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Abstract 

Surfactant-templated, sol-gel based methodologies for the synthesis of tailored, 

nanostructured, hybrid inorganic–organic materials are incredibly powerful and versatile.  

Although growth in this field has been explosive in recent decades, a lot of room remains 

to contribute to the design and synthesis of new materials, as well as the development of 

advanced applications. 

 In the work described herein, we firstly explored the synthesis of thick, 

mesoporous organosilica films and their application as functional coatings for solution-

based, fibre-optic heavy metal sensors.  Notably, sub-ppm level detection was observed 

for the detection of Pb(II) in mixed aqueous–organic media in short timeframes, and 

progress has been made toward synthesizing organotitania films that would allow for 

heavy metal sensing in purely aqueous solution.  Furthermore, the utility of these types of 

surfactant-templated, organically-functionalized, mesostructured coatings has been 

preliminarily extended to other types of optical devices for heavy metal sensing. 

We have also explored the use of designer amphiphilic, alkyl oligosiloxane 

precursors for the tightly-controlled formation of thin, self-templated, hybrid 

nanostructured films.  Moreover, films bearing uniaxial 2D hexagonal alignment over 

macroscopic length scales were obtained using polymer-treated substrates to control the 

interfacial interactions between the film precursors and the substrate surface.  In addition, 

a relatively mild UV / ozone treatment was employed to remove the alkyl moieties from 

the films to yield porous materials without catastrophic loss of the as-synthesized, 

mesostructural order. 
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Lastly, novel chiral, binaphthylene-based, periodic mesoporous organosilica 

(PMO) materials have been prepared.  With the aim of demonstrating chiral recognition 

with such materials, porous, co-continuous capillary monoliths have been synthesized 

and applied as chiral stationary phases in nano-HPLC and CEC.  Notably, 

enantioselective interactions between our materials and a chiral acetal-based analyte have 

been observed.  Quantification of these enantioselective interactions in chiral PMOs by 

isothermal titration microcalorimetry is also being pursued. 

 It has thus been demonstrated that a wide array of different functional materials 

may be accessed through template-based synthetic strategies.  By varying parameters 

such the starting monomers, the sol composition, and the interfacial interactions between 

reacting species and a given substrate (to name a few), the resulting materials may be 

tailored to meet the demands of new and emerging technologies.  
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Chapter 1 

Introduction 

1.1  General 

Silica (SiO2) is – fascinatingly – both an ordinary and commonplace mineral 

found in commodity items such as window panes and glass bottles, as well as a unique 

and incredibly exciting material being widely developed for novel and advanced 

applications ranging from the capture of interstellar comet dust1 to oral drug delivery.2  

The prevalent implementation of silica-based materials in conventional applications is 

largely a result of properties such as: (i) its occurrence in both crystalline and amorphous 

forms; (ii) low thermal conductivity; (iii) a low coefficient of thermal expansion and high 

thermal shock resistance; (iv) tunable optical properties (from perfectly transparent to 

completely opaque); (v) electrical resistance; (vi) chemical stability in solution over a 

relatively large pH range; (vii) tailorable chemical functionality; as well as (viii) a 

relatively high elastic modulus and resistance to abrasion, all of which can be tuned 

depending on the method of processing and thus making it incredibly useful.3,4  

Correspondingly, it is these properties (and more!) that make silica equally as attractive a 

material for utilization in advanced optical, biological, and heterogeneous catalytic 

applications, to name a few. 

 Although ‘silica’ is a broad and all-encompassing term, it is really porous silica 

that is of particular interest to our work as it is the high surface areas and large porous 

volumes of such materials that allow for the realization of interesting physical and 

chemical behaviour.  An important advancement promoting the continued interest in 
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silicas has been the development of sol-gel methods for the facile synthesis of both non-

porous and porous silicas in diverse morphologies such as particles of various uniform 

shapes and sizes, films, fibres, and monoliths.5  For the most part, bulk silica and glass 

are manufactured using energy-intensive high-temperature melting, sintering, and hot-

pressing processes.  However, sol-gel methods allow for the preparation of non-porous 

and porous silicas using wet chemistry at moderate temperatures (for example, < 120 °C) 

and ambient or autogenous pressure to yield materials of controlled homogeneity in a 

number of different forms.  Although sol-gel chemistry is a significantly less economical 

method for producing bulk glass, the ability to affect silica synthesis through the infinite 

possibilities for modification of the starting condensable components, variation of the 

solvent media, implementation of additives, optimization of post-synthetic treatment 

processes, and so forth, provides access to new types of materials with properties that 

could not easily be realized by other synthetic methodologies.6 

 

1.2  Sol-Gel Chemistry and the Synthesis of Amorphous, Porous Silicas 

Formally, a sol is defined as a colloidal suspension of solid particles in a liquid 

medium.  Meanwhile, a gel is formally defined as a colloidal suspension of a liquid phase 

in a solid medium,7 or a substance consisting of a continuous solid skeleton enclosing a 

continuous liquid phase.5  In the sol-gel process, amorphous metal oxides are formed 

from precursors (either monomeric, oligomeric, or particulate species) that undergo 

hydrolysis and condensation in a given liquid reaction medium to form the colloidal sol.  
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Continued polymerization / condensation of the solid phase then progresses to a point 

where a gelatin gel (an entanglement of chains), polymeric gel (a covalently bound, 

extended network), or particulate gel (an agglomeration of particles to form an extended 

bulk structure) is formed, with the sol-to-gel transition point (i.e. a degree of reaction or 

length of time) defined as the gel point or gel time.5  

Silicon alkoxides such as 1 are very common precursors for forming silicon 

oxides (see Scheme 1-1 for some examples) because they readily undergo hydrolysis 

(particularly under mineral acid- or hydroxy or ammonia base-catalyzed conditions) to 

give hydroxy-substituted species (2). 

 

Si + H2O Si + ROH

1 2

OR OH

  (1-1) 

These compounds typically then proceed to condense with other hydroxy- or alkoxy-

substituted silanes to yield siloxanes (3), as outlined below in equations (1-2) and (1-3), 

respectively.5 

 

Si Si H2O

2 3

OH OSiHO Si

2

++

  (1-2) 

 

  

Si +Si+ ROH

2 3

OH OSiRO Si

1   (1-3) 
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Scheme 1-1.  Typical inorganic precursors and organosilanes (where X = Cl or OR, and R = Me 

or Et) used in the sol-gel syntheses of metal oxides and functionalized metal oxides. 

 

The most commonly used metal alkoxide precursors are tetraalkoxysilanes such 

as tetramethoxysilane (Si(OMe)4, TMOS) and tetraethoxysilane (Si(OEt)4, TEOS), 

although silanes substituted with bulkier –OR alkoxy substituents are also known and 

commercially available (for example, R = i-Pr, n-Bu, or t-Bu).  These metal alkoxides are 

not intrinsically miscible in water.  However, as these precursors undergo hydrolysis and 

release alcohol as a by-product (see equation 1-1), this alcohol acts as a co-solvent that 

increases the miscibility of the precursors in an aqueous reaction medium.5  Alternatively, 

to prevent this liquid–liquid phase separation, polar organic solvents such as methanol 
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(MeOH), ethanol (EtOH), isopropanol (i-PrOH), n-butanol (n-BuOH), or tetrahydrofuran 

(THF) are often employed as co-solvents or as the majority solvent phase.  Additionally, 

the choice of solvent system can influence the processability of the sol as well as the 

morphology of the final product as intermolecular interactions in the growing silica 

structures are dissimilarly modulated in different solvent systems.5 

Common acid catalysts are hydrochloric acid (HCl), nitric acid (HNO3), sulfuric 

acid (H2SO4), and acetic acid (HOAc), whereas common base catalysts are ammonium 

hydroxide (NH4OH), sodium hydroxide (NaOH), and potassium hydroxide (KOH).  

Notably, for these amorphous silicas, use of an acid- or base-catalyzed hydrolysis and 

condensation process will influence the microstructure and morphology of the final 

product.  In general, it has been documented that hydrolysis of metal alkoxides occurs 

more rapidly under acid-catalyzed conditions while condensation occurs more rapidly 

under base-catalyzed conditions.5  Furthermore, acid-catalyzed condensation reactions 

tend to yield more extended structures showing lower degrees of condensation.5  This is 

in contrast to base-catalyzed condensation reactions that tend to yield highly condensed, 

particulate networks.5   

It should be emphasized that upon gelation or precipitation of a given sol-gel 

system, siloxane bond formation does not suddenly stop.  Dynamic bond-forming and 

bond-breaking processes are still at play and the silica framework continues to evolve.  

This process of continued framework restructuring after gelation is referred to as aging.5  

Some of the consequences of the aging process may be any combination of strengthening, 

stiffening, densification, and shrinkage of the silica networks.  The structural changes that 
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take place during the aging process may then also be observed during the subsequent 

drying stage, in addition to affecting the drying process itself (which formally involves 

the removal of residual solvent, monomer, etc.).5  These factors greatly affect the 

physical, mechanical, and chemical properties of the final product (for example, the 

material’s degree of porosity, pore size, modulus, and concentration of surface silanols).   

Although pure, inorganic silica (SiO2) is undoubtedly a valuable material, the 

ability to add additional functionality (either mixed inorganic, organic, or organometallic, 

and so forth) to this material tremendously expands its usefulness for various 

applications.  Appealingly, sol-gel chemistry allows for the facile introduction of 

additional functionality into the silica-based materials.  For example, using organosilanes 

(some of which are exemplified in Scheme 1-1), functionality may be introduced via 

grafting of the organosilanes onto a pre-formed silica support through condensation with 

residual silanols on the surface of the support, or via co-condensation of the 

organosilanes with the tetraalkoxide precursors. 

As an extension to the synthesis of organosilicas through the grafting or co-

condensation processes mentioned above, organosilicas having organic moieties 

embedded in the framework may also be synthesized using silsesquioxanes precursors 

(see Scheme 1-2).8  These are bridge-bonded organosilanes bearing two or more 

condensable silyloxy groups, and the products of their condensation are often referred to 

as polysilsesquioxanes.  These bridge-bonded silsesquioxanes may additionally be used 

in combination with, for example, tetraalkoxysilanes as well as organotrialkoxysilanes to 

yield further combinations of hybrid silica sol-gel materials. 
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(RO)3Si

Si(OR)3

(RO)3Si
Si(OR)3 (RO)3Si
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Scheme 1-2.  Some examples of organically-bridged bis-silanes for the synthesis of 

polysilsesquioxanes (where R = Me, Et). 

 

Lastly, hybrid silica–transition metal oxide materials are also possible using 

precursors such as titanium(IV) tetraalkoxides (for example, Ti(OR)4, where R = Et, i-Pr, 

or n-Bu) (see Scheme 1-1).  Mixed metal oxides comprising zirconia, alumina, and 

others, may likewise be formed using analogous metalorganic precursors.5  

Consequently, boundless possibilities exist for the formation of hybrid silica species with 

transition metal oxide and / or organic functionality. 

In brief summary, it can be seen that the preparation of a given silica-based sol 

and the resulting product will be affected by the choice and consequent concentration of 

each of the following components: (i) inorganic, metal alkoxide precursor(s); (ii) 

organosilane(s); (iii) aqueous acid and / or base catalyst; (iv) water content; (v) polar 

organic solvent; and (vi) additives (e.g. salts, swelling agents, or drying control agents).  

In addition, the material properties may be further adjusted by modifying parameters such 
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as the aging and drying conditions.  It, therefore, comes as no surprise that an extremely 

rich variety of hybrid silica-based materials are accessible via sol-gel chemistry. 

 

1.3  Surfactant-Templated Mesoporous Silicas 

The same principles of hydrolysis and polycondensation of silicon alkoxides to 

form both non-porous and porous silicas (and organosilicas), as described in Section 1.2, 

also apply to the synthesis of silica-based materials with periodically ordered porosity.  

The main difference with this particular sol-gel methodology, however, is the addition of 

low molecular weight surfactants and / or amphiphilic block copolymers as templating 

agents for control of the shape and size of the pores, and concomitant organization of the 

pores into regular 1-, 2-, and 3-D arrays.9,10  This surfactant-based, ‘soft templating’ 

approach (with the term ‘surfactant’ being applied, herein, to all appropriate amphiphilic 

templating species) takes advantage of the ability for amphiphilic molecules and 

polymers to self-assemble not only into spherical micelles, but also into higher order, 

lyotropic liquid crystalline mesophases (exemplified in Scheme 1-3), which act as 

scaffolds for the pore structure of the final, condensed silica material.9,10 

This is in contrast to zeolite-based materials,9,10,11 which are synthesized using 

small organic molecules as templates (for example, ammonium salts such as 

tripropylammonium hydroxide (TPAOH) or amines) at elevated temperatures (up to 300 

°C) and pressures (up to 50 atm) over longer reaction times (up to days) in strongly 

alkaline solutions.  Under these conditions, highly crystalline aluminosilicates bearing 
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Scheme 1-3.  Schematic representation of typical micellar mesophases (from left to right): 

spherical, rod-like / cylindrical, lamellar / bilayer, inverse spherical, bicontinuous, vesicular.  

(Scheme taken from reference 9.) 

 

molecular scale order in the zeolite walls as well as periodic order in their pore 

arrangement are formed after removal of the organic templating molecules.  Notably, 

with zeolites, removal of the template may only be achieved by high-temperature 

calcination.  Furthermore, the pore sizes of zeolitic materials lie in the microporous range 

(i.e. pore diameters < 2 nm) while the surfactant-templated materials have pores with 

diameters in the mesoporous range (i.e. 2–50 nm).9,10  In fact, the discovery of the 

archetypal M41S family of surfactant-templated, silica-based mesoporous sieves was 

largely a result of efforts dedicated to preparing larger-pore analogues of zeolitic 

materials, as ordered materials with mesoscale porosity would allow for interactions with 

molecules larger than those allowed by the microporous systems.12 

  Formation of a given hybrid silica-surfactant mesophase may occur by one of two 

common pathways:9,10,13 (i) a true, lyotropic liquid crystalline phase;14 or (ii) a co-

operative self-assembly process.15  In the first instance, the templating agent is present in 

solution at a concentration that gives a particular mesophase.  The condensable 

precursors are then added to the reaction mixture, and the hydrolyzed, hydrophilic silica 
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precursors interact with the hydrophilic head groups of the template located at the corona 

of the micellar structures.  Condensation of the hydrolyzed precursors then progresses 

around these micellar structures to yield the ordered, as-synthesized (i.e. surfactant-

containing) material (see Scheme 1-4, Pathway A).9,10,13,14 

 

spherical
micelle rod-shaped micelle

lyotropic liquid-crystalline phase
(2D hexagonal phase shown)

mesostructured
inorganic–template composite

mesoporous material
(MCM-41 shown)

template
removal

TEOS = Si(OEt)4

PATHWAY
A

PATHWAY B

TEOSTEOS

TEOS

 

Scheme 1-4.  Formation of mesoporous silica via a lyotropic liquid crystalline pathway (Pathway 

A) or a cooperative self-assembly pathway (Pathway B).  (Scheme adapted from reference 13.) 

 

For the case of co-operative self-assembly, pre-association of hydrolyzed silica-

based monomers and oligomers with the surfactant molecules occurs (also via 

hydrophilic–hydrophilic interactions), which induces mesophase formation.9,10,13,15  

Condensation of the hydrolyzed precursors proceeds to, again, yield the ordered, as-

synthesized material (see Scheme 1-4, Pathway B).  For both pathways, after 

condensation of the silica into an amorphous network and removal of the non-covalently 

bound templating agent (most commonly by solvent extraction or high-temperature  
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Figure 1-1.  TEM images of surfactant-templated, porous silica materials bearing different 

mesostructural order: (a) 2D hexagonal (p6mm); (b) cubic [100] (Fm3m); (c) cubic [100] (Pm 3 n) 

(images taken from references 15a, 16, and 17, respectively.) 

 

calcination), a high surface area material is obtained (up to ~ 1000 m2·g-1) with an 

ordered pore structure mimicking that of the surfactant phase.9,10,13  Examples of some of 

the accessible mesostructures may be seen by the TEM images in Figure 1-1. 

The establishment of a certain mesophase depends heavily on the interfacial 

curvature at the surfactant–siloxane interface.  Consequently, the packing geometry of the 

amphiphilic templating species plays an important role in determining the final 

mesophase of the condensed material.  A popular and intuitive model was devised by 

Israelachivili and co-workers to explain and predict the mesophases obtained in micellar 

systems,18 and has since been applied to the surfactant-templated mesporous metal oxide 

systems.  In particular, the steric hinderance imposed by the hydrophobic surfactant tail is 
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taken into account through consideration of the tail length as well as the hydrophobic 

volume occupied by the tail.  Furthermore, a balance between the hydrophobicity of the 

tail and hydrophilicity of the polar head group is also included in the model.  The 

resulting relationship is that of the g-parameter, and is expressed as follows:9,18 

 
la

V
g

o

    (1-4) 

where g is an index of interfacial curvature or the ‘packing parameter’, V is the 

hydrophobic volume occupied by the surfactant tail, ao is the effective head group area, 

and l is the effective length of the surfactant tail (which is less than the length of the fully 

extended tail) (see Scheme 1-5).  Different values for g correspond to different micellar 

phases, and the values and trends are summarized in Table 1-1.9,19 

 

 

Scheme 1-5.  Schematic representation of a surfactant molecule and the variables involved in the 

calculation of the surfactant packing parameter (g-parameter).  (Scheme taken from reference 9.) 
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Table 1-1.  Summary of the different value ranges for surfactant packing parameter (g-parameter) 

and their corresponding micellar structures and mesophases.  (Table adapted from references 9 

and 19.) 

g-Parameter Value Resulting Micellar Structures and Mesophases 

  
< 1/3 spherical micelles / primitive cubic  

  
1/3 – 1/2 cylindrical micelles / 2D hexagonal  

  
1/2 – 2/3 bicontinuous cubic 

  
1/2 – 1 bilayer micelles / vesicles  

  
1 – 2 bilayer micelles / lamellar  

  
 2 – 3 inverse cylindrical micelles 

  
> 3 inverse spherical micelles 

  

 

 

The templating species may be cationic, anionic, neutral, or nonionic.  Examples 

of some of the most common templating agents are cationic alkylammonium salts bearing 

one or more charged head groups, nonionic alkylpolyethers, nonionic block copolymers, 

and neutral alkylamines, with their chemical structures depicted in Scheme 1-6.9,10 

The variety of synthetic routes to obtaining templated, mesoporous materials is 

summarized in Scheme 1-7 and Table 1-2.  Here, ‘S’ represents the surfactant, while ‘I’ 

represents the inorganic precursor.  Additionally, where applicable, ‘M+’ and ‘X–’ denote 

charge-matching counterions, ‘N’ denotes an organic amine or aminosilane, and ‘H+’ 

denotes a proton.  The corresponding superscripts ‘+’, ‘–’, and ‘0’ refer to the charge of a 

given species (i.e. positive, negative, and neutral or nonionic, respectively).9,10,15 
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Scheme 1-6.  Typical examples of anionic (SDS = sodium dodecylsulfate), cationic (C16TAB = 

cetyltrimethylammonium bromide), and nonionic (DA = dodecylamine; F127 = Pluronic®-type 

nonionic triblock copolymer; B76 = Brij®-type alkyl polyether) surfactants used to template 

mesoporous sol-gel materials. 

 

The most famous examples of ordered, mesoporous silicas are MCM-4112 and 

SBA-15,20 both of which possess 2D hexagonal symmetry (the TEM image depicting the 

benchmark ‘honeycomb structure’ for 2D hexagonal mesostructures may be seen for 

SBA-15 in Figure 1-1a).  MCM-41 belongs to the M41S family of molecular sieves 

originally discovered by researchers at Mobil Corporation, and is formed via a S+I– 

templating route using a cationic alkylammonium surfactant (cetyltrimethylammonium 

bromide, C16TAB) under base-catalyzed conditions.9,10,12  On the other hand, SBA-15 – 

developed by the research group of Prof. Galen D. Stucky at the University of California, 

Santa Barbara – is formed through a N0X–I+ (or S0(IX)0) process using a nonionic triblock 

copolymer (Pluronic® P123) as the templating agent under acid-catalyzed 

conditions.9,10,20 
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Scheme 1-7.  Schematic representation of the different types of interfacial metal oxide–surfactant 

interactions taking place in various surfactant-templated systems (where typically the inorganic 

M = a metal such as Si or Ti).  (Scheme taken from reference 9.) 
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Table 1-2.  Summary of the different types of metal oxide–template systems used to prepare sol-

gel-based mesoporous materials.  (Table taken from reference 9.)  

Surfactant Type Interaction Type Example Materials (Structure)a 

   
cationic S+ S+I– silica:  MCM-41 (hex) 

MCM-48 (cub) 
MCM-50 (lam) 

tungsten oxide (lam, hex) 
antimony oxide (lam, hex, cub) 
tin sulphide (lam) 
aluminum phosphate (lam, hex) 

   
 S+X–I+ silica:  SBA-1 (cub) 

SBA-2 (3D hex) 
SBA-3 (hex) 

zinc phosphate (lam) 
zirconium oxide (lam, hex) 
titanium dioxide (hex) 

   
 S+F–I0 silica (hex) 
   

anionic S– S–I+ Mg, Al, Ga, Mn, Fe, Co, Ni, Zn oxides (lam) 
lead oxide (lam, hex) 
aluminum oxide (hex) 
tin oxide (hex) 
titanium oxide (hex) 

   
 S–X+I– zinc oxide (lam) 

aluminum oxide (lam) 
   

neutral S0 or N0 S0I0 silica:  HMS (hex)  
   
 N0I0 MSU-X (hex) 

silica (lam, hex, cub) 
Ti, Al, Zr, Sn oxides (hex) 

   
 N0X–I+ silica:  SBA-15 (hex) 
   
 N0F–I+ silica (hex) 
   
 (N0Mn+)I0 silica (hex) 
   

a – cub = cubic; hex = hexagonal; lam = lamellar. 

 

Although both MCM-41 and SBA-15 bear the same 2D hexagonal porous 

mesostructure, differences arise when their physical properties are compared.  MCM-41 

typically has a mean pore diameter of 3.7 nm (which can be increased to ~ 10 nm through 
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the use of swelling agents),12 while SBA-15 has a mean pore diameter of 4.7 nm (which 

can be expanded to ~ 30 nm through the use of swelling agents).20  The larger diameter 

pores of the SBA-type materials are interesting as they could arguably allow for more 

facile mass transport of various analytes through the pore network.  Another important 

difference is that the silica walls of SBA-15 tend to be thicker than those of MCM-41 

(3.1–6.4 nm for SBA-15 compared to 1.0–1.5 nm for MCM-41),10,20 leading to the 

dramatically improved hydrothermal stability of the SBA-type materials over MCM-type 

materials.10,20  For these reasons (and more, which will be discussed in the following 

chapters), the synthesis of mesoporous organosilica materials using nonionic block 

copolymers and alkylpolyethers are the routes explored for much of the work presented 

in this thesis. 

In similar fashion to the non-templated sol-gel chemistry described in Section 1.2, 

the preparation of surfactant-templated, ordered mesoporous silicas as powders, films, 

fibres, monoliths, and so forth (a few different morphologies are exemplified in Figure 

1-2) may be customized by modifying synthetic parameters such as the type and relative 

concentrations of the condensable metalorganic precursors, catalyst (i.e. acid or base), 

solvent, and additives (i.e swelling agents or salts) used, in addition to the choice of 

surfactant species (or added exotemplates21) and its concentration as additional variables 

to morphology control.9,10  Moreover, the material synthesis will further be affected by 

the choice of reaction temperature, aging time, surfactant removal procedure, and drying 

process.9,10  Along with the usual metal(IV) tetraalkoxides such as TMOS, TEOS, and 

titanium(IV) tetraisopropoxide (TTIP), the options for organosilanes for use in this 
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Figure 1-2.  Examples of surfactant-templated silica-based mesoporous materials synthesized 

with different morphologies: (a) silica nanowires; (b) silica nanocubes; (c) benzene-bridged 

organosilica spheres; and (d) silica-based inverse opals.  (Images taken from references 22, 23, 

24, and 25, respectively.) 

 

surfactant-templated materials synthesis methodology are also the same as those 

exemplified in Scheme 1-1.9,10 

Furthermore, silsesquioxane precursors, as exemplified in Scheme 1-2, may also 

be incorporated into this template-based strategy for preparing mesostructured 
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materials.13,26,27  The resulting materials have been specially termed ‘periodic 

mesoporous organosilicas’ (PMOs).  This class of materials is of particular value because 

by conventional functionalization routes such as co-condensation, a maximum of 

approximately only 25 mol% incorporation of the organotrialkoxysilane may be achieved 

in the starting sol as increased loading of the organosilanes leads to poorly structured and 

potentially phase-separated materials (as a result of significant disruption of the 

template—precursor interactions).28  However, the use of silsesquioxane precursors in 

conjunction with the surfactant-templated approach notably allows for the synthesis of 

ordered, porous materials with essentially 100% incorporation of the desired organic 

functionality, further expanding the potential for designing novel hybrid materials with 

well-tailored properties (see Scheme 1-8). 

 

precursors used = precursors used =

and

where,

= condensable
inorganic moiety

= organic functionality

 

Scheme 1-8.  Schematic representation of the difference in the distribution of organic groups 

between typical organically-functionalized mesoporous silica (synthesized by post-synthetic 

grafting or co-condensation) (left) and periodic mesoporous organosilica (PMO) (where the 

functionality is embedded in the framework walls) (right). 
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Lastly, although not a focus of this thesis, it should be noted, here, that a summary 

of the history of the discovery and development of ordered mesoporous materials is not 

complete without the mention of the pioneering work of Kuroda et al. in preparing 

ordered, mesoporous silicates from alkylammonium–clay intercalation complexes.  Prior 

to the 1992 publication of Krege et al. regarding the discovery and synthesis of MCM-41, 

Kuroda et al. showed in 1990 that mesoporous materials bearing a network of pores with 

diameters in the range of 2–4 nm and surface areas of approximately 900 m2·g-1 could be 

formed by treating kanemite (a single-layered polysilicate with the chemical composition 

NaHSi2O5•3H2O) with alkyltrimethylammonium chlorides under hydrothermal 

conditions at alkaline pH and subsequent removal of the organic species by calcination.29  

Here, the pore size could be tuned by changing the alkyl chain length of 

alkyltrimethylammonium chlorides (CnH2n+1N
+(CH3)3Cl–) from n = 12–18.  This offered 

an alternative route to preparing porous materials from layered clays as, up to this point, 

most of the methodologies explored involved the synthesis of pillared clay structures. 

This synthesis strategy was then optimized by Kuroda et al. and the results were 

reported in 1993.30  In this latter report, the authors demonstrated that a well-ordered, 

mesoporous 2D hexagonal material (strikingly similar in structure to MCM-41) could be 

prepared (using the hexadecyltrimethylammonium chloride species, n = 16) via a 

lamellar-to-2D-hexagonal phase transition in solution.  Interlayer siloxane bond 

formation was postulated from the solid state 29Si MAS NMR data, implying folding / 

deformation of the lamellar polysilicate sheets around the intercalated alkylammonium 

ions to give the final product.  This material was consequently named FSM-16 (Folded 



 

  21

 

Scheme 1-9.  Schematic representation of the formation of FSM-type materials.  (Scheme taken 

from reference 30.) 

 

Sheets Mesoporous Materials) with the number identifier making reference to the alkyl 

chain length of the alkylammonium species used in the particular synthesis (see Scheme 

1-9).31     

Therefore – to re-emphasize the point – as illustrated with the small handful of 

classic examples above, the surfactant-templated sol-gel methodology is a not only a 

flexible and potent means for preparing silica-based materials with a wide variety of both 

physical and chemical pore properties (as well as bulk morphologies), but more 

importantly, allows for a significant amount of control over the synthesis to yield 

materials with a high degree of uniformity in their porosity and functionality.   

 

1.4 Objectives of This Thesis 

In the years following the discoveries of the FSM-, MCM-, SBA-, and PMO-type 

mesoporous silica-based materials, the field of materials synthesis employing the 



 

  22

surfactant-templated sol-gel process has indisputably exploded.9,10,27,32,33  The literature is 

replete with reports demonstrating the synthesis of new and novel materials bearing 

properties such as hierarchical porosity,9,34 tricontinuous pore networks,35 crystallinity in 

the framework walls,36 mechanized drug-release,37 chirality transfer,38 and 

luminescence39 to name only a few. 

Remarkably, the development of novel applications employing these versatile 

materials has progressed to a far lesser extent despite the impressive achievements 

realized using these designed systems for obtaining tailored materials.  Furthermore, in 

general, the vast majority of studies published in the mesoporous silica literature to date 

have explored the synthesis of these materials as bulk powders.  However, for many 

applications, morphologies such as films, fibres, tubes, and monoliths are critical.  With 

this in mind, this thesis, therefore, explores the following themes with respect to the 

design and synthesis of mesoporous organosilicas in some of these technologically 

important morphologies and their subsequent application to selected areas of commercial 

interest: 

 (i)  periodic mesoporous organosilica (PMO) films as functional coatings for 

fibre-optic heavy metal sensing devices; 

 (ii) self-assembly of amphiphilic, hybrid, designer precursors to yield uniaxially-

aligned nanostructured films; and 

 (iii)  synthesis of chiral PMO capillary monoliths for chiral separations. 
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Chapter 2 

Surfactant-Templated, Mesoporous Organosilica Films as Functional 

Overlays for Fibre-Optic Heavy Metal Detection 

2.1  Introduction 

Presently, the acquisition and analysis of water samples from the areas 

surrounding industrial plants, mines, and landfills is a time-consuming and costly 

process.  For example, after first identifying an area and the target analytes to survey, as 

well as physically collecting the samples for an environmental assessment of a given site, 

a number of intermediate steps may have to be carried out by a technician before actual 

measurement of the analytes.1  These steps may include sample pretreatments such as the 

concentration of the sample, extraction of the analyte from the sample matrix, or 

acidification of the sample, among others.  With all of these added steps, care must be 

taken to avoid issues such as loss, contamination, and decomposition of the sample 

during handling and storage, which would compromise the integrity of the sample.  

Furthermore, the risk for encountering such complications increases particularly when the 

sampling is conducted at a remote site without on-site access to analytical laboratory 

facilities.1  However, no alternatives are presently available that significantly improve 

upon this process.  The overarching objective of this project is to design and build a 

chemically-selective fibre-optic sensor for heavy metal contaminants that would be able 

to affect on-line detection, measurement, and monitoring of water quality with relatively 

short response times. 
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The release of toxic heavy metals into the environment significantly impacts both 

the quality of the environment and human health.  With the aim of, “respecting pollution 

prevention and the protection of the environment and human health in order to contribute 

to sustainable development,” the Government of Canada put forth the Canadian 

Environmental Protection Act, 1999 (CEPA, 1999), and has notably listed the following 

heavy metal species on its ‘List of Toxic Substances’: mercury; lead; inorganic cadmium 

compounds; and hexavalent chromium compounds.2  The heavy metal species of main 

interest in our research are mercury(II) and lead(II). 

Mercury, in its stable, geological form, can be released into the environment 

through several different processes.  These include, for example, the release due to 

natural geological activity (such as volcanic eruptions), the burning of coal to produce 

electricity, as well as release resulting from the manufacture, use, and disposal of 

mercury-containing products, and discharge from industrial plants that directly use 

mercury in their processing activities.  Total global mercury emissions are estimated to be 

5,000 tonnes per year with 50–80% of that number being attributed to anthropogenic 

activity.3  Elevated levels of mercury in the environment are cause for concern due to the 

conversion of metallic and inorganic mercury into its more toxic organic forms (namely, 

methylmercury), which has been demonstrated to have devastating health effects in 

animals and humans.3,4  Organic mercury can accumulate biologically and appear in more 

concentrated levels further up the food chain, increasing the risk of human exposure to 

potentially poisonous levels of organic mercury.  Once accumulated in the body, mercury 
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can, for example, cause birth defects, as well as damage to the brain, central nervous 

system, and kidneys.2,3,4,5  

 In similar fashion, the release of lead into the environment is largely affected by 

human activity, as well.  For example, lead is released into the air via industrial 

emissions, as well as the activities of smelters and refineries.  Furthermore, it is 

commonly found in lead-based solder, old pipes, as well as some paints and types of 

glass, further increasing the number of pathways through which lead can be introduced 

into the air, water, soil, and food supply, resulting in its bioaccumulation.  As with 

mercury, once accumulated in the body, lead can also give rise to disorders of the central 

nervous system, affect intellectual development, and have many other devastating 

biological effects.1,6 

The standard techniques presently used for the detection and measurement of 

mercury and lead species in environmental samples are atomic absorption spectrometry 

(AAS), atomic emission spectrometry (AES), and inductively coupled plasma mass 

spectrometry (ICP-MS) and their variations.1,4  However, despite their high sensitivities 

to trace levels of heavy metals, these techniques are expensive, time-consuming, and not 

easily amenable to on-site and on-line testing. 

 More recently, heavy metal detection and measurement based on electrochemical, 

surface-enhanced Raman scattering (SERS), surface plasmon resonance (SPR), bio-

sensing, colorimetric, and fluorescence-based techniques have been of popular interest in 

the chemical literature.7  For example, in the case of fluorescence-based approaches, a 
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wide variety of probe / tag molecules such as modified pyrenes,8 calixarenes,9 and related 

heteroatom-substituted macrocycles10 have been synthesized (Scheme 2-1) and are 

reported to have excellent sensitivities and selectivity.5,11  These approaches work by 

employing specially designed ligands to chelate or react with target metal analytes, 

resulting a change in either the fluorescence emission or quenching behaviour of the 

metal–ligand complex relative to the free ligand in either aqueous, organic, or mixed 

aqueous–organic solution.  However, many of these methods and their embodiments still 

rely largely on classical, benchtop spectroscopic instrumentation for the detection read-

out and are thus also not easily amenable to on-line / in-situ environmental monitoring.  
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Scheme 2-1.  Examples of modified pyrene- (1),8 calixarene- (2),9 and heteroatom-substituted 

crown-type10 (3) fluorescent probes developed for the detection of Hg(II) ion in solution. 
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To address the high demand for a quick and efficient method for the detection and 

measurement of toxic heavy metals in the environment, fibre-optic sensors are an 

attractive option for several reasons.  Firstly, being electrically passive, fibre-optic 

sensors are unaffected by external electromagnetic interference and can therefore be used 

in close proximity to other electrical devices and power sources.12,13  Fibre-optic sensors 

are also small in diameter (generally 125 μm) and flexible.  Hence, the sensor and the 

related instrumentation can be packaged in a more portable form, allowing for a “lab-on-

a-chip” type of device that can be used for on-site testing.  Additionally, traditional 

spectroscopic methods of detection and measurement may be integrated into the fibre-

optic platform, along with the possibility of multiplexing sensor arrays to allow for the 

simultaneous detection of several different analytes.14  Moreover, fibre-optic cables can 

be designed to send information by telemetry,14 providing access to remote locations such 

as the DEW Line (Distant Early Warning Line) sites in the Canadian Arctic, which are 

otherwise inaccessible or very expensive to monitor by personnel in the field, as is the 

current practice. 

The optical sensing element employed in this research is a long-period grating 

(LPG) (Scheme 2-2).  This is a diffraction grating that consists of a periodic modulation 

of the refractive index (RI) in the core region of a single mode fibre-optic (SMF) 

waveguide.  This grating is commonly etched into the waveguide by laser irradiation of 

the fibre-optic cable while it is covered with a mask designed to yield an LPG of a given 

length and periodicity.15  Light guided by the fibre-optic cable travels within the core 

until it encounters the grating, at which point the guided core mode may couple with 
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discrete cladding modes, resulting in attenuation of the propagated light at specific 

wavelengths (Figure 2-1).  The wavelengths (otherwise known as resonant wavelengths, 

λf) at which coupling losses are observed are described by Equation 2-1:15,16 

 )],,,(),,([ ,, acladcore
i

cladeffcladcorecoreefff nnnnnnn     (2-1) 

where Λ is the period of the grating (which is on the order of hundreds of microns), and 

neff, core and ni
eff, clad correspond to the effective RIs of the core and cladding, respectively 

(for a mode of order i).  Importantly, neff, core and ni
eff, clad are functions of the operating 

wavelength, λ, as well as of ncore, nclad, and na, which are the actual RIs of the core, 

cladding, and ambient environment, respectively.17 

 

core

cladding

 

Scheme 2-2.  Schematic representation of a long-period grating (LPG) inscribed into the core 

region of a fibre-optic waveguide.  At the LPG, the propagating core mode (red) couples (i.e. 

overlaps) with a higher order cladding mode (blue), which can extend past the cladding–film 

interface if the fibre-optic waveguide is coated with an index-matched film at this location. 

 



 

  34

In addition to the order, i, of the cladding mode of interest, the effective RI of the 

cladding, ni
eff, clad, is affected by the interaction of the evanescent field (generated at the 

cladding–environment interface) with the external environment.18  Consequently, the 

effective RI of the cladding is a function of both the RI of the cladding and that of the 

surrounding environment.  A change in the RI of the external environment (e.g. by 

absorption of a target chemical species) will, therefore, cause a shift in the position of the 

resonant wavelength, λf , according to Equation 2-1 (Figure 2-1).  An LPG-based sensor 

thus is an optical sensor that responds to changes in RI, which is in contrast to other 

types of optical sensors that operate on the principles of, for example, changes in 

reflectance, absorption, or fluorescence. 

 

 

Figure 2-1.  Representative attenuation spectra for a standard single-mode fibre (SMF) in air 

(black trace) in comparison to an LPG-inscribed, cladding-etched SMF (grating length = 25 mm, 

periodicity = 320 μm) under exposure to air (green trace) and water / DMSO solutions (RI at 

1550 nm) (blue and red traces).  The blue-shift of the resonant peak with increasing RI of the 

surrounding environment is indicated by the dashed lines.  (Data courtesy of Prof. Hans-Peter 

Loock, Queen’s University.) 
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Figure 2-2.  A plot illustrating the non-linear resonant peak shift behaviour for the bare, uncoated 

LPG of Figure 2-1 as a function of the RI of the surrounding environment.  (Data courtesy of 

Prof. Hans-Peter Loock, Queen’s University.) 

 

As can be seen in Figure 2-2, the sensitivity of the LPG increases as the RI of the 

external environment approaches that of the cladding (~ 1.44 at 589 nm).15,19,20  

Therefore, the sensitivity of an LPG’s response to changes in the external environment 

can be maximized by depositing an overlay on the cladding with an RI that – when 

immersed in solution – closely matches that of the cladding.  In this RI region, the 

overlay may then effectively act as an extension of the cladding (i.e. a layer without an 

optical discontinuity with respect to the cladding), maximizing the evanescent field 

present in the region of the overlay21 and allowing for dramatic shifts in the position of 

the resonant peak upon binding of a target analyte. 

Various fibre-optic sensor platforms have been previously established.22a  For 

example, in the simplest case, unmodified fibre-optic waveguides have been configured 
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to directly measure the absorbance of heavy metal species in solution.22b  However, these 

‘plain fibre sensors’ lack analyte specificity and can only detect metals at relatively high 

concentrations due to the inherently low molar absorptivities of the metal species.22a   In 

more sophisticated assemblies, the fibre-optic waveguides are used to transmit light to 

and / or from a solution containing indicator dyes that interact with metal analytes from 

which absorbance or emission data may be obtained.22c  In another variation, the ends of 

cleaved fibre-optic cables may also be coated with functionalized materials that interact 

with the metal analytes from which either reflectance or fluorescence data may also be 

obtained.22d,22e  However, only a very limited number of examples employing LPGs as RI 

sensors for chemical detection have been reported in the peer-reviewed literature.  These 

include PDMS-16 and zeolite-coated23 LPG sensors for the detection of small, 

hydrophobic, organic compounds, as well as bare LPGs used for the determination of 

chromium,24 and sodium and calcium25 salt solution concentrations.  Although relatively 

high RI sensitivity has been observed in some of these embodiments, the metal sensors 

either detected the presence of the metal species indirectly or, in a critical flaw, lacked 

functionalization that would allow for the detection of specific analytes.   

The research described herein focuses on the design and synthesis of high-affinity 

and chemically-selective thin film coatings that meet both the optical and physical 

requirements of the fibre-optic LPG sensor.  In addition to the issue of closely matching 

the RI of the material to that of the cladding (as previously discussed), there are several 

other criteria that need to be satisfied.  The film should be chemically-selective for a 

given target analyte, relatively thick (i.e. > ~ 1–3 μm in thickness), and have a high 
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degree of interconnected porosity to maximize through-film diffusion and ensure 

accessibility of the binding sites within the material to the analyte.  In addition, of course, 

the film should be mechanically robust and chemically stable. 

