Q_“ [P Chemical Physics

Reaction of aluminum cluster ions with oxygen and nitrous oxnde:
Energetics and dynamics of cluster oxidation
Stephen A. Ruatta and Scott L. Anderson

Citation: J. Chem. Phys. 89, 273 (1988); doi: 10.1063/1.455522
View online: http://dx.doi.org/10.1063/1.455522

View Table of Contents: http://jcp.aip.org/resource/1/JCPSAG/v89/i1
Published by the American Institute of Physics.

Additional information on J. Chem. Phys.

Journal Homepage: http://jcp.aip.org/

Journal Information: http://jcp.aip.org/about/about_the_journal
Top downloads: http://jcp.aip.org/features/most_downloaded
Information for Authors: http://jcp.aip.org/authors

ADVERTISEMENT

Gooofellow

metals « ceramics * polymers « composites
70,000 products
450 different materlals

- % . 1 }
A goodfeIIOW].ls‘a com

Downloaded 09 Jan 2013 to 150.135.135.70. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions


http://jcp.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/266208507/x01/AIP/Goodfellow_JCPCovAd_933x251banner_11_27_2012/goodfellow.jpg/7744715775302b784f4d774142526b39?x
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Stephen A. Ruatta&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Scott L. Anderson&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jcp.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.455522?ver=pdfcov
http://jcp.aip.org/resource/1/JCPSA6/v89/i1?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://jcp.aip.org/?ver=pdfcov
http://jcp.aip.org/about/about_the_journal?ver=pdfcov
http://jcp.aip.org/features/most_downloaded?ver=pdfcov
http://jcp.aip.org/authors?ver=pdfcov

Reaction of aluminum cluster ions with oxygen and nitrous oxide: Energetics

and dynamics of cluster oxidation
Stephen A. Ruatta and Scott L. Anderson

Department of Chemistry, State University of New York at Stony Brook, Stony Brook, New York

11794-3400

{Received 10 February 1988; accepted 25 March 1988)

We report a study of the absolute cross sections, reaction threshold energies, and product
branching ratios for interactions of aluminum cluster ions (Al,", n = 1-9) with O, and N, 0.
Most of the reactions are observed to have collision energy thresholds which are attributed to
activation barriers or bottlenecks. At collision energies above threshold, exoergic oxidation of
the cluster ions occurs, and the resulting energy release causes extensive fragmentation to yield
a variety of product ions. Comparison of threshold behavior for different product channels
suggests that in addition to the dominant oxidation reactions, the clusters undergo Al
abstraction, O,—Al™ exchange, and collision induced dissociation.

I. INTRODUCTION

We have undertaken a series of studies examining the
fragmentation and reactive scattering of small metal cluster
ions. The objectives are to obtain measurements of sufficient
detail to allow elucidation of cluster properties and direct
determination of cluster reaction dynamics. Aluminum, bo-
ron, and aluminum-lithium alloys have been chosen as ini-
tial systems for study from considerations of technological
relevance, experimental tractability, and because they are
relatively tractable for ab initio theory. The availability of
theoretical work has proven invaluable in understanding ex-
perimental results for species such as metal clusters for
which direct experimental data on geometric and electronic
structures is unavailable. On the other hand, high quality,
detailed experimental data is needed for simple cluster sys-
tems to provide benchmarks for evaluating theoretical tech-
niques.

In this paper we report a study of aluminum cluster ion
oxidation by O, and N,0O, in which cross sections for all
product channels were measured as a function of collision
energy from 0.25 to 10.0 eV for cluster ions containing up to
nine atoms. By examining the threshold behavior of the var-
ious reactions and considering the properties of the clusters
and the neutral collision partners, a surprising wealth of
mechanistic insight can be obtained. The results are com-
pared with other experimental work on aluminum cluster
ions, with experimental and theoretical studies of neutral
aluminum clusters, and with oxidation chemistry of alumi-
num surfaces.

Several previous papers have provided information on
the properties aluminum cluster ions which has been essen-
tial in the analysis of the present results. Hanley, Ruatta, and
Anderson' and Jarrold, Bower, and Kraus? have used colli-
sion induced dissociation (CID) to probe stability and
bonding in the cluster ions. Hanley, Ruatta, and Anderson
measured the cross sections and branching ratios as a func-
tion of collision energy for clusters containing up to seven
atoms. This allowed direct determination of the dissociation
thresholds for all fragmentation processes. Relevant results
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are: Aluminum cluster ions are quite weakly bound—Ilowest
dissociation thresholds range from 0.90 to 2.25 eV for clus-
ters up to Al;". Stability generally increases with size as ex-
pected for compact geometries. Al;* appears to be particu-
larly stable, which probably reflects the closing of an
electronic shell at 20 electrons.? Ionization potentials for
small clusters appear to be higher than that of the aluminum
atom. Jarrold et al. examined total CID cross sections and
branching ratios at a single collision energy for cluster ions
containing up to 26 atoms. They derived the relative stabili-
ties of the cluster ions and a set of ionization potentials using
a statistical-thermal model for the dissociation process.
Their conclusions are consistent with ours, including the ob-
servation that Al;* is anomalously stable. Jarrold and Bow-
er* also studied CID of Al,O* and Al,O,". They observed
that the dominant fragmentation process involves loss of
AlL,O molecules, but did not determine the fragmentation
threshold energies.

Both groups have also reported work on reactions of
aluminum cluster ions with O,. Hanley, Ruatta, and Ander-
son’ reported preliminary results on the collision energy de-
pendence of Al*; reactions with several species including
with O,, and more recently Ruatta, Hanley, and Anderson®
reported a study of reactions of Al;*; with O,. We found that
all size cluster ions react with O, in a very exoergic process.
The energy release is sufficient to cause extensive fragmenta-
tion of the oxidized cluster ion, generating a variety of prod-
uctions. Surprisingly, these exoergic ion—molecule reactions
were observed to have activation barriers which depend
strongly on cluster size. The barriers were attributed to the
energy required to dissociate O,. At high collision energies
CID of the weakly bound Al,} reagent clusters is important
and accounts for ~50% of the product signal.

Jarrold and Bower”* measured cross sections and prod-
uct branching ratios for reactions of Al;t,, with O, at 1.2 and
4.2 V. They found that for reagent cluster ions larger than
12 atoms, there is a propensity to lose 4 aluminum atoms
(presumably as 2 Al,O), while cluster ions in the range from
7 to 12 atoms tend to lose 5 aluminum atoms (AL,O + Al,O
or 2A1,0 + Al). These product distributions tie in well with
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274 S. A. Ruatta and S. L. Anderson: Reaction of aluminum cluster ions

their CID results on Al, O.%, . Smaller cluster ions reacted to
form a variety of product ions, with branching ratios in rea-
sonable agreement with our measurements at the same ener-
gies. Their conclusions about the reaction mechanism are
similar to ours: Oxidation of aluminum cluster ions by O,
yields a highly excited Al,O,;" complex, which then frag-
ments to stable products. They did not observe the activation
barriers for oxidation since the collision energies examined
are too high for the cross sections to be strongly affected by
the barriers. RRKM theory was used to estimate the disso-
ciation lifetimes of the oxidized cluster ion complex, and
they concluded that the statistical lifetimes are consistent
with the time scale of their experiment. On the other hand,
from consideration of the energetics and branching ratios,
they conclude that partitioning of the reaction exoergicity to
the dissociation products is not statistical. Instead the Al,O
products appear to carry away a large fraction of the energy.
They also concluded that the oxidation chemistry of ionic
aluminum clusters is different from that observed for the
equivalent neutral clusters.

