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ABSTRACT

Sol-gel processes for fabricating oxides or metalloxane polymers
with controlled porous structures have been reviewed. Gel materials
having controlled macropores are synthesized by polymerization-
induced phase separation and concurrent sol-gel transition in a
variety of chemical compositions. Several variations of tailoring
mesopore structures within the macroporous materials are intro-
duced, which enable one to design hierarchically porous metal
oxide and metalloxane polymer materials. Applications of mono-
lithic silica gels having hierarchical macro/mesoporous structure
to the separation media of high-performance liquid chromatog-
raphy, HPLC, are described.

1. Introduction

Fifteen years have past since the first systematic study of
monolithic porous silica with controlled macropores via
the sol-gel method accompanied by phase separation was
reported.’ Sol-gel oxide materials characterized by the
well-defined macropores were out of any existing category
of inorganic gels. They were, however, very similar in
morphology to the porous glasses prepared via metastable
phase separation in immiscible glass-forming oxide sys-
tems followed by selective leaching of one of the separated
phases.” With regard to the morphology formation process
as a competition between dynamics of polymerization-
induced phase separation and steep chemical sol-gel
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FIGURE 1. Schematic representations of physical vs chemical
coolings.

transition, the dependence of macroporous morphology
on various synthesis parameters has been consistently
interpreted. The experimental system has been readily
extended to organo-silicon and silica-based multicompo-
nent oxide systems. It has been found only recently,
however, that pure titanium, zirconium, and aluminum
oxides with well-defined macropores can also be fabri-
cated. It has been further found that irrespective of the
kind of precursors, whether they are metal alkoxides,
metal salts, or a colloidal dispersion of oxides, a common
structure-formation process has been confirmed. In this
Account, porous materials designed by a sol-gel process
accompanied by phase separation are reviewed, using
polysiloxane systems as major examples. Their application
to monolithic high-performance liquid chromatography
(HPLC) columns is described in the last part.

2. Background and Principles

With the systems containing tetraalkoxysilane and ap-
propriate additives as a starting point, the polymerization-
induced phase separation, especially the spinodal decom-
position, has been extensively utilized to generate well-
defined heterogeneous structures.® Typical examples of
applicable precursors and additive components are sum-
marized in Tables 1 and 2, respectively. In most cases,
the hydrolysis is conducted under acidic conditions where
a relatively narrow distribution of growing oligomers can
be obtained.* Although the polymerization reaction is
conducted at a constant temperature, the phase separa-
tion is induced by the polymerization reaction itself.> The
simplified free energy change of mixing multiple constitu-
ents in a solution, AG, can be written as

AG=AH—-TAS (1)

When the sign of AG becomes positive, the thermody-
namic driving force for phase separation is generated. The
polymerization among any constituents usually reduces
the AS term by decreasing the freedom in chemical
configurations, whereas the physical cooling of the system
is expressed by the reduction in 7. In either case, the
absolute value of the TAS term decreases and the phase
separation is equivalently induced (Figure 1).® The po-
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Table 1. Precursors and Their Variations of Sol-Gel Systems Accompanied by Phase Separation

