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Abstract  

Solid materials possessing basic properties are naturally covered by carbonates and hydroxyl group. 

Those natural adsorbates modify their chemical reactivity. This article aims to specifically evidence 

the role of surface carbonates and hydroxyls in basic heterogeneous catalysis on MgO. It compares the 

catalytic behaviors of hydroxylated or carbonated MgO surfaces for two types of reactions: one alkene 

isomerization and one alcohol conversion (hept-1-ene isomerization and 2-methyl-3-butyn-2-ol 

conversion). Catalysis experiments showed that carbon dioxide adsorption poisons the catalyst surface 

and the DRIFT-DFT combination showed that the nature of active sites in the two reactions differs. On 

the reverse, partial hydroxylation of the surface enhances activity for both reactions. Interestingly hept-

1-ene isomerization gives a volcano curve for the conversion as a function of hydroxyl coverage. 

Calculations of the electronic structure of magnesium oxide surface show that neither Lewis basicity 

nor Brønstedt basicity of the surface defects (steps for example) are enhanced by hydroxylation. 

Meanwhile CO2 adsorption followed by IR spectroscopy shows that (110) and (111) unstable planes 

are strongly basic and are stabilized by partial surface hydroxylation. That result could explain the 

volcano curve obtained for the evolution of alkene isomerisation as a function of hydroxyl coverage.  
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1. Introduction  

Using basic catalysts is of growing interest due to the need of transforming biomass derivates. The 

basic properties of a solid were traditionally measured either by following the adsorption of acidic 

molecules on the basic surfaces mainly by IR spectroscopy
1–5

, calorimetry
6,1

 and thermoprogrammed 

methods
2,1

 or by using model reaction.
7–9

 During the ten past years experimental and theoretical works 

have been performed to better define the basic properties of inorganic solids.
8,3,10,11

  

Studying the adsorption equilibrium of a probe molecule gives insights on the basic properties from a 

thermodynamic point of view.
12

 In that respect those static methods provide a basic strength that is not 

necessarily correlated with the basicity expressed in catalysis, the overall rate of a catalytic reaction 

occurring on basic sites.
8
 To distinguish that basicity expressed in catalysis from the standard 

thermodynamic basicity, we called it "kinetic basicity".
13

 The other important conclusion concerns the 

type of basic site involved in base-catalyzed reactions: Brønsted vs Lewis. In the first step of 

mechanisms reactants usually deprotonate and stabilize on an acid-base pair, so the ability for the site 

to initiate the reaction is correlated to its deprotonation ability, its Brønsted basicity, which may differ 

from the ability of the surface to adsorb Lewis acids like CO2. Therefore CO2 adsorption experiments 

should be correlated with results of basic catalysis only with careful and explicit hypotheses. 

CO2 and water naturally adsorb on basic solids like MgO. In previous works, resulting adsorbates, 

carbonates and hydroxyls, were extensively described through dual experimental-theoretical 

approaches with a peculiar focus on the coordination mode and the way to probe it.
13,3

 From a catalytic 

point of view it was shown that partially hydroxylated MgO surfaces are more reactive in the 

conversion of 2-methyl-3-butyn-2-ol (MBOH) conversion than bare surfaces while they are less 
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thermodynamically basic.
8
 Could this beneficial effect of the OH weak base be generalized to the other 

natural weakly basic adsorbate, the carbonate? 

The aim of the present study is to compare the reactivity of basic active sites present on partially 

hydroxylated and carbonated MgO surfaces for MBOH conversion and hept-1-ene isomerization. 

Basic reactivity of the partially carbonated surfaces was evaluated with MBOH model reaction as it 

was done with partially hydroxylated surfaces previously. To describe the kinetic basicity of the 

surfaces further, we also considered a second model reaction, hept-1-ene isomerisation (Figure 1), 

which is supposed to be more sensitive to strong sites than MBOH conversion. Indeed, alkenes are less 

easily deprotonated than alcohols: the proton affinity of the conjugated bases is lower for alcohol 

(1563 kJ.mol-1 for methanol 
14

) than for alkene (1636 kJ.mol
-1

 for the propene 
15

). Therefore, the 

number of sites deprotonating alcohol should be higher than for alkene.
16

 Moreover, these two model 

reactions differ also from a kinetic point of view. On one hand, for clean MgO, the rate of the MBOH 

conversion is not limited by the deprotonating step,
17

 whereas, for the alkene isomerization, 

deprotonation is claimed to be the rate determining step according to experimental data based on the 

kinetic isotope effect.
18

 On the other hand, one recent modelling study has shown that, depending on 

the kind of active sites, the activation energy for the second step (migration of the proton back to the 

alkene) could be higher than for the first step.
19

 Keeping in mind this interrogation, the link between 

thermodynamic basicity and kinetic basicity has to be questioned for the two model reactions. 

