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The kinetic-energy-dependent cross sections for the reactions of Co+ (n=2-16) with D 2 are 
measured as a function of kinetic energy over a range of 0-8  eV in a guided ion-beam tandem mass 
spectrometer. The observed products are Con D+ for all clusters and ConD+ for n =4,5,9-16. 
Reactions for the formation of ConD+ (n=2-16) and Co9D+ are observed to exhibit thresholds, 
whereas cross sections for the formation of ConD+ (n=4,5,10-16) exhibit exothermic reaction 
behavior. The Co+-D bond energies as a function of cluster size are derived from the threshold 
analysis of the kinetic-energy dependence of the endothermic reactions and are compared to 
previously determined metal-metal bond energies, D0 Con+-C o . The bond energies of Con+-D  
generally increase as the cluster size increases, and roughly parallel those for Con+-C o for clusters 
n 4. These trends are explained in terms of electronic and geometric structures for the Con+ 
clusters. The bond energies of Con+-D  for larger clusters n 10 are found to be very close to the 
value for chemisorption of atomic hydrogen on bulk-phase cobalt. The rate constants for D 2 
chemisorption on the cationic clusters are compared with the results from previous work on cationic 
and neutral cobalt clusters. © 2005 American Institute of  Physics. [DOI: 10.1063/1.1899604]

I. INTRODUCTION

The interaction of dihydrogen with metal surfaces has 
been widely investigated1,2 because hydrogen absorption and 
reactions often play a decisive role in fuel cell and energy 
storage technology, material science, and heterogeneous ca
talysis. Transition-metal clusters are often characterized by a 
high degree of coordinative unsaturation with a number of 
dangling bonds and, therefore, can act as an ideal model of 
dispersed catalytic surfaces. A better understanding of the 
catalytic activity at the molecular level is expected to be 
valuable in designing new and more effective catalysts. Stud
ies of the reactivity of transition-metal clusters can provide 
insight into the relation between geometric or electronic 
structure and chemical reactivity, which can exhibit an ap
preciable dependence on cluster size, charge state, and el
emental identity.3-6 A number of absorption and reaction7_22
studies have been reported previously for cobalt clusters 
in part because cobalt is an important catalytic metal in many 
industrial processes.23,24 These include Fischer-Tropsch syn
thesis, in which larger hydrocarbons are produced from car
bon monoxide and hydrogen.25,26

The reactions of neutral and charged cobalt clusters with 
hydrogen/deuterium have been investigated extensively by 
several groups. Smalley and co-workers7,8 have studied the 
reactions of neutral cobalt clusters with D 2 using a fast-flow 
reaction tube. They measured the relative reaction-rate con
stants for D 2  dissociation on various-sized clusters and found 
a strong reactivity dependence on cluster size. The atom and 
dimer do not react with D 2, clusters for n= 4 -9  exhibit low
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reactivity with a minimum at n=6, whereas n = 3, 10-28 
clusters react much more efficiently. Ho et al.9 investigated 
the gas-phase reaction and saturation absorption on the sur
face of neutral cobalt clusters, n= 7-68, and found a similar 
reactivity dependence on cluster size for the cluster sizes 
reported by Smalley and co-workers. The authors also deter
mined the absolute rate constants and reaction probabilities, 
and examined the temperature dependence of the rate con
stants for the dissociative adsorption of the first D2 molecule 
to cobalt clusters Con (n= 9 -2 1  over the temperature range 
of 133-373 K.9 The rate constants for clusters n =10-13, 
15-17 show no dependence on temperature, indicating that 
D 2  chemisorption reaction has no activation barrier; whereas 
the rate constants for Co9 and Co14 increase at higher tem
peratures, which suggests the presence of activation barriers
8.8 and 7.8 kJ/mol, respectively . This group also studied 

very large clusters, n=55-147, reacting with D 2, finding evi
dence for icosahedral structures and a ratio of D atoms to 
surface metal atoms near unity.10 Persson et a l } 1 also re
ported the reactivity of neutral cobalt clusters with n 
= 10-45 with D 2 using two reaction cells under near single
collision conditions. They determined the reaction probabil
ity for adsorption of the first and second D 2 molecule using a 
statistical model. The size dependence of the Con-D 2  reac
tion system was found to correspond well with the observa
tions from the fast-flow reactor experiments of the Smalley 
and Riley groups.

12Nakajima et al. investigated the reactivity of positively 
charged cobalt cluster ions Co+ (n=2-22) with H2 by using a 
fast-flow reactor. They compared the reactivities of the cor
responding neutral and cationic cobalt clusters with D2 and
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found similar efficiencies for larger clusters. This result sug
gests that removing an electron from the dense orbital mani
fold of larger neutral clusters n 8 , which have a high 
density of valence electronic states, should have little effect. 
However, the reactivities of Co+ (n= 4-9) were found to be 
much higher than their neutral analogs. Apparently, the posi
tive charge dramatically affects the reactivities of these 
smaller clusters.

Although these size- and temperature-dependent investi
gations of reactivity are interesting, previous work is limited 
to thermal reactions. Consequently, studies of the thermo
chemistry of dihydrogen reactions with cobalt clusters are 
scarce. In the present study, we use guided ion-beam tandem 
mass spectrometry to investigate the reactions of size- 
selected cobalt cluster cations Co+ (n=2-16) with D 2. 
Kinetic-energy-dependent cross sections for the formation of 
ConD++D and ConD+ product channels are determined. The 
former are interpreted to provide Con+-D  bond dissociation 
energies (BDEs) as a function of cluster size. Bond energy 
information for the larger clusters obtained here is favorably 
compared to bulk-phase values. The rates of D 2 chemisorp- 
tion on the cationic clusters are compared with the results 
from previous work.7-12 This study is a continuation of our 
efforts to provide quantitative measurements of the thermo
dynamics and reactivities of transition-metal clusters, which 
have shown interesting variations with cluster size in the 
stability and reactivity of clusters. Hence the results obtained 
here are briefly compared to comparable studies of the reac-

27-30tions of D 2 with cluster cations of Fe, Cr, V, and Ni.

