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Neutral niobium and tantalum clusters (Nb, and Ta,) are generated by laser ablation and supersonic
expansion into a vacuum and are reacted in a pickup cell with various low pressure (~1 mTorr)
unsaturated hydrocarbons (acetylene, ethylene, propylene, 1-butene, 1,3-butadiene, benzene, and
toluene) under nearly single collision conditions. The bare metal clusters and their reaction products
are ionized by a 193 nm laser and detected by a time of flight mass spectrometer. Partially and fully
dehydrogenated products are observed for small (n<m) and large (n=m) neutral metal clusters,
respectively, with m ranging from 2 to 5 depending on the particular hydrocarbon. In addition to
primary, single collision products, sequential addition products that are usually fully dehydrogenated
are also observed. With toluene used as the reactant gas, carbon loss products are observed, among
which NbgCy, and TagC, are particularly abundant, indicating that the Met-Car molecule M4C;,
can be formed from the neutral metal cluster upon two collisions with toluene molecules. The
dehydrogenation results for low pressure reactions are compared with those available from previous
studies employing flow tube (high pressure) reactors. Low pressure and high pressure cluster ion
reactions are also compared with the present neutral metal cluster reactions. Reactions of
unsaturated hydrocarbons and metal surfaces are discussed in terms of the present neutral cluster

results. © 2006 American Institute of Physics. [DOI: 10.1063/1.2360278]

I. INTRODUCTION

Reactivity of both neutral and charged nanometer sized
transition metal clusters has been extensively studied' since
the pioneering work of Smalley and co-workers.*™ Charged
clusters are in principle readily controlled and manipulated
with electric and magnetic fields, and can be studied under
mass selective conditions. In contrast, neutral clusters are
difficult to control and usually must be ionized for detection.

Two approaches have been taken to the study of neutral
cluster reactivity. In the first applroach,4 clusters formed in a
narrow channel expand into a directly coupled fast flow
(flow tube) reactor, in which metal clusters (M,,) undergo
many collisions with both reactant(s) (A, etc.) and bath (e.g.,
He) gas. After the reaction, the gases with ~1-50 Torr pres-
sure have a secondary expansion into the vacuum system for
product analysis. In this instance, the heat of formation of the
M,+A— M,A" process can be quickly dissipated by colli-
sions with the bath gas and M,A" can be cooled and stabi-
lized. In the second approach,6 the cluster reacts, after
expansion into a vacuum system, with a low pressure
(~1 mTorr) gas in a pickup cell under nearly single collision
conditions. Scattering by gas molecules can destroy the mo-
lecular beam in this case and this approach is much less
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employed than the first one. In the low pressure cell experi-
ment, however, one can observe molecular decay products of
M,A" (M,A"—B+C,B,C+A) which may not be observ-
able because of rapid cooling and stabilization of M,A”"
through collisions with the high pressure bath gas in the flow
tube experiment. The sticking probability between neutral
metal cluster and reactant gas molecule can also be evaluated
for the pickup cell arrangement.7 Another advantage of the
pickup cell arrangement is that an electric field can be ap-
plied to the cluster beam prior to its entrance into the reac-
tion cell to deflect ions. This deflection is not easy to do in
the high pressure flow tube system because the reactor is
directly coupled to the cluster source, and as a result ionic
clusters may contribute to the final neutral products.8

In the present study, a pickup cell is employed to study
the reaction of neutral Nb, and Ta, clusters with unsaturated
hydrocarbons. The reactions of neutral and charged Nb,, with
various gases have been extensively studied due to niobium’s
single naturally abundant isotope and large specific
reactivity.5 A brief review of the reactions of Nb, with hy-
drocarbons is given below.

Reaction of benzene on neutral Nb, was studied in a
flow tube experiment by Pierre and El-Sayedg’10 and Zakin
et al."" Products of the primary addition reaction, detected at
very low ionization laser fluence (~50 uJ/cm?), are
Nb,C¢Hg (any n) and Nb,Cq (n=4) with dehydrogenation

© 2006 American Institute of Physics
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conversion probability (DCP) strongly dependent on 7. Rela-
tively low DCP is observed for n=8 and 10. Dehydrogena-
tion was not observed for sequential addition reactions; in
other words, Nb,C,H;, and Nb,C,,H¢, but not Nb,C,,, are
observed. Reaction of benzene with cationic Nb,, clusters'?
was also reported by Zakin et al. using a fast flow, high
pressure reactor. The product distribution is similar to the
one for the neutral Nb,, species, except that partial dehydro-
genation is observed for n=3 and a high DCP is observed
for n=4. Pierre et al. also studied Nb,, reactivity toward sev-
eral cyclic hydrocarbons;8 no product was observed with cy-
clohexane as a reactant but physisorbed and chemisorbed
products are readily detected with unsaturated molecules (cy-
clohexene and 1,3-cyclohexadiene). Nb, clusters have also
been reacted with isobutane'® and ethylene14 in a fast flow
reactor. Although products were observed in both experi-
ments, the bare metal cluster depletion rate for ethylene is
generally two orders of magnitude larger than the depletion
rate for the saturated molecule, isobutane. In the reaction
with ethylene, most of the primary and sequential addition
products were only partially dehydrogenated. The depletion
rate of Nbg and Nb;, with reactant ethylene was also small.
A fast flow reactor was also employed to study the reaction
of cationic Nb, with saturated hydrocarbons n-butane and
isobutane. " Physisorbed and chemisorbed (partially dehy-
drogenated) products were observed for n>7 and n=1-7,
respectively.

The reactivity of cationic and anionic Nb, has also been
studied at low pressure in a Fourier transform ion cyclotron
resonance (FT-ICR) spectrometer with various hydro-
carbons.'®! Products are observed with both saturated and
unsaturated hydrocarbons, for small (n<7) and all clusters,
respectively. Reactions with C,H,, C4Hg, and C¢HsCHj5 are
of particular interest for the present work and we will com-
pare our results with a pickup cell for neutral Nb,, clusters
with the FT-ICR results as is appropriate.

In contrast to the rather extensive investigation of nio-
bium cluster chemistry for ions and neutrals, only a few stud-
ies of neutral tantalum clusters reacting with saturated hydro-
carbons (ethane, propane, n-butane, isobutane, and
neopentane) in a fast flow reactor (high pressure) are
reported.zz’23 The depletion rate of Ta, clusters is found to be
lower than the gas collision rate by two to three orders of
magnitude, implying a weak reaction between Ta, and satu-
rated hydrocarbons.

