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Abstract

Our density-functional theory study of the formation of hydrogen peroxide over a neutral Au3 cluster details a reaction path with activati
barriers less than 10 kcal/mol. The reactions proceed on the edges and one side of the triangular Au3 cluster which makes this mechanis
viable for a cluster in contact with a support surface. The Au3 cluster remains in a triangular geometry throughout the reaction bu
electron population on the Au trimer during the catalytic cycle proper, as calculated with the Natural Bond Orbital method, varie
charge of+0.304 (cationic) (Au3O2H2) to −0.138 (anionic) (Au3H2). Au3 in the reaction initiation intermediate, Au3O2, is also cationic
in character with a charge of+0.390. It is interesting to note that the interaction of Au3 with a model oxidic support, TS-1, was essentia
neutral in character, the Au3 charge population being−0.044. Formation of hydrogen peroxide does not involve breaking the O–O bon
does break the H–H bond in a step that is rate limiting under standardconditions. The highest energy barrier in the cycle is 8.6 kcal/mol for
desorption of H2O2 from Au3H2. Adsorption of H2O2 on this site is unactivated. This route to formation of hydrogen peroxide comb
with existing mechanisms for epoxidation by H2O2 over TS-1 gives a fully plausible, energetically favorable, closed cycle for epoxid
of propylene by H2 and O2 over Au/TS-1 catalysts. Thus, isolated molecular gold clusters can act as viable sites for this reaction.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Research on the epoxidation of propylene by H2 and O2
over Au supported on titanium-containingoxidic supports
has led to many interesting results but no complete expl
tion of the reaction mechanism involved[1–19]. One of these
catalysts, Au/TS-1, has a relatively well-defined crystall
support (titanium silicalite[20]), but despite the crystallin
nature of the support, this catalyst system is still complica
enough to hamper definitive experimental investigation.
perimental claims have been made that Au nanopart
with approximately 2 nm diameter supported on pure t
nia give the highest selectivity to propylene oxide, wh
smaller Au particles give propane as a major product,
larger bulk-like Au particles are simply not reactive[21]. In
related Au-containing catalytic systems, experimental
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dence has been found that nonmetallic gold is active: w
gas shift[22] and CO oxidation[23,24]. Several proposal
have been put forth as to the nature and role of active
sites. One proposal based on theoretical study is tha
unusual activity of small supported particles of Au, “m
in part be due to high step densities on the small parti
and/or strain effects due to the mismatch at the Au–sup
interface”[25]. High level computational analysis of the r
action is inhibited by the complexity and scale of the syst
Electronic structure calculations looking for unique qualities
of a 2 nm Au cluster with hundreds of gold atoms on a T
crystal surface of comparable size would be impossible w
existing computers using current density-functional the
(DFT) tools. Smaller gold ensembles provide a more ac
sible alternative, and, as well, may be of a size that is hig
active, though the presence of such small clusters in wor
catalysts is still an open question. Small Au clusters of a
atoms would not be excluded from entering a TS-1 crys
lite due to size limitations of the pore system (∼5.5 Å). This
affords close proximity of small Au clusters with a larg
number of Ti sites than just those on the outside of a T
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crystallite (in a 150-nm TS-1 crystallite there are appro
mately 50 times as many internal Ti sites as on the exte
surface of the crystallite).

Small atomic-sized Au clusters are in the range wh
gas-phase adsorption of H2 and O2 on cluster cations ha
been shown experimentally (<15 atoms)[26]. Therefore,
interaction with H2 and O2 is likely to be important in this
system. Small Au clusters inside TS-1 in proximity to act
Ti substitution sites may function by catalyzing the form
tion of hydrogen peroxide, which does selective oxidatio
propylene at the Ti site. Experimentally, it has already b
established that Au particles supported on alumina are c
ble of generating hydrogen peroxide from H2 and O2 in so-
lution at low temperatures[27]. Recent work has also ident
fied OOH species with inelastic neutron scattering when2
and O2 are reacted over Au/TiO2 catalyst[28]. If the role
of Au in the Au/TS-1 catalyst is to generate H2O2 from H2
and O2, the remaining steps of the epoxidation mechan
may be described by any one of several mechanistic pro
als for this reaction in the literature[8,29–34]. Previously we
have proposed that heterogeneous epoxidation of propy
by H2O2 occurs over Ti sites in TS-1 zeolites with adjac
Si lattice vacancies[35]. Such vacancies are relatively abu
dant in even “well-made” TS-1[36] and lead to the frequen
occurrence of Ti/defect pairs[30]. That mechanism com
bined with H2O2 production from H2 and O2 over small Au
clusters may fully explain the catalytic nature of Au/TS
epoxidation catalysts.