II. EXPERIMENTAL SECTION

The experimental apparatus and techniques in this study
31have been described in detail elsewhere, and only a brief 

description is given here. Cluster cations are formed by laser 
vaporization of a cobalt rod housed in an aluminum source 
block.32,33 The output (511 and 578 nm) of an Oxford ACL 
35 copper vapor laser operating at 7 kHz is tightly focused 
onto a continuously translating and rotating cobalt rod to 
expose fresh surface to the laser. The optimum pulse energy 
for cobalt cluster-ion production ranges between 3 and 
4 mJ /pulse. The vaporized material is entrained in a continu
ous flow [(5-6) X 103 SCCM (standard cubic centimeter per 
minute of He passing over the ablation surface. Frequent 
collisions and rapid mixing lead to the formation of thermal- 
ized clusters as they travel down a 2-mm-diameter 

63-mm-long condensation tube. This seeded helium flow 
then undergoes a mild supersonic expansion and passes 
through a skimmer in field-free conditions. Previous studies 
have indicated that the clusters are not internally excited and

31,34likely to be near room temperature, although direct mea
surements of the internal temperatures of the clusters are not 
possible.

Positively charged ions pass through two differentially 
pumped regions and are accelerated and focused into a 60° 
magnetic sector momentum analyzer. The mass-selected ions 
are decelerated and injected into a rf octopole ion guide35,36 
that extends through a reaction cell. The octopole beam 
guide is biased with dc and rf voltages. The former allows

accurate control of the translational energy of the incoming 
ions, whereas the latter establishes a radial potential that ef
ficiently traps the parent and product ions that travel through 
the octopole. The pressure of D 2 neutral reactant gas Cam
bridge Isotope Labs., 99.8% purity in the reaction cell is 
kept relatively low to reduce the probability of multiple col
lisions with the ions. To test this, all the studies were con
ducted at two pressures of D 2, ~ 0 .2  and —0.4 mTorr. The 
product and reactant ions drift to the end of the octopole, 
where they are extracted, and injected into a quadrupole 
mass filter for mass analysis. Ion intensities are measured 
with a Daly detector37 coupled with standard pulse counting 
techniques. Reactant ion intensities ranged from 1 to 5 
X 106 ions/s. The observed product intensities are converted 
to absolute reaction cross sections as discussed in detail 
elsewhere.36 The absolute errors in the cross sections are on 
the order of ±30%. The products observed in this work in
clude ConD+ and ConD+ species. Accurate measurements of 
the intensities of these species are most conveniently accom
plished by using deuterium to maximize the peak separation 
and by adjusting the resolution of the quadrupole mass filter 
to be as high as possible without reducing the product ion 
intensities. In all cases, the cross sections reported below 
have been corrected for mass overlap with other species.

The results for each reaction system were repeated sev
eral times to ensure their reproducibility. Collision-induced 
dissociation (C ID  experiments with Xe were performed on 
all cluster ions to ensure their identity and the absence of any 
excessive internal excitation. In all instances, CID thresholds 
are consistent with those previously reported.34 The absolute 
zero in the kinetic energy of the ions and their energy distri
butions (0.7-1.8 eV, gradually increasing with cluster size) 
were measured using the octopole as a retarding energy 
analyzer.36 The error associated with the zero of the absolute 
energy scale is 0.05 eV in the laboratory frame. Kinetic en
ergies in the laboratory frame are converted to center-of- 
mass CM energies using the stationary target approxima
tion, £(CM )=E(lab)m /(m + M ), where m and M  are the 
masses of the neutral and ionic reactants, respectively. The 
data at the lowest energies are corrected for truncation of the 
ion-beam energy distribution.36

III. RESULTS

Figure 1 shows the kinetic-energy dependence of the 
cross sections for reaction of Co+ (n = 2-16) with D 2 over a 
range of thermal to as high as 8 eV eventually limited by 1 
kV laboratory . Despite a careful search for products with 
fewer cobalt atoms, the only products observed were those 
formed in reactions 1 and 2 .

Co+ + D 2 ->Co„D+ + D, (1)

- C o BD+. (2)

Only reaction (1) is observed for clusters with n=2, 3, 6 -8 , 
whereas both reactions are observed for clusters with n=4, 5, 
9-16. Reaction (1) exhibits a threshold in all cases, whereas 
reaction (2) is barrierless except for n = 9. The resultant cross 
sections exhibited no pressure dependence for all cluster
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FIG. 1. Cross sections for reactions of Co+ (n=2-16) with D2 as a function of collision energy in the center-of-mass (lower x axis) and laboratory (upper x 
axis) frames.

27

sizes, verifying that the results presented here result exclu
sively from single ion-molecule collisions.

Similar to the results for reactions of D 2 with iron,
28 29 30chromium, vanadium, and nickel cluster ions, we fail to 

observe collision-induced dissociation of the cobalt cluster 
ions with D 2. These observations can be explained by previ
ous work in our laboratory that has shown that CID pro
cesses are inefficient for target gases (such as D 2) with low38,39 2 
masses and polarizabilities. Also, we observed no prod
ucts with fewer cobalt atoms than the reactants, such as 
Con-1D+ or Con-1D+. This indicates that the ConD+ and 
ConD+ products decompose preferentially by loss of D 2  or D, 
respectively, rather than Co atom loss.

A. Cross sections for ConD+ formation

The formation of ConD+ in reaction (1) is observed to be 
endothermic for all clusters studied Fig. 1 . The kinetic-

energy dependences of the cross sections are similar to those 
previously reported for Fe+, Cr+, V+, and Ni+ clusters react
ing with D2.27-30 The cross sections exhibit apparent thresh
olds of 2.0±0.5 eV for all clusters and reach maxima at 4 -6  
eV. The decline in the formation of ConD + at elevated ener
gies can be attributed to the overall reaction 3 ,

ConD ++ D ^-C o+ + 2D, (3)

which can begin at D 0(D2)=4.56 eV.40 Smaller clusters ex
hibit an onset for this reaction close to its thermodynamic 
limit, 4.56 eV minus the internal energy of the cluster reac
tants. Figure 1 shows that the cross-section maximum moves 
to higher energies as the cluster size increases, which can be 
attributed to kinetic shifts in this process. Larger clusters are 
able to accommodate more excess energy, so that the lifetime 
of the ConD + product increases with increasing cluster size 
and eventually becomes larger than the 10-4 s time window
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FIG. 1. (Continuerf).

available for dissociation in our experimental apparatus. At 
higher kinetic energies, the lifetime for dissociation becomes 
shorter than this time window and the dissociation process is 
again observed as declines in the ConD + cross sections. Note 
that the observation of maxima in the ConD+ cross sections 
corresponding to reaction 3 is consistent with the failure to 
observe ComD+ products, where m < n , i.e., ConD+ clusters 
preferentially dissociate by losing D rather than Co atoms. 
Qualitatively, this result shows that Co+-D bonds are weaker 
than DCo+-1-C o bonds.

