LONRIILLBUANIYLAY 1

gﬂuuuﬂnsﬂﬂaﬂuaﬁbaugsnf

dnwan 1%
Taldzna. laldana.

swmm‘iﬁmﬂ'uawgirﬁ

TATIMT e

A a A =
Laaw U ﬂLﬁi"ﬂIﬂiﬂﬂ']i

Unuanlinszauiuia aniiFoddn

a a v 1 : dl a o
gwln NIQIﬂ &N, §¥ND. WNINVBLUH 1 W) LLNZ%ﬂIﬂ'S{Iﬂ’]‘STﬂU

wwanle

swmm‘iﬁmﬂ'uawgirﬁ

TATIMTee e

¢

=
=3

aﬁum&tﬂ@ SRITHNIIUA m:ﬂﬁillﬂ’ﬁﬂ'ﬁq@maﬂ FUATFENIIUN aw}uaﬁua@um%

=, &« 9 o ie & v & a
(ﬂ']’]&lLW%’L”I«LYWUJ']M%L]J"I«L‘UENE'N]U A/ND. LA ﬁm."l,mmﬂumaamummaua‘lﬂ




UNANED

sHalasan1s: MRG5980142

A % [ & ° % A 1 AAa 1
’ﬁ'ilfﬂ‘i\‘]ﬂ’]i: mswmmmqﬂuga dmsun1la El%1‘lJT€l Lamuaagm‘sm&mugam

¥ aaa =
alnIead

'
o A e

FDWNIVY UWAZTADIW: AT. NISWE LDIINDI AAIBILAN AZINYIATFASUAS

walulad awdneravnaluladnzasaasyy’
2 3
alNa: karan_b@rmutt.ac.th
3x8z12a11A39N13: 2 WeBAIAN 2559 119 1 WOBAIAN 2561

Unanga:
a v cj’dv a
lunuidpiiiaglszasdluniseanuuueyniauiluvadlansuaunasuazniaiiow
(Au-Pd nanoparticles) Uazaun1Au1luaadlanzHaNNILAZII% (Au-Ag nanoparticles) Lo
NINTMIBNDTWAVEI ensemble effect WAz ligand effect daUszanTAIWAITLTIUHATLN
aandiatuues lulalenmueaaluszdsuitTnianlinauiiiaes (computational chemistry) Wae
wwudraesiaiiowdisvasizgiiaiduuwinsludiamzianiad jAsendana1n (experimental
study) NMNUUNARBUNIRIATITA BTN AG Laanaziafinasdinaannlulataniues i besasas
A o & o A a ' ¢ < & X A =
PaIndaniuazTasazraimufaniiagauinnii 96 wWedidud uanainitaziinsdinsinaln
a aaa a s v a a v &
nmatiedfiseneendiatueslulataniuasdissziisuitnmanlseufaassaneds F9a1n
° [ ' ° v o A P £ = o { o o <
Han1IdwImaInaazi g lanalnnisfad jAseruandu iludeyandranguazidu

wwanalunireanuuudnisljisosialansnaufiddninwgsdmivd jitonalan g
dold

AN agmﬂmiumaﬂammumma:wwa%ﬁw NaILAIW 0:TNa0 baa lwulalaniuwaa



Abstract

Project Code : MRG5980142

Project Title : Advanced Materials for Catalytic Conversion of Bioethanol to Valuable

Chemicals
Investigator : Dr. Karan Bobuatong
E-mail Address : karan_b@rmutt.ac.th
Project Period : May 2™ 2016 to May 1% 2018

Abstract:

