J Mater Sci: Mater Med (2011) 22:1161-1169
DOI 10.1007/s10856-011-4286-7

Two steps bulk-surface functionalization of nanoporous alumina
by methyl and vinyl-silane adsorption. Evidence for oxide surface

highly reactive sites creation

Christophe Azevedo - Pierre Cenedese *
Pierre Dubot

Received: 23 March 2010/ Accepted: 8 March 2011 /Published online: 2 April 2011

© Springer Science+Business Media, LLC 2011

Abstract Functionalization of a novel nanoporous
monolithic alumina synthesized from amalgam is investi-
gated. The structure is studied by X-ray diffraction, BET,
MEB and IR spectroscopy, before and after chemical
functionalization by trimethylethoxy silane adsorption and
annealing at high temperature. These treatments retain both
monolith microstructure and nanostructure while strongly
improving material mechanical properties. Allyldimethox-
ysilane and alcohol adsorption on the annealed samples,
proves that highly reactive sites are available for further
polymer grafting, as demonstrated by a significant shift of
allyldimethoxysilane vg;y to 2,215 cm~' and adsorbed
acetate formation. Simple quantum computations on model
systems support this conclusion. Chemical processes
reported in this paper, allow a nanostructured alumina
monoliths functionalization to optimize ceramics-polymer
bonds, and to tune new hybrid biomaterial properties.

1 Introduction
Porous nanoscale materials have been widely studied in the

past few years. Their applications and novel properties for
catalysis reactions [1-6], medicinal treatments (cells or

C. Azevedo

College d’Odontologie Garanciere Universite Denis Diderot,
5 rue de Garanciere, 75006 Paris, France

e-mail: cazevedo@yahoo.com

P. Cenedese - P. Dubot (X))
MCMC-ICMPE-CNRS, 2 rue Henri Dunant,
94320 Thiais, France

e-mail: pcenedese @glvt-cnrs.fr

P. Cenedese
e-mail: pcenedese @glvt-cnrs.fr

drugs storage and release) [7, 8], biomaterials [9-13] like
hybrid polymer-ceramic or functional cement, molecular
trap for environmental cleaning (air or water), sensors
[14-17], electronic or magnetic devices [18], confined
chemistry [19], make nanostructured-structured and nano-
structured-scaled materials challenging for numerous
future applications.

In this work, we report results on adsorption properties
of new porous nanostructured-structured alumina mono-
liths. Porous monoliths consisting of nanostructured-fibrils
can be obtained by a novel synthesis method [20]. Very
low density (2,000 g m~>) alumina hydroxides are
obtained by active oxidation of aluminum in a humid
atmosphere as described by Vignes [20]. These high
porosity and high surface area (300 m* g~') ceramics
present peculiar surface structures and reactive sites owing
to strong curvature effects in confined space, mimicking in
some ways typical zeolites and related materials properties.
Thermal treatments and molecular functionalization allow
to modify the chemical nature and the adsorption ability of
reactive sites. These make such materials tunable for
selected application, and more specifically for composite
material in biomedical replacement compounds like bones
complement. In the case of polymer-ceramic composite
materials, interfacial bonding between oxide particles and
polymer groups is of prime importance. Anchoring is
realized through functionalized silane coupling agent
which reacts with surface hydroxyls [21] that play a crucial
role in reactivity and have a wide range of chemical
activity depending on their connectivity [22-28].

For applications in which a polymer contains a poly-
merizable vinyl function, AllylDiMethoxySilane (ADMS)
can be used as a linker molecule.

Here, we study nanoporous monoliths functionalization
in two steps. The first stage is realized by exposing
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monoliths to trimethylethoxy silane (TMES) vapor fol-
lowed by sample heating at 1,573 K that allows Si incor-
poration in the alumina network (mullite like compound).
X-ray diffraction spectra and BET measurements were
performed to determine samples crystallinity and porosity
respectively. This first stage allows monolith structure
modification while retaining nanostructure and micro-
structure, leading to material enhanced mechanical prop-
erties. The second functionalization stage consists of
ADMS adsorption at room temperature that leads to allyl
function grafting on monolith surface. Silane-surface
interaction leads to ADMS hydrolysis resulting in primary
alcohol formation that can also reacts with monolith sur-
face. In order to get a better understanding on the nature of
the adsorbed species, we studied by infrared spectroscopy
(IR) ADMS and ethanol adsorption. Both molecule in their
adsorbed state show particular behavior linked to the
existence of very reactive surface sites.

