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Monodispersed clusters with well-defined structure are an
excellent platform for model catalytic studies. Ultimately, they can
provide a detailed understanding of site-specific reactivity and yield
structure—reactivity relationships that cannot be obtained otherwise.
Our work in this area focuses on early transition-metal oxide
catalysts which are of particular technological importance and have
broad applications in partial oxidation of alcohols, oxidative
dehydrogenation of hydrocarbons, and selective reduction of nitric
oxide.'™ Recently, we reported on the preparation of monodis-
persed tungsten trioxide trimers, (WO3)3, via direct evaporation of
WO; solid onto rutile TiO»(110).>° Studies of gas-phase tungsten
oxide clusters indicate that the (WO3); trimer has a cyclic ring
structure as schematically shown in Figure 1.7°

In this study we use temperature programmed desorption (TPD)
and density functional theory (DFT) calculations to investigate the
catalytic properties of monodispersed (WOs3)s clusters. Our results
show that the clusters provide an extremely efficient dehydration
reaction channel for alcohols, which utilizes both strong Lewis acid
W(VD) sites and doubly bonded oxygen tungstyl (W=0) groups.
For this specific reaction, the activation energy for the dehydration
is practically unaffected by the cluster proximity and/or binding
to TiOx(110). Our results are particularly interesting in that the
dominant Lewis acid—based activity of the (WO3); cluster with no
support effect contrasts strikingly with the Bronsted acid-based
activity of most high surface area WO,-based supported catalysts,
which are believed to be strongly affected by the support oxide.'=

The experiments were carried out in an ultrahigh vacuum (UHV)
molecular beam scattering chamber (7 x 10" Torr) described
previously.'? A rutile TiOx(110) crystal (10 x 10 x 1 mm?,
Princeton Scientific) was cleaned by repeated cycles of Net
sputtering and annealing to 850-900 K.'®'" A high temperature
effusion cell (CreaTec) was used to evaporate WO3 (99.95%
Aldrich) and generate (WO3); gas phase clusters.”® The (WO3);
flux was monitored using a quartz crystal microbalance (Inficon).
Deposited (WO5); was removed from TiO(110) by Ne™ sputtering
at 500 K and annealing at 850-900 K. 2-Propanol was purified
with repeated freeze—-pump-thaw cycles and dosed using an
effusive molecular beam. TPD measurements (ramp rate of 1.8
K/sec) were performed using a quadrupole mass spectrometer
(UTTI). Mass fragments for 2-propanol, water, hydrogen, propene,
acetone, and isopropyl ether were followed to identify all plausible
reaction products.'%!!

All calculations were carried out employing DFT with a gradient-
corrected functional for exchange and correlation'? as implemented
in the CP2K package.'*'*> Core—electrons are modeled as norm-
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Figure 1. TPD spectra of 2-propanol ((CH3)CHOD tracked at 46 amu
and (CH3),CHOH at 45 amu), propene (41 amu), and water (18, 19, and
20 amu) after 5.2 nm~? (CH3),CHOD exposure'®'! dosed on 1.2 nm >
(WO3);3 clusters deposited on TiO»(110) at 100 K. The contributions of
2-propanol in 18, 19, 20, and 41 amu were subtracted using a fragmentation
pattern determined from 2-propanol multilayer desorption.'®'" The inte-
grated area of D,O and H,O are found to be the same within 10% and are
proportional to the (WO3); coverage.

conserving psuedopotentials and the wave functions expanded in
a double-§ Gaussian basis set with a planewave auxiliary basis of
300 Ry energy cutoff, and the I"-point for Brilluoin zone integration.
Calculation of all reaction coordinates were performed with the
nudged-elastic-band method (NEB)'® employing 8-20 beads
depending on the complexity of the rearrangement. The reaction
coordinate for each reaction in our mechanism, as obtained from
NEB, were verified by normal-mode analysis of the transition state
to determine that it represented a saddle point on the potential
energy surface. All surface reactions are modeled on a (4 x 2)
rutile-TiO»(110) surface slab of 4 TiO, units depth.

Figure 1 shows the TPD spectra of propene and water formed
during the reaction of monodeuterated 2-propanol-dj,
(CHs3),CHOD, with (WO3); clusters deposited on TiO,(110) at 100
K. The unreacted (CH3),CHOD, as well as (CH3),CHOH formed
during the reaction via H/D exchange are also shown. The
unreacted (CH3),CHOD desorbs between 170 and 400 K. The
desorption of the first reaction product, D>O, extends from 200 to
350 K with maximum rate at 250 K. This indicates that the O—D
bond in (CH3);CHO—D has been cleaved yielding D,O(g) via
recombinative (OD + D) desorption. The absence of H,O and
HDO in this range shows that no C—H bonds have been cleaved
below ~350 K. The oxygen atom in D,O(g) is likely from the
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(WO3); cluster since the oxygen from the alcohol is not available
until further decomposition of the alkoxy group. While we do not
have direct evidence for oxygen scrambling between alcohol and
the cluster, we have observed '°0/'®0 exchange after the adsorption
and dissociation of isotopically labeled H,'®O on (W'°05); clusters
(not shown).

