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Preface 

This thesis presents supramolecular and covalent strategies to control pore size, philicity 

and surface charge of mesoporous silica.  

The thesis is divided into five Chapters. 

Chapter 1 introduces the field of pore engineering in mesoporous silica with major emphasis given 

to pore structure, pore philicity and surface charge. An overview of the important developments in 

these areas of pore engineering and how they have found applications in a variety of fields is 

presented. 

Chapter 2 introduces a non-covalent, reversible pore engineering approach through viologen-

pyranine charge-transfer modules. The strong C-T interactions between pyranine and viologen 

were exploited to reversibly modify the pore size and philicity by employing alkyl derivatives of 

pyranine as donors. The fast binding of donors enabled quick and facile functionalization within 

minutes at room temperature. The modularity of the approach would allow modification of pores 

with custom designed compositions, components and functions.    

Chapter 3, discusses the binding selectivity of different donors to the viologen acceptor 

immobilized on the walls of mesoporous silica. Very high adsorption selectivity factors in the range 

of around 45 were obtained for donors of similar charge but different charge-transfer strength. Even 

in flow based systems, 35% of its binding capacity was retained and a charge-transfer based 

breakthrough column was also fabricated to separate donors based on their charge-transfer strength. 

Breakthrough curves show clear separation for a three component mixture of donors of similar 

charge differing only in their charge-transfer strength. Non-polar environment around the viologen 

was found to play an important role in determining the binding selectivity.  

Chapter 4, deals with surface charge reversal in mesoporous silica and is divided into three sub 

sections: 

Chapter 4.1, discusses the application of viologen based charge transfer modules in electrostatic 

gating of ion transport through the nanochannels (<10 nm)  in mesoporous silica. The polarity of 

ion transport was switched from anion selective to cation selective through ambipolar stage by 

controlling the extent of pyranine bound to the viologen. Further, the ion transport could be 

regulated with respect to pH by selecting a donor (coronene tetracarboxylate) with pH responsive 

functional groups.  The modularity of this approach further allows facile integration of various 
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functional groups capable of responding to stimuli such as light and temperature to modulate the 

transport of ions as well as molecules.  

Chapter 4.2 discusses the drawbacks of a supramolecular based strategy for charge reversal and 

presents a generic strategy to improve the strength of association in water based systems. 

Hydrophobic forces are used to improve the performance of C-T modules which are not capable of 

showing complete charge reversal within nanopores. The strong association aided by hydrophobic 

forces enabled the performance of supramolecular assemblies in achieving charge reversal and 

reduce the dependence on excess donors in solution.  

In Chapter 4.3, we have shown a pH and glucose responsive charge-reversal on silica surface 

through heterogeneous functionalization utilizing amines and boronic acid moieties. The dual 

responsiveness of the charge reversal was unambiguously demonstrated through desorption of 

charged chromophores. A concentration dependent desorption response to glucose at 

physiologically relevant levels was also reported. 

Chapter 5 deals with synthesis of Mesocellular hollow spheres have been synthesized using 

emulsion templates with a volatile solvent.  Use of both octadecene and chloroform (volatile 

component) gave mesocellular hollow sphere whereas use of octadecene alone gave hollow spheres 

with no hierarchical structure. In order to enrich the functionality of the synthesized mesocellular 

hollow spheres, oil soluble magnetite nanoparticles (oleic acid capped) were also incorporated 

along with the emulsion templates. The obtained mesocellular spheres with magnetite nanoparticles 

entrapped would find applications in both drug delivery as well as in diagnosis (Magnetic 

Resonance Imaging). The described strategy can also be applied to incorporate quantum dots and 

gold nanoparticles to create a multifunctional composite. 
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Chapter-1 

Introduction 

 

Summary  

Ordered porous materials have found a variety of applications in various fields, such as 

adsorption, separation, catalysis, drug delivery, sensors, photonics, and nanodevices. The 

tailoring of the pore properties for such a wide range of applications has resulted in a surge of 

interest in pore engineering. This chapter introduces the field of pore engineering in 

mesoporous silica with major emphasis given to pore structure, pore philicity and surface 

charge. An overview of the important developments in these areas of pore engineering and how 

they have found applications in a variety of fields is presented. 
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1.1. Introduction 

“Space ─ the final frontier” , the preface to a well-known television series not only 

captures the challenges encountered in space travel adventures, but also in the field of porous 

materials, whose mandates are to control the size, shape and regularity of the porous space and 

the atoms and molecules that define it. The past few decades have witnessed significant 

scientific advances in the fabrication of new ordered porous solids from a wide variety of 

materials. This has broadened the range of applications beyond their conventional use as 

catalysts/catalytic supports and adsorbents. It is to be noted that the term “ordered” in ordered 

porous materials, applies to the porosity of the material and does not necessarily imply that the 

materials have high structural order. These materials most commonly possess amorphous walls 

which enclose pore spaces which are arrayed in a regular fashion. MCM-41, is one very well-

known example of such a material,
[1]

 which in spite of being made up of amorphous silica, 

exhibits a characteristic X-ray diffraction (XRD) pattern by virtue of its hexagonal array of 

mesopores. 

There are four major classes of ordered porous materials – zeolites, ordered 

mesoporous materials (oxides, carbon, nitrides, etc.), metal organic frameworks and covalent 

organic frameworks. In this chapter, the focus will primarily be on the ordered mesoporous 

materials composed of oxides of silicon, commonly known as mesoporous silica. Mesoporous 

silica is generally obtained from the organic-inorganic assembly 
[2]

 of the silicate species 

produced by hydrolysis of silane precursors (tetraalkoxysilane) with soft matter like organic 

molecules or supramolecules (e.g. amphiphilic surfactants and bio-macromolecules) which act 

as structure directing agents. Surfactants are most commonly used as templates. The 

cooperative self-assembly between the surfactants and silicate species is driven by weak, non-

covalent interactions such as hydrogen bonds, van der Waals forces and electrostatic 

interactions. Mesoporous silica is obtained on removal of the surfactant templates.  

Pore engineering in mesoporous silica primarily deals with control of pore structure, 

pore philicity and surface charge. Surface charge in mesoporous silica can also be classified 

under pore philicity but has been given special mention due to the fact that surface charge in 

nanopores gives rise to a wealth of phenomena which find application in a variety of fields. The 

focus in this chapter is not on strategies of pore engineering but rather on how tuning of these 

pore properties has found different applications. 

1.2 Pore Structure 

Pore structure has typically been varied using different surfactant templates and hard 

templates. Use of a single surfactant gives monomodal pore systems where the pore size could 
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be varied by changing the size of the surfactant molecules. In the case of charged surfactants 

with alkyl tail groups, the increase in the chain length of the alkyl group increases the pore 

size.
[3]

 This tunability of pore size was used to control the amount of drug released and their 

release kinetics from within the pores.
[4]

 The kinetics of release and quantity of drug released 

were found to increase with pore size (Figure 1). 

Use of dual surfactant templates allowed synthesis of mesoporous silica with bimodal 

pore size distribution. Dual-mesoporous silica spheres with core−shell structure having smaller 

pores (2.0 nm) in the shell and larger pores (~15 nm) in the core have been fabricated using an 

amphiphilic block copolymer (polystyrene-b-poly (acrylic acid), PS-b-PAA) and 

cetyltrimethylammonium bromide (CTAB) as co-templates (Figure 2a).
[5]

 Drug storage 

capacity and release profile could be efficiently modulated by changing the shell thickness. A 

shell thickness of around 60 nm, exhibited a three stage release profile (Figure 2b). 

 

Figure 1. Monomodal/unimodal pore systems show increasing amount of drug release with 

increasing pore size.( Reproduced with permission from reference 4b)  

Pore systems with hierarchical structure have also been synthesized which have a gradation of 

ordered porosity, whose dimensions lie in the different pore size regimes (micro-, meso-, 

macroporous), but the terminology has also been used for materials where some of the porosity 

may not be perfectly ordered, but which nonetheless, present a certain degree of structuring. In 

a hierarchical material each level of porosity serves a distinct purpose. Micropores can anchor 

catalytically active sites and immobilize small molecules. Mesopores provide faster access to 

the micropores and can also adsorb larger molecules. Macropores can enhance the diffusion 

properties of the material even further and could accommodate larger guests. 
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Figure 2. (a) Schematic of unimodal pore system showing a single pore size and bimodal pore 

system with larger pores in the core and smaller pores in the shell. (b) Drug release profiles of 

unimodal pore systems showing single step release and bimodal pore systems showing three 

stage release. (Reproduced with permission from reference 5b) 

Dongyuan Zhao et al. have synthesized a hierarchical structured silica with mesopores 

and macropores using polymer colloidal crystals as hard template and Pluronic 123 as soft 

template
[6]

 (Figure 3a). The TEM image of the hierarchical material clearly shows the windows 

connecting macropores and the mesoporous nature of the walls (Figure 3b). By virtue of their 

hierarchical nature they could accommodate two different sizes of guests (cytochrome C and 

bovine serum albumin). Such hierarchical structuring has also been utilized in mesostructured 

zeolites for catalytic applications. 

(a) 

%
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Figure 3. (a) Schematic of hierarchically structured mesoporous silica with macroporous 

structure and mesoporous walls. (b) TEM image showing the macropores, windows connecting 

the macropores and the mesoporous structure of the walls. (Reproduced with permission from 

reference 6) 

1.3. Pore Philicity 

Pore philicity has been conventionally engineered by incorporating various functional 

groups (organic or inorganic) to create specific interactions within the enclosed pore space. The 

incorporation of these functional groups in mesoporous silica has typically been achieved 

through three pathways
[7]

:  

a) Postsynthetic functionalization of silica (Grafting) - use of specialized silanes to post 

synthetically modify the surface.
[8]

 

b) Cocondensation  - use of specialized silanes in the synthetic step along with conventional 

silane precursor, tetraethoxysilane. 

c) Structural incorporation of organic linker (Periodic mesoporous organosilica
[9]

) - use of 

bisfunctional silanes to integrate organic groups not as pendants in the pore space but as linkers 

between the silica units, thus incorporating them into the framework of the wall itself. 

The attachment of thiol
[10]

 and amine
[11]

 groups onto the pore surface enabled heavy 

metal ion sequestration. Amine immobilized mesoporous silica also found use as base 

catalysts
[12]

 in Knoevenagel condensation.
[13]

 Immobilization of sulfonic acid groups enabled 

their use as solid acid catalyst for aldol condensation, esterification
[14]

 and alkylation of 

phenols. Periodic mesoporous organosilica with phenyl linkers were found to be useful as good 

HPLC (high pressure liquid chromatography) stationary phases.
[15]

 They exhibited superior 

separation capability for mixtures of aromatic compound in comparison to conventional 

Nucleosil50-10 which is composed of normal silica (Figure 4). 

(a) (b) 
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Figure 4. (a) Chromatograms showing better performance of phenylene bridged periodic 

mesoporous organosilica as HPLC stationary phase in contrast to the poor performance of (b) 

conventional HPLC stationary phase, Nucleosil 50-10, made from tetraethoxysilane precursor. 

(c) Chemical structures of the mixture of aromatic compounds used in the HPLC analysis. 

(Reproduced with permission from reference 15) 

Mixed functionalization of the surface with different functional groups can give rise to 

interesting applications. The different functional groups can be randomly organized or can be 

spatially separated. The random organization has been found to be useful in cases where the 

two different functional groups can together exhibit cooperative catalysis.
[16]

 For example, thio 

and sulfonic acid groups were randomly functionalized on the pore surface for synthesis of 

‘bisphenol A’ from acetone and phenol.
[17]

 Spatially separated functionalization has been found 

to be useful in fabrication of catalysts for tandem or cascade reactions.
[18]

 The asymmetric 

functionalization can also be used to create a hydrophilic/hydrophobic interface to enhance its 

use in catalysis which requires a hydrophilic/hydrophobic interface. For example, a mesoporous 

silica shell functionalized on the exterior with hydrophobic alkyl chains (Figure 5a) was found 

to exhibit greater yields for catalysis
[19]

 at the interface than regular organic micelle catalysts 

(Figure 5b). These structures have been rightly termed as “inorganic micelles” and they seem to 

hold promise for selective organic syntheses. 

1 2 

3 4 (b) 

(a) 

(c) 
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Figure 5. (a) Schematic showing the structure of SiO2 inorganic micelles with a mesoporous 

silica shell functionalized on the exterior with hydrophobic alkyl chains giving a hydrophilic 

interior and hydrophobic exterior. (b) The yields of α-methylbenzyl bromide in the bromination 

of alcohols using HBr solution using various catalysts. It is important to note that the 

hydrophobic/hydrophilic interface is important and Au nanoparticles have no significant role 

to play. (Reproduced with permission from reference 19) 

1.4. Surface charge 

The surface charge within the mesopores plays a prominent role in defining the 

transport of ions through them, due to fact that the size of these nanopores/nanochannels
[20]

 is 

comparable to the Debye length.
[21]

 The electrostatic potential doesn’t decay to the bulk values 

even at the centre of the nanopores which induces asymmetry in the ion distribution inside the 

nanopores (Figure 6a-d). The concentration of the counter-ions in nanopores is enhanced while 

the concentration of the co-ions is diminished due to the electrostatic repulsion between the 

ions and the charges on the surface of the nanopores (Figure 6e-f). The nanopores/nanochannel 

hence favors the passage of counter-ions, thus making them permselective with respect to ion 

transport properties. These unique properties open up a wide range of applications like 

electromechanical energy conversion,
[22]

 fabrication of abiotic analogues of membrane 

proteins,
[23]

 preconcentration of biomolecules
[24]

 and electrically mediated delivery.
[25]

 

(a) (b)
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Figure 6. Schematic showing the distribution of ions (a) in a microchannel where most of the 

solution is neutral and (b) in a nanochannel which is almost unipolar in nature since its 

dimensions are smaller than the Debye length. The plot of electric potential along the cross 

section of a (c) microchannel showing rapid decay to its bulk value, and (d) in case of a 

nanochannel the electric potential even at the center of the nanochannel is influenced by the 

surface charge. The concentration of cations (orange) and anions (blue) in a (e) microchannel 

and a (f) nanochannel showing a deviation from bulk concentration with a much higher 

counterion concentration (orange) than the coion concentration (blue). (Reproduced with 

permission from reference 21) 

The surface charge in nanopores has been typically controlled by attaching functional 

groups capable of charging and discharging in response to various stimuli like pH
[26]

 and 

light.
[27]

 Omar Azzaroni et al. have used polyelectrolyte brushes
[28]

 to modulate the surface 

charge inside the nanopores of SBA-16 to switch their ion permselective properties. Amine 

functionalization of the pores gave anion selective transport which on further modification with 

sulphonate brushes switched over to cation selective transport (Figure 7). 
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Figure 7. Schematic representation of the inner environment of the amine modified mesoporous 

silica film before (a) and after (b) the surface-initiated atom transfer radical polymerization of 

poly(styrenesulfonate) brushes. Portions of the nanopore wall have been magnified to display 

the different chemical entities present in the pore surface during the sequential modifications. 

(Reproduced with permission from reference 28) 

When the functionalization of the pore surface is minimal, a significant number of 

silanol groups are left unpassivated which can also participate in defining the surface charge of 

the pores. In a study by Azzaroni et al., the pore surface was functionalized with 

poly(methacryloyl-L-lysine) brushes.
[29]

 At pH > 5, when the brushes are negatively charged 

the silanol groups increase the overall negative charge thus allowing only cations to pass 

through (Figure 8a). At pH < 5, where the brushes are positively charged and the silanols are 

negatively charged, no ions are allowed to pass through, thus acting as a ionic barrier (Figure 

8b). 
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Figure 8. Schematic representation of the ion transport characteristics of the hybrid 

mesoporous silica film at different pH values: (a) pH>5, cation selective transport and (b) 

pH<5, ionic barrier (exclusion of ionic species). The expanded view of the pore wall shows 

both the polymer brushes and the surface silanols contributing to the surface charge of the 

nanopore. (Reproduced with permission from reference 29) 

The surface charge in the nanopores can also be used to modulate the release kinetics 

of drug molecules which are charged. Chung-shi Yang et al. had partially functionalized the 

pore surface with trimethylammonium groups
[30]

 (Figure 9a). The positive charge of the 

trimethylammonium groups enabled adsorption of negatively charged drug molecules at pH 4-6 

(Figure 9b). On raising the pH to 7, the negative charging of the silanol groups repelled the 

drug molecules causing a burst release (Figure 9c). On the other hand, under acidic conditions, 

slow release of drug occurred through ion exchange giving a sustained release response (Figure 

9d). This would find application in oral drug delivery where the drug needs to be held back in 

acidic conditions of the stomach and released at a later stage in the alimentary canal. 
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Figure 9. The schematic representation of the various release mechanisms of anionic drug 

adsorbed in mesoporous silica modified with trimethylammonium groups. a) Before adsorption 

of drug, b) after adsorption of drug, c) burst release of drug by electrostatic repulsion from the 

negatively charged silanols at neutral pH, and d) sustained release of drug by anion exchange. 

(Reproduced with permission from reference 30) 

Thus, functionalization of mesoporous silica has broadened the scope of applications in 

various fields such as adsorption, separation, catalysis, photonics, sensors and drug delivery. 

Most of the approaches described above are covalent in nature and utilize the conventional 

silane strategy which modifies the pores irreversibly giving no room for further 

maneuverability with custom designed functionalities. In our work, as detailed in the later 

chapters, we try to explore the possibilities of a non-covalent route of functionalization for 

tuning the pore size, philicity and surface charge. 
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Chapter-2 

Charge-Transfer Modules for Reversible Pore Engineering 

in Mesoporous Silica 

Summary  

Mesoporous silicas form an important class of nanoporous materials complementary to their 

microporous analogues with large pore size, fast molecular transport and chemically 

modifiable surface. However, the chemical modification is largely restricted to covalent silane 

strategy leading to irreversible functionalization. Herein, we introduce a non-covalent pore 

engineering approach to achieve exceptional reversibility in functionalization through 

viologen-pyranine charge-transfer modules. By employing alkyl derivatives of pyranine as 

donors we could exploit the strong C-T interactions between pyranine and viologen to 

reversibly modify the pore size and philicity. The fast binding of donors enables quick and 

facile functionalization within minutes at room temperature. The modularity of the approach 

enables modification of pores with custom designed compositions, components and functions. 

 

 

 

 

 

 

 

Publication based on this work has appeared in J. Am. Chem. Soc., 2013, 135, 10902. 
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2.1. Introduction 

Functionalized mesoporous silicas have generated a great deal of attention by virtue of 

their application in catalysis
[1]

, adsorption
[2]

, drug delivery
[3]

, sensing
[4]

 and separation
[5]

. Pore 

engineering is of paramount importance in realising many of their applications in the frontier 

areas and has been focus of research for quite some time now.
[6]

 It involves control of both pore 

size and philicity. Pore size has been controlled primarily through the synthetic approach. The 

synthesis relies on self-assembly of the liquid crystal /block copolymer template with silica 

precursors to form the mesostructured material.
[7]

 The pores are constituted by the empty space 

generated on removal of the template. Hence the pore size was controlled by varying the 

surfactant chain length
[8]

 as well as by use of pore swelling agents. In the case of block 

copolymer (PEO-PPO-PEO) templated mesoporous silicas like SBA-15,
[9]

 hydrothermal 

treatment temperature played a major role in defining the pore size and also the thickness of the 

pore wall. The PEO block of the template becomes more hydrophobic with increase in 

temperature due to which the hydrophobic domains grow larger resulting in increase in pore 

size.
[10]

  The increase in hydrothermal temperature from 35 °C to 150 °C changes the pore size 

from 6.8 nm to 13.2 nm
[11]

 (Figure 1a). To increase the pore diameter to 30 nm and beyond, 

pore swelling agents like trimethylbenzene (TMB) were used.
[11]

 These pore swelling agents 

localise in the hydrophobic core of template to increase its volume and thus increase the pore 

size. Pore size is controlled by varying the ratio between the pore swelling agent (auxillary 

organics) and the surfactant template. Controlled silanization was also recently used to achieve 

angstrom precision in controlling pore size.
[12]

 Pore philicity, on the other hand was primarily 

modulated using grafting
[13]

 or co-condensation
[6c]

 approach. In grafting, silanes are used to post 

synthetically modify the pore surface and in co-condensation, the silane is condensed along 

with the silica precursor during the synthesis. More recently, periodic mesoporous 

organosilicas
[14]

 (PMO) have been synthesised wherein the bis-silanes are used to condense 

around the template. The bis-silane has an organic functional linker between the silane moieties 

and hence in this case the functional groups are everywhere in the walls rather than just at the 

surface like in grafting and cocondensation. Most of these approaches to control pore size and 

philicity are passive, i.e. they cannot respond to stimuli or be modified after synthesis. On the 

other hand, use of active functionalities capable of responding to different stimuli leave room 

for post synthetic flexibility to modulate pore properties. 

The immobilisation of active functionalities onto mesoporous silica would enable 

dynamic control of the pore properties using external stimuli like light, temperature and pH. 

Brinker et al. functionalised the pores with azobenzene moieties to control the pore size and 

philicity in response to light (Scheme 1).
[15]

 This enabled photoregulation
[16]

 of mass transport 

through the pores. Garcia et. al. synthesised a PMO with 1,2-bis(4-pyridyl)ethylene as the 
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organic linker to actively control the pore volume and surface area.
[17]

 The active functionalities 

used so far, confer two state flexibility, i.e. they switch between two states to control the 

properties of the pore. In order to further increase the flexibility of control it is necessary to 

have a modular design where the components can be assembled reversibly in multiple ways. 

 

Scheme 1. Photoresponsive composites prepared by Brinker et al. showing change in pore size 

on irradiation with light. (Reproduced with permission from reference 15) 

2.2. Scope of the present investigation  

As a proof of concept, we used non-covalent charge-transfer (C-T) interactions
[18]

 

between donor-acceptor molecules as a means to reversibly modify the nature of the pores of 

mesoporous silica, SBA-15
[9]

(SBA). Viologen, an electron acceptor, was first directly linked to 

the pore walls of SBA-15 through silane chemistry and then by employing pyranine and its 

hexyl (PC6) and dodecyl (PC12) substituted derivatives as donors, we were able to show the 

change in pore size and philicity of functionalized mesoporous silica (Scheme 2). The fast 

kinetics of binding enabled facile functionalization by simple room temperature soaking in the 

donor solution for a few minutes. Remarkable reversibility of functionalization was also 

demonstrated by the removal of donor molecules by breaking the C-T interactions through the 

reduction of viologen. The key to successful non-covalent modification of surfaces lies in the 

strength of the binding between the non-covalent motifs. The viologens immobilized on the 

mesoporous silica surface show Langmuir binding constants (10
5
-10

6
 M

-1
) one-to-two orders in 

magnitude greater than their solution state analogues which enabled strong and stable 

supramolecular functionalization. The non-covalently modified pores show selectivity for 

hydrophilic and hydrophobic macromolecules depending upon the philicity of non-covalent 

motif used. 
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Scheme 2. Non-covalent functionalization of viologen modified mesopores of SBA-15 with 

pyranine derivatives to reversibly engineer the pore environment.  Hexyl and dodecyl 

derivatives of pyranine have been used to complex with viologen to modify the pore wall with 

alkyl chains to vary the pore size as well as philicity. Reversibility of this modular approach 

was shown by the reduction of viologen moieties to break the charge-transfer interactions 

between pyranine and viologen enabling re-engineering of the pore. 

