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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 oxide cluster aniong®(\Ni with nitric oxide (NO). The results show that
nitrogen dioxide (N@) is formed on the nickel oxide clusters and that this formation leads to the loss of one
or more species from the clusters in order to dissipate the heat of formation. The species lost from the
clusters are nickel (Ni) and nickel oxide (NiO). Also, there is evidence that the association species of nitric
oxide with nickel oxide anions rapidly form NO Additional experiments were conducted in order to determine

if this NO, formation mechanism is a function of how the nickel oxide cluster anions are formed. It was
observed that a significantly different reaction occurs when nickel clusters are allowed to oxidize at room
temperature and are then reacted with nitric oxide.

I. Introduction in a fast-flow reactor, and then detected by a quadrupole mass

Considerable interest has been shown over the past severa$Pectrometer. These experiments reveal new information on
years in developing more economical ways of dealing with reactions and reaction mechanisms occurring between nickel

harmful atmospheric pollutants that modern society generates.0Xide cluster anions and nitric oxide.
Among these pollutants are N@ases produced from combus-
tion of fossil fuels. Heterogeneous catalytic processes are use
by both the automobile industry and industrial manufacturers  The fast flow reactor mass spectrometer used in this work
to remove these gases from their respective emission sourceshas been described in detail previouslyhe continuous-flow
Transition metals and their oxides play a major role in most laser vaporization source was modified from those previously
catalytic processes used in industry today. Nickel, an important employed in order to produce cluster distributions with larger
industrial catalyst, has been used for processes such as selectivaetal clusters. The design changes were modeled after work
catalytic reduction (SCR) of NQOgases from industrial emis- by deHeer et al.The source was designed with a larger waiting

dl. Experimental Section

sions! hydrogenation for the formation of methahend room area, which allowed for less ion loss to the walls of the
hydrogenolysis for the saturation of double bonds, benzenesource. A rotating metal rod is vaporized in the presence of a
rings? or carbonyl groups, as well as cracking procegses. flowing stream of carrier gas, and a small percentage of oxygen

One promising approach to developing a greater understand-gas is mixed in with the carrier gas in order to form metal oxide
ing of catalytic processes is to study them on a molecular level clusters. The ablation species exit the source through a conical
through the use of clusters of varying stoichiometry, degree of nozzle into the flow tube by way of a continuous flow of helium
aggregation, and oxidation state. These systems can functiorcarrier gas (Air Products Specialty Gas, research grade 99.995%)
as molecular scale models of localized catalytic systems. Metal at 9000 sccm (standard cubic centimeters per minute). The laser
and metal oxideclusters, while not a perfect model of catalytic vaporization is performed using the second harmonic of a Nd:
surfaces, can provide useful information on the short-range YAG laser (GCR-150, 30 Hz) focused onto a 0.6-cm nickel
interactions occurring between a catalyst and reactant. Also inrod (Aldrich 99.5%) through a quartz window using a 20-cm
cases where catalytic surfaces are small, cluster chemistry will focal length lens.
play a more direct role in understanding such systems. For Upon entering the flow tube, ions are thermalized (296 K)
example, cluster size metal particles smaller than 2 nm are usedoy collisions with the carrier gas. The flow tube pressure is
as catalysts in hydrocarbon reforming processes; also, smallmaintained at around 300 mTorr (monitored with a MKS 222B
metal or metal oxide particles can be distributed in the Baratron). To study the reactions of interest, neutral reactant
micropores of zeolite%. Potential reaction mechanisms, reaction gas (nitric oxide) is added through a reactant gas inlet (RGI) at
rates, competing reactions, and poisoning processes can be point in the flow tube where complete thermalization of the
examined in detail through the use of cluster chemistry. The clusters is expected and laminar flow conditions are believed
work described in this paper is part of an ongoing investigation to exist. The reactants are allowed to react in the flow tube for
designed to understand these types of interactions between nickeh known amount of time before they are sampled and detected.

and nickel oxides catalysts and N@ases. The majority of the gas flowing through the reaction region is
The present paper focuses on gas-phase reactions of nickepumped off by a high-volume roots pump (Stokes Pennwalt
oxide cluster anions (INDy)~ with nitric oxide (NO) under well- model 1721), while a fraction of the ions is sampled from the

defined thermal conditions. To study these reactions, nickel flow through a 75Q:m orifice and focused into the quadrupole
oxide clusters anions are produced by laser vaporization, reactednass filter (Extrel) by a set of electrostatic lenses. Thereafter,
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TABLE 1: Assigned Composition of Observed Nickel Oxide
Cluster Anions?

58 67 NixOx NixOx+1 NixOx+2 NixOx+3 NixOxt4
Ni10013 Ni10O014
6000 794 amu 810 amu
NigO12 NigO13
720 amu 736 amu
NigOg NigO19 NigOq1
612 amu 628 amu 644 amu
Ni;Og Ni-Og Ni7Oq9
538 amu 554 amu 570 amu
24 NigOs NigO7 NisOs
34 448 amu 464 amu 480 amu
4000 NisOs NisOs
. 372 amu 388 amu
2 NisO4 NisOs NisOg
§ 298 amu 314 amu 330 amu
NizO4 NizOs NizOs
240 amu 256 amu 272 amu
Ni2Os Ni2O4 Ni2Os

164 amu 180 amu 196 amu

44 aNickel oxide clusters are arranged from stoichiometric to increas-
ingly oxygen-rich clusters across the table, and from higher to lower
mass down the table. The species listed in the table were produced by
© passing 1 mTorr of @in He carrier gas over the nickel rod during the
course of laser vaporization/ablation.

2000+

striking difference is that the only nickel tetramer species
produced is the NO4 when oxygen is added to the flow tube,

88 and it is considerably more prominent than the other oxide

A : clusters. A possible explanation to this anomaly may be found

500 80 when one considers the structure of the nickel tetramer as
Mass (m/z) determined by corrected effective medium thet¥he struc-

Figure 1. (a) Nickel oxide distribution produced from high-mass nickel ture of the nickel tetramer would allow the formation of a close-
clusters (produced at 4 mJ of 532-nm laser fluence) with 1 mTorr of packed face-center-cubic arrangement as the four oxygen atoms
O in carrier gas. (b) Nickel oxide distribution from low-mass nickel bond at each of its four faces in such a way as to give the
oxide clusters (produced at-3 mJ) with 1 mTorr of Q in He. (c) . . .

