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Lyotropic liquid crystals as templates for mesoporous silica materials

Amelia Carolina Sparavigna

Department of Applied Science and Technology, Polytechnic University of Turin

The paper considers the lyotropic liquid crystals and the role of their mesophases as templates to create
the scaffold of mesoporous silica materials. It was in 1992 that a Mobil Research group disclosed a
method to produce silica particles having a regular network of pores with hexagonal and cubic
symmetries. The method was proposed as based on a liquid-crystal 'templating' mechanism. Since the
symmetries resulting in the silica scaffolds are those observed in the mesophases of lyotropic liquid
crystals, the Mobil Research group supposed the presence of a mesophase directly in a stage of the
templating mechanism. Here we discuss the method as it was reported in 1992 and what is today
defined as a true or direct liquid-crystal templating approach. It will be stressed that, in any case, the
templating is a surfactant-assisted method, that can be better defined as supramolecular templating
method. The template mainly happens in the form of a modified Stober process. In this framework, the
role of the curvature of silica-surfactant interfaces will be considered, the cubic phases of lyotropic
liquid crystals analyzed in depth and the related surfaces with zero mean curvature discussed in detail.

Keywords: Liquid crystals, Lyotropic liquid crystals, Mesophases, Hexagonal phase, Curvature of
interface, Cubic phases, Bicontinuous cubic phases, Mesoporous Silica Materials.
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Introduction

Liquid crystals (LCs) are soft matter materials possessing mesophases characterized by properties
pertaining both to liquids and solid crystals (Chandrasekhar, 1992). The simplest example of mesophase
is the nematic one. In it, calamitic molecules show a self-alignment of the long axes, whereas a
positional order of their centers is lacking, being them randomly distributed. Consequently, a long-
range directional order exists, described by the so-called nematic director field, but disorder remains in
the molecular positions. Other sets of mesophases such as cholesteric, smectic, blue cubic, cubic,
hexagonal, lamellar and columnar phases had been identified and characterized in their intermediate
state of order, usually by means of optical, thermal and dielectric properties (Dierking, 2003; Demus &
Richter, 1980). In some of the mesophases, the ordering of molecules can be easily altered by external
stimuli; in this manner, LCs can be used to create systems which respond optically to electric fields



such as in LC displays (Gray & Kelly, 1999), thermally to temperature as in thermometers (Doane et
al., 1988), or chemically to molecular stimuli as in chemical sensors (Carlton et al., 2013). For active
LC displays, thermotropic materials in nematic anisotropic phase are mainly used.

The liquid crystals are divided in the two main families of thermotropic (TLCs) and lyotropic materials
(LLCs). Thermotropic substances exhibit mesophases as temperature is changed (Vertogen & De Jeu,
2012), whereas the lyotropic substances exhibit mesophases driven by concentration (Collings & Hird,
2017). In LLCs, the mesophases are formed under appropriate conditions of concentration of an
amphiphilic mesogen (surfactant) dissolved in a suitable solvent. Besides temperature, LLCs have their
composition that is inducing a larger variety of mesophases with respect to TLCs. For uses different
from LC display applications, the consequent order transitions in LLCs are very attractive (Mezzenga et
al., 2019). Applications include the generation of advanced materials, which are exploiting the
topological properties of the hydrophilic / hydrophobic domains exhibited by LLC mesophases. Here
we will consider the application of LLCs in what is defined the "liquid crystal templating" (LCT).

Using silica precursors or polymers, mesophases like those of the soft liquid crystals can be produced,
obtaining unique geometrical surfaces frozen in solids. These solids, in particular the mesoporous silica
materials (MSMs), are fundamental for applications ranging from pharmaceutical industry to energy
storage (Giraldo et al., 2007; Li et al., 2012; Wu et al., 2020). Mesoporous silica is a form of silica that
possesses a mesoscale structure, with pores from 2 nm to 50 nm in diameter (porous materials have
been IUPAC classified according to their pore sizes: microporous, less than 2 nm, mesoporous, from 2
nm to 50 nm, macroporous, greater than 50 nm; Fang et al., 2010). Pores of almost the same size are
arranged regularly, being formed in the amorphous silica with a long-range order. The produced
material is a rigid scaffold which can have the symmetry of mesophases observed in LLCs. The most
common types of MSM particles have a hexagonal arrangement of long pores.

It was in 1992 that a publication disclosed an approach to obtain hexagonal mesoporous silica. The
proposed approach was defined as a liquid-crystal 'templating' mechanism. Here we will consider
templated MSMs, to understand how LLCs are involved in them. We will see that a definition of this
template mechanism is "surfactant-assisted synthesis", and that the produced mesoporous silica material
is known as "micelle templated silica" material too. In the proposed discussion, we will consider both
the mesophases frozen in the mesoporous silica materials and the mesophases of the lyotropic liquid
crystals. The cubic phases in liquid crystals will be analyzed in depth. Besides the analysis of
mesophases and LC templates, the proposed discussion aims to convey the general message that
systems which are based on TLC, LLC, polymer and silica materials can represent a fertile field for the
study of future transformation technologies.

The first template

As previously told, mesoporous silica materials (MSMs) are rigid scaffolds exhibiting a regular
arrangement of pores, in different space group symmetries, with the size of pores typically ranging from
2 to 50 nm. Besides being interesting by themselves (Bruckner et al., 2021), the range of applications
where they are most relevant is incredibly wide. MSMs can be used as support material in catalysis
(Liang et al., 2017), for energy storage (Li et al., 2016), as a host matrix for dyes (Huang et al., 2011),



and for delivering biomedically active molecules (Bruckner et al., 2021). Moreover, MSMs can become
hard templates to obtain carbon replicas (Kim et al., 2005).

MSMs produced by the so-called liquid crystal template (LCT) technique are generally viewed as the
inverted replicas of a lyotropic liquid crystal phase, but the design of MSMs is requiring a deep
knowledge of the template process, and this knowledge is still incomplete (Bruckner et al. 2021).
However, it was in 1992, thirty years ago, that the “liquid crystal templating” was proposed. According
to Nagaraj, 2020, the publications by a Mobil Research group (Kresge et al., 1992; Beck et al., 1992)
represented a breakthrough in soft matter templating, triggering many investigations about mesoporous
materials by LCT. The initial templating used a dilute solution regime in which the surfactant, on its
own, was not able to form an LLC mesophase. In 1995, a method of ‘true liquid crystal templating’
(TLCT) was developed by Attard et al.; in this template the concentration of the surfactant was
favorable for the formation of a liquid crystal phase on its own (Nagaraj, 2020). In TLCT the silica
precursor was hydrolyzed and polymerized within the LC phase. TLCT allows the creation of
mesoporous scaffolds having symmetries according to LC phase diagrams.

As told by publications of 1992, the aim of the Mobil Research group (Kresge et al., 1992: Beck et al.,
1992) was that of obtaining a porous medium different from the typical microporous materials, which
were structures with pores irregularly spaced and broadly distributed in size. Kresge and coworkers
reported the synthesis of mesoporous solids from the calcination of aluminosilicate gels in the presence
of a surfactant, stressing that the formation of MSM takes place by means of a liquid-crystal
'templating' mechanism, during which the silicate material forms inorganic walls between the ordered
surfactant micelles.

According to Kresge and coworkers the production of silica particles with structured pores inside had
been previously explored by Yanagisawa et al., 1990, who used single layered polysilicate kanemite to
react with alkyltrimethylammonium chloride solutions to form alkyltrimethylammonium - kanemite
complexes. During the organic intercalation, the SiO, layers in the complexes were condensed to form
three-dimensional SiO, networks. The calcined products of the complexes had micropores 2—4 nm in
diameter. The pore size was altered with the wvariation in the alkyl-chain length of the
alkyltrimethylammonium. The particles obtained in this manner are known as FSM-16. Kresge and
coworkers, in 1992, mentioned the work by Yanagisawa et al. noting that the final product retains, in
part, the layered nature of the precursor material.

In (Beck et al., 1992), the Mobil Research team presented the synthesis, characterization and
mechanism of formation of mesoporous molecular sieves named M41S. One member of the family
named MCM-41 (Mobil Composition of Matter n.41) has a hexagonal arrangement of mesopores. It can
be produced by means of different synthesis approaches. In (Beck et al., 1992), the authors stressed that
microscopy and diffraction results obtained for MCM-41 are strikingly similar to those obtained from
surfactant / water liquid crystals or micellar phases. As the source of silica, the researchers used sodium
silicate, tetramethylammonium silicate and tetraethylorthosilicate (TEOS). The quaternary ammonium
surfactant compounds were the cetrimonium (hexadecyltrimethylammonium) chloride and bromide
(CTAB), that is cationic surfactants. In addition to the hexagonal MCM-41 class, other materials with
different geometries have been synthesized by the Mobil Research group varying the surfactant to
silicon mole ratio. For instance, when cetrimonium / silicon ratio is less than 1, the predominant



structure is the hexagonal phase of MCM-41. As the ratio increases beyond 1, a cubic arrangement with
space group /a3d has been obtained. Today, this MSM having la3d space group is known as MCM-48.

In the synthesis of MSMs then, a sol—gel process goes from the hydrolysis to the condensation of the
silica precursors in an aqueous solution of a surfactant, the concentration of which is often lower than
that suitable to form the liquid crystalline phases (Gascon et al., 2016). The ordered mesophases appear
due to the interaction between the silicate species in the solution and the external micellar surface, in a
process based on a "cooperative self-assembly mechanism" according to Gascon et al., 2016,Wan &
Zhao, 2007, Zholobenko et al., 2008, Huo et al., 1994. In the process, the silicate oligomers and the
surfactant species influence each other during the polymerization leading to the growing of a liquid
crystalline order. Interactions of organic parts with inorganic species are detailed by ALOthman, 2012.
In the Figure 10 of the article by ALOthman, a schematic representation is given of the types of silica-
surfactant interfaces.

Also in the article previously mentioned about TLCT method, Attard et al. observed that the templating
mechanism proposed by Kresge, Beck and coworkers (1992), was a cooperative process that involved
the interaction of inorganic ions with discrete surfactant aggregates. Attard et al. used in their
experiments the liquid-crystalline phases of non-ionic surfactants such as octaethylene glycol
monododecyl ether (C.EOs, EO represents ethylene oxide) and octaethylene glycol monohexadecyl
ether (C4EQOs), to template the silica. The liquid-crystalline behavior of the corresponding lyotropic
mixtures had been previously studied in (Mitchell, 1983). Tetramethylorthosilicate (TMOS) was used
as silica precursor. In this manner, the Hexagonal and Cubic Q*° (space group la3d) mesophases were
the templates. Contemporary to the work by Attard et al.,, non-ionic polyethylene oxide (PEO)
surfactants in dilute concentration have been used for templating the silica by Bagshaw et al., 1995.

Be a cooperative process or an LCT, Niculescu (2020) asserts that it was in 1992 that the first
surfactant-assisted synthesis of MCM-41 mesoporous silica was achieved. In 2001, MCM-41 MSMs
begun to be studied for bio-applications as a matrix for drugs release, and since then, extensive research
was devoted to improve MSM in biomedical applications (see Niculescu and references therein). Let us
remember that also MCM-48 had been produced at the same time MCM-41 had been prepared.

In the recent publication by Bruckner et al., 2021, the TLCT is properly defined as a “direct liquid
crystal templating”, in contrast to the general “liquid crystal templating,” originally proposed in 1992.
In the direct LCT, the surfactant solutions are much more concentrated and form LLC phases in the
binary water/surfactant systems. In (Bruckner et al., 2021) it is told that the beauty of this method is
coming from the broad already existing knowledge of the properties of LLC phases, and from the
possibility of investigating new systems with relatively little effort. Bruckner and coworkers
demonstrated by their investigation that “TLCT indeed exists”, because the initially isotropic mixture
turns, after some time, into an intermediary LLC with colloidal silica as a continuous phase. The
success of the templating process is due to this “intermediary formed liquid crystal phase”, fully
developed before the solidification of the material. The surfactant used for experiments is the triblock-
co-polymer Pluronic P123, “which enjoys high popularity for the fabrication of MSMs”.
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Figure 1: The role of the disclosure by Mobil researchers in 1992 about mesoporous silica materials is also
evidenced by the Google Books Ngram Viewer. This is an online search Google engine that charts the
frequencies of any set of search strings, in printed sources published between 1500 and 2019. Ngram Viewer
can search for a word or a phrase.

