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Abstract

Event-by-event bombardment and detection, coincidence counting, and the ion-neutral correlation method were used to
study the dissociation of chromium/oxygen and chromium/oxygen/potassium cluster ions in the drift region of a reflectron
time-of-flight (TOF) mass spectrometer. The cluster ions were sputtered from potassium chromate and dichromate by the
impacts of252Cf fission fragments. The dissociation channel observed for the fragmentation of negative cluster ions was the
emission of CrO3

2. The positive secondary cluster ions decayed by shedding K1. Decay fraction measurements were also
performed to gain information about the relative stability to secondary ion dissociation and/or neutralization. (Int J Mass
Spectrom 203 (2000) 59–69) © 2000 Elsevier Science B.V.
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1. Introduction

A central theme of our research program has been
to gain an understanding of secondary ion formation
following energetic projectile impacts to facilitate the
application of methods such as plasma desorption
(PDMS) and secondary ion mass spectrometry
(SIMS) to materials characterization and surface anal-
ysis. The accuracy with which a mass spectrum
reflects the stoichiometry of the surface depends

critically on how well the secondary ion species
represent the relative abundance(s) and connection of
elements and molecules within the solid. In order to
determine how well secondary ions reflect surface
composition, it is important to know the composition
and structure of the secondary ion. For this reason, we
have been developing and validating the ion-neutral
correlation method as a tool to improve the accuracy
of surface analysis by ion-induced desorption and
time-of-flight (TOF) mass spectrometry, particularly
as applied to inorganic materials. We recently de-
scribed the application of the ion-neutral correlation
method to elucidate the dissociation pathways of
secondary ions sputtered from inorganic solids such
as a-zirconium phosphate; lanthanum, bismuth and
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calcium nitrate; and from sodium tetrafluoroborate by
the impact of energetic primary ions [1–3]. Our
methodology is based on the ion-neutral correlation
method developed by Della Negra and Le Beyec [4,5]
and has been applied to the determination of fragmen-
tation pathways for organic and inorganic secondary
ions sputtered from solid samples by keV and MeV
energy primary ions [6–8]. Stated briefly, in this
analytical approach event-by-event bombardment/de-
tection and coincidence counting are used to identify
fragment ions and neutral species that are correlated
by virtue of arising from the metastable dissociation
of the same precursor ion in the drift region of a
reflectron TOF mass spectrometer. The ion-neutral
correlation method is a unique way to obtain tandem
or MS/MS data when using a reflectron TOF mass
analyzer, and allows the metastable dissociation path-
ways for multiple precursor ions to be determined
simultaneously under the same experimental conditions.

In this article we present the dissociation pathways
discerned for positive and negative secondary ions
sputtered from potassium chromate (K2CrO4) and
dichromate (K2Cr2O7) by 252Cf fission fragment im-
pacts as determined using the ion-neutral correlation
method. In addition, decay fraction measurements
were performed to determine the relative stability of
the secondary ions to metastable decay and/or neu-
tralization. These solids were the focus of these
experiments due to the health risks associated with
Cr(VI) in the form of particulates in the environment
[9,10], and the interest in applying mass spectrometric
techniques to the characterization and differentiation
of Cr(III ) and Cr(VI) solids such as the oxides, chro-
mate, dichromate, nitrate, sulfate, and chloride using
ion intensity patterns generated by laser desorption/
ablation [11–14]. In addition, plasma desorption re-
mains a viable method for generating secondary ion
mass spectra from inorganic solids and to our knowl-
edge the use of PDMS to speciate chromium/oxygen
compounds has not yet been reported.

2. Experimental

The experiments described in this report were
performed under event-by-event bombardment and

