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Electronic structure and reactivity of a biradical cluster: Sc;Oq
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The Sc304 cluster anions were produced by laser ablation and studied by reaction with n-butane

in a fast flow reactor and by photoelectron spectroscopy. The reactivity experiments indicated

that one Sc;O¢~ cluster can activate two n-butane molecules consecutively with rate constants on
the order of 1071 cm® molecule™ s™! under near room-temperature conditions, suggesting that
the even-electron system Sc3O4~ has a highly reactive electronic structure. The photoelectron
spectroscopy determined a high vertical detachment energy (VDE) of 5.63 £ 0.08 eV for the
Sc;0¢ cluster. Density functional computations indicated that the lowest energy isomer of
Sc304 is an oxygen-centered biradical with a high VDE and is highly reactive toward n-butane,
which is in good agreement with the experiments. The Sc;O4~ cluster may serve as an ideal model
system to provide insight into the real-life chemistry involved with the coupled O™*---O* dimers

over the surfaces of metal oxide catalysts.

1. Introduction

Biradical species that possess two weakly interacting unpaired
electrons individually associated with different atomic centers
(such as C, N, and O) are important intermediates in organic
reactions, biological and photosynthetic processes.'™ Experi-
mental methods such as electron spin resonance and photo-
electron spectroscopy in combination with theoretical
calculations are widely employed to identify the biradicals.'™
Oxygen-centered radicals O™* are important reactive species
over metal oxide catalysts® ' and it was suggested that two
coupled O™* centers can form a dimer species O™ °*---O™*
(biradical).!' However, due to the heterogeneity of isolated
O~* sites and the possible transition of a pair of O~* to 0.,
it is difficult to characterize the O™ * dimers and the nature of
such species remains poorly understood.'!

In order to understand the structure and reactivity of
reactive centers over metal oxide surfaces, metal oxide clusters
are ideal model systems that can be studied under isolated,
controlled, and reproducible conditions.'*™® A lot of metal oxide
clusters'” 3% were identified to have one O~* center. To the
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best of our knowledge, for metal oxide systems, only WO,,*
Ti3VO;0~,* and M,Og (M = Nb, Ta)*' were suggested to
have two O™* centers while the reactivity of such biradicals is
unclear. Here, time of flight (TOF) mass spectrometry, anion
photoelectron spectroscopy (PES), and density functional
theory (DFT) calculations are employed to characterize the
electronic structure and reactivity of a novel oxygen-centered
biradical cluster Sc3O¢~. Note that bulk scandium oxides are
used as catalytic promoters and/or supports in dehydration of
1,3-diols and 1-4-diols to produce unsaturated alcohols***
and selective reduction of nitric oxide with methane.** Study
of scandium oxide clusters may provide molecular level
insights into the related heterogeneous catalytic systems.
Matrix isolation infrared spectroscopy, photoelectron spectro-
scopy, and mass spectrometry have been employed to study
the electronic structure and reactivity of small scandium oxide
systems (ScO,>*)* % while the investigation of larger ones
Sc,,,0,7 (m > 1) is quite rare and only theoretical studies have
been conducted.’ >

It should be pointed out that the reactivity of metal oxide
cluster anions>*>>® toward hydrocarbon molecules has been
much less studied in comparison with the extensively studied
cluster cations. This is because the negatively-charged metal
oxide clusters were usually identified to be much less reactive
than the corresponding positively-charged ones. For example,
(V505)1507 > and (Zr0,),_4O~*° display association or
minor oxygen atom transfer channels with unsaturated hydro-
carbon molecules (such as C,H,, C,Hy), in contrast to the
efficient oxygen atom transfer processes in the reactions of
(V205)1,3+27'54 as well as (ZrOz)H+28 with these molecules.
Therefore, it is desirable to identify metal oxide anions with high
oxidative reactivity to enrich the chemistry of gas phase clusters.
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2. Methods
2.1 Experimental methods

