8804 J. Phys. Chem. A998,102,8804-8811
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A fast flow reactor-quadrupole mass spectrometer coupled with a laser vaporization source is used to study
the gas-phase reactions of nickel and nickel oxide cluster aniop®(Nwherex = 1—12 andy = 0, 1, or

2) with nitric oxide. The results indicate that three processes are occurring in the presence of the nickel
cluster anions. First, nickel and nickel oxide clusters are oxidized by the reaction with nitric oxide. Second,
addition products with these oxides are also formed. Third, nitrogen dioxide and nitrogen trioxide are formed
on nickel oxide clusters and subsequently released as anions. Rate constants are reported for the initial reaction
occurring between the nickel cluster anions and the nitric oxide, and the reaction rates are compared with
reaction rates of the same nickel anion clusters with molecular oxygen. Finally, a comparison of the reaction
rates for nickel oxides formed both in the flow tube and in the laser vaporization source are reported. These
reactions (previously reported in Part) help to provide a better understanding of the formation of free
nitrogen oxide anions observed in the current experiments.

I. Introduction vaporization, reacted in a fast flow reactor, and then detected

dvi i ith cl hemi I by a quadrupole mass spectrometer. These experiments reveal
Studying catalytic processes with cluster chemistry allows o\ jnformation on reactions, reaction rates, and reaction

reaction processes to be studied in the gas phase where only,ochanisms occurring between nickel cluster anions and nitric
short-range interactions between the catalyst and the reactantg ;e

can take place. These systems can function as molecular scale
models of localized catalytic systems. Métahd metal oxide II. Experimental Section

clusters are often used to provide useful information on these  The fast flow reactor-mass spectrometer system used in this
short-range interactions occurring between a catalyst andyork has been described in detail previousIgriefly, a nickel
reactant. Potential reaction mechanisms, reaction rates, competro is vaporized in the presence of a flowing stream of helium
ing reactions, and poisoning processes can be examined in detaigarrier gas at 9000 sccm (standard cubic centimeters per minute).
with cluster chemistry. The work described in this paper is \yater contamination is removed from the carrier gas by passing
part of an ongoing investigation designed to understand theseit through a series of molecular sieves in a liquid nitrogen bath.
types of interactions between nickel and nickel oxide catalysts The continuous flow of helium carries the ablation species out
and NQ gases. of the source through a conical nozzle into the flow tube. Laser
Previously we reportédhe reactions of nickel oxide anion  vaporization is performed using the second harmonic of a Nd:
clusters with nitric oxide to form nitrogen dioxide attached to YAG laser focused onto a 0.6-cm rotating nickel rod by a 20-
the clusters. The heat of formation was dissipated by the losscm focal length lens.
of either Ni or NiO from the clusters. These reactions lead to  As the ions are carried through the flow tube, they are
some interesting insights into how electron density may affect thermalized (296 K) by collisions with the carrier gas. The
local reaction centers in heterogeneous catalysts. The presenflow tube pressure is maintained at around 300 mTorr. To study
study builds on the previously reported results and provides athe reactions of interest, neutral reactant gases are added through
greater understanding of heterogeneous catalytic processes thaf reactant gas inlet. The reactant ions are allowed to react in

may occur between nickel catalyst and nitric oxide. the flow tube for a measured amount of time before they are
The present paper focuses on gas-phase reactions of nickesampled and detected. The majority of the species flowing
and nickel-rich oxide cluster anions (&,~, wherex = 1-12 through the reaction region are pumped off by a high volume

andy = 0, 1, or 2) with nitric oxide under well-defined thermal roots pump, while a fraction of the ions is sampled from the
conditions. Part 1 of this series focused on the reactions of flow through a 75Q:m orifice and focused into the quadrupole
stoichiometric to oxygen-rich nickel oxides produced by oxidiz- mass filter by a set of electrostatic lenses. Thereafter, the ions
ing the nickel clusters as they were being formed in the laser are detected by a channel electron multiplier. The quadrupole
source. Also, the difference seen in the reaction pathways whenmass filter is controlled by an Extrel mass controller. The
nickel—oxygen clusters are formed in the flow tube was briefly quadrupole and detection chambers are differentially pumped,
discussed. There were some unanswered questions about thesgith pressures maintained around 2@ orr. The pulsed output
differences that will now be addressed in greater detail. To from the multiplier is fed through a pulse amplifier discriminator
study these reactions, nickel cluster anions are produced by laseand then to a computerized multichannel analyzer.
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Figure 1. Typical nickel anion cluster distribution.
I1l. Results exceptions, the Nigr and NgO,~ oxides are not completely

