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Ethene reactions with niobium atoms and clusters containing up to 25 constituent atoms have been studied
in a fast-flow metal cluster reactor. The clusters react with ethene at about the gas-kinetic collision rate,
indicating a barrierless association process as the cluster removal step. Exceptiong angl Ny, for

which a significantly diminished rate is observed, reflecting some cluster size selectivity. Analysis of the
experimental primary product masses indicates dehydrogenation of ethene for all clusters,sayieltiibg

either NhC;H, or Nb,C,. Over the range NbNbs, the extent of dehydrogenation increases with cluster size,
then decreases for larger clusters. For many clusters, secondary and tertiary product masses are also observed,
showing varying degrees of dehydrogenation corresponding to net additiogHaf GH,, or C,. With Nb

atoms and several small clusters, formal addition of at least six ethene molecules is observed, suggesting a
polymerization process may be active. Kinetic analysis of the Nb atom and sevgrelistier reactions with

ethene shows that the process is consistent with sequential addition of ethene units at rates corresponding
approximately to the gas-kinetic collision frequency for several consecutive reacting ethene molecules. Some
variation in the rate of ethene pick up is found, which likely reflects small energy barriers or steric constraints
associated with individual mechanistic steps. Density functional calculations of structures of Nb clusters up
to Nbs, and the reaction products MiyH, and NBC, (n = 1...6) are presented. Investigation of the
thermochemistry for the dehydrogenation of ethene to form molecular hydrogen, for the Nb atom and clusters
up to Nk, demonstrates that the exergonicity of the formation ofQ{lspecies increases with cluster size

over this range, which supports the proposal that the extent of dehydrogenation is determined primarily by
thermodynamic constraints. Analysis of the structural variations present in the cluster species studied shows
an increase in €H bond lengths with cluster size that closely correlates with the increased thermodynamic
drive to full dehydrogenation. This correlation strongly suggests that all steps in the reaction are barrierless,
and that weakening of the-@H bonds is directly reflected in the thermodynamics of the overall dehydrogenation
process. It is also demonstrated that reaction exergonicity in the initial partial dehydrogenation step must be
carried through as excess internal energy into the second dehydrogenation step.

Introduction As a result of its high reactivity and single, naturally occurring
isotope, clusters of niobium figure particularly prominently in
remains an intriguing area, due to the allure of cluster size- the developmer)t of metal clustt_ar chemistry,.and there have been
specific properties, which may sometimes be correlated with several theoreticat® and experimental studies® focused on
particular physical, structural or chemical properties of individual NP clusters. Early work by Morse et Hishowed that Nb clus-
clusters. Aspects of this chemistry have been reviewed by ters exhllt?|t13|gn|f|cant cluster-size selectlwty., with particularly
Knickelbein! showing that transition metal clusters are amen- OW reactivity noted for N, Nbio, and Nhe with D2 and N.

able to detailed theoretical and experimental investigation, often 1NiS result has been confirmed more recently by absolute rate
revealing provocative relationships between physical properties Coefficient measurement by Berces et'aakin et al:? showed

and chemical reactivity. In this paper, the interaction of neutral tha't these cluster masses, andli\lbhoyved low reactivity as

Nb clusters with ethene in a fast flow gas-phase reactor is Cationic, neutral or anionic clusters with,CLater ICR work
reported. A particular impetus for the present work is the by Elkind et al*® confirmed _these cor_lc_lus!ons. Note that_a_ll
understanding of underlying cluster size-dependent factors thatSUch examples of cluster size selectivity in cluster reactivity

control the extent of dehydrogenation in the observed products.'até are in contrast with the observed behavior of Nb clusters
with CO'" and isobutané? for which only gradual increases in

reaction rate coefficient with cluster size are observed.

Research into the chemistry of transition metal clusters
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of four to 16 metal atoms, with certain exceptions such ag Nb Nb cluster reactions with ethene (up tod\lre presented, the
and Nho which show much less reactivity. Computations of results of which are in remarkable accord with the observed
Roszak et af.suggest that this effect is thermodynamic in origin. patterns in extent of ethene dehydrogenation.

Ethene chemistry is well characterized for neutral transition
metal atom reactions in the gas-phase. Ritter &lzve shown
that, for first-row transition metal reactions with ethene under
fast-flow reactor conditions, only Ni has a rate coefficient larger
than the instrumentation limit for this experiment of 16cm?
s~1. By comparison, late second-row transition metals react with
ethene via third-body stabilized formation sfcomplexes?
and early second-row transition metals react with ethene via
bimolecular H-elimination reactiond®21with Nb atoms show-
ing the most pronounced reactivity (essentially at the gas-kinetic
collision frequency). These results are in accord with the
theoretical work of Blomberg et &2which shows a trend from
m-complexation toward metallocyclopropane formation as the
second-row transition metal series is crossed from late to early
metals. Carroll and WeissHamhave also shown that several of
the third-row transition metals also show significant reactivity
with ethene. Wen et & have reported studies of Zr atoms
reacting with ethene, and shown that the entire process o
reaction to form a partially dehydrogenated productB£can
occur with no barrier larger than 2 kJ mélRecently Porembski
and Weissh&p have concluded from study of kinetic isotope
effects that the reaction of Zr atoms with ethene proceeds via
a molecular coordination followed by a— insertion step,
and not a direct insertion into the-&4 bond.

