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a b s t r a c t

Poly(furfuryl alcohol) (PFA) and block copolymer Pluronic F127 were used as pore templates to create
mechanically robust silica monoliths with a hierarchical and interconnected macro–mesoporous network
in an easy, reproducible bimodal scale templating process. Control over the morphology was obtained by
varying the reactant ratios. Phase separation on the submicrometer scale occurred when furfuryl alcohol
was cationically polymerized and therefore became immiscible with the solvent and the silica precursor.
Upon a subsequent sol–gel reaction, a silica-F127 matrix formed around the PFA spheres, leading to mac-
ropore structures with mesoporous walls. Surface areas of the final structures ranged from 500 to
989 m2 g�1 and a maximum pore volume of 4.5 mL g�1 was achieved. Under mildly acidic conditions,
micelle-templated mesopores resulted. Interconnected macropores could be obtained by increasing the
pH or the block copolymer concentration. The formation mechanism and the relationship between
PFA, Pluronic F127 and acidity are discussed in detail.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Simple and inexpensive procedures are needed to produce mul-
ti-scale structured silica monoliths [1]. Diverse morphologies are
required due to the wide variety of applications for these materials,
such as sorption/separation, biomaterials engineering, membrane-
based reactors and scaffolds for the formation of hierarchical car-
bon materials [2–4]. Hierarchical pore structures are ideal for
applications where a solid material is in contact with a fluid phase
because the macropores allow the fluid to quickly reach the high
internal surface area provided by meso- or micropores [5]. Hierar-
chical structures are especially useful in the case of macroscopic
materials, in which fast transport of molecules (solvent, reactants,
products, probes, analytes, etc.) throughout the whole material is
critical, as diffusion pathways are comparatively long [6,7]. The
size and structure of the macropores effects diffusion rate and
capacity; therefore material architecture must be constructed to
meet the needs of each application [8,9]. The human body gives
two excellent examples of how effectively hierarchical systems
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work: the respiratory system [10], and the circulatory system,
where the presence of increasingly smaller features maximizes
flow and exchange rates. By following nature’s example, effective
designs can be created for a host of structured materials.

Monoliths are more practical than thin films or compacted
powders for many applications, due to their robustness and ease
of handling. The hierarchical pore architecture is especially impor-
tant in macroscopic materials, as macroporosity is needed to
encourage rapid access to internal porosity [7–9]. In the traditional
templating approach, monoliths, thick films or xerogels with hier-
archical porosity are prepared by using colloidal particles or pre-
organized structures as sacrificial scaffolds [6,11–16]. While these
techniques are capable of producing very complex structures of
highly controllable dimensions, it often requires separate steps
for the template preparation and the structure transfer. In order
for hierarchically porous monoliths to be produced on an industrial
scale, they must be prepared using cheap starting materials and
through a simple method that is relatively insensitive to the
changes in ambient conditions.

An alternative to templating preformed structures is to use
emulsions or foams to produce porous silica. While this approach
permits the continuous preparation of material, particular atten-
tion must be paid to the synthesis conditions, for the precursor sys-
tems are very sensitive to small variations in the composition
[17,18]. Another option is to use glycol modified silanes as precur-
sors to construct hybrid materials with well-defined hierarchical
porosity [19].
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Phase separation is an attractive technique for synthesizing
multiscale structured materials inexpensively and reproducibly.
However, the instigative force of phase separation is crucial and
must be thoroughly studied to achieve tailorability of the morphol-
ogy. Nakanishi has pioneered phase separation through spinodal
decomposition of polymers in solution as a means to produce mac-
roporous inorganic monoliths in a single-step reaction, followed by
calcination [20]. Generally, a silica precursor, the structure direct-
ing agent(s) (polymers or polymeric surfactants) and a solvent are
mixed together and after inorganic condensation, evaporation and
calcination, macroporous oxide results. The macropore size and
pore volume can be controlled independently by varying the quan-
tities of polymer and solvent [20]. Due to the strength of the driv-
ing forces involved, the morphologies created by spinodal
decomposition change greatly with small variations of reagent ra-
tios [21], curing temperature or other conditions. Obtaining a
homogeneous structural evolution of the phase separation relative
to the inorganic gelation requires precise selection of reagents, mo-
lar ratios and processing temperature [22].