 

Insert figure 1 

  

The present study of MgO basicity combine catalysis with model reactions, DRIFT characterization of 

adsorption sites with CO2 probe molecule, and DFT modelling of adsorption sites. Magnesium oxide is 

prepared by a classical precipitation method followed by a treatment under vacuum at 1273 K to 

stabilize the surface. In the catalysis reactor or in the DRIFT cell MgO surface was firstly cleaned up 
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with an in situ high temperature treatment (1023 K), secondly hydroxylated or carbonated upon water 

or carbon dioxide adsorption and finally heated at controlled temperature under inert gas to be partially 

dehydroxylated or decarbonated. The resulting surface was partially hydroxylated or carbonated and 

ready to be evaluated in the model catalytic reactions. The identification of active sites involved in 

each reaction is then proposed taking into account the calculated desorption temperature of water
20

 and 

carbon dioxide from the defects (steps, corners, kinks and divacancies) of the stable (100) plane as 

well as from the unstable (110) and (111) planes.
3
 Moreover, the influence of the partial coverage of 

the surface by OH groups on the Brønsted and Lewis basicity of the surface is studied by means of 

periodic DFT calculations of the electronic structure of magnesium oxide surface. IR studies of CO2 

adsorption on partially hydroxylated or carbonated surfaces are used to probe the presence of the (110) 

and (111) unstable planes.  

2. Experimental section  

2.1. Preparation of the catalyst.  

 MgO sample was prepared from Mg(OH)2 precursor obtained by precipitation from Mg(NO3)2 

(Aldrich, 99.99%) and ammonium hydroxide (Aldrich, 99%) as precipitating agent, according to a 

previously described procedure 
21

. The hydroxide sample was finally treated in vacuum (10
-3

 Torr) up 

to 1273 K (ramp 1 K.min
-1

) and maintained at this temperature for 2 h. This procedure is used to 

stabilize MgO surface towards the effect of further thermal treatments. 

2.2. In situ thermal treatments.  

 In order to control the carbonate or hydroxyl group surface coverage, the operating conditions 

reported in Figure 2 were processed in situ on the catalyst just before catalytic tests and IR 

measurements. During the pretreatment phase, the sample was cleaned up for 2h at 1023 K under 

nitrogen flow (Air Liquide, nitrogen U >99.995% pure) at 20 cm
3
.min

−1
, then cooled down to 323 K.  

 To obtain the carbonated surfaces, during the treatment phase, the sample was first contacted 

with carbon dioxide (Air Liquide, Alphagaz, >99.9% pure) diluted in nitrogen (5% in a 20 
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cm
3
.min

-1
.flow) for 15 min. Then, it was once again heated at the intermediate temperature temp 

(473 K < temp < 1073 K) in a nitrogen flow (20 cm
3
.min

−1
) for 2 h.  

 To obtain the hydroxylated surfaces, as described previously 
8
, the same pretreatment i.e. 

treatment sequences was used, except that carbon dioxide flow was replaced by a H2O/N2 flow (840 Pa 

for H2O in 20 cm
3
.min

-1
 flow) for 10 min at 373 K.  

In the following, the degree of carbonatation or hydroxylation of the sample is quantified by the 

indication of the final desorption temperature “temp”. 

 

Insert Figure 2 

2.3. IR measurements   

DRIFT spectra were recorded on a Brüker IFS 66 V spectrometer in the 4000–600 cm
–1

 range (4 cm
–1

 

resolution, 256 scans/spectrum) using a Thermo Spectra-Tech high temperature cell. All spectra were 

converted into Kubelka–Munk units after subtraction of the spectrum recorded on dehydrated KBr 

sample. All spectra are recorded in situ after the pretreatment procedure described in section and the 

cooling down of the sample to 333 K. 