detection conditions using a coincidence counting
data collection protocol [15]. Positive and negative
ion mass spectra of K2CrO4 and K2Cr2O7 were
collected using a reflectron TOF mass spectrometer
built in-house: a detailed account of the configuration
and operation has been provided elsewhere [2].
Briefly, the instrument includes a vacuum chamber
housing a 252Cf primary ion source (operated in
transmission mode, with fission fragments passing
through the target from the back side), a sample
target-acceleration grid assembly, a 25-mm diameter
microchannel plate (MCP) start detector and a 40-mm
diameter reflected ion stop detector. An electrostatic
ion mirror (or reflectron) is mounted to an extension
connected to the vacuum chamber. Linear TOF mass
spectra (or neutral spectra when voltage is applied to
the mirror) are collected using a 40-mm MCP detector
located behind the ion mirror. Positive and negative
plasma desorption mass spectra of K2Cr2O7 and
K2CrO4 were acquired using an acceleration voltage
of 68 kV. For reflected ion mass spectra and ion-
neutral correlation metastable ion studies, a reflector
voltage,Vr, of 68835 V (63 V) was used. This value
was obtained by adjusting the mirror voltage until the
highest resolving power for the sample specific peaks
from m/z100–300 was achieved (;2500 asm/Dm).

2.1. Sample target preparation

Sample supports for these experiments consisted of
aluminized Mylar stretched over and glued to stain-
less steel aperture plates. Solid K2Cr2O7 and K2CrO4

were purchased from Aldrich Chemical (St. Louis,
MO) and used as received. Solutions of each were
prepared by dissolving an appropriate amount of salt
in distilled/deionized water to produce a concentration
of .3 M. A 10 mL aliquot of K2Cr2O7 or K2CrO4

solution was then mixed with 10mL of a dilute
solution of methylcellulose in distilled water, trans-
ferred to the Mylar substrate and allowed to dry under
ambient conditions in a dark fume hood. The use of
methylcellulose promotes wetting of the polymer
support and induces thin, homogeneous surface cov-
erage. The principal ion peaks observed from the
methylcellulose additive are carbon and carbon/hy-
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drogen cluster ions, are of low relative intensity, and
do not interfere with the detection and mass assign-
ment of peaks representative of either K2Cr2O7 or
K2CrO4. Past studies have also shown that the pres-
ence of methylcellulose does not inhibit the genera-
tion or detection of sample specific secondary ions [16].

2.2. Decay fraction and ion dissociation pathway
studies

A decay fraction is a relative measure of the
number of secondary ions that either dissociate to
produce charged and neutral fragments, or in the case
of negative secondary ions, undergo an electron de-
tachment reaction in the drift region of the mass
spectrometer. The decay fractions for secondary ions
emitted from K2Cr2O7 or K2CrO4 were measured by
collecting two spectra each in the positive and nega-
tive ion modes. First, a linear TOF mass spectrum was
acquired with an acceleration voltageVa 5 68.0 kV
and Vr 5 0. The peaks in the linear TOF spectrum
are an amalgam of intact ions and ion and neutral
fragments from in-flight dissociation reactions. Next,
a spectrum was acquired withVa 5 68.0 kV and
Vr 5 10.0 kV, the latter voltage set to reject all
ionized species. The linear TOF spectrum in this case
provides a measure of the stop events corresponding
to neutral species created by in-flight dissociation
reactions. The decay fraction is calculated using the
formula:

Decay fraction5 Ineutrals/I ions1neutrals

where Ineutrals corresponds to the peak area of a
particular peak withVr set to reject all ionized species
(i.e. higher thanVa) and I ions1neutralsis the peak area
of the same peak measured with theVr set to 0 V. The
net collection efficiency for the intact and fragment
species for the range of cluster parent ions examined
here is assumed to be the same. The stop counts, when
operated in either the neutral only or the ions1
neutrals mode, were not corrected for detector effi-
ciency. The decay fractions, therefore, as calculated
are not absolute and are considered “apparent” values
that reflect the relative stability of different ions
sputtered from the same sample.

The methodology for studying ion-neutral correla-
tions from the metastable dissociation of secondary
ions in a reflecting TOF instrument was developed by
Della-Negra and Le Beyec [4,5]. Briefly, the ion and
neutral fragments generated from discrete ion disso-
ciation events can be separated using the electric field
within an electrostatic mirror. The field will reflect
secondary ions that remain intact, along with frag-
ment ions from dissociation reactions. The neutral
species from in-flight dissociation are not affected by
the field and pass through the mirror to strike the
direct detector. Due to conservation of momentum,
the neutral from a particular precursor ion will have a
linear flight time nearly equal to the precursor ion, and
the neutral species flight time can be used to identify
the dissociating ion.