The absolute magnitude of the reaction cross section for 
Co2+ is comparable to that previously observed for reaction of 
ground-state Co+(3F,3rf8).41 The cross-section magnitudes 
for Con+ gradually increase with cluster size, being about an 
order of magnitude larger for the largest clusters studied. The 
fact that the reaction probability increases with increasing 
cluster size is consistent with larger collision cross sections

for the physically larger clusters. This indicates that the elec
tronic requirements necessary for the reaction of D 2 with Con+ 
clusters are similar or enhanced compared to those for 
Co+(3F,3rf8). Thus cluster orbitals of appropriate symmetries 
and occupancies are available to interact with the a  and a* 
orbitals of D 2.42,43

B. Cross sections for ConD+ formation

The smallest clusters for which dideuteride products are 
observed are Co4+ and Co5+, as shown in Figs. 1 and 2, but the 
cross sections are quite small [(0.1-0.2)X  10-16 cm2 near 
zero energy. Surprisingly dideuteride products are not ob
served for clusters n= 6-8 . The cross section for Co9D+ in
creases in magnitude with increasing energy, behavior indi
cating a barrier to the reaction or possibly an endothermic 
process. The n =11-13 and 15 cluster cations as well as clus-
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FIG. 1. (Continued•

ters n =4 and 5 display ConD+ cross sections that decrease 
monotonically with increasing energy. This behavior is most 
easily seen on the logarithmic scale of Fig. 2, where at lower 
energies these cross sections decline as £ -0-9±01 for n =11 
and 12, as £ -0-6±01 for n =13 and 15, and as £ -0-8±01 for n 
=4, whereas the points available for n=5 are too sparse to 
get an accurate energy dependence. Such monotonic declines 
in cross section are characteristic behavior of exothermic 
ion-molecule reactions. In contrast, the n =10 and 14 cluster 
cations are found to have cross sections exhibiting both ob
vious exothermic and endothermic features (Fig. 2). Al
though more subtle, the cross section of Co16D 2+ declines 
roughly as E~°J at lower energies, but above about 0.1 eV, 
the magnitude of the cross section declines more slowly, 
again suggesting that there are both endothermic and exo
thermic features present. In addition, the magnitudes of the 
cross sections for ConD+ (n=4, 5, 9-16) generally increase

FIG. 2. Cross sections for reaction 2 plotted on a log scale for n=4, 5, 
9-16 as a function of collision energy in the center-of-mass frame. The solid 
line indicates the LGS model cross section (Ref. 44).

as the cluster size increases in the low-energy range except 
that Co14D+ and Co16D+ have cross sections smaller than 
neighboring clusters. The cross sections decline roughly as 
E-1/2 at lower energies (Fig. 2) although the data point den
sities for Co4D+ and Co5D+ are too low to ascertain the en
ergy dependence quantitatively. Such behavior conforms to 
the E-1/2 energy dependence predicted for ion-molecule col
lisions by the Langevin-Gioumousis-Stevenson LGS 
model.44 The cross-section magnitudes for ConD+ (n 
= 1 1 -1 6  are close to the LGS model prediction at the lower 
energies.

With increasing interaction energy, the magnitudes of all 
ConD+ cross sections decline more rapidly (about as e -5'5±10 
for n = 10-16). These declines can be attributed to the overall 
reaction 4 , as no other dissociation process is energetically 
accessible.

C°B + D 2 - CoBD+ Co« + D 2. 4

No energy is required for this overall process as the products 
are the same as the initial reactants. We believe that the more 
rapid decline in the cross sections is governed by the chang
ing lifetime of the intermediate, which decreases as the in
teraction energy increases and increases with the cluster size. 
Observation of the ConD+ product is expected only if its 
lifetime exceeds or is on the order of the detection time win
dow of our instrument, ~  10-4 s. The reason that we do not 
observe any ConD 2+ products for many smaller clusters n 
=2, 3, 6 -8 ) is probably because these species dissociate 
more rapidly than this time window, even at low kinetic en
ergies. As discussed further below, the observation of Co4D+ 
and Co5 D 2+ near zero energy results from the higher reactiv
ity of the Co4+ and Co5+ clusters, as also previously observed 
by Nakajima et al.12

The ConD+ product ions can conceivably have one of 
two forms: (1) a physisorbed state, a weakly bound adduct 
held together by ion-induced dipole attractions; or (2) a dis
sociative chemisorbed state, a strongly bound species where 
both deuterium atoms are chemically bonded to the cluster.27-30
We have previously argued that a weakly bound adduct 
in which the D 2  molecule was intact should allow reaction
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4 to be kinetically facile as well as being thermodynami
cally allowed at all collision energies. Consequently, it is 
difficult to understand how such a weakly bound physisorbed 
species can survive our instrumental flight time of 10-4 s, 
unless it is collisionally stabilized by multiple collisions with 
D2. Our pressure-dependent studies verify that the ConD+ 
products are not the result of collision stabilization. There
fore, the formation of ConD+ products does not behave as 
expected for a physisorption process. However, if the ConD+ 
clusters are dissociatively chemisorbed species, then reaction
4 requires that the two deuterium atoms come back to

gether and pass through a transition state associated with 
cleaving the cluster-deuterium bonds and forming a D 2 bond. 
Such a process should be kinetically hindered, especially for 
larger clusters where the chemisorption energy can be dissi
pated throughout the cluster. This would explain the long 
lifetimes observed for ConD+ (n=4, 5, 9-16) products and 
why the magnitudes of the ConD+ cross sections increase for 
larger clusters. Clearly, chemisorption of D 2  is efficient for 
the larger clusters n 11 .