general
classification

precursor type/
applicable element

possible
variations

possible
combinations

refs

tetrafunctional alkoxide Si, Ti, Zr, Al-alkoxide

Si(OMe),, Si(OEt),,

Ti(O-i-Pr),, Ti(O-n-Pr),,
Zr(O-i-Pr),, Al(O-sec-Bu)g

Si-Ti, Si-Zr, Si-Al, Si-colloidal

particles

1, 3, 8, 10, 19-21

trifunctional alkoxide alkyltrialkoxysilane RSi(OR");, R,Si(OR"), R = methyl, ethyl, vinyl, allyl, 9
and others; R' = methyl or ethyl
bridged alkoxide bis(trialkoxysilyl)alkane (R'O)4SiRSi(OR')4 R = methylene, ethylene, 9, 33
propylene, diethylbenzene,
and others; R’ = methyl or ethyl
colloidal dispersion silica, titania acid or base stabilized 14
polysilicate solution water glass - 13
(alkaline silicate)
metal salt aluminum chloride/ iron(I1I), chromium(I1I) additions of yttrium salt for 12
nitrate YAG, magnesium salt for spinel;
doping rare earth salts for
luminescent properties
Table 2. Reaction Conditions, Additives, and Phase Relations in Various Systems
hydrolysis/ additives .
precursor polycondensation gel phase fluid phase refs
e (except water)
conditions
tetraalkoxysilane water/Si < 2 polar solvent siloxane solvent mixture 3, 8
alkyltrialkoxysilane water/Si < 3 alcohols siloxane solvent mixture 9
bis(trialkoxysilyl)alkane  water/Si > 10 none siloxane solvent mixture 9, 33
tetraalkoxysilane water/Si > 4 strongly hydrogen siloxane with solvent mixture 3, 19-21
bonding polymer, polymer
nonionic surfactant,
cationic surfactant
tetraalkoxysilane water/Si > 4 weakly hydrogen siloxane solvent mixture 1
bonding polymer, with polymer
anionic surfactant
water glass destabilization by acid weakly hydrogen polysilicate solvent mixture 13
bonding polymer, with polymer
anionic surfactant
titania colloid destabilization by base  strongly hydrogen titanoxane with solvent mixture 14
bonding polymer polymer
titanium alkoxide water/Si > 4 titanoxane with solvent mixture 10
polymer
zirconium alkoxide water/Si > 4 zirconoxane with  solvent mixture  unpublished
polymer
aluminum chloride water/Si > 4 strongly hydrogen aluminoxane solvent mixture 12
bonding polymer with polymer

lymerization can be regarded as a “chemical cooling”
process in this respect. In practice, poor solvents of the
oligomers, several kinds of water-soluble polymers, and
surfactants can be used as an inducer of the phase
separation driven by the polymerization reaction.
Sol-gel systems depicted here undergo a phase separa-
tion to generate micrometer-range heterogeneity com-
posed of gel and fluid phases. After the solidification
(gelation) of the whole system, the fluid phase can be
removed relatively easily to leave pore spaces on the
length scale of micrometers. In many cases of thermally
induced phase separation in metallic alloys, polymer
blends, and multicomponent glasses, the kinetics of phase
separation can be externally controlled through temper-
ature. One can quench the shape and size of the develop-
ing phase domains simply by cooling the system. On the
other hand, the structure formation process has a more
or less spontaneous nature in the present sol-gel systems.
Both the onset of phase separation and sol-gel transition
are governed by the kinetics of chemical bond formation.
With a predetermined composition, the homogeneously
dissolved starting constituents are just left to react at a
constant temperature in a closed condition (to avoid
evaporation of volatile components). As shown in Tables
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1 and 2, it is noteworthy that not a few gel-forming
systems exhibit common features of concurrent phase
separation and sol-gel transition, irrespective of the
difference in the origins of their gel-forming reactions.

When the phase separation is induced in the unstable
region of a phase diagram (a temperature-composition
region within the spinodal curve), a specific process called
spinodal decomposition occurs. With comparable volume
fractions of conjugate phase domains without crystal-
lographic or mechanical anisotropy, a spongelike structure
called a co-continuous structure forms (Figure 2, top). The
co-continuous structure is characterized by mutually
continuous conjugate domains and hyperbolic interfaces.

The final morphology of the spinodally decomposed
phase domains is strongly governed by the dynamics
driven by the interfacial energy.” As shown in Figure 2,
the well-defined co-continuous structure of the spinodal
decomposition is a transient one, which coarsens self-
similarly for a limited duration of time and then breaks
up into fragments. To reduce the total interfacial energy,
the system reorganizes the domain structure toward that
with less interfacial area and less local interfacial energy.
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FIGURE 2. T|me evolution of a spinodally decomposing isotropic
symmetrical system.

Spheroidization and sedimentation

Within the regime of self-similar coarsening (Figure 2,
bottom), the geometrical features of the developing
domains remain unchanged except the characteristic size.
Then it is followed by the fragmentation of either of the
continuous domains, which results in the dispersion of
one phase within the other continuous phase.

Sol-gel transition is a dynamical freezing process that
occurs via cross-linking reactions. If any transient (dy-
namic) heterogeneity is present in a gelling solution, it
will be arrested in a gel network if the time scale of a
sol-gel transition is short enough to take the “snapshot”
of the transient heterogeneity. 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 structure
becomes, and vice versa. For example, a higher reaction
temperature normally increases the mutual solubility of
the constituents and hence suppresses the phase separa-
tion tendency, and in parallel, it accelerates the hydrolysis/
polycondensation reactions. As a result, the onset of phase
separation is retarded and the solution is solidified earlier
by the sol-gel transition. Due to these duplicate effects,
gels with drastically finer phase-separated domains are
obtained at higher temperatures. With an appropriate
choice of the reaction parameters such as starting com-
position and temperature, the pore size (domain size) and
pore volume of the gels can be designed over a broad
range.

