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ABSTRACT OF THE DISSERTATION 

Chromophore Shielding on Metal Oxide Surfaces 

By Yongyi Zhang 

Dissertation Director:  
Professor Elena Galoppini 

 

The work present in this thesis is divided into two parts. The common theme is the 

development of methods to shield chromophores on heterogeneous metal oxide surfaces; and 

study the effects of shielding on their surface properties. 

Part A describes the synthesis of homoleptic ruthenium polypyridine star-shaped 

complexes with conjugated oligophenylenethylene linkers on each bipyridine ligand to fix the 

distance between a ruthenium metal center and metal oxide surfaces in all three dimensions. Star 

complexes did bind covalently to the metal oxide surfaces with bidentate mode. The 

photophysical properties were influenced by the length of the rigid linkers. On basic TiO2 films, 

the injection yields decreased as the linker length increased. The injection process was on 100-

150 ns time scale. Recombination rate was largely reduced (105 s-1 order) compared to the value 

of rigid-rods (107 s-1 order) due to well-controlled distance separation. 

Part B describes the aggregation study of dye@cyclodextrins on metal oxide surface. 

Cyclodextrins bound to TiO2 surface by –OH group. Suitable-sized cyclodextrins were found to 

separate pyrene and perylene derivative on ZrO2 surface. Reduced excimer band and enhanced 

monomer band were observed in fluorescence emission spectra. 



iii 
 

Acknowledgement  

I would like to express my deep appreciation to my advisor Professor Elena Galoppini for 

her intelligent suggestion and continuing encouragement during my doctoral research and 

studies. My appreciation also extends to my colleagues in the group: Dr. Massimiliano 

Lamberto, Dr Jonathan Rochford, Dr. Olena Taratula, Dr. Sujatha Rochford, Dr. Alfred Lee, Mr. 

Zhiyong Wu, Ms. Marina Freitag, Mr. Andrew Kopecky, Mr. Keyur Chitre, Ms.Yan Cao, and 

Ms. Agnieszka Klimczak, for their support and encouragement. 

I am very grateful to our collaborator, Professor Gerald. J. Meyer and his students, Dr. 

Maria Abrahamsson, and Mr. Patrik Johansson in Johns Hopkins University for their great help 

on photophysical and electrochemical studies. I thank Professor Richard Mendelsohn and Dr. 

Carol Flach for the generosity on the usage of IR instrument.  

Special thank go to my family, especially my wife, Guangru Mao, for their unconditionally 

support and patient love during my entire graduate study. 

  



iv 
 

Table of Contents 

ABSTRACT OF THE DISSERTATION ....................................................................................... ii 

Acknowledgement ......................................................................................................................... iii 

List of Figures  ............................................................................................................................ vi 

Lists of Tables  ............................................................................................................................. x 

List of illustrations ......................................................................................................................... xi 

CHAPTER A-1: INTRODUCTION ............................................................................................... 1 

A-1-1. Ruthenium Complexes in DSSC Application.................................................................. 2 

A-1-2. Homoleptic Ruthenium Complexes ................................................................................. 6 

A-1-3. The Mechanism of Dye-Sensitized Solar Cells ............................................................... 8 

A-1-4. Homoleptic Ruthenium Star Complexes Design ........................................................... 11 

A-1-5. References ...................................................................................................................... 15 

CHAPTER A-2: SYNTHESIS OF HOMOLEPTIC RUTHENIUM COMPLEXES ................... 23 

A-2-1. Introduction and Overview of Synthetic Strategies ....................................................... 24 

A-2-2. Palladium-Catalyzed Cross-Coupling Reactions ........................................................... 28 

A-2-3. Synthesis of the Halogenated Bipyridines ..................................................................... 32 

A-2-4. Synthesis of the Bipyridine Ligands with Short Rigid Linkers ..................................... 34 

A-2-5. Synthesis of the Bipyridine Ligands with Long Rigid Linkers ..................................... 36 

A-2-6. Synthesis of the Homoleptic Ruthenium Star Complexes ............................................. 38 

A-2-8. Experimental Section ..................................................................................................... 41 

A-2-9. References ...................................................................................................................... 59 

CHAPTER A-3: ELECTROCHEMICAL AND PHOTOPHYSICAL PROPERTIES OF 
RUTHENIUM STAR COMPLEXE IN SOLUTION AND ON FILMS .......... 64 

A-3-1. Introduction .................................................................................................................... 65 

A-3-2. Results and Discussions ................................................................................................. 67 

A-3-2-1. Metal Oxide Films .................................................................................................. 67 

A-3-2-2. Binding Study ......................................................................................................... 70 

A-3-2-3. Electrochemistry ..................................................................................................... 75 

A-3-2-4. Photophysical Studies ............................................................................................. 78 



v 
 

A-3-2-5. Conclusions ............................................................................................................ 89 

A-3-3. Experimental Section ..................................................................................................... 90 

A-3-3-1. Metal Oxide Film Preparation ................................................................................ 90 

A-3-3-2. General Binding Procedure ..................................................................................... 96 

A-3-3-3. Spectroscopy ........................................................................................................... 97 

A-3-3-4. Solution Electrochemistry ...................................................................................... 99 

A-3-4. References .................................................................................................................... 100 

CHAPTER B-1: INTRODUCTION ........................................................................................... 107 

B-1-1. Aggregation of Organic Dyes ...................................................................................... 108 

B-1-2. Strategies to Avoid Aggregation .................................................................................. 110 

B-1-3. Cyclodextrins (CDs) as Hosts in DSSC Application ................................................... 117 

B-1-4. References .................................................................................................................... 119 

CHAPTER B-2: ORGANIC DYE AGGREGATION STUDY ON METAL OXIDE 
SEMICONDUCTOR SURFACES ................................................................. 126 

B-2-1. Introduction .................................................................................................................. 127 

B-2-2. Binding Study .............................................................................................................. 130 

B-2-3. Aggregation Study ....................................................................................................... 133 

B-2-3-1. Pyrene@CD .......................................................................................................... 133 

B-2-3-2. Py-sL-COOH@CD ............................................................................................... 136 

B-2-3-3. Perylene derivative@CD ...................................................................................... 139 

B-2-4. Conclusions .................................................................................................................. 141 

B-2-5. References .................................................................................................................... 141 

APPENDIX I    LIST OF ABBREVIATIONS ........................................................................... 145 

APPENDIX II    1H AND 13C NMR SPECTRA ........................................................................ 148 

APPENDIX III    CYCLIC VOLTAMMETRY ......................................................................... 166 

VITA…………… ....................................................................................................................... 168 
 



vi 
 

List of Figures 

Figure A-1-1.1. A typical DSSC with its components. ................................................................... 3 

Figure A-1-1.2. Chemical structures of ruthenium polypyridine complexes ................................. 4 

Figure A-1-2-1. (a) Chemical structure of vinyl-linked benzo-crown ether-bpy Ru complex. (b) 

Chemical structure of dendritic homoleptic Ru complex. (c) Representative Ru tris(bpy)-

centered polystyrene complex. (d) Chemical structure of Ru tris(bpy) with rigid linkers. (e) 

Ru tris(bpy) complex with pyrrolo units. ............................................................................. 6 

Figure A-1-3.1. The main charge transfer processes of the DSSCs ............................................... 9 

Figure A-1-3.2. Area normalized electron transfer rates .............................................................. 10 

Figure A-1-4.1. Chemical structure of rigid-rods with various bridge lengths ............................ 12 

Figure A-2-1.1. Chemical structures of homoleptic ruthenium star complexes ........................... 25 

Figure A-2-1.2. Dimension of homoleptic ruthenium star complexes ......................................... 25 

Figure A-2-6.1. Comparison of absorption spectra of standard ruthenium complexes ................ 40 

Figure A-3-1.1. Chemical structures with abbreviation names of homoleptic ruthenium star 

complexes ........................................................................................................................... 66 

Figure A-3-1.2. Chemical structures of reference compounds ..................................................... 67 

Figure A-3-2-1.1. Schematic illustration of band gaps of TiO2 and ZrO2 .................................... 68 

Figure A-3-2-1.2. a. ATM image of TiO2 thin films. b. SEM image of ZrO2 thin film. .............. 69 

Figure A-3-2-1.3. UV-Vis absorption spectra of TiO2/glass and ZrO2/glass ............................... 69 

Figure A-3-2-2.1. Three possible binding modes for the attachment of a carboxylic group to 

metal oxide semiconductor surface. ................................................................................... 71 



vii 
 

Figure A-3-2-2.2. DFT optimized geometrie for Ipe group binding to a model TiO2 nanoparticles

 ............................................................................................................................................ 71 

Figure A-3-2-2.3. IR spectra of star complexes before and after binding on TiO2 films. ............ 74 

Figure A-3-2-3.1. CV spectrum of 3SSC in CH3CN vs. Fc/Fc+ for RuIII/II reduction potential.... 76 

Figure A-3-2-3.2. CV spectrum of SLSC in CH3CN vs. Fc/Fc+ for RuIII/II reduction potential. .. 76 

Figure A-3-2-4.1. Ground state absorption spectra of star complexes in acetonitrile. ................. 78 

Figure A-3-2-4.2. Absorption spectrum of SLSC ligand in acetonitrile. ...................................... 79 

Figure A-3-2-4.3. Absorption spectra of SSC on TiO2 film and in acetonitrile ........................... 80 

Figure A-3-2-4.4. Normalized fluorescence emission spectra of star complexes at room 

temperature in MeCN. ........................................................................................................ 81 

Figure A-3-2-4.5. (a) Chemical structure of LSC. (b) Emission spectra of LSC in CH3CN 

solution. (c) Absorption spectra of LSC bound onto TiO2. (d) Emission spectra of LSC 

bound onto TiO2. ................................................................................................................ 83 

Figure A-3-2-4.6. Transient absorption spectra of ruthenium star complex bound onto TiO2. .... 85 

Figure A-3-2-4.7. Transient absorption spectra of ruthenium star complex in acetonitrile solution.

 ............................................................................................................................................ 86 

Figure A-3-2-4.8. Absorption changes recorded at isosbestic points for SSC (433 nm) and LSC 

(442 nm) on TiO2. .............................................................................................................. 88 

Figure A-3-2-4.9. Excited state decay of star complexes. ............................................................ 88 

Figure A-3-3-1.1. Picture of the reaction set-up for colloidal TiO2 preparation .......................... 92 

Figure A-3-3-1.2. Picture of the autoclave for colloidal TiO2 preparation ................................... 93 

Figure A-3-3-1.3. Picture of transparent TiO2 films on glass slides. ............................................ 94 

Figure A-3-3-1.4. Raman spectra of anatase TiO2. ....................................................................... 94 



viii 
 

Figure A-3-3-4.1. Determination of ΔGes based on photoluminescence spectrum. ................... 100 

Figure B-1-1.1. Fluorescence spectra of pyrene excimer and monomer in cyclohexane ........... 109 

Figure B-1-1.2. Solar cell performance improved by avoiding aggregation of zinc 

phthalocyanines with tyrosine subsitutents (ZnPcTyr). ................................................... 110 

Figure B-1-2.1. Coadsorbate DCA improves performance of coumarine-based DSSCs ........... 111 

Figure B-1-2.2. Example of t-butyl-modified perylene for sensitization study .......................... 112 

Figure B-1-2.3. Comparison of emission spectra of tripod and rigid-rod on planar surface ...... 113 

Figure B-1-2.4. Encapsulation of azulene with in a hemicarcerand ........................................... 114 

Figure B-1-2.5. Encapsulation of viologen with cucurbituril ..................................................... 115 

Figure B-1-2.6. Fluorescence emission spectra of tripod bound onto ZrO2 film ....................... 115 

Figure B-1-2.7. Schematic representation of possible binding orientations and positions of Ad-

acid(m) tripod on nanoparticles film surfaces (not in scale). Excimer could form in the 

necking regions and between dyes trapped in pores ........................................................ 116 

Figure B-1-3.1. Chemical structures of α-, β-, and γ-cyclodextrins ........................................... 117 

Figure B-1-3.2. Encapsulation of azobenzene dye with cyclodextrin ........................................ 118 

Figure B-1-3.3. JK-2 sensitizer encapsulated in a cyclodextrin anchored to TiO2 ..................... 119 

Figure B-2-1.1. Chemical structures of chromophores used in the study. .................................. 128 

Figure B-2-1.2. Different types of dye@host complexes and possible complexation. .............. 129 

Figure B-2-2.1. FT-IR-ATR spectra of β-CD power, TiO2 film, β-CD/TiO2 thin film, and the 

difference between “β-CD/TiO2 thin film” and “TiO2 film”. .......................................... 131 

Figure B-2-2.2. Standardized FT-IR-ATR spectra of β-CD powder and the difference between 

“β-CD/TiO2 thin film” and “TiO2 film”. .......................................................................... 132 



ix 
 

Figure B-2-3-1.1. Absorption spectra of aqueous pyrene solution in the absence and the presence 

of β-CD. ........................................................................................................................... 134 

Figure B-2-3-1.2. Emission spectra of aqueous pyrene solution in the absence and the presence 

of β-CD ............................................................................................................................ 134 

Figure B-2-3-1.3. Absorption spectra of aqueous pyrene solution (10mM) in the presence of β-

CD or γ-CD. ..................................................................................................................... 135 

Figure B-2-3-1.4. Emission spectra of aqueous pyrene solution (10 mM) in the presence of β-CD 

or γ-CD ............................................................................................................................. 136 

Figure B-2-3-2.1. Absorption spectra of Py-sL-COOH@CDs on ZrO2 thin films with different 

binding procedures. .......................................................................................................... 137 

Figure B-2-3-2.2. Emission spectra of Py-sL-COOH@CDs on ZrO2 thin films with different 

binding procedures ........................................................................................................... 138 

Figure B-2-3-3.1. Emission spectra of perylene monomer and excimer in toluene ................... 139 

Figure B-2-3-3.2. Fluorescence emission spectra of Pe 4-COOH in the absence and the presence 

of γ-CD on ZrO2 ............................................................................................................... 140 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



x 
 

Lists of Tables 

Table A-1-4.1. Electron injection time constants (τ) and amplitudes (A) for rigid-rods .............. 12 

Table A-3-2-3.1.  Electrochemical data for ruthenium star complexes and reference compounds 

in acetonitrile solution vs. Fc/Fc+. ...................................................................................... 77 

Table A-3-2-4.1.Photophysical properties of star complexes and reference compounds. ............ 82 

Table A-3-2-4.2. Band gaps and lifetimes of star complexes at 77K. .......................................... 82 

Table A-3-2-4.3. Injection yields of star complexes. .................................................................... 87 

Table A-3-2-4.4. Recombination kinetics of star complexes. ...................................................... 89 

Table B-1-3.1. Structural parameters of α, β, and γ – cyclodextrins .......................................... 118 

Table B-2-1.1. Sizes of the molecules and parameters of α-, β-, and γ-CDs .............................. 129 

 
 

 



xi 
 

List of illustrations 

Scheme A-1-4.1. Schematic representation of the role of morphology on electron transfer events 

at the Dye/TiO2 interface ................................................................................................... 13 

Scheme A-1-4.2. Schematic representation of star sensitizer/TiO2 interface. .............................. 14 

Scheme A-2-1.1. Synthetic routes to the star complexes .............................................................. 27 

Scheme A-2-2.1. Reaction mechanism for Sonogashira coupling ............................................... 29 

Scheme A-2-2.2. Reaction mechanism for copper-free Sonogashira coupling ............................ 31 

Scheme A-2-3.1. Synthetic route to 4,4’-diiodo-2,2’-bipyridine .................................................. 33 

Scheme A-2-3.2. Synthetic route to 4,4’-diiodo-2,2’-bipyridine .................................................. 33 

Scheme A-2-4.1. Synthetic routes to bipyridine ligands with short rigid linker .......................... 34 

Scheme A-2-4.2. Synthetic route to dimethyl 5-iodoisophthalate. ............................................... 35 

Scheme A-2-5.1. Synthetic routes to bipyridine ligands with long rigid linkers .......................... 36 

Scheme A-2-6.1. Synthetic routes to ruthenium star complexes .................................................. 39 

Scheme A-3-3-1.1. General procedure to prepare MO2 nanoparticle films ................................. 90 

 
 
 
 
 
 
 
 
 
 
 



 
  1 
 

 

 

 

 

 

 

CHAPTER A-1: INTRODUCTION 
 

 

 

 

 

 

 

 

 

 



 
  2 
 

Light-induced electron transfer from chromophore molecules into the conduction 

band of wide band gap semiconductor nanoparticles has been intensely studied. This 

process has been employed in photocatalysis,1,2 molecular electronics,3 sensors,4,5 and 

dye-sensitized solar cell (DSSC).6 DSSC was originally developed by O’Regan and 

Grätzel in early 1990s’ with covalent attachment of ruthenium polypyridine complexes to 

metal oxide nanoparticles through the carboxylic acid anchoring groups.6 The energy 

conversion efficiency was ~7%. Since then, a large number of chromophores were 

designed and tested to improve this device. Part A of this thesis focuses on the kinetics 

and mechanistic study of charge transfer processes on the nanocrystalline metal oxide 

thin films by using a novel class of homoleptic ruthenium star complexes developed in 

our lab and their potential use in DSSC application. 

A-1-1. Ruthenium Complexes in DSSC Application 

A general configuration of a DSSC is shown in Figure A-1-1.1. The chromophore 

molecule acts as the photo-sensitizer attached onto metal oxide semiconductor, which is 

coated on a transparent conductive glass electrode. When combined with a counter-

electrode, it forms a sandwich-shape cell filled with electrolyte between two electrodes. 

A wide variety of inorganic transition metal complexes and organic chromophores 

have been used as sensitizers. The most efficient inorganic sensitizers include transition 

metal complexes of polypyridines, porphyrins, and phthalocyanines.7 Ruthenium (II) is 

the metal ion commonly used in polypyridine complexes. In the case of metalloporphyins 

and metallophthalocyanines, the preferred metal ions are those with full or half-filled d-
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orbitals, such as Zn (II), g (II) and Al (III). Organic dyes, such pyrene,8 perylene,9 

coumarin,10 anthracene,11 and other conjugated organic dyes,12-19 have also been 

anchored to metal oxide semiconductor surfaces for sensitization purposes due to their 

higher extinction coefficient

M as 

, higher quantum yield, and the ability to tune their properties 

by synthetic modifications. 

e- injection

semiconductor

dyehν

I- I3-

semiconductor
film on ITO glass ITO glass

e e- -

electrolyte

 

-1.2. Selected ruthenium 

comp

Figure A-1-1.1. A typical DSSC with its components. 

Until now the most efficient sensitizers for DSSC application are ruthenium 

polypyridine complexes N3 and black dye in Figure A-1

lexes for DSSC application are shown in Figure A-1-1.2. 

Many of the ruthenium polypyridine sensitizers employed in champion DSSCs are 

of the form cis-Ru(LL)2X2, where LL is a 2,2’-bipyridine (bpy) -like ligand and X is a 

non-chromophoric ligand. The most efficient sensitizer by now is called N3, where LL = 

4,4’-dicarboxylic acid bipyridine (dcb) and X = SCN-, with overall conversion efficiency 

~10%.20 The RuIII/II reduction potential of N3 is more negative as compared to Ru(bpy)3
2+, 

and the absorption and emission maxima shifts to red.21 The electron density of the 
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highest occupied molecular orbital (HOMO) shifts from the ruthenium metal center to the 

isothiocyanate ligands.22  The metal to ligand charge transfe MLCT) excited state is 

localized on the ligand substituted with the –COOH group.20,23 A similarly successful 

ruthenium based sensitizer, which based on terpyridine rather than bpy is called ‘black 

dye’. It extends the spectral sensitivity of solar cel  s

r (

l ignificantly towards the red along 

with a lower extinction coefficient compared to N3.24 

 

Figure A-1-1.2. Chemical structures of ruthenium polypyridine complexes 

Although N3 and closely related analogues give highest solar cell performance, 

Ru(bpy)2(dcb)2+ derivatives still remain of interest, since the presence of the NCS groups 

results in lower stability when dye is in its oxidized form.25 Ru(bpy)2(dcb)2+ has three 

bpy derivative ligands coordinated to the ruthenium metal center. Upon absorbing a 

photon, electron is promoted into the lowest unoccupied molecular orbital (LUMO). Fast 
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inters

A recent area of interest in electron transfer studies on dye-sensitized 

semiconductor is the development of anchor-bridge containing linkers. These well-

designed linkers are useful to tune the properties of dyes and fundamentally elucidate the 

electron transfer process at the chromophore-semiconductor interface. Meyer and 

coworkers for instance, studied the ruthenium polypyridine complexes with flexible 

hydrocarbon chains terminated with a group for binding.27,28 Decreased electron injection 

and recombination rates were observed in these cases. Rigid linkers have later been 

employed with conjugated π units to separate the ruthenium metal center and 

semiconductor surface.29 Our group also focuses the interfacial charge transfer study by 

using

All the complexes mentioned above, including N3 derivatives, black dye, 

Ru(bpy) (dcb) , and the linker-contained ruthenium polypyridine complexes, are 

heteroleptic, meaning that more than one type of ligands are coordinated to the ruthenium 

metal center. Thus the MLCT state is normally delocalized in one of the ligands, for 

instance the bpy-OPE units in the rigid-rod or tripod systems. As a contrast, ruthenium 

metal center with all ligands identical is called homoleptic ruthenium complex. A simple 

example of homoleptic ruthenium complex in DSSC application is Ru(dcb) . After 

photoexcitation, the electron is promoted to the LUMO. The initial excited state 

possesses the same structural symmetry as the ground state, and a delocalized electronic 

ystem crossing to triplet26 results in a long lived excited state, which is preferred for 

the electron injection into the conduction band of semiconductor.  

 ruthenium polypyridine complexes as well as organic chromophores with rigid 

linkers (tripods30-36 and rigid-rods8,37-42). 

