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Abstract

While boria-alumina mixed oxides have been widely used for various catalytic reactions, their
structure has never been satisfactory elucidated and is still a matter of debates. The present paper
deals with the elucidation of the structure of boria-alumina prepared by a sol-gel method with
B / Al atomic ratio varying from 0.013 to 1.643. The powders were prepared by hydrolysis of
aluminum tri-sec-butoxide in presence of (NH,4).B407.4H,0. Then, the solid-state magic angle
spinning NMR spectroscopy was used to characterize the obtained solids in the dried state
(xerogels), the calcined state being the object of a next paper. Both *’Al and !B MAS-NMR
spectra were recorded with subsequent simulation of these last ones. This allowed to build a
consistent structural model of these xerogels, taking into account the evolutions of calculated
parameters such as the quadrupolar interaction, the real chemical shift, the relative quantity of
respectively BOs, BOy, tetrahedral, pentahedral and octahedral aluminum species as a function of
the B / Al atomic ratio. As a result, it was found that for B / Al < 0.06, presence of boron induces
the creation of bulk and surface tetrahedral aluminum species. Then, for B/ Al >0.06, BOs
chains attached to these tetrahedral aluminum species are formed and start to grow through the
matrix. Further, for B/AIl>0.15 when the boron loading increases, the BO;3; chains
progressively emerge outside of the matrix, crossing it over. Furthermore, for B/ Al > 0.26,
some pentahedral aluminum species are formed supposedly due to the considerable steric strains
afforded by some particular aluminum atoms. In brief, the presented model elucidates the
structure of the dried alumina-based xerogels and is the key starting point to explain the structure

of the oxides obtained after calcination and presented in the following paper.



Introduction
In the literature, numerous examples can be found for the use of boria-alumina mixed oxides
for catalyzing various reactions. Firstly, such solids can be used directly as the active phase. This

is the case for reactions such as the Beckmann rearrangement of cyclohexanone ¥ the

IlO, 11 |12

dehydration of alcohols such as methanol®, isopropano or butanol™, the partial oxidation of

alcanes such as ethane *1¢

or propane'’, cracking reactions **#, but-1-ene? and the m-xylene
isomezation®?®, and finally toluene disproportionation®?*. Boria-alumina mixed oxides can also
be used for supporting active phases (typically metals). For instance, boria-alumina supported Re

has been used for metathesis reactions? 2

, supported Pt has been used for cyclohexene
hydrogenation?’, n-heptane conversion, dehydrocyclisation?® and hydroconversion® of n-octane.
Supported Ru has been used for CO hydrogenation®. In contrast, while the use of boria-alumina

supported hydrotreating catalysts is claimed in several patents 3%

, the literature describing
them and / or their oxide precursors is rather scarce  “**2. In fact, as a general matter, the B-
Al,O3 system itself is not well described and the proposed interpretations concerning the solids
structures are even sometimes contradictory. The present work is an extension of a study
performed on a series of boria-alumina mixed oxides with low boron loadings®. We propose
subsequent details of the previously proposed model for a wider range of boron loadings and the
present paper deals specifically with the description of the structure of B-Al,O3; xerogels. The
following paper will deal with the elucidation of the structure of these xerogels after calcination.
The solids were prepared by a sol-gel synthesis method using a wide range of B/ Al atomic
ratios. Indeed, this method permits to obtain solids with high specific surface areas, and therefore
a supposedly high dispersion of the B species within the alumina matrix, which might be

interesting for catalytic applications such as the ones described above. The structure

determination of the dried solids (xerogels) was mainly investigated by the solid-state magic



angle spinning nuclear magnetic resonance (MAS-NMR) spectroscopy. The use of a strong
magnetic field permitted to obtain a rather good resolution of the spectra. However, the 'B
spectra shape and chemical shift were still disrupted by strong quadrupolar interactions.
Therefore, the spectra were simulated using a specific software (QUASAR), which permitted to
access to various parameters such as the quadrupolar interaction, the real chemical shift and the
BO, / BOs ratio, as both species were detected on the prepared solids. The results were then
thoroughly discussed and interpreted in order to build a consistent model of these xerogels. It
was shown that their structure was strongly dependent of the boron loading and this dependency
was substantially preserved after calcination as proved by the use of several methods of
characterization (next paper>*). This sample memory confirms a posteriori the validity of the

model presented in the present paper.

