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A versatile sol–gel method for fabricating porous oxide materials with well-defined co-continuous macropores has
been reviewed. The chemical instability, in many cases induced by polymerization of the network-forming components,
triggers the formation of biphasic morphologies, followed by an irreversible freezing of the transient morphology by the
sol–gel transition of the gelling phase. Upon removal of the non-gelling phase, an oxide framework comprising of con-
trolled macropores can be obtained. The mesopore system of such macroporous materials can be further modified either
by a physico-chemical treatment or a supramolecular templating technique. Pure silica and siloxane-based organic–
inorganic hybrids with a hierarchical pore system in monolithic form have been successfully applied to the novel type
of separation medium for high performance liquid chromatography, HPLC. Additional topics are also described includ-
ing recent advances in the 3D-analysis of the interfacial properties of macroporous systems, extended compositional
variations in the network-forming phase, and emerging applications in areas of biochemistry.

In the preparation of amorphous materials, the unstable or
metastable state plays an important role in forming multi-pha-
sic structures in the length scale longer than several nanome-
ters. While in metastable states one often observes a formation
of dispersed phases associated with thermally activated diffu-
sion, unstable states are the starting points of various spontane-
ous morphology formation processes represented by the spino-
dal decomposition. In melt-quenching fabrication processes of
oxide glasses, a pseudo one-phase material is initially formed
by rapidly cooling a multi-component melt, and partially crys-
tallized or phase-separated microstructures are controlled by
subsequent reheating processes. The metastable glassy state
is conveniently used to bring a system into a thermodynami-
cally unstable region as well as to physically freeze the transi-
ent heterogeneous state at will. In a chemically polymerizing
system, however, the polymerization and crosslinking reac-
tions take place in the presence of a solvent. It is virtually im-
possible to physically freeze the reaction without influencing
all the chemical interactions among the constituents. A contin-
uous polymerization process is chemically equivalent to the
continuous physical cooling with respect to the chemical inter-
action (mutual solubility) and material transport (mobility of
the solutes). That is, the polymerizing system resulting in a
sol–gel transition is a chemical analogue to a continuously
cooled system resulting in a glass transition. If a process of de-
veloping heterogeneity in the system superposes a structure-
freezing process, a competition will take place between the
two processes. Various kinds of transient heterogeneous struc-
tures will be frozen in the resultant solidified materials.

Phase-separation phenomena related to the heterogeneity
formation in materials have been investigated first in metallic

alloys and oxide glasses, followed extensively by studies of
polymeric materials mainly due to their slow dynamics of de-
veloping heterogeneity. In biphasic materials with co-continu-
ous (or bicontinuous) domains, removal of either of the phases
by selective extraction results in porous materials. An industri-
al process of fabricating well-defined porous silica-rich glasses
has been established by Corning Glass Works about a half cen-
tury ago.1 Because the process included dissolution of alkali-
borate glass phase out of the pre-formed phase-separated glass,
it required a relatively long processing time depending on the
thickness of the product. A chemically polymerizing system,
on the other hand, often phase separates into network and sol-
vent phases. Since the removal of solvent phase can be carried
out more efficiently by evaporation, chemically-polymerized
phase-separated structure can be a favorable basis for precisely
controlled porous materials. In the present review, a polymer-
ization-induced phase separation accompanied by a sol–gel
transition is described, taking polysiloxane systems as major
examples.

1. Formation of Macroporous Morphology by Phase
Separation and Concurrent Sol–Gel Transition

1.1 Polymerization-Induced Phase Separation. In most
so-called ‘‘sol–gel processing’’ of various metal oxides, metal
alkoxides are popular starting materials. The hydrolysis and
polycondensation behaviors of silicon alkoxides have been
extensively studied because of the exceptionally slow reaction
kinetics and, therefore, the ease of obtaining homogeneous-
looking gels under ambient conditions. Oxide gels can be pre-
pared also from colloidal particles dispersed in an appropriate
fluid medium (usually an aqueous medium) by destabilizing

� 2006 The Chemical Society of Japan Bull. Chem. Soc. Jpn. Vol. 79, No. 5, 673–691 (2006) 673

Accounts

Published on the web May 12, 2006; DOI: 10.1246/bcsj.79.673



the dispersion. In the following theoretical part of the polymer-
ization-induced phase separation, we in principle limit our-
selves to chemical polymerization reactions, represented by
polycondensation reactions of hydrolyzed metal alkoxides.

Let us first consider a typical hydrolysis–polycondensation
of alkoxysilanes under acidic conditions, which gives a rela-
tively narrow distribution of the molecular weight of the poly-
merizing oligomers.2 The average molecular weight of the
polymerizing species in a solution increases with reaction time
by virtually irreversible polycondensation reactions among the
monomers/oligomers. The thermodynamics of a solution con-
taining polymerizing species tells us that mutual solubility
among the constituents becomes lower as the average molecu-
lar weight of the polymerizing species increases.3 This is main-
ly due to the loss of entropy of mixing among the constituents,
which leads to the increase of the free energy of mixing, �G.

�G ¼ �H � T�S: ð1Þ

The reduction in mutual solubility caused by polymerization
can be contrasted with that caused by physical cooling of the
system4 (See Fig. 1). In the latter case, the free energy of mix-
ing is increased by lowering temperature. In both cases, a multi-
component system becomes less stable as the absolute value of
the T�S term decreases. In some cases, changes in the polarity
of oligomers with the generation and/or consumption of silanol
groups may contribute to increase the�H term, which will also
destabilize the system against homogeneous mixing. In any
case, when the sign of free energy of mixing of the system be-
comes positive, the thermodynamic driving force for phase
separation is generated.

In real experimental systems, poor solvents of the oligo-
mers, several kinds of water-soluble polymers, and cationic
or nonionic surfactants can be used as an additive component
to induce the phase separation in the course of a sol–gel reac-
tion. Typical examples follow.

1.1.1 Low-Water Hydrolysis of Tetraalkoxysilane or Tri-
alkoxy(alkyl)siloxane: When hydrolyzed with an under-
stoichiometric amount of water (H2O=Si < 2 and 1.5 in the
cases of tetraalkoxysilane and trialkoxy(alkyl)siloxane, respec-

tively), the siloxane oligomers retain a considerable amount of
unreacted alkoxy groups. This condition is specified as ‘‘low-
water’’ while the hydrolysis conducted under the presence of
abundant water relative to that corresponding to the stoichio-
metric (H2O=Si ¼ 2) will be denoted as ‘‘high-water’’ in the
following classifications. These oligomers with relatively low
polarity tend to phase separate against a highly polar solvent
mixture. Addition of an extremely high concentration of a min-
eral acid or formamide is preferable to induce phase separation
in the solution derived from tetraalkoxysilanes.5 With trialk-
oxy(alkyl)siloxanes, the generated oligomers have inherent
hydrophobic groups and thus exhibit higher phase-separation
tendency even against the mixtures of water and alcohol with
a dilute acid catalyst.

A series of exceptions has been found recently with bridged
alkoxysilanes. Bis(trialkoxysilyl)alkanes with C6 or C8 bridg-
ing alkylene chains typically phase separate against 50–70 fold
molar amount of water relative to silicon under acidic con-
ditions.6 Relatively long alkylene chains buried in the silox-
ane network only moderately contribute to enhance the phase-
separation tendency of the polymerizing oligomers.