The primary product of interest, propene, CH;CH=CH,, desorbs
via first order kinetics with a peak desorption at 400 K. Since
physisorbed CH3CH=CH, desorbs below 100 K (data not shown)
the desorption has to be limited by C—O and/or C—H bond
cleavage. Preliminary data for the dehydration of ethanol, 2-pro-
panol, #-butyl alcohol, show a clear linear relationship between the
dehydration temperature and the inductive effect of alkyl substit-
uents as previously observed for the dehydration of alcohols on
clean TiO5(110).""'7 This correlation strongly indicates that C—O
bond cleavage is the rate limiting step. The H>O desorption closely
follows the propene desorption indicating that the C—H bond
cleavage participates in the same transition state. Further evidence
is provided by kinetic H/D isotope effect observed in the experi-
ments with (CD3),CDOD, where CD3;CD=CD, desorbs at a
temperature ~10 K higher than CH;CH=CH, from (CH3),CHOH.
Other oxidation products such as acetone (monitored at 43 and 58
amu after subtraction of 2-propanol fragments) and isopropyl ether
(87 amu) are not observed.

The effect of the TiO,(110) substrate on the catalytic activity
of (WO3)s is determined by varying the cluster preparation
conditions. In condition A, the (WQO3); clusters are allowed to
interact with multilayers of 2-propanol and land on TiO,(110) only
after the excess 2-propanol desorbs at ~200 K. This experiment
aims to model the reactivity of unsupported, isolated (WO3)3
clusters. In condition B, the clusters are deposited onto TiO,(110)
at 100 K and subsequently exposed to excess 2-propanol. In
condition C, the clusters of condition B are annealed to 600 K
before the 2-propanol exposure.

The propene TPD spectra obtained in the 2-propanol dehydration
experiments described above are shown in Figure 2. Surprisingly,
the maximum propene desorption rate occurs at the same temper-
ature for all three cases. The unchanged desorption temperature
indicates that the activation energy for the dehydration is practically
unaffected by the cluster proximity and/or binding to TiOx(110).
A small broadening of the desorption peak occurs from spectrum
A to B with the appearance of an additional high temperature
shoulder (~480 K) on spectrum C. In contrast with relatively subtle
changes in the desorption line shape, the total propene yield is found
to decrease 3 times from spectrum A to B, and an additional 4
times from spectrum B to C. For comparison, a propene TPD
spectrum from 2-propanol dehydration on clean TiO,(110) is also
shown (panel D, Figure 2). The dehydration channel (~570 K) on
bridge-bonded oxygen (BBO) vacancies (BBOy’s) of clean
TiOx(110)'*'"'7 is completely suppressed for spectra A—C indicat-
ing that the contribution of the substrate to the overall catalytic
activity is rather small.

The relationship between the cluster coverage and the dehydra-
tion yield is further investigated in Figure 3 showing the total yield
of propene produced by the dehydration of 2-propanol on (WOs3)3
clusters prepared via procedures A, B, and C. For case A, the
number of propene molecules produced per deposited (WO3); is
found to be six for all studied (WOs3); coverages, suggesting that
each W=O0O group is available to react with one 2-propanol
molecule. For case B, the ratio is found to vary from four at very
low coverages (<0.7 (WOs)3 nm ?) to two as the coverage
increases to a full monolayer (~1.8 (WO5); nm ™ 2). For multilayer
(WO3); coverages, the ratio further monotonically decreases since
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Figure 2. Propene TPD spectra (tracked at 41 amu) resulting from
2-propanol dehydration on (WO3); clusters. (A) (WO3)s cluster are deposited
into multilayers of 2-propanol (18 nm™~2) on TiO(110); (B) (WO3); clusters
are deposited onto TiO»(110) at 100 K and subsequently exposed to
2-propanol (18 nm™2); (C) clusters from condition B are annealed to 600
K and exposed to 18 nm~? of 2-propanol; (D) dehydration of 15 nm™~? of
2-propanol on clean TiO,(110) is also shown for comparison.
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Figure 3. Propene yield, Nywopenes VS (WO3)3 coverage, Nwo,),, for the
clusters A, B, and C prepared as described in the caption of Figure 2. Straight
dotted lines with the slope of 2, 4, and 6 are drawn to guide the eye.