To correlate the neutral and ion fragments that
originate from the same dissociating ion, coincidence
windows were set on a particular neutral peak de-
tected using the MCP detector behind the electrostatic
mirror. When setting the windows, we can discrimi-
nate between neutrals arising from in-flight dissocia-
tion and neutral species formed within the accelera-
tion region: the latter are shifted to higher flight time
according to the change in acceleration energy. The
coincidence software registers correlated ion stop
events at the reflected ion MCP detector within the
entire 128ms time-to-digital converter (TDC) acqui-
sition time following its trigger by a fission fragment
start signal. A coincidence spectrum is then obtained
in which all of the stop events registered at the
reflected detector are in coincidence with the start
signal/fission fragment impact and the detection of the
neutral species. The current software design allows up
to 10 dissociation pathways to be monitored simulta-
neously.

3. Results and discussion

3.1. Negative and positive ion mass spectra

Fig. 1 shows the negative plasma desorption mass
spectra generated from the KCr2O7 and KCrO4 tar-
gets, respectively. The positive ion mass spectra
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Fig. 1. Negative plasma desorption mass spectra of K2Cr2O7 [(a) and (b)] and K2CrO4 [(c) and (d)]. The spectra in (b) and (d) are expanded
views of the spectra in (a) and (c), provided to highlight the higher mass clusters ion emitted from both solids following MeV ion impacts.
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produced from the same targets are shown in Fig. 2.
The sample-specific secondary ions observed from
both solids are summarized in Table 1. In general, the
negative and positive ion plasma desorption spectra
are similar, both in terms of secondary ion composi-
tion and intensity distribution, to the mass spectra
produced from Cr/O solids by UV laser desorption
(LD) [12,13]. As observed in the LD experiments, the
majority of the secondary ions observed in the plasma
desorption mass spectra are common to both K2Cr2O7

and K2CrO4. There are, however, differences in the
relative intensities and intensity distributions between
the two solids as discussed below.

In the negative ion mode, the secondary cluster ion
distribution extends to higherm/z values, and the
relative intensities of the secondary ions are greater in
the mass spectrum produced from K2Cr2O7. The most
prominent peak observed in both mass spectra is
CrO3

2 at m/z100, and the majority of the remaining
sample-specific cluster ions are composed of Cr and O
in varying proportions. The negative secondary ion
peaks atm/z 223, 239, and 255 are separated by 16
mass units, corresponding to the sequential addition
of O to the cluster composition. The molecular
weights assigned to the three peaks, however, are not
divisible solely into Cr and O constituents, and thus
the cluster ions may also contain K. The peaks atm/z
223, 239, and 255 thus correspond to {KCr2O5

2},
{KCr 2O6

2}, and {KCr2O7
2}, respectively. A change in

the isotope pattern, characterized by an increase in
intensity of the peak atM 1 2 (whereM 5 the peaks
at m/z223, 239, and 255) due to the addition of41K is
evidence that supports the inclusion of K to the
composition of the ions atm/z223, 239, and 255.

Of note in the negative ion mass spectra of K2CrO4

and K2Cr2O7 are the differences in relative intensities
of the secondary cluster ions atm/z168 {Cr2O4

2}, 184
{Cr2O5

2}, and 200 {Cr2O6
2}, an observation expected

due to the difference in stoichiometry between the
chromate and dichromate salts. For instance, the
intensity of {Cr2O6

2} relative to {Cr2O5
2} is higher in

the spectrum produced from K2Cr2O7. The relative
intensity ratio {Cr2O6

2}/{Cr 2O5
2}, .9 and .4 for di-

chromate and chromate, respectively, and the differ-
ences in relative intensity of the secondary ions

greater thanm/z 220 can be used to differentiate
between the two solids. Relative ion intensity ratios,
particularly for the secondary ions in the mass range
betweenm/z150 and 250, have been used to distin-
guish dichromate from chromate solids using LD
mass spectrometry [12].

