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a b s t r a c t

Depending on the localization of hydroxyl groups on MgO surface irregularities, their topology and coor-
dination can differ. In order to discriminate their reactivity, three MgO samples with different morphol-
ogies are hydroxylated at various levels. From 1H MAS NMR three kinds of OH groups can be
distinguished. It is shown that the catalytic activity of base sites in the conversion of 2-methylbut-3-
yn-2-ol is governed by species giving a 1H NMR signal at d < �0.7 ppm, assigned to low coordinated
O1CH and O2CH formed by water dissociation on steps and corners. Their reactivity is discussed consid-
ering charge and orbital analysis from DFT.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Examples showing the role of hydroxyl groups (OH) in heterog-
enous catalytic reactions proceeding on base sites can be found in
the literature and are of growing interest because of applications
in fine chemistry and biomass valorization. In some cases, improve-
ment of the catalytic results is obtained upon addition of water to
the reactant flow like that in aldolic condensation [1], isopropanol
decomposition, [2] or oxidative coupling of methane [3]. Oxides
such as MgO can also be modified by appropriate pretreatment such
as thermal treatment [4], hydration, [5,6] or hydrogenation [7] to
exhibit surface OH groups active in isomerization [4], H–D ex-
change, [6] and alcohol conversion [5,7]. A recent review by Corma
and Iborra [8] gives an excellent account of the results obtained on
alkaline earth oxides and hydroxides. Moreover, basic OH groups of
hydrotalcites have been shown to be catalytically active in aldolic
condensation [9,10], Michaël [11] and Claisen–Schmidt [12] con-
densations, and transesterifications [13].
ll rights reserved.
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We investigated earlier the relationship between the thermody-
namic Brønsted basicity of a surface, i.e., its ability to displace the
deprotonation equilibrium of an acidic molecule and the reactivity
of the base sites [5,14]. It was found that, despite a lower Brønsted
basicity, hydroxylated surfaces are more reactive in 2-methylbut-
3-yn-2-ol (MBOH) conversion, used as model reaction [15], than
clean ones.

To first order, two main kinds of hydroxyl groups are expected
from hydroxylation of Mg2þ

LC O2�
LC pairs: one resulting from proton-

ation of surface oxide ions O2�
LC and one resulting from hydroxyl-

ation of the magnesium cation Mg2þ
LC . They can interact via H-

bonding but can also be isolated. Moreover, depending on their
location on steps, corners, kinks or divacancies, the OLCH groups
may exhibit different coordination numbers (L = 1, 2, 3, or 4) and
thermal stabilities [16].

The aim of this paper is to identify which kind of OLCH group is
acting as a base site in MBOH conversion in order to help under-
standing why, despite a weak Brønsted basicity, they exhibit a high
reactivity. In earlier works, it was shown that FTIR could not afford
the identification of active sites [17] probably because different
kinds of OLCH groups vibrate in the narrow band obtained on
hydroxylated MgO surfaces [18] and that their contribution cannot
be accurately extracted by spectra decomposition. 1H MAS NMR is
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also an interesting method to characterize OH groups but, in the
case of zeolites, the data are in good correlation with IR spectros-
copy [19]. Nevertheless some discrepancies to this correlation have
already been pointed out in the literature especially in the case of
Ca2+ and Mg2+-exchanged zeolites [19]. Moreover, as theoretical
calculations showed, in the case of MgO, that some species not dis-
tinguishable by IR spectroscopy can be differentiated by 1H MAS
NMR [20], it was necessary to check whether 1H NMR could afford
a distinct evaluation of active sites. Thus, different MgO samples
partially hydroxylated were characterized by 1H MAS NMR and
by catalysis of the MBOH conversion. In order to rationalize the
reactivity of the different OH groups, theoretical calculations of
the charge distributions and HOMO/LUMO orbitals energy are per-
formed from a natural population analysis.
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Fig. 1. 1H MAS NMR spectrum (single pulse sequence), corresponding decompo-
sition, and fit of MgO-sol–gel sample after treatment in flowing nitrogen
(20 cm3 min�1) at 1023 K for 1 h, hydration at 373 K (about 840 Pa water diluted
in nitrogen (20 cm3 min�1) for 10 min), and subsequent treatment in flowing
nitrogen (20 cm3 min�1) at 673 K for 2 h.
2. Experimental

As described earlier [21], MgO samples were prepared by ther-
mal decomposition at 1273 K in vacuum of Mg(OH)2 precursors
leading to three materials such as MgO-precipitation, MgO-hydra-
tion, and MgO-sol–gel. The BET specific surface areas were found to
be 167 m2 g�1 for MgO-precipitation and 150 m2 g�1 for both
MgO-hydration and MgO-sol–gel. It was checked that there was
no surface reconstruction upon hydroxylation treatment [5,21].

