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Abstract

The formation of fluorocarbon-silica nanocomposites by the self-assembly of a fluorinated surfactant and aminoalkoxysilane cou-
pling agents was studied by X-ray diffraction, electron microscopy, NMR spectroscopy and thermal analysis. The prepared materials
posses a lamellar nanostructure consisting of non-crystalline fluorinated and condensed silica layers, the latter being very thin. The pre-
pared materials show interesting properties for applications, such as hydrophobicity, thermal stability, high content of aminopropyl
groups and low dielectric constant (~2.8), which is almost independent on frequency. Moreover, the dielectric response can be inter-

preted in the framework of the Maxwell-Wagner model.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Nanostructured hybrid materials combining organic
and inorganic functions have drawn attention from the
research community in the last years because their interest-
ing properties and potential applications. Self-assembly is a
‘bottom-up’, low energy method used to prepare such
materials, usually assisted by amphiphilic compounds [1].
Among them, fluorinated surfactants show special features.
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They are highly hydrophobic and reduce the surface ten-
sion of aqueous solutions to an extent which is unattain-
able with hydrocarbon surfactants [2-4]. Moreover, they
form aggregates at lower concentrations [5] and have high
chemical and thermal stability [6]. Fluorocarbon surfac-
tants have been used as structure directors for the synthesis
of mesoporous silica [7-10] and also for the formation of
ordered composites through complexation with polyelec-
trolytes [11]. The functionalization of silica with fluorocar-
bon chains offers possibilities for applications such as
protective coatings [12] and low dielectric constant materi-
als for semiconductors [13]. Ultra-low dielectric constants
(values lower than 2) have been achieved by high-porosity
silica aerogels or xerogels [14,15]. However, the weak struc-
tural stability of these materials seems to be a serious lim-
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itation for the employed manufacturing processes. In this
way hybrid materials could be an interesting alternative
for dielectric applications because the component with
low dielectric constant is an organic compound instead of
air, which should significantly improve the mechanical
properties of the devices.

In previous publications [16,17] the formation of
lamellar organic-inorganic hybrids by using hydrocarbon
surfactants and aminosilane coupling agents was reported.
Here, we present a similar path for the preparation of
hybrid fluorocarbon-silica nanocomposites with very thin
silica sheets and a hydrophobic surface, which can have
potential applications such as protective coatings, insula-
tors and ion adsorption [18]. Several techniques are used
to study their structure and properties, such as X-ray
diffraction, electron microscopy, nuclear magnetic reso-
nance (NMR), thermal analysis, and dielectric measure-
ments.

2. Experimental
2.1. Materials

Perfluoroctane sulfonic acid, designated as CgF;7,SOzH,
was obtained as a gift from Mitsubishi Materials (Japan).
Tetraethyl orthosilicate (TEOS, 98%) was supplied by
Sigma—Aldrich  (USA). 3-Aminopropyltriethoxysilane
(APTES, 99%) was purchased from Tokyo Kasei Kogyo
Co. Ltd. (Japan). Deionized water was used in the
experiments.

2.2. Sample preparation

CgF17SO;H and APTES (for sample FLS-1) were mixed
in a 1:1.5 mol ratio and then water was added so that its
final concentration was 70 wt%. The readily precipitated
solid was recovered by filtration, washed and dried for
24 h at 70 °C. Sample S-1 (pure silica) was prepared by
mixing TEOS and HCl 5M in a mass ratio 5/93. The
obtained gel was washed and dried for 24 h at 70 °C.

Millipore water was used in all the experiments.

2.3. Characterization

X-ray scattering spectra were taken with a Philips 1710
diffractometer using Cu Ko radiation.

Thermogravimetric analysis (TGA) (Perkin Elmer TGA
7) was conducted in air at a heating rate of 5°C/min to
monitor the calcination process of composites.

Differential scanning calorimetry (DSC) was carried out
with a Perkin Elmer DSC 7 at a heating rate of 5 °C/min.