Reactions of scandium oxide anions with butane were
investigated by time-of-flight mass spectrometry. The experi-
mental setup for a pulsed laser ablation/supersonic nozzle
coupled with a fast flow reactor was described in detail
in previous publications.*>>-%° Only a brief outline of the
experiment is given below. The Sc,, O, clusters were generated
by laser ablation of a rotating and translating scandium metal
disk in the presence of about 0.3% N,O seeded in the helium
(99.99% purity) carrier gas with a backing pressure of 5 atm.
A 532 nm (second harmonic of Nd** : YAG) laser with an
energy of 5-8 mJ per pulse and a repetition rate of 10 Hz rate
was used. The gas was controlled by a pulsed valve (General
Valve, Series 9). In order to eliminate the water impurity that
often occurs in the cluster distribution, the prepared gas
mixture (N,O/He, denoted as cluster generation gas) was
passed through a 10 m long copper tube coil at low temperature
(T = 173 K) before entering into the pulsed valve. Similar
treatment (7 = 263 K) was also applied in the use of the
reactant gases (see below). The generated Sc,,0, anions were
expanded and reacted with reactant gases (C4H9/C4D19) in a
fast flow reactor (6 mm diameter x 60 mm length). The
reactant gases with backing pressures of 4-20 kPa were pulsed
into the reactor 20 mm downstream from the exit of the
narrow cluster formation channel by a second pulsed valve
(General Valve, Series 9). The instantaneous total gas pressure
in the fast flow reactor was estimated to be around 300 Pa at
T = 350 K. The cluster vibrational temperature was assumed
to be close to the carrier gas temperature which is around
300400 K considering that the gas can be heated during the
process of laser ablation. After reacting in the fast flow
reactor, the reactant and product ions exiting from the reactor
were skimmed (3 mm diameter) into a vacuum system of a
time of flight mass spectrometer (TOF-MS) for mass and
intensity measurements. lon signals were detected by a dual
micro-channel plate detector and recorded with a digital
oscilloscope (LeCroy WaveSurfer 62Xs) by averaging
500-1000 traces of independent mass spectra (each corresponds
to one laser shot). The uncertainty of the reported relative ion
signals is about 10%. The mass resolution is about 400-500
(M/AM) with the current experimental setup.

To further understand the cluster electronic structure and to
provide useful data to gauge the validity of theoretical meth-
ods (see below) on scandium oxides, photoelectron spectra of
selected Sc,, 0, clusters were obtained with a separated
vacuum system while the cluster generation was the same as
that for the cluster reactivity study (see above). In order to
take a photoelectron spectrum, the anions of interest were
selected by a mass gate, decelerated by a momentum
decelerator, and crossed with the beam of a 266 nm laser
(fourth harmonic of Nd** : YAG) and (or) 193 nm excimer
laser (MPB PSX-100) at the photodetachment region of our
apparatus which has been described elsewhere.®' The electrons
from photodetachment were energy analyzed by the magnetic-
bottle photoelectron spectrometer, which is composed of a
permanent magnet located 6 mm below the photodetachment

region, a 2.2 m flight tube surrounded by a solenoid covered
with two layers of p-metal, and a MCP detector. The electric
current applied to the solenoid was about 1 A, which produces
a magnetic field of ~ 10 gauss at the center of the flight tube in
our case. The resolution of the magnetic-bottle photoelectron
spectrometer was ~40 meV at electron kinetic energy of
~ 1 eV. The photoelectron spectra were calibrated with known
spectra of Cu~ and Au .%*% In this work, photoelectron
signals were amplified by a broadband amplifier, digitized
with a digital card, and monitored with a laboratory computer.
The background noise of the photoelectron spectra was
subtracted shot by shot.

2.2 Computational methods

The hybrid B3LYP exchange-correlation functional® % in

combination with all-electron polarized triple-{ valence basis
sets (TZVP)(’7 were used for Sc, O, C, and H atoms to study
the structures of Sc;Os ¢~ clusters and reaction mechanisms of
SC3067 + C4H]0, SC306H7 + C4H10, and SC2047 + C4H10.
The combination of B3LYP/TZVP was tested to give a good
prediction for the bond distance, bond strength, and adiabatic
ionization and electron affinity energies of the ScO diatomic
molecule in our previous study.’’” Meanwhile, the B3LYP/
TZVP was also tested to well reproduce the energetics of
various main group species including O, and small hydro-
carbon molecules.>>?*% To obtain the lowest energy structures
of Sc;0s5¢ , the geometry optimizations were performed starting
from a high number of initial structures based on chemical
intuitions. All possible spin multiplicities for each geometry
were also tested to find the most stable electronic state. All
structures presented in this paper were fully optimized and
vibrational frequency analysis was performed to ensure that
the optimized geometries are minima.