2
2+

3
2+
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wave ssessing 1/3 of an electron charge has 

been invoked.21 

A-1-2. Homoleptic Ruthenium Complexes 

elation of the appropriate ligands 

around the metal center. Homoleptic ruthenium complexes appear more attractive by 

offering a one-step access to highly symmetric dyes. There are numerous examples of 

applications involving homoleptic complexes of Ru.  

function on all three ligands each formally po

A common drawback in the syntheses of heteroleptic ruthenium complexes is the 

multistep-reaction pathway needed for sequential ch

 

Figure A-1-2-1. (a) Chemical structure of

Representative Ru tris(bpy)-centered polystyrene complex.44 (d) Chemical structure of 

 vinyl-linked benzo-crown ether-bpy Ru 
complex. (b) Chemical structure of dendritic homoleptic Ru complex.43 (c) 

Ru tris(bpy) with rigid linkers. (e) Ru tris(bpy) complex with pyrrolo units.25 
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Beer and coworkers prepared homoleptic ruthenium complexes carrying 

macrocyclic binding site (Figure A-1-2.1(a)45,46) for recognition of Group IA and IIA 

metal cations as a chemical sensor. The complex was prepared and electropolymerised 

onto 

oleptic ruthenium complexes have also been used as a dendrimer core for 

prote

nsors. The polymer chains provided a 

homo

workers synthesized ruthenium homoleptic complexes with fully 

conju

ic ones as their MLCT bands are sharper 

and occur at higher energy.50 Recently Gros and coworkers reported ruthenium tris(bpy) 

platinum and optically transparent conducting glass electrodes. The alkaline or alkali 

cation coordinates at the crown ether recognition site resulting in a red-shift of emission 

maxima. 

Hom

in surface recognition.43,47,48 They carry functional groups in all three dimensions, 

thus making a diverse array of noncovalent interactions with target protein (Figure A-1-

2.1(b)43). 

Demas and coworkers designed and synthesized ruthenium tris(bpy)-centered 

polystyrene complex to develop oxygen se

geneous environment for the sensing moiety and avoided or minimized problems 

associated with multicomponent sensors. Moreover, the polymer chain can avoid 

precipitation or aggregation (Figure A-1-2.1(c)44). 

Otsuki and co

gated OPE ligand (Figure A-1-2.1(d)49). The complexes were bound onto gold by 

the thiol anchoring groups. Single molecules were observed by using scanning tunneling 

microscopy (STM). 

Homoleptic ruthenium complexes, however, have not gained much attention for 

DSSC application compared to the heterolept
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comp

The homoleptic ruthenium star complexes studied in this thesis were designed with 

rigid linkers attached on the bipyridine ligand 

This is explained in the following section together with a description of the DSSC. 

The general mechanism for light to electrical power conversion in DSSC is depicted 

in Figure A-1-3.1. Briefly: light is absorbed by a sensitizer to promote an electron from 

the HOMO to the LUMO of the sensitizing dye, following an excited state molecule 

(S*);  the electron in the excited state can either decay to the ground state (relaxation) or 

inject into the conduction band of the semiconductor, resulting in charge separation 

(injection); the oxidized sensitizer (S ) is regenerated by an external electron donor in the 

electrolyte, normally a redox mediator, iodine/iodide couple (regeneration); the injected 

electron moves through the nanocrystalline semiconductor network to the external circuit 

and returns to the counter electrode where it reduces the oxidized electron donor. Thus all 

oxidation chemistry at the dye-sensitized electrode is reversed at the counter electrode, no 

net chemical reactions occur and for this reason, the DSSC is also called regenerative.21 

lexes containing pyrrolo unites (Figure A-1-2.1(e)25) with 65% Incident-Photon-to-

electron Conversion Efficiency (IPCE) value. 

to provide distance and orientation control. 

A-1-3. The Mechanism of Dye-Sensitized Solar Cells 

7

+
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e- e-

(S+/S)

(S+/S*)

VB

CB

DyeSemiconductor

Counter electrodeConducting glass

E

(I-/I3-)
e-

Electrolyte

Voc
hν

kinj

kreg

krec1

krec2

 

Figure A-1-3.1. The main charge transfer processes of the DSSCs: kinj, injection; kreg, 
regeneration; krec1 and krec2, recombination; CB, conduction band; VB, valence band; Voc, 

open-circuit photovoltage 

Some electron transfer process may compete with the processes described above, 

resulting in lower solar cell efficiency. As shown in the Figure A-1-3.1, after the charge 

separation step, the electron may recombine with the oxidized sensitizer or the oxidized 

donor in the electrolyte (recombination). These competitive processes combined with the 

sensitizer excited state decay or self-quenching can cause energy loss and reduce the 

solar cell performance. To achieve a high light-to-energy conversion, a DSSC should 

have significant overlap between dye absorption and solar spectrum, rapid charge 

separation, efficient dye regeneration and minimum charge recombination. Thus the time 

scale of the key electronic processes involved in the conversion of light to electricity 

should be compared and considered for a DSSC. Figure A-1-3.2 shows the area 

normalized electron transfer rate.51 



 
  10 
 

 

Figure A-1-3.2. Area normalized electron transfer rates for the main charge transfer 
processes illustrated in figure A-1-3.151 

The electron injection rate (kinj) is ultrafast and occurs in the femtosecond and 

picosecond time domain. Many research groups reported injection in the < 200 fs 

range30,52-56 with multiexponential kinetics.57-61 As an example of Ru complexes, two 

injection kinetics (< 200 fs and 14-3 ps) have been reported by McCusker and coworkers. 

The femtosecond injection was attributed to injection from the nonthermalized 1MLCT 

excited state, and the picosecond injection was attributed to injection from the lowest-

energy 3MLCT excited state.62,63 For example, Willig and coworkers observed different 

electron injection constant for the same chromophore but with carboxylic and 

phosphonate anchoring groups.64,65 Since the excited state is normally in the nanosecond 

domain, the injection (in the fs to ps range) will dominate and the electron transfer 

reactions can produce near unity quantum yields for the initial charge separation. 
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The competitive process charge recombination (krec), occurs between an electron in 

metal oxide semiconductor and oxidized center, is in the micro-millisecond domain.66 

This process has been explained by electron trapping within the metal oxide 

semiconductor film.67 Although the krec is slower than the kinj, it still lowers the efficiency 

of the DSSCs. Thus, minimizing this process while maintaining efficient injection is an 

attractive way to modify the DSSC. This can be achieved by increase the distance, for 

instance, by using a bridge unit, between dye metal center and TiO2 surface, thereby 

decreasing the rate of recombination, or by stepwise charge transfer processes, by using 

anchor-donor1-donor2 systems. 

A-1-4. Homoleptic Ruthenium Star Complexes Design 

Our group has employed oligophenylenethynylene (OPE) units as the rigid linker 

with isophthalic (Ipa) anchoring group in one end and chromophores in other end to form 

rigid-rods model dyes. Two carboxylic acid functional groups on the Ipa unit provide 

strong electronic coupling with metal oxide semiconductor surface.68 The main purpose 

to employ the rigid linkers was to develop good to study the charge injection and 

recombination dynamics. Piotrowiak and coworkers studied the influence of the OPE 

bridge length on the electron transfer at the sensitizer/semiconductor interface (Figure A-

1-4.169). A weak linker length dependence of the injection rates was observed. The 

injection rate comparison data is shown in Table A-1-4.1.69 The recombination rates for 

these series of sensitizers, however,  were found to be independent of the linker’s 

length.39 
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Figure A-1-4.1. Chemical structure of rigid-rods with various bridge lengths69 

Table A-1-4.1. Electron injection time constants (τ) and amplitudes (A) for rigid-rods69 

 

a. MLCT band, in CH3CN solutions. b. Calculated using Spartan’02 (PM3 minimization). 
c. Probe at 670 nm. 

The explanation of the weak distance-dependent of electron injection and 

recombination rate in these rigid-rod ruthenium (II) complexes is summarized from two 

aspects according to the recently reported literature as follows: 

1) Distance Control Diau and coworkers recently reported that the electron 

injection from a porphyrin-rigid-rod sensitizer can occur not only through the π-

conjugated linker (the linker with the anchoring group is similar with the rigid rod studied 

in our research group) to the anchored metal oxide nanoparticle but also through space to 

an adjacent nanoparticle (Scheme A-1-4.1). The electron transfer of the localized 

electrons in dye/TiO2 nanoparticles films is widely reported not single-exponential. A 
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rapid back electron transfer component was observed.70-72 Thus the rigid-rod type 

sensitizers can’t fully separate the dye unit with the metal oxide semiconductor 

nanoparticle. 

TiO2

O

O

O

O

e-

e-

TiO2

( ~20 nm diameter)

 

Scheme A-1-4.1. Schematic representation of the role of morphology on electron transfer 
events at the Dye/TiO2 interface (not in scale) 

2) Orientation Control Orientation on the TiO2 surface must be considered for the 

rigid-rods.41,64,73,74 Persson and coworkers, by using full quantum chemical (B3LYP/VDZ) 

geometry optimizations, indicated that the energetically preferred anchoring mode of the 

Ipa linker was by both carboxylic acid anchor groups to a model TiO2 nanocrystal than a 

single carboxylic acid anchor group. The surface attachment chemistry causes the rigid 

rod sensitizers to tilt by approximately 45o relative but not perpendicular to the surface 
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normal.41 Thus the real distance between the dye unit and the metal oxide semiconductor 

surface is not the length of the rigid linker. 

To improve both the distance and orientation control of the rigid linkers, homoleptic 

ruthenium (II) polypyridine star complexes were. The schematic representation of the star 

sensitizer/TiO2 interface is shown in Scheme A-1-4.2. The star sensitizers have the rigid 

linkers attached on each bipyridine ligand to fix the distance between the ruthenium 

metal center and the metal oxide semiconductor nanoparticles in all three dimensions. 

The distance between the ruthenium metal center and the metal oxide semiconductor 

surface is controlled by the length of the rigid linker. The homoleptic ruthenium star 

complexes shield the ruthenium metal center from the heterogeneous interface. The 

heterogeneity, surface traps and complexity of nanostructured semiconductors are known 

to greatly complicate the charge injection and recombination dynamics studies.21,58 The 

following chapters of Part A of this thesis will focus on the synthesis of the star 

sensitizers and their photophysical property studies. 

 

Scheme A-1-4.2. Schematic representation of star sensitizer/TiO2 interface. 
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A-2-1. Introduction and Overview of Synthetic Strategies 

A series of homoleptic ruthenium (II) star-shaped complexes were designed and 

synthesized. They are made of three identical bipyridine ligands each with two 

conjugated OPE rigid linkers in the 4,4’ positions terminating with carboxylic ester 

anchoring groups. Figure A-2-1.1 shows the chemical structures of the target compounds: 

3 Short Star Complex (3SSC), Short Star Complex (SSC), Long Star Complex (LSC), 

Soluble Long Star Complex (SLSC). Conjugated OPE rigid linkers were designed to 

separate the ruthenium metal center and the metal oxide semiconductor surface at a fixed 

distance and orientation. 3SSC had one rigid linker attached onto the 4 position of each 

bipyridine unit. As a result 3SSC has isomers that the geometry would lead to point of 

contacts. 3SSC is a reference compound. The other three star complexes had two rigid 

linkers attached onto the 4 and 4’ positions of each bipyridine unit. One additional OPE 

unit was introduced in the LSC and SLSC star complexes to increase the length of the 

rigid linker compared to the SSC and 3SSC star complexes. To increase the solubility of 

the star complex, two side chain butoxy groups were attached onto the phenyl ring for the 

SLSC. All of the complexes used isophthalic anchoring unit (Ipa), with two carboxylic 

ester groups, to assure the covalent binding to the metal oxide semiconductor 

nanoparticle surfaces. The counter ion to the ruthenium (II) complexes was 

hexafluorophosphate in all cases. The diameter of the complexes is in 2.5 - 4 nm range 

(Figure A-2-1.2). 
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Figure A-2-1.1. Chemical structures of homoleptic ruthenium star complexes 

 

Figure A-2-1.2. Dimension of homoleptic ruthenium star complexes 



  26 
 

The classical method to synthesize homoleptic ruthenium tris(bipyridine) 

derivatives involves the reaction between RuCl3 and a bipyridine ligand.1-4 Ruthenium 

(III) is reduced to ruthenium (II) in this reaction, and hypophosphorous acid is typically 

added as the reducing agent.5 However, we found that this method was not suitable for 

the synthesis of ruthenium star complexes due to the low solubility of the target 

complexes. After two bipyridine ligands chelated with ruthenium metal center, the 

resulting complexes precipitated from the reaction mixture, preventing further 

coordination with the last ligand. Thus, two modified synthetic routes were used to 

synthesize the target complexes, as shown in Scheme A-2-1.1. 

Method I was reported by Otsuki and coworkers to make a similar ruthenium 

complex.6 Ru(DMSO)4(PF6)2 was selected as the Ru(III) complex to chelate with the 

corresponding bipyridine ligands (Scheme A-2-1.1 Method I). The improved solubility of 

the ruthenium polypyridine, obtained by introducing hexafluorophosphate, a commonly 

used non-coordinating anion,7 as the counter ion, prevented the ruthenium bis(bipyridine) 

precipitation from the reaction mixture. Ru(DMSO)4(PF6)2 was prepared from 

commercially available chemical Ru(DMSO)4Cl2 by reaction with AgPF6 in ethanol. The 

precipitation of insoluble silver chloride drove the reaction to completion. Since the 

Ru(DMSO)4Cl2 was expensive, it was also synthesized by heating DMSO solutions of 

ruthenium trichloride.8 An alternative method (Scheme A-2-1.1 Method II) involved the 

Sonogashira cross-coupling reaction with halogenated (Bromo or Iodo) ruthenium 

tris(bipyridine) complexes9-13 and the terminal alkyne linkers units. The mechanism of 

the cross-coupling reaction is described later in section A-2-2. Although the overall yield 
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was low and a large excess of terminal alkyne linker was required. This method led to 

high yields of the SSC and LSC complexes. 
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Scheme A-2-1.1. Synthetic routes to the star complexes 

In this thesis, method I was selected to synthesize 3SSC and SLSC, while method II 

was preferred for SSC and LSC (Scheme A-2-1.1). Method I gave higher yield for 

soluble ligands. Although method II required a large excess of terminal alkyne, it was 

used because the solubility of SSC and LSC ligands is low. Both methods involved a 



  28 
 

series of palladium-catalyzed cross-coupling reactions between aryl alkynes and aryl 

halides. 

A-2-2. Palladium-Catalyzed Cross-Coupling Reactions 

The coupling reactions employed in this study were Sonogashira coupling with or 

without copper. Both of the reactions were carried out in the presence of a palladium 

complex as the catalyst. The mechanism of both reactions is described in the following 

section. 

Sonogashira Coupling with Copper Palladium-copper-catalyzed coupling reaction 

of terminal alkynes with aryl or vinyl halides leading to arylalkynes and conjugated 

enynes is termed Sonogashira coupling and was developed by Sonogashira et al. in 

1975.14,15 Heck16 and Cassar17 later reported a similar process, which did not involve 

copper catalyst but required harsher conditions. The general accepted mechanism of this 

cross-coupling reaction is depicted in Scheme A-2-2.1.18 

The copper-co-catalyzed Sonogashira reaction is believed to take place through two 

independent catalytic cycles (palladium cycle and copper cycle), as shown in Scheme A-

2-2-1. The catalytic cycle for the palladium catalysis (palladium cycle) is based on a 

usually fast oxidative addition of R1-X (R1 = aryl, X = I, Br) to the real catalyst generated 

from the initial palladium complex.  
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Scheme A-2-2.1. Reaction mechanism for Sonogashira coupling18 
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To initiate the catalytic cycle, the relatively acidic proton of terminal alkyne is 

deprotonated in catalytic amount by an amine, such as triethylamine or diisopropylamine. 

The resulting acetylide reacts with the copper halide to give catalytic amount of an 

alkynyl copper complex (E). In most cases, the commercially available Pd (II) is 

preferred to Pd (0) which is more air-sensitive. Pd in its oxidized form is inactive. It is 

generally believed that Pd(PPh3)2X2 (A) transmetallates with the intermediate (alkynyl 

copper complex) to form the  bis(triphenylphosphine)dialkynylpalladium(II) complex (B), 

which gives the active catalytic species Pd(0)(PPh3)2 (C). Subsequently, the Pd (0) 

compound reacts with aryl halide in an oxidative addition to form Pd(II)(PPh3)2(aryl)X 

(D). This complex reacts with the alkynyl copper complex (E) produced in the copper 

cycle by transmetallation and trans-cis isomerization to give a Pd(II)(PPh3)2(aryl)(alkynyl) 

complex (F). Finally, the resulting complex undergoes reductive elimination to produce 

the coupling product (G) and the Pd(0)(PPh3)2 (C) is regenerated. This Sonogashira 

coupling reaction was the preferred method to prepare the terminal alkyne linkers with 

OPE units varying length. 

Sonogashira Coupling without Copper There are many factors that influence 

palladium-catalyzed cross-coupling reactions, including the type and amount of catalyst 

as well as the choice of solvent and base. One of the main side reactions is the formation 

of acetylene dimer (a 1,3-diene), which can be promoted by copper (I) and traces of 

oxygen. Although it is reported that using Pd (0) catalyst and THF as the solvent can 

inhibit the dimer formation,19 we can still obtain the acetylene dimer, which is a loss of 

the  multiple-steps-prepared terminal alkynes. Suzuki-type coupling has been used in our 

research group to minimize the dimer formation.20 This method, however, required strict 
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moisture and oxygen free reaction condition and often gave low yield. Thus a modified 

Sonogashira coupling which does not employ copper (I) salts was chosen for the coupling 

reaction between a halogenated bipyridine and the terminal alkyne linker units. As an 

additional advantage, this modified cross-coupling reaction can avoid the possible 

chelation between the bipyridine ligand and the copper (I) salt to form a Cu (I) bpy 

complex. The mechanism of the copper-free Sonogashira Coupling reaction is shown in 

Scheme A-2-2.2.21,22 

 

Scheme A-2-2.2. Reaction mechanism for copper-free Sonogashira coupling 

The active catalytic compound Pd(0)(PPh3)2 (A) reacts with R1X in an oxidative 

addition to give the R1Pd(PPh3)2X complex (B). The subsequent complexation of the 

alkyne is supposed to proceed first with displacement of one PPh3 to give intermediate 

complex (R2C≡CH)R1Pd(PPh3)X (C). The ligated alkyne undergoes deprotonation by the 



  32 
 

amine to form the new complex (R2C≡C)R1Pd(PPh3)2 (D), which gives the coupling 

product R2C≡CR1 (E) and regenerates the catalyst Pd(0)(PPh3)2 (A) by reductive 

elimination. 

A-2-3. Synthesis of the Halogenated Bipyridines 

4,4’-Dibromo-2,2’-bipyridine is commercially available. 4-Iodo-2,2’-bipyridine and 

4,4’-diiodo-2,2’-bipyridine were synthesized in our laboratory. The purpose to use the 

iodo-substituted bipyridine is to increase the reactivity in the cross-coupling reactions. 

Since the bond dissociation energy of C-I is lower than that of C-Br.18,23 Pd-catalyzed 

cross coupling reactions with aryl iodides usually take place readily at room temperature 

in high yields, while aryl bromides require higher temperatures. Aryl chlorides are not 

employed due to low reactivity.24 The synthetic routes for 4-iodo-2,2’-bipyridine (4) and 

4,4’-diiodo-2,2’-bipyridine (8) are shown in Schemes A-2-3.1 and A-2-3.2. 

To synthesize the 4-iodo-2,2’-bipyridine (4), reported procedures were used.25-30 

Commercially available 2,2’-bipyridine-N-oxide (1) was converted to 4-nitro-2,2’-

bipyridine-N-oxide (2) by treatment with fuming nitric acid in concentrated sulfuric acid 

at 100oC. The yield of this nitration reaction was 68%. When potassium nitrate was used 

as the source of nitro group, yields were lower (~ 40%).26 Compound 4-nitro-2,2’-

bipyridine-N-oxide (2) was reduced by sodium borohydride with Pd/C to give 4-amino-

2,2’-bipyridine (3) in 70% yield. Hydrazine with Pd/C was an alternate reducing reagent 

in this step that gave comparable yield. Finally, 4-iodo-2,2’-bipyridine 1 was prepared 

from 4-amino-2,2’-bipyridine 3 through Sandmeyer reaction in 60% yield. The low-
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temperature (-6 to 0oC) and the vigorous stirring were key requirements in this step. 

Mechanical stirring was preferred to magnetic stirring.  

 

Scheme A-2-3.1. Synthetic route to 4,4’-diiodo-2,2’-bipyridine25-30 

 

Scheme A-2-3.2. Synthetic route to 4,4’-diiodo-2,2’-bipyridine27,28 
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A similar synthetic route27,28 was used to synthesize 4,4’-iodo-2,2’-bipyridine (8) 

starting from 2,2’-bipyridine-N, N’-dioxide (5). The overall yield was lower than that of 

making mono-substituted bipyridine. The resulting compounds 4, 8 and 4,4’-dibromo-

2,2’-bipyridine were used as the aryl halides for further cross-coupling reactions with 

terminal alkyne linker units to prepare the ligands, as described in the next section. 

A-2-4. Synthesis of the Bipyridine Ligands with Short Rigid Linkers 

Two bipyridine ligands, 12 and 13, with one OPE unit in the rigid linker were 

prepared. Compound 12 (ligand of 3SSC) had one short rigid linker in position 4 of the 

bipyridine, while compound 13 (ligand of SSC) had both bipyridine 4 and 4’ positions 

attached with short rigid linkers. The synthetic route is shown in Scheme A-2-4.1. 