The most prominent peak in the positive ion mass
spectra of K2Cr2O7 and K2CrO4 is K1 (m/z 39),
followed by a prominent quartet of peaks atm/z
94–97. The compositions of these ions are assigned as
{K 2O

1} ( m/z94, 96) and {K2OH1} ( m/z95, 97). We
have also observed the formation of K/O cluster
species following fission fragment impacts on solids
such as KNO3 and KIO3 [17]. Three prominent
positive secondary cluster ions were observed in the
mass region betweenm/z150 and 250 of the positive
PDMS spectrum, corresponding to species composed
of K, Cr, and O. The relative intensities of the peaks
at m/z 178 {K2CrO3

1}, 217 {K 3CrO3
1}, and 233

{K 3CrO4
1} are different for K2Cr2O7 and K2CrO4,

allowing differentiation between the two solids. As
opposed to the negative ion mass spectra, the relative
peak intensities in the positive mass spectra are higher
in the mass spectrum produced from K2CrO4.

3.2. Secondary ion dissociation pathways

Coincidence windows were set on the neutral
peaks from the dissociation of several prominent
positive and negative secondary cluster ions observed
in the mass spectra of K2Cr2O7 and K2CrO4. To
illustrate the coincidence spectra produced using the
ion-neutral correlation protocol, Fig. 3 shows three
negative ion mass spectra collected simultaneously
from the same K2Cr2O7 target, with the x axis
expanded to highlight the flight-time region between
25 and 30ms. Fig. 3(a) contains the total reflected ion
mass spectrum, which is a sum of the reflected intact
and fragment ions detected through the entire exper-
imental run without discrimination by the use of
coincidence windows. The spectra in Figs. 3(b) and
3(c) feature only the reflected intact and fragment ions
observed in coincidence with the detection of the
neutral species from the dissociation of {Cr2O5

2} and
{Cr2O6

2} precursor ions, respectively. The fragment
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Fig. 2. Positive plasma desorption mass spectra of K2Cr2O7 [(a) and (b)] and K2CrO4 [(c) and (d)]. The spectra in (b) and (d) are expanded
views of the spectra in (a) and (c), provided to highlight the higher mass clusters ion emitted from both solids following MeV ion impacts.
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ions from the dissociation reactions are identified by
their characteristic broad peak shapes. The fragmen-
tation pathways determined for each of the coinci-
dence windows set in the positive and negative ion
mass spectra are shown in Table 2. In some cases, the
intensities of the neutral peaks were too low to
accurately set the coincidence windows, prohibiting
the determination of the dissociation pathways for
certain precursor ions. The low intensities can be
attributed to either a low overall emission yield of the
precursor ion by252Cf fission fragment impacts, or to
high stability in the gas phase (and hence low suscep-
tibility to metastable dissociation on the timescale
probed by our instrument). In addition, although
prominent neutral peaks were observed, negatively
charged fragment ions were not detected following
the dissociation of several precursor ions—such was
the case for the {Cr2O4

2} ion. In this situation, the
formation of the neutral species is assumed to be due
to electron detachment reactions that lead to neutral-
ization of the precursor ion.

The predominant dissociation pathway for the
negative secondary ions was the emission of the stable

CrO3
2 fragment ion. Assignment of the neutral species

composition, as shown in Table 2, assumes that the
dissociation reaction occurs by precursor ion “fission”
into a fragment ion and neutral. We note, however,
that the ion-neutral correlation method, as with many
tandem and MS/MS approaches, does not directly
probe the composition of the neutral species. For
instance, the dissociation of the negative precursor ion
at m/z268, {Cr3O7

2}, will produce a CrO3
2 fragment

ion and the neutral loss may correspond to either
Cr2O4

0, or two CrO2
0 units. It is clear from the

metastable dissociation pathways that, in general, the
negative cluster ions in them/z range 150–300 are
composed of the CrO3 anion and small neutral units
such as CrO2, CrO3, and Cr2O3. The prominence of
the CrO3

2 fragment ion following metastable dissoci-
ation is not surprising because the same ion is the
most prominent prompt fragment peak observed in the
plasma desorption spectra of both K2CrO4 and
K2Cr2O7.

Of considerable interest in the negative ion disso-
ciation pathway measurements was the secondary ion
at m/z 239. The fragment ion for the dissociation
reaction was CrO3

2, leaving 139 u (KCrO3) as the
calculated mass of the neutral species. Assuming the
neutral species is an intact unit, the dissociation
pathway suggests that the composition assignment for
the peak atm/z239 should be {K(CrO3)2

2}, providing
additional evidence of the inclusion of K within the
cluster composition.