The reaction mechanism calculations involved geometry
optimizations of reaction intermediates and transition states
(TSs) through which the intermediates transfer to each other.
The TS optimizations were performed by using the Berny
algorithm.® The initial guess structure of the TS species was
obtained through relaxed potential energy surface scans using
an appropriate internal coordinate. Vibrational frequency
calculations were performed to check that reaction inter-
mediates and TS species have zero and one imaginary
frequency, respectively. Intrinsic reaction coordinate (IRC)™*"!
calculations were also performed so that a TS connects two
appropriate local minima in the reaction pathways. Test
calculations indicated that basis set superposition error
(BSSE)’>"? is negligible, so the BSSE was not taken into
consideration. The calculated energies reported in this study
are the relative zero-point vibration corrected (AHyk) and
Gibbs free energies (AG2ogk)-

The vertical electron detachment energies (VDEs) for the
anions Sc3O0s~ and Sc;O¢  are also calculated employing
DFT. Both the hybrid functionals (B3LYP,**°® B3P86,%
BIB95,”* PBEIPBE,”” B3PW91,° O3LYP,’° BHLYP,”
BILYP)”® and pure GGA functionals (BPW91,547
BLYP,**80 PBE,”>#! BP86)***? in combination with TZVP
basis set were tested. To further investigate the reliability of
the theoretical methods, the VDEs of ScO™ and ScO,™ were
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also calculated with some representative functionals and
compared with available experimental data. In addition, a
larger basis set aug-cc-pVTZE>** was also tested to acquire the
basis set effect. Further U/UCCSD(T)®>%¢ single point energy
calculations were performed with a TZVP basis set for selected
cases. All of the theoretical calculations were carried out with
the Gaussian 03 program.®’

3. Results and discussion

3.1 Reactions of Sc,, 0, clusters with n-butane

The TOF mass spectra for reactions of Sc,,0, (m = 1-3) with
n-butane (C4H;p) in the fast flow reactor under near room-
temperature conditions are shown in Fig. 1. The spectra
suggest that each of Sc;Ossg~ and Sc,O4N,O7 clusters
with odd number of electrons can abstract one hydrogen
atom from n-butane because Sc,O458H™ (Sc;0455D7) and
Sc,O4N>OH™ (Sc,0O4N,OD™) are observed upon the reactions
with C4H,o (C4D10). A previous DFT study®’ indicated that
Sc,04 has a reactive O™ * center which should be responsible
for the C—H activation'”2*3238888 o C,H,,. The experiments
imply that the O™* centers may also exist in the odd-electron
systems Sc,Osg~ and Sc,04N,O™, which may be verified by
further theoretical studies.

The most interesting result in Fig. 1 (see the right side) is
that the reactions of the even-electron cluster Sc;Oq~ with
C4Hio (C4D1p) molecules generate Sc;OgH™ (Sc;06D ™) and
Sc306H, ™ (Sc306D5 7). When higher pressure of C4Hq (see
Fig. 1b and c) is used in the reactor, the signal of Sc;OgH™
decreases while that of Sc;O¢H,™ increases, indicating that
Sc306H, ™ is produced from the secondary reaction Sc;OgH
+ C4H;y rather than from Sc;Os  + C4H;, directly.
Although the even-electron cluster Sc;Os~ is also produced
in the cluster source (Fig. 1a), there is no indication for the
production of Sc;OsH™ or Sc;OsH,  after the reaction
(Fig. 1b and c¢) under the same experimental condition,
suggesting that Sc;Os~ is inert toward C4Hjo. Note that a
weak peak (217 amu, marked with asterisk in Fig. 1a) next to
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Fig. 1 TOF mass spectra for reactions of Sc,, O, with He (a, for
reference), 0.3 Pa C4H,( (b), 0.6 Pa C4H/( (c), and 0.6 Pa C4Dyq (d).
Numbers m,n denote Sc,,0, and m,nX denote Sc,,0,X™ (X = H, D,
Ho,, or D;). Note that N,O was used as oxygen source in generation of
the clusters and some Nj-containing clusters (marked with asterisks)
such as Sc,O4N,O™ (marked as 2,4,1) are present.

Sc305~ (215 amu) can be assigned as a N, containing cluster
SCOgNin.

