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Thesis Abstract 

Nano-structured materials are widely applied for various applications like photovoltaics, 

electrochromics and sensors. A challenging task in all these fields is the 

functionalization of these materials with a molecule of interest for the desired 

application. This work demonstrate the post grafting of the most important and 

commonly used nano-structured material, mesoporous TiO2, with different bifunctional 

molecular linkers. These compounds basically have two functional groups, the 

phosphonic acid group which coordinates to the TiO2 surface and a positive and 

negative head group which controls the surface charge and the potential interaction of 

the surface with species in solution. These two groups are systematically separated by 

alkyl group of different chain length which controls the hydrophobicity of the surface. It is 

shown that the new surface modification technique simplifies the molecular 

requirements for functional surface modifiers considerably. Using a limited set of 

organic anchors with adjustable head group charge and hydrophobicity, broad range of 

molecules can be adsorbed onto TiO2. Different applications based on such modified 

surfaces were explored and demonstrated. The modified surfaces can be used to 

incorporate different charged guest molecules, electrochromophores and dyes, which 

enable to probe their electrochemistry and photovoltaic properties on the surface. 

Supra-molecular self assembly inside the modified pores is possible which can be 

monitored by different methods. The study includes the preparation of the modified 

surfaces and their characterization using different electrochemical methods, FTIR 

spectroscopy, QCM, Contact angle and SEM measurements. 
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1 Introduction 

Tailoring the surface properties of metals and metal oxide surfaces has been a 

challenge for decades. One of the earliest and popular method to modify surfaces, 

Langmuir-Blodgett technique, is dated back to 1920.[3] Until the beginning of 1980’s the 

surface modification of metals and metal oxides show little progress. The work of Allara 

and Nuzzo on the adsorption of n-alkanoic acids on aluminum oxide and their first 

evidence of alkylthiolates on gold can be considered the bench mark for the field of self 

assembled monolayers (SAMs).[4]  

According to Love, SAMs are defined as organic assemblies formed by the adsorption 

of molecular constituents from solution or the gas phase onto the surface of solids or in 

regular arrays on the surface of liquids ; the adsorbates organize spontaneously  into 

crystalline (or semicrystalline) structures.[5] Originally the term SAM is widely used for 

alkyl thiols on gold, consequently the term is also equally used for other organic 

assemblies on surfaces. The process demands a rational and careful design to impart 

the desirable properties to the metal or oxide surfaces. SAMs tune the optical, 

electrochemical, and chemical properties of the surface and impart unique features that 

would have been impossible on the unmodified surface. SAMs are created on metal or 

metal oxide surfaces through simple processes like dipping, spraying, or vapor 

deposition. They are stabilized by one or a combination of such interactions like (i) 

covalent bonding using anchoring groups and hydrogen bonding, (ii) electrostatic 

interactions via ion exchange, ion-pairing, donor acceptor interactions (iii) or van der 

Waals forces (hydrophobic and dipole interactions). Among them covalent bonding 



Introduction 
 

2 
 

using anchoring groups is one of the most widely used strategies to obtain the desired 

surface functionality.   

As the chemical and physical properties of metal or metal oxide surfaces vary greatly, 

accordingly different anchoring groups should be used. The most common anchoring 

groups includes –SH, -COOH, -SiX3(X= H, Cl, OR), and –P(O)(OH)2, a comprehensive 

review on the different anchoring group- substrate combination was recently published 

by Love.[5] The main emphasis of this thesis is on surface modifiers with phosphonic 

acid anchoring groups, thus they will be discussed in detail in later sections. 

Organic assemblies on surfaces encompasses a wide spectrum of applications such as 

chemical and biological sensors,[6] modified electrodes,[7] separation membranes,[8] 

selective adsorbents for HPLC,[9] heterogeneous and metal complex catalysts,[10] 

implants[11] and anticorrosion coatings.[12]  

1.1 Nanocrystalline TiO2 

The oxide of interest in this thesis is titanium dioxide (TiO2); therefore it is worthwhile to 

mention some of its physico-chemical properties in this section. In surface science 

studies, TiO2 is one of the most extensively investigated oxide due to its versatile 

technological applications. It is widely used as white pigments (in paints and cosmetics), 

photo-catalyst, and in energy storage devices (solar cells and batteries). TiO2 exists as 

three different polymorphs namely brookite (rombohedral), anatase (tetragonal) and 

rutile (tetragonal). However, only rutile and anatase are important with regard to any 

TiO2 application. In the crystal structures the titanium atom coordinated to six oxygen 

atoms in slightly distorted octahedral configuration while oxygen is three fold 

coordinated (Figure 1.2). Rutile is the thermodynamically stable form in bulk TiO2. 
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Single crystal experimental studies were mostly performed on rutile due to the 

difficulties of getting anatase single crystals. Anatase draws much attentions due to its 

high reactivity for certain photocatalytic reaction and O2 photo-activation. It is mostly 

used in photovoltaic cells.  

The three surfaces exposed in rutile crystals are (110), (101), and (100) of which the 

(110) surface is the most stable.[13] In anatase the two faces that are exposed are (101) 

and (100) the former being stable and largely exposed.[14] Figure 1.1 presented the two 

most stable surfaces of anatase and rutile respectively. 

 

 

 

Figure 1-1: The most stable exposed surfaces of anatase 101(left) and rutile

101(right) representing 5 and 6 coordinated Ti atoms and 2 and 3 coordinated O

atoms. 
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TiO2 is categorized as a wide band gap semiconductor material; with band gap energies 

for anatase and rutile estimated to be 3.2 and 3.0 eV, respectively. Therefore, it can be 

used as insulator or conductive substrate by monitoring the band gaps.[1] Consequently 

the optical absorption lies in the UV region (< 400nm). The flat-band potential depend 

on pH following the equation 

                     
).(06.0 SCEvspHUU ofb −=                                              1.1 

Figure 1-2: Crystal structures of anatase and rutile. The tetragonal unit cell of anatase a

= b = 3.782 0A, C= 9.502 0A and that of rutile, a = b = 4.587 A and C = 2.953 A. The

basic building blocks are the slightly distorted octahedra. The stacking of the octahedra

in both structures is shown on the right. Adopted from Diebold [1] 
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where Uo is -0.2 and -0.4 V for rutile and anatase, respectively.[15] 

Advances in nanoscience and nanotechnology play a pivotal role in many fields of 

science and research in TiO2 is in the fore front. Many TiO2 based devices are utilizing 

nano-sized TiO2 particles due to the unique size dependent properties of nano-particles.  

These includes (i) large specific area and surface to volume ratio which allows the 

immobilization of a large number of molecules; a criterion for many TiO2 based devices, 

(ii) enhanced chemical activity due to size induced structural distortion (the presence of 

under-coordinated atoms (like corners or edges) or O vacancies in an oxide nano-

particle), (iii) quantum confinement which governs the movement of electrons and holes 

and ultimately determines the electronic properties.[16] 

Nano-scale TiO2 materials can be synthesized in various ways including sol-gel 

methods,[17] hydrothermal method,[18] template method,[19]  anodization,[20] and vapor 

deposition methods (CVD and PVD).[21] The thermodynamic phase stability depends 

mainly on the preparation method of the particles and the initial size of the particles.[22]  

Anatase is the thermodynamically favored phase for particle size <14 nm and rutile for 

particle size > 50 nm.  Phase transformation from anatase to rutile occurs at 

temperatures > 700oC. 

The nano-sized particles are sintered together to give porous nano-crystalline TiO2 

films, which consist of an interconnected network of nano-sized TiO2 particles. The 

porous films exhibit increased reactivity as well as special optical and electronic 

properties.  
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Mesoscopic TiO2 thin films composed of nano sized particles have been used for 

various applications such as photovoltaics,[23] photocatalytic water splitting,[24] 

electrochromic devices,[25] and gas sensors.[20a, 26]  

1.2 Phosphonic acids 

A key step in the surface modification of mesoporous TiO2 is creating a strong and 

stable binding of the functional moiety to the surface via an anchor group. Organo- 

silicon compounds have been extensively used as ‘universal modifier’ for different oxide 

surfaces.[27] However, they have certain limitations; (i) organosilicon compounds 

containing halogen, oxygen or nitrogen are susceptible to nucleophilic substitution, 

hence they are prone to hydrolysis, [28] (ii)  the stability, structure and organization of the 

monolayers  is highly dependent on the surrounding environment such as solvent, pH 

and temperature; accordingly partial or dense monolayers can be obtained  (iii) 

homocondensation reaction between two organosilicon compounds leads to the 

formation of Si-O-Si bonds (formation of multi layers and polymerization).[29] The 

problem is adequately solved by using carboxylic acid anchoring groups which are 

known to bind to different metal oxide surfaces.[30] They appear to give exceptionally 

good electron coupling in dye – semiconductor interface.[31] However, they have 

problems with long term stability due to slow desorption in the presence of water. To 

overcome these problems and to satisfy the demand of modifying various oxide 

surfaces, organophosphorous compounds (phosphonic acids and their derivatives) 

emerge as the best alternative.[29, 32] They undergo electrophilic substitution with surface 

hydroxyl groups to form a stable and robust modifier layer.  Studies show that the 

phosphonate linkage to a TiO2 surface has been found to be stronger than the 
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carboxylate anchor.[33] Their increased reactivity toward metal oxide surfaces is 

attributed to the low pKa value which allows them to participate in acid base interaction 

or direct physisorption on to the surface.[34] Contrary to silanes the homocondenstaion 

reaction between P-OH and P-O- does not occur. This has two important 

consequences: (i) more freedom to control the experimental conditions during 

modification and (ii) and better quality monolayers.   

Organo-phosphorous surface modifiers are consisting of three fragments (Scheme 1.1). 

These are an anchoring group which is responsible to immobilize the modifier on the 

metal oxide surface through covalent bonding and/ or other specific interaction, a 

functional group that determines the surface chemical properties of the modified metal 

oxide and spacer (or linker) which serve as a connection between the anchor and 

functional group; additionally it controls the distance between the functional group and 

the anchor.  

Phosphonic acids are the most common anchor groups beside the phosphonate esters 

and acid chlorides. They have been used to modify mesoporous metal oxides such as 

TiO2, ZrO2, and Al2O3.[30, 35] The synthetic route for these compounds, Michaelis - 

Abruzov reaction, is well established and widely investigated among organo-

phosphorous reactions.[36] 
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Experimentally the surface modifications can be followed by a variety of techniques like 

IR [37], XPS [38], AFM [39] and NMR.[40] The binding of these acids to the TiO2 surface can 

either be mono-, bi, or tri dentate and is determined by the number of oxygen atoms 

which participate in bond formation with the surface Ti atoms.[35e, 41] The possible 

binding modes are presented in Scheme 1.2. The binding mode to the TiO2 surface 

depends mainly on structure of the surface modifier, geometry of the surface, methods 

of film preparation and conditions of surface modification (e.g. temperature, solvent).  

Scheme 1-1: Schematic representation of chemically modified metal oxide. 
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Despite the fact that the experimental results suggest different binding modes, DFT 

calculations only support some of them. Nilsing et al. have studied the adsorption of 

phosphonic acid on titania surfaces using periodic boundary conditions within hybrid ab 

initio Hartree-Fock density-functional theory calculations. Their results suggest that 

monodentate binding mode involving the coordination of the P=O group stabilized by 

two hydrogen bonds (Scheme 1.2h) is the most stable adsorption mode.[33b, 42] 

However, a recent study by Regina et al. utilizing  self-consistent charge density-

functional-based tight-binding method (SCC-DFTB) suggests that the stable 

configuration is the bidentate configuration and the tridenate is the least stable 

configuration.[43] 

Scheme 1-2: Possible binding modes: (a) monodentate, (b, c) bridging bidentate, (d)

bridging tridentate, (e) chelating bidentate, (f-h) additional hydrogen bonding

interactions. Adopted from Mutin et al.[2] 
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The ordering of alkyl phosphonic acid SAMs on TiO2 and including other oxide surfaces 

depend on the alkyl chain length and the pendant end group. Ordered quasi crystalline 

structures with all trans arrangement are obtained only for n ≥ 16 where n is the number 

of C atoms.[33a, 44]   

1.3 Recent advances 

Many of the applications mentioned in the previous sections and others require a 

molecular layer of a functional compound on the surface or inner walls of the 

mesoporous TiO2. In these systems the organic chromophores or the redox centers are 

directly attached to the TiO2 surface by different anchoring groups which allow fast 

electron transfer between the electrode and the redox centers. Therefore, to check a 

new functional compound (sensitizer, electro-chromophore, redox shuttle) as a 

candidate for its efficiency, it has to be equipped with an anchoring group and this may 

be a complicated synthetic task. This led us and others to use bifunctional molecular 

linkers or orthogonal organic anchors. These compounds are basically long chain 

carboxylic or phosphonic acids in which the end group is designed to react with other 

compounds of interest. 

Bifunctional molecular linkers have been used to modify metal and metal oxide surfaces 

to impart peculiar properties to surfaces and to extend the coordination properties.[45] 

The technique is extended to mesoporous TiO2 to achieve increased flexibility for 

coordinating a functional moiety on the surface or inside the pores. The sensitization of 

mesoscopic TiO2 films using bifunctional surface modifiers, thiol terminated carboxylic 

acid (SHR- COOH) linked with CdSe nanoparticles results injection of electrons from 

CdSe nanoparticles into TiO2 nanocrystallites upon visible light excitation.[46] Mann et al. 
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recently reported that thiolated TiO2 surfaces are capable of incorporating CdSe 

nanoparticles through a disulfide linkage.[37]  

Bridging anchors with orthogonal coordination properties effectively used for deposition 

of quantum dots (CdS and CdSe) on TiO2 and employed for photocatalytic pattering of 

monolayer,[47] quantum dot solar cells.[48] In a separate study carboxylated sensitizers 

with hydrophobic alkyl chains used for hole conductors on TiO2.[49] 

1.4 Aim and organization of this work 

Electrochemical studies involving modified mesoporous TiO2 mainly intended for the 

use of phosphonate functionality for anchoring noble metal complexes and organic 

chromophores in areas of solar cells and displays.[25, 50] Electrochemistry is an elegant 

tool to investigate different phenomenon at the modified surface solution interface. 

However, use of bifunctional alkyl phosphonic acid and TiO2 to monitor such 

phenomenon like mass transport, preconcentration, and ion gating are still rare in 

literatures.[51] 

This work introduce a more flexible approach to immobilize the target redox centers on 

TiO2 surface through bifunctional  phosphonic acid which allow (a) the interaction of 

redox ions in solution with the modified surface either electrostatically or 

hydrophobically and (b) avoid the necessity having an anchoring group on the redox 

center or sensitizer. For this purpose terminally charged phosphonic acid with variable 

chain length (n = 6, 10, and 14) were synthesized and grafted to mesoporous TiO2 thin 

films. Depending on their carbon chain length, they occupy a considerable space of the 

pore volume. Furthermore their head groups determine the surface properties and 

potential interactions with species in solution.  The new surface modification technique 
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simplifies the molecular requirements for functional surface modifiers considerably. 