Nickel oxide distribution produced when oxygen is added to the flow 9réatest degree of nickebxygen bonding without any rear-
tube at 1 mTorr (4 mJ). rangement of the oxide cluster. Calculations to determine the

structures of nickel oxide clusters would be helpful in under-

they are detected by a channeltron electron multiplier (Galileo Standing experimental distributions, but to date we are not aware
model 4830). The quadrupole mass filter is controlled by a Of any such data in the literature. The most significant
C-60 mass controller (Extrel). The quadrupole and detection difference in the nickel oxides formed in the flow tube from
chambers are differentially pumped, with pressures being those formed in the laser vaporization source, as far as this paper
maintained between 18 and 104 Torr. The pulsed output IS concerned, is the fact that they react differently as will be
from the channeltron is fed through a pulse amplifier discrimi- discussed later in the paper.

nator (Mech-Tronics Nuclear, 509) and then to a computerized It is interesting to note from the data in Table 1 that in the
multichannel analyzer (MCSII, Oxford Instruments). source, only the tetramer, pentamer, and hexamer form oxides

having stoichiometric compositions, while all other nickel
containing cluster species are oxygen-rich. In the case of neutral
clusters, a one-to-one clustering would produce an oxidation
Nickel oxide cluster distributions were varied by changing state of II, which is the most common oxidation state for
eXperimental conditions within the laser Vaporization source, nickelll For anionS, the oxidation state would Change due to
such as the laser fluence or the percentage of oxygen in thethe excess electron on the cluster. Exact oxidation states,
carrier gas, as well as by varying the sampling orifice lens however, cannot be determined reliably without knowing the
potentials. Figure 1 shows three different nickel oxide distribu- nature of the bonding within the clusters. Theoretaind
tions; the major nickel oxide peaks found in the two upper experimentdf studies performed thus far help to shed some
distributions (Figure 1a,b) are assigned in Table 1. These arejight on these oxidation processes, but still much work is needed
the species produced from the addition of oxygen at the sourcetg develop a full understanding of the formation of these nickel
and range in composition from ones that are stoichiometric gxide clusters.
(1:1) to ones that are oxygen-rich. Nickel oxide clusters of  ysing the two nickel oxide distributions given in Figure 1a,b
similar stoichiometries are produced by adding oxygen to the as reactants, nitric oxide was added to the flow tube in various
flow tUbe, where the inherent h|gh temperatures of the Vaporiza- concentrations and allowed to react. For the reaction
tion source are not encountered. However, there are several
differences in these oxides compared with those formed in the Nixoy’ + (NO), — product anionst neutrals (1)
source. First, a greater variety of oxides species are formed by
adding oxygen at the source. When oxygen is added in thetwo product anion distributions are shown in Figure 2a,b.
flow tube, the relative intensities favor nickel richer clusters  The anion product distribution is quite complicated and
(but still not nickel-rich with the exception of MDs). The most requires a great deal of analysis in order to develop an

I1l. Results
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understanding of the processes occurring between the nickel )
oxide cluster anions and the neutral nitric oxide reactant @
molecules. It was first thought that the initial reaction might
be just a simple association reaction between the metal oxide®
clusters and the nitric oxide. However, the product species do
not consistently correspond to such a mass assignment. Indeed, ‘
there are peaks in the product distribution that cannot be 300 ‘ i H
accounted for by a simple association reaction. Those peaks
marked by vertical lines in Figure 2 could not be accounted for
either by the initial oxide species or by direct association of | | ®
NO. Therefore, a different reaction mechanism had to be
considered in order to explain these observations. Since many
of the peak assignments corresponded to clusters with more }
oxygen than was present in the initial reactant oxide species, it "]
was assumed that either the addition of oxygen to the clusters ‘
was enhanced by the association reaction with nitric oxide or
reactions occurring on the surface of the cluster produced a loss o
of nickel and/or nickel oxide from the clusters. It is highly
unlikely that NO association could enhance the addition of Figure 2. Product anion distribution from the reaction of nickel oxide
oxygen to the nickel oxide cluster anions since the oxides were fr']‘ftﬁir:kgitg )5%)65 (;gfr?;uiirz)%éb)inz Efcl?r‘eo‘clgz{n"(‘j’hilcg Cr%réefa@ﬁcg to
already sgturated prlqr to the addition of nitric qx@e; hence, Markings indicate peaks not accoun%ed for by associ’ationpof NO >é)r
this pOSS|bI¢ mephamsm can rea}sonably be; eliminated ermstarting material. Asterisk marks the 49i+(NO,) species.
further consideration. The alternative mechanism would require
a sufficient amount of energy to be gained in the association 38 116 176 234
reaction in order to dissociate or break apart the cluster.
However, it does not seem likely that a simple association could
_proc_iuce sufficient energy to break metal or metal oxide b_onds Ni Ni; Ni, NL
in view of the much weaker bond character of an association
complex as compared with metal or metal oxide bond strengths.
It is possible that another reaction is occurring at the cluster
surface in combination with the association reaction, and it is
this other reaction that yields sufficient energy to produce a
loss of nickel and/or nickel oxide from the clusters. The product |[{, AR i1,
distributions indicate that there are reactions occurring on the
cluster which produce nitrogen dioxide, suggesting an overall
reaction mechanism as follows:
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0O ; - Nis N]s Ni1 Ni,
Ni,O, + NO— (Ni,ONO) —
(Nix,lOy,l o NO,)) +Ni or NiO (2)
(NiXOy-NOZ)_ + NO— (NiXOy'N02°NO)_ -
(Ni, 10, 1 o 7(NO,),)" +Ni or NiO (3) L
. - . _ 11111 . dill |
(N'xoy'(NOZ)Z) +NO— (N'xoy'(NOZ)Z'NO) - Figure 3. Isotopic distributions for Ni to Nj with the mass of the

Ni._.O .(NO.).)” +Ni or NiO (4 most intense isotope labeled for each cluster. All other major isotopes
(Ni, 4 y—1or 2 ( 2)3) ) within each cluster are 2 amu apart.

(NiXOy'(NOZ)s)_ + NO— (NiXOy'(NOz)3'NO)_ — ) ) ) - o
. _ . . previously mentioned, this addition of oxygen to an association

(Ni, 10y 1 o 2(NOp)) +Ni or NiO... (5) product cannot reasonably be explained. First, we will consider

. o . those peaks that cannot be explained by either the nickel oxide
Evidence which indicates that the formation of N@ay have  starting materials or the possible NO association products (i.e.,

occurred from NO addition on metal oxides has been reported giscyss the peaks marked by the vertical lines in Figure 2). Then

previously, for both iron oxid and copper oxidé? Experi- all the species that should be present with the; K®mation
ments on these and other metal oxides are currently underwaymechanism will be presented, regardless of whether they overlap
in our laboratory. with a nickel oxide or an association product. Much of this

analysis is made possible by the different isotopic distributions
found in nickel clusters. To help clarify this analysis, the
To show that the mass assignment of the product peakisotopic distributions of Ni to Nj are given in Figure 3. The
distribution agrees with the N@ormation mechanism, a careful ~ oxygen and nitrogen have negligible effect on these distributions.
look at the possible product species is necessary. Itisimportant Figure 4 shows the possible NProduct species for the first
to point out that for each of the f+(NO-), species discussed, region of the spectra that cannot be attributed to the starting
the mass assignment could also beQyi,»(NO),. However, material or an association product. In this figure a product
in most cases this would give an oxide species with greater distribution for the reaction of 2 sccm of NO is overlaid with
oxygen content than the original reactant oxides, and as the reactant oxide starting material distribution (dashed line) in