3. Examples of Materials with Controlled
Macropores

3.1. Pure Silica. As extensively listed in Table 2, pure
silica formulations have been exploited to give every
possible morphology, material shape, and doped compo-
sition. In the presence of a limited amount of water, using
especially tetramethoxysilane (TMOS) as a precursor, the
phase separation is induced just by adding polar solvent.?
In the presence of a higher molar ratio of water to silicon,
the phase separation is induced by polymeric or am-

Solvent

Macroscopic
Phase Separation

;, E‘ 4
‘.!"‘ f't‘ 3

Higher Pore Volume

Smaller Pore Size

FIGURE 3. Schematic relations between starting composition and
resultant gel morphologies in a pseudoternary [silica/poly(ethylene
oxide)/solvent] system. Reproduced with permission from ref 24.
Copyright 2001 American Chemical Society.

phiphilic additives. Polymers or surfactants having no
specific attractive interaction with silanol surfaces, e.g.,
poly(acrylic acid) or anionic polymers and surfactants,
tend to be distributed to the “fluid phase” so that the
amount of additives is directly related to the volume
fraction of macropores. On the other hand, due to the
strong hydrogen bonds between silanols and polyoxyeth-
ylenes, additives having -CH,-CH,-O- repeating units,
poly(ethylene oxide) (PEO) and Pluronic or Brij families,
are always distributed to the “gel phase”, while the solvent
mixture becomes a majority in the fluid phase. Similarly,
cationic surfactants are preferentially distributed to the
gel phase. In these cases, the volume fraction of the fluid
phase can be controlled mostly by the amount of solvent,
while the domain size is determined by the additive
concentration which dominantly governs the phase sepa-
ration tendency. This implies that one can independently
design the volume and size of macropores by the con-
centrations of solvent and additive, respectively (Figure
3). For the gels prepared in a macroscopic mold followed
by evaporation drying and heat treatment at 600 °C, the
typical porosity (v/v) covers 40-80% with the median pore
size ranging from 0.5 to 10 um.? In addition, the strong
attractive interaction between silica and additive molecule
makes it possible to template the mesoscale structures of
the structural unit of the gels by surfactants.

3.2. Siloxane-Based Organic-Inorganic Hybrids.
Among the silicon alkoxides having trialkoxysilyl ligands,
a clear distinction can be made between alkyltrialkoxysi-
lanes, represented by methyltrimethoxysilane (MTMS) and
bis(trialkoxysilyl)alkanes, represented by bis(trimethoxy-
silyl)ethane (BTME). Due to the strong tendency to form
cyclic species in their polycondensation stage, gels ob-
tained in a MTMS system often retain high density of
methyl groups on the surface of the oligomers. On the
other hand, gels prepared in a BTME system exhibit
apparently higher surface hydrophilicity comparable to
that of pure silica gels probably because ethylene bridges
between the silicon atoms are buried in the network rather
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FIGURE 4. (a—e) SEM images of dried Ti0, gels prepared with varied water/Ti0, molar ratios in the overall starting 1:0.5:0.5:f Ti(0"C3H,),:
HCl:formamide:water composition: (a) f= 20.50, (b) = 20.75, (c) f= 21.00, (d) f= 21.25, and (e) f= 21.50. (f) Photo image of monolithic Ti0,
gels prepared in Teflon tubes and a coin. Reproduced with permission from ref 10. Copyright 2006 American Chemical Society.
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FIGURE 5. Pore size distribution of the dried TiO, gels measured by
the mercury intrusion method: (O and M) f= 20.75, (a and A) f=
21.00, and (O and @) f = 21.25. Reproduced with permission from
ref 10. Copyright 2006 American Chemical Society.

than exposed on the surface of the oligomers. It has also
been experimentally confirmed that MTMS-derived oli-
gomers phase-separate in a relatively less polar solvent
composition; however, BTME hardly phase-separates even
in highly polar solvent compositions.” Due to the presence
of Si-C bonds, gels from both MTMS and BTME precur-
sors exhibit much higher alkaline resistance than pure
silica gels. Similar to the pure silica case, the BTME-
derived gels with silanol-rich surfaces can be templated
by surfactants to exhibit mesopores with well-defined size
and shape.