Experimental section
Gel synthesis

The boria-alumina gels were synthesized according to an original sol-gel procedure described
elsewhere. 150 cm® of butan-2-ol were placed under stirring at 85°C in a reflux apparatus
together with the boron precursor [(NH4),Bs07.4H,0]. Then, after addition of 50 cm® of
aluminum-tri-sec-butoxide [AI(OC4Hg)s or ASB], the transparent solution became whitish due to
partial hydrolysis of the alkoxide by the crystallization water of the boron salt. When the thermal
equilibrium was reached, ASB was complexed with butan-1,3-diol with a molar ratio
ASB / butan-1,3-diol =2 (35 cm® of butan-1,3-diol). The hydrolysis step was then performed
with 35 cm® of water (molar ratio H,O / ASB = 10). Indeed, prehydrolysis by hydration water
present in the boron salt may induce initial uncontrolled microstructure, but further, addition of

butan-1,3-diol which complexes the Al alkoxide, permits to control the hydrolysis step. Such a



beneficial influence of a complexing agent has already been shown for preparation of pure
alumina®®. The obtained gel was kept under stirring at 85°C for 1 h and was then stored at room
temperature for one hour. The gel containing the residual solvent was dried in a rotary evaporator
under primary vacuum at 45°C. The obtained powder was then dried overnight at 100°C in an
oven. As already reported elsewhere, the BET surface area of the xerogels are very high with a
mean value at about 500 m%.g™.

Sample compositions

Bulk atomic composition of the samples was determined at the Service Central d’Analyses du
CNRS (Vernaison, France) by X fluorescence. For all the dried samples, the measured bulk
composition was slightly equal to the expected one taking into account the relative amounts of B
and Al precursors for gels preparation. This indicates that (i) there is not departure of volatile
boron species (B,Os-like species) during the drying step, (ii) the preparation procedure is well
controlled and (iii) the titration method gives correct results. Note that for the calcined mixed
oxides, there is no more equality between measured and expected B-Al composition for high
boron loading samples. Hereafter, the sample compositions will be reported as atomic B/ Al
ratio.

MAS-NMR spectroscopy

The MAS-NMR spectroscopy was used in order to characterize the local environment of the
aluminum and the boron species in the dried xerogels. The spectra were recorded on a
Briiker ASX 400 spectrometer working at 104.229 MHz (*’Al) and 128.33 MHz ('B). The “’Al
spectra were recorded at a rotation frequency of 15000 Hz, with a pulse length of 0.8 us and a
repetition time between two acquisitions of 3 s; the reference at 0 ppm was taken for Al(H,0)s>".
The B spectra were recorded with a rotation frequency of 14500 Hz, with a pulse length of

10 us and a repetition time of 10 s, the reference at 0 ppm being taken for BF3;.OEt,.



Results
“AINMR

The #'Al spectra of all the prepared samples are presented in Figure 1. Whatever the xerogel,
the main detected signal in the 0-10 ppm range is assigned to octahedral aluminum species; such
a species is classically detected on dried aluminas prepared by a sol-gel route®®. At high boron
loadings (B / Al > 0.263), the rise of another signal near 65 ppm can be clearly distinguished. It

can be attributed to tetrahedral aluminum species™® °’