We have organized our study as follows: we first
describe the nanostructured monoliths processes and pres-
ent the physical properties of our samples as function of
thermal and chemical treatments. In a Sect. 2, we con-
centrate on molecules adsorption experiments investigated
by transmission IR spectroscopy. Finally, we compare our
results to available experimental data and/or related studies
to conclude on reactive sites properties of nano-structured
monoliths and the potentiality to get strongly adsorbed
functionalizing species.

2 Study context
2.1 Materials and methods
2.1.1 Synthesis of porous alumina

The oxidation of pure aluminium at room temperature
cannot progress because a passive layer of alumina protects
the metal from the oxidation process. Wislicenus [29]
observed 100 years ago that when aluminium plates or
wires are amalgamated, filaments of aluminium hydroxide
rapidly grow from the metal surface. The composition and
the structure of these hydrated alumina filaments were
described by Pinnel and Bennett [30]. Their diameter is
about some nanometers and their structure is amorphous.
Recently, Vignes [20] developed a new process to produce
shaped alumina monoliths instead of isolated fibers.

To prepare the alumina block the following method was
used. After removing the natural oxide layer on the surface
of pure (99.99%) aluminium plates, a surface treatment by
mercury compounds was carried out. For given tempera-
ture and hydrometric conditions, the hydration process
produces the regular growth of monoliths perpendicular to
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the surface, provided the amount of impurities of the alu-
minium precursor is small. An impregnation treatment of
as-prepared materials with TMES vapor at room tempera-
ture during 4 h was done. Porous alumina samples were
exposed to TMES up to saturation thus achieving a com-
plete surface reaction. Before any thermal treatment, the
samples were placed in an oven for 1 h at 373 K under
10~" mbar to eliminate weakly adsorbed residual mole-
cules. Those samples were then subjected to more stringent
thermal treatment for 8 h at 773 or 1,273 K. Heating the
samples to 1,573 K allows Si diffusion into the monolith
leading to mullite phase formation.

2.1.2 Porous alumina characterization

X-ray diffraction studies were performed using a Philips
PW 1830 diffractometer equipped with a cobalt anticath-
ode. Scans were recorded between 15 and 90 with a step of
0.025 and an acquisition time of 2 s.

Specific surfaces measurements refer to the adsorption
of N, at 77 K. B.E.T model has been used to measure the
specific surface and to estimate sample porosity. Informa-
tion was extracted from isotherm in the region corre-
sponding to relative pressures between 0.05 and 0.35 bar,
involved in the formation of N, monolayer on the surface.
IR was used to characterize monoliths and adsorbed mol-
ecules vibrational modes. A Nicolet Nexus IRTF spec-
trometer equipped with a MCT detector was used. In this
study, wavenumbers ranging from 650 to 4,000 cm ™' were
selected. The analysis of potential changes in the chemistry
and structure of the different materials was performed
using the low (delocalized phonons modes) and medium IR
wavenumbers. Spectra were obtained by averaging 128
scans with a resolution of 4 cm™'. The first step was to
analyze the as-prepared materials, as well as the samples
that were heated and/or chemically treated with TMES.

