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The kinetic energy dependences of the reactions of Nin (n=2-18) with O2 are studied in a guided
ion beam tandem mass spectrometer. A variety of NimO2 , NimO+, and Nim product ions, where
m ~n, are observed, with the dioxide cluster ions dominating the products for all larger reactant
cluster ions. Reaction efficiencies are near unity for all but the smallest clusters. The energy
dependences of the product cross sections are analyzed in several different ways to determine
thermochemistry for both the first and second oxygen atom binding to nickel cluster ions. These
values show little dependence on cluster size for clusters larger than three atoms. The trends in this

thermochemistry are discussed and compared to bulk phase oxidation values.
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[. INTRODUCTION

Oxidation of nickel and its alloys is a subject of consid-
erable interest because of its importance in corrosion and
catalysis. The properties of nickel alloys, which make them
of industrial importance, are varied. These properties include
good corrosion resistance to many gaseous and liquid envi-
ronments at normal temperatures, resistance to oxidation at
elevated temperatures, and good mechanical strength at high
temperatures. Nickel plating is often used to provide a pro-
tective coating for other metals. There are various types of
steel and corrosion-resistant alloys that include carbon and
nickel for hardness. Therefore understanding the energetics
of the oxidation of nickel is of some industrial importance as
well as being of fundamental interest. Studying this oxida-
tion process with gas-phase clusters of nickel can provide
quantitative data concerning the elementary steps that make
up the complicated surface processes and thus help us under-
stand surface science at a molecular level. Studies of the
chemical reactivity, magnetic properties, electronic struc-
tures, and geometric structure of transition metal clusters are
currently an active frontier in chemical physics.1-10

The oxidation of neutral nickel clusters with O2 has been
studied in a fast flow tube reactor where the products are
detected by multiphoton ionization and time-of-flight mass
spectrometry. In the experimental setup of Riley and
co-workers,11 oxygen was admitted to the flow reactor down-
stream of the cluster formation region. They found that initial
stages of oxidation favored formation of cluster dioxides,
NinO2, with little or no increase in the intensity of NinO
products, presumably formed in the laser vaporization
plasma. The efficiency of the dioxide formation reactions
was estimated to be close to unity. They observed that oxide
ion compositions rapidly assume a constant oxygen to metal
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ratio with increasing cluster size. For clusters n> 10, it was
found that the oxygen/metal ratio was approximately 0.75,
with a slight decrease in this ratio with increasing cluster
size. In related work, Castleman and co-workers have also
examined the oxidation reactions of charged nickel and
nickel oxide clusters cations and anions with NO and NO2
at thermal energies and under multiple collision condi-
tions.12-15

There have been many studies of the oxidation of nickel
surfaces.16 This work establishes that the oxidation of a Ni
surface proceeds in three sequential regimes; dissociative
chemisorption, in which surface reconstruction takes place,
followed by oxide nucleation and coalescence, and in-depth
oxide growth. Little thermochemical information is available
from this work because the surfaces reconstruct upon oxida-
tion, thereby making quantification of the energetics difficult.
Calorimetry studies on the nickel 111 surface find that de-
sorption of molecular oxygen requires 4.86 eV.17 More re-
cent calorimetry studies find desorption enthalpies of 4.6 eV
for Ni(111), 4.9 eV for Ni(110), and 5.7 eV for Ni(100), all
measured for the low coverage regime.18 These studies also
demonstrate that the desorption enthalpies decrease with in-
creasing coverage.

In the present work, we examine the reactions of nickel
cluster cations, Nin (n=2-18) with oxygen. This extends
our growing database of studies of clusters of transition
metakQﬁtionslg-ZS an 1i eir reactions with 02,29-31 CO2,32,33
D2, and CDa4. The quantitative thermochemistry
data regarding the stability of the bare nickel clusters previ-
ously measured in our laboratories provide insight into the
geometric structures and dissociation pathways.25 In contrast
to the flow reactor studies that examine reactions only at
thermal energies, the kinetic energy dependence of these re-
actions over a wide range is studied here using guided ion
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beam tandem mass spectrometry. Our reactivity results at
thermal energies should parallel the observations for neutral
nickel clusters. However, by analyzing the kinetic energy
dependences of these processes, we are able to obtain quan-
titative data regarding the thermodynamics of the oxidation
reactions. The trends in this information are discussed in
some detail and compared with bulk phase thermochemistry.

Il. EXPERIMENT

Reactions of nickel cluster cations with O2 are studied
using a guided ion beam tandem mass spectrometer equipped
with a laser ablation cluster source. The experimental appa-
ratus and techniques used in this work have been described
in detail elsewhere.4041 A copper vapor laser (Oxford ACL-
35, 511 and 578 nm, 7 kHz repetition rate, 3-4 mJ/pulse) is
tightly focused onto a rotating and translating nickel rod. The
plasma thus created is entrained in a continuous flow of he-
lium at a flow rate between 5000 and 6000 sccm. The helium
is passed through a liquid N2 cooled molecular sieve trap to
remove impurities. Clustering of the nickel atoms and ions
occurs in a 2 mm diameter, 6.3 cm long condensation tube
that immediately follows the target. An average ion under-
goes approximately 105 collisions with He in this channel, a
number that should be sufficient to equilibrate the ions to the
temperature of the He carrier gas. The gas mixture expands
from the clustering channel into the source chamber in a
mild supersonic expansion that further cools the internal
modes of the clusters. Nickel cluster ions thus created are
therefore believed to be fully thermalized and may be cooler.
The region between the vaporization block and the skimmer
is kept field free and the focusing lenses in the two differen-
tial regions that follow are also kept at low potentials so that
collisional reheating of the cluster ions is minimized.

The nickel cluster ions are extracted from the source,
focused into a magnetic sector for mass analysis, decelerated
to a desired kinetic energy, and focused into an rf octopole
ion beam guide.42 Reactions take place within the octopole
where the neutral gas (O2) is introduced. The octopole beam
guide utilizes rf electric fields to create a potential well that
traps ions in the transverse direction without affecting their
axial energy. Product and unreacted cluster ions drift out of
the collision chamber to the end of the octopole, where they
are extracted and focused into a quadrupole mass filter for
mass analysis. The quadrupole has a mass limit of —1100
amu such that nickel cluster reaction products up to Ni1802
can be studied. Finally, ions are detected by a 27 kV conver-
sion dynode, secondary electron scintillation ion counter,43
and the signal is processed using standard counting tech-
niques. Conversion of detected ion intensities into reaction
cross sections is treated as discussed previously.4l Absolute
cross sections measured in our laboratory have an uncer-
tainty estimated as £30% and relative uncertainties of £5%.