3.3. Other Oxides. Alkoxides of titanium and zirco-
nium generally exhibit much higher reactivity toward
hydrolysis/polycondensation than those of silicon, mainly
due to the difference in the partial charge of the metals
in their respective oxygen-coordinated environments.
Well-defined macroporous titania and zirconia have been
very difficult to synthesize in monolithic form. Very
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recently, Konishi et al. reported that the use of titanium
n-propoxide instead of i-propoxide at high concentrations
of HCI enabled one to control the hydrolysis/polycon-
densation kinetics in an experimentally feasible time scale,
where gelation occurs in a tens of minutes to a few
hours.'® The reaction can be well-controlled with a
relatively limited amount of water against complete hy-
drolysis so that titania oligomers rich in unreacted alkoxy
groups separate from a polar solvent mixture containing
formamide. An appropriate amount of PEO can also be
incorporated for an adjustment of phase separation
dynamics to obtain better defined macroporous structures
(Figures 4 and 5). Macroporous titania gels thus obtained
are composed of a microcrystalline anatase phase even
in the wet-gel stage. Via control of the grain growth of
the anatase crystallites during the aging and heat treat-
ment, the interstices of the crystallites form sharply
distributed mesopores in the size range of 5-10 nm (Figure
6). Monolithic pure zirconia with controlled macropores
can also be prepared with further care on synthesis.
Zirconia tends to form gels with amorphous structural
units and transforms via monoclinic into tetragonal as the
heat treatment temperature increases. On the basis of the
methods reported by Gash et al.,'! the polymerization-
induced phase separation has been successfully combined
with the gel-forming reaction assisted by the ring-opening
reaction of propylene oxide.'> An addition of high-
molecular mass (>100 kDa) PEO was found to be effective
in slowing and precisely regulating the phase separation
dynamics. The added PEO is mainly distributed to the
fluid phase and has a minor effect on the mesopore
formation. Macroporous morphologies and pore size
distributions of a-alumina ceramics thus obtained are
shown in Figure 7. On heat treatment, the monolithic gels
transformed from amorphous via y-alumina to a-alumina
crystalline form without damage being done to the
macroporous framework. Silica'® and titania'* gels with
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controlled macropores can also be prepared from colloidal
dispersion of corresponding oxide particles with appropri-
ate additives.

3.4. Characterization of Macropores. The three-
dimensional observation of macropores and conjugate gel
skeletons by laser scanning confocal microscopy (LSCM)
has recently been developed. This method can improve
the underestimation of the pore size by the conventional
mercury intrusion often reported with networked pores.
From the precise three-dimensional configurational in-
formation about the skeletons and pores, more detailed
analysis of the interfacial morphology can be performed.'®
The technique has also been applied in the examination
of anisotropic phase-separated skeleton structures in the
vicinity of container walls'® and in the determination of
the macroporosity with higher accuracy to be correlated
with the liquid flow behavior through monolithic gels.”

4. Tailoring Mesopores To Obtain Hierarchical
Pore Structures

4.1. Post Gelation Aging of Oxide Gels. Since the
interconnected macropores enhance the material trans-
port within the bulk gel sample, the exchange of pore
liquid with an external 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 suitably applied to the
monolithic macroporous silica gels without essentially
disturbing the well-defined macroporous structure (Figure
8). Experimentally, the as-gelled wet monolithic specimen
is immersed in an excess amount of an external solvent
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FIGURE 6. Mesoscale characterizations of the Ti0, gels prepared with f = 21.00. (a) Nitrogen adsorption—desorption isotherms of the dried
gel (O) and the gel heat-treated at 300 °C (XJ). The curve of the gel heat-treated at 300 °C is shifted upward by 50 cm%g for clarity. (b) Pore
size distribution of the dried gel (O and @) and the gel heat-treated at 300 °C (O and M). (c) FE-SEM image of the gel heat-treated at 300 °C.
(d) Higher-magnification image of panel c. Reproduced with permission from ref 10. Copyright 2006 American Chemical Society.

