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Reactions of Vanadium Oxide Cluster lons with 1,3-Butadiene and Isomers of Butere
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The gas-phase reactions of vanadium oxide cluster ions with 1,3-butadiene and the isomers of butene are
examined. The correlation between the reaction products and the cluster stoichiometry, oxidation and charge-
state are explored by studying the reactivity of 1,3-butadienkld)Gand the deuterated 1,3-butadienae®g

and 1,1,4,4-¢D,H, with the clusters cations 30s*, V30;*, and \50g" and the anions V&;~, V.0O4-6,
V30s-9~ and V401011 . These studies further our understanding of the reactions.0f"\/clusters with
hydrocarbons, as reported previously [Bell, R. C.; Zemski, K. A.; Kerns, K. P.; Deng, H. T.; Castleman, Jr.,
A. W. J. Phys. Chem. A998 102 1733], by examining the reaction of the anions@y"), deuterated
butadiene species and the 2-butenes. The reactions@f &hd 1,1,4,4-GD,H, with the cluster \4O;"
demonstrate pathways for the loss of a single oxygen, oxidative dehydrogenation, and molecular association,
as well as other minor products, analogous to the products previously reported for the reactions of these
clusters with GHe. The reactions of ¥O; with the isomers of butene (1-buterss-2-butene andrans-2-
butene) display many of the same reaction pathways that are observed for 1,3-butadiene, namely, oxidation
of the hydrocarbon, oxidative dehydrogenation, and molecular association. In addition, a major channel
representing the dehydrogenation of the alkene and a minor channelf@@¥&acking of the alkene, along

with other minor products is also observed. The anionic clusterssV,0/;045, V30s-5~, and V4O~ do

not react with either 1,3-butadiene or 1-butene, whereas clusters of higher oxygen cog@gnt, \¥40q~,

and V,0,;" display a minor reaction channel for the loss of a single oxygen atom, presumably through oxidation
of the hydrocarbon and resulting in the clusteOy 1~.

Introduction complicated of these systems is the oxidatiomdjutane to

maleic anhydride (MA) on the vanadyl pyrophosphate (VPO)
surface'?~14 This reaction involves the abstraction of eight
hydrogen atoms (resulting in the formation of four water

Transition metals and their oxides have been used for more
than a century to manipulate chemical reactions. Their ubiqui-

tous presence is due to the ability of these metals to adopt . - )
P y P molecules) and the insertion of three oxygen atoms, which

different oxidation states, stoichiometries, and coordination Ut 14-electron-t ¢ WS Th hani
modes. However, this enormous diversity represents a challengeConS ltutes a La-electron-transter pro -1 N€ mechanism

to chemists in their attempt to identify, understand, and finally, for this reaction has been debated extensively over the past

predict reaction mechanisms. Catalytic oxidation by such _decade _due to Its complexny and the lack of _observed
materials generally proceeds via reduction of the oxide by the intermediate species during the steady-state production of MA.

reactant, which is then reoxidized by molecular oxygen to its It was first proposed that the reaction followed an olefinic route.
original state in accordance with the Mars and van Krevelen ;rh:)s Techangmlnv?lvsstthdg succk:)esfave_convt(_er&m:ktl;ftane
redox mechanisrhin addition to oxidation reactions, transition ~'© PUt€ne and then {o butadiene belore nsertion of the oxygen
metals play an important role in the activation ofC and G-H atoms to form furan and finally M¥ (the intermediate species

bonds in alkanes and alkyl groups. Unraveling the mechanisms /€€ proposed to _be able_to readily _desorb from th_e surfaqe).
by which these reactions occur has been one of the mos,[However, the basis for this mechanism was conceived using

challenging projects in chemistry and continues to be an nonstandard conditions where traces of alkenes and furan
intensively studied subject. Although catalysis continues to have intermediates have been observed when low oxygen and high
an enormous impact on technology, our ability to design n-t_)utane concentrations were used_over vgana_dlum phosphorus
catalysts that will lead to the facile formation of desired products oxide catalysts with average vanadium oxidation states4f