An alternative to spinodal decomposition is to use polymeriza-
tion-induced phase separation to produce the macroporous struc-
ture. We have recently reported a general method for the
production of macroporous–mesoporous oxides, in which multi-
scale templating can be achieved in a one-pot synthesis using furfu-
ryl alcohol (FA), Pluronic F127 and an oxide precursor [23]. The ver-
satility of this method arises from the in situ formation of a
macropore template of varying hydrophobicity, morphology and
dimensions. PFA can be generated from inexpensive FA via a cationic
polymerization (Scheme 1), initiated by protic acids [24] or Lewis
acids, such as titanium, tin and zinc cations [25,26]. As PFA grows
in molecular weight and forms crosslinks, it becomes more hydro-
phobic and phase separates from the reaction mixture [27]. The
resulting polymerization-induced phase separation has been used
to create composites of silica and carbon [28,29]. Porous carbon
materials were produced by treating the composite with hydroflu-
oric acid to dissolve the silica. Previous reports of inorganic mono-
liths prepared from tetraethyl orthosilicate (TEOS), FA and acid
[30], did not make use of a block copolymer to control the formation
of mesopores. High temperatures (900 �C) were needed to remove
the carbonaceous template, yielding materials with relatively mod-
est surface areas (200 m2 g�1) and disconnected macropores.

In the present report we describe the combination of two tem-
plates, PFA and Pluronic F127, to form hierarchically porous silica
monoliths using polymerization-induced phase separation. The
macropore architecture is adjustable and can be interconnected.
Surfactant-templated mesoporosity results in nearly five times
higher surface areas than previously reported PFA-templated silica
monoliths [30]. A range of preparation conditions was explored to
elucidate the formation mechanism of hierarchically porous silica
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Scheme 1. Example structure of PFA formed by cationic polymerizati
monoliths, and to achieve control in the pore structure and size.
Our results show that pH plays a critical role in the interaction be-
tween the mesoporogen (Pluronic F127) and macroporogen (PFA),
and in the condensation kinetics of PFA and the silica matrix. These
thermodynamic and kinetic aspects are essential to understand the
co-assembly of the different building blocks (silica and FA oligo-
mers, F127 micelles or other aggregates). When these interactions
are understood, the properties of the material, e.g. pore size, mor-
phology and surface area, can be controlled. This work is an impor-
tant step towards the ultimate goal: silica with tailored porosity
across multiple scales.
2. Experimental section

2.1. Materials

Ethanol was purchased from Merck. FA, TEOS and Pluronic F127
were obtained from Sigma Aldrich, while 37% hydrochloric acid
(HCl) was purchased from Scharlau. To obtain a hydrophilic silica
precursor, a prehydrolyzed solution was prepared in the following
way: TEOS (20.8 g), ethanol (13.8 g) and 1.8 g of 0.14 M HCl were
combined and refluxed for 2 h. The solution was allowed to cool
and was then stored at 4 �C in an airtight container. The 0.14 M
HCl solution was produced by combining 2.3 mL of 37% HCl with
198 mL of MilliQ water. The 5.00 M HCl solution was prepared by
combining 1 mL 37% HCl and 1.4 mL of MilliQ water, whereas
0.12 M HCl was a combination of 1 mL 37% HCl and 99 mL of MilliQ
water.

2.2. Synthesis of silica monoliths [23]

Pluronic F127 (F127, 0–0.258 g) was weighed into vials and dis-
solved in 0.12 M or 5.00 M hydrochloric acid (0.33 g) and hydro-
lyzed silica precursor (0.50 g, 1.394 mmol). FA (0–1.36 g) was
added to the solutions, and after mixing well for �2 min, the caps
were removed from the vial and the solvent was allowed to evap-
orate slowly under ambient conditions. Samples were moved to a
65 �C oven for 3 days, followed by 2 days in a 135 �C oven. The
samples were calcined under a low air flow using the following
program: 10 �C min�1 20–130 �C, 2 �C min�1 to 450 �C, 1 �C min�1

to 550 �C, the maximum temperature at which samples were cal-
cined for 2 h. The quantities added to achieve specific molar ratios
are listed in Table 1.

2.3. Characterization and equipment

Mercury intrusion porosimetry was used to measure the
volume and size distribution of the macropores. Samples were
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Table 1
The amount of F127, FA and HCl used to obtain the desired molar equivalents, in
relation to 1 Si.

