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/Abstract: Although early transition metal (ETM) carbides can
activate C—H bonds in condensed-phase systems, the elec-
tronic-level mechanism is unclear. Atomic clusters are ideal
model systems for understanding the mechanisms of bond
activation. For the first time, C—H activation of a simple
alkane (ethane) by an ETM carbide cluster anion (MoC;")
under thermal-collision conditions has been identified by
using high-resolution mass spectrometry, photoelectron
imaging spectroscopy, and high-level quantum chemical cal-
culations. Dehydrogenation and ethene elimination were ob-

served in the reaction of MoC;~ with C,H,. The C—H activa-
tion follows a mechanism of oxidative addition that is much
more favorable in the carbon-stabilized low-spin ground
electronic state than in the high-spin excited state. The reac-
tion efficiency between the MoC;™ anion and C,Hg is low
(0.2340.05)%. A comparison between the anionic and
a highly efficient cationic reaction system (Pt + C,Hg) was
made. It turned out that the potential-energy surfaces for
the entrance channels of the anionic and cationic reaction
systems can be very different. D

Introduction

C—H activation of alkanes, the major constituents of natural
gas and oil, is the crucial step for direct transformation of satu-
rated hydrocarbons into value-added products and is a chal-
lenging task in chemistry."’ Transition metals and their com-
plexes have been widely studied for C—H activation. The most
common mechanism of C—H activation by the metal centers is
oxidative addition, by which a C—H bond is cleaved and M—C
and M—H bonds are formed."“? For oxidative addition of C—H
bonds, the late transition metals, mostly the platinum-group
metals Pt, Ir, Os, Ru, Rh, and Pd, have been extensively report-
ed to be reactive, whereas reactive early transition metals

(ETMs) were much less reported in condensed-phase stud-
H [1c,2-3]
ies.
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In contrast to the condensed phase, many gas-phase atomic
ions of ETMs can activate C—H bonds of small alkane molecules
through oxidative addition under thermal-collision conditions.
Examples are the reactions of Sc* ¥ Ti* B v+ y+ @ 7+
Nb* B Lat ™ Lu™ ™ Ta™,”! and W' with ethane. In these re-
actions, the atomic ions usually have high-spin ground elec-
tronic states (exceptions are Y™ and Lu™ with 'S ground
states) that are intrinsically unfavorable for oxidative addi-
tion."" The observed reactivity is mostly due to spin crossover
from reactive low-spin excited states.'”? An example of the im-
portance of low-spin states in oxidative addition is the thermal
dehydrogenation reaction of CH, with Cr*: the high-spin
ground and excited states (°S and °D) of Cr™ are inert, whereas
the low-spin excited states (*D and possibly “G) of this ion are
very reactive.""™ Investigations of late transition metal ions
(Fe™, Co™, Ni, Rut, Rh*, Os*, Ir, Pt*, and Au*)"*" in oxi-
dative addition of C—H bonds have also emphasized the im-
portance of low-spin states. For example, the C—H activation of
propane by Fe™ occurs after spin conversion from the ground-
state Fe™(°D, 4s'3d®)C;H, surface to the low-lying first excited-
state Fe™ (*F, 3d”)C;H, surface "

Besides atomic ions, gas-phase atomic clusters, which are
generally considered to be ideal models for active sites of con-
densed-phase systems,"d"'*'%l have also been investigated for
C—H activation. In line with the findings of condensed-phase
studies, many atomic clusters of noble metals including Pt,"®
Pd,!"” Rh,™ their alloys,"” and ligated systems™® are reactive
with simple alkane molecules under thermal-collision condi-
tions. However, studied atomic clusters of ETMs such as Nb, "
LY Nb,, and Ta, (n>2)?*? are inert or much less reactive than
the atomic species (Nb* and Ta*)®>'%# in the reaction with
simple alkanes. It is important to investigate how to engineer
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ETM centers (e.g., by introducing main group elements)'?%!

to form cluster species to activate C—H bonds. ETM oxide clus-
ters have been extensively studied for C—H activation, but it
turned out that most of the active centers are oxygen radicals
rather than the metal atoms.""2*

Herein, we report that carbide clusters of ETMs such as mo-
lybdenum can be an important type of species to activate C—H
bonds through oxidative addition. It is known that supported
molybdenum carbide nanoparticles can be active catalysts for
dehydroaromatization of methane to benzene,”” dehydrogen-
ation of ethane and propane to olefins,”® and other reactions
in condensed-phase systems. Studies on the reactions between
molybdenum carbide clusters and alkane molecules serve as
an important approach to discover the mechanism of C—H ac-
tivation by related carbides at the strictly molecular level. It is
noteworthy that the structures and stabilities of the gas-phase
ETM carbide clusters have been extensively studied,”” whereas
their reactivity has rarely been reported.”®

