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Abstract

Our density-functional theory study of the formation of hydrogen peroxide over a neu@légier details a reaction path with activation
barriers less than 10 kgahol. The reactions proceed on the edges and one side of the triangulatuster which makes this mechanism
viable for a cluster in contact with a support surface. The Aluster remains in a triangular geometry throughout the reaction but the
electron population on the Au trimer during the catalytic cycle proper, as calculated with the Natural Bond Orbital method, varies from a
charge 0f+0.304 (cationic) (AgOoH>) to —0.138 (anionic) (AgH»). Augz in the reaction initiation intermediate, A, is also cationic
in character with a charge &f0.390. It is interesting to note that the interaction ofAwith a model oxidic support, TS-1, was essentially
neutral in character, the Awcharge population being0.044. Formation of hydrogen peroxide does not involve breaking the O—O bond, but
does break the H—H bond in a step that is rate limiting under stamtaditions. The highest energy barrier in the cycle is 8.6 kual for
desorption of HO, from AugH>. Adsorption of HO> on this site is unactivated. This route to formation of hydrogen peroxide combined
with existing mechanisms for epoxidation by®, over TS-1 gives a fully plausible, energetically favorable, closed cycle for epoxidation
of propylene by H and Q@ over Au/TS-1 catalysts. Thus, isolated molecular gold clusters can act as viable sites for this reaction.
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1. Introduction dence has been found that nonmetallic gold is active: water
gas shift[22] and CO oxidatiorf23,24] Several proposals
Research on the epoxidation of propylene byaad & have been put forth as to the nature and role of active gold

over Au supported on titaniwwontainingoxidic supports sites. One proposal based on theoretical study is that the
has led to many interesting results but no complete explana-unusual activity of small supported particles of Au, “may
tion of the reaction mechanism involvEild-19] One ofthese  in part be due to high step densities on the small particles
catalysts, Au/TS-1, has a relatively well-defined crystalline and/or strain effects due to the mismatch at the Au-support
support (titanim silicalite[20]), but despite the crystalline interface”[25]. High level computational analysis of the re-
nature of the support, this catalyst system is still complicated action is inhibited by the complexity and scale of the system.
enough to hamper definitive experimental investigation. Ex- Electronic structure calcufians looking fa unique qualities
perimental claims have been made that Au nanoparticlesof a 2 nm Au cluster with hundreds of gold atoms on a TS-1
with approximately 2 nm diameter supported on pure tita- crystal surface of comparable size would be impossible with
nia give the highest selectivity to propylene oxide, while existing computers using current density-functional theory
smaller Au particles give propane as a major product, and (DFT) tools. Smaller gold ensembles provide a more acces-
larger bulk-like Au particles are simply not reactf&]. In sible alternative, and, as well, may be of a size that is highly
related Au-containing catalytic systems, experimental evi- active, though the presence of such small clusters in working
catalysts is still an open question. Small Au clusters of a few
< . atoms would not be excluded from entering a TS-1 crystal-
Corresponding author. lite due to size limitations of the pore system&.5 A). This
E-mail addresses: wellsd@purdue.edu (D.H. Wells), o .
delgass@ecn.purdue.edu (W.N. Delgass), thomsonk@ecn.purdue.edu  affords close proximity of small Au clusters with a larger
(K.T. Thomson). number of Ti sites than just those on the outside of a TS-1
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crystallite (in a 150-nm TS-1 crystallite there are approxi- volves small Au clusters. Since the metallic clusters can
mately 50 times as many internal Ti sites as on the externalbe poorly represented by B3LYB7] we have chosen
surface of the crystallite). BPW91 as a reasonably equivalent alternative. The accu-
Small atomic-sized Au clusters are in the range where racy of the BPW91 functional in predicting atomization
gas-phase adsorption of,Hand G on cluster cations has energies for a set of species including third row atoms is
been shown experimentall(15 atoms)[26]. Therefore, about+5 kcal/mol [46]. The accuracy of energy differences
interaction with B and G is likely to be important in this ~ we calculate for Ay species with adsorbates is likely to be
system. Small Au clusters inside TS-1 in proximity to active lower due to cancellation of systematic errors over such a
Ti substitution sites may function by catalyzing the forma- narrow molecular range. Basis set superposition errors were
tion of hydrogen peroxide, which does selective oxidation of not calculated as they would be a small factor of several
propylene at the Ti site. Experimentally, it has already been kcal/mol and a relatively constant energetic offset across
established that Au particles supported on alumina are capathe cluster models we compared. Previously we have com-