due to starting material; rather, they are partially due to the
formation of these species as products. As shown later, nickel
oxides are a major product in these reactions; however, in this
particular product distribution, these are the only two species
prominent peak in the spectrum is the nickel trimer, and the showing an increase in ion concentration from the nickel oxide

next two most abundant clusters are the nickel pentamer andstartmg materllals. ) L . .
tetramer. The presence of nickel oxides in this distribution Another major product of this reaction is the addition of nitric

indicates how easily bare nickel anions are oxidized. There 0Xide to the nickel oxide clusters. Figure 2 shows three such
was no oxygen intentionally added to the flow tube. Oxides Products as the reaction begins at the lowest concentration of
are present in and on the nickel rod itself and/or from minute Nitric oxide. These are indicated by the dashed lines, and are
leakage of air into the apparatus. To reduce the amount of the NeO(NO)", Ni,O(NO)", and NO(NO)" clusters. Also
oxides in the distribution, the nickel rod can be ablated for the higher concentration spectrum in Figure 2 (top) shows
several hours to remove oxides from the surface of the rod; Several other addition products as the reaction progresses. Itis
also, lowering the laser fluence helps to reduce oxidation. The important to note that there are no additions of NO to any bare
typical laser fluence for vaporization/ionization of the nickel Nickel cluster anions (INT), and this holds true throughout all
rod is 4 to 5 mJ. data sets that were obtained in these experiments.

Nitric oxide was reacted with different nickel/nickel oxide There are also many nitric oxide addition products that are
cluster anion distributions such as the distribution shown in attached to nickel oxide species that were not present in such
Figure 1. Different reaction product distributions were obtained high concentrations in the starting material. For instance, even
by varying the concentration of nitric oxide and by varying the if the association process is an efficient one, there was
nickel cluster reactant distributions. Two product distributions insufficient NiO,™~ starting material to form the large abundance
for the reaction of nitric oxide with nickel/nickel oxide cluster of Ni,Ox(NO)~ cluster. This species is a dominant product in
anions (Figure 1) are given in Figure 2. The identification of the higher concentration product distribution in Figure 2. This
product species is given careful consideration. Both individual can be illustrated by plotting the change in intensities of these
isotope patterns and overall product buildup distributions are species (starting material, NNisO~, and NikO,~, and products
painstakingly considered when assigning product distributions. NisO.NO~, Ni4O(NO);~) as shown in Figure 3, where the three
These and other procedures for identifying product species arenickel tetramer reactants are seen to decrease as the two tetramer
explained extensively in Part 1 of this serfes. products increase. The intensities of the®$(NO)~ cluster

The lower spectrum shown in Figure 2 is for a low NO were determined by subtracting out any contribution due to the
concentration (0.2 sccm) and the upper spectrum is for a higherfourth isotope of the nickel pentamer (296 amu), which overlaps
concentration (2.0 sccm). The product species are labeled aswith the main isotope of this product (296 amu) and was large
NixOy(NO),” and the starting materials remaining at this at low concentrations. The same procedure was used on the
concentration are labeled as,j~. There are, however, two  Ni4O(NO)~ product to remove any contribution from thesNi

Nickel and nickel-rich oxide cluster anions are formed by
laser vaporization of a nickel rod. A typical nickel and nickel
rich oxide anion cluster distribution is given in Figure 1. The
major peaks in the spectrum are labeled a©Ni. The most
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Figure 2. Two nitric oxide reaction product distributions. The bottom spectrum is for 0.2 sccm of NO and the top spectrum is for 2.0 sccm of NO.
The three dashed lines indicate the first reaction products observed for the trimer, tetramer, and pentamer clusters.

Ni +NO be involved in these reactions through fragmentation processes,
X however the main point is that nickel clusters with increased
oxygen contents are formed.