The chemistry of Nb cluster cations with ethene has been
investigated by several groups, including Bondybend
Freiser’26 Jiao and Freisérshowed that sequential pick up of
up to seven ethene molecules was observable fes\vith a
decreasing number of ethene monomers being picked up with
decreasing cluster size. Extensive dehydrogenation is observe
for all clusters studied. Notably low reactivity was again
observed with Np", Nbyg™, and Nh,*, with significant varia-
tions in the saturation limits also seen. Interestingly, replacement

of one Nb atom wh a V atom effectively removes the 5,4 cjysters and reaction products entering the TOFMS are

nonreacltive characfter of Mg ‘?‘Ed 0 a lesser extlent W . photoionized by a pulsed ArF laser operating at 193 nm that is
and replacement of one Nb with a Ta atom greatly minimizes jqaereq at a set delay with respect to firing of the ablation
the difference between 10 and 12 atom cluster cations and the'rlaser. The detector signal is digitized and sent to a personal

. 2 N1 .
nearest neighbors. Berg et“kconclude that the low reactivity computer for analysis. All mass spectra collected were averaged

of Nbyo" and Nh" with ethene is a result of cluster structure, 500 (on-axis mass detection) or 500 times (off-axis detection).
wherein the nonreactive cluster geometric isomer found for

Nbig™ and Nkt is converted to a more reactive isomer by the Computational Details

replacement of one Nb atom Wit V or Taatom. Density functional theory (DFT) calculations were performed
To date, relatively little is known about the reactivity of in order to find the most stable dehydrogenated products for
neutral metal clusters with ethene and other alkenes. We havethe reaction between Nb atoms and,Nfusters § = 2—6)
therefore embarked on a detailed examination of the reactivity and the ethene molecule. Theoretical results of the atom are
of metal clusters with this group of hydrocarbons. The present included, despite the fact that the atomic energy is less accurately
work on Nb cluster reactions with ethene is the first report on described by DFT than Nb clusters and molecular species
alkene reactivity in our fast-flow reactor apparatus, in which containing one constituent Nb atot.
absolute rate coefficient determination is possible. It is also our  All calculations were performed with Gaussian ¥8jsing
first report to focus on the product mass observed over a wide the hybrid functional BSLYP# LANL2DZ atomic orbital
range of cluster numbers, a focus which we believe is more functions for Nb atoms (Hay and W&8#6 effective core
fruitful for mechanistic insight than cluster removal rate analysis. potentials plus a doubl&-basis set) and 6-3#G(2d,p}’ for
The latter has been shown to be relatively insensitive to cluster C and H atoms. Full geometry optimizations without symmetry
size effects when the rate-determining step for cluster removal constraints were carried out. Several initial geometries were
is a barrierless association procéssSuch processes are used, as can be seen in Figure 1. ForGtowve used the same
expected to be common for highly polarizable metal clusters niobium—carbon skeletons as N&;H, (see Figure 1).
reacting with relatively complex reagents such as larger Several bond distances and angles were tested. Different spin
hydrocarbons. Absolute rate constants for cluster removal, asmultiplicities (2S5, + 1) were considered in all calculations in
well as product mass data for primary, secondary, and subse-order to find the most stable spin state. To find the global
quent products are reported. In conjunction with this work, minimum, one must consider several multiplicities and several
density functional theory (DFT) calculations of Nb atom and initial structures for each adduct. The possibility that the true

Experimental Section

The apparatus in the two configuratiéhsised in this work
has been described in detai® and therefore only a brief
description is given here. Clusters are generated using a Smalley-
type laser ablation source. A pulsed XeCl laser is focused onto
a translating and rotating metal rod, over which a 15 000 stand-
ard cubic centimeter continuous flow of He (99.995% pure from
Liquid Carbonics Inc.) is maintained, generating a metallic plas-
ma which is entrained in the He flow. The He-plasma gas flows
throuch a 1 cm-long, 0.2 cm diameter channel, where clusters
are formed. Subsequently, the mixture expands into the large-
bore (7.3 cm in diameter) flow tube reactor. In the presence of
excess He bath gas the clusters equilibrate to flow tube tempera-
ture and pressure conditions before reaching the reactiort##ne.

Flow tube pressure is varied in the range 0.5 to 2.2 Torr by
partially closing the gate valve to the vacuum (6001 Edwards
§EH2600 Rootes blower backed by an Edwards E1M275
mechanical pump). Data were collected at 300 K and at constant
pressures ranging from 0.4 to 1.5 Torr. The specific temperature
and pressure conditions used for various reported results are
noted below.