such as an aqueous ammonia solution. Alternatively, one
can add urea in the starting composition of the gel
preparation and subsequently heat the wet gel in a closed
vessel to generate aqueous ammonia in situ. The prefer-
ential dissolution of gel network sites with small positive
curvature and subsequent reprecipitation onto those with
small negative curvature results in the reorganization of
smaller pores into larger pores (the so called Ostwald
ripening mechanism). In pure silica cases, the NMR and
SAXS (small-angle X-ray scattering) measurements proved
that the chemical reorganization of an initially mi-
croporous network into that with sharply distributed
mesopores takes place on the time scale of a few hours.!®
It is noteworthy that the gel with much lower solubility
in external aqueous solutions can also be treated under
hydrothermal conditions to give enlarged and well-defined
mesopore structures. Although the structural evolution
under hydrothermal conditions is not known in detail,
there may be a mechanism of structural reorganization
by the cooperative motion of the network as a whole. In
any case, these mesopore formation processes take place
within the preformed micrometer-sized gel skeletons so
that the size of mesopores can be controlled in a manner
independent of the macropore size unless the local
dissolution of the gel skeletons causes significant defor-
mation of the whole macroporous framework during the
solvent exchange.

4.2. Supramolecular Templating of Mesopores. The
supramolecular templating is an attractive alternative to
the postgelation aging process for obtaining mesopores
with higher degrees of order in pore size, shape, and
spatial arrangement. It has been found that several kinds
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FIGURE 7. Pore size distribution of macroporous alumina prepared
from aluminum chloride and before and after heat treatment at 1100
°C for 5 h. Starting composition: 2.16 g of AICI;6H,0, 1.55 g of
propylene oxide, 1.97 g of EtOH, 2.5 g of H,0, and wpgg g of PEQ.

of surfactants can be used to induce the phase separation
concurrently with the sol-gel transition.'®?! With an
appropriate choice of surfactants suitable also for the
supramolecular templating of mesopores, materials have
been prepared with crystal-like long-range ordered me-
sopores homogeneously located in the micrometer-sized
well-defined gel skeletons.

The key to combining phase separation and gelation
with supramolecular templating and precipitation is 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 ordered mesostructures are organized by such a
cooperative assembly mechanism in generally amorphous
oxide networks. Due to relatively strong attractive interac-
tions between micelles and oxides, submicrometer- to
micrometer-sized particles are precipitated out of the
solution in dilute systems under a closed condition.

Starting from a composition favorable for the formation
of co-continuous macroporous structure containing a
triblock copolymer Pluronic P123 (EO,,—PO,,—EO,; EO,
ethylene oxide; PO, propylene oxide), we introduced an
additive, 1,3,5-trimethylbenzene (TMB), known to pref-
erentially be distributed to the hydrophobic cores of
micelles, to enhance long-range ordering of mesophases
in both BTME?*?* and TMOS-derived®® systems. Alterna-
tively, a large amount of water together with a high
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FIGURE 8. Pore size distribution of porous silica with hierarchical
meso- and macropores optimized for monolithic HPLC columns.
Reproduced with permission from ref 3. Copyright 1997 Springer.

FIGURE 9. SEM and TEM photographs of a heat-treated gel sample
with highly ordered two-dimensional hexagonal mesopores.

concentration of P123 was used. In heat-treated gels, the
long-range ordering of cylindrical pores in two-dimen-
sional hexagonal symmetry has been confirmed by XRD
measurements that indicate sharp peaks comparable to
single-crystal-like SBA-15.%® Further, the real-space ob-
servations have been performed by SEM and TEM (Figure
9). 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.

5. Applications and Products

5.1. Monolithic Silica HPLC Columns. One major area
of application for hierarchically porous pure silica materi-
als is liquid chromatography (LC) as a column packing
material. Monolithic silica columns having co-continuous
structures can provide better total performance than
conventional columns packed with particles that have
been used for LC for more than 100 years.>*"2% The thin
skeletons lead to high efficiency based on fast equilibra-
tion of solutes between a mobile liquid phase and a
stationary solid phase on the mesopore walls, while the
large macropores contribute to high permeability. In this
section, the highest-performance monolithic silica col-
umns and their future possibilities will be discussed.

In LG, the efficiency (IV, a number of theoretical plates)
of a column (length L) is given by eq 2,>” where H stands
for a plate height and ¢® a variance of a Gaussian-shaped
solute band the solute acquires during the migration
through the column. Nis usually calculated from retention
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FIGURE 10. Plots of through-pore size against skeleton size for
monolithic silica columns.

time of a solute (#z) and the base peak width (ty, = 40; 0,
standard deviation).