 2.4. Hept-1-ene isomerisation 

 Hept-1-ene isomerisation was followed in an automated differential flow microreactor. For 

each experiment, 40 mg of catalyst was deposited on porous glass, in the centre of a 10 mm-i.d. U 

quartz tube. The reaction temperature of 333 K was controlled within ±0.1 K by a thermocouple 

located by the catalyst. The desired hept-1-ene partial pressure was obtained by mixing a liquid flow of 

hept-1-ene (0.3 g.h
-1

) and a gas flow of nitrogen (45 cm
3
.min

-1
). The resulting WHSV for hept-1-ene is 

7.5 h
-1

 and the W/F ratio (catalyst weight/ total gas rate flow) is 0.015 g.h.L
-1

. Both liquid and gas 

flows were set by Bronkhorst mass flow controllers and mixed in a controlled evaporator mixer. 

Reaction products were analysed every 366 s using a Perichrom 2100 chromatograph equipped with a 

FID detector and a Varian capillary CP WAX 57 CB column. 
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 After each kind of treatment, the sample was cooled down to 333 K and contacted with hept-1-

ene diluted in nitrogen (3 mol.%) at 333 K. The first analysis of the reaction products is made 120 s 

after the admission of hept-1-ene on the sample. The absence of diffusional limitations was checked by 

varying the mass of the catalyst and the reactant flow. 

 Because hept-1-ene and hept-2-ene are the only products detected, catalytic data are expressed 

in terms of conversion only. The hept-1-ene was converted into Z and E hept-2-ene. Average ratio Z 

hept-2-ene/E hept-2-ene was around 2 and did not vary in the different experiments. This value is 

common for basic surfaces.
22

 The partial pressure of each product Pi was calculated from 

chromatographic measurements using the appropriate response coefficient. The conversion τ is thus 

given by: 
°1P

1P°1P
=τ , with P1 the partial pressure of hept-1-ene in the outlet mixture and P1° the 

initial hept-1-ene partial pressure. 

 

2.5. MBOH conversion. 

MBOH reaction was followed in an automated differential flow microreactor. For each experiment, 20 

mg of catalyst was deposited on porous glass, in the centre of a 10 mm-i.d. U quartz tube. The reaction 

temperature of 393 K was controlled within ±1 K by a thermocouple located by the catalyst. The 

desired MBOH partial pressure (1.8 kPa) was obtained by bubbling nitrogen (100 cm
3
.min

−1
) in liquid 

MBOH at 293 K. The resulting WHSV for MBOH is 16 h
-1

 and the W/F ratio (catalyst weight/ total 

gas rate flow) is 3.33 10
-3

 g.h.L
-1

. 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. The 

MBOH was converted only through the basic pathway, giving acetone and acetylene.
17

 

2.6. Computational details 

2.6.1. Methods.  

 All calculations were performed using ab-initio plane-wave pseudopotential approach as 

implemented in VASP
23,24

. The generalized gradient approximation exchange-correlation functional of 
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Perdew and Wang PW91
25

 was chosen to perform the periodic DFT calculations with reliable accuracy 

on the convergence criterions. The one electron wave function was developed on a basis set of plane 

waves and the interaction between the core and the valence electrons is described by the projector 

augmented waves (PAW) approach. The selected description of the oxygen atomic core allows a good 

convergence on the energy for a cut-off of 400 eV. The convergence criterion for the electronic self-

consistent cycle was fixed to 10
-6

 eV per supercell. Geometry optimizations were performed within a 

conjugate-gradient algorithm until the convergence criterion on forces (10
-2

 eV.Å
-1

) was reached. A 

dipolar correction along the perpendicular to the slab was applied in order to remove the effect of 

electrostatic interaction between the slab and its periodic images along the z axis. The adsorption 

energy of acids (methanol or but-1-ene) on the MgO surfaces was calculated as: 

Eads(0K) =  Eacid/surf –( Esurf + Efree-acid)  eq. 1 

Where Esurf represents the energy of bare surface, Efree-acid is the energy of gaseous acid and Eacid/surf that 

of the adsorbed system. 

2.6.2 Surfaces.  

The MgO surfaces were represented with the models already used in previous works: 

- MgO (100) surface terrace (T) and surface defects such as monatomic steps (S1), diatomic 

steps (S2), corners (C3), divacancies (D), and kinks (K).
20,26

 

- MgO (110) and MgO (111) surfaces.
3
 

 

3. Results and discussion  

3.1 Catalytic activity of the carbonated magnesium oxide 

 The MgO sample was in situ carbonated with the procedure from the experimental part and, 

directly afterwards, studied in both model reactions. Figure 3 shows the conversion of MBOH and 

hept-1-ene as a function of desorption temperature (temp) after the carbonatation of the surface.  

