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CHEMISTRY

Hexagonal mesoporous silica layers were prepared by the sol-gel route using silicon alkoxides as silica
precursors and alkyltrimethylammonium bromides to form the templating liquid crystal mesophase. The
synthesis conditions required to obtain well-ordered crack-free layers were investigated. Thin layers exhibiting
these properties were deposited from diluted sols. X-Ray diffraction enabled characterisation of the thermal
evolution of their ordered structure and crystalline texture. Their porosity was experimentally measured from
nitrogen adsorption—desorption analyses carried out directly on the thin layers. Two main synthesis parameters
were identified. The first is the ageing time of the sol before deposition: >’Si NMR showed that the
disappearance of the ordered structure in the layers is related to the appearance of the Qs species in the sol.
The second important synthesis parameter is the surfactant volume fraction in the medium after the removal of
the volatile components. Using hexadecyltrimethylammonium bromide, well-ordered hexagonal layers were
obtained for surfactant volume fractions ranging from 0.5 to 0.65, as expected from the corresponding water—
surfactant binary diagram. For surfactants with shorter alkyl chains, the domain of existence of the hexagonal
layers shifts to higher surfactant volume fractions in agreement with the evolution previously observed on the

water—surfactant binary diagrams.

The synthesis of mesoporous molecular sieves using the
templating effect of lyotropic liquid crystal mesophases was
first proposed in 1992.1% Aluminosilicate and silica particles
were prepared by hydrothermal synthesis in the presence of
cationic surfactants. Monnier er al.® suggested that the co-
operative process of oxide polymerisation and mesophase
formation was related to electrostatic interactions between the
polar head of the surfactant molecules and the growing silicate
oligomers. The synthesis of silica networks in ordered
amphiphilic media was then carried out via sol-gel routes at
room temperature and atmospheric pressure. It was also
extended to the use of other kinds of amphiphilic molecules, i.e.
neutral surfactants*> and block-copolymers.®’

A phase separation usually occurs in the synthesis solutions
giving rise to individual particles of ordered oxide. Invest-
igations were carried out in order to extend these synthetic
methods to include the preparation of layers. Focusing on silica
using alkyltrimethylammonium halides as surfactants, various
types of layers and synthetic methods can be distinguished: self-
supported thick layers obtained by interfacial reaction®’ or by
casting of gelling solutions,'® supported thin layers prepared by
growth at the substrate-solution interface'' '3 or by deposition
of gelling solutions. In the last case, mesophase-templated
silica layers exhibiting lamellar,'*!'> hexagonal'>'® and cubic
structures'® were obtained. The resulting porous layers are not
always crack-free and sometimes extra-porosity can be
observed on a larger scale than that of the ordered porosity
produced by the templating mesophases.'*?°

This work deals with the sol-gel preparation of supported
hexagonal porous silica films. Our approach was defined from
requirements associated with the expected applications as
separative membranes or sensors. In such cases, a crack-free
layer with a porosity which is limited to the ordered porosity
generated by the crystalline template must be obtained.
Moreover, our interest specifically concerns pore sizes located

TSupplementary data available: calculation of the wall density and
calculation of the surfactant volume fraction from the surfactant
weight percentage. For direct electronic access see http://www.rsc.org/
suppdata/jm/a9/a906181i/.

in the nanometer range. This requirement leads us to consider
shorter length surfactant molecules than the hexadecyltri-
methylammonium salts which are used in the majority of the
studies reported in the literature.

In this paper, two approaches are successively evaluated for
the preparation of hexagonal silica films from silicon alkoxides
and alkyltrimethylammonium bromides. Analysis of the results
enables determination of the synthetic conditions leading to
crack-free hexagonal porous layers.

Experimental
Synthesis

The silica precursors used were silicon alkoxides (puri-
ty >98%): tetramethoxysilane (TMOS) or tetracthoxysilane
(TEOS). The surfactants employed were alkyltrimethylammo-
nium bromides (purity >98%): C,H,,.1(CH3);N*Br~, with
n=2_, 10, 12, 14 or 16, denoted as C,,. Distilled water, methanol
or ethanol (purity: 99.8%) was also used to prepare the gelling
sols.