N=L*/0* =161/t (2a)

H=0*/L=L/N (2b)
Plate height H is dependent on particle size (d,) and
mobile phase linear velocity () as shown in eq 3, where
Cs, Cp, and G are the coefficients indicating the contribu-
tions of the eddy diffusion, molecular diffusion, and slow
mass transfer to band broadening, respectively. The
smaller d, gives the higher efficiency by the faster mass
transfer based on the shorter diffusion path length inside
and outside the particles, whereas the small dp causes a
large pressure drop due to the small interstitial flow paths
(eq 4; n, solvent viscosity), where ¢ (a flow resistance
factor) is commonly 700-1000 for a particle-packed col-
umn.?®

H= Ggd,+ Cylu+ Csd,u 3)
AP= ¢nul/d,? @)

High efficiency (large N) and low pressure (small AP)
are desirable for high resolution and high speed. Separa-
tion time is dictated by L, and the smaller dp allows the
use of a shorter column. Actually, H is approximately 2d,,
at optimum linear velocity. Recently 1.7-2 um particles
have started to provide greatly enhanced N per unit
time?*3° compared to conventional 3-5 um particles,
although accompanied by high pressure in proportion to
1/d,,?. Their optimum performance can be obtained with
a specially designed instrument. Common HPLC equip-
ment possesses a 35-40 MPa pressure limit.

Monolithic silica columns having co-continuous struc-
tures can simultaneously provide higher column efficiency
and lower pressure than a particle-packed column.?*26
Figure 10 shows the plot of the through-pore size against
the size of the silica skeleton for monolithic silica columns
prepared in a test tube (MSR)*'3? or in a capillary
(MSC).**** Through-pore size/skeleton size ratios in the
range of 1-2 have been obtained for all the monolithic
silica columns that are much larger than those of particle-
packed columns at 0.25-0.4 (the range indicated as bars
in Figure 10).%® The particle size dictates the size of
interstitial voids for particle-packed columns, while the
structures can be designed for monolithic columns.

Table 3. Composition of the Feed Mixtures for the
Preparation of Monolithic Silica Columns in a 100 #m
Capillary, MS(100), and Size of Domains and Silica
Skeletons of the Products®*

column
(symbol in TMOS* PEG® domain size skeleton size
Figure 10) (mL) (g) (um) (um)
MS(100)-G® 40 12.4 3.6 15
MS(100)-A° 56 11.8 2.6 1.0
MS(100)-B¢ 64 10.4 2.8 1.3
MS(100)-C¢ 72 8.4 2.5 1.2
MS(100)-H® 40 12.8 3.0 1.2
MS(100)-D¢ 56 11.7 3.1 1.3
MS(100)-E¢ 56 11.8 2.6 1.0
MS(100)-F¢ 56 11.9 2.2 0.9

¢ The amount of TMOS and PEG used with urea (9.0 g) and
CH;COOH (100 mL). PEG, polyethylene glycol, chemically equiva-
lent to PEO with terminal OH groups. ® Prepared at 30 °C. ¢ At
25 °C.

Commercially available MSR columns (4.6 mm diam-
eter, 1-10 cm length) clad with PEEK resin, possessing 2
um through-pores, 1-1.5 um skeletons, and a relatively
wide distribution of mesopores around 13 nm?>® result in
a back pressure equivalent to that of 7-10 um particles
and an efficiency equivalent to that of 3.5-4 um par-
ticles.>”*® Performance better than that of commonly used
5 um particles in either respect is made possible by the
large-sized through-pores and the small-sized skeletons.
The column efficiency, however, was much lower than
expected from the skeleton size, presumably due to the
presence of large through-pores. Similar results have been
obtained for monolithic silica capillary columns.** The
porosity and through-pore size of monolithic silica pre-
pared in a capillary tend to be large, because the silica
must be covalently attached to the capillary wall to
prevent shrinkage of the whole structure. It is necessary
to reduce the size of through-pores and skeletons of
monolithic silica to achieve similar or higher efficiency
compared to that of the most advanced particles of 1.7-2
um.