For the present paper we have attempted to unravel the
oxidation dynamics of small aluminum cluster ions in more
detail by extending our cluster size range, and analyzing the
threshold behavior of each product channel. As an addi-
tional probe of the oxidation mechanism, we have carried
out the first study of N,O reactions with aluminum clusters.
The results suggest that the reaction mechanism deduced by
both groups is oversimplified, and that several reactions oc-
cur in addition to oxidation and CID. These conclusions are
dictated by the threshold studies, and point out the impor-
tance of careful measurement of the collision energy depen-
dence of reactions.

Reactions of neutral aluminum clusters with O, have
been studied by Cox et al.,’ using a flow tube reactor and a
laser vaporization source. Their results are given as relative
rate constants for different size clusters under thermal con-
ditions ( ~350-500 K ) and high pressure. They report high
reactivity for the atom and dimer, roughly an order of mag-
nitude less reactivity for Al,~Al,, then reactivity increasing
with size from Al through Al,,. The chemistry observed is
addition of O, to the intact cluster to yield Al, O,, except
that Al and Al, are proposed to react with O, by aggregation
to form Al,0,. The trend in neutral cluster rate constants is
about what would be expected if the reactions have activa-
tion barriers which vary with cluster size similarly to those
we observed® for the ion reactions.

As cluster size increases, the chemistry should eventual-
ly approach that seen for aluminum surfaces. O, chemistry
with clean aluminum has an extensive literature which has
recently been reviewed by Batra and Kleinmann.'? O, che-
misorbs strongly on aluminum, and though there have been
some suggestions that a stable molecular precursor can be
formed,'' most evidence suggests that adsorbed O, is unsta-
ble with respect to dissociation. For example, Crowell,
Chen, and Yates'? observed dissociative chemisorption
down to 122 K, and work by Hoffman et al.'*> demonstrated
that oxygen dissociatively adsorbs on aluminum (111) even
at 30 K (kT=3 meV). Clearly if there are barriers to the
dissociation, they are very small. Once oxygen is dissociated,

migration to subsurface sites and formation of an oxide
phase occur.

The interaction of nitrous oxide with clean aluminum
surfaces has not received the attention given to the Al-O,
system. Eley and Wilkinson'# and Hunt and Ritchie!® have
studied adsorption of N,O on evaporated aluminum films at
mTorr pressures and temperatures between 195 and 683 K.
Rapid chemisorption of N,O and oxidation of the films were
observed. Because both these studies were carried out under
conditions where thick oxide films formed and at high back-
ground pressures, they give little insight into the interactions
of N,O with clean, unoxidized aluminum surfaces. The im-
portant observations were that oxidation is spontaneous,
and that no nitrosyl or nitride products were observed. Re-
cently Pitts ez al.'®'” reported a study of N,O interaction
with clean aluminum films and polycrystalline surfaces in
UHYV. They found that N,O adsorbs but does not react at
room temperatures, contrary to the finding of the earlier
work. They did observe that oxide formation can be stimu-
lated by bombardment of the surface with an electron beam.

Compared to transition metals, aluminum is a tractable
system for quantum chemistry computations. Upton has re-
ported a study'®'® of aluminum clusters containing up to six
atoms. More recently, Bauschlicher and co-workers?*?' re-
ported similar work on Al,~Al and Al,;. The two sets of
calculations are in reasonable agreement with each other,
and are largely consistent with experiment, however, lack of
detailed experiments on neutral clusters limits the compari-
sons which can be made. Both studies found that the clusters
have compact, high coordinate geometries, although there is
some disagreement regarding the most stable structures. For
the larger clusters there are many low energy structures.
This suggests that in experiments, several isomers may be
present for each reagent cluster, but that they are likely to
have similar properties. As expected, the clusters have many
low energy electronic states. Binding energies are calculated
to be on the order of 1 eV/atom, which is consistent with the
dissociation thresholds we observe for the cation clusters.’
Tonization potentials were observed to generally increase
with cluster size,'® also consistent with the rather crude ex-
perimental meaurements."*®

Il. EXPERIMENTAL

A detailed description of our metal cluster ion beam
apparatus has recently been published' and the experimental
method will only be summarized here. Positively charged
aluminum cluster ions are formed by sputtering of a high
purity foil (Puratronics) with a 12 keV beam of argon atoms
and ions. The sputtering process produces a size distribution
of aluminum cluster ions that is largest for Al* and de-
creases roughly monotonically with increasing cluster size.
In order to quench excited states of the clusters which may
have been formed in the sputtering process, the cluster ions
are injected into the maze-like channel of a specially de-
signed radiofrequency ion trap where they undergo about
5000 collisions with a helium buffer gas. The cooled cluster
ions are injected into a homemade Wien-type mass filter
where the size of interest is selected. The cluster beam is then
decelerated and injected into the first of a pair of rf octapole
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ion guides. In the second guide the collision energy is set and
the cluster ions are passed through a gas cell which sur-
rounds the guide, into which 1.0X 10™* Torr of oxygen or
nitrous oxide reactant gas flows. This pressure was found to
be low enough to insure that reactions take place under sin-
gle collision conditions. The temperature of the gas in the
reaction cell is estimated to be ~350 K. Product ions and
unreacted cluster ions are collected by the ion guide, acceler-
ated into a quadrupole mass analyzer, mass analyzed, and
counted.

Reaction cross sections are calculated®” from measure-
ments of product signal when the scattering cell is filled with
the reagent gas and when the identical gas flow is diverted
into the background of the vacuum chamber. To check the
calibration of our absolute cross section scale we have stud-
ied the reactions Al* (0,,0)Al0* and Ar* (D, D)AID*
and compared with previous measurements (Refs. 23 and
24, respectively).

The major source of error in the cross sections is the
uncertainty in the collection/detection efficiency for the rea-
gent and product ions. Quadrupole transmission is the worst
problem, and is particularly serious for systems like these in
which the reagent and product ions have dissimilar masses,
and where light product ions may be produced with substan-
tial recoil energy. The use of ion guides helps in collection of
the scattered product ions, but we still cannot ensure uni-
form quadrupole transmission. We therefore estimate that
our cross sections could be in error by as much as a factor of
2, particularly for channels where the product and reagent
masses are dissimilar. This does not affect comparison of
equivalent product cross sections for different size reagent
clusters. We are currently constructing a new cluster instru-
ment using large sector mass analyzers which should ame-
liorate this problem.

Al* + 0,/N,0

T]lll']"ll'rTllll'
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o
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N,0 *
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1.0

Cross Section

Collision Energy (CM, eV)

FIG. 1. Cross sections for reaction of Al* with O, and N,O. The only prod-
uct in both cases is AIO™,

lll. RESULTS

The cross sections for reaction of Al* with O, and N,O
to form A1O™ are plotted as a function of collision energy in
Fig. 1. Energetics calculated from published thermochemi-
cal data?>?’ show the reaction with O, to be ~3.4 ¢V en-
doergic, while the reaction with N,O is nearly thermoneu-
tral. The experimental threshold observed for the O,
reaction is quite close to the thermochemical value, and our
results for both reactions are in good agreement with pre-
vious measurements.”>*® The fact that the threshold for the
N,O reaction is significantly higher than the thermodynam-
ic limit could be due to spin conservation either forcing reac-
tion to form excited AIO™ 'II (T, =0.25 eV),?® or simply
causing a barrier to formation of ground state products.
Since the Al™ reactions have been discussed in detail pre-
viously, we will not consider them further.

