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The kinetic energy dependence of the reactions of Cr+ (n=1—18) with CO2 are studied in a
guided ion beam mass spectrometer. The primary product ions are CrnO+, which then decompose
by sequential loss of chromium atoms as the kinetic energy is increased. Simple collision-induced
dissociation to form the Cr+_j product ions is also observed. Large cluster ions, n*9, form the
CrnCO+ adduct at low kinetic energies. For many cluster sizes, the cross section for the primary

reaction,

Cr+ + CO*C rnO++ CO, exhibits an interesting bimodal energy behavior that is

discussed in some detail. Cr+- O bond energies are measured and found to compare well with
measurements obtained from guided ion beam studies of the Cr+ + O2 systems. The trends in this

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

Oxidation of chromium is a subject of considerable in-
terest because of its importance in preventing corrosion in
iron based alloys.1 Activation of CO2by transition metals is
also of concern in the area of catalysis where CO2 can be
considered as an economical feedstock for chemical
synthesis.2 This is becoming increasingly important, as the
reduction of CO2emissions is a problem of vast political and
social implications because of its role in global warming.
Gaining insight into the mechanisms and energetics of these
oxidation and activation processes may therefore be of tech-
nological value, as well as being of fundamental interest.

One microscopic approach is to examine reactions with
size specific clusters; however, the reactions of chromium
clusters have not received as much attention as other transi-
tion metal clusters. Reactions of chromium clusters with O2
have been studied by few groups.34 In our accompanying
study of the reactivity of chromium cluster cations with oxy-
gen, Cr+ + O2 (n=2-18),4we found that the complexity of
the reactions increased rapidly with cluster size up to about
Cr+. For larger clusters, the product distribution and energy
dependences were similar. Bond energies for the cluster
monoxide and dioxide cations were reported and were com-
pared to bulk phase chemistry. To verify some of the ther-
mochemistry measured in this work, we chose to examine
the reactions of these same chromium cluster cations with
carbon dioxide. CO2was chosen for this study because it acts
as an effective donor of a single oxygen atom thanks to the
very strong CO bond energy. At present, there are no other
published studies on the interaction of chromium clusters
with CO2 that we are aware of.

The reactivity of CO2has been studied on several metal
surfaces,5 although there are no studies with a chromium
surface that we are aware of. It was found that CO2 will
physisorb to most of the surfaces studied but chemisorption
is less likely for many metals. For some of these reactive
surfaces, a bimodal temperature dependence was observed
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and shown to be related to formation of physisorbed and
chemisorbed CO2 The physisorbed orientation has been as-
signed as having a linear structure, whereas the chemisorbed
species has been assigned to bent anionic form, CO;T, which
is a precursor for CO2 dissociation.6

In the present work, we examine the reactions of chro-
mium cluster cations, Cr+ (n= 1-18) with carbon dioxide.
By analyzing the kinetic energy dependence of these pro-
cesses, we are able to obtain quantitative data regarding the
thermodynamics of the oxidation reactions. The trends in this
information are discussed in some detail and compared with
bulk phase thermochemistry and results derived from our
concurrent study of chromium cluster cations reacting with
oxygen.4 A key to this analysis is the availability of quanti-
tative thermochemistry regarding the stability of the bare
chromium clusters, previously measured in our laboratories.7
Further, this study provides a continuation of our previous
work on the reactivity of transition metal cluster cations with
various neutral gases.4,811

. EXPERIMENT
A. Instrumental

The ion beam apparatus and experimental techniques
used in this work have been described in detail elsewhere.12
Details for the generation of chromium cluster cations is de-
scribed in full in the accompanying paper.4 In this study,
reactions take place within a radio frequency (rf) octopole
ion beam guide where the neutral gas (CO2) is introduced.
The quadrupole mass filter used to analyze the product ions
has a mass limit of about 1100 amu such that chromium
cluster reaction products up to Cri8CO+ can be studied. Ab-
solute cross sections measured in our laboratory have an un-
certainty estimated as £30% and relative uncertainties of
+5%. The uncertainty in the absolute energy scale is +0.05
eV (lab) and the widths range from 0.7 to 2.3 eV.
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B. Threshold analysis