Laboratory ion energies lab are converted to energies
in the center-of-mass frame (CM by using E(CM)
= E(lab)M /(M + m), where m is the cluster ion mass and M
is the mass of dioxygen (32.00 amu). Unless stated other-
wise, all energies quoted in this paper correspond to the CM
frame. The absolute energy scale and the corresponding full

Reactions of Ni* (n=2-18) with 02

TABLE I. Bond energies and ionization energies from the literature (eV).a

Species DO IE
Ni 7.6398b
Ni2 2.068 0.01 ¢ 7.63 0.07d
NiJ 2.08 0.07 d
NiO 3.91(0.17)e 8.77(0.18)f
Ni+-O 2.75 0.05 f
Ni2-0 4.389
02 5.116 0.002 h 12.071h
o] 13.619h

“Uncertainties given in parentheses.
bReference 46.
cReference 47.
dReference 25.
eReference 48.
fReference 45.
gReference 49.
hReference 50.

width at half maximum (FWHM of the ion kinetic energy
distribution are determined by using the octopole ion beam
guide as a retarding energy analyzer. The uncertainty in the
absolute energy scale is £0.05 eV (lab and the widths range
from 0.7 to 2.3 eV, increasing with cluster size.

ll. RESULTS

The reactions were carried out from thermal energies to
10 eV in the center-of-mass frame. As a general nomencla-
ture, we will refer to NimOj products as ““cluster dioxides,”
NimO+ products as “cluster monoxides,” and Nim products
as “cluster fragments,” where m ~n for reaction of Ni* . A
complete set of figures for all Ni” clusters (n=2-18) react-
ing with O2 can be obtained from Ref. 44. Reaction of
atomic Ni+ with O2 has been studied previously.45 Thermo-
chemistry used to determine some of the threshold energies
for the smallest clusters is listed in Table 1.46-50 Throughout
the text, thermochemistry for the bare cluster dissociation
energies is obtained from Ref. 25.

In all of these systems, there are two difficulties in ob-
taining reliable cross section data. First, in order to effi-
ciently collect all products throughout the energy range of
interest (0-10 eV CM, the resolution of the quadrupole
mass filter is set fairly low, but this leads to overlap of adja-
cent mass peaks. Because most of the energy dependences of
the various products are usually quite distinct, such overlap
is easily identified and eliminated. The cross sections shown
here have been corrected for such problems as long as the
corrections are unambiguous. Second, the more intense prod-
ucts formed in a single bimolecular collision between the
nickel cluster ion and O2 can react with O2 again to form
higher order cluster oxide products. These can be identified
easily by their mass and by examining the pressure depen-
dence of the cross sections. In the present system, we verified
the energy dependences of the cross sections were not af-
fected by the pressure of the reactant gas. The absolute mag-
nitudes of the primary reaction products are affected by less
than the 20% absolute uncertainty in the absolute magni-
tudes. On the basis of such studies, the cross sections shown
in the paper correspond to single reactive collisions.
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FIG. 1 Cross section for the reaction of NiJ with O2 as a function of
collision energy in the center-of-mass (lower x axis) and laboratory (upper x
axis) frames.

A. NiJ+02

In the reaction of nickel dimer cation with O2, there are
five possible metal containing ionic products: NigaO2
Ni20+, NiOz, NiO+, and Ni+. Only Ni20+, NiO+ and
Ni are observed, as shown in Fig. 1. O2 and O ions are
not observed in the reactions of this or any other cluster size
because the ionization energies of O2 and O are much higher
than of any nickel containing products, Table I. For the three
product ions that are observed, there are seven possible path-
ways for this system, reactions (1)-(7). Reaction enthalpies
at 0 K (with uncertainties in parentheses) are indicated for all
reactions where the thermochemical information is known
from literature data (see Table I and Ref. 25).

NiJ+ 02 Ni20++ 0O 1
NiO++ NiO  0.54(0.18) 2
NiO Ni O 4.45 0.07 3
Ni++ NiO2 <0 4
Ni  Ni 02 2.08 0.07 5
Ni++NiO+O 3.280.18) 6
Ni++Ni+20 7.190.07. 7

There is only one reaction pathway, process (1), for the for-
mation of Ni20+, explaining why there is a single feature to
the cross section over the entire energy range. The Ni20+
cross section rises rapidly with energy from a nonzero cross
section at the lowest Kinetic energies, suggesting that process
(1) is slightly endothermic. It reaches a plateau above 1 eV,
and then above about 4 eV, the Ni2O+ cross section declines,
corresponding with an increase in the Ni  cross section. This
behavior indicates that Ni2O+ is decomposing to Ni+
+ NiO, which corresponds to the overall reaction (6). Note
that this pathway is favored over decomposition to Ni
+ NiO+, reaction (3). NiO+ displays a prominent endother-
mic feature, consistent with reaction 2 , with no obvious
increase at the threshold energy for reaction 3.

Vardhan, Liyanage, and Armentrout

The dominant product over the most of the energy range
examined is the Ni  fragment, which displays the most com-
plicated energy dependence because there are four possible
pathways to form this ion. Reaction 4 is the only pathway
to which the exothermic portion of this cross section can be
attributed. Such behavior can often be quantified by the
Langevin-Gioumousis-Stevenson (LGSs5L formula, ulGS
= Tre(2a/E) 12 where a is the polarizability of O2 (1.57
A3),52 e is the charge on the electron, and E is the kinetic
energy. We find that the total cross section follows 0.5 crlGS
from thermal energies to 0.1 eV before dropping to about
0.15crLGS from 0.25 to 1.5 eV. The rise in the Ni+ cross
section is coupled with the decrease in the Ni2O+ cross sec-
tion and can be attributed in part to reaction 6 . It seems
likely that reaction 5, simple collision-induced dissociation
(CID) also contributes to the formation of the Ni+ product
observed. The CID cross section of Ni2 with Xe2s has a
comparable magnitude to the Ni cross section observed
here at high energies. Formation of NiO” + Ni, not observed
here, is the least probable product channel, unlike the larger
cluster ions where cluster dioxides are major ionic products.

B. NE+O2

In the reaction of the nickel trimer cation with O2, five
product ions are observed, several of which exhibit multiple
features, Fig. 2. For these product ions, there are 20 reaction
pathways, reactions (8)-(12), that are accessible. Reaction
enthalpies at 0 K are based on information from Table | and
Ref. 25.

