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The kinetic energy dependences of the reactions of Ni®* (n=2-16) with CD4 are studied in a
guided ion beam tandem mass spectrometer over the energy range of 0-10 eV. The main products
are hydride formation NinD+, dehydrogenation to form NinCDj , and double dehydrogenation
yielding NinC+. These primary products decompose at higher energies to formNinCD+, Nin_iD +,
Nin_ "~ +, Nin_iCD+, and Nin_iCD” . NinCD”" (n=5-9) and Nin_iCD”" (n3=4) are not
observed. In general, the efficiencies of the single and double dehydrogenation processes increase
with cluster size. All reactions exhibit thresholds, and cross sections for the various primary and
secondary reactions are analyzed to yield reaction thresholds from which bond energies for nickel
cluster cations to C, CD, CD2, and CD3 are determined. The relative magnitudes of these bond
energies are consistent with simple bond order considerations. Bond energies for larger clusters
rapidly reach relatively constant values, which are used to estimate the chemisorption energies of the
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C, CD, CD2, and CD3 molecular fragments to nickel surfaces.
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I. INTRODUCTION

Transition metal clusters have been extensively investi-
gated over the past two decades. Part of the interest in such
species involves the transition from the atomic state to the
bulk phase by observing the development of the physical and
chemical properties with increasing cluster size. Clusters are
often characterized by a high degree of coordinative unsat-
uration with a number of dangling bonds and, therefore, may
be useful as models for catalysts.12 In addition, clusters act
as an ideal interface between experimental and theoretical
studies. The size dependence of cluster reactivities is a fas-
cinating and intriguing issue and has attracted much attention
both theoretically and experimentally.3-7 Our group has mea-
sured bond energies for transition metal cluster-ligand
complexes8-20 using guided ion beam tandem mass spec-
trometry. Surprisingly, these thermochemical values rapidly
reach plateaus that are comparable to similar quantities for
metal surfaces, when available. For example, in the Fen
+ D2 reaction system,8 we found that Fe® -D bond energies
reach a relatively constant value of about 2.6+0.1 eV for
ns* 10, which is close to the bulk phase value of about 2.8 eV
for hydrogen binding to bulk Fe(100), Fe(110), and Fe(111)
surfaces.21,22 Likewise, bond energies for Fe* to CD and
CD2 obtained from the Fen CD4reaction system reach pla-
teaus of about 5.7£0.4 and 4.2+0.4 eV, respectively, for n

10.15These values are in reasonable agreement with values
of 6.2 and 4.5 eV, respectively, estimated using a bond order
conservation-Morse potential BOC-MP approach for bind-
ing to Fe/W(110) surfaces,2 but no experimental data is
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available for such species. These data do suggest that the
cluster-surface analogy provides relevant thermodynamic in-
formation for surface science and catalysis.

Surface catalytic reactions of CH4 on nickel metal sur-
faces have been studied extensively because these reactions
are involved in industrially important processes, such as
steam reforming of methane and methanation of carbon
monoxide.23 The steam-reforming process, CH4 H20
- >CO+3H2, transforms natural gas together with steam to
synthesis gas CO and H2) over supported Ni catalysts,
where the rate-limiting step is usually the dissociative chemi-
sorption of methane on the nickel catalyst. This is often the
first step in a chain of heterogeneous catalytic processes that
generate more complicated chemical products from CO and
H2. Much fundamental experimental as well as theoretical
work has been devoted to investigate the activation of meth-
ane and absorption of CHX(x=0-3) species on nickel sur-
faces. From thermal experiments, activation energies for
methane dissociation on Ni(111), (100), and (110) surfaces
were found to lie in the range 0f 27-59 kJ/mol.24-27 NOrskov
and co-workers have suggested that these values are prob-
ably low because low pressures of methane do not allow
efficient thermal equilibration between the gas phase and the
single crystal surface.28 Molecular beam experiments mea-
sured a state-resolved sticking coefficient curve from the
lowest vibrational state of methane and give the estimated
barrier height for dissociative chemisorption of methane as
70-90 kJ/mol.2930 Besides the translational energy in the
beam, a key factor to determine the sticking coefficient is the
internal energy of methane, which is believed to couple to a
C-H bond stretch at the transition state. Such an interpreta-
tion was confirmed by calculations of the dynamics of CH4
dissociation on a model potential energy surface.31-33 The
existence of adsorbed CH3 and CH species on nickel sur-
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faces has been identified using high resolution electron en-
ergy loss spectrometry.3435 All CHx(x=0-3) fragments on
a Ni(111) surface have been observed using secondary ion
mass spectrometry.36

Theoretical studies of methane dissociation on nickel
surfaces have been performed to predict the activation of the
C-H bond and the relative stabilities of adsorbed CHx spe-
cies. Early work concentrated on the insertion of a single
nickel atom into the C-H bond in methane37 or followed a
semiempirical approach to cluster models of adsorption.3
Several ab initio studies at the configuration interaction
level39-41 addressed the chemisorption of CH4 or CH3 on a
Ni 111 surface represented by cluster models. These studies
reported a barrier of 71 kJ/mol for dissociative chemisorp-
tion of CH4 to yield CH3 and H on Ni(111) threefold hollow
sites, 39 and of 63-71 kJ/mol on a Ni(100) surface modeled
by a Nil3 cluster.42 Density functional theory (DFT) has also
been applied to study the dissociation of methane on various
cluster models.4344 The calculated barrier heights are very
sensitive to cluster size, ranging from 41 kJ/mol for single Ni
atom insertion to 214 kJ/mol for Ni7 and to 121 kJ/mol for
Nil13. Recent DFT calculations45-50 investigated the adsorp-
tion of CH4 and formation of CHx(x=0-3) on various
nickel surfaces, providing barriers in the range of 100-109
kJ/mol for CH4 activation and of 70-85 kJ/mol for further
activation of the resultant CHx(x= 1-3) species. The stabil-
ity of CHx fragments on different sites was also examined.

In the present study, we investigate the reactions of size-
selected nickel cluster cations 2-16 atoms with methane
using guided ion beam tandem mass spectrometry. By mea-
suring and analyzing the kinetic energy dependence of the
reaction products from thermal energies to 10 eV, we are
able to determine threshold energies for a number of pro-
cesses and obtain bond energies for hydrocarbon molecular
fragments, CH, CH2, and CH3, to size-specific nickel clus-
ter cations. This investigation gives insight into C-H bond
activation on nickel surfaces and provides quantitative ther-
modynamic information regarding the intermediates and
products formed in these reactions. This thermodynamic in-
formation is compared to available experimental and theoret-
ical estimates.

Il. EXPERIMENT

The ion beam apparatus and experimental techniques
used in this work have been described in detail elsewhere,51
so only a brief description is given here. The formation of
nickel cluster cations is achieved by laser vaporization/
ionization and an ensuing expansion.52 The output of a cop-
per vapor laser (Oxford ACL 35, 511 and 578 nm, 3-4 mlJ/
pulse, operating at 7 kHz is tightly focused onto a
continuously translating and rotating nickel target rod inside
an aluminum source block. The plasma is entrained in a con-
tinuous flow [(5-6) X 103 SCCM (SCCM—cubic centime-
ter per minute at STP)] of He passing over the ablation sur-
face. Frequent collisions and rapid mixing lead to the
formation of thermalized clusters as they travel down a
2 mm diameter 63 mm long condensation tube. The gas
mixture expands into a field-free region, is skimmed, and
then passes through two differentially pumped regions. The
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expansion further cools the internal modes of the clusters so
that these are assumed to be thermalized to near room
temperature.53-55

The positively charged ions are extracted from the ion
source, accelerated, focused, and injected into a 60° mag-
netic sector momentum analyzer. The mass selected ions are
decelerated to a desired kinetic energy, and focused into a
radio-frequency rf octopole ion guide56 that extends
through a reaction cell where the neutral gas CD4 is intro-
duced. The pressure of CD4 neutral reactant gas (99.8% pu-
rity in the reaction cell is kept relatively low 0.2-0.4
mTorr to reduce the probability of multiple collisions with
the ions. All reactions were conducted at two or more pres-
sures of CD4, which verified that all products observed are
the result of single bimolecular encounters between the reac-
tants. The octopole guide is biased with dc and rf voltages.
The former allows us to accurately control the translational
energy of the incoming ions, whereas the latter establishes a
radial potential that efficiently traps the parent and product
ions that travel through the octopole. The product and re-
maining reactant ions drift to the end of the octopole, where
they are extracted and injected into a quadrupole mass filter
for mass analysis. Finally, the ion intensities are measured
with a Daly detector57 coupled with standard pulse counting
techniques. Reactant ion intensities used in these studies
ranged from (1- 8)x 105ions/s. Observed product-ion in-
tensities are converted to absolute reaction cross sections on
the basis of the 4 collection characteristics of the octopole,
as discussed in detail elsewhere.58 Absolute errors in the
cross sections are on the order of  30%.

