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Abstract

Ultra-Large-Pore Ordered Mesoporous Organosilicas
and Related Hollow Nanoparticles

By
Manik Mandal

Advisor: Professor Michal Kruk

My dissertation describes the synthesis of ultra-large-pore ordered mesoporous
organosilicas and related hollow nanoparticles. In the first part, we developed a versatile
approach through which a series of periodic mesoporous organosilicas (PMOs) with 2-
dimensional hexagonal structure and different bridging groups can be synthesized. The
bridging groups are methylene (-CH,-), ethylene (-CH,CH,-), ethenylene (-CH=CH-),
and phenylene (-C¢Hy-). For this purpose, a combination of a commercially available
triblock copolymer Pluronic P123 (EO,PO70EO;() with judiciously chosen micelle
swelling agent (cyclohexane, or 1,3,5-triisopropylbenzene) was used as a miceller
template, and the initial step of the synthesis was performed at temperature between 10
and 18 °C, followed by hydrothermal treatment at 100-150 °C. The PMOs were
characterized using small-angle X-ray scattering (SAXS), nitrogen adsorption,
transmission electron microscopy, and solid-state *’Si NMR. For all PMO compositions,
the formation of 2-D hexagonal structures with (100) interplanar spacing, d;g, up to 21-
26 nm was achieved, which is at least seven nanometers larger than d;o reported earlier

for any PMO with 2-D hexagonal structure. The nominal (BJH) pore diameters up to 20-



27 nm were achieved for the considered compositions of PMOs with with 2-D hexagonal
ordering, while even larger pore sizes were sometimes attained for disordered or weakly
ordered structures. The mesopores exhibited constrictions or narrow entrances that were
widened by increasing the hydrothermal treatment temperature. The pore diameter tended
to increase as an initial synthesis temperature decreased, allowing for the pore size
adjustment, but the useful temperature range depended on the bridging groups. The
present work suggests that the low-temperature micelle-templated synthesis with
judicious selected swelling agents is a general pathway to ultra-large-pore 2-D hexagonal
PMOs with both aliphatic and aromatic bridging groups.

In the second part, we have demonstrated the synthesis of large-pore ethylene-
bridged periodic mesoporous organosilica with face-centered-cubic structure. This was
achieved by the use of judiciously chosen swelling agents and Pluronic F127 block
copolymers at sub-ambient temperature (~ 15 °C). While our work confirmed that 1,3,5-
trimethylbenzene (TMB) which was already employed by other researchers, is a facile
swelling agent for Pluronic F127-templated ethylene-bridged PMOs with cubic Fm3m
structure and our optimization of the synthesis afforded hitherto unreported unit-cell size
and pore size for this PMO, it was also demonstrated that swelling agent predicted to
have a higher extent of solubilization in Pluronics than TMB provide vast new
opportunities. In particular, xylene was found to afford highly ordered materials with
large unit-cell size and pore diameter, and a wide range of moderately or weakly ordered
materials with very large unit-cell parameters (up to ~ 50 nm) and some with very large
pore diameters (up to ~ 20 nm). In this case, the pore size and unit-cell size was tunable

by adjusting the amount of inorganic salt (KCl) in the synthesis mixture. The use toluene
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allowed for the increase in the primary mesopore volume and also afforded large-pore
PMOs in the absence of an inorganic salt. The use of the latter was also not required
when benzene was used as a swelling agent. The identification of new swelling agents for
ethylene-bridged PMO with spherical mesopores is likely to be extendable on PMOs of
other framework compositions and for other related materials.

In the third part, based on understanding of the condition for the formation of
ordered mesoporous organosilicas, we were able to synthesize hollow nanoparticles with
different organic bridging groups. Different organic bridging groups such as methylene,
ethylene, ethenylene, and phenylene were incorporated in the organosilica walls of the
hollow nanoparticles. Further, we were able to synthesize hollow nanotubules comprising

of these bridging groups in the walls.
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1. Introduction

The sol-gel process is an important method through which inorganic materials are
formed through hydrolytic polycondensation. Sol-gel technique uses molecular chemistry
approach to synthesize new materials in contrast to classical high-temperature approach
for the synthesis of solid state materials.'” Among the materials accessible through the
sol-gel process, materials containing Si-O-Si chemical linkages (silicas and their
derivatives) are very attractive. The most common precursor used for synthesizing such
materials is tetraalkoxysilane, such as tetracthylorthosilicate (TEOS), and
tetramethylorthosilicate (TMOS). Sol-gel polymerization of tetraalkoxysilane involves
hydrolysis and condensation to form silica gel, and is catalyzed by acid or base. During
the polymerization, the silica precursor hydrolyses and condenses to form silica polymer
until it attains a critical size at which it starts forming gel and precipitates out. The final
morphology of the materials depends upon the conditions of hydrolysis and condensation
and subsequent drying and processing.1

The potential of inorganic polymers, such as silica, can be greatly extended by the
introduction of organic groups in silica-based frameworks to form inorganic-organic
hybrid materials.'"”  The resulting  hybrids, which are derived from
bis(trialkoxysilyl)organic or multi(trialkoxysilyl)organic precursors, can be considered as
derivatives of silica in which some of the siloxane (Si-O-Si) bridges are replaced by Si-R-
Si bridges, where R is an organic group. This architecture offers a wealth of opportunities
in tailoring physical and chemical properties of materials due to the possibility of
incorporation of a variety of bridging organic groups. Some of the representative

precursors with various organic bridging groups are shown below:
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Figure 1.1 Representative molecular precursors used in sol-gel processing to
form silica-based inorganic-organic hybrid materials (adapted from reference 4).

The molecular precursors include siloxanes containing aliphatic (such as alkane,
alkene, alkylene), and aromatic bridging groups (such as benzene, biphenylene). In some
cases, these precursors contain functional groups, such as amine, thiol, ether,

polysulphide, ketone, and carboxy. In addition, metals may form the part of the bridging



group, or be included in a pendant group. These precursors undergo sol-gel
polymerization to form polymers (or gels) with inorganic-organic hybrid network. Initial
work using these precursors to form microporous materials was carried out by mostly
Loy and Shea, as well as the Corriu group with additional contribution from others.***
The organic content in the framework could be as high as 40-60 wt% of the material.”’
These required precursors are known from as early as early nineteen forties. At the
beginning, these precursors were used in surface modifications, coatings, coupling
agents, or adhesives. Although the silica prepared by sol-gel method is amorphous, the
inorganic-organic hybrid materials synthesized using the same method can feature short
range ordering.3 0-34

The discovery in early nineteen nineties of the micelle-templating approach to the
synthesis of well-defined mesoporous materials led to another breakthrough in the
synthesis of the silica-based materials, endowing them with periodic nanopore structures

of well-defined morphology, and uniform pore diameter.>’

The resulting materials are
commonly referred to as ordered mesoporous silicas (OMS) and periodic mesoporous
organosilicas (PMOs). The materials synthesis involves the formation of surfactant-
(solid-framework) nanoscale composites. The solid framework could be either

. .43 . . . L 51,52
inorganic,™° or inorganic-organic hybrid in nature.’"

Initially, it was envisioned that
the formation of silica-surfactant nano-composites involves the formation of a liquid
crystal phase, that is the silica precursor forms a nanoscale composite with preformed
liquid crystalline phase of micelles, such as arrays of micelles arranged in two-

dimensional hexagonal structure.*® But soon, it was realized that the actual mechanism is

usually far from that involving the formation of a true liquid crystalline structure of



surfactant.”® Later, it was found that liquid crystal templating mechanism indeed could be
operative under certain conditions which are not so typical in the formation of silica-
53,54

surfactant nanoscale composites.

In late nineteen ninetees, oligomer and block-copolymer surfactants were found to be

55-61 35,36

attractive alternatives of alkylammonium surfactants and neutral amine

surfactants. %> Amphiphilic block copolymers, such as Pluronics, are known to form

) . . 6465
micelles of uniform size.”™

Pluronics are poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide) (PEO-PPO-PEO) block copolymers and are commercially available
with different molecular weight and PEO/PPO weight fraction. The micelles formed
could be several nanometers to tens of nanometers in size with well-defined shape, such
as spherical and cylindrical. PEO-PPO-PEO block copolymer has hydrophobic PPO
block and hydrophilic PEO blocks. In aqueous solutions, these surfactants form micelles
where PPO forms the core and PEO forms the corona surrounding the core. The silica or

organosilica precursor interacts with the PEO chains of the micelles,

although in the
case of organosilica, the interaction of precursor could extend further to the PPO
block.®® The inclusion of PEO blocks into the silica and organosilica frameworks was
used to explain the generation of microporosity in the materials after block-copolymer
removal.””’" The condensation of the silica precursors takes place in the proximity of
PEO chains without having any direct ionic or covalent linking between PEO chains and
silica precursor. In contrast, in the case of alkylammonium (cationic) surfactant templated
materials, there exist ionic interactions between the silica or organosilica precursor and

the surfactant ions. This difference in interaction between two different kinds of

surfactants has some implications. First, the amount of precursor could be varied to a



significant amount without changing the structure type in the case of PEO-based
surfactants,”> while in the case of alkylammonium (cationic) surfactants, the amount of
precursor required is fully dependent on charge matching between the alkylammonium
surfactant and precursor.73 The stoichiometry of silica precursor with respect to the
surfactant is not strictly defined in the case of PEO-based surfactant, the excess amount
of  precursor (such as tetraethylorthosilicate, TEOS or perhaps
bis(trialkoxysilyl)organosilane)) may form constrictions or “plugs” in the main

mesopores.”’75 The plugs appear due to the solubilization of the hydrophobic

k.57 The use of low

silica/organosilica precursor with the hydrophobic PPO bloc
precursor/surfactant ratio is considered to be the cause of thinning of the pore walls,”* but
no further structural implications were envisioned until recently. In the cases described
above, the surfactant micelles are covered with framework precursor that occludes
hydrophilic PEO blocks. While this is a common scenario in case of materials with
ordered structure, there could be another possibility of formation of individual micelles
covered with the framework precursor, that is, the formation of isolated nanoobjects.
Since their discovery, OMSs¥3363657 and PMOs***" have attracted much attention of
the scientific community due to their high prospect of applications.49 Particularly,
periodic mesoporous organosilicas (PMOs), in which the organic groups are
homogenously distributed in the silica-based framework, are appealing compared to
mesoporous silicas, because it is easier to tailor the physical and chemical properties in
case of PMOs. Initial reports on the synthesis of large-pore PMOs indicate that using

block-copolymers, large-pore PMOs can be obtained. Froeba et al. and Dutartre et al.

reported large-pore PMOs in 2001 which were prepared using Pluronic P123 block



copolymers as template.76’77

While Dutartre et al. obtained highly ordered materials,
PMOs obtained by Froeba et al. much less ordered ones, as seen from XRD patterns. A
careful investigation of the synthetic routes indicates that while the first group used
highly concentrated solution of block copolymers, the latter used dilute solution of block
copolymers for the PMO synthesis. This indicates that the formation of organosilica-
precursor/block-copolymer nanostructured composites is very much dependent on the
mutual interaction between the components. Presumably, use of concentrated solution of
amphiphilic block copolymer reduced interaction between the organosilica precursor and
PPO blocks of copolymers, allowing for the retention of the original ordered liquid-
crystalline arrangement and thus making the obtained materials highly ordered. Matos et
al. used poly (ethylene oxide)-poly(butylene oxide)-poly (ethylene oxide) (PEO-PBO-
PEO) surfactant, where the core of the micelle contains much more strongly hydrophobic
PBO block, presumably reducing interaction between the PBO of block copolymer
template and the organosilica precursor. They obtained ordered material with large cage-
like pores of size ~ 10 nm.”® The above mentioned explanation regarding reduced
interaction between the hydrophobic core and the precursor can be further verified from
the fact that the use of salt in block copolymer solution when used in combination with
organosilica precursors produces ordered PMOs. For example, Guo et al. obtained large-
pore ordered 3D PMOs using salt while absence of salt produces much less ordered
materials.” The addition of salt in the block copolymer solutions dehydrates both
hydrophobic and hydrophilic blocks, thereby making the overall micelle formed by the

block copolymers in solution more hydrophobic. It is not fully clear why this helps in



forming well-defined PMOs. Anyway the use of large hydrophobic domain in block
copolymer or use of salt typically helps in obtaining ordered PMOs.”8%

So far, PMOs have been synthesized with a variety of organic bridging groups,68
including short saturated aliphatic linkages (methylene, -CH,-, ethylene, -CH,-CH,- and

44-46 81-83 .
8 and unsaturated carbon chains

their mono- or disubstituted derivatives)
(ethenylene, —CH:CH—),45’46 longer chain-like bridges with heteroaltoms,84 as well as
aromatic bridges (including 1,4-phenylene, -CcHs-, biphenylene, -CsH4-CgHy- and their

47.85,86

derivatives, as well as 2,5-thiophene, -C4H,S-). In addition to the above two-point-

attachment bridges, a variety of more complicated structural units, including aromatic,”’
heteroatom-containing cyclic and multicyclic,gg'91 branched” and dendritic moieties,”
were successfully incorporated in PMOs. An additional structural diversity was achieved
through co-condensation of bridged-organosilanes with one another,” or with non-
bridged organotrialkoxysilanes (the resulting materials were referred to as bi-functional
PMOs, BPMOs).”® Moreover, the co-condensation of the bridged organosilanes with
silica precursors opened an opportunity to “dilute” organic groups in the framework®® or
to incorporate bridging groups that are not suitable (or not envisioned) to afford a

2101 . .
99-10 However, in the case of the latter co-condensation

sustainable porous structure.
strategy, the presence of organic groups in the periodic framework (rather than on the
surface of the pure-silica framework or in separate non-mesostructured domains) is
difficult to ascertain.’! PMOs can also be doped with heteroatom (Al,102 Ti,m’104 V10 )
in a manner similar to that for pure-silica materials.

In addition to different chemical composition, a variety of nanoscale structures with

ordered geometry have been achieved for PMOs,* including 2-dimensional hexagonal



structure with cylindrical porf:s,44’68 3-dimensional hexagonal (P63/mmc),44 cubic Pm3n,82

106-108

body-centered cubic (Im3m),79 and face-centered cubic (Fm3m) structures with

109

spherical pores as well as gyroidal (Ia3d) ™ structure of approximately cylindrical pores

with intersections. The structure type can be controlled to an appreciable extent by the

selection of suitable single surfactant or mixed surfactant templatte.“o’111

While the framework composition of PMOs can be varied over wide range, their pore

size was found much less aldjustalble68 compared to their pure-silica counterpa11‘ts.56’112'116

The pore size of PMOs was tailored by using surfactant molecules of different size, for

117-12
h, 117120

instance, alkylammonium surfactant of different chain lengt oligomeric

76-78,122-131

surfactants,'*! and block copolymers (in which case a hydrothermal treatment

78,130

was also found suitable to tune the pore size ), affording cylindrical or spherical

78,102,123

mesopores of diameters from ~ 2 to 10 nm. In comparison, the templating with

commercially available and custom-made surfactants affords ordered mesoporous silicas

35,56,112,132,133

with cylindrical pores of diameter from 2 to at least 16 nm, and spherical

113,114,134

pores of diameter up to 31 nm. Moreover, the use of micelle swelling agents,

which in the case of ordered mesoporous silicas allows one to obtain cylindrical and

115,116,135

spherical pores of diameter up to 26-36 nm, typically afforded organosilicas that

had disordered (or poorly ordered) enlarged pores,m6’136'140

or heterogeneous mesoporous
structures with a fraction of ordered large-pore domains.'*! A successful swelling-agent-
based low-temperature synthesis of well-ordered large-pore PMO with Fm3m structure of
spherical mesopores of diameter up to ~15 nm is notable exception,107 while other well-

ordered PMOs synthesized in the presence of swelling agents had moderate pore

diameters.''"**'** Our literature survey indicates that in the case of PMOs with well-



ordered 2-D hexagonal structure of cylindrical mesopores, the largest pore diameter was

123125 and the largest (100) interplanar spacing, dgo, was 13-14 nm.*>** It should

~ 10 nm,
be noted that d;op multiplied by 1.155 provides the unit-cell parameter that is equal to the
distance between the pore centers in 2-D hexagonal structure. In contrast, 2-D hexagonal
silicas with pore diameters and d;q interplanar spacings up to 26 nm were reported.“‘s’145
Likewise, pore sizes reported for PMOs with spherical mesopores were much lower than
those for pure-silica materials. Therefore, there is a clear need for new approaches to the
pore size engineering for PMOs to overcome the limitations dicussed above.

Recently, new opportunities emerged in the micelle-expander-based synthesis of large-
pore ordered mesoporous silicas.®® The use of appropriate swelling agents (hexane and
TMB) at sub-ambient initial temperature (~ 15 °C) afforded large-pore SBA-15 silica
(LP-SBA-15) with cylindrical mesopores up to ~ 15 nm'* and LP-FDU-12 silica with

Fm3m structure of spherical mesopores of diameter up to ~ 27 nm.'"

In the latter case,
the pore diameter was found to increase as the initial synthesis temperature decreased
from 23 to 14-15 °C, thus allowing one to adjust the pore diameter through the control of
the initial synthesis temperature. The TMB-based low-temperature synthesis of Fm3m
structures of spherical mesopores was extended on ethylene-bridged PMO, and in
particular, the temperature lowering led to the increase in the unit-cell parameter and pore
size,lo7 but in comparison to LP-FDU-12 silica, the PMO had somewhat smaller unit-cell
size and much smaller pore diameter (~ 15 nm). The studies of LP-SBA-15 and LP-FDU-

12 silicas'*"!48

indicated that the amounts of the swelling agents (hexane or TMB)
solubilized in the block copolymer micelles were quite small. This stimulated the search

for swelling agents that would solubilize in micelles to a more significant extent than the
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swelling agents mentioned above, yet not in excessive amount,''® which is known to lead

151,152
149 150 51,15 of

to foam-like™ or otherwise disordered products.”™ Based on earlier studies
solubilization of organic compounds in micelles and on their extrapolation within
families of similar compounds, 1,3,5-triisopropylbenzene (TIPB) and cyclohexane were
identified''® as promising swelling agents in conjunction with commercially available
Pluronic P123 (EO,0PO70EOy) triblock copolymer surfactant, which is the most common
copolymer template for 2-D hexagonal materials, including SBA-15 silica®®” and
PMOQs.”7122:128.130 Cyclohexane is particularly interesting, because it is a cost-effective,
common reagent and solvent. The use of a moderate amount of cyclohexane afforded
well-ordered large-pore SBA-15 with djpo= ~ 13 nm, whereas the use of its large amount
led to a disordered large-pore (~20 nm) product, confirming that cyclohexane is a potent
swelling agent. The use of TIPB afforded SBA-15 silica with pore diameters from 10 to
26 nm,''® thus achieving a major advance in the synthesis of this important material.

In the first part of this dissertation,”® it is shown that the application of cyclohexane and
TIPB in combination with Pluronic P123 provides a simple and versatile route to families
of 2-D hexagonal ultra-large-pore PMOs with aliphatic and aromatic bridging groups in
the framework and with nominal (BJH) pore diameters from 12 nm to 20-27 nm, which
corresponds to actual pore diameters approaching 20 nm.

Another topic of interest is the formation of ordered spherical mesopores arranged in 3-

108

dimensional structure.  First, PMOs were synthesized using bis(trialkoxysilyl)organic

44-4782
% and a remarkable

precursors and cationic alkylammonium surfactants as templates
tendency to the formation of highly ordered structures with spherical mesopores was

observed. ™ More specifically, common alkylammonium surfactants
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(cetyltrimethylammonium, octadecyltrimethylammonium) known from their tendency for
templating 2-D hexagonal structures of silicas (MCM-41,> FSM-16") afforded 3-D
hexagonal (P63/mmc) and cubic Pm3n organosilica structures. Since then, a variety of
alkylammonium surfactants were successfully used to template the aforementioned and
other PMO structures with spherical mesopores, including face-centerd cubic (Fm3m)
structure.'' 1% The resulting materials showed pore sizes up to ~ 7 nm.''1%°
Oligomeric surfactants also afforded PMOs with spherical mesopores of size comparable
to that achievable with alkylammonium surfactants.'”’