2.3. Experimental section 

Synthesis of viologen functionalized SBA 

(i) Iodopropyl functionalized SBA (SBA-I). Monodispersed SBA-15 (referred as SBA) rods 

were synthesized using a reported procedure
[19]

. 1 g of calcined mesoporous silica rods were 

degassed and then hydrated in a controlled fashion till the relative humidity of 50% and added 

into degassed toluene along with 2.5 ml (12.7 mmol) of (3-iodopropyl)trimethoxysilane 

(IPTMS) and stirred overnight. The experimental setup used for the controlled hydration of 

SBA has been discussed separately below. The temperature was increased to 110 °C and held 

for 6 h to complete the reaction. The obtained SBA-I was washed with toluene (3×40 ml),and 

ethanol (1×40 ml) and finally subjected to soxhlet extraction in ethanol to completely wash 

away uncondensed silane from the pores.  

Controlled hydration of SBA. A simple apparatus
[20]

 was used to hydrate mesoporous silica, 

SBA, in a precise and controlled fashion. A two necked round bottom flask, half filled with 

• Larger pores 
• Hydrophilic 

• Smaller pores 
• Hydrophobic 

(or) 

SBA-V SBA-V-(PC12/PC6) 

Viologen (V) 
 Trisodium 8-dodecyloxypyrene 
-1,3,6-trisulfonate (PC12) 

 Trisodium 8-hexyloxypyrene 
-1,3,6-trisulfonate (PC6) 
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water was connected to a nitrogen line through a gas adaptor on one end and a specially 

fabricated glass apparatus with a frit on the other end (Figure 1). The deagassed SBA to be 

hydrated was placed on the frit and nitrogen was passed (100 ml min
-1

) over the water through 

the frit to hydrate the SBA. The humidity of the gas exiting the setup was monitored using a 

humidity meter. Initially, the humidity level of the gas falls to around 25-30 % RH on passing 

through the degassed SBA. As more gas passes through the SBA, the humidity levels rises 

slowly as the surface of SBA is slowly getting saturated with adsorbed water vapor. When the 

humidity reached the desired level, the nitrogen flow was discontinued and the hydrated silica 

was immediately transferred into toluene to prevent change in its state of hydration. 

 

Figure 1. Digital photography image showing the experimental setup used for hydration of 

SBA.  

(ii) Viologen functionalized SBA (SBA-V). 1 g of SBA-I degassed at 80 °C for 6 h was added 

to 120 ml of degassed CH3CN (purged with argon for 15 minutes) along with 2.5 g (8.3 mmol) 

of N-methyl-4,4’-bipyridinium iodide and refluxed for 3-4 days. The SBA-V obtained was 

washed with CH3CN (2×40 ml), water (2×40 ml) and finally ethanol. It was subjected to ion 

exchange by stirring with 50 ml of 0.5 M ammonium hexaflourophosphate solution for 5 h at 

room temperature and then raising the temperature to 60 °C for 0.5 h. It was then washed with 

water (3×40 ml), and ethanol (1×40 ml) and dried at 80 °C. 

Humidity  
Meter 

SBA 
Sintered Frit 

Nitrogen 
Line 
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Synthesis of ionic hybrid control (SBA-B) 

1 g of SBA-I degassed at 80 °C  was added to 50 ml of degassed acetonitrile along with 0.93 g 

(8.3 mmol) of 1,4-diazabicyclo[2.2.2]octane (DABCO) and refluxed for 3-4 days ( 8 mmol of a 

quaternary ammonium salt was also added). It was then washed with excess acetonitrile and 

then reacted with excess methyl iodide (40 mmol) in 25 ml acetonitrile for 6 h at 60 °C to 

obtain SBA-B. Protocol for workup was similar to SBA-V. 

Hexyl functionalized SBA (SBA-C6) 

0.5 g of degassed SBA at 80 °C was added into 50 ml of n-hexane under a nitrogen blanket 

along with 1 g of hexyltrichlorosilane and stirred at room temperature for 24 h. It was then 

washed thoroughly with hexane and dried at 60 °C. 

Digestive estimation of viologen 

Loading of viologen in SBA-V was determined by UV-visible spectroscopy as follows.  4 mg 

of SBA-V and 15 mg of NH4F was heated at 50 °C for 3 h in 1 ml of conc. aq. HCl (11 M), and 

diluted to 40 ml with water for UV-visible spectroscopy in 1 cm cell at 258 nm.  A calibration 

curve at [1 to 10] x 10
–5 

M range for viologen was prepared by treating methyl viologen (λmax = 

258 nm, ε = 17600 M
–1

cm
–1

) under similar conditions as used for digestion of SBA-V. 

Donor binding studies 

(i) Binding titration. 15 mg of SBA-V or SBA-B was weighed into separate vials. Increasing 

amounts of pyranine were added into the vials and the volume was made up to 5 ml. They were 

stirred for 4 h, centrifuged and the supernatant analysed using UV-Vis spectroscopy to 

determine the amount of donor left behind in the solution. The supernatant containing pyranine 

was analyzed with the use of a calibration curve at [1 to 5] x 10
-4

 range (λmax = 403 nm, ε = 

2300 M
–1

mm
–1

). From this, the amount of donor taken up by SBA-V or SBA-B was back 

calculated. 

(ii) Competitive binding (SBA-V vs. methyl viologen in solution). 15 mg of SBA-V was 

added to a pre-complexed solution of methyl viologen (8.4 µmol) and pyranine (4 µmol) and 

stirred for 4 h. The supernatant was then analysed using UV-Vis spectroscopy. 

Langmuir model for calculating binding constant 

To calculate the binding constant for the interaction of pyranine with SBA-V, Langmuir model 

of adsorption was used. Langmuir model is a good approximation in this case because of the 

following reasons: 
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1. The interaction between viologen and pyranine is very specific and hence a monolayer 

adsorption model taking into account strong binding interactions between the adsorbent 

and adsorbate would be ideal. 

2. Though the approximation of uniformity of binding sites is not realistic in case of 

functionalized silica where clustering of silanes functionalization
[21]

 is known, but it 

would serve to provide a mean value which could be of significance. 

The model doesn’t take into account the adsorbate-adsorbate interactions which in this case are 

strong due to the charged nature of pyranine. Regardless, we chose to use it to gain a rough 

estimate of the binding constant.  

The Langmuir binding constant is calculated by plotting the inverse of the amount adsorbed 

against the inverse of the concentration of the adsorbate at equilibrium in solution. The 

intercept of this plot divided by the slope gives the Langmuir binding constant. The Langmuir 

equation for the adsorption from solution is: 

 

 
   

 

    
 
 

  
 

  – Moles adsorbed per gram of adsorbate 

   – Moles adsorbed for one monolayer per gram of adsorbate 

K – Binding constant 

C – Concentration of the adsorbate in equilibrium  

Reversible non-covalent functionalization 

The donors for non-covalent functionalization were prepared by following a reported 

procedure
[22]

 and purified using HPLC. 50 mg of SBA-V was stirred with 1.35 ml of 10 mM 

solution of donor (PC6 or PC12) for 4 h and centrifuged and washed twice with water to remove 

unbound donors. To regenerate SBA-V, a solution of sodium dithionate (60 mM) and sodium 

sulphate (0.5 M) at pH 8.2 was used as reducing agent to break the C-T and wash away the 

donors. After 3-4 washings, oxygen was bubbled for a minute through the dispersion to reform 

viologen on the pore walls. Alternatively, a milder oxidising agent, K3[Fe(CN)6], can be used to 

oxidise the viologen radical cation back to viologen without any degradation of viologen. For 

the complete removal of donors from SBA-V, a column based strategy was applied wherein the 

SBA-V to be regenerated is packed into a column and the solution of sodium dithionate and 

sodium sulphate was passed until the donor levels in the eluent were sparingly small. A 

degassed 10 mM solution of K3[Fe(CN)6] was eluted through the column to oxidise the 
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viologen radical cation into viologen. The retention of the active viologen moieties after every 

reduction-oxidation cycle was confirmed via pyranine binding capacity. The pore size was 

measured through nitrogen adsorption isotherms after every addition and removal of PC6 with a 

correction made for exposure of SBA-V to the buffer. 

Macromolecule Adsorption 

(i) Individual adsorption. 15 mg of SBA-V, SBA-V-PC6, SBA-C6 and SBA-V-PC12 were 

weighed into separate vials and 3 mg of macromolecules (dextran
[23]

 or myoglobin
[24]

) were 

added and the volume was made up to 3 ml using 25 mM phosphate buffer (pH = 7.2) solution. 

They were stirred with the macromolecule solutions for a period of 48 h at 25 
o
C and the extent 

of sorption was determined by spectroscopic analysis of the supernatant at the absorption 

maxima of the macromolecules (myoglobin-409 nm, FITC-dextran-493 nm). HPLC (High 

pressure liquid chromatography) was also carried out to analyze the amount of myoglobin left 

in the supernatant. 

(ii) Mixed Adsorption. 3 mg  of both dextran and myoglobin were added into vials containing 

15 mg of SBA-V, SBA-V-PC6, SBA-C6 or SBA-V-PC12 and the volume was made up to 3 ml 

using 25 mM phosphate buffer (pH=7.2) solution. Rest of the protocol is same as the individual 

adsorption studies. 

2.4. Characterization 

Please refer to the appendix for the instrumental details of UV-visible spectroscopy, X-ray 

diffraction, Field emission scanning electron microscopy (FESEM), infra-red spectroscopy, 

nitrogen sorption analysis and thermogravimetric analysis. 

2.5. Results and discussion 

Short SBA rods of size 1-2 µm have been synthesised using a non-ionic block 

copolymer, P123 as surfactant template at 130 °C following a reported procedure
[19]

 (Figure 2). 

The as-prepared SBA rods were extracted for 48 h with ethanol using a soxhlet apparatus to 

remove the P123 surfactant templates. High temperature calcination pathway to remove 

surfactant templates was not used since calcined SBA have poor silanol density which are not 

favourable for post synthetic functionalization. The pores were functionalized with (3-

iodopropyl)trimethoxysilane through surface polymerization approach
[25]

 to form SBA-I. This 

involves pre-hydration of the SBA before silanization in order to aid the controlled hydrolysis 

of the silane to form a self-assembled monolayer of the silane on the surface of the pores. The 

pre-hydration of SBA (before iodopropyl silanization) was carried out by passing nitrogen 

saturated with water vapour through the sample (see experimental section). The degree of 
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hydration of SBA was controlled by stopping the flow of nitrogen saturated with water vapour 

once the humidity level in the sensor reached the desired level (40 %, 50 % or 80 %). The 

silanization of SBA was carried out over the samples hydrated upto 40 %, 50 % and 80 % 

relative humidity (RH) to understand the effect of hydration on the extent of iodopropyl 

functionalization. The functionalization of the pores with and without hydration treatment was 

followed by using nitrogen adsorption isotherms recorded at 77 K (Figure 3a). All the nitrogen 

adsorption isotherms were of type IV according to the IUPAC classification
[26] 

and are 

characteristic of mesoporous materials with a narrow pore size distribution.
[27]

 The pore size 

distributions calculated using the Barrett-Joyner-Halenda (BJH) method
[28]

 show a decrease in 

pore size on functionalization with iodopropylsilane (Figure 3b). The more the 

functionalization density the smaller the pore size of the functionalised SBA. The decrease in 

pore size almost leveled off at SBA hydrated upto 50 % RH before functionalization. The SBA 

pre-hydrated to 80 % RH, resulted only in a small decrease in pore size on iodopropyl 

silanization. In order to avoid the vertical polymerisation
[20]

 of silane on pore surfaces due to 

excess hydration, SBA-I synthesised from SBA pre-hydrated upto 50 % RH was used for 

further functionalization.  

 

Figure 2. FESEM images of SBA-15 at (a) low magnification showing monodisperse short rod 

like morphology, and (b) high magnification showing the structurally ordered mesopores. 

 

Figure 3. (a) Nitrogen adsorption isotherms recorded at 77 K on SBA and SBA-I prepared 

without and with pre-hydration treatment and (b) their respective normalized pore size 
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distributions calculated using the BJH method. Note: The SBA used for functionalization here 

has been synthesized at 100 °C and hence the pore size is 7.8 nm unlike the SBA used for 

making SBA-V, which had a pore size of 10.3 nm. 

SBA-I was then reacted with excess N-methyl-4,4’-bipyridinium iodide to form 

covalently linked viologen moieties on the pore wall (SBA-V) (Scheme 3). The electrostatic 

repulsion between the di-positive moieties formed on the pore wall limits the reactivity of the 

remaining iodopropyl groups towards N-methyl-4,4’-bipyridinium iodide leading to their 

partial coverage on the pore wall. The amount of iodopropyl functional groups within SBA-I 

estimated from thermogravimetric analysis was ~1.8 mmol/g (Figure 4a). The amount of 

viologen estimated from digestive analysis of SBA-V samples was found to be ~0.6 mmol/g, 

(Figure 4b) which is substantial enough to influence the pore properties. Infra-red spectra of 

SBA-I shows sp
3
 C─H stretches (2940 cm

-1
 and 2850 cm

-1
) and SBA-V shows a peak at 1631 

cm
-1

 characteristic of viologen in addition to sp
2
 C─H and sp

3
 C─H stretching vibrations 

(Figure 5). 

 

Scheme 3. Schematic showing the synthetic strategy followed for SBA-V. 

OH 

OH Anhyd. toluene 
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Figure 4. (a) Thermogravimetric analysis curves of SBA, SBA-I and SBA-V. (b) UV-visible 

spectra of methyl viologen used as reference (1x10
-4

 M) and the digested SBA-V sample. Note: 

A calibration curve at (1-10) x10
-5

 M range for methyl viologen was obtained at the similar 

conditions as for digestion of SBA-V in order to quantify the amount of viologen in solution. 

 

Figure 5. Infra-red spectra of SBA and its functionalized derivatives, SBA-I and SBA-V. Note: 

The Si─O─Si bending vibration at 460 cm
-1

 was used for intensity calibration. 

X-ray diffraction (XRD) patterns of SBA and SBA-V show that the hexagonal structure 

of SBA is retained all through the functionalization steps (Figure 6a). The nitrogen adsorption 

isotherms of SBA, SBA-I and SBA-V (Figure 6b) recorded at 77 K are type IV indicating a 

narrow pore size distribution. The pore size distributions calculated using the Barrett-Joyner-

Halenda (BJH) method
[28]

 reveal a shift of average pore size from 10.3 nm for SBA to 8.3 nm 

for SBA-I (Figure 6b). Functionalization with viologen further reduces its pore size to 8.0 nm 
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(Table 1). The small decrease as against its large molecular dimensions (~0.9 nm) suggests that 

the viologen moieties are possibly placed in a tilted orientation inside the pores though more 

conclusive evidence is necessary to confirm it. 

 

Figure 6. (a) XRD patterns of SBA and SBA-V, showing retention of mesostructural ordering 

with progress of functionalization. Low angle background scattering was subtracted from both 

the XRD patterns. (b) Nitrogen adsorption-desorption isotherms and (inset) normalized 

Barrett-Joyner-Halenda (BJH) pore size distributions of SBA, SBA-I and SBA-V. 

 

Table 1.  Textural parameters of SBA and its functionalized analogues 

*Brunauer-Emmett-Teller Specific Surface Area (Calculated using data points from 0.05 to 

0.25 P/P0) 

**Average pore diameter according to the Barrett-Joyner-Halenda pore size distribution 

calculated from the adsorption branch 
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(cc/g) 
BET ‘C’## 
constant 

SBA 510 10.3 1.25 148 

SBA-I 330 8.3 0.66 37 

SBA-V 260 8.0 0.59 89 

SBA-V-PC6 270 6.7 0.50 54 

SBA-V-PC12 230 6.1 0.43 39 

SBA-VR 300 8.0 0.63 67 

SBA-VR-PC6 310 7.1 0.56 57 
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##
BET C values were calculated from the intercept and slope of the BET plot: 

Slope= C-1/(VmC);  Intercept= 1/VmC  

All the above values were computed with the help of Quantachrome  Software (ASiQwin). 

The UV-visible diffuse reflectance spectrum of the SBA-V shows an intense peak at 

265 nm corresponding to the aromatic π – π* transition in pyridinium rings (Figure 7a). 

Addition of pyranine (P) to SBA-V gave a distinct C-T band at 450-600 nm (Figure 7a) and an 

intense coloration to the resulting SBA-V-P hybrid, providing visual confirmation of the 

formation of C-T complex between viologen moieties and pyranine (Figure 7b).  

 

Figure 7. (a) UV-visible diffuse reflectance spectra of SBA-V, SBA-V-P, SBA-V-PC6 and SBA-

V-PC12, showing a C-T band at 450-600 nm. (b) General structure of pyranine (P) and its 

derivatives. R = H (P), C6H13 (PC6) and C12H25 (PC12).  Photograph of the dispersions of (i) 

SBA-V, (ii) SBA-V-P, (iii) SBA-V-PC6 and (iv) SBA-V-PC12 in water (10 mg/ml). 

The strong binding of SBA-V to donors is vital for its effective use in functionalization 

of the mesopores. The binding titrations of SBA-V with pyranine revealed strong binding 

behaviour, an enhancement of an order of magnitude (Langmuir binding constant = 1.4x10
5
 

M
−1

, Figure 8) for viologen confined to the pores compared to the solution state binding 

constant obtained by titrating pyranine with methyl viologen
[29]

 (1x10
4
 M

−1
). The difference in 

binding affinities is further evident from the complete uptake of pyranine by the hybrid 

viologen scaffold, SBA-V, from the pre-associated C-T complexes of pyranine-methyl viologen 

in solution (Figure 9). The binding curve, plotted as mmol of pyranine uptake versus mmol of 

pyranine added per gram of SBA-V (Figure 10a), shows an initial strong uptake up to 0.27 

mmol/g followed by immediate saturation usually associated with strong receptor mediated 

binding. A kinetic study of binding revealed that 98% of the binding was complete within two 

minutes of addition of pyranine to pre-dispersed SBA-V (Figure 10b). The steep uptake by 
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SBA-V for pyranine can be attributed to both C-T interactions as well as the electrostatic 

interactions resulting from the di-positively charged viologen moieties.  

 

Figure 8. (a) Adsorption isotherms, and (b) linear Langmuir plots for the adsorption of 

pyranine onto SBA-V in water and in 1M NaCl solution.  

 

Figure 9. UV-Visible spectra of (i) pre-complexed methyl viologen and pyranine [individual 

spectra of pyranine and methyl viologen are shown as (ii) and (iii)] used for competitive 

binding against SBA-V, and (iv) supernatant after competitive binding, showing that only 

methyl viologen is left behind in the solution and all of the pyranine has complexed with the 

viologen moieties in the pores of SBA-V. 
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Figure 10. (a) Pyranine binding curves of SBA-V in water and 1M NaCl solution, plotted as 

mmol of pyranine uptake against mmol of pyranine added per gram of SBA-V. Inset shows a 

schematic representation of the pore wall of SBA-V. (b) Kinetics of the binding of pyranine to 

SBA-V was carried out by centrifuging and analyzing the supernatant. In both cases, 

colorimetric analysis of supernatant for pyranine at its absorption maxima (403 nm) was 

carried out. 

To understand the extent of contribution by electrostatic interactions, an ionic hybrid 

control, SBA-B, was prepared by reacting SBA-I with 1,4-diazabicyclo[2.2.2]octane (DABCO) 

(Scheme 4) and then subsequently reacted with excess methyl iodide to form a di-positive 

ammonium salt on the pore wall. The binding titration of SBA-B with pyranine (Figure 11a) 

shows uptake till 0.2 mmol/g and a gradual saturation indicating weaker binding. These 

observations suggest that the electrostatic forces between viologen and pyranine also aid in the 

uptake for SBA-V. However, when the binding titration was carried out in 1M NaCl solution 

the SBA-B shows negligible uptake for pyranine (Figure 11a) due to screening of electrostatic 

forces in high ionic strength media. On the other hand, SBA-V did not show any significant 

decrease in uptake for pyranine in 1M NaCl solution (Figure 10a). The Langmuir binding 

constant is weakened only by an order of magnitude in 1M NaCl solution (1.4 x10
4
 M

-1
, Figure 

10) indicating a significant contribution from C-T interactions in the uptake of pyranine. It 

should also be noted that the monolayer capacity (intercept) of SBA-V is the same in both 

conditions (water as well as 1M NaCl solution) indicating same degree of binding. In contrast 

to the intense brown color of pyranine bound SBA-V (SBA-V-P), SBA-B bound to pyranine 

has the same color as that of pyranine indicating absence of charge-transfer interactions with 

pyranine (Figure 11b).  
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Scheme 4. Schematic showing the synthetic strategy followed for SBA-B. Note: The dipositive 

ammonium salt of DABCO could also be attached to the pore wall through both nitrogens and 

not necessarily as shown. 

 

Figure 11. (a) Pyranine binding curves of SBA-B in water and 1M NaCl solution, plotted as 

mmol of pyranine uptake against mmol of pyranine added per gram of SBA-B. They were 

obtained by UV-visible spectroscopy analysis of the supernatant for pyranine at its absorption 

maxima (403 nm). Inset shows a schematic representation of the pore wall of SBA-B. (b) 

Photographs of SBA-B and SBA-V after pyranine binding. 

The strong C-T interactions displayed between the hybrid viologen scaffold and 

pyranine were then utilized to reversibly modify the pore size and philicity. Pyranine 

derivatives containing hexyl (PC6) and dodecyl (PC12) substituents have been chosen as donors 

for non-covalent functionalization of SBA-V. The initial solution state studies with methyl 

viologen show charge-transfer complex formation and a stronger charge-transfer absorption 

band for the viologen-PC12 charge-transfer complex (Figure 12). When SBA-V was soaked in 
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PC6 and PC12, the viologens on the pore walls complexed with them to form colored complexes 

and give C-T bands just as in the case of pyranine (Figure 7a-b). The nitrogen adsorption 

isotherms of SBA-V containing non-covalently functionalized pyranine derivatives retain type 

IV behavior (Figure 13a). However, the spinodal condensation transition shifted to lower P/Po 

implying reduction of the pore size. Noticeably, the pore size reduced from 8.0 nm for SBA-V 

to 6.7 nm for SBA-V-PC6 and to 6.0 nm for SBA-V-PC12 (Table 1, Figure 13b,c), a reduction 

in conformance with the alkyl chain length. The pore size distributions SBA-V-PC6 and SBA-

V-PC12 have similar full width at half maximum (FWHM) as that of SBA-V, indicating 

uniform supramolecular functionalization (Figure 13b). The pyranine derivatives can be 

removed by breaking the C-T interactions through reduction of viologen followed by washing 

with salt solution and oxidation using molecular oxygen to give SBA-VR. Remarkably, the 

removal of PC6 derivative brought back the pore size to 8.0 nm and further addition of PC6 

again reduced the pore size to about 7 nm. The incomplete reversal of pore size on addition of 

PC6 is probably due the degradation of some viologen moieties during oxidation through the 

superoxide mechanism
[30]

. This degradation was overcome by the use of a milder oxidizing 

agent, K3[Fe(CN)6]. The recyclability of viologen was monitored through the pyranine binding 

capacity of SBA-V (Figure 14). The use of degassed solution of K3[Fe(CN)6] allowed recycling 

of viologens with less than 10% degradation over three cycles which enabled reversible 

switching of pore size. 