Data collection for each reaction system was repeated
several times to ensure reproducibility of results. Collision-
induced dissociation (CID experiments with Xe were per-
formed on all the cluster ions to verify their identity and the
absence of any excessive internal excitation. In all instances,
CID thresholds are consistent with those previously
reported.55 The absolute zero in the kinetic energy of the ions
and their energy distributions the latter varying with cluster
size from 0.7 to 2.0 eV) were measured using the octopole as
a retarding energy analyzer. The error associated with the
absolute energy scale is 0.05 eV in the lab frame. Kinetic
energies in the laboratory frame are converted to center-of-
mass CM energies using the stationary target approxima-
tion, E(CM) = E (lab) Xm/(m + M), where m and M are the
masses of the neutral and ionic reactants, respectively.38 Un-
less stated, otherwise all energies quoted in the following
correspond to the CM frame.

The products observed in this work include NinCD” and
NinD + species where x=0-3. Accurate measurements of
the intensities of these species is most conveniently accom-
plished by using deuterated methane 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 re-
ported below have been corrected for mass overlap with
other species.
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. RESULTS

The reactions of nickel cluster cations, Nin (n
=2-16), with CD4 were studied varying the relative kinetic
energy over a range of thermal to 10 eV in the center-of-
mass frame. Deuterated methane was used to enhance the
mass separation between products. To help organize the re-
sults of the myriad reactions observed, we first note which
processes are possible and observed in at least one of the
cluster systems. These can be classified into reactions in
which no loss of nickel atoms occurs, processes 1- 5:

Ni CD4 NinD CD3 1
NinC 2D2 2
NinCD D D2 3
NinCD2 D2 4
NinCD3 D. 5

At higher energies, products having fewer nickel atoms are
formed in dissociations of the products formed in reactions
(1)-(5). Reactions (6)-(10) comprise the latter types of pro-
cesses observed:

Nin+ CD4—>Nin_  + Ni+ CD3 6a
-AeNin_1*  + NiCD3 6b
->Nin_1C++Ni+2D2 7
-NeNin_1CD++NiD+D?2 8
-AeNin_1CD2+ NRD 2 9
-AeNin_1CDANID . 10

The only other products observed are formed in the simple
collision-induced dissociation reaction 11 :

Nir+ CD AN iB 1+ NR CD4. 1

In most cases, the identity of the concomitant neutral prod-
ucts is obvious but in reactions 6 , 8 ,and 10, two path-
ways are possible and identification of the observed path-
ways relies on thermodynamic arguments, as discussed
below. For reactions 8 and 10, these thermodynamic ar-
guments are used to discount formation of the alternate neu-
tral products, Ni+D rather than NiD. As noted above, the
pressure dependences of the cross sections demonstrate that
all reactions observed result from a single collision between
nickel cluster cations and methane.

A. Ni++CD4

Previous experiments59 have shown that only endother-
mic processes, reactions 1, 4 ,and 5, occur in the inter-
actions of atomic nickel ions with methane. The product ion,
NiH , dominates the product spectrum at all energies exam-
ined. Smaller amounts of NiCH2 and NiCH3 are also ob-
served and account for about 12% of the total product distri-
bution. A more detailed study of this reaction system using
the present experimental apparatus also finds the minor prod-
ucts, NiCH+ and NiC+, at higher energies.60 This study also
measures a barrier in excess of the endothermicity for dehy-
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FIG. 1 Product cross sections for the reaction of Ni2 with CD4 as a func-
tion of collision energy in the center of mass lower x axis and laboratory
axis upper x axis . Parts a and b show Ni2L and NiL cross sections,
respectively.

drogenation of methane by Ni+ as 0.58+0.10 eV. This value
is in good agreement with that calculated by theory, which
attributes the barrier to a four-centered transition state in the
H2 elimination step of the reaction.0

B. NIE+CD4

Addition of a second nickel atom to the reactant cluster
ion greatly increases the complexity of the reaction system.
Figure 1 shows results for reaction of the nickel dimer cation
with methane. A number of different products are formed in
reactions (1)-(6) and (8)-(11), which are all endothermic.
The dominant process at all energies is formation of Ni2D
in reaction (1). At higher energies, Ni2D + can lose a nickel
atom to form NiD+ in reaction (6a). The CID product
formed in reaction 11 is also important, with a cross section
magnitude comparable to that of Ni2D at higher energies.
This is reasonable given that the nickel dimer cation has the
weakest bond energy of all nickel cluster cations.55

The lowest energy process in reaction of Ni2 with meth-
ane is the formation of Ni2CD” in reaction (4), with an
apparent threshold about 1 eV lower than dehydrogenation
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by Ni+. At higher energies, Ni2CDj can dissociate by nickel
atom loss to form NiCD” in reaction (9 , by further dehy-
drogenation to form Ni2C+ in reaction (2), and by deuterium
atom loss to yield Ni2CD+ in reaction (3). The latter two
channels show some competition with one another as the
cross section magnitude for Ni2C+ decreases when the
Ni2CD+ product appears and Ni2C+ increases again at about
8 eV when the Ni2CD+ product decreases. The Ni2CD3
product reaches a maximum near 4 eV, suggesting that it
decomposes primarily by CD3 loss, which can begin at
458eV=D(D-CD3). Ni2CD+ can also decompose further
by nickel atom loss to form NiCD , a product that may also
be formed by D atom loss from NiCD”, by D2 loss from
NiCD3 , or by NiD loss from Ni2CD” . As discussed below,
concomitant formation of NiD is suggested by thermody-
namic arguments for formation of NiCD at the threshold, as
well as for the NiCD3 product, reaction (10. It seems likely
that the failure to see NiC+, reaction (7), is simply because
its intensity is too small.

C. Ni3 and n£+CD4

Cross sections for the nickel trimer cation reaction with
methane are shown in Fig. 2, where reactions (1)-(4), (6)-
(11) are all observed. The results are similar to those of the
dimer, however, dehydrogenation, reaction (4 , is much more
prominent and the Ni3CD3 product of reaction (5 is absent
in this system. Dehydrogenation is the lowest energy reac-
tion of the trimer, with an apparent threshold about 1 eV
lower than deuteride formation in reaction (1). The Ni3CDj
cross section reaches a maximum at the energy where this
product can further dehydrogenate to form Ni3C+. This
product can also decompose by losing a D atom to form
Ni3CD+ and a nickel atom to form Ni2CD2 . Dehydrogena-
tion is the dominant dissociation channel. The magnitude of
these three decomposition channels nearly account for the
decline in the Ni3CD2 cross section, but there is break in the
sum of these four cross sections near 2.5 eV. The only chan-
nel large enough to account for this behavior is the Ni3D +
channel. This indicates that the primary products, Ni3CDj
and Ni3D+, must compete with each other, which suggests
that they share a common precursor, as discussed further
below.

Ni3D + and Ni2 are the main products at higher energies.
Ni2D +, formed by nickel atom loss from Ni3D + in reaction
(6", is also quite important in this system, a consequence of
Ni2-D being a relatively strong bond.17 As for the dimer, the
primary Ni3CD” products decompose to yield Ni2CD”
products in reactions (7)-(9). Possible pathways for Ni2CD+
and Ni2C+ production involve loss of a nickel atom from the
Ni3CD+ and Ni3C+ products, respectively, loss of D and D2
from Ni2CD2 , respectively, or the former product can be
formed by loss of NiD from Ni3CD2 or D2 loss from
Ni2CD3 . On the basis of the measured thresholds and
shapes of the cross sections, Ni2CD+ appears to be formed
primarily by NiD loss from Ni3CD”, and Ni2C+ is pro-
duced by a nickel atom loss from Ni3C . Formation of
Ni2CD3 is observed with a threshold that corresponds to
production of a NiD neutral in reaction (10, see below. This
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FIG. 2. Product cross sections for the reaction of Ni3 with CD4 as a func-
tion of collision energy in the center of mass (lower x axis) and laboratory
axis (upper x axis). Parts (a) and (b) show Ni3L+ and Ni2L+ cross sections,
respectively.

product is unlikely to be formed by Ni loss from Ni3CD3 , as
no Ni3CD3 is observed.