In this work, high-resolution mass spectrometry, anion pho-
toelectron imaging (PEIl) spectroscopy, and high-level quantum
chemical calculations were employed to show that thermal
ethane conversion to ethene and hydrogen can be facilitated
by molybdenum carbide cluster anion MoC;™. This result is in
contrast to the fact that the atomic species Mo, Mo~, and Mo
are all inert toward alkanes under thermal-collision condi-
tions.""“*! The observed reactivity of MoC;~ thus emphasizes
the importance of carburization in engineering the molybde-
num center for C—H activation. Anionic clusters were generally
found to be much less reactive than their cationic counterparts
in reactions with alkane molecules.'"?°*3% Hence, C—H activa-
tion by cluster anions has been much less investigated. How-
ever, the reactivity of cluster anions can be interpreted on the
basis of reliable electronic structures that can be probed by
the powerful anion photoelectron spectroscopy.®” The cluster
reaction mechanism can then be compared with those of stud-
ied atomic ions (M*) with well-known electronic structures.

Results
Reactivity

The MoGC; cluster anions were generated by laser ablation,
mass-selected, and then introduced into an ion-trap reactor,®?
where they were thermalized through collisions with 8-10 Pa
He for about 1.5 ms (a2400 collisions) and then interacted
with C,H,, C,Dg, or CH;CD; for a period of time (see Experimen-
tal Section for more information including ion thermalization).
As shown in Figure 1a, MoC;™ can react with a trace amount
of H,O impurity in the gas-handling system to generate
MoC;0™ (MoC;™ +H,0—MoC;0™ +H,), which indicates that
MoC;™ is very reductive. On interaction with 0.23 Pa C,Hy in
the reactor for about 6.4 ms, two products peaks assigned to
MoCsH,” and MoC;H,~ were generated (Figure 1b). The rela-
tive intensities of these products increase with increasing C,Hg
pressure (Figure 1c), which suggests the dehydrogenation and
ethene-elimination reaction channels shown as Equations (1)
and (2), respectively.
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Figure 1. Cluster reactivity: Time-of-flight mass spectra for the reactions of
mass-selected **MoC;~ with C,Hs (b, ), C,Ds (d), and CH,CD; (e). Panel a)
shows the reference spectrum without ethane molecules in the reactor. The
reactant gas pressures are shown and the reaction time was 6.4 ms. A weak
peak marked by the asterisk in e) can be assigned as MoC;HD ™, which is
possibly due to the reaction of MoC;~ with a trace amount of CH,CD, in the
CH,CD; sample (MoC;™ + CH,CD,—MoCsHD™ 4+ HD, see also Figure S1 of the
Supporting Information).

MoC;~ + C,Hg — MoCsH,™ + H, (1)
MoC;~ + C,Hg — MoCsH,™ + C,H, ()

The above reaction channels were confirmed in isotopic la-
beling experiments with C,Dg (Figure 1d). When partially deu-
terated compound CH;CD; was used as the reactant (Fig-
ure 1e), products MoC;H,D,” (HD loss), MoC;HD;~ (H, loss),
and MoCsH;D™ (D, loss) that correspond to reaction channel (1)
were generated. The products corresponding to reaction chan-
nels (2) were also observable in the CH;CD; experiments. The
relative intensities of the product ions with respect to the reac-
tant ions in Figure 1c-e indicate that CH;CD; is less reactive
than C,He, and MoC;™ + C,D; is the least efficient reaction.

Figure 2 plots the signal variation of the reactant and prod-
uct cluster ions in the MoC;™ 4 C,H¢ reaction with respect to
the C,Hg pressure P. The relative intensity Iz of the reactant
cluster MoC;~ deceases from about 1.0 to 0.15 when the P
value increases from 0 to about 1.0 Pa. The almost constant I,
value when P is greater than 1.0 Pa indicates that some of the
experimentally generated MoC;™ ions were inert toward C,H,.
The I value could be well fitted by Equation (3)

p
Ik = Xinert + (1 - Xinert) X eXp (_kmtR) (3)

in which x,.. is the relative intensity of the unreactive compo-
nent (isomer or electronic state) of MoC;~, k; the pseudo-first-
order rate constant of the reactive component of MoC;, kg
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Figure 2. Reaction kinetics: Variation of ion intensities with respect to the
C,H, pressure in the reaction of MoC;~ with C,H,. The solid lines were fitted
to the experimental data points by using the equations derived with the ap-
proximation of the pseudo-first-order reaction mechanism for the reactive
species [Eq. (3)].

the Boltzmann constant, t; the reaction time [(6.4+0.2) ms],
and T the temperature of the reactant gas.*” The gas tempera-
ture T is assumed to be close to the temperature of the wall of
the reactor [(300+5) K]. It is noteworthy that mass-selected
atomic clusters in experiments may have different structural
isomers that can have very different reactivity.