The threshold analysis procedure for the transition metal
cluster reactivity studies has been described in detail in pre-
vious work.489 Briefly, the energy dependence of cross sec-
tions for endothermic processes in the threshold region is
modeled using Eq. (1),

a(E)=a02gi(E+Ei+Emt-E O)N/E, @

where a0 is an energy independent scaling parameter, N is
an adjustable parameter, E is the relative kinetic energy, Erat
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 summa-
tion is over the vibrational states i having energies E{ and
populations g i, where 2gi= 1. We assume that the relative
reactivity, as reflected by <0 and N, is the same for all vi-
brational states. The Beyer-Swinehart algorithm13is used to
evaluate the density of the ion vibrational states, and then the
relative populations, gi, are calculated by the appropriate
Maxwell-Boltzmann distribution at 300 K. Vibrational fre-
quencies for the bare cluster ions are obtained as outlined
elsewhere,7,14 by using a Debye model suggested by Jarrold
and Bower.15 Equation (1) has been used successfully in re-
producing the cross sections of various ion-molecule
reactions16 as well as collision induced dissociation (CID)
and reaction processes of transition metal cluster ions.

Before comparing the model with the experimental data,
several effects are taken into consideration. First, the thermal
motion of the target gas and the kinetic energy distribution of
the parent ion beam are both convoluted into Eq. (1) as de-
scribed previously.17 Second, we account for the possibility
that the processes being modeled occur more slowly than the
experimental time window available, ~ 10~4 s in our appa-
ratus. This is achieved by incorporating Rice-Ramsperger-
Kassel-Marcus (RRKM) theory into Eg. (1) as outlined
elsewhere.18 All threshold analyses using Eq. (1) discussed
below include this lifetime analysis. For these calculations.
the transition state (TS) and its molecular constants are cho-
sen as described in our previous work on the reactions of
Fe+ with CO29 We believe that the most reasonable choice
places the TS at the point where the last species (CO or a
chromium atom) is lost from the oxygenated cluster. This
presumes that dissociation of the atoms lost prior to this
event are facile and occur much more rapidly than this final
atom loss step, a reasonable approximation as discussed
previously.489 We also assume that the TS is a loose one,
having molecular constants similar to the dissociated prod-
ucts. Most of the vibrational frequencies are chosen to equal
those of the products, while the transitional modes (those
turning into translations and rotations of the products) are
chosen as outlined in recent work.1920

. RESULTS

In all systems, the reactions were carried out from ther-
mal energies to 10 eV or more in the center-of-mass frame.
As a general nomenclature, we will refer to CrmO+ products
as “‘cluster monoxides,”” and Cr+ products as “‘cluster frag-
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FIG. 1 Cross sections for the reaction of Cr+ with CO2 as a function of
collision energy in the center-of-mass (lower x axis) and laboratory (upper x
axis) frames.

ments,”” where m~n for reaction of CrK. A complete set of
figures for all Cr+ clusters (n= 1-18) reacting with CO2 can
be obtained from Ref. 21.

The dependence of the magnitudes of the product cross
sections on the pressure of the neutral reagent was carefully
checked. All products shown can be attributed to single col-
lisions between the Cr+ and CO2reactants with magnitudes
representative of low pressure conditions. As the pressure of
the CO2 reactant was raised, exothermically formed CrnO+
products react to yield CrnO+ where m ranged from 2 to 4 or
5. Such products are not shown in Figs. 1-7 or Ref. 21
because they are clearly due to secondary reactions.

A. Cr++CO2

Chromium monomer ions react with CO2 to form one
product in reaction (2),

Cr++ CONCrO+ + CO. )

Other products, such as CrCO+, CrO2, and CrC+, were
looked for but not observed. The cross section for process (2)
is shown in Fig. 1. The CrO+ product displays a single fea-
tured cross section with an apparent threshold near 1.8 eV
and a maximum magnitude of about 0.36 A2at 6-8 eV. The
cross section begins to decline at approximately the dissocia-
tion energy of CO2 in the overall reaction (3),

Cr++ CONCr+ +CO+0. 3)

The bond energies of CO2 (5.453+£0.002 eV)2 and CrO+
(3.72+0.12 eV)Z are well established. Thus, processes (2)
and (3) have endothermicities of 1.73+0.12 and 5.453
+0.002 eV, respectively, which are in good agreement with
what we observe. This shows that the laser vaporization/
supersonic expansion produces only Cr in its 6S ground
state.

