to maximize the m/z 108 signal). (b) Isolation
of Cr2O7

2− in the quadrupole trap at 0% collision energy. (c) CID mass spectrum
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was also subjected to resonance excitation CID in the quadrupole
f Cr2O7
2− at 9% collision energy illustrating fragmentation of Cr2O7

2− primarily
nto Cr2O7

− . (CrO4
− and CrO3

− are also evident as product fragments; see text for a
iscussion.).

een observed in previous CID studies of multiply charged clus-
er ions [11,39], and were attributed to dissociation of metastable
arent ions that are thermally or collisionally activated as they
ravel through the mass spectrometer. While such effects explain
he appearance of the minor CrO4

− and Cr2O7
− fragments, the
/z = 128.5 peak corresponds to a solvated cluster of dichromate,
.e., Cr2O7

2−·CH3CN which arises due to complexation of the dian-
on with residual solvent in the ion-trap [40]. Fig. 2c displays

typical fragment ion mass spectrum obtained after activated

i
l
o
e

ig. 3. Fragmentation curves for decay of the Cr2O7
2− parent dianion, with produc-

ion of the CrO4
− and Cr2O7

− fragment ions. Typical experimental errors (obtained
rom repeat runs) were ±3%.

ollision-induced dissociation (9% collision energy). Cr2O7
2− can be

een to decay primarily with production of Cr2O7
−, i.e., via electron

etachment:

r2O7
2− → Cr2O7

− + e− (1a)

CrO4
− is also evident as a minor fragment, with CrO3

− also
isible (ions with m/z < 100 are not strongly detected by the LCQ
nstrument), indicating that decay of Cr2O7

2− is also occurring to a
esser extent via ionic fragmentation:

r2O7
2− → CrO4

− + CrO3
− (1b)

(Note that Cr is not known to adopt a +VII oxidation state, so that
he CrO4

− species is likely to have Cr in the +VI state, with one of
he oxygens being peroxidic.)

Fig. 3 displays % fragmentation curves (i.e., plots of fragment ion
ntensity versus collision energy) for decay of the Cr2O7

2− parent
ianion upon resonance excitation, with production of the CrO4

−

nd Cr2O7
− product ions. The onset of fragmentation for Cr2O7

2−

ccurs at ∼8% CID energy, a value that is high compared to other
ransition metal complex dianions [1,11]. (For example, IrCl62− has
fragmentation onset around 4% CID energy [11].) The high frag-
entation energy of Cr2O7

2− indicates that the barrier to the lowest
nergy fragmentation pathway is relatively high in this system.
hile the fragmentation curve for production of Cr2O7

− rises very
harply above 8% CID energy, the curve for production of CrO4

− has
n onset of ∼8.5% and increases more gradually above this energy
41]. This suggests that production of Cr2O7

− is associated with
ecay of the Cr2O7

2− parent dianion via the lowest energy disso-
iative surface, and that Cr2O7

2− preferentially decays via electron
etachment, i.e., Eq. (1a). We note that it is possible that thermally
xcited (resonance excited) Cr2O7

2− may be decaying via electron
unnelling through the coulomb barrier [4,9], so that from the
xperimental data it is not possible to unequivocally say that RCBed
inner) lies below RCBif (inner) for this dianion. However, the data
ndicate that RCBif (inner) certainly does not lie substantially below
CBed (inner). We return to the relative heights of RCBed (inner) and
CBif (inner) in Section 4.2 where the barriers are calculated using
b initio methods.

To extend the current study, the Cr2O7
− monoanion which was

resent in the parent ESI-MS of the sodium dichromate solution
on-trap. Fig. 4a and b display the mass spectra associated with iso-
ation of Cr2O7

− in the ion-trap at 0% collision energy and excitation
f Cr2O7

− at 15% excitation energy, respectively. Upon resonance
xcitation, Cr2O7

− can be seen to decay with production of Cr2O6
−,
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ig. 4. (a) Isolation of Cr2O7
− in the quadrupole trap at 0% collision energy. (b)

ID mass spectrum of Cr2O7
− at 15% collision energy illustrating fragmentation

f Cr2O7
− into Cr2O6

− . (c) % fragmentation curves for decay of the Cr2O7
− parent

onoanion, with production of the Cr2O6
− fragment ion.