The X« and k;, parameters in Equation (3) were determined
to be (13+1)% and (2.2340.12)x 10~"> cm®molecule's™', re-
spectively. The uncertainties of +£1% and +0.12x
107" cm®molecule™ s™" correspond to one standard error in
the least-squares fitting. Of the experimentally generated
MoC;™ ions, (87+1)% were reactive with C,Hy and their rela-
tive intensity followed a single-exponential decay. In fitting the
k, parameter in Equation (3), the systematic deviations of t; (£
3%), T (£2%), and P ((£20%) were not considered. When
these errors are taken into account, the uncertainty of the rate
constant k,;(MoC;™ +C,Hg) is +£0.47x10 > cm®*molecule's™,
that is, k;(MoC; +CHg) can be rewritten as (2.2+£0.5)x%
1072 cm®molecule™ s™". The branching ratios of reaction chan-
nels (1) and (2) by fitting the relative intensities of MoCsH,~
and MoGCH,” are (81+£3)% and (194+2)%, respectively
(Figure 2). The kinetic isotopic effect (KIE) k;(MoC;™ + CH)/
ki(MoC;~+CH,CD;)  is  19+04 and  k(MoC;™ 4 CHg)/
k,(MoC;~ +C,D,) is 544 0.6. The theoretical collision rate® be-
tween MoC;~ and C,Hy is 9.6x 10 ' cm®*molecule 's™', which
means that the possibility of reaction on each collision is
(0.234+0.05) % for the reactive component of MoC;™. The slow
reaction is consistent with a large KIE [k,(MoC;™ + C,He)/
ki(MoC;™ +C,Dg) =5.440.6].

Structure

Figure 3 shows the assignment of the ground-state structure
of MoC;~ on the basis of the quantum chemical calculations
and PEI spectroscopy. DFT calculations with TPSS functional®”
and 6-311 4 G(d) basis sets® for C and H atoms and effective
core potential (ECP)*® combined with the polarized triple-C va-
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Figure 3. Structure characterization: Assignment of the MoC,~ structure on
the basis of photoelectron spectrum by experiment (a) and FC simulations
(b and c). The insets show the experimental photoelectron image (a inset)
and the DFT calculated structures of MoC;~ (b inset and c inset). The image
was recorded with a photon energy of 1.907 eV and more images can be
found in Figure S2 of the Supporting Information. For the structures in the
insets of b) and ¢), the bond lengths are in picometers and the relative ener-
gies at the TPSS (RCCSD(T)) levels are in electron volts. The sharp band
marked as A in a) has an anisotropy parameter 3 of 1.0+0.1. The electronic
transitions X, (b), A (b), and X, (c) are ?A,—°B,, A, —'A, and “B,—B,, respec-
tively. In the FC simulations, the vibrational temperature was set to 700 K
and each vibronic transition was convoluted with a resolution of 30 meV.
Other parameters in the FC simulations were based solely on the DFT calcu-
lated results (band centers were neither shifted to match the experiment
nor reordered according to the RCCSD(T) relative energies).

lence (Def2-TZVP) basis set™ for Mo atom were performed to
study the structure of MoC;~ and the reaction mechanism with
C,He. The DFT study determined two fanlike and one rodlike
structures that are close in energy (0.28 eV). The rodlike struc-
ture (C, “=, Figure S5 in the Supporting Information) has
a high adiabatic electron-detachment energy (ADE=2.348 eV)
according to the DFT calculations. The two fanlike structures
(G, %A, and “B;) have low ADEs of 1.415 and 1.698 eV, respec-
tively. The experimental PEIl spectra (Figure 3a and Figure S2 of
the Supporting Information) have a strong and sharp band
marked as A at 1.575+0.005 eV, which well matches the
Franck-Condon (FC) simulation of the ?A, (MoC;)—'A (MoC;)
transition (calculated ADE=1.582eV). The ?A,—>B, transition
(calculated ADE=1.415¢eV) marked by X, in Figure 3b has
a broad FC profile, of which the left part matches the broad
and weak feature marked by X (ADE=1.4+0.1eV, see Fig-
ure S2d for the details of deriving this value) in Figure 3a. It
can be concluded that the MoC;™ ions with the doublet state
(*A,, Figure 3b, inset) were populated in the experiment.