1.1.2 High-Water Hydrolysis of Tetraalkoxysilane in the
Presence of Weakly-Interacting Additives: With a suffi-
cient amount of water, almost all the alkoxy groups are hydro-
lyzed into silanol groups. The polarity of the resultant siloxane
oligomers is high enough to be dissolved in alcohol–water sol-
vent mixtures containing ionic catalysts. An addition of a wa-
ter-soluble polymer such as poly(acrylic acid) or poly(sodium
4-styrenesulfonate) to this system can induce the phase separa-
tion, mainly based on the incompatibility between the polymer
and siloxane oligomers.7,8 The added polymer is preferentially
distributed to the phase containing minor amounts of siloxane
oligomers, thus constituting the ‘‘fluid phase’’ in contrast to the
‘‘gel phase’’ rich in siloxane oligomers. In this case, the addi-
tive component plays an assisting role to induce the phase sep-
aration to form micrometer-range heterogeneous structures.

1.1.3 High-Water Hydrolysis of Tetraalkoxysilane or
Alkylene-Bridged Alkoxysilane in the Presence of Hydro-
gen-Bonding Additives: Several surfactants and water-solu-

Fig. 1. Physical vs chemical cooling.
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ble polymers are known to exhibit strong hydrogen-bonding
interaction between silanol groups on the surfaces of silica col-
loids and in siloxane oligomers. Poly(oxyethylene) chains, for
example, specifically form strong hydrogen bonds with sila-
nols by their ether oxygens. When the poly(ethylene oxide),
PEO, or surfactants containing poly(oxyethylene) units are
added to the hydrolysis/polycondensation of alkoxysilanes,
they form hydrogen-bonded amorphous complexes as soon as
sufficient amounts of continuous silanol sites are generated as
a result of polycondensation of hydrolyzed alkoxysilanes in the
solution (Fig. 2). In the case that surfactants and polymers
cover silanols so strongly that any further polycondensation
is inhibited by the adsorbed molecules, only low molecular
weight oligomers will segregate to form a dispersed, non-gel-
ling phase. By an appropriate choice of the HLB value or the
molecular weight, on the other hand, the phase separation can
be concurrently induced with the homogeneous sol–gel transi-
tion of the reaction system.9 Unlike the cases with weakly-
interacting polymers, most of the additive surfactants or poly-
mers are distributed to the phase to which majority of the
siloxane oligomers are also distributed, and form a gel phase
together. The fluid phase is then composed mainly of the sol-
vent mixture.

The system containing hydrogen-bonding additives has an
advantage in controlling the pore structure of the resultant gels.
As will be explained in detail below, the sizes of the pores (to
be more exact, the sizes of the separated phase domains) pri-
marily depend on the phase-separation tendency of the poly-
merizing siloxane oligomer solution. The pore volume is deter-
mined mainly by the volume fraction of the fluid phase, and
thus is roughly proportional to the concentrations of water
and solvent in the starting composition. The pore size and
the pore volume of a gelled material can be independently con-
trolled by adjusting the concentrations of the additive and the
solvent, respectively. In Section 1.1.2 described above, the
phase-separation tendency and the volume fraction of the
pore-forming phase are mutually interdependent, which makes
it difficult to design a wide variety of pore structures.

1.2 Morphology Development by Spinodal Decomposi-
tion. In a phase diagram with a miscibility window, the
two-phase region is divided into two sub-regions. One is that
between binodal and spinodal, called the metastable region.
In the metastable region, any infinitesimal fluctuation of the
composition is energy-consuming, that is, finite activation en-
ergy is required to develop phase-separated domains. The typi-
cal phase-separation mechanism in this region is the ‘‘nuclea-
tion and growth’’ where dispersed small regions called nuclei
grow accompanied by an addition of constituents diffusing

from the bulk (not yet separated) regions of the system. The
natural consequence of this mechanism is a morphology with
‘‘dispersed A’’ and ‘‘matrix B’’ phase domains (Fig. 3). The
other region is that within a spinodal line, called the unstable
region. In the unstable region, any infinitesimal fluctuation
gains energy so that the fluctuation spontaneously develops
with time without requiring any activation energy. Depending
mainly on the depth of quench (the difference between the crit-
ical temperature and the actually quenched temperature) and
the mobility of the constituents (more precisely, that of diffus-
ing units), only a single Fourier component among the various
fluctuation wavelengths survives and this component domi-
nates the characteristic size of the domains. One clear differ-
ence that can be seen between the nucleation and growth
mechanism is that the phase domains have no distinct interface
in the initial stages of the phase separation. The contrast in
chemical composition develops continuously with time until
the equilibrium phase compositions are reached. Under com-
parable volume fractions of conjugate phase domains without
crystallographic or mechanical anisotropy, a sponge-like struc-
ture called a co-continuous structure forms (Fig. 3). The co-
continuous structure is characterized by mutually continuous
conjugate domains and hyperbolic interfaces.

In the classical description of the initial stage of spinodal
decomposition, the co-continuous structures are reproduced
by the superposition of a number of sinusoidal compositional
waves. The real structure development, however, strongly de-
pends on the dynamics driven by the interfacial energy.10 With
an increase of concentration difference between the conjugate
phase domains, the interfacial energy piles up. In order to re-
duce the total interfacial energy, the system reorganizes the
domain structure toward that with less interfacial area and less
local surface energy. The former can be achieved by coarsen-
ing the structure (Fig. 4). The self-similar coarsening of the
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Fig. 2. Hydrogen bonding of PEO chains on surface silanols.

Fig. 3. Nucleation & growth and spinodal decomposition
mechanisms.
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spinodally phase-separated domains is well known in many
oxide glass or organic polymer systems. Since the co-continu-
ous structure of spinodal decomposition contains both negative
and positive curvature surfaces, a curvature of either sign
should be eliminated to attain the most stable interfacial con-
figuration. The fragmentation of either of the conjugate phases
is the result of the latter local surface-energetic requirement.
As shown in the figure, the well-defined co-continuous struc-
ture of the spinodal decomposition is a transient structure,
which coarsens self-similarly for a limited duration of time
and then breaks up into fragmented structures.

1.3 Structure Freezing by Sol–Gel Transition. Sol–gel
transition is a phenomenon which strongly depends on the net-
work connectivity. In the case of virtually irreversible chemi-
cal sol–gel transition in a solution, a constant increase in the
degree of polymerization of individual clusters contributes to
increase the solution viscosity only gradually in the earlier
stage of polymerization. The continued growth of clusters,
however, reaches a point where the first single connection
across the system dimension is formed. Around this point, typ-
ically denoted as the sol–gel transition point, the steep increase
and divergence of viscosity is observed, and, in parallel, the
system turns from a viscous fluid to an elastic solid. Due to
the continued polymerization reactions within the loosely con-
nected network, the network density gradually increases to
arrest motions of constituents in increasingly finer dimensions.

