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ABSTRACT

Scandium oxide cluster cations are prepared by laser ablation and reacted with n-butane in a fast flow
reactor. A reflectron time-of-flight mass spectrometer is built to detect the cluster distribution before
and after the reactions. Hydrogen atom abstraction (HAA) products (Sc;03)yH* (N=1-22), (Sc;03)vO4H*
(N=4-22) and their deuterated compounds are observed upon the cluster interactions with n-C4H;0 and
n-C4D1o, respectively. This indicates that C-H bond activation of n-butane over atomic clusters as large
as Scy4066™ and Scy407¢* can take place in gas phase. The experimentally determined rate constants and
values of kinetic isotopic effect for HAA vary significantly with the cluster sizes. Density functional theory
(DFT) calculations are performed to study the structures and reactivity of small clusters (Sc;03);-3*. The
DFT results suggest that the experimentally observed C-H bond activation by (Sc,03)y* is facilitated by
oxygen-centred radicals bridgingly bonded in the clusters. The nature of unpaired spin density distribu-
tions within the clusters may be responsible for the experimentally observed size-dependent reactivity.

Atomic cluster
Scandium oxide

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Direct transformation of alkanes that are major constituents of
natural gas and oil into more valuable products is a difficult prob-
lem. Activation of the strong and localized C-H bonds that are
usually chemically inert at low temperature is an essential step
in alkane transformation [1-4]. It is of interest and potentially use-
ful to generate and study chemical entities that are able to activate
C-H bonds efficiently at low temperatures, preferably room tem-
perature, which may serve as a first step to solve serious problems
involved with alkane transformation at high temperature that often
results in low product selectivity, primary formation of thermody-
namically stable by-products (such as carbon dioxide and water in
the reaction with oxygen) and other related problems of economics
and environments [1,5].

It has been reported that efficient C-H bond activation can take
place over many atoms, ions, and atomic clusters, among which
transition metal oxide (TMO) clusters [3,4,6-11] are an impor-
tant type. By using mass spectrometry, the TMO cluster systems
such as (V205)1-5" [12,13], V4 YiO10-" (k=1-3) [14], V4P O10"
(k =1 and 2) [15,16], V205(5102 )1_4+ and V205(5i02)1_47 [17,18],
VAIO4* and V4_ Al Oq1_;~ (k=1-3) [19,20], and others [3-5] can
activate C-H bonds of methane, ethane, or n-butane under near
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room-temperature conditions. Density functional theory (DFT)
studies show that each of these clusters contains one or two oxy-
gen atoms that have unpaired spin density (UPSD) values close to
1 (Bohr magnetron) and such oxygen atoms are oxygen-centred
radicals (O*~). The O°*~ radicals over the studied TMO clusters
can effectively abstract hydrogen atoms from the reacting alkane
molecules. It is noticeable that C-H bond activation of alkanes by
O°~ radicals over several oxide clusters of main group elements
including Mg [21], Al [22], P [23], S [24], and so on [4] have been
also reported recently. So far, the largest oxide clusters that are able
to activate C-H bonds of alkanes are (Al,03)s5* [22] and (V,05)5*
[13].

To identify further large TMO clusters that are able to activate
C-H bonds, a reflectron time-of-flight mass spectrometer (Re-TOF-
MS)is built and this paper reports the application of this instrument
to the oxide cluster cations of the first transition metal, scandium.
Scandium (Sc: [Ar]3d'4s?2) has only one 3d electron and scandium
oxide clusters can server as a very simple system to understand
transitional metal chemistry. In addition, bulk scandium oxides are
used as catalytic promoters or supports in selective reduction of
nitric oxide with methane [25] and in dehydration of 1,3-diols and
1-4-diols to produce unsaturated alcohols [26,27]. Study of scan-
dium oxide clusters may also provide molecular level insights into
the related heterogeneous catalytic systems.

