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No presente trabalho nds descrevemos a modificagdo da superficie de nanoparticulas de
alumina utilizando alcoxissilanos possuindo grupos epéxi (agentes de acoplamento baseados em
silano, SCA). Os materiais foram caracterizados por espectroscopia de infravermelho e ressonancia
magnética nuclear de estado sélido. Considerando-se que as nanoparticulas de alumina podem ser
modificadas com SCA, como evidenciado por *C CPMAS RMN, a presenca de grupos arilsulfonato
na superficie da alumina promoveu a polimerizac¢ao pelo mecanismo de abertura do anel epoxido,
a qual facilitou a modificag@o da superficie de alumina pela SCA. Os resultados de difratometria
de raios X de p6 e Al MAS RMN mostraram claramente que o processo de polimerizagao SCA
e a modificacdo da superficie, ndo provocaram mudangas estruturais, nem transicdes de fase na
alumina. A modificac@o da superficie causou uma diminui¢@o na estabilidade térmica do material
resultante em rela¢do as nanoparticulas de alumina pura.

In the present paper we describe the surface modification of alumina nanoparticles using
epoxy-containing alkoxysilanes (silane coupling agents, SCA). The materials were characterized
using infrared spectroscopy and solid-state nuclear magnetic resonance. Whereas, neat alumina
nanoparticles could be expectedly modified with the afore mentioned SCA, as evidenced by
13C CPMAS NMR, the presence of arylsulphonates at the surface of alumina caused the ring-
opening polymerization of the epoxide. This polymerization reaction facilitated the surface
modification of alumina by the SCA. X-ray powder diffraction and Al MAS NMR clearly
demonstrated that in spite of the SCA polymerization, there were neither structural changes nor
phase transitions in the alumina after the surface modification. The surface modification decreased
the thermal stability of alumina, in comparison to pristine alumina nanoparticles.
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Introduction

Alumina and other oxides are widely found in many
applications including support for catalysts,' organometallic?
(including metal carbonyl clusters),’> metal-organic*
and luminescent compounds,’ formulations for dental
applications,® additives for polymer (nano)composites,’
ceramic membranes,® pre-concentration reactors® and
stationary phases for chromatography'® to name a few.

When dealing with multi-component systems, the
interface plays a decisive role on dispersion and adhesion
between the continuous phase (matrix) and the additives
(fillers).!" Therefore, the surface properties of metal
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oxides (including alumina) have to be tailored in order
to improve the filler-matrix adhesion.!> Alumina can be
modified by carboxylates, sulfonates and fosfonates!?
to incorporate hydrophobic (or hydrofilic character)
and functional groups (e.g. amines), but silane coupling
agents and other siloxane precursors have been most
extensively used to modify the surface of alumina
for different purposes.*’#!:14 Silylated alumina can
improve the thermo-oxidative stability of thermoplastic
elastomers [poly(ether-block-amide), [poly(ether-b-
amide), PEBAX® polymers],'* and can be used for the
immobilization of electrochemically active species such
as metalloporphyrins.*

Coupling of organic groups onto the surface of oxides
(MO _: where M can be any transition metal, aluminum
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or silicon) using alkoxysilanes (e.g. RSi(OR”), , where R
can be any organic group or a hydride and R” is usually
an alkyl group) occurs via the formation of silicon-
oxygen-heteroatom (Si-O-M or metallasiloxane) bonds
(equations 2 and 3). In addition to participate in coupling
reactions, the alkoxysilane can also hydrolyse (equation 1)
and condensate into oligomeric siloxane (formation of
Si—O-Si) bonds as illustrated by equations 4 and 5.'