2.2 Results
2.2.1 Material structure analysis

The composition of the monolith is close to Al,O3-4H,0.
The alumina blocks are ultra-light with a density ranging
from 2 to 5 x 10> g m— depending on the growth con-
ditions. They have an open porosity of 99%. The high H,O
content can be seen in Fig. 1 for E3po, E773 and Ejy73
samples (monoliths without heating treatment, heated at
773 and 1,273 K respectively). IR spectra clearly show a
broad absorption band of adsorbed water stretching mode
in the 3,000-3,700 cm™! spectral range. For heated sam-
ples, water is re-adsorbed after cooling as shown by the
broad absorption band which shape depends on annealing
temperature, thus adsorbed water must have properties that



J Mater Sci: Mater Med (2011) 22:1161-1169

1163

NT
5x10™ 4
4x10™ 4
[+]
2
& 3x10" -
Ke)
‘6 4
7] 4 a
2 2x10" 1
®
) b
'y - N
] l) c
0+ JM‘// . 11%‘*"“

M 1 v ) ) L]
500 1000 1500 3000 3500

wavenumbers (cm™)

Fig. 1 IR transmission spectra of Ejzog (a), E773 (b) and Ep73
(c¢) under a residual vacuum of 1072 mbar. AlO phonons are in the
range 500-1,100 cm™!, carbonate stretching around 1,500 cm”!
close to the water deformation mode. The high frequency domain is
related to OH stretchings

reflect monoliths surface structure. We also see that
monoliths annealing leads to adsorbed carbonates
(1,300-1,600 cmfl). Like water, adsorbed carbonates,
through their vibrational fingerprint, show that surface
structure has been modified by thermal treatment.

There are two kinds of porosity in the monoliths. The
micrometrical length scale corresponds to channels in
the monolith’s growth direction (Fig. 2) and the nano-
structured-metrical length scale corresponds to channels
(Fig. 3).

The diameter of the nanostructured-fibers of alumina is
about 10 nm. The raw monoliths that are very brittle need
to be consolidated by heating. From room temperature to
673 K, the monolith looses water and at 773 K the dehy-
dration is nearly completed. The monoliths amorphous up
to 1,143 K (Fig. 4) retain their shape and microstructure. At
1,143 K, filaments crystallize into y-alumina and after
heating at 1,273 K the crystallites of y-alumina have an
average size about 10 nm. Around 1,423 K, the transfor-
mation into «-alumina occurs and at 1,473 K o-alumina
appears with grains size of about 200-300 nm.

Heating induces densification. Up to 1,373 K, i.e. in the
amorphous or y domain, the density remains very low. At
higher temperature, the density increases in two steps. One
order of magnitude is gained at the 7 or y—o transition [31]
around 1,473 K and proceed above 1,623 K by sintering of
o alumina. Nevertheless, even after heating at 1,773 or
1,873 K, aluminas with an open porosity higher than 30%
are still obtained. After these thermal treatments, the
overall monolith shape is maintained, despite a significant
linear shrinkage goes with density increase. The fibrous
microstructure of the amorphous material is transformed
after crystallization, phase transitions and sintering, into
strings of small grains with a limited number of
connections.

High values of specific surface are measured by the
B.E.T. method. They range between 300 and 420 m?* g~'
depending on the monolith density. The very high porosity
of starting hydrated raw monoliths allows a rapid

Fig. 2 Scanning Electron Microscope pictures of monoliths macroporosity for samples heated at 773, 1273 and 1573 K from the left to the right
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Fig. 3 SEM pictures of monoliths microporosity for samples heated
at 773 K picture size is 1 pm?

homogeneous impregnation by gaseous species. In partic-
ular, a flow of silicon alkoxides diffusing inside the porous
network is hydrolyzed by the hydrated alumina surface. A
remarkable modification of the thermal behavior of alu-
mina is obtained when a low amount of silica (about 6%
weight SiO,) is incorporated by this way using TMES.
Without Si addition, the specific surface area of the raw
material ranges between 300 and 400 m? g~ depending on
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Fig. 4 X-ray diffraction spectra of bare alumina monoliths heated up

to 1,523 K
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preparative conditions. After crystallization, the specific
surface area remains relatively high (around 100 m* g~ ")
but considerably decreases towards 5 m* g~' at the y—u
transformation. Silica addition delays the transformation
into «-Al,O3 up to 1,673 K instead of 1,473 K. This
chemical addition stabilizes aluminas with high specific
surface area at higher temperature.