 

Figure 12. UV-Vis spectra of pyranine (P), hexyl appended pyranine (PC6) and dodecyl 

appended pyranine (PC12) and their charge-transfer complexes (1:1) with methyl viologen 

(MV) in solution. The inset showing C-T bands of P-MV, PC6-MV and PC12-MV from 440 – 500 

nm. It can be seen that the C-T bands are stronger for PC12-MV than for P-MV and PC6-MV. 
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Figure 13. (a) Nitrogen adsorption isotherms at 77K and (b) normalized Barrett-Joyner-

Halenda (BJH) pore size distributions of SBA-V, SBA-V-PC6 and SBA-V-PC12 showing the 

gradual decrease in pore size on addition of PC6 and PC12. The removal of PC6 from SBA-V-

PC6 gives SBA-VR which shows a reversal of pore size back to SBA-V.[SBA-V (8.0 nm) to SBA-

V-PC6 (6.7 nm)  to SBA-VR (8.0 nm)] (c) Schematic showing decrease in pore size on 

functionalization with PC6 and PC12, (alkyl chains shown in black)[Schematic not drawn to 

scale]. 

 

Figure 14. (a) The variation of pore size (monitored through nitrogen adsorption isotherms) on 

addition and removal of pyranine derivative, PC6 , to SBA-V (with initial pore diameter of 9.0 
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nm) showing good reversibility. (b) The variation in pyranine binding capacity of SBA-V 

exposed to three consecutive reduction-oxidation cycles shows that SBA-V retains > 90% of its 

native binding capacity. 

The non-covalent attachment of the pyranine derivatives to SBA-V not only modifies 

the pore size but also the philicity, due to the presence of hydrophobic alkyl chains. Water 

sorption isotherms were recorded to follow the change in philicity of the pore
[31]

 (Figure 15). 

Functionalization of SBA with viologen shifts the pore filling transition of SBA from P/Po~0.8 

to P/Po~0.7 for SBA-V. Complexation of these viologen moieties with PC6 shifts the pore 

condensation to higher P/Po (~0.85). It should be noted that there is a concomitant decrease in 

pore size as well, which would shift the pore filling transition to lower P/Po. Nonetheless, there 

is a shift of pore condensation from 0.7 to 0.85 indicating that the increase in hydrophobicity is 

more than what is apparent from the shift of transition. This change is more prominent for 

SBA-V-PC12, which shows very poor uptake of water. The values of  BET constant ‘C’, 

derived from the nitrogen adsorption isotherms for SBA-V containing pyranine derivatives are 

small, indicating low heats of adsorption which agree well with the water sorption behaviour
[32]

 

(Table 1). 

 

Figure 15. Water sorption isotherms of (a) SBA and SBA-V and (b) SBA-V-PC6 and SBA-V-

PC12 recorded at 298 K. 

This variation in the philicity between SBA-V, SBA-V-PC6 and SBA-V-PC12 has 

further been demonstrated by their selective uptake towards hydrophilic FITC labeled dextran 

and hydrophobic protein myoglobin, respectively. The adsorption of protein was carried out at 

its isoelectric pH (7.2) so as to avoid any influence of pore surface charge. The molecular 

dimensions of myoglobin
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 and 4 kDa dextran
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 are 2.9×3.6×6.4 nm and 3 nm respectively. 

The SBA-V-PC12 and SBA-V-PC6 exhibited stronger uptake for myoglobin than dextran 
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for dextran than myoglobin implying hydrophilcity driven uptake (Figure 16a). The same trend 

was observed in the mixed adsorption study as well, where both dextran and myoglobin were 

added together. (Figure 16b). 

 

Figure 16. Relative uptakes of myoglobin and FITC-dextran (4 kDa) by SBA-V, SBA-V-PC6 

and SBA-V-PC12 in (a) individual and (b) in mixed adsorption experiments, showing philicity-

driven uptake. 

In order to compare the non-covalently functionalised SBA with a covalent analogue, 

hexyltrichlorosilane was used to covalently modify SBA with hexyl chains (SBA-C6). 

Covalently  modified  SBA-C6 shows  type  IV  nitrogen  adsorption  isotherm  and  a narrow  

pore  size  distribution  indicating  uniform  functionalization  of  hexyl  pendants (Figure 17a). 

thermogravimetric analysis shows significant amount (20%) of organic functionalization 

(Figure 17b).  

 

Figure 17. (a)  Nitrogen  adsorption-desorption  isotherms  and  (inset)   normalized  

BarettJoyner-Halenda  (BJH)  pore  size  distributions  of  SBA  and  SBA-C6. (b) 

Thermogravimetric analysis of SBA-C6. 
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Macromolecule  adsorption  studies  showed  that  the  uptake  of  myoglobin  in  SBA-

V-PC6 is two-three  times  greater than SBA-C6,  probably due to its better dispersibility in 

water owing to  the  polar  C-T  anchors  on  the  pore  wall (Figure 16).  SBA-C6 on the  other  

hand,  is  very  poorly dispersible in water resulting in its poor uptake. 

2.6. Conclusions 

In conclusion, we have shown a novel non-covalent strategy for the modular and 

reversible functionalization of mesopores by making use of charge-transfer interactions. The 

adaptive nature of the pores in mesoporous silica was clearly demonstrated through nitrogen 

and water sorption studies as well as selective uptake of macromolecules. The increased 

strength and fast dynamics of pyranine binding to viologen on the pore wall make them ideal 

modules for non-covalently modifying the pore size and philicity. Incorporation of multiple 

functionalities into mesopores through the conventional covalent silane pathway has no direct 

control because different silanes have varying hydrolysis rate in solution. The modularity of the 

approach enables modification of pores with custom designed compositions, components and 

functions. We envisage that this non-covalent methodology would enable uniform distribution 

of functional groups by virtue of its reversible nature. Further, it is also conceivable that these 

non-covalent modules within the confines of the pores can be designed to undergo non-

equilibrium and dynamic redistribution in response to external stimuli akin to biological 

systems
[33]

. 
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Chapter-3 

Selective Sequestration of Chromophores using Charge-transfer 

Interactions 

Summary  

The viologen immobilized on the walls of mesoporous silica showed very high 

selectivity of binding to donors. The adsorption selectivity factor for donors of similar charge 

but different charge-transfer strength was in the range of 42-48. A charge-transfer based 

breakthrough column could be fabricated using viologen modified silica to separate donors 

based on their molecular charge and charge-transfer strength. Clear breakthrough curves were 

obtained for a three component mixture of donors of similar charge but differing only in their 

charge-transfer strength. Non polar environment around the viologens was found to play an 

important role in determining the binding selectivity.  
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3.1. Introduction 

Host materials exhibiting highly selective binding for specific molecules have attracted 

significant research interest by virtue of their applications in separation, recognition and sensing 

of these molecules. Materials such as porous carbon,
[1]

 hydrogels,
[2]

 metal organic frameworks 

(MOF),
[3]

 mesoporous silica
[4]

 and polymers
[5]

 have been used for adsorption based separation. 

The selectivity of adsorption in these materials is mediated by charge,
[6]

 size,
[1]

 philicity and 

other spatially specific interactions like in molecular imprinted polymers.
[5]

 Charge based 

selectivity stems from the fact that the adsorbent has a charged surface and hence the adsorption 

of oppositely charged species is encouraged. Size based selectivity is seen in materials with 

very uniform pore sizes and hence, capable of restricting entry into the porous space for 

adsorption based on size or molecular dimensions. Selectivity based on philicity is the result of 

any kind of favourable interactions between the adsorbent and adsorbate. In this context, it has 

been used to indicate selectivity due to hydrophilic or hydrophobic character. Molecular 

imprinting
[7]

 on the other hand, is a specific recognition technique wherein the interacting 

groups are spatially organised with the help of imprint molecules during polymerisation of the 

host material. This technique can distinguish between enantiomers
[8]

 as well due to its spatial 

component. Though molecular imprinting was pioneered in silica,
[9]

 it has been explored 

extensively in polymers due to the problems of rigidity and mass transport in microporous 

silica.
[10]

 The issue of mass transport was addressed by using the walls of mesoporous silica
[11]

 

(MCM-41) for imprinting.  

Recently, Ozin et al.
[4]

 used SBA-15 for molecular imprinting which has larger pore 

size and thicker pore walls to better maintain the shape of the template cavity (Scheme 1). To 

attain greater selectivity, a combination of factors can be employed. For example, Feng et al.
[3a]

 

synthesised a charged MOF capable of ion exchange exhibiting selective dye adsorption based 

on size and charge (Scheme 2). Ariga et al.
[12]

 reported a highly selective sensor based on 

cooperative nanopore filling  due to pore size matching with the adsorbate and enhanced 

interactions between the adsorbate molecules themselves. Muthusamy et al.
[1]

 used switching of 

pore size in porous carbon to manipulate the selectivity of dye adsorption. 

In a different approach from the above strategies, we demonstrate the selective uptake 

of donors by viologen modified mesoporous silica induced by charge-transfer interactions. 
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Scheme 1. Molecularly imprinted mesoporous organosilica prepared by Ozin et al
[4]

. showing 

high selectivity of binding to bisphenol A (BPA). (Reproduced with permission from reference 

4) 

 

Scheme 2. Illustration showing the size based exclusion exhibited by an ion-exchange system 

based on MOF with respect to a traditional ion-exchange resin. (Reproduced with permission 

from reference 3a) 

3.2. Scope of the present investigation 

The present study looks at the selectivity of binding exhibited by the viologen modified 

SBA (SBA-V) described in chapter 2. We examined the selectivity of SBA-V for two different 

donors, coronene tetracarboxylate (CS) and perylene tetracarboxylate (PS), which bear similar 

molecular charge but differ in the strength of the charge-transfer interaction with viologen. 

Very high selectivity factors (CS to PS) in the range of 42-48 were obtained in contrast to the 

solution state selectivity factor which was 1.2. Breakthrough experiments were conducted on a 

bed of SBA-V to check for the separation in a flow-based system. They showed very clean 

breakthrough curves showing good separation capability. We have also demonstrated clear 

breakthrough curves for a three-component equimolar mixture of CS, PS, and pyrene 

tetrasulfonate (P4), all of which have the same molecular charge but different charge-transfer 

(C-T) properties. To further understand the factors governing the high selectivity, the functional 
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groups around viologen moieties were modified and their selectivity factors for CS and PS were 

studied. 

3.3. Experimental section 

Synthesis of viologen functionalized SBA 

It involves two steps: (i) iodopropyl functionalization and (ii) viologen functionalization. 

(i) Iodopropyl functionalization (SBA-I). Monodispersed SBA-15 (referred to as SBA) rods 

were synthesized using a reported procedure
[13]

. 1 g of calcined mesoporous silica rods were 

degassed and then pre-hydrated in a controlled fashion till the relative humidity of 50% and 

added into dry toluene along with 2.5 mL of IPTMS (12.7 mmol) and stirred overnight. The 

temperature was increased to 110 °C and held for 6 h to complete the reaction. The obtained 

SBA-I was washed with toluene (3×40 mL) and ethanol (1×40 mL) before finally subjecting to 

soxhlet extraction in ethanol to completely wash away uncondensed silane from the pores. 

(ii) Viologen functionalization (SBA-V). 1 g of SBA-I degassed at 80 °C for 6 h was added to 

120 mL of dry acetonitrile (CH3CN) along with 2.5 g (8.3 mmol) of N-methyl-4,4’-

bipyridinium iodide and refluxed for 3-4 days. The SBA-V obtained was washed with 

acetonitrile (2×40 mL), water (2×40 mL) and finally ethanol. It was subjected to ion exchange 

by stirring with 50 mL of 0.5 M ammonium hexaflourophosphate solution for 5 h at room 

temperature and then raising the temperature to 60 °C for 0.5 h. It was then washed with water 

(3×40 mL) and ethanol (1×40 mL) before drying in the oven at 80 °C. 

Synthesis of azide functionalized SBA-V (SBA-VAZ) 

1 g of SBA-V (before subjecting to ion exchange) degassed at 80 °C for 6 h was reacted with 

0.4 g sodium azide in presence of tetrabutylammonium bromide (0.23 g) in 20 mL of dimethyl 

sulphoxide (DMSO) for 2 days at 95 ˚C. The solution was then centrifuged and washed with 

DMSO three times and finally with ethanol. It was subjected to ion exchange by stirring with 

50 mL of 0.5 M ammonium hexaflourophosphate solution for 5 h at room temperature and then 

raising the temperature to 60 °C for 0.5 h. It was then washed with water (3×40 mL), and 

ethanol (1×40 mL) and dried at 80 °C. (Refer to scheme 3 for structural details of SBA-VAZ) 

Amine functionalized SBA-V (SBA-VAM) 

0.35 g azide functionalized SBA-V (before ion exchange) was stirred at room temperature with 

0.4 g (1.5 mmol) triphenylphosphine in dry THF for 2 days. Excess water was then added to it 

and stirring was continued for 15 more minutes. The solution was then centrifuged and washed 
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with dimethylformamide and chloroform. It was then subjected to ion exchange with 

ammonium hexafluorophosphate. (Refer to scheme 3 for structural details of SBA-VAM) 

Synthesis of electrostatic blanks 

(i) SBA-B(1+). 0.3 g of SBA-I degassed at 80 °C for 6 h was added to 40 mL of acetonitrile 

along with 3.0 mL of triethylamine (2.2 mmol) and 1.0 g of tetrabutylammonium bromide and 

heated at 60 °C for 2 days under inert atmosphere. The SBA-B(1+) obtained was washed with 

CH3CN (2×40 mL), water (2×40 mL) and finally ethanol. It was subjected to ion exchange by 

stirring with 50 mL of 0.5 M ammonium hexaflourophosphate solution for 5 h at room 

temperature and then raising the temperature to 60 °C for 0.5 h. It was then washed with water 

(3×40 mL), and ethanol (1×40 mL) and dried at 80 °C. [Refer to scheme 3 for structural details 

of SBA-B(1+)] 

(ii) SBA-N. 0.5 g of SBA was degassed at 80 °C for 6 h and pre-hydrated till 50 % relative 

humidity was reached. It was then added into 30 mL of dry and degassed toluene along with 1.5 

mL of aminopropyltriethoxysilane and refluxed for 24 h under argon atmosphere. The product 

was then washed with toluene (3×40 mL) and ethanol (3×40 mL), and finally dried at 60 °C. 

 

Scheme 3. Illustration showing the chemical functionalities on the pore walls of SBA-VAZ, SBA-

VAM and SBA-B(1+). 

Donor binding stoichiometry studies 

10 mg of SBA-V was weighed into separate vials and appropriate amounts of donors 

(CS/Pyranine/Eosin) were added. The dispersions were stirred for 6 h and centrifuged. The 

supernatant was analyzed using UV-Vis spectroscopy to determine the amount of donors left 

behind in the solution. For each donor a separate calibration curve was obtained in order to 

back calculate the amount of donor bound by SBA-V. 

CS: [2 to 10] × 10
-5

 M (λmax = 312 nm, ε = 11180 M
–1

mm
–1

) 

SBA-VAZ SBA-VAM SBA-B(1+) 
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Pyranine: [1 to 5] x 10
-4

 M (λmax = 403 nm, ε = 2300 M
–1

mm
–1

) 

Eosin: [2 to 10] × 10
-5

 M (λmax = 516 nm, ε = 8360 M
–1

mm
–1

) 

Selectivity studies 

10 mg of the sample to be studied was weighed into separate vials. Appropriate amounts of 

equimolar mixture of CS and PS were added, stirred for 6 h and centrifuged. The supernatant 

was analysed using UV-Vis spectroscopy to determine the amount of CS and PS left behind in 

the solution. A calibration curve for CS was obtained in the range [2 to 10] × 10
-5

 M (λmax = 312 

nm, ε = 11180 M
–1

mm
–1

) and for PS in the range [1 to 5] × 10
-4

 M (λmax = 467 nm, ε = 3660 M
–

1
mm

–1
). From this, the amount of donor taken up by the sample was back calculated. For the 

sake of reducing error, a stock solution containing equal amounts of donors was used and a 

blank vial (not containing sample) accompanied every vial of sample used for this study.  

Breakthrough Column
[14]

  

(i) CS/PS Breakthrough. A 100 mg mixture of SBA-V and SBA (1:3 by weight) [SBA was 

used as a filler material as it doesn’t show any selectivity] was packed into a column and an 

equimolar mixture of CS and PS (1x10
-3

 M) was passed through the column at the rate of 0.1 

mL per minute. 0.1 ml fractions were collected and analyzed using UV-visible spectroscopy. 

The feed solution was passed till the outlet composition reached equimolar ratio and then a 

water purge was applied to elute the contents adsorbed in the column. 

(ii) CS/PS/P4 Breakthrough. A 160 mg mixture of SBA-V and SBA (1:3 by weight) [SBA 

was used as a filler material as it was not showing any selectivity] was packed into a column 

and an equimolar mixture (5 x 10
-4

 M) of CS, PS and pyrene tetrasulfonate (P4) was passed 

through the column at rate of 0.1 mL per minute. The rest of the protocol is same as the CS/PS 

breakthrough. 

3.4. Characterization 

Please refer to the appendix for the instrumental details of UV-visible spectroscopy, 

fluorescence spectroscopy, infra-red spectroscopy, nitrogen sorption analysis and zeta potential 

measurements. 

3.5. Results and discussion 

Nano-confinement leads to drastic changes in properties of molecules. For example, 

pKa of the functional groups can change by 3-4 units upon confinement.
[15]

 The viologen 

immobilised on the pore walls of SBA-15 was found to bind strongly to pyranine (donor) 
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exhibiting an increase in the binding constant upto two orders in magnitude in comparison to its 

solution state analogue (Chapter 2). In this chapter, we study the effects of local environment of 

viologen within the pores of SBA-V on its binding selectivity. 

Mesoporous silica, SBA-15, was synthesised and modified with viologen moieties using 

the iodopropylsilane route to form SBA-V (Chapter 2). As described in chapter 2, an 

electrostatic blank was also synthesised by functionalising SBA with dipositive ammonium 

moieties of DABCO to form SBA-B. The binding of various donors to SBA-V was studied in 

order to establish the binding stoichiometry. The donors chosen are given below (Figure 1a): 

Coronene tetracarboxylate (CS) – Four negative charges; Perylene tetracarboxylate (PS) – Four 

negative charges; Pyranine (PYR) – Three negative charges; Eosin (ES) – Two negative 

charges 

The binding of these donors (Figure 1b) to SBA-V gave strongly coloured dispersions to 

the otherwise colourless SBA-V (Figure 1c). The UV-visible reflectance spectra of the SBA-V 

bound to various donors (Figure 1e) showing the features of individual donors (Figure 1d) 

along with charge transfer bands at 400-600 nm (SBA-V-CS), 450-650 nm (SBA-V-PYR), 

500-650 nm (SBA-V-PS) and 600-700 nm (SBA-V-ES). 

 

Figure 1. (a) The molecular structures of the donors used. Photographs of (b) solutions of the 

donors and (c) the dispersions of SBA-V bound to different donors. (d)UV-visible spectra of the 
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donors used for binding to SBA-V. (e) UV-visible reflectance spectra of SBA-V and SBA-V 

bound to various donors. 

Three different donors (CS, PYR and ES) with different molecular charges were chosen 

so as to study the effect of molecular charge on the stoichiometry of binding. The total uptake 

for all these three donors was almost similar in the case of SBA-V (Figure 2) indicating that the 

mode of binding is one-to-one, donor-acceptor interaction. On the other hand, SBA-B exhibited 

different uptake behaviour for all the three donors. It can be seen that ES which has the least 

negative charge (two negative charges) registers the maximum uptake while CS having four 

negative charges shows the least uptake. In the absence of charge-transfer interactions between 

the donor and SBA-B, the electrostatic interactions alone control the uptake of the donor. In 

other words, SBA-B behaves like an ion exchange resin where the electroneutrality alone 

governs the uptake. The uptake of donors by SBA-B was found to be inversely related to the 

molecular charge on each of them (Figure 2). So, we see that in SBA-V, the strong charge-

transfer interactions are responsible for the one-to-one binding of donors to the acceptor, 

viologen, irrespective of the different charges on the donors. 

 

Figure 2. Uptake of different donors by SBA-V and SBA-B. 

To study the selectivity of binding we chose two donors, perylene tetracarboxylate (PS) 

and coronene tetracarboxylate (CS), bearing similar charge but differing in their C-T binding. 

The absorbance maxima of both donors are well separated and do not show any interference, 

enabling accurate determination (Figure 3a). SBA-V soaked in an equimolar mixture of CS and 

PS (1.25 equivalents each), selectively bound to CS leaving the PS untouched (Figure 3b).  
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Figure 3. (a) UV-visible spectra of CS (10
-4 

M) and PS (10
-4

 M) showing widely separated 

absorption maxima with minimal interference. Inset showing the molecular structures of CS 

and PS. (b) UV-visible spectra showing exclusive uptake of CS by SBA-V from an equimolar 

mixture of CS and PS.  

On decreasing the amount of CS and PS to 0.7 equivalents each, most of the CS in 

solution along with one-third of the PS  was bound to SBA-V (Figure 4a). So, we see that when 

very less CS is left in solution then PS is capable of binding to SBA-V but when the availability 

of both exceeds the binding capacity of SBA-V, CS alone is exclusively bound. This is a clear 

case of competitive binding where CS has a stronger binding constant than PS. This was further 

confirmed by carrying out selective binding studies with 0.7 equivalents of each donor at higher 

temperature (60 °C) or at ten times dilution (Figure 4b-c). In supramolecular chemistry, both 

temperature and dilution work in a similar fashion.
[16]

 Both of them lead to breaking of the 

weaker viologen-PS interactions. It can be seen that even the uptake of CS is reduced to some 

extent on heating and dilution. Both heating and dilution reduce the total binding capacity of 

SBA-V, which then falls below the individual availability of both CS and PS, resulting in an 

increase in selective uptake (Figure 4d).  
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Figure 4. UV-visible spectra showing selective uptake of CS from an equimolar solution (0.7 

equivalents each) of CS and PS by SBA-V (a) at room temperature, (b) at 60 °C and (c) at ten 

times dilution. (d) Bar graphs showing the increase in selective uptake of CS with increase in 

temperature to 60 °C and on dilution. 

Different amounts of equimolar solution of CS and PS were added to SBA-V and based 

on the ratio of CS and PS bound and left unbound in supernatant, selectivity factors were 

calculated. The adsorption selectivity factors were calculated using the following formula:  

Adsorption selectivity factor = [CS]solid × [PS]solution / [PS]solid × [CS]solution 

[CS]solid – Amount of CS adsorbed by SBA-V; [PS]solid -  Amount of PS adsorbed by SBA-V 

The adsorption selectivity factors for SBA-V with respect to CS over PS were found to 

be in the range of 42-48. To understand if this high selective binding is an outcome of the 

native difference in binding constant/strength, solution state binding titrations between methyl 

viologen and the two donors were performed. The solution state selectivity is given by the ratio 

of their binding constants, i.e. KCS-MV/KPS-MV which was found to be just 1.2. So we can see that 

viologen immobilised in SBA-V shows 38 fold enhancement of selectivity in comparision to its 

solution state analogue.  
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Figure 5. (a) Static selectivity binding studies of CS and PS with SBA-V using various volumes 

of CS/PS equimolar solutions showing adsorption selectivity factors in the range 42 - 48. 

Solution state binding titrations of (b) coronene tetracarboxylate (CS), and (c) perylene 

tetracarboxylate  (PS),  against  methyl  viologen. 

