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Oxidation of small boron cluster ions (B} ,,) by oxygen
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3400
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Absolute cross sections for all ionic products formed in reactions of B;",; with oxygen have
been measured under single collision conditions, at collision energies from 0.25 to 10 eV. Three
main reaction mechanisms appear to be important: oxidative fragmentation, collision induced
dissociation, and boron atom abstraction. The dominant oxidation process are exoergic for all
cluster sizes, but appear to have bottlenecks or activation barriers for the larger cluster ions.
Clusters smaller than B¢ have similar chemistry, then there is a sharp transition in chemistry
for clusters larger than B". Correlations are explored between cluster reactivity and cluster
stability, and the oxidation chemistry is compared to the similar results found for aluminum

cluster ion oxidation.

I. INTRODUCTION

Motivated by interest in the fundamental physics and
chemistry of metal clusters, by applicability of cluster stud-
ies to understanding surface processes, and by the presence
of small metal clusters in dispersed catalysts,'> much effort
has gone into the study of metal and semiconductor cluster
chemistry.>-!” In attempting to relate observed features of
cluster chemistry to the underlying electronic, geometrical,
and bonding properties of the clusters, it is quite advanta-
geous to work with systems for which high level theory is
feasible. While this is true for any detailed chemical studies,
it is particularly true for clusters, where little is typically
known from experiment regarding the physical properties of
the reagent clusters. Boron is a logical element to study, and
we have undertaken a series of experimental and theoreti-
cal'®!? studies of thermalized, size selected boron cluster
ions.

In this paper, we examine the reactions of thermalized,
size selected B;*,; with O, under single collision conditions
using the cluster ion beam technique. Collision energies are
varied from 0.25 to 10.0 eV in the center-of-mass frame and
cross sections for all ionic products are reported. The results
suggest that the cluster interactions with O, can be explained
by three distinct mechanisms; oxidative fragmentation, B
atom abstraction, and collision induced dissociation (CID).
Observation of collision energy thresholds for oxidation of
the larger clusters suggests the existence of barriers to reac-
tion.

There are several current or potential technological ap-
plications for boron-rich materials. Solid boron’s high
strength/weight and stiffness/weight ratios have made bo-
ron composites important structural materials.’>>* Boron-
rich solids have properties which make them likely candi-
dates for new high temperature semiconductors.’® In
addition, the combination of large Seebeck coefficient
(> 150 uV/K),?*?3 reasonable electrical conductivity, low
thermal conductivity, and high melting point suggests use in
efficient thermoelectric applications.

The unusual structural, chemical, and electronic prop-
erties of boron-rich solids result from boron’s small size and
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electron deficiency, which causes it to crystallize in unique
lattices consisting of strongly bound B,, icosahedra strongly
connected together in a variety of ways.’®** A ubiquitous
characteristic of boron rich compounds is the importance of
delocalized, multicenter bonding.2%?>25-?" It is interesting to
consider the development of this unusual bonding arrange-
ment in clusters, where we might expect size dependent ef-
fects quite different from those observed in metal systems
which are less strongly and directionally bound.

An application which has motivated a large research
effort in boron chemistry,?>?’ is the possible use of boron in
fuels. A combination of high heat of combustion, low atomic
weight, and reasonable density makes boron a particularly
high energy density material on both a volume and weight
basis.”®! The homogeneous chemistry involved in boron
oxidation has been studied by a variety of kinetic techniques.
Davidovits et al.**** studied B atom beam reactions with O,
(and other oxidizers) to form ground state and electronical-
ly excited BO. They estimate the cross section for this exo-
thermic (by — 3.2 eV) reaction tobe 5.2 Aat 300 K. Green
and Gole** used chemiluminescence to observe the produc-
tion of electronically excited BO from the same reaction.
Both studies were performed under multiple collision condi-
tions, with B atoms in their ground electronic state. Heats of
formation and other thermochemical data for small boron
oxides have been measured®*>~>® and are used below in deter-
mining reaction exothermicities. Recently, Oldenborg and
Baughcum®® have developed a technique involving laser
photolysis to generate B atoms, and laser induced fluores-
cence to detect products, and have measured rate constants
for several reactions of interest in combustion. Thereis alsoa
sizable literature pertaining to the overall phenomenology of
boron combustion.?®!

Because boron is so refractory, its oxidation involves a
number of heterogeneous processes which are poorly under-
stood. As discussed below, oxidation of boron films has been
studied under high vacuum conditions,’® but we are
unaware of any detailed kinetics for heterogeneous chemis-
try of boron and boron oxides. Part of the motivation for our
work is the idea that our cluster ion beam technique can be
used to experimentlly “model” some of this chemistry. As
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discussed below, we are able to study cluster ion—-molecule
reactions over a wide range of energies, obtaining absolute
cross sections and considerable insight into the thermo-
chemistry and mechanisms for oxidation. The cluster ions
we discuss here are too small to be good paradigms for mac-
roscopic boron particles, but the results form a basis for on-
going work with much larger clusters.

Since computation time in most ab initio methods scales
as n° or n* (where n is the total number of electrons) boron
with five electrons is ideally suited to such calculations and
consequently, boron clusters,*"*’ and boron containing
compounds?>?6*#-5% have been the subject of many theoreti-
cal studies. Of particular relevance to the work reported here
is a set of SCF-CI calculations we have done for B, yield-
ing geometries, charge distributions, ionization potentials,
bonding, and electronic structures. '®

We have not found any studies in the literature of B* or
B, chemistry with oxygen. There are also no reports of neu-
tral gas phase boron oxidation (except B atom) in which it is
possible to distinguish the size of the reacting species. Gole
and co-workers have succeeded in producing small boron
clusters from an oven source, and have examined the chemi-
luminescence resulting from oxidation of the clusters.'* We
have reported a detailed study of B,!,; fragmentation in
collisions with xenon. From this collision induced dissocia-
tion (CID) data, and comparison of the CID data with our
SCF-CI calculations, we have been able to derive cluster sta-
bilities, ionization potentials, and qualitative geometries.'®
These have proven quite useful in interpreting the chemistry
reported here. Doyle has recently reported a CID*' study of
B,O," clusters. His results were interpreted in terms of
structures for the oxide clusters in which alternating boron
and oxygen atoms form networks. These are quite different
from the structures we obtain for the bare boron clusters.

