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Abstract

The kinetic energy dependence of the reactions of KtD) with methane, ethane, and propane have been studied using
guided ion beam mass spectrometry. It is found that dehydrogenation is efficient and the dominant process at low energies
all three reaction systems. At high energies, products resulting from both C—H and C—C cleavage processes are appreciak
The observation of dihydride and hydrido-methyl niobium cation products provides insight into the reaction mechanisms
operating in these processes. The results fof Wie compared with those for the first-row transition metal congerieand
the differences in behavior and mechanism discussed. Modeling of the endothermic reaction cross sections yields the 0 K bol
dissociation energies (in electron volts) Bf,(Nb—H) > 2.3 = 0.1, Do(Nb"—2H) = 4.64 + 0.06, D,(Nb"-C) = 5.28 =
0.15,D(Nb*—CH) = 6.02 = 0.20,Dy(Nb*—CH,) = 4.44 + 0.09, Do(Nb"—CHg) = 2.06 = 0.11, Do[Nb*—(H)(CH,)] =
4.78 + 0.11, Do(Nb"—C,H) = 4.34 + 0.19, Dy(Nb™—C,H,) = 2.90 = 0.06, Do(Nb"—C,H;) = 3.43+ 0.21, Do(Nb*—

C,H,) = 2.8 + 0.3, Do(Nb"-C,H.) = 2.45+ 0.12, Do(Nb"—C;H,) = 5.25* 0.19, and lower limits forDy(Nb*"—

C;Hg) = 3.76 = 0.23 andD(Nb*—C;Hs) = 1.4 = 0.1. The observation of exothermic processes sets lower limits for the
bond energies of Nb to propyne and propene of 2.84 and 1.22 eV, respectively. (Int J Mass Spectrom 195/196 (2000)
149-170) © 2000 Elsevier Science B.V.
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1. Introduction nation of the periodic trends in such reactivity un-
available in condensed phase media [1,2]. A particular
A long term goal of research in our laboratory has strength of the guided ion beam methods used in our
been the study of the reactions of transition metal ions laboratory is the derivation of metal-hydrogen and
(M) with small hydrocarbons. Studies of such-sys metal-carbon bond dissociation energies (BDES)
tems for first-row transition metal elements is exten- [6—10]. Such thermochemistry is of obvious funda-
sive [1-10]. Such studies can reveal the electronic mental interest and also has implications in under-
requirements for the activation of C-H and C-C standing a variety of catalytic reactions involving
bonds at metal centers [2-5] and provide an exami- transition metal systems [11]. Studies of the reactivity
of second-row transition metal cations are also abun-
. . . _ dant [12-24], but somewhat less systematic and ex-
* Corresponding author. E-mail: armentrout@chemistry.utah.edu . .
Dedicated to the memory of Robert R. Squires and in thanks for (€NSive [25]. In our laboratory, we have studied the
his contributions to ion chemistry. activation of several small hydrocarbons by the sec-
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ond-row transition metal ions: Y [26], Ru" [27], the present work, we measure several new BDEs by
Rh" [28,29], Pd [30], and Ag" [31]. determining the endothermic reaction thresholds for
In the present study, we extend this work to reactions of Ni with the three hydrocarbons. We use
examine NG and describe its reactions with methane, a dc-discharge flow tube ion source to produce™Nb
ethane, and propane. These systems have been examions that are believed to be in thD electronic
ined at thermal energies by Freiser and co-workers ground state term [32]. Thus, the threshold measure-
[14,15] using ion cyclotron resonance (ICR) mass ments have few complexities associated with the
spectrometry. Consequently, only exothermic pro- presence of excited state ions.
cesses were examined. Dehydrogenation (and in some One of the challenging problems in the study of
cases, double and triple dehydrogenation) were found alkane activation by transition metal ions is to deter-
to be the major reactions for all hydrocarbon systems mine reaction mechanisms. Detailed experimental
examined (cyclic and acyclic). Here, we are able to [48-52] and theoretical [53-57] studies of first-row
investigate the reactions of Nhwith the three small transition metal cations (mostly FeCo*, and Ni")
est saturated hydrocarbons over a wide range of have been carried out to elucidate the mechanisms,
kinetic energies, examining both endothermic and whereas many fewer studies that emphasize mecha-
exothermic processes. This permits the extraction of nisms for second-row transition metal cations have
systematic thermodynamic as well as mechanistic been performed [23,28,29,53]. Nevertheless, it is
information. clear that the mechanisms do vary, both from early to
There is relatively little thermochemistry available late and from first-row to second-row transition metal
for niobium species in the literature, as shown in cations, as we have recently reviewed [25]. Here, we
Table 1. We have previously measured BDEs for examine the likely mechanisms for reactions of Nb
Nb*—H, Nb"-C, and NB-O by determining the  and compare them to those for the first-row congener,
endothermicities of the formation of these species V' [50,58—64].
from reactions of Nb with H, (and D,) [32] and CO
[33]. Hettich and Frieser examined the photodissocia-
tion of NbCH; and observed Nb NbC", and 2. Experimental
NbCH" products [34]. From the thresholds for these
dissociations, they determined the bond energies of 2.1. General
Nb"—C, Nb"—CH, and NG —CH, listed in Table 1.
Photodissociation was also used by Ranatunga and These studies are performed using a guided ion
Freiser to measure the NbC,H, bond energy [35]. beam tandem mass spectrometer. The instrument and
Bowers has measured the binding energies of 1-8 H experimental methods have been described previously
molecules to NB using equilibrium methods [36]. In  [65,66]. lons, formed as described in the following,
addition, theoretical calculations have been performed are extracted from the source, accelerated, and fo-
for the BDEs of several species relevant to the present cused into a magnetic sector momentum analyzer for
work: NbH" [37—40], NbH [41,42,43], Nb(H) [44], mass analysis. The ions are decelerated to a desired
NbCH, [40,45], NbCH; [43], Nb(H)(CH,)" and kinetic energy and focused into an octopole ion guide
Nb(CH,) " [23], Nb(CHy); and Nb(GH¢)* [46], and that radially traps the ions. While in the octopole, the
Nb(CH,)" [47]. ions pass through a gas cell that contains the neutral
As can be seen from Table 1, the previously reactant at pressures where multiple collisions are
measured BDEs generally have large uncertainties improbable €0.30 mTorr). Single collision condi-
and are determined by only a single technique, excepttions were verified by examining the pressure depen-
in the NbC" case. Good agreement between experi dence of the cross sections measured here. The
ment and theory is found for NoHand Nb(GH.) ", product ions and the reactant ion beam drift out of the
whereas there is a large discrepancy for NGCk gas cell, are focused into a quadrupole mass filter and
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Table 1
Nb*-L bond energies (eV)td K (values marked with an asterisk refer to dissociation to the indicated products from an electrostatic
complex, Nb(H)™, Nb(CH,)*, or Nb(CHg)", rather than from the covalently bound species indicated)

Previous work

Species This work Experiment Theory
Nb*—H 2.28 (0.07} 2.11°2.28 (0.13) 2.349 2.45
Nb-H >2.3(0.1) 2.54,2.56
Nb*—2H 4.64 (0.06) 5.15 (0.04) 4.14
Nb*-O 7.13 (0.12)
Nb*—C 5.28 (0.15) 5.16 (0.18)>5.7
Nb*—CH 6.02 (0.20) 6.29 (0.35)
Nb*—CH, 4.44 (0.09) 4.60 (0.36) 4.12°3.86 (0.13)
Nb*—CH, 2.06 (0.11) 2.15(0.18)
Nb-CH, 2.20
Nb*—(H)(CHy) 4.78 (0.11) 5.06) 5.26™
Nb*—2CH, 4.47" 4.28%
Nb*—C,H 4.34 (0.19)
Nb*-C,H, 2.90 (0.06) 2.47(0.13) 2.56 (0.13)
Nb*—C,H, 3.43(0.21)
oG, 245012
5 . .

Nb*—CyH, 5.25 (0.19)
Nb*—CyH, =3.76 (0.23)
Nb*—C;H, >2.84
Nb*—CyHs >1.39 (0.08)
Nb*—CyHg >1.22

a[32]. '[44].

b [37]. 1[33].

°[38]. k[34].

°[39]. '[45].

[40]. m[23].

[43]. "[46] and [10].

9[42]. °[35].