Copyright ©2001. All Rights Reserved.



J. Chem. Phys., Vol. 108, No. 19, 15 May 1998

Energy (eV, lab)

0 10 2 30
072 + CO2 n
i tA ¢fig!'B3Sa3* o F
J jr
(0
, atot/d r
Cr2°+
A
5 4§L A CrO+
m]
£
m]
(0]
4 *
o 02 b
A
A
oD A A
aa A*

Energy (eV, CM)

FIG. 2. Cross sections for the reaction of Cr2 with CO2 as a function of
collision energy in the center-of-mass (lower x axis) and laboratory (upper x
axis) frames.

B. Cr++C02

Addition of a second Cr atom to the reactant cluster ion
greatly increases the complexity of the reaction with CO2, as
shown in Fig. 2. Three ionic products are now observed and
can be identified by reactions (4)-(6),

Cr2+CO2*Cr20++CO 4
ACr+ +Cr+CO2 ®)
ACrO+ + Cr+CO. (6)

The formation of Cr20+ is the lowest energy product and
displays both an exothermic and an endothermic feature in
its cross section. This behavior is also observed in the reac-
tions of Fe+ with CO2 but only for n>3.9 The Cr+ cross
section is single featured and its cross section rises from a
threshold of about 1 eV, consistent with simple CID, reaction
(5), which can begin at 1.3 eV. Concomitant formation of
CrO through reaction (7),

Cra+ CO2Cr+ +CrO+ CO, )

is endothermic by 2.24+0.16 eV and there is no obvious
evidence for this process. Cr+ is the dominant product from
about 2 eV to the highest energy studied and reaches a mag-
nitude of 5 A2 This is about one-half the magnitude ob-
served in the CID of Cr+ with xenon.7 CrO+ is formed
through reaction (6) with an apparent threshold of about 3
eV, in agreement with the thermodynamic threshold of 3.03
+0.13 eV.

C. Cr++CO02

Results for the trimer chromium cation reacting with
CO2 are shown in Fig. 3. Products include metal fragments,
Cr+ and Cr+, and cluster monoxides, CrK xO+, x=0-2.
The metal fragments Cr+ and Cr+ have cross sections that
rise from thresholds consistent with simple CID to Cr++ Cr2
at 1.88+0.10 and to Cr+Cr+ at 2.01+£0.06 eV, respectively.7
The shape and magnitudes of these two products are very
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FIG. 3. Cross sections for the reaction of Cr3 with CO2as a function of
collision energy in the center-of-mass (lower x axis) and laboratory (upper x
axis) frames.

similar, consistent with the intimate coupling between these
two channels and the comparable ionization energies, (IE)
(Cr2) =6.89+£0.0824 and IE (Cr)=6.766 eV.22 Although the
magnitudes of these processes are comparable to those ob-
served in the CID of Cr+ with Xe,7 there, the Cr+ product
was favored by a factor of 3-4 at higher energies.

Both metal cluster fragments reach a magnitude of 10 A2
and dominate the spectrum from 6 to 10 eV. Thus, efficient
production of Cr+ and Cr+ accompanied by neutral products
other than CO2and Cr or Cr2, respectively, are not indicated.
For instance, formation of Cr++Cr+CO?2is 0.95+0.10 eV
more stable than Cr++ CrO + CO, making the latter products
an unlikely reaction pathway, although contributions from
alternative pathways cannot be eliminated at higher energies.
Formation of Cr++ CrO+ Cr+CO, a known decomposition
path of the Cr20+ product,4 can begin at 4.25+0.18 eV and
may contribute to the observed Cr+ signal.

The cluster monoxide product ion formed at the lowest
energy is Cr30+, produced in reaction (8),

Cr3+ CO2\C r30++ CO. ®)

This product ion can decompose to Cr20++ Cr at slightly
higher energies. The observation that the Cr30+ cross sec-
tion reaches a maximum near the threshold for Cr20+ for-
mation confirms this pathway. At still higher energies,
Cr20+ can decompose to Cr++ CrO beginning at 4.25+0.18
eV or to CrO++ Cr beginning at 5.04+0.17 eV. The larger
endothermicity of the latter pathway explains the small size
of the cross section for the CrO+ product.