 

Scheme A-2-4.1. Synthetic routes to bipyridine ligands with short rigid linker 

Dimethyl 5-bromoisophthalate 9 is commercially available. The synthesis of 

carboxylic esters was necessary to increase the solubility of the products and for easy 

purification purpose. Furthermore, carboxylic esters are suitable anchor groups to attach 

the sensitizers onto the metal oxide nanoparticle surfaces.31,32 Dimethyl 5-
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iodoisophthalate was also prepared using the Sandmeyer reaction33 in a fair yield (30%). 

Although dimethyl 5-iodoisophthalate was not normally used in this work, it is a good 

alternative to the corresponding bromide since iodo-substituted aryl compounds are more 

reactive in the Pd-catalyzed cross-coupling reactions than bromo-substituted ones. The 

starting material, dimethyl 5-aminoisophthalate, is inexpensive compared to the dimethyl 

5-bromoisophthalate. The synthetic route is shown in Scheme A-2-4.2. The low-

temperature control in this step is crucial for the success of this reaction because the 

intermediate compound 28 decomposes above 0oC. 

 

Scheme A-2-4.2. Synthetic route to dimethyl 5-iodoisophthalate. 

Sonogashira cross-coupling14,15,20,34,35 of trimethylsilylacetylene with dimethyl 5-

bromoisophthalate (97% yield), followed by deprotection with tetrabutylammonium 

fluoride (TBAF), produced alkyne precursor 11 (overall 93% yield).20 Copper-free 

Sonogashira coupling35 of this precursor with 4-iodo-2,2’-bipyridine 4 and 4,4’-diiodo-

2,2’-bipyidine 8 yielded 12 and 13, respectively, in good yields (80% for 12 and 65% for 

13). The copper-free Sonogashira coupling was employed in this step to minimize the 

dimerization of the precursor alkyne 11 and to avoid the formation of copper-bipyridine 

complexes. 



  36 
 

A-2-5. Synthesis of the Bipyridine Ligands with Long Rigid Linkers 

Scheme A-2-5.1. Synthetic routes to bipyridine ligands                                                    
with long rigid linkers 18(a) and 24 (b) 

The unsaturated rigid linker unit was readily prepared by iterative cross-coupling 

reactions.20,32 The starting material, 1,4-bis(trimethylsilylethynyl)benzene (14), is 

commercially available and used for coupling reaction after deprotection of one of the 

SiMe3 groups at low temperature as shown in Scheme A-2-5.1. The mono-deprotected 

compound 15 cannot be separated from starting material 14 via silica gel column 

chromatography method. Reaction of 14 with one equivalent of MeLi⋅LiBr complex as 

the nucleophile20 resulted in the formation of a 60:40 mixture of 14:15 (GC/MS). The 
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LiBr breaks aggregation of MeLi hexameric complexes to make the MeLi more 

nucleophilic.20,36,37 The use of TBAF, a stronger nuclophile would result in complete 

deprotection of 14. 

The crude mixture of mono-deprotected compound 15 and un-reacted compound 14 

was purified by column chromatography and then coupled with the anchoring unit 

dimethyl 5-bromoisophthalate. The remaining compound 14 was separated by silica gel 

column chromatography. The TMS-protected rigid linker 16 was deprotected with TBAF 

to give terminal alkyne 17 (overall yield 46%). 

Star complex SLSC has two butoxy (-O-(CH2)3CH3) substituents on the phenyl ring 

to improve the solubility. The commercially available 1,4-dibutoxybenzene 19 was 

selected as the starting material reagent.38 After iodination at room temperature of 

compound 20, one equivalent of trimethylsilylacetylene was used to obtain 21. To 

prevent the cross-coupling of trimethylsilylacetylene with both iodo functional groups, 

trimethylsilylacetylene was added into the reaction mixture dropwise at low temperature 

before addition of the palladium catalyst with stirring. After adding the catalyst, the 

reaction mixture was heated to 40oC. The resulting compound 21, a yellow oil, was 

coupled with precursor anchoring unit compound 11, then deprotected with TBAF to give 

the rigid-rod linker terminal alkyne 23.20 

The terminal alkynes 17 and 23, containing two phenylenethynylene groups with or 

without butoxy side chain on the phenyl unit, were employed in the copper-free 

Sonogashira coupling reaction with 4,4’-diiodo-2,2’-bipyidine (8) or commercially 

available 4,4’-dibromo-2,2’-bipyridine to give 18 and 24, respectively (40% for 18 and 
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69% for 24). Due to the solubility in organic solvents, SLSC ligand 24 gave higher yield 

compared to the value of LSC ligand 18. 

A-2-6. Synthesis of the Homoleptic Ruthenium Star Complexes 

As described before, two methods were used to prepare the ruthenium star 

complexes. Method I was used for the 3SSC and SLSC, and method II, was used for the 

SSC and LSC. The reason to select different methods is due to the solubility issue. Both 

the 3SSC and SLSC ligands were soluble in the complexation reaction solvent system, 

while SSC and LSC ligands had much lower solubility, and consequently the 

complexation reaction yield much lower and the purification more difficult. Although the 

coupling reaction between compound 26 and terminal alkyne 11 and 17 yield 48% and 30%

respectively, it is still higher than by using method I in the overall percentage yield. 

 

As shown in Scheme A-2-6.1, Ru(DMSO)4(PF6)2 was prepared by refluxing 

commercially available Ru(DMSO)4Cl2 and AgPF6 in ethanol under nitrogen atmosphere 

to exchange the counter ion. The precipitation of insoluble silver chloride drove this 

reaction to completion. PF6
- counter ion is a non-coordinating anion, and is believed to 

increase the solubility of ruthenium polypyridine complex without interrupting the 

chelating process.39 After removing the formed precipitate AgCl by quick filtration, 

ethanol was removed slowly under nitrogen flow. The resulting orange product 

Ru(DMSO)4(PF6)2 was highly hydroscopic at ambient condition. The product was stored 

in a vial protected with aluminum foil in a glove box under nitrogen atmosphere, and 

used shortly after the preparation. 
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Scheme A-2-6.1. Synthetic routes to ruthenium star complexes 

The same complexation conditions were employed to prepare 3SSC, SLSC, and 

intermediate ruthenium complex 26. The Ru(DMSO)4(PF6)2 salt and the corresponding 

bipyridine ligand were stirred in a solvent mixture of 1-butanol and THF (2:1) at 120oC. 

THF improved the solubility of both the ligand and the homoleptic ruthenium complexes, 

while 1-butanol (b.p. 120oC) allowed using a higher reflux temperature for chelating 

reaction. UV-Vis absorption spectrum was used to monitor the reaction mixture. The 

reactions were stopped when no ruthenium bis(bipyridine) complex was observed. 

Visually this could be observed by color change of the reaction mixture as a purple color 

was indicated the existence of the partially chelated ruthenium bis(bipyridine) complex. 
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Figure A-2-6.1 shows the absorption spectra of reference compounds Ru(bpy)2Cl2 and 

Ru(bpy)2Cl2 in methanol. For the star complexes, the absorption band normally shifted to 

red, yet the existence of bi-chelated ruthenium is easily identified (two bands instead of 

one). 

Compound 26 was quite soluble in the solvent used for cross-coupling conditions. 

The bromo functional groups were cross-coupled in the presence of a large excess (1:15 

ratio) of terminal alkyne rigid linkers 11 and 17 via copper-free Sonogashira coupling 

method to yield SSC and SLSC. TLC was used to monitor the reaction mixture. 
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Figure A-2-6.1. Comparison of absorption spectra of standard ruthenium complexes 

Carboxylic acid is the most commonly used anchoring group because of the strong 

covalent bonds with the TiO2 nanoparticles and other MOn semiconductor.40 In the case 
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of star complexes, the anchoring group was not converted to carboxylic acid due to 

anticipated decrease in solubility. The carboxylic ester group was therefore used as the 

anchoring group to bind sensitizers onto metal oxide semiconductor surface with covalent 

bond. The binding is discussed in chapter A-3. 

A-2-8. Experimental Section 

General Procedure. All the air- and moisture sensitive reactions were performed 

under nitrogen atmosphere with glassware that was oven-dried and then flamed in vacuo. 

Column chromatography was performed using silica gel (Sorbent Technologies, 230-400 

mesh). Thin Layer Chromatography (TLC) was performed on silica gel plates (Sorbent 

Technologies, w/UV254, aluminum backed, 200 μm), using UV light as the developing 

agent. “Standard workup” in the synthetic procedures refers to the following workup 

sequence: 1) the aqueous layer is extracted with the indicated solvent (typically 5 times); 

2) the organic layers are collected and dried with anhydrous Na2SO4; c) the solvent is 

removed in vacuo on a rotary evaporator to give the crude product. 

Instrumentation. NMR spectra were obtained on a Varian INOVA 500 

spectrometer operating at 499.90 MHz for 1H and 124.98 MHz for 13C and collected in 

CDCl3, unless otherwise specified. The 1H spectra were referenced to tetramethylsilane 

or the central line of the solvent and the 13C spectra to the central line of the solvent. 

Chemical shift (δ) are reported in ppm with a precision of ± 0.01 ppm. Coupling constant 

(J) are reported in Hz with a precision of ± 0.1 Hz. GC/MS data were obtained on a HP 

6890 gas chromatograph equipped with a HP 5973 MS detector and a capillary column 
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(HP 19091s-433:30 m, phenylmethyl siloxane). Major ions were recorded to unit mass, 

and the intensity was parenthetically indicated as a percentage of the strongest peak. 

Melting points were measured with a Fisher melting point apparatus. IR data were 

collected on a Thermo Electron Corporation Nicolet 6700 FT-IR-ATR using ZnSe crystal. 

Atmosphere was selected as the background. Low resolution mass spectra (LRMS) were 

obtained by ESI method with apex-Qe series instrument, BRUKER. 

Materials. Chloroform, ethyl acetate and dichloromethane (HPLC grade) were used 

as received. Deionized water was used from the in-house system. Hexane for column 

chromatography was distilled before use. THF was distilled from sodium/benzophenone 

under nitrogen atmosphere. Et3N, diisopropylamine, benzene, and toluene were distilled 

from CaH2 under nitrogen atmosphere prior to use. 1,4-Dibutoxybenzene was purchased 

from TCI. 4,4’-bromo-2,2'-bipyridine was purchased from Carbosynth. 2,2'-Bipyridine 

N,N'-dioxide, 2,2’-bipyridyl N-oxide, dimethyl 5-bromoisophthalate, 1,4-

bis((trimethylsilyl)ethynyl)benzene, trimethylsilylacetylene, and AgPF6 were purchased 

from Fisher-Acros or from Sigma-Aldrich. Palladium catalysts (Pd(PPh3)2Cl2, Pd(dba)2, 

and Pd(PPh3)4), and Ru(DMSO)4Cl2 were purchased from Strem and stored at 5-10oC. 

Organolithium reagents (MeLi/LiBr, 1.5 M solution in diethyl ether), copper catalysts 

(CuI and CuBr), tetrabutylammoniumfluoride trihydrate (TBAF), and all other 

commercially available chemicals and solvents were purchased from Fisher-Acros or 

from Sigma-Aldrich and were used as received.  
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Synthesis and Characterization Data 

4-Nitro-2-(pyridin-2-yl)pyridine 1-oxide (2).25 A round 

bottom flask with 2,2’-bipyridyl N-oxide (1, 2.24 g, MW 172, 13 

mmol) was cooled in an ice bath at 0oC. Pre-cooled concentrated 

sulfuric acid (0oC, 32 mL) was added. Then the reaction mixture 

was heated to reflux. Nitric acid (fuming, 3.5 mL) was added through an addition funnel 

over 8 hours. Then additional nitric acid (red fuming, 3 mL) was added over 2 hours. The 

reaction mixture was refluxed for additional 2 hours. After cooling to room temperature, 

the reaction mixture was poured into crushed ice. Pre-cooled NaOH aqueous solution 

(20%, 0oC) was added dropwise to neutralize the acidic solution. A yellow precipitate 

formed as the pH was close to 7. The mixture was filtered and the precipitate was washed 

with cold distilled water to give the product 2 as yellow powder (1.93 g, Mw 217). Yield: 

68%. 1H NMR (CDCl3): δ 9.16 (d, 1H, J = 3.0 Hz), δ 8.87-8.89 (d, 1H, J = 8.0 Hz), δ 

8.78-8.79 (d, 1H, J = 4.5 Hz), δ 8.35-8.36 (d, 1H, J = 7.0 Hz), δ 8.05-8.07 (dd, 1H, J = 

3.0, 7.0 Hz), δ 7.86-7.89 (m, 1H), δ 7.42-7.44 (m, 1H) ppm. The spectral data of the 

product were consistent with those reported in literature.41 

N N

NO2

O

2,2'-Bipyridine-4-amine (3).41 Under nitrogen atmosphere, 4-

nitro-2,2’-bipyridyl N-oxide (2, 2.2 g, MW 217, 10 mmol) was 

added to pre-cooled methanol (0oC, 200 mL). Pd/C (0.5 g) was added. Then NaBH4 (7.7 

g, Mw 38, 200 mmol) was added in small portions to the solution with stirring. The flask 

was left under nitrogen flow to ensure all the hydrogen generated was removed. The 

resulting mixture was filtered to remove the catalyst, and the filtrate was dried under 

vacuum. Diluted HClaq (20%) was used to dissolve the crude product. The aqueous layer 

N N

NH2
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was separated and saved. 40% NaOH aqueous solution was added dropwise to adjust to 

pH 10. Dichloromethane was used to do the standard workup to give product 3 as pale 

yellow powder (1.2 g, Mw 171). Yield: 70%. 1H NMR (CDCl3): δ 8.64-8.65 (d, 1H, J = 

4.0 Hz), δ 8.35-8.37 (d, 1H, J = 8.0 Hz), δ 8.31-8.32 (d, 1H, J = 5.5 Hz), δ 7.77-7.81 (ddd, 

1H, J = 1.5, 7.5 Hz), δ 7.68 (d, 1H, J = 2.5 Hz), δ 7.27-7.30 (m, 1H), δ 6.55-6.56 (dd, 1H, 

J = 2.5, 5.5 Hz), δ 4.26 (s, 2H) ppm. The spectral data of the product were consistent with 

those reported in literature.41 

4-Iodo-2,2'-bipyridine (4).41 2,2'-Bipyridine-4-amine (3, 0.42 g, 

MW 171, 2.5 mmol) was suspended in 7.5 M aqueous H2SO4 (20 mL) 

and cooled to -10oC. A pre-cooled solution of NaNO2 (0oC, 0.85 g, Mw 69, 12.3 mmol) 

in water (8 mL) was added dropwise over 1 hour with stirring. After an additional 15 

minutes stirring, a pre-cooled solution of KI (0oC, 6.1 g, Mw 166, 37 mmol) in water (12 

mL) was added dropwise over 1 hour. Then the reaction mixture was kept stirring for 30 

minutes at -10oC and allowed to warm to room temperature. The resulting mixture was 

neutralized by sodium carbonate to pH 7-8. Sodium thiosulfate aqueous solution (10%) 

was used to decolorize the solution. After standard workup with dichloromethane, the 

resulting crude product was purified by silica gel column chromatography (ethyl 

acetate:hexane = 1:4, Rf = 0.31) to give the product 4 as white powder (0.41 g, Mw 282). 

Yield: 60%. 1H NMR (CDCl3): δ 8.83 (d, 1H, J = 1.0 Hz), δ 8.68 (d, 1H, J = 4.0 Hz), δ 

8.37-8.38 (d, 1H, J = 8.0 Hz), δ 8.31-8.32 (d, 1H, J = 5.0 Hz), δ 7.80-7.84 (ddd, 1H, J = 

2.0, 8.0 Hz), δ 7.68-7.69 (dd, 1H, J = 1.5, 5.5 Hz), δ 7.32-7.34 (m, 1H) ppm. The spectral 

data of the product were consistent with those reported in literature.41 

N N

I
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4,4'-Dinitro-2,2'-bipyridine 1,1'-dioxide (6).26,27 

Concentrated sulfuric acid (14 mL) was added to 2,2'-bipyridine 

N,N'-dioxide (5, 2.84 g, MW 188, 15.1 mmol) until all powder 

dissolved. The reaction mixture was cooled with an ice bath for 30 minutes, and nitric 

acid (fuming, 4.8 mL) was added dropwise via an addition funnel. The resulting solution 

was refluxed (100oC) for 24 hours. After the mixture was cooled to room temperature, the 

acidic mixture was poured into liquid nitrogen treated ice and let melt. A bright yellow 

precipitate formed. The mixture was filtered and the yellow precipitate was washed with 

water 3 times and allowed to air dry to give product 6 as yellow powder (2.05 g, Mw 

278). Yield: 49%. 1H NMR (DMSO)-d6: δ 8.69 (d, 2H, J = 3.0 Hz), δ 8.59-8.60 (d, 2H, J 

= 7.5 Hz), δ 8.36-8.38 (dd, 2H, J = 3.0, 7.5 Hz) ppm. 13C NMR (DMSO)-d6: δ 142.55, 

141.68, 140.92, 124.22, 122.40. 

N N

NO2O2N

O O

2,2'-Bipyridine-4,4'-diamine (7).27 A mixture of 4,4'-

dinitro-2,2'-bipyridine N,N'-dioxide (6, 3.5 g, MW 278, 12.6 

mmol) and Pd/C (10%) (3.2 g) in absolute ethanol (390 mL) was purged with nitrogen for 

30 minutes. The suspension was heated to reflux under nitrogen atmosphere. Hydrazine 

hydrate (28 mL) in absolute ethanol (130 mL) was added dropwise. The resulting 

solution was kept at reflux temperature overnight. The reaction mixture was immediately 

filtered, while hot, through Celite 521 and the pad was washed with boiling ethanol (4 x 

50 mL). The combined ethanol solutions were reduced in volume to approximately 50 

mL under vacuum. Distilled water (150 mL) was added into the solution. The resulting 

solution was kept at 2-8oC overnight. Compound 7 (1.75 g, MW 186) was obtained as 

pale yellow needle-like crystal. Yield: 75%. 1H NMR (DMSO)-d6: δ 8.01-8.03 (d, 2H, J 

N N

NH2H2N
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= 5.5 Hz), δ 7.53 (d, 2H, J = 2.0 Hz), δ 6.43-6.45 (dd, 2H, J = 2.5, 6.0 Hz), δ  6.02 (s, 4H, 

NH2) ppm. 13C NMR (DMSO)-d6: δ 156.13, 154.91, 148.89, 108.61, 

105.57. 

4,4'-Diiodo-2,2'-bipyridine (8).41 2,2'-Bipyridine-4,4'-diamine 

(7, 0.89 g, MW 186, 4.8 mmol) was suspended in 7.5 M aqueous H2SO4 (38 mL) and 

cooled to -10oC with an acetone/ice bath. A pre-cooled solution of NaNO2 (0oC, 1.65 g, 

MW 69, 23.9 mmol) in water (15.3 mL) was added dropwise over 1 hour with stirring. 

After an additional 15 minutes, a pre-cooled solution of KI (0oC, 5.55 g, Mw 166, 33.4 

mmol) in acetone/water (150 mL, v/v = 2:3) was added dropwise over 1 hour. The 

reaction mixture was kept stirring for 30 minutes at -10oC, allowed to warm to room 

temperature, then neutralized by sodium carbonate aqueous solution (10%). Sodium 

thiosulfate aqueous solution (10%) was used to decolorize the solution. After standard 

workup with dichloromethane, the compound 8 was recrystallized from ethanol as grey 

powder (0.84 g, MW 408). Yield: 43%. 1H NMR (THF)-d8: δ 8.85-8.86 (d, 2H, J = 1.5 

Hz), δ 8.30-8.31 (d, 2H, J = 5.0 Hz), δ 7.78-7.79 (dd, 2H, J = 1.5, 5.0 Hz) ppm. 13C NMR 

(THF)-d8: δ 156.13, 150.51, 134.27, 131.12, 107.01. 