In a series of experiment, the columns listed in Table
3 were prepared from TMOS.** Columns MS(100)-A-C (a
group of columns, MSC-1, in Figure 10) were prepared in
an effort to examine the effect of the porosity, or the effect
of the TMOS concentration in the feed on the structure
and performance. The reaction was carried out with
adjusted poly(ethylene glycol) (PEG) concentrations to
synchronize phase separation and gelation. The lower
reaction temperature slowed the polymerization which
resulted in slower phase separation and gelation. The
higher TMOS concentrations cause the faster gelation,
while the increased PEG concentrations result in the
slower phase separation. Similarly, columns MS(100)-D-F
(MSC-2) were prepared with the varied PEG concentra-
tions in an effort to examine the effect of domain size on
column efficiency at constant porosity. Along with each
series, columns G and H were prepared with lower TMOS
concentrations as in a previous study*® that resulted in
inhomogeneous aggregated skeletons, as shown in Figure
11a.>* Figure 10 indicates that an increase in the TMOS
concentration resulted in the larger skeleton size and
smaller through-pore size, as expected (MSR-1 and MSC-
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/% (a) MS(100)-G

AP = 3.0 MPa
u=1.13 mm/s
N = 17000

k(Hexylbenzene) = 1.39

UL

Time (min) 12

AP = 8.1 MPa
u=1.12mm/s

N = 34000
k(Hexylbenzene) = 2.57

Time (min) 19

FIGURE 11. SEM images and chromatograms obtained for monolithic silica capillary columns.3* Chromatograms were obtained for uracil (the
first peak) and alkylbenzenes [C¢H5(CH,), H, where n = 0-6]. Column: (a) MS(100)-G and (b) MS(100)-B, 100 «m inside diameter and 25 cm
long (effective length of 20 cm). Mobile phase: 80:20 methanol/water. Temperature: 30 °C. Reproduced with permission from ref 34. Copyright

2006 American Chemical Society.

1). With a fixed amount of TMOS, an increase in the
amount of PEG resulted in a decrease in domain size with
almost constant through-pore size/skeleton size ratios
(MSR-2, MSC-2, and MSC-3).

As shown in Figure 11, MS(100)-B (as well as columns
A and C) prepared at 25 °C with reduced porosity
possesses a much higher homogeneity of co-continuous
structures and resulted in a much higher N than MS(100)-G
prepared at 30 °C. Since the structural inhomogeneity is
expected to result from the disturbed coarsening process
of the phase-separating domains, the lower temperature
contributed to the suppression of the coarsening via the
increased viscosity of the whole system. It has been
predicted that a decrease in porosity and an increase in
homogeneity would improve the performance of mono-
lithic columns.®® Actually, all columns (A-F) prepared at
a lower temperature and with a lower porosity were shown
to possess much higher homogeneity than columns G and
H. For columns D-F, the increase in PEG concentration
in feed resulted in the smaller domain size. The increase
in a skeleton volume, or the increase in the TMOS content
in the feed, is reflected in the greater solute retention
observed for columns A-F than for G or H, as shown in
Figure 11.

Column F, having the smallest domain size, exhibited
a slightly higher column efficiency, N, than column D or
E by 5-10%. The total performance, (N/t,)(N/AP)(t, a
column dead time), of column F, however, was found to
be lower than that of column D by ca. 30%, implying that
optimum reaction conditions for each TMOS concentra-
tion are very narrow. In other words, one set of feed
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compositions with a change in the concentration of one
component could not produce a wide range of monolithic
structures with desirable homogeneity. The adverse effects
of inhomogeneous structures are reported to be pro-
nounced at the smaller domain sizes.*® In fact, monolithic
silica columns A, B, and D-F were shown to provide faster
separations than any particle-packed column for a region
of N greater than ca. 25 000.>* The greatest advantage of
a monolithic column such as columns D-F is that the
efficiency of 2-2.5 um particles can be obtained with a
pressure drop of 5-6 um particles. Figure 10 also suggests
that performance equivalent to that of 1.5 um particles
can be expected somewhere around 1 um through-pore
size and 0.8 um skeleton size.