Matrix isolation infrared spectroscopy, photoelectron spec-
troscopy, and mass spectrometry have been employed to study
the electronic structure and reactivity of scandium oxide species
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Fig. 1. An overview of a time-of-flight mass spectrum for distribution of scandium oxide cluster cations (a) and a portion of the spectrum with assignments of the peaks (b).
The Sc,O,* cluster is labeled as m,n. The inset in panel (a) shows the full width at half maximum (FWHM) for the peak of Sc34'%0s,* cluster. The weak peak labeled with an

asterisk is due to Sc34'605; 180",

(Sc0,%%1) [28-33] while the investigations of larger ones Scy, 0%
(m>1) are very limited [34,35] and most of which are theoreti-
cal studies [36-38]. We have recently identified that Sc30g~ anion
is a bi-radical with two O*~ centres and can activate two n-
butane molecules consecutively with rate constants on the order of
1019 cm?3 molecule~! s=1 under thermal collision conditions [35].
This study provides evidence of C-H bond activation by nanosized
scandium oxide cluster cations in gas-phase.

2. Experimental and theoretical methods
2.1. Experimental details

The laser ablation and supersonic expansion cluster source cou-
pled with a fast flow reactor is a copy of the one used in our
previous studies [39-42] while the Re-TOF-MS for cluster detec-
tion is recently constructed. A brief outline of the experiments is
given below. The Sc,,On* clusters are generated by laser ablation
of a rotating and translating scandium metal disk (99.9%) in the
presence of 0.1-0.5% O, seeded in a He carrier gas with backing
pressure of 6atm. A 532nm (second harmonic of Nd3*: yttrium
aluminum garnet - YAG) laser with energy of 5-8 mJ/pulse and
repetition rate of 10 Hz is used. The gas is controlled by a pulsed
valve (General Valve, Series 9). To prevent residual water in gas
handling system to form undesirable hydroxo species [Sc;; On(HO)J,
z>0], the prepared gas mixture (O,/He) is passed through a 10 m
long copper tube coil at low temperature (T=77 K) before entering
into the pulsed valve. Similar treatment (T=273K) is also applied
in the use of the reactant gases (see below). The reactant gases are
pulsed into the reactor 20 mm downstream from the exit of the nar-
row cluster formation channel by a second pulsed valve (General
Valve, Series 9). By using the method in Ref. [43], the instanta-
neous total gas pressure in the fast flow reactor is estimated to be
around 220Pa at T=300K. The number of collisions that a cluster
(radius=1.0nm) experiences with the bath gas (radius=0.05nm,
T=300K, P=220Pa) in the reactor is about 180 per 1 mm of for-
ward motion. This corresponds to a collision rate of 1.8 x 108 s~!
for an approaching velocity of 1 km/s. The intra-cluster vibrations

are likely equilibrated (cooled or heated, depending on the vibra-
tional temperature after exiting cluster formation channel with a
supersonic expansion) to close to the bath gas temperature before
reacting with the diluted n-C4H;q or n-C4D19 molecules. It may be
safe to assume than the bath gas has the temperature of the wall
of reactor (300 K). Our recent experiments indicate that the cluster
vibrational temperature in the reactor can be close to 300K [17,42].

After reacting in the fast flow reactor, the reactant and prod-
uct ions are skimmed (3.5 mm diameter in this study for Sc;;0,*
clusters) into the vacuum system of a Re-TOF-MS for mass and
abundance measurements. The Re-TOF-MS is home-made and the
principle of design is well documented in literature [44]. A brief
description of our design is given in the Supporting Information
(Fig. S1). The signals from detector of the Re-TOF-MS are recorded
(without pre-amplification) with a digital oscilloscope (LeCroy
WaveSurfer 42Xs-A) by averaging 1000 traces of independent mass
spectra (each corresponds to one laser shot). The uncertainties of
the reported relative ion signals are about 10%. The mass resolu-
tion of the Re-TOF-MS is above 3000 (M/AM) in the mass range of
2000-3000 amu (see Fig. 1 and text below). Better mass resolution
(~4000) can be obtained if skimmers [42] with smaller diameters
(2 mm) are used.