The introduction of block copolymes as templates for PMO synthesis76'78

opened new
opportunities in engineering of ordered arrays of spherical mesopores.108 However, the
block-copolymer-templated synthesis of PMOs with spherical pores proved to be
challenging. An initial work with Pluronic copolymers indicated that the use of
commercially available Pluronic F127 (EO;psPO70EO;06) affords well defined
organosilica structures when the bridged organosilane precursor is mixed with a
substantial amount of the silica precursor.'”® It was argued'® that the properties of the
hydrophobic block of the copolymer template have a crucial effect on the synthesis of
well-defined PMOs. This contention was soon confirmed with the successful synthesis of
PMO with with spherical mesopores template by poly(ethylene oxide)-poly(butylene
oxide)-poly(ethylene oxide) triblock copolymer (PEO-PBO-PEO),”® whose middle block
was more hydrophobic than the PPO blocks in Pluronics. The resulting PMO had large
mesopores (~ 10 nm) with narrow size distribution, and a periodic structure, as seen from

small-angle X-ray scattering (SAXS) and TEM. Although the structure was originally not

assigned,”® the reported SAXS reflections correspond to the interplanar spacing ratios of
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1:1.64:2.60 : 2.88, which can be identified as (111), (220), (331), and (422) reflections
of Fm3m structure, matching reflections observed later'”’ for ethylene-bridged PMO
synthesized at low initial temperature in the presence of TMB. On the basis of the
identification as Fm3m structure, the unit-cell parameter of the PEO-PBO-PEO-
templated PMO was 24 nm. However, block copolymer templates with suitable
hydrophobic blocks (such as PBO) are not readily available commercially. Therefore, an
important breakthrough in the synthesis of copolymer-templated PMOs with spherical
mesopores was the use of inorganic salts to facilitate the formation of the periodic
nanostructure, which first led to ethylene-bridged PMO with body-centered cubic (Im3m)

structure and pore diameter ~ 10 nm templated by Pluronic F127.7% A

similar synthesis
approach afforded ethylene-bridged PMO with Fm3m structure under somewhat lower
acid concentration.'%"*’ Subsequent synthesis of phenylene- and thiophene-bridged
PMOs with Im3m structure'® proved that the use of inorganic salts is not necessary for
the formation of highly-ordered Pluronic-templated PMOs with spherical mesopores.
Phenylene-bridged PMO with spherical pores was also synthesized by Inagaki et al.,'®!
but the structure was not assigned. Mixed-phase ethenylene-bridged PMO with very large
pores (18.5-28.3 nm) containing a fraction of Fm3m structure was also reported, although
in this case, Pluronic P123 (EO,PO;0EO,y) was used as a template in the presence of
1,3,5-trimethylbenzene (TMB) as a swelling agent.141

A recently developed low-temperature approach to the copolymer template synthesis of
ordered mesoporous materials®!?7-113116-145-148.162-164 5,01t new opportunities in the

synthesis of PMOs with spherical mesopores.68’107’108 As was originally demonstrated on

large-pore FDU-12 (LP-FDU-12) silica with Fm3m symmetry (unit-cell parameter up to
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44 nm),'" the low initial synthesis temperature (~ 15 °C) in combination with the

addition of a suitable swelling agent (for instance, TMB for LP-FDU-12) allows one to

2'%5 materials. A

appreciably increase the unit-cell size and pore diameter of FDU-1
judicious selection of a swelling agent (such as xylene for LP-FDU-12) led to a further
increase in the unit-cell size achievable at low temperature for LP-FDU-12 (unit-cell

135

parameter up to 56 nm). ™ The low temperature procedure originally developed for

silicas has been extended on ethylene-bridged PMO with Fm3m structure (unit-cell

parameter up to 37 nm),""’

and more recently on a variety of 2-D hexagonal PMOs (d;g
up to at least 20 nm) as already mentioned.®® The realization that the use of a more
strongly solubilized swelling agent can improve the TMB-based synthesis of LP-FDU-12
led to the identification of xylene and toluene as swelling agents for ultra-large-pore
FDU-12 synthesis.135

Large-pore mesoporous materials are important for practical applications. In particular,

PMOs are suitable as catalysts or catalysts supports,166 immobilization media for

2 59

biomolecules,' templates for nanostructures,'®’ precursors for ceramics,”” and
adsorbents.'®® For the application point of view, materials with three-dimensionally
connected cage-like mesopores have some advantages over the two-dimensional pore
structures, because the differences in the molecular transport phenomena and avoidance
of pore blocking. The ability to design large-pore materials is also an important problem
from the point of view of fundamental materials research. While PMOs and related

68,107,137,139,141

materials with very large mesopores are known, most of them are

appreciably disordered, while highly ordered PMO with very large spherical mesopores
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was reported only in the case of the use of Pluronic F127 and TMB in the low-
temperature synthesis procedure.107

In the second part of this dissertation,'® it is shown that the large-pore ethylene-
bridged PMOs with unprecedented structural properties can be achieved through our low-
temperature synthetic route, which involves either TMB, which was used by others in a
similar synthesis,107 or other judiciously selected swelling agents, namely xylene, toluene,
and benzene. The use of selected swelling agents, combined with the optimization of the
amount of the inorganic salt, afforded highly-ordered Fm3m PMOs with the unit-cell
parameter ~ 40 nm, and a range of materials with even larger unit-cell size (up to 50 nm
and beyond) with gradually diminished degree of structural ordering. Highly ordered
products had the pore diameter of ~ 14-17 nm, where as the less-well-ordered
counterparts reached the pore size of ~ 20 nm. To the best our knowledge, these are the
largest unit-cell sizes and pore diameters achieved for well ordered PMOs with spherical
mesopores.

While lot of research interest has been focused on the formation of periodic, surfactant-
templated consolidated structures which were discussed above, much less is known about
the formation of individual inorganic nanoobjects, such as nanoparticles and nanotubules.
So far, different nanoparticles and nanotubules consisting of carbon, boron nitride and
silica have been synthesized.'®'™ These nanoobjects are mostly synthesized under
drastic conditions such as very high temperature. Since the discovery of consolidated
surfactant-templated nanotubules consisting of silica by Mobil scientists in early nineteen

35,36

nineties, a wide range of consolidated inorganic materials has been synthesized as

discussed above. These materials resemble bundles of nanotubules arranged in 2-D
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hexagonal pattern (honeycomb structure, although there is no void between the tubules).
It appears that the same strategy should afford individual micelle-templated nanotubules,
but surprisingly little is known on generating isolated micelle-templated objects, and

known examples are primarily hollow spheres.'”> !

It appears that single nanotubules
are not available due to the lack of understanding of formation mechanism of these
materials.

In many cases, single nanotubules or nanoparticles potentially could be more useful
than their condensed counterparts, as the former can act as building blocks for making
more complicated architectures. Moreover, this single building block can be filled with
other materials to form composite materials or functionalized with other groups to change
the properties. Hollow nanoparticles and nanotubules could be used as drug delivery
vehicles, and contrast algents.m'191

Recently, we studied the use of block copolymer as templates to obtain ordered
mesoporous organosilica materials with cylindrical and spherical mesopores.68’108 These
mesoporous organosilica materials were prepared by hydrolyzing bis(trialkoxysilyl)silane
precursors, where the organic group can be a short aliphatic (methylene, ethylene) chain,
or unsaturated chain (ethenylene) or aromatic ring (phenylene). In some cases, we
observed the formation of hollow nanoparticles. The formation of these nano-structures
was achieved through a particular selection of the block copolymer template and the
composition of the synthesis medium. There arises a question why certain conditions
(such as low precursor/surfactant ratio) lead to individual particles. Normally, it was

observed in numerous studies that surfactant interacts with silica/organosilica sources to

form consolidated structures, such as ordered mesoporous silicas or organosilicas. In one
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case, the individual particles were stabilized using an agent that would suppress cross-

175

linking between the particles, so that a consolidated structures would not form. "~ It was

suggested that isolated particles form at lower silica-surfactant ratio while a larger
relative amount of silica precursor leads to the formation of consolidated structures,lgz’183
but the transition was not fully understood.

Our literature survey shows that so far only ethylene-, phenylene-, and 1,4-
diethylphenylene-bridging groups have been introduced in case of hollow nanospheres

. .. “1: 177-180
with walls comprising of organosilica. 8

Phenylene-bridged hollow nanospheres can
be easily chemically modified, but ethylene-bridged organosilicas are less amenable to
chemical functionalization. In this regard, it would be desirable to introduce other organic
groups, which can be easily chemically modified for prospective applications. Other
groups, including unsaturated ones, could give rise to more applications. So it is desirable
to obtain materials with functionalizable organic bridging groups, including saturated,
unsaturated and aromatic bridges.

Our generalized synthesis of hollow micelle-templated nanoparticles is based upon
understanding of the formation of organosilica/block copolymer nano-composites. We
proposed a general mechanism based on understanding on the interaction between

o 6
organosilica precursors and block—copolymers,ég’ o

which can be used as a guideline for
the synthesis of hollow nanospheres and nanotubules. This unique approach was realized
by suitable choice of Pluronic block coplymer and suitable precursors under acidic
media. Unlike any other route available so far, our approach is more versatile and general

in that this method can be used for wide range of organosilica as well as silica precursors,

such as those with aliphatic saturated bridging groups (methylene, and ethylene),
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unsaturated bridges (ethenylene), and aromatic rings (phenylene) in the silica-based
frameworks. This work highlights to the following aspects: synthesizing large-pore
mesoporous organosilica hollow nanospheres and nanotubules, direct conversion of
organosilica hollow particles to silica hollow particles, and the control of the pore size of

the hollow nanospheres.
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2. Materials and Methods

2.1.1 Synthesis of methylene-bridged PMO.?® In a typical experiment, 2.40 g of
Pluronic P123 was dissolved in 84 ml of 1.30 M HCI solution followed by mechanical
stirring until the whole polymer dissolves completely at 15.00 °C (or other temperatures
selected from 12.00-17.00 °C range). Then premixed bis(triethoxysilyl)methane, BTEM
(Gelest Inc.) and 13 ml cyclohexane were added at once. The molar composition of the
reaction mixture was BTEM/P123/cyclohexane/HCI/H,O = 0.5+x/0.0168/4.88/4.42/186,
where x=0.2, 0.3 (preferred composition) or 0.4. The whole solution was stirred for 1
day. Then the product was treated hydrothermally at 100 °C for 2 days (in closed
polypropylene bottle) or at higher temperatures (130 or 150 °C) for 2 days. For
hydrothermal treatment at higher temperatures, the solution was transferred to Teflon-
lined autoclaves. The resulting as-synthesized materials were then filtered, washed with
deionized water and dried at ~ 60 °C under vacuum. Finally, the materials were calcined
under air (or nitrogen) at 300 °C for 5 h (heating ramp 2 °C min'l). The surfactants were
also removed by calcination under nitrogen or extracted using ethanol. In some cases, the
materials were treated with NH,OH and NH4Cl buffer solution. For this purpose, 0.3 g of
extracted material was treated with equal volume of each solution (total 18 ml of buffer
solution) and heated at selected temperature (100, 130 or 150 °C) in a autoclave for 1 day.
Then the sample was filtered, and dried in a vacuum oven at ~ 60 °C. Then the material
was calcined under nitrogen at 300 °C for 5 hr (heating ramp 2 °C min™).

2.1.2 Synthesis of ethylene-bridged PMO.%® 0.60 g of Pluronic P123 was dissolved in
21 ml of 1.3 M HCI solution using mechanical stirring until the whole polymer dissolved

completely at 15.00 °C. Then premixed bis(trimethoxysilyl)ethane, BTME (Gelest Inc. or
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Aldrich) or bis(triethoxysilyl)ethane, BTEE (Gelest Inc.) and 3.25 ml cyclohexane were
added at once. The molar composition of the reaction mixture was BTME (or
BTEE)/P123/cyclohexane/HCI/H,O = 0.5+x/0.0168/4.88/4.42/186, where x=0.40, 0.60
(preferred composition), 0.70, 1.00, and 1.50 for BTME and 0.40 for BTEE. The whole
solution was stirred for 1 day. Then the reaction mixture was treated hydrothermally at
100 °C for 2 days. The resulting as-synthesized materials were then filtered, washed with
deionized water and dried at ~ 60 °C under vacuum. Finally, the materials were extracted
with ethanol using Soxhlet apparatus and were dried.

2.1.3 Synthesis of ethenylene-bridged PMO.®® 0.6 g of Pluronic P123 was dissolved
in 21 ml of 1.3 M HCI solution using mechanical stirring until the whole polymer
dissolved completely at 15.00 °C. Then premixed bis(triethoxysilyl)ethylene, BTEEn and
3.25 ml of cyclohexane were added at once. The molar composition of the reaction
mixture was BTEEn/P123/cyclohexane/HCI/H,O = 0.5+x/0.0168/4.88/4.42/186, where
x=0.40, (or 0.70, if so noted). The whole solution was stirred for 1 day. Then the reaction
mixture was treated hydrothermally at 100 °C for 2 days. The resulting as-synthesized
materials were then filtered, washed with deionized water and dried at ~ 60 °C under
vacuum. Finally, the materials were extracted with ethanol using Soxhlet apparatus and
were dried.

2.1.4 Synthesis of material using (CH30);Si-CH,-C(=CH;)-CH,-Si(OCH3); as
precursor.” 0.6 g of Pluronic P123 was dissolved in 21 ml of 1.3 M HCI solution
followed by mechanical stirring until the whole polymer dissolved completely at 15.00
°C. Then premixed bis(trimethoxysilylmethyl)ethylene, BTMSME (Gelest Inc.) and 3.25

ml cyclohexane were added at once. The molar composition of the reaction mixture was
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BTSME/P123/cyclohexane/HCI/H,O = 0.5+x/0.0168/4.88/4.42/186, where x=0.00, 0.30,
0.40, and 0.50. The whole solution was stirred for 1 day. Then the reaction mixture was
treated hydrothermally at 100 °C for 2 days. The resulting as-synthesized materials were
then filtered, washed with deionized water and dried at ~ 60 °C under vacuum. Finally,
the materials were extracted with ethanol using Soxhlet apparatus and were dried.

2.1.5 Synthesis of phenylene-bridged PMO.%® 0.60 g of Pluronic P123 was dissolved
in 21 ml of 1.30 M HCI solution followed by mechanical stirring until the whole polymer
dissolved completely at initial synthesis temperature selected in the range from 14.00-
18.00 °C. Then premixed bis(triethoxysilyl)benzene, BTEB (Gelest Inc. or Aldrich) and
1.2 ml (or 0.6 ml) 1,3,5-triisopropylbenzene (TIPB) were added at once. The molar
composition of the reaction mixture was BTEB/P123/TIPB/HCI/H,O =
0.54+x/0.0168/0.79 (or 0.40)/4.42/186, with x=0.30. For optimization of the synthesis
condition, the amount of BTEB was varied from x=0.00, -0.10, -0.15, -0.20, -0.30 (for
0.6 ml TIPB). The whole solution was stirred for 1 day. Then the reaction mixture was
treated hydrothermally at 100 °C (or higher temperature up to 170 °C in a autoclave) for 2
days. The resulting as-synthesized materials were then filtered, washed with deionized
water and dried at ~ 60 °C under vacuum. Finally, the materials were either extracted
with ethanol using Soxhlet apparatus followed by drying and calcination under air at 250

oc!3 0, or calcined under nitrogen at 300 °C.

2.1.6 Synthesis of ethylene-bridged PMO with spherical pores.'®

In a typical
experiment, 0.50 g of Pluronic F127 (EO;¢psPO70EO,¢) was dissolved in 30 g of 2.0 M

HCI solution under mechanical or magnetic stirring at 15 °C. Then, 0.50 g (or 1.00 g, see

below) of the swelling agent (TMB, 1,3,5-triisopropylbenzene (TIPB), 1,3,5-
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triethylbenzene (TEB), xylene-mixture of isomers, toluene or benzene) and 2.50 g (or
other amount) of KCIl was added (except for benzene, in which case no salt was used). It
should be noted that for TMB, TEB, TIPB, a mechanical stirrer set at a moderate stirring
speed was used and the reaction mixture was prepared in a polypropylene (PP) bottle
with its mouth taped with parafilm leaving a small hole for the stirrer. For xylene,
toluene, and benzene, a magnetic stirrer (set at 300 rpm) was used and the reaction
mixture was in a glass container whose mouth was taped with parafilm. After two hours,
2.90 g of bis(trimethoxysilyl)ethane (BTME) was added. The reaction mixture was
stirred for one day at 15 °C (in a semi-closed container, as described above). Then, the
reaction mixture was treated hydrothermally at 100 °C for one day in a closed PP bottle.
The product was filtered out, washed with deionized water and dried at ~ 60 °C under
vacuum. Finally, the surfactant was removed from the sample via the Soxhlet extraction
with ethanol. One of the PMOs was calcined under argon or air at 350 and/or 400 °C
(ramp 2 °C/min, dwell time 5 hours).

2.1.7 Synthesis of methylene-bridged organosilica hollow nanospheres. 0.50 g of
Pluronic F127 was dissolved in 45 ml of 2 M HCI solution followed by magnetic stirring
until the whole polymer dissolved completely at 15 °C. Then 0.5 g xylene and 2.5 g of
KCl1 were added. After 2 h, 1.03 ml bis(triethoxysilyl)methane (BTEM) was added. The
whole solution was stirred for 1 day. Then the reaction mixture was treated
hydrothermally at 100 °C for 1 day. The resulting as-synthesized material was then
filtered, washed with deionized water and dried at ~ 60 °C under vacuum. Finally, the
material was calcined under nitrogen at 300 °C for 5 h with heating ramp 2 °C/min. The

product was designated -CH,-HS.
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2.1.8 Synthesis of methylene-bridged organosilica nanotubules. 1.2 g of Pluronic
P123 was dissolved in 42 ml of 1.3 M HCI solution followed by mechanical stirring until
the whole polymer dissolved completely at 15 °C. Then, after at least 3h, a mixture of
2.15 ml BTEM and 6.5 ml cyclohexane was added. The solution was stirred for 1 day.
Then the reaction mixture was treated hydrothermally at 100 °C for two days. The
resulting as-synthesized material was then filtered, washed with deionized water, and
dried at ~ 60 °C under vacuum. Finally, the material was calcined under nitrogen at 300
°C for 5 h with heating ramp 2 °C/min. The product was designated -CH,-NT.

2.1.9 Synthesis of ethylene-bridged organosilica hollow nanospheres. 0.50 g of
Pluronic F127 was dissolved in 30 g of 2 M HCI solution followed by magnetic stirring
until the whole polymer dissolved completely at 15 °C. Then 0.5 g toluene was added.
After 2 h, 0.93 ml bis(trimethoxysilyl)ethane (BTME) was added. The solution was
stirred for 1 day. Then the reaction mixture was treated hydrothermally at 100 °C for 2
days. The resulting as-synthesized material was then filtered, washed with deionized
water and dried at ~ 60 °C under vacuum. Finally, the material was extracted with ethanol
using Soxhlet apparatus and dried. For materials with different pore sizes, the same
procedure but different swelling agents (benzene, xylene, or TMB) were used. The
product was designated —C,Hy4-HS.

2.1.10 Synthesis of ethylene-bridged organosilica nanotubules. 1.2 g Pluronic P123
was dissolved in 42 ml of 1.3 M HCI solution followed by mechanical stirring until the
whole polymer dissolved completely at 15 °C. After at least 3h, 0.014 g NH4F was added.
Then, after another 1 h, a mixture of 2.28 ml bis(triethoxysilyl)ethane (BTEE) and 6.5 ml

cyclohexane was added. The whole solution was stirred for 1 day. Then the reaction
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mixture was treated hydrothermally at 100 °C for two days. The resulting as-synthesized
material was then filtered, washed with deionized water and dried at ~ 60 °C under
vacuum. Finally, the material was extracted with ethanol using Soxhlet apparatus and
dried. The product was designated —C,H4-NT.

2.1.11 Synthesis of ethenylene-bridged organosilica hollow nanospheres. 0.50 g of
Pluronic F127 was dissolved in 30 g of 2 M HCI solution followed by magnetic stirring
until the whole polymer dissolved completely at 15 °C. Then 0.5 g xylene and 2.5 g KCl
were added. After 2 h, 0.87 ml bis(triethoxysilyl)ethylene (BTEEn) was added. The
solution was stirred for 1 day. Then the reaction mixture was treated hydrothermally at
100 °C for 2 days. The resulting as-synthesized material was then filtered, washed with
deionized water and dried at ~ 60 °C under vacuum. Finally, the material was extracted
with ethanol using Soxhlet apparatus and was dried. The product was designated —C,H,-
HS.

2.1.12 Synthesis of ethenylene-bridged organosilica hollow nanotubules. 0.6 g
Pluronic P123 was dissolved in 21 ml of 1.3 M HCI solution followed by mechanical
stirring until the whole polymer dissolved completely at 15 °C. Then a mixture of 0.79 ml
bis(triethoxysilyl)ethenylene (BTEEn) and 3.25 ml cyclohexane was added. The solution
was stirred for 1 day. Then the reaction mixture was treated hydrothermally at 100 °C for
two days. The resulting as-synthesized material was then filtered, washed with deionized
water and dried at ~ 60 °C under vacuum. Finally, the material was extracted with ethanol
using Soxhlet apparatus and was dried. The product was designated —C,H,-NT.

2.1.13 Synthesis of nanospheres using (CH30);Si-CH,-C(=CH,)-CH,-Si(OCH3)3 as

precursor. 0.5 g of Pluronic F127 was dissolved in 45 ml of 2 M HCI solution followed
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by magnetic stirring until the whole polymer dissolved completely at 15 °C under cover.
Then 0.5 g xylene and 2.5 g KCI were added. After 2 h, 095 ml
bis(trimethoxysilylmethyl) ethylene (BTMSME) was added. The solution was stirred for
1 day. Then the reaction mixture was treated hydrothermally at 100 °C for 1 day. The
resulting as-synthesized material was then filtered, washed with deionized water and
dried at ~ 60 °C under vacuum. Finally, the material was extracted with ethanol using
Soxhlet apparatus and was dried.

2.1.14 Synthesis of silica nanospheres using Pluronic F108. 0.5 g of Pluronic F108
(EO141PO4EO 41, BASF) was dissolved in 30.8 ml of 1.97 M HCI solution followed by
magnetic stirring until the whole polymer dissolved completely at 15 °C. After one hour,
0.70 ml xylene and 2.5 g KCIl were added. After 2 h, 0.74 ml tetraethylorthosilicate
(TEOS) was added. The solution was stirred for 1 day. Then, the reaction mixture was
treated hydrothermally at 100 °C for 2 days. The resulting as-synthesized material was
then filtered, washed with deionized water and dried at ~ 60 °C under vacuum. Finally,
the material was calcined under air at 550 °C for 5 hr with heating ramp 2 °C/min.