The results of boron cluster ion oxidation can be com-
pared with the oxidation of aluminum cluster ions, which
has been studied extensively.'®'? Since both elements be-
long to Group IIIB of the Periodic Table, they have similar
valence electronic structures. However, the smaller covalent
radius of boron and its increased s—p hybridization leads to
shorter and stronger chemical bonds in both bulk boron?*-2
and in the boron clusters.'®-!° It will be shown below that
there are many similarities in the energetics and reaction
mechanisms between the oxidation reactions of aluminum
and boron cluster ions.

IIl. EXPERIMENTAL DETAILS

Construction and operation of the ion cluster beam ap-
paratus and the data analysis methods have been described
in detail previously®? and are only summarized here. Boron
cluster ions produced by laser ablation'®'? are injected into a
labyrinthine radio frequency ion trap where they are ther-
malized by several thousand collisions with a helium buffer
gas. The clusters ions, with internal and translational tem-
peratures of about 400 K, are mass selected by a Wien filter
and focused into a pair of octapole radio frequency ion
guides. The later of these ion guides is surrounded by a statie
gas collision cell which is filled with 10~* Torr of O,. A small
fraction of the boron cluster ions react and all product ions
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and remaining reagent ions are collected by the ion guides,
injected into a quadrupole mass spectrometer, and counted.

Two types of reaction experiments have been run. In the
first experiment, continuous mass scans are run at collision
energies of 0.25, 2.5 and 7.5 eV with an O, cell pressure of
0.30 mTorr to identify the significant product channels. In
the second experiment, cross sections [o(E) ] are measured
for all product channels with o(max)>0.2 A2 (as deter-
mined in the survey runs) at collision energies ranging from
0.25-10.0 eV with the gas cell at 0.10 mTorr of O,. Each
experiment has been run twice, on two separate days to en-
sure reproducibility. Comparision of cross sections at the
two different gas cell pressures indicates that for both pres-
sures, reactions are in the single collsion regime.

For reactions which show collision energy thresholds,
the thresholds are determined by a deconvolution meth-
0d>** which takes into account the Doppler broadening of
the target gas and the translational energy distribution of the
ion beam (0.25 eV lab frame). Absolute errors in these
thresholds are rather large due to the relatively small num-
ber of collision energies examined. The uncertainty in abso-
lute magnitude of the cross sections is on the order of 15%
for reaction channels such as B,O™" or B}, in which the
reagent and product masses are similar. For channels with
large changes in mass (i.e., B- -B™) the cross sections
could be in error by up to a factor of 2, due to mass discrimi-
nation effects in the quadrupole mass spectrometer. Colli-
sion energies are accurate to within 0.15 eV (laboratory
frame).

Ill. RESULTS

The cross section for the reaction B* + 0,-BO* + O
is shown in Fig. 1. Since the ionization potentials and bond
energies*>® for the B atom, O,, and BO are all known, the
thermochemistry of this reaction can be worked out, yield-
ing an endoergicity of 1.4 4+ 0.5 eV. The agreement between
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FIG. 1. Absolute cross section for B* + O, —-BO™ asa function of collision
energy.
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our experimental threshold (1.1 + 0.5 eV) and the thermo-
dynamic value indicates that the reaction occurs on the
ground potential surface with no significant barrier. As ex-
pected for two-body ion—molecule collision, BO,' is not de-
tected since the reaction complex must dissociate in order to
conserve energy.

The cross sections for all major product ions (03>0.2
A?) for reactions of B} + O,, n = 2-13, are plotted as a
function of collision energy in Figs. 2 and 3. Both the colli-
sion energy dependence and product branching are quite
complex, with every reagent cluster yielding at least five
products with different cross section magnitudes and colli-
sion energy behavior. The dominant chemistry changes dra-
matically with cluster size with a sharp division between
clusters smaller and larger than six atoms. The small clusters
react with O, to produce mostly B* and lesser amounts of
B,O*,B,_,0% B,_,,and B,_,0™". The large clusters

from predominantly B, ,, with lesser amounts of
B ,,B} ;,B,_,;0%, and B,O". The intermediate sized
six-atom reagent cluster ion has the most complex product
branching behavior, forming all the products of both the
small and large clusters. The product branching sometimes
changes dramatically with the addition or subtraction of
only one atom to the reagent cluster ion. For example, while
B} forms the B,,_, O* product at low collision energies,
this product is not observed for reactions of B .

The total cross sections (o, ), obtained by summing all
observed products for each reagent cluster ion, are plotted in
Fig. 4. The most obvious feature of the total cross sections is
the change in collision energy dependence. Reactivity for the
small clusters peaks at low energies, while the large cluster
ions are relatively unreactive until the collision energy is
raised. The low energy reactivity drops smoothly with in-
creasing cluster size, with the exception of B;- and B

J. Chem. Phys., Vol. 89, No. 5, 1 September 1988
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which appear anomalously unreactive. At high collision en-
ergies o, varies approimately as the cluster ion physical
size.

The cross section for O atom addition to the intact rea-
gent cluster ions is plotted as a function of collision energy in
Fig. 5. Except for a sharp rise at B}, o(B, O*) decreases
gradually as the cluster size increases. The collision energy
dependence of B, O™ production changes dramatically with
cluster size. For the larger clusters, there are collision energy
thresholds for B, O* formation, while for the smaller clus-
ters there are none.

