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Density functional theory (DFT) calculations are carried out to investigate partial oxidation of propylene
over neutral VOj3 clusters. C=C bond cleavage products CH;CHO + VO,CH, and HCHO + VO,CHCH;
can be formed overall barrierlessly from the reaction of propylene with VO3 at room temperature. Formation
of hydrogen transfer products H,O + VO,C;H4, CH,=CHCHO + VO,H,, CH;CH,CHO + VO,, and (CH3),CO
+ VO, is subject to tiny (0.01 eV) or small (0.06 eV, 0.19 eV) overall free energy barriers, although their
formation is thermodynamically more favorable than the formation of C=C bond cleavage products. These
DFT results are in agreement with recent experimental observations. VO3 regeneration processes at room
temperature are also investigated through reaction of O, with the C=C bond cleavage products VO,CH, and
VO,CHCHj;. The following barrierless reaction channels are identified: VO,CH, + O, — VO; + CH,0;
VO,CH; + O, — VO3;C + H;0, VO;C + O, — VO; + CO,; VO,CHCH; + O, — VO3; + CH3CHO; and
VO,CHCHj; + O, — VO;C + CH30H, VO3C + O, — VO3 + CO,. The kinetically most favorable reaction
products are CH;CHO, H,O, and CO; in the gas phase model catalytic cycles. The results parallel similar
behavior in the selective oxidation of propylene over condensed phase V,0s/SiO, catalysts.

1. Introduction

Vanadium oxides are an important class of heterogeneous
catalysts used both in industry and in the laboratory.!= The well-
known industrial processes facilitated by vanadium oxide based
catalysts include oxidation of SO, to SO3 in the production of
sulfuric acid, selective reduction of NO, with NHj3 for pollution
control, selective oxidation of hydrocarbons in the production
of more expensive and useful chemicals, and so forth. To
interpret these important processes at a molecular, mechanistic
level, efforts have been devoted to investigate the chemistry
(bonding, structural, and reactivity properties, etc.) of vanadium
oxide clusters in the gas phase by both experimental*® and
theorical’~'> means. On the other hand, discovery of new and
interesting chemistry of vanadium oxide clusters would finally
shed light on design, synthesis, and more effective use of
practical catalysts.

The chemistry of neutral vanadium oxide clusters in the gas
phase is not well studied experimentally due to difficulties in
detection of these neutral metal oxide clusters without frag-
mentation during multi-photon or electron-impact ionization
processes. Single photon ionization through radiation of vacuum
ultraviolet and soft X-ray lasers has been effectively employed
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recently to detect neutral transition metal oxide and sulfide
clusters without fragmentation,'® and the reactivity of neutral
vanadium oxide clusters toward C, hydrocarbons has been
successfully studied.!* One of the interesting chemistries identi-
fied is that (V,05),VO3; + C,Hy — (V205),VO,CH; + CH,0
occurs under near room temperature conditions, for n = 0, 1,
and 2. This C=C double bond cleavage reaction is not found
in the reaction of cationic vanadium oxide clusters with ethylene.
In contrast, a set of oxygen transfer reactions are identified for
cationic species: (V20s),™ + CoHy — (V205),-1V204T +
CH3;CHO, where n = 1, 2, and 3.%7 On the basis of density
functional theory (DFT) calculations for the neutral VOj; cluster,
the oxygen transfer reaction channel (VO3 + C;Hy — VO, +
CH3CHO) is thermodynamically more favorable than the C=C
bond cleavage channel; however, formation of CH3CHO is
kinetically less favorable at room temperature than formation
of HCHO due to a higher overall reaction barrier.

The mechanism of the reaction of (V,0s),VO3 with C,Hy is
interesting in that the reaction kinetics and the reaction dynamics
play opposite roles. This is generally of fundamental importance
in selective oxidation of hydrocarbons because formation of
unwanted CO;, and H,O are usually thermodynamically most
favorable. In this work, DFT calculations are employed to
investigate the reaction of VO3 with propylene (C3Hg), to explore
the generality of double bond cleavage of alkenes over VOs.
We anticipate that the additional methyl group of propylene
will result in different chemistry for VO3 + C3;Hg than that found
for VO3 + C,H4. Moreover, to generate a complete model
catalytic cycle, reactions of O, with some kinetically allowed
products will be considered to regenerate VOs.
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Oxidation of Propylene Catalyzed by VO3 Clusters

