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Abstract 

The specific light absorbing capabilities of molecules has been taken advantage of 

numerous times in scientific literature, as interesting photophysical and photochemical 

phenomena can be easily recognized and characterized through optical spectroscopy. 

Consequently, small light absorbing molecules have shown to be valuable tools in the field of 

self-organization and aggregation as often these processes results in specific spectral signatures 

of these molecules. Cyanine dyes have been used predominantly in this regard as their 

photophysical properties are heavily influenced based on their environmental surroundings. This 

basic principle is the foundation for this work, where small cationic cyanine dyes are utilized to 

understand what drives the organization of molecules into aggregate structures.  

Herein, we present evidence that aggregation of multiple cyanine dyes can be encouraged 

by the addition of both simple and complex electrolytes, a phenomenon not fully investigated in 

the literature thus far. Specifically, the aggregation of cationic cyanine dyes seems to be a direct 

reflection of the molecular structure of the dye itself in addition to its ability to form a contact 

ion pair with a counter ion. The formation of a contact ion pair is pivotal in the aggregation 

process, and is a result of similarity between both the dye and the counter ion water affinity. 

Additionally, our work aimed at pushing the limits of soluble aggregates to form organic 

nanoparticles, which were found to maintain the redox ability of their ionic counterparts. From 

here we crossed into the field of metallic nanoparticles and where the light absorbing properties 

and subsequent photochemistry of a dye, Rose Bengal, was altered by covalently linking it to a 

core-shell nanoparticle. These experiments lead to the proof-of-principle that the singlet oxygen 

production of Rose Bengal could be enhanced in aqueous solution when in close proximity to a 

metal nanoparticle.  
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Preface 

This work concentrates on the use of absorption spectroscopy to observe compatible 

environments in which the organization of small molecules could be promoted and where the 

photochemical behaviour of photosensitizer could be altered.  

In order to cover both topics, this thesis will be organized as follows. Firstly, the 

aggregation of cyanine dyes will be presented. The initial discovery of the unusual molecular 

organization of the cyanine dye, thiazole orange with macrocyclic molecules, unearthed a series 

of questions around the organization of small molecules in high ionic strength solutions. It is our 

goal to describe the interactions that lead to the ionic aggregation for not only thiazole orange, 

but for other cyanine dyes as well. By investigating a variety of cyanine dyes we are able to 

provide links between cyanine dye structure and the molecular structure of aggregates. Secondly, 

our interest for organic nanoparticles stemmed from the ability to induce large aggregates using a 

simple ion association method. These redox-active nanoparticles encouraged our interest in the 

chemistry of nanoparticles, and ways that they can be exploited. This path led to the discovery of 

metallic nanoparticles that have the capability of enhancing the quantum yield of singlet oxygen 

produced by Rose Bengal. The contents of the chapters presented in this thesis are described 

briefly below.  

 Chapters two and three focus on the interesting behaviour of cationic cyanine dyes in the 

presence of small monovalent anions upon an increase in solution ionic strength. These chapters 

present spectroscopic evidence that link the observable aggregate structure to both the type of 

anion used to increase the ionic strength and the structure of the cyanine dye. Chapter four then 

presents work done with a variety of alkyl salts in an effort to investigate the effect of alkyl chain 
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length on dye aggregation. Chapter five further examines the interaction of the cyanine dyes with 

polyelectrolyte species, with a focus on polymeric and cyclic forms. 

 Chapters six describes advances in aggregation that has lead to the formation of organic 

nanoparticles which bridges into the field of nanochemistry. In this chapter the interesting 

interaction between cyanine dyes and a large borate anion that leads to the production of organic 

nanoparticles and interesting ion pairing. In chapter seven, general conclusions will be discussed 

and further work will be suggested that can complement and enhance our knowledge of cyanine 

dye aggregation.   

Lastly, chapter eight then takes our nanoparticle work further and describes the ability to 

coat both silver and gold nanoparticles with first a silica shell and then a dye, Rose Bengal, in 

order to enhance singlet oxygen production.  

In summary, the goal of this work is to not only show that certain spectroscopic 

techniques can be used to gather information from such diverse environments such as 

aggregation and nanoparticles, but to also provide a picture of small molecular aggregation and 

an interesting nanomaterial phenomenon.  

  



v 

Acknowledgements 

The success of a PhD is not based on a purely individual effort; it requires contributions from 

communities both inside and outside academia. This work could have not been possible without 

key support systems, including the University of Calgary and the Department of Chemistry.  

Dr. Belinda Heyne. First and foremost I would like to acknowledge Dr. Belinda Heyne. 

Without her acting in the capacity as a mentor, supervisor, supporter, thought-provoker, 

and guide, this thesis would not be possible. She has kept me focused, provided countless 

laughs and most importantly kept these last five years scientifically engaging. Thank you. 

The Chemistry Department. I would like to also acknowledge the support of the 

University of Calgary, the collaborators and staff therein. In particular Wade White, Jian 

Li and Wei Xiang Dong have been valuable resources for instrumentation techniques. I 

would like to thank my committee members, Drs. Todd Sutherland and Dave Cramb who 

have provided thoughtful discussions and questions with respect to this work.  

The Heyne Group. This thesis would not have been possible without the support system 

of the Heyne group, both past and present including Dustin, Joel, Adrianna, Chris and the 

undergrads. This work is evidence that one can spend 5 years in a basement and get out 

alive.    

Friends and Family. I would like to thank the support of my friends and family, both the 

Moois and the Schneidmillers. Some amazing things have happened in the last five years 

and I am so happy to have experienced them with all of you. You have kept me sane and 

have believed in me no matter what. 

Kyle. I could not have done this without you. Thank you.  



vi 

Dedication 

This thesis is dedicated to my roommates. 

 



vii 

Table of Contents 

Abstract ............................................................................................................................... ii!
Preface ................................................................................................................................ iii!
Acknowledgements ..............................................................................................................v!
Dedication .......................................................................................................................... vi!
Table of Contents .............................................................................................................. vii!
List of Tables ..................................................................................................................... xi!
List of Figures ................................................................................................................... xii!
List of Schemes ................................................................................................................xxx!
List of Symbols, Abbreviations and Nomenclature ....................................................... xxxi!
Epigraph ....................................................................................................................... xxxiii!

 INTRODUCTION ..................................................................................1!CHAPTER ONE:
1.1 Aggregation ...............................................................................................................2!
1.2 Equilibrium ................................................................................................................6!
1.3 Electrolytes and Aggregation ...................................................................................11!
1.4 Dye Aggregation ......................................................................................................19!

1.4.1 Spectroscopic Signatures of Dye Aggregates ..................................................19!
1.4.2 Cyanine Dye Structure ....................................................................................25!
1.4.3 Cyanine Dye Aggregation ...............................................................................29!

1.5 Background on Organic and Metallic Nanoparticles ...............................................32!
1.5.1 Ionic Organic Nanoparticles ............................................................................32!
1.5.2 Metallic Nanoparticles .....................................................................................36!

1.6 Metal Enhancement Effect by Metallic Nanoparticles ............................................40!
1.6.1 Metal Enhanced Fluorescence (MEF) .............................................................40!
1.6.2 Metal Enhanced Production of Singlet Oxygen (ME1O2) ...............................43!
1.6.3 Current Methods to Enhance Singlet Oxygen Production with Metallic 

Nanoparticles ...................................................................................................45!
1.7 Outline .....................................................................................................................47!

 PROMOTION OF THIAZOLE ORANGE AGGREGATION USING CHAPTER TWO:
MONOVALENT ANIONS ......................................................................................49!

2.1 Background ..............................................................................................................49!
2.2 Experimental Section ...............................................................................................50!
2.3 Thiazole Orange .......................................................................................................51!
2.4 Thiazole Orange with Monovalent Anions ..............................................................58!

2.4.1 Thiazole Orange with Small Monovalent Salts ...............................................58!
2.4.2 Assessing the Free Energy for the Formation of the Thiazole Orange Dimer 66!
2.4.3 Thiazole Orange with Larger Monovalent Salts .............................................72!

2.5 Aggregation of Thiazole Orange and the Theory of Matching Water Affinities ....75!
2.6 Interesting Observations Comparing Sequential versus Instantaneous Addition of Salt

................................................................................................................................79!
2.7 The Addition of Monovalent Salts to TO+ at Micromolar Concentration ...............81!
2.8 Conclusion ...............................................................................................................87!



viii 

 AGGREGATION OF OTHER CYANINE DYES: THE ROLE OF CHAPTER THREE:
THE DYE STRUCTURE ON THE EXTENT OF THE AGGREGATION ............89!

3.1 Background ..............................................................................................................89!
3.2 Experimental Section ...............................................................................................90!
3.3 The Characterization and Photophysical Properties of Four Different Cyanine Dyes92!

3.3.1 The Photophysical Characteristics of DEQTC ................................................94!
3.3.2 The Photophysical Characteristics of THIA and PIC along with the Interesting 

Dimerization of THIA ......................................................................................99!
3.3.3 The Photophysical Characteristics of the Cyano-Functionalized Thiazole Orange 

("-CN-TO) .....................................................................................................103!
3.4 The Interaction Between Cyanine Dyes and Monovalent Salts ............................107!

3.4.1 Cyanine Dyes and Small Monovalent Salts ..................................................107!
3.4.2 Cyanine Dyes and Large Monovalent Salts ..................................................117!

3.5 Discussion on the Different Aggregation Tendencies Observed for DEQTC, THIA, 
PIC, and "-TO-CN ...............................................................................................125!

3.6 Conclusion .............................................................................................................133!

 THE EFFECT OF ALKYL SALT CHAIN LENGTH ON THE CHAPTER FOUR:
AGGREGATION OF CYANINE DYES ...............................................................136!

4.1 Background ............................................................................................................136!
4.2 Experimental Section .............................................................................................139!
4.3 The Interaction Between Thiazole Orange with Carboxylate and Sulphate Alkyl Salts

..............................................................................................................................141!
4.3.1 Sodium Methyl Sulphate and Sodium Formate at High Concentrations ......141!
4.3.2 Sodium Methyl Sulphate and Sodium Formate at Low Concentrations .......145!
4.3.3 The Effect of Increasing Anion Alkyl Chain Lengths on the Aggregation of 

Thiazole Orange .............................................................................................147!
4.4 An Application of the Interaction Between Thiazole Orange and Surfactants: 

Assessing the Premicellar Concentration of a Surfactant using Thiazole Orange as a 
Probe ....................................................................................................................154!

4.4.1 The Interaction Between Thiazole Orange and Sodium Dodecyl Sulphate ..155!
4.4.2 The Interaction Between Thiazole Orange and Sodium Decyl Sulphate, and 

Sodium Dodecanoate .....................................................................................158!
4.5 Conclusion .............................................................................................................162!

 POLYELECTROLYTIC INSPIRED AGGREGATION OF CYANINE CHAPTER FIVE:
DYE MOLECULES ...............................................................................................164!

5.1 Background ............................................................................................................164!
5.2 Experimental Section .............................................................................................166!
5.3 The Interaction Between Thiazole Orange and Polyelectrolytes ...........................167!

5.3.1 Thiazole Orange with Calix[4]arene Sulfonate or Calix[6]arene Sulfonate .168!
5.3.2 Assessing the Binding Ratio of Thiazole Orange with Calix[4]arene Sulphonate 

or Calix[6]arene Sulphonate ..........................................................................180!
5.3.3 Thiazole Orange and Polystyrene Sulphonate ...............................................189!
5.3.4 Aggregates of Thiazole Orange Formed from Calix[4]arene Sulphonate or 

Polystyrene Sulphonate with Sodium Tetraphenylborate ..............................196!
5.4 Other Cyanine Dyes; THIA, DEQTC, PIC, and!"-CN-TO with Polyelectrolytes 200!



ix 

5.4.1 Monomeric Cyanine Dyes, PIC and !-CN-TO with Water Soluble Calixarenes
........................................................................................................................201!

5.4.2 Dimeric Cyanine Dyes, DEQTC and THIA, with Water Soluble Calixarenes214!
5.4.3 The Interaction Between PSS and Monomeric Cyanine Dyes, PIC and !-CN-TO

........................................................................................................................225!
5.4.4 The Interaction Between PSS and Cyanine Dyes, DEQTC and THIA .........231!

5.5 Conclusion .............................................................................................................237!

 PENETRATED ION PAIRS: CYANINE DYES AND CHAPTER SIX:
TETRAPHENYLBORATE AND THE INTERESTING ENCOUNTER OF REDOX-
ACTIVE ORGANIC NANOPARTICLES .............................................................240!

6.1 Background ............................................................................................................240!
6.2 Experimental Section .............................................................................................244!
6.3 The Interaction Between Cyanine Dyes and Tetraphenylborate ...........................245!

6.3.1 Thiazole Orange and Tetetraphenylborate ....................................................246!
6.3.2 The Interaction Between PIC, THIA, DEQTC, and !-CN-TO and 

Tetraphenylborate ..........................................................................................254!
6.4 Assessing the Formation of Organic Nanoparticles ..............................................258!
6.5 Evidence of the Redox-Activity of Thiazole Orange ............................................259!

6.5.1 Determination of the Reduction Potential of Thiazole Orange .....................259!
6.5.2 The Reduction of Gold by Thiazole Orange .................................................261!

6.6 Evidence of the Redox-Activity of the Ionic Organic Nanoparticles ....................265!
6.7 Conclusion .............................................................................................................271!

 GENERAL CONCLUSIONS AND FUTURE WORK ................273!CHAPTER SEVEN:

 ENHANCEMENT OF SINGLET OXYGEN PRODUCTION USING CHAPTER EIGHT:
SILVER AND GOLD NANOPARTICLES ...........................................................279!

8.1 Background ............................................................................................................279!
8.2 Experimental Section .............................................................................................281!

8.2.1 Synthesis of Silver Nanoparticles ..................................................................282!
8.2.2 Synthesis of Silica Coated Silver Nanoparticles ...........................................282!
8.2.3 Synthesis of Rose Bengal Coated Silver Nanoparticles ................................283!
8.2.4 Etching of Rose Bengal Coated Silver Nanoparticles ...................................283!
8.2.5 Monitoring Singlet Oxygen Production ........................................................284!
8.2.6 Evaluating Singlet Oxygen Production .........................................................284!
8.2.7 Synthesis of Gold Nanoparticles ...................................................................284!
8.2.8 Synthesis of Rose Bengal Coated Gold Nanoparticles ..................................285!

8.3 Synthesis and Characterization of Rose Bengal Coated Silver Nanoparticles ......286!
8.4 Initial Detection of Singlet Oxygen Production by Rose Bengal Coated Silver 

Nanoparticles Using an Indirect Method .............................................................295!
8.5 Assessment of Singlet Oxygen Production by Rose Bengal Coated Silver 

Nanoparticles .......................................................................................................297!
8.6 Synthesis and Characterization of Rose Bengal Coated Gold Nanoparticles ........306!
8.7 Quantification of Singlet Oxygen Production using Rose Bengal Coated Gold 

Nanoparticles .......................................................................................................313!
8.8 Conclusion .............................................................................................................319!



x 

REFERENCES ................................................................................................................322!

APPENDIX A: DATA ANALYSIS ................................................................................338!

APPENDIX B: COPYRIGHT PERMISSIONS ..............................................................340!
 

 



xi 

List of Tables 

Table 2.1 Extinction coefficients for TO+ monomer and dimer in ultrapure water in the 
absence of monovalent ions. ................................................................................................. 58!

Table 2.2 Radius, hydrated radius, polarizibility, and free energy of hydration (FEH) for the 
anions studied. (Adapted with permission from Mooi, S.M.; Heyne, B. Langmuir 2012, 
28, 16524. Copyright 2014 American Chemical Society.) ................................................... 76!

Table 2.3 Experimentally determined values for enthalpy ("HD), entropy ("SD), and the free 
energy ("GD) for the dimerization of TO+ in aqueous solution in the absence and 
presence of salts. ................................................................................................................... 87!

Table 3.1 Equilibrium constant and molar extinction coefficients for DEQTC in aqueous 
solution, recorded for the monomer (#m) and dimer (#d) separately. .................................... 97!

Table 4.1 Carboxylate salts (abbreviated name with condensed chemical formula) along with 
the corresponding molecular structure. ............................................................................... 139!

Table 4.2 Sulphate salts (abbreviated name with condensed chemical formula) along with the 
corresponding molecular structure. ..................................................................................... 140!

Table 4.3 Extinction coefficients for TO+ monomer and dimer in ultrapure water in the 
absence of monovalent ions. ............................................................................................... 143!

Table 4.4 The sulphate and carboxylate salts with their corresponding CMC values. ............... 153!

Table 5.1 Experimentally determined association constants for PIC and !-CN-TO with C4AS 
or C6AS using a Benesi-Hildebrand analysis by assuming a 1:1 binding stoichiometry. .. 211!

 



xii 

List of Figures 

Figure 1.1 Simple representation of a surfactant, sodium dodecyl sulphate (SDS), showing a 
hydrophilic head group (sulphate ion), a hydrophobic tail (saturated alkyl chain), and a 
sodium counter ion. ................................................................................................................. 4!

Figure 1.2 Cartoon representation of a micelle in aqueous solution, with the circles being the 
hydrophilic head groups and the lines representing the hydrophobic tails of the 
surfactant. The micelle is not drawn to scale and may consist of more surfactant 
molecules than are currently shown. ....................................................................................... 5!

Figure 1.3 The Hofmeister series for common anions in terms of the ability to increase the 
solubility of a protein.38 ........................................................................................................ 12!

Figure 1.4 Simple representation of the relative strengths of ion-water ("Eion-water) and water-
water ("Ewater-water) interactions for: a) small, and b) large anions. The grey circles 
represent the anions, the blue circles represent water molecule in the hydration sphere 
(connect by the blue line), and those in the bulk phase. In this figure anions have been 
chosen to illustrate this popular theory, but the same is true for small and large cations. 
Also, the lengths of the black arrows are inversely proportional to the energy of the 
interaction. ............................................................................................................................ 13!

Figure 1.5 Simple representation of two individually hydrated ions (left) and the hydration of 
the inner sphere ion pair (right) with the release of water molecules (grey small circles) 
into the bulk. Ion pair and water spheres are not drawn to scale. ......................................... 14!

Figure 1.6 Anions (top) and cations (bottom) arranged in order from most weakly hydrated to 
those that are most strongly hydrated.36,37,39 ......................................................................... 15!

Figure 1.7 Ordering of anionic surfactant head groups and the respective counter ions 
regarding their capabilities to form close ion pair. The green arrows mean strong 
interactions (close ion pairs). Atoms in the surfactants structures in the figure are 
assigned as follows, carbon (cyan spheres), oxygen (red spheres), phosphorus (grey 
sphere), and sulphur (yellow spheres). (Reprinted from Advances in Colloid and 
Interface Science, 146, Vlachy, N.; et al. Hofmeister series and specific interactions of 
charged head groups with aqueous ions, 42. Copyright 2014, with permission from 
Elsevier.) ............................................................................................................................... 17!

Figure 1.8 Examples of large electrolytes that have been used to study the aggregation of 
small molecules, primarily dye molecules, in the current literature. These include a) 
borates,32,50,51 b) surfactants,52-54 c) macrocycles,6,55 and d) polymers.56,57 .......................... 18!

Figure 1.9 Simple schematic for the absorption of light by a monomeric dye molecule. The 
solid arrow represents the absorption of a photon by the monomer thus promoting an 
electron from the ground state (S0, horizontal line) to the first excited state (S1). The 
electron relaxes back down to the ground state either by fluorescence (emission of a 
photon, dashed line) or by non-radiative decay (wavy line). ................................................ 20!



xiii 

Figure 1.10 The two different transition dipole arrangements possible in either a H-type (left) 
or J-type (right) dimer. The grey ovals represent the dye molecule and the black arrows 
represent the transition dipole. .............................................................................................. 21!

Figure 1.11 Kasha’s exciton theory59 for dimers and molecular transition dipole orientations. 
The orientation of transition dipoles for the lower and higher exciton levels shown for 
the H-type (left) and the J-type (right). In this figure, only the level of the first excited 
state (S1) is shown. ................................................................................................................ 22!

Figure 1.12 Possible transitions within a monomer or dimer. For the H-type dimer (left hand 
side of the monomer), absorption (solid arrow) occurs to the allowed higher exciton 
state. From here, internal conversion (small wavy arrow) occurs to the lowest exciton 
state, from which only non-radiative decay (large wavy arrow) can occur to return to the 
ground state. The absence of fluorescence from the dimer is shown with the X through 
the fluorescence arrow (dashed arrow). For the J-type dimer (right hand side of the 
monomer), absorption (solid arrow) occurs to the allowed lower exciton state, as 
absorption to the higher exciton state is forbidden (solid arrow with X). From the lower 
exciton, the excited electron can decay to the ground state by fluorescence (dashed 
arrow) or non-radiative decay (large wavy arrow).59 ............................................................ 23!

Figure 1.13 Examples of H- and J-type dimers. a) Absorption spectrum of 3,3’-
diethylthiacarbocyanine monomer and the calculated absorption spectrum of the dimer 
in aqueous solution. (Reprinted with permission from West, W.; Pearce, S. The Journal 
of Physical Chemistry 1965, 69, 10. Copyright 2014 American Chemical Society) b) 
Absorption spectra of bis(2,4,6-trihydroxyphenyl)-squaraine (SQ2) in dry acetonitrile at 
concentrations of 1.2 µM (line a), 2.4 µM (line b), 3.6 µM (line c), 6.0 µM (line d), 10.8 
µM (line e), and 13.3 µM (line f). The squaraine monomer absorbs at 480 nm and the 
dimer absorbs at 595 nm. (Adapted with permission form Das, S.; et al. The Journal of 
Physical Chemistry 1993, 97, 13620. Copyright 2014 American Chemical Society.) ......... 24!

Figure 1.14 General structure of a cyanine dye where the nitrogen moieties are part of an 
aromatic system.71 ................................................................................................................. 25!

Figure 1.15 Thiazole (a) and quinolone (b) moieties in cyanine dyes. ......................................... 26!

Figure 1.16 a) Molecular structure for two cyanine dyes with different length of polymethine 
bridge, pseuodoisocyanine (PIC, left) and pinacyanol (PIN, right). Minimized models 
for PIC and PIN have been used to determined the dihedral angles for the molecular 
twist of 50.6° for PIC31,81 and 2.4° for PIN.78 b) Molecular stucture of cyanine dyes 
thiazole orange (TO+, left) and a cyano functionalized TO+ (!-CN-TO, right). d) Crystal 
structures of TO+ (left) and !-CN-TO (right) have determined a dihedral angle for !-
CN-TO to be around 135° where TO+ is nearly planar.80 (Reprinted with permission 
from Shank, N. I.; et al. Journal of the American Chemical Society 2013, 135, 242. 
Copyright 2014 American Chemical Society.) ..................................................................... 28!

Figure 1.17 Molecular structures of two fatty acids, a) the saturated stearic fatty acid and b) 
the unsaturated oleic fatty acid. ............................................................................................ 30!



xiv 

Figure 1.18 a) Absorption spectra of porphyrin tosylate salt (line d), and porphyrin organic 
nanoparticles produced with either TPB- (line a), TFPB- (line b), or TFMPB- (line c) 
counter ions. For the structure of the porphryin salt and the counter ions see the full 
text.102 (Reprinted from the Journal of Photochemistry and Photobiology A: Chemistry 
2007, 189, Ou, A.; et al. Preparation and optical properties of organic nanoparticles of 
porphyrin without self-aggregation, 7 - 14. Copyright 2014 with permission from 
Elsevier.) b) Absorption spectra of ethanolic solutions containing a cyanine dye, HMT, 
with a variety of counter ions; in these solutions nanoparticles do not form. c) Resolved 
absorption spectra of aqueous solutions containing nanoparticles consisting of A) 
[HMT][AOT], B) [HMT][NTf2], C) [HMT][TFPB], D) [HMT][BETI], and (E) 
[HMT][TFP4B]. Herein, the black trace is the recorded absorption spectra of the organic 
nanoparticles, and the blue, red, and green traces are the three components found in the 
deconvoluted spectrum that correspond to the HMT H-aggregates, the HMT monomer, 
and the HMT J-aggregates, respectively. For the structures of the HMT cyanine dye and 
the counter ions see the full text.100 (Reprinted with permission from Das, S.; et al. 
Langmuir 2010, 26, 12867. Copyright 2014 American Chemical Society.) ........................ 34!

Figure 1.19 TEM images of a selection of ionic organic nanoparticles reported in the 
literature. a) Organic nanoparticles composed of 1,1’,3,3,3’,3’-
hexamethylindotricarbocyanine and sodium bis(2-ethylhexyl)sulfosuccinate with a 
diameter of 71 ± 16. (Reprinted with permission from Bwambok, D. K.; et al. ACS Nano 
2009, 3, 3854. Copyright 2014 American Chemical Society.) b) meso-Tetrakis(1-
methylpyridinium-4-yl) tetra-p-tsolyate and tetraphenylborate organic nanoparticles 
with a diameter of about 25 nm. (Reprinted from the Journal of Photochemistry and 
Photobiology A: Chemistry 2007, 189, Ou, Z.; et al. Preparation and optical properties 
of organic nanoparticles of porphyrin without self-aggregation, 7., Copyright 2014, with 
permission from Elsevier.) c) 2-(4-(dimetylamino)styryl-1-ethylpyridinium and 
tetraphenylborate organic nanoparticles with a diameter of about 100 nm (Reprinted 
with permission from Yao, H.; et al. Langmuir 2009, 25, 1131. Copyright 2014 
American Chemical Society). ............................................................................................... 36!

Figure 1.20 A commonly used schematic representing the plasmon oscillations for a sphere, 
showing the displacement of the conduction electron charge cloud (blue circle) relative 
to the nuclei (grey circle) in the presence of an electric field (green arrows). (Adapted 
with permission from Kelly, K. L.; et al. The Journal of Physical Chemistry B 2002, 
107, 668. Copyright 2014 American Chemical Society.) ..................................................... 38!

Figure 1.21 a) Absorption spectra of 9, 22, 48, and 99 nm gold nanoparticles in water. All 
spectra are normalized at the absorption maxima located at 517, 521, 533, and 575 nm, 
respectively. (Reprinted with permission from Link, S.; El-Sayed, M. A. Journal of 
Physical Chemistry B 1999, 103, 4212. Copyright 2014 American Chemical Society.) b) 
Photographs of aqueous solutions of gold nanospheres as a function of increasing sizes. 
Corresponding TEM images of the nanoparticles are shown; all scale bars are equal to 
100 nm. (Reprinted with permission from Murphy, C. J.; et al. Accounts of Chemical 
Research 2008, 41, 10. Copyright 2014 American Chemical Society.) ............................... 39!



xv 

Figure 1.22 Comparison of the measured lifetimes ($Q/$S) and fluorescence intensities (IS/IQ) 
of Cy3 label DNA separated from silver island films using biotinylated bovine serum 
albumin and avidin layers (DNA(Cy3)-biotin). This figure shows that fluorescence 
intensity enhancement is a distance dependent phenomenon (arrow). In this figure, 
subscripts Q and S describe the fluorescence measurements performed either with a 
quartz or a silver island films, Nex is the factor that describes the increase in rate of 
excitation of the dye when close to the silver island film, and Qm/Q0 is the ratio of the 
quantum yield in the presence of the absence of a metallic nanoparticle. See full text for 
the description of the relative enhancement. (Reprinted from Analytical Biochemistry, 
315, Malicka, J.; et al. Effects of fluorophore-to-silver distance on the emission of 
cyanine-dye-labeled oligonucleotides, 57. Copyright 2014, with permission from 
Elsevier.) ............................................................................................................................... 42!

Figure 1.23 Distance dependent relationship between electric field enhancements and singlet 
oxygen on the 100 nm Ag nanoparticles. The field enhancement was predicted using 
FDTD calculations around a silver sphere.183 (Reprinted from Zhang Y.; et al. PNAS 
2008, 105, 1798. Copyright 2008 by The National Academy of Science in the USA.) ....... 47!

Figure 2.1 Chemical structure of TO+ (left) with its p-toluenesulphonate counter ion (right). .... 51!

Figure 2.2 a) Absorption spectrum of TO+ (2 µM) in aqueous solution. b) Beer Lambert plot 
for the absorbance of TO+ at 500 nm as a function of TO+ concentration from 0.1 – 2 
µM in aqueous solution. The slope of the line is equal to a molar extinction coefficient 
for TO+ at 500 nm of 60300 ± 1000 M-1 cm-1. The absorption spectrum of TO+ and the 
Beer Lambert analysis were obtained using a 10 cm glass cuvette. ..................................... 53!

Figure 2.3 Absorption spectrum of TO+ (20 µM) in aqueous solution (black trace) and 
DMSO (blue trace). ............................................................................................................... 54!

Figure 2.4 Evolution of the absorption spectrum of TO+ (20 µM) in ultrapure water (dark 
solid trace) upon addition of various concentrations of NaCH3CO2 at 0, 2, 4, 10, 52, and 
250 mM for traces going from top to bottom. The initial spectrum of TO+ has been 
normalized to one with regards to the monomer peak at 500 nm. (Adapted with 
permission from Mooi, S.M.; Heyne, B. Langmuir 2012, 28, 16524. Copyright 2014 
American Chemical Society.) ............................................................................................... 59!

Figure 2.5 The refractive index measured using a Bausch and Lomb Abbe-3L refractometer 
at room temperature plotted as a function of ionic strength. The initial solution 
contained 20 µM of TO+ (first point is for the TO+ solution at an ionic strength of 0.020 
mM) and successive addition up to 250 mM of NaCH3CO2 were performed as the 
refractive index was measured. ............................................................................................. 60!

Figure 2.6 Absorption spectra of TO+ (20 µM) in aqueous solution (no marker) with the 
addition of 250 mM NaCH3CO2 (circle), NaCl (square), and NaBr (triangle). The initial 
spectrum of TO+ has been normalized to one with regards to the monomer peak at 500 
nm. (Adapted with permission from Mooi, S.M.; Heyne, B. Langmuir 2012, 28, 16524. 
Copyright 2014 American Chemical Society.) ..................................................................... 62!



xvi 

Figure 2.7 Keq for the monomer-dimer equilibrium of TO+ (20 µM) in Milli-Q water upon 
addition of increasing concentration of NaCH3CO2 (circle), NaCl (square), and NaBr 
(triangle). (Adapted with permission from Mooi, S.M.; Heyne, B. Langmuir 2012, 28, 
16524. Copyright 2014 American Chemical Society.) ......................................................... 65!

Figure 2.8 Absorption spectra of TO+ (20 µM) in aqueous solution (circle) with the addition 
of 250 mM NaCl (no marker) or KCl (dashed line). ............................................................ 66!

Figure 2.9 Zoomed region of the absorption spectrum (between 460 – 520 nm) of an aqueous 
solution of TO+ (20 µM, thick black trace) when the temperature increases from 25 – 
40°C. The arrows indicate the movement of the absorption spectrum when the 
temperature is increased. ....................................................................................................... 68!

Figure 2.10 A van’t Hoff plot of the natural log of the equilibrium constant as a function of 
inverse temperature. The entropy and enthalpy are extracted from the line of best fit to 
be -81 (± 2) J K-1 mol-1 and -48.7 (± 0.8) kJ mol-1 respectively. ........................................... 69!

Figure 2.12 Evolution of the absorption spectrum of TO+ (20 µM) in aqueous solution upon 
the addition of various concentrations ranging from 0 to 250 mM of a) NaI, b) NaBF4, 
and c) NaClO4. The initial spectrum of TO+ has been normalized to one with regards to 
the monomer peak at 500 nm. (Adapted with permission from Mooi, S.M.; Heyne, B. 
Langmuir 2012, 28, 16524. Copyright 2014 American Chemical Society.) ........................ 74!

Figure 2.13 Absorption spectrum of TO+ (20 µM) in aqueous solution (black trace) with the 
consecutive additions (green trace) or added all at the same time (blue trace) of 250 mM 
a) NaCl or b) NaClO4. Absorbance was normalized with respect to the main absorption 
peak for NaCl. ....................................................................................................................... 80!

Figure 2.14 Absorption spectra of TO+ (20 µM) in aqueous solution (thick black trace) with 
250 µM sodium acetate (black dashed trace), sodium bromide (blue trace), sodium 
chloride (green dashed trace), sodium iodide (pink trace), sodium tetrafluoroborate 
(green trace), and sodium perchlorate (red trace with circles). The absorption spectrum 
for TO+ in the presence of sodium chloride overlap perfectly with the one obtained with 
sodium perchlorate. ............................................................................................................... 82!

Figure 2.15 van’t Hoff plots of the natural log of the equilibrium constant for TO+ with 250 
µM a) NaCH3CO2, b) NaCl, and c) NaBr, as a function of inverse temperature. ................. 85!

Figure 3.1 a) Molecular structure representation of DEQTC, THIA, PIC, and !-CN-TO 
(iodide counter ions for each dye are not shown). b) Normalized absorption spectra of 
DEQTC (thick black trace), THIA (green trace), PIC (blue trace), and !-CN-TO (dashed 
trace) in aqueous solution. .................................................................................................... 93!

Figure 3.2 Zoomed absorption spectrum of DEQTC (20 µM) in aqueous solution (thick trace 
is the spectrum at 25°C) recorded from 25 – 40°C. Arrows demonstrate the movement 
of the absorption spectra when the temperature is increased. ............................................... 95!



xvii 

Figure 3.3 Beer-Lambert plots showing the absorption intensity at 477 nm (circles) and 501 
nm (squares) for DEQTC as a function of DEQTC concentration. The fit of the data to 
Equation 3.3 is represented as a black line. .......................................................................... 97!

Figure 3.4 Absorption spectra of TO+ (20 µM, black trace) and DEQTC (20 µM, blue trace) 
in methanol. ........................................................................................................................... 99!

Figure 3.5 Beer-Lambert analyses performed a single time, for THIA at 421 nm (black 
circles) and PIC at 523 nm (blue squares) where the absorption intensity is plotted as a 
function of dye concentration. The slope of the line of best fit (the extinction coefficient) 
was determined to be 73000 (± 300) M-1cm-1 for THIA and 65000 (± 300) M-1cm-1 for 
PIC. ..................................................................................................................................... 100!

Figure 3.6 Peak ratios for DEQTC (absorbance at 477 nm/absorbance at 501 nm, closed 
circle), THIA (absorbance at 404 nm/absorbance at 421 nm, closed square), and PIC 
(absorbance at 491 nm/absorbance at 523 nm, open circle) plotted as a function of dye 
concentration. ...................................................................................................................... 103!

Figure 3.7 Normalized absorption spectra of !-CN-TO (10 µM, black trace) and TO+ (20 µM, 
blue trace) in aqueous solution. .......................................................................................... 104!

Figure 3.8 a) Beer-Lambert analysis of !-CN-TO between 2 and 46 µM. The molar 
extinction coefficient at 483 nm was determined from the slope of the line to be 23000 
M-1cm-1. The data are obtained from a single experiment. b) Absorption spectra of !-
CN-TO at 1.5 mM (thin black line) and 3 mM (thick black line) recorded using a 0.2 
mm path length quartz cuvette. ........................................................................................... 106!

Figure 3.9 a) Normalized absorption spectra of DEQTC (20 µM) in aqueous solution (no 
marker) in the presence of 250 mM NaCH3CO2 (circles), NaCl (squares), or NaBr 
(triangles). b) Mathematically determined Keq of DEQTC in aqueous solution plotted as 
a function of added salt, NaCH3CO2 (circles), NaCl (squares), and NaBr (triangles). 
Inset, molecular structure of DEQTC. ................................................................................ 109!

Figure 3.10 Normalized absorption spectra of THIA (10 µM) in aqueous solution before 
(black trace) and after (dashed trace) the addition of 125 mM a) NaCH3CO2, b) NaCl, 
and c) NaBr. Inset, molecular structure of THIA. .............................................................. 111!

Figure 3.11 Absorbance of THIA (10 µM) in aqueous solution at 404 nm over the absorbance 
at 421 nm plotted as a function of increasing salt concentration for NaCH3CO2 (circles), 
NaCl (squares), and NaBr (triangles). ................................................................................. 112!

Figure 3.12 Normalized absorption spectra of PIC (10 µM) in aqueous solution before (thin 
black trace) and after (dashed trace) the addition of 125 mM of a) NaCH2CO2, b) NaCl, 
and c) NaBr. Inset, molecular structure of PIC. .................................................................. 114!

Figure 3.13 Absorption spectra of !-CN-TO (20 µM) in aqueous solution before (thin black 
trace) and after (dashed trace) the addition of 250 mM of a) NaCH2CO2, b) NaCl, and c) 
NaBr. Inset, molecular structure of !-CN-TO. ................................................................... 115!



xviii 

Figure 3.14 Absorption spectra of aqueous solutions containing 20 µM !-CN-TO (blue 
trace), 10 µM PIC (green trace), or 2 µM DEQTC (black trace) before and after the 
addition of 250 mM NaBr for !-CN-TO (dashed blue trace), 125 mM for PIC (dashed 
green trace) and 25 mM for DEQTC (dashed black trace). All the spectra were 
normalized to the solution only containing the respective dye. .......................................... 117!

Figure 3.15 Absorption spectra of DEQTC (20 µM, all dark black traces in a, b and c) in 
aqueous solution with addition of a) NaI, b) NaBF4, and c) NaClO4 up to a final 
concentration of 250 mM (thin traces). Inset, molecular structure of DEQTC. ................. 118!

Figure 3.16 Absorption spectra of THIA (10 µM, all dark black traces in a, b and c) in 
aqueous solution with additions of a) NaI, b) NaBF4, and c) NaClO4 up to a final 
concentration of 125 mM (thin traces). Inset, molecular structure of THIA. ..................... 120!