To meet many of the above criteria for the overlay, organically-modified porous 

silicas have been explored in this research to create functional materials.  Silica is a 

natural choice for the matrix material because the fibre-optic waveguides are also silica-

based, thus allowing for better matching of the physical and optical properties between 

the film and fibre.  In addition, silica – once condensed – is less likely to swell upon 

exposure to water and / or organic solvents (in contrast to some conventional cross-linked 

polymers), improving the reliability of the sensor response in solution media.  For all of 

the aforementioned reasons, it was decided that organosilicas were ideal candidates for 

functional sensor overlay materials. 

 At the outset of this project, the preparation of porous, amorphous, organosilica 

xerogel films by sol-gel processing was first explored.  However, after encountering 

significant complications with respect to the reliable synthesis of thick films ( > 1 μm in 

thickness) by this route, surfactant-templated sol-gel methodologies were instead pursued 

with much greater success.   

The first report detailing the synthesis of mesoporous silica films by a surfactant-

templating strategy was presented by Ogawa in 199426 and the field has since 

experienced unrelenting growth and expansion.  Surfactant-templated sol-gel silica 

films27 may be prepared by a few different methods, the most common of which are by: 
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(i) evaporation; and (ii) spontaneous growth from solution.28,29,30  In the case of the 

mesostructured film formation by evaporative methods, ‘evaporation-induced self-

assembly’ (EISA) has taken over as the synthetic method of choice.31,32,33  Importantly, 

this synthetic methodology is amenable to conventional processing methods presently 

used in industrial / commercial settings such as spin-coating, dip-coating, casting, or 

spray-coating for the preparation films.   

Typically, a dilute and homogeneous sol composed of the templating agent 

(present at a concentration below its critical micelle concentration), the inorganic 

precursor(s), and an aqueous catalyst is prepared in a polar and volatile organic solvent, 

and is subsequently deposited onto the desired substrate by one of the aforementioned 

methods.  Immediately after deposition of the coating onto the substrate, evaporation of 

the solvent occurs and self-assembly of the surfactant and silica precursors is initiated as 

the effective concentration of these species increases within the film.  At the same time, 

the water content within the deposited film equilibrates with respect to the relative 

humidity of the surrounding atmosphere, and condensation of the siloxane network 

progresses around the supramolecular template structures to form a solid 

matrix.28,29,30,31,32,33  The interplay and interdependent nature of these steps is illustrated 

in Scheme 2-3.   
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Scheme 2-3.  Schematic representation of the various steps involved in the synthesis of 

mesostructured films by EISA.  (Scheme taken from reference 30.)   

 

It should also be noted that in the time period between establishing an ordered 

surfactant–silica array and reaching a high extent of siloxane condensation within the 

silica framework, the as-synthesized film lies within a ‘tunable (or modulable) steady 

state’.  Here, a change in the atmospheric conditions (i.e. the vapour pressures of water 
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and / or solvent) surrounding the wet, as-synthesized film can potentially lead to a 

transformation in the mesostructural order within the film.34   

Therefore, the critical parameters that affect the mesostructure of the final product 

may be divided in three different categories, which include: (i) the chemistry of the 

starting sol (prior to coating); (ii) the conditions of the coating process itself; and (iii) the 

post-synthetic treatment conditions used to consolidate the siloxane network and remove 

the templating species.  Furthermore, among these categories, the following variables are 

of particular interest: (i) the surfactant-to-silane ratio in the starting sol; (ii) the extent of 

siloxane condensation within the coating sol prior to deposition (which is affected by the 

amount of catalyst in the sol and the aging conditions leading up to film deposition); (iii) 

the relative humidity of the surrounding environment; (iv) the rate of film deposition 

(which influences the resulting film thickness and the rate of solvent evaporation from 

the surface of the film); (v) the final treatments employed to stabilize the mesostructure 

(usually a thermal treatment step); and (vi) the template removal conditions.28,29,30,31,32,33 

 Consequently, surfactant-templated, mesostructured film synthesis by EISA is an 

appealing approach as the final properties of the resulting films may be tuned via 

modification of a number of different variables and the films may be prepared using 

industrially-relevant processes.  Moreover, the large number of possible combinations of 

synthetic conditions can lead, in principle, to a rich variety of films.  However, the 

dynamic relationship between all of these interdependent parameters can make tuning of 

the film synthesis procedure relatively complex.  Strict control of the various processing 
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conditions is, therefore, of paramount importance if reproducible film synthesis is to be 

achieved. 

 In the case of film growth from solution (occasionally referred to as 

‘hydrothermal growth’), two major variants exist: (i) the formation of free-standing films 

at a water–oil or water–air interface; and (ii) the growth of a substrate-attached film from 

a substrate submerged in solution (i.e. film growth from the substrate–solution 

interface).28,29,30  With these approaches, film formation is encouraged through the 

concentration of the sol reagents at the interface of interest.  Typically, film formation 

takes much longer with these methods than with the EISA method (e.g. several hours or 

days versus minutes, respectively), but offer a means of obtaining films with unique 

properties.  For example, thick, free-standing membranes may be obtained,35 in addition 

to films bearing ‘single-crystalline’ mesostructuration.36 

Additional strategies for the formation of mesostructured metal oxide-based films 

also exist such as vapour impregnation of a pre-formed block copolymer template, 

electrodeposition, and laser deposition, to name a few.30  However, given the relative 

ease with which films can be produced in a short stretch of time, as well as the ability to 

extend such coating strategies to commercial platforms – which would be of importance 

in our proposed fibre-optic sensing device – EISA is the method of choice for the work 

presented in this chapter. 

Eventually, both Hg(II) and Pb(II) detection in mixed aqueous–organic systems 

was demonstrated using these templated, mesoporous organosilica films bearing thiol and 
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tetrasulfide ligands, respectively, in conjunction with the LPG sensing platform.37,38,39  

The details regarding our endeavours with this project are documented in the following 

sections.   

Additionally, in the sections below, we will also present our efforts toward the 

demonstration of heavy metal ion detection in purely aqueous systems using mesoporous, 

titania-based hybrid films, as well as our attempts to employ these mesoporous 

organosilica materials as functional coatings with other evanescent wave sensing devices 

(namely silicon-on-insulator (SOI) microchip interferometers).  

At this time, it should be noted that given the limited availability of LPGs 

supplied to us by our industrial partner, Avensys / ITF Labs (Montréal, QC), the majority 

of the films produced in this project have been coated onto glass microscope slides, high- 

index glass wafers, or single-crystalline silicon wafers (all activated by base or Piranha 

etching – CAUTION: Piranha solution is an extremely energetic and potentially 

explosive mixture! – to expose fresh surface silanol groups prior to coating) for 

characterization and optimization.  Thereafter, films were only coated onto LPGs on 

selected occasions to evaluate the optical response upon interfacing the films with the 

optical sensing element. 

 

2.2  Amorphous Organosilica Sol-Gel Films 

The solution-based synthesis of both non-porous and porous silica materials dates 

back several decades.40  Given the ease with which silica-based materials may be 



 

  43

prepared using sol-gel chemistry (as discussed in Chapter 1), it is not surprising that these 

materials have been explored in a variety of compositions, morphologies, and 

applications.  Accordingly, we first explored the synthesis of non-templated, amorphous, 

porous silica and organosilica coatings as functional overlays for our proposed fibre-optic 

sensor.   

Thiol functionalities were employed to provide selectivity for the absorption of 

Hg(II) ions since these have previously been shown in the literature to be extremely 

effective ligands for Hg(II) binding (even in the presence of competing metal ions).41,42,43  

The ligands were incorporated into the silica-based films using (3-

mercaptopropyl)trimethoxysilane (MPTMS) as the co-condensable precursor (see 

Scheme 2-4). 
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Scheme 2-4.  Schematic representations of all of the main condensable sol-gel precursors used in 

the work described in this chapter, along with their acronyms and the refractive indices of each 

precursor (reported at the sodium D-line wavelength of 589 nm at 20 °C) in its uncondensed 

state.44  
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Firstly, though, we briefly explored the silylation of the surface of LPGs with a 

monolayer (or – more likely – a thin multilayer) of mercaptopropyl moieties to see if a 

concentrated presence of the metal-binding ligands at the cladding–solution interface 

would be enough to generate an optical response upon Hg(II) absorption.  However, no 

resonant peak shifts were observed upon exposure of the functionalized LPGs to aqueous 

Hg(II) solutions of concentrations up to 1000 ppm.     

We then turned to silica xerogel films as a launching point for our attempts at 

preparing suitable LPG overlays.  The majority of our efforts were centered on a process 

we adapted from the reports of Plawsky and co-workers for a two-step both acid- and 

base-catalyzed procedure for the synthesis of spin-coated films using TEOS as the 

precursor.45  Our general procedure for synthesizing silica and thiol-modified 

organosilica xerogel films is outlined in Section 2.6.4. 

Both TEOS-only and MPTMS–TEOS films processed using relatively freshly 

prepared sols yielded thin films (~ 500 nm in thickness, as determined by profilometry) 

that showed excellent surface coverage and reasonably good adherence to the test 

substrates (either microscope slides, high-index glass wafers, or silicon wafers) after 

solution aging and subsequent curing at temperatures up to 120 °C.   

To determine the RI of these films and to see if the RIs could be tuned by varying 

the amount of thiol incorporated into the starting sols and other synthetic parameters, an 

in-house built Abbé-type refractometer (built and generously provided for our use by the 

Loock research group at Queen’s University) was used.  With this particular set-up, a 
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beam of light refracted by the sample of interest floods a charge-coupled device (CCD) 

camera over a certain area.  If the sample RI lies within the RI range for which the 

instrument is calibrated, the CCD camera will show an image comprised of two distinct 

regions: one illuminated and one not illuminated.  The position (i.e. pixel) at which this 

boundary appears correlates to a given value for sample RI that depends on the 

configuration and calibration of the instrument (see Scheme 2-5 and Figure 2-3 for an 

example).46  Unfortunately, reliable and reproducible measurements of RI were not 

possible on this instrument with our silica-based films.  It was rare to see a distinct and 

sharp interface / boundary in the images captured by the CCD camera, which lead to wide 

variability in the interpretation of the corresponding RI of the film.  Two examples of 

some of our better – yet still ambiguous – CCD images obtained with these films are 

shown in Figure 2-4.  In particular, it should be noted that Figure 2-4 shows two images 

recorded for one particular film, but both images are quite different in appearance.  In 

Figure 2-4a, an interface may be deciphered, but the fringe pattern observed in Figure 

2-4b complicates the identification of the position of the true interface.   

Complications with film RI determination aside, despite the seeming ease with 

which continuous and relatively robust thin silica xerogel films could be synthesized, the 

adaptation of such procedures to yield thick and continuous sol-gel-derived films (> 1 μm 

in thickness) proved significantly challenging.  Specifically, after evaporating solvent 

from the coating sols through either ambient evaporation or heating at moderate 

temperatures (i.e. between 45–70 °C) to yield more viscous sols, thick films were 

prepared by spin-coating, dip-coating, or drop-casting.  Importantly, it should be 
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Scheme 2-5.  Schematic representation of the refractometer set-up used for the determination of 

silica and organosilica film RIs.  The path of the laser light (indicated in dark grey) is expanded 

and focused with a series of mirrors and lenses, respectively.  At the CCD detector, part of the 

screen is illuminated, while another part of the screen is not illuminated (as indicated by the blank 

/ ‘white’ path).  The position of the boundary between the illuminated and non-illuminated 

regions of the CCD read-out is correlated to the RI of the sample film.  (Scheme taken from 

reference 46b.) 

 

noted that the window within which viscous sols could be obtained and used for coating 

was quite narrow as the onset of sol gelation occurred very quickly – and beyond this 

point, the sol could no longer be used for preparing coatings.  In addition, the resulting 

thick films notoriously cracked catastrophically and often pulled away from the 

substrates while they were dried either ambiently or at moderately elevated 

temperatures.47
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Figure 2-3.  A sample of the screen read-out obtained using the software (written by Mr. Nick 

Trefiak, formerly of Queen’s University) coupled to the refractometer.  The captured image (left) 

is vertically binned and the first derivative of the image intensity is taken and displayed (right).  

The software computes and outputs the pixel at which the turning point in the derivative plot 

occurs (bottom left).  Given the parameters for the calibration of the instrument (bottom right), 

the pixel position is translated into a value for the RI of the sample sitting on top of the 

refractometer prism.  The image displayed, here, is for a sample solution composed of 60 vol% 

DMSO in water at a laser wavelength of 589 nm.  (Image taken from reference 46.) 
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Figure 2-4.  Two different CCD camera images recorded for a the same xerogel film sample (25 

mol% MPTMS co-condensed with TEOS, prepared in a sol using t-BuOH as the solvent) 

aligned slightly differently on the refractometer prism. 

 

 A number of different strategies were pursued in an effort to mitigate the cracking 

and subsequent disintegration of these films during drying.  Shrinkage and cracking of 

the films during the drying stage is most commonly attributed to the inability of the 

porous material to withstand the capillary pressure (Pc) exerted on its framework due to 

the receding meniscus of the solvent at the solvent–skeleton interface, which is quantified 

by: 

 
r

P LV
c

)cos(2 
   (2-2) 

where the negative sign implies that the liquid is in tension, γLV is the surface tension of a 

given solvent at the liquid–vapour interface, θ is the contact angle for the solvent in 

contact with the skeleton surface, and r is the radius of the pore from which the solvent is 

emptying. 

(a) (b) 
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The strategies subsequently explored in this work were thus applied with the 

intention of either reducing the solvent–skeleton interfacial tension, improving the 

stiffness of the silica skeleton, or a combination thereof, and are summarized below in 

Table 2-1.48  To our disappointment, none of these strategies proved sufficient to 

overcome the drying stress exerted on the thick films.  Additionally, particularly after 

post-synthetic treatment by aging the films in an alkaline environment, some of the films 

exhibited heterogeneous, macroscopic phase separation as evidenced by the appearance 

of opaque particulate silica matter embedded in the films and on the surface of the films, 

which was also undesirable. 

We next decided to briefly explore hybrid silica–organic polysilsesquioxane-type 

materials.  For example, as demonstrated nicely by Shea and co-workers, condensable 

bridge-bonded bis-silanes could also be used as precursors to prepare inherently porous 

bulk materials using base-catalyzed procedures.49  These hybrid silica-organic materials 

were also reported to have a greater degree of mechanical robustness due to the flexibility 

imparted on the materials depending on the choice of organic bridging moieties.  In 

particular, we attempted the synthesis of hybrid films using 1,2-bis(triethoxysilyl)ethane 

(BTESE), 1,8-bis(triethoxysilyl)octane (BTESO), and 1,4-bis(triethoxysilyl)benzene 

(BTESB) silsesquioxane precursors (see Scheme 2-4). 

Unfortunately, yet again, the synthesis of thick films could not be successfully 

realized.  It should also be noted, that although the as-synthesized films satisfactorily 

covered the substrate surfaces, fine silica-based particulate matter embedded within the  
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Table 2-1.  Summary of strategies explored to improve the quality and integrity of thick, 

organosilica xerogel films. 

Strategy Purpose General Outcome and Comments 

   
film processing in a 
solvent-saturated 
atmosphere 

 decrease the rate of solvent 
evaporation from the freshly-
coated films and thus decrease 
the drying stress on the siloxane 
skeleton 

 allow the skeleton more time to 
stiffen and thus better withstand 
the drying stress 

 no significant improvements observed 
 cracking and delamination of the thick 

films still occurred upon drying 

   
aging of freshly-
coated films in an 
ammonia-based 
atmosphere 

 allow for stiffening of the skeleton 
through the promotion of further 
siloxane condensation in order for 
the films to better withstand the 
drying stress 

 no significant improvements observed 
 cracking and delamination of the thick 

films still occurred upon drying 

   
solvent-exchange by 
immersing freshly-
coated films in non-
polar solvent (e.g. 
hexanes) 

 exchange the polar, pore-filling 
solvent in the as-synthesized films 
for a less polar / non-polar solvent 
of decreased surface tension in 
order to decrease the capillary 
pressure upon solvent 
evaporation during the drying 
process 

 no significant improvements observed 
 as-synthesized films were occasionally 

washed off the substrate surface when 
immersed into the new solvent 

 cracking and delamination of films still 
occurred during the drying of the thick 
films that survived the solvent-
exchange process 

   
aging of freshly-
coated films in an 
alkaline, aqueous 
solution 

 allow for stiffening of the skeleton 
through the promotion of further 
siloxane condensation in order for 
the films to better withstand the 
drying stress 

 no significant improvements observed 
 precipitation of particulate silica from 

within the films was frequently 
observed, resulting in heterogeneous 
materials 

 cracking and delamination of the thick 
films still occurred upon drying 

   
freeze-drying of films 
prepared with  
t-butanol as the 
solvent in the coating 
sol 

 freeze-drying of the films 
theoretically eliminates any 
capillary pressure within the pores 
of the films because sublimation 
of the solvent eliminates the 
existence of any liquid surface 
tension at the solvent–skeleton 
interface 

 some improvements observed 
 transparent and homogeneous films 

were obtained after freeze-drying 
 however, upon exposure to aqueous 

test solutions (e.g. solutions of Hg(II) in 
acidified DI H2O), precipitation of 
particulate silica from within the films 
was frequently observed – resulting in 
heterogeneous materials and 
indicating that the films were not 
hydrolytically stable 
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films could often be found with these base-catalyzed polysilsesquioxane syntheses after 

film aging and drying despite first passing the sols through syringe filters (bearing 0.45 

μm Nylon® or Teflon® membranes) prior to film formation by either spin- or dip-coating 

or solution casting, which is again undesirable. 

In the end, despite our best efforts, we found it to be considerably problematic to 

form thick, homogeneous, and continuous films by either spin-coating, dip-coating, or 

drop-casting that showed good adherence to the test substrates using these classic sol-gel 

systems.  It was then decided that alternative options for porous silica and organosilica 

film synthesis should be pursued. 

 

2.3  Surfactant-Templated Mesporous Organosilica Sol-Gel Films 

Surfactant-templated materials were next considered as an option for forming 

functional films due to the increased likelihood of producing porous materials in 

comparison to the non-templated materials that had previously failed to yield useable 

results.  Furthermore, surfactants have been previously shown to work as drying control 

chemical additives in non-templated sol-gel silica syntheses due to their modification of 

the surface tension at the interface between the solvent and silica framework.47  It was 

thus expected that film processing may be facilitated using this surfactant-templating 

approach.  

As introduced in Section 1.3, the most famous examples of surfactant-templated 

mesoporous silicas are MCM-41 and SBA-15 materials, both of which possess a 2D 
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hexagonal mesostructure (see Figure 2-5).50,51  This 2D hexagonal structure turns out to 

be a relatively accessible phase using a variety of different surfactants over a wide range 

of reagent compositions.  Despite the ease with which this mesophase may be formed, the 

relatively low degree of interconnected porosity in this type of structure makes these 

materials less useful for applications that demand full mass transport through the solid 

support.  Also, when the sols for 2D hexagonal materials are spin-coated or dip-coated to 

form films, the resultant cylindrical channel arrays tend to align with their long axis lying 

parallel to the substrate surface,31,52,53 which further impairs diffusion through the film in 

the direction normal to the substrate surface.  Fortunately, films bearing 3D 

interconnected pore networks have been synthesized – providing materials that facilitate 

mass transport through the matrix (see Figure 2-6 for representative examples).31,54,55   

 

     

Figure 2-5.  TEM images of (a) MCM-41 and (b) SBA-15, displaying the honeycomb 

mesostructure typically observed for these 2D hexagonally-ordered materials.  These images were 

taken from references 50b and 51a, respectively. 

(a) (b)
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(a) (b)

(c) (d)

(a) (b)

(c) (d)  

Figure 2-6.  3D renderings of (a) rhombohedral R 3 m (distorted face-centered cubic Fm 3 m), (b) 

2D rectangular c2mm (distorted 2D hexagonal p6mm), (c) distorted double-gyroid (distorted 

cubic Ia 3 d), and (d) lamellar mesoporous silica films (siloxane framework shown in green) on 

support (grey substrate).  (Images taken from reference 54b.) 

 

 

Figure 2-7.  Binary phase diagrams for (a) Pluronic® P123 and (b) Pluronic® F127 nonionic 

block copolymers in aqueous solution.  Note the relatively large area occupied by the hexagonal 

phase in the case of the P123 block copolymer, and the greater occurrence of a cubic phase with 

the F127 block copolymer.  (Both plots taken from reference 56.)  



 

  54

Depending on the surfactant employed in a given synthetic procedure, cubic and 

bicontinuous phases are accessible in different regions of a particular surfactant’s phase 

diagram, and some surfactants more readily adopt these mesostructures than others (see 

Figure 2-7).56   

 

2.3.1  First Generation Pluronic® F127-Templated Materials 

The synthesis of SBA-type cubic materials by evaporation-induced self-

assembly31,32,33 (EISA) was first attempted following a procedure obtained directly from 

researchers in the Stucky group at the University of California at Santa Barbara.57  This 

synthesis used the nonionic, amphiphilic, triblock copolymer Pluronic® F127 

(PEO106PPO70PEO106) (where PEO = poly(ethylene oxide), and PPO = poly(propylene 

oxide)) (see Scheme 2-6) as the surfactant in acidic media.  This block copolymer has 

been shown to be more effective in preparing cubically ordered materials than the 

Pluronic® P123 block copolymer (PEO20PPO70PEO20) (see Scheme 2-6) used to 

synthesize SBA-15,51b,57 and was thus deemed appropriate for investigation in this 

particular project. 
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Scheme 2-6.  Nonionic, polymeric templates used in this project. 
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The aged sol for this material (and all surfactant-containing sols prepared 

hereafter) was much easier to handle in comparison to the non-surfactant-containing sols.  

The transition from the solution to the gel phase was far less abrupt as the viscosity of the 

sol increased more gradually with time.  This provided a wider window within which to 

work with the sol.  Also, as expected, the films coated at a given spin- or dip-coating rate 

also became progressively thicker as the sol became more viscous.  Experimenting with 

different sol viscosities and spin- and dip-coating rates allowed for the preparation of as-

synthesized films (i.e. with the template still in the pores of the material) in a wide range 

of film thicknesses (as determined by profilometry) – including those thick enough to be 

useful in coating the LPG. 

Difficulties arose, however, at the surfactant removal stage.  Despite long 

exposure to refluxing acidic ethanol in a continuous (Soxhlet) extractor, solid-state 13C 

CP MAS NMR showed evidence of a significant amount of residual surfactant in the 

treated bulk materials (formed by gelation of the residual sol not used for film 

preparation), and nitrogen adsorption porosimetry analyses on these bulk materials 

showed a complete lack of porosity.  Calcination to remove the block copolymer 

template, however, was not an option because the fibre-optic waveguide cannot withstand 

prolonged exposure to such elevated temperatures (e.g. 500 °C for up to 8 hours).  Even 

if the extraction process had been successful at removing the template from the material’s 

pores, the thick films did not survive the solvent extraction.  The extracted films were 

either severely cracked or nearly completely washed away from the surfaces of both glass 
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and silicon test substrates.  We thus turned to an alternative procedure in our attempts to 

prepare functional films.58 

 

2.3.2  Brij® 56-Templated Thiol-Functionalized Films, High-Index Tetrasulfide 

Films, and Preliminary Hg(II) Sensing 

The nonionic alkyl polyether Brij® 56 (C16H33EO10, B56) (Scheme 2-6) was 

previously shown to yield aminopropyl-functionalized cubic, ordered mesoporous silicas 

as thin films when employed under acidic conditions.58  This material was successfully 

replicated in our laboratory and thiol-functionalized derivatives of this material were also 

successfully prepared using the original Brinker procedure as a guide.59  

Bulk materials were first prepared following the original procedure published by 

Brinker.58  Removal of the template did not require Soxhlet extraction, as reported in the 

published procedure, but instead could be achieved by simply refluxing the material in 

acidic ethanol.  The resulting materials were highly porous as evidenced by nitrogen 

porosimetry, although borderline microporous in nature (surface area = 423 m2·g-1; BJH 

pore diameter (desorption branch) = 17 Å) (see Figure 2-8).  Elemental analysis (EA) 

showed a high degree of incorporation of the aminopropyl moiety (2.17 mmol NH2 ·  

g-1 material).60  Although complete template removal could not be achieved (as is typical 

with template removal by solvent extraction),61 more than 98% of the surfactant is 

consistently removed from the materials (as determined by elemental analysis), which is 

more than sufficient to open up the porous network.   
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Figure 2-8.  Nitrogen isotherm and pore size distribution (inset, BJH desorption branch) for a 

solvent-extracted 20 mol% APTES / 80 mol% TEOS organosilica material templated with B56.   

 

To make this material more suitable as a mercury-binding material, the synthesis 

was modified from the original addition of 20 mol % of (3-aminopropyl)triethoxysilane 

(APTES) to include MPTMS (5 mol%) instead (see Scheme 2-4).  Again, this bulk 

material was prepared with a high degree of incorporation of the organic component 

(0.65 mmol SH·g-1 material, as determined by EA), showed successful removal of the 

surfactant, and had a reasonable degree of porosity (58%) (calculated as a ratio of ‘pore 

volume’ to sample volume if the density of fused silica is assumed to be 2.2 g·cm-3).62  

This material was then tested for its ability to absorb Hg(II) from aqueous solution.  

Under our optimized conditions (see Section 2.6.11), 0.18 mmol·g-1 (35 mg·g-1) of Hg(II) 
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Table 2-2.  Heavy metal uptake data for mesoporous organosilica thin films and bulk material 

immersed in aqueous solutions of Hg(II).   

Sample 
Initial Hg(II)  

Concentration [ppm] 
Final Hg(II)  

Concentration [ppm] 

   
5 mol% MPTMS / 95 mol% TEOS

(as-synthesized film) 
0.84 0.32 

   
5 mol% MPTMS / 95 mol% TEOS

(solvent-extracted film) 
0.84 0.33 

   
5 mol% MPTMS / 95 mol% TEOS

(solvent-extracted bulk) 
69 25 

   
100% BTESPTS 

(non-templated film) 
0.84 0.57 

   

 

 

were taken up by the material (see Table 2-2), as measured by cold-vapour atomic 

absorption spectrometry (CV-AAS).  These values closely match those reported in the 

literature by other groups who have also prepared high affinity mercury adsorbents,41,42,43 

demonstrating this material’s potential as a suitable LPG overlay. 

However, initial attempts to remove the surfactant from thick Brij® 56-templated 

films by solvent extraction were again unsuccessful at the outset of experimentation.  

Although thin films (< 400 nm) survived the extraction process, thick films (especially 

those ≥ 1 μm, which are necessary for the sensing system) were easily destroyed.  A 

search of the literature and a recollection of our previous experience with the non-

templated film systems gave insight into a variety of different post-synthesis treatments 

that could be performed to reinforce the silica matrix and increase the material’s 

resistance to the stresses of template removal.  In particular, exposure of the as-
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synthesized materials (in both bulk and film form) to a saturated atmosphere of ammonia 

vapour has been shown to consolidate the silica matrix, which improves its mechanical 

integrity.63,64,65  The more condensed silica network that results from this treatment also 

mitigates pore contraction during subsequent thermal treatments and surfactant removal, 

improving the material’s final physicochemical properties relative to the untreated 

material.  As shown in Figure 2-9, when this ammonia vapour post-synthetic treatment 

was applied to our materials, the resultant pore diameter of the extracted bulk material 

was significantly larger than for the untreated extracted materials.  This was also evident 

in the dramatic change in the shape of the nitrogen adsorption–desorption isotherm and 

its hysteresis loop (Figure 2-10), which shows more mesoporous character as well as an 

increased degree of pore connectivity for the case of the ammonia-treated materials.  

With the subsequent incorporation of an ammonia vapor treatment step to the film 

synthesis protocol, thick films (>> 1 μm) have consistently survived solvent extraction of 

the templating agent without significantly compromising the film thickness, film 

uniformity, or continuity. 

As with the bulk materials, these films (~ 2 cm2 in area and 150–500 nm in 

thickness, coated and left intact on their respective substrates) were subjected to mercury 

uptake tests and demonstrated an even larger capacity for Hg(II) uptake (0.9 mmol·g-1, 

180 mg·g-1) (see Table 2-2).  This reinforces the suitability of these materials as coatings 

for a metal sensor.   

Both as-synthesized and extracted films were analyzed in these experiments, and 

surprisingly, both types of materials demonstrated mercury absorption.  This was  
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Figure 2-9.  Pore size distribution plots (BJH desorption branch) for porous 5 mol% MPTMS / 

95 mol% TEOS bulk materials templated by B56 without (open circles) and with (black 

triangles) ammonia vapour treatment prior to solvent extraction of the templating agent. 

 

 

Figure 2-10.  Nitrogen isotherms for porous 5 mol% MPTMS / 95 mol% TEOS bulk materials 

templated by B56 without (open circles) and with (black triangles) ammonia vapour treatment 

prior to solvent extraction of the templating agent. 
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encouraging news because the residual surfactant left behind in the extracted materials 

did not appear to impair the function of the films at all.66  Instead, removal of the 

surfactant is of interest in terms of lowering the RI of the film to a value slightly below 

that of the cladding.  Furthermore, if the surfactant was to be left inside of the films in the 

final device configuration, it would be expected that the RI of the coating would drift 

with time due to leaching of the surfactant into the external environment.  This in turn 

would affect the operation and calibration of the sensor at the testing site. 

After gaining a handle on preparing MPTMS–TEOS-based films, it was 

necessary to get estimates of the RI of the films (both as-synthesized and extracted) at the 

operating wavelength of the sensor (1550 nm).  Turning to refractometry, the RIs of as-

synthesized films of varying composition were measured.  Although the precision of the 

values was questionable, the values were used to at least try and obtain some ‘ballpark’ 

estimates for the RIs of the as-synthesized films.  Unfortunately, extraction of the films 

caused the RIs of the films to fall out of the range of the refractometer (i.e. lower than 

1.42 with that particular set-up).  The inability to measure the RIs of the extracted films 

using the refractometer was more likely due to the significantly decreased RI of the 

extracted films after removal of the surfactant than changes in other properties of the film 

(e.g. thickness, uniformity, and continuity), since measurements of the film thickness and 

roughness by profilometry before and after extraction showed little changes in these film 

properties.   

Variable angle spectroscopic ellipsometry (VASE) was simultaneously 

investigated as an alternative means of measuring the RIs of both the as-synthesized and 
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solvent-extracted films (see Table 2-3).  Unfortunately, the results also did not appear to 

be reliably accurate or reproducible due to difficulties in fitting a model to the 

experimental data from which the desired optical properties could be extracted.  The 

modeling of the data becomes exceptionally complex with such thick films of multi-

component systems.  Consequently, both this technique and refractometry were used 

where appropriate to mainly identify trends in film RI, as opposed to pin-pointing 

absolute values for film RIs.  Our confidence in the results from refractometry and VASE 

was judged on a case-by-case basis and relied on the outcome of multiple measurements 

for every sample analyzed. 

 

Table 2-3.  Summary of refractive indices of B56-templated thick films and surfactant-free thin 

films (as measured by VASE). 

Film Composition 
RI at 1550 nm 

(as-synthesized film) 
RI at 1550 nm 

(solvent-extracted film) 
   

20 mol% APTES / 80 mol% TEOS 1.4630 1.3625 
   

5 mol% MPTMS / 95 mol% TEOS 1.4664 1.3026 
   

100% BTESPTS 1.5746 N/A 
   

 

 

Despite the fact that the RIs of the thiol-functionalized silica films prepared with 

the B56 system were likely too low to be in the sensitive region of the LPG, these films 

were nonetheless coated onto LPGs to test their ability to effectively interface with the 

optical sensing element.  Both as-synthesized and solvent-extracted films were calibrated 

for their RI sensitivity using water / DMSO solutions of varying composition.  When 
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immersed in solution, the as-synthesized films induced peculiar and incomprehensible 

changes in the appearance of the LPG attenuation spectra, which was eventually 

attributed to the RI of the as-synthesized films exceeding that of the fibre cladding.  

However, once solvent-extracted, these films only showed RI sensitivity when immersed 

in relatively high RI solutions – not in water, as ideally desired – implying that the RI of 

the porous films was conversely too low.  Not surprisingly, then, Hg(II) sensing in 

aqueous solutions did not yield any LPG response. 

At this point, publications detailing the use of high RI overlays (i.e. higher than 

the RI of the fibre cladding) on LPG-inscribed fibre-optic waveguides were 

encountered.67,68  In these reports, very thin films (only a few hundred nanometers in 

thickness) of specific thickness and RIs greater than the cladding were used to coat LPGs, 

and resonant peak shifts were obtained in response to changes in RI of the external 

 

Figure 2-11.  Modeled effective RIs of different linearly polarized (LP) modes for varying 

thicknesses of an LPG overlay with an RI of 1.58.  (Image taken from reference 19.) 
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environment surrounding the overlay.  Such high RI films were then briefly pursued as 

potential LPG coatings for Hg(II) sensing.  

Thin films (not surfactant-templated) were thus prepared using 100% BTESPTS 

(bis[3-(triethoxysilyl)propyl]tetrasulfide) for Hg(II) uptake following a previously 

published procedure,69 as powdered / bulk BTESPTS-functionalized mesoporous 

organosilica materials have been shown to be highly effective Hg(II) adsorbents.70  Since 

this was essentially a one-component thin film, VASE was used to determine its RI.  

After determining that the RI of this film was ~1.58 at 1550 nm (see Table 2-3), our 

collaborators at Dalhousie University (Prof. Peter Wentzell and Dr. Hannes Hochreiner) 

were able to model the LPG response to external changes in RI using this type of film.  

Their results (see Figure 2-11) suggested that a film of 400 nm-thickness was necessary 

to see any shifts in the resonant wavelength.  Layer-by-layer deposition of the sol was 

consequently used to build up an overlay of sufficient thickness in a spin-coating 

experiment to successfully prepare a high refractive index film that was 400 nm in 

thickness.  As seen in Figure 2-12, there was a high degree of control in preparing the 

400 nm film. 

An analogous layer-by-layer coating procedure was followed to coat an LPG by 

dip-coating, after which the coated LPG was exposed to solutions of different Hg(II) 

concentration and analyzed on the OSA.  At this point, it should be noted that no porosity 

was expected for this non-templated film as it was thought that a film of only a few 

hundred nanometers in thickness may potentially be thin enough to allow surface-bound 

analytes to still interact with the tail of the evanescent wave.  However, to our 
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Figure 2-12.  Plot of the film thicknesses of layer-by-layer spin-coated, high-RI, 100% 

BTESPTS films (prepared without the use of any templating agent) as a function of the number 

of deposited layers. 

 

 

Figure 2-13.  A photograph of layer-by-layer spin-coated, high-RI, 100% BTESPTS films 

(prepared without the use of any templating agent) with one (blue), two (yellow), three 

(magenta), and four (green) accumulative layers. 
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disappointment, again, no shifts in the resonant peak were observed.  Although high RI 

films are potential materials for the mercury sensor and the issue of introducing porosity 

into these high RI films could be addressed, the LPG response to changes in the RI of the 

surrounding environment is governed by phenomena that differ from that of the low RI 

materials described earlier and is not as well understood.  Troubleshooting these high RI 

materials on LPGs becomes a more convoluted task, and as such, it was decided that 

research efforts should be concentrated on fine tuning the system using low RI films 

containing MPTMS and templated by B56. 

Knowing that relatively robust, thick, porous, mercury-binding, and low RI films 

could be reliably prepared by the modified Brinker method using B56 as a surfactant and 

mercaptopropyl moieties as the metal binding ligands, it was anticipated that it could be 

possible to see shifts in the resonant peaks in the LPG attenuation spectrum by tuning the 

RI of the environment surrounding the LPG overlay through modification of the solution 

medium instead of the overlay itself (see equation 2-1).  Again, the LPG attenuation is 

more sensitive to changes in the RI of the surrounding environment when that RI (in 

combination with the RI of the film) approaches that of the fibre cladding.  If the RI of 

the film is too low – even when water occupies the pore space – the effective RI of the 

environment could be increased to a value closer to that of the cladding through the use 

of water / DMSO mixtures, as opposed to purely aqueous solutions.  The DMSO volume 

fraction in the mixtures can be increased until the effective RI of the film–water–DMSO 

system resides in this region of highest sensitivity.  Although this is not an ideal set of 

conditions (i.e. the system will eventually have to work in a purely aqueous system in the 
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field), water / DMSO mixtures were nonetheless employed to give us at least a 

preliminary idea of whether or not the sensing device would work before investing 

further effort into tuning the RI of the overlay. 

Water has an RI of 1.3330 at 589 nm (i.e. 20
Dn ) (1.3157 at 1550 nm), while DMSO 

has an RI of 1.4783 at 589 nm (1.4619 at 1550 nm) (recalling that 1550 nm is the 

wavelength of interest in our sensing application).71  Consequently, by changing the 

volumetric ratios of water and DMSO, solutions mixtures with RIs between these values 

may easily be prepared and tested with the LPG.  A series of different water / DMSO 

solutions were, therefore, prepared and then used to calibrate a coated LPG with the 

purpose of identifying a water / DMSO mixture that would bring the effective RI of the 

film–solution system into a range that more closely matches the RI of the cladding and 

enhance the sensitivity of the response (see Figure 2-14).  Specifically, the calibration 

curve is a plot of the resonant peak shift (relative to a reference peak position such as that 

for the LPG in air) as a function of the RI of the surrounding water / DMSO solution.  

The region of curve with the steepest negative slope is identified, in this case, as being 

the region of highest RI sensitivity, and thus a water / DMSO medium for Hg(II) sensing 

is chosen from within this region.   

In an additional move to improve the sensitivity of the LPG to changes in RI, we 

were able to obtain LPGs produced with a shorter periodicity (specifically, Λ was 

modified from 548 μm to 320 μm) from our suppliers.  Furthermore, the cladding 

diameter surrounding the grating was reduced by etching with a concentrated aqueous 
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solution of ammonium hydrogen bifluoride, which increases the intensity of the 

evanescent field that extends into the environment surrounding the LPG.72  

A fibre was therefore etched, coated, calibrated, and then subjected to mercury 

uptake tests using Hg(II) solutions prepared in water / DMSO mixed solvent systems.  

From the calibration curve for the cladding-etched LPG bearing a solvent-extracted 

porous coating (2.5 mol% MPTMS-functionalized) obtained in Figure 2-14 (Coated 

LPG, Trial #1), it was first decided that a water / DMSO solution with a  

 

 

Figure 2-14.  Calibration curves for an etched LPG (both in its bare (black trace) and coated state 

(red and blue traces)) (Λ = 320 μm, grating length = 25 mm) showing the resonant peak shifts as a 

function of the RI of the surrounding water / DMSO solution.  Two Hg(II) sensing trials were 

conducted using the same 2.5 mol% MPTMS / 97.5 mol% TEOS coating on the LPG in mixed 

water / DMSO solutions of RIs indicated by the dashed lines (red and blue dashed lines for Trials 

#1 and #2, respectively). 
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refractive index of 1.33 (at 1550 nm) would be a reasonable starting point.  Although 

1.33 does not lie directly at the steepest point of the calibration curve, it was 

hypothesized that the absorption and concentration of Hg(II) in the film might be 

sufficient to drive the RI of the film–solution system into the sensitive region of the 

response curve. 

This coated LPG was then exposed to Hg(II) solutions of different concentration 

(1–100 ppm) prepared in a water / DMSO mixture consisting of 13 vol% DMSO (4 

mol% DMSO) (RI = 1.33 at 1550 nm).  Much to our delight, this experiment returned an 

overall blue-shift of 2.5 nm in the resonant peak position (an accumulative value) with 

respect to the blank solution (Figure 2-15).73 

 This film was subsequently rinsed with 6 M HCl(aq) to remove any thiol-bound 

Hg(II) and ‘regenerate’ the film, and the experiment was performed a second time using 

the same film–LPG system.  However, to see if any improvements in the magnitude of 

the shift could be realized, the water / DMSO solution was adjusted to 33 vol% DMSO 

(11 mol% DMSO) to give a solution with a slightly higher RI of 1.36 (Coated LPG, Trial 

#2 in Figure 2-14).  Although the profile of the response is different for the second trial 

(Figure 2-16), the overall response to Hg(II) was still observed and in fact had increased 

to a magnitude of 5 nm. 
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Figure 2-15.  Plot of the resonant peak shifts for a 2.5 mol% MPTMS / 97.5 mol% TEOS 

coating on an LPG as a function of the Hg(II) concentration in water / DMSO solutions with an 

RI of 1.33 (at 1550 nm). 