N N

II

Dimethyl 5-((trimethylsilyl)ethynyl)isophthalate (10).41 

A flame-dried round bottom flask was charged with dimethyl 

5-bromoisophthalate (9, 6.95 g, Mw 273, 25.5 mmol), 

diisopropylamine (160 mL), CuBr (360 mg, Mw 143, 2.52 

mmol), trimethylsilylacetylene (25 g, Mw 98.22, 255 mmol), and Pd(PPh3)2Cl2 (890 mg, 

Mw 701.89, 1.27 mmol),. The reaction mixture was stirred overnight at reflux 

MeOOC COOMe

SiMe3
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temperature under nitrogen atmosphere. After was cooled to room temperature, the 

resulting mixture was filtered, and the solvent was removed under vacuum. The 

remaining crude product was purified by silica gel column chromatography (ethyl 

acetate:hexane = 1:9, Rf = 0.32) to give the product 10 as white powder (7.19 g, MW 

290). Yield: 97%. If dimethyl 5-iodoisophthalate was used instead of dimethyl 5-

bromoisophthalate, the reaction was run at room temperature with 4 equivalents of 

trimethylsilylacetylene. The yield is similar. Mp: 100-102oC. 1H NMR (CDCl3): δ 8.60 (s, 

1H), δ 8.29 (d, 2H, J = 1.5 Hz), δ 3.95 (s, 6H), δ 0.27 (s, 9H) ppm. The spectral data of 

the product were consistent with those reported in literature.41 

Dimethyl 5-ethynylisophthalate 11.41 Tetrabutyl 

ammonium floride trihydrate (490 mg, Mw 315.5, 1.6 mmol) in 

THF (10 mL) was added to a THF (5 mL) solution of dimethyl 

5-((trimethylsilyl)ethynyl)isophthalate (10, 400 mg, MW 290, 

1.4 mmol) at -5oC in an acetone/ice bath. The reaction mixture was kept stirring at -5oC 

for 2 hours, monitored with TLC monitoring, and quenched by pouring into distilled 

water. After standard workup with chloroform, the crude product was purified by silica 

gel column chromatography (ethyl acetate:hexane = 1:9, Rf = 0.32) to give product 11 as 

white powder (290 mg, MW 218). Yield: 96%. Mp: 124-127oC. 1H NMR (CDCl3): δ 

8.64 (s, 1H), δ 8.32 (d, 2H, J = 1.5 Hz), δ 3.96 (s, 6H), δ 3.17 (s, 1H) ppm. The spectral 

data of the product were consistent with those reported in literature.41 

MeOOC COOMe

H
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Dimethyl 5-(2,2'-bipyridin-4-ylethynyl) 

isophthalate 12.41 A flame-dried round bottom flask 

was charged with 4-iodo-2,2'-bipyridine (8, 200 mg, 

MW 282, 0.71 mmol), benzene (20 mL), THF (5 mL), 

diisopropylamine (8 mL), dimethyl 5-ethynyl 

isophthalate (11, 186 mg, MW 218, 0.85 mmol), and Pd(PPh3)4 (41 mg, MW 1156, 0.035 

mmol). The reaction mixture was kept stirring at 80oC under nitrogen atmosphere for 24 

hours. After it cooled to room temperature, the reaction mixture was filtered, and the 

filtrate evaporated under vacuum. After standard workup with chloroform, the crude 

product was purified by silica column chromatography (ethyl acetate:hexane = 4:6, Rf
 = 

0.36) to give product 12 as white powder (210 mg, MW 372). Yield: 80%. 1H NMR 

(CDCl3): δ 8.69-8.72 (m, 3H), δ 8.57 (s, 1H), δ 8.41-8.43 (m, 3H), δ 7.83-7.87 (ddd, 1H, 

J = 1.5, 8.0 Hz), δ 7.41-7.42 (dd, 1H, J = 1.5, 5.0 Hz), δ 7.34-7.36 (m, 1H), δ 3.99 (s, 6H) 

ppm. The spectral data of the product were consistent with those reported in literature.41 

N N

COOMe

MeOOC

Tetramethyl 5,5'-(2,2'-

bipyridine-4,4'-diylbis(ethyne-2,1-

diyl))diisophthalate (13). A flame-

dried round bottom flask was 

charged with 4,4’-bromo-2,2'-

bipyridine (100 mg, MW 314, 0.32 mmol), benzene (7 mL), diisopropylamine (7 mL), 

THF (15 mL), dimethyl 5-ethynylisophthalate (11, 274 mg, MW 218, 1.28 mmol), and 

Pd(PPh3)4 (110 mg, Mw 1156, 0.062 mmol). The reaction mixture was stirred at 80oC 

under nitrogen atmosphere for 2 days. The progress of the reaction was monitored by 

N N

COOMe

MeOOCCOOMe

MeOOC
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TLC. After cooled to room temperature, the reaction mixture was filtered, and the filtrate 

was placed under vacuum to remove the solvent. After standard workup with large 

amount of chloroform, the crude product was purified by silica column chromatography 

(dichloromethane:methanol = 95:5, Rf = 0.25), followed by precipitation from small 

amount of chloroform to give product 13 as grey powder (150 mg, Mw 589). Yield: 80%. 

1H NMR (CDCl3): δ 8.73-8.74 (d, 2H, J = 5.0 Hz), δ 8.70 (s, 2H), δ 8.59 (s, 2H), δ 8.42 

(d, 4H, J = 1.5 Hz), δ 7.46-7.47 (d, 2H, J = 5.0 Hz), δ 4.00 (s, 12H) ppm. MS (ESI) calcd 

for C34H24N2O8: 588.15. Found: 589.16. The 13C is not available due to the low solubility. 

 ((4-Ethynylphenyl)ethynyl)trimethylsilane 

(15).41 A solution of MeLi/LiBr (4.9 mL, 7.4 mmol in 

hexane) in THF (20 mL) was added dropwise into a solution of 1,4-

bis((trimethylsilyl)ethynyl)benzene (14, 2 g, MW 270.5, 7.4 mmol) in THF (50 mL) at 

0oC. The resulting mixture was stirred for another 15 minutes, and then poured into an 

ice-cold diluted HCl aqueous solution (10%). Diethyl ether was used for the standard 

workup. The mixture of compound 14 and 15 was difficult to separate. Thus after a short 

column (hexane), composition of the purified mixture was checked by GC-MS, Yield: 

42%. GC/MS m/z: 198 (M+), 183 (M -15). The reaction mixture was used in the next 

reaction. The unreacted starting material 14 was easily isolated and recovered through 

silica column chromatography in next step. This product was synthesized and reported in 

literature.41 

Me3Si H
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Dimethyl 5-((4-((trimethylsilyl)ethynyl)phenyl) 

ethynyl)isophthalate (16).41 A flame-dried round bottom 

flask was charged with dimethyl 5-bromoisophthalate (9, 

2.63 g, MW 320, 8.22 mmol), PPh3 (0.43 g, Mw 262, 1.64 

mmol), triethylamine (2.0 mL), THF (200 mL), mixture of 

1,4-bis((trimethylsilyl) ethynyl)benzene (14) and ((4-ethynyl 

phenyl)ethynyl)trimethyl silane (15) (1.63 g of 14, MW 198, 8.23 mmol), and Pd(dba)2 

(0.24 g, Mw 575, 0.41 mmol). The reaction mixture was stirred for 24 hours at reflux 

temperature under nitrogen atmosphere. After it cooled to room temperature, the reaction 

mixture was filtered, and the solvent was removed under vacuum. After standard workup 

with chloroform, the crude product was purified by silica gel column chromatography 

(ethyl acetate:hexane = 1:9, Rf = 0.42) to give the product 16 as a pale yellow powder 

(2.14 g, MW 390). Yield: 67%. Mp: 161-162oC. 1H NMR (CDCl3): δ 8.63 (s, 1H), δ 

8.35-8.36 (d, 2H, J = 1.5 Hz), δ 7.47 (m, 4H), δ 3.97 (s, 6H), δ 0.26 (s, 9H) ppm. The 

spectral data of the product were consistent with those reported 

in literature.41 

COOMeMeOOC

SiMe3

Dimethyl 5-((4-ethynylphenyl)ethynyl)isophthalate 

(17).41 Tetrabutylammonium floride trihydrate (in 1 M THF, 

0.97 mL, MW 261, 0.97 mmol) in THF (10 mL) was added to a 

THF (20 mL) solution of dimethyl 5-((4-

((trimethylsilyl)ethynyl)phenyl) ethynyl)isophthalate (16, 315 

mg, MW 390, 0.81 mmol) under stirring at -5oC in an acetone/ice bath. The reaction 

mixture was stirred at -5oC for 2 hours with TLC monitoring, and quenched by pouring 

COOMeMeOOC

H
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into sufficient distilled water. Dichloromethane was used to do the standard workup. The 

crude product was purified by silica gel column chromatography (ethyl acetate:hexane = 

1:9, Rf = 0.39) to give the product 17 as white powder (175 mg, MW 318). Yield: 68%. 

Mp: 161-165oC. 1H NMR (CDCl3): δ 8.63 (s, 1H), δ 8.36 (d, 2H, J = 1.5 Hz), δ 7.50 (s, 

4H), δ 3.97 (s, 6H), δ 3.20 (s, 1H) ppm. The spectral data of the product were consistent 

with those reported in literature.41 

Tetramethyl 5,5'-(4,4'-(2,2'-bipyridine-4,4'-

diylbis(ethyne-2,1-diyl))bis(4,1-phenylene)) bis 

(ethyne-2,1-diyl) diisophthalate (18). A flame-dried 

round bottom flask was charged with 4,4’-dibromo-

2,2'-bipyridine (200 mg, MW 314, 0.64 mmol), benzene (15 mL), diisopropylamine (15 

mL), THF (15 mL), dimethyl 5-((4-ethynylphenyl)ethynyl) isophthalate (17, 810 mg, 

MW 318, 2.55 mmol), and Pd(PPh3)4 (150 mg, MW 1156, 0.13 mmol). The reaction 

mixture was kept stirring at 80oC under nitrogen atmosphere for at least 3 days. TLC was 

used to monitor the process. After it cooled to room temperature, the reaction mixture 

was filtered, and the filtrate was evaporated under vacuum. After standard workup with 

large amount of chloroform (because of the low solubility of the product), the crude 

product was purified by silica column chromatography (dichloromethane:methanol = 

95:5, Rf = 0.23), followed by precipitation from small amount of chloroform to give 

product 18 as grey powder (200 mg, MW 788). Yield: 40%. 1H NMR (CDCl3): δ 8.70-

8.71 (d, 2H, J = 4.5 Hz), δ 8.65 (s, 2H), δ 8.56 (s, 2H), δ 8.39 (s, 4H), δ 7.58 (s, 8H), δ 

7.43-7.44 (d, 2H, J = 4.5 Hz), δ 3.98 (s, 12H) ppm. MS (ESI) calcd for C50H32N2O8: 

788.22. Found: 789.23. The 13C is not available due to the low solubility. 

N N

COOMe
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1,4-Dibutoxy-2,5-diiodobenzene (20).38 The suspension of 

1,4-dibutoxybenzene (19, 0.89 g, MW 222, 4 mmol), mercury (II) 

acetate (3.19 g, MW 319, 10 mmol) and iodine (2.54 g, MW 254, 

10 mmol) in dichloromethane (70 mL) was kept stirring overnight at room temperature. 

The mixture was filtered through Celite 521 to remove precipitate. The filtrate was 

washed with Na2S2O3 aq. (10%), NaHSO3 aq. (20%), H2O, and NaCl aq. (10%) sequencely. 

After dried with Na2SO4, the solvent was removed under vacuum. The crude product was 

recrystallized from ethanol to give the product 20 (1.73 g, MW 474). Yield: 77%. 1H 

NMR (CDCl3): δ 7.18 (s, 2H), δ 3.92-3.95 (t, 4H, J = 6.5 Hz), δ 1.76-1.81 (m, 4H), δ 

1.50-1.57 (m, 4H), δ 0.97-1.00 (t, 6H, J = 7.0 Hz) ppm. 13C NMR (CDCl3): δ 152.77, 

122.69, 86.27, 69.96, 31.18, 19.25, 13.79. 

O

O

C4H9

C4H9

II

 ((2,5-Dibutoxy-4-iodophenyl)ethynyl)trimethyl 

silane (21).38 A flame-dried round bottom flask was 

charged with 1,4-dibutoxy-2,5-diiodobenzene (20, 6.0 g, 

MW 474, 12.66 mmol), diisopropylamine (35 mL), THF (85 mL), CuI (120 mg, MW 190, 

0.633 mmol), trimethylsilylacetylene (1.75 mL, Mw 98, 12.66 mmol), and Pd(PPh3)2Cl2 

(0.89 g, Mw 701, 1.266 mmol). Trimethylsilylacetylene was diluted with 15 mL THF and 

was added into the reaction mixture dropwise. The reaction mixture was kept stirring 

overnight at room temperature under nitrogen atmosphere. Then the resulting mixture 

was filtered, and the solvent was removed under vacuum. After standard workup with 

chloroform, the remaining crude product was purified by silica gel column 

chromatography (chloroform:hexane = 1:4, Rf = 0.30) to give the yellow oil product 21 

(2.3 g, MW 444.42). Yield: 41%. 1H NMR (CDCl3): δ 7.40 (s, 1H), δ 6.92 (s, 1H), δ 

O

O

C4H9

C4H9
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3.98-4.03 (ddd, 4H, J = 1.5, 6.5 Hz), δ 1.72-1.80 (m, 4H), δ 1.52-1.60 (m, 4H), δ 0.96-

0.99 (t, 6H, J = 7.0 Hz), δ 0.22 (s, 9H) ppm. 13C NMR (CDCl3): δ 154.88, 151.70, 123.92, 

116.23, 113.49, 100.76, 99.41, 87.86, 69.76, 69.56, 31.33, 31.25, 19.31, 19.19, 13.84, 

13.81, 0.10. 

Dimethyl 5-((2,5-dibutoxy-4-((trimethylsilyl)ethynyl) 

phenyl)ethynyl)isophthalate (22). A flame-dried round 

bottom flask was charged with ((2,5-dibutoxy-4-

iodophenyl)ethynyl) trimethylsilane (21, 1.22 g, MW 444, 2.75 

mmol), diisopropylamine (10 mL), THF (35 mL), CuI (26 mg, 

Mw 190, 0.137 mmol), dimethyl 5-ethynylisophthalate (11, 

0.72 g, Mw 218, 3.29 mmol), and Pd(PPh3)2Cl2 (0.19 g, MW 701, 0.275 mmol). The 

reaction mixture was kept stirring overnight at 40oC under nitrogen atmosphere. After 

cooled to room temperature, the resulting mixture was filtered, and the solvent was 

removed under vacuum. After standard workup with chloroform, the crude product was 

purified by silica gel column chromatography (ethyl acetate:hexane = 1:9, Rf = 0.41) to 

give the product 22 as yellow powder (1.24 g, Mw 534). Yield: 84%. Mp: 105-106oC. 1H 

NMR (CDCl3): δ 8.61 (s, 1H), δ 8.34 (s, 2H), δ 6.96-6.98 (d, 2H, J = 8.0 Hz), δ 3.99-4.03 

(m, 4H), δ 3.96 (s, 6H), δ 1.80-1.85 (m, 4H), δ 1.55-1.61 (m, 4H), δ 0.98-1.04 (m, 6H), δ 

0.27 (s, 9H) ppm. 13C NMR (CDCl3): δ 165.53, 154.08, 153.62, 136.33, 130.86, 129.92, 

124.48, 117.10, 116.85, 114.37, 113.22, 100.90, 100.44, 92.59, 87.83, 69.24, 69.21, 52.45, 

31.30, 31.29, 19.28, 19.20, 13.84, 0.14. 

COOMeMeOOC

SiMe3
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Dimethyl 5-((2,5-dibutoxy-4-ethynylphenyl)ethynyl) 

isophthalate (23). Tetrabutylammonium fluoride trihydrate (1 

M in THF, 1.2 mL, Mw 261, 1.2 mmol) in THF (5 mL) was 

added to a THF (40 mL) solution of dimethyl 5-((2,5-dibutoxy-

4-((trimethylsilyl)ethynyl)phenyl)ethynyl)isophthalate (22, 500 

mg, MW 534, 0.94 mmol) at -5oC (acetone/ice bath). The 

reaction mixture was stirred at -5oC for 2 hours with TLC monitoring, and quenched by 

pouring into distilled water. Dichloromethane was used for the standard workup. The 

crude product was purified by silica gel column chromatography (ethyl acetate:hexane = 

1:9, Rf = 0.23) to give the product 23 as yellow powder (320 mg, MW 462). Yield: 74%. 

Mp: 128-129oC. 1H NMR (CDCl3): δ 8.63 (s, 1H), δ 8.36-8.37 (d, 2H, J = 1.5 Hz), δ 

7.00-7.01 (d, 2H, J = 5.0 Hz), δ 4.02-4.05 (ddd, 4H, J = 2.5, 6.5 Hz), δ 3.97 (s, 6H), δ 

3.37 (s, 1H), δ 1.80-1.87 (m, 4H), δ 1.50-1.63 (m, 4H), δ 0.99-1.04 (m, 6H) ppm. 13C 

NMR (CDCl3): δ 165.53, 154.08, 153.62, 136.33, 130.86, 129.92, 124.48, 117.10, 116.85, 

114.37, 113.22, 100.90, 100.44, 92.59, 87.83, 69.24, 69.21, 52.45, 31.30, 31.29, 19.29, 

19.20, 13.84. 

COOMeMeOOC

H

OC4H9

C4H9O

Tetramethyl 5,5'-((([2,2'-bipyridine]-4,4'-

diylbis(ethyne-2,1-diyl))bis(2,5-dibutoxy-4,1-

phenylene))bis (ethyne-2,1-diyl))diisophthalate (24). 

A flame-dried round bottom flask was charged with 

4,4'-diiodo-2,2'-bipyridine (4, 120 mg, MW 408, 0.29 mmol), THF (14 mL), 

triethylamine (2 mL), PPh3 (15 mg, MW 262, 0.0588 mmol), dimethyl 5-((2,5-dibutoxy-

4-ethynylphenyl)ethynyl)isophthalate (23, 300 mg, MW 462,  0.65 mmol), and Pd(PPh3)4 

N N

COOMe

MeOOCCOOMe

MeOOC

C4H9O

OC4H9
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(34 mg, MW 1155, 0.0294 mmol). The reaction mixture was kept stirring at 50oC under 

nitrogen atmosphere for 4 days with TLC monitoring. After cooled to room temperature, 

the reaction mixture was filtered, and the filtrate was placed under vacuum to remove the 

solvent. After standard workup with chloroform, the crude product was purified by silica 

column chromatography (dichloromethane:THF = 9:1, Rf = 0.21) to give a yellow 

powder 24 (220 mg, MW 1077). Yield: 69%. 1H NMR (CDCl3): δ 8.68-8.69 (d, 2H, J = 

5.0 Hz), δ 8.63(s, 2H), δ 8.55(s, 2H), δ 8.37-8.38 (d, 4H, J = 1.5 Hz), δ 7.41-7.42 (dd, 2H, 

J = 1.5, 5.0 Hz), δ 7.05-7.06 (d, 4H, J = 4.0 Hz), δ 4.06-4.09 (t, 8H, J = 6.5 Hz), δ 3.97 (s, 

12H), δ 1.85-1.91 (m, 8H), δ 1.59-1.64 (m, 8H), δ 1.03-1.06 (m, 12H) ppm. 13C NMR 

(CDCl3): δ 165.59, 155.76, 154.00, 153.83, 149.20, 136.43, 132.59, 131.01, 130.08, 

125.36, 124.50, 123.17, 117.25, 117.06, 114.29, 113.54, 93.09, 92.50, 90.62, 87.80, 69.48, 

69.47, 52.48, 31.35, 19.34, 19.32, 13.89, 13.86. LRMS (ESI) calcd for C66H64N2O12: 

1076.45. Found: 1077.46. 

Homoleptic ruthenium complex 3SSC.  

(a) Synthesis of Ru(DMSO)4(PF)6. A round 

bottom flask was charged with Ru(DMSO)4Cl2, 

AgPF6, and ethanol. The reaction mixture was heated 

to reflux for 12 hours under nitrogen atmosphere. After it cooled to room temperature, the 

reaction mixture was filtered through Celite 521. A few drop of ethanol was used to rinse 

the Celite pad. The orange-yellow filtrate was placed under nitrogen flow overnight to 

remove solvent. The resulting Ru(DMSO)4(PF6)2 (MW 673) was kept under nitrogen 

atmosphere for next step. 
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(b) Complexation. Ru(DMSO)4(PF6)2 (56 mg, MW 703, 0.08 mmol),  dimethyl 5-

(2,2'-bipyridin-4-ylethynyl)isophthalate (12, 100 mg, MW 372, 0.28 mmol), THF (5 mL), 

and nitrogen-purged 1-butanol (12 mL) were added into a round bottom flask, and the 

reaction mixture was heated to reflux under nitrogen atmosphere. Every 24 hours, the 

reaction mixture was monitored by UV-Vis spectroscopy until the reaction completed 

(Figure A-2-6.1). The reaction mixture was cooled to room temperature and filtered. The 

resulting powder was rinsed with acetone. The filtrate was evaporated under vacuum and 

an orange powder (3SSC, 78 mg, MW 1508) formed by adding hexane. Yield: 66%. 1H 

NMR (acetone)-d6: δ 8.80(broad, 3H), δ 8.71(broad, 3H), δ 8.65-8.67(m, 3H), δ 8.53(s, 

6H), δ 8.24(broad, 3H), δ 7.92-7.93(broad, 3H), δ 7.85-7.86(broad, 3H), δ 7.62-

7.63(broad, 3H), δ 7.57-7.58(broad, 3H), δ 4.05(s, 18H). MS (ESI) calcd for 

C66H48N6O12Ru2+: 1218.24. Found: 1218.24. The 13C was not available due to the low 

solubility. IR-ATR (cm-1): 2952 (C-HAr), 2848 (C-HCH3), 2217 (C≡C), 1730 (C=O), 1610 

(C=CAr), 1476, 1440, 1352, 1319, 1303, 1247 (C-O), 1198, 1155, 998, 914, 837 (C-HAr). 

Ruthenium tris(4,4’-dibromo-2,2’-bipyridine) (26). 

Ru(DMSO)4(PF6)2 ( 440 mg, MW 703, 0.58 mmol),  4,4’-

dibromo-2,2’-bipyridine (25, 650 mg, Mw 314, 2.03 mmol), 

THF (5 mL), and nitrogen-purged 1-butanol (30 mL) were 

added into a round bottom flask, and the reaction mixture was heated to reflux under 

nitrogen atmosphere. Every 24 hours, the reaction mixture was monitored by UV-Vis 

spectroscopy until the reaction completed (Figure A-2-6.1). The reaction mixture was 

cooled to room temperature and filtered. The filtrate was condensed by under vacuum 

and an orange powder (26, 300 mg, Mw 1333) formed by adding hexane. Yield: 48%. 1H 
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NMR (methanol)-d4: δ 9.04(d, 3H, J = 1.5 Hz), δ 7.60-7.75(m, 6H). 13C NMR 

(methanol)-d4: δ 158.51, 153.66, 136.33, 132.91, 

130.13. 

Homoleptic ruthenium complex SSC. A 

flame-dried round bottom flask was charged with 

ruthenium tris(4,4’-dibromo-2,2’-bipyridine) (26, 50 

mg, MW 1333, 0.038 mmol), benzene (2.5 mL), 

diisopropylamine (2 mL), THF (2 mL), dimethyl 5-ethynylisophthalate (11, 106 mg, Mw 

218, 0.486 mmol), and Pd(PPh3)4 (5 mg, Mw 1156, 0.004 mmol). The reaction mixture 

was stirred at 80oC under nitrogen atmosphere for 3 days and monitored with TLC. After 

it cooled to room temperature, the reaction mixture was filtered, and the solvent was 

removed in vaccum. The crude product was purified by silica gel column 

chromatography (acetonitrile:H2O = 85:15) to remove any unreacted starting material. 