Figure 3.17 Absorption spectrum of !-CN-TO (20 µM) before (thin black trace) and after 
(dashed trace) the addition of 250 mM a) NaI, b) NaBF4, or c) NaClO4. Inset, molecular 
structure of !-CN-TO. ......................................................................................................... 122!

Figure 3.18 Absorption spectra of PIC (10 µM, all dark black traces in a, b and c) in aqueous 
solution with consecutive addition of a) NaI (dashed trace), b) NaBF4, and c) NaClO4 
(thin traces) up to a concentration of 125 mM. Inset, molecular structure of PIC. ............ 124!

Figure 3.19 Optimized structures at the B3LYP/6-31+g(d) level for the interaction of 
DEQTC with ClO4

- (a and b) and THIA with ClO4
- (c and d). Atoms are coloured as 

followed; carbon (grey), hydrogen (white), nitrogen (blue), sulphur (yellow), oxygen 
(red), and chlorine (green). Calculations were done in water. Images courtesy of 
Samantha Keller. ................................................................................................................. 128!

Figure 3.20 Molecular structure (top) and corresponding electrostatic potential energy maps 
(bottom) for a) DEQTC, b) THIA and c) PIC where the blue shading represents area of 
positive charge density. d) The electrostatic potential, ranging from 0.100 to 0.160 
Hartrees, is shown in terms of colour, changing from red to blue respectively. Images 
courtesy of Samantha Keller. .............................................................................................. 129!

Figure 3.21 Optimized structures at the B3LYP/6-31+g(d) level for the interaction of PIC 
with BF44

- (a and b) and PIC with ClO4
- (c and d). Atoms are coloured as followed; 

carbon (grey), hydrogen (white), nitrogen (blue), sulphur (yellow), oxygen (red), 
chlorine (green), boron (pink), and fluorine (light blue). Images courtesy of Samantha 
Keller. Calculations were done in water. ............................................................................ 131!

Figure 3.22 Crystal structure of TO+ (top) and !-CN-TO (bottom) with their corresponding 
counter ion (I-, shown in purple).80 Atoms are coloured as followed; carbon (grey), 
hydrogen (white), nitrogen (blue), and sulphur (yellow). (Reprinted with permission 
from Shank, N. I.; Pham, H. H.; Waggoner, A. S.; Armitage, B. Journal of the American 
Chemical Society 2013, 135, 242. Copyright 2014 American Chemical Society.) ............ 133!

Figure 4.1 The addition of a) NaMeS and b) NaFo to an aqueous solution of TO+ (20 µM) in 
aqueous solution (thick black traces). The absorption spectra were normalized to the 



xix 

monomer peak for TO+ alone in solution. NaMeS and NaFo were added via consecutive 
additions up to 250 mM (thin black traces) and the arrows indicate the movement of the 
absorption spectra. .............................................................................................................. 142!

Figure 4.2 Keq for the monomer-dimer equilibrium of TO+ (20 µM) in aqueous solution upon 
the addition of increasing concentration of NaMeS (blue circles) and NaFo (black 
squares). .............................................................................................................................. 144!

Figure 4.3 Normalized absorption spectra of TO+ (20 µM) in aqueous solution (thick solid 
line) with the addition of 250 µM of either NaMeS (thin solid line) or NaFo (thin dashed 
line). .................................................................................................................................... 146!

Figure 4.4 Normalized absorption spectra of TO+ (20 µM) in aqueous solution with the 
addition of 250 µM of NaBu (blue trace), NaOc (red trace), NaDec (green trace with 
circles), or NaDDec (black dashed trace). Absorption spectra of TO+ with NaBu and 
NaOc are superimposed and the arrow emphasizes the TO+ H-aggregates. ....................... 148!

Figure 4.5 Normalized absorption spectra for the consecutive additions of NaDDec to an 
aqueous solution of TO+ (20 µM, thick black trace) from 0 – 250 µM (thin black traces). 149!

Figure 4.6 Normalized absorption spectra of TO+ (20 µM) in aqueous solution (thick black 
trace) with the addition of 250 µM of either NaBuS (blue trace), NaOcS (red trace), 
NaDecS (green trace with circles), or SDS (black dashed trace). ....................................... 150!

Figure 4.7 Top, absorption spectra of TO+ (20 µM) in aqueous solution in the presence of 
250 µM NaDecS (black trace) or 250 µM NaDDec (blue trace). Bottom, molecular 
structures of NaDecS and NaDDec. .................................................................................... 154!

Figure 4.8 Absorption spectrum of TO+ (20 µM) in aqueous solution (dashed black trace) 
with the addition of 0.2 mM SDS (blue trace) and consecutive addition of SDS reaching 
concentrations of 5.5 mM (green trace), 10.5 mM (red trace with circles), and 50.5 
(black trace). ....................................................................................................................... 156!

Figure 4.9 Fluorescence intensity monitored (%exc = 500 nm, %em = 510 – 760 nm) for TO+ (20 
µM) in aqueous solution (thin black trace) with the addition of 0.2 mM SDS (blue trace) 
and the consecutive addition of SDS reaching concentrations of 5.5 mM (green trace), 
10.5 mM (red trace with circles), and 50.5 mM (thick black trace). The arrow represents 
the evolution of the fluorescence intensity as the concentration of SDS increases. ........... 157!

Figure 4.10 a) Absorption spectrum of TO+ (20 µM) in aqueous solution (dashed black trace) 
with the addition of 0.6 mM NaDecS (blue trace) and consecutive addition of NaDecS 
reaching concentrations of 10.5 mM (green trace), 30.5 mM (red trace with circles), and 
50.5 (black trace). b) Fluorescence intensity monitored (%exc = 500 nm, %em = 510 – 760 
nm) for a 20 µM aqueous solution of TO+ (thin black trace) with the addition of 0.6 mM 
NaDecS (blue trace) and the consecutive addition of NaDecS reaching concentrations of 
10.5 mM (green trace), 30.5 mM (red trace with circles), and 50.5 mM (thick black 
trace). .................................................................................................................................. 159!



xx 

Figure 4.11 a) Absorption spectrum of TO+ (20 µM) in aqueous solution (dashed black trace) 
with the addition of 0.2 mM (blue trace), 0.6 mM (green trace), 1.0 mM (red trace with 
circles), and 1.2 mM SDS (black trace). At 1.2 mM SDS the solution was visually 
turbid. b) Fluorescence intensity monitored (%ex = 500 nm, %em = 510 – 760 nm) for a 20 
µM aqueous solution of TO+ (thin black trace) with the addition of 0.2 mM (blue trace), 
0.6 mM (green trace), 1.0 mM (red trace with circles), and 1.2 mM SDS (thick black 
trace). .................................................................................................................................. 161!

Figure 5.1 a) Chemical structure of TO+, b) molecular structure of C4AS, and c) molecular 
structure of C6AS. Counter ions for TO+ (p-toluenesulphonate), C4AS (sodium), and 
C6AS (sodium) are not shown. ........................................................................................... 169!

Figure 5.2 a) Absorption (solid traces) and fluorescence (%ex = 500 nm; dashed traces) 
intensities plotted as a function of wavelength for an aqueous solution of 40 µM TO+ 
(black traces with circles) with 10 µM (blue traces with squares) and 20 µM (red traces 
with diamonds) concentration of C4AS. b) Fluorescence spectra of TO+ (10 µM) with 
calf thymus DNA (left) and C4AS (30 µM, right) (Figure reproduced from Lau, V.; 
Heyne, B. Chemical Communications, 2010, 46, 3595. with permission of The Royal 
Society of Chemistry) ......................................................................................................... 171!

Figure 5.3 Left, visual model for the orientation and corresponding absorption and 
fluorescence characteristics of two interacting molecular transition dipoles (M1 and M2; 
represented as grey ovals) in a H-aggregate. The small arrows indicate the orientation of 
the molecular transition dipoles, M1 and M2, in the m+ and m- states, where, $ is the 
angle between M1 and M2. Solid arrows represent allowed absorption transitions, wavy 
arrows represent non-radiative decay pathways, crossed arrows represent forbidden 
transitions, and dashed arrows represent fluorescence. Right, simple vector diagram 
showing the Davydov components for the m+ and m- excitons. When $ is greater than 
zero, m+ and m- will be non-zero. (Image adapted from Kang, J.; et al. International 
Journal of Polymer Sciences 2010, 2010, 7.) ..................................................................... 173!

Figure 5.4 a) Consecutive additions of C6AS (thin black traces), up to a final concentration 
of 8 µM, to a 40 µM aqueous solution of TO+ (thick black trace) b) Fluorescence of TO+ 
alone (red trace along x-axis) and with a 1:1 (black trace), 1:2 (green trace) and 1:3 
(blue trace) molar ratio of C6AS. ....................................................................................... 174!

Figure 5.5 Normalized absorption spectra of TO+ with either C4AS (blue trace) or C6AS 
(black trace) showing the difference in the absorption maxima for both H-aggregates. .... 175!

Figure 5.6 Simple diagram visually depicting the angles & (left) and ! (right), for two 
molecular transition dipoles that are co-planar inclined (&) or non-planar (!).59,299 ........... 176!

Figure 5.7. Exciton energy splitting diagram for the interaction between two molecular 
transition dipoles, leading to m+ and m- states, at an angle of & for co-planar inclined 
transition dipoles (when ! is equal 0°). The thick solid black line represents the allowed 
transition for the m+ state as the angle & increases. The small arrows represent the two 
transition dipoles orientated at different angles of &. .......................................................... 178!



xxi 

Figure 5.8 Exciton energy splitting diagram for the interaction between two non-planar 
molecular transition dipoles for an H-aggregate where & = 90°, leading to m+ and m- 
states, at an angle of !. The small arrows represent the two transition dipoles orientated 
at different angles of !. ....................................................................................................... 179!

Figure 5.9 Fluorescence intensity (%ex = 500 nm) measured as the ratio of TO+ increased from 
0 to 1 compared to C6AS. The dark black traces demonstrate an increase in the 
fluorescent intensity as the mole ratio of TO+ goes from 1 to 0.75 and the blue traces 
represent a decrease in fluorescence intensity as the mole ratio of TO+ decreases from 
0.7 to 0. ............................................................................................................................... 183!

Figure 5.10 Job plot showing the fluorescence intensity as a function of the mole ratio of TO+ 
with C6AS. Intersecting lines meet at a ratio [a/(a+b)] of 0.8 ............................................ 184!

Figure 5.11 Fluorescence emission of an aqueous solution of 40 µM TO+ with 20 µM C4AS. 
Samples were either excited using the standard excitation method (%exc = 500 nm and 
%em = 510 – 760 nm; black trace with circles) or with SSF either by excitation of the 
monomer (%exc = 450 – 630 nm and %em = 520 – 700 nm; blue traces with squares) or by 
excitation of the H-aggregate (%exc = 380 – 580 nm and %em = 595 – 795 nm; red trace 
with diamonds). ................................................................................................................... 185!

Figure 5.12 Job plot of TO+ and C4AS using SFS. The monomer (black circles) was excited 
between 450 – 630 nm and the emission was monitored between 520 – 700 nm where 
the H-aggregate (blue circles) was excited between 380 – 580 nm and the emission was 
monitored between 595 – 795 nm. The lines of best fit intersect at a mole ratio of TO+ at 
0.75; representing a 3:1 molar ratio of TO+:C4AS for the monomer and at 0.6, 
representing about a 2:1 molar ratio of TO+:C4AS for the H-aggregate. ........................... 187!

Figure 5.13 Absorption spectrum of an aqueous solution of C4AS (10 µM) with 10 µM 
pyridine with the addition of TO+ from 0 to 50 µM. .......................................................... 188!

Figure 5.14 Molecular structure of PSS (the sodium counter ion is not shown). ....................... 190!

Figure 5.15 a) Absorption (solid traces) and fluorescence (%exc = 500 nm; dashed traces) 
intensities plotted as a function of wavelength for an aqueous solution of TO+ (40 µM, 
black trace with circles) with additions of 20 µM (blue trace with squares) and 50 µM 
(red trace with diamonds) concentration of PSS. b) Overlaid absorption spectra of TO+ 
with C4AS (blue trace), C6AS (black trace), and PSS (red trace). ..................................... 191!

Figure 5.16 Absorption spectrum of a 40 µM solution of TO+ (black trace with circles) with 
50 µM PSS (dashed trace) with overlapping excitation spectra (%em = 642 nm, %exc = 350 
- 600 nm) of 40 µM TO+ with 50 µM PSS (solid black trace). ........................................... 192!

Figure 5.17 Job plot of TO+ and PSS using SFS. The monomer (black circles) was excited 
between 450 – 630 nm and the emission was monitored between 520 – 700 nm where 
the H-aggregate (blue circles) was excited between 380 – 570 nm and the emission was 
monitored between 580 – 770 nm. The Job plot shows two maxima for both spectra. 
The lines of best fit intersect at a mole ratio of TO+ at 0.5; representing a 1:1 mole ratio 



xxii 

of TO+:PSS and at a mole ratio of about 0.75 which represents another mole ratio of 3:1 
TO+:PSS. ............................................................................................................................. 193!

Figure 5.18 a) A pictorial representation of PIC J-aggregate formation in the presence of 
PSS. (Copyright 2014 Wiley. Used with permission from S. Gadde, et al., Controlling 
the formation of cyanine dye H- and J-aggregates with cucurbituril hosts in the presence 
of anionic polyelectrolytes. Chemistry: A European Journal, 2009, 15, 6025.) b) Top, 
side view of a PIC aggregate absorbed on one side of the trigonal arranged sulphonate 
groups of isotactic PSS. The PIC molecules are shown simplified as coupled rectangles. 
The molecular arrangements were taken from X-ray analysis of the single crystal of PIC 
and the PSS structure was obtain via molecular modeling. Bottom, top view of a model 
of the J-aggregate/PSS complex. (Reprinted from the Journal of Photochemistry and 
Photobiology A: Chemistry, 142, Peyratout C.; et al. Electrostatic interactions of 
cationic dyes with negatively charged polyelectrolytes in aqueous solution, 51. (2014) 
with permission from Elsevier) ........................................................................................... 194!

Figure 5.19 Snapshot of polystyrene sulphonate chains from simulations in water. The 
oxygen atoms are shown in red, hydrogen atoms are coloured cyan, carbon atoms are 
shown in gray, and sulphur atoms are shown in yellow. (Adapted with permission from 
Carrillo, J.-M. Y.; Dobrynin, A. V. The Journal of Physical Chemistry B 2010, 114, 
9391.Copyright 2014 American Chemical Society.) .......................................................... 195!

Figure 5.20 a) Absorption spectrum of a 40 µM aqueous solution of TO+ (thick black trace) 
first with the addition of 20 µM C4AS (thin black trace) and then with consecutive 
additions of TPB- up to 30 µM (blue traces). b) Absorption spectrum of a 40 µM 
aqueous solution of TO+ (thick black trace) first with the addition of 50 µM PSS (thin 
black trace) and then with consecutive additions of TPB- up to 250 µM (blue traces). ..... 198!

Figure 5.21 Absorption spectra of a 20 µM solution of TO+ (dashed line) with the addition of 
50 µM TPB- (solid line). ..................................................................................................... 199!

Figure 5.22 a) Absorption of PIC (10 µM, thick black trace) monitored as a function of C4AS 
concentration from 0 – 40 µM. b) Absorption of PIC (20 µM, thick black trace) 
monitored as a function of C6AS concentration from 0 – 100 µM. Arrows indicate the 
movement of the absorption spectra as a function of increasing C4AS or C6AS 
concentration. ...................................................................................................................... 202!

Figure 5.23 Benesi-Hildebrand plot of PIC with C4AS (squares) and C6AS (circles). The 
lines of best fit are displayed on the graph and were determined by a linear regression of 
a single experiment. These regression were determined to be y = 3.21 x 10-6 (± 0.08 x 
10-6) (x) + 5.63 (± 0.09) for C4AS and y = 6.3 x 10-6 (± 0.2 x 10-6) (x) + 0.63 (± 0.02) 
for C6AS. ............................................................................................................................ 206!

Figure 5.24 Absorption spectra of !-CN-TO (10 µM) in aqueous solution (thick black traces) 
with additions of C4AS (a) or C6AS (b) from 0 – 100 µM. Arrows indicate the 
movement of the absorption spectra as C4AS or C6AS is added. ...................................... 208!



xxiii 

Figure 5.25 Normalized absorption spectra of !-CN-TO (20 µM) in aqueous solution (black 
trace) with the addition of 100 µM C4AS (grey trace) or 100 µM C6AS (dashed trace). .. 209!

Figure 5.26 Benesi-Hildebrand plot for the interaction between !-CN-TO and C4AS 
(squares) or C6AS (circles). The lines of best fit are displayed on the graph and were 
determined by a linear regression analysis (y = mx + b) of a single experiment. These 
equations were determined to be y = 1.29 x 10-4 (± 0.03 x 10-4) (x) + 10.2 (± 0.2) for 
C4AS and y = 4.3 x 10-5  (± 0.1 x 10-5) (x) + 6.61 (± 0.08)  for C6AS. .............................. 210!

Figure 5.27 Molecular simulation of PIC (left column, images courtesy of Samantha Keller) 
and crystal structure of !-CN-TO80 (right column) view either top down (a) or at a left 
side view (b) showing the differences in the dihedral angle. Atoms are coloured as 
followed; carbon (grey), hydrogen (white), nitrogen (blue), and sulphur (yellow). c) 
Electrostatic potential maps for PIC and !-CN-TO with the corresponding electrostatic 
potential ranging from 0.600 x 10-2 to 0.160 Hartrees, shown in terms of colour, 
changing from red to blue respectively. (Images courtesy of Samantha Keller). d) A 
cartoon representation of a possible interaction of the dye with C4AS. (!-CN-TO crystal 
structure reprinted with permission from Shank, N. I.; et al. Journal of the American 
Chemical Society 2013, 135, 242. Copyright 2014 American Chemical Society.) ............ 213!

Figure 5.28 a) Normalized absorption spectra of 40 µM DEQTC in aqueous solution (thick 
black trace) with the addition of C4AS (0 – 10 µM, thin black traces). Arrows show the 
movement of the absorption spectra and the inset is the molecular structure of DEQTC. 
b) Job plot of DEQTC with C4AS (fluorescence intensity monitored at 621 nm). Arrows 
emphasize the regions of the Job plot at low and high molar ratios. .................................. 215!

Figure 5.29 Normalized fluorescence intensity (%exc = 501 nm %em = 511 – 750 nm) of 
DEQTC (40 µM) alone in solution (closed circles) and with 20 µM C4AS (open circles). 
Normalized absorption (dashed trace) and excitation spectra (thin black trace, %em = 615 
nm %exc = 325 – 600 nm) of DEQTC with 20 µM C4AS. ................................................... 216!

Figure 5.30 a) Normalized absorption spectra of DEQTC (40 µM) in aqueous solution (thick 
black trace) with the addition of C6AS (0 – 10 µM, thin black traces). Arrows show the 
movement of the absorption spectra. b) Normalized absorption spectrum of TO (black 
trace) and DEQTC (blue trace) with C6AS. ....................................................................... 218!

Figure 5.31 Job plot of DEQTC with C6AS (fluorescence intensity monitored at 623 nm). 
Inset, molecular structure of DEQTC. ................................................................................ 219!

Figure 5.32 a) Absorption spectra of THIA (20 µM) in aqueous solution (thick black line) 
with the addition of C4AS from 0 – 30 µM concentrations (thin lines). b) Benesi-
Hildebrand plot for the interaction between THIA and C4AS. The change in absorption 
is reported at 421 nm and was obtained from a single experiment. .................................... 223!

Figure 5.33 Absorption spectra of THIA (20 µM) in aqueous solution (thick black line) with 
the addition of C6AS from 0 – 30 µM concentrations (thin lines). .................................... 225!



xxiv 

Figure 5.34 a) Absorption spectrum of PIC (10 µM) in aqueous solution monitored as a 
function of PSS concentration (0 – 30 µM). Arrows indicate the movement of the 
absorption spectrum as PSS concentration increases. b) Job plot of PIC with PSS 
(fluorescence emission monitored at 575 nm). Black and blue traces indicate the two 
regions in the Job plot. ........................................................................................................ 227!

Figure 5.35 Absorption (bare traces) and fluorescence intensity (traces with shapes) of !-CN-
TO for 20 µM !-CN-TO alone in solution (thick black traces), and with 10 µM PSS 
(thin black traces). ............................................................................................................... 229!

Figure 5.36 Job Plot of !-CN-TO with PSS (fluorescence intensity monitored at 635 nm). ..... 230!

Figure 5.37 a) Normalized absorption spectra of DEQTC (40 µM) in aqueous solution (thick 
black trace) with the addition PSS (0 – 50 µM), thin black traces. b) Normalized 
absorption spectra of TO+ (black trace) and DEQTC (blue trace) with PSS. ..................... 232!

Figure 5.38 Job plot of DEQTC with PSS (fluorescence emission monitored at 642 nm). 
Possible cartoon representation (not to scale) of a 1:2 interaction between DEQTC (blue 
oval and parallelogram) and PSS (only a portion of the molecular structure is shown, 
image reproduced from Figure 5.19). ................................................................................. 234!

Figure 5.39 a) Absorption spectra of THIA (20 µM) in aqueous solution (thick black line) 
with the addition of PSS from 0 – 30 µM (thin lines). b) Job plot of THIA with PSS 
(fluorescence emission monitored at 495 nm). The non-linear region at high molar ratios 
of THIA is shown by the blue trace. ................................................................................... 236!

Figure 6.1 Chemical structure of a) cyanine dye Cy+ and b) the anion (TRPPh)4B-, with their 
counter ions not shown. c) Minimum-energy structure calculated for [Cy+(TRPPh)4B-]. 
This compound appears to be a penetrated ion pair; where the dark space-filling model 
is the (TRPPh)4B- and the light space-filling model is the Cy+. (Figure adapted with 
permission from Yang, X. Q.; Zaitsev, A.; Sauerwein, B.; Murphy, S.; Schuster, G. B. 
Journal of the American Chemical Society 1992, 114, 793. Copyright 2014 American 
Chemical Society.) .............................................................................................................. 242!

Figure 6.2 Chemical structure of TPB- (its sodium counter ion is not show). ............................ 246!

Figure 6.3 a) Evolution of the absorption spectra of TO+ (20 µM) aqueous solution (thick 
black trace) upon consecutive additions of TPB- up to a final concentration of 60 µM 
(thin black traces). Arrows indicate the movement of the absorption spectra. b) 
Photographs of a cuvette containing 20 µM TO+ without (left) and with 60 µM TPB- 
(right). ................................................................................................................................. 247!

Figure 6.4 Optimized structures at the B3LYP/6-31+g(d) level for the interaction of TO+ with 
ClO4

- looking a) top down and b) from the side. Atoms are coloured as followed; carbon 
(grey), hydrogen (white), nitrogen (blue), sulphur (yellow), oxygen (red), and chlorine 
(green). Images courtesy of Samantha Keller. Cartoon representation of c) TO+ and d) 
TPB-, and e) the penetrated ion pair formed between TO+ and TPB-. Boron atom shown 
in pink. ................................................................................................................................ 249!



xxv 

Figure 6.5 Absorption spectrum of TO+ (15 µM) without (black traces) and with TPB- (45 
µM, blue traces) in a) methanol, b) acetonitrile, c) DMSO, and d) DMF. ......................... 251!

Figure 6.6 a) Evolution of the fluorescence spectra (%ex = 483 nm) of an aqueous solution of 
TO+ (20 µM, thick black trace) upon consecutive additions of TPB- to a final 
concentration of 60 µM (thin black traces). b) Job plot of TO+ with TPB- (fluorescence 
intensity monitored at 635 nm). .......................................................................................... 253!

Figure 6.7 Absorption spectra of 10 µM PIC (thick black line) with the addition of TPB- up 
to 50 µM in aqueous solution. The arrows indicate the movement of the absorption lines 
when the concentration of TPB- is increased. ..................................................................... 255!

Figure 6.8 Normalized absorption spectra of aqueous solutions contained 20 µM THIA (blue 
trace) and DEQTC (black trace) in the presence of 50 µM TPB- with THIA (dashed blue 
trace) and 60 µM TPB- with DEQTC (dashed black trace). ............................................... 256!

Figure 6.9 Absorption spectra for a !-CN-TO (20 µM) solution in ultrapure water (thick 
black line) with the addition of TPB- up to 50 µM. The arrows indicate the movement of 
the absorption spectra as the concentration of TPB- is increased from 0 - 50 µM. Any 
further addition of TPB- does not result in any further change in the absorption spectra. . 257!

Figure 6.10 TEM (30000X magnification) imaging of organic nanoparticles (TO+, 20 µM; 
TPB-, 60 µM). The size of the ionic organic nanoparticles was evaluated to be 73 ± 20 
nm. (Springer and The Journal of Nanoparticle Research, 14, 2012, 1099, Achieving 
organic nanoparticles with redox-active capabilities: synthesis of gold nanoparticles in 
water as a proof-of-principle, S. M. Mooi, B. J. Heyne Figure S1. © Springer 
Science+Business Media B.V. 2012.) ................................................................................. 259!

Figure 6.11 Cyclic voltammogram recorded at 100 mVs-1 of TO+ being oxidized to TO2+ at 
+1.3 V vs SHE. (Springer and The Journal of Nanoparticle Research, 14, 2012, 1099, 
Achieving organic nanoparticles with redox-active capabilities: synthesis of gold 
nanoparticles in water as a proof-of-principle, S. M. Mooi, B. J. Heyne Figure S2. © 
Springer Science+Business Media B.V. 2012.) .................................................................. 261!

Figure 6.12 Absorption spectra of TO+ (20 µM) in water in the absence (thick black line) and 
in the presence of HAuCl4 (10 µM, dashed line; and 20 µM, thin black line). (Springer 
and The Journal of Nanoparticle Research, 14, 2012, 1099, Achieving organic 
nanoparticles with redox-active capabilities: synthesis of gold nanoparticles in water as 
a proof-of-principle, S. M. Mooi, B. J. Heyne Figure 2. © Springer Science+Business 
Media B.V. 2012.) .............................................................................................................. 263!

Figure 6.13 TEM imaging (30000X) of a sample of AuNPs formed by the reduction of 
HAuCl4 (30 µM) by TO+ (30 µM). The size of the particles was averaged to be 24 ± 7 
nm. (Springer and The Journal of Nanoparticle Research, 14, 2012, 1099, Achieving 
organic nanoparticles with redox-active capabilities: synthesis of gold nanoparticles in 
water as a proof-of-principle, S. M. Mooi, B. J. Heyne Figure 2. © Springer 
Science+Business Media B.V. 2012.) ................................................................................. 264!



xxvi 

Figure 6.14 Normalized absorption spectrum, at 477 nm for TO+, for a 0.029 M AuNP 
solution (Sigma-Aldrich) before (solid trace) and after (dashed trace) the addition of 40 
µM TO+. .............................................................................................................................. 265!

Figure 6.15 a) Absorption spectra in water of 20 µM TO+ in aqueous solution (20 µM, dark 
black line); organic nanoparticles composed of TO+ (30 µM) and TPB- (90 µM, dashed 
line); and AuNPs synthesized from the ionic organic nanoparticle solution (TO+, 30 µM, 
TPB-, 90 µM, HAuCl4, 120 µM, thin black line). (Springer and The Journal of 
Nanoparticle Research, 14, 2012, 1099, Achieving organic nanoparticles with redox-
active capabilities: synthesis of gold nanoparticles in water as a proof-of-principle, S. M. 
Mooi, B. J. Heyne Figure 3. © Springer Science+Business Media B.V. 2012.) Solutions 
containing b) TO+ alone (30 µM), c) TO+ (30 µM) with TPB- (90 µM), and d) TO+ (30 
µM), TPB- (90 µM) and HAuCl4 (120 µM). ....................................................................... 266!

Figure 6.16 Fluorescence emission evolution of a solution containing TO+ (20 µM) and TPB- 
(60 µM) (thick black trace) with the addition of HAuCl4 up to 150 µM (thin black 
traces). Arrows indicated the movement of the absorption spectra as the concentration of 
HAuCl4 increases. ............................................................................................................... 267!

Figure 6.17 TEM imaging of AuNPs solution synthesized from organic nanoparticles (TO+, 
30 µM, TPB-, 90 µM, HAuCl4, 120 µM). (Springer and The Journal of Nanoparticle 
Research, 14, 2012, 1099, Achieving organic nanoparticles with redox-active 
capabilities: synthesis of gold nanoparticles in water as a proof-of-principle, S. M. 
Mooi, B. J. Heyne Figure 3. © Springer Science+Business Media B.V. 2012.) ................ 268!

Figure 6.18 a) Mass spectra in negative mode of a solution of organic nanoparticles (20 µM 
TO+, 60 µM TPB-). The peak at 171.0713 m/z matches to the counter ion of TO+, 
namely p-toluenesulfonate. The peak at 319.2477 corresponds to TPB-. b) Mass spectra 
in negative mode of a solution of AuNPs formed by reduction of HAuCl4 with organic 
nanoparticles (20 µM TO+, 60 µM TPB-, 100 µM HAuCl4). The peak at 171.0713 m/z 
matches to the counter ion of TO+, namely p-toluenesulfonate. (Springer and The 
Journal of Nanoparticle Research, 14, 2012, 1099, Achieving organic nanoparticles 
with redox-active capabilities: synthesis of gold nanoparticles in water as a proof-of-
principle, S. M. Mooi, B. J. Heyne Figure S3. © Springer Science+Business Media B.V. 
2012.) .................................................................................................................................. 270!

Figure 8.1 a) Extinction spectrum of the AgNPs in water with a maximum at 445 nm. b) 
TEM image and histogram analysis for the AgNPs based on 150 nanoparticles, the 
larger size distribution being around 68 nm in diameter. (Copyright 2014 Wiley. Used 
with permission from S. M. Mooi, B. Heyne, Achieving organic nanoparticles with 
redox-active capabilities: synthesis of gold nanoparticles in water as proof-of-principle. 
Photochemistry and Photobiology, 2014, 90, 85.) .............................................................. 288!

Figure 8.2 TEM images of a) AgNP-Si with a silica shell thickness of 22 ± 2 nm and b) 
AgNP-RB with a final silica shell thickness of 25 ± 2 nm. (Copyright 2014 Wiley. Used 
with permission from S. M. Mooi, B. Heyne, Achieving organic nanoparticles with 



xxvii 

redox-active capabilities: synthesis of gold nanoparticles in water as proof-of-principle. 
Photochemistry and Photobiology, 2014, 90, 85.) .............................................................. 289!

Figure 8.3 Extinction spectra of AgNP-Si (black trace) and AgNP-RB (blue trace). Arrow 
indicates the presence of a small shoulder in the extinction spectrum of AgNP-RB. 
(Copyright 2014 Wiley. Used with permission from S. M. Mooi, B. Heyne, Achieving 
organic nanoparticles with redox-active capabilities: synthesis of gold nanoparticles in 
water as proof-of-principle. Photochemistry and Photobiology, 2014, 90, 85.) ................ 291!

Figure 8.4 IR spectra of amine functionalized AgNPs (AgNP-NH2, grey) and RB 
functionalized AgNPs (AgNP-RB, black) bound to these nanoparticles. The IR spectrum 
of AgNP-NH2 has been offset compared to AgNP-RB, with respect to the percent 
transmittance, in order to allow for easier comparison between the samples. (Copyright 
2014 Wiley. Used with permission from S. M. Mooi, B. Heyne, Achieving organic 
nanoparticles with redox-active capabilities: synthesis of gold nanoparticles in water as 
proof-of-principle. Photochemistry and Photobiology, 2014, 90, 85.) ............................... 292!

Figure 8.5 UV-vis absorption spectrum of a solution of AgNP-RB before (black line) and 
after (grey line) the acid hydrolysis of RB from the silver nanoparticles. (Copyright 
2014 Wiley. Used with permission from S. M. Mooi, B. Heyne, Achieving organic 
nanoparticles with redox-active capabilities: synthesis of gold nanoparticles in water as 
proof-of-principle. Photochemistry and Photobiology, 2014, 90, 85.) ............................... 293!

Figure 8.6 Absorption spectrum for the photobleaching of RNO (100 µM, absorbance at 440 
nm) in the presence of L-histidine (20 mM) during irradiation of RB (7.2 µM, 
absorbance at 549 nm) in water at time zero (thick black trace) and over a period of two 
hours (thin black traces). A 480 nm cut-off filter was used in order to insure the 
selective irradiation of the photosensitizer. The arrow indicates the movement of the 
absorption spectra. .............................................................................................................. 296!

Figure 8.7 Photobleaching of RNO (100 µM) in the presence of L-histidine (20 mM) 
monitored at 440 nm as a function of irradiation time of bare AgNP in aerated aqueous 
solution (cross), AgNP-RB in H2O under inert atmosphere (open square), AgNP-RB in 
aerated aqueous solution (circle) and D2O (closed square). A 480 nm cut-off filter was 
used in order to insure the selective irradiation of the photosensitizer. .............................. 297!

Figure 8.8 Absorption spectrum for the photobleaching of ABDA (100 µM) during the 
irradiation of RB (20 µM) in water at time zero (thick black trace) and over a period of 4 
minutes (thin black traces). A 480 nm cut-off filter was used to insure the selective 
irradiation of the photosensitizer. The absorbance was normalized to the RB peak at 549 
nm and the arrow indicates the decrease in the absorption spectra at 380 for ABDA. ....... 302!

Figure 8.9 Photobleaching of ABDA (10-4 M) monitored at 380 nm as a function of AgNP-
RB irradiation time in aerated aqueous solution (circle), in aerated D2O (square), and 
under inert atmosphere in aqueous solution (open square). Additionally, the 
photobleaching of ABDA was monitored at 380 nm (cross) in water as a function of 
irradiation time of nanoparticles lacking the photosensitizer RB (AgNP-Si). The initial 



xxviii 

values of ABDA absorbance were normalized to one for each sample and a 480 nm cut-
off filter was used in order to insure the selective irradiation of the photosensitizers. 
(Copyright 2014 Wiley. Used with permission from S. M. Mooi, B. Heyne, Achieving 
organic nanoparticles with redox-active capabilities: synthesis of gold nanoparticles in 
water as proof-of-principle. Photochemistry and Photobiology, 2014, 90, 85.) ................ 303!

Figure 8.10 Absorption spectrum of AgNP-RB (black trace), and hollowed nanoparticles 
referred to as etched AgNP-RB (grey trace). The latter nanoparticles were obtained by a 
chemical etching of the AgNP-RB in excess sodium chloride solution. (Copyright 2014 
Wiley. Used with permission from S. M. Mooi, B. Heyne, Achieving organic 
nanoparticles with redox-active capabilities: synthesis of gold nanoparticles in water as 
proof-of-principle. Photochemistry and Photobiology, 2014, 90, 85.) ............................... 304!

Figure 8.11 Photobleaching of ABDA (10-4 M) monitored at 380 nm in aerated H2O as a 
function of irradiation time of AgNP-RB (circle), and etched AgNP-RB (square).  The 
initial values of ABDA absorbance were normalized to one for each sample and a 480 
nm cutoff filter was used in order to insure the selective irradiation of the 
photosensitizer. The slopes of ABDA photobleaching are shown as kS values on the 
graph. (Copyright 2014 Wiley. Used with permission from S. M. Mooi, B. Heyne, 
Achieving organic nanoparticles with redox-active capabilities: synthesis of gold 
nanoparticles in water as proof-of-principle. Photochemistry and Photobiology, 2014, 
90, 85.) ................................................................................................................................ 305!

Figure 8.12 a) Extinction spectra and b) TEM image for the 32 nm AuNPs in aqueous 
solution. ............................................................................................................................... 308!

Figure 8.13 Extinction spectra of AuNP (%max = 533 nm, black trace), AuNP-Si (%max = 544 
nm, blue trace), AuNP-NH2 (%max = 547 nm, dashed black trace). The data has been 
normalized for each sample at their extinction maxima. .................................................... 310!

Figure 8.14 TEM image of AuNP-Si showing the presence of both silica coated AuNPs (light 
grey circles with small dark grey circle inside) along with pure silica nanoparticles (grey 
circles). ................................................................................................................................ 311!

Figure 8.15 Extinction spectra of the AuNP-RB before (black trace) and after (blue trace) 
etching with excess KCN. ................................................................................................... 312!

Figure 8.16 Photobleaching of ABDA (10-4 M) monitored at 380 nm in aerated H2O as a 
function of irradiation time of AuNP-RB (circles), and etched AuNP-RB (squares). The 
initial values of ABDA absorbance were normalized for one for each sample. A 480 nm 
cut-off filter was used in order to insure the selective irradiation of the photosensitizer. 
The slopes of ABDA photobleaching are shown as kS values on the graph. ...................... 314!

Figure 8.17 TEM images of AuNP-RBs containing an a) 24 ± 6 nm silica shell (AuNP-RB 2) 
or a b) 32 ± 6 nm silica shell (AuNP-RB 3). Arrow in b) indicates an AuNP that does 
not appear to be coated by silica. ........................................................................................ 315!



xxix 

Figure 8.18 a) Extinction spectra of the AuNP-RB 2 before (black trace) and after (blue 
trace) etching with excess KCN. b) Photobleaching of ABDA (10-4 M) monitored at 380 
nm in aerated H2O as a function of irradiation time of AuNP-RB 2 (circles), and etched 
AuNP-RB 2 (squares). The initial values of ABDA absorbance were normalized for one 
for each sample. A 480 nm cutoff filter was used in order to insure the selective 
irradiation of the photosensitizer. The slopes of ABDA photobleaching are shown as kS 
values on the graph. ............................................................................................................ 318!