In general, the dehydrogenation mechanism is particu-
larly interesting in the above reactions at all pressures be-
cause a similar process is also found in catalytic reactions on
metal surfaces.”* Although the cluster system is suggested to
be a good model for understanding surface catalytic behav-
ior, the understanding of dehydrogenation of unsaturated hy-
drocarbons on small gas phase clusters is far from complete.
Based on the high interaction energy (2-3 eV)26 between
charged metal atom/cluster and organic ligands (e.g., C¢Hy),
a long lived collision complex formation and an effective
temperature increase following intracluster vibrational en-
ergy redistribution of the interaction energy has been pro-
posed by Bondybey and Beyer.25 This mechanism was of-
fered to explain their FT-ICR findings of dehydrogenation
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products and is further supported by a ligand exchange ex-
periment in which less dehydrogenation is usually observed
if the cluster is solvated by inert gas atoms prior to reaction.
The interaction energy between neutral clusters and unsatur-
ated hydrocarbons is relatively small, ca. 0.5-1.5 eV based
on surface and solid state measurements”>* and
calculations,29 and as a result, the temperature increase for a
neutral system is relatively small. This small cluster energy
increase may not provide sufficient energy to overcome the
barrier to dehydrogenation in a neutral cluster pickup experi-
ment. Conditions (single collision) for a pickup cell and FT-
ICR all are similar; moreover, a charged system may behave
differently than a neutral one.

A comparison between the reaction results for neutral
and ionic metal clusters (Nb,) proves interesting in the fast
flow experiments on Nb,, reactivity. With unsaturated hydro-
carbons a few different dehydrogenation reaction mecha-
nisms have been suggested. Pierre and El-Sayed9 proposed
that size dependent dehydrogenation for Nb,/C¢Hg is driven
thermodynamically with the number of NbC bonds maxi-
mized. Zakin ef al.,'" on the other hand, proposed that C-H
bond breaking is an activated process with size selectivity
arising from variations in the electronic and/or structural
properties of the Nb,, clusters. The reaction of Nb, with C,H,
has been suggested to be barrierless for both the association
and dehydrogenation steps, and the extent of dehydrogena-
tion is primarily determined by thermodynamic constraints."*
We reexamine these suggestions and ideas in the light of the
new pickup cell reaction experiment reported below.

Transition metal containing carbide clusters (M,C,,) are
interesting species with potentially novel properties that
could be used in practical applications, such as in semicon-
ductors, and quantum and photovoltaic devices. These clus-
ters are typically generated in a laser ablated metal plasma.
Clusters with the M3C,, stoichiometry (M=Ti,Zr,V,Nb,
etc.) (Met-Cars) are of particular interest.*’ Calculations for
the structure of the Met-Cars generally confirm that the tet-
racapped tetrahedron (7, symmetry) is more stable than the
pentagonal docahedron (T, symrnetry).31 Since we generate
such species with benzene and toluene in a pickup system,
we can ask if the MgC,, species generated in a plasma with
CH, and the MC,, species generated at much lower tem-
perature in the pickup cell have the same structure. If both
MgC, species are in their lowest state and have the same
structure, then reaction pathways found for the reactivity
studies can provide useful information on the topologies of
Met-Cars in general.

In this present work, reactions of neutral niobium and
tantalum clusters with various unsaturated hydrocarbons in a
low pressure pickup cell are explored and new product chan-
nels, not reported previously for flow tube, high pressure
experiments, are observed. These results are compared with
those from previous studies and reaction mechanisms for the
generation of M,C,H, are discussed. When toluene is em-
ployed as a reactant gas for the M, species, relatively intense
hydrogen and carbon loss products MyC, are observed. The
reaction pathways suggested support at a 7, rather than a T},
topology for the MgC,, species, in agreement with theoreti-
cal predictions.
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FIG. 1. Product distribution in the reaction of Nb, with ~1 mTorr C¢Hg in
the pickup cell at three different 193 nm laser fluences. The weak shoulder
on the high mass side of the main peaks is due to oxygen and carbon
impurities. Similar impurity peaks are also present in all other spectra shown
in this work.

Il. EXPERIMENTAL PROCEDURES

The detailed instrumental apparatus employed in these
studies has been discussed previously,32 and we will thus
give only a brief outline of the experimental protocol.
Nb,/Ta, clusters are generated by laser ablation
[Nd**/yttrium  aluminum  garnet  (YAG), 532 nm,
8—10 mJ/pulse, 5—8 ns duration] of Nb/Ta metal foil in the
presence of high purity He (>99.995%) carrier gas. The
clusters are formed in a 2 mm X 33 mm cylindrical channel
and expanded into a vacuum system with the carrier gas. The
expansion generates a supersonic cluster beam. Ions in the
cluster beam are deflected by applying a static electric field
(200 V/cm, 2 cm long) downstream of the nozzle orifice.
The neutral clusters in the beam pass through a 57 mm long
pickup cell with a skimmer input (opening of 2 mm) and a
plate hole (2 mm) exit. Reactant gas leaks into the pickup
cell through a variable leak valve (Granville-Phillips). The
cell gas pressure is measured by a precalibrated pressure
transducer (MKS Baratron type 128). After collision and re-
action in the gas cell, the cluster beam enters a time of flight
ion source where a 193 nm laser beam (6—8 mm diameter,
10—15 ns duration) located 54 mm from the exit of the cell
is used to ionize clusters and products. Ions are detected and
signals are recorded as previously described™ by a time of
flight mass spectrometer (TOFMS) with mass resolution of
+1 amu at 500 amu.

lll. RESULTS

Figure 1 presents the mass spectrum of niobium clusters
Nb,, interacting with C¢Hg in the pickup cell. The pressure of
benzene in the cell is ca. 1 mTorr. The ionization laser wave-
length is 193 nm. To investigate the laser fluence dependence
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FIG. 2. Product distribution in the reaction of Nb, with ~1 mTorr C¢Hg in
the pickup cell at five different relative delay times (Af) for the ionization
laser (193 nm, 190 uJ/cm?) pulse with respect to the ablation laser pulse.

of the mass spectra for the system, the laser fluence is varied
over the range of <50 uJ/cm?to 14 mJ/cm?. The figure
shows that at less than ca. 1 mJ/cm? the spectra are stable
and not dependent on laser fluence. At high fluence, ca.
15 mJ/cm?, weak photochemical products (e.g., Nb,Cs from
Nb, C,) are observed. The major products of this reaction in
the pickup cell low pressure experiment are fully dehydroge-
nated (Nb,C4) species. This result is different from that in
the high pressure flow tube reactor for which the nondehy-
drogenated products (Nb,C¢H) usually have comparable in-
tensities to anC().g’11 A detailed discussion of this difference
is given in Sec. IV.