" [35]. P47].

then detected by a secondary electron scintillation de- gies in the following text are in the center-of-mass
tector. lon intensities are converted to absolute cross frame.
sections as described previously [65]. Uncertainties in
the absolute cross sections are estimateti2§i%. 2.2. lon source

To determine the absolute zero and distribution of
the ion kinetic energy, the octopole is used as a  The ion source used here is a dc discharge/flow
retarding energy analyzer [65]. The uncertainty in the tube (DC/FT) source described in previous work [66].
absolute energy scale i£0.05 eV (lab). The full The DC/FT source utilizes a niobium cathode held at
width at half maximum of the ion energy distribution 1.5-3 kV over which a flow of approximately 90% He
is 0.2—0.4 eV (lab). Lab energies are converted into and 10% Ar passes at a typical pressure-6f5 Torr.
center-of-mass energies using(CM) = E(lab) Ar™ ions created in a direct current discharge are
m/(m + M) whereM andm are the masses of the ion accelerated toward the niobium cathode, sputtering
and neutral reactant, respectively. At the lowest ener- off atomic metal ions. The ions then undergd.0®
gies, the ion energies are corrected for truncation of collisions with He and~10* collisions with Ar in the
the ion beam as described previously [65]. All ener- meter long flow tube before entering the guided ion
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beam apparatus. Results obtained previously [32] these results has recently been compiled [30]. The
indicate that the ions produced in the DC/FT source only additional values needed here are those fgi C
are exclusively in theia °D ground state. This study and GH,, which have heats of formation at 0 K of
determined that the electronic temperature is below 5.82 = 0.03 [70] and 5.61*+ 0.17 eV [71].

900 K and likely to be at 30& 100 K.

3.1.NB" + CH,
2.3. Data analysis

Reaction of N with methane yields the products
Previous theoretical [58,67] and experimental jndicated in

work [68] has shown that endothermic cross sections

can be modeled by using Nb"™ + CH, —NbH" + CH, (2)
o(E) = 0o >, Gi(E + Eg + E, — Eo)"/E (1) —NbC" + 2H, 3)
whereoy is an energy independent scaling parameter, — NbCH" + H, + H (4)

E is the relative translational energy of the reactants,
E. is the average electronic energy of the Nb
reactantg, is the reaction threshold at 0 K, ands —NbCH} + H (6)

a parameter that controls the shape of the cross

section. The summation is over each rovibrational Fig- 1 shows the analogous results for perdeuterated
state of the reactants having relative populatigns methane, which enhances the mass resolution, thereby
and energiesE,. The various sets of vibrational allowing the products of reactions (3)—(6) to be more
frequencies used in this work are taken from the €asily separated. Results for Clnd CD, are very
literature [69]. similar.

Before comparison with the data, the model is  The lowest energy pathway is dehydrogenation of
convoluted over the neutral and ion kinetic energy Methane to form NbChi, reaction (5). The cross
distributions using previously developed methods section rises from an apparent threshold near zero and
[65]. The parameter,, oy, andn are then optimized continues to rise until near 0.7 eV where it starts to
using a nonlinear least squares analysis in order to Slowly fall off. Near 2.6 eV, the NbCHi cross section
best reproduce the data. Reported valueEgf o, declines more rapidly, which could be a result of
andn are mean values for each parameter from the decomposition or competition with another product.
best fits to several independent sets of data andNPCHz can decompose by losing Ghb form Nb*
uncertainties are one standard deviation from the Starting at 4.71 eV= Do(H,~CH,), by dehydrogena
mean. The listed uncertainties in tkg values also  tion to form NbC’, or to lose an H atom to form
include the uncertainty in the absolute energy scale NbCH". Clearly the former channel begins too high

and the uncertainty in the electronic energy of Nb  in €nergy to account for the decline and the NbC
channel is too small to account for all of the decline.

Although the NbCH channel has sufficient intensity,
3. Results it starts too high in energy (which can be seen by

examining the sum of the NoCHand NbCH'" cross

Cross sections for reaction of Nbwith the three sections). Instead, we find that the increase in the

small alkanes are presented in the following sections. NbH* cross section exactly compensates for the
In some cases, these cross sections have been coreecline observed in the NbGHcross section, indli
rected for mass overlap between products ions having cating that this decline is primarily a result of deple-
adjacent masses. Thermodynamic information for the tion of a common intermediate by production of
stable and radical hydrocarbons required to interpret NobH™, as discussed below.

— NbCH + H, (5)
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Energy (eV, Lab) electronic states. This is consistent with the present
0 10 20 30 40 50 observations as the small amount of reactivity that we
observe at thermal energies (a reaction efficiency of
~0.0015) would be too small to observe routinely by
ICR. Freiser and co-workers [14,34] also report that
the reverse of reaction (5) occurs readily, indicating
that there is no barrier in excess of the endothermicity
for reaction (5). These authors also found that colli-
sional [14] or photoexcitation [34] of the NbGH
product leads to dissociation by H atom loss,léks,
and CH, loss. This is consistent with the decomposi-
tion pathways noted here.

16 2
cm’)

Cross Section (10

] A
A 3
0.01 E : A-? ﬂ

T

Eneray (6. M) 3.2.Nb" + CHe

Fig. 1. Cross sections for reactions of Nwith CD, as a function
of kinetic energy in the center-of-mass frame (lower axis) and The reaction of niobium cation with ethane yields
laboratory frame (upper axis). the products listed in the following [these are shown
in Fig. 2(a) and (b)]:
The NbH" cross section rises from an apparent

+ +

threshold near 2 eV and continues rising urth eV Nb™ + CoHg — NbH™ + CoHs (7)

yvhere it Ievels_off. The other primary prgduct formed — NbH + C,H, 8)

in this system is NbCEl, formed in reaction (6). The

cross section for this product is small, apparently the — NbC" + CH, + 2 H, (9)

result of competition with the nearly isoenergetic bCH*

reaction (2) and rapid dehydrogenation to form — NbCH™ + CH, + H, (10)

NbCH". This sequence is more evident in the reac — NbCH; + CH, (11)

tions of Nb" with the larger alkanes. An alternate

decomposition pathway is H atom loss to form — NbCH; + CH, (12)

NbCH;, which is evident as the rise in the NbgH N

cross section beginning about 6 eV. The NbCahd = NBGH™ + 2H, + H (13)

NbC" cross sections begin to rise near 2.5 eV. As — NbGHS + 2H, (14)

previously noted, the NbCH species comes from

dehydrogenation of the primary NbGHproduct. The —NbCH; + H, + H (15)
v .

NbC™ product must result from dehydrogenation of — NbG,H; + H, (16)

the primary NbCH product. The secondary feature
in this cross section starting at about 7.5 eV mimics Fig. 2(a) shows all product channels in which the C-C
the secondary rise in the NbGHcross section, bond is retained. The dominant reaction of Nith
delayed by the energetics for dehydrogenation. ethane at low energies is dehydrogenation, reaction
In previous investigations of this reaction at ther- (16). The cross section for this process declines with
mal energies, Buckner and Freiser [15] first reported increasing energy, consistent with a exothermic reac-
observation of reaction (5) with an efficiency of tion having no barriers in excess of the energy of the
0.008, which corresponds to a cross section at our reactants. This cross section decline€a$-° from 0
lowest energies of X 10 ' cn?. Later, Buckner et to 0.2 eV, consistent with the Langevin-Gioumousis-
al. [14] concluded that Nbwas unreactive with C}{ Stevenson (LGS) collision cross section for ion—
when the ion was properly cooled to eliminate excited molecule collisions [72]. The magnitude of this cross
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Fig. 2. Cross sections for reactions of Nith C,Hg as a function

of kinetic energy in the center-of-mass frame (lower axis) and
laboratory frame (upper axis). (a) Results for C—H bond cleavage
reactions and (b) for C—C bond cleavage reactions. The full lines in
(a) and (b) show the total reaction cross section for both parts.

section at thermal energies (0.04 eV) is 66% of the
LGS cross section. Above 0.2 eV, the NbG; cross
section drops more rapidly{E ") as the NbGHS
product is formed. This indicates that the slightly
endothermic double dehydrogenation, reaction (14),
depletes the NbgH, product. The total cross section
declines ag~ *°from 0.2 to 1.8 eV. Above about 2.5
eV, both the NbGH,; and NbGH, product cross
sections begin to decline much more rapidly. This is
apparently caused by competition with the formation
of NbH™ in reaction (7) as no other product has a

M.R. Sievers et al./International Journal of Mass Spectrometry 195/196 (2000) 149-170

cross section of sufficient intensity to account for the
declines. The sum of the NgB;, NbCH;, and
NbH™ cross sections decreases smoothly, thereby
indicating that the latter channel is likely to deplete a
common intermediate, as discussed below.

At higher energies, NbgE; is formed in reaction
(15). This species must come either from H atom loss
from the NbGH; product or could evolve from
dehydrogenation of NbiZ. Although this latter
product was looked for and not observed, it is possible
that the NbGHZ species loses fteadily such that its
cross section never reaches an appreciable magnitude.
This hypothesis is consistent with the relative magni-
tudes of the NbgHZ and NbGH; cross sections
observed in the propane system (see below). The
cross section for NbgH; rises from an apparent
threshold near 2.5 eV until near 5 eV where it begins
to fall off. This decline is largely attributable to
further dehydrogenation to form NBB™ in reaction
(13). A competing dissociation pathway is H atom
loss to form NbGH; , which can be seen as the rise in
this cross section starting near 7 eV.