Ni3 + 02- Ni3O++0 >0 8
Ni20++ NiO <0 (92)
Ni20++ Ni+O >0 (9b)
Ni2 + NiO2 <0 (10a)
Ni2 + Ni+O02 2.36(0.12) (10b)
Ni*+NiO+O 3.560.21) (10c)
Ni2 + Ni+20 7.470.12) (10d)
NiO++ Ni20  0.35(0.13) 11a
NiO++NiO+Ni 2.90(0.22) (11b)
NiO++Ni2+ O 4.730.12) 11c
NiO++2Ni+O  6.81(0.15) 11d
Ni  Ni202 0 (12d)
Ni  Ni NiO2 0 (12b)
Ni  2Ni0O 173 0.28 (12¢)
Ni++Ni2+ 02 2.370.14) (12d)
Ni++Ni20+0 3.10(0.14) (12e)
Ni  2Ni O2 4.440.14 (12f)

Ni++Ni+NiO+0O 5.64(0.22) 129
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->Ni++ Ni2+ 20 7.47(0.12) (12h)

9.55(0.14). (121)

Well within experimental error, the total cross section for the
reaction of nickel trimer cation with oxygen equals LGS at
thermal energies and up to 0.2 eV, before falling off more
rapidly with energy. Among the cluster monoxide products,
Fig. 2, the dominant product at all energies is Ni2O+, which
is formed at low energies in the overall reaction 9a . A sec-
ond feature beginning at about 3.5 eV must be the result of
reaction (9b, which occurs by Ni atom loss from Ni3O+.
This primary product ion can be formed in only one path,
reaction (8 , which is endothermic. The Ni3O+ cross section
reaches a maximum near 3.5 eV, verifying that this product
decomposes to Ni2O++ Ni.

NiO displays an endothermic cross section with an ap-
parent threshold most consistent with reaction (11b). Reac-
tion (11~ corresponds to decomposition of the Ni2O+ prod-
uct formed in reaction (9a) into NiO++ Ni. As in Fig. 1, this
decomposition competes with formation of Ni++ NiO, reac-
tion (12”. This latter pathway is thermodynamically fa-
vored, consistent with the larger cross section of Ni  versus
NiO at high collision energies.

Metal fragments are also observed as products, Fig. 2.
The Ni+ product reaches a magnitude of 15 A2 at thermal
energies with a complicated energy dependence including an
exothermic feature that must be attributed to reaction (12a).
On the basis of the discussion above, reaction (12c) surely
contributes to the endothermic feature beginning near 2 eV. It
is also possible that reaction (12d) also contributes, but CID
with Xe exhibits a Ni+ cross section smaller than Ni~ at all
energies.2s The exothermic feature in the Ni2 cross section
must be a result of reaction (10a) and the second feature
starting near 2 eV corresponds primarily to reaction (10b,
the simple CID process. The magnitude of the Ni2 cross
section at the highest energies is about half of that observed
in CID of Ni3 with Xe.2s Although contributions from reac-

—»N++ 2Ni+20

tion 10c cannot be excluded definitively, this reaction re-
quires a primary precursor product ion of either Ni3O+,
which loses NiO, or Ni20+, which loses an oxygen atom.
The Ni3O+ precursor appears to dissociate primarily to
Ni20++ Ni and oxygen atom loss from Ni2O+ seems im-
probable as it is the highest energy decomposition pathway
for this species.

C. NiJ+02

As the number of atoms, n, in the reactant cluster ion
increases, the number of metal-containing products possible
for the cluster systems grows as 3n 1 and the number of
product formation pathways grows much more rapidly. The
Ni4 system can produce 11 different product ions containing
Ni and there are at least 49 possible reaction pathways. Fig-
ure 3 shows the product cross sections observed in the reac-
tion of Ni4 with O2. Seven of the 11 possible products are
observed (all but Ni4Oj , Ni20%, NiO#, and NiO+). As it
is laborious to list all the reaction pathways for larger clus-
ters, we shall do so only for the reactions observed, exclud-
ing simple CID:

Ni4 02 Ni30O2 Ni 13
Ni4sO O 14
->Ni30++ NiO (15a)
->Ni30++ Ni+O (15b)
-»Ni20++ Ni20 (16a)
-»Ni20++ NiO+Ni (16b)
->Ni20++ 2Ni+0O (16c¢)
-»Ni++Ni302 (17a)

-»Ni++Ni202+ Ni. (17b)
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FIG. 3. Cross section for the reaction of Ni4 with O2 as a function of
collision energy in the center-of-mass (lower x axis) and laboratory (upper x
axis frames. Part a exhibits the cluster dioxide and the cluster fragment
products. Part b shows the cluster monoxide products.

Many of these cross sections display complicated energy de-
pendences. The only cluster dioxide product formed, Fig.
3(a), is the Ni3O” product, which can be formed in only a
single pathway, accompanied by atomic Ni, corresponding to
reaction 13 . The cross section behaves as an exothermic
reaction, declining with energy as E ~ 22 until 1 eV, in agree-
ment with the behavior of the LGS cross section. The mag-
nitude measured here is somewhat larger than this collision
cross section, by about 50%. Above about 2 eV, the Ni302
product cross section declines even faster, indicating the on-
set of dissociation. On the basis of the results for the Ni3
+ 02 system, it is clear that Ni3O2 dissociates preferentially
by losing NiO to form Ni20+, reaction (16b, and also by
Ni+ loss yielding Ni202, reaction (17b. Both the Ni20+
and Ni product cross sections exhibit endothermic features
that are consistent with such decompositions. Exothermic
formation of Ni must be associated with reaction 17a .
The energy dependence for Ni3 formation is consistent
with the simple CID process, which has a threshold of 1.94
+0.15 eV.25 The cross section rises more slowly from thresh-
old compared to the CID studies with Xe, and the magnitude
at higher energies is about half.25 It seems likely that simple

Vardhan, Liyanage, and Armentrout

CID with a threshold of 4.31+£0.19 eV produces Ni2 , Fig.
3a.

Figure 3 b displays the monoxide products formed in
this system. The primary Ni4O product can only be formed
along one endothermic pathway, reaction 14 . The exother-
mic feature in the Ni30+ cross section must correspond to
formation of a NiO neutral, reaction (15a), and the endother-
mic feature to Ni+O formation, reaction (15b. This latter
path is equivalent to dissociation of Ni4O+ by Ni atom loss.
The correspondence of the peaks in the Ni4O+ cross section
and the onset of the endothermic feature in the Ni3O+ con-
firms this. The Ni3O+ product formed by both pathways can
then dissociate by loss of a Ni atom at still higher energies.
This contributes to the low energy endothermic feature in the
Ni20+ cross section, reaction (16b, and at very high ener-
gies, reaction (16c). The cross section for Ni2O+ also has an
exothermic feature that must therefore correspond to forma-
tion of Ni2O++Ni20, reaction (16a).