Notation convention of space groups

Previously, we have mentioned the space group la3d for MCM-48. la3d is a notation largely used for
this and other materials (see for instance, Vallet-Regi et al., 2022, Kleitz et al., 2003, Paccamiccio et al.,
2006). Let us shortly discuss the notation. First, we have to note that the "space group" refers to the
complete description of three dimensional crystal symmetries.

One of the commonly used conventions to indicate the 230 space groups in three dimensions is that
which is known as the Hermann-Mauguin notation. It uses four symbols. The first symbol is a letter (P,
L R, F, A, B, or C) referring to the Bravais lattice type. These letters mean: P Primitive, / Body centered
(German "Innenzentriert"), ' Face centered (German "Flachenzentriert"), 4 Base centered on A faces
only, B Base centered on B faces only, C Base centered on C faces only, R Rhombohedral. In the case
of la3d , I means that its Bravais lattice type is /, body-centered, with lattice points on the cell corners,
with one additional point at the center of the cell, that is Innenzentriert.

In the Hermann-Mauguin notation, the three letters following the one related to the Bravais lattice refer
to the point group of the crystal. Some modifications to the notation are used for keyboard; for instance,
a bar above a number is entered with a minus sign. The second, third and fourth symbols in the
Hermann-Mauguin notation are referring to the primary, secondary and tertiary symmetry directions.
Letters a, b, and ¢ are indicating a glide-plane symmetry operation due to a reflection associated to a
translation, ¢, parallel to the plane. In the case a, b, c, the translations are parallel to the corresponding
lattice vectors (t=a/2, t=b/2, t=c/2). Letters n and d refer to 1/2 and to 1/4 translations parallel to the
diagonal plane. The d glide-plane is also known as the diamond glide. Rotation axes are denoted by an
integer number n, thatis 1, 2, 3, 4, 5, 6, 7, § ... (angle of rotation @ = 360°/n). The symbol 10 1is used
for an n-fold rotoinversion, that is a rotation by an angle of 360°/n with inversion. 2 is equivalent to
a mirror plane and usually notated as m.

In Ia3d, the secondary symmetry direction is denoted by the number 3. However, of la3d space group
different notations exist in literature: Ia-3d or Ia3d (see for instance, Neto & Salinas, 2005,



Miyasaka et al., 2012). Let us stress that the minus sign is often entered instead of the bar above the
number. The Hermann-Mauguin correct notation used by Neto and Salinas in their book on lyotropic
liquid crystals ( Ia3d ) indicates a rotoinversion axis (an axis combining rotation and inversion).
However, here we will continue to use the notation /a3d , which is mainly used for mesoporous silica
materials but also for the liquid crystal mesophases. The same we will do for the other cubic
mesophases mentioned in this review.

Two pathways

In the discussion of controllable approaches to the mesoporous silicates formation, Wan and Zhao,
2007, are proposing in their Figure 1 a cartoon with two pathways for the mesosilica synthesis
processes, that the authors are defining as "cooperative self-assembly" process and TLCT process. The
same cartoon is given by Lagerwall and Scalia (2012), in their discussion of a new era for the liquid
crystal research.

In the pathway A, that is the cooperative self-assembling, we start from a liquid solution with separated
micelles, surfactant molecules in solution and inorganic species (generally, it is used a solution in water
of surfactants, which can be classified in cationic, anionic and nonionic surfactants). Then, with a
cooperative nucleation, micelles are surrounded by inorganic species. In the following cooperative
aggregation and phase separation, the liquid becomes a mixture of solution and precipitation, where
micelles tend to arrange themselves in a specific geometry (the Figure 1 in Wan & Zhao is displaying
hexagonal geometry; actually the authors are modeling MCM-41 template). In the mixture, we have the
liquid crystal formation with molecular inorganics. A further polymerization and condensation of
inorganics is obtained by the elimination of the template. In the review by Wan and Zhao a detailed
discussion of the interactions between organic and inorganic materials is given too. The cooperative
assembly is given as a process driven by weak noncovalent bonds (hydrogen bonds, van der Waals
forces, electrovalent bonds).

The following cartoon is illustrating the pathway A as proposed by Wan and Zhao. We will consider
this pathway again, when we will illustrate the work by Alfredsson and Wennerstrom, 2015. The
researchers were able to identify several steps in the templating process of mesosilica with hexagonal
arrangement of cylindrical pores.

Figure 2: Here a cartoon according to that proposed by Wan and Zhao to illustrate the pathway A. From left
to right: liquid solution with micelles, surfactant molecules (red heads and gray tails) and inorganic species
(violet and green); micelles surrounded by the inorganic species; micelles arranged in a quasi-hexagonal
geometry; condensation of inorganic silica around the surfactant.



Figure 3: Another cartoon according to Wan and Zhao to illustrate pathway B. From left to right: liquid
crystal in the Type I Hexagonal phase; inorganic species (violet) in the water surrounding the micelles;
condensation of inorganic silica around the surfactant.

In the pathway B, that is the direct LCT, we start from the liquid crystal formation. In the liquid crystal
it is incorporated the inorganic precursor. The precursor is transformed in the desired material and then
the template is eliminated. For what concerns the process proposed by Attard and coworkers, Wan and
Zhao note that the condensation of the silica precursor is improved due to the confinement around the
surfactant and that a ceramic-like framework is formed. For pathway B, a similar simplified sketch is
given in the article by Bruckner et al., 2021, where it is told that the mixing of surfactant and water in
specific proportions creates a LL.C mesophase. In the sketches of Wan & Zhao and Bruckner et al., it is
shown the hexagonal mesophase, specifically the normal Type I Hexagonal phase. A silica precursor is
added in the aqueous part of the LLC mesophase and it starts to condensate around the micelles,
creating a hybrid material with silica and surfactant. In the direct LCT, being the silica condensed in the
water part of the LC mesophase, the resulting structure is the inverted replica of the original mesophase.
In the case of the normal Type I Hexagonal phase, it is the reverse Type Il Hexagonal scaffold (when
we will discuss the lyotropic mesophases we will specify the nomenclature).

To obtain the porosity in the material we need the removal of templates. As noted by Wan and Zhao the
different removal methods which are applied to the material are influencing the features of the
mesoporous silicas. The commonly used method is the calcination. The method is easy to operate. The
organic surfactants are decomposed or oxidized in air atmosphere. It is important to control the
temperature programming rate in order to prevent the collapse of the silica. Other methods for the
extraction of the organic template are discussed by the given review.

Pathway A

Let us consider a cationic surfactant. As told by Wan and Zhao, the silicate polyanions, which are in the
form of silicate oligomers in the liquid solution, are interacting with the positively charged heads of the
surfactant, because of the Coulomb interaction. At the interface, the silicate species polymerize with a
further change of the charge density of the silica layers. As the reaction goes on, the supramolecular
arrangement of the surfactant molecules and the charge density at the interface influence each other.
What is governing the assembly process of the hybrid material, as told by Wan and Zhao, is the



matching of charge density at the interface. Then, the mesophase of the hybrid material is that
possessing the lowest interface energy. After reporting about the transformation of the isotropic
micellar solution mesophases when mixed with anionic silicate oligomers, Wan and Zhao are also
discussing the cooperative formation mechanism in the case of a nonionic surfactant liquid,
investigated by in situ techniques (Ruthstein et al., 2003, 2006). These researchers studied the formation
of the mesoporous silica known as SBA-15. They observed a continuous transformation of the
spheroidal micelles changing into threadlike micelles. Bundles of these micelles were formed, arranged
as in the final material.

Wan and Zhao illustrate several other investigations based on the interaction at the surfactant/inorganic
species interface. They are also reporting that Monnier et al., 1993, and Huo et al., 1994, gave an
expression for the free energy, containing the contribution of the interaction between inorganic silica
and surfactant, the free energy for the inorganic material, the contributions of the van der Waals force
and conformational energy of the surfactant, and the chemical potential of the species in solution phase.

Pathway B

In illustrating the pathway B, that is the direct LCT, we used as a model a sketch in Wan & Zhao and in
Bruckner et al., 2021. In the caption of the Figure 1 of this last reference, it is clearly told that it is a
"simplified sketch" of a TLCT process. And it is also told that “an added silica precursor ... , dissolves
in the aqueous part of the LLC, starts to polycondensate around the micelles”, and, in this manner, it is
formed a hybrid material of inorganic silica and organic surfactant. However further discussion is
necessary and we will help us with the article by Bruckner et al. about the “true” or “direct” LCT.

Bruckner and coworkers remember that Attard et al., 1995, used a hexagonal (H;, that is Type I
hexagonal) LLC phase for the templating. "When they added the silica precursor”, in the form of the
tetramethyl-orthosilicate (TMOS), "the mixture initially turned into an isotropic fluid". The birefringent
phase, that is the hexagonal one, "could be recovered" removing the methanol formed during the TMOS
hydrolysis. The following discussion in the article by Bruckner et al. tells that it was a study by means
of deuterium NMR spectroscopy that investigated the change from the isotropic to the ordered
hexagonal structure (Attard et. al., 1998). In the article published in 1998, Attard et al. told that the
hydrolysis of TMOS in the mixture of surfactant and water "occurs rapidly", yielding an isotropic
liquid. The reason is in the fact that the "methanol, formed during the hydrolysis step, destroys the
mesophase." As previously told, the removal of methanol in vacuum "restores the original mesophase".
Therefore, as noted by Bruckner et al., Attard and coworkers suggested that the isotropic solution turns
into an LC, in a conversion which re-creates the initial birefringent order. The suggestion is that a
hybrid material can be predicted according to the base LLC phase diagram, in the case that the water
volume fraction is replaced by "the same volume fraction of inorganic material".

Then the pathway B in the Fig.3, the same shown by Wan & Zhao and Bruckner et al., is "simplified"
because the insertion of silicates is destroying the hexagonal mesophase, which is formed again in the
new hybrid material. Therefore, we have an intermediate phase with isotropic order in the mixture. In
this case, the pathway B can be seen as in the following Fig.4.
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Figure 4: In the pathway given by Attard et al. and by Bruchner et al., the hexagonal inorganic-organic
mixture is coming from an isotropic mixture, observed after the silica precursor is added to the LLC. From
left to right: liquid crystal in the Type I Hexagonal phase; isotropic mixture; inorganic species (violet) in the
water surrounding the micelles; condensation of inorganic silica around the surfactant.

Bruckner investigated different LLC mesophases with the triblock-copolymer Pluronic 123 in water.
When the silica precursor is added, the researchers observed the formation of isotropic mixtures for the

hexagonal H, and cubic I, phases. But the behavior is different in the case of the lamellar

L, phase: the evolution of the system given by SAXS patterns tells that "immediately after mixing"
organic and inorganic materials, "the clear fluid showed a sharp peak ... which proves that an L,
phase is formed" in the mixture. This behavior is ascribed to the viscosity of the lamellar phase.
Therefore, an isotropic mixture is not observed.

We have mentioned before MCM-41 (hexagonal), MCM-48 (la3d cubic), and here we have another
material with a lamellar geometry, and actually we have the lamellar MCM-50 too. The genesis of these
three materials has been investigated by means of Molecular Dynamics simulations (Chien et al., 2017).
Expanding some previous works (Pérez-Sanchez et al., 2013, 2016) that simulated the mesosilica
formation at low surfactant concentration, Chien and coworkers in 2017 analyzed the formation of silica
mesoporous materials in the presence of higher surfactant concentrations. The researchers are reporting
good agreement with experimental observations, concluding that the model suggests the formation of
MCM-41 through a cooperative templating mechanism and not in an LCT mechanism. Moreover,
Chien and coworkers add that their results "suggest that the LCT mechanism is not compatible" in the
case of MCM-48 materials, but the researchers "cannot rule out this mechanism in the synthesis of
MCM-50 at very high surfactant concentrations".

The experimental investigations by Bruckner et al. are more recent than the mentioned simulations by
Chien et al. and are showing an LC template mechanism for the lamellar structure, without the presence
of an isotropic mixture. In the lyotropic liquid crystals, the lamellar L, phase appears at

concentrations of amphiphile higher than that of the hexagonal ~H, and of the cubic (Type I) phases.