The first order rate constant (k) in the fast flow reactor can
be estimated by I = I exp(—k; p //v), in which I and [, are
signal magnitudes of the clusters in the presence and absence
of reagent gas (C4H ), respectively; p is the molecular density
of reactant gas (the method to calculate p has been described
in ref. 90); / is the effective length of the reactor (~60 mm);
and v is the cluster beam velocity (~ 1 km s™'). The estimated
k1(Sc306~ + C4H ) is (2.9 £ 1.5) x 107'° cm® molecule™! s7'.
The reaction efficiency (@) can be defined as k;(Sc3;0g + C4H0)/
k(Sc306~ + C4H ), in which k.(Sc306~ + C4H ) is the rate of
collision between Sc;04~ and C4H (. The @ value is calculated
to be 0.29 by assuming effective diameters of Sc;Os~ and
C4H g as 0.47 and 0.66 nm, respectively. The value of kinetic
isotope effect (KIE) k1(Sc306~ + C4H0)/k1(Sc304 + C4Dyg) is
determined to be 1.9 + 0.4. It is noticeable that only a few
examples of alkane activation by metal oxide anions have been
reported.’’ Our recent experiments®®>">%* indicated that
(Zr02)2307, Zr05™, (V205)12,07, and (V,05)(Si02); 40~
can activate C4H;o with rate constants in the magnitude of
107"2-107"" em? molecule™" s™', which are significantly smaller
than k1(Sc;06~ +C4Hg). It implies that the even-electron
system Sc3;O4~ has a highly reactive (open-shell) electronic
structure.

3.2 Photoelectron spectroscopy and electronic structure of the
Sc30¢  cluster

The photoelectron spectra in Fig. 2 indicate that the Sc;O¢~
cluster has a high vertical electron detachment energy (VDE)
of 5.63 + 0.08 eV, which is much larger than the VDE of
Sc;05~ (3.15 £+ 0.08 eV).

The B3LYP calculated isomers for Sc;O4  are shown in
Fig. 3a. It can be seen that the lowest energy isomer (I01) of
Sc;04 is a triplet (Cs, *A”) with two identical Sc-O, terminal
bonds of which the lengths (204 pm) are significantly longer
than that of diatomic ScO (167 pm by B3LYP). As shown in
Fig. 3b, the two singly occupied molecule orbitals (SOMOs)
and Yy in 101 are essentially the 2p orbitals of the two Oy
atoms. Each of the O, atoms has Mulliken atomic spin
densities close to one unit pg (Fig. 3b, \\11\2). Note that Fock
exchange (FE) in the hybrid B3LYP tends to localize the
unpaired electrons,” while test calculations by BLYP
functional (without the FE) also predict highly localized
unpaired electrons in Sc;04~ (I01): each of the two O, atoms
has spin density values of 0.94 pug. The two O atoms in Sc3;O0¢™

(a) Sc,04” X
at 266 nm

(b) Sc;04”
at 193 nm
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0 T 1 2 3 4 5 ' ' 6
Binding Energy (eV)

Fig. 2 Photoelectron spectra of Sc;Os~ at 266 nm and Sc;O¢  at
193 nm.
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Fig. 3 (a) B3LYP optimized isomeric structures of Sc;Og4 ;
(b) profiles of the two singly occupied molecular orbitals and the
distributions of spin densities for isomer 101; (c) B3LYP optimized
isomeric structures of Sc;Os ; and (d) profile of spin density distribution
for neutral Sc;0g in quartet state. Some Sc—O and O-O distances in
pm are given. The relative energies in eV are given below the labels for
point group and electronic symmetries. The spin density values in pg
are given in (b) for three related oxygen atoms.

(I01) can be considered as adsorbed O™ * radicals and Sc;Og~
(I01) is an oxygen-centered biradical. The energy difference
between the open shell singlet (geometry is optimized and very
close to that of the triplet) and the triplet for the 101 isomer is
only 5.4 x 107> eV under B3LYP calculations. This is in
agreement with the disjoint character of \s, and {, in Fig. 3b:
the Coulomb repulsion of the two unpaired electrons in the
open shell singlet is not significantly larger than that in the
triplet. Note that the distance between the two O™* centers in
101 is 637 pm. The closed shell singlet is much higher in energy
(by 2.24 eV) than the triplet or open shell singlet for the 101
isomer. Each of the two low-lying energy isomers of Sc;Og~

(102 and 103 in Fig. 3a) has a n°>-O, moiety and is significantly
unstable (>0.4 e¢V) than 101 by the B3LYP.