The last band of silica gel was saved and rinsed with THF and acetone to give orange-red 

powder (SSC, 40 mg, MW 2157). Yield: 48%. 1H NMR (acetone)-d6: δ 9.22 (s, 6H), δ 

8.64 (s, 6H), δ 8.40 (s, 12H), δ 8.36-8.37 (d, 6H, J = 6.0 Hz), δ 7.81-7.83 (m, 6H), δ 3.98 

(s, 36H) ppm. MS (ESI) calcd for C102H72N6O24Ru2+: 1866.36. Found: 1866.37. The 13C 

was not available due to the low solubility. IR-ATR (cm-1): 2952 (C-HAr), 2850 (C-HCH3), 

2218 (C≡C), 1720 (C=O), 1610 (C=CAr), 1479, 1441, 1311, 1249 (C-O), 1201, 1159, 

995, 916, 879, 842 (C-HAr). 
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Homoleptic ruthenium complex LSC. A 

flame-dried round bottom flask was charged with 

ruthenium tris(4,4’-dibromo-2,2’-bipyridine) (26, 

50 mg, MW 1333, 0.038 mmol), benzene (2.5 

mL), diisopropylamine (2 mL), THF (4 mL), 

dimethyl 5-((4-ethynylphenyl) ethynyl) 

isophthalate (17, 180 mg, MW 390, 0.460 mmol), and Pd(PPh3)4 (5 mg, MW 1156, 0.004 

mmol). The reaction mixture was stirred at 80oC under nitrogen atmosphere for 4 days 

and monitored with TLC. After it cooled to room temperature, the reaction mixture was 

filtered, and the solvent was removed in vaccum. The crude product was purified by 

silica gel column chromatography (acetonitrile:H2O = 85:15) to remove any unreacted 

starting material. The last band of silica gel was saved and rinsed with THF and acetone 

to give orange-red powder (LSC, 30 mg, Mw 2757). Yield: 30%. 1H NMR (THF)-d8: δ 

8.92(s, 6H), δ 8.60 (broad, 6H), δ 8.36 (s, 12H), δ 8.04-8.06 (m, 6H), δ 7.67 (broad, 30H), 

δ 3.93 (s, 36H) ppm. MS (ESI) calcd for C150H96N6O24Ru2+: 2466.55. Found: 2466.58. 

The 13C is not available due to the low solubility. IR-ATR (cm-1): 2956 (C-HAr), 2858 (C-

HCH3), 2216 (C≡C), 1724 (C=O), 1600 (C=CAr), 1508, 1459, 1438, 1378, 1351, 1247 (C-

O), 1120, 1070, 1039, 993, 912, 837 (C-HAr). 
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phenylene))bis (ethyne-2,1-diyl))diisophthalate (24, 63 mg, Mw 1077, 0.058 mmol), THF 

(4 mL), and nitrogen-purged 1-butanol (4 mL) were added into a round bottom flask, and 

the reaction mixture was heated to reflux under nitrogen atmosphere. Every 24 hours, the 

reaction mixture was monitored by UV-Vis spectroscopy until the reaction completed 

(Figure A-2-6.1). The reaction mixture was cooled to room temperature and filtered. The 

crude product, a brown powder, was rinsed with acetone and filtered. The filtrate was 

condensed by under vacuum and orange-red powder (SLSC, 20 mg, MW 3597) formed 

by adding hexane. Yield: 34%. 1H NMR (acetone)-d6: δ 8.98-9.02 (broad, 6H), δ 8.56(s, 

6H), δ 8.30(broad, 18H), δ 7.65-7.66 (broad, 6H), δ 7.35 (broad, 6H), δ 7.24-7.25 (broad, 

6H), δ 4.14-4.18 (broad, 24H), δ 3.97 (s, 36H), δ 1.85-1.86 (m, 24H), δ 1.59-1.66 (m, 

24H), δ 1.01-1.07 (m, 36H) ppm. 13C NMR (acetone)-d6: δ 164.84, 157.02, 154.43, 

153.91, 152.13, 135.67, 133.26, 131.57, 129.68, 129.10, 126.19, 124.26, 117.14, 117.02, 

115.49, 112.09, 95.45, 93.33, 90.78, 87.61, 69.28, 69.07, 52.09, 31.31, 31.14, 19.19, 

19.05, 13.32, 13.28. MS (ESI) calcd for C198H192N6O36Ru2+: 3331.24. Found: 3331.27. 

IR-ATR (cm-1): 2956 (C-HAr), 2873 (C-HCH3), 2208 (C≡C), 1728 (C=O), 1605 (C=CAr), 

1502, 1438, 1411, 1382, 1355, 1326, 1245 (C-O), 1138, 1120, 1105, 1064, 1024, 1002, 

9912, 839 (C-HAr). 
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A-3-1. Introduction 

Ruthenium polypyridine complexes are classical photosensitizing dyes for DSSCs 

application due to their intense MLCT (metal-to-ligand charge transfer) absorption band 

in the visible region and their long-lived excited state.1-3 Their high visible light 

harvesting efficiency, and long-term stability make the ruthenium (II) complex 

derivatives excellent DSSC sensitizers. By far the most successful sensitizers employed 

in the DSSCs are still N3 derivatives and closely related analogues with overall 

conversion efficiency ~10%.4 

Ruthenium polypyridine complexes anchored to the semiconductor surface through 

rigid linkers are useful models for fundamental studies of interfacial electron injection5-11. 

The rigid-rod Ru-bpy complexes were made of OPE spacers with the Ru comples in one 

end and the anchoring group ipa in the other end. Rigid-rod ruthenium polypyridine 

sensitizers with a rigid linker in one of the bipyridine ligand were synthesized and 

studied6. The length of the rigid-rod was controlled by involving different number of 

OPE units. The OPE linker acted as a π acceptor group resulting in delocalization of the 

MLCT state on the linkers. The rigid-rods decreased the charge injection rate from the 

LUMO of the sensitizers to the conduction band of the semiconductor. A very weak 

distance dependence (attenuation factor β ≈ 0.19 Å-1) of interfacial injection process was 

observed11. However, the charge recombination rate constants were found to be 

independent on the structure and linker length of the rigid-rod.8 

The weak distance dependence was explained from the distance control and 

orientation control aspects. The homoleptic star complexes (Figure A-3-1.1.): Short Star 
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Complex (1, SSC), 3 Short Star Complex (2, 3SSC), Long Star Complex (3, LSC), and 

Soluble Long Star Complex (4, SLSC), were designed and synthesized. They had 

identical bipyridine ligands with conjugated rigid linkers and anchor groups chelated with 

ruthenium metal center to insure better separation of the chromophore and the 

semiconductor nanopaticles compared to the rigid-rods. In this chapter, we describe the 

study of the novel homoleptic star complexes in solution and on metal oxide 

semiconductor films.  

N N
N N

N N

O
OCH3

O
OCH3

O

O
H3CO

O
H3CO

O
H3CO

H3CO

Ru

N N
N N

N N

O
OCH3

O
OCH3

O

O
H3CO

O
H3CO

O
H3CO

H3CO

Ru

O
OCH3

O
OCH3O

H3CO

O
H3CO

O
OCH3

O
OCH3

N N
N N

N N
Ru

O
OCH3

O
OCH3O

H3CO

O
H3CO

O
OCH3

O
OCH3

O
OCH3O

OCH3
O

H3CO

O
H3CO

O
H3CO

O
H3CO

N N
N N

N N
Ru

O
OCH3

O
OCH3O

H3CO

O
H3CO

O
OCH3

O
OCH3

O
OCH3O

OCH3
O

H3CO

O
H3CO

O
H3CO

O
H3CO

OC4H9

C4H9O OC4H9

C4H9O

OC4H9

C4H9O

C4H9O

OC4H9

2: 3SSC1: SSC

3: LSC

2PF6
-

2+

2PF6
-

2PF6
- 2PF6

-

2+

2+ 2+

4: SLSC

C4H9O

OC4H9 C4H9O

OC4H9

 

Figure A-3-1.1. Chemical structures with abbreviation names of homoleptic ruthenium 
star complexes 
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Ru(bpy)3
2+, Ru(deeb)3

2+ (deeb is 4,4’-diethylester-2,2’-bipyridine), and rigid-rods 

were chosen for comparison with the star complexes. Their chemical structures are 

shown in Figure A-3-1.2. 
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Figure A-3-1.2. Chemical structures of reference compounds Ru(bpy)3
2+, Ru(deeb)3

2+, 
and rigid-rods. The counter ion is PF6

-. 

A-3-2. Results and Discussions 

A-3-2-1. Metal Oxide Films 

Two types of metal oxides thin films were used for photophysical studies: titanium 

dioxide (TiO2) and zirconium dioxide (ZrO2). Both of them are well-known n-type 

semiconductors that can generate photocurrent under ultraviolet light irradiation.12-16 The 

reason for using the metal oxide semiconductors instead of silicon or indium phosphide is 

that the metal oxide semiconductors have excellent stability against photo-corrosion on 
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optical excitation due to their wide band gaps and weak absorption in solar spectrum.17 

Anatase TiO2 is a commonly used semiconductor because of its low-cost, and 

nontoxicity.1,18 The excited state kinetics like electron injection, intermolecular charge 

transfer, charge separation, and charge recombination of dyes bound to TiO2 surfaces 

have been investigated by a number of research groups worldwide. ZrO2 is a 

semiconducting material often used to study the properties of excited states. ZrO2 band 

gap is 5.0 eV.19-21 Thus the ZrO2 film behaves as an insulator precluding possible electron 

injection (TiO2 anatase band gap is about 3.2 eV22) from the sensitizers (Figure A-3-2-

1.1). Also the morphology of ZrO2 film is quite similar to the TiO2 film (Figure A-3-2-

1.223,24). Thus ZrO2 films are an excellent substrate to study the fluorescence emission of 

sensitizers on metal oxide film (Figure A-3-2-1.1).  

 

Figure A-3-2-1.1. Schematic illustration of band gaps of TiO2 and ZrO2
25  
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a. b.  

Figure A-3-2-1.2. a. ATM image of TiO2 thin films. The average diameter of TiO2 
nanoparticles ~ 15 to 20 nm.24 b. SEM image of ZrO2 thin film. The average diameter of 

ZrO2 nanoparticles ~ 10 nm.23 

Figure A-3-2-1.3 shows a comparison between the absorption spectra of TiO2 and 

ZrO2, indicating the absorption edges of these two metal oxide semiconductors coated on 

cover glasses. Any higher energy transition beyond the edge will be obscured by the 

absorption of the metal oxide semiconductor. Based on the absorption spectra, the 

fundamental absorption of TiO2 is ~ 380 nm and ~ 330 nm for ZrO2. 

300 400 500

0.0

0.5

1.0

1.5

2.0

2.5

3.0

A
bs

or
ba

nc
e

Wavelength, nm

 TiO2 thin film
 ZrO2 thin film

 

Figure A-3-2-1.3. UV-Vis absorption spectra of TiO2/glass and ZrO2/glass 
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The metal oxide semiconductor films studied in this thesis are mesoporous, 

nanocrystalline thin films.26 They provide high surface area for the binding of the 

sensitizers. High surface area property is critical for solar harvesting.27 Compared to the 

planar electrode materials, the actual area for sensitizer binding is about three order of 

magnitudes larger.27 Moreover, porous film ensures the efficient penetration of redox 

electrolyte, allowing fast regeneration of the oxidized dye. The commonly used method 

to prepare the film is the sol-gel technique,27-30 which is described in the Experimental 

Section A-3-3-1. The resulting semiconductor film was typically 10 µm thick, with an 

average particle size ~ 20 nm.  

A-3-2-2. Binding Study 

For DSSCs applications, the sensitizers should bind strongly to the semiconductor 

surfaces via functional groups to avoid desorption of the dyes. Also the binding groups 

should offer great electron orbital overlap with metal oxide semiconductors and ensure 

electronic coupling. Functional groups based on the carboxylic acids, phosphonates, 

alcohols, amides, etc. have all been tested.28 The ruthenium star complexes were bound 

onto the metal oxide semiconductors through two -COOR anchoring group on Ipa unit, 

which is known to provide a strong interfacial link.31,32 

Previous studies of rigid-rods on TiO2 surface showed that the binding mode of 

COOR (R = H, Me) group depends on the surface acidity, which can be controlled after 

the film preparations by treatment with aqueous acid or basic solutions. On acidic 

semiconductor surfaces, monodentate ester-type linkage was formed; on basic and 

untreated semiconductor surfaces, the bidentate-type linkage was dominant.8,33 Figure A-
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3-2-2.1 shows possible binding modes for the attachment of a carboxylic group to the 

metal oxide semiconductor surface under different binding conditions. The bound rigid-

rods were not perpendicular to the nanoparticle surface. Persson reported DFT-optimized 

geometries of Ipa group bound to a TiO2 cluster. This work shows that Ipa unit is tilted ca. 

45o relative to the surface when both COOH groups bind34 (Figure A-3-2-2.2).  

OO

M

OO OO

M MM

(a) monodentate ester type (b) bidentate chelating (c) bidentate bridging  

Figure A-3-2-2.1. Three possible binding modes for the attachment of a carboxylic group 
to metal oxide semiconductor surface. 

 

Figure A-3-2-2.2. DFT optimized geometrie for Ipe group binding to a model TiO2 
nanoparticles. The aromatic moiety of the Ipa unit is tilted ca. 45o relative to the 

surface.34 

The nature of the binding to TiO2 for compounds 3SSC, SSC, LSC, and SLSC was 

studied through ATR-IR spectroscopy. Transmission IR could not be used since 
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chromophores studied in our lab cannot be casted on IR transparent substrates (glass is 

not IR transparent). Thus Fourier-transform infrared attenuated total reflectance (FT-TR-

ATR) spectrometer was selected instead of normal IR spectrometer. In the case of the star 

complexes, the more soluble carboxylic ester was used as the anchoring group to attach 

the ruthenium star complexes onto the anatase TiO2. However, previous work indicate 

that the carboxylic ester can be a strong binding group for ruthenium polypyridine 

complexes, affording large surface coverages (10-8 mol/cm2) and high binding constants 

(10-5 M-1).35,36 In analyzing the IR spectra of the dyes, the region of particular interest is 

between 1300 and 1800 cm-1, in particular, the C=O stretching bands at ~ 1700 cm-1. A 

free ester or carboxylic acid group typically gives a strong band at ~ 1700 cm-1 (Figure 

A-3-2-2.1 a), which is attributed to the C=O stretching mode (νC=O).37 The monodentate 

ester type binding mode also shows this band in similar region. The bidentate linkage 

(Figure A-3-2-2.1 b and c) exhibits two strong and broad bands, symmetric stretching 

mode (νs, 1600 cm-1) and asymmetric stretching mode (νas, 1400 cm-1).37 IR 

measurements for the star complexes 3SSC, SSC, LSC, and SLSC were performed before 

and after binding. All of the TiO2 films were immersed into sensitizer actonitrile 

solutions without any acid or base pre-treatment. Figure A-3-2-2.3 shows the spectra of 

all four star complexes. Since the neat star complexes gave much stronger IR signal than 

the one of sensitized films, the overlaid spectra were normalized at the peak of C=O 

stretching band. 
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Figure A-3-2-2.3. IR spectra of star complexes before and after binding on TiO2 films. 
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All the spectra of the esters powder showed the presence of intense bands at ~ 1720 

cm-1 (νC=O) for the carbonyl group and at ~ 1610 cm-1 (νC=C) for the phenylene group. 

Upon binding to the TiO2 films, the IR spectra showed a very small (up to 8 cm-1) shift of 

the carbonyl stretch and no changes for the phenylene group band. The carbonyl bands 

remained in the spectra showed that not all of the anchoring groups were bound on the 

TiO2 films as expected. The new-appeared bands for the films in IR spectra were broad 

carboxylate bands at ~1640 cm-1 (νs) and 1400 cm-1 (νas), which was consistent with 

bidentate coordination modes. 

A control of the pH value is important not only affects the binding nature but is also 

important in the interfacial charge transfer study because pH could shift energy level of 

the conduction band (Ecb) of the semiconductor relative to the sensitizer by as much as 

0.059 V/pH38. An acidic pre-treatment would lower Ecb thus favoring electron injection; a 

basic pre-treatment increases Ecb, thus inhibiting electron injection. Thus potential 

determining ions, such as Li+, were normally introduced for basic pre-treated films to 

shift the conduction band edge to lower level and promote electron injecton.39-42 

A-3-2-3. Electrochemistry 

Figure A-3-2-3.1 and Figure A-3-2-3.2 show the cyclic voltammetry (CV) data of 

the 3SSC and SLSC for RuIII/II reduction potential at different scan rate in acetonitrile 

solution with tetrabutylammonium hexafluorophosphate (0.1 g/mL) electrolyte. Both star 

sensitizers displayed quasi-reversible RuIII/II reductions in acetonitrile solution as 

expected. Due to their low solubility, the CV spectra of SSC and LSC were not obtained. 
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Table A-3-2-3.1 gives the electrochemical data for star complexes (vs. Fc/Fc+) and three 

reference compound in acetonitrile solution. 
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Figure A-3-2-3.1. CV spectrum of 3SSC in CH3CN vs. Fc/Fc+ for RuIII/II reduction 
potential. 
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Figure A-3-2-3.2. CV spectrum of SLSC in CH3CN vs. Fc/Fc+ for RuIII/II reduction 
potential. 
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Table A-3-2-3.1.  Electrochemical data for ruthenium star complexes and reference 
compounds in acetonitrile solution vs. Fc/Fc+. 

Sensitizers E1/2(RuIII/II) mVa ΔGes eVb E1/2(RuIII/II*) mVc 

3SSC 1400 2.16 -760 

SSC - 2.08 - 

LSC - 2.10 - 

SLSC 1557 2.08 -523 

Ru(bpy)32+ d 1260 2.12 -860 

Short-rode 1300 2.12 -820 

Long-rode 1300 2.13 -830 

All measurements were performed in acetonitrile at room temperature under nitrogen 
atmosphere. a. Half-wave potentials were reported vs. Fc/Fc+ with experimental error ± 
20 mV. b. Gibbs free energy stored in the thermally equilibrated excited state, which was 
calculated based on the photoluminescence spectra, see experimental section.c. Excited 
state reduction potentials. d. Data from ref. 36. e. Data from ref. 8. 

When compared to the ground state reduction potential value of Ru(bpy)3 (1260 

mV) and rigid-rods (1300 mV), the E1/2 value of 3SSC (1400 mV) and SLSC (1557 mV) 

were shifted to more positive potential. The excited state reduction potentials of the 

ruthenium star complexes were less negative than the value of reference sensitizers. Thus, 

charge injection from the excited state of the ruthenium star complexes sensitizer to the 

conduction band of the semiconductor is expected to be inhibited. This was consistent 

with the interfacial charge transfer studies, which showed less injection yield values of 

ruthenium star complexes compared to the values of rigid-rods. 
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A-3-2-4. Photophysical Studies 

The photophysical study was a collaborative work with Dr. G. J. Meyer’s research 

group at John Hopkins University, Chemistry Department. Measurements were run by 

Patrik Johansson and Maria Abrahamsson. 

 

Figure A-3-2-4.1. Ground state absorption spectra of star complexes in acetonitrile. 

The UV-Vis absorption spectra of star complexes in acetonitrile solution are shown 

in an overlay in Figure A-3-2-4.1. The intense bands at higher energy, ~310 nm, were 

assigned to the π, π* transition of the bpy ligand. And the second band at ~ 370 for 

complexes SSC, 3SSC and LSC at ~370 nm was assigned as a rod (π, π*) and MLCT 

mixed state.43 The SLSC complex gives a second large π, π* transition band at ~ 400 nm 

assigned to the electron donation of the oxygen on the butoxy side chain group (Figure 

A-3-2-4.2). This band shifts to longer wavelength from 375 nm to 405 nm for the SLSC 

star complex compared to the SLSC ligand, due to increased electron delocalization. 
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Thus the butoxy group not only increases the solubility of the star complex, but also 

influences the photophysical properties. The MLCT band was red-shift compared to the 

Ru(bpy)3
2+ (~ 450 nm) and the rigid-rods (~ 465 nm).8 This can be explained by the 

different number of OPE units in the molecules. The OPE unit is known to be electron 

withdrawing and is therefore expected to stabilize the MLCT excited states. As the 

number of OPE unites increases, the MLCT absorption band shifts to the red.43-49  
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Figure A-3-2-4.2. Absorption spectrum of SLSC ligand in acetonitrile. 

The MLCT band in the spectra of SSC, LSC, and SLSC appeared in the same 

spectra region (SSC ~ 489 nm, LSC ~ 490 nm, and SLSC ~ 492 nm). However, MLCT 

band for 3SSC, at ~ 470 nm, has a ~ 20 nm red shift compared to the value of the other 

star complexes. 

Another interesting issue is the extinction coefficient values of the star complexes. 

The rigid-rods were reported with ε ~ 2.0 x 104 M-1cm-1 at their MLCT band maxima. 

The ε value didn’t change significantly with additional OPE units.8 3SSC gave a similar 
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value, while SSC and LSC gave the ε ~ 1.0 x 104 M-1cm-1. However, the SLSC showed a 

largely increased ε value, ~ 7.5 x 104 M-1cm-1, compared to the values of the rigid-rods 

and the other three star complexes (Figure A-3-2-4.1 and Table A-3-2-4.1). This 

enhancement has been reported by Odobel and coworkers with ruthenium tris(bpy) C60 

dyads linked via OPE units with alkoxy substituents on the phenyl groups, and was 

assigned to the electron donation from the alkoxy groups on the rigid linker.50 

The absorption spectra of the star complexes bound on the TiO2 and ZrO2 films 

shows the characteristically broad MLCT band at 490 nm (Figure A-3-2-4.3). The higher 

energy absorption was covered by the absorption of the semiconductor. 
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Figure A-3-2-4.3. Absorption spectra of SSC on TiO2 film and in acetonitrile 

Normalized fluorescence emission spectra of star complexes at room temperature 

are shown in Figure A-3-2-4.4. Table A-3-2-4.1 summarizes key photophysical 
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properties of the star complexes and reference compounds. The energy band gap of the 

star complexes were determined by photoluminescence measurements at 77 K, and are 

shown with their lifetimes at 77 K in Table A-3-2-4.2. Corresponding calculations are 

described in the experimental section A-3-3-3. 
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Figure A-3-2-4.4. Normalized fluorescence emission spectra of star complexes at room 
temperature in MeCN. λexc = 420 nm. 

