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Abstract

Recent efforts made to understand the nature of the interactions between Pluronic surfactants and silica walls in
SBA-15 materials and to modify these interactions by post-synthesis hydrothermal treatments are summarized. © 2001

Elsevier Science B.V. All rights reserved.
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1. Introduction

Organic surfactants which form rod-like ag-
gregates in aqueous solutions can be used to direct
the polymerization of easily hydrolyzed silica
precursors such as tetraethylorthosilicate (TEOS).
By calcination, organic surfactants can be further
eliminated to reveal a mesoporosity of uniform
pore size. Based on this principle, MCM-41 ma-
terials were obtained by Mobil researchers in 1992
using cationic surfactants such as cetyltrimethy-
lammonium [1]. MCM-41 solids have large pore
sizes, which can be typically varied within the
range 20-100 A, and are therefore potentially in-
teresting for both separation and catalytic reac-
tions involving large molecules [2]. However, their
silica walls are thin (generally less than 15 A) re-
sulting in a low stability in the presence of water
[3,4]. More recently (in 1998), the so-called SBA-
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15 materials, characterized by thicker silica walls,
have been prepared by using neutral triblock co-
polymers (Pluronic, triblock copolymer, poly(eth-
ylene oxide)-poly(propylene oxide)-poly(ethylene
oxide), EO,PO,EO,, BASF®) [5,6]. In the present
work, we study the nature of the interaction
between Pluronic surfactants and silica walls in
SBA-15 materials and their post-synthesis modifi-
cations. We show that, by fine tuning these inter-
actions, SBA-15 matrices of given pore sizes, wall
thicknesses and unit-cell dimensions can be pre-
pared.

2. Experimental
2.1. Synthesis
The synthesis of hexagonally ordered SBA-15

was performed as described in Refs. [5,6] with
three Pluronics (Pjy;, Pyg3 and Lgy — Table 1). In a
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Table 1
Main characteristic of Pluronic surfactants and summary of
synthesis conditions

Surfactant Synthesis
Molecular Formula Tempera-  Weight
weight ture of of surfac-
(gmol™) synthesis tant (g)
(°O)

P; 5838 EO3PO7#EOy 30-35 4.0

Pz 4994 EO;;POgEO;; 35-43 44

Les 3518 EO;;PO3EO;;  68-73 5.0

typical synthesis, an aqueous solution of Pluronic,
acidified to pH =1 by adding HCI, was mixed
with TEOS under constant stirring. For given
amounts of water (6.46 mol), TEOS (0.0409 mol)
and HCI (0.24 mol), the amount of Pluronic (3-6
g) and the temperature of reaction (30-80°C) were
varied. Temperatures of synthesis were selected as
precognized in Ref. [5]. The amount of Pluronic
was first selected in order to maintain the ratio
between EO units and silicate precursors constant.
This amount was further adjusted in order to ob-
tain hexagonally well ordered SBA-15 materials,
as characterized by TEM (see below). The mix-
ture, initially homogeneous, became heterogeneous
after less than 15 mn of reaction. This heteroge-
neous mixture was maintained 24 h at the reaction
temperature and then split into two fractions.
White solids (one for each Pluronic, labelled A

type hereafter) were recovered by filtration of the
first fraction (no washing). The second fraction
was submitted to hydrothermal treatment at 100°C
for three days before recovering other solids, la-
belled B type. A and B type solids were both
calcined in air at 400°C (4 h) in order to remove
the Pluronic surfactants. Calcined solids are here-
after labelled AC and BC respectively.

2.2. Characterization

A and B solids were characterized by chemical
analysis (Centre de microanalyse du CNRS, So-
laize, France). The rather large values of the hex-
agonal lattice parameter (around 10 nm) of the
SBA-15 solids described here make it necessary to
record X-ray diffraction lines at rather low scat-
tering angles. Such X-ray scattering experiments
were performed using a laboratory set-up (rotating
anode) described elsewhere [7]. Powder samples
were held in Lindemann glass capillaries (usually 1
mm in diameter). The @ unit-cell parameter was
estimated from the position of the (10) diffraction
line. AC and BC solids were also characterized by
transmission electronic microscopy and by nitro-
gen sorption isotherms. Pore size distributions
were calculated based on the desorption branch of
the nitrogen sorption isotherms using the BJH
formula (Barrett-Joyner-Halenda formula, BJH
[8]). In Table 2, the diameter of mesopores for each