IV. Analysis
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Figure 4. Product distribution for 2 sccm of NO overlaid with the  method used for determining fraction of association products for each
reactant oxide distribution (dashed line), showingt@dmation species peak group as given in Table 2. The most intense peak in the group is
at peaks that cannot be attributed to either NO association complexesset to 1, and the others are normalized to it. The lines indicate the
or remaining starting materials. The asterisks indicate peaks that arejsotope pattern of the hiDs-(NO) species.
not part of the isotope pattern of the species labeled as discussed later
in the text. show that association products and original reactant species
) cannot fully account for the peaks in this region, the maximum
order to show the growth of products and depletion of reactants. ,qqjpie fractions of each isotopic peak group in the spectra
The product at mass 196 amu is seen in both distributfons ¢ cou1d be attributed to the association species were calculated
and cannot be explained by attributing it to an association ¢, the gata set shown in Figure 2b. These calculated fractions
reaction product or a reactant. However, this species could be\\ore pased on the isotope patterns of both the possible
explained through the N(Jormation mechanism by attributing 5o ciation species and the product peak groups seen in the
it to the species N{NO,)3 arising from the reaction of tetramer spectra.
oxides through the losses of both Ni and NiO. It could alsobe 14 caicylate the percentage of association species that might
assigned as being NNO).:NO, which would be partofthe o hresent, the intensities of each isotopic peak in the group
same mechanism. In a similar way, the tetramer oxides could \yere measured and compared with the isotopic ratios for the
also form the NiG(NO,); species at mass 212, which again - qqqciation product. The intensities of the association product
can only be explained by the N@rmation mechanism. Next,  jsoiones were determined on the basis of their fit with the
the 228-amu product seen in the higher mass data set (Figurgypgeryed isotopic peak group and/or the intensities of the oxide
2a) could arise directly from the hDs reactant via the 10ss of o0 rs0r of the association product. These values are given
Ni with each of the three reaction steps leading to N{RO.)s. in Table 2 for NjO, through NiO,. The first number given
The peak found at 272 amu has two possible explanations.for each species of a given mass in the table is the maximum
First, there is a mass overlap from the;®4 reactant, but this  fraction of each peak group that could be attributed to the
oxide is a minor reactant species and the observed signal atassociation product; the second number is the fraction of the
272 amu grows larger with increasing NO concentration. reactant oxide peak that would have to be depleted in order to
Second, the N@ formation mechanism would lead to produce this amount of each of these association products.
Ni2O4+(NO;), (mass 272) from the MO reactant by the loss To illustrate how these fractions are calculated, the isotope
of Ni'in each successive reaction step. Since this peak and thepattern of the NjO,+(NO) species is shown in Figure 5 (same
Ni4Og oxide are both considerably stronger in the lower mass mass as NDs+(NO,) species). First, the fit limiting peak from
data set (Figure 2b), this could be an indication that the 272 the observed peak group is determined. The fit limiting peak
peak comes from the MDs reactant. Next, there is some s the peak (from the peak group) that fits the nickel isotopic
indication of the presence of a 274-amu species, which is distribution the best without allowing the other isotopes to
attributable to NiQ-(NO)s. This species could be formed via  exceed the observed intensity at their respective masses. To
the Ni loss channel from NOs. The 286 peak is the BD,:- determine this, the first isotope for Nis set to the observed
(NO) species, which could come either from tha®§reactant  peak intensity, and the fit of the remaining isotopes are noted.
via one NiO loss or from the MOs reactant via one Niloss.  This process is repeated for each isotope af &lid the isotopic
Next, there is a large region in the product mass distributions pattern that fits best without exceeding any of the observed peak
where various N@formation species completely overlap with intensities determines the limiting peak. In this instance the
the association or reactant species. This observation, howeverpeak at 326 amu (first isotope shown in the isotopic pattern in
does not indicate that there is no formation of the Pecies Figure 5) limits the NjO4-(NO) fit to the observed peak group.
in this region of the mass spectra, a fact that can be shown byNormalizing each of the peaks in this peak group to the 332-
a careful comparison of the product distributions and the isotope amu peak gives intensity values of 0.30, 0.52, 0.80, 1.00, 0.81,
patterns of possible products. For the purpose of discussion,and 0.60 for 326, 328, 330, 332, 334, and 336 amu, respectively
we will define an isotopic peak group as a group of isotope (labeled above each peak in Figure 5). With the 0.30 peak (326
peaks that are noticeably separated by low signal intensities oramu) limiting the NiO4-(NO) fit, the remaining calculated
valleys in the product distributions. These isotopic peak groups values for the NjO4:(NO) are obtained from its isotopic ratio
are often combinations of more than one product species. Tonormalized to the first isotope (i.e., 1.0, 1.54, 1.09, 0.52).
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TABLE 2: Considered Association Products for NpOy to NigOy

nickel oxide
starting material NOy(NO) NixOy(NO), NixOy(NO)s NixOy(NO)4 NixOy(NO)s NixO,(NO)s
Ni O3 194 amu 224 amu 254 amu 284 amu 314 amu 344 amu
0.62 0.57 1 0.27 0.04 0
0.75 0.09 0.61 0.30 0.07 0
Ni>O4 210 amu 240 amu 270 amu 300 amu 330 amu 360 amu
0.15 0.18 0.03 0 0.06 0.09
0.88 0.18 0.12 0 0.21 0.61
Ni2Os 226 amu 256 amu 286 amu 316 amu 346 amu 376 amu
0.57 0 0.95 0.18 0.37 0
0.30 0 0.59 0.09 0.11 0
NizO4 270 amu 300 amu 330 amu 360 amu 390 amu 420 amu
0.25 0 0.37 0.15 0 0.44
0.41 0 0.98 0.78 0 0.93
NizOs 286 amu 316 amu 346 amu 376 amu 406 amu 436 amu
0.22 0 0.46 0.44 0.21 0.16
0.77 0 0.43 0.20 0.92 0.69
NizOs 302 amu 332 amu 362 amu 392 amu 422 amu 452 amu
0.53 1 0.94 0 1 1
0.07 0.23 0.58 0 0.24 0.16
Ni4O4 328 amu 358 amu 388 amu 418 amu 448 amu 478 amu
0.27 0.08 0.54 0.47 0.74 0.36
0.43 0.40 0.62 0.59 0.81 0.57
NisOs 344 amu 374 amu 404 amu 434 amu 464 amu 494 amu
0.76 1 0.20 0.10 0.74 0.26
0.75 0.68 0.60 0.54 0.82 0.77
Ni4Os 360 amu 390 amu 420 amu 450 amu 480 amu 510 amu
0.43 1 1 1 1 0.73
0.88 0.32 0.49 0.35 0.51 0.70
NisOs 402 amu 432 amu 462 amu 492 amu 522 amu 552 amu
0.42 0.09 0.62 0.20 0.12 0.20
0.42 0.35 0.72 0.55 0.48 0.49
NisOs 418 amu 448 amu 478 amu 508 amu 538 amu 568 amu
0.43 0.68 0.33 0.17 0.13 0.30
0.71 0.89 0.63 0.60 0.66 0.50
NigOs 478 amu 508 amu 538 amu 568 amu 598 amu 628 amu
0.43 0.29 0.22 0.31 0.25 0.34
0.53 0.63 0.77 0.35 0.37 0.68
NigO7 494 amu 524 amu 554 amu 584 amu 614 amu 644 amu
0.34 0.20 0.34 0.35 0.22 0.25
0.86 0.71 0.77 0.75 0.60 0.57
NigOs 510 amu 540 amu 570 amu 600 amu 630 amu 660 amu
0.85 0.54 1 1 0.80 0.78
0.86 0.80 0.45 0.68 0.68 0.46

