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Pseudo-Bridging Silanols as Versatile Brønsted Acid Sites of
Amorphous Aluminosilicate Surfaces**
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Unraveling the surface structure of amorphous silica–alumina
(ASA) is a main challenge in materials chemistry and
catalysis, despite improvement thanks to magic-angle spin-
ning NMR spectroscopy.[1,2] Taking advantage of their com-
bined Lewis and Brønsted acidities, these materials are widely
used as supports for multifunctional heterogeneous catalysts
in fine chemistry,[3–7] petrochemistry, and refining,[8–10] and
they raise the fundamental question of the link between the
local structure of surface sites and their acidity. The existence
of zeolite-like Si�(OH)�Al groups is strongly debated.
Silanols in the vicinity of aluminum atoms[11, 12] are also
invoked (Scheme 1). Molecular modeling studies have
recently provided relevant insights in the atomic structure
and reactivity of acid sites of crystalline networks.[13–16]

However, to our knowledge, modeling of the acidity revealed
by amorphous surfaces has never been undertaken.

Herein we propose the first ASA surface model, by
simulating the contact of silica derivates with the g-Al2O3

(100) surface. We show that this poorly reactive alumina
surface develops a strong tendency to amorphization upon
interaction with silica, and reveals some original Lewis and
Brønsted acid sites thanks to the formation of an ASA phase,
in the limit of demixing at high water pressure. Periodic DFT
calculations and force-field molecular dynamics were used to
study the effect of thermal treatments. The g-Al2O3 (100)
surface model established previously[17] was used as starting
configuration, and larger unit cells (ca. 500 atoms) were
considered to allow for the amorphization process within a
periodic model.

Deposition of organosilanes on g-Al2O3 yields silicated
alumina with satisfactory control of the amount of deposited
silica.[18] An exchange process with OH groups of alumina
takes place (through a condensation reaction with organo-
silane molecules),[19–21] followed by hydrolysis (Scheme 2),
which is formally equivalent to silicic acid Si(OH)4 exchange
with g-Al2O3 OH groups, quantified by the exchange energy
DexchU.

We determined by DFT the Si(OH)4 exchange ability of
the fully hydrated g-Al2O3 (100) surface (qOH = 17.1 nm�2),
which exhibits molecularly adsorbed water molecules, m1-OH
and m3-OH. A systematic study for a Si(OH)4 coverage qSi =

0.5 nm�2 of the preferred exchanged configurations leads to
the competitive bidentate (exchange with m1-OH and m3-OH,
DexchU =�29 kJmol�1) and monodentate (exchange with m1-
OH, DexchU =�23 kJ mol�1) structures depicted in Figure 1a–
c, which is in agreement with IR spectroscopic evidence of
exchange mainly with m1-OH.[21]

The second Si(OH)4 molecule (qSi = 1.1 nm�2) condenses
with the previously grafted species (Figure 1b–d), instead of
grafting on another alumina site. The condensation reaction
energies (�37 and �29 kJ mol�1), typical of gas-phase con-
densation of Si(OH)4 (�21 kJmol�1), show that increasing the
silicic acid content in a wet environment will undoubtedly
lead to the growth of silica particles in weak contact with g-
Al2O3 (100), only by few anchoring points. Without any
thermal treatment, no intimate interaction between silica and
g-Al2O3 exists through the (100) orientation.

Scheme 1. Structure of Brønsted acid sites of ASA proposed in the
literature: a) Bridging OH group, b) Silanol in the vicinity of Al.[11]

Scheme 2. Organosilane monodentate deposition and hydrolysis on
g-Al2O3.

Figure 1. Preferred exchanged structures, calculated by DFT, of
Si(OH)4 on g-Al2O3 (100): a) bidentate, qSi = 0.5 Sinm�2, b) ex-biden-
tate, qSi = 1.1 Si nm�2, c) monodentate, qSi = 0.5 Sinm�2, d) ex-mono-
dentate, qSi = 1.1 Sinm�2.
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We thus investigated the effect of
thermal treatment for qSi = 6.4 nm�2.
To reach quickly a thermodynamically
stable state, we started from an epitax-
ially deposited silica film over the g-
Al2O3 dehydrated surface (see Fig-
ure S1 in the Supporting Information),
further submitted to the simulated
annealing sequence at 1023 K de-
scribed in the Methods Section. The
most stable surface found (Figure 2 a)
reveals an ASA surface phase, formed
by extraction of Al atoms (IIIi and II1)
from g-Al2O3 (100). These results
unravel the determining role of ther-
mal treatments in the activation of the
formation of an ASA phase, as shown
in schematic form in Figure 3a. The
extracted Al atoms, issued from bulk
AlVI, are finally either AlV (II1, III3) or
AlIV (III1, III2, III4) (see Figure S1.2 in
the Supporting Information). This
trend is fully in line with the exper-
imental 27Al NMR observation of the
higher AlIV/AlVI ratio in ASA than in g-
Al2O3,

[11, 22, 23] and of the appearance of
new AlV species.[23, 24] In the literature,
silicic 2MR species were invoked on highly dehydrated
amorphous silica:[25, 26] one silicic two-membered ring 2MR
(Si(X2)�Si(Y2)) and one Si�Al 2MR (Si(W1)�Al(III1)) are
also present on our surface model.