The integral cross sections for products observed in re-
action of Al (n =2-9) with oxygen at collision energies
from 0.25 to 10 eV are plotted in Figs. 2—4. The analogous
cross sections for reactions with N,O are plotted in Figs. 5
and 6. For the sake of clarity only the major product chan-
nels are plotted; in each case these account for > 95% of the
total reaction cross section. For the reactions with oxygen,
the data shown are the average of four different runs done
over a five month period. The consistency of the individual
runs was good. The nitrous oxide plots are the average of two
data sets. Data quality for Aly" and Algt is lower because
there is a sharp drop in reagent cluster ion intensity above
the heptamer. In particular there is a problem with back-
ground in the Al | signal for the larger reagent clusters.
The cross sections for these channels have been estimated by
background subtraction and are shown in the figures as
dashed curves. To aid comparison, all cross sections are plot-
ted on a 5 AZ scale, however, this puts the cross section for
Alg" + O,— Al™ off scale. This channel is anomalous and
continues to increase almost linearly with collision energy
upto 13.5A2at 10eV.

There are several obvious features of the data. The cross
sections for reaction with oxygen are generally larger than
those with N,O. Reactions with both O, and N,O result in
extensive fragmentation of the cluster framework. O, reac-
tions tend to produce a greater variety of product ions, and a
much greater fraction of oxide product ions. Branching ra-
tios for the different types of products observed at 1.0 and 4.0
eV are given in Tables I and II.

Figures 2-6 show that with the exception of AL,* react-
ing with O,, all cluster ion reaction cross sections decrease at
low collision energies to varying degrees. This suggests the
existence of energy thresholds for the reactions, the nature
and magnitudes of which are discussed in detail below. Note
that while quantitative estimates of the threshold energies
can only be obtained by modeling the data, our discussion
and conclusions are based primarily on trends in threshold
behavior of the raw data.

One very important point which is not obvious from the
raw data is that for each reagent cluster ion, there is a set of
product channels which have nearly identical threshold be-
havior, and in most cases, at least one channel which is quite
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distinct. To illustrate, in Fig. 7 we have replotted the product
cross sections for Al reacting with O, and N, O, and scaled
the cross sections so that they coincide at a single collision
energy just above threshold (0.75 eV of O, and 1.5 eV for
N,O). Note that in the O, reactions the threshold behavior
for the A1, Al;", Al;, ALO™, and possibly Al;" products
is identical. In contrast the threshold for Al;_, (Al;") pro-
duction is higher, and since its cross section is zero at the
scaling energy it was left unscaled. For reaction with N,O,
again there is a set of channels with nearly identical behav-
ior, while the Al , channel appears to have substantially
different threshold behavior (and was not scaled). This pat-
tern appears to hold for all reagent cluster ions larger than
Al;t, although for the larger clusters the background in the
Al signal causes some uncertainty in its threshold behav-
ior.

IV. DISCUSSION

Based on these results together with related CID work
on pure? and oxidized* aluminum cluster ions, and elec-

tronic structure calculations on the neutral clusters,'®?! we

have developed a “working model” for the mechanisms and
energetics involved in aluminum cluster ion oxidation.
While the accuracy of this model is by no means proven, it
provides a useful framework for thinking about the problem.
We first outline the model for reaction with O,, followed by a
detailed discussion of the data and its relation to the pro-
posed mechanisms. The analogous discussion is then pre-
sented for oxidation by N,O. The final section of the paper
discusses the magnitude and nature of the thresholds ob-
served for the various cluster ion reactions, and deals with
cluster size dependent trends observed in the chemistry and
their relation to cluster physical properties.

A. Reaction with O,

Our data suggest that there are four principle processes
which occur in collisions between Al (n>2) and O,.

J. Chem. Phys., Vol. 89, No. 1, 1 July 1988
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1. “Oxidative fragmentation”

As detailed below, for all size reagent cluster ions there
are at least several exoergic oxidation reactions, and these
appear to be the dominant processes at low collision ener-
gies. The collision energy dependence of the cross sections
for oxidation products suggests the existence of cluster size
dependent bottlenecks to reaction. The energy required to
drive oxidation increases with increasing reagent cluster size
from the dimer (no threshold) up to Al;*, then decreases
with size. Since the O, bond is by far the strongest in the
cluster-O, system, and since O, dissociation is obviously
necessary in the oxidation process, it seems reasonable to
attribute the observed bottlenecks, at least in a formal sense,
to activation barriers for breaking the O, bond. This issue is
discussed in detail below.

The process of separating the oxygen atoms and binding
them to multiple aluminum atoms is energetically very fa-
vorable (> 10 eV). Since aluminum cluster ions are quite

weakly bound (average stability ~ 1.5 eV'), extensive frag-
mentation of the oxidized intermediate complex occurs and
produces a variety of products. As detailed below, the ther-
mochemistry of different product channels resulting from
oxidative fragmentation varies widely, and it might be ex-
pected that different products would have different collision
energy dependence due to competition between channels.
While this is true at high energies, one of the more important
findings in this study is that all the oxidation channels have
nearly identical threshold behavior (Fig. 7). This is consis-
tent with an oxidation mechanism in which a bottleneck
hinders formation of the Al,O," oxidized intermediate
which subsequently fragments to the observed product
channels. The bottleneck is thus the same for all reactions
which involve the oxidized intermediate, and they all have
very similar collision energy dependence. Competition
between different product channels does appear to be impor-
tant in controlling the product branching ratios at energies
above threshold.

J. Chem. Phys., Vol. 89, No. 1, 1 July 1988
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Al + 0, Al} + O,

5-0 L L L DL | LR 5.0r'l']"r—"l'|"'l'—[‘
~4.0 4.0
= =
3.0
c c
= =
- el
$ 2.0 o
n 75
12 /2]
/7] n
°1.0 2
&) &)
O3 e 78910 O 2535+ ¥ 510
Collision Energy (CM, eV) Collision Energy (CM, eV)
ALY + N,0 Al} + N,0
5-0 rTfyryJyrvyvyrvpvpTYyey 5-O"I'|'|'l'|'|‘T_7_r'T':
é.’.
4.0 4.0 3
3.0 3.0 2
= [ ]
o o E
> > E
e 2.0 0 2.0 3
n 0 1
7] 7] 3
£1.0 210 3
O & 3
A A "‘; ‘-5
+ g e A< : : 0012345678910
Collision Energy (CM, eV) Collision Energy (CM, eV)
Al} + N,0 ALY + N,0
5-0 ryrvyvJryrvryrvrrryrrvreyrnyeqd 5-0"I'I'I'I'I'T']'|'|'
4.0 _4.0
N (']
= =
3.0 3.0
< c
3 2
- -
o 2.0 o 2.0
0 0
1] 1]
7] 2]
21.0 1.0
&) O
M oy, O
Collision Energy (CM, eV) Collision Energy (CM, eV)

J. Chem. Phys., Vol. 89, No. 1, 1 July 1988

FIG. 4. Cross sections for reaction of
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FIG. 5. Cross sections for reaction of
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products is 1=Al*, 2=Al',
3=Al', .., star=AlO%, and
crossed circle = ALO™.
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2. “Collision induced dissociation (CID)”

At high collision energies it is clear that many collisions
are nonreactive but transfer sufficient energy to the reagent
cluster ion to cause fragmentation to Al .. We have stud-
ied CID of aluminum cluster ions with xenon,' argon,’ and
nitrogen®® target gases, and the thresholds and branching
ratios are well characterized under conditions identical to
those used in the present study. The lowest energy CID
thresholds range from 0.9 eV for small cluster ions, to 2.25
eV for Al;* . Nearly all the product channels observed in the
present study turn on at energies well below the equivalent
CID thresholds. From comparison with CID cross sections
(Ref. 1, Fig. 2), it is clear that chemical processes dominate
in the low collision energy regime. The comparison also sug-
gests that about half of the product signal at collision ener-
gies above 5 eV is due to CID.