Insert Figure 3 
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 For both reactions, the conversion level remains quite low under a limit temperature temp and 

rises for higher temp values. The limit temperature temp is between 500 and 600 K for MBOH 

conversion and between 700 and 750 K for hept-1-ene isomerisation. 

 Considering that the higher the temp value (thus the lower the carbonate coverage), the higher 

the reactivity, it can be concluded for both reactions that CO2 poisons the basic reactivity of 

magnesium oxide. Interestingly, the main difference between the two reactions is that the active sites 

are released from CO2 between 500 and 600 K for MBOH conversion and between 700 and 750 K for 

hept-1-ene isomerisation. 

  Thus, despite carbonates are, as hydroxyls groups, weak bases, they behave differently on MgO 

surfaces, at least concerning MBOH conversion. Indeed, in a previous work, hydroxyls groups were 

shown to be very active in MBOH conversion despite their weak basic strength.
8
 This discrepancy 

between the influence of carbonate and hydroxyl on the basic reactivity led us to examine more deeply 

the nature of MgO active sites in those two model reactions.  

 

3.2 Conversion of hept-1-ene on hydroxylated magnesium surfaces 

 In order to verify whether the beneficial influence of hydroxyl observed for the MBOH 

conversion can be generalized to other base-catalyzed reactions, the influence of hydroxyl coverage on 

MgO surface was evaluated in the hept-1-ene conversion. The conversion obtained for this reaction is 

given in Figure 4 as a function of the desorption temperature (temp).  

Insert Figure 4 

This graph shows two distinct domains: 

- For temp < 750 K, conversion rises with temp. Therefore, one can assume that hydroxyl group 

exhibits a poisoning effect. 

- For temp > 750 K, conversion decreases when temp rises.  
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It must then be concluded that the effect of the hydroxyl coverage on the conversion is not as simple as 

the effect of carbonate coverage since it depends on the nature of the reactant. 

Those different behaviors on carbonated and hydroxylated surfaces can be rationalized with a 

description of the MgO surfaces at a molecular scale for each treatment temperature. This valuable 

data is brought in the following analysis combining DFT calculations and IR spectroscopy. 

 

3.3 Nature of the active sites for the carbonated magnesium oxide surfaces 

3.3.1. Description of the carbonated surfaces 

 In a recent work combining experimental and theoretical approaches,
3
 we have investigated the 

interactions of CO2 with regular sites of MgO (100), (111) and (110) surfaces and with defect sites of 

MgO (100), steps, corners, kinks, and divacancies. The results are summarized in Table 1. The 

calculated frequencies and desorption temperatures were correlated with experimental IR 

measurements on carbonated MgO surface for various temperatures of treatment as in the present 

work. That work led to the conclusion that most of the carbonates are desorbed from MgO surface 

between 673 and 873 K. Only strongly adsorbed tridentate species desorb above 873 K, as observed on 

the mono and diatomic steps of the (100) plane for example. Calculations were performed, with the 

same thermodynamic model, to estimate the coverage on the monoatomic step at various temperatures. 

From those calculations, the carbonates fully cover the edges below 103 K, partially desorb between 

103 K and 520K, but the last of them remain stable up over 873 K.  

 

Insert Table 1 

Insert figure 5 

 

3.3.2. Correlation with catalytic data 

 First of all, it must be recalled from Figure 3 that: 
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- CO2 poisons the MgO catalytic activity 

- the release of active sites is not obtained at the same temperature (temp) for the two reactions 

- the conversion is stable within the range of experimental error for the high temp values in both 

reactions. It infers that the active sites must be located on a surface stable until 1023 K.  

That last statement implies that the active sites cannot be located on (111) and (110) planes 

because those surfaces are less stable than the (100) planes and reconstruct at temperatures lower than 

900 K.
27,28,3,29

 The stability of such planes is widely discussed in the literature and seems to strongly 

depend on the structure of the crystal and on the atmospheric conditions.
30

 According to our recent 

experimental results,
3
 the carbonate species on the (110) planes disappear at a temperature lower than 

the desorption temperature predicted with atomistic modelling. That phenomenon was assigned to the 

disappearance of the (110) planes themselves at a temperature temp between 673K and 873 K.  

 In hept-1-ene isomerization, the results show that the active sites should be free from carbonate 

for a desorption temperature between 700 and 750 K. Moreover, the stability of the hept-1-ene 

conversion after 750 K suggests that the active sites are mainly located on defects of the most stable 

(100) planes. Calculated desorption temperatures (Figure 5) indicate that those active sites in hept-1-

ene isomerization could be corners, kinks and divacancies of the (100) plane because they are freed 

from CO2 for desorption temperatures calculated between 722 to 820 K. 

