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ABSTRACT 

 

Grätzel cells are liquid-electrolyte photoelectrochemical cells that contain dye-

sensitised titania electrodes.  The sensitiser is typically an organic species that absorbs 

visible light and increases the spectral region in which Grätzel cells may produce 

electricity.  A key feature in the success of Grätzel cells is the high surface area of 

nanostructured titania electrodes.  In this study, the nanostructuring of titania has been 

explored by two complementary methods: templation and self-assembly.   

 

The templation of silica colloidal crystals (opals) was chosen as an inverse opal of 

titania would display a porous, bicontinuous structure in addition to a photonic band-

gap.  A diverse variety of titania inverse opals was produced, ranging from ideal 

‘honeycomb’ to non-ideal ‘grape-like’ morphologies.  However, the fragility of the 

material and difficulties in reproduction meant that the testing of such electrodes within 

Grätzel cells was limited.  

 

Study towards the formation of a nanoparticle superlattice of titania via chemically-

assisted self-assembly involved the investigation of both nanostructured titania surfaces 

and dye adsorption.  The mode of dye binding to titania and the stability of adsorbed 

dyes was studied to aid work toward the design of a self-assembled titania superlattice, 

as well as to assist in the analysis of dye performance in Grätzel cells.  Crystalline, 

aggregated titania and amorphous, dispersible titania was produced for dye binding 

studies of small organic carboxylic acid dyes.  It was found that while dyes are adsorbed 

and intimately associated with titania, the mode of dye binding is different on a dry 

electrode than upon dispersed and solvated titania.  The dyes appear to be bound to 

titania in a carboxylate form in the dry state, but in a mode that closer resembles that of 

the native dye upon dispersed titania. 
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and for J-aggregates is of lower energy. 

Figure 6.4.   Coumarin dyes as described by Z. S. Wang et al. 2005.  a) Cyano(5,5-
dimethyl-3-[2-(1,1,6,6-tetramethyl-10-oxo-2,3,5,6-tetrahydro-
1H,4H,10H-11-oxa-3a-aza-benzo[de]anthracen-9-yl)vinyl]cyclohex-
2-enylidene)acetic acid which bears a side ring on the alkene chain, 
which prevents aggregation.  b) The analogous material, which is 
without a side ring and forms H-aggregates. 

Figure 6.5.   Hemin, the Fe3+ analogue of heme. 
Figure 6.6.   Glutamic acid as described by A. D. Roddick-Lanzilotta et al. 2000.  

Glutamic acid bound to titania by a) a single acid group and b) both 
acid functionalities. 

 
Section 6.4. 
Table 6.1.   Spectral properties of carboxylic acid probe dyes. 
 
Section 6.5 
Figure 6.7.   Chem3D® representations of 6.1 to 6.6 with estimates of the 

rectangular footprint area for dyes bound by only one carboxylic 
group. 
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Figure 6.8.   Chem3D® representations of 6.1 to 6.6 with estimates of the 
rectangular footprint area for bound dye with potential binding groups 
towards the surface. 

Table 6.2.   Surface area of titania from nitrogen sorption data, unless otherwise 
stated. 

Table 6.3.   Range of the rectangular footprint areas of probe dyes (Figs 6.7, 6.8) 
and monolayer coverage values for dye upon sintered transparent 
Dyesol titania and native sol-gel titania.   

 
Section 6.5.1.1. 
Figure 6.9.   UV-Vis absorbance over time for the 410 nm peak of 6.3 adsorbed 

onto sintered Dyesol titania plates from a 2 mM solution in 
tetrahydrofuran.  The x-axis error bars are for ± 1 minute, the y-axis 
error bars are for ± 0.001 absorbance units.    

Figure 6.10.   Adsorption of 6.2 onto sintered Dyesol titania powder from a 2.3 mM 
methanolic solution and desorption in dry methanol.  Data was 
collected for the UV-Vis maximum at 330 nm, the error bars are for 
conservative values of a ± 10% uncertainty for the calculated number 
of moles of 6.2 and ± 2 minutes of time.  Similar data was obtained 
for 6.1. 

 
Section 6.5.1.2. 
Table 6.4.   FWHM values for UV-Vis absorption signals of the probe dyes in 

tetrahydrofuran (THF) and on both dispersed sol-gel and sintered 
Dyesol titania. 

Table 6.5.   UV-Vis absorption of pure dyes in THF and on both dispersed sol-gel 
and sintered Dyesol titania. 

Figure 6.11.   UV-Vis spectra of a 1 : 1 and a 2 : 1 molar ratio of tetra-n-
butylammonium hydroxide to 6.1  in methanol. 

Table 6.6.   UV-Vis absorption of pure dyes and dyed titania in solvent A. 
Figure 6.12.   UV-Vis spectra of 6.5 in tetrahydrofuran in a 1 : 5 v/v solution of 

tetrahydrofuran to 95% ethanol and adsorbed onto sintered titania 
plates.   

Figure 6.13.   A red shift of UV-Vis absorbance is observed when a titania plate 
dyed with 6.5 is wet with tetrahydrofuran is dried.  The effect is 
reproducible as shown by further immersion of the plate in a solution 
of 6.5 and subsequent drying.  The spectra are not subtracted for the 
titania blank in order to show that the wet plate is more transparent 
than the dry plate.  

Figure 6.14.   UV-Vis spectra of 6.4 in methanol, tetrahydrofuran, in a 1 : 5 v/v 
solution of tetrahydrofuran to 95% ethanol (solvent A) and with sol-
gel titania in methanol, tetrahydrofuran and solvent A. 

Equation 6.1.   Equilibrium dye binding involving free and bound dye, only. 
Equation 6.2.  Equilibrium dye binding involving the available binding sites of 

titania and both free and bound dye. 
Figure 6.15.   UV-Vis spectra of 6.4, showing an absence of signal shoulders on 

titration with sol-gel titania in ethanol.  Pure dye, a 339 : 1, a 21 : 1, 
and a 1 : 1 mole ratio of dye to titania.  The FWHM values are 99 nm, 
109 nm, 114 nm and 113 nm, respectively, with an uncertainty of 3%. 

Figure 6.16. UV-Vis spectra of 6.1 in tetrahydrofuran, in acidic solution, in 
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solution with acidic-sol-gel titania.  The mole ratio of sol-gel titania 
spheres 2 nm in diameter to dye was 1 : 5. 

Figure 6.17.   UV-Vis spectra of 6.2 in tetrahydrofuran, in acidic solution, in 
solution with acidic-sol-gel titania.  The mole ratio of sol-gel titania 
spheres 2 nm in diameter to dye was 1 : 4. 

Figure 6.18.   UV-Vis spectra of 6.3 in tetrahydrofuran, in acidic solution, in 
solution with acidic-sol-gel titania and adsorbed onto sintered titania 
plates.  The mole ratio of sol-gel titania spheres 2 nm in diameter to 
dye was 4 : 1. 

Figure 6.19.   UV-Vis spectra of 6.4 in tetrahydrofuran, in acidic solution, in 
solution with acidic-sol-gel titania and adsorbed on sintered titania 
plates.  The mole ratio of sol-gel titania spheres 2 nm in diameter to 
dye was 4 : 1. 

Figure 6.20.   UV-Vis spectra of terthienylcyanoacrylic acid in tetrahydrofuran, in 
acidic solution, in solution with acidic-sol-gel titania and adsorbed on 
sintered titania plates.  n(sol-gel titania spheres 2 nm in diameter) : 
n(dye) of 3 : 1.   

Figure 6.21.   UV-Vis spectra of terthienylvinylenemalonic acid in tetrahydrofuran, 
in acidic solution, in solution with acidic-sol-gel titania and adsorbed 
on sintered titania plates.  n(sol-gel titania 2 nm in diameter) : n(dye) 
of 3 : 1.   

Figure 6.22.    A cartoon of possible aggregation and packing of a) 6.4 and b) 6.3 
upon titania. 

Figure 6.23.    A depiction of the packing of a malonic acid with the binding groups 
a) parallel and b) staggered with respect to each other.  The carbon 
atom labelled ‘R’ denotes the rest of the molecule. 

Figure 6.24.   UV-Vis spectra of 6.6 in tetrahydrofuran (507 nm), in acidic solution 
(514 nm), in solution with acidic-sol-gel titania (522 nm) and 
adsorbed onto sintered titania plates (510 nm).  The mole ratio of sol-
gel titania spheres 2 nm in diameter to dye was 4 : 1. 

Figure 6.25.   UV-Vis spectra of 6.5 in tetrahydrofuran, in acidic solution, in 
solution with acidic-sol-gel titania and adsorbed onto sintered titania 
plates.  The mole ratio of sol-gel titania spheres 2 nm in diameter to 
dye was 4 : 1. 

Figure 6.26.   An extreme conformation of 6.6, where the ter(thienylenevinylene) 
group lies parallel to the surface. 

Table 6.7.   Porphyrin-based dyes used in dye aggregation studies. 
Figure 6.27.   UV-Vis spectra of sintered Dyesol titania dyed with 6.7 from a 0.2 

mM solution in tetrahydrofuran.  The dye absorbance increases with 
progressive immersion times of 2 min, 4 min, 12 min and 99 min.    

Figure 6.28.   UV-Vis spectra of sintered Dyesol titania dyed with 6.9 from a 0.2 
mM solution in tetrahydrofuran.  The dye absorbance increases with 
progressive immersion times of 2 min, 4 min, 8 min and 50 min.    

Figure 6.29.   UV-Vis spectra of sintered Dyesol titania dyed with 6.11 from a 0.2 
mM solution in tetrahydrofuran.  The dye absorbance increases with 
progressive immersion times of 2 min, 4 min, 10 min and 60 min.    

Figure 6.30.   UV-Vis spectra of sintered Dyesol titania dyed with 6.8 from a 0.2 
mM solution in tetrahydrofuran.  The dye absorbance increases with 
progressive immersion times of 2 min, 4 min, 13 min and 90 min. 

Figure 6.31.   UV-Vis spectra of sintered Dyesol titania dyed with 6.10 from a 0.2 
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mM solution in tetrahydrofuran.  The dye absorbance increases with 
progressive immersion times of 2 min, 4 min, 12 min and 99 min.    

 
Section 6.5.3. 
Figure 6.32.   ATR-FTIR spectra of native sol-gel titania and a sintered Dyesol 

titania plate.  The fine structure in the spectra at 3700 and 1606 cm-1 
are due to residual water. 

Figure 6.33.   Illustration of the two configurations (a) and (b) of 6.2 that were 
modelled for ab initio calculations.   

Figure 6.34.   Calculated vibrational data for configuration (a) of 6.2.  
Figure 6.35.   Calculated vibrational data for configuration (b) of 6.2.  
Figure 6.36.   Calculated vibrational data for configuration (c) of 6.2.  
Figure 6.37.   Calculated FTIR spectra for configuration (a) of 6.2 in vacuo. 
Figure 6.38.   Calculated FTIR spectra for configuration (b) of 6.2 in vacuo. 
Figure 6.39.   Calculated FTIR spectra for configuration (c) of 6.2 in vacuo. 
Figure 6.40.   Experimental ATR-FTIR data for pure 6.1. 
Figure 6.41.   Experimental ATR-FTIR data for pure 6.2. 
Figure 6.42.   The minimised conformation of the doubly-deprotonated forms (a) to 

(c) of 6.2. 
Figure 6.43.   Calculated vibrational data for the doubly-deprotonated form of 6.2.  
Figure 6.44.   Calculated FTIR spectra of the doubly-deprotonated form of 6.2 in 

vacuo. 
Figure 6.45.   ATR-FTIR spectra of pure 6.1 and the acid adsorbed onto native sol-

gel titania in a 29 : 1 mole ratio of dye to 2 nm titania particles. 
Figure 6.46.   An expansion of Figure 6.43, of pure 6.1 and the acid adsorbed onto 

native sol-gel titania in a 29 : 1 mole ratio of dye to 2 nm titania 
particles. 

Figure 6.47.   Experimental ATR-FTIR data for pure 6.2 and the dye adsorbed onto 
sol-gel titania in a 15 : 1 mole ratio of dye to 2 nm titania particles. 

Figure 6.48.   ATR-FTIR spectrum of pure 6.3 and upon sol-gel titania in an 18 : 1 
mole ratio of dye to titania 2 nm in diameter.    

Figure 6.49.   ATR-FTIR spectra of pure 6.4 and the acid bound to sol-gel titania in 
an 18 : 1 and in a 21 : 1 mole ratio of dye to titania 2 nm in diameter.  

 
Section 6.5.4. 
Figure 6.50.   Fluorescence of 6.4 in methanol and with a calculated mole ratio of 

dye to titania 2 nm in diameter of 39 : 1, 20 : 1, 10 : 1  and 1 : 1.  The 
excitation wavelength was 455 nm.  

Figure 6.51.   Fluorescence maximum of 6.4 in methanol versus the mole ratio of 
dye to titania particles 2 nm in diameter.  The fluorescence maximum 
of pure 6.4 is 592 nm.  The excitation wavelength was 455 nm.  The 
error bars are for an uncertainty of ± 0.5 nm of the fluorescence signal 
and approximately ± 7 % for the mole ratio of dye to 2 nm diameter 
titania. 

Figure 6.52.   Raman spectra of a methanolic solution with a 12 : 1, a 6 : 1, a 4 : 1  
and a 1 : 3 mole ratio of acidic, amorphous 2 nm sol-gel titania to dye 
6.4.  The non-linear background has not been subtracted. 

 
Section 6.5.5.2. 
Figure 6.53.   1H-NMR spectrum of 6.1 in CD3OD.   
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Figure 6.54.  1H-NMR spectrum of 6.2 in CD3OD. 
Figure 6.55.  1H-NMR spectrum of 6.4 in CD3OD. 
Figure 6.56.   1H-NMR spectrum of the tetramethylammonium salt of 6.1 in 

CD3OD.  Pure 6.1, a 1 : 1 mole ratio and a 2 : 1 mole ratio of 6.1 to 
tetramethylammonium hydroxide. 

Figure 6.57.   1H-NMR spectra of a 12 M solution of 6.2 in CD3OD, titrated with 
hydrochloric acid.  A mole ratio of dye to hydrochloric acid of 1 : 0, 1 
: 45, 1 : 89 and 1 : 116.  

Figure 6.58. 1H-NMR spectra of 6.3 in CD3OD, with a mole ratio of dye to 
hydrochloric acid of 1 : 124 and with a mole ratio of dye to titania 
particles 2 nm in diameter of 19 : 1.  

 
Section 6.5.5.3. 
Figure 6.59.   A cartoon of the solvent partition method.  a) Sol-gel titania solvated 

in D2O is added to a saturated solution of dye in CDCl3.  b) Dye 
diffuses through the solvent-solvent interface and binds to titania in 
the D2O layer.  c) The D2O layer was removed by pipette for analysis 
by NMR spectroscopy. 

Figure 6.60.   1H-NMR spectra of the titration of 6.1 with acidic, amorphous, sol-gel 
titania in CD3OD.  An 8 : 1, 12 : 1 and a 17 : 1 mole ratio of 6.1 to 
titania particles 2 nm in diameter. 

Figure 6.61.   1H-NMR spectrum of the methanol-soluble portion of a titania 
resuspension experiment.  The mole ratio of 6.1 to 2 nm titania 
particles was 18 : 1.  A crude indication of the position of sharp 
overlaid signals due to free dye. 

Figure 6.62.   1H-NMR spectrum of a 2 mM solution of 6.1 in D2O-DSS.  
Figure 6.63.  Representations of: (a) the cis- and (b) the trans- mono-salt forms and 

(c) the di-salt of 6.1. 
Figure 6.64.  1H-NMR spectrum of a saturated solution of 6.1 in D2O. 
Figure 6.65.   1H-NMR spectrum of an initial 12 : 1 mole ratio of 6.1 to 2 nm titania 

particles in D2O-DSS. 
Figure 6.66.   1H-NMR spectrum of the D2O layer of a partition experiment that 

used an initial 17 : 1 mole ratio of 6.1 to 2 nm titania particles. 
Figure 6.67.   1H-NMR spectra of the D2O layer of a solvent partition experiment 

which used an initial 12 : 1 mole ratio of 6.1 to 2 nm titania particles.  
A 3x and a 10x dilution in CD3OD. 

Equation 6.3.   The Einstein-Stokes equation, using methanol at 298K. 
 
Section 8.1. 
Table 8.1.   Analysis of the TiO2, water, solvent and acid content of  sol-gel 

titania. 
 
Section 8.2. 
Table 8.2.   Experimental extinction coefficients of probe dyes in tetrahydrofuran. 
Table 8.3.   Theoretical ratios of dye to titania, using estimated surface area for 

non-sintered native sol-gel titania 2 nm in diameter, with a surface 
area of 12.57 nm2 per particle and a molar mass of 10847 g mol-1. 

Table 8.4.   Theoretical ratios of dye to titania, using estimated surface area for 
non-sintered native sol-gel titania 3 nm in diameter, with a surface 
area of 28.27 nm2 per particle and a molar mass of 36607 g mol-1. 
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Table 8.5.   Theoretical ratios of dye to titania, using estimated surface area for 
non-sintered native sol-gel titania 4 nm in diameter, with a surface 
area of 50.27 nm2 per particle and a molar mass of 86771 g mol-1. 

Table 8.6.   The amount of dye required for monolayer coverage of sintered 
Dyesol titania, using the footprint areas shown in Table 8.3. 

Table 8.7.   The amount of dye required for monolayer coverage of sintered sol-
gel titania, using the footprint areas shown in Table 8.3. 

Table 8.8.   If the surface area of sintered ‘native’ sol-gel titania is 187 m2 g-1, if 
the footprint area of 6.1 is 4.5 x 10

-19
, a monolayer dye loading is 6.9 

x 10
-4

 mol g-1.  Supposing that the sintered material was still 
composed of discrete spheres, then the mole ratio between dye and 
titania spheres is given by n(dye) : n(TiO2).  The percentage dye 
loading of sintered titania over that of native sol-gel titania gives an 
indication of the degree of particle aggregation introduced by 
sintering.  

Table 8.9.   UV-Vis absorption of dyes on sintered titania. 
Figure 8.1.   The integrated area of the UV-Vis absorption of sintered Dyesol 

titania dyed with 6.5.    The red shift in dye absorbance is due to 
rearrangement of dye on titania due to the loss of solvent, rather than 
to a decrease in the amount of dye present.  The integrated region was 
390 to 700 nm.  Data is shown for samples immersed in a 0.2 mM 
solution of 6.5 in tetrahydrofuran for: a) 3 minutes, wet and dried; b) 6 
minutes, wet and dried.   

Figure 8.2.   The fluorescence intensity of 6.4, in methanol, normalised to 
absorbance.  Two sets of data are displayed.  The error bars are for 
conservative uncertainties of ± 50 counts of intensity and ± 10% of 
concentration.    
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ABBREVIATIONS 
 
AFM Atomic force microscopy, a type of scanning probe microscopy. 

AM 1.5 Air mass 1.5.  'One Sun'.  Equivalent to 100 mW cm-2, the intensity of  
 solar light when the sun is 48.2° from zenith.1-3 

ATR-FTIR Attenuated total internal reflectance Fourier transform infra-red 
 spectroscopy. 

CVD Chemical vapour deposition. 

DSSC Dye-sensitised solar cell; Grätzel cell.. 

ITO Indium-doped tin oxide.  Commonly used to coat glass for a 
 conductive surface. 

SEM Scanning electron microscopy. 

SPM Scanning probe microscopy.    

STM Scanning tunnelling microscopy, which is a type of scanning probe 
 microscopy.    

TEM Transmission electron microscopy. 

UV-Vis Ultra-violet and visible light. 

XRD  X-ray diffraction 
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DEFINITIONS AND SYNONYMS 
 
Aqua Regia 
1 : 3 v/v concentrated (fuming) nitric acid to concentrated (1.18 g mL-1) hydrochloric 
acid.  If the solution is to be stored, include 1 volume of water.4 
 
Bohr radius 
The Bohr radius is unique for each substance and is the distance between the electron 
and hole of a Mott-Wannier pair, or ‘exciton’. 
 
Dyesol Limited 
Previously known as Sustainable Technologies Australia (STA), then as Sustainable 
Technologies International Pty Ltd (STI).  
 
External Quantum Efficiency (EQE) 
Of a solar cell: also known as the incident photon conversion efficiency, which is the 
number of electrons generated per incident photon.5  EQE = ne/nhv = (Isc.hc)/(Po.λe)   
 
Fill-Factor (ff) 
Of a solar cell: the maximum electrical power generated divided by the product of the 
short-circuit current and the open circuit voltage.  The maximum power generated is the 
product of the short circuit current (maximum) and the open circuit voltage (maximum).  
ff = (Imax.Vmax)/(Isc.Voc) 
 
Global conversion efficiency (ηglobal) 
Of a solar cell: the maximum electrical power generated divided by the intensity of the 
incident light.  ηglobal = (Imax.Vmax)/Is    
 
Grätzel Cell 
A liquid heterojunction DSSC which employs a mesoporous and nanocrystalline titania 
electrode that has been sensitised to absorb visible light.   
 
Inverse Opal 
Inverse colloidal crystal, reverse-contrast colloidal crystal, air-sphere colloidal crystal. 
 
Macrostructure 
A structure with dimensions larger than 100 nm. 
 
Nanocrystalline 
A material that is crystalline with dimensions on the order of nanometres.  The term is 
often used in reference to particulate material which may be composed of smaller 
particles. 
 
Nanoparticles 
Particles with a size on the order of nanometres. 
 
Nanostructure 
The structuring of materials such that at least one dimension that is less than a hundred 
nanometres wide. 
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Opal 
A colloidal crystal.  Specifically, opal refers to a colloidal crystal of silica. 
 
Polydispersity Index 
Equals the weight-average molecular weight divided by the number-average molecular 
weight.  The number-average is never greater than the weight-average and the larger the 
index, the wider is the distribution. 
 
Power Conversion Efficiency (ηeff) 
Of solar cells: the maximum electrical power generated divided by the incident optical 
power.  ηeff = (Imax.Vmax)/Po 
 
Polyelectrolyte 
A polymer in which the degree of ionisation is dependent on the pH of the 
environment.6 
 
Piranha Solution 
Either a 2 : 1 v/v, a 3 : 1 v/v or a 4 : 1 solution of concentrated (96%) sulfuric acid to 
30% aqueous hydrogen peroxide.7-9 
 
Quantum dot 
A material that is quantum-confined in three-dimensions. 
 
Relative Centrifugal Force (rcf ) 
Calculated from the rotations per minute (rpm) and the swing radius of the centrifuge.  
The units of measure are ‘g’, for gravitational acceleration. 
 
Root Mean Square (RMS) 
Quadratic mean.  RMS = ((Σxi)2)/n)1/2    
 
Screen-printing 
Equivalent to tape-casting of material by pressing material through a mesh screen.  The 
paste viscosity, mesh size, thread thickness and the tension of the screen determine the 
film thickness.  
 
Sol; Sol-gel 
A suspension of tiny particles, which may be stabilised; a gel formed of a sol. 
 
Superlattice 
An arrangement of material which recalls the ordering found within ionic lattices. 
 
Tape-casting 
Doctor-blading, where a film is cast onto a substrate by application of a blade along 
guide rails or a mask.  The paste viscosity and the height of the mask or guide 
determines the film thickness.  
 
V Ag/Ag+ 
Potential with respect to a psuedo-reference electrode of silver/silver ion. 
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V SCE 
Potential with respect to a standard calomel electrode. 
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PICTORIAL TABLES OF ORGANIC SPECIES 
 
 

Ferrocenyl compounds for the functionalisation of ITO 

Fe

N

NH2

2+

 

Compound 5.3 
N-(ferrocenylmethylidene)-4-
phenylenediamine 
N-(ferrocenylmethylidene)-p-
phenylenediamine 
 
Mono-Schiff Base.  304 g mol-1. 
Synthesised by Ms. Yvonne Ting 

Fe
NH2

2+

 

Compound 5.4 
2-(4-aminophenyl)ethenylferrocence 
2-(p-aminophenyl)ethenylferrocence 
 
RJD-99-3.  303 g mol-1. 
Synthesised by Mr. Ross Davidson. 

Fe

N

N

2+ Fe 2+

 

N,N’-di(ferrocenylmethylidene)-4-
phenylenediamine 
N,N’-di(ferrocenylmethylidene)-p-
phenylenediamine 
 
Di-Schiff Base.  500 g mol-1. 
Synthesised by Ms. Yvonne Ting. 

 
 

Small organic dyes for  binding to titania 

O

CO2H

CO2H

 

Compound 6.1 
4-methoxybenzylidenemalonic acid 
4-methoxyphenylmethylene propanedioic acid 
p-methoxybenzylidene malonic acid 
p-methoxybenzal malonic acid 
 
060720.  222 g mol-1. 
Synthesised by Ms. Yvonne Ting. 

CO2H

CO2H  

Compound 6.2 
Cinnamylidenemalonic acid. 
(3-phenyl-2-propenylidene)-propanedioic acid 
3-phenyl-2-propenylidene propanedioic acid 
 
AWIS-126.  218 g mol-1. 
Synthesised by Mr. Adam Stephenson. 
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Trans-stilbene.  Trans-1,2-diphenyl-1-ethene 
 
180 g mol-1. 

 
 

Ter(thienylenevinylene) and ter(thienylvinylene) dyes for  binding to titania 

S S

S
CO2H

CO2H

 

Compound 6.3 
Ter(thienylenevinylene)malonic acid 
Ter(thiophene-2,5-diyl)vinylenemalonic 
acid 
(E,E)-(2-( 5-(2-(5-(2-(2-thienyl)vinyl)-2-
thienyl)vinyl)thiophenevinylmalonic acid 
5-((5-(2-thien-2-ylethenyl)thien-2-
ylethenyl)thien-2yl malonic acid 
 
E-491.  414.5 g mol-1. 
Synthesised by Dr. Pawel Wagner. 

S S

S
CN

CO2H

 

Compound 6.4 
Ter(thienylenevinylene)cyanoacetic acid 
2-cyano-3[2,2’,5’,2”]terthiophen-5-yl 
acrylic acid 
5-((5-(2-thien-2-ylethenyl)thien-2-
ylethenyl)thien-2yl cyanoacetic acid 
 
E-490.  395.5 g mol-1. 
Synthesised by Dr. Pawel Wagner. 

S S
S CO2H

CO2H

CN NC  

Compound 6.5 
8,15-dicyanoter(thienylenevinylene)-
malonic acid   
2-(5-(1-cyano-2-(5-(2(thiophen-2-
yl)ethenyl)thiophen-2-yl)ethenyl)-
thiophen-2-ylmethylene)malonic acid 
 
E-513.  464.5 g mol-1. 
Synthesised by Dr. Pawel Wagner. 

 

Compound 6.6 
Ter(thienylenevinylene)rhodanine acetic 
acid 
 
EM-59.  503 g mol-1. 
Synthesised by Dr. Pawel Wagner.  
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S S

S
CO2Et

CO2H

 

Ter(thienylenevinylene)malonate 
monoethyl ester 
 
EM-50.  442.5 g mol-1. 
Synthesised by Dr. Pawel Wagner. 

S
CO2H

CO2HS
S

 

Terthienylvinylenemalonic acid 
3-((2,2’:5’,2”)terthiophen-5-yl)malonic 
acid 
 
SG-72/5.  362.4 g mol-1.  
Synthesised by Dr. Sanjeev Ghambir. 

S
S

S
CN

CO2H

 

Terthienylcyanoacrylic acid 
2-cyano-3-((2,2’:5’,2”)terthiophen-5-
yl)acrylic acid 
 
SG-74/5.  343.4 g mol-1. 
Synthesised by Dr. Sanjeev Ghambir. 

 
 

Porphyrin dyes and coordination compounds for binding to titania 

N

N N

N

Zn

O

OH
O

OH  

Compound 6.7 
4-(2’-(5’,10’,15’,20’-
tetraphenylporphyrinato 
zinc(II)yl)butadienylmalonic acid 
4-(2’-(5’,10’,15’,20’-
tetraphenylporphyrinato 
zinc(II)yl)allylidenemalonic acid 
 
WMC-236.  Zn-2a.  818.2 g mol-1. 
Synthesised by Dr. Wayne Campbell. 

N

N N

N
Zn

O

OHO
OH  

Compound 6.8 
4-(2’-(5’,10’,15’,20’-
tetraxylylporphyrinato 
zinc(II)yl)butadienylmalonic acid 
4-(2’-(5’,10’,15’,20’-
tetraxylylporphyrinato 
zinc(II)yl)allylidenemalonic acid 
 
WMC-299B.  Zn-2g.  930.4 g mol-1. 
Synthesised by Dr. Wayne Campbell. 
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Compound 6.9 
(5’-(10’,15’,20’-
triphenylporphyrinato zinc(II))-4-
benzoic acid 
 
EM-95.  722.12 g mol-1. 
Synthesised by Dr. Pawel Wagner. 
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Compound 6.10 
(5’-(10’,15’,20’-
trimesitylporphyrinato zinc(II))-4-
benzoic acid 
5-(4-carboxyphenyl)-10,15,20-
trimesitylporphyrinato zinc(II) 
 
EM-55.  848.4 g mol-1. 
Synthesised by Dr. Pawel Wagner. 
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Compound 6.11 
(5’-(10’,15’,20’-tri-(4-n-
octylphenyl)porphyrinato zinc(II))-
4-benzoic acid 
 
EM-84.  1058.8 g mol-1. 
Synthesised by Dr. Pawel Wagner. 
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4-(2’-(5’,10’,15’,20’-
tetraphenylporphyrinato 
zinc(II)yl)ethenylmalonic acid 
 
WMC-221.  Zn-1a.  792.2 g mol-1. 
Synthesised by Dr. Wayne Campbell. 
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2-(5’-(10’,15’,20’-
tetraphenylporphyrinato zinc(II))-
amine 
 
EM-428.  690.6 g mol-1. 
Synthesised by Dr. Pawel Wagner.
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Carbonyl(5’,10’,15’,20’-
tetraphenylporphyrinato 
ruthenium(II) 
Carbonyl(tetraphenylporphyrinato) 
ruthenium(II) 
 
RuTPPCO.  742.2 g mol-1. 
Synthesised by Dr. Sanjeev Ghambir. 
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γ-stilbazole-4’-carboxylic acid  
4-[trans-2-(pyrid-4-yl-vinyl)]-
benzoic acid 
4-(trans-2-(4-pyridinyl)ethenyl)-
benzoic acid 
 
060306.  225 g mol-1. 
Synthesised by Ms. Yvonne Ting. 
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Carbonyl(5’,10’,15’,20’-
tetraphenylporphyrinato 
ruthenium(II) with 4-(trans-2-(4-
pyridinyl)ethenyl)benzoic acid. 
 
060327.  967 g mol-1. 
Synthesised by Ms. Yvonne Ting. 
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Cis-bis(isothiocyanato)bis(2,2'-
bipyridyl-4,4'-dicarboxylato)-
ruthenium(II) bis-
tetrabutylammonium 
 
Ru ‘N3’ dye, Ru-535 bis-TBA,  
DyeSol B2/N719.  1188.5 g mol-1. 
1260.5 g mol-1 with 4H2O. 
Purchased from DyeSol, Australia. 
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1. INTRODUCTION 

 

1.1. Titania  

 

Titania (titanium dioxide, TiO2) is an abundant and commercially available n-type 

semiconducting transition metal oxide and may be sourced as an ore or by extraction 

from ironsands.1, 2  Crystalline titania has three major low-temperature polymorphic 

forms: anatase, rutile and brookite (Table 1.1, Fig. 1.1).     

 

 

Table 1.1.  Physical properties of the low-temperature titania polymorphs. 

Crystalline phase Anatase Rutile Brookite 

Band gap energy (eV) 3.23 3.04 3.2 to 3.85 

Refractive index6 2.49 2.61 2.58 

Unit cell6 Tetragonal Tetragonal Orthorhombic 

 
 

 
 

Figure 1.1.  Representations of the crystal unit cells for rutile, anatase and brookite. 
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Rutile is the thermodynamically stable phase, which may be produced from anatase and 

brookite by heating at 750 to 800°C and at approximately 915°C, respectively (Fig. 

1.2).  The conversion to rutile is irreversible and is highly dependent upon the method 

of preparation and particle size, particularly when the material is nanoparticulate.7, 8  As 

a result, phase transition boundaries have been reported at different positions.  An 

alternative conversion method is to use mineral acids under ambient conditions to 

transform anatase to rutile via dissolution, then recrystallisation.9, 10  Brookite is not 

shown on the phase diagram as it is the rarest and least characterised form, which is 

often a by-product in the synthesis of anatase and rutile.11  The transition of brookite to 

rutile has been observed to occur both directly and via anatase.12, 13 

 

 

 
 

Figure 1.2.  Phase diagram for anatase, rutile and two alternative forms of titania.  Data 

from three different sources are plotted.5, 14, 15 

 

 

The properties of titania may be modified by doping with elements or organic species.  

Dopants of titania include iodine, calcium, sulphur and nitrogen, which are introduced 

during synthesis as salts or organic species.16, 17  For example, titanium alkoxides may 
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be hydrolysed in the presence of species such as ammonium chloride, triethylamine, 

alkylammonium salts, thiourea and triethanolamine to form nitrogen-doped titania.18-20  

In the case of titania doped with nitrogen or sulphur, the material is able to absorb 

visible light.  This is due in part to mixing between the p orbitals of the dopant with 

oxygen and to lattice substitution of oxygen, which reduces Ti
4+

 to Ti
3+

/Ti
2+

.  The strain 

of the O-Ti-O bond is increased, decreasing the electronic band-gap of forbidden states, 

which then permits the absorption of visible light.  Lattice doping has produced titania 

electrodes with improved cell efficiencies in comparison to virgin titania.  However, the 

improvement is likely to be a product of both an increased surface area and doping.21  It 

has been noted that materials intended for use as dopants may bind chemically to the 

titania lattice without alteration of the titania conduction band energy, effectively 

producing surface-sensitised titania.22  The formation of ‘core-shell’ materials has been 

shown to modify the properties of titania.  In the case of titania dip-coated with 

strontium titanate the conduction band is shifted, while with niobium pentoxide there is 

an expansion of the titania conduction band.23, 24 

 

 

1.2. Applications of Titania 

  

The bulk material is a non-toxic, inexpensive white solid that is currently used in 

consumer goods such as paint, cosmetics, toothpaste and sunscreen.  The role of titania 

within these products is as a light-scattering agent to improve opacity, whiteness and 

ultra-violet (UV) light absorption.25  Titania has also been applied in self-cleaning 

surfaces, anti-reflective coatings, chemical sensors, photonic crystals, photocatalysis 

and photoelectrical generation.26-32 

 

In the application of self-cleaning surfaces, photocatalysis is enhanced by the 

superhydrophilic activity of titania.  Superhydrophilicity results from a light- or voltage-

catalysed equilibrium between tilanol (Ti-OH) and tiloxane (Ti-O-Ti) functionalities 

(eq. 1.1).   

                        

2 Ti-OH Ti-O-Ti  H2O
466 nm

247 nm                           (1.1) 
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As this is fully reversible, superhydrophilicity is a separate phenomenon to the 

photocatalytic oxidation of organic adsorbates.33, 34  Photocatalytic degradation is 

improved upon a hydrophilic surface, as oxidation of contaminants may occur either 

through direct reduction with photoexcited titania or by indirect reaction with radicals 

of oxygen and peroxide from water.35   

 

Photocatalysis using titania has been used to reduce buckminsterfullerene via colloidal 

gold.36  Evidence has been found for a synergistic effect when using photocatalysts 

composed of a mixture of rutile and anatase.  Energy transfer from rutile to anatase 

effectively improves the spectral range over which light is harvested.3, 6, 37  Visible light 

absorption by a dense fluorite-type polymorph of titania at 570 nm has been predicted, 

due to a calculated band-gap energy of 2.18 eV.4  For catalysis and for use in solar cells, 

titania has been doped and surface-sensitised to extend light absorption from the UV to 

the visible region.  Extension of the region of light harvesting is advantageous as visible 

light conveys 45% of the Sun's energy, while only 8% is from UV light.19     

 

Photoelectrical generation via chemical reactions in devices such as dye-sensitised solar 

cells (DSSCs) employ titania electrodes.  The preferred form of titania is anatase, 

because of the large electronic band-gap and the suitable energy levels of the 

conduction and valence bands.  In addition, titania is a non-toxic and relatively 

inexpensive material from which nanostructured DSSC electrodes may be produced.   

 

 

1.3. Solar Cells  

 

Solar cells, together with bio-diesel, water- and wind-turbine technologies, provide a 

means for sustainable power generation.  Photovoltaic generation of electricity already 

supplements society’s demand for fossilised fuels.  The modern economy is energy-

intensive and has a heavy reliance upon the limited resource of fossil fuels: 80 million 

barrels of petroleum is used daily, of which 66% is used in transportation.38  A current 

economic motive to burn fossil fuels, which accounts for 80% of global energy use,39 is 

that coal- and gas-fired electricity plants have a cost per unit of 4 to 7 cents per 

kilowatt-hour.  In comparison, crystalline solar cells currently cost 20 to 25 cents per 

kilowatt-hour.40  However, the incentive for investment in solar cell technologies is that 
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while global energy usage is in excess of 13 TW, the sun bombards the Earth with more 

than that in a single hour.41  Solar cells may be classed either as fully inorganic or as 

organic heterojunction devices.   

 

 

1.3.1. Fully Inorganic Devices 

 

Fully inorganic solar cells include devices based on Schottky-defects and on 

heterojunctions.  Irrespective of type, as the doping ratio is critical to cell performance, 

the metals and alloys must be of the highest purity.  Schottky-type solar cells have been 

made of single-, multicrystalline and amorphous silicon, all of which require precise 

doping of high-purity material to produce n- and p-doped silicon alloys.  Incident light 

is absorbed and transmuted into separated charge carriers, which are then collected by 

the external circuit.  Such Schottky-type devices depend on the presence of in-built 

electrical fields between n-doped and p-doped materials in order to suppress 

recombination between the photogenerated electron and hole.  Heterojunction devices 

therefore rely on favourable kinetics to restrict the degree of charge recombination.42  

Inorganic heterojunction devices include thin-film chalcogenides (CIGS), group III-V 

and multi-junction (layered) cells.  CIGS devices typically contain a layer of Cu(In, 

Ga)Se2, may be n- or p-doped and are more tolerant of defects than silicon-based 

devices.  Group III-V devices include a multi-junction, tandem cell containing GaAs 

and GaInP2.  Both alloys absorb visible light due to a direct band-gap energy of 1.4 eV 

(885 nm) and 1.9 eV (652 nm), respectively (Fig. 1.3).43, 44     
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Figure 1.3.  Schematic of a multi-junction, tandem GaAs/GaInP2 solar cell, as 

described by S. K. Deb, 1998.43 

 

 
The power conversion efficiencies of Schottky-type solar cells range from 10% for 

amorphous, 20% for multicrystalline and 25% for single crystal silicon cells under a 

light intensity of 100 mW cm
-2

 (‘one sun’, Air Mass 1.5).  Current inorganic 

heterojunction cell efficiencies are at 25% for a crystalline GaAs group III-V cell, 19% 

for a CIGS device and 32% for multi-junction GaInP/GaAs/Ge cells.45   

  

 

1.3.2. Organic Heterojunction Devices 

 

Heterojunction solar cells contain an interface at which the energy absorbed from 

incident light is dissociated into free charge carriers.  Included in this category are 

organic polymer and photoelectrochemical solar cells.  In the case of organic polymer 

cells, incident photons convey energy to the polymer in the form of excitons (electron-
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hole pairs), which are dissociated into free holes and electrons at the interface of hole- 

and electron-conducting polymers.  Bilayer heterojunction devices are formed by 

layering of hole- and electron-conducting materials.  Bulk heterojunction devices are 

designed to have an intimate interpenetration of hole-acceptor and electron-donating 

materials.  Bulk heterojunctions have a greater interfacial area at which excitons are 

dissociated than in a bilayer device, giving rise to an improvement in current 

production.46  Polymeric heterojunction devices are typically formed by methods such 

as spin-coating or tape-casting and so require soluble or finely dispersible materials.  

Examples of nanostructured polymer-based cells includes one which contains poly(2-

methoxy-5-(2-ethyl-hexoxy)-1,4-phenylenevinylene) (MEH-PPV) and 

buckminsterfullerene (Fig. 1.4) and another which uses poly(3-hexylthiophene) and 

[6,6]-phenyl-C61 butyric acid methyl ester.  The polymeric materials act as hole-

conductors, while the fullerene species are excellent electron-acceptors.47, 48  

Functionalisation of buckminsterfullerene with organic species gifts the electron-

acceptor with an improved solubility and thus processability in organic solvents, such as 

chlorobenzene.49   

 

 

 
 

Figure 1.4.  Cartoon of a solar cell using MEH-PPV and buckminsterfullerene.  The 

associated energy level diagram is shown, as described by A. Moliton et al, 2004.47 

 

 

The current record for bulk heterojunction devices is 5% efficiency for polymeric cells 

containing buckminsterfullerene.  In comparison, photoelectrochemical Grätzel-type 

DSSCs have attained a 11% power conversion efficiency.45, 50  DSSCs use 
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nanocrystalline and mesoporous electrodes, such as titania or zinc oxide, sensitised with 

dyes in order to absorb visible light.  The sensitiser dyes absorb the energy of incident 

photons to produce separated charge: electrons are then shunted to the external circuit, 

while either electrolyte or a conducting polymer accepts the holes.  Grätzel cells are a 

subclass of DSSCs, which use titania electrodes and a liquid electrolyte.43   

 

 
1.3.3. The Grätzel Cell 

 

Part of the appeal in researching Grätzel cells is the opportunity to mimic the efficient 

process of natural photosynthetic systems, most of which use chlorophylls to harvest 

light up to 700 nm (1.77 eV), though a few can absorb the entire visible spectrum and 

the near infra-red up to 1000 nm (1.24 eV).51  A porphyrin-type core is featured in 

chlorophyll (Fig. 1.5) with coordinated magnesium, though zinc may also be 

coordinated.  As a biomimetic, Grätzel cells substitute sensitiser dyes for chlorophyll 

arrays and a titania electrode for the electron-transfer chain of natural photosynthetic 

systems.42  In terms of a biomimetic dye, porphyrin-based molecules are often used as 

they are easier to synthesise and more stable than chlorophylls, yet also are strong 

absorbers of blue light.52  An advantage that Grätzel cells have over other families of 

solar cells is that though sensitisers are photobleached by titania at a faster rate under 

high light intensities, at lower intensities cells produce higher efficiencies.53, 54 

 

       

Figure 1.5.  Chlorophyll a. 
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A typical Grätzel cell consists of a transparent electrode, such as glass coated with 

indium tin oxide (ITO), supporting a layer of nanocrystalline, mesoporous titania (Fig. 

1.6).  The titania surface is sensitised with a dye, typically a conjugated coordination 

compound, such as a porphyrinic species.  The circuit is completed with a counter 

electrode of platinum on ITO glass and a redox-active electrolyte, typically containing 

an iodide/triiodide redox couple.  Incident light excites the adsorbed dye, which then 

injects an electron into the conduction band of titania.  The oxidised dye is regenerated 

by the iodide anion, while the corresponding hole is transferred to the counter 

electrode.55  Titania is used as electron injection is facilitated by a close energy match 

between the conduction band and the excited state of a variety of adsorbed dyes.  

