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Making nanometer thick silica glass
scaffolds: an experimental approach
to learn about size effects in glasses

Abstract A convenient method for
the synthesis of very well defined
porous silica glasses using ionic
liquids as templates is presented.
Depending on template concentra-
tion, these systems form a homolo-
gous series of mesoporous systems
with diverse shapes, with the pores
having constant thickness of about
2.4 nm. These nanostructures allow
the analysis of the two-dimensional
behavior of glasses, either from a
liquid to be embedded in the pore or

of the silica glass forming the wall.
For the walls, the third reduced
dimension can be varied in a sys-
tematic fashion. This approach is
exemplified by analyzing the static
glass structure of 2D-silica by
WAXS.
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Introduction

Glasses, both organic and inorganic, are not only an
important class of materials omnipresent in culture, but
also in very modern technology. Glasses are somewhat
special as they possess a liquid like structure and a
dynamic softening point, the glass transition, which is
scientifically still not completely understood. It was early
on that E.W. Fischer found that quantitative static
X-ray measurements indicate the approach of the glass
transition even in the glassy state [1] and laid the base of
a fluctuation cluster description. In the later Fischer-
Donth picture [2], the glass mobility is essentially pre-
scribed by the dynamic coupling of local fluctuations,
the correlation length of which diverges at about
T-T,=80 K. The size of these coupled domains at the
calorimetric glass transition are still under debate (and
depend on the chemistry of the system) but can be
roughly estimated to be about 5 nm. There is strong
experimental evidence that a second relevant length [3]
of the order of 20-200 nm exists which describes dy-
namic heterogeneities well above the glass transition,

and it was Fischer again who tried to stress the relevance
of this cluster-like mode for many properties of glassy
polymers. As the existence of such dynamic large-scale
heterogeneities is not a part of classical theories of the
glass transition, their importance is only just being
slowly revealed.

A convenient class of experiments to learn about the
role of these length scales in glass forming liquids is to
confine the glass process in porous media of various
dimensionality and connectivity. Here, the size of the
reduced dimensions must be well defined and small en-
ough to interfere with the dynamic coupling effects of
glass transition. First experiments in this direction were
again reported by Fischer et al. [4, 5]. These experiment
were later refined by Kremer et al. [6, 7] who was able to
separate surface and volume effects in these pores and
also analyzed dynamic effects in dependence of the size
(variation between 2.5 nm and 7.5 nm). In coated
nanopores and smaller nanopores, the dynamics was
found to be much faster. In these papers the authors also
tried to make an estimate for the minimal number of
molecules to form a liquid, i.e., when the typical
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behavior of a liquid really sets in. Very recent work by
Patkowski and Fischer [8] using dynamic light scattering
at similar systems showed an acceleration of the
dynamics of such a system by up to six orders of mag-
nitude, but a connection to a dynamic correlation length
was not shown. It is the opinion of the present authors
that the understanding even of those simplified systems
is still far from being established, as contradictory
experimental findings have been described.

Progress of these current experiments is not re-
stricted by physics, but by the availability of better
defined porous media. Most of the previous experi-
ments were performed on etched glasses, which exhibit
a sponge-like, disordered cubic structure created by
the in-situ demixing of two inorganic species. Even the
more ordered and defined structures of regular meso-
porous silica made by surfactant templating turned
out to be non-ideal systems, as the required regular
mesoporosity is always accompanied by a significant
contribution of unwanted microporosity, as shown by
quantitative X-ray scattering and gas sorption experi-
ments [9, 10] or pressure dependent SANS measure-
ments [11].

Just very recently, some chemical recipes were found
where silicas with both high pore regularity and pore
definition (no micropores) could be produced, including
a class of lamellar silica made in the presence of ionic
liquids [12, 13]. Beside pore sizes in the range of 1.3—
2 nm (depending on the template), it is the two-dimen-
sional character of the pores which makes glass experi-
ments in such systems exciting, including a better ability
to model and to separate structural effects of material
and pore structure.

It is the purpose of the present paper to describe the
synthesis and characterization of these porous silicas in
more detail, including a more careful analysis of the
structure of the glassy silica walls, which has to be seen
as a gas-confined glassy structure, too.

