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Cerium oxide (CeO,) exhibits prominent catalytic activity in various organic reactions owing to its unique
acid—base and redox properties. One of the most interesting applications of pure CeO,-catalyzed
organic reactions is the hydration of nitriles in water. The experimental results showed that the hydration
of 2-cyanopyridine to picolinamide in water using CeO, catalysts proceeds readily at low temperatures
(30-100 °C) in high yields and that this reaction occurs exclusively on CeO, among various metal-oxide
catalysts. To elucidate the unique catalytic activity of CeO,, the reaction mechanism is dissected using
the density functional theory-based molecular dynamics (DFT-MD) simulations. Based on the free energy
analysis, it is demonstrated that the reaction proceeds with the involvement of the surface lattice
oxygen, where the lattice oxygen atom is inserted into picolinamide. The involvement of the surface
lattice oxygen is notably uncommon given the low temperatures of the reaction, and this computational
prediction is verified by the two experiments using H,2O solvent and *¥O-exchanged CeO, catalyst,
where the introduction of surface lattice oxygen into picolinamide is confirmed. The inherent flexibility
of the surface lattice oxygen and the unique acid—base properties of CeO,, which can favorably bind
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1. Introduction

Among various metal-oxides, cerium oxide (CeO,) has received
considerable attention because of its immense scientific and
technological importance in fields such as catalysis, glass pol-
ishing, biomedical technology, and sensors. In particular, the
number of catalytic applications of CeO, is continuously
increasing, and CeO, is extensively used in crude oil refining,
solid oxide fuel cells (SOFC), vehicle emission control, and so
on. The wide applicability of CeO, is attributed to its unique
redox and acid-base properties, oxygen storage capacity, and
high thermal stability and durability (see ref. 1-6 for the recent
reviews). In the catalytic applications of CeO,, its high reduc-
ibility and basicity promote the activation and dispersion of
metal nanoparticles via strong metal-oxide electronic
interactions,” and CeO,-supported metal nanoparticles have
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reactions, which characterizes the outstanding catalytic activity of CeOs,.

a wide range of catalytic applications.'®** Even without sup-
ported metal nanoparticles, pure CeO, is also quite effective for
various organic reactions (see the reviews in ref. 15-17), which
characterizes CeO, as a highly unique metal-oxide.

In one of the most interesting applications of pure CeO,-
catalyzed organic reactions, Tamura et al. reported that the
hydration of 2-cyanopyridine to picolinamide over CeO,
proceeds very smoothly at low temperatures (30-100 °C) with
high yields (Fig. 1)."*' It was also found that this reaction
proceeds exclusively on CeO, among various metal-oxide cata-
lysts and that the activity is two orders of magnitude higher
than that of other metal-oxides. Based on this finding, 2-cya-
nopyridine was later used as a dehydration agent for the direct
conversion of CO, and methanol to dimethyl carbonate on CeO,
catalysts, where 94% yield and 99% selectivity were reported.*
Also, it was further utilized in CO, conversion with alcohols and
amines into carbonates, ureas, carbamates over CeO,.>"**> In our
previous works on the adsorption of 2-cyanopyridine over
Ce0,(111),>*° we found a unique adsorption structure of 2-
cyanopyridine, involving a covalent interaction between the C
atom in the CN group of 2-cyanopyridine and the surface lattice
O atom along with the acid-base interaction between the N
atoms in the pyridine ring and the surface Ce atom. This unique
adsorption structure creates a strong base site at the position of
the N atom in the CN group, and it has been demonstrated that
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Fig. 1 Hydration of 2-cyanopyridine to picolinamide over CeO,
catalyst.

base-catalyzed reactions proceed effectively and that the pkK,
(CH3CN) is estimated to be ~21.% In another related study, we
examined the adsorption structure of picolinic acid over
Ce0O,(111) and found a similar adsorption structure that
involves a covalent bond between the C atom in the carboxylic
group and the surface O atom.”” Interestingly, when we further
performed the DFT-based molecular dynamics simulations
(DFT-MD) to gain insight into the adsorption process in water,
the spontaneous dissociation of a hydroxide ion from the
carboxylic group was observed, which implies the rich chem-
istry at the interface of water and CeO, surface.

These observations motivated us to investigate the reaction
mechanism of the hydration of 2-cyanopyridine over CeO, by
employing DFT-MD simulations with explicit solvent water
molecules. The DFT-MD simulations are now widely used as an
invaluable tool to obtain a bottom-up picture of the liquid/metal-
oxide interface and thus provide useful information on the
microscopic properties and dynamical behavior of molecules at
the interfaces. In the previous studies by the DFT-MD simulations
at the water/CeO, interface, high activity at the interface involving
proton hopping was reported.”®**" In this study, the reaction
mechanisms of nitrile hydration on the CeO,(111) surface are
examined by computing the free energy landscape, and we deci-
pher the role of CeO, in these unique catalytic reactions. Based on
the free energy analysis, we find that the reaction proceeds with
the involvement of the surface lattice oxygen, and this computa-
tional prediction is further verified by the two experiments using
H,"'®0 solvent and ®0-exchanged CeO, catalyst.