If any transient (dynamic) heterogeneity is present in a gel-
ling solution, it will be arrested in the gel network when the
timescale of the sol–gel transition is short enough to freeze the
‘‘snap-shot’’ structure of the transient heterogeneity. In the sol–
gel system based on an acid-catalyzed hydrolysis–polyconden-
sation of alkoxysilane, both the structural evolution due to
phase separation and the structure freezing by sol–gel transi-
tion take place as a result of irreversible polycondensation
reactions. The ‘‘frozen’’ structure depends, therefore, on the
onset of phase separation relative to the ‘‘freezing’’ point by
sol–gel transition. The earlier the phase separation is initiated
relative to the sol–gel transition, the coarser the resultant struc-

ture becomes, and vice versa.
Among numerous reaction parameters of a sol–gel reaction,

those that strongly influence the mutual solubility of the con-
stituents and/or the hydrolysis–polycondensation reaction
rates play important roles in determining the final size of the
phase-separated domains in the gels. For example, a higher re-
action temperature normally increases the mutual solubility of
the constituents and hence suppresses the phase-separation ten-
dency, and in parallel it accelerates the hydrolysis–polycon-
densation reactions. Due to these duplicate effects, gels with
drastically finer phase-separated domains are obtained at high-
er temperatures. If one adds a co-solvent of the relatively
incompatible components in the reaction solution, the phase-
separation tendency is suppressed usually accompanied by de-
creased hydrolysis–polycondensation reaction rates due to the
dilution effect. In this case, the resultant morphology depends
on the competitive effects of suppressed phase separations and
decelerated hydrolysis–polycondensation reactions.

Another important parameter which determines the gel mor-
phology is the relative volume fraction of the ‘‘fluid’’ phase
which converts to macropores after drying. With an exception
of Section 1.1.2, the ‘‘fluid’’ phase is usually that mainly com-
posed of the solvent mixture. The volume fraction of the sol-
vent then becomes a crucial parameter in determining the pore
volume and overall connectivity of the gel skeletons in the
resultant gel structure. With an appropriate choice of these re-
action parameters, the pore size (domain size) and pore volume
of the gels can be designed in a wide variety of morphologies
(See Fig. 5).

1.4 Effect of Spatial Confinement on Macroporous Mor-
phology. The formation of discrete three-dimensional phase-
separated domains is identical to the development of interfaces
between the conjugate phase domains. That is, the local mor-
phology of phase-separating system may be affected by the
presence of additional interfaces, such as substrate surfaces
or container walls.

By dip-coating the phase-separating reaction solution, the
developing domains in the coated layer are rapidly solidified
by an evaporation-induced gelation. Such rapid freezing of
the transient structure results in various two-dimensionally
phase-separated structures on a substrate. Due to the presence
of free surfaces contacting the atmosphere, asymmetric struc-
tures in the depth direction are often observed, depending
mainly on the affinity of the gel phase to the substrate. In
the case that the gel phase tends to wet and spread on the sub-
strate surface, the domains of solvent phase are expelled from
the substrate. This results in relative pore segregation in the
upper part of the coating. With a substrate which has moderate
affinity to both the gel and the solvent phases, phase-separated
domains with completely homogeneous structure in the thick-
ness direction can be observed (Fig. 6).

In the absence of the physically-induced solidification proc-
ess, such as cooling or evaporation of the solvent, the phase-
separating domains are solidified by chemical crosslinking
reactions that take place competitively with the phase-separa-
tion processes. In a two-dimensional (2D) confined space, e.g.
a slab-shaped gap between parallel plates, the local deforma-
tion can be observed mainly in the vicinity of container
walls.11,12 We here limit our discussion to the morphology

Development of co-continuous structure

Self-similar coarsening 1

Fragmentation of domains

Spheroidization and sedimentation

Self-similar coarsening 2

Fig. 4. Time evolution of spinodally decomposing isotropic
symmetrical system.
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with co-continuous gel- and solvent-phases. Wetting and
spreading of the gel phase onto the container walls in the
course of domain formation (especially coarsening) results in
the depletion layers just below the walls. The local pore vol-
ume of the wall-regions becomes significantly higher than that
of the bulk-region which is not much influenced by the walls.
In many cases, the phase-separated gel domains that originally
have hyperbolic surfaces deform to columnar shapes normal to
the wall surfaces (see Fig. 7). When the characteristic size of
phase separation, denoted as �m, typically the size of a set
of conjugate domains, becomes larger than the dimension con-

fined by the walls, the phase-separating gel domains transform
from co-continuous skeletons to wetting layers on the walls
(Fig. 7c). In the 2D confinement, detailed geometrical analysis
on the interface structure has been carried out using laser scan-
ning confocal microscopy (LSCM).12

In a one-dimensional (1D) confined space, experimentally a
long enough capillary, the deformation and wetting becomes
still more pronounced than in the case of 2D. In the cross-sec-
tional view under SEM, the deformed domains often dominate
the overall morphology (Fig. 8). A transition from co-continu-
ous domains to a wetting layer is also observed.

Experiments on zero-dimensional (0D) confinement have
also been performed using well-defined macroporous cages
described above with the purpose of confirming the effect of
limited material transfer. When the characteristic size of
phase-separating domains becomes comparable to the confined
dimension, extraordinary morphologies including extremely
fine or significantly elongated domains can be observed. Ho-
mogeneous wetting on the inner surface of the macroporous
host is possible, similarly to the cases of confinements in the
higher dimensions.

1.5 Macropore Formation in Colloidal Sol–Gel Systems.
Colloidal dispersion of oxide particles is one of the cost-effec-
tive precursors of porous materials compared with correspond-
ing metal alkoxides. An efficient process to control macro-
porous structure in alkaline silicate—colloidal silica mixtures
has been established by Shoup et al.13 The gelation of alkaline
silicate (so called water-glass) was modified by the colloidal

Fig. 6. Two-dimensional phase separation.
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Fig. 5. Starting composition and resultant gel morphologies.
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particles to give continuous macropores up to sub-micrometers
in diameter. Due to the inclusion of a considerable amount of
rigid particles in a gel, as well as to the presence of continuous
macropores which efficiently transport the solvent liquid, the
drying shrinkage of the gel was effectively suppressed to avoid
cracking and fracture. High silica glass products can be man-
ufactured through the process by molding the gelling solution
into various shapes.

Alkoxides of metals other than silicon generally exhibit
much higher reactivity toward hydrolysis–polycondensation
than those of silicon, mainly due to the difference in partial
charge of the metals in their respective oxygen-coordinated en-
vironments. As a result, it is virtually impossible to control the
gelation reaction with alkoxides of titanium or zirconium with-
out significantly diluting the reaction system.48 Although a vast
range of applications with photocatalytic activity is expected,
well-defined macroporous titania could not be synthesized
in monolithic form. Here, we tried to solidify an aqueous
dispersion of commercially available fine colloidal anatase
while inducing the phase separation in the course of gelation
(Table 1). By adding formamide to an acid-stabilized colloidal
anatase dispersion at elevated temperature, we could increase
the pH of the dispersion gradually and homogeneously. With

an addition of poly(ethylene oxide), PEO, with relatively high
molecular weight, typically higher than 100000, starting com-
positions were found which give well-defined macroporous
morphology in resultant monolithic gels.14 Results also reveal-
ed that added PEO preferentially distributed to the gel-phase
and that the continuity of the gel skeletons improved with an
increase of molecular weight of incorporated PEO. Selected
SEM photographs and a representative pore size distribution
curve are shown in Fig. 9. The appearance of the gel skeletons
which constitute the continuous macroporous framework is
very similar to those seen in alkoxide-derived gels. Although
the mechanical strength of the colloidal wet gel is lower than
that of alkoxide-derived gels, once dried carefully by freeze-
drying, the macroporous monolithic samples can be heat-treat-
ed without fracture or deformation. The crystalline system
transforms from anatase to rutile by heating up to ca. 900 �C.
The colloidal route to macroporous oxide gels will be a versa-

Table 1. Starting Compositions of TiO2 Colloid–PEO–
Formamide–Nitric Acid System (Unit: g)

TiO2 PEO (wPEO) HNO3 Formamide Water

1.98 0.030–0.040 0.177 1.16 5.84

D /Λm < 1

Decrease in D/Λm
MTMS-derived gel

Columnar structure Columnar structure
Complete wetting

(wetting transition)

Fig. 7. Phase separation in 2D confined space.