IV. THRESHOLD ANALYSIS AND THERMOCHEMISTRY

A. Data analysis

The energy dependences of cross sections for endother- 
mic processes in the threshold region are analyzed using the 
methods detailed previously.45-47 Briefly, the threshold re
gion is modeled using Eq. 5

a(E) = <7q2  gi(E + Ei -  E0f / E , (5)

where 0  is an energy-independent scaling parameter, N is an 
adjustable parameter, E  is the relative kinetic energy, and E0  

is the threshold for reaction at 0 K. The model includes the 
average vibrational and rotational energies of clusters ions at 
300 K, which are evaluated from the respective cluster fre
quencies and rotational constants by summing over the rovi- 
brational states having energies Ei and relative populations 
g i, where 2 gi =1. The model cross section, Eq. (5), is also 
convoluted with the kinetic-energy distributions of the ion 
and neutral reactants before comparison to the experimental 
data.36

For metal clusters, it has been shown that lifetime effects 
become increasingly important as the size of the cluster 
increases.48 This is because metal clusters have many low- 
frequency vibrational modes such that the lifetime of the 
transient intermediate can exceed the experimental time 
available for reaction (approximately 10-4 s in our appara
tus . Thus, an important component of the modeling of these 
reactions is to include the effect of the lifetime of the reac
tion, as estimated using statistical Rice-Ramsperger-Kassel- 
Marcus (RRKM) theory.49-51 The method to incorporate life
time effects in our modeling has been discussed in detail 

52 +previously. The formation of ConD+ products from the
ConD + intermediate probably occurs via a loose transition 
state LTS located at the centrifugal barrier, which is treated52
variationally as described in detail elsewhere. For ion- 
molecule reactions having no barriers in excess of the reac
tion endothermicity, this phase-space limit PSL is a reason
able assumption.49 However, covalent bond cleavage may be

better represented by a tighter transition state.28-30,53 There
fore, we also considered a tight transition state TTS model 
where we simply remove the frequency corresponding to the 
reaction coordinate, a cluster-D stretch. These two models 
should provide conservative lower and upper limits to the 
dissociation rates for D atom loss from the ConD + interme
diates.

When we model the cross sections with RRKM theory, 
molecular constants for the energized molecule EM and 
transition state TS leading to the products, and the reaction 
degeneracy two for loss of D from the ConD + intermediate 
are required. For the primary reaction leading to ConD +, the 
energized molecule is the transiently formed ConD + com
plex, which we assume has a DConD + structure. For all the 
species, the 3n-6 vibrations associated with the metal cluster 
are assumed to equal those of the bare cluster and calculated 
by using an elastic cluster model suggested by Shvartsburg 
et al.54 In this study, the parameters used are the Debye fre
quency for bulk cobalt, ^D00) = 280 cm-1, the bulk maximum 
longitudinal frequency, vL, max=301 cm-1, and the ratio of 
the longitudinal to the transverse phonon velocity, cL/ cT 
= 1.81, which are estimated from the average values of bulk 
nickel55,56 and bulk iron,56-58 respectively. For the DConD+ 
intermediates and ConD + products, six and three additional 
frequencies, respectively, are needed and are estimated as 
follows. In ConD+, we assume both deuterium atoms bind to 
two chemically equivalent bridging positions, although this 
assumption is not critical to the final results obtained. To 
obtain the asymmetric stretch frequency for DCon+-D  and 
Con+-D , we first compare the asymmetric stretching frequen
cies determined experimentally for DFe-D (1200 cm-1) 
(Ref. 59) and for DCo-D (1220 cm-1),60 where the values 
are the average of frequencies measured in Kr and Ar matri
ces in both cases. This ratio (1.02) is used to scale frequen
cies previously estimated for DFe+-D.27 This gives values of 
885 cm-1 for the asymmetric stretch, 966 cm-1 for the sym
metric stretch, and 737 cm-1 for the wag. Although these 
procedures may be over simplified, the magnitudes of the 
errors associated with these estimates of frequencies were 
evaluated by scaling all the frequencies by ±50%, which 
produces differences in the thresholds that are less than 0.04 
eV.

Modeling of the ConD + product cross sections includes 
energies above the point where the cross section declines as 
a result of product dissociation, reaction 3 . Including this 
region in our data analysis is advantageous because the more 
extensive energy range helps constrain the parameters in Eq.
(5). This dissociation process can be modeled using simple 
statistical assumptions that are outlined elsewhere61 and have 
been used successfully to describe the high-energy behavior 
of the Co++D2^-CoD++D reaction.41 Briefly, Eq. (5) is 
multiplied by an energy-dependent probability factor for 
product dissociation that depends on two adjustable param
eters: ED, the dissociation energy and, p , an empirical fitting 
parameter. For the reactions considered here, ED is just the 
D2 dissociation energy, 4.56 eV. Values of p  ranging from 1 
to 5 were tested and a value of p =4 was found to best re
produce the data for most of the clusters.
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TABLE I. Summary of parameters used in Eq. (5) for the analysis of ConD+ cross sections. (Uncertainties in 
parentheses.)

n N3 E0(TTS)eVb E0 PSL eVc D„(Co+-D)eVd

1 1.1(0.1)e 2.53 0.06 e 2.03 0.06 e
2 3.1 0.3 1.3 0.1 2.21 0.09 2.21 0.08 2.350.09
3 6.1 0.8 1.50.2 2.57 0.11 2.58 0.11 1.99 0.11
4 4.50.8 1.9 0.2 2.27 0.12 2.350.12 2.250.16
5 6.0 1.4 1.9 0.2 2.32 0.11 2.50 0.15 2.150.23
6 6.0 1.6 1.7 0.1 2.17 0.16 2.41 0.17 2.27 0.29
7 7.2 1.8 1.9 0.2 2.24(0.14) 2.550.12 2.17 0.29
8 9.1 2.0 1.9 0.2 2.20(0.11) 2.54 0.14 2.19 0.31
9 7.7 1.9 2.0 0.2 2.00 0.11 2.41 0.12 2.36 0.33
10 7.8 1.5 2.0 0.1 1.86 0.10 2.33 0.11 2.47 0.35
11 11.6 2.7 1.8 0.2 1.87 0.11 2.31 0.14 2.47 0.36
12 12.0 2.5 1.8 0.1 1.80 0.10 2.27 0.13 2.53 0.37
13 10.7 2.1 1.9 0.2 1.67 0.09 2.14 0.11 2.650.35
14 11.3 2.3 1.9 0.1 1.66 0.08 2.150.10 2.67 0.35
15 16.6 2.4 1.8 0.2 1.63 0.07 2.14 0.10 2.67 0.35
16 14.7 2.0 1.8 0.2 1.61 0.07 2.14 0.10 2.69 0.37

“Values for PSL (LTS) model. TTS parameters are similar. 
bTight transition state TTS model described in text. 
cPSL (LTS) model described in text.
dAverage value derived from TTS and PSL (LTS) thresholds according to Eq. (6). 
eValue from Ref. 41.