The DFT calculated VDE values for Sc;O¢~ are listed in
Table 1. Meanwhile, in order to gauge the accuracy of the
adopted methods, the VDEs for ScO;,  and Sc;O5 by the
DFT are also listed and compared with available experimental
data.®® The B3LYP calculated low-lying energy isomers for
Sc;05 ™ are summarized in Fig. 3c. The lowest energy isomer of
Sc305~ (118) is a closed shell singlet and the Sc—O, terminal
bond in 118 (176 pm, Sc—O double bond) is significantly
shorter than those in 101 (204 pm). As a result, there is no
reactive oxygen center O™ * in Sc;05~ (I18). Note that appearance
of O7* in Sc305~ (I118) would require excitation of the valence
electrons in O 2p orbital(s) to the Sc 3d orbital(s) [for example:
1Sc;05™ + hv — Scy05™ (singlet or triplet, with electron—hole
pair)] or to vacuum (for example: 'Sc;0s~ + hw — 2Sc;0s + e7,
ground state of 2Sc;Os has a O~* center).”’

Table 1 shows that the B3LYP functional with a relatively
large basis set (aug-cc-pVTZ) reproduces the VDE values of
ScO; >~ 50 and Sc;05~ very well while the high VDE of Sc304™
[if interpreted as >Sc;O¢~ (I01) — *Sc;0¢ + e7] is under-
estimated by about 10%. A lot of other functionals including
B3P86, B1B95, PBEIPBE, B3PW91, O3LYP, BHLYP, and
BILYP; and BPW91, BLYP, PBE, and BP86 have also been
tested and the representative results by B3P86 and BPW91
are also listed in Table 1. Compared with B3LYP, these
alternative functionals generally give less good results for the
VDEs of ScO;, and Sc;Os~ while one of them (B3P86)
predicts a good match (5.59 eV versus 5.63 eV) for the VDE
of Sc304 . More expensive CCSD(T)/TZVP single point
energy calculations at B3LYP/TZVP and B3P86/TZVP
optimized Sc304~ (I01) structures predict the VDE values of
5.17 and 5.19 eV, respectively.

The B3LYP/aug-cc-pVTZ predicts that the VDEs of Sc;0¢
isomers 102 and 103 (Fig. 3a) are 3.10 and 2.97 eV,
respectively, which are too small compared with the experi-
mental value of 5.63 + 0.08 eV. This discards the possibility
that these low-lying energy isomers with unbroken O—O bonds
(n*-0,) are the ground state of Sc;O¢~. The second VDE of
the 101 (*Sc;06~ — 2Sc306 + €7) by B3LYP/aug-cc-pVTZ is
5.28 eV [5.21 eV by CCSD(T)/TZVP single point calculations],
which is a little higher than the first VDE (’Sc;04~ — #Sc305
+ e7). This means that the broad X band in Fig. 2b is possibly
due to the above two channels of electron detachments. Wang
et al. have identified that many oxygen-rich transition-metal
clusters possess high VDEs (like Sc;04™ in Fig. 2a), which is a
consequence of delocalization of the extra electron over

Table 1 Experimental and theoretical vertical electron detachment energies (eV) of ScO; >~ and Sc;0s4 clusters

B3LYP B3P86 BPW91 CCSD(T) Expt.

1ScO™~ TZVP 1.09 1.52 0.90 1.35(2)%°
aug-cc-pVTZ 1.28 1.68 1.08

1Sc0,~ TZVP 1.88 2.45 1.65 2.32(2)*°
aug-cc-pVTZ 2.28 2.77 2.05

1Sc;05~ TZVP 3.06 3.64 2.96 3.15(8)
aug-cc-pVTZ 3.14 3.65 3.09

38c;06(101) TZVP 497 5.57 4.28 5.17 5.63(8)
aug-cc-pVTZ 5.05 5.59 6.52
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several O centers.* The spin density distribution of the neutral
Sc;06 (101, quartet state) is shown in Fig. 3d (see also Fig. 3b
for [y?). It indicates that the vertical electron excitation
38¢304~ (I101) — *Scy0¢ + e~ involves all of the six oxygen
atoms: the extra electron to be excited is highly delocalized.
It can be seen that there are reasonably good matches
between the B3LYP calculations and the experiments for the
photoelectron spectra of Sc;0¢  as well as those of ScO; ™
and Sc;Os~. Meanwhile, the cluster reactivity experiments
(Fig. 1) suggest a highly reactive open-shell electronic structure
for Sc;O06 . As a result, we conclude that the lowest energy
isomer (I01, Fig. 3a) of Sc;04~ by the B3LYP is the ground
state, ie., the PES and reactivity of Sc3O4  clusters in
experiments are due to oxygen-centered biradical species.