In what follows we provide the details for formation
H2O2 over the neutral Au3 cluster from H2 and O2 based
on DFT calculations. We first establish the geometry o
Au3 cluster with adsorbed oxygen. This is important sin
it differs from the geometry of the bare gas-phase clus
The preferred triangular Au3 cluster geometry is the startin
point for subsequent geometry optimizations. The entra
channel is O2 addition to a bare Au3 cluster followed by H2
addition. Both of these steps are unactivated or have very
(<1 kcal/mol) barriers. The catalytic cycle itself has tw
transition states and four intermediate stable configurat
(O2 addition during the cycle is unactivated). Geomet
along the entrance channel path and for the unactivate2
addition step are shown and discussed.

2. Computational method

All calculations were conducted using the Gaussia
[37] suite of programs. We used density-functional t
ory with the 1988 exchange functional[38] of Becke
and Purdue–Wang’s 1991 correlation energy functio
(BPW91)[39–42]. The Los Alamos LANL2DZ[43,44]ef-
fective core pseudo-potentials (ECP) and valence do
zeta basis set for gold was utilized as well as the D95[45]
valence double zeta basis sets for hydrogen and oxygen
choice of functional was dictated in part by other resea
being conducted in conjunction with this work which i
l

-

-

e

e

volves small Au clusters. Since the metallic clusters
be poorly represented by B3LYP[37] we have chose
BPW91 as a reasonably equivalent alternative. The a
racy of the BPW91 functional in predicting atomizati
energies for a set of species including third row atom
about±5 kcal/mol [46]. The accuracy of energy differenc
we calculate for Au3 species with adsorbates is likely to
lower due to cancellation of systematic errors over suc
narrow molecular range. Basis set superposition errors
not calculated as they would be a small factor of sev
kcal/mol and a relatively constant energetic offset acr
the cluster models we compared. Previously we have c
puted adsorption behavior of O2 on small Au clusters[47]
and found agreement with experimental results[26] illus-
trating that density functional theory using the LANL2D
pseudopotentials is an adequate descriptor of Au clu
chemistry. All transition states were identified by the s
chronous transit-guided quasi-Newton (STQN) method
Peng and Schlegel[48]. This technique uses geometr
for the reactants and products as its starting points
searches via linear or quadratictransit for a geometry clos
to the transition state. Natural bond orbital (NBO) analy
of the electron population on each atomic center was
formed with the program available within the Gaussian
and Gaussian03 suites[49].

3. Results and discussion

3.1. Au3 cluster geometry

The catalytic cycle investigated here is over a gen
ally triangular conformation of neutral Au3. Two earlier
computational studies of Au3 found a triangular geometr
with asymmetry due to Jahn–Teller distortion in the grou
state[50,51]. Grönbeck and Andreoni[51], using periodic
density-functional theory, calculated the energy differe
between two similar triangular geometries and a linear c
figuration. The BLYP functional predicted the linear geo
etry to be 2.8 kcal/mol higher in energy. Bravo-Perez a
co-workers also found the linear geometry to be highe
energy by 5–6 kcal/mol using MP2 and MP4 ab initio meth
ods. Using the BPW91 density functional, we have found
ground state to be the linear geometry with an energy
ference of about 1 kcal/mol to the lowest energy triangula
geometry. A more recent calculation[52] based on periodi
density-functional theory also finds the linear geometry
be the lowest energy state for the bare Au3 cluster. With ad-
sorption of O2 on the linear cluster, the preferred geome
changes to triangular. O2 adsorption induces charge sep
ration in the Au3 chain leading to energy minimization
a folded conformation. Mullikenelectron population differ
ences on the atoms in the gas-phase linear molecule a
less than 0.01 electrons per Au atom, while in the trian
lar geometry, differences are 0.04 or larger. Since at r
temperature and above, both conformations would be p
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oceeds
Fig. 1. Catalytic cycle for formation of H2O2 over Au trimer with two transition state geometries identified with square brackets. The main cycle pr
from structureA in clockwise fashion. The uncoordinated Au atom of the cluster inTS D is different from the uncoordinated Au atom in structureA, but 180◦
rotation about the plane of the Au cluster will show that these are equivalent. Energy differences are shown in kcal/mol under each reaction arrow.
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Fig. 2. The energy profile (at 0 K without zero-point energy corrections) fo
oxygen addition in the entrance channel forming intermediate2 along the
indicated reaction coordinate (r.c.), the smallest O–Au distance. The sp
transition for the system from quartet spin to doublet spin can occur in
reaction coordinate region from 4 to 5 Åwithout any activation barrier.