Two other very different ionization lasers (226 nm with
180 fs duration and 46.9 nm with ~1 ns duration) are used
to verify that the dehydrogenation products are formed in the
pickup cell and not in the ionization region through 193 nm
photochemistry. The idea is that products with less (or at
least different) dehydrogenation would be observed by
femtosecond or very low energy/pulse (<1 uJ/pulse) x-ray
laser ionization, if 193 nm laser ionization causes the dehy-
drogenation observed. No such products are observed in
these two experiments. We believe that dehydrogenation
products observed through low fluence 193 nm laser ioniza-
tion in these studies are formed in the pickup cell.

Timing issues are found to be important in the pickup
cell experiments. Figure 2 presents mass spectra for the re-
action of Nb, with benzene (~1 mTorr) obtained by ioniza-
tion (193 nm) at different delay times with respect to the
ablation event. This figure shows that the product distribu-
tion (Nb,C¢H,) based on collision with one benzene mol-
ecule reaches the ionization region later than does the bare
metal Nb, cluster, and that Nb,C,,H, arrives at the ionization
region even later. This result is in quantitative agreement
with the gas kinetic estimation that predicts a speed decrease
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TABLE I. Products (M,CH,, M=Nb and Ta, n<12) observed in reactions of niobium and tantalum clusters with various unsaturated hydrocarbons in a

pickup cell.

Nb Ta
C,H, C,H, C,Hg C¢Hg C,Hg C¢Hg C,Hg
n 0.77 mTorr 0.77 mTorr 0.68 mTorr 0.98 mTorr 1.4 mTorr 0.85 mTorr 1.4 mTorr
1 x,y=2,2;4,4; 6,4 2,2 (strong); 4,4 2,2; 4,4; 6,6 6,4; 6,6; 12,10 7,6 6,4; 6,6; 6,4; 6,6, 7,6
all very weak 12,10
2 2,0; 4,2 2,2; 4,4 42,44 6,4 7,6 74
very weak
3 2,0; 4,0 2,0; 2,2 (weak); 4,0; 4,2 6,2 7,2, 7,4 6,2 7,2
42
4 2,0; 4,0; 6,0 2,0; 4,0 4,0 6,0; 6,2 7,2 6,0 5,0; 5,25 6,0; 7,2
very weak
5 2,0; 4,0; 6,0 2,0; 4,0 4,0; 8,0 6,0 7,0; 7,2 6,0 6,0; 7,0
6 2,0; 4,0; 6,0 2,0; 4,0 4,0; 8,0 6,0 7,0 6,0 6,0; 7,0
7 2,0; 4,0; 6,0 2,0; 4,0; 6,0 4,0; 8,0 6,0; 12,0 7,0 6,0; 12,0 6,0; 7,0; 12,0; 13,0; 14,4
8 2,0; 4,0; 6,0 2,0; 4,0 4,0; 8,0; 12,0 6,0; 6,6; 12,0 7,0; 12,0 6,0; 12,0 6,0; 7,0; 11,0; 12,0; 14,2
all weak all weak
9 2,0; 4,0; 6,0 2,0; 4,0; 6,0 4,0; 8,0; 12,0 6,0; 12,0 7,0; 12,2 6,0; 12,0 6,0; 7,0; 11,0; 12,0; 13,0;
14,2
10 2,0; 4,0; 6,0; 2,0; 4,0 4,0; 8,0; 6,0; 12,0 7,0; 12,0, 6,0; 12,0 6,0; 7,0; 11,0; 12,0; 13,0;
8,0 all weak 12,0 all weak 14,0 14,0
11 2,0; 4,0; 6,0; 8,0 2,0; 4,0; 6,0 4,0; 8,0; 6,0; 12,0 7,0; 14,0 6,0; 12,0 6,0; 7,0; 12,0; 13,0; 14,0
12,0

for Nb, clusters if they collide with and pick up gas mol-
ecules in the reaction cell. This also eliminates the possibility
that products are formed in the nozzle where a small amount
of reactant gas might reside (107 Torr) due to background
from the pickup cell. As shown in Fig. 2, the relative signal
of products (Nb,C¢H, and Nb,C,H,) with respect to bare
Nb, depends significantly on the ionization laser delay time.

Based on the above experimental condition studies, the
193 nm laser fluence employed for all other reaction systems
is kept below 1 mJ/cm? per pulse and typically is kept in the
range of 100—400 uJ/cm? per pulse depending on signal
magnitude in the given experiment. The ablation/ionization
laser time delay is also set (at “O us” in Fig. 2) so that
product features have the best signal/noise ratio. The results
obtained under these experimental conditions are docu-
mented in Table I and presented in Figs. 3—6 and are ex-
plained below.

Nb +CH/ Nb"CxHy= nx,y

T T T T T d
750 800 850 900 950 1000 1050
MASS / AM.U.

FIG. 3. Mass spectrum showing few products due to Nbg and Nby, in the
reaction of Nb,, with ~1 mTorr C¢Hg in the pickup cell. Ionization is by a
193 nm laser with fluence of 190 wuJ/cm?.

To emphasize the relatively low yield of product for Nbg
and Nb, clusters reacting with C4Hg, this region of the mass
spectrum is expanded for the spectra of Figs. 1 and 2 and
presented in Fig. 3. Note that one very low intensity nonde-
hydrogenated product NbgCyHg is identified in the spectrum.
A comparison of the product distributions for Nb,, reacting
with ethylene and acetylene in the mass regions Nb; to Nby;
is shown in Fig. 4. Products for Nbg and Nb;, reacting with
C,H, are of particularly low intensity; this is not true, how-
ever, for Nb,, reacting with C,H, under the same conditions.
In fact Nbg1p/C;, 46 can all be identified in this reaction
with C,H,.