with high selectivity and minimal environmental impact is quite or belovy.le * Numerous §tud|es have since followed and itis
rudimentary. Although the lack of knowledge about the basic now k_)elleved that th_e oxidation ofbutane to MA folloyvs an
mechanisms by which various catalysts function has impeded alkoxide route in which the reactant and sub_sequent |nterm(_ad|-
the ability to design new materials, there are encouraging ates do not Ieave_ the surface untll_completlon of the reaction
prospects suggesting that ultimately this goal can be achieved.Where. upon the final product, MA’ is releaséd. ]
Early transition metal oxides, and particularly vanadium- ~ Until recently, our understanding of heterogeneous catalysis
containing oxides, are important catalysts for many industrial @hd the mechanisms by which these processes take place has
applications and specifically for oxygen transfer reactibris. ~ come predominantly from characterization of catalysts and
Many studies have been performed to gain insight into the réactions that occur at gasolid or liquid—solid interfaces and

mechanism for oxovanadium cataly&id! One of the most  in solutions. Gas-phase studies of clusters provide an alternative
method from which to gain information that is applicable to

T Part of the special issue “Jack Beauchamp Festschrift”. reactant interactions with the surfaces of bulk materials. The
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pg proximate area of 0.5 mfmon the surface of a rotating,
VY translating vanadium rod.
FS1 FS2 FS3 CEM . . . . .
N The experimental cycle begins with a pulse of helium carrier
ﬂ-@ #I%—E—g'{, gas seeded with the reactant gas of choice (oxygen for these

QMms1 oIG QMms2 studies). The pulse is created by a solenoid valve (General

Figure 1. Schematic representation of the guided ion beam mass Vglve, S_eries _9) that is _driven by a homemade pulsed valve
spectrometer, which is comprised of the first focusing stage (FS1), the driver with a fixed backing pressure of 6.6 atm. The cluster
first quadrupole (QMSL1), the second focusing stage (FS2), the octopoleions formed in the plasma reactions are carried by the diffusion
ion guide (OIG), the third focusing stage (FS3), the second quadrupole of the carrier gas. After exiting the LAVA source, the ions are

(QMS2) and the dynode channel electron multiplier (CEM). The cqoleqd through supersonic expansion and then transverse a 25
reactant gas enters the center of the cell through gas inlet g. The pressur%m field free region in the source chamber before passing

is monitored through outlet p, which is perpendicular to the gas inlet : . ;
(shown side-by-side for clarity). throuch a 3 mmdiameter skimmer, which forms the molecular

beam. The skimmer also acts to isolate the source chamber from
intrinsic reactivity of the metal can thus be understood in the the reaction chamber allowing differential pumping of these
absence of solvent and aggregation effects. It is believed thatregions. Thereafter, the ions are focused and steered by the first
these types of gas-phase studies will aid in unraveling the focusing stage, which comprises a set of electrostatic ion lenses
influences of such factors as cluster composition, stoichiometry, and deflectors, and then injected into the first quadrupole for
size, ligation, oxidation- and charge-states, ionization potentials, mass selection. Both cationic and anionic species are formed
electron affinities, cluster temperature, as well as the electronicin the LAVA source. The polarity of the dc potentials applied
and geometrical structures of the clusters, all of which potentially to both the electrostatic lenses and the rods of the rf devices
influence catalytic behavior. Thereby, valuable information determine which species are to be studied.
about po_ssmlg reaction intermediates, reaction mech_a_nlsms, and The focusing stages before and after the reaction cell
the relationship between cluster structure and reactivity can be qctonole ion guide) consist of extraction and injection lenses
derived. By studying transition metal oxides in the gas-phase, 55nq with several other electrostatic lenses for collimating the
the composition, stoichiometries, oxidation-, and charge-states oo prior to injection into the reaction cell or refocusing of
can be precisely contrqlled to d_eterml_ne_ the_ effects that _thesethe ionic species after extraction from the cell. The nominal
fagtors have on catalytic behavior. Thls is difficult to achleve ion energy for the reactions performed in the ion guide was
using C_onvintlr:)tnhal surfatl_ce prec|j:)_adrat|?fr_1 a?_d sp;ectr(:_sc?pm .tteCh'maintained at ground potential for these studies. Under these
g%ﬁi :Jrllt\?; rln((:)t im%ggz?bllgn Iinm;I;\neync!g:slotnhZSzafzr:glijansséSr? coqditions, the p_otential on the inj_ecti_on lens was kept at 30 V,