Anatase is preferred over rutile due to a larger band-gap energy of 3.2 eV (387 nm) and 

a suitable conduction band energy.3, 37  The purity of the anatase phase may not be a 

critical issue as studies comparing the performance of rutile, brookite and anatase within 

solar cells have shown that differences may owe more to morphology, than to the 

structure of the unit cell.56, 57  Alternative electrode materials include zinc oxide, zinc 

stannate and also tin oxide coated with colloidal zinc oxide.  However, energy 

conversion efficiencies were found to be similar to that of titania electrodes.58-60   

 
Figure 1.6.  Cartoon of a Grätzel cell with the associated energy level diagram for an 

anatase titania electrode sensitised by dye WMC-299b, 4-(2’-(5’,10’,15’,20’-

tetraxylylporphyrinato zinc(II)yl)butadienylmalonic acid, an iodine/triiodide electrolyte 

and a platinum counter electrode.  ‘CB’ is the conduction band energy of titania, ‘I3
-/I-’ 

is the energy level of the iodide/triiodide couple. 
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The sensitiser dye absorbs energy from incident light, reaches an excited state, then may 

produce completely separated holes and electrons (polarons and bipolarons) or loosely 

associated electron-hole pairs (excitons or Mott-Wannier pairs).  If the charge-carriers 

do not reach the external circuit, it is likely that recombination of the separated charges 

have occurred or that the charges have been trapped by the semiconductor.61   

 

Grätzel cell efficiencies show strong variation with the composition of the cell, 

particularly with the type of electrolyte.  Various electrolytes that have been 

investigated include ionic liquids and gels, such as 1-hexyl-3-methylimidazolium iodide 

with an organic gelator and 1-butyl-3-methylimidazolium tetrafluoroborate upon silica 

nanoparticles.62-64  The replacement of the electrolyte with solid-state hole-conducting 

polymers such as polythiophene and spiro-containing species has also been studied.65, 66  

A number of alternate redox-active mediators have been investigated, including 

complexes of cobalt(II), in addition to studies on the effect of cationic additives.  The 

complicated nature and role of the electrolyte is illustrated by the action of cationic 

additives.  While larger cations such as tetrabutylammonium are more effective at 

screening the surface charge of titania from the triiodide ion than cations such as 

lithium, use of the lithium cation improves cell performance.67-69  In addition, species 

such as 4-t-butylpyridine which improve dye adsorption by deprotonation of the titania 

surface, also shield titania from charge recombination with the triiodide species.  

However, this effect is heavily dependent upon the solvent of the electrolyte.70 

 
The iodide/triiodide couple remains the favoured redox couple to regenerate sensitiser 

dyes in Grätzel cells due to differential kinetics; the diffusive transport of electrons 

within nanoparticulate titania is much slower than that of bulk titania.  The result is that 

the rate of recombination between electrons injected into the conduction band of titania 

with the triiodide ion is significantly slower than that of the redox reaction at the 

platinum counter-electrode.71  Also, for high light intensities and a closed circuit, the 

rate of charge recombination between titania and the triiodide anion is low, though 

under these conditions recombination with the diiodide ion is favoured over the 

triiodide ion.72, 73  A coincident reason to use the iodide/triiodide couple is that the rate 

of recombination between ITO and the electrolyte is neglible.74   
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1.3.4. Titania for Grätzel Cells 

 

Titania electrodes have been treated to improve Grätzel cell efficiency by reducing the 

already low rate of charge recombination between the electrode and the electrolyte.  

Efforts include the use of co-adsorbents and the formation of ‘core-shell’ materials.  Co-

adsorbents such as quantum-confined gold and 4-guanidinobutyric acid inhibit the 

transfer of electrons to the electrolyte and suppress titania surface trap states.62, 75  

‘Core-shell’ structures are formed either by deposition of the ‘shell’ material atop a pre-

formed electrode or upon particles of the ‘core’ material prior to electrode fabrication.  

Examples of the first technique include dip-coating pre-formed titania electrodes with 

calcium acetate or aluminium nitrate, followed by sintering to produce thin coatings of 

insulating calcium carbonate and alumina.  Titania electrodes have also been encased 

with nanoparticulate niobium pentoxide and lead sulfide by dip-coating methods.76  

Similarly, exposed regions of conductive ITO substrates have been insulated from the 

electrolyte by deposition of a thin and dense titania film.72  The second technique for 

making ‘core-shell’ electrodes is illustrated by the adsorption of zinc cations onto 

colloidal titania, followed by tape-casting and sintering at 500°C for an hour in air.  The 

resulting electrodes are coated with amorphous zinc oxide.77  Improvement in 

performance arises from the retardation of charge recombination between the 

underlying electrode material and the electrolyte.  With calcium carbonate as the 

blocking material, performance is also improved by provision of a more basic surface 

for the binding of acidic dyes.78   

 

The key property of the Grätzel cell is the nanostructured titania electrode.  The 

remarkably high surface area allows for a high concentration of sensitisers to be 

adsorbed, while the energy of photoexcited dyes is sufficient to allow injection into the 

titania conduction band (Fig. 1.6).79  A typical Grätzel cell uses a nanocrystalline and 

mesoporous titania electrode which may be 1 to 20 µm thick.80  The thickness of the 

semiconducting layer, coupled with small, irregular particles and a high refractive index 

of 2.5 for anatase6 results in a material that scatters light well and is anti-reflective.29  

Consequently, both the average path-length of incident light and the probability of a 

photon exciting the light-harvesting centre of a sensitiser dye are increased, contributing 

to an improved device efficiency.81  The titania films used for electrodes are generally 

produced by hydrothermal techniques, sol-gel methods or a combination of both.  For 
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use as an electrode, larger particles of titania, 100 to 400 nm in diameter, are often 

added to improve the light-scattering and efficiency of Grätzel cells.82  In efforts to 

increase the amount of scattered light within Grätzel cells, electrodes have been treated 

with solutions of titanium tetrachloride or hexafluorotitanate to form a fine shell of 

nanocrystalline titania.  However, the resulting improvement in performance is due to 

an increase in surface area and a drop of the titania conduction band potential.83, 84  The 

benefit of nanostructuring titania for use within Grätzel cells is then two-fold: to 

increase the surface area available for binding sensitiser dyes and to increase the 

scattering of incident light within the device.   

 

 

1.4. The Nanostructuring of Materials 

 
Nanostructures, with some dimension on the scale of nanometres, may involve 

dispersed or aggregated nanoparticles upon a substrate or as a self-supporting material.  

The particles may be amorphous, single- or multi-crystalline.  Nanostructures can be 

formed either by physically directing material into position or by relying upon chemical 

interactions.  It is possible to obtain the nanocrystalline, disordered and mesoporous 

titania of Grätzel cells by both routes.  Templation may produce porous material with 

predetermined and ordered morphology, while template-less, self-assembly may allow 

for a more intimate association of materials.   

 

 

1.4.1. Templated Nanostructures 

 

The templation of nanostructures may involve either the stamping, etching or moulding 

of the target material.  For example, polymers have been stamped into patterns and also 

moulded by techniques such as electrospinning into non-woven mats.85, 86   

 

Lithographic techniques have been applied to directly and indirectly form 

nanostructured material.  For instance, techniques such as stamping, etching and by 

degradation using UV radiation have given monolayers of masking polymers.87  

Photolithography upon a hydrophobic, alkylsilane monolayer has been used to reduce 

the exposed area to hydrophilic silanol groups, allowing the subsequent accrual of silica 
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spheres upon the bare substrate.88  Similarly, thin and dense titania films can be 

converted to a hydrophobic surface by functionalisation with fluoroalkylsilane.  

Subsequent UV photolithography of selected areas then removed the organic film by 

photooxidation upon titania, leaving a hydrophilic surface for the deposition of silica 

beads.89  

 

Physical templates, such as colloidal crystals (opals), have been employed as a substrate 

for the deposition of other materials.  Binary crystals of polystyrene spheres and smaller 

silica colloids have been used to form non-close-packed arrays of conjoined silica 

particles, after the removal of polystyrene by calcination (Fig. 1.7).90  Organic templates 

can also direct the formation of nanostructures.  For instance, the hydrothermal 

treatment of tetramethylammoniumsilicate with cetyltrimethylammonium chloride 

results in zeolites with pores on the order of 5 nm.  A hexagonal, cubic or lamellar 

morphology is observed, depending on the ratio of silicate to cationic surfactant.91  A 

bicontinuous system of the cubic phase of sodium dodecylsulfonate in water has also 

been used to form mesoporous zinc sulfide.92, 93  Techniques which use the air-solvent 

or solvent-solvent interface of micelles, inverse micelles and droplets have been 

reported to produce rings, two dimensional opals and inverse opals.  Nanostructures of 

titania rods, silica opals, and inverse opals of nanoparticulate gold have been formed in 

this manner.94-96 

 

 

 
   a)        b) 

Figure 1.7.  A cartoon representation of a binary opal composed of large polystyrene 

spheres and smaller silica spheres (a) and the resulting array of sintered silica spheres 

(b). 
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1.4.2. Template-less Nanostructures 

 
Template-less nanostructures have been formed by methods such as laser ablation, 

chemical vapour deposition (CVD) and self-assembly.  For instance, laser ablation of 

platinum foil in the presence of a surfactant produces nanoparticles and electrospray 

CVD of organometallic species gives both cadmium selenide films and zinc sulfide 

quantum dots.97, 98  Self-assembled close-packed photonic crystals have been reported 

with colloidal silica and with micelles of polymer/quantum dot composites.99, 100  As 

mentioned earlier, colloidal material may form nanostructures with or without the aid of 

a lithographically-defined substrate to give close- or non-close-packed particles.  

Methods such as laser ablation, the use of electric arcs and thermal decomposition of 

organic materials in the presence of metal catalysts have produced complex 

nanostructures, such as single- and multi-walled carbon nanotubes, as well as iron- and 

molybdenum-doped fullerenes and fullerene-stuffed nanotubes.101-104  In addition, the 

thermal decomposition of different precursor materials has been noted to influence 

nanoparticle morphology.  For example, the respective decomposition of titania 

isopropoxide and titanium tetrachloride results in spherical and polyhedral particles.105 

 

Nanostructured material may be formed with the aid of polymers, oligomers or small 

molecules to introduce porosity or to produce a charged surface.  Such structure-

directing agents have been used to nanostructure materials by the chemical modification 

of surfaces, without the use of lithographic techniques.  The deposition of ionic 

polymers, 'polyelectrolytes' or monomers upon a substrate can direct the assembly of 

particulate matter by covalent, ionic, electrostatic or hydrogen-bonding interactions.   

For instance, cotton has been functionalised by alternating dip-coating with the anionic 

and cationic polyelectrolytes poly(sodium-4-styrenesulfonate) and poly(allylamine 

hydrochloride).106  The extension of this technique is to embed particles between layers 

of organic species, while the direct functionalisation of particulate matter offers greater 

flexibility over how materials may be layered.  For instance, the deposition of 

alternating layers of colloidal cadmium sulfate capped by mercaptoethanol and of 

cationic titania was facilitated by the use of intervening layers of anionic 

poly(styrenesulfonate) and cationic poly(diallyldimethyl ammonium chloride).  

Similarly, lamellar structures of gold functionalised by poly(4-vinylpyridine) or 4-

mercaptobenzoic acid have been formed using polyelectrolytes, as have lamellae of 
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titania-coated silica beads.28, 107, 108  Nanoparticle surfaces have been chemically 

modified by organic species that chelate, ligate and perhaps form a protective shell to 

aid dispersion and self-assembly.  The simplest methods are sol-gel techniques that 

provide colloids with electrostatic or steric stabilisation, while the particle diameter 

depends on the number of nucleation sites and the rate of condensation.109  For example, 

in the base-catalysed hydrolysis of tetraethylorthosilicate, colloids are electrostatically 

stabilised by a negatively-charged surface, while colloidal gold and cadmium sulfide 

gain steric stabilisation from ligation by citrate and tri-n-octylphosphine, 

respectively.110-112   

 

The formation of nanostructures using the self-assembly of nanoparticles with the aid of 

small molecules has the potential to offer greater control over particle packing.  For 

example, gold nanoparticles capped by tetraoctylammonium bromide have been 

assembled into spherical clusters of monodispersed size by the use of a multidentate 

thiol species as a 'linker' material.113  The chemically-assisted self-assembly of particles 

by the functionalisation of both the substrate and particulate matter is a technique that 

has been used in the formation of arrays.  An illustration is the microcontact printing of 

16-mercaptohexadecanoic acid upon gold, to bind hydrophilic colloids of cadmium 

selenide chelated with 4-mercaptobenzoic acid.  Alternatively, gold printed with 1-

dodecanthiol was used to pattern hydrophobic colloids of cadmium selenide chelated 

with tri-n-octylphosphine oxide.114  Less rigid networks have been formed using 

core/shell CdSe/ZnS nanoparticles and colloidal gold.  The two inorganic materials are 

ligated to complementary strands of deoxyribonucleic acid (DNA), which on mixing 

form duplex-strand DNA which interlink the nanoparticles.115  Similarly, gold 

nanoparticles have been bound to substrates functionalised with amino-, cyano- or 

mercaptosilanes.  Subsequent layers of gold were then tethered together with 

intervening layers of molecular dithiols.116    

 

 

1.5. The Nanostructuring of Titania 

 

Titania may be nanostructured by a variety of techniques and from a range of sources, 

including bulk titania, inorganic and coordination compounds.  For example, colloidal 

titania may be formed from reactive precursors such as titanium alkoxides or chlorides, 
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which readily hydrolyse with water to form titania by the respective elimination of 

alcohol or hydrochloric acid gas.  Due to an increased surface area, porosity and number 

of defects, the chemical reactivity and physical characteristics of nanostructured titania 

often vary significantly in comparison to bulk titania.  For instance, while the refractive 

index of bulk  anatase is 2.5, the estimated indices for a film of amorphous, colloidal 

titania and for inverse opaline titania are 1.5 and 2.3, respectively.3, 6, 117  It has been 

shown that in comparison to the bulk material, nanoparticulate titania displays a higher 

photocatalytic activity and is more sensitive to environmental factors.118-121  The ideal 

would be to produce titania with a high degree of order within the nanostructured 

material.  This is as for titania the largest theoretical electron diffusion coefficient is for 

materials with the greatest degree of ordering between nanocrystals.122   

 

 

1.5.1. Templated Nanostructures of Titania 

 

Macroscopic templates for titania include nanostructured alumina or polymeric filters, 

nanoporous tin oxide electrodes and electrospun polymer scaffolds.  Dip-coating of 

such materials into sols of titanium isopropoxide or titanium butoxide or with 

suspensions of pre-formed titania nanoparticles have produced nanostructured 

titania.123-125  Fibrils and porous fibres of titania have also been formed by the 

electrospinning of titania precursors such as titanium isopropoxide or titanium 

propoxide with a scaffold polymer.  Titania is condensed as both the polymer and 

precursor are electrospun, after which the scaffold may be removed by calcination.  

Scaffold polymers for such fibres include cellulose acetate, poly(vinylacetate) and 

poly(vinylpyrroliodone).126-128  Macroscopic templates produced by lithography are well 

documented.  For instance, while stamp-lithography of sacrificial polymers on a titania 

substrate permit the selective condensation of hexafluorotitanate upon bare titania, 

sulfate groups grafted to polypropylene allow the preferential deposition of titania on 

exposed regions of the untreated and hydrophobic polymer.129, 130  Similarly, 

poly(ethylenephthalate) has been functionalised by an aromatic silane, which after 

selective exposure to UV light produced patterns of hydrophilic silanol groups.  The 

exposed silanol functionalities were then used for the deposition of titania.131  In a more 

complex technique, lithographic patterning of substrates has been used to nanofabricate 

titania by the stamping of organic masks (Fig. 1.8).  Gold patterned with 
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hexadecanethiol and 4-(2-mercaptoethyl)styrylethylether was exposed to styrene, which 

polymerised upon areas covered by the mercapto-ether.  Titania was then deposited 

upon the entire surface by the hydrolysis of titanium isopropoxide.  By cleavage of the 

ether functionality, areas stamped with 4-(2-mercaptoethyl)styrylethylether were 

cleared of both polystyrene and titania.132   

 

 

 
 

Figure 1.8.  A representation of the patterning of titania upon gold via the sacrificial 

organic intermediary of polystyrene, as described by M. Bartz et al, 2000.132 

 

 

Organic templates have been employed in the nanostructuring of pre-formed crystalline 

titania by screen-printing or tape-casting.  On calcination the organic material is 

destroyed to leave voids, producing disordered, mesoporous and nanocrystalline titania 

of the type used within Grätzel cells.  Tape-casting of titania with sacrificial organic 

species has produced films with a bimodal distribution of pore sizes by virtue of both 

intra- and inter-particle voids.133-135  Mixtures of preformed titania and polymeric 

templates for mesoporous and nanocrystalline titania may also be deposited by screen-

printing, spin-coating and dip-coating.  Examples of polymeric templates include 

polyethylene glycol and block co-polymers of polyethylene-co-butylene and 

polyethylene oxide.136-138  Molecular templation has been used to nanostructure titania, 

following the exposure of wet, spin-coated, titania sol-gel films to the quaternary 
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ammonium surfactant cetyltrimethylammonium chloride.  The introduced porosity is 

due to the surfactant, which may act by inhibition of film shrinkage during the drying 

process.139    

 

In the formation of mesoporous and nanocrystalline titania, physical templates such as 

opals and certain surfactants result in bicontinuous three dimensional structures.  

Alcoholic solutions of titanium alkoxides stabilised by acids, such as hydrochloric acid 

or trifluoroacetic acid, have been dip- and spin-coated with the template Pluoronic P-

123 (HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H), which is a non-ionic triblock 

copolymer of polyethylene oxide and polypropylene oxide.  On elimination of the 

polymer by calcination, ordered, mesoporous and three-dimensional structures of 

anatase with close-packed cavities were produced, which in some cases resembled 

inverse opals.140-143  Analogous to the formation of inverse opals, the templation and 

subsequent dissolution or calcination of loose polymer beads has garnered discrete 

spheres of titania.144, 145  

 

 

1.5.2. Inverse Opals of Titania  

 

Inverse opals are formed upon opaline templates in order to mirror the long-range 

ordering of cubic close-packed or hexagonally close-packed colloidal particles (Fig. 

1.9).  The infiltration of opals and the subsequent removal of the template yield material 

with an ordered and three-dimensional mesoporosity.  Inverse opals have been also been 

described as inverse or reverse contrast colloidal crystals and as air-sphere colloidal 

crystals.  High-quality opals may be completely or partially infiltrated by solutions or 

sols of titania precursors to give morphologies ranging from the ideal 'honeycomb' 

lattice to ‘skeletal’ inverse opals.146, 147  Inverse opals have been synthesised of both 

organic and inorganic materials, including polypyrrole, silicon, gallium nitride, silica, 

germanium and titania.148-150     
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   a)        b) 

Figure 1.9.  A cartoon of a binary opal (a) and the resulting inverse opal (b). 

 

 

Inverse opaline, photonic crystals have been used within both Grätzel cells and solid-

state DSSCs to produce a small amplification of incident light.  Reported studies 

include capping of the top surface of an inverse opal with nanocrystalline, mesoporous 

titania, upon which sensitiser dyes were adsorbed.  The enhancement of red light 

absorption may be due to the inverse colloidal crystal, through a combination of a 

slower propagation of light and incoherent scattering from disordered areas.3, 151  A 

theoretical study has suggested that the enhancement of light absorption is a result of 

interactions at the interface of the inverse opal and the capping nanocrystalline layer.  In 

order to receive an enhancement in light absorption from the ‘colloidal crystal mirror’, 

only the nanocrystalline material requires sensitisation.152  A similar photonic 

enhancement of Grätzel cell efficiencies has been found for lithographically-defined 

titania arrays sporting 1 µm cavities.129   

 

 

1.5.3. Template-less Nanostructures of Titania 

 

Titania has been nanostructured by template-less methods that include the direct 

deposition of anatase nanoparticles onto a substrate by exposure to a reactive precursor 

such as titanium tetrachloride, by chemical vapour deposition and by electrophoresis of 

preformed colloids.35, 153, 154  The electrophoretic deposition of crystalline titania upon 

ITO-coated poly(ethyleneterephthalate) has produced titania electrodes with a high 

surface area (60 to 170 m2  g-1), which under 100 mW cm2 illumination give a 3% power 
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conversion efficiency in Grätzel cells.53, 155  Spherical and fibrillar nanostructures have 

been formed without templation by the condensation of titania precursors using 

supercritical carbon dioxide as the solvent.156  Titania can also be nanostructured via 

intermediary forms of hydrogen titanate nanometre-sized tubes, wires and ribbons.  

Titanate nanotubes and ribbons are formed by the treatment of titania by hydrothermal 

treatment of crystalline titania with sodium hydroxide, while the use of potassium 

hydroxide forms wires.  This is in contrast to the treatment of titania with mineral acids, 

which facilitates the dissolution and reformation of anatase into rutile.  It is possible that 

under alkaline conditions titania is exfoliated into titanate sheets which may then reform 

into such fibrillar structures.  Dependent on the tube diameter, hydrothermal treatment 

under neutral conditions or calcination at 400 to 600°C transforms hydrogen titanate 

nanotubes into nanoparticles, single- or multicrystalline wires.157-162  Titanate nanotubes 

have been directly deposited by electrophoresis onto conducting fluoride-doped tin 

oxide.163  Aligned titania rods have also been produced by the anodization of titanium 

foil.164, 165 

 

With the aid of polyelectrolytes, lamellar structures of titania have been formed upon an 

electrospun substrate by alternating dip-coating with solutions of cationic titania and of 

anionic polyacrylic acid.125  Similarly, substrates such as quartz, silicon and carbon-

coated grids have been treated first with poly(ethylenimine), then with poly(styrene-4-

sulfonate) to allow the chemisorption of particulate titania and lead sulfide conjoined by 

mercaptoacetic acid.  Subsequent particle layers use intervening strata of the anionic 

polymer as a binding medium.166  Once assembled in such a fashion, the material may 

be sintered to join titania particles and to eliminate organic material for use within 

Grätzel cells.167   

Molecular assistance in the nanostructuring of titania has been given by chelating 

species such as tris ((HOCH2)3CCH3), trizma ((HOCH2)3CNH2), glycine hydroxamate 

(H2NCH2CONHOH), and ethanolamine (H2N(CH2)2OH) which have been used to form 

chains and nanoparticles of titania from titanium tetrachloride.  Biotin-avidin and trizma 

have also been used to guide the aggregation of titania particles into 'pearl necklace' 

formations.168-170  In a similar vein, the aggregation of titania nanoparticles stabilised by 

tri-n-octylphosphine oxide into  spherical aggregates on the scale of 50 to 100 nm  has 

been observed with the slow evaporation of toluene.171  Titania particles can be 

stabilised by encapsulation within a silica shell, while pre-formed titania colloids have 
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been redispersed by hydrothermal treatment with mineral acids or bases such as 

tetramethylammonium hydroxide to 'peptise' the surface.172-174  Sol-gel techniques to 

obtain both dispersible and aggregated nanoparticles which may display both micro- 

and mesoporosity are well documented.  Typical preparations use a reactive titania 

precursor, such as titanium tetrachloride or titanium alkoxides within an acidic, 

alcoholic media and a chelating agent like 1,2-propanediol to stabilise the sol and form 

a gel.  Dispersed titania is most often stabilised by a strongly acidic surface and is 

amorphous, while aggregated titania is frequently the product of sol-gel titania which 

has been hydrolysed and then hydrothermally treated to crystallise and grow the 

primary particles.158, 175, 176 

 

An ideal electrode for use within Grätzel cells is a nanostructured superlattice of 

crystalline titania.  If the electrode could be formed without a template and the need for 

high temperature treatment to physically and electrically connect particles to each other 

and to the substrate, the primary benefit would be the ability to construct Grätzel cells 

upon a plastic electrode.  The use of plastics like ITO-coated mylar would reduce the 

cost of production and yield a flexible, transparent and light-weight device.  It is 

probable that a nanostructured superlattice electrode would have a more intimate 

association with sensitiser dyes and a greater dye loading due to an increased surface 

area.  There may also be improvement in the amount of collected photogenerated charge 

due to the reduced average path-length of electrons though the titania electrode.46  

Titania arrays of nanoparticulate anatase linked by small, conjugated molecules into a 

stable physical and electrical network may conceivably be synthesised by a route of 

chemically-assisted self-assembly. 

 

 

1.5.4. Self-Assembly of Titania using Small Molecules 

 

Tactics to produce chemically-assisted, self-assembled superlattices of titania upon a 

substrate for use within Grätzel cells are shown in Figure 1.10.  One scenario is that 

only the nanoparticles are functionalised, which then bind to each other and the 

substrate.  Another is that the first particulate layer relies on treatment of the substrate 

for binding, while subsequent layers are bound after exposure to other linker materials.  

A third case is where both the substrate and particles are pre-functionalised and salt-
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formation or hydrogen bonding between the functionalised materials is required to 

allow particle deposition.  To form completely self-assembled and sensitised titania for 

Grätzel cells, dye species would need to be adsorbed, either during or after lattice 

formation.  If the affinity of the sensitiser dye for titania is less than that of the linker 

material, it may be necessary to expose the nanoparticles to the dye prior to assembling 

the superlattice and to rely on the displacement of a fraction of the dye by linker 

species.  A more involved approach may be to use highly engineered units which tether 

together hole-acceptors, sensitisers and electron-acceptors into one complex.177  While 

there have been no reports of superlattice formation or the binding of nanoparticulate 

titania to a substrate using only small molecular linkers, similar studies have been 

reported nanoparticulate gold and metal clusters including polyoxometalates (‘Keggin 

salts’).178, 179 

  

 
 

Figure 1.10.  Potential strategies for forming the first particulate layer of a titania array 

upon indium-doped tin oxide (ITO).  a) A diacid linker binding titania directly to ITO.  

b) Pre-treatment of ITO with a diamine with binding of acid-functionalised titania via 

salt-formation.  c) Pre-treatment of ITO with an amphiprotic linker and binding of pre-

sensitised titania without an intervening salt layer. 

 

 

In the formation of superlattices, restricting the deposition of organic species to a 

monolayer would minimize the amount of wasted material.  Rinsing of the treated 

substrate may be used to limit deposition to a monolayer, but is reliant upon a 

reasonably robust attachment of the molecule or particle to the surface.  Alternative 

methods include limiting reagents to quantities that correspond to a theoretical surface 

coverage and selection of species with substrate-specific termini to minimize cross-
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linking and the binding of excess material.  The last method has been utilised in the 

formation of a composite of titania nanoparticles and the polyoxometalate 

K5[Co(H2O)PW11O39](PW11Co).  The linker triaminopropylsilane condenses with 

titania at one terminus, while at the other a primary amine functionality binds to the 

polyoxometalate.180  Organic monolayers have been formed upon substrates such as 

glassy carbon, mica and ITO glass for the purpose of binding nanoparticles.   An 

example is the electrodeposition of 4-aminobenzoic acid upon glassy carbon, such that 

the free carboxylate group may participate in the electrostatic binding of a solvated 

osmium-poly(4-vinylpyridine) complex.  Metal clusters of the polyoxometalate, 

K10H3[Pr(SiMo7W4O39)2] may then be electrodeposited to allow detection by 

voltammetry.181  Similarly, the dip-coating of ITO glass treated by 1,12-

diaminododecane resulted in the electrostatic binding of phosphomolybdic acid 

clusters.182  A superlattice of citrate-stabilised gold colloids has been formed upon a 

monolayer of 3-aminopropyltriethoxysilane on ITO glass.  The subsequent dip-coating 

of the treated substrate into alternating solutions of bipyridine-containing dyes and 

stabilised gold produced a sensitised, metal-based, nanostructured electrode.  The 

photovoltaic performance of this electrode was found to be poor.178, 183  Monolayers of 

aminosilanes upon ITO glass have been used as a reactive surface to which light-

harvesting, fullerene-porphyrin dyads have been tethered via an osmium cluster.  A 

variation where two adjacent molecules are linked via coordination of porphyrin 

functional groups has been tested within a DSSC (Fig. 1.11) to give a 1.80% incident 

photon conversion efficiency (IPCE) under illumination at 435 nm and a 0.96 mW cm
-2

 

intensity.184  Another self-assembled electrode tested within a solar cell used the 

electrophoretic deposition of functionalised gold particles onto treated ITO glass to 

form a nanostructured system with ‘quaternary organisation’ (Fig. 1.12).  The ITO glass 

was coated by particulate tin oxide upon which composite colloidal material was 

deposited by electrophoresis.  The colloids contained a gold core protected by thiolated 

porphyrin dyes with the further intercalation of buckminsterfullerene between adjacent 

porphyrin rings.  Solar cells fabricated using this system have yielded power conversion 

efficiencies of 0.61% and 1.50% under conditions of 3.4 mW cm
-2 and 11.2 mW cm-2, 

respectively.52, 185 
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Figure 1.11.  A schematic of the porphyrin dyad assembly studied by Y.-J Cho et al, 

2005.184 

                                   
Figure 1.12.  A schematic of the ‘quaternary structure’ studied by H. Imahori et al, 

2004.52 



 25

To realise the chemically-assisted self-assembly of titania nanoparticles for Grätzel 

cells, the functionalisation of the conducting substrate is one factor.  Another aspect 

besides the nature of the titania surface is the behaviour of species which may be used 

as ‘tethers’ and sensitisers. 

 

 

1.6. Sensitiser Binding to Titania for Grätzel Cells 

 

The light harvesting ability of Grätzel cells may be extended into the visible region of 

the solar spectrum, either by doping of the titania lattice or by sensitisation of the 

surface.  Lattice doping enables visible light to be absorbed by decreasing the electronic 

band-gap energy of the material, while surface sensitisation by inorganic or organic 

species enables the absorption of visible light, which supplements the absorption of UV 

light by titania.   

 

Surface sensitisers absorb visible light, reach an excited state and inject electrons into 

the conduction band of titania.  Sensitisers include colloidal gold, nanoparticulate 

inorganic sulfides and ruthenium-based coordination compounds.  The species may be 

either adsorbed or chemically bound to titania after application by methods such as 

immersion, co-application of precursor materials and dip-coating.75, 82, 140  For instance, 

titania electrodes have been coated with particulate cadmium sulfide by repeated and 

alternating dip-coating with a saturated solution of cadmium nitrate and with a 0.1 M 

sodium sulfide solution.  Inorganic colloids of lead sulfide, cadmium sulfide and silver 

sulfide have been used to surface sensitise titania electrodes for light harvesting, but are 

vulnerable to photocorrosion processes.186-188  For use in Grätzel cells, organic and 

coordination compounds promise more in the way of flexibility of design in the search 

for the ideal 'black' surface sensitiser to improve  performance by the absorption of 

visible and near infra-red light.  Organic and coordination compound dyes are typically 

adsorbed onto titania via acidic functionalities, such as carboxylic acids.  While species 

that are anchored via a phosphonate group are less labile than those tethered by a 

carboxylate functionality, studies of ruthenium-based and porphyrin-based coordination 

compounds have shown that higher device efficiencies are gained when dyes use a 

carboxylate group.189-192  Coordination compounds provide the highest efficiencies and 

stability within iodide/triiodide electrolytes, possibly because available, non-bonding d 
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orbitals may be involved in regenerating the oxidized dye.42 

 

Device efficiency is improved by modification of the sensitiser, as exemplified by the 

use of the “green” zinc porphyrin dye, 2-cyano-3-(2’-(5’,10’,15’,20’-

tetraphenylporphyrinato zinc(II)yl)acrylic acid, the ruthenium “N3” dye, 

di(thiocyanato)-bis(2,2'-bipyridyl-4,4'-dicarboxylate) ruthenium(II) and the “Black” 

dye, tri(thiocyanato)-2,2',2"-terpyridyl-4,4',4"-tricarboxylate ruthenium(II), which are 

illustrated in Figure 1.13.  Under simulated global solar radiation of 100 mW cm
-2

 

respective power conversion efficiencies of 5.2%, 11.0% and 10.4% have been reported 

using Grätzel cells.193, 194 

 

  

 

 

Figure 1.13.  a) The “green” zinc porphyrin dye, 2-cyano-3-(2’-(5’,10’,15’,20’-

tetraphenylporphyrinato zinc(II)yl)acrylic acid. b) The ruthenium “N3” dye, 

di(thiocyanato)-bis(2,2'-bipyridyl-4,4'-dicarboxylate) ruthenate(II) di-anion.  c) The 

“Black” dye, tri(thiocyanato)-2,2',2"-terpyridyl-4,4',4"-tricarboxylate ruthenate(II) di-

anion.  

 

 

1.6.1. The Binding of Dye to Titania 

 

The assembly of dyes upon titania is largely determined by the number and type of 

binding groups of the dye, together with the steric constraints of the molecule.  Studies 

of dye binding to titania tend to use sintered aggregated material in the form of a 

powder or a film.  As an amphoteric oxide, titania may be sensitised by acidic or basic 

species though the former is more common.  Typical adsorbates are small organic or 
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coordination compounds using carboxylic, phosphoric or sulfonic acid functionalities as 

binding groups.  Dyes bound to titania by multiple carboxylic acid groups provide 

higher Grätzel cell efficiencies than dyes with a single acid group, though this may also 

indicate that the binding geometry has a significant role in cell performance.195   

 

The environment experienced by the electrode influences the interaction of adsorbed 

species upon titania.  For instance, in solutions with a pH of 8.5, a polypyridine-based 

ruthenium dye (Fig. 1.14) has been found to desorb from titania.134  

 

 

    
 
                                                                                                                                                               

Figure 1.14.  Ru(II)LL’CN.  L is 4’-phosphonic acid-2,2’:6’2’’-terpyridine and L’ is 

1,2-bis(4’-methyl-2,2’-bipyridyl-4-yl)ethane. 

 

 

Dyes have been modified to improve chemical and electronic interactions across dye-

titania and dye-electrolyte interfaces.  For example, a ruthenium dye with a coordinated 

triphenylamine species has been synthesised, in order to bring the excited-state energy 

level of the dye towards that of the spiro-based hole-conducting polymer.  Charge 

transfer across the dye-polymer interface was thereby improved, together with DSSC 

performance.66  However, it is difficult to draw generalisations on what characteristics 

sensitiser dyes should possess in order to yield optimal results within a Grätzel cell.  For 

instance, the benefit of a fully conjugated dye is under question, as the use of both fully-

conjugated porphyrin-based sensitiser dyes and incompletely-conjugated indolene dyes 
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yield reasonable efficiencies.196, 197  There are also contrasting reports on whether the 

aggregation of sensitiser dyes has a negative or positive effect upon cell performance.  

While aggregation via π-π interactions may cause the quenching of photoexcited dyes 

by neighbouring molecules, producing a lower performance, aggregation has also been 

reported to improve efficiency by increasing the region over which light is absorbed.47, 

198, 199  As such, techniques such as tailoring the 'footprint' size of dyes to control the 

extent of aggregation upon surfaces have been used to study the impact upon cell 

efficiency.200   

 

By investigating the behaviour of both simple ‘probe’ molecules and sensitiser dyes, the 

spectral analysis of adsorbates upon titania may be simplified.  It may then be 

reasonable to draw general relationships between structure and efficacy within Grätzel 

cells. 
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1.7. Opportunities for Novel Research in Nanostructured and Functionalised 

Titania 

 

The opportunities to contribute to knowledge in the field of nanostructured and 

functionalised titania include that: 

 

• At the time of writing, there were no publications on the performance of Grätzel 

cells using titania inverse opaline electrodes sensitised with a range of organic 

and coordination compound dyes. 

 

• As yet, there are no publications on the self-assembly of nanoparticulate titania 

electrodes via small, fully conjugated organic species.  As a condition of 

complete conjugation through the organic linker, the use of alkoxysilane species 

to bind to ITO must be avoided.   

 

• The use of small and fully conjugated molecules in the formation of electrodes 

may allow efficient electronic communication between tethered nanoparticles 

and the substrate. 

 

• The formation of such self-assembled titania nanoparticulate electrodes without 

sintering would then permit the use of conductive plastic substrates.   

 

• The mode of binding by sensitiser dyes via carboxylic acid groups upon titania 

still requires clarification. 

 

• In terms of spectroscopic studies of the binding of organic species to titania, 

there have not yet been reported 1H NMR spectra of small molecules adsorbed 

onto the surface of dispersed titania particles. 
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1.8. Objectives and Hypotheses 

 

First the nanostructuring of titania by established methods is to be investigated.  In 

particular, it was hoped that the use of inverse opaline titania would enable the use of 

species such as porphyrin dendrimers to sensitise the surface without aggregation.  

Secondly, adsorption of dyes via carboxylic functionality to the surface of titania is to 

be studied, in order to resolve debate over the mode of dye binding.  Understanding the 

mode of acid binding to titania would also aid work towards the formation of 

chemically-assisted, self-assembled superlattices of titania nanoparticles.  The ideal case 

would be for stable, multiple layers of dye-sensitised titania nanoparticles to be 

adsorbed onto a transparent conducting substrate by facilitation with fully conjugated, 

monomeric, organic species.  

 

Objectives include: 

 

• The formation of nanostructured titania electrodes by methods such as 

templation of opals, screen-printing, spin- and dip-coating and by sol-gel 

techniques. 

 

• To produce and test inverse opaline titania for Grätzel cell efficiency and to use 

nanostructured titania in studies to investigate the binding of dye to titania.  

 

• To functionalise ITO glass with small, fully conjugated molecules which bind 

via an amine or carboxylic acid functionality, rather than a non-conjugated 

alkoxysilane species. 

 

• To work towards the assembly of a titania nanoparticle superlattice electrode 

upon ITO glass by the use of small and fully conjugated species. 

 

• To investigate how sensitiser dyes and ‘probe’ species bind onto a titania surface 

via carboxylic acid groups. 
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2. SYNTHESES OF TITANIA, MOLECULES FOR ITS SELF-ASSEMBLY, 

DYEING AND EXPERIMENTAL TECHNIQUES 

 

2.1. Materials 

 

Materials were obtained from a range of sources.  All of the materials used were at least 

Analytical Reagent (AR) grade or were purified to reach AR grade.  The ethylcellulose 

used for screen-printing experiments had a 2.42 to 2.53 degree of substitution, a 4.75 to 

4.90% ethoxy content and a 5% wt/wt solution would have a viscosity of 14 cP at 25°C 

in a solvent of 80 : 20 wt/wt mixture of toluene to ethanol.  Triton X-100 is a trade 

name for polyoxyethylene(10)-isooctylphenylether.  Corning 1737 aluminosilicate glass 

coated with indium-doped tin oxide (ITO) had a sheet resistance of 5 to 15 Ω and was 

sourced from Delta Technologies Ltd.  Degussa P25 hydrophilic fumed titania had a 

purity of greater than 99.5%, a mean diameter 21 nm, a surface area of 50 ± 15 m2 g-1 

and a tapped density of 0.130 g mL-1.  If Degussa P25 was composed of only 21 nm 

diameter spheres, then the molar mass would be 100446960 g mol-1.  Dyesol preformed 

screen-printed titania plates were of the batch PI.  Dyesol transparent screen-printing 

paste was STA18-NRT, lot 115/GDI.  The composition of the Dyesol screen-printing 

titania paste for opaque plates (142op) is that of the transparent paste (148), but with a 

20% content of 400 nm diameter particles.1 

 

 

2.2. Techniques 

 

Ball-Milling 

Massey University, Institute of Fundamental Sciences: Pascal Engineering Rotary 

Regavolt motor.  A ceramic container with a 14 cm diameter was used with 201 ceramic 

balls of 1 cm in diameter. 

 

Centrifugation 

Massey University, Nanomaterials Research Centre: Clandron swinging-bucket 

centrifuge with a 12 cm radius. 

Massey University, Institute of Molecular and Biological Sciences: Sorvall Evolution 

RC Superspeed Centrifuge, SS-34 rotor. 
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Computer Modelling 

Ab initio modelling of cinnamylidenemalonic acid (6.1) was executed with Gaussian 03, 

revision C.02 by Dr. Mark Waterland.2  The hybrid functional B3LYP was used with 

the basis set 6-31G.    

 

Dip-Coating 

Massey University, Nanomaterials Research Centre: a battery-operated mechanical 

dipper was used.  The dipper arm-length, gears and a variable resistor were used to 

control the dip-speed.   

 

Dynamic Light Scattering (DLS) 

Massey University, Institute of Food Nutrition and Human Health: Malvern Zetasizer 

NanoZS, Red Badge model, ZEN-3600.  Light scattering used a 633 nm laser light, with 

a detection range from 1 nm to 1 µm. 

 

Electron Microscopy 

Massey University, Institute of Veterinary and Biomedical Sciences: Reichert-Jung 

Ultracut E Ultramicrotome. Spurr’s Low Viscosity Resin was used for embedding 

samples, sourced from ProSci Tech, Australia. Spurr’s Resin: 10 g 

vinylcyclohexenedioxide, 6 g of the diglycydyl ether of polypropylene etheneglycol 

(DER 738), 26 g of nonenylsuccinic anhydride and 0.4 g of dimethylaminoethanol.  The 

resin was cured at 70°C, for 8 hours in air.3, 4 

 

Transmission Electron Microscopy (TEM) 

HortResearch: Phillips 201c TEM, and Phillips CM-10 TEM.  Formvar-coated 200 

mesh copper grids were used.  Formvar is a polyvinyl acetal, produced from polyvinyl 

acetate and formaldehyde.  Approximately half a drop of 0.5% wt/wt bovine serum 

albumin in water was added to 0.1 to 0.5 mL of dispersion, to aid particle deposition on 

the grid. 

Victoria University of Wellington, School of Physical and Chemical Sciences: JEOL-

2010 TEM.  Samples were supported by ProSciTech strong carbon film on 200 mesh 

copper grids. 
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Scanning Electron Microscopy (SEM) 

HortResearch: Cambridge 250 Mark III SEM.  Samples were sputter-coated by gold and 

occasionally were earthed to the puck with a strap of conductive carbon-tape. 

Victoria University of Wellington, School of Physical and Chemical Sciences: JEOL 

6500F Field Emission SEM.  Samples were coated with 8 nm of platinum and 

electrically connected to the puck with silver paint.  

 

Fluorescence 

Massey University, Nanomaterials Research Centre: Perkin Elmer Luminescence 

Spectrometer, LS-50B.  FL WinLab v.4.00.02 software was used. 

Massey University, Nanomaterials Research Centre: Ocean Optics HR-4000 

spectrometer, using either a PX-2 white light source with a Breakout Box or diode light 

sources of 518 and 470 nm.  Spectra Suite software was used. 

 

Fourier Transform Infra-red (FTIR) Spectroscopy 

Massey University, Institute of Fundamental Sciences: ThermoElectron Corporation 

Nicolet 5700.  The attenuated total internal reflectance (ATR) attachment samples using 

single-reflection with a polished germanium crystal. 

 

Karl-Fischer Titrations 

Massey University, Nanomaterials Research Centre: Mettler Karl-Fischer DL-18.  The 

standard titrant was Aquagent® Complet5, single-component reagent, pyridine free.  1 

mL of titrant contained 5 mg of water, had a density of 1.17 g mL-1.  Lot = AQ0003. 

 

Nuclear Magnetic Resonance (NMR) 

Massey University, Institute of Fundamental Sciences: 400 MHz and 500 MHz Breuker 

NMR and analysed using Breuker TopSpin 1.3 software.   

 

Optical Micrography 

Massey University, Institute of Molecular and Biological Sciences, Institute of 

Veterinary and Biomedical Sciences: Olympus 100x. 

 

Profilometry 

Industrial Research Limited, Materials Physics Group: Sloan Dektak Profilometer, 
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serial code: E-1762.  For measurements of screen-printed STA 18-NRT titania the 

instrument was set for an output range of 50 µm and a stylus speed of 1 mm min-1. 