Compared to the rigid-rods (1.9 and 2.3 µs), star complexes gave slightly shorter 

excited state lifetime τ (1.6 to 1.8 µs). Ru(bpy)3 exhibited the shortest lifetime (0.8 µs). 

The 77 K lifetimes, as expected, were higher than the values at room temperature in all 

cases. 
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Table A-3-2-4.1.Photophysical properties of star complexes and reference compounds. 

Sensitizer λabs, nm 
(ε, M-1cm-1) 

λPL  
(nm) 

τ 

(µs) 
ΔGes

a  
(eV) 

ΦPL 
(x10-2) 

kr
b  

(104 s-1) 
knr

c  
(x105 s-1) 

SSC 
489 

(1.0 x 104) 
643 1.7 2.08 7.2 4.2 5.5 

3SSC 
470 

(2.1 x 104) 
636 1.8 2.16  6.4 3.7 5.4 

LSC 
490 

(1.0 x 104) 
648 1.6 2.10 3.8 2.5 6.0 

SLSC 
492 

(7.5 x 104) 
642 1.6 2.08 11.5 7.2 5.5 

Ru(bpy)3
2+ d 450 610 0.8 2.24 6.2 7.8 12 

short rodd 
462 

(1.6 x 104) 
640 1.9 2.12 11 5.8 4.7 

long rodd 
465 

(2.0 x 104) 
640 2.3 2.13 13 5.7 3.8 

All measurements were performed in acetonitrile at room temperature. a. Gibbs free 
energy stored in the thermally equilibrated excited state. b. Radiative constant. c. Non-
radiative constant. d. Data from ref. 8. 

Table A-3-2-4.2. Band gaps and lifetimes of star complexes at 77K. 
Sensitizer OPE units band gap (eV) lifetime (µs) 

SSC 6 1.99 4.3 

3SSC 3 2.02 6.1 

LSC 12 1.98 3.2 

SLSC 12 1.98 4.1 

All measurements were performed in acetonitrile at 77K. The solvent was degassed under 
nitrogen before measurement. 
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Figure A-3-2-4.5. (a) Chemical structure of LSC. (b) Emission spectra of LSC in CH3CN 
solution. λexc = 485 nm. (c) Absorption spectra of LSC bound onto TiO2. (d) Emission 

spectra of LSC bound onto TiO2. λexc = 485 nm. 

The excited state lifetimes of star complexes decrease as the number of OPE units 

in the linker increases. This trend obeys the energy gap law for 3SSC, SSC, and LSC: an 

increase in the lifetime is generally accompanied by a blue shift in the fluorescence 

emission spectra and it has been observed in Ru and Os complexes.51,52 The 

photoluminescence emission maxima value for SLSC was similar to that of SSC, but the 

excited state lifetime was shorter suggesting that, in this case, the energy law is not 

followed.8 The photoluminescence quantum yield ΦPL of 3SSC, SSC and LSC decreased 

as the OPE linker increased. This trend is opposite to the one of rigid-rods. Also the 
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photoluminescence quantum yield values were lower than the one observed for the rigid-

rods. SLSC photoluminescence quantum yield (ΦPL 11.5%) was higher than that of other 

star complexes. This value was close to the one of rigid-rods (ΦPL 11% and 13%). 

When bound onto the TiO2 films, the fluorescence emission of all the star 

complexes was quenched. Figure A-3-2-4.5 shows the chemical structure of LSC, the 

absorption spectra of LSC bound onto TiO2 thin films and a comparison of the 

fluorescence emission of LSC in acetonitrile solution and bound onto TiO2 thin films. 

Transient absorption spectra of four star complexes bound onto the TiO2 and in 

acetonitrile solution are shown in Figure A-3-2-4.6 and Figure A-3-2-4.7, respectively. 

Transient absorption spectra were used to quantify interfacial electron transfer 

dynamics and yields. The interfacial electron transfer processes were influenced by the 

pH, since the conduction band edge shifts by about 0.059 V/pH unit,25,53 as mentioned 

before. On acid pre-treated TiO2, the injection is typical ultrafast (femtoseconds to 

picoseconds timescale). However, since this was beyond Dr. Meyer’s nanosecond 

instrument time resolution (~ 10 ns), the films used for the measurements were pre-

treated with base. Thus, the injection yield was low. This is due to the shift of the 

conduction band edge shifts to higher E, resulting in poor orbital overlap with the excited 

sensitizer.54,55 Therefore, LiClO4 was added into the acetonitrile solution to shift the 

conduction band edge and promote electron injection,39-42,56 thus increasing the injection 

yield. In summary, the TiO2 surface pre-treatment with acid, base, or potential 

determining ions has a profound influence dynamics and quantum yields. These factors 
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will need to be evaluated carefully in future work. Future work will involve the use of 

femtosecond laser spectroscopy, thus eliminating the need for any surface pre-treatment. 

 

Figure A-3-2-4.6. Transient absorption spectra of ruthenium star complex bound onto 
TiO2. λexc = 532 nm. Data were recorded at 100 ns (–■–), 500 ns (–●–), 1 µs (–▲–), 4 µs 

(–▼–), and 8 µs (–♦–) delays after the laser pulse. 
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SSC 3SSC

LSC SLSC

 Figure A-3-2-4.7. Transient absorption spectra of ruthenium star complex in acetonitrile 
solution. λexc = 532 nm. Data were recorded at 100 ns (–■–), 500 ns (–●–), 1 µs (–▲–),   

4 µs (–▼–), and 8 µs (–♦–) delays after the laser pulse. 

To eliminate possible contributions from the excited state, the measurements were 

performed at the wavelengths corresponding to the excited/ground state isosbestic point. 

Thus the formation and loss of the interfacial injection and recombination processes 

could be clearly observed. At the isosbestic point, the transient absorption signal of 

excited state and ground state are the same. The isosbestic points were determined on 

ZrO2 films, where only the ground and MLCT excited states were observed: 433 nm for 

SSC and 442 nm for LSC. The injection yields for excited state electron injection into 

empty states of nanocrystalline TiO2 were quantified by comparative actinometry39,42,56 

(Table A-3-2-4.3). As the distances between the ruthenium metal center and 
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semiconductor surface increase for the star complexes, the injection yields decrease for 

SSC, 3SSC, and LSC as expected. This trend has been observed also for the rigid-rods.8 

Although SLSC gave a high photoluminescence quantum yield in solution, the electron 

injection yield was lower under experimental condition compared to other star complexes, 

including the LSC, which had similar rigid linker length. 

The excited state RuIII/II* reduction potentials determined by CV measurements 

provide a possible explanation to the observed behavior. The relatively low reduction 

potential reduces the electron injection of SLSC LUMO to the conduction band of TiO2. 

Table A-3-2-4.3. Injection yields of star complexes. 
Sensitizer SSC 3SSC LSC SLSC 

Φinj 0.073 0.14 0.034 0.0040 

Nanosecond scale charge injections were observed for the SSC and LSC when 

bound onto TiO2 (Figure A-3-2-4.8). The absorption spectra decreased bwtween 100 - 

150 ns for SSC, and 50- 100 ns for LSC. As a comparison, the absorption change signals 

of star complexes when bound onto ZrO2 were collected which showed no charge 

injection happened. The absorption signal stayed the same within experimental error in 

this case. 
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Figure A-3-2-4.8. Absorption changes recorded at isosbestic points for SSC (433 nm) and 
LSC (442 nm) on TiO2. λexc = 532 nm.  

To reduce the charge recombination rate is a main goal to involve the rigid linkers 

in the ruthenium polypyridine complexes. The charge recombination of the star 

complexes to the ground state molecule followed non exponential pathways and required 

more than 8 ms for completion (Figure A-3-2-4.9), with a recombination rate at 105 s-1 

order (Table A-3-2-4.4). For SLSC, this data is not available due to the high signal-to-

noise. 

 

Figure A-3-2-4.9. Excited state decay of star complexes. 
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Table A-3-2-4.4. Recombination kinetics of star complexes. 
Sensitizer SSC 3SSC LSC rigid-rods 

kobs 105 s-1 1.4 3.7 2.5 ~ 250 

The recombination rates did not show strong relation to the rigid linkers’ length of 

these star complexes. However, the recombination rate was largely reduced compared to 

the value of rigid-rods. For rigid-rods, the recombination was independent of the length 

of the rigid-rods, with an average rate constant ~ 250 x 105 s-1. Thus the star complexes 

show much slower charge recombination dynamics (about two orders of magnitudes) 

than the one of rigid-rods. This behavior was ascribed to the separation of the ruthenium 

metal center from metal oxide semiconductor surface, the result of the sensitizers’ 

homoleptic structure. 

A-3-2-5. Conclusions 

New homoleptic ruthenium polypyridine star complexes were synthesized 

following two different synthetic approaches. All the star complexes were bound onto 

anatase TiO2 nanoparticle thin film through carboxylic ester anchoring group with 

bidentate binding modes. Upon binding to TiO2 film, the emissions of the star complexes 

were quenched. The injection yield decreases in the order of 3SSC, SSC, LSC, and SLSC 

as the length of the rigid linkers increased. SLSC gave high extinction coefficient and 

quantum yield due to the presence of butoxy groups on the linkers. However, the charge 

injection from SLSC to a base pre-treated TiO2 film was inhibited (with injection yield 

0.0040). This was due to the low LUMO level for SLSC relative to the conduction band 
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of TiO2. Nanosecond scale charge injections were observed for SSC and LSC on base 

pre-treated TiO2 films.  

The main goal of this study was to reduce charge recombination by fixing the 

distance between ruthenium metal center and metal oxide surface. Homoleptic star 

complexes gave recombination rate at 105 s-1 order. Thus the interfacial recombination 

kinetics was significantly reduced compared to the one of rigid-rods (with recombination 

rate at 107 s-1 order). Future work will focus on ultrafast spectroscopic measurements and 

on solar cell performance. 

A-3-3. Experimental Section 

A-3-3-1. Metal Oxide Film Preparation 

TiO2 and ZrO2 nanoparticle films were prepared in our lab with sol-gel techniques. 

Scheme A-3-3-1.1 shows the general procedure to make the metal oxide films. 

 

Scheme A-3-3-1.1. General procedure to prepare MO2 nanoparticle films 
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Materials: isopropanol (Pharmco HPLC grade), nitric acid (Fisher ACS grade), 

deionized ultra filtered (DIUF) water (Fisher), poly(ethyleneglycol) (PEG, av. Mol. Wt. 

2000, Aldrich) titanium (IV) isopropoxide (Aldrich), zirconium (IV) isopropoxide (70% 

in 1-propanol, Aldrich). 

TiO2 Film Preparation. TiO2 nanoparticles was prepared via hydrolysis of titanium 

(IV) isopropoxide in an aqueous nitric acid solution under nitrogen atmosphere using 

previously reported procedures.28,57 A three-neck round bottom flask was equipped with a 

thermometer, a dropping funnel and a Dean-Stark apparatus. The dropping funnel was 

placed in the central position of the flask. This is important to avoid formation of deposit 

on the walls of the flask during the hydrolysis. A solution of water (100 mL) containing 

HNO3 (0.69 mL, 68 – 70 %) was placed in the round bottom flask and allowed to stir 

vigorously at room temperature. Titanium (IV) isopropoxide (20 mL) was added to the 

dropping funnel, and diluted with isopropanol (80 mL). This solution was purged with 

nitrogen for 15 minutes and kept under nitrogen to prevent hydrolysis prior to the 

addition to the acidic solution. This mixture was then added dropwise to the acidic 

solution at a rate of about one drop per second. A white solid immediately formed once 

the titanium (IV) isopropoxide / isopropanol mixture was added into the acidic solution, 

indicating rapid hydrolysis of the titanium (IV) isopropoxide. The reaction mixture was 

stirred vigorously during the addition to prevent the formation of large particles of TiO2. 

After completion of the addition, the dropping funnel was replaced with a glass 

stopper and the reaction mixture was heated to reflux. Aluminum foil was used to cover 

the flask to help the distillation. Isopropanol was distilled out (T = 84oC) from the 

reaction mixture via the Dean-Stark apparatus. During the first 3 hours of reflux, a 
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volume of ca. 160 mL isopropanol was collected (Figure A-3-3-1.1).58 When the reflux 

temperature reached 100 ºC, all isopropanol was distilled, and the Dean-Stark apparatus 

was replaced with a condenser. The reaction mixture was refluxed overnight with stirring. 

Then the condenser and thermometer were removed and the flask was left open. The heat 

was sustained and the water was allowed to evaporate from the flask until a final volume 

of 33 mL was reached (the flask had been previously labeled for the 33 mL value). It was 

important to maintain vigorous stirring throughout the whole procedure to ensure 

homogeneity of the sol-gel. After cooling down, the resulting white colloid was sonicated 

for 2 minutes to remove any particles from the wall of the flask. Then the reaction 

mixture was transferred to a glass beaker with a stirring bar, and placed in a sealed 

custom-made titanium autoclave (Model 4760, Parr). The sol was allowed to stir in the 

autoclave at 200 oC for 12 h. A typical pressure of 17 – 18 bar was observed (Figure A-3-

3-1.2).58 

 

Figure A-3-3-1.1. Picture of the reaction set-up for colloidal TiO2 preparation58 



  93 
 

 

Figure A-3-3-1.2. Picture of the autoclave for colloidal TiO2 preparation58 

The white sol was allowed to cool, and then transferred to a 50 mL Erlenmeyer 

flask with a small stirring bar. PEG was added into the white sol to separate the TiO2 

nanoparticles. The amount of PEG added was 40 % wt. of the TiO2 (ca. 1.5 g PEG per 25 

cm3 TiO2 sol-gel). The mixture was stirred until a uniform sol gel formed. Then the gel 

was applied to cover glass slides by the doctor-blade technique over an area of 1 x 2 cm2 

via a glass dropper. Scotch tape was used to control the thickness of the TiO2 film formed. 

The film was allowed to air dry and was sintered in the oven at 450 ºC for 2 h. The PEG 

was burned out in this step. The TiO2 films prepared should be transparent (Figure A-3-3-

1.3). If the films were opaque, the white sol was kept stirring for additional 2-3 days prior 

to use. The sol was cast either onto cover glass slides or onto the FTO conductive 

substrates. All films were stored under ambient conditions, and were heated at 120 ºC for 

30 minutes before the binding step to remove physisorbed water and other impurities. 

The white sols were kept stirring in the Erlenmeyer flask protected from light for further 

use until the sols became slightly yellow or big particles were observed in the sols. 

Typically the sols were discarded after 4 weeks. 
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Figure A-3-3-1.3. Picture of transparent TiO2 films on glass slides. 

The crystal structure of the TiO2 was determined by Raman (Figure A-3-3-1.4) and 

was proved to be mostly anatase type according to the reported data.59 The diameter of 

TiO2 nanoparticles in the mesoporous film was ~20 nm determined by AFM.60 
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Figure A-3-3-1.4. Raman spectra of anatase TiO2. 

ZrO2 Film Preparation. The procedure for the ZrO2 preparation is very similar to 

the one for the TiO2. A three-neck round bottom flask was equipped with a thermometer, 
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a dropping funnel and a Dean-Stark apparatus. The dropping funnel was placed in the 

central position of the flask. A solution of water (100 mL) containing conc. HNO3 (0.69 

mL, 68 – 70 %) was placed in the round bottom flask and allowed to stir vigorously at 

room temperature. Zirconium (IV) isopropoxide (20 mL) was added to the dropping 

funnel and diluted with isopropanol (80 mL). This solution was purged with nitrogen for 

15 minutes and kept under nitrogen to prevent hydrolysis occurring before addition to the 

acidic solution. This mixture was then added dropwise to the acidic solution at a rate of 

about one drop per second. The reaction mixture should be kept stirring vigorously 

during the addition to prevent the formation of any large particles of ZrO2. 

After completion of the addition, the dropping funnel was replaced with a glass 

stopper and the reaction mixture was heated to reflux. Aluminum foil was used to cover 

the flask to help the distillation. Isopropanol was distilled out (T = 84oC) from the 

reaction mixture via the Dean-Stark apparatus. During the first 3 hours of reflux, a 

volume of ca. 160 mL isopropanol was collected. When the reflux temperature reached 

100 ºC, all isopropanol was distilled, and the Dean-Stark apparatus was replaced with a 

condenser. The reaction mixture was refluxed overnight. Then the condenser and 

thermometer were removed and the flask was left open. The heat was sustained and the 

water was allowed to evaporate from the flask until a final volume of ~ 20 mL was 

reached. After cooling down, the resulting white colloid was sonicated for 2 minutes and 

the reaction mixture was transferred to a glass beaker with a stirring bar and placed in a 

sealed titanium autoclave. The sol was allowed to stir in the autoclave at 200 oC for 12 h. 

A typical pressure of 17 – 18 bar was observed.58 
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The white sol was allowed to cool, and then transferred to a 50 mL Erlenmeyer 

flask with a small stirring bar. PEG was added into the white sol to separate the TiO2 

nanoparticles. The amount of PEG added was 40 % wt. of the TiO2 (ca. 1.5 g PEG per 25 

cm3 ZrO2 sol-gel). The mixture was stirred until a uniform sol gel formed. The gel was 

applied to cover glass slides by the doctor-blade technique over an area of 1 x 2 cm2 via a 

glass dropper. Scotch tape was used to control the thickness of the ZrO2 film formed. The 

film was allowed to air dry and was sintered in the oven at 450 ºC for 2 h. The PEG was 

burned out in this step. The ZrO2 films prepared should be transparent. If the films were 

opaque, the white sol was kept under stirring for additional 2-3 days prior to use. The sol 

was cast onto cover glass slides for spectroscopic measurements. All films were stored 

under ambient conditions, and were heated to 120 ºC for 30 min before absorbing any 

dyes. The white sol was stored with stirring in an Erlenmeyer flask protected from light 

for further use until the sol became slightly yellow or big particles were observed. The 

morphology of the ZrO2 films was similar to the TiO2 films with an average diameter of 

ZrO2 nanoparticles about 10 nm (Figure A-3-2-1.2).23 

A-3-3-2. General Binding Procedure 

All films were dried by heating to 120oC for 30 minutes and cooled to 80oC prior to 

immersion in the dye solution. The binding of the dyes onto the films was carried out by 

immersing the films in dye solutions at room temperature for 2 h or overnight depending 

on the concentration or the type of dye. Acid (pH 1) or base (pH 11) pre-treatment in this 

thesis was not done. The sensitized films were washed thoroughly with neat solvent and 

then immersed into neat solvent until UV-Vis spectra showed the absence of dye 
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desorption. The sensitized films were then used for spectroscopic measurement. For 

ground state absorption, transient absorption, and photoluminescence studies, the films 

were cast onto cover glass slides. 

A-3-3-3. Spectroscopy 

Fourier-transform infrared attenuated total reflectance (FT-IR-ATR) spectra of dye 

molecules (powder) and the sensitizers bound to the metal oxide films were collected on 

a Thermo Electron Corporation Nicolet 6700 FT-IR using ZnSe crystal. Before every 

measurements the spectrometer were purged with nitrogen for at least 30 minutes. For 

neat dye molecules powder, atmosphere was selected as the background. For sensitized 

films, an blank film was used as the background. Between each measurement, the ZnSe 

crystal was cleaned with methanol or acetone to eliminate residues of dye molecules. 

Raman spectra were collected on a HoloLab 5000/Raman Rxn1 Confocal Raman 

Spectrometer (Kaiser Optical Systems, Inc.) with an Invictus 785 nm laser diode. 

Ground state UV-Vis absorption spectra were collected on a VARIAN Cary-500 

instrument using a Hewlett-Packard 8453 diode array spectrometer. Acetonitrile solutions 

were measured in a 1 cm square cuvette at ambient condition. Sensitized film 

measurements were made in the same cuvette with the films placed diagonally while 

collecting spectra. 

Transient absorption spectra were collected at John Hopkins University using a 

Surelite II Nd:YAG, Q-switched laser pulsing at 532 nm (8 ns fwhm, 1-5 mJ/pulse) as the 

excitation source. The sample was then probed at a right angle using a 150 W pulsed Xe 
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lamp from Applied Photophysics. Each kinetic track was acquired by averaging 30-60 

laser shoots at 1 Hz. 

Fluorescence spectra were collected on a VARIAN Cary-Eclipse instrument with a 

Spex Fluorolog that had been calibrated by a standard NIST tungsten-halogen lamp. Dye 

solutions were measured in a 1 cm square cuvette at ambient condition. Sensitized film 

measurements were made in the same cuvette with the films placed diagonally while 

collecting spectra. The excitation beam was directed 45º to the film surface, and the 

emitted light was monitored from the front face of the surface-bound sample and from a 

90º angle in the case of dye solutions.  