The hydroxyl coverage of the samples was controlled by a pre-
treatment step with identical conditions before 1H MAS NMR and
catalysis measurements. The samples are ‘‘cleaned up” at 1023 K
under nitrogen flow (20 cm3 min�1). Then, they are cooled down
to 373 K and contacted with water vapor flow (PH2O ¼ 840 Pa, flow
rate = 20 cm3 min�1) for 10 min. They are then dehydroxylated at
intermediate temperature (473 K < T < 1073 K) in a nitrogen flow
(20 cm3 min�1) for 2 h. In the following, only the final dehydroxy-
lation temperature N that determines the degree of hydroxylation
of a sample will be given: MgO-sol–gel-673 is a sol–gel sample that
was dehydroxylated at N = 673K.

For NMR experiments, the pretreatment of 125 mg of sample
was performed in a ‘‘U shape” quartz cell equipped with two valves
allowing complete isolation of the system (sample + cell). The pre-
treated MgO sample system was transferred into a glove box (ar-
gon atmosphere; H2O < 1.5 ppm; O2 < 3 ppm) where 4 mm (exter-
nal diameter) zirconia rotors were filled and closed with Kel-F
caps. The spectra were recorded at room temperature with a Bru-
ker Avance 400 spectrometer at 9.4 T, equipped with a 4 mm probe
and with a spinning rate of 12.5 kHz. A 90� single pulse of 3.3 ls
was used with a recycling delay of 5T1 over a spectral window of
250 kHz. T1 was estimated for each sample and each pretreatment
temperature, using a Saturation Recovery sequence. The receiver
gain remained constant at a value of 200 throughout the experi-
ments, and 128 free induction decays per spectrum were accumu-
lated. The chemical shifts were determined by reference to an
external tetramethylsilane (TMS) sample. The signal of the empty
rotor was recorded at the same conditions for each experiment.
For all spectra, the intensities were normalized to the same specific
surface area and the decomposition of the signal was performed
with the DMFIT program [22].

The MBOH catalysis reaction was performed as described else-
where [5]. Wafers were prepared from catalyst powders and
crushed into pellets of 125 to 200 lm in diameter. Isosurface area
experiments were performed adapting the mass of catalyst loaded
in the reactor so as to obtain a surface of 5 m2 and diluting with SiC
(Prolabo, 250 lm diameter) so as to finally reach 75 mg of solid. It
was checked that SiC alone does not convert MBOH. After pretreat-
ment, the reactor was cooled to the reaction temperature of 393 K.
The MBOH partial pressure (PMBOH = 3.3 kPa) was adjusted by bub-
bling gaseous nitrogen (100 cm3 min�1) in liquid MBOH main-
tained at 303 K. It has been checked by varying the mass of the
sample and the inert flow rate that no diffusional limits could be
observed under these conditions. Because acetone and acetylene
are the only products detected, catalytic data are expressed in
terms of conversion only.

Embedded cluster geometry optimizations were performed at
the DFT level, within the B3LYP [23,24] hybrid exchange correla-
tion functional, using the Gaussian03 code [25]. Hydroxylated clus-
ters modeling the various surface OLCH groups were previously
investigated to obtain their vibrational [18], nuclear [19], and elec-
tronic [26,27] properties. The 6-311+G** basis set was used except
for third order neighbors (Mg) of hydroxyl groups for which Mg
LANL2 effective core potential was used to avoid unphysical polar-
ization with the embedding species (from 913 to 2100 point
charges, see Ref. [18]). Charge distributions and HOMO/LUMO orbi-
tal occupations were evaluated by a natural population analysis.

3. Results and discussion

In order to perform a quantitative analysis of NMR spectra, in a
preliminary work (not reported here), a Hahn-echo procedure was
compared to the single pulse procedure. It was concluded that the
Hahn-echo procedure helps to localize the probe and the empty ro-
tor signals on the single pulse spectrum but that, to be accurate, it
implies a very important number of scans and prohibiting time.
Thus, for quantitative analysis, the single pulse procedure was se-
lected, and the broad bands relative to protons of the probe and ro-
tor were modeled by Gaussians on the spectrum acquired with the
empty rotor in the same conditions.