 

Raman - Backscattering 

University of Auckland: Renishaw Raman RM-2, with Olympus 20x objective lens, 785 

nm excitation from a diode laser, with power varied from 0.26 to 26 mW to study 

photosensitivity. Scattered light collected at 180˚ geometry, with 2 cm-1 resolution and 

10 to 20 scans per spectrum. 

 

Raman - Resonance  

Massey University, Institute of Fundamental Sciences: The detector was an Acton 

Spectra Pro®, 2550i, 0.500 m, with imaging by a single-stage 

monochromator/spectrograph, which was nitrogen-cooled to reduce electronic noise.  

Samples were excited at 532 nm and 514 nm, with a 135° backscattered configuration.  

The 532 nm light source was a Quantel Brilliant b, vertically polarised, Q-switched 

Nd:YAG pulse laser.  The 514 nm light source was a Multiline Stellar-PRO continuous 

wave, 150 mW Argon laser.  The laser power was adjusted so that the sample received 

approximately 20 mW of energy. 

 

Scanning Probe  Microscopy (SPM) 

Massey University, Institute of Engineering and Technology: Digital Instruments LFM-

2, using an E-head and a J-head scanner. 

 

Screen-Printing 

Massey University, Nanomaterials Research Centre: The screen was polyester fabric 

with a mesh of 156 threads per square inch.  The screen-substrate gap was 3 mm and the 

blade was plastic.   

 

Spin-Coater 

Massey University, Nanomaterials Research Centre: Laurell Technologies Corporation, 

model WS-400A-6Npp/LITE.   

 

Surface Area Measurements 

Victoria University of Wellington, School of Physical and Chemical Sciences: Nitrogen 
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sorption BET measurements were done on a Micrometrics FlowsorbII-2300. 

Quantachrome Instruments Ltd: Multipoint nitrogen sorption BET measurements were 

collected.  Krypton was used for samples with a very low surface area. 

 

Solar-Cell Testing 

Massey University, Nanomaterials Research Centre: The solar cell testing protocols 

were established by Dr. Wayne Campbell.  Lamps were calibrated to one sun (AM 1.5, 

100 mW cm-2) for 0.907 mA with Photodiode 1 and 0.131 V with the Darlington 

phototransistor 3 (which is 2 transistors paired together for amplification).  The 

Olympus microscope translational stages are set for (x, y) = (68 mm, 15 mm) and the 

lamp power setting are 11.00 V and 3.90 A.  A recent calibration was for 0.8 sun (AM 

1.2). 

 

Ultrasound bath 

Massey University, Nanomaterials Research Centre: Dandelin Sonorex Super 10P 

digital. 

 

Ultraviolet-Visible (UV-Vis) Spectroscopy 

Massey University, Nanomaterials Research Centre: Shimadzu UV-3101PC, UV-Vis.  

UV Probe software was used.  

Massey University, Nanomaterials Research Centre: Ocean Optics HR-4000 

spectrometer, DT-Mini-2-GS tungsten and deuterium light source.  Spectra Suite 

software was used.   

 

Voltammetry 

Massey University, Nanomaterials Research Centre: Eco Chemie Autolab with 

PGSTAT30 Differential Electrometer Amplifier, and General Purpose Electrochemical 

System (GPES) software was used. 

 

X-ray Diffraction 

Victoria University, School of Physical and Chemical Sciences: Phillips PW-1730 

diffractometer with a PW-3710mpd controller, PW-3719 counter and a copper source. 

Industrial Research Ltd: Bruker D8 Advance with grazing incidence geometry and a 

copper source. 
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Massey University, Institute of Natural Resources, Soil & Earth Sciences Group: 

Phillips PW-1840 diffractometer with a PW-1729 X-ray generator and a cobalt source 

(1.7902 Å). 

 

 

2.3. Nanostructured Titania: Inverse Opals 

 

2.3.1. Colloid Synthesis 

 

Silica colloids were synthesised by a variant of the Stober-Fink-Bohn process, which is 

the base-catalysed hydrolysis of tetraethylorthosilicate (TEOS).5, 6  A typical synthesis 

involved 7.5 mL (0.42 mol, 0.34 M) of TEOS added rapidly to a vigorously stirred 

solution of 28.6 mL (0.03 mol, 4 M) of 28% ammonia in 64 mL of methanol, at 60°C.  

The solution instantly became white, homogenous and opaque and for two hours was 

stirred at 60°C.  The solids were washed with 95% ethanol by eight cycles of 15 

minutes centrifugation at 3000g of relative centrifugal force (rcf) and redispersion using 

an ultrasonic bath.  From TEM images the sample displayed an average diameter of 244 

nm, a mode of 247 nm, an interquartile range of 237 to 247 nm and a standard deviation 

of 12 nm for a sample of 345 particles.  Dynamic light scattering (DLS) measurements 

gave a number-average hydrodynamic radius of 320 nm. 

 

 

2.3.2. Opal Formation 

 

Silica opaline templates were formed upon glass coated with indium-doped tin oxide 

(ITO) using the method of vertical deposition by a falling meniscus of an alcoholic 

dispersion of silica colloids.7, 8  ITO glass was suspended vertically in a 0.5% wt/wt 

dispersion of silica colloids in 95% v/v ethanol.  The opal was deposited by the removal 

of solvent, after placing the sample in a 60°C oven, overnight.  The silica opals were 

sintered in air, by a stepwise ramping from 100°C in 50°C steps every half hour, until 

reaching 500°C.  After annealing for an hour, the oven was turned off and the material 

allowed to cool with the oven door closed.  As an indication of the rate of cooling, after 

15 minutes the oven temperature was 400°C, was 250°C after 1.5 hours and after 4.5 

hours was 80°C.  
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2.3.3. Inverse Opals of Titania 

 

The formation of titania inverse opals were formed using a modified method found in 

the literature.9  A solution with a 1 : 40 : 0.6 molar ratio of titanium isopropoxide to dry 

ethanol to ethylenediamine was used to infiltrate the opaline template.  Opals were 

soaked for 20 to 30 minutes under 3000g of rcf.10  The substrates were lifted from the 

infiltration solution by a dip-coating method, to ensure a uniform film of the titania 

precursor over the surface.  Samples were then placed into a rinser solution of a 1 : 120 : 

0.6 molar ratio of reactants and immediately withdrawn.  Substrates were withdrawn 

vertically and were mechanically lifted at approximately 40 mm min-1 from the solution 

vials, which were topped with dry argon to prevent the premature hydrolysis of the 

titanium alkoxide.  The samples were then immersed for an hour in water at 60°C.  The 

composite was then dried for an hour at 60°C, before further cycles of infiltration.  The 

dulled, opaque, white titania-silica composites were sintered at 500°C, using the same 

protocol as for the heat-treatment of the opaline template.  The opaline templates were 

sacrificed by soaking overnight in an aqueous 30% wt/wt solution of sodium 

hydroxide,11 then were rinsed with ethanol.  The resulting material exhibited an 

opalescence that was slightly weaker than that of the template.  Typical samples 

produced by this method are s01/02/05 and s02/02/05. 

 

The opaline template of s01/02/05 was twice treated with three rounds of infiltration.  

After each set of three rounds, the sample was immersed in water at 60°C overnight 

then oven-dried.  The opaline template was infiltered by a solution with a 1 : 20 : 0.6 

molar ratio of titanium isopropoxide to dry ethanol to ethylenediamine for 20 minutes 

under 3000g of rcf.  The samples were withdrawn vertically at 40 mm min-1 from the 

infiltration solution, then rinsed with a 1 : 120 : 0.6 molar ratio of titanium isopropoxide 

to dry ethanol to ethylenediamine by a vertical dip at 40 mm min-1.  The opal of 

s02/02/05 underwent a single treatment of five rounds of infiltration.  Both samples 

were sintered using a temperature ramp of approximately 50°C every 30 min to reach 

500°C, at which the samples sat for an hour.  The samples were cooled overnight to 

room temperature, before immersion in a 30% wt/wt aqueous solution of sodium 

hydroxide for 6 hours at 60°C.  The sample was rinsed by immersion in a 20% wt/wt, 

then 10% wt/wt, then 5% wt/wt aqueous solution of sodium hydroxide.  The aqueous 

solution was then replaced first by 25% v/v, then 50% v/v, then 75% v/v, then a 95% 
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v/v solution of ethanol before drying at room temperature.  

 

Alternative titania precursor formulations include solutions with molar ratios 1 : 5.5 : 

6.7 : 1.2 of tetraisopropyl orthotitanate to millipore water to dry ethanol to 69% nitric 

acid12 and 1 : 9 : 0.1 of tetraisopropyl orthotitanate to dry ethanol to glacial acetic acid.  

However, these solutions proved to be too viscous and resulted in the deposition of 

excess titania on the templates.   

 

 

2.4. Nanostructured Titania for Binding Studies 

 

Flat and non-porous titania was produced by the dip-coating of ITO glass, following a 

similar protocol to that used in the formation of inverse opaline titania.  Substrates were 

dip-coated with a solution containing a 1 : 40 : 0.6 molar ratio of tetraisopropyl 

orthotitanate to dry ethanol to ethylene diamine and withdrawn vertically at 40 mm min-

1.  Multiple coats were formed without an intervening treatment with water, as titanium 

alkoxide immediately hydrolysed with atmospheric moisture.  Transparent and 

colourless titania films resulted.  Characterisation of both flat, non-porous titania and of 

titania inverse opals was done by low angle X-ray diffraction (XRD).  This was 

confirmed by backscattering Raman, using an excitation wavelength of 785 nm.  Raman 

shift signals at 637, 514 and 394 nm showed that anatase was the only form of titania 

detected.    

 

 

2.4.1. Thin and Non-porous Titania 

 

A variant of the solution used in the formation of inverse opals (Section 3.5) was 

simplified to produce thin and non-porous titania by the dip-coating of ITO glass.  The 

samples required neither rinsing, nor treatment with water as atmospheric moisture was 

sufficient to completely hydrolyse the titania precursor.  Mechanical vertical withdraw 

speeds ranged from 20 to 40 mm min-1, a higher dip speed produced smoother films.  

Typically, thin and non-porous titania was formed by two sequential dip-coats into a 

solution with a 1 : 40 : 0.6 molar ratio of titanium isopropoxide : dry ethanol : 

diethanolamine.  When a 40 mm min-1 dip speed was used, films with a RMS roughness 
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of 10 nm resulted. 

 

 

2.4.2. Aggregated and Sintered Titania 

 

Screen-printing of titania 

Degussa P25 and sol-gel titania were screen-printed using a variation of published 

protocols.13, 14  In preparation for screen-printing, 12 g (150 mmol TiO2 or 1.14 x 10-7 

mol of 21 nm diameter titania particles) of Degussa P25 titania  was ball milled with 4 

mL of water and 0.40 mL of distilled 2,4-propanediol for 5 hours to aid the redispersion 

of material.  The samples were printed by a single pass of the blade through a polyester 

mesh fixed at 3.2 mm above a glass substrate.  Samples were sintered using the same 

regime as for inverse opals of titania.   

 

A screen-printing paste of Degussa P25 was composed of 4 g of ball-milled Degussa 

P25 (50 mmol TiO2 or 3.98 x 10-8 mol of 21 nm diameter titania particles) with 0.18 g 

of ethylcellulose and 6.8 mL of mixed isomers of terpineol (40 mmol).  This gave a 

mass ratio of 22 : 1 of titania to ethylcellulose and a molar ratio of 1.2 : 1 for TiO2 to 

terpineol (or a molar ratio of 1030000 : 1 for 21 nm diameter titania to terpineol).  The 

opaque paste was off-white in colour.  Screen-printing pastes of sol-gel titania used the 

same, dispersed material as described in section 2.4.3: 0.2 g of sol-gel titania (0.09 g of 

TiO2, 1 mmol, or 8.6 x 10-6 mol of 2 nm diameter titania particles) with 0.045 g of 

ethylcellulose and 0.17 mL of mixed isomers of terpineol (1 mmol).  This gave a mass 

ratio of 2 : 1 of titania to ethylcellulose and a molar ratio of 1 : 1 for TiO2 to terpineol 

(or a molar ratio of 120 : 1 for 2 nm diameter titania to terpineol).  The opaque paste 

was cream-tan in colour. 

 

Spin-thinning of titania 

Prior to calcination of the films, samples were spin-thinned by rotation of individual 

screen-printed squares using a spin-coater.  A typical program for spin-thinning titania 

pastes involved 60 seconds each at 500, 1500, 3000, 4500, then 6000rpm, with a 

nominal acceleration of 20.  Square forms with an area of 1 cm2 were produced after 

sintering the prints in air at 490°C for an hour.  The clear and colourless films were 

sintered, which resulted in cracked and slightly opaque films approximately 1 µm thick.   
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2.4.3. Dispersible Titania 

 

The synthesis of the sol-gel titania follows a reported method.15  The solution was 

stirred vigorously throughout this procedure, where into 80 mL of methanol chilled on 

an ice bath, 2.4 mL (22 mmol) of titanium tetrachloride was added.  Then a solution of 

0.25 mL (3 mmol) of 1.18 g mL-1 concentrated hydrochloric acid in 2.0 mL of charcoal-

distilled water was added.  The stirred solution was given two hours to warm to room 

temperature, after which the clear, colourless solution was refluxed for two hours.  The 

sample was dried by rotary evaporation on a 50°C water bath to yield an hygroscopic 

yellow foam.  Residual water was removed by six rounds of resolvation in dry 

acetonitrile and rotary evaporation over a 40°C water bath.  However, according to 

Olsen et al, some water will remain adsorbed on the surface of the titania.   

 

 

2.5. Towards the Self-Assembly of Titania using Small Molecules 

 

Synthesis of N-(ferrocenylmethylidene)-4-phenylenediamine (5.3) 

A known compound.16, 17  Synthesised by Ms. Yvonne Ting.   

0.10g (0.05 mmol) of ferrocenemonocarboxaldehyde in 4 mL of 2,2’-dimethoxypropane 

was dropped into a stirred solution of 0.22 g (2 mmol) of 4-phenylenediamine in 

methanol.  The solution was stirred for one and a half hours at 45ºC, after which black-

brown solids of poly(4-phenylenediamine) were filtered off and the filtrate was 

concentrated by rotary evaporation.  Solids that crystallised from the concentrated 

filtrate were separated and rinsed with a few millilitres of methanol, while the 

supernatant solution was reserved.  Recrystallisation from the supernatant was repeated 

to collect six fractions, which despite varying in colour from light orange to brown was 

the same product.  The product was then characterised by 
1
H-NMR, electrospray mass 

spectroscopy, UV-Vis and FTIR.  The yield was 33%.  
1
H-NMR : (CD3OD) δH:  4.25 (s, 

5H, C5H5), 4.52 (t, 2H, C5H5), 4.82 (t-possibly, 2H, C5H5), 6.73-6.76 (d, 2H, C5H6), 

7.04-7.06 (d, 2H, C5H6), 8.40 (s, 1H, CH=N).  The amine NH2 is possibly lost to 

oxidation.  Electrospray mass spectroscopy was done in positive mode, giving a result 

of 305 m/z, which was expected, as the calculated molar mass was 304 g mol
-1

.  UV-Vis 



 53

spectroscopy absorbance maxima in methanol were at 320 and 350 nm.  FTIR: ν(N-H), 

3370 cm
-1

; ν(C=N), 1617 cm
-1

; δ(C-H), 823 cm
-1

.  The δ(C-H) signal may be due to a 

partially oxidized Schiff base. 

 

Synthesis of N, N'-di(ferrocenylmethylidene)-4-phenylenediamine  

A known compound.16, 17  Synthesised by Ms. Yvonne Ting.   

An excess of ferrocenemonocarboxaldehyde was used to ensure that the di-imine was 

formed.  0.214 g (1 mmol) of ferrocenemonocarboxaldehyde, 0.05 g (0.5 mmol) of 4-

phenylenediamine and 0.06 mL (5 µmol) of 0.175 M acetic acid was stirred overnight in 

0.5 mL of methanol.  The red-brown product was washed with methanol.  The yield was 

43%.  

 

Synthesis of 2-(4-aminophenyl)ethenylferrocene (5.4) 

A known compound.18  Synthesised by Mr. Ross Davidson.   

Produced by the method used by Ms. Amy Watson (Lab book 1, 27th February 2003 and 

6th March 2003).  The sample was produced by refluxing a 1.2 : 1 : 1.2 molar ratio of 

1,8-diazobicyclo[5.4.0]undec-7-ene to ferrocenemonocarboxaldehyde to the bromide 

salt of (4-nitrophenyl)methyltriphenylphosphonium bromide  in 100 mL of toluene for 

12 hours.  The product was then washed twice by 50 mL of 1 M hydrochloric acid, then 

once by 50 mL of 0.1 M sodium carbonate and brine. 

 

Synthesis of carbonyl(5’,10’,15’,20’-tetraphenylporphyrinatoruthenium(II) 

A known compound.19  Synthesised by Dr. Sanjeev Ghambir.   
1
H-NMR : (δH (ppm) D6-DMF): 7.83 (m, 12 H, m-, p- overlap of C6H5), 8.19 (d, J = 6.7 

Hz, 4H, o-protons of C6H5), 8.27 (t, J = 2.9, 3.0 Hz, 4H, o-protons of C6H5, 8.67 (s,8H, 

β-pyrrolic protons). 

 

Synthesis of 4-(trans-2-(4-pyridinyl)ethenyl)benzoic acid 

A known compound.20, 21  Synthesised using a procedure modified by Dr. Pawel 

Wagner.   

0.66 mL (7 mmol) of 4-picoline and 1.0 g (7 mmol) of 4-carboxybenzaldehyde was 

heated in 1.0 mL (11 mmol) of acetic anhydride at 100˚C for a day.  The initial opaque, 

tan-coloured mixture became a cream-orange solid in an orange solution.  The solid 
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product was washed by reverse osmosis water to remove acetic anhydride, then with 

approximately 50 mL of 95% ethanol to receive cream-yellow powder.  The yield was 

7%.  
1
H-NMR : (δH (ppm) D6-DMF):  7.48 (d, J = 16.3 Hz, 2H, vinyl proton next to the 

pyridine ring), 7.84 (d, J = 8.5 Hz, 2H,C6H4), 7.87 (d, J = 16.4 Hz, 2H, vinyl proton 

next to the benzoic acid ring), 8.17 (d, J = 6.3 Hz, 2H, C4H4N), 8.23 (d, J = 8.5 Hz, 2H, 

C6H4), 8.6756 ppm (t, J = 3.5, 6.6 Hz, 2H, C4H4N).  Matrix-assisted laser desorption 

ionisation (Maldi) mass spectroscopy gave a result of 225 m/z, which corresponds to the 

calculated molar mass. 

 

Coordination of carbonyl(5’,10’,15’,20’-tetraphenylporphyrinatoruthenium(II) with 4-

(trans-2-(4-pyridinyl)ethenyl)benzoic acid 

A known compound.22 

060327: 20.6 mg (27 µmol) of RuTPPCO and 6.3 mg (28 µmol) of 4-(trans-2-(4-

pyridinyl)ethenyl)benzoic acid was dissolved in 10 mL of N, N-dimethylforamide.  The 

blood-red-orange solution was stirred for an hour at room temperature and then was 

filtered through cotton to remove the black solids of decomposed coordination 

compound.  The filtrate was dried by rotary evaporation for orange-purple solids.  The 

yield was 77%.  
1
H-NMR : (δH (ppm) D6-DMF): 1.56 (d, J = 10.9 Hz, 2H, C4H4N), 5.76 

(d, J = 5.6 Hz, 2H, C4H4N), 6.33 (d, J = 16.6 Hz, 1H, vinyl proton next to the pyridine 

ring), 6.74 (d, J = 16.2 Hz, 1H, vinyl proton next to the benzoic acid ring), 7.33 (d, J = 

8.0 Hz, 2H, C6H4), 7.86 to 7.77 (m, 12 H, m-, p- overlap of C6H4), 8.15 (d, J = 6.5 Hz, 

4H, o-protons C6H5), 8.27 (d, J = 3.5 Hz, 4 H, o-protons C6H5), 8.67 (s, 8 H, β-pyrrolic 

protons).  Maldi mass spectroscopy gave a result of 939 m/z, which corresponds to a 

loss of carbon monoxide; the calculated molar mass was 967 g mol
-1

. 

 

 

2.5.1 The Functionalisation of ITO Electrodes 

 

Prior to functionalisation, ITO glass was cleaned by washing with detergent, then 

ultrasonication for 15 minutes within each of acetone, water, ethanol, then dried in air.  

The substrate was then ultrasonicated within a 1 : 1 : 5 v/v solution of 30% hydrogen 

peroxide to 28% ammonia to reverse-osmosis water, then rinsed thoroughly with water, 

then AR grade ethanol.  This base treatment was an effort to remove organic 
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contaminants and ensure the presence of hydroxyl groups on the surface of the ITO.23  

 

The deposition of what may be a monolayer, or thin film of organic species, such as 4-

phenylenediamine and 4-aminobenzoic acid upon ITO glass was performed in dry and 

dark conditions to prevent oxidation, or polymerisation.  A typical solution contained 5 

mM of the adsorbate in dry ethanol or 1,4-dioxane, under an inert atmosphere.  The 

period of treatment of ITO glass varied from two days to a month at 30 to 80ºC.  The 

slow oxidation of the aniline derivative was inferred by the gradual colour change of the 

soaking solution from clear and colourless, to a light apricot after two days, or a clear, 

blood-red after a month.  The ITO slides were then rinsed with AR methanol and air-

dried. 

 

For the overgrafting of ferrocenemonocarboxaldehyde to 4-phenylenevinylene, ITO 

glass was first immersed for two and a half days in a 120 mM solution of 4-

phenylenediamine in 1,4-dioxane, at 30°C.  The ITO samples were then soaked within a 

1.3 mM solution of ferrocenemonocarboxaldehyde in 2,2'-dimethoxypropane, for a day 

at 20 to 25°C.  The treatment of ITO glass with ferrocenemonocarboxaldehyde or with 

N-(ferrocenylmethylidene)-4-phenylenediamine was done by using 2,2’-

dimethoxypropane as a solvent and concentrations in the order of 50 mM.  Samples 

were soaked at 20 to 40ºC for a few days, before rinsing with AR methanol and then air-

dried and stored in the dark.  Alternatively, species such as 2-(4-

aminophenyl)ethenylferrocene were adsorbed onto ITO by immersion for 2 hours at 

room temperature in a 2 mM solution, using a mixed solvent of 6% v/v of 1,4-dioxane 

in hexane.  The ITO samples were then rinsed with a 5% v/v solution of 1,4-dioxane in 

hexane. 

  

UV-Vis spectra were collected using a step-size of 0.5 nm and a very slow scan speed to 

collect data from 250 nm to 700 nm over ten minutes.  A 2 nm slit width gave a 

maximum illuminated area of 0.44 cm2.  Before use, efforts were made to minimise the 

effects of the low signal-to-noise ratio by allowing a minimum of 90 minutes for the 

tungsten and deuterium lamps to stabilise prior to use.  In general, a single baseline of 

air alone was collected prior to each day’s experiments and had a range of ± 0.0004 

absorbance units.  Typically, three such scans were collected and averaged for samples 

of ITO glass before and after the deposition and further treatment of species, such as 4-
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phenylenediamine.  Mathematical subtraction was used to extract peak position and 

intensities for treated samples.  The positioning of the sample holder with respect to the 

beam has an uncertainty of ± 1° at most.  This was not a concern, as there was no 

detectable change in absorbance position or intensity on tilting samples by up to 5° from 

the perpendicular, with respect to the light beam.   

 

Voltammetry was done using 0.1 M tetrabutylammonium perchlorate (TBAP) in dry 

tetrahydrofuran or dry dichloromethane as the electrolyte.  A minimum of three 

sequential scans was collected for each dye.  Dry air hoods for voltammetry were not 

available, and despite bubbling with dry nitrogen, atmospheric moisture was absorbed 

into the voltammetry samples.  As a consequence, the data was only collected for the 

dye/dye+ couple.  Typical data collection parameters used a scan rate of 100 mV s-1 and 

a data interval of 2.5 mV was used for collection.  The counter electrode was platinum 

mesh and the working electrode was either a platinum disc 2 mm in diameter (0.03 cm2) 

or ITO glass.  A pseudo-reference electrode of Ag/AgNO3 within 0.1 M TBAP in 

acetonitrile was used for non-aqueous experiments.  The inner electrode contained 

silver wire immersed in a 1 mM solution of AgNO3 in electrolyte, while the outer 

electrode had a plain electrolyte of 0.1 M TBAP in acetonitrile.  A pseudo-reference 

electrode of Ag/AgCl in saturated potassium chloride was used for aqueous 

experiments.  Potentials were adjusted to standard calomel electrode (SCE) values by 

adjusting for the difference between experimental and literature values for the 

ferrocene/ferrocenium redox couple.  For data shown in Chapter 5, depending on the 

data set, a half-wave potential of either 0.115 or 0.110 VAg/Ag+ was obtained for the 

ferrocene/ferrocenium redox couple.  The adjustment to convert values to the SCE scale 

was to add either 0.043 or 0.048 V, respectively.   

A calculated bracket for monolayer coverage of 2-(4-aminophenyl)ethenylferrocene 

(5.4) on a flat surface was done using maximum and minimum footprint areas (Fig. 

2.1).  The depth of 5.4 was taken as 6.6 Å, which is that of a freely-rotating ferrocenyl 

group.24  The width of 5.4 was estimated using Chem3D®: bound by the amine group, 

the minimum and maximum footprint areas, as shown in Figure 2.1, are 4.3 and 5.3 x 

10-19 m2, respectively.  The bracket for monolayer coverage for 5.4 is then 3.2 - 3.9 x 

10-10 mol cm-2.   
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Figure 2.1.  Chem3D® representations of 5.4 with estimates of the maximum and 

minimum rectangular footprint area.  For clarity, only one cyclopentadiene ring of the 

ferrocenyl group is shown.  

 

 

Experimental surface coverage estimates of 5.4 upon ITO glass were done using both 

voltammetry and UV-Vis spectroscopy.  In order to calculate the number of moles 

adsorbed onto ITO by voltammetry, the current under the oxidation peak was integrated 

for the single-electron process, using a Gaussian peak fit of the oxidation peak.  Data 

was taken from the second scan and the assumption was made that the current measured 

was due to adsorbed molecules only.  The calculation of surface coverage by 5.4 from 

UV-Vis absorbance involved a concentration calibration plot using standard solutions.  

To plot the absorbance of 5.4 on ITO glass directly against the calibration data to find 

the number of moles in the illuminated area, in terms of mol cm-2, the concentration of 

the standard solutions was converted from mol L-1 to mol.  A 2 nm slit width gave an 

illuminated area of 0.44 cm2, which combined with a 1 cm path length solution cell, 

gave an illuminated volume of 0.44 cm3.  The number of moles of 5.4 in the light path 

was then the concentration of the standard multiplied by 0.44 cm3.  However, the 

calibration is not an ideal one as there will be light losses due to scattering within the 

solution cell.  The uncertainty in the surface coverage calculation using UV-Vis 

spectroscopy is ± 5%, which was derived from error in the concentration of the standard 

solutions, UV-Vis absorbance values and the uncertainty in the calibration plot. 
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2.5.2. Towards Chemically-Assisted Self-Assembled Titania Arrays 

 

ITO glass was first immersed within a 1 mM solution of 4-aminobenzoic acid in 1,4-

dioxane at room temperature for 11 days.  The sample was then soaked within a 

suspension of Degussa P25 titania acidified by hydrochloric acid for a pH value of 2. 

 

 

2.6. The Binding of Dye to Titania 

 

Synthesis of 4-methoxybenzylidenemalonic acid (6.1)  

A known compound.25  Synthesised by Ms. Yvonne Ting.   

The acid was produced by stirring 0.45 mL (4 mmol) of 4-methoxybenzaldehyde in 1 

mL (17 mmol) of glacial acetic acid with 1.18 g (11 mmol) of malonic acid.  

Approximately 0.3 g (4 mmol) of ammonium acetate was added to aid the dissolution of 

malonic acid.  The clear and colourless mixture became a clear, homogenous green 

solution, which after 3 hours was an opaque, lime-green slurry.  The solids were filtered 

on a number 4 sinter filter, rinsed with first water, then with diethylether.  The lemon-

yellow solids were dried in a dessicator under active vacuum overnight.  The product 

was judged to be pure by HPLC and 
1
H-NMR spectroscopy.  The yield was 22%.  

1
H-

NMR (δH (ppm) in CD3OD): 7.61 (s, 1H), 7.55 (d, J = 10 Hz, 2H), 6.96 (d, J = 10 Hz, 

2H), 3.83 (s, 3H).   Acidic protons are not observed in the protic solvent.  
1
H-NMR (δH 

(ppm) in (CD3)2SO): 13.15 (s, 2H), 7.56 (d, J = 10 Hz, 2H), 7.48 (s, 1H), 7.01 (d, J = 10 

Hz, 2H), 3.80 (s, 3H). 

 

Synthesis of cinnamylidenemalonic acid (6.2)  

A known compound.26  Synthesised by Mr. Adam Stephenson.   
1
H-NMR (δH (ppm) in CD3OD): 7.85 (d, J = 10 Hz, 1H), 7.77 (dd, J = 25 Hz, 11.5 Hz, 

1H), 7.60 (d, J = 8 Hz, 2H), 7.42-7.33 (m, 3H), 7.28 (d, J = 15 Hz, 1H).  Acidic protons 

are not observed in the protic solvent.  
1
H-NMR (δH (ppm) in (CD3)2SO): 12.78 (s, 

2H), 7.54 (d, J = 7 Hz, 2H), 7.43, (d, J = 12 Hz, 1H), 7.41-7.35 (m, 3H), 7.27 (d, J = 

15.6 Hz, 1H), 7.18 (dd, J = 30 Hz, 11 Hz, 1H). 

 

 



 59

Synthesis of trans-stilbene  

A known compound.27  Synthesised by Dr. Wayne Campbell.   
1
H-NMR (δH (ppm) in CD3OD): 7.45 (d, J = 5 Hz, 4H), 7.34 (t, J = 5 Hz, 4H), 7.24 (t, J 

= 5 Hz, 2H), 7.16 (s, 2H). 

 

Synthesis of ter(thienylenevinylene)malonic acid (6.3), ter(thienylenevinylene)-

cyanoacetic acid (6.4), 8,15-dicyanoter(thienylenevinylene)malonic acid (6.5) and 

ter(thienylenevinylene)rhodanine acetic acid (6.6) 

Novel compounds.28  Synthesised by Dr. Pawel Wagner.   

E-491:  
1
H-NMR (δH (ppm) in CD3OD): 8.34 (s,1H), 7.52 (d, J = 5 Hz, 1H), 7.30 (d, J = 

5 Hz, 1H), 7.30 (d, J = 16.5 Hz, 1H), 7.17 (d, J = 4 Hz, 1H), 7.13 (dd, J = 3.5 Hz, 1H), 

7.13 (d, J = 16.5 Hz, 1H), 7.08 (dd, J = 3.5 Hz, 1H), 7.07 (d, J = 16.5 Hz, 1H), 7.05 (d, 

J = 16.5 Hz, 1H), 7.02 (d, J = 3.5 Hz, 1H), 7.01 (dd, J = 3.5 Hz, 1H).  

 

Synthesis of terthienylvinylenemalonic acid and terthienylcyanoacrylic acid   

Synthesised by Dr. Sanjeev Ghambir.  Novel compounds.29 

Sample codes: SG-72/5 and SG-74/5 for the respective compounds  

 

  

2.6.1. UV-Vis Spectroscopy 

 

It was first confirmed that on deviation of the titania plate up to 5° from the normal with 

respect to the light path, there is no effect on either the position or intensity of UV-Vis 

absorption peaks.  Spectra were collected using a 2 nm slit width, step-size of 0.5 nm 

and a variable scan speed, to collect data from 250 nm to 700 nm over ten minutes.  The 

illuminated area was 0.44 cm2 for the majority of samples, though a masked area of 

0.32 cm2 was used for smaller samples. 

 

 

2.6.2. FTIR Spectroscopy 

 

Transmission FTIR spectra were recorded using pressed potassium bromide discs.  

Typically 16 scans were collected with a resolution of 4 cm-1.  ATR-FTIR spectra were 
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collected by placing the sample upon the germanium crystal, then applying the pressure 

tower for solid samples.  In general, 32 scans with a resolution of 4 cm-1 were collected.  

 

 

2.6.3. Raman and Fluorescence Spectroscopy 

 

Resonance Raman spectra were collected using green light of 532 and 514 nm.  A 

McCreery solvent of a 1 : 1 v/v mixture of toluene to acetonitrile was used for the 

calibration of Raman shifts.30 

 

Fluorescence spectra were collected using a quartz cuvette for solution samples, or with 

a reflection probe for solid-state samples.  Typical data collection parameters for the 

Perkin Elmer machine included an excitation slit width of 10 nm, an emission slit width 

of 20 nm and a scan rate of 100 to 500 nm min-1.  It must be noted that when different 

machines or sample concentrations are used that the self-absorbance of fluorescent light 

alters the energy distribution of light that reaches the detector, resulting in an apparent 

shift in the value of maximum fluorescence.  Samples were not corrected for self-

absorbance. 

 

 

2.6.4. NMR Spectroscopy 

 
1
H-NMR experiments were run at 298K, with 1D proton spectra collected using 16 

scans.  
1
H-NMR T2 and diffusion experiments were performed by Dr. Patrick Edwards.  

Spectra collected in organic solvents, such as deuteromethanol (CD3OD) were 

referenced to tetramethylsilane (TMS).  Spectra collected in deuterium oxide (D2O) 

were referenced to either the sodium salt of 3-(trimethylsilyl)-1-propanesulfonic acid 

(DSS) or to the chemical shift of water. 

 

Direct titration experiments involved the dissolution of dye and titania into CD3OD.  
1H-NMR spectra of either the pure dye or titania solution were collected prior to 

addition of aliquots of the other titrant directly into the NMR sample tube.  The samples 

were well shaken prior to recording spectra.  A 1 mL automatic pipette was used to 
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deliver volumes of 0.05 mL, with an uncertainty of ± 3%.  When weighing the mass of 

dry samples on a 5 decimal place balance, an uncertainty of 0.02 mg for a sample of 2 

mg corresponds to an error of ± 2%.  The error in the mass of water in sol-gel titania is 

± 1%, while a conservative estimate of uncertainty in the calculated number of moles of 

dye is ± 6%.  The uncertainty in the mole ratio of dye to 2 nm diameter titania is then 

approximately ± 7 %.   

 

Resuspension experiments first titrated dye with titania.  The titrated mixture was drop-

dried onto glass, rinsed with tetrahydrofuran to remove excess dye, then resuspended in 

methanol.  The uncertainty in the mole ratio of dye to titania for these experiments will 

be higher than that of direct titration, as only a portion of the drop-dried material was 

able to be resuspended. 

 

Solvent partition experiments used D2O to solvate native sol-gel titania and 

deuterochloroform (CDCl3) to produce a saturated solution of dye.  In a typical trial 7.3 

mg (0.3 µmol) of amorphous, acidic sol-gel titania was dissolved in 0.7 mL of 

deuterium oxide, which was then added to a saturated solution of 1.2 mg (6 µmol) of 4-

methoxybenzylidenemalonic acid (6.1) in 0.7 mL of deuterochloroform.  This produced 

a 19 : 1 mole ratio of 6.1  to 2 nm titania particles.  After standing for 15 minutes, the 

organic layer had become a clear, homogenous pale-yellow solution, while the aqueous 

layer became a clear, bright yellow colour.  The D2O layer was removed and 
1
H-NMR 

spectra collected.   

 

Spin-spin T2 relaxation times for free and bound 6.1 were collected by direct 

measurement from a 1H-NMR Carr-Purcell-Meiboom-Gill (CPMG) spin echo 

experiment, while diffusion coefficients were measured by 1H-NMR spectroscopy using 

a pulsed field gradient and a simulated echo.   

 

 

2.7. Solar Cell Testing 

 

Flat, non-porous titania, Dyesol nanocrystalline titania, and titania inverse opals were 

tested for Grätzel cell efficiency using sample cell holders (Fig. 2.1) and solar-cell 
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testing apparatus designed by Dr. Wayne Campbell.  Titania electrodes were heated at 

400ºC for an hour to remove organic contaminants and moisture, then allowed to cool to 

approximately 100ºC.  The titania plates were then soaked for a minimum of two hours 

in 2.0 x 10
-4 M solution of dye in dry tetrahydrofuran.  The samples were then either 

patted by lint-free tissue or gently rinsed in dry tetrahydrofuran, before being dried 

under vacuum in the dark for 3 minutes.  Non-sealed Grätzel cells were then formed 

using a platinum metal counter electrode and an iodine/triiodide electrolyte.     

 

Two electrolytes used were E-Zn-2 and E-Zn-3.  E-Zn-2 was a solution of 0.1 M lithium 

iodide, 0.05 M iodine, 0.5 M 4-tert-butylpyridine and 0.6 M butylmethylimidazolium 

iodide in a 1:1 v/v solution of valeronitrile to glutaronitrile.  The electrolyte E-Zn-3 was 

composed of 0.1 M lithium iodide, 0.05 M iodine, 0.5 M 4-tert-butylpyridine, 0.6 M 

butylmethylimidazolium iodide and 0.5 M 3,5-tert-butyl-4-hydroxytoluene in a 1:1 v/v 

solution of valeronitrile to glutaronitrile.  The electrolyte E-Zn-3 has a light absorption 

of light of wavelengths of 450 nm and shorter.  

 

 

 

 

 

 

Figure 2.2.  A sample holder containing a Grätzel cell with a green porphyrin dye on a 

Dyesol nanocrystalline, mesoporous titania electrode. 

 

 

Flat and non-porous titania, along with ‘standard’ nanocrystalline and mesoporous, pre-

formed screen-printed Dyesol titania were the standards of comparison for the 

evaluation titania inverse opaline electrodes within Grätzel cells.  The testing of the 

inverse opaline titania within solar cells was to be done with comparison between 

porphyrin-based dyes such as 6.9 and a ruthenium-based dye, cis-

bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(II) bis-

tetrabutylammonium (‘Ru-535 bis-TBA’,‘N3’ dye, Dyesol B2/N719). Also to be tested 

were a range of porphyrin-based sensitizers, synthesised in-house by the Nanomaterials 

Research Centre.  However, due to the fragility of the inverse opals, such testing 
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remains to be done in the future. 

 

Inverse opaline titania used in testing were samples that were infiltrated by titania 

precursor solution up to six times.  Thin and dense titania films used for Grätzel cell 

testing were samples with up to two coats.  Titania tested for Grätzel cell efficiency was 

dyed by immersion in a 0.2 mM solution of 6.9 in SDS brand tetrahydrofuran.  The 

titania plates became a light green colour and were tested with electrolyte E-Zn-2.   
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3. NANOSTRUCTURED TITANIA: INVERSE OPALS 

 

3.1. Introduction 

 

Inverse opals display a three-dimensional, periodic and regular array of material and are 

formed by deposition upon an opaline template.  Particular interest in ideal inverse 

opaline structures stems from potential applications as photonic crystals.  To display 

photonic band-gap properties there must be sufficient dielectric or refractive contrast in 

the crystal.  Bragg scattering may be observed when the wavelength of incident light is 

comparable to the periodicity of the crystal, dependent on whether the material has a 

partial or complete photonic band-gap (Figure 3.1).  A material with a full photonic 

band-gap will transmit or exclude light of every wavelength covered by the band-gap, 

regardless of polarisation, at every angle of incidence.  A partial photonic band-gap will 

only allow the trapping and amplification of light of a certain wavelength at all angles 

of incidence.1  Opals and inverse opals with tunable photonic band-gaps have been 

produced by infiltration by an optically birefringent nematic liquid crystal.  The 

application of an electric field or thermal energy induces a change in phase and 

refractive index of the liquid crystal, which alters the photonic band-gap of the 

composite material.2, 3  An opal will trap or reflect light at a particular angle of 

incidence, provided that the periodicity of the crystal approximates the wavelength of 

the incident light.   

 

        
Figure 3.1.  A schematic of the concept of Bragg diffraction of light from a regular, 

periodic array. 
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Inverse opals may display the same photonic properties and have been produced with a 

diverse range of materials, including polypyrrole and lithium niobate.4, 5  An ideal 

titania inverse opaline electrode would be opaque, so that light lost by transmission 

through the Grätzel cell is minimised.  The electrode should also display a ‘honeycomb’ 

structure, be mechanically robust, free of crystal boundary defects and have excellent 

physical and electrical contact to the substrate.  For application within a Grätzel cell, the 

inverse opal must have open pores and a uniform coverage to ensure the total 

penetration of sensitiser dye and electrolyte to give consistent performance across the 

electrode.  It was envisaged that a number of identical titania electrodes with a 

minimum usable area of 1 cm2 would be required for testing with various sensitiser 

dyes.   

 

 

3.2. Opals 

 

In order to form opaline templates, the colloids involved must show narrow size-

distributions.  For cost-efficiency opals tend to be made of silica or polymers such as 

polystyrene and polyacrylates, though opals of materials such as colloidal gold have 

also been produced.  The colloids themselves may be layered materials, such as double-

shelled cadmium selenide, encapsulated first by polystyrene and then by silica.6-9  

Opaline templates have been formed by electrophoresis,10-12 centrifugation,13 

sedimentation or spin-coating with and without lithographically-defined beds,14, 15 the 

use of flow-cells16 and Langmuir-Blodgett troughs.2  Techniques that utilise a falling 

meniscus include the dip-coating of a functionalised surface, tape-casting and solvent 

loss from particle suspensions. A few examples of the last method include deposition 

onto a vertically-held substrate by solvent evaporation, the use of a peristaltic pump, 

slow crystallisation of an opal between quartz plates and deposition onto a horizontal 

substrate bounded by silicone liquid.17-21  The use of silicone to overlay the boundary of 

an aqueous suspension forces the evaporation of water to occur evenly over the sample, 

reducing crack formation.22  Binary opals have been formed by the shrinking liquid 

volume of electrosprayed droplets.23   
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3.3. Inverse Opals 

 

Inverse opals may be made either by the co-deposition of the target material during opal 

formation or by infiltration of the opal.  Infiltration may be done either with preformed 

nanoparticles or by a precursor solution of the target species.  Co-deposition of different 

sized colloids may form binary or tertiary colloidal crystals, of which the larger colloid 

is often the template material.  In a number of cases, the pH of the colloidal suspension 

is kept above the isoelectric point of the different species in order to reduce flocculation 

and aggregation.  In this manner, inverse opals of titania, silica, gold and combinations 

of the three have been formed around disposable polystryrene opals.23-29  Silica inverse 

opals have been made with gold embedded within the walls of the structure first by co-

deposition of silica-encased gold colloids and polystyrene beads, followed by 

calcination.30  Infiltration of pre-formed opals uses capillary force to pull nanoparticle 

suspensions or precursor solutions into the template voids.  Centrifugation or vacuum 

filtration may be used to assist the complete filling of the template interstices, though 

repetitive dip-coating has been found to be sufficient.31-33  Organic inverse opals of 

polyaniline can be formed by infiltration of a polystyrene opal with aniline, followed by 

chemical oxidative polymerisation and dissolution of the template with 

tetrahydrofuran.34  Electrochemical methods have been used to oxidise titanium 

trichloride and polymerise pyrrole around an opaline template, for inverse opals of 

titania and polypyrrole, respectively.4, 35 

 

Sintering of the composite material is frequently a necessary step in the formation of 

inorganic inverse opals, as heat may be required to complete hydrolysis from a 

precursor material, to convert amorphous material to a crystalline phase and to fuse 

adjacent grains for improved mechanical strength. During sintering, an increase in grain 

size, a decrease in the number of crystal grain boundaries and a reduction in the surface 

area of the material may also be observed.36, 37  Calcination or dissolution is often 

employed to eliminate polymeric templates, while silica templates may be removed by 

etching with sodium hydroxide or hydrofluoric acid.2  In the case of a silica opaline 

template, sintering prior to infiltration with the target material is necessary to fuse 

colloids together and to the substrate.  The mechanical strength of the template is 

improved as is the ease with which the template may be removed.38  A distinct 

advantage of using polymer opaline templates over inorganic materials is that contact 
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between colloids and the substrate may be improved by relatively gentle thermal 

treatment, applied pressure or simply letting the material meld with each other.17, 39 

 

 

3.4. Opaline Templates of Silica 

 

Sacrificial opaline templates were made of silica, as the material is simple, inexpensive 

and colloids with a narrow size distribution may be synthesised.40  For the production of 

silica colloids a derivation of the Stober-Fink-Bohn ammonia-catalysed hydrolysis of 

tetraethylorthosilicate was used in this work.41  In brief, tetraethylorthosilicate was 

added into a 4 M methanolic solution of ammonia that was stabilised at 60ºC and 

vigorously stirred.  The concentration of silica precursor in the total volume was 0.34 

M, resulting in colloids with an average diameter of 250 nm.  The silica colloids were 

separated and washed by centrifugation with 95 v/v% ethanol and allowed to air-dry.  