Let us consider an "inverted" hexagonal H, mesophase, where the gray tails of the surfactant (see

the Figure 4) are outside the red shell of the molecular heads. Water is filling cylinders arranged in
hexagonal geometry. In templating this LLC phase, we could have silica rods in hexagonal



arrangement. Of course this is not a mesoporous silica and it is difficult to find somebody' templating
an "inverse" liquid crystal, but it could be interesting to find whether the template could occur in a
pathway as that observed for the lamellar phase or not. The "inverse" of the mesoporous structure of the
MSMs is that displayed by their carbon replicas (see the scheme n.1 in Janus et al., 2022).

Open pores

In the introduction of the review by Wan and Zhao, it is stressed that the synthesis of mesoporous
molecular sieves is producing "open framework structures”, that is structures with pores that are open
and not capped. In this manner, the open framework grants the access to the mesoporous silica material
to the desired load, metal ions and reagents. This is the fundamental feature for application in "the fields
of catalysis, sensors, electronic devices, biology, nanodevices, separation, etc" (Wan and Zhao).

However, why are the pores open? We can find the answer in the dissertation by Emma Johansson,
2010. It is told the theoretical analysis of the formation of MSMs revealed that silicates "preferably
adsorbs onto low curvature sections of the micelles".

We have seen before that the spheroidal micelles are changing into elongated threadlike micelles.
During the elongation, "the surface energy of the spherical caps on the ends increases" and
consequently silicates avoids them, "leaving the pore ends open in the calcinated material". Emma
Johansson is mentioning the work by Gov et al., 2006. In this article, in a schematic view of the
mechanism which is forcing the micelles to elongate after the addition of silicate ions, we can find the
adsorption of these ions onto the surfactant headgroups, adsorption which is reducing the spontaneous
curvature of the surfactant layer. Moreover, the adsorbed silicate is inducing an attractive interaction
between micelles. As a consequence, the set of spherical micelles become an assembly of cylindrical
surfactant structures surrounded by silicates.

About the open access to mesopores, let us report some sentences from Eftekhari & Fan, (2017), that
are discussing the ordered mesoporous carbon. "In the material characterization, the mesopores might
seem open in TEM images, but when packing the particles, some mesopores are blocked by the
neighboring particles". As a consequence, the material performance is depending on the accessibility of
pores which is also determined by the assembly of particles. And this is true also for silicas.

Soft templating

As illustrated by Wu et al., 2020, wide ranges of methods exist to prepare structured porous materials.
The Figure 1 of the given reference summarizes the methods dividing them into three main families:
soft templating, hard templating, and template-free method. The preparation of materials by templating
methods, both soft and hard, can tune the pore sizes in a specifically designed shape, but these methods
require a removal process, to free the templated scaffold from templating agents. The template-free
methods are driven by spontaneous formation phenomena and self-assembly processes. They are
simpler methods, but difficult to control.

1 In Huang et al., 2002, we can find cuprite nanowires obtained by electrodeposition from a "reverse" (or
"inverse") hexagonal liquid crystal mesophase.

10



In Wu et al., 2020, the soft templating method is defined as referring to the use of molecular systems
possessing some organization structure. The authors are introducing three major soft templating
methods: surfactant templating, emulsion templating and breath-figure templating. The surfactant
templating is the family of methods to which LCT belongs (actually, LCT and TLCT methods are
nested into the surfactant templating methods, nested into the family of soft templating methods). The
surfactant method uses molecular aggregates (micelles, liquid crystals, vesicles, etc.) formed by
surfactant molecules. As illustrated in the review by Wan and Zhao, through their relevant interactions,
the aggregates are the agents driving the templating process. The structured porous materials are
including silicon dioxides, metals and metal oxides (see Wu et al., 2020, and references therein). Being
generally the surfactant molecules some organic molecules, the in-situ carbonization of them can
enhance the conductivity of final scaffold, “making this method an important tool in the field of energy
storage” (Wu et al., 2020).

The review by Wu and coworkers, 2020, is regarding the hierarchically structured porous materials. The
materials are exhibiting a hierarchy of the pore size, so that in them we can find micro-, meso- and
macropores. These structures are used in catalysis, photocatalysis, adsorption, separation, energy
conversion and storage (see the references given by Wu et al.). As stressed by the authors of the review,
the materials are featuring different levels of porosity, characterized by a pore regularity at each level,
with interconnection between each level of porosity. In these materials, the access to a volume with
relevant porosity and high surface area facilitates the transport of electron / ion and the diffusion of
mass. These characteristics are relevant for the energy storage technology (Wu et al., 2020, Sun et al.,
2016, Li et al, 2012).

Modified Stober process

Among the templating methods for silicas we can find the Stober process and its modifications
(Niculescu, 2020). Werner Stober and his team proposed a method to prepare silica particles of
controllable and uniform size in 1968. In their process, a molecular silica precursor, such as
tetraethylorthosilicate, first reacts with water in an alcoholic solution. The resulting silicic acid
molecules are building the final silica particles as spheres. The developed system of chemical reactions
was able to control the growth of silica particles of uniform size. Ammonia was used as a
morphological catalyst.

Soon after, some patents had been applied to modify the method to have silica spheres with hollows
inside. Among them, we find the patent by Chiola et al., applied in 1969 and approved in 1971. In it, we
can find described an improvement for producing silica from tetraalkylsilicate in the presence of
cationic surface-active agents. In particular, we find that TEOS and surfactant CTAC
(cetyltrimethylammonium chloride) were used in an example. In 1997, Di Renzo et al. repeated the
synthesis described in the patent obtaining highly ordered hexagonal MSM, that is a mesoporous silica
material having the properties of MCM-41 (Xu et al., 2009). In their work, Di Renzo and coworkers
observed that Ralph K. Iler had already reported in his book of the patent by Chiola et al., but stressing
that this patent does not give the characterization of the precipitation product beyond its bulk density.
Mentioning Huo et al., 1994, Di Renzo et al. are adding that the "low-density material of Chiola et al. is
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not only a forerunner of MCM-41 silica, but also of surfactant-templated materials of different
composition”.

In another publication of 1997, Griin et al. discussed a modified Stober process to have spherical porous
particles. The researchers noted that MCM-41 material obtained by the classical procedure of Beck et
al., 1992, yields loose agglomerates consisting of a wide particle size distribution. However, the control
of the particle morphology of MCM-41, which can provide the synthesis of beads of defined size,
“could open up new possibilities for the application of MCM-41 as a packing material in
chromatography or as an easy-to-handle form of MCM-41 for catalytic purposes”. Griin and coworkers
stressed that in 1997, only hexagonal prisms of MCM-41 have been reported in the literature, and
therefore their communication was describing the first synthesis of spherical silica particles featuring an
MCM-41 structure. It is told that “the synthesis procedure itself is a modification of Stober’s well-
known synthesis of monodisperse silica spheres”. The researchers modified Stober process by adding a
cationic surfactant to the reaction mixture, thus providing a source of micelles. Again, the n-
hexadecyltrimethylammonium bromide and n-hexadecylpyridinium chloride were used as cationic
surfactants, while ethanol was chosen as the solvent and tetracthoxysilane (TEOS) served as the silica
source. Aqueous ammonia was used as a catalyst.

In 1999 and 2000, another modified Stober process was proposed for the controlled formation of silica
spherical particles (Boissiere et al., 1999, 2000). In Boissi¢ére et al. we can find mentioned, at the
beginning of the article, among the “micelle templated structures” (MTS) the mesoporous alumino-
silicates M418S. It is told that since their discovery, research has succeeded in expanding the use of ionic
surfactants. Moreover, the article is pointing out that the use of non-ionic surfactants such as those
based on polyethylene oxide and block-copolymers produced a whole family of mesoporous silicas
named as MSU-V, MSU-G and MSU-X. In the last silicas, X refers to some non-ionic surfactant
molecules (see please the given reference for details).

The synthesis proposed by Boissiére et al. is based on a sodium fluoride aided hydrolysis of
tetraethoxysilane. The mixture is dissolved into a dilute solution of non-ionic polyethylene oxide-based
surfactants. The researchers modified the synthesis process, asserting that the changes they have
introduced drastically influenced the result of the preparation. The main feature of their approach lies in
the possibility of discriminating the hydrolysis and assembly steps in the synthesis of the particles. To
this purpose, the researchers added an intermediate step where a mild acidic medium was used. During
this step it was observed a stable colorless microemulsion, containing all the reactants. Accordingly, the
researchers concluded that a homogeneity at molecular level was achieved before the start of the
reaction.

Let us note that in (Liu et al., 2006), the method proposed by (Kresge et al., 1992) has been assigned as
a “modified Stober method” tout court. It is also necessary to add that, in 1997, Liidtke et al. obtained
porous silica spherical beads to be used in chromatography, again with a modified Stober method. To
induce an inner particle porosity of the Stober beads, the researchers modified the procedure in such a
way to use n-alkyltrimethoxysilane as an additive to the starting reaction solution (as disclosed by
Kaiser and Unger in the Patent Application No. P19530031.9, 1995). The final product is an
organosilica composite, where we can find n-alkyl groups in its volume. To produce the porosity inside
the particles, the beads are subjected to calcination. During calcination, the organic alkylchains are
removed. Liidtke et al. are consequently asserting that using n-alkyltrimethoxysilane as porogene and
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by adjusting the relative content of tetraethoxysilane in the starting solution, it is possible to control the
pore structure of the beads.

Since some silica precursors had been previously mentioned, let us suggest the article by
Karamikamkar et al., 2020, where it is possible to find a list of several of them, used in the framework
of the production of aerogels. Some n-alkyltrimethoxysilane coupling agents are given in Nakazumi and
Hara (2017).

The surface

We have seen that it was thirty years ago that the “liquid crystal templating” was proposed and the
MSMs popularized. But, as already asserted by Niculescu (2020), it was in 2001 that MCM-41 MSMs
begun to be considered for bio-medical applications. Of 2022 it is a review (Vallet-Regi et al., 2022)
which is giving a detailed description of MSMs as drug delivery systems, besides mentioning the
chronology of the events regarding the syntheses of mesoporous materials (LCTs, TLCTs, modified
Stober processes as in Niculescu, 2020). It is stressed once more the fact that it took about ten years to
find the mesoporous materials mentioned as drug delivery tools, the first time right in an article by
Vallet-Regi and coworkers, 2001.

In the review of 2022 we can find some of the features of MSMs that are relevant for drug delivery.
One is the homogeneity of the porous size, which allows the possibility to control the load and release
of drugs. Another characteristic, which is regarding the surface of the silica, is its content of silanol
groups that, according to Vallet-Regi et al., 2022, can be modified to obtain a better control of the
material in the drug delivery.

In (Zhao et al., 1997) a comprehensive study of the surface chemistry of MCM-41 is given. The
spectroscopic investigation found three types of silanol groups, which are: single, (SiO);Si—OH,
hydrogen-bonded, (Si0O);Si—OH-OH-Si(Si0);, and geminal, (SiO0),Si(OH).. The number of silanol
groups on the surface is depending on the method used for the template removal. The researchers
pointed out that the free silanol groups - single and geminal silanols - are those which are easily
accessible for processes of silylation, which are used to modify "both the physical and chemical
properties of MCM-41". From the article, it seems that the "physical" property is related to the
physically adsorbed water.

Figure 5: On the left, grey color represents the
walls of the pores in silica (black). White
represents the section of the pores when they cross
the faces of the cubic unit cell. On the right, the
characteristic pore system of KIT-6 (see Van Der
Voort et al., 1998; in the given reference it is told
that the structure is consistent with the model of
cubic phase Q*° proposed by Mariani et al., 1988,
for water - surfactant systems).
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Cubic KIT-6 and KIT-5

As previously told, in 1992 MCM-48 MSM had been produced having cubic /a3d symmetry. Today,
another MSM family with space group /a3d is known as KIT-6. These materials were first synthesized
by Ryong Ryoo's research group of the Korea Advanced Institute of Science and Technology in 2003
(Kleitz et al., 2003). The regular structure is characterized by a three-dimensional two independent
interpenetrating arrangements of mesopores (see Fig.5), analogous to those observed in the structure of
MCM-48 material, but with larger pore sizes, besides possessing a high hydrothermal stability
(Wawrzynczak et al., 2022). The KIT-6 network of channels can provide easy access and diffusion for
different molecules in the channels without blocking them (Wawrzynczak et al., 2022).