D. Cr++ CO2 (n=4-18)

Figures 4-7, which are typical of the results in the size
range of n=4-18, illustrate the reaction cross sections for
Cr+, Cr+, Cr+4, and Cr+6 reacting with CO2, respectively.
These cluster sizes were chosen because there are noticeable
differences in the observed reactivity at these points. There
are only three types of products formed in these reactions:

Copyright ©2001. All Rights Reserved.
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FIG. 4. Cross sections for the reaction of Cr+ with CO2 as a function of
collision energy in the center-of-mass (lower x axis) and laboratory (upper x
axis) frames.

cluster monoxides, CrK xO+; cluster fragments, Cr+_x; and
adducts, crnCO+, which are observed only for n"9.

The dominant products at the lowest energies from
n=1-13 are the CrnO+ ions, formed in reaction (9),

Cr+ + CO2*C rnO++ CO. 9

For clusters in the range n=4-6, the cross sections for this
reaction decline with increasing energy, typical behavior for
barrierless exothermic reactions. This exothermic feature dis-
plays a magnitude near 200 A2 at subthermal energies for
these cluster sizes. This is close to 100% of the magnitude
predicted by the Langevin-Gioumousis-Stevenson cross
section model (LGS),5 crLGS= ~ e (2a/E )12 where a is the
polarizability of CO2 (2.59 A3).26 At 0.02 eV, &L.CSis about
192 A2. The endothermic portion of this process, compared
with those in Cr+ (n=1- 3 and 7-18) and in the analogous
reaction of all Fe+ (n=1-18),9 contribute little to the
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FIG. 5. Cross sections for the reaction of Cr+ with CO2 as a function of
collision energy in the center-of-mass (lower x axis) and laboratory (upper x
axis) frames.
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FIG. 6. Cross sections for the reaction of Cr+4 with CO2 as a function of
collision energy in the center-of-mass (lower x axis) and laboratory (upper x
axis) frames.

CrnO+ cross section. For cluster sizes n=7-15, the cross
sections for reaction (9) display two features. The exother-
mic features have magnitudes that increase from n=7-10
and then decrease from n= 10-18 (reaching a maximum at
n= 10 at about 320 A2). The endothermic features rise from
apparent thresholds of about 1 eV, similar to Cr+. When n
= 16 and 17, the exothermic portion disappears and there
exists only an endothermic cross section that rises from a
threshold of bout 0.5 eV. Cr+8 then displays a two featured
cross section again, but the exothermic portion is much
smaller (about 5 A2) than the other clusters that display both
features.

As discussed in our previous work on the reactions of
Fe+ with CO29bimodal behavior that we observe is unusual
because such features can often be related to separate reac-
tion pathways associated with different neutral products for
the same ionic product. However, formation of CrnO+ has
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FIG. 7. Cross sections for the reaction of Cr+7 with CO2 as a function of
collision energy in the center-of-mass (lower x axis) and laboratory (upper x
axis) frames.
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FIG. 8 Comparison of the magnitudes of the cluster-oxide and cluster
adduct cross sections at an energy of —0.05 eV as a function of number of
atoms in the Cr+ reactant.

only one possible pathway that is thermodynamically viable,
reaction (9), because the CO bond strength is so high, 11.1
eV.27 To check whether these multiple features could possi-
bly be due to artifacts, several diagnostic reactions were run.
Contamination of the neutral reactant with O2 or H20 is
plausible and could lead to the CrnO+ products. Results from
our study of the reactions of chromium cluster ions with
molecular oxygen4 indicate that if O2 were present, we
would observe intense cluster dioxide products formed under
single collision conditions. Such products were observed
only as secondary reaction products in minor amounts in the
present work. To remove traces of water from the sample
gas, we subjected the reactant CO2 gas to several cycles of
drying on liquid nitrogen cooled molecular sieves. This treat-
ment had no effect on the appearance of the cross sections.
Possible effects of multiple collisions were checked carefully
to assure that both features in the CrnO+ cross sections are
the result of a single collision between the cluster ion and
CO2 The possibility of internally excited cluster ions was
ruled out by examining the reaction of these ions with O2and
determining that the monoxide product ions in this system
displayed only a single featured, endothermic cross section.
CID studies were also performed to confirm that the clusters
fragment with the same energetics as in previous studies.7
Thus, we conclude that the dual features in the CrnO+ cross
sections observed are real. An explanation for such features
is discussed below.

