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Abstract

The adsorption of 1,3-butanediol on an oxygen-defect site of a CeO;(111) surface was investigated with density functional theory (DFT) and
paired interacting orbital (PIO) calculations in connection with the investigation of a CeO(111) stoichiometric surface. At the oxygen-defect site,
two adsorption structures were obtained by DFT calculations. In the structures, the two oxygen atoms of the OH groups interact with exposed Ce
cations at the oxygen-defect site. The adsorption structures at the oxygen-defect site are more stable than that on the stoichiometric surface. In the
most stable adsorption structure, one hydrogen atom of the 2-position methylene group interacts with the third Ce cation at the oxygen-defect site
of the CeO,(111) surface. We confirmed the elongation of two C—O bonds and one C—H bond of the 2-position methylene group in the most stable
adsorption structure. We also executed PIO calculations of 1,3-butanediol-CeO5(111) systems to analyze interacting orbitals. In-phase interaction
between the two oxygen atoms in 1,3-butanediol and Ce cations was observed, indicating that the 1,3-butanediol molecule is anchored by two

O-Ce bonds. Out-of-phase interactions between O and C atoms at 1-position and between H and C atoms at 2-position were confirmed.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

We recently reported the selective dehydration of 1,3-diols
over CeO, catalyst to form unsaturated alcohols [1-3]. For ex-
ample, 1,3-propanediol was dehydrated to form 2-propen-1-ol
at 325°C with 98.9 mol% selectivity, and 1,3-butanediol was
dehydrated to form 3-buten-2-ol and trans-2-buten-1-ol with
56.9 and 35.5 mol% selectivity, respectively [2]. In the dehy-
dration of 1,3-butanediol, CeO, shows structure-sensitive catal-
ysis [3]; the {111} facets have active sites for the formation
of unsaturated alcohols, and the other surfaces catalyze such
side reactions as the decomposition of 1,3-butanediol. The cat-
alytic performance of CeO; in the reaction of 1,3-butanediol is
greatly affected by its crystallite size; the selectivity to unsatu-
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rated alcohols, such as 3-buten-2-ol, increases with increasing
crystallite size, whereas the decomposition of 1,3-butanediol
into methanol is catalyzed by small CeO; particles. The {111}
facets are predominant on large CeQO; particles, whereas the
{100} and {110} facets are exposed on small particles.

We have proposed the following reaction mechanism for
the dehydration of 1,3-diols over CeO; [2]: Three Ce cations
positioned in a manner forming a triangle and exposed at an
oxygen-defect site of the CeO,(111) surface are the active cen-
ter for the dehydration, and two oxygen atoms of the OH groups
and one hydrogen atom of the 2-position methylene group in
1,3-diol interact with the three Ce cations. Then the hydrogen
atom is radically abstracted as the initial step, followed by the
abstraction of one of the OH groups in 1,3-diol to produce the
corresponding unsaturated alcohols.

In a previous paper [4], to prove our proposed reaction mech-
anism, we performed quantum chemical calculations based on
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the paired interacting orbital (PIO) theory in the aforemen-
tioned model and confirmed the abstraction process of the hy-
drogen atom of the 2-position methylene group by a Ce cation.
But the adsorption model that we used for our calculations was
based on speculation derived from the reaction results, and we
did not optimize the adsorption structure. Highly reliable cal-
culations, such as ab initio and density functional theory (DFT)
calculations, should be performed.

In this study, we develop the model of the adsorption struc-
ture of 1,3-butanediol at an oxygen-defect site of the CeO,(111)
surface, which was optimized with DFT calculations. We also
carried out PIO calculations on the stable adsorption structures
obtained from DFT calculations, to visualize orbital interac-
tions between 1,3-butanediol and the CeO, surface.