lated, we have assumed the triangular geometry as a sta
point throughout these calculations, though absolutely
constraints were made to the cluster geometry while sea
ing for transition states and following reaction pathways.

3.2. Entrance channel reactions

The entry channel to the catalytic cycle is a two s
process illustrated inFig. 1going from intermediate1 to in-
termediateA. The first step is addition of O2 to the bare clus-
ter. Nondissociative O2 adsorption in bent end-on fashion
small atomic-sized Au clusters has been reported previo
[47,52,53]. In our work with the larger Au10

− cluster[47],
molecular oxygen adsorbed in both side-on (19 kcal/mol
g

binding energy) and end-on (3–6 kcal/mol binding energy)
configurations. The end-on arrangement has a weaker bin
ing energy by 13–16 kcal/mol depending on the particula
end-on binding location. Side-on binding of a single2
molecule to a neutral triangular Au3 cluster was reporte
by Mills and co-workers to be the lowest energy config
ration based on their computations[54]. Their calculated O2
binding energy was 21 kcal/mol, very similar to our resul
of 22 kcal/mol. We found the binding energy for O2 in the
end-on geometry to be slightly less, 19 kcal/mol. We rea-
son that since side-on bonded O2 is slightly more tightly
held, it may be less likely to react with H2, so our investiga-
tion has begun with the end-on geometry (intermediate2 in
Fig. 1). The energy barrier for conversion of side-on bond
O2 to end-on bonded is 6 kcal/mol, smaller than other lim
iting steps in the cycle (vide infra). Thus both forms
adsorbed oxygen on the Au trimer are reactive. Addit
of triplet spin O2 to the bare Au3 cluster, which has dou
blet spin configuration in the ground state, requires a s
transition to reach the stable doublet spin state of Au3O2.
This spin transition occurs early along the reaction path
shown inFig. 2, which also gives the energy along the pa
for O2 adsorption in both spin systems. At infinite sepa
tion of O2 and Au3, the energy difference between doub
and quartet (triplet O2 + doublet Au3) spin for the combined
system is calculated to be 38.5 kcal/mol. This is the dif-
ference between (sigma) singlet (1Σg) and triplet di-oxygen
which experimentally is 37.5 kcal/mol [55]. The same re
sults are obtained for singlet O2 using either restricted o
unrestricted wavefunctions in the DFT calculation. Wh
the Au–O separation (for the nearest O) is between
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Fig. 3. The unactivated addition of hydrogen to the Au3O2 cluster is the
final step in the entrance channel of the catalytic cycle to form interm
ate A. Hydrogen attack of the di-oxygen group generates a hydroperox
intermediate and after H–H bond scission, a Au–H bond is formed he
to stabilize the hydroperoxy fragment. The final intermediateA has a planar
geometry.

and 5.0 Å, the energy of the doublet spin system is appr
mately the same as for the quartet spin system. In this re
of approach, the spin transition can occur as an unactiv
process. The equilibrium Au–O bond distance in the in
mediate2 is 2.138 Å, and the binding energy for O2 on
triangular Au3 is 19 kcal/mol. Given that an unactivated a
tack of O2 can lead to such a stable oxide, Au3O2 (2) is likely
the preferred geometry for such a Au nanoparticle in air
with another O2 adsorbed as well, in similar end-on fashio
as found by Mills et al.[54]).

Oxygen molecule also reacts with Au3 having a lin-
ear geometry. We observed a shallow energy plateau
geometries with O2 adsorbed in end-on fashion to a sligh
bent linear Au3 cluster. Relaxation of these geometries of
proceeded to the triangular Au geometry with end-on b
O2 (intermediate2). A locally stable structure with crooke
linear Au3 geometry and end-on bonded O2 was identified
with an energy 4 kcal/mol higher than for intermediate2.
The Au–Au–Au angle in the crooked linear configurat
was 118.5◦.

