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� � O2
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Chromium oxyanions, CrxOyHz
�, were generated in the gas-phase using a quadrupole ion trap

secondary ion mass spectrometer (IT-SIMS), where they were reacted with O2. Only CrO2
� of

the Cr1OyHz
� envelope was observed to react with oxygen, producing primarily CrO3

�. The rate
constant for the reaction of CrO2

� with O2 was �38% of the Langevin collision constant at 310
K. CrO3

�, CrO4
�, and CrO4H

� were unreactive with O2 in the ion trap. In contrast, Cr2O4
� was

observed to react with O2 producing CrO3
� � CrO3 via oxidative degradation at a rate that was

�15% efficient. The presence of background water facilitated the reaction of Cr2O4
� � H2O to

form Cr2O5H2
�; the hydrated product ion Cr2O5H2

� reacted with O2 to form Cr2O6
� (with

concurrent elimination of H2O) at a rate that was 6% efficient. Cr2O5
� also reacted with O2 to

form Cr2O7
� (4% efficient) and Cr2O6

� � O (2% efficient); these reactions proceeded in parallel.
By comparison, Cr2O6

� was unreactive with O2, and in fact, no further O2 addition could be
observed for any of the Cr2O6Hz

� anions. Generalizing, CrxOyHz
� species that have low

coordinate, low oxidation state metal centers are susceptible to O2 oxidation. However, when
the metal coordination is�3, or when the formal oxidation state is�5, reactivity stops. (J Am
Soc Mass Spectrom 2003, 14, 1067–1075) © 2003 American Society for Mass Spectrometry

Reactions of metal oxides with atmospheric gases
are important because they modify the surface
functionality, which in turn can alter the out-

come of subsequent gaseous interactions. In the case of
chromium, these changes can affect the macroscopic
properties of toxicity and mobility in the atmosphere
and in the geologic subsurface [1–3]. These behavioral
attributes have motivated research into surface specia-
tion of Cr-bearing surfaces, with the intent of correlat-
ing the explicit chemical form of the metal with trans-
port and toxicity. Substantial research on Cr speciation
has utilized desorption ionization mass spectrometry,
either laser desorption mass spectrometry [4–16] or
secondary ion mass spectrometry [14, 17–20]. These
studies showed that indeed Cr surface speciation could
be correlated with the mass spectral fingerprint gener-
ated by the desorption ionization studies. However, it
was also noted that relatively subtle changes in the
composition of the surface adsorbates (i.e., water)
would significantly alter the population of the desorbed
ions. These observations pointed out that desorbed ions
underwent reactions with neutral gases in the vicinity
of the desorption event, which influenced the appear-

ance of the spectra [10, 12, 16], and complicated inter-
pretation of surface speciation.
On the other hand, the reactions afford the opportu-

nity to examine the reactivity behavior of ionic metal
oxide species, provided that species-explicit, and time-
dependent control can be exerted over the experiment.
Since desorption ionization processes produce a variety
of potentially reactive metal oxyanions, those gas-phase
species that participate in aggregation or dissociation
reactions can be studied. In particular, metal oxyanions
containing low-coordinate metal centers are frequently
produced in abundance: these are of particular interest
because they are responsible for many significant reac-
tions both in the gas phase and in the condensed phase
[21–23].
Recently, Cr surface speciation has been revisited

using an ion trap secondary ion mass spectrometer
(IT-SIMS), which relies upon generation of gas-phase
species by bombardment of surface species using a
polyatomic primary particle [24–27]. The motivation
behind reexamination of this topic was the possibility
that the higher pressures extant in the ion trap (He bath
gas) would serve to collisionally stabilize otherwise
fragile molecular secondary ions [28], and would in the
process amplify species-dependent mass spectral differ-
ences. However, the secondary CrxOyHz