D. NE+O2

The product cross sections for reaction of Ni5 with O2
are shown in Fig. 4. Eight of 14 possible product ions con-
taining Ni are observed. The dioxide products dominate the
products at low energies and the monoxides dominate at
higher energies. Of the cluster dioxide products, the Ni4O2
product can be formed in only a single pathway, accompa-
nied by atomic Ni. The Ni4O™ +Ni channel is the dominant
low energy product and has a cross section with an energy
dependence comparable to the LGS limit up to about 1 eV,
and a magnitude that is again somewhat larger. The cross
section of Ni4O2 behaves as an exothermic reaction and then
declines more rapidly with energy as the Ni3O” cross section
rises. This clearly indicates that Ni4O2 decomposes by Ni
atom loss. Simple CID to form Ni” can begin at 2.07+0.15
eV2s and accounts for the major feature in the Ni4 cross
section. The energy dependence for Ni3 formation is consis-
tent with the simple CID process, which has a threshold of
2.01 0.27 eV.:

For the cluster monoxide product ions, Fig. 4 b, NisO+
is formed in an endothermic reaction along with O. Most of
the Ni4O+ cross section must correspond to the formation of
Ni+O neutrals because the cross section rises as the NisO+
falls. Ni3O+ is the dominant monoxide product from the
lowest energies to about 4.0 eV. The Ni3O+ cross section
appears to have three distinct features that could result from
reactions (18a)-(18d).

Ni5 + 02->Ni30++ Ni20 (18a)
->Ni30++ Ni2+ O (18b)
- >Ni3O++ NiO+ Ni (18c)
- >NisO++ 2Ni+ O. (18d)

The exothermic portion of this cross section must be a result
of reaction (18a). The lowest energy endothermic feature is
probably a result of reaction (18c), because Ni4O2 was
shown to decompose efficiently to both NisO2 Ni and to
Ni3O++NiO in the reactions of the tetramer, Fig. 3. The
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FIG. 4. Cross section for the reaction of Ni5 with O2 as a function of
collision energy in the center-of-mass lower x axis and laboratory upper x
axis) frames. Part (a) exhibits the cluster dioxide and the cluster fragment
products. Part (b) shows the cluster monoxide products.

third feature beginning near 6 eV corresponds to the disso-
ciation of Ni4O+ product by loss of Ni, reaction (18d). The
threshold region for Ni2O+ clearly corresponds to reaction
(19), Ni atom loss from Ni3O+ formed in reaction (18a). At
higher energies, contributing pathways cannot be determined
unambiguously, as the number of neutral products possible
increases and the thermochemistry for some of these is not
known.

Ni5 + 02->Ni20++ Ni20+ NL (29)

E Nfi+02(n=6-18)

Although the number of possible reaction products and
pathways increases rapidly with increasing reactant cluster
size, the reactivity observed actually simplifies and there are
strong similarities among the results for the larger clusters.
Figures 5 and 6 show results for the reactions of Ni9 and
Ni16 with dioxygen. These two systems are representative of
the behavior of all clusters larger than Ni5 . The energy de-
pendences of the reaction cross sections at kinetic energies
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FIG. 5. Cross section for the reaction of Ni9 with O2 as a function of
collision energy in the center-of-mass lower x axis and laboratory upper x
axis) frames. Part (a exhibits the cluster dioxide and the cluster fragment
products. Part b shows the cluster monoxide products.

ranging from thermal up to about 1 eV are comparable to
LGS for all cluster sizes with magnitudes that are somewhat
larger than this prediction.

1. NimO2 products

Cluster dioxide ions are the dominant products at low
energies, Figs. 5a and 6 a . As the cluster reactants increase
in size, the energy range over which this is true increases
from below about 7 eV for Ni6 to about 9 eV for Ni*8. It is
clear that the cluster dioxides formed at low energies disso-
ciate by sequential loss of nickel atoms as the energy is in-
creased. This is evident from the observation that the cross
sections for NimO” products decline as the Nim_jO” cross
sections rise. If there are any features that might correspond
to formation of molecular NiB_mneutrals, they are negligible
within our experimental signal to noise ratio. It is also useful
to note that because the dissociation processes correspond
almost exclusively to NimO~—Nim_jO” +Ni, this indicates
that the ionization energies (IEs) of the larger cluster diox-
ides must be less than that of atomic Ni.
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FIG. 6. Cross section for the reaction of Nil6 with O2 as a function of
collision energy in the center-of-mass lower x axis and laboratory upper x
axis frames. Part a exhibits the cluster dioxide and the cluster fragment
products. Part b shows the cluster monoxide products.

Although the product distributions are similar for larger
clusters, different sized clusters are distinguished by the larg-
est NimO2 product highest m value observed. This is
Nin_i09% for N toNi9 . The NinO2 adduct is not observed
until Ni10 and gradually increases in importance until it
dominates at low energies for Nil2 and larger clusters. These
observations are not dependent on the pressure of the O2
reactant, so that collisional stabilization is not responsible for
the NinO2 products. As documented below, these changes in
the dominant NimO” product observed can be attributed to
changes in the thermochemistry of the product species and
the increasing lifetimes as the clusters get larger.

2. NimO+ and Nim products

For the Nin reactants (n=6-18), the NinO+ product
cross sections exhibit thresholds in the vicinity of 1.5-2.5
eV. As the energy is increased, these products dissociate by
sequentially losing nickel atoms, Figs. 5(b) and 6(b). We
observe that the Nin 20 cross sections show two features
for n 12, as shown for example in Fig. 5 b , in which the
second feature begins somewhere near 7 eV. The higher en-
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ergy feature is clearly a result of concomitant formation of 2
Ni O, whereas the lower energy feature can be attributed to
the formation of NiO+Ni neutral products.

For these larger reactant cluster ions (n=6-18), the
cluster fragment ions formed in simple CID are minor prod-
ucts. Only the Ni”~ 1forn=6, 9, and 10 ionic products were
observed below 10 eV. Other fragments were either not ob-
served or their overall intensity was much less than one per-
cent of all products. Certainly small amounts of such frag-
ments are probably formed but these pathways are not
quantitatively important for larger Nin clusters.

IV. THERMOCHEMISTRY
A. Threshold analysis

The energy dependence of cross sections for endother-
mic processes in the threshold region is modeled as detailed
in our analogous work on iron cluster reactions with O2 (Ref.

29 and is outlined in brief here. This procedure uses Eq.
20 ,53

<r(E) = 0-cSg{(E+Ei+Erat EQqNE, 20

where 0 is an energy independent scaling parameter, N is an
adjustable parameter, E is the relative kinetic energy, E rot is
the average rotational energy of the cluster ion at 300 K, and
E 0 is the threshold for the reaction at 0 K. The summation is
over the vibrational states i having energies Ei and popula-
tions gi, where gi 1 Vibrational frequencies for the bare
cluster ions are obtained as outlined elsewhere2540 and use a
Debye model.54 Equation (20) has been used successfully in
reproducing the cross sections of various ion-molecule
reactionsss including those of transition metal cluster
jons.25,27-38

Before we compare the model with the experimental
data, several effects are taken into consideration. First, the
thermal motion of the target gas and the kinetic energy dis-
tribution of the parent ion beam are both convoluted into Eq.
(20) as described previously.41 Second, we extend the range
of data analyzed by including a simple statistical models6
that accounts for the observation that cross sections for both
the cluster dioxides and monoxides decline at higher energies
because the product dissociates further. Third, the presence
of low energy “tails” in some of the experimental cross sec-
tions of dioxide products (for n=6- 8, 15-18), and for mon-
oxide products (for n=2-5), which complicate the data
analysis, are treated as detailed in our previous work29 by
ignoring the tails, which will tend to give lower limits for
E 0. We believe that the uncertainties listed with the thresh-
old values are sufficiently conservative to include errors in-
troduced by ignoring these tails.