2. Computational details

2.1. DFT calculations

All DFT calculations were performed under the periodic-
boundary condition with the mixed Gaussian and plane-waves
(GPW) approach implemented in the CP2K program package.*?
The short-range variants of the double-{ valence plus polarization
(DZVP) basis sets of the MOLOPT type** were employed for H,
C, N, and O atoms to represent the valence electrons, and the
norm-conserving Goedecker-Teter-Hutter pseudopotentials®**
were used to describe the interactions between the valence and
core electrons. For Ce atoms, we employed the basis sets and
pseudopotential generated by Wang and coworkers.*® The energy
cutoff of 400 Ry was taken for the auxiliary plane wave expansion
of the density. The generalized-gradient approximation by the
Perdew-Burke-Ernzerhof (PBE) functional models was employed
as the exchange and correlation potential, and the DFT+U
approach was taken in order to correctly represent the nature of
4f orbitals of Ce atoms, where the occupancies of 4f orbitals were
calculated based on the Mulliken population analysis.*”*® The U
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value was set to 7.0 eV following the previous works.*® The Bril-
louin zone integration was performed with a reciprocal space
mesh consisting of only the I"-point in the GPW approach. The
convergence criteria for the energy in the SCF calculation were set
to 1 x 10~° hartree.

Cerium oxide exhibits fluorite structure in the low-
temperature regime. It has been determined theoretically*
and experimentally* that the CeO,(111) surface is the most
stable low-index surface among single crystal terminations of
CeO,, and therefore it represents a large portion of the poly-
crystalline CeO, surface.***' CeO,-catalyzed organic reactions
are often reported to be influenced by the exposed facets.”> In
our catalyst system in the nitrile hydration, the activity per
surface area does not change significantly even after high-
temperature calcination,’® suggesting that the main active
facet is the (111) facet. Furthermore, a recent study has
demonstrated that the (111) facet exhibits high activity for the
hydration of 2-cyanopyridine.*®* Therefore, the surface of the
Ce0O,(111) facet was employed in this study. The CeO,(111)
surface was modeled as a periodic p(3 x 3) hexagonal slab of 27
CeO, units with three O-Ce-O trilayers. The dimensions of
a simulation cell were settoa = b =11.56 A, c =30.0 Aand o =
B = 90°, y = 60°, and this slab was separated by ~16 A of
vacuum space in the direction perpendicular to the surface. The
lattice parameters of the CeO,(111) slab were determined by the
cell optimization of the bulk CeO,, and the optimized lattice
constant of 5.450 A was in good agreement with the experi-
mental value of 5.411 A,** where the deviation from the
experimental value was less than 1%. For geometry optimiza-
tion, the forces on all atoms are minimized to less than 0.02 eV
A™' (4.5 x 107 hartree bohr™*). The bottom O-Ce-O tri-layers
were fixed at the bulk positions during geometry optimization
and DFT-MD simulations. In calculating the energies of gas-
phase molecules, the simulation cell of @ = b = ¢ = 15.0 A in
the cubic box is used.

The adsorption energy of a molecule E, to the CeO,(111)
surface is calculated according to

EA = Emol+surf - Emol - Esurf (1)

where Eousure 1S the total electronic energy of the surface-
molecular system while Eg,¢ and E are the energy of the
pristine CeO, slab model and an isolated molecule, respectively.
In this definition, the more negative value of adsorption energy
indicates a stronger binding to the surface.

2.2. Molecular dynamics simulations with umbrella
sampling

For the investigation of chemical reactions that occur on
a much longer timescale than that allowed in DFT-MD simu-
lations (so-called rare events), free energy calculations are
generally carried out. Computing the free energy landscape and
finding the lowest free energy pathway on this landscape
provide valuable information on the mechanism and kinetics of
the reaction.” The free energy landscape is generally repre-
sented by a few selected coarse-grained coordinates or collective
variables (CVs), and several advanced sampling techniques have

© 2025 The Author(s). Published by the Royal Society of Chemistry
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been proposed to explore the free energy landscape along these
CVs: these include metadynamics,*”*® umbrella sampling,* and
several others.>*

In this work, we employ the umbrella sampling techniques
for constructing free energy landscape. Two types of CVs are
used in this work. The first one is the distance between atoms i
and j, and it is given as

dj = |R; — Ry (2)

The second one is a coordination number, and the coordi-
nation number between two atom types (X and Y) is defined as

(X—-Y)= NLX SN e (3)

i€eX jeY

where Ny is the number of atoms with atom type X, and c;; is
a so-called switching function and represented as

- (ﬁ)
- (ﬁ)

where d;; is the distance between atoms 7 and j belonging to the
atom types X and Y, respectively, and p and g are parameters to
define the shape of the switching function. Ry(X — Y) is a cutoff
bond distance between atom types X and Y. More details are
given in the Results and discussions section.