.e., via loss of a neutral oxygen atom. Fig. 4c displays the % frag-
entation curves for decay of the Cr2O7

− parent monoanion upon
esonance excitation, with production of the Cr2O6

− product ion.
he onset of fragmentation for Cr2O7

− occurs at ∼12% CID energy,
value that is somewhat higher than for Cr2O7

2−, indicating the
igher intrinsic stability of the monoanion relative to the dian-

on.
The Na+·Cr2O7

2− cation–dianion cluster (m/z = 239) was also
solated in the quadrupole ion-trap and subjected to resonance
xcitation. The ion was stable through the collisional energy range
ver which the bare Cr2O7

2− dianion decayed (8–12% CID energy).

his behaviour mirrors that of other cation–dianion complexes
42], and can be attributed to the Na+ cation electrostatically stabi-
izing the dianion. Above 18% CID energy, the parent-ion intensity
ecays rapidly, but without the clear production of any product ion
ragments, consistent with the dianion within the ion-pair complex

5

t
v

ig. 5. The optimized C2V symmetry structure of Cr2O7
2− obtained at the

3LYP/LANL2DZ level, with bond lengths and NPA atomic charges.

ecaying with loss of an electron, i.e.,

a+·Cr2O7
2− → Na+·Cr2O7

− + e− (2)

This behaviour is again in line with that of other cation–dianion
omplexes, which decay with production of fragments associated
ith the decay of the uncomplexed dianion [42].

.2. Stability of Cr2O7
2− with respect to electron detachment and

onic fragmentation

To investigate the intrinsic stability of Cr2O7
2−, a series of ab

nitio calculations were performed to probe the potential energy
urfaces for decay. Fig. 5 displays the optimized C2v structure
B3LYP/LANL2DZ) of Cr2O7

2−, with the CrO3 groups oriented in an
clipsed configuration across the central oxygen atom. This struc-
ure agrees well with the known structure of the dianion [34,43].

Fig. 6a displays the calculated potential energy curve for ionic
ragmentation of Cr2O7

2− into CrO4
− and CrO3

−, obtained as a func-
ion of the central Cr-O distance. (Only this channel is considered
n this work since there is no evidence for ionic fragmentation of
he dianion into Cr2O6

− and O−.) The surface displays the expected
CB (barrier height = 3.9 eV) which is characteristic of an MCA, and

ndicates that the system is stable with respect to ionic fragmen-
ation since dissociation of the dianion into the ionic fragments is
ndothermic.

Calculations were also performed to investigate electron detach-
ent decay of Cr2O7

2−, using the point charge model of Dreuw
nd Cederbaum [37]. Fig. 6b displays the 1D-cut along the elec-
ron detachment surface obtained for removal of the electron along
he direction indicated, with the maximum value of V(r) repre-
enting the RCBed (outer) height, i.e., the barrier measured from
he Cr2O7

− + e− asymptote. (The geometry of the dichromate ion
s frozen across the electron detachment scan.) The point-charge

ethod describes the short-range interaction rather poorly, so that
he magnitude of RCBed (inner) is more reliably obtained as the sum
f the RCBed (outer) of 2.61 eV and the calculated vertical detach-
ent energy of 0.89 eV (VDE) [37,38]. Combining these values gives

CBed (inner) as 3.5 eV. We note that the Cr2O7
2− VDE and RCBed

outer) values calculated in this work are in reasonable agreement
ith the experimental values of ∼1.3 eV and ∼2.3 eV, respectively,
easured by Wang and co-workers using photodetachment pho-

oelectron spectroscopy [18].
. Further discussion

The calculations for Cr2O7
2− presented in Section 4.2 indicate

hat the dianion is intrinsically stable with respect to dissociation
ia either electron detachment or ionic fragmentation. The calcu-
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Fig. 6. (a) Calculated potential energy curve (B3LYP/LANL2DZ) for the ionic fragmen-
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ation of Cr2O7
2− → CrO3