� ions were
observed to react with ambient H2O, and O2 in the ion
trap. A systematic study of the reactions with H2O
showed that ions containing undercoordinated metal
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centers would undergo either addition or radical ab-
straction reactions [29]. These reactions would proceed
in series until a Cr coordination number of 4 was
reached, except for CrO3

�, which was unreactive.
The reactions of the chromium oxyanions with O2

were also significant, and the present study describes
these in detail. The O2 oxidation of small Cr-bearing
species was previously examined using laser ablation in
an O2 atmosphere, with product isolation and analysis
in a frozen argon matrix [30]. A suite of neutral prod-
ucts having the compositions Cr1O2-4 and Cr2O2-4 were
identified using FTIR, and ab initio calculations sug-
gested structures containing rhombic Cr2O2 structural
units [30, 31]. O2 reactions with ionic Cr oxide species
were conducted by Bricker and Russell [32], who con-
cluded that O2 would bind with Cr carbonyl anions in
a molecular fashion, but gas-phase studies of Cr oxya-
nions more typical of the condensed phase have not
been conducted. Here, O2 oxidation of Cr1,2OyHz

� spe-
cies is examined using an ion trap SIMS instrument; this
approach has been effective for elucidating reaction
pathways and kinetics for ionic Al [33, 34], Si [34], and
U oxides [35]. The results show that under the ambient
conditions of the ion trap (1 � 10�4 torr He, 310 K),
Cr1,2OyHz

� species containing low-coordinate, low oxi-
dation state metal centers underwent oxidation.

Experimental

Instrumentation

Molecular secondary ions were sputtered into the gas
phase within the IT-SIMS from powdered potassium
dichromate (Baker Chemical, Phillipsburg, NJ) samples
that were attached to the end of a 2.7 mm probe tip with
double-sided tape (3M, St. Paul, MN). The IT-SIMS
instrument used in this study is a modified Finnigan
ITMS (Finnigan Corp., San Jose, CA) previously de-
scribed [36]. Modifications include incorporation of a
perrhenate (ReO4

�) primary ion beam, an insertion lock
for introduction of solid samples, and an offset dynode
with multichannel plate detector. The primary ion gun
and sample probe tip are collinear and located outside
opposite end caps of the ion trap. The primary ion gun
was operated at 4.5 keV and produced a ReO4

� beam
with a 1.25 mm diameter at a primary ion current
ranging from 300 to 450 pA. The ReO4

� beam was used
because this type of ion beam is more efficient for
sputtering larger cluster ions into the gas-phase com-
pared to atomic particle bombardment [20, 24, 27, 37].
The data acquisition and control system uses the Tele-
dyne Apogee ITMS Beta Build 18 software that controls
routine ITMS functions and the filtered noise field
(FNF) (Teledyne Electronic Technologies, Mountain
View, CA). Data analysis was performed using SAT-
URN 2000 software (version 1.4, Varian, Walnut Creek,
CA).
A variable leak valve controlled the admittance of

gaseous O2 into the IT-SIMS for ion-molecule reaction

experiments. Ion-molecule experiments were con-
ducted at O2 pressures of�1–2� 10�6 torr. Because the
ion gauge response for O2 is 0.87 of N2 [38], ion gauge
pressures were accordingly corrected when calculating
rate constants. The He bath gas was operated at a
corrected pressure of 1 � 10�4 torr. The IT-SIMS base
pressure was �5 � 10�8 torr.

IT-SIMS Parameters

A representative sequence of events for ion-molecule
reactions has been previously reported [33]. For typical
chromium oxyanion experiments, the ion trap was
operated with a low mass cutoff of 40 u. Ionization
times were adjusted to produce an acceptable number
of ions (signal-to-noise � �100) for O2 reactivity exper-
iments. During ionization the ReO4