Reagent Quantity added
(g)

Quantity added
(mmol)

Molar equivalents
to Si

F127 0.017 0.00000135 0.0010
0.043 0.0000341 0.0025
0.086 0.00000683 0.0049
0.129 0.0000102 0.0073
0.172 0.0000137 0.0098
0.258 0.0000205 0.0147

Furfuryl
alcohol

0.14 1.43 1.03
0.34 3.47 2.49
0.68 6.93 4.99
1.02 10.4 7.48
1.36 13.9 9.97

0.12 M HCl 0.33 0.037 0.027
5.00 M HCl 0.33 1.525 1.10
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degassed at 150 �C before measurement using a Micromeritics Vac-
Prep 061 attached to a heating station. A 14-0411 penetrometer
with a 3 mL bulb was loaded with the sample. The measurement
was conducted on a Micromeritics AutoPore III with pressure rang-
ing from 13.8 to 413,700 kPa. The data was collected and analyzed
using Win9420 V1.01.

The surface area and mesopore sizes of the synthesized materi-
als were measured using nitrogen physisorption on a Micromeri-
tics TriStar 3000 instrument. Samples were degassed at 150 �C
and at a pressure of approximately 6.6 kPa for a minimum of 4 h
prior to analysis using a Micromeritics VacPrep 061. The surface
area was calculated using the Brunauer–Emmett–Teller (BET)
method. Barrett–Joyner–Halenda (BJH) was used to calculate the
mesopore size distribution using the adsorption branch.

Scanning electron microscopy (SEM) was performed on a FEI
QUANTA 200F microscope operated at voltages between 15 and
20 kV. Samples were mounted on carbon coated SEM stubs and
then sputter coated with a thin layer of gold using an Edwards
S150B Gold Sputter Coater.

Small angle X-ray scattering (SAXS) data was obtained on the
SAXS2 line of the Laboratorio Nacional de Luz Sincrotron (Brazil),
using 8 keV radiation and a bidimensional detector. Samples were
ground and placed between two kapton sheets. The configuration
allowed for the analysis of q spacings ranging from 0.19 to 4 nm�1.

Transmission electron microscopy (TEM) analyses were con-
ducted using a Philips CM120 BioTWIN microscope operating at
120 kV. TEM samples were prepared by finely grinding the sample
in ethanol using an agate mortar and pestle, sonicating for 20 min
and then drop depositing the solution on to carbon-coated copper
grids.
3. Results

3.1. The synthesis of SiO2 monoliths

Using the PFA-F127 templating method reported here, we ob-
tained intact porous SiO2 monoliths after gelation-drying. After a
mild thermal treatment, a SiO2-PFA composite is obtained
(Fig. 1a). PFA is compliant to the shrinkage produced upon SiO2

condensation: during the thermal treatment the excess PFA exudes
from the monoliths, producing a black cracked shell around the
monolith. Fig. 1b shows a photograph of a calcined sample held be-
tween fingers. During the gelation-drying stage, a phase separation
took place, generating organic-rich and inorganic-rich phases [30].
The separation of PFA from water, ethanol and the inorganic pre-
cursor led to the formation of micrometer-sized spherical poly-
meric particles [23]. Upon solvent and acid evaporation, the pH
increased, triggering silica gelation around the polymer droplets
and yielding a composite of PFA embedded in a SiO2 matrix
(Fig. 1c). The material hardened taking the form of the vial mold.
Calcination of the hybrid PFA-F127-silica monolith eliminated
the organic matter, forming macrocavities in the space where the
PFA spheres had resided (Fig. 1d). Performing the polymerization
in situ circumvented the need for separate colloidal template prep-
aration and purification steps. Moreover, a one-pot synthesis
avoids a re-dispersion step [31] or the need for colloidal surface
modification [32], which are problems often associated with the
use of colloidal templates.

3.2. The role of FA

Furfuryl alcohol was necessary to induce macroporosity in the
monolithic silica. Upon addition of acid, furfuryl alcohol polymer-
ized, cross-linked and thereby became hydrophobic; separating
from the aqueous solution in a polymerization-induced phase sep-
aration. When no FA was added to the initial mixtures, macropores
were absent (Fig. 2a). As the [FA]/[Si] molar ratio was increased,
the macroporosity began to increase (Fig. 2b), eventually becoming
an interconnected network (see [FA]/[Si] = 10, Fig. 2c). The volume
of macroporosity (measured by mercury intrusion porosimetry)
was shown to increase when higher quantities of FA were used
in the synthesis (Fig. 2d), for instance, the total pore volumes of
the materials shown in Fig. 2a–c were 0.42, 2.6 and 4.5 mL g�1,
respectively.