 

 

Figure 2-16.  Plot of the resonant peak shifts for a 2.5 mol% MPTMS / 97.5 mol% TEOS 

coating on an LPG as a function of the Hg(II) concentration in water / DMSO solutions with an 

RI of 1.36 (at 1550 nm).   
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Encouraged by these results, other modifications to the overlay were attempted to 

try to further increase the magnitude of the peak shift.  Firstly, the thiol content was 

increased to see if larger changes in RI could be experienced as a result of the increased 

Hg(II) binding capacity.  Films of 5, 10, and 20 mol% thiol were prepared and subjected 

to a similar sequence of analyses as outlined with the 2.5 mol% thiol-functionalized film 

above.  Unfortunately, no significant improvements in the RI sensitivity and in the 

resonant peak shifts were observed in these additional cases. 

 

2.3.3  Tetrasulfide-Functionalized Brij® 56-Templated Films for Pb(II) Sensing 

A more thorough survey of the physical data for Hg(II) revealed a very low 

polarizability volume for this species (1.25 Å3).74  Therefore, the absorption of Hg(II) 

may not, in fact, result in overly significant changes in the effective RI of the film–

solution system surrounding the LPG.  It was then decided that Pb(II) could instead be a 

more appropriate heavy metal candidate to explore as a test compound that could serve as 

a proof-of-concept for this optical metal sensor.  The polarizability volume of Pb(II) (5 

Å3) is much larger than that of Hg(II),74 and could, therefore, result in a more easily 

detectable change in RI of the film upon absorption of Pb(II).   

 Consideration was also given to the heavy metal-binding ligand itself.  In 

particular, we returned to the BTESPTS precursor explored for the high-RI films as an 

alternative to MPTMS.  Notably, in addition to its high affinity for ‘soft metals’, its RI in 

its uncondensed form exceeds that of MPTMS (see Scheme 2-4).  This factor could 
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potentially aid in boosting the RI of the porous films into a more effective range whereby 

metal sensing in pure aqueous systems could be realized.  In addition to this aspect 

regarding RI, the incorporation of a bis-silylated ligand into the silica framework may 

advantageously improve film flexibility, which would then enhance the material’s ability 

to withstand mechanical and physical stresses experienced during film processing and 

subsequent sensing trials.  It was then decided that the focus of this fibre-optic sensing 

project would be shifted from the detection of Hg(II) using thiol-based ligands to the 

detection of Pb(II) using tetrasulfide-based ligands. 

The B56-based film synthesis was thenceforth modified to accommodate the 

incorporation of the bis-silylated tetrasulfide-based ligand.  The corresponding 5 mol% 

BTESPTS (Si basis) / 95 mol% TEOS75 bulk materials demonstrated porosity (905 m2· 

g-1), as well as evidence for tetrasulfide incorporation (1.61 mmol·g-1, as determined by 

EA).  Unfortunately, despite possessing respectable material properties and metal 

detection in mixed water / DMSO systems with the film–LPG system, still no Pb(II) 

detection in water was experienced.  Of notable importance was the fact that if, for 

example, two films of the same starting composition were deposited on to two LPGs of 

equivalent specifications, the calibration of those two systems would often show 

dissimilar calibration behaviour – implying that the RIs of those films were not as similar 

as we would otherwise have hoped them to be.  This was a critical issue not only in terms 

of RI matching, but because it was a reflection of the limitations of truly reproducing our 

films as film RI is intimately connected to the physical properties of the films (e.g. degree 

of ligand incorporation, porous volume, degree of siloxane condensation within the 
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framework, and so forth).  This was also glaringly apparent when, for example, TEM 

images for a given sample showed a wide variety of mesoscopic ordering, indicating that 

the materials are not necessarily always formed with uniform structural control (see 

Figure 2-17). 

 

   

Figure 2-17.  Two different TEM images of the same thick, solvent-extracted 5 mol% BTESPTS 

(Si basis) / 95 mol% TEOS film templated by B56 showing the occurrence of mixed mesophases 

throughout the material.  In particular, (a) 2D hexagonally-ordered and (b) amorphous regions 

can be observed.  

 

2.3.4  Improving the Reproducibility of Film Synthesis and Second Generation 

F127-Templated Tetrasulfide-Functionalized Films for ppb-Level Pb(II) Detection 

The challenges with respect to forming materials by sol-gel chemistry became 

increasingly apparent at this point.  Despite the rich variety of materials that can be 

(a) (b)
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accessed through sol-gel chemistry and the versatility of the methodology, the 

condensation products obtained by this process are not, in fact, ‘thermodynamic 

products’, but rather ‘kinetic products’ whereby metastable states and structures are 

‘frozen’ in the framework of the network solid.47  Thus the final form of the material is 

dependent on competing rates of the different constituent processes and the overall 

degree of siloxane condensation.  It is, therefore, highly likely that sensitivities to 

processing conditions (for example, the timing and temperature of certain steps, as well 

as the humidity of the surrounding environment during the preparation of the siliceous 

structures) are significant.30,33,34,76  Furthermore, given the interdependence of many of 

the synthetic and processing variables, it is also extremely likely that the modification of 

any one parameter will result in a perturbation of several other physical and chemical 

processes that will correspondingly affect the properties of the final product. 

 With this in mind, we ventured to control the film processing conditions as 

rigorously yet practically as possible.  The parameters that were consequently highlighted 

included: (i) the order of reagent addition; (ii) time allotted for each of the pre-hydrolysis 

steps; (iii) sol stir rate; (iv) sol aging temperature; (v) sol density at the time of coating; 

(vi) spin- and dip-coating rates; (vi) relative humidity (RH) of the surrounding 

environment during the coating step; (vii) drying and curing temperatures and times; 

(viii) ammonia vapour treatment time; (ix) surfactant extraction conditions (temperature, 

reflux rate, and elapsed time); and when applicable, (x) LPG exposure conditions.  In 

particular, sol density at the time of coating and the RH of the surrounding environment 

during the coating step were identified as two of the most crucial parameters.  
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Elaboration on the details pertaining to the control and influence of these two parameters 

is included in the paragraphs that follow. 

 As previously mentioned, thick films were obtained by using viscous, aged sols 

for the coating processes.  However, the actual viscosity of the sol was quantitatively 

unknown, and although the spin- and / or dip-coating rates could be changed to 

qualitatively adjust for the relative viscosity of the coating sol so that the resultant films 

were always of sufficient thickness to be of use as LPG overlays, it was reasoned that a 

better way of monitoring sol viscosity was needed.  In our case, an increasingly viscous 

sol is one consisting of a continuously advancing degree of siloxane condensation.  

Therefore, two films prepared from the same sol at different sol viscosities but the same 

coating rates would not only yield films of differing thickness, but also films of differing 

RIs (and perhaps of different mesostructuring, as well) because the two sols will be at 

different degrees of condensation.  Furthermore, as uniform and continuous thick films 

are inherently difficult to prepare and maintain, it was also suspected that there was a 

range of film thicknesses within which the coatings could be optically useful on LPGs, 

but beyond which film integrity would be drastically compromised.  It would thus be 

important to find a reasonable target for film thickness, and to be able to consistently 

prepare films of that thickness. 

 Without access to an actual viscometer, we decided instead to use sol density as a 

marker for sol viscosity.77  0.5-mL aliquots of the aging sol were weighed at various time 

points during the sol aging / evaporation process in order to determine the instantaneous 

sol density.  For each composition explored thereafter, a plot of the resultant film 
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thickness as a function of measured sol density (for films dip-coated at a withdrawal rate 

of 10 mm·s-1) was generated and used to identify a target sol density that would yield 

films of ~ 2–3 μm in thickness (for example, see Figure 2-18).  This method proved to be 

a much more reliable means of preparing films of a desired thickness in comparison to 

monitoring, for example, elapsed aging time because aging times varied from sol to sol 

due to fluctuations in ambient environment such as the air flow rates within the 

fumehoods. 

 

 

Figure 2-18.  Plot of as-synthesized film thicknesses for both spin- and dip-coated films prepared 

on glass microscope slides (open circles and opaque triangles, respectively).  The sol composition 

was 9 mol% BTESPTS (Si basis) / 1 mol% TTIP / 90 mol% TEOS with F127 as the templating 

agent.  The films were prepared in an atmosphere with RH = 50%.  
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In order to control the RH of the surrounding environment during the coating 

process, an old, decommissioned glove box was converted into a relative humidity 

chamber that housed the dip- and spin-coating apparatuses, and the RH of the ambient 

atmosphere was maintained at an intended level using an appropriate saturated salt 

solution (see Appendix 1 for a comprehensive list of saturated salt solutions that should 

be used to attain an atmosphere of a given RH)78. 

 Given the mixed mesophases obtained in the films prepared using B56 as the 

templating agent and the prevalence of the 2D hexagonal phase within these materials, 

we re-surveyed the literature for other options for possible templating agents, and it 

appeared that F127 (the first surfactant explored in this work) was an overwhelmingly 

popular choice as a surfactant for preparing materials with cubically ordered porosity.  

Despite the complications initially encountered with the solvent extraction of the block 

copolymer from F127-templated materials, we decided to reconsider its use for the 

preparation of our LPG overlays. 

 In our previous attempts to prepare films and bulk materials using F127, template 

extraction was conducted using a Soxhlet extractor.  However, in the case of the B56-

templated films, hot extraction in a round-bottomed flask (RBF) followed by a rinsing of 

the organosilica films or bulk powders with fresh, hot solvent appeared to be an effective 

and more expedient procedure for obtaining porous materials.  Additionally, a report by 

Van Der Voort and co-workers demonstrated that the use of acetone instead of the more 

commonly used acidified ethanol to extract P123 (which belongs to the same family of 

triblock copolymers as F127) from ethylene-bridged periodic mesoporous organosilicas 
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(PMOs) not only removed more the template from the as-synthesized materials, but also 

resulted in materials bearing more favorable porous properties when compared to 

extraction with ethanol or acidified ethanol.79  These data are summarized as follows in 

Table 2-4. 

 

Table 2-4.  Extraction efficiency of several solvents for the removal of P123 from bulk ethene-

bridged periodic mesoporous organosilica materials (taken from reference 79). 

Extraction Solvent Amount of P123 Extracted After 5 h [mol%] 

  
dichloromethane 66.7 
  
chloroform 69.9 
  
acidified ethanol 71.8 
  
ethyl acetate 77.0 
  
isopropanol 78.6 
  
acetone 94.2 
  

 

  

Lastly, in a further attempt to boost the RI of the films to decrease the dependence 

on DMSO-modified aqueous solutions for the demonstration of metal detection, a 

condensable titania (TiO2) precursor (TTIP, Ti(OiPr)4, titanium tetraisopropoxide) was 

co-condensed into a sol comprising TEOS and BTESPTS.80   A similar strategy was also 

employed in the work pursued by the research groups of Profs. Hans-Peter Loock and R. 

Stephen Brown for index-matched PDMS-coated LPGs for the detection of volatile 

organic compounds (VOCs).16  Therefore, our second generation F127-templated films81 
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were tetrasulfide-modified silica–titania hybrid materials processed in a humidity-

controlled environment with concomitant monitoring of the density of the coating sol, 

which were then exposed to post-synthetic treatment of the as-synthesized films with 

ammonia vapour to improve the condensation of the framework (followed by, in some 

cases, trimethylethoxysilane (TMES) vapour treatment to cap residual silanols82) before 

subsequent template removal in an RBF with acetone as the extracting solvent.  In the 

final embodiment, an F127-templated film with a molar composition of TEOS : 

BTESPTS : TTIP = 1 : 0.05 : 0.01 (i.e. 9 mol% BTESPTS (Si basis) / 1 mol% TTIP / 

90 mol% TEOS30) (herein referred to as the ‘PMO film’ and variations thereof) was 

prepared for the proof-of-concept of Pb(II) sensing using LPG-inscribed fibre-optic 

waveguides.     

Markedly, the importance and sensitivity of the resulting material properties to the 

solvent extraction conditions was realized at this point through the work of this project 

and others in our research group.  Certainly, with a Soxhlet-based extraction process, 

template removal could be highly dependent not only on the overall elapsed time of the 

extraction, but also on the solvent drip rate, the temperature of the condensed solvent 

while collecting in the sample reservoir, the ‘residence time’ of the hot solvent while in 

contact with the sample in the reservoir, and the efficiency with which the reservoir 

periodically empties.  Given the efficiency with which the B56 template could be 

extracted from our materials in the RBF-based set-up (see Section 2.3.3), we stayed with 

this methodology of extraction for the remainder of this particular project. 
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In addition, we also hypothesized that the porous properties of bulk material 

(obtained through the gelation of the remaining, unused coating sol) may not necessarily 

be an accurate reflection of the porous properties of the materials in film morphology.  A 

large batch of more than 60 organosilica–titania films were thereafter dip-coated onto 

glass slides, subjected to the routine post-synthetic treatments (i.e. NH3 and TMES 

treatments), and solvent extracted in acetone prior to being scraped off of the substrates 

and collected for nitrogen porosimetry analysis.  Encouragingly, evidence for the 

occurrence of porosity in these F127-based films was obtained (see  

Table 2-5 and Figure 2-19).    

 The physical properties of the surfactant-templated organosilica films were 

expected to differ from those of their corresponding bulk materials for a few reasons.  

Firstly, the bulk material is obtained upon gelation of the unused sol under ambient 

conditions.  At the point at which gelation of the sol occurs, the siloxane condensation 

within the sol will have progressed to a much greater degree than in the case of the 

preparation of the films, which are synthesized using a sol of lesser siloxane 

condensation.  The final mesostructure and physical properties of the resultant material 

may then be noticeably different due to differences in the sol composition at the point of 

mesostructure formation and gelation.33  In addition, differences in the final properties of 

the material may be evident if the difference in the extent of siloxane condensation within 

the matrix of the materials significantly affects the ability of the material to withstand the 

capillary stresses exerted upon the material during solvent extraction, drying, and curing.   
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Furthermore, the drying and curing of bulk materials in comparison to films 

(supported on a substrate) may result in more dramatic yet more uniform pore shrinkage 

as an unsupported bulk matrix is free to shrink in all three dimensions.  In contrast, due to  

 

Table 2-5.  Summary of nitrogen porosimetry data for a large batch of solvent-extracted, 

scraped PMO films. 

Sample 
BET  

Surface Area
[m2·g-1] 

BHJ Ads. 
Pore Diam. 

[Å] 

BJH Cum. Ads.
Pore Vol. 
[cm3·g-1] 

BHJ Des. 
Pore Diam. 

[Å] 

BJH Cum. Ads.
Pore Vol. 
[cm3·g-1] 

      
solvent-extracted 

scraped films 
203 60 0.189 31 0.200 

      

 

 

 

Figure 2-19.  Nitrogen isotherm and pore size distribution curves (insets) for a large batch of 

solvent-extracted, scraped PMO films. 
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their adherence against a solid substrate, the films are largely supported in the plane 

parallel to the substrate surface – leading to pore shrinkage predominantly in a direction 

perpendicular to the substrate plane.47  However, pore collapse due to anisotropic 

shrinkage in the case of supported films may then become more of an issue. 

The effectiveness of post-synthetic treatments such as the ammonia vapour 

treatment and / or solvent-extraction of as-synthesized materials may also differ due to 

variations in mass transport through the materials.  For example, as-synthesized bulk gels 

typically consist of large and thick organosilica pieces, which is in contrast to the bulk 

morphology of the films.  Ammonia vapour treatment may then proceed more efficiently 

through films than through bulk materials.  On the other hand, during solvent-extraction, 

extensive contraction of the bulk gel pieces typically occurs, causing the bulk to turn into 

an increasingly fine (but relatively granular) powder and augmenting the interfacial 

surface area between the particulate matter and the extraction medium.  However, this is 

not the case for films where the interfacial surface area between the films and the 

extraction medium remains constant (and relatively low).  Once more, this could affect 

the degree to which the siloxane framework may be stabilized and hence affect the final 

textural properties of the corresponding materials. 

From TEM images that were collected for these as-synthesized and extracted 

films (see Figure 2-20 for an example of the solvent-extracted film), a wormhole-type 

structure (which is often described as being an interconnected pore system of high 

permeability83) was consistently observed.84  Furthermore, pores of very uniform  



 

  83

 

Figure 2-20.  TEM image of the porous, solvent-extracted PMO film displaying a uniform 

wormhole-type mesostructure. 

 

 

Figure 2-21.  EDX sum spectrum of the solvent-extracted PMO film sample dispersed onto a 

carbon-coated copper grid.  

 



 

  84

     

     

Figure 2-22.  (a) HAADF-STEM image of the solvent-extracted PMO film sample, and chemical 

maps showing the distribution of (b) Si, (c) Ti, and (d) S in the sample. 

 

diameter were observed, with the size of the pores as estimated from TEM well-

correlated to the values obtained through nitrogen porosimetry for the same samples. 

S and Ti content were confirmed by EA and energy-dispersive X-ray (EDX) 

analysis (Figure 2-21) with reasonable agreement between the two methods.  S content 

was found to be 1.5 and 1.9 mmol·g-1, with Ti content at 0.1 and 0.2 mmol·g-1, 

respectively.85  High-angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) and chemical mapping were also employed to confirm that the sulfur 

and titanium were well distributed throughout the material (Figure 2-22).  Notably, no 

TiO2 agglomeration was detected.  

(a) (b)

(d)(c) 
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 The response of the resulting coated LPGs to changes in the RI of the surrounding 

environment was, as before, evaluated by water / DMSO calibration of the devices.  On 

one particular occasion, a film processed with a 9 mol% BTESPTS (Si basis) / 5 mol% 

TTIP / 86 mol% TEOS formulation demonstrated a resonant peak blue-shift of ~ 1 nm 

in response to exposure to a 50 ppb solution of Pb(II) in a purely aqueous (i.e. 100% 

H2O) solution and an overall accumulative blue-shift of nearly 50 nm for exposure to 

solutions of up to 100 ppm Pb(II).86,87  Notably, the resonant peak in the attenuation 

spectrum for the coated LPG in air was observed to blue-shift ~ 55 nm on the optical 

spectrum analyzer (OSA) upon immersing the sensing element in water.  Such a dramatic 

shift in moving the coated LPG from air to water was hereafter established as a necessary 

occurrence in order for metal sensing in purely aqueous systems to be affected.  

Unfortunately, however, metal sensing using these silica-based mesoporous coatings has 

not since been replicated in purely aqueous media on any subsequent LPGs and new 

batches of films, despite repeated demonstrations of Pb(II) detection in water / DMSO 

solutions with compositions from 25–60 vol% DMSO (i.e. 8–28 mol% DMSO).88  

Consequently, we carried on with the demonstration and characterization of Pb(II) 

sensing in index-matched water / DMSO media. 

When coated with a PMO film of  9 mol% BTESPTS (Si basis) / 1 mol% TTIP / 

86 mol% TEOS composition, the steepest part of this particular water / DMSO response 

curve shifts to a solution of RI ~ 1.40 from ~ 1.43 for the bare, cladding-etched, uncoated 

LPG (Figure 2-23, green and blue traces, respectively).  Furthermore, the broadening of 
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the RI-response window is observed, which has the added advantage of extending the RI 

range in which this particular sensor will be effective.   

Having used the response curve for the coated LPG (Figure 2-23) to determine the 

optimum RI of the solution in which sensing will occur (i.e. RI = 1.402 at 1550 nm, 

which corresponds to a 60 vol% (28 mol%) DMSO solution), attenuation spectra with 

Pb(NO3)2 solutions of increasing concentration were recorded.  As expected, a blue-shift  

 

 

Figure 2-23.  Calibration of an LPG-inscribed fibre-optic waveguide (both in uncoated and 

coated states) with water / DMSO solutions of increasing RI, noting the shift to lower RI (~ 1.40 

at 1550 nm) and broadening of the RI-sensitive region that accompanies coating of the grating 

with the PMO film. 
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Figure 2-24.  Optical response for an LPG coated with the PMO film to aqueous DMSO 

solutions (RI = 1.402 at 1550 nm) of Pb(II) of increasing concentration as observed by the LPG 

attenuation spectra and by the shift in the resonant peak position as a function of solution 

concentration (inset). 

 

 

Figure 2-25.  A plot of the shifts in the resonant wavelength position for a PMO-coated LPG 

relative to the peak for the blank solution as a function of exposure to aqueous DMSO solutions 

(RI = 1.402 at 1550 nm) of increasing Pb(II) concentration. 
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in the spectrum is observed as the concentration of Pb(II) increases (Figure 2-24).  The 

inset to Figure 2-24 shows a plot of this shift with respect to the Pb(II)-free solution 

reference peak.  Notably, exposure to a 90 ppb Pb(II) solution resulted in a shift greater 

than 1.0 nm, which is five times that of the resolution of our instrumentation. 

The response plateaus after exposure to a 10 ppm Pb(II) solution with an overall 

peak shift of approximately 10 nm (Figure 2-25, Trial #1).  The sensitivity of the device 

to changes in Pb(II) concentration is nonlinear and is highest at low Pb(II)  

concentrations.  For concentrations below 100 ppb, the response exceeds 1 nm · 100 ppb-1 

Pb(II).  Taking into consideration that the resolution of our OSA is 0.2 nm, the potential 

detection limit for Pb(II) can then be extrapolated to 20 ppb.89  This value is 

encouragingly close to the maximum permissible Pb(II) concentration in drinking water 

according to the US Environmental Protection Agency (EPA) (15 ppb), Health Canada, 

and the German Federal Ministry for the Environment (both 10 ppb).90  Of course, in an 

ideal scenario, this Pb(II) detection would be carried out in a purely aqueous medium.  

Nonetheless, a pre-dilution of a test sample with the requisite amount of DMSO could 

easily be accomplished in the field with a simple pump, which we argue is easier to 

employ than the current use of off-site measurement techniques such as ICP-MS. 

In a series of control experiments conducted over the course of our explorations 

with this film formulation on this batch of LPGs, it was demonstrated that the PMO-

coated LPG did not exhibit any peak shifts upon exposure to NaNO3 solutions of 

increasing concentration, indicating that the observed response is not due to interaction 

with the counter ion or a change in the ionic strength of the solution (Figure 2-26).91  
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Additionally, an uncoated LPG showed no shift in the resonance peak position upon 

exposure to Pb(II) solutions of increasing concentration in an index-matched solution 

medium (Figure 2-27),91 providing evidence for the importance of the mesoporous 

organosilica coating for enhancing the chemical sensitivity of the optical element. 

The sensor could be reused with little loss in sensitivity to solutions of low Pb(II) 

concentration after regeneration with a 1 M HCl solution for 20 minutes to remove any 

bound Pb(II) from the film (Figure 2-25).92  Additionally, a cumulative response to Pb(II) 

in solution was also noted (Figure 2-28), which implies that the sensor may be used for 

several consecutive readings without requiring acid treatment between each sensing 

event.  However, ultimately, degradation of the coating after >> 36 h of exposure to the 

various test solutions and >> 2 h of aqueous HCl exposure led to a loss in overall 

response to Pb(II) solutions.  This is attributed to the inherently low degree of silica 

condensation in these silica sol-gel films in comparison to, say, condensed powders,47 

which we anticipate results in the material being only limitedly stable to acid over 

prolonged periods of time.  A reduced capacity for metal binding by a siliceous powder 

incorporating this ligand after exposure to acid was also previously reported.70 

In brief summary, despite the challenges with being able synthesize mesoporous 

sol-gel derived functional films with strict control and targeting of a very specific film 

RI, the unique demonstration of thick, porous, tetrasulfide-modified silica–titania films as 

functional overlays on LPGs to create a fibre-optic based Pb(II) sensor that responded to 

changes in solution RI was nonetheless accomplished.38,39   
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Figure 2-26.  No resonant peak shifts were observed in the attenuation spectra recorded for a 

PMO-coated LPG exposed to aqueous DMSO solutions (RI = 1.387 at 1550 nm) of increasing 

NaNO3 concentration. 

 

 

Figure 2-27.  No resonant peak shifts observed in the attenuation spectra recorded for an 

uncoated LPG exposed to aqueous DMSO solutions (RI = 1.358 at 1550 nm) of increasing Pb(II) 

concentration. 
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Figure 2-28.  Accumulative resonant peak shifts observed upon repeated exposure of the PMO 

film–LPG system to aqueous DMSO solutions (RI = 1.402 at 1550 nm) of 10 ppm Pb(II) in 

alternation with exposures to blank solutions. 

 

2.3.5  Pb(II) Sensing in Mixed Metal Solutions 

Having demonstrated relatively high sensitivity to Pb(II) binding in mixed 

aqueous–organic systems, the selectivity of the PMO-coated LPG system for Pb(II) was 

briefly investigated.  The same film–LPG system was subjected to 60 vol% (28 mol%) 

DMSO solutions (RI = 1.402) containing 1 ppm each of Cd(II), Co(II), Ni(II), Fe(III), 

and Zn(II) – both with and without the added presence of Pb(II) – and the resonant peak 

position of the coated LPG was monitored using the OSA. 

 To our disappointment, no shifts in the resonant peak positions were observed for 

the mixed metal solutions (both with and without Pb(II) present in the mixture) relative to 

the blank solution (see Figure 2-29).  The concentrations of the metal ions in the solutions 
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were then each increased to 10 ppm to see if larger magnitude optical changes might be 

observed.  However, again, no shifts in the resonant peak positions were observed for the 

mixed metal solutions (both with and without Pb(II) present in the mixture) relative to the 

blank solution (see Figure 2-30). 

Interestingly, though, removal of the PMO-coated LPG from the 10 ppm mixed 

metal solution and immediate immersion of the PMO-coated LPG into a solution of 10 

ppm Pb(II) alone (i.e. without acid treatment of the LPG in between exposure to the 

mixed metal solution and the Pb(II)-only solution as no metal binding event was 

observed in the mixed metal solution, and the film appeared to still be in good condition)  

 

 

Figure 2-29.  Attenuation spectra for the PMO-coated LPG in a mixed metal solution (RI = 

1.402) containing 1 ppm each of Cd(II), Co(II), Ni(II), Fe(III), and Zn(II) both with (blue trace) 

and without (red trace) added Pb(II) (also at a concentration of 1 ppm).  No peak shift is observed 

relative to the metal-free blank (black trace). 
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Figure 2-30.  Attenuation spectra for the PMO-coated LPG in a mixed metal solution (RI = 

1.402) containing 10 ppm each of Cd(II), Co(II), Ni(II), Fe(III), and Zn(II) both with (blue trace) 

and without (red trace) added Pb(II) (also at a concentration of 10 ppm).  No peak shift is 

observed for the PMO-coated LPG in the mixed metal solutions relative to the metal-free blank 

(black trace), however, a response to a 10 ppm solution of Pb(II) alone (without acid treatment 

after exposure to the mixed metal solution) results in a blue-shift in the resonant peak position 

(green trace).  

 

lead to an observable blue-shift in the resonant peak of nearly 8 nm (see Figure 2-30, 

green trace). 

 Our initial explanation of these facts was that some degree of competitive 

binding between Pb(II) the other metal species might be at play.  Cd(II) – also being a 

soft metal similar in nature to Pb(II) – was thus deemed to be the most likely suspect.  

Therefore, metal sensing trials were conducted using the same mixture of heavy metal 

ions (each at a concentration of 10 ppm) both with and without the presence of Pb(II), but 
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with the complete exclusion of Cd(II) from the solution.  Unfortunately, once more, no 

resonant peak shifts were detected.93  

Although the reasons for such responses for the PMO-coated LPG presently 

remain unclear, the metal sensing experiments and their interpretation were complicated 

by the fact that we were using a mixed aqueous–organic solvent medium.  Since the 

binding behaviour between the metal ions and the tetrasulfide-functionalized films may 

reasonably be assumed to differ in a mixed aqueous–organic system in comparison to a 

purely aqueous system, it was decided that further detailed investigations into the heavy 

metal selectivity of our PMO-coated LPG sensing system be left until the system was 

first optimized for heavy metal detection in purely aqueous systems.        

    

2.3.6  Mesoporous Tetrasulfide-Functionalized Titania Films for Pb(II) Sensing in 

Purely Aqueous Solution Systems 

As demonstrated in Section 2.3.4, ppb-level Pb(II) sensing was achieved in mixed 

water / DMSO solution media using silica-based LPG overlays.  However, in an effort to 

execute Pb(II) sensing in purely aqueous media (i.e. the ideal scenario and one that would 

best mimic ‘real world’ testing conditions), films that were mainly titania were also 

explored. 

For our first attempts at synthesizing organically-functionalized, surfactant-

templated mesoporous titania films, we turned to a report by Soller-Illia and co-

workers.94  Again, F127 was used at the templating agent, but with titanium tetrachloride 
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(TiCl4) as the main condensable precursor and the substitution of BTESPTS for the 

monosilylated organotrialkoxysilanes (e.g. APTES) used in the original publication.  

Furthermore, sol aging to form a viscous sol, and sol density monitoring along with 

solvent extraction in acetone (as performed with the silica-based films of the previous 

sections) were applied to this titania-based film synthesis. 

 When calibrated with water / DMSO solutions, the first LPGs coated with films 

prepared from sols consisting of a molar loading of TiCl4 : BTESPTS = 1 : 0.05 

appeared to behave as though the film RI exceeded that of the fibre cladding (recall the 

anomalous behaviour mentioned with the 100% BTESPTS films in Section 2.3.2).  It 

was next decided that TEOS could be re-introduced into the coating sols in order to 

decrease the film RI into a useful range.   

 With a film of composition TiCl4 : TEOS : BTESPTS = 1 : 0.33 : 0.067 (9 mol% 

BTESPTS (Si basis) / 23 mol% TEOS / 68 mol% TiCl4) , we were thrilled to see a 

significant blue-shift (~ 40 nm) in moving the coated LPG from air to immersion in 

water.95  This device was then tested for its optical response upon exposure to purely 

aqueous Pb(II) solutions.  Unfortunately, at sub-ppm levels, no resonant peak shifts were 

observed.  However, a slight blue-shift (< 1 nm) was observed in response to a 1 ppm 

Pb(II) solution.  This was next followed by an astounding ~ 35 nm blue-shift in response 

to a 10 ppm Pb(II) solution (see Figure 2-31) and a total blue-shift of 140 nm overall after 

accumulative exposure to Pb(II) solutions up to 100 ppm!  Additionally, this strange and 

sudden onset of a peak shift at higher Pb(II) concentrations was observed on more than  
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Figure 2-31.  Optical response for an LPG coated with a solvent-extracted, tetrasulfide-

functionalized titania-based film to purely aqueous solutions of Pb(II).  Negligible resonant peak 

shifts occur at low (sub-ppm) concentrations, but a sudden and dramatic blue-shift upon exposure 

to a 10 ppm Pb(II) solution is observed. 

 

one occasion with repeated syntheses of films of this formulation on a second LGP-

inscribed waveguide.96 

Given the large, never-before-seen magnitude resonant peak shift upon exposure 

to a higher concentration Pb(II) solution and the absence of any detectable shifts with less 

concentrated solutions, a few hypotheses were proposed to rationalize the occurrence of 

such an optical response.  One possibility was that the binding affinity of the films for 

Pb(II) may have somehow been changed as a result of the incorporation of the 

tetrasulfide ligand into a matrix of high titania content.  A pre-conditioning of the coated 

LPGs in high concentration Pb(II) solutions (i.e. 50 ppm Pb(II)) was thus conducted prior 

to exposing the films to ppb-level Pb(II) solutions.  With this procedure, 
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Figure 2-32.  Attenuation spectra for an LPG coated with a solvent-extracted, tetrasulfide-

functionalized titania-based film to purely aqueous solutions of Pb(II) after pre-exposure of the 

film to a 50 ppm Pb(II) solution. 

 

a response to an aqueous solution of 50 ppb Pb(II) (~ 1 nm blue-shift) was 

encouragingly detected (see Figure 2-32).  This was followed by another 10 nm blue-

shift upon exposure of the coated LPG to a solution of 1 ppm Pb(II). 

To obtain more quantitative insight into the Pb(II) affinity of these materials, a 

large batch of scraped, solvent-extracted organotitania–silica films was prepared and the 

Pb(II) uptake in aqueous solution was to be evaluated by ICP-OES.  However, these thick 

films did not firstly demonstrate any notable porosity by nitrogen porosimetry (see Figure 

2-33, open circles) nor TEM imaging (see Figure 2-34a), which might account for the  
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Figure 2-33.  Nitrogen isotherms for a large batch of solvent-extracted and scraped tetrasulfide-

functionalized titania-based films, both with (black triangles) and without (open circles) ammonia 

vapour treatment prior to extraction. 

 

    

Figure 2-34.  TEM images of solvent-extracted, tetrasulfide-functionalized titania-based films (a) 

without and (b) with ammonia vapour treatment prior to extraction.  

(a) (b)



 

  99

low sensitivity to dilute Pb(II) solutions.  Consequently, an ammonia vapour treatment 

step was applied in this film synthesis procedure, after which wormhole-type porosity 

was regained in these thick, titania-based films (see Figure 2-33 (black triangles) and 

Figure 2-34b). 

 

Table 2-6.  Heavy metal uptake data for a large batch of scraped and solvent-extracted 

tetrasulfide-functionalized titania-based films immersed in aqueous solutions of Pb(II).   

Initial Pb(II) 
Concentration 

[ppm] 

Final Pb(II) 
Concentration

[ppm] 

Pb(II) 
Absorption

[%] 

Pb(II) 
Absorption
[mmol·g-1] 

Pb(II) 
Absorption 

[mg·g-1] 

Ratio of 
Tetrasulfide

to Pb(II) 

      
0.057 0 100 2.6710-3 0.55 87.9 

      
3.50 0 100 1.6010-2 3.31 14.7 

      
19.9 0 100 9.0310-2 18.7 2.59 

      
42.0 0.032 99.9 0.192 39.8 1.22 

      
48.7 0.14 99.7 0.234 48.6 1.00 

      
71.9 2.66 96.3 0.318 66.0 0.71 

      
91.1 7.20 92.1 0.352 73.0 0.61 

      
120 26.8 77.7 0.418 86.7 0.44 

      
193 84.9 56.0 0.514 106.5 0.26 

      

 

 

A large batch of scraped, ammonia-treated, porous organotitania–silica films was 

then prepared for evaluation of its Pb(II) uptake behaviour.  These data are displayed in 

Table 2-6.  Favourably, we found the binding affinity of these materials for Pb(II) to be 

on the order of 105 (in the case of a ligand : metal molar ratio of 1 : 1), which is still 

incredibly high.  With heavy metal affinity not appearing to be a barrier to sub-ppm level 



 

  100

Pb(II) detection using LPGs in water, we repeated the coating of LPGs with these F127-

templated, ammonia-treated, porous organotitania–silica films for further Pb(II) sensing. 

 A promising ~ 35–45 nm blue-shift in the resonant peak position upon moving 

from air to immersion in water (indicative of the suitability for such a film–LPG system 

to effect metal sensing in a purely aqueous solution) was consistently observed with 

subsequently prepared coatings.  Unfortunately, though, these films appeared to lack 

sufficient hydrolytic stability as extended exposure to water in the early stages of the 

calibration and sensing trials lead to progressive red-shifting of the resonant peak.  By the 

time the peak position stabilized in water, the coated LPG no longer resided in an optimal 

RI-sensitive region to allow for metal sensing in water (see Figure 2-35). 

In a search for other possible routes to preparing films of satisfactory hydrolytic 

stability, a report by Ozin and co-workers was of noteworthy interest.97  Here, the authors 

describe a low-temperature route to preparing mesoporous titania films incorporating pre-

formed anatase phase titania nanocrystallites from TTBO (titanium(IV) tetrabutoxide, 

Ti(OnBu)4) as the precursor.  This is in contrast to the majority of the other reports in the 

literature dealing with titania-based materials, which often involve a transformation of 

amorphous titania to one of its crystalline phases by high-temperature calcination 

(typically ≥ 500 °C) of the as-synthesized materials, which is not a viable option in the 

case of our organically-functionalized film–LPG systems.  Consequently, up to this point, 

only amorphous titania-based films synthesized under relatively low temperature 

conditions were used to meet the objectives of this project.   
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Figure 2-35.  Attenuation spectra for an ammonia-treated, solvent-extracted, tetrasulfide-

functionalized titania-based film on an LPG showing the red-shift of the resonant peak after 10 

minutes of exposure to water. 

 

     

Figure 2-36.  TEM images of a tetrasulfide-functionalized, nanoparticulate titania-based film at 

two different magnifications showing (a) the particulate nature of the film, and (b) some of the 

crystalline anatase planes (with the more evident sections circled). 
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Films were thus prepared with a composition of 9 mol% BTESPTS (Si basis) and 

91 mol% TTBO following the Ozin procedure.97,98  Unfortunately, these materials did not 

exhibit any porosity by TEM analysis (Figure 2-36).99  Futhermore, the application of an 

ammonia vapour treatment step did not succeed in recovering any visible or significant 

porosity in this case.  However, distinct fringes can be identified in the TEM images of 

these materials, corresponding to the crystalline planes of titania nanoparticles embedded 

within the films (see Figure 2-36b). 

 In spite of the initial unfavourable data obtained regarding the textural properties 

of these materials, an LPG was coated with this film to see if any optical response could 

be observed.  However, calibration of this coated LPG yielded strange and 

undecipherable attenuation behaviour consistent with what we had previously 

encountered with films of RI exceeding that of the fibre cladding (see Section 2.3.2). 

VASE was used to estimate the RIs of the coatings as the RI of these films was 

predicted to be higher than any of the other surfactant-templated materials previously 

synthesized over the course of this project due to the presence of the nanoparticulate 

titania.  The RI of the 9 mol% BTESPTS (Si basis) / 91 mol% TTBO material was 

measured to be ~ 1.6 at 1550 nm.  In addition to the exceedingly high RI of this film, the 

film thickness was not optimized for a coating of this RI value, either.  Not surprisingly, 

therefore, no meaningful optical response data was obtained using this nanoparticulate 

film–LPG system. 
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Although our initial attempts to prepare porous and hydrolytically stable, 

organically-functionalized titania-based films for use as chemically-selective coatings on 

LPG-inscribed fibre-optic waveguides have been met with limited success to date, this 

approach continues to remain promising.  We plan to continue working with these 

transition metal oxide-based materials with the objective of better controlling their 

mesostructuring and phase stability, and subsequently exploiting their unique properties 

in evanescent wave and related optical sensing applications. 

 

2.3.7  Organically-Modified Mesoporous Films as Functional Coatings for Silicon-

on-Insulator (SOI) Microchip Sensing Devices 

Given the relative ease with which parameters such as porosity and organic 

functionality in these surfactant-templated, metal oxide sol-gel-type materials may 

theoretically be tuned, one can easily envision extending the application of such 

functional materials to other types of sensing devices.  Specifically, in staying with the 

theme of evanescent wave sensors, silicon-on-insulator (SOI) microchip devices are of 

particular interest.100 

 In this embodiment, high-index silicon waveguides supported on a lower index 

silicon dioxide layer (i.e. the ‘lower cladding’ layer) are patterned onto a silicon wafer 

‘base substrate’ (see Scheme 2-7).  Amazingly, a very large number of individual, 

miniaturized devices may be patterned onto a given chip (e.g. more than 46 devices on a 

< 2 cm2-sized chip) to construct sensor arrays, which easily allow for multiplexed sensing 
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in conjunction with a microfluidic platform (see Figure 2-37).  Here, the high RI contrast 

between the silicon nanowire waveguides and the underlying silicon dioxide layer allows 

for the existence of a very strong and highly concentrated evanescent field surrounding 

the waveguiding structures (see Figure 2-38).  Advantageously, this results in high 

sensitivity to RI changes without the necessity for RI matching between the waveguiding 

substrate and a given functionalized overlay, which is in direct contrast to the one of the 

main criteria of LPG-based RI sensing and one of the main difficulties we encountered 

with that platform.  Therefore, potential for the successful application of the materials 

developed in the preceding sections to these types of devices is of significant interest to 

us. 

A few different device configurations were patterned onto the microchips 

provided by our collaborators at the National Research Council (NRC) (Ottawa, ON) (see 

Appendix 2), but our brief foray into this work (in collaboration with the research group 

of Prof. Hans-Peter Loock at Queen’s University) began with tests on the balanced, spiral 

path Mach-Zehnder interferometers (MZIs) (see Figure 2-37).  In particular, the MZIs 

were designed such that one arm of the interferometer was protected from the external 

environment by a dense silica upper cladding (i.e. the ‘isolation layer’) to serve as the 

reference arm.  Meanwhile the second arm of the interferometer was open to the external 

environment (see Scheme 2-7 and Figure 2-37).  Furthermore, in this particular chip 

design by NRC, each arm of the device follows a spiraled / coiled path in order to 

increase the sensitivity of the device through an elongated effective path length for light  
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Scheme 2-7.  Schematic representation of a cross-sectional view of the sensing window of a 

silicon photonic wire waveguide device (image taken from reference 100c).  The isolation layer 

may be composed of SU-8 photoresist or dense silica. 