3. “Aluminum atom abstraction”

An important reaction channel is production of Al .
At high collision energies Al,"_, can be produced by simple
CID, however, the thresholds observed in collisions with O,
are 1to 1.5 eV below the corresponding CID thresholds.">*°
The only energetically possible reaction is

AL+ +0,-AlL" | + AlO,,

which is ~ 3 eV exoergic depending on reagent cluster size.
Previous studies categorized this reaction as one of those
resulting from the oxidative fragmentation mechanism, and
indeed the calculated thermochemistry is in the same range
as typical oxidation reactions. Figure 7 shows, however, that
the threshold behavior of this channel is clearly different
from that of the oxidation channels, suggesting that Al
production does not involve the same intermediate that ap-
pears to be common to all the oxidative fragmentation prod-
ucts.

We suggest a mechanism in which an O, molecule col-
lides with the cluster ion with sufficient energy to drive oxi-
dation. For some reason (incorrect collision geometry?) the
0, does not dissociate, and instead recoils from the cluster

Al} + N,O

FIG. 7. Cross sections for reactions
of Al with O, and N,O, scaled so
that all cross sections have identical
magnitude at a single energy just
above the lowest observed threshold.
The Als" cross sections which have
very different threshold behavior
have been left unscaled. Key to prod-
uctsis 1 = Al*,2 = ALY, 3= Al},
..., and crossed circle = ALO™.

0 T1.0 2.0 804050
Colhslon Energy (CM, eV)

ion, abstracting an aluminum atom in the process. It is not
surprising that Al,}_, is not produced by oxidative fragmen-
tation. In oxidation, the O, molecule dissociates and the O
atoms become strongly bound to multiple Al atoms. It is
then energetically unfavorable to recombine the O atoms on
a single center for elimination of AlO,.

4. “Molecular adsorption/exchange”

Since O, is a triplet molecule and the cluster ions have
low-lying unfilled or partially filled orbitals, the binding of
O, to the cluster ion should be quite strong. On bulk alumi-
num, this molecular adsorbed state is unstable with respect
to O, dissociation followed by surface oxidation. For alumi-
num cluster ions larger than the dimer, there are bottlenecks
which inhibit the oxidation reaction at low collision ener-
gies. In the case of the Al;" reagent cluster there appears to
be an exchange reaction driven by the molecular binding,
and Al* displacement is observed with no activation energy.
For the larger (and more strongly bound) reagent cluster
ions this process is not observed, nor do we see it in collisions
with closed shell reagents.

To show how the experimental data has lead to the pro-
posed mechanisms, it is necessary to examine the individual
reactions in some detail. Using our CID threshold data' and
thermochemical data from the literature?>?%3! we can esti-
mate the energetics for some of the cluster ion reactions.
Especially for the larger reagent cluster ions, much of the
thermochemistry is unknown or uncertain. The important
point is that for all the Al,} (n> 1) reagent cluster ions,
there are exoergic oxidation channels.

The dimer and to some extent the trimer react different-
ly from the larger cluster ions. This is not surprising since
their stabilities, electronic structures, and density of internal
states are very different from large clusters. For the dimer
ion reaction, the Al* and Al,O™ production channels have
cross sections which peak at low collision energy and fall off
rapidly as the energy is increased. The A1,O™ cross section
continues to fall off as is typical for exoergic ion—-molecule
reactions, while the Al* channel increases above ~ 1 eV and
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is nearly energy independent above 3 eV. The most likely
reactions resulting in these products and their energetics are
summarized below (energies given in eV—exoergic reac-
tions shown as negative numbers):

Al +0,-ALO* +O ( —3.18), (1a)
Aly +0,-Al* +AIO, (~ —4), (1b)
Al +0,-Al* +AIO+0 (+0.79), (1c)
Al} +0,-Al" + Al+0, (+0.90). (1d)

At low collision energies Al* must be due to formation of
AlQ, via exoergic process (1b) with a cross section that de-
creases rapidly with increasing collision energy, while at
higher energies the endoergic processes (lc) and (1d)
(CID) dominate.

AlOY is observed as a minor channel with a small ener-
gy threshold. The energetics for this product channel are

Al" +0,-AI0" 4 AI0O (—0.97), (2a)
Al + 0,-AI0" + A1+ 0 (+4.3). (2b)

The apparent threshold for reaction (2a) at low collision
energies may be due to competition with the major, more
exoergic product channels, or perhaps to a barrier for this
reaction. The onset of reaction (2b) results in a small in-
crease in the AIO™ cross section at high collision energy.
Reactions (2b) and (1c) can be thought of as involving for-
mation of ALO™ [reaction (1a)] with internal energy high
enough to cause further fragmentation.

For reaction of aluminum trimer cation with oxygen
there are three main ionic products:

Al +0,-ALO™ + AIO (—6.9), (3a)
Al +0,-ALOY +Al+ 0 (—17), (3b)
Al +0,- Al + AIO, (~—4), (4a)
Al +0,-ALY + A1+ 0, (+1.12), (4b)
Al +O,-ALY +AIO+ 0 (4 1.01), (4c)
Al} + 0, Al* + ALO, (~ —9.2), (5a)
Al +0,-Al* + ALO+ O (—34), (5b)
Al + 0,—Al* +2A10 (—3.4), (5¢)
Al +0,-AlY + AL+ 0, (+0.9). (5d)

Since the three major products can all be produced at
low collision energy by exoergic reactions, it is interesting to
compare the threshold behavior of the cross sections. Al;"
and AL O™ cross sections both decrease at low collision en-
ergies—evidence for a barrier or bottleneck for these oxida-
tion reactions. The Al™ production cross section is clearly
quite different, showing little evidence of a bottleneck. We
suggest that the source of Al* at very low collision energies
is exchanged with O, driven by the strong interaction of mo-
lecular oxygen with aluminum cluster ions:

AL} + 0, [AL-0,] " - Al* + AL-O,. (5e)

Since Al;" is quite weakly bound (0.90 eV'), it seems rea-
sonable that triplet O, can displace Al™*, particularly if Al, is
left in its triplet ground state.>> Examination of Figs. 2—4
shows that this production of Al* with no bottleneck does
not occur with the larger, more strongly bound reagent clus-

ter ions. As the collision energy increases, presumably the
oxidation reactions (5a), (5b), and (5c) turn on as sources
for Al*.