The strong signal of the A band (Figure 3a and S2) suggests
that the A, state (Figure 3b-inset) is the ground state of
MoC; . However, the energy of the ?A, state is higher than
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that of the *B, state (Figure 3¢, inset) by 0.28 eV at the DFT
level of theory. With ab initio calculations at the level of re-
stricted coupled-cluster method with single, double, and per-
turbative triple excitations method [RCCSD(T)], the energy or-
dering of these two states switches, which supports the experi-
mental suggestion that the MoC;™ cluster has a doublet rather
than a quartet ground state. The “B, state is only 0.046 eV
above the ?A, state at the reliable RCCSD(T) level of theory. At
300 K, the Boltzmann population of the B, state can be calcu-
lated to be 14.4%, which well matches (13+1)% of inert
MoC;™ ions in the reactivity study in which the temperature
was around 300 K. The combination of experimental and com-
putational results suggests that the low-spin ?A, state corre-
sponds to the 87% reactive component of MoC;~, while the
high-spin “B, state corresponds to the 13% unreactive compo-
nent of MoC;™. Since the “B; and ?A, states are very close in
energy, the X, transition (*B;—>B,) shown in Figure 3c (by DFT)
should overlap with the X, transition (*A,—>B;) shown in Fig-
ure 3b. As a result, both the X, and X, transitions are responsi-
ble for the broad X band in the experiment (Supporting Infor-
mation, Figure S2B), which explains the fact that the vibration-
al feature of the X band was not resolved.

Reaction mechanism

The DFT calculated potential-energy profiles for reaction chan-
nels (1) and (2) are shown in Figure 4 for the doublet spin
state. The reaction in the quartet spin state (Supporting Infor-
mation, Figure S11) is subject to a high overall barrier of
0.60 eV, which further indicates that the “B, state (Figure 3c-

(a)
R, 0.00

TS1,0.03

5 '2, ,.( o 34% ?577319\‘4

R = 11,-020 - TS$1,003 - 12,-0.14 —-> TS2,-0.23

.
\ & 2551
S

-> 13,-2.10 > TS4,-1.01 = 15,-1.16 > TS5,-0.83 —> 16,-1.11

¢/\w 3:‘%», Pt, -1.01

190 4‘\/

TS3,- 1A19 - 14-122 -» P1,-1.02

Figure 4. Reaction mechanism: DFT calculated potential-energy profiles and
structures for the reaction of C,Hg with MoC;™ in the doublet spin state. The
ZPE-corrected energies [eV] with respect to the separated reactants and
some bond lengths [pm] are shown.
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Figure 5. Shallow and deep entrance channels of ion-molecule reactions:
DFT calculated relaxed potential-energy curves for approach of C,Hs to M
atom (M=Mo of MoC;~ and M=Pt") and the subsequent C—H bond cleav-
age. ARy (left) and AR, (right) are relative M—C and C—H distances with
respect to those of the 12 (12-Pt) complex, respectively. The optimized struc-
tures of C,HsPt™ (12-Pt) and C,Hs-PtH™ (I3-Pt) are shown. See Figure 4 for
structures of TS1, 12, and 13.

inset) corresponds to the 13% unreactive component of
MoC;~ (Figure 2). The reaction of C,Hg with the doublet MoC;~
cluster (Figure 3 b, inset) can take place with a negligible over-
all barrier (Figures 4 and 5) and the mechanism is described
below.

When the MoC;™ cluster interacts with C,Hg, encounter com-
plex 11 with a binding energy of 0.20 eV can be formed. After
overcoming a small barrier [AH,(TST)—AH,(11)=0.23 eV], I1 is
converted to 12, which is ready to form very stable complex
through oxidative addition, insertion of the Mo atom into a C—
H bond, and the concomitant formation of a Mo—H bond and
a Mo—C,H; bond. The oxidative addition releases enough
energy (2.10 eV) to transform the reaction complex into prod-
ucts in the gas phase. This process (12—TS2—13) is barrierless
after zero-point vibrational energy (ZPE) corrections in the DFT
calculations. The single-point energies of R (MoC;™ + C,Hy), I1,
TS1, 12, and TS2 in the DFT calculated structures were also cal-
culated with the CCSD(T)/6-311+ G(d)/Def2-TZVP method. In
this case, the energies of 11, TS1, 12 and TS2 with respect to R
are changed to —0.16, —0.05, —0.06, and —0.03 eV (ZPE-cor-
rected with DFT vibrational frequencies) from the DFT values
of —0.20, 0.03, —0.14, and —0.23 eV, respectively.