� beam was directed
through the ion trap and onto the chromium oxide
target. Ion isolation was performed at the same time as
ionization (sample bombardment) by applying a
notched FNF, where the frequencies of the notch corre-
sponded to the natural frequency of the ion being
isolated. This method resulted in ejection of ions whose
natural frequencies do not fall within the notch. Because
ion mass is correlated with frequency, mass selective
ion isolation was accomplished.
The width of the ion isolation notch was nominally 1

u, although it was noted that the notch did not always
completely exclude ions at adjacent masses. We strove
to ensure that the abundances of ions at adjacent masses
were � 10% of the abundance of the ion being selected
for reaction. The presence of non-ejected ions at adja-
cent masses led to minor ambiguities arising from the
inclusion of 53Cr-bearing isotopic peaks in the isolation
window, but did not influence the interpretation of any
of the reaction results.
Once the ions were formed and isolated, ion-mole-

cule reactions with O2 began to occur. Because water
vapor was present in the ion trap, it also participated in
ion-molecule reactions [29]. Altering the duration of a
delay period between the ionization/isolation event
and the ion scan-out/detection enabled assessment of
the extent of reaction.
After reaction, ions were scanned out of the ion trap

using a mass selective instability scan with axial mod-
ulation [39]. Background spectra were collected for each
sample. Seven spectra (each composed of the average of
20 scans) were averaged and background corrected to
obtain final peak intensities. The relative standard de-
viation between averaged spectra was �5%.

Calculation of Rate Constants

The reactions examined were accurately described us-
ing pseudo-first order kinetics, as if they were bimolec-
ular. A pseudo-first order approximation was appropri-
ate because the concentration of O2 was significantly
greater than the concentration of the ions, and hence the
O2 concentration remained constant throughout the
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reaction. Uncertainty in the accuracy of the O2 concen-
tration, especially at low pressure, was felt to be the
principle contributor to the uncertainty of the rate
constant calculations.
Because of collisions with the He bath gas, which is

present in the ion trap to damp ion trajectories, the
reactions are in fact termolecular: He and the other
gases in the IT-SIMS serve to collisionally stabilize
initially formed adducts [40]. The narrow range of
operating pressures for trapping the anions in the
IT-SIMS (1–2 � 10�5 torr) did not facilitate an extensive
evaluation of the role of the He bath gas in these
reactions. However, over the range of accessible He
pressures, significant variations in the measured reac-
tion rates were not observed. This suggested that the
initially formed adducts were not particularly sensitive
to small changes in the He pressure. The reactions
behaved as apparent bimolecular processes [41, 42], and
hence the rate constants are reported as such.
CrO2

�, Cr2O4
�, and Cr2O5

� all underwent a combina-
tion of consecutive and parallel reactions which made
assignment of reaction pathways and calculation of
individual rate constants difficult. A multivariate curve
resolution approach [43] (MCR) was employed to iden-
tify reaction pathways in an unbiased fashion. Reactant
and product ion relationships, and their general kinetic
behavior, were determined using the MCR method
SIMPLISMA [44]. Next, a hard-modeling approach that
used an alternating least squares (ALS) regression [45,
46] was employed to generate concentration profiles
starting from the MCR-derived kinetic model. Finally, a
set of kinetic rate equations were fit to the concentration
profiles obtained from ALS using the MATLAB 6.1
(Mathworks, Inc, Natick, MA) function FMINSEARCH,
which uses a non-linear simplex optimization [47]. This
method, referred to as the ALS method in the manuscript,
was used because it eliminated bias in the assignment of
reaction pathways, and provided reaction rates that were
optimized to the actual data sets. A comprehensive de-
scription of the method is in preparation [43].
Reaction efficiency was evaluated by comparing

measured rate constants with theoretical rate constants
calculated using the Langevin rate constant theory [48,
49]. The Langevin collision constants were calculated
using a reaction temperature (310 K) which was the
average ion temperature for an ion in a typical trap as
calculated by both Goeringer and McLuckey [50] and
Gronert [51]. In the case of the water reactions the repa-
rameterized average dipole orientation collision constant
was used for calculating reaction efficiencies [49].