Cross sections as a function of collision energy for the
reaction B + 0,-B,_,0"; n=7,8,9, 11, and 12 are
plotted in Fig. 6. For the large clusters, this BO loss process
is a minor channel but has a collision energy dependence
opposite to that of the major product channels. The drop in
cross section with increasing collision energy is more rapid
than E ~%° and may be due to competition with the domi-

nant channels. Extrapolation of these cross sections to lower
collision energy suggests that B, _,O* formation may
dominate over the other reaction products at thermal colli-
sion energies (~0.03 eV) for these size clusters. The
B, _,O* + BO channel is not observed at all in reactions of
B, or B/ For clusters smaller than seven atoms, B, _,O*
production is observed with cross sections that decrease with
increasing collision energy more gradually, as can be seen in
Fig. 2.

In Fig. 7, the product branching to ionic oxides and bare
boron fragment ions at 0.25 and 5.0 eV collision energy is
plotted. Regardless of collision energy cluster size, bare bo-
ron fragment ions are formed in larger quantities than the
ionic oxides. For the small clusters, bare boron formation is
mostly B*. Starting at B;*, B,"_, begins to appear until by
B;+, itis the largest component of the bare boron fraction. At
0.5 eV, B,_, is the second largest bare boron fragment for
all cluster sizes. Oxide formation is most favored at 0.25 eV,

J. Chem. Phys., Vol. 89, No. 5, 1 September 1988
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FIG. 4. Total cross section (g, ) for reaction of B;!,; with O, as a function
of collision energy.

but rarely composes more than one third of 0,,. B,O" is
almost always less than 10% of o,,, at either collision ener-
gy. For the larger clusters, the oxide formation is dominated
by B, _, O™ at lower collision energies while B,O* domi-
nates at the higher collision energies.

Table I gives the collsion energy thresholds for all major
product channels, as obtained by deconvolution of the ex-
perimental data. Product channels which do not have
thresholds are noted in Table I by “N.T.” (no threshold).
Thresholds to product formation are only observed for the
larger clusters. For B ,; the product ions appear in the

20 F ]
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1.0 b i
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FIG. 5. Cross sections for B,,; + O,—B,0™ as a function of collision en-
ergy.

following order with increasing collision energy: B, _,0™;

53 B, 5, and B, O™ with roughly the same threshold,
and finally B,}_ ,. For the smaller clusters, since none of the
product channels have thresholds to reaction, it is difficult to
assign an ordering of product ions with increasing collision
energy.

IV. DISCUSSION
A. Thermochemistry

Before contemplating the mechanisms involved in bo-
ron cluster ion oxidation, it is necessary to understand the

J. Chem. Phys., Vol. 89, No. 5, 1 September 1988
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FIG. 6. Cross section for B} + 0,-B,_,0* forn=7,8,9,11,12asa
function of collision energy.

energetics. Using thermochemical data from the litera-
ture®>3® and standard thermodynamic cycles, we can esti-
mate much of the relevent thermochemistry. The B} + O,
reactions can be broken down into the elementary steps of B~
B bond cleavage, O, dissociation, and B-O bond formation.
Energies for complete dissociation of the following com-
pounds into atoms are known: 5.116 4 0.001 eV for O,;
8.4 4+ 0.1eV for BO;21.3 + 0.2 eV for B,O,; 132 + 1.2 eV
for B,O; and 13.9 + 0.2 eV for BO,. Collision energy thresh-
olds or appearance potentials (APs) for the processes

Bf-B . ,+B
and
B, -B*+B,_,

have been measured in our laboratory by collision induced
dissociation (CID), and we assume that the measured APs
are upper bounds on the fragmentation energies, as dis-
cussed in detail previously.'® > From the measured single
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atom loss APs, energies for the loss of two or three atoms can
be calculated by assuming sequeritial atom loss. The boron
cluster ion dissociation energies derived from CID are given
in Table II along with estimates of the errors.

TABLE L. Collision energy dependencies and appearance potentials (eV) of all major products from boron cluster ion oxidation.

Product channel
Parent
Cluster B+ B}, B}, B, , B,0* B,_,0" B,_,0"
B;t N.T.? SRR N.T. N.T. cee
B;* N.T. N.T. T N.T. N.T. N.T.
B, N.T. N.T. N.T. s N.T. N.O.c N.T.
B, N.T. <0.25 N.T. ~3.0 N.T. N.T. N.T.
B N.T. <0.25 N.T. ~1.0 N.T. N.T. N.T.
B;" N.T. N.T. N.T. ~3.0 04+04 N.T. N.T.
B; <0.25 1.94+0.7¢ <0.25 <0.25 N.T. N.T. N.O.
B,;" ~3.0 N.T. N.T. 1.54+0.7 <0.25 N.T. N.O.
B N.O. 1.9+0.7 <0.25 0.84+0.7 0.7+05 N.O. N.O.
B N.O. 2.84+0.7 <0.25 1.34+0.7 1.7 4+ 0.7 N.T. N.O.
B3 N.O. 28407 <0.25 1.340.7 09+0.7 N.T. N.O
B3 N.O. 37407 1.94+0.7 24+07 1.940.7 N.O. N.O.

®Denotes product channel which is observed but does not have a collision energy threshold.

bDenotes that product can not exist, or is listed under another column.
¢ Denotes product channel not observed.

4Errors in appearance potentials are relative only. Absolute etrors are larger by ~0.5 eV.