Reaction cross sections for the nickel tetramer cation
shown in Fig. 3are similar to those for reaction of the nickel
trimer cation with methane in many respects. Reactions 1 -
(4, (6)-(8) and (11) are all observed, but unlike the smaller
clusters, no methylated cluster products or Ni3CD2 products
are observed. A striking feature of these results is the virtual
absence of the dehydrogenation product, Ni4CD” . However,
this species must be formed transiently as double dehydro-
genation, reaction (2), is efficient and reaction (3 almost
certainly occurs via this primary product as well. Further,
Ni3CD is also observed and is likely to be formed by NiD
loss from Ni4CD2 , according to the apparent threshold. As
for the trimer system, the Ni4C product declines because of
competition with Ni4D formation, as no other product has a
cross section with sufficient magnitude to account for the
decline.

D. Nin (n=5-9) + CD4

Figure 4 shows the cross sections for reaction of nickel
heptamer cation with methane, which are representative of
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FIG. 3. Product cross sections for the reaction of Ni4 with CD4 as a func-
tion of collision energy in the center of mass (lower x axis) and laboratory
axis upper x axis . Parts a and b show NidL and Ni3L cross sections,
respectively.

the n=5-9 clusters (see Figs. 15-45).75 Reactions (1)-(3),
(6)-(8), and (11) are observed. In contrast to smaller clus-
ters, the dehydrogenation products, NinCD” and
Nin_iCD#2#, are absent for the n=5-9 clusters. However,
NinCD” must be formed transiently as the double dehydro-
genations, forming NinC+, are quite facile, and NinCD+ and
Nin 1CD almost certainly are formed via this primary
product as well. The absence of Nin_iCD” means that
NinCD” prefers to decompose by double dehydrogenation,
and even D atom loss is preferred to a Ni atom loss pathway.
The magnitudes of the NinC+ (n=5-9) cross sections (2-3
A2maximum) are about two to three times larger than for the
tetramer, and the apparent thresholds for these products are
shifted to lower energies. Similar to the reactions of smaller
clusters, the NinC+ cross sections decline largely because of
competition with NinD formation. The NinD

tions are about twice as large as for the tetramer.

Cross sec-

E. Ni+(n=10-16) + CD4

Figure 5 shows results for reactions of the nickel
dodecamer cation with methane, which are representative of

Liu et al.
Energy (eV, Lab)
0 50 100 150 200
L 1 I 'l
10t 4 Niy" +CD, —>
& Ni,D*
5
©
=)
= 10° 4
[
8
k3]
4]
(%)
/7]
g 107 4
O
[~}
o
102
0
(@) Energy (eV, CM)
Energy (eV, Lab)
0 50 100 150 200
10t 4 Ni,’+CD,—> L
&
£
(5]
)
o
100 4
[~
K]
©
[0
»
73
S 107 4
[&]
102 T
0 2
(b) Energy (eV, CM)

FIG. 4. Product cross sections for the reaction of Ni7 with CD4 as a func-
tion of collision energy in the center of mass lower x axis and laboratory
axis upper x axis . Parts a and b show Ni7L and Ni6L cross sections,
respectively.

larger clusters (n= 10-16) (see Figs. 55-105).75 Reactions
(1)-(4), (6)-(8), and (11) are observed in all cases, although
the quality of the data for reactions 6 - 8 was poor for the
largest clusters. In contrast to the Ni® (n=5-9) clusters, the
dehydrogenation product, NinCD2 , is again observed with a
gradual increase in the maximum magnitude as the cluster
size increases, from 0.1 A2 for n= 10 to about 3.5 A2 for n

15 and 16. The double dehydrogenation reactions to form
NinC+ are much more facile in these systems, such that
NinC+ are the dominant products over a 2-4 eV range.
Nin_1CD2# products are not observed for these larger clus-
ters. Formations of the secondary Nin_1D+, Nin_1C+, and
Nin_~ D + products are similar to those for the smaller clus-
ters.

IV. THRESHOLD ANALYSIS AND THERMOCHEMISTRY
A. Data analysis

Previous theoretical6l and experimental6263 work has
shown that endothermic cross sections in the threshold re-
gion can be modeled using Eq. 12,
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a(E) =002 gi(E+E,.-EOQ)NE, (12)

where 0Ois an energy independent scaling parameter, N is an
adjustable parameter that describes the energy dependence,®4
E is the relative kinetic energy, and E 0 is the threshold for
reaction at 0 K. The summation is over the rovibrational
states of the clusters having energies Ei and relative popula-
tions gi, where gi 1, which are calculated using a
Maxwell-Boltzmann distribution at 300 K. Vibrational fre-
quencies for the bare metal clusters are obtained by using a
elastic cluster model suggested by Shvartsburg et al.65 A
characteristic of this approach is the formal assignment of
the vibrational models to one longitudinal and two transverse
branches. The parameters used in this study are the Debye
frequency for bulk nickel, D( ) 268cm 1,66 the bulk
maximum longitudinal frequency, vL,max=296cm-1,66 and
the ratio of the longitudinal to the transverse phonon veloc-
ity, cL/cT= 1.79.67 The vibrational frequencies of CD4 used
in this work are taken from the literature.688 This model cross
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section, Eq. (12), is also convoluted with the kinetic energy
distributions of the ion and neutral reactants before compari-
son with the experimental data.58

For metal clusters, it has been shown that lifetime effects
become increasingly important as the size of the cluster
increases55and have to be explicitly treated for the extraction
of accurate_thermochemical data from threshold experi-
ments.%,&,%,%"l‘his is because metal clusters have many low
frequency vibrational modes such that energy redistribution
in the transient intermediate is very effective. Hence, the
lifetimes of some reaction intermediates can exceed the ex-
perimental time window ( 10 4s in our apparatus avail-
able for reaction. This results in a kinetic shift of the experi-
mental  thresholds to  energies higher than the
thermochemical endothermicity. Thus, an important compo-
nent of the modeling of these reactions is to include the
reaction kinetics, as estimated using statistical Rice-
Ramsperger-Kassel-Marcus (RRKM) theory.71-73 This is
achieved wusing an extension of Eq. 12, detailed
elsewhere,74 and requires molecular constants for the ener-
gized molecule EM and transition state TS leading to the
product of interest. Three different transition state models are
employed: (a) a loose variational transition state (LTS); (b) a
tight fixed transition state (TTS; and (c) a “‘standard’ tight,
fixed transition state (STS. A more complete description of
these TS models, along with detailed explanations for their
choices and the molecular constants used for the EMs and
TSs for all reactions are provided in the supplementary
material.75 For all secondary reactions where at least two
neutral products are formed , product cross sections were
analyzed by removing the energy needed to generate the pre-
cursor EM for the process under consideration. For in-
stance, during the analysis of NinC product cross section,
the threshold energy measured for the NinCD2 precursor is
removed from the total energy as that energy is not available
for D2 loss from NinCD2 .

B. Primary and secondary reactions

A fortunate aspect of cluster studies is the observation of
identical product ions formed in both primary and secondary
reactions. Thus, a species like NinL + is formed as a primary
product of Nin in reaction 13, and a secondary product of

Nin 1in reactions 14 or 15,
NC + CD4—NinL++ (CD4-L), (13)
Ni*ACDANiB +NR(CD4-L, (14)
Ni*~C D AN iB +NKCD4-L), (15)

where (CD4-L) is the fragment remaining after removing L
from CD4. Hence, we generally have two independent
means of determining the thermochemistry of each of the
NinL products. It is conceivable that thresholds obtained
for the secondary reactions 14 could be higher than ther-
modynamic values if the total energy available in reaction
14 is not efficiently retained by Nin 1L precursors. How-
ever, if we assume the energy is divided among the primary
products statistically, we can expect that the Nin 1L prod-
uct will retain much more energy than the CD4-L product,
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TABLE I. Ni*-D bond energies (V) obtained from the literature and
analyses of reactions 1 and 6 .