After forming the stable Au3O2 structure2, the next step
in the entrance channel is reaction with molecular hydro
which is also energetically downhill and unactivated as
tailed inFig. 3. As H2 approaches the oxygen atom farth
from the Au cluster, interaction begins near H–O separa
of approximately 2.5 Å. Near a separation of 2.0 Å th
may be a shallow stable state of preadsorbed hydrogen
this geometry was not found. As H2 continues to react with
the cluster both O–O and H–H rotate into the same plan
the Au atoms. The final intermediate stateA is planar and
has H directly bonded to one Au atom and a hydropero
like species (–OOH) anchored to one side of the Au clu
Direct desorption of the neutral hydroperoxy radical fromA
requires 23.3 kcal/mol and is not likely to be part of a viab
mechanism for epoxidation of propylene (by transfer to
active Ti site in TS-1, for example).
r

t

3.3. Catalytic cycle

The catalytic cycle proceeds through several steps: (1
tivated addition of molecular hydrogen, (2) desorption
the product H2O2, followed by (3) the exothermic additio
of molecular oxygen to form an intermediateD, which re-
arranges to regenerate hydroperoxy intermediateA allowing
the cycle to repeat. The cycle is illustrated inFig. 1. In-
dividual reaction steps are discussed in separate sec
below. The completed cycle is calculated to be exother
by 28.2 kcal/mol consistent with the thermodynamics
the net reaction H2 + O2 → H2O2. The activation barrier
are 7.2 kcal/mol for H2 addition to intermediateA to form
TS A and 2.6 kcal/mol for structural rearrangement fromD
to TS D. Addition of O2 to the intermediateC is unacti-
vated. The other energy barrier in the cycle is desorptio
the product H2O2 which requires 8.6 kcal/mol. This would
be the inferred rate-limiting step in kinetically limited pr
duction of H2O2.

The electron population based on Natural Bond Orb
analysis[49] for the three Au atoms in the various cluste
in the cycle is shown inFig. 1. The net charge on Au3 varies
from a high of+0.390 for the entrance channel interme
ate2, to as low as−0.138 in intermediateC. Variation in net
charge on the cluster over the complete cycle makes it
ficult to characterize the state of gold as being one ch
type of the other, but the predominant state in the cycle it
is largely cationic (delta plus charge) as the electroneg
ity of oxygen is greater than that of gold. The highest ene
barrier around the cycle is for desorption of H2O2 from in-
termediateB (vide infra) which makes this state with NB
charge of+0.185, partially cationic, the most likely ob
served during reaction. Under ambient conditions when
posed to oxygen, the Au cluster is likely to have one (2, NBO
charge+0.390) or two oxygen molecules adsorbed and
in a cationic charge state. While these findings are con
tent with the active form of gold being cationic[22,56], the
question of whether the reactivity can be altered by enh
ing the cationic character of the gold cluster has not
been addressed computationally. Such calculations are
in progress.

Many of the intermediate geometries are planar, but b
the entry channel and the addition of oxygen in the cycle
more energetically favorable for approach in directions n
mal to the plane of the trimer cluster. Interestingly, only o
side of the cluster needs to be unhindered to accommo
these steps in the reaction mechanism. A cluster anchored o
a support surface with only one side exposed to the gas p
would still be able to accommodate the proposed reac
mechanism provided the electronic perturbation did not in
hibit the reactions. DFT calculations we have made sug
the interactions of the cluster with a support like TS-1
weak (on the order of 5 kcal/mol). Compared to the electro
populations shifts during the catalytic cycle, the interac
of a bare Au trimer with model clusters of a Ti site in TS
(having 10 tetrahedral Si plus 1 tetrahedral Ti centers)
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Fig. 4. Neutral Au3 cluster adsorbed on a cluster model of a proposed ac
site in TS-1. NBO electron populations are the signed values inside ye
Au atoms. Oxygen ions are red, silicon bluish gray, hydrogens in the si
nest are small white spheres, and the large white sphere is titanium
T6 position. Terminating hydrogens to maintain the zeolite structure ar
shown. Distances indicated are in angstroms.

essentially neutral with a shift in the net electron populat
of −0.044 unit (more electron density on the trimer wh
supported). The binding energy for Au3 on the model TS-1
cluster as shown inFig. 4 was only 5.7 kcal/mol coming
from a weak interaction between one of the Au atoms an
an oxygen ion in the support. The minimum Au–O distan
for this interaction was 2.23 Å.
3.4. Addition of hydrogen

Besides the desorption of the product H2O2, the breaking
of the H–H bond is the most energetically demanding ste
this catalytic cycle. H–H bond breakage occurs at two po
in the mechanism, going from intermediate2 to intermediate
A and from intermediateA to transition stateTS A.