As we will see during the discussion of the cubic phases of LLCs, and as stressed in 2022 by Vallet-
Regi et al. for the similar MCM-48, the two independent pore systems of the /a3d cubic structure are
separated by a gyroid minimal surface. This minimal surface has a zero mean curvature and a saddle
splay (negative Gaussian) curvature. For what concerns the surface of the pores and the presence of
silanol groups, they have been considered by Basso et al., 2020, that studied the concentration of the
groups, relevant when the material is used for adsorption.

In 2005, the Ryong Ryoo's group announced the production of MCM-48-like large mesoporous silicas
via a facile synthesis by means of a ternary triblock-copolymer—butanol-water system (Kim et al.,
2005). As shown by the research, the cubic phase domain is remarkably extended by controlling the
amounts of butanol and silica source correspondingly. The extended phase domain leads to facile
synthesis of the cubic /a3d. These cubic materials possess high specific surface areas, high pore
volumes, and tunable pore diameters in narrow distribution of sizes ranging from 4 to 12 nm. The
authors studied also the carbon replicas, using sucrose as the carbon precursor, stressing that they
obtained either the same la3d structure or /41/a (or lower symmetry), depending on the controlled
synthesis conditions for silica.

Let us see in detail (Kim et al., 2005), how the mesostructured silica materials were prepared using a
mixture of poly(alkylene-oxide)-based triblock-copolymer Pluronic P123 (EO2PO7EO,9) and n-butanol
as a structure-directing mixture. The silica source was tetraethylorthosilicate TEOS or sodium silicate.
The molar composition of the starting reaction mixture was given by P123, TEOS, BuOH, HCI and
H,O (see more detail in the given reference). The reaction temperature with TEOS was fixed at 308 K,
and hydrothermal temperatures were varied from 308 to 403 K. For the typical preparation of a cubic
la3d mesoporous silica KIT-6, P123 is dissolved in distilled water and HCI solution with stirring at 308
K. After complete dissolution, BuOH is added at once. After stirring, TEOS is added at once to the
homogeneous clear solution. This mixture is stirred at 308 K for 24 h. Subsequently, the mixture is
aged at 373 K for 24 h under static conditions (this process is referred to as hydrothermal treatment).
The white precipitated product is filtered and dried. Surfactant-free mesoporous materials are obtained
after a brief ethanol/HCI washing and subsequent calcination.

The facile synthesis is also used by Wawrzynczak et al., 2022, where the researchers reported their
synthesis route of KIT-6 with commercially available P123—butanol mixture in aqueous solution. Also
by Wawrzynczak et al., 2022, it is stressed that the structure can be used as a template to fabricate
successfully bicontinuous arrays of nanotube-type carbon, the CMK-9 mesoporous carbon, as well as
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rod-type, the CMK-8. CMK means Carbon Mesostructured by KAIST, Korea Advanced Institute of
Science & Technology.

Pluronic P123 is a symmetric triblock-copolymer comprising poly(ethylene-oxide) (PEO) and
poly(propylene-oxide) (PPO) in an alternating linear fashion, PEO-PPO-PEO. In the copolymer we
have the hydrophilic ethylene oxide and the hydrophobic propylene oxide, then Pluronics have an
amphiphilic structure (Shirwaiker et al., 2014). Pluronic is also known as Poloxamer 407. And, because
of their amphiphilic characteristics, that is the presence of hydrophobic and hydrophilic components,
Pluronics have surfactant properties so that they can interact with hydrophobic surfaces and biological
membranes (Bearat & Vernon, 2011). In the same reference it is told that, being the material
amphiphilic, the individual block copolymers, which are known as unimers, can form micelles in
aqueous solutions. If the concentration of unimers is below that of critical micelle concentration
(CMC), unimers remain as a molecular solution in water. As the concentration is increased above CMC,
unimers self-assemble and form micelles, displaying spherical, rod-shaped or lamellar geometries.

Have we a TLCT process? It is not easy to answer. However, we have for sure a surfactant-assisted
process. In any case, Pluronic P123 is an LLC material (and we have found it at the beginning of our
discussion when we have mentioned the work by Bruckner et al). In (Zhang et al., 2008), the
researchers have observed lyotropic liquid-crystalline phases formed by P123 in ethylammonium nitrate
(EAN). The lyotropic mesophases which are displayed at 25 °C are: normal micellar cubic, normal
hexagonal, lamellar and reverse bicontinuous cubic. The mesophases have been identified by means of
the polarized light optical microscopy and small-angle X-ray scattering measurements. As told by
Chen et al., 2012, in the aqueous system the phase behavior of P123 was very similar to that in EAN
with the Fm3m 1, cubic phase appearing at 30 wt%, as previously reported in the literature (Soni et al.,
2006). Being the (EO)y head group of P123 considerably larger than that of other amphiphiles, it is
observed an increase of the curvature which is promoting the formation of cubic phase in EAN and
water (Chen et al., 2012). The lamellar phase was formed at lower concentrations in water compared to
EAN. This experimental result tells that the phases formed in water are shifted towards lower
concentration regions. Let us stress also that P123 forms lyotropic phases at room temperature.

The Fm3m cubic phase is a cubic close-packed structure where spherical micelles are assembled (see
Aleandri & Mezzenga, 2020, for a picture of the inverse Fm3m phase and other lyotropic phases). Let
us remember that /' means face centered, Flachenzentriert.

In 2003, Kleitz et al. disclosed the synthesis of a large cage face-centered-cubic Fm3m mesoporous
silica. The name of this material is KIT-5. The cubic Fm3m symmetry has been determined by powder
X-ray diffraction (XRD) and transmission electron microscopy (TEM) analyses. The calcined samples
are providing large cages made of silica. The method to produce this material is based on an aqueous
synthesis involving the use of Triblock Copolymer F127 at low HCI concentrations. The application of
hydrothermal treatments, with temperatures ranging from 45 to 150 °C, produces different mesopore
diameters and apertures. Using KIT-5, in 2005, Vinu et al. produced cage type mesoporous carbon, that
is a "carbon nanocage".
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MCM, KIT, SBA, FDU, MSU et al.

MCM-48 and KIT-6 have the same cubic group /a3d, but they have been originated from different LCT
materials. Moreover the materials can be subjected to different calcination processes and, consequently,
have different silanol groups on the surfaces of the pores. The same is true for other geometries of
MSMs. We can find hexagonal MCM-41 and hexagonal SBA-15, a mesoporous silica sieve developed
by researchers at the University of California, Santa Barbara. Mesoporous silica SBA-15 is synthesized
using Pluronic P-123 and tetracthoxysilane (TEOS) for the source of silica. Again, we have the same
symmetry of MSMs, templated with different products.

The discovery of SBA-15 is ascribed to the Galen D. Stucky Group in 1998 (Zhao et al., 1998). SBA-15
has a high specific surface area in a final material which is stable and displaying a high mechanical
resistance (Galarneau et al., 2007, Benamor et al., 2012). In Roucher et al., 2019, it is stressed that the
main feature of the materials is the presence of quite large pores, with respect to zeolites, which is
consequently allowing even large molecules to diffuse. In the discussion by Vallet-Regi et al., 2022,
SBA-15 is shown having a structure with pores arranged in hexagonal order, with micropores in the
walls which are connecting the mesopores. Then SBA-15 is a micro-mesopore silica material (Ojeda-
Lopez et al., 2021).

For SBA-15 we can find a detailed description of the processes leading from the initial mixture to the
mesoporous final material (Alfredsson & Wennerstrom, 2015). The researchers were able to identify 12
different stages. The first stage is the hydrolysis of the source of silica into Si(OH) and alcohol. The last
stage is the calcination of particles at 500 °C, during which the organic polymer components are
removed and the silica network consolidated. For the step number 7, the researchers are mentioning the
transformation of particles containing cylindrical micelles into particles possessing an internal liquid
crystalline order with 2D hexagonal symmetry. At the end of the process, we have particles having the
size of 1 micron. Therefore Alfredsson and Wennerstrom were able to identify the presence of a liquid
crystalline internal order during one of the stages of the process.

Let us consider again the "cooperative self-assembly" process as illustrated by Wan and Zhao, sketched
in the present discuss in the Figure 2, and compare it with the sequence given by Alfredsson and
Wennerstrom. The components for the synthesis of SBA-15 are Pluronic surfactant, silica precursor
TMOS and HCI. As previously told, during the first step, the tetramethyl orthosilicate is hydrolyzed
under strong acidic condition. And here it starts a sequence of polymerization reactions. Without the
Pluronic block copolymer, we observe the silica polymerization which produces a silica gel. According
to Alfredsson and Wennerstrom, the Pluronic block copolymer does not have a relevant effect on the
silica polymerization but it is strongly influencing the silica networking. The Figure 2 of the paper by
Alfredsson and Wennerstrom is giving schematically the evolution of system. We can see that the
spherical micelles turn gradually into elongated cylindrical micelles, so that these micelles are able to
display a liquid crystalline order (see also the work by Linton et al., 2009).
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Figure 6: A cartoon, partially according to that proposed by Alfredsson and Wennerstrom. From left to
right: a spherical micelle, a spherical micelle surrounded by SiOs, aggregation of micelles, elongated micelle
surrounded by silicates.

In the Fig.6, the cartoon is different from that given by Alfredsson and Wennerstrom. The difference is
in the distribution of silicates. Here we considered Emma Johansson, 2010, telling that silicate
"preferably adsorbs onto low curvature sections of the micelles".

Summarizing this section, we can tell that among MSMs we can find the SBA (Santa Barbara
Amorphous) materials, the FDU (Fudan University) materials, besides the Korea Advanced Institute of
Science and Technology (KIT) and the MCM (Mobil Composition of Matter) materials. We have also
the anionic-surfactant-templated mesoporous silica (AMS) family (Yokoi et al., 2003), and MSU-V,
MSU-G and MSU-X too, which are materials referring to the mesoporous silica from Michigan State
University. The article by Wan and Zhao provided detailed tables and references about MSMs, however
the list is of 2007 and therefore not mentioning latest materials.

It was for sure the wide range of applications in catalysis, adsorption and separation, that have boosted
the production of so many ordered MSMs (Kim et al., 2015). In this framework we must consider that a
finite number of geometries, that is of symmetry groups, exist but the different methods of preparing the
mesoporous silica give different final materials, besides any further doping of them of course. In any
case, the “beauty” of the templating mechanisms is coming from the already existing knowledge of
LLCs (Bruckner et al., 2021).

Particles and supramolecular assemblies

Before discussing LLC mesophases, let us consider some further information about MSM particles and
films. MCM-41 silica particles can be synthesized with several morphologies (Cai et al., 2001). In the
given reference we can find nanospherical MCM-41 silica, submicrometer-sized silica rod, and
micrometer-sized oblate silica. About MCM-48, Kong et al., 2005, tell that the synthesis of single
crystals is difficult. Only a few reports of MCM-48 with crystal shapes have been presented (crystals
with truncated rhombic dodecahedral shape), besides the cube morphology displayed by their
publication (Kong et al., 2005). Single crystal cubes have a size of 1 micron.
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About the particle size, we can find an article mentioning a facile synthesis route (Kim et al., 2010) to
have monodisperse spherical MCM-48 MSM particles, possessing the cubic /a3d symmetry of pores
inside. The phase domain is extended by controlling the stirring rate and molar ratios of silica source
and surfactant. Triblock-copolymer Pluronic F127 is used to determine the particle size. Kim et al. were
able to control the average size of spherical MSM particles, within the range of 70—500 nm, changing
the amount of F127. Actually, the researchers investigated binary systems with different non-ionic
surfactants, used as "particle grain-tailors" inhibiting the grain growth. Kim et al. deeply investigated
the morphology of MCM-48 particles obtained with different surfactants: the TEM?* images evidenced
that the spherical particles resulting from the addition of F127 do not show aggregation between
particles. From the images given in the article, it seems that inside the particle the crystal is as a
monodomain.