Using a limited set of organic anchors with orthogonal coordination properties and 

adjustable hydrophobicity, a broad range of electro-chromophores, redox active wiring 

compounds or sensitizers can be adsorbed onto TiO2.   

The chemistry of modified surfaces generally involves three basic parts: the design and 

synthesis of modifier molecules, characterization of the modified surfaces, and the study 

of the properties that these modifiers can impart to a surface. This thesis mainly 

addresses the last two parts whereas the first part will be discussed in another thesis.[52] 

The study address: 

i. characterization of the modified mesoporous TiO2 surfaces and the effect of 

the new surface modifiers on the surface properties (hydrophobicity or 

hydrophlicity). 

ii. the influence of the modifiers on the accumulation and movement of 

electroactive guests and charge propagation on the surface or in the modified 

pores. 

iii. pores size control and the role of electrostatic interactions inside the modified 

pores (preconcentration, competition and selectivity). 

iv. use of these modified surfaces for aqueous based dye sensitized solar cells.  

This thesis is organized into five chapters; the first chapter is a general introduction 

which gives back ground information on self assembled monolayers, mesoporous TiO2, 

and phosphonic acid surface modifiers. Chapter specific introductions were included, if 

necessary, to clarify certain facts and specific topics. The second chapter is devoted for 

experimental details and methods employed in this study. The focus of the third chapter 
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mainly on the characterization of the modified TiO2 surfaces by different techniques like 

Quartz crystal microbalance, Fourier transform infrared spectroscopy and Contact angle 

measurements. In addition the effect of the modification on the electrochemical behavior 

of different redox ions with different charge and hydrophobicity were discussed. Chapter 

four addresses (i) electrostatic closure of the porous system due to overlapping Debye 

layers, (ii) charge inversion of the pore walls, and (iii) the mode of charge propagation 

along the modified pore walls.  Comparisons of electrostatic barrier inside TiO2 modified 

pores prepared in two ways were also discussed.  In the last chapter I tried to explain 

the possible use of the modified TiO2 surface as photo anodes for dye sensitized solar 

cells which operate in aqueous electrolyte.  
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2 Experimental  

2.1 Materials and Reagents 

Electroactive redox ions and non-electroactive competing ions: Potassium ferrocyanide 

(Merck), potassium ferricyanide, ruthenium hexamine trichloride (Sterm Chemicals), 

potassium hexachloroiridate (Alfa), 1-(ferroceynyl) ethanol (Fluka), (ferroceynyl methyl) 

trimethyl ammonium iodide (TCI), sodium 1,3,6-naphthalenetrisulfonate tribasic hydrate, 

and lanthanum chloride heptahydrate (Aldrich) were analytical grade and used as 

received. 

Hydrophobic electroactive redox ions (viologens): 1-hexyl-1'-methyl-4,4'-bipyridinium 

dibromide (C1-Vio++-C6), 1-decyl-1'-methyl-4,4'-bipyridinium dibromide (C1-Vio++-C10), 1-

tetradecyl-1'-methyl-4,4'-bipyridinium dibromide (C1-Vio++-C14), 1,1’-dihexyl-4,4’-

bipyridinium dibromide (C6-Vio++-C6), 1,1’-didecyl-4,4’-bipyridinium dibromide (C10-Vio++-

C10) and 1,1’-ditetradecyl-4,4’-bipyridinium dibromide (C14-Vio++-C14) were prepared by 

M. Kathiresan[52] (Scheme 2.1).  

Phosphonic acids (surface modifiers): n-hexylphosphonic acid (Pho-C6) (Alfa), 

decylphosphonic acid (Pho-C10) and tetradecylphosphonic acid (Pho-C14) were obtained 

from our group.[53] Alkane phosphonic acids with terminal charged groups (Scheme 2.2): 

6-phosphonohexane-1-pyridinium bromide (Pho-C6-Py+), 10-phosphohnodecane-1-

pyridinium bromide (Pho-C10-Py+), 14-phosphonotetradecane-1-pyridinium bromide 

(Pho-C14-Py+),1-methyl-4-{3-[1-(10-phosphonodecyl) pryidinium-4-yl]propyl} pyridinium 

bromide iodide (Pho-C14-Py+-Py+)  , 1-methyl-1'-(6-phosphonohexyl)-4,4'-bipyridinium 

dibromide (Pho-C6-V++), 1-(6-phosphonohexyl)sulfonic acid (Pho-C6-SO3
-), 1-(10-

phosphonodecyl) sulfonic acid (Pho-C10-SO3
-), and 1-(14-phosphonotetradecyl) sulfonic 
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acid  (Pho-C14-SO3
-), were prepared by M. Kathiresan. The detailed synthetic 

procedures and analytical data including 1H-NMR of all new compounds are reported 

elsewhere. [52] 

Dyes: Ru 535 dye (N3) (Solaronix), [13, 17-Bis (2´(propanoylamino)-ethanesulfonic 

acid)-2,7,12,18-tetramethylporphyrinato]-zinc(II) (1), 13, 17-Bis [N,N,N-3´-

(propanoylamino)-propan-1-trimethyl ammonium bromide]-2,7,12,18-

tetramethylporphyrin (2),[13, 17-Bis (propionic acid)-2,7,12,18-tetramethylporphyrinato]-

palladium(II) (3), were prepared by Mr. Martin Erbacher from University of Bremen  as 

part of a collaborative work. 3,3’-[(cis-7RS,8SR)-7-(Dimethylcarbamoylmethyl)-8-heptyl-

2,7,12,18-tetramethyl-7,8-dihydro-21H,23H-porphyrin-13,17-diyl]-dipropionic acid  (4) 

and  bis(2,2‘-bipyridyl)(4,4‘-dinonyl-2,2‘-bipyridyl)ruthenium(II) dichloride were prepared 

according to a reported procedure (5).[54] The structures of the dyes were presented in 

Scheme 2.3. 

2.2 Preparation of mesoporous TiO2 thin films 

Randomly sintered mesoporous TiO2 thin films: were prepared on TEC glass (F-doped 

SnO2 (FTO), 2.2 mm, 15 Ω cm-2) (LOF) or glass (Omni Lab) substrate as follows. The 

substrates were sequentially cleaned in   1 % Mucasol solution, distilled water, 0.1 M 

HCl, distilled water, acetone, each for 10 min in an ultrasonic bath. Then they were 

heated at 450 oC for 10 min using a hot air gun.  The titanium dioxide paste (particle 

size 14.5- 21.6 nm, surface area 103 m2g-1, NTERA, Dublin, Ireland) was applied to the 

substrates by doctor blade method masked with a scotch tape and air dried for 15 min. 

After removing the mask, the sample was heated in an oven for 30 min at 450 oC, the 

temperature is increased at rate of 5 0C/min. The film thickness was measured with a 
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white light interferometer (WLI Lab, BMT GmbH) and the average thickness was ca. 

4µm. Previous reports showed that films prepared analogously have an average pore 

diameter of 10-15 nm.[23b, 55] The roughness factor which is the ratio of the real (true) 

surface area to the geometrical surface area is ca.100.* 

The template porous TiO2 thin films: were prepared as described.[19a] 16.6 g titanium 

tetraethoxide (Merck) were dissolved in 10.6 mL concentrated HCl and stirred for some 

minutes. Afterwards a solution of 4 g block-co-polymer Pluronic P 123 (Aldrich) in 48 g 

ethanol was added and stirred for 10 minutes at a temperature of 8 – 10 °C. Then the 

films were dip-coated onto glass slides or FTO at a speed of 70mm/min and a humidity 

of 15 %. The coated glass was heated to 400 °C at a rate of 1 °C/min and kept at this 

temperature for 4 hours. 

Adsorption of alkyl phosphonic acid on TiO2 thin films: The as prepared TiO2 films were 

immersed in a freshly prepared 1mM ethanol or methanol solution of the phosphonic 

acids overnight, carefully washed with the same solvent and dried at 80oC for 15 min 

before further use. The resulting membrane functionalized TiO2 electrodes are 

designated as TiO2/Pho-C6-Py+, TiO2/Pho-C10-Py+, TiO2/Pho-C14-Py+, TiO2/Pho-C14-

Py+-Py+, TiO2/Pho-C6-SO3
-, TiO2/Pho-C10-SO3

- and TiO2/Pho-C14-SO3
-. 

The dye loaded photo anodes were prepared by dipping the membrane modified TiO2 

electrodes into a 0.5 mM stirred dye solution in methanol (1-4) or water (5) for 15 

minutes. Finally, the electrodes were rinsed with the respective solvents. For 

                                                            
* The roughness factor has been calculated from the experimental surface concentration of the N3 dye 
obtained from UV-Vis spectroscopy, and the expected surface concentration on the geometrical area of 
electrode considering the area occupied by a single dye molecule (1.65 nm2) 
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comparison electrodes with Ru 535 (N3) dye directly coordinated to TiO2 were prepared 

as reported.[56] 

2.3 Fourier transform infra red spectroscopy (FTIR) measurements 

IR spectra were measured with a VERTEX-70 (BRUKER) infrared spectrometer with a 

resolution of 4cm-1; 16 scans were averaged.  For the IR measurements TiO2 films were 

prepared on glass substrates (Omni Lab) which are transparent in the region of   

2500cm-1 - 3100 cm-1 and used as they are, or modified TiO2 films were scratched from 

the substrate and solid state FTIR spectra were recorded in the region of 600 cm-1 - 

3600 cm-1. For background correction an unmodified TiO2 film was used. 

Sub-milimolar solutions of the neutral phosphonic acids, Pho-C6, Pho-C10, and Pho-C14 

were prepared in spectroscopic grade carbontetrachloride (Aldrich) for the solution 

phase IR measurement. Then the concentration dependent absorption data of Pho-C6, 

Pho-C10, and Pho-C14 were obtained. The absorbance data at the frequency of 

asymmetric CH2 stretching band, νa(CH2), maxima were fitted to the Lambert-Beer 

equation 2.1.  

                       clA ×=ε                                                                   2.1 

Where A is the absorbance, c is the concentration (mol l-1) and l is the length of the 

cuvette (cm). The plots are linear in the concentration range 2 x 10 -5- 1 x 10-3 M. 

The extinction coefficients of Pho-C6, Pho-C10, and Pho-C14 were calculated from the 

slope of equation 2.1 and found to be 217 M-1 cm-1, 449 M-1 cm-1 and 630 M-1 cm-1, 

respectively. These values are in good agreement with previously reported values.[57]  

For the integrated absorbance coefficients, the integrated absorbance from 2800 to 
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3000 cm-1 were used instead of the absorbance in the Lambert-Beer equation and using 

a modified form of equation 2.1: [37] 

                       
clA ×=∫ int

3000

2800
ε                                                         2.2 

These values are in good agreement with previously reported values and are used to 

calculate the surface concentration.[57]   

2.4 Quartz crystal microbalance (QCM) measurements 

The loading of the phosphonic acid on TiO2 was determined by a QCM measurement 

according to a modified procedure.[58] The 6-MHZ, AT-cut quartz crystal was cleaned 

with acetone and coated on one side with TiO2, then subjected to a temperature of 450 

oC for 30 min. The quartz electrodes were mounted in a microbalance holder type 225 

with an integrated circuit (Institute of physical chemistry, Polish Academy of Sciences, 

Warsaw, Poland). The resonance frequency was monitored with PeakTech® 2060 

universal frequency counter. Prior to modification with the acids, the fundamental 

frequency (fo ) of  each crystal before and after coating with TiO2 was measured under 

Ar atmosphere. Then the quartz crystals were treated in a 1 mM solution of phosphonic 

acids in ethanol or methanol over night at room temperature, washed carefully with the 

respective solvents and dried over night at 80oC. The new frequency of the modified 

quartz was measured after the frequency was stable for 30 min. Then the difference in 

frequency of the modified and unmodified quartz crystals was used to calculate the 

amount of phosphonic acid adsorbed on the TiO2 surface.[59]  

The frequency change is related to the mass by the Sauerbrey equation 2.3 [59a] 
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           ∆ = ∆( . × )                                                    2.3 

Where ∆m is the areal mass change per unit area (g cm-2), ∆f is the change of 

frequency before and after modification and fo the fundamental frequency of the quartz. 

2.5 Contact angle measurements 

Contact angle measurements were performed using Drop Shape Analysis System 

(DSA100S, KRÜSS GmbH) at room temperature. Drop sizes of 3 or 5 µl were placed on 

modified and /or unmodified TiO2 substrates and 30 measured values were averaged in 

5 minutes. 

2.6 Scanning electron microscopy (SEM) measurements 

 The two types of TiO2 films were cut and affixed with silver conductive paint on a brass 

support. Then they were measured with a field emission SEM JEOL JSM-6700F, using 

a secondary electron detector at an acceleration voltage of 5.0 kV at a working distance 

of about 3 mm. This measurement was performed by Ms. Britta Seelandt at PCI 

Hannover, in the working group of Prof. Dr. M. Wark. 

2.7 Electrochemical measurements  

Electrochemical experiments were carried out with an Autolab Potentiostat PGSTAT 20 

interfaced with a personal computer running under GPES for Windows, version 4.9 

(ECO Chemie, Netherlands). A standard three electrode electrochemical cell with a Pt 

wire counter electrode and a Ag/AgCl reference electrode separated by a salt bridge 

were used. The TiO2 modified electrode with a geometric area of 0.78 cm2 was served 

as working electrode and electrical contact was made by a Ti holder. The electrolyte 
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was 0.1 M KCl and the pH was adjusted to 5.5-6.5. It was bubbled with Ar for at least 5 

min and Ar was blown over the electrolyte during the measurement. If not mentioned 

the CVs were recorded at v =50 mV/s. 

2.8 Photo-electrochemical measurements 

A 450 W xenon light source (Oriel, USA) was used in combination with two filters GG 

435 (Schott Glas) and BG 38 (Präzisions Glas & Optik GmbH, Germany) limiting the 

white light to the visible range 420-800 nm with an intensity of 16.5 mW/cm2. For 

monochromatic light illuminations a Metrospec (AMKO) monochromator was used in 

line with the cut-off filters. The light intensity reaching the electrode surface was 

measured with a calibrated AvaSpec-3648 spectrometer (Avantes, USA) equipped with 

an integrating sphere. The spectrometer was calibrated with a calibrated light source 

Avalight-HAL-CAL (Avantes, USA) yielding intensity errors < 5%. The photocurrent was 

measured in a three electrode arrangement with a homemade photoelectrochemical cell 

fitted with quartz cuvette of path length 10 mm. The dye sensitized TiO2 served as 

working electrode (illuminated area 0.5 cm2), a platinum wire as counter and a Ag/AgCl 

(3MKCl) system as reference electrode. Aqueous solutions of 0.1 M KI were used as 

electrolyte. The potential of the working electrode was controlled by an Autolab 

Potentiostat PGSTAT 20 interfaced with a personal computer running under GPES for 

Windows, version 4.9 (ECO Chemie, Netherlands).  

The incident photon to current conversion efficiency (IPCE) value at a given wave 

length was calculated following equation 2.4 

                            Φ
×

=
λ

λ scIIPCE 1240
)(                                                    2.4 



Experimental 
 

21 
 

where λ is the wave length (nm), Isc the short circuit photo current density (µA/cm2) and 

Φ is the incident power flux (µW/cm2). 