Scanning electron microscopy (SEM) images show the rough surface of the silica 

colloids which are formed by the aggregation of primary particles during colloid 

formation (Fig. 3.2).42   

 

  
 

Figure 3.2.  SEM image of a silica opal deposited upon glass.  The scale bar is for 1 

µm. 
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Opals were formed by a technique adapted from the literature, which was a vertical 

deposition of colloids by the falling meniscus of an evaporating solvent.19, 40  This 

method was chosen in order to quickly produce a large number of opals upon a 

substrate.  Drop-drying upon a horizontal substrate was found to be lacking, as a clearly 

non-uniform opal resulted.  Indium-doped tin oxide glass (ITO) was coated with silica 

opal by suspension of the substrate within a vial of an ethanolic dispersion of silica 

colloids.  By placing the vial in a 60ºC oven overnight, thin films of close-packed silica 

spheres were deposited by the dropping meniscus.  The substrate must not contact the 

vial walls, so that a meniscus of a uniform shape and height may deposit a more 

uniform opal.  All opals formed with 250 nm silica spheres, by this method displayed a 

green opalescence when viewed from directly above, while 350 nm silica spheres 

displayed an orange opalescence due to the Bragg diffraction of light off the colloidal 

crystal.  Regions of both hexagonal and cubic close-packing are produced by this 

method (Fig. 3.3). 

 

 

   
   a)        b) 

 

Figure 3.3.  a) The opal composed of 250 nm silica spheres displays the Bragg 

diffraction of green light, while the opal made of 350 nm spheres diffracts orange light.  

b) Detail of silica colloids, with titania nanocrystals.  Square and hexagonal close-

packing is highlighted. The scale bar is for 100 nm.   
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Typically, a 0.5% wt/wt dispersion of silica to ethanol was used; at concentrations 

greater than about 5% wt/wt, the opaline material exhibited heavy ‘banding’.  This 

‘banding’ has been described as ‘buckled’ domains and are a result of the uneven 

deposition of material by the falling solvent front.43  Analogous behaviour has been 

seen in the formation of thickened edges for drop-dried colloidal crystals, which may 

be attributed to the higher rate of solvent evaporation at the exposed rim of the 

suspension.22  The buckled domains are likely to be a contributing cause to the variable 

morphology of inverse opals.  When silica dispersions are more concentrated than 

approximately 15 wt/wt% dramatic cracking and delamination occurs (Fig. 3.4).  The 

omnipresent cracking of the template is likely to be due to capillary forces on removal 

of the solvent during the deposition and drying of the colloidal crystals.44, 45  Faults that 

parallel the plane of the substrate may also have been formed by capillary forces and 

may have reduced the effective thickness of the template.   Such planar faults may 

explain why the formed inverse opals all appeared to display a thickness of less than 

twenty colloidal layers. 

 

 

   
   a)        b)  

 

Figure 3.4.  a) A typical, fractured silica opal.  b) The same opal at a higher 

magnification.  The scale bars are for 1 µm.  
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3.5. Titania Inverse Opals 

 

The ‘honeycomb’ structure is more physically robust than shell-type structures.  An 

open pore morphology is also necessary for the admission of sensitiser dyes into the 

bulk of the electrode.  The transparency of titania inverse opals upon glass is reduced 

from that of Dyesol nanocrystalline and mesoporous titania electrodes which are used 

for Grätzel cell testing in our laboratory.  This is as less titania is used to form the 

inverse opaline electrodes and so less material is available to absorb and scatter incident 

light.  The loss of opacity may be compensated for if the inverse opal was a photonic 

crystal, with a partial or complete photonic band-gap.  The liquid-phase infiltration of a 

titanium alkoxide solution is a versatile method that was adapted from published 

techniques.  A solution of titanium isopropoxide, dry ethanol and ethylene diamine was 

used to infiltrate the silica templates and form inverse opals of titania.31, 38, 46, 47   

 

Titania inverse opals were formed with a range of morphologies, ranging from partially 

templated material to close-packed air-spheres in a ‘honeycomb’ form and titania 

resembling ‘grapes’ (Figs. 3.5, 3.6).  The ideal ‘honeycomb’ material implies that the 

opaline interstices have been completely filled with the titania precursor species.  In 

contrast, the incomplete filling of interstices resulted in highly porous titania shells 

which resembled ‘grapes’. 

 

 

   
   a)        b) 

Figure 3.5.  a) An inverse opal that resembles sealed ‘honeycomb’.  b) An inverse opal 

exhibiting a ‘grape’-like morphology.  The scale bars are for 100 nm.   
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   a)        b) 

 

Figure 3.6.  a) The desired ‘honeycomb’ morphology.  Note that windows connect 

adjacent air-spheres and that the interstices appear to be completely filled.  b) Partial, 

almost ‘skeletal’ inverse opals.  The scale bars are for 100 nm.   

 

 

The inverse opals are completely composed of anatase nanocrystals, as shown by 

grazing incidence X-ray diffraction (XRD) and backscattered resonance Raman 

spectroscopy.  The primary particles may be seen as grains or fibrils upon silica beads 

which are only lightly templated with titania.  Both sintering of the composite material 

between titania infiltration steps and sintering of titania inverse opals after removal of 

the opaline template resulted in a loss of definition in structure.  The growth of what 

appear to be the primary particles of the material results in a morphology that resembles 

‘coral’ (Fig. 3.7).      
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            a) 

 

   
   b)        c) 

 

Figure 3.7.  a) Granular and fibrillar titania nanoparticles may be observed on lightly-

templated silica colloids, particularly where colloids meet.  b) Titania inverse opal 

formed by six cycles of infiltration and rinsing, with two treatments with water, then 

sintering at 500ºC.  c) An inverse opal displaying a ‘coral’-like morphology was 

displayed, perhaps due to sintering.  The sample was treated twice with: three cycles of 

infiltration and rinsing, a treatment with water and sintering at 500ºC.  Both samples 

used 1 : 40 : 0.6 infiltrate and 1 : 120 : 0.6 rinsing solutions.  The scale bars are for 100 

nm.  

 



 76 

A typical treatment protocol that resulted in the formation of macroporous, inverse 

opals which displayed large regions of either open-faced ‘honeycomb’ or of opened 

‘grapes’ is illustrated in Table 3.1.  Solutions with either a 1 : 20 : 0.6 or a 1 : 40 : 0.6 

molar ratio of titanium isopropoxide : dry ethanol : ethylene diamine were used for 

infiltration and a solution with a 1 : 120 : 0.6 molar ratio of reactants was used for 

rinsing after each infiltration.  Opals formed upon ITO glass were placed within screw-

cap vials with the infiltration solution and topped with argon to keep the precursor 

solution dry.  Samples were then centrifuged for twenty minutes at 3000g of relative 

centrifugal force (rcf) to aid the capillary force in drawing solution into the template.  

The infiltered opals were vertically and mechanically withdrawn from both infiltrate 

and rinsing solutions at approximately 40 mm min-1.  To retard the premature formation 

of titania on the exterior of the template and within solution, vials containing the 

infiltration and rinsing solutions were refreshed with argon gas after every use.  The 

composition of the precursor solution was modified from the literature as it was found 

that the addition of a 0.33 molar equivalent of water caused the immediate formation of 

titania.  Repeated infiltration of the opaline template was necessary to ensure that a 

sufficient amount of titania was deposited.31, 38  The more promising samples were 

formed with greater than three infiltration cycles and were treated at least once with 

water to ensure the complete formation of the titania alkoxide and so prevent shrinkage 

and warpage of the inverse opals.  The composite material was sintered at 500ºC for an 

hour, with a stepped temperature ramp, before the template was dissolved with 30 wt% 

aqueous sodium hydroxide.  Despite the various degrees of fill of the opal interstices 

and the range of resultant morphologies, all inverse opal samples were transparent and 

exhibited Bragg diffraction of visible light, though the observed opalescence was 

notably weaker than that of the templates.   
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Table 3.1.  The typical treatment protocol to form inverse opals of titania. 
 
Opal Formation 
 
 
 
 
 
 
Infiltration of the Opal     

 
 
 
 
 
 
 

Withdrawal and Rinsing of the Infiltered Opal 
 
 
 
 
 
 
                                                  

         No 
Desired number of treatments obtained?              

 
        Yes  

Treatment with Water    
 
 
 
     
    
                    No 

Desired number of treatments obtained?                        
 
           Yes 

Template Disposal 
 
 
 
 
 
 
 
 END 
 

1. ITO glass is cleaned with several times with hexane and ethanol.  
2. The ITO is suspended vertically in a vial containing a 0.5 wt/wt% methanolic silica dispersion.  
3. The solvent is removed by placing the vial in a 60ºC oven, overnight. 
4. The resulting opal is sintered for an hour at 500ºC.  The temperature is ramped. 

1. Opal-covered ITO is placed in a 20 mL screw-cap vial, with 15 mL of infiltrate and argon gas. 
2. The infiltrate is a titania precursor solution with 1: 40 : 0.6 molar ratios of  

tetraisopropylorthotitanate : dry ethanol : diethanolamine, which is kept dry under argon. 
3. The vial, containing the opal is centrifuged for 15 min at 3000g of rcf. 

2. The opal is withdrawn vertically at 40 mm min-1. 
3. The opal is immediately placed into a rinser solution. 
4. The rinser is a solution with 1 : 120 : 0.6 molar ratios of  

tetraisopropylorthotitanate : dry ethanol : diethanolamine, kept under argon. 
5. The opal is at once withdrawn vertically at 40 mm min-1. 

2. To ensure the complete conversion of tetraisopropylorthotitanate to titania, 
samples are soaked in water for a minimum of one hour, at 60ºC. 

1. The titania-silica composites are sintered for an hour at 500ºC. The temperature is ramped. 
2. The template is removed by soaking overnight in 30 wt/wt% aqueous sodium hydroxide, at 60ºC. 
3. The titania inverse opals are sequentially rinsed in 20, 15, 10 and 5 wt/wt% sodium hydroxide. 
4. Samples are sequentially rinsed in 0, 25, 50, 75 and 100 v/v% solutions of 95% ethanol in water. 
5. The titania inverse opals are allowed to air-dry. 
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Early experiments also involved solutions of a 1 : 40 : 0.6 molar ratio of titanium 

isopropoxide : dry ethanol : ethylene diamine and were centrifuged for twenty minutes 

at 1700g or 3000g of rcf.  However, these samples were withdrawn manually or with a 

mechanical withdraw of 20 mm min-1.   Samples that were not treated with a rinse cycle 

no longer were opalescent, due to the formation of a white, opaque film of excess 

titania.  The weight of the excess material generally caused the bulk of the sample to 

delaminate, leaving disordered, semi-detached or fragmented material on the substrate 

(Fig. 3.8.a).  Samples which did not delaminate appeared to have only the top few 

colloidal layers templated by titania.  This may be as these samples were not treated 

with water, only the precursor solution which lay close to exposed faces was hydrolysed 

to produce titania.  In addition, for such samples which were only top-face templated, it 

is possible that on sintering, unreacted infiltrate trapped within the composite material 

forced an exit under pressure.  Titania would then be deposited at the surface, leaving 

voids within the template and material bearing little resemblance to an inverse opal 

(Fig. 3.8.b).  Trapped titanium isopropoxide may also have been hydrolysed at the later 

stage of template removal.  Following the dissolution of silica by sodium hydroxide, it 

is plausible that condensation of titania without the template would result in an ill-

defined macrostructure.  Competition between the complete infiltration of the template 

and sealing of the top face seemed to be controlled by the concentration of the precursor 

solution, the infiltration protocol and the number of infiltration cycles.  

 

   
   a)        b) 

Figure 3.8.  a) Disordered, fragmented material from a sample that was not treated with 

water.  b) Condensed matter that resulted from two cycles of infiltration and rinsing, 

without treatment with water.  The scale bars are for 1 µm. 
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The main obstacle in the determination of what treatment parameters influenced 

nanostructure was that any given inverse opal displayed a number of different 

morphologies.  Optical and transmission electron micrographs showing cross-sections 

of inverse opals demonstrate the extent of the fractures and faults.  It appears that the 

cracks have not been filled up with titania, indicating that the rinsing step of infiltration 

is successful in removing excess material from cracks and in reducing the excess 

material on the top-face of the template (Fig. 3.9).  The various faults observed with 

inverse opaline titania include cracks, packing disorder and sealed faces that may be the 

result of planar faults in the template.  The use of a temperature ramp to sinter the 

composite material and the removal of sodium hydroxide from inverse opals by rinsing 

in decreasing sodium hydroxide concentrations, followed by the displacement of water 

by ethanol were intended to minimise further fracturing or delamination of material. 

 

  

    

    a)      b) 

 

Figure 3.9.  a) TEM image of a cross-section of a titania inverse opal, illustrating open 

fractures and a sealed top-face.  The scale bar is for 200 µm.  b) SEM image of sample 

which was treated with rinsing steps.  Colloids at the crack faces were cleanly 

templated, without excess titania occupying the crevice. The scale bar is for 100 nm.   
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To reduce the excess titania that templated the exposed opaline surface, samples were 

rinsed immediately after infiltration.  A dilution of the precursor solution, rather than a 

pure solvent, was chosen as the rinsing solution.  This was under the proposal that the 

‘osmotic’ pressure or concentration gradient between the interior of the opal and 

solution bulk would then not be so great.  The intention was to purge the titania 

precursor from only the top few colloidal layers.  However, it appears as though the 

bulk of the infiltered solution was removed.  This is as shown by SEM the thickness of 

the inverse opal is less than twenty colloidal layers while the thickness of the template is 

a few hundred layers.  Variable filling fractions of interstitial voids within the opals 

have been inferred from samples that display morphologies ranging from the ideal open 

‘honeycomb' structure to ‘grape’ formations consisting of close-packed shells.  Such 

materials are reminiscent of examples from the literature of both ‘ring and shell’ and 

skeletal structures.20, 48  The formation of shell structures supports that suggestion that 

when a rinsing step is employed deposition of titania upon silica colloids occurs first, 

followed by filling of the interstices.  The bulk of the infiltrate may have been displaced 

during rinsing, leaving only a thin film of infiltrate to coat the silica colloids.  In 

addition, the presence of adsorbed moisture within the template may have resulted in 

the formation of shells.  The infiltrate may have reacted with water on the colloidal 

surfaces, producing titania nanoparticles prior to rinsing of the template.  The presence 

of pre-formed particles within the infiltrating solution may also have favoured the 

formation of thicker shells about the template by entrapment of precursor solution 

during rinsing stages.  The sealing of the top-face or of planar faults in the template was 

prominent near ‘buckled’ domains, where thinner regions of the template were sealed 

below a titania film.  Such 'sealed honeycomb' often displayed titania film that had 

fractured and contracted, revealing the underlying inverse opal or ITO glass (Fig. 3.10). 
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   a)        b) 

 

Figure 3.10.  a) Titania film contracted away from the inverse opal below.  This sample 

had six infiltrations and a treatment with water.  The scale bar is for 1 µm.  b) The 

'honeycomb' morphology, which is composed of thin titania shells.   This sample was 

infiltered five times and treated once with water.  The scale bar is for 100 nm.   

  

 

Samples treated with twelve cycles of infiltration and rinsing were transparent and 

adhered to ITO glass as well as samples which were only treated twice, provided that 

the solutions used were kept dry.  A comparison was done of opaline templates treated 

with a single infiltration and with six infiltrations (Fig. 3.11).  The singly-infiltered 

sample was treated with water, while a sample infiltered six times was only allowed to 

air-dry.  The sample of a single infiltration displays only a ‘basement’ layer of titania, 

while multiple infiltrations resulted in the deposition of more material and structures 

that displayed a ‘honeycomb’ morphology.  The formation of such ‘basement’ 

structures of titania is likely to be due to the insufficient filling of the template voids 

such that only the space between the first layer of the template and the substrate was 

templated.  Similarly, titania rings have been formed by the templation of a monolayer 

of polystyrene spheres by an acidic sol-gel of titania.49  A large shrinkage in pore size, 

accompanied by deformation and collapse was evident for samples not treated with 

water before sintering.  The best structures resulted when samples were infiltrated 

multiple times and treated at least once during the process by soaking in water to ensure 

the complete conversion of the precursor to titania. 
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   a)        b) 

 

Figure 3.11.  These samples used an infiltrate with a molar ratio of 1 : 20 : 0.6 and a 

rinsing solution with 1 : 80 : 0.6 of titanium isopropoxide to dry ethanol to diethanol 

amine.  The scale bar is for 1 µm.  a) A ‘basement’ layer of inverse opal that exhibited 

practically no shrinkage.  The opal had two cycles of infiltration, rinsing and treatment 

with water.  b) Significant warpage and shrinkage was observed for this sample that was 

infiltered six times and air-dried, before sintering.  The scale bar is for 100 nm.   

 

 

The difficulty of reproducible production of titania inverse opals by this method is 

illustrated by the variation in sample morphology (Figs. 3.12, 3.13).  Six cycles of 

infiltration, rinsing and two treatments by soaking in water to ensure the complete 

hydrolysis of titania were used for the samples imaged in Figure 3.12 and Figure 3.13.b.  

While the concentration of the infiltration and rinsing solutions differed, the resulting 

inverse opal still displayed a ‘grape-like’ form.  This is in contrast to the desired ‘open-

face honeycomb’ morphology that was observed when the higher concentration 

infiltration and rinsing solutions were used to treat the template for a total of twelve 

cycles (Fig. 3.13.a).  This indicated that perhaps simply increasing the number of 

infiltration cycles to twelve would reproducibly give titania electrodes with a 

‘honeycomb’ structure.   
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   a)          b)  

Figure 3.12.  a) Titania-silica composite formed by six cycles of infiltration and rinsing, 

with two treatments with water, then sintered at 500ºC.  Molar ratios of 1 : 40 : 0.6 and 

1 : 120 : 0.6 for reactants were used for infiltration and rinsing, respectively.  The scale 

bar is for 100 nm.  b) The resulting inverse opal displays a ‘grape-like’ morphology.  

The scale bar is for 1 µm.   

 

 

   
   a)        b)  

Figure 3.13.  a) Inverse opaline titania, with long-range structure.  Twelve cycles of 

infiltration with centrifugation, then rinsing was followed by one treatment with water 

before sintering at 500ºC.  Molar ratios of 1 : 40 : 0.6 and 1 : 120 : 0.6 for reactants 

were used for the infiltration and rinsing solutions, respectively.  The scale bar is for 1 

µm.  b) A structure that resembles 'grapes'.  Six cycles of infiltration were followed with 

two treatments with water. Solutions with molar ratios of 1 : 20 : 0.6 for both the 

infiltrate and rinsing solutions were used.  The scale bar is for 100 nm.   
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However, while open- and closed-face ‘honeycomb’ material was produced, the 

coverage of the substrate appeared to be less than samples treated with only six cycles 

of infiltration.  The increased number of treatments resulted in the samples becoming 

more prone to delamination off the substrate and there was also a greater variation in the 

thickness of the adhered titania film (Fig. 3.14). 

 

 

   
   a)         b) 

 

Figure 3.14.  The difficulty of obtaining reproducible inverse opals is illustrated.  Both 

of these samples were treated by twelve cycles of infiltration with centrifugation and 

rinsing.  This was followed by one treatment with water before sintering at 500ºC.  

Molar ratios of 1 : 40 : 0.6 and 1 : 120 : 0.6 for reactants were used for the infiltration 

and rinsing solutions, respectively.  a) The desired ‘honeycomb’ structure is displayed 

with filled interstices and windows to adjacent air-spheres.  Fractures such as these were 

common.  The scale bar is for 1 µm.  b) Open-face ‘honeycomb’ material was received, 

but with extensive cracking and large variation in film thickness.  The scale bar is for 10 

µm.   

 

 

Regarding Grätzel cell testing of the titania inverse opals, a zinc porphyrin dye was 

chosen for use as a sensitiser, as the extinction coefficient is higher than that of the 

available ruthenium dye.  However, given the profusion of fissures and defects in the 

titania inverse opals that were produced, the thin, transparent and relatively fragile 
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nature of the material, it was predictable that the produced photocurrent and 

photovoltages were comparable to that of flat and non-porous titania.  The measured 

current and voltages were barely detectable, though the dyed electrodes did exhibit 

colouration to the naked eye.   

 

 

3.6. Conclusions 

 

Inverse opals of titania were obtained with morphologies that include the ideal 

‘honeycomb’ form, a ‘basement’ layer of rings and ‘grape-like’ materials.  While titania 

inverse opals and related structures such as rings, discrete spheres and ‘skeletal’ 

structures have been reported in the literature,49-51 this work showed that a range of 

morphologies may be observed together.  The varied inverse opaline morphologies are 

likely to be due to incomplete and irreproducible filling of the opaline interstices and 

faults in the opaline template. 

 

The inverse opaline material formed in this study was fractured, fragile and difficult to 

reproduce.  A rinsing step was necessary during the infiltration process to remove 

excess material and so prevent sealing of the top face of the opaline template.  

Treatment with water prior to sintering of the silica-titania composite material ensured 

the complete hydrolysis of the titania precursor.  Shrinkage and warpage of the titania 

inverse opal following template removal was then reduced.  Templation appears to 

occur first by deposition onto the silica spheres, followed by filling of the interstices.  

Delamination appears to be a result of excess material on the top-face of the template.  

Cracking of the silica templates and the resulting inverse opals probably result during 

the sintering process, due to a difference in the thermal expansion coefficients of silica, 

titania and ITO glass.  The published data show that the domain size for titania  inverse 

opals is on the order of 10 - 50 µm,29 which is comparable to samples of this work (Fig. 

3.4), though the domains are much larger for the original opaline templates.20, 24 

 

Inverse opaline titania was produced and tested for power conversion efficiency within 

Grätzel cells.  The relatively poor performance of the inverse opals is likely to be due to 

the fragility and non-uniformity of the material.  In addition, as the majority of the 

volume of an inverse opaline electrode is void, there is less titania available for dye 
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adsorption and light-harvesting than in the nanocrystalline, screen-printed material that 

is normally used for Grätzel cell testing.  The low Grätzel cell performance may also be 

due to poor contact between nanoparticles, as studies of lithium cation insertion into 

anatase inverse opals found that the electrical conductivity between particles was 

poor.35  In addition, any regions of disordered inverse opals would have produced up to 

ten times less photocurrent than perfectly ordered material.52   
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4. NANOSTRUCTURED TITANIA FOR BINDING STUDIES 

 

4.1. Introduction  

 

To study the behaviour of adsorbed dyes upon titania it was necessary to produce titania 

in a number of different forms and to apply a range of spectroscopic techniques.  Thin 

film non-porous sintered, porous aggregated sintered and dispersible non-sintered 

titania was produced for this investigation.  Sintered titania was deposited upon a 

transparent substrate to allow both transmittance and reflectance spectroscopy of 

adsorbed species.  The dispersible form of titania was produced in order to allow the 

investigation of bound species in homogenous, optically transparent solutions using 

nuclear magnetic resonance (NMR) spectroscopy, in addition to optical spectroscopic 

techniques.  In addition, the use of dispersed sol-gel titania in dye binding studies may 

also give an indication regarding the behaviour of adsorbed sensitiser dyes on the 

surface of a working Grätzel cell, where solvent is endemic.  The difference in surface 

chemistry between the sintered and non-sintered materials was unavoidable.  Sintering 

of titania in air results in an oxidised surface, while any stable dispersion of 

nanoparticulate titania requires stabilisation from either steric hindrance or electrostatic 

repulsion.   

 

Sintering is done to ensure a crystalline phase, to meld particles to each other and the 

substrate and to clear the surface of any organic residue.  For Grätzel cells, sintering 

also dehydrates the titania surface prior to exposure to dyes in order to maximise 

sensitiser adsorption.  A typical regime is to hold the sample at 450°C for 30 minutes in 

order to ensure the removal of physisorbed and chemisorbed water.1  Sintering of 

screen-printed materials is vital in the elimination of the organic component of the film.  

In the absence of organic species the relatively low temperature of 150°C may be used 

to sinter 2 to 16 µm thick tape-cast films of pre-formed, crystalline titania.2  In contrast, 

to produce stable nanoparticle dispersions of either preformed titania aggregates or 

colloids, highly acidic solutions or the use of ligating species, such as hydrochloric acid 

and tri-n-octylphosphine oxide, are generally involved.3, 4 
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4.2. Thin and Non-porous Titania 

 

In anticipation that information on the surface coverage, aggregation, binding mode and 

orientation of adsorbed species may be collected by both transmission and reflectance 

spectroscopies, sintered thin non-porous titania that was optically transparent was 

produced.  This material was also used as a ‘benchmark’ against which the power 

conversion efficiency of inverse opaline titania within Grätzel cells was compared 

(Section 3.5).   

 

Techniques for the formation of dense thin-films of titania include dip-coating, spin-

coating and chemical vapour deposition.5-7  Dip- and spin-coating methods generally 

rely on the hydrolysis of the stabilised titanium alkoxide by atmospheric moisture.  

Titania precursor solutions used for dip- and spin-coating are generally alcoholic and 

contain acid-stabilised titanium alkoxides, though basic chelating species such as 

diethanolamine have also been used.8, 9  For vertical dip-coating, reported withdraw 

rates range from 1.5 to 40 mm min-1, depending on the viscosity and relative reactivity 

of the titania sol.  Sols using titanium alkoxides have been used to produce titania of 

different primary grain sizes upon different substrates.  Titania with a primary grain size 

of 20 nm has been formed on indium-doped tin oxide (ITO), while particles 50 to 150 

nm result on monocrystalline silicon.  As stable sol-gels of titania are typically 

amorphous, sintering of films is required to obtain crystalline material.10-12   

 

A variant of the solution used in the formation of inverse opals (Section 3.5) was 

simplified to produce thin and non-porous titania by the dip-coating of ITO glass.  The 

samples required neither rinsing, nor treatment with water as the atmospheric moisture 

was sufficient to completely hydrolyse the titania precursor.  Mechanical vertical 

withdrawal speeds of approximately 40 mm min-1, rather than 20 mm min-1, produced 

smoother films.  Thin and non-porous titania appeared to be formed by the deposition of 

nanosized particles with ‘in-filling’ by the precursor solution.  It is debatable whether 

particles within the film that are visible by scanning electron microscopy (SEM) were 

pre-formed in solution or nucleated upon defects of the ITO surface (Fig. 4.1.a).  

Occasional pores are apparent, which may indicate the formation of a bubble in the film 

or the loss of a partially-embedded particle.  Raised, partially-embedded particles were 

not observed, which provides circumstantial evidence that pores may be formed as a 
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result of air bubbles displacing the precursor solution from between titania particles.  

Possible models for the formation of a smooth titania film containing particulate matter 

include those of La Mer and Dinegar or of Ostwald.  The former model describes the 

initial nucleation of primary particles, followed by the addition of monomers, or 

oligomers of the reactive species.13  The latter model states that agglomeration and 

particle growth occur by the dissolution and reprecipitation of material between 

contacting particles.14  An alternative argument was that the contrasting spots observed 

with SEM may be underlying contours of ITO glass.  However, investigation of 

defective films show that embedded layers of particles may be seen and cross-sections 

indicate that films are approximately 300 nm thick.   Also, pores appear to have a sharp 

outline, which contradicts the intuitive thought that a smoothing of substrate features 

would be expected from a dip-coated film.  Atomic force microscopy (AFM) has been 

used to profile the surface and gave a root mean squared (RMS) roughess of 5 to 15 nm, 

which is larger than the RMS roughness of 2 to 5 nm for bare ITO glass.  The increased 

RMS roughness of titania films may be expected if particulate matter has been 

embedded within the film (Fig. 4.1.b).   

 

        
   a)          b)  

 

Figure 4.1.  a) A SEM image of flat and dense titania with two coats.  b) A contact 

mode AFM image of thin and non-porous titania formed by two sequential dip-coats 

into a solution with a 1 : 40 : 0.6 molar ratio of titanium isopropoxide : dry ethanol : 

diethanolamine.  A 40 mm min-1 dip speed was used to produce a film with a RMS 

roughness of 10 nm. 
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Cyclic voltammetry with hexacyanoferrate was used to confirm that the thin and non-

porous titania acted as a blocking layer (Fig. 4.2).15, 16  Samples with multiple coats of 

titania displayed a greater suppression of peak charge than singly-coated samples, 

which indicated that later layers effectively filled in defects of the first coat of titania.  

Probable defects in the film include cracks, pores and damaged sample edges.  The thin 

and dense titania was highly resistive, so the use of scanning tunnelling microscopy 

(STM) to investigate dyes adsorbed to the surface was not an option.  By grazing 

incidence X-ray diffraction (XRD) and Raman scattering at 785 nm, thin and non-

porous titania films and titania inverse opals formed in this work were verified to be 

purely anatase.  The photocurrents obtained from Grätzel cells tested with thin and 

dense titania electrodes was on the lower limit of detection at 1 µA for an active area of 

1 cm2 and was on par with the efficiencies recorded for cells using inverse opaline 

titania electrodes. 

 

 
Figure 4.2.  Cyclic voltammetry of blank ITO and ITO dip-coated with thin and non-

porous titania in a 1 mM hexacyanoferrate solution: blank ITO glass , a single coat 

, a double coat  and a triple coat .  Redox activity is suppressed with 

increasing coats of thin and non-porous titania.  The electrolyte was 0.1 M 

tetrabutylammonium perchlorate in acetonitrile, voltage is given with respect to the 

standard calomel electrode.  The scan rate was 100 mV s-1.       
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4.3. Aggregated and Sintered Titania  

 

Sintered and aggregated titania used for dye adsorption include Dyesol opaque pre-

formed titania plates, Dyesol screen-printing paste, Degussa Aeroxide® P25 hydrophilic 

fumed titania and acidic sol-gel titania.  Application of Degussa P25 and sol-gel titania 

powders onto glass substrates was by screen-printing and ‘spin-thinning’ methods, 

respectively.   

 

Pre-formed and pre-sintered Dyesol titania electrodes are opaque screen-printed, 

nanocrystalline, mesoporous titania.  These electrodes are currently used for efficiency 

tests of Grätzel cells in our laboratory.  Dynamic light scattering (DLS) measurements 

of the sintered material give an average diameter of 1.5 µm.  SEM images show that the 

screen-printed films are approximately 12 µm thick films, which is in agreement with 

micrometer measurements (Fig. 4.3.a).  By powder XRD the material is approximately 

3 : 1 anatase to rutile in composition, while Brunauer-Emmett-Teller (BET) nitrogen 

adsorption isotherm experiments gave an available surface area of 60.0 m
2 g-1.   

 

Screen-printed films vary in thickness from 5 to 20 µm, depending on the composition 

and viscosity of the screen-printing paste.  Screen-printing pastes typically use polymers 

such as polyethyleneglycol (Carbowax, MW of 600 or 20,000), Triton X-100 

(polyoxyethylene(10)-isooctylphenylether), poly(vinylbutaryl) and  ethylcellulose to 

increase viscosity and to bind or disperse particulate content.  Ultrasonication or ball-

milling of the binder or dispersant with titania powder to form pastes is often done 

within alcohols or solvents with high boiling points such as methylethylketone and 

terpinol.  Monomeric species like butylcarbitol and butylbenzylphthalate, dodecanoic 

and 4-hydroxybenzoic acid have also been used to further modify the paste for screen-

printing.17-21  The screen-printing of mesoporous films using particles as small as 16 nm 

requires a large proportion of organic vehicle.  Literature methods to form crack-free 

screen-printed films composed of titania nanoparticles include the cross-linking of 

polymeric species by ultraviolet light prior to calcination of the organic material.22, 23  

‘Spin-thinning’ involves the screen-printing of a film, followed by thinning using a 

spin-coating apparatus.  Recommended viscosities of spin-coating mixtures are from 4 

to 10 cP, but vary depending on the spin-speed and duration, which may be in the order 
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of 3000rpm for 60 seconds.24, 25   

 

Methods were adapted from the literature to screen-print and ‘spin-thin’ viscous pastes 

of Degussa P25 and sol-gel titania.  The pastes contained ethylcellulose with mixed 

isomers of terpineol and by a single pass of the blade were printed through a polyester 

mesh fixed at 3.2 mm above a glass substrate.  Square forms with an area of 1 cm2 were 

produced after sintering the prints in air at 490°C for an hour.21, 23, 26   

 

 

   
    a)         b) 

 

   

   c)        d) 

 

Figure 4.3.  a) Dyesol opaque titania plate, 12 µm thick.  b) Screen-printed Dyesol 

transparent paste, 4 µm thick.  c) Screen-printed Degussa P25, 4 µm thick.  d) Spin-

thinned sol-gel titania, 1 µm thick.  
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Dyesol paste for the screen-printing of transparent titania electrodes differs in 

composition from that used for opaque titania electrodes only in that 20% of the titania 

used in the latter is approximately 400 nm in size.  The Dyesol paste contains terpineol 

and ethylcellulose, both of which are common components of screen-printing media.27  

Modelling has shown that particles 125 to 150 nm in diameter may increase the 

scattering of light within Grätzel cells, though the back-scattering of light out of the cell 

also increased.28  Prior to sintering, the Dyesol screen-printing titania was dispersible in 

alcohols, allowing measurements by DLS in 95% ethanol, giving an average diameter 

of 100 nm.  High resolution transmission electron microscopy (HR-TEM) images show 

that the titania is composed of dispersed, polyhedral crystals which appear to be free of 

amorphous material (Fig. 4.4.a).  The Moire interference patterns of the crystal lattices 

appear to extend to the particle surface, without the ‘fringe’ that would indicate an 

amorphous coating.  The tan-coloured paste was screen-printed, then sintered to yield 

transparent films with a slight white opacity (Fig. 4.3.b).  The average particle diameter 

as measured by DLS showed an increase to 200 nm, while the surface area given by 

BET nitrogen adsorption was 82.6 m
2 g-1.  Both measurements reflect the extent of 

particle aggregation after sintering.  Powder XRD using a copper X-ray source was used 

to confirm that the material was anatase. 

 

Degussa Aeroxide® P25 titania formed by the flame hydrolysis of titanium tetrachloride 

has a nominal average diameter of 25 nm and a surface area of 50 m2 g-1.  FTIR studies 

of pyridine adsorption have reported that the surface of Degussa P25 titania is acidic.29, 

30  As measured by DLS there is a wide distribution in size with an average particle 

diameter of 200 nm to 2 µm.  This observation is supported by HR-TEM images which 

show that small, crystalline particles are fused into much larger aggregates (Fig. 4.4.b).  

Similar and significant aggregation has also been observed with ‘nanoparticulate’ silica 

and zinc oxide.31  Powder XRD was used to verify the approximate 7 : 3 ratio of anatase 

to rutile that has been reported for Degussa P25 titania.7, 32  Sintering of Degussa P25 

for an hour in air at 500˚C had no effect on the ratio of anatase to rutile.  An opaque, 

white paste of Degussa P25 was screen-printed, then sintered in air to yield opaque, 

white and cracked films (Fig. 4.3.c).   
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Acidic and amorphous sol-gel titania was prepared as described in Section 4.4 to give a 

pale-yellow, hygroscopic powder.  The sol-gel titania was screen-printed onto glass as a 

viscous and tan-coloured paste, using the same composition ratios as for Degussa P25.  

Spin-thinned samples were produced by rotating individual screen-printed squares using 

a spin-coater at 600rpm for 60 seconds, prior to calcination.  The clear and colourless 

films were then sintered, resulting in cracked and slightly opaque films approximately 1 

µm thick (Fig. 4.3.d).  For XRD and surface area measurements the same screen-

printing mixture was tape-cast using spacers 20 to 50 µm thick, sintered, then scraped 

from the substrate.  Powder XRD show that the amorphous titania was converted to 

anatase.  The 2 nm primary particles of raw sol-gel titania were annealed into larger 

aggregates after spin-thinning and sintering.  DLS measurements show a broader size 

distribution and an average diameter of 100 to 300 nm.  HR-TEM images show that in 

comparison to Degussa P25 and the Dyesol materials, ‘globular’ aggregates were 

produced (Fig. 4.4.c).  However, the images were unable to show whether a coating of 

amorphous titania was present.  BET krypton adsorption of the native sol-gel material 

produced a gross underestimate, due to adsorbed solvent, water and acid.  The surface 

areas of the sintered material of both tape-cast and unadulterated sol-gel titania were 

able to be measured by BET nitrogen adsorption to give respective values of 37.6 m
2
 g-1 

and 187.2 m
2
 g-1.  This may be compared to the reported surface area of 433 m

2
 g-1 for 

amorphous, non-sintered and aggregated 3 nm anatase particles formed by the 

hydrolysis of titanium ethoxide.33  The large difference in surface area may be caused 

by the organic content of the screen-printing mixture, which may bind nanoparticles 

closer together than in the unadulterated sol-gel titania.  That may have resulted in a 

decreased porosity and smaller surface area for the screen-printed material.   
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         a)  

 

 

    
    b)        c) 

 

Figure 4.4.  a) Titania of the Dyesol screen-printing paste for transparent films.  b) 

Degussa P25 hydrophilic fumed titania.  c) Sintered sol-gel titania.   
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4.4. Dispersible Titania 

 

An advantage of using dispersed particles is that in comparison to sintered titania, the 

much larger surface area may allow a higher dye loading and thus reproducible 

detection of adsorbed species.  Dispersed titania nanoparticles may be obtained either 

directly through sol-gel methods or by the redispersion of aggregated material.   

 

Redispersion has the advantage that many published methods produce crystalline, but 

precipitated titania.  However, the bulk of the material remains aggregated in many 

redispersion techniques, as evidenced by reports of centrifugation to wash and extract 

the peptised titania as a cake.  Techniques to redisperse titania include neutral, basic and 

acidic conditions, often with hydrothermal treatment to increase the primary particle 

size and to obtain crystalline material.  A neutral redispersion method is ball-milling of 

bulk titania with chelating agents like 2,4-pentadione and Triton X-100.32, 34  Heat 

treatment of precipitated titania under basic conditions also result in a partial 

redispersion of material.  For instance, refluxing of titania at temperatures of 70 to 

135°C for periods of 1 to 6 hours with tetraalkylammonium salts resulted in translucent 

or slightly opaque blue-tinted dispersions.  Of the salts, redispersion with 

tetrabutylammonium hydroxide gave a smaller proportion of aggregated material.35, 36  

Acidic environments have been used to both crystallise and redisperse titania via 

dissolution then reformation and may produce particles as small as 8 nm in diameter.37  

Hydrochloric, acetic and nitric acid have been used to redisperse titania and to 

interconvert between anatase and rutile.  For instance, a 1 : 2 molar ratio of nitric acid to 

titanium isopropoxide first produced anatase, which at room temperature reformed into 

rutile.  Without an acidic environment crystallisation from amorphous titania took 

weeks rather than hours.38  The concentration and type of acid used during 

hydrothermal synthesis has been shown to determine whether a phase transition 

occurred from anatase to rutile or vice versa.  For instance, the dissolution of titania in 

solutions with a high concentration of hydrochloric or nitric acid formed rutile, while a 

low concentration gave anatase.  The opposite applied for resuspension with sulfuric 

and hydrofluoric acid.39, 40   

 

The direct formation of dispersed titania through sol-gel methods requires the 

hydrolysis of titanium alkoxides in the presence of acids, chelating agents or polymeric 
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stabilisers.  The advantage of sol-gel methods over redispersion techniques in the 

production of dispersed titania, as the aggregation of nanoparticles is prevented by 

surface modification during the synthesis.  In the formation of titania sol-gels, alcoholic 

solutions of titanium alkoxides are more frequently used than the more reactive titanium 

halide species.  Modification of titanium alkoxides by ligands with a weaker electron-

withdrawing ability, like dimethylaminoethoxide, further reduces the reactivity of the 

titania precursor with moisture and oxygen.  An advantage is the production of smaller 

particles and a more stable sol-gel.  A high molar ratio of water to titanium alkoxide has 

also been shown to produce a greater proportion of small particles, due to the increased 

number of nucleation sites, which then stunts particle growth.39  Chelating agents and 

acids such as oxalic or hydrochloric acid and tri-n-octylphosphine oxide retard the rate 

of hydrolysis and also provide electrostatic or steric stabilisation, resulting in particles 

as small as 4 nm in diameter.4, 24, 25  The sol-gel synthesis of titania using 2,4-pentadione 

has been used to form particles 2 nm in diameter, provided that an acid such as 4-

toluenesulfonic, nitric or perchloric acid is present.  Without acid, the distribution of 

sizes increased to give an average diameter of 7 to 50 nm.41  Nanoparticulate titania has 

been reported to aggregate into spherical colloids on the order of 50 nm to 2.5 µm.  The 

primary particles were 10 nm in size and colloids proved to be porous, more so when 

polymers were employed in particle stabilisation.  While the colloidal bulk was 

amorphous, in some cases there was a fine casing of crystalline titania.42, 43  Sol-gel 

titania generally requires either peptisation by a mineral acid in the presence of elevated 

temperature and water, or hydrothermal treatment before fully crystalline material is 

garnered, which may also be without an amorphous coating.  An acid or chelating agent 

is necessary for the stabilisation of the particle dispersion during crystallisation.  A 

typical procedure is to reflux an alcoholic sol-gel of titania in the presence of water and 

acetic or nitric acid at 70 to 80°C for 8 to 24 hours to produce anatase.33, 35, 37, 44  

However, further hydrothermal treatment often results in an increased primary particle 

size and the aggregation and precipitation of titania.45   

 

The acidic, amorphous sol-gel titania used in this study was also used in the formation 

of spin-thinned titania in Section 4.3.  Sol-gel titania was produced by a published 

protocol for the hydrolysis of titanium tetrachloride within methanol acidified with 

hydrochloric acid.3  The acid-stabilised titania sol-gel was refluxed for 2 hours before 

solvent was removed by rotary evaporation.  The resulting yellow foam was dried 
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overnight under high-vacuum at room temperature to produce a pale-yellow, 

hygroscopic powder.  Use of water as the solvent produced rutile, rather than 

amorphous titania.  However, the particle size increased significantly and rutile 

aggregated and precipitated from solution.  The average hydrodynamic diameter of the 

sol-gel titania, as measured in water by DLS, was 2.6 nm with a standard deviation of 

20%.  This particle size is above the theoretical limit of a 1.2 nm diameter for Ti16O32 

which is the smallest nanoparticle of anatase that is possible.  Surface energy 

calculations for a 10 nm particle have shown that anatase is the favoured crystalline 

form, while in order to observe bulk properties, titania must have a diameter or 

thickness greater than the quantum-confined Bohr radius of 6 nm.46-49  HR-TEM and 

powder XRD provide evidence that the native sol-gel titania is amorphous and is 

composed primarily of nanoparticulate titania.  The acidic surface of sol-gel titania 

ensures the dispersion of particles, though a degree of aging of the sol-gel titania occurs 

whether the solvent is removed or not.  This is tentatively attributed to a reduction in 

electrostatic stabilisation, following the loss of protons from the acidic titania surface as 

hydrogen chloride gas.  Aged sol-gel titania displays a lessened solubility in organic 

solvents such as methanol and acetonitrile, but when resolvated in water has a diameter 

similar to that of freshly prepared material.  The UV-Vis spectra of solutions of acidic 

sol-gel titania show a large absorption for wavelengths less than 350 nm.  This is 

characteristic of titania nanoparticles and may not be due to quantum confinement 

effects.  The blue-shift in absorption, relative to bulk anatase has been ascribed to the 

larger band-gap energy of nanometre-sized titania.50  The sintering of acidic, amorphous 

sol-gel titania at 400°C resulted in a 53% mass loss.  Karl-Fischer titration of the dried 

and unadulterated sol-gel titania gave a moisture content of 13% wt/wt, which indicates 

that the remaining reduction in mass of 40% after sintering may be due to chemisorbed 

water and hydrochloric acid (Section 8.1).   