As we mentioned earlier, Kong et al., 2005, give their route to the MCM-48 monocrystals. In the article
it is also specifically told that mesoporous silica particles are produced by means of a "supramolecular
templating method". The authors are stressing that the material has no true crystalline order. The wall
of the pores is made by amorphous silica, with a short-range order indeed, whereas the channel
structure possesses a long-range order on the mesoscopic scale. About the supramolecular order, let us
remember that the remarkable feature of LLCs, turning them different from TLCs, is the self-
assembling of the amphiphilic molecules as supramolecular structures. These structures are the basic
unit of the mesophases (Neto & Salinas, 2005). In any case, in (Kong et al., 2005), it is not mentioned
LCT or TLCT but a supramolecular templating method.

The supramolecular template is discussed in (Beck et al. 1994; 1995). In these publications authors
remember the previous works by (Kresge et al., 1992; Beck et al., 1992), and stress that the proposed
mechanism for the formation of M41S (liquid crystal templating, LCT) is a method in which
supramolecular assemblies of a surfactant serve as one component of the operative template for the
formation of these materials.

According to the authors (Beck et al., 1994), the results given in the article are reinforcing the
hypothesis that M41S materials are formed through a mechanism in which aggregates of cationic
surfactant molecules in combination with anionic silicate species form a supramolecular structure.

In Martin et al., 2002, we can also find the templating method defined in a different manner, and the
silica told as “micelle templated silica" (MTS). Martin et al. are stressing that the development of MTS
has been "one of the most original fields of materials research since the seminal papers from the Kresge
and Beck groups on MCM-41 and MCM-48”. It is also remarked the importance of the control of size
and shape of adsorbent particles as an essential condition for any chromatographic application. The
reasons to have in experimental studies, where colloidal suspensions are used, a phase consisting of
homogeneous particles possessing uniform shape and size had been clearly explained by Stéber and
coworkers in 1968. A monodispersed particulate suspension offers experimental and theoretical
advantages. It facilitates easy calibration procedures for analytical equipment, reducing the data. A
consequent easier evaluation and interpretation of experiments is possible, since the results are no
longer biased by the parameters concerning the size and shape particle distribution.

2 TEM image of a mesoporous silica nanoparticle (Courtesy Victor Lin group at lowa State University, has
been released in the public domain, Archived). See for instance Vivero-Escoto et al., 2010, Slowing et al.,
2010.
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As previously told, Stober et al., 1968, developed a system of chemical reactions to control the growth
of spherical silica particles of uniform size. Today the method proposed in 1968 is named “Stober
method”; any method to have spherical mesoporous silica particles can be mentioned as a “modified
Stober method”.

Let us add an observation from the review by Ariga et al., 2012. About the device innovations, the
researchers observed that, so far, it was due to the development of fop-down approaches to specific
microfabrication techniques. But, "those top-down techniques are not useful" in the case that "chemical
processes are used as the operating principle". Therefore, we are forced to bottom-up approaches which
can create novel functional materials possessing features at nanometric scale. The reason is that the
bottom-up methods are based on self-assembly processes, which are able to produce selected structures,
"through spontaneous association of atoms, molecules, clusters, and particles".

Hollow spheres

Let us consider here another peculiar “modified Stober method”. In Zhu et al., 2005, we can find the
preparation of hollow mesoporous silica spheres (HMSs), with a uniform size and morphology. The
used co-template materials are poly(vinylpyrrolidone) (PVP) and cetyltrimethylammonium bromide
(CTAB). The hollow structure is characterized by hexagonally ordered pore channels on the shell. The
researchers described the process as a typical synthesis procedure. Poly(vinylpyrrolidone) and NaOH
were dissolved into water with stirring. When the solution turns clear, CTAB was added. After its
complete dissolution, TEOS is poured into the PVP/CTAB solution, vigorously stirring it for 24 h. The
solution was then sealed in Teflon-lined autoclaves at 80 °C for 48 h. The product was filtrated and
dried and then calcinated to remove the templates. Low-angle XRD analysis shows that calcined HMSs
possesses "hexagonal symmetry structure (P6mm) typical for MCM-41".

As noted by Zhu et al., without the co-template PVP, the conventional MCM-41 can form at room
temperature. Therefore, the role of PVP is considered as crucial to form the hollow mesoporous silica
spheres. Previous literature (Tsitsilianis et al., 2000, Thibaut et al., 2000) had shown that using a given
amount of PVP in a basic aqueous solution, the formation of spherical aggregates is observed. The
hydrophilic parts of PVP is at the outer interface with solvent. CTAB molecules are adsorbed around
the PVP aggregates. Then, the hydrolysed TEOS is assembling itself with CTAB around PVP
aggregates. In this manner, the ordered MCM-41-like structure is forming the outer shell. After
calcination, PVP and CTAB are removed and the silica shell remains.

Dendritic mesoporous nanoparticles

We have seen the spheres with ordered mesoporous structures and also the shells with MCM-41
arrangement of pores. However, other different structures exist; they are mentioned as "dendritic
mesoporous silica nanoparticles” (DMSNs). As told by Xu et al., 2022, understanding the possible
“dendritic structures” and their formation mechanisms is fundamentally important for applications. By
means of electron tomography, two types of tree-branch-like and flower-like structures have been
determined. DMSNs have central radial pore structures, that is, unconventional open pore structures in
particles of uniform size. As stressed by the researchers, the DMSNs have unique properties: the pore
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entrance is larger than the mean pore size, the pore size distribution can be broad, the particles have
generally a uniform size of the spherical morphology, and the wall structures of the pores is different
from that of MSNSs. Therefore, "Those structure features indicate different formation mechanisms for
the “dendritic” MSNs from traditional ones" (Xu et al., 2022).

In the review by Xu et al,, it is told that we can find more that 800 papers in the Web of Science
indexed by keywords “dendritic mesoporous silica”, “fibrous mesoporous silica”, “radial mesoporous
silica”, and that there is an" ongoing debate" concerning the formation mechanisms. This is reflected
by the several terminologies that we find in literature (“dendritic”, “dendrimer-like”, “fibrous”,
“wrinkle”, “radial”, “fractal”, “chrysanthemum-like”, “dandelion-type”, ‘“stellate” and “core-cone
shaped”, see the references given by Xu et al., 2022). The formation mechanisms based on soft-
templates, are discussed in the review. For example, the flower-like DMSNs have been fabricated using
soft-templating in a sol-gel process. The predominant template materials are Cetyltrimethylammonium
bromide (CTAB), cetyltrimethylammonium chloride (CTAC), and cetylpyridinium bromide (CPB).
"The addition of oil or specific anions along with the cationic surfactant templates is the key to the
formation of the nanoparticles with flower-like morphology". More details in Xu et al., 2022.

Templates for photonic crystals

A peculiar form of surfactant-assisted templating is that producing photonic crystals. These crystals are
metamaterials characterized by a periodic dielectric function, able to produce photonic bandgaps, so
that electromagnetic waves cannot propagate in a specific wavelength range, known as the "gap"
(Yablonovitch, 1987). The photonic bandgap (PBG) is determined by the refractive index of the
dielectric medium and by the lattice parameters of photonic crystals. In (Li et al., 2020), we can find a
surfactant-templated mesoporous material used to create a photonic crystal with MCM-41 geometry. In
the article it is observed that the PBG of the templated material, a vertically aligned mesoporous MCM-
41 film, is in the extreme ultraviolet wavelength range (5 ~ 40 nm). The film was prepared by means of
an electrochemically assisted self-assembly (EASA) method on an ITO plate. The solution was made
by water, ethanol, NaNO; and the cetyltrimethylammonium bromide (CTAB) as surfactant. Then,
tetracthoxysilane (TEOS) was added to this mixture. After the growth of the surfactant-templated
mesoporous material, the film was dried and aged, and the surfactant template removed. EASA method
was proposed by Goux et al., 2009. By means of it, we can obtain highly ordered and vertically oriented
mesoporous silica films.

Macro-mesoporous silica

When discussing the soft templating, we have mentioned the article by Wu et al., 2020. The article is
deeply investigating the hierarchically structured porous materials, characterized by an interconnected
hierarchical porosity. Wu et al. are reporting the recent progresses to have materials best suited for
energy storage. Therefore, besides the pure MSMs, we can find a wide variety of silica materials
possessing for instance macro- and mesopores.

In Roucher et al., 2019, we can find a method to produce a meso-macro-silica material. The authors
consider that MSMs are produced in fine powders but some monolithic silica materials can be
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interesting for several applications too; therefore they are proposing to combine the emulsion
templating mechanism for monolithic Si(HIPE) materials (Carn et al., 2004) with the "cooperative
templating mechanism" used for the mesostructured silica. Si(HIPE)s are produced with concentrated
emulsions of a system made of tetradecyltrimethylammonium bromide (TTAB), dodecane, water and
TEOS. Then, to the emulsion, P123 is used to control the porosity. The researchers stress that ionic and
non-ionic surfactants can interact producing features different from that ascribed to the individual
surfactant. For this reason, the TTAB/P123/water system has been investigated and the role of the
dodecane determined, to have more information about the formation mechanism of the desired
hierarchical porous silica, that is with macro- and meso-pores. The Figure 9 in Roucher et al., 2019,
gives the appearance of the synthesized macro-mesoporous silica, besides the pore size distributions as
a function of P123/TTAB ratio. As in the previous work by Roucher et al., 2018, the proposed material
is a new macro-mesocellular silica SBA-15-Si(HIPE) monolith. Actually, as told before, SBA-15 is a
structure with mesopores arranged in hexagonal order and micropores in the walls which are connecting
the mesopores. Then, the SBA-15-Si(HIPE) monolith is a micro-meso-macroporous silica material.

What does HIPE mean? It means High Internal Phase Emulsion. As told by Depardieu et al., 2016,
HIPEs are emulsions which have the total volume fraction of the droplet phase (internal phase volume
fraction) exceeding 0.74. This value is coming from the most compact packing of spherical, uniform ed
undistorted droplets in a unit cube. Depardieu and coworkers provide a detailed description of
emulsions®, oil/water for instance, and their interfaces "employed as chemical reactors at a glance". To
enhance the thermodynamic stability of interfaces, surfactants are used. According to the Bancroft rule
(1913), a surfactant possessing higher affinity with respect to one of the phases promotes this phase to
be the continuous one.

As told by Depardieu and coworkers, the interfaces in the emulsion possess a high charge density which
is favoring nucleation and growth processes. In their article, the authors continue with the discussion of
chemical or physical foaming and High Internal Phase Emulsions (HIPEs). The polymerization of the
emulsion continuous phase, used in a soft template process, produces solid microcellular foams.
However, when combined with the lyotropic mesophases, emulsions are "powerful tools to generate
hierarchical porosity", as shown also by Silverstein, 2014.

Lyotropic phases

How many geometries of mesostructures can we observe? If the LCT is a true LCT producing
mesostructures which are the inverse of LC mesophases, then we have a finite number of symmetry
groups. This is the number of mesophases observed in LLCs. Actually, the total number of the space
groups in three dimensions, which are coming from the symmetries for translation, rotation and
reflection, is quite great being of 230 (the cubic mesophase with Ja3d symmetry is Q*°).

As previously told, for LLCs we need an amphiphilic surfactant that can form aggregates through a
self-assembly process when the molecules of the amphiphilic mesogen are dispersed into a non-
mesogenic solvent. In aqueous media, the driving force of aggregation is due to the features of
amphiphilic molecules, characterized by hydrophilic head-groups, which create surfaces into aqueous

3 For emulsions, see please also Sharma and Shah, 1985.
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solution, able to separate the hydrophobic chains from it. In many cases the lyotropic aggregation
appears when the concentration of the amphiphile exceeds the critical micelle concentration (CMC).

For a mixture of amphiphiles and water, as told by Neto & Salinas, 2005, it was in 1913 that J. W.
McBain proposed the idea of micelles as aggregates of surfactant molecules (Vincent, 2014). In 1949,
Peter Debye recognized the existence of a critical micellar concentration. The research groups by Per
Ekwall, Vittorio Luzzati, and P. A. Winsor performed outstanding investigations, providing basic phase
diagrams such as the main features of the structure of lyotropic phases. A review by Ekwall (1975)
stimulated the practical application of amphiphilic compounds in cosmetics, pharmaceutical and oil
industries (Guo et al., 2010).