. ) ) ’ . . while the extraction lens was maintained~a200 V to ensure
substantially contribute to a greater understanding of the active lecti ¢ ducts produced with small kineti
sites of metal catalysts with reactant molecules for revealing proper cofiection of products produce sma etic

energies. Finally, the ions are extracted from the last quadrupole

elementary reactions that are important in their functioning. It .
is known that the reactivity of clusters in a given size regime through gsmgle_tube lens and are strongly attracted to the 5000
V potential applied to the dynode of the CEM.

may represent an accurate model of the bulk matétiat.
Through the use of a versatile, quadrupole-based tandem mass The octopole ion guide utilizes 3.57 mm diameter stainless
Spectrometer, ﬁndings from our |aborat0ry have provided steel rOdS, 40.6 cm |0ng that are held on a 1.27 cm diameter
considerable new insight into the role that such factors have oncircumference where the radius created by the inner surface of
catalytic active sites. In particular, we have found significant the rods is 5.18 mm. The stainless steel reaction cell consists
dependence of these factors for various mechanisms includingof an 11.4 cm body with an inside diameter of 5 cm. To this

oxidative dehydrogenation, oxygen-transfer, oxidation and body, two 1.5 cm long mounting tubes with inside diameters

cracking reactions. of 3.8 cm are welded to either side. Inside the mounting tubes,
two 1 cm long ceramic disks support the rods of the octopole
Experimental Section creating an inside diameter of 1.14 cm. This effectively creates

A guided ion beam tandem mass spectrometer was used fort0-4 mm diameter openings at eit_her _end of the c_eII. Using a
the current studies; the details for which have been reported faPezoidal pressure falloff approximatigthe effective path
previously?® The guided ion beam mass spectrometer (Figure length of the cell was determined to be 12.9 cm. This represents

1) was used to study the low-pressure reactivities of cluster ions, the 1ength of the main cell body and the contribution of the
Mass selected ions of well-defined kinetic energy are allowed Mounting tubes where the pressure inside the main cell body is

to react with neutral molecules under single and multiple €xPected to fall off linearly to the background pressure at the
collision conditions. The reactions occur inside an octopole ion OPenings of the mounting tubes. The neutral reactant gas is
guide where the scattered products are trapped in the axialintroduced into the center of the cell. The pressure inside the
direction. Quadrupole mass filters are used for the selection andCell is measured through the center of the cell perpendicular to
analysis of ionic species and detected by a channel electronthe gas inlet. The tubes that connect the gas cells to the
multiplier (CEM). capacitance manometers are about 20 cm long wishmm

The ions produced in the present work were formed in a laser inside diameters. This is relatively small compared to the mean
vaporization (LAVA) source. This type of source creates copious free path of the gas. Therefore, the pressure must be corrected
amounts of ionic clusters with stoichiometries that can be varied for thermal transpiratiof The gas cell temperature is estimated
by slightly changing the conditions under which they are to be~305 K for the octopole ion guide as found by other
produced. The second harmonic output (532 nm) of a Nd:YAG researchers using a chromel/alumel thermocouple with a similar
laser with a 20 Hz repetition rate at 220 mJ/pulse is used for instrumeng® This is slightly elevated from ambient temperature
these experiments. However, it is necessary to attenuate the lightlue to rf power dissipation of the ion guides. The oscillator
to achieve the approximately 5 to 26 mJ per pulse needed forfrequency is maintained at 2.8 MHz and is slightly adjustable
optimal cluster production. The laser is focused to an ap- using a high voltage variable capacitor. A high trapping
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efficiency is accomplished by operating the octopole above a
peak-to-peak rf voltage of 250 V.

A quadrupole mass filter is used for product mass determi-
nation, which provides unit mass resolution when properly
operated. However, when collecting data for quantitative
measurements, the resolution is set as low as possible while
still maintaining adequate mass separation. The quadrupole
could discriminate against strongly scattered or low energy
products if the resolution is set too high. Although it is
theoretically possible to operate the quadrupole at higher
resolutions and apply mass discrimination corrections, the
transmission of secondary ions is dependent on the reaction
dynamics as well as mass. For these reasons, the quadrupole
resolution is kept as low as possible and no corrections for mass
discrimination are made. The ions are detected with a dynode
channel electron multiplier (CEM) that is attached to the end
of the last quadrupole. The polarity of the dynode determines
the species that are detected. The detector is operated in the
pulse counting mode and the raw output of the CEM is filtered
and amplified by a 50 MHz preamplifier-discriminator pad
(MIT, Model F-100T). The data are acquired through a TTL
input by a multichannel scaler (MCS) card contained within a
PC. The data can be analyzed using the MCS program or the
format may be converted for analysis in other data software
packages.
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Results