The large adsorption selectivity factor would enable highly efficient dip-based single 

step separation of CS from mixtures of CS and PS. To check for separation in a flow-based 

system, breakthrough experiments were performed on a bed of SBA-V using an equimolar 

mixture of CS and PS. The progress of the breakthrough column was followed by collecting 

100 µL fractions and analyzing them using UV-visible spectroscopy. As expected from the 

static binding selectivity, PS eluted faster through the column and was the first to break through 

in its pure form, followed by CS (Figure 5a). The separation could be followed easily since CS 

and PS form CT complexes with different colors (orange-brown for CS and dark brown for PS).  
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Figure 6. (a) UV-Visible spectra of the various fractions collected. (b) The concentration 

profile of CS and PS during the breakthrough experiment plotted against volume eluted.  It 

shows the characteristic “roll-up” associated with displacement of weaker binding PS by 

stronger binding CS. (c) Experimental breakthrough curves for an equimolar mixture of CS and 

PS flowing through a bed of SBA-V, exhibiting clear separation and high selectivity. (d) 

Photographs of the bed of SBA-V (located between the dashed lines) at various stages of the 

breakthrough experiment. The various regions in (b) and (c) corresponding to the different 

stages of the breakthrough column as shown in (d) have been marked for ease of 

understanding. 
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As the feed solution passed through, it separated into a faster-traveling pure PS band 

and a CS-rich band [Figure 6d(2−3)]. Gradually, all of the viologen moieties became saturated 

with CS, at which point the outlet composition reached equimolar composition [Figure 

6b(4−5)]. A water purge was then applied to elute the adsorbed contents, and the outlet molar 

composition quickly stabilized at CS/PS = 96:4 (Figure 6c). In order to reduce the effects of 

uneven packing, we used SBA as a filler material as it didn’t show any selectivity to either CS 

or PS. Dynamic binding capacity can be calculated from the amount of donors bound during the 

breakthrough column during its initial stages, when all the donors passing through were getting 

bound to SBA-V. The dynamic binding capacity of SBA-V was found to be ∼35% of its static 

binding capacity, which is very significant because of the high retention of efficiency even in a 

flow-based system.  

In order to further test the capability of SBA-V in separation, we chose one more 

additional donor, pyrene tetrasulfonate (P4), along with CS and PS bearing the same molecular 

charge (Figure 7b). Even in this case, we obtained clear breakthrough curves for a three-

component equimolar mixture of CS, PS, and P4 indicating the very good separation capability 

of SBA-V, even in flow based systems (Figure 7a). First to breakthrough the column was P4, 

followed by PS and then later CS. Therefore, the selectivities are in the order CS > PS > P4. 

The separation here is solely induced on the basis of charge transfer interactions because in 

terms of molecular charge they are all quadruply charged (ignoring the effects of charge density 

due to difference in functional group contributing the charge).  

In order to understand the high selectivity exhibited by SBA-V in contrast to its 

solution state analogue, we modified the local environment around the viologen to see if there 

is an effect on the selectivity of binding. As we have seen in chapter 2, not all the iodopropyl 

groups react to form viologen on the pore walls of SBA-V. The reaction to form viologen 

moieties on the pore wall is limited by the repulsion between the viologen moieties themselves 

due to which some of the iodopropyl groups are left unreacted. These iodopropyl groups were 

reacted with azide anions to form azide groups adjacent to viologen moieties increasing the 

polarity of the local environment around the viologen (SBA-VAZ) (Scheme 4). The infra-red 

spectroscopy analysis of azide modified SBA-V (SBA-VAZ) showed a peak at 2100 cm
-1

 for 

azide stretching vibration (Figure 8a). Nitrogen adsorption isotherms recorded on SBA-V and 

SBA-VAZ show type IV behavior indicating a narrow pore size distribution (Figure 8b). 
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Figure 7.  (a) Breakthrough curves of an equimolar mixture of CS/PS/P4 through a bed of 

SBA-V : SBA (1:3) showing clear separation of the three components of the mixture. (b) 

Molecular structures of the donors used. (c) Photographs of the bed of SBA-V, showing various 

stages in the progress of the breakthrough column till the attainment of equimolar composition 

at the outlet. 

 

Scheme 4. Schematic showing the synthetic strategy followed for preparing SBA-VAZ and SBA-

VAM.  
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Figure 8. (a) Infra-red spectra of SBA-V, SBA-VAZ and SBA-VAM. (b) Nitrogen adsorption 

isotherms of SBA-V and SBA-VAZ showing retention of pore structure on functionalization with 

azide moieties. 

The binding capacity of SBA-VAZ was found to be ten times lesser than SBA-V. This 

may be due to the steric hindrance caused by the azide group which could disrupt the co-facial 

interaction between the viologen and the donors. The dipolar nature of the azide groups could 

also be playing a role in hindering the approach of donors to the viologen. In order to reduce the 

steric hindrance, the azide group was converted partially into amine groups using the 

Staudinger reaction to form SBA-VAM (Scheme 4). The IR spectra of SBA-VAM showed a 

decrease in the intensity of the azide stretching peak at 2100 cm
-1

 indicating partial conversion 

of azide groups into amines (Figure 8a). The IR spectra have been normalised using the 

Si─O─Si bending vibration at 460 cm
-1 

for intensity calibration. The conversion of azide to 

amines increased the binding capacity from 0.02 mmol/g to 0.7 mmol/g. The binding studies in 

the presence of equimolar mixture of CS and PS were carried out to check for the effect of the 

local polar environment on the binding selectivity. The adsorption selectivity factors were 

found to be in the range of 13-17, three times smaller than the adsorption selectivity factor of 

SBA-V (Figure 9). So, we see that indeed on increasing the polarity of the local environment 

around the viologen reduces the adsorption selectivity. 
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Figure 9. (a) The UV-visible spectra of the equimolar mixture of CS and PS before and after 

adsorption by SBA-VAM. (b) Bar graphs showing the amount of CS and PS adsorbed by SBA-

VAM and the amount left in the supernatant for different volumes of the equimolar mixture of CS 

and PS used for the binding study. SBA-VAM shows adsorption selectivity factors in the range of 

13-17. 

To further understand the importance of the non-polar environment provided by the 

iodopropyl groups in SBA-V, we modified SBA with monopositive ammonium moieties to 

serve as a control for electrostatic interactions. The SBA modified with iodopropyl groups 

(SBA-I) was reacted with triethylamine (Scheme 5) to functionalize monopositive ammonium 

salts on the pore wall [SBA-B(1+)]. In SBA-B(1+), the positively charged moieties are 

surrounded by the unreacted iodopropyl groups (Scheme 5) and hence will aid in understanding 

the effect of non-polar environment on electrostatically mediated binding of donors.  

 

Scheme 5. Synthetic strategy for the preparation of SBA-B(1+).  
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behavior, characteristic of mesoporous materials with a narrow pore size distribution (Figure 

10b). This indicates that the functionalization of the mesopores was more or less uniform. 

Selective binding studies were carried out to calculate the adsorption selectivity factors. The 

selectivity factors for SBA-B(1+) were found to be in the range 3-4 (Figure 11a). So, we see 

that in the absence of strong C-T interactions, non-polar environment can only increase the 

selectivity factor to about 4. Nonetheless, it also means that non-polar environment has a role to 

play in determining the selectivity of binding.  

 

Figure 10. (a) Zeta potential distribution of SBA-B(1+) showing positively charged particles. 

(b) Nitrogen adsorption isotherms of SBA-B(1+) exhibiting type IV behavior. 

 

Figure 11. Bar graphs showing the uptake of donors (CS and PS) and the amount of donors left 

in the supernatant after adsorption by (a) SBA-B(1+) and (b) SBA-N for different volumes of 

the equimolar mixture of CS and PS used for the binding study.  
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would serve as a blank of just electrostatic interactions without the non-polar component. 

Interestingly, the binding studies showed no selectivity whatsoever for either CS or PS (Figure 

12a-b). Both of them were equally adsorbed onto SBA-N. The adsorption selectivity factor was 

1, implying no selectivity (Figure 11b). So, we see that non-polar environment does play a role 

in determining selectivity. If coupled with strong C-T interaction it results in very high 

selectivity (selectivity factor ~ 45)but if coupled to weak electrostatic interaction only gives a 

selectivity of 3-4. Though the discussion so far has focused only on the selectivity exhibited for 

CS over PS, it is likely to have a general implication in tuning the selective binding of donors 

based on the size of their π-core and molecular charge. 

3.6. Conclusions 

We have shown that SBA-V exhibits a very high degree of selectivity in binding to 

various donors and can discriminate them based on the charge as well as C-T interactions. Very 

high selectivity factors in the range of 42-48 were obtained which was a 38-fold enhancement 

when compared to its solution sate analogue (methyl viologen). The enhanced selectivity of 

SBA-V enables facile separation of highly water-soluble donors that cannot be separated 

through conventional strategies.This high selectivity of binding was employed to fabricate a 

breakthrough column which can discriminate different donors based on C-T interactions. Clean 

breakthrough curves were obtained even for a three component mixture of donors having the 

same charge but different C-T interactions. The degree of selectivity was found to be dependent 

on the polarity of the environment around the viologen moieties. This was further studied using 

a series of control experiments to discern the role of the local environmentaround viologen 

(Figure 12). 

 

Figure 12. A brief overview of the various selectivity factors obtained by modifying the polarity 

of the environment and the nature of interactions (C-T or electrostatic). 
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Chapter-4.1 

Supramolecular Gating of Ion Transport in Nanochannels 

Summary  

Several covalent strategies towards surface charge-reversal in nanochannels have been 

reported with the purpose of manipulating ion transport. However, covalent routes lack 

dynamism, modularity and post synthetic flexibility, and hence restrict their applicability in 

different environments. Here, we introduce a facile non-covalent approach towards charge-

reversal in nanochannels (<10 nm) using strong charge-transfer interactions between di-positive 

viologen (acceptor) and tri-negative pyranine (donor). The polarity of ion transport was 

switched from anion selective to cation selective through ambipolar stage by controlling the 

extent of pyranine bound to the viologen. Further, we could also regulate the ion transport with 

respect to pH by selecting a donor (coronene tetracarboxylate) with pH responsive functional 

groups.  The modularity of this approach further allows facile integration of various functional 

groups capable of responding to stimuli such as light and temperature to modulate the transport 

of ions as well as molecules. 

 

 

 

Publication based on this work has appeared in Angew. Chem. Int. Ed., 2014, DOI: 

10.1002/anie.201406448. 

Cation Selective Transport Anion Selective Transport 
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4.1.1. Introduction 

Biological systems employ protein nanochannels to regulate ion transport which is vital 

for maintaining their integrity and communication with extracellular environment.
[1]

 Design of 

abiotic analogues to manipulate ion transport through nanochannels has gained tremendous 

attention in recent years, considering their role in the development of ionic circuits for sensing, 

switching and amplifying the chemical identities from aqueous environment.
[2]

 Nanochannels 

with charged surfaces having pore dimensions within the Debye length range, are known to 

display selective transport properties associated with the surface charge dependent 

enhancement
[3]

 and depletion phenomenon.
[4]

 Thus, control of surface charge within the 

nanochannel is critical for effective gating and rectification of ion transport
[5]

. Manipulation of 

surface charge in nanochannels of size less than 10 nm is of biological relevance since at 

physiological salt concentrations the Debye length is in the range of few nanometers.  

Nanochannels having charge-reversal surfaces would be able to switch the polarity of ion 

transport from cation selective to anion selective and are ideal candidates for gating and 

rectification. To achieve charge-reversal, surfaces were often covalently functionalized with 

pH-
[6]

 or light-
[7]

 responsive functional groups such as aminoacids
[8]

 and spiropyrans.
[9]

 

However, the covalent functionalization to a larger extent lacks dynamism, modularity and post 

synthetic flexibility and hence, restricts its wider applicability in different environments. On the 

other hand, non-covalent functionalization, notwithstanding its ability to overcome some of 

these limitations, has not been successful so far in confined environments (<10 nm). Since, 

non-covalent approach largely relied on electrostatic interactions, it is unlikely to attain charge-

reversal in confined spaces where the penalty for charge accumulation is high.
[10]

 In order to 

realize charge-reversal and hence, the control of ion permeation in nanopores/nanochannels 

through non-covalent approach, one has to overcome the electrostatic repulsion of “like” 

charges through strong orthogonal interactions. The modular nature of non-covalent 

functionalization would enable use of a variety of non-covalent motifs to modulate surface 

charge in response to multiple stimuli. 

4.1.2. Scope of the present investigation 

Mixed charge transfer modules, in which donor and acceptor aromatic molecules are 

co-facially arranged, have recently emerged as strong supramolecular motifs for the formation 

of supramolecular polymers
[11]

 and charge-transfer nanostructures.
[12]

 In chapter 2, we have 

seen that the non-covalent C-T interactions between covalently immobilized viologen and free 

pyranine analogues can be exploited to tune the pore size and philicity of mesoporous silica 

SBA-15.
[13]

 The unusually strong C-T interactions (binding constant ~ 10
5
-10

-6
 M

-1
) between 

the positively charged acceptor and negatively charged donor, led us to believe that the surface 
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charge could be controlled non-covalently by using donors of different molecular charges.  To 

understand the ability of these strong supramolecular motifs in attaining charge-reversal within 

the confined nanopores (< 10 nm) and their concomitant role in gating of ion transport, cyclic 

voltammetric studies were carried out over viologen modified mesoporous silica film prepared 

on a conducting ITO substrate. In this chapter, non-covalent, charge-transfer (C-T) based 

supramolecular motifs have been used to obtain charge-reversal surfaces inside the nanopores 

and demonstrated their ion gating ability (Scheme 1). By employing pyranine as the donor and 

viologen as the acceptor we manipulated the surface charge inside the nanochannels from 

positive to neutral or negative. pH-responsive switching of ion transport was also achieved 

through the use of coronene tetracarboxylate donor. 

 

Scheme 1. Non-covalent functionalization of viologen modified nanopores with negatively 

charged donor, pyranine (or coronene tetracarboxylate), to switch the gating properties of the 

nanopores from anion selective to cation selective. 

Viologen 

+ 

Cation Selective Transport 

Anion Selective Transport 

Pyranine 

Anion 

Cation 

(or) 

Coronene 
tetracarboxylate 



Chapter-4.1 

 

~ 64 ~ 
 

4.1.3. Experimental section 

Viologen functionalized mesoporous silica film (MF-V) 

Mesoporous silica film (MF). Mesoporous silica films (MF) were synthesized using a sol gel 

method based on tetraethoxysilane(TEOS) as the oxide precursor in the presence of non-ionic 

block copolymer, Pluronic F127 as the template. The precursor solution was prepared with the 

following composition:  1 TEOS: 0.0075 F127: 24 EtOH: 5.2 H2O: 0.28 HCl. ITO slides were 

then dip coated with precursor solution at a withdrawing speed of 1.5 mm s
−1

 and at a relative 

humidity of 40-50 %.
[14]

  The freshly deposited films were placed in a chamber maintained at 

50% relative humidity for 1 h. The relative humidity in the chamber was maintained using a 

saturated solution of potassium carbonate which is known to give a relative humidity of 43 %. 

The dip coated slides were subjected to thermal treatment at 60 °C (for 1 h) and 130 °C (for 1 

h) before calcining them at 350 °C for 2 h. 

Iodopropyl functionalized mesoporous silica films (MF-I). The calcined mesoporous silica 

films were  degassed and then hydrated in a humidity  chamber at 50 % relative humidity for 1 

h and added into 20 mL of degassed toluene along with 1.0 mL of (3-

iodopropyl)trimethoxysilane (5 mmol) and left overnight. The temperature was increased to 

110 °C and held for 6 h to complete the reaction. The iodopropyl functionalized films were 

washed thoroughly with ethanol and finally subjected to soxhlet extraction in ethanol to 

completely wash away uncondensed silane from the pores.  

Viologen functionalized mesoporous silica films (MF-V). The MF-I films were degassed at 

80 °C for 3 h. To this 0.6 g (2 mmol) of N-methyl-4,4’-bipyridinium iodide dissolved in 30 mL 

of degassed acetonitrile (CH3CN) was added and refluxed for 3-4 days. The MF-V obtained 

were washed with ethanol and subjected to soxhlet extraction with ethanol. 

Viologen Functionalized SBA (SBA-V). The experimental procedure followed was same as 

given in chapter 2. 

MF-B (Ionic blank). 

 The MF-I films degassed at 80 °C were added to 25 mL of degassed acetonitrile containing 

0.22 g (2 mmol) of 1,4-diazabicyclo[2.2.2]octane (DABCO) and refluxed for 3-4 days ( 2 mmol 

of tetrabutylammonium bromide was also added). It was subjected to soxhlet extraction in 

ethanol and then reacted with excess methyl iodide (40 mmol) in 25 mL acetonitrile for 6 h at 

60 °C to obtain ionic hybrid, MF-B. Protocol for workup was similar to MF-V. 

SBA-B. The experimental procedure followed was same as given in chapter 2. 
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Digestion of MF-V. The MF-V films were digested in a 4 M solution of NH4F at 60 ºC for 10 

minutes and analyzed using UV-visible spectroscopy in a 1 mm quartz cuvette. 

TEM Sample Preparation.  The mesoporous silica films coated on ITO were soaked in 6 M 

HCl solution overnight to lift off the films from the ITO. The films were centrifuged and 

washed with ethanol to remove any excess acid.  

pH titration of coronene tetracaboxylate 

10 ml of 0.8 mM solution of coronene tetracarboxylate salt was taken in a vial and degassed for 

15 minutes. 20 µL aliquots of 0.1 M HCl were added to the donor solution and the pH was 

monitored after every addition. A nitrogen blanket was maintained over the solution in order to 

prevent interference from dissolution of carbon dioxide in water.  

Voltammetry measurements.  

Cyclic voltammetry measurements were performed with ITO slides coated with 

mesoporous silica films as working electrodes, platinum wire as counter electrode and aqueous 

Ag/AgCl as reference electrode.  MF-V films were soaked for 16 h in 1 mM solutions of the 

respective donors to allow for the completion of charge-transfer complex formation prior to the 

voltammetry measurements. The transport of positively charged [Ru(NH3)6
3+

] and negatively 

charged [Fe(CN)6]
3-

 redox probes through the films was monitored using cyclic voltammetry to 

follow the change in transport properties of the mesoporous silica films. All voltammetric 

measurements were performed using 1 mM solutions of the redox probe with 0.1 M KCl as the 

supporting electrolyte at a scan rate of 200 mV/s. In the case of the studies on MF-V and MF-B 

films with pyranine, the voltammetric measurements were performed in presence of 5 × 10
-4 

M 

pyranine. This was to ensure stable electrochemical measurements since the binding of donors 

to viologen is non-covalent in nature and hence in the absence of donor in solution some 

amount of donor would unbind from viologen. The pH was adjusted using acetic acid (0.1 M) 

and NaOH (0.1 M) for studying the pH responsive properties of coronene tetracarboxylate (CS) 

bound MF-V films. In the case of CS bound MF-V films, the electrochemical currents were 

stable without the presence of donor in solution for short periods of time. However, in the 

experiment where we showed switching of ion transport with pH for three cycles, the film was 

soaked in a 1mM solution of CS for 15 minutes after every cycle to ensure good performance. 

Zeta potential measurements 

1.5 mg of SBA-V or SBA-B was weighed into separate vials and increasing amounts of 

pyranine were added into the vials and the volume was made up to 0.5 mL. They were stirred 

for 4 h and then diluted to 5 ml for recording zeta potential measurements. 
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4.1.4. Characterization 

Please refer to the appendix for the instrumental details of UV-visible spectroscopy, diffuse 

reflectance infra-red fourier transform spectroscopy (DRIFTS), voltammetry, profilometry, 

TEM and zeta potential measurements. 

4.1.5. Results and discussion 

In chapter 2, we have demonstrated that the strong non-covalent C-T interactions 

between covalently immobilized viologen and free pyranine can be exploited to tune the pore 

size and philicity of mesoporous silica SBA-15
[13]

. The unusually strong C-T interactions 

(binding constant ~ 10
5 

M
-1

) between the di-positively charged acceptor (viologen) and tri-

negatively charged donor (pyranine), led us to believe that we would be able to reverse the 

surface charge since the donor has more negative charge than the positive charge on the 

acceptor in a one-to-one binding. The zeta potential measurements on SBA-V particles indeed 

show a reversal of charge on addition of pyranine indicating that the binding is strong enough 

to induce charge reversal (Figure 1a-b). SBA-V shows a gradual decrease in zeta potential with 

increasing amount of pyranine added. The  zeta  potential  decreases  from  +30  mV  for  SBA-

V  to  –25  mV  for  SBA-V  bound  on addition of 0.6 mmol of  pyranine. The  change  in  zeta  

potential  becomes negligible at  around  0.3  mmol of  pyranine added per gram of SBA-V 

which is the total binding capacity for SBA-V. At around 0.2 mmol/g of pyranine addition 

(two-thirds of the total binding capacity), the zeta potential nearly goes to zero, possibly due to 

the fact that trinegative pyranine required to neutralize the dipositive viologen is only two-third 

of the amount of viologen (Figure 1a).  It  can  be  understood  that  to  neutralise  a  surface  

charge  due  to  dipositive  viologen moieties at least two-thirds of them should be bound to 

pyranine which bears three negative charges. SBA-B (functionalised with dipositive 

ammonium salt of DABCO), on the other hand doesn’t show any signs of charge-reversal on 

addition of pyranine. It shows a decrease in zeta potential from +25 mV to +5 mV on addition 

of 0.6 mmol/g of pyranine (Figure 1a and 1c). This observation clearly signifies the 

indispensable role of C-T interaction in the charge-reversal phenomenon. Furthermore, to show 

the general nature of this approach to attain charge reversal on any surface, we modified stöber 

silica spheres with viologen silane (SS-V) which on addition of pyranine induces charge 

reversal (Figure 1d). 
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Figure 1. (a) Change in zeta potential for SBA-V and SBA-B with incremental addition of 

pyranine. (b) Shift in zeta potential distribution of SBA-V on addition of pyranine from positive 

to negative side indicates surface charge reversal. (c) Zeta potential distributions of SBA-B on 

addition of pyranine show neutralization of the positively charged surface of SBA-B by 

electrostatic adsorption of pyranine. (d) Stöber spheres modified with viologen silane (SS-V) 

show reversal of charge from +40 mV to -20 mV on binding to pyranine (SS-V-P). 

Though zeta potential measurements indicate reversal of surface charge in SBA-V 

particles on binding to pyranine, this doesn’t necessarily mean that the surface charge inside the 

pores has been reversed as well. The ion transport properties of nanopores are dictated by the 

nature of charges on the pore walls. Hence, to understand the ability of these strong 

supramolecular motifs in attaining charge-reversal within the confined nanopores (< 10 nm) 

and their concomitant role in gating of ion transport, viologen modified mesoporous silica films 

were prepared on a conducting ITO substrate for probing the change in their transport 

properties on binding to pyranine. The transport properties of the films were studied by 

following the diffusion of positively [Ru(NH3)6]
3+

 or negatively [Fe(CN)6]
3-

 charged redox 

probes through them using cyclic voltammetry. The typical setup used for recording these 

cyclic voltammograms is shown in Scheme 2. The redox probes have to diffuse through the 
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mesoporous silica film to undergo redox processes at the ITO (working electrode) in order to 

give a signal in the cyclic voltammogram.  

 

Scheme 2. Illustration showing the experimental setup used for recording cyclic 

voltammograms on the films to probe the transport properties of pores. Here, positive redox 

probes (hexammineruthenium) are shown to diffuse through the mesoporous silica film to 

undergo reduction at the ITO. 