Results for reactions of Cr+ (n = 9-14) with CO2illus-
trate that the magnitude of the adduct product ion, CrnCO+,
and the low energy monoxide product, CrnO+, varies consid-
erably with cluster size. Figure 8 shows the cross section
magnitude of the cluster adduct and cluster monoxide at
about 0.05 eV as a function of the number of Cr atoms in the
cluster. A few features in this figure are particularly interest-
ing. First, the intensity oscillation of the cluster monoxide is
inversely correlated to the oscillations that we observe in our
studies on the stabilities of the bare chromium clusters.7 Sec-
ond, we note that the magnitude of the adduct cross section
and that of the CrnO+ cross section are inversely correlated.
These cluster products show a remarkable size dependent
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reactivity that was not observed in our studies of Cr+ react-
ing with 024

As the energy is raised, the primary CrnO+ products be-
gin to decompose by sequential loss of chromium atoms.
This is apparent from the observation that the CrmO+ prod-
uct cross section reaches a maximum at an energy near the
onset for the Crm_10+ cross section. Formation of cluster
fragment ions appears to be exclusively by simple CID pro-
cesses. These become increasingly inefficient as the cluster
size increases. For n=2-11 clusters, the cross sections for
the CID process in these reactions are about equal or slightly
smaller than those measured in the Cr++ Xe system.7 For
clusters n> 11, the CID processes observed here are about an
order 0)‘ magnitude smaller than those seen in the Xe
system.

IV. DISCUSSION
A. CrnO+ bond energies

Based on the bond energies for Cr+-O measured in the
accompanying paper on the reactions of chromium cluster
cations with 024 reaction (9) is exothermic for all clusters
except the monomer and trimer (possibly thermoneutral for
n = 18). Therefore, the endothermic features in the CrnO+
cross sections do not provide direct thermodynamic informa-
tion regarding the CrnO+ bond energies. Therefore, we turn
to an examination of the Crn_jO+ products which are
formed by subsequent Cr atom dissociation from the primary
products. Bond energies for Cr+_j-O can be measured by
determining the difference between the thresholds for reac-
tions (10) and (11),

Cr++ CONCr+_j+ Cr+CO2 (10)

A Crn_jO++Cr+CO. (11)

Specifically, the bond energies are calculated using Eq. (12),
D(Cr+_1—0) = E0(10) —E0(11) + D(O-CO). (12)

The thresholds for reactions (10) are equivalent to the bond
energies of the bare chromium cluster ions, D(Cr+_j-Cr),
and have been measured previously.7 We also verified that
the present data for reaction (10) can be reproduced by Eq.
(1) using the previously published values of D(Cr+_j-Cr)
along with reasonable N values. Here, we determine the
thresholds for reactions (11) using an analysis with Eq. (1) as
outlined above. The optimized parameters of this model are
listed in Table I, while Table Il lists the bond dissociation
energies of Cr+- O obtained from these thresholds calculated
using Eq. (12).

The reliability of thermochemistry determined from
these thresholds is limited somewhat by the second order
character of these reactions, corresponding to loss of Cr+CO
from the initially formed CrnCO+ intermediate. An addi-
tional drawback to measuring thermochemistry in this man-
ner is that the uncertainty is larger because it includes the
uncertainties of both reactions (10) and (11). A redeeming
feature, however, is that the errors due to the kinetic shifts
and internal energies should be reduced because identical
assumptions are employed for both threshold measurements.

Copyright ©2001. All Rights Reserved.
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TABLE I. Summary of paramenters used in Eq. (1) for the analysis of cross
sections for Cr+ + CO2*C rn_10++ Cr+CO.

a0 N

S

mO o
la 0.28 1.5(0.2) 1.79(0.12)
3 24 1.9(0.2) 1.84(0.26)
4 1.9 2.0(0.3) 0.44(0.12)
5 19 1.8(0.3) 0.76(0.18)
6 42 2.0(0.3) 0.75(0.15)
7 8.7 1.8(0.3) 1.58(0.13)
8 114 1.5(0.3) 1.25(0.17)
9 6.2 2.3(0.3) 1.27(0.20)

10 71 2.3(0.3) 1.34(0.20)
1 7.8 2.0(0.3) 1.30(0.22)
12 29 2.5(0.3) 1.65(0.24)
13 14 2.0(0.3) 1.90(0.24)
14 24 1.8(0.3) 1.71(0.28)
15 139 2.0(0.3) 1.89(0.27)
16 119 1.8(0.3) 2.05(0.28)
17 14.7 2.0(0.3) 2.21(0.28)
18 21.7 1.8(0.3) 2.30(0.31)

aor Cr++C0O2-"CrO+ +CO.