Results and Discussion

The negative secondary ion mass spectra of chromium
(VI) oxide species acquired using the IT-SIMS (Figure 1)
qualitatively resembled laser desorption and SIMSmass
spectra reported previously in the literature, in that
abundant envelopes of ions corresponding to Cr1OyHz

�,
Cr2OyHz

� and Cr3OyHz
� ion envelopes were recorded. In

the Cr1OyHz
� envelope, the significant anions were

observed at m/z 84 (CrO2
�), m/z 100 (CrO3

�), m/z 116
(CrO4

�) and m/z 117 (CrO4H
�). In the Cr2Oy

� envelope,
the significant ions were m/z 168 (Cr2O4

�), m/z 169
(Cr2O4H

�), m/z 184 (Cr2O5
�), m/z 185 (Cr2O5H

�), 186
(Cr2O5H2

�), m/z 200 (Cr2O6)
�, m/z 201 (Cr2O6H

�) and
m/z 202 (Cr2O6H2

�). Envelopes of ions having the gen-
eral compositions Cr3O6Hz

� and Cr3O7Hz
� were ob-

served at masses beginning at m/z 252 and 268, respec-
tively. Prominent Cr1 and Cr2 oxyanions were subjected
to ion isolation, and allowed to react with O2 at pres-
sures between 0.5–2 � 10�6 torr. The abundances of the
H-bearing ions in the Cr2OyHz

� envelopes, and of the
Cr3OyHz

� species decreased quickly with primary ion
dose independent of any ion-molecule reactions. For
this reason, they were difficult to isolate, and a rigorous
investigation of reaction pathways and measurement of
kinetics for these species was not attempted.

Cr1OyHz
� � O2

Four ions were evaluated for reaction with O2, viz.,
CrO2

�, CrO3
�, CrO4

�, and CrO4H
�. Of these, only CrO2

�

underwent measurable reaction over the course of 2.0 s,
which was the maximum time the data system allows
per scan function. Isolation of CrO2

� (m/z 84) followed
by reaction with 8 � 10�7 torr O2 resulted primarily in
formation of CrO3

� at m/z 100 (Reaction 1, Figure 2). A
very low abundance ion was also observed at m/z 102,
which corresponded to CrO3H2

� and arose from an
inefficient addition reaction with trace residual H2O in
the ion trap [29]. Reaction 1 was modeled as an appar-
ent bimolecular reaction, having a rate constant (k1) of 3
� 10�10 cm3 mol�1 s�1, which equated to a 38%
efficiency compared with the Langevin collision con-
stant (Figure 3).

CrO2
� � O2O¡

k1
CrO3

� � O (1)

The other three ions that comprise the Cr1OyHz
� enve-

Figure 1. Anion IT-SIMS spectra of potassium dichromate sam-
ple acquired at 0.01s ionization time at 1.4� 10�6 torr (ion gauge).

1069J Am Soc Mass Spectrom 2003, 14, 1067–1075 CrxOyHz
� � O2



lope in the IT-SIMS spectrum were not observed to
undergo any reaction with O2. We estimated that the
slowest reactions observable in the IT-SIMS had rate
constants on the order of 1 � 10�12 cm3 molecule�1

sec�1, and therefore if reactions are occurring they must
have rate constants less than this value. The failure of
the trigonally coordinated CrO3

� to react contrasted
with the behavior of trigonally coordinated metal cen-
ters found in Cr2OyHz

� systems, which displayed con-
siderable reactivity with O2. CrO3

� evidently enjoys
considerable stability compared with other gas-phase
Cr oxyanions; this stability is in accord with the finding

that CrO3
� is normally the most abundant ion in desorp-

tion ionization spectra of Cr oxide-bearing surfaces [4,
5, 15, 17, 18].