To generate products MoCs;H,~ and H, (P1), the second hy-
drogen atom transfers (1I3—TS3—l4) from the C,H; moiety to
make a chemical bond with the first hydrogen atom bonded
with the Mo atom in I3. The H—H unit in 4 is loosely bonded
with the Mo atom and the H, elimination [reaction channel (1),
AH,=—1.02 eV] is facile. To generate products MoC;H,” and
C,H, (P2), the second hydrogen atom transfers (I3 —TS4—1I5)
from the C,Hs; moiety to make a chemical bond with the Mo
atom rather than the first hydrogen atom, which leads to the
formation of two separate Mo—H bonds and a C,H, unit in I5.
Then the ethene elimination [reaction channel (2), AH,=
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—1.01 eV] proceeds via a transition state (I5—TS5—16—P2)
with a barrier of 0.33 eV. The energy of TS5 (—0.83 eV) is less
negative than that of P1 (—1.02 eV), so reaction channel (1) is
more favorable than channel (2), which is in agreement with
the experimental observation (Figures 1 and 2).

Attempts to lose the H, molecule directly from 15 and 16 by
shortening the H—H distance on the relaxed potential-energy
surface scans were made (Supporting Information, Figure S9).
These two paths proved to be less favorable than the 13—
TS3—14—P1 path. C—H activation by the carbon atom of
MoC;~ (starting from 11, see Figure S10 of the Supporting Infor-
mation) was also tested. Such a process is subject to overall
positive reaction barrier of 0.78 eV. As a result, the Mo rather
than the C atom is the active center for C—H activation by the
MoGC;™ anion.

The DFT results in Figure 4 can be used to qualitatively inter-
pret the observed isotope scrambling in the CH;CD; experi-
ment (Figure 1e): 14 and 15 can transform back into 13, which
leads to scrambling of the hydrogen and deuterium atoms
prior to the elimination of hydrogen and ethene molecules, re-
spectively. Because 14 has C, symmetry, either of the two H
atoms (H,,,) connected with the Mo atom in 14 can remake
a C—H bond with one of the two C atoms in the back-forma-
tion of 13. Similarly, I5 also has C; symmetry, so one of the two
Hy, atoms in I5 can remake a C—H bond with either of the two
C atoms in the back-formation of 13. Note that if the hydrogen
and deuterium atoms were completely scrambled prior to the
hydrogen and ethene eliminations, the statistical distributions
for the relative intensities of MoCs;H;D ™ :MoCsH,D, :MoCsHD;~
[reaction (1)] and MoGC;H, :MoC;HD :MoC;D,~ [reaction (2)]
would be 20:60:20 in both cases. The data obtained
from our experiments (Figurele) are 20:67:13 for
MoCsH;D™:MoC;H,D, :MoCsHD;~ and 12:59:29 for
MoC;H, :MoC;HD :MoC;D,~, which roughly agree with the
statistical distributions. The discrepancies can be caused by ex-
perimental errors or incomplete scrambling.

Discussion

The quantum chemical calculations indicate that 11 is more
stable than 12 [by 0.06 eV with DFT and 0.10 eV with CCSD(T)],
so formation of 11 is preferred when C,Hy approaches MoGC;™.
There is a barrier [0.23 eV with DFT and 0.11 eV with CCSD(T)]
for converting 11 to 12, which is generally consistent with the
low reaction efficiency (0.23%) in the experiment. The reactive
intermediate 12 may also be formed directly (R—I2, not involv-
ing 11). However, in such a case, the reactants must have the
right orientation for approaching each other. To further under-
stand the low efficiency of MoC;™ + C,Hg, the minimum poten-
tial-energy curve to form 12 was carefully followed. The result
is compared with that of the very efficient reaction (=~ 100 %)
Pt" +C,Hg—PtCH, ™ +H," in Figure 5. The difference be-
tween cationic and anionic reaction systems is obvious: the
former has a much deeper entrance channel to form the en-
counter and insertion complexes than the latter. Moreover, Pt*
is isotropic, whereas the active center (Mo) of MoC;™ is sur-
rounded by the inert C; chain (Supporting Information, Fig-
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ure S10). As a result, the anionic MoC;~ can be much less reac-
tive than the cationic Pt in the reaction with C,H,.