Figure 9 shows the Cr+- O bond energies determined
here as a function of cluster size along with values derived
from our study of the reactions of Cr+ with 02.4 The agree-
ment is within experimental uncertainty with the exception
of a few cases, namely n=3, 7, 9, and 10. However, we note
that the values obtained here are generally larger than those
measured for the monoxides from the reaction with O2. This
difference is easily observed in a direct comparison of the
data for the two systems. The thermodynamic threshold for
the reaction of Cr+ with dioxygen, D(012) =5.115 eV, is
0.34 eV lower than that for the reaction with
CO2 D(O-CO0)=5.453 eV. However, we observe that the
thresholds for production of Crn_jO+ in the CO2 system are
generally lower in energy that those for the O2 system. This
probably indicates that the thresholds in the reaction with 02

TABLE II. Bond energies for Cr+-O from this study and the reaction of
Cr+ with 02

S

D(Cr+-0) (eV)a D(Cr+-0) (eV)b

1 3.72(0.15)c 3.66(0.20)
2 NA 5.62(0.27)
3 4.94(0.27) 6.05(0.16)
4 6.78(0.32) 6.93(0.30)
5 6.34(0.33) 6.37(0.18)
6 5.98(0.26) 6.42(0.34)
7 5.73(0.30) 6.45(0.21)
8 6.25(0.35) 6.76(0.25)
9 5.89(0.32) 6.51(0.28)
10 6.08(0.30) 6.72(0.26)
n 5.98(0.42) 6.47(0.36)
12 6.03(0.50) 6.55(0.44)
13 6.25(0.40) 6.80(0.34)
14 5.52(0.50) 6.33(0.41)
15 5.93(0.52) 6.32(0.45)
16 5.95(0.52) 5.98(0.50)
17 5.04(0.80) 5.31(0.60)
arom Ref. 4.

brhis study measured from Cr++ CO2*Cr,,_10++Cr+CO.
d~rom Ref. 23.
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FIG. 9. Comparison of the Cr+-O bond energies measured in this study to
D(Cr+-20)/2 and D(Cr+-0O) measured in previous work on the reactions
of Cr++ 02 (Ref. 2) as a function of cluster size n.

are shifted slightly to higher energies due to competition
with the much more favorable Crn_xO+ products. Thus, the
bond energies determined in the present study are believed to
be somewhat more reliable than those from our O2 study.

Figure 9 also compares the bond energies obtained in
this system with those measured from the thresholds and
relative energies of the dioxygenated CrnO+ products formed
in the reaction of Cr+ with dioxygen.4 These bond energies
are for Cr+- (O)2 and hence are divided by two to compare
to the Cr+- O bond energies. For these bond energies to
agree exactly, both oxygens in CrnO+ would have to be
bound to the cluster with identical bond energies, which need
not be correct. Although there do appear to be some system-
atic deviations (the CrnO+/2 bond energies are larger than
those for n=5-7 and smaller for n= 12-15), the bond en-
ergies are within the combined experimental error bars for all
clusters. Overall, this comparison suggests that the first and
second oxygen atoms bind similarly to chromium cluster cat-
ions and lends some support to the accuracy of the numbers
in both studies.