 

 

Figure 2-37.  Optical micrograph of three different pairs of spiral path MZIs (note the open 

windows for the sensing arms) on a SOI microchip.  The image was taken at 10 × magnification 

(objective) with dark-field differential interference contrast. 
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Figure 2-38.  Normalized electric field distribution profile for the transverse magnetic (TM) 

mode at λ = 1550 nm for a 0.26 μm   0.45 μm SOI photonic wire waveguide with a SiO2 lower 

cladding and various upper cladding media.  Data modeled and provided by Dr. Dan-Xia Xu 

(NRC, Ottawa). 

 

 passing through the sample of interest.  In this fashion, a change in the RI surrounding 

the exposed ‘sensing’ arm of the MZI would result in a change in the optical path of the 

light traveling along the sensing arm relative to the reference arm, which would result in 

a particular interference pattern.  With accurate pre-calibration of the device (see Figure 

2-39 for an example), the phase shift deduced from the interference pattern can then be 

related to the concentration of a given target analyte.  The long term goal of this aspect of 

our sensing project is, therefore, to demonstrate the extension of heavy metal detection in 

purely aqueous systems using hybrid organosilica films as functional coatings for the 

sensing arm of these ‘lab-on-a-chip’ SOI MZI evanescent wave microchip devices. 

   



 

  107

 

 

Figure 2-39.  (a) Plot of transmitted intensity (normalized) for an unmodified SOI spiral path 

MZI exposed to water and sucrose solutions of increasing concentration (and RI) showing the 

interference fringes that arise due to changes in the RI of the ambient environment.  (b) Plot of 

the phase shift measured from ‘fringe counting’ of the interference fringes in (a) as a function of 

the RI of the surrounding solution. 

 

(a) 

(b) 
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Given that RI-matching for these SOI devices is less critical than in the case of 

LPGs, we first attempted the preparation of thin (~ 400 nm in thickness), 100% 

BTESPTS films for Pb(II) sensing following the same formulation and layer-by-layer 

coating process used in Section 2.3.2.  Unfortunately, no significant optical response in 

the presence of aqueous Pb(II) solutions of 5 ppb to 50 ppm concentration was observed. 

 As these non-templated films likely possessed little to no accessible porosity, the 

TEOS-based, mesoporous, tetrasulfide-functionalized films described in Section 2.3.4 

were next proposed for Pb(II) sensing on the SOI MZI devices given their success on 

LPGs in mixed solution media.  This time around, thin films were prepared (~ 400 nm in 

thickness) using the formulation described in Reference 38 and tested for Pb(II) uptake in 

water.  Unfortunately, the effective RI of these silica-based coatings was now too close to 

that of the protective SiO2 cladding covering the reference arm of the MZI.  This led to 

much smaller differences in the effective RIs surrounding each of the MZI arms, resulting 

in extremely broad and slow phase shifting behaviour of the device upon exposure to 

solutions of the target analyte.  

The broadness of the interference pattern was not a major setback in and of itself.  

Certainly, there remain several options with respect to the exploration of other analyte-

binding materials.  However, when coupled with the large degree of drift observed in the 

intensity of the transmitted signal, the lack of a well-defined baseline / reference signal 

makes interpretation of the phase shifts and the collection of reliable and reproducible 

data incredibly challenging.   
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An additional technical challenge was the coupling of light in and out of the SOI 

microchip devices.  A nanotaper coupler100a,101 (i.e. a single-mode fibre-optic waveguide 

with a finely tapered tip) was used to couple light into the silicon photonic nanowire 

waveguides, while a multimode fibre was used to collect the light at the waveguide exit.  

Maximization of the intensity of the transmitted signal depended very strongly on the 

alignment between the tapered fibre, the nanowire on the chip, and the multimode fibre.  

However, given the small dimensions (e.g. 9 μm for the diameter of the core of the 

tapered fibre) and the small overlapping cross-sections between the ends of each of those 

components as well as the relatively low degree of precision with which each of the 

components could be positioned using the translating stages,102 optimization / 

maximization of the alignment proved to be quite difficult.  Any small degree of 

mechanical creep in the positioning of the various components (which was always 

eventually an issue) was enough to contribute to drifting of the intensity of the 

transmitted signal. 

For these reasons, the pursuit of an optimal functional overlay material for 

solution-based heavy metal detection using these SOI devices has been suspended until 

these important technical and instrumental difficulties are largely rectified.  

 

2.4  MZ (Mach–Zehnder)-Type Tapered Fibre Interferometers 

Lastly, in yet another variation of an evanescent wave sensing device, MZ 

(Mach–Zehnder)-type tapered fibre interferometers103 (generously provided by Prof. 
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Scott S.-H. Yam Queen’s University, Electrical and Computer Engineering) were also 

briefly explored in this relation to this project involving mesoporous organosilica films as 

functional coatings for heavy metal sensors.104 

These MZ-type tapered fibre interferometers were produced by creating two 

tapers of controlled size (using a fusion splicer) separated by a distance (L) varying 

between ~ 25–55 mm along the central region of a length of silica-based, single-mode 

fibre-optic cable (see Scheme 2-8).103  To measure the optical response of this device, the 

fibre-optic waveguide is maintained under constant tension (in similar fashion to the LPG 

devices, as described in Section 2.7.12) and subjected to water / DMSO solutions of 

varying RI.  In contrast to the LPG devices where the optical response is expressed as 

shift in the position of a given resonant peak, the optical response for the tapered fibre 

interferometers manifests itself as a shift in an interference pattern recorded by an 

OSA.105 

Although a handful of trials were conducted to in an attempt to calibrate and coat 

the tapered fibre devices in addition to testing them as heavy metal solution sensors, 

interpretation and analysis of the attenuation spectra was often unclear (see Figure 2-40).  

Specifically, there was significant ambiguity in determining the direction in which the 

interferometric patterns were shifting using our instrumental set-up.  Given a different 

method for data tracking and recording, investigations using this type of evanescent wave 

sensing device may potentially be revisited.  However, in our experience, as this type of 

device was not yielding results that out-performed our results with LPGs, 

experimentation on these MZ-type tapered fibre interferometers was suspended. 
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Scheme 2-8.  Schematic representation of a MZ-type tapered fibre interferometer, showing two 

tapers of specific length and diameter separated by a distance, L, along a single-mode fibre-optic 

waveguide (SMF).  (Image taken from reference 103.) 

 

 

Figure 2-40.  Attenuation spectra for a bare, uncoated tapered fibre interferometer in water / 

DMSO solutions of varying composition.  (Data courtesy of Dr. Judy Cipot-Wechsler, Queen’s 

University.) 
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2.5  Future Work 

With respect to the overarching objective of demonstrating the utility of 

surfactant-templated, organically-modified mesporous metal oxide materials as functional 

coatings for heavy metal optical sensors, a few important ‘proof-of-concept’ milestones 

have been achieved to-date.  However, several facets of this work remain to be explored 

in order to gain a better understanding of the materials design and synthesis, and the 

interactions at the interface between the materials and the devices – as well as the 

optimization of the final devices themselves – and are addressed and summarized in the 

paragraphs that follow. 

 Firstly, sensitive and reproducible heavy metal detection in purely aqueous 

solutions remains to be seen.  Efforts towards realizing this aim may be focused on 

further exploring the use of higher-index transition metal oxide-based films as 

alternatives to the silica-based films predominantly explored in this project to date.  

Although such an endeavour will likely be made difficult due to the higher reactivity (and 

hence the decreased stability) of transition metal oxide precursors,30 several strategies 

may be explored in order to obtain materials bearing dense metal oxide frameworks with 

concomitant preservation of a high degree of uniform and interconnected mesoporosity, 

as well as improved hydrolytic stability.   

 For example, the synthesis of nanoparticulate titania-based films (as introduced in 

Section 2.3.6) may be explored in greater depth to recover porosity in these materials.  

Also, silica films doped with Zr or Al may be an interesting alternative for the 

preparation of hydrolytically stable coatings.106  
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 Furthermore, a variety of other silica and organosilica precursors may prove to be 

useful for both boosting the RI of these coatings for evanescent wave sensing devices and 

increasing their hydrolytic stability.  For instance, organically-modified zeolitic films, as 

well as the use of a majority fraction of silsesquioxane-type precursors such as BTESE in 

the surfactant-templated sols could be of interest.107  Also, phosphate-functionalized 

ligand moieties may be better incorporated into a titania-based framework than the 

analogous alkoxysilane derivatives.30  

 In addition, a large variety of templates are available – the breadth of which has 

been largely under-explored in this project thus far.  It has been purported that films 

prepared from CTAB (cetyltrimethylammonium bromide or 

hexadecyltrimethylammonium bromide) as a template are more stable than films 

prepared from nonionic block copolymers (such as F127) as a result of a decreased 

fraction of microporosity in the CTAB-templated films.30  On a related note, films 

prepared using KLE-type surfactants (i.e. poly(ethylene-co-butylene)-b-poly(ethylene 

oxide) polymers) have been reported to be more robust that their Pluronic®-templated 

counterparts.30  Consequently, experimentation with film syntheses that make use of such 

templating agents may be expected to yield some intriguing materials for the 

development of solution-based, optical heavy metal sensors. 

 In yet another possible avenue, silylated Pluronic®-type surfactants could be 

explored as a dopant for tuning the RIs of the coatings.108  Here, a mixture of both non-

silylated and silylated Pluronic® block copolymer could be used in a starting sol to serve 

as a template for mesostructure formation, however, the amount of block copolymer 
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removed during the solvent-extraction process could be reliably varied over a wide range.  

This would be particularly interesting as the residual surfactant would be expected to 

affect the film RI, but – as shown in our studies (see Table 2-2) – not impair heavy metal 

absorption by the films. 

Once heavy metal detection is realized in purely aqueous systems, further 

explorations in the realm of the characterization and quantification of analyte specificity 

and selectivity may then proceed.  Factors such as solution pH may prove to be 

important.109  Additionally, more specialized ligand species may have to be introduced 

into the films in order to achieve improved heavy metal selectivity. 

 Surfactant-templated, organically-functionalized mesoporous silica and transition 

metal oxide films that prove to be effective coatings for LPG-based optical heavy metal 

sensors will then be expected to translate over to a wide array of other evanescent wave-

based detection schemes.  Some variations (e.g. SOI microchip MZIs and MZ-type 

tapered fibre interferometers) were explored, here, in unoptimized configurations, but 

merit further development.  In particular, alternative nanowire waveguide devices on the 

SOI microchips (single interferometers, multiplexed interferometers, as well as microring 

resonators, and so forth) could prove promising. 

 

2.6  Conclusions 

In summary, we have explored the design, synthesis, and application of thick, sol-

gel derived, surfactant-templated, organically-functionalized mesoporous silica–titania 
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films as functional coatings for the refractive index-based detection of heavy metal 

species in solution.  Notably, this work provides evidence in support of the ease of 

processing surfactant-templated mesoporous films in comparison to non-templated 

xerogel films, and eventually we were able to the demonstration of sub-ppm level Pb(II) 

sensing in mixed aqueous–organic solutions using LPG-inscribed fibre-optic 

waveguides.38,39   

 Despite the rich variety of materials that may be accessed via surfactant-templated 

sol-gel chemistry and the versatility of the methodology, this work has emphasized the 

true complexity of the film synthesis process – the greatest effect being the significant 

interplay and interdependence of a variety of processing parameters that influence the 

synthesis of a kinetically-frozen framework. 

 Furthermore, different types of surfactant-templated materials (i.e. titania-based 

materials) have also been recently explored in an effort to realize LPG-based heavy metal 

detection in purely aqueous media.  Although these pursuits are still in their infancy, the 

synthesis of a suitable LPG overlay seems highly plausible, and efforts to continue along 

this research objective will certainly be maintained. 

 Finally, with steady improvements in the design of our functional, hybrid films, 

we anticipate that these materials may be extended to a variety of evanescent wave-based 

heavy metal sensing schemes – all of which may contribute to significant and much-

needed advancements in fields such as on-site, on-line, and remote environmental 

detection and monitoring. 
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2.7  Experimental Procedures 

2.7.1  General and Materials 

Pluronic® F127 (F127, poly(ethylene oxide)106–poly(propylene oxide)70–

poly(ethylene oxide)106), Brij® 56 (B56, poly(ethylene oxide)10–hexadecyl ether), 

Pluronic® P123 (P123, poly(ethylene oxide)20–poly(propylene oxide)70–poly(ethylene 

oxide)20), TEOS (tetraethoxysilane), MPTMS (3-mercaptopropyltrimethoxysilane),  

APTES (3-aminopropyltriethoxysilane), BTESB (1,4-bis(triethoxysilyl)benzene), 

BTESE (1,2-bis(triethoxysilyl)ethane), TTIP (titanium(IV) tetraisopropoxide), TTBO 

(Ti(OnBu)4, titanium(IV) tetrabutoxide), TiCl4 (titanium(IV) tetrachloride), n-BuOH, t-

BuOH, Pb(NO3)2(s), NaNO3(s), K2CO3(s), and (NH4)HF2(s) (ammonium hydrogen 

difluoride) were purchased from Sigma-Aldrich.  MPTES (3-

mercaptopropyltriethoxysilane), BTESPTS (bis[3-(triethoxysilyl)propyl]tetrasulfide), 

Hg(NO3)2·H2O(s), and LiCl(s) were purchased from Alfa Aesar.  BTESO (1,8-

bis(triethoxysilyl)octane) was purchased from Gelest.  Cd(NO3)2·4H2O(s), 

Co(NO3)2·6H2O(s), Fe(NO3)3·9H2O(s), Ni(NO3)2·6H2O(s), Zn(NO3)2·6H2O(s), KCl(s), 

KNO3(s), in addition to concentrated HCl(aq), H2SO4(aq), H2O2(aq), NH4OH(aq), and 

Optima®-grade concentrated HNO3(aq), as well as KOH(s), acetone, DMSO 

(dimethylsulfoxide), hexanes, toluene, plain glass microscope slides, and syringe filters 

(with either 0.45 μm Nylon® or Teflon® membranes) were purchased from Thermo 

Fisher Scientific.  Both 95% ethanol and anhydrous ethanol were purchased from 

Commercial Alcohols.  Certified RI-matching fluid (1.7250 ± 0.0005) was purchased 

from Cargille Labs.  All of the aforementioned reagents and solvents were used as 
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received without further purification.  Millipore® water was used in all reaction mixtures 

and LPG test solutions.   

Corning® standard telecommunication fibre-optic waveguides (SMF-28) inscribed 

with an LPG (grating length = 25 mm, periodicity = 548 μm and 320 μm) were 

generously provided by ITF Labs (Montréal, Canada).  Single-mode, tapered MZ-type 

fibre interferometers were generously provided by Prof. Scott S. H. Yam (Queen’s 

University, Electrical and Computer Engineering).  Single-mode fibre (SMF-28) was 

purchased from Corning.  High-index SF10 glass wafers were purchased from Volume 

Precision Glass, Inc.  Crystalline, single-side polished Si wafers (boron-doped, <111> 

orientation, 500 μm wafer thickness) were purchased from Virginia Semiconductor.  SOI 

microchips were generously provided by NRC (Ottawa, Canada). 

Spin-coated films were prepared using a Laurell WS-400-6NPP / LITE spin-

coater (typical conditions included spinning at a rate of 3000 rpm for 10 s).  Dip-coated 

films were prepared using a dip-coater built in-house (‘Automated Dip Coater, Software 

Version 1.0’, 18 / 11 / 2005, written by Mr. Robert Hobden) (typically at a withdrawal 

rate of 10 mm·s-1).  LPGs were dip-coated and submerged in the test solutions using 

Teflon®-based sample holders built in-house (designed by Dr. Jack Barnes, Queen’s 

University). 
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2.7.2  Substrate Preparation / Activation 

Base Etching.  Glass or crystalline Si substrates were first immersed in a 1 M KOH(aq) 

solution and sonicated for 10 minutes, and then immersed and sonicated in DI H2O two 

more times for 10 minutes each time.  The substrates were subsequently allowed to air-

dry overnight prior to use. 

Piranha Etching.  Glass or crystalline Si substrates were first immersed in Piranha 

solution (prepared using a 3 : 1 volumetric ratio of concentrated H2SO4(aq) and 

concentrated H2O2(aq), respectively) for 10–20 minutes (CAUTION: Piranha solution is 

an extremely energetic and potentially explosive mixture!  The preparation of this 

solution and its reaction with substrate surfaces and organics results in a significant 

release of heat!  DO NOT store this solution!  Prepare it just prior to use, and discard 

the solution immediately afterwards by flushing it down the drain with copious 

amounts of water!).  The substrates were then generously rinsed with DI H2O and 

subsequently allowed to air-dry overnight prior to use.  This Piranha etching solution was 

also occasionally used to remove silica- and organosilica-based sol-gel coatings from 

glass and Si substrates as well as LPGs in order to recover and re-use the substrates. 

LPG Etching.  The LPG was first connected to a light source and an Agilent 86142B 

optical spectrum analyzer (OSA) to locate the highest order (i.e. longest wavelength) 

resonant peak within a 1200–1700 nm window.  The LPG-containing section of the fibre 

was then suspended across a Teflon® well and was anchored at both ends by magnetic 

fibre clamps to maintain constant tension across the LPG during all of the spectral 

measurements.  The Teflon® well was then filled with a concentrated aqueous solution of 
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(NH4)HF2(aq) (25 g of (NH4)HF2 in 100 mL of DI H2O, or 20 wt% (NH4)HF2(aq)) and the 

LPG was exposed to this etching solution either for a prescribed length of time (on the 

order of a few minutes) or until the resonant peak shifted to a desired position while in 

solution.  The etching solution was then carefully pulled out of the well with a syringe or 

pipette, and the LPG was subsequently generously flushed with DI H2O while fixed 

inside the well.  The LPG was then allowed to dry ambiently for at least 4 hours prior to 

use.  This (NH4)HF2(aq) etching solution was also frequently used to remove silica- and 

organosilica-based sol-gel coatings from glass and Si substrates as well as LPGs in order 

to recover and re-use the substrates. 

 

2.7.3  MPTMS Monolayers and Thin Multilayers 

Base- or Piranha-etched glass substrates and LPGs were immersed in either 

MPTMS / hexanes or MPTMS / toluene solutions of 0.2–20 mol% MPTMS for 24 h at 

room temperature.  The silylated substrates were then rinsed with copious amounts of 

fresh hexanes or toluene (as appropriate) and allowed to dry at T = 25–80 °C for 4–16 

hours prior to use. 

   

2.7.4  TEOS–MPTMS Xerogel Films  

Xerogel Film Synthesis.  A two-step acid- and base-catalyzed procedure previously 

published in the literature45 was modified to incorporate MPTMS in the starting sol to 

yield organosilica xerogel films.  In the first step, TEOS, MPTMS, H2O, anhydrous 
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EtOH and HCl (present in a molar ratio of 1 – x : x : 2.0 : 3.8 : 7.310-4, respectively, 

where x assumed fractional values between ‘0’ and ‘1’) were added to an RBF and 

allowed to react at 60 °C for 1.5 h under stirring (typical scale = 25 mmol of total Si 

species).  Next, an aliquot of 50 mM NH4OH(aq) was added under stirring such that the 

molar ratio of NH4OH / Si species = 2.0510-3.  Immediately following the addition of 

the base, the sol was passed through a syringe filter and then used to coat the designated 

substrates either by spin-coating, dip-coating, or drop-casting.  Alternatively, the sol was 

left to condense for 15–20 minutes (as tgel ~ 30 minutes) before using it to coat the 

designated substrates in order to yield thick, xerogel films.   

Post-Synthetic Treatments: Oven Drying / Curing.  In the simplest case, the as-

synthesized films were immediately dried and cured at a temperature between 25 °C and 

120 °C for a time span lasting anywhere from 4 h to 16 h prior to further characterization 

and testing.  It should also be noted that following any series of aging steps, the last step 

always involved drying and curing of the films under the conditions listed above prior to 

further characterization and testing. 

Solvent-Saturated Atmosphere.  To create a solvent-saturated atmosphere for the aging of 

spin-coated films, the aging solution / solvent of interest (e.g. an EtOH (95%) / water / 

NH4OH(aq) mixture, or hexanes)45,  was introduced into the spin-coating chamber, bell 

jar, or dessicator, which was then sealed off to allow for the accumulation of solvent 

vapours within the vessel.  Films were subsequently exposed to the solvent-saturated 

atmosphere for 1–2 h. 



 

  121

Immersion in an Aging Solution.  In an alternative aging procedure, as-synthesized spin- 

or dip-coated films were directly immersed in a given aging solution48b,c (e.g. NH4OH(aq) 

in 95% ethanol, or a non-polar solvent system such as hexanes) at temperatures between 

25 °C and 60 °C for anywhere between 0.5 h and 24 h. 

Freeze-Drying.  For the freeze-drying of films,48d film synthesis procedures were 

modified to include t-BuOH as a substitute for ethanol as the solvent in the coating sols.  

After coating, the as-synthesized films were then chilled in container immersed in an ice 

bath at 0 °C to freeze the films prior to transferring the films to a Labconco Freezone 4.5 

freeze-dryer where they were left under vacuum (< 0.1 mbar) at -48 °C for 24 h.   

 

2.7.5  Polysilsesquioxane Xerogel Films  

Polysilsesquioxane xerogel films were synthesized from either BTESE, BTESO, 

or BTESB alone, or in combination with either MPTMS or MPTES.  Based on 

recommendations provided by Prof. Kenneth J. Shea and co-workers,49a the general sol 

composition consisted of a total monomer concentration of 0.4 M in alcoholic solvent 

(e.g. anhydrous ethanol), a molar ratio of water : total monomers = 6 : 1, and a catalyst 

(e.g. NaOH or HCl) loading of 10.8 mol% with respect to the total moles of monomer 

present (typical scale = 2 mmol of total Si species).  The reagents were added to each 

other and manually shaken at room temperature.  The sol was then used to coat substrates 

immediately thereafter, or was left to stand and condense for t ~ 0.8tgel (where tgel ranged 

from 4–12 h depending on the sol) before using it to coat the designated substrates in 
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order to yield thick, xerogel films.  Lastly, the as-synthesized films were oven-dried / 

cured at 95 °C for 16 h prior to further characterization and testing. 

 

2.7.6  First-Generation Pluronic® F127-Templated Materials  

Using a procedure provided by Prof. Galen Stucky and co-workers,57 a sol was 

prepared at room temperature using the following reagents in the molar ratios of TEOS : 

MPTMS : F127 : EtOH : H2O : HCl =  1 – x : x : 8.010-3 : 34 : 6.0 : 0.10 (where x = 0–

0.4).  F127 was weighed out into a small glass jar and dissolved under stirring (~ 20 

minutes) with anhydrous EtOH.  Next, HCl(aq) and the silanes were added to the solution 

of F127 and the sol was capped and left to stir at room temperature for an additional 30 

minutes (typical scale = 10 mmol of total Si species).  Thin films were prepared by spin-

coating or dip-coating with this sol after the 30 minutes had elapsed.  Alternatively, the 

sol was left stirring and open to atmosphere at room temperature or at 60 °C to allow the 

sol to age and thicken in order to prepare thicker films.  It should be noted that – 

depending on temperature used – this aging and thickening step took anywhere from ~ 3 

h to 5 days.  The remaining, unused sol was subsequently poured into a Petri dish and left 

to gel under ambient conditions before being subjected to the same post-synthetic 

treatment conditions as the corresponding films. 

In the following step, the films were cured at 90–120 °C for 8–24 h.  Template 

removal was attempted by Soxhlet extraction with a mixture of 95% EtOH and 6 M 

HCl(aq) (at a loading of 1 mL of 6 M HCl(aq) per 200 mL of EtOH) for 24–72 h.  Finally, 
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the films were dried once more either ambiently or at 90–120 °C for 8–24 h prior to 

further characterization and testing. 

 

2.7.7  Brij® 56-Templated Functionalized Films 

A procedure published by Brinker and co-workers was modified for our 

purposes.58  A starting sol with a molar ratio TEOS : APTES or MPTMS or BTESPTS : 

B56 : anhydrous EtOH : H2O : HCl = 1.0 : x : 0.082 : 24 : 5.2 : 0.28 was prepared (where 

x = 0–0.25) by first dissolving B56 in EtOH under stirring at room temperature.  Next, 

the silanes, acid, and additional water were added to the ethanolic solution (typical scale 

= 11 mmol of total Si species), and the sol was capped and left to stir at room temperature 

for an additional 0.5–1 h.  Thin films were prepared by spin-coating or dip-coating with 

this sol after the 0.5–1 h had elapsed.  Alternatively, the sol was left stirring and open to 

atmosphere at room temperature or at 60 °C to allow the sol to age and thicken in order to 

prepare thicker films.  It should be noted that depending on temperature used, this aging 

and thickening step took anywhere from ~ 3 h to 3 days.  The remaining, unused sol was 

subsequently poured into a Petri dish and left to gel under ambient conditions before 

being subjected to the same post-synthetic treatment conditions as the corresponding 

films. 

In the following step, the as-synthesized films were dried ambiently for 8–24 h, 

and then exposed to a saturated ammonia atmosphere63,64,65 for 2 h at room temperature.  

Specifically, the saturated ammonia atmosphere was established by placing ~ 5 mL of 
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concentrated NH4OH(aq) at the bottom of a sealed dessicator chamber and allowing the 

environment within the chamber to equilibrate over at least 2 h prior to introducing the 

as-synthesized silica and organosilica samples into the chamber.  After ammonia 

treatment, the films were cured at 80 °C for 16–24 h.  Template removal was facilitated 

by solvent extraction in an RBF with a mixture of 95% EtOH (80 mL) and 9 M HCl(aq) 

(10 mL) under reflux for 16–24 h.  Finally, the films were dried once more either 

ambiently or at 90–120 °C for 8–24 h prior to further characterization and testing. 

  

2.7.8  High-Index Tetrasulfide Films  

Using a previously published procedure as a starting point,69 a 5 vol% solution of 

BTESPTS in anhydrous EtOH was prepared (typical scale = 0.4 mmol of BTESPTS).  

To this solution, acidic water (in the form of 0.1 M HCl(aq)) was added such that the 

molar ratio of BTESPTS : H2O = 1 : 8.  The reaction mixture was then sonicated for 15 

minutes, and then capped and left to stand for 16 h at room temperature. 

 A layer-by-layer spin-coating process was used to build up films on 2 cm   2 cm 

crystalline Si substrates.  For the first layer, a 0.05 mL aliquot of the coating sol was 

deposited onto the substrate, and the substrate was then spun at 3000 rpm for 10 s.  The 

coated substrate was left to dry ambiently for 24 h before depositing the next layer.  This 

process was repeated such that a film consisting of 4 total organosilane layers was 

obtained.  An analogous procedure was followed for the multilayered dip-coating of 

crystalline Si wafers as well as LPGs (at withdrawal rates between 10 and 20 mm·s-1). 
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2.7.9  Second-Generation Pluronic® F127-Templated Materials  

A procedure previously published by Stucky and co-workers was used as a 

starting point for the preparation of these films.81  BTESPTS was prehydrolyzed along 

with TEOS using deionized water, HCl(aq), and anhydrous ethanol at 60 °C for 1.5 h.  

After this, a solution of TTIP dispersed in ethanol and HCl(aq) was added to the silica sol.  

The resulting mixture was then added to a solution of F127 dissolved in anhydrous 

ethanol.  The reagents in the final sol were present in molar ratios of TEOS : BTESPTS : 

TTIP : F127 : EtOH : H2O : HCl = 1.0 : 0.050 : 0.010 : 6.010-3 : 35 : 8.0 : 0.11 (typical 

scale = 10 mmol of total Si species).  After stirring at room temperature (capped) for up 

to 24 h, thin films were prepared by spin-coating or dip-coating with this sol.  To prepare 

thick films, the sol was further aged at 60 °C while open to the atmosphere until its 

density had increased to 0.95 g·mL-1, at which point it was used to either spin-coat and / 

or dip-coat designated substrates in a humidity-controlled chamber (RH = 45%, 

controlled with a saturated solution of K2CO3(aq) ).
78  The films were then left to stand and 

dry inside the humidity-controlled chamber for 16–24 h.  In order to promote silanol 

condensation and reinforce the framework of the thick films, the as-synthesized films 

were exposed to a saturated atmosphere of ammonia vapour63,64,65 for 2 h and a 

trimethylethoxysilane atmosphere82 at 80 °C for 5 h.  After a final oven curing at 80 °C 

for 16 h, removal of the surfactant was accomplished by solvent extraction in acetone 

followed by rinsing with hot acetone to yield the thick, porous films.  A similar procedure 

was followed to prepare a large number of films on glass microscope slides, which were 
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later scraped to collect a sufficient amount of material to conduct nitrogen physisorption 

analysis as well as TEM, HAADF-STEM, and EDX-STEM characterization. 

 

2.7.10  Titania-Based Films 

Amorphous Organotitania–Silica Films.  This procedure was adapted from a procedure 

previously reported in the literature.94  F127 was first dissolved in anyhydrous EtOH 

under stirring.  In a separate vial, TEOS and BTESPTS were solubilized in a bit of 

EtOH, and this mixture of silanes was then added to the solution of F127.  Finally, TiCl4 

and H2O were added to the reaction mixture.  The reagents in the final sol were present in 

molar ratios of TiCl4 : TEOS : BTESPTS : F127 : EtOH : H2O = 1.0 : 0.33 : 0.066 : 0.73 

: 59 : 7.3 (typical scale = 11 mmol of total Ti and Si species).  After stirring at room 

temperature (capped) for up to 24 h, thin films were prepared by spin-coating or dip-

coating with this sol.  To prepare thick films, the sol was further aged at 60 °C while 

open to the atmosphere until its density had increased to 1.0 g·mL-1, at which point it was 

used to either spin-coat and / or dip-coat designated substrates in a humidity-controlled 

chamber (RH = 45%, controlled with a saturated solution of K2CO3(aq)).
78  The films were 

then left to stand and dry inside the humidity-controlled chamber for 16–24 h.  In order to 

promote silanol condensation and reinforce the framework of the thick films, the as-

synthesized films were exposed to a saturated atmosphere of ammonia vapour63,64,65 for 2 

h.  After a final oven curing at 80 °C for 16 h, removal of the surfactant was 

accomplished by solvent extraction in acetone to yield the thick, porous films.  A similar 
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procedure was followed to prepare a large number of films on glass microscope slides, 

which were later scraped to collect a sufficient amount of material to conduct nitrogen 

physisorption analysis, as well as TEM and metal uptake characterization. 

Nanoparticulate Organotitania–Silica Films.  This procedure was adapted from a 

procedure previously reported in the literature.97  P123 was first dissolved in n-BuOH 

and concentrated HCl(aq) under stirring for ~ 1.5 h before adding TTBO.  Next, 

BTESPTS was added slowly and the reaction mixture was capped and left to stir for 3 h 

at room temperature.  The reagents in the resulting sol were present in molar ratios of 

TTBO : BTESPTS : P123 : n-BuOH : concentrated HCl(aq) = 1.0 : 0.050 : 0.037 : 8.6 : 

1.7 : (typical scale = 7 mmol of total Ti and Si species).  The sol was then heated at 100 

°C for 1 h to hydrothermally produce the anatase nanocrystallites in solution.  Thereafter, 

the sol was used to either spin-coat and / or dip-coat designated substrates in a humidity-

controlled chamber (RH = 45%, controlled with a saturated solution of K2CO3(aq)).
78  The 

remaining, unused sol was subsequently poured into a Petri dish and left to gel and age 

under ambient conditions for 2 days before being subjected to the same post-synthetic 

treatment conditions as the corresponding films.   

The films were then aged for 2 days in an atmosphere with an RH of 84% 

(controlled with a saturated solution of KCl(aq)).    Occasionally, the as-synthesized films 

were exposed to a saturated atmosphere of ammonia vapour63,64,65 for 2 h before 

proceeding to cure the films at 80 ° C for 24 h.  Removal of the surfactant was 

accomplished by solvent extraction in a mixture of diethyl ether and acetone (in a 1 : 1 
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volumetric ratio).  The films and bulk gel underwent solvent extraction for 1 day and 3 

days, respectively.   

 

2.7.11  Determination of Heavy Metal Concentration in Test Solutions Using 

Standard Analytical Techniques 

The Hg(II) content of a solution was measured both before and after exposure to 

the porous, organically-functionalized bulk materials or films using cold-vapour atomic 

absorption spectrometry (CV-AAS).  The Pb(II) content of a solution was measured both 

before and after exposure to the porous, organically-functionalized bulk materials or 

films using inductively-coupled plasma optical emission spectrometry (ICP-OES). 

 As a starting point, experiments were usually set up with the assumption of metal-

to-ligand binding occurring in a 1 : 1 mole ratio in solution.  Furthermore, the total 

volume of solution was typically set to ~20–50 mL with the use of 10–50 mg of bulk 

organosilica material as heavy metal adsorbent.  In some cases, films (intact on their 

corresponding substrates) were directly immersed into heavy metal solution.  The starting 

concentration of the heavy metal solution depended on the EA data for a given 

organosilica sample (from which a value for the loading of the ligand in such a material 

was obtained), and could thus vary anywhere from 1–100 ppm.  Importantly, all metal-

containing solutions and related serial dilutions were prepared gravimetrically.  In 

addition, Hg(II) solutions were acidified with high-purity Optima®-grade concentrated 

nitric acid (1 μL·mL-1 of solution), while Pb(II) solutions were left neutral. 
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2.7.12  LPG Calibration and Metal Sensing 

The LPG-containing section of the fibre was suspended across a Teflon® well and 

was anchored at both ends by magnetic fibre clamps to maintain constant tension across 

the LPG during all of the spectral measurements.  The PTFE well was then filled with a 

given test solution.  Importantly, the well was designed to ensure that the entire LPG and 

organosilica coating remained completely immersed in the test solutions.  The both bare 

LPGs and PMO-coated LPGs were exposed to each water / DMSO calibration solution 

for 3 minutes and each metal(II) solution for 20 minutes prior to noting the resonant peak 

position, recording the corresponding attenuation spectrum, and moving on to the next 

test solution.  In general, the LPG was exposed to either calibration or metal-containing 

solutions of progressively increasing concentration without any sort of LPG ‘washing’ 

step in between exposures.  All attenuation spectra were recorded on an Agilent 86142B 

optical spectrum analyzer (OSA).  An Ocean Optics LS-1 broadband (360–2000 nm) 

tungsten halogen lamp was used as the light source.  All water / DMSO solutions were 

prepared volumetrically, and all metal-containing solutions and related serial dilutions 

were prepared gravimetrically.  To re-use a given coating on a particular LPG, the film 

was soaked in aqueous acid (typically 1 M HCl(aq), but occasionally 6 M HCl(aq) solutions 

were used) for 5–20 minutes, followed by rinsing with copious amounts of DI H2O and 

drying under ambient conditions. 

Due to the inherent variability between batches of received LPG-inscribed fibre-

optic waveguides and slight differences in the physical and chemical properties in the 

PMO coatings, each LPG and PMO–LPG pairing must be calibrated individually by 
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exposure to water / DMSO solutions of varying RI to generate a plot exemplified by 

Figure 2-23.  Once the calibration is complete and the steepest section of the response 

curve identified for the PMO–LPG system, the RI of the metal sensing medium can then 

be determined. 

An analogous procedure was followed for the calibration and testing of both bare 

and coated MZ-type tapered fibre interferometers.   

 

2.7.13  SOI Microchip Calibration and Metal Sensing 

Microchip Alignment and Solution Exposure.  Using an apparatus built in-house (by Dr. 

Jack Barnes, Queen’s University), the microchip was fixed in place within a laminar flow 

hood.  Light was coupled into the microchip by aligning a tapered, single-mode fibre (Oz 

Optics; core diameter = 9 μm, and cladding diameter = 125 μm) (connected to an ANDO 

AQ432OD tunable diode laser source with a 1520–1620 nm wavelength range and an 

operating power of 1 mW, and a Stanford Research Systems SR844RF lock-in amplifier) 

against the appropriate photonic wire / facet exposed at one edge of the microchip.  Light 

was collected at the other edge of the microchip (with a THOR Labs D400FC InGaAS 

photodiode detector) by aligning a Corning® multimode fibre against the appropriate 

exposed wire / facet.  The positions of the tapered fibre and the collection fibre were 

adjusted using fibre-optic alignment stages that were moveable in all three dimensions to 

maximize the intensity of transmitted light at a set wavelength (usually ~ 1550 nm).  

Furthermore, the polarization of the incoming light was adjusted and fixed using a set of 
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three polarization control paddles to also maximize the intensity of transmitted light at a 

set wavelength. 

 Once the tapered fibre and multimode fibre were aligned against the microchip, a 

testing chamber was carefully lowered onto the microchip and pressure-sealed against the 

microchip.  The testing chamber included both capillary inlet and outlet ports.  The 

testing chamber (i.e. an inverted well) allowed for the introduction of a test solution, its 

accumulation within the exposed windows of the spiral MZIs (thus ensuring contact 

between the test solution and the sensing arm of the MZIs), and a means of exit for the 

test solution from the chamber / well.  Once more, the alignment of the tapered fibre and 

multimode fibre with respect to the microchip was verified and re-optimized in case the 

microchip had moved from its previously optimized position as a result of mounting the 

test chamber on top of the microchip. 

 DI H2O was introduced into the test chamber (usually at a flow rate of ~ 10–20 

μL·min-1) via a fused silica capillary that was connected to a Harvard Apparatus 11plus 

syringe pump.  Using a data logging program (TracerDAQ or LabView), the intensity of 

the transmitted light was allowed to stabilize before changing the test solution.  To 

calibrate the device, calibration solutions (e.g. aqueous sucrose solutions of known RI) 

were introduced one after another into the chamber (being careful not to introduce any air 

bubbles into the chamber upon changing the solution).  For each calibration solution, the 

oscillations (i.e. the interference pattern) in the transmitted signal were monitored.  Once 

the transmitted signal intensity stabilized, a new solution was pumped across the 

microchip.  This data was then collected and used to generate a calibration curve to 
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determine the RI-sensitivity of the device.  Once the sensing arm of the MZI was coated 

with a functional coating of interest, the microchip was exposed to the designated test 

solutions using a procedure analogous to that described above. 

Coating of the SOI Microchips.  The microchips were thinly coated with the sols 

described in Sections 2.6.8 and 2.6.9 by spin-coating.  The surface of the chip was first 

briefly cleaned and activated using Piranha solution (as described in Section 2.6.2).  Once 

dry, the microchip was fixed to the rotor of the spin-coater and then flooded with the 

desired coating sol, which was left to stand on the microchip for 1 minute prior to 

spinning the sample.  The film was then treated as described previously prior to testing. 

 

2.7.14  Characterization Techniques  

Scraped film samples or bulk powder samples were degassed under reduced 

pressure at 80 °C prior to nitrogen physisorption analysis on a Micromeritics ASAP 2010 

analyzer at 77 K.  The thickness of films prepared on flat substrates (e.g. microscope 

slides, high-index SF-10 wafers, and Si wafers) was measured on a Dektak 8 Stylus 

Surface Profiler (with a diamond stylus of radius = 12.5 μm).  Refractive index 

determination was conducted on an instrument built in-house by Mr. Nicholas Trefiak 

(formerly of Queen’s University), as well as on a J. A. Woollam Co., Inc. WVASE32® 

ellipsometer at incident angles of 65°, 70°, and 75° over a wavelength range of 370–1700 

nm.  Optical micrograph images were obtained on a Nikon Eclipse ME600L microscope.  

Field-emission scanning electron images were obtained on a LEO / Zeiss 1530 FE-SEM.  
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Additionally, a 200 keV JEOL 2010 STEM was operated in both transmission and STEM 

modes.  In STEM mode, a Gatan High Angle Annular Dark Field (HAADF) detector was 

used to image the sample.  Elemental maps and spectra were generated using an EDAX 

(Genesis) Energy Dispersive X-ray system.  The sample was prepared by placing a small 

amount of the scraped film in ethanol and sonicating for 5 minutes, then 20 μL of the 

solution was dispersed onto a carbon-coated, 200-mesh copper grid. 
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Chapter 3 

Uniaxially-Aligned, Mesostructured Films from the Self-Assembly of 

Amphiphilic, Oligomeric Organosiloxane Precursors 

3.1  Introduction 

Since the discovery of periodically ordered, surfactant-templated mesostructured 

silica,1,2,3 there has been significant interest in utilizing the unique physical and chemical 

properties of these and related materials in areas such as catalysis, optics, and sensing, to 

name a few.4  As mentioned in Chapter 1, many of these applications5,6,7 require 

convenient access to well-defined, mesostructured thin films,8 as well as films possessing 

tailored organic functionality.9,10,11  Such films can be easily produced by the 

evaporation-induced self-assembly (EISA) process12,13,14,15 or, alternatively, by 

spontaneous growth and deposition under hydrothermal conditions onto appropriate 

substrates (see Chapter 2).16  Although the mesostructural features in the film are oriented 

with respect to the substrate surface, the in-plane orientation (i.e. in the direction normal 

to the surface of the substrate) is generally not fully controlled (see Scheme 3-1).17  

Additionally, a high degree of loading of organofunctional silanes in the starting solution 

(i.e. > 25 mol%) generally causes a dramatic decrease in the structural order and 

uniformity.18  To maximize the efficacy of these mesostructured materials in advanced 

applications, control of their in-plane structures over large length scales is essential.   