In the chemical industry, selective oxidation of propylene is
particularly important.!>1° The selective oxidation of propylene
over vanadium oxide catalysts supported (Al,O3, SiO,, TiO,,
and Nb,Os, etc.)!*'® or unsupported!® has been extensively
investigated. Products formed with high selectivity are acrolein
(CH>,CHCHO) over V,05/Nb,Os,!7 acetone [(CH3),CO] over
V,05/Ti0,,'¢ acetaldehyde (CH;CHO) over V,05/Si0,,'% ac-
etaldehyde and acetic acid (CH;COOH) over V,05—Mo00s3,!?
and others. The mechanisms for the formation of C=C bond
scission products, such as acetaldehyde is not well explored.
Ruszel et al.!® suggest that partial degradation of propylene over
supported vanadium oxide catalysts may be considered as an
electrophilic surface oxygen species O, or O~ adding to a C=C
double bond through the formation of peroxo or oxo intermedi-
ates which can decompose by breaking a C—C bond.

To address catalytic mechanisms involving vanadium oxides,
considerable efforts have been devoted to determining the
structures of catalytically active sites on the supports. Surface
monovanadium species are generally accepted to have the
structure O=V—(0—X);3 (pyramid model), in which X is an
atom (such as Si, Ti, . . .) in the support;>*° however, some
recent experimental and theoretical studies suggest that the
species should have the structure O=V(=0,)—0—X (umbrella
model).2! The structures of the monovanadium sites will be more
complicated if surface acidity (hydrogen species) is considered.??
Evidence indicates that structures of catalytically active sites
are dynamic and some reactive intermediates do not live long
enough to be captured by available experimental (mainly
spectroscopic) techniques.!” VOs has a structure similar to that
of the umbrella model surface monovanadium species. VO3 may
also serve as a model for a reactive surface intermediate. Thus
VOs; clusters can serve as a model catalyst to interpret possible
surface chemistry and reactive species.

2. Computational Details

DFT calculations using the Gaussian 03 program?? are
employed to study reactions of VO3 with C3Hg and reactions
of the kinetically allowed products from VO3 + C3Hg with O,
to regenerate VOs3. The DFT calculations involve geometry
optimization of various reaction intermediates and transition
states. Transition state optimizations are performed by using
either the Berny algorithm?* or the synchronous transit-guided
quasi-Newton (STQN) method.?>2® For most cases, initial guess
structure of the transition state is obtained through relaxed
potential energy surface (PES) scans using an appropriate
internal coordinate. For a few complicated cases, the initial
structure is obtained by using the multi-coordinate driven
method?’ that determines the relaxed PES in terms of more than
one active internal coordinate. Vibrational frequencies are
calculated to check that the reaction intermediates have all
positive frequencies and species in the transition states have
only one imaginary frequency. Intrinsic reaction coordinate
(IRC) calculations?®? are also performed so that a transition
state connects two appropriate local minima in the reaction
paths. The hybrid B3LYP exchange—correlation functional®
is adopted. A contracted Gaussian basis set of triple zeta valence
quality?! plus one p function for H and V atoms and one d
function for C and O atoms is used. This basis set is denoted
as TZVP in Gaussian 03 program. This functional and basis
set are tested to predict reasonably good energetics for vanadium
oxides and hydrocarbons at moderate computational costs in
several theoretical investigations.”® Test calculations indicate
that basis set superposition error (BSSE)*>33 is negligible, so
the BSSE is not taken into consideration in this study. The zero-
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point vibration corrected energies (AHok) and the Gibbs free
energies at 298 K (AGaygk) are reported in this study. Cartesian
coordinates, electronic energies, and vibrational frequencies for
all of the optimized structures are available upon request.

3. Results

3.1. Reaction of VO3 with C3Hg. The following reaction
channels are followed for the reaction of VO3 with C3Hg.

VO, + C;H,— VO,CHCH, + HCHO (formaldehyde)
AH,ye =—0.29eV (1)
VO, + C;H,— VO,CH, + CH;CHO (acetaldehyde)
AH,yex =—0.53 eV (2)
VO, + C;H,— VO, + CH,CH,CHO (propaldehyde)
AH,yex = —0.65eV (3)
VO, + C;H,— VO, + (CH;),CO (acetone)
AH,ye =—0.99 eV (4)
VO, + C;H,— VO, + C;HO (propylene oxide)
AH,ye¢ = +0.39eV (5)
VO, + C;H,— VO,H, + CH,=CHCHO (acrolein)
AH,ygq =—1.67 eV (6)
VO, + C;Hy,— VO,C;H, + H,0 (water)
AH,yex =—1.00eV (7)