. Focusing on this region of the
corresponding spectra (Figure 2), an evolution of the chemical shift to the low frequencies (ppm)
region of the peak attributed to the tetrahedral aluminum species can be observed when the boron
loading increases. This chemical shift was accompanied by a visible increase in the relative
proportion of this tetahedral aluminum species. Moreover, especially for high boron loadings, a
peak that can be attributed to penta-coordinated aluminum species appeared near 30 ppm.
Figure 3 presents the proportions of tetrahedral and penta-coordinated aluminum species
obtained by direct integration of the respective peaks after classical peak decomposition. Clearly,
four distinct domains can be observed. In domain I, from B/ Al =0 to B / Al ~ 0.05, the quantity
of the tetrahedral aluminum species increases linearly with the B / Al ratio. Then, in domain II,
between B / Al ~ 0.05 and B / Al ~ 0.14, this quantity remains constant. In domain Ill, between
B/Al~0.14 and B/AIl~0.47, the tetrahedral aluminum quantity increases again and the
creation of penta-coordinated aluminum species starts for B/ Al > 0.26. This penta-coordinated
aluminum species will be later called « pentahedral aluminum species » for convenience, even if
this denomination might not be really representative of the stereochemical conformation of such
species. Further, Figure 4 presents the chemical shifts of the tetrahedral and the octahedral

aluminum species for all the boron loadings, while Figure 5 focuses on low boron loadings.

Again, the same four domains can be distinguished. In domain I, the chemical shifts of



tetrahedral and octahedral aluminum species peaks are constant, despite a slightly high value for
B/AI=0 in the case of the octahedral species. The values for the octahedral species can
nevertheless be reasonably considered as constant, taking into account the experimental error on
the chemical shift determination reported in Figure 5. In domain Il, the chemical shifts of the
peaks due to tetrahedral and octahedral aluminum species start to decrease linearly with the
B / Al atomic ratio. Then, while the decrease in the chemical shift of the octahedral aluminum
species peak goes on to vary linearly in domain Il1, the one of the tetrahedral aluminum species
becomes less marked. Finally, in domain 1V, the octahedral aluminum species chemical shift
seems to stabilize while in the same time the slight decrease in the tetrahedral aluminum species
chemical shift previously observed goes on.
“B-NMR

Figure 6 shows that the boron signal comprises two features up to B/ Al = 0.138 (domains |
and I1). The feature observed at high frequencies (ppm) is due to the trigonal boron species,
hereafter called BO3 species. The peak shape is affected by a strong second order quadrupolar
interaction °®®*. This quadrupolar interaction is responsible for a signal splitting that induces an
experimental broadening for the conditions of this study and additionally shifts the peak to the
lower ppm region. Then, the rather narrow peak observed near O ppm, superposed to the one
assigned to the BOj3 species, is due to the presence of tetrahedral boron species, hereafter called
BO,%*% species. The BO, species quantity seems to decrease when the boron loading increases
up to B/ Al =0.138 (domains | and Il). Moreover, for B/ Al > 0.138, a third signal appears in
the valley between the signals of trigonal and tetragonal boron species. This signal is likely to be
due to as small quantity unreacted / decomposed / disrupted boron precursor remaining trapped
in the dried xerogel. Further, for B / Al > 0.263, the signal due to the BO, species increases again

with increasing the boron loading.



Due to the above-mentioned strong quadrupolar interaction, the interpretation of the boron
spectra evolution from the direct visual observation is difficult. Therefore, the relative
proportions of the B-oxygen containing species were determined using the QUASAR®’ spectrum
simulation software. Indeed, this software permits to quantify the quadrupolar interaction and to
recalculate the spectra that would have been obtained if no quadrupolar interaction modifies the
signal. Consequently, this makes the results easier to interpret with a possible determination of
the “true” chemical shift of each species and subsequently this permits reliable quantification
that would make no sense to perform on the non-simulated spectra. Various parameters were
taken into account to perform the simulations. Indeed, it is necessary to input an estimation of the
true chemical shift, of the quadrupolar interaction, of the asymmetry of this interaction that
contributes to modify the shape of the peaks, of the broadening of the peaks as well as some
parameters induced by the spectrometer itself such as the rotation speed, the response factor or
the dead time of the spectrometer. After manual adjustment of these parameters, the computer
simulation is finely performed with a simplex algorithm. This algorithm permits to further fit the
simulated spectrum by minimizing the difference with the experimental ones. During this
calculation process, the computer adjusts the parameters initially inputted in a chemically
acceptable range as imposed by the user.