Columnar structure

D = 100 µm (D/Λm = 3.9)

50 µm 20 µm 5 µm

D = 50 µm (D/Λm = 1.9) D = 10 µm (D/Λm = 0.4)

Columnar structure Complete wetting

(wetting transition)

Fig. 8. Phase separation in 1D confined geometry.
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tile method since various kinds of useful oxide dispersions will
be prepared into well-defined macroporous assemblages.

1.6 Prerequisite for Polymerization-Induced Phase Sepa-
ration in Oxide Sol–Gel Systems. In the preceding section,
the origins of polymerization-induced phase separation have
been classified into entropy- and enthalpy-driven cases. We
implicitly assumed that the classification is valid within the
network-forming systems based on chemical polymerization.
Among the enthalpy-driven cases, however, systems that in-
corporate strongly hydrogen-bonding additives behave similar-
ly to each other irrespective of the kind of interaction, chemi-
cal polymerization or physical aggregation, which forms the
gel network. The alkoxide-derived gels are composed of poly-
meric molecules connected with covalent bonds while the col-
loidal gels have physically aggregated particles as structural
units. Considering the common features of these experimental
systems, we assume that the following conditions and se-
quences are prerequisites for concurrent phase separation and
sol–gel transition in oxide systems.

(a) A gel-forming component forms continuous M–OH sites
on the surface of oligomers or aggregates either by polycon-
densation or by physical aggregation.

(b) Strongly hydrogen-bonding additives are adsorbed on
the hydrophilic surface sites of the oligomers or aggregates.
In the case that the additive is a hydrogen-bonding polymer,
the strength of adsorption is often enhanced when an appropri-
ate amount of continuous M–OH sites is available.

(c) The hydrogen-bonding additives break their solvated
(hydrated) moieties to preferentially adsorb on the surfaces
of oligomers or aggregates. Consequently, relatively hydro-
phobic parts of the additive molecules are exposed toward

the surrounding solvent. Oligomers or aggregates thus adsorb-
ed by the hydrogen-bonding additive exhibit decreased com-
patibility with the surrounding polar solvent mixtures, since
they ‘‘wear’’ a molecular coverage with less polar surface sites.
The hydrogen bonding of the additives, however, is not strong
enough to completely prevent further polycondensation or
aggregation among the oligomers or aggregates, which finally
form infinitely crosslinked gel networks.

(d) The driving force of phase separation described above
continues increasing parallel to the overall growth of oligo-
mers or aggregates. Once the phase separation takes place,
the dynamics of the gelling phase domains strongly adsorbed
by the hydrogen-bonding additive is governed by a relatively
viscous component. When the poly(ethyleneoxide), PEO, with
substantially high molecular weight is incorporated in a gelling
system, the dynamics of developing gel-phase depends mostly
on the viscosity (or viscoelasticity) not of the oligomers or
aggregates but of PEO.

The above mechanism explains the versatility of PEO (and
possibly other hydrogen-bonding polymers) in both alkoxide
and colloidal systems to control phase separation to give high-
ly continuous gel domains. There are also systematic data of
formation of macroporous gels in water-glass systems incorpo-
rated with water-soluble polymers.15–18 In these cases, prob-
ably due to the inherent high viscosity of water-glass, the
phase-separation dynamics is governed by both the gelling
component and polymeric additives.

1.7 Advances in Macroporous Structural Characteriza-
tion. The quantitative structural characterization of macropo-
rous substances is usually performed by mercury porosimetry.
By the successive incremental pressurization of liquid mercury
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Fig. 9. SEM photographs of macroporous titania and pore size distribution. (a) wPEO ¼ 0:030; triangle, (b) wPEO ¼ 0:035; circle,
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into an evacuated porous sample, the incremental intruded vol-
ume is measured as a function of applied pressure. This is con-
verted to the pore size, dp, via Washburn’s equation.

dp ¼ �4� cos �=P; ð2Þ

where �: the surface tension of mercury, �: the contact angle
between mercury and solid, and P: the intrusion pressure.
Since mercury is intruded from the surface to the interior of
the sample specimen, the geometry and connectivity of pores
influence the measured pore size distribution. If larger pores
are located behind narrow channels, the larger pores will not
be accessed until the intrusion pressure is increased to a value
that can intrude through the narrow channels. The ‘‘pore-
blocking effect’’ thus becomes a major cause of errors in deter-
mining the pore size distribution by mercury porosimetry.
Depending on the degree of blocking, the sizes of blocked
pores are systematically underestimated.

As partly shown in the preceding sections, with an introduc-
tion of laser scanning confocal microscopy, LSCM, detailed
information on the local geometry of heterogeneous systems
has become available. Three-dimensional (3D) observation
of porous silica monolith has first been performed by Jinnai
et al. by chemically modifying the surface of a fully sintered
silica skeleton with fluorescent dye.19 Additional improve-
ments were made to observe wet gels using appropriate
contrast-matched solvents both in ‘‘positive’’ and ‘‘negative’’
modes where the fluorescent dye is impregnated into gel skel-
etons and macropores, respectively.12,20 Figure 10 shows a
schematic instrumentation setup of LSCM (LSM5 PASCAL,
Carl Zeiss, Germany). A laser with 488 nm wavelength was
used to excite a dye molecule (fluorescein). A long pass filter
(LP505) was installed in front of photomultiplier in order to

detect only the fluorescent light (approximately 519 nm).
The laser was scanned in the lateral plane, measuring fluo-

rescent intensity in a two-dimensional optically sliced image
composed of N2 (N ¼ 512) pixel,2 where N is the number of
pixels along the edge of the two-dimensional image. Subse-
quently, the LSCM images were noise-filtered, digitized and
finally reconstructed into 3D by stacking the digitized 2D im-
ages (Fig. 11). The porosity can be measured by counting the
pixels designated to ‘‘pores’’ in the series of digitized images.
The pore diameter is measured by drawing lines in 341 random
directions in an obtained 3D image, counting the number of
pixels for pore domain on every drawn lines and taking the
most probable value for each length by Gaussian fitting (chord-
length method).

For the purpose of further extracting quantitative geometri-
cal information of macropore surface, we calculated the curva-
ture on every point of the skeletons from the 3D images ob-
tained by the above procedure. The curvature of the site of an
arc is equal to the reciprocal of the radius of a circle that best
fit to the curve at the site (an osculating circle). Similarly, local
principal curvatures, �1 and �2, on a curved surface are defined
as reciprocals of the radius of the largest and the smallest
osculating circles, R1 and R2, respectively, at the same point
(Fig. 12).