2.1.15 Synthesis of phenylene-bridged organosilica hollow nanospheres. 0.5 g of
Pluronic F127 was dissolved in 30 g of 2 M HCI solution followed by magnetic stirring
until the whole polymer dissolved completely at 15 °C. Then 0.5 g xylene and 2.5 g KCl
were added. After 2 h, 0.93 ml bis(triethoxysilyl)benzene (BTEB) was added. The
solution was stirred for 1 day. Then, the reaction mixture was treated hydrothermally at
100 °C for 2 days. The resulting as-synthesized material was then filtered, washed with

deionized water and dried at ~ 60 °C under vacuum. Finally, the material was calcined
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under nitrogen at 300 °C for 5 h with ramp 2 °C/min. The product was designated —C¢Hy-
HS.
2.2 Measurements. The small-angle X-ray scattering (SAXS) patterns were recorded on
Bruker Nanostar U SAXS/wide-angle X-ray scattering (WAXS) instrument equipped
with a rotating anode X-ray source and a 2-D detector Vantec 2000. The instrument was
in a high flux configuration and the flight path was ~ 73 cm. Samples were placed in the
hole of an aluminium sample holder and secured on both sides using Kapton tape.
Nitrogen adsorption measurements were carried out on Micromeritics ASAP 2020
volumetric adsorption analyzer at —196 °C. The samples were outgassed at 140 °C in the
port of the adsorption analyzer before analysis. Transmission electron microscopy (TEM)
images were recorded on FEI Tecnai G2 Twin microscope operated at an accelerating
voltage of 120 kV. The samples were first sonicated in ethanol, and then drop-casted on
carbon coated copper grid and the solvent was dried in air before analysis. Cross-
polarization magic angle spinning (CP MAS) *’Si NMR spectra were acquired using
Varian INOVA 300 wide bore spectrometer. The operating frequency was 59.6 MHz.
Samples were packed into a 5 mm zirconia rotor, loaded into a 5 mm Doty XC-5
CP/MAS probe and spun at 6~8 kHz. 1000~2000 scans were acquired based on the
sensitivity of the sample. Thermogravimetric analysis was carried out under air or
nitrogen from room temperature to 800 °C using Hi-Res 2950 thermogravimetric
analyzer from TA Instruments.

2.3 Calculations. The BET specific surface area (Sggr) was determined from nitrogen

2'192

adsorption isotherm in the relative pressure from 0.04 — O. Total pore volume (V)

was determined from the amount adsorbed at relative pressure of 0.99."2 Pore size
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distributions (PSDs) were determined from adsorption branch of the isotherms using the
Barrett-Joyner-Halenda (BJH) method.'”>'** The samples discussed herein typically
exhibit large (> 10 nm) cylindrical or spherical mesopores for which the pore size

116 the

calculations were not fully calibrated and validated. On the basis of earlier studies,
BJH method with the Kelvin equation was used herein for PSD calculations for
cylindrical mesopores, which is expected to overestimate the mesopore diameter by not
more than 10-15 % for most of the considered PMOs. On the other hand, the Kelvin
equation with KJS correction was used for samples with spherical mesopores, and it is

expected that the pore diameter is underestimated by 10-15 Pp. 148194

The micropore
volume (Vpic) was calculated using the o plot method using LiChrospher-1000 silica as a
reference.'”

A brief account of the major instrumentation that was used for structural
characterizations of the synthesized nanostructures materials is given below. These
instruments include transmission electron microscope (TEM), small-angle X-ray
scattering (SAXS), and nitrogen gas adsorption technique.

2.4 Transmission Electron Microscopy (TEM). Transmission electron microscopy
(TEM) uses the same basic principle as light microscopy does. The major difference is
that while the light microscope uses light as a probe, TEM uses an electron beam. Light
has a wavelength of several hundred of nanometers, and because of that, light microscope
can view objects that are at least several hundred nanometers in size. The electrons have
much lower wavelength (as low as a few picometers, one picometer = 10" m) when

compared to light. As such, TEMs are capable of imaging at significantly higher

resolution than the light microscope. This allows one to look at finer details of the
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materials, such as nanoscale features or even atomic planes, which are tens to thousand
times smaller than the smallest object that can be observed in a light microscope. An
electron source at the top of the transmission electron microscope emits electron beam.
The electron beam is then focused by electromagnetic lenses and directed on the
specimen. The electron beam then interacts with sample under study. The transmitted
electron beam is then magnified and detected/recorded by fluorescent screen,
photographic plate or CCD camera. The image that is generated is a “shadow image” of
the sample, because thicker parts transmit fewer electrons than thinner areas or void
spaces do.

The sample under study needs to be thin in order to be visualized. If the sample is
thick, and the electron beam cannot pass through, the image is very dark (essentially no
electrons transmitted) so that no information about the structure of the sample is
available.

TEM gives image in two dimensions and moreover it reflects only a local structure.
So it is possible to get representative information primarily when the material is
homogeneous. If the sample is not homogeneous, then other techniques that give global
information need to be employed. In this regard, SAXS is very helpful in combination
with TEM to confirm the final structure of the materials. In our study, we used TEM to
confirm structures with 2-dimensional hexagonal (p6bmm), and face-centered-cubic
(Fm3m) symmetry, and also the structures composed of individual nanoobjects. Typical
images are shown in Figure 2.1. The images below on the top of Figure 2.1 are for

materials with 2-dimensional hexagonal ordering (p6mm symmetry).
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———— 200 nm

Figure 2.1 Typical TEM images of the synthesized ordered nanoporous materials and
isolated nanoporous objects.

Two different kinds of images are obtained which are due to the projection of the

material under electron beam, that is, along the hexagonally ordered cylinders (projection
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looks like a honeycomb) or perpendicular to the cylinders (projection looks like a pattern
of stripes). The image in the middle left is for a material with face-centered cubic
ordering, which shows the (111) projection. The image at the middle right and bottom of
Figure 2.1 is for the isolated nanoobjects (nanospheres and nanotubules).

2.5 Small-angle X-ray scattering. Small-angle X-ray scattering (SAXS) is a
technique where X-ray beam is used and scattered by materials. The interaction between
X-rays and the material is elastic in nature and the scattering pattern is recorded at low
angles generally from ~ 0.1° to several degrees. The wavelength of the X-ray source is
typically 0.1 - 0.2 nm.

In our case, we used SAXS technique to determine the structure in the case of ordered
or disordered nanostructured materials. Structures with 2-dimensional hexagonal and
cubic Fm3m (face-centered-cubic) symmetries were identified using the SAXS
technique. From the SAXS pattern, the interplanar spacing can be calculated based on the
Bragg’s equation:

A =2dsin8 Eq. 1
where A is wavelength of X-rays, which is 0.15418 nm in our case, d is the interplanar
spacing, and @ is the diffraction angle of X-rays. Using the known value of wavelength
(4) and the diffraction angle (6), the interplanar spacing (d) is calculated. In case of 2-
dimensional hexagonal structure, unit cell parameter (a), that is the distance between two
adjacent pore centers, is calculated from (100) interplanar spacing (d) based on following
equation:

_ 24w
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In the case of the face-centered-cubic structure, the unit cell parameter (a) that
corresponds to the length of the edge of the unit cell, is calculated based on following
equation for cubic structures:

a=d, NW +k*+1’ Eq. 3

where h, k, and 1 are called Miller indices. In the case of face-centered cubic structure,

the most prominent peak on the scattering pattern is for (111) reflection (in which case
h=1, k=1, and 1=1). Therefore:

a= dln\/g Eq. 4

Typical patterns are shown below in Figure 2.2.
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Figure 2.2 Typical SAXS patterns for materials under study.
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The SAXS method is accurate and non-destructive. For SAXS, the sample preparation
consists of placing of the powder in the sample holder and securing it with Kapton or
Scotch tape. In the SAXS experiment, a monochromatic X-ray beam hits a sample from
which X-rays scatter. Most of the X-rays go through the sample without any interaction,
and the detector is screened from this intense direct beam by the beam stop. The scattered
radiation forms a pattern, which is then recorded on a 2-dimensional detector located
behind the sample. The scattering pattern is used to obtain information about the structure
of the material.

2.6 Gas Adsorption. Adsorption is defined as enrichment or depletion of one or more
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Figure 2.3 An adsorption isotherm of nitrogen at 77 K on a MCM-41 silica with uniform
cylindrical pores197 (data taken from Sayari et al.; Chem. Mater. 1997, 9, 2499). The
illustration of the monolayer-multilayer adsorption process followed by capillary
condensation, and the ways in which structural information is extracted from the data.
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One typical adsorption process is the adsorption of a gas on a solid surface. In that
case, the solid is called the adsorbent and the adsorbing gas is called the adsorbate. A
typical adsorption isotherm for a mesoporous material with uniform pores is shown in
Figure 2.3.

Methods to obtain physicochemical properties for porous solids from gas adsorption
data
1. The Brunauer-Emmett-Teller (BET) method to calculate the specific surface area

In 1938, Brunauer, Emmett, and Teller proposed a method for determination of the
specific surface area (that is, the surface area per gram of sample), which is known as the
BET method. The BET method is based on the following main assumptions:

1) The adsorption is localized.
i1) The adsorption proceeds via monolayer-multilayer type adsorption.
Under these and some additional assumptions, the following equation was obtained:

c P
n=n Po Eq. 5

[ fretenr ]

Where p and p, are the equilibrium pressure and saturation vapor pressure, respectively;

and n is the amount adsorbed. Eq. 5 contains two constants: ¢ and n,,, the latter being the
monolayer capacity, that is the amount of molecules adsorbed in a monolayer (expressed
in mol/g). During the measurement, both the relative pressure and the amount adsorbed
are measured. Eq. 5 is used to obtain n,, and ¢ from the experimental data. The value of

nm can be used to calculate the specific surface area (denoted here as Sggr):

Sger =n, 0N, Eq. 6
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where o is the cross-sectional area of the adsorbate molecule and N, is the Avogadro’s

number. According to the [UPAC recommendations,'*>'*®

nitrogen adsorption data at the
temperature of 77 K and at relative pressures below 0.3 should be used in the BET
calculations of the specific surface area. The cross-sectional area of the nitrogen molecule

is usually assumed to be 0.162 nm?."*>'®

2. The single point total pore volume determination

For porous materials, the total pore volume is the summation of volumes of
different kinds of pores, such as micropores, and mesopores. The total pore volume is
estimated from the total volume of gas molecules adsorbed by the solid at the maximum
relative pressure for which the uptake of gas can be reliably measured (usually at 0.99).
In order to convert the volume of the gas adsorbed (in cm® STP g') into the pore volume
a conversion factor of 0.0015468 is used in the case of nitrogen adsorption at 77 K. The
above method of calculation of the total pore volume is based on following assumptions.
First, the density of the adsorbate is the same when it is condensed in the pores of the
solid and when the bulk adsorbate is condensed. Second, the solid does not contain any
appreciable amount of macropores (which are larger than 50 nm). Otherwise, most of the
macropore volume is not accounted for. This is because the macropores larger than ~ 100
nm are not expected to be filled by capillary condensation at the relative pressure taken in
the calculations, and thus the pore space in them is empty. Consequently, the total pore
volume does not account for this space.
3. The Barrett-Joyner-Halenda (BJH) method to calculate the pore size distribution

In 1951, Barret, Joyner and Halenda proposed a method to determine the pore size

distribution (PSD) which is known as the BJH method.'”® The adsorption of adsorbate
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was viewed as the formation of monolayer-multilayer film on the pore surface when the
pressure is increased until the capillary condensation takes place, thus filling the entire
pore space. Then, further increase in pressure is assumed not to bring any further increase
in the amount adsorbed. The desorption was viewed as the reverse process, involving the
capillary evaporation followed by the gradual removal of adsorbate on lowering the
pressure. In order to develop a method to calculate the pore size distribution under these
assumptions, the relationship between: 1) pore size (denoted as r), and the capillary
condensation or evaporation pressure, and ii) monolayer-multilayer film thickness and
the pressure, need to be known. For this purpose, Barrett et al. used the Kelvin equation
and assumed that the statistical film thickness (t, which is function of p/p,) is independent

of the pore structure:

2N,
RT 1n(p0J
p

where r is the pore radius, v is surface tension, Vi is molar volume of adsorbate, R is

r= +1t Eq.7

universal gas constant, and T is the absolute temperature. In case of liquid nitrogen, y =
8.88x10” N'm™ and V. = 34.68 cm’ mol .

In the BJH method, the calculation starts from the highest pressure in the
adsorption-desorption isotherm. At the highest pressure, it is assumed that all the pores
(micropores and mesopores) are completely filled up by the adsorbate. After filling up of
all the pores, when the pressure is lowered, the pores are emptied starting from the largest
pores, and gradually progressing to the pores of the smaller size. One can view the
adsorption process, that is, the process taking place upon the pressure increase, as an

inverse of the aforementioned scenario, which corresponded to the desorption process.
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By measuring the difference in the amount adsorbed as the pressure is lowered and
correlating it with the pore size via the Kelvin equation (Eq. 7), one can determine the
pore volume corresponding to the particular pore size. The calculations take into account
that after the capillary evaporation in pores of given size, the pore surface is still covered
by the film (multilayer) of adsorbed molecules, whose thickness decreases as the pressure
is decreased. The calculations described above appear to be relevant to the desorption
process, but the calculation procedure can be applied to the adsorption data as well, if one
processes the data “backwards” (from the highest pressures to the lowest, although they
were acquired in the opposite sequence). Herein, the BJH calculations were performed

from adsorption rather than desorption data.
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3. Results and Discussions.

Part 1. Versatile Approach to Synthesis of 2-D Hexagonal
Ultra-Large-Pore Periodic Mesoporous Organosilicas68

3.1.1 Methylene-bridged PMO. It was previously found that cyclohexane is a
promising swelling agent in case of Pluronic-templated synthesis of large-pore SBA-15,
allowing one to achieve djpo up to 13 nm. Herein, it is shown that cyclohexane is
extremely useful for synthesizing large-pore methylene-bridged PMO. Methylene-
bridged PMO synthesized under such conditions shows SAXS patterns (Figure 3.1.1),
which exhibit reflections that can be identified as (100), (110), (200), and (300) peaks of

2-D hexagonal structure with interplanar spacing d;oo of 22 nm (Table 3.1.1).

R 15C1d + xC2d |

log(intensity)

03 06 09 12 15 1.8

20 (degree)
Figure 3.1.1 SAXS patterns of methylene-bridged PMO synthesized at initial synthesis
temperature of 15 °C followed by hydrothermal treatment for two days at different
temperatures (figure taken from reference 68).
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Figure 3.1.2 TEM image of calcined methylene-bridged PMO synthesized using a
hydrothermal treatment at 150 °C for two days (figure taken from reference 68).

This djgo is more than 50% larger than the largest d oo reported so far for any 2-D
hexagonal PMO.%® The TEM image (Figure 3.1.2) shows that the particles of the PMO
had rod-like structure with parallel stripes visible along the rods, which corresponds to
the side projection of the honeycomb structure (Figure 3.1.2). Such a particle morphology
makes it difficult to view the honeycomb projection, although it is visible in some places
(Figure 3.1.2, top right). The surface of the rods appeared to be rough, suggesting that the
rods were covered by channels circling around the rods or by some other less well

defined porous structure.
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Table 3.1.1 Structural properties of methylene-bridged PMOs.”

Sample (bridge, initial temp.) dioo SBET Vi Vinic WRBIH
(nm) | (m%g) | (cmY/g) | (em™/g) | (nm)
Methylene, 17 °C 21.3 | 1140 1.39 0.24 18.5
Methylene, 15 °C 22.1 | 1120 1.56 0.21 23.3
Methylene, 14 °C 22.1 1220 1.50 0.32 19.7
Methylene, 13 °C 30° 1180 1.27 0.35 23.9
Methylene, 12 °C - 1170 1.12 0.40 31
Methylene, 15°C, x=0.2 17.8 | 1197 1.28 0.26 12.0
Methylene, 15°C, x=0.3, H 100°C ¢ [ 20.8 | 1230 1.61 0.28 22.2
Methylene, 15°C, x=0.3, H 130°C | 22.7 | 1007 1.75 0.11 25.1
Methylene, 15°C, x=0.3, H 150°C | 21.8 | 837 1.66 (-0.01)° | 23.6
Methylene, 15°C, x=0.3, H 170°C ¢ [ 20.5 | 607 1.44 e 21.7
Methylene, 15°C, x=0.4 17.2 1204 1.10 0.35 12.6

* Notation: djg, (100) interplanar spacing for calcined sample. Sger, BET specific surface
area; wgyg, BJH pore diameter; V; total pore volume, Vp. micropore volume. ® Estimated
by tentatively assigning the first peak on SAXS pattern as (100) peak. © Could not be
evaluated accurately due to the presence of shoulder on SAXS pattern. ¢ Repeated
synthesis. © Indicates that the micropore volume is negligible.

The methylene-bridged PMOs were further characterized by nitrogen adsorption
technique to determine textural properties of the materials, such as pore size, surface area,
and pore volume. The adsorption isotherm for the sample (Figure 3.1.3) shows steep
capillary condensation step at high relative pressure of ~ 0.91, thus indicating the
presence of very large mesopores. The material shows high BET specific surface area

(1220 m* g) and a large pore volume of 1.56 cm® g'. The pore size distribution (PSD)

was narrow and a nominal (BJH) pore diameter was ~23 nm (Figure 3.1.3), which is
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about two times larger than the largest pore size reported so far for a 2-D hexagonal

PMO.%
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Figure 3.1.3 Nitrogen adsorption isotherm and pore size distributions for methylene-
bridged PMO synthesized at initial synthesis temperature of 15 °C followed by
hydrothermal treatment for two days at different temperatures. The isotherms were offset
vertically by 150, 350, and 560 cm® STP g for samples hydrothermally treated at 150,
130 and 100 °C.

The wall thickness for methylene-bridged PMO (in this case ~ 6 nm) was found
much thicker than the wall thickness for silica-based SBA-15 material synthesized under
similar conditions.'”” In case of copolymer templated 2-D hexagonal nanoporous
materials, each main pore is connected by small pores, often in micropore range. In order
to calculate the wall thickness more accurately, the following equaltion200 was used to

determine the pore size:

Eq. 1

where a is unit-cell parameter (a=d;g x2/\/3), obtained from SAXS, p is the density of

organosilica framework, ¢ (=1.213) is a constant for cylindrical pore shape, V, and Vpc



40

are mesopore and micropore volume, respectively. After wq is calculated, the pore wall
thickness b is calculated by subtracting wy from the unit-cell parameter, a: b=a - wy.
3.1.1a Effect of hydrothermal treatment. The ultra-large cylindrical mesopores
of the PMO are accessible through constrictions as seen from broad adsorption-
desorption hysteresis loop (Figure 3.1.3) that closes primarily at lower limit of the
adsorption-desorption hysteresis (p/p, of 0.50), thus suggesting that the constrictions are

of diameter below 5 nm.*"!

In the case of considered PMO, the accessibility of the
mesopores was improved by applying hydrothermal treatment at 130-170 °C. After
hydrothermal treatment at higher temperature, the obtained material shows narrowing of
the adsorption-desorption hysteresis loop (Figure 3.1.3). The pore size calculated from
the position of the capillary condensation step remains almost constant, indicating that
the PMO shows a slightly different hydrothermal treatment behavior compared to its
pure-silica counterparts (SBA-15), whose pore diameter increases to a large extent with

147202 Even after the

the increase in time or temperature of hydrothermal treatment.
treatment at such high temperatures, the hysteresis loops for PMOs were appreciably
broader than those for materials with mesopores free of constrictions, indicating that it is
difficult to fully eliminate the constrictions. The latter can be present either inside the

74,7 74
75 or at entrances to the mesopores. In case of mesoporous

mesopores (as “plugs”),
pure silica materials, the unit cell parameter and pore size increases with increasing the
either hydrothermal treatment temperature or duration."”” On the other hand, for
methylene-bridged PMO, unit-cell size remains almost constant, and the pore size

increases to small extent (Figure 3.1.3). The synthesized organosilica material shrank

little (O to 4%) upon calcination, indicating that the material is very stable.®
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Figure 3.1.4 *Si CP MAS NMR for methylene-bridged PMOs a) as-synthesized, b)
calcined at 300 °C under nitrogen, and ¢) calcined at 300 °C under air (scale in ppm)
(figure taken from reference 68).

)y —

In 2°Si CP MAS NMR, for as-synthesized material, three signals are observed at 56, 62,
and 69 ppm, corresponding to T sites (Si sites attached to three oxygen atoms T", n=1-3):
T! [SiC(OH),(0OS1)], T? [SiC(OH)(OS1);], and T [SiC(OSi)3] respectively (Figure 3.1.4).
After calcination under air, some Q sites (Si sites attached to four oxygen atoms Q", n=1-
4) (between -90 and -110 ppm) appear indicating the conversion of organic group to Si-
O-Si linkage. However, after the calcination at 300 °C under nitrogen, no signal related to
Q sites appears indicating that under these conditions, the organic-inorganic network is
fully stable. The surfactant removal can also be achieved by ethanol extraction with the
retention of integrity of Si-C bonds. The SAXS, adsorption and pore size distribution data
for the sample from which the surfactant was removed in three aforementioned ways are
shown in Figure 3.1.5. It is clear that the structural properties do not depend much on the
mode of the surfactant removal. It is also determined that the hydrothermal treatment at

150 °C or even 170 °C did not lead to the cleavage of Si-C bonds (Figure 3.1.5).
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Figure 3.1.5 SAXS patterns (top left), nitrogen adsorption isotherms (top right), pore size

distributions (bottom left) for methylene-bridged PMOs. Isotherms for samples calcined
at 300 °C under N, and under air were offset vertically by 250 and 550 cm® STP g™ for
clarity. »Si CP MAS NMR for a methylene-bridged PMO hydrothermally treated at a)
150 °C and b) 170 °C for two days (scale in ppm) (figure taken from reference 68).