The DFT calculated enthalpy of reaction at 298 K (AH»9gk) is
listed after each reaction. The potential energy profiles for
reactions 1-7 are plotted in Figure 1. The structures and energies
of the reaction intermediates and transition states are given in
Figure 2. The vanadium species VO3, VO,, VO,CH,, VO,CH-
CH3, and VO,C3H4 have doublet ground states (Figure S1). For
simplicity, crossing of spin doublet and quartet potential energy
surfaces (spin conversion) is not considered for reactions 1-5
and 7. The product VO,H; has a quartet ground state, and its
lowest doublet state is higher in energy by 1.41 eV (defined by
AHok). Spin conversion is thus possible in later stages of
reaction 6. As shown in Figure 1, doublet-quartet conversion is
not required because formation of doublet VOH, is also
thermodynamically favorable.

The formation of various partial oxidation products (HCHO,
CH;3;CHO, CH3CH,CHO, (CH3),CO, and CH,=CHCHO) in the
reaction VO3 + C3Hg is thermodynamically favorable. The
formation of HCHO and CH3CHO involves C=C bond cleav-
age, whereas formation of other products involves hydrogen
transfers. Reactions 1-4 and 6 and 7 indicate that less heat of
reaction (0.29 and 0.53 eV versus 0.65, 0.99, 1.00, and 1.67
eV) is released in the formation of the C=C bond cleavage
products than in the formation of hydrogen transfer products,
including VO,C3H4 + H,O. Figure 1a indicates that all of the
thermodynamically allowed reactions are also kinetically favor-
able at 0 K; however, considering an equilibrium reaction at 7
= 298 K, Figure 1b indicates that all of the hydrogen transfer
processes are subject to some overall free energy barriers:
AGasx = +0.01 eV (Figure 2, Group 6, 4/12, formation of
H,O and CH,=CHCHO), +0.06 eV (Group 3, 8/9,
CH3CH,CHO), and +0.19 eV [Group 4, 3/10, (CH3),CO]. This
is due to the entropy loss (AS < 0) in the formation of reaction
intermediates from the separated reactants VO3 and C3Hg. The
entropy contribution (—AST > 0) puts the relative free energy
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Figure 1. Potential energy profiles for the reaction of VO3 with
propylene. The profiles are plotted for zero-point vibration corrected
energies (a) and Gibbs free energies at 298 K (b) relative to the
separated reactants VO3 + C3He. The reaction intermediates and
transition states are denoted as n and ni/n,, respectively. In the figure,
R1 = VO; + C3Hs, P1 = VO,CHCH; + HCHO, P2 = VO,CH; +
CH;CHO, P3 = VO, + CH3CH,CHO, P4 = VO, + (CH3),CO, P5
= VO, + C3H¢0, P6 = VO,H, + CH,=CHCHO, and P7= VO,C3H4
+ H,O. Superscripts 2 and 4 denote species in doublet and quartet
spin states, respectively. “CP” denotes a possible spin conversion
points for reaction R1 — P6 (see text for details).

above the relative enthalpy by about 0.5 eV for the reaction
intermediates, whereas the relative energy positions of the
separated products (P1—P7) do not change significantly. Because
of relatively low barriers, the overall free energy barriers in the
C=C bond cleavage process are still negative (AGaosx = —0.29
eV, see Figure 2/Group 3 for 8/4).

The critical reaction intermediate in the C=C bond cleavage
process has a five-membered ring structure (4 in Figure 2/Group
1) that is formed through a [3+2] cycloaddition. The cycload-
dition processes (VO3 + CsHg—1—1/2—2—2/3 —3 —
3/4— 4 or VO; + CsHg — 8 — 8/4 — 4) are overall barrierless.
Formation of 4 results in a net energy release of 2.68 eV (AHk).
The C=C bond in the C3H moiety becomes a single bond that
is reflected by the lengthening of the C1—C2 bond length (0.155
nm in 4 vs 0.133 nm in free CsHg). The amount of energy
released is sufficient to overcome the barrier (1.09 eV) in the
C=C bond cleavage process (4 — 4/5 — 5). HCHO and
CH3CHO moieties are almost formed in 5 after this process.
Two parallel processes 5 — 5/6 — 6 — P1 and 5 — 5/7 — 7
— P2 with no overall barriers cause formation of formaldehyde
and acetaldehyde, respectively.