Three types of sols, A, B and C, can be distinguished. Their
compositions are summarised in Table 1. The preparation of
these sols involved two steps: initially a gelling solution, G, was
obtained by mixing the Si alkoxide with alcohol and acidic
water (pH 2 from HCI addition). For A samples, the pH of
solution G was then increased to 4 by addition of 0.1 M NHj;
solution. The second step involved addition of the surfactant,
C,, to solution G under stirring. In the cases of A and B
samples, the surfactant was added immediately after the
preparation of solution G. For the C samples, surfactant
addition was carried out after a time, #,, ranging from 0 to
400 min.

The sols were deposited as thin layers (TL) on flat glass
substrates by dip coating and on tubular porous alumina
substrates by slip casting. Deposition of the A and B sols was
carried out immediately after their preparation. For the C sols,
an ageing time, f,, was applied before the deposition.

To obtain large quantities of sample, gelling solutions were
poured into wide beakers, resulting in cracked thick layers
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Table 1 Sol compositions

Molar ratios in solution G

Sol Alkoxide Alcohol alkoxide : H>O : alcohol Weight% of surfactant in the sol pH
A TMOS Methanol 1:32.1:0.2 21 2-4
B TMOS Methanol 1:8.2:6.5 3.5-27 2
C TEOS Ethanol 1:8.2:6.75 3.4-14 2

(CL). For the A sols, monolithic wet gels were prepared in
closed vessels and then dried immediately after gelation (UG)
or aged for 4 d at 50 °C after gelation before drying (AG).

The samples were first dried at room temperature for 12 h
and then for 2 h at 100, 150 and 175 °C in an oven. The thermal
treatment effecting the removal of the surfactant was carried
out up to 450 °C under nitrogen.

Characterisation

The condensation of the silica network in the sols and the gels
was studied from liquid and magic angle spinning >°Si NMR
measurements, respectively. Methods allowing the quantitative
comparison of the areas of the different Q; peaks were applied
(i being the number of bridging oxygen atoms of the SiO4
tetrahedra).

The structural characterisation of the samples was under-
taken using a low angle X-ray diffractometer with Cu-Ko
radiation. The structural evolution versus temperature was
followed in the 6/20 mode, 26 varying from 1.2 to 9°. In the case
of the unaged or aged A gels, the samples were sheared on a flat
substrate prior to X-ray analysis. For the thin layers, samples
deposited on glass slides were used. The crystalline texture of
the layers was analysed with a fixed incidence angle mode. For
fixed incidence angles « ranging from 0.025 and 5°, the analyser
rotated between 1.5 and 3.5° in 260 (the angle between the
incident and diffracted beams).

The porous texture of the thermally treated samples was
measured using nitrogen adsorption—desorption isotherms at
77 K. The pore size distribution in the mesoporosity range was
estimated by analysis of the adsorption and desorption curves
using the BJH method?! and assuming cylindrical pores. For
the thin layers deposited on glass slides, specific conditions
were applied which are detailed in ref. 22.

The samples were observed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). For
TEM analyses, microtomed slides of samples embedded in a
polymer resin were used.

Results and discussion
Surfactant concentrated A sols

We first prepared A sols containing a weight percentage of
surfactant equal to 21%. Considering the water—surfactant
binary phase diagrams®* (Fig. 1), it appears that this composi-
tion is located in an isotropic region near the boundary with the
hexagonal mesophase domain. The formation of the meso-
phase can be explained in this case by a co-operative process.’
Previous results'>?* show that, under these conditions, the
formation of the bidimensional hexagonal P6mm structure is
observed for the shortest surfactant lengths, Cg and Ci.
However these amphiphilic molecules are less likely to self-
associate than surfactants with longer alkyl chains, e.g. Cis,
and the preservation of the crystalline structure is difficult.”’
Moreover, for composition A, the silica content is low, giving
rise to the growth of a tenuous silica network in the aqueous
phase of the hexagonal structure. We tried to increase the
degree of condensation and hence the strength of the silica
network by increasing the pH of the sol and by ageing the wet
gels before the drying step. These experiments were carried out
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on sols synthesised with octyltrimethylammonium bromide
(Cy).