ble of generating hydrogen peroxide from Bnd Q in so-
lution at low temperaturd27]. Recent work has also identi-
fied OOH species with inelastic neutron scattering when H
and @ are reacted over Au/TiDcatalyst[28]. If the role

of Au in the Au/TS-1 catalyst is to generate® from Hp

puted adsorption behavior ofon small Au cluster$47]

and found agreement with experimental res{®8] illus-
trating that density functional theory using the LANL2DZ
pseudopotentials is an adequate descriptor of Au cluster
chemistry. All transition states were identified by the syn-

and @, the remaining steps of the epoxidation mechanism chronous transit-guided quasi-Newton (STQN) method of
may be described by any one of several mechanistic proposPeng and Schleggh8]. This technique uses geometries

als for this reaction in the literatuf8,29—34] Previously we

for the reactants and products as its starting points and

have proposed that heterogeneous epoxidation of propylenesearches via linear or quadratiansit for a geometry close

by H2O2 occurs over Ti sites in TS-1 zeolites with adjacent
Si lattice vacancie5]. Such vacancies are relatively abun-
dantin even “well-made” TS-[36] and lead to the frequent
occurrence of Ti/defect paif80]. That mechanism com-
bined with O, production from H and & over small Au
clusters may fully explain the catalytic nature of Au/TS-1
epoxidation catalysts.

In what follows we provide the details for formation of
H>O> over the neutral Aglcluster from B and & based
on DFT calculations. We first establish the geometry of a
Augz cluster with adsorbed oxygen. This is important since

it differs from the geometry of the bare gas-phase cluster.

The preferred triangular Aucluster geometry is the starting

to the transition state. Natural bond orbital (NBO) analysis
of the electron population on each atomic center was per-
formed with the program available within the Gaussian98
and Gaussian03 suitg$9].

3. Resultsand discussion
3.1. Aus cluster geometry
The catalytic cycle investigated here is over a gener-

ally triangular conformation of neutral Au Two earlier
computational studies of Aufound a triangular geometry

point for subsequent geometry optimizations. The entrancewith asymmetry due to Jahn—Teller distortion in the ground

channel is @ addition to a bare Agicluster followed by H

state[50,51] Gronbeck and Andreorjb1], using periodic

addition. Both of these steps are unactivated or have very lowdensity-functional theory, calculated the energy difference

(<1 kcal/mol) barriers. The catalytic cycle itself has two

between two similar triangular geometries and a linear con-

transition states and four intermediate stable configurationsfiguration. The BLYP functional predicted the linear geom-

(O, addition during the cycle is unactivated). Geometries

etry to be 2.8 kcalmol higher in energy. Bravo-Perez and

along the entrance channel path and for the unactivated O co-workers also found the linear geometry to be higher in

addition step are shown and discussed.

2. Computational method

energy by 56 kcalinol using MP2 and MP4 ab initio meth-
ods. Using the BPW91 density functional, we have found the
ground state to be the linear geometry with an energy dif-
ference of about 1 kcamol to the lowest energy triangular
geometry. A more recent calculatif2] based on periodic

All calculations were conducted using the Gaussian98 density-functional theory also finds the linear geometry to

[37] suite of programs. We used density-functional the-
ory with the 1988 exchange function§B8] of Becke

be the lowest energy state for the bares&luster. With ad-
sorption of @ on the linear cluster, the preferred geometry

and Purdue-Wang's 1991 correlation energy functional changes to triangular. Oadsorption induces charge sepa-

(BPW91)[39-42] The Los Alamos LANL2DZ[43,44] ef-

ration in the Ay chain leading to energy minimization in

fective core pseudo-potentials (ECP) and valence doublea folded conformation. Mullikerlectron population differ-