B. Thresholds and thermochemical results

The optimum values of the parameters of Eq. (5), 
E0, ao, and N, used to reproduce the cross sections for the 
monodeuteride products are given in Table I. ConD+ product 
cross sections are modeled using both loose PSL and tight 
transition states, as described above. A representative fit of 
the data for the monodeuteride product ions is shown in Fig.
3. Given the assumption that there are no barriers in excess 
of the endothermicities to the formation of ConD++D, the 
thresholds for reaction (1), E0(1), can be converted to Co+-D 
bond energies according to Eq. 6 ,

Do(Co+-D) = Do(D2) -  E„(1). ( 6

FIG. 3. Cross section for reaction (1  with n=7 as a function of collision 
energy in the center-of-mass (lower x axis) and laboratory (upper x axis) 
frames. The dashed line shows the model of Eq. (5  with optimized param
eters from Table I and also includes RRKM lifetime effects and the model 
for product dissociation. The solid line shows the model after convolution 
over the neutral and ion kinetic and internal energy distributions.

Because the model of Eq. 5  explicitly accounts for the in
ternal and translational energy distributions of the reactants, 
the thermochemistry derived corresponds to 0 K. The bond 
energies calculated in this manner are given in Table I, as an 
average of values derived from thresholds obtained using 
kinetic shifts modeled with loose PSL and tight TS as
sumptions.

The assumption that there are no barriers to reaction 1 
in excess of the endothermicity has proved to be valid for 
many ion-molecule reactions because the long-range ion- 
induced dipole interactions between ions and polarizable 
neutrals are attractive. Exceptions often involve restrictions 
in spin or orbital angular momentum.46,62 Unfortunately, con
servation of such quantities cannot be examined for the 
present systems because detailed information concerning the 
electronic states of both reactants and products is not avail
able. However, transition-metal clusters have a dense mani
fold of electronic states, such that we believe interactions 
such as spin-orbit mixing among these surfaces should al

low adiabatic pathways for product formation without barri
ers in excess of the endothermicities for ConD+. Thus, we 
assume that the thresholds for reactions leading to the forma
tion of ConD+ represent the adiabatic endothermicities. Indi
rect evidence for the validity of this assumption is the corre
spondence between the cluster and bulk-phase bond energies 
to hydrogen, as elucidated below.

V. DISCUSSION

A. Co+,-D bond energies

Table I lists the thresholds derived from the analysis of 
the ConD+ cross sections using Eq. 5 ,  assuming both loose 
and tight transition states. Both sets of energies show the
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n, Cluster Size

FIG. 4. D0(Co+-D) ( • ,  Table I), D0(Co+-Co) ( O  Ref- 34), and the differ
ence, D0(Co+-Co)-D0(Co+-D) (A), plotted as a function of cluster size n. 
The horizontal solid line at 2.28 eV indicates half of the D0(D-D) bond 
energy. The two dotted lines indicate the upper and lower limits to the 
Co+-D bond energies obtained by analysis using TTS and PSL models. The 
horizontal line labeled bulk indicates the average of the experimental bind
ing energies of H to Co(0001) and C o (1 0 1 0 )  surfaces (Refs. 2,67,68).

same oscillations with cluster size. Relative to the TTS val
ues, thresholds obtained using the PSL model are the same 
for Co+ and Co+, and then gradually increase. They are an 
average of 0.23 ±0.10 eV higher than the TTS values for n 
= 4-8 , and 0.48±0.05 eV for ns= 9. The loose and tight tran
sition state models provide conservative upper and lower 
limits to the threshold energies, respectively.

The bond energies of Con+-D  are derived from the 
thresholds measured here using Eq. (6 . Conservatively, we 
take our best values for the Con+-D  bond energies as the 
average of those derived using Eq. ( 5  from the TTS and PSL 
threshold energies. This parallels our treatment for 
Cr+-D, V+-D, and Ni+-D bond energies.28-30 These average 
values of Con+-D  bond energies are listed in Table I and 
shown in Fig. 4 along with uncertainties increased to reflect 
the span of values. Note that the listed uncertainties reflect 
the absolute accuracy of each individual determination. Rela
tive uncertainties, especially for adjacent cluster sizes, 
should be substantially smaller, probably on the order of 0.1 
eV or less, because systematic errors in the interpretations 
cancel.

The accuracy of these values can be qualitatively as
sessed by considering the observation that ConD+ products 
decompose by losing D atoms, rather than Co atoms. This 
shows that D 0(Co+-D) should be less than D^DCo+-1-C ^ .  
This latter bond energy can be quantitatively equated with 
Do(Co+-1-Co)+Do(Co+-D)-Dq(Co+-1-D ). Thus, if the 
bond energies, D q^o+^-C o), are larger than D^Co+-1- D ,  
then D 0(Co+-D) are less than D^DCo+-1-C ^ . It can be seen 
from Fig. 4 that D^Co+-1-C ^  are indeed larger than our 
measured values of D^Co+-1- D  in all cases but n=3 where 
D0(C o+-D )>D 0(Co+-Co). Thus, except for n=3, the aver
age D 0(Co+-D) values are qualitatively consistent with the 
decomposition patterns observed for these products.

In addition, we can consider our observation of dissocia
tive chemisorption of D 2 on the clusters. These chemisorbed 
ConD+ species are formed exothermically for clusters where

n =4, 5, 10-16 indicating that D 0(DCo+-D)+D0(Co+-D) 
> 4 .5 6  eV =D 0(D2). Assuming that the first and second 
cluster-deuterium bonds are roughly comparable, we should 
observe exothermic formation of ConD+ when D 0(Co+-D) 
3=D0(D2)/2= 2 .28  eV, indicated by a line in Fig. 4. As can 
be seen from Table I and Fig. 4, the average D 0(Co+-D) 
values exceed this energy for n 9. This is in qualitative 
agreement with our observation of ConD+ products at ther
mal energies for the n = 10-16 clusters. This criterion tends to 
suggest that the average values are more accurate than either 
loose PSL values (where those for ns= 12 exceed 2.28 eV) or 
TTS values where those for n 6 exceed 2.28 eV . For 
smaller clusters, n=2, 4 -8 , D0(Co+-D) values lie very close 
to 2.28 eV, within the uncertainty of the measurements, but 
are apparently not observed for n=2 and 6 -8  because of 
their short lifetimes, as discussed above. For n =4 and 5, the 
observation of the Co4D+ and Co5D+ products at thermal 
energies suggests that these species have a second cluster- 
deuterium bond somewhat greater than the first.