Photoluminescence quantum yields ΦPL of the ruthenium star complexes were 

calculated using the optically dilute technique with Ru(bpy)3(PF6)2 in acetonitrile as the 

reference based on the equation (1):61 

Φs = (Aref/As) (Is/Iref) (ηs/ηref)2 Φref ⑴ 

The subscript ‘s’ refers to the sample, the subscript ‘ref’ refers to the reference, A is the 

absorbance at the excitation wavelength, I is the integrated emission area, and η is the 

solvent refraction index used for the sample and reference. Φref was the quantum yield for 

Ru(bpy)3(PF6)2 in acetonitrile based on the literature (Φref = 0.062).62 

Time-resolved fluorescence decays were acquired with a nitrogen-pumped dye laser 

according to the published literature.63 For solution studies, excited state lifetime τ was 

obtained by fitting the traces to a first-order kinetic model. Values for radiative and 

nonradiative constants, kr and knr respectively, were calculated from equations (2) and (3): 
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ΦPL = kr/(kr + knr) ⑵ 

ΦPL = krτ ⑶ 

For recombination kinetics measurements, the transient data was fitted to a 

Kohlrausch-Williams-Watts (KWW) kinetic model64 with the equation (4). I0 is the initial 

amplitude and If is final amplitudes of the signal. β is inversely related to the width of a 

stretched Levy distribution of the rate constant, and is between 0 and 1.  

I = (I0 – If) exp [- (kobs t) β] + If ⑷ 

A-3-3-4. Solution Electrochemistry 

Cyclic Voltammetry (CV) for solution studies was performed in 

tetrabutylammonium hexafluorophosphate/acetonitrile (0.1 g/mL) electrolyte. Standard 

three-electrode arrangement was used.  A glassy carbon electrode (2 mm diameter) was 

used as the working electrode along with a platinum wire auxiliary electrode and an 

Ag+/AgCl reference electrode. The solution had a sensitizer concentration of ~0.5 mM.  

A BAS model CV-50W potentiostat was used and the CV measurements were carried out 

at room temperature under nitrogen atmosphere. Ferrocene was used as the internal 

reference. The half-wave potential (E1/2) represented EHOMO of the sensitizer, and was 

calculated from the equation (5). Cathodic peak potential (Epc) and anodic peak potential 

(Epc) were collected according to the CV spectra.  

E1/2 = (Epa + Epc)/2 ⑸ 
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The excited state reduction potential (E1/2
*) represented ELUMO of the sensitizer, and 

was calculated from the equation (6).  

E1/2(RuIII/II*) = E1/2(RuIII/II) - ΔGes ⑹ 

The ΔGes is the free energy stored in the thermally equilibrated excited states, and 

was estimated from a tangent to the high energy side of the photoluminescence spectra of 

the sensitizer in neat acetonitrile65 as shown in Figure A-3-3-4.1.  

 

Figure A-3-3-4.1. Determination of ΔGes based on photoluminescence spectrum. 
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B-1-1. Aggregation of Organic Dyes 

Although inorganic dyes are preferred sensitizers for DSSCs,1-4 organic dyes, such 

as perylenes,5-7 coumarins,8-10 and other organic dyes have been studied and used in the 

DSSCs application due to their high extinction coefficient, high quantum yield, low 

toxicity, and low cost.5-21 Furthermore, it is possible through unlimited structural 

modifications to tune the position of excited state energy level relative to the conduction 

band edge of the metal oxide semiconductor, widen the range of spectral absorption, and 

increase the extinction coefficient.22,23 Also organic dyes provide excellent testing 

systems for elucidating fundamental photophysics of charge injection and recombination 

processes at the dye/TiO2 interface.24-28 Careful molecular design of organic dyes has led 

to solar cell efficiencies that are competitive with those inorganic sensitizers.10,20,21,29 The 

main limitations of organic dyes include low photostability, shorter excited state lifetimes 

and tendency to form aggregates.  

Organic dyes containing π-conjugated systems, such as aromatic hydrocarbons, tend 

to form aggregates through face-to-face π-π interactions on the surface of the metal oxide 

semiconductor. This is less likely to occur with ruthenium (II) polypyridine sensitizers, 

which are reported to form a monolayer on the metal oxide nanoparticles surfaces.30 A 

typical example is the formation of pyrene excimer, which produces a broad red-shifted 

emission band in the fluorescence spectrum compared to the pyrene monomer (Figure B-

1-1.131). The formation of a pyrene excimer requires the encounter of an excited pyrene 

molecule with a second pyrene in the ground state. 
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Figure B-1-1.1. Fluorescence spectra of pyrene excimer and monomer in cyclohexane31 

Aggregation is not always a disadvantage for sensitization purposes. In some 

limited cases, a controlled aggregation has been proved to enhance the photocurrent 

generation as a result of wider absorption window, which combined with an efficient 

charge transfer from the aggregate excited state to the semiconductor.32-36 For instance, 

closely packed pyrene-substituted rigid-rods have been reported in our group to be 

effective sensitizers.12 However, in most cases, aggregation results in decreased 

photocurrents and photovoltages through a variety of processes that compete with the 

photosensitization process, including, for instance energy transfer within π-stacks. Also 

excess of dye molecules stacked together may act as an optical filter.32,34,37,38 Thus the 

separation of the organic dyes on semiconductor surface is an important issue and it has 

been proven to benefit the DSSCs performance. For example, Sundström and coworkers 
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showed that with deoxycholic acid (DCA) as the coadsorbate to prevent aggregation, the 

solar cell efficiency significantly increased for phthalocyanine derivative sensitizers 

(Figure B-1-1.2).39  

Ag/Am η %
ZnPcTyr 0.80 0.29

ZnPcTyr/DCA 0.59 0.54
 

Figure B-1-1.2. Solar cell performance improved by avoiding aggregation of zinc 
phthalocyanines with tyrosine subsitutents (ZnPcTyr). 

B-1-2. Strategies to Avoid Aggregation 

Several strategies have been developed in the past decade to avoid the aggregation 

of organic dyes on metal oxide semiconductor surfaces. These strategies include use of 

coadsorbates, such as DCA, substitution with bulky groups directly on the dyes, 

modification of sensitizer with large footprints to space out the dye units, and 

encapsulation of the dye in a host molecule. Each stratergy is described in the following 

sections. 
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1) Coadsorbates Fatty acid or carboxylic acids with lipidic substitutents, such as 

hexadecylmalonic acid (HDMA) and deoxycholic acid (DCA), have been used as 

coadsorbates to separate dye molecules on the semiconductor surface. The use of 

coadsorbates often resulted in higher photocurrents and photovoltages thus enhancing the 

solar cell performance.40,41 The improvement in photocurrent has been attributed to the 

inhibition of quenching processes due to energy transfer,39 as well as to a positive shift 

(lower energy) of the conduction band edge due to the binding of an acidic adsorbate.42 

Furthermore, the coadsorbate coats the surface and acts as a shield for the electrolyte, 

inhibiting the recombination processes, thereby suppressing dark currents and increasing 

photovoltage.43 Figure B-1-2.1 shows an example reported by Arakawa and coworkers.9 

 

Figure B-1-2.1. Coadsorbate DCA improves performance of coumarine-based DSSCs9 
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2) Structure modification One of the organic sensitizers’ advantages is that they are 

relatively easy to modify synthetically. This classic method has been used to reduce 

aggregation by adding directly bulky substituents on the chromophore. The formation of 

the excimers is avoided without significantly changing the photophysical properties of 

the dye units. For instance, Willig and coworkers developed the t-butyl-modified 

perylenes to avoid aggregation for charge injection studies (Figure B-1-2.2).44 Another 

example is phthalocyanine dyes substituted with glycine or tyrosine groups. The glycine 

and tyrosine substituents improved solubility and decreased aggregation.39,45 The 

drawback of this strategy is that more synthetic effort may be involved. 

 

Figure B-1-2.2. Example of t-butyl-modified perylene for sensitization study.44 

3) Large footprints As mentioned in the previous chapter, tripodal linkers with three 

carboxylic acid anchoring groups have been developed and used for both inorganic and 

organic dyes in our group.46-49 Recently, pyrene-subsitituted tripodal dyes with different 

footprint sizes were selected for studying aggregation effects.50,51 Upon binding on a 

planar sapphire surface, the tripod linker shows monomer band in fluorescence emission 

spectrum. As a comparison, a short rigid-rod with pyrene dye unit gives red-shifted, 

broad excimer band in the fluorescence emission spectrum (Figure B-1-2.351). This result 
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demonstrates that on a planar surface the larger footprints are effective in spacing the dye 

units. 

 

Figure B-1-2.3. Comparison of emission spectra of tripod and rigid-rod on planar 
surface.51 

4) Dye@host Molecular encapsulation of dyes in a host molecule, and anchoring of 

a guest@host complex on the surface is reported as an efficient and yet little explored 

strategy to avoid aggregation. Piotrowiak and coworkers used azulene complexed in a 

hemicarcerand host. The modified hemicarcerand uses carboxylic acid functional group 

as the anchor group and has ~ 200Å3 internal volume (Figure B-1-2.4). Encapsulation 
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within the hemicarcerand slowed down the charge recombination process by three orders 

of magnitude, and the recombination kinetics was fit by a single exponential.52 

 

Figure B-1-2.4. Encapsulation of azulene with in a hemicarcerand.52 

Cucurbituril (CB) has been used recently in our group as an effective host molecule 

to contain viologen and bind it to TiO2 films through the cucurbituril itself (Figure B-1-

2.5).53 The redox-active compound viologen formed guest-host complexes with CB(7) 

and showed reversibility and stability in an electrochemical study, as dimerization and 

aggregation processes were prevented. Moreover, this approach was useful to avoid the 

need for synthetic modifications of the viologen with binding groups. 

To reduce the organic dyes’ aggregation and to improve the solar cell’s 

performance, our group has been synthesis the tripod linkers with a large foot print to 

separate the pyrene dye and to prevent excimer formation successfully on planar 

surface.51 However, upon bound onto porous metal oxide semiconductor surface, red-

shift broad emission band which belong to the pyrene excimer was observed in the 

fluorescence emission spectra (Figure B-1-2.6).  
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Figure B-1-2.5. Encapsulation of viologen with cucurbituril.53 

 

Figure B-1-2.6. Fluorescence emission spectra of tripod bound onto ZrO2 film.51 
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Figure B-1-2.7. Schematic representation of possible binding orientations and positions 
of Ad-acid(m) tripod on nanoparticles film surfaces (not in scale). Excimer could form in 

the necking regions and between dyes trapped in pores.51 

This is attributed to the dye contact in ‘necking’ region as shown in Figure B-1-2.7. 

Similar observation was observed for rigid-rod pyrene sensitizers.12  Thus to physical 

separate the pyrene dye by involving a host molecule, such as cyclodextrin, will be an 

interesting improvement for sensitization study of organic dye on metal oxide 

semiconductor surface. 

In the Part B of this thesis, cyclodextrin was selected as the host molecule to 

separate the pyrene derivative on the metal oxide semiconductor surfaces as a comparison 

with the previously reported pyrene tripods and rods. The next section describes 

examples of dyes@CDs/TiO2. 
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B-1-3. Cyclodextrins (CDs) as Hosts in DSSC Application 

Cyclodextrins (CDs) are composed of 5 or more α-D-glucopyranoside units. 

Commercially available cyclodextrins contain 6, 7, and 8 glucose units (α-, β-, and γ-CDs, 

respectively). The inner cavity of CDs is hydrophobic, while the outer cavity has OH 

functional groups which can anchor onto metal oxide nanocrystalline. Obviously, 

depending on the sizes of the cyclodextrins, different organic compounds can be 

encapsulated. The chemical structures of cyclodextrins are shown in Figure B-1-3.1 and 

Table B-1-3.1.54 

 

Figure B-1-3.1. Chemical structures of α-, β-, and γ-cyclodextrins 
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Table B-1-3.1. Structural parameters of α, β, and γ – cyclodextrins.54 

 

Cyclodextrins’ carbohydrate frameworks are colorless and do not contain 

chromophoric group. Thus, they have been used as host macrocycles to encapsulate 

chromophores.54-58 However, the attachment of such complexes to the semiconductor 

surfaces for charge transfer study remains little explored. Durrant and coworkers studied 

the encapsulation of azobenzene dyes with cyclodextrins bound to TiO2 (Figure B-1-

3.2).59 The dye@CD complex binds to TiO2 through the OH groups from CD. It was 

observed that for the dye bound through a CD the recombination dynamics were slower 

than that of the directly bound dye (300 and 4 µs, respectively). This was attributed to the 

larger physical separation between the dye and the TiO2 surface.59 Recently Ko and 

coworkers reported increased solar cell efficiency by using CD instead of coadsorbates to 

separate organic dye on the TiO2 surface (Figure B-1-3.3).60 Encapsulation inside CDs 

retarded charge recombination and resulted in improved stability of the dyes under 

light.60 

 

Figure B-1-3.2. Encapsulation of azobenzene dye with cyclodextrin.59 
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Figure B-1-3.3. JK-2 sensitizer encapsulated in a cyclodextrin anchored to TiO2.60 
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B-2-1. Introduction 

Pyrene substituted rigid-rods1 and pyrene substituted tripods2 developed in our 

group aggregate on mesoporous metal oxide semiconductor surface, resulting in a broad 

red-shift excimer band in fluorescence emission spectra. Molecular encapsulation of 

chromophores in host molecule, such as cyclodextrins,3-7 cucurbiturils,8-11 and 

calixarenes,8-11 is reported as an efficient approach to separate chromophores upon 

binding to semiconductor surfaces. This approach is limited by the relative guest and host 

properties (such as size and lipophilicity) and their ability to form stable complexes. 

In this chapter, cyclodextrins (CDs) were selected as the host molecules to 

encapsulate dye molecules and bound onto metal oxide semiconductor surfaces for 

aggregation study. The reason to use CDs is that their carbohydrate framework is 

colorless and does not contain chromophoric group. Also CDs with different interior 

cavity sizes are commercially available. Finally, the encapsulation of organic 

chromophores, such as pyrene, in CDs has been intensely studied in solution.12 The 

binding of dye@CD complex remains little explored. 

Binding was characterized by FT-IR-ATR spectra by comparing the TiO2 films 

before and after binding of CD. The aggregation was investigated by UV-Vis absorption 

spectra and fluorescence emission spectra of dye@host complexes on ZrO2 films. ZrO2 

films were used because the morphology is similar to that of TiO2, but the wider band 

gap (~ 5 eV) makes it an insulator, and to prevent the excited state quenching. 

The chemical structures of pyrene and perylene derivatives used in the study are 

shown in Figure B-2-1.1. Pyrene was selected as the chromophore to study the 
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aggregation as it is well known that it is encapsulated in CDs,12 and because comparisons 

can be made with previously reported pyrene substituted rigid-rods1 and tripods2 with 

respect to excimer effects. Perylene was studied as it forms excimer,13 and the 

perylene@γ-CD complex was also reported14. Py-sL-COOH and Pe 4-COOH were 

employed as references as they have carboxylic acid anchoring groups on the Py and Pe 

core.  

 

Figure B-2-1.1. Chemical structures of chromophores used in the study. 

Table B-2-1.1 shows the molecular sizes of pyrene,15 perylene,15 and parameters of 

CDs.3 Based on the relative sizes of CDs and dye molecules, 1:1, 1:2, 2:1, or 2:2 

dye@host complexes may formed, and they are shown in Figure B-2-1.2. Due to the 

larger cavity size of γ–CD (diameter 7.5-8.3 Å), two pyrene molecules can be 

encapsulated into cavity to form excimer, while β-CD (cavity diameter 6-6.6 Å) can only 
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contain one pyrene molecule.3,4,14,16-18 Perylene@β-CD complexes do not form, and α-CD 

(diameter 4.7-5.3 Å) cannot form guest@host complexes with pyrene and perylene. 

Table B-2-1.1. Sizes of the molecules15 and parameters of α-, β-, and γ-CDs.3 

molecule size (Å) 

Pyrene 7.36 x 9.80 

Perylene 7.33-7.37 x 9.82 

 α-CD β-CD γ-CD 

Glucose Residues 6 7 8 

Molecular Weight 973 1135 1297 

Cavity Diameter (Å) 4.7-5.3 6-6.6 7.5-8.3 

Cavity Height (Å) 7.9 7.9 7.9 

Cavity Volume (mL/mol) 174 262 472 
 

 

Figure B-2-1.2. Different types of dye@host complexes and possible complexation. 
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B-2-2. Binding Study 

FT-IR-ATR spectroscopy was used as a relatively simple method to determine 

whether CD adsorbed on TiO2 films by analyzing the differences of IR spectra before and 

after binding the CD onto the TiO2 thin films. In the experiments, β-CD was used as the 

sample for IR measurements as can it form 1:1 or 1:2 dye@host complex with pyrene. 

The TiO2 thin films used in the study were prepared by the previously described sol-gel 

method19,20 (Section A-3-3-1), and cast onto a 1 cm2 cover glass slide. The β-CD/TiO2 

films were prepared by immersing TiO2 films into β–CD aqueous solutions (5 mM) at 

room temperature overnight. They were thoroughly rinsed with DIUF water to remove 

any free β–CD molecules and air dried prior to spectroscopic measurements. Since the 

FT-IR-ATR signal intensity of the β-CD/TiO2 films was weak, before every measurement, 

it was necessary to vigorously purge with nitrogen for at least 60 minutes to reduce the 

undesired background signals, especially water vapor which appeared in the range of 

1700 cm-1 and 1400 cm-1. The FT-IR-ATR spectra of β-CD powder, TiO2 film, β-

CD/TiO2 thin film, and the difference between “β-CD/TiO2 thin film” and “TiO2 film” 

are shown in Figure B-2-2.1. The spectra of β-CD powder and the difference between “β-

CD/TiO2 thin film” and “TiO2 film” are standardized relative to their highest band and 

shown in Figure B-2-2.2 as a comparison. 

β-CD powder gives a broad band at 3300 cm-1 and a band at 2926 cm-1 

corresponding to the strentching of –OH and –CH2, respectively. The bands at 1080 cm-1 

and 1024 cm-1 were attributed to the formation of H-bonding in the interior of the β-CD 

molecule structure21. TiO2 film gives a broad band centered at 3300 cm-1. It is a typical 
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stretching vibration of –OH group at the surface of the nanocrystalline TiO2 particles. 

The spectrum of β-CD/TiO2 film is similar to that of TiO2. This result was expected since 

the β-CD molecule bound onto TiO2 film forms a single layer with weak signal intensity 

even under FT-IR-ATR measurement condition. 
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Figure B-2-2.1. FT-IR-ATR spectra of β-CD power, TiO2 film, β-CD/TiO2 thin film, and 
the difference between “β-CD/TiO2 thin film” and “TiO2 film”. 

The difference between “β-CD/TiO2 thin film” and “TiO2 film” is standardized 

relative to their most intense band (1030 cm-1 and 1024 cm-1, respectively) and compared 

with the one of neat β-CD (Figure B-2-2.2). Bands at 1024 cm-1, 1080 cm-1, and 1153 cm-
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1 for the spectrum of neat β-CD powder can be observed in the spectrum of the difference 

between “β-CD/TiO2 thin film” and “TiO2 film”. The different spectra indicate β-CD 

molecules bound to the TiO2 surface. The band at 2926 cm-1 in the spectrum of β–CD 

powder is not evident in the spectrum of β-CD/TiO2 (Figure B-2-2.1). This was explained 

as the stretching vibration of –CH2 for β–CDs absorbed to TiO2 surface is partially 

prohibited.21 
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Figure B-2-2.2. Standardized FT-IR-ATR spectra of β-CD powder and the difference 
between “β-CD/TiO2 thin film” and “TiO2 film”. 
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CDs have two types of -OH in each rim, secondary alcohols on the wider rim and 

primary alcohols on the smaller rim. The binding of all –OH groups to the metal oxide 

semiconductor surface are presumably. In summary, FT-IR-ATR spectra cannot 

determine which –OH type is preferred. How the CDs bind to the surface and their 

orientation has not yet been established.  

B-2-3. Aggregation Study 

B-2-3-1. Pyrene@CD 

CDs’ cavities are lipophilic. They readily form guest@host complexes with size-

suitable lipophilic organic compounds thus making them water soluble. Pyrene has very 

low solubility in water (~ 6.7 x 10-7 M at 25oC). Upon complexation with β-CD, pyrene 

has been dissolved in water. First we reproduced complexation studies of pyrene in β- 

and γ-CDs, as reported in literature.22 The purpose of the solution study was to find the 

experimental conditions for encapsulation (Py@CDs) in solutions, and then study the 

binding of the Py@CDs complexes on MOn surfaces. The increased water solubility of 

pyrene chromophore upon adding β-CD was monitored by UV-Vis absorption spectra 

(Figure B-2-3-1.1) and fluorescence emission spectra (Figure B-2-3-1.2).  In both cases, 

large excess amount of pyrene was added into DIUF water or 10 mM β-CD aqueous 

solution, respectively. Intensity-enhanced pyrene monomer absorption and emission 

spectra were observed. 
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Figure B-2-3-1.1. Absorption spectra of aqueous pyrene solution in the absence and the 
presence of β-CD. 
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Figure B-2-3-1.2. Emission spectra of aqueous pyrene solution in the absence and the 
presence of β-CD. λexc = 335 nm. 

By choosing γ-CD as the host molecule instead of β-CD, absorption and emission 

spectra changed (Figure B-2-3-1.3 and Figure B-2-3-1.4). Pyrene ethanol solution (20 µL, 

0.05 M) was added into 5 mL of 10 mM CDs aqueous solution. The spectra show a 

broader absorption band for Py@γ-CD compared to the one of Py@β-CD (Figure B-2-3-



  135 
 

1.3). In the case of emission spectra, for Py@β-CD mixture, the fluorescence band from 

370 nm to 480 nm is attributed to the Py monomer. The broad emission band indicates 

the presence of pyrene excimer,23 along with the monomer emission (Figure B-2-3-1.4).  

This effect has been reported and it is due to the larger size of the CDs cavity.16 The 

large cavity of γ-CD (cavity diameter 7.5-8.3 Å) is capable of including two Py (7.36 x 

9.8 Å) molecules, and a 2:1 or 2:2 excimer forms,3,4,14 and a part of the dimer is placed 

within the cavity and the substantial part is exposed to an aqueous layer.17 In summary, β-

CD only contain one pyrene molecule to form 1:1 or 1:2 Py@β-CD complexes resulting a 

monomer band in emission spectra, while γ-CD forms 2:1 or 2:2 complexes  leading to 

excimer formats. 
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Figure B-2-3-1.3. Absorption spectra of aqueous pyrene solution (10mM) in the presence 
of β-CD or γ-CD. 
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Figure B-2-3-1.4. Emission spectra of aqueous pyrene solution (10 mM) in the presence 
of β-CD or γ-CD. λexc = 335 nm. 

