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ABSTRACT: This combined experimental and theoretical study aims at under-
standing why surface hydroxyl groups may enhance catalytic reactivity of MgO
surfaces in basic catalysis, whereas hydroxyls are weakly deprotonating groups. We
investigated that reactivity enhancement in the catalytic conversion of 2-methyl-but-3-
yn-2-0l (MBOH). Reaction kinetics was experimentally determined on partially
hydroxylated MgO: active sites were saturated with the reactant and catalyzed its
conversion with an activation energy of 85 kJ-mol™'. Reaction pathways were
calculated over fully hydroxylated, partially hydroxylated, and dehydroxylated MgO
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surfaces by means of first-principles simulations. To highlight the effect of reactant

coverage, we also calculated the reaction pathway on MgO precovered with MBOH molecules. The results show that the surface
OH groups generated by dissociative adsorption of water induce a lowering in the activation energy barriers when they keep a
bare Mg**-O?" pair available in the vicinity for MBOH to adsorb and react. Interestingly, OH groups do not directly interact with
MBOH converting on the surface, but they modify the basic properties of the vicinal bare Mg**-O*~ pair on which MBOH
adsorbs and converts. A similar effect is predicted when MBOH converts on a bare Mg**-O> pair in the vicinity of a second
adsorbed MBOH molecule. The beneficial effect of coadsorbates on the reactivity of active sites is analyzed by means of a

thermodynamic model and an electronic structure analysis.
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Bl INTRODUCTION

Basic oxides play a major role as catalysts in valorization of
alcohols from biomass. These materials are used in reliable
after-oil processes to catalyze esterifications, transesterifications,
etherifications, and even C—C bond formation through
Guerbet reaction. They are intensively investigated in order
to optimize their performance.' Those investigations toward
applications revealed a typical behavior: strong basic sites are
generally not needed for an efficient conversion of
alcohols.'™"°

Previous experimental observation is in total agreement with
conclusions from fundamental studies of model reactions.'”>°
In particular, surface hydroxyls are often involved in the most
active sites catalyzing alcohol conversions, even when stronger
basic sites are also available on the surface. The particular role
of surface hydroxyls goes beyond alcohol conversions*"** and
appears as a key element for understanding basic catalysis:
hydroxyls naturally form on all basic oxides exposed to wet
atmosphere, and their formation could explain why adding
water in the adducts improves other processes in basic
heterogeneous catalysis.”>~>*
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The catalytic role of hydroxyls was specifically proven on
MgO and CaO for the conversion of a model alcohol, the 2-
methylbut-3-yn-2-ol (MBOH).'??*****° The catalytic conver-
sion of MBOH leads to the formation of different products
depending on the nature of the active sites that are involved.”’
On basic oxides, MBOH conversion gives acetone and
acetylene only and allows basic active sites to be revealed. In
the past decade, we used that model reaction in a
comprehensive multitechnique study aiming to identify active
sites in basic catalysis by MgO.”>*'™* We showed that the
catalytic activity in MBOH conversion correlates with the
surface concentration of hydroxyls with low coordination
number (OH;¢).”” The concentration of hydroxyls on MgO
was measured through quantitative "H NMR analysis, which
also gave insights into the coordination number of the
hydroxyls involved in the active sites. However, the exact
structure of the active sites could not be probed within that
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study and still needs to be elucidated for understanding the
mechanism.

Up to now, the catalytic role of hydroxyls was often
interpreted through the Sabatier principle (“the alcohol
molecule should adsorb more weakly and thus evolve more
easily on hydroxylated sites than on dehydroxylated sites”), but
it has never been explained at a molecular level with a specific
and proven mechanism. For the most studied basic catalyst
MgO, modeling studies often address interactions of protic
molecules with (100) plans and defects (steps, corners,
kinks),>*~*" but only few papers report full calculations of
base-catalyzed reaction mechanisms.**”* Moreover, they
always focus on bare oxide surfaces: the catalytic role of
surface hydroxyls has never been addressed specifically.
Interestingly, Wang et al. suggested in a recent DFT study
on bare MgO that strong basic sites are not desirable for an
efficient basic catalysis.*> They calculated pathways of butene
isomerization for four different models of nonhydroxylated
active sites, and with their preliminary convergence criteria, the
lowest activation barrier was obtained on the surface defect
which was the least stabilizing for the intermediates. That study
indicated that the Sabatier principle was relevant for
interpreting basic catalysis, even with alkenes as reactants,
which should be much harder to deprotonate than alcohols.

Beyond the Sabatier principle, it is necessary to explain why
weakly deprotonating hydroxyl groups can enhance the
catalytic reactivity of MgO surfaces in basic catalysis. Do the
hydroxyls act as deprotonating sites or as stabilizing groups for
reaction intermediates? Which structural parameters contribute
to the lowering of the activation barrier?

This work aims at explaining why hydroxylated MgO surfaces
catalyze basic conversion of alcohols more efficiently than bare
MgO surfaces do. This explanation was brought by a modeling
approach in close interaction with experiment. The present
paper is organized as follows: the first section is devoted to the
experimental kinetic study of MBOH conversion on hydroxy-
lated MgO surfaces. In the second section, the conversion
reaction mechanisms are exposed from density functional
theory (DFT) calculations. Finally, the last section compares
experimental kinetics and calculated mechanisms and proposes
an interpretation of the catalytic role of surface hydroxyls in
MBOH conversion from both DFT adsorption thermody-
namics and local density of state analyses.

B EXPERIMENTAL METHODS

Material Synthesis. MgO sample was prepared through
thermal decomposition of Mg(OH), precursor at 1273 K in
vacaum. Mg(OH), precursor was precipitated from a Mg-
(NO;), solution basified with ammonium hydroxide, as
described earlier.*® The BET specific surface area of the MgO
sample was measured to be 167 m>g™".

MBOH Catalysis Experiments. MBOH reaction was
followed in an automated differential flow microreactor. For
each experiment, 20 mg of catalyst was pressed into wafers
under a pressure of § X 10° Pa and crushed into pellets of 125—
200 ym diameter. The sample was deposited on porous glass,
in the center of a U quartz tube with a 10 mm i.d.