Experimental

The SAXS measurements were performed using a CuK,,
rotating anode device with three-pinhole collimation,
equipped with a 2D image plate detector.

WAXS measurements were carried out on a Bruker
D8 instrument in symmetric reflection. Nitrogen sorp-
tion isotherms were obtained from a Micromeritics
Tristar 3000 instrument. Transmission Electron
Microscopy (TEM) images were taken with a Zeiss EM
912 Q at an acceleration voltage of 120 kV. Samples
were ground in a ball mill and taken up in acetone. One
droplet of the suspension was applied to a 400 mesh
carbon-coated copper grid and left to dry in air.

The synthesis of the surfactant (C;smimCl) is derived
from the procedure described [12]. Typically, 1-hexade-

cylchloride (65.24 g, 0.25 mol) was mixed with
I-methylimidazole (20.54 g, 0.25 mol). The mixture was
put into a 250-ml flask, refluxed at 90 °C for 24 h, and
then cooled down to room temperature. The pure
CiemimCl product was obtained by recrystallization in
the THF solvent. After recrystallization and washing
several times with THF, the crystalline C;¢gmimCl white
powder was collected by vacuum filtration, and dried in
air at room temperature. The purity was verified by
NMR.

Preparation of mesoporous silica In a typical synthesis
with C;emimCl as template, tetramethylorthosilicate
(TMOS) was used as the sol-gel precursor. 0.36 g
(1.05 mmol) of C;gmimCl was dissolved in 2 ml of
EtOH, then mixed with 2.0 ml of TMOS under mild
magnetic stirring. After homogenization of the mix-
ture, 1.0 ml of aqueous solution of 0.01 mol/l HCI as
an acid catalyst was added dropwise. The resulting
mixture was stirred for 30 min. Complete gelation was
accomplished by leaving the sample in an open flask
at room temperature. A transparent colorless silica
monolith was obtained with no visible cracks and very
high mechanical stability. The transparency of the
hybrid materials strongly suggests the homogeneity of
CigmimCl in the silica matrix and the absence of
phase separation between the IL and silica. C;gmimCl
was removed from the silica by calcination of the
sample at 550 °C for 5 h with a temperature ramp of
100 °C/h from room temperature to 550 °C. The final
product was ground into powders for further charac-
terization.

Results
Preparation and characterization of mesoporous silicas

The templating properties of the ionic-liquid surfactant
to generate mesoporous silica was already examined in
previous work [12], but details of the templating
behavior had not been studied. Here, we also try to
avoid by a slight change of the preparation condition,
the Lg-phase of the previous experiments. As the details
of the phase behavior is not the concern of the present
paper, we will report on that in a forthcoming contri-
bution. As we want to make systems with a different
thickness of the siliceous walls, a series of samples was
prepared by changing the surfactant/SiO, weight ratio
Wurf /WSioz, applying the nanocasting method [14]. In
essence, in this procedure a siliceous precursor (in this
case tetramethoxysilicate, TMOS) is condensed within
the hydrophilic domains of a lyotropic mesostructure.
The template is then removed by calcination to give the
pores.
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The amount of surfactant of TMOS in the starting
solution was varied from a maximum value, beyond
which no well-defined mesostructure could be observed
by small-angle X-ray scattering (SAXS), down to values
where the silica is the clear majority phase. Both the pore
sizes and wall thickness can be expected to change with
the system composition.

Figure 1 shows the SAXS data of representative
samples, the reflections indicating the presence of a well-
defined 2D hexagonal mesopore/silica arrangement.