One interesting minor product observed is NoH
formed in reaction (8). This process competes directly
with dehydrogenation to form Nb; in reaction
(16). Clearly endothermic, this reaction reaches a
maximum cross section very close to the threshold
observed for NbH formation. The NbH cross
section does not reach a maximum at this energy
because this species decomposes to Nbék this
process corresponds to the overall formation of
NbH" + H + C,H,, which cannot occur until
3.54+ 0.07 eV. Therefore, the NbHcross section
must decline at this energy because the NigHannel
depletes a common intermediate.

Fig. 2(b) shows the products formed by cleavage of
the C-C bond in ethane. The lowest energy product is
the formation of NbCH), indicating the neutral pred
uct must be methane, reaction (11). This product cross
section rises slowly from an apparent threshold near O
eV, characteristic of an inefficient near-thermoneutral
reaction. The cross section rises until near 3 eV then
declines before rising again near 5.5 eV. This latter
feature must correspond to GH H products, which
can begin aDy(CH5;—H) = 4.55 eV above the thresh
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old for reaction (11). The NbCH cross section rises

from an apparent threshold near 1.5 eV, continues

rising to near 4 eV, and then falls off. The shape of the
cross section indicates that NbGHoses H to form
NbCH*. A minor decomposition channel is also H
atom loss to form NbCH, accounting for the high
energy feature in the NbCH cross section. The

NbCH" cross section rises from an apparent threshold
near 2 eV and reaches a maximum near 4.5 eV, which

we attribute to decomposition of the NbGHbrecur

sor to Nb" + CH,, a process that can begin at
Do(CH;—CH;) = 3.90 eV. At very high energies,
NbC™ is also observed and is attributable to reaction
(9). This can occur by H atom loss from NbChHor
possibly by H loss from NbCH'. It seems likely that
NbC" is also formed at lower energies along with
CH, + H, neutral products, but the cross section for

such a reaction is obscured by mass overlap with the

much more intense NbCH product in this energy
region.
In previous work on this system at thermal ener-

gies, Buckner et al. [14] observed the dehydrogena-
tion and double dehydrogenation processes, reactions

(16) and (14), with a branching ratio of 58:42. No
reaction efficiency was reported. Such a branching
ratio is observed in our work [Fig. 2(a)] at a kinetic

energy of about 0.8 eV, suggesting that the ICR study

has kinetically excited ions or possibly that the
electronically excited states of Nlkare not cooled as
completely as believed. Similar conclusions have
been drawn [29] in comparing our results for similar
reactions of RA with those from Freiser and co-
workers. Buckner et al. also examined the NJHQ ™
and Nb(GH,)" products by subsequent collision-
induced dissociation. The former product dehydroge-
nated further and lost {1, whereas the latter product
lost only the GH, ligand. This indicates that the
ligands are ethene and ethyne.

3.3. Nb" + CiHg

The reaction of niobium cation with propane yields
a plethora of products as formed in

Nb* + CyHg — NbH* + CoH, (17)

155
— NbH; + CiHg (18)
— NbC" + C,H, + 2 H, (19)
— NbCH" + C,Hg + H, (20)
— NbCH; + C,Hg (21)
— NbCH; + C,Hs (22)
— NbCH; + C,H, (23)
— NbC,H" + CH; + 2H, (24)
—NbC,HS + CH, + H, (25)
— NbC,H3 + CH; + H, (26)
— NbC,H; + CH, 27)
— NbC,HZ + CH, (28)
— NbCzH; + 3H, (29)
— NbC;H; + 2H, + H (30)
— NbC,H; + 2H, (31)
— NbC;Hs + H, + H (32)
— NbC;Hg + H, (33)
— C,H; + NbH + CH, (34)
— CoHZ + NbH + H, (35)
— CoHT + NbH (36)

These cross sections are shown in Fig. 3. The total
cross section declines & °-° from 0 to 0.6 eV and
has a magnitude of 1.% 10 **cn? at 0.04 eV. Both
the energy dependence and the magnitude are consis-
tent with the LGS collision cross section for ion—
molecule collisions [72]. This region of the total cross
section can be reproduced by scaling the LGS cross
section by 0.94.

The dominant products observed involve the loss
of hydrogen from the transient NgBg intermediate
to form NbGH, products as shown in Fig. 3(a). The
primary product in this sequence is Nj& formed
by dehydrogenation of propane in reaction (33). This
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Fig. 3. Cross sections for reactions of Niwith C;Hg as a function of kinetic energy in the center-of-mass frame (lower axis) and laboratory
frame (upper axis). (a) Results for C—H bond cleavage reactions leading tg-{yltdhd NbH" products; (b) for C-H bond cleavage reactions
leading to NbH, NbH*, and hydrocarbon cation products; (c) for C—C bond cleavage reactions leading oNp@ducts; and (d) for C-C
bond cleavage reactions leading to NgCHroducts. The full lines in (a)—(d) show the total reaction cross section for all parts.

species accounts for 31% of the products at thermal drops more rapidly{ E~*-%) as the NbGH; product
energies (0.04 eV), but then falls off rapidly as is formed. This indicates that the slightly endothermic
E 2901 above 0.2 eV. The magnitude of this triple dehydrogenation, reaction (29), depletes the
product is limited by the efficiency of double dehy- NbC;H; product. Above about 3 eV, the N8y,
drogenation to form NbgH; in reaction (31), a  NbC;H;, and NbGHJ product cross sections all
process that is also exothermic. This is indicated begin to decline more rapidly. This is apparently
because both cross sections decline with increasingcaused by competition with the formation of Nbkh
energy, consistent with exothermic processes having reaction (17) as no other product has a cross section
no barriers in excess of the energy of the reactants. with sufficient intensity to account for the declines.
Double dehydrogenation accounts for 66% of all The sum of the NbgHZ., NbC,H;, NbC;HS, and
products at thermal energies (0.04 eV). As the energy NbH" cross sections decreases smoothly, thereby
is increased above 0.6 eV, the NJp¢; cross section  indicating that the latter reaction channel probably
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depletes a common intermediate, as discussed be-ess abundant of these is a primary product, B

low.
At higher energies, NbgH; and NbGHZ are

formed in reaction (27). This species accounts for
only 0.4% of the products at thermal energies (0.04

formed in reactions (30) and (32). These species musteV). The cross section for this species rises again near

come from H atom loss from the NRB, and
NbC;H¢ products. An alternate pathway is sequential
dehydrogenation of a transiently formed NpG

2 eV, which must correspond to the formation of
CH; + H instead of CH. The major C—-C bond
cleavage product at low energies is Nbiz, formed

species, however the energy dependence observed isn reaction (25), and hence a secondary product. This

obviously not sequential in nature, i.e. NG has a
lower apparent threshold than Ng&! . Evidence for

product accounts for 3% of the reactivity at thermal
energies (0.04 eV). This species could be formed

the former pathway is the observation that the relative either by dehydrogenation of the Ngi€; or demetha
sizes of these cross sections are consistent with beingnation of the NbGHg primary products. This cross

limited by the size of NbgH; and NbGHg precur
sors. We cannot conclude this definitively, however,

section rises again near 6 eV, and this must correspond
to CH; + H + H, or CH, + 2 H products.

because at low energies, these cross sections are The cross sections for NRE; and NbGHZ

obscured by mass overlap with the other NHC
products that are orders of magnitude more intense.
One reaction channel in direct competition with the

begin to rise near 1.5 eV. The NBEZ cross section
reaches a maximum about 1 eV higher in energy
because dehydrogenation of this product ion to form

major dehydrogenation processes is formation of NbC,Hj3 is energetically allowed with little excess

NbH, , reaction (18). As shown in Fig. 3(b), forma
tion of this product is clearly endothermic. This cross

section reaches a maximum very close to the thresh-

old observed for NbH formation, however, this
cannot be because this species decomposes td NbH
This would be equivalent to the overall formation of
NbH" + H + C;Hg, which cannot occur until 3.4%
0.07 eV. Therefore, as in the ethane system, the NbH

energy. A secondary decomposition channel is H
atom loss, which yields the higher energy feature in
the NbGH, cross section. The N3 cross section
rises until near 5 eV and then declines primarily
because of dehydrogenation to NC. A minor
decomposition channel is probably H loss to form
NbC,H; , resulting in the second feature in that cross
section beginning near 6 eV. The NJ€" rises from

cross section must decline at this energy because thean apparent threshold near 3.5 eV and continues rising

NbH" channel depletes a common intermediate.

C—H bond cleavage can also form the neutral NbH
molecule accompanied by thegi; product. The
alkyl fragment GH5 rises from an apparent threshold
near 3 eV. The decline in the;B; cross section can
be attributed to Hand CH, loss to form GH: and
C,H3, respectively. The precipitous declines in these

cross sections at higher energies is almost certainly

the result of incomplete product ion collection. This
indicates that these products have little forward ve-
locity in the laboratory frame, consistent with simple
abstraction of a hydride from propane by Nb

The products formed by the cleavage of the C-C
bond in the reaction of Nbwith propane are shown
in Fig. 3(c) and (d). Of the various N8, products,
two are formed in exothermic processes with no

until near 7 eV at which point it starts to decline
because of further dissociation. The Nb{Z (x =
5, 3, 1) products can all decline startingiy(CH5—
C,H:) = 3.77 eV, because the NbB: species can
decompose to Nb + C,Hs starting at this energy.
This probably accounts for the gradual decline in the
sum of these cross sections abové eV.