At collision energies above ~ 1 eV simple collision in-
duced dissociation [reactions (4b) and (5d) ] is possible. In
addition, exoergic oxidation products such as Al,O* tend to
be unstable at high collision energies and can dissociate,
causing the drop in the oxide product ion cross sections and
contributing to a rise in the cross sections for Al*, Al;*, and
AlO™. It is interesting to note that in CID of Al;* with
nitrogen,*® argon,® and xenon' we observe Al;" and Al* at
energies above ~2 eV in a roughly 4:1 ratio, while for larger
reagent cluster ions the Al* channel always dominates. This
branching ratio inversion is believed to result because spin
conservation forbids production of the ground state
Al* + triplet Al, channel. In collisions with O, and N,O,
the trimer ion is again unique in having an inverted
Al™":AlY_ | ratio, suggesting that CID is a major mechanism
at high energies.

For the tetramer and larger cluster ions, it becomes in-
creasingly difficult to determine the detailed energetics of
the reactions responsible for the observed product ions. This
is partly because little is known about the thermochemistry
of polyatomic aluminum oxide molecules, and partly be-
cause a large number of different reactions can generate a
given ionic product. For the tetramer then, we list only the
most obvious reactions for each observed product ion.

The major reactions in order of decreasing importance
at low energies are

Al +0,-ALO" + ALO (~ — 10), (6a)
Alf +0,-ALO" + AIO+ Al (~ —6.5), (6b)
Al} +0,-AL0* + AL+ 0 (~—25), (6¢)
Al +0,-Al* + ALO+AIO (~ —7), (7a)
AL} + 0,-Al" +2A10 + Al (~ —2), (7b)
Al +0,—»Al" + Al; + 0, (+0.85), (7¢)
Al +0,-Al +ALLO+O (~—25), (8a)
AL} 4+ 0, Al +2A10 (~ —2.5), (8b)
Al +0,-Al + AL +0, (+255), (8¢)
Al +0,-Alf + A0, (~—13), (9a)
Al +0,-ALN + A1+ 0, (4 2.03). (9b)

Reaction (6) is the dominant channel at low collision
energies, which is consistent with the observation in this
study and those of Jarrold and co-workers*® that A1,O is a
particularly abundant product of aluminum cluster ion oxi-
dation and in CID of aluminum oxide cluster ions. ALO™
also appears to be favored, partly because it is a stable prod-
uct, but also because for an oxide, it has a low IP (7.7 eV
compared to 9.5 eV for AIO*).?6 Reactions (6b) and (6c)
[(7a) and (8a)] can be thought of as reaction (6a) in which
the ALLO (ALO™) product fragments are due to excess in-
ternal energy.

Al™ production is also a major channel at low collision
energies. The fact that its threshold behavior is similar to
that of the ALLO* channel suggests that the primary source
of Al* at low energies is oxidative fragmentation (7a) and
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(7b). Unlike AL,O%, the Al* cross section remains high as
collision energy is increased, partly because of fragmenta-
tion of larger oxidation product ions such as ALLO™, and
partly from nonreactive CID (7c). Al™ is the dominant
product in CID of the tetramer ion with inert targets as
well.!

ALt can form via exoergic oxidative processes and also
via CID at collision energies above 2.55 eV. The threshold
behavior for this channel is similar to that of Al™ and
ALO™, suggesting that at low energies all three products
result from the oxidative fragmentation mechanism. As with
Al™, the Al;" cross section remains large at high collision
energies due to CID and to fragmentation of AL,O* prod-
ucts.

The only product channel with significantly different
threshold behavior is Al;". This product can form via CID
(9b) only at collision energies above 2 eV, thus the low ener-
gy component must be due to reaction (9a) which is our
proposed aluminum atom abstraction mechanism.

For the larger reagent cluster ions the basic trends con-
tinue. In each case there are a number of product channels
which have similar threshold behavior, suggesting that a
common mechanism is involved. These we classify as oxida-
tive fragmentation. Cross sections for oxide products such as
Al O™ fall off at high collision energies, while cross sections
for products such as Al*, AL, etc., remain high because
additional channels such as CID and fragmentation of larger
oxidation products turn on at high energies.

In each case the aluminum atom abstraction reaction

ALY +0,-Al" | + AlO,

is observed with a threshold significantly higher than seen
for the oxidative fragmentation channels, but well below the
threshold for CID. At high collision energies CID appears to
account for ~50% of the product signal.

For reagent cluster ions larger than Al;" there are prod-
uct channels which are not clearly assigned to one of the
mechanisms proposed above. For example, in the case of
Al;", the Al*, AL, and Al;" channels are dominant and
clearly have identical threshold behavior (“‘oxidative frag-
mentation”), while the Al;" channel has a higher threshold
(““abstraction”). ALLO™, Al;", and AL are minor channels
which have much broader, ill defined thresholds which ap-
pear to lie between the two extremes. The origin of these
products is unclear, but probably involves a combination of
oxidation at low collision energies and CID at high energies.
That our oversimplified model fails to explain details at this
level is not surprising.

B. Reaction with N,O

There are several properties of N,O which might be ex-
pected to result in different chemistry with aluminum clus-
ter ions as compared with O,. There is obviously the possibil-
ity of reactions to form nitrides or nitrosyl products. No
nitrogen containing product ions were observed in these ex-
periments, and in a separate study®® we found that small
aluminum cluster ions do not react appreciably with N, ex-
cept by simple CID. It appears that in reaction with alumi-
num cluster ions, N,O is essentially a carrier for an oxygen

atom. For oxidation reactions, the single O atom in N,O
results in lower exothermicity; 3-7 eV compared to 5-10 eV
for O,. This is still large compared to the bond energies in the
cluster ions.

The electronic ground state of N,O is closed shell
('=*)¥™ while O, is abiradical (*Z," ).” The dissociation
energies of N,O to ground state products [D(N,-O) =1.7
eV; D(N-NO) =4.93 eV ]?” are both smaller than that of O,
(5.115 €V),” however, the lowest dissociation channel (to
O *P) is spin forbidden. The energy for dissociation to N,
and O 'D (~3.66 eV) is still less than the O, bond energy. It
seems likely that in reactions with the aluminum cluster
ions, spin restrictions will be relaxed, allowing formation of
products correlating to O *P. Even if this is not the case, most
oxidation reactions are still exoergic.

Our data is consistent with a reaction mechanism for
N,O in which the same four basic processes are important
that were proposed to explain the O, results.

1. Oxidative fragmentation

As for O,, the main chemistry appears to be oxidation
followed by fragmentation of the oxidized cluster ion to yield
a distribution of product ions. The oxidation reactions have
collision energy thresholds for all size reagent cluster ions
(including the dimer). For a given reagent cluster size, the
threshold behavior of the different oxidation product chan-
nels is similar. It seems likely that the origin of the thresholds
is again (at least formally) the energy required to dissociate
the oxidizer (N,O). The product distributions are dominat-
ed by bare aluminum fragments (Al ). That these are not
entirely due to CID is clear from comparison of the thresh-
olds and branching ratios with those found for CID with
Xe,! Ar,’ or N,.3°

2. Collision induced dissociation

At high collision energies, nonreactive fragmentation of
the weakly bound reagent cluster ions is important. From
comparison of product distributions as a function of colli-
sion energy with those obtained using inert targets'> we esti-
mate that CID accounts for ~50% of the observed frag-
ments. CID of the N,O without fragmentation of the cluster
ion is also likely, however, we are not sensitive to processes
where the ion mass is invariant.