2. Calculation methods
2.1. DFT calculations

DFT calculations were performed using the DMol? program
mounted on MS Modeling 3.0 package [5,6]. Each CeO,(111)

surface model was geometrically optimized at the level of the
local density approximation (LDA) using the Vosko—Wilk—
Nusair (VWN) functional [7]. The double-numeric polarized
(DNP) basis set [5,6], which is equivalent in accuracy to
the 6-31G** double-zeta class Gaussian orbital basis set,
was also used. Total electronic energy convergence criteria
in the geometry optimization were set at 10™* au. (1 a.u.
= 2625.5 kimol~!), and the self-consistent field (SCF) con-
vergence criteria during geometry optimization were set at
10~* a.u. Only the I" point in the Brillouin zone was sam-
pled. Using the optimized models, single-point electronic en-
ergy was calculated at the level of the generalized gradient
approximation (GGA) of the Perdew—Burke—Ernzerhof (PBE)
functional [8]. DNP basis sets were also used, as in the case
of geometry optimization. SCF convergence criteria of GGA
electronic calculation were set at 107> a.u. Brillouin zone in-
tegration was performed using a 2 x 2 x 1 Monkhorst—Pack
grid [9].

The CeO,(111) surface model was constructed as a slab-gap
model [10]. First, the optimized bulk structure was sliced along
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Fig. 1. CeO,(111) surface before geometry optimization by DFT calculations. (a) Top view, (b) side view.
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the specified plane. Then an empty space of adequate height
was created along the z-axis, with only two-dimensional peri-
odicity taken into account. Our slab model was six layers thick,
and the height of the empty space was set at 10 A. The lat-
tice parameters of the model, as shown in Fig. 1, were a = b =
15304 A, ¢ = 14.684 A, o = 60.00°, and g = y = 90.00°.
These parameters were fixed during the subsequent geome-
try optimization. Fig. 1 shows the structure of the CeO,(111)
surface before geometry optimization by DFT calculations.
MOLEKEL 4.0 was used to visualize all results of DFT cal-
culations, except for Fig. 1 [11].

2.2. PIO calculation

The PIO theory of Fujimoto et al. [12,13] was used to
analyze orbital interactions between 1,3-butanediol and the
CeO»(111) surface, with optimum geometry obtained by DFT
calculations. All PIO calculations were executed with the quan-
tum chemical application software LUMMOX [14], to confirm
the interaction between the two substrates and to quantitatively
identify the interacting orbitals that played an important role
in chemisorption [15-18]. The molecular orbitals were deter-
mined on the basis of the extended Hiickel theory, using the
extended Hiickel parameters in the literature [19,20]. The algo-
rithm of the PIO theory is also summarized in the literature [12,
15-18]. The PIO theory quantifies the importance of PIOs be-
tween two fragments, A and B; in this study, A is 1,3-butanediol
and B is the CeO,(111) surface. The importance of PIOs is eval-
uated in terms of eigenvalue (EV). PIOs are labeled as P1O-n,
where n indicates the sequence of importance of the PIOs;
PIO-1 is the most important PIO, PIO-2 is the second-most im-
portant PIO, and so on. The overlap population (OP) is used
to evaluate the attractive or repulsive role of the PIO in the ad-
sorption system. PIO with positive OP plays an attractive role in
the adsorption, whereas PIO with negative OP plays a repulsive
role.

3. Results

Fig. 2 shows the structure of an oxygen defect introduced
on the CeOy(111) surface, which was optimized by DFT cal-
culations. Relaxation of the surface was observed; the third-
layer O~ ions around the oxygen defect migrated toward the
oxygen-defect site, whereas the second-layer Ce** ions around
the oxygen defect migrated in the opposite direction. No relax-
ation of the outermost surface O~ ions was observed.