Fig. 3(d) shows ionic products containing Nb and
a single carbon atom. Of these, the ones formed at the
lowest energies are NbGHand NbCH . The latter
product competes directly with the exothermic forma-
tion of NbC,H, . The NbCH; product cross section
rises from an apparent threshold below 1 eV and
reaches a maximum at slightly higher energies, near
the onset of the NbCH channel. Analogous to the
case of the NbBl product, this species cannot be

barriers in excess of the energy of the reactant. The decomposing to NbCH + H or NbH" + CH, at
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Table 2

Optimized parameters of Eq. (1) for Nb+ CH, system

Reactants Products o n E, (eV)

Nb* + CH, NbH" + CH, 1.87 (0.16) 1.0(0.2) 2.57 (0.09)
NbC* + 2H, 0.17 (0.07) 1.1(0.5) 2.69 (0.22)
NbCH* + H, + H 0.50 (0.22) 1.7 (0.4) 2.99 (0.22)
NbCH; + H, 2.15(0.30) 0.8(0.1) 0.21 (0.04)
NbCH; + H 0.021 (0.006) 1.0(0.4) 2.46 (0.25)

Nb* + CD, NbD"+ CD4 1.33(0.28) 1.3(0.2) 2.61(0.12)
NbC* + 2D, 0.20 (0.11) 1.3(0.3) 2.72 (0.14)
NbCD* + D, + D 0.52 (0.25) 2.0(0.5) 3.16 (0.24)
NbCD; + D, 1.42 (0.04) 0.8(0.1) 0.31 (0.04)
NbCD3 + D 0.072 (0.014) 1.1(0.3) 2.62 (0.14)

this energy. Rather the decline must be because a newvalues of the parameters of Eq. (1) are listed for the
channel is depleting the population of a common methane, ethane, and propane systems in Tables 2—4.
intermediate. The NbCH cross section is finite at  The threshold can then be related to thermodynamic
thermal energies, indicating the presence of an inef- information assuming that this represents the energy
ficient exothermic or thermoneutral channel. At about of the product asymptote, an assumption that is
1 eV, the cross section rises sharply and continues usually correct for ion—molecule reactions because of
rising until near 4 eV where it reaches a maximum the long-range attractive forces. Thus, Eq. (37) is used
due to competition with other channels and dissocia- to derive the BDEs provided below where RL is the
tion. Dehydrogenation to NbCcan also occur but  reactant hydrocarbon.
this pathway is inefficient. A second feature in the
NbCH; cross section is also observed and can be
attributed to neutral products of 2 Gldr CHs + H. Because our bond energy determination carefully
NbCH; rises from an apparent threshold below 2 €V includes all sources of reactant energy, the thermo-
and falls off near 4 eV largely because of dehydroge- chemistry obtained is for 0 K. In previous work [32],
nation to form NbCH . This secondary product rises we characterized the effective electronic temperature
from an apparent threshold near 2 eV and plateaus atof Nb™ ions formed in the flow tube source a900
higher energies. K (avgE,, = 0.062 eV) and likely to be 30& 100 K

In previous work on this system at thermal ener- (avg E,, = 0.024+ 0.008 eV). The BDEs derived
gies, Buckner et al. [14] observed the double and pelow are interpreted assuming the populations of the
triple dehydrogenation processes, reactions (31) andspin—orbit levels have a Maxwell-Boltzmann distri-
(29), with a branching ratio of 85:15. No reaction pution at 300 K. It is possible that they could be up to
efficiency was reported nor was the NiyG product  0.04 eV lower, well within the uncertainties listed, if
mentioned. Such a branching ratio is observed in our 900 K better characterizes the ion temperature.
work [Fig. 3(a)] at a kinetic energy of almost 1.5 eV,

where the other low energy products, Nbkg) " and 4.1. NbH"

Nb(CH,) ", are less abundant than the two products
observed in the ICR study. This product is formed in all three systems. A

reliable value forDy(Nb“—H), Table 1, has previ

ously been determined from the reactions of'Ntith

H, and D, [32]. This value is in good agreement with
The energy dependencies of the various cross high level theoretical calculations [37—40], in partic-

sections are interpreted using Eq. (1). The optimum ular those from Petersson et al. [38] and Das and

Do(Nb* — L) = Dy(R — L) — E, (37)

4. Thermochemical results
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Table 3

Optimized parameters of Eq. (1) for Nb+ C,Hg system

Reactants Products o n E, (eV)

Nb" + C,Hg NbH" + C,Hg 1.62 (0.65) 1.8(0.4) 2.36 (0.19)
NbH3 + C,H, 0.04 (0.01) 1.2(0.3) 1.04 (0.19)
NbC" + CH, + 2H, 0.35(0.17) 1.6 (0.3) 6.96 (0.30)
NbCH" + CH; + H, 458 (1.15) 1.6 (0.3) 2.63(0.13)
NbCH; + CHj, 1.67 (0.23) 1.7 (0.2) 1.77 (0.07)
NbCH" + 2H, + H 0.64 (0.11) 1.3(0.2) 4.41(0.11)
NbC,H; + 2H, 6.92 (0.90) 1.4 (0.3) 0.18 (0.06)
NbCH3 + H, + H 0.31 (0.14) 1.6 (0.4) 2.81(0.24)

Balasubramanian [39]. Using this BDE, the predicted spectively. These values agree within experimental
thresholds for the NbH products are 2.2& 0.08, error with the value of 5.16- 0.15 eV obtained by
2.03 = 0.07, and 1.93+ 0.07 eV for the CH, C,Hg, measuring the endothermicity of the N+ CO —
and GHg systems, respectively, and given that NbC" + O reaction [33]. The average of these three
Do(Nb*-D) = 2.31+ 0.07 eV [32], the predicted valuesis 5.28+ 0.15 eV and is our best experimental
threshold for NbD' formation in the CQ) system is  value at present. Hettich and Freiser [34] have ob-
2.27+ 0.07 eV. The thresholds measured for these served photodissociation of NbGHto NbC' at
processes, Tables 2—4, are all consistently higherthan\,\,a\,emngthS out to at least 590 nm, such that
these predictions. This is apparently because of com- Do(NbC*—H,) < 2.1 eV (although data are shown
petition with more favorable dehydrogenation pro- only below 450 nm= 2.76 eV). Combined with our
cesses for each reaction system. value for Do(Nb™—CH,) obtained below, the photo
4.2, NbC dissociation result corresponds Bg(Nb*—C) > 5.7
eV (or more conservatively:>5.0 eV). As only the

The thresholds obtained from the NbCcross latter value agrees with the present results, we pre-
sections result inDy(Nb*-C) of 5.37+ 0.22 and sume that the small photodissociation signals at long
5.31=* 0.14 eV for the CH and CD, systems, re wavelengths are attributable to hot ions.

Table 4

Optimized parameters of Eq. (1) for Nb+ C;Hg system

Reactants Products [ n E, (eV)

Nb* + CiHg NbH" + C;H, 2.03(0.62) 1.9(0.3) 2.81(0.14)
NbH; + CHg 0.09 (0.04) 1.7 (0.3) 1.05 (0.06)
NbC* + C,H, + 2H, 0.010 (0.006) 2.3(0.4) 3.3(0.4)
NbCH* + C,Hs + H, 1.50 (0.71) 1.9(0.4) 2.60 (0.20)
NbCH; + C,H, + H, 0.81(0.10) 1.5(0.2) 1.05 (0.07)
NbCHJ + C,Hg 0.63 (0.30) 2.1(0.8) 1.55(0.24)
NbCH; + C,H, 0.052 (0.011) 1.2(0.3) 0.52 (0.11)
NbC,H" + CH + 2H, 1.08 (0.34) 1.4(0.4) 3.91(0.19)
NbC,H3 + CH; + H, 1.90 (0.85) 2.0(0.4) 1.99 (0.18)
NbCH; + CH; + H 0.13(0.03) 0.8(0.1) 2.5(0.3)
NbC,HZ + CHg 0.11 (0.01) 1.3(0.2) 1.32(0.12)
NbC;H; + 3H, 10.79 (0.82) 1.3(0.3) 1.21 (0.08)
NbC;H3 + 2H, + H 0.28 (0.07) 1.7 (0.2) 2.89 (0.12)
NbCHZ + H, + H 0.18 (0.03) 0.5(0.2) 3.59 (0.08)
C,Hi + NbH + CH, 0.075 (0.011) 1.1(0.2) 4.95 (0.09)
CsHe + NbH + H, 0.097 (0.023) 1.1(0.4) 4.24 (0.19)