The reaction results for Ta, reacting with various simple

Nb C =mn

7 10 0.77 mTorr C2H4

6.4

600 750 900 1200

MASS /AM.U.

FIG. 4. Product distribution in the reaction of Nb, with 0.8 mTorr C,H, and
C,H, in the pickup cell. Ionization is by a 193 nm laser with fluence of
70 pJ/cm?.
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FIG. 5. Product distribution in the reaction of Ta, with ethylene, acetylene,
propylene, 1-butene, and 1,3-butadiene in the pickup cell. The vapor pres-
sures of the hydrocarbons are indicated on the figure. Ionization is by a
193 nm laser with fluence of ~1 mJ/cm?.

unsaturated hydrocarbons (acetylene, ethylene, propylene,
1-butene, 1,3-butadiene) are shown in Fig. 5. No strong size
dependent reactivity is found for Ta, in these reactions, and
reactivity of Ta, generally increases with increasing n. The
reaction between Ta,, and hydrocarbons is more facile for the
more unsaturated reactants (i.e., C,H, and C4Hg generate
more abundant products than the other reactants of Fig. 5).
The reaction products of Nb, and Ta, with toluene are
presented in Fig. 6. Note that NbgC;, and TagC,, are signifi-
cant products in the reaction and that their signal magnitudes
are intense among the carbon loss products such as
Nb,C,H,, Ta,C¢, Ta,Cy,, and Ta,C,3. Table I lists the ob-
served products (M,CH,, n<<12) for various reactions.

M +C.H 8/ ManHy: nx,y

2000 2500

1500
MASS/AM.U.

FIG. 6. Product distribution in the reaction of Nb, and Ta, with 1.4 mTorr
toluene in the pickup cell. The vapor pressures of the hydrocarbons are
indicated on the figure. Ionization is by a 193 nm laser with fluence of
770 pJ/cm?.
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FIG. 7. Relative HOMO and LUMO positions of C,H,, C,H,, Nbg, and
Nbi~. B3LYP/6-311+G(2d,p) method and basis set are used for C,H, and
C,H, with the optimized structure. BALYP/LANL2DZ are used for Nbg and
its ions. The structure of Nby is optimized (singlet multiplicity) and the same
structure is used for the ions (doublet multiplicity).

IV. DISCUSSION
A. General

Nb,, and Ta, neutral clusters readily react with unsatur-
ated hydrocarbons under single collision condition, as shown
in Figs. 1-6 and Table I. More dehydrogenation occurs for
these neutral clusters as the cluster size increases and full
dehydrogenation begins to occur for 2<n<35, depending
mainly on the degree of hydrocarbon unsaturation and num-
ber of hydrogen atoms contained. This result is in agreement
with thermodynamic considerations that more metal carbon
bonds can be formed as cluster size increases and more en-
ergy can be released to evaporate more hydrogen atoms from
the product cluster. This trend is predicted by calculation for
the reaction of C,H, with an;]4 full dehydrogenation is
thermodynamically allowed for n=3. Several saturated hy-
drocarbons, such as methane, ethane, propane, n-butane, and
cyclohexane are also used as reaction gases and no product is
observed under our experimental conditions, although the re-
action is thermodynamically allowed for a large cluster: for
example, calculation in Ref. 14 and thermodynamic data of
C,H, and C,H¢ show that Nb,+C,Hs— Nb,C,+3H, is al-
lowed for n=6. Figures 4 and 5 show that for the same
experimental conditions, acetylene reacts more completely
than ethylene with Nb, and Ta, neutral clusters, and that
1,3-butadiene reacts more completely than 1-butene with Ta,
neutral clusters. All these observations suggest that dehydro-
genation of unsaturated hydrocarbons on neutral Nb, and Ta,,
clusters is initiated by the interaction of an unsaturated
carbon-carbon bonding structure with the metal cluster.

In the language of frontier molecular orbital theory,33
electron transfer or donation from (to) the @7-HOMO
(7"-LUMO) of the unsaturated hydrocarbon to (from) the
LUMO (HOMO) of the cluster initiates the formation of a
m-bonded complex and causes the dehydrogenation reaction.
An example of the relative lowest unoccupied molecular or-
bital (LUMO) and highest occupied molecular orbital
(HOMO) positions for hydrocarbons and metal clusters is
presented in Fig. 7. C,H, and C,H, have similar HOMO/
LUMO positions relative to the neutral metal cluster Nbg.
Because the HOMO and LUMO of C,H, are both doubly
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degenerate, the overlap between the frontier MOs of the
metal cluster and C,H, will be larger than that between the
metal cluster and the nondegenerate MOs of C,H,. This en-
ables a larger 7 interaction between M, and C,H, than be-
tween M, and C,H,. Moreover, [C,H,+H,] is higher in en-
ergy than C,H, and thus the reaction to form (M,C,+H,)
from C,H, is energetically more favorable than the reaction
to form (M,C,+2H,) from C,H,. These ideas suggest a
more facile reaction between metal clusters and more unsat-
urated hydrocarbons than between metal clusters and less
unsaturated hydrocarbons, particularly for C,H, vs C,H, and
C,Hg vs C4Hg. Figure 7 also shows that the relative positions
of the frontier MOs of the same metal cluster (Nbg) in three
different charge states are quite different. This may explain
why reactivity of the Nbg cluster anion is about one order of
magnitude lower than that of the Nbg cluster cation for the
dehydrogenation of benzene.”'

B. Reaction of neutral Nb,, and Ta, with benzene

Reaction of neutral Nb,, clusters with benzene has been
studied in detail by fast flow (high pressure) experiments.g_”
The primary products of these experiments are found to be
only Nb,C¢Hy for n<<3, both Nb,Cq and Nb,C¢Hg for
n>3, and no dehydrogenation at all for secondary addition.
Results for pickup cell (low pressure) reactions are presented
in Figs. 1 and 2 and Table I for Nb, and benzene. Clearly the
present results are different from those reported in the litera-
ture. These differences can be anticipated and are listed be-
low and possible explanations for them are given.