Multiplying 0.30 by 1.54, 1.09, and 0.52 gives the isotopic fits to form each of the association species for any one of the oxide
for 328, 330, and 332 amu, respectively (second, third, and reactants (i.e., summing the second fraction for each nickel oxide
fourth isotope shown in Figure 5). By summing the isotopic starting material across any one entire row in Table 2). All but
fit values (0.30, 0.46, 0.33, and 0.16 labeled below each isotopeone oxide reactant, the p@., were depleted more than 100%,
in Figure 5) and dividing by the sum of the observed values and in many cases the depletion is well over 200%, indicating
(0.30, 0.52, 0.80, 1.0, 0.81, and 0.60), the maximum possible that the fractions of the association products presented are
fraction of NikO4-(NO) contribution is determined to be 0.31. grossly overestimated. The point here is that even with these
This example is taken from the high-mass data set (Figure 2a),grossly overestimated fractions of association products, there
in order to show how these fractions varied from one data set is still a considerable amount of the various spectra that cannot
to the next. The values given in Table 2 are from the low mass be accounted for by simple association reactions. Also if one
data set (Figure 2b), and for the Ji-(NO) the larger value were to sum the intensities of all the possible association
of 0.43 was reported. It was consistently observed throughout products listed in Table 2 for each peak group, there would
the data sets that the low-mass data generated higher fractionstill be considerable discrepancies in the product distributions.
(as seen in this example) for each of the possible association In the second half of the product distributions (4@EDO0
species. amu), there are many more peaks that cannot be due to nitric
The data from the table indicates that over half of the oxide association. This could be an indication that the larger
association products account for less than 60% of each of thenickel oxide clusters promote the N@rmation reaction more
peaks in the spectra, and 90% of them leave 20% or more ofreadily than do the smaller clusters. The first NQuster in
the peaks unaccounted for. These numbers may appeathis larger mass region that has no possible mass overlap with
somewhat small until one considers that the fractions of the an association product is theJ+(NO,), species at mass 438
association products given are only maximum values and thatamu. This cluster is shown in Figure 6 and is believed to
the actual values would be less because the association produabriginate from the NjOg oxide cluster via two reaction steps,
isotope patterns rarely fit the observed product isotopic peak each involving a nickel loss. It is also possible that the
group correctly. This point can be further illustrated by NizO,(NO,)s species contributes to the peak group found at
summing the fractions of the reactant oxide depleted in order mass 438, which comes from either thes®ip or the NgO11
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TABLE 5: Possible NO, Formation Mechanism Species

434 444 553 582 i J
4T‘2 72 4'?3 | sz U NLOy 802l Produced from NisO,?
3000+ " 56,3
573 Ni NisOs Ni;Os(NO2)  NisO(NOy),
losst 372 amu 328 amu 284 amu
Ni505 Ni404(NOz) Ni30z(N02)2 Nig(NOz)3
388 amu 344 amu 300 amu 254 amu
NisOs(NOy) NizO03(NO,)2 Ni,O(NOy)3
. 20007 360 amu 316 amu 270 amu
g N|304(N02)2 N|202(N02)3 NI(N02)4
B 332 amu 286 amu 242 amu
< Ni,O3(NO,)s NiO(NOy)s
302 amu 258 amu
1000-] NiO2(NO,)4 NiO
274 amu loss~
a Across the table represents NiO loss reactions, and down the table
represents Ni loss.
oo P 5 o o species at mass 418 shifts with increasing NO concentration to

Mass (miz) the NiOg(NO,), species at mass 422 amu. This progression
Figure 6. Progression of N@formation reaction with increasing NO ~ can also be seen with the 40is*(NO2) species (434 amu)
concentration (from bottom to top: 0, 1, 3, 5 sccm of NO). Isotopic ~ shifting to the NiO7+(NO,), species (mentioned previously),
pattern for the pentamer is shown by the dotted line in the top trace. a5 well as NiOg species (448 amu) shifting to thed@i+(NOy)