2.2. Computational details

The DFT calculations are carried out by using the Gaussian 03
program [45]. The hybrid B3LYP functional [46-48] in combination
with the TZVP basis sets [49] are used to study the structures and
reaction mechanisms for Sc;03*, Sc4Og*, and ScgOg™ cluster sys-
tems. The justification of the adopted functional and basis sets for
scandium oxide and hydrocarbon systems can be found in previous
works [50-52]. The cage structures of Sc4Og* and ScgO9* have been
optimized previously [50] while this study further considers many
other possible structures constructed based on chemical intuition
and a systematic consideration of the topological conformations
[17]. The reaction mechanism calculations involve geometry opti-
mizations of reaction intermediates and transition states (TSs). The
TS optimizations are performed by employing the Berny algorithm
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Fig. 2. Selected time-of-flight mass spectra for interactions of Sc,,O,* (denoted as m,n) with He (a), 0.8 Pa n-C4Hjo (b), 2.4 Pa n-C4Hy¢ (c), and 0.8 Pa n-C4D1 (d) in the fast
flow reactor. The product peaks (Sc203)14-16H* and (Sc203)14-16D* are labeled with “+H” and “+D”, respectively.

[53]. Vibrational frequency calculations are performed to check that
reaction intermediates and TS species have zero and one imaginary
frequency, respectively. Intrinsic reaction coordinate calculations
[54,55] are also performed so that a TS connects two appropriate
local minima. The DFT calculated energies reported in this study
are the zero-point vibration corrected (AHg) or the relative Gibbs
free energies (AGaggi ) under temperature of 298.15 Kand pressure
of 1atm.

3. Experimental results

Fig. 1a plots a typical TOF mass spectrum for the distribu-
tion of Sc;;,0,* generated with 0.35% O, seeded in 6 atm He. The
clusters in mass range of 50-3500 (Scy_500y*)amu can be gener-
ated and detected as one mass spectrum. The inset spectrum in
Fig. 1a indicates that for the peak of Sc34'60s,*, the mass reso-
lution is 3147 (2360.24/0.75). Note that scandium has only one
stable isotope (%°Sc). The #°Sc and !0 atoms have masses of
449559 and 15.9949 amu, respectively. The mass of Sc3;'605,*
cluster (2360.24) in unit of amu is smaller than its total mass num-
ber (45 x 34+16 x 52 =2362) by about 2. A portion of the spectrum
in Fig. 1ais re-plotted and labeled in Fig. 1b. The generated clusters
can be classified into different scandium series such as Sc340,* and
Sc350;,". Each of the scandium series consists of several clusters
with different number of oxygen atoms. For example, the number
of oxygen atoms (n) in Sc34On* series varies from 51 to 62. The
leading clusters that has minimum number of oxygen atoms in Scy,
series are (Sc, 03 )n* form=2N and (Sc,03)yScO* form=2N + 1. This
is very similar to the distribution of iron oxide clusters Fe;;On* in
a previous study [56]. We have recently proposed that it is use-
ful to define a value (A) for an oxide cluster M0 to clarify the
oxygen-richness or poorness [11,50]:

A=2n—-xm+q (1)

in which q is the charge number and x counts the highest oxi-
dation state of element M. The A value may be called oxygen
deficiency of the cluster. The non-deficiency (A=0) corresponds
to stoichiometric oxide clusters while positive-deficiency (A >0)
and negative-deficiency (A <0) correspond to oxygen-rich and

oxygen-poor clusters, respectively. The leading clusters (Sc,03)n*
and (Sc;03)NScO* are with A=1 and A =0, respectively. Fig. 1b
shows that the signals of A=0-3 clusters (A=1 and 3 for Scon
series and A=0 and 2 for Scyys+1 Series) are the most intense in
each scandium series. The clusters with four more oxygen atoms
(+20;,)—that is, the oxygen-very-rich clusters with A=8-11 are
also significantly abundant.

Fig. 2 and S2 (see Supporting Information) plot selected TOF
mass spectra for the reactions of Sc;;O,* with n-butane in the fast
flow reactor. Fig. 2b indicates that upon the cluster interaction with
0.8 Pan-C4Hyq in the reactor (for about 60 s), products that can be
assigned das SC28042 H*, SC30045 H*, and SC32 043 H* [(SC203)14_16H+]
can be observed. Further increase of the n-C4H1¢ partial pressure in
the reactor generates more intense signals for the above products
(Fig. 2c). Meanwhile, the signal increase of (Sc;03)14-16H* roughly
equals the signal decrease of (Sc;03)14-16" and the relative peak
magnitudes for all of the other clusters in Fig. 2a remain unchanged
within the experimental uncertainties. This indicates that each of
(Sc03)14-16" clusters can abstract a hydrogen atom from n-C4Hqg
to generate (Sc;03)14-16H" in the reactor, which is also supported
by the isotopic-labeling experiment (Fig. 2d). The above reactivity
pattern can be observed for all of the A =1 clusters (Sc;03)y* with
N=1-22 and the experiments thus identify the following series of
reactions:

(SC203 )NJr +n-C4Hqg — (SC203 )NH+ + C4Hg,N= 1-22 (2)

It should be pointed out that none of the A =0 [(Sc;03)yScO*],
A=2][(Sc;03)nScO,*], and A =3 [(Sc,03)y0O*] clusters is identified
to be able to abstract a hydrogen atom from n-butane although they
have high abundances in the cluster source (Fig. 1).