B. Comparison of D0(Con-D) and D0(Co;n-Co)

Figure 4 compares the cluster-deuteride bond energies 
derived in this study with metal-metal bond energies deter
mined previously.34 Overall, both D 0(Co+-D) and 
D 0(Co+-Co) generally increase as the cluster size increases, 
and they roughly parallel one another for many cluster sizes. 
However, the increase is nonmonotonic with local maxima at 
Co+-D, Co+-D, and Co+-D for cobalt-deuteride ionic clus
ters, and at Co+-Co, Co+-Co, Co+2-Co, and Co+4-C o for 
pure metal clusters. As discussed above, D0(Co+-Co) are 
stronger than D 0(Co+-D), except for n=2, as is seen easily 
from the difference of the bond energies, D0(Co+-Co) 
- D 0(Co+-D), also plotted as a function of cluster size in Fig.
4. It is known that first-row transition-metal deuteride cations 
have bonds that mainly involve 4s-1 s interactions,63 and it 
seems likely that this should also be true of larger clusters. 
Therefore, the differences between the Co+-D and Co+-Co 
bond energies suggest that Co+-Co bonding has strong con
tributions from both 4s-4s and 3d-3d interactions. This is 
similar to the trends observed for V+ and Ni+ clusters,29’30 
but distinct from the cases of Fe+ and Cr+ where M+-M and 
M+-D bond energies are more similar. 7 28 A quantitative 
comparison of these bond energies finds that cobalt-cobalt 
bonds are an average of 0.66±0.10 eV stronger than cobalt- 
deuterium bonds for n =1, 4, 6, 8-10, and 13. This increase 
can be attributed to metal-metal bonds enhanced by using 
3d-3d interactions. For clusters, n=5, 7, 12, and 14, we 
speculate that there may be a geometric contribution to the 
Co+-Co bond energy variation. In analogy with our observa-

n 27 28 29 30tions for iron,27 chromium,28 vanadium,29 and nickel30 clus
ters, this suggestion relies on the strong possibility that Co+ 
(octahedron, Co+3 (icosahedral or octahedral with fcc or bcc 
packing, and Co+5 (bcc rhombic dodecahedron clusters can 
have highly symmetric geometrical structures compared to 
neighboring clusters. Substitution of D for Co in these clus
ters breaks the symmetry, changing the molecular-orbital or
dering, thereby leading to a less strongly bound system. For 
n = 3, the D 0(C o+-C o)-D 0(Co+-D) difference in bond ener

J. Chem. Phys. 122, 194320 (2005)
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gies is very small, 0.13 eV, which suggests that Co+ clusters 
do not utilize 3rf-3rf bonding as efficiently as larger clusters.

In contrast with the larger clusters, the monomer and 
dimer of cobalt show trends in the Con+-D  and Con+-Co bond 
energies that are inverted from one another. Because there is 
so little known about the geometric and electronic structures 
of cobalt cation clusters, we are left to speculate regarding a 
possible explanation. For the monomer, this is straightfor
ward to understand. Ground-state Co+(3F ,3 d 8) can form a 
good 4s-4s covalent bond with ground-state Co(4F , 4s23d7) 
because the Co atom can donate two 4s electrons.34,39 Thus, 
the ground state of Co+, determined to be a 62  state by 
electron-spin resonance ESR spectroscopy,64 might have a 
doAdTrAdSAdaidTrBdSBsag configuration in the limit of 
atomiclike 3d  orbitals or a dogdTrU4$doU4TrgdoU.sog, mo-65 g u g u g u g
lecular configuration.65 In contrast, a covalent 4s -1s bond in 
CoD+ requires promotion of the Co+ to a 4 s l3d1 configura
tion, which takes 0.91 eV to promote and spin decouple the
4s electron from the 3rf electrons.41 Hence, D0 Co+-D  is 
much weaker than D0(Co+-Co). When binding D to Co+, a 
singly occupied rf orbital, such as the rf u1, could make a 
strong covalent bond with a D 1s1 atom without any costly 
promotion. Alternatively, if bonding of D to a 4s -like cluster 
orbital is needed, the relatively strong Co2+-D  bond energy 
suggests that promotion of a rf electron to a 4s -like orbital is 
not very costly, which may be because little exchange energy 
is lost in forming such a covalent bond, unlike for CoD+. As 
noted elsewhere,34 larger cobalt clusters are generally con
sidered to be formed by addition of cobalt atoms in 4s13rf8 
electronic configurations, a state that lies 0.42 eV above the 
ground state.66 Thus, the promotion energy weakens the 
Co2+-Co bond energy.

C. Comparisons to bulk-phase thermochemistry

Having measured bond energies for cobalt cluster hy
dride cations, it is interesting to compare our experimental 
thermochemical values determined here with those obtained 
for bulk-phase surfaces. The experimental values for the 
binding of hydrogen on Co(0001) are 2.60 eV (Refs. 2,67) 
and 2.65 eV on Co(1010).68 Density-functional theory calcu
lation values69 for hydrogen binding energies on Co(0001) at 
on-top, bridge, fcc hollow, hcp hollow, and subsurface posi
tions are 2.05, 2.61-2.64, 2.89, 2.87-2.88, and 2.36-2.41 eV, 
respectively. The values for the bridge and hollow sites are in 
reasonable agreement with the experimental values. The av
erage experimental value, 2.63 eV, is plotted in Fig. 4. There 
it can be seen that the Con+-D  bond energies for larger clus
ters n 13 are very close to that for bulk-phase cobalt. 
Similarly good agreement70 has been found for bond ener
gies of D and O atoms binding to clusters of Fen+,27,71
Crn+,28,72 Vn+,29,73 and Nin+30,74 versus bulk-phase values.n This
correspondence indicates that chemical binding is largely a 
local phenomenon as long as clusters have enough electronic 
“flexibility” to form strong covalent bonds.