Figure 7 shows that the calculated chemical shift of the BO3 species peak (about 16 ppm) is
greater than the one directly observed (about 10 ppm), due to a relatively high quadrupolar
interaction near 2.25 MHz (Figure 8). For the BO4 species, as the quadrupolar interaction is
lower (between 0.3 and 0.85 MHz (Figure 8)), the observed chemical shift is quite close to the
calculated ones, with a value near 2 ppm (Figure 7). As a remark, unlike in the case of the BO;
species, the quadrupolar interaction on the BO, species is clearly affected by the boron quantity.

Indeed, after an increase in the domain I, it becomes constant at about 0.85 MHz.



Discussion

The discussion is divided into two main parts: the first one is dealing with the low boron
loading gels while the second one concerns high boron loading samples. Then, a global synthetic
model will be proposed and commented.

Low boron loading samples (domains I and 11)
Domain |

In a previous work, it was proposed that the tetrahedral aluminum species observed in domain
| are generated concomitantly with the creation of the Al-O-B bonds, giving Aleta(OAl)4x(OB)x
(x =110 4) species. Indeed, in the absence of boron, tetrahedral aluminum species are hardly
detected (Figure 2), meaning that their creation is indubitably linked to the presence of boron in
the oxide system. Then, at the end of domain | (for B/ Al >0.05), a stabilization of the
tetrahedral aluminum species quantity is observed, which represents then approximately 1 % of
the total aluminum species. This value of 1 % corresponds almost to four boron atoms for one
tetrahedraly coordinated aluminum atom. This is an indication that the tetrahedral aluminum
species are progressively decorated with 1, 2, 3 and finally 4 boron species through Al-O-B
bridges (for B / Al = 0.05). One would expect that this local structure is more likely induced by
the rate of hydrolysis rather than by thermodynamic equilibrium. In domain I, the amount of B
relative to Al is very weak so that the amount of water brought by the boron salt is weak and
therefore uncontrolled hydrolysis of weak importance. Then the local structure of Al species is
mainly controlled by hydrolysis of the diol-complexed Al alkoxide.

The nature of the boron species decorating the Alra(OB)4 species that will be later called
“saturated” tetrahedral aluminum species has now to be clarified. As a preliminary remark, it is
now well known that the BO, species in/on boria-alumina mixed oxides are created by a

reversible hydration-dehydration reaction of BO3 species, the NMR signal attributed to the BO,



species disappearing completely after drying the solids. In addition, the existence of such a
process was also demonstrated by thermogravimetry analysis by Cucinieri-Colorio et al..
Therefore, a BO3 species can reversibly transform into a BO, species provided that this species is
situated near the surface of the solid. Indeed, only the BOj3 entities on the surface of the solids
can be presumably in contact with the water molecules present in ambient atmosphere. Thus, it
can be deduced that the observed BO, species are surface species. Moreover, the increase in the
quadrupolar interaction on the BO, species observed in domain | (Figure 8) can be easily
explained. Indeed, while the presence of only one BO, species with one tetrahedral aluminum
species may not induce a large strain on the involved species, the presence of a second BO,4
species linked to the same tetrahedral aluminum species might be responsible for an increase in
the local steric hindrance. Indeed, in order to permit the second hydration of a BO3 species, the
host tetrahedral aluminum and well as the previously linked BO, must bear a distortion that is
revealed by the increase in the quadrupolar interaction. From geometrical considerations, two
BO, species bound to one tetrahedral aluminum species seems to be an acceptable maximum. In
other words, it is supposed that the saturated surface tetrahedral aluminum species are rather
likely to be anchored in the solid by two BO3 species on one side, while two BO,4 species on the
other side are emerging out of the solid surface. Then, the quadrupolar interaction for a single
BO, species (i.e. one BO, species without constraint imposed by another BO, species) can be
determined by extrapolating the curve giving the quadrupolar interaction of BO, species
(Figure 8) to B/ Al = 0. The obtained value is about 0.4 MHz. In Figure 8, it can be seen that this
interaction increases with the addition of boron, up to the end of domain | (~ 0.8 MHz). This
reflects the progressive creation of the tetrahedral aluminum species linked with one BO, and
then with two BO, species. In other words, the increase observed in Figure 8 is due to a weighted