Absorbed photon to current efficiency (APCE) determines the portion of absorbed 

photons that generate electrons in the external circuit. The relation between IPCE and 

APCE is shown in equation 2.5, where LHE corresponds to the light harvesting 

efficiency. LHE quantifies absorbance of monochromatic light by a device as a function 

of absorption and given by equation 2.6. 

 

                               2.5 

 

                               2.6 

 

2.9 UV-Vis absorption and Fluorescence spectroscopy 

 UV-vis absorption spectra with dyes in solution (in MetOH: THF (1-4) or water (5)) or on 

a TiO2/membrane electrode were measured using a photodiode array Agilent 8453 UV-

visible spectrophotometer (Hewlett Packard). Surface concentration (Γ) on TiO2 or on 

membrane modified TiO2 were calculated from UV-vis spectra using the longer wave 

length Q bands and corrected for the roughness (ca.400). Emission spectra were 

measured in methanol (1-4) and water (5) with a spectrofluorometer, Fluorolog 3 

(SPEX); the data were used to calculate excited state potentials of the dyes.  
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Scheme 2-1: Structure of hydrophobic electroactive redox ions (substituted viologens) 

 
 

 

Scheme 2-2: Structure of neutral and charged phosphonic acids (surface / membrane 

modifiers) 

 

 



Experimental 
 

23 
 

 

Scheme 2-3: Structure of dyes with amphiphilc properties. 



Monitoring Surface Properties of Modified Mesoporous TiO2 Thin Films 
 

24 
 

3 Monitoring Surface Properties of Modified Mesoporous TiO2 Thin 

Films   

3.1 Characterization of modified TiO2 surface 

3.1.1 FTIR spectra of modified TiO2 surfaces and QCM measurements:  

Monolayers of phosphonic acid were adsorbed on the inner walls of mesoporous TiO2 

and characterized by FT-IR and by quartz crystal microbalance.  

Infrared spectroscopy is a valuable tool to characterize the surface modification and to 

determine the conformation of the modifier molecules on the surface.[4b, 4c, 60] Figure 3.1 

shows the two important frequency regions which are used for the indication of the 

substrate-modifier interaction. The P-O stretching vibrations lie in the range 800-1300 

cm-1 frequency region. This region is of special importance with regard to the modes of 

the phosphonate binding to the TiO2 which were presented in Scheme 1.2. A 

comparison of the IR spectra of the bulk material with that of the surface attached one 

provides information about the binding modes. Consequently, monodentate, [61] 

bidentate [62] and tridentate [63]  binding modes were suggested. However, the ranges for 

the different P-O stretching vibrations (P-O, P=O, P-OH) greatly overlap and depend on 

the degree of hydrogen bonding. Hence the interpretation of the IR spectra in this region 

is not trivial. Additionally, the charged phosphonic acids bearing the sulfonate group 

also give a frequency response in the same region; therefore judging the binding modes 

is not possible. Therefore, IR data were used to provide evidence for the modification 

and not to identify the binding modes. The observed frequencies include: the CH2 

symmetric stretching band (2850- 2865 cm-1), CH2 asymmetric stretching band (2920-
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2940 cm-1) and aromatic C-H stretching of pyridinium groups (3050 - 3060 cm-1). Table 

3.1 summarizes the IR frequency bands and their respective assignment.  

 

Figure 3-1: IR spectra of modified TiO2 film (TiO2/Pho-C14) showing the P-O stretching 

region (800-1300 cm-1) and C-H bands (2800-3100 cm-1) 

The organization of the monolayers (crystallinity and disorder) can be deduced from the 

frequency of the symmetric and asymmetric C-H stretching bands of the methylene 

groups.[4b, 4c] These vibrations are the symmetric stretch corresponding to a peak at 

~2850 cm-1 and an asymmetric stretch corresponding to a peak at ~2918 cm-1. These 

two frequency values are shifted to higher or lower frequency depending on the 

conformation of the alkyl chain. Shifting to higher side (>2918 cm-1) indicates a 

disordered monolayer with cis interactions in the alkyl chain, whereas frequency shifts 

to lower values (< 2918 cm-1), the monolayer is considered ordered with all trans C–C 

bonds. [33a] 
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Table 3-1: Characteristic IR absorption bands of TiO2 films modified with phosphonic 

acids 

surface modifiers frequency (cm-1) 

νsym(CH2) νasym(CH2) νasym(CH3) νarom(C-H) 

TiO2/Pho-C14 2852 2924 2960  

TiO2/Pho-C6-Py+ 2862 2935  3059 

TiO2/Pho-C10-Py+ 2856 2929  3055 

TiO2/Pho-C14-Py+ 2856 2928  3060 

TiO2/Pho-C6-SO3
- 2865 2935   

TiO2/Pho-C10-SO3
- 2860 2931   

TiO2/Pho-C14-SO3
- 2858 2929   

 

The surface coverage was calculated from IR by using a modified form of the Beer-

Lambert equation: 

                     1000.int ×
=Γ ∫

ε
A

                                                           3.1 

Where the г is the surface coverage on the projected area (mol cm-2), ∫ A  is the 

integrated absorbance in the C-H stretching region (2800-3000 cm-1), and .intε is the 

integrated absorption coefficient (M-1 cm-2) from 2800 to 3000 cm-1. The integrated 

absorption coefficient for Pho-C6, Pho-C10 and Pho-C14 were 1.37 x 104 M-1 cm-2, 2.3 x 

104 M-1 cm-2, and 3.45 x 104 M-1 cm-2, respectively.   

For all modified TiO2 surfaces the C-H asymmetric stretching band appears at higher 

frequency than the reference 2918 cm-1 (Figure 3.2) which indicates that the monolayers 

are disordered.[44, 46, 61]The disorder is more pronounced for those phosphonic acid 

bearing charged head groups (sulfonate or pyridinium) (Figure 3.2A) compared to the 
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neutral phosphonic acid (-CH3 group) and shorter chain phosphonic acids are more 

disorganized than the longer ones (Figure 3.2 B and C). Obviously the phosphonate 

groups large area foot print (0.25 nm2) will hamper close packing of the alkyl chains.[44] 

 

Figure 3-2: C-H stretching region (2700-3100 cm-1) of the IR spectra of modified TiO2 

films: A) comparison of neutral and charged phosphonic acids, B) pyridinium 

phosphonic acids, and C) sulfonated phosphonic acids. 
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Surface coverage of the different phosphonic acids on the mesoporous TiO2 calculated 

from FTIR and QCM data are presented in Table 3.2. The reproducibility of the QCM 

results is definitely lower than the IR measurements, but they show a reasonable 

correlation with the IR results.  

Table 3-2: Surface coverage of the different phosphonic acids on mesoporous TiO2 thin 

films 

Charge Phosphonic 

acids 

Г mesoporous/IR   

(mol/cm2) x 10-7 

Г corr/IR 

(mol/cm2) x 10-10 

Г corr/QCM  

( mol/cm2) x 10-10 

Neutral Pho-C14 2.7 6.6 6 

 

Positively 

charged 

Pho-C6-Py+ 0.7 1.8 2.5 

Pho-C10-Py+ 1.1 2.8 3 

Pho-C14-Py+ 1.1 2.8 2.7 

Negatively 

Charged 

Pho-C6-SO3 - 0.3 0.8 0.7 

Pho-C10-SO3
 - 0.6 1.5 0.8 

Pho-C14-SO3
 - 0.7 1.8 2.5 

Гmesoporous: surface concentration on 4 µm thick TiO2 film (projected area) 
Гcorr = Гmesoporous / 400     (400 = roughness) 
 
The surface concentration of the neutral phosphonic acid is 2.7 x 10-7mol cm-2 on the 

mesoporous film, which gives 7 x 10-10 mol cm-2 after correction for the roughness (400) 

in agreement with literature values.[37, 64] The values are less compared to densely 

packed self assembled monolayer (5-6 molecules/nm2). Upon introduction of the 

charged head groups the surface coverage drops by a factor of 2-3 as compared to the 

methyl terminated alkyl phosphonic acid. This is probably due to the repulsive 

electrostatic interaction and the weakening of hydrophobic interactions as carbon chain 

length decreases. 
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Figure 3.3 shows the concentration dependent IR absorption spectra of the modified 

TiO2 films. The saturation surface coverage is reached as the solution concentration of 

the phosphonic acid is ≥ 1 mM.   

 

Figure 3-3: IR spectra of functionalized TiO2 films with (A) Pho-C14-Py+, (B) Pho-C14-

SO3
-, (C) Pho-C14 (concentration varies from 0.05 -1.5 mM) and (D) Surface coverage 

of Pho-C14 (○),Pho-C14-Py+ (∆), and Pho-C14-SO3
- (◊) on TiO2 films as a function of 

solution concentration. 

The surface concentration data were reasonably modeled by the Langmuir adsorption 

isotherm according to equation 3.2 (Figure 3.4). 
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                K
cc

oo Γ
+

Γ
=

Γ
1

                                                        3.2  

Were c is the solution concentration (M), Γ is the surface coverage (mol cm-2), Γο the 

saturation surface coverage and K is the adsorption constant.  

The measured adsorption constant for Pho-C14 ,Pho-C14-Py+ , and Pho-C14-SO3
- are 6.3 

x 103, 4 x 103 and  3.5 x 103, respectively. These values are lower than metal polypridyl 

complexes adsorbed on nanocrystalline TiO2 through carboxylic anchor group;[65] one 

reason could be that these complexes are anchored by multi carboxylic groups. 

However, the present results are in  good agreement with thiolated alkyl phosphonic 

acids.[37]   

 

 

 

 

 

 

 

Figure 3-4: Fits of the Langmuir isotherm: Pho-C14 (○), Pho-C14-Py+ (∆), and Pho-C14-

SO3
- (◊). Data obtained from figure 3D. 
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3.1.2 Contact angle Measurements: 

Thin films of TiO2 on glasses and mirrors are known to impart antifogging function and 

hydrophobic or hydrophilic properties to the substrate surfaces.[66] Reversible switching 

of TiO2 nano rod films between superhydrophobic and superhydrophilic upon Uv light 

irradiation was reported by Feng et al.[67] 

Figure 3.5 shows the micrographs of water droplets on the modified TiO2 surfaces. Here 

the surface properties are controlled by the head group functionality; the neutral 

phosphonic acids impart superhydrophobicity to the TiO2 surface (contact angle 

>130o).[68] Changing the head groups to positive (pyridinium) or negative (sulfonate) 

results a drastic decrease in contact angle and making the surface highly hydrophilic. 

The tuning of the wetting properties of the surface will play a crucial role on the host 

guest interaction as will be presented in the next sections. Interestingly, the contact 

angle is increased as the carbon number increases independent of the surface charge 

density. This is partially due to the disorganized monolayers which exposes the alkyl 

backbone of the phosphonic acids to the surface and results a nominal increase in 

contact angle.   

The above measurements assure the incorporation of the phosphonic acids into the 

inner walls of the mesoporous TiO2 thin films. In the following section we demonstrate 

the incorporation of neutral or charged molecular guests on or into the membranes.  
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3.2 Electrochemical measurements: Monitoring host-guest interactions 

3.2.1 Pure electrostatic interactions 

Similar surface concentration were achieved for phosphonic acid with carbon chain 

length 10 and 14 (Table 3-2), however the later is expected to be more stable due to 

strong hydrophobic interaction between the carbon chains. Thus we used the C14 

modifiers for further electrochemical studies. All TiO2 electrodes modified with 

Figure 3-5: Contact angle measurements on modified TiO2 films: a) TiO2/Pho-C6, b)

TiO2/Pho-C10, c) TiO2/Pho-C14 d) TiO2/Pho-C6-Py+, e) TiO2/Pho-C10-Py+, f) TiO2/Pho-C14-

Py+, g) TiO2/Pho-C6-SO3
-, h) TiO2/Pho-C10-SO3

- and i) TiO2/Pho-C14-SO3
-. Numbers

indicate the contact angle. 
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phosphonic acid of chain n=14 exhibit stability in water towards hydrolysis over days as 

long as the pH is kept below 8.[35a] Figure 3.6 shows the current response of [Fe(CN)6]4- 

in solution at a bare and at modified TiO2 surfaces. The redox couple [Fe(CN)6 ]4- shows 

a quasi reversible wave with Eo = 0.305 V, with peak to peak separation of 104 mV, and 

with a  peak current density of ca 40 µAcm-2 at the un-modified TiO2 electrode (Figure 

3.6a). Worthwhile to mention is the fact that the redox potential is observed in a range, 

in which the TiO2 electrode behaves as an insulator rather than as a metal.[69] The 

current density varies with the pH (increasing with lower pH, decreasing with higher pH 

(not shown in Figure 3.6)), but it is generally in the range expected for a flat gold 

electrode. This indicates that the pores are open for diffusing [Fe(CN)6]4- ions, that 

heterogenous charge transfer occurs at the FTO solution interface or at defect areas on 

TiO2 exhibiting unexpected metallic behavior, and that there are only minor interactions 

with the unmodified TiO2 walls. Electrodes modified with the methyl terminated 

phosphonic acid (Pho-C14) show no current for [Fe(CN)6]4-. Obviously, water cannot 

enter into the mesoporous system. In fact, we observed contact angles in the range of 

130o for water droplets on the Pho-C14 modified TiO2 plate (see Figure 3.5c) (Figure 

3.6c). Such phenomena have been reported for mesoporous systems in general and 

TiO2 in particular. [67, 70] If the pores are modified with alkyl chains carrying either a 

negatively or positively charged head group (Figure 3.6 b/d)) the pore walls are wetted 

and the [Fe(CN)6]4- ions are allowed to enter the pores as in the case of un-modified 

TiO2 (Figure 3.6a). In case of the negatively charged head groups (Figure 3.6d) the 

current density is reduced to (ca. 8µA/cm2) as compared to the plain TiO2. Obviously 

the electrostatic repulsion reduces the concentration of [Fe(CN)6]4- ions in the channels 
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and/or on the wall surface. TiO2 electrodes modified with Pho-C14-Py+, with its pH-

independent positively charged head group, results in a large enhancement of the 

faradic current (ca. 240 µA cm-2). It is explained by the electrostatic attractive interaction 

between the positively charged inner walls and [Fe(CN)6]4- ions in solution, leading to an 

increased concentration of [Fe(CN)6]4-  ions in the channels and/or on the inner walls. 

The preconcentration process can be monitored, i.e. the peak currents in the cyclic 

voltammogram grow steadily until it reaches a maximum of 240 µAcm-2 (inset Figure 

3.6).  