The catalytic conversion of bioethanol to valuable chemicals is a promising trend in the
sustainable chemistry because the chemical industry intends to make a gradual shift from
fossil to renewable resources. We are therefore going to develop the efficient catalysts, Au—
Pd and Au-Ag bimetallic nanoparticles for the selective oxidation of bioethanol using
combined theoretical and experimental studies. The roles of ensemble (geometric) and ligand
(electronic) effects towards the reactivity of bioethanol conversion will be systematically
investigated by means of state-of-the-art quantum chemical techniques. Subsequently, the
reaction mechanisms that govern the reaction rate and product selectivity are planned for
investigation using the novel molecular modeling and cutting edge simulations. The catalyst
preparation, characterization and catalytic testing will be performed according the
experimental techniques adopted from our previous studies. Finally, the evaluation of the
results obtained from theoretical and experimental studies will be performed in order to
understand the structure-activity relationship of bioethanol conversion on Au—Pd and Au-Ag
bimetallic nanoparticles. The fundamental factors including the detail of the mechanistic,
energetic and electronic properties of the selective oxidation of bioethanol will be better
understood. They will be basic knowledge that is important to expand the scope of bioethanol
utilization to high value chemicals, especially, in the country which has abundant agricultural

resources such as Thailand.

Keywords : Au—Pd Au—Ag bimetallic nanoparticles acetaldehyde bioethanol



Executive Summary
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Results and Discussion

1 Structures of Aug and AugPd,

To validate the reliability of our computational method, we first performed structural
optimization for various two-dimensional (2D) and three-dimensional (3D) Au8 isomers. The
optimized structures of Aug isomers are shown in Figure 1. and the relative energies are
compiled in Table 1. As compare the relative stability among Au8 isomers, it is found that the
two-dimentional with D4, symmetric structure of Au8 is the lowest energy structure which is
separated by 3.8 kcal/mol from the next higher Cs symmetric isomer. This planar structure is
in agreement with the guide line for the study of the dimensionality gold clusters in which
neutral gold clusters, Au,, have a planar structure for n < 8, whereas the crossover from
planarity to nonplanarity occurs at clusters larger than Aug. It appears that the calculated
average nearest-neighbor bond length of gold atoms is 2.80 A, which is in agreement well

with previous experimental (2.79 A) and theoretical studies (2.69-2.77 A).

Au_2D_1 Au_2D 2 Au_2D 3

Dgn C2V CZV
q I
Au_2D_4 Au_3D_1 Au_3D_2
Cv Cg Cs
< 8 2| .'.1 2
4 8 3 4 ‘ -
Au_3D_3 Au_3D_4 Au_3D_5
CZV CZV C1
Au_3D_6 Au_3D_7
Cav Tq

Figure 1. Optimized structure of various two-dimentional (2D) and three-dimentional

(3D) Aug isomers



Table 1. The relative energy of different 2-dimentional (2D) and 3-dimentional (3D) Aug

: . -1
isomers. All values are shown in kcal mol .

Structure Energy (kcal mol™)
Au_2D 1 0.0
Au_2D 2 12.3
Au_2D 3 31.0
Au_2D 4 18.9
Au 3D 1 3.8
Au_3D 2 14.4
Au_3D_3 20.1
Au_3D 4 12.8
Au_3D 5 26.3
Au_3D_6 15.3
Au_3D_7 7.4

The distribution of Mulliken charges presented in Figure 2a. indicates that the charge
distribution is not uniform over all the atoms of Au8, as high electron densities appear at the
apex sites where the gold atoms are less coordinated, and the highly coordinated gold atoms
have a lower electron density. The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) of planar D,, symmetric Aug, which are depicted in
Figure 2b, reveals that HOMO is localized at low-coordinated gold atoms. This result
demonstrates that Metiu and co-workers correctly predicted the electron distribution
characteristics of the gold clusters in which the valence electrons of gold clusters are not
localized at the planar surface, but at the apex, corner and step. It is worthy of note that
although an elegant theoretical study which describes the need of basis sets toward the
complete limit (CBS) beyond the MP2 and CCSD(T) level of theory on the prediction of
dimensionality of Aug were reported these computational methods are not the practical
choices for simulating the reaction mechanisms catalyzed by gold clusters due to the high
computational demand. The hybrid meta-GGA functionals such as M06 functional employed
in this study provides the similar tendency of electronic properties in comparison with those of
reported experimental and theoretical studies as well as allowing computations to be
completed in an affordable time. Based on previous studies together with our results
described above, it is reasonable to expect that the computational method in the present
study would be appropriate for further investigations into the aerobic oxidation of benzyl

alcohol.
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value is 0.02 electron/A3).