Nin-Da  Nin-D ()b N#-D (6ac Nin-D 6bc
1 172 008d 168 0.16
2 304 010 288 009 287 0.16
3 200 010 171 014 213 025
4 1% 016 178 011 193 029
5 209 015 212 012 213031
6 226 019 220 012 402033 2.15+0.38
7 221 028 214 013 400 036 201 038
8 210 041  2070.09 228 041
9 224 034 226 012 208 043
10 242:033 244 015 270 0.42
1 263038 253 011 277 045
12 248 035 251 013 259 045
13 260 034 244 015
14 264 034 252 014
15 255 038 256 015
16 267 037 257 014

a@rom reactions of NiJ + D2, Ref. 17.

bvalues obtained from analyses of reactions (1) assuming LTS and explicit
competition with reactions 4 .

cAverage bond energies obtained from analyses of Ni,,_jD+ cross sections
assigned to reactions 6a or 6b assuming LTS and STS models.
cReference 92.

which has many fewer degrees of freedom. Similar consid-
erations hold for alternate mechanistic pathways for the sec-
ondary reactions. Clearly, this assumption could degrade for
the smallest clusters and we explicitly consider this question
below. Similar considerations were also explored in our re-
cent studies on Fea CD4 and ND3, and Fea and FeaS
+ COS and CS2.151820 The comparisons of bond energies
obtained from the primary and secondary processes in these
systems showed the basic validity of these assumptions.

Optimized modeling parameters of Eq. (12 for the
analyses of all reactions are given in the supplementary
material.75 Bond energies of interest can be obtained from
the thresholds for reactions (13)-(15) utilizing Eqgs. (16 -
18 ,

D(NC-L)=D(CD4-L)-E 0(13), (16)

D(Nia-L)=m CD4-L)+D(NC -N i- EO(14), (17)

m NiB-L)=m CD4-L)+ D(Nir-N i- Eo(15)
-D[Ni-(CD4-L)], (18)

where D (CD4-L) is the energy required to remove L from
CD4. In Egs. (17 and (18, the dissociation energies for the
bare Ni”~ clusters are taken from previous studies in our
laboratory.5576 In the present work, neutral Ni(CD4-L) spe-
cies observed include only NiD and NiCD3, which have
bond energies of 2.48+0.08 and 2.20+0.08 eV,
respectively.77

C. Thermochemical results
1. Nir-D

Bond energies for NinD+ have previously been mea-
sured by threshold analyses of the endothermic reactions of
Ni~ clusters with D2,17 and are listed in Table I. In the
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present study, this thermochemistry can be obtained from
analyses of the cross sections for reactions 1, 6a, and
6b . Needed thermodynamic information includes
D(CD3-D)=4.58+0.01 eV (Ref. 78) and D(Ni-CD3)
=2.20£0.08eV.77 As detailed in the supplementary
material,75 reactions (1) were analyzed using a LTS coupled
with explicit consideration of the competition79 with the low
energy dehydrogenation channel, reaction 4 , assumed to
have a TTS. Bond energies obtained from these analyses are
listed in Table I and shown as open circles in Fig. 11S.755
These values are in good agreement with the previous data,17
with a mean absolute deviation (M AD of 0.09+0.08 eV for
n=2-16. Itis worth stressing that the competition threshold
analysis has no additional optimizing parameters other than
the threshold energies for each channel) to adjust compared
to the normal threshold analysis including lifetime
effects).7 The competition between channels is determined
by the ratio of the unimolecular rate constants for each pro-
cess, as calculated using RRKM theory. Thresholds for both
reactions 1 and 4 are simultaneously obtained in this pro-
cedure.

Nin-D bond energies obtained from analyses of the sec-
ondary reactions (6a) are listed in Table I (see also Fig. 11S).
As detailed in the supplementary material,75 the data for re-
actions (6a) were analyzed assuming both a LTS and a STS.
The average bond energies obtained using these two models
are in good agreement with the previously published values17
upton=5 (MAD=0.08+0.07 eV forn= 1-5). Hence, our
assumption that energy is efficiently retained by the primary
product (NinD+) appears to be reasonable, even for these
smaller clusters. For clusters larger than n= 6, modeling of
the Nin 1D cross sections over extended energy regions
using Eq. (12 requires large values of the parameter N and
leads to thresholds corresponding to bond energies that are
too large given the assumption that reaction 6a is operative.
For example, the bond energies derived for n=6 and 7 ex-
ceed the literature values by 1.76+0.38 and 1.79%0.46 eV,
respectively. These differences are within experimental error
of the Ni-CD 3 bond energy of 2.20£0.08 eV;77 hence, con-
tributions to these cross sections from reactions 6b are in-
dicated. Therefore, we analyze the cross sections at the low-
est energies for reaction of clusters n=7-13 and assign
these thresholds to reaction (6b, Tables S2-S16. This leads
to the bond energies forn=6-12 given in Table I and shown
in Fig. 11S.75 These values are in good agreement with the
previous data,I7 MAD=0.17+0.06 eV.

2.Nit-CD z

Nickel cluster methyl cations are observed only in the
reactions of the dimer and trimer cations. For dimer reac-
tions, the thresholds for Ni2CD3 and NiCD3 are 2.45+0.09
and 2.44+0.15 eV, respectively. The bond energy
DO(Ni2-CD3) of 2.13+0.09 eV can be obtained according
to Eq. 16 . If we assume that the secondary methyl product
is formed along with NiD in reaction 10, Eq. 18 can be
used to convert the latter threshold to a Ni+-C D 3 bond en-
ergy of 1.77+£0.18 eV. This value for NiCD3 agrees with a
bond energy previously determined for NiCH3 , 1.94 0.06
eV.7 The alternate assumption of concomitant formation of
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TABLE II. Nin-C bond energies (eV) obtained from analyses of reactions

(2) and (7).

n Nin-C (2TTS) N,;+-C (7)a
1 2.6b

2 474 0.12 445 0.17
3 5.72 0.09 5.46 027
4 585 011 585 027
5 6.45 0.12 6.55 0.30
6 6.31 0.10 6.49 0.35
7 6.36 011 6.14 0.38
8 6.27+0.14 6.04 0.41
9 6.20 0.13 6.24 0.43
10 6.46 0.17 6.12 0.48
1n 6.44 0.17 6.34 0.48
12 6.41 0.16 641 051
13 6.46 0.19 6.13 0.50
14 6.66 0.18 6.49 0.52
15 6.67 0.18

16 6.62 0.20

aAverage bond energies obtained from LTS and STS models.
[Reference 60.

Ni+D vyields a bond energy of 4.25+0.17 eV for Ni+-CD 3,
much too large to be reasonable. Clearly, NiCD3 is formed
in process 10 along with NiD as a neutral product for re-
action of the dimer. For the trimer, only a secondary methyl
product is observed in reaction 10 . The bond energy
DQNi2-CD3)=2.00£0.18 eV can be obtained from the
threshold (2.54+0.11 eV) using Eq. (18). This value is in
reasonable agreement with that obtained from the dimer re-
action within experimental uncertainty. Thus, loss of neutral
NiD to form this methyl product is also certain for the trimer
reaction. We take the weighted average value of 2.10+£0.16
eV as our best determination of the Ni2- CD3 bond energy.
Larger clusters do not produce NinCD” or Nin_1CD”" with
any efficiency, apparently because the transient NinCD” in-
termediates have more facile decomposition pathways than
loss of D or NiD, respectively.

3. Nin- C and Ni*-CD

Bond energies for Nin -C can be obtained from analyses
of reactions 2 and 7 . Here, the required thermochemistry
isD(CD4-L)=D(CD2-D2)+D(C-D2)=8.20+0.04eV.78
For reactions (2), the precursors are the primary NinCDj
products, whereas for reactions (7), they are the NinC+ prod-
ucts. The appropriate TSs are outlined in the supplementary
material. The average bond energies obtained from reactions
(7) using the average of LTS and STS models do not agree
well with results obtained from analyses of reactions 2 us-
ing a LTS model, but do agree well with results for reactions
(2) if a TTS model is used (MAD=0.17+0.12 eV). Hence,
we conclude that reactions (2) proceed via a TTS. These
bond energies are listed in Table Il and shown in Fig. 12S.75
Thresholds from the primary reactions 2 are more precise
and therefore taken to be our best determination of bond
energies for several reasons:

(@) The mass overlap adjustments for the NinC+ cross
sections are less ambiguous compared to those for the
Nin 1C cross sections.
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TABLE 11l. Nin-CD bond energies eV obtained from analyses of reac-
tions 3 and &.

n Nin-CD 3.LTS Nin-CD (8)a
1 3.12 0.12b 341 021
2 483 0.12 483 0.19
3 526 014 507 0.32
4 510 0.12 512 0.30
5 514 0.15 524 035
6 5.07 017 526 0.35
7 491 0.20 510 0.38
8 5.27+0.21 557 0.40
9 533 0.20 554 045
10 571 021 6.01 049
u 570 021 585 0.48
12 5.86 0.19 6.04 0.50
13 595 0.27 572 047
14 6.04 025 597 0.50
15 6.01 021

16 6.09 021

aAverage bond energies obtained from LTS and STS models.
IReference 60.

b Thresholds for reactions 7 occur at high energies,
such that there are fewer data points for modeling given our
energy range of 10 eV.