At low concentration, above CMC, self-assembled aggregates coexist with monomeric amphiphiles in
solution. The phase is not a mesophase, being isotropic. The dispersion is generally referred to as a
micellar solution. At higher concentration, they appear true LLC phases. The increased concentration of
amphiphile in water forces micelles to arrange regularly in space. The simplest liquid crystalline phase
that is formed by spherical micelles is the 'micellar cubic', with micelles arranged in a cubic lattice
(face centered cubic, body centered cubic, hexagonally closest packed). At higher amphiphile
concentrations, the spherical micelles can merge to produce cylindrical aggregates, giving a long-
ranged hexagonal lattice. This is the hexagonal phase. A lamellar phase, analogous of the smectic phase
of TLCs, can also be observed. This phase consists of molecules arranged in bilayers separated by
water. Between the hexagonal phase and the lamellar phase often a bicontinuous cubic phase appears as
intermediate phase. Further increase of the amphiphilic molecules concentration can produce the
"inverse" topology lyotropic phases. Inverse topology phases are more readily formed by amphiphile
molecules possessing two hydrocarbon tails, such as phospholipids.

All these supramolecular structures are due to the “hydrophobic effect”, which is driving the local self-
assembly of surfactant molecules in order to minimize the unfavorable hydrophobic contact with water
and, at the same time, maximize the hydration of the hydrophilic heads of the molecules (Perroni et al.,
2015). The consequent energetic arrangement, driven by the concentration, induces the formation of
periodic LLC mesophases. Perroni et al. add that the interfacial curvatures of the supramolecular
structures depend upon temperature and pressure. The molecular structure of the molecules is also
fundamental.

LLCs phases are distinguished into Type 1 and Type II morphologies. Type I is the “normal”
morphology with interfaces curved toward the hydrophobic domains. Type II is the “inverse”
morphology having the interfaces curved toward water.

Normal Inverse
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Figure 7 - Cross-section of the normal and inverse (or
reverse) Hexagonal phase (heads in red, tails in grey).
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For a better comprehension of LLC mesophases, let us consider the temperature-composition phase
diagram of monoolein (Qiu & Caffrey, 2000; Caffrey & Cherezov, 2009), defined in the given
references as the most successful lipid used for meso-crystallogenesis. As in Caffrey & Cherezov,
2009, let us focus on the 20 °C isotherm, starting from the cubic mesophase (see please the phase
diagram at the following link https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2732203/figure/F1/).
This mesophase is accessed in the monoolein/water system at 20 °C, composition of about 40 % (wt/wt)
water (hydration limit). The mesophase is cubic phase Q*** with space group Pn3m. In the case that
some water is added beyond the hydration limit, it appears a phase corresponding to cubic phase boli
sitting in an excess of precipitant solution (Caffrey & Cherezov, 2009). Moving along the 20 °C
isotherm, and reducing hydration, after the cubic phase with symmetry Pn3m, a second cubic phase
appears. It is Q*° phase with space group la3d (Figure 8). Continuing to reduce the water content, the
lamellar liquid crystalline L, phase is produced, a phase consisting of planar lipid bilayers, separated by
water. A further reduction in water gives rise to the lamellar crystalline or L. phase. This is not a
mesophase but a true solid.

Figure 8: Cubic structure with /a3d symmetry. The model was proposed by V. Luzzati et al., 1967, 1968, as
consisting of two interwoven, but not connected, networks of rods which are connected three by three. These
rods represent the axes of water channels for low degrees of hydration (inverse phase). The networks are
separated by a film of amphiphilic molecules. For higher degrees of hydration, the rods are the axes of
cylinders of amphiphilic molecules, with the two networks separated by a film of water.

Figure 9: la3d compared with Pn3m, as depicted by Tresset, 2009.
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Observing the phases in the Fig.1 of Caffrey & Cherezov, 2009, available at the following link
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2732203/figure/F1/, we can see that, at 20 °C, the
cubic /a3d is spanning a range of %w/w of water from about 23 to 37, therefore quite larger than that of
the cubic Pn3m. The lamellar L, phase ranges from 10 to 20 of %w/w of water at 20 °C. At 95 °C, we
can observe a hexagonal phase H; from 17 to 24 of %w/w of water. In the hexagonal phase, the water is
confined in cylinders the walls of which being the heads of the LLC molecules.

The phase diagram shown at the given link is redrawn from the work by Cherezov et al., 2006. Let us
stress that the cubic phases observed in the given phase diagrams are inverse (reverse) cubic phases. It
is clear from the cartoons accompanying the diagram. In a work that we have already mentioned, that
by Mitchell et al., the phase behavior of polyoxyethylene surfactants (C,EO,,) with water is discussed,
and there we can find normal and reverse cubic phases. In particular the researchers observed the
following mesophases: normal cubic—spherical micelles (I;), normal hexagonal (H,), normal cubic—
bicontinuous (V), that is Q*°, lamellar (L,), reverse cubic—bicontinuous (V). The normal hexagonal
and cubic mesophases were the templates used by Attard et al. to prepare their mesoporous silica.

To have a further illustration of the normal and reverse phases, let us use the Figure 2 of the article by
Huang and Gui (2018). The article is released according to CC BY-NC 4.0. Many thanks to the authors
for the precious illustration, that we arranged to obtain the following schematic view of some lyotropic
mesophases (normal and reverse).

&

L% " Normal discontinuous cubic

Normal Normal hexagonal (H1)
micelle
tails inside 9 tails outside
"y
Normal bicontinuous cubic & Reverse bicontinuous cubic
Reverse hexagonal (H2) \uw Revene
Reverse discontinuous cubic & - %, micelle

Figure 10: Some normal and reverse phases, as illustrated by Huang and Gui (2018), in an article released
according to CC BY-NC 4.0. Many thanks to the authors.

Cubic soft crystals

For what concerns the lyotropic cubic phase, let us stress what was told by P. Pieranski, 2011, about the
soft crystals. We can find that the denomination “soft crystals” has been coined by Noziéres et al.,
2001, who had the purpose to mark out a special class of liquid crystalline mesophases, that is, the
thermotropic and lyotropic cubic mesophases. Pieranski tells that the cubic structure is crystalline, but
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at the same time, it is also liquid. The huge unit cells are partially liquid (see the Figure 8). Because of
their “liquid crystalline” structures, these cubic mesophases have special physical properties such as the
“soft elasticity”, that is, they are “soft crystals”.

However, it is better to add what J. Charvolin told in 1981, when a typical phase diagram for a
potassium soap-water system had been considered. The cubic phase (/a3d) has a 3-dimensional order.
However, this long-range order does not result from the propagation of a short-range order at the
molecular level as in crystals. Charvolin adds that this fact requires a better description of the paraffinic
medium. Studies by NMR show that the disorder of the chain is dynamic. Chains are distorted by rapid
isomeric rotation around their C-C bonds and the accessible conformations are limited by the
anisotropic field of the interface. They diffuse in the structure with a diffusion coefficient comparable to
that of liquid paraffin. Charvolin explains that the paraffinic medium in the phase with disordered
paraffinic chains may be considered as a melted paraffin constrained by the soap-water interface.
Therefore, the phase can be represented pictorially as an entanglement of two liquids water and
paraffin. We can consider the phase as a liquid crystalline phase in the sense that it is mixing short-
range liquid state and long-range ordered state. For this reason, the lyotropic LC cubic phase is different
from a classical phase of a thermotropic LC where molecules are organized in an intermediate order
between crystalline and liquid states, and where short- and long-range order are directly connected.

In Neto & Salinas, 2005, we can find that the /a3d space group has been the first observed example of a
bicontinuous lipid/water structure (Luzzati & Spegt, 1967). It is found in a large variety of systems:
hydrous soaps of divalent cations, soap and detergent/water in the intermediate region between the
lamellar and hexagonal phase, in lipid/water mixtures at low hydration and high temperature (Luzzati et
al, 1968). Being so available, we can find it easily made in the MSMs.

Besides Q*" we can observe other cubic phases in LLCs. In 1988, Mariani et al. mentioned six cubic
phases at the time identified in lipid-containing systems. According to the researchers, the structure of
three of them (Q*°, Q**, Q") can be described in terms of two three-dimensional networks of
connected rods, mutually intertwined and unconnected (in the Figure 8 we have shown Q*°). In Q*°,
rods are joined 3 by 3. In Q*** the rods are tetrahedrally joined 4 by 4 (Figure 9). In Q** the rods are
cubically joined 6 by 6. For the other three cubic phases, the structures of Q*'? and Q*’ are related to
Q* and Q** structures respectively: one of the two networks of rods is preserved, the other network is
replaced by a lattice of closed micelles. According to Mariani et al., in the case of Q**, the structure
seems consisting of a cage-like continuous three-dimensional network of connected globules, enclosing
a three-dimensional lattice of closed micelles.

In Mariani et al., 1988, it is told that the structures of Q*°, Q***, Q** relate to three fundamental cubic
infinite periodic minimal surfaces. “More interestingly, the structures of, on the one hand Q*°, Q**, Q**
and of Q*%, Q*, Q** on the other, are shown to provide topological generalizations of the two
paradigms of lipid organization; namely, the bilayer and the monolayer”.

The Q*°, Q***, Q** phases are the bicontinuous cubic phases. In Neto & Salinas, 2003, it is told that the
structure of the bicontinuous cubic phases can be discussed from two different points of view. It can be
considered either a structure of folded surfaces or a network of rod-like aggregates. This last one is the
view used in the Figure 8 and 9. The cubic bicontinuous structures identified in LLCs are those of the
space groups la3d (Q*°), Im3m (Q**) and Pn3m (Q**). Q*° phase has been observed with both direct
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and inverted topology. Q™° bicontinuous surface is also called “gyroid infinite periodic minimal
surface” G-IPMS. This surface is in general known as a periodic minimal surface, free from self-
interactions, and characterized by a mean curvature that vanish at each point of the surface (Neto &
Salinas, 2005).

The space groups of Q*%, Q*7, Q** are P4;32, Fd3m, Pm3n respectively.

Inverse cubic phases and membrane curvature

Shearman et al., 2006, are discussing the inverse (reverse) lyotropic phases, which are those possessing
a "negative" interfacial curvature. In particular, the inverse bicontinuous cubic phases are investigated.
Shearman and coworkers describe the curvature elasticity and the related packing frustration involved
in the stability of inverse phases. The article of 2006 is based on the previous works of the research
group on the LLC phases. According to the authors, the "most common and best characterized" of the
mesophases are the bicontinuous cubic la3d, Pn3m and Im3m inverse phases, such as the hexagonal Hy
inverse phase and the micellar cubic Fd3m inverse phase. The schematic view of these phases is given
in the Figure 1 of their review; in the article, the inverse bicontinuous cubic phases are indicated as Q.
Non-cubic phases possessing rhombohedral or tetragonal symmetry have also, but rarely, been
observed. Shearman and coworkers stress that in the commonly observed cubic phases - la3d, Im3m
and Pn3m - the water channels are created in a continuous bilayer that divides the volume "into two
inter-linked but separate aqueous sub-volumes".

After introducing the biological membranes as based on the self-assembly properties of amphiphilic
lipids in an aqueous solution, Shearman and coworkers consider the curvature of the membranes
starting from a flat lipid monolayer. The shape of the monolayer is changed when thermodynamic
parameters are varied. An increase of temperature, for instance, forces the splay of the lipid molecule
tails, producing a curved surface. For what concerns the curvature, at any point of the surface, a normal
vector can be defined and the "principal curvatures" ¢,,c, determined. They are the maximum and

minimum values of the curvature, given as the eigenvalues of the Weingarten operator. The principal
curvatures define the mean A and the Gaussian K curvatures:

H:%(cl+c2) , K=c,c,
Peculiar surfaces are those having a saddle layout, with zero mean curvature everywhere; they are
known as "minimal surfaces". These surfaces have a Gaussian curvature which is continuously varying,
being non-positive everywhere. Shearman et al. tell that these mathematical surfaces were proposed by
Scriven in 1976, for the description of the physical interfaces in ternary microemulsion mixtures of oil,
surfactant and water. As we have previously told, they appear in LLCs thanks to the work by Luzzati
and coworkers.

In the Figure 4 of the review by Shearman et al., in the case of the inverse cubic phases /a3d, Im3m and
Pn3m, the bilayer mid-plane is represented by the minimal surfaces named Gyroid, Principal and
Diamond (we will discuss them further on), so the cubic mesophases are named in the review as

Qg, Qﬁ, QE , instead of the names that we have used before. The review stresses that, although
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these minimal surfaces possess the same area per unit cell, the space is filled with different
compactness.