Cr2OyHz
� � O2

Ions in the Cr2OyHz
� envelope that contained underco-

ordinated Cr centers (coordination �4) were reactive
with O2. Cr2O4

� reacted with O2 to form CrO3
� (m/z 100;

Figures 4, 5; Reaction 2) which occurred via formation
of an unstable or activated (Cr2O6

�)* that underwent
rapid dissociation to form CrO3

� and CrO3. This conclu-
sion was supported by CID MS/MS experiments,
which showed that CrO3

� was the sole fragment ion of
Cr2O6

� [17], and appears to be an anionic analog to the
oxidative degradation reactions recently reported for
VxOy

� species by Schwarz and coworkers [52]. Ab initio
calculations of the Cr2O4

� indicated that the structure
contained a Cr2O2 rhombus [29, 31] with pendant O
atoms on the Cr centers; if this is correct, then O2 must
disrupt the Cr2O2 rhombus in the process of addition,
leading to an unstable, acyclic Cr2O6

� intermediate. An
analysis of the kinetics of the Cr2O4

� oxidation reaction
using the ALS approach showed that it was about 15%
efficient compared with the Langevin constant (Table 1).

Cr2O4
� � O2O¡

k2
CrO3

� � CrO3 (2)

Also occurring in this experiment was an addition of
residual H2O to Cr2O4

�, forming Cr2O5H2
� (m/z 186;

Figure 4b; Reaction 3) in parallel with the oxidation. The
kinetic analysis showed the H2O addition to be 9%
efficient (compared to the reparameterized average
dipole orientation [49] collision constant), which was in
good agreement with the 7% efficiency determined in a
study of the reactivity of CrxOyHz

� with H2O [29]. At
longer reaction times (� 2s) (Figure 4c), m/z 200 and 204
were observed, which corresponded to Cr2O6

� and
Cr2O6H4

�. An examination of the kinetic profilesm/z 200
and 204 (Figure 5) showed that they were products of

Figure 2. Anion IT-SIMS spectra from addition reaction of iso-
lated CrO2

� (m/z 84) with O2 pressure of 8 � 10�7 torr (ion gauge).
Reaction times of (a) 0 s, (b) 0.15 s, and (c) 1.0 s.

Figure 3. Kinetic profile and selected ion channel data for parent
ion CrO2

� (m/z 84) reaction with excess O2.
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reactions of Cr2O5H2
� with O2 and H2O, respectively,

and are represented by Reactions 4 and 5. The oxidation
Reaction 4 must proceed by the initial production an
activated intermediate (Cr2O7H2

�)* which rapidly elim-

inates H2O to form a stable Cr2O6
�. The elimination of

H2O may serve to dissipate energy that would other-
wise result in oxidative degradation [52] of the Cr2O6

�

molecule, as was the case for Cr2O6
� formed from

Cr2O4
�. Extraction of the rate constant k4 showed that

this oxidation was only �1/3 as efficient as the initial
oxidation reaction of Cr2O4

�, which indicated that as the
coordination around the Cr atoms increased, reaction
rates slowed down [23, 33, 42, 53–56]. Cr2O5H2

� also
underwent a slow second hydration reaction to form
Cr2O6H4

� (Reaction 5), as noted in reference 29.

Cr2O4
� � H2OO¡

k3
Cr2O5H2

� (3)

Cr2O5H2
� � O2O¡

k4
Cr2O6

� � H2O (4)

Cr2O5H2
� � H2OO¡

k5
Cr2O6H4

� (5)

Cr2O5
� (m/z 184) also underwent parallel oxidation and

hydration reactions, to produce relatively abundant
product ions at m/z 216, 203, 202, 201, 200, and 185
(Figure 6). Product ions at m/z 202 and 201 arose from
parallel reactions of Cr2O5

� with H2O, that proceeded
via H2O addition and OH abstraction, respectively [29].
The origin of the ion at m/z 202 has some ambiguity
because it could arise from OH abstraction by the
adjacent ion at m/z 185, which was in the IT-SIMS as a
result of imperfect ion isolation and from the tendency
of Cr2O5