2Si MAS-NMR spectra of powdered samples were
recorded at the magic angle in an Inova 750 spectrometer.
The spinning frequency was 7 kHz. Time intervals of 5s
between successive accumulations were selected for the Si
nuclei and 1600 accumulations were recorded. Tetrameth-
ylsilane was used as internal reference.

Dielectric properties of the prepared materials at room
temperature were determined by means of the parallel-plate
capacitor method. The capacitance (C) and loss factor (D)
were measured with a commercial Agilent 16451B test fix-
ture coupled to an Agilent 4284A LCR-meter, in a fre-
quency range of 10°-10° Hz. Prior to the measurement,
the powder sample was compacted into circular pellets
(typically 10 mm in diameter and 1 mm thick), applying a
uniaxial pressure of 6 Ton/cm?. The dielectric constant
was calculated from the following expression:

, _h C

b= A ' & ’

where / is the thickness of the pellet (measured with a dig-
ital caliper), 4 is the contact area between the sample and
the electrode, ¢y is the permittivity of the free space
(8.85x 107" F/m) and C is the capacitance obtained at
each frequency.

3. Results and discussion
3.1. X-ray diffraction

To compare the structure of the organic and composite
material, X-ray diffraction spectra of CgF7,SO;H and FLS-
1 are shown in Fig. 1. Three reflections were obtained at
relatively small scattering angle for FLS-1, indicating the
existence of a supramolecular structure. The positions of
peak maxima correspond to d spacings with approximate
ratios dy:d>:d;y = 1:2:3, which can be assigned to a lamellar
structure. In fact, this is a preferred structure in many fluo-
rinated surfactant systems [5,19,20].

CgF;SOs;H gives two sharp SAXS peaks with
d;.d, = 1:2, the first one associated to d; = 2.7 nm. Assum-
ing also a lamellar structure for CgF{7SO3H, the length of
CsF17S03H molecules within the layers would be d,/
2 = 1.35 nm. The CgF7-chain length (in A) in its extended
conformation can be calculated from the equation [21]
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Fig. 1. X-ray diffraction patterns for pure CgF;;SO;H and FLS-1
samples. For clarity of presentation, the intensity for CgF;SOs;H was
multiplied by an arbitrary factor. The arrows indicate reflections with a
peak ratio corresponding to a lamellar structure.



1076 C. Rodriguez-Abreu et al. | Journal of Non-Crystalline Solids 354 (2008) 1074—-1079

I =2.0+ 1.34ny, (1)

where ng is the number of carbon atoms in the fluorinated
chain. Then, /= 1.30 nm for CgF;;SO3;H. Adding the con-
tribution of —-SO3H group (/0.4 nm), we obtain 1.7 nm for
the fully extended CgF;7,SOsH molecule. This value is lar-
ger than the obtained from X-ray diffraction (d,/2); there-
fore, the chains might be either shrunk or interdigitated
in the lamellar structure; the last type of arrangement is
consistent with that proposed for bilayers in other fluori-
nated amphiphiles [22]. A tilted orientation of the mole-
cules could be also possible.

On the other hand, for FLS-1 sample d; =3.6 nm, a
value much larger than that of pure CgF;;,SO3;H. The dif-
ference (0.9 nm) can be the contribution of aminosilane
plus the condensed silica layer between the fluorocarbon
chains. To our knowledge, this is the first time a nanocom-
posite with so thin silica layers is prepared.

In the wider angle region, CgF7SOsH gives only a small
X-ray diffraction peak at d = 0.67 nm above an amorphous
halo in the wide angle range, indicating the absence of crys-
talline order. This small peak probably corresponds to a
higher order (fourth) reflection coming from the supramo-
lecular lamellar structure. On the other hand, FLS-1 gives a
small peak at d = 0.73 nm (which could be also assigned to
a fifth order spacing of the lamellar structure) and a broad
reflection at around d = 0.53 nm, which is typical of perflu-

Fig. 2. (a) SEM image of FLS-1. (b) Photograph of a water droplet on a
pellet of the hybrid fluorocarbon-silica material showing the hydropho-
bicity of the surface.

orocarboxilic acids [12,23,24] in a disordered state. The
apparent increase of the area of this broad peak when com-
pared to the CgF{7SO3H pattern can be attributed to some
overlapping with the reflection of amorphous silica. The
WAXS results indicate that the fluorinated chains remain
in a disordered state in the hybrid FLS-1 sample.