The reactions of the clusters®s*, V307", and \5Og™ with
1,3-butadiene (§Hs) and selectively and fully deuterated 1,3-
butadienes (1,1,4,4-d4,0,4H, and GDg) are studied to deter-
mine the products and possible reaction mechanisms. These
studies are meant to complement previous investigations from
our laboratory that examined the reactivity of vanadium oxide
cluster cations with 1,3-butadiene and 1-butene in a quadrupole $) >
reaction celf” The current studies utilized the octopole ion guide I I
in which the pressure was varied between 0.05 and 0.40 mTorr. R
This represents the range of single to multiple collision ] ] ] 1
conditions, with single collision conditions being obtained at 100 200 300 400
pressures less than 0.08 Torr. Increasing the pressure resulted Mass (m/z)
in the steady increase of reaction products, whereas no newrigure 2. Spectra for the reactions of (a)x®*, (b) Vs07t, and (c)
products were observed to appear as reported previéUAlY. V30g" with 0.29 mTorr of 1,3-butadiene. The background products
results reported herein are performed at thermal energies, thafaused by fast ions under the same conditions have been subtracted
is, both the creation (LAVA ion source) and reaction (octopole ™0™ €ach spectrum.
rods and cell) of the clusters occur at ground potential, while
the reactant gas is at ambient temperatm K) The cluster reported preViOUSI?Z and confirmed with the fU"y deuterated
V306* is found to be relatively unreactive with 1,3-butadiene hydrocarbon as summarized in Table 1. The oxidative dehy-
under these conditions to form a single product, namely, drogenation channel displays both of the produc®Z.D,H,*
molecular association to form®@sC4Hs™ as seen in Figure 2a.  and V50sC4D3H™ for the selectively deuterated butadiene. The
Reaction products created by fast ions or other metastablecluster \40g" is found to be highly reactive with 1,3-butadiene
species produced in the LAVA source are monitored while forming the oxygen-loss productss:®™, V3O;", and the
deflecting all ions and maintaining the same reactant gas association productsa®@sCsHs", V30,CsHgs" and VsOgCsHe™.
pressure in the reaction cell. This background spectrum is thenThe charge-transfer channels formingHg™ and the fragmenta-
subtracted from the data collected for the mass selected ion ovettion product GHs* are also observed. However HGO* is
the same mass range. Our current experimental setup does niund to dominate the reaction as seen in the spectrum in Figure
allow for the structural characterization of the reaction products 5. Tphese assignments are confirmed usiaBCA summary

and, thergfore, dlstmcﬂon between addition or assoc!anon of the reaction channels for these clusters with 1,3-butadiene is
channels is not possible, but we will refer to these species aSgiven in Table 1

association products for descriptive ease. The clustéxVis ) o
more reactive with GHs as is evident from the spectrum shown The anions do not demonstrate the same reactivity observed
in Figure 2b. A prominent channel for charge transfer to form for the cations. In fact, the clusters ¥@', V20457, V506-5,
C4He* is observed, which is also observed for the deuterated and V4O~ do not react with either 1,3-butadiene or 1-butene
species as well. Other products found for this reaction are losswhile clusters of higher oxygen contento®~, V3Oo~, and

of a single oxygen to form ¥0Og", oxidative dehydrogenation V.01~ display a minor reaction channel for the loss of a single
to form V50sC4H4™ and an association product®C4He™, as oxygen atom, presumably as oxidation of the hydrocarbon

