Mass Spectrometry

International Journal of Mass Spectrometry 220 (2002) 221-230

www.elsevier.com/locate/ijms

Unimolecular dissociation of non-stoichiometric oxygen cluster
ions Q, ™ (n =5, 7,9, 11): a switch from &0 O,
loss above cluster size= 5

R. Parajulf, S. Matt?, A. Stamatovié®, T.D. Mark®!, P. Scheie®*

@ |nstitut fiir lonenphysik, Leopold Franzens Universitat, Technikerstr. 25, A-6020 | nnsbruck, Austria
b Faculty of Physics, P.O. Box 638, Yu-11001 Beograd, Yugoslavia

Received 26 October 2001 ; accepted 6 November 2001

Abstract

Metastable fractions and MIKE-peaks for metastable decay reactions involyiagdd®; evaporation from odd numbered
oxygen cluster ions have been measured using a high resolution two sector field mass spectrometer of reversed geom
Whereas @ exclusively decays via 9loss, the larger non-stoichiometric oxygen clusters evaporate@ecules. The
average kinetic energy relead€ER) data derived from the peak shapes is independent from the emitted neutral particle
between 1 and 2 meV; however, the time dependence of the metastable fractions shows a characteristic dependence on cl
size indicating a change in the metastable fragmentation mechanism when going fropithe e larger odd numbered
oxygen cluster ions. The present results are in excellent agreement with binding energies of oxygen and ozone molecule:
oxygen cluster ions published in the literature. (Int J Mass Spectrom 220 (2002) 221-230)
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ter the interaction between the charged center and the
neutral surrounding neighbors is much stronger. This
Most of the techniques applied for the production increase in binding energy raises the temperature of the
of van der Waals clusters do not form a specific cluster cluster ion after the ionization event and often leads to
size but lead to a wide distribution of various cluster the evaporation of several monomers. Furthermore, the
sizes. In order to select a specific cluster size massionic center of a charged van der Waals cluster often
spectrometry is commonly used. Thereby, neutral is not simply a charged monomer but a new covalently
precursor clusters have to be ionized and this pro- bond molecule. This has been confirmed for posi-
cess has a dramatic influence on the resulting clustertively charged rare gas clustefs-3]. The situation
ion. A neutral van der Waals cluster is bond only by becomes more complicated in the case of molecular
dipole—dipole interactions, whereas in a charged clus- clusters[4]. In addition to the removal or attachment
of an electron and the subsequent ion core formation,
_ ) ) ) the molecular monomers may undergo fragmentation
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ionized monomer and neutral radicals with neutral
neighbors may lead to new chemical spe¢i§].
Electron impact ionization of molecular clusters at

the ion source chamber by a 1 mm skimmer. The
pressure in the first chamber is<41.0-3 Pa and in the
cluster source % 10~ Pa. The neutral cluster beam

sufficiently high electron energies leads often to the
dissociation of monomers and thereby to the forma-
tion of non-stoichiometric cluster ions. At least one of

crosses a Nier-type ion source and is ionized by an
electron beam of 100 eV and a current of 200 The
ions are extracted perpendicular to both the electron

the cluster constituents has been altered and has a dif-and neutral cluster beam by an acceleration voltage
ferent chemical composition. For instance, positively of 3kV. The ions are then analyzed according to their
charged hydrogen clusters always contain an ionic momentum and kinetic energy by a magnetic and elec-
Hs™ core that is surrounded by neutraj Fholecules tric sector field, respectively. Between the ion source
[7-10]. Protonation of an ionic core has also been ob- and the magnetic sector a turbo molecular pump re-

served for several other clusters that are built of hy-
drogen containing molecules, i.e., NIHL1,12], H,O
[13,14], acetong]15], and so on. By this process it
is possible to prevent a radical ionic core, since the

protonated ion has a closed electronic shell. However,

molecules like N [16] and G [17,18] cannot avoid a

duces the pressure to about 2®a and an additional
turbo molecular pump on top of the electric sector
field leads to a pressure in the second field free region
(between the two sector fields) of51x 10~ Pa. This
low pressure is essential to avoid collision-induced
dissociations that may contribute to the fragment ion

radical ionic core that simple and for these clusters one signal that is formed by unimolecular dissociation

observes often two different cluster series of similar in-

tensity in the mass spectra, i.e., one that contains only
intact molecules (stoichiometric clusters) and one that

reactions.