Ethene (Matheson Research Grade 99.9%) is introduced
through a shower-head inlet 60.6 cm downstream from the clus-
ter source. Reagent gas pressure in the reactor is controlled by a
mass flow controller (MKS model 1159). On reaching the end of
the flow tube, the clusters and their reaction products pass into
either an on-axis time-of-flight or a reflectron time-of-flight mass
spectrometer (TOFMS) situated perpendicular to the flow tube

xis. A pressure drop of approximately 6 orders of magnitude
s maintained between the TOFMS and the flow tube by differ-
ential pumping, using an Edwards Diffstak 23001 diffusion
pump and an Edwards Diffstak 800 Lsdiffusion pump in
conjunction with an electromagnetic shutter used to reduce gas
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Figure 1. Initial structures used in Ni;H, and NhC, geometry optimization calculations.
800 Figure 2 shows the sequential growth of products corresponding
Nb  NDCH,  NBCH, NbCH, NbCH, NbCigHi; NbC,H to addition of six units of ethene to Nb and three units t@.Nb
» l For the products that are observed, the occurrence of some post-
= 600 4 No, ¥ NbH, | NoH, | Nbcu, ionization dehydrogenation cannot be ruled out in light of the
; fact that Nb cluster cations are also known to dehydrogenate
S hydrocarbon§:16.26
% A A By monitoring the rate of cluster depletion as a function of
e N N .IL “ A reagent number density, absolute second-order rate coefficients
% for cluster depletion were obtained. Assuming that the reagent
c gas is in sufficient excess, the pseudo first-order kinetics
% A A MJLWW«»-JW expression appropriate for atom or cluster depletion is
o 2001
S ) ) I @)
J In(l—) = —K“[CH,]t
L 0
0 . . . .
100 150 200 250 wherel and |y are the mass spectral peak intensities in the

Cluster mass /amu

Figure 2. Mass spectra in the mass range of Nb and $tiowing the
effect of introducing ethene into the flow tube. Reagent flows in

presence and absence of reagent gas, respectively,][&
the ethene number density in the flow tubeis the reactant
contact time®® and k@ is the absolute second-order rate

ascending spectral order are: no added reagent (bottom spectrum)Coefficient (cn¥s?). All pseudo first-order kinetics plots were
0.005, 0.02, 0.05, and 0.1 mTorr of ethene added (top spectrum). Major linear as typified in Figure 3 by the reaction of iNb

product peaks formed after formal addition of ethene are noted, with
their empirical formula for the peak center mass.

global minimum was missed in the optimization procedure
cannot be excluded, but the number of different initial geom-
etries and spin multiplicities that were considered is sufficiently
high to feel confident that the global minimum has been identi-
fied. Optimized minima were verified with frequency calcula-

tions. Gibbs energie\G) and enthalpiesAH) for the reactions

The rate coefficients calculated from the slopes of such plots
are presented in Table 1 and plotted in Figure 4, which shows
a generally smooth increases in the rate coefficients as the
number of constituent Nb atoms increases.

Exceptions to this trend are Bland Nk, for which rate
constants of about 1 order of magnitude smaller are observed.
The extent of cluster depletions, and hence the rate coefficients
determined, was not sensitive to ionization laser fluence,

at 298.15 K and 1 atm were also calculated. The corrections wereindicating that the experiments were conducted under conditions
made using the ideal gas approximation in a canonical ensemblef Single-photon ionization. Rate coefficients for all species

All figures were done with Ball & Stick and MOLEKEE8

Results
Nb atoms and clusters up to bébwere observed to react

readily with ethene, based upon the depletion of TOF mass

except for Nl and Nk showed no obvious dependence on
total flow tube pressure between 0.5 and 3 Torr as demonstrated
by the representative data given for J\dt pressures between
0.4 and 1.0 Torr illustrated in Figure 3.

Associated with the depletion of all observed Nb species are

spectrometric signals for these species with increasing etheneproduct features that correspond to cluster reactions with ethene
pressure in the flow reactor. Representative mass spectra arenolecules. The observed masses indicate that dehydrogenation

shown in Figure 2 for data collected for Nb atoms ang kb
1 Torr total flow reactor pressure.
With most clusters, product peaks reflecting sequential

occurs to varying degrees, both as a function of cluster size,
and as a function of how many ethene molecules have reacted.
In Figure 5 is illustrated the mass of product observed as a

addition of ethene or dehydrogenated ethene can be clearly seerfunction of cluster size for the primary, secondary and tertiary
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Figure 3. Representative pseudo-first-order kinetics plot used to
determine absolute second-order rate coefficients fam&Htions with
ethene. Plotted together are data for total flow tube pressures of 0.4
(filled circle), 0.7 (open circle), 1.0 (filled triangle), and 1.5 Torr (open
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triangle), to demonstrate the absence of total pressure dependence oFigure 4. Rate coefficients for the reactions of Nith ethene plotted

rate coefficient. Solid line is the regression line of best fit.

TABLE 1: Absolute Second-Order Rate Coefficientsk® for
the Removal of Nb Clusters by Ethene at 300 K and 1 Torr
(10719 cmd s71),2 and Corresponding Major® Product
Fragment Masses (amu) for Observed Primary, Secondary,
and Tertiary Products

product mass

n K2 primary secondary tertiary
1 2.7 26 52 78
2 4.0 26 52 78
3 7.1 26(24) 52 (50) 78
4 7.1 24 52 78
5 6.4 24 50 78
6 7.3 24 50 76
7 6.5 24 50 76
8 1.74 26 50 76
9 8.1 26 52 76