 

 



xxx 

List of Schemes 

Scheme 4.1 Progressive development of amphiphilic surfactant aggregation as a function of 
increasing surfactant concentration in aqueous solution. The ionic head group is shown 
as the grey circle and the alkyl chain is the black wavy line. At low concentration, 
surfactants are primarily monomeric (left), as the concentration increases, premicelle 
complexes form (middle), and eventually the concentration reaches a point at which the 
spontaneous formation of micelle occurs (right).54,197,248-251 .............................................. 137!

Scheme 5.1 Possible molecular orientation of DEQTC (grey shape, oval indicating the 
thiazole portion attached to the quinoline ring, parallelogram) associated with C4AS 
(bucket) in a 2:2 molar ratio. The quinoline ring is likely to interact with the sulphonate 
groups on the calixarene due to the greater electrostatic potential located on this moiety 
(see chapter three). .............................................................................................................. 217!

Scheme 6.1 Cartoon representation of two individual ions hydrated in solution (left), a 
solvent shared ion pair (middle), and a contact ion pair (right). ......................................... 240!

Scheme 7.1 Simplified flow chart describing the aggregation of cyanine dyes in the presence 
of anions at high concentrations. ........................................................................................ 274!

Scheme 8.1 Steps involved in the synthesis of the core-shell AgNP-RB nanoparticles. AgNPs 
(left, dark grey circle) are first synthesized through a conventional reduction method, 
then they are coated with a silica shell (middle, light grey ring represents silica shell), 
and lastly RB is covalently tethered to the nanoparticle via a carbodiimide linkage 
(right, small dark circles represents RB). (Copyright 2014 Wiley. Used with permission 
from S. M. Mooi, B. Heyne, Achieving organic nanoparticles with redox-active 
capabilities: synthesis of gold nanoparticles in water as proof-of-principle. 
Photochemistry and Photobiology, 2014, 90, 85.) .............................................................. 287!

Scheme 8.2 Reduction of the molecular conjugation of ABDA (left) in the presence of 1O2 
creating the ABDA-O2 endoperoxide (right). ..................................................................... 298!

 

 



xxxi 

List of Symbols, Abbreviations and Nomenclature 

Symbol Definition 
  
1O2 Singlet Oxygen 
! Angle between two non-planar molecular dipoles 
!-CN-TO Cyano-functionalized thiazole orange 
"HD

 Enthalpy of dimerization 
"GD Free energy of dimerization 
"SD Entropy of dimerization 
# Molar extinction coefficient 
& Angle between two co-planar inclined molecular dipoles 
AA Acetic acid 
ABDA 9,10-Antracene-bi(methylene)dimalonic acid 
ADPA 9,10-Anthracenedipropionic acid 
AgNP Silver nanoparticles 
AgNP-NH2 Amine functionalized silver nanoparticles 
AgNP-RB Rose Bengal coated silver nanoparticles 
APS 3-(Aminopropyl) triethoxysilane 
AuNP Gold nanoparticles 
AuNP-NH2 Amine functionalized gold nanoparticles 
AuNP-RB Rose Bengal coated gold nanoparticles 
C4AS Calix[4]arene sulphonate 
C6AS Calix[6]arene sulphonate 
CMC Critical micelle concentration 
CV Cyclic voltammetry 
DEQTC 1,3’-Diethyl-4,2’-quinolylthiacyanine 
DMF Dimethylformamide 
DMSO Dimethylsulfoxide 
EDC 1-Ethyl-3-(3-dimethylamino)propyl carbodiimide hydrochloride 
FEH Free energy of hydration 
HAuCl4 Chloroauric acid 
IPA Isopropyl alcohol 
Keq Equilibrium constant 
m+ Higher exciton level 
m- Lower exciton level 
M1 or M2 Representations of molecular transition dipoles 
MEF Metal enhancement effect 
MES 2-(N-morpholino)ethanesulfonic acid 
NaBF4 Sodium tetrafluoroborate 
NaBr Sodium bromide 
NaBu Sodium butyrate 
NaBuS Sodium butyl sulphate 
NaCH3CO2 Sodium acetate 
NaCl Sodium chloride 
NaClO4 Sodium perchlorate 



xxxii 

NaDDec Sodium dodecanoate 
NaDec Sodium decanoate 
NaDecS Sodium decyl sulphate 
NaFo Sodium formate 
NaI Sodium iodide 
NaMeS Sodium methyl sulphate 
NaOc Sodium octanoate 
NaOcS Sodium octyl sulphate 
PIC 1,1’-Diethyl-2,2’-cyanine iodide 
PSS Polystyrene sulphonate 
Sample A Amido imidoaline corrosion inhibitor 
Sample B or C Alkyl pyridine corrosion inhibitor 
Sample D Quaternarized alkyl pyridine corrosion inhibitor 
Sample E Commercial formulation of a corrosion inhibitor 
SDBS Sodium dodecylbenzenesulphate 
SDS Sodium dodecyl sulphate 
SFS Synchronous-scan fluorescence spectroscopy 
TA Thioglycolic acid 
TEM Transmission electron microscopy 
TEOS Tetraethyl orthosilicate 
THIA 3,3’-Diethylthiacyanine iodide 
TPB- Sodium tetraphenylborate 
TO+ Thiazole orange 
RNO p-Nitrosodimethylaniline 
 



xxxiii 

Epigraph 

“Satire is a composition of salt and mercury; and it depends upon the different mixture and 

preparation of those ingredients, that it comes out a noble medicine, or a rank poison.”  

– Lord Francis Jeffrey 

 



 

1 

 Introduction Chapter One:

 

Self-organization is a popular topic in current literature1-3 as it involves the assembly of 

molecules on the micro and macroscopic levels, however its whole interpretation is 

incomplete.1,4 Either with a biological or chemical focus, self-organization has interested 

scientist for decades and the ability of molecules to recognize and acknowledge similar species 

has been studied theoretically and experimentally since the mid twentieth century.5 Although the 

process of self-organization is knowingly driven by the association of units reaching a 

thermodynamically stable complex,4 complete elucidation and control of this process is a 

necessity for the future of both pure and applied research in this field.  

This introduction will be organized into two distinct parts in order to clarify and 

segregate the two main concepts presented in this work. The first part will focus on the self-

organization or aggregation of small molecules and the interactions that govern this 

phenomenon, and thus will provide the necessary background knowledge for chapters two 

through five. The second part of the introduction provides scope for chapters six and seven in 

regards to the synthesis, characterization, and functionalization of organic and inorganic 

nanoparticles. A bridge, linking aggregation with nanoparticles, exists in our work performed 

with ionic organic nanoparticles, and will be introduced in part two of this introduction.  

 

Part One: Aggregation of Small Molecules 

Over six years ago, a simple experiment performed by an undergraduate student in the 

Heyne group resulted in an outcome that has been the catalyst for this work. The combination of 

an ionic macrocyclic system and a small cationic dye molecule resulted in a spectroscopic 



 

2 

signature that was unexpected due to the formation of a supramolecular complex.6 Even after an 

extensive literature review, this unusual result could not be explained by current theoretical and 

experimental work with respect to salt induced aggregation. Although much is known about the 

salt induced aggregation of proteins, the specific ion effect for small molecules is virtually 

unexplained. In order to overcome this lack of information, a systematic study of the aggregation 

of cyanine dyes in ionic solution was undertaken. As a result of this study, we are able to provide 

experimental support for the basic principles behind small molecule aggregation in high ionic 

strength solutions, which is supported by the limited current theories surrounding the specific ion 

effect for small molecules. 

The foundation for this work is borne from four main themes, these are: aggregation and 

the processes that govern it, classical equilibrium, current hypotheses surrounding the hydration 

of ions and specific ion effects, and lastly, dye aggregation with a focus on the photophysical 

signature of aggregates and cyanine dyes. These four main areas will be the core of this 

introduction and provide the necessary background knowledge for results presented in later 

chapters. 

 

1.1 Aggregation 

In simple terms and in most cases, the process of self-organization leads to aggregation, 

where an aggregate is defined, as a single unit comprised of individual elements.4,7,8 Interesting 

aggregation patterns exist all over nature; for example, some insects have evolved to produce 

pheromones, termed aggregation pheromones, which are released when under predatory 

attack.9,10 These pheromones attract members of the same species, a process which has thus been 

exploited as aggregation pheromones are regarded as one of the most selective pest suppressing 
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methods in use today.11 Another interesting aggregation phenomenon in nature involves the 

organization of scales along a butterfly’s wing. This organization is responsible for a 

combination of optical effects, such as iridescence, which results in the vibrant colours of the 

wing.12,13 Although aggregation in nature can lead to desired outcomes, such as defensive 

responses,9,10 it can also have detrimental effects. Although the exact mechanism is unknown, 

studies have shown that aggregates of protein fragments in the brain result in insoluble plaques 

that lead to the onset of Alzheimer’s disease and results in memory degeneration.14 For 

Alzheimer’s, an understanding of what induces protein fragment aggregation, and in particular 

what type of environmental stress dictates this process, can result in advances to minimize the 

early onset of the disease.14 

Although examples of aggregation exist throughout many disciplines in the literature, one 

of the most commonly studied forms is the self-organization of surfactants.15 Surfactant 

molecules are amphiphilic, and thus by definition are composed of hydrophilic and hydrophobic 

regions (Figure 1.1). The hydrophobic regions are usually long linear or branched alkyl chains 

that can be saturated or unsaturated. The hydrophilic head group, attached to the alkyl chain is 

usually ionic, commonly containing a carboxylate, sulphate, sulphonate, or phosphate moiety 

(Figure 1.1).16  
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!

!
!
Figure 1.1 Simple representation of a surfactant, sodium dodecyl sulphate (SDS), showing a 
hydrophilic head group (sulphate ion), a hydrophobic tail (saturated alkyl chain), and a sodium 
counter ion. 

!
 

It is because of this amphilicity that surfactants undergo self-organization in aqueous 

solution and thus have been studied extensively in order to understand the mechanism and forces 

that drives this process. Simply speaking, when placed in aqueous solution, the hydrophobic 

alkyl chains have a tendency to minimize contact with the solvent whereas the hydrophilic head 

groups form strong hydrogen bonding interactions with water molecules. Consequently, the 

aggregation of surfactants can be explained in terms of these hydrophobic and hydrophilic 

interactions. When alkyl tails come into close contact with one another, water molecules from 

individual hydration spheres are released into the bulk solution, which results in an increase in 

the overall entropy.15,17,18 However, similarly charged ionic hydrophilic head groups, induce 

repulsion effects between neighbouring surfactant molecules. Coulombic charge screening 

provided by counter ions that are closely associated to the ionic head groups can minimize this 

repulsion,15,17,18 and this screening effect supports the process of aggregation.  

In order to maximize attractive and minimize repulsive forces, self-organization of these 

surfactants often results in the formation of spherical units, called micelles.15 In aqueous 

solution, the most favoured orientation of surfactant molecules in these micelles has the 
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hydrophobic tails pointing to the interior and hydrophilic heads associated with water molecules 

(Figure 1.2). The concentration at which these micelles form in aqueous solution is surfactant 

dependent and is classified as the critical micelle concentration (CMC). Various forces affect this 

concentration such as the alkyl chain length, the type of hydrophilic head group and the 

corresponding counter ion.19 

 

 

! !
 

Figure 1.2 Cartoon representation of a micelle in aqueous solution, with the circles being the 
hydrophilic head groups and the lines representing the hydrophobic tails of the surfactant. The 
micelle is not drawn to scale and may consist of more surfactant molecules than are currently 
shown. 

!
 

Although surfactant molecules can form other organized structures, such as monolayers 

or liposomes,20,21 micelle formation is one of the most commonly studied system in terms of 

surfactants self-organization. Micelles can be used as a model system that gives further insight 

into the mechanism, stimuli, and structural effects that induce aggregation. A primary reason for 

this is that the aggregation of surfactants into simple micelles is both kinetically and 

thermodynamically controlled, a commonality between all self-organization processes. For 
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instance, above the critical micelle concentration, the formation of micelles has been found to be 

an equilibrium process (Equation 1.1), where a micelle can dissociate back into its monomeric 

components.  

 

 (Eq. 1.1) 

 

Although micelles are in equilibrium with surfactant monomers, particular micelles such as those 

composed of SDS molecules, are considered a long-lived non-covalent supramolecular system 

possessing a half-life of around 10 ms.22  

 

1.2 Equilibrium 

The self-organization of surfactant molecules into micelles is just one type of process that 

can be used to model the thermodynamics and kinetics of aggregation mechanisms, and these 

basic principles apply to many different systems. Particularly, as self-organization and 

aggregation are often under equilibrium constraints, it is imperative to understand that 

aggregation is a reversible process. This inherent equilibrium can be used to explain why self-

organization is highly dependent on environmental conditions and is a function of molecular 

property.  

For any equilibrium reaction, the free energy of a reaction is equal to zero. Here, the 

reaction neither favours the forward or reverse direction and the concentrations of the products 

and reactants will remain constant unless an external stimulus is applied.23 A general equilibrium 

equation can be represented as follows: 

 

 n[surfactant]monomer ! [surfactant]micelle
n
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, (Eq. 1.2) 

 

where A and B are the reactants, C and D are the products and a, b, c, and d represent the 

stoichiometry of the reactants and products. The equilibrium constant for Equation 1.2 can be 

expressed in the following general formula:23 

 

. (Eq. 1.3) 

 

The value of the equilibrium constant is thus a ratio of the equilibrium concentration of the 

products over the reactants and describes the preference for reactants or products to dominate at 

equilibrium.23 

As described in terms of thermodynamics, although the Gibbs free energy of a reaction at 

equilibrium is equivalent to zero, the standard Gibbs free energy of the reaction (Gibbs free 

energy for a reaction at a specific composition, "G°) is proportional to the equilibrium constant 

(Keq) under the following relationship: 

 

, (Eq. 1.4) 

 

where R is the ideal gas constant and T is the temperature of the reaction in Kelvins. As the 

standard Gibbs free energy is reaction specific and unchanging, changes to the temperature of a 

reaction will affect the equilibrium constant (Equation 1.5). 

 

 aA + bB ! cC + dD

Keq =
[C]eq

c [D]eq
d

[A]eq
a [B]eq

b

 !G! = "RT lnKeq
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 (Eq. 1.5) 

 

Therefore, for a spontaneous process, where the standard Gibbs free energy is negative, an 

increase in temperature will result in a decrease of the equilibrium constant, thus shifting the 

equilibrium in favour of the reactants. In order to understand this phenomenon one must not 

forget that the equilibrium is also under kinetic control, where the equilibrium constant for a 

simple equilibrium (Equation 1.6), containing a single step reaction, can also be written in terms 

of the forward (kf) and reverse (kr) rate constants (Equation 1.7):  

 

, (Eq. 1.6) 

. (Eq 1.7) 

 

Additionally, if both the forward and reverse reactions show a dependence on 

temperature, as described by the Arrhenius equation where: 

 

 (Eq. 1.8) 

 

and A is the pre-exponential factor and Ea is the activation energy, a change in temperature will 

affect both the kf and kr. However, since the activation energy for the reverse reaction is larger 

than the forward reaction, assuming an exothermic process, an increase in temperature will 

 Keq = e
! "G!

RT

A
kf

kr

! "!# !! B

Keq =
[B]eq

[A]eq

=
k f

kr

k = Ae
! Ea

RT
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increase kr to a greater extent then kf.23 This effect results in an overall decrease in the Keq and a 

shift in the equilibrium to favour the reactants (Equation 1.7).  

A model system that is commonly used to observed both the thermodynamic and kinetic 

control on self-organization is dimerization, as often the dimerization of small charged organic 

molecules in aqueous solution is spontaneous (negative "G°).24,25 A basic equilibrium expression 

can be obtained for the dimerization of a charged molecule. Here, two monomeric cationic 

molecules (M+) come together to form a single dimer ((M+)2), which are at equilibrium at room 

temperature in aqueous solution. 

 

 (Eq. 1.9) 

 (Eq. 1.10) 

 

Thermodynamic analysis can elucidate values for entropy and enthalpy of dimeric 

systems.24,25 Previous work with charged dyes has suggested that dyes with larger "G° for 

dimerization have a greater tendency to form dimers in aqueous solution compared to dyes with 

lower "G° at similar concentrations.24 

As alluded to previously, the thermodynamics and kinetics of an equilibrium process are 

linked together through the equilibrium constant (Equation 1.7). Although the thermodynamics 

of dimerization is often a primarily focus, dimerization kinetics can provide valuable information 

on the rate of dimer formation and dissociation. Specific methods, such as temperature jump 

analysis monitors the exponential relaxation back to an equilibrium state (Equation 1.11) after an 

instantaneous change in temperature occurs.26-29 The relaxation time ($) for this process to occur 

 M
+ + M + ! (M + )2

Keq =
[(M + )2 ]eq

[M + ]eq
2
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is dependent on the rate of the formation and dissociation of the dimer for a specific 

concentration of the monomer (Equation 1.12).26-29 Consequently, by varying the monomer 

concentrations and monitoring the system using spectroscopy as it returns to equilibrium, one 

can extract values for the rate of formation (kf) and dissociation (kr) of the dimer.26-29 

 

 (Eq. 1.11) 

. (Eq. 1.12) 

 

Literature evidence suggests that the rate of the forward reaction (Equation 1.11), to form 

the dimer, is on the order of 108 – 109 M-1s-1, where the dissociation of the dimer is around 104 – 

105 s-1.27,28 These results suggest that the dissociation of the dimer is the rate-limiting step in the 

dimerization equilibrium. It is also important to recognize that kinetic evidence in the literature 

suggests that the formation of an encounter pair ([M+!!!!!M+]) precedes the complete 

dimerization of two monomers (Equation 1.13).26,28  

 

. (Eq. 1.13) 

 

In this theory, the formation of the encounter complex is a diffusion controlled process, 

with a rate constant of k1, that either could dissociate back to monomer units at a rate of k-1, or go 

on to form a stable dimer complex, with a rate of k2. In order for the dimer to form, water 

molecules must be removed from the individual hydration sphere surrounding the monomers in 

the encounter pair. Additionally it has been suggested that a geometric rearrangement of 

M + + M + k f

kr

! "!# !! (M + )2

1/! = kr + 4k f [M
+ ]

M + + M + k1

k!1

" #"$ "" [M + %%%%% M + ]
k2

k!2

" #"$ "" (M + )2
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monomers may also occur to form the most stable dimer configuration.26,28 Once formed, the 

stability of the dimer is governed by the dissociation back to the encounter pair, with a rate 

constant of k-2. Although dimerization kinetics is outside the scope of this work, awareness of 

these processes is imperative for a complete understanding of the steps involved in dye 

dimerization. 

It is known that the dimerization equilibrium can be affected by a number of different 

variables, and is particularly sensitive to total dye concentration and temperature.24,30,31 

Therefore, information about a dimerization equilibrium, in terms of thermodynamics and 

kinetics can give insight into the processes that dictate these types of interactions. The 

dimerization of dyes can be promoted by the addition of ionic or non-ionic species to solution 

and in addition, experiments have shown that dye organization can be pushed beyond 

dimerization to the formation of high-ordered aggregates.32 Although many examples are known, 

electrolytes represent the majority, and are of particular interest as their history of being 

associated with molecular aggregation originates with the aggregation of proteins and the 

formulation of the Hofmeister series.  

 

1.3 Electrolytes and Aggregation 

The effect of increased ionic strength from electrolytes on the aggregation of molecules 

has been studied countless times in the literature in disciplines ranging from proteins, surfactants, 

and small molecules.16,33-36 For macromolecules and proteins, salts have been found to either 

discourage or promote aggregation of these species by perturbing surface tension while reducing 

electrostatic repulsion between charged species.33 The initial idea, that ions could influence 

molecular properties, was presented in the late 1880’s by Franz Hofmeister, where he studied the 
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protein precipitation in the presence of a number of cations and anions.37 Hofmeister found that 

some salts increase the solubility of proteins (salt in), where other salts decrease the solubility of 

proteins, resulting in insoluble precipitates or aggregates (salt out). His work can be summarized 

in a simple schematic, where ions are rated depending on their ability to salt in or salt out 

proteins (Figure 1.3). 

 

!
CO3

2- < SO4
2- < S2O3

2- < H2PO4
- < F- < Cl- < Br- < NO3

- < I- < ClO4
- < SCN- 

                 Salt Out 
 

                                                Salt In           

Figure 1.3 The Hofmeister series for common anions in terms of the ability to increase the 
solubility of a protein.38  

!
 

Along with surface tension, the Hofmeister series can also be described in terms of 

protein stability and denaturation.36 Ever since Hoftmeister’s discovery, a large amount of 

theoretical work has been performed in order to explain these experimental results for 

proteins.16,36-41 Theoretical studies supported by experimental data has lead to the idea that ions 

are either water structure makers (kosmotropes) or water structure breakers (chaotropes). These 

terms are based on the ability of an ion to alter the hydrogen bonding network in water.38  

For either anions or cations, kosmotropes are those small ions that have a high surface 

charge density, and therefore have water molecules closely associated to them. For these ions the 

ion-water interactions are stronger than the water-water interactions between the water molecules 

in the hydration sphere and the bulk (Figure 1.4a). Conversely, chaotropes describe large ions 

where hydrating water molecules are further away from the charge density of the ion. Thus, the 

ion-water interactions are weaker than the water-water interactions (Figure 1.4b). This is 
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believed to be why the addition of chaotropes disrupts the initial hydrogen bonding network in 

water as a cavity must be formed in this network that the ion will inhabit, thus resulting in an 

observed increase in protein solubility.39,42 

 

 

!
a)           !Ewater-water < !Eion-water!

 

 

!
b)              !Ewater-water > !Eion-water 
 

Figure 1.4 Simple representation of the relative strengths of ion-water ("Eion-water) and water-
water ("Ewater-water) interactions for: a) small, and b) large anions. The grey circles represent the 
anions, the blue circles represent water molecule in the hydration sphere (connect by the blue 
line), and those in the bulk phase. In this figure anions have been chosen to illustrate this popular 
theory, but the same is true for small and large cations. Also, the lengths of the black arrows are 
inversely proportional to the energy of the interaction.  

!
 

Although extensive theoretical reports have been presented to explain the hydrogen 

bonding network of water in the absence and presence of ions,16,36,38 experimental reports have 
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indicated that the Hofmeister series does not always hold true for small molecules.43 For 

instance, the addition of sodium chloride is often used to induce aggregation of cationic cyanine 

dyes,43 yet according to the Hofmeister series, the chloride anion should neither increase nor 

decrease the solubility of a molecule. Aggregation in this case has simply been described due to 

the increase in solution ionic strength, thus decreasing electrostatic repulsion between 

neighbouring dye molecules.44 This explanation holds true in terms of the Debye-Hückel theory 

where interactions between ions are based on molecular charge and are strictly 

electrostatic.23,39,45 Evidence has shown that the aggregation of small molecules is not purely a 

function of ionic strength and can be altered when different ions are used.30,34,46 In order to 

account for the differences in ions, or short range interactions that cannot be explained by the 

Debye-Hückel theory, individual properties of the ions must be taken into account such as an 

ion’s free energy of hydration. In addition, recent theories suggest that the aggregation of small 

molecules is linked to the ability of the molecule and its counter ion to form an inner sphere ion 

pair (Figure 1.5).39,42,45,47  

 

!

!
!
Figure 1.5 Simple representation of two individually hydrated ions (left) and the hydration of the 
inner sphere ion pair (right) with the release of water molecules (grey small circles) into the bulk. 
Ion pair and water spheres are not drawn to scale.  

!
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In order to link the predisposition of ion pair formation to the aggregation of small 

molecules we can take queues from first thoughts produced by Hofmeister and the divisions of 

ions into chaotropes and kosmotropes. Cations and anions can be arranged in order of those that 

are weakly hydrated to those that are strongly hydrated (Figure 1.6). As mentioned previously, 

smaller ions have a higher surface charge density than larger ions and typically have a smaller 

hydrated radius due to a stronger interaction between water molecules in the hydration sphere 

and the ion.39 As a result, these ions are classified as being strongly hydrated and generally have 

higher free energies of hydration. For larger ions, the charge density for a similar valency ion 

will be lower. Therefore, the ion will have a lower free energy for hydration as water molecules 

are not as strongly associated to the apparent lower charge density.48  

 

 
SCN- < ClO4

- < I- < Br- < Cl- < CH3CO2
- < SO4

2- < Citrate3- 
N(CH3)4

+ < NH4
+ < Cs+ < Rb+ < K+ < Na+ < H+ < Ca2+ < Mg2+ 

Weakly Hydrated 
 

Strongly Hydrated 

Figure 1.6 Anions (top) and cations (bottom) arranged in order from most weakly hydrated to 
those that are most strongly hydrated.36,37,39 

!
   

In order to understand the tendency for ion pair formation between two ions, one must 

remember that individual ions are hydrated in solution. This means that water molecules must be 

removed from individual hydration spheres and released into bulk as the inner sphere ion pair 

forms (Figure 1.5). In result, the number of water molecules hydrating the ion pair will be less 

than the number of water molecules involved in hydrating the individual ions. The release of 

water molecules from an ordered hydration sphere and into the bulk solution is entropically 
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favoured but does require some energy, the free energy of hydration. In some cases, the energy 

that is released when an ion pair forms is insufficient to disrupt the ordered hydration sphere of 

an ion, and in these circumstances, ion pair formation will be nonspontaneous. 

Supporting this theory, ion pairing between surfactants and their associated counter ions 

has been observed in the literature thus far.16,49 It has been theorized that weakly hydrated 

counter ions form inner sphere ion pairs with the weakly hydrated surfactant head groups and 

small ions form close ion pairs with strongly hydrated head groups (Figure 1.7).16 The ability of 

surfactants to form inner sphere ion pairs with their counter ions results in different aggregation 

properties of the surfactants. For instance, by substituting the counter ion for decyl sulphate from 

Na+ to Cs+, a reduction in the measured CMC value was observed from 8.0 mM to 6.2 mM.49 A 

decreased CMC value is indicative that the surfactant molecule aggregate at lower concentrations 

and thus links the presence of a strong inner sphere ion pair to an increase in aggregation. 
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!!

!
!
Figure 1.7 Ordering of anionic surfactant head groups and the respective counter ions regarding 
their capabilities to form close ion pair. The green arrows mean strong interactions (close ion 
pairs). Atoms in the surfactants structures in the figure are assigned as follows, carbon (cyan 
spheres), oxygen (red spheres), phosphorus (grey sphere), and sulphur (yellow spheres). 
(Reprinted from Advances in Colloid and Interface Science, 146, Vlachy, N.; et al. Hofmeister 
series and specific interactions of charged head groups with aqueous ions, 42. Copyright 2014, 
with permission from Elsevier.) 

!
 

Although the interaction of small molecules in the presence of small electrolytes is 

fascinating, large electrolytes, such as surfactants and other ionic macrocycles have also played 

an interesting role in the elucidation of aggregation of small molecules. Examples of large 

electrolytes include mono or multivalent charged species and a number of those currently used in 

the literature (Figure 1.8) show particularly interesting aggregation patterns. 
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!

!
Tetraphenylborate!

 

 
Sodium dodecyl sulphate!

a) Borates 
!

b) Surfactants!

 
Calix[4]arene sulphonate 

 
Polystyrene sulphonate 

c) Macrocycles 
!

d) Polymers!

Figure 1.8 Examples of large electrolytes that have been used to study the aggregation of small 
molecules, primarily dye molecules, in the current literature. These include a) borates,32,50,51 b) 
surfactants,52-54 c) macrocycles,6,55 and d) polymers.56,57 

!
 

The intermolecular forces that are responsible for aggregations of these large electrolytes 

are no different than the interaction with small salts and dye molecules. Aggregation for these 

cases is primarily driven by the hydrophobic effect between dye molecules and a Coulombic 

reduction by the interaction of the dye and the counter ion as mentioned earlier. Particularly for 

large electrolytes, the formation of aggregates is also a function of the hydrophobicity of the 

large electrolyte itself, and not just the dye molecule.52-54 Therefore when working with these 

species, one must be aware that they too can undergo self-organization, such as surfactants that 

form micelles, and experimental conditions must be designed to minimize this impact. As 

B

O
S

O

O O

10 Na

OHOH HO

SO3O3S
SO3

SO3

OH

SO3

n



 

19 

alluded to, large electrolytes can induce some interesting aggregation effects, and a good 

example of this is their ability to form organic nanoparticles,32,58 which will be further discussed 

in Part Two. 

As previously discussed, the aggregation of molecules in aqueous solution is a complex 

phenomenon, which is the function of overcoming Coulombic and entropic effects to reach a 

thermodynamically stable unit. In order to understand the forces that govern molecular 

aggregation it is essential to be able to observe aggregate formation, and the use of light 

absorbing small molecules, or dyes, along with optical spectroscopy have become invaluable 

tools to achieve this.26,30,34  

 

1.4 Dye Aggregation 

The aggregation of dye molecules is a phenomenon that has most often been observed 

spectroscopically, as dimers and monomers have different spectroscopic signatures.26,30,34 The 

background theory pertaining to the optical response produced when a dye molecule undergoes 

aggregation lies within Kasha’s pioneering work in the 1940’s with the development of the 

exciton theory.59 

 

1.4.1 Spectroscopic Signatures of Dye Aggregates 

Kasha’s exciton theory builds on the foundations of simple absorption and emission 

processes of a monomer. A monomeric dye molecule can absorb a photon of light to promote an 

electron into an excited state, such as the first excited state (S1), to which a transition dipole 

moment is identified (Figure 1.9). Through internal conversion the excited electron decays to the 
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lowest vibrational level in the first excited state before it can relax back down to the ground state 

either by emission of a photon (fluorescence) or heat (non-radiative decay) (Figure 1.9). 

 

!

!
!

Figure 1.9 Simple schematic for the absorption of light by a monomeric dye molecule. The solid 
arrow represents the absorption of a photon by the monomer thus promoting an electron from the 
ground state (S0, horizontal line) to the first excited state (S1). The electron relaxes back down to 
the ground state either by fluorescence (emission of a photon, dashed line) or by non-radiative 
decay (wavy line).  

!
 

However, for two molecules within very close proximity to one another, as in the case of 

a dimer, one must take into account that an overlap of individual transition dipoles can occur. If 

we assume that the transition dipoles, denoted as arrows (") are parallel to one another, we can 

imagine two options; either the molecular dipoles are in the same direction (""), or they are 

anti-parallel to one another ("#). This type of orientation of transition dipoles is known as the 

‘brick-like’ arrangement (Figure 1.10) and is labeled as the H-type due to its appearance in the 

absorption hypochromic, or at a higher energy, compared to the monomer.30 However, dimers 

can also form in the ‘tail-to-tail’ arrangement, and similar to the H-type, the transition dipoles 
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can either point in the same ($$) or opposite directions (%$) (Figure 1.10).60 Dimers of this 

form are label as the J-type after the man who first described them; E. Jelley.61   

 

 

 

 

 
Transition dipoles pointing in the same direction. 

!

  
Transition dipoles pointing in opposite directions.  

!
H-Type 

!
J-Type!

Figure 1.10 The two different transition dipole arrangements possible in either a H-type (left) or 
J-type (right) dimer. The grey ovals represent the dye molecule and the black arrows represent 
the transition dipole.  

!
 

In either the H-type of J-type dimer, the two possible orientations of neighbouring 

transition dipoles result in a splitting of the excited state for the dimer, or specifically the 

formation of two excitons (Figure 1.11). The excited state of the dimer is split due to the 

particular interaction between the neighbouring transition dipoles in the dimer itself. For 

example, in the anti-parallel orientation of the H-type dimer ("#), an increased attractive force 

will be felt between the two dipoles and the exciton level for this configuration will be stabilized 

and lower in energy compared to the monomer (Figure 1.11). In contrast, the parallel transition 

dipoles pointing in the same direction (""), will have increased repulsive forces and the exciton 
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energy will increase relative to the monomer. The reverse is true for the J-type dimer, where the 

higher repulsive forces between dipoles are felt when the transition dipoles are oriented in 

opposite directions and the lower attractive forces occur when the transition dipoles are pointing 

in the same way (Figure 1.11).  

 

!

!
!
Figure 1.11 Kasha’s exciton theory59 for dimers and molecular transition dipole orientations. 
The orientation of transition dipoles for the lower and higher exciton levels shown for the H-type 
(left) and the J-type (right). In this figure, only the level of the first excited state (S1) is shown. 

!
 

 Although two excitons are possible for both the H- and J-type dimers, in order to predict 

allowed electronic transitions, one must take into account the overall transition dipole of the 

dimer. The overall transition dipole for the anti-parallel orientation is zero in both dimers ("# 

or %$), and therefore absorption to this exciton is forbidden (Figure 1.12).59 Oppositely, for 

transition dipoles orientated in the same direction ("" or $$), their sum is greater than zero 

and are therefore responsible for the allowed transitions (Figure 1.12).  
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!

!
!
Figure 1.12 Possible transitions within a monomer or dimer. For the H-type dimer (left hand 
side of the monomer), absorption (solid arrow) occurs to the allowed higher exciton state. From 
here, internal conversion (small wavy arrow) occurs to the lowest exciton state, from which only 
non-radiative decay (large wavy arrow) can occur to return to the ground state. The absence of 
fluorescence from the dimer is shown with the X through the fluorescence arrow (dashed arrow). 
For the J-type dimer (right hand side of the monomer), absorption (solid arrow) occurs to the 
allowed lower exciton state, as absorption to the higher exciton state is forbidden (solid arrow 
with X). From the lower exciton, the excited electron can decay to the ground state by 
fluorescence (dashed arrow) or non-radiative decay (large wavy arrow).59 

!
 

For the H-type dimer, where absorption to the higher exciton state is allowed, the dimer 

will appear blue shifted compared to the monomer (Figure 1.13a). However, once excited, 

internal conversion quickly occurs to relax to the lower exciton. Since this state is technically 

forbidden, fluorescence does not occur from the lower exciton of the H-type dimer and therefore 

non-radiative decay occurs to return to the ground state (Figure 1.12).59 For the J-type dimer 

however, the lower exciton is the allowed state. Therefore, absorption and fluorescence can 

occur to and from this state, respectively. As a result, the J-type dimer will appear red shifted 

compared to the monomer and will be fluorescent (Figure 1.13b).59  
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a)  b)  
 
Figure 1.13 Examples of H- and J-type dimers. a) Absorption spectrum of 3,3’-
diethylthiacarbocyanine monomer and the calculated absorption spectrum of the dimer in 
aqueous solution. (Reprinted with permission from West, W.; Pearce, S. The Journal of Physical 
Chemistry 1965, 69, 10. Copyright 2014 American Chemical Society) b) Absorption spectra of 
bis(2,4,6-trihydroxyphenyl)-squaraine (SQ2) in dry acetonitrile at concentrations of 1.2 µM (line 
a), 2.4 µM (line b), 3.6 µM (line c), 6.0 µM (line d), 10.8 µM (line e), and 13.3 µM (line f). The 
squaraine monomer absorbs at 480 nm and the dimer absorbs at 595 nm. (Adapted with 
permission form Das, S.; et al. The Journal of Physical Chemistry 1993, 97, 13620. Copyright 
2014 American Chemical Society.) 

!
 

It is important to recognize that aggregation of dyes is not limited to dimerization. Indeed 

for many dyes, higher-ordered aggregates, containing more than two dye molecules, have been 

found in the literature.28,44,53,54,62-64 To this effect, dyes in a particular class, the cyanine’s, have 

been found to readily form dimers and higher-ordered aggregates in aqueous solution.25,32,54,57,65-

67 These molecules are therefore prime candidates to probe the mechanism of self-organization in 

aqueous solution.  

 

Monomer 

Dimer 
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1.4.2 Cyanine Dye Structure 

Cyanine dyes have an extensive experimental and application based history,34,68 and as a 

result whole textbooks have been devoted to characterizing and describing the vast catalogue of 

this dyes’ family.69,70 Undeniably, cyanine dyes have been exploited due to their light absorbing 

properties which is an outcome of a polymethine backbone containing an extended delocalized 

#-system, with a general structure shown in Figure 1.14.  

 

!

!
!

Figure 1.14 General structure of a cyanine dye where the nitrogen moieties are part of an 
aromatic system.71  

!
 

As alluded to in Figure 1.14, an immense amount of variation can exist in the structure of 

cyanine dye molecules, as modifications can not only occur via the methine bridge, but also in 

the aromatic groups and the substituents attached to them. This functionality results in these 

molecules having very tuneable optical and electronic properties. For example, increasing 

conjugation of cyanine dyes, either through the carbon bridge or the aromatic substituents drives 

the absorption of the molecules closer to the red end of the spectrum, allowing them to have 

broad applications ranging from bioimaging72 and semi-transparent photovoltaics73 to 

photography.74  
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While there are multiple possible variations for the heterocylic ring systems on either side 

of the polymethine bridge resulting in both symmetric and asymmetric varieties, cyanine dyes 

containing benzothiazole (Figure 1.15a) and quinolone (Figure 1.15b) moieties have an abundant 

history since their elucidation in the 1880’s.69 Cyanine dyes containing these functional groups 

have captured our attention as their photophysical properties in the presence of salts has yet to be 

described in detail in the literature and therefore are a focus in this thesis.  

  

 

a)  

 

b) !
 

Figure 1.15 Thiazole (a) and quinolone (b) moieties in cyanine dyes. 

!
  

In reaction to the presence of these aromatic moieties and a highly conjugated molecular 

structure, cyanine dyes are very often insoluble in water and precipitate to large degrees in 

hydrophilic solvents.34,64,69 In order to increase water solubility of cyanine dyes, hydrophilic or 

charged substituents can be added to the molecule, commonly at the R1 position (Figure 

1.14).69,71 In result, cyanine dyes that are either negatively or positively charged have become 

very interesting molecules to study as they show significant aggregation patterns in aqueous 

media.25,27 Additionally, this particular functionalization results in the dyes having highly 
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sensitive photophysics allowing the effects of variable solvents,64,75,76 temperature,75,77 and ionic 

strength66,76 to be characterized.  