Oxidation of the nickel clusters can be further seen in Figure
42,1 4 where the reactions of nitric oxide can be followed as a
function of its concentration. This is a different data set from
those shown thus far. The dashed lines indicate the oxidation
4, 1,3 of the cluster and the solid lines indicate the addition of nitric
oxide. The bottom spectrum displays the reactant©ONi
s whereyis 0, 1, or 2. This distribution has a greater percentage
‘ _‘ - of the nickel monoxide and dioxide reactants than are reacted
80 0.50 1.00 150 2,00 to produce the data set shown in Figures 1 and 2. The next
Nitric Oxide Flow Rate (sccm) spectrum up in Fi_gure 4 was ob_tained gt 0.2 sccm of NQ, and
shows the formation of higher nickel oxides, namely,(di,
Figure 3. Relative anic_m _concentr_ﬁltion of _nicl<e| tetra_me[reactants NizOs~, NisOs~, and some NiO,~. The third spectrum up in
End prOd_u_CtS' Key: M) indicates Ni; (00) Ni«O™; (#) Ni,O.™; (@) Figure 4 is at 0.4 sccm of NO, where further oxidation of the
140.NO~; (O) N|40(NO)3 . . . . .
nickel trimer and tetramer are seen to contribute to the formation
of NizO4~, and NikO,~. At this concentration, addition of nitric
oxide onto the clusters is observed, with the formation of the
NizO4(NO)~, NisO3(NO)~, and NiO3(NO),™ clusters. The next
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cluster. This was accomplished simply by knowing the isotopic
ratios of the nickel pentamer clusters and determining the

contribution of the fourth isotope based on the intensities of ) X p . o
other isotopes that do not overlap with any product material. In three spectra were obtained at increasing concentrations of nitric

Figure 3 the filled diamonds represent tha® cluster, and it~ ©xide (0.6, 0.8, and 1.0 sccm), and continue to show both further
is obvious that the decrease in intensity of this cluster cannot ©Xidation of the nickel oxide clusters and addition of NO onto

account for the increase in intensity of the®i(NO)~ cluster these clusters. In another set of data, larger nickel cluster
(filled circles). Therefore, the ND (open squares) or Nfilled .react.an.ts were .Iooked gt more closely .and were found to react
squares) reactants must be also contributing to the formationin @ similar fashion. For instance, thegNcluster was observed

of NisO-(NO)~ clusters. Likewise, the decrease in intensity of 0 0xidize up to N§Os™~ and also to form addition products such
the NizO cluster cannot account for the increase in the combined @ NEO(NO)™, NigOz(NO)~, and NkO2(NO),.

intensities of the NJO,(NO)~ and NiyO(NO);~ (open circles) The third type of major products from these reactions are
clusters, and this does not even take into consideration thenitrogen dioxide (N@~) and nitrogen trioxide (N@°) anions,
Ni4O(NO),™ cluster. These observations indicate that at least as well as some further clustering of these species when very
the Ni; and possibly the ND cluster are being oxidized by the  high concentrations of nitric oxide are added. The higher
nitric oxide. It is possible that larger nickel clusters may also concentration product distribution in Figure 2 clearly shows the
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Figure 4. Oxidation and addition reactions of nickel anion cluster from the addition of increasing concentrations of nitric oxide (from bottom to
top: 0, 0.2, 0.4, 0.6, 0.8, and 1.0 sccm).

formation of these two species. An interesting difference in tions such as that shown in Figure 1. Determination of the
the formation of these NO products is observed between the pseudo-first-order bimolecular rate constants for the reaction:
two different data sets discussed thus far (Figures 2 and 4). The
distributions taken at the lowest NO concentrations in both Ni, +NO——Ni,O(NO), + neutrals (1)
Figures 2 and 4 are each for the same concentration of NO and
yet lead to different products. The key to understanding this is obtained from the slope of a semilog plot through the
difference is to carefully compare each of the nickel/nickel oxide following relation
reactant spectra and then to see how the two reactant distribu-
tions produce different products. This comparison is made in In(l/1,) = — k[NO]t (2)
Figure 5, where the two reactant spectra are overlaid at the
bottom of the figure and slightly offset for clarity. The two where I/l, is the intensity of the NI species at given
product spectra are also shown overlaid and offset at the top ofconcentration of NO divided the intensity of the,Nispecies
the figure. The main difference in the reactant spectra (bottom) at zero concentratiotk,is the rate constant, ands the reaction
is that one has significantly less bare nickel species and thereforetime (4.2 ms measured by pulsing experim&nt&Examples of
has a greater relative amount of nickel oxides. The most striking the semilog plots used to determine rate constants for each of
difference, however, is in the product distributions, where the the reactions carried out in these experiments are given in Figure
relative rate of formation of N& and NQ~ at this same 6. For each reaction spectra at a given concentration, one or
concentration is significantly faster for the data set with the more reference spectra (i.e. zero concentration spectra) are
dominate oxide species. taken.