In MBOH conversion, the active sites are released for desorption temperature values between 

500 and 600 K (Figure 3). At those temperatures, all the considered sites are fully covered by 

carbonates except the steps, for which the carbonate coverage passes from  = 2/3 to  = 1/3 ML at a 

desorption temperature predicted around 518 K. As a consequence we propose that the active sites for 

MBOH conversion are the free MgO pairs present on the partially carbonated steps. 

 

From catalysis experiments and CO2 desorption modelling, we proposed different active sites 

for the two reactions we studied on carbonated MgO. As each reaction involves a first deprotonating 
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step, the reaction rate may depend on the deprotonation ability of each reactant towards the various 

sites available on the surface. In order to understand the difference between the two reactions, we 

investigated the geometric and energetic properties of each site giving them the ability to deprotonate 

alcohols and alkenes by DFT calculation. 

 

3.3.3. Strength of the basic sites of MgO towards alcohol and alkene 

To evaluate the strength of the MgO basic sites, we chose acidic probe molecules that can 

represent the deprotonation of the two reactants elegantly: methanol for the alcohol and but-1-ene for 

the hept-1-ene. Structure of adsorption were optimized, and the adsorption energies and the distance 

between hydrogen and the adjacent atom (carbon or oxygen) are gathered in Table 2. Results for the 

deprotonation of MeOH on (100) defects are depicted from 
26

. The main optimized geometries of but-

1-ene adsorbed on various defects of the MgO (100) are shown in Figure 6.  

Insert table 2. 

Insert Figure 6 

 From a trend analysis, the adsorption of the two acids on MgO surfaces follows the same rule, 

that have already been observed with water and MeOH
20,26

 and can be schematically described as: the 

less coordinated the OLC oxide surface ion (with LC for “low coordinated” and L = 3, 4, or 5 for, 

respectively, three, four or five –fold coordinated oxide), the more exothermic the adsorption.  

In the case of the alkene, we found that the deprotonated but-1-ene was likely to spontaneously 

reprotonate on steps. This result slightly differs from the work from Wang et al
19

 in which the 

deprotonated alkene was a little stabilized (0.02 eV) compared to the physisorbed alkene on steps. The 

difference between the two results could be induced by the use of different slabs and convergence 

criteria. Furthermore, the difficulty for alkenes to deprotonate on steps is in line with our proposition 

of active sites for hept-1-ene isomerization: experimental activation of the hept-1-ene requires a 
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desorption temperature at which corners, divacancies or kinks are released from CO2 because freeing 

steps is not enough. 

In the case of the alcohol, the deprotonation process may occur on any surface sites, except on 

terraces. On the steps, the carbonate coverage determines the ability of the oxide to deprotonate. When 

the coverage is 2/3 or 1 ML, methanol cannot be deprotonated because no Mg4C cation is available to 

stabilize the alcoolate ion but methanol can be deprotonated with a coverage of 1/3 (Figure 7). That 

result is consistent with the previous results reported in section 3.3.2: partially carbonated steps could 

exhibit active sites in MBOH conversion (free Mg4CO4C pair).  

Insert figure 7. 

 

3.4 Role of hydroxyls groups. 

3.4.1. Main hypothesis 

 As shown in Figure 4, partially hydroxylated MgO surfaces catalyze hept-1-ene isomerization 

in a different way than carbonated surfaces do:  

- A maximum of activity is observed for a desorption temperature around 750 K 

- The conversion value obtained for that desorption temperature is higher than the one obtained 

in the same conditions for carbonated surfaces. 

 Nevertheless, it must be noticed that the clean surfaces obtained after desorption at 1023 K give 

the same conversion level in hept-1-ene isomerization whether the surfaces were carbonated or 

hydroxylated before the desorption pretreatment. Consistently the specific surface area of the material 

remains unaffected after a hydroxylation or a carbonatation cycle. Those two results show that the 

hydroxylation and carbonatation treatments are reversible, as pointed out in previous papers
13

. For that 

reason our catalytic results cannot be interpreted by the restructuration observed by Hattori et al
31

 

where the MgO surface was thermally activated in another way than ours, without the preliminary high 

temperature pretreatment that stabilizes the oxide surface.  
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Catalytic results on carbonated surfaces give insights on the relationship between Lewis 

basicity and kinetic basicity of the sites because CO2 is considered as a probe of basic Lewis site. 