only a fraction of deposited (WOs3)s clusters are exposed to
2-propanol. The data suggest that isolated supported clusters (low
coverage limit) have four available W=0 groups for the reaction
while the remaining two are blocked by contact with the TiO»(110)
surface. It is likely that as the cluster coverage increases, cluster-
—cluster interactions involve additional W=O groups leading to
the decreased availability of catalytically active W=O groups.
Strikingly, the 600 K preannealed (WO3); clusters, (C), show a
dramatically lower catalytic activity with a yield of ~0.16 propene
per (WO3)s. On the basis of our prior STM study of 450-600 K
annealed (WOs3)s clusters on TiO»(110) we expected the yield to
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(2 (CH,),CHOH ——= 2 (CH,)CH=CH, + H,0 + Hzo)

reaction coordinate

Figure 4. Calculated potential energy diagram for catalytic dehydration
of two 2-propanol over (WO3)s clusters.

be ~4 propene per (WOs3)3 since our proposed model involved
(WO3); bound with two tungstyl groups.>® The exact origin of
this low activity is not clear. We speculate that it is a result of the
partial loss of active W=0 perhaps due to thermal decomposition
of the clusters during the dehydration reaction. This conclusion is
consistent with the results of the DFT simulations discussed below.
Our future STM studies of the cluster morphology before and after
the dehydration reaction are aimed to address this issue. Subsequent
TPD experiments after additional 2-propanol adsorptions show that
the reactivity of 600 K annealed clusters remains unchanged.

To ascertain a viable mechanism for the dehydration process
we have performed DFT calculations on an isolated (WO3)3. Only
the relevant steps that lead directly from the initial reagent,
2-propanol, to the final products, water and propene via the lowest
energy route, are reported. The resulting diagram with the energetics
of all key intermediates and activation energies for each step is
shown in Figure 4. In agreement with the thermodynamic data,
the dehydration reaction is endothermic with an energy gain of 33
kcal/mol. Further, the energy barrier for noncatalyzed dehydration
of 2-propanol is very high (~70 kcal/mol). For the cluster-catalyzed
reaction the highest barrier of any step is 28 kcal/mol and the overall
energy required is given by the endothermicity of the process.

The initial adsorption and dissociation of two alcohol molecules
is barrierless and significantly exothermic (—23 kcal/mol). Depro-
tonation of both alcohols follows with relatively low barriers (5-10
kcal/mol) to form H,O. This process is also exothermic and leads
to the lowest energy configuration on the diagram which is 36 kcal/
mol lower than the initial reactants and exhibits an increased
coordination of the W(VI) from 4 to 6 with two BBO’s, one H,0,
one W=0, and two 2-propoxy groups. All subsequent steps are
endothermic, the first being the release of a water molecule with
a kinetic barrier of 14 kcal/mol. The following step is rupture of
the C—O bond of the propoxy with simultaneous transfer of the
B-H from a methyl group. This step occurs twice concurrently (once
for each propoxy) and exhibits the highest activation energy. The
final step is the release of an additional water molecule and
regeneration of the original (WOs)3 cluster. The barriers for the
computed steps are in good agreement with the experimental
observations. The first water formed from the deprotonated
propanols is released as a first product between 200 and 350 K
followed by propene formation between 300 and 500 K. A simple
simulation of the first order desorption process with a typical value
of prefactor of 10" s™' and activation barriers of 14 and 26-28
kcal/mol determined theoretically for the low temperature water

desorption and alkene formation, yields desorption spectra with
maxima at 240 and 405-432 K, in excellent agreement with the
experimentally observed values of 250 and 400 K, respectively.

We have also addressed changes in the dehydration mechanism
as a result of cluster-surface interactions by simulating the (WO3)3
cluster molecularly adsorbed on TiO,(110). The lowest energy
configuration, bound by 22 kcal/mol, forms 2 Ti—O bonds with
the W=0 groups of the cluster in accord with prior interpretation
of our STM data.>® The mechanism of the dehydration reaction
on such supported (WO3)s clusters is very similar to that for the
isolated (WOs3)3 with only small variations in the energetics.

Molecular dynamics simulations at 1000 K show that the
molecularly adsorbed (WO3)s is not the lowest energy configuration
and that it further decomposes into a chainlike structure on the
surface, opening the cluster ring and losing a W=0 group, during
the course of a short (1 ps) simulation. The cluster dissociation
has an appreciable energy barrier of about 30 kcal/mol and results
in a structure that is 11 kcal/mol lower in energy and indicates
that high temperature annealing of the system may well result in
the decomposition of clusters.

In conclusion our study of the (WOs3)3/TiO,(110) model
system provides deep insight into the mechanism of alcohol
dehydration which is likely applicable to more complex sup-
ported high surface area tungsten trioxide catalysts with W=0
bonds being the primary reaction sites. Our studies suggest that
(WO3)3 is an extremely efficient catalyst for dehydration of
alcohols, effectively lowering the energy barrier as much as
possible for an endothermic reaction.
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