The mesoporous silica films, SBA-16, were prepared on ITO substrates
[15]

 by dip 

coating a sol of tetraethylorthosilicate in presence of non-ionic block-copolymer template 

Pluronic F127.
[14]

 It should be noted that pore geometry in SBA-16 is different from SBA-15 

used in chapter 2. In SBA-16, the pores form a three dimensional network with the 

interconnection between the pores forming a neck (6 nm) with a smaller diameter than the pore 

(10-11 nm). SBA-15 on the other hand, has straight walled tubular pores (Scheme 3). The TEM 

images of the calcined film show existence of mesopores in the size range of 8-10 nm (Figure 

2a-b).  
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Scheme 3. Illustration showing the difference in pore geometry of SBA-16 and SBA-15. SBA-16 

shows pores connected through pore necks and SBA-15 has straight walled pores without any 

interconnectivity. 

 

Figure 2. TEM images of the mesoporous silica films lifted off the ITO substrates (a) at low 

magnification and (b) at high magnification. 

The as-synthesized mesoporous silica films did not show any voltammetric response 

for the electroactive probe, [Ru(NH3)6]
3+

, indicating their crack-free nature (Figure 3a). The 

thickness of the calcined films was found to be 130 nm using optical profilometry (Figure 3b). 

The walls of the nanopores were covalently functionalized with viologen moieties through an 

iodopropylsilane method (Figure 4) standardized for the functionalization of SBA-15 

nanopores.
[13]

 The TEM images of the viologen modified mesoporous silica films (MF-V) show 

retention of mesoporous structure (Figure 5a-b). IR spectroscopy and digestive analysis of the 

films confirmed the presence of viologen (Figures 6a-b). Diffuse reflectance infra-red fourier 
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transform (DRIFT) spectrum of MF-V film showing a peak at 1638 cm
-1

 characteristic of 

pyridinium ring  ─C=N
+
─ stretching vibration and also sp

3
 (2860 cm

-1
, 2925 cm

-1
) and sp

2
 C-H 

(3050 cm
-1

, 3130 cm
-1

) stretching vibration (Figure 6a). The UV-visible spectrum of the 

fluoride digested MF-V film showed a peak for aromatic π-π* transition in the pyridinium rings 

associated with viologen
[16]

 at 265 nm  whereas the unfunctionalized mesoporous silica film 

(MF) doesn’t show any signature in the UV-visible spectrum (Figure 6b). 

 

Figure 3. (a) Cyclic voltammograms of the mesoporous silica film before and after calcination 

in the presence of 1 mM [Ru(NH3)6]
3+

showing no ion transport for the uncalcined film implying 

crack free films. (b) Optical profilometry image of mesoporous silica film with an incision 

made using a needle to show the film thickness which is around 130 nm. The rest of the film is 

very uniform in thickness with a roughness of a few nanometers.  

 

Figure 4. Schematic showing the synthetic strategy followed for preparing MF-V.  

-0.4 -0.2 0.0

 Calcined MF

 As-synthesized MF

E / V vs Ag/AgCl

100 A cm-2

Redox Probe: [Ru(NH3)6]3+/2+(a) (b)
90 

nm 

50 

0 

-50 

-100 

-150 

OH 

OH Anhyd. toluene 
reflux 6h, Ar atm 

CH3CN, reflux 72 h 
Ar atm 

MF-V MF-I MF 



 Supramolecular Gating of Ion Transport in Nanochannels 

 

~ 71 ~ 
 

 

Figure 5. TEM images of the MF-V films lifted off the ITO substrates (a) at low magnification 

and (b) at high magnification showing retention of its mesoporous structure on 

functionalization. 

 

Figure 6. (a) Diffuse reflectance infra-red fourier transform (DRIFT) spectrum of MF-V film 

showing a peak at 1638 cm
-1

  characteristic of viologen and also (i) sp
3
 (2860 cm

-1
, 2925 cm

-1
) 

and (ii) sp
2
 C-H (3050 cm

-1
, 3130 cm

-1
) stretches. (b) UV-visible spectrum of the flouride 

digested MF-V film showing peak for aromatic π-π* transition in the pyridinium rings 

associated with viologen
[16]

 at 265 nm  whereas the unfunctionalized mesoporous silica film 

(MF) doesn’t show any signature in the UV-visible spectrum. 

The transport across the nanopores of MF-V supported on ITO substrate was 

investigated separately with 1 mM solutions of [Fe(CN)6]
3-

 and [Ru(NH3)6]
3+ 

as anionic and 

cationic electroactive probes respectively, using cyclic voltammetry. Electrochemical 

measurements were carried out in the potential window of −0.40 V to +0.45 V, where there are 

no interferences from the electroactive acceptor, viologen and the donor, pyranine (Figure 7). 
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Figure 7. Cyclic voltammograms of (a) 5×10
-4

 M coronene tetracarboxylate (CS) and (b) 

5×10
-4

 M pyranine (P) showing no interference in the scan range used for transport 

measurements. (c) Cyclic voltammogram of viologen modified film in the absence of redox 

probes showing no interference in the measurement window of -0.40 V to +0.45 V. Scan rate: 

200 mV/s. Supporting electrolyte: 0.1 M KCl.  

  Figure 8a shows the cyclic voltammograms for the transport of [Fe(CN)6]
3-

 and 

[Ru(NH3)6]
3+

 through MF-V at pH 6 with 0.1 M KCl as supporting electrolyte.  The positively 

charged pores of the MF-V elicits a strong and highly selective electrochemical response 

(cathodic current density 185 μA/cm
2
) for the transport of anionic, [Fe(CN)6]

3-
 probe (blue 

trace), and no response to the cationic, [Ru(NH3)6]
3+

 (red trace), owing to the unipolar 

environment inside the nanopores (Figure 8b) of radius in the order of Debye length range.  To 

reverse the surface charge within the pores, non-covalent interactions between the positively 

charged viologen (each unit carries two positive charges) and negatively charged pyranine 

(each unit has three negative charges at pH 6) was used by soaking the MF-V film in 1 mM 

solution of pyranine. MF-V soaked in pyranine solution for 16 h, shows a strong 

electrochemical response to cationic probe, [Ru(NH3)6]
3+

and no response for anionic 

[Fe(CN)6]
3-

 in the cyclic voltammogram, a complete reversal of ionic transport from anion 

selective to cation selective indicating charge-reversal inside the nanopores (Figure 8c,d).  
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Figure 8. Cyclic voltammograms corresponding to viologen modified mesoporous silica film 

(MF-V) deposited on ITO electrode in the presence of 1 mM [Ru(NH3)6]
3+

 (red trace) and 1 

mM [Fe(CN)6]
3-

 (blue trace) before soaking in 1 mM pyranine solution (a), after soaking in 1 

mM solution of pyranine for 16h (c) and 3 h (e). Scan Rate: 200 mV/s. Supporting electrolyte: 

0.1 M KCl (pH 6). The corresponding schematics depicting the surface charge of the pores and 

the nature of transport are given as (b), (d) and (f) respectively.  

Furthermore, the peak current density for [Ru(NH3)6]
3+

transport (cathodic current 

density 96 μA/cm
2
) is half that of the peak current density observed for [Fe(CN)6]

3-
 transport 

(cathodic current density 185 μA/cm
2
) in MF-V. This can possibly be understood by 

considering the fact that the transport in nanochannels is governed by the surface charge.
3
 On 

soaking MF-V in pyranine (16 h), the surface charge inside the nanopores is halved as the di-

positive viologen moieties become mono-negative C-T pairs and hence lead to a decrease in ion 

transport. It is to be noted that charge-reversal in 1:1 binding would be possible only when, the 

donor has more number of negative charges than the number of positive charges available with 

the acceptor. If the charges on both donor and acceptor are equal, 1:1 binding will only lead to 
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charge neutralization.  In our case, the di-positive acceptor, viologen and tri-negative donor, 

pyranine would lead to neutralization when two-thirds of the viologen are bound to pyranine. 

The observation of charge reversal on soaking MF-V in pyranine for 16 h suggests that most of 

the viologen are bound to pyranine. Moreover, the extent of viologen moieties binding to 

pyranine inside the nanopores can be controlled by the time of soaking since the binding of 

pyranine to viologen is diffusion controlled. SBA-16 films used here have a three dimensional 

pore network containing pores of diameter 10-11 nm and pore necks of size around 6 nm.
[10a]

 

Functionalization with viologen moieties (MF-V) further reduces the pore neck size and hence 

restricts the diffusion of pyranine. This is in contrast to the fast diffusion observed over 

viologen functionalized SBA-15 with relatively large pore size (8 nm).
[13]

 The slow diffusion 

over MF-V was in turn was used to control the surface charge within the pores from positive to 

neutral (or negative) depending upon the degree of binding of pyranine with time. When the 

soaking time of MF-V in pyranine solution was reduced to 3 h, the resulting film shows 

ambipolar transport by allowing both anionic and cationic probes to comparable extent
[17]

 

(Figure 8e,f). This suggests that the surface charge of the nanopores is close to neutrality, 

implying that roughly two-thirds of the viologen are bound to pyranine. So, it can be 

understood that the diffusion of pyranine molecules into the pores initially neutralises the pore 

surface charge and then further binding increases the negative charge on the pore wall which 

decreases the entry of pyranine molecules due to electrostatic repulsion. This slows down the 

reversal of charge inside the nanopores and hence the neutralisation step takes only 3 h to 

complete. 

To discern the role of C-T interactions in achieving charge reversal, an ionic blank was 

made by functionalizing the pores of mesoporous silica films with dicationic ammonium salt of 

1,4-diazabicyclo[2.2.2]octane (MF-B, Figure 9). The dicationic moieties of MF-B cannot form 

C-T complexes with pyranine and hence will serve as a blank for electrostatic interactions.  The 

electrochemical response of the ionic blank, MF-B, mimics that of MF-V by selectively 

transporting anions, [Fe(CN)6]
3-

 (Figure 10a-b). Unlike MF-V film, soaking of MF-B film in 

pyranine solution for 16 h did not reverse the transport behaviour (Figure 10c-d). The weak 

electrostatic binding of pyranine to the positively charged walls of MF-B reduces the overall 

positive charge allowing small amount of [Ru(NH3)6]
3+

ions to pass through, giving a very weak 

signal. This clearly supports the role of strong supramolecular C-T motifs in reversing the 

surface charge and polarity of ion transport in a confined environment.  
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Figure 9. Schematic showing the synthetic strategy followed for preparing MF-B. Note: The  

dipositive  ammonium  salt  of  DABCO  could  also  be  attached  to  the  pore  wall through 

both nitrogens and not necessarily as shown. 

 

Figure 10. Cyclic voltammograms corresponding to mesoporous silica film modified with 

dicationic ammonium salt of 1,4-diazabicyclo[2.2.2]octane (MF-B) supported on ITO electrode 

in the presence of 1 mM [Ru(NH3)6]
3+

 (red trace) and 1 mM [Fe(CN)6]
3-

 (blue trace), before (a) 
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and  after 16 h (c) exposure to 1 mM pyranine solution. Scan Rate: 200 mV/s. Supporting 

Electrolyte: 0.1 M KCl (pH 6). Schematic illustration of ion transport though the MF-B film 

before (b) and after soaking it for 16 h (d) in 1 mM pyranine solution. 

Viologen being a very strong acceptor is capable of binding to a variety of charged donors (for 

example coronene tetracarboxylate, eosin, perylene tetracarboxylate, etc.) which allows 

flexibility to use a variety of donors to modify the surface charge on the pore wall. This 

modular nature of these C-T based supramolecular motifs gives ample flexibility to manipulate 

the surface charge as they can be functionalized with various moieties which could respond to 

external stimuli like pH, light, and temperature. For example, donor components having several 

carboxylic acid groups (with different pKa values) in the same molecule would offer pH 

responsive surface charge regulation within the confined nanopores. To modulate ion transport 

in response to pH, we have selected coronene tetracarboxylate (CS) as the donor. It has four 

carboxylate groups whose protonation/deprotonation can be modulated with pH. A pH titration 

of CS was carried out in order to determine the pKa’s of the four carboxyl groups (Figure 11). 

The pH titration shows three distinct regions of slope change (marked as A, B and C) indicating 

three different pKa’s. Each of the regions, A and B, extend for around 0.08 mL of 0.1 M HCl 

indicating protonation of one equivalent of ─COOH groups. The region C spans twice the 

volume of region A or B, indicating protonation of two equivalents of carboxylate groups. This 

implies that these two carboxyl groups have very similar pKa of around 4.5. So the pKa’s of the 

four ─COOH groups are: pKa4 ~ 9.5 (region A); pKa3 ~ 5.5 – 6.0 (region B); pKa2 and pKa1 ~ 

4.5 (region C) 

 

Figure 11. pH titration of coronene tetracarboxylate tetrapotassium salt showing three 

different pKa’s. 
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It should be noted that this is a solution state titration and hence does not directly 

reflect their pKa when bound to viologen on MF-V film. It is also known that the pKa of surface 

adsorbed and confined molecules can differ by 2-3 units from their solution state analogues.
[18]

  

The MF-V films were soaked in coronene tetracarboxylate solution (1 mM, pH 6) to non-

covalently functionalize the pore walls with CS through C-T binding to the viologen. The ion 

transport through the nanopores of CS bound MF-V film was investigated at different pH (9, 6 

and 3) to understand its pH-responsive transport. 

 

Figure 12. Cyclic voltammograms corresponding to coronene tetracarboxylate bound MF-V 

deposited on ITO electrode in the presence of 1 mM [Ru(NH3)6]
3+

 (red trace) and 1 mM 

[Fe(CN)6]
3-

 (blue trace) at different pH conditions: (a) 9, (c) 6 and (e) 3. Scan Rate: 200 mV/s. 

Supporting Electrolyte: 0.1 M KCl. The corresponding schematics are given as (b), (d) and (f). 

  The voltammogram recorded at pH 9  shows a very high transport for positively 

charged [Ru(NH3)6]
3+

probe and a suppression for [Fe(CN)6]
3-

 transport, implying negatively 

charged pore walls (Figure 12a). This is understandable as most of the carboxylate groups of 

CS are not protonated at pH 9 (Figure 12b), thereby flipping the charge on the pore walls from 

positive (MF-V) to negative. At pH 6, both positive and negative probes give similar 

voltammetric response indicating ambipolar transport (Figure 12c) This suggests that at pH 6, 

probably two of the four carboxylate groups in the donor molecules are protonated, thereby 
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effectively neutralizing the dipositive viologen moieties inside the pores (Figure 12d). In 

contrast to the behaviour at pH 9, the transport at pH 3 shows a strong preference to negatively 

charged [Fe(CN)6]
3-

, similar to that of MF-V, suggesting that most of the carboxylate groups in 

the donor are in the protonated form (Figures 12e-f). On changing the pH from 9 to 3, the 

electrochemical current density for [Ru(NH3)6]
3+

decreases from 101 µA/cm
2
 to 3 µA/cm

2
 

while, for [Fe(CN)6]
3-

 it increases from 3 µA/cm
2
 to 126 µA/cm

2
 (Figure 13a). The ratio of 

electrochemical currents for negative and positive redox probes, IFe/IRu, which is 0.03 at pH 9 

increases to 60 at pH 3, a change more than three orders in magnitude (Figure 13b).  

 

Figure 13. (a) The variation of peak current densities of [Fe(CN)6]
3-

 and [Ru(NH3)6]
3+

for CS 

bound MF-V showing switching of ion transport properties with change in pH from 9 to 3.(b) 

The ratio of anion to cation current density showing three orders of change with pH. The 

regimes of different types of ion transport, viz. anion selective, cation selective and ambipolar, 

are shown in different colors. 

The variation of surface charge with respect to pH by silanol groups
[19]

 is ruled out in 

our case as the pore surfaces were modified through a surface polymerization approach,
[20]

 

which completely coats the surface with a monolayer of silane leaving no free silanol groups. 

Moreover, separate ion-transport experiments on MF-V with respect to pH did not show any 

variation in the asymmetry of transport (Figures 14a and 15) clearly supporting that the origin 

of pH- responsive ion transport is from the carboxyl functional groups associated with the 

donor. Thus, by selecting a donor with pH responsive functional groups we were able to switch 

the transport between cation selective, anion selective and ambipolar by changing the pH 

(Figure 14b). To demonstrate the switching ability of the system with pH we monitored the 

voltammograms through three cycles of pH which showed good reversibility (Figure 14b). 
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Figure 14. (a) The peak current densities of [Fe(CN)6]
3-

 and [Ru(NH3)6]
3+

for MF-V show no 

significant  change with variation in pH indicating absence of free silanol groups. (b) The 

switching of peak current density of [Ru(NH3)6]
3+

on exposure to three cycles of pH change 

showing good reversibility. 

 

Figure 15. Cyclic voltammograms of viologen modified mesoporous silica film in the presence 

of 1 mM [Ru(NH3)6]
3+

 (red trace) and 1 mM [Fe(CN)6]
3-

 (blue trace) respectively, at different 

pH environments: (a) 9, (b) 6 and (c) 3. 

4.1.6. Conclusions 

In conclusion, we have demonstrated a facile non-covalent approach to attain charge-

reversal within the nanopores (< 10 nm) using supramolecular C-T motifs. This non-covalent 

approach gives a lot of manoeuvrability to control the surface charge within the confined pores 

which in turn was exploited to achieve various forms of ion transport, like cation selective, 

anion selective and ambipolar with respect to extent of donor binding. Furthermore, the 

functional utility of donors for pH responsive ion transport has also been demonstrated. This in 

principle opens up the possibility of selecting large variety of donor modules attached with 

various functional groups which could respond to multiple stimuli such as light, pH, and 
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temperature and redox system and hence modulate transport of ions as well as the molecules 

across the nanochannel. 
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Chapter-4.2 

A Generic Strategy to Improve the Non-covalent Gating of Ion Transport 

using Auxillary Hydrophobic Interactions 

 

Summary  

Realization of charge-reversal in nanochannels through non-covalent motifs requires a 

generic strategy to improve their strength of association in water based systems. Surfaces 

modified with weak pyranine-viologen, charge-transfer (C-T) modules were only capable of 

showing only charge neutralization and not charge reversal. We illustrate a strategy based on 

hydrophobic forces to improve the performance of weak C-T modules to show complete charge 

reversal within nanopores. The strong association aided by hydrophobic forces enable the 

performance of supramolecular assemblies in achieving charge reversal and reduce the 

dependence on excess donors in solution. The kinetics of assembly was found to be fast with 

completion of non-covalent functionalization within 30 minutes. 

 

 

 

 

 

 

 

 

 

 

Manuscript based on this work is under preparation. 
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4.2.1. Introduction 

Protein nanochannels in biological systems
[1]

 are known to modulate the flux as well as 

the nature of ion transport in and out of the cell. They are also capable of showing selective 

transport of specific ions based on size. Their elegance in regulating the ion transport inspired 

many to develop abiotic mimics in recent years to modulate the flux, nature and direction of ion 

transport. Apart from geometry, the surface charge
[2]

 plays a pivotal role in controlling the 

nature of ion transport and is an important parameter to be considered in designing these  

abiotic analogues. Furthermore, the control of surface charge in nanochannels of size less than 

10 nm has biological relevance since the Debye length at physiological salt concentrations is of 

the order of a few nanometres. Typically, the modulation of surface charge was achieved 

through covalent linking of organic moieties capable of switching their charge in response to 

pH
[3]

 or light.
[4]

 However, the strong and static nature of covalent functionalization, though a 

virtue in itself, hampers its post synthetic flexibility and re-configurability to respond to 

multiple stimuli. On the other hand, non-covalent strategies towards charge reversal in confined 

environments (<10 nm) largely depend upon the strength of their association. Most often non-

covalent motifs have weak association and hence lack the ability to show charge-reversal on 

binding. Even systems with strong C-T modules
[5]

 require addition of a small amount of non-

covalent motif in solution in order to keep the equilibrium towards the bound state. For 

example, in our study with strong C-T modules, pyranine and viologen attached to mesoporous 

silica film (Chapter 4.1), we have used 0.5 mM of the donor in solution while recording cyclic 

voltammograms to maintain a stable assembly. Any generic strategy to improve the binding 

constant would reduce this dependence on excess donor in solution and also allow us to utilize 

the plethora of non-covalent motifs to tune the surface charge. 

A simple strategy to enhance the association of non-covalent motifs in water is to make 

use of hydrophobic forces.
[6]

 The strength of hydrophobic forces stems from the minimisation 

of the unfavourable water/hydrophobic interface which disrupts the three dimensional network 

of hydrogen bonds in water. Self-assembly driven by strong hydrophobic interactions is known 

in literature for numerous systems. Aida and co-workers reported self-assembled nanostructures 

held together by hydrophobic and π-π interactions.
[6a, 7]

 Hydrophobic forces are one of the vital 

components responsible for the stability of many amphiphilic assemblies. They also form the 

basis of some of the most robust, non-covalent assemblies used for fabricating filtration 

membranes
[8]

 which combine the qualities of sturdiness with adaptivity. In these amphiphilic 

systems, the association constants in water are of the order 10
8
 M

-1
, and cannot be determined 

directly.  So, in order to address the issues of weak binding and requirement of excess motifs in 

solution, we use hydrophobic interactions to create very strong supramolecular assemblies 

capable of showing charge reversal in the absence of excess unbound motifs in solution. 
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4.2.2. Scope of the present investigation 

The present study is aimed at developing a generic strategy to improve the performance 

of supramolecular assemblies in achieving charge reversal and increase their robustness. We 

observed that the association of donors with viologen (immobilised on the mesoporous silica) 

was weaker in presence of negatively charged silanols present on the mesoporous silica wall. 

The binding of pyranine could not induce complete charge reversal even in the presence of 

excess pyranine in solution. In absence of excess pyranine, only neutralization of pore wall was 

observed. To improve the strength of association through hydrophobic forces, a dodecyl chain 

was appended to the pyranine moiety through an ether linkage. This enabled strong binding 

between the donor and acceptor to create robust supramolecular assemblies to achieve charge 

reversal even in the absence of excess donor in solution.  

4.2.3. Experimental section 

Viologen functionalized mesoporous silica film (MFOH-V) 

a) Mesoporous silica film (MFOH). Mesoporous silica films (MFOH) were synthesized using a 

sol-gel method based on tetraethoxysilane (TEOS) as the oxide precursor in the presence of 

non-ionic block copolymer, Pluronic F127 as the template. The precursor solution was prepared 

with the following composition:  1 TEOS: 0.0075 F127: 24 EtOH: 5.2 H2O: 0.28 HCl. ITO 

slides were dip coated with precursor solution at a withdrawing speed of 1.5 mm s
−1

 and at a 

relative humidity of 40-50%.
[9]

  The freshly deposited films were placed in a chamber 

maintained at 50% relative humidity for 1 h. The relative humidity in the chamber for placing 

the freshly deposited films was maintained using a saturated solution of potassium carbonate 

which is known to give a relative humidity of 43%. The dip coated slides were subjected to 

thermal treatment at 60 °C ( for 1 h) and then at 130 °C (for 1 h) before calcining them for  2 h 

at 350 °C. 

b) Synthesis of N-Methyl-4,4’-bipyridinium Iodide (MV+).
[10]

 4 g of 4,4’-bipyridine was 

dissolved in 60 mL of dichloromethane (DCM) and a solution of 2.0 mL methyl iodide in 20 

mL of DCM was added dropwise to the stirred solution. The mixture was left stirring at room 

temperature for 12 h. The yellow product was filtered off under suction and purified by 

recrystallization from methanol. 

c) Synthesis of viologen silane/1-(3-Trimethoxysilylpropyl)-1’-methyl-(4.4’)-

bipyridinium.
[11]

 To the solution containing 1.2 g of MV+,  2.0 mL of (3-

iodopropyl)trimethoxysilane was added and refluxed for 48 h. The solvent was then removed to 

obtain a red solid which was purified by washing extensively with acetonitrile. 
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(iv) Viologen functionalized mesoporous silica films (MFOH-V). The MFOH films were 

degassed at 80 °C for 3 h and added to 25 mL of dimethylformamide (DMF) along with 0.3 g 

(0.5 mmol) of viologen silane and left at 85 °C for 24 h. The MFOH-V films obtained were 

washed with ethanol and subjected to soxhlet extraction with ethanol for a minimum of 24 h.  