The behavior of this ASA surface phase towards increas-
ing amounts of water, by molecular adsorption on M atoms
(M = Al, Si), dissociation by M�O pairs, and hydrolysis of
M1�O�M2 bridges, was then considered by DFT calculations.
An additional process, which we call “shifted hydrolysis”, was
revealed, which takes place at the surrounding of Si�O�Al
fragments. It formally consists of their hydrolysis, producing
two silanol groups but no Al�OH groups(Scheme 3). The first
water molecule added in the unit cell (1.1 OHnm�2) hydro-
lyzes the silicic 2MR species with a hydration energy DhydU =

�249 kJmol�1. For a coverage from 2.1 to 4.3 OHnm�2,
shifted hydrolysis is the favored process with �211�DhydU�
�135 kJmol�1. Hence, until a coverage of 4.3 OHnm�2, only
silanol groups are formed, which explains why a band at
3740 cm�1 dominates the IR spectra of silicated alumina.[11,27]

One silanol group obtained upon shifted hydrolysis keeps
interacting with the neighboring Al atom (Scheme 3). This
OH group can thus be defined as a “pseudo-bridging silanol”
(PBS). PBSs are suspected to be relevant sites for the milder
acidity of ASA compared with zeolites. They also rationalize
the versatility of the experimentally measured acid strengths
on ASA samples,[11,27] as the flexibility afforded by pseudo-
bridging provides a distribution of Si�O�Al angles and Al�O
distances (see Figure S2-1 and Table S2-1 in the Supporting
Information), whereas they are fixed by the lattice properties
in a zeolite. Moreover, the coordination number of the Al
acceptor atom, either 4 or 5, also tunes the acidity of the PBS.
Some PBS species emphasized in Figure 2 b also correspond

Figure 2. Top views (balls represent outermost atoms) of simulated systems obtained upon
epitaxial deposition of a silica film (qSi = 6.4 Si nm�2) on g-Al2O3 (100): a) geometry after
simulated annealing (qOH = 0 nm�2) ; b) hydrated geometry at qOH = 4.3 nm�2 ; PBS sites are
depicted by dotted lines; c) qOH = 7.5 nm�2 ; and d) qOH = 10.7 nm�2.

Figure 3. a) Formation of an ASA phase upon thermal treatment of
grafted silica aggregates on g-Al2O3 (100) for qSi = 6.4 nm�2. b) Further
behavior upon water exposure as a function of temperature and water
partial pressure.

Scheme 3. Shifted hydrolysis process of Si�O�Al bridges.
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to the definition of silanols in Scheme 1 b,[11] because of
covalent Si�O�Al bridges (silanols hold by U1, Y2, W2, Z2)
with the restriction that AlIII cannot exist in wet environment.

For qOH = 5.4 to 9.6 nm�2, hydrolysis of siloxane and Si�
O�Al bridges and molecular adsorption of water on AlIV

occur with values of �128�DhydU��80 kJmol�1. The latter
process leads to gradual conversion of PBSs into nonbridging
silanols with the saturation of PBS acceptors Al atoms by
water. One bridging Si(X1)�OH�Al(III3) group is also
obtained (Figure 2c), which could correspond to the few
sites exhibiting a zeolite-like activity.[28] Its moderate stability
(DhydU =�97 kJ mol�1 only), in contrast to structural OH
groups of zeolites, is a rational explanation of the 1H NMR
signal at d = 5–7 ppm only for low-temperature pretreated
samples.[22, 29, 30] At qOH = 10.7 nm�2 (Figure 2d), hydrolysis of
a siloxane bridge induces the release of one {Si(OH)3}2 dimer
(X2 and Y2): beyond this qOH value, water segregates a
fraction of the silica from the ASA phase.

For a given water pressure, the temperature window
maximizing the amount of PBS is quite narrow (ca. 200 K,
Figure 3b): to obtain tuned acidity, the pretreatment temper-
ature and atmosphere have to be chosen carefully.

In summary, we propose the first surface model of ASA,
providing evidence for the need of thermal treatment after
the deposition of silica to reach the mixed phase, by Al
extraction from the alumina support. This surface is likely to
exhibit pseudo-bridging silanols (PBSs) and only a few
zeolite-like bridging OH groups. Partial demixing of the
ASA phase occurs upon further water adsorption.

Methods
DFT calculations, in the framework of the GGA-PW91 functional,[31]

were performed with the VASP 4.6 code.[32] The interaction between
core and valence electrons was described by the projector augmented
waves (PAW) approach[33] with an energy cutoff of 265 eV.

Force-field NVT molecular dynamics calculations were per-
formed with the GULP program[34] using Catlow potentials.[35, 36] A
time step of 1 fs was used for a total simulation time of 30 ps. The
simulated annealing sequence was: 1) DFT geometry optimization,
2) force-field molecular dynamics at 1023 K, 3) DFT quenching of
stable states identified by step 2 (see S3 in the Supporting Information
for details).

Thermodynamic stability domains were drawn as a function of
the temperature T and the water partial pressure P by writing the
surface energy systems according to Equation (1). S8 and H8 are the
standard entropy and enthalpy of the water molecule.

GðTÞ ¼ Gð0 KÞ þ
gOH

2
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