CH.O
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TABLE 1: Reaction of Vanadium Oxide Cluster Cations -
V306", V307, and V30g" with the Isotopes of 1,3-bu- T *»
tadiene, Namely, GHg, C4D¢, and 1,1,4,4-d4-GD4H-, at near 600 - ) | (a)
Thermal Energies and a Reactant Pressure of 0.15 MTor o
selected reactant gas 500
cluster (GHe) 1,3-butadiene () (1,1,4,4-d4-GD4H,)
V30t (C4Ds) V306CaDg* V306C4DgHo" 2
V3O7Jr C4H6+ C4D6+ C4D4H2Jr 8 400
V306" V306" V306" Lo
V30504H4+ V:305C4D4+ V306C4D2H2Jr ‘?.
V30;C4Hg" V30;C4Dg" V306C4D3H™ 2 300
V30;C4D4H," ‘qc')'
V30gt  CgHst CsDs™ =
CiHs" CaDs" S 200F
C4HsO" C4DsO"
V306" V306" o)
V30, V30, 100 T
V306CsHe™ V306CsDe™ ) (@)
V30;C4Hg" V30;C4De" A
VaO:CiHe*  V30eCaDs* Sl 7 N . . 7 n 1
30 40 50 60 70 80 90 100

resulting in the cluster N\Oy—;~. We believe this to be oxidation

of the hydrocarbon and not a collision-induced dissociation "
product, due to the fact that loss of a single oxygen atom from 500 F gn (b)
these species is an activated process that does not occur at o=
thermal energie®® The lack of reactivity of the anionic species o
is not surprising, as hydrocarbons,t,) do not readily ligate 400 | >’
with anions?8 @

The reactions of YO;" with the isomers of butene (1-butene, §
cis-2-butene, andrans-2-butene) are studied to further under- L300
stand the mechanism by which hydrocarbons react with %
vanadium oxide cluster ions. The reactions of this cluster with &
the butenes are slightly different than those with 1,3-butadiene. £ 200 -
The charge-transfer productgtt and with hydrogen atom 5 . . F
abstraction to form @H;" are observed for all three isomers. ‘o T " ‘e I: o:'
The cis- and trans- isomers react similarly to produce nearly 100F O, o 5‘“ S«v < Q,
equal quantities of both £lg™ and GH; " at a reactant pressure 17 o o) g” T
of 0.20 mTorr in the collision cell as seen in Figure 3 &is- x j > > A L
2-butene. Although not shown for 1-butene, thgl€" product o : A
is found to be favored by about 4 to 1 compared g at 250 260 2;0 2;30 700 3(;0 o 320
0.20 mTorr. The butene isomers, however, do produce some of Mass (m/z)

the same types of products that are ot_)served for the re‘f"lCtionsFigure 3. Spectra for the reaction of 3@;* with 0.20 mTorr ofcis-

of 1,3-butadiene, namely, 30_6+'_ oxidative dehydrogenation 2-butene. The products for the (a) non-vanadium containing species

(V30sCsHs"), molecular association 60,C;sHg") and a channel  are shown in the upper spectrum and those for the (b) vanadium

for C2—C3 cracking of the alkene forming 30;C,H4* is containing species are shown in the lower spectrum.

observed, as reported previously for 1-butéhle. addition, an

intense channel representing dehydrogenation of the alkene tomay pe representative of defect sites on the bulk surface. Indeed,

form V3O/H," is observed. This product was not reported many of the reaction channels found in these gas-phase studies

previously due to the inadequate resolution of the previous nnear 1o e consistent with those that occur in the condensed

Instrument, The branching ratios for the reaction goy W_'th phase. Therefore, we shall discuss the results in comparison

i'?#rfggﬁ'Z"Z;EELeen;i’vagansz'bUtene can be seenin Figures iy the condensed phase reactions of vanadium oxide catalysts
’ ) with the intent that this information will aid in further

understanding the mechanisms involved in oxygen transfer

processes.

Formation of the intermediates of butene and butadiene in
the transformation oh-butane to maleic anhydride (MA) is

is not equivalent to either the neutral or ionic gas-phase clusters™ ™. 2o
in the size regime currently under study as three of the oxygen _unllkely, as these products are not observed in this steady-state

in this condensed phase species are shared with other vanadiurfldustrial process. There is, however, strong experimental
centers, but the fourth oxygen forms a vanagdyV/&0) group. evidence that the formation of MA occurs in successive steps
Importantly, this oxovanadium species contains the vanadium N the VPO surface to form the oxygenated intermediates that
center in the+5 oxidation state, which is thought by many ~Mmay diffuse along the surface, but not necessarily released into
researchers to be the necessary state for oxygen transfer tghe gas-phas€. The greatest barrier of activation for the
occur® Another difference between that of bulk vanadium oxide oxidation of n-butane is found to be the first oxidative
and the gas-phase clusters studied is the size difference of thedehydrogenation (ODH) to form 4 and the dehydrogenated
two systems; the clusters examined here are small and coordiproduct®®3! As a result, the reaction conditions needed to
natively unsaturated. On the other hand, it is thought that they overcome this first step results in the total conversion to MA