C.HF + NbH 0.10 (0.04) 1.6 (0.5) 2.8(0.2)
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In the ethane and propane systems, there are mas.4. NoCH’
overlap problems with the more intense NbCH
product channel making the detailed shape of the The dominant reaction in the methane systems is
NbC" cross sections unreliable in the threshold re dehydrogenation, reaction (5). This is clearly an
gion. In addition, there is some ambiguity about €ndothermic process in both the ¢lnd CD, sys
which neutral products correspond to the thresholds tems. Freiser and co-workers have demonstrated that
for NbC* reported in Tables 3 and 4. In the ethane the reverse reaction occurs readily at thermal ener-
system, the products most consistent with the thresh- 91€S, which shows that there is no barrier to this
old observed (Table 3) are GH- 2 H,, which is reaction in excess of the NbGH+ H, asymptote.

predicted to have a threshold of 6.820.15 eV. In Our measurements of the thresholds for reaction (5)
resultinDo(Nb"—CH,) = 4.52 + 0.04 eV and for its

deuterated analogue we obtaiDy(Nb*—CD,) =
4.34 = 0.04 eV. In the ethane and propane systems,
the formation of NoCH occurs inefficiently at ther
mal energies. These reactions correspond to formation
of neutral products ClHand GHg, respectively, and
4.3. NbCH indicate thaD,(Nb"—CH,) > 4.04 and>4.17 eV. In
the propane system, NbGHis formed more effi

As noted above, the mechanism for formation of ciently at slightly higher energies and the analysis of
NbCH" is dehydrogenation of the primary NbGH this cross section feature is included in Table 4. The
product. The thresholds obtained from the NBCH neutral products in this case must correspond to
cross sections result iB(Nb"™—CH) of 6.08+ 0.22,  C;H; + Hy, such that the measured threshold corre
5.77 + 0.13, and 5.77= 0.20 eV for the CH, C,Hg, sponds toDo(Nb"~CH;) = 4.46 = 0.07 eV. These
and GHg systems, respectively, and 5.910.24 eV values are all quite consistent and we adopt the
for Do(Nb*—CD) in the CI) system. It seems possi ~ average of the three values for the methane and
ble that the thresholds for the ethane and propane Propane systems, 4.44 0.09 eV for this product ion

systems are shifted slightly to higher energy because (9n01ing the small zero point energy differences
the neutral product formed in conjunction with associated with the NbCDvalue). This value agrees
within experimental error with 4.6& 0.30 eV ob-

tained by Hettich and Freiser [34] from the photodis-

the propane system, the products most consistent with
the observed threshold are,l, + 2H,, which
should have a threshold of 3.58 0.15 eV.

NbCH; (methyl and ethyl radicals, respectively)
carries away more energy than the H or D atom in the o
y gy sociation threshold for NbCH — Nb™ + CH,.

methane systems. For this reason, we average the twi . . . .
y_ . 9 . QThe:se authors revised their final estimate of this BDE
values obtained from methane systems (ignoring the to 4.73+ 0.30 eV on the basis of observing reaction

small zero point energy (Iallffe;ences)tho obtain 6:02 (5), even though they correctly concluded that this
0.20 eV as our best value f@,(Nb™—CH). Some process is endothermic.

confirmation of the accuracy of this value comes from The experimental values greatly exceed the theo-
agreement within experimental error with the 629 ica) values calculated by Bauschlicher et al. [45],
0.34 eV value calculated from photodissociation re- 3 gg+ .13 eV, and Siegbahn et al. [40], 4.12 eV.
sults [34] (Table 1). More specifically, the photodis- This is odd as agreement between our measured
sociation results directly obtaildo(NbCH"—H) = values and those calculated by Bauschlicher for other
276+ 0.22 eV. Combined with our value for transition metal methylidene cations has generally
Do(Nb*—CH,) obtained in Sec. 4.4, the photodisso  been good [9,26—30]. Nevertheless, the data in the
ciation result corresponds @,(Nb*~CH) = 6.05 + methane systems leaves no doubt that thé -MEH,
0.24 eV, in excellent agreement with the value ob- BDE cannot be this low. There are no barriers to these
tained here. reactions in excess of the endothermicity (which
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would raise the BDE anyway), as demonstrated by the cation but rather HNb(¢H,)", a hydrido—ethene

efficiency of the reverse process [14,34]. The good
agreement with the value obtained in the propane
system where formation of NbCH occurs by a

different mechanism indicates that there are no obvi-
ous systematic effects in the determination of this
BDE. The only possible means of lowering the
experimentally determined BDE is if there are unac-

complex, but the thermochemistry cannot distinguish
between these possibilities.

4.6. Bond-energy bond-order correlation for Kb
CH, bonds

One interesting way of investigating the bond

counted sources of reactant energy, such as higherorder of simple metal ligand species is to compare
energy spin—orbit states that are much more reactive with organic analogues, i.eDy(Nb"—L) versus

than lower energy spin-orbit states (which could
lower the BDE by 0.13 eV at the very most). The
presence of an excited state (agF at 0.42 eV) that

Dy(L-L) [73]. Such a plot is shown in Fig. 4and
differs somewhat from a previous version [34]. It can
be seen that the correlation is remarkably good which

is much more reactive with methane and propane than indicates that Nb—H, Nb"—CH,, and Nb"—C,H;, are

H, and D, could also be postulated, but there is no

all single bonds, Nb=CH, is a double bond, and

evidence for such an excited state in other reaction Nb*"=CH is a triple bond. The bonding character of

channels.
4.5. NoCH and NbGHZ

The thresholds obtained for the NbgHcross
sections in the Cl C,Hg, and GHg systems result in
Do(Nb"—CH;) of 2.02+ 0.25, 2.04+ 0.07, and
2.22 = 0.24 eV, respectively, and 1.96 0.14 eV for
Do(Nb™—CDy) in the CD, system. The average of
these four values is 2.06 0.11 eV, which compares
very well with the theoretical value of 2.15 eV given
by Bauschlicher et al. [43]. This identifies this species
as the niobium methyl cation.

In the propane system, cleavage of the C—C bond

yields NbGH_Z in competition with NbCH. Inspee

Nb*-0 is discussed in detail elsewhere [33], but is
predicted to have a bond order of three, and hence
correlates withDo(C=0). The point that lies furthest
from the line is for N’ —C, correlated with the BDE

of C,. In this case, the NbDCBDE lies above the line
because the covalent double bond in this molecule can
be augmented by back donation of an occupider 4
orbital on Nb" into the empty P orbital on C,
something that €cannot do.

4.7. Products of dehydrogenation: Ngf€) ™, x =
2 and 4, and Nb(gH,)", x = 2, 4, and 6

Dehydrogenation of ethane and propane by N
exothermic, indicating thaD,(Nb*-C,H,) > 1.34

tion of the data indicates that the threshold for process eV and thatD,(Nb"—C;Hg) > 1.22 eV. Loss of

(28) is slightly below that for reaction (22), Fig. 3(c)
and (d). Analysis of the NbgiZ cross section is

methane in the reaction with propane is also exother-
mic, which means thab,(Nb*-C,H,) > 0.80 eV.

complicated because this product dehydrogenates atSomewhat more speculatively, we can model the

slightly higher energies to form Ng€;. Neverthe
less, similar thresholds are obtained whether we
analyze the NbgHZ cross section independently or
the sum of the NbgH: and NbGH3 cross sections.
The results in Table 4 lead t®,(Nb"—C,Hg) =
2.45=+ 0.12 eV, 0.38 eV greater thdd,(Nb"—CH,).
This is comparable to results for the first-row conge-
ner of niobium, whereDy(V"—C,Hs) = Do(V*' -
CHy) + 0.33 eV [9]. It is possible that the ground
state geometry of NbEiZ is not the niobium ethyl

exothermic part of the Nb&i; cross section with a
power law, subtract it from the experimental cross
section and analyze the endothermic feature, Table 4.
This yields Dy(Nb"™-C,H,) = 2.8+ 0.3 eV, in
agreement with the lower limits and with the BDE to
ethyne determined next.

Subsequent dehydrogenation of the NHE prod
uct formed in the propane system is also exothermic,
giving Do(Nb"—C,H,) > 2.54 eV. Double dehydro
genation of ethane to form N8, is slightly ende
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thermic, with a measured threshold of 0.1£80.06
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Triple dehydrogenation to form Nb@, is also
observed as an endothermic process. Here, the diffi-
culty is assigning a likely structure to this species
although a reasonable possibility is the-GCH,
biradical. Assuming this dissociation asymptote, the
thermochemistry measured here provides a
Nb*=C;H, BDE of 5.25+ 0.19 eV. This is plausible

as the Nb-C double bond can be augmented by
delocalization of the C—Gr electrons into an empty
d=r orbital on niobium.