The first, and perhaps most noticeable difference be-
tween the flow tube and pickup cell results, is that except for
n=1 and 8, all products have lost some hydrogen atoms for
the pickup cell reaction. This is expected for a pickup cell
experiment: these are low pressure reactions with no inert
gas collisions to stabilize reaction intermediates and remove
energy from the cluster reaction complex. Presumably the
m-bonded initial activated collision complex (an---CﬁHz)
has association energy (~0.5—1.5 eV), center of mass Kki-
netic energy (~0.3 eV), and an unknown initial cluster inter-
nal energy. Assuming that the cluster rotational and elec-
tronic temperatures are low, the internal energy can be
estimated by the vibrational energy FE,=(3n-6)kT,
=(n-2)0.077(T,/T,) eV, where k is the Boltzmann constant
(8.617%107° eV/K), T, is the vibrational temperature in
Kelvin, and 7,=298 K. The fate of the activated complex
Nb,,- - -C6Hg in the pickup cell experiment is one of the fol-
lowing. For channel a, Nb,,- - -C6Hg falls apart to the original
reactants (Nb, and Cg¢Hg) within one vibrational period
(<1 ps); For chanel b, Nb,,- - -C6H2 forms a dehydrogenation
product (e.g., Nb,Cq+3H,) directly, also within one vibra-
tional period time scale; and for channel ¢ Nb,,- - -C6H>6k un-
dergoes intracluster vibrational redistribution (IVR, <1 ps)
of energy (~0.8—1.8 eV) from the association coordinate to
other degrees of freedom, such as Nb-Nb and Nb—C vibra-
tions, and a metastable complex anCﬁHz is formed. Chan-
nel b is unlikely because IVR must precede any bond break-
ing so we can ignore this possibility. One expects that IVR is
fast enough to compete with channel a above, direct disso-
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 — Association potential

Dehydrogenation potential(s)

FIG. 8. A schematic diagram showing the potential curves that are involved
in the association and dehydrogenation reaction of metal clusters with hy-
drocarbons. In the figure E is the total energy, E, is the association/binding
energy, and E, is the energy of hydrogen activation. Vibrational coordinates
that are involved in the association and dehydrogenation are different and
the assumption that a double minimum potential along one coordinate exists
in Ref. 25 may not be accurate.

ciation, otherwise no products would be observed. From the
pressure of bath gas (1-50 Torr) in the flow tube reactor
experirnents,‘"14 the collision rate for the cluster (Nby,, r
~45%x107" m) and the bath gas molecules (He, r~1
X 10719 m) is estimated to be (0.02—1) X 10 s~!. If roughly
ten collisions (10—500 ns) are required to cool and stabilize
the collision complex efficiently, formation of the metastable
complex Nb,,C6H; by IVR must also happen in the flow tube
experiment, otherwise no direct association product would
be observed. On the basis of the above observations and in
agreement with the results for the cationic cluster sys.tem,25
we conclude that the metastable association complex
Nb,,CéH; is formed in both the pickup and flow tube reactor
cells.

Consider now the fate of the stabilized (by IVR)
anCGH; complex in the pickup cell experiment. For channel
1, energy is regained in the original association coordinate
and the complex dissociates to Nb,, and C4Hg. The rate of
dissociation (kg), in general, should decrease with increas-
ing n according to the Rice-Ramsberger-Kassel-Markus
(RRKM) theory (assuming all clusters Nb, have the same
vibrational temperature, which may not be true). kg at n
~7-8 would be in the order of 10*s7! if a T,~298 K is
assumed. For channel 2, enough energy flows to a coordinate
that aids hydrogen activation and causes dehydrogenation. If
the hydrogen activation energy Ej, (see Fig. 8) is signifi-
cantly larger than the Nb,---C4Hy association energy (E,),
the dehydrogenation product will have a small concentration:
our pickup cell studies suggest that the dehydrogenation rate
is faster than the dissociation rate (ca. 10*s™!, n>5, n
#8,10) and thus the activation barrier is smaller than the
association energy E,, <E,. Because comparable amounts of
Nb,C¢Hg and Nb,Cy (n>5, n#8,10) are formed in flow
tube experirnents,gfll the dehydrogenation rate in the low
pressure pickup cell experiments must be comparable to the
cooling rate due to bath gas in the high pressure flow tube
reactor experiments which is 10’—10° s™! for n~10. For
channel 3, a high activation barrier exists (Ep,>E,) and
anCGH; remains bound for 50—100 us and is detected at
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the ionization region. Finally, for channel 4, the complex is
stabilized by collision or radiation and the Nb,C¢Hy¢ complex
is detected. In the pickup cell experiments this is not likely
because the collision rate is small (one to three collisions per
50 ws), and radiative cooling through IR emission should
require milliseconds. Thereby, channel 2 seems the most rea-
sonable choice for a dual explanation of both low and high
pressure studies of Nb,+CcHg— Nb,Cq and Nb,CcHg (n
>5,n#8,10): E,,<E, and the rate for dehydrogenation is
10*<kg,<107-10° s7'.

The second difference between high pressure flow tube
and low pressure pickup cell experiments is the appearance
of products such as Nb,C¢H,;, Nbs;C¢H,, and Nb,CgH,
observed at low pressure—at high pressure Nb,CqHg
(n=2,3,4), is observed. The reason that these partially de-
hydrogenated products are not observed for the fast flow ex-
periment is that collisions with the bath gas cool the associa-
tion products much faster than the dehydrogenation reaction
can occur for these small clusters. These small clusters must
have low vibrational energy under high pressure conditions
and may have a relatively high dehydrogenation activation
energy.

The third difference between high and low pressure ex-
periments with regard to product generation deals with addi-
tion of a second unsaturated hydrocarbon to the initial acti-
vated complex, to form products Nb,C;,, that are fully
dehydrogenated, as observed for n=7 in the pickup cell ex-
periment. The corresponding products for the flow tube re-
actor experiments are Nb,C,Hg and Nb,lCIZle.11 These
products are suggested to arise due to passivation of the clus-
ters toward further dehydrogenation once the primary addi-
tion products (Nb,C4 and Nb,C4Hg) are formed. The results
from the present low pressure pickup cell studies shed new
light on these high pressure flow tube results. In the first
instance, for formation of Nb, C;,H¢, dehydrogenation is not
favored because collisions cool the cluster Nb,Cg to the level
that Nb, C,Hg does not have enough residual energy to sur-
mount the activation barrier to further dehydrogenation in
the reaction Nb,C;,H¢— Nb,C,+3H,. In the second in-
stance, for the formation of Nb,C,H,, due to the addition
of C¢Hg to Nb,C4Hg, both reactant and product clusters
(Nb,CcHg and Nb,C,H,) are cooled fast enough through
collisions with bath gas that neither activation barrier to H,
loss can be surmounted. Thus the observation of hydrogen-
ated products in the high pressure experiments may be attrib-
uted to the reduced cluster temperature due to collisional
cooling.