Those results suggest that the basic sites necessary to deprotonate hept-1-ene are stronger, on a Lewis 

scale, than those able to deprotonate an alcohol. Thus we may propose three hypothesis to explain why 

a maximum of activity is observed for hept-1-ene isomerisation on hydroxylated surfaces while it is 

not the case for MBOH conversion:
8
 

i) On partially hydroxylated surface, a concerted mechanism can take place associating an 

OH protonating the alkene and a neighboring oxide ion deprotonating the alkene 

(Figure 8). Such a mechanism was proposed by Hoq et al.
32

 for H-D exchange of an 

alkane molecule on hydroxylated MgO surface. Nevertheless, some previous studies 

using deuterated alkenes have shown that no protonic exchange occurs between the 

surface and the alkene at 333K: the alkene isomerizes through a deprotonation-

protonation process involving the same proton,
33,34

 which is incompatible with the 

mechanism proposed Figure 8.  

ii) The OH groups enhance the thermodynamic basicity of neighbouring Mg
2+

-O
2-

 pairs 

released by partial dehydroxylation. In that case the isomerization of alkene would be 

speeded up because the reaction is reported to be kinetically determined by the 

deprotonation step
18

. 

iii) Upon dehydroxylation, new unstable sites are created that disappear upon further 

increase of the desorption temperature. 

The ii) hypothesis validity is examined in the following section by means of DFT analyses. 

 

Insert figure 8 

 

3.4.2. Evaluation of the thermodynamic basicity of partially hydroxylated sites 



 14 

We examined the adsorption of but-1-ene on the (100) monoatomic step and on the kink 

without and within partial hydroxylation to see how a hydroxyl adsorbed close to a dehydroxylated 

Mg
2+

-O
2-

 pair modify the deprotonation ability of the pair towards an alkene. 

 

Insert table 3 

Insert figure 9 

The results show that partial hydroxylation of the surface does not increase its deprotonating 

ability towards the but-1-ene.The alkene adsorb on dehydroxylated steps and kinks with low 

adsorption energies, and partial hydroxylation of the defects does not modify those adsorption 

energies. That behavior sharply differs from what was observed for the adsorption of alcohol:
26

 upon 

hydroxylation of the sites, alcohol adsorption is significantly modified because the adsorption occurs 

with an important contribution of H-bonding, which is not the case with the alkene.  

In the alkene case, the stabilisation of the deprotonated carbanion species by the Mg
2+

 ion is 

very low because the negative charge delocalizes on the three carbon atoms of the allylic structure and 

because the hydrogen atoms around that negative charge hinder the approach of the adsorption site. 

Therefore, the Lewis basicity of the hydroxylated and non hydroxylated steps has to be analyzed to 

understand that difference. We analyzed thus the influence of the hydroxylation on the charge of 

surface ions and on the electric potential of the step from electronic calculations. 

a) The charge on the oxygen ion: as one can consider that an anion with a larger 

charge may adsorb more easily a proton from an acid. Bader charge analyses
35

 do not 

evidence any effect of OH groups on the basicity of neighbouring oxide ions (non 

reported results).  

b) The electric potential around the oxide: it is known that the basicity of an oxide 

is not only related to the charge of the oxygen ion but also to the Madelung potential 

generated by the network of charges
36–39

. Therefore, it is interesting to analyze the 
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effect of the addition of an OH group on the surface and to verify whether that may 

alter the electric potential around the oxide. In figure 9 are represented the electric field 

maps of the MgO step surface before and after OH adsorption. As attested by the non 

changed contrast of the free O surface in the adsorbed H2O neighbourhood (see arrows), 

no change occurs after the addition of an OH group on MgO surface. 

Insert Figure 10 

Finally, from those electronic structure analyses on the step with different hydroxyl coverage, it is 

worth to note that no sharp differences were evidenced between the hydroxylated and non-

hydroxylated surfaces.  