Fig. S2 shows that the reactivity pattern of
(Scp03)n04%/(Sc03)yO4H* couples is very similar to that of
(Sc203)8"/(Sc203)yH' in Fig. 2, suggesting the following type of
reactions for A =9 clusters:

(Scy03 )1\](:)4Jr +n-C4Hy9 — (Scy03 )1\]04]‘[Jr + C4Hg,N= 4-22 3)

Note that for small systems Sci_¢O,*, the abundance of the
oxygen-very-rich clusters such as (Sc;03)1_304" is very low. As a
result, reaction 3 is only observed for N> 3.
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Fig. 3. Experimentally determined relative rate constants (a, k;™!) and values of kinetic isotopic effect (b, k;"/k;P) for reactions of (Sc,03)y* with n-butane, in
which k;™ =ki[(Sc;03)n* +1n-C4H1o]/k1(ScaOg* +n-C4Hyo) and kqiH k1P =kq[(Sc;03)n* +1n-C4Hio]/k1[(Sc203)n* +n-C4D1g]. The experimental uncertainties for these rela-
tive rate constants are within 20% for N=1-16 and within 30% for N=17-22. A straight dashed line in panel (a) indicates the relative rate constants simulated with

Langevin-Gioumousis-Stevenson (LGS) formula for ion molecule reactions [57].

The first order rate constant (kq) in the fast flow reactor can be
estimated by using the following equation:

k, — In(lo/)

px At )

in which I and Iy are signal magnitudes of the clusters in
the presence and absence of reactant gas respectively; p is
the molecular density of reactant gas (the method to cal-
culate p has been described in Ref. [43]); and At is the
effective reaction time in the reactor (~60pus). An absolute
rate constant of 1.7 x 10~ cm? molecule~!s~1 can be deter-
mined for ki(Sc4Og* +n-C4H1g). This corresponds to reaction
efficiency of 0.18 if the collision rate is calculated with
Langevin-Gioumousis-Stevenson (LGS) formula for ion molecule
reactions [57]. Because it is hard to determine accurately the p
and At values in the pulse experiment, the absolute k; value
can be systematically under or over-estimated. The systematic
deviation can be within a factor of five by comparing the rate
constants from our fast flow reaction experiments with those
from other independent experiments for known reactions such as
V40][)+ +CHy — V4010H+ +CHs [12,13,17].

The relative rate constants [k1(SconOsn* +n-
C4H10)/k1(Sc406* +n-C4Hyg)] that are independent of the p
and At values are plotted in Fig. 3a. The values of kinetic isotopic
effect [KIE, defined as kq(ScoyOsn* +n-C4Hqg)/k1(SconOsn* +n-
C4Dqp)] are shown in Fig. 3b. The relative rate constants vary
significantly (by about one order of magnitude) with the size of
(Scp03)n* clusters. The relatively slow rate constants are observed
for N=1, 4,9, 11, 14 (see also Fig. 2), 17, and 19. The LGS formula
[57] predicts that the rate constants for ion molecule reactions
can vary inversely as the square root of the reduced mass. Fig. 3a
indicates that this may not be used to explain the gradual decrease
in the observed relative rate constants of n-butane with the most
reactive (Sc;03)n* clusters (N=2, 3, 5, 13, 21). The KIE values are
between about 1.1 to about 2.0 and relatively larger KIE values
(Fig. 3b) generally correspond to smaller rate constants (Fig. 3a).
This suggests that C-H bond activation can be the rate-liming step
in the reactions of the (Sc;03)n* clusters with n-butane. Since the

KIE values are not very large, it also implies that the C-H activation
barrier can be small. Note that in the reaction with n-C4D1q, the
product peak Sc;03D" is very weak partly due to strong scattering
of Sc,03* from the cluster beam by n-C4Dq¢ that has comparable
mass as this small cluster does. As a result, the KIE value in Fig. 3b
is not provided for N=1.