zeta basis set for gold was utilized as well as the DI

ences on the atoms in the galsase linear molecule are

valence double zeta basis sets for hydrogen and oxygen. Thedess than 0.01 electrons per Au atom, while in the triangu-
choice of functional was dictated in part by other research lar geometry, differences are 0.04 or larger. Since at room
being conducted in conjunction with this work which in- temperature and above, both conformations would be popu-
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Fig. 1. Catalytic cycle for formation of D5 over Au trimer with two transition state geometries identified with square brackets. The main cycle proceeds
from structureA in clockwise fashion. The uncoordinated Au atom of the clust&3i is different from the uncoordinated Au atom in structérebut 180°
rotation about the plane of the Au cluster will show that ehaee equivalent. Energy differences are shown in/keal under each reaction arrow.
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Fig. 2. The energy profile (at 0 K wibut zero-point energy corrections) for
oxygen addition in the entrance channel forming intermed2adéong the
indicated reaction coordinate (r.c.het smallest O—Au distance. The spin
transition for the system from quartet spin to doublet spin can occur in the
reaction coordinate region from 4 to Sufithout any activation barrier.

binding energy) and end-on (3—-6 k¢alol binding energy)
configurations. The end-omrangement has a weaker bind-
ing energy by 13-16 kcamol depending on the particular
end-on binding location. Side-on binding of a single O
molecule to a neutral triangular Acluster was reported
by Mills and co-workers to be the lowest energy configu-
ration based on their computatiogel]. Their calculated @
binding energy was 21 kcahol, very similar to our result
of 22 kcal/mol. We found the binding energy for,0n the
end-on geometry to be slightly less, 19 ktabl. We rea-
son that since side-on bonded @& slightly more tightly
held, it may be less likely to react withaHso our investiga-
tion has begun with the end-on geometry (intermediate
Fig. 1). The energy barrier for conversion of side-on bonded
O to end-on bonded is 6 kcahol, smaller than other lim-
iting steps in the cycle (vide infra). Thus both forms of
adsorbed oxygen on the Au trimer are reactive. Addition

lated, we have assumed the triangular geometry as a startingf triplet spin G to the bare Ag cluster, which has dou-
point throughout these calculations, though absolutely no blet spin configuration in the ground state, requires a spin
constraints were made to the cluster geometry while search-transition to reach the stable doublet spin state of@wu

ing for transition states and following reaction pathways.
3.2. Entrance channel reactions
The entry channel to the catalytic cycle is a two step

process illustrated ifig. 1 going from intermediaté to in-
termediateA. The first step is addition of £xo the bare clus-

This spin transition occurs early along the reaction path as
shown inFig. 2, which also gives the energy along the path
for O, adsorption in both spin systems. At infinite separa-
tion of O, and Auw, the energy difference between doublet
and quartet (triplet @+ doublet Aw) spin for the combined
system is calculated to be 38.5 kgalol. This is the dif-
ference between (sigma) singlétly) and triplet di-oxygen

ter. Nondissociative @adsorption in bent end-on fashionto  which experimentally is 37.5 kcahol [55]. The same re-
small atomic-sized Au clusters has been reported previouslysults are obtained for singletoQusing either restricted or

[47,52,53] In our work with the larger A~ cluster[47],
molecular oxygen adsorbed in both side-on (19 kel

unrestricted wavefunctions in the DFT calculation. When
the Au—O separation (for the nearest O) is between 4.0
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Fig. 3. The unactivated addition of hydrogen to the3®g cluster is the
final step in the entrance channel of the catalytic cycle to form intermedi-
ate A. Hydrogen attack of the di-oxygerraup generates a hydroperoxy
intermediate and after H-H bond scission, a Au—H bond is formed helping
to stabilize the hydroperoxy fragment. The final intermedfateas a planar
geometry.

and 5.0 A, the energy of the doublet spin system is approxi-
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3.3. Catalytic cycle

The catalytic cycle proceeds through several steps: (1) ac-
tivated addition of molecular hydrogen, (2) desorption of
the product HO,, followed by (3) the exothermic addition
of molecular oxygen to form an intermedid®e which re-
arranges to regenerate hydroperoxy intermediaadiowing
the cycle to repeat. The cycle is illustrated Fig. 1 In-
dividual reaction steps are discussed in separate sections
below. The completed cycle is calculated to be exothermic
by 28.2 kcalmol consistent with the thermodynamics of
the net reaction H+ O2 — H202. The activation barriers
are 7.2 kcglmol for Hz addition to intermediaté to form
TSA and 2.6 kcalmol for structural rearrangement fran
to TS D. Addition of O, to the intermediatéC is unacti-
vated. The other energy barrier in the cycle is desorption of
the product HO, which requires 8.6 kcgmol. This would
be the inferred rate-limiting step in kinetically limited pro-
duction of HO5.