In the review, the lipid packing parameter S is introduced, S=V/al , where V is the hydrophobic tail
volume, a is the cross-sectional area of the head hydrophilic group, and / is the length hydrophobic
chain in the molten state. A lipid with 1/3 < § < 1/2 tends to form "positively curved" micellar
aggregates, that is, it tends to form LLC mesophases of the "normal" Type 1. In the review the authors
consider the Type II, that is "inverse" mesophases, formed by lipids with parameter S > 1. This happens
in the case of double-tail molecules, where the tail-region splays out with respect to the head region.

Regarding the total free energy of the system, which is consisting of lipid and water molecules,
Shaerman et al. are mentioning the work by Kirk et al. who assumed that the free energy is based on
main contributions coming from the membrane curvature, the packing of the hydrocarbon tails and the
hydration and electrostatic contributions. In Kirk et al., we can find a model where the lipid free energy
is ruled by four terms, that can be subdivided in two sets. The first set is given by the local averaged
properties of the lipid-water interface. In a given phase, these properties consist of the area per polar
group, the mean curvature of the interface, the disorder of the hydrocarbon tails and hydration of polar
heads. This contribution to the free energy is calculated as if the membrane were isolated. The second
set of free energies includes electrostatic terms depending on the boundary at the lipid-water interface,
the hydration effects relevant in short water spaces, and also packing conditions of the tails.

The model of the physical interface of lipid and water is distinguishing three regions: I) the water
region, which is subjected to the perturbation due to the presence of the polar groups; II) the polar
group region, where we find the interaction with itself and with the water; III) the hydrocarbon region,
which is preserving the interface because of its hydrophobic effect but can also exert a pressure on it,
due to the fluctuations of the tails.

Shearman et al. are reporting a refinement of the model, including the hydration and electrostatic forces
in the last term of the following expression:

gtot:gC+gP+ginter

dc,9gp are the contributions coming from curvature and packing. The curvature elasticity was
studied by Helfrich (1973), who modeled the lipid bilayer by means of a thin elastic surface. The
deformation of this surface is associated to an energy which is depending on the curvatures of the
surface, mean and Gaussian curvatures. Bending modulus, k, and Gaussian modulus, kg, are introduced.
The curvature elastic energy per unit area for a membrane is:

gc=2x(H-H_ )+k K

where H = is the spontancous mean curvature. The review continues with a discussion about the

forces acting at the headgroup region, and those present at the polar—apolar interface and the tail-tail
interactions. At the interfacial region, the system is controlled by the interfacial tension, resulting in the
effect of packing the amphiphile molecules into a monolayer. About the curvature elastic parameters,
the review points out that they are depending on temperature and pressure. Increasing the temperature
produces an increase of the splay of the tails, consequently increasing the spontaneous mean curvature.

27



Increasing the pressure has the opposite effect. These effects are reflected in the phase diagrams of
mesophases.

The Helfrich theory implies that the bicontinuous cubic phases should be energetically degenerate, in
the case that the underlying minimal surfaces have the same area. As a consequence, the three
bicontinuous cubic phases mentioned above could coexist but other interactions break the degeneracy
of the cubic phases. Accordingly, Shearman et al. are reporting the experimental phase diagram of the
2:1 lauric acid/dilauroylphosphatidylcholine system where the bicontinuous cubic phases are appearing
with increasing hydration in the order G (la3d, Q*°) — D (Pn3m, Q**) — P (Im3m, Q**). This
sequence is mentioned to be universal, but not all three cubic phases are necessarily occurring in a
given lyotropic system.

In Zeng et al., 2019, the above mentioned phases are defined as double gyroid, double diamond and
double primitive, which is also known as the "body-centered plumber’s nightmare". As shown in the
Figure 9 for la3d and Pn3m, these "double" phases are rendered with double-network structures. In
Zeng et al., 2019, it is stressed that, besides the double-network structures mentioned above, there are
also structures created by only one network: the single gyroid, /4,32, Q*'%; the single diamond, Fd3m,
Q*”, and the single primitive, Pm3m, Q*', as shown in the Figure 1 d—f of the given reference. We have
encountered one of them, the Q*’, Fd3m, among the six cubic phases mentioned by Mariani et al.,
1988.

"The latter three are extremely rare and known only as solid-state structures, whereas they are
considered as metastable in soft matter". About the nomenclature of the cubic phases, Sorenson and
Mahanthappa, 2015, stress that the numerous potential applications of the soft materials possessing
such structures are requiring "concise, consistent, and unambiguous" definitions. Sorenson and
Mahanthappa propose to adopt a nomenclature where the description of a mesophase is given "in terms
of the total number of non-intersecting domains into which three-dimensional space is partitioned". An
example is given in the Figure 1 of the given reference, where we find the single gyroid, the double
gyroid, the alternating gyroid and the core-shell gyroid; these structures "mathematically derive from
the G [gyroid] minimal surface" and for this reason are defined as bicontinuous phases. To Sorenson
and Mahanthappa, "this classification fails to capture the number of distinct, non-intersecting, and
potentially chemically different domains present in each structure".

Figure 11: For this illustration, we used the
view of the surfaces given in the Figure 1
of the article by Yaghmur et al., 2007
(many thanks to the authors). The P-, D-
and G-surfaces are linked by a Bonnet

Gyroid Diamond Primitive transformation (Lidin, 1990),

Sakya and coworkers, 1997, point out that there are two classes of cubic phases. One class is that of the
bicontinuous cubics, space groups la3d, Pn3m, Im3m, that in the case of type Il systems are consisting
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of a continuous bilayer of amphiphilic molecules which divides the space into two interwoven,
continuous networks of water. For type I systems, water and amphiphile are reversed. The second type
of cubic mesophase is that of the micellar cubics consisting of discrete micellar aggregates arranged on
cubic lattices. There is the Fd3m cubic phase and the Pm3n cubic phase.

Why a gyroid?

Go0zdz & Hotyst, 1996, considered the surfactant molecules arranged to form minimal surfaces. The
two researchers start their discussion from the ability of surfactants to solubilize oil in water, an ability
which stems from the polar and nonpolar segments at two ends of the amphiphilic molecules. In this
manner, surfactant molecules prefer to stay at the oil-water interface, forming monolayers. At high
concentration of surfactant molecules, the interface is forming periodic structures of various
symmetries, and Gozdz and Hotyst mentioned Luzzati et al. (1967-68) in relation to the gyroid. NMR,
SAXS (small angle x-ray scattering) and surfactant concentration measurements told that the surface is
like a triply periodic minimal surface, and then it has a null mean curvature at every point.

Since the discovery of minimal periodic surfaces in 1865 by Schwarz, only one periodic embedded
gyroid surface of cubic symmetry and genus 5 (per unit cell) has been discovered and characterized by
Schoen, 1970. Gozdz & Hotyst define it as the Schoen-Luzzati gyroid. Intuitively, the genus is the
number of "holes" of a surface (Popescu-Pampu, 2016). To explain how gyroids appear, G6zdz and
Hotyst, 1996, used an approach based on the Ginzburg-Landau model, as proposed by Teubner & Strey,
1987, in the case of a system made by oil, water and surfactant.

The phenomenological Landau free energy is given according to an expansion in the order parameter:
F=[f(¢,V9,Ap)dr (M
f:a0+a1¢+a2¢2+a3¢3+a4¢4+a5¢5+a6¢6+~~-+c1(v ¢)2+C2(5 ¢+ (2)

Teubner and Strey discuss the truncation of the above expansion, which is depending on the considered
problem. The Landau-Ginzburg free energy functional assumed by Gozdz and Hotyst has the following
form:

Flol=[ dr[1agPral0IV oP+(6-1P(9%41,)| )

Here, g(¢):q2¢2— do ; ¢(r) is the order parameter representing the difference between oil and water
concentration. g,,g, are positive constants and f,, is a constant with either signs. The last term is the

bulk free energy and describes the relative stability of pure water phase, ¢=-1, pure oil phase ¢ =1,
and microemulsion ¢=0. When g¢,>2 the system can undergo a transition to periodically ordered

phases. In a following article published by G6zdz & Hotlyst in the Physical Review E, further details are
given.

The following argument is given to understand why we have to expect a minimal surface. The mean
curvature is defined by:
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V  represents the derivative along the normal to the surface.

The second contribution to the free energy, J d’r [ glo)|V ¢ |2], with g(¢):q2 o g, » 18 minimized when,

for ¢(r)=0, |V ¢| has the maximal value. At the maximum of |V ¢/, the normal derivative vanishes and
the same happens for the second term in (4). Having (3) the symmetry ¢,-¢, the mean curvature H ,
averaged on the whole surface should be zero (Gozdz & Hotyst, 1996). It means that either A¢ is
exactly zero at the surface or it changes sign. Looking at the first term of (3), it follows that the former
case can be favored, and consequently H=0 at every point at the surface. Hence we can expect that
some of the surfaces are minimal.

In order to find the minima of the functional, Gozdz & Hotyst, 1996, discretized (3) on the cubic lattice.
Therefore, the researchers investigated the free energy with a numerical calculation, checking
Ginzburg-Landau (3) free energy of 30 different structures of various symmetries. They found that the
only stable ordered structure is the lamellar phase. The gyroid phase of genus 5 (Schoen-Luzzati
gyroid) has the second lowest energy (after lamellar phase). In (3), it follows that at ¢(r)=0 the
gradient term gives large and negative contribution to the energy. Gozdz and Hotyst made some
calculations for a new function g(¢) given by g(¢):q2 ¢4 - g, Increasing the power of ¢ by a factor
of 2 sharpened the interface between oil and water, but at the same time reduced the size of the unit cell.
“The net result is the larger relative difference in energies between the gyroid and lamellar phase.”

Gozdz and Hotyst observed that, in the case of multiparameter Landau models, they expect the
stabilization of the various phases which are only metastable in the model they have proposed. Among
the local minima of the free-energy functional, Gozdz and Hotyst have found four known minimal
surfaces: P, D, IWP, and G (Primitive, Diamond, Gyroid, and I-WP structures). A figure representing
these surfaces is given by AlMabhri et al., 2021.

Then, we could consider to add parameters regarding the presence of silica in the mixture, to enhance
the stability of the cubic "gyroid" phase, and explain the observed phases also without a TLCT
mechanism.

About the minimal surfaces in general, we can consider the variational problem for the area functional
Alf ]:f V1+|V f]*d"x, where we have the gradient V f in an n-dimensional space. Constrained to a
given contour f=¢ on U the boundary of domain U, any critical f must be:

vandx_ ( Vf )
= ndiv| ———|dx.
fv #V P J V1+|V £

Vf

Being the mean curvature also defined as H :div%, this curvature is zero for minimal
1+|V f]

0:[dd—€A[f+en]

surfaces. In 2-dimensions:

H:Lif,whereL (1+f) -2f, f 6 +(1 f)

V14w f2f
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Then, Lf=0, which is the Lagrange equation, 1760.

Classical examples of minimal surfaces are the plane, found by Lagrange, the catenoids, surfaces made
by rotating a catenary, and the helicoids, that is surfaces obtained by a line rotating around an axis
perpendicular to the line. Then we have the surfaces found in the 19th century: Schwarz minimal
surfaces, which are periodic surfaces that fill R®, Riemann's minimal surface, Enneper surface,
Henneberg surface and others. The modern surfaces include the Gyroid, which is one of the Schoen's
surfaces from 1970. As previosuly told, it is also known as a TPMS (triply periodic minimal surface),
that is periodic in three independent directions. Being free of self-intersections it is said to be
embedded.

Quite useful are the representations. Among them, the Enneper—Weierstrass representation gives the
coordinates of the Gyroid as (Gandy and Klinowski, 2000):

x:Rej{eiecF(T)(l—Tz)dr ; y:ReTieich(T)(Hrz)dT,‘ Z=Ref2ei9G1F(T)dT

@ @ @
) . ) -1/2
with Weierstrass function: F(r):(l -14 14+18) . and 0 ,~38.0147740°.