4. Theoretical results

The DFT optimized structures along with the UPSD distributions
for the small A =1 clusters Sc;03*, Sc406*, and ScgOg™ are shown in
Fig. 4. The ground state of Sc;03* (IS1) has three bridgingly bonded
oxygen atoms (Op) and the isomeric structure (IS2) with two Oy,
atoms and one terminally bonded oxygen atom (Oy) is less stable
by 0.57eV. The UPSD is delocalized over two Oy, in IS1. The cage
structure of Sc40g* (IS7) still has the lowest energy, which is in
agreement with the previous study [50]. Unlike Sc,03* (IS1), in
which the UPSD is delocalized, the UPSD in Sc4Og* (IS7) can be
highly localized (mostly) in one Oy, atom. Such Oy atoms (also in
1S8) with UPSD of about 14 are oxygen-centred radicals and can be
denoted as Oy*~. The cluster isomers (IS11, IS13-1S16) with UPSD
being distributed over O; atoms (denoted as O.*~) are all high in
energy. The O~ and O¢*~ atoms in this work have essentially the
same characteristics for the UPSD distributions as the free O~ anion
does: UPSD of 13 or nearly 1up is distributed in one of the oxygen
2p orbitals. It is thus reasonable to include the negative signs in
the superscripts of O,*~ and O¢*~ although these oxygen atoms are
in positively charged clusters. Moreover, Mulliken atomic charges
on Op*~ and O:*~ are negative: for example, —0.59 |e| on Op*~ in
IS7 and —0.47 |e| on O¢*~ in IS11. It is noticeable that use of O,*~
(or O¢*~) rather than Oy* (or O:*) also differentiates these atomic
oxygen radicals with UPSD of 1 g from triplet O atom that has UPSD
of 21up.

The cage structures of ScgOg* (IS22 and 1S23) studied previously
[50] are not the ground state. In these cages including IS7 of Sc4Og*,
all of the scandium and all of the oxygen atoms are three-fold and
two-fold coordinated, respectively (Sc-O spacing less than 222 pm
is presume to correspond to coordination in this work). The lowest
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energy structure of ScgOg* (IS17) has two four-fold coordinated Sc
atoms and two three-fold coordinated O atoms and IS17 is more
stable than 1S22 by 0.70eV. The O,*~ radicals exist in IS17-1S20
while the isomers of ScgOg* with O¢*~ radicals (IS21 and 1S24) are
all significantly less stable.

Hydrogen atom abstraction (HAA) from n-C4Hqo may result in
1-C4Hg or 2-C4Hg radicals. The DFT calculated energetics for Sc4Og*
(IS7)+n-C4Hyg is listed below:

SC406+ +n-C4Hqg — SC405H+ +1-C4Hg

AHgg = —0.56eV and AHg g(TS) = —-0.17eV (5a)
SC406Jr +n-C4Hig —> SC4O(3HJr +2-C4Hg
AHOK = —0.74eV and AHOK(TS) = -0.31eV (5b)

in which AHgk(TS) is the energy of the transition state for C-H
bond activation with respect to the separated reactants Sc4Og*
and n-C4Hqg. Note that the DFT calculations can reasonably repro-
duce the experimental result that 2-C4Hg radical is lower in energy
than 1-C4Hg (by 0.18 eV from DFT versus 0.13-0.15 eV from exper-
iments [58]). As a result, the activation of the methylene group in
n-butane (reaction 5b) is more exothermic as well as kinetically
more favorable than that of the methyl group (reaction 5a). The
DFT calculated potential energy profile for reaction 5b is shown
in Fig. 5 (Fig. S3 in the Supporting Information gives a slightly less
favorable reaction path). An encounter complex (IM1) with binding
energy of 0.51 eV (AHgk) can be located. The C-H bond activation
(IM1 — TS — IM2) that results in transfer of one hydrogen atom to
the Op*~ centre (see also IS7 in Fig. 4b) is subject to small barri-
ers of 0.20/0.29 eV (AHok/AGaggk ). The remaining part of reaction
5b (IM2 — Sc4OgH* +2-C4Hg) is driven by highly favorable ther-
modynamics. Note that the Op*~ atom in IS7 has one 2p orbital