A few different strategies have been explored in the literature to direct the growth 

and alignment of the 2D and 3D mesostructures of surfactant-templated metal oxide 

films.17,19  These include epitaxial growth on single-crystalline16,20,21 or polymer-coated 
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Scheme 3-1.  Schematic representation of 2D hexagonally-ordered films bearing (a) poor in-

plane alignment (i.e. ‘polycrystalline-like’) and (b) coherent in-plane alignment (i.e. ‘single 

crystalline-like’).  (Scheme taken from reference 17.) 

 

substrates,22,23 alignment under reactant flow24 or shear stress,25 alignment with magnetic 

fields,26 and impregnation into a pre-aligned block copolymer or colloidal template.27  

For example, Ozin and co-workers demonstrated16 that a freshly cleaved, 

atomically-flat mica substrate could be used for the nucleation and growth of elongated 

and aligned, micrometer-sized silica ‘islands’ from a tetraethoxysilane-based, surfactant-

containing sol under hydrothermal conditions.  With extended reaction times (of up to 

one week), the elongated silica islands increased in number and density such that they 

eventually coalesced into a continuous silica film with macroscopically-sized domains 

that displayed co-aligned 2D hexagonal mesostructures. 

 By pre-coating a substrate with a photo-cross-linkable, polymeric liquid 

crystalline species, Seki and co-workers could prepare an anisotropically ordered film on 

top of which an aligned, surfactant-templated silica film with 2D hexagonal order could 
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be synthesized.22b  The polymeric precursor consisted of biphenylene moieties that could 

first be aligned upon exposure to linearly polarized UV light and subsequent thermal 

annealing.  Next, under further irradiation by UV light, the side chains of the polymer 

underwent photocatalyzed cross-linking to effectively ‘lock in’ the polymeric chain 

alignment.  Surfactant-templated, silica films with co-aligned 2D hexagonal 

mesostructures were then subsequently prepared via hydrothermal growth initiated from 

the polymer–sol interface over 48 h. 

 In another example, Tsapatsis and co-workers prepared surfactant-templated, 2D 

hexagonally ordered silica films on the internal surfaces of glass capillaries (internal 

diameter = 1 mm) under conditions of continuous flow of the sol along the substrate over 

the course of 1 h to 1 day.24a  At short reaction times (< 2 h), evidence for the preferential 

alignment of silica tubules along the direction of reagent flow was observed by FE-SEM. 

Although these selected examples from the literature are only a brief survey of the 

work concerning the preparation of uniformly aligned hybrid and porous silica films 

(bearing, of course, alignment over extended length scales) reported to date, it is at least 

suffice to say that this issue continues to be of significant interest to the scientific 

community, and that a lot of room remains to contribute to this area. 

Along the same lines as using pre-coated / pre-treated substrates to induce 

mesostructural alignment, Kuroda et al. have previously reported the preparation of 

continuous, surfactant-templated silica films with macroscopically oriented 2D and 3D 
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hexagonal mesostructures on substrates bearing anisotropic polymer coatings such as 

Langmuir–Blodgett films28 and rubbing-treated polyimide-functionalized surfaces.29  

Although obtaining mesostructured films using amphiphiles such as surfactants or 

block copolymers as structure-directing agents is relatively facile, the process involves a 

complex and sensitive interplay between numerous parameters including the composition 

of the precursors, as well as external conditions such as temperature and humidity during 

film formation.30  In recent years, Kuroda and co-workers have reported a new approach 

for the preparation of films with highly ordered mesostructures through the use of 

organosiloxane nanohybrid molecular building blocks. 31,32  Oligomeric siloxane-based 

precursors (as exemplified by Cn in Scheme 3-2), which are comprised of hydrophobic 

alkyl chains and condensable alkoxysilyl groups, were specially designed for this 

purpose.  The hydrolysis of such precursors thus generates amphiphilic molecules having 

both self-assembling and cross-linking abilities.  Interestingly, the materials obtained 

from precursors bearing short alkyl chains (n = 6–10) demonstrated uniform 2D 

hexagonal order, while those obtained from precursors bearing longer alkyl chains (n = 

14–18) had lamellar structure.31  This dual-function precursor architecture eliminates the 

need to employ separate templating agents and polymerizable matrix precursors, in 

contrast to the conventional surfactant-templated sol-gel methodologies (see Chapters 1 

and 2).  As the Kuroda group has demonstrated, the reproducible formation of a uniform 

structure at the molecular scale is achieved using this strategy.31,32 
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Scheme 3-2.  Preparation of macroscopically oriented, mesostructured films by: (i) hydrolysis of 

the precursor, Cn; (ii) dip-coating of the hydrolyzed solution onto a rubbing-treated substrate; and 

(iii) self-assembly and polycondensation of the amphiphilic hydrolyzed species.  The white arrow 

on the substrate indicates the rubbing direction. 

 

In these hybrid materials devised by Kuroda et al., the molecular scale positions 

of the organic moiety with respect to the inorganic one, as well as the ratio of organic-to-

inorganic components, are precisely controlled through the design of the starting 

molecules.  This approach holds promise for the preparation of advanced and highly 

functional nanoscale hybrid materials by introducing appropriate functional groups into 

the starting molecules.  For example, ester groups incorporated into the organic moiety 

have been shown to undergo post-synthetic cleavage under acidic conditions to generate a 

hybrid mesoporous material with well-defined –COOH group distribution and loading 

within the pores.33 

To further exploit these advanced materials, control of the resultant hybrid 

mesostructure at macroscopic scales is of substantial importance.34,35  This chapter will 

hereafter detail my work conducted during a three-month stay as a visiting student 

researcher in the research group of Prof. Kazuyuki Kuroda at Waseda University (Tokyo, 
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Japan) focusing on the preparation of continuous organosiloxane films displaying 

structural control over extended length scales using molecular precursors Cn as building 

units.  In brief, these films were formed on substrates bearing a rubbing-treated polyimide 

layer29 (PI) (see Section 3.8.3) by a dip-coating method.  The in-plane orientation of the 

2D hexagonal and lamellar mesostructures of these films is controlled as a result of the 

initial interfacial interactions between the hydrolyzed C10 and C16 precursors, 

respectively, with the anisotropic polymeric film.36  Furthermore, a reproducible and mild 

method for the elimination of the alkyl chains from the 2D hexagonally-ordered films 

using UV / ozone treatment was developed.  This method was critical for the preparation 

of porous films with concomitant retention of the continuous uniaxial mesostructure, 

since the conventional method of calcination resulted in a complete loss of order and 

porosity.31  

N N

O

O

O

O

(CH2)6

n

PI  

3.2  Alignment Control of Self-Assembled Nanohybrid Films 

As mentioned above, Kuroda et al. have previously established that bifunctional 

C10 oligomers yield materials with 2D hexagonal order, while materials with alternating 

organic and siloxane layers in a lamellar arrangement are formed when the C16 

oligomers are employed.31  The objective of my research was thus to see if materials with 
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uniaxially-aligned mesostructures could be prepared on rubbing-treated substrates in 

similar fashion to what has been previously observed with traditional surfactant-

templated silica and organosilica systems.29,37  

 The synthesis of the C10 and C16 precursors is outlined in Section 3.8.22 and 

Scheme 3-3.  Hybrid films were prepared from a sol of the oligomers by dip-coating onto 

rubbing-treated quartz or silicon substrates with the substrates oriented such that the 

rubbing direction was positioned perpendicular to the dip-coating direction.38  

Specifically, the coating sol was left to stir for 12 h prior to film formation as Kuroda and 

co-workers had previously determined that it was only after this length of elapsed time 

that acid-catalyzed pre-hydrolysis and pre-condensation of the oligomeric siloxane 

headgroup was complete.31b  Furthermore, after dip-coating, the films were left to dry 

under ambient conditions for 2 days, as it was only after this length of elapsed time that 

the framework siloxane condensation was judged to be complete and the resultant 

mesostructures were deemed to be stable.39  Once dry, characterization of the mesophase, 

degree of long range order, and orientation of the mesostructure in the resulting films was 

then facilitated by a combination of microscopy and X-ray diffraction (XRD) techniques. 

 

R SiCl3 R Si(OH)3 R Si(OSi(OMe)3)3

1. H2O, aniline, THF, Et2O, 0 C

2. crystallization from hexane

1. SiCl4, hexane, THF

2. MeOH, pyridine, hexane

where R
= C10H21, C16H33

Cn

where n = 10 or 16

 

Scheme 3-3.  Synthesis of Cn precursors from the corresponding alkyltrichlorosilane. 
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The two main X-ray techniques utilized in this work were: (i) conventional, out-

of-plane (Bragg–Brentano geometry, θ–2θ) XRD; and (ii) in-plane, grazing-incidence 

XRD (GIXRD).  A schematic of the experimental set-ups is depicted in Scheme 3-4.  In 

brief, 1i and 1d represent the incident and diffracted X-ray paths for the out-of-plane 

experiments, respectively, while 2i and 2d represent the incident and diffracted X-ray 

paths for the in-plane experiments, respectively.  Additionally, ω and 2θ are the rotation 

axes for the sample and the detector, respectively, for the out-of-plane XRD 

measurements, while φ and 2θχ are the rotation axes for the sample and detector, 

respectively, for the in-plane XRD measurements.  Therefore, with such an arrangement, 

out-of-plane XRD probes the diffraction planes that predominantly lie parallel to the 

substrate plane (Scheme 3-5a).  In contrast, the incident X-ray beam hits the sample at a 

very shallow angle with respect to the substrate surface (α) in the case of in-plane XRD, 

and allows for the detection of diffraction planes that predominantly lie perpendicular 

with respect to the substrate plane (Scheme 3-5b).  With both of these techniques in hand, 

a comprehensive picture of the orientation and uniformity of mesoscopic ordering within 

unaxially-aligned Cn-derived films may be obtained – particularly when used in 

combination with imaging techniques such as optical and electron microscopy.  
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Scheme 3-4.  Schematic representation of the various axes manipulated in out-of-plane and in-

plane XRD experiments (taken from reference 29b). 

 

 

Scheme 3-5.  Schematic representation of the 2D hexagonal mesostructure and the diffraction 

information obtained in the case of (a) out-of-plane XRD, and (b) in-plane XRD (where q = 

diffraction vector).  (Scheme taken from reference 29a) 
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Figure 3-1 shows the conventional XRD pattern for the C10-derived film 

measured in Bragg–Brentano (out-of-plane, θ–2θ) geometry with the rubbing direction of 

the substrate oriented parallel to the projection of the incident X-ray beam.  The XRD 

pattern shows three peaks assigned to the (10), (20), and (30) lattice planes (d = 2.81 nm, 

1.41 nm, and 0.93 nm, respectively), which closely correspond to the XRD pattern 

previously observed for the unaligned 2D hexagonally-ordered film prepared from C10.31  

The out-of-plane XRD data did not conclusively demonstrate the presence of uniaxial 

alignment in these films.  However, the film texture (observed in the optical micrographs 

in Figure 3-2a) – showing features aligned perpendicularly to the rubbing direction – is 

similar to that previously reported for uniaxially-aligned surfactant–silica composite 

films prepared on rubbing-treated polyimide-coated substrates (Figure 3-2b).29,37  These 

results encouragingly suggested alignment of the C10-derived 2D hexagonal structure in 

the direction perpendicular to the rubbing direction. 

It should be noted that the intensity of the out-of-plane XRD peaks and the quality 

of the alignment texture obtained for these films are dependent on the dip-coating rate 

(Figure 3-3 and Figure 3-4).  From Figure 3-3, it can be seen that the out-of-plane XRD 

peak intensities improve as the dip-coating rate is increased from 0.5 mm·s-1 to 2.0 mm·s-

1.  Correspondingly, the improvement in the alignment texture observed by optical 

microscopy follows the same trend (Figure 3-4).  Thus, it appears that a fine balance 

between the rate of solvent evaporation and structure formation exists, which controls the 

quality of the final mesophase obtained. 
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Figure 3-1.  Out-of-plane XRD pattern for the C10-derived film measured with the rubbing 

direction oriented parallel to the projection of the incident X-ray beam.  The (20) peak has been 

magnified by a factor of 10 and the (30) peak has been magnified by a factor of 40. 

 

 

Figure 3-2.  Optical micrographs of: (a) a C10-derived film prepared on a rubbing-treated 

substrate; (b) a TEOS-derived film prepared on a rubbing-treated substrate (image taken from 

reference 29a); and (c) a C10-derived film on a non-rubbing-treated substrate. 
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Figure 3-3.  Out-of-plane XRD patterns for C10 films dip-coated onto rubbing-treated substrates 

at rates of 0.5 mm·s-1, 1.0 mm·s-1 and 2.0 mm·s-1.  The arrows indicate the positions of higher-

order peaks. 

 

 

Figure 3-4.  Optical micrographs of C10-derived films coated onto (a) a non-rubbing-treated 

substrate at 2.0 mm·s-1, and rubbing-treated substrates at rates of (b) 0.5 mm·s-1, (c) 1.0 mm·s-1 

and (d) 2.0 mm·s-1. 
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The alignment of the cylindrical assemblies was further probed using grazing 

incidence in-plane XRD (GIXRD).29,40  The in-plane radial (φ–2θχ) scanning profile 

clearly shows the anisotropic nature of the film.  No peak is observed in the profile when 

the rubbing direction is set parallel to the projection of the incident beam (Figure 3-5a, 

red trace), whereas two diffraction peaks assigned to the ( 1 1) and (2 1 ) lattice planes are 

observed at 2θχ = 2.50 ° and 4.76 °, respectively, when the rubbing direction is set 

perpendicular to the incident X-rays (Figure 3-5a, black trace).  The observed anisotropy 

in the in-plane XRD patterns provides convincing evidence for the presence of strong 

anisotropy in the 2D hexagonal mesostructure over the whole volume of these C10-

derived films.29  

 

 

Figure 3-5.  (a) In-plane φ–2θχ scanning profiles for the C10-derived film with the rubbing 

direction oriented parallel (red trace) and perpendicular (black trace) to the projection of the 

incident X-ray beam at φ = 0 °; and (b) the corresponding φ-scanning profile at 2θχ = 4.76 °. 

 

(a) (b)
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The distribution of the in-plane alignment of the cylindrical assemblies can be 

quantitatively estimated by measuring the in-plane φ-scanning profile (in-plane rocking 

curve) with the detector fixed at the (2 1 ) peak position.  The profile in Figure 3-5b 

shows two strong, sharp peaks separated by an interval of 180 °, which supports the 

formation of a 2D hexagonal mesostructure uniaxially aligned perpendicularly to the 

rubbing direction.   

The uniaxial alignment of the cylindrical assemblies is also demonstrated by 

cross-sectional TEM.  Figure 3-6a shows the cross-sectional view of the C10-derived 

film when the film is cut parallel to the rubbing direction.  The film is about 400 nm 

thick, and complete alignment of the structure is achieved over the entire thickness of the 

film from the substrate–film interface (lower right) to the film–air interface (upper left).  

The alignment of the long axis of the cylinders is also observed when the film is cut 

perpendicular to the rubbing direction (Figure 3-6b). 

After successfully demonstrating the formation of uniaxially-aligned 2D 

hexagonal mesostructures using amphiphilic C10 precursors on rubbing-treated 

substrates, we next explored the effect of the rubbing-treated substrate on the formation 

of hybrid materials prepared using longer chain precursors and their resultant structures.  

Again, as reported previously, oligosiloxane precursors with relatively long alkyl chains 

(n = 14–18) yield materials with lamellar structures bearing interdigitated alkyl chains.31   
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Figure 3-6.  Cross-sectional TEM image of our C10-derived film sliced (a) parallel (inset shows 

an enlarged image (× 2) of the central region of the film), and (b) perpendicular to the rubbing 

direction. The polyimide layer is about 10 nm thick.   

 

This can be explained using simple geometric arguments.  A longer alkyl chain (when 

paired with the same oligosiloxane head group as used for C10) results in a decreased 

interfacial curvature of the micelles, favoring the formation of a lamellar structure (see 

Chapter 1, Scheme 1-5).41  Here, films were prepared using the C16 oligomer on the 

same rubbing-treated polyimide-coated substrates to compare the resultant structure to 

that obtained with the C10 oligomer. 

The XRD profile measured under the Bragg–Brentano geometry (Figure 3-7) is 

consistent with the formation of a conventional lamellar structure where the lamellar 

planes lie parallel to the substrate surface.  However, surprisingly, the optical micrograph 

image of this film shows some alignment texture (Figure 3-8).  Further investigation by 

in-plane XRD revealed the presence of lamellae that did not lie parallel to the substrate 

(a) (b)
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surface (Figure 3-9a), and the in-plane radial (φ–2θχ) scanning profile (Figure 3-9b) 

shows definite in-plane structural anisotropy of the film. 

The lattice spacing estimated from the Bragg–Brentano geometry (d01 = 3.35 nm, 

Figure 3-7) is slightly different from that estimated from the in-plane geometry (d01 = 

3.53 nm, Figure 3-9a, black trace).  This inconsistency may be attributed to the shrinkage 

 

Figure 3-7.  Out-of-plane XRD pattern of a C16-derived film measured with the rubbing 

direction oriented parallel to the projection of the incident beam. 

 

 

Figure 3-8.  Comparison of the optical micrograph images for (a) a C10-derived film and (b) a 

C16-derived film, both prepared on rubbing-treated substrates. 
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Figure 3-9.  (a) In-plane φ–2θχ scanning profiles for the C16-derived film with the rubbing 

direction oriented parallel (red trace) and perpendicular (black trace) to the projection of the 

incident X-ray beam at φ = 0 °; and (b) the corresponding φ-scanning profile at 2θχ = 2.56 °. 

 

of the film in the direction normal to the substrate surface during the drying process.  

Such anisotropic shrinkage only affects the lattice spacing measured under the Bragg–

Brentano geometry and has been observed for many mesostructured films.19,29  

The in-plane φ-scanning profile of this C16 film (Figure 3-9b) shows two sharp 

peaks separated by an interval of approximately 180 °, indicating that the lamellae that 

contribute to the in-plane diffraction are aligned perpendicularly with respect to the 

rubbing direction in the plane of the film (see Scheme 3-2, n = 16, for a possible 

structural model). 

Figure 3-10a shows the TEM image of the film (cross-sectioned along the rubbing 

direction) near the substrate–film interface.  The perpendicular alignment of lamellae 

extending from the substrate surface (bottom right) is evident.  However, near the film–

air interface, complete alignment of the lamellae parallel to the interface is observed 

(a) (b)
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(Figure 3-10b).  Thus the in-plane alignment of the lamellae observed near the substrate 

surface is not maintained through the entire thickness of the film.  A transition region is 

observed where the orientation of the lamellae changes between the two different 

orientations so as to minimize the formation of structural defects, which is evidenced by 

the curved stripes in Figure 3-10a between the two interfaces. 

The overall lamellar structure of the film is, therefore, influenced by the two 

interfaces (substrate–film and film–air) – each of which gives rise to a different 

orientation of the lamellae.  The lamellae should lie parallel to the film–air interface as 

shown in Scheme 3-6b (top), as the air phase is considered to be hydrophobic in nature.42  

In contrast, the lamellae can be formed perpendicularly to the anisotropic rubbing-treated 

polyimide surface because the hydrolyzed C16 molecules adsorb parallel to the surface to 

 

   

Figure 3-10.  Cross-sectional TEM images of the C16-derived film sliced parallel to the rubbing 

direction with (a) the substrate–film interface located at the bottom right corner of the image, and 

(b) the film–air interface located at the top left corner of the image. 

(a) (b)
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Scheme 3-6.  Illustration of the arrangements of hydrolyzed Cn molecules in the (a) C10 and (b) 

C16 systems near the film–air interface (top) and substrate–film interface (bottom) viewed from 

the direction normal to the rubbing direction. 

 

maximize their hydrophobic interactions with the elongated alkyl moieties of the 

polyimide (Scheme 3-6b, bottom).  It should be noted that a similar perpendicular 

orientation of the lamellae near the substrate surface was not achieved when the film was 

coated onto a plain substrate (i.e. no polyimide layer present).  Although the XRD profile 

measured under the Bragg–Brentano geometry is quite similar to that for the film 

prepared on a rubbing-treated substrate, no obvious peak is observed in the in-plane 

radial (φ–2θχ) scanning profile for this unaligned film (Figure 3-11b), suggesting that the 

lamellae are oriented parallel to the substrate over the whole thickness. 

In contrast to the partial alignment of the lamellar film, the 2D hexagonal film 

prepared from C10 has a highly aligned cylindrical mesostructure over the whole film, 

presumably because the parallel orientation of the 2D hexagonal structure satisfies the 

boundary conditions for both interfaces.  At the substrate surface, we postulate that  
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Figure 3-11.  (a) Out-of-plane XRD pattern and (b) in-plane φ–2θχ scanning profile of C16-

derived film prepared on a non-rubbing-treated substrate.  

 

hydrolyzed C10 molecules adsorb parallel to the elongated polyimide chains by 

hydrophobic interactions to form aligned hemi-cylindrical surface micelles, from which 

total uniaxial alignment is initiated (Scheme 3-6a).29b  It is thus plausible that since a 

change in the alignment between the substrate–film and film–air interfaces is unnecessary 

in the case of C10-derived films, uniform alignment control throughout the entire film 

thickness by the rubbing-treated polyimide layer through anisotropic hydrophobic 

interactions with the C10 oligomers can be facilitated. 

 

3.3  Introduction of Porosity Using UV / Ozone Treatment 

As described in Section 3.2, 2D hexagonally-ordered hybrid films with uniaxial 

cylindrical alignment were easily prepared via the dip-coating of specially-designed, 

amphiphilic, oligomeric, alkylsiloxane precursors onto rubbing-treated polyimide-coated 

(a) (b)
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substrates.  Removal of the alkyl moieties to yield uniaxially-aligned, porous channels is 

desirable, but unfortunately the 2D hexagonal mesostructure of thin film samples 

collapses under the thermal stress of high-temperature calcination.31  To preserve the 

structural order of the film, UV / ozone treatment was explored as a potentially milder 

method of alkyl chain elimination.   

Brinker et al. and Takai et al. have previously demonstrated that nonionic43 and 

cationic44 surfactants, respectively, can be removed from the pores of templated 

mesoporous silica films using UV / ozone treatment, where ozone is photogenerated in 

situ using ambient air as the oxygen source.  Given the apparent mildness of the UV 

treatment, we employed a similar strategy to try and eliminate the alkyl moieties 

covalently bonded to the silica walls from the as-synthesized, uniaxially-aligned films 

since thermal calcination did not prove to be a viable strategy for these materials.31  Thus, 

as-synthesized C10 films were exposed to UV irradiation with variations in the distance 

from the UV lamp, chamber pressure, and exposure time in an attempt to find a 

combination of effective conditions. 

For example, Figure 3-12b shows the optical micrograph for the UV-exposed, 

uniaxially-aligned film (UV-exposed at a separation of 2 mm45 for 20 minutes at 50 Pa).  

Again, the characteristic alignment texture is still evident for this film (compare to Figure 

3-12a), and the film has remained continuous and crack-free after UV treatment.  In 

contrast, the optical micrograph for a calcined, unaligned film (Figure 3-12c) shows 

extensive cracking and deterioration of the quality of the silica film, suggesting that this 

film underwent significant thermal shrinkage. 
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Figure 3-12.  Optical micrographs of C10-derived films: (a) as-synthesized on a rubbing-treated 

substrate; (b) UV-exposed on a rubbing-treated substrate (UV exposure at a 2 mm-separation for 

20 minutes at 50 Pa); and (c) calcined on a non-rubbing-treated substrate. 

 

The effectiveness of alkyl chain elimination from the as-synthesized organosilica 

films was evaluated by FT-IR spectroscopy.  Using this technique, we were able to 

evaluate alkyl chain removal by the disappearance of the peaks centered at 2856 cm-1 and 

2926 cm-1, which are assigned to overlapping –CH2– and –CH3 symmetric and anti-

symmetric stretching modes, respectively.  From Figure 3-13, the reduction in the 

intensities of the alkyl IR stretching bands after exposing the uniaxially-aligned film at a 

distance of 2 mm from the UV lamp at 50 Pa for 20 minutes is notable.  However, under 

such conditions, alkyl chain removal is incomplete.  Therefore, other exposure conditions 

were explored to try and improve upon the degree of alkyl chain elimination (for 

example, see Figure 3-14).  The best conditions appeared to be UV exposure at a 

separation of 1 cm for 30 minutes at 25 Pa.  Therefore, as determined via FT-IR 

characterization, UV / ozone treatment can be as effective as thermal calcination for 

eliminating organic moieties from these materials as long as appropriate exposure  
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Figure 3-13.  FT-IR spectra for as-synthesized and UV-exposed (2 mm-separation for 20 minutes 

at 50 Pa) C10-derived films.  

 

Figure 3-14.  FT-IR spectra for the UV-exposure of a C10-derived film at various oxygen 

pressures at a separation of 1 cm for 30 minutes each. 
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conditions are employed (i.e. separation distance between the sample and UV source, 

exposure time, and residual pressure). 

Interestingly, however, there appears to be a depth-dependence of the 

effectiveness of alkyl chain removal from the as-synthesized C10 films.  From the cross-

sectional TEM images in Figure 3-15, it is clear that the rubbing-treated polyimide layer 

is still visible.  Therefore, it is plausible that alkyl chain elimination may be incomplete 

under the given UV / ozone exposure conditions near the film–polyimide interface, while 

alkyl chain elimination near the air-film interface may be complete.  Therefore, the as-

synthesized film thickness may need to be optimized in addition to the other treatment 

parameters.46 

 

   

Figure 3-15.  Cross-sectional TEM images for an aligned, UV-exposed, C10-derived film sliced 

(a) parallel and (b) perpendicular to the rubbing direction. 

 

(a) (b)
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After UV exposure, the films were characterized by out-of-plane and in-plane 

XRD to verify the retention of the uniaxially-aligned structure.  Indeed, by out-of-plane 

XRD, as shown in Figure 3-16 (‘UV-exposed’ trace), diffraction peaks and higher order 

peaks are still visible, although slight shifts to higher angles indicate that some vertical 

shrinkage occurred in the films.  For UV-treated, uniaxially-aligned films, the d-spacings 

changed from 2.81 nm, 1.41 nm, and 0.93 nm to 2.10 nm, 1.04 nm, and loss of the 

highest angle peak, respectively.  Nevertheless, the intensities of the observed peaks are 

notably greater than what is obtained by calcination of the films (Figure 3-16, ‘calcined’ 

trace).  In addition, the anisotropic nature of the mesostructural ordering is still very 

strongly evident from the in plane φ–2θχ scanning profiles (Figure 3-17a), and the φ-scan 

shows two peaks symmetrically centered about φ = 0 ° (specifically, at -85.0 ° and +94.5 

°) of comparable intensity and width to the as-synthesized peaks (Figure 3-17b).  All of 

these results confirm retention of the uniaxial alignment of the 2D hexagonally-ordered 

silica films prepared from the C10 precursor after removal of the alkyl moieties. 

Finally, cross-sectional TEM images of the UV-treated aligned films show 

preservation of the uniaxial channel alignment over large length scales (Figure 3-15).  

However, shrinkage of the mesostructure (as previously evidenced by out-of-plane XRD) 

is confirmed in Figure 3-15a where vertical contraction of the film resulted in distortion 

of the channel cross-section to yield rectangular-shaped pore openings.  Nonetheless, this 

is the first example of the application of UV / ozone treatment for the successful 

elimination of covalently-bound organics from this type of nanostructured, hybrid 

organosilica films. 
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Figure 3-16.  Out-of-plane XRD patterns for as-synthesized, UV-exposed (2 mm-separation for 

20 minutes at 50 Pa), and calcined C10-derived films. 

 

   

Figure 3-17.  (a) In-plane φ–2θχ scanning profiles for the C10-derived film with the rubbing 

direction oriented parallel (red trace) and perpendicular (black trace) to the projection of the 

incident X-ray beam at φ = 0 ° after UV-exposure (2 mm-separation for 20 minutes at 50 Pa); and 

(b) the corresponding φ-scanning profile for the UV-exposed film in comparison to the as-

synthesized film. 

(a) (b)
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It should be noted that more aggressive UV treatment conditions (i.e. exposure 

times of up to ~ 2 h, compared to the 2 mm separation at 50 Pa for 20 minutes) were 

more effective for complete alkyl chain elimination, but were accompanied by more 

dramatic degradation of the film mesostructure as evidenced by out-of-plane XRD.  The 

high degree of retention of the uniaxially-aligned 2D hexagonal mesostructure observed 

under optimized conditions as described above may be a result of the presence of residual 

organic moieties trapped in the channels, which could provide some structural support.  

With the shorter exposure time (i.e. 20 minutes in comparison to 30 minutes), there is less 

time over which shrinkage of the framework can occur.  Given the very thin siloxane 

walls of these oligomeric materials (1.0 nm in thickness, as estimated from reference 31 

in comparison to ~1.5 nm and ~3 nm for MCM-412 and SBA-15,3 respectively), the 

siloxane layer is expected to be very sensitive to mechanical stresses such as those 

resulting from oxidation of the alkyl moieties and rearrangement of the siloxane network 

on a microscopic scale during UV / ozone treatment and / or thermal calcination.  Further 

investigation into the effectiveness of UV / ozone treatment on these uniaxially-aligned, 

as-synthesized films may be explored in the future under different conditions, and 

possibly with different UV sources. 

 

3.4  Improving the Efficacy of Alkyl Chain Removal 

In an attempt to improve the efficacy of alkyl chain removal from the as-

synthesized hybrid organic–inorganic films by high-temperature calcination as well as 
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UV / ozone irradiation, a few alternative strategies were investigated.  Firstly, we tried 

co-condensing TEOS (tetraethoxysilane, Si(OEt)4) with the C10 oligomeric precursor at 

a 1 : 1 mole ratio, respectively, with the intention of creating a thicker siloxane layer in 

the walls of the condensed films to potentially improve the mechanical and chemical 

stability of the film – preserving porosity and mesostructural ordering to a larger extent.  

However, upon incorporation of TEOS into the sol under the conditions typically used for 

100% C10 films, the diffraction peaks in the out-of-plane XRD patterns for the as-

synthesized, spin-coated TEOS–C10 films remained essentially unchanged with respect 

to the as-synthesized, spin-coated C10-only films.  Presumably, if the siloxane layer was 

indeed thicker in the case of the TEOS–C10 films, the peak positions should have shifted 

to slightly lower 2θ angles to reflect an increase in the d-spacing of the mesostructure.  

Therefore, at this point, it was difficult to determine whether TEOS was successfully 

incorporated into the films to any degree at all.47  Furthermore, subjecting these TEOS–

C10 films to each of calcination and UV / ozone treatment did not yield any 

improvements in comparison to what was previously obtained for the C10-only films.  It 

is plausible that the film synthesis conditions and corresponding sol composition may 

need to be re-optimized for this TEOS-C10 system in order to see any signs indicating 

significant TEOS incorporation into the film matrix before evaluating the effect of this 

TEOS incorporation on the mechanical and chemical reinforcement of the film’s 

mesostructure.  

 We also attempted to incorporate titania into the film matrix.  As titania (in both 

its anatase form and as single-site, isolated species) is known to act as a photocatalyst for 
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the oxidative degradation of organic species,48 it was thought that the presence of 

catalytic amounts of titania in these nanohybrid films would assist in the elimination of 

the alkyl moieties from the films during UV / ozone treatment.  If the UV / ozone 

exposure conditions could be shortened in time or lessened in intensity, it was postulated 

that the uniaxial 2D hexagonal channel structure could be preserved to a greater extent. 

 Thus, titanium tetraisopropoxide (Ti(OiPr)4, TTIP) was used as the condensable 

titania precursor and was first subjected to substoichiometric alkoxy group exchange with 

acetylacetone (acac) in order to generate a less reactive titanium species (see Scheme 

3-7).  Unaligned films with a molar composition of TTIP : C10 = 0.5 : 1.0 were then 

prepared by spin-coating a sol of similar formulation to that used for the 100% C10 films.  

Unfortunately, with this composition, the resulting films were relatively opaque in 

appearance – suggesting a certain degree of macrophase separation within the films. 

 

Ti(OiPr)4 +
O O

TTIP acetylacetone
(acac)

Ti(OiPr)4-n(acac)nn

 

Scheme 3-7.  In-situ ligand exchange to generate a less-reactive titania precursor. 

 

 The TTIP loading was then decreased to 0.2 mol% (again, after first exchanging 

alkoxy groups with acetylacetone) and a new batch of TTIP-C10 films were spin-coated.  

This time, although the majority of the resultant coatings were transparent, small 
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particulate clusters were observed by eye and by optical microscopy to be embedded 

within the films, suggesting inhomogeneous incorporation of titania once more.  

Additionally, as could be expected, these heterogeneously dispersed titania clusters did 

little to improve alkyl chain removal during UV / ozone exposure. 

 Although these trials were subsequently discontinued, we suspect that successful, 

homogeneous dispersion and incorporation of single-site titania into these 

organosiloxane-based nanohybrid films would be possible if the sol forming conditions 

could be optimized to mitigate the rapid, self-condensation of the titania precursors. 

 

3.5  The Accommodation of Guest Molecules within the Aligned Films 

Upon the successful demonstration of the formation of uniaxially aligned, 2D 

hexagonally-ordered films from C10 precursors, we were curious to see: (i) if the organic 

cores of the as-synthesized films could be swelled to generate 2D hexagonally-ordered 

cylinders of larger diameter, which could then yield porous channels also of larger 

diameter upon alkyl chain elimination; and (ii) if small, photoactive molecules could be 

entrapped and aligned within either the organic cores of as-synthesized films or the 

channels of the porous films to produce materials displaying enhanced non-linear optical 

behaviour.  The results from this brief series of investigations are summarized in Table  

3-1.  
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Table 3-1.  Summary of experimental trials conducted to incorporate various dopants into C10-

based films.  

Dopant 
Molar Ratio 

(Dopant : C10) 
Doping Method General Outcome and Comments 

    
TEOS 1.0 : 1.0 in situ 

(unaligned, spin-coated) 
inconclusive TEOS incorporation 

    
TTIP 0.5 : 1.0 

   0.002 : 1.0 
in situ 

(unaligned, spin-coated) 
inhomogeneous films / phase separation 

(titania crystallite formation) 
    

TIPB 0.2 : 1.0 
 0.5 : 1.0 
 1.0 : 1.0 

in situ 
(aligned, dip-coated) 

inhomogeneous films / phase separation  
(oil droplet formation) 

    
DO3 210-4 : 1.0 in situ 

(unaligned, spin-coated) 
inhomogeneous films / phase separation  

(oil droplet formation) 

    
 N/A passive diffusion of DO3 

(from a saturated solution of 
DO3) into aligned, UV-

exposed, C10 film 

inconclusive DO3 incorporation 

    

 

 

 

Figure 3-18.  Optical micrograph images showing phase separation in (a) a TIPB-doped C10-

derived film, and (b) a DO3-doped C10-derived film. 

 

(a) (b)
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Overall, the difficulty of solubilizing the dopants within the organic portions of 

the as-synthesized nanohybrid structures was commonly encountered.  The formation of 

‘oil-like’ droplets or streaks at the expense of as-synthesized film homogeneity and 

uniformity, as well as a notable absence of the typical ‘alignment texture’ for the C10-

based films prepared on rubbing-treated substrates were evident by optical microscopy 

(see Figure 3-18).  Additionally, by out-of-plane XRD, the diffraction patterns obtained 

for these 1,3,5-triisopropylbenzene (TIPB)- and Disperse Orange 3 (DO3)-doped samples 

showed dramatically reduced peak intensities and only very minor shifts in the peak 

positions to slightly lower 2θ angles relative to the XRD data obtained for C10-only 

films.  Moreover, no diagnostic peaks indicating the presence of DO3 dye molecules in 

the films were observed by FT-IR or UV-VIS spectroscopy.49  If any TIPB or DO3 was 

indeed incorporated in the as-synthesized and / or UV / ozone-treated films, it was not to 

any significant degree that was quantifiable using the particular techniques applied here.   

 

N
N

O2N
NH2

Disperse Orange 3 (DO3)   

 

Although dopant incorporation was not explored further in any greater depth, we 

postulated that (at the loadings applied in these few experiments) the dopant molecules 

(in particular, TIPB) could be disrupting the interactions between the C10 precursors and 
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the polyimide chains at the organosilica film–polyimide interface during the formation of 

the as-synthesized films on rubbing-treated substrates, which would in turn detrimentally 

affect the achievement of uniaxial alignment across the entire film in all three 

dimensions.  However, despite the apparent incompatibility of the various dopant species 

with this particular C10-based sol system, it is certainly possible that a different set of 

conditions (e.g. a change of the solvent system and / or dopant loading) could be 

established that would allow for both uniaxial structure formation as well as dopant 

entrapment within both the nanohybrid and porous mesostructures.50  Alternatively, 

other, more compatible swelling agents and photoactive dyes could also be explored for 

the purposes of creating modified, functional variants of these C10-based oligomeric, 

organosiloxane films. 

 

3.6  Chiral, Oligomeric Organosiloxanes 

In yet another attempt to extend the scope of these designer, amphiphilic, 

oligomeric, organosiloxane precursors, we briefly explored the synthesis of chiral 

variants of the precursors.  A summary of the proposed routes used to address this aspect 

of the project are depicted in Scheme 3-8.  In general, we hoped to prepare precursors 

bearing a molecular scaffold reminiscent of the Cn precursors described above (i.e. 

precursors comprised of a condensable, oligomeric siloxane-based head group coupled 

with a relatively long, hydrophobic, organic moiety), coupled with the presence of a 

chiral center in various positions relative to the head group in order to see its effect on 
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subsequent uniaxial structure formation.  The main challenge, then, was to obtain a 

chiral, organotrichlorosilane that could be subjected to further silylation in order to build 

up the oligomeric siloxane-based head group.  The reactions also needed to yield each of 

the products at large enough scale that purification by distillation was viable. 

Route A involved an asymmetric hydrosilylation of terminal alkenes to generate 

branched, 2-substituted alkyltrichlorosilanes by a method reported by Hayashi and co-

workers.51  The preliminary investigative work was conducted using 1-octene (1), with 

the idea that if this route proved successful for 1-octene, both terminal and internal 

alkenes of varying length could be subjected to similar hydrosilylation conditions to 

generate other chiral, alkyltrichlorosilane derivatives.  Unfortunately, this reaction was 

not very reproducible nor scalable (generally poor conversion, and the best yield was 

only 25% at a 5 mmol scale of 1).  However, more significantly, the desired branched 

isomer was obtained as ~ a 9 : 1 mixture (molar ratio) with the linear isomer,51 from 

which it was inseparable.  

We then decided to try synthesizing a different monomer in which the center of 

chirality was significantly removed from the targeted position of siloxane condensation 

(depicted in Scheme 3-8, Route B).  The olefinic, branched benzyl ether (7) was first 

prepared by an SN2 reaction between a racemate of α-methylbenzyl alcohol (5) and allyl 

bromide (6) in the presence of NaH and dry THF.52,53  Once purified by column 

chromatography, 7 was subjected to chloroplatinic acid (H2PtCl6)-catalyzed 

hydrosilylation with HSiCl3 to produce 8.54  Although the first step proceeded with 

reasonable results (90% yield for a 25 mmol scale of 5), the hydrosilylation step suffered 
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Scheme 3-8.  Synthesis of chiral, oligomeric organosiloxanes.  Reaction conditions are 

summarized as follows: (i) [PdCl(η3-C3H5)]2, L*, neat, 40 °C, 2 h; (ii) H2O, aniline, THF / Et2O, 0 

°C, 2 h, then crystallization in hexane; (iii) SiCl4, hexane / THF; (iv) MeOH, pyridine, hexane; 

(v) NaH, THF, 45 °C, 48 h; (vi) H2PtCl6·6H2O in ACN, and neat at 70 °C for 2 h (Route B), or in 

toluene at 50 °C for 18 h (Route C); (viii) (C2H5)2NOH, EtOH, toluene, room temperature, 16 h.  
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from poor yields (< 60%).  Since 8 was not obtained in an amount that would be suitable 

for purification by distillation, crude 8 was subjected to the conditions for transformation 

of the organotrichlorosilane to the silanetriol, nonetheless.  Not surprisingly, however, 

this reaction did not proceed as desired, and gelation of the reaction mixture (presumably 

due to self-condensation of the monomer under these ‘wet’ conditions) was observed. 

