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ABSTRACT: Achieving complete substrate specificity through multi-
ple interactions like an enzyme is one of the ultimate goals in catalytic
studies. Herein, we demonstrate that multiple interactions between the
CeO, surface and substrates are the origin of substrate-specific
hydration of nitriles in water by CeO,, which is exclusively applicable
to the nitriles with a heteroatom (N or O) adjacent to the a-carbon of
the CN group but is not applicable to the other nitriles. Kinetic studies
reveal that CeO, reduces the entropic barrier (TAS%) for the reaction
of the former reactive substrate, leading to 10’-fold rate enhancement
compared with the latter substrate. Density functional theory (DFT)
calculations confirmed multiple interaction of the reactive substrate
with CeO,, as well as preferable approximation and alignment of the
nitrile group of the substrate to the active OH group on CeO, surface.
This can lead to the reduction of the entropic barrier. This is the first
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example of an entropy-driven substrate-specific catalysis of a nonporous metal oxide surface, which will provide a new design

strategy for enzyme-inspired synthetic catalysts.

KEYWORDS: cerium oxide, heterogeneous catalysis, hydration, substrate specificity, nitrile

1. INTRODUCTION

Mimicking the catalytic machinery of biological s?rstems in
synthetic chemistry is a special challenge for chemists.” Enzymes
are capable of 10°—10"°-fold rate enhancement for reactions of a
specific substrate (substrate specificity). The rate enhancement is
achieved by multiple interactions (H-bonding, electrostatic
interactions, 7-stacking, hydrophobic or hydrophilic interactions,
etc.) between reactive sites and substrates, which causes
transition-state-like conformation of substrates relative to the
catalytic centers. In order to achieve substrate-specific organic
synthesis, various enzyme-inspired artificial catalysts have been
reported.” Despite great efforts being made in this field, achieving
the sufficient level of selectivity comparable to enzymes is still
challenging even in molecular catalysis. Bols and co-workers®*®
exemplified the highest substrate specificity (193-fold rate
enhancement) for hydrolysis of nitrophenyl glycosides using
cyclodextrin derivatives. However, the level is far from that of
enzymes. The substrate specificity in similar sized substrates is
more challenging. Baba and co-workers,”® and Maruoka and co-
workers® demonstrated efficient cage-shaped homogeneous
catalysts, which showed the high substrate specificity (28-fold
and 11-fold, respectively). On the other hand, unmodified
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inorganic catalysts such as metal oxides usually have difficulty in
achieving enzyme-like substrate specificity. Porous materials
such as zeolites,” microporous heteropolyacids,* TiO,-incorpo-
rated porous SiO,° and microporous titanosilicate® can
recognize large differences in the substrate sizes mainly by
repulsive steric effects using the rigid pocket. However, the
substrate specificity (<10°-fold) is far from that of enzymes, and
these systems cannot recognize a slight difference in the substrate
structure. Organic-functionalized porous materials” were also
reported, which however suffer from the same problems as
above. In order to recognize the slight difference between the
substrates with a similar structure like structural isomers, Tada
and co-workers® and Katz and co-workers’ successfully
developed well-designed molecular-imprinted SiO, modified
with organic function groups and/or metal complexes, where
both repulsive steric effect between the substrate and SiO,-wall
and attractive interaction between the substrate and the catalytic
species worked effectively to afford the substrate specificity
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(<10*fold). These artificial catalytic systems failed to attain
enzyme-level (10°~10"-fold) rate difference.

Considerable efforts have been devoted to reveal the
mechanism which describes how the enzyme-catalyzed reactions
show a higher rate than noncatalyzed systems. For intramolecular
reaction, most of the researchers claimed that the main factor of
rate enhancement is reduction of the activation enthalpy (AH%),
which is related to stabilization of the transition state.'® However,
for two substrate reactions, an enzyme must gather two
substrates from dilute solution and bind them in a configuration
that is conducive to reaction. This approximation effect brings
about reduction of entropic barrier (TAS%), which will in
principle produce a large rate enhancement.'’ Wolfenden and
co-workers'? reported that 10-fold rate enhancement in peptide
bond formation by ribosome was entirely driven by rendering
TAS%} more preferably without change of AH¥, which indicates
that the approximation effect through multiple interactions is
responsible for the reduction of the activation barrier (AG%).
The effect of the entropic barrier on the rate difference between
different substrates remains unexplored in the fields of both
enzyme and artificial catalysis, although studies on the enthalpy/
entropy effects on substrate-specific catalysis will afford new
concept in molecular recognition in catalysis.