It is noteworthy that the SAXS data obey the Porod-
law at larger scattering vectors s (s =2sinf//), which is
characteristic of an almost perfect two-phase system
(that is a material composed of two regions of constant
electron densities) with sharp interface boundaries be-
tween silica and the voids. The presence of a pronounced
Porod-law behavior is rarely seen in ordered mesopor-
ous silicas and proves the high quality of these meso-
porous silicas in terms of the pore uniformity, absence of
micropores, and interface flatness, which is not the usual
case [9, 10, 11, 15]. The excellent quality of the SAXS
data therefore allowed a thorough analysis in terms of
the pore sizes and especially the wall thickness, which
was carried out using the ‘“‘chord-length distribution™
(CLD) formalism [16]. The CLD(r) can be extracted
from SAXS data and is defined as the normalized second
derivative of the Fourier-Transform of the SAXS data,
which can be interpreted as the probability of finding
chords (= connectors between two phases) of the length
r. Recently, we have demonstrated for mesoporous
materials with pore sizes larger than 5 nm that the shape
of the CLD itself provides an illustrative and also

Fig. 1 SAXS curves of three
mesoporous silicas, obtained
using different surfactant
concentrations. Lower curve:
Wurf / wsio, = 0.44, middle curve:
Wy [ Wsio, = 177, upper curve:
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Weurf / wsio, = 2.67. The black 10000
dashed line represents the
Porod-law I(s)=s"*
~~ 1000
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quantitative measure of the mesopore size and wall
thickness [9, 11].

Figure 2 shows the CLDs for three representative
samples, namely the ones prepared from the highest and
lowest surfactant concentrations and a sample obtained
from a medium surfactant concentration. First, it is seen
that the pore-to-pore distance decreases with increasing
surfactant concentration (shift of the first minimum at
around 3.8 nm to the left). Second, for each curve two
maxima are observed, which are attributable to the pore
size (right maximum at ca. 2.5 nm) and wall thickness
(left maximum at ca. 1-2 nm), taking into account re-
sults from nitrogen sorption. Interestingly, the wall
thickness decreases with the addition of surfactant,
starting from ca. 1.4 nm, and the final wall thickness is
only around 1 nm for the highest surfactant concentra-
tion. In contrast, the mesopore size does not change
significantly and is about 2.4 nm.

Aside from the SAXS analysis detailed nitrogen
analysis was performed to characterize the porosity of
the materials. Figure 3 shows the nitrogen sorption
isotherms of various samples, clearly showing the pres-
ence of a mesoporous material. Applying the BJH for-
malism to the desorption branch, we obtain mesopore
sizes of around 2.4 nm, which is in excellent agreement
with the CLD analysis. A suitable method to derive the
wall thickness from sorption data of well-organized
mesoporous materials was introduced by Zhao [17].
Taking the d-spacing from the SAXS data, the wall
thickness can be determined via a=2/3"?d, with the
wall thickness =a—pore size. The data are summarized
in the Table below, revealing a similar trend as observed

—w_Jw__ =044

surl Si0,

—W WSIO? =1.77

sur
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Fig. 2 Chord-length distribu-
tions (CLD) obtained from the
SAXS curves in Fig. 1. The
CLD is represented in the form
r*CLD for better illustration.
The arrows indicate the position
of the maxima attributable to
the wall thickness
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from the SAXS evaluation: the wall thickness decreases
with increasing surfactant concentration, the pore size
remaining almost constant, but with slight decreasing.
Surprisingly, for the present surfactant this trend is
different from the results recently observed for block
copolymer templated materials, where an increase in the
surfactant concentration lead to an according increase in
the mesopore sizes [18]. For block copolymer templat-
ing, changing the surfactant concentration was shown to
result in a significantly different swelling of the hydro-
philic PEO block and, thereby, to a different hydro-
philic-hydrophobic balance. In the present case, the
nature of the template, the ionic liquid, seems to make
the self-assembly less sensitive towards changes in the
hydrophilic-hydrophobic balance, as is seen in the
almost constant mesopore size.

Waurf / wsio, Pore size BET Pore d value Wall
(desorption) surface volume (SAXS) thickness
[nm] area [em®/g] [nm] [nm]
[m?/g] (SAXS)
0.44 2.44 752 0.34 3.33 1.4 (1.4)
1.77 2.31 1552 0.71 3.08 1.2 (1.1)
2.67 2.38 1681 0.76 2.96 1.0 (1.0)

The extremely high regularity of the present materials
can also be seen in TEM images. Figure 4 shows rep-
resentative TEM images taken from the calcined mate-
rials reveal a highly regular channel system, with liquid
crystalline order extending on the micron-scale. CLD

r [nm] 4

formalism in combination with porosimetry therefore
confirms the quite ideal structure of the present
mesoporous silica. Thereby, these materials are ideal
candidates to study the influence of the wall thickness on
the internal wall structure.

