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CONSPECTUS: During the last two decades, the synthesis of
silica with an ordered mesoporous structure has been thoroughly
explored. The basis of the synthesis is to let silica monomers
polymerize in the presence of an amphiphilic template component.
In the first studies, cationic surfactants were used as structure
inducer. Later it was shown that pluronic copolymers also could
have the role. One advantage with the pluronics copolymers is that they allow for a wider variation in the radius of pores in the
resulting silica material. Another advantage lies in the higher stability resulting from the thicker walls between the pores.
Mesoporous silica has a very high area to volume ratio, and the ordered structure ensures surface homogeneity. There are a
number of applications of this type of material. It can be used as support for catalysts, as templates to produces other mesoporous
inorganic materials, or in controlled release applications.

The synthesis of mesoporous silica is, from a practical point of view, simple, but there are significant possibilities to vary synthesis
conditions with a concomitant effect on the properties of the resulting material. It is clear that the structural properties on the
nanometer scale are determined by the self-assembly properties of the amphiphile, and this knowledge has been used to optimize
pore geometry and pore size. To have a practical functional material it is desirable to also control the structure on a micrometer
scale and larger. In practice, one has largely taken an empirical approach in optimizing reaction conditions, paying less attention
to underlying chemical and physicochemical mechanisms that lead from starting conditions to the final product. In this Account,
we present our systematic studies of the processes involved not only in the formation of the mesoporous structure as such, but
also of the formation of structures on the micrometer scale. The main point is to show how the ongoing silica polymerization
triggers a sequence of structural changes through the action of colloidal interactions.

Our approach is to use a multitude of experimental methods to characterize the time evolution of the same highly reproducible
synthesis process. It is the silica polymerization reactions that set the time scale, and the block copolymer self-assembly responds
to the progress of the polymerization through a basically hydrophobic interaction between silica and ethylene oxide units. The
progression of the silica polymerization leads to an increased hydrophobicity triggering an aggregation process resulting in the
formation of silica—copolymer composite particles of increasing size. The particle growth occurs in a stepwise way caused by
intricate shifts between colloidal stability and instability. By tuning reaction conditions one can have an end product of hexagonal
prism composite particles with single crystal 2D hexagonal order.

Bl INTRODUCTION

The synthesis of mesoporous silica has been a field of intense
research for the last two decades. In the first reports"?
mesostructured materials with pore diameter of 2—3 nm were
produced based on silica formation in a basic medium using
cationic tetraalkylammonium surfactants as templating agents.
Stucky and co-workers generalized the concept by templating
through self-associating block copolymers in an acid medium,
which produced materials with clearly larger pore sizes and
thicker silica walls.®> The concept has also been generalized to
the formation of other inorganic mesoporous materials.*> The
basic principle of the synthesis is simple. One starts with an
aqueous solution of appropriate pH and a templating agent in
micellar form. To this one adds a silica precursor, and after
some time a silica—amphiphile composite material has formed.
This is easily separated from the reaction solution and can then
be calcined to yield the mesoporous inorganic material. Even
though the basic features of the synthesis are straightforward,
the specific reaction conditions can be varied with respect to
silica source, templating agent, reaction temperature, pH, salt
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content, etc. Using these degrees of freedom, one has the
possibility to tune the product toward specific desired
properties. An overview of the multitude of possibilities that
has been explored can found in the reviews, refs 6—8.

Most papers in the field concentrate on the material science
aspects of the synthesis, while fewer deal with the chemical
mechanisms leading from the initial reactants to the final
mesoporous product. In a series of papers, we have studied
specific stages in the synthesis of a mesoporous material, with
the goal of obtaining a coherent description of the combined
chemical and structural transformations occurring during the
synthesis. We have chosen to focus on one of the most well-
known materials, SBA-15> (SBA stands for Santa Barbara
Amorphous), which has a 2D hexagonal structure. The material
is synthesized using pluronic block copolymers as structure
inducers. This work has been progressing over a range of
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years, and we are now at a point where we can present a
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Table 1. Synthesis Conditions

(a) Reactants and Concentrations for Our Typical Synthesis’