One final observation from the data is that in all data sets, The reaction rates for the reactions given in Tabled Were
the only initial nickel monomer reactant present was NiO determined by averaging several different data sets to eliminate
and, as mentioned previously, this species increased withscan-to-scan fluctuations in the data. Some reaction products
increasing NO concentration. Other subsequent nickel monomeroverlap with starting material, but often these reaction rates were
products were NigNO)~, NiOx(NO),~, NiO3(NO),~, NiO4 able to be obtained from a measurement of the changing
(NO),~, and NiG(NO);~. In one set of data, the NiO concentration of starting material isotopes that did not have mass
intensity at 1 sccm of NO was about 2 times the initial intensity overlap. All reaction rates that could be obtained without
with no NO addition. The Ni@{NO),~ cluster was found to interference from product overlap are reported in Tabted,1
be approximately twice the intensity of the initial NiGsignal, and are given in chfs. The larger errors reported in some
and the remaining monomer products when combined were reaction rates are attributable in part to product mass overlap,
around 3 times the initial Ni¢y intensity. These data indicate  reducing the usable data points. Also, lower concentrations of
that the nickel monomer product species are coming from higher starting material of the larger clusters contributed to these errors.
nickel reactants. In addition to reaction rates, calculated collision rates (Langevin

In a series of experiments to elucidate the reaction rates, bothlimit for nonpolar molecules and Su-Chesnavich parametrization
nitric oxide and molecular oxygen were reacted with distribu- for polar moleculed are provided in each table. A comparison
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Figure 5. A comparison of reactants and products with two different data sets. The dashed-lined spectra are reactant and product distributions for

the data set shown in Figure 2 and the solid-lined spectra are for the data set shown in Figure 4.

0.00

-L09 -

In(I/1)-1.63

18.00

280 Ni,+NO
27800 360 720 1080 14.40
[ ] Nitric Oxide (molecules/cc) x10!!
0.00

-0.54 T

-1.08 }‘
ln(I/IO).1_62 =

216

Ni,+0,

(b)

-2.78 L
.00 1.12 224

[ ] Oxygen (molecules/cc) x1012

1
3.36

L
448

5.60

0.00
-0.50
-1.00

In(I/1)-1.50

-2.00

0.00

Ni,0,+NO

!

0.50

[ 1 Nitric Oxide (molecules/cc) x1012

1.00

1.50

2.00

2.50

0.00
-0.44
-0.88
In(I/1))_1 32
-1.76

-2.20

Ni,0,+NO

(d)

12

[ 1 Nitric Oxide (molecules/cc) x10!!

24

36

48

60

Figure 6. Examples of semilog plots for rate constant determination. (g) NiNO; (b) Nis~ + Oy; (c) NisOs~ (formed in the flow tubej+ NO;

and (d) NkO4~ (formed in the laser vaporization source)NO.

of these collision rates with the experimentally determined rates reaction rates of nitric oxide reaction with nickel clusters anions
gives an indication of the efficiency of the reactions. The are given in Table 1.



Reactions of Nickel with Nitric

Oxide

TABLE 1. NO Reactions with Nickel Cluster Anions

experimental rate  calculated

constants collision rates
reaction (10 %mds™) (10%ms™)
Niz~ + NO — — NizO«(NO),~ 3.09+ 0.28 1.55
Nis~ + NO — — NisO(NO),~ 4.324+0.19 1.52
Nis~ 4+ NO — — NisOx(NO),” 4.12+0.19 1.51
Nig~ + NO — — NigO«(NO),~ 3.60+ 0.24 1.49
Ni7z~ + NO — — Ni;O«(NO),~ 4,134+ 0.39 1.49
Nig~ + NO — — NigOx(NO),~ 4.24+ 0.33 1.48
Nig~ + NO — — NigO(NO),~ 3.61+0.61 1.47
Niig~ + NO—— NimOx(NO)y‘ 2.394+0.25 1.47
NizO~ + NO — — NizO(NO),~ <3.67+£0.16 1.54
Ni4sO~ + NO — — NisO(NO),~ <3.154+-0.36 1.52
NisO~ + NO — — NisO(NO),~ <2.55+0.26 1.50
NigO™ + NO — — NigO(NO),~ <3.61+0.25 1.49
NizO~ + NO — — Ni;O«(NO),~ <3.084+0.37 1.48
TABLE 2: Oxygen Reaction Rates
previously
experimental calculated published
rate constantscollision rates rate constants