As a last resort, we explored the hydrosilylation of 7 with double-four-ring 

(Si8O12H8, D4R) cubic polyhedral oligosilsesquioxane units (Scheme 3-8, Route C).33,55  

The advantage of this route was that the D4R unit could itself serve as a condensable, 

oligomeric head group once the residual hydride groups on the D4R unit were converted 

to ethoxy substituents.  This would allow us to eliminate the additional silylation steps 

that would otherwise be required to build up the oligomeric head group present on the 

Cn-based precursors.  However, the hydrosilylation reaction proceeded with poor 

conversion.  Furthermore, given that the equipment necessary to purify the substituted 

D4R units was not available for our use and the relatively high cost of the D4R oligomer 

(~ $200 per gram), it was decided that this was also not a scalable option. 

 Although we were disappointed to discontinue this project at this stage in favour 

of more intensely pursuing the work described in the proceeding chapter (Chapter 4), we 

believe that given more focused time and effort, designer, chiral, amphiphilic, oligomeric 

organosiloxane-based monomers (based on the scaffolds suggested above or otherwise) 

could be truly realized and investigated for their potentially novel materials-forming 

properties. 
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3.7  Conclusions and Future Work 

Amphiphilic, oligomeric alkyl siloxane precursors C10 and C16 easily form 

mesostructured films with uniaxially-aligned 2D hexagonal mesostructures and partially 

aligned lamellar structures, respectively, by dip-coating a pre-hydrolyzed sol of Cn onto 

a substrate bearing a rubbing-treated polyimide layer.36  In addition, UV / ozone 

irradiation under nominally room temperature conditions was shown to be a reasonable 

method for removing the majority of the alkyl moieties from the C10 hybrid films to 

reveal porous structures with retention of the 2D hexagonal structure and its uniaxial 

alignment.  The ease and high reproducibility of this methodology are promising for the 

preparation of inorganic–organic hybrid films with improved functionality as a direct 

result of the control over the structural order on both microscopic and macroscopic 

scales. 

In these films, the position of the organic moiety can be precisely defined on the 

substrate and in relation to the siloxane matrix.  Consequently, the introduction of more 

complex functional groups in the organic fraction in future investigations would be of 

noteworthy interest.  For example, the direct incorporation of photoactive molecules into 

the chemical structure of the precursors themselves could be envisioned, from which 

molecular packing and alignment might be tuned on the microscale and then transmitted 

throughout the macroscale.  This bottom-up approach to synthesizing new and novel 

materials could, therefore, prove to be quite powerful.  Moreover, in their as-synthesized 

forms, an improvement in the chemical stability of these nanohybrid materials in 

comparison to conventional silica–surfactant composites could also be anticipated due to 
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the covalent nature of the interface between the silyloxy and organic moieties, which 

could also impact their usefulness in advanced applications. 

Lastly, as described above, the formation of a uniformly anisotropic film depends 

on the two boundary conditions at the air–film and the film–substrate interfaces.17  If the 

conditions of the two interfaces are consistent, anisotropic structure formation can be 

achieved over the whole film.  Future work could also thus explore strategies to design 

and optimize the chemical functionality and geometry of these molecular building blocks 

to achieve total structural alignment and uniformity of more complex and demanding 

mesostructures. 

 

3.8  Experimental Procedures 

3.8.1  General and Materials 

Decyltrichlorosilane, hexadecyltrichlorosilane, and tetrachlorosilane were 

purchased from Tokyo Kasei Kogyo Co., Ltd. and used as received.  Anhydrous THF 

(tetrahydrofuran) (without stabilizer), anhydrous methanol, hexane, diethyl ether, aniline, 

and anhydrous pyridine used for the synthesis of C10 and C16, in addition to 0.01 M 

HCl(aq) were purchased from Wako Pure Chemical Industries and used as received.  

TEOS (tetraethoxysilane), TTIP (titanium(IV) tetraisopropoxide), acetylacetone, TIPB 

(1,3,5-triisopropylbenzene), and DO3 (Disperse Orange 3, 4-(4-nitrophenylazo)aniline) 

were purchased from Sigma-Aldrich and used as received.  Millipore® deionized water 

(DI H2O) was also used for the synthesis of the Cn precursors and the corresponding 
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films.  Non-alkaline glass slides (#7059) were purchased from Corning.  Crystalline, 

single-side polished Si wafers (<100> orientation, 525 μm wafer thickness) were 

purchased from Shin-etsu Chemical Co., Ltd.  Rubbing-treated crystalline silicon and 

quartz substrates were generously provided by Dr. Hirokatsu Miyata (Canon, Inc.). 

For the synthesis of the chiral oligosiloxanes, allylpalladium(II) chloride dimer 

([PdCl(η3-C3H5)]2), hexachloroplatinic acid (H2PtCl6·6H2O), and (R)-MeO-MOP ((R)-2-

(diphenylphosphino)-2’-methoxy-1,1’-binaphthyl) were purchased from Strem Chemicals 

Inc. and used as received.  1-Octene, sodium hydride (60% dispersion in mineral oil), α-

methylbenzyl alcohol, allyl bromide, and trichlorosilane were purchased from Sigma-

Aldrich.  THF (without stabilizer), toluene, and acetonitrile were purchased from Fisher 

Scientific.  With the exception of 1-octene and THF, which were freshly distilled prior to 

use, all of the other reagents and solvents were used as received.  Lastly, D4R (cubic, 

octasilane POSS®) was generously provided by Dr. Atsushi Shimojima (University of 

Tokyo, Japan) and used as received. 

Spin-coated films were prepared using a Oshigane Inc. SC-300 spin-coater.  Dip-

coated films were prepared using a dip-coater built in-house (constructed by Dr. Atsushi 

Shimojima, formerly at Waseda University, Japan). 

 

3.8.2  Alkyl Organosiloxane Precursor Synthesis 

The precursors (tris(trimethoxysilyloxy)(decyl)silane (C10) and 

tris(trimethoxysilyloxy)(hexadecyl)silane (C16)) were prepared according to previously 
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published procedures31 under nitrogen atmosphere using standard Schlenk techniques.  In 

a typical procedure for the synthesis of C10, decyltrichlorosilane (12.5 g, 48.5 mmol) in 

diethyl ether (120 mL) was slowly added to a mixture of anhydrous THF (180 mL), 

diethyl ether (180 mL), deionized water (2.7 mL, 150 mmol), and aniline (13.7 mL, 150 

mmol) under vigorous stirring for 2 h at 0 °C.  Under these optimized conditions, the 

alkyltrichlorosilane, water, and aniline are present in molar ratios of RSiCl3 : H2O : 

aniline = 1.0 : 3.1 : 3.1.  The resultant aniline hydrochloride precipitate was removed 

from the reaction mixture by vacuum filtration to give a transparent solution.  Solvent 

exchange with hexane was conducted under vacuum and repeated three times to afford 

the crystallization of decylsilanetriol, which was the collected by vacuum filtration and 

dried in vacuo.  Decylsilanetriol was then dissolved in anhydrous THF (300 mL) and 

added to a solution of tetrachlorosilane (50 mL) and hexane (60 mL).  The solvent 

volume was reduced under vacuum, followed by the addition of anhydrous MeOH, 

hexane, and anhydrous pyridine for the methanolysis of C10H21Si(OSiCl3)3.  Removal of 

excess solvent and reagents under vacuum yielded the crude product.  Finally, pure C10 

was isolated as a clear, colorless liquid by vacuum distillation and characterized by 1H, 

13C, and 29Si solution-state NMR (spectra data were compared to those previously 

published in reference 31).  Analogous conditions were used for the synthesis of C16 

using hexadecyltrichlorosilane as the starting precursor. 
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3.8.3  Preparation of Rubbing-Treated Substrates 

Rubbing-treated polyimide coated substrates were prepared according to a 

previously published procedure.29  The polyimide (poly(hexamethylenepyromellitimide), 

PI) film is prepared by spin-coating the polyamic acid onto clean silicon or quartz 

substrates, followed by heating at 200 °C for 1 h in air to allow for the formation of the 

polyimide layer (approximately 10 nm in thickness) via thermal imidization.  The 

polyimide-coated substrates are then subjected to a rubbing treatment by fixing the 

substrates to a height-controllable stage and contacting the polyimide layer with a 

Nylon®-covered cylindrical roller of 24 mm radius rotating at a rate of 1000 rpm. 

 

3.8.4  Nanohybrid Film Synthesis 

The coating solution was prepared according to previously published procedures31 

with hydrolysis of Cn in a starting sol with the reagents respectively present in the 

following molar ratios: Cn : THF : H2O : HCl = 1.0 : 50 : 18 : 0.002.  In a typical 

procedure for synthesizing C10-based films, the C10 precursor (0.47 g, 0.8 mmol) was 

weighed out into a Teflon® flask.  After charging the flask with a stir bar, anhydrous THF 

(3.3 mL, 40 mmol), DI H2O (0.10 mL, 5.6 mmol), and 0.01 M HCl(aq) (0.16 mL, 1.610-3 

mmol of acid) were added.  The resulting sol was allowed to stir at 25 °C for 12 h before 

adding additional H2O (0.47 mL, 26 mmol) at a molar ratio of H2O / Cn = 32.  Rubbing-

treated polyimide-coated substrates and plain substrates were then coated with the 

solution by dip-coating (with the withdrawal direction set perpendicular to the rubbing 

direction in the case of the rubbing-treated substrates) at a rate of 2 mm·s-1.  Spin-coated 
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films were prepared by spinning at a rate of 3000 rpm for 10 s.  All of the film processing 

was carried out in air at a relative humidity of approximately 50%, and the films were 

then dried under ambient conditions for 2 days. 

 

3.8.5  Removal of Alkyl Moieties from 2D Hexagonally-Ordered Films 

Alkyl groups were removed from the as-synthesized materials either by 

calcination in air at 500 °C for 8 h (with both a ramp rate and cooling rate of 1 °C·min-1) 

or by UV irradiation using a Xe2 excimer lamp (Ushio Electric UER20-172V, λ = 173 

nm, 10 mW·cm-2) at a various distances from the UV source and at various O2 pressures 

to yield porous films.  For example, several of the aligned films were UV-exposed at a 

separation of 2 mm under a pressure of 50 Pa for 20 minutes.  It should also be noted that 

the UV / ozone treatments were conducted by Dr. Atsushi Shimojima at the University of 

Tokyo (Japan). 

 

3.8.6  Incorporation of TEOS, TTIP, and Organic Guest Molecules 

Unaligned, Spin-Coated, TEOS–C10 Films.  The coating solution was prepared by 

hydrolysis of C10 and TEOS in a starting sol with the reagents respectively present in the 

following molar ratios: C10 : TEOS : THF : H2O : HCl = 1.0 : 1.0 : 23 : 7.4 : 7.510-4.  

The sol was allowed to stir at 25 °C for 12 h before adding additional H2O in a molar 

ratio of H2O / C10 = 15.  Crystalline Si wafer substrates were then spin-coated with the 
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solution at a rate of 3000 rpm for 10 s in air at a relative humidity of approximately 50%.  

The films were then dried under ambient conditions for 2 days. 

Unaligned, Spin-Coated, TTIP–C10 Films.  The coating solution was prepared by 

hydrolysis of C10 in a starting sol with the reagents respectively present in the following 

molar ratios: C10 : THF : H2O : HCl = 1.0 : 50 : 18 : 0.002.  The sol was allowed to stir 

at 25 °C for 12 h.  Meanwhile, TTIP was separately pre-mixed with acetylacetone in a 

molar ratio of TTIP : acetylacetone = 1.0 : 1.2 to generate a partially ligand-exchanged 

and less hydrolytically reactive Ti-based precursor.  This TTIP–acetylacetone mixture 

was then added to the silane mixture such that the TTIP was present at a loading of 0.2 

mol%.  Crystalline Si wafer substrates were then spin-coated with the solution at a rate of 

3000 rpm for 10 s in air at a relative humidity of approximately 50%.  The films were 

then dried under ambient conditions for 2 days. 

Incorporation of TIPB into Aligned, Dip-Coated C10 Films.  The coating solution was 

prepared firstly by hydrolysis of C10 in a starting sol with the reagents respectively 

present in the following molar ratios: C10 : THF : H2O : HCl = 1.0 : 50 : 18 : 0.002.  The 

resulting sol was allowed to stir at 25 °C for 12 h before adding additional H2O at a molar 

ratio of H2O / C10 = 32.  Thereafter, TIPB was added at a molar ratio of TIPB / C10 = x 

(where x = 0.2, 0.5, or 1.0) under stirring.  Rubbing-treated polyimide-coated substrates 

were then coated with the solution by dip-coating (with the withdrawal direction set 

perpendicular to the rubbing direction) at a rate of 2 mm·s-1 at a relative humidity of 

approximately 50%, and the films were subsequently dried under ambient conditions for 

2 days. 
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In-Situ Incorporation of DO3 into Unaligned, Spin-Coated C10 Films.  The coating 

solution was prepared firstly by hydrolysis of C10 in a starting sol with the reagents 

respectively present in the following molar ratios: C10 : THF : H2O : HCl = 1.0 : 50 : 18 : 

0.002.  The resulting sol was allowed to stir at 25 °C for 12 h.  Meanwhile, a 3 mM 

solution of DO3 in THF was prepared.  Thereafter, an aliquot of the DO3 solution was 

added to the silane solution such that DO3 was added at a molar ratio of DO3 / C10 = 

210-4 under stirring.  Corning® glass substrates were then spin-coated with the solution 

at a rate of 3000 rpm for 10 s in air at a relative humidity of approximately 50%.  The 

films were then dried under ambient conditions for 2 days.  

Incorporation of DO3 into Uligned, Spin-Coated and UV-Exposed C10 Films.  

Unaligned, as-synthesized C10 films were first prepared by spin-coating onto crystalline 

Si substrates using the standard protocol described in Experimental Section 3.8.4.  Alkyl 

chain elimination by UV / ozone exposure was then conducted using the conditions 

specified in Experimental Section 3.8.5 to yield porous, 2D-hexagonally ordered films.  

Thereafter, the UV-treated films were soaked for in closed vessel containing a 10 mM 

solution of DO3 in ethanol for 24 h.  The films were then pulled out of the DO3 solution 

and dried under ambient conditions for 1 day prior to further analysis. 

 

3.8.7  Chiral Organosiloxane Precursor Synthesis 

Route A: Asymmetric Hydrosilylation of Terminal Alkenes.  3 was prepared according 

to a previously published procedure.51  In a typical procedure, allylpalladium(II) chloride 
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dimer ([PdCl(η3-C3H5)]2) (0.92 mg, 0.0025 mmol), (R)-2-(diphenylphosphino)-2’-

methoxy-1,1’-binaphthyl ((R)-MeO-MOP) (4.68 mg, 0.010 mmol), and 1-octene (560 

mg, 5 mmol) were weighed out into a Schlenk flask in a nitrogen atmosphere glove box.  

The flask was then charged with a stir bar, taken out of the glove box, and cooled to 0 °C 

with an ice bath.  Thereafter, using standard Schlenk techniques, trichlorosilane (745 mg, 

5.5 mmol) was added to the mixture.  The reaction mixture was allowed to stir 40 °C for 

24 h.  The product was obtained in 25 % yield (as a mixture with the linear regioisomer) 

after vacuum distillation as determined by 1H NMR in CDCl3 (spectra data were 

compared to those previously published in reference 51). 

Route B: Synthesis of Racemic, Allyl 1-Phenylethyl Ether.  The synthesis of 7 was 

adapted from previously published procedures.52,53  In a typical procedure, sodium 

hydride (60% dispersion in mineral oil, 2.0 g, 50 mmol) was weighed out into a 100 mL 

round-bottomed flask charged with a stir bar and sealed with a rubber septum.  Under 

argon flow, freshly distilled THF (25 mL) was then added and the suspension was 

allowed to stir.   Thereafter, racemic α-methylbenzyl alcohol (3 mL, 25 mmol) was added 

dropwise to the suspension.  Once bubbling of the mixture (i.e. hydrogen gas evolution) 

was complete, allyl bromide (4.3 mL, 50 mmol) was added dropwise and then the 

reaction mixture was stirred for 48 h at 45 °C.  The reaction mixture was next transferred 

into a separating funnel and repeatedly extracted with diethyl ether.  The organic 

fractions were combined and washed with a saturated brine solution, and subsequently 

dried with MgSO4(s).  After evaporation of the solvent, the resulting pale yellow oil was 

purified by silica gel chromatography (volumetric ratio of hexane : diethyl ether = 20 : 1) 
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to give 7 as a colorless oil in 90% isolated yield (3.7 g), which was characterized by 1H 

NMR in CDCl3 (spectra data were compared to those previously published in references 

52 and 53). 

Pt-Catalyzed Hydrosilylation of Racemic, Allyl 1-Phenylethyl Ether (7) with HSiCl3.  

The synthesis of 8 was adapted from previously published procedures.54  In a typical 

procedure, 7 (0.5 g, 3 mmol) was weighed into a threaded test tube (10-mL capacity).  

After charging the test tube with a stir bar, trichlorosilane (0.9 mL, 9 mmol) and a 0.02 M 

solution of hexachloroplatinic acid (H2PtCl6·6H2O, 0.012 mL of solution, 2.410-4 mmol 

of catalyst) in acetonitrile were added.  The test tube was briefly purged with dry argon 

gas prior to capping the tube and stirring the reaction mixture at 70 °C for 48 h.  Evidence 

for the formation of the desired product was obtained with ~ 60% conversion of the 

starting olefin (7) as determined by 1H NMR of the crude reaction mixture in CDCl3, but 

pure product was never isolated.  

Route C: Pt-Catalyzed Hydrosilylation of Racemic, Allyl 1-Phenylethyl Ether (7) with 

D4R.  The synthesis of 10 was adapted from previously published procedures.33,55  In a 

typical procedure, D4R (0.1 g, 0.24 mmol) was weighed into a 10-mL threaded test tube.  

After charging the test tube with a stir bar, 7 (0.038 g, 0.24 mmol), toluene (2 mL), and a 

0.02 M solution of hexachloroplatinic acid (H2PtCl6·6H2O, 0.010 mL of solution, 210-4 

mmol of catalyst) in acetonitrile were added.  The test tube was briefly purged with dry 

argon gas prior to capping the tube with a Teflon®-lined lid and stirring the reaction 

mixture at 50 °C for 18 h.  Some crude product was obtained as determined by 1H (in 

CDCl3), but pure product could not be isolated. 
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3.8.8 Characterization Methods 

The surface texture of the films was observed by optical microscopy (Olympus 

BX50).  The X-ray diffraction (XRD) in Bragg–Brentano geometry was performed with a 

MAC Science M03XHP22 diffractometer using Mn-filtered Fe Kα radiation at 40 kV and 

20 mA.  In-plane XRD patterns were recorded with a Rigaku ATX-G diffractometer with 

a 4-axis goniometer using Cu Kα radiation at 50 kV and 300 mA.  A soller slit with a 

vertical divergence of 0.48 ° was used to obtain a parallel beam.  The incident angle of 

the X-ray in the in-plane geometry was 0.2 °.  Samples were prepared for cross-sectional 

TEM using focused ion beam (FIB) etching (SEIKO EG&G SMI2050), and cross-

sectional TEM images were recorded with a JEOL JEM-2010 microscope operated at 200 

kV.  Fourier transform infrared (FT-IR) spectra of the films were recorded in 

transmission mode on a Perkin-Elmer Spectrum One spectrometer with a nominal 

resolution of 0.5 cm-1.  Solution state NMR spectra were collected at Waseda University 

(Japan) on a JEOL Lambda 500 MHz spectrometer, and at Queen’s University on Bruker 

Avance 300 MHz and 400 MHz spectrometers. 
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Chapter 4 

Probing Chiral Recognition in Chiral Binaphthalene-Based Periodic 

Mesoporous Organosilica Powders and Monoliths 

4.1  Introduction 

4.1.1  Periodic Mesoporous Organosilicas (PMOs) 

From the preceding chapters, it may be appreciated that surfactant-templated and 

self-templating methodologies for synthesizing porous, ordered silica-based materials are 

incredibly versatile and may be readily modulated to allow access to a wide variety of 

different types of materials.  However, it is not only the purely inorganic variants that are 

of great utility.  Arguably, it is their tailored, organically-functionalized counterparts that 

more dramatically expand the range of materials that may be synthesized and 

implemented in advanced applications.1,2,3,4 

 As described previously, there are three main routes for introducing organic 

functionality into silica-based sol-gel materials: (i) post-synthetic grafting of 

organosilanes onto a pre-formed, solid support; (ii) co-condensation of polymerizable 

organosilane(s) with the inorganic precursor directly in the starting sol; and (iii) 

condensation of hybrid organic–inorganic precursors such as bridge-bonded 

silsesquioxanes in the starting sol.1,2,3,4  It should be noted, of course, that these three 

routes may be used in various combinations (for example, condensation of bridge-bonded 

silanes alone or with an inorganic precursor to first form a periodic mesoporous 

organosilica (PMO) material that may then be further modified through the post-synthetic 

grafting of an additional functional group in a subsequent step) in order to arrive at a 
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material of targeted composition and applicability for a chosen task.  In this chapter, these 

PMO-type materials are of particular interest.1,3,4 

The syntheses of porous, hybrid organic–inorganic materials by a surfactant-

templated sol-gel process to yield PMOs were first reported in 1999 by three independent 

research groups.5,6,7  In these instances, the silsesquioxane monomers were either  

ethane-5,6 or ethene-bridged6,7 (see 1,2-bis(trimethoxysilyl)ethane (BTMSE), 1,2-

bis(triethoxysilyl)ethane (BTESE), and 1,2-bis(triethoxysilyl)ethylene (BTESEY) in 

Scheme 4-1).  However, it was really the reports by Inagaki and co-workers released in 

2002 pertaining to the preparation of benzene- and biphenylene-bridged PMOs bearing 

molecular scale crystallinity in the walls of the materials8 that fascinated us (1,4-

bis(triethoxysilyl)benzene (BTESB) and 4,4’-bis(triethoxysilyl)-1,1’-biphenyl 

(BTESBP) in Scheme 4-1 and Figure 4-1).   

These particular examples of benzene- and biphenylene-bridged materials were of 

heightened interest because, up until this point, surfactant-templated silica-based sol-gel 

materials had not been prepared with any significant degree of crystallinity in the 

framework.  The periodicity and order present in the hitherto reported templated 

materials really only pertained to the pore-to-pore relationships.  With these crystalline 

PMOs synthesized by Inagaki et al., the possibility of generating materials that could take 

advantage of this manifestation of close-range, intermolecular interactions – which were 

appealingly ‘locked’ in the solid state – in order to exploit or reveal additional physical 

and chemical properties on the bulk scale was now within closer reach.  Furthermore, the 

idea of creating PMOs based on rigid chiral monomers was also an attractive venture. 
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(EtO)3Si
Si(OEt)3 (EtO)3Si

Si(OEt)3(MeO)3Si
Si(OMe)3

(EtO)3Si Si(OEt)3 (EtO)3Si Si(OEt)3

BTMSE BTESE BTESEY

BTESB BTESBP  

Scheme 4-1.  Bis-silylated silsesquioxane monomers used in some of the first reported syntheses 

of PMO materials. 

 

 

Figure 4-1.  (a) TEM image of the porous, solvent-extracted biphenylene-bridged crystalline 

PMO material showing lattice fringes in the pore walls with a spacing of 11.6 Å, as well as a 2D 

hexagonal mesopore arrangement (inset).  Scale bars = 10 nm.  (b)  COMPASS (Condensed-

Phase Optimized Molecular Potentials for Atomistic Simulation Studies) force field-optimized 

structural model of the crystallinity within the walls of the mesoporous biphenylene-bridged 

PMO.  (Both images taken from reference 8b.) 
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4.1.2  Chirality Transfer in PMOs 

In the literature pertaining to the field of liquid crystals (LCs), it has been well-

documented that the addition of a chiral dopant (i.e. a guest species), for example, into an 

achiral, nematic host LC induces the formation of a bulk, chiral mesophase in the host 

medium.9,10,11,12  Importantly, therefore, under the appropriate conditions, a highly 

valuable or unique guest species may be used to impart selected properties to a host 

material that itself does not possess such characteristics.   

 Thus, we envisioned that silylated, axially chiral biarylene-derived dopants could 

be synthesized and condensed alone or with the biphenylene monomer (4,4’-

bis(triethoxysilyl)-1,1’-biphenyl, BTESBP).  The main goal of such a venture would be 

to try and establish a set of conditions whereby transfer of the chiral conformation of a 

given biarylene atropisomer to the dynamically racemic, unsubstituted biphenyl core of 

BTESBP might be possible in the solid state and also appropriately observed.  If the bulk 

material could then be synthesized with molecular-scale crystallinity, the chiral 

conformation of the dopant monomer may potentially be translated through accumulative 

guest–host and host–host interactions to span throughout the entire framework over 

extended length scales.  

 Enabling the encoding of chiral information and / or chirality transfer in the solid-

state would have important implications in fields such as heterogeneous asymmetric 

catalysis and chiral chromatography.  As biaryl and binaphthyl motifs are frequently 

encountered in the backbones of many highly effective chiral ligands (for the most 

common examples, see BINAP, QUINAP, BINOL, and BIPHEP in Scheme 4-2, 
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below),13,14 silylated versions of these axially chiral ligands could be employed as the 

dopants in a biphenylene-based host system to form functional PMO materials.  In 

addition to providing heterogenized ligands for asymmetric chemical transformations, it 

was our hope that the chiral biaryl unit would interact with the biphenyl monomer that 

forms the bulk material.  This interaction would then result in an enhanced and extended 

homochiral topography along the pore walls that could lead to dramatic improvements in 

the efficacy of these transformations in comparison to typical supported chiral ligands, 

where the microenvironment of the chiral ligand is disordered (for example, in the case of 

regular amorphous silica).  Furthermore, the occurrence of significant chirality transfer 

within this type of a support material may perhaps then facilitate the use of only minor 

quantities of these typically costly chiral ligands without having to sacrifice asymmetric 

catalytic performance. 

 

PPh2

PPh2

OH
OH

N

PPh2

BINAP BINOL QUINAP

PPh2

PPh2

BIPHEP  

Scheme 4-2.  Examples of binaphthyl-based ligands commonly used in metal-catalyzed 

asymmetric transformations. 
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A similar influence could also be postulated in the synthesis of materials as 

supports for chiral chromatography.  Here, the separation and resolution of a pair of 

enantiomers depends on the formation of transient diastereomeric complexes between the 

analyte molecules of interest and a given chiral stationary phase (CSP).15  Additionally, 

chiral cavities may also induce steric interactions of an enantioselective nature.15,16  In the 

end, the summation of these diastereomeric interactions of relatively small differential 

energy over the total time spent by the analytes in the presence of the CSP leads to the 

separation of enantiomeric molecules.  Therefore, the development of novel, chiral PMOs 

may not only contribute to the domain of chiral chromatography by providing new types 

of CSPs for use, but may also result in improvements in chiral chromatographic 

performance in light of their unique properties and potential for exhibiting enhanced 

functionality.  

Our research group thus set out to explore the consequences of incorporating 

axially chiral biarylene monomers into biphenylene-based PMO materials.  For a model 

compound, the tetra-ortho-substituted species 1 (Scheme 4-3) was chosen as the target 

chiral monomer and synthetic routes for preparing this monomer were painstakingly 

established and reported by us in 2006.17  In the years that followed, a significant amount 

of effort was dedicated the synthesis of PMO-type materials composed of 1 and BTESBP 

as the ‘guest’ and ‘host’ components, respectively, and in 2008, the major findings from 

this work were reported. 18  Importantly, convincing evidence for the formation of chiral 

aggregates between 1 and BTESBP species in the condensed materials were   
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Scheme 4-3.  Axially chiral, bis-silylated monomers designed by the Crudden research group (1, 

2, and 3a).  The chiral precursor to 3a (3b) was used in this work as a test analyte for chiral 

capillary chromatography (chiral centers marked by *). 

 

demonstrated via solid-state circular dichroism (CD) and further corroborated by 

computational models.18 

From this success, the research in our laboratory has since taken off in a few 

different directions as we continue exploring alternative motifs for axially chiral 

monomers – in particular, those that more closely replicate ligands of interest to 

asymmetric catalysis.  One of these motifs is based on the binaphthylene framework, 

which is considered to be a ‘privileged’ structure for chiral ligands (as can be seen above 

with BINAP, BINOL, and QUINAP, which are just a few select examples).9b,9d,13a,19  In 
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addition to their well-documented ability to affect chirality transfer in various 

fashions,9,13a,19 binaphthyl structures are typically much more easily prepared than related 

biphenyl monomers.20   

  Binaphthalene-based derivative 2 was designed by Crudden / Snieckus student, 

Tom Blackburn, using directed ortho-metalation (DoM) methodology to introduce the 

key silicon units for hydrolysis and condensation.21  As published by Blackburn in his 

Master’s thesis, after preparing enantiomerically pure chiral monomer 2, he succeeded in 

preparing powdered, PMO materials incorporating monomer either the rac- (R)- or (S)-2 

monomer in varying amounts as a chiral dopant alongside BTESBP as the dynamically 

racemic host species.  As in our previous report of employing chiral biphenyl derivative 1 

as a guest species,18 chirality transfer from the chiral monomer to the biphenylene host 

was observed by solid-state CD and supported by computational models.21 

 To take these materials beyond simply demonstrating yet another example of 

chirality transfer and to instead provide evidence for chiral recognition, we began an 

evaluation of these chiral PMO materials as chiral stationary phases for reverse phase 

nano-HPLC in collaboration with the research group of Prof. Richard D. Oleschuk 

(Queen’s University).  In the first instance, a bulk sol-gel material prepared using 100% 

S-2 was packed into a fused silica capillary (internal diameter (ØID) = 75 μm and length 

(L) ~ 9 cm) to affect the enantiomeric separation of a racemic mixture of 3b (yet another 

chiral monomer motif explored by our group, which was synthesized by Dr. Steven 

Dickson).22  It should be noted that a material synthesized using only the chiral silane was 

employed in these preliminary chromatography trials since it was believed that this would 
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provide maximum interaction with the chiral analyte.  After optimizing the conditions 

with this material, we planned to proceed to chiral materials prepared from dopant / host 

mixtures.   

 Encouragingly, some separation of the racemate of 3b was detected.23,24  

Unfortunately, however, the resolution of the two corresponding enantiomeric peaks was 

far from complete (see Figure 4-2).25   

The main goal of chromatography is to achieve the highest possible resolution in 

the shortest possible time.26  Specifically, column resolution (RS) is related to the 

separation of two analytes (A and B), and may be quantitatively defined as: 
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where tR is the retention time (i.e. time elapsed before reaching the detector at the exit of 

the column) for a given species (e.g. A or B, where species A elutes ahead of species B) 

and W is the width of the base of the peak (in units of time) corresponding to a given 

species.  A resolution of 1.5 gives essentially gives complete separation of species A and 

B (i.e. peak overlap is ~ 0.3%), while smaller values of RS imply worse peak separation 

(see Scheme 4-4).26  
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Scheme 4-4.  Schematic representation of the separation of two peaks (species A and B) at three 

different resolutions (RS) and the corresponding chromatographic parameters included in the 

calculation of RS.  (Scheme taken from reference 26.) 

 

Column resolution may also be related to other parameters that are commonly 

used to describe column efficiency – namely, the number of theoretical plates (N) and 

plate height (H) – by the following relationships:26 
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where α is the selectivity factor and is defined as a ratio of the partition coefficients (K) 

for species A and B: 
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and tM is the elution time for a species that is not retained on the column (i.e. ‘dead time’) 

(which provides a measure of the average rate of migration of the mobile phase).  Also, 

k’B is the capacity factor for species B (i.e. indicative of the migrate rate of the solute 

along the column), which is defined as: 
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Finally, the plate height, H, and the number of theoretical plates, N, are related by: 
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where L is the length of the column.  Alternatively, N may be obtained by the following 

relationship: 
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where WFWHM is the peak width at half-maximum.  In summary, to achieve high 

resolution, the column and operating conditions of interest will correspondingly have a 

high value for the number of theoretical plates per unit length of the column and a small 

plate height.26 

or 
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Additionally, column efficiency may be related to the flow processes within the 

column by the van Deemter equation, which is expressed as: 

 uC
u

B
AH    (4-9) 

where A, B, and C are constants relating to eddy diffusion, longitudinal diffusion, and 

resistance to mass transfer, respectively, and u is the linear velocity of the mobile phase:26 

 
Mt

L
u    (4-10) 

Importantly, the A term of the van Deemter equation relates to the multiple flow paths 

through the column bed, and is affected by:27 

 particle size 

 particle shape and uniformity 

 particle pore shape / structure 

 quality of the packing 

 wall effects (e.g. material, roughness, and column diameter) 

The objective, then, is to minimize the number of errant paths through the column so as 

to minimize band broadening at the exit of the column. 

For our materials tested to this point (i.e. bulk, chiral PMO powders packed into 

capillary columns), the factors listed above are of greatest influence on our column 

efficiency and chromatographic performance.  Upon examination of the 100% S-2 

material by FE-SEM, it became glaringly apparent that the morphology of this bulk  
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Figure 4-2.  Reverse phase nano-HPLC chromatograph for the gradient elution of R,R- and S,S-

3b on a capillary column packed with 100% S-2 PMO powder (data provided by Dr. Graham 

Gibson, Queen’s University). 

 

 

Figure 4-3.  FE-SEM image showing the morphology of the 100% S-2 PMO material (image 

taken from reference 21).   
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material was not suitable for packing into column form (see Figure 4-3), and that a 

different morphology would have to be explored for future demonstrations of chiral 

separations. 

Dr. Xiaowei Wu (Queen’s University) had explored the possibility of synthesizing 

chiral PMO powders (incorporating 2 as the chiral monomer) with spherical morphology.  

Although she was successful in synthesizing spherical materials, the particles that she 

obtained were too small (particle diameter ~ 1 μm) and upon packing the materials into a 

capillary, the resulting back pressure was too high to allow for any flow to be established 

along the column bed.   

In related work, Dr. Steven Dickson (Queen’s University) had tried to silylate the 

surface of commercially-available, monodisperse silica spheres with his chiral monomer 

(3a) to prepare CSPs that would be suitable for the separation of other chiral analytes.  

However, upon packing that material into a capillary column and conducting nano-HPLC 

trials, it appeared as though significant leaching of his chiral monomer was occurring off 

the column bed – making it difficult to evaluate the chromatographic performance of this 

material.28  

A few other parameters such as column length, mobile phase flow rate, and 

isocratic versus gradient elution protocols were also adjusted to improve upon the nano-

HPLC performance with Blackburn’s original chiral PMO-packed columns.  However, 

each modification came with a given cost (e.g. increased run times, decreased peak 

separation, and so forth) and, in the end, the modifications were not enough to overcome 
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the deficiencies posed by the material morphology.29  Thus, monolithic morphologies 

were considered as interesting and promising options.   

 

4.1.3  Monoliths and Capillary Chromatography 

As reported extensively by Nakanishi and others, silica and organosilica 

monoliths characterized by both macro- and mesoporosity have significant promise in the 

field of chromatography.30  Under carefully controlled conditions, monoliths can be 

prepared that exhibit excellent flow-through properties, which improve the performance 

and efficiency of chromatographic separations in comparison to conventional, packed 

particle beds.30,31  Specifically, these monolithic columns resolve analytes as well as 

standard columns packed with 5 μm-diameter silica particles, but can do so in half the 

time with half the column back pressure.30c,32  In fact, these silica-based monoliths have 

been developed, optimized, and proven to such an extent that they have been 

commercially available since 2001 under the name Chromolith® (Merck).31,32  

Furthermore, these monoliths may also be prepared within fused silica capillaries (see the 

example of a typical cross-sectional SEM image shown in Figure 4-4),30c,33 and thus may 

be applied to small-scale separations as well, which is of particular interest to a growing 

number of chemists since it minimizes the amount of analyte that needs to be employed. 

 These monoliths are prepared by sol-gel chemistry.  The characteristic co-

continuous structure consisting of interpenetrating porous and skeletal networks is 

achieved through uniform phase separation of the solid and solvent phases via spinodal 
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decomposition with concomitant gelation of the solid phase.30,34  Subsequent drying of 

the monolithic structures reveals the integral porous network.  As we have seen with 

other materials prepared in this thesis, a templating agent such as a nonionic polymer or 

block copolymer is added to the sol.  However, this species is not added solely as a 

mesostructuring agent, but rather as a component that modulates the solubility of the 

developing silica-based matrix with respect to the solvent media and arrests premature 

gel formation to allow for progressive coarsening of the silica phase prior to phase 

separation.30,33,34 

 

 

Figure 4-4.  Cross-sectional SEM image of a monolith prepared from a equimolar mixture of 

methytrimethoxysilane and tetramethoxysilane inside of a 100 μm-diameter fused silica capillary. 

(Image taken from reference 33.) 
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For the most part, monoliths and capillary monoliths have largely been explored 

using TMOS (tetramethoxysilane, Si(OMe)4) or TEOS (tetraethoxysilane, Si(OEt)4) as 

the condensable silica precursors with functionalization of these silica monoliths to 

provide organically-modified derivatives achieved by post-synthetic grafting of the 

desired organic moieties onto the pre-formed silica columns.  Only in more recent years 

have reports describing the use of organotrialkoxysilanes and silsesquioxane precursors 

to form such co-continuous monoliths appeared.  The first examples involved monomers 

such as methyltrimethoxysilane (MTMS), vinyltrimethoxysilane (VTMS), 

allyltrimethoxysilane (ATMS), 1,1-bis(trimethoxysilyl) methane (BTMSM), 1,2-

bis(trimethoxysilyl)ethane (BTMSE), 1,3-bis(trimethoxysilyl)propane (BTMSP), and 

1,6-bis(trimethoxysilyl)hexane (BTMSH) (Scheme 4-5).33,35 

 

(MeO)3Si CH3 (MeO)3Si (MeO)3Si

(MeO)3Si Si(OMe)3 (MeO)3Si Si(OMe)3 (MeO)3Si
Si(OMe)3

MTMS VTMS ATMS

BTMSM BTMSP BTMSH  

Scheme 4-5.  Organosilane precursors used in some of the first examples of monolithic 

organosilica materials prepared by spinodal decomposition (i.e. polymerization-induced phase 

separation). 
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Notably, in 2009 and 2010, the syntheses of porous, co-continuous monoliths 

from 1,4-bis(triethoxysilyl)benzene (BTESB)36 and 4,4’-bis(triethoxysilyl)-1,1’-biphenyl 

(BTESBP)37 monomers were demonstrated, respectively, which are of significant interest 

to us.  In these reports, Nakanishi and co-workers prepared bulk organosilica monoliths 

that were later converted to porous silicon carbide (SiC) ceramics by carbothermal 

reduction.  Our objective was instead to adapt the synthesis of the biphenylene-bridged 

PMO monolith to yield the corresponding PMO capillary monoliths, and then extend the 

capillary monolith synthesis to incorporate the chiral binaphthyl monomer, 2.  We 

hypothesized that these PMO capillary monoliths would be a more appropriate alternative 

to the powdered PMO materials of the previous section for the demonstration of chiral 

separation.  In addition to possessing more favourable flow-through characteristics 

typical of such co-continuous materials, the synthesis of capillary monoliths would 

require only very small amounts of our precious chiral monomers and would 

simultaneously open the doors to the exploration of interesting aspects of device 

miniaturization for microfluidic applications of chromatography and flow catalysis. 

 

4.2  Biphenylene-Based PMO Capillary Monoliths 

Before preparing chiral variants of the PMO capillary monoliths, we first prepared 

capillary monoliths using 100% of the biphenylene precursor in order to better 

understand the sensitivity of the system to various synthetic parameters.  In parallel to the 

procedures previously reported by Nakanishi and co-workers,37 the PMO-type capillary 
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monolith system of interest, here, was composed of BTESBP as the condensable silane, 

Pluronic® F127 as the templating agent, dimethylacetamide (DMA) as the solvent, and 1 

M aqueous nitric acid as the catalyst for hydrolysis and siloxane condensation.  As this 

system has previously been reported to be quite sensitive to the amount of water present, 

the molar ratio of water to silane was maintained at H2O : BTESBP = 6.3 : 1.0.37  We 

henceforth chose to initiate our investigations with the exploration of the effects of 

changing the template-to-silane ratio and the solvent fraction for reactions conducted on a 

0.22 mmol BTESBP scale (which corresponds to 105 mg or 0.10 mL BTESBP and 

0.025 mL of 1 M HNO3(aq)) at a gelation temperature of 60 °C.  It should also be noted 

that all of the starting sols are homogeneous and transparent in appearance prior injection 

of the sols into fused silica capillaries of 100 μm-internal diameter (ID) and subsequent 

phase separation / gelation of the organosilica species. 