10 1.28 28 56 82

11 10.1 26 52

12 6.6 26 50 76

13 12.4 24 50 74

14 11.4 26 50

15 13.9 26 52 78

16 11.0 26 56-54

17 13.2 26 52

18 14.7 26 54

19 13.0 26 50

20 14.1 26

21 17.8 26

22 17.1 26

23 16.5 26

24 20.6 26

25 21.0 26

@ Rate coefficients are estimated to be accurate to within 50% (see
ref 31) °Where present, minor products and shoulders appearing in
mass spectra are recorded in italics.

products, where the mass of the observed product is known with
confidence. The data show a general trend toward increased de
hydrogenation with cluster size up to NIl Nb clusters, save
Nbo, yield primary, and, where observed, secondary, and tertiary
products for which loss of at least one unit of I3 evident.
Where observed, formal addition ofld, is generally observed

for products formed sequentially beyond this point. For example,
addition of ethene to Ntbeyond the tertiary product is observed

against cluster number for total flow tube pressures of 0.4 (filled square),
0.7 (open triangle) and 1.0 Torr (filled circle). Solid curve is the
calculated gas-kinetic collision rate, based upon approximation of the
clusters and ethene as hard spheres. Also plotted are rate coefficients
for the removal of Nb clusters by ethane, for comparison.

CaHa

Net additional mass of product / amu

Cluster number
Figure 5. Graphical representation of the mass of primary (filled
circles), secondary (shaded circles) and tertiary (open circles) products
(where observed) for Nb atoms and clusters from tdbNb,s. Where
more than one symbol appears for a given cluster, two products are
observed. Solid line joins the observed primary products. Primary and
tertiary product masses have been offset slightly for clarity.

Detailed kinetic analysis of the growth-and-decay behavior
of the various product peaks was carried out for several clusters
and the Nb atom, using standard equationsrfamreversible,
sequential reactiorfs.

k.
R+ M — MR (1)
k.
) R+ MR —~ MR, )
k.
R+ M — MR, 3)
,
R+M—MR, (n)

to correspond to addition of a hydrocarbon unit with mass cor- All showed well-behaved, sequential formal addition of ethene,
responding to €H,. Table 2 gives the product masses observed with rate coefficients as summarized in Table 3 and illustrated

beyond tertiary for Nb atoms and several small Nb clusters.

in Figure 6.
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Figure 6. lllustration of product growth-and-decay behavior for thesdbaction with ethene. Data are given for the bareg blbster removal
(black), and growth and decay of the primary (red), secondary (blue), tertiary (green), quaternary (aqua), and quinary products (olivey Solid line
illustrate the fit with a model involving sequential pick up of ethene molecules.

TABLE 2: Primary, Secondary and Tertiary Product Masses Differences for Formal Addition of Ethene Molecules to Nb
Clusters for Various Cluster Numbers?

n primary secondary tertiary guarternary quinary senary
1 26 26 (52) 26 (78) 2630(104,108 28 (132,136 28,24 (160)

2 26 26 (52) 26 (78) 28 (106) 28 (134) 28 (162)

3 26,24 26 (52,50 26 (78)

4 24 28 (52) 26 (78)

5 24 26 (50) 28 (78) 28 (104) 28 (132) 28 (160)

6 24 26 (50) 26 (76) 28 (104) 28 (132) 26, 28 (158)
7 24 26 (50) 26 (76)

8 26 24 (50) 26 (76)

a2 Where observed, masses for subsequent products are also reported. Masses in parentheses indicate total product mé&atedarialics
reflect shoulder or minor peaks in mass spectra, and related mass differences.

Theoretical Results . . TABLE 3: Rate Coefficients for Removal of Various
1. Bare Nb Clusters (Nh). The geometries obtained for the  poqucts in the Reaction of NB Clusters with Ethene,

bare Nb clusters are in good agreement with those previously Obtained from a Sequential Bimolecular Reaction Model
reported—* as shown in Table 4, with the exception of Nb  Analysis of the Growth and Decay Behavior of the Metal
where we found an isosceles triangle with bond distances of SPecies and Observed Products

2.35, 2.35, and 2.47 A, while other authdtseported also an reaction rate coeff/10°cm? st
isosceles tr_iangle bl_Jt wi_th two long sides. We also fou_nd an  reacting species Nb NB Nbs
isosceles triangle with sides 2.29, 2.44, and 2.44 that lies 0.8 uster 35 28 o3
kJ mol® higher in energy. The energy difference between these Bﬁ:ﬁ;;;tmduct 59 38 67
two triangles is very small, and does not affect the general  secondary product 6.3 2.6 7.9
conclusions about the chemical reactivity of these clusters. tertiary product 9.2 2.6 13.0
The vertical ionization energies (IP) for ltbNbs are shown quaternary product 2.2 1.7 8.5
in Table 5, and compared with the experimental vertical ~ dquinary product 0.73 11 2.4
senary product 0.79 1.8 0.87

ionization energies reported by Knickelbein and Yéhghere
is a good agreement between theoretical and experimental 2 Rate coefficients for the bare clusters and all product reaction rate
values. Note that the calculated IP for the Nb atom shows an coefficients were calculated using a direct exponential fit, not involving

error of about 1 eV, and is therefore not included in this table. linearization as was used in the calculation of bare cluster depletion

. . . L o . rates. As a result the rate coefficients obtained for the bare species
With this theoretical description of the Nb clusters, it is possible differ slightly from those reported in Table 1, particularly for Nbr

to study the reactivity behavior of these systems with ethene. ,ich signal-to-noise was somewhat elevateBata obtained for Nb
As well, the reactivity of the atom may be investigated has a significantly lower signal-to-noise ratio than Nb and.Mts a
theoretically, although with more significant associated error. result the values given here for Nbave higher associated error.