3. Aluminum atom abstraction

Reaction to produce Al," | proceeds by a mechanism
with different threshold behavior than that of the oxidation
channels (Fig. 7). As in the case of O, we propose that this
reaction may be thought of as a process in which N,O col-
lides with the cluster, and abstracts a single atom. For N0,
unlike O,, it is also possible for oxidative fragmentation to
produce the n — 1 fragment ion; this produces a low energy
tail extending down to the oxidative fragmentation thresh-
old (see Al," channel in Fig. 7).

4. Molecular adsorption

Since N,O is a singlet, the interaction energy of the in-
tact molecule with aluminum cluster ions is expected to be
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smaller than in the case of O,. Thus although there is prob-
ably a reasonably large Al,-N,O binding energy, exchange
reactions such as reaction (5e) are not observed for N,O.

To show how the experimental data has lead to the pro-
posed model, we again examine the individual reactions in
some detail. Energies are given in eV, and negative values
denote exoergic channels. Where the thermoche-
mistry>>2"3! is known, we give the reaction energy first as-
suming spin exchange allows formation of products correlat-
ing to O (°P), followed by the energy assuming only O ('D)
is involved.

For the reaction of the dimer ion with N,O, the three
observed channels are

Al;" +N,0-ALO* +N, (—6.6), (10)
Al7 + N,O-AI*" +AIO+ N, (—27; 4+0.2),
(11a)
ALY + N,0-Al" + A1+ N,O (+409), (11b)
Al;" + N,0-AIO* + A1+ N, (+0.8). (12)

The first two reactions are observed to have similar thresh-
old behavior, suggesting that both result from exoergic oxi-
dation at low energies. The observation that ALLO™ is a mi-
nor oxidation product despite the fact that it is energetically
most favorable, suggests that little of the reaction exoergicity
is partitioned to the N, product, making it unlikely that
AL, O™ can be formed which is stable with respect to disso-
ciation to Al™ + AlO [reaction (i11a)] or AIO™ + Al [re-
action (12)]. At high collision energies the branching ratios
suggest that Al* production via CID (11b) is a major chan-
nel.

All three products observed in reaction of Al;" with
N,O can be produced by exoergic reactions:

Al +N,0-Al* +N,+ALO (—-72), (13a)
ALY +N,0-Al" + N, 4+ AlIO+ Al (-1.5),
(13b)
Al + N,O-AlF + N, +AlIO  ( —2.4/—0.3),
(14)

Within experimental error, all three channels have identical
threshold behavior, indicating that a common oxidative
fragmentation mechanism is responsible. Unlike the larger
clusters, there does not appear to be anything special about
the threshold for the Al (dimer) channel to suggest an
abstraction mechanism, however, this may simply reflect a
dominant contribution to the Al;" signal from the oxidation
reaction. The large branching ratio for Al,O* at low ener-
gies (unlike the situation for reaction of Al,* ) presumably
results from there being three products to absorb the reac-
tion exoergicity. Above 2 eV the A1,O* channel drops off as
decomposition to smaller fragments becomes more likely. At
energies above 1 eV, CID to produce both Al* and Al is
possible, and the branching ratios suggest that ~ 60% of the
signal at 10 eV is CID.

Reactions of all the larger cluster ions are quite similar.
The ionic products consist of broad distributions of pure
aluminum cluster fragments, with no oxide ion products. All

observed products can be formed via exoergic reactions, yet
all channels have collision energy thresholds. For each rea-
gent cluster ion there is a set of product channels having
identical threshold behavior suggesting they all result from a
common mechanism (oxidative fragmentation). In most
cases the Al | channel has a distinctly higher threshold
which we attribute to an abstraction reaction although there
may be a low energy tail due to oxidative fragmentation.
Collision induced dissociation of the reagent cluster ion con-
tributes to all the product channels at high collision energies.

A noticeable trend in the reactions is the progressively
larger branching ratio for production of Al;_, ( + ALO)
as cluster size increases. This is consistent with the observa-
tion by Jarrold et al.® that loss of two Al,O molecules is the
preferred channel for reaction of large aluminum cluster
ions with O,, and again points to the similarity in oxidation
mechanisms for O, and N,O. The reason there is not a strong
propensity for Al,}_, production in reactions of small Al
with O,, is simply that the small clusters cannot dissipate the
reaction exoergicity and undergo more extensive fragmenta-
tion.

C. Oxidation thresholds

In a beam-gas experiment like ours, both the ion beam
energy distribution and thermal motion of the target gas
cause a spread about the nominal collision energy, and this
distorts the experimental threshold behavior. In our experi-
ments the ion beam energy spread is 0.25 eV FWHM, and
the neutral gas temperature is ~350 K. In the threshold
region, the collision energy broadening (which depends on
reagent cluster size) is mainly due to ion beam spread and
has FWHM of ~0.35 eV. We can correct the data for this
broadening and estimate “true” threshold energies using a
conventional deconvolution procedure discussed in detail
previously.'?* Essentially we guess the energy dependence
of the true cross section, convolute with the known broaden-
ing functions, compare to experiment, and iterate until we
get good agreement. This procedure is straightforward for
reactions with experimental thresholds within the accessible
collision energy range (i.e.,, »0.15 eV). We have not at-
tempted to extract the threshold dependence for reactions
where experimental cross sections are still substantial at our
lowest energy, since the procedure would require an extra-
polation which is quite dependent on choice of the model
threshold law. The best fit deconvoluted thresholds are giv-
en in Tables III and IV. The error limits quoted for the
threshold energies have been derived from the range of trial
cross section functions which yield acceptable fits to the
data. These absolute error limits are quite large, thus the
numerical values quoted serve mainly to show the magni-
tude of the reaction barriers. In drawing conclusions regard-
ing relative barrier heights or reaction mechanisms, we have
relied solely on the trends in threshold behavior of the raw
data, not on the results of deconvolution.

An artifact that can affect collision energy thresholds is
the kinetic shift. The idea is that product signal will not be
observed unless the excess energy (and thus the fragmenta-
tion rate of the oxidized intermediate complex) is high
enough to result in fragmentation within the observation
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TABLE II1. Threshold energies (in eV) for Al + O,—Al,O,'.
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Product channel
Parent
cluster Al AlO* Alt ALO™ Al AlLO* Alt AlS Alf Al ALOY ALY
Al* 3.65+0.14
Al N.T.® <0.25 - N.T.
Al <0.25 UMs <0.25 <0.25 ‘e N.O.
AlY <0.25 N.O.2 <0.25 <0.25 <0.25 N.O. e
Al <0.25 N.O. <0.25 <0.25 <0.25 N.O. 052+0.07
Alf <0.25 N.O. <0.25 <0.25 <0.25 N.O. 0454005 1.35+0.13
Al 0.25 +0.07 N.O. 0.25+0.07 0.654+0.13 025+0.07 N.O. 0.65+013 145+0.13 24+0.15 N.O.
Alg" <0.25 N.O. <0.25 0.45 +0.25 <0.25 UM. <0.25 0.50+0.25 0.80+0.10 UM. UM.
Al <0.25 N.O. <0.25 0.36 + 0.10 <0.25 <0.25 <0.25 <0.25 0.55+0.07 <025 <025 UM.