In the following simulations, 32 water molecules were placed
over the CeO,(111) surface in addition to 2-cyanopyridine. The
initial configurations of water molecules were generated by the
GROMACS package.*® The DFT-MD simulations were performed
at a system temperature of T = 360 K with the umbrella
potential, where quadratic potentials centered at predefined
points were applied. The temperature was controlled by the
Nosé-Hoover thermostat. The mass of hydrogen was replaced
with that of deuterium, allowing for a larger time step of 1.0 fs.
For each umbrella window, 10 ps simulations were performed
for equilibrium and subsequent 10 ps simulations were used for
analysis, which is sufficient to ensure the dissociative equilib-
rium of water molecules.”****" Around the transition state
region, additional umbrella sampling was performed using the
configuration of adjacent window that is closer to the transition
state region as an initial configuration, and the convergence of
probability distributions was confirmed. The biased probability
distributions from different umbrella windows were reweighted
and patched by the weighted histogram analysis method
(WHAM)* using the implementation by Grossfield.”> The
PLUMED package® interfaced with CP2K was used for the
umbrella sampling. Free energy barrier heights were estimated
using multidimensional lowest energy (MULE) algorithm code
implemented by Fu et al.>”

(4)

C,‘j:

3. Results and discussions

In this section, the reaction mechanism of hydration of 2-cya-
nopyridine over CeO, is investigated. Experimentally, the
following reaction mechanism has been proposed:*® (1)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dissociation of water molecules on CeO, giving rise to H*" and
OH®" pair species, (2) formation of adsorption complex between
2-cyanopyridine and CeO,, (3) addition of OH’~ to the C atom in
the CN group via an amide anion intermediate, and (4)
desorption of the amide product (picolinamide) from the CeO,
surface accompanying regeneration of the adsorption site.
Since no kinetic isotopic effect was observed (ky/kp = 0.95),
meaning that the water dissociation is fast on CeO,, the third
step is considered to be the rate-determining step. As already
reported in the literature,”®** water molecules are activated on
CeO, and about 20-33% of the surface oxygen sites are
hydroxylated (degree of hydroxylation). Since adsorption energy
of a water molecule in the molecular and dissociative states are
quite similar, proton hopping is quite active at the water/
Ce0O,(111) interface.”®*' Therefore, the presence of surface
hydroxy groups does not impede the approach and adsorption
of 2-cyanopyridine on the surface. Consequently, we consider
steps (2) and (3) in the following analysis.

3.1. Adsorption process of 2-cyanopyridine over CeO,

The adsorption structures of 2-cyanopyridine over CeO,(111)
have already been reported,” and there are three types of
adsorption states, which are shown in Fig. 2. The strongest
adsorption involves the covalent bond between the C atom in
the CN group (Ccy) and the surface lattice O atom (Os), along
with the acid-base interaction between the N atom in the
pyridine ring (Np,) and the surface Ce atom (denoted by St-I).
The adsorption energy of St- was calculated to be —68 k] mol .
It has been known that this adsorption structure forms a strong
base site in the CN position of 2-cyanopyridine.” Another
adsorption structure (denoted by St-II) involves molecular
adsorption where 2-cyanopyridine interacts with the surface Ce
atoms through the two N atoms in the pyridine ring and the CN
group with a distance of ~3.0 A, where the adsorption energy
was —47 k] mol . St-IIl involves the acid-base interaction only
between the N atom in the CN group and the surface Ce atom
with the adsorption energy of —33 kJ mol .

The adsorption process of 2-cyanopyridine from the molec-
ular adsorption structure, which corresponds to St-II, to the
structure with the Ccn—Os covalent bond (corresponding to St-I)
is then investigated in water environment by DFT-MD simula-
tions with umbrella sampling (hereinafter referred to as Step 1-
(Im)). When we performed the standard DFT-MD simulation
starting from St-I with surrounding water molecules, a proton
was spontaneously transferred to the N atom in the CN group
(Ngn) from an adjacent water molecule due to the strong
basicity of the Ncy atom formed by this unique adsorption
structure of St-1.>* The resulting hydroxide ion then accepts
a proton from a nearby water molecule, and subsequently,
a hydroxide ion is transferred to the Ce atom after a couple of
proton hopping events via the Grotthuss-like diffusion mecha-
nism. This implies that during the adsorption process from St-II
to St-I in water environment, a proton is transferred to the N
atom in the CN group. The schematic representation is given in
Fig. 3. For the sake of simplicity, a proton transferred to the N
atom is depicted as originating from surface hydroxy group,

Chem. Sci., 2025, 16, 939-951 | 941
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Fig. 2 Adsorption structures of 2-cyanopyridine on CeO,(111) (a) St-1, (b) St-11, and (c) St-IIl.