As the molecular composition of cyanine dyes can be diverse, crystal structure analysis 

and theoretical models31,62,78-80 have provided useful information to link molecular composition 

to dye structure and geometry.79,80 Among trends observed, limited evidence suggests that not all 

cyanine dyes are planar, and an angle can exist between the two aromatic units connected by the 

polymethine bridge (Figure 1.16).63,80 The length of the polymethine bridge, (Figure 1.16a) and 

the substituents on the molecule (Figure 1.16b and c) appear to be a factor in dye geometry. 

Evidence suggests that as the length of the polymethine bridge increases, the molecular geometry 

becomes more planar as illustrated by comparing pinacyanol (PIN) to pseudoisocyanine (PIC; 

Figure 1.16a).78,81 Computational models for these dyes have estimated dihedral angles of 50.6° 

for PIC31,81 and 2.4° for PIN.78 The dihedral angle is a simple way to compare planarity between 

cyanine dyes, as it describes the angle between the two aromatic moieties connected by the 

polymethine bridge. Conversely, as a dye becomes more substituted, the structure can become 

more twisted due to steric limitations (Figure 1.16b and c).80,82,83  
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PIC 

 

 
PIN 

a)              Dihedral Angle = 50.6°                                             Dihedral Angle = 2.4° 
!

!

!

!

                                   TO+                                                                  "-CN-TO 
b)        Dihedral Angle = nearly Planar                                      Dihedral Angle = 135° 
 

c)!  
 

 

 
 

Figure 1.16 a) Molecular structure for two cyanine dyes with different length of polymethine 
bridge, pseuodoisocyanine (PIC, left) and pinacyanol (PIN, right). Minimized models for PIC 
and PIN have been used to determined the dihedral angles for the molecular twist of 50.6° for 
PIC31,81 and 2.4° for PIN.78 b) Molecular stucture of cyanine dyes thiazole orange (TO+, left) and 
a cyano functionalized TO+ (!-CN-TO, right). d) Crystal structures of TO+ (left) and !-CN-TO 
(right) have determined a dihedral angle for !-CN-TO to be around 135° where TO+ is nearly 
planar.80 (Reprinted with permission from Shank, N. I.; et al. Journal of the American Chemical 
Society 2013, 135, 242. Copyright 2014 American Chemical Society.) 

!
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The combination of crystal structures, theoretical calculations and spectroscopic data has 

enabled those working with cyanine dyes to link dye geometry to spectroscopic signatures.27,57,84 

Although cyanine dyes have interesting photophysical properties due to their highly conjugated 

structure, the presence of this hydrophobic backbone structure, make these molecules susceptible 

to undergo self-organization in aqueous solutions.85,86 As a result, they have been used as tools to 

study dye self-organization in aqueous solution, a topic that is at the forefront of many 

disciplines pertaining to dye molecules such as optics87 and photovoltaics.3,88 

 

1.4.3 Cyanine Dye Aggregation 

The basic principles of self-organization or aggregation apply to cyanine dyes. In these 

molecules, van der Waals, London dispersion forces and hydrophobic interactions dominate the 

attractive force between charged cyanine dye molecules in aqueous solution; whereas Coulombic 

interactions predominate the repulsive forces.89-91 Although Coulombic and hydrophobic 

interactions have already been introduced with the surfactants, van der Waals and London 

dispersion forces have yet to be described in this work. Van der Waals forces describe the sum of 

all forces present between two molecules, besides covalent interactions.23 These forces include 

dipole-dipole and ion-dipole interactions, which are likely to occur between water molecule and 

charged cyanine dyes. Although London dispersion forces are a type of van der Waals forces, 

they specifically describe the interaction between two instantaneously induced dipoles that occur 

in every single molecule.23 

Although London dispersion forces are profuse, they are particularly strong between 

molecules that have the ability to come into close proximity with one another, such as surfactant 

saturated alkyl chains in organized micelles.15 A prime example of this is the difference in the 
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melting points in saturated and unsaturated fatty acids as seen in Figure 1.17. The ability of 

stearic acid molecules to pack closely with one another results in strong London dispersion 

forces and a melting point of 70°C. However, the presence of the cis-double bond in oleic acid 

inhibits close molecular packing of these molecules and as a result, oleic acid has reduced 

London dispersion forces and possesses a melting point of only 16°C.92  

 

 

a)!  
 

b)!  
 

Figure 1.17 Molecular structures of two fatty acids, a) the saturated stearic fatty acid and b) the 
unsaturated oleic fatty acid.  

!
 

The sum of these van der Waals and Coulombic forces dictates the inherent organization 

of charged cyanine dyes in solution, where frequently a simple equilibrium exists between 

monomeric and dimeric forms. Dimerization of charged cyanine dyes is often spontaneous,76 as 

the energy gained when water molecules are released from individual hydration spheres into the 

bulk is greater than the energy required to order the two monomers into a single dimer.24,93  

As intermolecular forces dictate cyanine dye aggregation, one can be convinced that by 

affecting the structure of the cyanine dye, thus altering the intermolecular forces, one can affect 
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the nature of the dimerization and organization. For instance, the stronger the intermolecular 

forces that exist between monomers, the increased stability of dimers to exist in solution.24 

Therefore, trends of cyanine dye self-assembly and in particular cyanine dye dimerization, have 

been studied abundantly in the literature and as expected are based on the knowledge of 

intermolecular forces, contingent on the structural geometry of cyanine dyes.79,90,94 Very simply, 

for dye molecules that are planar, dimerization is spontaneous with equilibrium constants on the 

order to 104 M-1.26,27,30,34 However, as a cyanine dye become more twisted around the 

polymethine bridge, dimerization decreases and the cyanine dye is found in solution primarily as 

a monomeric species.80  

Spectroscopic indicators of dimerization and aggregate formation have allowed for the 

elucidation of molecular organization within higher-ordered aggregates. Particularly, knowledge 

of Kasha’s exciton theory has enabled significant advances in the field of cyanine dye 

organization and has provided information on the way cyanine dye molecules pack within 

aggregate structures.79,90,94 Recently, work has begun to elucidate the dependence of aggregate 

structure, H- over J-aggregates, on cyanine dye molecular structure.79,90,94 Current literature 

evidence, built on the foundations of previous work, suggests a correlation between the planarity 

of dye molecules and the type of aggregate formed.31,80 As a rough guideline, unsubstituted dye 

molecules that are planar have a tendency to form H-type aggregates and those dye molecules 

that are more twisted in nature will preferentially form J-type aggregates. Our work within this 

thesis hopes to provide further evidence supporting this hypothesis.   
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Part Two: Organic and Metallic Nanoparticles 

Part Two of this introduction reviews the ion association method for the synthesis of 

organic nanoparticles and the interesting phenomenon that occurs between metallic nanoparticles 

and a closely associated dye molecule. 

 

1.5 Background on Organic and Metallic Nanoparticles 

1.5.1 Ionic Organic Nanoparticles 

In the past decade, interest and awareness has grown in the field of ion association which 

stems from the ability of two ions to form a hydrophobic ion pair in solution, as discussed in part 

one. In addition to soluble aggregates, ion association has recently led to the discovery and 

characterization of ionic organic nanoparticles.95-97 These types of nanoparticles are purely 

composed of large organic cations and anions and are a result of the formation of ion pairs 

between these species.98,99  

Synthetically speaking, ionic organic nanoparticles are prepared using a simple method 

where aqueous solutions containing the two ions of interest are mixed together.99 Like the ion 

pairs leading to small molecular aggregates, the formation of ion pairs from ion association 

results in charge screening between the large cation and the large anion. In light of these neutral 

ion pairs, agglomeration can occur thus promoting the growth of a nanoparticle.99 The growth of 

the nanoparticle is controlled by the association of excess charges on the surface of the particles, 

which inhibits size development.99 Because of their components, these nanoparticles are often 

classified in the literature as ionic organic nanoparticles.98,100 

Similarly to ionic liquids, organic nanoparticles formed from large organic ions can be 

designed to be multifunctional by choosing cations and anions with similar or different 
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properties100 and are often first identified using optical spectroscopy. For instance, ionic organic 

nanoparticles composed of light absorbing molecules often show an absorption spectrum that is 

slightly different compared to molecules alone in solution (Figure 1.18).100-102  
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a)  
 

b) c)  
 
Figure 1.18 a) Absorption spectra of porphyrin tosylate salt (line d), and porphyrin organic 
nanoparticles produced with either TPB- (line a), TFPB- (line b), or TFMPB- (line c) counter 
ions. For the structure of the porphryin salt and the counter ions see the full text.102 (Reprinted 
from the Journal of Photochemistry and Photobiology A: Chemistry 2007, 189, Ou, A.; et al. 
Preparation and optical properties of organic nanoparticles of porphyrin without self-
aggregation, 7 - 14. Copyright 2014 with permission from Elsevier.) b) Absorption spectra of 
ethanolic solutions containing a cyanine dye, HMT, with a variety of counter ions; in these 
solutions nanoparticles do not form. c) Resolved absorption spectra of aqueous solutions 
containing nanoparticles consisting of A) [HMT][AOT], B) [HMT][NTf2], C) [HMT][TFPB], D) 
[HMT][BETI], and (E) [HMT][TFP4B]. Herein, the black trace is the recorded absorption 
spectra of the organic nanoparticles, and the blue, red, and green traces are the three components 
found in the deconvoluted spectrum that correspond to the HMT H-aggregates, the HMT 
monomer, and the HMT J-aggregates, respectively. For the structures of the HMT cyanine dye 
and the counter ions see the full text.100 (Reprinted with permission from Das, S.; et al. Langmuir 
2010, 26, 12867. Copyright 2014 American Chemical Society.) 

!
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Ionic nanoparticles containing fluorophores show great promise in applications ranging 

from sensors to organic lasers due to their interesting electroluminescence properties, simple 

synthetic procedure, and their ability to be incorporated into thin films.103-105 While altered 

photophysical or photochemical changes to fluorophores are reported when these molecules are 

confined in the solid state,99,100 extensive research has enabled this effect to be minimized, which 

has led improved stability of fluorescent organic nanoparticles in solution.103-105 Although some 

photophysical and photochemical alterations are possible, the properties of most organic 

nanoparticles based on the ion association method are reminiscent of bulk ionic solutions and the 

components therein.98  

In combination with absorption and fluorescence spectroscopy, dynamic light scattering 

(DLS) and transmission electron microscopy (TEM) can be used to identify and characterize 

ionic nanoparticles.98,101,102 Various examples of TEM imaging with ionic organic nanoparticles 

exist in the literature and through this technique they have been found to range in size from about 

20 to 200 nm (Figure 1.19).98,101,102  
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a)  
 

 

b)  
 

c)!  
 

Figure 1.19 TEM images of a selection of ionic organic nanoparticles reported in the literature. 
a) Organic nanoparticles composed of 1,1’,3,3,3’,3’-hexamethylindotricarbocyanine and sodium 
bis(2-ethylhexyl)sulfosuccinate with a diameter of 71 ± 16. (Reprinted with permission from 
Bwambok, D. K.; et al. ACS Nano 2009, 3, 3854. Copyright 2014 American Chemical Society.) 
b) meso-Tetrakis(1-methylpyridinium-4-yl) tetra-p-tsolyate and tetraphenylborate organic 
nanoparticles with a diameter of about 25 nm. (Reprinted from the Journal of Photochemistry 
and Photobiology A: Chemistry 2007, 189, Ou, Z.; et al. Preparation and optical properties of 
organic nanoparticles of porphyrin without self-aggregation, 7., Copyright 2014, with permission 
from Elsevier.) c) 2-(4-(dimetylamino)styryl-1-ethylpyridinium and tetraphenylborate organic 
nanoparticles with a diameter of about 100 nm (Reprinted with permission from Yao, H.; et al. 
Langmuir 2009, 25, 1131. Copyright 2014 American Chemical Society). 

!
 

1.5.2 Metallic Nanoparticles 

 The first recorded characterization of metallic nanoparticles was by Michael Faraday 

over 150 years ago when he differentiated gold colloids from bulk gold solutions.106,107 Ever 
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since then, the synthesis, characterization, and modification of gold and silver nanoparticles has 

interested scientists.108-110 Synthetically, gold and silver nanoparticles can be obtained by a 

simple reduction of gold (III) or silver (I) by a reducing agent, such a sodium citrate, in aqueous 

solution.111-116 Although this most basic synthetic method to obtain nanoparticles can be 

completed in undergraduate laboratories,117,118 optimization of nanoparticle size, shape, and 

solution stability has been an ongoing problem in the literature.114,119-122  

 Spectroscopically, nanoparticles are very different from the same metals in bulk solution 

and this arises from size confinements at the nanoparticle scale, particularly the presence of 

surface plasmons.123 Surface plasmons are collective oscillations of electrons, located at the 

surface of a nanoparticle, induced by electromagnetic fields when particle sizes are smaller than 

the wavelength of incident light.124 Upon an incoming instantaneous electromagnetic electric 

field, conduction electrons within the nanoparticle are able to oscillate coherently within the 

same direction as the field, which effectively results in the formation of a transition dipole 

(Figure 1.20).124,125   
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!

!
!
Figure 1.20 A commonly used schematic representing the plasmon oscillations for a sphere, 
showing the displacement of the conduction electron charge cloud (blue circle) relative to the 
nuclei (grey circle) in the presence of an electric field (green arrows). (Adapted with permission 
from Kelly, K. L.; et al. The Journal of Physical Chemistry B 2002, 107, 668. Copyright 2014 
American Chemical Society.) 

!
 

Oscillations of this instantaneous dipole will radiate electromagnetic energy or a 

localized electric field, which is defined as the scattering components in the extinction spectrum 

of a nanoparticle.124 However, nanoparticles can be absorptive also, such as when incoming 

electromagnetic energy is converted to heat. The Mie theory explains that the extinction cross 

section is a summation of the scattering and absorptive processes and therefore both processes 

appear in the extinction spectrum of a nanoparticle.124 Plasmonic oscillations are dependent on a 

number of different factors including nanoparticle’s size.125 For instance, experimental and 

theoretical evidence supports that increasing particle size results in a red shift of the absorption 

maximum (Figure 1.21).108,126,127  
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a)  
 

b)  
 
Figure 1.21 a) Absorption spectra of 9, 22, 48, and 99 nm gold nanoparticles in water. All 
spectra are normalized at the absorption maxima located at 517, 521, 533, and 575 nm, 
respectively. (Reprinted with permission from Link, S.; El-Sayed, M. A. Journal of Physical 
Chemistry B 1999, 103, 4212. Copyright 2014 American Chemical Society.) b) Photographs of 
aqueous solutions of gold nanospheres as a function of increasing sizes. Corresponding TEM 
images of the nanoparticles are shown; all scale bars are equal to 100 nm. (Reprinted with 
permission from Murphy, C. J.; et al. Accounts of Chemical Research 2008, 41, 10.!Copyright 
2014 American Chemical Society.) 

!
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As described above, nanoparticles possess different photophysical properties compared to 

their bulk solutions. These particular plasmonic effects have advanced applications that range 

from nanooptics128,129 to medical diagnostic techniques.130,131 In addition, advances in 

nanoparticle technology primarily reside in the ability to functionalize the surface of 

nanoparticles. In the case of gold nanoparticles, surface functionalization typically utilizes a 

sulphuric linkage between the nanoparticle and the desired molecule.132-134 Biological 

applications have benefited from the ability to covalently attach DNA, amino acids, and 

carbohydrates to metal nanostructures.135-140 Furthermore, dye molecules have taken a forefront 

in this synthetic surface functionalization work due to the interesting photochemical and 

photophysical changes that occur when these molecules are in close proximity to 

nanoparticles.141-145 

 

1.6 Metal Enhancement Effect by Metallic Nanoparticles  

The ability of metallic nanoparticles to alter the photophysical and photochemical 

properties of nearby molecules is a phenomenon that was first theorized in the early 1980s.146,147 

However, only recently the process by which metal enhancement occurs has been elucidated and 

is thought to originate via an antenna mechanism. The process of metal enhancement and the 

aspects governing it will be explained.  

 

1.6.1 Metal Enhanced Fluorescence (MEF) 

Enhanced vibrational and electronic transitions of nearby molecules to metallic 

nanoparticles via an antenna mechanism have only been performed deliberately in recent 

decades.143,148-150 An antenna, or in our case a metallic nanoparticle, contains the ability to 
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convert energy in the forward direction, from incoming radiation into a localized electric field, 

and the reverse direction, where outgoing radiation is produced from the localized electric 

field.151 When a dye molecule is nearby this antenna, it can either act as a transmitter when in its 

excited state, or a receiver in its ground state.143,151 This phenomenon has been found to increase 

the fluorescence emission of dye molecules, or fluorophores, in the presence of metal 

nanoparticles, a process that has resulted in improved sensitivity of fluorescence imaging 

techniques and is thereby referred to as metal-enhanced fluorescence (MEF).148,152-154  

Currently theories suggest that the process of MEF is reliant on two principal 

mechanisms with the first being centered on the electric field effect.155 Fluorophores, in close 

proximity to the metal nanoparticles are exposed to an increased electric field near the particles 

surface.155 Due to a coupling between the fluorophore’s dipole, acting as a receiver, and the 

localized electric field of the nanoparticle, an increase in the fluorophore’s absorption 

occurs.155,156 This effect results in a larger concentration of fluorophores being excited and by 

consequence an increased in observed fluorescence emission.155 Along with the electric field 

effect, the second mechanism for fluorescence enhancement involves an energy transfer. This 

energy transfer occurs between the excited state of the fluorophore, acting as a transmitter, and 

the surface plasmons of the nanoparticle.155 This coupling is responsible for a decrease in the 

fluorescence lifetime of the fluorophore which also accounts for an increase in fluorescence 

emission.155 

From these two mechanisms it is apparent that the MEF is a distance dependent 

phenomenon; meaning, that the distance between the metal nanoparticle and the fluorophore 

governs the enhancement factor (Figure 1.22). When a fluorophore is too far away from the 

metal nanoparticle where it does not feel the nanoparticle’s electric field, no enhancement will be 
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observed and the fluorophore will emit fluorescence as if it were in bulk solution.152,154,155 

However, as the distance decreases between the fluorophore and the metal nanoparticle, the 

fluorescence emission increases until it reaches an optimal position, which is dependent on the 

nanoparticle’s properties.152,154,155,157-159 Past this optimum position, once the fluorophore is only 

a few nanometers away from the metal nanoparticles, quenching of the molecule’s excited state 

is facilitated and very little emission from the fluorophore is observed (Figure 1.22).152,154,157 

 

!

!
!
Figure 1.22 Comparison of the measured lifetimes ($Q/$S) and fluorescence intensities (IS/IQ) of 
Cy3 label DNA separated from silver island films using biotinylated bovine serum albumin and 
avidin layers (DNA(Cy3)-biotin). This figure shows that fluorescence intensity enhancement is a 
distance dependent phenomenon (arrow). In this figure, subscripts Q and S describe the 
fluorescence measurements performed either with a quartz or a silver island films, Nex is the 
factor that describes the increase in rate of excitation of the dye when close to the silver island 
film, and Qm/Q0 is the ratio of the quantum yield in the presence of the absence of a metallic 
nanoparticle. See full text for the description of the relative enhancement. (Reprinted from 
Analytical Biochemistry, 315, Malicka, J.; et al. Effects of fluorophore-to-silver distance on the 
emission of cyanine-dye-labeled oligonucleotides, 57. Copyright 2014, with permission from 
Elsevier.) 

!
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MEF is not purely a distance dependent phenomenon. Spectral overlap between the 

fluorophore and the extinction of the metal nanoparticle allows for the highest excitation rate of 

the fluorophores due to their exposure to an enhanced electric field of the nanoparticle.158 In 

addition, the size of the particle plays a role in the propensity of MEF,158-160 where larger 

nanoparticles exhibit more pronounced MEF as they exhibit an increase in the scattering portion 

of the extinction spectrum of the particles.155,159 Optimization of nanoparticle size, and spectral 

overlap between the metal nanoparticle and fluorophore allows for a maximization of the electric 

field effect and energy transfer between the nanoparticle and the fluorophore.155,158-160 Primary 

evidence of MEF has been shown for metal islands deposited on thin films or 

substrates.152,153,161,162 In addition, the effect has been witnessed for multilayer core-shell 

nanoparticles where the shell was engineered to place the fluorophore, via covalent linkage, at 

the optimal distance from the metallic core.144,148,153,162-168  

 

1.6.2 Metal Enhanced Production of Singlet Oxygen (ME1O2) 

Just as metallic nanoparticles can enhance the fluorescence of nearby fluorophores using 

the antenna affect, nanoparticles can also be used to enhance the production of singlet oxygen 

(1O2). This process is named the metal enhanced production of 1O2 (ME1O2). 1O2 is a reactive 

oxygen species, which has been utilized to induce oxidative damage in biological systems.169-171 

Its finite lifetime of 10-6 – 10-3 s in solution172,173 has made it an important oxidative tool and 

therefore has use in applications ranging from chemical synthesis174,175 to photodynamic 

therapy.176-178  

1O2 is the excited state of molecular oxygen (3O2), which can be photochemically 

produced via an energy transfer from a molecule in its triplet state to 3O2.173 This energy transfer 
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results in one of the single unpaired electrons in 3O2 to undergo a spin inversion resulting in 

oxygen in a singlet state. A molecule, which is able to absorb light, and then undergo intersystem 

crossing to its triplet state is classified as a photosensitizer. In addition, due to the low energy 

gap close to 95 kJ mol-1 between the triplet ground state (3'g
-) and the lowest excited singlet state 

(1"g),173 1O2 can be obtained from 3O2 by energy transfer from most triplet photosensitizers.179,180 

Therefore in order to understand how this process may be enhanced, one must first comprehend 

the formation and subsequent deactivation of 1O2. These processes can be described as follows. 

First a molecule, named the sensitizer (1S), must absorb light to become excited,  

 

. (Eq. 1.14) 

 

Then, through intersystem crossing, this sensitizer can transform into its triplet state (3S*, 

Equation 1.15). Once in its triplet state and in the presence of oxygen, energy transfer between 

the two triplet molecules results in the formation of 1O2 and the sensitizer in its singlet ground 

state (Equation 1.16). 

 

 (Eq 1.15) 

 (Eq. 1.16) 

 

 It should be mentioned for completeness, that 1O2 can deactivate back to its ground state 

through a number of different pathways. These include deactivation by the solvent (Equation 

1S+ h! " 1S#

1S! intersystem crossing" #" " " " " 3S!

3S! + 3O2 " 1S+ 1O2
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1.17), physical (Equation 1.18) or chemical (Equation 1.19) quenching when an inhibitor (M) is 

present in solution, or emission of a photon via phosphorescence (Equation 1.20). 

 

 (Eq. 1.17) 

 (Eq. 1.18) 

 (Eq. 1.19) 

 (Eq. 1.20) 

 

1.6.3 Current Methods to Enhance Singlet Oxygen Production with Metallic Nanoparticles 

Knowledge of the production and deactivation of 1O2 has resulted in a handful of 

methods used to enhance 1O2 production using nanoparticles. So far two methods using metallic 

nanoparticles have prevailed, either enhancement of the direct production of 1O2 (Equation 1.16) 

or an enhancement of the phosphorescence signal from the radiative decay of 1O2 to 3O2 

(Equation 1.20).145,156,181-185 Enhancement of the phosphorescence quantum yield of 1O2 can be 

performed by increasing the 1O2 radiative decay rate, but only a handful of studies have shown 

the viability of this approach.182,185 In this method, nanoparticles are designed to have plasmon 

bands to match the 1270 nm phosphorescence of 1O2. In order for this method to be successful 

1O2 must be located at the optimal distance from the metal nanoparticles, but due to diffusion, 

1O2 is homogenously distributed through a sample and this optimal distance may not be always 

achievable.182    

The second method involves the direct increase in 1O2 production by a photosensitizer. 

Recent publications show that the 1O2 production by a photosensitizer is increased when the 

1O2
solvent! "! ! 3O2

1O2 + M ! 3O2 + M

1O2 + M ! M " O2

1O2 ! 3O2 + h"  (1270 nm)
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photosensitizer is in the presence of metal nanoparticles.145,181,183,184 As for MEF, the mechanism 

for metal enhanced 1O2 production is governed by the distance and the spectral overlap between 

the photosensitizer and the metallic nanoparticle.145,181,183,184 The mechanism for ME1O2 is 

described as an increase in the triplet yields of the photosensitizer due to an overall net increase 

in absorption of the photosensitizer.156,183 This increased absorption by the photosensitizer occurs 

due to a coupling between the photosensitizer’s transition dipole and the electric field near the 

nanoparticle’s surface as mentioned in previous section. This coupling results in the 

photosensitizer being exposed to a greater electric field and an overall increase in the number of 

molecules being excited.155,156  

Silver island films, in which metal nanoparticles are attached to a solid surface, have 

paved the way for this research.181,183,184 This particular technique has allowed the production of 

1O2 to be monitored in the presence and absence of silver island films and an observable 1O2 

production enhancement was found that was correlated to an enhanced electric field found 

around the surface of the nanoparticles (Figure 1.23).183 
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!
!
Figure 1.23 Distance dependent relationship between electric field enhancements and singlet 
oxygen on the 100 nm Ag nanoparticles. The field enhancement was predicted using FDTD 
calculations around a silver sphere.183 (Reprinted from Zhang Y.; et al. PNAS 2008, 105, 1798. 
Copyright 2008 by The National Academy of Science in the USA.) 

!
 

1.7 Outline 

Each chapter in this thesis will contain a brief introduction along with an experimental 

section describing the specific sample preparation and spectroscopic techniques used pertaining 

to each chapter. In order to present a logical progression of this work, this thesis will be outlined 

as follows.  

Chapter two will discuss the interaction of a specific cyanine dye, thiazole orange, with 

monovalent salts, and will focus on the formation of ion pairs. In this chapter, the aggregation 

patterns of thiazole orange in the presence of the different small monovalent salts are 

characterized using spectroscopic techniques and are discussed in terms of current ion 

association theories. Results from this chapter have been published in Langmuir in 2012.186 

Chapter three is an extension of this work, where the aggregation of multiple cyanine 

dyes is monitored upon the addition of the same monovalent salts used in chapter two. Particular 



 

48 

attention in this chapter was paid to the link between the observed aggregate structure formed 

after the addition of an electrolyte and the molecular structure of the cyanine dyes. A manuscript 

based on the work presented in this chapter is currently in preparation and will be submitted 

upon completion to a peer-reviewed journal. 

Chapters four then describes the interaction of our chosen cyanine dyes with alkyl salts 

where both the alkyl chain length and the ionic head group were altered. The relationship 

between the alkyl chain length and the extent of aggregation of the dyes is examined and an 

interesting application for premicelle concentration elucidation is presented. Chapter five takes 

this work one step further, where cyanine dyes are studied with polyelectrolytic species including 

both polymeric and macrocyclic varieties. In this chapter, aggregate structure or the absence of 

an aggregate is also linked to dye structure. 

 Chapter six utilizes knowledge of ion pairing to form organic nanoparticles containing a 

cyanine dye and a large borate anion. The capacity of these nanoparticles to be redox-active is 

exploited to reduce gold to form gold nanoparticles. Parts of this work were published in 2012 in 

the Journal of Nanoparticle Research.187 General conclusions for our aggregation work will then 

be presented in chapter seven, and additionally, further directions will be suggested for studying 

cyanine dye aggregation in aqueous solutions. 

 Chapter eight presents work where noble metallic nanoparticles are first coated with a 

silica shell and then covalently attached to a dye, Rose Bengal. This work presents evidence for 

metal enhanced singlet oxygen production, by Rose Bengal in the close proximity of a 

nanoparticle, in aqueous solution. Singlet oxygen enhancement by silver nanoparticles, a main 

part of this chapter, was published in The Journal of Photochemistry and Photobiology in 

2014.188   
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 Promotion of Thiazole Orange Aggregation using Monovalent Anions Chapter Two:

 

2.1 Background 

 Although research in molecular organization has undergone a number of rebirths 

throughout history,8 mechanisms responsible for these assemblies remain unclear. Various forces 

are known to control or drive molecular organization as mentioned in the introduction, such as 

van der Waals, hydrophobic, or electrostatic interactions.189,190 The environment, such as the 

solution or interface of assembly, also imposes some constraints on molecular assembly,4,190 and 

therefore, needs to be regulated in order to control the organization of molecules. External 

stimuli, such as electrolyte addition,191 are well-known to influence the assembly of molecules 

into ordered structures in solution, commonly referred to as aggregates.191,192 Interestingly, salts 

have been found to encourage or discourage aggregation for proteins by perturbing solvent 

surface tension,33 and the Hofmeister salt series acts as the foundation for both protein’s and 

macromolecule’s organization in solution.37,38 However, when it comes to smaller molecules, the 

physical properties of salt employed to induce aggregation are often disregarded, and ionic 

strength is frequently considered as the cause of aggregation.192,193 It is our goal in this chapter, 

to evaluate critically the specific role that salts play in the aggregation of small molecules. 

 Cyanine dyes are a good model to investigate the effect of the physical properties of salts 

on dye organization, as the facile establishment of ordered aggregates in solution possess 

distinctive photophysical properties.30,34,46 This distinct photophysical signature allows us to 

appraise the organization of a commonly used cyanine dye, thiazole orange (TO+), in aqueous 

solution and comment on the physical properties of the salt employed to generate aggregation. 

Our findings illustrate that not every salt is alike when it comes to inducing organization of an 
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organic cationic cyanine dyes in aqueous solution. Indeed, the increase in ionic strength is not 

solely responsible for dye aggregation, but rather the free hydration energy, associated with the 

size of the bare ions, seems to be the key to control molecular assembly. 

 

2.2 Experimental Section 

Thiazole orange (TO+, AnaSpec Inc., ultrapure grade) with p-toluenesulphonate as its 

counter ion was obtained and used without further purification. A stock solution of TO+ was 

prepared by dissolving the TO+ salt in DMSO (Sigma) to a concentration of 1 x 10-2 M, which 

was kept in the dark at 4°C for up to 2 months. Titration samples used for analysis were directly 

prepared in a cuvette to a concentration of 20 µM of TO+ in ultrapure water (Milli-Q, 18.2 M( 

cm at 25 °C). The concentration of DMSO in the final solution was 0.1% and can be assumed to 

be negligible. 

Six sodium inorganic salts were chosen to investigate their interaction with TO+, 

including sodium acetate (NaCH3CO2, molecular biology grade), sodium chloride (NaCl, 

99.0%), sodium bromide (NaBr, 99.0%), sodium iodide (NaI, 99.5%), sodium tetrafluoroborate 

(NaBF4, 98.0%), and sodium perchlorate (NaClO4, 99.5%).  These salts were chosen as they are 

all monovalent, their addition should minimally impact the pH of the aqueous solution, and all 

the anions differ in size. All salts were purchased from Sigma-Aldrich and were used as 

received. A stock solution for each inorganic salt was prepared to a concentration of 1 M in 

ultrapure water.  

Titration experiments were executed by first preparing a 20 µM solution of TO+ and then 

performing consecutive additions of the desired inorganic salts to a final concentration of 250 

mM. Absorption spectra were recorded using a Varian Cary-50 single beam spectrophotometer 
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after each salt addition. The solutions were placed in a semi-micro disposable cuvette of 0.45 cm 

width 1 cm path length (Plastibrand) unless otherwise stated. The salts were added to each 

solution individually, and all the solutions remained crystal clear throughout the titration 

experiments. For all titration experiments, data manipulation for absorption spectra involved a 

dilution correction. Additionally, when the initial absorption reading fluctuated inconsistently 

due to instrumental errors, a baseline correction was also performed. 

 

2.3 Thiazole Orange  

 Thiazole orange (TO+) is an asymmetric cyanine dye consisting of two conjugated 

aromatic ring systems connected by an exocyclic vinyl bond (Figure 2.1). It is a very popular 

fluorescent marker for DNA since the dye is virtually nonfluorescent in aqueous solution but 

shows strong fluorescence enhancement upon interaction with DNA.194 This increase in 

fluorescence is believed to arise from the limited TO+ photoisomerization when confined within 

DNA base pairs.29   

 

!

!!
!
Figure 2.1 Chemical structure of TO+ (left) with its p-toluenesulphonate counter ion (right). 
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At very low concentrations, cyanine dyes commonly exist primarily as monomers,65 and 

this can be seen for a 2 $M TO+ solution where a single main absorption maximum is observed at 

500 nm (Figure 2.2a).66 The slight shoulder present in the absorption spectrum around 480 nm is 

attributed to the presence of vibrational peak,195,196 a common signature for other cyanine 

dyes.65,66,77,79,197 Although two absorption bands can be indicative of the presence of both cis and 

trans isomers of a dye molecule, evidence in the literature suggest that for monomethine bridged 

cyanine dyes, the concentration of cis-conformation is negligible at room temperature.198 

Additionally, transient absorption spectra of similar cyanine dyes found the absorption of the cis-

isomer to be red-shifted compared to the trans-isomer, which does not correlate with the blue 

shifted shoulder. Henceforth, the remainder of this thesis will assume that the trans-isomer is the 

major species in solution.199 Using a Beer-Lambert analysis, in which the absorption is measured 

as a function of dye concentration (Figure 2.2b), the molar extinction coefficient value for the 

TO+ monomer was extracted to be 60300 M-1 cm-1 at 500 nm. Since the experimentally 

determined molar extinction coefficient is very close to the previously reported value66 the Beer-

Lambert analysis was performed a single time. 
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!

a) !
!

b) !
!

Figure 2.2 a) Absorption spectrum of TO+ (2 µM) in aqueous solution. b) Beer Lambert plot for 
the absorbance of TO+ at 500 nm as a function of TO+ concentration from 0.1 – 2 µM in 
aqueous solution. The slope of the line is equal to a molar extinction coefficient for TO+ at 500 
nm of 60300 ± 1000 M-1 cm-1. The absorption spectrum of TO+ and the Beer Lambert analysis 
were obtained using a 10 cm glass cuvette.  

! !
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Although at low concentrations TO+ is primarily monomeric, an increase in dye 

concentration results in the formation of TO+ dimers, which possess a maximum peak of 

absorption at 477 nm (Figure 2.3).27,29,30 Under our experimental conditions, the aqueous 

solution of TO+ contains a maximum of 0.1% DMSO, which has negligible impact on the 

spectrum shown in Figure 2.3. Indeed, the absorption maximum of TO+ in DMSO is red shifted 

to 507 nm (Figure 2.3), which indicates the solvatochromic effect of TO+ in the presence of a 

non-polar solvent. In addition, we assume that at the low concentration of 20 µM for TO+, the 

molecule is fully solvated in water, and its tosylate counter ion does not impact the results 

presented hereafter.  

  

!

!
!
Figure 2.3 Absorption spectrum of TO+ (20 µM) in aqueous solution (black trace) and DMSO 
(blue trace). 

! !
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It is apparent, through observations made with absorption spectroscopy (Figures 2.2a and 

2.3), that the concentration of the dimer in respect to the monomer, is dependent on the total 

concentration of the dye in aqueous solution. If one assumes a simple monomer-dimer 

equilibrium between two TO+ monomers (TO+) and one dimer ((TO+)2) (Equation 2.1), the 

equilibrium constant (Keq) for this dimerization can be given by Equation 2.2.  

 

 TO+ +TO+ ! (TO+ )2 , (Eq. 2.1) 

Keq =
[(TO+ )2]
[TO+ ]2 . (Eq. 2.2) 

 

 As we are dealing with an aqueous solution in which TO+ is a salt, the effect of the 

solution ionic strength must be taken into account in the expression for Keq.200,201 Activity 

coefficients are used to express deviations from ideal solutions when interactions between 

chemical species exist and thus the expression for Keq becomes;200,201 

 

Keq =
[(TO+ )2]
[TO+ ]2 ¥

!
[(TO+ )2 ]

[(TO+ )2]

!
[TO+ ]2

[TO+ ]2 , (Eq. 2.3) 

 

where !
[(TO+ )2 ]

 and !
[TO+ ]2

 represents the ionic activity coefficients for the monomer and dimer 

respectively.  

Under our experimental conditions, only micromolar TO+ concentrations will be used, 

resulting in a solution ionic strength that is in the micromolar range as well. Therefore, the ionic 
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activity coefficients can be calculated using the Davis approximation represented by the 

following expression202: 

 

! log" ± = 0.5zizj

I 1/2

1+11/2 ! 0.3I
#
$%

&
'(

, (Eq. 2.4) 

 

where I is the ionic strength and zi and zj are the valencies of the ions. Since the concentration of 

TO+ never exceeds 22 $M under our experimental conditions, the ionic activity coefficient is 

very close to 1. Therefore, the activity coefficients and the increase in ionic strength have a 

negligible impact on the equilibrium constant and Keq can thus be simplified to Equation 2.2.  

In order to specify the extent of dimerization of TO+, the molar extinction coefficients of 

the monomer and dimer must be known. As mentioned previously, a basic Beer-Lambert 

equation relates the absorption measured as a function of the concentration and molar extinction 

coefficient of the species absorbing light. Assuming additivity of absorbances, the total 

absorbance at a wavelength x can be expressed in term of the monomer and dimer species: 

 

Ax = (! x
m[TO+ ] + ! x

d[(TO+ )2])l , (Eq. 2.5) 

 

where  and  are the molar extinction coefficients of the monomer and dimer, respectively. 