2.2.2 ADMS and ethanol adsorption: monoliths
without TMES treatment

The samples were fixed on a stainless grid and then
pumped under 1 x 10~2 mbar during 30 min. The ethanol
and the ADMS were introduced into the analysis chamber
under a pressure of 1 mbar. The IR spectra were recorded
after residual vacuum decreases to 1 x 10~2 mbar.

2.2.2.1 Ethanol adsorption IR spectra for CH;CH,OH
interaction are shown on Fig. 5. On the contrary to E;q,
Fig. 5 shows alcohol adsorption on E;;; and E;»;3 as
positive absorption peaks emphasizes ethoxy species for-
mation, correlated to hydroxyls consumption (negative
peak at 3,737 cmfl). Referenced to the free molecule, the
vco stretching mode for E;73 is blue shifted to 1,105 cm ™!
while the CH stretching modes are red shifted to 2,945 and
2,826 cm™'.

For E;»73, two vco peaks located at 1,105 and
1,059 cm™! refer to two distinct reactive sites. We remark
that OH surface are no longer implied in the adsorption
process. We also note that the vcy broad band differs
between E;73 and E;573. The inset of Fig. 5 zooms this
spectral domain and a main peak at 2,976 cm™ ' is observed

CH,CH,OH g /o

1273 K

Absorbance

-1x107 4
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Fig. 5 IR spectra for bare samples in the case of ethanol adsorption:
Ei»73 and Eq7;. Positive peaks show that ethanol adsorbs on the
monolith. Negative peaks corresponds to consumption of surface
hydroxyls during ethoxy formation. The insetr zooms the CH
stretchings domain for the free molecule (a), E 573 (b) and E773 (¢)
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for E»73 while for E;73 two major peaks point at 2,837 and
2,930 cm ™.

In summary, ethanol adsorption on raw samples (free
from TMES treatment), reveals a differential reactivity. In
heated samples, free OH groups disappear and lead to new
reactive sites where the alcohol C—OH function is trans-
formed to CO™ alcoholate group.

2.2.2.2 ADMS adsorption Electron transfer between the
adsorbed molecule and the surface (A1°") sites modifies the
ADMS-SiO bond and by the way influences electrons
sharing on the SiH group. The vg;y stretching that is around
2,140 cm ™! for the isolated molecule, is sensitive to such a
perturbation and frequency shifts are expected as function
of surface cations environment and local charge.

IR spectra after ADMS interaction are shown on Fig. 6.
Spectra present similarities, namely the appearance of
silane peaks (Vcn, Vsios Vo=cs Vsin) and the removing of
hydroxyls. In fact, two kinds of surface OH disappear at
frequencies 3,740 and 3,700 cm™" during chemisorption.
The second peak is weaker and appears as a shoulder of the
main peak making the absorption band asymmetric. This
observation confirms the role of surface hydroxyls in the
anchoring of silanes on the oxide surface.

ADMS vinyl function is highlighted by the vy stretch-
ing modes at 3,087 cm™! (majority peak) and 3,070 cm™ .
This splitting results from two distinct adsorption sites as
confirmed by the folding of the absorption band vg;y at
2,170 and 2,130 cm ™! shown on the leftmost inset of Fig. 6.

For these doublets, low frequency peaks are associated
to the same adsorbed species (El: 3,087 cm™' with
2,170 cm™', E2: 3,070 cm™" with 2,130 cm™"). Compar-
ing these values, we deduce that the ADSM is bonded to a
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Fig. 6 IR spectra for ADMS adsorption onto E3g (@), Ej273 (b) and
E773 (¢). The leftmost inset zooms the vg;y range and the rightmost
refers to low frequency domain

surface cation of stronger coordination [30] for the adsor-
bed specie E2, as discussed later. This conclusion is also
attested by the splitting of the vinyl ve_c towards
1,600 cm™' with bands at 1,637 cm™' and at 1,580 cm™".