ZrO2 films were used as the substrate to study the aggregation effect of Py@CD on 

the metal oxide semiconductor films. The Py@β-CD solution was filtered to remove any 

undissolved pyrene. The ZrO2 thin film was then immersed into the solution overnight 

and thoroughly rinsed with DIUF water for spectroscopic measurements. However, the 

absorption and emission spectra showed that no binding occurs. One possible explanation 

is that the binding of guest molecules within the host CD, is a dynamic equilibrium, and 

that does not form a stable Py@CD complex upon binding onto the surface.7 

B-2-3-2. Py-sL-COOH@CD 

We then studied encapsulation in CDs and binding of a pyrene derivative with 

anchoring group, we selected pyrene short rigid-rod (Py-sL-COOH), a compound that has 

been reported to form excimer on the metal oxide surface.1 Two different binding 

procedures were used in this study as a comparison and described as follows: 
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Method I (binding of complex): Py-sL-COOH was added into CD aqueous solution 

to form guest@host complexes. ZrO2 films were immersed into this solution overnight 

and air-dried. Prior to absorption or emission measurements, the films were thoroughly 

rinsed with ethanol. 

Method II (binding of rod followed by CD): ZrO2 films were immersed into the Py-

sL-COOH ethanol solution to give Py-sL-COOH/ZrO2 films. After rinsing with ethanol, 

the resulting films were immersed into the CD aqueous solution overnight and air-dried. 

Prior to absorption or emission measurements, the films were rinsed with water. 

The UV-Vis absorption spectra and fluorescence emission spectra with two binding 

procedures are shown in Figure B-2-3-2.1 and Figure B-2-3-2.2. The emission spectra 

were normalized either on the monomer band maxima or excimer band maxima, 

respectively. In all cases, Py-sL-COOH bound to the ZrO2 films successfully. The 

absorption spectra show similar band at ~ 365 nm.  
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Figure B-2-3-2.1. Absorption spectra of Py-sL-COOH@CDs on ZrO2 thin films with 
different binding procedures. 
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Figure B-2-3-2.2. Emission spectra of Py-sL-COOH@CDs on ZrO2 thin films with 
different binding procedures. λexc = 365 nm. 

However, the emission spectra show that different binding procedures result in 

different aggregation on ZrO2 films. 

In the case of Method I, (the emission spectra are normalized at the monomer band 

maxima ~ 400 nm), the excimer band of Py-sL-COOH@β-CD/ZrO2 appears at ~ 475 nm 

as a shoulder in the spectra. The intensity of Py-sL-COOH monomer band at ~ 400 nm 

and ~ 430 nm was significant compared to the one of Py-sL-COOH excimer band. As a 

comparison, the spectra of Py-sL-COOH@γ-CD/ZrO2 showed strong broad Py-sL-

COOH excimer band at ~ 475 nm along with Py-sL-COOH monomer band at ~ 400 nm 

and ~ 430 nm. Thus, with method I, Py-sL-COOH@CD complex decreases the excimer 

formation upon binding to ZrO2 film. 

In the case of Method II, (spectra were normalized at the excimer band maxima), 

the excimer band was observed for both Py-sL-COOH@β-CD/ZrO2 and Py-sL-

COOH@γ-CD/ZrO2. Thus, with method II, Py-sL-COOH was not encapsulated into the 

cavity of CDs. 
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In summary, this set of experiments suggests that encapsulation prior to binding is 

necessary. 

B-2-3-3. Perylene derivative@CD 

Perylene, which has the advantage of absorption spectrum considerably red-shifted 

with respect to pyrene, was also used for the aggregation behavior study. Perylene forms 

excimer with in emission band centered at ~ 650 nm (Figure B-2-3-3.113). Upon binding 

to semiconductor surfaces, perylene tend to form aggregates through face-to-face π-π 

interactions. Willig and coworkers developed t-butyl-modified perylenes to avoid 

aggregation on semiconductor surface in sensitization studies.24 Perylene has been 

reported to form guest@host complexes with γ-CD successfully.14 Thus, we selected γ-

CD as the host molecule to study the aggregation of perylene on the metal oxide surface. 

 

Figure B-2-3-3.1. Emission spectra of perylene monomer and excimer in toluene.13 
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As in the case of Py@CD complexes, however, Pe@CD complexes did not bind 

onto ZrO2 films. Pe 4-COOH, with four –COOH anchoring groups on the Pe core, was 

then synthesized according to a published procedure,25 by basic hydrolysis of 3,4,9,10-

perylene tetracarboxylic dianhydride followed by acidification. The emission band of Pe 

4-COOH@γ-CD/ZrO2 film showed higher intensity ratio of monomer band (~ 490 nm) to 

excimer band (centered at ~ 575 nm) compared to the one of Pe 4-COOH/ZrO2 (Figure 

B-2-3-3.2). Thus γ-CD physical separates Pe 4-COOH on ZrO2 films. The encapsulation 

of the Pe 4-COOH in γ-CD is not certain, however, Pe 4-COOH with four carboxylic 

acid groups attached onto the perylene core is slightly water soluble, and the COOH 

groups may prevent. In summary, the γ-CD may act as the host molecule to encapsulate 

the Pe 4-COOH, or as a coadsorbate, to separate Pe 4-COOH on the ZrO2 surface. 
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Figure B-2-3-3.2. Fluorescence emission spectra of Pe 4-COOH in the absence and the 
presence of γ-CD on ZrO2. λexc = 440 nm. 
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B-2-4. Conclusions 

In summary, cyclodextrins form water-soluble guest@host complexes with pyrene. 

β-CD inhibits the excimer formation of pyrene in aqueous solution by formation of a 1:1 

complex, while γ-CD leads to pyrene excimer formation in aqueous solution by 

formation of 2:1 or 2:2 complexation. Cyclodextrins bind to the metal oxide surface by 

the –OH groups. Cyclodextrins separate a pyrene rigid-rod as a Py-sL-COOH@β-CD 

complex and perylene derivative as Pe 4-COOH@γ-CD complex on ZrO2 films, although 

the latter result needs to be confirmed, reduced excimer band and enhanced monomer 

band were observed in fluorescence emission spectra on ZrO2. The encapsulation of the 

chromophores with cyclodextrins was not sufficiently strong to bind Py or Pe 

chromophores without any anchor group to the ZrO2 through cyclodextrins. Thus, 

anchoring groups were attached to the chromophore molecules in both cases. The 

sequence of the encapsulation and binding steps was important to ensure physical 

separation of the dye@CD on the metal oxide surface. Further study of the encapsulation 

conditions and characterization of the sensitized films is of interest and is in process. 

B-2-5. References 

1. Taratula, O.; Rochford, J.; Piotrowiak, P.; Galoppini, E.; Carlisle, R. A.; Meyer, G. J. 
Pyrene-Terminated Phenylenethynylene Rigid Linkers Anchored to Metal Oxide 
Nanoparticles. . J. Phys. Chem. B. 2006, 110, 15734. 

2. Thyagarajan, S.; Galoppini, E.; Persson, P.; Giaimuccio, J. M.; Meyer, G. J. Large 
Footprint Pyrene Chromophores Anchored to Planar and Colloidal Metal Oxide Thin 
Films. Langmuir 2009, 25, 9219. 



  142 
 

3. Hapiot, F.; Tilloy, S.; Monflier, E. Cyclodextrins as Supramolecular Hosts for 
Organometallic Complexes. Chem. Rev. 2006, 106, 767. 

4. Rekharsky, M. V.; Inoue, Y. Complexation Thermodynamics of Cyclodextrins. Chem. 
Rev. 1998, 98, 1875. 

5. Khan, A. R.; Forgo, P.; Stine, K. J.; D'Souza, V. T. Methods for Selective 
Modifications of Cyclodextrins. Chem. Rev. 1998, 98, 1977. 

6. Szeijtli, J.; Osa, T.; Atwood, J. L.; Davis, J. E. D.; Macnicol, D. D.; Vögtle, F. 
Comprechensive Supramolecular Chemistry; Pegamon/Elsevier: Oxford, 1996; Vol. 3. 

7. Martin Del Valle, E. M. Cyclodextrins and Their Uses: a Review. Process 
Biochemistry 2004, 39, 1033. 

8. Danil de Namor, A. F.; Cleverley, R. M.; Zapata-Ormachea, M. L. Thermodynamics of 
Calixarene Chemistry. Chem. Rev. 1998, 98, 2495. 

9. Ananchenko, G. S.; Udachin, K. A.; Pojarova, M.; Dubes, A.; Ripmeester, J. A.; Jebors, 
S.; Coleman, A. W. Van der Waals Nanocapsular Complexes of Amphiphilic Calixarenes. 
Cryst. Growth Des. 2006, 6, 2141. 

10. Hippius, C.; Schlosser, F.; Vysotsky, M. O.; Bohmer, V.; Wurthner, F. Energy 
Transfer in Calixarene-Based Cofacial-Positioned Perylene Bisimide Arrays. J. Am. 
Chem. Soc. 2006, 128, 3870. 

11. Asfari, Z.; Böhmer, V.; Harrowfield, J.; Vicens, J. Calixarenes; Academic Publisher: 
Boston, 2001. 

12. Patonay, G.; Shapira, A.; Diamond, P.; Warner, I. M. A Systematic Study of Pyrene 
Inclusion Complexes with α-, β-, γ-Cyclodextrins. J. Phys. Chem. 1986, 90, 1986. 

13. Katoh, R.; Sinha, S.; Murata, S.; Tachiya, M. Origin of the Stabilization Energy of 
Perylene Excimer as Studied by Fluorescence and Near-IR Transient Absorption 
Spectroscopy. J. Photochem. Photobio. A: Chem. 2001, 145, 23. 



  143 
 

14. Pistolis, G.; Malliaris, A. Evidence for Highly Selective Supramolecular Formation 
between Perylene/γ-CD and Pyrene/γ-CD Complexes in Water. J. Phys. Chem. B. 2004, 
108, 2846. 

15. Liu, X.; Iu, K.-K.; Thomas, J. K.; He, H.; Klinowski, J. Spectroscopic Studies of 
Protonated Aromatic Species and Radical Cations in H+-Zeolites. J. Am. Chem. Soc. 
1994, 116, 11811. 

16. Kano, K.; Takenoshita, I.; Ogawa, T. γ-Cyclodextrin-enhanced Excimer Fluorescence 
of Pyrene and Effect of n-Butyl Alcohol. Chem. Lett. 1982, 321. 

17. Yorozu, T.; Hoshino, M.; Imamura, M. Fluorescence Studies of Pyrene Inclusion 
Complexes with .Alpha.-, .Beta.-, and .Gamma.-Cyclodextrins in Aqueous Solutions. 
Evidence for Formation of Pyrene Dimer in .Gamma.-Cyclodextrin Cavity. J. Phys. 
Chem. 1982, 26, 4426. 

18. Herkstroeter, W. G.; Martic, P. A.; Evans, T. R.; Farid, S. Cyclodextrin Inclusion 
Complexes of 1-pyrenebutyrate. The Role of Coinclusion of Amphiphiles. J. Am. Chem. 
Soc. 1986, 108, 3275. 

19. Heimer, T. A.; D’Arcangelis, S. T.; Farzad, F.; Stipkala, J. M.; Meyer, G. J. An 
Acetylacetonate-Based Semiconductor-Sensitizer Linkage. Inorg. Chem. 1996, 35. 

20. Taratula, O.; Wang, D.; Chu, D.; Galoppini, E.; Zhang, Z.; Chen, H.; Saraf, G.; Lu, Y. 
Binding Studies of Molecular Linkers to ZnO and MgZnO Nanotip Films. J. Phys. Chem. 
B. 2006, 110, 6506. 

21. Si, S. H.; Fung, Y. S.; Zhu, D. R. Improvement of Piezoelectric Crystal Sensor for the 
Detection of Organic Vapors using Nanocrystalline TiO2 Films. Sensors and Actuators B 
2005, 108, 165. 

22. Hamai, S. Pyrene Excimer Formation in γ-Cycloddextrin Solutions: Association of 
1:1 Pyrene-γ-Cycloextrin Inclusion Compounds. J. Phys. Chem. 1989, 93, 6527. 

23. Birks, J. B. Excimers. Rep. Prog. Phys. 1975, 38, 903. 

24. Burfeindt, B.; Hannappel, T.; Storck, W.; Willig, F. Measurement of Temperature-
Independent Femtosecond Interfacial Electron Transfer from an Anchored Molecular 
Electron Donor to a Semiconductor as Acceptor. J. Phys. Chem. 1996, 100, 16463. 



  144 
 

25. Mo, X.; Shi, M.-M.; Huang, J.-C.; Wang, M.; Chen, H.-Z. Synthesis, Aggregation 
and Photoconductive Properties of Alkoxycarbonyl Substituted Perylenes. Dyes and 
Pigments 2008, 76, 236. 
 
 



  145 
 

APPENDIX I    LIST OF ABBREVIATIONS 

DSSC:                            dye-sensitized solar cell 

ITO:                               indium tin oxide 

MLCT:                           metal to ligand charge transfer 

HOMO:                          highest occupied molecular orbital 

LUMO:                          lowest unoccupied molecular orbital 

MOn:                              metal oxide nanoparticle 

CB:                                conduction band 

VB:                                valence band 

IPCE:                             incident-photon-to-electron conversion efficiency 

IR:                                  infra-red 

FT-IR-ATR:                   fourier-transform infrared attenuated total reflectance 

NMR:                             nuclear magnetic resonance 

UV-Vis:                          ultraviolet-visible 

GC-MS:                         gas chromatography-mass spectrometry 

STM:                              scanning tunneling microscopy 
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LRMS:                           low resolution mass spectrometry 

ESI:                                electrospray ionization 

TLC:                              thin layer chromatography 

DIUF:                             deionized ultra filtered 

PEG:                              poly(ethyleneglycol) 

MeCN/ACN:                 acetonitrile  

THF:                              tetrahydrofuran 

3SSC:                             3 Short Star Complex 

SSC:                               Short Star Complex 

LSC:                               Long Star Complex 

SLSC:                            Soluble Long Star Complex 

TBAF:                            tetrabutylammonium fluoride 

TMS:                              trimethylsilyl 

DCA:                              deoxycholic acid 

HDMA:                          hexadecylmalonic acid 

CD:                                cyclodextrin 

dcb:                                4,4’-dicarboxylic acid bipyridine 
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bpy:                                2,2’-bipyridine 

OPE:                              oligophenylenethynylene 

Ipa:                                 isophthalic acid 

Py:                                  pyrene 

Pe:                                  perylene 

N3:                                          

JK-2:                                      

Py-sL-COOH:                

Pe 4-COOH:                   
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APPENDIX II    1H AND 13C NMR SPECTRA 

4-nitro-2-(pyridin-2-yl)pyridine 1-oxide 2 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.010.0

ppm (t1)
7.407.507.607.707.807.908.008.108.208.308.408.508.608.708.808.909.009.10

N N

NO2

O

 

 

2,2'-bipyridine-4-amine 3 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.0

ppm (t1)
6.506.606.706.806.907.007.107.207.307.407.507.607.707.807.908.008.108.208.308.408.508.608.70

N N

NH2
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4-iodo-2,2'-bipyridine 4 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.0

N N
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4,4'-dinitro-2,2'-bipyridine 1,1'-dioxide 6 
1H NMR (DMSO)-d6: 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.010.0

ppm (t1)
8.108.208.308.408.508.608.708.808.909.009.10

N N

NO2O2N

O O

 

 

13C NMR (DMSO)-d6: 

ppm (t1)
0102030405060708090100110120130140150160170180190200

N N

NO2O2N

O O
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2,2'-bipyridine-4,4'-diamine 7 
1H NMR (DMSO)-d6: 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.010.0

ppm (t1)
6.006.106.206.306.406.506.606.706.806.907.007.107.207.307.407.507.607.707.807.908.00

N N

NH2H2N

 

 

13C NMR (DMSO)-d6: 

ppm (t1)
0102030405060708090100110120130140150160170

N N

NH2H2N
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4,4'-diiodo-2,2'-bipyridine 8 
1H NMR (THF)-d8: 

ppm (t1)
-1.00.01.02.03.04.05.06.07.08.09.010.011.0

ppm (t1)
7.707.807.908.008.108.208.308.408.508.608.708.808.90

N N

II

 

 

13C NMR (THF)-d8: 

ppm (t1)
-30-20-100102030405060708090100110120130140150160170180190200210

N N

II
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Dimethyl 5-((trimethylsilyl)ethynyl)isophthalate 10 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.0

ppm (t1)
7.607.707.807.908.008.108.208.308.408.508.608.708.808.909.009.109.209.30MeOOC COOMe

SiMe3

 

 

Dimethyl 5-ethynylisophthalate 11 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.0

ppm (t1)
7.607.707.807.908.008.108.208.308.408.508.608.708.808.909.009.109.209.30MeOOC COOMe

H
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Dimethyl 5-(2,2'-bipyridin-4-ylethynyl) isophthalate 12 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.0

ppm (t1)
7.307.407.507.607.707.807.908.008.108.208.308.408.508.608.70

N N

COOMe

MeOOC

 

 

Tetramethyl 5,5'-(2,2'-bipyridine-4,4'-diylbis(ethyne-2,1-diyl))diisophthalate 13 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.0

ppm (t1)
7.507.607.707.807.908.008.108.208.308.408.508.608.70

N N

COOMe

MeOOCCOOMe

MeOOC
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Dimethyl 5-((4-((trimethylsilyl)ethynyl)phenyl)ethynyl)isophthalate 16 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.0

ppm (t1)
7.407.507.607.707.807.908.008.108.208.308.408.508.60

COOMeMeOOC

SiMe3

 

 

Dimethyl 5-((4-ethynylphenyl)ethynyl)isophthalate 17 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.0

ppm (t1)
7.507.607.707.807.908.008.108.208.308.408.508.608.70

COOMeMeOOC

H

 

 

 

 

 



  156 
 

Tetramethyl 5,5'-(4,4'-(2,2'-bipyridine-4,4'-diylbis(ethyne-2,1-diyl))bis(4,1-phenylene)) 
bis (ethyne-2,1-diyl) diisophthalate 18 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.0

N N

CO OMe

MeOO CCO OMe

MeOO C

 

 

ppm (t1)
7.007.107.207.307.407.507.607.707.807.908.008.108.208.308.408.508.608.708.80
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1,4-dibutoxy-2,5-diiodobenzene 20 
1H NMR (CDCl3): 

ppm (t1)
-1.00.01.02.03.04.05.06.07.08.0

ppm (t1)
0.901.001.101.201.301.401.501.601.701.801.90

O

O

C4H9

C4H9

II

 

 

13C NMR (CDCl3): 

ppm (t1)
-30-20-100102030405060708090100110120130140150160170180190200210
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((2,5-dibutoxy-4-iodophenyl)ethynyl)trimethyl silane 21 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.010.0

ppm (t1)
0.901.001.101.201.301.401.501.601.701.80

O
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I SiMe3

 

 

13C NMR (CDCl3): 

ppm (t1)
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Dimethyl 5-((2,5-dibutoxy-4-((trimethylsilyl)ethynyl) phenyl)ethynyl)isophthalate 22 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.0

ppm (t1)
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COOMeMeOOC

SiMe3

OC4H9

C4H9O

 

 

13C NMR (CDCl3): 
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Dimethyl 5-((2,5-dibutoxy-4-ethynylphenyl)ethynyl) isophthalate 23 
1H NMR (CDCl3): 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.010.0

ppm (t1)
0.200.400.600.801.001.201.401.601.802.002.202.402.602.803.003.203.403.603.804.004.204.404.60
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Tetramethyl 5,5'-((([2,2'-bipyridine]-4,4'-diylbis(ethyne-2,1-diyl))bis(2,5-dibutoxy-4,1-
phenylene))bis (ethyne-2,1-diyl))diisophthalate 24 
1H NMR (CDCl3): 

ppm (t1)
-2.0-1.00.01.02.03.04.05.06.07.08.09.010.011.012.0

ppm (t1)
7.007.107.207.307.407.507.607.707.807.908.008.108.208.308.408.508.608.708.808.909.00
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13C NMR (CDCl3): 
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Homoleptic ruthenium complex 3SSC. 
1H NMR (acetone)-d6: 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.010.0

N N
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N N

N
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Ruthenium tris(4,4’-dibromo-2,2’-bipyridine) 26 
1H NMR (methanol)-d4: 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.010.011.012.0

ppm (t1)
7.107.207.307.407.507.607.707.807.908.008.108.208.308.408.508.608.708.808.909.009.109.209.309.409.509.609.70
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13C NMR (methanol)-d4: 
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Homoleptic ruthenium complex SSC 
1H NMR (acetone)-d6: 

ppm (t1)
1.02.03.04.05.06.07.08.09.010.011.012.0

ppm (t1)
7.607.707.807.908.008.108.208.308.408.508.608.708.808.909.009.109.209.30
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Homoleptic ruthenium complex LSC 
1H NMR (THF)-d8: 

ppm (t1)
1.02.03.04.05.06.07.08.09.010.011.0

ppm (t1)
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Homoleptic ruthenium complex SLSC 
1H NMR (acetone)-d6: 

ppm (t1)
0.01.02.03.04.05.06.07.08.09.010.011.012.0

ppm (t1)
6.907.007.107.207.307.407.507.607.707.807.908.008.108.208.308.408.508.608.708.808.909.009.109.209.30
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13C NMR (acetone)-d6: 
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APPENDIX III    CYCLIC VOLTAMMETRY 

3SSC  
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SLSC 
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