Discussion

The condensed phase Y@nit has attracted much attention
due to its important role in oxovanadium cataly$i$his species
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and the major byproducts B, CO, and CQ under aerobic 1.00 &

conditions. Partial dehydrogenation can be achieved, however, - A

under conditions that separate the reduction and oxidation steps 0.90 - A (a)

of the process. For example, using a two-zone fluidized-bed e i Ay

reactor, the selectivity and conversioibutane to 1,3-butadiene L A

by ODH over a V/MgO catalyst can be controll&dOur gas- 2070k a- V,0, A

phase reactions may be considered as reactions that occur under % 4= V,0,H," 4a N

anaerobic conditions because there is no gas-phase (or lattice) € 0.60 |- A N "~

oxygen to replenish the loss of “surface” oxygen. Therefore, 5 050 C A

we are able to look at one step of the reaction at a time. o L AR

The role of the oxidation state of the vanadium in the active 2 040 b A o

catalyst has been of much debate over the years. However, % = AL A

oxygen transfer is generally believed to occur in the presence T 0.30 - NS

of mixed valance sites containing the""-V5" pair in close 0.20 i A

proximity to one another or at isolatedVsites33-3” We have L AD

studied the role of vanadium oxidation state on hydrocarbon 010k A

reactions in the past and have shown a strong dependence on L A o o

the \A* center for oxygen transfer or oxidative dehydrogenation 0.00m——a-aa8— 8 RRRAR-R MRS 5 & |

of the hydrocarbo? These results demonstrated that clusters 0.0 0.1 0.2 0.3 0.4

containing vanadium centers with oxidation states befesy 005 = O.CH

i.e., VaOs" that has a+4.67 overall oxidation state, did not o VOO H (b)

display channels for oxygen transfer, whereas clusters-fth V.0 He

or higher oxidation states, i.e.,s@;" (+5 average oxidation 004 o

state) and WOg* (greater thant-5 average oxidation state and/ - . —VQOSH .

or possible activated oxygen species) do display oxygen transfer ‘é [, V3 06 CZH . o o

channels. The current studies contribute to a further understand- & o5 L sremela ° o ©

ing of these gas-phase reactions. £ o °

The reaction of the cluster3®;" with the alkenes displays s - ° °

a channel for ODH where two hydrogen atoms are abstracted =~ £ 002 k o

from the hydrocarbon, releasing.®. The dehydrogenated T 00°

hydrocarbon remains attached to the cluster. This is shown in ¢ 5 °

egs 1 and 2 for 1,3-butadiene and the isomers of butene, 00

respectively 0.01F o o XX X X

N N - ¥§¥'>.< §F wWmam m W

V0, + CHs— V;,0,C,H,” +H,0 1) voo-—l—ﬁ—-m i pennd 2 ﬁﬁ% 3 g
V307+ + CHg — V306C4H6+ +H,0 ) 0.0 0.1 0.2 0.3 0.4

Reactant Pressure (mTorr)

L . Figure 4. Partial branching ratios of the vanadium-containing products
This indicates that the abstraction of the 2 hydrogen atoms ¢ “ivc reaction of (a) YO+ with 1-butene and (b) the expanded view

occurs in the vicinity of a single oxygen site. There are two of the minor products. Dehydrogenation to formO#H,* is the
possible mechanisms for this reaction. First, the alkene may dominant reaction channel. Cracking of the-823 bond is more
associate to the cluster across the carbon double bond, whereprevalent then that of oxidative dehydrogenation.

upon abstraction of the hydrogen may occur from either of the

carbons across this bond with rearrangement to a favorable statepxide catalysts where the loss of the vanadium surface in the
A second possmle mechanism is the form_at|on of a cyclic form of VOCL and volatile VOC} was experimentally ob-
structure with the C1 and C4 carbons associated to the clusterserved This is not to say that oxidation of the hydrocarbons
In this scenario, the abstraction of the hydrogen should occur goes not use bridging oxygen atoms in the condensed phase
at these terminal carbons. In an attempt to further understand|aitice, but if so, then they must occur at higher energies than
the mechanism behind the ODH, we examined the reaction of ihose which are found for the present gas-phase experiments.
the selectively deuterated 1,1,4,4-c43-butadiene. This reac-

tion, however, demonstrates ODH channels that produce both The presence of gas-phase oxygen has been considered
D,O and HDO. Therefore, it is still not clear as to which of detrimental to the selectivity of transition metal oxide catalysts.