 

 

4.5. Conclusions 

 

Powder XRD and HR-TEM imagery confirmed that all of the sintered forms of titania 

are crystalline and are mostly or fully anatase.  The surface area values for Dyesol 

sintered titania are higher than that of both Degussa P25 and tape-cast sol-gel titania, 

but are less than that of unadulterated sintered sol-gel titania.  The cracking observed in 
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screen-printed Degussa P25 and sol-gel titania has also been reported for titania films 

deposited from solution and may be due to capillary stress during drying.51  Studies of 

dye adsorption upon these substrates should provide information which is applicable to 

the titania-dye interface found in Grätzel cells. 

  

The ideal form of dispersible titania would be neutral bare anatase nanocrystals, which 

is most closely approximated by acidic dispersed amorphous sol-gel titania.  Though the 

arrangement of atoms presented to the environment is random rather than crystalline, 

the use of hydrochloric acid as a stabiliser maintains the dispersion and minimises any 

steric hindrance to the approach of adsorbates to the surface.  While the use of both 

acidic titania and acidic adsorbates introduces significant electrostatic repulsion 

between the two species, which may reduce dye adsorption, at least the salt formation 

between acidic titania and a basic dye or basic titania and an acidic dye is avoided.  

Such salt formation may not be distinguishable from dye adsorption on the titania 

surface.  However, as it is the nature of interactions between adsorbed dye and the 

titania particle itself that is of interest, it is hoped that the use of both acidic titania and 

acidic dyes will not be a great disadvantage for investigations using solution-phase 

spectroscopy of titania-dye dispersions.  
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5. TOWARDS THE SELF-ASSEMBLY OF TITANIA USING SMALL 

MOLECULES 

 

5.1. Introduction 

 

The self-assembly of titania nanoparticles upon a conductive substrate would 

circumvent the need to sinter Grätzel cell electrodes.  Rather than heating the electrode 

in order to form physical and electrical connectivity between adjacent particles and the 

substrate, linkage using small molecules could provide the necessary rigidity and 

electron conduction pathways.  The construction of flexible and inexpensive plastic 

electrodes for Grätzel cells may then be a possibility. 

 

Self-assembly of molecular and nanosized species demands a high affinity between the 

respective components, which in this case are titania, the linker species, sensitiser dyes 

and the substrate.1  The use of polymeric materials has been reported in the lamellar 

deposition of nanoparticles, including titania, but small molecules are of interest as 

there is the potential to have greater control over particle ordering in the system.  It may 

then be possible to mimic the ordering found in opaline materials.  In order to form an 

ideal, ‘opal-like’ assembly of titania particles that may be used in a similar way to 

‘standard’ mesoporous, nanocrystalline electrodes, several criteria must be fulfilled.  

The first is that the titania must be of dimensions small enough to be tethered to each 

other and to the substrate in a robust manner by covalent or electrostatic interactions via 

molecular ‘linker’ materials.  The second is that the titania surface must be able to be 

sensitised by dyes.  The third is that the ‘linker’ must be a fully conjugated species to 

facilitate the transfer of charge through the particulate array to the substrate.2 

 

To allow the self-assembly of material into an ‘opal-like’ formation, dispersed, discrete 

nanoparticles are required to allow chemical and electrostatic interactions to direct 

assembly.  The size limitation upon dispersed, discrete, particles for assembly by 

chemical assistance using small molecules is demonstrated in the case of silica opal 

formation using micron-sized colloids bearing either carboxylic or amine functionality.  

There did not appear to be any contribution to the packing or lattice stability of opals 

which could be ascribed to salt formation between complementary beads, as opposed to 

the simple close-packing of particles.3, 4  Another advantage of using nanoparticles, 
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rather than larger colloids, is the increased surface area and shorter electron diffusion 

length.  The maximum dye loading and collection of injected electrons from excited-

state dyes are then increased.  However, a disadvantage is that increased number of 

intergrain boundaries raises the probability of charge recombination between electrons 

injected by the dye with titania defects.5, 6 

 

The self-assembly of titania nanoparticles onto a surface involves the deposition of an 

organic layer for binding of the first layer of particles, then the adhesion of subsequent 

particulate layers.  Either covalent bonding or electrostatic interactions may be used in 

the formation of particulate arrays, using polymers or small molecules. 

 

 

5.2. Surface Functionalisation and Particle Binding 

 

The functionalisation of surfaces to bind organic or inorganic species has been studied 

for a number of substrates and particulate or solvated species, as illustrated below.  

While there are instances of particle deposition without the aid of chemically-modified 

surfaces, as is the case of opals, to encourage the deposition and self-assembly of 

nanoparticles the use of organic species to bind the target material is more frequent.  

Electrostatic and covalent interactions can be used in concert, with multiple surface 

modifications prior to binding of the target species. 

 

Techniques of surface modification that employ electrostatic interactions include simply 

altering the surface charge to self-assemble nanoparticles, as in the case of the 

deposition of multiple bilayers of anionic silica and cationic titania onto glass.  

Judicious adjustment of the pH of nanoparticle suspensions was used to layer silica and 

titania.  The respective particle diameters of 22 and 7 nm were small enough to perhaps 

imitate point charges, and so permit electrostatic interactions to direct particle 

assembly.7  Another example involved polyelectrolytes in the layering of anionic titania 

16 nm in diameter with cationic poly(diallyldimethylammonium chloride) by repeated 

dip-coating of glass coated with fluoride-doped tin oxide (FTO).8 

 

The use of covalent bonds to functionalise surfaces is often done to ensure the rigidity 

and permanence of the first deposited layer.  For instance, silicon has been grafted by 



 111

reaction with an alkene, forming a Si-C bond, to present a thiolated surface.9  Another 

example is glass coated with indium-doped tin oxide (ITO) treated with silane species, 

such as octyltrimethoxysilane, to covalently bind a monolayer of alkane chains.10  

Similarly, glassy carbon electrodes have been functionalised by amines via the 

electrochemical formation of a C-N bond.  A greater surface coverage was obtained 

with primary amines, rather than with secondary or tertiary amines, due to less steric 

hindrance at the nitrogen atom.11-13  The formation of covalent bonds has been well 

documented in the binding of amines and thiols onto gold.  The stronger affinity of 

thiols over amines for gold, permits the facile exchange of amines for thiols to pattern 

modified surfaces.14-16  Polymers have been used to covalently bind 10 nm colloidal 

gold to gold nanorods using dithiolated poly(ethyleneglycol).17  However, electrostatic 

repulsion between nanoparticles resulted in incomplete substrate coverage, despite 

favourable interaction between the substrate and particle.  This was shown by the 

binding of citrate-chelated gold colloids via salt formation with a surface bearing amine 

functionality.18   

 

The ‘overgrafting’ of organic species onto functionalised substrates has been well 

studied and can employ a combination of electrostatic and covalent interactions.  For 

instance, a gold surface functionalised with 16-mercaptohexadecanoic acid has been 

used to bind an amine-derivative of poly(4-phenylenevinylene) via salt formation and 

hydrogen-bonding.19  Surfaces have been overgrafted by the formation of covalent 

bonds, as in the case of silica substrates condensed with 1-

mercaptopropyltrimethoxysilane to present a thiolated surface.  A thioester was then 

formed to produce a bromine-terminated species, which acted as a radial initiator to 

polymerise styrene.20  Similarly, amine groups tethered to silica by the condensation of 

reactive aminoalkylsilanes have been condensed with species such as diisocyanates and 

diamines or 4-nitrobenzaldehyde.  New functionalities such as copolymers and nitro 

groups were covalently bound via the respective formation of urea and imine 

linkages.21, 22  Upon ITO condensed with (3-aminopropyl)triethoxysilane, 

hexylferrocenephosphonic acid can be ‘overgrafted’ via salt formation or hydrogen-

bonding.  In this case, the amino functionality presented by the modified substrate 

restricted the adsorption of acid to a monolayer, while adsorption of the acid upon bare 

ITO produced multilayers of disordered material.23 
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The formation of bulk composite materials of linkers and nanoparticles include the 

covalent linkage of titania and silica nanoparticles via a bifunctional molecule.24  At one 

terminus the linker sported an alkoxysilane, while the other was a phosphonate ester.  

First, silica was bound by condensation with the alkoxysilane and then the hybrid 

material was treated to deprotect the phosphonic acid and bind titania (Fig. 5.1).  

Another example of a bulk composite is the linkage of cadmium sulfide to titania via 

mercaptoacetic acid.  Again, colloids of relatively small diameters were used, in this 

case 2 nm for cadmium sulfide and 7 nm for titania.25  A sol-gel method has been 

reported where the small linker species also sensitises titania for visible light absorption.  

In this case, a derivatised sexithiophene with terminal alkoxysilane functionalities is 

present during the condensation of tetraethylorthosilicate and titanium isopropoxide to 

form a composite material in situ within the sol-gel (Fig. 5.2).26 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.  A cartoon of the base unit of the composite material described by R. Frantz 

et al. 2004.24 

 

 

 

Figure 5.2.  A dye used in the sol-gel preparation of a composite material for testing 

within Grätzel cells, as described by C. L. Lin et al. 2006.26 
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The advantage of covalent bonding in the formation of mono- or multilayers upon a 

substrate include more robust adhesion, though depending on the system there may be 

rearrangement within the layer, as found with scanning tunnelling microscopy (STM) 

studies of alkylthiols bound to gold.27  Advantage may be taken of relatively weak 

binding between linker species, nanoparticles and the substrate, as this may allow the 

system to ‘relax’ into a more desirable formation.  For example, in the binding of gold 

nanoparticles, the use of a substrate presenting amine groups, rather than thiols, permits 

the thermal rearrangement of gold into an array with closer packing.18  However, by 

using only electrostatic interactions to bind species to ITO, it is possible that there may 

be diffusion off the surface, causing instabilities in the nanoparticle lattice. 

 

The chemically-assisted self-assembly of titania arrays requires either a monolayer or 

thin film of an organic molecule upon the chosen substrate of ITO glass.  Issues that 

need to be addressed include the nature and extent of dye binding to ITO and titania, in 

addition to whether adsorption is uniform and if material has aggregated.  The stability 

and mechanical strength of any nanoparticle superlattice will depend upon the integrity 

of the first layer of organic material bound to the substrate.  If the monolayer is 

unstable, incomplete or binds ineffectively to titania then the whole array will be weak. 

 

 

5.3.  The Functionalisation of ITO Electrodes 

 

ITO is a reasonably robust and conductive surface that may be applied upon glass or 

plastic substrates such as Mylar.  Before ITO glass may be functionalised it is necessary 

to prepare the surface for binding.  Cleaning and priming techniques include the use of 

detergents, ultrasonication within solvents, chelating agents and the use of basic and 

oxidising solutions.  Piranha solutions and mixtures such as a 1 : 4 : 20 v/v solution of 

ammonia to hydrogen peroxide to water have been used to ensure a fully hydroxylated 

surface.10, 28, 29  Treatment may also be done with air- or oxygen-plasma cleaning and 

etching with hydrofluoric acid in order to strip the surface of ITO.30  Cleaning of ITO 

with Piranha solution, combined with treatment with the chelating agent 

ethylenediaminetetraacetic acid (EDTA) has been used to remove contaminants, such as 

weakly bound indium hydroxide species.  As a result of such treatment, a complete 
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monolayer of adsorbates like ferrocenemonocarboxylic acid were bound directly to the 

surface of ITO.31  Surface-bound indium can be removed by reaction with carboxylic 

acids.32  However, caution must be used, as ITO glass is produced by sputter coating or 

spray pyrolysis and consequently the quality of the material varies between batches and 

manufacturers.  The reported work function for ITO, while typically around 4.4 to 4.7 

eV ranges between 4.1 and 5.5 eV.  The variation in work function may also be due to 

agents that ITO was exposed to prior to use, as acid treatments increase the work 

function and basic media reduce the work function.33-35  For instance, treatment with a 

15 mM solution of phosphoric acid shifted the work function of ITO from 4.4 to 5.2 eV, 

while soaking in a 5 mM solution of tetra-t-butylammonium hydroxide gave a value of 

3.8 eV.36 

 

The mode of binding of adsorbates on ITO is analogous to that of silica, titania, zirconia 

and hafnia, as ITO bears both metal oxide and surface hydroxyl functionalities.  In the 

functionalisation of metal oxide surfaces the most common agents include silane 

species, which are thought to condense with Lewis acid sites of metal oxides to form 

covalent bonds.37  ITO has been functionalised with (3-aminopropyl)silane and (3-

mercaptopropyl)silane to present amine and thiol moieties, through which citrate-

stabilised gold nanoparticles were bound.  A non-close packed array of particles 15 to 

120 nm in diameter resulted, appearing as a “continuous red-violet film”.38  However, 

the presence of a silicon atom would prevent complete electronic conjugation between 

tethered particles and the substrate.  This was illustrated with 

oligo(disilanylene(thieny1ene), for which the sp3 hybridised silicon atoms effectively 

interrupt the π-bond conjugation of the thienylene units.2, 39, 40  As a consequence, 

adsorbates that were investigated in this chapter have binding groups that are either 

amines or carboxylic acids.  It has been reported that acids bind to ITO via both 

electrostatic interactions and covalent bonding.  The binding of carboxylic acids to ITO 

glass has been proposed to be via hydrogen bonding or by the chelation of cation defect 

sites by carboxylate species, in a fashion similar to the binding of acids to titania.32, 41  

An instance of ITO functionalised with carboxylic acids is that of terthiophene 

derivatives.  The interaction is strong enough to permit the further overgrafting of 2,4-

ethylenedioxythiophene-type species, which may then be polymerised.42  Acidic species 

have been chemisorbed onto ITO by interaction between the acidic adsorbate and 

hydroxylated surface, such as 4-chlorobenzoylchloride, 4-chlorobenzenesulfonyl 
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chloride and 4-chlorophenyldichlorophosphate.43 

 

Dry solvents are necessary for the adsorption of material onto ITO and it has been noted 

that immersion of the substrate is necessary, rather than simply spraying a solution of 

the adsorbate onto the surface.44  Adsorbates such as ferrocenyl species bearing amine 

or carboxylic acid functionality have been bound to ITO by soaking at room 

temperature in solvents such as methanol, ethanol and diethyl ether.  Mixed solvents, by 

increasing the adsorbate concentration of the solution, have been used to improve 

surface coverage.  One such example is the deposition of 7-ferrocenylheptanoic acid 

from a 5% v/v solution of 1,4-dioxane in hexane.45  The concentration of adsorbate 

solutions vary from 0.01 mM to 5 mM, while the soaking time ranges from 1 minute to 

overnight.  A typical protocol involves the soaking of ITO in a 1 mM solution for 10 to 

30 minutes, followed by a rinsing step.23, 31  For instance, di(3-aminopropylviologen) 

was adsorbed after soaking ITO for 24 hours within a 5 mM methanolic solution, 

followed by rinsing in methanol (Fig. 5.3).46  However, the stronger interaction of 

carboxylic acids with ITO, in comparison to amines,45 permits the adsorption of 3-

thiopheneacetic acid after soaking for 20 minutes within a 1 mM ethanolic solution, 

then rinsing in acetonitrile.31  Similarly, acid chlorides, sulfonyl chlorides and 

chlorophosphates have been adsorbed onto ITO by immersion for 30 minutes in 1 mM 

solutions using dichloromethane, followed by rinsing.43 

 

 

 

 

 

 

 

Figure 5.3.  Di(3-aminopropyl)viologen, as described by K. H. Hyung, 2003.46 

 

 

The pH value of solutions used to deposit and modify species adsorbed on ITO has 

influence over both the binding equilibrium and ordering of the adsorbate.  For instance, 

the respective treatment of monolayers terminated by amine and carboxylic acid 

functionalities by acid or base results in a suppression of ionisation.  By reduction of the 
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electrostatic repulsion between adjacent molecules, a smoother film resulted.14  

Similarly, the use of protonated ITO to improve electrostatic interactions with the 

tertiary amine 4,4'-bis(N-napth-1-yl-N-phenylamine)-1,1'-biphenyl (Fig. 5.4) produced 

smoother films by chemical vapour deposition.33  Interaction between non-bonding 

portions of the adsorbate may also influence coverage and alignment upon the substrate.  

For instance, the alignment and reproducible adsorption of species such as 7-

ferrocenylheptanoic acid and 1,12-diaminododecane upon ITO appears to be aided by 

interaction between adjacent alkyl chains.  It has been suggested that greater than 8 

carbon atoms are required in the alkyl chain to induce alignment and prevent the flexing 

of the adsorbate into a ‘hairpin’ configuration.45, 47 

 

 

 

 

 

 

 

 

 

Figure 5.4.  4,4'-bis(N-napth-1-yl-N-phenylamine)-1,1'-biphenyl, as described by Q. T. 

Lee et al. 2000.33 

 

 

5.4. The Binding of Amines and Carboxylic Acids to ITO 

 

This work involves two sets of experiments in the investigation of the binding of amines 

and carboxylic acids to ITO.  The first set involved the treatment of ITO with small 

aromatic molecules, including 4-aminobenzoic acid and 4-phenylenediamine, on the 

premise that once adsorption was confirmed, then either overgrafting or binding of 

larger conjugated molecules would be possible.  While amine functionalities bind with 

less strength to ITO, the diamine species was an attractive candidate for the 

functionalisation of the surface, as the free amine may be used to react with other 

organic species to directly or indirectly bind titania nanoparticles.  This method may 

involve the production of an imine, amino or C-N bond.  An intervening layer involving 

NN
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either covalent or electrostatic interactions could play a role in the indirect binding of 

nanoparticulate titania.  The use of a dicarboxylic acid would have been better, as the 

linker could then have directly bound titania to ITO.  However, species such as 1,4-

benzenedicarboxylic acid and 2,6-napthalenedicarboxylic acid (Fig. 5.5) are practically 

insoluble in the solvents of interest, which included water, alcohols, tetrahydrofuran and 

1,4-dioxane. 

 

 

 

 

 

 

 

Figure 5.5.  a) 1,4-benzenedicarboxylic acid.  b) 2,6-napthalenedicarboxylic acid. 

 

 

The detection of the species such as 4-aminobenzoic acid and 4-nitrobenzoic acid 

proved to be difficult, so the second set of experiments utilised ferrocenyl species, in 

order to introduce a redox-active centre and a relatively strong chromophore.  Ferrocene 

moieties were attached to ITO either by overgrafting onto adsorbed species via the 

formation of an imine or by direct adsorption of ferrocenyl species derived to bear 

carboxylic acid or amine functionality.  Ferrocenyl derivatives used to determine the 

surface coverage of ‘linker’ species on ITO glass include ferrocenemonocarboxylic acid 

(5.1), ferrocenemonocarboxaldehyde (5.2), the imine (Schiff base) N-

(ferrocenylmethylidene)-4-phenylenediamine (5.3) and 2-(4-aminophenyl)ethenyl-

ferrocene (5.4). 
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Probe 5.3 was synthesised from 4-phenylenediamine and 5.2 using an adaptation of 

methods found in the literature.48, 49  In short, 5.2 dissolved in 2,2’-dimethoxypropane 

was dropped into a stirred solution of 4-phenylenediamine in methanol.  The solution 

was stirred for one and a half hours at 45ºC, after which black-brown solids of poly(4-

phenylenediamine) were filtered off and the filtrate was concentrated by rotary 

evaporation.  Solids that crystallised from the concentrated filtrate were separated and 

rinsed with a few millilitres of methanol, while the supernatant solution was reserved.  

Recrystallisation from the supernatant was repeated to collect six fractions, which 

despite varying in colour from light orange to brown was the same product.  The 

rationale for using this process of fractional recrystallisation was to remove unreacted 4-

phenylenediamine from the mono-imine base.  In addition, the four-times molar excess 

of the diamine should have ensured that the di-imine, N,N'-di(ferrocenylmethylidene)-4-

phenylenediamine, if present, would be a minor product.   

 

An alternative approach to using ferrocenyl species was to create a coordination 

compound using carbonyl(5’,10’,15’,20’-tetraphenylporphyrinatoruthenium(II) and the 

amine 4-(trans-2-(4-pyridinyl)ethenyl)benzoic acid (Fig. 5.6).  Provided that the 

pyridine derivative was bound to ITO via the acid functionality, it was plausible that a 
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coordination compound formed by interaction between the amine and the ruthenium 

cation would permit indirect detection of 4-(trans-2-(4-pyridinyl)ethenyl)benzoic acid 

via spectroscopy and voltammetry.  However, the coordination compound proved to be 

fragile and experienced decomposition during purification by chromatography.  In 

addition, the compound was only weakly bound to sintered screen-printed titania and 

was easily removed by rinsing with solvent. 

 

                

N

N N

N
Ru

O
C

N

O

HO
C

 
 

Figure 5.6.  The coordination compound of 4-(trans-2-(4-pyridinyl)ethenyl)benzoic 

acid and carbonyl(5’,10’,15’,20’-tetraphenylporphyrinatoruthenium(II). 

 

 

5.5. The Adsorption of Small Aromatic Molecules 

 

For use in this chapter, ITO glass was cleaned prior to use by washing with detergent, 

rinsing and then ultrasonication within a 1 : 1 : 5 v/v solution of 30% hydrogen peroxide 

to 28% ammonia to water.  Next, ITO was washed by ultrasonication within acetone, 

water, then 95% v/v ethanol before drying in air.  Typical adsorption conditions were to 

immerse ITO glass within a solution of the adsorbate using a concentration in the range 

of 1 to 10 mM.  The solvents used included 2,2’-dimethoxypropane, 1,4-dioxane and 

mixtures of 1,4-dioxane in hexane.  Given the same piece of ITO glass, it was verified 

that the sample may be rescanned to give UV-Vis absorbance spectra with an error of 

±0.001.  Care was taken to subtract from each sample spectrum the blank spectrum of 
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that piece of ITO.  This was to account for variability between pieces of ITO.  Broad 

signals were produced on the subtraction of the blank spectrum of a different piece of 

ITO (Fig. 5.7).   

 
 

Figure 5.7.  In order to obtain useful UV-Vis spectra, it is essential to subtract the blank 

(reference) spectrum of the same piece of ITO glass as used for each adsorption 

experiment.  The spectrum of piece 1, after subtraction of an earlier scan of the same 

piece of ITO produces the expected, featureless resultant .  However, the spectrum 

of piece 1, after subtraction of a scan of a different piece of ITO creates an artificial 

result . 

 

 

The small, aromatic and electronically conjugated species used for adsorption onto ITO 

include 4-phenylenediamine, 4-aminobenzoic acid and 4-nitrobenzoic acid (Table 5.1).  

The spectra of drop-dried 4-nitroaniline and 4-phenylenediamine both show low 

absorbance and broad signals centred at 400 nm and 420 nm, respectively (Fig. 5.8).  It 

is possible that aggregation of deposited species produced the shift in peak maximum 

and signal broadening.  However, it is curious that for 4-nitroaniline the signal at 300 

nm is weak in comparison to what should be the π - π * transition at 400 nm.  
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Table 5.1.  UV-Vis absorption of aromatic species used in absorption studies. 

Small, aromatic species 
UV-Vis absorbance

(nm) 
Solvent 

4-aminobenzoic acid50 
266, 

288. 

Water 

Isopropanol 

4-phenylenediamine 325 1,4-dioxane 

4-nitroaniline 230, 350 Dichloromethane 

Benzoic acid* 230, 270 Water 

Aniline* 230, 280 Water 

1,4-dioxane* Below 215 1,4-dioxane 

*51 

 

 

 

 
 

Figure 5.8.  UV-Vis spectra of ITO glass with drop-dried: 4-nitroaniline , 4-

phenylenediamine . 
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The first lot of adsorption experiments included the immersion of ITO glass within 1 

mM solutions of 4-phenylenediamine, 4-nitroaniline and 4-aminobenzoic acid in 1,4-

dioxane, for 4 days at 70°C.  The UV-Vis spectra all appear similar, with low 

absorbance values, a small peak at 300 nm and a broad signal centred at 430 nm (Fig. 

5.9).  Spectra of treated ITO showed a variation of ± 0.001 absorbance units, which is 

up to 10% of the signal intensity.  Such low UV-Vis absorption intensities on the order 

of 0.003 have been reported for the electropolymerisation of a cyclopentadithiophene 

species upon ITO.52  While a peak shift of 10 to 20 nm is significant and it is tempting 

to ascribe the shift and broadening to aggregation of the adsorbed material, the signal is 

very broad.  The broad signal is not due to the degradation of 1,4-dioxane, as aged 1,4-

dioxane shows a gradual increase in absorbance at higher energies, rather than a peak 

centred around 430 nm (Fig. 5.10).  As the absorbance is so low, there is the potential 

that the spectra are simply an instrumental artifact.  

 

 
 

Figure 5.9.  UV-Vis spectra of species adsorbed onto ITO glass from 1 mM solutions in 

1,4-dioxane: 4-phenylenediamine , 4-nitroaniline  and 4-aminobenzoic acid 

.  Glass absorbs below 300 nm, which produces a marked effect in subtracted 

spectra. 
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Figure 5.10.  UV-Vis absorption for fresh 1,4-dioxane  and for 1,4-dioxane heated 

at 80°C for two days . 

 

 

For instance, 4-phenylenediamine does oxidise and decompose under elevated 

temperature, as evidenced by UV-Vis spectroscopy with a new, broad feature in the 

region of 430 nm (Fig. 5.11).  The spectra of ITO glass treated with 4-

phenylenediamine and 4-aminobenzoic acid are not due to polymerised material, as the 

peak positions of polymeric species reported in the literature differ significantly.  For 

instance, poly(aniline-co-2-aminobenzoic acid) displays the π - π * transition of the 

benzene ring at the shorter wavelength of 320 to 340 nm and a broad absorbance below 

550 nm due to the conjugated backbone (Table 5.2).  As it was both difficult to detect 

adsorbed species and to reproduce samples, it was not possible to confirm the binding of 

species such as 4-phenylenediamine to ITO.  Consequently, species were modified to 

contain a ferrocenyl moiety to aid detection. 
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Figure 5.11.  UV-Vis solution spectra of 4-phenylenediamine kept within 1,4-dioxane, 

at 80°C.  Shown are spectra corresponding to the initial solution  and the solution 

after 21 hours  and 4 days .  

 

 

Table 5.2.  UV-Vis absorbance peaks for polymeric material related to the probe 

species. 

Species 

n- π * 

transition 

(nm) 

π - π * 

transition

(nm) 

Other UV-Vis absorbance peaks 

Poly(4-
phenylenevinylene)19 N/A 470 Extended conjugation shifts the π - π * 

transition to the lower energy. 

N,N’-diphenyl-1,4-
phenylenediamine53 N/A 387 

551 nm for the monoprotonated form. 
695 nm for the radical cation. 

 
Poly(oligoaniline-co-4-

phenylenediamine)54 N/A 330 A broad signal at 600 nm due to the 
polyaniline backbone 

Poly(aniline-co-2-
aminobenzoic acid)55 280 nm 320 to 340

A broad feature at 550 nm shifted to 
longer wavelengths with increased 
content of 4-aminobenzoic acid. 
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5.6. The Adsorption of Ferrocene Derivatives 

 

Of the ferrocene derivatives used in this study, 5.1 and 5.2  were chosen as they are 

simple ferrocene derivatives, the latter may be used to further functionalise surfaces by 

overgrafting methods.  For instance, a substrate bearing amine functionality may be 

condensed with an aldehyde to form an imine group, thus altering the surface presented 

to the environment.  5.3 was selected as an analogue of 4-phenylenediamine, which was 

used for experiments in Section 5.4.1.  5.4 is a more stable version of 5.3, as the imine 

functionality is replaced by an alkene group.   

 

 

5.6.1. UV-Vis Spectroscopy 

 

The UV-Vis absorption peaks for these ferrocenyl species are listed in Table 5.3.  As 

the adsorption of amines to ITO was investigated in Section 5.4.1, the imine 5.3 was 

tested first.  Dioxane was the primary solvent for the treatment of ITO for adsorption 

studies, as opposed to alcohols or acetonitrile.  This is as the use of relatively poor 

solvents may increase surface coverages closer to that of the maximum calculated, by 

effectively depositing the adsorbate from a saturated solution.23  An illustration of the 

effect of the solvent is shown with the deposition of 5.4.  Samples were soaked for 3 

days at 80ºC in either 1,4-dioxane or acetonitrile, but only the sample treated in the less 

polar solvent produced a detectable signal (Fig. 5.12). 

 

Table 5.3.  UV-Vis absorption of solution spectra of ferrocenyl derivatives. 

Ferrocenyl derivatives 
Benzylic π - π 
* transition 

(nm) 

Cyclopentadienyl 
π - π * transition 

(nm) 

Iron d-d 
transition 

(nm) 
Ferrocenemonocarboxylic acid (5.1) 260 310 450 

Ferrocenemonocarboxyaldehyde 
(5.2) 270 340 460 

N-(ferrocenylmethylidene)-4-
phenylenediamine (5.3) 280 310 to 360 

solvachromatic 450 

N, N’-bis(ferrocenylmethylidene)-4-
phenylenediamine49 272 350 nm 460 

N-(ferrocenylmethylidene)aniline49 281 309 448 
2-(4-aminophenyl)ethenylferrocene 

(5.4) 280 315 450 

1-aryl-2-ferrocenylethylenes56 265 305 450 
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Figure 5.12.  The effect of solvent on the deposition of 5.4 onto ITO glass: 1,4-dioxane 

, acetonitrile . 

 

 

There are notable differences between the solution spectrum and that of ITO glass 

bearing the imine (Fig. 5.13).  Drop-drying of the imine upon ITO produced a UV-Vis 

spectrum with a large red shift of 50 nm, which is likely to be due to aggregation as a 

large excess of material was present.  ITO glass was immersed for 2.5 days at 35ºC in a 

0.13 M solution of 5.3 in 2,2-dimethoxypropane, before being rinsed with 95% ethanol.  

Though the spectrum of drop-dried 5.3 should provide a reasonable comparison for the 

adsorption of 5.3 onto ITO glass, there is little similarity with the spectrum of 5.3 

deposited on ITO by immersion.  The absolute UV-Vis signal maxima of ITO with 5.3 

drop-dried and deposited by immersion were 0.04 and 0.10, respectively.   

 

 



 127

 
 

Figure 5.13.  UV-Vis spectra of the imine 5.3 in methanol , drop-dried upon ITO 

glass  and ITO glass treated by immersion from a 2 mM solution in 2,2-

dimethoxypropane .   

 

 

In order to examine if a ferrocenyl species may be overgrafted onto ITO glass bearing a 

small molecule, ITO glass treated with 4-phenylenediamine was exposed to a solution 

of 5.2.  While the diamine was not detected on ITO glass, the overgrafting appears to 

have been successful, as after exposure to 5.2 a single absorbance at 360 nm was 

observed.  This signal corresponds to the π - π * transition of the cyclopentadiene ring 

of the imine 5.3 (Fig. 5.14).49  The spectrum of the overgrafted sample resembled that of 

5.3 in methanol and of ITO treated by immersion within a solution of 5.3.  However, the 

spectrum of overgrafted 5.3 is missing a broad shoulder at 450 to 500 nm and also 

differs markedly from that of drop-dried 5.3, which has a maximum at 411 nm (Figure 

5.14).  As there is not a great similarity in spectrum profiles, this raises the possibility 

that Figure 5.14 shows only 5.2, rather than an overgrafted imine.  In the presence of 

water or metal cations, any imine formed may have decomposed during the overgrafting 

step to produce amines and the aldehyde 5.2.57  To circumvent the decomposition of the 
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imine functionality of 5.3, species 5.4 was employed as a more stable probe for 

adsorption onto ITO glass. 

  

 

 
 

Figure 5.14.  UV-Vis absorption spectra of ITO glass treated with 4-phenylenediamine 

, then with 5.2  to yield the overgrafted sample. 

 

 

Species 5.4 was deposited onto ITO glass by soaking for 2 hours at room temperature in 

a 2 mM solution of 5.4 in a solvent of 6% v/v 1,4-dioxane in hexane.  The sample was 

then rinsed in a 5% v/v solution of 1,4-dioxane in hexane.  Unlike the imine 5.3, there is 

a resemblance between the UV-Vis spectra of ITO treated by drop-drying and 

immersion (Fig. 5.15).  Both signals due to the π - π * transition of the cyclopentadiene 

rings and the d-d transition of iron display a blue peak shift for ITO treated by 

immersion, while there is a red shift for the drop-dried sample.  The absolute 

absorbance for the π - π * transition of the cyclopentadiene ring of ITO with 5.4 drop-

dried and deposited by immersion were 0.28 and 0.01, respectively. 
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Figure 5.15.  UV-Vis spectra of 5.4 in solution , drop-dried upon ITO glass  

and ITO glass treated by immersion from a 2 mM solution .   

 

 

Similar UV-Vis spectra were obtained from ITO treated by immersion for an hour 

within either a 3 mM solution of ferrocenemonocarboxylic acid (5.1) or a 10 mM 

solution of 2-(4-aminophenyl)ethenylferrocene (5.4).  The respective solvents were 6% 

of dry ethanol in hexane and 10% of 1,4-dioxane in hexane (Fig. 5.16).  This confirms 

that both carboxylic acids and amines bind to ITO and that the larger species 5.4 as well 

as 5.1 can be bound. 
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Figure 5.16.  UV-Vis spectra of ITO glass treated by immersion within a 10 mM 

solution of 5.4  and a 5 mM solution of 5.1 .  

 

 

5.6.2. Voltammetry 

 

Voltammetry can be used to detect adsorbed species using both positive and negative 

responses by the presence and absence of signals.  In the case of an electroactive 

material, electrodeposition causes an increase in film thickness, which should be 

accompanied by an increase in peak charge.58  While an ideal electrode should display a 

peak-to-peak separation of zero,59 narrow redox signals indicate homogenous oxidation 

and reduction processes.60  It must be noted that bare ITO electrodes have a degree of 

interfacial capacitance, which is shown as a hysteresis in cyclic voltammetry that 

increases with the scan rate.61  In addition, signal broadening of species adsorbed upon 

ITO may be attributed to interfacial capacitance charging.61  If the adsorbed material is 

stable under voltage cycling, a linear relationship between peak current and scan rate 

may be used to indicate that a redox-active species is bound to the electrode surface.59  

The presence of pre- or post-peaks associated with oxidation and reduction processes of 
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the solution species can also be ascribed to adsorbed material.62   

 

Positive voltammetric responses include redox activity of species directly or indirectly 

bound to the electrode surface.  For instance, a porphyrinic species covalently attached 

to ITO,63 and phosphomolybdic acid adsorbed to an amine-functionalised surface47 have 

been detected by voltammetry.  The presence of an underlying adsorbate has been 

inferred by a positive response, as documented by the detection of redox-active 

polyoxometalates (‘Keggin salts’) adsorbed an ITO surface treated with a diamine.46  

One terminus of the diamine is bound to ITO, while the other is free to bind Keggin 

salts from solution.  Through measurement of the voltammetric response of the Keggin 

salt phosphomolybdic acid, adsorbed onto an underlying layer of 1,12-

diaminododecane, an estimated surface coverage for the diamine was obtained.47, 64  

Negative voltammetric responses include the loss of signal due to blocking of the 

electrode by non-conductive species.  An example is the decreased signal of 

hexacyanoferrate in solution, due to coverage of the electrode by species such as 

polyimides or 6-(1-pyrrolyl)-n-hexyltrichlorosilane.65, 66  Another instance is the 

electrodeposition of 4-aminobenzoic acid which reduced the Faradaic current of the 

oxidation signal,12 while the electroactivity of ITO is reduced by the attachment of 

octyltrichlorosilane.10   

 

In this work, the use of voltammetry for the indirect detection of the small molecule 4-

phenylenediamine by adsorption of the Keggin salt phosphomolybdic acid was 

complicated by a number of issues.  The complications included that to prevent 

degradation of phosphomolybdic acid, the solution used to deposit the Keggin salt onto 

ITO treated with 4-phenylenediamine contained 0.1 M hydrochloric acid.  The 

additional acid may have protonated the diamine and resulted in desorption of 4-

phenylenediamine from ITO.  Also, despite a statement in the literature, the amount of 

the Keggin salt present proved to be sensitive to the rinsing step that was necessary to 

remove excess phosphomolybdic acid from the sample.  This may indicate that the 

amine-acid interaction is weak, that the amine functional groups did not project out 

from the substrate or that the stability of 4-phenylenediamine on ITO is poor.12  As a 

consequence, ferrocenyl species were employed in adsorption studies for examination 

by cyclic voltammetry in this chapter.  

 



 132 

To confirm that a functional group such as a carboxylic acid is necessary to bind species 

to ITO, ITO glass was treated by immersion for an hour within a 2 mM solution of 

either ferrocene or 5.1 in a solvent of 6% of dry ethanol in hexane.  The samples were 

rinsed in a 5% v/v solution of 1,4-dioxane in hexane, prior to voltammetry in 

acetonitrile containing the electrolyte tetrabutylammonium perchlorate (TBAP) at a 

concentration of 0.1 M  (Fig. 5.17).  ITO treated by ferrocene displayed only the 

hysteresis due to interfacial capacitance, while 5.1 produced a half-wave potential of 

0.39 VSCE, which is significantly more negative than the literature potential of 0.58 VSCE 

for adsorbed 5.1.  This may be compared to the reported value of 0.62 VSCE for free 5.1.  

The broad signals for ITO treated with 5.1 have been reported to be due to strong 

intermolecular interactions, while the decreasing current of subsequent scans may be 

due to the oxidation of 5.1 to amorphous ferric oxide45 or simply diffusion of 5.1 off 

ITO (Fig. 5.18). 

 

 
 

Figure 5.17.  Cyclic voltammetry of within ITO glass was treated by immersion for an 

hour within a 2.5 mM solution in a 6% v/v solution of dry ethanol in hexane of either 

5.1  or ferrocene .  The sample was rinsed in a 5% v/v solution of 1,4-dioxane 

in hexane prior to voltammetry.  The scans were done at 50 mV s-1 in acetonitrile. 
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Figure 5.18.  The diffusion or degradation of adsorbed 5.1 off ITO glass over sequential 

cyclic voltammetry scans.  Scan 1 , Scan 2 , Scan 3 .  The scans were 

done at 50 mV s-1 in acetonitrile.    

 

 

The cyclic voltammetry of 5.3 in solution shows irreversible oxidation processes and 

the reversible ferrocene/ferrocenium couple with a half-wave potential of 0.52 VSCE.  

However, the cyclic voltammetry plots for ITO glass treated by immersion within a 2 

mM solution of the imine in acetonitrile, soaked for 3 days at 40°C, are different from 

that of the solution species (Fig. 5.19).  The adsorbed species appears to have two ill-

defined, irreversible oxidations at 0.55 and 0.84 VSCE.  1,4-dioxane appears to be a 

better solvent for the deposition of the imine onto ITO, as cyclic voltammetry shows a 

larger current, though there appears to be only one oxidation signal at +0.74 VSCE which 

is irreversible (Fig. 5.20).  Two small, irreversible reduction processes are also present 

at 0.27 VSCE and 0.45 VSCE, which are not observed in voltammetry of the solution 

species, which may indicate that the decomposition of 5.3 occurred.  The shift in peak 

position may also be explained by the presence of water, which in the case of ferrocene 

tethered via thiols onto a gold substrate results in a shift of redox potentials to more 
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negative values.67  In the case of ITO treated with 5.3 from 1,4-dioxane, another 

explanation for the signal at 0.74 VSCE may be the oxidation of the amino group to a 

radical cation species.  Such an assignment has been made for the signal at +0.73 

VAg/Ag+ of 4-aminobenzoic acid electrodeposited onto glassy carbon.12, 13  Alternatively, 

the peaks may correspond to oxidation of the imine group.  For instance, the imines N-

(ferrocenylmethylidene)aniline and N, N’-bis(ferrocenylmethylidene)-4-

phenylenediamine both display a quasi-reversible oxidation between the half-wave 

potentials of 0.54 to 0.56 VSCE and the irreversible oxidation of the imine functionality 

at 0.82 VSCE, respectively.49  

 

 

 
 

Figure 5.19.  Voltammetric plots of 5.3 in solution and adsorbed onto ITO glass.  In 

solution: Scan 1 , Scan 3 .   On ITO: Scan 1 , Scan 3 .  The scans 

were done at 100 mV s-1 in acetonitrile. 
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Figure 5.20.  Cyclic voltammetry showing 5.3 deposited onto ITO glass by immersion 

within a 0.1 mM solution in 1,4-dioxane, at 85ºC for three days.  Scan 1 , Scan 2 

.  The scans were done at 50 mV s-1 in acetonitrile. 

 

 

The altered profile of the deposited imine is not due to a polymerised species, as on 

prolonged potential cycling there is no increase in peak current that would indicate 

electropolymerisation within solution.  This eliminates the possibility that the 

irreversible oxidation is due to the degradation of polymeric material, though at 0.62 

VSCE, 4-phenylenevinylene has a lower oxidation potential than aniline, which oxidises 

above 0.8 V.68  Given that ITO treated with 5.3 gave a poor response, it was not 

surprising that attempts to form the imine in situ, by the treatment of ITO with 4-

phenylenediamine, then 5.2 did not produce any detectable current.  The steady 

decrease in peak current of sequential scans for ITO treated with 5.4 may be rationalised 

by either desorption or degradation of the adsorbate. 
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Figure 5.21.  Cyclic voltammetry showing the irreversible oxidation of 5.4 from a 10 

mM solution results in a contamination of the electrode, as evidenced by the decreased 

current.  Scan 1 , Scan 2 , Scan 3 .  The scans were done at 50 mV s-1 in 

acetonitrile. 

 

 

As found for the imine analogue, electropolymerisation of 5.4 does not occur with the 

solution species, though the decreasing peak current with subsequent scans indicate that 

there is contamination of the electrode surface due to irreversible oxidation processes 

(Fig. 5.21).  The cyclic voltammetry of 5.4 in solution shows irreversible oxidation 

processes and one reversible process.  The oxidation at 0.27 VSCE and a reduction at 

0.13 VSCE is due to the ferrocene/ferrocenium couple, as the signals are much lower 

than the oxidation potential of  4-phenylenevinylene (Fig. 5.22).68  Cyclic voltammetry 

of ITO glass treated by immersion within 5.4 shows a significant shift in the signal 

position, which may be attributed to the presence of adsorbed species (Fig. 5.23).   
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Figure 5.22.  Cyclic voltammetry scans of a 10 mM solution of 5.4.  The half-wave 

potential for the reversible ferrocene/ferrocenium redox couple is 0.196 VSCE.  Scan 1 

, Scan 2 , Scan 3 .  The scans were done at 50 mV s-1 in acetonitrile. 