Wet gels. °Si MAS NMR showed that both the increase in
pH of the sols and ageing of the wet gels induces a significant
increase in the Q4 species at the expense of the Qs species. These
results confirm the favourable effect of increasing the sol pH on
the strengthening of the inorganic network. The wet gels
exhibited a diffraction peak for d=24.5 A, corresponding to
the (100) planes of the hexagonal phase for this surfactant.5’

Thermally treated gels. For the various prepared samples,
the diffraction peak associated with the ordered mesophase
disappeared, except for the layers synthesised at pH 2. In this
case the diffraction peak was broad [width at half maximum (in
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Fig. 1 (a) phase diagram of the water—tetradecyltrimethylammonium
bromide system; (b) phase diagram of the water—hexadecyltrimethyl-
ammonium bromide system: L is the solution phase, E, I, and D are
hexagonal, cubic, and lamellar liquid crystalline phases, respectively
and (S) is solid surfactant. From the original diagrams,™ a second
abscissa axis (upper axis) is added corresponding to the volume fraction
of surfactant. This parameter was calculated from the weight
percentage of surfactant and the densities of water and surfactant at
20°C. Reproduced with permission from ref. 23.
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Fig. 2 Nitrogen adsorption—desorption curves for samples CL, UG
and AG prepared with sol A and a final pH of 4.

0)=1°] and of low intensity. This result can be attributed to the
presence of very small ordered domains.'® The estimated size of
the ordered domains, applying the Scherrer formula,?® is
around 160 A.

Fig. 2 shows the typical isothermal curves obtained for thick
layers (CL) and unaged (UG) and aged (AG) gels prepared at
pH4. The main porosity characteristics are reported in
Table 2. All the samples exhibit a very high specific surface
area related to the presence of an important microporosity,
evidenced by the high adsorbed volumes at low relative
pressures (Fig. 2). The isotherms of CL and UG samples are of
type 1,>' associated with mainly microporous materials. For
AG samples, type IV isotherms®! are obtained, exhibiting a
hysteresis loop induced by the presence of mesoporosity. For
the aged gel prepared at pH 4, the mesoporosity corresponds to
about 60% of the porosity and the total porosity is very high,
about 77%, based on a theoretical SiO, skeletal density of
2.20 gem™? (Table 2). These two levels of porosity, micro-
porosity within the polymeric silica clusters and mesoporosity
between clusters, are usually observed in the case of conven-
tional two-step acid—base-catalysed silica xerogels.”

Surfactant diluted sols B and C

Using the results reported above, we modified the synthetic
strategy by decreasing the relative percentage of surfactant and
increasing the silicon alkoxide content in the initial sol. This
approach is more specifically adapted to those layers for which
the drying after deposition increases the concentration of the
sol before gelation by removal of the volatile compounds
(alcohol and water). The formation of the mesophase is mainly
associated with surfactant enrichment of the medium. This
method was previously applied with success by Ogawa'® and
Lu ef al.'®

We will first focus on the results obtained for a given weight
percentage of Cj¢ surfactant (9.3%) and then extend this to
results allowing the discussion of the effect of the composition
and the length of the surfactant molecule.

Study of sols B and C with 9.3 wt% of Cys. Images of crack-
free thin layers obtained from this composition and deposited
on dense or porous substrates are given in Fig. 3.

Fig. 4 shows the evolution versus temperature of the X-ray
patterns for thin layers obtained from a B sol (TMOS as silicon
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Fig. 3 SEM images of thin layers prepared from sol C [wt% (Cy6)=9.3,
,=60 min and #,=120 min]: (a) thin layer deposited on a dense glass
substrate; (b) thin layer deposited on a mesoporous alumina layer (pore
size of the top layer=5 nm).
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Fig. 4 Evolution of the diffraction pattern as a function of the
treatment temperature for a thin layer [sol B, wt% (C;6)=9.3].