3.3. The role of Pluronic F127

The hierarchically porous silica monoliths demonstrated Type
IV sorption isotherms when analysed by nitrogen sorption
(Fig. 3a). H1 hysteresis loops were observed when the sample
was prepared in the absence of block copolymer, which is typically
ascribed to agglomerates of particles. On the other hand, samples
produced with 0.005–0.010 mol F127 to Si demonstrated H2 hys-
teresis character with loop closure at 0.60–0.65 P/P0. For samples
prepared using F127, the mesopore volume increased with increas-
ing concentration of F127 in the synthesis solution (Fig. 3b). As ex-
pected for an evaporation-induced self-assembly (EISA)
mechanism, the average size of the mesopores did not vary signif-
icantly with increases in the F127 concentration, as has been seen
in titania/PFA/F127 systems [23], yet the distribution did narrow.
In the absence of surfactant, the mesopores were much smaller
in volume and diameter (i.e., 3.5 vs. ca. 10 nm, see Fig. 3b), as de-
rived from the nitrogen adsorption data. All samples demonstrated
significant amounts of microporosity, due to incomplete condensa-
tion between neighboring silica chains. No mesopores were de-
tected by gas sorption in non-calcined samples (data not shown),
indicating that the initially obtained hybrid materials were filled
with organic matter [30,33]; that is F127 and PFA.

As the molar ratio of [F127]/[Si] increased from 0 to 0.0100, the
pore volume (BJH, measured with nitrogen adsorption) increased
from 1.0 to 1.8 cm3 g�1 (Fig. 4). This coincided with a decrease in
BET surface area, from 989 m2 g�1 when [F127]/[Si] = 0 was used
to 788 m2 g�1 when [F127]/[Si] = 0.0100.

When [H+] was high, the amount of F127 used during synthesis
affected the size and connectivity of the micrometer sized PFA
spheres and thus the macropore architecture, as shown in Fig. 5.
If no F127 was added to the solution, the spheres were discon-
nected. As the [F127]/[Si] mole ratio increased, the void space in-
creased. When [F127]/[Si] reached 0.015, a less regular and
interconnected structure was produced (Fig. 5c). These effects
might be ascribed to the interactions of the block copolymer with
the PFA particles, which would be more marked at higher block
copolymer concentration. With little or no F127 present, the high
tension of the aqueous-PFA interface led to minimization of the



Fig. 1. Photograph of a typical silica monolith prepared using PFA and F127 templates (a) before calcination and (b) after calcination at 550 �C. SEM images (c) before and (d)
after calcination at 550 �C.

Fig. 2. SEM images of the samples produced using the following [FA]/[Si]: (a) 0, (b) 2.5 and (c) 10. (d) Mercury intrusion porosimetry plots of monoliths produced with 7.5
(grey line) and 10 M equivalents of FA (black line). Samples were synthesized using 1 Si:0.005 F127:x FA:1.10 HCl. The scale is the same for all SEM images.
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PFA surface area, and thus the PFA existed as discrete spheres
(Fig. 5a and b). Upon increasing surfactant concentration, the sur-
face tension lowered and the interfaces became more diffuse
(Fig. 5c), rendering less regular-shaped and more interconnected
macropores, presenting good accessibility through the whole
monolith.

3.4. The role of acid concentration

When the mole ratio of acid to silicon, was kept relatively low
during the synthesis ([H+]/[Si] = 0.03), micelle-templated mesop-
ores of the calcined material were observable in the TEM
(Fig. 6a). SAXS analysis of the calcined sample displayed a strong
scattering peak corresponding to a characteristic distance of
10.2 nm (Fig. 6b). Only one reflection is observed, indicating
short-range order within the structure. Under more acidic synthe-
sis conditions using [H+]/[Si] = 1.10, TEM images display a different
Fig. 5. SEM micrographs of samples prepared with [F127]/[Si] = (a) 0.0000, (b) 0.0050 an
HCl. The scale is the same for all images.
aspect: denser silica walls appear as nanoparticle arrays loosely or-
ganized around smaller, more polydisperse mesopores, as shown
in Fig. 6c. Only a diffuse scattering background is observed in SAXS.
In this case, the mesoporosity of the final materials seemed to be
due to interparticle cavities, i.e., the origin of mesopores is textural,
rather than templated.
4. Discussion