Just before the catalysis measurements, the catalyst surface
was cleaned in situ at high temperature and partially
hydroxylated as described in details earlier.>**® It was heated
at 1023 K under dry N, flow, cooled to 373 K, exposed to wet
N, flow at 373 K, and partially dehydroxylated at 673 K under
dry N, flow. It was checked that hydroxylation treatment did
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not reconstruct the surface. The reaction temperature of 343—
383 K was controlled within +1 K with a thermocouple located
by the catalyst. The desired MBOH partial pressure was
obtained by bubbling nitrogen (100 cm® min™') in liquid
MBOH at the selected temperature. Reaction products were
analyzed every 120 s using a Varian micro gas chromatograph
equipped with a catharometric detector and a CP WAX 52 CB
column. It has been confirmed that by varying the mass of the
sample and the inert flow rate no diffusion limitation could be
observed under these conditions.

Kinetics Analysis. The partial pressure and the concen-
tration of each product P; was calculated from chromatographic
measurements by using the appropriate response coefficients
and the value of the initial partial pressure of MBOH in the
feed, Pdpon-

Acetone and acetylene are the only detected products, and
they are in a ratio of 1 to 1, in agreement with the reaction
equation predicted for the ideal case of purely basic MBOH
conversion.

The conversion rate Conv is expressed as

0'5.(Excetone + Pacetylene)

0
P MBOH

Conv =

(1)

where P, .one and P,eyiene are the partial pressures of acetone
and acetylene, respectively.

The contact time is the ratio of the catalytic bed volume (in
cm?) to the feed flow rate (in cm®s™). Arrhenius parameters
are extracted from the initial volumic rates of formation of
acetone 7" (equal to the one of acetylene). Those initial
rate values are measured when the contact time approaches
zero: in the graph giving the outlet concentration of acetone (in
mol L) as a function of the contact time (in s), they are given

by the slope of the tangent at the origin.

B THEORETICAL CALCULATIONS

Surface Model. To study the reaction mechanism at
various hydroxyl coverages, we chose the edge of an MgO step.
That defect can deprotonate water and alcohols, which is
necessary to form surface hydroxyls*®*' and the first reaction
intermediate in alcohol conversions.*"*’ The slab (called
S20N) was used in several previous works****7>% as a model
of MgO surface defect involving four coordinated (4C) ions. It
is one of the MgO defects that is most commonly used in
theoretical study of MgO surface reactivity.*>*/4547~4951=53
The model is a three-layer slab representing a 2-dy,_o high step
with a 6-dyr,_o long edge (where dy;,_g is the Mg—O distance).
It offers three sites of adsorption for water or alcohol. The two
upper layers of the slab were allowed to relax during all the
calculations.

First-Principles Calculations. The calculations were
performed using DFT in periodic boundary conditions with
the VASP program.>**> The general gradient approximation
(GGA, Perdew—Wang 91°%%7) was used, and the electron—ion
interaction was described with the PAW method.*® A tight
convergence of the plane-wave expansion was obtained with a
cutoff of 400 eV.*' The convergence criterion for the electronic
self-consistent cycle was fixed to 107° eV. Geometry
optimizations were performed within a conjugate-gradient
algorithm until the convergence criterion on forces (1072 eV-
A™") was reached. In order to describe the interaction between
adsorbates and the MgO surface, we defined the adsorption
energy as follows:
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AE_ ;. = E(adsorbate) — E(surface) — E(gas phase) (2)

where E(surface), E(gas phase), and E(adsorbate) represent the
energies of the optimized oxide surface (with its possible
preadsorbates), gas phase reactants and adsorbed phase,
respectively. E(gas phase) was calculated in periodic conditions
mimicking the gas phase: one molecule in a vacuum box with
1S A X 16 A X 17 A dimensions.

The transition states (TS) of the elementary steps were
determined using the nudged-elastic-band (NEB) method.>
Reaction pathways were optimized with a set of eight
intermediate geometries (16 in complex cases), obtained by
linear interpolation with a mixed internal and Cartesian
coordinate system using the string theory,” as implemented
in the Opt'n Path suite.®’ The obtained approximate transition
states were refined by minimizing the residual forces below
1072 eV-A™" with the quasi-Newton algorithm implemented in
VASP. All potential energy surface (PES) extrema were verified
by the calculation of the vibrational frequencies within the
harmonic approximation. The Hessian or force constant matrix
was computed by finite differences on nuclei forces followed by
a diagonalization procedure. The resulting eigenvalues
correspond to the harmonic frequencies.

Atomistic Thermodynamics. The Gibbs free energy in
reaction conditions is considered with the following approach.
A simple way to estimate the stability of the adsorbed species is
the prediction of the Gibbs free adsorption energy AG,q4, (see
ref and references therein for the elaboration of the
corresponding model):

AGads = Gads - Gsurf - Ggas (3)
AGads(Tr P) = A‘Eads + AEZPE + E:onﬁg,ads
vib
T
- NkBTln vib %tadS( )trans
QA (T)QE(T)Q (T, P)
(4)
Fconﬁg,ads = _kBTln Qconﬁg,ads
R
= —kyTln site ]
[ (l\lsite - Nads) !Nads! (5)

where AE, 4 and AE;p; are the DFT adsorption energy and the
DEFT zero point energy change due to adsorption, respectively.
Q™ and Q"ﬂ’gas are the respective vibrational partition
functions of the adsorbed system and the gas phase. Q‘Otgas
and Q™ are the rotational and translational partition
functions of the gas phase, respectively. For the calculation of
vibrational partition functions, the oxide surface vibrations at
the I' point are included systematically. F 4504 i the
configuration free energy of the adsorbed phase.

B RESULTS AND DISCUSSION

1. Kinetics Study of MBOH Conversion on Hydroxy-
lated MgO. As shown in our previous study, partially
hydroxylated MgO catalyzes basic MBOH conversion better
than dehydroxylated MgO does.*”*> When dehydroxylated
MgO samples are exposed to wet atmosphere and heated under
N, flow above 673 K, they catalyze the basic conversion of
MBOH in correlation with the surface density of hydroxyl
group. The linear correlation between catalytic activity and low
coordinated OH surface density was shown for various
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morphologies of MgO and for heating temperatures between
673 and 1073 K.’