singly occupied, which is expected to accept one hydrogen atom
(e~ +p*) to form closed-shell species (OH™) that can be energeti-
cally favorable. The attack of a hydrogen atom to other Oy, atoms
(0Op2~) without UPSD in IS7 will result in intra-cluster UPSD transfer
(from Op*~ to the reacting O,2~ ion), which leads to unnecessary
electronic and geometric reorganization and will be kinetically less
favorable [15]. As a result, only the hydrogen atom transfer to the
Op*~ atom is given and Op*~ can be considered as reactive centre
of the cluster.

The free energy of the TS is positive (0.20eV) with respect to
the separated reactants (Sc4Og* +n-C4Hqg). As a result, one can
conclude that the rate-limiting step of reaction 5b is the C-H
bond activation. The small barriers in the C-H bond activation

3
209 /288
Sc,05*+n-C,H, 4 e 1 36. y;

(0.0/0.0)

Sc,04H*+2-C,H,
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Fig. 5. Density functional theory calculated potential energy profile for Sc4Os* (IS7,
Cav,2B2) +1n-C4Hig (Con, ' Ag) — ScaOgH* (Cs, ' A’) +2-C4Hg (C1, 2A). The relative ener-
gies AHok/AGa,gsk in eV are given in the parentheses. Bond lengths are in pm.
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is readily surmountable by the binding energy (0.51eV), cluster
vibrational energy (0.24 eV at T=298 K by DFT), and the centre-of-
mass collisional energy (~0.25eV) between Sc40g* and n-C4Hqp.
Note that even though the secondary C-H bond activation (reaction
5b) is more favorable than the primary C-H bond activation
(reaction 5a), both channels are overall barrierless (in terms of
AHpg) and exothermic and thus both probably occur experi-
mentally. The overall barrierless energetics from the DFT is in
agreement with the experimental observations of a fast reac-
tion [k1(ScsOg* +n-C4H10)=1.7 x 10~1° cm3 molecule~1s~1]. The
DFT determined small C-H activation barrier [ AHgk (TS) — AHgk
(IM1)=0.20eV in Fig. 5] is also in agreement with a KIE
value [kq (SC406+ +n-C4Hq9)/k1 (SC406+ +n-C4D19)=1.2+0.1] that
is slightly larger than 1 by the experiment (Fig. 3).

5. Discussion
5.1. Size-dependent reactivity

The experimentally identified size-dependent reactivity of
(Sc03)n* shown in Fig. 3 may be rationalized with the local spin
effect [5] that has been demonstrated for cerium oxide cluster
cations [41] and anions [59] in our previous works. The UPSDs
of (Ce03),5" clusters are delocalized, which leads to much lower
reactivity of these clusters toward C-H bond activation of methane
in comparison with other tetravalent metal oxide systems such
as (TiOy)2-5%, (ZrO3),_4*, and Hf,04* [13] of which the UPSDs are
locally distributed over a single O atom in each cluster [50]. The
UPSDs in (CeO,);_30~ cluster anions are also delocalized while in
Ce40g9~ the UPSDs become highly localized, which is well corre-
lated with the experimental observation of C-H bond activation
of n-butane by the latter rather than the former clusters. The HAA
by the O°*~ centres with localized UPSDs of about 1ug to form the
OH~ species (O*~ +H®* — OH™) can be subject to less electronic and
geometric structure reorganizations [60] involved with the react-
ing clusters in comparison with the HAA by the O atoms that have
UPSDs of only a fraction of 1ug (such O atoms can be denoted as
0°-f). As a result, the HAA by O*~ can be both thermodynamically
and kinetically more favorable than that by O°*—.