Species can be observed to shift from starting materiaiNiNisOy, species (450 amu) and then further to the¥i(NO,)s species
NisOs, ...) 1o @ single reaction steps g (NOy), NisOs(NOy), (452 amu). Each of these shifts represents an increased number
NisO7+(NOy), ...) and further with increasing NO concentration to L L ; .
multiple reaction steps (MDg:(NO2)z, NisO7(NO2)z, NisOs+(NO)s, -..). of reaction steps arising due to higher reactant concentrations.
In the region from 450 to 500 amu, there are three peaks
TABLE 3: Possible NO, Formation Mechanism Species that can only be accounted for by clusters containing,NO
Produced from NisO,® namely, the 466, 482, and 496-amu peaks. Each of these peaks
Ni Ni3Os4 Ni,O02(NOy) are the predominant ones found in the isotopic patterns and are
loss} ) 240 amu 194 amu at least 2 amu higher than any possible association product peaks
gé%ofi Nz'i%(NO?) N'%(g‘O?)Z that might be considered as contributing by mass overlap. The
Ni:Os Niin(rRllé)z) Nioz(ilrg:)z amu 466-amu peak can be attributed to the®§(NO,) and the
272 amu 226 amu 182 amu Ni4O3:(NO,)4 species. The NDg'(NO,) cluster is produced
Ni2O5(NO,) NiOs(NOy), by a single reaction step commencing from thedireactant
242 amu 198 amu _ by the loss of one Ni from the cluster. The 485 (NOy)4
l2\I|O4(N02)2 IN|O species comes from either thegi; (four reaction steps, all
14 amu 0ss~ NiO losses) or the NDyo (four steps, three NiO and one Ni
2 Across the table represents NiO loss reactions, and down the tableloss). Evidence will be given later that will indicate that this
represents Ni loss. species would more likely be MD4-(NO2)3-NO, which would
TABLE 4: Possible NO, Formation Mechanism Species come from NjOy or NizO0. The 482-amu peak comes from
Produced from Ni 0,2 the NiuO4:(NO)4 species, which would come from the same
- - - - reactants as the MDs-(NOy)4 species, with one Ni loss replacing
Ni Ni 404 N|302(N02) NI2(NOz)2 one NiO loss
losst 298 amu 254 amu 208 amu At thi o b dund . h
NiOs NisO(NO;)  Ni,O(NOy), t this point, it becomes redundant to continue to name the
314 amu 270 amu 224 amu reaction steps and the loss channels for each product since they
Ni4Os NizO4(NO;)  NiOx(NOy) Ni(NOy)3 all follow the same mechanism. One can determine the number
330 amu 286 amu 240 amu 196 amu of reaction stepss] simply by the number of N@species in
NizOs(NOz)  Ni03(NOy), NiO(NOy)3 the cluster. It is also apparent that the number of nickels found
302 amu 256 amu 212 amu . . L :
NizOs(NO)> NiO(NOs)s in the starting material is equal to the sum of the Ni and,NO
272 amu 228 amu species in the cluster. The possible loss channels are not always
NiO3(NO,)s NiO as straightforward but can be determined in the following
244 amu loss~ manner
a Across the table represents NiO loss reactions, and down the table . )
represents Ni loss. for Ni,O, and Ni_0O,(NO,)
reactant through five reaction steps and different combinations Ly=2z+2s—y (6a)
of Ni and NiO losses. Figure 6 shows, for the mass region
from 400 to 600 amu, the progressive steps of the fé@nation and Lyo=5S— Ly (6b)

mechanism as NO concentration is increased. The bottom trace

shows the nickel oxide starting material, while each successivewhereLy; is the number of nickel losses abdio is the number
trace has a higher NO concentration added (1, 3, and 5 sccm).of NiO losses.

All traces are on the same scale, with the top three offset for The peak at 496 amu has two likely mass assignments
clarity. All possible NQ cluster products for this region are attributable to the N@ formation mechanism, namely,
not labeled due to the lack of space, but are given in Tables NisO7-(NO,), and NO4:(NO)s. There is, however a third less
3—10. The progressive steps for the NfOrmation can be seen  likely mass assignment at 496 amu, thea®t(NO,)s species

in many of the peak groups shown in this region. The first (less likely because of five reaction steps), which would have
two labeled peaks illustrate this point well, where theyi(NO,) a slightly different isotope pattern than the nickel pentamer
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TABLE 6: Possible NO, Formation Mechanism Species Produced from ND,2

Vann et al.

Ni NigOs NisO4(NOy) Ni4O2(NOy)2
loss! 448 amu 402 amu 358 amu
NigOy; NisOs(NOy) Ni4O3(NOy). NizO (NOy)s
464 amu 418 amu 374 amu 330 amu
NigOs NisOg(NOy) Ni4O4(NOy), NizO2(NOy)3 Niz(NO2)4
480 amu 434 amu 390 amu 346 amu 300 amu
NigOg NisO7(NO,) Ni4Os(NOy)2 NizO3(NOy)3 Ni;O(NQ,)4
496 amu 450 amu 406 amu 362 amu 316 amu
NigO10 NisOs(NOy) Ni4Os(NOy)2 NizO4(NOy)3 Ni2O2(NOy)4
512 amu 466 amu 422 amu 378 amu 332 amu
NisOo(NOy) NisO7(NO,), NizOs(NOy)3 Ni2O3(NOy)4
482 amu 438 amu 394 amu 348 amu
NisOs(NO,)2 NizO0s(NO2)3 Ni2O4(NOy)4 NiO2(NO,)s
454 amu 410 amu 364 amu 320 amu
Niz07(NO,)s Ni2Os(NO2)4 NiO3(NOy)s NiO
426 amu 380 amu 336 amu loss

a Across the table represents NiO loss reactions, and down the table represents Ni loss.

TABLE 7: Possible NO, Formation Mechanism Species Produced from ND,2

Ni Ni7Og NisO7(NO,) NisOs(NO2)2 Ni4O3(NOy)3 NizO1(NO2)4
loss! 554 amu 510 amu 464 amu 420 amu 376 amu
Ni7O10 NigOg(NOy) NisOs(NO,)2 Ni4O4(NOy)3 NizO2(NOy)4 Ni2(NOy)s
570 amu 526 amu 480 amu 436 amu 392 amu 346 amu
NigOo(NOy) NisO7(NOy). NisOs(NO,)s NizO3(NOy)4 Ni2O(NGO,)s
542 amu 496 amu 452 amu 408 amu 362 amu
NisOg(NO2)2 Ni4Os(NOy)3 Niz04(NO2)4 Ni2Ox(NOy)s
512 amu 468 amu 424 amu 378 amu
Ni4O7(NO,)3 NizOs(NOy)4 Ni2O3(NO,)s
484 amu 440 amu 394 amu
NizOs(NO2)4 Ni2O4(NOy)s NiO
456 amu 410 amu loss
2 Across the table represents NiO loss reactions, and down the table represents Ni loss.
TABLE 8: Possible NO, Formation Mechanism Species Produced from ND,2
Ni NigO1o Ni7Og(NO,) NigOs(NO2)2 NisO4(NO,)3 Ni4O2(NO5)4 Niz(NO2)s
loss! 628 amu 584 amu 540 amu 496 amu 450 amu 406 amu
NigO11 Ni7Og(NOy) NigO7(NO,), NisOs(NO,)3 NizO3(NO,)4 NisO(NO;)s
644 amu 600 amu 556 amu 510 amu 466 amu 422 amu
Ni7O10(NOy) NigOg(NOy)2 NisOs(NO2)3 NisO4(NO2)4 NizO2(NO2)s
616 amu 572 amu 526 amu 482 amu 438 amu
NigOg(NOy) NisO7(NOy)3 NisOs(NO2)4 NizO3(NO,)s
588 amu 542 amu 498 amu 454 amu
NisOg(NOy)3 NisOs(NOy)4 NizO04(NO,)s
558 amu 514 amu 470 amu
Ni4O7(NOy)4 NizOs(NOy)s NiO
530 amu 486 amu loss

a Across the table represents NiO loss reactions, and down the table represents Ni loss.