reaction (10%%cms™) (10 1%mPs™Y) (10 %mis™?)
Niz~ + O, — NizOy~ 1.12+ 0.08 5.66 0.78 0.02
Nig~ + O,— NisOx~  3.01+£0.43 5.55 3.4£0.3
Nis~ 4+ O,— NisO,~  2.98+0.15 5.48 3.1H03
Nig~ + O — NigOy~ 1.91+0.16 5.43 2.2:-0.1
Ni;~ 4+ O,— Ni-O,~  2.53+0.28 5.40 3.0:0.3
Nig~ 4+ O,— NigO,~  2.49+0.26 5.38 2.8:0.3
Nig™ + O, — NigOy~ 2.44+0.18 5.36 2.4-0.4
Nigo~ + O, — NijgOx~ 3.194+£0.45 5.34 3.8:1.3
Niis~ + O, — Niloox_ 4.394+ 0.36 5.33
Ni;z~ + O, — NigOx~ 4.06+ 0.38 5.32
Niizs~ + O, — NijgOx~ 4.12+0.26 5.31
Ni14_ + 02_’ Niloox_ 2.4+ 0.7 5.30
Niis™ + O, — NigO 2.7+£1.0 5.30

TABLE 3: NO Reactions with Nickel Oxide Cluster Anions
(Flow Tube) to Form Addition Products

experimental
rate constants calculated collision

reaction (10 %cmis ™)

rates (10°%ms ™)

NisOs~ +NO— Ni,O,NO,”  2.8640.20
Ni,Os~ +NO— Ni,O,NO,”  4.21+0.19
NisO;~ +NO— Ni,O,NO,”  2.094 0.20
NizOs~ +NO— Ni,O,NO,”  6.074 0.40

1.53
1.50
1.48
1.47

TABLE 4: NO Reactions with Nickel Oxide Cluster Anions

(Source) to Form NG,

experimental
rate constants collision rates

calculated

reaction (10 %cmds™1) (10 %cm’s ™)
NisOs~ + NO— NixOy(NOy),~ 0.51+ 0.10 1.50
NisOs~ + NO— NixOy(NO,), 1.2+0.3 1.50
NisOs~ + NO— NixOy(NOy),~ 0.37£0.13 1.49
NisOs~ + NO— NixO,(NO;),”  7.1+£2.9 1.49
NigOs~ + NO— NixOy(NOy),~ 0.37£ 0.06 1.48
NigO;~ + NO— NiO,(NO),  0.52+ 0.10 1.48

It is interesting to compare the reaction rates in Table 1 with
those of oxygen with nickel cluster anions in Table 2. Rate
constants for the reaction of nickel anions with oxygen were

recently published by Hintz and Ervirfior Nis~ to Niyg~ and

are provided for a comparison, in general showing good
agreement. Further, new rate constants for the reactiong of Ni
to Ni;s~ with oxygen are also given in Table 2. Also, thus far
unpublished reaction rates of several different nickel oxide
anions from previous experimehis our laboratory are given
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These rates are listed in Tables 3 and 4, where only those
reaction rates that are not affected by product overlap are listed.

IV. Discussion

The study of reactions of nitric oxide with nickel cluster
anions yields some interesting results. There are at least three
different processes occurring with the reaction of NO. First,
the addition of NO with the nickel and nickel oxide clusters,
then oxidation of both nickel and nickel oxide clusters, and
finally the oxidation of NO to form N@ and NQ~. Although
only the nickel oxide addition species are observed in the mass
spectra, bare nickel addition species must be an intermediate
product in the oxidation reactions. One would expect that NO
adds to the nickel clusters and is quickly reduced releasing
nitrogen. Although no product anion is observed with the
addition of nitrogen atoms, it is reasonable to assume that
nitrogen quickly reacts with NO to formJ®. The NO would
not be expected to be observed as an ion from this reaction
because of its low electron affinity compared with Nénd
nickel/nickel oxide clusters. All product spectra were checked
for the presence of YO either as a molecular ion or as part of
a cluster and no evidence ofb® was found.