MFOH-B (Ionic hybrid control) 

MFOH films degassed at 80 °C were added to 25 mL of acetonitrile along with 0.22 g 

(0.5 mmol) of quaternary ammonium silane and heated at 85 °C for 24 h. Protocol for workup 

was similar to MFOH-V. 

Digestion of MFOH-V  

The MFOH-V films were digested in a 4 M solution of NH4F at 60 ºC for 10 minutes 

and analyzed using UV-visible spectroscopy in a 1 mm quartz cuvette. 

TEM Sample Preparation 

The mesoporous silica films coated on ITO were soaked in 6 M HCl solution overnight 

to lift off the films from the ITO. The films were centrifuged and washed with ethanol to 

remove any excess acid.  

Voltammetry measurements.  

Cyclic voltammetry measurements were performed with ITO slides coated with 

mesoporous silica films as working electrodes, platinum wire as counter electrode and aqueous 

Ag/AgCl as reference electrode.  MFOH-V films were soaked in 1 mM solution of the donors for 

3 h (unless otherwise specified) to allow completion of charge-transfer complex formation prior 

to the voltammetry measurements. The transport of positively charged [Ru(NH3)6]
3+

 and 

negatively charged [Fe(CN)6]
3-

 redox probes through the films was monitored using cyclic 

voltammetry to follow the change in transport properties of the mesoporous silica films. All 

voltammetric measurements were performed using 1 mM solutions of the redox probe with 0.1 

M KCl as the supporting electrolyte at a scan rate of 200 mV/s. The pH was adjusted using 

acetic acid (0.1 M) and NaOH (0.1 M) for studying the pH responsive properties of the films.  

4.2.4. Characterization 

Please refer to the appendix for the instrumental details of UV-visible spectroscopy, TEM, 

FESEM, DRIFTS and voltammetry.  
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4.2.5. Results and discussion 

The nature of functional groups around the viologen on the pore wall determines the 

binding properties of various donors to viologen. For example, in the presence of polar 

functional groups the selectivity of binding to coronene tetracarboxylate over perylene 

tetracarboxylate diminishes. To further understand the influence of iodopropyl groups 

(hydrophobic environment) on the binding strength, a viologen appended silane was used to 

directly functionalize mesoporous silica with viologen moieties (SBAOH-V, Scheme 1). The 

binding studies on SBAOH-V with pyranine revealed a binding constant (Figure 1) seven to 

eight times smaller than SBA-V (Chapter 2). In order to check if the weakened binding would 

be sufficient to enable charge-reversal and affect the ion transport properties, mesoporous silica 

films (SBA-16) functionalized with viologen silane were fabricated. 

 

Scheme 1. Schematic showing the strategy followed for synthesizing SBA-V/MF-V and SBAOH-

V/MFOH-V. When the mesoporous silica used was SBA-15, the functionalized silica are 
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MF-V ─ Mesoporous silica film (SBA-16) functionalized with viologen through iodopropyl silane route. 
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represented as SBAOH, SBA-I, SBA-V and SBAOH-V. It is important to note that a significant 

number of silanols are not passivated on functionalization in the case of SBAOH-V/MFOH-V. 

 

Figure 1. Linear Langmuir plots for the adsorption of pyranine onto SBA-V and SBAOH-V in 

water at pH 6. The binding constants of SBA-V and SBAOH-V were calculated to be 1.4×10
5
 

M
−1

 and 1.9×10
4
 M

−1
, respectively. It should be noted that SBA-V does not contain surface 

silanol and that SBAOH-V has some unpassivated silanols on the pore surface. 

Mesoporous silica films supported on ITO substrates were synthesized by dip coating a 

sol obtained from tetraethylorthosilicate in presence of non-ionic block copolymer template, 

Pluronic F127. The FESEM images of the calcined films show very uniform crack free films of 

thickness 180 nm (Figure 2). TEM images show arrays of pores of size range 8-10 nm (Figure 

3a-b). The pores were then covalently functionalised with viologen silane (Scheme 1). The 

incorporation of viologen was confirmed through IR spectroscopy and digestive analysis of the 

viologen functionalised mesoporous silica films (MFOH-V) (Figure 4). The TEM images of the 

MFOH-V show retention of the mesoporous structure on functionalization (Figure 3c-d).  

 

Figure 2. FESEM images (a) at low magnification showing very uniform and crack free 

mesoporous silica films, (b) showing the thickness of the mesoporous silica film deposited on 

ITO, and (c) at high magnification showing the porous nature of the film. 
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Figure 3. TEM images of mesoporous silica film (a,b) before and (c,d) after viologen 

functionalization showing retention of pore structure. 

 

Figure 4. (a) Diffuse reflectance infra-red fourier transform spectrum of MF-VOH showing the 

characteristic peak for viologen at 1638 cm
-1

. (b) UV-visible spectrum of the fluoride digested 

MF-VOH film showing a peak for viologen at 260 nm corresponding to the aromatic π-π* 

transition in pyridinium rings. 
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The permselectivity of the films prepared on ITO was investigated by monitoring the 

diffusion of positively and negatively charged redox probes, [Ru(NH3)6]
3+

and [Fe(CN)6]
3-

respectively, using cyclic voltammetry. To avoid potential interference from the electroactive 

acceptor (viologen) and donor (pyranine), all measurements were carried out within a potential 

window of -0.4 V to 0.45 V. Figure 5a and 5c show the cyclic voltammograms recorded on 

MFOH-V film in the presence of 1 mM [Fe(CN)6]
3-

 (blue trace) and 1 mM [Ru(NH3)6]
3+

 (red 

trace) at pH 3 and pH 6 respectively with 0.1 M KCl as the supporting electrolyte. At both pH 3 

and pH 6, the positively charged pores of MFOH-V show an anion selective transport. The 

decrease in the electrochemical response for [Fe(CN)6]
3-

 from 230 µA/cm
2
 (anodic current 

density) at pH 3 to 140 µA/cm
2 

(anodic current density) at pH 6, indicates decrease in the 

overall positive charge on the pore walls of MFOH-V. Since viologen doesn’t undergo any 

change at this pH, it is evident that the ionisation of silanol groups
[12]

 (pKa ~ 2-3) on the pore 

wall at pH 6 decreases the cumulative positive charge (Scheme 1). The anion selective transport 

at pH 6 further indicates that the number density of the silanol groups undergoing ionization at 

pH 6 is much less than the viologen functionalization density as shown in the schematic (Figure 

5b and 5d).  

 

Figure 5. Cyclic voltammograms were recorded in the presence of 1 mM [Ru(NH3)6]
3+

 (red 

trace) and 1 mM [Fe(CN)6]
3-

 (blue trace) on MFOH-V films at (a)  pH 3 and (c) pH 6. Scan 

Rate: 200 mV/s. Supporting electrolyte: 0.1 M KCl. Schematics qualitatively depicting the 

charge on the pore walls as indicated by the nature of transport through the MFOH-V at (b) pH 

3 and (d) pH 6. Please note that it is possible that there are silanols which are ionised at pH 3 

also but they have not been indicated since they would be ionised at pH 6 as well. 
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Functionalization of MFOH-V with pyranine was carried out by soaking it in 1 mM 

solution of pyranine at pH 3 for 3 h. The UV-visible spectrum of MFOH-V functionalized with 

pyranine (MFOH-V-P) shows the signature absorption bands of pyranine indicating its presence 

(Figure 6a). The cyclic voltammograms for MFOH-V-P at pH 6 show cation selective transport 

(Figure 6b) only in the presence of 0.5 mM pyranine. When there was no pyranine in the 

solution, it shows ambipolar transport (Figure 6c). This implies that in the absence of pyranine 

in solution some of the bound pyranine comes out to the solution leaving the pore wall in a 

“nearly charge-balanced state” which is evident from the ambipolar nature
[13]

 of ion transport. 

The term “nearly charge-balanced” has been used to accommodate the fact that the ion 

transport is partially biased towards cation selective. The ionization of silanols at pH 6 also 

contributes to the neutralization of the positive charge of the viologen along with the pyranine 

molecules bound to viologen (Figure 6d). The weak binding of pyranine to viologen could in 

part be due to the electrostatic repulsion between the negatively charged silanol groups and the 

triply negatively charged pyranine. In the presence of excess pyranine in solution, the 

equilibrium is shifted towards charge-transfer complex formation which leads to negatively 

charged pore walls encouraging positive ion transport. It should be noted that there is still a 

discernible electrochemical response for negatively charged [Fe(CN)6]
3- 

indicating that the 

reversal of charge is not complete and that some viologen moieties are still left unbound 

(Figure 6e). 

 

Figure 6. (a) UV-visible spectra of the MFOH-V, MFOH-V-P and MFOH-V-PC12 films showing 

the characteristic absorption for pyranine at 405 nm and 380 nm indicating presence of 
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pyranine and PC12 in the films. Cyclic voltammograms were recorded in presence of 1 mM 

[Ru(NH3)6]
3+

 (red trace) and 1 mM [Fe(CN)6]
3-

 (blue trace) on MF-VOH-P films at pH 6 (b) in 

presence of pyranine (0.5 mM) and (c) in absence of pyranine in solution. Scan Rate: 200 mV/s. 

Supporting electrolyte: 0.1 M KCl. Schematics qualitatively depicting the charge on the pore 

walls as indicated by the nature of transport through MFOH-V-P films in (d) absence and (e) 

presence of pyranine in solution. 

 Hydrophobic interactions have been known to improve the strength of non-covalent 

interactions and have been the driving force behind many amphiphilic assemblies
[6a]

 which are 

known to have very strong association. In order to utilise these hydrophobic interactions, 

pyranine appended with a dodecyl alkyl group, PC12, was used as a donor (Figure 7). MFOH-V 

films were soaked in 1 mM PC12 solution at pH 3 for 3 h to form MFOH-V-PC12@pH3. The 

UV-visible spectra of MFOH-V soaked in PC12 at pH 3 show the signature absorption bands of 

pyranine indicating the inclusion of PC12 into the film (Figure 6a). The cyclic voltammograms 

recorded at pH 6 on these films, show a very strong electrochemical response for positively 

charged [Ru(NH3)6]
3+

 and no response for negatively charged [Fe(CN)6]
3-

 indicating complete 

reversal of charge (Figure 8a). This implies that unlike pyranine, PC12 exhibits stronger binding 

to viologen and does not come into the solution. The cyclic voltammograms carried out over 

pyranine bound MFOH-V (referred as MFOH-V-P) soaked in PC12 for 1 h clearly shows the shift 

from ambipolar transport (observed for MFOH-V-P) to cation selective transport (Figure 8c and 

8f). This change in the nature of ion transport from ambipolar to cation selective in presence of 

PC12 clearly suggests the strong binding affinity associated with PC12 in comparison to 

pyranine. Absence of any discernible electrochemical response for negatively charged 

[Fe(CN)6]
3-

 in 2 h time indicates complete charge reversal (Figure 8f). The strong binding PC12 

not only displaced the pyranine bound to viologen but also complexed with viologens left 

unoccupied in MFOH-V-P, to induce a complete reversal of charge (Figure 8d). This suggests 

that the hydrophobic interaction between the alkyl groups has increased the binding strength 

and stabilised the supramolecular assembly. The diffuse reflectance infra-red fourier transform 

spectrum (DRIFTS) of MFOH-V film soaked in PC12 at pH 3, show evidence of alkyl chain 

packing
[14]

 confirming the involvement of hydrophobic interactions (Figure 8g).  
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Figure 7. Molecular structures of the pyranine derivatives used in this study. PC6 : Trisodium-

8-hexyloxypyerene-1,3,6-trisulfonate; PC12 : Trisodium-8-dodecyloxypyrene-1,3,6-trisulfonate. 

 

Figure 8. Cyclic voltammograms were recorded at different pH values in the presence of 1 mM 

[Ru(NH3)6]
3+

 (red trace) and 1 mM [Fe(CN)6]
3-

 (blue trace) on MFOH-V films soaked in PC12 at 

pH 3 - (a) pH 6 and (b) pH 3. Scan Rate: 200 mV/s. Supporting electrolyte: 0.1 M KCl. 

Schematics qualitatively depicting the charge on the pore walls as indicated by the asymmetry 

of transport through the MFOH-V films soaked in PC12 (pH 3) at (d) pH 6  and (e) pH 3. Cyclic 
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voltammograms recorded with (c) 1 mM of [Ru(NH3)6]
3+

 and (f) 
 
1 mM of [Fe(CN)6]

3-
 on MF-

VOH films soaked in pyranine for 3 h at pH 3(PYR) and after subsequent soaking in 1 mM PC12 

at the same pH for 1 h (PC12-1h) and 2 h (PC12-2h). All of the cyclic voltammograms were 

recorded in the absence of excess donor in solution. (g) Diffuse reflectance infra-red fourier 

transform spectra of the MFOH-V-PC12@pH3 film showing asymmetric (CH2) and symmetric 

(CH2) stretches at lower wavenumbers (as – 2920 cm
-1

, s – 2852 cm
-1

) indicating packing of 

alkyl chains. 

 As was noted previously, the silanol groups on the pore wall contribute to the negative 

charge to some extent at pH 6. To discern the contribution of PC12 towards the overall negative 

charge on the pore wall, the transport properties of the MFOH-V-PC12@pH3 film were studied at 

pH 3 where there is a minimal participation of silanols. The cyclic voltammograms recorded at 

pH 3, show that the transport is still cation selective. It is important to note that even at pH 3, 

where the ionization of the silanols is minimal, the electrochemical response for negatively 

charged [Fe(CN)6]
3-

 is completely suppressed (Figure 8b). This indicates that most of the 

viologen moieties are bound to PC12 (Figure 8e). So, the silanol groups only served to increase 

the overall negative charge on the pore walls (Figure 8d). Earlier, we saw that the ionization of 

silanols reduced the negative ion transport through MFOH-V films but here they lead to an 

increase in positive ion transport through the MFOH-V-PC12@pH3 films. This can be 

rationalised by considering the fact that in the case of MFOH-V the negative charge on silanols 

was working against the predominant positive charge on the pore walls due to the viologen 

moieties but here they are adding to the negative charge already built up on the pore wall due to 

the binding of PC12 to viologen moieties.  

To understand the effect of the negatively charged silanol moieties on the 

supramolecular assembly of PC12 in MFOH-V-PC12@pH6 (obtained by soaking MFOH-V in PC12 

at pH 6 for 3 h), the transport studies were carried out at pH 6 and at pH 3. At pH 6, the MFOH-

V-PC12@pH6 showed highly selective cation transport with a very stifled response for 

negatively charged [Fe(CN)6]
3-

 (Figure 9a).
 
Whereas, at pH 3, it showed ambipolar transport 

allowing both positively and negatively charged redox probes (Figure 9c). This suggests that 

PC12 is only balancing the positive charge of the viologen moieties and the negative charge 

from the silanol moieties induces cation selective transport at pH 6 (Figure 9b and 9d). It is 

understandable that to neutralise the charge due to viologen moieties, two-thirds of them should 

be  bound to PC12 as indicated in the schematic (Figure 9b and 9d). So, silanol groups do affect 

the supramolecular assembly of PC12 depending on the pH and the assemblies formed modulate 

the transport differently with respect to pH. Even though both donor and acceptor in both cases 

are the same, the pH at which the assembly was carried out greatly influences the outcome. 
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Figure 10 summarises the various modes of ion transport possible by simply changing the pH at 

which the assembly of PC12 was carried out. The fact that when transport across MFOH-V-

PC12@pH3 is studied at pH 6, it shows greater cation selectivity than MFOH-V-PC12@pH6 

which implies that it doesn’t reorganise to the state of MFOH-V-PC12@pH6. This implies that 

PC12 is more strongly bound to MFOH-V when the assembly was performed at pH 3. It can be 

rationalised by considering the fact that the increase in binding strength of PC12 in comparison 

to pyranine was due to the cohesive hydrophobic interactions between pendant alkyl chains. 

The diffuse reflectance infra-red fourier transform spectra (DRIFTS) of MFOH-V-PC12@pH3 

and MFOH-V-PC12@pH6, both show evidence of alkyl chain packing (Figure 9g). It is expected 

that with increase in the number and packing density of alkyl chains, the hydrophobic 

interactions become stronger and hence in the case of MFOH-V-PC12@pH3 where the number of 

PC12 bound to viologen is maximum, the hydrophobic interactions are much stronger and hold 

the assembly together even when the pH is raised to 6 where the silanol groups become 

negatively charged and could destabilise the C-T pair. It is clear from these observations, that a 

weak C-T pair can be made strong by bringing cohesive hydrophobic interactions between 

donors through the attachment of long alkyl chain pendants. Moreover, the kinetics of assembly 

was also found to be fast. The kinetics of binding of PC12 to MFOH-V was monitored at 10 

minute intervals through cyclic voltammetry. Within 20 minutes of soaking, the cation transport 

reached saturation (Figure 9e) and the anion transport was totally suppressed (Figure 9f). The 

assemblies in MFOH-V-PC12@pH3 were found to be quite stable even on soaking in water for 

extended periods of time which avoids the use of excess donors in the solution during transport 

measurement of non-covalent systems to maintain stability. The transport properties of the film 

remained cation selective even on soaking in water for around 10 h (Figure 11b). There was a 

30% decrease in the electrochemical current for positively charged [Ru(NH3)6]
3+

 but no 

significant change in the anion current density (Figure 12a-b). The decrease in cation flux is 

due to the unbinding of PC12 from MFOH-V on extended soaking in water which was 

immediately regenerated by soaking in PC12 solution at pH 3 for just 10 minutes (Figure 11a-b). 
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Figure 9. Cyclic voltammograms were recorded in the presence of 1 mM [Ru(NH3)6]
3+

 (red 

trace) and 1 mM [Fe(CN)6]
3-

 (blue trace) on MFOH-V-PC12@pH6 films at (a) pH 6 and (c) pH 

3 in the absence of donor in solution. Scan Rate: 200 mV/s. Supporting electrolyte: 0.1 M KCl . 

Schematics qualitatively depicting the charge on the pore walls as indicated by the nature of 

transport through the MFOH-V-PC12@pH6 films at (b) pH 6 and (d) pH 3. (e) Cyclic 

voltammograms recorded on MFOH-V at pH 6 in the presence of 1 mM [Ru(NH3)6]
3+

 for 

different durations of soaking in 1 mM PC12 (at pH 3), showing completion of functionalization 

within 20 minutes. (f) Cyclic voltammograms recorded in the presence of 1 mM [Fe(CN)6]
3-

 at 

pH 6 on MFOH-V film with increase in time of soaking in 1 mM PC12 (at pH 3), showing 

immediate blocking of anion transport. (g) DRIFT spectra of MFOH-V films soaked in 1 mM 

PC12 (at pH 3 and pH 6), showing asymmetric and symmetric stretches at lower wavenumbers 

(as – 2920 cm
-1

, s – 2852 cm
-1

) indicating packing of alkyl chains. 
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Figure 10. A brief overview of the various modes of transport shown by the assemblies of PC12 

at different pH values. 

 

Figure 11. Cyclic voltammograms were recorded on MFOH-V in the presence of (a) 1 mM 

[Ru(NH3)6]
3+

 and (b) 1 mM [Fe(CN)6]
3-

 after soaking in PC12 (pH 3) for 1 h, water for 10 h and 

PC12 (pH 3) again for 10 minutes to check the stability and reversibility of functionalization. 

Rate: 200 mV/s. Supporting electrolyte: 0.1 M KCl 
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alkyl chain. The use of a hexyl chain appended pyranine, PC6, could only neutralise the pore 
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PC12 solution at pH 3 for 2 h, the transport properties switched to cation selective as in the case 

of MFOH-V-PC12 indicating displacement of weakly binding PC6 from viologen by PC12 (Figure 

12c). The DRIFT spectrum of MFOH-V-PC6 doesn’t show any distinct signature of alkyl chain 
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these assemblies is responsible for their dynamic nature and ability to reorganise and 

reconfigure in the presence of a stronger stimulus to attain the most stable state under the given 

conditions. 

 

Figure 12. Cyclic voltammograms recorded at pH 6  in the presence of 1 mM [Ru(NH3)6]
3+

 

(red trace) 
 
and 1 mM [Fe(CN)6]

3-
 (blue trace) over (a) MFOH-V-PC6 showing ambipolar 

transport which changes to  (c) cation selective transport on soaking for 2 h in 1 mM solution 

of PC12 at pH 3. Rate: 200 mV/s. Supporting electrolyte: 0.1 M KCl. (b) Schematic qualitatively 

depicting the charge on the pore walls as indicated by the nature of transport through the 

MFOH-V-PC6 films at pH 6. (d) DRIFT spectra of MFOH-V-PC6 film showing no signs of alkyl 

chain packing like in the case of MFOH-V-PC12 film. 

To examine the importance of charge-transfer interactions, an electrostatic blank (MF-

B) was prepared by functionalising the pore walls with a quaternary ammonium silane (Figure 

13). The transport properties of MFOH-B were similar to that of MFOH-V showing anion 

selective transport (Figure 14a). MFOH-B soaked in PC12 at pH 3 for 3 h, showed ambipolar 

transport at pH 6 indicating only neutralization of charges on the pore wall, unlike MFOH-V-

PC12 which shows cation selective transport. On subsequent soaking in water for 30 minutes the 

transport switched back to anion selective (Figure 14b) but the anion selectivity is still lower 

than native MFOH-B (not soaked in PC12).  This indicates that PC12 is still bound to MFOH-B 

causing a larger electrochemical response for positively charged Ru(NH3)6
3+

 than in MFOH-B 
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(not soaked in PC12). The DRIFTS spectra of PC12 soaked MFOH-B showed signs of alkyl chain 

packing (Figure 14c).   

 

Figure 13. Schematic showing the synthetic approach followed for preparing MFOH-B. It is 

important to note that there are a significant number of silanols which are not passivated on 

functionalization. 

 

Figure 14. Cyclic voltammograms recorded in the presence of 1 mM [Ru(NH3)6]
3+

 (red trace) 

and 1 mM [Fe(CN)6]
3-

 (blue trace) at pH 6 for (a) MF-B  and (b) MF-B soaked in 1 mM 

solution of PC12 at pH 3 for 3 h (dotted traces) and subsequent soaking in water for 30 minutes 
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(solid traces). Rate: 200 mV/s. Supporting electrolyte: 0.1 M KCl. (c) DRIFT spectrum MFOH-B 

films soaked in 1 mM PC12 at pH 3 showing some amount of alkyl chain packing.  

  It is to be noted that MF-B (Chapter 4.1) on soaking with pyranine does not change the 

nature of transport. On the other hand, soaking of MFOH-B in PC12 switched the transport from 

anion selective to ambipolar even though it was not stable. This can be understood by 

considering the fact that the binding of PC12 has a hydrophobic component which is 

independent of C-T and still shows some amount of binding for PC12. So, we see that C-T 

interactions which contribute only a part of the binding energy are nevertheless very important 

in achieving charge reversal and in maintaining the stability of these assemblies in confined 

environment. 