average between the quadrupolar interaction of the ‘isolated’ BO, species (i.e. BO,4 species

10



bound to one tetrahedral aluminum species that is not linked with a second BO, species), and the
one of the BO, species with another BO,4 species in its vicinity, attached to the same aluminum
tetrahedral species. Then, the stabilization of the quadrupolar interaction value at the end of
domain | reflects the fact that all the surface tetrahedral aluminum species are linked with two
BO, species, these latter exhibiting all a comparable quadrupolar interaction. In addition, at the
end of domain I, there are roughly 6 BO3 species for 1 BO, species as 15/85=1/6 (see
Figure 9). Considering now all the previous observations concerning domain I, in particular that
there are about 4 B atoms for 1 tetrahedral Al atom at the limit or i.e. 100 B atoms for 25
tetrahedral Al atoms, among these 100 B atoms, 15 are BO, species bound to an average value of
7.5 surface tetrahedral aluminum species. It is therefore expected that the tetrahedral aluminum
species distribution within the mixed oxide at the domain | limit is 30 % at the surface
(7.5/25=0.3) and 70 % inside (bulk) the matrix.

As a preliminary conclusion, all these results are consistent with the presence of various
entities in domain I:

- Alietra(OAI)4x(BO3OH)y(BO3), (x =y + z, and y and z being equal or inferior to 2) species

are present on the surface and Algya(OAl4.w(BO3)w (W between 1 and 4) species are located

in the matrix.

- At the end of domain I, concerning tetrahedral aluminum species, there are about 70 % of

Aletra(BO3)4 bulk sites and about 30 % of Alwtra(BO3OH)2(BO3), surface sites.

Domain 11

In domain 11, the BO3 species are largely predominant among the boron species (Figure 9).
The BO, species proportion decreases when the boron loading increases suggesting that the
introduced boron starts to form BOj3 chains, which is a general tendency of this element in the

oxide form (e.g. the structure of B,Os3). Then, in domain I, the linear decrease in the chemical
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shift of the tetrahedral aluminum species (Figure 5) is probably due to the fact that this latter is
influenced by the development of BO;3 ribbons (classical chain effect modulating finely the NMR
chemical shift). In addition, it seems reasonable to postulate that the polymerization of the BOs
ribbons is likely to take place on the boron species linked to the tetrahedral aluminum species
previously “saturated” with four boron atoms [Aleya(BO3OH)2(BO3)2 or Alera(BO3)s] as
nucleation points.

As a partial conclusion, we suppose that two families of species can coexist in domain I, the
Alietra(BO3)m(BO3)n(BO3)o(BO3), species and the
Alietra[BO3OH(BO3) ] [BO3OH(BO3)n](BO3)o(BO3)p (M, N, 0, pand m’, n’, 0o’ p’ indicating the
chain lengths respectively).

In brief, for the xerogels with low boron loading:

- Boron introduction induces the creation of AI-O-B bonds leading to the creation of

tetrahedral aluminum species in domain I;

- The tetrahedral aluminum species proportion reaches a maximum at the end of domain | and

then stabilizes;

- Assuming that the formed surface tetrahedral aluminum species can be linked to a maximum

of two BQ,, it is possible to propose a model describing the structure of the solids, which is

consistent with the NMR observations;

- When the tetrahedral aluminum species are “saturated” by 4 surroundings boron atoms, i.e. 2

BO3; and 2 BO, in the case of the surface species and 4 BOs in the case of the matrix species,

BOs ribbons start to develop.