1

templating agent silica source acid
components Pluronic P104, (EO),,(PO)4 (EO),; TMOS, Si(OCHs,), HCl
concentration 2.5 wt % 026 M 1.6 M
(b) Synthesis Procedure'"
formation of composite particles, continuous stirring hydrothermal treatment, static conditions calcination
temp, °C 55 80 500
time, h 24 24 6

Table 2. Properties of the Material'"**

lattice parameter, nm BET, m*/g pore diameter, nm particle morphology particle diameter, nm particle height, nm
10.0 1000 6.6 hexagonal prism 1000 400
1. Addition of TMOS
2. Stirring 50°C 24h 4. Filtration
3. Static 80°C 24h 5. Calcination 500°C6 h
IEE— I
P
-/ N~/

Figure 1. Synthesis procedure for SBA-15. The acid solution containing the micellar structure director is heated to 55 °C. The silica source, TMOS,
is added, and the solution is left on the bench for a total of 24 h at this temperature. The solution is constantly stirred but with stronger stirring for a
minute at the time of TMOS addition. The reagent flask is then transferred to an oven, held at 80°, and left for another 24 h. The powder is
subsequently separated from the solution by filtration and washed with water. Finally the materials is calcined for 6 h at 500 °C.

coherent account of the different steps leading from reactants

to the final product. The formation mechanism of SBA-1S

material has also been studied by several other groups using
. . 16-21 . 2323

mainly scattering but also other techniques.

Bl REACTION CONDITIONS

The outcome of a specific synthesis of a mesoporous silica
material is determined by a combination of generic and specific
features. For us, the focus is primarily on the generic aspects,
with the aim to control the specifics through an understanding
of the underlying generic features. We have made the strategic
choice of concentrating on a specific set of reaction conditions
and to follow the time evolution of that reaction in as much
detail as possible using a multitude of experimental methods.
Table 1ab specifies the conditions of our reference reaction.
The resulting SBA-15 material has pores organized in a 2D
ordered hexagonal packing with a pore diameter of 6.6 nm. The
properties of the material are summarized in Table 2.

The synthesis procedure is illustrated in Figure 1.

The silica precursor, tetramethyl orthosilicate (TMOS,
Si(OCH,;),) is rapidly hydrolyzed under the strongly acidic
conditions and a sequence of polymerization reactions starts
during the first minutes. Scheme 1 illustrates the reactions.

It is the progression of these reactions that is the basic factor
determining the time evolution of the system. In the absence of
the block copolymer, the silica polymerization would ultimately
lead to the formation of a silica gel. The presence of the
pluronic polymer does not have a major effect on the silica
polymerization reactions (Scheme 1, reactions b—d) as such,
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Scheme 1¢
Hydrolysis reaction:
a) Si(OCH,),+4H,0 —> Si(OH),+4CH,OH

Silica polymerization reactions:
all equivalentto  =Si-OH + HO-Si= —> =Si-O-Si= + H,0

b) Si(OH),+ SP,(k) —> SP,,(k+2) + H,0
) SP(k)+SP. () —> SP,, (k+l-2) +H,0
d) SP(kf —> SP (k-2)+H,0

“The following notation is used: SP,(k), silica polymer with n Si atoms
and k Si—OH/Si—OH," groups.

but it has a dramatic influence on the structure of the resulting
silica network.

B OVERVIEW OF REACTION STAGES

By monitoring the progress of the reaction in real time using
several methods, it is clear that it follows a perfectly
reproducible time sequence. We have been able to identify
12 different stages in the process from reactants to the final
product. Similar sequences have been observed by others.”’
Figure 2 shows an overview of the progression of the formation
of the composite particles.

Stage 1: Hydrolysis of the silica source into Si(OH), and
alcohol® (¢ < 1 min) (Scheme 1, reaction a).
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Figure 2. Schematic overview of the evolution of formation events. The tetrahedra illustrate SiO, units. The Pluronic micelles are depicted as red
spheres and cylinders. The micelles have a core (yellow)—corona (red) structure. On the atomic length scale (bottom row), the silica polymerizes
from Si(OH), to oligomers, polymers, and finally a connected network. On the micellar length scale (second row), the spherical micelles transform
gradually into extended cylindrical micelles. On the next level (third row), small flocs associate and the larger flocs thus formed (forth row)
transform from an isotropic to an anisotropic shape (primary particles). The anisotropic flocs associate in a 7-mer (fifth row) creating the final

particle.