3.1.1b Effect of initial synthesis temperature. On the basis of the previous study of
large-pore SBA-15 silica template by Pluronic P123 swollen by TIPB,''® it was expected
that the lowering of the initial synthesis temperature would lead to the unit-cell

enlargement and the pore diameter increase. However, the ultra-large-pore methylene-

bridged PMO was not particularly amenable to the structural adjustment. The pore
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diameter and unit-cell size exhibited little variation within the 14-17 °C range (Figure

3.1.6, Table 3.1.1).
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Figure 3.1.6 (top left) SAXS patterns, (top right) nitrogen adsorption isotherms and
(bottom left) pore size distributions for calcined methylene-bridged PMOs synthesized at
different initial synthesis temperature using cyclohexane as expander. The isotherms
were offset vertically by 260, 600, 1090 and 1640 cm’® STP g for samples synthesized at
initial synthesis temperature of 13, 14, 15 and 17 °C respectively (figure taken from
reference 68).

As the temperature was decreased to 13 °C, the pore diameter somewhat increased, but

the SAXS pattern became poorly resolved, having only one peak whose position

corresponded to very large repeating distance of ~ 30 nm. Further temperature decrease
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to 12 °C led to a marked pore diameter increase, but the SAXS pattern merely exhibited a
shoulder at very low angles, showing the loss of structural uniformity.

3.1.1c Effect of amount of precursor. The amount of precursor was found to affect the
unit-cell parameter and the pore size. In case of methylene-bridged PMO, the unit-cell
parameter decreases with lowering or increasing the amount of the precursor (Figure

3.1.7, Table 3.1.1).
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Figure 3.1.7 (top left) SAXS patterns, (top right) nitrogen adsorption isotherm and
(bottom) pore size distribution of calcined methylene-bridged PMO synthesized with
different amount of precursor using cyclohexane as expander. The isotherms are offset
vertically by 200, and 400 cm® STP g’ for x=0.3, and 0.4 respectively (figure taken from
reference 68).
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It was found that for the methylene-bridged PMO, the ultra-large-pore structure
was formed at an organosilica precursor/surfactant ratio, which is 60% higher (in terms of
Si/P123 molar ratio) than that typically used in the SBA-15 synthesis. Moderate deviation
(e.g. ~ 12% higher or lower) in organosilica precursor/P123 ratio afforded much lower
interplanar spacing (Table 3.1.1, Figure 3.1.7).
3.1.1d Effect of hydrothermal treatment on methylene-bridged PMO. As discussed
above, we have synthesized large-unit-cell methylene-bridged 2-D hexagonal ordered
mesostructured material. The as-synthesized and calcined samples synthesized at low-
temperature only (LT, 15 °C) and with high temperature treatment (HT, 15 °C +100 °C2d,
same as samples described above) were prepared from the same original synthesis
mixture prepared at 15 °C, and characterized by small-angle X-ray scattering (Figure
3.1.8). The calcined material prepared with hydrothermal treatment showed well-resolved
peaks, which can be indexed as (100), (110), and (200) peaks, indicating 2-dimensional
hexagonal structure (as discussed above). The corresponding as-synthesized methylene-
bridged organosilica-block-copolymers nanostructured composites showed one strong
peak and another peak with a shoulder, which can be assigned as (100), and (110) based
on peak position and comparison with the data for the calcined materials. On the other
hand, the sample prepared at low temperature only showed a nearly featureless SAXS
pattern for its as-synthesized (surfactant-containing) form and a single broad peak after
calcination. The origin of this behavior is not fully clear, but it seems that the surfactant
template (with same solubilized swelling agent and perhaps organosilica precursor or
product of its partial hydrolysis) match the scattering density of organosilica framework

very well. Moreover, the framework is not likely to be cross-linked sufficiently to
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withstand the calcination without a major shrinkage. This can be concluded on the basis
of the fact that for silicas and organosilicas templated by surfactants, the hydrothermal
treatment does not change the unit-cell size, that is, the unit-cell size for as-synthesized
samples before and after the treatment are about the same. This suggests that although we
can not infer from SAXS, the unit-cell parameter for as-synthesized sample from LT
preparation, its actual unit-cell parameter is likely to be similar to that for the
corresponding hydrothermally treated sample (Table 3.1.2). If this is indeed the case, the
calcination would bring a dramatic decrease (~ 20 %) in the unit-cell parameter for the
LT preparation, indicating that the material has a very limited thermal stability, perhaps

being cross-linked to a limited extent.
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Figure 3.1.8 SAXS patterns for calcined and as-synthesized samples.
The materials were characterized by nitrogen adsorption technique (Figure 3.1.9). Both
of the calcined samples show very broad hysteresis loops. The hydrothermally treated
sample showed steep capillary condensation step, whereas the sample prepared at low

temperature only showed a poorly pronounced capillary condensation step. This result is

consistent with SAXS data and highlights poor stability of the low-temperature material.
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Table 3.1.2 Interplanar spacings and physicochemical properties of the methylene-
bridged PMOs.

Sample dioo | dioouc | dioo/dipouc | Sper (m*/g) | wem (nm) | V; (cm’/g)
PMO-CH,-LT 14.6 NA*? NA 825 b 0.52
PMO-CH,-HT 18.0 21.7 0.96 1212 22.5 1.68

Notation: d;( interplanar spacing for calcined sample, d;gouc, interplanar spacing for as-
synthesized sample. NA, not available. * main peak not observable on SAXS pattern. b
could not be obtained accurately due to broadness of pore size distribution.
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Figure 3.1.9 N, adsorption isotherms and pore size distribution of methylene-bridged
PMO synthesized at initial synthesis temperature of 15 °C and further heating at 100 °C
for two days.

3.1.1e Hydrothermal stability comparison between methylene-bridged PMO and
pure-silica in a base treatment. The hydrothermal stability in basic buffer solution was
compared between ordered pure silica material (SBA-15) and methylene-bridged PMO
with 2-D hexagonal structure. For this purpose, a buffer solution was prepared by mixing
the same volume of equimolar amount of ammonium chloride (NH4Cl) and ammonium
hydroxide (NH4OH) solution (pH ~ 9.4). The ordered pure silica material retained the

structural ordering after the basic solution treatment at 100 °C for 1 day, as seen from

SAXS pattern (Figure 3.1.10). The intensity of the (100), (110) and (200) peaks for the
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base-treated sample decreased compared to the same peaks for the sample that was not
subjected to the basic treatment. This suggets that the quality of the SBA-15 material
decreases upon the basic treatment. After a harsher basic solution treatment at 150 °C for
1 day, the ordered structure of SBA-15 was completely lost as seen from the SAXS
pattern where no peaks are visible. This behavior is similar to the effect of 100 °C
(“boiling™) water treatment on MCM-41 silicas.*”® On the other hand, methylene-bridged
organosilica material retained the structural ordering even after the basic solution
treatment at 150 °C for 1 day. The intensities of peaks for the samples before and after the
base treatment at 100 °C for 1 day remain almost the same, unlike in the case of the pure

silica SBA-15 material (Figure 3.1.10, Table 3.1.3).
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Figure 3.1.10 Comparison of SAXS patterns between silica and organosilica materials
before and after the base treatment.

With increasing the basic treatment temperature to 150 °C, the intensity of (110) peak
slightly increased compared to (200) peak. The increase in (110) peak intensity compared
to (200) peak intensity may be related to the decrease in the wall thickness”"*** due to the
treatment, which perhaps involves dissolution of an outer layer of the wall at higher

temperature. The results demonstrated that the organosilica material is much more stable
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than the pure silica SBA-15 material synthesized under similar conditions. It should be

noted that SBA-15 is considered as a very hydrothermally stable material.”’

Table 3.1.3 Interplanar spacings and physicochemical properties of pure-silicas and
organosilicas.

Sample digo | dioouc | Sger (m*/g) | weyn (nm) | Vi (cm’/g)
SBA-15 14.0 15.2 522 15.3 1.13
SBA-15-BT100C1d 14.2 15.2 166 13.3 0.67
SBA-15-BT150C1d a 15.2 55 b 0.24
PMO 19.9 20.1 1132 18.9 1.45
PMO-BT100C1d 20.3 20.1 809 20.8 1.44
PMO-BT150C1d 20.1 20.1 471 22.1 1.38

Notation: djg interplanar spacing for calcined sample, djgpouc interplanar spacing for as-
synthesized sample. NA, not available. * main peak not observable on SAXS pattern. b
could not be obtained accurately due to broadness of pore size distribution.

The materials were further characterized by nitrogen adsorption technique. The isotherm
for pure-silica SBA-15 material after the base treatment at 150 °C for 1 day did not show
any hysteresis loop indicating that the mesoporous structure was completely gone as also
inferred from the SAXS pattern (Figure 3.1.10). After a similar treatment, methylene-
bridged PMO shows a hysteresis loop with a sharp capillary condensation step indicating
that the structure was preserved (Figure 3.1.11). Another interesting feature to note is that
under such treatment, the desorption branch shifted considerably to higher relative
pressures indicating that the entrances to mesopores became much wide. The isotherms

revealed that the pore diameter of the PMO increased slightly as a result of the base

treatment, but the narrow pore size distribution has been preserved.
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Figure 3.1.11 Nitrogen adsorption isotherms and pore size distributions comparison
between pure-silica (left) and organosilica (right) material before and after base
treatment.

»Si CP MAS NMR (Figure 3.1.12) shows that for methylene-bridged PMO after the base
treatment at 150 °C for 1 day, the material preserves Si-C bonds entirely indicating very

high stability of this material, not only in terms of the nanoscale structure, but also in

regard to the atomic-scale structure.
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Figure 3.1.12 ¥Si CP MAS NMR for methylene-bridged PMOs after the base treatment
at 150 °C for 1 day.

3.1.2 Ethylene- and ethenylene-bridged PMOs. Cyclohexane was also found to be
very promising for obtaining 2-D hexagonal structures in case of ethylene and
ethenylene-bridged PMOs. In this case, the unit-cell size was found to be readily
adjustable by changing initial synthesis temperature (as discussed later) resembling the
synthesis of large-pore SBA-15 silica in the presence of TIPB.''® When the initial
synthesis temperature was 15 °C, the SAXS pattern for ethylene-bridged PMO shows five
well resolved peaks, which can be identified as (100), (110), (200), (210), and
(220)/(310) (Figure 3.1.13, left) indicating that the material has 2-dimensional hexagonal
(pbmm) pore structure with djgo =16.8 nm. The corresponding SAXS patterns for
ethenylene-bridged PMO shows also four well-resolved peaks which can be identified as
(100), (110), (200), and (220)/(310) reflections of 2-dimensional hexagonal (p6mm) pore
structure with djg0 = 14.6 nm. TEM confirmed the structures of both PMOs (Figure
3.1.14), but also suggested the presence of non-mesoporous (non-templated) domains (for

ethenylene-bridged PMO) or apparently non-mesoporous envelopes around particles (for

ethylene-bridged PMO).
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Table 3.1.4 Structural properties of ethylene- and ethenylene-bridged PMOs."

Sample (bridge, initial temp.) dioo SBET Vi Vimic WBIH
(nm) | (m%g) |(emYg) | (emg) | (nm)
Ethylene, 15 °C, x=0.6, BTME 16.8 498 0.59 0.13 13.7
Ethylene, 12 °C°, x=0.6, BTME 19.6 705 0.62 0.25 16.7
Ethylene, 11 °C, x=0.6, BTME 24.2 452 0.44 0.15 21.6
Ethylene, 10.75 °C°, x=0.6, BTME | 25.6 631 0.52 0.23 22.2
Ethylene, 10.5° C °, x=0.6, BTME | ~28° 626 0.47 0.26 26.0
Ethylene, 10 °C, x=0.6, BTME 4 136 0.23 0.02 -
Ethylene, 15°C, x=0.4, BTME 16.1 429 0.65 0.08 13.7
Ethylene, 15°C, x=0.4, BTEE 15.8 542 0.67 0.10 11.6
Ethylene, 12°C, x=0.4, BTEE 18.2 258 0.40 0.05 15.8
Ethylene, 11°C, x=0.4, BTEE 20.8 82 0.15 0.02 18.8
Ethylene, 15°C, x=0.7, BTME 16.8 534 0.56 0.16 13.8
Ethylene, 15°C, x=1.0, BTME" 16.7 690 0.51 0.25 13.4
Ethylene, 15°C, x=1.5, BTME 18.0 581 0.41 0.22 14.6
Ethenylene, 15 °C, x=0.4, BTEEn 14.6 263 0.50 0.03 11.9
Ethenylene, 12 °C, x=0.4, BTEEn 16.8 322 0.45 0.06 14.3
Ethenylene, 11 °C, x=0.4, BTEEn | 21.3 691 0.71 0.24 20.1
Ethenylene, 10.5 °C, x=0.4, BTEEn | 22.1 459 0.52 0.14 21.2
Ethenylene, 10 °C, x=0.4, BTEEn | ~22° 69 0.17 0.01 22
Ethenylene, 15°C, x=0.7, BTEEn 14.0 139 0.27 0.00 11.1

* Notation: dgo, (100) interplanar spacing for either calcined or extracted sample. Sggr,
BET specific surface area; wgyy, BJH pore diameter; V; total pore volume, V. micropore
volume. ° Sample was calcined at 300 °C under Nj. © Could not be evaluated accurately
due to the presence of shoulder on SAXS pattern. ¢ Could not be evaluated due to absence
of peak on SAXS pattern. © No clear peak on mesopore size distribution.
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Figure 3.1.13 SAXS patterns for extracted ethylene- and ethenylene-bridged PMO
samples synthesized at different initial synthesis temperature: (left) a) 10, b) 10.5, c)
10.75,d) 11, e) 12, and ) 15 °C and (right) a) 10, b) 10.5, ¢) 11, d) 12 and €) 15 °C using
cyclohexane as a micelle expander (figure taken from reference 68).

Figure 3.1.14 TEM image of (left) ethylene-bridged (as-synthesized) and (right)
ethenylene-bridged PMO synthesized at initial synthesis temperature of 15 °C (figure
taken from reference 68).
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Figure 3.1.15 Nitrogen adsorption isotherm for extracted ethylene-bridged PMOs (left):
samples synthesized at different initial synthesis temperature: a) 10, b) 10.5, ¢) 10.75, d)
11, e) 12 and f) 15 °C (sample synthesized at 12 °C initial synthesis temperature was
calcined under nitrogen at 300 °C) and ethenylene-bridged PMOs (right) samples
synthesized at different initial synthesis temperature: a) 10, b) 10.5,¢) 11,d) 12 and e) 15
°C using cyclohexane as expander. (left) The isotherms were offset vertically by 80, 185,
210, 260, and 480 cm® STP g-1 for samples synthesized at initial synthesis temperature of
12, and 15 °C respectively. (right) The isotherms were offset vertically by 80, 390, and
550 cm® STP g-1 for samples synthesized at initial synthesis temperature of 11, 12, and
15 °C respectively (figure taken from reference 68).
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Figure 3.1.16 pore size distribution for extracted ethylene (left) and ethenylene- (right)
bridged PMO samples synthesized at different initial synthesis temperature using
cyclohexane as expander (figure taken from reference 68).

The nitrogen adsorption isotherm for both ethylene (Figure 3.1.15, left) and

ethenylene- (Figure 3.1.15, right) bridged PMO shows steep capillary condensation step
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at relative pressure of 0.85 and 0.83 respectively, which indicates that the materials have
large pore sizes. The PSDs show maxima at 14.1 and 12.4 nm, respectively (Figure
3.1.16), which are larger than the largest pore diameters reported previously from any 2-
D hexagonal PMO.

3.1.2a Effect of initial synthesis temperature. The initial synthesis temperature
played a crucial role in determining the unit-cell parameters and pore sizes for the
ethylene- and ethenylene-bridged PMOs (Table 3.1.4, Figures 3.1.13, 3.1.15 and 3.1.16).
The lowering of the initial temperature from 15 to 10.75 °C for the ethylene-bridged
PMO led to djgp increase from 16.8 to 26 nm, the latter being similar to the highest d;go
reported for SBA-15 silicas."'® As temperature decreased, the SAXS patterns become less
resolved. TEM confirmed a 2-D hexagonal structure for the samples synthesized in the
10.75 — 15.00 °C range (Figure 3.1.17), although samples prepared at 10.75 — 11.00 °C
also contained characteristic structures seen predominantly for 10.50 °C sample (see

below).

Figure 3.1.17 TEM image of extracted (left) ethylene- and (right) ethenylene-bridged
PMO synthesized at initial temperature of 11 °C (figure taken from reference 68).
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The SAXS pattern for the sample prepared at 10.5 °C was somewhat less resolved and
TEM no longer provided evidence for 2-D hexagonal structure, although cylindrical
mesopores that were embedded in apparently non-mesoporous framework were clearly
seen (Figure 3.1.18). These pore channels tended to be parallel to one another and in
some cases formed monolayer structures, which allowed us to clearly see the elongated

shape of individual mesopores, which were quite uniform in diameter, straight or curved.

Figure 3.1.18 TEM image of ethylene-bridged PMO synthesized at initial temperature
of 10.5 °C (figure taken from reference 68).

Hemispherical ends of the channels were clearly seen, so were circular pore openings at
the edge. The observed morphology of the channels is expected to closely reflect the
shape of the micelles that originally templated the material, thus providing a unique

insight into the miceller structures. It should be noted that the mesopore voids are
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expected to reflect primarily the hydrophobic core of the block copolymer micelle (in this
case, PPO domains swollen with cyclohexane), whereas the space once occupied by PEO
blocks is not expected to be readily visible, because PEO chains or strands of chains are
expected to be occluded in the organosilica matrix,” as they template disordered
(primarily microporous) network of pores in the organosilica walls. The fact that the
channels, including their ends, seemed to be embedded in the apparently non-mesoporous
framework may be the reason why the large mesopores of this PMO were accessible to
N, molecules through narrow constrictions, as seen from nitrogen adsorption data (Figure
1.10) that will be discussed below. Namely, the micropores (or small mesopores) in the
framework may constitute primary access pathways to the uniform mesopores. As was
already discussed for methylene-bridged PMO and will be discussed below for other
PMOs, their mesopores exhibited narrow entrances as well, so the capped mesopore ends

may provide an explanation alternative to that involving plugged mesopore interiors

74,75 126

known for some silica-based materials and suggested also for some PMOs.

As discussed above for ethylene-bridged PMO, the 2-D hexagonal structure
persisted to 10.75 °C and the cylindrical pore shape was retained even at 10.50 °C. The
largest nominal (BJH) pore diameter for 2-D hexagonally ordered PMO was 22 nm
(10.75-11.00 °C synthesis), which is about two times larger than the largest pore size of
ethylene-bridged PMOs reported earlier. In addition, the largest nominal pore diameter
for our material with a confirmed cylindrical pore shape was 26 nm. As in the case of

methylene-bridged PMO, the adsorption isotherms for ethylene-bridged PMOs exhibited

broad hysteresis loops with capillary evaporation primarily at the lower limit of
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adsorption-desorption hysteresis, indicating the existence of constrictions of diameter not

larger than 5 nm in the mesopores.*”’
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Figure 3.1.19 (top left) SAXS patterns, (top right) nitrogen adsorption isotherm, and
(bottom) pore size distribution for extracted ethylene-bridged PMO synthesized at
different initial synthesis temperature: 11, 12, and 15 °C using bis(triethoxysilyl)ethane
(BTEE) as precursor and cyclohexane as micelle expander. The isotherms were offset
vertically by 35, and 120 cm® STP g for samples synthesized at initial synthesis
temperature of 12, and 15 °C respectively (figure taken from reference 68).

A similar temperature effect was observed for -ethylene-bridged PMOs

synthesized using bis(triethoxysilyl)ethane (BTEE) precursor, which is a more cost-
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effective and benign alternative to BTME, differing in the presence of ethoxy groups
instead of methoxy groups that hydrolyze faster.

BTEE-derived PMOs were highly ordered (Figure 3.1.19), and their pore
diameters increased as an initial synthesis temperature decreased from 15.00 to 11.00 °C
(Table 3.1.4), following the trend observed for BTME-derived PMOs, although the later
had somewhat larger interplanar spacing. These results point to a minor influence of the
kind of the hydrolyzable group in the organosilica precursor on the formation of 2-D
hexagonal PMOs templated by P123 swollen by cyclohexane.

The ethenylene-bridged PMOs exhibited a temperature behavior quite similar to
that of the ethylene-bridged PMOs. The (100) interplanar spacing increased from 14.6 to
22.1 nm as the initial synthesis temperature was lowered from 15.00 to 10.50 °C, while
the SAXS patterns were quite well resolved for all samples (Figure 3.1.13, right), even
for the one prepared at 10.50 °C. However, there was no significant increase in djo
between 11.00 and 10.50 °C. The sample synthesized at 11.00 °C still exhibited 2-D
hexagonally ordered structures of cylindrical mesopores (Figure 3.1.13), but also featured
spectacular maze-like structures (Figure 3.1.20), whose images provide insight into the
morphology of the mesopores as well as of the micelles, as discussed above. A further
lowering of the initial temperature to 10.00 °C led to a material with a rather featureless
SAXS pattern. The inferences from SAXS were mirrored by nitrogen adsorption data
(Figure 3.1.15, right), which revealed uniform mesoporous structures with narrow PSDs
(Figure 3.1.16, right) and the increase in the pore diameter for samples synthesized at
initial temperatures between 15.00 and 11.00 °C, with additional minor increase in

nominal (BJH) pore diameter (from 20.4 to 21.5 nm) as the temperature decreased to
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10.50 °C. This limiting pore diameter is about two times larger than the largest pore
diameters documented for 2-D hexagonal ethenylene-bridged PMOs. The lowering of
temperature to 10.00 °C did not bring any appreciable pore size increase. The presence of
constrictions in the mesopore structure was inferred from the shape of the hysteresis
loops on nitrogen adsorption isotherms (Figure 3.1.15, right). One can conclude that for
both ethylene- and ethenylene-bridged PMOs there is an appreciable temperature range
(from 15 down to 10.50-10.75 °C) in which the temperature decrease brings about the
unit-cell size and pore diameter increase, while the periodic nanostructure is no longer a

major product in the case where the initial temperature is lowered to 10 °C.