although in DFT-MD simulations it originates from a nearby
water molecule, as mentioned above. To obtain the free energy
profile for this process, two CVs were introduced. The first CV
(CV1) was set as the distance between Ccy and one of the
surface Os atoms, d(Ccn—Os), and the second CV (CV2) was
chosen as ¢(Neon—Hw), where Hyy is hydrogen atoms of water
molecules, to promote proton transfer events between Ny and
the surrounding water molecules. For CV2, the cutoff bond
distance was set to Ry(Nen-Hw) = 1.2 A, and p = 6and g = 6
were used to define the shape of the switching function. The
umbrella potentials were placed between 1.3 A and 3.1 A for
CV1, and those of CV2 were chosen between 0.1 and 0.9. The
force constants of CV1 and CV2 were set to 20.7 eV A~> and
31.1 eV, respectively. For CV2, a larger force constant of 41.5 eV
was used near the transition state region.

The free energy surface was constructed using CV1 and CV2,
and the two-dimensional contour plot of the free energy surface
along CV1 = d(Ccn—Os) and CV2 = ¢(Ngy-Hyw) is shown in
Fig. 4(a). Starting from the region corresponding to the

942 | Chem. Sci, 2025, 16, 939-951

molecular adsorption state at d(Ccn-Os) = 3.0 A (A1, the
snapshot is given in Fig. 4(b)), the molecule approaches the
surface by surmounting a small free energy barrier of
25 k] mol™* at d(Ccn-Os) = 2.1 A. After passing through this
barrier, the free energy surface reveals a metastable state at
d(Cen-Os) = 1.4 A and ¢(Nen-Hw) = 0.1 (A2), representing the
adsorption state with a covalent Ccny—Os bond. This structure
corresponds to St-II in Fig. 2. Then, there is a small barrier for
a proton transfer from a neighboring water molecule, which is
not an adsorbed one, to the Ngy atom, leading to the stable
protonated adsorption state (A3) with d(Con—Os) = 1.4 A and
¢(Nex-Hw) = 0.75. The free energy difference between the
molecular adsorption state (A1) and protonated adsorption
state (A3) is 76 k] mol !, which indicates a strong adsorption of
protonated 2-cyanopyridine. Considering the difference in
adsorption energy between St-I and St-II given in Fig. 2
(21 kJ mol ), the large stabilization of A3 is mainly due to the
protonation of 2-cyanopyridine. The barrier height for the
adsorption process is close to the values obtained in a similar

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematics of reaction mechanisms.

simulation for the adsorption of picolinic acid to the CeO,(111)
surface (~30 kJ mol "),>” which also involves the Ccy-Og cova-
lent bond formation.

Here we also examine the adsorption process of 4-cyano-
pyridine where it is experimentally shown that the reaction rate
of hydration of 4-cyanopyridine is 10~ ’-order of magnitude
smaller than that of 2-cyanopyridine. The free energy surface of
the adsorption process was constructed in the same way as
above (the details are provided in ESIt), and it was found that
the free energy barrier leading to the product state was
67 k] mol ', which is much higher than that of 2-cyanopyridine.
This is mainly due to the steric hindrance between the pyridine
ring and the surface, and the unfavorable adsorption of 4-cya-
nopyridine is related to the very low activity of the hydration
reaction.

3.2. Hydration of 2-cyanopyridine on CeO,

The hydration reaction is next investigated from the above
adsorption state as a protonated 2-cyanopyridine species (A3).
Two reaction mechanisms are considered. The first mechanism
involves the nucleophilic attack of hydroxide ion that is formed
on the nearby Ce atom to the Ccx atom (Step 2-(I)), while the
second one involves the surface Og atom where the surface Og
atom is released from the surface and introduced into picoli-
namide (Step 2-(II)). The second mechanism has not been

© 2025 The Author(s). Published by the Royal Society of Chemistry

c'/o\c % ce?

Oxygen vacancy

considered because the surface Og atoms have not been thought
to be involved in the reaction at low temperatures (below room
temperature). The two reaction mechanisms are schematically
shown in Fig. 3.

In the first mechanism (Step 2-(I)), we consider the reaction
mechanism where a hydroxide ion that is formed on the Ce
atom nucleophilically attacks the Ccy atom. Here, the following
two CVs were introduced for the free energy analysis: CV1 =
d(Ccn—Ow) and CV2 = ¢(Ow-Hy). CV1 corresponds to the
distance between the Ccy atom and one of the O atoms deriving
from water molecules, which promotes the nucleophilic attack
of the hydroxide ion. CV2 was introduced to accelerate the
deprotonation of the attacking water on the surface, where the
cutoff bond distance was set to Ro(Ow~Hyw) = 1.2 Awith p = 6
and g = 6. The umbrella potentials were placed between 1.3 A
and 3.4 A for CV1, and those of CV2 were chosen between 0.1
and 1.7, and the force constants of CV1 and CV2 were set to
20.7 eV A™% and 31.1 eV, respectively.