Since it takes two monomers to generate one dimer, the conservation of mass can be written for 

TO+ as: 

 

! m
x ! d

x
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[TO+ ]T = [TO+ ]eq + 2[(TO+ )2]eq , (Eq. 2.6) 

 

where [TO+]T corresponds to the analytical concentration of the dye and [TO+]eq and [(TO+)2]eq 

are the equilibrium concentrations of the monomeric and dimeric forms of TO+, respectively. By 

combining Equations 2.2, 2.5, and 2.6, the expression for the total absorbance (A! ) can be 

rewritten as follows: 

 

Ax = ! x
m "

! x
d

2
#
$%

&
'(

" 1+ 1+ 8Keq[TO+ ]T

4Keq

#

$
%
%

&

'
(
(

+
! x

d

2
[TO+ ]T

)
*
+

,+

-
.
+

/+
l . (Eq. 2.7) 

 

Therefore, by using the equilibrium constant reported in the literature for TO+ dimerization in 

aqueous solution,27  and  can be extracted from a plot of the absorption of TO+, at 

wavelength x, in function of its concentration through a non-linear least squares regression 

analysis according to Equation 2.7. The values for these constants are listed in Table 2.1. The 

extinction coefficient found for the monomer peak of TO+ at 500 nm compares well with the one 

reported in the literature and to what was found at very low TO+ concentrations in Figure 2.2b.203 
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x ! d

x
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Table 2.1 Extinction coefficients for TO+ monomer and dimer in ultrapure water in the absence 

of monovalent ions. 

 

 
#m  

(M-1 cm-1)a 
#d  

(M-1 cm-1)a 

 
477 nm 

 
38000 

(± 1600) 
124000 
(± 2000) 

500 nm 
60500 

(± 1500) 
101000 
(± 1900) 

Keq
b 3.1 x 104 M-1  

 

aValues obtained by assuming a simple monomer-dimer equilibrium. 
bEquilibrium constant reported in the literature for TO+ dimerization in aqueous solution.27 
 
   

2.4 Thiazole Orange with Monovalent Anions 

As the natural state of TO+ alone in solution can be well explained, it is possible to study 

the interaction of TO+ with monovalent salts. 

 

2.4.1 Thiazole Orange with Small Monovalent Salts 

 As shown in Figure 2.4, the addition of sodium acetate (NaCH3CO2) to an aqueous 

solution of TO+ causes a decrease in both the monomer and dimer absorption peaks with 

increasing salt concentration. The changes observed cannot be associated with a simple change 

in solution pH. Indeed, under our experimental conditions, an increase in pH due to the addition 

of acetate ion can be considered negligible due to the presence of dissolved CO2 (10-5 M) in 

solution acting as a buffering agent.204  
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!

!
!
Figure 2.4 Evolution of the absorption spectrum of TO+ (20 µM) in ultrapure water (dark solid 
trace) upon addition of various concentrations of NaCH3CO2 at 0, 2, 4, 10, 52, and 250 mM for 
traces going from top to bottom. The initial spectrum of TO+ has been normalized to one with 
regards to the monomer peak at 500 nm. (Adapted with permission from Mooi, S.M.; Heyne, B. 
Langmuir 2012, 28, 16524. Copyright 2014 American Chemical Society.) 

! !
 

 The decrease of TO+ absorption maxima could potentially be associated with a change in 

the solution refractive index. As salts are added to the solution, the ionic strength increases, 

which in turn affects the refractive index of the solution. As reported in the literature for other 

salts,205 a positive relationship was found between the ionic strength and the measured refractive 

index of a TO+ solution with varying concentrations of NaCH3CO2 as seen in Figure 2.5.  

 

 

 



 

60 

!

!
!
Figure 2.5 The refractive index measured using a Bausch and Lomb Abbe-3L refractometer at 
room temperature plotted as a function of ionic strength. The initial solution contained 20 µM 
of TO+ (first point is for the TO+ solution at an ionic strength of 0.020 mM) and successive 
addition up to 250 mM of NaCH3CO2 were performed as the refractive index was measured.  

!
 

Theoretical and experimental analysis shows that the molar extinction coefficient can be 

altered when a change in the refractive index occurs.206 Interestingly, an increase in the refractive 

index causes a decrease in the observed molar extinction coefficient206 as seen from Equation 

2.8:   

 

! '(" ) =
9n! (" )

(n2 + 2)2

#
$%

&
'(

; (Eq. 2.8) 
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where #’(%) is the observed molar extinction coefficient at a wavelength %, n is the refractive 

index of the medium and #(%) is the molar extinction coefficient of the chromophore at a 

wavelength %. 

 By consequence, when the ionic strength of a solution is increased, a decrease in the 

molar extinction coefficient of a chromophore is observed. In our case, after addition of 250 mM 

of NaCH3CO2, the refractive index increases from 1.3327 to 1.3356 (Figure 2.5), which 

according to Equation 2.8 will lead to a decrease by 0.2% in the apparent extinction coefficient 

decreases. Since this loss is insignificant, we can assume that changes to the refracted index will 

have a negligible impact on the molar extinction coefficient of TO+ in solution. As a result, 

change in the solution refractive index is not the mechanism accountable for the loss of TO+ 

absorption observed in Figure 2.4. Additionally, this decrease cannot be attributed to a reduction 

of TO+ concentration as no visible precipitate was observed, and although we have yet to find a 

valid explanation for this phenomena, similar outcomes with other dyes have been observed 

previously in the literature.207 

 Upon addition of increasing concentrations of NaCl or NaBr, a similar behaviour for the 

TO+ absorption spectrum is observed, corresponding to a decrease of both the dimer and 

monomer peaks of the dye (Figure 2.6). Interestingly, the decrease in the absorption intensity is 

greatest for NaBr and least for NaCH3CO2.  

 

 

 

 

 



 

62 

!

!
!
Figure 2.6 Absorption spectra of TO+ (20 µM) in aqueous solution (no marker) with the 
addition of 250 mM NaCH3CO2 (circle), NaCl (square), and NaBr (triangle). The initial 
spectrum of TO+ has been normalized to one with regards to the monomer peak at 500 nm. 
(Adapted with permission from Mooi, S.M.; Heyne, B. Langmuir 2012, 28, 16524. Copyright 
2014 American Chemical Society.) 

!
 

It does appear, that for the three monovalent salts under investigation, TO+ aggregation is 

enhanced, since TO+ dimer peak increases with respect to the monomer one (Figure 2.6). This 

change in the monomer-dimer equilibrium can be quantified. Assuming a simple monomer-

dimer equilibrium between two TO+ monomers and one dimer molecule (Equation 2.1), if x 

corresponds to the mole fraction of monomers present in solution, the concentration in dimer can 

be found through manipulation of the expression of the mass conservation (Equation 2.9 and 

2.10):  
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[TO+ ] = x[TO+ ]T , (Eq. 2.9) 

[(TO+ )2] =
(1! x)

2
[TO+ ]T . (Eq. 2.10) 

 

Assuming that absorbances are additive, the total absorbance at a wavelength y can be expressed 

in terms of the monomer and dimer species (Equation 2.11) and rewritten in terms of the total 

concentration of TO+ (Equation 2.13): 

 

Ay = (! m
y [TO+ ] + ! d

y[(TO+ )2])l , (Eq. 2.11) 

Ay = (! m
y x[TO+ ]T + ! d

y (1" x)
2

[TO+ ]T )l , (Eq. 2.12) 

Ay =
2! m

y x+ ! d
y(1" x)

2
#
$%

&
'(
[TO+ ]T

#

$%
&

'(
l . (Eq. 2.13) 

 

As the absorption maximum for the dimer molecule is located at 477 nm in water, whereas the 

monomer has a maximum of absorption at 500 nm,27,29 the ratio of dimer over monomer 

absorbance is thus given by: 

 

A477

A500 =
2! m

477x+ ! d
477(1" x)

2! m
500x+ ! d

500(1" x)
. (Eq. 2.14) 
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Since the ratio of absorbances at 477 and 500 nm is a constant, R, the molar fraction of 

monomers present in solution (x) can be found using the following equation and the values 

provided in Table 1 for , , , : 

 

x =
! d

477 " R! d
500

2(R! m
500 " ! m

477)+ (! d
477 " R! d

500)
. (Eq. 2.15) 

 

From the knowledge of the molar fractions for both the monomer and dimer, Keq for the 

monomer-dimer equilibrium can be determined at each salt concentration (Figure 2.7). 

According to our result, the increase in TO+ dimer formation reaches a plateau at high salt 

concentration. In the plateau region, further addition of salt does not affect the thermodynamics 

of the monomer-dimer ratio or the equilibrium constant, as it did at low concentration. Since we 

have shown that a change in refractive index has negligible impact on TO+ extinction coefficient, 

the values found in Table 1 can be used as determined. It was found that the fraction of monomer 

dropped from 45% without salt added to 37% upon reaching the plateau region in the presence of 

NaCH3CO2, to about 29% in the presence of NaCl, and 25% in the presence of NaBr. This result 

is not surprising since salt-induced aggregation of small ionic molecules has been abundantly 

described in the literature.191,192  
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!

!
!
Figure 2.7 Keq for the monomer-dimer equilibrium of TO+ (20 µM) in Milli-Q water upon 
addition of increasing concentration of NaCH3CO2 (circle), NaCl (square), and NaBr (triangle). 
(Adapted with permission from Mooi, S.M.; Heyne, B. Langmuir 2012, 28, 16524. Copyright 
2014 American Chemical Society.) 

! !
 

Because the inorganic salts used in this study are all sodium derivatives, the results 

obtained can be inferred to the nature of the anionic species added in solution, which was further 

supported by obtaining very similar results when performing titration experiments with 

potassium salts (Figure 2.8). From Figure 2.8, it is clear that the change in the TO+ monomer-

dimer equilibrium cannot simply be associated with an increase in the ionic strength of the 

solution since equivalent concentration in monovalent ions have been added. 
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!

!
!
Figure 2.8 Absorption spectra of TO+ (20 µM) in aqueous solution (circle) with the addition of 
250 mM NaCl (no marker) or KCl (dashed line). 

!
 

2.4.2 Assessing the Free Energy for the Formation of the Thiazole Orange Dimer 

In order to obtain information on the tendency of TO+ dimerization to occur the relative 

free energy for the dimerization of TO+ can be assessed. When the free energy of the formation 

of a dimer becomes more negative, the inclination for dimerization increases.24 One can 

remember that the free energy of formation of the dimer ("GD) is related to the heat of formation 

(enthalpy, "HD) and the entropy of formation ("SD) as follows;24 

 

! GD = ! HD " T! SD , (Eq. 2.16) 
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where T is the temperature. For a reaction at equilibrium, the free energy is related to the 

equilibrium constant (Keq) in the following relationship where;  

  

! GD = " RT lnKeq . (Eq. 2.17) 

 

Therefore, knowledge of the equilibrium constant can provide thermodynamic information;23 

From rearrangement of Equation 2.17 to obtain Equation 2.18, and with substitution for "GD 

using Equation 2.16, the van’t Hoff relationship is derived (Equation 2.19);208  

 

Keq = e
!

" GD

RT , (Eq. 2.18) 

lnKeq = !
" HD

RT
+

" SD

R
. (Eq. 2.19) 

 

As seen by the mathematical relationship in Equation 2.18, as the temperature increases, the 

equilibrium constant decreases, assuming a constant "GD over the temperature range studied. 

Theoretically for an equilibrium that involves a monomer and a dimer (Equations 2.1 and 2.2), a 

decrease in the equilibrium constant will increase the amount of monomer formed at equilibrium. 

Due to this relationship, the van’t Hoff expression (Equation 2.19) enables the experimental 

determination of thermodynamic parameters for the dimer formation when the equilibrium 

constant is monitored as a function of temperature. 

 In order to determine the "GD, "HD, and "SD, for the dimerization of TO+ in the absence 

of salts, the absorption intensity of TO+ was monitored as a function of temperature. For TO+ 
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alone in solution, upon an increase in temperature the equilibrium shifts in favour of the 

monomer, as seen with an increase in the absorption at 500 nm and a decrease in the absorption 

intensity at 477 nm (Figure 2.9). 

 

!

!
!
Figure 2.9 Zoomed region of the absorption spectrum (between 460 – 520 nm) of an aqueous 
solution of TO+ (20 µM, thick black trace) when the temperature increases from 25 – 40°C. The 
arrows indicate the movement of the absorption spectrum when the temperature is increased.  

! !
 

The equilibrium constant was determined at the individual temperatures by extracting the 

concentrations of the monomer and dimer using the previously calculated molar extinction 

values at 500 and 477 nm. Then, by plotting the natural log of the equilibrium constant as a 

function of inverse temperature (Figure 2.10), the entropy and enthalpy for the dimerization of 

TO+ could be extracted. Values for entropy and enthalpy were determined to be approximately    
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-81 J K-1 mol-1 and -48.7 kJ mol-1 respectively, which are in close to the previously reported 

values of -81 J K-1 and -49.4 kJ mol-1.76 

 

!

!
!
Figure 2.10 A van’t Hoff plot of the natural log of the equilibrium constant as a function of 
inverse temperature. The entropy and enthalpy are extracted from the line of best fit to be -81 (± 
2) J K-1 mol-1 and -48.7 (± 0.8) kJ mol-1 respectively.  

! !
 

Currently, van’t Hoff experiments have yet to be performed for TO+ in the presence of 

monovalent ions at millimolar concentrations. However, other techniques besides a simple van’t 

Hoff analysis can provide information on dimerization thermodynamics and kinetics. For 

instance, studying relaxation kinetics using a temperature jump technique has opened up the door 

to study the specific rate constants for the forward (kf) and reverse (kr) pathways between a 

monomer and a dimer (Equation 2.20).26,27  
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TO+ +TO+ kf

kr

! "!# !! (TO+ )2 (Eq. 2.20) 

 

 The temperature jump method relies on the perturbation of equilibrium via a sudden 

increase in temperature. The inverse of the relaxation time for the dimerization of TO+ returning 

to equilibrium can be written in terms of the concentration of the monomer ([TO+]), the forward 

and reverse rate constants as follows: 

 

1/ ! = kr + 4kf [TO+ ] , (Eq. 2.21) 

 

  By using this method, the equilibrium constant for the dimerization of TO+ can be 

extracted at a specific temperature once kf and kr are known. Temperature jump also provides 

another avenue to thermodynamic parameters, as a van’t Hoff’s analysis can be performed using 

this experimental method.26,27  

 Past experiments performed with TO+, in the presence of 100 mM NaCl, using the 

temperature jump method suggested forward and reverse rate constants to be 8.0 x 108 M-1s-1 and 

2.6 x 104 s-1 respectively.27 However as alluded to in the introduction, the formation of a dimer 

(Equation 2.20) can be rewritten to take into account the formation of an encounter pair, which 

precedes dimer formation. This encounter pair separates the diffusion-controlled interaction 

between two monomers from the formation of a dimer (Equation 2.22). 

 

TO+ +TO+ k1

k! 1

" #"$ "" [TO+ %%%%%TO+ ]
k2

k! 2

" #"$ "" (TO+ )2 . (Eq. 2.22) 
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Here, k1 and k-1 are the rate constants for the diffusion-controlled formation of the encounter 

complex and the dissociation of the encounter complex, respectively, k2 is the rate constant for 

the conversion of the encounter complex to the dimer and lastly k-2 is the rate constants for the 

dissociation of the dimer back to the encounter complex providing information about dimer 

stability.26,28 In result the forward and reverse rate constants can be expressed by incorporating 

the formation of the encounter pair as follows: 

 

kf =
k1k2

k! 1 + k2

, (Eq. 2.23) 

kr =
k! 1k! 2

k! 1 + k2

. (Eq. 2.24) 

 

Dimerization kinetic data collected with other dyes, methylene blue26 and carbocyanine,28 

both concluded that k-1 > k2, and that the forward and reverse rate constants could be simplified 

to be equivalent to: 

 

kf =
k1k2

k! 1

, (Eq. 2.25) 

kr = k! 2 . (Eq. 2.26) 

 

As the rate constant of the formation of the dimer (k2) is suggested to be considerably 

lower than the rate constant of the dissociation of the encounter pair (k-1), the formation of the 

dimer from the encounter pair was hypothesized to involve the exclusion of water molecules out 
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of the encounter pair.26,28 As we suppose that the addition of small monovalent anions affect the 

dimerization of TO+, we can begin to deduce that the addition of salt may be affecting the 

formation of the dimer from the encounter pair. Although, evidence in the literature suggests that 

a change in ionic strength affects both k1 and k-1,209 the effect of anion size has yet to be 

investigated. In order to confirm our hypothesis, temperature jump experiments must be 

performed with TO+ in varying monovalent salts to collect values for forward and reverse rate 

constants and to date, collaboration with Dr. Biver from the University of Pisa (Italy) has been 

initiated to look deeper into this aspect due to her experience with the temperature jump 

technique.  

 

2.4.3 Thiazole Orange with Larger Monovalent Salts 

Like for NaCH3CO2, NaCl, and NaBr, the addition of larger sodium salts, NaI, NaBF4, 

NaClO4 causes a decrease of both the TO+ monomer and dimer absorption peaks (highlighted by 

arrows pointing downward Figure 2.12). Interestingly, unlike the previously discussed inorganic 

salts, addition of NaI (Figure 2.12a), NaBF4 (Figure 2.12b), and NaClO4 (Figure 2.12c) results in 

a more pronounced decrease of the dimer peak relative to the monomer one. Additionally, the 

overall decrease in the monomer and dimer absorption maxima is greatest for NaClO4, followed 

by NaBF4 and least for NaI (Figure 2.12).  

 Moreover, the addition of NaI, NaBF4 and NaClO4 results in an increase in the absorption 

spectrum of TO+ (arrows pointing upward) in regions that are both blue-shifted (around 420 nm) 

and red-shifted (around 560 nm) compared to the monomer and dimer peaks (Figures 2.12). 

Although an increase in the absorption intensity is also observed around 350 nm and may be due 

to absorption of I3
- in solution after the addition of NaI,210 this increase was observed for all three 
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salts and is likely not an artefact of I3
-. Therefore we do not believe this change in absorption 

intensity is solely due to the presence of I3
-. In fact, an increase in regions red and blue-shifted 

compared to the monomer is also characteristic of the absorption of larger aggregates. In 

particular, the peak observed at 422 nm has been associated previously to an H-aggregate 

resulting from the parallel stacking of TO+ molecules with a “face-to-face” orientation, as 

described in the introduction.6 Remarkably, formation of TO+ H-aggregates occurs at a lower 

concentration for NaClO4 compared to NaBF4, whereas no clear peak could be observed in the 

cause of NaI. 
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a)  

b)  

c)!  
Figure 2.12 Evolution of the absorption spectrum of TO+ (20 µM) in aqueous solution upon the 
addition of various concentrations ranging from 0 to 250 mM of a) NaI, b) NaBF4, and c) 
NaClO4. The initial spectrum of TO+ has been normalized to one with regards to the monomer 
peak at 500 nm. (Adapted with permission from Mooi, S.M.; Heyne, B. Langmuir 2012, 28, 
16524. Copyright 2014 American Chemical Society.) 

!
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2.5 Aggregation of Thiazole Orange and the Theory of Matching Water Affinities 

 As the inorganic salts used in this study are all sodium derivatives and identical 

concentrations have been used, the results acquired are conditional solely to the nature of the 

anionic species added in solution. From our results, it is clear that distinct monovalent anionic 

species will have a different effect on the aggregation behaviour of the TO+. Although 

aggregation of small molecules in aqueous solutions encouraged by increasing ionic strength is 

well documented,211,212 the role played by the type of salt used to cause the aggregation is weakly 

defined.213,214 However, specific ion effects are well studied in the case of proteins whereby 

changing the counter ion has displayed the ability to affect the solubility of the chosen protein.37 

As mentioned in the introduction, the known Hofmeister series arranges ions in order of those 

that salt in (increase solubility) and salt out (decrease solubility) proteins. According to this 

series, ions will increase the solubility of a protein in the order of CH3CO2
- < Cl- < Br- < I- < 

ClO4
-, where ClO4

- causes the greatest solubility.37 Interestingly, our results do not match this 

well-known series. Although additions of CH3CO2
-, Cl- and Br- all induce the dimerization of 

TO+, the greatest degree of dimerization is observed for Br- rather than for CH3CO2
- (Figure 2.6). 

 In ordered to explain our results, different properties of the monovalent anionic species 

involved in this study were obtained from the literature (Table 2.2). At first glance, one of the 

physical properties that stands out is the anion bare radius measurement. As seen in Table 2.2, 

the anion increases in size from CH3CO2
- < Cl- < Br- < I- < BF4

- < ClO4
-. Interestingly, this trend 

is consistent with our results; as the size of the anion increases, the aggregates of TO+ form at 

lower concentrations. Although the bare radius of the anion seems to be one of the driving 

factors for aggregation, it does not account for all of the results obtained concerning the induced 

dimerization for CH3CO2
-, Cl-, and Br- (Figure 2.6) and the formation of TO+ H-aggregates with 
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I-, BF4
-, and ClO4

- (Figure 2.12). A hypothetical line should thus be drawn in Table 2.3 between 

Br- and I- indicating where a change in TO+ organization behaviour is detected. Coincidentally, 

this change in behaviour also coincides with a larger drop in free energy of hydration. 

 

 
Table 2.2 Radius, hydrated radius, polarizibility, and free energy of hydration (FEH) for the 
anions studied. (Adapted with permission from Mooi, S.M.; Heyne, B. Langmuir 2012, 28, 

16524. Copyright 2014 American Chemical Society.) 

 

Anion 
Radius 
(nm) 

Hydrated Radius 
(nm) 

Polarizability 
(Å3) 

FEH 
(kJ mol-1) 

CH3CO2
- 0.15948 0.217191 0215 -389216 

Cl- 0.181217 0.224191 3.42217 -340218 
Br- 0.196217 0.231191 4.85217 -336219 
I- 0.21648 0.246191 6.76220 -30048 

BF4
- 0.230217 0.375221 2.78217 -22048 

ClO4
- 0.23648 0.338222 5.440 -205218 

! ! ! ! !
 

Over the past decade, there have been considerable efforts towards understanding ion 

specific effects, and it became clear that the conventional Debye-H%ckel model, where 

interactions involving ions are strictly electrostatic, is not sufficient to explain several ion 

processes in aqueous solution.39,45 Recently, the theory of matching water affinity gained 

popularity and this theory stems from the idea that ions can be separated into kosmotropes and 

chaotropes as discussed in the introduction. In the seminal papers by K.D. Collins et al., the 

authors demonstrated that processes involving ions in water are governed by hydration-

dehydration rather than purely electrostatic attraction.39,42,45 In aqueous solutions, water 

molecules hydrate ions, and the hydration capability of an ion is associated with its hydration 
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energy or water affinity. As seen in Table 2.2, as the bare radius of the anionic species in 

question increases, their hydration free energy decreases.  

Small ions, CH3CO2
- for example, hold water molecules tightly due to the high point 

charge density at the ion surface, which results in high free energy of hydration.39 In these ions 

the distance is smaller between the ion-water molecules than between water molecules 

themselves, resulting in small hydrated radius.39 Alternatively, the hydrating molecules 

surrounding the ClO4
- anion are far away from the large ion, resulting in ClO4

- being defined as a 

soft ion with a lower free energy of hydration and a larger hydrated radius (Table 2.2).39 

According to Collin’s theory, contact ion pairs between oppositely charged ions occur 

only for ions bearing similar water affinity.36,39 The driving force for the formation of a contact 

ion pair is the creation of stronger interactions between two oppositely charged ions or water 

molecules due to the partial dehydration of the ions in water.36,39 For two oppositely charged 

hard ions, the spontaneous formation of contact ion pars is favoured due to the stronger ion-ion 

interactions that result compared to the relatively weaker interactions between the hard ion and 

the water molecules present in its hydration sphere.36,39 On the contrary, the contact ion pair 

formation between two oppositely charged soft ions is driven by water-water interactions that 

occur as the water molecules are released upon dehydration. In this case, the interaction between 

water molecules is stronger than the interaction of water molecules with soft ions, resulting in the 

favourable formation of an ion pair.36,39 Furthermore, ions with dissimilar water affinity will tend 

to stay apart, since dehydration of the most strongly hydrated ion will require more energy than it 

is gained by the formation of contact ion pairs.36,39  

The theory of matching water affinities can be translated to our system with TO+. We 

assume that TO+ behaves like a large soft cation, due to the size and large hydrophobic regions 
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present in the molecule, which according to the theory would form contact ion pairs with other 

large, weakly hydrated ions.36,39,45 In our case, TO+ will form the tightest ion pair with the softest 

anion being ClO4
-, and indeed the TO+!ClO4

- contact ion pair would display an absorption 

spectrum comparable to the TO+ monomer, as it has been reported in the literature that 

spectroscopic properties of organic ions, and in particular cyanine dyes, are mostly unaffected by 

the formation of ion pairs.193,223,224 This hypothesis is supported by our data as the addition of a 

small concentration of ClO4
- shifted the equilibrium, observed by absorption spectroscopy, 

towards TO+ monomer as seen in Figure 2.12c. Interestingly, the formation of larger aggregates 

is observed upon further addition of the inorganic salt (Figure 2.12c). This behaviour could be 

attributed to the poor solubility of the contact ion pair thus formed in water as the minimization 

of the repulsive Coulombic forces between TO+ molecules could result in a stacking of the ion 

pairs into H-aggregates.193  

We also assume the contact ion pairs are formed between TO+ and I- and BF4
-, since 

addition of a small concentration of these inorganic salts shift the equilibrium observed by 

absorption spectroscopy toward TO+ monomer. However, the smaller ion, I-, might provide 

weaker shielding to the positive charge of TO+ as compared to ClO4
-, which could explain the 

lack of well-organized aggregate formation in the presence of NaI.  

On the other hand, our data suggests that TO+ has dissimilar water affinity to CH3CO2
-, 

Cl-, or Br-. Indeed, addition of these inorganic salts in aqueous solution favours a shift of the 

equilibrium toward TO+ dimer instead of a monomer (Figures 2.6 and 2.7), which suggests the 

absence of contact ion pair formation. As mentioned above, contact ion pairs should present 

similar spectroscopic properties to the monomeric form of TO+193,223,224 but although no contact 

ion pair seems to be present in solution, the size of the inorganic anion still influences the 
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monomer-dimer equilibrium (Figure 2.6). While studies on the influence of the ion size on 

monomer-dimer equilibrium are scarce, a similar result has been noticed for other small organic 

ions, such as protoporphyrin IX.225  

 

2.6 Interesting Observations Comparing Sequential versus Instantaneous Addition of Salt 

 It is worth noting that the consecutive additions of the salts to a solution of TO+ seem to 

play a role in the degree of aggregation observed. Indeed, the resulting absorption spectrum of 

TO+ in the presence of 250 mM of NaCl shows a larger ratio of dimer to monomer concentration 

when the 250 mM of NaCl is added at the same time compared to consecutive additions reaching 

the same concentration (Figure 2.13a). This suggests that the equilibrium is sensitive to a large 

influx of salt concentration, pushing in favour of the dimer, more so than subtle increases as seen 

with the consecutive additions.  

Additionally, when all the NaClO4 is added simultaneously, the resulting H-aggregate 

peak is sharper and contains less of the monomer and dimer signature, than when NaClO4 was 

added via consecutive additions (Figure 2.13b). These results suggest that the thermodynamic 

equilibrium lies towards aggregation of TO+ when a large concentration of salt is added 

instantaneously. However, as the absorption spectra were recorded immediately after the 

simultaneous or sequential additions, we hypothesize that both solutions will arrive to a similar 

ratio of monomer and dimer when left to equilibrate for a period of time. Although the 

consecutive addition of the salts to the dye solutions appears to be resulting in a lower extent of 

aggregation when compared to an instantaneous addition, it will have negligible effects during 

our previous discussion as we consistently use consecutive additions for our titration 

experiments.  
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a)  
 

b)  
 

Figure 2.13 Absorption spectrum of TO+ (20 µM) in aqueous solution (black trace) with the 
consecutive additions (green trace) or added all at the same time (blue trace) of 250 mM a) 
NaCl or b) NaClO4. Absorbance was normalized with respect to the main absorption peak for 
NaCl. 

!
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2.7 The Addition of Monovalent Salts to TO+ at Micromolar Concentration 

 Although most of this chapter has focused on the addition of millimolar concentration of 

anions to an aqueous solution of TO+, we cannot ignore the fact that situations arise where 

cyanine dyes are in the presence of micromolar ionic strength solutions, such as when studied 

with macrocycles and surfactants.6,54 Therefore, further experiments were performed with the 

monovalent salts used in this chapter to observe the effect of the addition of low salt 

concentrations on the absorption spectrum of TO+. As seen in Figure 2.14 the addition of the 

salts results not only in a slight decrease of the absorption intensity, but also in a larger decrease 

of the dimer peak than the monomer one. Although the resulting absorption intensity of the 

monomer is slightly different for each added salt, the shape of the spectrum remains almost 

identical. Since no trend could be extracted from the monomer intensity and the anionic 

properties, the difference observed in Figure 2.14 was attributed to procedural and/or 

instrumental variations.  
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!

!
!
Figure 2.14 Absorption spectra of TO+ (20 µM) in aqueous solution (thick black trace) with 250 
µM sodium acetate (black dashed trace), sodium bromide (blue trace), sodium chloride (green 
dashed trace), sodium iodide (pink trace), sodium tetrafluoroborate (green trace), and sodium 
perchlorate (red trace with circles). The absorption spectrum for TO+ in the presence of sodium 
chloride overlap perfectly with the one obtained with sodium perchlorate. 

!
 

The most interesting aspect is that regardless of the nature of the anion used and its 

matching water affinity, the spectroscopic changes observed are within experimental errors from 

one another. This result suggests that the effect seen in Figure 2.14 at low salt concentrations 

might not be associated to specific ion effects, but rather to a change in solvent property. 

One must remember, that the stock solution of TO+ contains both the cationic dye and its 

counter ion, p-toluenesulphonate (tosylate, Figure 2.1). Due to the relatively low concentration of 

TO+ being used, we have assumed that it is fully dissociated from its counter ion and that they 

are both fully hydrated. However, formation of a contact ion pair between these two ions is 
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possible, as tosylate is known to be a large chaotropic anion.226 Therefore, we can assume that an 

equilibrium exists between the fully hydrated ions and the contact ion pair, which can be 

expressed as follows; 

 

, (Eq. 2.27) 

 

where the symbol ip stands for contact ion pair. This equilibrium can be assigned an association 

constant (Kas): 

 

. (Eq. 2.28) 

 

While several theoretical models have been developed227,228 to evaluate this constant, 

they all fail to some extent, providing only qualitative approximations.229 Nevertheless, in these 

models Kas is suggested to be inversely proportional to the solvent dielectric permittivity. As the 

electrolyte concentration in solution increases, the fraction of water molecules associated with 

the ions also increases, thus a decrease of the solution’s dielectric permittivity results. Therefore, 

by adding the different sodium salts in a TO+ solution, an increase in Kas could occur, leading to 

a rise in the concentration of contact ion pairs between TO+ and tosylate. 

However, the situation is even more complex as a competition equilibrium exists between 

the formation of a contact ion pair between TO+ and tosylate (Equation 2.27) and TO+ with the 

other anions present in solution as depicted below: 

 
TO+ + tosylate! ! (TO+ ¥tosylate! )ip

Kas =
[(TO+ ¥tosylate! )ip ]

[TO+ ] free[tosylate! ] free
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, (Eq. 2.29) 

 

where A- represents either of the anions used in this work (acetate, chloride, etc.). An association 

constant (Kas2) is connected to this equilibrium, 

 

. (Eq. 2.30) 

 

Thus, we hypothesize that the difference in behaviour between the low and high concentrations 

in anion (A-) is associated to a difference in the association constants, Kas being greater than Kas2. 

In the micromolar range, the concentration in A- is not sufficient to displace the equilibrium in 

favour of (TO+!A-)ip. Whereas in the millimolar concentration range, we can apply Le Chatelier’s 

principle, and an increase in A- concentration will shift the equilibrium towards (TO+!A-)ip 

formation at the expense of (TO+!tosylate-)ip. This hypothesis coincides with our work with I-, 

BF4
-, and ClO4

-, as the addition of these anions at millimolar concentrations that have similar 

water matching affinity to TO+ form (TO+!A-)ip. 

In order to evaluate the thermodynamics for TO+ dimerization in the presence of 

monovalent salts, in an effort to begin to assess the formation of the (TO+!tosylate-)ip, a van’t 

Hoff’s analysis was replicated for TO+ with 250 µM NaCH3CO2, NaCl, or NaBr. The graphical 

representation for the van’t Hoff analysis of TO+ in the presence of these salts is depicted in 

Figure 2.15 and the values for the enthalpy, entropy, and free energy for the formation of the 

dimer are summarized in Table 2.3. 

 

 
TO+ + A! ! (TO+ ¥A! )ip

Kas2 =
[(TO+ ¥A! )ip ]

[TO+ ] free[A
! ] free
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a)  

b)  

c)  
Figure 2.15 van’t Hoff plots of the natural log of the equilibrium constant for TO+ with 250 µM 
a) NaCH3CO2, b) NaCl, and c) NaBr, as a function of inverse temperature. 

!
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As seen in Table 2.2, the experimentally determined values for free energy appears to be 

independent of the presence of monovalent salts. However, the minor decrease in free energy 

does correlate with a reduced Keq (Equation 2.18) as expected based on the increase in the 

monomer concentration compared to the dimer due to the formation of the (TO+!tosylate-)ip. 

However, the slight variations in entropy and enthalpy upon the addition of salt suggest very 

little dependence of these properties on the type of salt used to increase the ionic strength. 

Although literature evidence suggests that the thermodynamics of dimerization can be affected 

by the hydration structure of an ion for high ionic strength solutions, it does not appear to play a 

role at low ionic strength solutions where the formation of the (TO+!tosylate-)ip is favoured.93 

Unfortunately, as our method for accessing these thermodynamic parameters relies on 

experimentally determined molar extinction coefficients that possess around a 3% error (Table 

2.1), it cannot be ignored that this error propagates into our results and therefore, our 

experimental results must be taken with caution. As a result, we are unable to correlate the 

formation of the (TO+!tosylate-)ip to a change in the thermodynamic parameters using our current 

technique. However, we have recently been introduced to spectral deconvolution software,230 

which can allow the elucidation of free energy, entropy, enthalpy, and equilibrium constants 

without experimentally determined molar extinction coefficients. 
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Table 2.3 Experimentally determined values for enthalpy ("HD), entropy ("SD), and the free 
energy ("GD) for the dimerization of TO+ in aqueous solution in the absence and presence of 

salts. 

!

 
"HD 

(kJ mol-1) 
"SD 

(J K-1 mol-1) 
"GD 

(kJ mol-1) 

TO+ alone -47.3 -76.0 -24.6 
TO+ with NaCH3CO2 -46.1 -73.1 -24.3 

TO+ with NaCl -46.8 -75.0 -24.4 
TO+ with NaBr -47.2 -76.0 -24.5 

    
 

2.8 Conclusion 

 This chapter demonstrates the use of a popular cyanine dye, TO+, to investigate the role 

ions play on organization of small organic molecules in aqueous solution. Through this work, we 

showed that ionic strength is not solely responsible for inducing organization of molecules into 

ordered aggregates, a common misconception in the literature. According to our results, the free 

hydration energy of the ion is key to the formation of contact ion pairs.  

We established that the addition of anions that do not have similar water matching 

affinity to TO+ because they are strongly hydrated, such as CH3CO2
-, Br- and Cl-, result in a 

change in the monomer-dimer equilibrium shifting it in favour of the dimer. Although attempts 

were made to evaluate increased dimer formation in terms of thermodynamics, our experimental 

technique was deemed unsuitable to extract this data. Therefore, elucidation of TO+ dimerization 

kinetics in the presence of these ions will further our understanding of our results. In order to 

achieve this, a collaboration with Dr. Bivier from the University of Pisa has been initiated in 

which the kinetics of TO+ dimerization will be investigated via temperature jump experiments.  
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In the situation where the free hydration energies are similar between TO+ and the added 

ion, such as for weakly hydrated anions, a contact ion pair between the two forms. We showed 

that the ability to make a contact ion pair led to the formation of higher-ordered aggregates due 

to increased overall hydrophobicity of the ion pair. In particular, we saw that H-aggregates can 

form when the larger monovalent anions are added to solution. In addition, we hypothesize that 

the extent of TO+ aggregation is proportional to charge screening between the two ions, and this 

hypothesis is supported by the recent theory of water matching affinity proposed by K. D. 

Collins.42 In result, by choosing the right counter ion with the appropriate size, we proved it is 

possible to either induce a simple shift in the monomer-dimer equilibrium of TO+ or to turn on 

the formation of larger organized structures, such as H-aggregates.  