High boron loading samples (domains 111 and V)

While the quadrupolar interaction remains constant for the BO,4 species for the high boron

loadings (B / Al >~ 0.15 in Figure 10), in domain Ill the quadrupolar interaction observed for

12



the BO;3; species slightly increases. Further, domain Ill corresponds to the creation of new
tetrahedral species (Figure 3), which are exhibiting quite the same chemical shift as that of the
saturated tetrahedral aluminum species (at the end of domain Il in Figure 4). Therefore, since the
chemical shift of the new species is the same, the nature of these newly created tetrahedral
aluminum species is supposed to be likely the same as the one of the saturated species created for
the ratio B/ Al =0.15. In addition, it was supposed previously that the BOs; chain length
influences the chemical shift of the tetrahedral aluminum species on which they are attached and
Figure 4 shows that the chemical shift of the tetrahedral species in domains Ill and 1V does not
vary significantly. That means that the newly created tetrahedral aluminum species are linked to
chains with a mean length equal to the one of the chains linked to the tetrahedral aluminum
species present at the end of the domain 11, as the chemical shifts of both species are almost
equivalent. Moreover, for moderate boron loadings, there might be a limit in the length of the
BO; chains, physically imposed by the thickness of the boehmite layer. All these observations
are consistent if it is assumed that the new tetrahedral aluminum species are attached to the same
chains as those issued from the initially created tetrahedral aluminum species (in domain 1), i.e. if
a new surface tetrahedral aluminum species is created at the end of an existing BO3 chain
emerging from a previously created tetrahedral aluminum species. In other words, the BO;
ribbons cross over the alumina matrix to emerge on the other side, creating new surface
aluminum tetrahedral species, themselves at the origin of new BO;3; chains subsequently
developing through the alumina matrix when the boron loading increases. Thus, the BO,
percentage, which constantly decreased in domains | and Il because of the exclusive
development of BO3 chains, stabilizes due to the concomitant creation of BO3; and new BO,

species in domains 11l and 1V (Figure 11). Further, as previously mentioned, it is found that the
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quantity of tetrahedral aluminum species formed at the end of domain I is about 1 %. In addition,
it is reasonable to suppose that each tetrahedral aluminum species can be the starting point of
four BO3 chains that can further generate four new tetrahedral aluminum species when crossing
the matrix. If it this supposition is exact, one must obtain at maximum 5 % of tetrahedral
aluminum species after all the BO3 chains have emerged out. In fact, if the percentages of
tetrahedral and pentahedral aluminum species created at the end of domain Il are added, a value
of about 4,5 % is obtained, which is in very good agreement with the formulated hypothesis.
Now, it is supposed that the pentahedral aluminum species are created by an extreme distortion
of particular tetrahedral aluminum species. Indeed, the quadrupolar interaction on the BO;
species increases when the ratio B / Al = 0.15 is reached. This is supposedly due to the creation
of BO3 chains possessing at each extremity a surface tetrahedral aluminum species linked to two
hydrated BOj3 species (BO,4). This involves strong steric constraints on each side of the chain.
Indeed, the involved chains must satisfy two conformation exigencies on each extremity,
increasing their torsion, which is reflected by an increase in the observed quadrupolar interaction.
Therefore, some surface aluminum species must afford an extensive constraint, giving the
formation of pentahedral aluminum species.

As a remark, the true chemical shifts of the BO; and BO, species in domains 11l and 1V are
not significantly affected because the chemical nature of these newly created species is not very
different from that present in domains I and II.