Fig. 5(a) shows the contour plot of the reconstructed free
energy surface along CV1 = d(Ccy-Ow) and CV2 = ¢(Ow—-Hy),
where the reactant region consists of the two stable states, B1-I
(d(Ccn-Ow) = 3.0 A, ¢(Ow-Hyw) = 1.6) and B1-II (d(Ccn—Ow) =
3.2 A, ¢(Ow-Hy) = 0.9). B1-I corresponds to the configuration
where the attacking water molecule is coordinated to the nearby
Ce atom (snapshot is given in Fig. 5(b)), while B1-II represents

Chem. Sci., 2025, 16, 939-951 | 943
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Fig. 4 (a) Contour plot of the free energy surface (given in kJ mol ™)
for adsorption process of 2-cyanopyridine from the molecular
adsorption state (Step 1-(ll)). The minimum free energy pathway,
which is determined by the MULE algorithm, is shown in white. The
inset shows the free energy profile along the minimum free energy
pathway. (b) Snapshots of representative configuration near Al, A2,
and A3.

the configuration where the attacking water molecule is dis-
sociatively adsorbed on the surface, being a hydroxide ion. The
free energy profile between B1-I and B1-II simply represents the
free energy difference between the water molecule and
hydroxide ion on the nearby Ce atom. Free energy difference
and activation energy between B1-I and B1-II are small, which
indicates the facile proton hopping between the hydroxide ion
and surface hydroxy group or adjacent water molecule, which
has been already reported for the simulation of the water/
CeO,(111) interface.*

Hydration reaction starts from B1-II, and the transition state
region is found at d(Ccn-Ow) = 1.8 A and ¢(Ow-Hy) = 0.8,
representing the conformation of the nucleophilic attack of
a hydroxide ion residing on the Ce atom to the Ccy atom. The
free energy barrier is estimated as 70 k] mol™'. After passing
through this region, tautomerization readily occurs by a proton
relay through the hydrogen bond network, leading to the amide
product (picolinamide) (B2). The free energy barrier of
70 k] mol " is appreciably lower than the value estimated in the
hydration reaction in bulk water (120 k] mol™*, see below and
ESIY). This is rationalized by the unique adsorption structure of
2-cyanopyridine, where the Ccy atom is more positively charged

944 | Chem. Sci, 2025, 16, 939-951
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Fig. 5 (a) Contour plot of the free energy surface (given in kJ mol™?)
for the nucleophilic attack of a hydroxide ion to the Ccy atom (Step 2-
(1)). The minimum free energy pathway, which is determined by the
MULE algorithm, is shown in white. The inset shows the free energy
profile along the minimum free energy pathway. (b) Snapshots of
representative configuration near B1-I, B1-ll, and B2.

due to the formation of protonated 2-cyanopyridine on the
surface. At B2, there still exits the Con—Og bond, and the free
energy profile for the breaking of the Ccny—Os bond was obtained
by umbrella sampling using only one CV, d(Ccn—Os). Fig. 6
shows the free energy profile for this step, and the free energy
barrier of 53 k] mol ' was obtained. This barrier height is
smaller than that of the nucleophilic attack of a hydroxide ion
(B1-II — B2).

Next, we consider the second mechanism (Step 2-(II)), where
the surface Og atom is involved. In this step, the surface Og atom
of the Ccn—Os bond is introduced into 2-cyanopyridine, leading
to the formation of picolinamide anion on the surface and an
oxygen vacancy. Then, the resulting oxygen vacancy is replen-
ished by a hydroxide ion on the surface. To investigate this
reaction mechanism, the free energy surface is constructed by
two CVs, CV1 and CV2. CV1 is the distance between the surface
Os atom of the Con—Os bond and the vacancy site Vg that is
defined by the center of mass of the three surrounding surfaces
Ce atoms, d(Vo—Os). CV2 is defined as the difference between
two coordination numbers, one of which is the coordination
number between the vacancy site Vo and O atoms of solvent
water molecules, ¢(Vo—-Ow). The introduction of ¢(Vo—Ow)
promotes the replenishment of the oxygen vacancy after the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Free energy profile for the breaking of the Ccny—Os bond as
a function of d(Ccn—0Os) starting from B2 in Step 2-(1).

formation of picolinamide anion on the surface. The other one
is defined as ¢(Vo-Ngn). We introduce this coordination
number by noting that as the distance d(Vo-Os) (=CV1)
increases, the Ncy atom tends to fill the oxygen vacancy site due
to the charge-negativity of the Ngy atom (see snapshot of C2 in
Fig. 7(b)). The introduction of ¢(Vo-N¢y) is essential to promote
the replenishment of the oxygen vacancy by a hydroxide ion
rather than the Noy atom. The cutoff bond distances of these
coordination numbers were set to Ry(Vo-Ow) = 2.0 Awith p = 6
and ¢ = 4 and Ro(Vo-Ncn) = 2.0 A with p = 6 and g = 2,
respectively.