RSi(OR”), +x H,0 —
RSi(OR”), (OH) +x R™-OH (0 <x < 3) (1)

RSi(OR™), (OH)_+=M-OH —
RSi(OR”), (OH) (O-M=)+R"-OH (0<x <3) @)

RSi(OR”), (OH)_+=M-OH —
RSi(OR”), (OH), (O-M=)+H,0 (0<x <3) 3)

RSi(OR™), (OH)_+RSi(OR”), —
RSi(OR™), (OH),_(O)RSi(OR”), + R™-OH (0<x<3) (4)

2 RSi(OR™), (OH), -
RSi(OR”), (OH),_(O)RSi(OR™), + R™-OH (0<x<3) (5)

When dealing with silane coupling agents containing
reactive functional groups like epoxides it is assumed
that this group remains intact after the functionalization
of oxide surfaces.!"'* In previous studies on silylation
of laponite using alkoxides, we observed the formation
of oligomeric polysiloxanes attached to the layered
silicate,'” which improved the compatibility between
laponite and proton-conducting ionomers, allowing the
preparation of new membranes for direct-methanol fuel
cell applications.'® In the present paper, we focused on the
study of the surface chemistry of a commercially available
silane coupling agent (SCA), [2-(3,4-epoxycyclohexyl)
ethylJtrimethoxysilane (Figure 1), at both pristine and
p-toluenesulfonate-modified alumina nanoparticles
surface. The results are discussed in terms of changes
in the molecular structure of mentioned silane and its
effect on the degree of functionalization of the alumina
nanoparticles.

H,C CH,
Ojsj
? O—CH,
CH

Figure 1. Structure of the silane coupling agent used in the present work.
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Experimental
Materials and methods

Pristine alumina nanoparticles (AL-1, needles) and
arylsulfonate modified alumina nanoparticles (AL-2, cubes
with aspect ratio = 1), kindly provided by Sasol, Germany,
were dried under vacuum at 150 °C for at least 48 h before
use. Silane coupling agent [2-(3,4-epoxycyclohexyl)ethyl]
trimethoxysilane (SCA; CAS Number: 3388-04-3) and
xylene (mixture of isomers) were purchased from Aldrich,
Germany and used as received.

Modification of alumina nanoparticles

50 g of alumina nanoparticles and 50 g of SCA in
200 mL of xylene were transferred to a 500 mL round-
bottom flask equipped with a reflux condenser. The
resulting white suspension was stirred and refluxed at
130 °C for 22 h. The alumina was centrifuged and the
beige precipitate was rinsed out with propan-2-ol to remove
the excess of silane absorbed on the alumina. Finally, the
modified alumina was dried in air at room temperature and
then under vacuum at 150 °C, for 24 h. The samples AL-S1
and AL-S2 were obtained from the coupling reaction with
AL-1 and AL-2, respectively.

Characterization of the modified alumina

Fourier transform infrared spectra were recorded in a
Matson 700 FTIR. The alumina samples were diluted in
dry KBr and pressed into pellets. 1*C, Al and »Si NMR
spectra were recorded on a Bruker AVANCE 400 (DSX)
wide-bore spectrometer (9.4 T) at 100.62, 104.26 and
79.49 MHz, using a 4 mm double-bearing probe and
zirconia rotors. *C CPMAS NMR and *Si CPMAS NMR
spectra were recorded using a RAMP-CP shape (100 to
50% amplitude), 90° 1f pulses of 3.5 and 4.25 ms, contact
times of 1.5 and 8 ms, spinning rates of 9 and 5 kHz, and
recycle delay time of 5 s. The ¥ A1 MAS NMR spectra were
recorded with short and powerful (0.6 ms, equivalent to
10°) rf pulses, 1 s recycle delay time and 14 kHz spinning
rate. XRD diffraction pattern were obtained in a Bruker
D-8 Discover diffractometer using the CuK  radiation
(A =0.15418 nm).

Thermogravimetric analysis experiments were
conducted with a TGA Q500 equipment (TA Instruments)
under synthetic air. Two sets of experiments were carried
out: (7) the samples were dried in a vacuum oven at 150 °C
for 48 h and heated from room temperature up to 750 °C at
10 °C min!; and (i) the samples were heated from room
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temperature up to 180 °C (in the TGA equipment) and
kept at this temperature for 20 min (i.e., until no changes
in weight were observed). Then the samples were cooled
down to room temperature and heated up to 750 °C using
the same experimental conditions.