The standard potential of [Fe(CN)6 ]4-/3- on unmodified, Pho-C14-Py+ and Pho-C14-SO3
- 

modified TiO2 electrodes were 0.304 V, 0.174 V and 0.255 V, respectively. The 

potentials are negatively shifted compared to the unmodified electrode. These shifts are 

attributed to a combination of Donnan potential and preferential stabilization of one of 

the oxidation state over the other.[71]    

Even at bare mesoporous TiO2 electrodes the electrochemistry of [Fe (CN)6 ]4-/3-  is 

controversially discussed in the literature with respect to its standard potential, the rate 

of electron transfer, and the site of heterogeneous electron transfer considering the 

“isolating state” of the TiO2 in the positive potential range.[72] However, the shape of the 

CV and the maximum current observed using our membrane modified mesoporous TiO2 

points to a combination of diffusion, thin layer behavior and surface confinement of 

electroactive species that determine the shape of the CV and its dependence on scan 

rate.[73] In order to distinguish the current (or charge) contribution from the mesoporous 

walls and from the channels of the mesoporous system, a Pho-C14-Py+ modified 

electrode was exposed to K4[Fe(CN)6] (c=100µM, i.e. where saturation is achieved) and 
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then studied by CV in pure electrolyte. A current density of ca. 180 µAcm-2 was 

observed indicating that a large portion of the current is related to channel wall confined 

[Fe(CN)6]4-.  

The preconcentration phenomenon described above has been applied to trace analysis 

of K4[Fe(CN)6] on Pho-C14-Py+ modified TiO2 electrode. Complete uptake of the 

[Fe(CN)6]4- ion was achieved within 5 minutes under convective conditions. The 

electrodes were then checked in pure aqueous electrolyte assuring that all currents 

stem from pore wall confined [Fe(CN)6]4-. A saturation of the [Fe(CN)6]4- signal 

corresponding to Γ = 1.6 x 10-8 mol cm-2 was reached at 100 µM solution concentration. 

This value is higher than those reported for functionalized mesoporous silica films.[74] 

Compared to ΓPho-C14-Py+(Table 3.2) and assuming full charge compensation by the 

ferrocyanide ions, the expected surface concentration is ca. 2.7 x 10-8 mol cm-2 hence 

the experimental value indicate 60 % the theoretical coverage. The uptake of the 

ferrocyanide ion during repetitive CV cycling is reflected by the current increase and 

reached the limiting value after ca. 40 minutes in quiet solution (Figure 3.7A). The 

increase in current indicates the accumulation of the ferrocyanide ions on the pyridinium 

adsorption sites.  

Using traditional cyclic voltammetry, the detection limit of [Fe(CN)6]4-is ca. 200 nM 

(Figure 3-7). Similar results were obtained for other electroactive metal complex ions 

like [IrCl6]2-. 
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Figure 3-7: A) The uptake of [Fe(CN6)]4- at TiO2 / Pho-C14-Py+ with time 100µM K4[Fe

(CN)6 ] in 0.1 M KCl and B) CV of [Fe(CN6)]4- at TiO2 / Pho-C14-Py+; 0 nM (black), 200nM (

red) and 400 nM (blue) in 0.1 M KCl. (detection limit < 200 nm) 

Figure 3-6: Single scan voltammograms of 0.1 mM K4[Fe(CN)6]  at a bare TiO2

electrode (black dotted, a), at a TiO2/Pho-C14 (black solid, c), at a TiO2/Pho-C14-Py+(

red, d), and at a TiO2/Pho-C14-SO3
- (blue line, b) in 0.1 M KCl at v = 50 mV/s and the

corresponding models (a-d) showing homogeneous a, b, and d and heterogeneous

wetting regime c, as well as repulsion and accumulation of [Fe(CN)6]4-. 
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3.2.2 Hydrophobic interaction combined with minor electrostatic interactions:  

In order to check the influence of the hydrophobic phase of our membranes, we used 

the neutral redox marker, 1-ferrocene ethanol, Fc-EtOH.[75] As mentioned in section 

3.2.1 the Pho-C14 modifier blocks water from entering to the mesopores and therefore 

no electrochemistry is observed, even if the Fc-EtOH would be incorporated in the 

membrane. Notably in other systems entrance of water into alkyl-chain modified 

(tailored) mesoporous TiO2 was found, but this may be related to differences in the TiO2 

architecture and/or of the modifiers structure.[70a] With Fc-EtOH in solution (c= 0.5 mM) 

Pho-C14-R+ and Pho-C14-R- modified TiO2 electrodes both show higher currents than the 

untreated TiO2 (the anodic peak current increases from 29 µA on unmodified TiO2 to 93 

µA and 110 µA on TiO2/Pho-C14-SO3
- and TiO2/Pho-C14-Py+, respectively, Figure 3.8). 

This is definitely related to the partitioning of the uncharged redox probe in the 

hydrophobic part of the monolayer. In agreement with this hypothesis, electrodes 

exposed to 0.5 mM solution of Fc-EtOH for 10 min and then transferred to pure 

aqueous electrolyte solution show electrochemical activity (not shown). Upon oxidation, 

Fc-EtOH becomes positively charged and is therefore expelled from the membrane with 

positive head groups resulting in an asymmetric CV wave (Figure 3.8b); while the 

negatively charged membrane does not show this behavior (Figure 3.8a) and 

equilibration of the electrode at 0.6 V for 5 min. does not affect the shape of the CV 

indicating that for the ferrocene couple the hydrophobic interaction is more important 

than the 1:1 charge interaction. 



Monitoring Surface Properties of Modified Mesoporous TiO2 Thin Films 
 

38 
 

 

 

 

 

 

 

 

The electrostatic stabilization /destabilization of the oxidized species at TiO2/Pho-C14-

SO3
- and TiO2/Pho-C14-Py+ can also be read from the Eo-potential difference which the 

couple exhibits on the two membranes E-
0 = 0.227 V and E+

0 = 0.257 V, respectively, 

indicating that the oxidized species is slightly stabilized by the sulfonated as compared 

to the pyridinium terminated membrane.  

3.2.3 Modulated hydrophobic interaction combined with substantial electrostatic 

interactions:  

In this section we study the modulated hydrophobic interactions combined with constant 

electrostatic contributions. Previously partitioning of long chain alkyl viologens into 

disorganized monolayers of alkyl silane on ITO due to hydrophobic interaction was 

reported by Markovich.[76] The cyclic voltammogram of the dimethyl viologen on a Pho-

Figure 3-8: CV of 0.5 mM Fc-EtOH at a bare TiO2 electrode (black dashed line), at a

TiO2 /Pho-C14-SO3
- (blue, a), and at a TiO2 /Pho-C14-Py+ (red, b) modified electrode

in 0.1 M KCl at v = 50 mV/s.  Interaction model:  TiO2/ Pho-C14-SO3
- and Fc-EtOH (a)

and TiO2/ Pho-C14-Py+ and Fc-EtOH (b). 
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C14-SO3
- modified TiO2 electrode shows no significant difference with that on an un-

modified electrode (CV not shown). Hence we prepared viologens with different alkyl 

substituent (Scheme 1.1). They exhibit the same charge but their hydrophobicity is 

controlled by the number of chains and the chain length. Notably, the chains (legs) have 

length comparable to those of the TiO2-modifiers, and according to our model they allow 

intercalation and efficient van-der-Waals contact. This interaction combined with the 

electrostatic attraction between the bipyridinium moiety and the modifier sulfonate head 

groups could lead to a strong partitioning of the guest in the membrane, mimicking 

biological systems.  

Figure 3.9 demonstrates the influence of the chain length of mono-legged viologens on 

the partitioning of these guests into the membrane electrode TiO2/Pho-C14-SO3
-. The 

alkyl viologens were adsorbed on the modified electrode from 0.5 mM solution in 

methanol for 10 minutes under convective condition. They were then transferred to the 

aqueous electrolyte solution for CV measurements. It is obvious that the faradic current 

(and the surface concentration) associated with the first reduction of the viologen to its 

radical cation increases as the number of carbons on the alkyl chain increases from 6 to 

10. However it decreases slightly when the chain length is increased from 10 to 14. 

Thus additional hydrophobic interaction does not bring higher surface concentration, 

possibly because of a bad fit of the leg in the membrane (Figure 3.9c). The scan was 

not extended over the second wave for stability reason concerning the monolayer 

(reductive desorption) and loss of electrostatic interaction (neutral oxidation state of the 

viologen after second reduction).[77] In Figure 3.10 the cyclic voltammograms obtained 

with the two-legged viologens in the same membrane are represented. In comparison 
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with the mono-legged viologen, the two-legged viologen have lower saturation packing 

densities, because (i) the double legged viologen occupies more space within the 

membrane to intercalate its legs in the free space available between the chains of the 

modifier, and (ii) the bipyridinium group is forced to sit flat on the modifier head groups 

and therefore it occupies a larger projected area. This is further illustrated in their 

surface concentration calculated from the integrated currents in the voltammograms 

(Table 3.3). A similar behavior was earlier reported from our group for viologens linked 

to TiO2 with two phosphonate anchoring groups resulting in lower surface concentration 

as compared to viologens with a single phosphonic acid anchoring group.[78]  

In the current study, the surface coverage of the viologens was compared to a directly 

attached viologen on the TiO2 film through the phosphonate linker, i.e. 1-methyl-1'-(6-

phosphonohexyl)-4,4'-bipyridinium dibromide (Pho-C6-Vio++-C1 2Br-). The surface 

coverage of the intercalated violgens Γ (C1-Vio++-C10) and Γ (C10-Vio++-C10) are 2.5 to 

3.5 times lower than the surface concentration of the directly attached viologens, 

respectively, or viologens on a gold surface.[79] This is expected because of the 

relatively small space available in the presence of the membrane (Table 3.3).  
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Table 3-3: Surface concentration of different alkyl viologens on mesoporous, 

Pho-C14-SO3
- modified thin films TiO2-electrodes. 

Viologen Γ( mol/cm2 ) x 10-8 Γcorr( mol/cm2 ) x 10-10 

C1-Vio++-C6 0.37 0.1 

C1-Vio++-C10 2.9 0.8 

C1-Vio++-C14 2.7 0.7 

C6-Vio++-C6 1.1 0.3 

C10-Vio++-C10 2.2 0.6 

C14-Vio++-C14 1.5 0.4 

Pho-C6-Vio++-C1 7.5 1.9 

    Гcorr = Г / 400      

 

 

 

 

 

 

 

 

Figure 3-9: CV of mono alkyl viologen modified TiO2 electrodes, TiO2/ Pho-C14-SO3
- / C1-

Vio++-C6 (cyan, a), TiO2/ Pho-C14-SO3
-/ C1-Vio++-C10 (orange, b), and TiO2/ Pho-C14-SO3

-/

C1-Vio++-C14 (green, c) in 0.1 M KCl at v = 50 mV/s. Interaction model (a) TiO2/ Pho-C14-

SO3
- vs. C1-Vio++-C6 , (b) TiO2/ Pho-C14-SO3

- vs. C1-Vio++-C10 and (c) TiO2/ Pho-C14-SO3
-

vs. C1-Vio++-C14. 
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Alternatively we studied the influence of the modifier chain length on the surface 

coverage of the double legged C10-Vio++-C10. The short chain modifier (n= 6 and 10) 

does not offer enough space for efficient hydrophobic interactions and shows 

consequently a reduced peak current in the CV (Figure 3.11a and b). The maximum 

interaction and therefore the highest peak current is reached for the interaction between 

C10-Vio++-C10 and TiO2/Pho-C14-SO3
-.  

 

Figure 3-10: CV of di alkyl Viologen modified TiO2 electrodes, TiO2/ Pho-C14-SO3
- / C6-

Vio++-C6 (cyan, a), TiO2/ Pho-C14-SO3
- / C10-Vio++-C10 (orange, b), and TiO2/ Pho-C14-SO3

-

/ C14-Vio++-C14 (green, c) in 0.1 M KCl at v = 50 mV/s. Interaction model (a) TiO2/ Pho-C14-

SO3
- vs. C6-Vio++-C6, (b) TiO2/ Pho-C14-SO3

- vs. C10-Vio++-C10 and (c) TiO2/Pho-C14-SO3
-

vs. C14-Vio++-C14. 
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The above results demonstrate clearly the importance of the match or mismatch 

situation with respect to the electrostatic and hydrophobic interactions. It is obvious that 

(a) the closest approach between the sulfonate head group and the positive charge(s) 

on the viologen and (b) the hydrophobic interaction between the membrane chains and 

the viologens legs are of crucial importance. The schematic interaction models in Figure 

10-12 are simplified graphical representations, which reflect the hydrophobic interaction 

and the resulting surface concentration. The number of viologens drawn per membrane 

chain and the conformation of the alkyl chains represent the trends only. 

Figure 3-11: CV  of  0.5 mM C10-V++-C10 at TiO2 electrode modified with, Pho- C6-SO3
- ( 

cyan, a), Pho- C10-SO3
- (orange, b) and Pho- C14-SO3

- (green, c) in 0.1 M KCl at  v = 50 

mV/s. Interaction model (a) TiO2/ Pho-C6-SO3
- vs. C10-Vio++-C10, (b) TiO2/ Pho-C10-SO3

- 

vs. C10-Vio++-C10 and (c) TiO2/ Pho-C14-SO3
- vs. C10-Vio++-C10. 
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The intercalation of the viologen into the monolayers can also be monitored by a 

comparison of the IR spectra of the modified TiO2 before and after exposition to the 

viologen solutions. We observe the appearance of the –CH stretching band (3000-3100 

cm-1) related to the aromatic –CH vibration of the bipyridinium group.[80] Selected 

spectra are shown in Figure 3.12.  

In addition an increase of the absorption band related to –CH2 stretching (legs + 

membrane) is observed (2850-2940 cm-1) upon loading the membrane with viologens 

(Table 3.4). 

Table 3-4: IR absorption band increase after intercalation of viologens into membrane 

modified TiO2 

Modified TiO2 films ∫ )1(A  ∫ )2(A   Rexpt.  

   
∫

∫
)1(

)2(
A

A  
Rcorr x 

TiO2/ Pho-C14-SO3
-  1.784 - - - - 

TiO2/Pho-C14-SO3
- / C1-Vio++-C10 2.817 0.213 0.075 0.28 1.4 

TiO2/Pho-C14-SO3
-/C10-Vio++-C10 3.320 0.154 0.046 0.17 2 

TiO2/ Pho-C6-Vio++-C1 0.591 0.211 0.357 3.73 1 

∫ )1(A : integrated absorbance from 2800 to 3000 cm-1 

∫ )2(A : integrated absorbance from 3000 to 3100 cm-1 

x: number of membrane chains per incorporated viologen (eq. 3.3) 
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Using the calibrated extinction coefficients we were able to quantify the stoichiometric 

ratio of the membrane chains as compared to the viologen chains. For this purpose we 

used Pho-C6-Vio++-C1 as a standard with fixed ratio of aromatic –CH to aliphatic –CH2 

groups (8:6); and we calculated the number of chains of the membrane (x) per 

incorporated viologen using equation 3.3. 

2
13

8
.

CH
corr nx
R

+
=                                                                  3.3 

Figure 3-12: IR spectra of TiO2/ Pho-C14-SO3
- before (black) and after the incorporation

of C1-Vio++-C10 (red) and C10-Vio++-C10 (blue) and the respective interaction models. 
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where Rcorr. is the corrected integrated absorbance ratio, x is the number of membrane 

chains per viologen and nCH2 is number of CH2 groups attached to the viologen. 

Alternatively the same information can be obtained from the increase in integrated 

absorbance in the region 2800- 3000 cm-1 after the intercalation of the viologen (

∫ ∫ +→ )()( viomAmA ), equation 3.4, 

2
13

13
)(

)(

CHnzy
y

viomA

mA

+
=

+∫
∫

                                                        3.4 

where y is the number of chains in the membrane and z is the number of chains from 

the viologen. 