Fig. 7(a) shows the contour plot of the free energy surface
along CV1 = d(Vp-Os) and CV2 = ¢(Vo-Ow) - ¢(Vo-Ncy). Starting
from the minimum located at d(Vo-Os) = 1.2 A and ¢(Vo-Ow) —
¢(Vo-N¢n) = —0.1 (C1), which corresponds to the protonated
adsorption structure of A3, the free energy increases slightly as
the distance d(Vo-Oyg) is increased until d(Vo-Og) = 2.6 A. At
d(Vo-Os) = 2.6 A, the Og atom is detached from the original
lattice position, and the resulting configuration can be viewed
as an adsorbed picolinamide anion near the oxygen vacancy
site. From this structure, there are two pathways leading to C2
or C3. C2 is a metastable adsorption state of picolinamide anion
with a shallow minimum at d(Vo-Os) = 2.7 A and ¢(Vo-Ow) -
¢(Vo-Nc¢n) = —0.5, where the N¢y atom of picolinamide anion
partially fills the vacancy. When d(Vo-Os) is increased further,
there exists the barrier at d(Vo-Os) = 3.0 A and ¢(Vo-Ow) - ¢(Vo-
N) = 0.4 to accommodate a hydroxide ion at the vacancy site,
which leads to C3. The barrier height associated with this
process is estimated as 54 k] mol ', and it is lower than the
value obtained in Step 2-(I) (70 k] mol ). After the vacancy site
is filled by a hydroxide ion, the picolinamide anion readily
accepts a proton from the surface hydroxy group that occupies
the vacancy site, leading to the picolinamide product. The
formed picolinamide is adsorbed on the surface by acid-base
interaction between the O atom of the amide group and the
surface Ce atom (see snapshot of C3 in Fig. 7(b)).

This reaction mechanism using surface lattice oxygen atom
is quite unique in that the reaction occurs at room temperature.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Contour plot of the free energy surface (given in kJ mol™)
for the mechanism involving surface lattice oxygen atom (Step 2-(I)).
The minimum free energy pathway, which is determined by the MULE
algorithm, is shown in white. The inset shows the free energy profile
along the minimum free energy pathway. (b) Snapshots of represen-
tative configuration near C1, C2, and C3. Os represents the surface
lattice oxygen involving the Ccy—Os bond and Oy, represents an
oxygen atom originating from solvent water molecule.

In CeO,-catalyzed reactions, it is generally accepted that the
surface oxygen is involved in the redox reaction and that these
reactions occur at much higher temperatures of ~600 K.*** As
an exception, it was reported that CeO, works as an oxidation
catalyst of alcohols at low temperatures around room temper-
ature, where the surface lattice oxygen of CeO, is used for the
oxidation.** When we monitor the oxidation state of Ce atoms
for representative snapshots along the hydration reaction in
Step 2-(IT), the magnetic moment of all Ce atoms is almost zero,
implying that the oxidation state of all Ce atoms is IV and the
oxygen vacancy is accompanied by Ce(wv). It is suggested that
Ce(v) is maintained by the coordination of picolinamide anion
and hydroxide ion, which are also stabilized by surrounding
water molecules. The remarkable reactivity of CeO, could be
attributed to the flexibility of surface lattice oxygen atoms.

As another possible reaction mechanism, hydration of 2-
cyanopyridine from the molecular adsorption structure, which
corresponds to St-II (see Fig. 2), is also examined in a similar
manner to Step 2-(I), and this reaction mechanism is denoted as
Step 2-(II) hereafter (see Fig. 3 for schematics). This mecha-
nism is intuitively more plausible for nitrile hydration reaction

Chem. Sci., 2025, 16, 939-951 | 945


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc06294a

Open Access Article. Published on 02 December 2024. Downloaded on 2/8/2026 7:56:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