The electron population based on Natural Bond Orbital
analysis[49] for the three Au atoms in the various clusters

mately the same as for the quartet spin system. In this regionin the cycle is shown iirig. 1 The net charge on Awaries
of approach, the spin transition can occur as an unactivatedfom a high of+0.390 for the entrance channel intermedi-

process. The equilibrium Au—O bond distance in the inter-
mediate2 is 2.138 A, and the binding energy for,@n
triangular Aw is 19 kcaymol. Given that an unactivated at-
tack of O can lead to such a stable oxide, & (2) is likely
the preferred geometry for such a Au nanopatrticle in air (or
with another Q@ adsorbed as well, in similar end-on fashion,
as found by Mills et al[54]).

Oxygen molecule also reacts with Athaving a lin-

ate2, to as low as-0.138 in intermediat€. Variation in net
charge on the cluster over the complete cycle makes it dif-
ficult to characterize the state of gold as being one charge
type of the other, but the predominant state in the cycle itself
is largely cationic (delta plus charge) as the electronegativ-
ity of oxygen is greater than that of gold. The highest energy
barrier around the cycle is for desorption of®p from in-
termediateB (vide infra) which makes this state with NBO

ear geometry. We observed a shallow energy plateau neacharge of+0.185, partially cationic, the most likely ob-

geometries with @ adsorbed in end-on fashion to a slightly
bent linear Ay cluster. Relaxation of these geometries often
proceeded to the triangular Au geometry with end-on bent
O2 (intermediate?). A locally stable structure with crooked
linear Aus geometry and end-on bonded @as identified
with an energy 4 kcdimol higher than for intermediat2
The Au—Au—Au angle in the crooked linear configuration
was 118.5.

After forming the stable A¢O; structure2, the next step
in the entrance channel is reaction with molecular hydrogen,

served during reaction. Under ambient conditions when ex-
posed to oxygen, the Au cluster is likely to have 0oReNBO
charge+0.390) or two oxygen molecules adsorbed and be
in a cationic charge state. While these findings are consis-
tent with the active form of gold being catior{22,56] the
guestion of whether the reactivity can be altered by enhanc-
ing the cationic character of the gold cluster has not yet
been addressed computationally. Such calculations are now
in progress.

Many of the intermediate geometries are planar, but both

which is also energetically downhill and unactivated as de- the entry channel and the addition of oxygen in the cycle are
tailed inFig. 3. As H, approaches the oxygen atom farthest more energetically favorable for approach in directions nor-
from the Au cluster, interaction begins near H-O separation mal to the plane of the trimer cluster. Interestingly, only one
of approximately 2.5 A. Near a separation of 2.0 A there side of the cluster needs to be unhindered to accommodate
may be a shallow stable state of preadsorbed hydrogen, buthese steps in the reaction madiism. A cluster anchored on
this geometry was not found. AsyHontinues to react with  a support surface with only one side exposed to the gas phase
the cluster both O—O and H-H rotate into the same plane aswould still be able to accommodate the proposed reaction
the Au atoms. The final intermediate st#es planar and mechanism provided the elegtiic perturbation did not in-

has H directly bonded to one Au atom and a hydroperoxy- hibit the reactions. DFT calculations we have made suggest
like species (-OOH) anchored to one side of the Au cluster. the interactions of the cluster with a support like TS-1 are

Direct desorption of the neutral hydroperoxy radical fram
requires 23.3 kcdmol and is not likely to be part of a viable
mechanism for epoxidation of propylene (by transfer to the
active Ti site in TS-1, for example).

weak (on the order of 5 kcainol). Compared to the electron
populations shifts during the catalytic cycle, the interaction
of a bare Au trimer with model clusters of a Ti site in TS-1
(having 10 tetrahedral Si plus 1 tetrahedral Ti centers) was
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3.4. Addition of hydrogen

Besides the desorption of the produci®i, the breaking
of the H—H bond is the most energetically demanding step in
this catalytic cycle. H—H bond breakage occurs at two points
in the mechanism, going from intermedi&t® intermediate
A and from intermediat@ to transition statd SA.