J. Chem. Phys., Vol. 89, No. 5, 1 September 1988
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Parent

cluster B,-B*+B,_, BB} ,+B B -B;} ,+2B B} -B;}_,+3B B,0O*-B} 4+0
B; 0.8 406 0.8+ 0.6 v 65+15
B; 23406 43407 23406 Ce 06+ 1.5
B, 24406 80+ 1.5 123 +2.7 24+06 54+ 1.5
B; 3.64+0.6 7.140.6 1514+ 2.6 194 + 3.3 53+ 15
B 32407 27406 98+ 1.2 17.8 +3.2 52415
B; 48405 55407 82413 153+ 1.9 4.7+ 0.9
Bg 6.2+ 0.7 4.2+ 0.5 9.7+4+12 1244+ 1.8 52415
Bs" 43407 40405 824+ 10 13.7+ 1.7 48408
B 5.6+ 1.0 54405 944 1.0 13.6 + 1.5 44410
B 6.54+0.8 5.64+0.8 11.0+ 1.3 150+ 1.8 34412
B . 70+ 1.5 5540.5 11.1+1.3 16.5+ 1.8 47412
B 7.8 409 80+ 1.5 11.04 1.5 19.1+2.8 32412

Since the oxygen reactions reported here were carried
out under conditions nearly identical to those used in our
CID work,'®'® we can directly compare the cross sections
and product distributions. This comparison allows us to esti-
mate what fraction of the bare boron fragment ions (which
dominate the product branching for interaction of B} with
0,) are due to oxidative mechanisms as opposed to simple
CID. The conclusion is that at low energies, oxidation reac-
tions account for all of the product channels. Even at high
collision energies (well above the CID thresholds) oxidation
chemistry dominates. For example, production of B _,
(the major channel) from the larger clusters is entirely
chemical since even at 10 eV, this CID channel is insignifi-
cant. CID does play some role in the interaction of boron
cluster ions with O, at high energies. For example, at 10 eV
roughly 50% of the B* and B,}_, channels appears to be the
result of CID. '

To estimate the thermochemistry for reactions in which
cluster oxide ions are formed, we also need the binding ener-
gies of oxygen atoms to different size boron clusterions [B,, -

O™ ]. There are no measurements of these, nor are we aware
of any experimental determination of boron surface-O bind-
ing energies. Oxygen has been observed to chemisorb readily
on clean boron films, which sets a lower limit of ~2.5 eV per
B-O bond, and simple bonding rule arguments have been
used to propose a surface bond strength of ~ 6.8 eV*® which
seems more reasonable in light of the large bond energies in
boron oxides.

For the cluster ions, we can calculate a lower limit on
the [B,-O]™ bond strengths from our data for the reaction
B, +0,-B,0% + O, given in Fig. 5. For small boror
cluster ions the cross sections have a collision energy depen-
dence indicating that the reaction is exoergic, and thus that
the [B,-O] ™ bond is stronger than the O, bond (5.1 eV).
Asreagent cluster size increases, the magnitudes of the cross
sections at low collision energy decreases, and beginning
with B;* we see thresholds for the reaction. If we assume
that the thresholds are due to the endoergicity of the reac-
tions (i.e., no barriers), then the threshold energy is simply
the difference in energy between the O-O and [B,-O1*

TABLE III. Thermochemistry (in eV) for the major oxidation product ions and the most likely neutral products.

Products
Parent
cluster B, 0% + Bt + B, , + B, + B, .+ B, ; + B, | + B, ., + B, ,0" +
BO B, ,0, 2BO B,O, B,O + BO B.,O, + B BO, BO+0O B,O
B, —35+4+15 — 79408 s s —79+08 —24407 R
B," —54+24 —138+4+08 —-94408 —13.8+0.8 st <. —44+409 +1.14+0.8 —6.8+27
B! — 12437 —54+26 +06+29 —38429 -—-140+419 —13.74+08 —-07+422 +4.8+2.1 —22454
B," —15423 — 20426 +34+28 — 10428 +3.0+ 4.6 +334+35 —-16+08 +39+07 +1.0+53
B, —58+23 —-22426 —-19+14 —63+14 + 14445 +174+34 —60+08 —0.5+4+0.7 —36+39
B, —324+24 —054+25 —35+15 —79+15 —1.14+3.2 —08+2.1 — 32409 +2240.8 —51+40
B, —37+16 +20+15 -20+4+14 —-64+14 —40+3.1 —374+20 —45+07 +104+06 —35439
B, —44+22 —-09+27 —=-35+12 —-79+12 —27+30 —24+19 —-47+4+07 +0.8+06 —4.5+ 3.1
B} —26+1.5 +12416 —23+12 —-67+12 —28+28 —25+17 ~33+407 +22406 -38+37
B —-20420 +29+18 —-074+15 —51+15 — 14431 —1.1+20 —-31+1.0 +24+409 —1.8+33
B3 —-1.1419 +54+29 —-06+15 —50+1.5 +0.1 +3.1 +04+20 ~32+407 +234+06 -~ 13435
B) +406+29 +46+23 —07+17 ~51+17 +27+41 30£30 —07+17 +48+16 —04+39
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bonds. Somewhat surprisingly, this analysis suggests that
the oxygen atom binding energy decreases with increasing
cluster ion size from B;" to B} . Our estimates based on this
reasoning are summarized in Table II.

Table III lists the estimated thermochemistry, with esti-
mated errors, for all major ionic products of reaction of bo-
ron cluster ions with O,. For many of the product ions there
are several conceivable sets of neutral products. In most
cases we list the energies only for the most exoergic possibili-
ties. For example, in B, formation, we assume that the
dominant neutral products are either 2BO or B,0,, rather
than B,O + O, BO, + B, etc., since the latter channels are
not as energetically favorable. Of course, at high collision
energies it is quite likely that channels involving more frag-
mentation will be important, but these will not affect the
threshold behavior of the cross sections. Especially for the
smaller reagent clusters, formation of the most thermody-
namically stable neutral product (i.e., B;O, from B} ;) is
unlikely if the reaction exoergicity is much larger than the
fragmentation energies of the products. The thermochem-
istry for channels such as B, _; O™ + BO, is based on the
lower limits for the [B,-O]* binding energies given in Ta-
ble IL. If the actual binding energies are higher, the exoergici-
ties of these channels will be greater than our estimates. This
merely reinforces the main point of the thermochemistry—
that for all reagent cluster ions, there are exoergic oxidation
channels.