Table 2 Characteristics of the porous texture for samples prepared from sol A (Sggt and Syangmuir Specific surface areas measured applying the BET

and Langmuir methods,?! respectively; Vp, total pore volume)

Nature pH Sper/m? g~ ! SIAa,,gmui,/m2 gf1 Vplem?® g*1 Porosity P (%) Microporosity (% of P)
CL 2 877 1230 0.45 50 96
4 983 1420 0.51 53 93
UG 2 935 1320 0.48 51 95
4 1249 1820 0.67 60 90
AG 2 1093 1510 0.61 57 85
4 1223 1840 1.51 77 40
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alkoxide). The main diffraction peak for the sample dried at
20°C is located at day-c=40.5 A, and corresponds to the (100)
planes of the hexagonal structure for C;6.2”>° When the drying
temperature is increased to 175°C, a shift of the peak is
observed: dj75-c=36.2 A. This shrinkage can be explained by
the removal of residual water contained in the inorganic walls
of the hexagonal structure and by supplementary condensation
between neighbouring silanol groups.?’ The evolution of the
Bragg spacing from 175 to 450 °C is low, around 0.2 A. The
peak width does not vary significantly with the temperature
and the calculated size of the ordered domains is around
1000 A. The diffracted intensity is dependent on the tempera-
ture (Fig. 4): a strong increase is observed between 150 and
175°C prior to the departure of the surfactant, which is
attributed to an increase in the sharpness of the interface
between the micellar cylinders and the inorganic walls,
associated with the loss of the residual water.

Only two peaks, djgg and d»g, are observed in the patterns of
the thin layers (Fig. 4). This result can be explained by an
alignment of the micellar cylinders along the substrate plane.'?
The alignment was evaluated from X-ray experiments at fixed
incidence angle «. Fig. 5 shows the variations of the diffracted
intensity versus o and 26 for a layer dried at 20 °C and a layer
thermally treated up to 450 °C. In each case, a strong maximum
is observed for a=09, corresponding to the expected
diffraction angle for (100) planes parallel to the substrate
surface. In the case of thick layers, the powder patterns present
a broad diffraction peak.

Examples of TEM images observed for calcined thin (TL) or
thick (CL) layers are given in Fig. 6. Characteristic honeycomb
structures can be seen [Fig. 6(a)] and also alignments of parallel
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Fig. 5 Analysis of the crystalline texture for a thin layer [sol B, wt%
(C16)=9.3]: (a) 20°C; (b) 450 °C.
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Fig. 6 TEM images of calcined thick layers (a) and thin layers (b) [sol
B, wt% (C]ﬁ) = 93]

tubes [Fig. 6(b)]. This second type of image is the most
frequently observed for the thin layers.

The porous texture of the layers obtained from sols B
(TMOS) and C (TEOS) was characterised by nitrogen
adsorption (Table 3). The isotherms for layers TL and CL of
type B are given in Fig. 7. The two curves exhibit the same
characteristic step associated with capillary condensation in
the cylindrical pores. This phenomenon occurs at a relative
pressure, P/Pg, of about 0.35, as expected using Ci16.%° The
absence of a hysteresis loop can be explained by pore sizes of
less than 3.6-3.8 nm.>! The mean pore diameters determined by
the BJH method from both adsorption and desorption curves
are equal, as expected for pores with the same shape as the
selected cylindrical model. The corresponding values, dgjy, are
reported in Table 3. The absence of extra-porosity at a larger
scale can be deduced by the flatness of the curves for larger
relative pressures. The first part of the isothermal curves
enables us to estimate the microporosity existing in the silica
walls. The calculation method is detailed in the supplementary
material. The wall densities p,, obtained for the thin layers B
and C are equal to 1.75 and 1.69 gcm >, respectively, values
which can be compared to the bulk density of dense amorphous
silica, 2.20 gem™>. From the Bragg spacing, djg, and the
volume fraction of the cylindrical pores, it is possible to
calculate the diameter d, of the cylindrical pore using Luzzati’s
formula®? (see ESI). The theoretical surface area, S, developed
by the cylindrical pores can also be estimated using the
calculation method detailed in the supplementary material. The
thickness of the silica walls, e, can be evaluated from the lattice
parameter of the hexagonal structure, a:2a’100/\/3 and the
calculated diameter, d.: e=a—d..