StructureA can be taken as the starting point for the cat-
alytic cycle that generatesy8,. Gas-phase pattacks this
complex to form intermediatB via transition statd' S A.
Unlike the H addition in the entrance channel; Hddition
in the catalytic cycle is actated and proceeds through a sta-
ble adsorbed K configuration not shown ifrigs. 1 and 5
This configuration is very close in energy to the transition

Fig. 4. Neutral Ag cluster adsorbed on a cluster model of a proposed active state and was not considered important in mapping out the
site in TS-1. NBO electron populations are the signed values inside yellow major features of this cycle. In both the stable preadsorbed
Au atoms. Oxygen ions are red, silicon bluish gray, hydrogens in the silanol state and at the transition state, iHserted between the oXy-
nest are small white spheres, and the large white sphere is titanium in the n end of the hvdr roxv ar nd the nearest Au atom
T6 position. Terminating hydrogens to maintain the zeolite structure are not gene .0 € hydrope 0 ygroupa € . eares ! u atom.
shown. Distances indicated are in angstroms. The motion at the transition staleS A associated with the
imaginary frequency is mainly an H-H bond stretch lead-
essentially neutral with a shift in the net electron population Ing d'rECtIY to the |nterm§d|alﬁ, where this bond ha§ been
of —0.044 unit (more electron density on the trimer when Proken. Given the location of the two H atoms, this bond
supported). The binding energy for 4on the model TS-1 breaking is also necessarily datly associated with forma-
tion of one O—H and one H—-Au bond. The energy barrier to

cluster as shown ifrig. 4 was only 5.7 kcaglmol coming
reach the transition state is 7.2 koalol above the energy

from a weak interaction baeen one of the Au atoms and
an oxygen ion in the support. The minimum Au-O distance of intermediateA and gas-phase molecular hydrogen (see

Fig. 5).

for this interaction was 2.23 A.

*

+H, :" 7.2 ::_ tH,0; + ?J

—

X i T TS D. T
: .0 28.2

{—/J b s
A i 2
2 H <)
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A Y,

Fig. 5. Energetics and geometries for the catalytideyorming hydrogen peroxide over neutral Au trimer from&hd G. The final configuratiol\* rotated

-.....

by 180 is equivalent to intermediat&. Or, the reaction steps can be followed around the cycle a second time (see text) which may be important for a cluster

sitting on a support surface that is only accessible from one side.



74

Reaction Coordinate D(H-O), angstroms

Infinite
separation

2.5

Energy, kcal/mol

Fig. 6. The energy profile (at 0 K wiibut zero-point energy corrections) for
oxygen addition to intermediat€ to form intermediateD. Once formed,
the hydroperoxy intermediate rotates out of thez4alane and bonds via
the terminal oxygen end to the Au cluster in intermedate

3.5. Desorption of hydrogen peroxide

Hydrogen peroxide adsorbed on the Au cluster in inter-
mediateB requires 8.6 kcamol to desorb and leaves behind
intermediateC. This is the largest energy barrier in the cat-
alytic cycle. The desorptionrpceeds with relatively low or

D.H. Wells et al. / Journal of Catalysis 225 (2004) 6977

Fig. 7. Transition State DT(S D) where the hydroperoxy group is almost
rotated back down into the Atplane to form intermediata.

cluster while the H atom of the hydroperoxy breaks its bond
to Au at the other end of the cluster. As the reaction coordi-
nate continues past 1.3 A, the OOH fragment now bonded by
the terminal O atom to the cluster rotates up out of the plane

no activation energy as there are no strong bonds betweerpf the Au cluster. The net effect has been to insert O-O into

the hydrogen peroxide molecule and the remainingHsu

a Au—H bond with no activation energy. However, the OOH

cluster to break. The peroxide molecule is adsorbed on theis bonded via oxygen to a different Au atom of the cluster

edge of the Ag cluster and is canted slightly above and be-
low the Aus plane. Though the energy of desorption is the

highest energy step in the formation of hydrogen peroxide,

than the original Au—H.

3.7. Closure of the catalytic cycle

it is smaller than the most energetic step in the subsequent

epoxidation reaction by hydrogen peroxide over TS-1. Our

previous DFT calculations on epoxidation of propylene by
H2>02 gave a maximum barrier height at 15.4 kabl [35].
This implies that the rate-limiting step for the overall reac-
tion of Hz + O2 + propylene to propylene oxide H2O over
Au/TS-1 is not in the formation of §D2, but in the epoxi-
dation steps. Specifically, it occurs when®} reacts with

an open Ti site of TS-1 to form a reactive hydroperoxy inter-
mediate.