B. Reaction mechanisms

The oxidation behavior of boron cluster ions can be
rather neatly divided into chemistry observed for clusters
smaller than six atoms, and the quite distinct chemistry ob-
served for boron cluster ions larger than six atoms. We will
therefore discuss small and large cluster reactivity separate-
ly, using B;" and B}, as typical examples of the two classes
of clusters. The discussion continues with a section describ-
ing anomalies in the size dependence of the oxidation chem-
istry, a section detailing trends in total reactivity, a discus-
sion of oxidation threshold behavior, and concludes with a
comparison of boron cluster ion oxidation with the analo-
gous chemistry in aluminum cluster ions.

1. Small cluster reactivity

While there are certainly differences in the cross sec-
tions for reaction of B;Y, with O,, both the product branch-
ing ratios and collision energy dependences are quite similar.
All the small cluster ions react primarily to produce B* with
lesser amounts of B, _,, 0" (m =0-2) and B,}_,. Almost
all the reaction channels have collision energy dependences
which suggest that the reactions proceed with no activation
energy. To demonstrate, we will take B;" as typical of the
small boron cluster ions.

The dominant reaction of B;" with O, is B™ production:

B;* + 0,-B* +B,0, (- 14eV), (la)
Bjt +0,-B* +2BO (—9.4¢eV). (1b)

Reaction (1a) is so exoergic that it can be safely concluded
that in nearly all cases the neutral B,O, product fragments,

probably to two BO molecules. Fragmentation to BO, + B
or B,O + O is also possible but less energetically favorable
(—6.5and — 5.8 eV, respectively). B* can also be pro-
duced via simple CID at collision energies above the thresh-
old for this process (2.3 eV for B;* '*). For the small boron
cluster reagent ions, the B atom tends to carry away the
charge because it has a lower IP (8.298 eV>?) than either
B,0, ( ~14eV*) or BO ( ~ 13 eV*). The exoergicity of the
B* production channel decreases with increasing reagent
cluster ion size (Table III), and as might be expected, the
branching ratio for B* production also gradually decreases.
For the larger reagent clusters, it is impossible to determine
the identity of the neutral products associated with B* pro-
duction. At collision energies >5 eV, about 50% of the B* is
from CID.

A secondary reaction channel for B;* is B, _, O™ pro-
duction:

B; +0,-B,0" +BO (-—54¢V). (2)

For all the small clusters this reaction is clearely exoergic
with cross sections that drop off sharply with increasing col-
lision energy. The other possibility for the neutral products
in B,_,O" formation (B + O), is endoergic by ~1 eV,
which rules out this channel except perhaps at high collision
energies.

B;+ also adds an oxygen atom to the intact cluster:

B +0,-B,0* +0 (—09eV). (3)

Observation of this product for all the small (and large)
clusters is somewhat surprising since channels which involve
both O atoms in oxide formation are always much more en-
ergetically favorable. This channel (Fig. 5) is one which
most clearly shows the distinct change in chemistry as clus-
ter size increases above six atoms. All the small boron cluster
ions show substantial B, O formation at low collision ener-
gies, but above B large thresholds are observed. As dis-
cussed above, we have taken this as evidence that the reac-
tion becomes endoergic for the larger cluster ions.

A minor channel which is only observed for B;*, B/,
B¢", and B, reagent cluster ions is B, _,O* production:

B3+ + 02—’B0+ + B20 ( -_ 6-8 eV),
B;* + 0,-BO* +B,+ 0 (—20 eV).

(4a)
(4b)

For the small reagent clusters, the collision energy depen-
dence indicates that this channel is exoergic and proceeds
without significant activation. For B;" both reactions (4a)
and (4b) probably contribute to the signal. For B;* and B!,
reaction (4b) is estimated to be endoergic and cannot con-
tribute at low collision energies. Absence of this channel for
B, is in accord with our thermochemistry which estimates
that it is endoergic.

The fact that boron cluster ion oxidation produces a
wide variety of products, and that the importance of product
channels is correlated well with their exoergicities, suggests
that the dominant reaction mechanism involves fragmenta-
tion of an oxidized intermediate complex. In this oxidative
Jfragmentation' mechanism, O, dissociates in collision with
the cluster ion via a concerted oxidation process driven by
formation of B-O bonds. Assuming average B-O bond ener-
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gy of ~5 eV and two bonds per O atom, we can estimate the
energy released in formation of the oxidized [B,0,] * com-
plex at about 15 eV. The excited complex dissociates to con-
serve energy, losing B, B,,0,, O, or B fragments. The fact
that a large fraction of the products involves loss of frag-
ments containing a single O atom, reinforces the idea that in
most cases, O, dissociates in the oxidation process.

One product channel which may result from a different
mechanism is B, , formation:

B;f + 0,~B;* + BO, (—44 eV), (5a)
B;" + 0,-»B;* +B+0, (+4.3 eV), (5b)
B;if +0,-B; + BO+0 (+ 1.1 eV). (5¢)

Comparison with our cross sections for CID with xenon'®
suggests that at high collision energies, up to 25% of the
B,} , production could be reaction (5b), but this obviously
does not account for B,}_; at low energies, nor does reaction
(5c). Especially for the larger cluster ions, it seems that for
an oxidized complex in which the O atoms are bound to
separate boron atoms, fragmentation to yield BO, [reaction
(5a) ] would be quite unlikely compared to channels such as
reactions (1), (2), or (4). This consideration together with
the observation that the collision energy dependence of the
B, cross sections is somewhat different from that of the
other channels, suggests that perhaps another mechanism is
involved. A possibility is that O, may collide with the cluster
but not dissociate (perhaps due to incorrect geometry), and
simply rebound, abstracting a boron atom in the process. As
discussed below, the analogous abstraction process has been
proposed for reaction of aluminum cluster ions with O,. In
that case the evidence for a different mechanism is stronger
because the abstraction channel has markedly different colli-
sion energy dependence from all the oxidation reactions.