We investigated the adsorption geometry of 1,3-butanediol
at an oxygen-defect site of the CeO»(111) surface. Figs. 3
and 4 show two structures from different starting geometries,
which were optimized by the calculations. The nomenclature
of the atoms in 1,3-butanediol is shown in Fig. 5. We designate
the adsorption models shown in Figs. 3 and 4 as Structures 1
and 2, respectively. In Structure 1, the two oxygen atoms in 1,3-
butanediol interact with Ce! and Ce? cations. In Structure 2,
the H2* atom interacts with Ce? cation, in addition to the in-
teraction between the two oxygen atoms in 1,3-butanediol and

(b)

Fig. 2. Structure of CeO,(111) surface with an oxygen defect optimized by
DFT calculations. (a) Top view, (b) side view. In the side view, a first-layer
O atom that overlaps with the oxygen-defect site, namely, X in the top view, is
removed in order to clearly visualize the oxygen-defect site.

the Ce! and Ce? cations observed in Structure 1. Another sig-
nificant difference between the two structures is the molecular
structure of 1,3-butanediol: the molecule is linear in Structure 1
and ringed in Structure 2. Table 1 lists the structure parameters
of free and adsorbed 1,3-butanediol (Structures 1 and 2). The
adsorption energies of 1,3-butanediol at the oxygen-defect site
in Structures 1 and 2 are —98.8 and —102.7 kJ mol ™!, respec-
tively (Table 2). In Structure 1, an elongation of the C>—H?®
bond by 0.013 A is observed after the adsorption, whereas no
stretching of C—O bonds is observed. In Structure 2, the clo!
and C3-03 bond lengths are increased together with the elon-
gation of the C2-H?* bond, whereas the other bond lengths are
hardly changed before and after the adsorption.

We built a (CegO36Ha6)!2~ cluster model from Structure 2
for PIO calculations and defined three cutout planes [(I)-(III),
as shown in Fig. 6], to observe the orbital interactions between
the two oxygen atoms in 1,3-butanediol and Ce cations, be-
tween H2* and Ce?, and between C'-O' and Ce!, respectively.
Table 3 summarizes EVs, Ops, and LCAO representations of
PIOs 1-6, and Fig. 7 shows the contour maps of four rep-
resentative PIOs. PIO-1 shows in-phase interaction between
the oxygen atoms in 1,3-butanediol and Ce cations (Fig. 7a),
whereas PIO-5 shows out-of-phase interaction between the
atoms (Fig. 7b). PIO-3 exhibits out-of-phase interaction be-
tween O! and C! atoms, which is induced by the in-phase in-
teraction between O! and Ce! (Fig. 7c). PIO-5 and PIO-6 also
exhibited out-of-phase interaction between H2* and C2, which
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Fig. 3. Optimized structure of 1,3-butanediol at oxygen-defect site of CeO;
(111) surface (Structure 1). (a) Top view, (b) side view, (c) front view. The
O atom, represented by X in Fig. 2, is removed in the side view.

is induced by the in-phase interaction between H?* and Ce?
(Figs. 7d-7e). In addition, PIO-2, PIO-3, and PIO-4 also exhib-
ited an in-phase interaction similar to PIO-1.

Along with (CegO36H26)!2~, we built other CeO, clusters,
such as CegO1g and Cey(O4p, with the charge of —2 from Struc-
ture 2 (Fig. 4), to confirm the validity of the cluster that we
used for the PIO calculations. The calculation results were es-
sentially the same for the three clusters. The 1,3-butanediol
molecule is anchored by the interaction between its two oxygen
atoms and Ce cations, and an out-of-phase interaction between
H2* and C?, induced by the in-phase interaction between H>*
and Ce?, was observed.

We also investigated the adsorption of 1,3-butanediol on a
stoichiometric CeO;(111) surface. Fig. 8 shows the optimized
structure of 1,3-butanediol on the stoichiometric CeOy(111)
surface (Structure 3). Structure 3 has an adsorption energy of
—82.7 kImol~! (Table 2) and elongated O—H bonds in 1,3-bu-

Fig. 4. Optimized structure of 1,3-butanediol at oxygen-defect site of CeO;
(111) surface (Structure 2). (a) Top view, (b) side view, (c) front view. The
O atom, represented by X in Fig. 2, is removed in the side view.