In the present study, we determined the rate law and the
associated activation barrier for MBOH conversion catalyzed by
a partially hydroxylated MgO sample. From the experimental
results described above, it is expected that the most efficient
active sites should include one OH group or more and that
their surface density rules the catalytic activity in MBOH
conversion.

MBOH conversion on our MgO sample follows the basic
route only. Carbon balance was achieved within a maximum
deviation of 2% and, as expected, the formation rates were
equal for acetone and acetylene. As a consequence, rate laws for
acetone and acetylene formations are the same. For the sake of
brevity, the rest of the study only presents the rate law for
acetone formation.

Whatever the reaction temperature between 343 and 383 K,
changing inlet reactant concentration did not change the rate of
reaction. Figure 1 shows outlet acetone concentration as a

Outlet acetone concentration

/105 mol.L-!
12 s
10 8
8
6 . .+ [MBOH]y/10% mol.L"
4 . 3.0
2 "4.3
0 459

0 01 02 03 04 05 06 0.7
Contact time /s

Figure 1. Kinetics of MBOH conversion at 353 K on partially
hydroxylated MgO: outlet product concentration as a function of
contact time for three inlet reactant concentrations [MBOH],.

function of contact time for reaction at 353 K and for inlet
MBOH concentration between 3-10™* mol L™ and 5.9-107*
mol L~!. For similar contact times, doubling inlet MBOH
concentration did not change outlet acetone concentration
significantly.

As a consequence, the reaction order with respect to MBOH
is zero. In initial conditions, the concentrations of acetone and
acetylene are null and no other gas species contributes to the
rate law. So the acetone formation obeys the following rate law:

= kapparent ’ [LJ (6)

with 73" the formation rate for acetone (in mol L™'-s7!),
kopparent the apparent rate constant (in s™'), and [L] the active
site concentration (in mol L™*). That zero-order in respect to
the reactant indicates that all the available active sites are
saturated with adsorbed reactant.> That is to say, MBOH
adsorbs on the active sites with a quite large energy of
adsorption.

The experimental activation energy was determined from
two major assumptions. First, the apparent rate constant obeys
the Arrhenius equation. Second, the concentration of active
sites does not change when reaction temperature varies
between 343 and 383 K. Within those assumptions the
logarithm of the initial rate of acetone formation r{****® is an
affine function of the reciprocal reaction temperature 1/T:

acetone
Te

apparent” [L] ) -

E
In r;cetone — ln(k Xa T + ln(A[L])
™)
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with the following parameters: E, the activation energy (in J-
mol™"), R the universal gas constant (in J-mol "-K™'), A the
Arrhenius pre-exponential factor (in s™'), and [L] the active site
concentration (in mol L™).

Fitting experimental data with eq 7 gives E, = 85 kJ-mol™
(Figure 2). With our assumptions, all the parameters of eq 7 are
constant.

1/RT
3.2 3.3 3.4 3.5

-6+

-7
5
8.-8
= In reestone = 85 10%(RT) + 20

-9 R2=0.977

Figure 2. Kinetics of MBOH conversion at 343—383 K on partially
hydroxylated MgO: Arrhenius plot from initial rates of acetone
formation.

As usual with multisite catalysts, the rate law only gives an
average description of the various active sites available on the
MgO surface. All the surface sites of partially hydroxylated
MgO do not convert MBOH with the same efficiency. Each
type of active site contributes to the apparent rate constant
proportionately to its own rate constant weighted by its relative
concentration. Only the rate constant of one type of actives site
has a chemical meaning at the molecular level. Those site-
specific rate constants cannot be individually measured through
our kinetics experiments, but they can be evaluated through
theoretical modeling of the reaction path on each type of active
sites.

2. DFT Reaction Pathways for MBOH Conversion. In
spite of its high interest as a model reaction on basic oxide, the
conversion of MBOH on MgO surfaces has never been studied
from first-principles calculations. In this paper, we investigated
the reaction mechanism at a molecular level to understand why
partially hydroxylated MgO surfaces convert MBOH better
than dehydroxylated surfaces do. Therefore, we calculated and
compared minimum energy reaction pathways on a bare MgO
step and on the same defect precovered with dissociated water
molecules. In addition, in order to highlight the effect of surface
coadsorption, we investigated the conversion of MBOH on
MgO precovered by a second MBOH molecule.

Reaction Pathway over Dehydroxylated MgO. On an
MgO stepped surface, the strongest sites for adsorption of
water and alcohols are the Mg** O~ pairs located on the edge
of the step.*”*" The conversion reaction over dehydroxylated
MgO step was modeled by considering one isolated MBOH
molecule. Figure 3 gives the identified elementary steps
including the intermediates and the transition states, TSs.
Initially, MBOH adsorbs on an Mg**-O?" pair along the edge of
the step (intermediate 1) by its hydroxyl moiety and dissociates
spontaneously (no accessible transition state and no activation
energy). The system is strongly stabilized by —134 kJ-mol™".
This stabilization energy is similar to that obtained for water
and methanol adsorptions at the MgO step (respectively: —143
kJ'mol™ ** and —129 kJ-mol™' *'). The MBO™ alcoholate is
adsorbed on the Lewis acid site Mg** and the proton on the
Lewis base site O*~, giving a multicoordinated surface hydroxyl
where hydrogen is still interacting with the anionic oxygen
moiety of the adsorbed alcoholate at a distance of 1.51 A. The
dissociative adsorption of isolated MBOH molecule induces a
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Dehydroxylated MgO
| +CyH,(gas) + C3H¢O(gas)
7

+42

Figure 3. Atomic structures of initial (IS-0: dehydroxylated MgO edge
+ free MBOH), reactive (1), transition states (2, 4) and intermediates
(3, 5, 6) identified along the reaction energy path of MBOH
conversion to acetone and acetylene on dehydroxylated MgO surface.
Reported electronic energies (in bold) are in kJ-mol™' and are
calculated with respect to the dehydroxylated MgO edge surface and
the IMBOH gas molecule. Indicated distances (in italic) are in
Angstréms.

large relaxation of the distance between the ions of the host
Mg**-O*" pair (+30% in comparison with equilibrium distance
without adsorbate).