2. Large cluster reactivity

AtB;' thereis a sudden change in the oxidation chemis-
try observed for the cluster ions. The dominant product
channel switches from B* to B, , formation, with lesser
amounts of B,O*, B,_,0™, and B,_,. As with the small
clusters, the thermochemistry of oxidation is quite exoergic,
however as cluster size increases, growing collision energy
thresholds are observed for all but one reaction channel, in-
dicating the existence of barriers or bottlenecks to the oxida-
tion process. B has chemistry quite typical of the large
cluster ions, and will be used as an example. In our discus-
sion, we will concentrate mainly on the chemistry at low
collision energies. For the large cluster ions, CID is signifi-
cant only at energies above 5 eV.

The dominant product channel for large boron cluster
ions is formation:

B +0,-Bj5 +2BO (—0.6 eV), (6a)
B +0,-B} +B,0, (—5.0 eV). (6b)

B}, formation clearly does not result from CID since this
channel is not seen in collisions with xenon at energies below
10 eV.'® Instead, the driving force is formation of oxides. As
shown in Table III, the exoergicity of these reactions de-
creases with increasing cluster size, largely as a result of the

increasing stability of the boron cluster framework.'® For
B;* to B;} the exoergicity is sufficient to make it likely that
reaction (6a) is a significant channel, while for B} to B},
reaction (6b) might be expected to dominate. On the other
hand, dynamics might favor the less exoergic BO elimina-
tion (6a), and this may explain the observation that the
cross section for B}, formation peaks at high collision en-
ergies. Reactions in which the neutral products are
(B,0 + O) or (BO, + B) aretooendoergic (3.0and 2.3 eV,
respectively) to contribute to this product ion at low colli-
sion energies. The B,"_, fragments always carry the charge
in this reaction, because they have lower IPs ( ~ 8 eV'®) than
B,O, (~14eV*) or BO (~13 eV%).

., forms preferentially over B as cluster size in-
creases for several reasons. First, the [B,-O] * bonds in the
larger clusters appear to be weaker (Table IT) which makes
BO and/or B,0, formation the most exoergic channel since
the B-O bond strength is higher in the smaller oxide mole-
cules. In addition, the ionization potentials of small frag-
ments such as B,, B;, and B, are considerably higher than the
IPs of either the boron atom or larger boron fragments.'®3®
Thus oxidation product ion channels like B, are energeti-
cally unfavorable for the small clusters, but quite favorable
for large clusters. For the largest clusters, collision energy
thresholds are observed for B,_, production in at least one
case. The possible origins of these thresholds are discussed
below.

A second product channel which is important for the

large clusters is B,}_ ; formation:
B} + 0,-B;" +B;0, (exoergic?), (7a)
B3} +0,-Bs +B,0+BO (0.1 eV), (7b)
B} +0,-»Bst +B,0,+B (0.4 eV). (7¢c)

The most energetically favorable reaction producing B,!_,
is (7a), which is estimated to be on the order of 7 eV exoer-
gic. The fact that B, is only observed at high collision
energies suggests, however, that reactions (7b) and (7c) are
the major sources of this product ion. The thresholds for
B,}_, formation from the large clusters range from 0.8 to 2.4
eV, which suggests that there are barriers or bottlenecks for
this channel. Reaction (7c) can be thought of as a modifica-
tion of (6b), in which the initial fragmentation fails to stabi-
lize the B, , product, which then ejects another B atom
[reaction (7c) ]. Similarly, reaction (7b) could be viewed as
a modification of the more exoergic (6a) reaction. Loss of
three atoms in CID does not occur at energies below 10eV.'®

An unusual channel which is observed for all large clus-
ter ions except B;Y, and B} is B, _, O™ production:

Bj; + 0,-B,,0* +BO (—1.1 eV). (8)

The cross sections for this reaction for all the large clusters
are plotted together in Fig. 6. The distinguishing feature is
that this is the only channel which appears to proceed with-
out significant activation energy. Overall, it is a minor chan-
nel, but because of its opposite trend in collision energy de-
pendence, it is actually the dominant product at very low
collision energies. The collision energy dependence of the
B, _, 0™ channel for the small clusters is similar, except that

J. Chem. Phys., Vol. 89, No. 5, 1 September 1988



L. Hanley and S. L. Anderson: Oxidation of boron cluster ions 2857

2 3.0

2)
)

o
(]

bt
=]

o A
o [s,]
[Bn—o]+ BOND ENERGY (eV)

o
(<]

o
<}

+
(B -0]" BOND ENERGY - O]

o
o

B; STABILITY (LOWEST AP, eV)

N
o

U U S N VN S W VT VRN S Y N S Al
2 3 4 5 6 7 8 8 10 11 12 13

CLUSTER SIZE

FIG. 8. B! stabilities compared with estimated [B,—0O] ™ bond energies.
See the text for explanation.

for the large clusters, the decrease with increasing collision
energy is much more rapid. This may be due to competition
with the more exoergic channels [i.e., reaction (6b) ] as they
begin to turn on at higher collision energies. We have no
explanation for the fact that this channel alone shows no
evidence of activation barriers, or for the possibly related
observation that low energy B, _, O™ production does not
occur for B or Bf. ‘

All the large cluster ions react to form small amounts of
the oxygen addition product B,O*:

B +0,-B,,0" +0 (0.4 eV). 9)

The energetics of this reaction have been discussed above in
the thermochemistry section. This channel is seen for all the
large and small cluster ions, and has collision energy thresh-
olds which increase with cluster size (Fig. 5). If the thresh-
olds are interpreted to mean that the reactions become en-
doergic for the large cluster ions, the implication is that the
binding energy of an O atom to a boron cluster ion decreases
with cluster size. One rationalization for this might be that as
the cluster size increases, the stability and the average co-
ordination also increases. '® It may be that the larger clusters
are in a sense coordinatively saturated, and do not readily
form additional bonds. Figure 8 shows a plot of our mea-
sured boron cluster ion stabilities from CID experiments.'®
Also plotted are the [B,-O]™ binding energies deduced
from the B, O* thresholds (plotted with an inverted scale).
There is a strong correlation between increasing cluster sta-
bility and decreasing [B,—O]™ binding energies. Perhaps
the molecular orbital hybridization that strengthens the B-
O bonds in solid B,0, and [B,0;],F clusters,*' weakens as
the B:O ratio increases in the B,O* clusters.
As the chemistry of the small clusters, we believe that
the product channels just discussed (B,_,, B, s,
'B,_,0™", and B,0™) result from an oxidative fragmenta-
tion mechanism in which O, dissociatively chemisorbs on
the cluster, forming a highly excited, oxidized B, O;* com-
plex, which then fragments to yield the observed distribution
of product ions. For all these ions, even at the highest colli-

sion energies CID does not contribute significantly to the
product signal. For the large boron cluster ions, there appear
to be barriers to the oxidation process.