these mechanisms, if not both, are operative. The electrophilic surface species of adsorbed oxygen such as

However, this reaction does show us that a vanadyl oxygen © @nd Q™ have long been believed to be very active in the
in the +5 oxidation state is required for this reaction. ODH complete oxidation of hydrocarboffsThis has led to the design

must occur at a vanadyl site and not a bridging sit¥ ¢ O— of various reactors that attempt to separate the catalytic process
V—) or fragmentation of the cluster would have been observed. resulting in the reduction of the catalyst by the hydrocarbon
Mechanisms that involve the abstraction of bridging oxygen and then reoxidation of the catalyst by oxygen to minimize the
atoms of the cluster have resulted in the fragmentation of the presence of gas-phase oxygen in the reaction atmosfhéte.
V,O,* clusters. For example, the reactions of vanadium oxide However, complete separation of the redox cycle is not favorable
cluster cations with carbon tetrachloride (Gave displayed ~ due to the intrinsic instability of catalytic behavior associated
fragmentation channels leading to the loss of vanadium from with anaerobic operation of fixed bed catalysts. Therefore, low
the cluster® These reactions were consistent with the mecha- concentrations of gas-phase oxygen are required to improve
nisms found for the degradation of G@h bulk phase vanadium  selectivity of the catalystt4>
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Figure 5. Partial branching ratios of the vanadium-containing products Figure 6. Partial branching ratios of the vanadium-containing products
for the reaction of (a) YO;* with cis-2-butene and (b) the expanded for the reaction of (a) YO;" with trans-2-butene and (b) the expanded

view of the minor products. Dehydrogenation to forgO/H;* is the view of the minor products. Dehydrogenation to forrsO¢Hz" is the
dominant reaction channel. Oxidative dehydrogenation is more prevalentdominant reaction channel. Oxidative dehydrogenation is more prevalent
then that of cracking of the G2C3 bond. then that of cracking of the C2C3 bond.

Studies using isotopic labeling of gas-phase oxyd#dy, to these isomer$) The authors of this work report a slight

determine the effect of gas-phase oxygen on the conversion ofpreference for the selectivity to butadiene of 65% for the cis-
n-butane to MA and other products have been performed by a andtrans-2-butenes compared to the 64% for 1-butene. On the
number of researchef&.%8 These studies tend to suggest that basis of the reaction rates determined from their study, the
MA, H,0, CO, and CQ@ production are not influenced by the apparent activation energies for ODH of 1-butene is 85 kJ/mol
presence of gas-phase oxygen. Only after a short time do thecompared to 82 kJ/mol for the 2-butenes. Our gas-phase studies
labeled products show up, indicating that oxygen insertion of display similar results for the ODH of the isomers of butene.
all of these species occurs with lattice oxygen and not activated This can be seen in the branching ratios in Figures 4-6 for the
oxygen species. The labeled oxygen only becomes involved in ODH products \JO;H," and V50sCsHe ", which are similar for
the reaction after adsorption into the lattice. However, these a|l three isomers. The neutral products released in these reactions
studies do not role out the possibility that active oxygen sites are expected to be 1,3-butadiene and water, respectively
were already present on the surface before the introduction of
180,. Both the present and pasfindings indicate that clusters + . +
with activated oxygeR? such as, WOg*, are highly reactive VaO; + CHg = ViOH, + CHg (3)
and nonselective with 1,3-butadiene displaying various channels
for oxygen transfer and, also, a fragmentation channel forming
CsHs™. In fact, the most active channel is for the charge-transfer
product GHsO*. This is indicative of a highly reactive oxygen Another reaction channel is that of cracking of the alkene to
species on these clusters. form the product \YO;C,Hs+. The 1-butene displays a slightly
Recent studies on the reactions of the isomers of butene overhigher selectivity toward this channel as seen in the expanded
VMgO catalysts demonstrated little difference for the ODH of views of the branching ratios of these reactions. This could

V30," + C,Hg — V,0,C,Hs " + H,0 (4)
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explain the slightly higher selectivity of the 2-butenes for the
production of 1,3-butadiene on the bulk phase catdfyst.