The deprotonated MBOH is converted into adsorbed
acetone and dissociated acetylene (intermediate 3 in Figure
3) through transition state (2). In that transition state, the
reactive vibrational mode corresponds to the breaking of the
C—C bond (imaginary frequency i253 cm™) and the C—C
bond about to break is elongated by 0.6 A (2.12 A vs 1.48 A in
adsorbed MBOH intermediate). In chemical words, the MBO™~
adsorbed alcoholate eliminates the acetylide leaving group,
which adsorbs by its anionic end on the other Mg’* ion
neighboring the multicoordinated OH. Simultaneously, that
OH rotates and switches the donating H interaction from
MBO™ to the acetylide. To achieve this elementary step, the
system should overcome a relatively high activation barrier of
91 kJ-mol™". The formed acetone and acetylide (intermediate
3) are exothermically adsorbed by —98 kJ-mol™". The acetylide
intermediate is normal to the surface and interacts both with
the surface hydroxyl and the Mgj! cation at distances of 1.90
and 2.17 A, respectively.

The third step corresponds to the protonation of the
adsorbed acetylide by the surface hydroxyl group (transition
state 4) and the formation of adsorbed acetylene (intermediate
S). That elementary step is a Bronsted acid—base reaction. It is
endothermic by 42 kJ-mol™ and occurs after overcoming a
barrier of 56 kJ-mol™". In the transition state, the acetylide
comes close to the proton of the surface hydroxyl (dc..,; = 1.25
A) and the angle between the acetylide and the MgO edge is
45°, halfway between the initial position perpendicular to the
edge and the final, parallel. In intermediate S, acetylene is
stabilized parallel to the edge via 7 — Mg*" donation and via
two donor H-bonds with O?~, which cause the bending of the
molecule toward the surface. In the same time, acetone
undergoes a rotation of more than 140°, which allows the a-
hydrogen of acetone to interact with surface O>7. The

dx.doi.org/10.1021/cs5010807 | ACS Catal. 2014, 4, 4004—4014
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vibrational mode associated with the C—H bond formation is
i372 em™.

In the last two steps, acetylene and acetone desorb with
desorption energies of 35S kJ-mol™' and 63 kJ-mol™’,
respectively. The Mg**-O>" active site is then regenerated.

Reaction Pathway over Hydroxylated MgO. In order to
investigate the effect of surface hydroxyls on the conversion of
MBOH, we considered two MgO hydroxylated surfaces: the
fully hydroxylated edge and the partially hydroxylated one.

Fully Hydroxylated MgO. Over the fully hydroxylated MgO
edge, three water molecules are dissociatively adsorbed on the
edge of the MgO diatomic step (6(11,0y = 1 ML). As the edge
Mg**-O~ pairs are blocked by adsorbed dissociated water
molecules, no strongly basic site is available on the surface.

MBOH molecularly adsorbs above the hydroxyl row by its
hydroxyl moiety without dissociation. Adsorbed MBOH
(intermediate 7, Figure 4) is stabilized by a complex network

Fully hydroxylated MgO
+ C,H,(gas) + C3HgO(gas)

+42

Figure 4. Atomic structure of initial (IS-3w: fully hydroxylated MgO
edge + free MBOH), reactive (7), transition state (8), and
intermediate (9) identified along the reaction energy path of
MBOH conversion on fully hydroxylated MgO surface. Reported
electronic energies (in bold) are in kJ-mol™" and are calculated with
respect to the fully hydroxylated MgO edge surface and IMBOH gas.
Indicated distances (in italic) are in Angstroms. For simplification, the
intermediate (10) corresponding to adsorbed acetone was omitted.

of H bonds with the surface hydroxyls. On that system, the
adsorption energy is predicted to be of —84 kJ-mol~’, which is
50 kJ-mol ™" less intense than on the dehydroxylated surface.
According to our calculations, molecularly adsorbed MBOH
converts into adsorbed acetone and acetylene in a concerted
manner (intermediate 9). No alcoholate or acetylide inter-
mediate was isolated in our calculations. The predicted
activation energy barrier of 140 kJ-mol™" is higher by 49 kJ-
mol™" than the identified one on dehydroxylated MgO. The
identified transition state (TS 8) corresponds to a six-
membered ring surface species. During the C—C bond
breaking, some protons jump through H-bonds and the
network of H-bonds is continuously modified: (i) the acetylide
leaving group catches the proton of a donor hydroxyl, (ii) the
alcohol gives its proton to the surface acceptor hydroxyl
through the H-bond existing in the initial intermediate, (iii) the
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formed acetylene rotates to interact with two surface acceptor
hydroxyls, (iv) acetone interacts with the donor hydroxyl of the
water molecule. In the transition state, the length of the C—C
bond about to break is the same as the one in the C-C
breaking TS on dehydroxylated MgO surface (2.12 A). The
computed imaginary vibrational mode is 285 cm™.

Over the fully hydroxylated MgO surface, the adsorbed
acetone and acetylene intermediates are stabilized with similar
energy (—57 kJ'mol™) to that found on bare MgO. These
produced molecules desorb with calculated energies of 40 and
60 kJ-mol ™, respectively.

Partially Hydroxylated MgO. The partial hydroxylation of
the oxide surface was obtained through dissociative adsorption
of one water molecule (61,0) = 1/3 ML), giving two H-
bonded hydroxyls: one monocoordinated adsorbed on an edge
Mg** and one multicoordinated obtained by protonation of an
edge O*". Thus, the partially hydroxylated oxide surface offers
three adsorption sites for the coming MBOH gas molecule:

(i) Mg**-O*" pair next to the monocoordinated hydroxyl.
When MBOH adsorbs here, it interacts with that
hydroxyl via its ethynyl moiety, which induces the
reformation of the water molecule (Figure S, inter-
mediate 11).

Mg**-O*" pair next to the multicoordinated hydroxyl
(Figure 6, intermediate 15). In this configuration, the
water molecule remains dissociated.