2N.O. = Product channel not observed.
®N.T. = No threshold.
¢U.M. = Unable to measure.

time scale ( ~ 100 us). Since we never observe signal at the
Al,Q;" complex mass, we can conclude that fragmentation
is much faster than 100 us, which is not surprising in light of
the high exoergicity of the reactions and the small size of the
clusters. For very large clusters. Jarrold and Bower® have
shown that kinetic shifts may be important.

For reaction with oxygen, the thresholds for the chan-
nels we call oxidative fragmentation are all 0.25 eV or
smaller; really too small to be extracted accurately from our
data. Al;" has the highest oxidation thresholds (Al™*, AL},
and Al;* channels), which are estimated to be right at 0.25
eV. From comparison of the raw cross sections, it is clear
that oxidation of Al;" proceeds with no threshold, then in-
creasing thresholds appear with increasing reagent cluster
ionsize upto Al;" . Assize increases further to eight and nine
atoms, the thresholds decrease. The trends in O, oxidation
thresholds thus appear similar to the observed trends in sta-
bility (CID thresholds) for the reagent cluster ions."? For
N,O reactions the oxidation thresholds range from 0.15 to
0.45 eV, but in this case do not follow any obvious pattern.

The observation of thresholds for aluminum cluster ion
oxidation reactions is somewhat surprising. Exoergic ion—
molecule reactions generally have no activation barriers and
display a characteristic functional form which peaks at low

TABLE 1V. Threshold energies (in eV) for AL" + N,0-Al,0.".

collision energies and decreases as the energy is raised. The
most straightforward explanation for the existence of
thresholds is that there are activation barriers which prevent
reaction at low energies. A related possibility which may
explain why some of the channels have reduced but nonzero
cross sections at low energies, is that the potential surfaces
for the reactions may be restricted at low energies (i.e., only
collisions which attain a narrow range of critical geometries
can react with no barrier) but then the surfaces open up as
the available energy increases. For reactions of N,O and for
O, reactions with the larger cluster ions, our data suggests
real barriers must exist. For the reactions of small clusters
with O,, where experimental thresholds are not observed,
either the barriers must be small (tens of meV) or we are
simply observing potential surface bottlenecks.

The physical origin of the thresholds for these exoergic
reactions is unclear. For reactions with either O, or N, O, it is
necessary to break a relatively strong molecular bond before
oxidation can go to completion. This is obviously a concert-
ed process driven by formation of strong Al-O bonds; still
the molecular dissociation is the most likely source of a bot-
tleneck for oxidation. Breaking the N,—O bond (1.7 or 3.66
eV)?’ requires less energy than for O, (5.116 eV?), yet
thresholds for oxidation by N,O are higher than the analo-

Product channel
Parent
cluster Al* AlO* Al ALO" Al AlF Aly Al AlS ALt
Al* . 0.75 +0.15
Al 0.15+0.22 UM.? e 0.15+0.21
AlY 0.45 4 0.19 N.O:* 0454014 045+0.14
Al} 0.25 +0.21 N.O. 0254021 025+0.21 0.8+0.2
AlS 0.40 4 0.15 N.O. 0.40 4+ 0.15 N.O. 05402 1.2 +0.55 -
Al 0.20 + 0.29 N.O. 0.35+0.14 N.O. 0.2040.09 0.20+0.18 0.80 4+ 0.44
Al 0.40 + 0.07 N.O. UM. N.O. 1.0+ 04 0.40 + 0.29 <0.25 UM. e
Al 0.35+40.13 N.O. N.O. N.O. N.O. 0.704+020 0354028 0354008 UM e
Al <0.25 N.O. N.O. N.O. N.O. N.O. 1.40 4+ 0.20 07402 <0.25 UM.

2N.O. = Product channel not observed.
®U.M. = Unable to measure.
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gous O, thresholds. This is reasonable because the driving
force for dissociating O, is stronger. O, with two unpaired
electrons should bind strongly to aluminum clusters, and as
the O atoms separate both atoms can form strong bonds to
aluminum atoms. Singlet N,O should bind weakly to the
cluster ions, and since N, is nonreactive, only Al-O binding
of one oxygen atom drives the dissociation.

There are a number of other possible sources for oxida-
tion thresholds, including barriers for insertion of the oxi-
dizer into the cluster, and energy required for electronic con-
figuration changes. These seem less likely than dissociation
barriers because the experimental thresholds do not corre-
late with trends in cluster stabilities and even/odd electronic
structure as would be expected for these mechanisms. 4b
initio investigation of the interaction of O, and N,O with
small aluminum cluster ions should be feasible, and would
be of great interest in understanding the oxidation process.

D. Cluster ion size effects

To complete the discussion of the oxidation chemistry
of aluminum cluster ions, it is interesting to examine how the
various reaction parameters depend on cluster size. Total
reactivity is an obvious property to examine, but it is not
clear at which collision energies reactivities should be com-
pared. The neutral cluster work of Cox et al.” was done at
thermal energies, while Jarrold and Bower’s® experiments
with aluminum cluster ions were carried out at two collision
energies, 1.2 and 4.2 ¢V. In Fig. 8 we plot total reactivities at
several energies including 1.0 and 4 eV. For reaction with
oxygen, the trends at 1, 4, and 10 eV are similar. The total
cross sections increase from the dimer to tetramer, decrease
gradually to a local minimum for Al;*, then rise sharply for
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FIG. 8. Total cross sections for Al reacting with O, and N,O at four trans-
lational energies.

Algt and Al". The data at 0.5 eV does not show the increase
with size for the small clusters; this is a result of the increas-
ing reaction thresholds. The fact that Al;" is the least reac-
tive cluster ion is consistent with the finding that it is the
most stable cluster in this size range,' and presumably re-
flects its stable electronic structure. Further evidence of the
special nature of Al;* is the propensity of Al;" to fragment in
high energy collisions with O, to give Al;" (apparently via
CID), and the large branching ratio for the reaction
Alst + N,0- ALY + ALO. The large total cross section
for reaction of Alg" with O, at high collision energies results
from fragmentation to Al* and (presumably) Al, with an
anomalously large cross section. This effect is seen to a much
lesser degree for collisions with N,O.

The agreement between our total cross sections at 1 eV
and those of Jarrold and Bower is quite good both in magni-
tude and trends with cluster size. At4.2 eV they observed the
total cross section to increase sharply with cluster size. We
see relatively little size dependence up to the stable hep-
tamer, then a sharp increase for the eight and nine atom
clusters. The source of the discrepancy is unclear. The ex-
periments are similar in design, but differ in the cluster ion
sources, lower gas cell pressures in our work, and our use of
octapole ion guides to aid product collection. Generally our
branching ratios are in agreement with those of Jarrold and
Bower, thus the disagreement is really in the absolute scale.
The same effect was observed in comparison of aluminum
cluster ion CID studies from both groups. Fortunately, the
conclusions drawn by both groups regarding the reaction
dynamics are mainly derived from branching ratios, oscilla-
tions in properties with size, and in our case, the detailed
collision energy dependence of the reactions. The conclu-
sions drawn about the properties of the cluster ions, and the
chemistry involved in oxidation are quite similar. Our mea-
surements provide more direct and detailed information on
the energetics and reaction dynamics for small clusters,
while they are able to follow the chemistry up to larger clus-
ter sizes.