In our studies surrounding the millimolar concentration of salts, the counter ion of TO+, 

tosylate, was neglected and we made the blunt assumption that TO+ was fully dissociated in 

water at the concentration of 20 µM. This hypothesis seems to be correct as specific ion effect 

could be observed for I-, BF4
- and ClO4

-. However, it appears through our work with micromolar 

salt concentration that the ability of TO+ to form a contact ion pair with its own counter ion 

cannot be neglected. In fact, absorption spectra seem to indicate that changes in TO+ 

environment associated to salt addition at micromolar concentrations facilitate the formation of a 

contact ion pair between the cyanine dye and tosylate. In order to explain the different 

behaviours observed at low and high salt concentrations, a model involving two equlibria was 

hypothesized. Due to the chaotropic nature of tosylate, we assumed an equilibrium constant for 

its association with TO+ larger than the association constant for TO+ with any of the salts 

investigated in this work. Therefore, ion pairing between TO+ and any salts having similar water 

affinity can only occur if the salt concentration is large enough.  
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 Aggregation of Other Cyanine Dyes: The Role of the Dye Structure on the Chapter Three:
Extent of the Aggregation 

 

3.1 Background 

As mentioned in the introduction, there exists a vast catalogue of cyanine dyes in the 

literature.34,68-70 Along with thiazole orange (TO+), these dyes have also been exploited due to 

their light absorbing properties and sensitive photophysics, an outcome of a polymethine 

backbone containing an extended delocalized #-system.64,66,75-77 Additionally, many other 

cyanine dyes, besides TO+, under go self-organization due to their inherent structure to form 

dimers or higher-ordered aggregates.6,43,63,75,86,231 Classifying the degree of aggregation is 

imperative when working with cyanine dyes such as in the case of dye sensitized solar cells, 

where aggregation has been known to affect one-electron oxidation potentials of cyanine dye 

molecules present in an aggregate structure.232  

 Trends of cyanine dye aggregation have arisen in the literature and it has been primarily 

found that the structure of the cyanine dye dictates the types of higher-ordered aggregates that 

form.79,90,94 For instance, alone in solution at micromolar concentrations, 1,1’-diethyl-2,2’-

cyanine iodide (PIC) exists primarily in its monomeric form,65 yet it can easily be persuaded to 

form J-aggregates when its concentration is increased to millimolar.31 On the other hand, a 

micromolar concentration of TO+ contains both monomeric and dimeric species and under the 

right conditions H-aggregates have been observed (chapter two).6,29,76 The inclination for H-

aggregates to form over J-aggregates and vice versa in solution is hypothesized to be due to the 

geometry of the dyes in question. Planar, unsubstituted dyes, such as TO+, tend to form H-
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aggregates and non-planar dyes, such as PIC, are prone to form J-aggregates.31,80 The question 

then arises; is this trend preserved when salts are used to induce aggregation?  

 In this chapter detailed observations will be presented, describing cyanine dye 

aggregation for different cyanine dyes in the presence of different counter ions. From a select 

group of dyes that have been a focus in the literature, the effect of salt on the aggregation of four 

cationic cyanine dyes; 1,3’-diethyl-4,2’-quinolylthiacyanine iodide (DEQTC), 3,3’-

diethylthiacyanine iodide (THIA), PIC, and cyano-functionalized thiazole orange (!-CN-TO) is 

presented herein. Although the literature reported with !-CN-TO is limited, it provides an 

interesting comparative study as the molecule is severely twisted (non-planar) in its structure.80 

This chapter will show that the ability of a cyanine dye to form a hydrophobic contact ion pair in 

solution with its counter ion is crucial for structured aggregate formation. In addition, the 

structure of the dye plays a role in its inherent monomer-dimer equilibrium, which therefore 

affects both the propensity of a dye to aggregate and the observed aggregate structure in the 

presence of certain salts.!

 

3.2 Experimental Section 

The dyes; 1,3’-diethyl-4,2’-quinolylthiacyanine iodide (DEQTC, )98%, BioChemika), 

3,3’-diethylthiacyanine iodide (THIA, ~97%, Sigma-Aldrich), 1,1’-diethyl-2,2’-cyanine iodide 

(PIC, 97%, Sigma-Aldrich), and cyano-functionalized Thiazole Orange (!-CN-TO, generously 

provided by Dr. B.A. Armitage) were used as received without further purification. Stock 

solutions of DEQTC (20 mM), THIA (1 mM), PIC (1 mM), and !-CN-TO (24 mM) were 

prepared by dissolving the dyes initially in DMSO (Sigma), and were kept for a maximum of 

two months in the dark at 4°C. 
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For the titration experiments, samples were initially prepared by directly diluting the 

stock solution of the dye into a cuvette containing ultapure water (Milli Q 18.2 M(!cm at 25°C) 

to the desired concentration. In order to assess the effect of the salts on the spectroscopic 

properties of these dyes, inorganic salts were added via consecutive additions and an absorption 

spectrum was recorded after each addition using a Varian Cary-50 single beam 

spectrophotometer. The solutions were placed in a semi-micro disposable cuvette of 0.45 cm 

width 1 cm path length (Plastibrand). Absorption spectra were normalized for each experiment to 

the solutions containing only the dye molecule.  

The inorganic salts that were chosen to study were sodium acetate (NaCH3CO2, 

molecular biology grade), sodium chloride (NaCl, 99.0%), sodium bromide (NaBr, 99.0%), 

sodium iodide (NaI, 99.5%), sodium tetrafluoroborate (NaBF4, 99.0%), and sodium perchlorate 

(NaClO4, 99.0%). The salts were purchased from Sigma-Aldrich and were used as received. 

Stock solutions (1 M) for each salt were prepared in ultrapure water. The salts were added up to 

a final concentration of 250 mM for DEQTC and !-CN-TO and up to 125 mM for THIA and 

PIC. 

Density functional theory (DFT) calculations were carried out using the Gaussian 09 

program,233 by Samantha Keller, to obtained the minimized energy structure of three cyanine 

dyes (DEQTC, THIA, and PIC) when forming ion pairs with either I-, BF4
-, or ClO4

- anions in 

water. All structures were optimized at the B3LYP level of theory with the 6-31+g(d) basis set 

(iodine atoms were treated with LANL2DZ), and solvation in water was simulated using the 

Polarizable Continuum Model (PCM). Frequency calculations were performed to verify that the 

stationary points were minima on the potential energy surface.  
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3.3 The Characterization and Photophysical Properties of Four Different Cyanine Dyes 

Cyanine dyes; DEQTC, THIA, PIC, and !-CN-TO are prime candidates to examine 

molecular aggregation as they can be easily studied using UV-Vis absorption spectroscopy 

(Figure 3.1). PIC absorbs at the lowest energy (absorption maxima at 523 nm) due to the 

increased conjugation within the molecule compared to the other three dyes as seen in their 

molecular representations in Figure 3.1. It should be noted, that the molecular representations are 

shown for all cyanine dyes in their trans-confirmations, which is the most commonly found 

structure of cyanine dyes possessing a single bridging methane carbon.234 In comparison to 

DEQTC and !-CN-TO, PIC and THIA have been extensively studied in the literature and are 

thought to be purely monomeric in aqueous solution.77,94,197,231 These dyes allow us to study the 

effect of salts on cyanine dyes that do not entertain inherent monomer-dimer equilibrium. 

Surprisingly, even though they are both monomeric, the literature suggests that THIA and PIC 

form different aggregate structures, where THIA molecules aggregate with sodium dodecyl 

sulphate in the H formation,197 and PIC forms either J-aggregates at high concentrations31 or H-

aggregates at low temperatures65. However, to properly understand how the salts affect 

aggregation we first need to discuss each dye separately and their inherent aggregation 

tendencies alone in solution upon a change in concentration. 
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DEQTC 

 

 
THIA 

 

 
        a)                        PIC 
         

 
"-CN-TO 

 

b)  
 
Figure 3.1 a) Molecular structure representation of DEQTC, THIA, PIC, and !-CN-TO (iodide 
counter ions for each dye are not shown). b) Normalized absorption spectra of DEQTC (thick 
black trace), THIA (green trace), PIC (blue trace), and !-CN-TO (dashed trace) in aqueous 
solution. 
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3.3.1 The Photophysical Characteristics of DEQTC 

DEQTC is structurally very similar to TO+,194 where the only difference between 

DEQTC and TO+ is the presence of ethyl groups on the nitrogen moieties (Figure 3.1a). Given 

the structural similarities, it is unsurprising that DEQTC has also shown to be non-fluorescent in 

aqueous solution and highly fluorescent when bound to DNA.235,236 It could be hypothesized that 

the existence of the ethyl groups on DEQTC would reduce DNA binding ability of DEQTC 

compared to TO+, yet this does not appear to be the case, as the binding affinity to DNA is very 

similar to that of TO+.235,236 Considering the brevity of attention received in the literature, it will 

be beneficial to further define DEQTC’s photophysical properties herein. 

As seen in Figure 3.1, the absorption spectrum of DEQTC (20 $M) in aqueous solution 

contains two absorption maxima at 501 and 477 nm and these two peaks correspond to the 

absorption of the monomer and dimer forms of the dye, respectively. The presence of this 

equilibrium was confirmed by observing a change in the absorption spectra of DEQTC as a 

function of temperature (Figure 3.2). It is clearly visible that as the temperature increases, the 

peak at 501 nm increases as the peak at 477 nm decreases, suggesting a shift in the equilibrium 

to favour the monomer (see chapter two for the derivation of the van’t Hoff relationship). 
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!

!
!
Figure 3.2 Zoomed absorption spectrum of DEQTC (20 µM) in aqueous solution (thick trace is 
the spectrum at 25°C) recorded from 25 – 40°C. Arrows demonstrate the movement of the 
absorption spectra when the temperature is increased.  

!
 

The equation representing the dimerization of DEQTC can be written as seen in Equation 

3.1 where M+ represents the monomer and (M+)2 represents the dimer. In addition, the 

equilibrium constant (Keq), dictating the inclination of this dimerization to occur, can be 

expressed as in Equation 3.2 and is inherently concentration dependent.  

 

 M
+ + M + ! (M + )2 (Eq. 3.1) 

Keq =
[(M + )2]
[(M + )]2 . (Eq. 3.2) 
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As seen previously, in order to determine the molar extinction coefficients of the 

monomer and dimer at 501 and 477 nm, along with the equilibrium constant, a Beer-Lambert 

analysis can be performed (Figure 3.3). From plotting the absorption intensity as a function of 

DEQTC concentration, these values can be mathematically approximated using a method 

previously described in the literature26,237,238 and in chapter two via a linear regression analysis 

(Equation 3.3): 
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Here, Ax , ! m
x , ! d

x , and CT are the absorption intensity at a given wavelength, extinction 

coefficients for the monomer and dimer at a given wavelength, and the total dye concentration, 

respectively. The equilibrium constant and extinction coefficient values were determined with 

minimal error and the equilibrium constant was found to be slightly lower than the published 

equilibrium constant value for TO+ of 3.1 x 104 M-1.27 The extinction coefficients for the 

monomer and dimer both at 477 and 501 nm, along with the equilibrium constant are 

summarized in Table 3.1. These data were obtained from a single experiment.  
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!

!
!
Figure 3.3 Beer-Lambert plots showing the absorption intensity at 477 nm (circles) and 501 nm 
(squares) for DEQTC as a function of DEQTC concentration. The fit of the data to Equation 3.3 
is represented as a black line.   

!
 

 
 

Table 3.1 Equilibrium constant and molar extinction coefficients for DEQTC in aqueous 
solution, recorded for the monomer (#m) and dimer (#d) separately. 

 
 #m  

(M-1 cm-1)a 
#d  

(M-1 cm-1)a 

 
477 nm 

 
46300 
(± 300) 

117000 
(± 2000) 

500 nm 
77300 
(± 600) 

82500 
(± 300) 

Keq 2.7 x 104 M-1 

(± 0.01 x 10&) 
 

 
 

aValues obtained by assuming a simple monomer-dimer equilibrium. 
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 The decreased equilibrium constant found for DEQTC suggests a reduced dimerization of 

DEQTC compared to TO+. Equilibrium constants for DEQTC and TO+ were also approximated 

using chemometic methods66,230 where a peak deconvolution software was applied to the spectra 

of TO+ and DEQTC recorded at different temperatures (See appendix A1). Although the values 

for the equilibrium constant for TO+ of 2.1 x 104 M-1 and DEQTC of 1.8 x 104 M-1 found with 

this method are slightly lower than those found using the non-linear regression analysis or 

previously reported in the literature,27 they still support a reduced dimerization of DEQTC 

compared to TO+. Additional evidence supporting the effect of the ethyl substituents on the 

dimerization of DEQTC is apparent when the percentage of monomer (chapter two) of DEQTC 

is calculated and compared to TO+. At a concentration of 20 µM in water, approximately 57% of 

DEQTC is in the monomeric form, which is significantly larger when compared to TO+, where at 

an identical concentration only 19% of TO+ is present as a monomer.186 The steric hindrance of 

the ethyl groups likely reduces DEQTC ability to dimerize and in turn provides basic evidence 

that the monomer-dimer equilibrium for a dye is in part a function of the dye’s structure.30,91,94,208 

 Interestingly, the molar extinction coefficient of the monomeric form of DEQTC at 501 

nm is slightly larger at 77300 M-1cm-1 than TO+ of 60300 M-1cm-1at 500 nm.66 Although cyanine 

dyes possessing different alkyl substituents have shown to have different molar extinction 

coefficients,239 this result is surprising; as the absorption intensities of the dyes at the same 

concentration in methanol have very similar values (Figure 3.4). A possible explanation for this 

difference maybe attributed to the purity of the dyes as DEQTC is reported as being )98% pure, 

yet TO+ it is only classified as ultrapure. Although a complete elucidation of dye impurities is 

outside the scope of this thesis, evidence for possible impurities can be seen in Figure 3.4, where 
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a peak at around 425 nm is visible in the absorption spectrum of TO+ in methanol, but absent for 

DEQTC.  

 

 

 
 
Figure 3.4 Absorption spectra of TO+ (20 µM, black trace) and DEQTC (20 µM, blue trace) in 
methanol.  

 
 

3.3.2 The Photophysical Characteristics of THIA and PIC along with the Interesting 
Dimerization of THIA 

A mentioned previously, THIA and PIC have been reported in the past to be present only 

in the monomeric form at low dye concentrations in an aqueous environment.65,77,197,231 The 

absorption spectra of THIA and PIC both contain a main absorption band at 421 nm and 523 nm, 

respectively. A secondary peak at 404 nm for THIA and 490 nm for PIC (Figure 3.1) has been 

assigned previously to a vibrational mode of the molecule65,77,197 and is commonly observed in 
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other cyanine dyes.77,79 Unsurprisingly for monomeric species, the absorption maxima of THIA 

and PIC obeys the Beer-Lambert law in water at low dye concentrations (Figure 3.5). Their 

molar extinction coefficients can be extracted from a linear regression analysis of a Beer-

Lambert plot, and were determined in water to be 73000 M-1cm-1 at 421 nm for THIA and 65000 

M-1cm-1 at 523 nm for PIC, respectively (Figure 3.5). These values were close to the previously 

reported values for THIA of 81300 M-1cm-1 at 424 in 75% ethanol197 and 60000 M-1cm-1 for PIC 

in water at 520 nm.240,241 

 

!

!
!
Figure 3.5 Beer-Lambert analyses performed a single time, for THIA at 421 nm (black circles) 
and PIC at 523 nm (blue squares) where the absorption intensity is plotted as a function of dye 
concentration. The slope of the line of best fit (the extinction coefficient) was determined to be 
73000 (± 300) M-1cm-1 for THIA and 65000 (± 300) M-1cm-1 for PIC.  

!
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 Although the absorption of THIA varies linearly with respect to its concentration (Figure 

3.5) and the calculated extinction coefficient matches well with the reported literature value, 

supporting the literature that THIA is monomeric,197,231 further spectroscopic investigation 

clearly indicates that THIA exists as a mixture of monomer and dimer in aqueous solution. 

Although a linear Beer-Lambert analysis may suggest a single light absorbing species in 

solution, it is not enough evidence to claim that a dye is purely monomeric in solution. For 

example, the Beer-Lambert analysis for DEQTC is also linear at 477 and 501 nm over a specific 

concentration range, yet as seen with temperature variation analysis, both monomeric and 

dimeric species are present for DEQTC at these concentrations.  

 If a dye is purely monomeric (M+) in solution, the ratio of two absorption maxima at two 

different wavelengths (AX and AY) for a given concentration of the dye ([M+]), can be simplified 

to the ratio of the molar extinction coefficients for the species at wavelengths X ('X) and Y ('Y) as 

shown below: 

 

AX

AY =
! X[M + ]l
! Y[M + ]l

=
! X

! Y . (Eq. 3.4) 

 

 Therefore, the ratio of the two molar extinction coefficients will be constant at any 

concentration of the dye. However, if a dimer species ((M+)2) also exists in solution (Equation 

3.5), the ratio cannot be simplified as in Equation 3.4.  

 

AX

AY =
(!

M +
X [M + ] + !

(M + )2

X [(M + )2])l

(!
M +
Y [M + ] + !

(M + )2

Y [(M + )2])l
"

! X

! Y . (Eq. 3.5) 
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 In result, when two species are absorbing light in solution, such as a monomer and a 

dimer, the ratio of the absorbance at two chosen wavelengths will change as the concentration of 

the two species changes. By monitoring the ratio of the two absorbing maxima as the total 

concentration of the dye changes, the presence of a monomer and dimer of a dye can be 

elucidated if a change in this ratio is observed. The ratio of the two absorbing maxima for 

DEQTC, THIA, and PIC were computed and plotted as a function of dye concentration (Figure 

3.6). As one can see from Figure 3.5, the peak ratio from Equation 3.5 is only consistent for PIC 

and changes as a function of concentration for both DEQTC and THIA. As no change in the peak 

ratio (absorbance at 491 nm/absorbance at 523 nm) is observed at increasing PIC concentration, 

PIC can be considered as the only purely monomeric species in aqueous solution under the 

concentrations studied. This result is very important for THIA as it is indicative that the peak at 

404 nm is not simply due to vibronic transitions in THIA and may come from the absorption of 

light by a dimeric species, as seen in DEQTC and TO+ (chapter two). While this unexpected 

result does not affect the outcome of studies conducted previously involving THIA, it is of 

utmost importance in our current investigation. 
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!

!
!
Figure 3.6 Peak ratios for DEQTC (absorbance at 477 nm/absorbance at 501 nm, closed circle), 
THIA (absorbance at 404 nm/absorbance at 421 nm, closed square), and PIC (absorbance at 
491 nm/absorbance at 523 nm, open circle) plotted as a function of dye concentration. 

!
 

3.3.3 The Photophysical Characteristics of the Cyano-Functionalized Thiazole Orange (! -CN-
TO) 

 "-CN-TO, generously provided by Dr. B. A. Armitage, is another asymmetric cyanine 

dye that was initially synthesized to be less susceptible to singlet oxygen (1O2) meditated 

degradation than TO+.80 The electron withdrawing substituent on the central methane carbon 

results in the molecule having a large twist (non-planar structure) as observed in its crystal 

structure.80 In result, the dye is thought to possess more conformational flexibility compared to 

the parent TO+ molecule, which is known to be planar.29,80 In addition, "-CN-TO is non-

fluorescent due to intramolecular rotation of the molecule in the excited state allowing for non-

radiative pathways to be the primary deactivation of the excited state, yet fluorescence from "-
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CN-TO can be increased when confined in a viscous solvent.80 What is strikingly different 

between "-CN-TO and TO+ is the lack of vibrational structure (or the presence of dimers) in the 

absorption spectrum of "-CN-TO (Figure 3.7). TO+ clearly has two absorption peaks at 477 and 

500 nm, which correspond to the dimeric and monomeric forms respectively, where "-CN-TO 

only has once main absorption signal at 483 nm corresponding to the monomeric form (Figure 

3.7).  

 

!

!
!
Figure 3.7 Normalized absorption spectra of !-CN-TO (10 µM, black trace) and TO+ (20 µM, 
blue trace) in aqueous solution. 

!
  

 Through a Beer-Lambert analysis the molar extinction coefficient (') of "-CN-TO was 

determined to be 23000 M-1cm-1 at 483 nm in aqueous solution. The molar extinction coefficient 
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of "-CN-TO at 490 nm was previously reported to be 32500 M-1cm-1 in methanol.80 It is quite 

apparent from the linear Beer-Lambert graph (Figure 3.8a) and the absorption spectrum of "-

CN-TO at high concentrations, that "-CN-TO does not aggregate in aqueous solution even at 

high millimolar concentrations (Figure 3.8b).  
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a)  
 

b)  
 
Figure 3.8 a) Beer-Lambert analysis of !-CN-TO between 2 and 46 µM. The molar extinction 
coefficient at 483 nm was determined from the slope of the line to be 23000 M-1cm-1. The data 
are obtained from a single experiment. b) Absorption spectra of !-CN-TO at 1.5 mM (thin 
black line) and 3 mM (thick black line) recorded using a 0.2 mm path length quartz cuvette.  

!
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3.4 The Interaction Between Cyanine Dyes and Monovalent Salts  

 The effect of salts addition on the cyanine dyes absorption spectrum is separated and 

discussed in sections 3.4.1 and 3.4.2. The smaller monovalent salts (with their corresponding 

bare radii); NaCH3CO2 (0.159 nm48), NaCl (0.181 nm217) and NaBr (0.196 nm217) will be 

presented first followed by the effects of the larger salts NaI (0.216 nm48), NaBF4 (0.230 nm217), 

and NaClO4 (0.236 nm48). As in chapter two, the cation is kept constant as sodium, so that results 

can be associated to the anion. Previously (chapter two) we showed that the counter ion to the 

monovalent salt used had no effect on the aggregation of TO+, except by contributing to the 

increase in ionic strength of the solution. 

 

3.4.1 Cyanine Dyes and Small Monovalent Salts 

 The addition of NaCH3CO2, NaCl, and NaBr to a solution of DEQTC resulted in a 

decrease in the absorption intensity of both the monomer and dimer peaks at 501 and 477 nm 

(Figure 3.9a). Moreover, a different decrease in the absorption intensity is clearly observed 

depending on the salt used (Figure 3.9a). As seen previously for TO+ and other dyes, this 

decrease can be attributed to an alteration in the monomer-dimer equilibrium93,186 which can be 

monitored by observing changes in the equilibrium constant, as shown in chapter two.208 The 

equilibrium constant of DEQTC at each salt concentration was calculated as described in the 

previous chapter, and then plotted as a function of salt concentration (Figure 3.9b). The slight 

increase in the initial equilibrium constant value could be due to two phenomena. Firstly, a 

decrease in solution temperature, compared to the solution from which the Keq was initially 

found, would lead to an observable increase in the equilibrium constant. Alternatively, the 

increase in the equilibrium constant could be due to experiment error, where the total 
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concentration of DEQTC in solution was greater than the 20 µM as assumed. Nevertheless, it is 

quite apparent that with any of the three salts the equilibrium increases and this increase is a 

direct indication that the monomer-dimer equilibrium shifts to the right (Equation 3.1) to form 

more dimer.  
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!

a) !!
!

b) !
!
Figure 3.9 a) Normalized absorption spectra of DEQTC (20 µM) in aqueous solution (no 
marker) in the presence of 250 mM NaCH3CO2 (circles), NaCl (squares), or NaBr (triangles). b) 
Mathematically determined Keq of DEQTC in aqueous solution plotted as a function of added 
salt, NaCH3CO2 (circles), NaCl (squares), and NaBr (triangles). Inset, molecular structure of 
DEQTC. 
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 Although this result is not surprising, as salt induced aggregation has been previously 

reported in the literature for other small molecules,44,93,212 it is particularly striking that the 

equilibrium constant does not change by the same amount for the three salts. This result 

coincides with our results from chapter two, where dimerization of TO+ was found to be not 

purely dependent on the increased ionic strength.  

When comparing the change in the equilibrium constant, the change is largest for NaBr 

and smallest for NaCH3CO2 (Figure 3.9b) and determining of the percentage of monomer after 

the addition of salt can also be a simple way to quantify this change. The percentage of the 

monomer, initially at 57% without any salt, decreased to 50% with NaCH3CO2, 46% with NaCl, 

and 41% with NaBr. This result is reminiscent of the one found with TO+ (chapter two), and the 

increased dimerization of DEQTC in aqueous solution is also a function of the type of salt used 

to increase the ionic strength. 

Interestingly, a similar effect is seen for THIA where the addition of NaCH3CO2, NaCl, 

or NaBr to a solution of THIA results in a decrease in the absorption intensity of the main 

monomeric absorption peak at 421 nm and a slight increase in the absorption peak at 404 nm, 

which we have characterized as a dimeric species (Figure 3.10).  
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!

a) !!

b) !

c) !
Figure 3.10 Normalized absorption spectra of THIA (10 µM) in aqueous solution before (black 
trace) and after (dashed trace) the addition of 125 mM a) NaCH3CO2, b) NaCl, and c) NaBr. 
Inset, molecular structure of THIA.  
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 The change in the absorption peak at 404 nm versus the monomer peak at 421 nm can be 

monitored as the salt concentration increases and for all three salts, NaCH3CO2, NaCl, and NaBr, 

this ratio increases proportionally with salt concentration (Figure 3.11). As suggested earlier, this 

result can be considered indicative of dimer formation. Similarly to what was observed with 

DEQTC, the change in the ratio is greatest for NaBr and least for NaCH3CO2. Like for TO+, the 

size of the anion’s bare radius plays a role in the extent of dimerization for DEQTC and 

THIA.93,186 

 

!

!
!
Figure 3.11 Absorbance of THIA (10 µM) in aqueous solution at 404 nm over the absorbance 
at 421 nm plotted as a function of increasing salt concentration for NaCH3CO2 (circles), NaCl 
(squares), and NaBr (triangles). 

!
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 Interestingly, only very small changes to the absorption spectra are witnessed when small 

monovalent ions are added to solutions of monomeric cyanine dyes, as seen for both PIC (Figure 

3.12) and "-CN-TO (Figure 3.13).  
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a) ! 

b)  

c)  
Figure 3.12 Normalized absorption spectra of PIC (10 µM) in aqueous solution before (thin 
black trace) and after (dashed trace) the addition of 125 mM of a) NaCH2CO2, b) NaCl, and c) 
NaBr. Inset, molecular structure of PIC. 
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a) ! 

b)  

c)  
Figure 3.13 Absorption spectra of !-CN-TO (20 µM) in aqueous solution before (thin black 
trace) and after (dashed trace) the addition of 250 mM of a) NaCH2CO2, b) NaCl, and c) NaBr. 
Inset, molecular structure of !-CN-TO. 
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In order to confirm that the absence of change in the absorption spectrum of PIC and "-

CN-TO is a function of them being monomeric, a solution containing mostly monomeric forms 

of DEQTC can be created at very low concentrations of the dye. A 2 $M aqueous solution of 

DEQTC contains around 87% of its molecules in the monomeric form, and upon the addition of 

25 (M NaBr only a slight decrease in the absorption intensity is observed, likely a result of still 

having a small concentration of the dimeric species in solution at this concentration (Figure 

3.14). This supports the fact that the absorption spectrum of monomeric cyanine dyes are not 

altered when small monovalent salts are added to solution. It is then of interest to try larger 

monovalent ions, as shown in chapter two the size of the anion plays a role in the aggregation of 

dyes.  
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!

!
!

Figure 3.14 Absorption spectra of aqueous solutions containing 20 µM !-CN-TO (blue trace), 
10 µM PIC (green trace), or 2 µM DEQTC (black trace) before and after the addition of 250 
mM NaBr for !-CN-TO (dashed blue trace), 125 mM for PIC (dashed green trace) and 25 mM 
for DEQTC (dashed black trace). All the spectra were normalized to the solution only 
containing the respective dye. 

!
 

3.4.2 Cyanine Dyes and Large Monovalent Salts 

 The addition of NaI, NaBF4, and NaClO4 to a solution of DEQTC results in a decrease in 

the absorption intensity of the monomer and dimer peaks (Figure 3.15). There is also a 

corresponding growth in the absorption regions around 425 and 600 nm, characteristic of an 

increase in a higher-ordered aggregate concentration,59,61,242 a phenomenon that was not observed 

for the small monovalent anions.  
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!

a) !!

b)! !

c) !
!

Figure 3.15 Absorption spectra of DEQTC (20 µM, all dark black traces in a, b and c) in 
aqueous solution with addition of a) NaI, b) NaBF4, and c) NaClO4 up to a final concentration 
of 250 mM (thin traces). Inset, molecular structure of DEQTC.  
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Similarly to DEQTC, the addition of NaI, NaBF4, and NaClO4 to a solution of THIA 

results in both a decrease in the monomer absorption intensity and an increase in the absorption 

both red and blue shifted compared to the monomer peak (Figure 3.16). For DEQTC and THIA, 

the addition of the larger salts encourages aggregate formation. Similarly as in the case of the 

small anions, the size of the salt seems to play a role in the aggregate formation as each salt 

causes a different degree of change in the dye’s absorption spectra (Figures 3.15 and 3.16). For 

both DEQTC and THIA, the largest decrease in absorption intensity occurs when NaClO4 is 

added and the smallest decrease is for NaI. Remarkably, the magnitude of changes observed in 

absorption intensity correlates well with the relative size of the anion given that ClO4
- is larger 

than BF4
- which is larger than I-. 

It is quite noticeable that as the ion size increased from Br- to I- a large difference in the 

absorption spectrum was observed for both DEQTC and THIA; the addition of Br- showed an 

increase in the dimer formation, yet this cannot be said for the addition of I-, a larger anion, 

where higher-ordered aggregates are observed.  
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a)   

b) !

c) !
!
Figure 3.16 Absorption spectra of THIA (10 µM, all dark black traces in a, b and c) in aqueous 
solution with additions of a) NaI, b) NaBF4, and c) NaClO4 up to a final concentration of 125 
mM (thin traces). Inset, molecular structure of THIA.  
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As mentioned previously, PIC and "-CN-TO do not dimerize in the presence of small 

monovalent salts as compared to DEQTC and THIA. It then makes it pertinent to question 

whether PIC or "-CN-TO will also form higher-ordered aggregates with the large monovalent 

salts. The results are very simple for !-CN-TO, as very little change in the absorption spectrum 

the dye is observed (Figure 3.17) when any monovalent salt is added. This result suggests that 

little, if any interactions exist between "-CN-TO and the monovalent anions and in particular no 

dimerization or formation of higher-ordered aggregates are observed. 
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a) ! 

b)  

c)  
Figure 3.17 Absorption spectrum of !-CN-TO (20 µM) before (thin black trace) and after 
(dashed trace) the addition of 250 mM a) NaI, b) NaBF4, or c) NaClO4. Inset, molecular structure 
of !-CN-TO. 
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The results for PIC are different from "-CN-TO even though both dyes are monomeric at 

the concentrations studied. With the smallest of the large monovalent anions, I-, there is only a 

slight increase in the red region of PIC absorption spectrum (Figure 3.18a). However, this effect 

is considered negligible, as it only exists at the highest concentration of I- and demonstrates a 

limited interaction between PIC and I-.  

On the other hand, as the size of the anion increases to BF4
- and ClO4

-, there is a 

significant decrease in the absorption intensity of PIC (Figure 3.18b and c). We suspect that this 

decrease is a result of a contact ion pair formed between PIC and BF4
- or ClO4

-, as ion pairs have 

shown to have a decreased oscillator strength in relation to solvated ions alone in solution.243,244 

As shown previously for some ion pairs, efficient charge screening can exist between ions in the 

contact ion pair and if this situation is met, aggregation of the seemingly neutral ion pair will 

result (chapter two). Although a contact ion pair forms between PIC and BF4
-, no evidence of 

dye aggregation is present in the absorption spectra (Figure 3.18b), which is likely due to the 

lack of charge screening within the ion pair. However, when the size of the anion is increased to 

ClO4
-, aggregates of the ion pair, albeit poorly structured, are observed around 600 nm (Figure 

3.18c). The absence of structure within the aggregates is thought to be due to poor molecular 

packing as a result of low charge screening between ions in the ion pair. 
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a) ! 

 

b)  

c)  
 

Figure 3.18 Absorption spectra of PIC (10 µM, all dark black traces in a, b and c) in 
aqueous solution with consecutive addition of a) NaI (dashed trace), b) NaBF4, and c) 
NaClO4 (thin traces) up to a concentration of 125 mM. Inset, molecular structure of PIC. 
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In order to understand the results observed in this section and the role large anions play 

on the aggregation of the cyanine dyes we must look further as the size of an ion is associated 

with its hydration energy. Then we can start to hypothesize an explanation of the different extent 

of aggregation observed with the variable cyanine dyes. 

 

3.5 Discussion on the Different Aggregation Tendencies Observed for DEQTC, THIA, PIC, 
and "-TO-CN 

As discussed in chapter two, the recent theory of water matching affinity39,42,45 has 

described that the aggregation of a cyanine dye is reliant on the ability of a dye and a counter ion 

to form a contact ion pair.186 Although aggregation based on the theory of water matching 

affinity was already presented in chapter two, it will be briefly described herein due to its 

primary importance in this chapter. 

As mentioned previously, intermolecular forces dictate aggregation of cyanine dyes, 

which is hindered by the repulsive electrostatic interactions between nearby molecules, an effect 

similar to that of surfactants.89-91 However, these repulsive Coulombic forces can be reduced 

when the formation of contact ion pairs occurs between a charged cyanine dye and a counter 

ion.186,197 Although the formation of a contact ion pair is driven by the electrostatic attraction 

between the two ions, one must remember that the separate ions are initially hydrated in aqueous 

solution. Therefore, hydration spheres surrounding the ions must be disrupted in order for the 

ions to form contact ion pairs. The energy necessary to disrupt these hydration spheres 

(hydration energy) is a dependent on how closely the water molecules are associated with the 

ion, a property which is a function of the size of the ion.39,48 
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The theory of matching water affinity, is based on the predicted strengths of ion-water, 

water-water, or ion-ion interactions before and after ion pair formation and in result states that 

only ions with similar hydration energies will form contact ion pairs.39 Simply, small ions with 

tightly held hydration spheres can form contact ion pairs with other small ions, and large ions 

with weakly held hydration spheres can form contact ion pairs with other large ions. This theory 

could account for aggregation of dye molecules, as the spontaneous formation of contact ion 

pairs could be a factor of ion size effects. Indeed, for both DEQTC and THIA, we believe that I-, 

BF4
- and ClO4

- have similar matching water affinities and therefore contact ion pairs are able to 

form between these two dye molecules and the anions. However, for CH3CO2
-, Cl-, Br-, the small 

anion and large cationic cyanine dye do not have proper water matching affinities and therefore 

Coulombic repulsions are not minimized between neighbouring dye molecules and higher-

ordered aggregates do not form. 

Although the small salts do not induce aggregate formation, evidence of this phenomenon 

has been seen with the addition of large monovalent salts to solutions of both DEQTC and 

THIA. With the large monovalent salts, the distinguishing increase in absorption intensity in the 

H and J regions for both DEQTC and THIA appears consecutively with a substantial decrease in 

the monomer absorption (Figures 3.15 and 3.16). However, it is interesting to note that only a 

distinct H-aggregate peak is observed at 375 nm for THIA when ClO4
- is the counter ion (Figure 

3.15\6). As the presence of sharp H and J-aggregate absorption peaks are characteristic of 

extended molecular excitons present when molecules arrange in close proximity to one another, 

the broad peaks that are observed for addition of other large anions to solutions of THIA and 

DEQTC may suggest poor molecular packing within the aggregates.94,245 
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Two possibilities, which are not mutually exclusive, could account for poor molecular 

stacking in aggregates formed between I- and BF4
- with THIA and BF4

- and ClO4
- with DEQTC. 

The first is steric hindrance; small molecules with larger substituents, such as the ethyl groups 

located on the nitrogen moieties on THIA (see Figure 3.1), have shown increased monomer-

monomer space distance within an aggregate.94,241,245 This phenomenon has also been seen with 

the reduced dimerization of DEQTC compared to TO+. Furthermore, these ethyl groups may 

provide additional steric bulk thus preventing the anion to come into close contact with the dye 

and is also explained as a reduced planarity in the dye structure between DEQTC and TO+. This 

leads to the second possibility, which is a lack of complete charge screening of the dye by the 

counter ion. It is possible, that the contact ion pair formed between THIA and I- or BF4
- does not 

result in a complete neutral ion pair, and thus Coulombic factors still play a role in dye-dye 

repulsion.  

Thanks to the help of another graduate student, Samantha Keller from the group of Dr. 

T.C. Sutherland, molecular simulations were preformed. Her results for the ion pair formed 

between DEQTC and THIA with ClO4
- show that the molecular geometry for the ion pair 

DEQTC-ClO4
- is less planar than for THIA with the same salt (Figure 3.19). In addition, ClO4

- 

seems to be located on a different portion of the cyanine dye, where it is interacting with the 

quinolone moiety of DEQTC, and with the methine backbone of THIA (Figure 3.19). Therefore, 

we propose that the sharp H-aggregate seen for THIA with ClO4
-, which is not observed with 

DEQTC, is primarily due to an intensified charge screening between the dye and anion along 

with an increased planarity of the ion pair resulting in a better ability to pack into an aggregate 

structure as compared to DEQTC. 
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a)!  
DEQTC and ClO4

- 
Top View 

 

!
!
!
!
!

 

b)  
 

Left Side View 
 

c)  
THIA and ClO4

- 

Top View 
 

!
!
!
!

d)  
 

Left Side View 
 

Figure 3.19 Optimized structures at the B3LYP/6-31+g(d) level for the interaction of DEQTC 
with ClO4

- (a and b) and THIA with ClO4
- (c and d). Atoms are coloured as followed; carbon 

(grey), hydrogen (white), nitrogen (blue), sulphur (yellow), oxygen (red), and chlorine (green). 
Calculations were done in water. Images courtesy of Samantha Keller. 

!
 

It is quite noticeable in Figure 3.19 that the location of the ClO4
- anion is positioned 

symmetrically between the two thiazole moieties in THIA, but favours the quinoline ring with 

DEQTC. Evidence in the literature suggests an increased basicity of the quinoline ring compared 
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to the thiazole moiety in cyanine dyes, which simply implies that the charge distribution is 

located primarily on the quinoline ring in DEQTC.246,247 Indeed, through molecular simulations, 

we were able to observe a larger positive charge density on the quinoline ring for DETQC that is 

absent for THIA, whose charge is located centrally within the molecule (Figure 3.20a and b). 

 

 

 

a)  

 
 

b)  

 
 

c)  
 

d)  
 
Figure 3.20 Molecular structure (top) and corresponding electrostatic potential energy maps 
(bottom) for a) DEQTC, b) THIA and c) PIC where the blue shading represents area of positive 
charge density. d) The electrostatic potential, ranging from 0.100 to 0.160 Hartrees, is shown in 
terms of colour, changing from red to blue respectively. Images courtesy of Samantha Keller.  

!
 