¢ Thresholds for reactions 7 could be shifted to
higher energies by competition with the more efficient low
energy processes or shifted as a consequence of the multiple
neutral products carrying away excess energy.

Bond energies for Ni*-C D can be obtained from analy-
ses of reactions 3 and 8 . The required thermochemistry
is D(CD4-L)=D(CD2-D2)+ D (CD-D)=9.25+0.04 eV
(Ref. 78) and D (Ni-D) =2.48+ 0.08 eV.77 For reactions (3)
and (8), the precursors are the primary NinCD” products, as
discussed above. Therefore, cross sections are analyzed for
thresholds using LTS models associated with D atom loss for
reactions 3 and NiD loss for reactions 8 . The results are
given in Table Il and also shown in Fig. 13S of the supple-
mentary material.75 Bond energies obtained from analyses of
reactions 8 are in good agreement with bond energies ob-
tained from reactions (3) (MAD=0.17£0.09 eV), and lie
within the experimental errors. Note that if Ni*_1-CD prod-
ucts were formed with D2 Ni D instead of with D2
+ NiD, the agreement with the bond energies from reaction
(3) would not be obtained. Of these two sets of bond ener-
gies, those obtained from analyses of the primary reactions
(3) are the most reliable and precise for the same reasons as
those listed above for the Ni* - C bond energies.

4. Nir-CD 2

Bond energies for Ni*-CD2 can be obtained from
analyses of the thresholds for reactions 4 and 9 using Eqgs.
(16 and (17), respectively, and D (CD2-D 2)=4.82
+0.03 eV.78 As discussed above, the data for reactions (4)
were analyzed assuming both a LTS and a TTS. Competition
with reaction 1 is also explicitly considered but this does
not alter the thresholds obtained for reaction 4 . The result-
ant bond energies are listed in Table IV and show that values
derived assuming a LTS average 0.33 0.03 eV lower than
those for a TTS for n= 10-16. Secondary reactions (9 cor-
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TABLE IV. Ni*-CD2bond energies (V) obtained from analyses of reac-
tions (4) and (9).

n Nim-CD2 4LTS  Nim-CD2 4TTS  N,+-CD2(9)a
1 317 0.04b 316 0.16
2 377 0.09 379 0.09 440 0.18
3 3.84 0.08 387 0.08

4 - - o

10 ~3.‘§c ~3%8c

1n 355 0.08 3.86 0.08

2 359 0.09 392 0.09

3 3.60 0.09 393 0.10

14 366 0.09 400 011

15 369 0.10 404 0.10

16 363 0.10 401 0.12

aAverage bond energy obtained from LTS and STS models.

[References 76 and 80.

Because of the small size of these cross sections, only rough estimates of
the threshold could be obtained.

responding to loss of a Ni atom from the NirCD2 primary
products are only observed for reactions of the dimer and
trimer cations. Here the transition states may be treated with
LTS or STS models.

For reaction of Ni2 to form NiCD2 in process 9, the
thresholds obtained using LTS and STS models correspond
to Ni+-C D 2bond energies of 3.06£0.16 and 3.26+0.15 eV,
for an average value of 3.16+0.16 eV, Table IV. All these
values are in good agreement with the literature bond energy,
3.17+£0.04 eV.7680 These bond energies lie above that de-
rived from the threshold measurement of reaction 4 with
ra= 1, 2.64x0.09 eV, Table IV, but this value is low because
there is a barrier of 0.58+0.10 eV to this reaction, as dem-
onstrated by examining the reverse process, NiCHj+ D2
- >Ni++ CH2D2.60 This barrier is attributed to a four-center
transition state in the exit channel, as verified by theoretical
calculations.60

For reaction of Ni* to form Ni2CD”, the thresholds
obtained from analysis of reaction 9 wusing a LTS corre-
sponds to bond energy of 4.27+0.18 eV, well above the
value derived from reaction 4 , 3.79 0.09 eV, Table IV.
The result for reaction 9 is not particularly sensitive to the
type of transition state as the bond energy obtained using a
STS is 4.53%£0.17 eV. In analogy with the dimer reaction, the
discrepancy between the results for the primary and second-
ary reactions is sensibly attributed to a barrier along the re-
action path for dehydrogenation in reaction 4 . This indi-
cates that the use of the TTS model for reaction 4 is
appropriate. For reaction of the trimer cation, this barrier is
measured to be about 0.61+£0.20 eV, comparable to the value
for the monomer.

Unfortunately, the secondary reactions (9) are observed
only in dimer and trimer reactions and reactions 4 are not
observed for clusters from ra= 5 to 9 in our experiments. In
the dehydrogenation reactions of larger iron cluster cations
with methane,15 primary and secondary paths were observed
for all cluster sizes. This allowed us to ascertain that the
primary dehydrogenation reactions exhibited barriers, as-
signed to the entrance channel, for Fe” (ra=5-15). The bar-
rier height averaged 0.7+0.3 eV. In analogy with these re-

Liu et al.
B == =7 Ve F T T T A Y N BN A =
V—V '
] Ni/-C Bulk
- f Ni,*-CD
a—a—a—6—
|/ Nint+-CD2
r /~o\ i i- Bulk
1 Nin~D
[ ] Nin~CD3
........................ Joeeeee-W ——i 1 31 1 0

0 2 4 6 8 10 12 14 16 18
n (cluster size)

FIG. 6. Comparison of bond energies for Ni~-D (solid circles, taken from
Ref. 17), N,;+-CD 3 (open circles, Ref. 76 and this work, Ni*-CD2 (open
triangles, Ref. 76 and this work, Table IV, see text), Ni*-CD (solid squares,
this work, Table I1I), and Ni*-C (open inverted triangles, this work, Table
11). Bulk phase values for nickel surfaces binding D (Refs. 17 and 86) and C
Ref. 87, see text are also shown.

sults, the primary dehydrogenation reactions for larger nickel
clusters seem likely to have barriers in the entrance channel
as well. Thus, bond energies D (Ni*-CD 2) (ra= 3,4,10-16)
obtained here for reactions 4 wusing a TTS model are con-
servatively thought to be lower limits to the true thermo-
chemistry.

V. DISCUSSION
A. Bond energies

Our recommended bond energies between nickel cluster
cations and the D and CDX(x=0-3) ligands are shown in
Fig. 6. The Ni*-D values are taken from our previous work
on reactions of Nim D2.17 Results from the present study
substantiate these values but analyses of the D2 reaction
cross sections are easier than for the CD4 reaction system
because there is no competition with other products in the D2
system. The Ni” - C values are those derived from analyses
of reactions (2) with a TTS in all cases, Table IlI; whereas
those for Nim-CD are LTS results for reactions 3, Table
I11. As noted above, the latter two sets of values are substan-
tiated reasonably well by results for the secondary reactions
(7) and (8), respectively. The Ni~ -C D 2 values, Table 1V, are
obtained as the lower limits from reactions 4 wusing a TTS
model, except for the NiCD2 and Ni2CD2 values. The
former is taken from the literature,7680 and the latter is ob-
tained from reaction 9 wusing the average thresholds ob-
tained from LTS and STS models.