�i ¼
1

Ri

; i ¼ 1 or 2: ð3Þ

Note that here a curvature is classified as positive if its
osculating circle locates in the pore region, as negative if it
locates in the skeleton region, and as equal to zero at the sur-
face. The local mean curvature, H, and the Gaussian curvature,
K, are defined as below using local principal curvatures.

H ¼
�1 þ �2

2
; K ¼ �1��2: ð4Þ

The obtained three-dimensional images from macropore
surface observation by LSCM were subjected to an analysis
of probability density distributions of the local curvatures by
sectioning and fitting method (SFM). The numerical proce-
dures and the precision of SFM are detailed elsewhere.21

Figure 13 shows typical model two-phase systems with sim-
plified interface curvatures and corresponding probability den-
sity distributions. From local curvature distribution, we can
estimate which kind of surface (i.e. parabolic, hyperbolic, or
elliptic) is dominant on the measured overall macropore sur-
face. Any realistic curvature set falls outside the K ¼ H2 boun-
dary on which the curvature of elliptic surface is represented
(except for the origin). As shown in the figure, the morphology
of two-phase system inverts across the H ¼ 0. According to
the definition of the curvatures described above, local curva-
ture values located in H > 0 and K > 0 are indicative of elon-
gated or isolated pores, and those in H < 0 and K > 0 are in-
dicative of elongated or fragmented gel skeletons. It has been
demonstrated that the co-continuous two-phase structure typi-
cally developed by spinodal decomposition with 50:50 volume
fractions without any dynamic asymmetry can be classified to
the hyperbolic surface (H ¼ 0 and K < 0).

The local curvature distributions of real macroporous mono-
lithic silica are plotted in Fig. 14 as a function of porosity, ".
For the measured geometry data, the local curvature distribu-

Fig. 10. Schematic setup of laser scanning confocal micro-
scope, LSCM.
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tions calculated by SFM have been scaled with the inverse of
the specific surface area, ��1 (� ¼ S=V , S and V corresponds
to total macropore surface area and total sample volume, re-
spectively) to eliminate the influence of structure dimensions.
The inverse of specific surface area is one of the characteristic
length parameters of phase-separating structure and has been
employed to scale geometrical parameters obtained from 3D
images (i.e. local curvatures and area averaged curvatures).19

At relatively low porosity, the distribution is asymmetrical,
with an ‘‘arm’’ extended to the H > 0 and K > 0 region indi-
cating the presence of elongated pores where the pore-blocking
effect of the mercury intrusion method is pronounced. With an
increase of porosity, the overall distribution becomes nearly

symmetrical around H ¼ 0 and K < 0, and further increase
in porosity results in the elongation and fragmentation of the
gel skeletons. At higher porosities, the pore-blocking effect
is expected to become negligible. It was indeed proven that
the median pore size measured by mercury intrusion method
and that by LSCM image analysis agreed better with each oth-
er at higher porosities. Quantitative as well as statistical 3D re-
al image analysis will become more important in investigating
the macroporous structure prepared in small confined spaces,
where direct and quantitative intrusion of mercury becomes
impossible.

2. Tailoring Mesopores to Obtain
Hierarchical Pore Structures

2.1 Post Gelation Aging of Silica Gels. Since the inter-
connected macropores enhances the material transport within
the bulk gel sample, the exchange of pore liquid with an exter-
nal solvent can be performed much faster than for the case
with gels having only meso- to micropores. Conventional
methods of tailoring mesopore structure by aging wet silica
gels under basic and/or hydrothermal conditions can be suita-
bly applied to the monolithic macroporous silica gels without
essentially disturbing the well-defined macroporous structure.
Experimentally, the as-gelled wet monolithic specimen is
immersed in an excess amount of an external solvent such as
aqueous ammonia solution. Alternatively, one can add urea
in the starting composition of the gel preparation, and subse-
quently heat the wet gel in a closed vessel to generate aqueous

Fig. 12. Definition of principal curvatures on a curved surface.
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Fig. 14. Measured curvature distributions of macroporous silica gels with comparable pore size and varied porosities.

Fig. 13. Probability density distributions of mean and Gaussian curvatures and corresponding typical two-phase structures.
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ammona in situ. Acid-catalyzed alkoxy-derived silica gels are
highly tenuous in the presence of mother liquor (before dry-
ing). This is especially true when strongly hydrogen-bonding
molecules are present in the hydrolysis–polycondensation sys-
tem where the aggregation behavior as well as the resultant
structure of siloxane oligomers are directly influenced. In the
presence of substances with poly(oxyethylene) units, the aver-
age connectivity of siloxane oligomers becomes lower, which
enhances the dissolution–reprecipitation reactions under basic
and/or hydrothermal conditions. The preferential dissolution
of gel network sites with small positive curvature and subse-
quent reprecipitation onto those with small negative curvature
results in the reorganization of smaller pores into larger pores
(the so called Ostwald ripening mechanism).

Figure 15 shows the differential pore size distribution
curves of heat-treated gels after aging in the wet state under
various ammonia concentration and/or temperature condi-
tions. Since the equilibrium solubility of amorphous silica in-
creases at higher temperature and under pH conditions typi-
cally higher than 10, the median size of resultant mesopores
increase at higher ammonia concentration and temperature.
Due to the presence of interconnected macropores, the external
solution can easily penetrate through the gel specimen (by aux-
iliary pumping if needed), and the diffusion of the solution into
wet gel skeletons of typically a few micrometers becomes a
rate-determining step of the solvent exchange processes. The
NMR and SAXS (small-angle X-ray scattering) measurements
proved that the chemical reorganization of initially micropo-
rous network into that with sharply distributed mesopores
takes place on the time scale of a few hours.22 These mesopore
formation processes take place within the pre-formed micro-
meter-sized gel skeletons, so that the size of mesopores can
be controlled independently of the macropore size unless the
local dissolution of the gel skeletons causes significant defor-
mation of the whole macroporous framework during the sol-
vent exchange.

2.2 Supramolecular Templating of Mesopores. The dis-
solution–reprecipitation processes of the randomly crosslinked
highly hydroxylated silica network results in an amorphous
mesoporous network. In addition to the size distribution, fur-
ther control over the pore shape and connectivity is desired.
For the purpose of obtaining mesopores with higher degrees
of order in pore size, shape, and spatial arrangement, the supra-
molecular templating is an attractive alternative to the aging
process. It has been found that several kinds of cationic and
nonionic surfactants can be used to induce the phase separa-
tion concurrently with the sol–gel transition.23–26 The choice
of surfactants suitable also to the supramolecular templating
of mesopores can realize materials with crystal-like long-range
ordered mesopores homogeneously located in the micrometer-
sized well-defined gel skeletons.