Figure 3.1.20 TEM image of extracted ethenylene-bridged PMO synthesized an initial
temperature of 11.00 °C (figure taken from reference 68).
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3.1.2b Effect of amount of precursor. For ethylene-bridged PMO, the unit-cell size and
the pore size were found to be largely independent of the BTME/P123 molar ratio. As the
relative amount of the organosilica precursor was increased and eventually more than
doubled, the 2-D hexagonal structure retained nearly constant djoy (16.1-18.0 nm) and
similar degree of structural ordering, as seen from the occurrence of five reflections on

SAXS patterns (Figure 3.1.21, and Table 3.1.4).
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Figure 3.1.21 SAXS patterns of extracted ethylene-bridged (left) and ethenylene-bridged
(right) PMOs with different amounts of precursors using cyclohexane as expander at
initial synthesis temperature of 15 °C (figure taken from reference 68).

The lowest BTME/P123 ratio afforded the broadest PSD (Figure 3.1.22). On the other
hand, the samples prepared at the two highest BTME/P123 ratios had non-mesoporous
domains clearly visible in TEM, while such features were not apparent in the case of the
lowest ratio.The intermediate ratios might have afforded a fraction of non-mesoporous
organosilica deposited on the outer surface of the ordered nanoporous particles, as dark

envelopes around the particles were observed (Figure 3.1.14). In addition, a small amount

of worm-like or foam-like regions was seen for the lowest and intermediate BTME/P123
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ratios. For the subsequent studies, the second lowest BTME/P123 ratio was chosen. The
effect of BTEEn/P123 ratio on the pore size of ethenylene-bridged PMO was also rather

minor (Figure 3.1.22, Table 3.1.4).
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Figure 3.1.22 Nitrogen adsorption isotherms and pore size distributions of extracted (top
left and bottom left) ethylene-, and (top right and bottom ight) ethenylene-bridged PMO
with different amount of precursor using cyclohexane as expander. The isotherms are
offset vertically by 220, 220, 420, and 640 cm® STP g’ for samples synthesized with x=

1.0, 0.7, 0.6, and 0.4 respectively. The isotherm was offset vertically by 180 cm® STP g™
for x=0.70 (figure taken from reference 68).

Clearly, the synthesis of large-pore PMOs with bridges composed of two carbon atoms

proceeded in a similar manner for different proportions of the organosilica precursor to
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the surfactant, unlike the synthesis of methylene-bridged PMO that was very sensitive to
this factor. The integrity of ethylene and ethenylene bridges after solvent extraction was
confirmed by *’Si CP MAS NMR (Figure 3.1.23). *Si CP MAS NMR shows three peaks
at 50, 60, and 64 ppm, corresponding to T sites (Si sites attached to three oxygen atoms
T", n=1-3): T' [SiC(OH)»(0Si)], T* [SiC(OH)(OSi),], and T> [SiC(OSi)s], respectively,
for extracted material (Figure 3.1.23, left). Extracted ethenylene-bridged PMOs show
signals at 67 (shoulder), 75, and 85 ppm, corresponding to T', T? and T° type silicon
respectively (Figure 3.1.23, right). After extraction with ethanol, no Q sites (Si sites
attached to four oxygen atoms Q", n=1-4) (between -90 and -110 ppm) appear indicating

the structural integrity of organosilane groups.

T | T | T | T | T | T | T ! | I | I | I | I | I | '
40 0 -40 -BO0 -120 -160 400 -40 -80 -120 -160

Figure 3.1.23 (left) Si CP MAS NMR for extracted (left) ethylene-, and (right)
ethenylene-bridged PMOs (figure taken from reference 68).

The results discussed above for methylene, ethylene, and ethenylene-bridged PMO
show broad applicability of P123/cyclohexane combination in the synthesis of PMO with
aliphatic bridges. Additional evidence pointing to that comes from our work using

aliphatic bridging group with a double bond in the middle carbon atom using (CH30);Si-
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CH,-C(=CH,)-CH,-Si(OCH3)3 as a precursor. Under optimized conditions, the material
shows a strong peak and a shoulder on SAXS pattern and fairly large pore size (14-15

nm). TEM revealed an ordered, but heterogeneous structure.
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Figure 3.1.24 (top left) SAXS patterns, (top right) nitrogen adsorption isotherms and
(bottom left) PSDs of extracted PMOs synthesized using -CH,(C=CH,)CH,-bridging
group as precursor with different amount of precursor at 15 °C initial synthesis
temperature using cyclohexane as expander. (Bottom right) »Si CP MAS of extracted
PMO synthesized using -CH,(C=CH,)CH,-bridging group as precursor (figure taken
from reference 68).

Unfortunately, the *°Si CP MAS NMR shows complete cleavage of Si-C bonds and

conversion to silica (Figure 3.1.24), which can be related to the similarity of bridging
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group to the allyl group that can be used as hydrolyzable group.zo5 However, one can
speculate that the periodic structure formed before any major cleavage of the bridging
groups took place, because in the case of high content of cyclohexane in the synthesis
mixture, silica derived from TEOS had a much less ordered, large-pore structure. '
Therefore, the above results for the new organosilica precursor appear to confirm the
general applicability of the P123/cyclohexane pair in the synthesis of large-pore PMOs
with aliphatic bridging groups.

3.1.3 Phenylene-bridged PMO. The synthesis of large-pore 2-D hexagonal PMO with
phenylene bridging groups using Pluronic P123 surfactant in combination with readily
available swelling agents (cyclohexane or hexane) was unsuccessful, affording materials
with moderate pore diameters (8-9 nm) and devoid of any significant structural ordering.
On the other hand, the use of TIPB, which was demonstrated earlier to be an excellent

swelling agent for SBA-15 silica''®

afforded a family of large-pore 2-D hexagonal
phenylene-bridged PMOs after identification of a proper temperature range. An initial
synthesis temperature of 15 °C, which was suitable for the synthesis of LP-FDU-12'"
and LP-SBA-15 silicas,''® as well as large-pore PMOs with aliphatic bridges (see above),
was found to be a lower boundary of the range for the formation of 2-D hexagonal
phenylene-bridged PMO. The selection of temperatures of 14.5-18 °C allowed us to
obtain PMOs with a wide range of interplanar spacings and pore diameters. The SAXS
pattern (Figure 3.1.25) for phenylene-bridged PMO synthesized at an initial synthesis

temperature of 18 °C featured (100), (110), (200), and (210) reflections for 2-D

hexagonal structure with djpo = 15.0 nm. TEM further supported this structural
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assignment (Figure 3.1.26), although the presence of some bulk (non-nanostructured)

domains was also likely based on TEM.
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Figure 3.1.25 (left) SAXS patterns of calcined phenylene-bridged PMOs synthesized at
different initial temperature using 1.2 ml TIPB expander per 0.6 g P123 except for the
sample prepared at 18 °C (see below) and 14 °C which were prepared with 0.6 ml TIPB.
(right) SAXS patterns of calcined phenylene-bridged PMOs synthesized at different
initial temperature using 0.6 mL TIPB expander per 0.6 g P123. Note that the sample
prepared at 18 °C was prepared under the same conditions as the sample denoted 18 °C
(a), but it was from a different batch (figure taken from reference 68).

— 50 nm JU i

Figure 3.1.26 TEM images of PMO with phenylene bridging groups synthesized at 18 °C
(figure taken from reference 68).
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»Si CP MAS NMR confirmed that the removal of surfactant by: (i) extraction followed
by calcination under air at 250 °C or (ii) calcination under nitrogen at 300 °C, did not lead

to any appreciably cleavage of Si-C bonds in the PMO framework (Figure 3.1.27).

| 4|EI | Ell | —4|1-EI | —EllEI | —1|2EI | —1|E|I:I |
Figure 3.1.27 ?Si CP MAS NMR for phenylene-bridged samples calcined at 300 °C
under nitrogen (top spectrum) and calcined at 250 °C under air after extraction with
ethanol (bottom spectrum) (figure taken from reference 68).

The PMO synthesized at 18 °C exhibited an adsorption isotherm (Figure 3.1.28)
similar to that discussed above for ethylene- and ethenylene-bridged PMOs, and the
nominal (BJH) pore diameter of 12.0 nm (Figure 3.1.28), which is larger than the pore
diameter reported earlier for any PMO with 2-D hexagonal structure. The above synthesis
was performed with 0.6 ml TIPB per 0.6 g P123, which is similar to the amount used in
ULP-SBA-15 synthesis.116 The nominal pore diameter was increased to 14.4 nm and d;o
reached 17.3 nm, when the relative amount of TIPB was doubled (this TIPB/P123 ratio
was used for most of the samples discussed below, while a lower ratio was used for other
samples described in Table 3.1.5. With a decrease of the initial synthesis temperature to
15.5 °C, the interplanar spacing increased to 26 nm (as seen from SAXS shown in Figure

3.1.25) and the nominal (BJH) pore diameter increased to 27 nm, while the 2-D

hexagonal structure was retained (as seen from SAXS and/or TEM,
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Table 3.1.5 Structural properties of phenylene-bridged PMOs.*

Sample (bridge, initial temp.) | djoo SBET Vi Vinic WRBIH
(nm) | (m”g) | (em’/g) |(cm’/g) | (nm)
Phenylene, 18 °C, x=0.3 " 15.0 609 0.60 0.19 12.0
Phenylene, 18 °C, x=0.3 © 17.3 646 0.68 0.21 14.4
Phenylene, 17 °C, x=0.3 19.6 669 0.89 0.19 17.2
Phenylene, 16 °C, x=0.3 22.1 722 0.80 0.24 20.3
Phenylene, 15.5 °C, x=0.3° | 26.4 646 0.69 0.23 275
Phenylene, 15 °C, x=0.3° ~241 664 0.77 0.23 25.1
Phenylene, 14 °C, x=0.3" - 466 0.40 0.18 I
Phenylene, 17°C, x=0.3 " 15.9 642 0.56 0.22 12.7
Phenylene, 16°C, x=0.3" 18.2 514 0.49 0.16 14.8
Phenylene, 15.5°C, x=0.3" 19.6 620 0.50 0.23 16.4
Phenylene, 15°C, x=0.3" 227|553 0.52 0.19 21.1
Phenylene, 18°C, x=0.0" 16.4 751 0.97 0.19 14.5
Phenylene, 18°C, x=-0.1" 16.5 820 1.25 0.17 15.6
Phenylene, 17°C, x=- 0.1 " 18.6 820 1.23 0.21 17.5
Phenylene, 17°C, x=-0.1° - 792 1.34 0.21 E
Phenylene, 16°C, x=-0.1" 19.6 785 1.19 0.19 18.3
Phenylene, 15.5°C, x=-0.1" [20.8 790 1.17 0.21 20.8
Phenylene, 15°C, x=-0.1" 24.5 820 121 0.23 25.8
Phenylene, 14.5°C, x=-0.1° [259% |[757 1.04 0.22 26.4
Phenylene, 14°C, x=-0.1" - 760 1.00 0.22 27.3
Phenylene, 18°C, x=-0.15° [ 18.0 896 1.46 0.19 16.9
Phenylene, 18°C, x=-0.2" 19.2 927 1.65 0.17 185
Phenylene, 18°C, x=- 0.3" - 874 1.78 0.05 I

* Notation: djg, (100) interplanar spacing for either calcined or extracted sample. Sggr,
BET specific surface area; wgyy, BJH pore diameter; V; total pore volume, Vy,;. micropore
volume; ® Amount of TIPB used was 0.6 ml per 0.6 g P123;° Amount of TIPB used was
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1.2 ml per 0.6 g P123; ¢ Calculated assuming that the first peak is (100) reflection of 2-D
hexagonal structure, which is consistent with TEM observation; ¢ Could not be evaluated
due to absence of peak on SAXS pattern; ' No clear peak on mesopore size distribution.
see illustrative image in Figure 3.1.30). As in the case of other PMO families, the
mesopores exhibited constrictions, as seen from broad adsorption-desorption hysteresis
loops on the isotherms (Figure 3.1.28). One can conclude that 2-D hexagonal phenylene-

bridged PMOs with d;op and pore diameter up to two times larger than that reported

earlier for this PMO composition were successfully synthesized.68
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Figure 3.1.28 (left) nitrogen adsorption isotherms of calcined phenylene-bridged PMOs
synthesized at different initial temperature using 1.2 ml TIPB expander per 0.6 g P123
(except for 18 °C (a) and 14 °C, for which 0.6 ml TIPB per 0.6 g P123 was used). (left)
Isotherms for sample synthesized at initial synthesis temperature of 15, 15.5, 16, 17, and
18 °C are offset vertically by 50, 180, 320, 430, and 530 cm 3 STP g'1 respectively.
(right) nitrogen adsorption isotherms of calcined phenylene-bridged PMOs synthesized at
different initial temperature using 0.6 ml TIPB expander per 0.6 g P123. (right) Isotherms
for samples synthesized at initial synthesis temperature of 15, 15.5, 16, 17, and 18 °C are
offset vertically by 50, 180, 320, 430, and 530 cm’® STP g respectively (figure taken
from reference 68).
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Figure 3.1.29 (left) PSDs of calcined benzene-bridged organosilica synthesized at
different initial synthesis temperature using 1.2 ml TIPB as expander per 0.6 g P123
(except for 18 °C (a) and 14 °C, for which 0.6 ml TIPB per 0.6 g P123 was used). (right)
PSDs of calcined benzene-bridged organosilica synthesized at different initial synthesis

temperature using 0.6 ml TIPB as expander per 0.6 g P123 (figure taken from reference
68).

Figure 3.1.30 TEM image of phenylene-bridged PMO synthesized at 15.5 °C (calcined
under nitrogen at 300 °C) (figure taken from reference 68).

3.1.3a Effect of amount of precursor. For phenylene-bridged PMO, the unit-cell size
and the pore size was found to be dependent on BTEB/P123 molar ratio. As the relative

amount of organosilica precursor was lowered, the intensity of (110) peak on the SAXS
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pattern was found to increase up to organosilica precursor amount of x=-0.1 (20% less Si
per P123 in comparison to the conditions for SBA-15 synthesis) and then after further
lowering of the precursor amount, the quality of the material decreased and for x= -0.3
there was almost no evidence of formation of a periodic structure (Figure 3.1.32). For the
lowest BTEB/P123 molar ratio (i.e., x= -0.3 in this case), there appears to be a second
capillary condensation step which indicates the occurrence of secondary mesoporosity. It
is clear that there is an optimum amount of precursor necessary for the formation of 2-D
hexagonal structure with high pore volume. In this case, x= -0.1 was found to be the

optimum amount to get large-pore-volume ordered mesoporous materials.
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Figure 3.1.31 SAXS patterns of calcined phenylene-bridged PMOs synthesized with
(left) different amount of precursor at initial synthesis temperature of 18 °C and (right)
with different initial synthesis temperature at x=-0.1 using TIPB as a micelle expander.

3.1.3b Effect of initial synthesis temperature. After optimization of the amount of
precursor, we further studied the influence of initial synthesis temperature in order to
enlarge the pore size. We observed that with the decrease in the initial synthesis

temperature from 18 °C down to 14 °C, results in the (100) peak position shifted toward

lower 20 value, indicating enlargement of the interplanar spacing (Figure 3.1.31).
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Materials synthesized in initial temperature range from 18-15.5 °C, exhibited SAXS
patterns with reflections that can clearly be indexed as (100), (110), and (200) peaks,
indicating the formation of 2-D hexagonal structure. After further lowering the
temperature to 15 °C, there was a shoulder in addition to (100) peak, and materials
synthesized at 14.5 and 14 °C, exhibited only a shoulder visible on SAXS patterns,
indicating the loss of long range structural ordering. However, TEM showed 2-D
hexagonal domains even for the sample synthesized at 14.5 °C. The nitrogen adsorption
isotherms and PSDs (Figure 3.1.32 and 3.1.33) are consistent with SAXS patterns. All
the materials show broad hysteresis loops with capillary condensation pressure increase
with lowering of the initial synthesis temperature. For materials synthesized at 14-15 °C,
the capillary condensation pressure remained almost constant with decreasing the step

height indicating decrease in the mesopore volume.
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Figure 3.1.32 Nitrogen adsorption isotherms of calcined phenylene-bridged PMOs
synthesized with different amount of precursor at initial synthesis temperature of 18 °C
(left) and with different initial synthesis temperature at x= -0.1 (right) using TIPB as a
micelle expander. (left) [sotherms were offset vertically by 250, 550, 900, 1300, and 1800
cm® STP g for samples synthesized with x= 0.00, -0.10, -0.15, -0.20, and -0.30,
respectively. (right) Isotherms were offset vertically by 310, 620, 950, 1310, 1700, 2080
cm® STP g'1 for samples synthesized at 14.5, 15, 15.5, 16, 17, and 18 °C temperature.
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Figure 3.1.33 Pore size distributions of calcined phenylene-bridged PMOs synthesized
with different amount of precursor at initial synthesis temperature of 18 °C (left) and with
different initial synthesis temperature at x=-0.1 (right) using TIPB as a micelle expander.

3.1.3c¢ Effect of hydrothermal treatment temperature. The phenylene-bridged
PMOs were treated hydrothermally at higher temperature (100-170 °C for 2 days during
the synthesis) to check whether that treatment removes the constrictions present in the
main mesopores. The SAXS patterns show that after such treatment all the peaks did not
change intensity appreciably. Unlike in the case of methylene-bridged PMO, the
accessibility of the mesopores did not seem to improve upon hydrothermal treatment at
130 °C or 150 °C for 2 days. At 170 °C for two days, there appears to be almost complete
removal of constrictions present in the mesopores as seen from the desorption branch of
adsorption isotherm (Figure 3.1.34). However, 2’Si CP MAS NMR for phenylene-bridged
PMO hydrothermally treated at 170 °C for two days shows appearance of peaks at 95,
103, and 110 ppm, corresponding to Q sites indicating cleavage of Si-C bonds (Figure
3.1.34). At the same time, there are still peaks at 65 (shoulder), 72, and 81 ppm

corresponding to T sites which indicates that there still exists considerable amount of

organic groups.
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Figure 3.1.34 SAXS patterns, nitrogen adsorption isotherms, and PSDs for materials
hydrothermally treated at different temperatures. 2Si CP MAS NMR for phenylene-
bridged PMO hydrothermally treated at 170 °C for 2 days.

3.1.4 Proposed mechanism of synthesis of large-pore-PMOs. The successful
formation of 2-D hexagonal large-pore PMOs under sub-ambient conditions using
Pluronic P123 as a surfactant and cyclohexane or TIPB as a swelling agent follows the
predictions applied in selecting a surfactant/swelling-agent combination for the synthesis

of ultra-large-pore SBA-15."'° It was already demonstrated''®'*

that the identity of the
hydrolyzable group (ethoxy or methoxy) of the tetraalkoxysilane silica precursor does not

have any dramatic effect on the formation of ULP-SBA-15. Similarly, there was no major

difference between the results for two different organosilica precursors (BTME and
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BTEE with methoxy or ethoxy groups, respectively) for 2-D hexagonal ethylene-bridged
PMO. On the other hand, the presence and identity of the bridging organic group in the
precursor and ultimately in the PMO framework has a major effect on the formation of
the material and its unit-cell size. Let us consider first the use of a large relative amount
of cyclohexane, which is known to afford poorly-defined, large-pore pure-silica

product. te

Under these conditions, methylene-bridged PMOs with very large djoo and
pore diameter formed at a particular organosilica-precursor/P123 molar ratio, in a quite
wide temperature range from 17 down to 14 °C, and with an interplanar spacing and pore
diameter increase paralleled by a significant loss of ordering at 13 °C. On the other hand,
PMOs with slightly larger, two-carbon atom bridging groups (ethylene and ethenylene)
were formed at temperatures from 15 to 10.5-10.75 °C, and only at the lower limit of this
range (10.5-11.0 °C), their unit-cell sizes approached that of the methylene-bridged PMO,
which formed a well-ordered nanostructure only at 14 °C or higher. The formation of the
PMOs with two-carbon-atom bridges was largely independent on the organosilica-
precursor/surfactant molar ratio, unlike in the case of methylene-bridged PMO.
Therefore, for a particular surfactant/swelling-agent combination, the formation of an
ordered structure as well as its unit-cell and pore dimensions are not merely governed by
the temperature, but also are significantly influenced by the precursor and/or framework
composition. This suggests that the organosilica precursor or more likely, the product of
its hydrolysis, mediate the formation of the swollen micelles. The interactions of the
organosilica component with the hydrophobic core of the micelles are additionally

suggested by the occurrence of the constrictions in the cylindrical mesopores, which may

indicate some extent of penetration of organosilica framework into the hydrophobic



76

domain of the templating micelle. The three-component system (surfactant/(swelling
agent)/(organosilica precursor and /or framework) that appears to govern the formation of
the large-unit-cell organosilica/surfactant composites is likely to have a unique stability
domain in the composition/temperature space, and thus it is not surprising that a small
change in the initial temperature or composition may in some cases produce a major
change in the structural properties (unit-cell size, pore diameter) of the resulting PMO.
The synthesis of phenylene-bridged PMO using Pluronic P123/TIPB pair can be best
compared to the synthesis of LP-SBA-15 using the same surfactant/swelling-agent
pair.“6’199 At temperatures where the PMO formed, its (100) interplanar spacing was
larger than that for SBA-15 prepared at the same temperature. However, PMO did not
form below 14.5 °C, whereas SBA-15 turned into a disordered ultra-large-pore structure
at a much lower temperature (~ 12 °C). This result confirms the notion that the precursor
and/or framework composition influences the formation and dimensions of the swollen

micelles.
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Part 2. Synthesis of Periodic Mesoporous Organosilica with
Large Spherical Pore'”

3.2.1 Choice of swelling agent. The SAXS data of ethylene-bridged organosilicas

synthesized using different swelling agents are shown in Figure 3.2.1
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Figure 3.2.1 SAXS patterns of extracted ethylene-bridged PMOs with different swelling
agents (figure taken from reference 108).