contains either a single fragment atom or a reaction 3. Results

product that contains an odd number of atoms like O

In the present work, we carefully measured the uni-
molecular dissociation channels of non-stoichiometric
oxygen cluster ions and thereby it is possible for the
first time to determine experimentally the structure of

Fig. 1 shows two mass spectra obtained at the
same cluster source conditions but at different elec-
tron energies. The electron energy for the lower mass
spectrum was set to 17 eV where no fragment ions of

the clusters. Both the localization of the charge and the the oxygen molecule can be formed. Therefore, only
nature of the cluster part that contains an odd number the cluster ion series that contains an even number of
of atoms will be addressed. oxygen atoms can be observed. In contrast, the upper
mass spectrum exhibits clearly a second cluster ion
series that contains an odd number of oxygen atoms.
However, the intensity of these ions is much lower
compared to even numbered species of similar mass.
The experimental setup consisting of a cluster The electron energy was set to 100 eV and, thus, suf-
source, a Nier-type electron impact ion source and a ficiently high to both ionize and dissociate the oxygen
two sector field (reversed geometry) mass spectrome-molecules[21]. According to ion molecule reactions
ter has been described in detail previoydlg,20] A an O ion will capture rapidly an electron from a neu-
closed cycle cryostat was applied to cool pure oxygen tral O, molecule. However, the rate constant for such
at a pressure of 2—2.5bar in a supersonic expansiona reaction depends strongly on the electronic state
cluster source to 120-150K. The cold gas was ex- of the atomic ion[22,23] The neutralized oxygen
panded through nozzles of either 10 oni2@ diameter atom will form by a three-body collision process with
and the thereby formed neutral cluster beam passed atwo neighboring @ monomers (that is a very likely
differentially pumped chamber that is separated from process within a cluster) an ozone moleci24].

2. Experimental
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Fig. 1. Cluster size distribution obtained by electron impact ionization of a neutral supersonic oxygen cluster beam. The electron ener
was set to 100eV for the mass spectrum designated (a) and 17 eV for the mass spectrum (b), respectively. The electron current \
300pA. Cluster source conditions: 2.6 bap QLO7 K.
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For the odd numbered oxygen clusters that contain  The most surprising fact is that the parent iogr©®
5,7, 9, and 11 atoms, we checked for all unimolecular decays exclusively into £ by loosing somehow
dissociations in the first and second field free region. three neutral oxygen atoms, whereas all larger odd
For the second field free region, the corresponding numbered oxygen cluster ions release only a neutral
parent ions were selected by the magnetic sector field O, molecule. At this point it is not clear what is the
and all possible fragment ions were analyzed by a nature of the neutral fragment in the case of the de-
scan of the electrostatic sector field (MIKE-scan). In caying G**. It might be an intact ozone molecule
addition to the qualitative information about the exis- but also the emission of two neutral fragments, i.e.,
tence of a certain decay channel, this technique pro-an & molecule and a single oxygen atom, is a
vides also quantitative information about the kinetics possibility.
and energetics of the proce@®]. From the shape of In a first analysis, the area of all the fragment ion
the MIKE-peak the kinetic energy release (KERJ] peaks (including the peaks from the decays in the first
can be deduced and the area of the MIKE-peak is field free region) was calculated. In addition, the area
used to calculate the metastable fraction. The latter is of the corresponding parent ion signals was calculated
a measure for the likelihood of a dissociation process and the metastable fractions showrFig. 3were de-
and reveals the time dependence of a decay reactionrived by the ratio of the fragment and parent ion area.
if determined at different times after the ionization The error bars were calculated by applying the Gauss
event. For decades in the first field free region, the equation for propagation of random errors of the single
magnetic sector field is tuned to the momentum of measured areas. The circles designate the metastable
the fragment ion and again the electrostatic sector fractions derived from the dissociation processes that
field is scanned to probe its ion signal. In this case, it take place in the second field free region and the
is only possible to determine the metastable fraction triangles correspond to unimolecular dissociation in
from the data but not the KER. the first field free region. For the calculation of the