To obtain the AugPd, bimetallic NCs, two Pd atoms are substituted on various
positions of the most stable and the second-most stable isomers of Au8 (Au_2D_1 and
Au_3D_1). The lowest energy of AugPd, are shown in Figure 2a. with more optimized
structures and the relative energies are provided in the Supporting information (Figure S1 and
Table S1). The most stable structure found for AugPd, maintains the nonplannar Cs
symmetry in which two Pd atoms are located on the adjacent position. We found that the
introduction of two Pd atoms in Aug clusters is sufficient to shift the 2D-3D transition to lower
nuclearities compared to pure gold clusters and slightly enhances the Mulliken charge on the
neighbor Au atoms due to the lower electron affinity of the Pd atoms. This characteristic of
AugPd, could facilitate electron density transfer into the 2TT* orbital of O, and inducing the

binding of O, to AugPd, cluster which are described in the following section.



2 Benzaldyhyde formation: pathways and energetics

The adsorption of the alcohols and O, on catalysts are considered as a primary step
for the sequent aerobic oxidation of alcohols. We first study their adsorption behavior on Aug
and AugPd, clusters. The optimized adsorption complexes are shown in Figure 3 (Ads_A and
Ads_B) and the structural parameters are provided in Table 2. After the isolated catalyst
clusters are optimized, O, is initially placed on the apex Au atom which possess the highest

negative charge followed by coadsorption with benzyl alcohol molecule.
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Figure 3. Calculated energy profile and optimized structures for the aerobic oxidation of
benzyl alcohol to benzaldehyde over Aug and AugPd,, Part I. All energy

values are shown in kcal mol-1 and distances are expressed in A.

This adsorption mode of O, has recently been reported as the initial step for the

oxidation of methanol on gold clusters because it shows a pronounced cooperative



AusPd2

HOMO LUMO

Figure 4. Calculated energy profile and optimized structures for the aerobic oxidation of
benzyl alcohol to benzaldehyde over Aug and AugPd,, Part I. All energy

. -1 . .2
values are shown in kcal mol and distances are expressed in A.

effect in the activation of molecular oxygen and possesses highly catalytic activity for the
oxidation of methanol. Similarity, we found that O, acts as the charge acceptor from the Au8
and Au6Pd2 as providing evidences that Mulliken charges on apex Au atoms attached to O2
decrease from 6q = -0.098 to -0.079 and 6q = -0.110 to -0.065 for Au8 and Au6Pd2
cluster, respectively (Table 2) whereas the charges on the O2 molecule increase to 5q = -
0.219 and 6q = -0.234 with respect to free 02 (5q = 0.0) for Au8 and Au6Pd2 cluster,
respectively. Moreover, the overlapping of LUMOs between catalyst clusters and O2 of
adsorption complexes depicted in Figure 4. also indicate the possibility of electron transfer
from catalysts clusters to 2TU* of adsorbed O2. As the results, the O-O bond of the adsorbed
02 molecules are increased to 1.27 A and 1.30 A for Au8 and AugPd, cluster, respectively.
These O—0 bond lengths are elongated to the value between that of the experimental values
of 02 (1.207 A) and 02— (1.347 A ) molecules. These results suggest that the electronic
structure of the adsorbed O2 molecules are influenced by electron transfer from catalyst
clusters, leading to the formation of a superoxo-like species which was experimentally