With respect to very fast gas-phase ion—-molecule reactions
(k;~107"° cm®*molecule's™"), the reaction of MoC;™ + C,H, is
very slow (k;~2.2x10 "> cm®molecule™'s™"). However, this
gas-phase study identified that a properly engineered ETM
center (see further discussion below) can activate the C—H
bonds of a simple alkane molecule (C,Hq) with rather low reac-
tion barriers (0.11-0.23 eV, 2.5-5.3 kcalmol™'). Compared with
condensed-phase reactions with typical activation barriers
around 5-10 kcalmol™",B3 the C—H activation by the Mo
center herein is relatively facile.

Many atomic cations (M")*"'? and ligated systems (ML, L=
H, CH,, etc.)®"" can activate the C—H bonds of alkane mole-
cules by oxidative addition under ambient conditions. These
C—H oxidative additions usually take place in low-spin elec-
tronic states [e.g., Pt", PdH", and MCH,;* (M=Ru, Rh, Pt, Pd)]
or proceed through a crossover from high-spin ground states
with high reaction barriers to lower-spin excited states that
have lower reaction barriers [e.g.,, M* (M=Ti, Nb, Ta, and Ir)
and MCH;* (M=0s and Ir)]. The importance of low-spin states
in the C—H oxidative addition can be attributed to the availa-
bility of spin-paired electrons that facilitate s—-d hybridization
and formation of two covalent bonds in the insertion inter-
mediate by using simple MO concepts developed previously
for reactions of transition metal ions." It turns out that this
concept of the importance of low-spin states, developed from
investigations of atomic cations, is valid for the MoC;™ cluster
anion in this study.

The atomic species Mo, Mo~, and Mo, which all have high-
spin ground electronic states (°S, °S, and ’S, respectively), have
been experimentally found to be inert toward alkanes under
thermal-collision conditions."'“*" Our DFT studies (see Support-
ing Information, Figure S12) confirmed that these high-spin
ground states all have high C—H activation barriers, whereas
their lower-spin excited states (‘G/Mo™, “G/Mo~, and °S/Mo)
have very small or negligible C—H activation barriers. Due to
the high energy (>1 eV) of reactive low-spin states, the spin-
crossing points in the scenario of two-state reactivity® should
be located high in energy, which prevents thermal C—H bond
oxidative addition, as shown in Figure 6 (left). In contrast, the
reactive low-spin state of MoC;™ is the ground state, and the
unreactive high-spin state becomes the excited state. One can
conclude that carbon can stabilize the reactive low-spin state
of the early transition metal centers (Figure 6, right). Besides
the MoGC;™ anion in this study, two anionic carbonyl complexes,
Mn(CO);~ and Fe(CO),™, reported to be active for C—H oxida-
tive addition in the late 1980s“” were identified to have low-
spin ground states as well.*” In contrast, the naked metal ions
Mn~ and Fe™ were not reported to be reactive toward simple
alkanes. It is noteworthy that previous studies on cationic sys-
tems such as FeCO*, FeH,0*,%¥ Ti(CH,),*,***' and many oth-
ers''*#9 3lso showed that the reactivity of metal centers could
be altered by changing their ligation states. This study empha-
sizes that the relative energies of the low-spin states can be
very important to interpret the ligand-dependent reactivity,
particularly for the oxidative addition reactions.
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Figure 6. Carbon stabilizes reactive low-spin state: Simplified potential-
energy profiles and energetics for the processes of C—H bond oxidative ad-
ditions by naked metal atom (e.g., Mo, left) and metal carbide (e.g., MoC;~,
right) in low-spin (LS) and high spin (HS) states.

The bonding nature of metal carbides (MoC, NbC, etc.) has
been subjected to extensive studies,”” and it has been recog-
nized that the electronic structures of metal carbides are more
complex than those of the corresponding oxides and nitride-
s?7! because carbon has the smallest electronegativity among
the elements C, N, and O. As a result, the paired electrons
around the low-spin metal center of carbides can easily donate
into the antibonding o*(C—H) orbital of alkane molecules
(MTL—0%), which weakens and finally cleaves the C—H bond
through concomitant electron donation from the bonding
o(C—H) orbital to the empty acceptor orbital on the metal
(M*—=T106)."" The MTL—0* type electron donation can be pri-
marily important for oxidative addition, in which the formal ox-
idation state of the metal center is increased by two units."*?
The metal oxides and possibly nitrides can have less favorable
MTl—o*type electron donation with respect to carbides, be-
cause the related metal centers surrounded with the O (or N)
ligands should be less reductive. As a result, the ETM carbide
clusters can reduce the C—H bonds through the metal centers.
In sharp contrast, many ETM oxide clusters were identified to
oxidize the C—H bonds by oxygen radicals through hydrogen-
atom abstraction.!24