The results suggest that for each viologen with one alkyl leg incorporated in the 

membrane there are 1.4 chains from the membrane while for the viologen with two alkyl 

chains there are 2 membrane chains, i.e. in accordance with our model of interaction 

(Figure 3.9-3.12). 

The absorbance difference before and after the incorporation of the viologen was also 

used to estimate the absolute surface concentration of the viologen applying equation 

(3.1); taking the average integrated absorbance coefficients of Pho-C10 and Pho-C14, 

2.88 x 104 M cm-2, we found 2.7 x 10 -8 mol cm-2 and 3.6 x -8 mol cm-2 for C10-Vio++-C10 

and C10-Vio++-C1, respectively. These values are 20 to 25 % higher than the values 

obtained from CV measurement; which indicates that not all adsorbed viologens are 

electrochemically accessible.  
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The above results demonstrate that high surface concentrations of a membrane-

intercalating guest molecule can be achieved using combined electrostatic and 

hydrophobic binding modes. This approach could be further exploited to attach other 

electrochromic materials, electron-transfer catalyst, sensitizers or biomolecules to TiO2, 

via combined electrostatic and hydrophobic interactions opening new roads in the field 

of mesoporous TiO2 based electrochromic displays [81] solar cells, battery application or 

biomimetic sensors.   

3.3 Conclusion 

The new classes of phosphonic acids with positive (pyridinium) and negatively 

(sulfonate) charged head groups with variable alkyl chain length ranging from 6 to 14 

are strongly anchored to the inner surfaces of mesoporous TiO2 films via phosphonate - 

TiO2 complexation.  

The surface coverage is stable over days and Γ is in the range of 0.3 -1.1 x 10 -7 mol 

cm-2 (0.8 -2.8 x 10 -10 mol cm-2 corrected for the TiO2 roughness factor), depending on 

the charge and the alkyl chain length. Thus the molecules build up a membrane 

consisting of closely packed alkyl phosphonic acids. The head groups of the modifier 

molecules can tune the properties of the TiO2 surface from hydrophilic to 

superhydrophobic. The membrane modified pores can be used as a matrix to 

incorporate different guest molecules with variable charge and hydrophobic properties.  

It is shown that a balanced mix of electrostatic and hydrophobic interactions can lead to 

high loading of guest molecules at the outer membrane border or within the membrane. 

The possible applications are obvious, as many interesting applications of mesoporous 
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TiO2 require a functional compound on the TiO2 surface, e.g a sensitizer for 

photovoltaics or an electrochromophore for electrochromics. For the direct attachment it 

is necessary to synthesize phosphonated functional compounds, whereas the new 

method presented here allows incorporating these molecules via electrostatic / 

hydrophobic interactions (i.e. the molecular requirement is less specific).  

Remarkably the surface concentration of the guest compounds is only slightly reduced 

when compared to their direct attachments as shown for alkyl viologens (electrochromic 

materials) in this work. Additionally, the preconcentration phenomenon at the modified 

TiO2 electrodes suggests that the use of these electrodes as potential chemical sensors 

(eg. [Fe(CN)6]4-) or a matrix for charged species in which their properties will be  

investigated later by different electrochemical methods. 

Other application such as photoinduced electron injection into TiO2 by a sensitizers 

partitioning in the membrane or shuttling of electrons along the membrane surface via 

bound redox couples are definitely challenging task, in the view of our TiO2 modification 

technique. This aspect of the study will be addressed in the next sections.  

Finally the mimicking of a biological membrane spanned over the inner walls of the TiO2 

pores offers an opportunity to enhance membrane signals by the TiO2 roughness factor. 
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4 Pore Size and Surface Charge Control in Mesoporous TiO2  

Electrostatic interactions have been widely used for the immobilization of highly charged 

electroactive molecules on flat or three-dimensional electrodes in the past 25 years.[82] 

The solid electrode surfaces can be modified by a thin film of an ion exchange 

polymer,[82a, 82b, 83] porous clays,[84] and electronically conducting polymers.[85]  

Recent developments concern the use of different non- or semi-conductive mesoporous 

materials with their inner walls grafted with numerous monomeric or polymeric ion 

exchangers.[51c] The mesoporous system increases typically the electrode surface and 

thereby the current response by a factor of about 100 per 1 µm film thickness, and the 

ion exchanger allows for charge-specific interaction with the analyte. Together, these 

two phenomena lead to extremely high sensitivity towards the analyte of interest. In this 

regard organically modified silica based materials are in the forefront.[86] The initial 

studies were focused on electrodes prepared by sol-gel processes from precursors 

covalently linked to the organic modifier.[87] However, these systems suffer from limited 

permeability and poor film stability. To alleviate the limited electronic and ionic 

conductivity the modified silica particles have been incorporated into the conductive 

matrix of a carbon paste electrode.[88] Porous structures of metal oxide surfaces such as 

TiO2 and ZrO2 can be prepared by sintering nano-crystals in presence of a binder or by 

templating them in parallel columnar channels on an electrode surface followed by post-

grafting the inner walls with phosphonic acids.[55, 74, 89] These functionalities were used 

to anchor metal complexes, organic chromophores, and redox wiring compounds, and 

the resulting devices were successfully used for photovoltaics, electrochromics,[25a] and 

in battery research,[90] respectively. However, there are only a few reports on the use of 
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TiO2 as a mesoporous scaffold covered by an organic self assembled monolayer (SAM) 

for analytical purpose.[91]  

Conceptually, the mesoporous scaffold can (i) be an electrical isolator and act as a 

large surface only, allowing intense contact between the analytically active species on 

its surface and the solution phase,[74, 88b, 92] or (ii) it can consist of a conductive material 

and act additionally as a three dimensional electrode,[93] or (iii) it is made from a 

mesoporous semiconductor (such as TiO2) and acts as an isolating scaffold or as a 

three dimensional electrode depending on the applied electrode potential.[94] The three 

situations alter fundamentally the mode of electron transfer between the electrode and 

the electroactive species. In case (i) electrons can flow only by lateral electron hopping 

possibly combined with diffusion of redox species in the open channel space. Typically 

a percolation threshold is expected for the lateral hopping, limiting the sensitivity to 

concentrations of the analyte above the percolation limit. In case of conductive 

mesopores (ii) the electrode is three-dimensional, electron transfer may proceed 

through the modifier layer and this situation is generally not affected by the surface 

concentration of the analyte. The final situation (iii), a mesoporous semiconductor may 

show a mixed behavior depending on the applied potential (Figure 4.1). 

It is well known, that electrostatic “through space” interactions play an important role in 

controlling the presence and flow of equally charged ions in nano- and mesopores of 

artificial and biological membranes. Charge inversion controlled by pH is the 

fundamental phenomena which is responsible for the flow of ions in the pores.[95] 

However, again there are only a few reports on mesoporous TiO2.[51c] 
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This section will concentrate on electrostatic interactions between the modifier head 

groups and the charged electroactive ions in solution. Phenomena such as mode of 

charge propagation (diffusion and hopping), the influence of the surface charge on the 

presence and flow of equally charged redox ions in solution, and the charge inversion 

induced by counter ions at the inner surface will be addressed in detail. For the fine-

tuning of the free channel space we use the alkyl phosphonates depicted in  Scheme 

2.2 of section 2, in combination with mesoporous TiO2 from sintered nanocrystals 

exhibiting voids from 2 to 15 nm , and template porous TiO2 with channels of 6-8 nm. 

This allows for the first time to correlate the channel diameter of mesoporous TiO2 and 

the electrostatic closure for equally charged ions in solution. 
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4.1 Electrostatic interaction on modified mesoporous TiO2 films 

4.1.1 Positively charged pores and negatively charged redox ions 

In Figure 4.2(A and B) the voltammetric responses of 0.1 mM [Fe(CN)6]4- and [IrCl6]2- 

ions on unmodified sintered TiO2 electrodes (s-TiO2) (black line) are presented. On the 

s-TiO2 electrode, [Fe(CN)6]4- shows higher current compared to [IrCl6]2-, probably 

because [Fe(CN)6]4- tends to coordinate to TiO2 through a bridging CN ligand.[96] As the 

electroactivity of both complexes is in a potential range where TiO2 exhibits no 

electronic conductivity, the electron transfer must take place exclusively at the bottom of 

the electrode between the metal complexes and the FTO substrate, (diffusion current 

(c) in Figure 4.1). Some hindrance by bottle necks in the mesopores is indicated by the 

relatively large peak-to-peak potential separation (∆Ep = ca. 200 mV) on bare 

mesoporous TiO2 and as compared to ∆Ep = ca. 60 mV on FTO electrodes. 

Figure 4-1: Modes of electronic and redox conduction within a mesoporous thin film

TiO2 electrode covered with a membrane on a FTO substrate in contact with a

charged redox system in solution. Large green arrows represent current in the

conduction band (CB) of TiO2 (for E ≤ EFB (FB: flat band)) (a), redox shuttling current

of electrostatically membrane confined redox centers (b), current related to the

diffusion of redox centers in the open pore space (c). Small green arrows represent

electron transfer reactions: irreversible charge injection through the membrane for EFB

< Eo(redox) (d), lateral electron transfer between membrane bound redox centers (e),

and electron transfer between surface bound and freely moving redox centers (f). 
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 Pyridinium alkyl phosphonates coordinate through their phosphonate anchor to the 

TiO2 surface and build up a SAM with a positively charged head group, giving the TiO2 

channels pH independent anion exchange properties. If a pyridinium alkyl phosphonate 

modified, sintered mesoporous TiO2 electrode (s-TiO2/Pho-Cn-Py+, n = carbon chain) is 

exposed to a solution of [Fe(CN)6]4- or [IrCl6]2-, the electrochemical response is larger as 

compared to the unmodified TiO2 electrode by a factor of 4-6 and 10-15, respectively 

(colored traces in Figure 4.2A and B). The waves exhibit thin-layer characteristics 

combined with diffusional tailing. When such electrodes are transferred to pure 

electrolyte, a large residual amount of surface confined metal complexes is observed 

(Table 4.1). Repetitive scanning reveals relatively high stability (loss of 30 % in 1hr). 

The surface concentration obtained at slow scan rate from the charge of the complexes 

(ΓEC) is lower than the surface concentration of the modifier obtained earlier from IR 

(ΓIR), assuming complete charge compensation of the metal complexes by the 

pyridinium head groups as indicated in section 3.2.1.  

In the case of all pyridinium modified electrodes in presence of [IrCl6]2- (colored traces in 

Figure 4.2B); the anodic peaks are larger than the cathodic peaks. This indicates a fast 

partial release and pick-up of the complex during the CV because of the smaller 

electrostatic interaction between two pyridinium and [IrCl6]2- as compared to three 

pyridinium and [IrCl6]3-, which is less pronounced in case of the [Fe(CN)6]3-/4- couple 

showing identical peak heights (colored traces in Figure 4.2A). For both complexes, the 

highest current is observed with electrodes modified with the C14 chain (s-TiO2/Pho-C14-

Py+), followed by the response on s-TiO2/Pho-C10-Py+, followed by s-TiO2/Pho-C6-Py+. 
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This goes parallel with the higher surface concentrations of prydinium phosphonates 

with longer alkyl chain. (Table 4.1)  

 

 

Figure 4-2: Cyclic voltammetry of 0.1mM [Fe(CN)6]4- (A) and [IrCl6]2- (B): CV at 

unmodified s-TiO2 (black line), at s-TiO2/Pho-C6-Py+ (red), at s-TiO2/Pho-C10-Py+  (blue) 

and at s-TiO2/Pho-C14-Py+ (wine); (C): ip,a as a function of accumulation time at s-

TiO2/Pho-C14-Py+ in 0.1mM [Fe(CN)6]4- and [IrCl6]2- under non-convective conditions; 

(D): CVs of 0.1 mM Fe(CN)6 ]4- at s-TiO2/Pho-C10-Py+-Py+ (red) and at s-TiO2/Pho-C14-

Py+ (black). 
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Another trend related to the presence of the modifier and the carbon chain length is the 

apparent formal potential of [Fe(CN)6]4-/3- and [IrCl6]2-/3-. As compared to unmodified s-

TiO2 they are negatively shifted and the shift increases with the carbon chain length. 

The shift is opposite to that expected for a preferential electrostatic stabilization of the 

more negatively charged species, and seems to be due to (i) the development of a 

Donnan potential at the monolayer/solution interface related to the incorporation of 

counter ions into the monolayer,[97] and (ii) the preferential ion pair formation of the 

oxidized species ([Fe(CN)6]3- and [IrCl6]2-) with the pyridinium groups of the modifier, 

similar as described for polymer modified electrodes.[98] 

Figure 4.2C shows the kinetic traces for the uptake of the two anions at s-TiO2/Pho-C14-

Py+. Saturation (95% of the limiting current) was observed after 20 min for [Fe(CN)6]4- 

and after 30 min for [IrCl6]2-, respectively, reflecting the larger driving force for the 

complex with the higher charge. Under convective conditions the saturation times drop 

to ca.5 min.  

In order to increase the ion exchange capabilities, a new modifier 1(2-phosphonodecyl)-

4-[3-(pyridinium-1-yl)propyl] pyridinium (Scheme 2-2), which carries two positive 

pyridinium moieties allowing theoretically to double the surface charge as compared to 

the mono-pyridinium modifiers Pho-Cn-Py+ is used. CVs of 0.1 mM [Fe(CN)6 ]4- at s-

TiO2/Pho-C10-Py+-Py+ (red) and at s-TiO2/Pho-C14-Py+ (black) are presented in Figure 

4.2D. The doubly charged modifier leads only to a current increase of 25%. The 

reasons may be manifold, e.g. the Pho-C10-Py+-Py+ SAM is less organized due to strong 

repulsive interaction and reaches therefore not the same surface concentration as Pho-

C10-Py+, or stoichiometric ion exchange is not possible because of steric reasons.  
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Table 4-1: Surface coverage of [Fe(CN)6]4- and  [IrCl6]2- (from CV) on mesoporous 

 s-TiO2 thin films 

Phosphonic 

acids 

ГIR 

(mol/cm2) x 10-7 

Г[Fe(CN)6]
4-

(mol/cm2) x10-8 

Г[IrCl6]
2- 

(mol/cm2)x 10-8 

Pho-C6-Py+ 0.7 0.53 0.05 

Pho-C10-Py+ 1.1 0.8 0.5 

Pho-C14-Py+ 1.1 1.5 1.1 

Figure 4.3A shows a double logarithmic representation of peak current vs.  

concentration of [Fe(CN)6]4-  at s-TiO2/Pho-C14-Py+. The dependence is non-linear 

which suggests that charge transport is mainly due to electron hopping.[99] A current 

jump in the 1-10 μM concentration regimes suggests a percolation phenomenon as 

earlier described by Bonhote.[100] For higher concentrations the current is diffusion 

controlled. 