 Importantly, though, prior to our systematic studies regarding F127 and solvent 

content, it was discovered that sol composition alone was not sufficient to guarantee the 

formation of a co-continuous structure with the targeted textural properties (a desirable 

combination of skeleton thickness and pore diameter38 may be see in Figure 4-5, bottom 

left) (pore size = 3.8 μm; skeleton thickness = 2.2 μm).  As illustrated by the composite 

image of cross-sectional SEM images for four different capillary PMO monoliths formed 

using the same starting sol composition in Figure 4-5, the structural evolution of the co-

continuous monoliths is sensitive to the timing of the pre-mixing steps, as well as the 

precision and uniformity of the temperature control within a convection oven in 

comparison to a conventional oven or water bath.39  In response to this finding, we  
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Figure 4-5.  Composite cross-sectional SEM images of four different capillary monoliths bearing 

co-continuous structures prepared with the same sol composition, but with different reaction 

times.  The desired skeletal structure for this work is shown in the bottom left quadrant.  All 

monoliths were prepared in capillaries that were 100 μm in diameter. 

 

 

Scheme 4-6.  Protocol and timing of individual steps in the synthesis of PMO capillary 

monoliths.  
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established a standardized procedure for capillary PMO monolith synthesis (outlined in 

Scheme 4-6), which was followed for all proceeding experiments.   

Specifically, F127 is solubilized in DMA with short burst of heat from a heat gun 

and gentle shaking,40 and then left to stir at room temperature at ~ 600 rpm for 30 

minutes.41  1 M HNO3(aq) is next added to the mixture and stirred for 5 minutes at room 

temperature prior to adding the condensable silane(s).  The resulting sol is then left to stir 

at room temperature for an additional 10 minutes before charging a fused silica 

capillary42 and placing the sample into a digitally-controlled convection oven43 (T = 60 

°C) where the sol is left to gel and age for a total of 24 h.44 

For our first study, the mass ratio of F127 : BTESBP was varied from 0.48–0.67 : 

1.0, respectively, and the effect of the F127 content on the resulting structure of the 

capillary monoliths was evaluated by SEM.  The final sol compositions are summarized 

in Table 4-1 (entries 1–5) and depicted in the ternary phase diagram of Scheme 4-7.  As 

can be seen by the SEM images in Figure 4-6 and the corresponding phase diagram 

(Scheme 4-7), the skeletal structure of the capillary monoliths is extremely sensitive to 

F127 content.  At the lower end of the range of F127 mass fractions explored, the 

formation of a porous, co-continuous structure with small pores and a fine skeleton is 

observed (Figure 4-6a).  Notably, the thickness of the organosilica skeleton increases 

with progressively increasing F127 content, and is accompanied by the formation of 

relatively larger diameter macropores (Figure 4-6, b and c).  With an even greater amount 

of F127 in the starting sol, the formation of a particulate aggregate occurs (Figure 4-6d).   
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Table 4-1.  Summary of sol compositions and resultant structures of 100% BTESBP-based 

capillary PMO monoliths (prepared inside 100 μm-ID fused silica capillaries at Tgel = 60 °C).  
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Scheme 4-7.  Ternary phase diagram (left) (with 0.025 mL of 1 M HNO3(aq) as a constant across 

all sols) showing the variation in the F127 content.  An enlarged image of the data points is also 

shown (right). 

 

 

Figure 4-6.  Cross-sectional SEM images showing the structural variations of 100% BTESBP-

based PMO capillary monoliths with 0.10 mL of BTESBP, 0.40 mL of DMA, 0.025 mL of 1 

HNO3(aq), and (a) 0.050 g, (b) 0.055 g, (c) 0.060 g, and (d) 0.070 g of F127 (all capillaries are 100 

μm in diameter). 
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Finally, if the F127 content is augmented further, a non-porous / nanoporous phase is 

obtained once more, and eventually gelation is suppressed altogether. 

As briefly mentioned before, this trend may be attributed to the role of F127 as an 

agent that modulates the solubility of the growing solid, organosilica phase in the sol.  In 

the absence of any F127 in the reacting sol, only a transparent organosilica gel is 

produced, which is due to the lack of formation of a coarse and phase-separated skeleton.  

By associating with the hydrolyzed organosilane monomers and the growing siloxane 

network through hydrogen bonding, the F127 modulates the interfacial interactions 

between the organosilica and the solvent phase such that the rate of formation of an 

extended spanning cluster (i.e. the requisite condition for the formation of a gel) is 

suppressed.  Consequently, this prolongs the time period within which coarsening of the 

organosilica skeleton may occur to successfully yield a uniform, co-continuous structure 

once phase separation and concomitant gelation eventually occur.  It may thus be 

reasoned that at low F127 mass fractions, there is insufficient F127 in the sol to overcome 

the tendency for gelation of a dense organosilica phase.45  In contrast, at high F127 mass 

fractions, only a weakly gelled monolith is formed.  At more elevated F127 mass 

fractions, the organosilane monomers are now so well-solubilized in sol that even 

gelation is completely repressed.  Therefore, under the conditions explored by us, there 

exists a relatively narrow range of ideal compositions within which the desired co-

continuous structure may be obtained (i.e. F127 = 5–6 wt% of the total sol consisting of 

organosilane, solvent, and aqueous acid for spinodal decomposition at 60 °C). 



 

 229

The next parameter studied was the solvent fraction of the starting sols.  The 

corresponding sol compositions are summarized in Table 4-1 (entries 6–10) and Scheme 

4-8.  Not surprisingly, there is an optimal solvent fraction wherein a co-continuous 

structure may be formed (see the cross-sectional SEM images in Figure 4-7).  With the 

amount of 1 M HNO3(aq) constant from one formulation to the next, condensation of the 

organosilanes may be expected to proceed quickly to yield a non-porous / nanoporous 

monolith at low solvent fractions (Figure 4-7a).  Under dilute conditions the solvent 

phase dominates in volumetric occupancy over the forming solid phase, which again 

prevents the formation of a uniform and phase-balanced co-continuous structure (Figure 

4-7d).  At intermediate solvent content, however, a co-continuous structure may be  

 

 

Scheme 4-8.  Ternary phase diagram (with 0.025 mL of 1 M HNO3(aq) as a constant across all 

sols) showing the variation in the solvent (i.e. DMA) content. 



 

 230

 

Figure 4-7.  Cross-sectional SEM images showing the structural variations of 100% BTESBP-

based PMO capillary monoliths with 0.10 mL of BTESBP, 0.055 g of F127, 0.025 mL of 1 

HNO3(aq), and (a) 0.20 mL, (b) 0.30 mL, (c) 0.50 mL, and (d) 0.70 mL of DMA (all capillaries are 

100 μm in diameter). 

 

obtained, and the size and volumetric fraction of the resultant pores may be somewhat 

tuned by varying the amount of solvent present in the starting sol (Figure 4-7, b and c). 

In addition to the trends identified above, a particularly interesting finding from 

our SEM observations was that the degree of drying-induced shrinkage of the as-

synthesized capillary monolith appeared to correlate with the structure formed.  In 

general, capillary PMO monoliths that possessed a co-continuous porous structure were 

better able to resist the interfacial stresses induced by drying of the monolith.  This 

resulted in monoliths that exhibited dramatically reduced shrinkage in comparison to 
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their non-porous / nanoporous counterparts (for example, see Figure 4-7 ‘b’ and ‘c’ in 

comparison to ‘a’ and ‘d’, respectively).  Furthermore, to a certain extent, co-continuous 

structures bearing a thicker organosilica skeleton and larger diameter pores withstood 

monolith shrinkage to an even greater degree than those with finer skeletons and smaller 

pore openings. 

Having gained a handle on the sensitivity of this system to various parameters, co-

continuous, biphenylene-bridged, capillary organosilica monoliths with the desired 

textural characteristics could be reliably produced.  The next step was then to introduce 

the chiral monomer, 2, into this BTESBP-based system so as to obtain porous, chiral, 

organosilica capillary monoliths that could be applied to chiral chromatography. 

 

4.3  Chiral Binaphthylene-Doped PMO Capillary Monoliths 

Using our optimized sol composition and procedure from Section 4.2 for 

synthesizing 100% biphenylene-based capillary monoliths as a starting point, we tried to 

prepare a BTESBP-based capillary monolith constituting 13 wt% of a racemic mixture of 

our chiral binaphthyl monomer, 2 (i.e. rac-2).46  Unfortunately, no co-continuous 

structure was observed under these conditions – only a non-porous / nanoporous monolith 

was obtained.  Based on the previous experience of Blackburn in his syntheses of chiral, 

powdered PMO materials, this chiral monomer hydrolyzes and condenses even more 

quickly than BTESBP.  With this in mind, one may comprehend the formation of a non-

porous / nanoporous structure upon co-condensation of 2 and BTESBP under conditions 
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that have been optimized for obtaining co-continuous capillary monoliths using BTESBP 

alone. 

 In an attempt to more strongly favour co-continuous network formation, the F127 

content was increased relative to 2 content to decrease the rate of sol gelation and 

promote increased coarsening of the siloxane phase (as experienced from our trials 

involving the 100% BTESBP systems previously discussed in Section 4.2).47  As 

evidenced by the series of SEM images in Figure 4-8, the amount of F127 incorporated in 

the starting sol could indeed be increased to a point where co-continuous structure 

formation could be re-established. 

 

 

Figure 4-8.  Cross-sectional SEM images showing the structural variations of PMO capillary 

monoliths containing 13 wt% chiral binaphthyl monomer (2) with F127 : 2 mass ratios of (a) 3.9 : 

1.0, (b) 6.3 : 1.0, and (c) 7.9 : 1.0 (in 0.40 mL of DMA and 0.025 mL of 1 HNO3(aq)) (all 

capillaries are 100 μm in diameter). 

 



 

 233

4.4  Problems with Capillary PMO Monolith Stability in Solution 

Given that the F127 block copolymer was still present in these seemingly porous 

materials, a handful of co-continuous capillary monoliths (both of 100% BTESBP and 

rac-, R-, or S-2–BTESBP compositions) were subjected to solvent extraction with either 

water, acetone, or ethanol under conditions of flow (realized with an HPLC pump).48  

Unfortunately, the monolithic structures did not withstand exposure to any of these 

solvents.  Often, solvent flow with a reasonable back pressure (up to ~ 1000 psig) could 

be established for a short time (< 1–2 h).  However, with prolonged exposure times, the 

back pressure would slowly decrease.  Examination of various segments of these solvent-

exposed capillary PMO monoliths by SEM showed that the original co-continuous 

structures were maintained to a certain degree, but critically, the monoliths had shrunk / 

collapsed to a significant degree (see Figure 4-9).  Not surprisingly, then, this 

catastrophic ‘pull-away’ of the monolith from the internal capillaries walls would be 

expected to compromise the ability of such materials to allow for the build-up of any 

fluid pressure.   

A few other extreme cases have also been encountered.  Occasionally, after an 

extreme build-up of initial column back pressure (up to ~ 5000 psig), an apparent break-

through of the flowing solution would occur in concert with a sudden and dramatic 

decrease in the measured column back pressure to negligible levels (i.e. only tens of 

psig).  On the other hand, we have also experienced a few select occurrences whereby no 

back pressure could be measured with the columns at all.  Upon inspection of the exit of 
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Figure 4-9.  Cross-sectional SEM images showing the structural variations of 100% BTESBP-

based PMO capillary monoliths (a) before (i.e. as-synthesized) and (b) after exposure to ethanol 

(both capillaries are 100 μm in diameter). 

 

those columns, a thread-like portion of the capillary monolith could sometimes be seen 

essentially extruded from the capillaries.  Regardless of the mode of failure, in all of 

these cases there was no doubt that the integrity of the capillary monolith columns was 

completely compromised, making these particular samples inappropriate for further 

testing.  

It was hypothesized that exposure of these as-synthesized monoliths to aqueous 

solvent systems employed during both solvent extraction of the F127 template as well as 

during chromatographic trials could cause the monolith to shrink by promoting further 

silanol condensation within the organosilica phase.  This is especially true given the 

notoriety of acid-catalyzed silica sol-gel systems to generally exhibit low degrees of 

siloxane condensation (particularly in the as-synthesized state).49  This was corroborated 

by solid state 29Si CP MAS NMR characterization of the corresponding bulk, as-

synthesized, co-continuous 100% BTESBP monoliths obtained from phase separation 

and gelation of the sols that remained after charging the capillaries, which demonstrated 
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Figure 4-10.  29Si CP MAS (solid-state) NMR of a 100% BTESBP-based bulk PMO monolith 

obtained from the leftover sol of a corresponding capillary monolith – prepared and treated under 

equivalent conditions. 

 

the presence of mainly incompletely condensed T1 and T2 siloxane species (δ = –64.4 and 

–72.3 ppm, respectively) (see Figure 4-10).  Further efforts to improve the integrity of the 

organosilica skeleton were necessarily pursued.  Those strategies and corresponding 

outcomes are discussed in greater detail in Section 4.6, below. 

Despite the unsuccessful attempts to reliably remove the F127 from these 

materials, it was at least possible that mobile phase and analyte retention could be 

realized with an as-synthesized PMO capillary monolith.  Importantly, the as-synthesized 

PMO capillary monolith would have to be subjected to the nano-HPLC conditions (i.e. 

conditioning with the mobile phase solvent system and subsequent analyte injection and 

elution) in a short timeframe to minimize catastrophic ‘pull-away’ of the monolith from 



 

 236

the capillary walls during a given HPLC trial.  Therefore, with as-synthesized chiral 

binaphthyl-modified capillary PMO monoliths in hand, we nonetheless proceeded to 

investigate the application of these materials in chiral chromatography. 

 

4.5  Nano-HPLC and Continued Problems with Capillary Monolith Shrinkage 

To compare our monolithic materials to the packed columns prepared previously 

using powdered, chiral PMOs, we returned to reverse phase nano-HPLC as the 

chromatographic testing platform for the separation of our chiral acetals, 3b (see Section 

4.10.9 for details regarding the experimental conditions). 

Using a chiral, PMO capillary monolith column (11 wt% R-2, with 1 μm-diameter 

pores and a 0.29 μm-thick skeleton) that had a co-continuous structure but which had also 

exhibited drying-induced shrinkage in our first nano-HPLC attempt (see Figure 4-11), an 

extremely broad peak (with no discernible enantiomeric resolution) was observed in the 

chromatographic trace (Figure 4-11, black trace) when a racemic mixture of 3b was 

individually passed through the capillary column.  This experiment was characterized by 

low back pressure ( < ~ 100 psig), but this was expected given that the capillary monolith 

did not span the full diameter of the fused silica capillary tubing.  However, upon 

injecting R,R-3b and S,S-3b separately into the capillary column in two separate 

subsequent runs, it appeared as though each of the enantiomers may have been retained 

differently on the column (with a separation of 0.5 minutes), indicative of chiral 

recognition (Figure 4-11, red and blue traces, respectively).  These results suggested that  



 

 237

  

 

Figure 4-11.  Reverse phase nano-HPLC chromatograph for the isocratic elution of R,R- and S,S-

3b on a shrunken 11 wt% R-2 PMO capillary monolith (data provided by Dr. Graham Gibson, 

Queen’s University).  

 

the enantiomeric separation of 3b could be realized so long as the column efficiency 

could be increased to such a point that satisfactory peak resolution could be observed.50  

This would involve using a monolithic column that did not exhibit excessive sections of 

void space that would otherwise allow analytes to freely pass through the column without 

intimately interacting with the stationary phase.   

Moreover, a comparison of Figure 4-2 and Figure 4-11 shows that chiral 

recognition is certainly expressed with this system involving species 2 and 3b as 

switching from the S-2 PMO to the R-2-functionalized PMO materials resulted in a 

reversal of the order of elution of R,R- and S,S-3b.  Notably, the capillary monolith 
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showed chiral recognition by nano-HPLC using only an 11 wt% loading of the chiral 

binaphthyl monomer in the stationary phase, while no chiral recognition was observed 

using bulk powdered PMO materials prepared by Blackburn with 15 wt% of the chiral 

monomer.  Interestingly, the challenge was not thus related to a lack of enantioselective 

interaction between the analytes and the chiral stationary phase, but rather one of 

morphological control and stabilization. 

Another chiral, co-continuous, capillary PMO monolith (13 wt% R-2, with 1.7-

μm diameter pores and a 0.51 μm-thick skeleton) was then subjected to nano-HPLC 

evaluation.  Despite this capillary monolith demonstrating reasonably open porosity in 

the SEM images, including monolithic structures that completely spanned the diameter of 

the fused silica capillaries, the complications of an excessive build-up of back pressure 

followed by a sudden and relatively dramatic decrease in the measured column back 

pressure (as seen previously in Section 4.4) plagued us once more.  In similar fashion to 

our previous experience involving solvent extraction of the as-synthesized capillary 

monoliths under conditions of flow, these capillary PMO monoliths, again, showed 

significant structural shrinkage and ‘pull-away’ from the internal capillary walls by SEM 

after solvent exposure.  Without reinforcement of the condensed, organosiloxane phase to 

prevent such ‘pull-away’, chiral separation of any analytes would most likely not be 

possible by nano-HPLC.    
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4.6  Improving the Hydrolytic Stability of Capillary PMO Monoliths 

A variety of different strategies were thus explored in an attempt to improve the 

hydrolytic stability of the capillary PMO monoliths with the goal of mitigating 

catastrophic monolith shrinkage and ‘pull-away’, which compromised the use of such 

materials in chromatographic applications.  All of these strategies aimed to increase the 

degree of condensation of the organosiloxane phase – either after formation of the as-

synthesized, co-continuous capillary monoliths or in-situ during monolith phase 

separation and gelation.  Given the precious nature of the chiral monomer, 2, these 

investigations were first pursued using 100% BTESBP systems to demonstrate the 

concepts. 

 Reports by Nakanishi and others have shown that the stiffness of TEOS-based 

bulk monoliths and capillary monoliths may be improved by either aging / 

hydrothermally treating the monoliths in a basic, aqueous solution of 1 M NH4OH(aq)
51 or 

1 M urea33,52 at 80–100 °C, or by dissolving urea into the starting sol33,48,53 and then 

heating the resultant monoliths to 120 °C to create NH3(aq) from within the wet monoliths.  

In each of these instances, the condensed phase is exposed to a medium of elevated pH, 

which promotes further silanol condensation and coarsening of the siloxane network.  

However, given the incredible sensitivity of our capillary PMO monoliths to aqueous 

exposure, aging / hydrothermal treatment of the materials in basic solution did not result 

any improvements in the organosilica structure.  In fact, only capillary monolith 

shrinkage and ‘pull-away’ were observed. 
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In terms of incorporating urea into the starting sol, we unfortunately could not 

succeed in obtaining any capillary monoliths that displayed a co-continuous structure in 

their as-synthesized state.  Instead, non-porous / nanoporous structures were consistently 

obtained despite experimenting with different F127 mass fractions in these particular 

systems.   

We postulated that presence of all of the sol reagents at a gelation temperature of 

60 °C may cause even partial, premature decomposition of the urea into ammonia, which 

would then cause the pH to shift from its intended range and consequently change the 

structural evolution of the monoliths.  The synthesis of 100% BTESBP capillary PMO 

monoliths was subsequently re-optimized for a gelation temperature of 40 °C in the 

absence of added urea, and a reagent composition was established that reliably allowed 

for the formation of a co-continuous monolith.  However, upon re-introduction of urea 

into the newly optimized starting sol, only non-porous / nanoporous structures were, once 

more, obtained.  By modifying the F127 content in these systems, a co-continuous 

structure was recovered.  However, upon heating to 120 °C to decompose the urea and 

then subjecting the capillary monoliths to solvent exposure, no improvements in the 

hydrolytic stability were noted. 

 Next, we tried aging as-synthesized, co-continuous, 100% BTESBP capillary 

PMO monoliths in ethanolic solvents of progressively increasing aqueous content.54  

Starting from anhydrous ethanol and stepping down by 10 vol% increments in ethanol 

fraction to eventually reach 100% H2O, a given aging solution was introduced into a 

particular capillary monolith by an HPLC pump and the monolith was left to ‘soak’ in the 
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aging solution for 2–12 h at 60 °C.  The purpose of such a sequence of treatments was to 

progressively expose the capillary monoliths to increasingly aqueous conditions.  In this 

way, the skeletal structure of the monoliths would be able to age more gradually and thus 

potentially better withstand the stresses on exerted on the organosilica framework due to 

unavoidable siloxane condensation, which would result in decreased monolith shrinkage.  

Unfortunately, this methodology did not prove to be effective for our materials as, once 

more, only capillary monolith shrinkage and ‘pull-away’ were observed.  

  Although these aforementioned treatment conditions have previously been shown 

to be successful in mitigating monolith shrinkage by others groups,33,48,53 it should be 

noted that at least some degree of monolith shrinkage was always observed by these 

groups.33,55  Furthermore, the majority of the successful cases have involved the 

minimization of monolith shrinkage in bulk systems.  A workaround employed by many 

of these groups is the construction of HPLC instrumentation around a bulk monolith after 

it has been removed from its original mould and subjected to extensive aging and drying 

treatments.30,31,56,57,58,59  This approach is obviously not an option with capillary 

monoliths systems.  In fact, in order to render the original Chromolith® columns 

commercially viable, a specially-designed PEEK (polyether-ether-ketone) cladding had 

to be engineered that encased and protected the dry, bulk silica rods, which had been 

removed from their original mould.30,31,56,57  Notably, this cladding layer was designed fit 

the monoliths, specifically accounting for the fact that the monoliths underwent post-

synthetic shrinkage after monolith aging and drying.  It was finally decided, then, that our 
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issues with capillary monolith shrinkage could not be overcome by any treatment process 

that would require post-synthetic solvent / solution exposure. 

 In a different route, we wanted to find a means of more strongly anchoring the 

body of the monolith to the internal walls of the capillary with the objective of 

minimizing capillary PMO monolith ‘pull-away’.  We first grafted the internal walls of 

the fused silica capillary with γ-MAPS (γ-methacryloxypropyltrimethoxysilane) – a 

monomer that self-crosslinks via thermally-induced radical polymerization.60  Following 

surface activation of the capillary wall, a sol comprised of both BTESBP and γ-MAPS 

along with a radical initiator, VAZO® 88 (V88, 1,1′-azobis(cyclohexanecarbonitrile)) (see 

Scheme 4-9), was then charged into the capillary.  Upon heating the sol, the ensuing 

thermal decomposition of V88 was expected to initiate the radical polymerization of the 

methacrylate moieties of the γ-MAPS groups present in the mixture.  Not only would 

crosslinking then occur across the body of the monolith itself, but presumably covalent 

 

(MeO)3Si O
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Scheme 4-9.  Auxiliary reagents added to the BTESBP-based PMO capillary monolith sols with 

the aim of minimizing monolith shrinkage (where V88 is the radical initiator for the thermally-

induced free radical polymerization of the methacrylate groups of γ-MAPS). 
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bonds between the monolith body and the γ-MAPS-functionalized capillary walls would 

also be formed.   

Direct incorporation of γ-MAPS into our standard protocol for capillary monolith 

synthesis was conducted using 5, 10, and 20 mol% γ-MAPS (Si basis).  At 5 mol% 

loading, a fine co-continuous structure was obtained (1.2 μm-diameter pores and a 0.39 

μm-thick skeleton), but at 10 and 20 mol% loadings only non-porous / nanoporous 

materials were produced.  Despite re-optimization the BTESBP–γ-MAPS sol 

composition at a γ-MAPS loading of 10 mol% to yield materials bearing co-continuous 

structures, no improvements to the degree of monolith adherence to the capillary walls 

were observed. 

The failure of this strategy may be attributed to a variety of different factors.  To 

begin, V88 is generally intended for use in reactions that proceed at temperatures 

between ~100–120 °C,61 but we decided to keep the gelation temperature unchanged 

from our standard synthetic conditions (i.e. Tgel = 60 °C) so as to minimize the extent to 

which the synthetic protocol would be modified.  Although 60 °C is certainly not ideal 

for initiating the decomposition of V88, the formation of a non-negligible population of 

radical species was still plausible.62  However, it is also likely that radical initiation 

proceed to an insufficient extent and that polymerization of the constituent methacrylate 

groups did not, in fact, proceed to any significant degree to make any difference in the 

adherence of the monolith to the capillary walls. 
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Also, in contrast to BTESBP (a bridge-bonded bis-silane), γ-MAPS is a mono-

silylated monomer with a pendant organic functional group.  Consequently, the degree of 

siloxane condensation and crosslinking in this system may be compromised in 

comparison to the 100% BTESBP systems.  As our experimentation with γ-MAPS 

incorporation into the capillary PMO monolith synthesis did not lead to dramatic 

improvements in our materials, this course of action was abandoned for the sake of not 

wanting to introduce more chemical components (i.e. both γ-MAPS and V88) into our 

already complex and sensitive reaction system.63                 

 Next, the incorporation of dimethyldiethoxysilane (DMDES) (see Scheme 4-9) 

into the BTESBP-based sol was briefly explored as organosilica xerogel materials 

previously synthesized using DMDES have exhibited a certain degree of ‘springback’ 

after drying / curing.64  This ability of the condensed materials to ‘springback’ to their 

original, as-synthesized dimensions after drying (while xerogels synthesized from, for 

example, TEOS shrink irreversibly) is attributed to the flexibility imparted by DMDES to 

the siloxane framework.64,65  Moreover, the dimethyl substitution of the monomer’s 

central silane adds steric bulk, which prevents the formation of an overly dense and 

compact siloxane network and allows drying of the xerogel without dramatic collapse of 

the material. 

 Similarly to what was previously observed in the case of elevated γ-MAPS 

incorporation, direct incorporation of DMDES at 10 and 30 mol% (Si basis) into our 

standard BTESBP-based sol recipe lead to the formation of non-porous / nanoporous 

capillary monoliths.  Encouragingly, this DMDES-BTESBP system could be re-
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optimized with the addition of a greater amount of F127 to yield capillary monoliths 

bearing co-continuous structures.  Unfortunately, however, the presence of DMDES 

alongside BTESBP did not yield materials with improved resistance to monolith 

shrinkage upon re-exposure to solvent after re-optimization of the sol composition to 

yield capillary PMO monoliths bearing intact co-continuous structures.  To our 

disappointment, this course of action was also eventually put to an end.63   

In our final attempts to improve the adherence of the monoliths to the internal 

capillary walls and increase the degree of siloxane condensation within the organosilica 

monolith matrix, we decided to: (a) increase the gelation temperature; and (b) use fused 

silica capillaries with smaller internal diameters.  By increasing the gelation temperature, 

it was expected that siloxane condensation would proceed to a greater extent in the 

resulting capillary monoliths in comparison to those synthesized at lower temperatures, 

which could improve the hydrolytic and mechanical stability of the materials.  In 

addition, by decreasing the size of the capillaries used (which essentially act as moulds 

for monolith formation), it was hypothesized that the tendency for monolith ‘pull-away’ 

from the internal capillary walls could be somewhat mitigated because the surface-area-

to-volume ratio of this smaller monolith would be slightly higher than that of a larger 

monolith and would thus allow for a proportionately greater contact area between the as-

synthesized monolith and the capillary walls.  This would improve monolith adherence to 

the capillary walls and potentially prevent catastrophic monolith shrinkage.  

Consequently, the gelation temperature was increased from 60 °C to 80 °C,66 and fused 

silica capillaries with 100 μm-ID capillaries were replaced with 50 μm-ID capillaries. 
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 The synthesis of capillary monoliths at 80 °C required yet another re-optimization 

of the sol composition in order to yield materials with co-continuous structures bearing 

large pores and a thick organosiloxane skeleton.  This was first pursued for 100% 

BTESBP materials.  At higher temperatures, the expected increase in the rate of gelation 

may have been the cause for the observation of only non-porous / nanoporous monoliths 

produced from sols compositionally optimized for gelation at 60 °C.  In the end, more 

F127 was then added to obtain capillary PMO monoliths with the desired co-continuous 

structures. 

 A series of capillaries of different internal diameters (namely 100 μm-, 75 μm-, 

and 50 μm-ID) were then each charged with a given batch of sol to see if the size of the 

capillary opening would affect the skeletal structure obtained.  Fortunately, within this 

range of IDs, no significant differences in the structures of the as-synthesized capillary 

PMO monoliths were identified. 

 Regrettably, despite all of the above efforts and their apparent promise, these 

capillary monoliths still did not sufficiently resist monolith shrinkage so as to remain 

useful for the demonstration of chiral separation by nano-HPLC.  It was then decided that 

an alternative analytical technique for demonstrating chiral recognition and 

authenticating the application of these capillary PMO monolith materials as effective 

chromatographic stationary phases was needed. 
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4.7  Capillary Electrochromatography 

An alternative to nano-HPLC for achieving analyte separation is capillary 

electrochromatography (CEC) – a technique that has increasingly gained popularity in 

recent years.67,68  While HPLC requires pressure to drive the flow of the mobile phase 

through the stationary phase, flow of the mobile phase is driven by a gradient in the 

electric field present along the length of the column in EC.67  Since the flow of the mobile 

phase is no longer pressure-dependent, small particle sizes and long column lengths are 

theoretically no longer an impediment to achieving both high-efficiency and high-

resolution analyte separation in EC.  In addition, under conditions of electroosmotic flow 

(EOF), the analyte is more likely to travel along the length of the column with a plug 

flow velocity profile, which should, in principle, reduce band broadening of a given 

solute as it travels along the column and thus improve resolution.67  

  With nano-HPLC, the shrinkage of the capillary monoliths and their associated 

‘pull-away’ from the internal capillary walls introduces a significant amount of void 

space along the monolith–capillary interface – opening up a path for unrestricted fluid 

flow that compromises both the ability of these columns to hold any fluid pressure as 

well as the separation efficiency of the columns.  However, with CEC, the presence of 

such a gap between the monolith body and the capillary walls would be less problematic 

as the flow of analytes along the column is governed more so by differences in their 

electrophoretic mobility along the surface of the stationary phase.67  

 Chiral CEC also continues to be an increasingly important tool in chemical, 

pharmaceutical, clinical, environmental, and agrochemical research and analysis, and we 
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envision that our chiral organosilica capillary monoliths can potentially serve as effective 

CSPs for chiral CEC.  Notably, there is a high availability of both ionizable silanols on 

the surface of the PMO monoliths that would allow for EOF of the mobile phase and the 

analytes along the column.  As well, the carbon content within the chiral PMO stationary 

phase itself is relatively high, which may prove useful for the separation of neutral 

molecules.67  Furthermore, in general, most chiral organosilica stationary phases for 

chromatography have consisted of pendant chiral functionalities that have typically been 

attached through post-synthetic grafting or co-condensation of the chiral organosilane.  

However, our materials would be more unique in terms of having chirality embedded 

within and along the walls of the siloxane framework. 

 As a preliminary evaluation of chromatographic performance under CEC 

conditions, a co-continuous, 100% BTESBP-based achiral capillary PMO monolith (with 

1.8 μm-diameter pores and 0.72 μm-thick skeleton), was synthesized at Tgel = 80 °C 

inside of a 50 μm-ID fused silica capillary (final L ~ 22cm) and fitted into the CEC 

instrumentation.  After a brief conditioning of the monolith with the buffered mobile 

phase, an equimolar mixture of each of R,R- and S,S-3b (along with thiourea as an EOF 

marker) was injected into the achiral column.  The resulting electrograph may be seen in 

Figure 4-12 with the data summarized in Table 4-3. 
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Figure 4-12.  CEC electrograph for injection of a racemic mixture of 3b into a 100% BTESBP-

based achiral capillary monolith column (thiourea is an EOF marker).  (Data courtesy of Dr. 

Graham Gibson, Queen’s University.) 

 

Table 4-2.  Summary of CEC data from Figure 4-12 for a 100% BTESBP-based achiral 

monolithic column. 

Compound 
Elution Time 

[minutes] 
FWHM 

[minutes] 

   
thiourea (EOF marker) 7.9 0.13 

   
rac-3b 18.1 0.33 

   

 

 

It is evident from the electrograph that both the thiourea (EOF marker) peak and 

the analyte peak are both very narrow.  It is also impressive that the analyte peak width 

for species 3b remains very narrow even at extended elution time.  Given this data, we 
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are confident that application of our chiral binaphthyl-functionalized PMO capillary 

monoliths in CEC will lead to the enantiomeric separation of 3b with excellent 

resolution.  Optimization of our chiral PMO capillary monoliths for CEC is presently 

underway. 

 

4.8  Probing Chiral Recognition by Isothermal Titration Microcalorimetry 

Chiral chromatography is one method of evaluating chiral interactions between a 

support and a set of analytes.  However, in a different variation, microcalorimetry was 

briefly pursued in our lab as a means of quantifying the energetic differences in the 

interactions between chiral analytes and the bulk, powdered, chiral binapthyl-based 

PMOs originally prepared by Blackburn. 

This investigation was inspired by the report of Avnir and co-workers69 whereby a 

selection of chiral aluminosilicate zeolites70 demonstrated enantioselective recognition of 

D- and L-histidine by isothermal titration microcalorimetry (ITC) as judged by a 

difference in the magnitude of the heat flow measured following injection of a solution of 

each of the amino acids into a suspension of the chiral zeolite in buffered aqueous 

solution (see Figure 4-13) (for a picture and brief description of the experimental set-up, 

see Scheme 4-1071 and the accompanying caption).  Notably, the authors did not observe 

any differences in the heat flows for the interaction of D- and L-histidine with MCM-41 

(i.e. achiral, ordered mesoporous silica).  It was then postulated that a similar study could 

be conducted using Blackburn’s chiral binaphthyl PMOs. 
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Figure 4-13.  VP-ITC traces for adsorption of D- and L-histidine (red and black traces, 

respectively) onto the chiral zeolite, Goosecreekite, in buffered aqueous media (figure taken from 

reference 69). 

 

It should be noted that our studies (outlined below) and those of Avnir and co-

workers are not analyzed in the way that microcalorimetry studies are typically analyzed.  

As mentioned previously, we are looking for a difference in the magnitude of the heat 

flow upon adsorption of an analyte onto a given heterogeneous support.  However, 

microcalorimetry is customarily used in the biological / biochemical sciences to study 

protein (or enzyme)–analyte binding events.72  In those instances, significantly larger 

magnitude energy changes are observed due to the occurrence of higher specificity 

binding events, as well as additional energy contributions associated with conformational 

changes undergone by the protein.  Furthermore, the ‘heat flow (or differential power) 

versus time’ curves (similar in nature to those shown in Figure 4-13) tend to have a 
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Scheme 4-10.  Schematic representation of the MicroCal® VP-ITC instrumental set-up.  (a) The 

system monitors the difference in temperature between the sample cell and the reference cell, as 

well as the difference in temperature between the reference cell and the surroundings.  Power is 

delivered to or retracted from the sample cell in response to the addition of the syringe reactant 

(which is usually a solution of the analyte of interest) in order to maintain both the sample cell 

and the reference cell at the same temperature.  (b) The syringe reactant (i.e. a solution of the 

analyte of interest) is injected into the sample via the action of a stepper motor, and a propeller-

style stirrer extends from the syringe into the sample cell medium to promote continuous mixing 

of the contents of the sample cell.  (Both images taken from reference 71.) 

 

distinctive profile73 from which more information may be gleaned in order to accurately 

calculate a value for a thermodynamic protein–analyte binding constant.  In contrast, the 

interactions between our chiral organosilica supports and a given analyte are expected to 

be much weaker.  As such, only the magnitude of the heat flow curves may be compared  
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Figure 4-14.  VP-ITC control traces for the dilution of D-histidine (red trace) and L-histidine 

(black trace) (each at an initial concentration of 8 mM in buffered water (pH 7)) into buffered 

water. 

 

as the occurrence of a distinctive titration curve profile is not anticipated, and thus no 

binding constants can be genuinely calculated with our materials. 

In parallel to the work of Avnir and co-workers,69 our initial studies were initiated 

with D- and L-histidine (HIS, Scheme 4-11) as the enantiomeric analyte pair.  Firstly, the 

heat flow curves for the dilution of each of D- and L-histidine (8 mM solutions prepared 

in buffered water (pH 7)) into buffered water were recorded as a control (Figure 4-14).  

Fittingly, the D- and L-histidine heat flow curves showed exothermic peaks of equal 

magnitude.74   

Next, the solutions of D- and L-histidine were individually added to a suspension 

of 15 wt% S-2 PMO in buffered water (see Table 4-3 for a summary of all of the chiral 

recognition experiments).  Interestingly, the peaks in the VP-ITC trace for L-histidine 
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appeared to be six times more exothermic than the D-histidine trace (Figure 4-15a, black 

and red traces, respectively).  An analogous pair of experiments was subsequently run 

involving the addition of solutions of D- and L-histidine to a suspension of 15 wt% R-2 

PMO in buffered water.  However, to our dismay, the L-histidine interaction still 

appeared to be more exothermic (also by a factor of six) than the D-histidine interaction 

(Figure 4-15b, black and red traces, respectively).  Presumably, if chiral recognition was 

to have been observed in these instances, an equal but opposite result75 would have been 

anticipated between the two sets of experiments. 

 

Table 4-3.  Summary of the isothermal titration microcalorimetry experiments. 

Syringe Reactant  
 / Analyte 

Cell Reactant Solvent System 

   
8 mM D-HIS blank 20 mM phosphate buffer (pH = 7) 
8 mM L-HIS blank  20 mM phosphate buffer (pH = 7) 
   
8 mM D-HIS 15 wt% R-2 PMO 20 mM phosphate buffer (pH = 7) 
8 mM L-HIS 15 wt% R-2 PMO 20 mM phosphate buffer (pH = 7) 
   
8 mM D-HIS 15 wt% S-2 PMO 20 mM phosphate buffer (pH = 7) 
8 mM L-HIS 15 wt% S-2 PMO 20 mM phosphate buffer (pH = 7) 
   
8 mM D-HIS MCM-41 20 mM phosphate buffer (pH = 7) 
8 mM L-HIS MCM-41 20 mM phosphate buffer (pH = 7) 
   
8 mM D-HIS 100% BTESBP PMO 20 mM phosphate buffer (pH = 7) 
8 mM L-HIS 100% BTESBP PMO 20 mM phosphate buffer (pH = 7) 
   
   
1.5 mM D-TYR blank 20 mM phosphate buffer (pH = 7) 
1.5 mM L-TYR blank  20 mM phosphate buffer (pH = 7) 
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Table 4-3 (continued).  Summary of the isothermal titration microcalorimetry experiments. 

Syringe Reactant 
 / Analyte 

Cell Reactant Solvent System 

   
1.5 mM D-TYR MCM-41 20 mM phosphate buffer (pH = 7) 
1.5 mM L-TYR MCM-41 20 mM phosphate buffer (pH = 7) 
   
1.5 mM D-TYR 100% BTESBP PMO 20 mM phosphate buffer (pH = 7) 
1.5 mM L-TYR 100% BTESBP PMO 20 mM phosphate buffer (pH = 7) 
   
1.5 mM D-TYR 15 wt% R-2 PMO 20 mM phosphate buffer (pH = 7) 
1.5 mM L-TYR 15 wt% R-2 PMO 20 mM phosphate buffer (pH = 7) 
   
1.5 mM D-TYR 15 wt% S-2 PMO 20 mM phosphate buffer (pH = 7) 
1.5 mM L-TYR 15 wt% S-2 PMO 20 mM phosphate buffer (pH = 7) 
   
   
8 mM D-PHE 15 wt% S-2 PMO 20 mM phosphate buffer (pH = 7) 
8 mM L-PHE 15 wt% S-2 PMO 20 mM phosphate buffer (pH = 7) 
   
   
8 mM D-TRP 15 wt% R-2 PMO 20 mM phosphate buffer (pH = 7) 
8 mM L-TRP 15 wt% R-2 PMO 20 mM phosphate buffer (pH = 7) 
   
   
2.5 mM (R,R)-3b blank pesticide grade acetonitrile 
2.5 mM (S,S)-3b blank pesticide grade acetonitrile 
   
2.5 mM (R,R)-3b 100% BTESBP PMO pesticide grade acetonitrile 
2.5 mM (S,S)-3b 100% BTESBP PMO pesticide grade acetonitrile 
   
2.5 mM (R,R)-3b 15 wt% R-2 PMO pesticide grade acetonitrile 
2.5 mM (S,S)-3b 15 wt% R-2 PMO pesticide grade acetonitrile 
   
2.5 mM (R,R)-3b 15 wt% S-2 PMO pesticide grade acetonitrile 
2.5 mM (S,S)-3b 15 wt% S-2 PMO pesticide grade acetonitrile 
   
2.5 mM (R,R)-3b, recryst. blank pesticide grade acetonitrile 
2.5 mM (S,S)-3b, recryst. blank pesticide grade acetonitrile 
   
2.5 mM (R,R)-3b, recryst. 15 wt% R-2 PMO pesticide grade acetonitrile 
2.5 mM (S,S)-3b, recryst. 15 wt% R-2 PMO pesticide grade acetonitrile 
   
2.5 mM (R,R)-3b, recryst. 15 wt% S-2 PMO pesticide grade acetonitrile 
2.5 mM (S,S)-3b, recryst. 15 wt% S-2 PMO pesticide grade acetonitrile 
   
   
2.5 mM (R,R)-8, recryst. blank pesticide grade acetonitrile 
2.5 mM (S,S)-8, recryst. blank pesticide grade acetonitrile 
   
2.5 mM (R,R)-8, recryst. 15 wt% R-2 PMO pesticide grade acetonitrile 
2.5 mM (S,S)-8, recryst. 15 wt% R-2 PMO pesticide grade acetonitrile 
   
2.5 mM (R,R)-8, recryst. 15 wt% S-2 PMO pesticide grade acetonitrile 
2.5 mM (S,S)-8, recryst. 15 wt% S-2 PMO pesticide grade acetonitrile 
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Scheme 4-11.  Amino acids used as analytes in the isothermal titration microcalorimetry 

experiments. 