The final channel observed in reaction of the large clus-
terionsis B,"_,:

B} +0,-Bf +B+0, (55 eV), (10a)
B +0,-B} +BO, (—32eV), (10b)
B +0,-B +BO+0 (2.3 eV). (10c)

For each reagent cluster ion, the B,"_ , channel has the high-
est observed threshold (TableI), however the thresholds are
all substantially below the CID thresholds [reaction (10a)].
Comparison with CID cross sections'® suggests that below
about 7 eV the contribution of CID to this channel is insigni-
ficant, and even at 10 eV collision energy, B, , production
is no more than 50% CID. For the same arguments given
above for the small cluster ions, we propose that the domi-
nant low energy route to B, is an exoergic boron atom
abstraction reaction (10b), with a substantial energy bar-
rier. The distinguishing feature of the abstraction mecha-
nism as opposed to the dominant oxidative fragmentation
process, is that O, does not dissociate. Reaction (10c) comes
in two flavors. One is simply the abstraction reaction (10b),
in which the BO, product is unstable and dissociates. Alter-
natively, reaction (10c) could be a variant of the oxidative
fragmentation mechanism, in which the oxygen molecule
dissociates on the reagent cluster and forms an excited com-
plex which ejects a BO molecule and an O atom. In spite of
the fact that the experimental threshold for production is
close to the endoergicity of reaction (10c), it seems unlikely
that this would be an important channel in the oxidative
fragmentation mechanism because there are decay channels
which are more exoergic, and thus should compete effective-
ly with this channel. This should push the appearance poten-
tial for reaction (10c) well above the thermodynamic limit.

C. Cluster size effects

In addition to the major division between the chemistry
of small and large boron cluster ions, and several overall
trends in behavior with size which are discussed elsewhere,
there are a few clusters which have somewhat anomalous
behavior.

B, reactivity is observed to be intermediate between
the chemistry of small and large clusters, yielding all the
products observed for both cases. In CID of boron cluster
ions, there is also a transition in product branching at B¢*
which is attributed to IP and possibly geometric effects.'®
The simplest explanation is that the electronic, structural,
and chemical properties of B¢t are intermediate between
large and small cluster ions. A possibility we cannot rule out
is that there might be two isomers of B¢t in our reagent ion
beam, one similar to the smaller clusters, and one similar to
the larger clusters. Given that B;* is calculated'® to have an
unusual capped pentagon structure, it is also possible that
there are two sets of sites (triangular and pentagonal) on
B;" which have markedly different reactive properties.
Further experiments addressing this issue are in progress.

Another anomalous cluster ion is B;; which has a
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threshold for oxidation ~2 eV higher than any of the other
cluster ions. In CID, B}, is also observed to be anomalously
stable with respect to smaller clusters, and our analysis in
Table II suggests that the cluster—O atom bond energy is low
for B[} . These results could be due to a particularly stable
geometry and/or coordinative saturation.

Bt appears unusually reactive with respect to its near-
est neighbors. Not only is o,,, (0.25 eV) nearly five times
greater than both Bg' and B} (due to a lower threshold),
but it also produces significant quantities of B* product ion.
This heightened reactivity may be correlated with lower Bg
stability (measured by CID'®) which allows the cluster to
fragment more easily upon reaction. We have suggested pre-
viously'® that perhaps B;" has a more open structure than
the other large clusters, and this might explain its higher
reactivity and lower stability.

The B,_, 0" product is observed (see Fig. 6) at low
collision energies for oxidation of all clusters except B;; and
B,} . As discussed above, this channel is unique for the large
cluster ions in proceeding without activation barriers. For
B + 0,-B,,0% + BO, the reaction is predicted to be en-
doergic thus its absence at low energies is no surprise. The
B} + 0,-B,0" + BO reaction, however, is not observed
although it is clearly exoergic. We presently have no expla-
nation for the absence of this channel.

Finally, the reaction

is the second largest product channel for B;' and clearly the
largest B, , 0% channel for any cluster size. This may be
due to enhanced stability of B,O™ which we have not cor-
rectly estimated. Alternatively, symmetric oxidative clea-
vage of the B;" cluster may be especially facile.

D. Trends in total reactivity

Total cross sections (o, ) for reaction of the cluster
ions with O, are plotted in Fig. 4 as a function of collision
energy, and in Fig. 9 as a function of cluster size at selected
energies. For reference, at 0.25 eV collision energy, the ion-
induced dipole capture’ cross section is about 38 A2 for all
the clusters. For B;t,, 0., (0.25) is about half of the capture
cross section. Above four atoms, the physical size of the clus-
ters (see below) exceeds the capture radius (at 0.25eV) and
the ion-induced dipole model no longer serves as a meaning-
ful reference.