Fig. 5. Perspective view of the adsorption of 1,3-butanediol on oxygen-defect
site of CeOy(111) surface (Structure 2) and nomenclature of the atoms in
1,3-butanediol and three Ce cations.
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Table 1
Structure parameters of free and adsorbed 1,3-butanediol molecules together
with bond lengths of O1-Ce!, 03-Ce3 and H2¥-Ce22

Bond lengthb (A)

Free Structure 1 Structure 2 Structure 3
cl-ple 1.114 1.106 1.104 1.107
cl-ulp 1.103 1.117 1.104 1.107
cl-o! 1.401 1.400 1.418 1.425
C2-H2 1.104 1117 1.113 1.102
C2-H2p 1.103 1.104 1.101 1.104
cipl 1.105 1.108 1.109 1.109
c3-0d 1.434 1.424 1451 1.418
Cc4-H 1.100 1.100 1.102 1.102
cA-H4b 1.100 1.101 1.102 1.100
ct-pvr 1.103 1.102 1.102 1.102
ol_go! 0.986 1.202 0.986 1.037
03-H93 0.973 0.977 0.984 1510
o!l-ce! - 2.496 2.565 2.481
03-ce? - 2.641 2.673 2378
H2e_Ce? - 3.279 2.500 3.194

4 The nomenclature of each atom is the same as shown in Fig. 5.
b Underlined numbers indicate large change in bond length after adsorption.

Table 2
Adsorption energies of 1-butanol, 2-butanol and 1,3-butanediol on oxygen-
defected and stoichiometric CeO,(111) surfaces?

Adsorbate Oxygen-defect site Stoichiometric surface
1-butanol —80.1 —64.5
2-butanol —46.6 —66.2
1,3-butanediol —98.8, —102.7 —82.7

3 The unit of energy is kI mol !

tanediol. The structure parameters of Structure 3 are summa-
rized in Table 1.

We also used DFT calculations to investigate the adsorp-
tion of 1- and 2-butanol on oxygen-defected and stoichiometric
CeOy(111) surfaces. Table 2 summarizes the adsorption en-
ergies of 1- and 2-butanol as well as 1,3-butanediol on the
oxygen-defected and stoichiometric CeO;(111) surfaces. The
adsorption energies of the mono-alcohols are lower than those
of 1,3-butanediol. Fig. 9 shows the adsorption structures of 1-
and 2-butanol at an oxygen-defect site of the CeO2(111) sur-
face. The butanols are adsorbed to fill the oxygen-defect site
with O atoms from the OH groups. In addition, §-H atoms in
butanol are located at a distance from Ce cations and thus can-
not interact with any Ce cations.

4. Discussion
4.1. Dehydration of 1,3-diols over CeO»(111) surface

We recently reported that the CeO,(111) surface serves as
the active center for the dehydration of 1,3-diols into unsatu-
rated alcohols [3]. We used CeO; catalysts with different crys-
tallite sizes and found that the selectivity to unsaturated alco-
hols increased with increasing crystallite size. Table 4 gives
catalytic data from our earlier study [3] for the reaction of
1,3-butanediol over CeO; with different crystallite sizes, along

(1) (11)
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Fig. 6. Graphical images of CegO3¢H»¢ cluster and 1,3-butanediol for PIO cal-
culations with cut-out planes. (a) Top view, (b) side view, (c) front view. Cut-out
planes (I)—(IIT) were fixed to visualize the cross section of PIOs in Fig. 7, and
the CegO3gHpg cluster and the diol were not cut. The O atom, represented by
X in Fig. 2, is removed in the side view.