Fig. 2 shows the MIKE-peaks of all the fragment metastable fractions, the two data sets for the second
ions that were observed upon unimolecular disso- field free region were analyzed individually which ex-
ciation of Q,** (n = 5, 7, 9, 11) cluster ions in  plains the two data points for several cluster sizes in
the second field free region. For the cluster sizes 5, Fig. 3. Within the statistical error all metastable frac-
7, and 9, two sets of data exist and the symbols in tions that have been determined two times turn out to
Fig. 2 are averaged values from these independent be the same. The three larger cluster ions that exhibit
measurements in order to reduce the statistical errors.the loss of one oxygen molecule; Gollow in this
The solid line through the data points is the result semi-logarithmic plot almost a line, howeverg T

of a Gauss fit. In addition to the fragment ion signal
(open circles), the corresponding MIKE-peak of the
parent ion is shown, however, shifted to the energy
position of the fragment ion by multiplying its sec-
tor field voltage with the mass ratio of the fragment
and precursor ion and normalized to the height of
the fragment ion signal. This allows a confirmation
of the fragment channel and will be used later to
deduce the KER of the dissociation process. The
similar width of the shifted parent ion signal and the
MIKE-peak of the fragment ion tells immediately
that the KER has to be rather small for all these
processes.

clearly deviates from this trend. Since the scaling of
they-axis ofFig. 3is logarithmic, a similar ratio of two
metastable fractions leads to almost the same distance
in the y-direction between the data points. Except for
the G5 ion the ratio between the metastable fractions
derived from the dissociation reactions in the first and
second field free region are roughly the same and, thus,
indicate a similar time dependence. Fast dissociation
processes reveal a larger drop of the metastable frac-
tions derived in the first and second field free region.
Thus, we conclude that the process™® decaying

into O™, has a shorter lifetime than the neutraj O
loss for the larger odd numbered oxygen cluster ions.
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Fig. 2. MIKE-spectra for all unimolecular decay reactions of the odd numbered oxygen cluster,ibhg50< n < 11) measured in the
second field free region. The solid line through the data points is a Gaussian fit and the dashed line is the MIKE-peak of the correspondi
parent ion with the energy scale multiplied with the mass ratio of the fragment and parent ion. The height of the parent ion peak we
normalized to the same height as the fragment ion MIKE-signal.

Walder et al[25] reported already on the metastable data acquisition has been changed from analog sig-
decay of non-stoichiometric oxygen cluster ions that nal plotted on recorders to digital counting based on a
were measured on the same experimental setup. How-PC. Thereby, much lower ion yields can be measured
ever, in the meantime this instrument was significantly today (about three orders of magnitude more sensi-
improved in the following manner. Firstly, an addi- tive). Due to the low signal intensity Walder et al.
tional differential pump has been introduced to lower were able to observe most of the reactions only in
the pressure in the first field free region by more than the first field free region. However, the short distance
an order of magnitude. This improved pressure be- between the ion source and the first field free region
fore the magnetic sector field also leads to a lower can lead to collision-induced dissociations that con-
pressure in the second field free region. Secondly, the tribute to the fragment ion signal that is measured.
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of the complete MIKE-peaks of the parent and frag-
ment ion which allows the determination of the KER
by the dissociation process. The widening of the frag-
ment ion peak is the result of the KER and, therefore,
the MIKE-peak of the fragment ion is a convolution
of the shifted parent ion peak and a contribution that
is purely the result of the KER. Thus, a deconvolution
of the MIKE-peaks of the fragment and corresponding
parent ions signal (with an appropriately scaled energy
scale) will lead to a peak that contains the informa-
tion about the KER. Since all MIKE-peaks are almost
perfect Gaussians, the deconvolution will also lead to

5 11 a Gaussian curve. Furthermore the average KER for

Number of oxygen atoms (n) such a decay process (Gaussian shape) can be calcu-
lated by inserting the widtlAE of this peak at 22%

Fig. 3. Metastable fractions of the decay reactions of odd num- of jts height into the following equation:

bered oxygen cluster ions derived from area of the MIKE-peaks.

The ratio of the area of the fragment ion signal measured in the m%U AFE 2

first (triangles) and second field free region (circles) and the cor- KER(eV) = 16m— (E_> (1)
responding parent ion area has been plotted. The error bars were 2(m1 —m2) 0

calculated by error propagation of the statistical errors. with my the mass of the parent iomp the mass of the