StructureA can be taken as the starting point for the c
alytic cycle that generates H2O2. Gas-phase H2 attacks this
complex to form intermediateB via transition stateTS A.
Unlike the H2 addition in the entrance channel, H2 addition
in the catalytic cycle is activated and proceeds through a s
ble adsorbed H2 configuration not shown inFigs. 1 and 5.
This configuration is very close in energy to the transit
state and was not considered important in mapping ou
major features of this cycle. In both the stable preadso
state and at the transition state, H2 inserted between the oxy
gen end of the hydroperoxy group and the nearest Au a
The motion at the transition stateTS A associated with the
imaginary frequency is mainly an H–H bond stretch le
ing directly to the intermediateB, where this bond has bee
broken. Given the location of the two H atoms, this bo
breaking is also necessarily directly associated with forma
tion of one O–H and one H–Au bond. The energy barrie
reach the transition state is 7.2 kcal/mol above the energ
of intermediateA and gas-phase molecular hydrogen (
Fig. 5).
a cluster

Fig. 5. Energetics and geometries for the catalytic cycle forming hydrogen peroxide over neutral Au trimer from H2 and O2. The final configurationA∗ rotated
by 180◦ is equivalent to intermediateA. Or, the reaction steps can be followed around the cycle a second time (see text) which may be important for
sitting on a support surface that is only accessible from one side.
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Fig. 6. The energy profile (at 0 K without zero-point energy corrections) f
oxygen addition to intermediateC to form intermediateD. Once formed,
the hydroperoxy intermediate rotates out of the Au3 plane and bonds via
the terminal oxygen end to the Au cluster in intermediateD.

3.5. Desorption of hydrogen peroxide

Hydrogen peroxide adsorbed on the Au cluster in in
mediateB requires 8.6 kcal/mol to desorb and leaves behi
intermediateC. This is the largest energy barrier in the c
alytic cycle. The desorption proceeds with relatively low o
no activation energy as there are no strong bonds betw
the hydrogen peroxide molecule and the remaining Au3H2
cluster to break. The peroxide molecule is adsorbed on
edge of the Au3 cluster and is canted slightly above and
low the Au3 plane. Though the energy of desorption is
highest energy step in the formation of hydrogen perox
it is smaller than the most energetic step in the subseq
epoxidation reaction by hydrogen peroxide over TS-1.
previous DFT calculations on epoxidation of propylene
H2O2 gave a maximum barrier height at 15.4 kcal/mol [35].
This implies that the rate-limiting step for the overall re
tion of H2 +O2 +propylene to propylene oxide+ H2O over
Au/TS-1 is not in the formation of H2O2, but in the epoxi-
dation steps. Specifically, it occurs when H2O2 reacts with
an open Ti site of TS-1 to form a reactive hydroperoxy in
mediate.

3.6. Addition of oxygen

Addition of di-oxygen to the intermediateC is de-
tailed in Fig. 6. This reaction step is the most exotherm
(−29.1 kcal/mol) and is the largest single energetic tran
tion of the mechanism. As O2 approaches the Au3H2 cluster,
it pulls off one of the H atoms attached to the cluster. T
nearest distance between an O atom of the attacking
and the H atom attacked was constrained as the reactio
ordinate to determine the energies shown inFig. 6. At a H–O
separation of 1.3 Å, a hydroperoxy fragment formed fr
the approaching oxygen molecule is bonded to the sid
the Au cluster. This fragment is similar to the hydropero
species in intermediateA but is not stabilized by an adja
cent Au–H as is intermediateA. Further reaction allows on
of the oxygen atoms to begin bonding to an Au atom of
n

t

-

Fig. 7. Transition State D (TS D) where the hydroperoxy group is almo
rotated back down into the Au3 plane to form intermediateA.

cluster while the H atom of the hydroperoxy breaks its b
to Au at the other end of the cluster. As the reaction coo
nate continues past 1.3 Å, the OOH fragment now bonde
the terminal O atom to the cluster rotates up out of the p
of the Au cluster. The net effect has been to insert O–O
a Au–H bond with no activation energy. However, the OO
is bonded via oxygen to a different Au atom of the clus
than the original Au–H.