It is not possible to make direct comparison between our
data and the thermal kinetic work® on neutral aluminum
clusters. It is interesting, however, to note that the trends in
reaction rates observed as a function of neutral cluster size
are similar to what would be expected for reactions of the
cluster ions at thermal collision energies: the dimer ion
should be reactive, while the trimer through heptamer ions
should react very slowly due to the observed bottlenecks.
For the neutral clusters, the rate increases as size increases
from Alg, while for the ions we see the barriers begin to drop
for Al;" and Al;*.

As reagent cluster ion size increases we observe a sharp
drop in the branching ratio to produce oxide ion products.
We attribute this to the fact that the oxide fragments have
higher ionization potentials than the pure aluminum frag-
ments; thus the oxide fragments tend to be neutral. For the
small clusters, the number of fragments produced must be
small, thus for O, there is a high probability that ionic oxide
products will be observed. As the cluster size increases, the
probability of producing three or more fragments or large
fragments containing both O atoms increases, leaving at
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least one pure aluminum fragment to carry the charge. Jar-
rold and Bower have observed that for large aluminum clus-
ter ions, no oxides are produced, and the dominant reaction
is

ALY +0,-AlF , +2AL0.

The fact that we observe very few oxide ion products in reac-
tion with N,O simply reflects that with a single O atom,
there is always a pure aluminum fragment to carry the
charge.

For the small clusters, the major ionic oxide product is
Al,O™. As cluster size increases we see Al,O™, but if larger
oxide cluster fragments are produced, they must be neutral.
The only real exception to this trend is the large cross section
for the reaction

Al + 0,-AL,0" + ALO.

Whether this reflects stability of Al,O™*, or of Al,O, is un-
clear.

Examination of Figs. 2—4 shows that for all size reagent
clusters the cross section for the reaction

Al 4+ 0,-ALO"

rises to a peak, then decreases as collision energy is in-
creased. For even size reagent cluster ions the Al,O cross
section peaks sharply and is a dominant product at low ener-
gies. For odd size clusters Al,O channel turns on more slow-
ly, peaks at higher collision energies, and has a smaller peak
cross section. The drop in AL,O* formation at high energies
is likely due to formation of internally excited A1,O* prod-
ucts which are unstable with respect to dissociation. The
reason that the internal excitation should oscillate with clus-
ter size is unclear.

ACKNOWLEDGMENTS

We would like to thank Luke Hanley for helpful discus-
sions about the experiments and data analysis. This work is
supported by the U. S. Office of Naval Research under Con-
tract No. N00014-85-K-0678.

'L. Hanley, S. A. Ruatta, and S. L. Anderson, J. Chem. Phys. 87, 260
(1987).

>M. F. Jarrold, J. E. Bower, and J. S. Kraus, J. Chem. Phys. 86, 3876
(1987).

3M. Y. Chou and M. L. Cohen, Phys. Lett. A 113, 420 (1986).

“M. F. Jarrold and J. E. Bower, J. Chem. Phys. 87, 1610 (1987).
*L.Hanley, S. A. Ruatta, and S. L. Anderson, in The Physics and Chemistry
of Small Clusters, edited by P. Jena (Plenum, New York, 1987), p. 781.
%S. A Ruatta, L. Hanley, and S. L. Anderson, Chem. Phys. Lett. 137, 5

(1987).

M. F. Jarrold and J. E. Bower, J. Chem. Phys. 85, 5373 (1986).

8M. F. Jarrold and J. E. Bower, J. Chem. Phys. 87, 5728 (1987).

°D. M. Cox, D. J. Trevor, R. L. Whetten, and A. Kaldor, J. Phys. Chem.
92, 421 (1988).

191, P. Batra and L. Kleinman, J. Electron. Spectrosc. Relat. Phenom. 33,
175 (1984).

"'R. Z. Bachrach, G. V. Hansson, and R. S. Bauer, Surf. Sci. 109, L560
(1981).

12J. E. Crowell, J. G. Chen, and J. T. Yates, Jr., Surf. Sci. 165, 37 (1986).

3A. Hoffman, Ts. Maniv, and M. Folman, Surf. Sci. 182, 57 (1987).

“D. D. Eley and P. R. Wilkinson, Proc. R. Soc. London Ser. A 254, 327
(1960).

'5G. L. Hunt and I. M. Ritchie, J. Chem. Soc. Faraday Trans. 68, 1423
(1972).

163, R. Pitts, T. P. Massopust, A. W. Czanderna, and L. L. Kazmerski, J.
Vac. Sci. Technol. A 4, 241 (1986).

17J. R. Pitts (private communication, 1988).

'*T. H. Upton, Phys. Rev. Lett. 56, 2168 (1986).

'“T. H. Upton, J. Chem. Phys. 86, 7054 (1987).

*°C. W. Bauschlicher, Jr. and L. G. M. Pettersson, J. Chem. Phys. 87, 2198
(1987).

?IL. G. M. Pettersson, C. W. Bauschlicher, Jr., and T. Halicioglu, J. Chem.
Phys. 87, 2205 (1987).

**The formula given in Ref. 1 for calculating cross sections has a typogra-
phical error. The factor n-L shown in the numerator should be in the
denominator. This does not affect the results or conclusions in Ref. 1.

23M. E. Weber, J. L. Elkind, and P. B. Armentrout, J. Chem. Phys. 84, 1521
(1986).

24K. M. Ervin and P. B. Armentrout, J. Chem. Phys. 83, 166 (1985).

K. P. Huber and G. Herzberg, Constants of Diatomic Molecules (Van
Nostrand, New York, 1979).

26H. M. Rosenstock, K. Draxi, B. W. Steiner, and J. T. Herron, J. Phys.
Chem. Ref. Data. 6, Supp. No. 1 (1977).

*"There is some disagreement in the literature regarding the dissociation
energies of N,O. The references and values are listed below; we took
D(NN-0) = 1.7eV and D(N-NO) = 4.9¢V. (a) G. Herzberg, Molecu-
lar Spectra and Molecular Structure Vol. III (Van Nostrand, New York,
1966); D(NN-O) = 1.677eV, D(N-NO) = 4.930¢V. (b) B. G. Reuben
and J. W. Linnett, Trans. Faraday Soc. 55, 1543 (1959); D(NN-
0) = 1.71 eV. (c¢) J. Breulet and J. Lievin, Theor. Chim. Acta(Berlin)
61, 59 (1982); D(NN-O) = 1.82 eV. The energies given here are for dis-
sociation to N, + O(®P). The energy of the spin allowed process produc-
ing O ('D) is 1.98 eV larger.

28] A. Rutherford and D. A. Vroom, J. Chem. Phys. 65, 4445 (1976).

*°Estimated from Fig. 3 in J. Schamps, Chem. Phys. 2, 352 (1973).

39S. A. Ruatta and S. L. Anderson (unpublished results).

3']. Drowart, G. DeMaria, R. P. Burns, and M. G. Inghram, J. Chem. Phys.
32, 1366 (1960).

32D, M. Cox, D. J. Trevor, R. L. Whetten, E. A. Rohlfing, and A. Kaldor, J.
Chem. Phys. 84, 4651 (1986).

33C. Lifshitz, R. L. C. Wu, T. O. Tiernan, and D. T. Terwilliger, J. Chem.
Phys. 68, 247 (1978).

J. Chem. Phys., Vol. 89, No. 1, 1 July 1988