Contrary to THIA and DEQTC, the lack of ion pair formation between PIC and CH3CO2
-, 

Cl-, Br-, or I- is apparent (Figure 3.14 and Figure 3.18a), as there is no change in the absorption 

spectrum of PIC upon the addition of these salts. This result is understood in term of poor water 

matching affinities between PIC and the counter ions. However, once the ion increases in size to 

BF4
- and ClO4

-, aggregation becomes evident (Figures 3.18b and 3.18c), and is thus hypothesized 
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to be due to similar water matching affinities between these anions and PIC. Although 

aggregates are seen with PIC and BF4
- or ClO4

-, they are clearly unstructured (Figures 3.18b and 

3.18c). Molecular simulations of PIC in the presence of these ions show two interesting 

phenomema. Firstly, the location of the anion, either BF4
- or ClO4

-, is symmetric with respect to 

PIC (Figure 3.21). This result coincides with a centralized region of positive electrostatic 

potential located on the PIC molecule (Figure 3.20c). Secondly, the ion pairs appear to be quite 

twisted in solution (Figure 3.21), and as suggested before, we believe that the lack of planarity 

limits the formation of ordered aggregates as seen with DEQTC and ClO4
-.  
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a)!  
PIC and BF4

- 
Top View 

 

b)!  
 

Side View 
 

 

c)!  
PIC and ClO4

- 

Top View 
 

d)!  
 

Side View 
 

Figure 3.21 Optimized structures at the B3LYP/6-31+g(d) level for the interaction of PIC with 
BF44

- (a and b) and PIC with ClO4
- (c and d). Atoms are coloured as followed; carbon (grey), 

hydrogen (white), nitrogen (blue), sulphur (yellow), oxygen (red), chlorine (green), boron (pink), 
and fluorine (light blue).!Images courtesy of Samantha Keller. Calculations were done in water. 

!
 

Although monomeric PIC can be coerced to aggregate once proper water matching 

affinity is obtained between dye and counter ion, the same cannot be said for "-CN-TO, where 

none of the salts tested induce aggregation of "-CN-TO (see Figures 3.13 and 3.17). The lack of 

aggregation of "-CN-TO is thought to be primarily due to the non-planar structure of the dye. It 
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is apparent from its crystal structure (Figure 3.22), that "-CN-TO is largely twisted around the 

bridging methine carbon, with a dihedral angle between the thiazole and quinolone moieties at 

about 135°, as compared to its parent compound TO+, which is nearly planar.80 "-CN-TO likely 

remains in its monomeric form in aqueous solution due to its twisted nature, which reduces the 

ability of "-CN-TO monomer molecules to pack efficiently together in order to make 

aggregation energetically favoured. Simply, the hydrated monomer molecules are more stable 

than a hydrated dimer or aggregate. This is reminiscent of monomeric PIC, whose dihedral angle 

for the central methine carbon connecting the two quinolone rings is 50.6°.31,81 

We also expect that it is the twisted nature of!"-CN-TO that does not allow for efficient 

contact ion pair formation between "-CN-TO and a counter ion, thus denying the formation of 

higher-ordered aggregates. Therefore, due to steric limitations resulting from the molecular 

structure of!"-CN-TO, aggregates are unable to form in high ionic strength solutions containing 

any of the salts: NaCH3CO2, NaCl, NaBr, NaI, NaBF4, or NaClO4.  
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!

!
TO+ 

!
"-CN-TO!

!
Figure 3.22 Crystal structure of TO+ (top) and !-CN-TO (bottom) with their corresponding 
counter ion (I-, shown in purple).80 Atoms are coloured as followed; carbon (grey), hydrogen 
(white), nitrogen (blue), and sulphur (yellow). (Reprinted with permission from Shank, N. I.; 
Pham, H. H.; Waggoner, A. S.; Armitage, B. Journal of the American Chemical Society 2013, 
135, 242. Copyright 2014 American Chemical Society.)! 

!
 

3.6 Conclusion 

As seen previously, the aggregation between TO+ and monovalent salts indicated that the 

size of the counter ion to TO+ affects the extent of aggregation observed with this dye. 

Interestingly, this idea can be extended to other cyanine dyes, where aggregation was observed 

by the simple addition of monovalent salts.  

In order to understand this phenomenon we first explored the photophysics of four 

cyanine dyes, DEQTC, THIA, PIC and ! -CN-TO. By comparing, the monomer-dimer ratio of 

TO+ with its ethyl substituted version, DEQTC at similar concentrations, we found that 
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dimerization of DEQTC was reduced compared to TO+. This result was the first indication in this 

chapter that aggregation is linked to dye geometry, matching a theory that had previously been 

suggested in the literature.79,90 We also provide evidence that THIA in not purely monomeric in 

aqueous solution, and does contain dimeric form at a concentration of 10 µM, like DEQTC and 

TO+. Therefore, the only dyes that can be considered as monomeric in this chapter at 10 µM are 

PIC and "-CN-TO. 

Upon the addition of small monovalent anions (CH3CO2
-, Cl-, and Br-) to solutions of 

DEQTC and THIA no aggregate formation was observed. However, the monomer-dimer 

equilibrium of these dyes was altered, and further experimental research will be used to 

investigate this phenomenon by temperature jump analysis in collaboration with Dr. T. Biver 

from the University of Pisa (Italy). Furthermore, addition of these anions to both PIC and "-CN-

TO solution did not induce changes in their absorption spectra. From these results we 

hypothesize that contact ion pair formation is not achieved between any of the cyanine dyes 

studied and the small monovalent anions. This is likely due to non-complementary water 

matching affinities between the cyanine dyes and the anions.  

 However, once matching water affinities are achieved for DEQTC, THIA and PIC, 

aggregate formation is observed. We hypothesize that aggregation of cyanine dyes in the 

presence of salts is due to the formation of a seemingly neutral contact ion pair when the 

condition of water matching affinity is met between the dye and its counter ion. Our results also 

suggest that the more neutral and planar a contact ion pair is, the more structured the aggregates 

will be. This hypothesis is strongly supported by computer simulations. Specifically, the more 

structured H-aggregates present for THIA with ClO4
- over the aggregates of DEQTC with ClO4

- 

seems to be a reflection of the planarity of the ion pair and the cyanine dye; where more planar 
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dyes have the ability to form ordered aggregates over less-planar dyes. An extreme case is 

apparent for "-CN-TO, where its largely twisted structure restricts the formation of any type of 

aggregates. Our results demonstrate that although the aggregation of dyes appears to be unique 

for each cyanine dye, knowledge of dyes inherent monomer-dimer equilibrium and geometry are 

the keys for predicting aggregation extent and structure. 
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 The Effect of Alkyl Salt Chain Length on the Aggregation of Cyanine Dyes  Chapter Four:

 

4.1 Background 

From chapters two and three it is clear that the addition of monovalent salts can induce 

the aggregation of cyanine dyes, where a particular requirement for this phenomenon is the 

existence of matching water affinities between the dye and the counter ion. Moreover, the 

structure of the dye dictates the type of aggregate formed and with knowledge of these two 

fundamental assertions one can begin to predict and understand cyanine dye aggregation in high 

ionic strength solutions. Currently, we have restricted our study to the interaction of cyanine dyes 

with simple monovalent salts in order to confine the effects of the salt to electrostatic 

interactions. However, we cannot ignore that a salt can also contain hydrophobic moieties and 

we wondered if increasing the hydrophobicity of a salt would in turn raise the aggregation of a 

cyanine dye. In order to test this hypothesis, a simple model using amphiphilic surfactants, 

containing both a variable hydrophilic (ionic head group) and hydrophobic (alkyl tail) region, 

can be used (Scheme 4.1).  

However as outlined in the introduction, due to the presence of both a hydrophobic and 

hydrophilic region, surfactant molecules have a tendency to aggregate in aqueous solution. Like 

cyanine dye molecules, surfactants aggregate due to a number of intermolecular forces including 

hydrophobic, hydrogen bonding, van der Waals, electrostatic and steric interactions. Primarily, 

aggregation of surfactants is driven by the hydrophobic interactions of the long alkyl tails in 

aqueous solution, overcoming the electrostatic repulsion of the head groups (for ionic surfactants 

specifically). As a result of their nature, surfactants form specific aggregate structures called 

micelles, and the formation of these micelles is based on the concentration of surfactant 
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molecules in solution. At low concentrations, the surfactants exist as monomers, however as the 

surfactant concentration increases, small aggregates (premicelles) precede micelle formation 

(Scheme 4.1).54,197,248-251 It should be noted, that even at the premicelle and micelle 

concentrations, there is still a small fraction of surfactant molecules present as monomers in 

solution. 

 

 

 
 
Scheme 4.1 Progressive development of amphiphilic surfactant aggregation as a function of 
increasing surfactant concentration in aqueous solution. The ionic head group is shown as the 
grey circle and the alkyl chain is the black wavy line. At low concentration, surfactants are 
primarily monomeric (left), as the concentration increases, premicelle complexes form (middle), 
and eventually the concentration reaches a point at which the spontaneous formation of micelle 
occurs (right).54,197,248-251  

!
 

The formation of surfactant micelles, and their ability to solubilize hydrophobic 

molecules has led to advances in pharmaceutical,18,252 textile,253 and micellar research.15,254-256 

Most often, the concentration at which these micelles form is described as the critical micelle 

concentration (CMC). CMC values are notoriously variable, as they are a primary reflection of 

the alkyl chain length, the head group (ionic or non-ionic), the corresponding counter ion 
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associated with the head group (when charged),197,257-260 and the characteristics of the alkyl chain 

(linear, branched, saturated).19 In addition, the CMC value is quite dependent on the presence of 

strongly associated counter ions. Indeed, a counter ion electrostatically attracted to an ionic head 

group, will result in a decrease of the CMC due to a reduced electrostatic repulsion between 

closely packed head groups in a micelle.54,261,262  

Indicator molecules, such as dyes, have been used alongside surfactants in order to 

understand and quantify CMC values and aggregation numbers (approximate number of 

surfactant molecules per micelle), along with studying the process of micelle formation.15,254-

256,263-265 Although dye molecules often expose information on surfactant systems, the surfactant-

dye relationship can also be manipulated to provide understanding on dye aggregation. A 

common surfactant, sodium dodecyl sulphate (SDS), has been a prime candidate to provide 

extensive insight into dye aggregation both above and below its CMC.54,197,248,250  

 Although it is clear that the length of the alkyl chain of a surfactant affects its CMC 

value, no work has been done to assess the effect on the alkyl chain on the aggregation of 

cyanine dyes at concentrations below CMC. In addition, as it is apparent that the counter ion to 

the dye plays a role in dye aggregation, we question whether the head group of the surfactant 

also affects the aggregation of cyanine dyes. In order to quantify these phenomena the 

aggregation of TO+ was studied with surfactants that contain either a sulphate and carboxylate 

functional head groups and have alkyl chain lengths that vary between 1 and 12 carbons. 

Moreover, as our work has lead us to recognize that various aggregation patterns can exists 

between different cyanine dyes, we question if these patterns are also sustained when SDS, a 

model surfactant, is used to increase the ionic strength of the solution.  
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4.2 Experimental Section 

All alkyl monovalent salts were obtained from their respective suppliers and were used as 

received. Stock solutions of each salt were first prepared in ultrapure water (Milli-Q 18.2 M( cm 

at 25 °C) to a concentration of 1 M and then a further dilution occurred to reach a concentration 

of 1 mM. The five carboxylate salts that were studied (Table 4.1) included sodium formate 

(NaFo, 98%, Alfa Aesar), sodium butyrate (NaBu, 98+%, Alfa Aesar), sodium octanoate (NaOc, 

)99%, Sigma), sodium decanoate (NaDec, )98%, Sigma), and sodium dodecanoate (NaDDec, 

99-100%, Sigma). 

 

!
Table 4.1 Carboxylate salts (abbreviated name with condensed chemical formula) along with 

the corresponding molecular structure.  

!
Name Structure 

NaFo 
HCO2Na  
NaBu 

CH3(CH2)2CO2Na  
NaOc 

CH3(CH2)6CO2Na  
NaDec 

CH3(CH2)8CO2Na  
NaDDec 

CH3(CH2)10CO2Na  
! !

 

The sulphate alkyl salts that were studied (Table 4.2) included sodium methyl sulphate 

(NaMeS, 98%, Aldrich), sodium butyl sulphate (NaBuS, Sigma-Aldrich), sodium octyl sulphate 

H

CO2
- Na+

CO2
- Na+

CO2
- Na+

CO2
- Na+

CO2
- Na+
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(NaOcS, 99%, Alfa Aesar), sodium decyl sulphate (NaDecS, 99%, Alfa Aesar), and sodium 

dodecyl sulphate (SDS, 99.0% Sigma-Aldrich). 

 

 

Thiazole orange (TO+, ultra pure grade) was purchased from AnaSpec Inc. and was used 

without further purification. The TO+ salt was dissolved in DMSO (Sigma), to reach a stock 

concentration of 1 x 10-2 M. This stock solution was kept in the dark at 4*C for up to 2 months. 

A final TO+ concentration of 20 $M was prepared by directly diluting the stock TO+ solution 

into a cuvette of ultrapure water. The concentration of DMSO in the final solution was 0.1% and 

can be assumed to be negligible. 

For titration experiments, each alkyl salt was added via consecutive additions to a 

solution of the desired dye. Dilution corrections were taken into account during the data analysis. 

Absorption spectra were recorded after each addition of the salt using a Varian Cary-50 single 

 
Table 4.2 Sulphate salts (abbreviated name with condensed chemical formula) along with the 

corresponding molecular structure.    

!
Name Structure 

NaMeS 
CH3OSO3Na  

NaBuS 
CH3(CH2)3OSO3Na  

NaOcS 
CH3(CH2)7OSO3Na  

NaDecS 
CH3(CH2)9OSO3Na  

SDS 
CH3(CH2)11OSO3Na  

! !

O

SO3
- Na+

O

SO3
- Na+

O

SO3
- Na+

O

SO3
- Na+

O

SO3
- Na+
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beam spectrophotometer. Fluorescence spectra were measured using a Photon Technology 

International (PTI) quanta master spectrofluorimeter operated in CW mode. The solutions for 

both absorption and fluorescence experiments were placed in a quartz (Suprasil) cuvette of 0.4 

cm width and 1 cm path length (International Crystal Laboratories).  

 

4.3 The Interaction Between Thiazole Orange with Carboxylate and Sulphate Alkyl Salts 

Throughout the literature and specifically in chapter two of this work, it is clear that the 

counter ion plays a pivotal role in the aggregation of TO+.186 Clearly, the ionic head group on the 

alkyl salt needs to be considered when discussing these molecules. In light of this, the 

aggregation of TO+ is studied in the presence of both carboxylate and sulphate salts. The smallest 

versions of these salts, sodium methyl sulphate (NaMeS) and sodium formate (NaFo), were 

investigated initially.   

 

4.3.1 Sodium Methyl Sulphate and Sodium Formate at High Concentrations  

The effect on the aggregation of TO+ with the addition of millimolar (mM) 

concentrations of NaMeS and NaFo was explored first. In the following work, millimolar 

concentrations (mM) will be referred to as high concentrations as opposed to micromolar (µM) 

concentrations, which are described as low. Figure 4.1, shows that the addition of high 

concentrations of either NaMeS or NaFo to a solution of TO+ results in a decrease in the 

absorption intensity of both the monomer and dimer maxima. This results corroborates our 

findings in chapter two and this type of behaviour has been attributed to the addition of salts that 

do not have similar water matching affinities to that of TO+.186 
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a)  
 

b)  
 
Figure 4.1 The addition of a) NaMeS and b) NaFo to an aqueous solution of TO+ (20 µM) in 
aqueous solution (thick black traces). The absorption spectra were normalized to the monomer 
peak for TO+ alone in solution. NaMeS and NaFo were added via consecutive additions up to 
250 mM (thin black traces) and the arrows indicate the movement of the absorption spectra. 

!
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Although it is not particularly evident from Figure 4.1, the decrease in the absorption 

intensity of the TO+ monomer and dimer in the presence of NaMeS or NaFo do not occur to the 

same extent. In order to quantitatively discuss the changes observed, the equilibrium constant 

(Keq) representing the equilibrium between the monomeric and dimeric forms of TO+ can be 

investigated. By using the values obtained in chapter two for the molar extinction coefficients (#) 

for the monomer and dimer (Table 4.3) the equilibrium constant was determined for each 

addition of salt (see derivation in chapter two).186  

 

 
Table 4.3 Extinction coefficients for TO+ monomer and dimer in ultrapure water in the absence 

of monovalent ions. 

 

 
#m  

(M-1 cm-1)a 
#d  

(M-1 cm-1)a 

 
477 nm 

 
38000 

(± 1600) 
124000 
(± 2000) 

500 nm 
60500 

(± 1500) 
101000 
(± 1900) 

 

aValues obtained by assuming a simple monomer-dimer equilibrium, see derivation in chapter two. 
 
 

 When the equilibrium constant is plotted as a function of concentration of either NaMeS 

or NaFo it is apparent that it increases, or shifts in favour of the dimer, as the salt concentration 

increases (Figure 4.2). A plateau of the equilibrium constant was reached for other salts such as 

acetate, bromide, or chloride and was attributed to the fact that the equilibrium constant reached 

a point when the addition of more salt would not result in a change in the ratio of monomer to 

dimer. However, with NaMeS or NaFo, the change in the equilibrium constant reaches a 
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maximum, but then appears to decrease which could be due to increase in solution pH when 

these salts are added. For example, at 250 mM concentration of NaFo (kb = 5.6 x 10-11)266 the pH 

of an aqueous solution is 8.6. This increase in pH at high concentration of NaFo, not seen for the 

acetate ion in chapter two due to the buffering capability of bicarbonate, may account for the 

change in the equilibrium constants at the high concentrations of the NaFo. 

 

!

!
!
Figure 4.2 Keq for the monomer-dimer equilibrium of TO+ (20 µM) in aqueous solution upon 
the addition of increasing concentration of NaMeS (blue circles) and NaFo (black squares). 

!
 

 It was hypothesized earlier that aggregation of TO+ only occurs when an anion has 

similar water matching affinity to the dye. It is apparent from Figures 4.1 and 4.2 that neither 

NaMeS nor NaFo have similar water matching affinities to TO+ as only increased dimerization 
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of TO+ was observed. This result is supported by the literature, as formate and methyl sulphate 

possess free energies of hydration similar to that of acetate.216,267 

 

4.3.2 Sodium Methyl Sulphate and Sodium Formate at Low Concentrations  

Keeping in mind that our goal is to assess the role of the alkyl chain length on TO+ 

aggregation, we have studied the effect of low concentrations of NaMeS and NaFo on the 

absorption spectrum of TO+. By working in these conditions, not only the potential effects 

caused by pH are minimized, but also more importantly the formation of a micelle will be 

avoided when other alkyl salts are used. Indeed, the CMC value of alkyl salts is usually in the 

millimolar range. As seen in Figure 4.3, upon addition of low concentrations of both NaMeS and 

NaFo, there is a decrease in absorption intensity of TO+. Additionally, a shift in the monomer-

dimer equilibrium is apparent as the ratio of absorbance at 500 nm versus 477 nm increases. 
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!

!
!
Figure 4.3 Normalized absorption spectra of TO+ (20 µM) in aqueous solution (thick solid line) 
with the addition of 250 µM of either NaMeS (thin solid line) or NaFo (thin dashed line). 

!
 

This result is similar to what was observed in chapter two, where monovalent salts were 

added to a solution of TO+ at micromolar concentrations. This spectroscopic change corresponds 

to an increase in monomer concentration from 42% without salt to 54% with NaMeS or 55% 

with NaFo. This result suggests the presence of an ion pair, as ion pair formation manifests as an 

increased concentration of the monomer relative to the dimer and a decreased oscillator strength 

of the ion pair compared to the monomer molecule alone in solution.243,244 As described 

previously (Section 2.7), the addition different sodium salts in a TO+ solution can lead to a rise in 

the concentration of contact ion pairs between TO+ and its counter ion, tosylate (Equations 4.1 

and 4.2) when anions are added that do not have similar water matching affinity to TO+: 



 

147 

, (Eq. 4.1) 

. (Eq. 4.2) 

 

We expect that the increase in TO+ monomer concentration in the presence of a low 

concentration of NaMeS and NaFo is also due to an increase in Kas, as we have shown that high 

concentrations of sodium acetate, NaMeS, and NaFo do not have similar water matching affinity 

with TO+ in order to produce ion pairs between the TO+ and the added anion. 

 

4.3.3 The Effect of Increasing Anion Alkyl Chain Lengths on the Aggregation of Thiazole 
Orange 

In order to assess the effect of the alkyl chain length on TO+ aggregation, four 

carboxylate and sulphate salts were chosen. These salts were the butyl, octyl, decyl, and dodecyl 

chain length varieties of the carboxylate and sulphate head groups. As mentioned earlier, for 

these experiments it was imperative to work at lower salt concentration to avoid micelle 

formation and changes in solution pH. 

Upon the addition of the carboxylate salts, a decrease in the absorption intensity of TO+ 

occurs for both the monomer and dimer, at 500 and 471 nm respectively (Figure 4.4). Although a 

decrease occurs upon the addition of each salt, the change in the absorption intensity is not 

identical between salts. Indeed, as the alkyl chain length increases from octyl to decyl to dodecyl 

the change in the absorption intensity become more drastic. Like with NaFo, the monomer ratio 

increases from 42% before any salt added to 55% for NaBu and NaOc. This result suggests that 

 
TO+ + tosylate! ! (TO+ ¥tosylate! )ip

Kas =
[(TO+ ¥tosylate! )ip ]

[TO+ ] free[tosylate! ] free
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these two salts don’t interact with TO+. On the other hand, their addition into solution probably 

shifts the equilibrium (Equation 4.1) towards the formation of (TO+!tosylate-)ip. 

 

 

 
 

Figure 4.4 Normalized absorption spectra of TO+ (20 µM) in aqueous solution with the addition 
of 250 µM of NaBu (blue trace), NaOc (red trace), NaDec (green trace with circles), or NaDDec 
(black dashed trace). Absorption spectra of TO+ with NaBu and NaOc are superimposed and the 
arrow emphasizes the TO+ H-aggregates.  

 
 

The result is much different when NaDec or NaDDec are added as it is apparent that the 

decrease of the monomer and dimer peaks coincide with an increase in absorption intensity at 

421 nm and a slight increase in absorption intensity around 560 nm (Figure 4.5 for additions of 

NaDDec). The peak at 421 nm is similar to the H-aggregates seen earlier for TO+ with the 

monovalent salts.  
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!

!
!
Figure 4.5 Normalized absorption spectra for the consecutive additions of NaDDec to an 
aqueous solution of TO+ (20 µM, thick black trace) from 0 – 250 µM (thin black traces). 

!
 

 This result suggests that only when the alkyl chain length is increased to the decyl level 

will H-aggregates of TO+ form. Like with the carboxylate salts, the alkyl chain length of the 

sulphate salts was increased from the butyl, to octyl, decyl, and dodecyl. The addition of these 

four different salts to a solution of TO+ all resulted in a decrease of the monomer and dimer 

absorption intensity yet this decrease was not equivalent for the individual salts (Figure 4.6). For 

example, when NaBuS, or NaOcS were added to a concentration of 250 µM, a larger decrease in 

absorption intensity occurred for NaOcS (Figure 4.6). Interestingly, these two salts also 

stimulated an increase in the calculated percent monomer of TO+, from 43% when TO+ is alone 

in solution to 57% with NaOcS, 55% with NaBuS.  
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!

!
!
Figure 4.6 Normalized absorption spectra of TO+ (20 µM) in aqueous solution (thick black 
trace) with the addition of 250 µM of either NaBuS (blue trace), NaOcS (red trace), NaDecS 
(green trace with circles), or SDS (black dashed trace).  

!
 

The addition of longer alkyl chain sulphate anion, NaDecS and SDS, results in the 

appearance of H-aggregates in the absorption spectrum of TO+, at 430 nm, accompanied by a 

large decrease in the absorption intensity of the monomer and dimer peaks (Figure 4.6). In 

particular, the H-aggregate peak is more clearly defined for SDS than for NaDecS and the higher 

absorption intensity at 430 nm for TO+ with SDS suggests that the aggregation of TO+ is greater 

in the presence of 250!$M SDS than NaDecS.  

These results are quite puzzling, as the addition of salts with short alkyl chains has no 

significant impact on the absorption of TO+, whereas the longer alkyl chains seem to be more 

potent at inducing aggregation. A potential hypothesis to explain our results would be that as the 
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alkyl chain gets longer, the free hydration energy of the salt becomes smaller. Thus, these salts 

could have a better water matching affinity with TO+ than its counter ion, tosylate. In turn, this 

could translate into a larger Kas2 (Equation 4.4) than Kas (Equation 4.2) and by consequence, 

addition of these particular salts would favour the formation of the (TO+!A-)ip.  

In order for this hypothesis to fit our results, one would have to assume that changes in 

free hydration energy are greater for the sulphates than the carboxylates, as NaOcS induces more 

aggregation of TO+ than NaOc. This is a hard assumption to make as the free hydration energies 

of the ‘parent’ ions, NaFo and NaMeS are very similar to each other. Thus it is difficult to 

believe that the addition of a C8 carbon chain would affect one salt more than the other one. In 

fact, literature data have shown that addition of an alkyl chain has minimal effect on the free 

hydration energy of a salt.216 Therefore, it appears very improbable that TO+ will form an ion 

pair with these salts leading to H-aggregates as they have poor water matching affinity. 

An alternative and attractive hypothesis remains that upon addition of low concentration 

of salts, the formation of (TO+!tosylate-)ip is favoured. Since the hydrophobic nature of this ion 

pair cannot be ignored, formation of H-aggregates observed in Figure 4.4 and 4.6 would be the 

outcome of favourable hydrophobic interaction between the alkyl chains and (TO+!tosylate-)ip. 

The formation of dye aggregated in the presence of surfactant molecule has been 

observed previously and is believed to be due to a combination of electrostatic and hydrophobic 

interactions.44,186,268 In aqueous solution, the homogenous aggregation of dye molecules to form 

dimers and high-ordered aggregates is energetically favourable due to hydrophobic interactions 

between dye molecules resulting in an increase in entropy of the system when an aggregate 

forms.89-91 Therefore, the hydrophobic alkyl chain provides an optimum environment for dye 

aggregation to occur.44,186,268   
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In order to assess this hypothesis, a better knowledge of surfactant behaviour is required. 

As outlined in chapter one, the chemical structure of surfactant molecules, containing an ionic 

head group and an alkyl chain, allows them to aggregate in solution, a process that is 

concentration-based. As the concentration of surfactant molecules increases, monomeric 

surfactant units first form small aggregates, named premicelles, before forming micelles at 

higher surfactant concentrations (see Scheme 4.1).54,197,248-251 As mentioned in chapter one, the 

concentration at which a micelle forms is described as its critical micelle concentration (CMC). 

These values are notoriously variable, as they are a primary reflection of the surfactant’s 

molecular structure and heavily dependent on the length of the alkyl chain.19 Therefore, CMC 

values can be used as an indicator for the solubility of surfactant molecules in solution and their 

tendencies to form aggregates between themselves.  

One can see from Table 4.4 that the CMC values for the carboxylate and sulphate alkyl 

salts increases respectively with the alkyl chain length. However, the CMC values for the same 

alkyl chain length are not identical between the sulphate and carboxylates salts. Indeed, the CMC 

value of NaDDec at 28.1 mM259 matches more closely the CMC value of NaDecS of 30 

mM,257,269 more so than the CMC of the sulphate salt with a similar alkyl chain length, SDS at 8 

mM.257,259  
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Table 4.4 The sulphate and carboxylate salts with their corresponding CMC values. 

 
Sulphate Salts Carboxylate Salts 

 
CMC  
(mM) 

 
CMC  
(mM) 

NaMeSa  NaFa  

NaBuSa  NaBub ~600270 
NaOcS 140257 NaOc 34515 
NaDecS 30257,269 NaDec 116271 

NaDDecS 8257,259 NaDDec 28.1259 
    

aCMC values for NaMeS, NaBuS, and NaMe are unreported in the literature. 
bThe CMC value for NaBu is reported with tetrabutylammonium as the counter ion, for the sodium salt 
the CMC is expected to be slightly higher, due to the large size difference between tetrabutylammonium 
and sodium ions. 
 

 

Interestingly, when we look at the absorption spectra of TO+ in the presence of 250 µM 

NaDDec and NaDecS, presenting similar CMC values, the shape of looks very similar (Figure 

4.7). We believe this result supports our hypothesis and it is the alkyl chain of the salts under 

consideration that dictates TO+ aggregation in solution. Notably, the absorption intensity is 

slightly greater for NaDDec around 525 – 650 nm, which could be due to light scattering from 

the presence of larger aggregates. This greater propensity of NaDDec to form aggregates could 

be linked to its lower solubility in water, as indicated by its slightly lower CMC value than 

NaDecS. It is important to understand that the CMC value is only taken as an indicator of 

surfactant molecule solubility and no actual micelles are formed under our experimental 

conditions (Table 4.4). In fact, a better indicator to assess our results would be the premicellar 

concentration of these alkyl salts. At these premicelle concentrations, surfactant molecules are 

aggregated but have yet to form micelles (Scheme 4.1).250,261 
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!

!
!

!
NaDecS 

 
NaDDec 

!
Figure 4.7 Top, absorption spectra of TO+ (20 µM) in aqueous solution in the presence of 250 
µM NaDecS (black trace) or 250 µM NaDDec (blue trace). Bottom, molecular structures of 
NaDecS and NaDDec. 

!
 

4.4 An Application of the Interaction Between Thiazole Orange and Surfactants: Assessing 
the Premicellar Concentration of a Surfactant using Thiazole Orange as a Probe 

 Elucidation of the concentration at which premicelles form provides insight into 

surfactant aggregation and solubility54,197,248,249,261,272 and current literature research suggest that 

that the premicelle concentration of a surfactant exists in some range between CMC/10 – 

CMC/100.250,261 In fact, TO+ itself is a prime candidate to use as a molecular probe for the 

O

SO3
- Na+

CO2
- Na+
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determination of premicellar concentration of surfactants due to its photophysical sensitivity to 

environmental conditions6,29,54,186 and has recently been used to estimate the premicellar 

concentration of SDS.54 This approach involves monitoring the fluorescence intensity of a 

molecular probe as a function of surfactant concentration.54,249,256 Therefore by using a similar 

method where TO+ is the probe, we could estimate the premicellar concentration of other 

surfactants, such as NaDDec and NaDecS in order to support the results shown in the previous 

section.  

 

4.4.1 The Interaction Between Thiazole Orange and Sodium Dodecyl Sulphate  

As mentioned previously in this chapter, the addition of SDS to a solution containing 

TO+ results in a decrease of the monomer and dimer absorption maxima with an increase in 

intensity blue-shifted compared to these species at 430 nm. Interestingly, as the concentration of 

SDS increased past the CMC of 8 mM,197,257 the peak at 430 nm begins to decrease and there is 

an apparent increase in concentration of the monomeric species as seen with a large increase of 

the absorption intensity at 500 nm (Figure 4.8). At the highest concentration of SDS (50.5 mM) 

the absorption appears to contain only the monomeric forms of TO+ (Figure 4.8). The presence 

of a majority of monomeric species of a dye, when a surfactant is added above its CMC value (8 

mM for SDS197,257), is indicative of increased solubility of the dye in the presence of SDS 

micelles.197,249,268 This result observed through absorption spectroscopy between TO+ and SDS is 

very similar to that seen previously in the literature.54 
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!

!
!
Figure 4.8 Absorption spectrum of TO+ (20 µM) in aqueous solution (dashed black trace) with 
the addition of 0.2 mM SDS (blue trace) and consecutive addition of SDS reaching 
concentrations of 5.5 mM (green trace), 10.5 mM (red trace with circles), and 50.5 (black 
trace).  

!
  

The fluorescence intensity of TO+ was also monitored as a function of SDS concentration 

and was found to have an initial large increase followed by a decrease as the concentration of 

SDS increased (Figure 4.9). In fact, the fluorescence intensity reaches a maximum when 0.2 mM 

SDS was added, decreases once the concentration of SDS exceeds about 0.8 mM and returns 

almost back to its original level at concentrations above the SDS CMC (Figure 4.9). The 

fluorescence emission spectrum at high SDS concentrations confirms the presence of TO+ 

monomers (Figure 4.9), as it is similar to the one obtained when TO+ is intercalated with DNA 

with a fluorescence maximum around 530 nm.194 Interestingly, the apparent loss of the 
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absorption intensity of the H-aggregate observed in Figure 4.8 matches exactly the decrease in 

fluorescence intensity seen in Figure 4.9, which led us to question the relationship between the 

fluorescence intensity and the presence of the H-aggregate.  

 

!

!
!
Figure 4.9 Fluorescence intensity monitored (%exc = 500 nm, %em = 510 – 760 nm) for TO+ (20 
µM) in aqueous solution (thin black trace) with the addition of 0.2 mM SDS (blue trace) and the 
consecutive addition of SDS reaching concentrations of 5.5 mM (green trace), 10.5 mM (red 
trace with circles), and 50.5 mM (thick black trace). The arrow represents the evolution of the 
fluorescence intensity as the concentration of SDS increases. 

!
 

Previous reports have suggested that the fluorescence observed for TO+ at 650 nm is 

attributed to the presence of the H-aggregate,6,54 as TO+ alone in solution is non fluorescent due 

to free intramolecular rotation resulting in a non-radiative decay from the excited state.66 

Therefore, as there are no other species present in solution, and TO+, SDS and their respective 
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counter ions are non-fluorescent on their own, it is safe to assume that the fluorescence detected 

in Figure 4.9 originates from the TO+ H-aggregate.  

Literature studies suggest that increased fluorescence observed for slightly hydrophobic 

dyes in the presence of a surfactant can be used to estimate premicellar states of that surfactant 

molecule.54,249,256 Previously, the premicellar concentration of SDS has been estimated with 

fluorescence spectroscopy to be ~2.6 mM when in the presence of 3 $M TO+.54 Using the same 

approach, we estimated the premicellar concentration of SDS at 0.2 mM, where the maximum 

fluorescence intensity was reached, in the presence of 20!$M TO+ (Figure 4.9). Noticeably, this 

is a considerable decrease from the ~2.6 mM premicellar concentration for SDS found 

previously.54 Interestingly, the value we found in our study matches more closely to the one of 

0.12 mM found via alternative techniques that do not require the presence of a probe, such as 

resonance Rayleigh scattering.260 

 

4.4.2 The Interaction Between Thiazole Orange and Sodium Decyl Sulphate, and Sodium 
Dodecanoate 

 In order to corroborate our hypothesis that the aggregation observed in Figure 4.8 is 

associated to hydrophobic interaction between the alkyl salts and (TO+!tosylate-)ip, the 

premicellar concentrations of both NaDDec and NaDecS were assessed. The addition of NaDecS 

under its CMC value of 30 mM,257,269 to a solution of TO+ resulted in the formation of 

fluorescent H-aggregates as previously described for SDS (Figure 4.10a).  
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a)  
 

b)  
 
Figure 4.10 a) Absorption spectrum of TO+ (20 µM) in aqueous solution (dashed black trace) 
with the addition of 0.6 mM NaDecS (blue trace) and consecutive addition of NaDecS reaching 
concentrations of 10.5 mM (green trace), 30.5 mM (red trace with circles), and 50.5 (black 
trace). b) Fluorescence intensity monitored (%exc = 500 nm, %em = 510 – 760 nm) for a 20 µM 
aqueous solution of TO+ (thin black trace) with the addition of 0.6 mM NaDecS (blue trace) and 
the consecutive addition of NaDecS reaching concentrations of 10.5 mM (green trace), 30.5 mM 
(red trace with circles), and 50.5 mM (thick black trace).  

!
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The fluorescence intensity of the H-aggregate was monitored as a function of the 

surfactant concentration and was found to increase until the surfactant concentration reached 0.6 

mM for NaDecS (Figure 4.10b). Addition of surfactant above this concentration resulted in a 

decrease in fluorescence intensity and an increase in absorption intensity of the TO+ monomer 

(Figure 4.10). As described previously, the maximum fluorescence intensity of a dye can be 

attributed to the formation of premicellar aggregates and corresponds to the premicellar 

concentration.  

In contrast, the results obtained for NaDDec are quite surprising. As larger concentrations 

of this salt are added to a TO+ solution, greater scattering of light is observed in the absorption 

spectrum (Figure 4.11a). In fact, the monomeric form of TO+ couldn’t be obtained at 

concentrations greater than NaDDec CMC at 28 mM, and precipitates were observed. The 

fluorescence spectrum of TO+ H-aggregates showed an initial increase up to a 1 mM NaDDec 

concentration before fluorescence decreases (Figure 4.11b). While this result could suggest a 

premicellar concentration of 1 mM for NaDDec, this result is to be taken with caution as 

suggested by the high degree of aggregation observed in the absorption spectrum. In fact, 

insoluble dye-surfactant salts have previously been observed in the literature and have led to 

erroneous CMC predictions.273 

While the values obtained for the premicellar concentrations of NaDDec at 1 mM and 

NaDecS at 0.6 mM are not supportive of our hypothesis, they are not refuting it either due to 

uncertainty for the NaDDec measurement. Indeed, one could argue that the high degree of 

aggregation seen for NaDDec is a strong indication that hydrophobic interaction, or 

intermolecular forces, are extremely strong between the alkyl chain of NaDDec and 

(TO+!tosylate-)ip,. 
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a)  
 

b)  
 

Figure 4.11 a) Absorption spectrum of TO+ (20 µM) in aqueous solution (dashed black trace) 
with the addition of 0.2 mM (blue trace), 0.6 mM (green trace), 1.0 mM (red trace with circles), 
and 1.2 mM SDS (black trace). At 1.2 mM SDS the solution was visually turbid. b) Fluorescence 
intensity monitored (%ex = 500 nm, %em = 510 – 760 nm) for a 20 µM aqueous solution of TO+ 
(thin black trace) with the addition of 0.2 mM (blue trace), 0.6 mM (green trace), 1.0 mM (red 
trace with circles), and 1.2 mM SDS (thick black trace).  