observed as an active species in the selective oxidation of alcohol.60



As shown in Figure 3, The calculated adsorption energy of O, and benzyl alcohol on
AugPd, cluster is predicted to be 28.9 kcal mol-1 which is larger than that of obtained in the
case of Aug cluster for 11.9 kcal mol-1. These results can be understood by analyzing the
frontier molecular orbitals and charges on atoms of both adsorption complexes. Figure 4
shows that the HOMOs of bimetallic cluster are mostly located on Pd atoms and contacts
with HOMOs of benzene fragment of benzyl alcohol whereas this characteristic is not
observed over Au8. Moreover, the Mulliken charges analysis confirms that there are charges
transferred from the benzene fragment of benzyl alcohol to Pd atoms in which the charges on
the Pd atoms decrease from 6q = 0.147 to 0.101. These results imply that once the
adsorption complex between benzyl alcohol and O2 on gold-rich Au—Pd bimtallic surface is
formed, the interaction between positively charged Pd atoms and benzyl alcohol via Tt-bond
interaction and electrons transfer from catalyst cluster to O, are crucial to stabilize such

adsorption complex.
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Figure 5. Calculated energy profile and optimized structures for the aerobic oxidation of
benzyl alcohol to benzaldehyde over Aug and AugPd,, Part Il. All energy

. -1 . e
values are shown in kcal mol and distances are expressed in A.



The roles of Pd are not only to enhance the electron density on the neighbor gold
atoms and responsible for the stability the adsorption complex over AugPd,, but also
significantly stabilize the corresponding transition structures. As can be seen in Figure 3, it
appear that in the present of two Pd atoms of Au6Pd2, the transition state of H—abstraction
by a superoxo-like species (TS_1B) is significantly more stable than that of Au8 (TS_1A)
resulting in ~2.5 orders of magnitude of activation barrier lower than Au8 catalyst (5.1 vs.
13.5 kcal mol-1). The 2D to 3D evolution of gold cluster in TS_1A is not a surprise since the
fully relaxed geometry optimization can change the cluster geometry considerably and/or its
charge distribution, especially the adsorption near the apex, corner and edge sites.
Consequently, the transition structure reorients itself to form the interaction between and
benzene fragment of benzyl alcohol and gold cluster. The transition states lead to the
formation of a hydroperoxyl-like species, AUOOH, (Int_1A and Int_1B) which is considered as
the key reagents/intermediates in the oxidation of alcohols. The adsorption energies of these
intermediates are estimated to be -10.7 and -25.3 kcal mol-1 for Au8 and AugPd,,
respectively. The difference in the stability of the intermediates can be explained by the fact
that the benzylic alkoxide in the latter case occupies a bridge position between two positively
charged Pd atoms resulting in the stronger interaction which is also indicated by shorter bond
distance of O—Pd compared with O—-Au (2.17 vs 2.25 A) [discuss charges]. Subsequently,
these key intermediates can be transformed to either benzaldehyde and H,O (Figure 3) or
benzaldehyde and H,O (Figure 5) via the Hp-abstraction. Our calculation shows that the
benzaldyhyde formation is energetically prefer to proceed via TS_3A and TS_3B (Figure 5) in
which Hg being abstracted by the same oxygen atom involved the O-H bond dissociation of
benzyl alcohol in the first transition state yielding as a consequent benzaldehyde and H,O
coadsorp on the catalyst clusters. This elementary mechanism can be achieved by using the
activation barriers of 18.0 and 8.4 kcal mol-1 for Au8 and AugPd,, respectively. Our
calculated result is in comparable well with an experimental observation in which the use of
molecular oxygen as oxidant in the oxidation of alcohols generates water as the byproduct.
After overcoming the small barriers, TS_3A and TS_3B, benzaldehyde and H,O can be

desorbed leaving chemisorbed atomic oxygen in the bridge positions on Aug and AugPd,.
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Figure 6. Calculated energy profile and optimized structures for the aerobic oxidation of
benzyl alcohol to benzaldehyde over Aug and AugPd,, Part Ill. All energy