Results and Discussion
Structural characterization of the modified aluminas

The infrared spectra (Figure 2) of alumina nanoparticles
AL-2 and AL-S2 have peaks in the 2960 and 2860 cm™!
range, which can be assigned to the stretching of the C—H
bonds* of the silane coupling agent (SCA) used for the
preparation of AL-S1 and AL-S2. Furthermore, the broad
absorption in the 1200-950 cm™ range,'” indicates the
formation of Al-O-Si and Si-O-Si bonds. These vibrational
modes appear at frequencies relatively close to that of
Al-O-Al bonds, due to the similar mass of Al and Si atoms.
The positions of the peaks associated to the —OH groups
of alumina at 3092, 2090 and 1920 cm™ can be used as
fingerprints of the boehmite structure (y-AIOOH)."”

AL-2
3
s
]
c
8
E
7]
[=
§ :
= r adsorbed
g C-H bonds Al-O-M bonds
, of SCA ‘ M =SiorAl
4000 3000 2000 1000

El
wavenumber / cm

Figure 2. IR spectra of the AL-2 and AL-S2 evidencing the presence of
the SCA at the surface of AL-S2 sample.

XRD plots of pristine and functionalized alumina
samples are displayed in Figure 3. As evidenced by FTIR,
the alumina samples are constituted by y-AIOOH." As
expected, there is no change in the crystallographic phase
due to the functionalization process. Moreover, the peak
width remained unchanged after sample functionalization,
suggesting that the apparent crystal size of the nanoparticles
did not increase upon treatment with silane coupling agents.

Further details on the chemical structure of the silane
coupling agent at the surface of alumina nanoparticles can
be extracted from the “C CPMAS NMR spectra of the
functionalized alumina samples. The *C NMR spectra of
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Figure 3. XRD patterns of the alumina samples investigated in this work.
The curves were shifted vertically for the sake of clarity.

epoxy resins containing cyclohexene oxide was extensively
investigated' and the resonance peak associated with the
epoxide ring can be seen at d 53 ppm. Due to the broadening
of the resonance peak in solid samples (anisotropy, cross-
polarization), these two peaks could not be resolved (see
Figure 4 and Table 1). Other important resonance peaks
are related to the carbon atoms directly attached to the
silicon (C,) at 0 10 ppm.” This peak is relatively intense
for the functionalized alumina needles, whereas its is
weak in the functionalized alumina previously treated with
p-toluenesulfonate anions (as supplied by Sasol, Germany).?

Table 1. *C CPMAS NMR analysis of silylated alumina nanoparticles

Assignment'®?? AL-S1 (0 ppm) AL-S2 (6 ppm)

C, 10 10

Cp C,. C,. C 25530 25530
C,, C, (epoxide ring) 53 not detectable
Openned epoxide ring 69 ;76 69 ;76
Aromatic not detectable 128

The peaks at 6 127 and 132 ppm only could be seen in
the *C NMR spectra of the silanized alumina nanoparticles
having lower aspect ratio (AL-S2) and indicates the
presence of p-alkylsulfonate anions.?! Although the
expected peak at 0 145 ppm (associated with the carbon
atom directly bond to the sulfonate group of arylsulfonates)
could not be identified in the spectra of AL-S2 sample, due
to the low intensity of the signal associated to quartenary
carbon atoms (i.e., carbon atoms bond to any atom other
than hydrogen) that signal should be much weaker in the
case of solid samples. The presence of sulfur was confirmed
by elemental analysis of the AL-S2 sample (S: 0.2%).

High loadings of sulfur were also found for the alumina
nanoparticles prior to the silanization process (S: 2.6%).
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Figure 4. Chemical structure of the SCA at the surface of AL-S1 and
3C CPMAS NMR spectra of the AL-S1, AL-2 and AL-S2 showing the
different kinds of functionalization at the surface of these samples. (SSB
and C_-Si denote spinnig side band and carbon atom attached to the silicon
atom, respectively).

The presence of carbon in the alumina nanoparticles after
the silanization process is another strong indication that
sulfonates rather than sulfates are present at the surface of
the functionalized materials.