The fact that the ND(NO)~ clusters are the first addition
species seen in the spectra and that ngN\®)~ species are
observed indicates that the oxidation process slows or at least
becomes comparable to the rate of association after one oxygen
is attached to the cluster. Surface studies show that when NO
is added to nickel surfaces, NO adsorbs to the surface, followed
by dissociation depending on surface coverage (NO concentra-
tion) and finally N is desorbed. However, this formation of
N on transition metal surfaces occurs through a Langmiur
Hinshelwood process, where two adsorbates (either N(dja)
or N(a)+ NO(a)) react to form the product gN°-11 Although
there is a possibility that such a process may occur on the surface
of some of the clusters in the reactant distributions, it is not
likely that it occurs on bare metal nickel clusters. For this
mechanism to proceed it would be necessary to first forga Ni
NO species, none of which are observed in any product
distribution. The formation of NO~ species (the first product
observed from a bare metal cluster) is also taken into consid-
eration when reporting the reaction rates foyO\i + NO (Table
1), and subsequently reported only as a lower limit for the rate
constants.

The most striking species seen in the mass spectra is the
formation of NG~ from the addition of NO to the nickel\nickel
oxide clusters. Also, N® is a product. There is obviously
the reduction of NO to form nickel oxides but these oxides,
once formed, have the opposite effect on the nitric oxide, that
is, they oxidize the nitric oxide. When the reactant distribution
contains more nickel oxide species, the rate oLbNf@rmation
dramatically increases, as is shown in Figure 5. This fact would
indicate that the formation process is occurring on the nickel
oxide clusters and not the bare nickel clusters. When oxygen
was added to the flow tube to form nickel oxides in a previous
experiment, one of the products formed was NO This
product was thought simply to be due to the reaction of nitric
oxide with the excess oxygen in the flow tube. However, the
fact that excess oxygen did not react to form/N@hen oxygen
was added at the laser vaporization source, where high-
temperature conditions produced oxides of greater stability, was
unexplained. It is now believed that the formation of NO
occurs by a reaction involving clusters. One consideration was
whether the elimination of electrons by some scavenging

to illustrate the large difference in reaction rates between nickel reaction with the nickel oxides produced in the source could
oxides formed in the source and those formed in the flow tube. have prevented the formation of MOas a product; but if oxides
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depleted electrons at the source, they would have depleted themarrangement was suggested to lead to the bonding of nitric oxide
when formed in the flow tube as well. The appearance ofNO to oxygen as opposed to nickel, which would then facilitate the
and NQ~ when no excess oxygen is present in the flow tube formation of nitrogen dioxide on the cluster without the loss of
and the fact that the primary reaction that occurs between NO any nickel species from the cluster. It is then reasonable to
and the nickel clusters is the oxidation of the nickel clusters expect that the formation of NO as a product could come
indicate that very similar processes are occurring in both from this formation of NQ on the nickel oxide cluster and that
experiments. That is, weakly bound nickel oxides, once formed the heat of formation would cause the loss of N@rom the
either by reactions of nickel clusters with oxygen or nitric oxide, cluster instead of Ni or NiO as was seen in Part 1. Perhaps
contribute to the formation of nitrogen dioxide in the presence very similar processes are actually occurring in each case; that
of nitric oxide. The fact that nickel oxides produced in the laser is, both form NQ on the nickel oxide clusters, both dissipate
vaporization source form nitrogen dioxide on the nickel oxide the heat of formation by the loss of some species from the cluster
cluster but not as a free ion is another indication that the bonding (either Ni, NiO, or NQ), and both show some indication of
with these oxides is stronger than with those formed in the flow NO addition species.