with the formation rates of unsaturated alcohols calculated us-
ing the cited data. The formation rate based on CeO, unit
surface area monotonically increased with increasing crystal-
lite size (Table 4). We speculate that these results are related
to changes in the properties of the CeO, surface with crys-
talline growth. Transmission electron microscopy has revealed
that the {111} facets are exposed preferentially on the surface
of a large CeO» crystallite [21]. The number of surface oxygen
defects decreases with increasing crystallite size [22,23]. The
oxygen-defected CeO,(111) single-crystal surface has been ob-
served microscopically [24-28]. A surface oxygen defect exists
as a “single vacancy” in the low concentration range of oxygen
defects [27,28], with multiple defects of linear and triangular
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E‘i];ijalues, overlap populations and LCAO representations of PIO-n (n = 1-6)
n Eigenvalue (EV) Overlap population (OP) Component?
1 0.863 0.0440 Y1 =—0.151Cel; 5, +0.137Cef +0.077Cef + -
g1 = —0.6820}  +0.3010)  —0.24205  —021403  —0.209C) -
2 0217 0.0202 V2 =+0.160Ced; . —0.124Ce3,,  —0.119Ce3; 5 o+
¢ =—-042603, +0.357C} —0.3490}  +0.278H;7 —0.2640} +- -
3 0.097 0.0062 Y3 =+0.207Ced, —0.143Cel  —0.108Ced; +---
g3 =+0315C5  —0299C5  —0214C), +0.21405  —0.17803  +---
4 0.083 0.0249 Y4 =—0.210Ced;  +0.185Cedy , »+0.106Ce] +---
¢4 =+0.69803  —0.3530}  +0.26603 = —0.1990} +0.172C3  +---
5 0.032 —0.0409 Vs =—0.430Cey, —0.309Cef —0.232Ce3, —0.195Ceq, —0.174Ce3, +--
g5 = —0.363Cy  +0.288C3 —0.2760}  +0.2240) — 0.128H}% + ---
6 0.024 0.0199 V6 = +0.389Ce]  +0.353Cely , \» —0.272Cef  —0.104Ce3, —0.100Ce3  +---

— 1 1 2 2 2
g6 =—03440} _ —0.2720} +0.208C +0.181C%, — 0.150H7* + -

2 4 and ¢ represent molecular orbitals of (Ceg 036H26)12_ cluster and 1,3-butanediol, respectively.

forms observed only rarely on the surface at a defect concentra-
tion of <1 x 1013 cm™2 [27].

We speculate that a Ce*t ion at a single defect site acts
as the active center for the abstraction of 8-H from 1,3-diol
via the Ce**—Ce3* redox cycle [2]. This leads to the follow-
ing question: Are the multiple defects of linear and triangular
forms active centers for the dehydration? Small CeO, particles
decompose 1,3-butanediol into methanol and ethanol [3] and
contain many defects that would form multiple defects [27];
however, these multiple defects would expose reduced Ce’+
ions [26] that would not participate in the redox cycle. Thus,
the multiple defects would catalyze the decomposition, not the
dehydration, of 1,3-diol.

We have another question: Can the oxygen-defect site ex-
ist under the reaction conditions? It has been reported that
CeO; by nature has oxygen defects, and that the concentra-
tion of the oxygen defects depends on its crystallite size [22,
23]. Kosacki et al. indicated that the concentration of oxy-
gen defects decreases with CeO; crystalline growth because of
the increase in the enthalpy for oxygen-defect formation with
growth [22]. Thus, it is reasonable that single oxygen-defect
sites exist predominantly on the surface of the most selective
CeO, at the reaction temperature. Therefore, we considered
CeO;(111) with either a single vacancy or a stoichiometric sur-
face for the investigation of active sites in the dehydration of
1,3-butanediol.