on metal-oxide surface, where the CN group coordinated to the
Lewis acid site of Ce atoms is nucleophilically attacked by
a hydroxide ion on the surface, which is closely related to the
reaction mechanism of nitrile hydration catalyzed by metal-
complexes such as Ru-complexes.®®®* The starting configura-
tion is the same as Step 1-(II) (corresponding to A1), and two
CVs, d(Ccn—Ow) and ¢(Ow—Hy), are employed to obtain the free
energy surface as has been chosen in Step 2-(I). The force
constants of umbrella potential are set to be the same values as
in Step 2-(I). The contour plot of the free energy surface spanned
by d(Ccn—Ow) and ¢(Ow—Hyy) is shown in Fig. 8(a). The reactant
corresponds to D1, which is located at d(Ccn-Ow) = 3.4 A and
¢(Ow-Hw) = 1.0, where an attacking hydroxide ion is coordi-
nated on the nearby Ce atom. Here, the dissociation equilib-
rium of the attacking hydroxide ion and water molecule on the
Ce atom is not considered as in Step 2-(I), which corresponds to
the region of ¢(Ow-Hw) >1.0. As d(Ccn—Ow) becomes shorter,
the molecule reaches the transition state region at d(Ccn—Ow)
~ 1.7 A and ¢(Ow-Hy) = 0.8, where the free energy barrier is
calculated to be 69 k] mol . After passing through the transi-
tion state region, the shallow minimum is seen at d(Ccy-Ow) =
1.3 A and ¢(Ow~Hyw) =~ 0.8 (D2), which corresponds to an imidic
acid. Then, picolinamide (D3) is formed by tautomerization
through a proton relay. The free energy bartrier of 69 k] mol " is
comparable to that of Step 2-(I) (70 k] mol™'), but the high
stability of the protonated adsorption state of A3, compared to
molecular adsorption state of A1 (difference in free energy is
76 kJ mol '), would eliminate the possibility of taking this
reaction pathway. The hydration of 2-cyanopyridine in the bulk
water is also examined for reference (the details are provided in
the ESIt), and in this case, the free energy barrier was estimated
as 120 kJ mol ', which is significantly high compared to the
reaction occurring at the interface of water/CeO,. In the exper-
iments of CeO,-catalyzed reaction, the activation energy was
estimated to be 81.7 k] mol™! and also the activation Gibbs
energy was reported to be 79.0 k] mol ' by the Eyring plot.*®
These values are slightly higher than the barrier heights of Step
2-(1) (70 kJ mol ") and Step 2-(II) (54 k] mol ") estimated in the
simulation. One reason would be the simulation temperature of
360 K in our simulations. We employ this temperature because
it is a good compromise for describing the structural properties
of ambient liquid water for PBE and its derived functionals in
DFT calculations.®>

Fig. 9 depicts the free energy diagram for the reaction
pathways investigated in this work. Starting from the molecular
adsorption state (A1), a protonated species with the Con—Os
covalent bond is formed (A3). From this strong adsorption state,
two reaction pathways are possible. Based on the difference in
the free energy barrier, the reaction involving surface lattice
oxygen is energetically more favorable.

3.3. Experimental verification

If the reaction mechanism involving surface lattice oxygen (Step
2-(I1)) is the main reaction pathway, the lattice oxygen will be
introduced into 2-cyanopyridine to form picolinamide in the
hydration of 2-cyanopyridine. If not, the oxygen atoms of water
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Fig. 8 (a) Contour plot of the free energy surface (given in kJ mol ™)
for the nucleophilic attack of a hydroxide ion to the Ccy atom from
molecular adsorption structure (Step 2-(l11)). The minimum free energy
pathway, which is determined by the MULE algorithm, is shown in
white. The inset shows the free energy profile along the minimum free
energy pathway. (b) Snapshots of representative configuration near D1,
D2, and D3.

molecules will be introduced into 2-cyanopyridine. We con-
ducted two experiments: using (i) CeO, with lattice oxygen
partially substituted with "®*0 (*®O-substituted CeO,) and (ii)
80-substituted water (H,'®0) solvent. The introduction of **0
in picolinamide can be confirmed by the difference in the mass
number of picolinamide; The mass number of the product with
%0 and '®0 are 122 and 124, respectively. The experimental
details are provided in ESLT

In the first experiment, we prepared '0-substituted CeO, by
introducing '®0, after hydrogen reduction at 873 K, and the
substituted ratio of **0/*°0 in *0-introduced CeO, was deter-
mined to be 1.42% by O, adsorption of the reduced CeO,
(Fig. S41). Hydration of 2-cyanopyridine was conducted at 274 K
and 279 K by using the ®0-introduced CeO,, and the product
was confirmed by mass spectroscopy. Fig. 10 shows the time
course of the hydration of 2-cyanopyridine with CeO, and '*0-
substituted CeO,. In the initial stage of the reaction, the mass
intensity ratio of 124/122 in picolinamide with "®O-substituted
CeO, was significantly higher (about five times) compared to
that with CeO,, confirming that "0 from '®0-substituted CeO,
was introduced into the picolinamide. The relationship
between the **0/*°0 in picolinamide and conversion is shown

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Free energy diagram starting from molecular adsorption state
of Al and D1, where zero of the free energy is set to this state.

in Fig. 11. As a result, the '0/*°0 was around 1.4% at low
conversions, which is in good agreement with the **0/*°0O in
80-substituted CeO, (1.42%), and the ratio decreased as the
conversion increased. This result can be interpreted as follows.
In the initial stage of the reaction, picolinamide was produced
with the surface lattice oxygen of '®O-substituted CeO,, and
therefore, the *0/'°0 in picolinamide (~1.41%) is almost equal
to that of the '®O-substituted CeO, (1.42%). As the reaction
consumes %0 in the '®0-substituted CeO,, *°0 is replenished
from water and the surface **0/*°0 of the *0-substituted CeO,
decreased, resulting in the decrease in the *0/*°0 in picolina-
mide. If the reaction mechanism of Step 2-(I) is involved, *°0 of
H,O0 will be introduced into the product and **0/*°0 in picoli-
namide would be lower than 1.42%.