Stage 2: Growth of a silica polymer by monomer addition.
Monomer consumed after around 10 min®® (¢ < 10
min) (Scheme 1, reaction b).

Stage 3: Adsorption of silica oligomers/polymers on pluronic
micelles (~2 min < ¢ < ~10 min)."?

Stage 4: Association of pluronic micelles with adsorbed silica
into flocs with a polydisperse size (diameter ~S0—
200 nm, 9 min < ¢t < 13 min)."*

Stage 5: Micelles start to deviate from globular micelles at
around 8 min with an ongoing one-dimensional
growth in size until around 30 min."?

Stage 6: Association of flocs to nearly monodisperse primary
particles with diameter ~400 nm (11 min < ¢ < 14
min).

Stage 7: Transformation of the globular isotropic particles
containing cylindrical micelles into anisotropic
particles of liquid crystalline internal order with
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Stage 8:

Stage 9:

Stage 10:

Stage 11:

Stage 12:

ultimately 2D hexagonal symmetry (14 < t < 20
min). 227

In-plane association of anisotropic particles into 7-
mer particles of width ~1 ym and height 400 nm (14
<t < 16 min)."""*

Annealing of 7-mer particle into single crystal 2D
hexagonal order and hexagonal prism shape (15 < t <
30 min)."*

Additional formation of Si—O—Si bonds producing a
coherent silica network throughout the hexagonal
particle (30 min < ¢ < 24 h) (Scheme 1, reaction c).
Consolidation of the silica network by incubation of
particles at an elevated temperature (80 °C).
Additionally some sintering of particles occurs (24
<t < 48 h) (Scheme 1, reaction d).

Calcination of particles at 500 °C for 6 h burns out
the organic polymer components, and the silica
network is further strengthened.
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Below we will discuss in more detail the molecular
mechanism of the crucial steps in the synthesis. A main point
is to demonstrate that it requires a combination of experimental
methods and an understanding of colloidal interactions to
arrive at a coherent picture. Figure 3 shows a schematic

Red - SAXS 2 Spherical micelles
Blue - USAXS| m Mixed micellar system
Black - VIS E9 Elongated micelles
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Figure 3. Time evolution for the formation of SBA-15 at four
temperatures. The figure is based on observations from X-ray
scattering and UV—vis.">

representation of the results obtain from an in situ X-ray
scattering study of our system at four different synthesis
temperatures.> The time sequence for each synthesis is highly
reproducible and although the overall appearance is similar the
difference in timing leads to largely different morphologies of
the product. The temperature also affects the lattice parameter
of the 2D hexagonal structure.

B DETAILS ON THE FORMATION STAGES

Silica Polymerization, Its Adsorption on Micelles and
Association of Micelles (Stages 1—4)

The initial silica polymerization leads to the formation of
branched growing oligomers. They contain an increasing
amount of O—Si—O links, turning the originally hydrophilic
monomer into a more and more hydrophobic species. It is, for
example, well documented that cavities in zeolites grow more
hydrophobic the higher the fraction of O—Si—O links.”® The
pluronic micelles of the reaction solution have a core of
poly(propylene oxide) ((PO),) chains and a corona consisting
of poly(ethylene oxide) ((EO),) groups. Although the EO
chains are sufficiently hydrophilic to ensure an amphiphilic
character to the pluronic block copolymer, the EO corona is
less polar than the aqueous environment. This has the result
that there is a weak attractive interaction of a hydrophobic
character between the O—Si—O groups of the silica and the EO
groups of the micellar corona. Once the silica oligomers have
grown to a certain size, they can make sufficient molecular
contacts with the micellar corona to cause an adsorption of the
silica oligomer or polymer on the surface of the micelle. That
such a coupling occurs is well documented for the case of
adsorption of EO-based nonionic surfactant and block
copolymer micelles on silica surfaces.”” ™' In explaining the
silica adsorption, there is thus no need to invoke a coupling
based on the basically hydrophobic adsorption of anions to the
nonionic micelles®” and a subsequent electrostatic coupling to
the, in the highly acidic medium, protonated silica polymer
micelles.?
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Once the silica oligomer or polymer is adsorbed on a micelle,
it also exposes O—Si—O groups to the solution. As long as the
silica oligomers or polymers are not in excess with respect to
micelles, there will be free patches of micellar surface that can
interact with silica moieties alreadgr ttached to another micelle.
The result is bridging association®** leading to the formation
of flocs of micelles. These are observable in the solution after 9
min. Figure 4 shows two experimental observations demon-
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Figure 4. (a) Absorbace (UV—vis) measurement of the synthesis. The
absorbance starts increasing at 9 min. (b) Cryo-TEM sample extracted
at the same time shows the existence of flocs."* Scalebar 100 nm.