D. D2 activation by Co++

For the cationic clusters n =2, 3, 6- 8, no dideuteride 
products were observed, a result that can be attributed to the

lifetime effects of these species, as explained above. For 
clusters n =4, 5, 11-13, and 15, ConD+ cross sections de
crease monotonically with increasing energy. This means 
that the reactions have no obvious barriers, behavior charac
teristic of exothermic ion-molecule reactions.

As noted above, the formation of Co9D2+ exhibits thresh
old behavior, and Co10D+, Co14D+, and Co16D+ exhibit both 
exothermic and endothermic features in their cross sections. 
We analyzed the Co9D2+ cross section using Eq. 5 , as well 
as the endothermic features in the cross sections for n = 10, 
14, and 16 after subtracting a model of the exothermic reac
tivity in these systems using a simple power law . RRKM 
lifetime effects are not considered in these analyses because 
kinetic shifts cannot occur in the formation of the ConD+ 
products, the transient intermediates formed in the collision 
between reactants. If the internal energies of the reactant 
cluster ions are presumed to help activate the D2 bond, 
we obtain thresholds for Co9D+, Co10D+, Co14D+, 
and Co16D+ of 0.79±0.07, 0.88±0.09, 0.97±0.11, and 
1.03±0.10 eV, respectively. The values of
0.24±0.08, 0.16±0.07, 0.14±0.07, and 0.14±0.07 eV, re
spectively, are obtained without including the internal ener
gies of the reactant cluster ions in the analysis. The justifi
cation for excluding the internal energy in the analysis of the 
reactions relies on several ideas. First, theoretical studies of 
the reaction of the Ni13 cluster with D2 showed that the rates 
of reaction are insensitive to the temperature of the cluster

75over the range of 0-300 K. Similarly, the experimental re
sults showed that the sticking probabilities of H2 on Ni 111 
surfaces,76 an activated dissociative chemisorption process, 
are independent of the surface temperature. Finally, exclud
ing the internal energy yielded the most reasonable thermo
chemistry for the analogous products, FenD+, Cr„D+, and 
VnD+, in our previous cluster hydrogenation studies,27- 9 and 
does so in the present system as well, as seen from the fol
lowing analysis.

If the thresholds for these clusters correspond to the en- 
dothermicity for dissociative chemisorption, then 
D0 DCon+-D  bond energies can be derived using Eq. 7 ,

Dq(DCo+-D) = Dq(D2) -  E„(2) -  D„(Co+-D)

= E0 1 -  E0 2 . 7

If we use threshold analyses that do not consider the internal 
energy of the clusters to be available for reaction, 
D0(DCo+-D) values obtained for n = 9, 10, 14, and 16 are
1.97±0.34, 1.94±0.36, 1.77±0.36, and 1.74±0.38 eV, re
spectively, about 0.7±0.3 eV lower than the analogous 
D0 Con+-D  bond energies. If the internal energy is included 
in the threshold determinations, then the D0 DCon+-D  values 
obtained are even lower, 1.42±0.34, 1.22±0.36, 0.94±0.37, 
and 0.84±0.39 eV, respectively.] For larger clusters, it is dif
ficult to believe that a second D atom cannot find a binding 
site on the cluster comparable to the first D atom. Indeed,

77studies by Liu et al. have found that iron cluster-D atom 
BDEs are comparable up to the limit where the clusters are 
saturated with D atoms. In analogy with arguments used pre-

+ 27 + 28 +29viously for Fe+, Cr+, and V+ clusters, we suggest that 
the thresholds measured here correspond to barrier heights
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TABLE II. Thermal rate constants (10 10 cm3/s) for reactions of cobalt clusters with D2.

n

Co+ Con

This worka Ref. 12b Ref. 9c Ref. 7d Ref. 11e

3 0.005 0.53 0.89
4 0.016 0.80 0.21
5 0.094 1.5 0.080
6 0.005 0.53 0.021
7 0.005 0.40 0.029
8 0.005 0.27 0.063
9 0.005 0.53 0.05 0.096
10 0.21 1.3 1.2 0.60 0.38
11 6.0 3.5 2.1 1.2 0.71
12 6.6 4.7 2.1 1.3 0.70
13 6.0 5.3 1.1 1.6 0.97
14 3.8 7.7 0.50 1.2 0.21
15 8.0 8.0 3.0 1.8 1.4
16 7.2 6.9 2.3 2.3 0.84
17 6.9 1.7 1.7 0.61
18 3.5 0.78 1.4 0.28
19 2.1 0.25 0.60 0.14
20 1.7 0.18 0.38 0.073
21 1.6 0.30 0.63 0.15
22 1.7 0.51 0.23

aAbsolute rate constants for reaction of Con+ with D2 measured here under single-collision conditions. Uncer
tainties are ±30%.
bRelative reactivities for reaction of Con+ with D2, scaled to the value for Co1+5 from the present work, see text. 
Estimated uncertainties are about ±30%.
cAbsolute rate constants for reaction of Con with D2. The accuracy of the rate constants is ±50%. 
dRelative rates for reaction of Con with D2, scaled to the value of Co16 from Ho et al. (Ref. 9) Estimated 
uncertainties are ±20%.
eAbsolute rate constants for reaction of Con with D2, calculated from the reported reaction probabilities, see 
text. Uncertainties are ±20%-30%.

along the potential energy surfaces for chemisorption, which 
means that the D0(DCo+-D) bond energies for n =9, 10, 14, 
and 16 obtained above are only lower limits. Importantly, the 
conclusions that there are small activation barriers for the 
formation of Co9D2+ and Co14D2+ parallel the observations of 
Ho et al. for neutral clusters.9 Of the neutral Con (n=9-21) 
clusters, only Co9 and Co14 exhibited rate constants that in
creased at high and low temperatures, indicating a barrier to 
reaction. Temperature-dependent studies determined these 
barriers as 0.09 and 0.08 eV, respectively, somewhat smaller 
than those determined here for the cationic analogs, but of 
the same order of magnitude as the thresholds determined 
without including internal energies.

We now return to why dual-featured cross sections are 
observed for Co10D+, Co14D+, and Co16D+. As discussed 
above, the endothermic features are attributed to activation 
barriers for these processes, whereas the exothermic features 
probably correspond to populations of reactant trajectories 
that allow the internal energy of the clusters to couple with 
the reaction coordinate. Compared to the LGS cross section, 
the exothermic features in the cross sections for 
Co10D+, Co14D+, and Co16D+ are 2%, 35%, and 62% of the 
collision limit. Presumably the percentages increase with 
cluster size because the lifetime of a transient Con D2 + spe
cies should increase with cluster size, thereby allowing more 
efficient coupling of the internal energy into the reaction co
ordinate. This lifetime effect also explains why the ConD+

cross sections for n =11-13 and 15 gradually increase with 
cluster size and why the energy at which the cross section 
declines rapidly Fig. 2 moves to higher energy with cluster
size.