Recently, we reported preliminary results on substrate-specific
nitrile hydration in water by a nonporous metal oxide, CeO,." 2-
Cyanopyridine, as a specific substrate, was quantitatively
converted to the corresponding amide under enzymatic
conditions (i.e., in water, pH 7, ambient temperature), and the
reaction followed pseudo-Michaelis—Menten type kinetics.'* In
our continuous effort to investigate the mechanism of this
system, we report herein that CeO, shows significant rate
enhancement for hydration of specific nitriles with a heteroatom
(N or O) adjacent to the a-carbon of the CN group. The reaction
rate of 2-cyanopyridine is 10’-orders of magnitude higher than
that of 4-cyanopyridine, which is achieved entirely by rendering
TAS%, whereas AH1: is similar between these nitriles. DFT study
shows that multiple interactions between the reactive substrate
and CeO, surface, and the approximation and alignment effect
are responsible for the unprecedented substrate specificity.

2. RESULTS AND DISCUSSION

Substrate-Specific Catalysis of CeO,. First, we compared
the intrinsic reactivity of 2-cyanopyridine and 4-cyanopyridine
for hydration by a conventional base catalyst (1 M NaOH) at 40
°C. Under the conditions in Scheme 1, the reactions of 2-
cyanopyridine and 4-cyanopyridine provided the corresponding
amides in 38% and 58% yields, respectively. This indicates that
the intrinsic reactivity of 4-cyanopyridine for nitrile hydration is

Scheme 1. Hydration of 2-Cyanopyridine and 4-
Cyanopyridine by NaOH Catalyst
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higher than that of 2-cyanopyridine. By contrast, in the presence
of CeO, (Table 1) 2-cyanopyridine gave higher yield of >99% at
30 °C (entry 1) than 4-cyanopyridine (4%) at 100 °C (entry 11).
Next, a competitive reaction using both 2-cyanopyridine and 4-
cyanopyridine as substrates was carried out at 60 °C (Scheme 2).

Table 1. Hydration of Various Nitriles over CeO,”
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“Reaction conditions: nitrile (2 mmol), CeO, (30 mg), H,0 (3.0 g),
air. Yield of amide was determined by GC. bSolvent: H,0/EtOH =1/
1. “CeO, calcined at 600 °C was used.
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Scheme 2. Competitive Hydration of Cyanopyridines
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2-Cyanopyridine was converted to the corresponding amide in
99% yield, while 4-cyanopyridine remained intact. To further
investigate generality in the substrate-specific catalysis of CeO,,
the scope of substrates for CeO,-catalyzed nitrile hydration was
examined as summarized in Table 1. 2-Cyanopyridine derivatives
with various substituents (entries 1—4), cyanopyrazine (entry S),
2-pyrimidinecarbonitrile (entry 6) and 1l-isoquinolinecarboni-
trile (entry 7) were effectively hydrated to the corresponding
amides in high yields (92 - >99%). Slmllar reactivity tendency
was observed in other catalyst systems,'* although the difference
of the reactivities between reactive substrates and less reactive
ones is much smaller than that of CeO, system. 2-
Furancarbonitrile (entry 8) and methoxyacetonitrile (entry 9)
also reacted to afford the corresponding amides in good yields.
The reactive substrates (entries 1—9) have a common structure:
a heteroatom (N or O) adjacent to the a-carbon of the CN
group.
R2
1
R\X)\CN
(X=N, 0)