Description of the proposed model

The results of the NMR study presented in this paper on boria-alumina mixed xerogel oxides
combined with their discussion allows to propose a model (Figure 13), which is aiming to
describe the evolution of the local structure of the boron and aluminum oxo-species in such

solids when the relative amount of boron is increasing.
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Without boron in the sample, the aluminum local structure is quite exclusively octahedral (see
Figure 1 & Figure 2).

For low boron loadings (B / Al <0.15), the solids exhibit an intermediate structure that we
called induction phase of the system (Figure 13 (a), (b) and (c)):

- For B/ Al <0.06 (Figure 13 (a)), surface BO, species are created. Their formation induces
the creation of surface tetrahedral aluminum species. BO3 species are also present in the alumina
matrix and their presence induces the creation of matrix tetrahedral aluminum species. Then, the
surface tetrahedral aluminum species are progressively linked to two BO, and two BOj3 species,
while the matrix tetrahedral aluminum species are progressively surrounded with 4 BO3 species
(Figure 13 (b and ¢));

- Then, for 0.06 < B/ Al < 0.15 (Figure 13 (c)), the BO3 and BO, species linked to the both
surface and bulk tetrahedral aluminum species saturated with four boron oxo-species are the
starting point for the development of BO3 chains.

After this induction phase, the final system is forming for B / Al >0.26 (Figure 13 (d) and
(e)):

-For 0.15<B/Al<0.26 (Figure 13 (d)), the BO3 chains are crossing over the alumina
matrix and terminal BO, are created at the emerging point. The creation of the terminal BO,
species is accompanied with the creation of new surface tetrahedral aluminum species.

-For B/ Al >0.26 (Figure 13 (e)), pentahedral aluminum species are created. They result
from the distorsion of aluminum species that are particularly strained. Indeed, some surface
tetrahedral aluminum species must afford extreme constraints due to the presence of not only two
BO, species attached to them but also to the double distortion of one ore more BO3 chain(s).

Comments and exploitation of the model

15



As a preliminary remark, it is possible to calculate the mean thickness t of a sheet of matrix,
from the value of the density p of the boehmite (about 3 g.cm™) and the average specific surface
S of the xerogels for a low boron loading (~ 500 m?.g™). The formula t=2/p.S gives an
average thickness of about 13 A.

When the BO3 chains emerge outside the matrix (in domain I11), the creation of new surface
tetrahedral aluminum species is induced. This sheet of 13 A can be crossed by different ways
because the BO3 chains can supposedly develop spatially at random in all the directions. The
chains that develop ‘perpendicularly’ to the layer are likely to be the ones that will emerge first.
If the probability of development of each chain is supposed to be the same, i.e. the length of all
the chains is the same, the progressive apparition of the new tetrahedral aluminum species in
domain Il corresponds to the random angular distribution of the BO3 chains. Indeed, the more
the direction of a chain deviates from a line perpendicular to the surface of the boehmite layer,
the more the chain must be long to emerge on the other side of the surface. It is important to note
that this notion of “perpendicularity” is just indicative assuming the fractal character of the solids.
In addition, it is obvious that the chains emerging at first are the chains issued from the matrix
tetrahedral aluminum species rather than the chains attached to the surface tetrahedral aluminum
species, the length of the distance to cross being shorter (Figure 13 (d)). It is then interesting to
note that pentahedral aluminum species are starting to be created only in the middle of domain
11 (Figure 3) for B/ Al =0.26. Indeed, it was supposed that they are created by an extreme
distortion of BOj3 chains, which might happen for the chains that are issued from one side of a
boehmite sheet and cross over the matrix to emerge on this other side.

In brief, the proposed structural model of the xerogels is consistent with all the NMR

observations. The following paper will show that the results presented here fit very well with the
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results obtained on the corresponding calcined solids by a combined set of characterization
techniques such as solid-state NMR, XPS, XRD, etc. It is quite clear that the xerogel genesis has
a noticeable influence on the final structure of boria-alumina mixed oxides with different B / Al

atomic ratios.