We thus propose that the (Sc;03)y* clusters with relatively low
reactivity (Fig. 3a, N=1, 4, 9, 11, ...) have delocalized UPSDs while
the clusters (N=2, 3, 5, 6, ...) with relatively high reactivity have
localized UPSDs. This is true for small clusters (Sc;03);_3* of which
the DFT structures are available (Fig. 4). Additional DFT calculations
indicate that HAA from n-butane by the Sc,03* (IS1) cluster with
delocalized UPSDs is less exothermic and kinetically less favorable
than reaction 5:

5(2203Jr +n-C4H1g — S(ZzOgHJr + 1-C4Hg
AHOK = —0.32eV and AHOK(TS) = —0.08eV (6&)

SC203+ + n—C4H10 — SC203H+ + 2—C4H9
AHQK = —0.50eV and AHOK(TS) = —-0.29eV (Gb)

This further supports that Sc4Og* is more reactive than Sc;03* in
the reaction with n-C4Hyy. It is challenging and interesting to study
larger (Sc;03)n* (N> 3) clusters in future with DFT calculations to
verify the nature of UPSD distribution (localization and delocaliza-
tion) proposed by the reactivity experiments (Fig. 3).

5.2. Bridgingly and terminally bonded oxygen-centred radicals

Most of the oxygen-centred radicals over atomic clusters iden-
tified previously [3-7,61,62] are terminally bonded (O¢*~ or O¢*~f)

while those over (Sc;03)y* (N=1-3) are bridgingly bonded (Oy*~
or Op*~finFig. 4). The DFT results for large (Sc;03)n* (N> 3) clusters
are currently unavailable. However, the similar reactivity for all of
the (Sc03)n* (N=1-22) cations with n-butane (Fig. 3) suggests that
these clusters contain oxygen-centred radicals bridgingly bonded
over the clusters. This is also partly supported by the DFT results
that the clusters isomers with O.*~ are significantly less stable for
small (Sc;03)n* systems (Fig. 4).

Test calculations indicate that the O-H bond energy involved
with a bridging O atom can be significantly smaller than that
involved with a terminal O atom. For example, the DFT calculated
0Op,-H and O¢-H bond energies of Sc4,0gH* and V401oH* [12,15] are
4.78 and 5.32 eV (AHy value), respectively. It is thus expected that
the HAA by O,*~ can be less favorable than that by O¢*~. This is sup-
ported by our previous experimental results that the A=1 cluster
cations (TiO3)2-5", (V205)1-5", and several others that contain O¢*~
radicals can abstract hydrogen atoms from methane, the most sta-
ble alkane molecules, under thermal collision conditions while no
evidence of methane activation by (Sc;03)1_5"* is observed [13].
The DFT calculations suggest that HAA from methane by Sc40g*
(IS7 in Fig. 4b) with Op*~ is much less favorable than reaction 5
thermodynamically and kinetically:

SC406+ +CHyg — SC406HJr +CHs
AHgg = —0.37eV and AHgk(TS) = 0.08 eV (7)

In contrast, methane activation by O*~ containing cations are
usually barrierless [12,19]. Note that in addition to the coordina-
tion number (two for O,*~ and one for O¢*~) associted with the
oxygen-centred radicals, other electronic effects such as number
of metal valence electrons may also influence the thermodynamics
and kinetics involved with C-H bond activation.

Among very few examples, (Mg0O),_;* clusters are pre-
dicted to contain Op*~ or Op*~f radicals [63]. It turns out
that Mg;0,* can activate propane and butane but can not
activate methane although the diatomic ion MgO* that has
O¢*~ radical reacts with methane very efficiently to gen-
erate MgOH* [k;=(3.941.3) x 10719 cm? molecule~!s-1] [21].
The reactivity of Mg,0,* and (Scy;03)y* is thus very simi-
lar. Aluminum, scandium, and iron are typical trivalent metal
elements in the periodic table. The (Al;03)4" and possibly
(Al;03)35* cations have O¢*~ rather than Op*~ radicals and
all of these clusters can activate methane [22]. Our test
experiments indicate that (Fe;03){_3* cannot activate n-butane
[5,64]. As a result, the reactivity of (Sc;03)y* is generally in
between (Al,O3)y* and (Fe;O3)y* in terms of C-H bond activa-
tion.