In general, the trends in these cluster-ligand bond ener-
gies can be understood by considering the maximum number
of bonds that the ligands can make with the cluster. D (2S)
and CD3(2Aj) can make only a single covalent bond with
the cluster, whereas CD2(3B2) can make two covalent
bonds. CD can make three covalent bonds, but this requires
promotion to the a 42 _ state, which is 0.72 eV above the
X 2n r ground state.8l The carbon atom has a ground state
electronic configuration of (2s)2(2p )2 such that it can form
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two covalent bonds and accept electron density into the
empty 2p orbital to form a third, dative bond. It can be seen
that the Ni+-D and Ni+-CD 3 bond energies are compa-
rable, whereas the Ni~-D bond energy is about 0.94+0.13
eV stronger than the Ni2-CD 3 bond energy. One possible
explanation is that the D atom binds at a bridging site
whereas CD3 binds in an atop position, a structural differ-
ence that can be rationalized by the directionality of the sp3
orbital on CD3 used to form the bond versus the spherical 1s
orbital on D. For other cluster sizes, it is anticipated that the
hydride and methyl bond energies would again be similar to
one another. Nin-CD and Nin-C bond energies are higher
than the Nin-13 values by 3.19+0.23 and 4.00+0.16 eV,
respectively, for ns*3. The Nin-CD 2 bond energies (lower
limits lie an average of 1.46 0.20 eV higher in energy than
the Nin-D values for n= 3, 4, 10-16. The Nir-CD 2,
Nin-CD, and Nin-C bond energies are an average of 1.6
+0.2, 2.4+0.1, and 2.7+£0.2 times stronger, respectively,
than the Nin-D bond energies for ns*3. These ratios agree
with those for the ratios of H3C-CH3 to H2C=CH 2 and
HC=CH and M+-CH3to M+=CH 2 and M+=CH bond
energies, 1.7 and 2.5, respectively.7 These observations are
qualitatively consistent with formation of single D and
CD3) vs double (CD2) vs triple (CD and C) bonds, as an-
ticipated from the bonding character of the ligands.

In our previous work,17 the patterns in the Nin-D bond
energies as a function of cluster size were used to qualita-
tively probe the cluster geometry and electronic configura-
tion. Compared to the metal-metal Nin-Ni bonds, the
nickel-deuteride bonds are generally weaker, with a differ-
ence of about 0.5 eV that can be attributed to metal-metal
bonds enhanced by 3d-3d interactions. However,
D (Nil12-Ni) is much stronger (0.9 eV than D (Ni*-D) and
D (Ni~-Ni) is comparable to D (Ni*-D), which is believed
to indicate that Nil3 clusters have particularly stable geom-
etries. Consequently, substitution of a nickel atom in Nil3 by
D destroys the symmetry of the cluster, thereby affecting its
stability.

Discussion of the bonding of CD2 to nickel clusters is
speculative as nothing is known about the structures of these
cluster species. As noted above, the bond energies of CD2 to
Nin clusters indicate that two bonds are formed. Presumably,
CD2 could bind terminally to the cluster by forming a and
a tthond with a single metal atom or could bridge across two
metal centers by forming two a bonds. Ni+ (2D ,3d9) must
bind to CD2 terminally and has a bond energy weakened by
the need to spin decouple two 3d electrons from the other
nonbonding 3d electrons. This promotion energy lowers the
Ni+-CD 2 bond energy (3.17+0.04 eV from an intrinsic
metal-carbon double bond energy of about 4.3+0.1 eV.768
For larger clusters (n= 3,4,10-16), the Nin-C D 2 bonds are
stronger than Nin-D bonds by 1.5+0.2 eV, which is a little
smaller than the intrinsic metal-carbon tt bond (1.8 eV).®
Either there are barriers of about 0.3 0.2 eV to the forma-
tion of Nin - CD2 in reactions (4), as discussed further below,
or these nickel clusters require additional promotion to form
the bond beyond the promotion energy needed to form the

bond.

Bonds between CD and C ligands and the Ni  monomer
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are much weaker than those for larger clusters, and are dis-
cussed elsewhere.60 The bond energies of Ni2-CD2,
Ni2- CD, and Ni2 - C are quite similar, suggesting that the
nickel dimer cation can form two covalent bonds, but not a
third. The CD and C ligands can potentially bind to clusters
in different ways: terminal, twofold bridging, and threefold
bridging. An obvious implication of the strength of the CD
and C bonds relative to CD2 bonds for the trimer and larger
clusters is that binding to three atoms in a threefold site may
provide the strongest bond energies, consistent with the
known structure of alkylidynes bound to many surfaces.83
Theoretical studies of these small molecules would be of
interest in further understanding these trends. For ns*3,
D (Nin-CD) values do increase somewhat as the cluster size
increases, such that the average BDE is 5.15%+0.14 eV for
n=3-9 and 5.91+0.16 eV for n= 10-16. For C binding to
nickel clusters, D(n£-C)> D(Ni4-C)>D(Ni3-C), but
for ns*5, D(Nin-C) are nearly constant with an average
bond energy of 6.44+0.15 eV. Overall, the Nin-C bond
energies are stronger than D(Nin-CD) by an average of
1.01+0.35 eV for n=3-9 and by 0.62+0.10 eV for n
= 10-16, where they parallel one another quite closely. This
difference may be explained by the following argument. The
3P ground state of the carbon atom can make three bonds
two covalent bonds and a dative bond formed by accepting
electron density into the empty 2p orbital). In contrast, CD
makes three covalent bonds using its a 42 _ state, which lies
0.72 eV above its X 2n r ground state,8L thereby lowering the
final bond energy to nickel clusters. This suggests that nickel
clusters have substantial flexibility in making the strongest
possible bond to molecular fragments.

B. Bond energies compared to analogous
iron clusters

It is useful to compare the binding of D and CDXspecies
to nickel cluster cations with that to iron cluster cations.15
For small clusters, the bond energies for D and CDXto Nin
and Fen vary considerably with cluster size, indicating
changes in the electronic structure of the metal clusters.15For
the dimers, D, CD3, CD2, CD, and C bind to Ni2 more
strongly than to Fe2 by 1.59, 0.21, 1.01, 1.79, and 0.60 eV,
respectively. Clearly, the details of the electronic structure
for the dimer species are controlling features in these various
bonds, which can be explained by using promotion energy
arguments, as previously discussed for D atom bonding to
iron cluster cations.8 The Ni2 dimer has a configuration of
(4scr )2dgdB,55  which is formed by combining
Ni+(2D,3d9) with Ni(3F,4s23d8). Fez is formed by the
combination of ground state Fe(4s23d6) and ground state
Fe+(3d7) and believed to have a (4sag@)2dAdB electronic
configuration.8 A plausible explanation for the differences in
bond energies between Ni2 and Fe2 is simply that spin de-
coupling the electrons needed for bonding costs more energy
in the iron case because of the larger number of unpaired
spins involved. Clearly, ab initio calculations on such species
would be very useful in understanding the details of these
bond energies, but are beyond the scope of this experimental
study. For n= 3 and 4, iron and nickel clusters bond energies
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to CDx species are very similar, except that the Ni3- CD2
bond is 0.90 eV stronger than Fe3 - CD2. Overall, this indi-
cates that the effect of the electronic structure on binding D
and CDx species becomes smaller as the clusters get larger.

Both Do(NC-CDx) and D O(Fe”~-CD x) rapidly reach
plateaus with increasing cluster size. For larger clusters, n
s* 10, the bond energies for Ni* to D, C, CD, and CD2 (2.6
+0.1, 6.5£0.1, 5.9+0.2 and 3.~+0.1 eV) are similar to
the values of DO(Fe~-D), DO(Fe~-C), DO(Fe~-CD), and
DO(Fen-CD2) (2.6+0.1, 6.1+0.4, 5.9+0.4, and 4.2+0.4
eV, respectively . Clearly, D, C, CD, and CD2 binding to
nickel and iron metal clusters have the same bond orders
single, triple, triple, and double bonds, respectively . The
carbide bond energies to nickel are slightly stronger than
those to iron, by about 0.4 eV, which may simply be because
Ni has more electrons than Fe, which allows better donation
to the empty p orbital on a C atom. Given the good corre-
spondence between the nickel and iron cluster bond energies,
we might expect that Nin bonds to CD2 should be at least the
same or perhaps a little stronger than Fen bonds to CD2 for
ns* 10. Instead, the Fe”-C D 2 bond energies are about 0.3
+0.4 eV stronger than those for Ni® -C D 2. This is another
indication that the Ni* - CD2 bond energies from reaction (4)
seem to be a little lower than the thermodynamic values,
which indicate small barriers to this reaction that are on the
order of 0.3+£0.4 eV.