Conclusions

These results demonstrate the importance of the vanadyla

group in the+5 oxidation state for oxygen transfer reactions

in the gas-phase chemistry of vanadium oxide cluster ions. It is
still unclear as to the exact mechanism responsible for ODH of Bo

J. Phys. Chem. A, Vol. 106, No. 42, 2002399

(18) Rodemerck, U.; Kubias, B.; Zanthoff, H. W.; Wolf, G. U.; Baerns,
M. Appl. Catal. A-Gen1997, 153 217.

(19) Aguero, A.; Sneeden, R. P.; Volta, J. C. In. Heterogeneous Catalysis
and Fine ChemicalsStudies in Surface Science and CatalyS§isiisnet,
M., Ed.; Vol. 41, Elsevier: Amsterdam, 1988; p 353.

(20) (a) Somorjai, G. AChem. Re. 1996 96, 1223. (b) Somorjai, G.
Introduction to Surface Chemistry and Catalysigiley: New York,
1994; pp 402-409.

(21) Rhodin, T. N., Ertl, G., EdsThe Nature of the Surface Chemical
nd North-Holland: New York, 1979; Chapter 2.

(22) Moskovits, M.J. Mol. Catal.1993 82, 195.

1,3-butadiene on these clusters, as indicated by the loss of both  (23) Bell, R. C.; Zemski, K. A.; Justes D. R.; Castleman, Jr., A.W.

neutral DHO and BO products from the selectively deuterated

1,1,4,4-d4-1,3-butadiene. The release of neutral water from this
reaction is indicative of both H abstractions occurring at the

Chem. Phys2001, 114, 798.

(24) (a) Rosion, S.; Rabi, I. Phys. Re. 1935 48, 373. (b) Amdur, I.;
Jordon, J. EAdv. Chem. Phys1966 10, 29.

(25) (a) Maxwell, J. CPhilos. Trans. R. Soc. Londdr879 170, 231.

same vanadium site and possibly by the same oxygen atom.(p) Loriot, G.; Moran, T.Rev. Sci. Instrum.1975 46, 140.

Lack of fragmentation of the cluster demonstrates that the ODH
process occurs at a vanadyl site and not a bridging oxygen site.
Again, these studies confirm the presence of active oxygen

species on clusters of high oxygen content, i.eQy, which

(26) Ervin, K. M.; Armentrout, P. BJ. Chem. Physl985 83, 166.

(27) Bell, R. C.; Zemski, K. A.; Kerns, K. P.; Deng, H. T.; Castleman,
Jr., A. W.J. Phys. Chem. A998 102 1733.

(28) (a) Berg, C.; Beyer, M.; Achatz, U.; Joos, S.; Niedner-Schatteburg,
G.; Bondybey, V. EJ. Chem. Phys.1998 108 5398. (b) Cox, D. M.;

demonstrates a variety of pathways for oxygen transfer and evenBrickman, R.; Creegan, K.; Kaldor, Rhys. D 1991, 19, 353 (c) Zemski,

cracking of the alkene. Our results suggest that ODkisfor
trans-2-butene is slightly favored in comparison to that of

K. A.; Justes, D. R.; Bell, R. C.; Castleman, Jr., A. W.Phys. Chem. A
2001, 105, 4410.
(29) Tran, K.; Hanning-Lee, M. A,; Biswas, A.; Stiegman, A. E.; Scott,

1-butene. Cracking of both 1- and 2-butenes is observed, G. W.;J. Am. Chem. Sod.995 117, 2618.

although cracking is observed to occur slightly more readily

(30) Centi, G.; Fornasari, G.; TrifiroF. Ind. Eng. Chem. Prod. Res.
Dev. 1985 24, 32.

with 1-butene. These gas-phase cluster studies clearly indicate (31) Buchanan, J. S.; SundaresanABpl. Catal 1986 26, 211.

a number of similarities with condensed phase reactions. It is

(32) Soler, J.; Lpez Nieto, J. M.; Herguido, J.; Méndez, M;

believed that further comparison between these different phasesSantamda, J.Ind. Eng. Chem. Re4.999 38, 90.

of chemistry will lead to a better understanding of both.
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