4.2.5. Conclusions 

In conclusion, we have demonstrated a simple generic strategy to improve the 

association of non-covalent motifs to achieve charge reversal within confined pores of less than 

10 nm. The use of dodecyl appended pyranine not only enabled the switching of transport 

properties from anion selective to cation selective but also allowed the films to operate for 

extended periods of time in the absence of excess donor in solution. The length of the alkyl 

chain appended was found to be very crucial and the use of a shorter hexyl chain appended 

pyranine, PC6, could not achieve charge reversal, rather only neutralised the charge on the pore 

walls to achieve ambipolar transport (Scheme 2). In the presence of a strong donor the 

assembly reorganised to incorporate the stronger binding component (dynamic in nature) and 

the permselectivity of the films could be switched accordingly (Scheme 2). The application of 

this hydrophobic interaction aided strategy for the weak non-covalent motifs will enable their 

use in creating a wide range of dynamic assemblies capable of responding to a variety of 

stimuli. 
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Scheme 2. A brief overview of the various supramolecular assemblies of PC12 and PC6 formed 

on the pore walls and their reorganization based on strength of association.  
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Chapter-4.3 

Glucose- and pH-Responsive Charge-Reversal Surfaces 

Summary  

We have shown a pH and glucose responsive charge-reversal on silica surface through 

heterogeneous functionalization utilising amines and boronic acid moieties. The dual 

responsiveness of the charge reversal has been unambiguously demonstrated through 

desorption of charged chromophores. Interestingly, we observed a concentration dependent 

desorption response to glucose at physiologically relevant levels. 

 

 

 

 

 

 

 

 

Publication based on this work has appeared in Langmuir, 2014, 30, 4540-4544. 
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4.3.1. Introduction 

Systems capable of having charge reversal have attracted a lot of attention in recent 

years by virtue of their applications in switchable assemblies,
[1]

 permselective transport,
[2]

 

controlled cell adhesion,
[3]

 drug/gene delivery,
[4]

 switchable electrode interfaces
[5]

 and bacterial 

targeting.
[6]

 Many covalent approaches have been designed to achieve charge reversal in 

response to a variety of stimuli. pH-responsive charge reversal surfaces were designed by 

utilizing the dissociation equilibria of acidic and basic functional groups either in the same 

molecule
[7]

 or copolymer.
[4b]

 Other designs were based on pH-sensitive charge-masking 

groups
[8]

 which hydrolyse in response to pH and cause charge reversal. Light responsive charge 

reversal surfaces were mainly based on the reversible charging of spiropyran
[9]

 or malachite 

green
[10]

 moieties. Another approach was the use of photocleavable linkers
[1a]

 to deprotect 

ionisable functional groups to achieve charge reversal. The charge-reversal systems designed so 

far, often respond to only one type of stimulus. To our knowledge, there are only few systems 

which are capable of responding to multiple stimuli and therefore, widening the scope of their 

application in various environments. Systems responding to both pH and biomolecule stimuli 

are well suited for application in living systems and more specifically for glucose responsive 

systems
[11] 

owing to the role of glucose as a ubiquitous fuel for biological systems. 

Furthermore, if the system responds to the stimulus in a quantitative way, it would help to 

regulate its response in a controlled fashion. 

4.3.2. Scope of the present investigation 

A heterogeneously functionalized mesoporous silica system has been used to achieve 

charge-reversal surfaces which respond to both pH and glucose. Mesoporous silica (MCM-41) 

was chosen as the scaffold to study charge-reversal due to its large and easily modifiable 

surface and its wide range of applications in biology. The surface was covalently functionalized 

with propylamine and phenylboronic acid groups (MCM-B) to impart pH-responsive charge-

reversal. At low pH (< 6), the amine groups are mostly protonated and the boronic acid groups 

are largely in the neutral form, lending a positive charge to the surface. However, at high pH (> 

8), the amine groups are sparsely protonated while the boronic acid binds with hydroxyl ion to 

form a  negatively charged tetrahedral boronate ion, leaving the overall surface charge negative 

(Scheme 1). Additionally, shifting of equilibrium from neutral trigonal form of phenylboronic 

acid to its negatively charged tetrahedral form on binding to glucose
[12]

 at pH 7.4, was exploited 

for glucose responsive charge-reversal (Scheme 1). The glucose driven charge-reversal was a 

controlled process and exhibited quantitative response to the concentration of glucose. 
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Scheme 1. Schematic illustrating the dual mode charge reversal of heterogeneously 

functionalized mesoporous silica surface (MCM-B). 

4.3.3. Experimental section 

MCM-41 

Mesoporous silica nanoparticles (MCM-41) were synthesized according to a reported 

procedure
[13]

.   1.0 g (2.74 mmol) of hexadecyltrimethylammonium bromide (CTAB) and 0.28 

g of NaOH was dissolved in 480 mL of millipore water under stirring (600 rpm) and the 

temperature was slowly raised to 80 °C. 5 mL (22.4 mmol) of tetraethylorthosilicate (TEOS) 

was added dropwise and the reaction mixture was stirred for 2 h at 80 °C. The white solid 

product was centrifuged, washed thoroughly with water followed by ethanol, and dried in an 

oven overnight. The surfactant template (CTAB) was removed from the obtained product by 

refluxing for 6 h in ethanol solution at pH 1 and washing thoroughly with millipore water and 

ethanol. The as-synthesized MCM-41 was dried under high vacuum.  

MCM-N 

1.0 g of surfactant free and degassed MCM-41 (1.0 g) and 1.0 ml (5.67 mmol) of (3-

aminopropyl)triethoxysilane (APTES) was added to 80 ml of anhydrous toluene and then 
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refluxed under stirring  for 24 h. The reaction mixture was centrifuged, washed extensively 

with toluene, hexane followed by ethanol, finally dried under high vacuum at 353 K for 6 h.    

MCM-B 

0.2 g (1.74 mmol) of N-hydroxysuccinimide (NHS) and 0.4 g (2.08 mmol) of 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) were first dissolved in 10 mL of 

anhydrous DMF and then 0.3 g (1.8 mmol) of 4-carboxyphenylboronic acid (CPBA) was 

added. This reaction mixture was stirred at room temperature under inert atmosphere for 15 min 

before adding to a dispersion of MCM-N in 40 ml of anhydrous DMF. The mixture was stirred 

for another 24 h, followed by centrifugation and washing with DMF, water and finally with 

methanol.  The obtained product was then dried under high vacuum at 353 K for 6 h.   

Sample preparation for nitrogen adsorption-desorption 

The samples were degassed at 85 °C for 12 h under high vacuum and then nitrogen 

adsorption-desorption experiments were carried out at 77 K. 

Preparation of ninhydrin solution and quantification of amine groups  

Standard solutions of n-propylamine were used to obtain a calibration curve for the 

quantification of amines using the ninhydrin test.
[14]

 0.266 g ninhydrin was dissolved in 10 mL 

dimethyl sulfoxide (DMSO), followed by addition of 0.04 g hydrindantin under nitrogen purge. 

The mixture was sonicated for 10 min to form a clear solution. 3.3 mL of 4 N lithium 

hydroxide/acetic acid buffer (pH 5) was added to 10 mL of ninhydrin solution and purged with 

nitrogen gas for 10 min.  

1 mL of ninhydrin solution was added to different n-propylamine standard solutions 

(each 1 mL), 5 mg MCM-N in 1 mL millipore water and 5 mg MCM-B in 1 mL millipore 

water. These solutions were placed in screw capped test tubes and heated in a water bath at 80 

°C for 30 min. The reaction mixture was immediately allowed to cool in an ice bath, for 5 min. 

Then, 20 mL of 50 % ethanol was added to each test tube and thoroughly mixed with a vortex 

mixer. The solutions were further diluted three times in order to obtain good absorption spectra. 

The absorbance of each reaction mixture was measured at 572 nm.  

Alizarin Red S assay for boronic acid groups in MCM-B  

The accessibility of boronic acid groups in MCM-B to cis-diols was examined by using 

the fluorescent reporter alizarin red S (ARS) according to reported literature procedure.
[15]

 

Typically, 10
-4

 M ARS solution was first prepared in 10 mM tris-HCl buffer (pH 7.4). 

Increasing amounts of MCM-B were added to ARS solution and the fluorescence emission 
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intensities were measured at the wavelength of 572 nm with an excitation wavelength at 468 

nm. A reverse titration was also performed, where increasing amounts of glucose were added to 

a 5 ml dispersion of MCM-B (0.8 mg/mL) in a solution containing 10
-4

 M of ARS and emission 

spectra were recorded after each successive addition.  

Dye loading 

a) For glucose responsive desorption. 5 mg of MCM-B  was dispersed in 1 mL of 10 mM 

HEPES buffer solution (pH = 7.4) containing 1 mM brilliant yellow (BY) or crystal violet (CV) 

or 1,3,6,8-Pyrenetetrasulfonic acid (PTSA). The suspension was stirred for 12 h at room 

temperature for dye loading, centrifuged and washed extensively with HEPES buffer solution 

to remove physisorbed dye. The supernatant solution was collected to quantify the amount of 

dye loading.  

b) For pH responsive desorption. MCM-B (5 mg) was dispersed in 1 mL of either brilliant 

yellow at pH 4 or crystal violet at pH 8.5. The suspension was stirred for 12 h at room 

temperature for dye loading, centrifuged, washed extensively either with pH 4 solution or with 

pH 8.5 solution to remove physisorbed dye. The supernatant solution was collected to quantify 

the amount of dye loading.  

Glucose induced dye desorption 

The glucose responsive dye desorption was carried out in three ways – single step 

cumulative, single step time profile and multiple steps. The single step release was carried out 

to understand the concentration dependence of desorption and the multiple step release was 

done to examine response to sequential addition glucose. 

a) Single step (cumulative) desorption. The BY loaded MCM-B (3 mg) was dispersed in 4 

mL of HEPES buffer (10 mM, pH 7.4) with different concentrations of glucose triggers at room 

temperature. The suspensions were centrifuged after 24 h and the supernatant was analysed 

using UV-visible absorption spectroscopy to monitor dye desorption.    

b) Time dependent desorption. The dye (BY or CV) loaded MCM-B (5 mg) sample was 

dispersed in 5 mL of HEPES buffer (10 mM, pH 7.4) at room temperature. To this different 

amounts of glucose were added and desorption of dye was monitored in time. Aliquots (0.2 

mL) were taken at predetermined time intervals to follow desorption of dye and the volume of 

the sample was adjusted with buffer (containing the same concentration of glucose as being 

used in the respective desorption study). The amount of dye released was monitored by UV-

visible absorption spectroscopy.    
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c) Stepwise dye desorption. The dye (BY or PTSA) loaded MCM-B (5 mg) sample was 

dispersed in 5 mL of HEPES buffer (10 mM, pH 7.4) at room temperature. To this increasing 

amounts of glucose were added at intervals of 3 h. Aliquots (0.2 mL) were taken every hour to 

monitor the dye desorption and the volume of the sample was adjusted with buffer (containing 

glucose at the respective concentration in the desorption study). The amount of dye released 

was monitored by UV-visible absorption spectroscopy.    

Saccharide induced dye desorption  

a) Interference study at 0.1 mM. The MCM-B (5 mg) loaded with BY was dispersed in 5 mL 

of HEPES buffer (10 mM, pH 7.4) solution at room temperature. 0.1 mM D-fructose or 0.1 mM 

D-mannose was added to the suspensions after pre-determined time period. Aliquots (0.2 mL) 

were taken at pre-determined time intervals from the suspension to monitor BY desorption 

using UV-visible spectroscopy and the volumes were adjusted with buffer containing 0.1 mM 

of the respective saccharides. 

b) Stepwise desorption. BY loaded MCM-B (5 mg) sample was dispersed in 5 mL of HEPES 

buffer (10 mM, pH 7.4) at room temperature. To this increasing amounts of mannose/fructose 

were added at intervals of 3 h. Aliquots (0.2 mL) were taken every hour to monitor the dye 

desorption and the volume of the sample was adjusted with buffer (containing saccharide at the 

respective concentration in the desorption study). The amount of dye released was monitored 

by UV-visible absorption spectroscopy.    

pH induced dye desorption 

The pH responsive dye desorption was carried out in two ways – single step and 

multiple steps. The single step experiment was carried out to understand the total extent of 

desorption and the multiple step experiment was done to examine the kinetics and the 

discreteness of desorption. 

The pH of the solutions was adjusted using 10 mM HCl and NaOH. 

a) Single Step desorption. Brilliant yellow or crystal violet loaded MCM-B (5 mg) was 

dispersed and allowed to soak in 5 mL solution maintained at pH 8.5 or pH 4 for 3h. The 

suspension was centrifuged and supernatant was analysed using UV-visible absorption 

spectroscopy to quantify the dye released.  

b) Stepwise desorption. Brilliant yellow dye loaded MCM-B (5 mg) was dispersed in 5 mL of 

pH 4 solution at room temperature. The pH of the solution was gradually increased in small 

steps to pH 8.5. Aliquots (0.2 mL) were taken at regular intervals of 15 minutes to monitor the 
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dye desorption and the volume of the sample was adjusted with Millipore water. The amount of 

dye released was monitored by UV-visible absorption spectroscopy.    

Crystal violet dye loaded MCM-B (5 mg) was dispersed in 5 mL of pH 8.5 solution at 

room temperature. The pH of the solution was gradually lowered in small steps to pH 4.  

Aliquots (0.2 mL) were taken at regular intervals of 15 minutes to monitor the dye desorption 

and the volume of the sample was adjusted with Millipore water. The amount of dye released 

was monitored by UV-visible absorption spectroscopy.   

4.3.4. Characterization 

Please refer to the appendix for the instrumental details of UV-visible spectroscopy, 

fluorescence spectroscopy, infra-red spectroscopy, nitrogen sorption analysis, 

thermogravimetric analysis, TEM, FESEM, XRD and zeta potential measurements. 

4.3.5. Results and discussion 

MCM-41 nanoparticles were prepared following a well-known procedure
[13]

 and the 

surface was functionalized with (3-aminopropyl)triethoxysilane  to form MCM-N. The amine 

groups were then covalently linked with the COOH group of carboxyphenylboronic acid 

(CPBA) using EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) coupling to form 

MCM-B (Scheme 2). 

 

Scheme 2. Schematic illustrating the synthetic strategy of MCM-B 

The presence of a low angle peak in powder X-ray diffraction pattern of MCM-B 

confirms the retention of mesostructural ordering on functionalization (Figure 1a) which is 

further supported by the transmission electron microscopy (TEM) analysis (Figure 2a-b). 

FESEM images of MCM-B show fairly monodisperse particles of size 100 nm (Figure 2c-d). 

Thermogravimetric analysis shows an increase in organic content with subsequent 

functionalization steps indicating successful functionalization (Figure 1b).  

Anhyd. Toluene,  
Reflux 24 h, Ar atm. 

OH 

OH 

OH 

OH 

EDC, NHS, DMSO 
Stir 24h, Ar atm. 
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Figure 1. (a) Powder X-ray diffraction patterns of MCM, MCM-N and MCM-B showing 

retention of mesostructural ordering with the progress of functionalization. The secondary 

peaks [110] and [200] grow faint with functionalization. (b) Thermogravimetric analysis 

curves of MCM, MCM-N and MCM-B. 

 

Figure 2. TEM images of (a) MCM and (b) MCM-B showing retention of mesostructural 

ordering. FESEM images showing MCM-B nanoparticles at (a) low and (b) high 

magnification.  

Ninhydrin test
[14]

 was used to determine the amount of amine groups in MCM-N and MCM-B. 

The amount of unreacted amine groups in MCM-N and MCM-B were found to be 1.95 ± 0.07 

mmol g
-1 

and 0.95 ± 0.06 mmol g
-1

 respectively (Figure 3). Using the data from 
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thermogravimetric analysis (TGA) and the unreacted amine functionalization density of MCM-

B, it is possible to calculate the amount of amine groups coupled to carboxyphenylboronic acid 

in the following way: 

TGA provided the weight of overall organic functionalization of MCM-B (19.8 %) and the 

ninhydrin test provided the amine content per unit weight of MCM-B (0.95 mmol/g).  

Molecular weight of propylamine group = 58 g. 

Molecular weight of phenylboronic acid conjugated propylamine = 207 g 

In one gram of MCM-B total amount of organic functionalization = 0.198 g 

So, (0.95 × 10
-3

 × 58) + [207 × (x)] = 0.198 

Then, x = 0.69 or 0.7 mmol approx. 

So, the percentage of amine groups linked to phenylboronic acid in MCM-B = 0.7/(0.7 + 0.95) 

× 100 = 42.4 % 

Therefore, roughly 40 % of the amine groups are coupled to carboxyphenylboronic 

acid through an amide bond in MCM-B. It should be noted that a calibration curve was 

obtained for ninhydrin test using propyl amine solutions (Figure 3) which was then used to 

quantify the amine groups in MCM-B. 

 

Figure 3. (a) UV-visible spectra of the ninhydrin complex in the calibration solutions. (b) 

Linear calibration plot showing increase in absorbance with increase in propylamine used in 

the standard solutions. The absorbance of the ninhydrin complex formed with MCM-N and 

MCM-B has been placed on the calibration curve to determine the concentration of amine 

groups. The error bars have been calculated from three replicates. 
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Nitrogen adsorption-desorption isotherms were recorded at 77 K to follow the progress 

of functionalization inside the pores (Figure 4a). The Barret-Joyner-Halenda (BJH) pore size 

distribution showed a gradual decrease in pore size from 2.4 nm (MCM) through 2.2 nm 

(MCM-N) to 1.8 nm (MCM-B) indicating progressive functionalization inside the pores (Figure 

4b). Boronic acid groups are known to bind Alizarin red S (ARS) and turn on its 

fluorescence.
[15]

 The amount of active boronic acid groups available for binding to cis diols was 

estimated to be ~0.5 mmol/g by carrying out a binding titration using ARS (Figure 5). The 

enhancement in fluorescence intensity observed upon successive additions (2 mg) of MCM-B 

to the ARS solution indicates binding of ARS to boronic acid groups since only ARS bound to 

boronic acid groups is fluorescent (Figure 6). The quenching of ARS fluorescence on 

displacement by glucose, allowed us to follow the binding of boronic acid groups in MCM-B 

with glucose through emission spectra (Figure 7). A significant decrease in fluorescence 

intensity was observed even at a concentration of 10 mM glucose. 

 

Figure 4. (a) Nitrogen adsorption-desorption isotherms and (b) Barrett-Joyner-Halenda pore 

size distribution curves of MCM, MCM-N and MCM-B. 

 

Figure 5. (a) Calibration curve for Alizarin Red S (ARS) in the concentration range (1 - 5) × 

10
-4

 M (pH 7.4, HEPES, 10 mM) to be used for quantification of ARS bound to MCM-B. (b) 

Binding curve showing the uptake of ARS by MCM-B (pH 7.4, 10 mM HEPES). 

MCM 

MCM-N 

MCM-B 

(a) (b) 

2 3 4 5
0.0

0.2

0.4

0.6

0.8

1.0

D
v
(d

)/
 c

m
3
Å

-1
g

-1

Pore Diameter / nm

 MCM

 MCM-N

 MCM-B

0.0 0.2 0.4 0.6 0.8 1.0
0

100

200

300

400

500

 

Relative pressure (P/PO)

V
a
/c

m
3
g

-1
 (

S
T

P
)

0.0 1.5x10
-4

3.0x10
-4

4.5x10
-4

6.0x10
-4

0.0

0.1

0.2

0.3

0.4

A
b

s
o

rb
a

n
c

e

Concentration / M
-1

0.2 0.4 0.6 0.8 1.0 1.2
0.1

0.2

0.3

0.4

0.5

0.6

A
R

S
 u

p
ta

k
e

 /
 m

m
o

l 
g

-1

ARS added / mmol g
-1

(a) (b) 



 Glucose- and pH-Responsive Charge-Reversal Surfaces 

 

~ 113 ~ 
 

 

Figure 6. Emission spectra of a solution of ARS (1 x 10
-4

M, excitation wavelength-468 nm) on 

addition of MCM-B in increments of 2 mg. (b)  Fluorescent intensity at 572 nm plotted against 

weight of MCM-B added per ml of ARS solution, shows gradual increase with addition of 

MCM-B. The error bars have been calculated from three replicates. 

 

Figure 7. (a) Emission spectra of ARS bound MCM-B with increasing concentration of glucose 

show decrease in fluorescence indicating competitive displacement of ARS by glucose. (b) The 

plot of fluorescent intensity against glucose concentration reveals competitive displacement in 

the concentration range of 0-100 mM. The error bars have been calculated from three 

replicates. 

Zeta potential measurements were used to probe the charge on the surface. The 

variation of zeta potential was monitored with change in pH in the range of 3-9. Aminopropyl 

functionalized MCM-N exhibited a zeta potential of +45 mV at pH 3 which decreased to +5 

mV at pH 9 without showing any sign of charge reversal (Figure 8). It should be noted that 

even at pH 3, only less than 50 % of the amine groups in MCM-N would be protonated due to 

charge crowding.
[16]

  On the other hand, MCM-B which has both amine  as well as 

phenylboronic acid groups, shows charge reversal on increasing pH from 3 to 9 (Figure 8). At 
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pH 3, MCM-B is positively charged with +47 mV similar to that of MCM-N which can be 

understood considering the fact that still  a significant amount of amine groups are available for 

protonation in MCM-B. The zeta potential of MCM-B shows a slow but gradual decrease upto 

pH 6, beyond which there is a steep drop in the surface charge. The surface charge drops to 

zero at around pH 7.6 and goes to the negative side as the pH is increased. This suggests that 

the pKa of the boronic acid moiety in carboxyphenylboronic acid
[17]

 (pKa = 8.0) is shifted to 

lower value in presence of amine groups.
[18]

 As the pH is increased further the zeta potential 

goes on decreasing due to the increased formation of negatively charged boronate ions and 

neutralization of amines (Scheme 1 and Figure 10). The zeta potential decreases to about -30 

mV at around pH 9. 

 

Figure 8. Variation of zeta potential with change in pH for MCM-N, MCM-B and MCM-B 

bound to glucose (100 mM).  

The isoelectric point of MCM-B falls at pH 7.6, whereas for MCM-B bound to glucose 

(MCM-B-glu) it is at pH 7.2 (Figure 8). At pH 7.4, MCM-B is still positively charged and 

MCM-B-glu is negatively charged. So, the binding of glucose induces charge reversal of the 

system at lower pH (Figure 9a). This can be understood by considering the fact that the binding 

of glucose to boronic acid (boronic acid ester) reduces its pKa due to which it forms its 

conjugate base (tetrahedral boronate ester) which is negatively charged thereby causing charge 

reversal (Figure 10). The reversal of charge at pH 7.4 by glucose was further verified by 

studying the desorption behaviour of a negatively charged chromophore, brilliant yellow (BY, 

Figure 9b) with increasing concentration of glucose (Figure 9c). It was observed that desorption 

of BY showed a concentration dependent response. This was further illustrated by monitoring 

desorption profile of BY with time at different glucose levels at pH 7.4 (Figure 9d). The 

desorption profile in the absence of glucose showed marginal release with time in comparision 

to the desorption in the presence of glucose.  
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Figure 9. (a) Zeta potential distribution curves of MCM-B and MCM-B with glucose (in 

HEPES buffer, pH 7.4). (b) Molecular structures of crystal violet and brilliant yellow. (c) 

Desorption of brilliant yellow (negatively charged) at pH 7.4 showing concentration dependent 

response to glucose. (d) Desorption profile of brilliant yellow on addition of the glucose at pH 

7.4 (HEPES buffer) showing quantitative response to the concentration of glucose (Arrow 

marks the time of addition of glucose). 