Around 1,000 cm™!, the spectra are relatively similar.
For the E3(( sample, a broad band is composed of the peaks:
1190, 1174, 1110, 1063, 1040, 990, 862 and 1580 cm™".
These frequencies correspond Si—O and Al-O (towards
1,200 cm™", 1006 and 872 cm™") vibrations while the fre-
quency at 1,100-1,040 cm™" signals an ethoxy adsorption.
This confirms the mechanism of hydrolysis of the ADMS
Si—O-C bond and the formation of an ethanol molecule.

The comparison of Ejg), E773 and Ej,73 IR spectra
confirms the presence of two different reactive sites for
silane adsorption. These spectra however present signifi-
cant differences in the low frequencies range as it is shown
in the rightmost inset of Fig. 6 where a broad absorption
band seems made up of a triplet located near 1040, 1060
and 1105 cm™" with different weights.

For E;,73, the absorption band located at 1,040 cm ™!
seems more important than for E;;3, corroborating the
adsorption of an ethoxy and thus enforces results obtained
with ethanol. For E3o, we observe a band in this range
oppositely to the experiment with ethanol. ADMS
adsorption shows differential reactivity as function of the
sample annealing and confirms crystallographic differences
observed in X-ray. The nature of the adsorbed species
seems complex and a competitive adsorption between
silane and ethoxy clearly appears.

The samples E3po and E; 573 behave similarly with
respect to ADMS (low frequency, SiH and OH), whereas
E;73 lets appear some differences.

2.2.3 ADMS and ethanol adsorption: monoliths
with TMES treatment

The goal of the TMES treatment is to promote the
appearance of Si°" cations during the formation of the
SiAlO (standard mullite) mixed oxide. Silicon addition
onto the surface should modify the monolith reactivity as
the silicon oxide is known to be very covalent with a weak
local charge [32]: 6" about 1.30 e. Then we can expect
different sites for molecule anchoring.

We present on the Fig. 7 the IR spectrum of the powder
treated with the TMES then heated up to 1,573 K (Etwmgs)
to be compared with untreated E;,;3. The formation of
mixed oxide is evidenced by the peak at 1,170 cm™" that is
usually observed in aluminosilicates [33-38].

2.2.3.1 Ethanol adsorption Figure 8c displays the IR
spectrum obtained after CH3;CH,OH interaction. We see a

weak CO band at 1,050 cmfl, while the spectrum is
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Fig. 7 IR spectra for Epygs (@) and Ejy73 (b)
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Fig. 8 IR spectra for different probe molecules on Erygs:
(a) ADMS, (b) ethanoic acid, (c¢) ethanol

dominated by carboxylate absorption peaks near 1632,
1592, 1378 and 1325 cm™'. This spectrum can be com-
pared with the one of ethanoic acid shown in Fig. 8b.

From these observations, we suggest that the alcohol
adsorption, through alcohol deprotonation by reaction with
Si* sites, leads to carboxylate-like adsorbed specie even at
room temperature.

2.2.3.2 ADMS adsorption On Fig. 8a, we observe that
the ADMS adsorbs. Referring to the raw sample, we
observe light shifts of OH and Si-H stretching modes. For
von, We notice the loss of at least two kinds of hydroxyls.
For the bare sample, the interaction with the ADMS
revealed a broad and negative peak composed of two
components at 3,730 and 3,690 cm~ L. The ErMmes exposed
to ADMS now presents two negative peaks at 3,745 and
3,680 cm™'. These spectral differences correspond to
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modification of surface OH properties owing to TMES and
annealing treatment. In spite of these transformation, we
notice that samples are still able to anchor silane. In
addition, this difference of reactive sites is highlighted by
the vg;y which also shows two absorption bands. For the
bare sample, ADMS adsorption had a positive peak made
of two components at 2,170 and 2,130 cm_l, whereas for
Ermes, the positive peak components points now at 2,175
and 2,215 cm ™.