3.7. Closure of the catalytic cycle

The final mechanistic step in closing the catalytic cycle
is the rotation of the hydroperoxy group which is orien
perpendicular to the Au3 plane in intermediateD down into
the Au3 plane to form a geometry equivalent to the start
geometryA. This rotation proceeds through transition st
TS D which requires crossing a small+2.6 kcal/mol energy
barrier.Fig. 7 has details of the transition state geome
Comparison of transition stateTS D with intermediateA
(seeFig. 1) shows that the hydroperoxy group has en
up on a different side of the Au cluster. The true origi
geometry of intermediateA is obtained by rotating the stru
ture 180◦ about an axis lying in the Au3 plane (the axis o
the H–Au bond as indicated inFig. 1, TS D). Formally this
completes the cycle, but as we envision this cycle occur
on a Au3 cluster supported in or on a TS-1 crystallite, th
are a few details to consider. In the particular case of a
ported cluster, only free space on one side of the Au clu
should be available since (a) the support may block the o
side, and (b) rotation of the cluster may not be possible. E
with these two limitations, the cycle ofFig. 1can proceed.

There are two structures with three-dimensional g
metries—intermediatesB andD (and closely relatedTS D,
but if the intermediateD can be accommodated, so can
transition state). IntermediateB is only slightly three dimen
sional due to hydrogen peroxide bonded to one edge o
Au3 cluster. One of the oxygen atoms is slightly above
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Table 1
Thermochemical data for stable configurations, molecules, and transition statesa

Configuration or moleculeh Eb (0 K) (Hartree)g ZPEc (Hartree)g Ud (298 K) (Hartree)g Ge (298 K) (Hartree)g ln(Q)f

1 −406.59371 0.00068 −406.58798 −406.62955 37.95583
2 −556.94161 0.00495 −556.92830 −556.97817 38.71874
A −558.14107 0.02149 −558.11039 −558.16105 21.16261
TS A −559.30129 0.03222 −559.25920 −559.31142 10.73019
B −559.32775 0.03905 −559.27784 −559.33166 4.13386
C −407.77982 0.01302 −407.76034 −407.80362 25.20920
D −558.14377 0.02220 −558.11222 −558.16290 20.26179
TS D −558.14066 0.02206 −558.10910 −558.16089 21.42583
O2 −150.31755 0.00310 −150.31208 −150.33454 17.99215
H2 −1.17174 0.00996 −1.15942 −1.17328 1.63212
H2O2 −151.53418 0.02422 −151.50645 −151.53207 −2.23449

a Vibration along the reaction coordinate (imaginary frequency) is ignoredin the thermal corrections at 298 K.
b Without zero-point energy (ZPE) correctionsadded. Note the predicted energy fluctuation at convergence of these geometries was� 1.0× 10−6 Hartree.
c Zero-point energy.
d U , internal energy with all thermal corrections to 298 K added.
e G, Gibb’s free energy with all thermal corrections to 298 K added.
f Q is the partition function.
g 1 Hartree= 627.5095 kcal/mol.
h SeeFig. 1 for schematic geometries of these configurations.
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Au3 plane and the other slightly below. Since the geometr
only slightly out of plane, it should not interfere with a su
port material. IntermediateD is three dimensional due to th
hydroperoxy group extending up out of the Au3 plane. This
hydroperoxy group can be formed on either side of the
nar starting intermediateC, so this reaction step can avo
steric hindrance from a support surface as well. It rema
to show that the cycle will close without requiring a 18◦
rotation (seeFig. 1, TS D).