4.2. Structure of the CeO3(111) surface with oxygen defect

The optimized structure of the oxygen-defected CeO,(111)
surface shows slight relaxation (Fig. 2); the third-layer O an-
ions migrate toward the oxygen-defect direction, whereas the
second-layer Ce cations migrate in the opposite direction. In
our calculations, relaxation of the first-layer O anions occurred
rarely. Using DFT calculations, Esch et al. recently showed
relaxation of the oxygen-defected CeO,(111) surface and con-

firmed relaxation of the second-layer cations and the third-
layer anions, similar to what we found. They also verified that
the first-layer O anions relaxed outward, in good agreement
with previous experimental results [26-28]. The difference be-
tween the results of Esch et al. and our findings can be at-
tributed to the different calculation conditions, the lenient con-
vergence criteria used in our study, and the Hubbard-U term
addition used in their study to consider the strong correlation
effect [28-30].

4.3. Adsorption of 1,3-butanediol on oxygen-defect site of
CeO;(111) surface

We obtained two adsorption models of 1,3-butanediol on an
oxygen-defect site of a CeOy(111) surface (Figs. 3 and 4). The
adsorption energy of Structure 2 (Fig. 4) is larger than that
of Structure 1 (Fig. 3) by 3.9 kJmol~!, indicating that 1,3-
butanediol adsorbs on the oxygen-defect site of the CeO,(111)
surface in the form of Structure 2. Comparing the structure
parameters of the free molecule of 1,3-butanediol and Struc-
ture 2 shows that the C'-O!, C2-H?*, and C3-03 bond lengths
are increased by 0.009-0.017 A (Table 1). In the reaction of
1,3-butanediol over CeOy, 3-buten-2-ol and trans-2-buten-1-
ol are selectively produced, with the sum of their selectivi-
ties >90 mol% [2], and a C2-H%® bond and one of the C-O
bonds must be activated to produce the corresponding unsat-
urated alcohols. Hence, the elongation of these bonds sug-
gests that the three bonds are activated and that the oxygen
defect on the CeO,(111) surface is an active center for the
selective dehydration of 1,3-diols to form unsaturated alco-
hols. Furthermore, we note that the O!'-Ce! bond length is
shorter than the O3—Ce3 bond length, accounting for the dif-
ference in selectivity to 3-buten-2-ol of 56.9 mol% and to
trans-2-buten-1-ol of 35.5 mol% [2]. 3-Buten-2-ol and trans-
2-buten-1-ol are formed by the abstraction of an OH group at
1-position and 3-position in 1,3-butanediol, respectively. The
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Fig. 7. Contour maps of PIOs. (a) PIO-1 from cut-out plane (I), (b) PIO-5 from (I), (c) PIO-3 from (III), (d) PIO-5 from (II), (e) PIO-6 from (II), (f) expanded image
of PIO-5 (d).

OH group at 1-position interacts strongly with the Ce cation, 4.4. Orbital interactions between 1,3-butanediol and the
because the O' atom is positioned more closely to the Ce CeO»(111) surface

cation than the O® atom is. Thus, the OH group at 1-position

is readily abstracted compared with the OH group at 3-po- We performed PIO calculations to investigate the orbital in-
sition. teractions between 1,3-butanediol and the CeO,(111) surface.
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Fig. 8. Adsorption of 1,3-butanediol on stoichiometric CeO;(111) surface op-
timized by DFT calculations (Structure 3). (a) Top view, (b) side view, (c) front
view.

Fig. 6 shows the (C69036H26)12_ cluster-1,3-butanediol ad-
sorption structure modeled from Structure 2 for the PIO cal-
culations. As is well known, two Ce** ions per unit of oxygen-
defect formation are reduced to Ce3*. The cluster charge, —12,
confirms that two of the nine Ce cations have a charge of +3
and the other seven have a charge of +4.