Over the hydroxyls of the dissociated water molecule. In
this case, MBOH interacts with the surface only through
hydrogen bonds with those hydroxyls. This adsorption
configuration of MBOH is not considered in the rest of
the study because it is less stable than the two first
configurations (—91 kJ-mol™" for both), and in all our
optimization attempts, it naturally evolved into config-
urations with MBOH dissociated on a free Mg**-O*~
pair.

From the two selected configurations for adsorbed MBOH,
we identified two possible routes for the conversion reaction. In
the first route (Figure S), the surface water molecule
participates into the reaction (“actor surface hydroxyl”). In
the second route (Figure 6), the dissociated water molecule
remains spectator (“spectator surface hydroxyl”) during the
conversion reaction.

Actor Hydroxyl. On the partially hydroxylated surface,
MBOH dissociatively adsorbs with an exothermicity of —91
kJ-mol™ (intermediate 11). This adsorption is 42 kJ-mol™"
weaker than the one on the dehydroxylated step and 7 kJ-mol™"
stronger than the one on the fully hydroxylated edge. Similarly
to the case of the fully hydroxylated edge, MBOH directly
converts into acetone and acetylene (intermediate 13). That
concerted reaction involves a complex process of proton
transfers and implies to overcome a high activation energy
barrier of 129 kJ-mol™". At the transition state (TS (12)), the
ethynyl moiety comes closer to the proton of the water
hydroxyl (from 2.40 to 1.5S A) and three concerted processes
occur: (i) the C—C bond is breaking (2.35 A in TS (12) vs 2.12
A'in TS (2)), (ii) the acetylide catches the proton, and (iii) the
surface multicoordinated hydroxyl rotates and the H-bond
shifts from the about-to-form acetone to the surface
monocoordinated acceptor hydroxyl resulting from water
deprotonation. The imaginary frequency related to the C—C
bond breaking is i257 cm™'. The final intermediate with
acetone adsorbed on an edge Mg®* and acetylene interacting

(iii)
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Partially hydroxylated MgO
+C,H,(gas) + C;HgO(gas)

+42

(13)

Figure 5. Atomic structure of initial (IS-1w: partially hydroxylated
MgO edge + free MBOH), reactive (11), transition state (12), and
intermediate (13) identified along the reaction energy path of MBOH
conversion with preadsorbed water molecule involved in the reaction
process (actor hydroxyl). Reported electronic energies (in bold) are in
kJ-mol ™" and are calculated with respect to the MgO edge surface with
preadsorbed H,0 and IMBOH gas. Indicated distances (in italic) are
in A. For simplification, the intermediate (14) corresponding to
adsorbed acetone was omitted.

Partially hydroxylated MgO
+ C,H,(gas) + C;H O(gas)

+42

(20)

Figure 6. Atomic structure of initial (IS-lw: partially hydroxylated
MgO edge + free MBOH), reactive (15), transition states (16, 18),
intermediates (17, 19, 20) identified along the reaction energy path of
MBOH conversion with preadsorbed water molecule non involved in
the reaction process (spectator hydroxyl). Reported electronic energies
(in bold) are in kJ-mol™" and are calculated with respect to the MgO
edge surface with preadsorbed H,0 and MBOH gas. Indicated
distances (in italic) are in A.

with one surface hydroxyl (intermediate 13) is stabilized by
—57 kJ-mol™". This value is the same as the one obtained in the
cases of the fully hydroxylated and of the dehydroxylated MgO
surface. Finally, adsorbed acetylene desorbs with desorption
energy of 34 kJ-mol ™', acetone desorbs with desorption energy
of 65 kJ-mol ™", and the active site is regenerated.
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Spectator Hydroxyl. In the case of spectator hydroxyl, the
Mg**-O*" pair at the side of ethynyl moiety of the adsorbed
MBOH is free. Therefore, as in the case of dehydroxylated
MgO, the conversion of dissociated MBOH to acetone and
acetylene occurs by the intermediary formation of an adsorbed
acetylide. The resulting intermediate 17 with adsorbed acetone
and acetylide is geometrically quasi-identical to the inter-
mediate 3 (Figure 3), generated over dehydroxylated MgO.
However, the activation energy (78 kJ-mol™") is 13 kJ-mol™
lower than the calculated barrier on the dehydroxylated surface.
In the transition state, the C—C bond about to break is 2.09 A
long and the associated imaginary frequency is i252 cm™". In
the same way, the stabilization energies of the intermediates are
smaller in the presence of the spectator hydroxyls than in their
absence: adsorbed MBOH and the resulting coadsorbed
acetone and acetylide are stabilized more weakly on this
partially hydroxylated edge (respectively —91 and —52 kJ-
mol™") than on the dehydroxylated one (respectively —134 and
—98 kJ-mol™). In the third step, the acetylide catches the
proton of the multicoordinated surface hydroxyl with which it
interacts in intermediate 17 and forms acetylene adsorbed close
to acetone (intermediate 19). This Bronsted acid—base
elementary reaction step is exothermic (—11 kJ-mol™) and
occurs after overcoming a small barrier of 19 kJ-mol™" (TS 18).
Finally, similarly to the previously described paths, acetylene
and acetone can desorb alternatively.

From the theoretical exploration of the reaction pathways, it
appears that the presence of a spectator hydroxyl group on the
MgO edge lowers the activation barriers of MBOH conversion
with respect to the dehydroxylated edge. This result may
explain why the catalytic activity of the MgO surface is
experimentally enhanced by surface hydroxylation.

That important modeling result also raises the question of
the surface environment effect on the surface oxide basicity.
Preadsorbed hydroxyls influence the basic reactivity of the
surface but they directly interact neither with adsorbed MBOH
nor with the successive species during the conversion
mechanism. So, from our calculations, the influence is not
directly linked to the particular properties of the hydroxyl
adsorbates (e.g, their ability to donate H-bond) and it could be
observed with other preadsorbates. In the following, we address
the question of how other spectator preadsorbates could
influence the reactivity. Because our experimental study
provides evidence for a large coverage of active sites with
MBOH, we present the modeled reaction pathway of MBOH
conversion in the presence of preadsorbed MBOH.