To sum up that section, DFT modelling of but-1-ene adsorption did not show any influence of 

the surface partial hydroxylation on the deprotonation of the alkene. Presently no solid argument 

supports the hypothesis ii). However, without DFT modelling of the isomerization mechanism, it 

cannot be definitely excluded that OH groups enhance the kinetic basicity of MgO surfaces because a 

recent paper has proposed that the alkene isomerization on MgO might process with another rate 

determining step than the deprotonation.
19

 

 

3.4.2 Transient creation of strong basic sites 

The other hypothesis is that partially hydroxylated surfaces have more active sites than bare 

ones because partial hydroxylation may generate and stabilize new unstable sites that are more active 

than the stable ones but that disappear upon further increase of the desorption temperature. Those 

transient active sites could be located on unstable planes like (110) and (111), which reconstruct into 

more stable and less active (100) planes upon heating.
28

 We have already shown that CO2 is a good 

tool to investigate nature of the exposed MgO planes.
3
 Here we follow the adsorption of CO2 with 

DRIFT to study the influence of partial hydroxylation on unstable MgO planes. 
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The partially hydroxylated surfaces were prepared with various hydroxylation coverages 

following the usual in situ thermal procedure. Then CO2 was adsorbed on the MgO surface and 

desorbed at 673 K. The corresponding surface configurations were analysed with infra-red 

spectroscopy.  

Figure 11 shows the DRIFT spectra of magnesium oxide after CO2 addition on a partially 

hydroxylated (solid green line) and dehydroxylated (dashed blue line) surface. 

 

Insert Figure 11 

Two main observations can be made from those spectra: 

- The sample adsorbs more CO2 when the adsorption occurs on partially hydroxylated 

magnesium oxide. That was already observed by Kwon and Park.
4
 OH groups seem to enhance 

the ability of MgO surface to adsorb CO2.  

- The proportion of (110) planes to (100) defects is at its highest for the hydroxylated sample 

treated at 773K. That proportion is evaluated from the ratio of signals characteristic for each 

carbonate species: bands between 1350 and 1600 cm
-1

 were assigned to carbonates adsorbed on 

the (110) planes and bands at lower and higher frequencies were assigned to carbonates 

adsorbed on (100) defects. The ratio of intensities of those two groups of bands is at its highest 

for CO2 adsorbed on sample dehydroxylated at 773K. 

That result indicates that hydroxylation helps to the transient stabilisation of the (110) planes, in 

agreement with literature data.
27,40,41

 The proportion of (110) planes decreases when the 

dehydroxylation process goes further, consistently with the unstability of those planes without help of 

surface hydroxyls. 

The adsorption energies of methanol and but-1-ene on those unstable planes were also 

calculated and are reported in Table 2. It can be seen that the sites on (110) and (111) interact with the 

two probe molecules as strongly as with corner defect on the (100) plane and better than with steps. 
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Those strongly basic sites may thus act as active sites in the two model reactions if they are stabilized 

by surface partial hydroxylation and if the reaction rate is determined by the deprotonation step. 

Nevertheless those transient strong basic sites cannot explain the peculiar reactivity of MBOH on 

hydroxylated surfaces because the MBOH conversion does not exhibit any volcano behavior upon 

dehydroxylation but a continuous deactivation. That suggests that the rate of MBOH conversion is not 

determined by the deprotonation step and that the surface hydroxyl groups play a specific role in the 

mechanism. That role of hydroxyls should be further investigated with DFT modelling of the 

pathways. 

 

4. Conclusion 

From this mixed experimental – theoretical study of the effect of natural adsorbates on the basic 

reactivity of MgO, it may be concluded the following:  

- The influence of carbonates and of hydroxyl groups on the surface is different. Carbonates 

poison the basic reactivity while a partially hydroxylated surface is more active than a bare one 

whatever the model reaction. Thus, the behavior of hydroxyl group cannot be generalized 

directly to other weak bases. 

- The active sites are different between the two reactions, in line with the acidic strength of the 

reactant. Thus MBOH conversion can occur on partially carbonated steps that are able to 

deprotonate alcohols but it is not the case for hept-1-ene conversion. On carbonated surfaces, 

the treatment temperature (temp) necessary to observe a conversion is thus linked to the 

adsorption energy of CO2 on the defect able to deprotonate each molecule. 

- In the case of hydroxylated surfaces, a maximum of activity is observed in the case of hept-1-

ene conversion for a partial hydroxylation, obtained after hydroxylation and desorption 

temperature between 700 and 800 K. That maximum could be explained by transient 

stabilization of unstable active sites with the help of surface hydroxyls: hydroxyl groups can 
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stabilize unstable MgO planes as (111) or (110) that are able to interact strongly with alkenes. 