 

Figure 4-3: (A): Anodic peak currents vs. c([Fe(CN)6]4-) in solution at s-TiO2/Pho-C14-

Py+; (B): partition isotherms: s-TiO2/Pho-C14-Py+ electrodes immersed for 15 min in 0.05 

M KCl containing [Fe(CN)6]4-(open circles) and [IrCl6]2- (open triangles)  with c = 5 x 10-7  

to 1x 10-4 M, then measured in pure electrolyte solution (0.1 M KCl) at v = 10 mV/s. 
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The partition isotherm can be obtained by calculating the concentration of the redox 

species in the film and comparing it with its solution concentration (Figure 4.3B). The 

concentration of the redox ion in the film is calculated assuming a film thickness of 4 

µm. The distribution coefficient for [Fe(CN)6]4- is estimated from the slope of line of the 

initial points from Figure 3B and it is found to be 7.2 x 103  which is comparable to the 

case of polymer modified electrodes.[101] A similar analysis for [IrCl6]2- gives a 

distribution coefficient of 1.5 x 103.  

These high values allow efficient preconcentration, one important parameter for Ion 

Exchange Voltammetry. In the current case, when the solution concentration is 100 µM 

the corresponding film concentration reaches 53.1 mM and 17.3 mM for [Fe(CN)6]4- and 

[IrCl6]2-, respectively. Thus the concentrations of the ions inside the pores is enhanced 

by a factor of 530 and 170 for [Fe(CN)6]4- and [IrCl6]2-, respectively. 

4.1.2 Negatively charged pores and positively charged redox ions  

As expected from section 4.1.1, the electrodes modified with phosphono alkyl 

sulphonates (s-TiO2/Pho-Cn-SO3
-) show an increase in current for the (ferroceynylmetyl) 

trimethyl ammonium ([FcCH2NMe3]+/2+) couple, i.e. for the analogous situation with 

reversed charges (Figure 4.4A). The current response increases with the modifier 

carbon number and ip,c reaches 140µA on s-TiO2/Pho-C14-SO3
-. This is a lower value as 

compared to the case described in section 4.1.1 and reflects the lower electrostatic 

interaction of a 1+/2+ couple on a negative surface as compared to a 3-/4- couple on a 

positively charged surface. As the electrostatic interaction becomes smaller possible 

hydrophobic interactions become more pronounced (see the current jump related to the 

increase of the carbon length from C10 (blue trace) to C14 (wine trace). Thus, 
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[FcCH2NMe3]+ exhibiting considerable hydrophobicity behaves similar as viologens 

equipped with long alkyl chains as indicated in section 3.2.3. The asymmetry of the 

redox wave of [FcCH2NMe3]+ on s-TiO2/Pho-C14-SO3
- (ipc =140 µA, ipa = 80 µA) 

demonstrates dynamic release and pick-up of [FcCH2NMe3]+ and [FcCH2NMe3]2+, 

respectively, because of the large change in electrostatic interaction upon electron 

transfer (see section 3.2.2). On the other hand, s-TiO2/Pho-C14-Py+ electrodes exposed 

to a solution of ([FcCH2NMe3]+ show reduced currents, but the electrostatic closure is 

not as efficient as for [Fe(CN)6]3- on s- TiO2/Pho-C14-SO3
- described in section 4.2.2. 

 

Figure 4-4: Cyclic voltammetry of (A): 0.1 mM [FcCH2NMe3]+/2+ and (B): 0.1mM 

[Ru(NH3)6]3+/2+on s-TiO2/Pho-Cn-SO3
-; bare s-TiO2 (black), n=6 (red), n=10 (blue) and 

n=14 (wine).   

In Figure 4.4B the responses of 0.1 mM [Ru(NH3)6]2+ on s-TiO2/Pho-C14-SO3
- electrodes 

are presented. The faradaic current is enhanced by the favorable charge interaction, 

only by a factor of 2-6 following the same trend with respect to the carbon chain length 
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of the modifier. The anodic wave is split into two contributions appearing in region I and 

II. The wave in region I is related to lateral electron hopping and the ultimate 

heterogeneous electron transfer at the solution FTO interface, as in case of all redox 

probes discussed so far. Below -0.3 V the TiO2 electrode becomes conductive.[102] 

Thus, the cathodic wave observed in region II is related to electron transfer from the 

sintered TiO2 nanoparticles through the membrane to [Ru(NH3)6]3+, a phenomenon 

known as “charge de-trapping” (“TiO2 current” in Figure 4.1). Charge de-trapping means 

here that positive charge on [Ru(NH3)6]3+ cannot be released at the reversible potential 

(Eo = -0.19 V) by the usual lateral electron transfer (E.T) shuttling mechanism (region I), 

but only at an overpotential of ca. -0.2 V (region II) when the TiO2 becomes conductive. 

Oxidation of [Ru(NH3)6]2+ in region II is of course not possible because it is an 

endergonic reaction. Region III is not related to the ruthenium complex but due to the 

well known Ti(IV) reduction processes.[94a, 102] The fact that the peak in region II is 

growing with the thickness of the membrane indicates that efficient electron transfer 

through the membrane is possible. Notably, in contrast to the prior redox couples, Eo of 

[Ru(NH3)6]2+ is more negative, i.e. -0.19 V. This may be one of the reasons that the 

other redox couples do not show “charge de-trapping”. 

4.2 Suppression of faradaic current and charge inversion  

4.2.1 Competition of the redox ion and the suppressor ion NTS3- for positive adsorption 

sites: 

In Figure 4.5 the peak current of CV’s of an 0.1 mM [Fe(CN)6]4- solution at the TiO2/Pho-

C14-Py+ electrode is represented as a function of 1,3,5-naphthalene trisulfonate (NTS3-) 

concentration. The current drops exponentially from ca. 200 to 5 µA and to 2µA for the 
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two redox ions [Fe(CN)6]4- and [IrCl6]2-, respectively. However, a constant current of ca. 

30 and 12 µA is found for 0.1 mM [Fe(CN)6]4- and [IrCl6]2-, respectively, independent of 

the presence of NTS3-, using the s-TiO2 instead of the s-TiO2/Pho-C14-Py+ electrode.  

The phenomenon is typical for nanometer sized pores carrying a surface charge in 

contact with electroactive and non-electroactive counter ions in solution. With no NTS3- 

present, the current observed in CV is mainly due to (i) lateral electron hopping between 

pore wall surface confined [Fe(CN)6]4-centers (possibly connecting additional Fe 

complexes in the solution) and (ii) the diffusion of Fe complexes in the channel  

exchanging electrons at the FTO substrate. As the NTS3- concentration increases, it 

replaces competitively [Fe(CN)6]4- at the pore wall preventing type (i) current (lateral 

electron hopping). The fact that the Fe- or Ir-complex current at the non-modified s-TiO2 

electrode (30 and 12 µA, respectively) is higher than at s-TiO2/Pho-C14-Py+ electrode (5 

and 2µA, respectively) can be explained by the electrostatic field exhibited by NTS3- 

and/or the reduced pore volume of the s-TiO2/Pho-C14-Py+ electrode as compared to 

the s-TiO2 electrode (see below). The current contribution from the pore volume is also 

obvious from the following experiment: If the s-TiO2/Pho-C14-Py+ electrode is charged 

from solutions containing different ratios of [Fe(CN)6]4- and NTS3- and then measured in 

pure electrolyte the current is completely suppressed (ca. 98%) for c(NTS3-

)/c([Fe(CN)6]4-) = 20, and half the maximum current is observed c(NTS3-)/ c([Fe(CN)6]4-) 

= 2.2 yielding the ratio of the equilibrium constant for equation 4.1 and 4.2 K(NTS3-

)/K([Fe(CN)6]4-)= 0.45 

  +   / ℎ − −    ↔  / ℎ − − −              ( )                 4.1 

  ( )  + / ℎ − −  ↔  / ℎ − − − ( )    ( ( ) )             4.2 
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Figure 4-5: Influence of the concentration of NTS3- on the anodic peak current of 

[Fe(CN)6]4- (open triangles) and [IrCl6]2- (filled stars)  on s-TiO2/Pho-C14-Py+ electrode. 

[[Fe(CN)6]4-] = [[IrCl6]2-] = 0.1 mM. 

4.2.2 Debye layer thickness related to pore wall surface charges and pore diameter:  

Above we have shown that surface charges on the pore wall can suppress the 

electrochemical response of equally charged redox ions in solution considerably. The 

effect of the free pore diameter and the electrolyte concentration on the current 

suppression by the surface immobilized charge will be addressed in this section. In 

Figure 4.6 A the relative peak current responses of 0.1mM solutions of [IrCl6]2-, 

[Fe(CN)6]3-, and [Fe(CN)6]4-  are given for different surface wall modifications using 

sulfonated alkyl phosphonates on sintered TiO2 electrodes.  
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Figure 4-6: Dependence of the relative current at TiO2/Pho-Cn-SO3
- on the carbon 

chain length: A) [IrCl6]2-, [Fe(CN)6]3- and [Fe(CN)6]4- on sintered TiO2 electrodes and B) 

[Fe(CN)6]4- on sintered and templated TiO2 electrodes. 

The current on unmodified TiO2 is normalized and compared to the relative peak 

currents on TiO2/Pho-Cn-SO3
- with n = 6, 10 and 14. On the modified electrodes, a 

significant decrease of the peak current as compared to unmodified TiO2 is observed. 

Strong current suppression was observed for long alkyl chain and redox ions 

possessing large negative charge. This is in agreement with a Debye layer extending 

more and more from the charged pore wall towards the centre of the pore and building 

up an electrostatic barrier which increases with the membrane thickness (see also 

Figure 4.7). The membrane thickness is well defined but the porous structure of the 

sintered TiO2 electrode is complicated (Figure 4.7C and D). The average pore radius is 

15 nm but the distribution of radii is from 10 to 20 nm. The smallest pores (rather 

channels between pores) can be considered as bottle necks for the ionic flow in a 

percolation system assuming electron transfer at the FTO electrode. Electrostatic 
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closure of a pore with 1-2 nm diameter has been reported,[95b] whereas this will 

generally not happen for a 10-15 nm diameter. Increasing the membrane thickness 

results therefore in an offset of the percolation limit and that translates into the behavior 

of the peak current (Figure 4.6A). The templated TiO2 electrodes used in the 

experiments shown in Figure 4.6B exhibit an architecture with constant pore radius (R = 

3.5 nm) of aligned channels perpendicular to the bottom FTO support. From model 

considerations the sulfonated phosphonic acid modification, using again the C6, C10 

and C14 homologues, reduces the pore radius from 3.5 to 2.7, 2.2 and 1.8 nm, 

respectively, (Figure 4.7A-B, E). Interestingly, the electrostatic barrier build up by the 

sulfonates on templated TiO2 electrodes (with the better defined Debye layer thickness) 

is smaller than the barrier observed for the sintered TiO2 with the same modification 

layer (Figure 4.6B). This means that in average the bottle necks in sintered TiO2 are 

smaller than 3.5 nm.  

Beside the reduction of the peak current, the peak to peak separation (∆EP) increases 

as the carbon chain of the modifier increases for both, sintered and template TiO2 

electrodes as shown in Figure 4.8. This is most probably related to the ohmic resistance 

stemming from driving the electroactive ions through the electrostatic barrier. The data 

were collected in Table 4.2. 
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Figure 4-7: SEM micrographs of (A) t-TiO2 (arranged pores) and (C) s-TiO2 (random

pores) and the corresponding pore models (B) and (D), respectively, with the membrane

and free pore radius (R1-3) resulting from the modification with Pho-C14-SO3
- , Pho-C10-

SO3
-  and Pho-C6-SO3

-, respectively, calculated for the templated (red) and sintered

(blue) case. 
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Table 4-2: Increase of peak to peak separation (∆EP) on TiO2/Pho-Cn-SO3
- electrode for 

negatively charged redox ions. 

Electrode [IrCl6 ]2-/3- [Fe(CN)6 ]3-/4- 

Ia,p(µA) ∆EP(mV) Ia,p(µA) ∆EP(mV) 

s-TiO2- Pho-C6-SO3
- 7 101 11 85 

s-TiO2- Pho-C10- SO3
- 5 127 8 91 

s-TiO2- Pho-C14- SO3
- 3 153 7 102 

 

As expected, the Debye layer thickness and the effectiveness of the electrostatic 

closure depend crucially on the concentration of the inert electrolyte (Figure 4.9). 

 

Figure 4-8: Cyclic voltatmmetry, (A) 0.1mM [Fe(CN)6]3- and (B) 0.1mM [IrCl6]2- on s-

TiO2/Pho-Cn-SO3
- electrode with different carbon chain: bare s-TiO2 (black), n=6

(red), n=10 (blue) and n=14 (wine). 
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Figure 4-9: Cyclic voltammetry of 0.1 mM [Fe(CN)6]3- (A) and 0.1mM [IrCl6]2- (B) at s-

TiO2/Pho-C14-SO3
- with different supporting electrolyte concentration, 0.02 M (blue), 0.1 

M (red) and 0.5 M (black).   

The current suppression induced by the pore wall charge becomes weaker at higher 

concentration of the electrolyte due to the screening effect of the electrolyte cation. 

Accordingly, the current is increased by 40-50% when the electrolyte concentration 

reaches 0.5 M KCl for [Fe(CN)6]3- and [IrCl6]2-. In contrast, in 0.02M KCl solution the 

monolayer completely suppresses the [Fe(CN)6]3- response but reduces the current of 

[IrCl6]2- to a smaller degree, reflecting probably the charge difference of the two redox 

ions. Beside the increase of the peak height, an anodic shift of the formal potential is 

observed with higher electrolyte concentration. This is related to the preferential 

stabilization of the reduced species as compared to the oxidized ones by K+.[103] 

4.2.3 Surface Charge inversion by specifically adsorbed La3+ 

In Figure 4.10 the peak current of [Fe(CN)6]4- and [IrCl6]2- at the sintered TiO2/Pho-C14-

SO3
- electrode is presented as a function of the non- electroactive salt LaCl3 

concentration present in solution. The electrode is largely closed if no La3+ is present in 



Pore Size and Surface Charge Control in Mesoporous TiO2

 

67 
 

solution (as described in 4.2.2). As the concentration of the La3+ ions increases, the 

[Fe(CN)6]4- and [IrCl6]2- currents increase until they reach a similar value as on 

unmodified TiO2. Further increase in the concentration of La3+ ion results in a slight 

decrease of current which may be due to the ion pairing in solution (not shown in Figure 

4.10).  

The phenomenon is explained by an inversion of the surface charge that builds up when 

La3+ is electrostatically bound to the sulfonate head groups of the membrane. Similar 

behavior is known from protein surfaces and SAMs on gold.[104]    

 

 

 

 

 

 

 

Figure 4-10: Voltammetric peak current of 0.1 mM [Fe(CN)6]4-(open triangle) and

[IrCl6]2-(filled triangle) at s-TiO2/Pho-C14-SO3
- in a solution containing different

concentration of La3+ ions. 
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4.3 Conclusion 

Phosphonic acids with persistent mono-cationic, di-cationic or anionic head groups and 

with tailored spacer lengths allow us for the first time to study systematically their 

influence as membranes in mesoporous TiO2 on the electrochemical behavior of the 

corresponding electrodes towards highly charged electroactive tracer ions.  