Fourth, we account for the possibility that the processes
being modeled occur more slowly than the experimental time
window available, 10 4s in our apparatus, which results
in a delayed onset of the experimental threshold that be-
comes more significant as the cluster size increases. This is
achieved by incorporating RRKM Rice-Ramsperger-
Kassel-Marcus theory into Eq. 20 as outlined elsewhere .57
The implementation of RRKM theory in the present work re-
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quires the vibrational frequencies of the oxygenated clusters,
the reaction degeneracy, and rotational constants for the bare
metal and oxygenated clusters, which are chosen in accord
with procedures outlined previously.29 Here, we chose 458
cm 1as the average value for cluster oxygen symmetric and
asymmetric stretches and the bend. Conservative errors asso-
ciated with this estimate were evaluated by multiplying and
dividing the frequencies by a factor of 2 and reanalyzing the
data. These variations produce differences in the thresholds
that are less than 0.02 eV. The choice of the transition state
TS and its molecular constants parallels those of our pre-
vious work29 and places the TS at the point where the last
atom Ni for all NimO2 and Nin mO products and O for the
NinO products is lost from the oxygenated cluster. The
transition state TS is assumed to be loose, having molecu-
lar constants similar to the dissociated products.57

Including these factors, Eq. 20 can accurately model
the experimental cross sections from threshold to high ener-
gies. The parameters of Eqg. (20), cr0, N, and E 0 are varied
until the model reproduces the data optimally as determined
by a nonlinear least squares method. Uncertainties in the
listed E 0 values include errors associated with variations in
E0 over the range of N values that adequately reproduce
several data sets, variations in the vibrational frequencies of
the reactant cluster ion by factors of one-half and two, and
the absolute uncertainty in the energy scale.

B. Cluster dioxide bond energies, Ni*-20

1. Qualitative considerations

Before analyzing the endothermic reaction cross sec-
tions, it is worth considering the qualitative characteristics of
the cluster dioxide product cross sections to obtain some
indication of the magnitude of the cluster dioxide bond en-
ergies. One key observation is that the formation of the
Nin_202 cluster is clearly endothermic (or thermoneutral)
for all reactant cluster ions larger than four atoms. Therefore,
an upper limit to the binding energy of two oxygen atoms to
the Ni~r_2 cluster, D[Ni*_2-20], equals D (Ni*_2-Ni)
+D(Ni™_j-N i~ D (02). Upper limits derived in this man-
ner are listed in Table Il. For ns* 13, formation of Nin_jO~
also appears to be endothermic, which would suggest that
D[Ni*_1-20]=£ED (Ni*_~Ni) + D (02), values also listed
in Table II. It is possible that the appearance of these cross
sections is controlled not by the thermodynamics but by the
lifetimes of these products. Specifically, this possibility con-
siders that loss of Ni atoms from NinO” , ns* 13, is still an
exothermic process (thermoneutral for n= 12), but the aver-
age time required for this dissociation is longer than the
10_4s available experimentally. However, in the case of
iron, chromium, and vanadium cluster reactions,29-31 the
shape of the cross sections proved to be a reliable indicator
of the thermochemistry. Lower limits to the Nin -20 bond
energies can be obtained from observations of exothermic
reactions. Nickel clusters from n=4-12 clearly react exo-
thermically with oxygen to form Nin_~2+ N i. This is the
most probable reaction product at low energies, accounting
for nearly 100% of the total cross section at thermal energies.
The lower limits obtained for DJ[Ni*_1-20]

Reactions of Ni; (n=2-18) with 02 4173

TABLE II. Summary of
SOurces.

-20 bond energies (in eV) from several

Direct Relative
m  Lower limitb Upper limitc measurementd measuremente Averagef
3 705022 9.19(0.32) 7.94 0.34 7.940.34
4 725023 9.89 0.34 8.90 0.39 8.48 0.58 8.69 0.35
5 775025 1061 0.38 9.54 0.38 8.80 0.44  9.17(0.29)
6 797028 1051 041 9.26 0.42 9.04 0.49 9.15(0.32)
7 765030 10.38 044 9.25 0.45 8.96 0.55 9.11 0.36
8 784032 1057 047 9.44 0.48 9.68 0.54  9.56 0.36
9 784035 10.67 0.52 9.12(0.55) 9.40 0.56 9.26 0.39
10 794039  11.20(0.55) 8.73(0.55) 9.00 0.55 8.87 0.39
1 837039  11.81(0.55) 9.94 0.55 8.83 0.59 9.39 041
12 8550.39  11.44(0.54) 9.47 0.55 9.06 0.60 9.27 041
13 511 0.002 g 11.25(0.55) 9.15(0.56) 9.06 0.57 9.11 0.40

14 5110.002g 836040b 7.66 0.40 8.45 0.59
8.36 0.40  11.66(0.59) 8.93 0.59 8.82 0.59 8.88 0.42

15 5110.002g 841043b 7.47 043 843 0.62
841 0.43  11.87(0.63) 8.85 0.63 851 0.62 8.68 0.44

16 511 0.002g 857046b 7.53 046 8.02 0.64
8.57 0.46  11.90(0.57) 8.71 0.60 873064 872044

17 511 0.002g 844037b 7.260.37 7.84 0.66

aUncertainties in parentheses.

bSum of bond energies for loss of one Ni atom plus D(02), except as noted.
cSum of bond energies for loss of two Ni atoms plus D(02), except as
noted.

dCalculated from direct threshold measurements listed in Table 111 using Eq.
(22).

eCalculated from relative threshold measurements listed in Table 1l using
Eq. 22.

fAverage of the direct and relative measurements. Best values.

@ (02).

s"D(Ni*_1-N i~ D (02 are also listed in Table II. For
larger clusters, n 13, NinO2 formation is clearly exother-
mic, indicating that D[Ni*-20]3* D (02).

2. Direct and relative threshold measurements

Direct measurements of the Ni*-20 bond energies can
be obtained by using Eq. 20 to analyze cross sections for
cluster dioxides formed in endothermic processes. For
smaller clusters, n=5-15, the cross sections for the
Nin_202 product were analyzed. For clusters larger than n

14, cross sections for the Nin 102 product were also ana-
lyzed. The optimized parameters used in Eq. 20 to repro-
duce the data are listed in Table Il and converted to
Nin xO2 thermochemistry by using Eq. 21 .