 

 

 

Figure 4-15.  VP-ITC traces for the interaction of D- and L-histidine (each at an initial 

concentration of 8 mM in buffered water (pH 7)) with (a) 15 wt% S-2 PMO, and (b) 15 wt% R-2 

PMO (both as solid suspensions in buffered water). 

(a) 

(b) 
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Figure 4-16.  VP-ITC traces for the interaction of D- and L-histidine (each at an initial 

concentration of 8 mM in buffered water (pH 7)) with (a) MCM-41 (mesoporous inorganic 

silica), and (b) 100% BTESBP-based PMO (both as solid suspensions in buffered water). 

 

In an attempt to get a better picture of our  amino acid–chiral PMO system, 

control experiments for the adsorption of D- and L- histidine onto MCM-41 support were 

conducted. Also, given the more organic and hydrophobic nature of our PMO materials 

in comparison to a totally inorganic support such as MCM-41, another control 

experiment was added to our study to see to what degree the nature of our support 

(a) 

(b) 
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materials affected the magnitude of the observed heat flows.  Consequently, a 100% 

biphenylene-based PMO material was synthesized under the same conditions used for the 

preparation of the related chiral binaphthylene variants and then subjected to 

microcalorimetry experiments with D- and L-histidine, as well.  Surprisingly, differences 

in the heat flows for that pair of experiments were observed with L-histidine interacting 

more exothermically than D-histidine with both the MCM-41 and 100% BTESBP 

supports (Figure 4-16, a and b, respectively ).  At this point, it was evident that something 

was amiss.   

As microcalorimetry is an exceptionally sensitive technique, we postulated that 

the amino acid samples may not have been pure enough to use in these experiments, and 

that the presence of a minor amounts of an impurity that had a greater affinity for the 

silica- and organosilica-based materials relative to the target amino acid would be enough 

to affect the results.  Although these samples appeared pure by NMR spectroscopy, 

elemental analysis of the solid D- and L-histidine showed that the analytes were indeed 

impure.76 

 A new set of experiments were then conducted using analytical grade samples of 

both the D- and L-enantiomers of a new set of amino acids (ones we thought may also 

interact more strongly with our organosilica supports) (see Table 4-3): (i) tryptophan 

(TRP); (ii) tyrosine (TYR); and (iii) phenylalanine (PHE).  All of the corresponding 

amino acid solutions (prepared in buffered water (pH 7)) demonstrated nice dilution 

behaviour.  However, disappointingly, upon introduction of the chiral PMOs into the 
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sample cell, no enantioselectivity was displayed at all (i.e. both D- and L-amino acids 

interacted with the same energetic magnitude with both R- and S-2 PMOs). 

 Given that the S- and R-2 powdered PMOs and PMO capillary monoliths, 

respectively, had previously displayed a certain degree of chiral recognition with chiral 

acetal 3b via the nano-HPLC experiments (Figure 4-2 and Figure 4-11, respectively) R,R- 

and S,S-3b were subsequently explored as targets for analysis (see Table 4-3).  However, 

the switch to 3b as the target analyte introduced some new challenges as the aqueous 

solubility of 3b was quite poor.  Acetonitrile was consequently tested as the solvent for 

the microcalorimetry experiments as the chromatographic trials were conducted with 

acetonitrile as the mobile phase modifier. 

With the initial experiments using acetonitrile, the VP-ITC traces showed totally 

erratic and irreproducible behaviour.  Over the course of the dilution control experiments 

for each of R,R- and S,S-3b (each at an initial concentration of 2.5 mM in acetonitrile), 

the intensities of the heat flow peaks did not trend in any systematic fashion, the peak 

shapes were constantly changing, and the peaks often did not return to baseline in 

between injections of the analyte (even despite changing the delay time between 

injections).   

A few hypotheses were developed to account for such anomalous behaviour.  

Firstly, as titration microcalorimetry is predominantly used for biological / biochemical 

analyses, which by and large use aqueous solutions as the solvent medium, the 

instrumentation is not particularly suited for conducting experiments in organic media.  
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For instance, the differential power feedback77 that controls the temperature of the sample 

cell relative to the reference cell may be intimately tuned to, for example, the specific 

heat capacity of water – which differs significantly from that of acetonitrile (e.g. 4.18  

J·g-1·K-1 and 2.23 J·g-1·K-1, respectively).78  Adjustments were made to the instrumental 

settings such that the chosen feedback mode provided a reasonable compromise between 

response time and sensitivity. 

Another potential source for complications in the recording of microcalorimetry 

data for this acetonitrile-based system was related to the absorption of water by the polar 

organic solvent.  As residual water was likely adsorbed onto the walls of the metal 

sample cell and reference cell as a result of the manufacturer’s prescribed aqueous-based 

instrument cleaning and pre-equilibration protocols, we speculated that the system could 

be responding to a ‘heat of hydration’ of the acetonitrile.  A second pre-equilibration step 

was, therefore, added to the experimental protocol (to essentially ‘dehydrate’ the sample 

and reference cells) whereby acetonitrile was injected into a sample cell containing only 

acetonitrile (alongside an acetonitrile-only reference cell, as well).  This pre-equilibration 

step was repeated until the heat flow peaks appeared to have stabilized, after which point 

water was deemed to have been removed from the system to an acceptable degree, and 

the experimental runs could finally start. 

 With these new procedures in place, reliable and reproducible heat flow curves 

(now endothermic in nature) were eventually obtained.  Upon testing R,R- and S,S-3b 

with 15 wt% R-2 PMO, it appeared that the R,R-3b showed a stronger interaction with 

the chiral PMO support.  However, problems with analyte purity plagued us once more as 
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the testing of R,R- and S,S-3b with 15 wt% S-2 PMO did not reveal the ‘switch’ in 

enantioselectivity we were hoping for (i.e. once again, R,R-3b showed a stronger 

interaction – even with the PMO of opposite handedness).   

We tried to purify our samples of 3b by recrystallization in methanol, however, 

analytical purity was never quite obtained.  Nonetheless, microcalorimetry experiments 

were pursued yet again with these new samples to see what might be ascertained from the 

resulting heat flow curves.  With the recrystallized samples of R,R- and S,S-3b, the 

corresponding dilution curves showed peaks of significantly decreased magnitude (i.e. 

only slightly endothermic).  Furthermore, when subjected to experiments with the chiral 

PMO supports, no ‘switching’ in the responses was observed under the conditions of our 

experiments. 

 There was a possibility, again, that the minor impurity in the original samples of 

R,R- and S,S-3b exerted a greater influence on the heat flows observed in our experiments 

with the chiral supports.79  It was then decided that the impurity could instead be used as 

the analyte in the microcalorimetry experiments.  If the impurity did indeed interact more 

strongly with the solid supports – even when present in minor amounts – then 

experiments that employed the impurity as the target analyte should yield VP-ITC traces 

of greater heat flow intensities.  An added advantage of having greater heat flow peak 

magnitudes was that a differential interaction between the analyte and the chiral support 

could be determined with greater confidence. 
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 To obtain 3b on route to the synthesis of 3a (see Scheme 4-12), R,R- and S,S-7 are 

derived from the dihydroxylated intermediate, 6, which may be present in trace amounts 

in 3b.  Furthermore, 3b may undergo hydrolysis of its acetal group to again yield a 

dihydroxylated intermediate.  Therefore, we postulated that hydrobenzoin (8, Scheme 

4-13) could act as possible ‘model suspect’ as an impurity in the samples of 3b.   
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Scheme 4-12.  Synthetic route for the preparation of chiral monomer 3a.  (Scheme courtesy of 

Dr. Steven Dickson, Queen’s University.)  
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OH
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Scheme 4-13.  Schematic representation of hydrobenzoin. 

 

R,R- and S,S-8 were purchased from a commercial supplier and purified by 

recystallization with methanol.80  Solutions of R,R- and S,S-8 were then prepared in 

acetonitrile and subjected to dilution control experiments as well as exposure to both 15 

wt% R-2 and 15 wt% S-2 PMO materials (Table 4-3).  Once more, the dilution 

experiments showed nice behaviour, but no enantioselectivity was observed when the 

analytes were added to a suspension of the chiral supports (i.e. no difference in the 

magnitudes of the heat flow peaks among any of the combinations of enantiopure 8 and 

chiral PMOs).  

It is certainly possible that the chiral interaction is too weak to be observed under 

the present conditions of our experimental set-up.  However, given the evidence obtained 

through the chromatography experiments conducted in Section 4.1.2, Section 4.5, and 

Section 4.7, the manifestation of genuine chiral recognition in these binaphthyl- 

functionalized PMO materials cannot be ignored.  We postulate that although no chiral 

recognition was observed by microcalorimetry, accumulation of a very small differential 

interaction between a given analyte and a chiral stationary phase can occur over the 
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course of a chromatographic run such that macroscopic evidence of chiral recognition 

may be observed as enantiomeric separation in the case of chromatography. 

Despite the disappointing results obtained from this compilation of 

microcalorimetry experiments conducted to date, we still believe that the experimental 

conditions may be eventually be optimized (e.g. via choice of analyte, concentrations of 

the analyte and support in solution, instrumental tuning, and so forth) such that chiral 

recognition could be observed with surfactant-templated PMO-type systems by this 

technique.  However, careful consideration will have to be given in future experiments to 

account for the extremely high degree of sensitivity of this technique, and protocols will 

have to be established that would allow one to collect reliable and meaningful data from 

such experiments. 

 

4.9 Conclusions and Future Work 

In summary, this chapter has explored the synthesis of surfactant-templated 

periodic mesoporous organosilica materials bearing axially-chiral binaphthylene building 

blocks.  Notably, this work has demonstrated evidence for the manifestation of chiral 

recognition in the cases of both bulk and monolithic chiral PMO materials. 

In an attempt to prepare materials with improved morphology for application to 

chiral chromatography, chiral PMO capillary monoliths were synthesized and 

encouragingly showed improvements in chromatographic performance over their bulk, 

powdered PMO counterparts.  In particular, evidence for chiral separation was observed 
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at 11 wt% loading of the chiral binaphthyl monomer (2) in a non-optimized capillary 

monolith system, whereas chiral separation was only observed at 100% loading of the 

chiral monomer in the particle-packed capillary columns.  Furthermore, we demonstrated 

the order of elution of the R,R- and S,S-enantiomers of chiral acetal 3b switched upon 

changing the handedness of the chiral stationary phase, which further supports our 

demonstration of genuine chiral recognition with our materials.  

In the case of the application of the PMO capillary monoliths to nano-HPLC, the 

low hydrolytic stability of the monoliths is still a weak point with these materials.  It 

therefore remains a challenge to optimize these systems for application to chiral nano-

HPLC, but such work is ongoing.  However, achiral PMO capillary monoliths have been 

shown to perform exceptionally well under CEC conditions.  With the excellent 

chromatographic performance of the achiral, 100% BTESBP-based PMO capillary 

monolith by CEC (as demonstrated in Section 4.7), we are confident that – with the 

preparation a chiral PMO capillary monolith bearing co-continuous frameworks of large 

pore diameters and relatively thick organosiloxane skeletons – chiral separation with full 

enantiomeric peak resolution can be achieved.  

 Lastly, although our brief attempts to demonstrate chiral recognition by 

isothermal titration microcalorimetry have been unsuccessful to date, we are still 

convinced that the experimental conditions may continue to be modified and optimized 

such that this phenomenon may be quantified in chiral, surfactant-templated, sol-gel-

derived, periodic mesoporous organosilicas. 
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4.10  Experimental Procedures 

4.10.1  Materials 

Pluronic® F127 (poly(ethylene oxide)106–poly(propylene oxide)70–poly(ethylene 

oxide)106), BTESBP (4,4’-bis(triethoxysilyl)-1,1’-biphenyl)¸ γ-MAPS (γ-

methacryloxypropyltrimethoxysilane), DMDES (dimethyldiethoxysilane), urea, and 

Vazo® 88 (V88, 1,1′-azobis(cyclohexanecarbonitrile)) (all ‘reagent grade’) were 

purchased from Sigma-Aldrich.  D-Tyrosine, L-tyrosine, D-phenylalanine, L-

phenylalanine, D-tryptophan, and L-tryptophan (all ‘BioUltra grade’) were also 

purchased from Sigma-Aldrich.  D-Histidine and L-histidine (both ‘reagent grade’) were 

purchased from Alfa Aesar.  Concentrated HCl(aq), HNO3(aq), and NH4OH(aq), formic acid, 

as well as glacial acetic acid, NaOH(s), KH2PO4(s) (potassium dihydrogen phosphate), 

K2HPO4(s) (dipotassium hydrogen phosphate), DMA (dimethylacetamide), acetone, 

methanol, and acetonitrile (both HPLC grade and pesticide grade) were purchased from 

Thermo Fisher Scientific.  Both 95% ethanol and anhydrous ethanol were purchased from 

Commercial Alcohols.  All of the aforementioned reagents and solvents were used as 

received without further purification.  R,R-hydrobenzoin and S,S-hydrobenzoin (both 

99% ee) were purchased from Sigma-Aldrich and recrystallized from methanol80 prior to 

use.  Millipore® deionized water (DI H2O) was used in all solutions and reaction 

mixtures.  Fused silica capillaries coated with a protective polyimide layer were 

purchased from Polymicro (with an outer diameter of 363 μm, and an internal diameter of 

50, 75, or 100 μm).  Thermogreen LB-1 GC Septa (9.5 mm) used to seal the capillary 

ends were purchased from Supelco. 
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4.10.2  Synthesis of Chiral Binaphthyl Monomer, 2 

The preparation of rac-, R-, and S-2 followed the procedures previously reported 

by Tom Blackburn (Queen’s University)21.   Notably, the desired racemate or enantiomer 

was obtained by starting the series of synthetic steps with the methylation of the 

corresponding commercially-available racemic or optically pure 2,2’-binaphthol to yield 

the final, silylated product, 2, as a viscous, transparent oil.   

 

4.10.3  Synthesis of Chiral Acetal Analyte, 3b 

The preparation of R,R- and S,S-3b (used in both the nano-HPLC and CEC trials) 

was conducted by Dr. Steve Dickson (Queen’s University) and is reported in reference 

22. 

 

4.10.4  Fused Silica Capillary Activation   

This capillary activation procedure was adapted and optimized from conditions 

previously reported in the literature,33 and includes details learned during a one-week stay 

with the research group of Prof. Kazuki Nakanishi (Kyoto University, Japan) in March 

2010.  This sequence of treatments is carried out to expose ‘fresh’ silanol sites on the 

internal walls of the fused silica capillaries in order to improve monolith attachment to 

the capillary walls (NOTE: The although the following steps have been conducted with 

manual introduction of the given solutions into the capillaries, syringe pumps (Harvard 
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Apparatus 11plus) were also occasionally used to execute these steps with equal 

effectiveness).  

Using a 3 mL-syringe fitted with a syringe-to-capillary adapter, a 1 M NaOH(aq) 

solution was manually introduced into the capillary (L ~ 40 cm required for CEC 

columns).  Sufficient solution was pushed through so as to allow ~ 3–5 drops of fluid to 

exit from the other end of the capillary.  The capillary was next detached from the syringe 

and each end of the capillary was pierced partway through a segment of rubber septa to 

seal / cap the ends.  The capillary was then heated at 40 °C for 3 h to etch the internal 

capillary walls. 

After etching with base, the ends of the capillary were freshly cleaved and a 1 M 

HCl(aq) solution was manually introduced into the capillary.  This acidic solution was 

pushed through the capillary until the droplets exiting the far of the capillary were acidic 

in nature (pH ~ 1–2) (as verified with pH paper).  Thereafter, the ends of that capillary 

were, again, sealed with rubber septa and then heated at 40 °C for 1 h. 

After acid treatment and freshly cleaving the ends of the capillary once more, the 

capillary was manually flushed with DI H2O until the droplets of solution exiting the far 

end of the capillary were of neutral pH (as verified using pH paper). 

Finally, the capillary was attached to a He(g) cylinder using the appropriately sized 

capillary adapter, and the He(g) flow was slowly increased to 80 psig and held for 1–2 

minutes to dry the interior of the fused silica capillary. 
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4.10.5  100% BTESBP Capillary PMO Monolith Preparation (Tgel = 60 °C)  

This procedure was used to prepare the ‘standard’, co-continuous 100% BTESBP 

capillary PMO monoliths (i.e. no extra additives such as urea, γ-MAPS, or DMDES 

included), and was adapted and optimized from conditions reported by Nakanishi and co-

workers.37 

Pluronic® F127 (0.055 g) was weighed out into a 1-dram (5-mL) vial (NOTE: the 

mass of F127 was never more than ± 0.5 mg off from the targeted mass as monolith 

preparation was incredibly sensitive to the F127 content in the starting sol).  DMA (0.40 

mL) was then added to the F127.  To solubilize the F127, the mixture was briefly heated 

with a heat gun and then gently, manually swirled to obtain a transparent and 

homogeneous solution.  Next, the mixture was left to stir (at ~ 600 rpm) at room 

temperature for 30 minutes.  1 M HNO3(aq) (0.025 mL) was then added and the reaction 

mixture was left to stir for an additional 5 minutes at room temperature.  Finally, 

BTESBP (0.100 mL) was added at room temperature and the sol was stirred for 10 more 

minutes. 

To charge the above sol into the activated capillaries (see Appendix 3 for photos 

of the procedure and set-up), the sol was first transferred into a small GC vial and capped.  

An unfilled / unactivated capillary (L ~ 10–15 cm) was next attached to a He(g) cylinder 

(with the appropriate capillary adapter) at one end and pierced into the sol-containing GC 

vial through the septum of the vial’s cap at the other end.  One end of the activated 

capillary was then pierced into the same sol-containing GC vial while the opposite end of 

the activated capillary was left open to the surrounding atmosphere.  The cap was 
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subsequently unscrewed off of the GC vial and ~ 1 cm of length was trimmed off from 

the ends of the capillaries that were pushed through the cap of the GC vial to remove any 

rubber that might have been otherwise trapped in the ends of the capillaries, causing a 

blockage of fluid flow.  The cap was then replaced onto the GC vial and both capillary 

tips were pushed farther into the vial so as to completely submerge them in the sol.   

The pressure of the incoming He(g) was slowly increased to 60 psig and the 

pressure within the GC vial was allowed to build up – resulting in flow of the sol into the 

activated capillary.  After the appearance / formation of ~ 5 drops of sol at the free end of 

the activated capillary, the free tip of the capillary was also pierced into the sol-

containing GC vial and submerged into the sol.  The unactivated capillary that connected 

the GC vial and the constituent sol to the He(g) cylinder was then pulled out of the cap of 

GC vial.  The GC vial holding the organosilica sol and charged capillary was finally 

transferred to a Sun Systems EC10 Environmental Chamber (digitally-controlled 

convection oven) set to 60 °C and left to stand for 24 h (NOTE: the sol gelled within < 

15 minutes, but was left in the oven at the prescribed temperature for the full 24 h to age 

the wet gel and increase the degree of siloxane condensation within the newly formed 

organosilica network). 

Lastly, the last ~ 1 cm of each end of the filled capillaries was cleaved off to 

remove any blockages that might be present, and the capillary monoliths were dried at 

Tgel for 24–72 h. 
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 To prepare capillary PMO monoliths at either Tgel = 40 °C or 80 °C, the required 

reagents were used in the quantities outlined in Appendix 4 and the procedural steps 

followed were the same as outlined above.  

 

4.10.6  Chiral Capillary PMO Monolith Preparation 

To obtain a desired mass of chiral (rac-, R-, or S-) monomer, 2, a given batch of 

the liquid chiral monomer was solubilized in CH2Cl2 and an appropriate aliquot of this 

solution was transferred to a pre-weighed 1-dram vial.  The solvent was removed under 

reduced pressure (firstly by rotoevaporator, followed by dynamic high-vacuum) and the 

mass of the transferred monomer was determined and then used to calculate the volume 

of BTESBP required to account for the balance of condensable Si groups present in the 

reacting sol (NOTE: total moles of ‘Si’ in any given sol was held constant at 4.3710-4 

mol). 

 Meanwhile, a mixture of F127, DMA and 1 M HNO3(aq) was prepared as outlined 

above (see Appendix 5 for the desired reagent quantities).  However, for the chiral variant 

of the capillary PMO monoliths, BTESBP was first added to the vial of chiral monomer, 

and the F127-based solution was then transferred to the vial containing the mixture of 

organosilanes.  After 10 minutes of stirring, the sol was finally used to charge the 

activated capillaries via the aforementioned techniques and allowed to gel, age, and dry at 

the prescribed temperature. 
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4.10.7  Post-Synthetic Solution Exposure 

In order to introduce either water, acetone, ethanol, a 1 M aqueous urea solution, 

1 M NH4OH(aq) solution, or mixed EtOH / H2O solutions into an as-synthesized capillary 

PMO monolith, the capillary of interest was attached to an Upstream nano-HPLC pump 

with the fluid flow set to a constant rate of 200 nL·min-1.  As there was usually a 

significant lag time prior to seeing the appearance of fluid droplets at the exit of the 

capillary (~ 30–45 minutes), the pump was operated for a total of ~ 2 h to ensure 

sufficient time for solution exchange to occur within the capillary monolith.   

The capillary was then detached from the nano-HPLC pump and sealed at both 

ends of the capillary with rubber septa (as described in Section 4.9.3) before heating at 

80–100 °C for 3–16 h for 1 M urea(aq) or 1 M NH4OH(aq) exposure, or heating at 60 °C for 

12 h for ethanolic solution exposure. 

 

4.10.8  Incorporation of Sol Additives 

To incorporate urea in to the starting sol, F127 and DMA were firstly added to a 

1-dram vial as described above.  Urea was then added to this mixture of F127 and DMA 

prior to heating and stirring of the mixture (see Appendix 4 for the desired reagent 

quantities).  Afterwards, HNO3(aq) addition, silane addition, capillary charging, and 

subsequent monolith gelation, and aging proceeded as outlined above.  Lastly, urea 

decomposition to ammonia was conducted by heating the as-synthesized capillary 
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monolith to 120 °C at a ramp rate of 1 °C·min-1 (using a Lindberg / Blue BF51848A 

programmable oven) and holding at 120 °C for 4 h. 

For γ-MAPS incorporation, an activated capillary was first silylated with γ-

MAPS using a procedure based on that previously reported by Oleschuk and co-

workers.60  A 1-mL γ-MAPS solution was freshly prepared with each component present 

in the following volumetric proportion: 20% γ-MAPS / 30% glacial acetic acid / 50% DI 

H2O.  Thereafter, an activated capillary was filled with the γ-MAPS solution using He(g) 

pressure (as described above) and allowed to stand at room temperature for 18 h (with 

both ends of the capillary pierced into a GC vial and immersed into ~ 0.3 mL of excess γ-

MAPS solution).  Once exposure to the γ-MAPS solution was complete, ~ 0.5 cm of 

length was cleaved off the ends of the capillary to remove any potential blockages, and 

DI H2O was manually flushed through the silylated capillary until the liquid droplets 

exiting the far end of capillary were of neutral pH.  Lastly, the silylated capillary was 

flushed with He(g) (as described above). 

 Next, to prepare a γ-MAPS-containing sol, F127 and V88 were first solubilized in 

DMA in a 1-dram vial and subsequently acidified with HNO3(aq) as described above.  

This F127-based solution was then later added to a mixture of γ-MAPS and BTESBP 

prepared in a separate 1-dram vial (see Appendix 5 for the desired reagent quantities).  

Capillary charging as well as monolith gelation, aging, and drying proceeded as outlined 

above. 
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 Lastly, to incorporate DMDES into the monolith-forming sol, F127 was first 

solubilized in DMA in a 1-dram vial and subsequently acidified with HNO3(aq) as 

described above.  This F127-based solution was then later added to a mixture of DMDES 

and BTESBP prepared in a separate 1-dram vial (see Appendix 5 for the desired reagent 

quantities).  Capillary charging as well as monolith gelation, aging, and drying proceeded 

as outlined above. 

  

4.10.9 Nano-HPLC and CEC Trials 

All of the instrument operation and maintenance, capillary monolith loading and 

conditioning, analyte loading, as well as cleaning and preparation of the instrument 

before, during, and after individual runs was carried out by Dr. Graham Gibson of the 

Oleschuk research group at Queen’s University. 

Nano-HPLC.  Capillary monoliths were conditioned on a Waters NanoAcquity UPLC 

system to wet and establish flow through the monoliths.  Specifically, flow was achieved 

using a solvent system consisting of 50 vol% HPLC-grade acetonitrile in DI H2O with 

0.1 vol% formic acid at a flow rate of 100 nL·min-1.   

Typically, the analytes were individually stored as 2 mM stock solutions in 

HPLC-grade acetonitrile.  For sample injection, the analyte solutions were diluted to 20 

μM using as much water as possible and injected in 2-μL aliquots.  In the case of an 

injection of a mixture of analytes, each analyte / enantiomer was present at a 

concentration of 20 μM.   
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Chromatographic trials were also performed on the same UPLC system without 

the use of a column heater or trapping column.  This UPLC system was coupled via a 

Teflon® tube union to an Acquity TUV detector with a 10 nL-flowcell, which was set to 

214 nm and 254 nm for the chiral acetals (3b) and BINOL.  The flow rate was 600 

nL·min-1 unless otherwise noted, and the mobile phase consisted of (A) 0.1% formic acid 

in water and (B) 0.1% formic acid in acetonitrile.  

CEC.  The capillary monoliths were not directly inserted to the CE cartridge because they 

were not compatible with the UV absorbance detector.  Therefore, the capillary monoliths 

were cut to ~ 22 cm in length and coupled with a UV-transparent capillary (50 μm-ID) 

using a Teflon® tube union (i.e. a ~2 cm-long tube with an ID that matches the OD (outer 

diameter) of the fused silica capillary).  The junction was then positioned as close to the 

detector window of the CE cartridge as possible.  The ends of each capillary were then 

cut to fit the system, leaving the monolith to be ~ 18.3 cm in length.   

The capillary monoliths were conditioned on a NanoAcquity UHPLC pump to 

wet and establish flow through the monoliths.  Specifically, flow was achieved using a 

solvent system consisting of 50 vol% HPLC-grade acetonitrile in DI H2O with 0.1 vol% 

formic acid at a flow rate of 100 nL·min-1.  A buffered solvent mixture (70 vol% ACN / 

30 % 1 mM pH 7.2 aqueous potassium phosphate buffer) was then pumped into the 

capillary assembly using a separate HPLC pump (Lab Alliance Series 1500) with a 500-

μL reservoir loop at 1000 psig (controlled pressure) until a droplet formed at the opposite 

end and no bubbles were observed within the capillary.   
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Electrochromatographic experiments were performed on a Beckman P / ACE 

MDQ capillary electrophoresis system with a UV-absorbance diode array detector.  Data 

was acquired and processed with 32 Karat software.  The mobile phases, composed of 

ACN with varying concentrations of phosphate buffer, were filtered before use.  

Typically, the analytes were individually stored as 2 mM stock solutions in HPLC-grade 

acetonitrile.  For sample injection, the analyte solutions were diluted to 0.4 mM.  Sample 

injection was done electrokinetically (i.e. by EOF with an applied voltage) (usually at 5 

kV for 5 s), and separation was obtained with an applied voltage of 10 kV.  The non-

interacting EOF marker was thiourea at a concentration of 1 mM.  All CEC runs were 

conducted at 25 °C with the aid of coolant in the cartridge. 

 

4.10.10  Microcalorimetry Trials 

All of the instrument operation and maintenance, sample loading, cleaning and 

preparation of the instrument before, during, and after individual runs were carried out by 

Mr. Kim Munro (Queen’s University, Protein Function and Discovery Facility).  

Moreover, the experimental procedure used in our investigations was adapted from the 

work of Avnir et al.69   

  Each run on the MicroCal® VP-ITC (isothermal titration calorimeter) required 

three different components: (i) a ‘syringe reactant’ (2 mL); (ii) a ‘cell reactant’ (2 mL); 

and (iii) a ‘blank’ solution medium in the reference cell (2 mL).  The sequence of 

experiments and the corresponding conditions used to collect our data are outlined in 
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Table 4-3.  Importantly, each of the amino acid, chiral acetal (3b), and hydrobenzoin (8) 

solutions used as the ‘syringe reactants’ were prepared as stock solutions (in buffered 

water for the amino acids and pesticide grade acetonitrile for the aromatics) to minimize 

variability from one run to the next.  In addition, when required, the organosilica and 

silica dispersions used as the ‘cell reactants’ were prepared by mixing a given support 

(5.5 mg) with the solution medium of interest (e.g. buffered water or pesticide grade 

acetonitrile) (4.4 mL).  This heterogeneous mixture was then sonicated for 10 minutes 

before dividing the mixture into two 2-mL portions – one of which would be titrated 

with, for example, the D-enantiomer of a given amino acid, while the other portion would 

be reserved for titration with the L-enantiomer of the same amino acid in a subsequent 

run.  Lastly, for the trials involving amino acid analytes, the aqueous solutions were 

buffered at pH = 7 using a mixture of KH2PO4 and K2HPO4 at a mass ratio of 1 : 1.77, 

respectively. 

 

4.10.11 Characterization Methods 

Optical micrograph images were obtained on a Nikon Eclipse ME600L 

microscope.  SEM images of gold-coated samples were obtained on a JEOL JSM-840 

scanning microscope operated at an accelerating voltage of 20 kV.  Solid-state CP MAS 

NMR spectra were collected on a Bruker Avance 600 MHz spectrometer. 
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Chapter 5 

Conclusions 

 

Over the past two decades, research related to the synthesis and applications of 

sol-gel-based, ordered silica materials has experienced explosive growth and 

development.  In particular, the versatility of the surfactant-templating strategy has 

proved to be very powerful as it has allowed scientists to access a rich variety of 

materials with unique morphologies, as well as structural periodicity at both nano- and 

macroscopic length scales.  Furthermore, the ease with which such a methodology may 

be modified to form not only silica-based materials – but to also include more exotic 

metal oxides and a diverse array of organic functionalities – has expanded the 

tailorability of these types of materials and their extension to applications that are broad 

in scope. 

 Although a large proportion of the materials synthesized to date are in powdered 

or particulate form, film- and monolith-based morphologies are also of important interest 

to advanced applications in areas such as optical device fabrication, sensing, 

photovoltaics, and catalysis.  This thesis has, therefore, endeavoured to contribute to 

aspects concerning both the synthesis and applications of films and monoliths on a few 

different fronts.   

In Chapter 2, we examined the synthesis and application of thick, mesoporous 

organosilica films to a fibre-optic sensing platform for the detection of heavy metal 

contaminants in solution.  The challenges associated with synthesizing thick films by sol-
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gel processing and interfacing the materials with the evanescent wave-based sensing 

element were addressed, and eventually a proof-of-concept sensor was demonstrated 

whereby sub-ppm level detection of Pb(II) was realized in mixed aqueous–organic 

solutions.  This work also extended to the exploration of hybrid titania-based materials 

high-index coatings to effectuate heavy metal detection in purely aqueous systems, the 

study of which is ongoing.  In addition, the extension of surfactant-templated organosilica 

films to other evanescent wave-based devices was initiated.  Although presently in their 

early stages, these investigations will certainly carry on as our understanding of these 

new device architectures deepens and optimization of both the composition and structure 

of hybrid sol-gel films is achieved to suit the sensing criteria. 

 This thesis also addressed the concept of controlling nanostructural order within 

sol-gel-derived films.  In Chapter 3, a bottom-up approach to synthesizing hybrid 

organosilica-based films with uniaxial alignment of the nanostructure across macroscopic 

length scales was achieved.  Specifically, the interactions between novel, amphiphilic, 

alkyl-functionalized oligosiloxane precursors and a rubbing-treated polyimide layer were 

exploited to prepare such films.  Furthermore, these films bearing tightly-controlled and 

highly uniform nanostructures were processed by a simple dip-coating process.  As this 

project continues to evolve, the synthesis of novel amphiphilic, chiral oligosiloxanes 

should be pursued to a greater degree, as fundamentally interesting structure–property 

relationships should arise through the self-assembly of such precursors and 

characterization of their resulting bulk properties.  Additionally, given the unique ability 

to control both the proportion and distribution / placement of inorganic and organic 
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groups within such materials, oligosiloxanes incorporating unique functionality (e.g. 

photoactive moieties) and uniform, ‘single-crystalline-like’ alignment should be designed 

to create advanced materials for demanding applications. 

Finally, Chapter 4 probed the demonstration of chiral recognition in sol-gel 

derived hybrid organosilica materials that incorporated binaphthylene-based monomers 

bearing axial chirality.  Although our initial attempts at probing such chiral interactions in 

powdered materials by isothermal titration microcalorimetry were not fruitful, the search 

for optimized experimental conditions should continue in the future as this technique 

would provide a very powerful means of quantifying chiral recognition in related sol-gel 

derived systems. 

In related investigations, chiral organosilica capillary monoliths with co-

continuous, interconnected pore structures were synthesized and demonstrated chiral 

recognition via nano-HPLC while requiring less of the chiral dopant in comparison to 

their powdered counterparts.  While the hydrolytic stability of the monolithic materials 

must be improved to a greater extent in order to improve the chromatographic 

performance of these materials in nano-HPLC applications, CEC looks to be a very 

promising avenue for effecting chiral separations using our materials.  In this work, CEC 

has only been demonstrated so far with achiral variants of our capillary monoliths.  

Extension of this CEC work to the chiral systems is the next step.  Once enantiomeric 

resolution is demonstrated by chiral CEC, future studies should explore the effect of 

loading of the axially chiral monomer within these monolithic materials to see if chirality 

transfer within the framework of such materials may be at play, which may then allow for 
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the achievement of increased enantiomeric separation efficiency using minimal 

incorporation of the precious chiral dopant.  Moreover, the combination of structural 

chirality and favourable pore networks could also result in interesting advances to fields 

such as chiral chromatography as well as heterogeneous asymmetric catalysis. 

In general, despite all of the advancements that have been made in the field of 

materials synthesis via surfactant-templated, sol-gel-based strategies, it is evident that 

several opportunities remain to explore and discover new hybrid, multifunctional, 

hierarchically-structured materials that would exhibit interesting and useful properties in 

a variety of different configurations to address many of the evolving needs of our society.   
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Appendix A 

 

Appendix 1.  Table of saturated salt solutions used to control atmospheric relative humidity at 

various temperatures.  (Tables obtained from Chapter 2, reference 75.) 
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Appendix 2.  Device map for half of a SOI microchip designed and fabricated by NRC, Ottawa.  

(Figure courtesy of Dr. Dan-Xia Xu, NRC, Ottawa.) 
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Appendix 3.  Photo of the experimental set-up for the charging of activated, fused silica 

capillaries with monolith-forming sols. 

 

Details:  
(a) The unactivated capillary connects the helium cylinder to a GC vial.  Two other activated 
capillaries are also connected (each by only one end) to the same GC vial.  (b) The ends of the 
capillaries that are pierced through the lid of the GC vial are trimmed off to remove any potential 
blockages.  (c) The GC vial is filled with the sol of interest, and the lid is reattached to the vial.  
All capillary ends are immersed into the sol, and the helium flow to the GC vial is increased.  Gas 
flow is confirmed by the evolution of bubbles in the sol.  (d) Wait until the sol travels through the 
full length of each capillary and droplets may be seen at the open / free end of the capillaries.  (e) 
The free end of each of the activated capillaries is pushed through the lid of the GC vial and 
immersed into the sol, and the unactivated capillary (which connects the GC vial to the helium 
cylinder) is pulled out of the GC vial.  The GC vial holding the leftover sol and the filled, 
activated capillaries (with both capillary ends immersed into the remaining sol) is then placed in 
the oven for gelation.    
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Appendix 4.  Summary of additional achiral PMO capillary monolith syntheses. 

Tgel 
[°C] 

Vol. of  
BTESBP 

[mL]a 

Amount of 
Additivea 

Mass of 
F127 [g]a 

Vol. of 
DMA 
[mL]a 

Average  
Macropore 

Diameter [μm]b 

Average  
Skeleton 

Thickness [μm]b 

Ratio of  
Pore Size / 

Skeleton Size 
Resultant Structure 

         
40 0.10 N / A 0.055 0.40 4.7 1.4 3.4 isolated macropores 
         

40 0.10 N / A 0.065 0.40 5.5 1.9 2.9 
co-continuous  
(not uniform) 

         

40 0.10 N / A 0.075 0.40 N / A 5.7c N / A 
nanoparticulate 

aggregate 
         

40 0.10 N / A 0.085 0.40 N / A 5.0c N / A 
nanoparticulate 

aggregate 
         
         

40 0.10 0.0143 g urea 0.100 0.40 3.5 1.2 2.9 co-continuous 
         
         

80 0.10 N / A 0.040 0.40 N / A N / A N / A 
non-porous / 

nanoporous gel 
         

80 0.10 N / A 0.060 0.40 0.81 0.42 1.9 co-continuous 
         

80 0.10 N / A 0.070 0.40 1.8 0.72 2.4 co-continuous 
         

80 0.10 N / A 0.080 0.40 N / A 2.4c N / A 
nanoparticulate 

aggregate 
         

a – Quantity of a given reagent used in a sol containing 0.025 mL of 1 M HNO3(aq) as the catalyst for silane hydrolysis and condensation.    b – Macropore 

diameter and skeleton thickness each determined as an average of measurements at 6 different points within a cross-sectional SEM image of a given 

sample.    c – Average diameter of nanoparticle. 
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Appendix 5.  Summary of additional achiral and chiral PMO capillary monolith syntheses (in all instances, Tgel = 60 °C). 

Vol. of  
BTESBP [mL]a 

Amount of 
Additivea 

Mass of 
F127 [g]a 

Vol. of  
DMA [mL]a 

Avg. Macropore 
Diameter [μm]b 

Avg. Skeleton 
Thickness [μm]b 

Ratio of Pore Size 
/ Skeleton Size 

Resultant 
Structure 

        

0.090 
0.0142 g R-2 
(10 mol% Si) 

0.055 0.40 N / A N / A N / A 
non-porous / 

nanoporous gel 
        

0.091 
0.0126 g rac-2 

(9 mol% Si) 
0.080 0.40 0.50 0.22 2.3 co-continuous 

        

0.090 
0.0139 g R-2 
(10 mol% Si) 

0.110 0.40 1.7 0.51 3.2 co-continuous 

        
        

0.090 
0.010 mL (10 

mol%)  γ-MAPSd 
0.060 0.40 N / A N / A N / A 

non-porous / 
nanoporous gel 

        

0.090 
0.010 mL (10 

mol%)  γ-MAPSd 
0.090 0.40 3.0 1.0 2.9 co-continuous 

        

0.090 
0.010 mL (10 

mol%)  γ-MAPSd 
0.120 0.40 N / A 2.0c N / A 

nanoparticulate 
aggregate 

        
        

0.090 
0.0075 mL (10 
mol%) DMDES 

0.090 0.40 2.6 0.92 2.8 co-continuouse 

        

0.090 
0.0075 mL (10 
mol%) DMDES 

0.120 0.40 N / A 1.5c N / A 
nanoparticulate 

aggregate 
        

0.070 
0.0225 mL (30 
mol%) DMDES 

0.090 0.40 N / A N / A N / A 
non-porous / 

nanoporous gel 
        

a – Quantity of a given reagent used in a sol containing 0.025 mL of 1 M HNO3(aq) as the catalyst for silane hydrolysis and condensation.    b – Macropore 

diameter and skeleton thickness each determined as an average of measurements at 6 different points within a cross-sectional SEM image of a given 

sample.    c – Average diameter of nanoparticle.    d – Amount of V88 added = 1 mg.    e – Borderline nanoparticulate aggregate. 