The high temperature of Nb,Cq in the low pressure
pickup cell experiment may be responsible for the observa-
tion of NbCcH, and NbCcHy (see Table I and Figs. 1 and 2).
In these experiments the cluster formation conditions can be
controlled such that only Nb atom (n=1) is present in the
molecular beam. In this instance, NbCqH, and NbCcHg can-
not be observed. Note that these species in Fig. 2 only appear
at later time delays for which larger Nb,, clusters are present.
Moreover, the formation of NbC¢H4+H, from Nb+C¢Hg
may not be energetically favorable and it may not be possible
for the small direct association complex NbCqHg to survive
50-100 us for detection. One possibility for the generation
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of these two species, NbC¢H,, and NbC¢Hg, is through the
reactions Nb,+CgHg— Nb,_;+NbC¢Hg (n>1) and Nb,
+C¢Hg— Nb,_; +NbC¢H,+H,. The fragmentation energy of
Nb, — Nb,_;+Nb, however, is above 4.5 eV.** The calcu-
lated association energy for Nb+CgHg— NbCcHg is only
1.5 eV.” This gives the initial vibrational energy of Nb,, to
be at least 4.5—1.5—0.3 eV = (bonding energy) — (associa-
tion energy)— (center of mass kinetic energy) = 2.7 eV,
corresponding to 7,=1306 K for n=10, if Nb,+CgHg
— Nb,,_; +NbC4Hy happens. The actual vibrational energy
would be even higher than this value if the reaction happens
within 50—100 us. Note that VO, has been determined to
have a vibrational temperature of ca. 700 K under collision-
free conditions following supersonic expansion.35 Addition-
ally, a more reasonable mechanism for the low pressure for-
mation of NbCqHg might be Nb,Cq+CsHg— Nb,_;Cq
+NbC4Hg, as Nb, Cy can be hotter than Nb,CqHg due to the
dehydrogenation reaction energy. Both paths are apparently
possible based on thermal considerations.

In addition to the differences mentioned above between
the pickup cell and flow tube reactor results which can be
explained by the cooling effect of the high pressure reac-
tions, we also notice good agreement between the results of
this work and those of previous studies. Figure 1 shows that
the mass spectral signals for the products NbgCy and Nb;(Cg
are relatively low in the pickup experiment: Nbg and Nb
are particularly unreactive toward dehydrogenation of ben-
zene. This has been previously observed by fast flow reactor
experiments and suggests that the cluster temperature in this
work is not very high compared to that of the previous stud-
ies. The low reactivity of Nbg and Nby, in benzene dehydro-
genation can be rationalized by considering a relatively high
hydrogen activation (E},> E, in Fig. 8) in the particular sys-
tems. Thus, the low reactivity of Nbg and Nb,, toward ben-
zene need not be caused by thermodynamic considerations
but by kinetic problems due to high activation barriers for
the reactions. This supposition is supported by the fact that
Nbg and Nb, react with C,H,, C;Hg, and C,Hg molecules to
form NbgCgq, NbgC,, and NbgCg much more readily than
NbgC¢ forms from Nbg+CgHg. Nbg and Nb, are also found
to be unreactive with D, and Nz,s but this may be partially
due to high ionization energ16536 and high HOMO/LUMO
gaps37‘38 of the clusters. In these various instances of specific
reactivity, we suggest that the overall cluster Nb, and its
reactant gas partner (C4gHg, C,H,, C4Hg, etc.) must be con-
sidered as a reaction unit (see Figs. 4 and 5).

The results for benzene dehydrogenation on neutral Nb,,
clusters in the pickup cell experiments discussed in this re-
port are also similar in many ways to the data obtained in
FT-ICR experiments on cationic Nb, clusters. In these latter
experiments, the same partially dehydrogenated stoichiom-
etry for small product clusters (e.g., Nb,C4Hj, Nb;C¢H3, and
Nb,C¢H3) is observed. Full dehydrogenation occurs for Nb"
with C4Hg for n>5. All second collision products are found
to be completely dehydrogenated as well, in the FT-ICR
studies. Because single collision low pressure conditions are
employed in both the pickup and FT-ICR experiments, this
product similarity for both cases indicates that charge does
not significantly alter the reaction energetics. Anionic clus-
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ters also behave and react in a similar fashion.”' Nonetheless,
for relatively low reactivity systems, charge does seem to
matter in the cluster dehydrogenation reaction with benzene.
Refs. 16 and 21 show that products Nb,C{, Nb;3Cq,
Nb;,Cg, NbjgC¢™, and Nb,,C¢™ are of relatively low con-
centration but NbgC¢™ and Nb;(C¢~ are not. This charge
dependent low reactivity (at least for n<<19) suggests that
electronic rather than geometric structural properties in these
particular systems are responsible for the barriers to dehy-
drogenation.

Nb, C¢Hg '~ ionic clusters are detected in the FT-ICR ex-
periment for cluster size in the range of 12<n<<22. As
shown in Fig. 3, a low intensity signal is observed for
NbgCgHg for the pickup cell low pressure experiment. This is
consistent with the interpretation that the hydrogen activation
barrier in this system is relatively high so that the metastable
complex Nb8C6HZ cannot accumulate sufficient energy to
surmount this barrier within 50—100 us. These data also
suggest that the T, of the cluster is not very high, otherwise
the lifetime of the metastable NbSCGH; would be short and
the cluster could not be observed. The observation of this
product coupled with RRK theory may be used to estimate
T, of the clusters generated in this work. Because a small
amount of Nb8C6H6* (about 5%, using the peak intensity ratio
of NbgCeHg to NbyCy in Fig. 3) can survive on average about
75 ws for detection, the lifetime of NbgCéH; is estimated to
be 25 ws. This corresponds to a dissociation rate constant kg;,
(NbgCeHg — C¢Hg+Nbg)=4 X 10* s\, In RRK theory, kg
=v (1-Ey/E)*7, in which v is the effective frequency of
the Nbg---C¢Hg reaction coordinate vibration (v=3
X 10?57, ~ 100 cm™' is assumed), E, is the association
energy (0.5—1.5 eV), E is the total energy (see Fig. 8) and
E=Ey+E+E,~(Ey+0.3+0.462T,/298) eV and CgHy is
treated as one unit and n=8+1=9 is used. We find E/E,
=1.68 and 7,=245 and 464 K for Ey=1.0 and 1.5 eV, re-
spectively. These are acceptable values of temperature prior
to reaction considering that some supersonic cooling exists
for these experiments. If 7, is increased to 1300 K, kg
~23%10°s7! (Ej=1eV) and 1.4X10%s7! (Ey=1.5eV).
This temperature would not be consistent with a NbgCgHg
product being observed.