Reaction Pathway in the Presence of Coadsorbed
MBOH. On the MgO edge with one preadsorbed MBOH
molecule (coverage of the edge 1/3 ML), the MBOH reactant
adsorbs dissociatively with an adsorption energy (—90 kJ-
mol™") similar to that calculated in the presence of one
neighboring water molecule (=91 kJ-mol™"). During this
coadsorption process (intermediate 21, Figure 7) the MBOH
coverage is equal to 2/3 ML. Regardless of the starting
structural configuration, the geometry optimization leads to two
adjacent MBO™ adsorbates oriented in two quasi-perpendicular
directions. This orientation mismatch may arise from steric
hindrance between methyl and ethynyl moieties of the two
adsorbates. The converted MBOH is the one in which the
ethynyl moiety is coplanar with the proton adsorbed on the
edge.

Similarly to the case of partially hydroxylated surface with a
spectator hydroxyl, the deprotonated MBOH is first converted
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Figure 7. Atomic structure of initial (IS-MBOH: MgO edge with one
adsorbed MBOH molecule + free MBOH), reactive (21), transition
states (22, 24), and intermediates (23, 25, 26) identified along the
reaction energy path of MBOH conversion with preadsorbed MBOH.
Reported energies (in bold) are in kJ-mol™ and are calculated with
respect to the MgO edge surface with preadsorbed MBOH and
IMBOH gas. Indicated distances (in italic) are in A.

into adsorbed acetone and acetylide (intermediate 23, Figure 7)
through a relatively small activation barrier of 75 kJ-mol™". In
the same way, this step is reached after the elongation of the
about-to-break C—C bond from 1.49 to 2.09 A in TS 22. The
corresponding imaginary frequency is i249 cm™".

The further steps are similar to those identified on the
partially hydroxylated surface with spectator hydroxyl, except a
slight difference on the computed energy of the products.
Indeed, intermediate 25 with adsorbed acetone and acetylene is
less stabilized than the analogous intermediate 19 by about 18
kJ-mol™". That difference comes from the different modes of
coordination of acetylene in the two intermediates: in
intermediate 25, the molecule is only stabilized by one donor
H-bond with a surface O* whereas in intermediate 19,
acetylene interacts with the surface through two donor H-
bonds with O*~ and one donor 7 interaction with Mg**.

3. DISCUSSION

After having explored in details the DFT reaction pathways of
the MBOH conversion on the MgO stepped surface, in several
conditions of hydration and MBOH coverage, we compare
those pathways to propose an interpretation of the
experimental kinetics measurements.

For all the mechanisms with preadsorbed molecules, the rate-
determining step is the C—C bond breaking. That step has the
highest transition state. In the case of dehydroxylated surfaces,
the TSs for the C—C breaking and the protonation of acetylide
show a similar energy. For clarity, we have retained the
activation barriers of the C—C bond breaking step as the key
theoretical element to compare the kinetic contributions of all
the mechanisms and interpret the kinetic measurements.

In the two mechanisms in which surface hydroxyls directly
interact with MBOH (on fully hydroxylated edge and on
partially hydroxylated edge), the activation barriers (140 and
129 kJ-mol™") are much larger than those of all the other cases
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and the TSs of the C—C bond breaking are even higher than
the initial states with the MBOH in the gas phase. That means
that those mechanisms with actor hydroxyls are very unlikely to
happen experimentally, because in those cases, MBOH would
desorb rather than convert. Those mechanisms are not
discussed further.

Figure 8 shows the energy profiles of the three retained
competitive mechanisms, in which MBOH converts in three

50 - Energies (kJ/mol)
0 T ||
(26)(6)|
-50
—1MBOH (a)
-100 A
—2MBOH (b)
1MBOH-1W(c)
-150 -

Figure 8. Energy profiles of competitive MBOH conversion reaction
pathways. Relative electronic energies are calculated with respect to
the (a) clean MgO edge surface and one MBOH gas molecule; (b)
MgO edge surface with one adsorbed MBOH molecule and one
MBOH gas molecule; (c) MgO edge surface with one adsorbed water
molecule (W) and one MBOH gas molecule.

different environments: (a) on the dehydroxylated MgO
surface, (b) in the presence of a spectator hydroxyl species,
and (c) in the presence of a preadsorbed MBOH molecule. The
profiles report total electronic energies. The reaction is globally
endothermic (42 kJ-mol™ at 0 K), but exergonic (with a
reaction free energy of —45 kJ-mol ™" at 400 K, comparable with
52 kJ'mol™' from thermodynamic data). The entropic
contribution is —217 J-mol ™K™' at 400 K, one MBOH
molecule giving two product molecules.

The calculated activation barriers of the rate-determining
step for the three competitive pathways (AE, .« = 91, 75, 78
kJ-mol™) are close to the experimental apparent activation
energy (85 kJ-mol™'). Such a consistency also confirms that
with the MgO edge, we model pathways whose energetics is
relevant to understand MgO basic reactivity.

The DFT results predict that MBOH conversion would be
easier and faster on surfaces precovered with adsorbed H,O or
MBOH molecules than on dehydroxylated surfaces. Precovered
surface exhibit activation barriers for the rate-determining step
in MBOH conversion (75—78 kJ-mol™) lower than
dehydroxylated surface (91 kJ-mol™"). The lowering of the
activation barrier appears when the precursor state is
destabilized (—90 kJ-mol™" for the intermediates 15 and 21
with the preadsorbed molecules to be compared with —134 kJ-
mol™" for the intermediate 1 without preadsorbate). When
H,0 or MBOH is preadsorbed next to a free and available
Mg**-O*" pair, the about-to-react MBOH molecule dissociates
on that pair but adsorbs less tightly, which makes it more
reactive in the rate-determining step.

The DFT calculations also bring interesting insights on the
coverage of the active sites. Indeed, stabilization of the reactant
on the active site decreases in the presence of coadsorbates, but
the calculated adsorption energies of MBOH with coadsorbates
(=90 KJ'mol™" for intermediates 1S and 21) remain large
enough to induce a high coverage at the experimental reaction
temperature (343—383 K). In fact, when free coadsorption
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energy is considered for the adsorption of several MBOH
molecules, following the same approach, the thermodynamic
analysis shows that 2MBOH coadsorption is favored over
1IMBOH adsorption up to 430 K. That predicted high coverage
is consistent with the experimental kinetic measurements
showing that the active sites on hydroxylated MgO are
saturated with the reactant. In other words, preadsorbed
water can tune the energy barriers without overturning the
mechanism nor jeopardizing the reactant coverage.