values are shown in kcal mol-1 and distances are expressed in A

It is seen from Figure 6 that the chemisorbed atomic oxygen can be directly removed
by the reaction with another benzyl alcohol. We further propose reaction pathway of
benzaldyhyde formation which is generated in the same manner with reaction mechanisms
described above, O-H bond dissociation followed by Hpg-abstraction of benzyl alcohol. This
elementary mechanism is initiated by the adsorption of benzyl alcohol on catalysts forming
the hydrogen bond between hydroxyl group and chemisorbed atomic oxygen with the
calculated adsorption energies of -28.7 and -38.2 kcal mol-1 for Aug and AugPd,,
respectively. The adsorption energies are substantially affected by charge distribution and the
relaxation near bridge positions of chemisorbed atomic oxygen. Table 4 shows that the
charge distribution to chemisorbed atomic oxygen on Au6Pd2 is more pronounced than Au8
(5q = -0.663 vs -0.612) leading to a strong hydrogen bonding and yielding a more stable
adsorption complex. In the transition state, the O—H bond of benzyl alcohol is activated by
chemisorbed atomic oxygen. We observe the dissociation of the O1-H1 bond and the

association of the O3—H1 bond, respectively. As summarized in Table 4, the O1-H1 bond is



lengthened from 0.97 to 1.18 A and 0.99 to 1.10 A for Aug and AugPd,, respectively,
whereas the O3-H1 distance contracts to 1.20 A and 1.35 A for Aug and AugPd,,
respectively. In this configuration, the chemisorbed atomic oxygen is moved closer to the
apex gold atom meanwhile the phenyl group of benzyl alcohol is only slightly affected in the
course of the progression of the reaction. The activation barriers taken with respect to the
adsorption complex are predicted to be 10.7 and 3.6 kcal mol-1 for Aug and AugPd,,
respectively. These values are slightly lower than 13.5 and 5.1 kcal mol-1 obtained from O—
H bond dissociation by superoxo-like species (TS_1A and TS_1B). Again, an explanation for
the low activation barriers of this elementary step is suggested by the difference in charge
distribution for the chemisorbed atomic oxygen on catalyst clusters. For example, the
negative Mulliken charge on chemisorbed atomic oxygen of the Int_4A and Int_4B are larger
than that on the O1 atom of superoxo-like species in the Ads_A and Ads_B (-0.612 vs. -0.578
and -0.663 vs. -0.580). Thus, the O-H bond cleavage activated by chemisorbed atomic
oxygen is kinetically preferable than the superoxo-like species.

Table 2. Selected interatomic distances (A) and charge parameters (Mulliken charge on

atom) of adsorption complex, intermediates, transition states, and products for the

aerobic oxidation of benzyl alcohol to benzaldehyde, Part I, on Aug and AugPd,.

Adsorption 1 TS Int_1 29 TS Product

Ads A Ads B TS 1A TS 1B Int 1A Int 1B TS 2A TS 2B Pro A Pro B

Roi-m1 0.98 0.99 1.08 1.32 2.36 1.80 4.39 3.89 3.90 2.02
Roz-m1 1.85 1.72 1.38 1.10 0.98 0.99 0.97 0.97 0.97 0.98
Roz-03 1.29 1.30 131 1.34 1.44 1.37 1.42 1.41 1.44 1.44
Ros-au 2.23 2.23 2.15 2.12 2.08 2.10 2.17 221 4.82 241
Roz-+2 4.12 3.74 3.10 2.83 511 3.75 2.17 2.26 1.84 1.90
Ros-H2 4.93 4.73 4.22 4.05 6.07 4.79 1.37 1.76 0.98 0.98