C. Bond energies compared to bulk phase values

One area where cluster studies may provide insight into
condensed phase chemistry lies in the determination of ther-
mochemistry for species bound to surfaces, especially mo-
lecular fragments. We have recently noted that bond energies
of oxygen to nickel clusters n 5 are relatively constant at
about4.6+ 0.2 eV (Ref. 19 and match bulk phase desorption
enthalpies of oxygen to nickel 111 surfaces, 4.6 eV, as mea-
sured by calorimetry experiments.848 Likewise, Ni~-D
bond energiesl7 reach a relatively constant value (Fig. 6) of
2.6+0.1 eV for ns* 10. This is close to the bulk phase value
for hydrogen binding to bulk nickel surfaces, about 2.7 eV
for measurements on Ni(100), Ni(110), and Ni(111) surfaces,
Fig. 6.8

For carbon based species, the binding of C to nickel
surfaces has been measured as about 7.37 eV in a molecular
beam experiment,8 but Siegbahn and Wahlgren8 note that
“this value is suspiciously close to the sublimation energy of
graphite” of 7.42 eV and “might therefore have been over-
estimated.” A value for carbon on nickel surfaces obtained
using a small Ni5 cluster model was estimated as 6.50 eV
using the bond order conservation BOC approach8 and
another value of 6.35 eV for carbon on Ni(111) at a fcc site
is obtained using a plane wave slab approach in conjunction
with DFT.46 Calculated values for carbon bound to Ni7 clus-
ter models are estimated as 4.77 eV at the top site and 7.65
eV at the hollow site using the Amsterdam Density Func-
tional computer program.48 These various theoretical esti-
mates for surface nickel-carbides span values comparable to
our Nir- C bond energies, which are an average of about
6.5+0.1 eV for larger clusters (ns* 10).

Liu et al.

In contrast to the atomic H, O, and C systems, there is no
experimental information on the thermochemistry of molecu-
lar fragments CH, CH2, and CH3) bound to metal surfaces,
although such information has been estimated.4350,89,90 The
successful comparison of surface chemisorption energies for
H and O atoms to the bond energies for larger cluster ions
suggests that our cluster thermochemistry can be used to es-
timate surface binding energies for molecular fragments,
which are largely inaccessible to experimental measurement.
This was also argued in our analogous work for CDx and
NDx(x=0-2) fragments binding to iron cluster cations.1520
Our recommended values, taken from the average values for
clusters larger than ten atoms, are D (Ni*-CD) =159
+0.2eV, D(Nin-CD2)s=3.9+0.1eV, and D(NC-CD3)
=2.6x0.1eV [assumed to equal the D (Ni~-D) values,
however, see discussion below .

Our experimental estimates can be compared to theoret-
ical values for surface binding energies. The bond energies
of CH, CH2, and CH3 to Ni(111) surfaces have been esti-
mated using many-electron embedding theory as 3.1, 2.9,
and 1.8 eV, respectively;8 using the BOC approach as 5.0,
3.6, and 2.1 eV, respectively;8890 and using an ab initio clus-
ter model approach as 5.2, 3.8, and 2.1 eV, respectively.8
The latter two estimated sets are in very good agreement
with one another, whereas neither agrees with the embedding
estimates. The results of Siegbahn and Wahlgren are ex-
pected to be most accurate because these studies utilized
bond-prepared clusters, a much larger basis set, and a more
thorough correlation treatment.8 Results of spin-polarized
DFT calculations estimated the binding energies for CH3 on
Ni(111) surface as 1.48, 1.46, 1.37, and 1.22 eV at the hcp,
fcc, bridge, and top sites, respectively.50 This DFT study also
obtained binding energies for CH2 at these same sites as
3.22, 3.26, 3.14, and 2.36 eV, respectively. Both sets of val-
ues are values well below the estimates above, whereas other
DFT calculations43 found values for CH2 adsorption energies
of 3.73, 2.75, and 2.92 eV at the hollow, bridge, and top
sites, respectively. These latter values span the same range as
the embedding theory and BOC estimates above. Overall, all
of these theoretical estimates provide values below our ex-
perimental cluster bond energies for these molecular frag-
ments.

Previously, Siegbahn and Wahlgren pointed out that their
calculated chemisorption energies for H to Ni(111) at the
threefold hollow site are about 0.2-0.3 eV lower than the
experimental surface value 2.7 eV .8 According to the au-
thors, the chemisorption energy for CH3 at this site should
also be underestimated by a similar amount, such that their
best estimated value for CH3 chemisorption to Ni(111) be-
comes 2.1-2.4 eV.8 This is in reasonable agreement with
our value for larger clusters n 10, 2.6 0.1 using D as a
direct analogue for CD3). However, these calculations also
find that nickel clusters bind H atoms more strongly than
CH3 by 0.2-0.5 eV. This may suggest that a better experi-
mental estimate for D(Ni#-CD3) is D(Ni*-D)-0.3eV
=2.2+0.3eV, in good agreement with the 2.1-2.4 eV re-
vised estimates from the cluster calculations.

If the calculated chemisorption energies of CH and CH?2
are similarly underestimated, then it may be appropriate to
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revise the theoretical estimates there as well. We estimate
that about 0.6 0.1 and 0.4 0.1 eV should be added to the
ab initio cluster estimates of 5.2 and 3.8 eV, respectively.8
(These correction values are 0.2-0.3 eV times 2.5 and 1.7,
respectively, the ratio of the cluster-carbon triple and double
bonds to single bonds, see above. Thus, the revised esti-
mates for the chemisorption energies for CH and CH2 on
Ni 111 are about 5.8 0.1 and 4.2 0.1 eV, respectively, in
good agreement with our values of 59 0.2 eV and 3.9
+0.1 eV for n3=10, respectively. Overall, these agreements
indicate that our bond energies for atomic H and C and
molecular (CH, CH2, and CH3) species bound to larger clus-
ters are reasonable experimental estimates of the binding en-
ergies on surfaces.

D. Reaction mechanism

To understand the mechanism of the reactions of nickel
cluster cations with methane, we reexamine what is known
about the reactions of atomic metal ions with CD4,5960 be-
cause the basic principles involved should be the same and
proved useful in our Fe® + CD4 study.15For atomic Ni+, this
reaction occurs by C-D bond activation to form a
D-Ni+-CD 3 intermediate, which can decompose by simple
bond cleavage to form NiD CD3or NiCD3 D. The least
endothermic process is dehydrogenation, which involves re-
arrangement of the D-Ni+-CD 3 intermediate to a four-
centered transition state involving an incipient D-D bond.
The energy of this transition state has been measured to lie
0.58+0.10 eV above the NiCDj+ D2 product asymptote.60
Because the NiD , NiCD2 , and NiCD3 products share the
common D-Ni+-CD 3 intermediate, they compete directly
with one another. The hydride channel dominates at higher
energies because simple cleavage of the Ni-C bond is kineti-
cally more facile than rearrangement over the tight four-
centered transition state needed for dehydrogenation. Forma-
tion of NiD is favored over NiCD3 production because of
conservation of angular momentum effects.9l

The electronic requirements for bond activation of
CD4 at a transition metal center can be viewed fairly simply.
In order to break the C-D covalent bond and simultaneously
form two new bonds between the metal and the D and CD3
fragments, the metal center must accept electron density
from the C-D bond and donate electron density into the
antibonding orbital of this bond. Formally, this is an oxida-
tive addition process in which the metal oxidation state in-
creases by 2, although neither the D or CD3 ligand carries a
full negative charge. For atomic first row transition metal
ions, the acceptor orbital is largely the 4s orbital, and the
donor is a 3dir. Combining these orbitals with the bonding
and antibonding a orbitals of the C-D bond leads to pairs of
bonding and antibonding molecular orbitals (MOs) for the
D-Ni+-CD3 intermediate. To create the most favorable
bonding situation, four electrons are needed to occupy the
bonding MOs with no additional electrons for the antibond-
ing MOs. As the C-D bond provides two electrons, the most
efficient reaction is expected when the metal has an empty
acceptor and a doubly occupied  donor.

In analogy with the mechanism for reaction of the mono-
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mer with methane, the first step in the reaction of the nickel
cluster cations with CD4 is C-D bond activation to form a
D-Ni”-CD 3 intermediate. From this intermediate, the ma-
jor ionic product at higher energies, NinD+, can be formed
by cleaving the Ni-C bond to eliminate an intact methyl
group. Once this product is formed, the cross sections for
products formed at lower energies (NinCD” and NinC+) be-
gin to decline, Figs. 1-5, indicating competition between
these channels. This competition is also indicated by the fact
that accurate NinD bond energies are obtained from the
observed thresholds only when competition with dehydroge-
nation is explicitly considered. The observation of this com-
petition is consistent with all reaction channels sharing the
putative D-N i~ -C D 3 species as a common intermediate.