At this point it is worth emphasizing the role of the
sulfonate groups on the integrity of the cyclohexene
oxide moiety of the silane coupling agent used for the
silanization of both types of alumina nanoparticles. For
the AL-S1 (silylated needle-like nanoparticles), which
do not contain any sulfonate group, the resonance peak
at 0 53 ppm is clearly observed indicating that the epoxy
group is still present in these samples. On the other hand,
the *C NMR spectrum of the AL-S2 has a very weak
peak at & 53 ppm, which suggests a partial degradation
of the epoxide group. Since both silylated aluminas were
prepared using the same conditions, and considering that
the only difference between them is the presence of the
p-alkylbenzenesulfonate anion at the surface of the AL-S2,
one can infer that this anion somehow contributes to the
decomposition of the epoxide group.

The peaks at 0 67 and 76 ppm, cannot be assigned to
the cyclohexene oxide moiety," but to the C-OH groups
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resulting from the nucleophillic attack of the epoxy
ring and its derivatives (silyl ester, or organic esters).
Similar chemical shifts can be observed, for instance,
for 1,2-cyclohexanediol?? and poly(cyclohexene oxide).?
Since these peaks are present in the *C CPMAS spectra
of both types of silylated alumina prepared in this work,
it can be assumed that the alumina surface itself is acidic
enough to open the epoxide ring, yielding substituted
1,2-cyclohexanediol. The proposed reaction mechanism
will be discussed in details in the following sections of
this manuscript.

The peak associated to the epoxy ring (atd 53 ppm) can
be hardly recognized in the spectra of the AL-S2 sample.
Therefore, the sulfonate anions present at the surface of
this material might play a role on the decomposition of the
cyclohexene oxide moiety of the silane coupling agent. In
fact metal sulfonates are known to be useful catalysts for
the attack of epoxides by amines,” and can even catalize
the polymerization of epoxides.”* A silanol-assisted
polymerization mechanism of cyclohexene oxide catalyzed
by aluminum (III) salts was also described by Hayase and
co-workers,” whereas magadiite, an acidic layered silicate,
has been also reported to promote the polymerization
of cyclohexene oxide.? Therefore, a sulfonate-assisted
decomposition mechanism of the silane coupling agent,
accelerated by the acidic alumina surface, seems to be
reasonable for explaining the enhanced degradation of
the SCA by the modified alumina surface, during the
production of AL-S2 sample.

The formation of a polysiloxane layer at the surface of
AL-S2 was confirmed by the 2Si CPMAS NMR spectrum
(Figure 5), which presented two peaks at  —57.1 and
—62.8 ppm assigned to T, (CSi0,,,0H silanol groups) and
T, (CSiO, ,OH, fully condensed silsesquioxane) units.*
The presence of T, and T, peaks indicated the formation of
siloxane and/or aluminosiloxane bonds, in agreement with
the FTIR results. The absence of peaks associated to silica
and/or aluminosilicates (ranging from —90 to —120 ppm)
indicates that the SCA did not undergo Si-C scission during
the functionalization process.

27Al CPMAS NMR experiments provided further
information on structural changes on the boehmite phase
due to the functionalization process. Although XRD did not
show any evidence for such transformation, no evidence
of formation of amorphous alumina phase was found after
functionalization. Figure 6 displays the Al MAS NMR
spectra of the samples studied in the present work. The
hexa-coordinated AI** species in alumina can be recognized
as a sharp peak centred at 6 7 ppm,?” which is present in
the spectra of AL-S1, AL-S2, AL-1 and AL-2 samples. The
absence of resonance peaks in the d 70 to 20 ppm range,
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€S9, . sio on samples, as indicated by the —12 °C decrease of T, of
” AL-S2 the silylated samples in comparison to their respective
starting materials (see Figure 7). This can be explained
by the lower thermal stability of the siloxane layer
(semi-inorganic material) in comparison with the starting
materials. It should be stressed out that the amount of
C-Si0, OH organic components determines the thermal-oxidative
AL-S1
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Figure 5. Si CPMAS NMR spectra of the AL-S1, and AL-S2 confirming &
the presence of organosiloxanes (alkylsilsesquioxanes) at the surface of 5 needle-like particles
these samples. g go| —o non-silylated ALO, (AL-1)
silylated ALO, (AL-S1)
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which are usually associated to tetra-coordinated®® or { —v— non-silylated ALO, (AL-2) -
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Figure 6. 7Al MAS NMR spectra of the alumina samples investigated
in this study (* denotes the spinning side bands).