Rc-o1 1.40 1.40 141 1.40 1.42 1.41 1.33 1.34 1.22 1.23

JAu -0.079 -0.065 0.081 0.008 0.103 -0.049 0.087 -0.005 -0.104 -0.048
Jo1 -0529 -0.524 -0.581 -0.592 -0.578 -0.580 -0.538 -0.499 0.423 -0.513
Jo2 -0.239 -0.266 -0.338 -0.295 -0.349 -0.283 -0.300 -0.293 -0.296 -0.318
Jos -0.219 -0.234 -0.256 -0.274 -0.384 -0.311 -0.401 -0.352 -0.366 -0.310
Q1 0.357 0380 0473 0490 0.390 0407 0368 0366 0.384 0.377
Qn2 0.077 0.094 0146 0.125 0.136 0.143 0311 0.243 0.393 0.388
Jpa1 - 0.010 - 0.174 - 0.202 - 0.193 - -0.007
Jpd2 - 0.010 - 0.039 - 0.202 - 0.099 - 0.060

The resulting benzylic alkoxide occupy a bridge position on Au8 and Au6Pd2 as it
was found in Int_1A and Int_1B. Subsequently, the Hp being transferred to a surface

hydroxyl group with the optimized C-Hg distances of 1.28 and 1.15 A for Aug and AugPd,,



respectively meanwhile the C—O bond length shortens to ~1.34 A, indicating the characteristic

of carbonyl

Table 3. Selected interatomic distances (A) and charge parameters (Mulliken charge on
atom) of intermediates, and transition states for the aerobic oxidation of benzyl

alcohol to benzaldehyde, Part I, on Aug and AugPd,.

Int 1 39TS Int 2 Int 3

Int 1A Int 1B TS3A TS3B Int2A Int2B Int 3A  Int 3B
RowHt 2.36 1.80 3.48 4.12 3.17 2.19 - -
Roz-Ht 0.98 0.99 0.98 0.94 0.97 0.96 - -
Roz-03 1.44 1.37 1.43 1.47 2.76 2.78 - -
Ros-Au 2.08 2.10 2.16 2.09 2.04 2.10 - -
Roz-Ho 5.11 3.75 1.28 1.35 0.97 0.97 - -
Ros+2 6.07 4.79 2.14 2.41 1.87 1.86 - -
Re.o1 1.42 1.41 1.31 1.37 1.22 1.23 - -
Jau 0.103  -0.049  0.039 -0.035  0.247 0112  0.226 0.070
o1 0578  -0.580  -0.494 0593 -0.398  -0.408 - -
Joz -0.283  -0.349  -0.280 -0.414  -0.651  -0.682 - -
Jos -0.384  -0.311  -0.353 -0.321 -0.654 -0.586  -0.502  -0.545
Qht 0.390 0.407 0.405 0.412 0372 0.347 - -
Qhz 0.136 0.143 0.347 0.145 0.343  0.378 - -
Opar - 0.202 - 0.207 - 0.138 - 0.277
Opa2 - 0.202 - 0.207 - 0.175 - 0.277

group producing benzaldehyde and H,O coadsorp on catalyst clusters. Comparing the

activation barriers between proposed reaction pathways, we found that the elementary
mechanism of Hp-abstraction requires more activation energies than that of the O-H bond

dissociation for both catalysts. The similar trends has been recently reported by experimental
and theoretical studies that the presence of chemisorbed oxygen atoms on the gold
nanoparticles has a strong influence on the first step of the reaction, decreasing the activation
energy for deprotonation of the alcohol hydroxyl group, but less enhance the dissociation of
the C-Hg bond. Therefore, the latter step can be considered as the rate determining step for
alcohol oxidation on gold nanoclusters. Consequently, the products, benzaldehyde and H,O
are adsorbed at catalyst clusters with the calculated adsorption energies of -37.2 and -55.2
kcal mol-1 for Aug and AugPd, respectively. These predicted reactions are exothermic,
benzaldehyde and H,O require desorption energies of 21.1 and 24.8 kcal moI'1 for Aug and
AugPd,, respectively. Overall, reaction profiles presented in this study show that the presence

of Pd in AugPd, bimetallic cluster can significantly enhance the overall catalytic activity



Table 4. Selected interatomic distances (A) and charge parameters (Mulliken charge on

o

atom) of intermediates, transition states, and products for the aerobic oxidation of

benzyl alcohol to benzaldehyde, Part lll, on Aug and AugPd,.