3.3 Reaction mechanisms of Sc;04 + n-C4H;

To understand the mechanistic details of hydrogen atom
abstraction from C4H;, by Sc304  and Sc;O¢H™, reactions
(1) and (2) below have been studied by B3LYP/TZVP
calculations.

3SC3067 + C4H1() - 2SC3O6H7 + 2-C4Hg, AHOK = —-0.80eV
(1a)

38¢;06~ + C4Hjp = 2Sc;06H™ + 1-C4Ho, AHox = —0.62 eV
(1b)

—0.78 eV
(22)

2SC3O()H7 + C4H10 - 1SC306H27 + 2-C4H9, AH(]K

2Sc;06H™ + C4H g — 'Sc;06H, ™ + 1-C4Hy, AHpx = —0.60 eV

(2b)

The potential energy profiles of reactions (1) and (2) are shown
in Fig. 4. The structures of the related reaction intermediates
and transition states are plotted in Fig. 5. As to reaction (la),
in the encounter complex (IM1), two hydrogen atoms weakly
interact with one of the O™® centers. Then the reaction
proceeds by a transition state (TS1) for C—H activation and
H atom transfer (IM1—TS1—IM2). If the zero-point energy

@ } ST
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Fig. 4 B3LYP calculated potential energy profiles for (a) 3Sc;04~ +
n-C4H0; (b) Sc;06H™ + n-C4H,o; and (c) 2S¢,04~ + n-C4H . The
relative AHgk/AG,ogx values in eV are given. See Fig. 5 for the
structures of the reactants, products, reaction intermediates, and
transition states.
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Fig. 5 B3LYP optimized structures of the reactants, products, reaction
intermediates, and transition states for (a) 38c;06~ + n-C4Hy;
(b) 2Sc;06H™ + n-C4Hy; and (c) >Sc,04~ + n-C4H,o in Fig. 4. Some
critical distances in pm are given.

(ZPE) correction is not taken into account, TS1 is 0.14 eV
higher in energy than IM1. The TS1 is below IM1 by 0.004 eV
when the ZPE is included. Reaction (la) is driven by highly
favorable thermodynamics after the H atom transfer.
Reaction (1b) needs to overcome relatively higher activation
barrier (0.076 e¢V) than reaction (la) does, which correlates
with the relative thermodynamics. One O™* center is left in
Sc;0O6H™ (see the Sc;OgH moiety of IM2), so the mechanisms
of reactions (2a) and (2b) are very similar to those of (1a) and
(1b), respectively. Likewise, reaction (2b) is less favorable than
(2a) thermodynamically and kinetically. To conclude, the
activation of methyl group in C4H;y (reactions (1b) and
(2b)) is less favorable than that of the methylene group
(reactions (la) and (2a)).

Methane activation is a holy grail in alkane chemistry.”® To
the best of our knowledge, none of the metal oxide cluster
anions has been experimentally identified to be able to
activate CHy at near room-temperature conditions, although
many oxide cluster cations are highly reactive with
CH,.!7 2327368889 Considering the high reactivity of Sc;0q~
toward activation of the C—H bonds in C4H;,, we are inter-
ested to estimate a rate constant for methane activation by this
cluster. The energy barrier for C-H activation of CHy by
Sc30¢ is 0.106 eV (AHok value) under B3LYP calculations.
The k1(Sc;0¢~ + CHy4) may be scaled from k(Sc;Oq~ +
C4H)o) by a factor of exp(—AE,/kgT), in which AE, is the
difference of the C—H activation barrier (0.223 ¢V) between
CH4 and C4H g, kg is the Boltzmann constant, and 7 is the
temperature. For 7' = 298 K, k(Sc30s~ + CHy) is estimated
to be 4.87 x 107" cm® molecule™ s~!, which is larger
than k;(OH + CHy) = 7.89 x 107! cm® molecule™! s7!.%¢
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This indicates that Sc304~ may be as reactive as the OH free
radical in terms of the methane activation. The room-
temperature methane activation by Sc3;O¢~ cluster anions
may well be demonstrated if Sc;0¢ is trapped and reacted
with CHy in a reactor with a relatively long period of time.