Under the synthesis conditions explored in this study, the addi-
tion of F127 was crucial to the stability of the silica monoliths. Cal-
cination of materials produced with the block copolymer resulted
in intact monoliths, which could be handled with tweezers or fin-
gers (Fig. 1b). However, in the absence of F127, the materials col-
lapsed upon template removal. F127 has indeed an effect on the
pore structure: templated samples present a more regular pore
size and interconnectivity, as well as thicker walls that likely indi-
cate a more extensive silica condensation. This last factor is known
to improve the mechanical properties of mesoporous silica [34].
The materials produced previously using only PFA as the sole tem-
plate were sintered at high temperature (900 �C) to obtain a robust
material, yielding a relatively low surface area of 213 m2 g�1 [30].
This need for high sintering temperatures might be due to poor
pore interconnectivity, which hinders total pyrolysis of the carbon
component. In this study, lower calcination temperatures were
possible, leading to substantially higher surface areas (up to
989 m2 g�1). Moreover, lower calcination temperatures require
less energy, and thus decrease the processing costs of the final
product.

The nature of the interactions between PFA, F127 and the SiO2

oligomers was pH dependent. Changing concentration of the mac-
roporogen had little effect on the mesopore structure at high acid
d (c) 0.0100. The samples were prepared with a molar ratio of 1 Si:x F127:5 FA:1.10
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concentrations, but did have an effect under more mild acidity.
Moreover, pH has a large effect over the sol–gel behavior of silica.
Thus the following discussion of the mechanism is divided into two
parts, low and high H+ concentration, each part discussing the
three important concurrent processes: (a) FA polymerization
behavior, (b) F127 assembly behavior and (c) SiO2 condensation
rate.

The scheme in Fig. 7 summarizes the model proposed for rela-
tively mildly acidic conditions, i.e., [HCl]/[Si] = 0.03. The polymeri-
zation of FA is slower and crosslinking occurs to a lesser degree by
the time SiO2 gelation takes place. Therefore, PFA particles are less
hydrophobic, less rigid and organic oligomers persist in solution.
The PFA particles are compatible with the polypropylene oxide
(PPO) block of F127, therefore PFA can be swollen with inverse mi-
celles of the surfactant [35]. Spherical macropores for all F127:FA
ratios studied could be observed.

Under these conditions, small FA oligomers may enter the PPO
block of the F127 micelles in the solution (Fig. 7), which can in-
crease the width of the mesopore size distribution and volume
(Supplementary Fig. S1a). This is similar to polypropylene glycol,
which has been reported to swell F127 micelles [36]. The mild con-
ditions permitted the assembly of block copolymer micelles with
short range order (Fig. 6a and b).
Fig. 8. Under harsher acidity, [HCl]/[Si] = 1.10, the synthesis proceeds in three steps: (A
phase separates and the non-assembled F127 (blue and red) stabilizes the silica sol. (B) G
blue, PPO block red). Upon solvent evaporation, the F127 forms micelles, but the silica par
material at 550 �C produces textural porosity and macrovoids (white) within the silica m
legend, the reader is referred to the web version of this article.)
When [H+]/[Si] = 0.03 in the initial stage of synthesis, the silica
condensation rate was near a minimum (pH values between 1
and 3) [37], giving rise to low molecular weight mostly linear inor-
ganic polymers. Therefore individual silica particles were not ob-
served when [H+]/[Si] = 0.03 was used (Fig. 6a). The inorganic
condensation rate increases upon evaporation of the solvent and
acid; gentle silica gelation around the surfactant assembly leads
to a consolidated mesostructured material in a classical EISA path-
way [38,39].

In contrast, under strongly acidic conditions ([H+]/[Si] = 1.10,
proposed synthesis scheme shown in Fig. 8), the degree of poly-
merization and crosslinking of FA and silica were significantly
higher [25]. The higher molecular weight, more hydrophobic FA
polymers increase the degree of phase separation, leading to inter-
connected macropores for higher FA concentration (Fig. 2c). Lower
pH also resulted in decreased compatibility between F127 and PFA,
as compared to previous work, [40] and that which we report for
[HCl]/[Si] = 0.03. The highly crosslinked PFA particles were less
able to swell, therefore F127 resided in the sol.