In the second experiment, we conducted the hydration of 2-
cyanopyridine with H,'®0 solvent and CeO,. If picolinamide is
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Fig. 11 The relationship between the *0/*€0 in picolinamide and the
conversion in hydration of 2-cyanopyridine over O-substituted
CeO,. The detailed data are shown in Table S2.1

produced by the surface lattice oxygen of CeO,, the mass
number of the produced picolinamide is 122. On the other
hand, if picolinamide is produced directly by water molecules,
the mass number of the produced picolinamide is 124. At first,
we checked the reactivity of the hydration of 2-cyanopyridine
with H,O and H,"0 (Fig. S5 and Table S37), showing no
significant difference between the reactions. A typical example
of the mass spectrum of the produced picolinamide is shown in
Fig. S6,T and the results are shown in Fig. 12 and Table S3.7 The
mass intensity ratio of 122/124 increased with decreasing the
reaction time, and the mass number ratio at 0 min is expected
to be quite high, indicating that under the conditions where
TON is 1 for the surface lattice oxygen of CeO,, a quantitative
amount of the amide with '°0, namely with a molecular weight
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Fig.10 Conversion and mass intensity ratio of 124/122 in hydration of 2-cyanopyridine with **0-substituted CeO, and CeO, catalysts at (a) 279
K and (b) 274 K. Marks of 8O-substituted CeO,. Conversion: white circle, mass intensity ratio of 124/122: white square. Marks of CeO,.
Conversion: black circle, mass intensity ratio of 124/122: black square. Reaction conditions (a): CeO, or 0-substituted CeO, 100 mg (0.58
mmol), 2-cyanopyridine 104 mg (1.0 mmol), H,O 5 g, 279 K. Reaction conditions (b): CeO, or 2O-substituted CeO, 100 mg (0.58 mmol), 2-
cyanopyridine 104 mg (1.0 mmol), H,O 5 g, 274 K. The detailed data are shown in Table S1.¥
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Fig.12 Mass intensity ratio of 122/124 in hydration of 2-cyanopyridine
in H,'®0O over CeO,. Reaction conditions: CeO, 100 mg (0.58 mmol),
2-cyanopyridine 104 mg (1.0 mmol), H,O or H,'80 3 g, 278 K.

of 122, was formed. Therefore, the hydration of 2-cyanopyridine
proceeds with the involvement of surface lattice oxygen, and
these two experimental results strongly support the reaction
mechanism suggested by the DFT-MD simulations.

4. Conclusions

The detailed mechanism of the hydration of 2-cyanopyridine
over CeO, catalysts was investigated by the DFT-MD simula-
tions. The possible reaction mechanism was discussed by
depicting the free energy landscape. The adsorption of 2-cya-
nopyridine onto CeO,(111) is facile, leading to the stable
adsorption structure of the protonated species, which is cova-
lently bonded to the surface lattice oxygen atom. Two reaction
schemes were compared from this adsorption structure, and
the free energy calculations reveal that the reaction mechanism
involving the surface lattice oxygen was energetically preferable
with the energy barrier associated with this process being
54 kJ mol ™. The other possible mechanism is the nucleophilic
attack of a hydroxide ion formed on the surface Ce atom to the C
atom of the protonated nitrile species. The free energy barrier
associated with this process is calculated to be 70 kJ mol ™,
which is higher than the former process. The former lattice
oxygen insertion mechanism is quite unique considering that
this reaction proceeds readily at room temperature or below.
The contribution of the surface lattice oxygen to the hydration
reaction was also investigated by the two experiments using
H,"®0 solvent and '®0-exchanged CeO, catalyst. It was
confirmed that the lattice oxygen-introduced product was ob-
tained by both experiments, which strongly supports theoretical
prediction. In a related study, the oxygen vacancy-assisted
mechanism over CeO, catalyst was reported in the direct
dimethyl carbonate synthesis from CO, and methanol.** The
flexibility of surface oxygen and the unique acid-base properties
of CeO,, which can accommodate substrate with the covalent
bond along with acid-base interactions and activate water
molecules on the surface, are the key factors in its high
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reactivity for various organic reactions. These unique charac-
teristics of CeO, will be further utilized in the development of
more efficient and environmentally friendly catalysts for various
organic reactions at low temperatures. In particular, this unique
reactivity of the lattice oxygen of CeO, in water is believed to be
effective for hydrolysis and hydration reactions using water,
making it promising not only for green reaction systems that
employ water as a green solvent, but also for applications in the
low-temperature hydrolysis of plastics such as polyesters and
polyamides, which have recently garnered attention.
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