A typical association constant in the range of 7 x 103 was found in aqueous solution for 

[Fe(CN)6]4- and TiO2-Pho-Py+, and the maximum Γ(redox ion) is related but not equal to 

Γ(phosphonic acid) (taking the charge ratio into account), i.e. the surface charges are 

generally too dense as compared to the structure of the counter charged redox tracers. 

The preconcentration phenomenon which becomes available by our modification 

technique renders the electrodes useful for ion exchange voltammetry.  

The longer the alkyl chain, the higher is the maximum Γ(redox ion). This is due to better 

SAM formation for phosphonic acids with a longer alkyl chain and additional 

hydrophobic interaction. For most redox ions used in the study, the mechanism of 

charge propagation involves lateral electron transfer along the outer membrane within 

the pores, followed by heterogeneous E.T. at the FTO/TiO2 interface, as deduced from 

the potential (TiO2 is isolating in that range) and from percolation behavior. In one case, 

i.e. for [Ru(NH3)6]2+ with Eo close to the range in which TiO2 shows metallic behavior, we 

observed combined lateral electron transfer and direct charge injection from TiO2 

through the membrane into [Ru(NH3)6]3+. This observation may be of interest for future 

applications such as photoinduced E.T. through membranes.   
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Another interesting feature described in the study is the use of electrostatic layer-by-

layer techniques to build more complicated structures onto the pore walls of TiO2. The 

technique may be useful for the self assembly of sensitizer and mediator in photovoltaic 

cells. 

The most intriguing feature discovered in the study is the almost complete electrostatic 

closure of the pores for highly charged redox ions with identical charge sign as used for 

the modifier’s head groups. We showed that the Debye layer thickness exerted by the 

charged modifier head groups and pointing towards the center of the channel can be 

successfully tailored (i) by the membrane thickness, (ii) by the type of mesoporous TiO2, 

and (iii) by the electrolyte concentration. The results may help to understand and predict 

the performance of charged mediators in Grätzel type solar cells as I tried to 

demonstrate in the next chapter. 
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5 Dye Sensitized Membranes within Mesoporous TiO2 

Dye Sensitized Solar Cells (DSSCs) are the subject of intensive research as an 

alternative to conventional silicon solar cells.[105] DSSCs based on nano-crystalline TiO2 

sensitized with polypyridyl ruthenium complexes achieve a sun-light to electric-power 

conversion efficiency of nearly 11%  using organic solvents and the I- / I3- couple as a 

mediator.[106] The presence of water in the organic solvent can break the sensitizer TiO2 

coordinative bond, a drawback which is partially circumvented by the use of amphiphilic 

dyes and co-adsorbents.[107] Such surface modification is also beneficial with respect to 

suppression of the back electron transfer from the CB of TiO2 to the triiodide thereby 

increasing Voc.[108] In line with these observations, pure water or water-alcohol mixture 

based solvents yield only low power conversion efficiencies in the range of 0.5 – 2 % for 

different ruthenium dyes[109], natural dyes extracted from plants[110] , or Au nano-

particles on TiO2.[111]  

On the other hand, the natural photosynthetic system is water based or more accurately 

based on a double membrane in water and relies on a photo-induced vectorial electron 

transfer through that membrane.[112] A cascade of redox centers with appropriately 

tuned reduction potential and suitable location guides the electron through the 

membrane to the terminal acceptor. Obviously such architecture reduces the probability 

for back electron transfer for the sake of some loss in reduction potential. The idea of 

using a membrane has so far not been exploited for dye sensitized nano-crystalline 

TiO2 photo-electrodes. The direct injection of the electron from the excited sensitizer into 

the conduction band of TiO2 is thought to proceed fast and with high quantum yield only, 

if the sensitizer is directly grafted onto the semiconductor surface.[113] 
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In the previous sections post functionalization of mesoporous TiO2 with alkyl 

phosphonic acids bearing a charged head group leads to a relatively disordered 

membrane on the inner walls of the TiO2 channels. The membrane can further be 

loaded with different electroactive guest molecules based on a combination of 

hydrophobic and electrostatic interactions.[114] In this section I have extended the same 

principle to prepare a photoanode for DSSC application. It is shown that different 

positively or negatively charged dye molecules with additional hydrophobic substituents 

can be efficiently bound in a supramolecular fashion on a membrane-covered nano-

crystalline TiO2 electrode, and that electron injection through the membrane into TiO2 is 

still possible. Furthermore, experimental and theoretical evidence is presented, that 

electroactive head groups with well adjusted reduction potential (such as pyridinium) 

can assist the vectorial electron transfer. Probably this involves an electron hoping 

mechanism from pyridinium to pyridinium and helps to guide the electron along the 

membrane surface and to inject it into the conduction band (CB) of the underlying TiO2.  

Using alkylphosphonates with positively or negatively charged head groups, it is 

possible to load the membrane with many available dyes without necessitating the 

synthetically tedious introduction of a TiO2 anchoring group on the dye. Thus, the new 

technique consisting of sequential self- assembling processes shows high flexibility with 

a limited set of building blocks. It allows realizing new supra-molecular functions based 

on an unprecedented architectural complexity achievable within the mesopores of TiO2. 

The efficiencies presented are much lower than for N3 sensitized mesoporous TiO2 in 

organic solvent/electrolyte. The aim of the study is a “proof of principle” concerning a 

new type of surface modification; parameter optimization is not the focus. 
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Figure 5-1: Structure of dye 1-5 for sensitization (right) and membrane molecules 

coordinated to TiO2 (left) with possible interactions between membrane and dyes 

(center), color codes: hydrophobic interaction (gray), columbic interaction (pink 

(positive) with light blue (negative)) 

5.1 UV-Vis and Photo-electrochemical Measurements: 

Mesoporous TiO2 film electrodes (ca. 4 µm thick) were prepared by doctor blade 

technique (see experimental section) on FTO coated glass. They were then modified 

with one of the phosphonated alkanes with charged head group (Pho-C14-Py+, Pho-C6-



Dye Sensitized Membranes within Mesoporous TiO2

 

73 
 

Vio++ or Pho-C14-SO3
-) to yield the corresponding membrane covered TiO2 electrodes 

TiO2/Pho-C14-Py+, TiO2/Pho-C6-Vio++ or TiO2/Pho-C14-SO3
-, respectively, by self-

assembling from 1mM methanolic solutions, as presented in Figure 5.1 and as reported 

earlier.[114] The outer part of the membrane coated TiO2 electrodes was further modified 

by the porphyrin (1-3), chlorine (4) and polypyridyl Ruthenium (II) (5) again using self-

assembling techniques from the appropriate solvent system. The dyes 1-5 were 

prepared on purpose to bind by combined electrostatic and hydrophobic interaction to 

the outer membrane plane. Thus dye 1, 4 and 3 with negative charge in their periphery 

are tailored for binding to TiO2/Pho-C14-Py+, TiO2/Pho-C6-Vio++ and dye 2 and 5 for 

TiO2/Pho-C14-SO3
-, respectively (arrows in Figure 5.1). The potential of further 

hydrophobic interaction is build into the dyes 4 and 5 and relies on alkyl chain 

intercalation (grey region in Figure 5.1). Notably, dyes 3 and 4 with their carboxylic acid 

functionalities in the periphery can be attached in two ways to TiO2, (i) using TiO2/Pho-

C14-Py+ and based on the new electrostatic/hydrophobic interactions, or (ii) by direct 

coordination of –COOH to TiO2.  

In solution the porphyrin macrocyclic dyes and the chlorin (4) exhibit an intense 

absorption band at about 400 nm (the Soret band), followed by weaker absorptions (Q 

bands) at higher wavelengths (from 450 to 700 nm). The Soret band is quite similar in 

all four spectra with a peak maximum at about 400 nm; whereas the Q band is more 

characteristic for the nature of the porphyrin; it is influenced by the substituent at the 

periphery and the presence or absence of the metal center. Typically, all macrocyclic 

dyes exhibit rather narrow absorption bands. Thus only partial absorption of the solar 

spectrum is possible and the solar energy conversion efficiency is expected to be 
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intrinsically low. Compound 5 shows an absorption spectrum similar to 

[Ru(bpy)2(dmbpy)]Cl2[115] with the MLCT band at around 460 nm. The characteristic 

spectral data are summarized in Table 5.1. 

Strongly colored TiO2 electrodes can be prepared from dye 1-5 on membrane modified 

TiO2 electrodes with the oppositely charged head group are used, as expected from 

Figure 5.1. The photographs of the dye loaded electrodes are presented in Figure 5.2 

b). Coloration persists for days in solution and for months in the dry state. Their spectra 

exhibit similar features as in solution except for a red shift of the maxima (Figure 5.2b 

and Table 5.1). This may be due to aggregation of the dyes in the adsorbed state, [116] a 

phenomenon well known for porphyrins even in solution at very low concentration and 

generally less prominent for the bulkier chlorin.[117] Interestingly, the extent of the red 

shift is smaller if the membrane is used to hold them as compared to those dyes directly 

attached to TiO2, indicating that the dye molecules are more diluted when hold by the 

membrane as compared to direct TiO2 anchoring. The absolute values of ΓTiO2-dye for 3 

and 4 are in agreement with those of metallo-meso-porphyrins reported earlier[116a] 

(Table 5.1 and Figure 5.2c). Obviously, the membrane plays a similar role as co-

adsorbents which are used to improve the photovoltaic response by suppressing the 

aggregation of dye molecules on TiO2.[107a, 107b, 108a, 118] Most importantly the only way to 

immobilize dyes 2 and 5 to the semiconductor surface is using the membrane hence 

these dyes have no anchoring group.  
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Figure 5-2: UV-vis absorption spectra of dye 1-5, a) in solution (1-4 (THF: MetOH (1:1)), 

5 (H2O)); b) in dry state on TiO2/membrane (only above 400 nm because of TiO2 

absorption for λ< 400 nm (blank: unmodified TiO2), and photographs of the modified 

electrodes. 
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Table 5-1: Absorption and emission data for the different dyes in solution, on 

membranes and directly attached to TiO2. 

 

Absorption data were obtained in water (5), methanol: THF (1:1) (1-4).  

Values in brackets are for dyes directly coordinated to TiO2  

λ em: emission wavelengths were obtained from fluorescence spectroscopy, excitation wave lengths are 
382, 364, 401, and 455 for dyes 1-3 and 5, respectively 

The values of the surface concentrations of porphyrins or chlorin on a membrane 

modified electrode are reduced by >50% compared to the directly attached on TiO2 

(Table 1). The dilution of the dye by the phosphonic acid is expected and helps to avoid 

aggregation leading to better photovoltaic performance as will be seen in the later 

sections. 

The chopped white light photocurrent of TiO2/Pho-C14-Py+/4 and TiO2/Pho-C14-SO3
-/5 

under potentiostatic conditions in a 0.1 M KI aqueous electrolyte is presented in Figure 

5.2. In the inset, the response of the membrane-free standard TiO2-N3 under the same 

experimental conditions is depicted. The initial currents are different and follow the order 

i(TiO2/N3) >> i(TiO2/Pho-C14-Py+/4) > i(TiO2/Pho-C14-SO3
-/5), because (i) the ratio of 

absorbed photons for white light illumination follows the same order as evident from the 

corresponding absorption spectra, and (ii) because the IPCE with and without 

Dye ε (103 M-1cm-1)(λ max) λ em  λmax  
(TiO2) 

λmax  
 (TiO2-membrane) 

Г  (mol cm-

2) 
 x 1010

1 69 (405),7.4 (538), 6.5 (572) 577, 630 - 542, 576 1.5 
2 168(395),16.8(495), 7.1(526),  

21.7(565) 
619, 685 - 498, 529,568 0.42 

3 139 (391),16.2 (510), 39.7 
(543) 

547, 623, 
690 

517, 
548 

513, 545 0.62 (1.2) 

4 167.5 (391), 13.4 (488), 52.1 
(645) 

- 496, 
646 

496, 644 0.4 (1.1) 

5 45 (287), 13.8 (460) 635 - 461 1.5 
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membrane may be different (see later section). However, it is yet clear that the 

membrane does not behave as an insurmountable barrier for electron transfer. 

 A decay of the photocurrent with illumination time is observed for, TiO2/Pho-C14-Py+/4 

and TiO2/Pho-C14-SO3
-/5 but not for TiO2/N3. It cannot be explained by a loss of the dye 

into the solution, as no absorbance change of the electrodes is observed after 

photocurrent measurement. The decrease is more severe for electrodes modified with 

the phosphonic acids bearing the –SO3
- head group (Figure 5.3, dotted trace) than 

those bearing the pyridinium group (solid line). One explanation could be that the 

sulfonate head groups lower the local concentration of iodide, and thus reduce the rate 

of reduction of the oxidized dye, which may ultimately undergo irreversible chemical 

reactions. As the membrane modification leads to a narrowing and possibly clogging of 

bottle necks in the mesoporous system, mass transfer limitations of the mediator may 

also be invoked. On the other hand a photo current decay on pyridinium modified 

electrode may partly explained by the build up the hole conductor, in this case I3-, inside 

the pores. This could be due to the better affinity of the triodide ion to the hydrophobic 

part of the membrane beside the favorable electrostatic interaction. The sum of these 

effects will facilitate the recombination which deteriorates the photocurrent. A similar 

photo-current decay has been earlier reported for lipid based photo-electrochemical 

cells. [110b, 119] 
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The photocurrent behavior of dyes 5 and 3 as a function of the bias voltage vs. Ag/AgCl 

on a membrane modified TiO2 electrode is depicted in Figure 5.4. As expected, the 

photo currents depend on the applied potential. Interestingly the cathodic dark current 

related to the reduction of I3- develops at less negative potentials in case of the 

membrane with the pyridinium head group, possibly again because of the increased 

local concentration of the I-/I3- redox couple.  

The same trend is observed by cyclic voltammetry on differently modified electrodes, 

i.e. the absolute value of the cathodic dark current (electrochemical reduction of I3-) 

Figure 5-3: Photocurrent vs. time of TiO2/Pho-C14-Py+/4, TiO2/Pho-C14-SO3
-/5 and

TiO2/N3 (inset) in H2O/0.1 M KI in a 3-electrode system at E = 0.2 V (vs. Ag/AgCl) under

chopped white light (16.5 mW/cm2) irradiation. 
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follows the trend TiO2/Pho-C14-Py+ > TiO2 < TiO2/ Pho-C14-SO3
- ≈ TiO2/TiCl4 (Figure 

5.5).  

 

Figure 5-4: Light chopped photocurrent at different bias potential versus Ag/AgCl. 

Experimental condition same as in Figure 5-3. 

 

 

 

 

 

 

 

 

 

Figure 5-5: Dark current at the TiO2 modified electrodes in 0.1M KI solution. The I3- was

electro-generated by keeping the potential of the working electrode at +1 V for 20

seconds prior to each experiment. Scan rate 50 mV/s. 
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The photo action spectra of the membrane confined dyes 3 and 5 are shown in Figure 

5.6.The electrodes yield a maximum current at 545 and 460 nm, respectively, in 

agreement with their absorption spectra. For comparison the photo action spectrum of 

the standard N3 dye directly attached to TiO2 without membrane is presented under the 

same conditions. As compared to organic solvent/electrolyte systems, the APCE of 

TiO2/N3 in the aqueous electrolyte is drastically low. There are only very few DSSCs 

based on aqueous electrolyte discussed in the literature and comparison of these 

results were not possible due variations in the experimental parameters. However, in 

this study the main loss of the photocurrent would probably related to the dark current. 