TABLE 9: Possible NO, Formation Mechanism Species Produced from NOy

Ni NigO12 NigO10(NO2) NizOg(NOy). NigOs(NOy)3 NisO4(NO5)4

losst 720 amu 674 amu 630 amu 586 amu 540 amu
NigO13 NigO11(NOy) NizOg(NOy). NigO7(NOy)3 NisOs(NO5)4 Ni4O3(NOy)s
736 amu 690 amu 646 amu 602 amu 556 amu 512 amu

NigO14 NigO12(NOy) Ni7O010(NO2)2 NigOg(NOy)3 NisOs(NOy)4 Ni4O4(NOy)s NizO2(NOy)s

752 amu 706 amu 662 amu 618 amu 572 amu 528 amu 484 amu

Nigolg(NOZ) Ni7011(N02)2 NieOg(NOz)s Ni507(N02)4 Ni405(N02)5

722 amu 678 amu 634 amu 588 amu 544 amu

Ni7012(N02)2 Ni6010(N02)3 NisOs(N02)4 Ni40e(NOz)5

694 amu 650 amu 604 amu 560 amu

Niaoll(NOZ)g NisOg(NOz)4 Ni407(N02)5

666 amu 620 amu 576 amu

NisO10(NO2)4 NiO

636 amu loss~

a Across the table represents NiO loss reactions, and down the table represents Ni loss.

species; mixing of isotopic patterns makes it difficult to amu) and the peak group observed in the spectra, it becomes
completely discount this possible product. This peak group at apparent that there is some other species (other thah-kNO,),,

496 amu has been fit with a nickel pentamer isotope pattern and NO4-(NO5)3) at mass 494 amu. Two possible explanations
indicated by the dotted lines under the 5 sccm trace (top spectracan account for this: first, the isotopic pattern of the®di

in Figure 6). From a careful comparison of isotope patterns species has a strong peak at 494 amu, but it would be weaker
for products and reactant oxides at this mass region<{499 than the 496 peak (0.91 of the peak at 496). The 1-sccm trace



Formation of NQ on (NixOy)~ J. Phys. Chem. A, Vol. 102, No. 10, 1998715

TABLE 10: Possible NO, Formation Mechanism Species Produced from NpO,2

Ni Ni10013 NigO11(NOy) NigOo(NO,), Ni7O7(NOy)3 NigOs(NOy)4

loss! 794 amu 750 amu 704 amu 660 amu 616 amu
N | 10014 N | 9012(N02) N | golo(N 02)2 N | 708(N02)3 N | GOG(N 02)4 N | 504(N02)5
810 amu 766 amu 720 amu 676 amu 632 amu 586 amu

Ni10015 NigO]_g(NOz) NigO;u(NOz)z Ni70g(NOz)3 NieO7(NOz)4 NisOs(NOz)s Ni403(N02)6

826 amu 782 amu 736 amu 692 amu 648 amu 602 amu 558 amu

Ni9014(N02) Nisolz(NOZ)z Ni70;|_o(NOz)3 NisOg(N02)4 NisOe(NOz)s Ni404(NOz)6

798 amu 752 amu 708 amu 664 amu 618 amu 574 amu

Ni8013(N02)2 Ni7011(N02)3 NisOg(N02)4 Ni507(N02)5 Ni40s(NOz)5

768 amu 724 amu 680 amu 634 amu 590 amu

NizO12(NO2)3 NigO10(NO2)4 NisOg(NOy)s NisOs(NO2)s NiO

740 amu 696 amu 650 amu 606 amu less

a Across the table represents NiO loss reactions, and down the table represents Ni loss.

shows the 494 peak as being stronger than the 496 peak, | N, (NQ)
indicating that the NjOy species cannot fully account for this Xy
peak at this lower concentration. The second explanation for

the 494-amu peak would be the presence of a small amount of
NigO7*NO species (an association product), which could account

for this anomaly in the lower concentration data set, especially .
considering that this would be the first step in the N@mation
mechanism from the NO; starting material.

The remaining section of product distributions (5GDO0
amu) contains 15 different peaks that cannot be explained by a &
simple association mechanism but can be attributed to the NO 4400
formation mechanism. In fact, this region gives some of the
strongest evidence supporting the Nformation mechanism.

For instance, consider the 512-amu peak. It is the mostintense
peak in its isotopic group, and the closest possible association
product would be NiOg:(NO) (which, incidentally, is part of ot - : : [
the NG, formation mechanism) at 510 amu. Normalizing the 20 0 %0 “0 0
512 peak to unity (i.e. dividing each peak intensity by the peak
intensity of the 512 peak), the intensity of the 508 peak becomes Fi'gure 7 (lower trace) Nicke] oxide reactant_ species. (upper trace)
01655, and the 510 peakis 0.972. On the basis of the isolopicly Ve Protuts (Casiecines fomine N bss channels ane e
distribution of Ni, the 508 peak would be the limiting factor ’
in determining the contribution made to the 512 peak by
NigOg*(NO). Of the possible association products, this one
(based on its isotope pattern) would make the largest contribu-
tion to the 512 peak. From this, it can be determined that if
the 508 comes solely from pdg-(NO), then the calculated
intensities for this association species would be 0.730 for 510
amu and 0.526 for 512 amu, leaving a considerable amount of
peak intensity unaccounted for by NO association. The NO
formation mechanism has many possibilities that could account
for these discrepancies, such ag®dt(NO,), and NiO3z+(NO,)s
centered at mass 512 amu, as well aON({NO,), NisOs:(NOy)s,

and NiOg (NOy)4 centered at 510, 510, and 514 amu respec-
tively (see Figure 6).

Each of the next 14 peaks can be evaluated in a similar The considerable amount of mass overlap is the major
manner with the same results. Most of the possible associationproblem in determining which of the NCluster species are
products fall at least 2 mass units off-center of each isotopic most prominent or which reaction channels are more favorable.
peak group, limiting their possible contribution to it. Each of It is apparent that many of the species listed in Tabled®
these peak groups has one or more possible explanations frormare not prominent contributing species, particularly those species
the NG, formation mechanism that are centered on that peak with four or more reaction steps. It is possible that only the
group. Also, there are several other species off-center that couldfirst few reaction steps from each reactant oxide are taking place.
contribute to that particular isotopic peak group. To better Depending on the oxygen content of the clusters, it is possible
illustrate the contribution of these off-center species, consider that they may follow a preferred loss channel. This point is
the peaks for the monomer and dimer nickel clusters labeled in well-illustrated by the data given in Figure 7, which shows the
Figure 4. Nickel monomer has a strong isotope at 58 amu reactant oxides in the lower trace and theNister products
(normalized to 1), a weaker peak at 60 amu (0.38), and a muchin the upper trace. The three NiO loss products, which produce
smaller isotope at 62 amu (0.05). Nickel dimer has a strong metal-rich clusters, are marked by the dashed lines; the Ni loss
isotope at 116 amu (normalized to 1) and two other significant products, which form stoichiometric nickel oxide clusters, are
isotopes at 118 amu (0.76) and 120 amu (0.25). From this, marked by the solid lines. These three NiO loss products were
and the observed isotopic distributions in Figure 4, it becomes chosen because there is no other possible formation channel
apparent that the peaks to the left (marked with asterisks) of and very little, if any, possible mass overlap with the starting

trary Y

Mass (m/z)

each of those assigned in the figure cannot be explained by
any of the labeled monomer and dimer species. In each case,
to fully account for the entire isotopic peak group, it must be
considered to come from isotopic mixing of various products,
some of which would be off-centered. Evidence of the,NO
formation mechanism is apparent throughout the entire product
distribution. All the possible N cluster species formed
through this mechanism are given in the Tablesl8, where

Ni loss channels are represented down the table and NiO loss
channels are listed across the table.