Evaluation of the thermal stability

The thermal stability of the materials was assessed
by TGA. The dried samples exhibited relatively simple
degradation patterns, which can be summarized in two
steps: i) breakage of Si-C bonds of the silane coupling agent
starting at 320-330 °C;? ii) dehydroxylation of boechmite
(at temperatures higher than 450 °C).!830

The temperature corresponding to 5% weight loss (T,)
was considered as the onset of the degradation process
in accordance to previous publications.'>3' Considering
the dried samples, the silylated aluminas are slightly
less stable against oxidation than the AL-1 and AL-2

Temperature /°C

Figure 7. TGA (a) and DTGA (b) curves of the alumina samples
investigated in this work. The samples were previously dried at 150 °C
(in vacuum oven) for 48 h prior to the analysis.

Table 2. Evaluation of thermo-oxidative stability of the dried and non-
dried AL-1, AL-S1, AL-2 and AL-S2 samples

Sample T, T,* T > Ceramic T¢  Volatiles
°C) (°0) (°C)  yield (%) (°O) (%)
AL-1 334 244 429 82.5 67 9.6
AL-S1 322 344 454 74.2 292 2.5
AL-2 410 - 456 ;497 724 121 4.6

AL-S2 392 305 500 76.9 358 1.3

“T,, is the onset temperature of the shoulder of the DTGA curve;
"T, , corresponds to the temperature associated to the maximum mass flux
from solid to vapour; ‘determined for the non-dried samples; ¢ weight loss
of the non-dried sample up to 180 °C (see text for details).
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stability of the alumina samples investigated in the present
work.

The ceramic yield (or residual weight percent) might
be used as criterion for the evaluation of the amount of
organic modification of the alumina samples, since under
the experimental conditions used for TGA, the organic
moieties are completely decomposed forming white
residues. Therefore, the formation of silicon carbide and/
or silicon oxycarbide glasses due to the decomposition of
polysiloxanes® can be disregarded. In fact, AL-1 (pure
alumina nanoparticles) has the highest ceramic yield of this
set of samples (82.5% at 750 °C under synthetic air). On
the other hand, the ceramic yield for AL-2 nanoparticles
is 72.4%, due to the decomposition of the arylsulfonates
at the surface of these nanoparticles. Treatment of alumina
samples with distinct surface characteristics with silanes
caused different changes in the ceramic yield. AL-S1 has
lower ceramic yield than its precursor due to the elimination
of the organic groups attached to the silicon and oxygen
atoms of the SCA.

On the other hand, AL-S2 has ceramic yield (76.9 %)
higher than its precursor AL-2 (72.4%). This fact cannot
be solely due to the lower stability of the SCA organic
groups. The amount of arylsulfonate in AL-S2 might be
lower than in AL-2. This hypothesis is supported also by the
BC CPMAS NMR results discussed in the previous sections,
since the peak of the aromatic carbon has lower intensity
for AL-S2 than for its precursor AL-2. If the arylsulfonate
participated in the degradation of the cyclohexene oxide
moiety of the SCA, the expected product would be an
arylsulphonate ester. Since arylsulfonate groups are good
leaving groups, they might be hydrolysed or removed by
any hydroxyl group in the reaction medium, giving rise to
an arylsulphonic acid. Therefore, the thermal behavior of
the AL-2 and AL-S2 samples is determined not only by the
amount of SCA, but also by the amount of arylsulfonate
groups at the surface. As a result, it is difficult to make any
correlation between the changes in ceramic yield due to the
interplay of these two parameters.