For each instance in which dissociation pathways
could be determined, the positive secondary ions
decayed by shedding K1. The dissociation of the
positive cluster ion atm/z178 can be rationalized by
the emission of K1 and the ion pair formation
between K1 and CrO3

2, the latter being the most
prominent negatively charged ion emitted from either
K2Cr2O4 or K2CrO4. The dissociation of the cluster
ion at m/z 233 produces K1 and either a neutral
composed of two K cations and a doubly charged
CrO4 unit, or two neutral species each composed of
one K cation and a CrO2 anion. The former combi-
nation is plausible based on the stability of the
chromate (CrO4

22) anion and the fact that CrO4
22

Table 1
Sample specific secondary ions observed following252Cf fission
fragment impacts on K2Cr2O7 and K2CrO4.

Negative Ions

CrO2
2 84

CrO3
2 100

HCrO4
2 117

Cr2O4
2 168

Cr2O5
2 184

Cr2O6
2 200

KCr2O5
2 223

KCr2O6
2 239

Cr3O6
2 252

KCr2O7
2 255

Cr3O7
2 268

Cr3O8
2 284

Positive Ions
K1 39
K2O

1 94
K2OH1 95
K2CrO3

1 178
K3CrO3

1 217
K3CrO4

1 233

65M.J. Van Stipdonk et al./International Journal of Mass Spectrometry 203 (2000) 59–69



might be formed from dichromate (Cr2O7
22) by break-

ing the bridging Cr–O–Cr bond. Because of the
presence of the prompt CrO2 fragment anion in the

negative ion spectra of both solids, however, it is also
possible that the positive cluster ion atm/z 233 is
instead an aggregate of K1 and CrO2

2 units.

Fig. 3. Reflected ion mass spectra, highlighting them/z region from 140–205, produced from K2Cr2O7: (a) total reflected ion spectrum, (b)
reflected ions observed in coincidence with the detection of the neutral from the dissociation of the {Cr2O5}

2 precursor ion, and (c) reflected
ions observed in coincidence with the detection of the neutral from the dissociation of the {Cr2O6}

2 precursor ion. All three spectra were
collected simultaneously, as described in the experimental section.
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3.3. Negative and positive ion decay fractions

As mentioned above, the apparent decay fraction
provides a relative measure of the stability of second-
ary ions to unimolecular dissociation or electron
detachment reactions in the drift region of the mass
spectrometer. The decay fractions, calculated as ex-
plained in the experimental section, for the negative
and positive sample-specific cluster ions emitted from
K2Cr2O7 are shown in Fig. 4.The decay fractions for
the secondary ions emitted from K2CrO4 were iden-
tical to those for K2Cr2O7 and thus are not shown in
Fig. 4 for the sake of clarity.

In the negative ion mode, the decay fractions for
CrO2

2 and CrO3
2 were less than .1, demonstrating the

high stability of these secondary ions and low suscep-
tibility to dissociation or neutralization reactions in
the drift region of the instrument. The low decay
fraction measured for CrO3

2 and the high intensity of
this ion in the negative ion mass spectra of K2Cr2O7

and K2CrO4 are evidence to support the assertion of a
high electron affinity [19]. The Cr2O4

2 and KCr2O6
2

ions display high decay fractions, indicating that these
secondary ions are less stable. Although a prominent
neutral peak was observed, the coincidence spectrum
for the dissociation of the Cr2O4

2 ion contained no
fragment ion peak, suggesting that this precursor ion
is unstable and decays by shedding an electron. It is
not clear from these experiments whether the decay
leads to Cr2O4

0 or two CrO2
0 units. It is interesting to

note that the stability of the secondary ions emitted
from K2Cr2O7 and K2CrO4 increases for species with

a particular number of Cr constituents, as the number
of O atoms increases. Although this observation may
also be made by examining the relative ion intensity
distributions in the mass spectrum (which in part are
determined by ion stability), it is clearly demonstrated
by the decrease in decay fraction value (assuming
equal collection efficiencies during the decay fraction
measurement). The high ion yields and low decay
fractions can be rationalized, in part, by recognizing
the stability of the16 oxidation state of Cr, and the
fact that the polyatomic ions with more oxygen
represent a higher average Cr oxidation state within
the precursor cluster.