 

Figure 10. The equilibrium relationships between phenylboronic acid and its glucose ester. 

Note: pKa = 8.0 and pKa’<pKa. 
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The step-like desorption profile for incremental doses of glucose clearly shows the 

versatility of the system to respond to sequential addition of glucose (Figure 11a). The crystal 

violet (positively charged chromophore) loaded MCM-B showed no desorption on addition of 

glucose in contrast to the BY loaded MCM-B which showed a strong desorption response 

confirming the reversal of charge induced by binding of glucose (Figure 11b).  

 

Figure 11. (a) Desorption of brilliant yellow (negatively charged) at pH 7.4 showing step wise 

response on increasing glucose concentration at fixed intervals. (b) Desorption profile of a 

positively and negatively charged chromophore on addition of glucose (100 mM) at pH 7.4. 

To further prove the glucose induced charge-reversal we studied the desorption of 

another negatively charged dye, 1,3,6,8-pyrenetetrasulphonic acid, which showed a similar 

desorption profile as BY (Figure 12). The interference by fructose and mannose was studied to 

check the selectivity of our system. At their maximum concentration in blood (0.1 mM), no 

significant interference was found (Figure 13a) but at concentrations equal to that of glucose in 

blood, fructose exhibited a 40% greater response than glucose while mannose showed similar 

response as glucose (Figure 13b). 

 

Figure 12. Desorption profile of negatively charged TPSA dye from MCM-B with increasing 

glucose concentration (pH 7.4) showing the same trend as the desorption profile of BY. 
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Figure 13. Desorption profile of brilliant yellow (HEPES, pH 7.4) (a) in the presence of 0.1 

mM of mannose and fructose showing no significant interference (The arrow marks the point of 

addition of saccharides) and (b) with increasing concentration of saccharides. 

The pH induced charge reversal was studied by monitoring the desorption behavior of 

BY adsorbed onto MCM-B at pH 4 (Figure 14a). As the pH was gradually increased, we see 

that there is not much release of BY till pH 7 due to the strong electrostatic interaction of the 

negatively charged dye with the highly positively charged MCM-B. Moreover, BY bearing two 

negative charges has strong electrostatic interactions with MCM-B giving a weak desorption 

response of 7% at pH 7. At pH 8 and 9, the desorption was 20% and 48%, respectively. From 

the zeta potential data, it can be seen that MCM-B is negatively charged above pH 7.6, so it is 

to be expected that desorption should be complete at pH 8.  Instead, the desorption at pH 9 (48 

%) is greater than at pH 8 (20 %). We can reconcile to this fact by taking into account that 

MCM-B is a system with heterogeneous functionalization and zeta potential gives us an idea of 

the overall charge of the system but not its spatial distribution. From the zeta potential data of 

MCM-N at pH 8, it can be understood that the amine groups would still be protonated in MCM-

B. Hence even though the surface as a whole has gained a negative charge, the presence of 

localized positive charges on the amine groups enable the negatively charged chromophore to 

bind to the surface. On further increasing the pH to 9, there is an increased desorption of 

brilliant yellow due to neutralization of amines and negative charging of boronic acid groups. 

To further verify the pH induced charge reversal, the desorption of positively charged 

chromophore (crystal violet - CV) was also monitored with respect to pH (Figure 14b). The 

desorption profile shows maximum response in the pH range 6 to 7. The presence of amine 

groups adjacent to boronic acid is known to shift its pKa to smaller values
[18]

 which in turn 

increases the desorption response at pH range 6 to 7. The desorption is not complete even after 

reaching pH 4 where 65% of CV is still adsorbed onto MCM-B. It should be noted that unlike 
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BY, CV is monopositive and the positive charge is highly delocalized which in turn weaken the 

electrostatic repulsions. 

 

Figure 14. Step wise desorption profiles of (a) negatively charged brilliant yellow with 

increasing pH and (b) positively charged crystal violet dye with decreasing pH from MCM-B. 

4.3.6. Conclusions 

In conclusion, we have shown a simple system capable of charge reversal showing 

response to dual stimuli, pH as well as glucose. The charge reversal was carefully studied using 

zeta potential measurements as well as desorption of charged chromophores to reveal the 

heterogeneity in surface charge. The uneven distribution of boronic acid groups on the silica 

surface gave rise to a range of binding sites for glucose allowing for multiple levels of 

response. 
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Chapter-5 

Synthesis of Mesocellular Hollow Spheres using  

Emulsion Templates with a Volatile Component 

 

Summary  

Mesocellular hollow spheres have been synthesized using emulsion templates with a 

volatile solvent.  Use of both octadecene and chloroform (volatile component) gave 

mesocellular hollow sphere whereas use of octadecene alone gave hollow spheres with no 

hierarchical structure. In order to enrich the functionality of the synthesized mesocellular 

hollow spheres, oil soluble magnetite nanoparticles (oleic acid capped) were also incorporated 

along with the emulsion templates. The obtained mesocellular spheres with magnetite 

nanoparticles entrapped would find applications in both drug delivery as well as in diagnosis 

(Magnetic Resonance Imaging). The described strategy can also be applied to incorporate 

quantum dots and gold nanoparticles to create a multifunctional composite. 

 

 

 

 

 

Manuscript based on this work is under preparation. 
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5.1. Introduction 

Hollow mesoporous silica (HMS) spheres have attracted significant attention in the last 

few decades by virtue of their large cavity, low density, high pore volume and permeable 

mesoporous walls. For example, the large void space/cavity in these structures has been used to 

load drug molecules.
[1]

 To further enable their use as smart drug delivery systems, Stoddart et. 

al. have anchored stimuli responsive pore gates
[2]

 at the pore openings to control drug release 

properties. Multifunctional composites can also be fabricated by incorporating magnetic 

nanoparticles
[3]

 (Magnetic Resonance Imaging-MRI), noble metal nanoparticles
[4]

 (catalysis) or 

quantum dots
[5]

 (Imaging) into the hollow cavity. Encapsulation of catalytic nanoparticles in 

hollow mesoporous silica shells can prevent growth and agglomeration of nanoparticles during 

catalytic reactions thereby increasing the cycle life of these catalysts.
[4a]

 In addition, a radial 

orientation of pores in the shell would enable fast diffusion of the reactants and products, thus 

making HMS an excellent platform for catalytic applications.  

The HMS spheres have mainly been synthesized through sol-gel transcription method
[6]

 

using templates wherein at least two steps are indispensable. Firstly, the template must be 

modified to encourage deposition of silica-surfactant assemblies onto the surface of the 

template. After the formation of the mesoporous silica shell the templates are eliminated to 

leave behind a hollow shell. Both hard and soft templates have been used for the synthesis of 

HMS spheres. The use of hard templates
[7]

 (silica/carbon/polymer spheres) has advantages of 

good monodispersity and faithful templating/replication. Nevertheless, the removal of the 

templates through thermal treatment or chemical etching is energy consuming and tedious. On 

the other hand, soft templates
[6b, 8]

 (emulsion, bubbles, bacteria, etc.) are relatively easy to 

remove but result in poor morphology and monodispersity due to the deformability of the 

template. 

More recently, Yadong Yin et al. have reported the synthesis of mesoporous silica 

spheres in a single step from silica spheres which they have termed “surface protected 

etching”.
[9]

 In this strategy, a protecting layer of polyvinylpyrolidone is adsorbed onto the 

surface of silica spheres and then the interior of the silica spheres is selectively or preferentially 

etched. The absence of pore controlling agents in this strategy leads to formation of disordered 

pores with a broad pore size distribution. To overcome this disadvantage, Nanfeng Zheng et al. 

used a cationic surfactant to etch the silica spheres wherein the silica species released by 

etching reorganize along with the surfactants to form a mesoporous silica shell.
[10]

 

Partial etching of the template (silica spheres) after the formation of the mesoporous 

silica shell has been used to fabricate structures with yolk-shell hierarchical morphology.
[11]
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Use of dual surfactant approach can also give hierarchically structured mesoporous silica 

capable of exhibiting a three stage drug release profile.
[12]

  

5.2. Scope of the present investigation 

In the present study, mesocellular hollow spheres have been synthesized using 

emulsion templates with a volatile component. In this strategy, an emulsion is formed by 

dispersing chloroform and octadecene in water using a cationic surfactant. The size of the 

emulsion droplets was allowed to reduce by evaporation of chloroform followed by silica 

condensation was carried out to give hierarchically structured mesocellular hollow structures. 

Magnetite nanoparticles could also be integrated into the structure by using oil soluble 

magnetite nanoparticles (oleic acid capped)  in the emulsifying step. This would enable their 

use in both drug delivery as well as in diagnosis (Magnetic Resonance Imaging). The described 

strategy can also be applied to incorporate quantum dots and gold nanoparticles to create a 

multifunctional composite. 

5.3. Experimental section 

Preparation of emulsion templates 

With octadecene and chloroform: 100 µL of octadecene (OD) and 1.9 mL of chloroform 

were sonicated in 20 mL of water containing 0.4 g of cetyltrimethylammonium bromide 

(CTAB) for 5 minutes to form an opaque white microemulsion. The emulsion obtained was 

stirred at room temperature for 20 minutes before raising the temperature to 60 °C for about 5 

minutes to complete the evaporation of chloroform which caused a change in the appearance 

from opaque white to translucent. The excess CTAB was crystallised out of the solution by 

reducing the temperature to 4 °C. This process was repeated  for three times complete removal 

of excess CTAB. 

Control experiments were carried out where the samples were synthesized using emulsions 

made from either octadecene or chloroform. 

Synthesis of mesocellular hollow spheres (MHS) 

14.3 g of ammonia solution (27% ) and 0.025 g of CTAB were taken along with 27 mL of 

water in a round bottom flask and kept stirring for 10 minutes. 4 mL of the emulsion templates 

was added and the temperature was slowly raised to 85 °C with stirring. After the temperature 

stabilised, 0.3 mL of 1,2-bis(triethoxysilyl)ethane was added dropwise to the reaction mixture 

and stirring was continued for two hours. The as-synthesised mesocellular hollow spheres were 

washed with water and ethanol to remove to emulsion templates. 
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Synthesis of Fe3O4@MHS 

Oleic acid capped Fe3O4 nanoparticles (synthesized using a reported procedure
[13]

) were taken 

in 2 mL of chloroform and sonicated in 20 mL of water containing 0.4 g of CTAB. This was 

then stirred for 10-15 minutes and the temperature was raised to 60 °C for 10 minutes to 

volatilize chloroform and complete the solubilization of Fe3O4 nanoparticles in water. The 

excess CTAB was crystallized out by reducing the temperature to 4 °C. 1 mL of Fe3O4 

nanoparticles dispersion was mixed with the same volume of emulsion templates obtained from 

octadecene and chloroform. The temperature was raised to 85 °C and 0.3 mL of 1,2-

bis(triethoxysilyl)ethane was added dropwise to the reaction mixture with stirring. After two 

hours, mesocellular hollow spheres formed were washed with water and ethanol to remove to 

emulsion templates. 

5.4. Characterization 

Please refer to the appendix for the instrumental details of FESEM, TEM, nitrogen sorption 

analysis and dynamic light scattering measurements. 

5.5. Results and discussion 

In this chapter, microemulsion templates were used to synthesize hollow mesoporous 

silica spheres with mesocellular interiors. Chloroform and octadecene were used to form the oil 

phase of the microemulsion in water using excess CTAB as the stabilizer (Scheme 1). The size 

of emulsion templates was reduced by evaporating the chloroform at 60 °C. Excess CTAB was 

then crystallized out of solution by reducing the temperature to 4 °C. This was essential to 

avoid independent nucleation of the mesoporous silica away from the emulsion templates. The 

as-synthesized emulsion was then used as a template to form hollow mesoporous organosilica 

spheres with mesocellular interiors using the sol-gel based transcription method. The FESEM 

image of the mesocellular hollow spheres (MHS) shows irregular shapes and sizes as expected 

from a soft templating strategy
[14]

 (Figure 1a). The TEM image shows uniformly sized, multiple 

hollow cavities enveloped by a mesoporous shell with radial mesochannels (Figure 1b). 
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Scheme 1. An illustration depicting the synthetic strategy of mesocellular hollow spheres using 

emulsion templates. 

 

Figure 1. (a) FESEM and (b) TEM images of mesocellular hollow spheres. 

To understand the mechanism of formation of MHS, dynamic light scattering (DLS) 

measurements were carried out to analyse the size of the emulsion templates before silica 

deposition. A mean droplet size of around 25-30 nm was obtained from the DLS data (Figure 

2). This is quite close to the size obtained for the cavities from TEM, considering the fact that 

the size obtained from DLS is the hydrodynamic size which includes the surfactant layer 

stabilizing the droplets and the solvent molecules which move with the droplet. The 

condensation of silica around the emulsion droplets leads to their aggregation resulting in a  

mesocellular internal structure. The deposition of negatively charged silica species neutralises 
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the charge of CTAB stabilising the emulsion droplets thus allowing them to aggregate (Scheme 

1). Further, as more hydrolyzed silica species formed in the reaction mixture, they self-

assembled with the CTAB available in the solution to form radially oriented mesochannels. 

Nitrogen adsorption-desorption isotherms (Figure 3a) recorded on MHS showed two 

inflections, with the first one at 0.3 P/P0 corresponding to the radial mesopores templated by the 

CTAB and the second one at 0.8 P/P0 corresponding to the cavities templated by the soft 

emulsion droplets. The calculated BJH (Barret-Joyner-Halenda) pore size distribution (Figure 

3b) also showed two peaks at 3.1 nm (due to CTAB template) and 11 nm (due to cavities). The 

appearance of a second peak at 11 nm implies that the cavities are relatively monodisperse in 

size which is quite unusual to obtain in the absence of a secondary surfactant. Moreover, the 

isotherms show H2 type hysteresis according to the IUPAC system of nomenclature indicating 

percolation effects. This implies that the cavities are accessible through the radial mesochannels 

and can be used to load drug molecules for delivery.   

 

Figure 2. (a) Size distribution of the emulsion templates obtained using octadecene and 

chloroform. (b) The plot of correlation function used for calculation of the size distribution 

data. 

 

Figure 3. (a) Nitrogen adsorption-desorption isotherms of the mesocellular hollow spheres and 

(b) their calculated pore size distribution (Barret-Joyner-Halenda) showing two peaks at 3.1 

nm and 11 nm for the radial mesochannels and cavities, respectively. 
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In order to understand the role of chloroform and octadecene in the formation of the 

mesocellular structure, control experiments were carried out where either only chloroform or 

octadecene was used to form the emulsion. When octadecene alone (no chloroform)  was used, 

DLS measurements showed a larger mean droplet size of around 80 nm (Figure 4). The 

deposition of silica on these emulsion templates gave hollow mesoporous organosilica spheres 

with large cavities and radial mesochannels as seen in the TEM image given in figure 5a. It is 

also important to note from the FESEM image (Figure 5b) that the cavity sizes are not uniform 

whereas, in the MHS it was observed that the cavity sizes were fairly monodisperse but the size 

of the conglomerate of cavities was polydisperse. This is in line with the polydispersity index 

calculated from the DLS data which gave a higher value of 0.28 for the emulsion formed using 

octadecene alone in contrast to the smaller value of 0.18 for the emulsion formed from 

octadecene and chloroform. So, the use of chloroform helped in increasing the monodispersity 

of the emulsion templates and its removal during the thermal treatment step reduced the size of 

the emulsion droplets by two to three times. This can be rationalized by considering the fact 

that addition of chloroform (viscosity - 0.0005 Pa·s) reduces the viscosity of dispersed phase 

(viscosity of octadecene – 0.004 Pa·s) which lowers the viscosity ratio between the dispersed 

phase and the dispersion medium (viscosity of water – 0.0009 Pa·s) to below 1 which is known 

to increase the monodispersity and reduce the size of emulsion droplets.
[15]

 The nitrogen 

adsorption-desorption isotherms recorded on these hollow mesoporous spheres showed H2 type 

hysteresis indicating that the hollow cavity is accessible through the radial mesochannels 

(Figure 6a). On the other hand when only chloroform and no octadecene was used, mesoporous 

organosilica sphere with no hollow structure were formed (Figure 5c-d). The nitrogen 

adsorption-desorption isotherms did not show any significant hysteresis confirming the absence 

of accessible cavities (Figure 6b). This suggests that no emulsion templates are left after the 

heat treatment at 60 °C when only chloroform is used. When the emulsion was formed only 

with chloroform, the dispersed phase is completely removed and hence in the absence of the 

emulsion templates solid mesoporous organosilica spheres were formed.    

 

Figure 4.  (a) Size distribution of the emulsion templates obtained using octadecene only. (b) 

The plot of correlation function used for calculation of the size distribution data.  
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Figure 5. (a) TEM and (b) FESEM images of hollow mesoporous organosilica spheres formed 

using octadecene only to form the emulsion. (c) FESEM and (d) TEM images of solid 

mesoporous organosilica spheres formed when only chloroform was used. 

 

Figure 6. Nitrogen adsorption-desorption isotherms for the (a) hollow mesoporous 

organosilica spheres and (b) solid mesoporous organosilica spheres synthesized using only 

octadecene and chloroform, respectively. 

The formation of MHS involves aggregation of the emulsion droplets followed by 

formation of mesoporous silica shell. To increase the functionality of the MHS, the emulsion 

templates were mixed with water soluble Fe3O4 nanoparticles prior to silica condensation to 

encapsulate Fe3O4 into the MHS. The TEM images of the Fe3O4@MHS show presence of 

Fe3O4 nanoparticles in the core of MHS (Figure 7a-b).  The incorporation of magnetite 

nanoparticles into the MHS would enable their use in MRI for diagnostic applications.  
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Figure 7. (a) Low magnification and (b) high magnification TEM images of mesocellular 

hollow spheres containing Fe3O4 nanoparticles at their core.  

5.6. Conclusions 

In conclusion, mesocellular hollow spheres have been synthesized using emulsion templates 

formed from chloroform and octadecene mixture. The role of chloroform and octadecene was 

studied and compared with blank experiments where only a single component was used to form 

the emulsion. Multifunctional composites incorporating Fe3O4 nanoparticles were synthesized 

by simply adding CTAB solubilised (oleic acid capped) nanoparticles to the emulsion prior to 

silica condensation. Similarly, gold nanoparticles and quantum dots can also be encapsulated to 

increase the functionality of the composites synthesized. 
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Conclusions and Future Outlook 

 

The potential of supramolecular chemistry in pore engineering of mesoporous silica has been 

explored to modify the pore size, philicity and surface charge. Strong charge-transfer 

interactions between viologen and various derivatised donors were exploited to enable 

performance on par with covalent strategies while retaining the advantages of a modular 

reversible approach.  

 In chapter 4.2, weak charge-transfer interactions were aided by hydrophobic 

interactions to enable charge-reversal. It would be a worthwhile attempt to try to attain charge 

reversal using hydrophobic interactions alone as it would make the design much more simpler 

and cost effective. Hydrophobic interactions are very effective in creating very strong 

assemblies especially in aqueous media. The nanochannels can be functionalized with alkyl 

chains and by using positively and negatively charged surfactants it would be possible to 

modify the surface charges to induce electrostatic gating of ion transport.  

 The sensitivity of the ion transport to the surface charge can be used as a tool to probe 

the nanoconfinement induced perturbation of acid-base equlibria or dissociation equilibria. 

Various interesting phenomena like cooperative electrostatic adsorption can also be studied.  
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Comment on the nature of interaction between viologen and pyranine: 

Pyranine has three sulfonate groups attached to the pyrene aromatic core which makes it 

electron deficient. This would reduce the strength of charge-transfer interactions between 

pyranine and viologen (electron acceptor). Nevertheless, charge-transfer interactions between 

pyranine and viologen have been reported in literature
[1]

 to be able to form one dimensional 

assemblies with a fairly large association constant (10
4 

M
-1

). The extent of contribution of 

charge transfer interactions in the overall binding has also been studied. It was found that 25% 

of the Gibbs free energy of binding is due to charge-transfer interactions while a major 75% is 

contributed by coulombic forces.
[2]

 It should be noted that the binding strength of SBA-V was 

much stronger than the solution state analogue possibly due to the hydrophobic environment 

provided by the iodopropyl groups which strengthens the charge-transfer interactions. This 

observation was already made in the thesis. 
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Instrumentation and Techniques for 

characterization 

Powder X-ray Diffraction (XRD) – Recorded with Bruker D8 Advance 

diffractometer using Cu Kα radiation.  

Dynamic light scattering and zeta potential measurements - were carried out using 

a NanoZS (Malvern, UK) employing a 532 nm laser at a back scattering angle of 

173
o
.  

Infrared spectroscopy- IR spectra were recorded using Bruker IFS 66v/S 

spectrometer. 1-2 mg of sample was mixed with 100 mg of dry KBr and pelletized for 

recording spectra. Dry KBr pellets were used to correct for background. 

Diffuse Relectance Infra-red Fourier Transform Spectroscopy (DRIFTS) – 

DRIFTS spectra were recorded on a Bruker IFS 66v/S spectrometer. Averaged data 

from 100 scans was used to improve signal to noise ratio. 

UV-Vis absorption spectroscopy – Spectra were recorded on Perkin-Elmer Lambda 

900 UV/VIS/NIR spectrometer. 

Fluorescence spectroscopy – emission spectra were recorded on Perkin Elmer Ls 55 

luminescence spectrometer. Emission spectra were recorded in front face geometry 

using a 1 mm cuvette. 

Transmission Electron Microscopy (TEM) - Images obtained with a JEOL JEM 

3010 operating at an accelerating voltage of 300 KV. Samples for TEM analysis are 
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prepared by dispersing the sample in ethanol/water and drying one drop of the 

dispersion on holey carbon Cu grid. 

Field Emission Scanning Electron Microscopy (FESEM) - Images were obtained 

using a NOVA NANOSEM 600 (FEI, Netherlands).  A drop of dispersions of the 

sample was dried over aluminium stub for imaging.  For the mesoporous silica films 

imaging was carried out in low vacuum mode.  Energy dispersive x-ray spectra 

(EDAX) were recorded on the same instrument. 

Thermogravimetric Analysis (TGA) - was carried out on a Mettler-Toledo-TG-850 

instrument. 5-10 mg of sample was loaded into a small alumina boat for the analysis. 

Nitrogen adsorption-desorption analysis – was performed on a Autosorb-1C 

(Quantachrome corp.). The samples were outgassed at 80 °C for 12 h under high 

vacuum before analysis. The specific surface areas were calculated according to the 

BET method using the Quantachrome software (ASiQwin). Ultrahigh pure gases 

(99.9995%) were used for all experiments. 

Water Sorption analyses - were performed on Belsorp Aqua 3 at 298 K (BEL, 

Japan). 

Voltammetry – Cyclic voltammetry measurements were  performed  using  Autolab  

PGSTAT101  with  ITO  slides  coated  with mesoporous  silica  films  as  working  

electrodes,  platinum  wire  as  counter  electrode  and aqueous Ag/AgCl as reference 

electrode. 

Profilometry - was performed using a Wyko NT9100 Optical Profiling System 

(Bruker, USA). 
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List of Corrections/Modifications incorporated in the thesis 

 

1. A brief note has been included in the thesis (after the Conclusions and Future 

Outlook) in accordance with the suggestion of referee 1. 

2. On the page 56 (Figure 13), the label on the x-axis has been changed from  

“Charge-transfer” to “Charge-transfer + Electrostatic”. 
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