3 Discussion

When the ethanol dissociates on oxides to form a surface
ethoxy, vco is blue shifted, the CO bond being reinforced
by charge transfer from the surface. The ionicity of CO™
bond drives the strength of the shift. In contrast, binding
with metallic atoms produces a red shift [39]. In the case of
a similar molecule like methanol, adsorption on divided
oxides [40-44] leads to monodentate, bidentate and tri-
dentate species for which the vcg is respectively in the
spectral ranges 1013—1047, 1073—1092 and 1104—
1124 cm™"'. However, in complex oxide surface structure
where defective ions are ill coordinated, these attributions
can significantly deviate, as Local Density Of States can be
strongly affected [45]. For E;;3, one vco peak around
1,105 cm™! have clearly been identified while for E;,73,
two vco peaks at 1,105 and 1,059 cm~! have been asso-
ciated with two distinct adsorbed ethoxy. These values are
greater than the free molecule frequency at 1,050 cm™" and
indicates a CO bond reinforcement for the adsorbed
ethoxy.

In the same vain, the free molecular frequencies of ethyl
CH group at 2844, 2938 and 2974 cm ™' are red shifted
upon formation of ethoxy (2800, 2880 and 2932 cm™").
We noticed that the vey band change of shape for adsorbed
states E;73 and E,73. In particular we observed that the
intensity of the peak corresponding to the vey, strongly fell
for E ,73 compared with E;73, and affects the two molec-
ular species identified by the CO band doublet.

To interpret the above observations, we now evaluate
from simple NDDO [46] quantum computations the vey,
susceptibility to charge transfer towards the ethoxy oxygen
atom. We consider a model system where charge transfer
between O and the aliphatic chain is variable. In this model
the H atom of the ethanol hydroxyl group is substituted by
organic groups of different inductive effects. The results
quoted in Table 1 show that the transfer of electron
towards oxygen is correlated to the strength of the dipolar
momentum or intensity. Although the calculated frequen-
cies are precise only to a few tenth of cm™', trends are
highly physical.
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Table 1 Computed vy, intensity for different ethanol like molecules
where the terminal H is substituted by groups having variable
inductive properties

Molecule &y, Toipole
CH,CH,OH 0.40
CH;CH,OCH, 033
CH;CH,0~ 0.13
CH,CH,OCF; 0.01
CH,CH,OC,F;s 0.05

Therefore, for E ,73, we conclude that monolith surface
has a greater capacity to attract the electrons of the
adsorbed molecule irrespectively to the adsorption site.
This effect can be related to a modification of the electronic
structure of the aluminum oxide with annealing, as the
HOMO-LUMO separation (gap between the valence and
the conduction band) drives the electron transfer toward the
molecule [47]. Remark that for E;73 and E,73, an ethoxy
species with vco at 1,105 cm ™" is present in both case even
if surface charge transfer is different as shown by the vcp,
intensity. We conclude that surface bonding informations
drawn from vco shift and vcy, intensity are not necessarily
coupled. For E;,73, compared to the E;;3, we found a
greater molecule-surface charge transfer for the two dif-
ferent kind of ethoxy species revealed by vcg at 1,105 and
1,060 cm™'. Thus, regardless to the vco shift, the ethoxy
are more strongly adsorbed in relation to the appearance of
stronger reactive sites following annealing at higher
temperature.

Whereas the surface OH disappeared when E;;3 was
exposed to ethanol, they clearly do not participate in the
adsorption process for E;,73. This is an evidence that sur-
face hydroxyls of greater basicity has been removed during
annealing at 1,273 K, associated with the formation of
aluminum surface cations of increased reactivity.

For Erygs, the formation of carboxylate following the
interaction of ethanol have already been observed on some
kind of oxides [48] generally after annealing at 340 K. This
highlights the very particular reactional properties of this
sample as it is necessary that strong nucleophilic entities
like O°~ are in the vicinity of the R-CO™ adsorption site to
attack the C°* atom. This might appear paradoxical since
we introduced more covalent Si—O bonds on the surface.
Qualitatively, the structural addition of a cation with a
different electronegativity, silicon instead of aluminum,
modifies the AI-O and Si—O bonds iono-covalency with
respect to pure oxides, and thus affects the local cationic
charges. Silicon addition, whose oxide is more covalent
than aluminum oxide, makes the bonds Al-O more ionic in
the mixed oxide and thus increases the oxygen ions charge
[32, 49]. The ion 0°~ being more charged, it is more
electrophile to attack the C of the adsorbed ethoxy.