strating the appearance of such flocs. There is a strong increase
in turbidity, shown in Figure 4a, an increase in 'H proton NMR
line width’ (see below), and an increase in the small-angle X-
ray scattering (SAXS) at low values of the scattering vector (see
below).12 In cryo-transmission electron microscopy (cryo-
TEM), we observe flocs of a folydisperse size of radius 80 + 30
nm as shown in Figure 4b."

The formation of flocs is virtually completed after 14 min,
and at this stage the majority of the silica monomers are
incorporated into silica oligomers or polymers. Additionally
most micelles have been incorporated into the flocs.” Provided
there is an appropriate balance between the original amount of
silica and of pluronic polymer, the flocs are temporarily
kinetically stable toward coalescence through a steric entropic
stabilization®* (p 394 in ref 34). If there is too little silica, the
flocs can continue the bridging association, while if there is too
little block copolymer, individual micelles can be saturated with
silica polymers and they remain kinetically stable until ongoing
covalent Si—O—Si coupling has resulted in bad solvent
conditions for the silica polymers.
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Figure 5. (a) Cryo-TEM image where the sample was extracted at 13 min after addition of TMOS."* Compare with the sample extracted at 9 min
shown in Figure 4 b. Scalebar 100 nm. (b) In-situ SAXS data from the synthesis showing the data from the time interval of 6 to 22 min.'? The first
appearance of the Bragg peak is at 14 min. (c) NMR data from an equivalent synthesis system. Here P123 was used as structure director and the
synthesis was performed at 35 °C.” The x-axis shows the time evolution (starting from t = 7 min) of the 'H signal of the protons of the PO methyl
group (one spectrum every minute for the first hour, followed by one spectrum every S min), and the y-axis shows the intensity of the NMR-signal.
(d) Electron micrograph of resulting material of a typical synthesis that has been modified to prevent the oriented aggregation. The flocs have
evolved to primary hexagonal prismatic particles with a uniform height to width ratio."" Scalebar 200 nm.

Particle Formation, Micellar Shape Change, and Transition
to Hexagonal Packing (Stages 5-7)

Once the silica monomers are consumed, the evolution of the
system is driven by the polymerization reactions ¢ and d in
Scheme 1. When these reactions dominate over reaction b,
there is a gradual increase in both the branching ratio of the
silica polymer and the occurrence of O—Si—O groups relative
to that of the more polar the —Si—OH form. Consequently the
silica polymer, polydisperse with respect to both size and
branching ratio, is exposed to an increasingly poorer solvent.
The result is a decreased stabilization of the flocs, and when
two of these coalesce, there is an internal reorganization and
the less branched, more hydrophilic silica polymers tend to
accumulate on the surface of the newly formed floc. Having on
average a more polar silica polymer on the surface, this larger
floc is relatively more stable toward association than the smaller
one. The presence of block copolymers on the surface is likely
to have a contributing effect on the stabilization."* It has been
clearly demonstrated that for a kinetic association scheme,
where the association rate constants decrease with increasin
aggregate size, there is a convergence to a nearly uniform size.”
Figure Sa (cf. Figure 4b), showing the synthesis solution 13
min after TMOS addition, illustrates an intermediate stage of
the flocs where still a considerable size variation is apparent.
For our system, size converges toward a diameter of 400 nm as
illustrated in Figure Sd. This stage is completed 15 min after
the start of the reaction.