tube. The NO addition species and mixed NO additiondNO

Much can be learned about these reactions by looking formation species cannot in all cases be distinguished from the
carefully at the kinetic data and by comparing these reaction formation of NG on the cluster. Obviously, the addition of
rates. For instance, there is obviously a different reaction NO on the cluster is an intermediate for the formation of,NO
process occurring when oxides are made in the laser vaporizatiorbut it is difficult to say exactly which species are Nand which
source compared with those made in the flow tube. A compar- are NO with O attached to nickel. It is possible that there may
ison of the reaction rates shows a significant difference betweenbe some N@attached to the clusters, especially if one considers
these two reactant distributions with nitric oxide. The reaction that for nickel oxide clusters that are richer in nickel, some of
rate of N6O;~ with NO is 4 times faster for oxides formed in  the oxygen involved in the formation of NOnay be more
the flow tube (Tables 3 and 4). Also observed (for theQyi strongly bound to the cluster. This possibility would make sense
and NsOy,") is a significant slowing of the N©formation both because of the propensity of nickel to oxidize at the point
mechanism for clusters of stoichiometric oxide (1:1) composi- of laser vaporization (which forms more strongly bound oxides)
tions, indicating that the presence of excess oxygen on the clusterand the fact that the nickel oxide clusters that formed clusters
helps the reaction to proceed faster (Table 4). Comparing thewith greater oxygen content (as discussed in Figures 4 and 5)
Nis~ and Ni~ (Table 1) reaction rates with the ¥0s;~ and produced N@™ at a significantly faster rate. It was suggested
NisO4~ (Table 3) rates shows that the bare nickel clusters tend in Part 1 of this series that the reason N@as not formed on
to react slightly faster than the oxides. This difference in (and remained attached to) the surface of the cluster was because
reaction rates agrees with what is observed for bulk reactionsof the difference between the nickedxygen bonding of two
and may indicate that the addition of nitric oxide occurs faster types of oxide clusters. With oxygen intricately and strongly
for the bare nickel than for nickel oxide clusters. Reactions of bound to the nickel in the cluster, N@as formed attached to
both nickel and rhodium surfaces show that dissociative NO the cluster, and Ni or NiO was lost to dissipate the heat of
chemisorption is largely suppressed by adsorbed oxyéet. formation. With oxygen less strongly bound and more acces-
is also interesting to note that NO has a faster reaction rate tharsible to the cluster surface, N@vas also formed. However,
O, with bare nickel anion clusters (Tables 1 and 2), indicating the oxygen involved in the formation of N@ould more easily
that the oxidation process is faster with NO than with Ohis be removed from the cluster to form NOas a free ion.
result is, however, consistent with calculated collision rates as Considering these two mechanisms, it is conceivable that the
reported in Tables 1 and 2, where nitric oxide would have a more intricately bonded oxygen of a nickel oxide cluster would
greater capture cross section because of its’ dipole moment. react somewhat slower, which is consistent with the reaction

The considerably slower rate reported for the reaction of the rates measured for these two processes.
nickel trimer with oxygen explains the prominence of the nickel Next, consider the indication that nickel monomer cluster
trimer in Figure 1. The other species seen in this distribution species are products of higher nickel oxide clusters. Perhaps
show only subtle differences. The most noticeable of these this indication can be explained by the breaking apart of the
subtleties is found in the D~ and the NéO~ species. The  nickel oxide cluster itself caused by the heat of formation of
ratio of these two oxides to their respective bare metal speciesthe NG, on the more weakly bound clusters. This process would
is considerably larger. It was mentioned earlier that the amount suggest that the oxygen, when more thoroughly incorporated
of oxides in the spectra decreases the longer the rod is ablatedinto the cluster, acts to stabilize the cluster. There was no
which suggests that oxides are being removed from the surfaceevidence of fragmentation in nickel oxides formed in the high-
of the rod. As the ratio of oxides to their respective bare metal temperature process of oxidation that occurred in the laser
species decreases, the ratiq®li to Nis~ and of NsO™ to Nig~ vaporization source. This result then provides further evidence
decreases at a noticeably slower rate than the other nickelthat the bonding in these clusters, as has been suggested, is
species. This result suggests thaj®ii and NsO~ are more  considerably stronger when compared to the bonding of oxygen
stable than the other oxides seen in the distribution. Further,to the room-temperature nickel clusters. With this result in
Ni-O~ was intermediately reactive between these two species mind, it is possible that the oxygen that is bound to the nickel-
(Ni4O~ and N§O"~) and the other oxides. Finally, the rate limits  rich clusters prior to the reaction with nitric oxide is more
reported for the NO species are slower than the actual rates. strongly bound because it is added by reactions occurring in
This slowing of the rate constants is due to the simultaneousthe laser vaporization source. This stronger binding may
formation of NiLO™ while the depletion of these species is being account for the formation of nickel monomer loss channels.
measured. Also, the faster rate of formation of NO by the more oxygen-

It was suggested in Part 1 that nickelxygen clusters formed  rich nickel oxide clusters (Figure 4) could be a function of
in the flow tube may have greater oxygen content toward the having some strongly bound oxygen (initial oxygens) and some
outside of the clusters due to their formation mechanism. This more weakly bound oxygen (from further oxidation by NO
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