2D NOESY NMR experiments [20] showed that at least five max-
ima can be observed on the spectra thus helping their decomposi-
tion as shown in Fig. 1. Assignment of these signals to OLCH groups
formed upon water adsorption on MgO defects (see Table 1) was
made on the basis of theoretical calculations [20]. It has been
shown that three chemical shift domains can be distinguished
depending on the nature of the OLCH groups

– dH > �0.7 ppm, attributed to most of H-bond donor groups cor-
responding to signals at 0.8, 0.0, and 0.3 ppm, Fig. 1.

– dH � �0.7 ppm for the O3CH and O4CH isolated groups (on kinks
and divacancies) and for some H-bond donor groups (O4CH on
monatomic steps). This contribution is picked up at �0.8 ppm,
Fig. 1.



Table 1
Location, schematic representation, and spectroscopic feature of the different kinds of OH groups modeled earlier [16,18,19].

Location a Molecular description b Location a Molecular description b

Monoatomic step

O4c     Mg4c        Mg5c

O2c
H

H Mg2þ
3C -terminated corners

O4c             Mg3c

O1c
H

H

Edge

O4c             Mg4c

O1c
H

H O2�
3C -terminated kinks

O3c     Mg4c        Mg5c

O2c
H

H

Valley

O5c     Mg5c        Mg5c

O2c
H

H Mg2þ
3C -terminated kinks

O4c      Mg4c   Mg3c Mg5c

O3cH

H

O2�
3C -terminated corners

O3c             Mg4c

O1c
H

H Divacancy

O3c      Mg4c   Mg3c Mg5c

O3cH

H

a Nomenclature used in former publications.
b When H-bonds form, donor OH groups are represented in red and acceptor OH groups in blue. (For interpretation of the references to colour in this table, the reader is

referred to the web version of this article.)
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Scheme 1. Molecular description of different catalytically active sites.
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– dH < �0.7 ppm for O1CH and O2CH groups corresponding to sig-
nals at �0.9 and �1.4 ppm, Fig. 1.

The large signals shown in Fig. 1 are due to probe and rotor con-
tributions. The same decomposition was made on the different
samples obtained by dehydroxylation at temperatures varying
from 673 to 973 K.

The conversion of MBOH was then compared to the integrated
area of the NMR contributions at dH > �0.7 ppm, dH � �0.7 ppm,
and dH < �0.7 ppm. No relationship was found between the MBOH
conversion and the amount of OH groups giving a contribution to
the two first domains (d > �0.7 ppm and d around �0.7 ppm). On
the reverse, a good correlation (Fig. 2) is clearly established be-
tween the amount of protons giving a signal at d < �0.7 ppm and
MBOH conversion.

From the assignment of this signal to O1CH or O2CH groups a
schematic representation of these different kinds of OH groups is
given in Scheme 1.

The OLCH (L = 3 or 4) counter part can be found in the two do-
mains corresponding to dH P �0.7 ppm explaining why there is
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Fig. 2. MBOH conversion in isosurface experiments as a function of the integrated
area of the NMR lines corresponding to domain: d < �0.7 ppm. The experimental
points are given for the three MgO samples at different levels of hydroxylation (N
varying from 673 to 973 K).
no correlation between the catalytic activity and the area of the
NMR line located at either dH > �0.7 ppm or dH = �0.7 ppm inde-
pendently (data not shown).

The identification of the active sites by 1H NMR allows to under-
stand why these peculiar OH groups cannot be clearly distin-
guished with FTIR [17] The narrow IR band at 3740 cm�1

contains the contributions of H-bond acceptors (O1CH and O2CH)
identified as active sites by NMR, but also all the isolated OLCH.
Thus, its area cannot be representative of the amount of active
sites.

Now that the active sites have been identified, the mechanism
of the reaction on these OH groups can be considered. This is of
great interest when considering that if water has often a positive
effect in base catalysis by direct addition to the reactants or indi-
rectly by working with a hydroxylated sample, its role played in
the mechanism is seldom discussed.

In order to explain the reactivity observed on MgO in a H–D ex-
change reaction, Hoq et al. [6] proposed a concerted mechanism
involving both surface O2� and OH groups: the surface O2� traps
the proton (or deuterium) of the alkane molecule while a surface
OH group releases a proton. However, in such a cooperative effect
between a basic O2� and an acidic OH group (Scheme 2a), a max-
imum of activity should be expected for partially hydroxylated sur-
faces, whereas a continuous decrease of MBOH conversion is
observed with increasing dehydroxylation temperature and thus
for decreasing the OH coverage [5].