Several kinds of interaction between 1,3-butanediol and the
CeO»(111) surface were confirmed, as shown in Fig. 7. We can
identify whether the PIO has an in-phase or an out-of-phase in-
teraction between 1,3-butanediol and the (CegO36Ha6)!2~ clus-
ter by determining the OP of each PIO; positive OP means
in-phase interaction, whereas negative OP means out-of-phase
interaction. Thus, PIOs 1-4 indicate that 1,3-butanediol is an-
chored on the oxygen-defect site of the CeO,(111) surface via
the interaction between two O atoms and Ce cations (Table 3).
In PIO-3, out-of-phase interaction between O! and C! is ob-
served in 1,3-butanediol; that is, the 2p, orbital of the O! atom

interacts with the opposite phase of the 2p, orbital of the c!
atom (Fig. 7c; Table 3, row 6). PIO-5 and PIO-6 also show the
out-of-phase interaction between H>* and C? atoms. The 1s or-
bital of H2* interacts with the opposite phase of the 2s orbital of
C2 atom in PIO-5 (Figs. 7d and 7f; Table 3, row 10) and PIO-6
(Fig. 7e; Table 3, row 12). These interactions result in the ac-
tivation of C'-O! and C?>~H?* bonds and an increase in bond
length (Table 1). Such interactions are hardly observed between
03 and C3, probably because of the large distance between O3
and Ce3, which causes inefficient overlap of the orbitals be-
tween O3 and Ce> atoms.

In our previous studies, we proposed that O', H**, and O3
atoms coordinate to three Ce cations exposed at the oxygen-
defect site of the CeO,(111) surface [2,4]. The present results
show that 1,3-butanediol is anchored on the surface via the in-
teraction between its two O atoms and the Ce cations, whereas
its H2® atom does not coordinate with the Ce cation. Another
difference in the present study is the out-of-phase interaction
seen between O and C atoms (PIO-3), which was not observed
in the previous study. We speculate that these differences are
related to the different adsorption models used. We previously
used the speculative adsorption model of 1,3-butanediol at an
oxygen-defect site of the CeOy(111) surface. Although the ad-
sorption models are similar, PIO calculations are sensitive to
the slight differences between the models. Hence, in this study,
we could not confirm the orbital interaction that corresponds to
the coordination of H2*—Ce? [4]; rather, we observed the out-
of-phase interaction between O and C atoms in 1,3-butanediol.

4.5. Adsorption of 1,3-butanediol on stoichiometric
CeO>(111) surface

The oxygen-defect site on the CeO,(111) surface is consid-
ered to act as an active center for the dehydration of 1,3-diol to
form unsaturated alcohols. However, as far as we know, the ad-
sorption of 1,3-diol on a stoichiometric CeO,(111) surface has
not been investigated. Consequently, we performed DFT cal-
culations to confirm the adsorption of 1,3-butanediol on a stoi-
chiometric CeO,(111) surface (Fig. 8). As shown in Table 1, the
C'-0! and C3-03 bond lengths increased after adsorption on
the oxygen-defect site (Structure 2), whereas the C*~O3 bond
length decreased after adsorption on the stoichiometric surface
(Structure 3). This means that the O—C bond cleavage does not
occur on the stoichiometric surface. Furthermore, the adsorp-
tion energy of Structure 3 is smaller than that of Structure 2
by 20.0 kJ mol~!. This indicates that the dehydration proceeds
preferentially at the oxygen-defect site.

4.6. Adsorption of 1- and 2-butanol on the CeO»(111) surface

Finally, we discuss the adsorption of 1- and 2-butanol on
the oxygen-defected and stoichiometric CeO,(111) surfaces.
The adsorption energies of butanols are much lower than those
of 1,3-butanediol on the CeO,(111) surface (Table 2). Fig. 10
illustrates the difference in adsorption structure between 1,3-
diols and mono-alcohols. Butanol adsorbs on the oxygen-defect
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(b)

(d)

Fig. 9. Adsorption structures of 1- and 2-butanol at oxygen-defect site of CeO;(111) surface optimized by DFT calculations. Adsorption of 1-butanol (a) top view
and (b) side view, and that of 2-butanol (c) top view and (d) side view. The O atom, represented by X in Fig. 2, is removed in the side view.