D[N 7 - 20]=D(N i*"~x Ni)+D(02)- E0.  (21)

The bond energies derived from these direct threshold deter-
minations are listed in Table Il to allow comparison between
values from different systems and with the upper and lower
limits established above. In all cases, there is good agree-
ment between the directly measured bond energies and the
upper and lower limits derived from inspection of the data.
Bond energies obtained from analyses of Nin_20” cross sec-
tions exceed those extracted from Nin_102 cross sections by
an average of 1.33+0.14 eV. In general, bond energies de-
rived from thresholds can be too low for a number of reasons
including barriers to the process, competition with other
more favorable channels, or kinetic shifts. The only means
whereby a threshold can be lower than the true threshold



4174 J. Chem. Phys., Vol. 119, No. 8, 22 August 2003

TABLE Ill. Summary of parameters used in Eq. (20) for analysis of NimO2
cross-sections and relative energy measurements for the dissociation
NimC2+~Ni,,,_ !C2++ Ni.a

Reactant cluster

m size, n 0 N AE, eVb
Mo o

3 5 37.8 13.7 1804 1250.12

4 6 49.6 3.7 0.9 01 0.99 0.19 2.48 041
5 7 149 18 1101 1.070.06 2.250.13
6 8 16904 1502 125011 251031
7 9 9.4(2.3) 2703 113009 267035
8 10 23.8(0.3) 2001 113010 311027
9 u 24.6(0.7) 1403 155017 2570.29
10 12 31.1(4.8) 2301 247003 2470.14
i 13 35.4 6.3 2102 187004 2790.22
12 14 29.7 6.8 2102 197005 293021
13 15 176 6.0 1802 210011 3.230.10
14 15 46.4 3.7 1801 0.70003 223021
14 16 87.6 12 1306 273007 2600.21
15 16 53.6 5.7 1701 0.940.02 2.800.22
15 17 105(6) 1301 3.02007 2880.22
16 17 56.9 3.4 1901 104003 2.640.18
16 18 86.6 9.9 1502 319008 3350.18
17 18 54.8 0.1 1901 118002 2580.16

“Uncertainties in parentheses.
bAverage of two methods discussed in the text.

thus giving a bond energy that is too high is if there are
unaccounted sources of energy available, which seems un-
likely in these systems. Therefore, the larger bond energies
are more likely to be correct, as verified below.

Another way of obtaining information regarding the
cluster dioxides is to examine the energy dependence of the
NiB xO2 clusters formed by sequential loss of Ni atoms. The
relative thresholds for these reactions can be measured fairly
routinely, thereby bypassing questions regarding internal en-
ergies of the reactant clusters. Kinetic shifts should also can-
cel to a large extent although there is the possibility that
these differences may represent upper limits to the true ther-
modynamic differences because of different kinetic shifts for
subsequent reactions. Such an interpretation represents a
“model free’ analysis of the energetics as originally outlined
previously.29

This analysis was accomplished in two simple ways and
relies on the shapes of the Nin_xO” cross sections being
similar in their threshold regions. First, the average energy
difference between the cross sections for sequential cluster
dioxide products, i.e., Nin xO2 and Ni,, -102 was mea-
sured from semilogarithmic plots of the data like those
shown in Figs. 3-6 and Ref. 44. Second, cross section data
on linear plots was linearly extrapolated to zero cross section
and the difference between the intercepts on the energy axis
for sequential cluster dioxide products was taken as the en-
ergy difference. In both cases, these energy differences, AE,
correspond to bond energies for NiB x_jO~-Ni and their
averages are listed in Table Ill. To compare these values to
the NimO2 thermochemistry obtained above, we convert to
DNim-20] using Eq. (22), where m=n -x.

D Nim-20]=D Ni_iO2-NiH D NC-1-20]
-D (Ni*_1-Ni). 22)
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FIG. 7. Comparison of the dioxide bond energies obtained from relative
circles and direct triangles measurements listed in Table Il. Solid and
open symbols indicate values obtained from analysis of channels involving
loss of two and one Ni atoms, respectively. Bulk phase values taken from
Ref. 18 for several single crystal surfaces are also indicated.

This equation relies on the Ni*_j-20 bond energies for the
next smallest cluster, hence, the values listed in Table Il de-
rived from these relative threshold measurements are calcu-
lated using the average value for the next smallest cluster.
This average is calculated from all available values those
directly measured and the relative values . It can be seen that
the agreement between the direct and relative measurements
is fairly good, generally within the combined experimental
errors, Fig. 7. The average value listed in Table 11 is therefore
believed to be our best thermochemical information for the
cluster dioxides. For larger clusters, 14, the agreement
between the direct and relative values is quite good for the
bond energies determined from loss of two atoms, with an
mean absolute deviation of 0.16+0.17 eV. For bond energies
determined from loss of only a single atom, the values are
considerably lower and agreement between the direct and
relative values is worse, with a mean absolute deviation of
0.71 0.21 eV. As independently noted above, this indicates
that the latter values are less accurate than the former. The
fact that the former values yield a consistent trend in the
Nim-20O bond energies as a function of cluster size confirms
this conclusion.

For 13, the average values listed in Table Il agree
with the limits calculated from loss of one and two nickel
atoms being exothermic and endothermic, respectively, help-
ing to confirm the accuracy of these results. For n> 13, the
average values also fall in the range determined by loss of
one and two nickel atoms being exothermic and endother-
mic, respectively. Thus, the appearances of the Ni,_iO”"
cross sections for the largest clusters are not good indicators
of the endothermicity or exothermicity of the particular pro-
cess and are influenced by lifetime effects. This conclusion
contrasts with our results for iron, vanadium, and chromium
cluster ion reactivity with 02.29-31

C. Cluster monoxide bond energies, Ni*-O
1. Qualitative considerations

As a first approximation to the cluster monoxide bond
energies, we can assume that the two oxygen bonds in the
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TABLE IV. Summary of parameters used in Eq. (20) for the analysis of
Ni* + 02—Ni,,O++ O cross sections and calculated bond energies.a

1 0 N Eq, eV D(Ni*-0), eVb
2 2.8(0.3) 1.0 01 0.37 0.03 4.74 0.03
3 0.5(0.4) 2603 0.88 0.14 423 0.14
4 0.8(0.1) 1602 1.82 0.06 3.29 0.06
5 2.0(0.3) 1002 2.12 0.10 2.99 0.10
6 1.1(0.5) 1.8 0.1 2.16 0.05 2.95 0.05
7 4.1(0.5) 0.8 0.1 2.65 0.10 2.46 0.10
8 5.1(0.1) 1401 2.63 0.02 2.48 0.02
9 1.6(0.3) 2002 2.02(0.11) 3.09 0.11
10 1401 2201 1.96 0.03 3.15(0.03)
1 84 18 1401 2.38 0.12 273 0.12
12 3105 1801 1.76 0.07 3.35 0.07
13 10.6 1.0 1301 2.21 0.05 2.90 0.05
14 1.8 0.4 2201 1.50 0.02 3.61 0.02
15 2203 2201 1.69 0.04 3.42 0.04
16 153 14 15 0.0 2.24 0.04 2.87 0.04
17 6.3 1.4 1801 1.99 0.07 3.1%0.07)
18 161 3.8 1601 2.10(0.08) 3.01 0.08

aJncertainties in parentheses.
bValues are lower limits to true bond energies except for ra=2 and 3. See
text.