Starting from the cycloaddition intermediate 4, a hydrogen
transfer from the methyl group to a ring oxygen atom (0O2)
results in intermediate 12 (4 — 4/12 — 12). This process is
subject to a high-energy barrier (2.14 eV) because 4 with the
ring structure is energetically quite stable; however, the high
energy (2.68 eV) released in the formation of 4 is sufficient to
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overcome this barrier. Considering entropy contribution (—AST),
this hydrogen process is subject to a tiny positive (0.01 eV,
Figure 2) overall free energy barrier at room temperature.
Because 12 is even lower in energy than 4, the subsequent
processes that mainly involve transfer of a second hydrogen
atom are overall barrierless. Acrolein (P6) and water (P7) can
be formed starting from 12: 12 — 12/13 — 13 — P6; 12 —
12/14 — 14 — 14/15 — 15 — P7.

Other critical reaction intermediates in the reaction of VO3
with C3Hg are 3 and 8 (see Figures 1 and 2) that are formed
through bonding between C1 or C2 with the single bonded
oxygen atom (O3) in VOs;. Transfer of one hydrogen atom
starting from these intermediates results in formation of pro-
paldehyde (8 — 8/9 — 9 — P3) and acetone (3 — 3/10 — 10
— P4). Open structures 3 and 8 are not as stable as the ring
structure 4. Hydrogen transfers starting from open structures 3
and 8 are thus subject to lower barriers than they are starting
from ring structure 4 (0.79 and 0.66 eV vs 2.30 and 2.22 eV,
defined by AHok). As a result, net overall hydrogen transfer
barriers are determined by a balance between energy release
and consumption. The overall barriers to the formation of
propaldehyde (P3) and acetone (P4) are similar (compare 4/9
with 8/9 and 4/10 with 3/10).

Propylene oxide can be formed overall barrierlessly starting
from intermediate 3 (3 — 3/11 — 11); however, a high binding
energy (1.53 eV, see Figure 2) between propylene oxide and
VO, prevents formation of separated products (VO; + propylene
oxide) under room temperature conditions.

3.2. Reactions of VO,CH,, VO,CHCH3, and VO3C with
O;. The following reaction channels are explored for the reaction
of O, with VO,CH, and VO,C,;H4 produced in reactions 2 and
1, respectively:

VO,CH, + 0,— VO, + HCHO
AH,ge = —2.36 eV (8)

VO,CHCH, + 0, — VO, + CH,CHO
AH,ge = —2.60 eV (9)

VO,CH, + 0,—VO,C + H,0

AH,ge =—3.31 eV (10)

VO,CHCH, + 0, — VO,C + CH,0H
AH,pp =— 2.65eV (11)

The reaction pathway of O, with VO3C, produced in reaction
10 or 11, is also followed:

VO,C+0,—VO0,+CO,
AH,pq = —4.08 eV (12)

The potential energy profiles and intermediate structures for the
reaction VO,CH, + O, are plotted in Figures 3 and 4,
respectively. Similar results are given in Figures S2 and S3
(Supporting Information) for VO,CHCH; + O,. Results for
reaction of O, with VO3;C are given in Figure 5. The listed
enthalpies of reaction indicate that reactions of O, with
hydrocarbon and carbon containing vanadium oxide species
(VO,CH,, VO,CHCH3, and VO3C) are very exothermic. Bar-
rierless reaction pathways are determined for all the reactions.

Figure 3 shows that formaldehyde + VO3 and water +
VO;C can be formed with no overall barriers in the reaction
of VO,CH; with O,. The O—O bond cleavage (18 — 18/19
— 19 and 21 — 21/22 — 22, see Figure 4) is a critical part
of the reaction. Cleavage occurs after rearrangement of the
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Figure 2. Optimized structures and energies of the species in Figure 1. The energies (in eV) are given as (AHox/AGagsk) below each geometry.
The bond lengths in 0.1 nm and some bond angles in degrees are given. The structures are grouped according to reactions 1-7 in the text.

0O, moiety over VO,CH, that forms appropriate peroxo-
species 18 and 21. After O—O bond cleavage, the large
amount of heat of formation (3.75 and 3.35 eV) can be used
to evaporate the formaldehyde molecule (19 — VO;

HCHO) or to rearrange the reaction complex further to cause
water formation (22 — 22/23 — 23 — 23/25 — 25 — 25/26
— 26 — 26/27 — 27 — VO3;C + H0). Figures S2 and S3

show similar reaction processes for the reaction VO,CHCH3
+ O,; this reaction can be considered as the same as the
previous one, except that one of the hydrogen atoms of
VO,CH; is changed to a methyl group. Acetaldehyde + VO3
and methanol + VO3C can also be formed overall barrier-
lessly in the reaction. For methanol formation, the methyl
group cannot transfer as a hydrogen atom does. As a result,