E. Rate constants for ConD2+ formation

Cross sections can be converted to reaction-rate con
stants by using the expression,

k((E)) = p a  (E) , (8)

where v = ( 2 E / i t ) m  and f i = m M / (m+M), the reduced mass 
of the reactants. The rate constants depend on the mean en
ergy of the reactants, which includes the average thermal 
motion of the neutral, such that (E) = E  +(3/2)yfcB7’, where 

= M  / m + M  . Table II and Fig. 5 show our absolute rate 
constants for reactions of cobalt cation clusters Con+ with D2 
to form ConD2+ under single-collision conditions and thermal 
energies. In general, the rate constants for clusters n =4, 5, 
and 10 are small, over one order of magnitude lower than 
those for n =11-16, which are about two-thirds of the LGS 
value44 of 9.55 x  10-10 cm3 s-1. On the basis of the noise 
level of these experiments, we can also put a lower limit of
5 X 10-13 cm3 s-1 on the rate constants for reactions of n =2,
3, and 6-9.

Although the rates of neutral and cationic cobalt clusters 
reacting with D2 need not be similar, it is of interest to make
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FIG. 5. Rate constants for cobalt cluster reactions with D2 at thermal energy. 
The solid symbols indicate the results for cobalt cluster cations from the 
present study (circles, absolute values) and those of Ref. 12 (diamonds, 
relative values scaled to our value for Co1+5 . The experimental values for 
neutral cobalt clusters are indicated by the open circles absolute rate con
stants from Ref. 9), the open diamonds (relative rate constants from Ref. 7, 
scaled to the value for Co16 from Ref. 9), and the open squares (values 
calculated from absolute reaction probabilities from Ref. 11, see text). The 
horizontal line indicates the LGS value for the collision rate constant 
(Ref. 44).

such a comparison. Figure 5 and Table II compare our rate 
constants with the experimental results from previous work 
on the reactions of cation12 and neutral7,9,11 cobalt clusters
with D2. Relative reactivities for cobalt cationic clusters

12from Nakajima et al. are compared to our values by scaling 
these to the value of Co1+5, the most reactive cluster in both 
studies. As seen from Fig. 5, the rate constants for n 
= 11-16 are in good agreement with those measured here 
although they do not observe a dip in the reactivity at n 

= 14), whereas the values for n =4, 5, 10 are about one order 
of magnitude larger than our results. Note that the relative 
rate constants for Co+, Co+, and Co+0 are comparable in the
two studies, but in contrast with the present observations,

12Nakajima et al. found finite reactivity for cobalt cation 
clusters n = 3, 6-9 at thermal energies. The difference in be
havior for the small clusters (n=3-10) presumably lies in 
timescales for the two experiments and the higher-pressure 
conditions used by Nakajima et al., which may allow colli- 
sional stabilization of physisorbed Co+-D2 adducts. For large 
clusters that already react with near unit efficiency, such ef
fects would not alter the observed reactivities.

Absolute rate constants for neutral cobalt clusters were 
measured by Ho et al.9 using a flow tube reactor (Fig. 5 and 
Table IQ. Persson et al.11 have reported the absolute prob
abilities for reaction of neutral cobalt clusters with D2 under 
near single-collision conditions. These are converted to ab
solute rate constants by using Eq. (8) with reaction cross 
sections approximated by multiplying the reported reaction 
probabilities by the Con-D 2 hard-sphere cross section, crHS 
= 7r(1.38n1/3+1.84)2.11 As shown in Fig. 5, these show a very 
similar size dependence as the results of Ho et al. but are 
generally about a factor of two smaller average ratio is
0.44±0.16). In addition, the relative values from the study 
Morse et al. are also shown in Fig. 5 by scaling these to the 
value of Co16 from the study Ho et al.9 As seen from Fig. 5,

all three sets of rate constants for the neutral cobalt clusters 
show similar patterns of reactivity and relative values are in 
reasonable agreement. In all of these studies, a dip in the 
reactivity at the Co14 cluster is found, paralleling that ob
served in our work. The comparison of cationic and neutral 
cobalt clusters shows that the patterns of the reactivities with 
cluster size are quite similar except for the smaller clusters, 
although the reactivities of the cationic clusters n = 1 1 -2 2  are 
about seven times larger than those of the corresponding 
neutral clusters. This enhancement can be attributed to the 
longer-range ion-induced dipole potential that increases the 
likelihood of collisions between cationic clusters and D2 
compared to the neutral analogs. The parallel reactivity pat
terns indicate that the intrinsic reactivity of the clusters is 
largely independent of the charge state. Not unexpectedly, 
the differences in the rate constants for smaller clusters indi
cate that changes in the electronic structure are more promi
nent and do affect the reactivity here.

F. Comparison of D2 activation on other metal cluster 
cations

The reactions of Fe+ (n=2-15), Cr+ (n=2-14), V+ (n 
= 2-13), and Ni+ (n=2-16) cluster cations with D2 have been27-30
investigated previously. In all the metal systems, dideu- 
teride products, MnD+, are not formed in the reactions of 
smaller clusters because the lifetimes of the adducts are too 
short to observe experimentally. Once the clusters become 
sufficiently large, n 9 for Fe, n 6 for Cr, n 4 for V, n 
s*5 for Ni, n =4, 5, and ns*9 for Co, the MnD+ adducts are 
formed at low energies. For Fe+, Cr+(n= 6- 8), V+ (n=4, 5, 
7, 9), Ni+ (ns*5), and Co+ (n=4, 5, 11-13, 15  clusters, the 
cross sections of the dideuteride ions exhibit no barriers to 
reaction, whereas in all other cases, the cross sections exhibit 
only an endothermic feature or an endothermic feature com
bined with an exothermic tail. These latter processes are 
clearly activated ones requiring the input of energy to occur 
efficiently. Overall, there are many similarties in the reac
tions of V+, Cr+, Fe+, Co+, and Ni+ with D2, but patterns in 
reactivity especially for small clusters and thermochemistry 
are distinct for each metal system.
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