4.8. NbH and NbCH

Two of the more interesting minor products ob-
served in these systems are Nbrand NbCH,
products that are not observed in the reactions of
first-row transition metal cations with these alkanes.
The NbH, product is formed in both §Hs and GHg
systems along with the appropriate alkene, ethene and
propene, respectively. The thresholds obtained from
the NbH; cross sections result iDy(Nb"—H,) of
0.30*= 0.19 and 0.16+ 0.06 eV, respectively. Be-
cause the cross section for this product is considerably

eV. As noted above, collision-induced dissociation larger in the propane system, it is much more reliably
experiments on this product by Buckner et al. are interpreted, as reflected in the smaller uncertainty.
consistent with the niobium—ethyne cation structure. Therefore, we take this value as our best determina-
The measured threshold (Table 3) can be converted totion of this BDE. In the case of NoCH formed in the
Do(Nb"—C,H,) = 2.90 = 0.06 eV, consistent with  C3Hg system [Fig. 3(d)], analysis of this cross section
the lower limit obtained in the propane system. This yields a threshold (Table 4) leading ®,(Nb"—
BDE is somewhat greater than that measured by CH,) = 0.30*= 0.11 eV.
photodissociation [34] or calculated [47], Table 1. We The key issue for these species is their structure,
note that the former value is inconsistent with the which can either be the inserted NbgH)and
observation of exothermic formation of this productin Nb(H)(CH,;)" species or the electrostatically bound
the propane system. Further, the cross section for themolecular complexes, Nogi" and Nb(CH) . Bow-
endothermic double dehydrogenation of ethane can-ers have measured the binding of, kb Nb* and
not be accurately reproduced with a threshold as high determined a bond energy of 0.670.04 eV [36].
as 0.6 eV (as predicted by a BDE of 2.47 eV) or 0.5 Hence, the thermochemistry determined here for the
eV (as predicted by the theoretical BDE of 2.56 eV). NbH, product is inconsistent with this structure,
Double dehydrogenation of propane is exothermic, although this presumes that there is no barrier to the
indicating thatD ,(Nb"—C;H,) > 2.84 eV, presuming  formation of the NbH species. This presumption
that GH, has a propyne structure. This seems likely must be correct, however, as there is no barrier
given that double dehydrogenation of ethane (also a observed to formation of Nb(alkeng)which would
relatively efficient process) occurs and gives the be formed by decomposition of the same
ethyne ligand. This BDE provides further experimen- (H,)Nb(alkene) intermediate leading to Nb@".
tal evidence that the Nb-ethyne bond is 2.90 eV. Das and Balasubramanian [44] calculate that the
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ground state of Nb(H) is B, with a H-Nb—H bond
angle of 105°; however, they calculate that this
species lies 0.65 eV below the Nga 3F) + H,
excited state asymptote, which places it 0.34 eV
abovethe Nb'(a °D) + H, ground state asymptote.
As the calculations failed to consider states evolving
from the ground state asymptote, it is difficult to
evaluate the accuracy of their conclusions.
Blomberg et al. [23] calculate that Nb(H)(GH
has a®A” ground state with a H-Nb—C bond angle of
107.5°. They find that it also lies above N@ °D) +
CH, (by 0.11 eV), but they carefully consider zero
point energies and the limitations in their calculations
and correct their binding energy to estimate that
Nb(H)(CH,) " is bound by 0.58 eV. Considering the

163

When these bond energy sums are combined with
Do(Nb™—H) andD,(Nb*—CHs), Table 1, one can also
determine the second covalent bond,(HNb™—

H) = 2.36 = 0.09 eV, Dy(HNb"—CH,) = 2.50 +
0.13 eV andy[(CHz)Nb™—H] = 2.71 + 0.20 eV. In

all cases, the second bond is stronger than the first, by
only 0.08 for the dihydride and by 0.43 eV for the
hydrido—methyl. This result agrees with the calcula-
tions of Rosi et al. [46] foD,(H;CNb"—~CHy) where

the second methyl bond is 0.32 eV stronger than the
first.

4.9. NbGH,, (x = 1 and 3)

Various ionic products having the formula

estimates involved, this is in reasonable agreementNbC,H, are formed in the ¢Hgs and GHg systems.

with our experimental value of 0.3 0.11 eV. They
also calculate the BDE for the Nb(GH complex
and obtain 0.77 eV (0.51 eV before correction),
inconsistent with our thermochemistry. In contrast,
Rosi et al. [46] calculate that the Nb(GH geometry

is more stable than NbgEls)". The dimethyl species
has a®A, ground state with a C~Nb—C bond angle of
97°. They calculate that No(Ch} lies 0.66 eV below
the Nb"(a °D) + C,Hg asymptote, while Nb(gHe) "

is estimated to be bound by 0.430.22 eV. The
extra stability of the dimethyl versus the dihydride
and hydrido—methyl species is partly a function of the

Those resulting from dehydrogenatiox € 2 and 4)

or simple bond cleavagex(= 5) are discussed
above. Subsequent dehydrogenation of the primary
NbC,H: product yields both NbgH3 and NbGH ™.

The thresholds obtained for the former species in the
reactions with GHg and GHg give Do(Nb*—C,H,) of
3.29+ 0.24 and 3.57 0.18 eV, respectively. We
adopt the average value, 3.430.21 eV, as our best
value. Note that this BDE is greater than that for the
single bond in NB—CH;, 2.06 = 0.11 eV, but less
than the double bond of Nb-CH,, 4.44+ 0.09 eV.

As discussed elsewhere [9], transition metal ion bonds

weaker C—C bond of ethane (3.8 eV) compared to the to vinyl can be strengthened by delocalization of the

H, and H-CH BDEs (4.5 eV).

Overall, the comparison with theory shows that the
NbH; and NbCH products can be plausibly -as
signed to either the covalently bound dihydride,
Nb(H);, and hydrido—methyl, Nb(H)(CH", com
plexes or electrostatically bound dihydrogen,
Nb(H,)*, and methane, Nb(CHi*, complexes. How

ever, the comparisons are most consistent with the

former structures. Experimentally, the simple fact that

C-C electrons to the metal center, i.e. a dative bond
in addition to the covalent bond. For the early first-
row transition metal cations (Ti V", and Cr)
where there is an empty orbital to accept these
electrons, this bond to vinyl is 1.42 0.35 eV stron-
ger than the bond to methyl, very similar to the
enhancement here of 1.37 0.24 eV.

NbC,H™ is measured to have thresholds that yield
Do(Nb"™—C,H) = 4.36 + 0.11 eV and 4.32+ 0.19

these species are observed provides further evidenceeV in the ethane and propane systems, respectively.
for this assignment, a point that is discussed in the The very good agreement between the two values

mechanisms section below.
Regardless of the structure of the NpHand

leads us to assign the mean value of 4390.19 eV
to Do(Nb*—C,H). This bond energy is much stronger

NbCH, species, the thermochemistry measured here than Dy(Nb*—CH,;) and comparable tdD,(Nb"—

can also be converted t®,(Nb*—2H) = 4.64 +
0.06 eV andDy[Nb"—(H)(CH,)] = 4.78 = 0.11 eV.

CH,), suggesting it has double bond character- Pre
suming that this species has a NMC=CH structure,
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this can occur by delocalization of both pairs of C-C
« electrons into thelw orbitals on NB, in essence
forming two dative bonds in addition to the covalent
Nb-C single bond.

4.10. NbGH, , x = 3 and 5

Minor products observed in the propane system are

NbC;H,, wherex = 3 and 5, Fig. 3. At low energies,
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of the strong competition with the exothermic dehy-
drogenation processes. Hence, we conclude that
Do(Nb—H) > 2.3+ 0.1 eV, in agreement with the
calculated values of 2.55 and 2.56 eV [41-43].

5. Discussion

5.1. Reaction mechanism

these cross sections are obscured by mass overlap

with the other NbGH,, products that are orders of
magnitude more intense. In addition, competition with
these other products could shift the thresholds for
NbC;H; and NbGHZ to higher energies. Thus, the

The activation of alkanes by transition metal cat-
ions is generally explained using an oxidative addition
mechanism in which M inserts into a C-H or C-C
bond to form R—-M —H or R—M*—CH; intermediates

thresholds for these products should be considered ag1,2,25]. Products can be formed by reductive elimi-

upper limits. Analysis of the cross sections after
correction for mass overlap yields the results in Table
4. The threshold obtained for the NEMZ cross
section in the GHg system yields a BDE dD ,(Nb*—
CsHs) = 1.39+ 0.08 eV, given that dissociation
forms the allyl radical. This implies nothing about the
structure of the complex, although an allyl ligand is
certainly reasonable. This value seems quite low
compared with BDES for other radicals bound toNb
which suggests that the thermodynamic threshold is
not observed in this case. The N{ product is also
observed in an endothermic reaction in this system.
The threshold corresponds tBy(Nb*-C3H;) =
3.76 = 0.23 eV if dissociation yields a C}ECH
structure, which also implies nothing about the struc-
ture of the complex. This value is comparable to the
BDE for NbC,H3 , which has a single covalent Nb—C
bond augmented by interactions.