3.6. Addition of oxygen

Addition of di-oxygen to the intermediat€ is de-
tailed in Fig. 6. This reaction step is the most exothermic
(—29.1 kcal/mol) and is the largest single energetic transi-
tion of the mechanism. As £approaches the Al cluster,
it pulls off one of the H atoms attached to the cluster. The

The final mechanistic step inading the catalytic cycle
is the rotation of the hydroperoxy group which is oriented
perpendicular to the Agiplane in intermediat® down into
the Aus plane to form a geometry equivalent to the starting
geometryA. This rotation proceeds through transition state
TSD which requires crossing a smaiR.6 kcal/mol energy
barrier.Fig. 7 has details of the transition state geometry.
Comparison of transition staféS D with intermediateA
(seeFig. 1) shows that the hydroperoxy group has ended
up on a different side of the Au cluster. The true original
geometry of intermediaté is obtained by rotating the struc-
ture 180 about an axis lying in the Auplane (the axis of
the H-Au bond as indicated irig. 1, TS D). Formally this
completes the cycle, but as we envision this cycle occurring
on a Au cluster supported in or on a TS-1 crystallite, there
are a few details to consider. In the particular case of a sup-
ported cluster, only free space on one side of the Au cluster

nearest distance between an O atom of the attacking O—Oshould be available since (a) the support may block the other
and the H atom attacked was constrained as the reaction coside, and (b) rotation of the cluster may not be possible. Even

ordinate to determine the energies showRim 6. Ata H-O
separation of 1.3 A, a hydroperoxy fragment formed from

with these two limitations, the cycle &fig. 1 can proceed.
There are two structures with three-dimensional geo-

the approaching oxygen molecule is bonded to the side of metries—intermediate® andD (and closely related S D,

the Au cluster. This fragment is similar to the hydroperoxy
species in intermediatd but is not stabilized by an adja-
cent Au—H as is intermediate. Further reaction allows one
of the oxygen atoms to begin bonding to an Au atom of the

but if the intermediat® can be accommodated, so can the
transition state). IntermediaBeis only slightly three dimen-
sional due to hydrogen peroxide bonded to one edge of the
Aus cluster. One of the oxygen atoms is slightly above the
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Table 1

Thermochemical data for stable configurations, molecules, and transitiorfstates

Configuration or molecule EP (0 K) (Hartree ZPE® (Hartreey U9 (298 K) (Hartree§ G© (298 K) (Hartree§ In(Q)f

1 —40659371 000068 —406.58798 —40662955 3795583
2 —556.94161 000495 —556.92830 —55697817 3871874
A —55814107 002149 —55811039 —55816105 2116261
TSA —55930129 003222 —559.25920 —55931142 1073019
B —55932775 003905 —55927784 —55933166 413386
C —407.77982 001302 —407.76034 —407.80362 2520920
D —55814377 002220 —55811222 —55816290 2026179
TSD —55814066 002206 —55810910 —55816089 2142583
Oy —15031755 000310 —150.31208 —15033454 1799215
Ho —1.17174 000996 —1.15942 —1.17328 163212
Ho>0o —15153418 002422 —15150645 —15153207 —2.23449

2 Vibration along the reaction coorditea(imaginary frequency) is ignoréd the thermal corrections at 298 K.

b without zero-point energy (ZPE) correctioadded. Note the predicted energy fluctuatid convergence of these geometries a0 x 10~° Hartree.
C Zero-point energy.

d . internal energy with all thermal corrections to 298 K added.

€ G, Gibb’s free energy with all thermal corrections to 298 K added.

f 0 is the partition function.

9 1 Hartree= 6275095 kca/mol.

h SeeFig. 1for schematic geometries of these configurations.

Aus plane and the other slightly below. Since the geometry is Table 2
only slightly out of plane, it should not interfere with a sup- Thermochemical data for reactions

port material. Intermediate is three dimensional due to the  Reaction AU (0 K) AUP (298 K) AGP (298 K)
hydroperoxy group extending up out of the Aplane. This (kcal/mol) (kcal/mol) (kcaymol)
hydroperoxy group can be formed on either side of the pla- 1+0, — 2 —-19.0 —177 -88

nar starting intermediat€, so this reaction step can avoid 2+H2—A —-174 —-142 —6.0