V. Discussion
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material. The NjO4(NO,) species centered at 402 amu is a
very minor peak, accounting for at most 28% of the product 441 x2 NLO, (NO),
peak near that mass. This WGpecies could arise from the
NigOs oxide via one NiO loss; in other words, the reactant
cluster would have to break a NiO bond to form Néhd retain

the Ni atom while losing a NiO to form a nickel-rich oxide
cluster. If one assumes that nickel oxides do not prefer to form

experimentally’), then it is reasonable to expect that the
formation of N5O4-(NOy), would be a minor reaction channel. 55 NLO, (NO, )
Another example of the same process is found for the
NizO.+(NO,) species (254 amu) which is a negligible peak in
the high mass region data set. The low mass data set has a
significant mass overlap at 256 amu from the®§ reactant

that makes it impossible to determine how much, if any,
Ni3zO2*(NO,) species is present. Considering then the high-mass 0 , ‘ : ‘ ‘
data, which has very little NOs to mask any N@ formation 30 400 om0 850

channel, it b.ecomes appe_lrent_that the NiO loss channel is r]OtFigure 8. Comparison of product distributions for 3 sccm of NO
the mechanism followed in this case. In both of these cases eacted with both nickel oxides formed in the flow tube (a) and nickel
the Ni loss product (which allows the cluster to remain a oxides formed in the laser vaporization source (b). The lower spectrum
stoichiometric oxide) is the prominent product. This truncation (b) shows the N@formation product distribution as has been discussed
of the NQ, formation mechanism at a stoichiometric oxide can in the text with a few of the product species labeled. The upper spectrum

be explained if one considers the possible oxidation states of (&), however, shows a product distribution that corresponds to NO
nickel in the cluster: the mixed valence of the cluster under association products. The peaks labeled in the upper spectrum (a) are

. . . . . for NixOy+(NO),, while the peaks labeled in spectrum b are for
nickel-rich conditions would require one or more nickels to be NixOy-(Xl?Jég)z, )2 p p

monovalent, which is not a preferred oxidation state for nickel.
If one now considers the 402-amu peak group and assigns it
to be the association product #8s-(NO), the question then
arises as to why this species is not prominent in the product
distribution. The same question arises with the possible
NisO4+(NO) species. There was sufficients® and NiO, to

1000

reevaluated in order to determine if all the peaks in the spectra
could be accounted for by these remaining species. In doing
this, it was found that all but a few of the peaks in the spectra
could easily be accounted for. Those peaks, or more precisely
parts of peaks that could not be accounted for, could be assigned

; h i duct (th 6ONito all to single NO associations either to the bare nickel oxide clusters
orm these association product (there was neQhiito allow or to NOy/nickel oxide cluster. Again these species are a

the f_ormat|on of the_N;(_)g-(NQ) species). This wou_ld seem to necessary part of the reaction mechanism. Two examples of
provide rather convincing evidence that the association SpecieSyis are the NIG(NO,),-NO and the NiOg+(NO,)s-NO species

are minor cpntrlbutors to the product dlstrlbutlon§ and thatthe . |\~ ccoc 196 and 440 amu, respectively. The 196-amu
NO, formation occurs very quickly and leaves little trace of assignment was mentioned previously. The 440-amu peak was

]Ehe ;\Ir'.'t'gl ailsgc'at'gnNs.Fgc'ilsé At IeasF tr_us IS ev(ljdently T/le CaS€ ynly apparent in the spectra where the maximum concentration
or NisOs(NO) and NiO,+(NO) association products. More ¢ N reactant was employed in obtaining the high-mass data

evidence in support of the possibility that NO association speciesqqt  From this species, the reaction mechanism would yield

convert quickly to N@ can be found by comparing the \; o.. CA ; :
) . . N 205+ (NO2)4 or NizO4:(NOy)4, which would be the completion
differences in the reactant oxide distributions from the two data of the fourth reaction step. This may indicate that the,NO

sets in Figure 2 and t_hen looking at how these differences affect,mation mechanism slows as more reaction steps occur and
the product distributions. The peak at 344 amu (see peakspqging to give way to the formation of association products.
marked with asterisks in Figure 2) was assigned to be the zigq this may be another indication that smaller nickel clusters
Ni4O4+(NO) species. If it were an association product, itwould 45 not react as readily as larger ones to form,NO
be the NiOs+(NO) species. These are the only mass assign- 14 determine if the N@formation mechanism is a function
ments that fit 344 amu. The ks oxide starting material IS of the way the oxide clusters are formed, in another series of
twice as strong in the low-mass data set (Figure 1b) as it is in experiments nickel oxide clusters were produced by adding
the high-mass set (Figure 1a). Itis then reasonable to assumeyvgen to the flow tube well upstream from the reactant gas
that some noticeable diffe(ence would be seen in the productsjy|et (see Figure 1c). This was accomplished by adding oxygen
formed from these two oxides. The product peaks, however, 1 the nickel clusters which were (by this point in the flow tube)
are of approximately equal intensities as are thgiland NEOs thermalized to room temperature by collisions with the He
oxide starting materials that would have produced the carrier gas. Figure 8 shows a comparison of the data sets for
Ni4O,:(NO) species. This may be an oversimplification of the reaction of NO with NO,~ produced with nickel oxide
what could be a very complicated process, but at the lowest ¢jysters formed in the flow tube (Figure 8a) and from the oxides
concentration of NO where one would expect the first reaction produced at the vaporization source (Figure 8b). Both spectra
stages (i.e., the NO association) to occur, this inequality of show the products for the addition of 3 sccm of NO. However,
reactants consumed versus products created still exists for thQ:onsiderany different products are formed by these two oxide
NO association scheme. This provides further evidence that gistributions. The main difference is that the species produced
NO association is occurring only to a limited extent. from the nickel oxide clusters formed in the flow tube can be
On the basis of the observations that both clusters with four accounted for by the simple association of NO with a nickel
or more reaction steps and nickel-rich clusters are less promi-oxide cluster. The peaks labeled in Figure 8a are for association
nent, these N@product species were removed from consider- products NjOy+(NO),. Such association products were previ-
ation and the remaining products listed in the Tabled@were ously considered and discussed for the product distribution
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shown in Figure 8b (N@formation species), and were shown formed, and, as can be seen in Figure 1c, thgONis the