fragment ionU the acceleration voltag&y the sector

Although a pressure correction was made at that time, field voltage for parent ion transmission, and the
metastable fractions deduced from decays in the first corrected width of the fragment ion peak calculated by
field free region are likely to be uncorrect, especially
if they are small. Although, the absolute value of the AE = \/(wZ)EZ% ~ (1) )
metastable fractions by Walder et al. are about a fac- (w1)220 and 2)229, are the full widths of the Gauss
tor 50 larger than the presently measured values, therefits to the data shown ifrig. 2 at 22% of the height
is some qualitative agreement between the two stud- of the peaks (actually 22%;e~1; for detailed infor-
ies: for O, Walder et al. also observed that the loss mation seg26] andAppendix A). Due to the fact that
of three oxygen atoms is the most abundant dissocia-the width of the fragment and its corresponding par-
tion process. For &*, neutral Q loss is more than  ent ion signal are almost identical, the resulting KER
an order of magnitude more abundant than all other values are very small. However, the error bars deter-
dissociation channels. Furthermore, the ratio between mined by error propagation of the absolute uncertain-
the two data points by Walder at al. fog® — O™ ties of the width from the Gauss fits are especially for
and O — Os™ is very similar to the ratio deter- the larger clusters relatively larg€ig. 4 shows the
mined in the present investigation. The large differ- average KER of the unimolecular reactions measured
ence in the magnitude of the metastable fractions canin the second field free region. Within the statistical
be explained partly by a much narrower defining slit error, the average KER values are for all odd num-
between the two sector fields that has been used in thebered oxygen clusters, that have been investigated, the
present study. Unfortunately it was not possible at that same. However, sindgq. (1)is only correct if an ion
time to determine the metastable fractions for larger splits into two fragment (i.enm1 — m> is the mass of a
odd numbered oxygen cluster ions. neutral fragment) we have to assume thatOlooses

A further extension of the present study to the in- an intact ozone molecule. Thus, it is rather surprising
vestigation by Walder et a[25] is the measurement that the average KER for both the neutral I0ss for
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Fig. 4. Average KER for the decay reactions of odd numbered
oxygen cluster ions plotted as a function of the number of oxy-
gen atoms of the parent ion applyiig. (1) The error bars were
derived by error propagation of the statistical errors of the corre-
sponding MIKE-peaks. The large error can be explained by the
similar width of the parent and fragment ions MIKE-peaks which
results in a small KER value.

larger clusters and £loss for the @™* is practically
the same.

4. Discussion

According to the literature, a three-body collision of
an oxygen atom with two oxygen molecules is likely to
form an ozone molecul@3]. The process @ O>+M
is the dominant formation channel for tropospheric

227

much smaller than the bond dissociation energy of
neutral ozone {400 meV)[29]. Therefore, we con-
clude that for the dissociation ofg®d* into O™, an
intact neutral ozone molecule will be ejected.

The exothermicity of the reaction,®+ O3 was de-
termined in a flowing afterglow experiment (0.63 eV)
[30]. In a complex that consists of two strongly bound
components, a metastable decay in the time scale of
several microseconds (the flight time from the ion
source to the first and second field free region) is only
possible if sufficient energy is transferred into the
vibrational degree of freedom that couples the two
molecules. This can only happen by either a relaxation
of a vibrationally[31] or electronically[32] excited
metastable state of one of the two molecules involved
(i.e., & or Ogz*, respectively). Since such excited
states have only one lifetime, the metastable fraction
for the O™ decay should decrease exponentially
with the time. Larger clusters, however, can accommo-
date the energy needed for the ejection of a monomer
in the vibrational degrees of freedom between the
cluster constituents. Such decays can be described
theoretically applying simple statistical models like
RRKM theory. Furthermore, the population of differ-
ently excited cluster ions leads to a non-exponential
decrease of the metastable fraction for such larger
cluster ions as a function of the time. Unfortunately,
the ion signal was not sufficiently high to study uni-
molecular dissociation reactions of odd numbered
oxygen clusters at different acceleration voltages
which would yield more data points at different flight
times. Nevertheles$sig. 3 clearly reveals a different

ozone. Inside an oxygen cluster, the presence of neigh-time behavior for the @* compared to the larger

boring oxygen molecules will lead to a high proba-
bility for ozone formation upon the fragmentation of
a monomer. The ionization energy fog @ 12.52 eV
[27], 0.45 eV higher than the ionization energy fof O

odd numbered oxygen cluster ions. Interestingly, the
average KER for the ozone evaporation is about the
same as the average KER for neutral &aporation
that is observed for the larger $ O™ cluster ions.