A+Hy— TSA 7.2 6.7 144

steric hindrance from a support surface as well. It remains
TSA—B -166 -117 —127

to show that the cycle will close without requiring a 280

X ; B — C+H0; 8.6 6.9 -25
rotation (seé-ig. 1, TSD). C+0,-D —291 ~250 ~155
Supposing an anchored cluster would not be free to ro- b — TSD 20 20 13
tate, the intermediat& can be regenerated fromS D by TSD—A —03 —038 —01
simply making another transit of the cycle using the oppo- 2 without ZPE correction.
site edge of the cluster. Geometrid§ TS A’, B/, C’, D/, b with all thermal corrections to 298 K added.
and TS D’ of the second transit illustrating the chemistry
on the opposite side of the Awcluster are shown ifig. 8. 1 atm are shown inTable 2 Under these conditions the

Each primed structure is actually identical to the correspond- H,O, desorption barrier actually has a negative Gibb’s free
ing unprimed structure ifrig. 1 (rotated by 180 about the energy change-2.5 kcal/mol, due to the favorable en-
axis of the H—Au bond) but is shown here to make the sec- tropic change. The energetic barrier at 0 K for this step is
ond transit easier to follow. In forming intermediddé we +8.6 kcal/mol without zero-point energy corrections. The
utilize the flexibility of this intermediate to form on either reaction step with the largest Gibb’s free energy change,
side (face) of the Agicluster (vide supra). This shows that +14.4 kcal/mol, is forming the transition stafeS A after at-

the catalytic cycle can occur on the same side of the Au clus-tack of H, on intermediaté\ which requires dissociation of
ter without requiring access to théher side and is thus quite  H» along the reaction coordinate. The net Gibb’s free energy
applicable not only to a gas-phase process, but to the case othange for the entire catalytic cycle is15.2 kcal/mol at

a supported cluster as well. 298.15K and 1 atm pressure. Under these conditions, the net
Gibb's free energy change of the overall entrance channel re-
3.8. Thermochemistry action, A + Hz + Oo, is —14.9 kcal/mol and as discussed

above is an unactivated process.

Table 1shows the calculated thermochemical data for
each intermediate and transition state identified above. These
values are the results from Gaussian frequency calcula-4. Conclusions
tions at the same level of DFT theory used to identify the
geometries. Internal energy§ and Gibb'’s free energy) A complete mechanism for the epoxidation of propy-
values were calculated for 298.15 K and 1 atm pressure.lene by B and Q over Au/TS-1 catalysts based on DFT
The thermodynamics of each reaction step at 298.15 K andcalculations can now be put forward for the first time. We
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:i:

H™ O [ TS D. (continuation from Figure 1.)

HO

H—(q—, HO_ HO
0—0 0% Mu \OH

Al TS A B.

(o]
7 0
HO -H202
+02 A
H H H

TS D.' D.' c.

H A.

Fig. 8. A second transit of the catalytic cycle showrFig. 1to demonstrate regeneration of the starting intermediatEach intermediate and transition
state labeled with a prime is geometrically equivalent (after a “pancake flip” of thechuster) to the corresponding unprimed structur&igt 1 This also
demonstrates that the catalytic cycle can operate using only access to one side ¢f thestaun.

believe the mechanism presented above for formation of hy-there is good reason to consider new materials based on this
drogen peroxide from pHand Q over a Aw cluster gives mechanism, and work continues in our lab on these ideas.

a plausible account of the role of Au in this catalyst. We

acknowledge that there may be other reaction paths to PropPY-a cknowledgments

lene oxide. Certainly this explanation is at odds with existing
notions that relatively larger Au nanoparticlesZ nm) are

) ) : ) D.H.W. thanks Shell Oil Company for fellowship fund-
most active for epoxidation. However, experimental work in

- = ing. This work was also funded through the National Sci-
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in TEM images of the Au/TS-1 system, there is a great The authors acknowledge Purdue University Computing
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1 nm [57]. A bare Aw cluster has a diameter of approx-  nting facility at the University of lllinois where the majority
imately 0.3 nm. Even with additional reacting adducts, it of the calculations were made. Computations at the Uni-
would fit inside the 0.5-nm TS-1 pore system in proximity versity of Illinois were made possible by a grant from the
to active Ti epOXidation sites. The éLClUSter could also Department of Energy_ We also acknow|edge support by the
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pled with our recently published mechanism, based on DFT

calculations, for propylene epoxidation via a hydroperoxy
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