A SEM image of FLS-1 (Fig. 2(a)) revealed a stacked
arrangement of silica sheets morphologically related to
the lamellar structure inferred from X-ray diffraction,
which indicates a possible hierarchical structure. On the
other hand, the embedded fluorocarbon makes the surface
of the material (pellets) hydrophobic (Fig. 2(b)), which
might be also interesting from the point of view of
applications.

3.2. ?°Si NMR analysis

The *°Si C-MAS spectrum of FLS-1 is presented in
Fig. 3. Only one peak at —64 ppm (with a small shoulder
at —66 ppm) is clearly resolved. No peak is found at
—45 ppm, which is the chemical shift of neat, liquid APTES
[25,26]. The peak at —64 ppm corresponds to R-Si silicons
with three Si—O-Si linkages in aminoalkoxysilanes
[25,27,28]. The absence of peaks at —49 ppm (one Si-O-
Si linkage) and —58 ppm (two Si—O-Si linkages) indicates
that the condensation of siloxane groups is practically com-
plete. The condensation reaction might be favored by the
preferred location of aminosilane groups in the confined
layers forming the lamellar structure. No peak was found
below —100 ppm, namely, there is no evidence of the pres-
ence of a pentacoordinate silicon, with a N-Si bond [27].

3.3. Thermal analysis

TGA data for FLS-1 is presented in Fig. 4a. There is a
single and very well resolved thermal decomposition event
starting at around 320 °C and finishing at around 520 °C.
About 10 wt% of the original mass still remains at
700 °C. This roughly corresponds to the initial Si + O mass
if the CgF;SO3H and APTES are assumed to be coupled
following a 1:1 stoichiometry, which indicates that most sil-
anes have condensed into a thermally stable siliceous struc-
ture, in agreement with NMR results. The decomposition
temperature (~410 °C from derivative data) is much higher
than that of CgF;SO3;H (~130 °C) and similar to that of
sodium perfluorooctane-1-sulfonate (information from
suppliers). It suggests that aminosilane is strongly coupled
to CgF;SO;. The presence of aminosilane groups in the
materials might be favorable for ion adsorption.

The DSC curve for FLS-1 (Fig. 4(b)) shows a broad
endothermic peak with a minimum at 78 °C and associated
with an enthalpy change of 30 J/g. The broadness of the
peak is typical of non-crystalline solids, in agreement with
X-ray diffraction results. Both the transition temperature
and an enthalpy change of FLS-1 are much higher than
those corresponding to CgF;;SO3H sample (data not
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Fig. 3. ?°Si C-MAS spectrum of FLS-1 (bottom). The spectrum for neat APTES (top) is also included for comparison (adapted from Ref. [26]).
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Fig. 4. (a) TGA and (b) DSC (heating curve) results for FLS-1.

shown), further confirming the strong organic—inorganic  and condensed silica layers. It has been found [17] that dur-

coupling in the hybrid material. ing the early stages of the formation process of long chain
organic acid-silica hybrids, the aminosilane acts as a coun-
3.4. Structure of fluorocarbon—silica hybrids terion for the acid so that amphiphilicity drives the self-

assembly. As hydrolysis and condensation of the aminosi-
Fig. 5 shows the hypothetical structure for the hybrid  lane groups at the interface proceeds, the specific surface
materials, which consists of alternating perfluorooctane  area and interfacial curvature decrease and there is a mor-
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Fig. 5. Scheme of the possible lamellar structure in FLS-1 samples.

phological transition to sheet-like structures [17]. Taking
into account the length of C-N, Si—C, C-C and Si—O bonds
and typical bond angles, the thickness of the layers between
fluorocarbon chains would be ~1.1 nm, not much different
than the value estimated from X-ray spectra.