� to abstract H. The resultant Cr2O5H
� also

added H2O, which accounted for the observation of m/z
203, Cr2O6H3

�.
The variants of the water reaction did not affect

interpretation of the reactions occurring with O2. Abun-
dant product ions at m/z 200 Cr2O6

� and m/z 216 Cr2O7
�

clearly correlated with high concentrations of O2, and
were thus formed as oxidation products from Cr2O5

�

(Reactions 6, 7). The kinetic profile (Figure 7) and ALS
analysis of the temporal behavior of the two products
Cr2O6

�and Cr2O7
� indicated that the reactions were

occurring in parallel with rate constants that were 2 and
4% efficient compared with Langevin [48].

Cr2O5
� � O2O¡

k6
Cr2O6

� � O (6)

Cr2O5
� � O2O¡

k7
Cr2O7

� (7)

The reactivity behavior of Cr2O5
� with O2 was surpris-

ing because of the formation of two oxidation products.
This suggested that the reaction was occurring over a
range of energetic regimes, perhaps modified by colli-
sional stabilization in the IT-SIMS. A reaction pathway
in which an activated (Cr2O7

�)* is initially formed could
result in elimination of an O atom, or collisional stabi-

Figure 4. Anion IT-SIMS spectra from addition reaction of iso-
lated Cr2O4

� (m/z 168) with O2 pressure of 1.6 � 10�6 torr (ion
gauge). Reaction times of (a) 0 s, (b) 0.075 s, and (c) 0.35 s.

Figure 5. Kinetic profile and selected ion channel data for parent
ion Cr2O4

� (m/z 168) reaction with excess O2.
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lization forming stable Cr2O7
�. If this were the case, one

might expect that the kinetic profiles would contain
some hint of sequential behavior, but this is not the
case. The other alternative is the existence of multiple
Cr2O5

� reactant ion structures. Oxidation of an acyclic
Cr2O5

� could result in a reduced dichromate structure
containing no rings, and would be attractive because
both trivalent Cr atoms in the acyclic Cr2O5

� would be
susceptible to attack by oxygen. On the other hand,
oxidation of a Cr2O5

� containing the cyclic Cr2O2 rhom-
bus could produce only addition of a single O atom,
because in this case only one Cr atom in the reactant ion
has a coordination number of �4. We expect structures
containing the Cr2O2 rhombus to be more stable on the
basis of Pandey’s DFT calculations [31], and our own
Hartree-Fock calculations [29].
The observation of Cr2O7

� was also surprising from
an oxidation state perspective, because the average
oxidation state for Cr in this ion is 6.5. This was the only
ion encountered having an average oxidation state � 6,
other than CrO4

�, which had a nominal Cr oxidation
state of 7. Since oxidation of Cr beyond the 6 state is
unlikely, this indicates localization of a radical electron
on a pendant O atom, or a peroxy structure. Both Cr2O7

�

and CrO4
� were unreactive with either O2 or H2O.

The coordination number of the Cr atoms in the
oxyanions plays a more important role in dictating
reactivity than does the oxidation state. Tetracoordinate
Cr centers are unreactive to further oxidation or hydra-
tion in the gas phase, irrespective of oxidation state. For
example, neither oxidation nor hydration occur for the
tetracoordinate CrO4

� or CrO4H
�, and both Cr2O6

� or
Cr2O6H4

� are similarly inert: Assuming the Cr2-contain-
ing ions possess the Cr2O2 rhombus, then they both
contain only tetracoordinate Cr centers, but have
widely differing average oxidation states (5.5 and 3.5,

respectively). The low average oxidation state of Cr in
Cr2O6H4

� conveys no reactivity toward O2.
If the Cr2O4

� ion indeed contains the Cr2O2 rhombus,
two tricoordinate Cr centers are dictated, and the mol-
ecule will accommodate two additional O atoms (in the
form of O2 or two H2O) [29], producing a product ion
that contains two tetracoordinate centers, but nothing
more coordinated. That the Cr2O4