Supposing an anchored cluster would not be free to
tate, the intermediateA can be regenerated fromTS D by
simply making another transit of the cycle using the op
site edge of the cluster. GeometriesA′, TS A′, B′, C′, D′,
and TS D′ of the second transit illustrating the chemis
on the opposite side of the Au3 cluster are shown inFig. 8.
Each primed structure is actually identical to the correspo
ing unprimed structure inFig. 1 (rotated by 180◦ about the
axis of the H–Au bond) but is shown here to make the s
ond transit easier to follow. In forming intermediateD′ we
utilize the flexibility of this intermediate to form on eithe
side (face) of the Au3 cluster (vide supra). This shows th
the catalytic cycle can occur on the same side of the Au c
ter without requiring access to theother side and is thus quit
applicable not only to a gas-phase process, but to the ca
a supported cluster as well.

3.8. Thermochemistry

Table 1 shows the calculated thermochemical data
each intermediate and transition state identified above. T
values are the results from Gaussian frequency calc
tions at the same level of DFT theory used to identify
geometries. Internal energy (U ) and Gibb’s free energy (G)
values were calculated for 298.15 K and 1 atm press
The thermodynamics of each reaction step at 298.15 K
f

Table 2
Thermochemical data for reactions

Reaction �Ua (0 K) �Ub (298 K) �Gb (298 K)
(kcal/mol) (kcal/mol) (kcal/mol)

1 + O2 → 2 −19.0 −17.7 −8.8
2 + H2 → A −17.4 −14.2 −6.0
A + H2 → TS A 7.2 6.7 14.4
TS A → B −16.6 −11.7 −12.7
B → C + H2O2 8.6 6.9 −2.5
C + O2 → D −29.1 −25.0 −15.5
D → TS D 2.0 2.0 1.3
TS D → A −0.3 −0.8 −0.1

a Without ZPE correction.
b With all thermal corrections to 298 K added.

1 atm are shown inTable 2. Under these conditions th
H2O2 desorption barrier actually has a negative Gibb’s f
energy change,−2.5 kcal/mol, due to the favorable en
tropic change. The energetic barrier at 0 K for this ste
+8.6 kcal/mol without zero-point energy corrections. T
reaction step with the largest Gibb’s free energy chan
+14.4 kcal/mol, is forming the transition stateTS A after at-
tack of H2 on intermediateA which requires dissociation o
H2 along the reaction coordinate. The net Gibb’s free ene
change for the entire catalytic cycle is−15.2 kcal/mol at
298.15 K and 1 atm pressure. Under these conditions, th
Gibb’s free energy change of the overall entrance channe
action, Au3 + H2 + O2, is −14.9 kcal/mol and as discusse
above is an unactivated process.

4. Conclusions

A complete mechanism for the epoxidation of prop
lene by H2 and O2 over Au/TS-1 catalysts based on DF
calculations can now be put forward for the first time. W
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n
Fig. 8. A second transit of the catalytic cycle shown inFig. 1 to demonstrate regeneration of the starting intermediateA. Each intermediate and transitio
state labeled with a prime is geometrically equivalent (after a “pancake flip” of the Au3 cluster) to the corresponding unprimed structure ofFig. 1. This also
demonstrates that the catalytic cycle can operate using only access to one side of the Au3 cluster.
f hy-
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, V.
92.
believe the mechanism presented above for formation o
drogen peroxide from H2 and O2 over a Au3 cluster gives
a plausible account of the role of Au in this catalyst.
acknowledge that there may be other reaction paths to pr
lene oxide. Certainly this explanation is at odds with exis
notions that relatively larger Au nanoparticles (∼2 nm) are
most active for epoxidation. However, experimental work
our laboratory has shown that besides the visible Au s
in TEM images of the Au/TS-1 system, there is a gr
deal, possibly 80% of the Au present, which is smaller t
1 nm [57]. A bare Au3 cluster has a diameter of appro
imately 0.3 nm. Even with additional reacting adducts
would fit inside the 0.5-nm TS-1 pore system in proxim
to active Ti epoxidation sites. The Au3 cluster could also
anchor on the external surface of the support. A small
cluster with access to H2 and O2 could provide a supply o
in situ-generated H2O2 for reaction with propylene. Cou
pled with our recently published mechanism, based on D
calculations, for propylene epoxidation via a hydroper
intermediate on Ti sites adjacent to Si vacancies[35], these
two mechanisms give a viable account of the formation
propylene oxide from propylene in this system. Even if t
picture is not the explanation for current Au/TS-1 cataly
-

there is good reason to consider new materials based o
mechanism, and work continues in our lab on these idea
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