B. Trends in oxygenated chromium cluster stability

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 chromium atom, the
lowest energy dissociation process in all cases. The
OCr+”-Cr bond energies are calculated from Eq. (13),

D (OCr+_!-Cr)=D [Cr+-O]-D[Cr+_1-0]
+D(Cr+_1-Cr), (13)

where the required bond energies are taken from Table 11 and
Ref. 7. These comparisons are shown in Fig. 10. In general,
oxidation of the clusters does not change their stability with
respect to chromium atom evaporation by an appreciable
amount for clusters n>5. This may simply mean that chro-
mium atom loss occurs at sites remote from the oxygen atom
bonding. For clusters n=2-4, oxidation increases the stabil-
ity. The easiest explanation is that the oxygen is bound in
bridging sites to several of the metal atoms, thereby holding
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FIG. 10. Comparison of the D(OCrn_j-Cr) bond energy calculated using
Eq. (13) to the CID bond energies (from Ref. 7) as a function of the cluster
size n.

the cluster together more tightly. However, it is conceivable
that a terminally bound oxygen atom could accomplish this
through an electronic effect. Interestingly, the Cr50+ cluster
is less stable than the bare Cr+ cluster. (This might also be
true of n= 14, 16, and 17, although the uncertainties in the
bond energies for these clusters makes this conclusion less
secure.) In this case, this is most easily attributed to the en-
hanced stability of the Cr4O+ cluster relative to Cr50+ com-
pared to the stability of Cr+ and Cr+.

C. Reaction mechanism

The only processes observed in the interactions of chro-
mium cluster cations with carbon dioxide are CID and clus-
ter oxidation with elimination of CO. Products observed at
high energies are simply due to further dissociation (by Cr
atom loss) of the products formed by these two primary
channels. Adducts of the clusters with CO2are observed only
for clusters with n”9.

The probability of the cluster oxidation reaction at ther-
mal energies is plotted in Fig. 8. The strong oscillations in
this plot are directly correlated with the stability of the bare
clusters up through n=10. As noted in our previous CID
study,7 odd-sized cluster cations are found to be more stable
than even-sized cluster cations (Fig. 10). This was postulated
to be because the odd-sized clusters had an even number of
4s electrons and thus could be closed-shell in the outermost
frontier orbitals, while the even-sized clusters had an odd
number of 4s electrons, thereby giving them radical charac-
ter. Note that these even-sized clusters are the more reactive
ones, consistent with our previous assignments.

Because no products containing carbon, with the excep-
tion of the adducts, are observed, there is no direct experi-
mental evidence that distinguishes between oxidation reac-
tions that occur by a dissociative chemisorption process that
form a transient O-Cr+-CO intermediate from ones that
occur by direct oxygen atom abstraction. However, because
CrnO+ formation is exothermic in all cases but n = 1, disso-
ciative chemisorption is likely to be lower energy process
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than physisorption of an intact CO2molecule. This is further
indicated by noting that atomic metal ion bonds to CO are
generally stronger than those to CO2.28

Another indication of this is the inverse correlation be-
tween the magnitudes of the low energy feature in the CrnO+
cross section and the crnCO+ adduct cross section (Fig. 8).
Clearly, large clusters are needed to observe the adduct. This
can be explained if excess energy released during the exo-
thermic dissociative chemisorption process is dissipated in a
large cluster such that the lifetime of the OCrnCO+ interme-
diate is long enough that this species can travel through our
instrument and be detected. For smaller clusters and the
more reactive medium-sized clusters, CO loss is rapid and
efficient, consistent with a relatively weak Cr+-CO bond
energy of 0.93 eV compared to that of Cr+-0O. For the less
reactive medium-sized clusters, the lifetime of this transient
intermediate is apparently similar to the experimental flight
time of the ions.

The most interesting observation in this reaction system
is the disparate behavior of the CrnO+ product cross sections.
Clusters n=2 and 7-15 display both obvious exothermic
and endothermic features. Clusters n=1, 3, 16, and 17 ex-
hibit no obvious exothermic features, while n=4-6 have no
obvious endothermic features. Dual features in the analogous
product cross sections were also observed in the reaction of
Fe+ with CO29 There, we reasoned that there are two pos-
sible explanations for these two features. The first explana-
tion starts by noting that CO2(12+) does not diabatically
dissociate to ground state CO( '+)+ O(%P), but rather to
CO(12 +)+ O(1ID), 1.97 eV higher in energy. Reactions of
the iron monomer and dimer cations had thresholds that cor-
related nicely with thresholds calculated for this spin-
allowed (diabatic) dissociation channel. Therefore, we as-
signed the exothermic feature to reaction along the adiabatic
potential energy surface and the endothermic feature to reac-
tion along the diabatic pathway.