However, more detailed information on the effect of
the silane modification on the degradation kinetics may
be extracted from the DTGA curves (Figure 7b). The
DTGA curve of AL-1 contains a shoulder and a defined
peak; revealing two overlapped degradation processes
(see Figure 7b and Table 2). Both are shifted to higher
temperatures after silanization of AL-1. In fact, the SCA
reacts with the AI-OH groups on the boehmite surface
forming Al-O-Si (aluminosiloxane) bonds. Hence, the
de-hydroxylation of boehmite is hindered due to the
formation of aluminosiloxane bonds. The shoulder and peak
temperatures (T, and T _; respectively) are shifted +100
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and +25 °C, respectively. Therefore, this functionalization
step changed considerably the thermal properties of the
boehmite needles (AL-1). The TGA curve of the AL-2
sample (arylsulfonate treated alumina) exhibits two
partially overlapping peaks centred at T 456 and 497 °C.
Conversely, the DTGA curve of AL-S2 has only one
defined peak centred at 500 °C and a shoulder with onset
temperature at 305 °C, which is associated to the post-
condensation of the Si-OH groups of the siloxane layer'®
and the onset of the thermal activation of Si-C bonds.?

A deeper understanding of the effect of silylation of
alumina on their surface characteristics can be gained from
the analysis of TGA curves of non-dried samples (Figure 8).
The first thermal process is associated with water/moisture
desorption (for AL-1 and AL-2) along with elimination of
volatiles (e.g. methanol, water) due to post-condensation
reactions at the surface of AL-S1 and AL-S2 samples. A
weight loss of 9.2 and 4.6% during the first heating step of
AL-1 and AL-2 samples can be explained by the previous
treatment of AL-2 with arylsulfonates, which impart a
hydrophobic character to the surface, leading to a decreased
water adsorption by this sample. Concerning the non-dried
AL-S1 and AL-S2 samples, it can be noticed that these
samples lost 2.5 and 1.3 wt.%; respectively, due to volatiles
(see Table 2). These weight losses are significantly lower
than those observed for AL-1 and AL-2 samples. This
fact can be explained in terms of enhanced hydrophobic
character of the surface of AL-S1 and AL-S2 due to the
polysiloxane layer."

100 g

5 % weight loss

90

80
needle-like particles oy
—o— non-silylated AL,O, (AL-1) X e
| ——silylated ALO, (AL-S1) ¥
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non-silylated AlL,O, (AL-2)
—e— silylated AL,O, (AL-S2)

Weight percent

0-0-0-0
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70 4

. : . : . : . : .
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Temperature / °C

Figure 8. TGA curves of the alumina samples investigated in this work. The
samples were analyzed under synthetic air without previous drying process.

The initial temperature of degradation of non-dried
samples is an important parameter for the application of
these materials, for instance in nanoparticle-reinforced
materials and polymer membranes for moderately high
temperature applications (e.g. fuel-cell membranes). As
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summarized in Table 2, the T, values for the samples
increases in the order AL-1 < AL-2 < AL-S1 <AL-S2 (see
Figure 8). Since this process reflects the water release by
these materials (which is strongly undesired for polymer
processing through extrusion and injection molding),
sample AL-S2 has the highest potential for industrial
applications in advanced polymer nanocomposite materials,
since it does not require long drying processes. Samples
AL-2 and AL-S1 seem to be more suitable for applications
requiring water-retention at moderate temperatures, for
instance, as additives in ion-conducting polyelectrolyte
membranes.

Conclusions

Alumina nanoparticles were successfully functionalized
using [2-(3,4-epoxycyclohexyl)ethyl]trimethoxysilane (a
silane coupling agent). The acidic surface of alumina and
particularly previous surface modification with arylsulfonates
(AL-2 sample) caused degradation of the cyclohexene oxide
(epoxide) moiety. The presence of arylsulfonate anions
favored the cleavage of the epoxy ring, as evidenced
by “C CPMAS NMR. This side-reaction facilitated the
functionalization of the AL-2 sample, in comparison to the
neat alumina sample (AL-1). The functionalization with the
silane coupling agent imparted a hydrophobic character to
the AL-S1 and AL-S2 alumina samples.
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