The key idea to combine the phase separation–gelation and
supramolecular templating–precipitation comes from the fact
that both processes include a kind of polymerization-induced
phase separation. It has been established that cooperative
assembly between surfactant micelles and oligomeric oxides
enhances the ordered arrangement of the micelles. Highly or-
dered mesostructure are organized by such cooperative assem-
bly mechanism in generally amorphous oxide networks. Due
to relatively strong attractive interactions between micelles
and oxides, submicron- to micron-sized particles are precipi-
tated out of the solution in dilute systems under a closed con-
dition. Alternatively, these well-ordered assemblages can be
transferred from a solution onto a substrate, accompanied by
preferential evaporation of alcoholic solvent. The structure-
forming principle is more generally called evaporation-induc-
ed self-assembly, EISA.27 While the physical concentration of
the solutes serves to freeze the structure, the preferential loss
of alcohol contributes to the formation of highly aligned meso-
phases. It, therefore, becomes important for the system to be
able to freeze the phase-separating (or precipitating) structure
by rapid enough sol–gel transition while the continuous feature
of dynamically coarsening phase domains is maintained. The
timescale of EISA processes is typically on the order of sec-
onds. The phase separation to develop co-continuous domains
in a typical silica sol–gel system is also in the range of seconds
to minutes.28 Then, the preferred sequence of the formation of
hierarchical macro-mesoporous structure should be: (1) Self-
assembly of surfactants and siloxane oligomers proceeds first,
and the initial stage of phase separation (or precipitation) starts
slightly earlier than the sol–gel transition of the system; (2)
before the complete growth of oligomers ready to precipitate,
the whole reaction solution reaches the sol–gel transition,
where the local mobility is drastically reduced to inhibit the
precipitation of discrete precipitates; (3) due to the remaining
driving force of phase separation within the gelling network,
phase domains develop to form heterogeneities in the length
scale of micrometers; (4) local phase domains including sur-
factant-oligomer self-assemblies are deformed and/or frag-
mented in the coarsening stages of phase separation; (5) the
transient phase-separating structures are finally frozen in the
well-crosslinked gel network (Table 2).

Starting from a composition favorable for the formation of
co-continuous macroporous structure containing a triblock co-
polymer Pluronic P123 (EO20-PO70-EO20, EO: ethylene oxide,
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PO: propylene oxide), an additive, 1,3,5-trimethylbenzene
(TMB), known to preferentially distributed to the hydrophobic
cores of micelles, was introduced to enhance long-range order-
ing of mesophases.29 All the characterizations were carried
out for the samples dried and heat-treated at 650 �C for 5 h.
Figure 16 compares macroporous morphology and pore size
distribution of macro-mesoporous monolithic silica gels pre-
pared from the compositions with and without TMB. With
an addition of an appropriate amount of TMB relative to that
of P123, the shape and long-range order of mesopores are dras-
tically modified. The difference in nitrogen adsorption–desorp-
tion isotherms of the two samples, shown in Fig. 17, clearly
indicates the formation of cylindrical pores with narrow size
distribution accompanied by an increase in pore volume. The
long-range ordering of cylindrical pores in 2-dimensional
hexagonal symmetry has been confirmed by the XRD results
that indicate highly enhanced first peaks with additional higher
order peaks.29 Further, the real-space observations have been
performed by FE-SEM and TEM (Fig. 18). Further additions

of TMB, however, resulted in the loss of long-range ordered
cylindrical pores and a spherical isotropic mesopore system
called mesostructured cellular foam, MCF, became dominant.
It is noteworthy that the shape of gel skeletons is affected by
the anisotropy of mesopores contained in the skeletons; that
is, those with cylindrical mesopores exhibit fibrous features.

3. Applications and Products

3.1 Monolithic Separation Media for Ultra-Fast HPLC.
High-performance liquid chromatography, HPLC, is one of
the most popular liquid-phase analysis techniques. It is used
extensively in the fields of organic chemistry, polymer chem-
istry, biochemistry, and environmental sciences. Columns
packed with uniform-size particulate silica gels have been used
as separation media for many years and are now technological-
ly well matured. The recent development of sol–gel material
synthesis has enabled the manufacture of a revolutionary
new type of separation medium, a monolithic column, com-
posed of a single piece of porous silica gel. Important features
and advantages of monolithic columns in HPLC fields in com-
parison with those of conventional particle-packed columns,
especially those recognized in recently developing bio-separa-
tion fields, are briefly introduced below.

3.1.1 Particle-Packed Columns and Their Limitations:
In conventional HPLC technologies, columns packed with
oxide particles have been used as standard separation media.
Silica gel has been the most popular substance for column
packing material. The synthesis, classification, surface modifi-
cation, dispersion, and packing process of silica gel particles
are technologically well established. Over 30 years, the shape
of the particles has changed from irregular-shaped to uniform-
size spherical form, and the diameter has decreased from sev-
eral tens microns down to 2–5 microns.30 The geometrical fea-
tures of particle-packed columns, nevertheless, have remained
unchanged. The overall porosity of the packed column does
not exceed 40% by volume, which is the main cause of high
liquid-flow resistance (column pressure). The performance of
particle-packed columns becomes better with a decrease in
the size of particle diameter, while the column pressure is
inversely proportional to the particle diameter squared. These
factors set a limitation to the improvement of column perform-
ance by adopting smaller particles, because the flow rate be-
comes lower under the limited pumping ability of an ordinary
instrumentation.31 In other words, columns packed with small-
er-sized particles separate components better while requiring a
higher driving pressure for a constant flow rate of sample solu-
tion across the column. Columns packed with 5 micron parti-
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Table 2. Starting Composition and Resultant Morphology of the Gel Samples in TMOS–
P123–1.0M HNO3aq–TMB System (Unit: g)

Sample TMOS P123 TMB 1.0M HNO3aq Morphology

MP4 5.15 4.0 — 12.0 Co-continuous
MP4-T045 5.15 4.0 0.45 12.0 Isolated pores
MP4-T065 5.15 4.0 0.65 12.0 Co-continuous
MP4-T085 5.15 4.0 0.85 12.0 Co-continuous
MP4-T090 5.15 4.0 0.90 12.0 Co-continuous
MP4-T125 5.15 4.0 1.25 12.0 Co-continuous
MP4-T310 5.15 4.0 3.10 12.0 Co-continuous
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cles are most widely used as a result of compromise in the
above relations between analytical performance and column
pressure. This type of column should be used at a relatively
low flow rate to obtain best performance.

Column packing technologies are in a matured level, using
slurry dispersed with packing particles introduced with the
sophisticated pressurizing apparatus into a stainless steel tube.
The technologically required column diameter, however, is
decreasing for higher sensitivity, reduced solvent consumption
and decreased environmental load. Although capillary col-
umns packed with particles are commercially available, the
smaller the column diameter, the progressively more difficult
it becomes to manufacture capillary columns with high per-
formance and reproducibility.