5988 J. Phys. Chem. A, Vol. 112, No. 26, 2008

P9

2627

R2=VO,CH,+O0,
L P8=VO,+CILO

27
3 -vO ¢ | 25126
72 P9=VOC+HO %

26

R2 (0.00;
‘ 16517 (b)

2 2
2
4
&
o
<
=34
2627 py
R2=VOCH,+0,
4 P8=VO, +CH,0
-7 P9=VOC+HO
-6.7% g 2 2526 27
687 Gy

26
Figure 3. Potential energy profiles for the reaction of VO,CH, with
O,. The profiles are plotted for zero-point vibration corrected energies
(a) and Gibbs free energies at 298 K (b) relative to the separated
reactants VO,CH, + O,. The reaction intermediates and transition states
are denoted as n and n,/n,, respectively.

the hydrogen transfers in VO,CHCH3 + O, and those in
VO,CH; + O, are not similar. The details can be seen by
comparing Figure 4 with S3 for the last group of the
structures connected by arrows.

Figure 5 shows that the model catalyst VO3 can also be
regenerated overall barrierlessly by reaction of a second O,
molecule with carbonized vanadium oxide species VO;C
produced in reactions 10 and 11. Similar to reactions 8-11, O—O
bond cleavage can be considered as a critical part of the reaction.

4. Discussion

4.1. Comparison of the DFT Results with Gas Phase
Experimental Observations. An experimental study employing
single photon ionization through radiation generated by a soft
X-ray laser and mass detection through a time of flight (TOF)
spectrometer has been recently carried out on the reaction of
neutral vanadium oxide clusters with propylene in the gas phase,
under near room temperature conditions. Figure 6 plots the TOF
mass spectrum in the mass range of 60—160 amu for the
reactions of neutral V,,0, clusters with C3He. The experimental
conditions are similar to those used for V,,0, + C,Hy in ref 14
and complete results, including those with several other unsatur-
ated hydrocarbons, will be presented in a separate paper.3* The
reaction products VO,CH,, VO,C;Hs, VO,C3Hy, and possibly
VO,H; (the signal of which is overlapped with the shoulder of
the unreacted VO, feature) are observed. The current DFT study
(Figures 1 and 2) suggests that the observed VO,CH, and
VO,C,H4 products are formed from VO3 + C3Hg, as reactions
1 and 2 have negative overall free energy barriers at room
temperature. Figures 1a and 2 show that the AHyk value of 4/12
(critical transition state leading to VO,C3H, formation) is —0.54
eV, which is lower than those of P1 (VO,C,H4 + HCHO, —0.29
eV) and P2 (VO,CH; + CH3;CHO, —0.52 eV). These results
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indicate that the experimentally observed VO,Cs;Hy is also
generated from the reaction VO3 + C3Hg, given that the reaction
intermediates are not fully at thermal equilibrium due to the
relatively low pressure (~1 Torr) of the gas phase flow cell
experiments.'#*3* The formation of VO, + CH3;CH,CHO and
VO, + (CH3),CO is also possible considering the negative AHok
values for the critical transition states (8/9 and 3/10) for the
reactions 3 and 4; however, one cannot easily differentiate the
product VO, from the unreacted VO, in the neutral cluster
reactivity study.

In Figure 1, 4 is a common intermediate involved in the
formation of P1—P4, P6, and P7. On the basis of the
Rice—Ramsberger—Kassel —Markus (RRKM) theory, one can
expect that product formation with lower barriers will (with
some allowance for dynamical considerations) always dominate.
The AHok values (see Figures la and 2) of the critical barriers
are —0.54 eV (4/12), —0.52 eV (P2), —0.46 eV (4/9), —0.38
eV (4/10), and —0.29 eV (P1). As a result, VO,C3H, (+H,0)
and VO,CH; (+CH3CHO) will be the dominant products
coming from intermediate 4 in the experiment. Figure 6 does
show that the mass signals of VO,CsHs and VO,CH, are
relatively strong with respect to that of VO,C,H4. The AHpk
value of P1 (—0.29 eV) is the highest among the five listed
barriers. Given that the ionization efficiencies of the vanadium
species are similar, observation of comparable mass signals for
VO,C,Hy, VO,C3Hy, and VO,CH, implies that the entropy [4
— 4/5 — 5 — 5/6 — P1] is more favorable than that for [4 —
4/12 — 12] (see Figure 1b), and other dynamical issues, such
as state locations and densities of a specific vibration, may
influence formation of VO,C,Hy4. Although the current DFT
study cannot provide an accurate quantitative prediction for the
product abundances in the VO3 + C3Hg reaction, the calculated
predictions are in qualitative agreement with the experimental
observations for VO,CH,, VO,C,Hy4, and VO,C3Hy.