C. Reaction with ethylene

In general, considerations of the preceding subsection on
benzene reactions with Nb,, can be employed to explain ex-
perimental results for the dehydrogenation reaction of vari-
ous unsaturated hydrocarbons on Nb, and Ta, neutral clus-
ters. Since ethylene dehydrogenation on niobium neutral and
ionic clusters is also extensively studied by fast flow (high
pressure) and FT-ICR (low pressure) experiments,'*'®"" a
comparison between the present pickup cell results and those
previous studies is emphasized in this subsection.

As shown in Fig. 4 and Table I, all primary and sequen-
tial addition products in reactions of C,H, with Nb, are fully
dehydrogenated for n>3. Thus, full dehydrogenation is both
thermodynamically and kinetically (50—100 us) favorable
for clusters [Nb,(C,H,),, n>3] with internal temperatures
between 250 and 460 K. Nonetheless, most primary (e.g.,
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n=8-12,14-25) and sequential addition products for flow
tube experiments14 are only partially dehydrogenated. This
observation suggests that more than one step is involved in
the dehydrogenation process (such as NbyC,H, — NbyC,H,
+H, and NbyC,H,— NbyC,+H,), and that the rate of the
second step is considerably slower than that of the first for
both thermodynamic and kinetic reasons. An interesting dif-
ference between the fast flow experiments for the reaction of
Nb,, clusters with C,H, and C¢H is that essentially no non-
dehydrogenated products (Nb,C,Hy, n# 10) are observed for
the C,H, reaction, whereas nondehydrogenated products
Nb,CcHg are observed for the CqHg reaction. This implies
that E,, (Fig. 8) is relatively smaller for Nb, with C,H, than
it is for Nb,, with CqHg. Another possible explanation for
these observations is that the bath gas pressure (~1 Torr) in
the experiment with C,H, (Ref. 14) is considerably lower
than that (~50 Torr) in the experiment with CqHg. """ As a
result, the cooling in the C,H, reaction with Nb,, is not as
facile as that in the C¢Hg reaction. This yields a dehydroge-
nation rate in the pickup experiment of kg,~2 X 107 s7! for
n~ 10, in agreement with previous estimation.

As shown in Fig. 4, Nbg and Nb, are relatively unreac-
tive with C,H,, as has been reported for high pressure flow
tube reactor experiments, for which the depletion rates for
these two clusters are relatively very small. Recall that the
depletion rates for Nbg and Nb,, with C4Hg are not relatively
small."' These two observations can be explained based on
the relatively higher values of E,, than E, (see Fig. 8) and
the poor cooling efficiency for the flow tube high pressure
Nb, +C,H, reaction. An alternate explanation for these ob-
servations is that E is particularly small for Nbg- --C,H, and
Nb,(- - C,H, so that direct dissociation rate kg is large and
the cooling is not fast enough to stabilize the association
products. A small £, may also be responsible for the low
reactivity for Nb, and C,H,,,,,»/c-C,,H,, found both in
these experiments and high pressure ones.

As discussed previously, frontier molecular orbital inter-
actions between M, (M=Nb and Ta) and saturated hydrocar-
bons are weaker than those for unsaturated hydrocarbons,
and E; is also smaller for saturated hydrocarbon interactions
with M,, clusters. Assuming v and n are the same in the RRK
rate formula,

k(sj?; (Egsal + AE)311—7

K\ EY'+ AE

in which AE=E-E;~0.3+(n—2)(0.077 eV) for T,=298 K.
Using ES"=0.38 eV [n-butane with Ni(111) surface™], ES*
=1.0 eV, and n=10, we find k§L/k5"=(1.478) ~8X 10°.
This implies that direct dissociation can be much faster for
low binding energy systems than for high binding energy
systems and thus saturated hydrocarbons may not have suf-
ficient time as an activated complex with M, to convert to
product M, C,H, before dissociation.

Comparing results of neutral Nb,, cluster reactions with
C,H, in the present pickup cell experiment with those of
cationic Nb,, clusters with C,H, studied by FT-ICR,'®" gen-
eral agreement is again found between the neutral systems
studied in this work and the charged systems reported in the
literature: fully dehydrogenated products are observed for
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n>3 for primary and secondary additions. In the case of low
reactivity, Nbj, and Nbj, are particularly unreactive, while
for the neutral system, Nbg and Nb,, are unreactive (Fig. 4).

D. Reaction with toluene

Reaction of M, (M=Nb and Ta) with C¢qHsCHj in this
pickup cell experiment is interesting and the product distri-
bution is shown in Fig. 6. In addition to the major dehydro-
genation products such as M,C; and M,C 4, some less in-
tense carbon loss species are observed, especially for Ta,Cg
for n>4 (see Table I). This observation implies that methyl
group or methane loss is another reaction open channel for
toluene plus Ta,. Similar observations have also been made
for a fast flow reactor system40 in which losses of CO, CHj,
H,CO, and CH;OH are observed for Nb,, reactions with ap-
propriate benzene derivatives and unsaturated nonaromatic
hydrocarbons. The carbon loss reaction channel is also iden-
tified in a few instances in FT-ICR reactions,16 such as Nbf[
+C¢Hg— NbyCsH*+H,+CHj, and reaction of Nb; with sev-
eral propylene or 1-butene molecules.?’ The reaction of cat-
ionic Nb, with toluene has also been studied by FT-ICR
experiments,m’17 but no carbon loss products, such as
NbgC1,, are reported.