The use of TEOS, which is less reactive than TMOS,”
enabled study of the effect of the hydrolysis time (before
surfactant addition), #,, and the ageing time (after surfactant
addition) on the structure of the resulting thin layers. Fig. 8(a)



Table 3 Characteristics of the porous texture for samples prepared from sol B [wt% (C;¢)=9.3] and sol C [wt% (C;¢)=9.3, #,=60 min and
t,= 120 min]. The various parameters are defined in the text or in the supplementary material

Sol Nature Sper/m? g~ ! Vp/cm3 g ! PIP* dyynl A diool A alA pwlgcm™? dJA elA Sym?g~!
B TL 910 0.61 0.20 24 35 41 1.75 29 12 429

CL 882 0.69 0.28 28 47 54 1.43 36 19 301
C TL 836 0.61 0.20 24 38 44 1.69 31 13 382

CL 718 0.53 0.28 28 55 64 1.44 36 28 216

shows that the main parameter is the time of ageing after
hydrolysis and before deposition, i.e. t,+¢,. For the various ¢,
values tested, the diffracted intensity always presents a
maximum for #,+1¢, equal to about 200 min and no further
diffraction peaks are observed for #,+7,>400 min. If we
consider the evolution versus time of the area of the Q; peaks in
the 2°Si NMR spectra of a C sol [Fig. 8(b)], it appears that
the maximum in the diffracted intensity corresponds to the
predominance of Q; species in the sol and that the
disappearance of the ordered mesophase is related to
the appearance of Qs species in the sol. Thus, we can conclude
that too large a condensation of the silica oligomers prevents
the formation of the ordered phase.

Effect of the C;s content on the structure of the thin
layers. From the previous results, we decided to define the
surfactant content in the sols differently. Rather than the
weight percentage in the starting sol, this content will be
expressed by the volume fraction of surfactant in the material
after elimination of the solvents and by-products, assuming
that the silica phase exhibits a density equal to the wall density
previously determined (1.75 and 1.69 gecm ™ * for TMOS and
TEOS, respectively). The details of the conversion method are
given in the supplementary information. The main interest for
the use of this new parameter is that it allows direct discussion
of the conditions for preparation of hexagonal thin layers in
terms of domain of existence of the hexagonal phase in the
corresponding water—surfactant binary diagrams (Fig. 1).

Fig. 9(a) and 9(b) show the evolution of the diffracted
intensity and the value of the Bragg spacing, d;q0, as a function
of the volume fraction of C4. The diffracted intensity shows a
maximum for a C;¢ volume fraction equal to 0.57 (correspond-
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Fig. 7 Nitrogen adsorption—desorption curves for calcined layers [sol
B, wt% (Cy6)=9.3]: (a) thin layer TL; (b) thick layer CL.

ing to 9.3 wt% in the sol). Moreover, the sharpness of the peaks
increases with the diffracted intensity. Three domains can be
defined as a function of the C;4 volume fraction. For volume
fractions lower than 0.5 or higher than 0.65, weak and broad
peaks are observed. Between these two limits, the hexagonal
structure is well defined and maintained after calcination.

The limits of the hexagonal phase at 100 and 150 °C in the
H,0-C,4 binary diagram [Fig. 1(b)] are reported in Fig. 9(a). It
clearly shows that the domain of well-ordered hexagonal silica
layers is located and centred between these limits.

The Bragg spacing, dq, increases as the C,4 volume fraction
decreases [Fig. 9(b)]. This phenomenon can be explained by a
swelling of the structure associated with an increase in the
volume fraction of the aqueous phase. Moreover, when the
temperature of the final treatment was increased, a contraction
of the structure was observed which is related to shrinkage of
the silica network. This shrinkage is a maximum for the highest
C;6 volume fractions, and hence the lowest silica contents.