4.2. Complexity of the Reactions. The DFT results reported
in this study represent reaction channels with negative or small
positive overall free energy barriers. The choice of reaction
channels is guided by formation of stable products with low
reaction barriers. We have not attempted to determine all the
possible reaction intermediates and channels, which is hard to
achieve for a 13 atom reaction system such as VO3 + C;He.
Figure 7 gives an example of the challenge involved in
investigating all the possible reaction channels in the sub-
reaction VO3 + CsHg — VO,C,H4 + HCHO. Four isomers are
determined for VO,C,Hy ((a)—(d) in Figure 7). VO,CHCHj3 in
reaction 1 has highest energy among the four isomers. In
following the reaction pathway, a good deal of effort has been
devoted to finding allowed pathways to produce VO,C,H4
isomers other than VO,CHCHj. This involves transfer of a
hydrogen atom from the methyl group starting from an
appropriate reaction intermediate. Two attempts (TS1 and TS2
in Figure 6) are made for this transfer and the two hydrogen
transfers are subject to overall barriers 0.81 and 0.23 eV (defined
by AHok) that are significantly higher than the energy of the
separated reactants (VO3 + CsHg).

4.3. Comparison of VO3 + C3Hg with VO3 + C,H4 and
Other Related Reactions. In a previous DFT study,'* we
showed that the reaction of VO3 + C,H4 produces VO,CH; +
HCHO barrierlessly. The results are supported by experimental
observations: disappearance of reactants VO3 accompanied by
the appearance of product species VO,CH; in the reaction of
neutral vanadium oxide clusters with C,Hs. The HCHO and
CH3CHO product formation in the reaction of VO3 + C3Hg is
thus expected. This has been verified in the present study. The
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Figure 4. Optimized structures and energies of the species in Figure 3. The energies (in eV) are given as (AHok/AGaosk) below each geometry.

The bond lengths in 0.1 nm and some bond angles in degrees are given.

generality of the cleavage of C=C bonds in the reaction of
alkenes with VO3 can be summarized as: the large amount of
energy released in the [3+2] cycloaddition process is sufficient
to break the weakened C=C bond (such as C1—C2 of 4 in
Figure 2) and evaporate an aldehyde fragment. In addition to
the above similarity between the reactions of VO3 + C3;Hg and
VO3 + C;Hy, the added methyl group in C3Hg results in reaction
channels 7 and possibly 6. Such a mechanism is supported by
experiment, as shown in Figure 6. As in the C=C bond cleavage
process, reaction channels 6 and 7 take advantage of the large
heat of reaction in the [3+2] cycloaddition to overcome the
reaction barrier for hydrogen transfer from the methyl group to
one oxygen atom (4 — 4/12 — 12 in Figure 1). A detailed
comparison shows that direct C, aldehyde formation (VO3 +
C,Hy, — VO, + C,H»,0) is subject to lower free energy barriers
for x = 3 than for x = 2 (0.06 eV vs 0.18 eV).

Harvey et al. investigated the reaction of VO, " + C,Hy nearly
ten years ago by both experiment and theory.’> Gracia et al.
recently studied the same reaction,!'! as well as the reaction VO,
+ C;3;Hg,'> by DFT calculations. By a spin conversion
mechanism,>!-35 acetaldehyde can be formed overall barrier-
lessly in VO,* + C,Hy, in agreement with the experimental

results.’ The reaction of VO, with C3Hj is predicted to form
acetone, propaldehyde, allene, and propyne as thermodynami-
cally and kinetically allowed products. Reactions of V,0s™ and
V400" with C;Hs have also been investigated by DFT
calculations.” Formation of acetaldehyde in both reactions is
highly favorable and supports the experimental observations of
V04" and V409" as reaction products.” Because the [3
(OVO)+2 (C=C)] cycloaddition structure may not be stable in
the VO, + alkene reactions, no reaction involving C=C bond
cleavage is discussed. In the reaction V,0s™ + CyHy, a [3+42]
cycloaddition species is predicted to be lower in energy than
the separated reactants by 4.44 eV. As can be seen from the
results in Figures 1 and 2, this high energy should be able to
cleave the C=C bond and evaporate formaldehyde fragment(s).
The authors did suggest a side reaction channel, V,05% + CyHy
— V,0;" 4+ 2HCHO (AE = —0.65 eV),? to explain observation
of V,0;" as minor product in the experiments.