4.11. NbH

In the propane system, theld; , C;HZ , and GH7
species are formed in reactions along with NbH.
When combined with literature thermochemistry for
the hydrocarbon ions and the ionization energy of
niobium, IE(Nb)= 6.759 eV [74], the measured
thresholds for these reactions resultDg(Nb—H) =
2.3+ 0.1,2.0*= 0.2,and 2.0+ 0.2 eV, respectively.
As for the formation of the competitive NbH-+
C;H-, channel, these values are lower limits because

nation of small molecules such as Bind CH, at low
energies, and by metal-hydrogen or metal—carbon
bond cleavage at high energies. The elimination
processes can occur either by multicenter transition
states or by rearrangement of the intermediate through
B-H or B-CHj, transfers to form (HM*(C,H,,) or
(CHg)(HM ™ (C,H,,) species, which then reductively
eliminate H or CH,, respectively. This general mecha
nism has also been invoked to interpret experimental
observations for the reactions of the first-row transition
metal congener, V, with alkanes [50,58—60]. Among
the key issues in determining the detailed mechanism is
the spin states of the reactant, intermediates, and prod-
ucts and the stabilities of two types of possible interme-
diates: (1) R-Nb-H and R-Nb"—-CH,;, and (2)
(H)2Nb™(CH,,) and (CH)(H)Nb™ (CH,).

The reactants have a quintet spin state,
Nb*(°D) + C,H,,,» (*A). Calculations indicate
that the ground state of NbHis “A [38,39], NbCH;
is *A, [43], NbCH; is °B, [45], Nb(H); is 3B, [44],
and Nb(H)(CH)" is 3A” [23]. All other primary
products involve an alkene or alkyne bound to™Nb
Nb(C,H,)" is calculated to have 3A, ground state
[47]. Calculations have not been performed for
Nb(C,H,)", but comparison with results for analo
gous complexes of V [47,75] suggest that it also has
atriplet ground state. Thus, formation of the NbH
C,Ho,.; and NbCH + C,_,H,,_, products is spin
allowed, whereas formation of all other primary
products is spin forbidden. We can also determine that



M.R. Sievers et al./International Journal of Mass Spectrometry 195/196 (2000) 149-170 165

the R-Nb-H and R-Nb"-CH, intermediates expected as the hydrocarbon gets larger, and because
should have triplet spins, in direct analogy with these systems exhibit processes at thermal energies
Nb(H); and Nb(H)(CH)". Likewise, the possible that are efficient and barrierless.
(H),Nb™(C,H,,) and (CH)(H)Nb™(CH,,) interme As noted above, there is strong competition ob-
diates should have triplet ground states. In all three served between the formation of the thermodynami-
alkane systems, this indicates that there is a change incally favored products, e.g. NbGH+ H,,
spin from quintet to triplet as the reactants interact NbC;H; + H,, and NbGHg + H,, and the
strongly with the alkane to form the R—NbH and NbH" + R products. A key observation is that the
R'-Nb"—-CH, intermediates. On the basis of the decline in the cross sections of the former products is
present results, it appears that this spin conversion iscompensated by the increase in the Nbldross
fairly efficient in the niobium systems. All subsequent section. Although contributions of direct abstraction
rearrangements and the formation of all products can processes to the formation of NSHcannot be ex
then evolve along triplet surfaces. cluded, such a mechanism is unlikely to compete so
As discussed above in Sec. 4.1.8, our present efficiently with the dehydrogenation channels. How-
experimental results coupled with theoretical calcula- ever, if these processes share a common intermediate
tions indicate that the H-Nb-CH, intermediate is  and NbH" + R formation is kinetically favored, then
stable compared to the Nb+ CH, reactants and this process will rapidly deplete the intermediate
Nb*(CHj), is stable compared to Nb+ C,Hq reac before the more complicated dehydrogenation reac-
tants. Likewise we can conclude that all possible tions can occur. The H-NB-R intermediate is an
R-Nb"-H and R-Nb"-CH; intermediates should obvious choice as NbH formation can occur by
also be stable compared to the reactants because thsimple bond cleavage at elevated kinetic energies,
R-H and R—CH; bonds are no stronger than H-CH  whereas H elimination must occur by a more -re
and the replacement of the methyl group by a larger stricted transition state. Thus, the existence of this
alkyl should only stabilize the intermediate further.  intermediate is not in question for Nkreacting with
Blomberg et al. also calculate the energy of the any alkane. Likewise, the existence of Gib" R’
transition state connecting Nb(GH with H-Nb"— intermediates seems certain as these lead to the
CH; finding a value of 0.24 eV (0.93 eV before primary NoCH and NbGHZ products observed in
correction for zero point, basis set, and correlation the ethane and propane systems. The mechanisms
effects) above the energy of the Nb- CH, reactants responsible for the dehydrogenation and alkane elim-
[23]. This is comparable to the thresholds we observe ination reactions observed at low energy are more
for dehydrogenation of methane (Table 2), suggesting difficult to determine and are discussed in the follow-
that this threshold might correspond to the energy of ing sections.
this oxidative addition transition state rather than to
the NbCH + H, product asymptote. However, this 5.2. Mechanism for reaction with methane
would mean that the Nb-CH, BDE is larger than the
experimental value given in Table 1, making the Blomberg et al. [23] calculate that the elimination
disagreement with theoretical calculations even of H, from H-Y"—CH, occurs by passing over a
larger. Further, such a barrier is inconsistent with the four-center transition state, calculated to lie about
observation of an efficient reverse reaction by Freiser 0.43 eV below the energy of the products. It seems
and co-workers [14,34]. Hence we conclude that the reasonable that a similar mechanism is followed for
energy of this transition state cannot lie higher than niobium and that the relative energetics are not that
the NbCH + H, products, which lie only slightly  different. Another way of understanding this step is to
higher than the Nb + CH, reactants. This conclu  consider the reverse reaction, i.e, Hctivation by
sion also translates to the ethane and propane systemsNbCH; . The following discussion is consistent with
again because of the variations in thermochemistry simple molecular orbital ideas developed for the



166

activation of H, and CH, by metal oxide ions [76]. As
discussed in detail elsewhere [2,3], activation of
covalent bonds at transition metal centers is most
facile when the metal has an emptylike valence
orbital to accept the pair of electrons in the covalent
bond, and when it has a pair of valender-like
electrons to donate into the antibonding orbital of the
bond to be broken. For the metal methylidenes, the
valence molecular orbitals (MOs) area;land 1,
M-C bonding; B,, 1b,, and 2, d-like nonbonding;
a 3a, s-like nonbonding; and 2, and 4, antibond
ing orbitals. For these species, the most likely accep-
tor orbital is the &, MO and them-donor orbital is
one of the nonbonding MOs. The ground state of
NbCH; is ®B, with a (1a,)%(1b;)%(1a,)°(1b,)?*
(2a,)*(3a,)° electron configuration and there should
be a low-lying ®B, state with a configuration of
(1a1)*(1by)*(1a,)"(1b,)(2a,)°(38,)° [45]. Note
that neither of these states occupy the Zcceptor
orbital. Thus, the interaction of ground state NbCH
with H, is attractive and allows facile activation of,H
across the Nb—C bond to form H-NCH;.

At higher energies, the H-Nb-CH; intermediate
decomposes by cleavage of the Nb—H and Nb-C
bonds to form the primary NbCHand NbH" prod

ucts. Although these channels have similar energetics,
the latter product is favored as it can conserve angular

momentum more easily [59]. At higher energies,
NbC" and NbCH" are formed by subsequent dehy

drogenation and H atom loss processes from the

primary NoCH and NbCH products. The thermo

chemistry determined above shows that dehydrogena-

tion of these species requires 2.510.17 and 0.64+

M.R. Sievers et al./International Journal of Mass Spectrometry 195/196 (2000) 149-170

5.3. Dehydrogenation of ethane and propane

Dehydrogenation of the larger alkanes can proceed
by initial C-H bond activation to form H-Nb-
C.H,. 1. This intermediate can then rearrange
through a multicenter transition state in whicltBad
interacts directly with the H on the metal to yield a
(H,)Nb™(CH,,) complex. Alternatively, thep-H
first transfers to the metal to form (b*(C,H,,)
which then reductively eliminatesHagain forming
(Hy)Nb*(C,H,,). This latter product generally loses
the H, ligand, as it is bound much less strongly than
the alkene (BDEs of 0.67 versus 2.8 eV, Table 1).
Indeed, this large difference in binding energies
makes it implausible (although not impossible) that a
significant amount of Nb(k) © could be generated by
competitive loss of the alkene. It seems more likely
that the alkene could be lost from a ¢gNp™ (C,H,,)
intermediate, as alkene loss (while still thermodynam-
ically disfavored) is a simple bond cleavage reaction
and hence kinetically more favorable thap &limi-
nation, which requires reductive elimination involv-
ing a tight transition state. Thus, the observation of
NbH; products in both the ethane and propane
systems provides circumstantial evidence for the path-
way involving the (H)Nb™(C,H,,) intermediate.