On the other hand, nitriles with a heteroatom adjacent to the
- or y-carbon of the CN group, 3-cyanopyridine (entry 10), 4-
cyanopyridine (entryll), 2-pyridineacetonitrile (entry 12), 3-
furancarbonitrile (entry 13), 3-methoxypropionitrile (entry 14),
and 2-quinolinecarbonitrile (entry 15), showed no or less
reactivity even at 100 °C. Nitriles without any heteroatoms,
valeronitrile (entry 16) and benzonitrile (entry 17), were
completely unreactive at 100 °C. These results suggested that a
heteroatom (N or O atom) adjacent to the a-carbon of the CN
group is indispensable for the progress of the reaction.
Furthermore, a slight difference of the structure strongly changes
the reactivity. Exceptions for the above classification are shown in
entries 18—20, where nitriles with a N atom adjacent to the a-
carbon of CN group, dimethylaminoacetonitrile (entry 18), 1-
cyanomethylpiperidine (entry 19) and 2-cyanopyrrole (entry
20) gave low reactivity. Comparison of the structures of above
reactive nitriles (entries 1—9) with those of dimethylamino-
acetonitrile and 1-cyanomethylpiperidine (entries 18 and 19)
suggests that the steric hindrance around the N atom adjacent to
the a-carbon of the CN group is unfavorable for the reaction. In
the case of 2-cyanopyrrole, weaker basicity of N atom of the
pyrrole than N atom of pyridine or O atom of furan, which is due
to delocalization of the lone pair of N atom in pyrrole through 7-
conjugation, will be unfavorable for adsorption of the substrate.
In summary, tentative conclusions on the structure—reactivity
relationship can be drawn as follows:

(1) Reactive substrates possess a heteroatom (N or O)
adjacent to the a-carbon of the CN group, whereas other
nitriles are unreactive.

(2) Exceptions to the above classification are nitriles with
sterically hindered substituents at the heteroatom (N or
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O) adjacent to the a-carbon of the CN group, which has
low reactivity.

Further discussions on these phenomena will be given on the
basis of the following studies on kinetics and DFT calculations.

Eyring Plot. To quantitatively discuss the substrate-specific
hydration of nitriles by CeO,, kinetic studies were examined
using 2-cyanopyridine and 4-cyanopyridine as model substrates.
We previously showed that the reaction of 2-cyanopyridine on
CeO, follows the Michaelis—Menten type kinetics."> The
reaction can proceed via a nitrile—CeO, adsorption complex
derived from the equilibrium reaction between a free nitrile and
CeQ, surface.

Arrhenius parameters for CeO,-catalyzed reactions of 2-
cyanopyridine and 4-cyanopyridine were compared in Figure S1.
Both reactions provided linear Arrhenius plots, and the activation
energies (E,) and the frequency factors (A) for 2-cyanopyridine
and 4-cyanopyridine were 81.7 + 1.7 k] mol ' and InA = 31.7 +
0.6, and 80.7 + 13.2 k] mol ' and InA = 19.3 + 4.3, respectively.
The similar activation energies indicate that the mechanism in
hydration of these nitriles is the same in principle. The reaction
rate of 2-cyanopyridine at 30 °C was 10”-fold higher than that of
4-cyanopyridine, which was calculated by extrapolation of the
Arrhenius plot for 4-cyanopyridine. The significant difference in
the reactivity originates from large difference in the frequency
factors (InA).

To further discuss the origin of the 10’-fold difference in the
reactivity, Eyring parameters for the reactions were estimated
(Figure 1). The slopes of the Eyring plots for 2-cyanopyridine
and 4-cyanopyridine are close to each other, which indicates
similar activation enthalpies for these nitriles. Therefore, the

5

AH?* =79.0+1.7 kJ mol!
TAS*y55 ¢ = 3.0+1.4 kJ mol!
AG 53 ¢ = 76.0£0.1 kJ mol
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Figure 1. Eyring plots for the hydration of 2-cyanopyridine and 4-
cyanopyridine. Reaction conditions: nitrile (1.0 mmol), CeO, (30 mg),
H,0 (3.0 g).
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large difference in the reactivity of these nitriles is mainly derived
from the large entropy gap. AH¥, TAS%503 , and AGiy; i (the
activation Gibbs energy) for 2-cyanopyridine and 4-cyanopyr-
idine are calculated from the lines as follows: AHE, TAS%;0; g,
and AGi; g for 2-cyanopyridine are 79.0 + 1.7 k] mol ™/, 3.0 +
1.4 mol ™" and 76.0 + 0.1 k] mol ™/, respectively, and those for 4-
cyanopyridine are 77.7 + 12.8 k] mol ™', —=28.7 + 10.5 kJ mol ™",
and 106.4 + 2.4 kJ mol™, respectively. A large difference in
activation entropy is responsible for the large difference of
AGi;0; ¢ between 2-cyanopyridine and 4-cyanopyridine, result-
ing in the large difference of the reactivity. To the best of our
knowledge, the present CeO,-catalyzed system is the first report
of the artificial catalyst that achieves the enzyme-like (10”-fold)
substrate specificity, that is driven by a reduction of entropic
barrier. In general, AS} in bimolecular reactions is negative
(=100 ~ =200 J K" mol™"). TAS%;0; ¢ of 4-cyanopyridine is
negative (—28.7 k] mol™"). On the other hand, TAS; ¢ of 2-
cyanopyridine is positive (3.0 kJ mol™), indicating that the
conformation of the 2-cyanopyridine adsorbed on CeO, is
favorable for the reaction. This result suggests that flexibility of 2-
cyanopyridine on CeQ, is decreased by multiple interactions in
the initial adsorption state, which is released in the transition
state (TS). The positive TASi 4,  for 2-cyanopyridine on CeO,
is characteristic to the reaction, which will be derived from the
gathering of two substrates (H,O and nitriles) at neighboring
active sites on CeQ, surface in the appropriate configuration.
This characteristic over CeO, will be responsible for the high
reactivity of 2-cyanopyridine.