A specific minimal surface can be determined by integrating its Weierstrass function. The integrals can
always be evaluated by numerical integration, but so far could be calculated analytically for only a few
surfaces, as told by Gandy and Klinowski, 2000. The Enneper—Weierstrass representation of the Gyroid
surface involves integrals which can be evaluated analytically and are expressed in terms of the
incomplete elliptic integral of the first kind (EllipticF). After a double substitution, the integrals given
above are reduced to elliptic integrals. Incomplete elliptic integrals are functions of two arguments and
the complete elliptic integrals are functions of a single argument. In this manner the x coordinate, for
instance, becomes:

0 1o . 2\20 1
x=ke ~ Re{——= EllipticF | ArcSin| ———|,—
212 (Vw4+4w2+1) 4 }

For k,0 see please Gandy and Klinowski. 2000. As told by Gandy and Klinowski, although the
properties of the TPMS follow uniquely from the Weierstrass function, this function is known only for
several TPMS of simple topology. The Weierstrass function may be constructed if there exists a
"surface patch" from which the whole TPMS can be generated. This is the case for the Gyroid.

The triply periodic minimal surfaces (TPMS) are infinitely extended and have one of the
crystallographic space group as symmetry group, there are no self-intersections and they subdivide the
space into two labyrinthine regions. The topology of the surface is generally depicted by two
interpenetrating networks (Lord and Mackay, 2003), but a single network can also be used (Zeng et al.,
2019). In fact, as noted by Lord and Mackay too, from the cubic unit cell of space group Prn3m we can
pass to the Fd3m group. When the two sides of the diamond surface are colored with different colors,
the cells have alternate colors and the space group becomes Fd3m. The Diamond-surface (D-surface)
has a corresponding labyrinth graph with four diamond connections. Using a formula by Weierstrass,
Schwarz obtained an analytic expression for the D-surface. The same was done for the Primitive-
surface (P-surface), where the labyrinth is a network based on a primitive cubic lattice. As previously
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told, the next TPMS was obtained by Schoen who investigated for NASA the existence of surfaces
suitable to be used in space structures. According to Lord and Mackay, more than a dozen new
examples had been given. "Those surfaces with cubic symmetry are called (following Schoen’s rather
eccentric notation) IWP, FRD, OCTO, C(D) and G (‘the gyroid’)". In the following, GozdZz and Hotyst
have discovered two more cubic TPMS defined BFY (‘the Butterfly’) and CPD. Lord and Mackay
stress that some minimal surfaces can be described by expressions providing the coordinates of all
points of the surface, but expressions are complicated and, as we have seen before for the gyroid,
involve elliptic functions.

Phase transitions

Let us consider once more the phase diagram in the Fig.1 of Caffrey & Cherezov, 2009, assuming a
fixed composition, for instance 22 %w/w of water. In the temperature range from 40 °C to 95 °C, we
can observe the phase transition from the cubic /a3d phase to the hexagonal phase. This is a quite
drastic rearrangement of molecules, passing from the branched structure given in the Figure 8 to one
formed by long parallel cylinders.

The problem of transitions from and into a cubic LLC phase had been addressed by Clerc et al., 1991.
In the given reference, the researchers provided results obtained in the C,EOQ¢/water binary system,
which exhibits the bicontinuous cubic /a3d mesophase, and two transitions toward the hexagonal and
lamellar mesophases. At a composition of 65 % in wt of C;;EOs/water, we can find the following
transitions driven by temperature: Hexagonal — 16 °C — Cubic — 31 °C — Lamellar. In (Clerc et al.,
1991), the epitaxial relations occurring at the two transitions are mentioned. These relations were first
established by Rancon and Charvolin, 1987, and they are telling that two adjacent mesophases are
always strongly related: a cubic mesophase grows with a fixed orientation with respect to a hexagonal
one and a lamellar mesophase develops with the lamellar planes perpendicular to direction of the cubic
mesophase (Rangon & Charvolin, 1987).

Of the cubic /a3d mesophase, one of the most striking features is the bicontinuity, which means that, at
high degrees of hydration, only two equivalent surfactant media, separated by a water film, exist
(normal phase). The bicontinuity imposes the shape of the water film (Charvolin & Sadoc, 1988). The
shape is that of an infinite periodic minimal surface, which is dividing the space into two equivalent
subspaces, being at the same time periodic and infinite. As previously seen, the space group la3d
imposes the Schoen's Gyroid surface (Rangon & Charvolin, 1987). In (Rangon & Charvolin, 1987), it is
stressed that the two subspaces are filled with two 3D-networks of connected surfactant “rods”,
according to Luzzati et al. description (see Figure 8). All the rods have equal length and meet three by
three at the angle of 120° at planar nodes.

Rangon and Charvolin, 1987, aimed to understand how the parallel cylinders in a hexagonal mesophase
becomes connected to produce the two 3D-networks of the cubic structure. The cubic mesophase has
the preference to develop along the cylinder direction. This direction transforms into a [111] cubic
direction. At the transition, the cylinders transform following two different ways. Two thirds of the
cylinders become helices, each helix being entirely contained in one of the 3D-networks, with right-
handed helices in one network and left-handed in the other. The last third created the connections of the
two networks.
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In (Mariani et al., 1994), three lipid-water systems (namely PaLPC, OLPC and DTAC), which exhibit
mesophases including hexagonal and the cubic bicontinuous Q*° (Ia3d) and/or the cubic micellar Q**
(Pm3n) phases have been investigated. The epitaxial relationships occurring at the hexagonal to cubic
phase transition have been also considered in the given reference, so that to analyze the growth of the
hexagonal phase from the Q*° cubic phase and from the globular micelles packed in the Q** cubic
phase. By means of an approach based on the electron density distribution of the cubic phase in the
direction of the cylinder growth, Mariani et al. (1994) proposed a mechanism for the process of
transformation of the structural elements in the mesophases.

In (Conn et al., 2006), authors focus on a phase transition where membrane fusion occurs, from lamellar
to inverse bicontinuous cubic phase transition. In fact, some models (Chernomordik & Kozlov, 2003;
Kozlovsky et al., 2002; Siegel, 1986) have been previously proposed relying on the formation of
transient lipid contacts, which are known as “stalks”, the first step in the formation of the tubular
connections in the inverse bicontinuous cubic phases. The case described in (Conn et al., 2006) is that
of spherical onion vesicle consisting of concentric bilayers. The transition starts from thermal
undulations in the lamellar phase, which disappear as interlamellar attachments are formed. When the
tension reaches a critical value, the attachments are broken and it is forming a disordered network of
funnels, through which water flows from the center of the vesicle. Then, the disordered texture soon
resolves into ordered bicontinuous cubic structures (Conn et al., 2006). In 2018, further observations
obtained by means of cryogenic transmissions electron microscopy have confirmed this pathway (Tran
et al., 2018). About the phase transitions where lamellar, hexagonal and cubic phase are involved,
discussion is given also in Neto & Salinas, 2005.

From hexagonal phase to cubic phase

In Omer et al, 2009, we can find a high-resolution cryogenic-electron microscopy study of a
hexagonal-to-bicontinuous cubic phase transition, observed during the synthesis of a mesosilica. The
study concerns the evolution of the system with Pluronic P123 and butanol to form an /a3d mesoporous
material. The researchers stress that the cubic /a3d structure is attractive for those applications which
are susceptible to pore blockage. Moreover, the diffusion through a film with cubic symmetry has been
shown more efficient than through a hexagonal film (Wei & Hillhouse, 2007). It was determined that
the diffusion through the /a3d phase was larger by over an order of magnitude, with respect ot other
cubic structures.

In the study by Omer et al., 2009, the researchers investigated the synthesis of the original KIT-6 and a
modified synthesis, that is that of SBA-15 with butanol added some time after the precipitation. The
synthesis is designated as SBA-15+BuOH. The researchers observed the structural evolution from the
hexagonal mesophase to the cubic mesophase in the two reactions. Cryo-HRSEM and FFR-TEM
images show that the hexagonal phase is modified into a perforated layer (PL) phase, which becomes
the bicontinuous cubic phase. The formation mechanism is illustrated by the researchers by means of
the cylinders in the hexagonal merging into a PL structure. The additional polymerization of silica
modifies the PL structure into the stable /a3d cubic phase.
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ASM-10 with bicontinuous cubic Pn3m symmetry

As we have seen, LLCs possess the six cubic phases mentioned Mariani et al., 1988. What of them have
been frozen in silica? Let us consider the article by Gao et al, 2006. Authors tell that, at the time, many
well-ordered mesoporous materials have been successfully synthesized and that it has been claimed that
these materials have different mesostructures such as orthorhombic, tetragonal, three-dimensional (3D)
hexagonal, micellar cubic, bicontinuous cubic (la3d, Im3m and Pn3m), rectangular, hexagonal and
lamellar phase (and here we can easily find the list of lyotropic phases described by Neto & Salinas,
2005). “Most structures have been proposed on the basis of a combination of powder X-ray diffraction
(XRD) studies and an accumulated knowledge of liquid-crystalline phases, whilst only a few have been
precisely determined by electron crystallography”.

Gao et al. report of ordered mesoporous structures with the Pn3m space group. For the preparation, it
had been used anionic surfactants and co-structure-directing agents (CSDAs). The introduction of
CSDAs into the reaction system is producing interactions between anionic surfactants and inorganic
species and also the control of the packing parameter. The MSM produced is AMS-10 (anionic
surfactant templated mesoporous silica n. 10), exhibiting bicontinuous double diamond cubic Pn3m.
But AMS-10 is not alone: the article is mentioning tetragonal P42/mnm cage type (AMS-9), cubic
Fd3m cage type (AMS-8), 2D hexagonal p6mm cylindrical (AMS-3).

ASM anionic surfactant templated mesoporous silica system is considered in Miyasaka et al. who in
2012 investigated the role of curvature in MSMs, in particular the Im3m, Pn3m and la3d phases.

About cubic gyroid /a3d and double diamond Pn3m phases, let us conclude mentioning a recent article
where they been further investigated (Das et al., 2019). The reference is a study of the role of topology
on the water inside these two cubic systems, with the same water content (22%). The research
evidenced a difference in the hydration dynamics inside the two mesophases, where the water
molecules confined in the /a3d phase exhibit a slower dynamic compared to that in Pn3m. Researchers
believe that this correlation between the structural topology of the different cubic mesophases and the
water nanochannel can help in applications of the cubic phases. Actually, Das et al. research is an
example of further analyses that LLC mesophases, such as LC templates, cubic phases are requiring.

The case of SBA-12

We have mentioned some of the mesophases of LLCs and assumed that the related space groups are
also those observed in MSMs. However, there is a case which needs to be considered for its peculiarity.
It is that of SBA-12 MSM. This material is displaying a mixture of the close-packed cubic phase with a
small amount of the 3d hexagonal close packed phase, as given by Sakamoto, et al. (2002). Variations
in percentage are observed according to the different synthesis procedures. Sakamoto et al. conclude
that the intergrowth of the ordered mesostructures is tunable, and this could be interesting for
hierarchical mesopore materials. Can we observe mesophases intergrowth in LLCs? The answer is
positive. For instance, in the P123—EAN LLC, cubic Fm3m and hexagonal phases are coexisting in a
region of the phase diagram (Chen et al., 2012). Both MSMs and LLCs display the coexistence of
different space groups.
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To conclude

The liquid crystal templating (LCT) of mesoporous silica materials is quite intriguing indeed. At the
beginning, it was proposed as a surfactant templating method producing mesostructured scaffolds
having the same space group of LLCs mesophases. LCT has been questioned and TLCT introduced. If
the surfactant concentration is lower than that suitable to form the liquid crystalline phases, the
appearance of the ordered mesophases is ascribed to the interaction between the silicate species in the
solution and the external micellar surface, in a process based on a "cooperative self-assembly
mechanism", where the silicate oligomers and the surfactant species influence each other during the
polymerization leading to the growing of a liquid crystalline order.

We have seen some of the methods (LCT, TLCT and modified Stéber) to produce some MSMs, and
discussed in particular the cubic phases. In the work by Gozdz and Holyst, about the use of a
multiparameter Ginzburg-Landau models, we find proposed the stabilization of metastable phases by
adding parameters in the model. In this framework we could consider to add parameters regarding the
presence of silica in the mixture, to enhance the stability of the cubic "gyroid" phase, for instance, and
explain the observed phases also without any TLCT mechanism. The templating method turns
consequently into a modified Stober process, based on cooperative mechanisms.
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