Those planes are proposed as strongly active sites for hept-1-ene isomerization. In the former 

results obtained for MBOH conversion reaction, no maximum of activity was observed upon 

decreasing the OH coverage: the activity decreased continuously with increasing treatment 

temperature (temp) on the temperature range investigated. The unstable planes are also able to 

deprotonate alcohols but may stabilize them too much to allow them to react further. A specific 

interaction between surface OH groups and the alcohol may also occur and calculations are 

undergoing to investigating that postulated specific mechanism. 
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Tables 

Table 1 

 

Description of the carbonates on the MgO surface, from ref. 
3
. The letters B and T refer to the « 

bidentate » and « tridentate carbonates.  

 

Table 2  

 

Plane (100) (110) (111) 

Site Terrace Step Corner Divacancy Kink   

Eads (butene) (eV) -0.08 (U) -0.28 (U) -0.34 (D) -0.52 (D) -0.55 (D) -0.32 (U) -1.40 (D) 

Eads (MeOH) (eV) -0.50 (U) -1.86 (D) -1.60 (D) -3.81 (D) -2.48 (D) -2.54 (D) Not stable 

 

D stands for “dissociated” and U for “undissociated” 

 

Calculated adsorption energy of butene and methanol on various planes and defects. The data 

concerning the adsorption of MeOH on (100) plane and defects come from ref. 27 

 

 

Face Type of defect Nomenclature 
Desorption temperature Desorption on DRIFT 

spectra 

(100) 

Corner, Kink; 

Divacancy 

B-C3, B-K, B-

D 

822>T>722 
873 > T > 673 K 

Step T-S1 T-S2 908 T > 873 K 

Face Type of defect Nomenclature 
 Desorption on DRIFT 

spectra 

(100) 
 

B-C3, B-K, B-

D 

 
873 > T > 673 K 

Step T-S1 T-S2  T > 873 K 



 22 

Table 3 

Defect Number of hydroxyl groups Adsorption energy (eV) 

Step 0 -0.28 (U) 

2 -0.21 (U) 

Kink 0 -0.55 (D) 

2 -0.50 (D) 

 

D stands for “dissociated” and U for “undissociated” 

Adsorption energy of but-1-ene on hydroxylated and non-hydroxylated defects.
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Figure captions: 

Figure 1: Schematic presentation of the two considered model reactions: a) the isomerization of hept-

1-ene, b) the conversion of MBOH. Acidic proton is represented in bold. 

Figure 2: Pretreatment protocol showing flows and temperatures conditions used to get a surface with 

various carbonate or hydroxyl coverage 

Figure 3: Conversion of the carbonated surface of magnesium oxide in the two model reactions. 

Reaction temperatures are fixed to 333 K for Hep-1-ene and 393 K for MBOH.   

Figure 4: Conversion of the hydroxylated surface in the isomerization of hept-1-ene. Reaction 

temperature is fixed to 333 K. 

Figure 5: Desorption temperature of the CO2 (from 
3
)on various sites and their ability to deprotonate 

acids. 

Figure 6: DFT optimized geometries of the adsorbed but-1-ene interacting with various MgO sites 

Figure 7: Step of the MgO (100) surface with a 2/3 monolayer coverage of carbonates. With such a 

coverage, the two Mg4c surrounding the only free O4c of the surface (green arrow) are already engaged 

in ionic and covalent bonding with other carbonate. These cations cannot stabilize the conjugated base 

of a Brønsted acid. 

Figure 8: Possible mechanism for the isomerization involving an hydroxyl group and an oxygen ion. 

Figure 9: DFT optimized geometries of the adsorbed but-1-ene interacting with hydroxylated and non-

hydroxylated step 

Figure 10: Electric field maps around the MgO surface in presence and absence of OH groups. The 

arrows indicates the surface oxygen atoms of the edge step free from dissociated H2O molecule. 
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Figure 11: DRIFT spectra of the magnesium oxide after CO2 addition and heating on a partially 

hydroxylated (solid line) and dehydroxylated (dashed line) surfaces. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 

 

a) Monoatomic step (ND) 

 

b) Diatomic step (ND) 

 

c) Corner terminated by O (D) 

 

d) Corner terminated by a Mg (ND) 

 

e) Divacancy (D)  

f) Kink (D) 

ND: not dissociated, D dissociated 

But-1-ene adsorbed on various defects of the (100) plane 
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Figure 7 
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 Figure 8 
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Figure 9 

 

 

a) Not hydroxylated monoatomic step (ND) 
 

b) Partially hydroxylated monatomic step 
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Figure 10 
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Figure 11 

 