DFT Calculation of Adsorption States of Substrates. In
our previous works'> we have proposed the mechanism of
CeO,—catalyzed hydration of nitriles shown in Scheme 3, which

Scheme 3. Proposed Reaction Mechanism for Hydration of 2-
Cyanopyridine on CeO,

N
o o H,0 85' '6'6
ce’ “ce” Ce 2 ce” ce” “Ce 1)
g
CN
s LT SN
Hy H Z PN H 0
/Oé PN i _o¥,. O @
Ce Ce Ce Ce”~Ce Ce
zZ O.. 0.
[ Z | ce” "ce” “Ce
.
N N NH +
AN W | NG s [ o (€)
FY P
¢e-9%ce % ce L .09 18 NS SNH
Cece” “Ce | P 2

consists of (1) dissociation of H,O on the exposed Ce—O site to
give OH? and H’* species on Ce and O sites, (2) formation of
nitrile-CeO, adduct, (3) addition of OH® to the carbon atom of
the CN group, and desorption of the amide from the CeO,
surface, accompanying a regeneration of the Ce—O site. Addition
of OH” to the carbon atom of the CN group is the rate-limiting
step. The Eyring parameters in this study indicate that 10’-fold
higher activity of 2-cyanopyridine than 4-cyanopyridine is due to
the lower entropic barriers for 2-cyanopyridine. As mentioned
above, the lower entropic barrier will be brought about by the
two main factors:">'? (1) stabilization of the substrates through
multiple interactions, (2) approximation and alignment.
Approximation and alignment (orientation) are known in the
concept of near attack conformation,'® and shorter distance
between the reacting atoms and lower approaching angle to
bonding angle are preferable for decrease of AG, which leads to
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enhancement of the reaction rate. In order to verify the above
hypotheses, the adsorption states of the substrates on CeO, were
examined by DFT calculations.

First, the adsorption state of 2-cyanopyridine was compared
with that of 4-cyanopyridine on (111) surface of CeO,. The
(111) facet of CeO, is the most stable one from the
thermodynamic viewpoint."” Because 2-cyanopyridine and 4-
cyanopyridine have two nitrogen atoms which can act as Lewis
bases, two adsorption modes on CeO, can be assumed: one is
adsorption through the N atom of pyridine ring (prridine), and
the other one is adsorption through the N atom of nitrile group
(Npiie)- The exposed Ce atom acts as a Lewis acid site on
Ce0,."® Furthermore, CeQ, surface with OH adspecies has
several Lewis acid sites due to the difference of environment
around Ce atom. Thus, the suitable adsorption site was estimated
by adsorption of HCN as the simplest nitrile model on CeO,
using three sites: (1) Ce atom next to OH adspecies, (2) Ce atom
between OH adspecies, and (3) Ce atom apart from OH
adspecies (Figure S2). As a result, (1) the Ce atom next to OH
adspecies is a suitable adsorption site for the N atom of the
substrates, and the N atom on this site interacts with both of Ce
and H of OH adspecies. The optimized structures of 2-
cyanopyridine and 4-cyanopyridine and their relative energies
(AE) are shown in Figure 2a—d."® Relative energy (AE) is
defined as the electronic energy of the adsorption system relative
to that of the isolated system. Thus, a negative value means an
exothermic process. Taking AE into consideration, these
substrates prefer the adsorption through Ny .. This can be
explained by the higher basicity of Npyigne than Ny
Furthermore, electron density of the adsm;)ption state of 2-
cyanopyridine shows triple interactions® (Figure 3a,b):
prridine(2—cyanopyridine) +-H(OH adspecies on Ce0,),
N e (2-cyanopyridine)---H(OH adspecies on CeO,) and
H(pyridine ring of 2-cyanopyridine)---O(Ce0,), and the AE is
—0.49 eV, which is the lowest among the optimized structures.
Note that this adsorption site of N,yq, is clearly different from
that of the proposed reaction mechanism (Scheme 3 and Figure
3b). On the other hand, 4-cyanopyridine is adsorbed only at
Npyridines and the AE is —0.32 eV. These results indicate that
larger stabilization of 2-cyanopyridine was caused by the multiple
interactions. The reacting atoms (C atom of CN group and O
atom of OH adspecies on CeOQ,) in the case of 2-cyanopyridine
are much closer (3.80 A) than that in the case of 4-cyanopyridine
(7.02 A) (Figure 2a,c) and are also located at favorable positions
for the reaction (Figure 3c). For the 2-cyanopyridine-CeO,
adduct, the C=N bond length (1.16 A) is the same as that of the
isolated 2-cyanopyridine, which indicates that the weak
interaction between N, ;. and Ce does not change the local
electronic structure of the CN group. Thus, the higher reactivity
of 2-cyanoprydine than 4-cyanopyridine shown in Figure 1 will
be driven by the multiple interactions between 2-cyanopyridine
and CeO,, as well as the approximation and alignment of the
nitrile carbon to oxygen of OH adspecies on CeO,.