− + CrO4
− , obtained as a function of the oxygen-chromium

ond distance. (b) One-dimensional cut through RCBed of Cr2O7
2− calculated using

he point-charge model (see text) at the B3LYP/LANL2DZ level. The direction of
lectron detachment is indicated.

ated values of 3.5 eV and 3.9 eV for RCBed (inner) and RCBif (inner),
espectively, indicate that the lowest energy decay pathway for
r2O7

2− should be via electron loss, with the barrier for decay via
onic fragmentation lying just higher in energy. This picture is in
xcellent agreement with the low-energy collision-induced disso-
iation results. We note that electron detachment decay is likely to
e occurring via electron tunnelling through the RCBed before the
arrier energy is reached.

The similar values for RCBed (inner) and RCBif (inner) observed
ere are surprising, since in other inorganic ions we have stud-

ed (e.g., Pt(CN)4
2− and IrBr6

2−) RCBif (inner) has typically been
onsiderably smaller than RCBed (inner). The unusual behaviour of
r2O7

2− can be traced to its relatively high value of RCBif (inner),
.9eV, compared to values of ∼2 eV for MX6

2− dianions, where
= Ir, Os, Re, Pt, and X = Cl, Br [11]. Since RCBif (inner) is rela-

ively high for Cr2O7
2−, it occurs in the same region as the barrier

or electron detachment. We have previously proposed that RCBif
inner) for an MX6

2− dianion should be associated with the purely
ttractive binding energy of an X− ion to the MX5

− moiety, i.e.,

CBif (inner)

= �E (MX5
− + X−)—intramolecular Coulomb repulsion (3a)
By analogy, the corresponding expression for the dichromate
ianion will be:

CBif (inner)

= �E (CrO4
− + CrO3

−)—intramolecular Coulomb repulsion (3b)

[
[

[
[

[

ass Spectrometry 276 (2008) 31–36 35

Comparing Cr2O7
2− with an MX6

2− dianion such as IrBr6
2−, the

ntramolecular Coulomb repulsion should be broadly similar for
oth dianions, so that the high value of RCBif (inner) for Cr2O7

2−

an be attributed to a comparatively stronger intramolecular bond.
his is consistent with the known structural differences of Cr2O7

2−

nd MX6
2− type dianions, since Cr2O7

2− is regarded as a cova-
ent molecular ion composed of two corner-sharing tetrahedral
hromate units [43], whereas MX6

2− ions are more weakly associ-
ted complex anions. (We calculate the bond dissociation energy of
r2O7

2− into CrO4
− + CrO3

− is 3.1 eV at the B3LYP/LANL2DZ level,
hereas the corresponding calculated value for ionic fragmenta-

ion of IrCl62− is −0.20 eV [38].)
Finally, we note that the atypical fragmentation behaviour of

r2O7
2− can also be viewed as arising from the stoichiometry of

he system. A metal halide dianion such as PtCl42− does not change
ts valence state upon ionic fragmentation, i.e.,

t(II)Cl42− → Pt(II)Cl3− + Cl− (4)

hereas ionic fragmentation of Cr2O7
2− requires a single electron

ransfer process to produce a (peroxidic) Cr(VI) and a Cr(V):

Cr(VI))2O7
2− → Cr(VI)O4

− + Cr(V)O3
− (5)

he thermochemical location of the ionic fragmentation exit chan-
el is therefore considerably less favourable, as reflected by the ab

nitio calculations presented above.

. Concluding remarks

Cr2O7
2− displays atypical behaviour for an inorganic MCA since

t preferentially decays with electron loss upon low-energy colli-
ion activated dissociation in a quadrupole ion-trap. This is the
rst such system we are aware of that decays via electron loss
nder these conditions, and therefore illustrates that the resonance
xcitation technique is suitable for identifying electron detach-
ent as well as ionic fragmentation pathways. Finally, we note that

he relatively high barrier for ionic fragmentation that is present
or Cr2O7

2− is indicative of the relatively strong covalent bonding
ithin this anion. This is important since it illustrates the utility

f low-energy CID studies within quadrupole ion-traps for probing
tructural features of inorganic cluster ions.
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