� molecule would
fragment on oxidation is somewhat surprising, and
indicates that the oxidation process is exothermic
enough to break up the Cr2O2 rhombus to form two
stable products (CrO3

� and CrO3). However, noting the
non-reactivity of CrO3

� itself, it is clear that low coordi-
nation is not entirely sufficient to motivate reactivity:
CrO3

� represents Cr in the �5 state, so perhaps the
generalization can be made that low-coordinate, low-
oxidation state metal centers are required for oxidation
and/or hydration.
The reactivity of Cr2O5

� is intermediate, perhaps
reflecting the existence of two structures. Cr2O5

� will
add only one H2O, consistent with a single structure.
However, it combines with O2 via two distinct path-
ways, which suggests the existence of two distinct
Cr2O5

� structures. The Cr2O5
� probably has substantial

radical character, since abstractions of H and OH are
observed. Radical character would reduce the effective
oxidation state of the Cr centers, making both suscep-
tible to oxidation.

Conclusions

The O2 oxidation reactions of chromium oxyanions
proceed along a variety of reaction pathways starting
from low-coordinate, low-oxidation state Cr centers.
Only Cr centers having coordination numbers �4, and
oxidation states �5 are reactive toward O2 (and H2O).

Table 1. Rate information from kinetic evaluation of CrxOyHZ
� species reacting with H2O and O2 in the IT-SIMS

(Equation no.) reaction Reactant m/z Product m/z kindividual
1,2 kLangevin

1,3 Reaction efficiency4

Cr1OyHz
�

(1) CrO2
� � O2 3 CrO3

� � O• 84 100 3 � 10�10 6 � 10�10 38%
CrO3

� � H2O 3 N.R. 100 No reaction5 6 � 10�10

CrO4
� � H2O 3 N.R. 116 No reaction5 6 � 10�10

CrO4H� � H2O 3 N.R. 117 No reaction5 6 � 10�10

Cr2OyHz
�

(2) Cr2O4
� � O2 3 CrO3

� � CrO3 168 100 1 � 10�10 6 � 10�10 15%
(3) Cr2O4

� � H2O 3 Cr2O5H2
� 168 186 2 � 10�10 2 � 10�9 9%

(4) Cr2O5H2
� � O2 3 Cr2O6

� � H2O 186 200 4 � 10�11 6 � 10�10 6%
(5) Cr2O5H2

� � H2O 3 Cr2O6H4
� 186 204 4 � 10�11 2 � 10�9 2%

(6) Cr2O5
� � O2 3 Cr2O6

� � O• 184 200 1 � 10�11 6 � 10�10 2%
(7) Cr2O5

� � O2 3 Cr2O7
� 184 216 3 � 10�11 6 � 10�10 4%

Cr2O6
� � O2 3 N.R. 200 No reaction5 6 � 10�10

Cr2O6H2
� � O2 3 N.R. 202 No reaction5 6 � 10�10

Cr2O6H4
� � O2 3 N.R. 204 No reaction5 6 � 10�10

1Units are cm3 molecule�1 s�1.
2Rate constants were calculated from kinetic modeling.
3Langevin collision constant except for reactions with H2O (3 and 5), where the reparameterized average dipole orientation (ADO) constant was used.
4kindividual as a percentage of kLangevin except in one instance where kindividual is expressed as a percentage of krpado for the water neutral.
5Reaction rate constants �1 � 10�12 cm3 molecule�1 s�1.
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Once higher oxidation states and coordination numbers
are achieved, further reactivity is halted. Since low
valent, low oxidation state metal oxyanions are pro-
duced in desorption ionization processes, this suggests
that these reactions could play an important role influ-
encing the final distribution of secondary ions ob-
served. Since such low oxidation state and low valent
ions tend to be formed from low valent oxide surfaces
[19], these would be most easily misidentified as a
result of extensive oxidation reactions occurring in the
gas phase.
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