Similar results were obtained in the case of 1l-isoquinoline-
carbonitrile (another reactive nitrile, Table 1 entry 7) on CeO,
(Figure 4).>' These results support the above claim that nitriles
with a heteroatom adjacent to the a-carbon of the CN group are
effective for the reaction through multiple interactions, and
approximation and alignment between the substrate and CeO,.

The DFT calculation demonstrated that 2-cyanopyridine is
adsorbed on CeO, via multiple interactions, and preferable
approximation and alignment of nitrile group of the substrate to
OH group on CeO, are also brought about at the same time.

dx.doi.org/10.1021/cs501448n | ACS Catal. 2015, 5, 20—26


http://pubs.acs.org/doi/suppl/10.1021/cs501448n/suppl_file/cs501448n_si_001.pdf

ACS Catalysis

Research Article

(b)

Top view

Side view

.

AE [ eV

-0.49 -0.29

Figure 2. Optimized structures of 2-cyanopyridine and 4-cyanopyridine adsorption on CeO,(111): (a) N
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and (d) Ny of 4-cyanopyridine. Ce atoms are in yellow, O in red, C in gray, H in white, and N in blue.

pyridine
(a) (b) by comparing the reactive substrate, 2-cyanopridine, with the
7 \ unreactive substrate, 4-cyanopyridine, demonstrated that the
< N difference in reactivity is derived from the large activation
w N entropy gap between these substrates. The dramatic reduction of
H H the activation entropy is induced by multiple interactions
ce—%~c /o\ce/o\Ce between the reactive substrate and CeO, surface, and
approximation and alignment of the nitrile group of the
(c) substrates to OH group on CeO, surface. These phenomena
4 \ resulted in enhancement of the reactivity of the reactive nitriles,
<N TSN which arises large difference of reactivities between the reactive
b \H and unreactive nitriles. This mechanism of substrate specificity

XY ceO~ce O\Ce/ O\Ce
Figure 3. (a) Electron density contour (0.01 au™) of the adsorption
mode of 2-cyanopyridine. (b) Optimized adsorption image of 2-
cyanopyridine on CeO,. (c) Image of the rate-determining step.

Combination of these three factors will lead to the drastic rate
enhancement for 2-cyanopyridine. Taking these results and
reactivities of the substrates into consideration, we can conclude
that the high substrate specificity is achieved by the multiple
interactions, and approximation and alignment of the substrate
with CeO,.

3. CONCLUSIONS

We disclosed the origin of substrate specificity by clarifying the
difference of reactivities between the reactive substrate and
unreactive one in hydration of nitriles over CeO,. From the
results of the substrate scope, we confirmed that the reactive
nitriles have a heteroatom (N or O) adjacent to the CN group
and no steric hindrance around a heteroatom (N or O). The
reaction rate of 2-cyanopyridine is 10 times higher that of 4-
cyanopyridine, which is comparable to the difference of
reactivities between the catalyzed substrate and noncatalyzed
one in biological systems. Kinetic studies and DFT calculations
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will provide the clues for clarifying the catalyst mechanism in
biological systems. In addition, the fact that nonporous metal
oxides can precisely recognize the substrate by multiple
interactions will provide a new possibility of heterogeneous
catalysts in design of new catalysts and open up a wide range of
new potential applications of CeO, in organic synthesis and
chemistry of catalysis.