A series of aromatic swelling agents, namely benzene, toluene, xylene, TMB, 1,3,5-
triethylbenzene (TEB), and 1,3,5-triisopropylbezene (TIPB) with increasing number of
alkyl substituents or their size and hence with decreasing solubilization in the Pluronics
micelles in aqueous media (based on literature data and our reasoning) have been
examined.'” Solubilization of aromatic hydrocarbons in Pluronics decreases with
increasing the number and /or size of alkyl substituent on the benzene ring. Based on that,
the swelling agents can be arranged in a series of decreasing solubilization in Pluronics:
benzene > toluene >xylene> TMB > 1,3 5-triethylbenzene > 1,3,5-

116,151,152

triisopropylbezene. The swelling agents with different substituents on the
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benzene ring affect the quality of the products significantly, as seen from SAXS patterns
(Figure 3.2.1). In most cases, well-resolved SAXS patterns were obtained, which could
be indexed on fcc structure. For TEB and benzene, SAXS patterns were somewhat less
resolved, can also be indexed on fcc. The largest unit cell parameter (a = 41.4 nm) was
obtained with material synthesized using TMB as swelling agent under the considered
conditions of materials synthesis, although the quality of the material obtained using
xylene as swelling agent was somewhat higher as seen from SAXS patterns. The unit cell
parameter for the material obtained using xylene as swelling agent was 38.3 nm. It is
important to note that only the use of TMB as a swelling agent in the synthesis of
organosilica with spherical mesopores was reported in the literature.'”” TIPB has been
used in alkylammonium —template synthesis of periodic mesoporous organosilicas which
were weekly ordered"** and in our work on phenylene-bridged PMO where ordered 2-D
hexagonal structure was obtained.®® However, the use of benzene, toluene, and xylene as
swelling agents were never reported in the literature for their successful use in
synthesizing PMOs with spherical pores.

The nitrogen adsorption isotherms and pore size distributions of the materials

synthesized using different swelling agents are shown in Figure 3.2.2.
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Figure 3.2.2 Nitrogen adsorption isotherms and pore size distributions of extracted
ethylene-bridged PMOs with different swelling agents (0.5 g) and KCI salt (2.5 g)
(except for synthesis with benzene as swelling agent in which case no salt was used). The
isotherms for toluene, xylene, TMB, triethylbenzene and triisopropylbenzene were offset
vertically by 120, 220, 260, 440, and 350 cm® STP g respectively for clarity. The
stirring speed was controlled either using mechanical stirring (for TMB, TEB, and TIPB)
or magnetic stirring (for benzene, toluene, and xylene). During the synthesis the reaction
system was covered (in case of mechanical stirring, a small whole was left for the stirrer
shaft) (figure taken from reference 108).

Nitrogen adsorption isotherms for the samples synthesized using benzene, toluene,
xylene, and TMB show broad hysteresis loops with steep capillary condensation steps at
relative pressures of 0.83 — 0.85. This indicates that the materials have large uniform
pores. The height of the capillary condensation step in the case of material synthesized
using triethylbenzene was small indicating the smaller volume of uniforms pores. The
BJH pore diameter for sample synthesized with TMB as a swelling agent reached 14.6
nm (capillary condensation pressure of 0.85 p/p,). While PSDs calculated using the BJH
method allow one to estimate the size of pores based on the capillary condensation
phenomenon, the pore diameter is significantly underestimated in case of spherical
mesopores.' > Here, it is shown that using xylene and toluene as swelling agents, PMOs

with even larger pore size could be obtained.
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Table 3.2.1 Structural parameters of materials synthesized using BTME precursor under
different conditions.”

swelling agent (mass in g) a Sger | Vi Vinic Vo WKJS
and mass of KCI (in g)b (nm) (m2/ 2) (cm3/g) (cm3/ 2) (cm3/ g) | (nm)
TMB(0.5), KC1(5.0) 28.5 397 0.26 0.13 0.12 9.5
TMB(0.5), KCI(2.5) 41.3 688 0.39 0.24 0.13 14.6
TMB(0.5), KCI(1.25) 41.9 576 0.30 0.24 0.05 14.4
TMB(0.5), KCI(0) c 807 0.40 d d e
TMB(1.0), KCI(2.5) 41.3 353 0.22 0.14 0.07 14.3
Xylene(0.5), KCI(2.5) 39.3 405 0.27 0.16 0.10 14.1
Xylene(0.5), KCI(1.25) 41.9 632 0.36 0.26 0.09 13.9
Xylene(0.5), KC1(0.94) 44.8 610 0.35 0.24 0.09 15.0
Xylene(0.5), KC1(0.63) 47.7 413 0.25 0.16 0.06 14.9
Xylene(0.5), KCI(0) 510" | 733 0.37 0.32 0.02 18.7
Xylene(1.0), KCI(2.5) 38.8 414 0.29 0.16 0.11 14.4
Xylene(1.0), KCI(1.25) 45.0 361 0.23 0.14 0.08 15.2
Xylene(1.0), KCI(0.94) 45.7 750 0.41 0.31 0.08 15.0
Xylene(1.0), KC1(0.63) 47.8 439 0.24 0.19 0.04 14.8
Xylene(1.0), KCI(0) 49.4 786 0.42 0.33 0.05 17.5
Xylene(0.0), KCI(2.5) na 794 0.39 na na na
Toluene(0.5), KCI(2.5) 344 425 0.30 0.15 0.13 13.1
Toluene(0.5), KCI(1.25) 41.9 449 0.34 0.15 0.16 15.7
Toluene(0.5), KC1(0.94) 41.9 305 0.24 0.11 0.11 15.5
Toluene(0.5), KCI(0.63) 39.3 453 0.31 0.15 0.13 13.7
Toluene(0.5), KC1(0.0) 41.9 433 0.28 0.16 0.10 14.6
Toluene(1.0), KCI(2.5) 36.0 400 0.29 0.14 0.13 13.7
Toluene(1.0), KCI(1.25) 42.5 647 0.46 0.24 0.19 16.0
43.1 578 0.43 0.20 0.19 17.1
Toluene(1.0), KC1(0.94) 42.5 599 0.42 0.23 0.17 16.7
41.9 378 0.29 0.13 0.14 15.9
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Benzene (0.5), KC1(0.0) 36.8 453 0.37 0.13 0.19 13.7
no swelling agent, KCI (2.5) c 794 0.39 d d e
no F127 c 430 0.65 ~0.0 g e

* Notation: a, unit-cell parameter for extracted sample; Sgger, BET specific surface area;
V,, total pore volume, Vi, micropore volume; V,, volume of ordered (primary) mesopres;
wgrs, KJS pore diameter-calculated using a procedure calibrated for cylindrical
mesopores; underestimation of the pore diameter by ~3 nm expected; ° amount of
swelling agent and KCI per 0.5 g Pluronic F127; © no clear peak on SAXS, so the unit-
cell parameter is not defined; 4 no good separation between micropore and mesopore
ranges, V. has a major contribution from the micropore volume; “ no peak on mesopore
size distribution; ' pattern not well resolved; the main SAXS peak tentative assigned as
(111) reflection of Fm3m structure; ® mesopore volume essentially equal to V.

Particularly, for toluene and xylene as swelling agents, PMOs with BJH pore size of 16
nm or more were obtained (capillary condensation pressures 0.85-0.90 p/p,), which is
beyond the range of upper limit of pore size achieved using TMB as swelling agent
(capillary condensation pressure up to ~ 0.85 p/po).lo7

3.2.2 Effect of amount of salt keeping amount of swelling agent constant. The
SAXS patterns of extracted samples synthesized with different swelling agents such as
TMB, xylene, and toluene and different amounts of salt (KCI) are shown in Figure 3.2.3.
In case of TMB as a micelle expander, the unit-cell parameter increased with decreasing
the amount of KCl (Figure 3.2.3, top). The sample prepared with 5.0 g of KCl (twice the
amount used in the series of samples considered earlier) shows well-resolved SAXS
pattern, but its unit-cell parameter was only 28.6 nm. Note that the samples prepared with
2.5 and 1.25 g KCI had unit-cell parameters of 41-42 nm. However, the lowering of the
amount of salt led to less-resolved SAXS patterns. The unit-cell parameters determined
from the first peak (considering it as (111) peak) are given in Table 3.2.1. In the case of

the absence of salt, the use of TMB as a swelling agent does not produce an ordered

material, as seen from featureless SAXS pattern.
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Figure 3.2.3 SAXS patterns of extracted ethylene-bridged PMO prepared in the presence

of different amounts of KCI using 0.5 g TMB (top), 0.5 g xylenes (middle left), 1.0 g

xylenes (middle right), 0.5 g toluene (bottom left) and 1.0 g toluene (bottom right) as

swelling agent (figure taken from reference 108).
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In case of material synthesized using xylene as a micelle expander, a similar but even
more pronounced trend of the unit-cell size increase with decrease in the amount of salt
was observed. As seen from the SAXS patterns, the unit-cell parameter systematically
increased with a decrease in the amount of salt. The increase in unit-cell size was
paralleled with the decrease in resolution of the SAXS pattern. In absence of salt, no
well-resolved SAXS pattern is obtained which could be indexed on fcc structure.
However, the first peak still can be hypothesized as the (111) peak of fcc structure based
on patterns of other samples from the series. TEM for the selected samples in the series
confirmed well-defined periodic structure (Figure 3.2.4). The sample prepared without
KCI shows the highest unit-cell parameter which can be estimated as ~ 53 nm (Table
3.2.1), but if one consideres the material as not sufficiently ordered, then the limiting
value of the unit-cell parameter would be ~ 48 nm for the PMO with Fm3m structure.
This is the highest unit-cell parameter so far obtained in case of PMO structure with
spherical mesopores.

More importantly, the sample prepared with 3/8"™ of the typically used amount of KCl
exhibited a SAXS pattern that provides a clear evidence of well-ordered face-centered
cubic structure (especially for larger amount of xylene) with the unit-cell parameter of
45-46 nm, which is 8 nm larger than the largest unit-cell size for PMOs with fcc
structures reported in the literature.'”” In case of xylene, the unit cell parameter increases
slightly with increasing the mass ratio of xylene to F127. In the absence of a swelling
agent, the material shows featureless SAXS pattern indicating its disordered nature even

though the salt was present (Figure 3.2.19). With toluene as a micelle expander, well-
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resolved patterns were obtained, which can be indexed on fcc structure, even for the

sample prepared without the addition of salt.

Figure 3.2.4 TEM images of materials synthesized using xylene as swelling agent: top
left ) 0.5 g xylene and 2.5 g salt, (top right) 0.5 g xylene and 1.25 g salt, (bottom left) 1.0
g xylene and 2.5 g salt, and (bottom right) 1.0 g xylene and 1.25 g salt.

TEM image for the sample prepared in the presence of toluene shows an ordered pore

structure (Figure 3.2.5).
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Figure 3.2.5 TEM image of materials synthesized using 0.5 g toluene and standard
amount of KCI.
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clarity, (top) isotherms were offset vertically by 90, 100, and 225 cm’® STP g'1 for samples
synthesized with 1.25, 2.50, and 5.00 g KCI. (middle left) isotherms were offset vertically
by 120, 100, 140, and 260 cm® STP g for samples synthesized with 0.63, 0.938, 1.25,
and 2.5 g KCI. (middle right) isotherms were offset vertically by 90, 30, 190, 225 cm’
STP g'1 for samples synthesized with 0.63, 0.938, 1.25, and 2.5 g KCI. (bottom left)
isotherms were offset vertically by 60, 130, and 220 cm® STP g™ for samples synthesized
with 0.63, 1.25, and 2.5 g KCI. (bottom right) isotherms were offset vertically by 100,
and 320 cm® STP g for samples synthesized with 1.25, and 2.5 g KCI respectively
(figure taken from reference 108).

The nitrogen adsorption isotherms are shown in Figure 3.2.6. For TMB and xylene, the
height of the capillary condensation step decreases with decreasing the amount of salt,
(except for 5 g KCI) indicating that the volume of ordered mesopores decreases with
decreasing the amount of salt. It is known that the presence of salt in solution leads to
decreased hydration of micelles of Pluronic block copolymers in aqueous solution,**
wherein water interacts with PEO blocks and may also be present to some extent in the
micelle core.* Apparently, the depletion of already low amount of water in hydrophobic
PPO domains and dehydration of PEO domains increases “contrast” between PEO and
PPO domains and enhances the mesopore volume (which is primarily related to the

volume of PPO domains).”'**

However, the overly large amount of salt may somehow
hinder the incorporation of the swelling agent in the micelles, resulting in the decrease in
the unit-cell parameter and even in a decrease in the mesopore volume. In case of toluene

micelle expander, the nitrogen adsorption isotherm shows steep capillary condensation at

relative pressure of 0.82-0.86 p/p,., indicating the presence of large uniform mesopores.
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Figure 3.2.7 KJS pore size distributions of materials synthesized using different amount
of KCl and 0.5 g TMB (top), 1.0 g xylenes (middle left), 0.5 g xylenes (middle right), 0.5
g toluene (bottom left), and 1.0 g toluene (bottom right) as swelling agent per 0.5 g of
F127 block copolymer (figure taken from reference 108).

Pore size distributions (Figure 3.2.7) show that the pore diameter does not change fully
systematically with decreasing the amount of salt. In absence of swelling agent, no

uniform mesopores are obtained. With double amount of KCI, although the pore size
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distributions become significantly narrow, but the pore size decreased (9.5 nm). The
regular amount of salt or half of this amount afforded pore diameters about 14.5 nm. In
the absence of KCI, no uniform mesopores formed in the case of TMB as a swelling
agent. For xylene, pore diameters were 14-15 nm in the presence of the salt. Without
addition of the salt, the largest pore diameter of 18-21 nm (capillary condensation
pressure 0.88-0.90 p/p,) was obtained, which is significantly larger than that of the
similar material reported earlier from TMB-based synthesis, that had pore diameter of

~15 nm (capillary condensation at 0.85 p/po).lo7

The use of toluene afforded pore
diameters of 15-17 nm for about half of the amount of salt used in the standard synthesis.
These are the largest pore diameters that were achieved in our study while maintaining an
appreciable degree of structural ordering. With toluene as a swelling agent, in the absence
of salt, ordered porous material with pore size ~ 15 nm was obtained, which is the largest
pore diameter obtained in case of PMO with spherical mesopores prepared without
addition of a salt.

3.2.3a Effect of amount of micelle expander. Use of TMB as swelling agent. The
SAXS patterns of extracted samples synthesized with different amounts of TMB swelling
agent are shown in Figure 3.2.8. For TMB as micelle expander, the unit-cell parameter
remained constant (a = 41.4 nm) with increasing the amount of swelling agent from 0.5 g
to 1 g per 0.5 g FI127 block copolymer (Figure 3.2.8). The height of capillary
condensation step almost remains constant with either 0.5 g or 1.0 g of TMB per 0.5 g

F127 block copolymer indicating that the initial amount used (i.e. 0.5 g) is already

present in excess amount compared to the solubilization capacity of the block copolymer.
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Figure 3.2.8 SAXS patterns (top left), nitrogen adsorption isotherms (top right), and pore
size distribution (bottom) of extracted ethylene-bridged PMO prepared in the presence of
different amount of trimethylbenzene as expander using standard amount (2.5 g) of KCI.
Isotherm was offset vertically by 150 cm® STP g for sample synthesized with 1.0 g of
TMB. Stirring speed used was 2.5 using mechanical stirrer.

3.2.3b Effect of amount of micelle expander. Use of xylene as swelling agent. The
SAXS patterns for the samples prepared using different amounts of xylene while keeping
the amount of salt constant are shown in Figure 3.2.9. The resolution of SAXS patterns

appeared to slightly improve as a larger amount of the swelling agent was added.
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Figure 3.2.9 SAXS patterns of extracted ethylene-bridged PMO prepared in the presence
of different amount of xylenes swelling agent keeping the amount of salt constant.
Stirring speed used 300 rpm using magnetic stirrer and the reaction container was
covered.

The nitrogen adsorption isotherms are shown in Figure 3.2.10. The height of capillary
condensation step remains almost constant on increasing the amount of xylene from 0.5 g
to 1.0 g per 0.5 g F127 block copolymer. All the materials show broad adsorption-
desorption hysteresis loops indicating the presence of mesopores with narrow entrances

(diameter below 5 nrn).201
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Figure 3.2.10 Nitrogen adsorption isotherms of extracted ethylene-bridged PMO
prepared in the presence of different amount of xylenes swelling agent keeping the
amount of salt constant. Isotherm was offset vertically by 40, 140, and 50 cm® STP g for
sample synthesized with 1.0 g xylene (salt amount=0.63 g), 1.0 g xylene (salt
amount=1.25 g), and 1.0 g xylene (salt amount 2.5 g) respectively. Stirring speed used
300 rpm using magnetic stirrer and the reaction system was covered.

The pore size distributions (Figure 3.2.11) show that with the increase in the amount of
the xylene swelling agent, the size of ordered mesopores remains quite constant. When
salt amount used was higher, the pore diameter slightly increased with the increase in the

amount of xylene from 0.5 g to 1.0 g per 0.5 g of block copolymer, but for lower
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concentrations of salt, the pore diameter slightly decreased. It can be concluded that there
is no major effect of the amount of the swelling agent in the considered range, probably
because the micelles that template the PMO solubilized much less xylene than there was

available in the reaction mixture in both cases.
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Figure 3.2.11 Pore size distributions of extracted ethylene-bridged PMO prepared in the
presence of different amount of xylenes swelling agent keeping the amount of salt
constant. Stirring speed used 300 rpm using magnetic stirrer and the reaction system was
covered.
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3.2.3c Effect of amount of micelle expander. Use of toluene swelling agent. The
SAXS patterns for the samples prepared using different amounts of toluene keeping the
amount of salt constant are shown below (Figure 3.2.12). In case of a regular amount of

KClI, the unit-cell parameter increases from 34.4 nm to 36 nm with increasing the amount



94

of toluene from 0.5 g to 1.0 g (Figure 3.2.12). With toluene micelle expander, the pore
diameter increases from 12.6 nm to 13.7 nm for the standard amount of KCI. In the case
of lower amounts of salt (0.94 g or 1.25 g per 0.5 g F127), the pore diameter increases

slightly with increased amount of toluene, while the SAXS pattern became somewhat less

resolved.
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Figure 3.2.12 SAXS patterns of extracted ethylene-bridged PMO prepared in the
presence of different amount of toluene (0.5 or 1.0 g per 0.5 g F127) swelling agent
keeping the amount of salt constant. Stirring speed used 300 rpm using magnetic stirrer
and the reaction container was covered.
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Figure 3.2.13 Nitrogen adsorption isotherms of extracted ethylene-bridged PMO
prepared in the presence of different amount of toluene (0.5 or 1.0 g per 0.5 g F127)
swelling agent keeping the amount of salt constant. Isotherms were offset vertically by
40, and 80 cm® STP g for samples synthesized with 1.0 g toluene (salt amount=1.25 g),
and 1.0 g toluene (salt amount=2.5 g) respectively. Stirring speed used 300 rpm using
magnetic stirrer and the reaction container was covered.

The adsorption isotherms were not changed much as the amount of swelling agent was
increased (Figure 3.2.13). The pore size distributions (Figure 3.2.14) show that with
increasing the amount of toluene micelle expander keeping the salt amount constant, the

pore size increases, but not to a large extent.
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Figure 3.2.14 Pore size distributions of extracted ethylene-bridged PMO prepared in the

presence of different amount of toluene swelling agent keeping the amount of salt
constant. Stirring speed used 300 rpm using magnetic stirrer and the reaction system was
covered.