Conclusions

In this first paper, boria-alumina prepared by a sol-gel method using various B / Al ratios have
been characterized before further calcination by #’Al and B MAS-NMR spectroscopy. The
spectra have been simulated in order to access to important parameters such as the effective
BO3; / BOy ratio and the quadrupolar interaction frequency. The features of the spectra as well as
the calculated parameters evolves clearly with the B/ Al atomic ratio. All the results are
consistent with the presence of four distinct domains corresponding to four different structures
that the system can exhibit according to the boron loading. In domain | (B /Al <0.06), the
introduction of B atoms induces the creation of tetrahedral aluminum species progressively
surrounded with 4 boron oxo-species. At the end of domain I, 1 % of the aluminum species have
a tetrahedral structure, the remainder being octahedral aluminum species like in the mother
boehmite structure. In domain 11 (0.06 < B / Al < 0.15), the tetrahedral aluminum species locally
saturated with boron oxo-species are the starting points of BO5 chains growing at random in all
the directions inside the host alumina matrix. In domain I11 (0.15 < B / Al < 0.26) the BO3 chains
are long enough to cross over the alumina matrix and emerge progressively. In addition, new
surface tetrahedral aluminum species are created at the emergence point. These new aluminum
species are then themselves the nucleation point of new BO; chains that develop for higher boron
loadings. Furthermore, in this domain 111, the mother alumina matrix is so stericaly disrupted that

pentahedral aluminum species are formed to supposedly release the strains in the new material
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network. Then, we can mention domain IV that corresponds to solids with high amount in boron
(B / Al ~ 0.5 and more) and is only briefly mentioned for information as it progressively looses
the boehmite character to transform into boria doped with Al. Finally, the NMR results have
permitted to build a model of the boria-alumina xerogels. This model was not only of course
consistent with the NMR observations but also with the results obtained on the same solids after

calcination (following paper) where the existence of 4 domains is again demonstrated.
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Figures captions

Figure 1. °’Al NMR spectra of the xerogels with different amounts of boron.
Figure 2. Focus on the 20 - 85 ppm region of the >’ Al NMR spectra of the xerogels.

Figure 3. Proportion of tetrahedral and pentahedral aluminium species determined from the *'Al

NMR spectra.
Figure 4. °’ Al NMR chemical shifts of the octahedral and tetrahedral aluminum species.

Figure 5. ’Al NMR chemical shifts of the octahedral and tetrahedral aluminum species (low

boron loadings).
Figure 6. "'B NMR spectra of the xerogels with different amounts of boron.

Figure 7. Observed and simulated chemical shifts of the peaks due to the boron oxo-species (low

boron loadings).

Figure 8. Quadrupolar interaction frequency on the boron oxo-species (low boron loadings).

Figure 9. %BO, defined as {B(BO4)} / [B(BO,4) + B(BO3)]} x 100 on calcined solids determined
by QUASAR simulation (low boron loadings).

Figure 10. Quadrupolar interaction frequency on the boron species (full range of boron loadings)
Figure 11. %BO, defined as {B(BO,)}/[B(BO,) + B(BO3)]} x 100 on calcined solids
determined by QUASAR simulation (full range of boron loadings).

Figure 12. Observed and simulated chemical shifts of the boron species (full range of boron

loadings).

Figure 13. Proposed schematic model for the structure of the boria-alumina xerogels;

19



(a) Creation of tetrahedral aluminum species from Al-O-B bonds;

(b) Double hydration of boron species linked to tetrahedral aluminum species;

(c) Development of BO3 chains;

(d) Emergence of BO3 chains with creation of terminal BO,4 species inducing creation of new
tetrahedral aluminum species;

(e) System evolution, creation of pentahedral aluminum species.

(i ) = tetrahedral aluminum species; ({} ) = pentahedral aluminum species; (7 ) = BO3
species; (]) = BO, species.
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