Cluster Size Selectivity

J. Phys. Chem. A, Vol. 109, No. 32, 200R051

TABLE 4: Structure, Bond Distance in A and Spin Multiplicity (2S ,+1) for Bare Niobium Clusters Calculated in This Work?

Structure 28.+1 Kumar and Goodwin and Gronbeck
Kawazoe’ Salahub’ and Rosen *
ultrasoft LSDA
pseudopotential
method
Nb; triplet, 2.15 triplet, 2.10 triplet, 2.11
2.13 3
Nb; isosceles isosceles triangle, | acute triangle,
( triangle, doublet, doublet,
2.35 $\235 doublet, 2.37.2.37.2.26 240, 225
r 4 5 242,242 229
o T
Nby tetrahedron, tetrahedron, slightly distorted
)54 singlet, singlet, tetrahedron
/\ ;|2 247 singlet,
251,2.52
\?A
Nbs capped bent trigonal trigonal
265 255 rhombus, bipyramid, bipyramid,
/]k doublet, doublet, doublet,
A 2 2.48 thombus | equatorial equatorial bonds
2,514 251 side bonds 2.71, 571,
polar-equatorial polar-equatorial
bonds 2.43 bonds 2.46
distorted prism, | parallelepiped parallelepiped
singlet, capped with a capped with a
bond range dimer, dimer,
1 2.42-2.94 singlet singlet

a Previous results are also shown.

TABLE 5: Calculated Vertical lonization Energies for the

Bare Clusters

without hydrogen. NEC, shows the smallest NbC bond
distance (1.91 A) of all the systems. As well, the-B bond

cation calculated experimental lengths NRC,H; show a small increase with cluster size, going
cluster multiplicity IPs (eV) IPs* (eV) from 1.087 (NbGHy) to 1.106 A (NkC,H-).#2 For comparison,
Nb, 4 6.5 6.2+ 0.1 note that our computations yield a<© bond distance of 1.325
Nbs 3 5.91 5.8+ 0.05 A and the G-H bond distance of 1.084 A for free ethene.
Nby, 2 5.59 5.64+ 0.05
Nbs 1 554 5.45- 0.05 NbsC,H, and NBC, are doublets and havg&,, symmetry
Nbs 2 5.36 5.38+ 0.05 (see Figure 7). The Nb trimer shows the same arrangement after

2. Optimized Structures of Nb,C,H, and Nb,C,. The most
stable structures of NB,H, and NRC, (n = 1-6) are shown

in Figure 7.

reaction (isosceles triangle) as in the bare clustesChi, and
Nb4C, are singlets. The calculated cluster structures undergo
several changes on reaction, with some-Wb bonds broken

in order to form six Nb-C bonds. In both compounds, we have

All the systems present the lowest spin multiplicity, with the v gifferent Nb-C bond distances (2.05 and 2.20 A for

exception of NbGH, and NbG, which are predicted to be
quartets, withC,, symmetry. For these species, the C bond
distances indicate that there is a double bond between the C
atoms (1.33 and 1.31 A, respectively).J@H, and NbC, are
singlets, withC,, symmetry. The €C bond lengths (not shown
in Figure 7) are 2.95 and 2.72 A, indicating that the Cbond
of ethene is broken. For the dimer, the-NB bond lengths are

NbsCoH2; 1.94 and 2.03 A for NiC). NbsC,H, and NC,
are doublets and haves symmetry; NRC,H, and NRC, are
singlets withC,, symmetry, as shown in Figure 7. The NG
bond distances are similar to those in the other systems.

With these results it is possible to predict that,8fH, and
Nb,C, present the same symmetry and general structure, with dif-

very different, and generally the hydrogen-containing com- ferent bond distances. In general,(Spcluster geometries exhib-

pounds show consistently longer N& bond lengths than those

it shorter Nb-C bonds distances than NyH- clusters, with a
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2.63 a=2.52
b=2.49

Figure 7. Optimized minimum-energy structures for MbH, and NRC;, species. Bond distances are in A.
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Figure 8. Molecular orbital images for Nit;H, and NBC,. The W -50 +
illustrated orbital is the second highest occupied molecular orbital £ -100 -
(HOMO-1). 0
-150
few exceptions. On the other hand, calculated-Nib bond -200 -
lengths are generally longer in N than in NRCH, (n = 2...6). -250 . . . . . :
Figure 8 shows the molecular orbital images ofL8#H, and 1 2 3 4 5 6
NboC,. The illustrated orbital is the second highest occupied Cluster number
molecular orbital (HOMO-1) and it is the only orbital that shows Figure 9. Plots of the variation in predicted Gibbs energy of reaction
a significant difference between both compounds. FoONH,, with cluster size from Nb to N for the first, second and total

this orbital showsr—bonding character between the Nb atoms, dehydrogenation processes involving production of molecular hydrogen.