 

 

It is possible that shifts in the oxidation and reduction potentials of 5.4 are due to 

adsorption on ITO.  If the binding of ferrocenyl species results in extension of 

conjugation from the molecule to the surface, the electronic character of the alkene 

group that bridges the ferrocene moiety to ITO would be altered, which may then shift 

the redox potential of the ferrocene/ferrocenium couple.  This is plausible as the 

reversible ferrocene/ferrocenium couple of species like those shown in Figures 5.24 and 

5.25 is reported to vary with the bridging functionality, but be practically independent 

of the substituent on the other side of the bridge.  For instance, in the case of 

ethenylferrocene species, the half-wave potential for the ferrocenyl signal appears 

between 0.15 to 0.16 V, while for ethynylferrocene derivatives, the signal is observed 

between 0.28 to 0.33 VSCE.69  Similarly, the ferrocene/ferrocenium couple for 2-

ferrocenylmethylidenimino-5-methylbenzoic acid is reported as 0.72 VSCE, while the 

analogous amine has a significantly lower oxidation potential (0.50 VSCE).57 



 138 

 
 

Figure 5.23.  Cyclic voltammetry of 5.4 adsorbed upon ITO glass by immersion within 

a 2.3 mM solution, using 6% v/v 1,4-dioxane in hexane as the solvent.  Scan 1 , 

Scan 2 , Scan 3 .  The scans were done at 50 mV s-1 in acetonitrile. 

 

 

 

 

 

 

 

 

 

 

Figure 5.24.  a) An ethenylferrocene and b) an ethynylferrocene, where ‘Ar’ represents 

aryl functionality, as described by L. Cuffe et al. 2005.69 

Fe
2+
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Ar Fe
2+

b)

Ar
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Figure 5.25.  2-ferrocenylmethylidenimino-5-methyl-benzoic acid (a) and 2-

ferrocenylmethylamino-5-methylbenzoic acid (b), as described by J. Cano et al. 1995.57 

 

 

5.6.3. Surface Coverage Estimates 

 

The surface coverage for 5.4 upon ITO was obtained by both voltammetry and UV-Vis 

spectroscopy.  5.4 was adsorbed onto ITO from a 2 mM solution in 10% v/v of 1,4-

dioxane in hexane after soaking at room temperature for 30 minutes, followed by 

rinsing in a 5% v/v solution of 1,4-dioxane in hexane.  The bracket of surface coverage 

values of 5.4 was calculated to be 3.2 - 3.9 x 10
-10

 mol cm
-2

 for an ideal monolayer and 

was derived from minimum and maximum molecular ‘footprint’ areas of 4.3 and 5.3 x 

10
-19

 m
-2

 (Section 2.5.1).  The experimental surface coverage given by voltammetry of 5 

x 10
-13

 mol cm
-2

 is an underestimate, due to the significant diffusion of the adsorbate off 

ITO during the experiment and to uncertainties in selection of the peak area to be 

integrated.  However, from UV-Vis data, a surface coverage of 5 x 10
-10

 mol cm
-2

 ± 5% 

was obtained, which is greater than the calculated maximum coverage value of  3.9 x 

10
-10

 mol cm
-2

, but is comparable to the coverage of an ideal monolayer of 

hexylferrocenephosphonic acid (4.5 x 10
-10

 mol cm
-2

)23 and 1,12-diaminododecane upon 

ITO (6 - 9 x 10
-10

 mol cm
-2

).47   
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5.7. Towards Chemically-Assisted Self-Assembled Titania Arrays 

 

It would be ideal to perform the self-assembly of such dye-sensitised solar cells in an 

anhydrous environment.  Quantitative studies using ruthenium coordination compounds 

upon titania have found that water will quench up to 70% of excited molecules, while 

the remaining 30% of molecules are perhaps bound in the crevices of adjacent sintered 

particles of the nanocrystalline titania electrode and thus are sheltered from water.70  

However, practical limitations demand that aqueous or ethanolic systems are used, as 

the dispersible sol-gel titania used in Chapter 6 of this investigation has a hydrophilic 

surface. 

 

To investigate the binding of titania to functionalised ITO, 4-aminobenzoic acid was 

used as the linker species.  ITO glass was first cleaned by washing with detergent, then 

ultrasonication within acetone, water, ethanol and then allowed to air-dry.  The substrate 

was treated by immersion within a 1 mM solution of 4-aminobenzoic acid in 1,4-

dioxane at room temperature for 11 days.  The sample was rinsed with ethanol then 

immersed within a suspension of acidified Degussa P25 titania with a pH value of 2, for 

14 days.  After rinsing by ethanol the sample appeared to be slightly opaque.  The low 

pH of the solution was necessary to ensure that the particles, with an average diameter 

of 25 nm, remained dispersed.  SEM and AFM images confirmed that a thin film of 

titania particles, rather than a monolayer was deposited.  The force of the AFM tip, 

scanning in contact mode was sufficient to clear a small patch in the sample, providing 

an estimate of the film thickness at approximately 75 nm, with a root mean squared 

(RMS) roughness of the cleared area of 10 nm (Fig. 5.26).  The bare ITO glass used in 

this work has a RMS roughness of 2 nm, which is comparable to the RMS roughness of 

5 - 7 nm that has been reported for ITO.71  This may indicate that either that particles 

were not completely removed by contact force AFM, or that loose material was simply 

dragged across the cleared portion of the ITO surface. 
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    a)        b) 

Figure 5.26.  a) Bare ITO glass cleaned by washing with detergent, then ultrasonication 

within acetone, water and then ethanol.  b) ITO glass treated with 4-aminobenzoic acid 

and Degussa P25 titania.  A central area was swept clear of titania nanoparticles by the 

force of contact mode AFM. 

 

 

5.8. Conclusions 

 

ITO glass was functionalised by amines and carboxylic acids through what are likely to 

be electrostatic interactions.  The use of adsorbates bearing a ferrocenyl moiety enabled 

estimates of surface coverage to be obtained from UV-Vis absorption and voltammetry 

data.  Insufficient material was adsorbed to permit the determination of adsorbate 

binding modes on ITO glass by attenuated total internal reflectance FTIR spectroscopy; 

samples were both difficult to detect and reproduce.  In addition, during voltammetric 

analysis ferrocenyl adsorbates were lost either by diffusion off the surface or 

degradation to Fe2O3.45  The modified surfaces produced in this work proved to be less 

robust than for ITO with adsorbed 1,12-diaminododecane, which was claimed to be 

stable after immersion in a 0.1 M solution of hydrochloric acid, repeated cyclic 

voltammetry scans and prolonged exposure to air.46, 47  It is possible that the bulky 

ferrocenyl adsorbates 5.1 to 5.4 form monolayers that are loosely packed, which could 

facilitate the displacement of adsorbed species by solvent molecules.72   
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It is possible that the use of EDTA treatment, by removal of weakly bound indium 

hydroxide species,31 could have improved both the voltammetric response and UV-Vis 

absorption.  The improvement would have been more pronounced for voltammetry, 

assuming that only adsorbed species contribute to the detected current.  However, even 

if the concentration of adsorbates was increased by 50%, the voltammetric response 

would still be on the order of 10-5 A cm-1 and detection of adsorbates by FTIR 

spectroscopy would be unlikely. 

 

While in this work, small molecules were adsorbed onto ITO glass via electrostatic 

interactions, complementary techniques for surface functionalisation include the use of 

polyelectrolytes and covalent bond formation.  The layering of polyelectrolytes with 

nanoparticles is a common method in the literature for the production of stable 

structures upon surfaces, including gold,73 silica,74, 75 polystyrene76 and cotton.77  The 

formation of covalent bonds between adsorbate and substrate has been used to give 

robust monolayers of n-hexyltrichlorosilane on ITO glass66 and to produce stable, 

robust films on surfaces other than ITO, such as silicon21 and glassy carbon.11, 13  

 

In this work, ITO glass was functionalised with 4-aminobenzoic acid in attempts to bind 

redispersed titania nanoparticles.  Titania was weakly bound to the substrate, as the 

force of contact mode AFM was sufficient to remove particulate matter.  This is in 

contrast to nanoparticle superlattices of gold upon ITO glass functionalised with 

organosilanes, which are stable when stored in solution and have been imaged by 

AFM.78  In order to explore the formation of more robust titania arrays with small, 

molecular linkers, it was logical to study the binding mode of linker and dye species 

upon titania surfaces. 
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6. THE BINDING OF DYE TO TITANIA 
 

6.1. Introduction  

 

In this chapter, the mode of dye binding on titania has been studied as part of the effort 

to draw general relationships between dye structure and performance within Grätzel 

cells.  Sensitiser dyes may then be designed for Grätzel cells with greater confidence 

that optimal efficiencies will be obtained.1-3 

 

An intimate association between dye and titania is essential for Grätzel cell performance 

and it has been suggested that an overlap of dye π* and titanium 3d orbitals permits the 

efficient injection of electrons into titania.4  The mode of dye binding will dictate the 

conformation and ‘footprint’ area of the dye, influencing packing and thus the 

maximum concentration of dye that may be loaded onto titania electrodes.  If dyes are 

bound so that the dye footprint area is decreased, the maximum dye loading will 

increase, which can contribute to an improved Grätzel cell efficiency.5  Knowledge of 

how dyes bind to titania will therefore aid rational design of sensitiser dyes.  Strong 

bonding to the surface is also necessary to reduce the quenching effect of solvents on 

the electron injection rate of dyes to titania.6  In addition, adsorbed species modify the 

electronic properties of titania.4, 7  This study employs spectroscopic methods to 

determine the binding mode of adsorbed dye on titania and the nature of dye binding.  

 

 

6.2. Dye Adsorption on Titania for Grätzel Cells 

 

The binding of adsorbates to titania is characterised by the preference of Ti4+ for 

coordination with hard bases, such as oxygen and nitrogen atoms.  Species adsorbed on 

titania typically bind via Brønsted acids and Lewis bases, such as carboxylic and 

phosphonic acids or cyano groups, to titanium atoms with a coordination number less 

than 6, which is the preferred value.8  Dyes that are bound to titania as a carboxylate 

include the porphyrin dye cyano-3-(2’-(5’,10’,15’,20’-tetraphenylporphyrinato 

zinc(II))yl)acrylic acid and the ‘N3’ dye, di(thiocyanato)-bis(2,2'-bipyridyl-4,4'-

dicarboxylate) ruthenium(II).9, 10  1,3-Propanediphosphonic acid and acetonitrile are two 

examples of adsorbates bound via phosphonic acids and a cyano moiety.11, 12  A simple 
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cyano-containing species such as acetonitrile can bind either via the nitrogen atom to 

undercoordinated Ti4+ Lewis acid sites or by hydrogen bonding to titanol (Ti-OH) 

functionality.13, 14   

 

 

6.2.1. The Binding of Carboxylic Acids to Titania 

 

The binding of fully conjugated sensitiser dyes via carboxylic acid groups currently 

produce Grätzel cells with the highest performance.15, 16  The anchoring geometry may 

play a significant role in the efficiency of electron injection from excited-state dyes into 

titania, as dyes bound to titania by more than one carboxylic acid group produce higher 

Grätzel cell efficiencies than dyes bound by a single acid.17  Carboxylic acids may bind 

in a monodentate or bidentate fashion, the latter of which may bridge or chelate titania 

atoms (Fig. 6.1).18, 19  A distinction is made between the pseudo-ester form (Fig. 6.1.a) 

and the other monodentate carboxylate forms.  A well-cited reference is the work of 

Deacon et al.20 who examined published data on a range of coordination compounds.  

Empirical evidence was used to draw correlations between structure and features of 

FTIR spectra.  A ‘rule of thumb’ guide was developed for the wavenumber difference 

(∆υ) between the asymmetric carboxylate (υ(CO2
-)asym) and symmetric carboxylate 

(υ(CO2
-)sym) stretching frequencies to indicate the mode of binding.  A ∆υ value larger 

than 200 cm-1 may indicate a pseudo-ester monodentate binding (Fig. 6.1.a), though the 

monodentate carboxylate form (Fig. 6.1.b) is a more likely structure.  Smaller ∆υ values 

are typical of carboxylate forms that involve bridging (Fig. 6.1.c, e, f) or chelation (Fig. 

6.1.d, f).21, 22  Simple species, such as acetylacetone and formic acid have been studied 

as models for more complex carboxylic acids such as coordination compounds.23  The 

general consensus on the binding of carboxylic acids to titania is that a bidentate 

carboxylate form is involved and is either a chelating15, 16 or a bridging24, 25 mode, as 

reported for ruthenium coordination compounds and porphyrinic dyes.  However, the 

unidentate pseudo-ester form has also been reported for the adsorption of coordination 

compounds, as well as smaller species such as acetic acid, on titania.26-28    
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Figure 6.1.  Plausible binding modes of an adsorbate via carboxylic acid functionality 

to titania.  Monodentate forms: a) pseudo-ester; b) carboxylate; c) bridging carboxylate.  

Bidentate forms: d) chelating; e) bridging; f) chelating and bridging.  

 

 

Both the surface structure of titania and the environment influence the binding of 

species.  Materials processing affects adsorptive properties of the substrate, as 

documented with the weaker binding of acetonitrile to Merck P25 titania than to 

Degussa P25 titania.14  Hydration of titania surfaces has an impact on the mode of acid 

binding, as illustrated by computational studies and experimental data for the adsorption 

of formic acid and sodium formate.  On a dry anatase surface, formic acid was found to 

bind via hydrogen bonding in a monodentate pseudo-ester mode, but upon hydrated 

titania may bind either as a bidentate bridging species or as a pseudo-ester stabilised by 

hydrogen-bonding with titanol groups.  While the formate species was predicted to bind 

via bidentate bridging coordination on both dry and hydrated anatase, bidentate 

chelating structures are not energetically favoured for either the formate anion or formic 

acid.  To complicate matters, while molecular formic acid binds via hydrogen bonding 

upon dry anatase, formic acid binds as a pseudo-ester on a rutile surface.19  The degree 

of crystallinity and relative abundance of surface defects may determine the mode of 

binding by carboxylic acids.  For instance, carboxylic acids bind either as a pseudo-ester 

or a carboxylate upon titania particles smaller than 6 nm, as a pseudo-ester on particles 

greater than 6 nm and by simple adsorption for particles greater than 50 nm in size.28  
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By X-ray absorbance near-edge spectroscopy (XANES) it was observed that as particle 

size decreased from 50 to 2 nm in size titanium atoms in the particle displayed a change 

from 6 to 5 in the average coordination number.29  As particle size decreases, the 

number of facets and step defects is expected to increase with the greater lattice strain, 

reducing the average coordination number.30   

 

 

6.3 Dye Aggregation, Solvent and Concentration Effects 

 

The extent of dye aggregation must be addressed in the analysis of dye adsorption as 

there are implications for the performance of sensitised electrodes in terms of Grätzel 

cell efficiency.  Aggregation can result in a shift and broadening of UV-Vis absorption 

features and is solvent dependent or may be complicated by specific dye-solvent 

interactions.31  Molecules may aggregate in poor solvents, as in the case of 

oligothiophenes end-capped by oligoethylene oxide, which have a lower solubility in n-

butanol than in chloroform or tetrahydrofuran.32  π-Conjugated species may form ‘J- 

and H-type’ aggregates, which exhibit red (bathochromic) and blue (hypsochromic) 

UV-Vis shifts, respectively.  In planar systems, H-aggregates can be envisioned as 

stacking in a plane-to-plane (‘side to side’) fashion, and J-aggregates as layered (‘head 

to tail’) stacking (Fig. 6.2).  Consequently, H-type aggregates have a better 

intermolecular overlap of the conjugated system and so have improved charge-transport 

properties between molecules.33, 34   

 
Figure 6.2.  A cartoon of a) H-aggregation and b) J-aggregation of 

di(thienylenevinylene)thiophene. 
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The association of dye molecules in aggregates produces new electronic transition states 

from the interaction of molecular transition dipoles (Fig. 6.3).  The angle θ, which 

describes the ‘slip angle’ between molecules, is ideally 90° for H-aggregates and less 

than 90° for J-aggregates.  Of the excited electronic transition states only one is 

allowed.  As the higher energy excited state is allowed for H-aggregates, while the 

lower energy state is permitted for J-aggregates, respective blue and red shifts in 

absorption result.35, 36 

 

 

 
 

Figure 6.3.  The origin of blue and red shifts in absorption on the formation of H- and 

J-aggregates as described by Mishra et al. 2000.36  The interaction between the 

electronic transition dipole moments of associated molecules results in additional 

excited states.  Only one of the excited states is permitted, which for H-aggregates is 

that of higher energy and for J-aggregates is of lower energy.  

 

 

The H-aggregation of dyes results in an efficiency decrease of Grätzel cells, as found 

with coumarin dyes (Fig. 6.4).  The species bearing a side ring on the alkene chain (Fig. 

6.4.a) showed a higher Grätzel cell performance and only a small blue shift in UV-Vis 
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absorbance that indicated a lack of dye aggregation.  The corresponding species without 

the side ring formed H-aggregates, as inferred from a 50 nm blue shift of absorbance.37  

However, a contrasting case is that of merocyanine dyes,38 where the formation of J-

aggregates by the alignment of molecules via a long substituent alkyl chain gave an 

improved Grätzel cell performance.  

 

 

 

N O 

C N 

C O 2 H O 

                 

N O

CN

CO2HO

 
 a)   b) 

 

Figure 6.4.  Coumarin dyes as described by Z. S. Wang et al. 2005.37  a) Cyano(5,5-

dimethyl-3-[2-(1,1,6,6-tetramethyl-10-oxo-2,3,5,6-tetrahydro-1H,4H,10H-11-oxa-3a-

aza-benzo[de]anthracen-9-yl)vinyl]cyclohex-2-enylidene)acetic acid, which bears a side 

ring on the alkene chain and prevents aggregation.  b) The analogous material, which is 

without a side ring and forms H-aggregates.  

 

 

Solvent effects are a significant factor and have been investigated for species such as 

formic acid and the hexacyanoferrate ion.  Within an alcoholic environment, the 

formate anion favours a more asymmetric mode of bidentate coordination than when in 

water.19, 25  Similarly, time-dependent density-functional theory estimates that the 

bidentate coordination of the hexacyanoferrate ion is favoured in vacuum, while 

monodentate coordination is stabilised by the presence of water molecules.39  Even with 

free species such as the coordination compound [(NH3)5Ru-CN-Fe(CN)6]- a large 

solvent dependency is found for the stretching vibrations of the bridging and trans 

cyano groups.40   

 

Concentration effects are a consequence of equilibrium dye binding between adsorbed 

and solution species.  Equilibrium binding on titania is illustrated by the free acid, half-

salt and full-salt forms of cis-dithiocyanatobis(2,2’-bipyridine-4,4’-
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dicarboxylate)ruthenium(II), the ‘N3’ dye.4  Though dyes such as ruthenium 

polypyridine coordination compounds bind well when anchored through carboxylic acid 

groups, basic conditions cause desorption from titania.2  Ethylenediaminetetraacetic 

acid (EDTA) has also been documented to compete in adsorption on titania with 

ruthenium dyes bound by carboxylic acid groups.41  Equilibrium binding in solvents 

such as dimethylsulfoxide has been used to tune the surface coverage of hemin (Fig. 

6.5) upon titania.42  The concentration of the adsorbate may also influence the mode of 

binding, as is the case with glutamic acid (Fig. 6.6).  As studied by ATR-FTIR, on 

increasing the concentration of the solution above the ATR crystal, the conformation of 

glutamic acid changed from binding via both acid groups, to binding by one terminal 

only.  By FTIR, it was shown that there may be two forms of carboxylate species, one 

solvated and one bound to titania.43   

 

 

 

 

 

 

 

 

 

 

Figure 6.5.  Hemin, the Fe3+ analogue of heme. 

 

 

 

 

 

 

 

 

 

Figure 6.6.  Glutamic acid as described by A. D. Roddick-Lanzilotta et al. 2000.43  

Glutamic acid bound to titania by a) a single acid group and b) both acid functionalities. 
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6.4. Carboxylic Acid Probe Dyes 

 

To investigate dye binding to titania, monocarboxylic and malonic acids were used, as 

the best Grätzel cell performance has been obtained from dyes that bear carboxylic acid 

groups.44  4-Methoxybenzylidenemalonic acid (6.1) and cinnamylidenemalonic acid 

(6.2) were the two simple malonic acids chosen as probe species, in addition to 

ter(thienylenevinylene)malonic acid (6.3), ter(thienylenevinylene)cyanoacetic acid 

(6.4), 8,15-dicyanoter(thienylenevinylene)malonic acid (6.5) and 

ter(thienylenevinylene)rhodanine acetic acid (6.6).  Spectral characteristics of the probe 

dyes are shown in Table 6.1; supplementary information is supplied in Section 8.2, 

Table 8.2.  The UV-Vis absorbance of dyes in the solid state were collected from 

samples drop-dried on glass; as the peaks are low and broad, the mid-point of the 

absorbance range is quoted.  While the spectral coverage of 6.1 and 6.2 are low, these 

dyes were selected as their simple structure means that 1H-NMR spectra are easier to 

analyse than that of 6.3 to 6.6.  Ter(thienylenevinylene) derivatives were used as in 

terms of solubility and structure, they approach the complexity of porphyrinic dyes.   
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Table 6.1.  Spectral properties of carboxylic acid probe dyes. 

λmax(solid) 

 

λmax(THF) 

 
Dye 

Colour of dye 

in the solid 

state 
(nm) (cm-1) 

Colour of dye in 

tetrahydrofuran 

(0.2 mM in 

THF) 

(nm) (cm-1) 

6.1 Cream-yellow 450 22,220 Colourless 310 32,260 

6.2 Bright yellow 450 22,220 Colourless 328 30,490 

6.3 Red-orange 500 20,000 Gold 458 21,840 

6.4 Red-orange 500 20,000 Dark orange 465 21,510 

6.5 Brick-red 500 20,000 Light orange 477 20,970 

6.6 Purple-green 500 20,000 Red 507 19,720 

 

 

6.5. Spectroscopic Analysis of Adsorbed Dyes & Dye Adsorption 

 

To examine the nature of the interaction between adsorbed dyes and a titania surface, 

spectroscopic techniques were used to analyse probe dyes bound via carboxylic acid 

groups.  Dye loading and aggregation was investigated with UV-Vis spectroscopy, 

while the mode of dye binding was determined by FTIR spectroscopy.  Raman and 

fluorescence spectroscopy confirmed that dye interacts with titania from the quenching 

of excited-state dye.  Samples were also examined by 1H-NMR spectroscopy to 

document changes in the electronic character of dyes after binding to titania. 

  

The titania substrates used in this chapter were sintered crystalline titania and dispersed 

sol-gel titania, prepared as described in Sections 4.3 and 4.4.  The sintered titania used 

for the bulk of this work was transparent Dyesol screen-printing material, which was 

crystalline, dehydrated and closely resembled the pre-formed titania plates used for 

Grätzel cell testing in our laboratories.  The surface of crystalline titania is terminated 

by hydroxyl groups bound to Ti4+ sites, which act as Brønsted acids.45  In addition, the 

sintered material was aggregated and could be used either as a powder or as a semi-

transparent film supported by glass.  The separation of dyed titania from free dye was 

then trivial, by decantation of dye solution and rinsing with solvent.   
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Dispersed sol-gel titania presents a distinctly different surface from that of sintered 

material and has a hydrated, acidic and amorphous character.  As the environment of a 

dye molecule in solution will differ from that adsorbed on a substrate, dispersed sol-gel 

titania was used to investigate whether any intermediary states between non-aggregated 

solvated dyes and dyes aggregated upon a bulk surface exist.  A concern regarding the 

use of acidic sol-gel titania was that the protonated surface would prevent dye binding.  

While basic dyes would form a salt within the acidic solution, acidic dyes could 

experience electrostatic repulsion on approach to the titania surface.  However, an 

advantage of using acidic titania may be an improved efficiency of dye-sensitised solar 

cells (DSSCs).  It has been suggested that protonated titanol sites may reduce the 

recombination of electrons that are injected into titania with the oxidized dye or 

electrolyte.46, 47  In addition, the acidic environment may stabilise the binding of acidic 

dyes, which desorb from titania under alkaline conditions, such as polypyridyl 

ruthenium complexes anchored via a phosphonic acid moiety.48  The nanoparticle size 

may also affect the mode of dye binding, as it has been reported that as the size of 

titania nanoparticles falls from 50 to 1 nm the material changes from crystalline to 

amorphous.28  The corresponding drop in titanium coordination number from 6 to 4 

resulted in less physisorbed material and in a greater proportion of chemically bound 

species.  The use of sol-gel titania enabled examination of adsorbed dyes with solution-

state spectroscopy.  Contrast and comparison of dye binding modes upon dry, 

crystalline titania and amorphous, acidic titania surfaces were then drawn. 

 

In order to gauge the efficacy of dye binding, an estimate of the surface coverage was 

required.  To do this, molecular ‘footprint’ areas of the dyes and the surface area of the 

titania substrates were obtained.  As π–π stacking of the conjugated dyes is a strong 

possibility, a rectangular footprint was used to account for the possible aggregation of 

dyes.  The footprint areas are derived from the width of the aromatic ring (5 Å), 

multiplied by the length of the molecule when anchored via carboxylic acid 

functionality.  Dye footprint areas were calculated on the assumption that as the 

carboxylic acid binding groups are at a terminal position, dyes would be ‘upright’ on the 

surface.  The anchoring geometry alters the dye footprint area, as reported for bis-((4,4’-

dicarboxy-2,2’-bipyridine)(thiocyanato)) ruthenium(II), which has a 9% difference in 

footprint area between dye bound ‘upright’ by one carboxylic group (8.6 x 10-19 m2) and 

dye bound ‘flat’ by four carboxylic groups (1.3 x 10-18 m2 ) to titania.49   
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For all dyes except 6.2, the rotational conformer where both potential binding groups 

are presented to the surface provides the larger footprint.  Dye 6.4 has been shown with 

the cyano functionality pointing towards the surface, as a polyene-diphenylaniline dye 

with a cyanoacetic binding group has been shown to have the cyano nitrogen atom in 

close proximity to the titania surface.50  For dyes 6.1, 6.3 to 6.6, when bound by a single 

acid group the footprint area decreased, increasing the number of molecules of dye 

required for a monolayer.  Dimensions were estimated with ChemDraw® 8.0 and 

Chem3D® Ultra 9.01.  Dye footprints are the same whether a ball-and-stick or van der 

Waals radius model was used; the former are shown for clarity (Figs 6.7, 6.8, Table 

6.3). 

 

 

 
 

Figure 6.7.  Chem3D® representations of 6.1 to 6.6 with estimates of the rectangular 

footprint area for dyes bound by only one carboxylic group. 
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Figure 6.8.  Chem3D® representations of 6.1 to 6.6 with estimates of the rectangular 

footprint area for bound dye with potential binding groups towards the surface. 

 

 

The surface area of titania substrates were obtained experimentally for sintered titania 

from Brunauer-Emmett-Teller (BET) isotherm nitrogen sorption experiments (P/P0 of 

0.3) and estimated from dynamic light scattering (DLS) particle sizing measurements 

for native sol-gel titania.  It was not possible to measure the surface area of native sol-

gel titania by BET nitrogen sorption, due to the acidic and hygroscopic surface.  
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Sintered transparent Dyesol titania was used for dye loading studies, as sol-gel titania 

produced erratic results due to large variations in the surface area between sintered 

powder and sintered film (Table 6.2).     

 

 

Table 6.2.  Surface area of titania from nitrogen sorption data, unless otherwise stated. 

Titania Surface area (m2g-1) 

Titania colloids (300 nm in diameter) 51 35  

Sintered sol-gel titania film* 38  

Sintered Degussa P25 titania powder 52, 53 55  

Sintered opaque Dyesol titania film* 60  

Sintered transparent Dyesol titania film* 83  

Sintered titania film from 14 nm particles54 90  

Sintered Showa Denko titania powder 55 94  

Sintered titania film (formed by MOCVD)56 130  

Sintered sol-gel titania powder* 187  

Porous titania colloids (1 µm diameter) 51 300  

Anatase nanoparticles (10 nm diameter)57 395  

Native amorphous sol-gel titania (3.5 nm diameter)58 433  

Native sol-gel titania (2 nm diameter)*$ 698  

*This work.  $Derived from DLS data. 

 

 

The hydrodynamic diameter of native sol-gel titania was measured by DLS to give a 

number-average diameter of 2.6 nm with a standard deviation of 20%.  As one standard 

deviation in the diameter of titania gives a range from 2.1 to 3.1 nm, a small diameter of 

2 nm was used to estimate dye coverage, because the minimum conditions for 

monolayer coverage are of interest in this study.  It was then reasonable to use a ‘worst-

case scenario’ of a 2 nm particle diameter to give a lower boundary for the dye to titania 

ratio required for monolayer formation.  If the real particle size is larger than 2 nm, then 

submonolayer coverage would be the result.  While the 1.5 nm Ti18O22 oxide core of 

anatase titanium-organo-oxo clusters are composed of distorted octahedra,59 to simplify 

calculations the shape of the amorphous sol-gel titania was taken to be spherical.  
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Spheres 2 nm in diameter have a surface area of 12.57 nm2 per particle; by using the 

bulk density of titania (4.3 g cm-3) for that of titania nanoparticles,60 a molar mass of 

10847 g mol-1 was derived.  The molar mass was used to calculate a value of 698 m2 g-1 

for the surface area of totally dehydrated sol-gel titania. 

 

Calculated values for dye coverage were obtained by dividing the surface area of titania 

by the dye footprint (Table 6.3).  A bracket of dye loading values on titania were 

calculated from the minimum and maximum dye footprints (Section 8.2, Tables 8.3 - 

8.8).  While the surface area of sintered titania was obtained using the BET adsorption 

isotherm, which permits multiple layers of adsorbate, a Langmuir model was applied to 

simplify calculations.  The Langmuir model assumes that adsorption is limited to a 

monolayer, that the surface is uniform and that the probability of adsorption on any 

given site is independent of the state of all other sites.  While dye coverage is best 

described in terms of moles of dye per gram of substrate for sintered titania, 

experiments involving native dispersed sol-gel titania were described with mole ratios 

of dye to titania particles. 

 

 

Table 6.3.  Range of the rectangular footprint areas of probe dyes (Figs 6.7, 6.8) and 

monolayer coverage values for dye upon sintered transparent Dyesol titania and native 

sol-gel titania.   

Dye 

Rectangular footprint 

of the dye  

(x 10
-19 m

2
) 

Sintered Dyesol titania 

n(dye) / m(TiO2)   

 (x 10
-4 mol g-1) 

Native sol-gel titania 

Molecules of dye per 2 

nm TiO2 particle 

 6.1 3.8 - 4.5 3.0 - 3.6 28 - 33 

6.2 4.0 - 4.8 2.9 - 3.4 26 - 31  

6.3 4.8 - 9.8  1.4 - 2.9 13 - 26 

6.4 4.8 - 9.8  1.4 - 2.9 13 - 26 

6.5 4.8 - 9.5  1.4 - 2.9 13 - 26 

6.6 8.5 - 10 1.3 - 1.6 13 -15 
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6.5.1. UV-Vis Spectroscopy  

 

6.5.1.1. Dye Loading on Titania 

 

Dye loading studies were done to determine what proportion of the titania substrates 

was available for dye adsorption.  The assumptions made include that the surface area 

of the transparent Dyesol titania plates is constant at 82.6 m2 g-1 and that the surface 

area measured by BET nitrogen sorption is accessible by the probe dyes.  As the 

concentration of dye solutions used to prepare titania plates for Grätzel cell testing in 

our laboratories is 0.2 mM, another assumption was that similar or greater 

concentrations would be sufficient to ensure total coverage of the substrate from the 

equilibrium dye binding.  Dye adsorption experiments involved the immersion of titania 

plates in dye solution, while the dye uptake was monitored by UV-Vis spectroscopy.  

As illustrated by Figure 6.9, in which titania plates were immersed in a 0.2 mM solution 

of 6.3 in tetrahydrofuran, the probe dyes show a rapid rate of dye adsorption with no 

significant increase in dye uptake after 80 minutes.  While the plot appears to show a 

slight decrease after that time, the data is derived from subtraction spectra, with the 

absolute absorbance of 6.3 above 2.0 after the first 15 minutes of immersion.  As the 

amount of transmitted light is less than 1% for an absorbance greater than 2, the 

apparent decrease in absorption may be due to noise in the collected spectra. 

 

 
Figure 6.9.  UV-Vis absorbance over time for the 410 nm peak of 6.3 adsorbed onto 

sintered Dyesol titania plates from a 2 mM solution in tetrahydrofuran .  The x-

axis error bars are for ± 1 minute, the y-axis error bars are for ± 0.001 absorbance units.   
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Dyes 6.1 and 6.2 were tested for adsorption onto sintered Dyesol screen-printed titania.  

Dye may be adsorbed in three different ways: chemical binding, physisorption to titania 

or physisorption to a dye monolayer.  In the case of chemical binding by the formation 

of a pseudo-ester, bridging carboxylate or chelating carboxylate, dye is not expected to 

desorb easily.  In contrast, as binding by physisorption may be an equilibrium process, 

desorption can be expected, more so for crystalline than for amorphous titania.28  As 

illustrated in Figure 6.10, both the adsorption of 6.2 from a 2.3 mM methanolic solution 

and desorption into fresh methanol are relatively fast, with no further change after 80 

and 60 minutes, respectively.  Both plots have profiles that reveal an approach to an 

adsorption equilibrium and resemble that of a Langmuir adsorption isotherm.61  The 

experimental bracket of dye coverage was 9 to 11% of the calculated value for 

monolayer formation.  The low surface coverage of 6.1 and 6.2 may be a result of using 

a protic solvent, which may displace the carboxylic acids from titania, as shown by 

desorption studies of 6.1 and 6.2 in methanol.  The dye desorbed from titania substrates 

that first were rinsed and blotted to remove excess dye, was 6 to 8%, a solution 

concentration of 1.0 to 1.3 µM.  The adsorption and desorption data for 6.1 and 6.2 

could be consistent with either the release of loosely bound dye or an equilibrium 

situation.  In the former was true, this would indicate that a mixture of physi- and 

chemisorbed material was present, with the loss of physisorbed material on immersion 

in fresh solvent.  If only physisorbed material was present, dye would be released from 

titania until the equilibrium surface concentration was achieved.  Either scenario would 

result in the profile of the plots shown in Figure 6.10. 
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Figure 6.10.  Adsorption of 6.2 onto sintered Dyesol titania powder from a 2.3 mM 

methanolic solution  and desorption in dry methanol .  Data was collected for 

the UV-Vis maximum at 330 nm, the error bars are for conservative values of a ± 10% 

uncertainty for the calculated number of moles of 6.2 and ± 2 minutes of time.  Similar 

data was obtained for 6.1. 

 



 166 

The low surface coverage of 6.1 and 6.2 is not due to the titania surface, as adsorption 

studies of ter(thienylenevinylene) dyes show a higher dye loading.  Coverage values for 

6.3 and 6.4 were calculated from UV-Vis data of sintered Dyesol titania plates 

immersed in 0.15 mM solutions in tetrahydrofuran for a period of 20 hours.  The 

uncertainty in these calculations is ± 10%, which accounts for error in the weighed mass 

of Dyesol titania, the concentration of dye, BET surface area measurements and the 

calibration plots used to correlate solution UV-Vis absorbance with dye concentration.  

The bracket of dye loading values obtained for 6.3, 6.4 and 6.5 were 55 to 115%, 63 to 

150% and 55 to 130%, respectively.  The dye loading bracket is from 1.4 to 2.9 x 10
-4

 

mol g-1, which is comparable to that for 4-(2’-(5’,10’,15’,20’-tetraphenylporphyrinato 

zinc(II)yl)butadienylmalonic acid (3.3 x 10
-5

 mol g-1) and 4-(2’-(5’,10’,15’,20’-

tetraxylylporphyrinato zinc(II)yl)butadienylmalonic acid (4.5 x 10
-5

 mol g-1).62  Similar 

surface coverage values of 1.2 x 10
-5

 mol g-1 for 5,10,15,20-tetra(3-ethynyl(4-

triethylammoniumcarboxyphenyl)phenyl)porphyrinato zinc(II) and 2.7 x 10
-5

 mol g-1 for 

5,10,15,20-tetra(4-triethylammoniumcarboxyphenyl)porphyrinato zinc(II) have been 

reported.63 

 

 

6.5.1.2 Aggregation Studies 

 

6.5.1.2.1. Introduction 

 

Dye may aggregate either as a monolayer or multiple layers upon a substrate.  UV-Vis 

peak shape and position may be used to distinguish between monolayer and multilayer 

dye aggregation.  While both H- and J-aggregates can form multilayers,34 dye loading 

studies of 6.1 to 6.5 showed that the amount of adsorbed material is on the order of a 

monolayer or less (Section 6.5.1).  Multilayer dye aggregates result in broadened 

signals, as reported for multilayer Langmuir-Blodgett films of a porphyrin dye; also 

observed was a progressive UV-Vis red shift due to increased ordering of the porphyrin 

from interlayer interactions.64   However, broadened UV-Vis absorbance for perylene 

dyes on titania have also been reported for submonolayer coverage.65     
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6.5.1.2.2.  Overview of UV-Vis Signal Shifts 

 

The aggregation of dyes was studied upon both sintered and non-sintered titania to 

enable the collection of UV-Vis spectra of dye adsorbed onto both dry and solvated 

substrates.  Sintered screen-printed transparent Dyesol titania plates and acidic 

dispersed sol-gel titania were the substrates used for transmission UV-Vis spectroscopy.  

Dye aggregation studies were done using the ter(thienylenevinylene) dyes 6.3 to 6.6.  

Use of the small malonic acids 6.1 and 6.2 were restricted to solution spectra with 

relatively low concentrations of sol-gel titania as the absorption maxima of the dyes are 

at higher energies than the titania absorption onset.  The absorption cut-off for screen-

printed Dyesol titania is approximately 400 nm, while dilute dispersions of sol-gel 

titania absorb light at wavelengths less than 330 nm.  Increasing the concentration of 

sol-gel dispersions extends the apparent absorption onset of nanoparticulate titania 

towards longer wavelengths.  The absorption onset of the titania used in this study are 

similar to reported values of 382 nm for bulk titania and 370 nm with a maxima at 322 

nm for nanoparticulate titania.66, 67   

 

A summary of UV-Vis absorption maxima for the probe dyes in a pure solution, in 

acidified solution, adsorbed on dispersed sol-gel titania and adsorbed on sintered Dyesol 

titania plates is shown in Table 6.5; supplementary data is shown in Section 8.3, Table 

8.9.  UV-Vis spectra of the pure dyes were collected in polar solvents, such as 

tetrahydrofuran and methanol.  For comparison with spectra of dyes with the acidic sol-

gel titania, spectra of dye acidified with hydrochloric acid were collected.  UV-Vis 

spectra of dyes with amorphous acidic dispersed sol-gel titania were collected primarily 

in tetrahydrofuran.  Sol-gel titania was titrated with solutions of dye and the mole ratios 

of dye to titania were calculated as outlined in Section 6.5.  Spectra of dye adsorbed on 

sintered Dyesol titania were recorded following the immersion of screen-printed plates 

in 0.2 mM solutions of dye. 

 

The probe dyes show a strong absorbance due to the π-π* electronic transition, which 

for 6.3 to 6.6 are at longer wavelengths than the absorbance of titania.  It must be noted 

that the UV-absorption peaks are relatively broad, spanning approximately 150 nm.  

Following adsorption on sintered and sol-gel titania the UV-Vis signals are shifted, with 

some peak broadening for dyes 6.2 to 6.5 (Table 6.4).  The full-width half-maximum 
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(FWHM) of adsorbed 6.1 was not able to be collected due to the absorbance of titania.  

While dyes 6.2 to 6.4 display increased FWHM values on titania, as 6.6 displays the 

largest increase when adsorbed on sintered titania this indicates that if multilayer 

aggregation is present, then it is most likely to have occurred for 6.6.  In contrast, for 

6.5 the increase in FWHM in the presence of titania is similar to that of the dye in acidic 

solution, which together with shifts in UV-Vis absorption indicates monolayer dye 

aggregation. 

 

 

Table 6.4.  FWHM values for UV-Vis absorption signals of the probe dyes in 

tetrahydrofuran (THF) and on both dispersed sol-gel and sintered Dyesol titania. 

Dye 
Dye in THF 

(nm) 

Dye with 35 µM 

HCl in THF 

(% increase) 

On sol-gel 

titania in THF 

(% increase) 

On sintered 

Dyesol titania 

(% increase) 

6.2 61 8 21 # 

6.3 106 0 21 32 

6.4 103 6 20 17 

6.5 108 5 6 8 

6.6 109 3 6 48 
#Dye absorbance masked by that of titania.  FWHM values have an uncertainty of ± 5%.   

 

 

6.5.1.2.3.  Probe Dyes on Sol-Gel Titania 

 

In the presence of sol-gel titania, a red UV-Vis shift is observed, which is greatest for 

ter(thiophenylenevinylene) dyes and may indicate the formation of J-aggregates.  While 

deprotonation of a polyene-diphenylaniline dye in methanol was reported to give a 30 

nm red shift in the UV-Vis,68 acidification of dyes 6.1 to 6.6 with hydrochloric acid 

produced both red and blue shifts result, relative to pure dye (Table 6.5).  However, 

dyes that were red-shifted with acid were shifted further with sol-gel titania.  Similar 

UV-Vis red shifts of 10 to 20 nm have been published for cis-

bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)ruthenium(II) adsorbed on 

acidic dispersed sol-gel titania particles 1 to 2 nm in diameter.27  The adsorption of all-
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trans-retinoic acid (ATRA) upon acidic dispersed sol-gel titania 12 to 13 nm in 

diameter also results in UV-Vis shifts to the red, similar to that seen for 6.1 to 6.6.69  In 

the presence of sol-gel titania, two signals were observed for ATRA, red-shifted by 39 

and 72 nm.  The former was attributed to protonated ATRA, the latter to partly 

deprotonated ATRA, both of which were adsorbed to titania.  In the same manner that a 

red shift of UV-Vis absorption is observed after the carboxylation of oligothiophenes,70 

a red shift may also indicate that bound dyes have extended delocalisation of the 

conjugated system of the dye to surface sites of titania.37  The extension of the 

electronic system could occur via hybridisation of the π* orbital of adsorbed dye and 

titanium 3d orbitals of the nanoparticle.27     

 

 

6.5.1.2.4.  Probe Dyes on Dyesol Titania 

 

In contrast to sol-gel titania, dyes adsorbed from solution onto dry sintered screen-

printed Dyesol titania show a blue shift in dye absorption, with the exception of 6.6.  

While a blue shift may be due to H-aggregation, a blue shift of 32 nm has been reported 

for a polyene-diphenylaniline dye bound to titania via a cyanoacetic functionality and 

was attributed to either interaction with the surface or deprotonation of the dye.68  Dye 

6.1 was used as a representative of the probe dyes for the effect of deprotonation on 

UV-Vis shifts (Fig. 6.11).  The tetra-n-butylammonium salts of 6.1 with a 1 : 1 and 2 : 1 

molar ratio of tetra-n-butylammonium hydroxide to 6.1 show no UV-Vis shift from that 

of the pure dye for the former and a 12 nm shift for the latter.  Similarly, ATRA 

deprotonated by triethylamine shows a 9 nm blue shift in the UV-Vis.71  This could 

indicate that on sintered titania, dyes are adsorbed as a carboxylate.  The different UV-

Vis shifts displayed by dyes upon sintered titania, compared to sol-gel titania, may owe 

more to the difference between the titania surfaces than to dye aggregation.       
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Table 6.5.  UV-Vis absorption of pure dyes in THF and on both dispersed sol-gel and 

sintered Dyesol titania. 