The C—H oxidative addition by MoC;~ suggests that the in-
teractions between carbon and ETM centers such as Mo can
be just strong enough to stabilize low-spin electronic states
that are reductive enough to active the chemically inert C—H
bond of alkanes. In heterogeneous catalysis, it was found that
ETM oxides such as MoO,-modified zeolite catalysts were not
active enough for direct transformation of small alkanes into
aromatics and hydrogen. Instead, the catalysts became active
after an induction period in which the transition metal centers
were carburized. The resulting carbide species such as MoC
clusters were proposed to be active for the rate-determining
C—H bond activation.*? The mechanism by which carbon sta-
bilizes the reactive low-spin state for oxidative addition re-
vealed in this study provides a molecular-level basis to under-
stand why carbides are important and how they can activate
C—H bonds in related heterogenous catalysis.
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Conclusion

The reaction of mass-selected molybdenum carbide cluster
MoC;~ with ethane in an ion-trap reactor produces ethene and
hydrogen molecules under thermal-collision conditions. The
MoC;~ cluster has a fanlike geometry (G, point group) and
low-spin ground electronic state (*A;) on the basis of PEl spec-
troscopy and high-level quantum chemical calculations. The
C—H activation of C,;Hs by MoC;~ occurs by the mechanism of
oxidative addition, which is more favorable in low-spin than in
high-spin electronic states. The interaction between Mo and C
atoms in MoGC;™ is strong enough to stabilize the low-spin
state on the one hand, and on the other hand the interaction
is weak enough so that the metal center can reduce the C—H
bond in the oxidative addition. This study reveals that, to
cleave the C—H bonds through oxidative addition, the unreac-
tive ETM centers can be properly engineered to be reactive
through carburization, which explains the importance of relat-
ed metal carbides in heterogeneous catalysis.

Experimental Section

Experimental methods

A reflectron time-of-flight mass spectrometer (TOF-MS)** equipped

with a laser ablation cluster source, a quadrupole mass filter
(QMF),*" and a linear ion-trap (LIT) reactor®” was used to study
the reactions of MoC;~ with ethane. The MoC;™ cluster ions were
generated by laser vaporization of a rotating and translating mo-
lybdenum metal disk (compressed isotope-enriched **Mo powder,
99.45%, Trace Science International) in the presence of 0.1% CH,
seeded in a He carrier gas with a backpressure of six standard at-
mospheres. The generated cluster ions were mass-selected by the
QMF and then entered the LIT reactor, where they were thermal-
ized by collisions with a pulse of He gas (8-10 Pa at ca. 300 K) for
about 1.5 ms and then interacted with a pulse of ethane (C,Hg) for
a period of time. The pulses delivering the gases into the LIT were
short (/300 ps), whereas the decay times for the flow of the gases
from the LIT to vacuum were long (5.1 and 16.4 ms for He and
C,H,, respectively). Additional test spectra for interactions of Fe™*
ions with small alkanes are shown in Figures S3 and S4 (Supporting
Information). Fully and partially deuterated ethane C,D¢ (98% D,
Cambridge Isotope Laboratories, Inc) and CH;CD; (98% D, Cam-
bridge Isotope Laboratories, Inc) were also used to verify the as-
signments of the reaction channels and to study the isotope effect
on the reaction. The cluster ions ejected from the LIT were detect-
ed by the TOF-MS. The details of running the instrument and the
method to derive the rate constants of the reactions have been
described in our previous works.?#44

Recently, our tandem TOF/TOF-MS for studying photoinduced reac-
tion of mass-selected cluster ions®’ was modified by installing
a home-designed PEI spectrometer. Briefly, the laser-ablated cluster
anions passed through two identical reflectors with Z-shaped con-
figuration in the primary TOF-MS, and then the ions of interest
were selected by a mass gate to interact with a wavelength-tuna-
ble laser beam delivered from an optical parametric oscillator (Con-
tinuum, Horizon 1) laser source. The velocities of the photodetach-
ed electrons were measured by the home-made PEI spectrometer,
and the details are given in ref. [46]. The energy resolution is 3.0%
at a kinetic energy of E,=1.0 eV. Note that the cluster vibrational
temperature in the PEl experiment could be higher than that in
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the reactivity experiment, in which the cluster ions were subject to
additional cooling in the LIT through collisions with the He gas. It
has been demonstrated that the cluster ions in the LIT are thermal-
ized (/300 K) before the reaction in previous studies on the reac-
tivity of (V,0.),0 %% and PtAl,0, ®* clusters. It is noteworthy that
the cluster ions formed in a narrow cluster generation channel
were usually rotationally cold (T,3,~ 50 K) and vibrationally hot (T,
up to 700 K).*” It is difficult to determine the vibrational tempera-
ture of cluster ions in a spectroscopic study. As a result, we consid-
er that the cluster vibrational temperature was close to 300K in
the reactivity study, while it could be in the range 300-700 K in the
spectroscopic study.