[28]. This suggests that the charge preferentially would All odd numbered oxygen cluster ions reveal a sim-
be located on an oxygen molecule unless a larger ionic ilar (KER) for the monomer evaporation in the order

core like @ or Os™ will be formed. This is in perfect
agreement to the present observation thgt'Gexclu-
sively decays into an £ ion and releases three neu-

of 1-2 meV which is reminiscent of results obtained
for several rare gas cluster ions that were investigated
previously on this instrumer83]. Furthermore, also

tral oxygen atoms. The kinetic energy that is released the time dependence is almost equal to that of these
due to the dissociation process is less than 2 meV andrare gas cluster ions of the same size indicating a
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similar statistical (vibrational predissociation) nature it from the rest of the cluster. Since the T actually
for the decay process of the larger cluster ions. resembles a dimer ion consisting of the ionig'Qore
Hiraoka[34] measured the binding energy forO  and a neutral @ molecule, there is only one vibra-
molecules to differently sized oxygen cluster cations tional degree of freedom between the monomers and,
utilizing pulsed high pressure mass spectrometry. For thus, the energy that finally leads to the separation of
the dimer, he obtained a value of 0.39 eV which grad- the two cluster constituents has to be stored within one
ually decreases for larger clusters and reaches an al-of the two molecules. The lifetime of this either vibra-
most constant value of 0.08 eV for clusters larger than tional or electronic excited state has to be in the order
5. Linn et al.[35] determined the binding energy for of 10us and its relaxation has to couple into the bond
odd numbered oxygen cluster cations by means of a between the @ and the ozone molecule. Recently,
molecular beam photoionization method. According the metastable dissociation of rare gas dimer ions has
to their data, the binding energy ob@ Os* is about been investigated applying the same instrument and a
40meV and, thus, lower than for the stoichiometric novel relaxation of excited spin orbit states has been
clusters. Taking all these different binding energies attributed to be the driving force of this procq83].
and the ionization energies fors@nd & into con- As in the case of excimer-driven metastable decay re-
sideration, we end up with the following picture for actions[38], the determination of the appearance en-
the metastable fragmentation of odd numbered oxy- ergies of both the parent ions® and its fragment
gen cluster cations. ion O™ could give a hint about the location of the
Independent of the process that leads to the dissoci-excess energy prior to the dissociation event. In addi-
ation of an oxygen molecule in a cluster, i.e., fragmen- tion, further measurements of the metastable fractions
tation of a molecule different to the ionized monomer for Os™* decaying into Q" at different acceleration
(needs 2.58 eV for the dissociatif@6] and 12.07eV  voltages and for larger odd numbered oxygen cluster
for the ionization of Q [27]), or dissociative ionization  ions loosing a neutral Ywould help to determine the
of a monomer which needs 18.73 §21], the charge  time dependence more accurately but must await fur-
will quickly be localized on an intact §monomer. ther experimental improvements.
One of the oxygen atoms has to leave the cluster in
order to form a non-stoichiometric cluster and the
remaining neutral oxygen atom will form an ozone
molecule by three-body association reaction. Since the
binding energy of ozone toJ is 0.63eV[29] and a
neutral @ binds to @ with only 0.39 eV[34], the
ozone molecule will be released from a larger clus-
ter only after all other neutral Smonomers are gone.
This immediately explains the transition frons @ Appendix A. KER determination in the case of
0> loss at cluster sizes larger thag O The different two Gaussian MIK E-peaks
time dependence of thes@oss from G and the Q
loss from the larger odd numbered oxygen clusterions  The convolution of two Gaussian curves
(which can be seen clearly kig. 3) is the result of the
different nature of the deposition of the excess energy
that finally leads to the dissociation. Larger clusters with the widtha andb, respectively, leads to a new
can accommodate the energy in the vibrational degreesGaussian curve
of freedom between and within the cluster constituents
and statistical distribution of this energy eventually
will deposit enough energy in one monomer to remove that has a width of/a? + b2.
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Thus the deconvolution of two Gaussian-shaped
MIKE-peaks leads to a Gaussian curve that has a
Width of w = /w2y em— Wharent

Thus this peak has the form of(x) = e~**/v*,
andx = AE = 2(E — Ecenten, the difference of the
sector field voltage to the center of the peak.

The first derivative of this peak plotted as a function
of the KER calculated applyingq. (1) leads to the
distribution of the kinetic energy of the fragment ions
(KERD).

2x
fl) = =S
w

2
miU

T =KER(eV) = m

(%)

Thus KERDT) = (—2+/T Jcw?)e~T/ew?
The average KERKER) is the first momentum of
the KERD and so

[, T x KERD(T) dT
22 KERD(T) dT
[ (=2vT3/cwd)e T/ow* dT
[22 (=2V/T Jew?)e-T/ow? dT
ffooo«/ﬁe*”cwz dr
T X JTe T/ dr

_resews* o
T TABcw)ts T Y

If we calculate the height dfx) atx = ,/KER/c =
+/1.5w we obtain

T
=cx%andthus? = —
C

ER=

f(W15w) = e 1°~ 0223
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