This is shown by improved photocurrent (30-40 % increment) after the treatment of TiCl4 

blocking layer (Figure 5.7). Additionally,  in aqueous electrolyte the formation of Ti-O-H+ 

may aggravating the back electron transfer with protons acting as surface traps,[120] and 

water assisted desorption of the dye from the semiconductor surface are other possible 

pathways for photocurrent loss. However, discoloration of the films was not observed on 

this relatively short experimental time scale. Notably, the ACPE´s of the membrane 

bound dyes 3 and 5 are lower by a factor of ca. 4 as compared to the TiO2 coordinated 

N3. This is expected since the sensitizer dyes are far from the semiconductor surface 

which is the controlling parameter for efficient charge injection.  Worthwhile to mention, 

most organic dyes exhibit lower efficiencies compared to Ru-based dyes due to 

accelerated recombination.[121] This is attributed to the ability of these dyes to form 

complexes with iodine or triiodide which results high local concentration of iodine or 

quenching of the excited sate.[122] 
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Figure 5-6: APCE spectra of a) TiO2/Pho-C14-Py+/3 and TiO2/Pho-C14-SO3
-/5 and b) 

TiO2/N3 in H2O/I- electrolyte (open circle) and TiO2/N3 in MeCN/I- (filled circle). 

Notably, mesoporous TiO2 electrodes employed in this study sensitized with N3 dye 

exhibit low APCE even in organic electrolyte (Figure 5.6 b). This suggests that these 

electrodes may have had inherently low performance related to the size of the TiO2 

particles or morphology of the film.  

 

 

 

 

 

 

Figure 5-7: Photo current at N3 sensitized TiO2 electrodes with (dotted line) and without 

(solid line) TiCl4 treatment. Experimental condition same as in Figure 5-3. 
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Most interestingly, all the negatively charged macrocyclic dyes in our study show higher 

currents when coordinated via the pyridinium membrane as compared to the situation 

when they are directly attached to TiO2 (Figure 5.8). This is attributed mainly due to the 

hydrophobic part of the membrane which shields recombination centers and 

consequently enhances photovoltage or photocurrent. [123] The second reason could be 

that the pyridinium head groups fulfill a second function besides delivering the positive 

charge for holding the negatively charged dyes electrostatically. We have evidence, that 

they assist the electron transfer from the exited state of the dye in to theTiO2 CB. This is 

supported by the CV of pyridinium modified TiO2 electrodes showing an irreversible 

wave around -1.1V (vs. Ag/AgCl) in 0.1 M KCl (Figure 5.6) in agreement with literature 

values.[124] This value is located between the excited state reduction potential of the 

sensitizers 5, N3 or 1-4 (Edye*/dye+ = - 1V to -1.5V, Table 5.2) and the flat band potential 

of TiO2 (-0.72V at pH 6). [15] Here the excited state potentials of dye 1-5 are calculated 

from the first ground sate oxidation potentials (EOxd) and zero-zero excitation energy 

(Eexc) according to equation 5.1 

                                        Oxdexcdyedye EEE −=+/*
                                          5.1 

Where EOxd is the first oxidation potential of the dyes measured by CV and Eexc is the 

zero-zero excitation energy obtained by the intersection of the normalized absorption 

and emission spectra. 
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Table 5-2: Experimental and calculated excited sate reduction potentials from CV 

measurement and Fluorescence measurement. 

 

 

 

 

a) From cyclic voltammetry  
b) From fluorescence measurement   

Furthermore, electrodes modified with a phosphonated viologen TiO2/Pho-C6-Vio++ 

(Figure 5.1) can hold the negatively charged dyes as the TiO2/PhO-C14-Py+ membrane 

does, however, no photocurrent response is observed. This is definitely related to the 

more positive reduction potential of the bipyridinium cation (-0.5 V), i.e. the viologen 

Dyes EOxd (V)a) ERed(V)a) Eexc (V) b) Edye*/dye+ (V) c) 

1 0.65 -1.5 2.17 -1.52 

2 0.83 -1.18 2.04 -1.21 

3 0.87 -1.44 2.24 -1.37 

5  1.14  -1.05 2.21 -1.07 

Figure 5-8: Cyclic voltammetry of 0.5 mM solution of Pho-C14-Py+ (broken line) and

Pho-C6-Vio++ (solid line) in 0.1 M KCl at FTO electrode; scan rate 50 mV/s. 
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acts as a potential sink, whereas pyridinium (-1.1 V) acts as an intermediate injector 

(Figure 5.10). 

 

Figure 5-9: Chopped photocurrent at membrane confined vs. directly TiO2 attached 

dyes (A) chlorin (4) and (B) porphyrin (3); experimental condition as in Figure 5.3. 

A semiempirical ZINDO calculation supports this second function of the pyridinium head 

group, i.e. acting as an intermediate electron acceptor, even on the timescale of 

electron excitation (see next section).  

In Table 5.3 the photovoltaic performance of the different dye sensitized membrane 

modified electrodes using the aqueous I- electrolyte are presented. The new dyes 

confined on the membranes show better performance both in terms of the open circuit 

voltage (VOC) and  the short circuit current  (JSC)  compared to directly coordinated dyes 

to mesoporous TiO2 electrodes; 5 being the highest followed by the 3. However, dye 1 

with two sulfonic acid groups shows the lowest performance with a photocurrent less 

than 1µA/cm2.  
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Table 5-3: Photovoltaic performance of dye sensitized membrane modified TiO2 

electrodes. 

Electrode ISC(µA cm-2) APCE 

TiO2/Pho-C14-SO3
-/2 22 0.5 

TiO2/Pho-C14-Py+/3 36 1.0 

TiO2/Pho-C14-Py+/4 15 1.5 

TiO2/Pho-C14-SO3
-/5 45 1.3 

TiO2/N3 250 5.6 

TiO2/ N3 1140 33 

 

5.2 The influence of the membrane pyridinium on photoinduced charge 

separation: ZINDO calculation 

Besides electrostatically binding the sensitizer to the outer membrane surface, the 

pyridinium and sulfonate head groups may also assist or tune the photo-induced charge 

separation. This is demonstrated by semiempirical ZINDO/S calculations.   

Generally 2D structures of compounds 1-5 were drawn in Chemsketch, converted into 

3D, and then exported as mol-file. These were imported in Argus lab (version 4.0.1, 

Mark Thompson and Planaria Software LLC). The structures were geometry optimized 

using the UFF molecular mechanics using square planar Ni (II) as central metal atom 

for compounds 1-4 and octahedral Fe (II) for compound 5.  After geometry optimization 

Ni (II) was replaced by Zn (II) for compound 1, by two H+ at the corresponding N for 

compound 2, by Zn (II) for compound 3 and by two H+ at the corresponding N for 

compound 4. ZINDO calculations using 10 CI states (singlet excitations) were 

performed under standard settings. Increased electron density (blue), decreased 

electron density (red), using contour value 0.002 
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Such calculations on the sensitizers 1, 2, 3 (with Pd replaced by Zn because of missing 

parameters), 4 and 5 (Ru replaced by Fe) revealed the following:  

(i) The excited states of the isolated sensitizers 1-5 calculated in the absence of 

a membrane compound show all intra-molecular charge dislocation upon 

photo excitation, i.e. photoexcited charge separation occurs only within the 

porphyrin. This qualitative analysis is based on the corresponding electron 

density difference maps of the first excited state with respect to the ground 

state (Figure 5.11a) 

(ii) The excited states of sensitizers 1,3 and 4 calculated in proximity (ca. 0.2 to 1 

nm) of the pyridinium terminated alkyl phosphonate show efficient population 

of the pyridinium π* system with electron density stemming from the dye upon 

photo excitation in agreement with electrochemical and fluorescence 

measurements. Figure 5.11 shows the distribution of the excited state 

electron density dislocation for compound 4 in the presence of alkyl 

pyridinium ion.  

(iii) The relative orientation of the dye to the pyridinium (or to a smaller extent to 

the sulfonate) is important for the direction of the charge shift either towards 

or away from TiO2, which in turn depends on hydrophobic and electrostatic 

interactions of the two partners as earlier shown for electroactive guests in 

the same membranes.[114a] 

(iv) Beside direct charge injection from the first photo-generated pyridine radical, 

one can envisage an electron hoping process involving many pyridinium head 

groups, which drives the electron away from the oxidized sensitizers towards 
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sites with facilitated TiO2 electron injection kinetics (Figure 5.8). Such a lateral 

electron hoping mechanisms on membrane modified TiO2 has been 

described earlier.[56]  

(v) The sulfonated membranes can act as a donor (in contrast to pyridinium) in 

the photoexcited state (Figure 5.10). 

 

 

 
 

 

 

 

 

 

 

 

Figure 5-10: Energetics at the TiO2-membrane-headgroup-sensitizer assembly a) with

pyridinium head groups and oxidative quenching, and b) with e.t. shuttling between

py+/py. couples along the membrane followed by electron injection into TiO2 or c) with

(hypothetical) reductive excited state quenching by the membrane sulfonate groups. FBE

= flat band edge. 



Dye Sensitized Membranes within Mesoporous TiO2

 

88 
 

 

 

Figure 5-11: Electron density difference of the first excited minus the ground state 

(blue: increased electron density, red: decreased electron density, contour value: 0.002) 

from ZINDO calculations using 10 CI states (singlet excitations) a) in the isolated 

sensitizer 4, b)  and c) with sensitizer 4 in presence of a pyridinium membrane molecule 

b):  sensitizer 4 between pyridinium and TiO2, c): pyridinium between sensitizer 4 and 

TiO2; black arrows: towards TiO2, blue arrows: movement of electron density. 
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5.3 Conclusion 

Nature uses double membranes which only can exist in an aqueous system and 

proteins as a scaffold for the right positioning of sensitizer and redox mediators in space 

to achieve photoinduced charge separation. In a DSSC based on a dye sensitized TiO2 

electrode it is mostly common to use organic solvents and no water, because with all 

water based electrolytes reduced efficiencies are observed (the rationale behind this is 

still not clear). Furthermore, the dyes are directly coordinated onto the TiO2 surface.  

We have introduced a membrane onto the inner wall of mesoporous TiO2 using different 

alkyl phosphonates with charged head groups. Obviously, this membrane persists only 

in an aqueous system. The dyes are coordinated to the charged surface of the outer 

membrane by a combination of hydrophobic and electrostatic interactions – similarly as 

observed in nature.  

Principally this architecture allows for new architectural complexity on the molecular 

level. The results show: 

(i) Electron transfer can occur through the membrane into TiO2 

(ii) Some dyes show better injection efficiencies when placed onto the membrane as 

compared to the case when they are directly coordinated to the TiO2 

(iii) The pyridinium unit of the membrane can act as an intermediate electron acceptor, 

as supported by experimental and theoretical results. 

It is expected that the performance can be enhanced by introducing a TiCl4-blocking 

layer, by optimizing the TiO2 layer thickness.   
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6 Thesis Conclusion 

The goal of this thesis is the modification of electrode surfaces with mesoporous 

materials and their post grafting with alkyl phosphonic acids. It is achieved through the 

use of mesoporous TiO2 films and on purpose synthesized phosphonic acids with 

different head groups (bifunctional molecular linkers). The study includes different 

characterization methods such as electrochemical methods, FTIR Spectroscopy, Quartz 

Crystal Microbalance, Contact angle and Scanning Electron Microscopy measurements. 

The bifunctional linkers with different charge and alkyl chain length form a robust and 

stable SAM through a phosphonate TiO2 linkage inside (or on the surface) of the 

mesopores. The surface properties of TiO2 (e.g. surface charge and wettability) are 

ultimately controlled by the charge and alkyl chain length of the phosphonic acids.  The 

membrane can be loaded with a broad range of molecules such as counter-charged 

redox ions, electrochromophores, and dyes and their properties can be probed by 

different techniques.  

The new surface modification technique simplifies the molecular requirements for 

functional surface modifiers considerably; i.e. with a limited set of phosphonated 

membranes it is possible to surface confine many interesting photo or electroactive 

compounds.  

The phenomena which are available and demonstrated in the thesis include:  

o The incorporation of charged guest molecules to the modified pores and the 

investigation of their electrochemistry on the surface, e.g. the preconcentration of 
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highly charged metal complexes which can be used in the electro-catalysis and 

sensing.  

o The control of the pore diameter of mesoporous TiO2 prepared by templating and 

random sintering  

o The study of the charge propagation through the modified pores shows ion 

filtration and permselectivity.  

o The use of the modified surfaces as photoanodes for dye sensitized solar cells 

operating in an aqueous solvent electrolyte.  

There may be still unexplored aspects of the system, especially with respect to its 

structure; however, I hope the thesis can be used as information source for further 

studies. 
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Abbreviations  

2D 2 Dimensional 

3D 3 Dimensional 

A Absorbance 

AFM Atomic force microscopy 

APCE Absorbed photon to current convesion efficency 

c Concentration 

C10 Alkyl chain with 10 carbon atoms 

C14 Alkyl chain with 14 carbon atoms 

C6 Alkyl chain with 6 carbon atoms 

CB Conduction band 

CI Configuration interaction 

CV Cyclic voltammetry 

CVD Chemical vapor deposition 

DFT Density functional theory 

DSSC Dye sensitized solar sell 

e.t Electron transfer 

Edye*/dye+ Excited state potential 

Efb Flat band potential 

Eo Formal potential 

f o Fundamental frequency 
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FBE Flat band edge 

Fc-EtOH 1-ferrocene ethanol 

FF Fill factor 

FTIR Fourier transform infra red spectroscopy 

FTO Fluorine doped tin oxide 

HPLC High performance liquid chromatography 

Ia,p Anodic peak current 

IPCE Incident photon to current conversion efficiency 

IR Infra red 

ISC Short circuit current 

K Adsorption constant 

l Cuvette length 

MeCN Acetonitrile 

MetOH Methanol 

NMR Nuclear magnetic resonance 

NTS3- Naphthalene trisulfonate 

Pho Phosphonic acid  [-P(O)(OH)2] 

Pin Incident light power intensity 

PVD Physical vapor deposition 

Py+ Pyridinium 

QCM Quartz crystal microbalance 

Rcorr Corrected integrated absorbance ratio 

SAM Self assembled monolayers 
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SEM Scanning electron microscopy 

s-TiO2 Sintered TiO2 

THF Tetrahydrofuran 

t-TiO2 Templated TiO2 

Vio++ Viologen 

Voc Open circuit voltage 

XPS X-ray photoelectron spectroscopy 

∆Ep Peak-to-peak potential separation 

∆f   change of frequency 

Δm Areal  mass change 

Φ Incident power flux 

Γ Surface concentration 

Γο Saturation surface concentration 

ε Molar extinction coefficient  

εint Integrated absorption coefficient (IR)  

λem Emission wave length 

λmax Wave length of maximum absorbance 

ν Absorption  frequency 
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