to be inconsistent. A few of the peaks in Figure 8b have been predominate tetramer oxide. The pentamer’s build-up pattern
labeled (NjiOy*(NOy),) to show the difference between the two shows the NjOz and NiOs to be the main oxides formed with
distributions. At this concentration, a single NiO loss channel very little NisO, or NisO4 being formed. The formation of
forms a N§Og*(NO,) from the NizO1p, and a second reaction  nickel-oxygen clusters in the flow tube seems to be produced
step produces the b;+(NOy), and NOg*(NO2), utilizing both through the addition of both single oxygen atoms and oxygen
loss channels (Ni and NiO). Finally a third reaction step yields molecules. This may be the key to understanding why these
the formation of NiO4+(NOy)3 (4,4,3 in the figure) through the  species react differently than the nickel oxides formed in the
NiO loss channel. Other MD,-(NO,), species labeled show source. Itis reasonable to expect that nickel and oxygen would
first and second reaction steps from the®éi NigO7, and NiOs bond to form different structures when produced in the source,
species. where nickel and oxygen are believed to cluster simultaneously,

In Figure 8a the formation of association products is quite & opposed to the structures formed when oxygen is reacted
apparent, with consecutive additions of nitric oxide starting from With fully formed and thermalized nickel clusters. The latter
the nickel oxide clusters. It is necessary to point out that there Might give rise to species comprised of oxygens bound to the
is a mass overlap in the NO association assignments given innickel atoms without fully disrupting all of the metainetal
Figure 8a for the NiOg*(NO), and the N§O+(NO), with Ni-Og bonds, because metabxygen bopds are strong(_ar_than metal
and NiOy, respectively. This means that while it is most likely Metal bonds? while the formation of fully oxidized metal
that NiOg(NO), and the NéO(NO), are labeled correctly, ~ Structures would likely be produced by the intense reactions in
the NigOs*(NO)z and the N§O7+(NO)s could very well be, in the source.
part, Ni;Og:(NO) and the NiO7-(NO), and so on. The exact To address how the NOformation may be occurring, an
assignment is not what is important here, but rather the fact understanding of catalytic metal and metal oxide surfaces must
that these species are NO association products. There ispe employed and extrapolated down to the cluster regime.
however, one species in the product distribution in Figure 8a Surface studies show that in transition metal oxides, the
that is somewhat difficult to explain. This peak is centered at electronegativity of oxygen causes the metal to take on a slightly
mass 344 amu which would correspond to and is labeled asLewis acid character (electron pair acceptor) by withdrawing
Ni4Os+(NO) (4,5,1 in the figure), but there is no /s starting electrons from the meta?. With nickel acting as a Lewis acid
material (mass 314). This then could correspond tgOMF in the cluster, this would facilitate the bonding of the nitrogen
NO,, but why would this particular species form WO There (of the nitric oxide) to the nickel atoms. This may explain why
is a small peak at 314 amu after the addition of NO, which the nitric oxide does not react to form nitrogen dioxide on the
would indicate that the peak at 344 amu is a simple addition of surface of the oxide clusters that were formed in the flow tube.
one NO to this peak, suggesting that there is little or nooNO These oxide clusters would tend to associate or attach oxygen
formation occurring, mainly the simple addition of NO. The to the outside of the previously formed nickel clusters, which
species formed at mass 314 amu could beOhlior any might increase the likelihood of nitric oxide bonding to the
combination of NiOs:(NO),, NizO3:(NO)s, and NpOs+(NO)s, oxygen rather than the metal atoms of the cluster, allowing only
which are possible NO association products. The main point an association product.
is that for the most part these nickel oxide clusters formed in  Recent nickel oxide surface studies indicate that NO bonds
the flow tube produce NO association products. This is quite nitrogen dowr?® Additionally, back-bonding by overlap of
puzzling, considering the reactant oxide distributions have many nickel d-orbitals with thez* antibonding orbital of the NO
similarities. In trying to develop a clearer understanding of why would further weaken the nitrogemxygen bond of nitric oxide.
these two oxide distributions give different products, we looked This same back-bonding process of d-electrons intosthe
carefully at the similarities. For instance, the reaction rate antibonding orbitals of the adsorbate molecule has been reported
(which will be published in part 2 of this study) for the Qi for CO with nickel and other transition met&hks?? This
reaction with NO is much faster for the oxides formed in weakening of the nitrogen oxygen bond would help to facilitate
the flow tube. If the reaction rates of these twq®l species a second oxygen to bond to nitrogen to form NGHowever,
had been the same, one could suggest that they do react théhe presence of oxygen may reduce the ability of the d-electrons
same and the differences in the product distributions are due toto back-bond with the NO, by reducing the electron density of
the differences in the reactant distributions. This, however, is the metal atoms. If this is the case, the strength of the nickel
not the case. The question is no longer do they really react nitrogen bond may be the sole influence responsible for the

differently, but why do they react so differently? weakening of the nitrogenoxygen bond. It is also possible
Further experiments were conducted in order to observe thethat a side-on type bonding to the cluster surface is occurring,
nickel oxide build-up pattern in both types of nickeixygen where the electron density shift caused by the niekirogen

clusters, and some very significant differences were observed.bonding may help facilitate the bonding of the NO oxygen to
A 1% dilution of oxygen in helium was introduced, either @ nickel, stretching the NO bond and promoting N@mation.
through the source or the reactant gas inlet of the flow tube, by Near-edge X-ray-absorption fine structure studies have indicated
a flow controller, in order to obtain precise flow rates. As the that the molecular axis of NO adsorbed onto a NiO surface is
flow rate (i.e., concentration of oxygen) was gradually changed, tilted approximately 45relative to the surface norma.

the build-up patterns of the two different types of oxides could  The three major differences in this study compared to other
be seen. When oxygen is added to the source, a very smoothsurface-type studies are the extra electron on the anionic clusters,
build-up pattern is observed, with distinct single oxygen atom the presence of excess oxygen in the cluster above the one-to-
additions. When oxygen is added to the flow tube, no smooth one ratio found in bulk nickel oxides, and the coordinately
build-up pattern is observed. For instance, the trimer appearsunsaturated nature of the atoms in the cluster, each of which
to form NisO, and then NiOs, where the latter becomes the could play a role in the N&formation mechanism. The electron
predominate trimer oxide species. The tetramer goes directly on the nickel oxide cluster would significantly increase the local
to the NiO, and then to NjO4 with very little Ni4O3; being electron density at the reaction center, causing a much stronger
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back-bonding effect, and the electron affinity of the NO oxygen Energy Research of the U.S. Department of Energy, Grant No.
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