In the positive ion mode, the decay fraction in-
creases with the mass of the precursor ion, indicating
a decrease in stability to metastable dissociation or
neutralization with increasing size. Similar behavior
has been noted for metal oxide [2], alkali halide [3],
and van der Waals [18] cluster ions that dissociate in
a reflecting TOF instrument.

4. Conclusions

The data presented here show that the secondary
ion emission from K2Cr2O7 and K2CrO4 stimulated
by the impacts of252Cf fission fragments is suffi-
ciently distinct to allow differentiation between the
two solids. In this respect, plasma desorption provides
analytical information similar to that obtained using
LD mass spectrometry on analogous solids. Using the
ion-neutral correlation method, we have determined
the dissociation pathways for several negative and
positive precursor ions sputtered from K2Cr2O7 and
K2CrO4 by the fission fragment projectiles. The main
dissociation pathway for the negative ion species
produces the CrO3

2 anion, whereas the only dissocia-
tion pathway observed for positive cluster ions is the
emission of K1. The dissociation pathways discerned
for the negative ions indicate that the larger cluster ion
species, those abovem/z150, are composed of CrO3

2

and neutral units that are not specific to either the
chromate or dichromate salt. Therefore, the composi-
tions and structures of these cluster ions do not

Table 2
Dissociation pathways for negative and positive secondary cluster
ions sputtered from K2Cr2O7 and K2CrO4.

Negative Ions
{Cr2O5

2} f CrO3
2 1 CrO2

0

{Cr2O6
2} f CrO3

2 1 CrO3
0

{KCr 2O6
2} f CrO3

2 1 KCrO3
0

{Cr3O6
2} f CrO3

2 1 Cr2O3
0

{Cr3O7
2} f CrO3

2 1 Cr2O4
0

Positive Ions
{K 2CrO3

1} f K1 1 KCrO3
0

{K 3CrO3
1} f K1 1 K2CrO3

0

{K 3CrO4
1} f K1 1 K2CrO4

0
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necessarily reflect the true bonding pattern within the
chromate and dichromate solids.

In a report describing the formation of similar
chromium oxide cluster ions following LD of chro-
mium/oxygen species in aerosols [13], Neubaueret al.
discussed the possibility that the ion intensity distri-
butions are influenced by the metastable dissociation
of large cluster ions to produce smaller units such as
CrO2

2 and CrO3
2, particularly within the acceleration

region of the mass spectrometer. One signature of

dissociation in the acceleration region of a TOF mass
spectrometer is a pronounced “tail” to the high mass
(longer flight time) side of certain peaks that corre-
spond to the ion products from metastable decay. No
significant “tailing” to the high mass side of the CrO2

2

and CrO3
2 peaks was observed in the plasma desorp-

tion spectra of K2Cr2O7 or K2CrO4 to indicate that
pronounced fragmentation occurs within the acceler-
ation region following252Cf fission fragment impacts.
Our results do show, however, that several of the

Fig. 4. Decay fractions for (a) negative and (b) positive secondary ions sputtered from K2Cr2O7 by 252Cf fission fragment projectiles. The decay
fractions were calculated as described in the text. Negative and positive secondary ions of the same mass but sputtered from K2CrO4 had
similar decay fractions.
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polyatomic Cr/O ions sputtered by252Cf fission frag-
ment impacts dissociate within the field free region of
a mass spectrometer and that the major product ion is
CrO3

2. We note that metastable dissociation within the
flight region was not observed in the LD experiments
described in [13] though this may be due to differ-
ences in the dynamics and energetics between the LD
and plasma desorption methods for ion generation.
Though a detailed description of the mechanisms that
underlie the generation of the ions from chromate and
dichromate is not the focus of this report, the ion/ion
and ion/molecule reactions that can occur in the
high-density ablation plumes during laser desorption
or ablation may not be operative to the same extent in
plasma desorption. In any case, the metastable disso-
ciation of the larger Cr/O cluster ions observed here
supports the proposal that these species decay into
smaller cluster ions such as CrO3

2 and as such our
results support the idea that this fragmentation may
contribute to the general ion abundance patterns
observed following UV-laser desorption of chromi-
um/oxygen solids.
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