4. EXPERIMENTAL SECTION

General. The samples were analyzed by GC (Shimadzu GC-
14B) and GCMS (Shimazu GCMS-QPS5000) with Ultra-alloy
metal capillary column (Frontier Laboratories Ltd.) under
nitrogen carrier gas. All the chemicals used for organic reactions
were of analytical grades and purchased from chemical
corporations. They were used without further purification.

Catalyst. CeO, (JRC-CEO-3), which was precalcined at 600
°C before being supplied, was supplied from Catalysis Society of
Japan. The surface area of CeO, was 81 m*/g. The purity of CeO,
(JRC-CEO-3) is 99.97%.

Typical Procedure for Hydration of Nitriles over CeO,.
Hydration of 2-cyanopyridine to 2-picolinamide over CeO, was
performed as follows. 2-Cyanopyridine (0.2g, 2.0 mmol) and
H,0 (3.0g, 0.17 mol) were added to a reaction vessel equipped
with a condenser, and then 30 mg of CeO, (0.17 mmol, 8.7 mol

dx.doi.org/10.1021/cs501448n | ACS Catal. 2015, 5, 20—26
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Figure 4. Optimized structures of 1-isoquinolinecarbonitrile adsorption on CeO,(111) at (a) N,

-0.40

(d)

H H

o) o)
Ce— o\Ce/ ~ce” Ce

pyridine a0d (b) Ny, of 1-isoquinolinecarbonitrile: Ce

atoms are in yellow, O in red, C in gray, H in white and N in blue. (c) Electron density contour (0.01 au™) of the adsorption mode of 1-
isoquinolinecarbonitrile. (d) Optimized adsorption image of 1-isoquinolinecarbonitrile on CeO,.

% Ce with respect to 2-cyanopyridine) was added to the mixture.
The obtained suspension was vigorously stirred under air at 30
°C in the desired reaction time. After the reaction, benzonitrile,
an internal standard, was added to the reaction mixture, and
immediately the reaction mixture was extracted thrice with 3 mL
of CHCl,; the obtained CHCI, layer was then analyzed by GC.
When cyanopyrazine was used as a substrate, methanol (6 mL)
was added into the resulting reaction mixture in order to dissolve
pyrazinecarboxamide, which is a hydration product of cyanopyr-
azine. Conversion and yield in hydration of 2-cyanopyridine were
determined on the basis of 2-cyanopyridine and picolinamide by
GC with the internal standard of benzonitrile. In the case of
cyanopyrazine, 1-hexanol was used as an internal standard. The
produced amides were identified by GCMS on the basis of the
molecular ion peak and fragmentation peaks. Additionally, they
were also compared with commercially pure products.
Calculation. Adsorbed Structure. Calculations for nitrile
adsorption on CeO, surfaces were performed within the
framework of spin-polarized density functional theory (DFT),
as implemented in the PWscf code of the Quantum ESPRESSO
package.”” For this calculation, the generalized gradient
approximation in the formulation of Perdew—Burke—Ernzer-
hof*® was used to represent the exchange correlation functional.
A basis set of plane waves was limited by an energy cutoff of 30
Ry, while the cutoff for the electron density representation was
set to 300 Ry. The Hubbard U parameter” of 1.5 eV was
employed for the inclusion of on-site Coulomb interaction of Ce
atoms. The ultrasoft type of Vanderbilt pseudopotential®® was
used for the treatment of core electrons. Integrals in the Brillouin
zone were performed on Monkhorst—Pack mesh of (2 X 2 X 1)
k-points® together with the Methfessel-Paxton smearing width>’
of 0.01 Ry. The CeO,(111) surface was represented by the slab
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model of (3 X 3) lateral cells with six atomic layers. Each slab was
separated by a vacuum space of 16 A. During the geometry
optimization, the lowermost three layers were kept fixed at the
bulk coordinates. Relative energies (AE) were defined as the
energy of the adsorbed system relative to that of the sum of the
isolated system. All pictures of ozptimized structures and electron
densities are drawn by VESTA.*®
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