3.1.2 Monolithic Silica Columns: In the beginning of the
1990’s, continuous porous polymer was proposed for a separa-
tion medium of HPLC.32 Almost in parallel, the present author
and his colleagues found that, by combining transient domain
formation due to phase separation and structure freezing due to
sol–gel transition, monolithic macroporous silica with contin-
uous thin gel skeletons and relatively high porosity can be pre-

pared by a liquid-phase processing.7–9,33,34 The phase separa-
tion is induced by the hydrolysis–polycondensation reactions
of a silicon alkoxide, leading to the formation of various tran-
sitional multi-phase structures including those with co-contin-
uous domains of gel-phase and solvent-phase. By controlling
the preparation conditions such as starting composition and
reaction temperature, one can induce the sol–gel transition,
an irreversible structure-freezing process, concurrently with
the above multi-phase structure formation. As a result, mono-
lithic macroporous silica with sharply distributed pore size and
skeleton thickness can be manufactured. Compared with poly-
mer-based porous materials represented by poly(styrene-co-di-
vinylbenzene), macroporous silica thus prepared exhibit much
sharper pore size distribution as well as superior mechanical
and thermal stability. The mesopore structure of the monolithic
macroporous silica can be controlled by the aging process in
the wet stage.22 The surface chemistry of the resultant meso-
pores has been found to be similar to that in conventional silica
gel particles for packed columns. This means that all the estab-
lished technologies on surface modification chemistry can be
readily transferred to the monolithic silica material.
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The separation efficiency of an HPLC column is expressed
in the form of a Van Deemter plot which shows the depen-
dence of column plate height, H, column length divided
by plate number, on the linear velocity of the mobile phase,
u (often termed as H–u curve). In the case of particle-packed
columns, H passes through a minimum at relatively low u

and then increases almost linearly with u. The highest efficien-
cy, therefore, can only be attained at low mobile phase veloc-
ity. Since the increase in H at higher u region stems from the
fact that material transfer inside the particle (mainly caused by
molecular diffusion) cannot catch up with that in mobile phase
flow between the particles, smaller particles gives lower slope
and lower H values in the high u region. The limitation arising
from the column pressure has inhibited the use of columns
packed with smaller particles in an ordinary instrumentation,
as described above. The compromise between efficiency and
pressure, however, can be avoided in the case of monolithic
columns where independently controlled macropore size and
gel skeleton thickness can be designed (Figs. 19 and 20).

Typical commercially available Chromolith� (Chromolith�
is the registered trademark of Merck KGaA, Darmstadt,
Germany) columns for analytical chromatography are manu-
factured by preparing monolithic silica gels with 1.5 micron
thick silica skeletons and 2 micron wide macropores into the a
shape of column 4.6mm in diameter and 10–100mm in length,
then encasing them into the ‘‘clads’’ made of fiber-reinforced
PEEK (poly(ether–ether–ketone)) resin. They perform better
than columns packed with 3.5 micron particles (100000
platesm�1) with less than half the column pressure of 5 micron

particle-packed columns.35,36 Figure 21 compares the H–u
curves for hexylbenzene analyzed in the reversed phase mode
with ODS-modified high-performance 5 micron particles (col-
umn length: 150mm) and ODS-modified monolithic column
with 1.5 micron-thick skeletons and 2 micron wide macro-
pores (column length: 30mm). In spite of considerably shorter
column length, the monolithic column performs better in all

Fig. 19. SEM images of fractured surfaces of monolithic
silica gel prepared for HPLC separation medium. Upper
image: Co-continuous network of macropores and silica
gel skeletons, Lower image: Cross section of silica gel
skeleton showing the presence of mesopores (Kindly sup-
plied by Merck KGaA, Darmstadt, Germany).

20 nm

Fig. 18. FE-SEM photographs of heat-treated gel sample
with highly ordered 2D-hexagonal mesopores at different
magnifications.
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Fig. 20. Hierarchical pore size distribution of monolithic
silica gel prepared for HPLC separation medium.
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the mobile phase velocity regions than the particle-packed
column.

With the same column length, monolithic columns give 2–3
times higher mobile phase velocity than particle-packed col-
umns when driven under a given pressure. Due to the weak
dependence of column performance on the mobile phase ve-

locity (represented by a gentle slope of H–u curve), monolithic
columns can perform separations in 2–3 times shorter times
without sacrificing the separation performance at accelerated
mobile phase velocities. The connection of several columns,
on the other hand, allows the construction of a very high-per-
formance column driven by a pressure comparable to that of an
ordinary particle-packed column.

Separations of compounds significantly differing in polarity
are performed in a so-called solvent gradient mode where the
mixing ratio of the mobile phases is changed continuously or
stepwise with the elution time. The change in solvent polarity
accelerates the elution of substances strongly retained in the
stationary phase, making the total analysis time significantly
shorter than the case of isocratic elution. The repetition of
the solvent gradient elution, however, requires some time to
re-equilibrate the column back to the starting mobile phase
composition. Monolithic columns which exhibit a low column
pressure accelerate repeated separations in the solvent gradient
mode not only by reducing the analysis time but also by dras-
tically reducing the re-equilibration time. Moreover, their
weak H–u dependence allows one to accelerate the elution
of strongly-retained substances by simply increasing the mo-
bile phase velocity while maintaining the separation efficiency.
This procedure is called a ‘‘pressure gradient’’ mode, which
can be easily performed by programming the pumping system.
No re-equilibration time lag is required between repeated op-
erations.37 A combination of the solvent- and pressure-gradient
modes is also available and has been proven to be effective to
reduce the total separation time by an order of magnitude
(Fig. 22).
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Samples:
1. phenol 
2. 2-chlorophenol 
3. 2-nitrophenol 
4. 2,4-dinitrophenol
5. 4-chloro-3-methylphenol
6. 6-methyl-2,4-dinitrophenol
7. 2,4,6-trichlorophenol 
8. pentachlorophenol
Column: 4.6mm ID x 10 cm

Time    H3PO4 Acetonitrile Flow rate 
min         %            %          mL min-1

0.0          65 35 3
1.8          54 46 3
2.5          20 80 5
4.0          20 80 5

min

Fig. 22. Example of combination of solvent- and flow-gradient modes in the separation of mixture of substituted phenols.
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3.1.3 Challenges to Super-High Performance and Mini-
aturization: The high porosity and resultant low flow resist-
ance of monolithic columns allow another variation of high-
performance column with even smaller macropores and thin-
ner skeletons which can be driven by ordinary pressure to give
acceptable mobile phase velocity. This type of monolithic col-
umn can exhibit super-high performance comparable to that of
a column packed with very small (<1 micron) particles of
which the usage has been so far restricted to specialized
high-pressure instrumentation or at very low mobile phase
velocity with a limited column length.

For the purpose of fully utilizing the ultra-high perform-
ance, the instrumentation should be optimized as well. Techni-
cal challenges are seen especially in high-pressure pumping
and quick-response detection systems. For example, the su-
per-high speed separations can be confirmed only by enhanc-
ing the time resolution of the detection at increased sampling
frequency (Fig. 21).

Smaller diameter columns are known to exhibit higher sen-
sitivity and reduced consumption of mobile phase solvent and
sample substances. In the case of particle-packed columns,
with the decrease of diameter of tubes or capillaries, it be-
comes progressively more difficult to pack them with particles
uniformly and reproducibly in view of chromatographic sepa-
rations. Monolithic columns with PEEK clad also suffer from
difficulty in manufacturing when thinner gel pieces should be
handled without fracture. The advantage of sol–gel processing,
i.e. liquid-phase synthesis, here manifests itself to overcome

these obstacles. Compared with the packing of particles, the
filling of a reaction solution into small spaces such as capilla-
ries and micro-fabricated channels is much easier. The prob-
lematic shrinkage and deformation, which are inherent in
sol–gel processing, can be better avoided as at least one of
the dimensions of the gel becomes smaller. Figure 23 shows
the SEM images of fractured sections of monolithic columns
prepared inside the fused silica capillaries with varied inner di-
ameters.38 Capillary columns have advantages in that they re-
quire no cladding process, and can be easily prepared in de-
sired length. The chromatographic instrumentation for capilla-
ry columns, again, is still on its way to optimization, especially
with thinner columns. High precision micro-pumps and mixers
for stabilized mobile phase velocity and constant solvent gra-
dient as well as highly sensitive on-column detectors are nec-
essary to make the best use of monolithic capillary columns.