Another important issue concerns the stability of the
promotor (preadsorbed water or MBOH) during the catalytic
MBOH conversion. Theoretically indeed, desorption of the
promotor could directly affect the catalytic activity and the
catalyst lifetime because, numerically, heat of MBOH
adsorption would be enough to reassociate and desorb water
or MBOH. Experimentally, however, water desorption is not
observed. With hydroxylated MgO, the catalytic activity
remains stable and higher than with dehydroxylated MgO. It
suggests that the adsorption of water and MBOH are
irreversible in the reaction conditions.

In summary, from the electronic energies, preadsorbed water
and MBOH have the same promoting effect on the catalytic
MBOH conversion. To discriminate the competitive reaction
pathways with preadsorbed water and MBOH molecules, we
revisited that analysis by considering the entropic contributions
to the activation barrier of the C—C breaking step with Gibbs
energy calculations.

According to (eq 4), the Gibbs free activation energy can be
expressed as the sum of the activation barrier given by total
electronic energy calculations (AE,..q), the change of zero
point energy between the adsorbed initial state (IS) and the TS
(AEzpg), and the change of the vibrational entropic
contribution to the Gibbs free energy (AG,) calculated at
400 K, again between the IS and the TS:

AGact,eff(’l—') = AEact,eff + AEZPE + AGVlb(T) (8)

As shown in Table 1, the Gibbs effective activation energies
of the first step of the reaction mechanism are 87, 70, and 71 kJ-
mol ™!, respectively, for the dehydroxylated surface, the partially
hydroxylated surface and the MBOH-precovered surface. As

Table 1. Energetics of the C—C Bond-Breaking Elementary
Step for MBOH Conversion on the MgO Step without Pre-
Adsorbate, with Pre-Adsorbed Water, and with Pre-
Adsorbed MBOH

T=400K AE. AGg. AE.i AGuer AEps AGy freq
TS (2) 36 21 91 87 -5 2 253
TS (16) 39 23 78 70 -6 -2 252
TS (22) 38 18 75 71 -5 1 249

Total electronic energies (AE,,.) and Gibbs energies (AG,,.) of
reaction correspond to the elementary step converting adsorbed
MBOH into adsorbed acetone and adsorbed dissociated acetylene.
The effective activation Gibbs energies (AG,y o) of the same
elementary step is decomposed as the sum of DFT effective activation
energies (AE, ), zero-point energy changes (AE,pg), and change of
vibrational entropic contributions of the Gibbs free energies computed
at 400 K (AG,y,), between the IS and the TS. Those values (kJ-mol™")
are reported for the three competitive reaction pathways identified by
the Transitions State on which the C—C bond breaking occurs: TS(2)
on dehydroxylated surface, TS(16) in the presence of spectator
hydroxyl, TS(22) in the presence of preadsorbed MBOH. The
imaginary frequencies (freq) are also addressed (cm™).
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observed from the total electronic energy results, the Gibbs
effective activation barriers evaluated for the preadsorbed cases
are similar (70—71 kJ-mol™"). The barriers are, however, lower
than in the dehydroxylated case (of about 17—18 kJ-mol™").
Hence, the relative height of the activation barriers for the two
precovered surfaces is not significantly modified by adding
entropy and ZPE contributions. This weak modification is
explained with the indirect role of the preadsorbates in the
mechanism: because they are “spectator” surface species in the
reaction pathways, they do not interact directly with the
moieties of the reacting MBOH, so their vibrational properties
are weakly modified during the reaction.

The beneficial effect of these preadsorbed molecules seems
to originate from a modification of the properties of the
neighboring Mg?*-O?~ pair on which MBOH adsorbs before
converting. The two considered preadsorbates have different
structures and sizes (H,O is small, whereas MBOH is quite
bulky) but they exhibit the same influence on the adsorption
energies and the activation barriers. The simplest explanation
for the invariance toward the preadsorbate structure is that the
preadsorbates influence the properties of the reacting MBOH
molecule indirectly, via the oxide surface. To determine the
nature of that influence, we considered two parameters: the
electronic properties of the neighboring Mg**-O*" pair and the
geometric relaxation of the surface ions with adsorbates. For the
sake of clarity, we limit the discussion to the adsorption
properties toward the reacting MBOH, because we have seen
that the activation barrier of the C—C bond-breaking step
mainly depends on the stability of the initial state.

On the one hand, the presence of preadsorbates alters the
electronic properties of the vicinal free Mg**-O>~ pairs by
weakening the Lewis basicity of the O®” ion. For the three
models (bare edge, edge with one preadsorbed water molecule,
edge with preadsorbed MBOH), we analyzed the projected
local density of states (LDOS, Figure Sl in Supporting
Information) for the surface oxide ion that catches the proton
of the dissociated MBOH in the first step of the mechanism.
The 2s and 2p, orbitals of that surface oxygen are affected by
the presence of the preadsorbed molecule in similar ways. Over
precovered MgO (with adsorbed H,O or MBOH molecule),
the surface oxygen of the Mg?*-O>" pair on which MBOH
adsorbs before converting has a Lewis base character lower than
on the reference dehydroxylated surface (the orbitals are shifted
away from the Fermi level). As a consequence, the proton from
MBOH is less strongly adsorbed on the surface (O—H distance
is 1.04 A for precursor 1 (Figure 3) and 1.05—1.06 A for
precursors 15 and 21 (Figures 6,7), respectively). This result
can explain why MBOH adsorbs more tightly (by —44 kJ-
mol™) on a dehydroxylated step than on a step precovered
with water or MBOH and why the adsorbed proton is less
reactive with respect to acetylide. To summarize, the MgO
surface plays an important role in deprotonating the MBOH
molecule but the MBO™ alcoholate eliminates its acetylide
leaving group only when the dissociated H' is not engaged in
an excessively strong basic interaction with the surface.