Table 2
Main characteristics of the SBA-15 solids described in the present work
Pluronic surfactant  Solid SI/EO/CI- (molar g (XRD, A) Day (A) t=a—Dgm (A)  t/Dgm
ratios)
Pm(x/y) =03 PlngU 1/0.5/0.3 118.5 - - -
Pi»BU 1/0.4/0.4 118.5 - - -
P AC - 94.5 40.0 (+) 54.5 0.9
P;»BC - 110.8 60.0 50.8 -
P]()}(X/y) =0.3 P](BAU 1/0.5/0.6 106.8 - - -
P1;3BU 1/0.4/0.2 108.7 - - -
P AC - 87.0 40.0 (+) 47.0 1.2
P13BC - 103.5 50.0 53.5 -
Les(x/y) =0.4 Ly AC - 47.3 30.0 17.3 0.6

Dgyyy: mesopore diameter as obtained by BJH formula for relative (P/P°) pressures greater than 0.31. The (+) symbol indicates an
increase in the pore size for relative (P/P°) pressures lower than 0.31, attributed to micropores; a: unit-cell parameter as determined by

XRD; #: approximate wall thickness.
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calcined solid, Dgjy, corresponds to the maximum
of the pore size distribution. Pore wall thickness, ¢,
was assessed by subtracting Dgjy from the a unit-
cell parameter which corresponds to the distance
between the centers of adjacent mesopores. Al-
though the BJH analysis underestimates pore sizes
[9-11], yielding an overestimate of wall thickness,
relative changes should be accurately portrayed.

3. Results
3.1. Characterization of uncalcined SBA-15 solids

The diffractograms of P;3AU and P»3BU sol-
ids are similar (not shown): a sharp Bragg peak,
indexed as (10) is associated with three weaker
peaks, indexed as (1 1), (20) and (3 0). These peaks
indicate a long range hexagonal mesoscopic or-
ganization with a unit-cell parameter a of 118.5 A.

The amount of chlorine ions trapped in a given
uncalcined A type SBA-15 increases from Pjg; to
Pi»;. No chlorine could be detected in LgAC.
With both P;»; and P;g3, some Pluronic and CI~
anions are eliminated upon the hydrothermal
treatment used to transform AU type solids into
BU type ones.

3.2. Physical characterization of calcined SBA-15
solids

Four diffraction peaks ((10), (11), (20) and

(30)), corresponding to a a parameter of 94.5 A
are observed on the diffractogram of the P;;;AC
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solid (Fig. 1). The diffractogram of P;;;AC (not
shown) displays similar features, associated with a
smaller unit-cell parameter (¢ = 87 A). The dif-
fractogram of LgAC only shows the (10) diffrac-
tion (Fig. 1) corresponding to @ unit-cell
dimension of 47.3 A. The structural ordering of
mesoporous SBA-15 materials therefore strongly
depends upon the number of EO groups in Plu-
ronic surfactants and, in our experimental condi-
tions, the LgAC solid exhibits a  structural
ordering clearly lower than P;»;AC and P;;;AC
solids.

Furthermore, the lattice parameter a of SBA-15
solids strongly decreases upon calcination. The
observed unit cell shrinkage differs significantly for
A and B type solids. With Pj»;, unit-cell contrac-
tions of 20% between A and AC samples but
limited to less than 10% between B and BC sam-
ples are observed. Similarly, with Py, unit-cell
contractions of nearly 20% between A and AC
samples but limited to less than 5% between B and
BC samples are observed. The limited contractions
observed for B type solids reveal that, in these
materials, the polymerization degree of silica pre-
cursors is larger than in A type ones.

Under the synthesis conditions summarized in
Table 1, SBA-15 matrices of excellent structural
ordering are observed by MET (Fig. 2). Curved
cylinders of relatively uniform size (typically 200-
400 nm diameter, 1-3 pm long) presenting a well
ordered hexagonal array of mesopores when the
electron beam is parallel to their main axis are
observed. Interestingly, we have observed that
when the amount of Pluronic used during the
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Fig. 1. SAXS results on LgsAC and P;,3AC samples.
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a

Fig. 2. MET images of P,3BC: (a) along the Cy axis; (b) perpendicular to this axis (length of the grain around 1 pm).

synthesis is decreased, the curved cylinders typical
of the hexagonal SBA-15 phase progressively
transform into porous spheres (illustrated for Pyg;
in Fig. 3). For a given Pluronic, the ratio between
the spheres and the curved cylinders regularly in-
creases on decreasing Pluronic overall concentra-
tion.