At the same time as the flocs associate in the larger particles,
there also occurs a shape transformation of the pluronic
micelles. Association of globular micelles into elongated or
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cylindrical shape is commonly found. There are four common
causes for such a shape change. Additives decreasing the
effective area volume ratio have this effect.>® A strong increase
in concentration promotes the transformation through a
repulsive packing effect.*® For amphiphiles, like the pluronics,
where the polar group is built from EO residues, an increase in
temperature can cause such a transformation.®” This effect is
clearly relevant for our system when we compare the synthesis
results at different temperatures. However, the most important
effect in the present case is the fourth possibility that an
effectively attractive interaction between micelles promotes the
spherical to cylindrical transition. Furthermore, an attraction is
necessary to stabilize a compact assembly of micelles relative to
dilution.®® As the reactions c and d of Scheme 1 progress, there
is an increasing strength of the coupling between the pluronic
micelles and the silica polymers. At some point, starting at
approximately 8 min for our system, the coupling is strong
enough to promote a gradual globular to cylinder trans-
formation. It is expected that the relatively stiff cylindrical
aggregates give rise to a nematic order within the 400 nm
particles. However, we have not been able to unequivocally
characterize such a state. From t > 14 min, we observe the
development of a liquid crystalline 2D hexagonal order in the
particles as demonstrated by SAXS in Figure Sb and by NMR in
Figure Sc. The anisotropic order makes the surface tension
anisotropic, and the particles adopt an anisotropic shape with a
hexagonal prism shown in the EM picture of Figure 5d as the
final form. The transformation occurs at constant volume, and
the height to width ratio is determined by minimizing the
surface free energy.’” By varying the reaction temperature, one
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obtains a variation in this ratio in a way that reflects the
temperature dependence of the molecular packing in pluronic
micelles.

The observation that the particles can rearrange internally to
adopt their equilibrium structure shows that the particle has a
liquid crystalline character allowing for free mobility of
individual molecules. For this to happen, silica needs to be
present in the form of individual silica polymer molecules of
limited size rather than as a single percolated network, which is
the final state of the polymerization process.

Formation of 7-mers and the Consolidation of the Silica
Network (Stages 8—12)

Once they have adopted an anisotropic form the d & 400 nm
primary particles can either remain stable for sufficient time so
that they can be separated from the reaction mixture or
undergo continued association. Figure 5d shows a system
where the synthesis has been changed at ¢ = 15 min to produce
primary particles. However, if one keeps reaction conditions
constant, the primary particles start to associate with one
another. Since the particles are anisotropic, there are several
modes of association as illustrated in Figure 6. For our

Figure 6. Primary particles in this system aggregate into (a) 7-mers
under the typical synthesis conditions (5SS °C), but at higher
temperatures, (b) the aggregation leads to stacking along the c-axis.
A higher temperature also induces a slightly different aspect ratio of
the primary particles, with a higher length to width ratio than in the 55
°C synthesis.

reference reaction conditions at T = 55 °C, the association is
primarily edge—edge (Figure 6a), that is, perpendicular to the
001 faces. In this situation, we observe the additional effect that
there is a cooperativity in the association such that a primary
particle associates more easily to a dimer than to another
monomer (see Figure 6 a). There is, for example, an additional
van der Waals contribution present for the trimer. It is
remarkable that the main product of this association step is 7-
mers of primary particles (Figure 7 ab). For T = 65 °C, the
particles form stacks (see Figure 6b) with a flat side—flat side
(along the 001 faces) association. At this temperature, the
primary particles have a higher length to width ratio.""
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The edge—edge association (Figure 6a) leads to a particle of
a rather irregular shape. The equilibrium shape should be close
to that of the primary particles with the same height to width
ratio and with a uniform 2D hexagonal structure.” We observe
an annealing of the structure through in plane diffusion of
cylindrical micelles. Voids inside the composite particle are
filled and the outer sides of the particle become straight. Then a
single crystal hexagonal order is established throughout. In a
final step, defects in the hexagonal order are eliminated. Figure
8 shows illustrative examples of cases where these processes
have not been fully completed. During these annealing
processes, the thickness of the 7-mer is kept the same as for
the primary particle, even though this is not the equilibrium
thickness. In contrast to the case for the smaller primary
particles, the surface tension force is in this case apparently not
strong enough to overcome the barrier involved in the
reorganization to a less wide and thicker 7-mer. Both the
sluggish in plane rearrangements and the absence of the more
global shape change indicate that at this stage there has been
substantial silica cross-linking and that one is close to the
dynamical arrest*® associated with a percolation of the silica
network.