5.3. Oxygen-centred radicals over nanosized atomic clusters in
gas-phase

A systematic DFT study indicates that for most of the early tran-
sition metals, the oxide clusters M0 (m=1-3) with A=1 all
contain oxygen-centred radicals. These metals include groups 3-7
and 3d-5d elements except Cr and Mn [50]. The DFT result supports
and is supported by available observations that the experimen-
tally generated A =1 clusters are able to abstract hydrogen atoms
from alkane molecules or deliver oxygen atoms to alkenes, alkynes,
etc. under thermal collision conditions [12-24,41,59,62,65-69].
It is difficult to perform reliable DFT calculations on nanosized
atomic clusters such as (Sc;03)y* (N>15) [70]. It is also pos-
sible that each of these nanosized atomic clusters generated in
gas phase may have different geometric structures. However, the
experimental result that efficient C-H bond activation takes place
over the A=1 clusters [(Sc,03)ny*] rather than the highly abun-
dant A=0 [(SC203 )NSCO+], 2 [(SC203)NSC02+], and 3 [(SC203 )NO+]
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clusters (Fig. 1) quickly suggests that each of these A=1 series
contains unique reactive centres — that is, the oxygen-centred
radicals, as revealed by the DFT calculations for small clusters
(Fig. 4).

By studying CO oxidation, we have recently demonstrated that
cerium oxide cluster series (CeO,)yO~ can contain O°~ radicals for
N up to 21 (Cez10437) [59]. This study further extends the size of
the O*~ containing atomic clusters up to Sc44065" of which the geo-
metrical size is about 1.36 nm [70]. It is important to point out that
in this size region, each atom still counts because the reactivity of
Sc44066* in the reaction with n-butane is very different from that of
Sc44067*. Note that the O°*~ radicals over bulk systems can be char-
acterized by methods such as electron spin resonance spectroscopy
in condensed-phase studies [71,72]. The gas-phase cluster study is
a bottom-up strategy that is able to provide mechanistic details
for oxygen-centred radicals (and possibly other transient species
that are hard to generate and control in condensed-phase studies)
under isolated and well controlled conditions. The study of other
cluster systems with current experimental setup is being carried
out in order to further understand C-H bond activation by atomic
oxygen radicals.

5.4. The A=9 clusters

Most of the oxide clusters that are able to abstract hydrogen
atoms from alkanes reported in literature are the least-oxygen-rich
(A=1)[11]. Only a few more oxygen-rich (A >1) clusters, Sc30g~
(A=2)[35],Sc307~ (A=4)[5], Laz07;~ (A=4)[73],Zr,03~ (A=7)
[74], and Al,O;* (A =9)[75] have been reported to be able to acti-
vate butane, ethane, or methane. A series of clusters (Sc;03)y04*
(N=4-22) with A=9 is identified to react with n-butane in this
work (Fig. S2 and reaction 3). It is hard to perform reliable
DFT studies on large clusters such as (Sc303)404% (=Scg016*) at
present. The theoretical results on Al;07* [=(Al,03)04*] [75] hint
that the (Sc;03)yO4* clusters may contain two weakly bonded
0O, units on the parent moieties of (Sc;03)ny*, so the oxygen-
centred radicals of (Sc, O3 )n* are keptin (Sc;03)ny04*, which results
in reaction 3. In order to have a good understanding of the
A =9 cluster series, it is also necessary to study in future why
(Sc203)804% (A=9) is more abundant than (Sc;03)§y02* (A=5)
in the cluster distribution (Fig. 1) and why (Sc;03)yO,H* is not
produced upon the cluster interaction with n-butane in the reac-
tor.

6. Conclusion

By using a reflectron time-of-flight mass spectrometer, hydro-
gen atom abstraction from n-butane is identified over two series
of scandium oxide cluster cations: (Sc;03)y* (N=1-22) and
(Scp03)n04" (N=4-22). The size of atomic clusters that are able
to activate alkane C-H bonds is extended to nanosizes (~1.36 nm
for ScyqOg6*). The experimentally determined rate constants for
reactions of (Sc,03)y* with n-butane vary within about one order
magnitude and relatively slow reactions are observed at N=1, 4,9,
11, 14, 17, and 19. Density functional theory calculations suggest
that the experimentally observed C-H bond activation is facili-
tated by oxygen-centred radicals bridgingly bonded in (Sc;03)n".
The lowest energy structure of Sc4Og* cluster is a cage while the
cage structure of ScgOq* is significantly less stable than the ground
state. The (Sc03),3" and Sc;03* have localized and delocalized
unpaired spin density distributions, respectively. This correlates
with the experimentally observed relatively high reactivity of
(Sc03)23™ over Sc03%, indicating that the local spin distribution
within the clusters is responsible for the size-dependent reactivity
Of(SCZOg)N+.
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