On the other hand, the presence of preadsorbates clearly
hinders the relaxation of the surface during the subsequent
adsorption of the reacting MBOH. On a bare step, when
MBOH adsorbs, the surface strongly relaxes (cf. intermediate
1): the ions Mg** and O~ of the adsorbing pair move apart and
the Mg**-O* distance increases by 30% in comparison with
bulk equilibrium distance, which allows an efficient H-bond to
form between the multicoordinated hydroxyl and the oxygen of
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the alcoholate. The local stretching of the adsorbing Mg**-O*~
pair is absorbed by the surface framework, resulting in a lateral
contraction (—6%) of the two neighboring free Mg**-O*" pairs
on the edge. The same phenomenon is predicted for the
adsorption of one water molecule on the bare edge (Mg**-O*~
distances: +30% for the adsorbing pair, —6% for the
neighboring pairs). Hence, when a supplementary MBOH
molecule adsorbs in the vicinity of the preadsorbed molecule, it
arrives on a contracted free Mg®*-O>" pair and needs to adapt
its adsorption structure. There is a balance between the
optimization of the H-bonds and the antagonist relaxation of
the two adsorbing Mg**-O*” pairs (Mg**-O*" distances: + 17%
for the pair adsorbing the spectator molecule, + 9—11% for the
pair adsorbing the reacting MBOH). This compromise justifies
the loss of stability registered for the second adsorbate and the
resulting increase of reactivity. That phenomenon of hindered
relaxation also explains why the other coadsorbed intermediates
(acetone and acetylide) are not so much stabilized in the
presence of preadsorbed molecule on the neighboring pair.

The promoting effect of partial hydroxylation has been
evidenced and explained in our calculations, but the study
prompts an open question: experimentally, why does
dehydroxylated MgO convert MBOH at high coverage not so
efficiently than hydroxylated MgO does? That question would
require a whole study including molecular dynamics of MBOH
adsorption but we may propose one explanation. The coverage
state used in our modeling at “high MBOH coverage” is quite
specific because the promotion by coadsorption of MBOH
requires two conditions: (i) the two MBOH molecules should
adsorb on vicinal Mg?*-O?” pairs and (ii) a third free Mg**-O*~
pair should be available in the vicinity of the reacting MBOH
molecule to stabilize the acetylide leaving group. With the bulky
structure of the MBOH molecule, the probability of vicinal
coadsorption of MBOH with other free Mg?*-O®~ pairs around
could be experimentally limited. In comparison, the partially
hydroxylated surface would offer promoted sites more available
for MBOH adsorption. Morevover the promotion by
hydroxylation would be even better when the hydroxylation
of the catalyst goes beyond surface functionalization and
reconstructs (100) planes into hydroxylated steps or
defects, 49506465

This work allows us to revisit the mechanisms proposed for
the promotion effect of surface hydroxylation in MBOH
conversion by MgO. Chizallet et al® proposed several
mechanism hypotheses to explain the experimental correlation
between the MBOH conversion rate and density of low-
coordinated MgO hydroxyls. In their preferred hypotheses,
MBOH adsorbs and reacts directly on OH groups via
consecutive or concerted reactions. Those mechanisms may
be modeled with our calculated pathways “fully hydroxylated
edge” or “actor hydroxyls on partially hydroxylated edge”. From
our calculations, that direct involvement of OH groups appears
very unlikely because the high activation barriers for the C—C
bond breaking would largely favor the desorption of the
reactant. On the reverse, we show that OH groups preadsorbed
on a low-coordinated Mg**-O*" pair may promote the
conversion of MBOH on a free Mg**-O*" pair in immediate
vicinity of those OHs. In that case, the OH groups are spectator
in the mechanism: they destabilize intermediates and lower
activation barriers by hindering the relaxation of the active site
and by modifying their intrinsic acido-basic properties.

From this study, a proposition of active site for hydroxylated
MgO would be a free Mg?*-O”" pair in immediate vicinity of
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preadsorbed hydroxyls. Chizallet et al. excluded that type of site
and the related mechanism because it would generate a
maximum in the evolution of MBOH conversion rate as a
function of the density of low-coordinated MgO hydroxyls.”
Because our work excludes MBOH conversion catalyzed by
hydroxyls only, it suggests that this maximum in conversion
rate should exist but has not been evidenced yet. For example,
such a maximum has been evidenced on CaO, which is a
alkaline-earth oxide with the same structure as MgO.*® The
previous experimental work on MgO might have not explore
temperature ranges for which the MgO surface is saturated with
OH groups, keeping the decrease of conversion rate out of
sight.

B CONCLUSION

Experimentally hydroxylated MgO surfaces are found to
catalyze basic conversion of MBOH better than dehydroxylated
MgO surfaces do. That observation was interpreted in the
literature through different hypotheses, including a concerted
mechanism in which MBOH converts into acetone and
acetylene in one step, thanks to the assistance of surface
hydroxyl groups. With the DFT calculations performed on a
stepped MgO surface and exposed in this article, we show that
the concerted mechanism is very unlikely and that the surface
OH groups generated by dissociative adsorption of water do
not act directly as single active sites. We propose as active site a
free Mg**-O”" pair neighboring a preadsorbed dissociated water
molecule and another free Mg**-O”" pair. The neighboring
hydroxyls modify the basic properties of the Mg**-O*~ pair on
which MBOH adsorbs before converting, and the other free
Mg**-O*" pair next to the adsorption site stabilizes the
adsorbed acetylide anion generated in the mechanism. From
our calculations, however, preadsorbed MBOH has a similar
beneficial influence on the catalytic activity of the Mg**-O*~
pairs in its vicinity, at the condition that the active site exhibits
the same configuration as described just above. The experiment
suggests that such a specific configuration of active site can be
reached with preadsorption of water but not with direct
reaction of MBOH at high coverage.

This combined experimental and theoretical work addresses
for the first time in the mechanisms of basic heterogeneous
catalysis the role of the hydroxyls and the relationship between
adsorption strength and activation energy at the molecular
scale. It opens interesting perspectives for the design of basic
catalysts: the conversion of alcohols seems favored by active
sites with moderate basic strength and the appropriate strength
could be obtained with surface functionalization.
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