The nitrogen adsorption—desorption isotherms
of calcined SBA-15 materials have been described
elsewhere as irreversible type 1V isotherms with a
H1 hysteresis loop [5]. For (P/P°) greater than
0.31, a single maximum (with a full width at half
maximum lower than 10 A) is observed on the
pore size distribution of each sample. The ratio
between the thickness of silica walls and the di-
ameter of mesopores in A type calcined SBA-15

Fig. 3. Coexistence of particles presenting an hexagonal array
of mesopores and of porous spheres.

materials directly corresponds to the x/y ratio of
the Pluronic used to synthesized them. Further-
more, smaller Dgyy values are observed for AC
solids than for BC ones, indicating that the hy-
drothermal treatment induces an increase of meso-
pore diameter associated with a decrease of wall
thickness. For (P/P") lower than 0.31, the pore
size distribution curves of AC and BC type mate-
rials are also different. In this low relative pressure
range, the pore size distributions of BC solids are
indeed flat whereas those of AC materials are
characterized by an increase revealing the presence
of micropores (pore size lower than 20 A). The
presence of such micropores has been confirmed in
three recent publications [12-14].

4. Discussion

4.1. Organization control through interaction be-
tween Pluronic and silicate precursors

The general route producing a silica-based
SBA-15 material is a templating scheme where an
aqueous acidic solution containing an amphiphilic
Pluronic surfactant is reacted with a silicate source
such as tetraethoxysilicate. Using different Plu-
ronic surfactants in such conditions, we could
achieve control of the morphology by adjusting
the relative concentrations of Pluronic and inor-
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ganic precursors. In this way, we observed that a
cylinder > sphere sequence of morphologies can
be induced. This sequence closely mimics experi-
mental results obtained on block copolymer/ho-
mopolymer [15] and copolymer/epoxy resin blends
[16]. This sequence implies that the interaction
between the organic precursors and the EO units
of the Pluronic surfactant is responsible for the
curvature of the EO/PO interface. The silicate
precursors increase the overall hydrophilic volume
defined by EO units whereas the volume occupied
by PO chains remains essentially constant. This
implies that, as indicated in a recent NMR study
[17], the chains formed by EO units penetrate
deeply within the silica walls of SBA-15 solids.

4.2. Post-synthesis modifications

At pH close to 1, positively charged protonated
silica species are expected to interact, via electro-
static interactions involving chlorine anions, with
Pluronics [6]. Chemical analysis suggests that these
interactions are not operating during the synthe-
sis of the LgAU solid. At the high temperature
necessary for the synthesis of this solid, the
EO units of Lg can be expected to be hydropho-
bic and therefore to remain out of the silica walls.
By contrast, these electrostatic interactions are
involved during the formation of P,3AU and
P193AU solids, in which C1™ ions are detected.

Upon the post-synthesis hydrothermal treat-
ment used to obtain B type solids, these Cl~ anions
are partially eliminated. The nature of the inter-
actions between Pluronics and silica walls is
therefore clearly modified.

As indicated by a contraction of unit-cell di-
mension revealed by X-ray diffraction, a restruc-
turing of silica walls takes place upon calcination
in both A and B type solids. However, this re-
structuring is less pronounced in B type solids than
in A type ones. Furthermore, after elimination of
Pluronic surfactants by calcination, both a meso-
porosity and a microporosity are revealed by ni-
trogen sorption experiments in AC type materials
whereas, in type BC ones, only a mesoporosity can
be detected. These two observations suggest that,
upon the hydrothermal treatment which is used to
transform A type solids into B type ones, the EO

units are expelled from silica walls. However, as
shown by X-ray diffraction, this expulsion, is re-
stricted to a local scale and does not disrupt the
long-range order of the hexagonal lattice.

5. Conclusions

Understanding all the interactions between sil-
icate precursors and Pluronic surfactants is im-
portant to achieve the ultimate goal of designing
SBA-15 materials. As already indicated by several
authors [5,13], the present work confirms, that the
characteristics (wall thickness, mesopore diameter,
resistance to shrinkage upon calcination) of SBA-
15 solids prepared by precipitation, and their
dependence on post-synthesis hydrothermal treat-
ments, reflect changes in the number of EO units
and their degree of penetration within silica walls.

With Pjss, P1os and Lgs Pluronic surfactants, we
show that, at the temperatures of synthesis indi-
cated in Ref. [5], the ratio between inorganic and
organic precursors deserves a special attention.
Indeed, the inorganic silicate precursors are re-
sponsible for the curvature of the EO/PO interface.
A cylinder > sphere sequence of morphologies is
therefore induced when this ratio is too high.
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