Dye 
Dye in THF 

 

Dye with 35 µM 

HCl in THF 

 

On sol-gel 

titania in THF 

 

On sintered 

Dyesol titania 

 

 (nm) (cm-1) (nm) (cm-1) (nm) (cm-1) (nm) (cm-1) 

6.1 310 32,260 308 32,470 316* 31,650* # # 

6.2 328 30,490 327 30,580 340* 29,410* # # 

6.3 458 21,840 447 22,370 475 21,050 425 23,530 

6.4 465 21,510 485 20,620 500 20,000 432 23,150 

6.5 477 20,970 450 22,220 480 20,830 463 21,600 

6.6 507 19,720 514 19,460 522 19,160 510 19,610 

*Spectra subtracted for sol-gel titania.  #Dye absorbance masked by that of titania. 

 

 

 

 
 

Figure 6.11.  UV-Vis spectra of a 1 : 1  and a 2 : 1  molar ratio of tetra-n-

butylammonium hydroxide to 6.1  in methanol. 
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6.5.1.2.5.  Solvent Effects 

 

Solvent effects complicate the spectral analysis.  The UV-Vis spectra of 6.1 and 6.2 do 

not display solvent dependency, but ter(thienylenevinylene) dyes display a negative 

solvatochromatic effect (Table 6.6).   

 

 

Table 6.6.  UV-Vis absorption of pure dyes and dyed titania in solvent A. 

Dye 
Dye in A 

 

Dye with 35 µM HCl 

in A 

On sol-gel titania in A 

 

 (nm) (cm-1) (nm) (cm-1) (nm) (cm-1) 

6.3 457 21,880 450 22,220 464 21,550 

6.4 454 22,030 482 20,750 496 20,160 

6.5 446 22,420 450 22,220 498 20,080 

A is a 1 : 5 v/v solution of tetrahydrofuran to 95% ethanol.   

 

 

The negative solvatochromatic effect experienced by ter(thienylenevinylene) dyes also 

affects the validity of comparison between spectra of dry and solvated samples.  For 

instance, the spectrum of dry sintered titania dyed with 6.5 is red shifted in relation to 

solution spectra of 6.5 in a 1 : 5 v/v solution of tetrahydrofuran to 95% ethanol, rather 

than blue shifted (Fig. 6.12).  A similar effect is seen when dry sintered titania dyed 

with 6.5 is reimmersed in a solution of dye in tetrahydrofuran (Fig. 6.13).  The same 

amount of dye was present between wet and dry scans, as confirmed on integration of 

the UV-Vis absorbance (Section 8.2, Fig. 8.1).  For the sake of argument, if the UV-Vis 

shifts are due to dye aggregation, this may indicate that solvent molecules stabilise the 

formation of H-aggregates on titania that reform as J-aggregates on solvent loss.  The 

interconversion of H- and J-aggregates of a rhodanine dye adsorbed on sintered titania 

has been reported to occur on alteration of the solvent vapour composition above the 

sample.31  However, it is more likely to be a dielectric effect as air is displaced by 

solvent within the titania plate.  The apparent drop in absorption intensity is due to an 

increase in the dispersion of transition energies, due to dye aggregation following 

solvent loss, as reported for phthalocyanine dyes.72   
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Figure 6.12.  UV-Vis spectra of 6.5 in tetrahydrofuran  in a 1 : 5 v/v solution of 

tetrahydrofuran to 95% ethanol  and adsorbed onto sintered titania plates .   

 
Figure 6.13.  A red shift of UV-Vis absorbance is observed when a titania plate dyed 

with 6.5 is wet with tetrahydrofuran  is dried .  The effect is reproducible as 

shown by further immersion of the plate in a solution of 6.5  and subsequent 

drying .  The spectra are not subtracted for the titania blank in order to show that 

the wet plate is more transparent than the dry plate.  
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Despite the solvatochromism of ter(thienylenevinylene) dyes, there is no 

solvatochromic effect of dyes adsorbed on sol-gel titania.  For instance, the peak 

maximum for pure dye 6.4 is different in methanol, tetrahydrofuran and a 1 : 5 v/v 

solution of tetrahydrofuran to 95% ethanol, yet is always near 500 nm in the presence of 

sol-gel titania (Fig. 6.14).  This indicates that when bound, dye molecules experience an 

environment that is independent of the solvent used to disperse the sol-gel titania. 

 

 

 
 

Figure 6.14.  UV-Vis spectra of 6.4 in methanol , tetrahydrofuran , in a 1 : 5 

v/v solution of tetrahydrofuran to 95% ethanol (solvent A)  and with sol-gel titania 

in methanol , tetrahydrofuran  and solvent A . 

 

 

6.5.1.2.6.  Support for Equilibrium Dye Binding 

 

Two scenarios exist for the adsorption of dye on titania: irreversible and equilibrium 

binding.  In the case of irreversible binding, two signals corresponding to free and 

bound dye should be observed, which may occur either as distinct peaks or as a 

shoulder upon the other signal.  For an excess if titania, the UV-Vis absorption by free 
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dye would decrease to complement the growth of a new absorption due to the bound 

species.   

 

If dye binding is an equilibrium process, near equilibrium conditions both free and 

bound dye should be present.  An averaged signal would then be observed due to the 

rapid exchange of free and bound dye.  If only the relationship between free and bound 

dye is considered (Eq. 6.1), then the ratio between the two is expected to be constant 

and the position of the averaged signal would not change.  However, if the 

concentration of the available titania binding sites is taken into account (Eq. 6.2), then 

as sol-gel titania is added to dye the ratio of free to bound dye will drop.  In this case, a 

shift in the position of the averaged signal may be anticipated.   

 

 
 

 

 

 
 

Titration of 6.4 with dispersed sol-gel titania gave an averaged signal and a gradual red 

shift in dye absorbance as the system was changed from an excess of dye to an excess of 

titania (Fig. 6.15).  A slight peak broadening was observed, which could be caused by 

either dye aggregation on titania or a slow exchange of free and bound dye.  Despite the 

signal broadening, a single peak was observed without distinct peaks or shoulder 

signals, which supports the equilibrium binding of dye on sol-gel titania.  The shift in 

position of the averaged signal also gives evidence for the participation of the available 

titania binding sites in the equilibrium binding of dye. 
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Figure 6.15.  UV-Vis spectra of 6.4, showing an absence of signal shoulders on titration 

with sol-gel titania in ethanol.  Pure dye , a 339 : 1 , a 21 : 1 , and a 1 : 1 

 mole ratio of dye to titania.  The FWHM values are 99 nm, 109 nm, 114 nm and 

113 nm, respectively, with an uncertainty of 3%. 

 

 

6.5.1.2.7.  Impact of Structure on Dye Aggregation 

 

The impact of dye structure on the ability of dyes 6.1 to 6.6  to aggregate upon titania is 

illustrated by the difference in the magnitude of dye absorption shifts between 6.1 and 

6.2 (Figs. 6.16, 6.17).  Due to the absorbance of titania, the spectra of 6.1 and 6.2 on 

sintered titania plates were unable to be collected.  While both dyes are malonic acids, 

the methoxy group on the benzene ring of 6.1 is free to rotate and provide steric 

hindrance to the close alignment of adjacent dye molecules. Compared to 6.2, which has 

a planar and fully conjugated structure, 6.1 may be expected to form less closely packed 

dye aggregates than 6.2 and the ter(thienylenevinylene) dyes 6.3 to 6.6.  As 6.1 is less 

closely packed, the pertubation of the dye electronic transition moment is less, resulting 

in a smaller red shift in the UV-Vis spectrum. 
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Figure 6.16.  UV-Vis spectra of 6.1 in tetrahydrofuran , in acidic solution , in 

solution with acidic sol-gel titania .  The mole ratio of sol-gel titania spheres 2 nm 

in diameter to dye was 1 : 5. 

 

 
Figure 6.17.  UV-Vis spectra of 6.2 in tetrahydrofuran , in acidic solution , in 

solution with acidic sol-gel titania .  The mole ratio of sol-gel titania spheres 2 nm 

in diameter to dye was 1 : 4. 
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There is a significant difference between the UV-Vis spectra of dyes adsorbed on 

dispersed sol-gel titania, when compared to dyes on sintered screen-printed titania.  For 

instance, while both 6.3 and 6.4 with sol-gel titania show a red UV-Vis shift, on 

sintered screen-printed titania a blue-shift from that of the dye solution spectrum is seen 

(Table 6.5).  Relative to the UV-Vis absorbance of pure dye in tetrahydrofuran, on sol-

gel titania the absorbance of 6.3 and 6.4 are red shifted by 17 and 35 nm, respectively.  

On sintered Dyesol titania, both 6.3 and 6.4 both show a blue shift in absorbance of 33 

nm.  This confirms that the sintered and sol-gel titania surfaces are quite different 

environments for adsorbed dye.  

 

The ability of 6.4 to pack closer together than for 6.3 may explain the larger blue and 

red UV-Vis shifts on binding to sintered and sol-gel titania, respectively (Figs. 6.18, 

6.19).  For comparison of 6.3 and 6.4 with dyes of a similar structure and the same 

binding groups, terthienylvinylenemalonic acid and terthienylcyanoacrylic acid were 

also examined.  Consistent with what was observed for 6.3 and 6.4, a larger red-shift 

was observed for the cyanoacrylic species than for the malonic acid dye on sol-gel 

titania (Figs. 6.20 6.21).  This indicates that the cyano functionality on 6.4 and 

terthienylcyanoacrylic acid has an impact upon the magnitude of the red UV-Vis shift 

either via interaction of the cyanoacetic group with titania or from dye aggregation 

effects.  As the blue UV-Vis shift on sintered titania for both terthienylvinylenemalonic 

acid and terthienylcyanoacrylic acid was less than that observed for 6.3 and 6.4, this 

indicates that the size of the dye also has an effect on aggregation, as a result of packing 

size.   
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Figure 6.18.  UV-Vis spectra of 6.3 in tetrahydrofuran , in acidic solution , in 

solution with acidic sol-gel titania  and adsorbed onto sintered titania plates .  

The mole ratio of sol-gel titania spheres 2 nm in diameter to dye was 4 : 1. 

 

 
Figure 6.19.  UV-Vis spectra of 6.4 in tetrahydrofuran , in acidic solution , in 

solution with acidic sol-gel titania  and adsorbed on sintered titania plates .  

The mole ratio of sol-gel titania spheres 2 nm in diameter to dye was 4 : 1. 
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Figure 6.20.  UV-Vis spectra of terthienylcyanoacrylic acid in tetrahydrofuran , in 

acidic solution , in solution with acidic sol-gel titania  and adsorbed on 

sintered titania plates .  n(sol-gel titania spheres 2 nm in diameter) : n(dye) of 3 : 1.   

 

 
Figure 6.21.  UV-Vis spectra of terthienylvinylenemalonic acid in tetrahydrofuran 

, in acidic solution , in solution with acidic sol-gel titania  and adsorbed 

on sintered titania plates .  n(sol-gel titania 2 nm in diameter) : n(dye) of 3 : 1.   

S
CO2H

CO2HS
S

S
S

S
CN

CO2H



 180 

A possible difference in dye packing between 6.3 and 6.4 may be due to binding via a 

single group, as opposed to via two groups.  As FTIR studies show that the cyano 

functionality of 6.4 is not directly involved in binding to titania and that malonic acids, 

such as 6.3 bind to titania via both carboxylic acid groups (Section 6.5.3), the two dyes 

could have different molecular footprint areas.  If 6.4 is bound by only one group, 

whether it is the carboxylic acid or the cyano functionality,73 closer packing and greater 

interaction of adjacent molecules also is possible than for species such as 6.3.  While 

the footprint area for 6.3 bound by only one carboxylic acid group is the same as for 6.4 

bound by only the carboxylic acid, when 6.3 is bound by both binding groups staggered 

with respect to each other the dye is less closely packed (Figs. 6.22, 6.23).   

 

 

 

 

 
 

Figure 6.22.   A cartoon of possible aggregation and packing of a) 6.4 and b) 6.3 upon 

titania. 
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Figure 6.23.   A depiction of the packing of a malonic acid with the binding groups a) 

parallel and b) staggered with respect to each other.  The carbon atom labelled ‘R’ 

denotes the rest of the molecule. 

 

 

While dyes 6.1 to 6.5 exhibit a blue shift in the UV-Vis when adsorbed on sintered 

titania, dye 6.6 shows a small red shift (Fig. 6.24).  A slight red shift and signal 

broadening has been reported for dyes bound via a rhodanine group to titania,74 which 

was attributed to a combination of non-aggregated dye and J-aggregates on the 

surface.75  A possible explanation for the red shift is either that the interaction with the 

surface or aggregation effects of the rhodanine group of 6.6 are similar for both sintered 

and sol-gel titania.  To use the argument of aggregation, comparison of the structures of 

6.5 and 6.6 allows the difference in behaviour of the dyes on sintered titania to be 

rationalised.  On adsorption to titania, the UV-Vis shifts of 6.5 are greater than that of 

6.6, but less than that of 6.3 (Fig. 6.25).  The cyano functionality on the backbone of 6.5 
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increases the electron-donating character of the dye and possibly prevents 6.5 from 

packing closer to adjacent molecules than 6.3, as smaller UV-Vis shifts are observed on 

adsorption to titania.  That 6.5 produces larger UV-Vis shifts than 6.6 could be due to 

the rhodanine group of 6.6, as both 6.3 and 6.5 bind to titania via a malonic acid moiety.  

The larger binding group of 6.6 may mean that the ter(thienylenevinylene) backbone is 

unable to pack closely and that enough tilt is introduced between adjacent molecules so 

that ‘side to side’ H-type aggregation and a UV-Vis blue shift is not observed.  The 

possibility that 6.6 may pack with a smaller ‘slip angle’ between molecules than 6.3 to 

6.5 is shown with one extreme of dye conformation where the ter(thienylenevinylene) 

group lies parallel to the surface on binding (Figure 6.26).  The spectral red shift of 6.6 

on sintered Dyesol titania can be attributed to J-aggregation.   

 

 

 
 

Figure 6.24.  UV-Vis spectra of 6.6 in tetrahydrofuran  (507 nm), in acidic 

solution  (514 nm), in solution with acidic sol-gel titania  (522 nm) and 

adsorbed onto sintered titania plates  (510 nm).  The mole ratio of sol-gel titania 

spheres 2 nm in diameter to dye was 4 : 1. 
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Figure 6.25.  UV-Vis spectra of 6.5 in tetrahydrofuran , in acidic solution , in 

solution with acidic sol-gel titania  and adsorbed onto sintered titania plates .  

The mole ratio of sol-gel titania spheres 2 nm in diameter to dye was 4 : 1. 

 

 
 

Figure 6.26.  An extreme conformation of 6.6, where the ter(thienylenevinylene) group 

lies parallel to the surface. 
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6.5.1.2.8.  Aggregation of Porphyrinic Dyes 

 

In order to compare the effect of dye structure of π-conjugated systems larger than 6.1 

to 6.6, the dye aggregation of porphyrinic dyes 6.7 to 6.11 upon sintered screen-printed 

titania was also investigated (Table 6.7).  The aggregation of porphyrin dyes is well 

documented, for instance 5’,10’,15’,20’-tetra(4-pyridyl)porphyrinato zinc(II) forms 

crystals of J-aggregated dye when injected into an aqueous surfactant solution.76  The 

porphyrin dyes all use mono-carboxylic or malonic acid groups to bind to titania, while 

the structure of the dye distant from the binding group was altered to either encourage 

or prevent aggregation.  The porphyrin dyes show monolayer coverage when adsorbed 

onto opaque Dyesol titania plates.62  The structure of 6.8 and 6.10 should prevent the 

formation of dye aggregates, as the xylyl and mesityl groups will be further twisted 

from the plane of the porphyrin core than the plain phenyl substituents of 6.7 and 6.9.77  

The porphyrin 6.11 is designed to aggregate, as the octyl-functionalised benzene rings 

should encourage alignment through interactions of the long alkyl chains.   
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Table 6.7.  Porphyrin-based dyes used in dye aggregation studies. 

Dye Name 

6.7 4-(2’-(5’,10’,15’,20’-tetraphenylporphyrinato zinc(II)yl)butadienylmalonic acid

6.8 4-(2’-(5’,10’,15’,20’-tetraxylylporphyrinato zinc(II)yl)butadienylmalonic acid 

6.9 (5’-(10’,15’,20’-triphenylporphyrinato zinc(II))-4-benzoic acid 

6.10 (5’-(10’,15’,20’-trimesitylporphyrinato zinc(II))-4-benzoic acid 

6.11 (5’-(10’,15’,20’-tri-(4-n-octylphenyl)porphyrinato zinc(II))-4-benzoic acid 

 

 

Dyes 6.7 to 6.11 were adsorbed onto Dyesol titania plates by immersion within 0.2 mM 

solutions in tetrahydrofuran.  As plates are dyed overnight for solar cell testing, UV-Vis 

subtraction spectra were collected of plates dried after short immersion times to record 

spectra for titania with submonolayer dye coverage.  There are no clear blue or red 

shifts in dye adsorption that would indicate H- or J-aggregation with any of the dyes, 

including 6.7, 6.9 and 6.11, which are expected to aggregate (Figs. 6.27 to 6.31).  

However as less than 1% of light is transmitted for an absorbance above 2, peak 

broadening for such signals may owe more to noise than to aggregation, as evident for 

the subtraction spectra of 6.11 after 10 minutes of immersion (Fig. 6.29).  It has been 

reported in a study of a range of porphyrin species, that while all of the dyes formed H-

aggregates, not all produced a blue shift of the Soret band on aggregation in solution.35  
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While a broadened absorption rather than a signal shift with increased dye loading 

might be expected if both H- and J-aggregates of dye are formed, the large absorption of 

6.7 to 6.11 after short immersion times means that noise cannot be ruled out as a cause 

of signal broadening. 

 

 

 
 

Figure 6.27.  UV-Vis spectra of sintered Dyesol titania dyed with 6.7 from a 0.2 mM 

solution in tetrahydrofuran.  The dye absorbance increases with progressive immersion 

times of 2 min , 4 min , 12 min  and 99 min .    
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Figure 6.28.  UV-Vis spectra of sintered Dyesol titania dyed with 6.9 from a 0.2 mM 

solution in tetrahydrofuran.  The dye absorbance increases with progressive immersion 

times of 2 min , 4 min , 8 min  and 50 min .    

 

 
Figure 6.29.  UV-Vis spectra of sintered Dyesol titania dyed with 6.11 from a 0.2 mM 

solution in tetrahydrofuran.  The dye absorbance increases with progressive immersion 

times of 2 min , 4 min , 10 min  and 60 min .    
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Figure 6.30.  UV-Vis spectra of sintered Dyesol titania dyed with 6.8 from a 0.2 mM 

solution in tetrahydrofuran.  The dye absorbance increases with progressive immersion 

times of 2 min , 4 min , 13 min  and 90 min . 

 

 
Figure 6.31.  UV-Vis spectra of sintered Dyesol titania dyed with 6.10 from a 0.2 mM 

solution in tetrahydrofuran.  The dye absorbance increases with progressive immersion 

times of 2 min , 4 min , 12 min  and 99 min .    
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6.5.1.2.9. Summary 

 

Dye loading experiments with the probe dyes 6.1 and 6.2 gave submonolayer coverage, 

which may be due to displacement by solvent, while dyes 6.3 and 6.4 gave a bracket of 

dye loading values ranging from 55 - 150 %, which indicates that monolayer coverage 

is possible.  Support for the equilibrium binding of the small probe dyes 6.1 and 6.2 was 

found, which is consistent with reports of reversible binding for larger coordination 

compounds on titania.4  The binding of dye to both sintered crystalline titania and sol-

gel titania resulted in signal shifts that are likely to result from the formation of H- and 

J- dye aggregates.36  Similar peak shifts in UV-Vis spectra have been reported for H- 

and J-aggregates of coumarin dyes.37  The difference in the magnitude of the signal 

shifts for dye adsorbed on titania may be rationalised by examination of molecular 

structure, as shown for dyes 6.5 and 6.6.  Aggregation is expected for porphyrinc dyes 

adsorbed on titania,35 but in this study was not observed on sintered Dyesol titania 

plates.   

 

 

 6.5.3. FTIR Spectroscopy 

 

6.5.3.1. Introduction 

 

Attenuated total internal reflection FTIR (ATR-FTIR) spectroscopy was used to 

distinguish whether the binding mode of dyes to titania is a carboxylate or pseudo-ester 

form.  In the case of either screen-printed Dyesol titania or sintered sol-gel titania, 

despite the strongly coloured appearance of the dyed titania, data with reasonable signal 

intensity was unable to be collected.  This may be due to the lower surface area of 

sintered material in comparison to non-sintered sol-gel titania, presenting a reduced 

concentration of dye available for detection.  As a consequence, non-sintered 

amorphous sol-gel titania was used for the collection of ATR-FTIR spectra (Fig. 6.32).  

The sol-gel titania show signals attributed to lattice (Ti-O-Ti) vibrations below 950 cm
-1

 

and a broad peak centred at 3200 cm-1 originating from water or titanol groups.13  The 

titanol υ(Ti-OH) stretch has been reported to appear in the water υ(O-H) stretch region 

at 3300 cm-1, while at the lower energy of 3570 cm-1 is the bridging (Ti-OH-Ti) 

stretching.22  Titanol groups experiencing hydrogen bonding show a broad absorbance 
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from 2900 to 3600 cm-1, while titanol groups free of hydrogen-bonding show signals at 

the lower frequencies of 3730 and 3670 cm-1.66  Present are sharp peaks at 1004 and 

1124 cm-1, of which the latter may be attributed to titania.78  Sharp spectral features 

from 400 to 700 cm-1 have been reported to be due to titanium alkoxide υ(Ti-OR) 

stretching, which was not observed in this case due to the lower limit of 675 cm-1 of the 

germanium ATR crystal.79, 80   

   

 

Figure 6.32.  ATR-FTIR spectra of native sol-gel titania  and a sintered Dyesol 

titania plate .  The fine structure in the spectra at 3700 and 1606 cm-1 are due to 

residual water. 

 

 

6.5.3.2.  Computer Modelling and Experimental Results 

 

To interpret the experimental spectra of the free and adsorbed dyes, normal coordinate 

analysis from density functional theory (DFT) calculations have been employed to 

provide simulated vibrational data.  Molecular modelling was done by Dr. Mark 

Waterland using the hybrid functional B3LYP with the basis set 6-31G.  The 

orientations modelled for 6.2 in vacuum include the asymmetric form (a) and two 
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symmetric forms, (b) and (c) (Fig. 6.33).  Selected vibrational modes are displayed in 

Figures 6.34 to 6.36.  Vibrational modes that may be considered to be diagnostic of 

aliphatic carboxylic acids include υ(C=O)sym  and υ(C=O)sym stretching signals, which 

are replaced by peaks due to υ(CO2
-)sym  and υ(CO2

-)asym on deprotonation and the 

formation of a salt species.  However, as the probe dyes 6.1 to 6.5 are fully conjugated, 

the vibrational frequencies of the carboxylic acid group are coupled to those of the rest 

of the molecule.  As a consequence, isolated carbonyl and carboxylate stretches are not 

observed in the calculated spectra.  For the same reason, the δ(C-H) bending of the 

diene backbone should also be strongly perturbed on adsorption.  Provided that the dye 

is fully deprotonated on adsorption, the δ(O-H) bend should be absent in spectra of dyed 

titania.  The calculated frequencies have not been scaled to fit experimental data and 

have been used to provide simulated spectra (Figs. 6.37 to 6.39).  Solvent effects have 

not been included in the molecular models.  The asymmetric form (a) is slightly more 

favoured than (b) and (c) by 29 kJ mol-1 and 33 kJ mol-1, respectively.  The doubly-

deprotonated equivalents of (a) to (c) were also modelled.  The calculated spectra of the 

deprotonated forms show impure υ(C=O) stretches, rather than carboxylate vibrations as 

the models were done without a counter-ion species.  Modelling of the disalt of 6.2 with 

TiCl4 was attempted, but the calculation failed.  While none of the configurations (a) to 

(c) have pure υ(C=O) stretching frequencies, the calculated υ(C=O) stretches and diene 

δ(C-H) bends may be used to aid interpretation of experimental data. 

 

 

 
 

Figure 6.33.  Illustration of the two configurations (a) and (b) of 6.2 that were modelled 

for ab initio calculations.   
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Figure 6.34.  Calculated vibrational data for configuration (a) of 6.2.  

 



 193

 
 

Figure 6.35.  Calculated vibrational data for configuration (b) of 6.2.  
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Figure 6.36.  Calculated vibrational data for configuration (c) of 6.2.  
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Figure 6.37.  Calculated FTIR spectra for configuration (a) of 6.2 in vacuo. 

 

 

 
 

Figure 6.38.  Calculated FTIR spectra for configuration (b) of 6.2 in vacuo. 
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Figure 6.39.  Calculated FTIR spectra for configuration (c) of 6.2 in vacuo. 

 

 

The ab initio models of 6.2 show that in the case of conjugated malonic acids, the 

stretching of the carboxylic acid group is strongly influenced by the stretching 

vibrations of the alkene backbone.  This may indicate that any generalisations using the 

calculated spectra will only be appropriate for malonic acids that have both a conjugated 

diene and an aromatic substituent.  For pure 6.1 and 6.2, signals due to carbonyl 

stretching are observed in the region of 1630 to 1720 cm-1 (Figs. 6.40, 6.41).  A broad, 

shallow band over 3000 to 2700 cm
-1

 characteristic of carboxylic acid dimers is also 

present, which may indicate the presence of free dye.81  Dye 6.1 has a vibration at 1592 

cm-1 that corresponds to the aromatic stretch of the benzene ring, while for 6.2 the 

signal at 1602 cm
-1

 may be assigned to the asymmetric diene stretch υ(C=C-C=C) that 

typically appears in the region of 1577 to 1603 cm
-1

.  The υ(C=C-C=C) stretch would 

be enhanced by conjugation to the aromatic ring and shifted to lower frequency by the 

carbonyl group.81  The calculated spectrum for configuration (b) of 6.2 is a better fit for 

the experimental data for dyes 6.1 and 6.2.  In particular, the υ(C=O) stretching signals 

of 6.1 are closer in frequency to that of configuration (b).   
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Figure 6.40.  Experimental ATR-FTIR data for pure 6.1. 

 

 

 
 

Figure 6.41.  Experimental ATR-FTIR data for pure 6.2. 
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On adsorption to titania, provided that the dyes are bound in a carboxylate form, it is 

expected that the carbonyl signals are replaced by carboxylate signals.  On 

deprotonation, the calculated spectra of the forms (a) to (c) of 6.2 all minimise to the 

same conformation, with staggered carboxylate groups (Fig. 6.42).  Selected vibrational 

modes are illustrated in Figure 6.43.  The calculated spectrum for the doubly-

deprotonated form of 6.2 show a replacement of υ(C=O) vibrations by υ(CO2
-) 

stretching frequencies and no δ(O-H) bends, as expected (Fig. 6.44).  As no counter-ion 

was used in the modelling of the doubly-deprotonated form of 6.2, a good fit with 

experimental data of adsorbed dye could indicate that carboxylic acids bind in an 

electrostatic manner.  The adsorption of dyes onto sol-gel titania was done by 

suspension of titania in dye solution for submonolayer coverage, according to dye 

loading calculations.  The dyed titania was then dried.  ATR-FTIR spectra of 6.1 

adsorbed on sol-gel titania show a large, broad peak centred at 3151 cm-1 due to the 

υ(O-H) stretch of additional water adsorbed by the hygroscopic sol-gel titania during 

the process of dye adsorption (Fig. 6.45).  The adsorption of water may account for the 

low surface coverage of sol-gel titania by 6.1 and 6.2 described in Section 6.5.1.     

 

 

 
Figure 6.42.  The minimised conformation of the doubly-deprotonated forms (a) to (c) 

of 6.2. 
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Figure 6.43.  Calculated vibrational data for the doubly-deprotonated form of 6.2.  
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Figure 6.44.  Calculated FTIR spectra of the doubly-deprotonated form of 6.2 in vacuo. 

  

 
 

Figure 6.45.  ATR-FTIR spectra of pure 6.1  and the acid adsorbed onto native 

sol-gel titania in a 29 : 1 mole ratio of dye to 2 nm titania particles . 



 201

The calculated spectrum for the doubly-deprotonated form of 6.2 shows a signal at 1520 

cm-1 due to υ(CO2
-)asym stretching and a υ(CO2

-)sym stretch frequency at 1294 cm-1.  Both 

υ(CO2
-) stretching modes are coupled to vinyl and aromatic δ(C-H) bends.  According 

to Deacon’s ‘rule-of-thumb’ (Section 6.3), the ∆υ value of 226 cm-1 indicates that the 

modelled carboxylate species has pseudo-ester character.  A signal at 1340 cm-1 in the 

calculated spectrum of doubly-deprotonated 6.2 originates from vinyl δ(C-H) bending.  

Similar low frequency stretches at 1630, 1530 and 1445 cm-1 have been reported to 

appear on carboxylate binding of stearic acid to titania.82  However, as the model was of 

the doubly-deprotonated species and not of a carboxylate salt, there is no guarantee that 

the calculated spectra will be directly comparable to experimental data.  In an effort to 

obtain spectra of the carboxylate form of probe dyes, FTIR spectra of 

tetramethylammonium salts of dye 6.1 with a 1 : 1 and 2 : 1 mole ratio of 

tetramethylammonium hydroxide to 6.1 were collected.  However, as the region of 

carbonyl and carboxylate stretching was masked by the absorption of 

tetramethylammonium hydroxide, the spectra could not be compared to that of adsorbed 

dyes.   

 

Following the adsorption of 6.1 and 6.2 to titania, a signal is conserved at 1592 and 

1602 cm
-1

, respectively (Figs. 6.46, 6.47).  Adsorbed 6.1 and 6.2 both display vast 

reduction of the carbonyl υ(C=O) stretch signals at 1700 and 1672 cm-1 and at 1718 and 

1635 cm-1, respectively.  New signals due to carboxylate υ(CO2
-) stretching vibrations 

appear at 1621 and 1388 cm-1 for 6.1 and at 1587 and 1396 cm-1 for 6.2.  While the 

calculated spectrum for doubly-deprotonated 6.2 places the vinyl δ(C-H) bend as the 

only strong vibration in the region of 1400 cm-1, the relative intensity of the δ(C-H) 

bend should be less than that of the calculated υ(CO2
-)sym stretch.  As the experimental 

data for 6.1 and 6.2 adsorbed on titania do not show a new and intense peak in the 

region of 1300 cm-1, it could mean that the strong signals near 1400 cm-1 originate from 

υ(CO2
-)sym stretching.  That the calculated spectrum for doubly-deprotonated 6.2 is not a 

perfect fit for the experimental data of 6.1 and 6.2 on sol-gel titania indicates that dye is 

adsorbed in a manner other than electrostatic.  The δ(O-H) signal at 1425 and 1411 cm-1 

for 6.1 and 6.2, respectively, appears to be reduced to a shoulder of the lower frequency 

υ(CO2
-) stretch signal, which is further evidence for the formation of a carboxylate 

species upon titania.  In both cases, a residual shoulder at 1720 cm-1 remains after 

adsorption onto titania.  This shows that while the malonic acids bind to titania in a 



 202 

carboxylate or pseudo-ester mode, a proportion of free dye is still present.  That the 

υ(C=O) stretch signals are so greatly reduced shows that both carboxylic acid groups 

are involved in binding.  The use of Deacon’s ‘rule of thumb’ with the new signals of 

6.1 and 6.2 for υ(CO2
-) stretching, gives respective ∆υ values of 283 and 201 cm-1.  This 

indicates that the binding of dye via a carboxylate form has a pseudo-ester character.20  

Such skewed pseudo-ester carboxylate bonding has also been reported for titanium 

lactate, where two sets of (Ti-O) distances are present for each chelating group.83 

 

 

 
 

Figure 6.46.  An expansion of Figure 6.43, of pure 6.1  and the acid adsorbed onto 

native sol-gel titania in a 29 : 1 mole ratio of dye to 2 nm titania particles . 
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Figure 6.47.  Experimental ATR-FTIR data for pure 6.2  and the dye adsorbed 

onto sol-gel titania in a 15 : 1 mole ratio of dye to 2 nm titania particles . 

 

 

ATR-FTIR spectra collected of 6.3 and 6.4 show a relatively weak and broad υ(C=O) 

signal at 1710 and 1712 cm-1, respectively (Figs. 6.48, 6.49).  Both 6.3 and 6.4 show a 

stronger and sharper signal, which may be a υ(C=O) stretch with respective peaks at 

1564 and 1600 cm-1.  On adsorption of 6.3 onto sol-gel titania, both υ(C=O) frequencies 

are reduced, though a broad band centred at 1564 cm-1 remains.  The reduction of 

intensity of the υ(C=O) stretches show that the majority of the dye is bound to the 

titania is present in a carboxylate form.  The loss of the υ(C=O) stretch at 1700 cm-1 and 

the appearance of broad bands centred at 1594 cm-1 has been recorded for pyrene-

isophthalic acid dyes on titania.84  When bound to titania, 6.4 the cyano stretch signal at 

2215 cm-1 and the υ(C=O) stretch frequencies at 1700 cm-1 and 1670 cm-1 are greatly 

reduced.  This may indicate that 6.4 is bound to the surface of titania by modes that 

affect both the cyano and carbonyl moieties.  If a carboxylate was formed on binding of 

6.4 to titania, this would account for the new absorbance at 1643 cm-1.   
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Figure 6.48.  ATR-FTIR spectrum of pure 6.3  and upon sol-gel titania in an 18 : 1 

mole ratio of dye to titania 2 nm in diameter .    

 

 
 

Figure 6.49.  ATR-FTIR spectra of pure 6.4  and the acid bound to sol-gel titania 

in an 18 : 1  and in a 21 : 1 mole ratio of dye to titania 2 nm in diameter .  
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6.5.3.3. Summary 

 

Upon sol-gel titania the probe dyes 6.1 and 6.2 are bound as a carboxylate species, with 

pseudo-ester character.  This is in accord with the carboxylate binding of dyes, such as 

mercaptosuccinic acid and the ‘N3’ ruthenium coordination compound, to a dry and 

crystalline titania surface.18, 85  Carboxylate binding of glutamic and aspartic acid has 

also been reported on a solvated, amorphous titania film.43  The FTIR spectrum of the 

malonic acid dye 6.3 shows a vast reduction of the carbonyl stretch signals, which 

indicates that only a small proportion of dye present is bound via a single carboxylic 

acid group.  In the case of the cyanoacetic species 6.4, the residual υ(C=O) signal that 

appears as a shoulder upon the stronger stretch frequency at 1643 cm-1 is evidence for 

the presence of free dye in the sample. 

 

 

6.5.4. Raman and Fluorescence Spectroscopy 

 

6.5.4.1. Experimental Results 

 

Raman and fluorescence spectroscopy were used to probe whether dye was adsorbed on 

titania, by a loss of fluorescence intensity.  In the case of dye bound to titania, excited 

dye then has available a non-radiative decay pathway via titania, which may be 

observed as a quenching of dye fluorescence.31  The fluorescence of pyrene-isophthalic 

acid dyes has been reported to be completely quenched on binding to titania, with weak 

fluorescence from excimers of π-stacked dyes.84  Ideally, the quenching of dye 

fluorescence would depend on the available surface area of sol-gel titania.  If adsorbed 

dye is completely quenched and binding is irreversible, calculation of dye coverage 

values would be possible.   

 

Ter(thienylenevinylene) dyes such as 6.3 and 6.4 display strong fluorescence.  The 

emission for dyes 6.3 and 6.4 on excitation in tetrahydrofuran at 450 or 480 nm, 

respectively, occur at 535 and 595 nm.  A solvent-related effect is also seen in 

fluorescence, as when dye 6.4 is excited at 455 nm in methanol, the resulting emission 

is observed at 590 nm.  Excitation of 6.3 and 6.4 in 18 µM hydrochloric acid in 

tetrahydrofuran did not shift the emission peak; at the low acid concentration it is 
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reasonable that only the carboxylic acid groups be protonated, rather than the thiophene 

moieties.  The fluorescence of 6.4 was normalised to UV-Vis absorption in order to 

account for the effect of intensity losses due to absorption and scattering by the solute.  

However, the fluorescence of the free dye was shown to be non-linear with increasing 

concentration over the range of 2 x 10
-6

 mol L
-1

 to 5 x 10
-5 mol L

-1
 with plots of 

normalised fluorescence intensity versus concentration (Section 8.2, Fig. 8.2).  This was 

expected as fluorescence intensity was not corrected for signal loss due to scattering and 

reabsorption with increased dye concentration.   

 

Quantitative studies of fluorescence quenching with titania involved the titration of 6.4 

with sol-gel titania.  The calculated mole ratio of dye to titania was done with the 

assumption that the sol-gel was composed of spheres 2 nm in diameter (Section 6.5).  

Solution-state fluorescence of dispersed sol-gel titania in methanol displayed Rayleigh 

scattering and a weak signal at 610 nm, which is likely to be due to contaminants.  The 

fluorescence of 4 nm sol-gel titania particles capped with tri-n-octylphosphine oxide has 

been reported to be 370 nm in toluene.67  On the addition of sol-gel titania to a solution 

of free dye, fluorescence signals show a gradual red shift of peak maxima, rather than 

showing a competition between a signal attributable to a bound species and the signal 

due to the free dye (Fig. 6.50).  A contrary fluorescence blue shift of 45 nm was 

reported for ATRA adsorbed to acidic sol-gel titania.69  The gradual shift in the position 

of the fluorescence maximum with an absence of signal shoulders is similar to what was 

seen in UV-Vis absorption studies and indicates irreversible rather than equilibrium dye 

binding.  While there is a degree of quenching of organic materials bound to titania 

there was never a complete loss of fluorescence.  To significantly quench the 

fluorescence of 6.4, it was necessary to provide a vast excess of amorphous sol-gel 

titania particles.  The persistent fluorescence indicates that either adsorbed dye is not 

fully quenched by titania, that free dye is still present or that dye excimers are formed. 
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Figure 6.50.  Fluorescence of 6.4 in methanol  and with a calculated mole ratio of 

dye to titania 2 nm in diameter of 39 : 1 , 20 : 1 , 10 : 1  and 1 : 1 .  

The excitation wavelength was 455 nm. 

 

 

As found in UV-Vis studies (Section 6.5.2), there is a non-linear relationship between 

fluorescence maximum and the mole ratio of dye to sol-gel titania 2 nm in diameter 

(Fig. 6.51).       
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Figure 6.51.  Fluorescence maximum of 6.4 in methanol versus the mole ratio of dye to 

titania particles 2 nm in diameter.  The fluorescence maximum of pure 6.4 is 592 nm.  

The excitation wavelength was 455 nm.  The error bars are for an uncertainty of ± 0.5 

nm of the fluorescence signal and approximately ± 7 % for the mole ratio of dye to 2 nm 

diameter titania. 

 

 

Raman spectra of 6.1 and 6.2 were not used as they absorb in the blue region and only 

green-line lasers were available.  The ter(thienylenevinylene) dye 6.4 was used as the 

available excitation line at 514 nm is very close to the absorbance maxima of the dye.  

Samples involved dye solutions and dispersed sol-gel titania, in order to avoid the 

specular reflections that the glass substrate of screen-printed titania would produce.  The 

Raman spectrum of sol-gel titania in methanol displays a sloping, non-linear 

background, while the only sharp signals present are due to the solvent.  Rutile has a 

broad Raman band centred at 1600 cm-1 when excited at 458 nm.71  While the free dye 

6.4 produced too much fluorescence for the collection of Raman spectra, fluorescence 

was quenched in the presence of sol-gel titania.  The titration of dye 6.4 into a 

methanolic solution of sol-gel titania turned the clear and colourless solution pink, 

which with more dye became a red colour.  To reduce fluorescence from free 6.4, the 

mole ratio of titania 2 nm in diameter to dye was kept high during the titration.  A slight 
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shift in signal position was observed on decreasing the ratio of titania to dye from 1 : 0 

to 12 : 1, to 6 : 1, to 4 : 1, and finally to a 3 : 1 ratio (Fig. 6.52).  Though ab initio 

models of dye 6.4 were unable to be obtained for assignment of the vibrational modes, 

Raman spectroscopy has revealed that emission from 6.4 is quenched by titania, which 

indicates that 6.4 interacts with the titania surface.   

 

 
 

Figure 6.52.  Raman spectra of a methanolic solution with a 12 : 1 , a 6 : 1 , a 

4 : 1  and a 1 : 3 mole ratio  of acidic, amorphous 2 nm sol-gel titania to dye 

6.4.  The non-linear background has not been subtracted. 

 

 

6.5.4.2. Summary 

 

It was expected that with a submonolayer ratio of 6.4 to titania that fluorescence of the 

dye would be quenched upon binding to titania.  However, fluorescence persisted even 

in the presence of a large excess of titania, which indicates that either adsorbed dye is 

capable of fluorescence or that free dye remains.  The persistent fluorescence may be 

due to intermolecular excimer formation from aggregated dyes, as reported for pyrene-

based dyes bound to titania via carboxylic acid groups.84 
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6.5.5. NMR Spectroscopy 

 

6.5.5.1.  Introduction 

 
1
H-NMR spectroscopy was performed to investigate the altered environment 

experienced by dyes on binding to titania.  While UV-Vis and FTIR studies provide 

information on the electronic transitions and molecular vibrations of dyes, respectively, 
1
H-NMR techniques offer information specific to chemically inequivalent atoms within 

the dye.  Adsorption of dye on titania may result in a differential change in the chemical 

shifts depending on their proximity to the surface.  A disadvantage of NMR 

spectroscopy is that relatively high concentrations are required on the order of 10 mM.86   

 

Solid state NMR spectroscopy has been used to investigate the binding of species to 

nanoparticulate material and to titania.  For instance, 
31

P-NMR spectroscopy has been 

used to confirm that Keggin units, such as the phosphomolybdic anion [PMo12O40]3- and 

the analogous 12-tungstophosphoric acid, bind to aggregated and dry titania.  A 0.5 to 

0.9 ppm chemical shift of the signal was observed and attributed to adsorption of the 

intact Keggin unit.87, 88  1H-NMR of gold nanoparticles capped with 

mercaptoundecanoicphosphoric acid has found that the adsorbate is ordered due to 

intermolecular interactions between the acid groups.  The increase in molecular 

ordering was reflected in an eight-fold decrease of the spin-lattice relaxation time, T1.89  

Solid-state 
13

C-NMR has been used to investigate the conformation of 

carboxyalkylphosphonic acids bound onto zirconia and onto titania.11  It was found that 

the methylene resonances of the alkyl chain broaden and shift downfield by 2 to 4 ppm.  

Solid-state 1H-NMR spectroscopy of dry titania colloids 50 to 400 nm in diameter has 

shown that in addition to the signal due to titanol groups at 1.3 ppm, water is bound in 

two different configurations, as indicated by signals at 3.8 and 6.1 ppm.51  Similarly, 
13

C- and 
17

O-NMR spectroscopy has been used to confirm the replacement of ethoxide 

ligands of Ti16O10(OCH2CH3)32 clusters by carboxylic acid terminated dendrimers and 

that the titanium-oxo core remained intact.79  The disadvantage of solid state NMR 

techniques is that if the signal-to-noise ratio is poor then a very large number of spectra 

must be acquired. 