For n 1, the dehydrogenation reaction 4 is known to
occur by a four-centered transition state lying in the exit
channel 0.58 eV above the energy of the products.60 For the
dimer reaction, dehydrogenation is also found to have a bar-
rier, which lies 0.61+0.16 eV above the Ni2CDj + D2 prod-
ucts. This barrier could again correspond to a four-centered
elimination from an intermediate in which both ligands are
attached to the same nickel atom. However, another possibil-
ity is that the reaction occurs by a five-centered elimination
from a DNi-NiCD3 intermediate. Such an intermediate is
undoubtedly formed as shown by the observation of reaction
(10), which forms NiCD” + NiD. Complicating factors in
thinking about the likely pathway is whether any of the
ligands, D, CD2, or CD3, are bridging rather than terminal.
Without other information, no definitive conclusions regard-
ing the mechanism of the dehydrogenation process by the
nickel dimer cation can be made.

For the dehydrogenation reactions 4 of the larger clus-
ter cations, n 3, there appear to be small barriers 0.3 0.4
eV in excess of the endothermicities. In analogy with the
mechanism for dehydrogenation reactions of methane by
Fen , it seems likely that these barriers lie in the entrance
channel, i.e., in the C-D activation step, rather than in the
exit channel. The thresholds measured for NinCD” (n
=3,4,10-16) formation do not vary appreciably (average of
0.92+0.13 eV, Tables S3-S16). This value is very close to
the methane activation energies on various nickel surfaces
measured experimentally: 0.73-0.93 eV on Ni(100),20 0.77
eV on Ni(111),30 and 0.90 eV on Ni(111);47 as well as cal-
culated theoretically: 0.74,3940 1.05,47 and 1.04 (Ref. 45) eV
on Ni(111), and 0.85 eV on Ni(211).47 The similarity of these
values suggests that the thresholds measured here are consis-
tent with barriers for C-D activation energies in the entrance
channel, rather than the thermodynamic limits for NiKCDj
formation. Hence bond energies derived from these thresh-
olds are lower limits to the true thermochemistry for
NinCD” . We conclude that there are small barriers in excess
of the endothermicities for the dehydrogenation reaction 4
of larger clusters, estimated as 0.3+0.4 eV above.

Reactions of larger clusters presumably have the same
complicated mechanistic possibilities mentioned for Ni2 ,
l.e, they likely involve DNi-Nin_1CD” intermediates. In
addition, (NiD)(NiD)(NiB_2CD2)+ intermediates formed by
the migration of two D atoms from the methane to separate
nickel atoms, and bridging ligands could be involved. This
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kind of intermediate is clearly not possible for smaller clus-
ters. Thus, dehydrogenation can occur remotely from the
Nin-CD?2 bond, as also suggested in the iron system,15
which can explain why the barrier in the exit channel ob-
served for n= 1 and 2 might no longer be rate limiting for
larger clusters.

In general, the dehydrogenation reactions 2 and 4 to
form NinC+ and NinCD2 products become much more facile
with the clusters size increasing. This is clear from the in-
creasing magnitude of the NiKC+ cross sections with cluster
size and the fact that the double dehydrogenation reaction
must occur via a NinCD2 transient intermediate. For n
=5-9, NinCD2 products are not observed, presumably be-
cause the NinCD2 species decompose rapidly to NiKC+
within our experimental time window (10 4s). However,
the lifetimes of reaction intermediates should become longer
as the size of the cluster increases, thus allowing the dehy-
drogenation product, NinCD2 , to be observed starting at n

10.  Consistent with this picture is the observation that the

maximum magnitude of this cross section gradually in-
creases as the cluster size increases. Even so, the double
dehydrogenation reactions to form NinC+ are still facile in
these systems, such that these cross sections are much larger
than those of NinCD”" . The facility of double dehydrogena-
tion is also observed in the Fen + CD4 reaction system, al-
though here the single dehydrogenation reaction is observed
for all cluster sizes. The facility of dehydrogenation by these
metals may be one reason why nickel and iron are used as
catalysts industrially in the steam-reforming process, CH4
+ H20->CO+3H2.

The formation of Ni2CD3 and Ni2D + in the dimer sys-
tem must occur by simple bond cleavage from the
D-Ni2-CD 3 intermediate, similar to the mechanism for re-
action of the monomer with methane.60 Unlike the monomer
and dimer, larger nickel clusters do not form NinCD3 prod-
ucts. This is likely to be a matter of experimental sensitivity
combined with the fact that formation of this product is in-
hibited by angular momentum conservation considerations.
Simply, the reduced mass of the NiBCD3 + D product chan-
nel is about 2 amu, whereas that for the NinD++ CD3 prod-
uct channel approaches 18 amu, comparable to the reduced
mass of the N~ + CD4 reactants (about 20 amu). Because
orbital angular momentum is largely conserved in these bi-
molecular reactions, the phase space available to the
NinCD3 + D product channel is much smaller than that asso-
ciated with the NinD++ CD3 product channel.

As shown above by thermodynamic arguments, small
amounts of NiCD”A+NiD and Ni2CD3 + NiD are observed
for reactions of the dimer and trimer, respectively. The for-
mation of secondary products Nin_iCD+ is also concomitant
with neutral NiD. Clusters larger than Ni7 show an addi-
tional path to the formation of Nin_jD+ corresponding to
loss of NiCD3 neutral. These observations provide direct evi-
dence that C-D bond activation by metal clusters produces
an intermediate where the D and CD3 ligands are bound to
different nickel atoms, as suggested above. It seems likely
that this is true for all clusters even though comparable ob-
servations are not made forn=4-6. Nin_jCD3 + NiD prod-
ucts are not observed for larger clusters, n> 3, probably be-
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cause this minor channel does not compete effectively with
the other major reactions. Failure to observe NiCD3 loss for
smaller clusters, n< 7, may be because smaller clusters have
short lifetimes such that there is insufficient time for the
migration of D and CD3 to the remote sites needed for this
process.

VI. CONCLUSION

The kinetic energy dependences of the reactions of size-
specific nickel cluster cations (n=2-16) with deuterated
methane are examined in a guided ion beam tandem mass
spectrometer. We report cross sections for seven to ten reac-
tions for each cluster system, all of which exhibit thresholds.
The main reactions observed are 1, 2, and 4 to form
NiKD +, NiKC+, and NinCD2 , respectively. Analyses of the
energy dependence of both primary and secondary routes to
NiKD +, NiKC+, and NiKCD+ products provide two indepen-
dent values for the bond energies for each cluster to D, C,
and CD, which are in good agreement. In the case of
NinCD2 , there are barriers of about 0.6 eV in excess of the
endothermicity of the initial dehydrogenation reaction for n

1 and 2. These barriers are believed to lie in the exit
channel.60 For larger clusters, methane activation to form
NinCD2 exhibits thresholds of 0.9 0.1 eV values, which are
believed to include small barriers 0.3 0.4 eV in excess of
the thermochemistry for dehydrogenation. In analogy with
the mechanism for reaction of iron cluster cations with
methane,15 these barriers are believed to lie in the initial
dissociative chemisorption steps.

Best estimates for C, CD, CD2, and CD3 binding ener-
gies to cationic nickel clusters are obtained from analyses of
these multiple reactions pathways. The relative magnitudes
in D, C, CD, CD2, and CD3 bond energies to the nickel
cluster cations are consistent with simple bond order consid-
erations single, triple, triple, double, and single bond orders,
respectively . Comparison of these values to limited experi-
mental information for binding of D, C, and O Ref. 19
atoms to surfaces suggests that our experimental bond ener-
gies for larger clusters provide reasonable estimates for heats
of adsorption to nickel surfaces. As no experimental infor-
mation is available for molecular species binding to surfaces,
the thermochemistry derived here for clusters bound to CD,
CD2, and CD3 using D as a model provides the first ex-
perimental thermodynamic information on such molecular
species. These values are in reasonable accord with theoret-

ical estimates for C, CD, CD2, and CD3 binding to Ni
surfaces.88
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