The formation of the 7-mers is complete after 30 min,"* but
in practice we keep reaction conditions constant for another 24
h. During this time there is a consolidation of the silica
network. Less than 30 min into the reaction, the product is
present as a precipitate consisting of a silica—block copolymer
composite material. After 24 h stirring, the precipitate is
matured at 80 °C for another 24 h in its mother liquor,
resulting in an even more cross-linked silica network. This is
followed by filtration and washing with water. In a final step,
the organic polymer material is removed by calcination
producing a silica material with ordered pores of diameter 6
nm as the final product. During the thermal treatment there is
some sintering of the 7-mer particles, but when the product is
redispersed in water, the sintering bonds can be broken by
ultrasonic treatment and one can obtain reasonably mono-
disperse flat hexagonal particles of width 1.0 um (typically the
width varies from 0.75 to 1.25 um),"* and the height appears
constant at 400 nm (+10%) as shown in Figure 9a.*** The
uniform size and chemical homogeneity of the pores is also
reflected in the step-like capillary condensation of water®
occurring at the relative humidity (RH) of RH = 70% as shown
in Figure 9b.

B FROM THE SPECIFICS TO THE GENERAL

Above we have in detail described the molecular events
resulting in the synthesis of a specific mesoporous silica
material. The experimental observations have revealed a
fascinating interplay between the progress of the silica
polymerization and the molecular organization controlled by
colloidal interactions. There is a range of parameters that
determine the reaction conditions, and there is similarly a range
of possible properties of the products of the synthesis. It is our
ambition that the careful study of a particular case also provides
insights into general features of the synthesis.

It is our conclusion that it is the progression of the silica
polymerization that drives the system and sets the time scale of
the synthesis. With a clearly more rapid polymerization, one
would have a percolated silica network before the pluronic
system had responded to the changing conditions. With a
slower silica condensation, it is difficult to accomplish the final
stages in the coupling reaction, where the steric barriers are
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Figure 7. Transmission electron micrographs of platelet particles resulting from the 7-mer growth (cf. Figure 6a) from the S5 °C synthesis (a)
aligned with the c-axis along the beam direction and (b) perpendicular to the beam direction. (c) Particles from a synthesis in which particles
aggregate by stacking along the c-axis (cf. Figure 6b). In this particular case, the stacking was induced by addition of 1 M NaCl to the normal
synthesis; the same stacking behavior is seen if the normal synthesis is performed at 65 °C. Scalebar 200 nm.

Figure 8. Examples of defects typically occurring within the platelet particles formed via the oriented aggregation. Scalebar (a—c) 200 nm, (d) 100

nm, and (e, f) 50 nm.

0.6 0.8 1

Figure 9. (a) A monolayer of SBA-15 particles deposited on a surface (scalebar 1 um).? (b) Water sorption isotherm of SBA-15 measured using
water sorption calorimetry.* The isotherm shows four distinct regimes: surface adsorption (1), filling of intrawall pores (II), capillary condensation
in primary mesopores (III), and postcapillary condensation uptake of water (IV). The pore size of 6 nm leads to the sharp capillary condensation

observed at water activity of 0.7.

substantial. The basic rates of the polymerization reactions of
Scheme 1 are primarily determined by pH and temperature.
The liquid crystalline structure of the primary particles is
determined by the pluronic amphiphile. The self-assembly
properties of the block copolymers can be tuned by varying the
length of the blocks in the polymer, and the phase behavior of
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different pluronic systems in water has been extensively
studied.** Tt is also well-known that the preferred curvature
of the self-assembly aggregates becomes smaller with increasing
temperature. This effect can be used to fine-tune the result of a
synthesis. The silica source is typically of the structure Si-(O-
alkyl),, which after rapid hydrolysis produces an alcohol