The use of a long monolithic silica capillary column is
an easy and viable approach to increasing the number of
separated peaks per unit time. (It is difficult to pack a long
capillary column with small-sized particles.) In a LC-mass
spectrometry (MS) system, the use of a monolithic silica
capillary column resulted in better resolution by LC and
the detection and identification of a greater number of
peaks by MS. Figure 12 shows a comparison of chromato-
grams for the gradient elution of methanol extracts of
Arabidopsis thaliana leaf using 30-90 cm monolithic silica
capillary columns.*! The major factor for the improved
resolution and detection of the cell content is the increase
in column efficiency with the increased column length,
resulting in a reduction in the extent of ion suppression.
It is known that the less easily ionizable solutes in an
unresolved solute band tend to be suppressed from
ionization. The small amounts of sample and mobile
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FIGURE 12. Replicate injections of an Arabidopsis leaf methanol extract on capillary monolithic C, columns in positive ionization full-scan
MS, given as base peak chromatograms. Column: (a) 0.2 mm x 300 mm, (b) 0.2 mm x 600 mm, and (c) 0.2 mm x 900 mm. Mobile phase A,
6.5 mM ammonium acetate (pH 5.5, adjusted by acetic acid); moblie phase B, acetonitrile. Cycle: (a) from 5 to 20% B from 0 to 15 min, to 70%
B from 15 to 22 min, and to 100% B from 22 to 57 min, at 2.6 mm/s; (b) from 5 to 20% B from 0 to 15 min, to 70% B from 15 to 23 min, to 100%
B from 23 to 75 min, at 2.6 mm/s; and (c) from 5 to 20% B from 0 to 16 min, to 70% B from 16 to 23 min, to 100% B from 23 to 110 min, at 1.8
mm/s. Reproduced with permission from ref 41. Copyright 2003 American Chemical Society.

phase required in addition to compatibility with a nano-
electrospray ionization interface are features of capillary
HPLC. It was possible to detect 200 components by using
software for the separation shown in Figure 12c. The
extremely high separation capability was also shown very
nicely in a proteomic study using a 20 um inside diameter,
70 cm monolithic silica capillary column providing a peak
capacity of 420 in 210 min.*?

The generation of ultrahigh efficiency by long capillary
format*>*? will need high extraskeleton porosity (ca. 0.7
or above),*® while high-speed separations with an N of
10000-30000 need small-sized domains and the lower
porosity (ca. 0.4-0.6).>*3° The development of monolithic
silica columns having controlled domain size and porosity,
and most importantly high homogeneity, will be crucial
for high-speed and high-efficiency LC separations in the
future, if one recognizes the advantages of monolithic
columns over conventional particulate columns. The
preparation of these materials for LC requires preparation
conditions more rigorously controlled than those of

common sol-gel products. Optimum reaction conditions
can be found in a narrow range of concentrations of each
component. Chromatography is such a delicate means of
testing the size and homogeneity of co-continuous struc-
tures. Facile preparation of polar-modified surfaces*® and
stability against high flow rate required for multidimen-
sional applications** make monolithic silica even more
attractive, in spite of the disadvantages related to the silica
preparation and the chemical modification in individual
columns.

5.2. 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 playing an important role. The low liquid-flow
resistance (high permeability) and enhanced accessibility
to the nanoscale surfaces of monolithic hierarchically
porous materials are advantageous to every reaction/
separation/purification process. However, for the full
utilization of the potential of monolithic columns, further
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improvement in the structural homogeneity on the sub-
micrometer length scale is needed.

Liquid-phase catalytic reactions can be enhanced in a
device composed of immobilized enzyme or catalyst in
general.*> Kato et al.*® recently prepared a flow-through
bio-reactor made of a macroporous silica monolith sup-
port incorporated with immobilized trypsin. The pipette
tip-type device for rapid digestion by trypsin has also been
reported. Similarly, materials for solid-phase extraction
(SPE) purposes can be easily designed to exhibit superior
permeability and extraction efficiency.*"°

After the establishment of pure silica, the chemical
compositions have been continuously extended to various
pure oxides and complex oxides, organic-inorganic hy-
brids, and even fully organic polymers.*® Depending on
the field of application, the appropriate chemical com-
position can be tuned in terms of mechanical and chemi-
cal stability as well as surface chemistries.

6. Conclusions

Polymerization-induced phase separation in oxide sol-gel
systems is unique in that a wide variety of transient
multiphase structures are frozen in the gelled samples.
Recent success in inducing concurrent phase separation
and sol-gel transition in many oxide systems and from
various types of precursors 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.

With an extension of the material shape and size, the
effect of spatial confinement on the structure development
becomes significant. A deeper understanding is still
needed to completely control the morphology, especially
in the miniaturized spaces. Further development of
chemical modification of the pore surfaces as well as
impregnating functional molecules will enhance the ap-
plication of the well-defined hierarchically porous mate-
rial. 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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