NiKD2 species are similar, i.e., that D (Ni*-O) is approxi-
mately half the D[N i~-20] values listed in Table Il. This
estimate gives Ni*-O bond dissociation energies smaller
than D (O2) for all clusters. This means that formation of
NinO in reaction 23

Nin 02 NinO 0] 23

should be endothermic for all clusters, in agreement with our
observations, Figs. 1-6 and Ref. 44,

Reactions (23) are analyzed using Eq. (20) and the re-
sults given in Table IV. Figure 8 shows that these values fall
well below D (Ni*-20)/2 for all clusters but m=2 and 3.
The NinO species are minor products for most cluster sizes
and are in direct competition with formation of the cluster
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FIG. 8. Comparison of the cluster dioxide bond energies (closed triangles,
average values from Table Il with monoxide bond energies obtained from
the primary reaction open triangles, Table IV and the secondary reaction
(open squares, Table V). Bulk phase values taken from Ref. 18 for several
single crystal surfaces are also indicated.
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TABLE V. Summary of parameters used in Eq. 20 for the analysis of
Nim 1 02 NinD Ni O cross sections and calculated bond energies.a

m 0 N Mo @ D (Nim-0), eV
1 0.10 0.04 2201 0.61 0.08 b 2.67 0.20
2 5.6 0.2 1401 3.12 0.02 4.36(0.12)
3 6.4 2.8 150.2 3.00 0.44 4.05 0.49
4 55 1.0 1801 3.07 0.03 4.19(0.23)
5 9.4 49 1505 3.32 0.08 4.43 0.26
6 5.6 0.3 1701 3.72 0.04 4.26 0.28
7 95 36 1601 3.26 0.04 4.40 0.30
8 7.0 45 1.7(0.3) 3.87 0.29 3.97 0.43
9 58 17 160.2 3.94 0.12 3.90 0.37

10 53 0.2 1801 411 0.04 3.84 0.39

n 115 11 1803 4.120.15) 4.25 0.42

12 4601 1901 4.56 0.06 4.00 0.40

13 10.7 10 1801 4.14(0.03) 3.87 0.38

14 9912 2001 4.36 0.07 4.00 0.41

15 14.4 36 1901 4.65 0.11 3.77 0.44

16 16.2 1.7 2001 4.60 0.04 3.97 0.46

aUncertainties in parentheses.
bThreshold for NiO  NiO formation.

dioxides. The competition between losing an oxygen atom
from the NinO2 transient intermediate to form the cluster
monoxides in reaction 23 and losing a nickel atom, a much
more favorable process energetically, probably accounts for
the high apparent thresholds observed for the NinO prod-
ucts. It is also possible that there are barriers along the po-
tential energy surface for the oxygen atom loss pathway. In
any case, it is clear that the thresholds observed for the
NinO O reaction channel are not reliable measurements of
NinO thermochemistry, except possibly for n 2 and 3,
providing only lower limits.

2. Direct threshold measurements

The thresholds for reaction (24 provide an alternative
method of deriving Ni”®- O bond energies,

NiB+ O2AN iB_ iO++Ni+O. (24)

Specifically, the “secondary’ bond energies are calculated as
D (Ni+_1-O) = D (Ni+_1-N i)-E0(24) + D (02), where the
bond energies of the bare nickel cluster ions have been mea-
sured previously.2s Here, we determine the thresholds for
reaction 24 using an analysis of the cross sections with Eq.
20 as outlined above. The optimized parameters of this
model are listed in Table V, along with the bond dissociation
energies of Ni” - O obtained from these thresholds using the
equation noted above. We also verified that the previously
published values of D 0o(Ni*_1-Ni) could be used in Eq. (20)
along with reasonable N values to reproduce the present data
for reaction (24, for clusters a= 6, 9, and 10.

A drawback of measuring thermochemistry in this man-
ner is that the uncertainty is larger because it includes the
uncertainties of both reactions (24 and D (Ni*_1-Ni). A
redeeming feature, however, is that the errors resulting from
the kinetic shifts and internal energies should be reduced
because identical assumptions are employed for both thresh-
old measurements.

The monoxide bond energy, D (Ni+-O), obtained from
the analysis of the Ni2 02 NiO  NiO secondary reac-
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tion, 2.67+0.20 eV, agrees well with the value from the lit-
erature, 2.75+0.05 eV (Table p .45 In the case of D (NiJ-O),
the value obtained from the primary reaction exceeds that
extracted from the secondary reaction by a considerable
amount. Because obtaining a threshold for the latter reaction
(9b requires removing the large exothermic cross section for
reaction (9a), it seems likely that the primary bond energy is
more reliable. For larger clusters, a comparison of the values
from Tables IV and V (see Fig. 8) makes it evident that the
primary monoxide bond energies are systematically lower
than the secondary bond oxide energies, by an average of
1.04+0.47 eV for ras*4. Although this discrepancy could be
a result of barriers to the primary reaction, such barriers
would have to occur in the exit channel as the initial reaction
with 02 is clearly unactivated on the basis of the results for
the dioxide products. As loss of a single oxygen atom from
NirO2 intermediate is unlikely to have a reverse activation
barrier, it seems more likely that the low primary monoxide
bond energies are the result of thresholds elevated by com-
petition with the much more likely dioxide channels.

V. DISCUSSION
A. Efficiency of reactions

The Langevin-Gioumousis-Stevenson (LGS expres-
sion can often be used to predict the reaction cross section
for barrierless, exothermic ion-molecule reactions. Because
(jLGS is determined by the polarizability of the neutral gas, it
is the same for all cluster ion sizes. Examination of Figs. 1-6
shows that at the very lowest energies, the total reaction
cross sections have similar magnitudes and follow an energy
dependence that is comparable to E ~12 Within the experi-
mental uncertainties, the cross sections at low energies for all
clusters but a=2 agree with the calculated collision cross
section according to the LGS model, indicating that the re-
actions occur with unit efficiency at thermal energies. As the
energy is increased, however, the total cross sections begin to
plateau to a constant value that is maintained to the highest
energies examined.