3.4 Comparison of Scz;Oq with Sc,OQ4~

The DFT calculations indicate that both Sc,O4 (see ref. 37)
and Sc304~ have two terminal oxygen atoms while the former
only contains one oxygen radical (O™*) and the latter has two
oxygen radicals. In our previous studies,*”*® for oxide clusters
M.0,%, a value to evaluate the extent of oxygen richness or
poorness was defined as 4 = 2y — nx + ¢, in which # is the
number of valence electrons of element M that can be oxidized
by oxygen to the +n oxidation state and ¢ (=0, £1) is the
charge number. With our definition, the 4 values of Sc;O4™
and Sc;O¢ are +1 and +2, respectively, which is consistent
with the detailed DFT results that there is one O™* unit in
Sc,O4~ while two O™ units in Sc;Og . This also suggests that
the 4 = +2 metal oxide clusters are candidates of oxygen-
centered bi-radicals if they are not peroxides (like 102 and
103 in Fig. 3a).

The experimentally estimated first order rate constant for
Sc,04 + C4Hpg is (8.0 £ 1.5) x 107" ¢m® molecule™! s,
which is significantly smaller than that for Sc;Os~ + C4Hig
(2.9 £ 1.5) x 107'° cm?® molecule™! s™'. The DFT results in
Fig. 4c and 5c indicate that the C—H (in the methylene group)
activation by Sc,O4, (IM5-TS3—-1IM6) is subject to a
small barrier (0.045 eV) while the corresponding steps
(IM1->TS1-1IM2 and IM3—->TS2—1IM4, Fig. 4a and b) in
Sc304~ and Sc3;OgH ™ reaction systems are barrierless in terms
of the relative enthalpy change (AHyk). In the experiments, the
encounter complex (such as IM1, IM3, or IMS5 in Fig. 5)
carries center-of-mass collisional energy £Ey and cluster
vibrational energy E.p, in which E, = 1/2 w?* (u is
the reduced mass of the Sc, 0, cluster with n-C4H,,
v &~ 1 km s7') and E,, can be estimated from the DFT
calculations for the vibrational temperature of 77 = 350 K.
Given that the reaction intermediates are not in fully thermal
equilibrium due to low pressure (~300 Pa) in the fast flow
reactor, the excess energy (Eexe = Ex + Ejp) can be used
to surmount the Gibbs free energy barrier for the C-H
activation. The E. values for Sc;04 ---C4Hjg (IM1) and
Sc,04 - - -C4Hy g (IMS5) are 0.62 eV and 0.49 eV, respectively.
In addition, the Sc;O¢ ™ has two O™* centers while Sc,O4  has
only one. All of the above factors (activation barrier, excess
energy, and number of active sites) favor a faster reaction of
Sci0¢~ + C4Hy g versus Sc,04~ + C4H, o, which is consistent
with the experiments.

4. Conclusions

Scandium oxide cluster anions Sc,,O,,~ were generated by laser
ablation and reacted with n-C4H;¢ in a fast flow reactor.
Observation of hydrogen atom pickup products Sc;OgH™
and Sc;O¢H, ™ indicated that the even-electron cluster Sc;Oq~
can abstract two hydrogen atoms from two n-C4Hiq
molecules consecutively with a rate constant on the order
of 107'° cm® molecule™! s™! under near room temperature

conditions. The experimentally determined vertical electron
detachment energy of Sc3Og is 5.63 + 0.08 eV. Further
theoretical studies on the geometric structure, vertical
detachment energy, and reaction mechanisms confirmed that
the ground state of Sc;O4  is an oxygen-centered biradical,
which is responsible for the consecutive C—H activations. The
identification of the Sc;O¢ cluster as a biradical is significant
because it may serve as an ideal model system to provide
insight into the real-life chemistry involved with the coupled
O™*---O™* dimers over the surfaces of metal oxide catalysts.
Important mechanistic details such as two state reactivity®’
may be investigated by studying reactions of Sc;Os with
small molecules.”®
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