3.5. Dielectric properties

Fig. 6 shows the real part of the relative dielectric per-
mittivity, the dielectric constant ¢/, as a function of fre-
quency for samples FLS-1. Data for a sample without
fluorocarbon (S-1) are also included for comparison. For
FLS-1 an almost flat response can be observed, indicating
the absence of any dielectric relaxation in the measured
frequency range. This fact reveals that there are no silanol
groups in the material structure, since the dipolar relaxa-
tion of SiOH should be noticed in the measured frequency
range [29]. This behavior is in excellent agreement with the
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Fig. 6. Dielectric constant as a function of frequency for pure and

fluorinated silica (samples S-1 and FLS-1, respectively). The line shows the
response obtained by applying the MW model.

complete condensation of siloxane groups revealed by >°Si
NMR and TGA analysis. A comparison between curves
corresponding to both S-1 and FLS-1 shows lower dielec-
tric constant values for the fluorinated compound, which
suggests the potentiality of the this kind of hybrids to be
employed as low-dielectric constant materials. In a very
recent report [30], we showed that in hybrid materials syn-
thesized from a nonionic fluorinated surfactant (instead of
CgF7SO3H) and a silica precursor (i.e. alkoxysilane), the
dielectric constant is even lower (a minimum of about
2.15 was obtained), which we attribute to the absence of
charged groups in the assemblies.

Measurements of loss factor, D, resulted in very low val-
ues (0.02-0.04) for all the frequencies, as expected for such
insulating compounds.

Taking into account the lamellar structure schematized
in Fig. 5, it is possible to apply the Maxwell-Wagner
(MW) model [31] to predict the requency response of the
dielectric constant for such a hybrid system (for details
on the equations, see Ref. [31]). This model is commonly
applied to dielectrics composed by two or more phases with
different ¢/. The dielectric constants and volume fractions
of each component are necessary to simulate the behavior
of the composite. In this way, the studied material FLS-1
can be approached to a three-layer dielectric composed
by perfluoroctane sulfonic acid, aminopropane and silicon
oxide. The volume fractions of the corresponding phases
were calculated from TGA and density data, giving 0.68,
0.24 and 0.08, respectively. For the sake of simplicity we
used the equations for a two-component system, perform-
ing firstly the calculations for the layers composed by
aminopropane and SiO,, and afterwards, using the result
obtained from this bilayer composite and that of perfluo-
roctane sulfonic acid. Changes in the order of these calcu-
lations did not produce significant differences in the
obtained results. Dielectric constants of each component
were taken from literature: ¢ = 5.1 for aminopropane
[32] and &, = 4.5 for SiO, [33]. For perfluoroctane sulfonic
acid the dielectric constant was approximated by the value
commonly used for polytetrafluoroethylene (&, = 2). The
response predicted by the model is shown in Fig. 6. A com-
pletely flat curve is observed as a consequence of the
absence of a dielectric relaxation in the measured frequency
range, in good agreement with the experimental results.
Moreover the value obtained for the dielectric constant
of the composite (¢, = 2.77) is close to that measured for
FLS-1 material (&, = 2.92 — 2.82), confirming the applica-
bility of the MW model to this kind of lamellar systems.
The slightly higher dielectric constant experimentally
observed for the hybrid material could be related to the
underestimation of ¢, corresponding to perfluoroctane sul-
fonic acid, which was approximated to that of polytetraflu-
oroethylene. Due to the presence of a high-polarity group
in CgF17SO3H, the diclectric constant of this compound
could be some higher than 2. If this is considered in the
model, the agreement between the theoretical prediction
and experimental measurement would be even better.
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4. Conclusion

Hybrid fluorocarbon-silica materials with a lamellar
nanostructure can be prepared by the cooperative self-
assembly of perfluoroctane sulfonic acid strongly coupled
with aminoalkoxysilanes. The silica layers in the materials
are very thin, and contain a relatively high concentration of
attached aminopropyl groups. Interestingly, the materials
are thermally stable, hydrophobic and show a low dielec-
tric constant (=2.8), which is almost independent on fre-
quency, as predicted by the Maxwell-Wagner model.
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