In addition to the C=C bond cleavage reactions, exothermic
processes are predicted for direct oxygenation reactions VO3
+ Ctzx - VO2 + CXHQXO and VOz+/VzO§+/V4O1()Jr + Ctzx
— VO/V,0,7/V409" + C,H,,0, in which C,H,,0 is acetal-
dehyde (x = 2), propaldehyde (x = 3), or acetone (x = 3). These
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Figure 6. TOF mass spectrum in the mass range of 60—160 amu for
the reactions of neutral V,,0, clusters with C3H¢. The symbol (m, n)
denotes V,,0,. The four carbon containing clusters VO,CH,, VO,C,Ha,
VO,C3H4, and VO,C3H, are new species (products) after the reactions/
collisions with C3He. An asterisk marks a peak with mass of 107 amu
that can be assigned as VOC3;H4 (VO, + C3Hg — VOC3Hy + H,O ?).

reaction processes can be divided into three phases: (1)
formation of species with structure V—O—C,Ha,, in which the
O atom is single-bonded with the C1 (or C2) atom or bridge-
bonded with both C1 and C2 atoms; (2) transfer of a hydrogen
atom from an O bonded C atom to form species V +++O=C,Hy,,
in which the O atom is nearly double-bonded with one carbon
atom; (3) evaporation of an O=C,H,, fragment from the
vanadium oxide cluster. Phases 1 and 3 proceed with no overall
free energy barrier in all of the DFT studied reactions. Phase 2
in the reactions involving the cationic species (VO,™/V,05%/
V40107 + C,Hy,) also proceeds with no overall barriers. In
contrast, phase 2 of neutral species reactions (VO3 + C,Hy,) is
subject to overall free energy barriers (0.06—0.19 eV) according
to the DFT calculations. Another major difference between
neutral and cationic reaction systems is that in phase 3 more

free energy (1.99—2.66 eV versus 1.05—1.18 eV, defined by
AGyosk) is needed to evaporate O=C,H,, from the cationic
VO'/V,041/V409T structure than from neutral VO,.

4.4. Gas Phase Catalytic Cycles. Figure 8 summarizes the
barrierless reaction channels that form catalytic cycles for C3Hg
partial oxidation by O, facilitated by the model catalyst VO3
under gas phase, room temperature conditions. In Figures 1 and
2, 5/6 and P1 (VO,CHCH3 + HCHO) are higher in energy than
5/7 and P2 (VO,CH, + CH3;CHO), respectively, so the
formation of CH3CHO is more favorable than that of HCHO
for the VO3 + C;3Hg reaction. In the reaction VO,CH, + O,
(Figures 3 and 4), the product VO3;C + H»O is thermodynami-
cally and kinetically more favorable than the product VO3 +
HCHO. We thus conclude that CH;CHO (with H,O and CO5)
will be selectively more abundant among the partial oxidation
products (CH;CHO, HCHO, and CH3OH) in the reaction of
C3Hg + O, catalyzed by VO3 at room temperature.

The current DFT calculations predict that the C=C bond
cleavage products VO,CHCHj3 and VO,CHj are readily oxidized
by O, at room temperature to reproduce the VOs. In the gas
phase experimental study of neutral vanadium oxide clusters
reacting with C;H4 and C3Hg, HCHO/CH3CHO are derived as
part of the bond cleavage products in reactions such as VO3 +
CsHg — VO,CH; + CH3CHO; however, these aldehydes are
not observed probably due to their low concentrations. These
products could perhaps be observed by taking advantage of the
catalytic cycles in Figure 8, because the concentration of
products such as CH3;CHO will be increased if a mixed gas of
O, and CsHg, rather than pure C3Hg, were used as the reactant.

4.5. Consideration of Condensed Phase Catalysis. Molec-
ular level reaction mechanisms in complex condensed phase
heterogeneous catalysis are difficult to establish by model
catalytic studies using a single vanadium cluster; nonetheless,
various reaction channels in this study do parallel similar
behavior in propylene selective oxidation over various vanadium
oxide catalysts.'®!° The current study indicates that the forma-
tion of various useful product aldehydes (propaldehyde, acetal-
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Figure 7. Optimized structures and energies of four isomers (a)—(d) of VO,C,H4 (upper panel); optimized structures and energies of two transition
states (TS1 and TS2) in reaction VO3 + C3Hg to form the CH,CH, moiety (lower panel). The energies (in eV) relative to VO,CHCHj (for isomers
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given.
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Figure 8. Schematic diagram showing barrierless reaction channels
that form catalytic cycles for propylene (C3Hg) partial oxidation over
the VOj; cluster under gas phase, room temperature conditions.