This explanation is also feasible in the present system.
This would suggest that the observation of one or both fea-
tures in the cross sections could be attributed to the spin
states of the clusters and how well they correlate with the
states of the oxygenated clusters. There is less direct evi-
dence for such a proposal in the present system because the
reaction of the monomer with CO2 gives a threshold that is
consistent with a reaction along the adiabatic potential en-
ergy surface, i.e., the measured threshold (Table I) is consis-
tent with the value 1.73+0.12 eV calculated using
known thermochemistry D O(Cr+-0) = 3.72+0.12 (Ref. 23)
and the adiabatic dissociation energy CO(12 +) + O(3P),
D0(OC-0)=5.453+0.002.2 Further, the dimer displays the
double featured cross section for the formation of CrO+ so
that no elevated thresholds are observed in the present sys-
tem, in contrast to the observations for iron clusters.

A second possible explanation for the two features is a
direct and indirect (resonant or trapping mediated) process.
Such behavior has been observed and described experimen-
tally for the reactions of alkanes with iridium surfaces3 and
theoretically for the reactions of nickel clusters with D23l
This hypothesis suggests that at low energies, there is a long
lifetime for the transient Cr,,CO+ intermediate where the
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CO2is physisorbed on the cluster. At these energies, there is
sufficient time for the CO2molecule to find an optimum site
on the cluster for activation of the C-O bond, leading to
dissociative chemisorption. As the energy increases, the life-
time of the intermediate decreases, thereby limiting the effi-
ciency of this indirect process. At still higher energies, the
reactions can occur by a direct mechanism which has an
apparent threshold. This apparent threshold could represent
the barriers to chemisorption at sites that are more abundant
on the cluster or it could be a dynamic barrier where chemi-
sorption occurs without relaxation of the cluster necessary to
access the lowest energy pathway. (It should be noted that
similar effects could also be involved for the first mechanism
involving electronic factors discussed above.) This mecha-
nism was discounted in the iron system, although the evi-
dence against it was indirect. In the present work, there is no
evidence to support or discount it.

D. Comparison to bulk phase thermochemistry

Ideally, we would like to compare the bond energies
determined here to those on bulk phase Cr surfaces. Unfor-
tunately, the only information available on the reaction of
CO2with chromium surfaces is the adsorption onto polycrys-
talline films where the heat of adsorption is 70 kcal/mol.2
This involves the complete dissociation of CO2and does not
yield any useful information for comparison since CO is not
bound to the clusters. However, we can compare the
surface-oxygen bond energy with those measured in this
system. The details of this comparison are discussed in the
accompanying paper on O2 reactions.4 The metal surface-
oxgyen bond energy is 6.4+£0.2 eV, comparable to our av-
erage cluster-oxygen bond energy of 6.43+0.44 eV.4 Thus,
the thermochemistry obtained here for small chromium clus-
ters is comparable to that for bulk phase chromium. This
suggests that the use of clusters to model the reactivity at
surface defects, at least for oxygen, may be reasonable.3

Complete dissociation of the CO2 molecule does not oc-
cur on chromium clusters as shown by the lack of any car-
bide products except at high energies for the dimer ion.
However, similar to the surface reactivity, CO2 does undergo
dissociative chemisorption on chromium clusters as argued
above. The important difference between cluster and surface
systems is that the clusters have a discrete energy content,
i.e., the sum of the internal energy in the cluster reactant and
the excess energy deposited upon formation of the cluster-
oxygen and cluster-carbonyl bonds. As more kinetic energy
is added to the system, the internal energy of the cluster
increases until the cluster CO bond is broken. This is the
lowest energy process by which the CrnCO+ cluster can dis-
pose of the excess energy (the most efficient cooling mecha-
nism). We can infer that the bond energy of CO to the cluster
must be much less than the energy to lose either a chromium
atom or an oxygen atom because we see no cluster
cation-CO products nor any CO2 adducts where the cluster
has fewer chromium atoms than the reactant. In the reaction
of Cr+ + 02, the cluster adduct behaves quite differently be-
cause the most efficient cooling mechanism is evaporation of
Cr atoms. In addition, the CrnO+ adduct is observed over a
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much wider range of energies than the CrnCO+ adduct, an-
other clue that CO is bound more weakly to chromium clus-
ter cations than O or Cr.
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