For Etpgs as for the sample E|,73 we observed that OH
were not invoked in the ethoxy formation. This means that
like annealing at 1,273 K, TMES treatment removes the
basic surface OH, but does not prevent alcohol to react
with monolith surface.

The ADMS adsorption on raw and TMES treated sam-
ples led to the silane grafting and surface OH consumption.
This results from ADMS hydrolysis leading to silanol and
ethanol production [21]. Firstly, we show in Fig. 6 that
alcoholate is clearly adsorbed on each samples as revealed
by the vco near 1,050 cm™ . Particularly, on the E3q, we
observed this adsorption while it was not effective in the
case of ethanol interaction. We interpret it either as a
production of ethoxy during ADMS hydrolysis, specie that
is much more reactive than ethanol, or either as an energy
contribution from ADMS hydrolysis to the ethanol
adsorption. The ethoxy adsorption during silane grafting
leads to a decrease of the anchored silane density as both
molecules compete to react with the surface, and is thus
baneful for monolith functionalization.

The vg;y absorption band proved to be a good marker for
adsorption sites strength. In order to quantify vg;y suscep-
tibility with respect to electron density, we have computed
vgiy for different ADMS like molecules where variable
number of methyl hydrogen atoms have been replaced by
fluorine.

As the number nF of fluorine atoms increases, electrons
withdrawn from Si flow to the CF,r group. This quantum
computation qualitatively demonstrates that vg;y decreases
as nF increases as shown on Fig. 9. This calculation shows
that vsiy can be use as a good probe to characterize the
electron transfer between the grafted silane molecule and
the surface.

Therefore, for raw samples, we identify by ADMS
adsorption, two kinds of surface sites at vg; at 2,130 and

2110 -
2105 W -
@ 2100 - m-
>
. m
2095 - ’
2090 - n
T M 1 v T M T
0 1 2 3

nF

Fig. 9 Computed vg;y stretching for ADMS like molecules where
variable number (nF) of methyl H atoms have been replaced by F
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2,170 cm™ ' These two values border vsig of the free
molecule (2,140 cmfl). For Etyvgs, two peaks appear at
higher frequency (2,175 and 2,215 cm™'). The highest
frequency band is associated with molecules adsorbed on a
surface silicon cation as it could be emphasized from Fig.
9. Indeed the degree of covalency being more important in
the bond Si—O, the charge transferable from the Si cation
towards the silane molecule is higher for silicon than for
aluminium. This also implies a stronger chemical bond
between the ADMS and the surface of the TMES treated
monoliths.

4 Conclusion

A new nanoporous monolithic alumina was synthesized
starting from amalgam. Chemical treatment by TMES and
annealing allowed to modify the crystallographic structure
of the monoliths while preserving both microstructure and
nanostructure. This modification of structure, observable
from X-ray and the IR low frequency modes, is linked to the
appearance of reactive surface sites distribution changes.

The adsorption ADMS and ethanol molecules on these
samples shows the presence of highly reactive sites
allowing strong binding to the surface. In particular, the
maximum shift of the mode vgy to 2,230 cm~! of the
adsorbed ADMS, is a marker of this increased reactivity
and stronger interfacial bonds. A simple quantum calcu-
lation relative to the vg;y susceptibility, qualitatively attests
an important electronic transfer from the surface towards
the molecule when the temperature of the heat treatment
increases or when surface is treated with TMES.

We observed as a function of surface states, a modifi-
cation of the frequency of hydroxyls implied in the ADMS
grafting.

This study confirms the interest of the functionalization
to control surface reactivity in order to optimize ceramics-
polymer bonds, and more specifically to design new hybrid
biomaterials for bones complement.
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