5.4. Alkane elimination from ethane and propane

Two types of alkane elimination processes are
observed for the larger alkanes studied here, forma-
tion of NbCH; + C,_,H,, in the ethane and propane
systems and of Nb({E,)" + CH, in the propane
system. The former reaction is likely to follow the

the formal bond order changes little in going from
Nb*=CH, to Nb"=C but changes from 1 to 3 in the
transition from NB'—CH, to Nb"=CH, Fig. 4. It is
interesting to note that H atom loss from Nbg{H
which leads to the second features in the NGCH
cross sections, Figs. 1, 2(b), and 3(d), requires 2:34
0.19 eV. This process is still observed even though
dehydrogenation is a much lower energy channel.
This indicates that H atom loss is kinetically more
favorable than H elimination, as expected.

in the methane system. Specifically, elimination of
RH from a H-NB'—CH,-R intermediate or elimina
tion of R'H from a H,C-Nb"—R’ intermediate, both
passing through four-center transition states. These
processes probably account for the exothermic forma-
tion of NbCH, at the lowest energies in both systems
[Figs. 2(b) and 3(d)]. They are less efficient than the
reaction in the methane system because there is no
competition with other more favorable reactions in the
latter system and the four-center transition state is
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probably more restricted when an alkyl group rather ing reactions in the V systems are much less
than an H atom is involved. efficient, and observed at thermal energies only in the
The formation of Nb(GH,)* + CH, in the pro propane system. Here, the reaction is barrierless but
pane system is interesting as this C—C bond activation occurs in only 1 of every 200 collisions [50,63].
process can be fairly efficient for many metal cations Second, exothermic elimination of methane from
[2,3], in particular, the late first-row transition metal propane, reaction (27), is inefficient for Nbbut
cations. In analogy with the dehydrogenation process, occurs at thermal energies. For"Vthis exothermic
it seems likely that this reaction occurs by initial C—C process exhibits a barrier of 0.70 0.06 eV [50].
bond activation to form EC—Nb"—C,Hs, followed by Third, subsequent dehydrogenation of primary prod-
a B-H shift to yield the (CH)(H)Nb™*(C,H,) interme ucts (forming species such as NbC NbCH',
diate, which then reductively eliminates methane. The NbC;H", NbC,H,, NbCH;, NbC;H;, NbCH3,
observation of the Nb(H)(CH™ product [Fig. 3(d)] is NbC;H; , and NbGH_) is pronounced in the niobium
taken as evidence for this latter intermediate, using systems. Analogous processes are observed in the
parallel arguments to those for the analogous vanadium systems but are much less efficient.
(H),Nb*(C;Hg) intermediate. Alternatively, initial Most of these differences in reactivity can be
primary C—H bond activation to form H-Nb-C;H, understood simply on the basis of differences in
followed by a B-CH; shift yields the same  thermochemistry. The hydride and methyl BDEs of
(CH3)(H)Nb*(C,H,) intermediate. These two path  vanadium and niobium cations are similar; compare
ways cannot be distinguished on the basis of the Dy(V*—H) = 2.05= 0.06 eV andDy(V*—CH,) =
present experiments, although recent calculations sug-2.00 = 0.07 eV [9] with the values in Table 1. In
gest thatB-alkyl migrations are higher energy path- contrast, the NbC, NbCH", NbCH; bonds are
ways thang-H shifts [57]. If the former pathway is  stronger than the vanadium analogues by #.P.2
active, then the inefficiency of methane elimination eV [9]. These bond energies are also compared in Fig.
(C—-C bond cleavages account for only 3% of the total 4. Likewise, the No—C,H, BDE exceeds that for
reactivity at thermal energies) can be explained by the V*—-C,H, [77] by 1.5+ 0.3 eV, and Sodupe and
relative amounts of initial C—H versus C-C bond Bauschlicher [47] have calculated th&,(Nb"—
activation. This is presumably controlled by the rela- C,H,) is greater thanD,(V'-C,H,) by 1.0 eV.
tive energies of the insertion transition state. If the Similar results should hold for all other alkene and
latter pathway is active, then the relative efficiencies alkyne complexes. Thus, formation of all products but
of the B-H versusB-CHj shifts is probably determin MH™ and M(alkyl)" are energetically more favorable

ing. in the niobium system by 1 eV or more. This clearly
explains the third difference noted above, the relative
5.5. Reactivity differences between Nénd V" efficiency of the subsequent dehydrogenation pro-

cesses. To a large extent, these energy differences also

The kinetic energy dependencies of the reactions explain the first point, the differences in the primary
of V¥ (the first-row transition metal congener of dehydrogenation channels. Dehydrogenation of all
Nb™) with CH,, C,H, and GHg have been studied three alkanes by V is energetically more costly than
previously [50,58—64]. The differences in the reac- when induced by Nb, sufficiently so that VGH;
tivity of V* and Nb™ can be summarized fairly formation is endothermic in the V+ ethane system.
succinctly. First, the efficiency of the dehydrogena- However, dehydrogenation of propane by both metal
tion processes differs dramatically between the two cations is exothermic and has no barriers in excess of
metals. Reactions (16) and (3%) (33) are exother-  the energy of the reactants, hence the two order of
mic and efficient, occurring on nearly every collision, magnitude difference in efficiencies for this process
while reaction (5) is endothermic, but still has an requires additional considerations.
appreciable cross section. In contrast, the correspond- As discussed previously [50], the inefficiency of
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the dehydrogenation of propane by"Vhas been 6. Conclusion

attributed to intermediates that lie only slightly below

the energy of the reactants and the need to couple Ground state Nb ions are found to be very
from a quintet reactant surface to a triplet intermediate reactive with CH, C;Hg, and GHg over a wide range
surface and back to a quintet product surface. [Unlike of kinetic energies. Efficient dehydrogenation is ob-
Nb(C;Hg) ", which has a triplet ground state, see served at low energies in all three reaction systems,
discussion above, V(El,)* has a quintet ground while alkane elimination is nearly absent in the latter
state, necessitating two spin changes for this reaction: two systems. At high energies, the dominant process
one in the entrance channel and one in the exit in the methane, ethane, and propane systems is C-H
channel.] In the case of N the intermediates should ~ bond cleavage to form NbH + R, although there are

be more stableDo[Nb*—(H)(CH,)] = 4.78= 0.11  also appreciable contributions from NbgHand

eV versus DoV —(H)(CHy)] = 4.04+ 0.16 eV NbC,H: and products that result from dehydrogena
[9,60]. Further, because the M{8)* products have  tion of these primary products, NbCHand NbGH;.
different spins for the two metals, there is no spin The endothermic reaction cross sections observed in
change in the exit channel for Nb, and the spin—orbit &ll three systems are modeled to yied K bond
coupling necessary to mix the quintet and triplet dissociation energies for several Nb-ligand cations, as
surfaces in the entrance channel should be moreSummarized in Table 1. Reasonable agreement is
effective for the heavier metal. Part of the reason for found for these values compared with previous exper-
these differences is that the lowest-lying triplet state imental andltheoretical work, although theory is found
of the atomic ion is lower in energy for Nb The to underestimate the Nb-CH, and Nb"~C,H, bond

excitation energy of theP(4d*) state of NB is 0.833 energies. Lower limits to Nb-alkene and Nb_
eV [78], compared to théF(4s'3d®) state of V* alkyne BDEs are established by the observation of

which lies 1.10 eV above the ground state [79]. exotherrgllc deh;;]drogena]tclonr:eact|0Qs. FNiith
Finally, the elimination of methane from propane Possible mechanisms for the reactions of it

to form M(C,H,)* exhibits a barrier of 0.7&- 0.06 these hydrocfarb-ons are discussed |n.some detal!. A
h . . . key observation in the present system is the formation

eV for M = V. Two explanations for this barrier were . _

. . . of NbH; and NbCH species, proposed to be the
discussed [50]. First, the barrier could correspond to . . .

. . covalently bound dihydride and hydrido—methyl com-

the energy where the quintet and triplet surfaces cross . .
. . o plexes. These considerations suggest that the mecha-
in the exit channel. This is no longer a problem for

. . . __nisms of NB involve initial C-H or C-C bond
M = Nb, again because of the difference in the spin L
of the ground states of V(&,)" and Nb(GH,)" activation followed by rearrangements to form
g . 4 GH " (H)(R)Nb"(alkene) intermediates. When compared to
Second, the barrier could correspond to the transition ,, , s .
N . V™, the first-row transition metal congener, Nlis
state for methane elimination on the triplet surface. . . .
" . : found to be much more reactive. This can be attrib-
The transition state in question converts the H-M d h bonds for th d
C.H, intermediate to the (H)(CHM*(C,H.) inter- uted to much strongefr bonds for the second-row
3d7_ b lati 24 h metal ion and to more efficient coupling between
mediate y[i—Cﬂg transfgr. Rg ative to reactants, the surfaces of different spin.
Nb(H)(CH;)™ intermediate is more stable than
V(H)(CH5)" by 0.74+ 0.20 eV. Thus, it is feasible
that the comparable barrier for the niobium system
lies slightly below the energy of the reactants. In such Acknowledgement
an event, even though there is no barrier above the
energy of the reactants, a barrier just below could  This research is supported by the National Science
explain the inefficiency of this reaction in the Nb Foundation, grant nos. CHE-9530412 and CHE-
system. 9877162.
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