3.1.4 Applications in Bio-Separation Fields: Since HPLC
is a separation method based on the chemical interaction
between a solute molecule and the surface of stationary phase,
the importance of HPLC analysis is rapidly increasing in
so-called ‘‘proteomics’’ and ‘‘metabolomics,’’ analysis of a se-
ries of proteins or metabolites in various stages of biological
activities in living cells, where the chemical interaction in a
liquid phase plays an important role. In proteome analysis,
the number of proteins to be separated and identified is esti-
mated to reach millions with a diverse range of abundances.
Higher sensitivity as well as higher throughput of the analyti-
cal method is therefore mandatory.

50µm ID 100µm ID

200µm ID 530µm ID
Fig. 23. SEM images of monolithic macroporous silica and methyl-modified siloxane gels prepared in capillaries with various inner

diameters.
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Monolithic silica columns exhibit up to an order higher per-
formance than the conventional columns not only for smaller
molecules but also for larger molecules such as polypeptides
and even proteins. The miniaturized versions of monolithic
columns, including those integrated into microchips with mul-
tiple liquid-flow channels, will contribute to improve the per-
formance of LC/MS (Liquid Chromatography coupled with
Mass Spectrometry) and revolutionize the proteome analysis
methodology. Specifically, in the two-dimensional chromatog-
raphy (fractions separated on the first dimension column are
respectively separated in the second dimension columns), the
peak capacity becomes the multiplication of those of the first-
and second-dimension columns. Thus, it will be possible for
this method to compete with the well-established two-dimen-
sional poly(acrylamide) gel electrophoresis, 2D-PAGE, for a
wide range of bio-related molecules. Figure 24 schematically
illustrates a two-dimensional HPLC instrument where the
components separated on the ‘‘1st-D column’’ are alternately
distributed either to ‘‘2nd-D column A’’ or ‘‘2nd-D column
B’’ every 30 seconds using a switching bulb. As each analysis
on ‘‘2nd-D column A’’ or ‘‘2nd-D column B’’ is finished within
60 seconds, the repeated analysis until the end of elutions on
the first dimension constitutes the 2-dimensional separa-
tions.39,40 Another run with reversed distribution order in the
second dimension completes the total set of 2D separations.

HPLC columns which can specifically separate phosphorus-
containing compounds can be prepared using either pure tita-
nia gels or silica gels with their macropore surfaces modified
with thin titania coatings.41,42 Combined with the fast separa-
tion of larger molecules such as proteins with the monolithic
silica columns, the titania-modified monolithic columns will
greatly accelerate the analysis of a vast number of phosphorus-
containing compounds found in proteomics and metabolomics

studies.
Lab-on-a-chip technology is based on micro-fabricated flow

networks that substitute macro-scale pipelines where various
kinds of chemical/physical processes are performed utilizing
the advantages of interfacial phenomena in confined spaces.
Similarly to the capillary columns, the monolithic porous silica
can serve as an efficient separation medium or catalyst/sub-
strate support for chemical reactions. Multi-capillary or micro-
fabricated multi-channel columns suitable for high-throughput
highly integrated bio-analysis are on their way to development.

3.2 Future Challenges and Additional Applications.
Monolithic materials with highly controlled inner surfaces
such as well-defined hierarchical pores can be used in many
of the areas where the particle-packed structure has been play-
ing an important role. Their low flow resistance (high perme-
ability) and enhanced accessibility to the nano-scaled surfaces
in liquid phase are advantageous to every reaction/separation/
purification processes.

Liquid-phase catalytic reactions can be enhanced in a device
composed of immobilized enzyme or catalyst in general.43

Kato et al. recently prepared a flow-through bio-reactor made
of macroporous silica monolith support incorporated with im-
mobilized trypsin.44 Chromatography in larger dimensions for
preparative and process purposes will also benefit by the use of
monolithic columns prepared in appropriate module structures.
Similarly, materials for solid-phase extraction, SPE, purposes
can be easily designed to exhibit superior permeability and
extraction efficiency.45,46

The propagation of light in a dielectrically disordered medi-
um is modified by multiple scattering and interference. In
strongly scattering media with a large refractive index varia-
tion on a length scale comparable to light wavelength, interfer-
ence of multiply scattered light brings about various interest-
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2nd-D Column A

1st-D Column

Injector A

Switch

Injector

Loop A (500µL) 

2nd-D Column B

Loop B (500µL)

Injector B

2nd-D

WASTE

1st-D 
PUMP

1st-D 
UV  Detector

1st-D

UV  Detector  A 

WASTE

UV  Detector  B

PUMP A PUMP B

Fig. 24. Schematic illustration of 2D HPLC system utilizing the monolithic HPLC columns as 2nd dimension separation media.
Components separated on the 1st dimension are distributed alternately to the 2nd dimension columns by ‘‘Switch’’ bulb as indi-
cated by solid and dotted lines.
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ing phenomena such as photon localization. The controllable
well-defined macroporous morphology has an advantage in
tuning the scattering intensity of laser light in visible range.
Although the macroporous morphology is essentially isotropic
(disordered) beyond the nearest neighbor correlation length,
the size and volume of pores can be precisely controlled com-
pared with other scatterers such as aggregated particles. The
successful preparation of well-defined macroporous titania
monoliths enabled one to directly compare the scattering be-
havior of a comparable structure with different chemical com-
positions (a-SiO2 and rutile).47 Due to the difference in refrac-
tive index between a-SiO2 and rutile, 1.4 and 2.7, respectively,
the values of mean free path of the laser light of 488 nm exhib-
ited a large difference in a-SiO2 and in rutile.

4. Conclusion

Polymerization-induced phase separation in oxide sol–gel
systems is unique in that a wide variety of transient multi-
phase structures are frozen in the gelled samples. Most tri-
and tetra-functional siloxane-based gelling systems can be de-
signed to exhibit phase separation parallel to the sol–gel tran-
sition. Recent success of inducing concurrent phase separation
and sol–gel transition in colloidal dispersion systems implies
that the phenomenon is independent of the mechanism of
gelation (chemical polymerization or physical aggregation).
The very essential requirement is simply ‘‘competitive’’ phase
separation and sol–gel transition both in length scale and in
time scale.

Recent advances in structural characterization of multi-
phase systems by LSCM made it possible to quantitatively
evaluate the local structures in a non-destructive manner,
which can provide complimentary information to that obtained
by conventional methods. Time-resolved observation of spe-
cific phase-separation pathways will become possible and pro-
vide much more information than that obtained by scattering
methods.

Macropore control of silica and siloxane gels is now a well-
established method to fabricate gel-based devices in various
forms. With an extension of the material shape and size, the
effect of spatial confinement on the structure development
becomes significant. Deeper understanding is still needed to
completely control the morphology even in the miniaturized
spaces.

Further development of chemical modification of the pore
surfaces as well as impregnating functional molecules will en-
hance the application of the well-defined hierarchically porous
material. The successful introduction of supramolecularly
templated mesostructures into the well-defined macroporous
framework will offer additional possibilities to accommodate
molecules, bio-polymers and even living cells complexed with
the surfactant mesophases. Continuous efforts are being made
to integrate a wide variety of highly-ordered mesophases into
well-defined assemblies in longer length scales with extended
chemical compositions.
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