It is expected that as cluster size increases, the gas kinet-
ic'? collision cross sections will also increase:

acol = V(Rc + RO )2'

R, is the radius of the cluster, and R, is the radius of the
oxygen molecule (1.37 A). Comparison of o, with o,
gives some idea of the reaction efficiency. If we use our calcu-
lated geometries for the small clusters, and set of icosahedral
fragment structures'® for the large cluster ions, we find that
in the low collision energy regime ( < 3 eV), o,,, ranges from
~50% of g, for B;" to ~1% of o, for B} . This dramatic
decrease in reaction efficiency at low energies is simply due
to the development of bottlenecks for reaction of the larger
clusters. Since oxidation of boron surfaces does proceed at

T T T T T T T Y

[\ — sTaBILITY

@P—o0.25 ev
@— 1.00 eV

[

-
-~
7

LOWEST AP (eV)

TOTAL CROSS SECTION (A2),

CLUSTER SIZE

FIG. 9. B,} stabilities [lowest CID AP’s (Ref. 18)] compared with total
oxidation cross sections (0, ) at 0.25, 1.0, and 5.0 eV.

nonzero rate*® at thermal energies, the decrease in low ener-
gy reaction efficiency in the clusters cannot continue indefi-
nitely.

At 10.0€V collision energies, o,,, increases with increas-
ing cluster size. The ratio of g, :0,, remains roughly con-
stant at ~12%, independent of cluster size. This implies
that once the collision energy is substantially greater than
the oxidation thresholds, all clusters are about equally reac-
tive. It should be noted that even at 10 eV, CID is still a
minor component of o, and the 12% is actually the oxida-
tion efficiency.

One might expect that there would be an inverse relation
between cluster stability and cluster reactivity. Figure 9 ex-
plores this possibility by plotting cluster stabilities (from
CID'®) against total reactivity at 0.25, 1.0, and 5.0 eV colli-
sion energies. It can be seen that stability and reactivity are
not simply related. For example, B;" is not a particularly
stable cluster, but it is particularly unreactive. Conversely,
B/} is both unusually stable and unreactive at low collision
energies. The comparison of cluster stabilities with
[B,-O] " bond strengths (Fig. 8) does show strong correla-
tion.

E. Reaction thresholds

The cause of the collision energy thresholds observed
for oxidation of the larger cluster ions is unknown. As al-
ready pointed out, most of the reactions in question are ex-
oergic, thus the thresholds indicate the existence of barriers
of bottlenecks on the potential surfaces, which inhibit reac-
tion at low collision energies. The physical origin of the bar-
riers is unclear, but seems to be correlated in some way with
the stability of the cluster ions. CID studies of boron cluster
ions'® have shown that stability increases with increasing
cluster size, and that B is anomalously stable. Thresholds
also generally increase with size, and B;} has anomalously
high thresholds. There are notable exceptions to this correla-
tion. For example, Fig. 9 shows that B;"* has anomalously
low reactivity at low energies, yet there is nothing special
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about its stability. It is interesting to note that only clusters
with stabilities greater than the strength of the O, bond show
evidence of barriers to oxidation. The significance of this
observation is unclear, and may be mere coincidence.

Since both the O, bond and B-B bonds in the clusters
are considerably higher energy that the observed thresholds,
it is clear that the oxidation process must be concerted. One
possibility for the mechanism is for the O, to bind to the
surface of the cluster ion, then dissociate in concert with
formation of B-O bonds. In this mechanism, barriers could
develop if less energy is produced in B-O formation in the
larger clusters, and/or if a lag develops between O-O disso-
ciation and B—O bond formation. Neither is unreasonable if
the larger cluster ions are more coordinatively saturated, as
is suggested by our CID and ab initio studies.'®

Another way of thinking about the mechanism which
represents the opposite extreme, would be to suppose that
dissociation of O, can occur only after the O, molecule in-
serts in the boron framework. The fact that cluster stabilities
increase substantially with size, would account for the in-
creasing reaction barriers. Obviously the actual factors that
determine barriers are complicated and involve electronic
and geometric effects. Theoretical studies of how the interac-
tion energy of O, with boron cluster ions depends on size and
orientation should be feasible for clusters in this size range,
and would be very informative.

F. Comparison of oxidation reactions: Boron vs
aluminum

Overall, the reactions of boron and aluminum cluster
ions with oxygen are quite similar. The oxidation of clusters
of both elements is exoergic and results in extensive cluster
fragmentation.'®'? Collision energy thresholds are also ob-
served for aluminum,'®-!! however, the dependence on clus-
ter size is different from that observed for boron. For alumi-
num, thresholds are observed for all cluster ions larger than
the dimer. The thresholds increase with size up to Al;", then
begin to decrease for Al;" and Al;" . Data for AL} oxidation
suggests that clusters in that size range may have larger bar-
riers.>® The atomic ion is the major oxidation product of
small cluster ions for both elements and loss of small M, O,
species is observed for the larger clusters. The same three
mechanisms of oxidative fragmentation, atom abstraction,
and CID have been proposed for the small clusters of both. '
The evidence for the atom abstraction mechanism is clearer
in aluminum than in boron. With aluminum, the threshold
behavior for Al , formation is substantially different from
all other product channels which have nearly identical lower
energy thresholds. For equivalent sized clusters of boron,
thresholds for oxidation are not observed, but the B,
channel does have a unique collision energy dependence.

It appears that the chief differences between boron and
aluminum cluster ion oxidation can be attributed to the
stronger framework of boron clusters. CID has shown that
the bonding in boron clusters is two to three times stronger
than in aluminum clusters.'*>? As a result, the boron clus-
ters are more able to absorb the energy generated upon for-
mation of bonds with oxygen atoms and are less likely to
fragment. This explains why the M,, O™ addition product is

observed for boron, but not for aluminum. Differences in
[M,—O] ™ bond energies between the two elements could
also explain some of the differences in oxidation. Estima-
tions of the [M,—O] ™ bond strengths for aluminum sug-
gest®” that they are higher than in boron: 8.0 4+ 1.0 eV for
[Al,~O]™ vs a lower limit of 5.2 + 1.5 eV for [B.~O]™*. If
accurate, these M—O bond energy differences would make
the aluminum oxidation reactions more exoergic than the
boron reactions, when combined with the weaker bare alu-
minum cluster bonding.
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