Figure 6 demonstrates that among the carbon loss prod-
ucts for the reaction of M, with toluene (Nb,C,, Nb,C,H,,
and Ta,C,, with m=5,6,11,12,13), NbgC,, and TagC,, are
particularly abundant. We suggest that the “magic” NbgC,
and TagC;, observed in the low pressure pickup cell experi-
ment have the Met-Car structure’ that is generated for
MC, (M=Ti,Zr,Hf,V ,Nb) formed in the reaction of high
temperature laser ablated metal plasma with seeded hydro-
carbons in a carrier gas.30 In these previous experirnents,“’42
TagC,, is reported to be not magic. This absence of the tan-
talum Met-Car species has been explained as due to a large
Ta—Ta binding energy with respect to other metals;*® how-
ever, observation of magic TagC, and also NbgC;, near the
room temperature reaction of Mg with toluene in the present
study indicates that the failure to observe Met-Car TagCy, in
the laser ablation plasma experiments is probably due to ki-
netic constraints for this particular system. TagC;, seems as
stable as other Met-Cars generated in the pickup cell reac-
tion.

Because the M,, (M=Nb, Ta) cluster dissociation energy
is high (>4.5¢eV for an),34 we propose that MgCy, is
formed directly from My, although the possibility of its for-
mation through metal fragmentation cannot be specifically
excluded. The reaction pathways

MS + C6H5CH3 — M8C7 + 4H2,

M8C7 + C6H5CH3 i M8C12 + [(ZC + SH)
or (Csz + 3H2)]

may be used to interpret how the Met-Car is formed and thus
reveal its topological structure. Figure 9 shows possible
paths to form NbgC;, from Nbg by absorbing two toluene
molecules. In this figure, structure (B) is a calculated Nbg
structure (B3ALYP/LANL2DZ) that is close to the Nbg struc-
tures of Ref. 38, and structures (A) and (C) are NbgC,, struc-
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(A) ©) N

(A): NbgCy»/Ty
(B): Nbg
(C): NbgCy,/Ty,

FIG. 9. Structures of Nbg (B) and NbgC, in T, (A) and 7}, (C) symmetries.
The structure of Nbg is the optimized result by the B3LYP/LANL2DZ
method and basis set (singlet multiplicity). NbgC,, in T,; and T}, symmetries
is constructed according to the calculated structure of TigC, in Ref. 31. The
view angles are arranged so that each niobium atom is in a similar position
in the different molecules. Light blue=Nb; gray=C.

tures arranged in 7,; and 7} symmetries, respectively. Inspec-
tion of these structures leads one to the conclusion that
structure (A) is more readily formed from (B) than is (C) by
absorbing two toluene molecules: (1) carbons [9,10], [11,12],
and [13,14] can come from the benzene group and carbon
[15] from the methyl group of the primary addition toluene;
and (2) carbon [16] can come from the methyl group and
carbons [17,18] and [19,20] from the benzene group of the
second toluene molecule by fragmenting one CC unit in the
secondary addition. We suggest that the second toluene is the
species fragmented because the cluster complex MgCg is not
or only weakly observed. Our observation of Met-Car forma-
tion in the pickup cell experiment strongly supports the the-
oretical Met-Car T, structure®’ or at least disagrees with the
original 7}, structure™ suggestion.

E. Comparison to surface catalytic reactions

One of the more interesting aspects of the present cluster
gas phase reactions is that they parallel similar behavior
found for clean metal surfaces, such as various Ni and Pt
surfaces.*>* In general, we have found that the reactivity of
neutral metal cluster M, toward unsaturated hydrocarbons is
not dependent on cluster size n (geometric structure), rather
cluster reactivity seems to correlate best to HOMO/LUMO
electronic structure with regard to both the metal and the
particular unsaturated hydrocarbon of interest, and reactant
cluster “vibrational” temperature. To the extent that cluster
and surface chemistries are similar, we suggest that surface
electronic state energies relative to unsaturated hydrocarbon
HOMO/LUMO energies are an important feature for surface/
catalytic reactivity. Additionally, both local surface tempera-
ture and thermal dissipation (“IVR” and “collisional energy
loss”) into the phonons of the condensed phase system also
play major roles in the ability of metal surfaces to support
dehydrogenation reactions for unsaturated hydrocarbons.
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V. CONCLUSIONS

The initial step in the reaction of neutral metal clusters
M, (M=Nb,Ta) with unsaturated hydrocarbons (C,H,) is
the formation of a metastable complex M,,CXH;. This con-
clusion comes from a detailed comparison of reaction prod-
ucts arising from both pickup cell (low pressure) and flow
tube reactor (high pressure) experiments. These results, in
conjunction with RRK theory of reaction rate constants,
yield information on a number of basic concepts for neutral
metal cluster/unsaturated hydrocarbon reactions: (1) the bar-
rier to hydrogen activation, (2) rates of dehydrogenation, di-
rect dissociation, and cooling of the clusters and cluster com-
plexes by bath gas collisions for flow tube experiments, (3)
cluster temperature, and (4) thermodynamic and kinetic con-
trol of reaction pathways.

The major products in this pickup experiment are fully
dehydrogenated, in contrast to flow tube reactor high pres-
sure results for which non- and partial dehydrogenation re-
actions often occur. This product difference at high and low
pressures is due to the cooling effect of collisions between
the reaction complex M,,CXH; and bath gas for the flow tube
experiments. This cooling effect implies a complicated situ-
ation for the dehydrogenation reaction on the surface of a
metal for which phonon modes can substitute for bath gas
collisions.

Neutral and ionic clusters have a surprising similarity in
extent of dehydrogenation (loss of the number of H, mol-
ecules), indicating that the charge does not change the over-
all thermodynamics and mechanisms significantly. Nonethe-
less, neutral and ionic clusters behave quite differently in low
reactivity situations such as Nbg and Nb,;, with both C,H,
and C4Hg, and Nbj, and Nbj, (not Nbg) with C,H,. This
suggests that the barriers in these particular reactions
strongly depend on cluster charge and that electronic state
properties rather than structural properties cause low cluster
reactivity for a particular reaction. NbgC;, and TagC,, are
synthesized in metal cluster reactions with unsaturated hy-
drocarbons C¢Hg and CcHsCHj in a pickup cell. Such a syn-
thesis supports two hypotheses: (1) a T, structure for MgC,
and (2) generation of Met-Cars from near room temperature
metal nanopowder rather than laser ablated metal or metal
carbide plasmas should be possible.
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