3.2.4 Formation of closed-pore material. In case of materials synthesized with xylene
as a swelling agent, we calcined the material at different temperatures under argon
atomosphere starting from 400 °C onwards to check whether the material forms closed
pores with retention of structural ordering. For this purpose, two different materials were
chosen: one prepared at initial synthesis temperature of 15 °C (denoted as LT) and the
other sample that was further hydrothermally treated at 100 °C in the original synthesis
mixture (denoted as HT) for 1 day. The SAXS pattern for as-synthesized materials and

samples prepared by heating at different temperatures under argon atmosphere show

clearly well-resolved patterns indicating the presence of the face-centered-cubic structure
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(Figure 3.2.15). After heating at 500 °C, the LT and HT materials shrank 20 and 18 %,
respectively. This high shrinkage caused the closure or significant narrowing of pore
entrances connecting the main mesopores, which is inferred from negligible uptake of
nitrogen gas (Figure 3.2.16). This thermal treatment leads to significant cleavage of Si-C
bonds and conversion to siloxane (Si-O-Si) linkages (based on appearance of Q peaks

between -90 to -110 ppm), as seen from ¥Si CP MAS NMR spectrum (Figure 3.2.15).
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Figure 3.2.15 SAXS patterns for ethylene-bridged PMOs synthesized at low temperature
(LT-AS, top left), and further hydrothermal treatment at 100 °C for 1 day (HT-AS, top
right) calcined at different temperatures under argon atmosphere. *’Si CP MAS for
ethylene-bridged organosilica (LT) with spherical pores heated at 500 °C under argon
atmosphere.

However, the intensity of T sites is still appreciable indicating the presence of

significant amount of Si-C-Si bonds. This is a unique case of closed-pore material with
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Fm3m structure and organic bridging (or pendant) groups. A further study will be needed

to fully understand the composition of this material.

All the materials were further characterized by gas adsorption technique in order

to get further insight about the pore closure. The adsorption isotherms show broad

hysteresis loops for the materials calcined under argon from 400 to 475 °C.
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Figure 3.2.16 Nitrogen adsorption isotherms and pore size distributions for ethylene-
bridged organosilica with spherical pores heated at different temperatures under argon
atmospheres. Isotherms were offset vertically by 40, and 70 cm® STP g’ for samples
calcined at 450, and 400 °C prepared at low temperature. Isotherms were offset vertically
by 40, and 70 cm® STP g'1 for samples calcined at 450, and 400 °C prepared after
hydrothermal treatment.
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These materials show steep capillary condensation steps indicating that the material has
uniform mesopores. The capillary evaporation step ends at the lower limit of adsorption-
desorption indicating that the entrance size is below 5 nm.”! Further heating at 500 °C,
the materials show virtually zero adsorption of nitrogen gas (Figure 3.2.16) indicating that

162

the mesopores are not accessible (they are closed). ™~ These closed-pore materials were

found promising as low-dielectric-constant materials.”"" %

3.2.5 Effect of stirring speed. As seen from SAXS patterns, the stirring speed has
influence on the quality of the materials. For materials synthesized using TMB as a
swelling agent, the mechanical stirring was used while for materials synthesized using
other swelling agents, the magnetic stirring was used. Different stirring speeds (in this
case mechanical stirring was used), that is very slow (2.0), slow (2.5), moderate (3.0),
and high (3.5) were used to optimize the synthesis condition in case of materials
synthesized using TMB as a swelling agent. As seen from SAXS patterns (Figure 3.2.18),
the quality of the materials decreases as the stirring speed decreases and at the same time
the unit-cell parameter increases as seen from shifting of the position of first peak (111)
toward lower 20 value. With TMB as a swelling agent, the relatively slower stirring
speed (2.5), afforded the largest unit-cell parameter (a = 41.4 nm). However, with high
stirring speed (3.5), the periodicity of the materials obtained was better, as seen from
SAXS pattern, although the material shows smaller unit-cell parameter (36.0 nm). So for
studies described above, stirring speed of 2.5 was used for materials synthesized using
TMB as a swelling agent. For materials synthesized using xylene as a swelling agent, the
magnetic stirring was used. Different stirring speeds were used, such as 250, 300, 350,

and 400 rpm. All the materials obtained using different stirring speeds are well ordered,
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as seen from SAXS patterns (Figure 3.2.17). TEM image for materials synthesized using

stirring speed of 350 rpm shows nice ordering of the mesopores (Figure 3.2.17 below).
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Figure 3.2.17 SAXS patterns of samples synthesized with different stirring speeds and
2.5 g of KCl and 0.5 g of TMB as swelling agent. The stirring speed was controlled using
mechanical stirring (for TMB) or magnetic stirring (for xylene). (below) TEM image
(110 projection) for the sample synthesized using xylene as a swelling agent with stirring
speed of 350 rpm.
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The nitrogen adsorption isotherms and pore size distributions for the above mentioned

materials show broad adsorption-desorption hysteresis loops (Figure 3.2.18).
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Figure 3.2.18 Nitrogen adsorption isotherms of samples synthesized with different
stirring speeds and 2.5 g of KCI and 0.5 g of TMB (left) and xylene (right) as swelling
agent. (left) Isotherms were offset vertically by 20, 130, and 150 cm’® STP ¢! for samples
synthesized with stirring speed of 2.5, 3.0, and 3.5 respectively. (right) isotherms were
offset vertically by 90, 160, and 270 cm® STP g' for samples synthesized with stirring
speed of 300, 350, and 400 rpm respectively. The stirring speed was controlled either
using mechanical stirring (for TMB) or magnetic stirring (for xylene).

Large pore size was obtained in case of materials synthesized using TMB as a
swelling agent and stirring speed of 2.5. Higher or lower stirring speed reduces the pore

size. So for further optimization of reaction conditions, the stirring speed of 2.5 was used
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for the materials synthesis using TMB as a swelling agent. In case of xylene as a swelling
agent, stirring speed of 300 rpm was used.

3.2.6 Control experiment. To understand further the formation of PMOs, control
experiments were performed. For this purpose, experiments were designed as follows: 1)
experiment without block copolymer, but in the presence of salt (KCI) and swelling agent
(TMB), 2) experiment without salt, but in the presence of the block copolymer (F127)
and TMB swelling agent, and 3) experiment without swelling agent, but in the presence

of salt and block copolymer.
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Figure 3.2.19 SAXS patterns (top left), nitrogen adsorption isotherms (top right), and
pore size distributions (bottom, left) of samples synthesized at initial temperature of 15
°C with 2.5 g of KCl and 0.5 g TMB, but without block copolymers.
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Unlike reaction 1) the other two show similar gas adsorption behavior and hence are
likely to exhibit similar pore size distributions. These materials are primarily microporous
and without any ordered mesopores. Reaction 1) produces material with mesopores of a
broad distribution of sizes (Figure 3.2.19).

The block-copolymer in most cases was removed by solvent extraction using ethanol,
but it is possible to remove the template block copolymer by calcination. The sample was
heated under nitrogen at 300 °C and higher temperature and analyzed by solid state 28i
NMR technique to see whether there appears any cleavage of Si-C bonds. »Si CP MAS
spectra show some degree of cleavage of organic groups under heating at both 300 and
350 °C under nitrogen as seen from appearances of Q site (between -90 to -110 ppm)
(Figure 3.2.20). Other peaks (T sites, ~ 50 ppm) indicate that most of the Si-C bonds
integrity remain intact. It is also clear that increasing the calcination temperature, the
degree of cleavage of Si-C bonds increases, as seen from higher intensity of Q sites at

higher temperature (350 °C).
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Figure 3.2.20 *’Si CP-MAS of ethylene-bridged organosilica calcined at a) 350 °C and
b) 300 °C under nitrogen atmosphere. The sample was prepared using toluene as a
swelling agent and without salt.
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3.2.7 Change in properties for ethylene-bridged PMQO synthesized at lower
temperature and further hydrothermal treatment. After synthesizing large-pore
ordered materials with ethylene-bridges in the framework, we were interested to
understand the evolution of mesopores and the effect of hydrothermal treatment of the
material after initial synthesis at sub ambient temperature (15 °C). For this purpose, we
analyzed materials after synthesis at lower temperature (15 °C) and further heating at
higher temperature (100 °C for 1 day). The materials were prepared under standard

108 The obtained materials

conditions that we developed using TMB as a swelling agent.
were characterized by SAXS technique. The materials synthesized at lower temperature

(LT) and further heated at higher temperatures (HT) show well-resolved patterns (Figure

3.2.21), indicating all the materials are well-ordered with face-centered-cubic (Fm3m)

structure.
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Figure 3.2.21 SAXS patterns for extracted and as-synthesized ethylene-bridged PMOs
synthesized at initial synthesis temperature of 15 °C and further hydrothermally heated at
100 °C for 1 day.

Although in both cases there is a difference between the intensity of some of the

peaks for materials synthesized at lower temperature and those further heated at higher
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temperature. For example, (311), (531)/ (442)/ (600) peaks are prominent for material

synthesized at low temperature, while those peaks are not visible for the same material

after the heating of the synthesis mixture at 100 °C for 1 day. The reason behind this

difference in peak intensities is not fully clear. But it could be related to the difference in

relative arrangement of the organosilica framework and block-copolymer template that

may change to some extent upon hydrothermal treatment at 100 °C for 1 day. It is known

that the relative intensity of peaks depends on the relation between the pore size and unit-

cell size for a particular structure.”’’ The difference may be due to the fact that at higher

temperature, both PPO and PEO become more hydrophobic and they may redistribute

with respect to organosilica framework.

Table 3.2.2 Unit-cell Parameters and physicochemical properties of the organosilicas.

Sample a (nm) a,c (nm) | a/ ay, SBET (m2/ 2) | wgys (nm) Vi (cm3 /g)
PMO-C,H4-LT | 34.8 36.4 0.96 437 11.2 0.24
PMO-C,H4-HT | 35.2 36.9 0.95 573 11.6 0.35

Notation: a, unit-cell parameter for calcined or extracted sample; a,., unit-cell parameter

for as-synthesized sample.
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Figure 3.2.22 N, adsorption isotherms and pore size distribution of ethylene-bridged
PMO synthesized at initial synthesis temperature of 15 °C (LT) and further
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We further analyzed the materials by gas adsorption technique to get insight about
the physicochemical properties. As seen from gas adsorption isotherms (Figure 3.2.22,
Table 3.2.2), two materials show different characteristics unlike their SAXS patterns. The
SAXS patterns for materials synthesized at low temperature (15 °C) and further heating at
100 °C for 1 day show well-resolved patterns both of which can be indexed on fcc
structure.
3.2.8 Proposed mechanism of formation of large-pore PMOs with spherical
mesopores. Based on literature data and our own observation, we proposed the following
mechanism. Swelling agents, such as TMB, xylene, toluene, or benzene swell the
hydrophobic core of Pluronic block copolymers, which is poly(propylene oxide) (PPO).
Upon addition of organosilica precursor, which interacts primarily with hydrophilic
corona of the block copolymer micelles (poly(ethylene oxide) (PEQO)), the precursor
hydrolyzes under the reaction conditions. Here, the swelling agent plays vital role to
obtain large-pore materials presumably by helping to induce a distribution of the
organosilica precursor/framework between the PEO and PPO domains. Recently, we
have used a similar strategy to synthesize ordered mesoporous silicas with 2-D hexagonal

structure with ultra-large-pore with nominal (BJH) pore size up to ~ 26 nm.
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Part 3. A Versatile Synthesis of Mesoporous Organosilica
Hollow Nanospheres and its Implications for Synthesis of
Hollow Organosilica Nanotubules

3.3.1 Transition from consolidated PMO structures to hollow individual particles.
In some cases, we observed formation of hollow individual particles in the surfactant-
templated synthesis of organosilicas. We hypothesized that the formation of single
micelle/organosilica nano-composites in the presence of a limited amount of the
precursor, and thus its inability to form consolidated structures, is responsible for the
formation of the hollow nanostructures. To verify our hypothesis, we gradually increased
the amount of the precursor from low amount for which single micelle/organosilica nano-
composites form to higher amount for which it is possible to obtain consolidated

108 . .. .
structures, = whereas other reaction conditions remained constant.
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Figure 3.3.1 SAXS patterns of extracted ethylene-bridged PMOs with different amounts
of precursor prepared in presence of trimethylbenzene (left) and xylene (right) as
swelling agent. Amount of BTME used per 0.5 g F127 block copolymer. In case of
xylene as swelling agent only higher amount of precursor was used.



108

We did SAXS study for each sample to understand the evolution between ordered
consolidated structures and individual nanoobjects. As seen from SAXS patterns (Figure
3.3.1), on increasing the amount of organosiloxane precursor bis(trimethoxysilyl)ethane
(BTME) from 0.8 g to 3.2 g per 0.5 g of F127 block copolymer, the SAXS pattern
becomes gradually well-resolved and eventually the resolution remains almost constant
on further increasing the amount of organosiloxane precursor. While the SAXS pattern
obtained with low amount of precursor could not be indexed on any particular structure
type, the materials obtained with higher amount of precursor exhibited the SAXS patterns
clearly indexable on face-centered-cubic (Fm3m) structure. In fact, the SAXS patterns
(Figure 3.3.1) for the whole series of samples prepared with different amount of
organosiloxanes precursor could be divided into three groups. Samples prepared using
higher amount of precursor for example 2.3 g to 3.2 g per 0.5 g of block copolymer, show
well-resolved patterns characteristic of face centered cubic (Fm3m) structure. These
materials are highly ordered as seen from well-resolved SAXS patterns (Figure 3.3.1).
When the precursor amount was low, for example 0.8 g to 1.4 g per 0.5 g of F127 block
copolymer, the patterns were not resolved and could not be indexed on any particular
structure. The sample synthesized using 2.0 g of organosiloxane precursor (intermediate
amount of precursor between isolated nanoobjects and fully consolidated structure, as
will be discussed below), shows less resolved SAXS pattern, although it resembles a
pattern for the other samples prepared with higher amount of precursor where the SAXS
patterns are well-resolved and can be indexed on face-centered-cubic structure. Actually,
this SAXS pattern resolution is in between that for the two other series of samples. So

from a SAXS pattern, it is clearly visible that there is a transition from highly ordered



109

consolidated structures to some other structures (isolated nanoobjects, see below) on
decreasing the amount of organosiloxane precursor. This phenomenon gives insight about
the formation of single micelles in solution instead of forming aggregated micelles of
certain shapes. It is possible that single micelles then aggregate (perhaps also rearrange
and reshape) if the organosiloxane precursor amount is sufficient and thus form certain
ordered structures (for instance, face-centered-cubic, Fm3m, structure). It is also clear
that there is a certain range of amount of the precursor at which the ordered structure
forms. For example, materials synthesized with organosiloxane precursor in the amount
from 2.3 to 3.2 g per 0.5 g of F127 block copolymer have almost the same quality as seen
from similar resolution of the SAXS patterns (Figure 3.3.1). To this end, studied the
higher amount of precursor with another swelling agent, namely xylene, to see whether a
similar behavior is observed. In case of xylene as a swelling agent, only relatively higher
amounts of precursor (where it is expected to form fully consolidated structure) were
selected for the initial study. All these materials showed well-resolved SAXS patterns
(Figure 3.3.1, right) consistent with face-centered cubic structure. The transition from
isolated nanoobject to consolidated ordered structure is observed by TEM (Figure 3.3.2).
The TEM images clearly show the gradual consolidation of individual nanoobjects to
form ordered materials. TEM image (Figure 3.3.2) shows that the material prepared at
low precursor/polymer ratio consists of small, uniform spherical particles that can be
either separate or aggregated. Aggregates of particles are particularly clear for samples
prepared with 1.4 g of BTME. The spherical particles appear to be hollow inside. TEM
clearly shows nicely ordered structure for the samples prepared with higher amount of

precursor (i.e. 2.3 to 3.2 g of precursor).
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Figure 3.3.2 TEM images for the ethylene-bridged organosilica samples prepared with
different amount of bis(trimethoxysilyl)ethane, BTME precursor using TMB as swelling
agent: 0.8 g (top left), 1.0 g (top right), 1.4 g (middle left), and 2.0 g (middle right), and
3.2 g (bottom) of BTME. Amount of BTME used per 0.5 g F127 block copolymer.
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The whole series of materials were further characterized by nitrogen adsorption
technique in order to better understand the transition from isolated nanoobjects to fully

consolidated structures.
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Figure 3.3.3 Nitrogen adsorption isotherms of extracted ethylene-bridged PMOs with
different amounts of precursor prepared in presence of trimethylbenzene (left) and xylene
(right) as swelling agent. Amount of BTME used per 0.5 g F127 block copolymer.

The nitrogen adsorption isotherms (Figure 3.3.3) for the sample synthesized using the
precursor amount of 2.3 to 3.2 g show broad adsorption-desorption hysteresis loops. The
loops featured steep capillary condensation steps at a relative pressure of 0.8-0.85 and
steep capillary evaporation steps at the lower limit of adsorption-desorption hysteresis
(0.48 p/p,). The steep capillary condensation step indicates that the pores are uniform,
whereas the sharp capillary evaporation step at the lower limit of hysteresis indicates that
the entrances to the main pores are below 5 nm.””" The broad hysteresis loops are typical
for large cage-like pores. In all these cases, the adsorption isotherm levels off after the

capillary condensation in the ordered mesopores was completed (in cases where

relatively higher amount of precursor (2.3 to 3.2 g) was used). This indicates that these
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materials are consolidated. Nitrogen adsorption isotherm for the sample synthesized
using 2.0 g of precursor shows similar isotherm to the above-mentioned samples.
Although, after capillary condensation step, the adsorption isotherm does not completely
levels off indicating that the obtained materials are loosely aggregated to some extent or
have defects. For the samples synthesized using even lower amount of the precursor, the
shape of the adsorption isotherms shows a different behavior. In these cases, the
isotherms did not level off at pressures above the capillary condensation pressures in
uniform mesopores and a significant increase in amount adsorbed (p/p, ~0.80 — 0.85) was
observed at relative pressures above ~ 0.85. This increase can be attributed to adsorption
in secondary (interparticle) mesopores as confirmed from TEM (Figure 3.3.2). Thus the
capillary condensation step seen on the isotherms at p/p, of 0.8 — 0.85 arises from filling
of the interiors of these hollow objects, while the subsequent increase in adsorbed amount
corresponds to the capillary condensation in a space between the particles. For materials
synthesized with higher BTME content, the particles are larger and smoother, indicating
that the structure is better consolidated in this case. Pore size distributions (PSDs) are
shown in Figure 3.3.4, which shows biomodal distributions in pore sizes when lower
amount of precursor was used. The bimodality in the pore size distribution appears due to
the adsorption in the main mesopores and in the spaces between the nanoobjects. PSDs in
case of materials obtained when relatively higher amount of precursor was used, only one

peak is present indicating that the material is consolidated.
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Figure 3.3.4 Pore size distribution of extracted ethylene-bridged PMOs with different
amount of precursor.

3.3.2 Understanding the mechanism of formation of hollow nanospheres. The
transition from the consolidated structure to individual nanospheres (or nanotubules, as
will be shown later) was triggered by the decrease in the amount of the organosilica
precursor relative to the amount of the triblock copolymer template. In this regard, based
on SAXS patterns, TEM images and nitrogen adsorption and thermogravimetry analysis
data, the proposed mechanism of formation of nanospheres is as follows. The block-
copolymers PEO-PPO-PEO forms single micelles, which could be spherical (or tubular)
in shape, depending upon the Pluronic copolymer used. For example, while Pluronics
P123 forms cylindrical micelles, Pluronic F127 forms spherical micelles. Upon addition
of the precursor in the amount that is sufficiently lower than that required for formation
of consolidated structures, the precursor interacts with the hydrophilic PEO corona of the
micelle and on the interface of PEO corona and PPO core.”’ The organosilica precursor
interacts more favorably with PPO than silica framework does in silica /Pluronic

composites. If the relative amount of the organosilica precursor with respect to the PEO-
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PPO-PEO micelles is limited, the concentration of the precursor on the surface of the
micelle is likely to be small and the cross-linking between the organosilica/micelle
nanoparticles is likely to be retarded, thus preventing the consolidation of the
organosilica-micelle composites.

3.3.3 Hollow nanospheres with different organic bridging groups. Transmission
electron microscopy (TEM) shows the formation of hollow nanospheres in cases of

organosilicas with methylene, ethylene, ethenylene, and phenylene bridges (Figure 3.3.5).

Figure 3.3.5 TEM images of organo-silica hollow nano-spheres with different organic
bridging groups: (top left) methylene (-CH,-), (top right), ethylene (-CH,CH,-), (bottom
left), ethenylene (-CH=CH-), and (bottom right) phenylene (—CcHa-).



115

In case of methylene, ethenylene, and phenylene-bridged hollow nanospheres, xylene
was used as a swelling agent, while in case of ethylene-bridged hollow nanospheres
toluene was used as a swelling agent. In the case of methylene-bridged hollow
nanospheres, the cavity size of ~ 18 nm was obtained. This cavity size was further
confirmed by nitrogen adsorption technique (Figure 3.3.6), which shows the pore size of
18.3 nm. In case of ethylene-, ethenylene-, and phenylene-bridged hollow nanospheres,
the pore size of 21.2, 10.8, and 7.9 nm were obtained, respectively.