So a two-step mechanism in which the first deprotonation step
is not necessarily rate-determining (Scheme 2b) can be considered
in which the OLCH groups act as Brønsted base sites. In the case of
zeolites, the basicity has been often linked to the electrostatic
charge on oxygen [28]. Calculation of charge distributions and
energies of the HOMO 2p orbitals of O atom are given in Table 2.
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Scheme 2. Different kinds of mechanisms for the conversion of MBOH on OH catalytically active sites.

Table 2
Charge distribution on O and H atoms and energy (Haa) of the 1s orbitals of H atoms and 2p orbitals of O atoms for OH groups on hydroxylated surfaces evaluated by DFT.

System Mg–OLC–H OL0C—H

Type qO E2p(O) qH E1s(H) Type qO E2p(O) qH E1s(H)

Monoatomic step O2C–H �1.368 �0.323 0.470 0.148 O4C–H �1.432 �0.371 0.511 0.126
Edge O1C–H �1.352 �0.253 0.472 0.221 O4C–H �1.470 �0.330 0.520 0.169
Valley O2C–H �1.345 �0.274 0.473 0.204 O5C–H �1.524 �0.356 0.516 0.098

O2�
3C -terminated corners O1C–H �1.373 �0.207 0.457 0.250 O3C–H �1.425 �0.258 0.513 0.238

Mg2þ
3C -terminated corners O1C–H �1.384 �0.263 0.473 0.211 O4C–H �1.447 �0.349 0.522 0.152

Divacancy O3C–H �1.386 �0.352 0.481 0.142 O3C–H �1.434 �0.382 0.489 0.114

Mg2þ
3C -terminated kinks O3C–H �1.389 �0.394 0.481 0.095 O4C–H �1.399 �0.413 0.485 0.057

O2�
3C -terminated kinks O2C–H �1.359 �0.086 0.450 0.337 O3C–H �1.384 �0.173 0.480 0.321

a 1 Ha = 27.211 3845(23) eV.
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The absolute electrostatic charge on oxygen for a given system
is more negative for OH groups formed by protonation of surface
oxygen (OLCH) than for those formed by hydroxylation of Mg2+ ions
(Mg–OLCH with L = 1, 2 or 3) (all negative values). According to this
criterion, the former should be stronger base sites whereas they
are not the active sites. On the other hand, the energy of the 2p
orbital of O atom of OLCH groups with L = 1 or 2 which have been
identified as active sites is higher than the others. These groups
can thus be considered as more reactive toward protonation, and
so more nucleophilic. The key parameter governing the reactivity
toward MBOH conversion could thus be the nucleophilic character
of OH groups.

Another hypothesis has to be considered because as the less-
coordinated active OLCH groups (L = 1 or 2) all have a vicinal OH
group (Scheme 1), even when they are not H-bonded and called
isolated (in the case of O2�

3C -terminated kinks). Thus another plau-
sible explanation for the high reactivity of hydroxylated surfaces
is the existence of a concerted mechanism (Scheme 2c) involving
two vicinal OH groups: one H-donor (O1CH or O2CH) and one H-
acceptor (O3CH or O4CH) even if not involved in H-bonding. This
hypothesis is also in agreement with the nature of the active sites
identified on the surface because the inactive sites are the OH
groups located in divacancies and Mg2+-terminated kinks that ex-
hibit only OLCH vicinal groups with L P 3.
4. Conclusion

The combined use of NMR and catalysis as well as theoretical
calculations has led to a refined description of OH groups of MgO
catalytically active in the conversion of MBOH. A correlation has
been found between the catalytic activity and the amount of OH
groups giving a NMR signal at d < �0.7 ppm. Thus the catalytically
active sites could be identified as O1CH and O2CH formed by
hydroxylation of the steps, corners, and O2�

3C -terminated kinks.
From calculations of the energy of the 2p orbital of O atoms of

OH groups, it appears that the active sites have the highest energy,
in line with the higher reactivity of these sites and related with
what is usually called ‘‘nucleophily”. Moreover, all the identified
active sites have a vicinal OH counterpart that could easily behave
as an acid. Thus a concerted mechanism can be considered to ex-
plain the high reactivity of these OH groups despite their poor base
strength. Work is in progress to evaluate the most plausible mech-
anism from a theoretical standpoint.
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