Computational details

The DFT calculations with Gaussian 09 program package™® were

carried out to investigate the structures of MoC;~ and the reaction
mechanism of MoC; +C,Hs. The reaction mechanism of Pt* +
C,Hg was also studied for comparison. The structures and energies
of neutral MoGC; clusters were also studied to interpret the PEl ex-
perimental results. To find an appropriate functional, the bond-dis-
sociation energies of Mo—C, H—C,Hs;, H—H, and C—C were comput-
ed with various functionals and compared with available experi-
mental data (Supporting Information, Table S1). With the 6-311+G
(d)® basis set for C and H atoms and the effective core potential
(ECP)®® combined with the polarized triple-C valence (Def2-
TZVP)®” basis set for Mo, the TPSS functional® was the overall
best functional and even better than the popular B3LYP functional,
so the TPSS functional was adopted in the DFT calculations. The
DFT calculated structures, energies, and vibrational frequencies
(modes) were used to predict the FC profiles of the photoelectron
spectra for the MoC;™ cluster with doublet and quartet spin multi-
plicities. The FC simulations were performed with the ezSpectrum
software suite,”” and vibrational temperatures ranging from 300 to
700 K were tested. The ECP*® combined with a D95V basis set®™
(denoted as SDD in Gaussian software) was used for the Pt atom in
the reaction mechanism study of Pt* + C,H,.

To determine reliable relative energies of two lowest-lying elec-
tronic structures (A, and B, states) of the MoC;~ cluster, single-
point energy calculations with high-level quantum chemistry
method of RCCSD(T)*" were performed at the DFT optimized geo-
metries. The Molpro program package® was used in the RCCSD(T)
calculations in which the reference orbitals were from the com-
plete active space self-consistent field (CASSCF) calculations em-
ploying an active space composed of seven electrons distributed
in seven orbitals covering the singly occupied molecular orbitals
and high-lying valence orbitals. For Mo and C atoms, very large
aug-cc-pwCVQZ-PP/aug-cc-pVQZ (abbreviated as AwQZ) and aug-
cc-pwCV5Z-PP/aug-cc-pV5Z (abbreviated as Aw5Z) basis sets™
were employed in RCCSD(T) calculations, and two-point complete
basis set (CBS) limit extrapolation from AwQZ and Aw5Z data was
conducted by using the inverse quartic equation
Ecotain = Erorarcas TA/(n+1/2)* to alleviate the basis set incom-
pleteness error.”® In all these calculations, the Mo 4s4p core-va-
lence correlation was included with the used basis set of Mo de-
signed for this purpose. The scalar relativistic effect was taken into
account by using the Stuttgart new relativistic energy-consistent
small-core pseudopotential (PP) ECP28MDF in combination with
the above basis set for the Mo atom.® To correct the error of this
PP in treating scalar relativistic effects, we also did the RCCSD(T)
calculations using the more accurate full electron second-order
Douglas—Kroll-Hess (DKH) Hamiltonian® with the corresponding
aug-cc-pwCVTZ-DK*¥/aug-cc-pVTZ-DK®® basis sets on Mo and C
atoms, and obtained the DKH correction by comparing the results
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with those from calculations using PP and the aug-cc-pwCVTZ-PP/
aug-cc-pVTZ basis set.”® In all these calculations, for DKH correc-
tion of PP results, the Mo 4s4p core-valence correlation effect was
considered. The final reported RCCSD(T) relative energy was ob-
tained from the sum of the CBS data with the PP and DKH correc-
tions.

The reaction-mechanism calculations by the DFT method involve
geometry optimization of reaction intermediates and transition
states (TSs). The TS optimizations were performed by using the
Berny algorithm®” from initial structures obtained through relaxed
potential-energy surface scans with appropriate internal coordi-
nates. Vibrational frequency calculations were performed to check
that the reaction intermediates and transition states have zero and
only one imaginary frequency, respectively. Intrinsic reaction coor-
dinate® calculations were also performed to confirm that the tran-
sition structures actually connect two appropriate local minima in
the reaction pathways. When appropriate, the ZPE-corrected ener-
gies were determined and given in this work.
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