 



 211

Solution phase 
1
H-NMR spectroscopy has been used to investigate opaque dispersions 

of rutile nanorods 15 nm in diameter and 40 to 100 nm in length.  On functionalisation 

of titania with dopamine, 4-(2-aminoethyl)-1,2-benzenediol, a 0.04 ppm shift downfield 

relative to pure dopamine was recorded for all the aromatic protons.66  Similarly, 
1
H- 

and 
17

O-NMR spectroscopy of titania clusters 2 to 3 nm in size have been used to 

confirm the chemical binding of 2,4-pentadione to the titanium-oxo core in both toluene 

solutions and in the solid state.23, 59  
1
H-NMR spectroscopy of dispersions of 

alkanethiols bound to gold and silver nanoparticles show both a downfield shift in 

signals and increased signal broadening for protons closer to the colloid surface, such 

that signals are lost for the methylene group next to the thiol.90        

 

Line broadening may be expected if the sample population contains a range of different 

chemical or magnetic environments and if the spin-spin relaxation time, T2, changes on 

binding.  If dyes were adsorbed on titania nanoparticles with varied geometry and faults 

or if there was insoluble material, flocculation or coagulation, a range of different dye 

orientations and packing arrangements would result, with the slightly different 
1
H-NMR 

shifts resulting in a broadened line.  For dyes adsorbed onto titania, peak broadening 

may be caused by inhomogeneities of the nanoparticles or by spin-spin relaxation.  

Spin-spin relaxation can be used to indicate whether dyes are intimately bound to titania 

nanoparticles, since in the presence of chemical binding of dyes to titania then the value 

of T2 should decrease.91  The observed value of spin-spin relaxation, T2*, is a 

combination of true T2 and the effects of inhomogeneities of the applied magnetic 

field.61, 81  In addition, if the sol-gel titania contains undercoordinated, paramagnetic 

Ti3+ sites, there will be broadened signals.   

 

 

6.5.5.2.  Preliminary Experiments 

 

This study on the interaction of dyes with titania involved solution state 1H-NMR 

spectroscopy of dyes adsorbed on dispersed acidic sol-gel titania.  Dyes 6.1 and 6.2 

were employed, as they are small malonic acids with simple 1H-NMR spectra, 

containing sharp and discrete signals (Figs. 6.53, 6.54).  Both dyes and sol-gel titania 

were soluble in deuteromethanol (CD3OD), so this solvent was used for most of the 1H-
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O

COOH

COOH
3.83

Not Observed
6.96

7.55 7.61

NMR experiments.  The hydrodynamic diameter of sol-gel titania, as measured by DLS 

number-average statistics, was 2.6 nm with a standard deviation of 20%.  The 

adsorption of dye on titania results in a hydrophobic surface, which both reduced the 

hygroscopic character of the sol-gel titania and caused particle aggregation in aqueous 

media.  However, provided that an organic solvent such as methanol was employed, 

DLS data showed that particle aggregation was circumvented, as the average diameter 

of titania did not increase on adsorption of 6.1 or 6.2.  As a representative of 

ter(thienylenevinylene) dyes, 6.3 was tested for use in 1H-NMR experiments (Fig. 6.55).   

 

 

Probe dye 6.1:   

                            c 

              d 

 

 

 

                 b               a 

 

 
Figure 6.53.  1H-NMR spectrum of 6.1 in CD3OD.   
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Figure 6.54.  1H-NMR spectrum of 6.2 in CD3OD. 
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Figure 6.55.  1H-NMR spectrum of 6.3 in CD3OD. 
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In order to distinguish whether changes in chemical shifts and signal broadening could 

be attributed to the adsorption of dye on titania, preliminary experiments were run.  The 

first set of preliminary experiments was to obtain 
1
H-NMR spectra of salts of 6.1.  If 

dye 6.1 binds via a carboxylate form, then 
1
H-NMR spectra of the salts should bear a 

close resemblance to that of 6.1 adsorbed on titania.  In addition, this experiment was 

used to confirm that signal broadening was not due to the formation of free salts of the 

dye in solution.  1H-NMR spectroscopy in CD3OD of salts with a 1 : 1 and a 2 : 1 mole 

ratio of tetramethylammonium hydroxide to 6.1 show changes in chemical shifts, 

without peak broadening (Fig. 6.56).  The greatest shift is that of the vinylic proton, 

which is closest to the deprotonated carboxylic group, with the signal at 7.61 ppm for 

the pure dye shifting to 7.52 and 7.06 ppm for the 1 : 1 and 2 : 1 salts, respectively.   

 

 

 
 

Figure 6.56.  1H-NMR spectra of the tetramethylammonium salt of 6.1 in CD3OD.  

Pure 6.1 , a 1 : 1 mole ratio  and a 2 : 1 mole ratio of 6.1 to 

tetramethylammonium hydroxide . 
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Secondly, it was necessary to test that the simple presence of sol-gel titania was not the 

cause of signal broadening in 
1
H-NMR spectra.  Furthermore, the possibility that 

changes in the spectra were due to the interaction of π-conjugated dyes with titania via 

dye π orbitals had to be ruled out.  Trans-stilbene was chosen as like 6.1, it is a π-

conjugated species, but is not expected to bind to titania as it has no acidic or amine 

functionality.  On the addition of sol-gel titania to trans-stilbene neither signal 

broadening nor shifts were observed.  This confirmed that in the absence of a binding 

group on the dye that no change in 
1
H-NMR spectra should be expected on the addition 

of sol-gel titania.  In addition, the lack of signal broadening for trans-stilbene in the 

presence of titania indicates that paramagnetic Ti3+ is not present in quantities that result 

in line broadening. 

 

Finally, as the sol-gel titania is stabilised by hydrochloric acid, the probe dye used in 
1H-NMR studies should show no change in chemical shift or signal broadening in the 

presence of hydrochloric acid.  Direct titration of hydrochloric acid into solutions of 

probe dyes in CD3OD showed that while 6.1 was unaffected by increased acidity, 6.2 

and 6.3 showed chemical shifts of up to 0.05 ppm (Figs. 6.57, 6.58).  Similar small 

changes in chemical shift have been reported for dopamine bound to rutile.66  As shown 

in Figure 6.57, the effect of increased acidity is to alter the chemical shift of 6.2 from 

that of the pure dye, while the signals remain sharp.  Figure 6.58 shows that while the 

change in chemical shift for 6.3 is a result of acidity, sol-gel titania causes broadened 

signals.  The signals that are broadened for 6.3 with sol-gel titania are those that are 

closer to the binding group, such as the vinyl protons a and d and the thiophenyl protons 

b and c, but not protons such as f.  Such signal broadening has been reported for 

alkanethiols bound to gold nanoparticles.90  The higher solubility of 6.1 than 

ter(thienylenevinylene) dyes, such as 6.3, in CD3OD was another reason for using the 

smaller probe dye 6.1.  For instance, the higher concentration of 6.3 used for 1H-NMR 

experiments, than for UV-Vis experiments, results in the flocculation or coagulation of 

dye on the addition of sol-gel titania.  The undesirable behaviour of 6.3 with acid and 

the low solubility, in comparison to 6.1 and 6.2 meant that ter(thienylenevinylene) dyes 

were not used in 
1
H-NMR experiments described later in this chapter. 
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Figure 6.57.  1H-NMR spectra of a 12 M solution of 6.2 in CD3OD, titrated with 

hydrochloric acid.  A mole ratio of dye to hydrochloric acid of 1 : 0 , 1 : 45 , 

1 : 89  and 1 : 116 .  

 

 
Figure 6.58.  1H-NMR spectra of 6.3 in CD3OD, with a mole ratio of dye to 

hydrochloric acid of 1 : 124  and with a mole ratio of dye to titania particles 2 nm 

in diameter of 19 : 1 .  
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6.5.5.3. Adsorption of Dye 6.1 on Sol-Gel Titania 

 

Three techniques were used to obtain dyes bound to titania.  The first was a direct 

titration of dye and titania into the NMR sample tube, the second was to drop-dry, wash 

then resuspend titrated material and the third, a solvent partition.  As shown by UV-Vis 

experiments (Section 6.5.2, Fig. 6.14), dye binding on sol-gel titania is irreversible, so 

that direct titration of dye to titania should be able to produce submonolayer coverage 

with little free dye.  From dye desorption studies using sintered titania, 6 to 8% of free 

dye will be present (Section 6.5.1); this range may indicate the likely amount of free dye 

present with dyed sol-gel titania.  The second method involved the resuspension of dyed 

titania nanoparticles.  A key assumption was that the washing stage removed all free 

dye from the bulk of the drop-dried material.  Dye and sol-gel titania were first titrated 

within methanol to give less than the calculated monolayer coverage of dye for a titania 

sphere 2 nm in diameter.  The solution was drop-dried onto glass, dried under high 

vacuum, then immersed within tetrahydrofuran to remove free dye.  The film was 

redried, then immersed in methanol to solvate dyed titania.  Supposing that bound dye is 

not removed from the titania surface on washing or resolvation, the mole ratio of dye to 

titania should be that of the titration.  However, the drop-drying process resulted in 

samples of which only approximately 80% was resuspendable.  The final technique 

forms a solvent partition, by which free dye is separated from dyed titania nanoparticles 

(Fig. 6.59).  Solvent partition experiments resemble that of direct titration, in that by 

using NMR solvents, sol-gel titania and dye may be reacted then examined by 1H-NMR 

spectroscopy without further treatment.  Irreversible aggregation caused by sample 

drying, as in the resuspension technique, is then avoided.  An advantage over direct 

titration is that the solvent partition method separates free and adsorbed dye on the basis 

of solubility.   

 

As both sol-gel titania and the dyes are soluble in CD3OD, the solvents used for the 

solvent partition method were deuterium oxide (D2O) and deuterochloroform (CDCl3).  

Sol-gel titania dissolved in D2O was slowly added to a saturated solution of dye in 

CDCl3 and left to sit.  The diffusion of dye through the solvent interface was a limiting 

step, as stirring of the sample would form an emulsion.  The experiment relies on dye 

diffusion, so the mole ratio of dye to titania that is used places an upper limit on dye 

coverage, but will not correspond to the actual concentration of adsorbed dye.  Dyed 
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nanoparticles will only be found in the D2O phase if less than a monolayer of dye is 

adsorbed, so that the titania surface remains sufficiently hydrophilic.  While both dyed 

and free nanoparticles are retained in the D2O phase, the excess of titania should ensure 

the adsorption of any free dye, even if dye binding was an equilibrium.  Consequently, 
1
H-NMR spectra of the D2O portion corresponds to that of dye adsorbed on titania.  

Dyed titania was apparent at the CDCl3-D2O interface, which was less than a tenth of 

the total volume, but was not sampled in order to eliminate both unbound dye and 

CDCl3 from 
1
H-NMR spectra of the D2O layer.   

 

 
 

Figure 6.59.  A cartoon of the solvent partition method.  a) Sol-gel titania solvated in 

D2O is added to a saturated solution of dye in CDCl3.  b) Dye diffuses through the 

solvent-solvent interface and binds to titania in the D2O layer.  c) The D2O layer was 

removed by pipette for analysis by NMR spectroscopy. 

 

 

Titration experiments of 6.1 with titania in CD3OD were done by the addition of dye to 

titania and by the titration of titania into dye.  The same results were obtained, 

regardless of whether the dye or titania was the majority species at the beginning of the 

experiment.  The spectra of 6.1 titrated directly with titania closely resembles that of 

pure dye, with no change in chemical shift, though signals sharpen on increasing the 
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ratio of dye to titania particles (Fig. 6.60).  The signal broadening can be thus be 

attributed to bound dye.  In addition, Figure 6.60 shows that 
1
H-NMR signals due to the 

vinyl and aromatic protons, which are located closer to the binding group, are 

broadened more than the distant methoxy group protons.  It is interesting to note the 

lineshapes of the signals of protons a to d and the much smaller signals that have 

appeared on titration of dye with titania.  As the signal-to-noise ratio of the solution 

state 
1
H-NMR spectra were already low, there was no benefit to be gained from solid 

state 
1
H-NMR spectroscopy, which would require far longer times to collect good 

spectra. 

                                    c 

      d                          

 

 

 

         b              a 

                                      d                           c 

              

 

 

   a    b 

 

 

 

 

 

 

 

 

 

 

Figure 6.60.  1H-NMR spectra of the titration of 6.1 with acidic amorphous sol-gel 

titania in CD3OD.  An 8 : 1 , 12 : 1  and a 17 : 1 mole ratio of 6.1 to titania 

particles 2 nm in diameter . 
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For resuspension experiments, samples were first titrated to have less than the 

calculated monolayer coverage of a 28 : 1 mole ratio of dye to titania.  In the case of a 

sample with an 18 : 1 mole ratio, the methanol-soluble portion gave a clear, yellow 

solution with fine particles of titania with a 1H-NMR spectrum with both broad and 

sharp signals overlaid upon each other (Fig. 6.61).  As the sharp signals have the same 

chemical shift as free dye, this indicates that free dye is present in addition to bound 

dye.  As the broad signals originate from adsorbed dye, the sharp signals may be due to 

both physisorbed dye that was not removed by immersion of the drop-dried material in 

tetrahydrofuran and any dye desorbed from titania. 

 

 

 
 

Figure 6.61.  1H-NMR spectrum of the methanol-soluble portion of a titania 

resuspension experiment.  The mole ratio of 6.1 to 2 nm titania particles was 18 : 1.  A 

crude indication of the position of sharp overlaid signals due to free dye . 

 

 

Solvent partition experiments would ideally use D2O spiked with the sodium salt of 3-

(trimethylsilyl)-1-propanesulfonic acid (DSS) to provide an internal standard for the 

calibration of chemical shifts.  However, use of D2O spiked with 1% wt/wt DSS 

resulted in the immediate flocculation of titania and salt formation of dye with DSS 

(Fig. 6.62), which could be confused with salt formation on the surface of titania.  The 
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two new vinyl proton chemical shifts at 7.35 and 7.34 ppm indicate that two 

inequivalent forms of carboxylate salt are present.  The two vinyl proton signals are due 

either to a mixture of mono- and di-salts or to a mono-salt positioned cis- and trans- to 

the aromatic ring (Fig. 6.63).  If the 1H-NMR spectrum of the tetramethylammonium 

salt of 6.1 in CD3OD is used as a guide (Fig. 6.56), then the signals at 7.35 and 7.34 

ppm are due to the mono- and di-salt, respectively.   

 

 

 

 
 

Figure 6.62.  1H-NMR spectrum of a 2 mM solution of 6.1 in D2O-DSS.   
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Figure 6.63.  Representations of: (a) the cis- and (b) the trans- mono-salt forms and (c) 

the di-salt of 6.1. 

 

 

In a typical partition experiment procedure, a clear and colourless suspension of native 

sol-gel titania in D2O was added atop a saturated, white and opaque suspension of 6.1 in 

CDCl3.  The interface became a bright, yellow colour, which is indicative of dye 

adsorption, as pure 6.1 gives a clear and colourless solution, while the dye is bright 

yellow in the solid state.  While 6.1 is soluble in D2O, given a saturated solution, the 

chemical shifts are sharp (Fig. 6.64), unlike that of 6.1 in the presence of sol-gel titania 

(Fig. 6.65).  It is then simple to discriminate signals due to free dye from that of dye 

bound to titania. 

 

 



 224 

 
 

Figure 6.64.  1H-NMR spectrum of a saturated solution of 6.1 in D2O. 

 

 

First, a partition experiment containing an initial mole ratio of 12 : 1 of 6.1 to 2 nm 

titania particles was run with D2O containing 0.7% wt/wt of DSS (Fig. 6.65).  The 

bright, yellow D2O layer was filtered through cotton-wool directly into NMR tubes.  

The 1H-NMR spectrum shows broad signals centred at 7.0 and 7.6 ppm, which 

correspond to the aromatic protons of 6.1.   Two chemical shifts of 7.16 and 7.26 ppm 

due to the vinyl proton indicate that two forms of carboxylate salt are present.  A 

chemical shift of water of 4.76 ppm was used to calibrate the spectra of solvent partition 

experiments run in pure D2O.  The 1H-NMR spectrum of a typical partition experiment 

is shown in Figure 6.66, where sol-gel titania in D2O was introduced to 6.1 in CDCl3 for 

an initial mole ratio of 6.1 to 2 nm titania particles of 17 : 1.  By comparison with 

Figures 6.56, 6.62 and 6.65, it is clear that dye is not chemically bound to titania as a 

carboxylate species.  While the signal to noise ratio was too low to permit the collection 

of a 
1
H-COSY spectrum to confirm peak assignments, the 1H-NMR spectrum of the 

D2O layer shows broad signals that are due to adsorbed 6.1.     
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Figure 6.65.  1H-NMR spectrum of an initial 12 : 1 mole ratio of 6.1 to 2 nm titania 

particles in D2O-DSS. 

 

 

 
 

Figure 6.66.  1H-NMR spectrum of the D2O layer of a partition experiment that used an 

initial 17 : 1 mole ratio of 6.1 to 2 nm titania particles. 
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It was necessary to confirm that the broad lineshapes observed in 1H-NMR spectra of 

solvent partition experiments is due to adsorbed dye, rather than to aggregation effects 

in D2O.  If aggregation is responsible for signal broadening, dilution in a suitable 

solvent, such as CD3OD, will reduce aggregation and produce sharper signals.  CD3OD 

was chosen as the adsorption of dye results in a more hydrophobic surface than that of 

native sol-gel titania.  Aggregation effects were suspected to contribute to line 

broadening, as the DLS number-average diameter of dyed titania nanoparticles of a 0.7 

µM solution in water was 120 nm with a standard deviation of 30%.  When the same 

sample was diluted in methanol, a diameter of 4.1 nm with a standard deviation of 13% 

was obtained, which is not much greater than that of native sol-gel titania in water.  At 

similar concentrations, native sol-gel titania has an average particle size of 2.4 nm in 

water and 3.4 nm in methanol with respective standard deviations of 24% and 15%.  To 

investigate aggregation effects, 1H-NMR spectra were collected of a solvent partition 

experiment run with neat D2O and CDCl3.  An aliquot of the D2O layer was diluted with 

CD3OD to concentrations comparable to that of the DLS experiments, with a 3x and 

10x dilutions giving approximately 1.5 µM and 5.0 µM solutions of titania, 

respectively.  The 1H-NMR spectra of dilutions show broad signals similar to those 

observed in previous solvent partition experiments, without a reduction in FWHM on 

dilution from the 3x dilution to the 10x dilution (Fig. 6.67).  The low signal-to-noise 

ratio gave a large uncertainty in FWHM measurements of 1H-NMR spectra, with values 

of 1.6 and 1.3 ppm ± 20% at the chemical shift of 7.0 ppm for the 3x and 10x dilutions, 

respectively.  The lack of sharp chemical shifts that may be assigned to free 6.1 supports 

the argument that broadening of the probe dye 1H-NMR signals is due to binding of dye 

to the titania surface, rather than to particle aggregation. 
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Figure 6.67.  1H-NMR spectra of the D2O layer of a solvent partition experiment, which 

used an initial 12 : 1 mole ratio of 6.1 to 2 nm titania particles.  A 3x  and a 10x 

 dilution in CD3OD. 

  

 

Supporting data is given by T2 relaxation times and diffusion data collected by Dr. 

Patrick Edwards for samples of 6.1 titrated with sol-gel titania for submonolayer 

coverage.  Spin-spin T2 relaxation times for free and bound 6.1 were collected by direct 

measurement from a 1H-NMR Carr-Purcell-Meiboom-Gill (CPMG) spin echo 

experiment.  The CPMG spin echo pulse sequence removes signal broadening effects 

due to inhomogeneities in the applied magnetic field and chemical shift variation as a 

consequence of non-uniformities in the binding of dye to nanoparticles by refocusing 

signals with a series of 90° and 180° magnetic pulses.  12 mM solutions of 6.1 in 

CD3OD gave T2 values of 1.60 and 0.40 seconds, respectively, for pure dye and dye 

with a mole ratio of 6.1 to titania of 7 : 1.  The smaller T2 value for 6.1 with sol-gel 

titania indicates that dye is bound to the surface.  As the T2 values were calculated from 

the signal of the methoxy protons, which are furthest from the binding site, that the 

methoxy group is affected by adsorption to titania, this is good evidence for dye 

binding. 
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Diffusion coefficients for free and bound 6.1 were measured by 1H-NMR spectroscopy 

using a pulsed field gradient and a simulated echo.  The concentration of 6.1 used in 

diffusion experiments was 12 mM, while the mole ratio of dye to titania was 7 : 1.  The 

measured diffusion coefficients for free 6.1 and 6.1 with sol-gel titania in CD3OD at 

298K were 1 x 10-9 m2 s-1 and 4 x 10-10 m2 s-1, respectively.  The diffusion coefficient of 

dyed titania is less than half that of the free dye, which supports the argument that 6.1 is 

bound.  The Stokes-Einstein relation may be used to derive the hydrodynamic radius 

from the diffusion coefficient, provided that the radius of the species is larger than that 

of the solvent.61, 91  By using a value for (kT)/(6πη) of 3.9904 x 10-19 m3 s-1 (Eq. 6.3), 

the calculated effective hydrodynamic radii for free and bound 6.1 were 0.4 and 1.0 nm, 

respectively.  These values are in good agreement with calculated length of 6.1 of 0.9 

nm (Section 8.3) and the measured diameter of 2.6 nm for the sol-gel titania, which is 

further evidence that 6.1 is adsorbed on the dispersed titania nanoparticles.   

 

 

 
 

 

 

6.5.5.4. Summary 

 

Chemical shift broadening of 1H-NMR signals, spin-spin T2 relaxation times, measured 

diffusion coefficients and the calculated hydrodynamic radii indicate that the dye 6.1 is 

bound to the sol-gel titania.  A decrease in T2 relaxation time and an increase of the 

diffusion coefficient has been used as evidence for binding in the case of dispersed gold 

nanoparticles bearing a monolayer of the thiol tiopronin.91  Signal broadening on the 

binding of carboxyalkylphosphonic acids to titania has also been observed with solid-

state 13C-NMR spectroscopy.11  As the 1H-NMR chemical shifts of 6.1 bound to 

dispersed sol-gel titania are identical to that of the free 6.1, this indicates that in a 

solvated environment the carboxylic acid probe dye is bound in a form similar to that of 

the free dye, rather than as a carboxylate salt.   
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6.6. Section Summary 

 

In summary, carboxylic acids are bound to titania.  1H-NMR data, including spin-spin 

relaxation and diffusion measurements, supports the intimately association of 

carboxylic acid dyes to sol-gel titania.  Results from fluorescence and Raman 

spectroscopy were inconclusive as to whether dye was irreversibly bound or present as 

an equilibrium.  Evidence from UV-Vis studies gives support for the equilibrium 

binding of carboxylic acids to titania, as reported for ruthenium coordination compound 

dyes.4  UV-Vis spectra displayed a difference in dye aggregation that appeared to 

depend on the presence of solvent: probe dyes adsorbed on dry sintered crystalline 

surfaces gave H-aggregates, while on dispersed amorphous sol-gel titania the UV-Vis 

shifts corresponded to J-aggregate formation.  However, it is possible that the 

underlying cause of the complementary UV-Vis shifts is the difference between the two 

titania surfaces.   

 

Results from ATR-FTIR and 1H-NMR spectroscopy indicate that the binding mode of 

probe dyes upon sol-gel titania is dependent on the degree of solvation.  ATR-FTIR 

studies show that in dry samples the carbonyl υ(C=O) stretch is absent or greatly 

reduced, implying that dyes are largely bound as a carboxylate species.  This is in 

agreement with the reported carboxylate binding of species such as mercaptosuccinic 

acid upon dry, crystalline titania18 and of glutamic acid on a solvated, amorphous titania 

film.43  In contrast, 1H-NMR spectroscopy shows that though there is signal broadening 

following the adsorption of dyes, as observed for the binding of 

carboxyalkylphosphonic acids to titania powder,11 no significant shift in line position 

was observed.  This indicates that dye is bound in a form that resembles that of the free 

dye, which could be via electrostatic attraction or a pseudo-ester linkage, as opposed to 

a carboxylate species.   

 

It is possible that while the binding of dye to titania may allow the displacement of dye 

from the surface, as shown by UV-Vis spectroscopy, 1H-NMR data appears to support 

the stabilisation of electrostatic or pseudo-ester binding of dye to titania.  Conversely, as 

shown by ATR-FTIR spectroscopy, the loss of solvent appears to promote carboxylate 

binding as the dominant mode. 
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Further work is required with computer modelling to provide simulated spectra.  

Comparison of modelled and experimental data would aid the assignment of vibrational 

modes that are present after the binding of dye to titania.  It is possible that surface-

sensitive techniques, such as X-ray photoelectron spectroscopy could be used to 

determine the binding mode of dyes to titania via the oxidation state of organic and 

inorganic atoms at the point of dye binding. 
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7. CONCLUSIONS 

 

7.1. Overview  

 

The work described in the different Chapters of this thesis was diverse in content, but 

are related through the theme of nanostructured and functionalised titania.  The 

production of inverse opaline titania and various titania substrates in Chapters 3 and 4 

were geared towards use as either Grätzel cell electrodes or surfaces for the 

functionalisation by probe dyes.  The functionalisation of ITO glass in Chapter 5 

contributed towards the self-assembly of titania nanoparticle arrays upon ITO-coated 

electrodes.  In Chapter 6, dye adsorption upon both dry and solvated titania surfaces 

was studied, which gives a contribution towards understanding of the behaviour of 

carboxylic acid sensitiser dyes within Grätzel cells.  Overall, this study includes some 

preliminary work necessary towards the formation and sensitisation of self-assembled 

nanoparticle arrays of titania upon a substrate. 

 

 

7.2. Key Findings  

 

The key findings of Chapter 3 include that titania was nanostructured in the form of 

inverse opals to give the ideal ‘honeycomb’, ‘basement’ layers of rings and ‘grape-like’ 

morphologies.  Similar structures, such as ‘skeletal’ inverse opals, titania rings and 

hollow spheres have been reported.1-3  Inverse opaline titania was tested for 

performance within Grätzel cells, but gave power conversion efficiencies that were on 

par with flat and dense titania films.  The low efficiency of Grätzel cells using the 

inverse opals is likely to be due to the fragility, non-uniform coverage and lesser 

amount of titania, compared to screen-printed and nanocrystalline Dyesol electrodes.  

Titania inverse opals were difficult to reproduce by the technique used in this study.   

 

In Chapter 4, a variety of nanostructured titania substrates were produced for use in dye 

binding studies and include screen-printed Dyesol and Degussa P25 titania, in addition 

to sol-gel materials.  Sintered aggregated titania substrates and nanoparticulate 

dispersible titania was produced using methods adapted from the literature.   
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It was found in Chapter 5 that ITO-coated glass could be functionalised by amines and 

carboxylic acids, as has already been reported in the literature.4  Ferrocenyl derivatives 

of small, aromatic molecules were used to estimate surface coverage by UV-Vis 

spectroscopy and gave approximate monolayer coverage.  In this work, ITO glass was 

functionalised with the amine 5.4 to give surface coverage values comparable to that of 

linear alkylamines on ITO.5, 6  The detection of the functionalised surface was 

complicated by the small quantities deposited onto ITO and the loss of adsorbed 

material through diffusion off the surface during spectroscopic and voltammetric 

measurements.     

 

The significant findings of Chapter 6 include that dyes bound to titania via carboxylic 

and malonic acid groups show a difference in aggregation behaviour upon solvated and 

dry surfaces.  In general, the adsorption of probe dyes on a dry sintered surface gave a 

blue shift of UV-Vis absorbance, while an acidic solvated amorphous surface produced 

a red UV-Vis shift.  This indicates that solvation favours the formation of J-aggregates, 

where there is a ‘head to tail’ packing of dye.  However, the difference between the two 

titania surfaces may be the cause of the divergent behaviour of adsorbed dye.  The issue 

of dye binding to titania is not fully resolved, as UV-Vis and fluorescence spectroscopy 

were the only methods that could be successfully applied to both dry and solvated 

samples.  ATR-FTIR spectroscopy was used on dry samples of sol-gel titania and gave 

evidence for the binding of probe dyes as a carboxylate species with pseudo-ester 

character.  Solution-phase 1H-NMR spectroscopy was used to demonstrate the intimate 

association of probe dyes solvated sol-gel titania.  While signal broadening was 

observed, there was no significant shift in 1H-NMR signals that would correspond to the 

formation of a carboxylate species, which indicates that probe dyes are bound in a form 

that resembles the free species.  The evidence indicates that in a solvated environment 

the binding mode may be an electrostatic or pseudo-ester linkage, while after the loss of 

solvent carboxylate binding becomes the dominant mode.    
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7.3. Discussion 

 

In short, the production of titania inverse opals was found to be difficult, a variety of 

titania substrates was produced and ITO glass was functionalised with small amines and 

acids.  The binding of dyes via carboxylic acids to titania was investigated using 

solution-phase techniques, which was made possible through the use of dispersed sol-

gel titania.  The study of dye binding to dispersed sol-gel titania complements the body 

of work available in the literature on the binding of dyes to dry sintered titania surfaces 

and may be a better model for the solvated titania electrodes within working Grätzel 

cells.  To the best of my knowledge, no other study has been published on the binding 

of carboxylic acids to dispersed sol-gel titania using 1H-NMR spectroscopy.  

 

Towards application in Grätzel cells, electrodes of titania inverse opals were formed 

with the objective of testing a wide range of bulky dyes, including large porphyrinic 

arrays.  Ideally, the macroporous nature of the inverse opals would have permitted large 

porphyrinic arrays access throughout the electrode.  The use of inverse opaline titania 

within Grätzel cells has been previously reported, but have been tested for efficiency 

with only a single dye, such as the ’N719’ (‘Ruthenium535’) ruthenium coordination 

compound.7, 8  However, the fragile and non-uniform nature of titania inverse opals 

formed in this work precluded the meaningful testing of dyes for Grätzel cell efficiency.  

The difficulty in reproducing inverse opals of titania for use as Grätzel cell electrodes 

led to the investigation of self-assembled arrays of sensitised titania nanoparticles. 

 

Work towards the self-assembly of titania nanoparticles began with the 

functionalisation of ITO-coated glass with small, molecular species bound via 

electrostatic interactions.  In addition, the adsorption of amines and carboxylic acids to 

ITO by electrostatic means was studied as the functionalisation of ITO through the 

formation of covalent bonds9, 10 and the production of layered particle assemblies using 

involving polyelectrolytes11-13 has been documented.   

 

Following the functionalisation of ITO glass, the next phase of the work towards self-

assembled, structured and functionalised titania electrodes for Grätzel cells was to study 

the binding of potential linkers and sensitiser dyes to titania.  The binding of probe dyes 

via carboxylic groups to titania was studied using two different surfaces: dry aggregated 
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crystalline titania and acidic dispersed sol-gel titania.  This was done as while the 

electrodes used for solar cell testing are aggregated and crystalline titania, dispersed sol-

gel titania may be used as a crude approximation of the solvated titania surface in a 

working Grätzel cell.  In addition, the use of dispersed sol-gel titania permitted the use 

of solution-phase spectroscopy to study adsorbed dye.   

 

The adsorption of carboxylic acid probe dyes to titania was investigated using a range 

of spectroscopic techniques.  Through the established techniques of 1H-NMR spin-spin 

relaxation and diffusion experiments, the intimate binding of probe dyes to sol-gel 

titania was confirmed, as has been done for systems such as thiols on dispersed gold 

nanoparticles.14  Data from UV-Vis studies of probe dyes on crystalline titania lend 

support for equilibrium dye binding, as reported for larger coordination compound 

dyes.15  Differences in binding were found for dry, crystalline titania and for dispersed 

amorphous sol-gel titania.  The UV-Vis spectra for adsorbed dyes displayed peak shifts 

that indicate H-aggregates of dye on dry, crystalline titania, on dispersed sol-gel titania 

the UV-Vis shifts correspond to the formation of J-aggregates.  However, the UV-Vis 

shifts could be due to the difference between the two titania surfaces, rather than dye 

aggregation.   

 

Results from ATR-FTIR and 1H-NMR spectroscopy of dye adsorbed on sol-gel titania 

indicate that the binding mode of the carboxylic acid group is dependent on the 

presence of solvent.  ATR-FTIR studies show that in dry samples the carbonyl υ(C=O) 

stretch is absent or greatly reduced, which implies that carboxylate binding dominates.  

This is supported by the carboxylate binding of species such as mercaptosuccinic acid 

upon dry, crystalline titania16 and of glutamic acid on a solvated, amorphous titania 

film.17  Modelling of sodium formate on titania also supports carboxylate binding on 

both dry and hydrated surfaces.18  In contrast, after dye adsorption onto dispersed sol-

gel titania, no significant shift in line position was observed.  The 1H-NMR spectra of 

probe dyes adsorbed to sol-gel titania display line broadening, which has been observed 

for the binding of carboxyalkylphosphonic acids to titania powder.19  The lack of a 

change in 1H-NMR signal position indicates that dye is bound in a form resembling the 

free dye.  This indicates that dye is bound through electrostatic attraction or a pseudo-

ester linkage, as opposed to a carboxylate species, when in a solvated environment.  

Support for either electrostatic or covalent binding is given by computational studies on 
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the binding of formic acid on titania, which show that the favoured binding mode is by 

hydrogen-bonding on dry anatase or as a pseudo-ester on either a rutile or a hydrated 

anatase surface.18  That both carboxylate and pseudo-ester binding are available modes 

for  titania nanoparticles smaller than 6 nm has been illustrated by a study of all-trans-

retinoic acid, though simple adsorption is deemed likely only for particles greater than 

50 nm in size.20   

 

This work makes a contribution towards the self-assembly of dye-sensitised titania 

nanoparticle arrays for use within Grätzel cells.  For use as a substrate for titania arrays, 

amine and carboxylic acid species were bound to ITO glass via electrostatic 

interactions.  This route for surface functionalisation proved to be difficult to reproduce, 

indicating that other linker species, such as covalently-bound molecules, should be 

investigated.  The binding mode of carboxylic acid groups to titania was studied and 

knowledge was gained regarding differences in dye binding between dry crystalline 

titania and dispersed sol-gel titania.  Of note is that while the adsorption of 

carboxyalkylphosphonic acids to titania has been investigated with 13C-NMR 

spectroscopy,19 this work appears to be the first report of solution-state 1H-NMR studies 

on the binding of carboxylic acids to dispersed sol-gel titania.  As carboxylic acid 

species may be used to sensitise21, 22 and perhaps link titania surfaces, this work goes a 

small way towards the development of self-assembled, dye-sensitised, titania 

nanoparticle electrodes.  

 

 

7.4. Future Directions  

 

Further work is required with computer modelling to provide simulated spectra for 

comparison with experimental FTIR data.  The use of calculated spectra would greatly 

aid the assignment of dye vibrational modes following adsorption upon titania surfaces.   

 

Surface-sensitive techniques, such as UV photoelectron spectroscopy (UV-PS) and X-

ray absorption near-edge spectroscopy (XANES) could be applied to examine 

functionalised ITO and titania surfaces.  As the oxidation number for the oxygen atoms 

of the carboxylic acid group are not expected to change on binding to titania, X-ray 

photoelectron spectroscopy (XPS) would not be as useful at UV-PS, though XPS has 
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been used to distinguish between nitric oxide, nitrogen dioxide and nitrous oxide 

adsorbed on a zinc oxide surface.23  UV-PS may give information on the bonding modes 

of adsorbed species, while XANES has been used to determine the coordination number 

of surface titanium atoms in sol-gel titania.20   

 

In terms of the self-assembly of titania nanoparticle arrays using small, molecular 

linkers, this work indicates that the use of ITO glass functionalised via covalent bonds 

or the use of polyelectrolyte layers may give films that are more robust and easier to 

reproduce.  
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8. SUPPLEMENTARY DATA 
 

8.1. Chapter 4 

 

Table 8.1.  Analysis of the TiO2, water, solvent and acid content of  sol-gel titania. 

Batch of native sol-gel titania 060120 060606a 060711 

Residual Solvents: Methanol, 
water. 

Acetonitrile, 
water. 

Acetonitrile, 
water. 

Wt/wt % loss on sintering (ramped 
to 490 C, 20 min) 53.9; 52.5. 52.9; 52.9. 52.6; 52.4. 

Wt/wt % water by Karl-Fischer 
titration 15.7; 15.2. 12.4; 13.2. 13.4; 13.3. 

Wt/wt % due to residual H2O and 
hydrochloric acid/solvent. 37 to 39 40 39 

 

The error in sintering experiments to find the dry weight of titania from two 

measurements of 10 g samples with a 0.5 mg error gives an uncertainty of ± 0.01%.  

The uncertainty in Karl-Fischer measurements includes a 0.02 mg error in weighing the 

mass of dry samples on a 5 decimal place balance.  For 10 mg samples the error is then 

± 0.2%.  As the error of Karl-Fischer titration measurements is ± 0.3%, a conservative 

estimate of uncertainty for the percent of water in sol-gel titania is then ± 0.5%.   

 

 

8.2. Chapter 6 

 

Table 8.2.  Experimental extinction coefficients of probe dyes in tetrahydrofuran. 

Dye Experimental 
extinction coefficient 

4-methoxybenzylidenemalonic acid (6.1) 27,000 

Cinnamylidenemalonic acid (6.2) 29,800 

Ter(thienylenevinylene)malonic acid (6.3) 25,900 

Ter(thienylenevinylene)cyanoacetic acid (6.4) 27,400 

8,15-dicyanoter(thienylenevinylene)-malonic acid (6.5) 18,300 

Ter(thienylenevinylene)rhodanine acetic acid (6.6) 34,300 

Ter(thienyl)vinylenemalonic acid 14,900 

Ter(thienyl)vinylenecyanoacetic acid 20,800 
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Table 8.3.  Theoretical ratios of dye to titania, using estimated surface area for non-

sintered native sol-gel titania 2 nm in diameter, with a surface area of 12.57 nm2 per 

particle and a molar mass of 10847 g mol-1. 

Dye 
Rectangular footprint 

of the dye  (x 10
-19 

m
2
) 

Dye molecules per TiO2 

particle 
m(dye)/m(TiO2) 

6.1 3.8 - 4.5 28 - 33 0.57 - 0.67 

6.2 4.0 - 4.8 26 - 31 0.52 - 0.63 

6.3 4.8 - 9.8 13 - 26  0.47 - 0.99 

6.6 8.5 - 1.0 13 - 15 0.60 - 0.70 

 

 

Table 8.4.  Theoretical ratios of dye to titania, using estimated surface area for non-

sintered native sol-gel titania 3 nm in diameter, with a surface area of 28.27 nm2 per 

particle and a molar mass of 36607 g mol-1. 

Dye 
Rectangular footprint 

of the dye  (x 10
-19 

m
2
) 

Dye molecules per TiO2 

particle 
m(dye)/m(TiO2) 

6.1 3.8 - 4.5 63 - 74 0.38 - 0.45 

6.2 4.0 - 4.8 59 - 71 0.35 - 0.42 

6.3 4.8 - 9.8 29 - 59 0.31 - 0.67 

6.6 8.5 - 1.0 28 - 33 0.38 - 0.45 

 

 

Table 8.5.  Theoretical ratios of dye to titania, using estimated surface area for non-

sintered native sol-gel titania 4 nm in diameter, with a surface area of 50.27 nm2 per 

particle and a molar mass of 86771 g mol-1. 

Dye 
Rectangular footprint 

of the dye  (x 10
-19 

m
2
) 

Dye molecules per TiO2 

particle 
m(dye)/m(TiO2) 

6.1 3.8 - 4.5 112 - 132 0.29 - 0.34 

6.2 4.0 - 4.8 104 - 126 0.26 - 0.32 

6.3 4.8 - 9.8 52 -105 0.24 - 0.50 

6.6 8.5 - 1.0 50 - 59 0.29 - 0.34 

 



 247

Table 8.6.  The amount of dye required for monolayer coverage of sintered Dyesol 

titania, using the footprint areas shown in Table 8.3. 

Screen-printed transparent Dyesol 

titania.  Surface area = 82.5 m2 g-1 

Pre-formed opaque Dyesol titania 

plates.  Surface area = 60.0 m2 g-1 
Dye 

n(dye) / m(TiO2) 

(x 10
-4 

mol g-1) 

m(dye) / m(TiO2)

 

n(dye) / m(TiO2) 

(x 10
-4 

mol g-1) 

m(dye) / m(TiO2)

 

6.1 3.0 - 3.6  0.07 - 0.08 2.2 - 2.6 0.05 - 0.06 

6.2 2.9 - 3.4  0.06 - 0 07  2.1 - 2.5 0.05 - 0.06 

6.3 1.4 - 2.9 0.06 - 0.12 1.0 - 2.1 0.04 - 0.09 

6.6 1.3 - 1.6 0.07 - 0.08 1.0 - 1.2 0.05 - 0.06 

 

 

Table 8.7.  The amount of dye required for monolayer coverage of sintered sol-gel 

titania, using the footprint areas shown in Table 8.3. 

‘Native’ sintered  sol-gel  titania 

187.2 m2 g-1 

Tape-cast sol-gel titania 

37.5 m2 g-1 
Dye  

n(dye) / m(TiO2) 

(x 10
-4 

mol g-1) 

m(dye) / m(TiO2)

 

n(dye) / m(TiO2) 

(x 10
-4 

mol g-1) 

m(dye) / mTiO2)

 

6.1 6.9 - 8.2  0.15 - 0.18 1.4 - 1.6 0.03 - 0.04 

6.2 6.5 - 7.8  0.14 - 0.17  1.3 -1.6 0.03 - 0.03 

6.3 3.2 - 6.5  0.13 - 0.27 0.6 - 1.3 0.03 - 0.05 

6.6 3.1 - 3.7 0.16 - 0.18 0.6 - 0.7 0.03- 0.04 

 

 

Table 8.8.  UV-Vis absorption of dyes on sintered titania. 

Dye 
On sintered STA paste 

(nm) 

On sintered sol-gel 

(nm) 

6.3 425 436 

6.4 432 430 

6.5 475 460 
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Table 8.9.  If the surface area of sintered ‘native’ sol-gel titania is 187 m2 g-1, if the 

footprint area of 6.1 is 4.5 x 10
-19

, a monolayer dye loading is 6.9 x 10
-4

 mol g-1.  

Supposing that the sintered material was still composed of discrete spheres, then the 

mole ratio between dye and titania spheres is given by n(dye) : n(TiO2).  The percentage 

dye loading of sintered titania over that of native sol-gel titania gives an indication of 

the degree of particle aggregation introduced by sintering.  

Titania grain size 
Dye molecules per 

TiO2 particle 

Sintered loading / Non-sintered loading 

(%) 

2 nm spheres 7  25 

3 nm spheres 25  36 

4 nm spheres 60  48 

 

 

 
 

Figure 8.1.  The integrated area of the UV-Vis absorption of sintered Dyesol titania 

dyed with 6.5.    The red shift in dye absorbance is due to rearrangement of dye on 

titania due to the loss of solvent, rather than to a decrease in the amount of dye present.  

The integrated region was 390 to 700 nm.  Data is shown for samples immersed in a 0.2 

mM solution of 6.5 in tetrahydrofuran for: a) 3 minutes, wet  and dried ; b) 6 

minutes, wet  and dried .   
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Figure 8.2.  The fluorescence intensity of 6.4, in methanol, normalised to absorbance.  

Two sets of data are displayed.  The error bars are for conservative uncertainties of ± 50 

counts of intensity and ± 10% of concentration.    
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