dehyde, formaldehyde), acrolein, and acetone can be generated
with negative or small positive overall barriers in the reaction
of VO3 with propylene. Moreover, VO3 can be regenerated
easily in selected reactions. In the selective oxidation of
propylene over vanadium oxide catalysts, highly selective
formation of acetaldehyde,!®!® acrolein,'” and acetone!® are
observed depending on the specific catalysts used. The DFT
study in this work gives molecular level insight in to how these
products may be formed. It is interesting to note that acetalde-
hyde and carbon dioxide are the major products in propylene
selective oxidation over V,0s/Si0,.!8 The DFT calculations
predict that formation of these two products is also the most
favorable in model catalytic cycles (Figure 8). To explain
formation of acetaldehyde from propylene oxidation in hetero-
geneous catalysis, Ruszel et al., suggest that electrophilic surface
oxygen species O,~ or O~ add to a C=C double bond with
formation of peroxo or oxo intermediates that can decompose
with breaking of a C—C bond.!8 The mechanism of surface O,~

TS2 (0.23/0.72)

species adding to the C=C double bond is similar to the [3+2]
cycloaddition found for the reaction of VO3 with C3Hs.

The above mentioned comparison between condensed phase
and gas phase investigations raises the following interesting
question: how realistic is the VOs; cluster for modeling
condensed phase vanadium oxide chemistry? In cluster chem-
istry, both open-shell (e.g., V205" and V4010",7% and VO; in
this study) and closed-shell (e.g., VO, and V3077)>% clusters
are used as prototypes for identification of active centers of bulk
or supported vanadium oxides. Different clusters usually possess
different reactivities and the open-shell clusters are typically
more reactive.” From the point view of thermodynamics, one
does not expect that a stable oxide surface is covered with active
centers that can be fully modeled by open-shell radical clusters;
however, the radical clusters may serve as (1) models of oxygen-
rich or oxygen-poor surface defects and (2) intermediate reactive
centers during catalytic processes. (Note that some surface
oxygen species have extremely short lifetimes.!”) In this study,
although the oxygen-rich cluster VO3 is very oxidative and thus
unstable in a reducing environment, it can be recycled (Figure
8) through the reaction of O, with the oxygen-poor intermediates
(VO,CH,, VO,CHCHj3;, and VO5C with the vanadium being in
+4 oxidation state). As mentioned above, the CsHg partial
oxidation products over specific condensed phase vanadium
oxides (V,05/Si0,)!® and over the VO; cluster are similar. Thus,
we suggest the use of surface characterization techniques to
identify some possible new surface species in the selective
oxidation of CsHg over vanadium oxide catalysts. A candidate
for this species is the one with a five-membered ring structure
(similar to 4 in Figure 2) that can be formed with no overall
barrier and is energetically quite stable. The vanadium is in a
+4 oxidation state in this ring structure.
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5. Conclusions

The reaction of neutral VO3 with propylene produces acetal-
dehyde (VO,CH, + CH3CHO) or formaldehyde (VO,CHCH3
+ HCHO) overall barrierlessly under room temperature condi-
tions. With previous findings of formaldehyde formation
(VO,CH; + HCHO) in the reaction of VO3 with ethylene, a
general mechanism of C=C bond cleavage of alkenes over VO3
may be concluded: the heat of reaction in the barrierless [3+2]
cycloaddition is sufficient to break the C=C bond and to
evaporate an aldehyde fragment. The hydrogen transfer barrier
from the methyl group to one oxygen atom can be overcome
by using the heat of reaction in the [3+2] cycloaddition, which
finally leads to formation of water (VO,CsH4 + H,0) or acrolein
(VO;H, + CH,=CHCHO) in the reaction VO3 + C3He.
Formation of acetone and propaldehyde is subject to small
overall free energy barriers for the reaction VO3 + C3Hs. Gas
phase catalytic cycles are provided by studying reactions of O,
with C=C bond cleavage products (VO,CH; and VO,CHCH3).
These reactions are facile under room temperature conditions
and can recycle the VOs. The DFT predictions of several
reaction channels (formation of CH;CHO, HCHO, and H,O in
the VO3 + CsHg reaction) have been supported by recent gas
phase experimental observations. Other DFT results, such as
the gas phase catalytic cycles and involvement of the [3+2]
cycloaddition intermediates in related reactions, may be verified
by further experiments.
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