Int_4 4" TS Int_5 5" TS Product

Int 4A Int 4B TS 4A TS 4B Int 5A Int 5B TS 5A TS 5B Pro 2A Pro 2B
Rowmn  0.97 099 118 110 520 236 4.08 443 3.17 2.06
Rostn 231 173 120 135 097 097 139 o097 0.96 0.97
Rozar 205 319 204 194 207 203 213 2.07 3.65 3.67
Roswz 459 333 370 378 616 454 139 215 0.97 0.96
Re o 141 138 140 142 141 141 134 135 1.22 1.23
Jau 0.196 0.195 0.197 0.112 0.007 0.077 0.094 0.082 -0.088 -0.139
Jo1 -0.506 -0.580 -0.502 -0.570 -0.524 -0.573 -0.537 -0.560 -0.405 -0.461
Jos -0.612 -0.663 -0.610 -0.652 -0.609 -0.646 -0.612 -0.634 -0.641 -0.576
Qs 0.372 039 0.320 0.490 0.320 0.340 0.346 0.328 0.356  0.364
Qhz 0.112 0126 0.111 0224 0.124 0149 0235 0304 0.362 0.365
pa1 - 0279 - 0266 - 0281 - 0.257 - 0.097
pa2 - 0279 - 0.093 - 0281 - 0.081 - -0.023

compared to Aug. This result can comparable well with the reported experimental study that
the enhancement in the selectivity and conversion towards benzaldyhyde observed for gold-
rich Au—-Pd catalysts, being maximized for Augo—Pd,q, rather than for palladium-rich ones. In
addition, the reaction mechanisms involved the hydride transfer directly to gold and palladium
forming Au—H and Pd-H as intermediates on catalyst clusters enriched in the palladium
atoms are of interesting. Further comprehensive investigations of the reaction mechanisms
are underway. Finally we hope that our simplified investigation for aerobic oxidation of benzyl
alcohol to benzaldehyde might help advance the development of designer multimetallic

catalyst for aerobic oxidation of alcohols.

4. Conclusions

In the present study, we have shown how the presence of Pd in Au—Pd nanocluster

can significantly affect the reaction mechanisms of the aerobic oxidation of benzyl alcohol to

benzaldehyde. Our results can be summarized as follows:



1. The reaction is initiated by the activation of O, molecule on a low-coordinated Au atom
forming a peroxide-like species followed by the hydrogen abstraction from the hydroxyl group
of benzyl alcohol. Subsequently, C-Hg bond dissociation occurs to produce either
benzaldyhyde and H,O, or benzaldyhyde and H,O. Gold nanocluster has been demonstrated
as an effective catalyst for the reaction, however significant improvement in the stability of the

adsorbed substrates has been observed upon incorporation of Pd.

2. The promotional roles of Pd involve the enhancement in the electron distribution to next-
nearest-neighbor gold atom that facilitates the activation of O, and substantially affects to the
stability the adsorption complex and transition states yielding as a consequence the low
activation barriers compared to gold nanocluster. The difference in activation energy barrier is

also reasonably interpreted by the NBO analysis of the transition states.

3. Our calculations indicate that the reaction preferentially proceeds via deprotonation of O-H
bond of benzyl alcohol followed by C-Hg bond dissociation producing benzaldehyde and
H,0O. Another possible reaction pathway for H,O, formation can also be responsible for the

reasonable catalytic activity of this reaction because of the low activation barrier.

4. The calculated energy profiles show that the activation of the O—H bond of benzyl alcohol
is significantly facilitated by the presence of active oxygen species bound to the catalyst
nanoclusters (superoxide-like and chemisorbed atomic oxygen species,), while the effect on
the barrier for C—HB bond dissociation is much less. Thus, the latter step is considered to be

the rate determining step which is also in agreement with experimental observations.
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