i.e., a two-center, two-electron bond, which would be expected Note that the error associated with predictions involving the free Nb

to result in a strong NBNb bond. For N&C,, the corresponding atom is significantly larger than that for all other species, as discussed
. B : ’ in the text.

orbital shows az-bonding network over the NbC—Nb

framework, i.e., a four-center, two-electron bond, whichwould 1116 6 shows the reaction energhH), enthalpies AH)

be expected to favor NbC bonding. This significant difference and Gibbs energy changes®) at 298.15 K and 1 atm for t,he

|fn bohndlng{ b(Ttweder’\\lg]sEeg_two Spe_c'e,j IS I||_I|<elt3)/ the main freasonfirst, second, and overall dehydrogenation reactions involving

or the calculate istance in NECzH. being signifi- production of H. The same information for the Gibbs energy

cantly shor.te.r than that of N.ﬁz' . .. change associated with each step is represented graphically in
3. Reactivity. The sequential nature of the ethene reactivity Figure 9

indicates that the reaction steps following the initial ethene pick Figure 9 demonstrates that production of the partially

up step must be fast ano_l unimolecula_r. Therefore, the analySisdehydrogenated product NByH; is predicted to be exergonic
is focused on the most likely mechanism for formal dehydro- for all clusters studied (N-Nbs). The Nb atom result follows
genation of ethene, which leads to the elimination of molecular this trend. however. there is much more error associated with

hydrogen. The overall reactions are the calculation of Nb, such that the process could be predicted
. . . to be either endergonic or exergonic. In contrast, the second
Nb, + CH, = N CoH, + H, - first dehydrogenation step dehydrogenation step is endergonic for all species studied save
Nb,C,H, — Nb,C, + H, second dehydrogenation step  NbsCzH. Coupling of the two processes in the production of
fully dehydrogenated ethene is predicted to be thermodynami-
Nby, + C,H, — Nb,C, + 2H, overall process cally favored for Nl_Nbs, thermoneutral for N§ and ender-
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TABLE 6: Predicted Values for AE, AH, and AG at 298.15 K and 1 atm for the First, Second, and Overall Total
Dehydrogenation of Ethene To Form Molecular Hydrogen by Niy Species it = 1 to 6) with All Values in kJ mol 1

an + C2H4_’ anC2H2 + H2 anC2H2 e anC2 + Hz an+C2H4_' anCZ +2 Hz

n AE AH AG AE AH AG AE AH AG

1 -3.3 —33.5 —-33.1 253.6 229.7 191.6 250.2 196.2 158.6

2 —69.9 —102.9 —90.8 203.8 185.8 149.0 133.9 82.8 58.2

3 —-138.1 —169.5 —1485 192.0 172.0 134.3 54.0 2.5 -14.2

4 —96.7 —131.0 —1159 132.6 116.7 79.5 36.0 —14.2 —36.4

5 —147.7 —-182.8 —156.1 75.7 61.9 28.0 -72.0 —120.9 —128.0

6 —110.9 —146.0 —123.0 —10.9 —24.3 —56.5 —121.8 —170.3 —179.5
gonic for Nb and Nb. This final set of theoretical predictions Such sequential reaction behavior has been observed in
is in excellent agreement with the observed experimental trend previous work with cluster cations, in which cluster-mediated
(see discussion below). production of benzene from ethene has been observed. Schnabel

. . et al* showed that F& ions convert ethene to benzene in a
Discussion

catalytic cycle, in which CID experiments show release ¢gfig

The results of the present work show that Nb clusters react species believed to be benzene. Berg &p ashowed that W
readily with ethene in the gas phase to form products that ions can add up to nine ethene molecules, with CID experiments
correspond formally to partial or full dehydrogenation of ethene. also showing desorption of fragments corresponding dideC
All clusters react with rate coefficients approximately equal to The kinetics of sequential ethene addition was also studied in
the gas-kinetic collision frequency, with the exception ofsNb  their work. Application of a sequential, pseudo-first-order
and Nhy, for which significantly decreased rate coefficients are reaction kinetics model showed rate coefficients corresponding
observed. Many clusters show sequential reactions of etheneto the gas-kinetic collision rate for the first four additions, with
monomers with Kinetics that correspond to pseudo-first-order the subsequent five additions occurring with rate coefficients
processes with rate coefficients close to the gas-kinetic collision of about 0.2 of this value. The decreased extent of dehydroge-
rate coefficient. nation of the quaternary and subsequent products in this work