Table 4
Catalytic reaction of 1,3-butanediol over CeO, with different crystallite sizes

D*P  Conver- Formation rated

(nm) sion®*(%) 3850 12B10 c2B1O mmolh—' g~! mmolh—' m—2

Selectivity (mol%)®¢

6.0 354 372 247 1.8 49.8 0.35
11.4 37.1 473 326 2.1 67.2 0.91
20.1 333 53.0 350 22 66.3 1.58
36.7 28.0 57.6  36.9 1.9 59.6 2.59
65.0 212 58.1 378 1.9 45.8 3.52

2 Data are cited from Ref. [3].

b Particle size of CeO», D, is calculated with the equation, D = 6/(d x SA),
where SA and d are the specific surface area and the density of CeO,, d =
7.1 gcm*3, respectively.

¢ The reaction conditions are as follows: reaction temperature, 325°C;
catalyst weight, 0.5 g; liquid feed rate, 10 cm’ h*]; Ny gas flow rate,
1800 cm3 h~L. 3B20, 3-buten-2-ol; t2B10, trans-2-buten-1-ol; c2B10, cis-
2-buten-1-ol.

d Formation rate of unsaturated alcohols is calculated from conversion—
selectivity data.

site to fill the site with the O atom of its OH group, and the -
H atom of butanol seems not to interact with Ce cations. In
contrast, the 8-H atom (H?® atom) and the two OH groups of
1,3-butanediol interact with Ce cations, as discussed in Sec-
tion 4.4.

The difference in adsorption structure between mono-alco-
hols and 1,3-diols at the oxygen-defect site affects the differ-
ence in their reactivity; 1- and 2-butanol are less easily de-
hydrated than 1,3-butanediol over CeO; [2]. In Section 4.3,
we stated that the oxygen-defect site would be the active cen-
ter for the dehydration of 1,3-diols. In our previous study, we
concluded that 8-H elimination was the initial step in the de-
hydration of 1,3-diols [4]; the 8-H atom in 1,3-butanediol was

L
/CE\é ~

mong-alcohol [
S

Oxygen defect point

N~
/ €

§
\Ce/
TN Lidiol (‘m
H H
\«'/C?l

Fig. 10. Schematic image of the adsorption structures of 1,3-diols and mo-
no-alcohols.

abstracted by a Ce cation. Actually, the dehydration of mono-
alcohols occurs rarely, because the S-H atom cannot access
Ce cations, and the mono-alcohols are dehydrogenated to form
carbonyl compounds at higher temperatures [2]. Unsaturated
mono-alcohols are not dehydrated and are selectively produced
in the reaction of 1,3-diols due to the suppression of further de-
hydration to form dienes.

5. Conclusion

The adsorption of 1,3-butanediol on an oxygen-defected
CeO;(111) surface was investigated using DFT and PIO calcu-
lations. Two optimized adsorption structures of 1,3-butanediol
were obtained from different starting geometries by DFT cal-
culations. Structure 2 (Fig. 4) was more stable than Structure 1
(Fig. 3), by 3.9 kImol~!. Three bonds were activated by ad-
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sorption: The cl-0!, C2_H?¢, and C3*-03 bond lengths in 1,3-
butanediol were increased after adsorption in Structure 2.

PIO calculations indicated an in-phase interaction between
the O atoms in 1,3-butanediol and Ce cations, indicating that
1,3-butanediol is anchored by the interaction between two O
atoms and two Ce cations. The out-of-phase interactions be-
tween O! and C! and between H?* and C2, induced by the
in-phase interactions between O' and Ce! and between H>* and
Ce?, respectively, result in the elongation of the C'-O'! and C?—
H“ bonds.

We also found that the adsorption energy of 1,3-butanediol
on the stoichiometric CeOy(111) surface was substantially
smaller (by 20.0 kJ mol~") than that at the oxygen-defect site.
We speculate that 1,3-butanediol preferentially adsorbs on the
oxygen-defect site of the CeO,(111) surface and is dehydrated
at the defect site.
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