In the early stages of reaction, Pluronic F127 did not form mi-
celles because the concentration was below the critical micelle
concentration (cmc), which lies between 0.397 and 0.431 mM at
25 �C [41,42]. In the solution with the highest F127 content, 1
) Polymerization of FA (yellow) and phase separation from the sol (grey). The PFA
elation of the silica phase (black) around the PFA (yellow) and the F127 (PEO block

ticles are too large to template the assembled structure. (C) Calcination of the hybrid
atrix. Not drawn to scale. (For interpretation of the references to colour in this figure
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Si:0.015 Pluronic F127:5 FA:1.10 HCl, the initial F127 concentra-
tion is 0.0137 mM, an order of magnitude lower than the cmc.
The acid concentration does not need to be considered for Pluronic
F127 micelle formation [43], although as pH is lowered from pH
7.4 to 2, the polyethylene oxide (PEO) block does become more
hydrophilic due to its high polarizability [44]. The late onset of mi-
celle formation (requiring solvent evaporation) proved to be detri-
mental to effective templating, as will be explained below.
Therefore, at [HCl]/[Si] = 1.10, varying FA concentration had little
effect on silica mesopore size (3–5 nm), volume (0.42–0.59 g cm�3)
and surface area (544–705 m2 g�1) (Supplementary see Figs. S1b
and S2).

The condensation rate of the silica precursor is faster at high ini-
tial acidity (pH < 1) [37]. The net effect of the higher inorganic
reactivity is that Si-oxo oligomers form in the early stages of the
reaction, probably stabilized by interactions with the block copoly-
mer. With solvent evaporation the F127 would begin to form mi-
celles. However, the inorganic clusters that had grown earlier
were too large to co-assemble around the F127 micelles. The size
mismatch resulted in a disordered textural mesoporosity [45,46].
Only a minimal degree of particle growth is likely to have occurred
during the prehydrolysis of TEOS, as has been observed in other
studies [47].

Thus, changing from low to high acidities affected thermody-
namic factors such as the degree of polymerization (i.e., size of
the silica and PFA building blocks) and the interplay between
PFA, F127 and silica, as well as the polymerization kinetics of both
silica and PFA. Control of these aspects is essential to understand-
ing the formation processes of the macro- and the mesopores,
which permits tuning of the hierarchical pore architecture.
5. Conclusions

Monoliths with hierarchical macro–mesoporous structure were
produced in the shape of the mold through a combination of block
copolymer and PFA templating. Mechanically stable systems with
high surface areas and well-defined tuneable pore size over two
length scales have been produced. Interconnected macropores
could be obtained by using highly acidic synthesis solutions with
a minimum of 5 M equivalents of FA to Si, or by increasing the con-
centration of Pluronic F127. However, the high proton concentra-
tion led to large silica particle growth before the cmc of F127
was reached. The assembly of silica around the block copolymer
micelles was disrupted and therefore small diameter (�5 nm) mes-
opores, with a rather large size distribution derived from interpar-
ticle voids, were obtained. Under less acidic synthesis conditions,
PFA and silica condensation were slower and thus micelle-tem-
plated mesopores of 10 nm diameter mesopores with local order
were produced, which permitted the preparation of intact macro-
porous–mesoporous monoliths at relatively low calcination tem-
peratures. Our findings indicate that the templates do not act
independently, especially when [HCl]/[Si] = 0.03, rather an interac-
tion between the two porogens occurs, allowing the pore architec-
ture to be tuned through the control of co-assembly and
polymerization kinetics.

The FA concentration was a strong determinant of PFA particle
size. Macropores were not present when FA was absent from the
reaction mixture, while very well connected macropores were ob-
served when P7.5 M equivalents FA to Si were used in combina-
tion with high concentrations of acid. This method does not
require a precise synchronization between the gelation of the inor-
ganic and phase separation of the organic template, and therefore
is a robust method that functions over a wide variety of Si:tem-
plate ratios. Our findings suggest that further decoupling of SiO2

hydrolysis-condensation and FA polymerization could lead to
greater control of pore sizes and volumes. Additionally we will
be pursuing materials that contain both ordered mesoporosity
and interconnected macropores using low acidity conditions.
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