The low rate coefficients for Njjand Nhg are in accord with may reflect the blocking of active surface sites on the cluster,
previous results for reactions of Nb clusters with several due to the presence of coordinated benzene, formed following
molecular species. As noted above, Nb clusters exhibit signifi- the first three ethene addition steps.
cant cluster-size selectivity, with particularly low reactivity noted The more interesting variations in chemical reactivity with
for Nbg, Nbig, and Nhg with D, and N.11 Absolute rate cluster size are found in the masses of primary and subsequent
coefficient measurement by Berces et%show that the most  products. The degree of dehydrogenation for primary products
reactive clusters have probabilities of a reactive collision of the is most pronounced for clusters between,Mind Nhs, with
order of 0.1, in accord with the high rate coefficients found the exception of Nk for which no dehydrogenated primary
here with ethene. Their work demonstrated that the low productis observed. The same trend toward relatively increased
reactivity of Nk, Nbso, and Nhg could be associated with maxi-  degree of dehydrogenation in this cluster mass range is seen
ma in the ionization potential for the cluster, when corrected with secondary and tertiary products, although the extent of
for cluster electrostatic charging energy. Kumar étlave also dehydrogenation is less for these products. The tendency toward
recently computed large HOMELUMO energy gaps for N& increased dehydrogenation from Nb todNd supported by the
Nbsg, Nbso, and Nhe, which may also cause reduced reactivity. computational results presented above, which suggest strongly
Thus, the observation of low rate coefficients forgimd Nhg that the thermodynamics of complete dehydrogenation becomes
in the present work suggests that the same interactions aremore favorable as the cluster size increases, as discussed below.
present in the ethene chemistry that control selectivity with D Zakin et al*>16 also showed that product mass dependence
and N, namely charge transfer between the cluster and ethene,on cluster size is present with neutral Nb clusters and cluster
as would be expected for traditional bonding of ethene at a metalcations in reactions with benzene. In this work, significant
center. It is therefore likely that the first mechanistic step is benzene dehydrogenation up to complete loss of all hydrogen
association of ethene to formmabonded complex at the metal.  for clusters N—Nb; was observed, with some dependence of
The pressure dependence ofgNind Nhgreflects a mechanism  the extent of dehydrogenation on ionization energy for the

for removal that most likely involves reversiblecomplexation, neutral species. Clusters MNbNb;p showed a notable lack of
indicating unusually weak interaction between the cluster and dehydrogenation, yielding ¢Els adducts as reaction products.
ethene. Simultaneously reported work on Nb neutral clusters by St.

The excellent fit of the kinetics of product formation and Pierre et al” showed minima in the extent of dehydrogenation
consumption to a pseudo-first-order sequential addition model, efficiency for Nk, Nby, and clusters smaller than WNbin
and the high rate coefficients obtained, strongly suggest thatcontrast to this, ICR work of Berg et #.has demonstrated
barrierless association complex formation is the rate-limiting that dehydrogenation efficiency for Nb cluster cations shows a
step in all of the subsequent reactions of primary and subsequenmaximum in the size range—7.4, with incomplete dehydro-
products with ethene. Siegbahn et*ahave calculated the  genation for small and larger cluster cations. Such a trend has
activation of ethene to form vinylmetal hydrides, and predict also been observed for small Nb cluster cations with propene
them to be exoergic for early transition metals including Nb and 1-butene by Jiao et @As noted above, computations of
atoms, such that barrierless steps leading to cluster hydrideRoszak et af. indicate that this effect is thermodynamic in
species are also possible. For the first two or three addition stepsorigin, the dehydrogenation steps being more endoergic for
there is a general trend toward increased reaction rate constansmaller clusters. The discrepancy between the work of the
with each subsequent addition, which is likely to be due to Bondybey group in the ICR, and the earlier cluster work appears
increase in extensive factors such as polarizability and collision to be due to differences in the effective cluster temperature,
cross-section. which is significantly lower in the ICR experiment.
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The theoretical work presented here is in good accord with
the proposal that the dehydrogenation processes occurring in
the present work involve production of molecular hydrogen.
The data presented in Table 6 and Figure 9 show that partial
dehydrogenation of £, by Nb, (n = 2...6), forming NbGH,,
is exergonic. It is not possible to confidently predict the
thermochemistry of the partial dehydrogenation reaction of
ethene with the Nb atom, due to the large error in the calculated
Nb atom energy. However, the predicted value does fall in line
with the trend found for the small cluster species, and is in
agreement with the experimental observation of bHias the
only dehydrogenation product for the Nb atom reaction (see
below). The production of fully dehydrogenated ethene to form
Nb,C, from Nb,C;H, is predicted to be thermodynamically
favored only for Nlg. Full dehydrogenation to form NB, from C-H Bond Length /A
Nb, + CyH4 is predicted to be exergonic for hNbs, Figure 10. Plot of the correlation between-@4 bond dissociation
thermoneutral for Nj and endergonic for Nb and Bb  energy (kJ mot’) and G-H bond length (A) for four hydrocarbons.
However, given that the second dehydrogenation step is Regression line corresponds to the equation given in the text.
endergonic for all but N§ the full dehydrogenation process 250
can only occur for Np(n = 3...6), if the Gibbs energy released
in the first partial dehydrogenation step were available for the
subsequent unimolecular decomposition of the proposg@Nb 200 1
intermediate. This would imply that the energy released in the
first dehydrogenation step is not lost to collisions with the bath
gas before the intermediate decomposes to the carbidiCNb
species and molecular hydrogen. The fact that the observed
pattern of reactivity for the Nb atom and clusters fromy/Xtb
Nbs matches exactly the thermodynamic product distribution
predicted from the theoretical calculations suggests that such
thermalization is not occurring, and that the reaction proceeds
via molecular hydrogen formation. Thus, Nbor which the
overall dehydrogenation process is endergonic by 58.2 k3'mol
yields only the thermodynamically favored p3H, species.
Nbs, for which the overall dehydrogenation process is ap- 50 -
proximately thermoneutréproduces both Ni&,H, and NBC»,
and the clusters Nbb-Nbs, for which the overall dehydrogena-
tion reaction is significantly exergonic, produce only the fully
dehydrogenated NE, products. .