The TEM images clearly show the void space and the shell. The wall thickness can be
estimated by subtracting the inner diameter from the outer diameter from TEM images,
due to the sufficient contrast between empty core and the shell. From high-resolution
TEM images, it seems that the walls are porous, which is further confirmed by
accessibility of nitrogen gas to the interior during gas adsorption measurements. The
porous nature of the walls could be related to the occlusion of hydrophilic poly(ethylene
oxide) block of the block copolymer in the organosilica framework as is known for other

70,71 . .
" The materials were characterized

materials, such as mesoporous pure-silica materials.
by nitrogen adsorption technique and in all cases, the materials show two-step adsorption
behavior (Figure 3.3.6). The first step of capillary condensation appears due to the
adsorption in the inner space of uniform hollow nanospheres, and the second capillary
condensation step (close to saturation vapor pressure) can be attributed to the
condensation of nitrogen gas in the interstitial space between the particles. This two-step
behavior further suggests that the materials are not consolidated structures. The pore size

distributions (PSDs) show narrow peaks related to uniform mesopores (Figure 3.3.6,

right). The broad hysteresis loop indicates that the hollow nanospheres have narrow gaps
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in the walls. The effect of the low ratio of the framework precursor to the surfactant is

expected to lead to the thinning of the pore walls.”?
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Figure 3.3.6 Nitrogen adsorption isotherms (left) and pore size distributions (right) of
hollow nanospheres with different organic bridging groups, such as a) methylene (-CH;-),
b) ethylene (-CH,CH,-), ethenylene (-CH=CH-), and phenylene (-CcHj-) bridging
groups. The adsorption isotherms were offset vertically by 445, 880, and 1140 cm’ STP
g'1 for ethylene, ethenylene and phenylene-bridged hollow nanospheres.
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Figure 3.3.7 SAXS patterns of hollow nanospheres with different organic bridging
groups: a) methylene (-CH,-), b) ethylene (-CH,CH;-), ethenylene (-CH=CH-), and
phenylene (—-C¢Hy-) bridging groups.
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The materials were further characterized by small-angle X-ray scattering (SAXS). The
SAXS patterns in all cases are similar (Figure 3.3.7). The patterns cannot be indexed on
any particular structure. Similar SAXS patterns were observed before in case of hollow
178-180

nanosphere materials.

Table 3.3.1 Textural properties of organosilica hollow nanoobjects and nanotubules.

Sample, swelling agent, | Spgr (m2/ Q) wgyn (nm) Vi (cm3/ Q)
(calcination temp. under air)

-CH,-NS, xylene 820 18.3,52.1 1.87¢
-CH,-NT, cyclohexane 1184 12.0 1.54
-C,Hs-HS, benzene 378 18.6 1.52
-C,H4-HS, toluene 622 21.2 1.96
-C,H4-HS, toluene, (350) 565 17.5 1.58
-C,H4-HS, toluene, (500) 423 16.6 1.28
-C,Hy4-HS, xylene 452 17.1 0.77
-C,H4-HS, TMB 455 12.7,26.5 1.49
-C,H4-NT, cyclohexane 376 15.3,44.9 1.72
-CoH,-HS, xylene 519 10.8, 23.7 1.42
-C,H,-NT, cyclohexane 266 124 1.56
-CgH4-HS, xylene 635 7.8,36.9 0.44
-Silica-HS (BTSME), xylene 444 16.8 0.96
-Silica-HS, xylene 210 22.8 1.09

Samples were noted as X-NT/HS, where X is methylene, ethylene, ethenylene, and
phenylene and NS, and NT indicate nanospheres and nanotubules respectively. Notation:
Sser, BET specific surface area; wgyy, BJH pore diameter; V; total pore volume. NA, not
available.

The above results show that Pluronic F127 block copolymer could be used to

successfully synthesize nanospheres comprising of organosilica framework with various

organic bridging groups, such as methylene, ethylene, ethenylene and phenylene. The
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evidence of versatility of this method comes from the fact that more complicated
organosilane precursor, such as (MeO);Si-CH,-C(=CH,)-CH,-Si(OMe);, when used
under similar conditions, still produces hollow nanospheres (Figure 3.3.8). The material
showed the pore size of ~17 nm (Table 3.3.1). Unfortunately, the 2Si NMR data (for a
related material) show the complete cleavage of the Si-C bonds producing entirely pure
silica materials. This can be correlated to similar behavior of producing silica materials
when organosilane with allyl functionality was used.””> However, based on the formation
of nanospheres templated by block copolymer F127, one can speculate that the
nanospheres form before the cleavage of Si-C bonds, because our attempt to synthesize
hollow silica spheres using silica precursor (TEOS) and F127 was unsuccessful. The
SAXS pattern for the resulting material (Figure 3.3.8) is somewhat similar to that for
other hollow nanosphere materials with different organic bridging groups. The nitrogen
adsorption isotherm (Figure 3.3.8) shows two capillary condensation steps which is

typical for the material composed of hollow nanospheres.
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Figure 3.3.8 TEM image (left) and SAXS pattern of hollow silica nanospheres
synthesized using (MeO);Si-CH,-C(=CH;)-CH,-Si(OMe); as precursor. Nitrogen
adsorption isotherm of the material.
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The PSD (Figure 3.3.9) is quite narrow and the peak is centered at 16.8 nm. The narrow
PSD is consistent with the TEM image (Figure 3.3.8), which shows that the nanospheres
are monodisperse.
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Figure 3.3.9 Pore size distribution of hollow silica nanospheres synthesized using
(Me0)3Si-CH,-C(=CH,;)-CH,-S1(OMe); as organosiloxane precursor.

3.3.4 Thermal stability. The thermal stability of the organosilica hollow nanospheres
was studied by thermogravimetric analysis. Methylene-bridged hollow nanospheres show
some weight loss up to 130 °C which is due to the desorption of water. Weight loss at 200
°C and at higher temperature can be attributed primarily to the oxidation of block-
copolymer and oxidation of swelling agent, because the weight loss associated with
conversion of —CHj,- bridges with —O- bridges is very small (Figure 3.3.10). The material
calcined at 300 °C under air does not show any appreciable weight loss between 200 and
500 °C, indicating the complete removal of the template. The TGA for other hollow
nanospheres composed of other organic bridging groups are shown in Figure 3.3.11 to
3.3.13. The weight loss after surfactant removal is significantly reduced, although the
data for ethylene-bridged sample suggests the retention of some of the template (the

weight loss corresponding to conversion of —CH,-CH,- to —O- linkage is about 15 %).
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Figure 3.3.10 TGA and differential TGA of a) as-synthesized and b) calcined under air
at 300 °C samples for methylene-bridged nanospheres (synthesized using xylene as a
swelling agent and salt). The measurement was performed under air atmosphere.
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Figure 3.3.11 TGA and differential TGA of a) as-synthesized and b) ethanol-extracted
ethylene-bridged nano-spheres (synthesized using TMB as a swelling agent and salt). The
measurement was performed under air atmosphere.
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Figure 3.3.13 TGA and differential TGA of phenylene-bridged nanospheres
(synthesized using xylene as a swelling agent and salt) a) as-synthesized and b) calcined
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Figure 3.3.12 TGA and differential TGA of a) as-synthesized and b) ethanol-extracted
ethenylene-bridged nanospheres (synthesized using xylene as a swelling agent and salt).
The measurement was performed under air atmosphere.
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The as-synthesized phenylene-bridged material shows weight loss at ~ 200 and ~ 600

°C, the first weight loss is due to the decomposition/oxidation of the block copolymer

(and possibly swelling agent) and the second weight loss is due to the oxidation of the

phenylene-bridging groups indicating that the nanospheres are composed of block-

copolymer and organosiloxane framework. The origin of weight losses at ~ 800 °C for
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same samples is unclear, but may be related to the silica framework consolidation
through the condensation of silanols with release of water.

3.3.5 Conversion to hollow silica spheres. The pure-silica hollow nanospheres were
obtained from organosilica hollow nanospheres by heating under air. Ethylene-bridged
hollow nanospheres were found stable even upon heating at 500 °C for 5 hr under air, but
the organic groups are certainly removed during this process. This resulting material
shows decreasing pore size in comparison to the extracted organosilica material (Figure

3.3.14).
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Figure 3.3.14 TEM image (top), nitrogen adsorption isotherm (bottom left) and pore size
distributions (bottom right) of ethylene-bridged PMOs either extracted or calcined at 350
°C or 500 °C under air to convert it into silica hollow sphere. The adsorption isotherms
were offset vertically by 220, and 450 cm® STP g for hollow nanospheres calcined at
350 and 500 °C, respectively.

After calcination, the material shows substantially less uptake of gas molecules
indicating the shrinkage of the hollow nanospheres. This shrinkage was further confirmed
by TEM. After heating at 350 °C under air, the pore size decreased from 21.2 nm to 17.5

nm (based on gas adsorption data). After further increasing the temperature, that is by
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heating the ethylene-bridged hollow nanospheres under air at 500 °C, we still obtained
pure silica hollow nanospheres (Figure 3.3.15). At this temperature, the organic bridging
group (Si-R-Si, where R is organic group) converts completely into siloxane linkage (Si-
O-Si). During this process, although the void space inside the spheres becomes smaller,

the structure still remains intact as seen from TEM image (Figure 3.3.15).

Figure 3.3.15 TEM image of hollow nanosphere obtained by heating ethylene-bridged
organosilica hollow nanospheres under air at 500 °C. At this temperature the organosilica
nanospheres are expected to convert into silica hollow nanospheres.
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The smaller void space is due to the shrinkage of the sphere. So the calcination under
air is another way of tuning the pore size of the hollow nanospheres. Also, this approach
could be applied to hollow nanospheres with other organic bridging groups to tune the
pore size, if the retention of organic ridging groups is not essential.

3.3.6 Direct synthesis of hollow silica spheres. Our attempt to synthesize hollow
silica nanospheres using tetraethylorthosilicate (TEOS) as a silica precursor and using
F127 block copolymer as template under similar conditions was not successful. The
reason might be that the silica precursor interacts primarily with PEO block, while the
organosilica precursor interacts with PEO, but may also interact with PPO domain.
Consequently, the interface between the framework-free and framework-containing space
is likely to be shifted more towards the center of PPO core in the case of organosilica
than it is in the case of pure silica. It was hypothesized that for the individual hollow
structures to form, the framework precursor (whether that for organosilica or that for
silica) needs to be occluded in the micelles while leaving a negligible amount of it
outside the micelles (that is outside PEO domains). Since the silica precursor is expected
to have less tendency to penetrate the hydrophobic (PPO) domain, it was inferred that the
increase in the relative proportion of PEO domain in the surfactant will be beneficial for
the formation of hollow silica spheres. Therefore, Pluronic F108 was employed for pure-
silica materials and indeed it led to the formation of hollow silica spheres. TEM image
shows the formation of almost monodisperse hollow nanospheres (Figure 3.3.16, top). In
some cases, the spheres are broken. The nitrogen adsorption isotherm shows two
capillary condensation steps indicating the existence of two kinds of mesopores, as in

other hollow nanospheres (Figure 3.3.16, below).
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Figure 3.3.16 TEM image (top), nitrogen adsorption isotherm (bottom left) and PSD
(bottom right) of hollow silica nanospheres templated by Pluronic F108 block copolymer
(calcined at 550 °C under air).
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PSD of the silica hollow nanospheres is quite narrow confirming the TEM image,
showing hollow interiors of spheres that are uniform in size. Previously, F108 was used
in the synthesis of hollow or partially consolidated silica nanoobjects.182

3.3.7 Arresting aggregation. To reduce the interaction between separate micelles, a
functionalized silane precursor was added in conjunction with the pure organosilica
precursor.175 For this purpose, organosilane of general formula R,Si(OR")4., (where, n= 1
to 3 and R, R are methyl or ethyl group) was used. The added organosilane has at least
one hydrolysable group, i.e., methoxy, or ethoxy group. We observed the hydrolysis rate
in presence of these silanes as follows:

Me;SiOEt>Me,Si(OEt),>MeSi(OEt)3
After functionalization, the nanospheres seem to preserve the monodispersity as is

evidenced from TEM image (Figure 3.3.17).
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Figure 3.3.17 TEM image of ethylene-bridged hollow nanospheres in presence
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3.3.8 Implications for the synthesis of hollow nanotubules. The formation of hollow
nanospheres was found to be triggered by the low amount of precursor (significantly
lower than the amount needed for the formation of consolidated structures) for a wide
varieties of organosilane precursors (as mentioned above). Based on this understanding of
the synthesis of hollow nanospheres, we applied the concept for the synthesis of
nanotubules. For this purpose, another block copolymer, namely Pluronic P123, which is
known to form cylindrical micelles, was used under similar conditions of a lower amount
of precursor (compared to the amount required for synthesis of consolidated structures)
for the synthesis of hollow nanotubules. The organosilane precursors with different
organic bridging groups, such as methylene, ethylene, ethenylene, and phenylene, were
used. The synthesized materials were first analyzed by TEM. The TEM images show
indeed that under these conditions the organosilica precursor with methylene, ethylene,
and ethenylene bridging groups form hollow nanotubules (Figure 3.3.18). As seen from
the TEM images, the nanotubules are cylindrical in nature, which is consistent with the
fact that the Pluronic P123 block copolymer are known to form cylindrical micelle, which
for instance, template SBA-15 and organosilicas with 2-D hexagonal structures. The
formation of single hollow nanotubules further corroborates the formation of single-
micelle-templated materials (cylindrical shapes in this case) in solution. The formation of
single micelles is triggered by the low organosiloxane/block copolymer ratio (sufficiently
lower than that necessary for the formation of ordered consolidated structure). This
hypothesis is further proven by the fact that under similar conditions, sufficiently high

organosiloxane/block copolymer ratio give rise to ordered 2-D hexagonal structure.®®
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———— 200 nm

Figure 3.3.18 TEM images of organo-silica hollow nanotubules synthesized with
different organic bridging groups: methylene (-CH,-) (top left), ethylene (-CH,CH,-) (top
right), and ethenylene (-CH=CH-) (bottom).

The orgaonosilica composed of hollow nanotubules were analyzed by nitrogen
adsorption technique to further confirm their hollow structure. The materials show
adsorption isotherms that revealed uniform pores and some larger secondary pores, which

may reflect the space between the tubules (Figure 3.3.19). All these materials show steep

capillary evaporation steps at the lower pressure limit of adsorption-desorption hysteresis
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indicating that the hollow tubules (or some parts of them) have entrances or defects/pores

01

in the walls of size below 5 nm.’
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Figure 3.3.19 Nitrogen adsorption isotherms of hollow nanotubules (left), SAXS patterns

(top right), and pore size distributions (bottom) with different organic bridging groups
such as methylene, ethylene, and ethenylene. The adsorption isotherms were offset
vertically by 350, and 600 cm® STP g'1 for hollow nanotubules synthesized using
ethylene, ethenylene, and phenylene bridging groups.

The hollow nanotubule materials were further characterized by thermogravimetric
analysis (Figure 3.3.20-3.3.22). The ethenylene-bridged hollow nanotubules show

similar weight loss behavior to ethenylene-bridged hollow nanospheres. This indicates

that the nanotubules are indeed template by the Pluronic (P123) block copolymer.
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Figure 3.3.20 TGA and differential TGA of a) as-synthesized and b) calcined under air at
300 °C methylene-bridged nanotubules. The measurement was performed under air
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Figure 3.3.21 TGA and differential TGA of a) as-synthesized and b) ethanol-extracted
ethylene-bridged nanotubules. The measurement was performed under air atmosphere.
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Figure 3.3.22 TGA and differential TGA of a) as-synthesized and b) ethanol-extracted
ethenylene-bridged nanotubules. The measurement was performed under air atmosphere.
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4. Conclusions

In the first part, we described the versatile route for the synthesis of 2-dimensional
hexagonal structures with various organic bridging groups in the silica frameworks. We
found that in the 10-18 °C range, the combination of Pluronic P123 triblock copolymer
and cyclohexane or 1,3,5-triisopropylbenzene affords a miceller template for ultra-large-
pore 2-D hexagonal periodic mesoporus organosilicas with a variety of framework
compositions, including aliphatic and aromatic bridging groups. As the initial synthesis
temperature decreases, the unit-cell parameter and the mesopore size tend to increase.
The unit-cell enlargement is paralleled by a decrease in the degree of structural ordering
and pore size uniformity, eventually reaching the temperature at which disordered
materials are obtained, which in some cases still have quite uniform pore diameter. The
temperature range at which the unit-cell parameter and pore size are adjustable
dependents on the identity of the bridging group in the PMO precursor. The large
cylindrical mesopores of the 2-D hexagonal PMOs exhibit narrow entrances or internal
constrictions, which can be widened by increasing the temperature of the hydrothermal
treatment, but are difficult to fully eliminate. These observations suggest that the
organosilica precursor interacts with the hydrophobic domain of the micellar template
(that is, with the swollen PPO domain), mediating the micelle formation or swelling
process, perhaps partially cross-linking in the hydrophobic domain. The (100) interplanar
spacing up to 21-26 nm achievable for 2-D hexagonal PMOs approaches the upper limit
of the djop range reported for SBA-15 silica synthesized using P123/TIPB combination
(~26 nm).""® On the other hand, pore diameters attainable for PMOs were somewhat

smaller (up to ~ 20 nm; nominal (BJH) pore diameter up to 20-27 nm) than those
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achievable for SBA-15 (up to ~26 nm; nominal (BJH) pore diameter up to ~34 nm),
which is related to a larger pore wall thickness of PMOs. The proposed approach of using
judiciously chosen swelling agents to mediate the formation of large-pore PMOs at low
temperatures was found applicable for PMOs with both aliphatic (saturated and
unsaturated) and aromatic bridging groups and is thus expected to be generally applicable
for a wide variety of PMOs and related materials. It may also be generalizable for other
framework compositions. The novel PMOs with the large pore size and tailorable
properties open new opportunities in the many applications for which PMOs are
contemplated and evaluated.

In the second part, we described the synthesis of large-pore ordered mesoporous
organosilicas with spherical pores with ethylene bridging groups in the frameworks. We
reported the synthesis of ethylene-bridged ordered mesoporous organosilicas with
spherical pores arranged in Fm3m structure and with pore size up to ~ 17 nm. Different
aromatic hydrocarbon swelling agents were systematically studied to understand the
synthesis of large-pore PMOs. Swelling agents, such as xylene, toluene, and benzene,
were used for the first time to synthesize large-pore PMOs with ethylene bridging groups.
These swelling agents solubilize in the hydrophobic PPO core of the Pluronic block
copolymer micelle more significantly compared to other larger swelling agents, such as
mesitylene, triethylbenzene, and triisopropylbenzene. The quality of the materials was
found to be high for some new swelling agents, such as toluene and xylene. It was found
that decreasing the amount of salt in the reaction mixture increases the unit-cell
parameter when xylene was used as the swelling agent. However, the quality of the

materials was found to decrease as the amount of salt was lowered. Other swelling agents
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did not show any clear behavior in this regard, except for high salt concentrations where
smaller pore sizes were observed. This may be due to the different solubilization behavior
of these swelling agents in Pluronics F127 block copolymer micelles in the presence of
salt. Further, using toluene, high quality PMO was obtained without using any salt.
Stirring speed was found to affect the quality of the materials. Too high or too low
stirring speed did not produce highly ordered materials. Closed-pore materials were
obtained by heating PMOs at 500 °C under argon atmosphere for the material synthesized
using xylene as swelling agent. In general, our approach involves the judicious choice of
a swelling agent for a particular surfactant template, which paves the way to large-pore
PMOs with face-centered-cubic (Fm3m) structure (nominal (BJH) pore diameter
approaching 20 nm) which were unattainable so far. Because of large pore size and
tailorable properties, these ethylene-bridged PMOs could find applications.

In the third part of discussion, we described a versatile route through which periodic
mesoporous organosilica with hollow nanospheres with different organic groups in the
framework. These materials can be attained using Pluronic F127 block copolymer and
bis(trialkoxysilyl)organic bridging groups at sub ambient temperature (~ 15 °C) in
presence of a micelle swelling agent. The formation of the hollow nanospheres was
induced by using an appreciable lower organosilica precursor/copolymer-surfactant ratio
than that typically used to synthesize consolidated structures. Micelle swelling agents of
different molecular size, such as benzene, toluene, xylene and trimethylbenzene were
used and were found to swell micelles to different extent, which was predicted (in most
cases) based on solubilization of swelling agents in block copolymers. Based on different

solubilization behavior, organosilica hollow nanospheres of different pore size were
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attained. Thermal studies of these nanospheres indicate that they are templated by block
copolymer micelles. We were also able to convert the organosilica hollow nanospheres to
pure silica nanospheres with smaller pore size. Also different calcinations temperatures
can be used to tune the pore size. The pore size of the hollow nanospheres we obtained
varied in 10-21 nm range. These nanospheres were also functionalized with different
functional groups, such as amine (-NH,), thiol (-SH), and methyl groups. Further, based
on understanding of synthesis of hollow nanospheres, under conditions involving low
framework-precursor/surfactant ratio, we were able to synthesize hollow nanotubules
using Pluronic P123 block copolymer. Our method is quite general and we believe that
this method could be extended for synthesizing other hollow nanospheres and

nanotubules consisting of organosilicas possibly.
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Appendix 1-Geometrical consideration of 2-dimensional hexagonal structure

A 2-D hexagonal nanostructured material has the following structure:

a = unit-cell parameter

w = pore diameter

d;go = interplanar spacing
wall thickness, b=a-w

Figure A1 Schematic representations of 2-D hexagonal nanostructured material.
Appendix 2-Geometrical consideration of face-centered cubic structure

A face-centered-cubic nanostructured material has the following structure:

Figure A2 Schematic representation of face-centered-cubic nanostructured material.

where each corner has one pore, which contributes 1/8" of pore per unit cell and each
face has one pore, which contributes 1/2" of pore per unit cell, making four pores per unit
cell. The unit cell parameter (a) is defined by the distance between the two corner pore

centers, which can be calculated from SAXS pattern.



138

In case of copolymer- templated nanostructured materials, each main pore may be
connected to other ordered mesopores by small pores, (e.g., in the micropore range). In
order to calculate the wall thickness more accurately, the following equation156 is used to

accurately determine the pore size:

3
wo—a| L VP Al
vV _ p+V p+1)

where a is unit cell parameter for the fcc structure obtained from (111) peak position on
SAXS pattern, v=4 is the number of spherical pores in the unit cell, which is 4, p is the
density of organosilica framework (assumed to be 1.52 g/cm3 ),28 Vimes and Vi are

mesopore and micropore volumes, respectively.
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