Influence of the pore wall thickness
on the internal wall structure

The silica walls of mesoporous materials consist of an
amorphous network of silica tetrahedra, which, can be
connected in various fashions, e.g., in the form of six-
rings, eight-rings and other species. In this respect, there
is no fundamental difference between a silica glass and a
mesoporous silica. Here we address the question if the
decrease in the wall thickness down to molecular
dimensions leads to a measurable effect on the distri-
bution of the silica tetrahedra and, thus, the internal
glass structure and mobility. Wide-angle X-ray diffrac-
tion (WAXS) represents a suitable tool to monitor fine
changes in the wall structure, because it directly probes
the interatomic distances present in the material. WAXS
is widely used for the study of glassy materials, showing
broad maxima. Amorphous SiO, was already subject to
detailed WAXS studies [19, 20], using high-energy
photon WAXS to achieve as high scattering values as
possible (up to s=60 nm™"), allowing a precise deter-
mination of the SiO, structure factor [21]. In the present
case, we only focus on the first maxima observed in
WAXS, which is related to the average Si-Si distance
in amorphous SiO,, that is the average distance of
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Fig. 3 Nitrogen sorption iso- 550
therms for mesoporous silicas, .
prepared using different weight 500 -
ratios i
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Fig. 4 TEM picture of one of
the mesoporous silica (sample
Wsulf/WS[02= 167) The scale
bar corresponds to 25 nm
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two silica tetrahedra. Figure 5 shows the WAXS
pattern for the present samples as a function of the
surfactant/TMOS ratio. A small amount of a salt was
added, serving as a standard for the position of the
maxima. One silica sample was prepared without the
addition of surfactant, thus corresponding to an almost
non-porous silica glass for reference purposes. In all of
the materials the characteristic first maximum was ob-
served around 20=21.5-22°, the value for the reference
silica being in agreement with that observed for other
Si0, glasses.

Interestingly, the position of the maximum shifts
slightly, but systematically to higher 260 values upon
surfactant increase and, thus, upon decreasing the wall
thickness. Since the samples were measured under
comparable conditions, this shift itself already indicates
a decrease in the average distance between two silica
tetrahedra, i.e., a better packing in of the glass.

To come up with a more quantitative evaluation of
the WAXS data, a “synthetic” approach was applied,
fitting the data in the interesting region 20=10-70° by

Fig. 5 WAXS diffractograms for various mesoporous silicas as a
function of the pore wall thickness (surfactant concentration). The
black line at 20=13° shows the position of a reference peak

an empirical structure factor Z(s), providing a semi-
quantitative measure for the average Si-Si distance. For
Z(s) we have used the approach introduced by Wertheim
et al., which turned out to be appropriate to simulate the
SAXS of liquid-like structures, composed of isotropic
objects [22, 23, 24]. As a main advantage, this approach
is characterized by basic analytical algebraic expressions
for Z(s). It must be stated that such WAXS data are
usually measured up to very high s-values (s=40 nm™"),
then are evaluated by determining the entire SiO,
interference function s*(Z(s)—1), where Z(s) represents
the lattice factor of the silica glass. The Fourier-trans-
form of s*(Z(s)—1) results in the pair correlation func-
tion G(r), from which the radial distribution function
P(r) is accessible. In the present case this procedure was
not applicable, as the structure factor could not be
measured up to very high s by our setup, thus leading to
cut-off problems with the Fourier-Transform.

Prior to the analysis, the data were corrected for
background scattering (bg), polarization (P(s)), and the
absorption factor A4(s), taking into account the dif-
fraction geometry (symmetric reflexion).

Hence, the final formula to analyze the WAXS data
was I(s) = A(s) P(s) f(s) Z(s)+ bg.

w Jw. =0

su SlO2
wsm/w&o?: 0.44, wall thickness = 1.4 nm
W W = 1.67, wall thickness = 1.3 nm
W W = 1.77, wall thickness = 1.2 nm
w_Jw_. =267, wall thickness = 1.0 nm

SiO, ’ !