DOI: 10.1021/acs.accounts.5b00165
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component in the reaction mixture. The longer the alkyl chain,
the more the alcohol will partition into the micelles resulting in
a change of the preferred curvature of the aggregate.>”* For
our reference reaction, there was a transformation to a 2D
hexagonal liquid crystalline structure. For other conditions, one
can have ordered micellar or bicontinuous cubic liquid
crystalline structures,*® with profound effects on the properties
of the resulting mesoporous material.>*”**

We have chosen to describe the silica in terms of a branched
polymer. By adopting the polymer perspective, it is possible to
understand the interplay between colloidal stability and
instability occurring throughout the synthesis. These time
dependent changes between stability and instability are generic
and should be occurring well beyond our specific reference
reaction system. The first step involving an attraction between
polymeric silica and a nonionic micelle induced by a weak
hydrophobic interaction is well documented® (pages 29—31 in
ref 34). Bridging flocculation by a polymer in low supply is
commonly used in practice.>* For a surface saturated with
adsorbing polymer, one has the commonly occurring steric
entropic stabilization. In this case, the repulsion is more
effective the longer and more flexible the polymer chain and the
better the solvent quality. It is highly relevant to realize that as
the silica polymer changes through reactions ¢ and d of Scheme
1, the flexibility is reduced and the solvent—monomer
interaction becomes more unfavorable due to the increase in
the number of O—Si—O bonds.

The ongoing silica polymerization causes the thermodynamic
conditions to change continuously in the system. It is a crucial
question to assess which molecular degrees of freedom can
respond rapidly enough and which lag behind or are caught in
metastable states. The properties of the system progress on a
time scale of minutes, and a minute is a very long time in a
molecular perspective. For amphiphile aggregates, a minute is
often, but not always, longer than structural relaxation times.
For a kinetically stabilized colloidal particle, a minute can be
anything from very long to very short. The structural relaxation
time that varies most dramatically during the synthesis is that of
the silica system. For oligomers and short silica polymers the
silica molecules respond rapidly to changes, but as the silica
polymer becomes more branched and approaches percolation,
resulting in a covalent network of mesoscopic dimensions,
structural changes become more sluggish and one has finally a
state of dynamical arrest. At this point, major structural changes
are no longer possible. It is a crucial aspect of the design of the
synthesis that the dynamical arrest sets in at a stage where one
has established the desired structure in the system.

Above we have discussed the variation in synthesis in terms
of the conditions at the start, t = 0. We conclude by pointing
out that having a detailed description of the time evolution of
the reaction provides the possibility of interfering at a chosen
point in time and affecting the further progress by additions of
reactants or inhibitors or by changing other reaction conditions.
Because this strategy allows targeting of specific formation
steps, it has clear advantages compared with changing the initial
synthesis components. The latter could affect many, if not all,
of the formation steps, such as the interaction between silica
and micelles, floc formation, and aggregation, whereas the
former is more discriminating and thereby more precise.

The synthesis of mesoporous silica discussed in this Account
exemplifies a dimension of synthetic chemistry that has grown
in importance in recent years. The challenge is not only to
control the breaking and the making of covalent bonds but also
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to control the structure of the product on a mesoscopic scale.
To meet this challenge, new elements need to be added to the
toolbox of the synthetic chemist. Above we have demonstrated
how it is essential to have a detailed knowledge of interactions
on the colloidal scale in order to understand the mechanisms
leading to the formation of mesoporous silica particles of given
size and shape. We are convinced that this type of knowledge,
taken in a broader context, is an essential ingredient when
applying synthetic chemistry to the problems of nano-
technology. It is, with a long-term perspective, more efficient
to choose the synthesis conditions based on an understanding
of the molecular mechanisms rather than adopting an essential
empirical approach. When combining chemical reactions with
molecular self-assembly processes, the possibilities are simply
too many.
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