Figure 9 shows the average cross section magnitudes
measured experimentally at energies of 0.5 eV along with
30% uncertainties. These values are compared to a hard
sphere cross section limit calculated as aHS= ird2 where d is
the cluster radius plus the dioxygen radius (0.6 A). The ra-
dius of the cluster, r, was estimated using the packing pattern
of a cubic crystal and the assumption that the cluster is
spherical according to Eq. 25 ,29

r=a(3n/4tp )13 (25)

where a= 3.52A,38 the bulk-phase lattice parameter for
nickel, n is the number of nickel atoms, and p is the number
of atoms per unit cell: 2 for body-centered cubic (bcc) and 4
for face-centered cubic fcc . We find better agreement with
values calculated for a bcc cell, rather than fcc, even though
the bulk-phase structure of nickel metal is fcc at standard
conditions. Work by Riley and co-workers has indicated that
small nickel clusters have structures based on icosahedra,59
so there need not be an expectation that the bulk phase ge-
ometry is conserved. With the exception of the smallest clus-
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ters where the LGS limit is still being followed , the com-
parison between aHS and our experimental cross sections
demonstrates that the oxidation reactions of nickel cluster
cations with O2 occur with near unit efficiency that is largely
controlled by the size of the cluster at elevated energies.

B. Reaction mechanism

The mechanism for the reactions of nickel cluster ions
with O2 appears fairly straightforward. Dissociative chemi-
sorption of the O2 molecule on the cluster surface heats the
cluster strongly by 3 to 4.5 eV on the basis of the thermo-
chemistry in Table Il and dissociation ensues. Nickel-
oxygen bonds are stronger than nickel-nickel bonds, such
that dissociation for larger clusters is dominated by nickel
atom loss to form cluster dioxide ions. Formation of primary
cluster monoxide products occurs by loss of an oxygen atom,
which is less efficient. Competition between these two chan-
nels appears to occur early in the reaction scheme, indicating
that oxygen atom loss occurs primarily from the transient
NirO2 intermediate. This seems reasonable as dissociation
cools the remaining cluster such that subsequent dissocia-
tions must occur primarily along the lowest energy pathways
available. In addition to atomic loss processes, loss of mo-
lecular products such as NiO and Ni20 from the transient
NirgD2 can also occur, especially from smaller clusters.
Elimination of NiO from the precursor can be readily iden-
tified from the exothermic formation of the Nim 10 product
for m=2-4. As the kinetic energy of the reactants is in-
creased, the primary products dissociate further with loss of
atomic nickel again being the most prominent dissociation
process for both cluster dioxides and monoxides.

C. Trends in oxygenated nickel cluster stabilities

The various nickel cluster-oxygen bond energies de-
rived above are shown as a function of cluster size in Fig. 8.
As found previously for iron, chromium and vanadium
clusters,29-31 it can be seen that the cluster oxygen bond
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FIG. 10. Comparison of D (OxN i~ 1-Ni) for x=0-2 as a function of the
total number of nickel atoms in the cluster n . Values for x 1 and 2 are
calculated using Eq. 26 and those for x 0 are taken from Ref. 25.

energies do not vary strongly with cluster size. It can also be
seen that the Nin -O bond energies derived from the second-
ary Nin 10 product thresholds agree fairly well with half
the Nin - 2 O bond energies, although the Nin-O bond ener-
gies are systematically lower for clusters larger than n 4.
For ns”s8, the difference is 0.6+0.2 eV, although the com-
bined uncertainties are comparable to this difference. It is
possible that these slightly lower bond energies are probably
the result of thresholds for formation of Nin 10 shifted to
higher energies by competition with the cluster dioxide prod-
ucts. Alternatively, the first oxide bond energy may also re-
flect the need to distort the nickel cluster to accommodate the
oxygen bond. The second bond is stronger because the clus-
ter has already distorted.

Another way to examine the trends in this thermochem-
istry is to compare the stabilities of bare and oxygenated
cluster ions with regard to loss of a nickel atom, the lowest
energy dissociation process in all cases. These OxN i 1-Ni
bond energies where x 1 and 2 are calculated from Eqg.
26 ,

D OXNC- 1- Ni)=DNin-(0)J - DNi,,n_1- (O)x]
+ DNin+ 1-Ni), (26)

where the required bond energies are taken from Tables Il, V,
and Ref. 25. These comparisons are shown in Fig. 10. For
most cluster sizes, the pattern in dissociation energies,
D (OXN i~ 1-Ni) imitates that for bare clusters,
D (NC_1-Ni). The lack of large changes in the bond ener-
gies upon oxygenation simply reflects the fact that the
Nin -20 and Nin-O bond energies do not change apprecia-
bly with cluster size, Fig. 8.

D. Comparison to oxidation of neutral nickel clusters

In flow tube reactor studies on the oxidation of neutral
nickel clusters,6061 the cluster dioxide products were the first
peaks to appear in the mass spectrum. This is consistent with
our observation that the cluster dioxide products dominate
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the spectrum at thermal energies for all but the smallest clus-
ters. These researchers reasoned that the more exothermic
addition of O2 predominates over the approximately thermo-
neutral addition of a single O atom, as quantified directly
here. They also stated that an important cooling mechanism
for the oxygenated clusters is by evaporation, as observed
directly in the present study.

E. Comparison to bulk phase thermochemistry

Ideally, we would like to compare the bond energies de-
termined here to those on bulk phase Ni surfaces. There have
been several studies on the oxidation of single crystal nickel
surfaces.62 The adsorption of O2 molecular nickel surfaces
has been shown to undergo a dissociative chemisorption
mechanism.16 Calorimetry experiments give desorption en-
thalpies of 4.86 and 4.6 eV for Ni(111), 4.9 eV for Ni(110),
and 5.7 eV for Ni(100).1718 These bulk phase values are
equivalent to Nin-20 bond energies of in the range of 9.7-
10.8 eV, which is comparable to the 7.9-9.6 eV range found
here Table Il . This comparison is shown in Figs. 7 and 8. In
addition, AvapH 0(Ni) is 4.44+0.09 eV,53 suggesting that the
metal should vaporize before oxygen desorbs for many oxi-
dized nickel surfaces, in agreement with the dissociation be-
havior observed here. The average (Nin-20) bond energy
for ns*4 is 9.0£0.4 eV, which is equivalent to a O2 desorp-
tion enthalpy of 3.9 0.4 eV. Thus, the thermochemistry ob-
tained here for small nickel clusters is slightly weaker than
that for the bulk phase nickel 111 surface, but not compa-
rable to the 100 surface. This suggests that binding of oxy-
gen in three-fold sites dominates in these small nickel clus-
ters.
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