100

1 1 111
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Fig. 6 a Fitting of the WAXS a
curves of the non-templated

silica (lower curve) and the

sample showing a lowest wall-
thickness (1 nm) around the

" Wa WSio2 =0

© WsurJVVSiO2 = 267

main peak at 20=22° using an
approximation for the structure
factor. b Interference functions
obtained from the curves in a
1000
—~~ ]
(7))
~—
100 T
b 2.0

s * (Z*s -1)

=2.67
=0

Wsur WSiOE

Wsur WSiO2

The form factor f{'s) of SiO, was exactly taken into
account using data taken from the Tables of the Inter-
national Union of Crystallography [25].

As seen in Fig. 6a, the data can be reasonably fitted
by this approach, providing usable values for the aver-
age Si-Si distance. Figure 6b shows the coupled inter-
ference function s*(Z(s)-1), the maximum at ca.
s=3 nm™' corresponding to the average Si-Si distance,

S [nm'1]

which is in accordance with recently reported values.
Comparing the samples with the lowest and highest
surfactant concentration, a significant decrease well
beyond experimental error of ca. 4% is observed in the
maximum position, being attributable to the average
distance between two silica tetrahedra. The difference
of the densities of amorphous silica (p~2.2 g/cm®),
crystobalite (p~2.65 g/cm?), and crystalline quartz
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(p~2.65 g/em?) is sufficiently high to allow such a
compression in the amorphous state.

It has to be emphasized that our procedure is not able
to determine the absolute value of the Si-Si distance with
sufficient precision, which would be achievable by a
high-energy WAXS setup. However, it can be safely
stated that a correlation exists between the thickness of
the silica walls and the average distance between two
silica tetrahedra. The thinner the silica walls get, the
more the silica matrix tends towards a higher internal
packing density. Higher densities would be coupled
(according to the free volume model) to slower relax-
ations and a higher overall T,. That way, a potential size
effect on glass transition dynamics would be overlaid by
a counterbalancing structural effect, explaining the
widespread and partly inconsistent results found in the
literature for confined glasses. A possible plausibiliza-
tion of this effect is well known ageing of glasses which
takes place on a logarithmic timescale and makes a
quantitative comparison even between systems with sim-
ilar composition without defining tempering protocols
difficult. If this ageing is simply accelerated in the low-
dimensional systems, one would compare the properties
a non-relaxed three-dimensional glass with a relaxed
two-dimensional glass, which is not feasible to do.

Conclusion and outlook

In the present study, mesoporous silicas were prepared
by the nanocasting of a special ionic liquid. SAXS,
nitrogen sorption, and TEM demonstrate that the
materials under study represent an example for a
unusually well ordered mesoporous silicas with an

extremely high degree of perfection in terms of the
packing, size, and morphology of the mesopore struc-
ture. A new method for the SAXS analysis, based on
the CLD concept, allowed a precise determination of
the pore wall thickness and pore size with 0.1 nm pre-
cision. Systematic variation of the volume fraction of
template only resulted in a continuous variation of the
silica wall thickness, whereas the pore size stayed
constant. At the highest template concentration, a
macroscopic sample was produced where however all
the silica glass is part of thin pore walls of only about
1 nm. This thickness is only about 2.5-3 times the size of
a silica tetrahedron, that means the whole sample is apt
to show confinement effects on the structure (and
dynamics) of glasses.

As seen directly in wide-angle X-ray scattering
(WAXS) experiments, but also more clearly in the
transformed interference functions, the small thickness
seems to allow a higher density of the silica network.
This is possibly explained by the way the silica tetrahe-
dra are connected in the glassy structure, which obvi-
ously is less subject to topological confinements in lower
dimensions. Usually, a wide variety of species such as 6-
or 8-membered rings (and larger) can be observed,
hosting areas of “free volume™ and bigger voids which
can be characterized by gas sorption as micropores. The
latter are definitely absent in the present silica.

The details of this compaction of silica glasses plus a
quantitative relation to the wall thickness has to be
studied in further detail in forthcoming work by com-
plementary techniques such as high-energy WAXS and
Raman spectroscopy. In addition, we also intend
to analyze the structure and architectural density of
organic glasses confined in such porous media.
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