For C sols (TEOS), similar behaviour was observed with a
slight shift of the domain of well-ordered hexagonal silica
layers to lower surfactant volume fractions (Fig. 10). Previous
results on water—alcohol-surfactant ternary diagrams®>**
showed that the location of the hexagonal mesophase
domain depends on the nature and amount of the added
alcohol. However, it must also be noted that the X-ray
diffraction results obtained with B or C sols were clearly
confirmed with several other sols more diluted by alcohol or
with higher water-alkoxide molar ratios, but with an
equivalent C;¢ volume fraction (which depends on the
surfactant-silicon alkoxide molar ratio and on the wall density
(see ESI). Moreover, from the surfactant-silicon alkoxide
molar ratios reported in the literature for sols leading to
hexagonal layers,'®!'® the corresponding surfactant volume
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fractions were calculated, assuming a wall density equal to
1.75 g em 3. Except for the lowest surfactant—silicon alkoxide
molar ratio in ref. 17, the resulting values are also located in the
hexagonal domain of the water—hexadecyltrimethylammonium
bromide [Fig. 1(b)] or water-hexadecyltrimethylammonium
chloride® diagrams.

Effect of the composition and the surfactant alkyl chain
length. The study carried out for hexadecyltrimethylammo-
nium bromide was extended to surfactants with shorter alkyl
chains. The evolution of the diffracted intensity versus volume
fraction of surfactant C, (n=8, 10, 12, 14 and 16) is reported in
Fig. 11 for two temperatures of final treatment: 20 and
450°C. The domain of existence of the hexagonal phase
shifts to higher surfactant volume fractions when n decreases.
This result is in agreement with the evolution observed on the
water—alkyltrimethylammonium halides binary diagrams>® for
bromides®® or chlorides.’***7 On the other hand, the
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Fig. 11 Variation, versus C, volume fraction, of the diffracted intensity
for a B sol: (a) thin layer dried at 20 °C; (b) thin layer calcined at 450 °C.

hexagonal structure of the calcined layers disappears progres-
sively for C, volume fractions larger than about 0.65. Well
ordered porous layers are obtained only for the higher # values,
n=12, 14 and 16.

The variation of the Bragg spacing djgo versus surfactant
volume fraction for the different values of n, is shown in
Fig. 12. It appears that tailoring of the pore size and of the
porosity in the thin layers is possible by modifying the
surfactant chain length or the sol composition. For instance,
for a C, volume fraction equal to 0.6, d. is equal to 21 A.

Conclusion

Hexagonal silica layers were prepared from silicon alkoxides
and alkyltrimethylammonium bromides. The use of surfactant-
diluted sols enabled the production of crack-free silica layers
exhibiting a well-ordered hexagonal mesoporosity. In this case,
the mechanism of formation of the templating mesophase is
mainly the concentration of the starting sol after deposition by
fast evaporation of the volatile components. The ageing time of
the sol must be short enough to limit polymerisation of the
silica network prior to the deposition. As a matter of fact, the
reticulation of the silica network disfavours concentration of
the sol, which is required to obtain hexagonal packing of the
micellar cylinders. An important parameter used to evaluate
the ability of the sols to form hexagonal layers is the surfactant
volume fraction in the medium after removal of the volatile
components. From this parameter, and using the water—
surfactant binary phase diagrams, it is possible to define the
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Fig. 10 Variation, versus Cj¢ volume fraction, of (a) the diffracted
intensity and (b) the Bragg spacing, d)q, for a C sol (#,=60 min and
t,=120 min).
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C, volume fraction

Fig. 12 Variation, versus C, volume fraction, of djq (sol B; thin layer
dried at 20 °C).



chemical compositions of the starting sols. When the length of
the alkyl chain decreases, the amount of surfactant required to
form the hexagonal phase increases. On the other hand, if the
surfactant content in the deposited layer is too high, the
hexagonal structure disappears during the thermal treatment
applied to eliminate the templating mesophase. Thus, well-
ordered porous layers are obtained only for the surfactants
exhibiting the longest alkyl chains (hexadecyl, tetradecyl and
dodecyl).
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