It is of significant interest to determine the structural or C-H Bond Strength /kJ mol
chemical origin of the thermodynamically determined trend in Figure 11. Plot of the relationship between Gibbs energy of reaction
the extent of dehydrogenation of ethene with cluster size for for total dehydrogenation of ethene to form ¥4 the calculated strength
small clusters. The theoretical computations presented here?! the C-H bond in the partially dehydrogenated speciesGiblz.
support the conclusion that complete ethene dehydrogenationsond line corresponds to the regression equation given in the text.
becomes more favorable as the cluster size increases from Nb . . . . . i
to Nbs. Analysis of the optimized structures of the various cluster relathnshlp, we have es_tlmated the-B bond dissociation
geometries, which we believe to represent the global structural energies based upon the!r palculateelH:bond length valups,
minima for the various clusters studied, shows that the only for the Nb, species containing £, fragments, and examined

systematic structural trend that follows the increase in reaction ';Ee rehlatlons.hlth.)stt)ween the V\;eaker':.mg (I):f.theI-Cf;Jn(:] and thi
exergonicity is the length of the €H bonds in the &H € change In 551bbs energy of reaction. migure Shows this
fragments of NEC;H, specie<” We note that the €H bonds relationship; the best-fit regression line has a regression coef-
g o ol
become systematically longer as the cluster size varies fromci€nt of R*=0.9814.
NbC,H, to NbsCoHs. The linear relationship in Figure 11 strongly supports the
It can be easily shown that there is a very good correlation hotion that the weakening of the-¢ bond in NBCzH, species
between G-H bond length and €H bond dissociation energy  leads to increased exergonicity associated with its subsequent
(BDE), as can be demonstrated by correlating data for methane dehydrogenation to form NiB». Itis likely that the decrease in
ethane, ethene and ethyne from published #fates, shown in C—H BDE with cluster size is due to the increasing polariz-
Figure 10. ability of the metal clusters which increases the extent of charge
Such a correlation yields the following linear relationship that flow to the electron-poor carbon of the-&i fragments, resulting
may be used to estimate the BDE for hydrocarbon fragments in & weakened €H bond. In a sense, the carbon of the'l@
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in the cluster species: fragment becomes more carbidic in nature as the cluster
increases in size and polarizability. We anticipate that such an
(C—H BDE /kJ mol') = effect should be found for all hydrocarbon dehydrogenation

—3107.5x (C—H bond length /A}+ 3840.5 processes involving €H fragments in the mechanism, and
indeed have seen similar trends in extent of dehydrogenation

with a correlation coefficientofR? = 0.8894. Using this with other hydrocarbons such as propene and butene.
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Figure 12. Predicted Gibbs energy changes for the dehydrogenation
of ethene by NB Nbs;, and N clusters, relative to Np+ C;Ha.
Horizontal arrows indicate movement along reaction coordinate, vertical
arrows indicate relaxation following collisional energy transfer.

The experimental observation of both the partially and fully
dehydrogenated products with Nbemonstrates that the second

dehydrogenation step must be essentially barrierless. Vibrationa

relaxation of the initially formed energized BEyH,* species
to form relaxed NbBC,H, would then be in competition with
unimolecular decomposition to form NB, and H, yielding

both products. Given that the morphology of the potential energy

surfaces for the unimolecular decomposition of &,

intermediates is expected to be similar from one cluster to the

next, the absence of a barrier for Nimplies the same condition
for all other clusters. We would therefore expect no significant

barriers beyond the endergonicity of the process for the second

decomposition step in all clusters.

Figure 12 illustrates the conclusions that can be drawn from
these points. For Nbthe endergonicity of formation of NB»
from Nb,C,H, exceeds the energy available from the prior
formation of NBC,H,. Hence only the partially dehydrogenated
product is observed, following relaxation from energy transfer
to He collision partners. For Nbthe production of the fully
dehydrogenated product is endergonic by about the same amou

of Gibbs energy released in the first step, hence both the partially

J. Phys. Chem. A, Vol. 109, No. 32, 2006055

Such an effect may be associated with the increasing separation
of CH fragments on the cluster surface, which make production
of the thermodynamic product impossible due to kinetic
constraints on the unimolecular decomposition of,Gbl,.

Conclusions

The reactions of Nb clusters with ethene lead to partially or
fully dehydrogenated products via a sequential ethene pick-up
mechanism, involving mechanistic steps that are generally
barrierless. The results demonstrate that full ethene dehydro-
genation is most favorable for intermediate-sized clusters, an
observation supported for small clusters up togMly the
theoretical computations of reaction Gibbs energy changes.
Computations support the proposal that the dehydrogenation
mechanism involves production of,Hs a product, and that
the overall dehydrogenation becomes more favorable as the
clusters become larger, due to weakening of théHbonds in
the NRhCzH, intermediate, and the associated thermodynamic
advantage that this weakening imparts to the overall reaction
Gibbs energy change. The primary product distribution observed
supports the conclusion that the overall reaction to form fully
dehydrogenated N, species is barrierless, beyond the en-
dergonicity of the process itself, where present.
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