!
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4.5 Conclusion 

The focus of this Chapter was to observe the affect of the alkyl chain length, attached to 

an ionic head group, on the aggregation tendency of TO+. Two different head groups, the 

carboxylate and sulphate, were chosen due to the availability of these salts with various chain 

lengths and their well-established properties. Because these salts are surfactants and therefore 

prone to form micelles in aqueous environment, their interaction with TO+ had to be investigated 

at much lower concentrations then the one employed in previous chapters. With a model 

involving two equilibria accounting for all our results for low concentration of added salt as 

developed in chapter two, we furthered our investigation on the effect of carboxylate and 

sulphate alkyl salts on the aggregation of TO+. Without great surprise, the salts with very short 

alkyl chains do not pair with TO+ at low or high concentrations. This result can be attributed to 

the high value for the free hydration energy of carboxylate and sulphate ions. Interestingly, 

formation of TO+ aggregates could be observed for salts bearing longer alkyl chains, referred to 

as surfactants here after. Based on the literature, the free hydration energy of an ionic species is 

independent on the presence of an alkyl chain. Therefore, ion pairing between surfactants and 

TO+ has to be rejected as a justification for the appearance of TO+ H-aggregates. 

An attractive hypothesis to explain the results observed for the surfactants is the existence 

of strong hydrophobic interactions between the long alkyl chain of the salt and the neutral ion 

pair formed between TO+ and its counter ion, tosylate. This hypothesis is supported by the fact 

that surfactants with lower CMC values are more potent at forming H-aggregates. As discussed 

in this chapter, the CMC value of a surfactant is an indicator of the salt solubility in aqueous 

environment. The less soluble the surfactant is, the stronger its hydrophobic interactions with 

TO+ will be. In order to further this argument, we tried to assess the premicellar concentration of 
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the surfactants used in this work. Indeed, surfactants are known to form smaller aggregates called 

premicelles prior to organizing into micelles. We believed that the premicellar concentration 

would be a better indicator for H-aggregate formation than the CMC value.  

In this study, fluorescence emission of TO+ H-aggregate was used as a means to evaluate 

the premicellar concentration of surfactants. In order to attest the validity of the method, the 

premicellar concentration of the SDS was first measured, as TO+ has already been used in the 

literature to obtain this value. While the value of 0.2 mM obtained through our experiments is 

much lower than the one found by others, which have used TO+, it matches more closely to the 

one reported in the literature of 0.12 mM. It is important to note that this latter value was 

obtained by an alternative technique that didn’t require the used of a fluorescent probe.  

Assuming that our methodology is correct, we went on to evaluate the premicellar 

concentration of two other surfactants, NaDecS and NaDDec. We have compared these two 

surfactants as they have close CMC values, and they only gave slightly different TO+ H-

aggregates. While we were able to evaluate the premicellar concentration of NaDecS at 0.6 mM, 

we have some concern regarding the value obtained for NaDDec of 1 mM as light scattering and 

precipitate were clearly seen. Therefore, evaluation of premicellar concentration under our 

experimental methods could not be used in order to support our hypothesis of hydrophobic 

interactions.  
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 Polyelectrolytic Inspired Aggregation of Cyanine Dye Molecules Chapter Five:

 

5.1 Background 

The study of supramolecular chemistry commonly observes the way large macrocylic 

molecular structures (cucurbiturils,57,63,84,274 cyclodextrins,275-277 crown ethers,278,279 etc.) interact 

with smaller molecules such as ions6,280,281 and small organic compounds84,282-284 in order to 

understand dominant noncovalent interactions. In many cases, these interactions lead to inclusion 

complexes,285-287 and in almost all instances, the inclusion complexes are driven by a 

combination of intermolecular forces including hydrogen bonding, hydrophobic or London 

dispersion, and van der Waals interactions.189,190 Not surprisingly, these same forces are involved 

in the self-assembly of many examples found in nature, including the organization of DNA276,288 

and proteins,289,290 and as a result the inherent self assembly of these biological systems has been 

exploited to produce structurally designed systems.291,292 In addition, these forces are what 

encourage self-organization of Thiazole Orange (TO+) and other cyanine dyes to form dimers 

and higher-ordered aggregates, as described in previous chapters and in the literature.34,66,186,293 

 The interactions between polyelectrolytic macrocycles and light absorbing dye molecules 

have been a fascinating and a quickly evolving area of research due to the relative accessibility 

of these materials and ease of studying these systems using spectroscopic 

techniques.57,84,281,293,294 Often absorption spectroscopy alone can give insight into a dye’s 

environmental conditions which can be used to monitor its interaction with macrocycles.6,63,84 

Furthermore, the kinetics and thermodynamics of inclusion complexes can be elucidated using 

variations of this technique.55,294,295  
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 As we have shown that the size of the counter ion of cyanine dyes plays a specific role in 

the aggregation of the dye (chapters two through four),186 it was of high interest to probe the  

effects of macrocyclic and polyelectrolytes systems on dye aggregation. Past research in our 

group has shown some very interesting and unusual results with TO+ and calix[4]arene 

sulphonate (C4AS).6 Calix[n]arenes are cyclic polymers carrying phenolic rings linked by 

methylene groups, the value of n displayed in the brackets represents the number of repeating 

units.296 While these macrocyles are highly hydrophobic, they can be functionalized on the wide 

(or upper) rim to change their solubility.296 By adding sulphonate groups para to the hydroxyl 

group of the phenol, C4AS represents thus a hydrophilic environment with a high negative 

charge density.296  

As C4AS is known to form inclusion complexes with small molecules,285,287 its 

interaction with TO+ was unexpected since no inclusion complexes were seen, and instead, a 

fluorescent H-aggregate was observed.6 The presence of fluorescent H-aggregates was startling 

as H-aggregates are normally non-fluorescent. The fluorescence of these particular H-aggregates 

was best explained, and will be done so in more detail in Section 5.3.1, from the unique 

arrangement of molecules within the aggregates. When a slight angle exists between molecules 

in a H-aggregate or when they are non-parallel, the transition to the lower exciton level, which is 

responsible for producing fluorescence, is slightly more allowed.6 Even though the main 

excitation still occurs to the higher exciton state, an increase in fluorescence emission is 

observed compared to the monomeric form. It is our goal to understand the conditions that 

govern the formation of a fluorescent H-aggregate and its preference to form over the commonly 

seen inclusion complexes. 
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Our study with polyelectrolytic systems is split over two segments. The first includes the 

work performed with TO+ and three different polyelectrolyte compounds including C4AS, 

calix[6]arene sulphonate (C6AS), and polystyrene sulphonate (PSS). Then, we will examine the 

interaction of these three species with four other cyanine dyes, 3,3’-diethylthiacyanine (THIA), 

1,1’-diethyl-2,2’-cyanine iodide (PIC), 1,3’-diethyl-4,2’-quinolylthiacyanine (DEQTC), and a 

cyano-substituted Thiazole Orange (!-CN-TO) in an effort to describe the interaction between 

this particular series of cationic cyanine dyes with polyelectrolytic systems. 

  

5.2 Experimental Section 

The cyanine dyes were prepared as follows; first, a 2 x 10-2 M stock solution of TO+ was 

prepared in DMSO (Sigma) and was kept for up to two months at 4*C. From this stock solution, 

40 $M solutions of TO+ were prepared directly into a quartz cuvette with ultrapure water (Milli-

Q 18.2 M( cm at 25 °C). The other cyanine dyes; 1,3’-diethyl-4,2’-quinolylthiacyanine iodide 

(DEQTC, )98%, BioChemika), 3,3’-diethylthiacyanine iodide (THIA, ~97%, Sigma-Aldrich), 

1,1’-diethyl-2,2’-cyanine iodide (PIC, 97%, Sigma-Aldrich), and lastly a cyano-substituted 

Thiazole Orange (!-CN-TO, generously provided by B. A. Armitage) were used as received 

without further purification. Stock solutions were prepared by initially dissolving the DEQTC 

(20 mM), THIA (1 mM), PIC (1 mM), and !-CN-TO (24 mM) into DMSO, which were stored at 

4°C for two months. Like with TO+, working solutions of these dyes were prepared to desired 

concentrations directly in a quartz cuvette.   

Calix[4]arene sulphonate (C4AS) was synthesized by V. Lau6 from calix[4]arene (Alfa-

Aesar) using concentrated sulphuric acid, via a method previously described in the literature.280 

Calix[6]arene sulphonate (C6AS) was synthesized previously in our lab using the same method 
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as for C4AS from calix[6]arene (Alfa-Aesar). Polystyrene sulphonate (PSS, Mw 70,000) was 

purchased from Aldrich and was used as received. Stock solutions, 1 mM, of C4AS, C6AS, and 

PSS were prepared directly into ultrapure water (Milli-Q 18.2 M( cm at 25 °C). The 

concentration of the stock solutions was calculated based on the total molar mass of the C4AS 

and C6AS and on the molar mass of a single monomeric unit for PSS. Pyridine ()99.9%) and 

sodium tetraphenylborate (TPB-, )99.5%) were purchased from Sigma-Aldrich and were used as 

received. Experiments pertaining to the used of pyridine and TPB- are described in sections 5.3.2 

and 5.3.4, respectively. 

 Titration experiments were performed via consecutive additions of either C4AS or PSS to 

the 40 $M solution of TO+. Absorption spectra were recorded after each addition using a Varian 

Cary-50 single beam spectrophotometer and the dilution was taken into account during the data 

analysis. Any fluorescence spectra were recorded using a Photon Technology International (PTI) 

quanta master spectrofluorimeter operated in CW mode. For both the absorption and 

fluorescence measurements the solutions were placed in a quartz (Suprasil) cell of 0.4 cm width 

1 cm path length (International Crystal Laboratories). 

 

5.3 The Interaction Between Thiazole Orange and Polyelectrolytes 

As described in chapter two, TO+ is a cationic cyanine dye whose structure contains both 

electronic delocalization and hydrophobic regions (Figure 5.1a), hence its propensity to dimerize 

and form higher-ordered aggregates in aqueous solution.34,66,186,293 Thus far, TO+ has been 

studied with polyelectrolyte systems such as DNA, where it was found to be highly fluorescent 

when bound but almost non-fluorescent in solution, due to intramolecular rotation in the excited 
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state leading to nonradiative decay pathways.66,194 However, its interaction with macrocyclic and 

other polyelectrolytic systems, such as polymers, has only been investigated to a limited extent.  

 

5.3.1 Thiazole Orange with Calix[4]arene Sulfonate or Calix[6]arene Sulfonate 

Considering the limited research within this field, C4AS and C6AS (Figure 5.1b and c) 

were used as model macrocyclic systems. Since the upper rim of the C4AS and C6AS house 

sulphonate substituents, they are both anionic. In result, both C4AS and C6AS have an 

environment of negative charge density along with a hydrophobic cavity, and are therefore 

considered as polyelectrolytes (Figure 5.1b and c), which are ideal for studying the interaction 

with the cationic cyanine dye, TO+. More simply, the different charge density between TO+ and 

these specific calixarenes, along with the presence of the hydrophobic core of the calixarenes, 

makes then highly likely to form inclusion complexes with one another, as seen in other cases 

with macrocyclic systems and cyanine dyes.84,281,297  
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a)  
 

b)  c)  
 

Figure 5.1 a) Chemical structure of TO+, b) molecular structure of C4AS, and c) molecular 
structure of C6AS. Counter ions for TO+ (p-toluenesulphonate), C4AS (sodium), and C6AS 
(sodium) are not shown. 

!
  

The interactions between TO+ and the large macrocycles were studied using both 

absorption and fluorescence spectroscopy, since the photophysical properties of TO+ are very 

sensitive to environmental conditions as seen in previous chapters.6,186,194,293 The addition of 

C4AS to a solution of TO+ results in a decrease of the monomer and dimer absorption maxima at 

500 and 477 nm respectively, along with an increase in absorption intensity at 427 nm (Figure 

5.2a). This change in the absorption intensities is indicative of higher-order aggregate formation, 

in particular, H-aggregate formation.6 While H-aggregates are expected to be non-fluorescent in 

solution, the fluorescence intensity of TO+ increases dramatically at 639 nm upon addition of 

C4AS (Figure 5.2a). This phenomenon was also seen in the literature for TO+ with C4AS and 

although we are unable to calculate a fluorescence quantum yield due to the lack of an 

appropriate standard, the fluorescence intensity of the interaction of TO+ with C4AS can be 
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compared to that with DNA (Figure 5.2b).6 From this figure it is apparent that the fluorescence 

intensity at 639 nm is not attributed to the monomer, which has been previously reported around 

530 nm in the presence of DNA (Figure 5.2b)194 nor does it compared to a weak fluorescence 

signal at 545 nm observed from a millimolar concentration of TO+ in solution where H-

aggregates had also been observed.64 Therefore the large red shift in fluorescence intensity 

suggests that emission comes from the “forbidden” lower exciton level of the H-aggregate.59 
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a)  
 

b)  
 

Figure 5.2 a) Absorption (solid traces) and fluorescence (%ex = 500 nm; dashed traces) 
intensities plotted as a function of wavelength for an aqueous solution of 40 µM TO+ (black 
traces with circles) with 10 µM (blue traces with squares) and 20 µM (red traces with 
diamonds) concentration of C4AS. b) Fluorescence spectra of TO+ (10 µM) with calf thymus 
DNA (left) and C4AS (30 µM, right) (Figure reproduced from Lau, V.; Heyne, B. Chemical 
Communications, 2010, !" , 3595. with permission of The Royal Society of Chemistry) 

!
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This increase in fluorescence intensity was described to be due to two possibilities; the 

first being an increased rigidity of TO+ molecules in the H-aggregate, reducing internal rotation 

leading to non-radiative states. Secondly, TO+ molecules in the H-aggregate may be slightly 

twisted relative to one another, which could result in the lowest energy excited state (exciton) 

becoming accessible. Absorption to both exciton states, classified as Davydov components in the 

absorption spectra, can be described below.6  

When M1 and M2, portraying the transition dipoles of the molecules involved in an 

aggregate, are parallel, only the higher exciton is allowed for H-aggregates (Figure 5.3).298 This 

is because the Davydov components, or the sum of the two transition dipoles, are greater than 

zero for the higher exciton (m+) and equal to zero for the lower exciton level (m-). This results in 

a non-fluorescent H-aggregate since the lower exciton level is forbidden.59,298 However, when 

M1 and M2 are not perfectly parallel and there is an angle $ between them, their sum is not equal 

to zero and both exciton levels m+ and m- become allowed, which can be observed as Davydov 

components at different wavelengths in an absorption spectrum (Figure 5.3).298 The existence of 

Davydov components is seen in Figure 5.2 as the main H-aggregate peak is observed at 427 nm 

(m+) but there is also an increase in absorption intensity around 550 nm attributed to absorption 

of the m- exciton. Therefore, it is likely that the TO+ molecules present in an H-aggregate with 

C4AS exist at some angle, $, with respect to one another to allow for fluorescence.  
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!

!
!

Figure 5.3 Left, visual model for the orientation and corresponding absorption and fluorescence 
characteristics of two interacting molecular transition dipoles (M1 and M2; represented as grey 
ovals) in a H-aggregate. The small arrows indicate the orientation of the molecular transition 
dipoles, M1 and M2, in the m+ and m- states, where, $ is the angle between M1 and M2. Solid 
arrows represent allowed absorption transitions, wavy arrows represent non-radiative decay 
pathways, crossed arrows represent forbidden transitions, and dashed arrows represent 
fluorescence. Right, simple vector diagram showing the Davydov components for the m+ and 
m- excitons. When $ is greater than zero, m+ and m- will be non-zero. (Image adapted from 
Kang, J.; et al. International Journal of Polymer Sciences 2010, 2010, 7.)  

!!
 

In order to determine whether the presence of a fluorescent H-aggregate is an effect of 

the small macrocycle size of C4AS, the same experiment was performed with C6AS, which has 

a larger cavity size. The addition of C6AS (Figure 5.4) to a solution of TO+ also results in a 

decrease of the monomer and dimer absorption peaks at 477 and 500 nm respectively (Figure 

5.4a). Interestingly, upon an increase in C6AS concentration, there is also an increase in the 

absorption intensity at 431 nm, which depicts the formation of an H-aggregate (Figure 5.4a). 

Furthermore, this H-aggregate is fluorescent with a maximum located at 642 nm (Figure 5.4b). 
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a)  
 

b)  
 

Figure 5.4 a) Consecutive additions of C6AS (thin black traces), up to a final concentration of 
8 µM, to a 40 µM aqueous solution of TO+ (thick black trace) b) Fluorescence of TO+ alone 
(red trace along x-axis) and with a 1:1 (black trace), 1:2 (green trace) and 1:3 (blue trace) molar 
ratio of C6AS. 

!
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 When comparing the interaction of TO+ with C4AS and C6AS, it is particularly 

noticeable that the maximum wavelength of the H-aggregate is red shifted from 427 nm for 

C4AS to 431 nm for C6AS (Figure 5.5). This potentially suggests that the exciton splitting 

energy or energy difference between m+ and m- levels (Figure 5.3 and Equation 5.1) is not 

equivalent for the TO+ H-aggregate that forms with C4AS or C6AS. In order to begin to 

understand why two different aggregates containing the same molecule could have different 

exciton splitting energies, one must dig deeper into Kasha’s exciton theory pertaining to the 

particular orientations of molecules within an aggregate.59 

 

!

!
!
Figure 5.5 Normalized absorption spectra of TO+ with either C4AS (blue trace) or C6AS (black 
trace) showing the difference in the absorption maxima for both H-aggregates.  

!
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The exciton splitting energy or energy difference between m+ and m- can be written as: 

 

! E = Em+ " Em" . (Eq. 5.1) 

 

In the case where molecules in an aggregate have non-parallel transition dipoles compared to one 

another, the exciton splitting energy then becomes,59,299 

 

! E =
2 |M |2

r 3
12

(cos! " 3cos2" ) , (Eq. 5.2) 

 

where, M is the transition dipole moment for the monomer molecule, r12 is the center to center 

distance between molecules 1 and 2 in the aggregate, ! is the angle between two molecular 

planes and & is the angle between the lines of the center and the polarization axes of the 

molecules (Figure 5.6). For simplicity, the combination of the two angles, ! and &, are expressed 

as $ in Figure 5.3.!!

!

!

!
!

Figure 5.6 Simple diagram visually depicting the angles & (left) and ! (right), for two molecular 
transition dipoles that are co-planar inclined (&) or non-planar (!).59,299 
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 The exciton splitting energy (Equation 5.2) is based on the resulting dipole-dipole 

interaction due to the orientation of the molecular transition dipoles and as a result is a function 

of ! and &. In order to simplify Equation 5.2 we can let ! equal 0°, the case where molecules in 

an aggregates are in the same plane and parallel (Equation 5.3);299 

 

! E =
2 |M |2

r 3
12

(1" 3cos2! ) . (Eq. 5.3) 

 

From Equation 5.3, when ! is equal to zero, it is apparent that & dictates whether the exciton 

splitting energy is positive or negative. When 0° * & < 54.7°, this energy is negative, resulting in 

the lower exciton state being allowed, and thus this orientation describes the J-aggregates 

previously mentioned in the introduction (Figure 5.7). However, as seen from Figure 5.7, when 

54.7° < & * 90° the exciton splitting energy becomes positive and the alignment of molecular 

transition dipoles is in the H-form. 
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!

!
!
Figure 5.7. Exciton energy splitting diagram for the interaction between two molecular transition 
dipoles, leading to m+ and m- states, at an angle of & for co-planar inclined transition dipoles 
(when ! is equal 0°). The thick solid black line represents the allowed transition for the m+ state 
as the angle & increases. The small arrows represent the two transition dipoles orientated at 
different angles of &. 

!
 

Although maximum interaction between transition dipoles occurs when ! equal 0° 

(Figure 5.8), this is not always found experimentally300 and ! must be incorporated into the 

equation for the exciton splitting energy (Equation 5.2). In the case of an H-aggregate (54.7° < & 

* 90°), the exciton splitting energy decreases as the angle ! increases from 0° to 90° (Figure 5.8). 
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!

!!
!

Figure 5.8 Exciton energy splitting diagram for the interaction between two non-planar 
molecular transition dipoles for an H-aggregate where & = 90°, leading to m+ and m- states, at 
an angle of !. The small arrows represent the two transition dipoles orientated at different 
angles of !. 

!
!

! In order to elaborate this concept, we will assume a simplified case where the angle & = 

90° for the H-aggregate. Therefore, the Equation 5.2 becomes:  

 

! E =
2 |M |2

r 3
12

(cos! ) . (Eq. 5.4) 

 

When ! = 0° (Equation 5.4), we arrive to the H-aggregate described above, with the highest level 

exciton (m+) being allowed and absorption therefore occurrs to this level (Figure 5.8).299 When ! 

increases to 90°, the gap in energy between the two excition levels decreases to zero (Figure 5.8).  
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In Figure 5.5, which illustrates the different spectral characteristics of the H-aggregates 

formed between TO+ and calixarenes, a shoulder around 530 nm is clearly detected when C6AS 

is used. A shoulder is also perceived around 550 nm when C4AS is employed, albeit less 

evident. The presence of the two transitions at different wavelengths supports our assumption 

that the exciton splitting energy between m+ and m- levels (Equation 5.1) is not equivalent for the 

TO+ H-aggregate that forms with C4AS and C6AS. In addition, it also indicates that the 

transition dipoles within the H-aggregates are oblique or twisted, and the angles ! and & are 

different in the two H-aggregates, with the assumption that r12 is the same in both cases.  

This is also supported through the presence of the fluorescent aggregates, whereby 

internal conversion from the higher energy m+ exciton, the m- state becomes populated, from 

which fluorescence can occur (see Figure 5.3).  

 

5.3.2 Assessing the Binding Ratio of Thiazole Orange with Calix[4]arene Sulphonate or 
Calix[6]arene Sulphonate 

Considering the propensity of the C4AS and C6AS macrocycles to form inclusion 

complexes, it is of interest to assess the molar ratio of TO+ to C4AS and C6AS to determine the 

binding stoichiometry of these complexes. In order to do this, the continuous variation method, 

also known as Job’s analysis, can be performed. This method is based on the existence of an 

equilibrium between a Host (H) and Guest (G), with respective stoichiometry of a and b, and a 

non-covalent complex, Ha!Gb,301  

 

 aH +bG! Ha ¥Gb , (Eq. 5.5) 
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with an overall binding constant (! ab) of 

 

! ab =
[Ha ¥Gb]
[H ]a[G]b . (Eq. 5.6) 

 

A specific requirement for the Job method is that the sum of the total moles of the Guest 

and the Host along with the total volume of the solution is maintained at a constant value. 

Therefore, since the total concentration of the Host and the Guest is kept constant, Co, the mole 

ratio of the Host and the Guest can be defined as x and (1 – x), respectively;302  

 

x =
[H ]0

C0

 and 1! x =
[G]0

C0

. (Eq. 5.7) 

 

As the overall moles of the Host and Guest are kept constant, a maximum will be 

observed when the correct stoichiometric values (a and b) of the Host and Guest are reached. 

Away from these values, either the Host or Guest will be in excess and the amount of the Host-

Guest complex formed will not be at a maximum. In order to observed this visually, the 

concentration of the Host-Guest complex is plotted as a function of either the mole ratio of the 

Host, x, or the Guest, (1 – x). Before the stoichiometric mole ratio is reached, the reactant whose 

mole ratio is graphed is the limiting reactant, and the Job’s plot is associated to a region with a 

positive slope as an increase in reactant will lead to a gain in Host-Guest complex. On the other 

hand, after reaching the stoichiometric ratio, the reactant becomes in excess favouring the 

dissociation of the complex, which translates in a region with a negative slope.  



 

182 

 The maximum of a Job plot, where the concentration of the Host-Guest complex (Ha! Gb) 

is at a maximum (xmax) will allow the value of a and b to be determined as: 301-304 

 

a
b

=
xmax

1! xmax

. (Eq. 5.8) 

 

 This method requires thus to have the means to measure the concentration of Host-Guest 

complex formed. Fluorescence spectroscopy seems to be the most adequate under our 

experimental conditions since TO+, C4AS and C6AS are weakly or non-fluorescent in solution, 

but their complex TO+!C4AS or TO+!C6AS exhibits a maximum around 640 nm. Also, we will 

assume that fluorescence varies linearly as a function of complex concentration. This hypothesis 

seems reasonable under our experimental conditions since the concentrations employed are fairly 

low and the absorption and fluorescence spectra share only a small overlap. Therefore, a Job plot 

was performed for both C4AS and C6AS with TO+ by measuring the fluorescence intensity as 

the mole ratio of TO+ varied (Figure 5.9, shown for C6AS).  
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!

!
!
Figure 5.9 Fluorescence intensity (%ex = 500 nm) measured as the ratio of TO+ increased from 0 
to 1 compared to C6AS. The dark black traces demonstrate an increase in the fluorescent 
intensity as the mole ratio of TO+ goes from 1 to 0.75 and the blue traces represent a decrease in 
fluorescence intensity as the mole ratio of TO+ decreases from 0.7 to 0. 

!
 

The fluorescence intensity was then plotted as a function of the mole ratio of TO+ and a 

maximum was observed at a value of 0.8 (Figure 5.10), which can be associated to a mole ratio 

of 4:1 for TO+:C6AS. Similar experiments were carried out for TO+ with C4AS and a 

fluorescence maximum corresponding to a mole ratio of 3:1 for TO+:C4AS was found, this value 

was in agreement with data published in the literature. (Figure 5.9).6 
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!

!
!

Figure 5.10 Job plot showing the fluorescence intensity as a function of the mole ratio of TO+ 
with C6AS. Intersecting lines meet at a ratio [a/(a+b)] of 0.8  

!
 

 Interpretation of this data must be performed cautiously, as it has been assumed that the 

H-aggregate was the only fluorescent species in solution, yet the monomeric form of TO+ is also 

known to be weakly fluorescent.194 Therefore, in order to ascertain the validity of the mole ratio 

found with Job method, synchronous-scan fluorescence spectroscopy (SFS) experiments were 

performed. SFS involves the simultaneous scanning of the excitation and emission spectra while 

a consistent change in both the excitation and emission wavelength occurs ("%).305,306 This 

allows one to selectively and separately measure relative fluorescence intensities, which come 

from two species which absorb at the same excitation wavelength.305,306 Therefore, SFS allows 

for the separation of fluorescent signals when more than one species is fluorescent in solution. In 
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our case, a solution containing TO+ and C4AS was measured using SFS under two distinct 

conditions. The first was observing the excitation and emission of the monomer by using a "% of 

70 nm, and the second was to observe the excitation and emission of the H-aggregate by using a 

"% of 215 nm (Figure 5.11). These values were chosen to match the wavelength difference 

between the absorption and emission maxima for either the monomer or H-aggregate. From SFS 

measurements, it is apparent that contribution to the overall fluorescence of the complex is 

primarily from the H-aggregate, yet a slight amount comes from the monomer (Figure 5.11).!!

!

!

!
!

Figure 5.11 Fluorescence emission of an aqueous solution of 40 µM TO+ with 20 µM C4AS. 
Samples were either excited using the standard excitation method (%exc = 500 nm and %em = 510 
– 760 nm; black trace with circles) or with SSF either by excitation of the monomer (%exc = 450 
– 630 nm and %em = 520 – 700 nm; blue traces with squares) or by excitation of the H-aggregate 
(%exc = 380 – 580 nm and %em = 595 – 795 nm; red trace with diamonds). 

!
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 Differences also arise in the Job plots of TO+ with C4AS when SFS is used to monitor 

the fluorescence intensity from either excitation of the monomer or H-aggregate (Figure 5.12). 

These main variations are; overall fluorescence intensity, shape of Job plot, and the mole ratio at 

which the fluorescence maximum is observed. Firstly, the overall fluorescence intensity matches 

well to what was observed in Figure 5.11, where the fluorescence of the monomer was 

considerably lower than the H-aggregate. Secondly, the shape of the Job plot for the H-aggregate 

is considerably different than the monomer, here, the maximum fluorescence intensity does not 

occur at a sharp peak, instead the maximum appears rounded (Figure 5.12).  

Although Job plots with rounded tops have been observed for complexes where the total 

concentration of the Host and Guest (Co in Equation 5.7) is considerably lower than the binding 

constant (! ab)302 this feature is most often attributed to equilibria that possess low binding 

constants.304,307-309 For these equilibria, a low binding constant is indicative of a low stability of 

the Host-Guest complex.304,307-309 In the case of the interaction between TO+ and C4AS, the 

complex stability will be briefly examined in Section 5.3.4. Lastly, as no distinct maximum is 

observed in the H-aggregate Job plot, the mole ratio of TO+:C4AS can only be roughly 

determined to be somewhere between 2:1 and a 3:1.  
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!
!

!
!

Figure 5.12 Job plot of TO+ and C4AS using SFS. The monomer (black circles) was excited 
between 450 – 630 nm and the emission was monitored between 520 – 700 nm where the H-
aggregate (blue circles) was excited between 380 – 580 nm and the emission was monitored 
between 595 – 795 nm. The lines of best fit intersect at a mole ratio of TO+ at 0.75; representing 
a 3:1 molar ratio of TO+:C4AS for the monomer and at 0.6, representing about a 2:1 molar ratio 
of TO+:C4AS for the H-aggregate.  

!
 

The presence of a fluorescent H-aggregate, along with the Job plot results, not only 

suggests the presence of a 3:1 complex between TO+ and C4AS (Figure 5.12), but also suggests 

that TO+ does not form an inclusion complex with the macrocycle. This hypothesis is supported 

as the upper rim diameter of C4AS (3.8 ,)310 or C6AS (5.0 ,)310 are likely not large enough to 

accommodate 3 or 4 molecules of TO+. The formation of an H-aggregate over the presence of an 

inclusion complex is quite surprising and it can be hypothesized that TO+ forms a complex with 

C4AS or C6AS due to interactions with the upper rim sulphonate groups. Supporting this 
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hypothesis, the formation of an H-aggregate was still observed when the cavity of C4AS was 

blocked using pyridine, a molecule that is known to form an inclusion complex with C4AS with 

a binding constant of 8.31 x 103 M-1 at 25°C (Figure 5.13).284 Upon the addition of TO+ to a 

solution containing both C4AS and pyridine, the absorption intensity increases primarily at 428 

nm as the concentration of TO+ increases, suggesting the instantaneous formation of H-

aggregates when TO+ is added (Figure 5.13). Once the concentration exceeds 30 $M for TO+, the 

binding domains on C4AS appear to be saturated and any extra TO+ appear free in solution 

(absorption peaks at 477 and 500 nm, Figure 5.13). 

 

!

!
!
Figure 5.13 Absorption spectrum of an aqueous solution of C4AS (10 µM) with 10 µM 
pyridine with the addition of TO+ from 0 to 50 µM.  

!
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Considering all these results, we are fairly confident that formation of H-aggregates 

results from ion pairing between TO+ and the sulphonate groups decorating the upper rim of the 

calixarenes. Interestingly, the concentration of C4AS or C6AS necessary to bring forth H-

aggregates is fairly low as 10 µM is sufficient. In light of previous results (chapter four), H-

aggregates resulting from the ion pairing between TO+ and C4AS at low concentration is not 

surprising. If a single unit of C4AS consisting of p-phenolsulphonate is considered, it should 

bear similar free hydration energy as the TO+ counter ion, tosylate (p-toluenesulphonate). In 

addition, we hypothesize that TO+ interacts with the p-phenolsulphonate anion primarily via its 

quinoline ring, as the positive charge density in TO+ is predicted, like with DEQTC, to be 

located primarily on this portion of the molecule. Furthermore, in the two equilibria model 

developed in the chapter two, we could assume similar equilibrium constants for the association 

of TO+ with either salt. According to Le Chatelier’s principle, addition of C4AS into solution 

should therefore shift the equilibrium towards greater ion pairing between TO+ and C4AS, 

generating H-aggregates. 

 

5.3.3 Thiazole Orange and Polystyrene Sulphonate 

Polystyrene sulphonate (PSS) is a polymer that contains repeating sulphonated benzene 

groups that are separated by a methylene bond (Figure 5.14). Often PSS is prepared with a 

sodium ion as a counter ion to produce a water soluble, linear polymer.311,312 PSS has been used 

to study binding of salts,312 as an antimicrobial agents,313 and as microgels to form antifoam 

particles.314 Interestingly, it is most commonly used in the medicinal field as a binding agent for 

potassium to treat hyperkalemia, a disease where an excess accumulation of potassium occurs in 

the blood stream.315  
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!

!
!

Figure 5.14 Molecular structure of PSS (the sodium counter ion is not shown). 

!
 

  In order to investigate whether the sulphonate groups of PSS encourage H-aggregate 

formation of TO+, PSS was added via consecutive additions to an aqueous solution of TO+. The 

addition of PSS to a solution of TO+ resulted in the decrease of the monomer and dimer 

absorption peaks (Figure 5.15a), similar to what occurred with the addition of C4AS and C6AS. 

In addition, there is an increase in the absorbance spectrum at 449 nm, which is blue shifted 

compared to the monomer and dimer peaks of TO+. Again, the presence of this peak is indicative 

of TO+ H-aggregates (Figure 5.15a). This absorption maximum is further red shifted compared 

to the H-aggregates formed with C4AS or C6AS (Figure 5.15b). The lower exciton level is 

clearly seen as a shoulder around 530 nm (Figure 5.15b), thus suggesting the transition dipoles 

involved in the H-aggregate are oblique (Figure 5.3). As the exciton splitting energy between m+ 

and m- levels (Equation 5.1) is smaller for the H-aggregates formed with PSS than calixarenes 

and we assume that the distance between molecules (r12) within the aggregate remains the same 

(Equation 5.2), we can predict the presence of different angles (& or !) between the transition 

dipoles within the aggregate. 

 

SO3

n
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!

!
!

!
!

Figure 5.15 a) Absorption (solid traces) and fluorescence (%exc = 500 nm; dashed traces) 
intensities plotted as a function of wavelength for an aqueous solution of TO+ (40 µM, black 
trace with circles) with additions of 20 µM (blue trace with squares) and 50 µM (red trace with 
diamonds) concentration of PSS. b) Overlaid absorption spectra of TO+ with C4AS (blue trace), 
C6AS (black trace), and PSS (red trace). 

!
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 Concurrently with our absorption data, the fluorescence of the TO+ and PSS supports the 

presence of H-aggregates. When a solution of TO+ and PSS was excited, an increase in 

fluorescence at 642 nm was observed compared to free TO+ in solution (Figure 5.15a). This 

provides yet another example of a fluorescent H-aggregate. Furthermore, the excitation spectrum 

of TO+ in the presence of PSS supports that the majority of the fluorescence originates from the 

H-aggregate, as it overlaps significantly with the absorption spectrum (Figure 5.16).  

 

!

!
!

Figure 5.16 Absorption spectrum of a 40 µM solution of TO+ (black trace with circles) with 50 
µM PSS (dashed trace) with overlapping excitation spectra (%em = 642 nm, %exc = 350 - 600 nm) 
of 40 µM TO+ with 50 µM PSS (solid black trace). 

!
 

 In order to assess the amount of TO+ molecules per PSS monomeric units (per sulphonate 

benzene group), a Job plot of TO+ with PSS was performed using SFS (Figure 5.17). 
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Interestingly, two fluorescence maxima are observed with TO+ and PSS when either the 

monomer or H-aggregate is excited. Job plots containing multiple peaks have been seen 

previously in the literature and are attributed to the presence of several Host-Guest complexes 

with different mole ratios.277,316 

 

!

!
!
Figure 5.17 Job plot of TO+ and PSS using SFS. The monomer (black circles) was excited 
between 450 – 630 nm and the emission was monitored between 520 – 700 nm where the H-
aggregate (blue circles) was excited between 380 – 570 nm and the emission was monitored 
between 580 – 770 nm. The Job plot shows two maxima for both spectra. The lines of best fit 
intersect at a mole ratio of TO+ at 0.5; representing a 1:1 mole ratio of TO+:PSS and at a mole 
ratio of about 0.75 which represents another mole ratio of 3:1 TO+:PSS. 

!
 

From these results, it appears that at low concentrations of TO+, TO+ and PSS exist in a 

1:1 mole ratio, however, as the concentration of TO+ increases a 3:1 mole ratio is present. 
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Currently there is precedence in the literature for two different orientations for cyanine dye 

molecules to associate with PSS, and these can be used as models to predict TO+’s association 

with PSS. As shown in Figure 5.18, where PIC has been studied with PSS, PIC is thought to 

either stack parallel or perpendicular317 with the PSS monomeric units.  

 

 

a)!  

 

b)  
 

Figure 5.18 a) A pictorial representation of PIC J-aggregate formation in the presence of PSS. 
(Copyright 2014 Wiley. Used with permission from S. Gadde, et al., Controlling the formation of 
cyanine dye H- and J-aggregates with cucurbituril hosts in the presence of anionic 
polyelectrolytes. Chemistry: A European Journal, 2009, 15, 6025.) b) Top, side view of a PIC 
aggregate absorbed on one side of the trigonal arranged sulphonate groups of isotactic PSS. The 
PIC molecules are shown simplified as coupled rectangles. The molecular arrangements were 
taken from X-ray analysis of the single crystal of PIC and the PSS structure was obtain via 
molecular modeling. Bottom, top view of a model of the J-aggregate/PSS complex. (Reprinted 
from the Journal of Photochemistry and Photobiology A: Chemistry, 142, Peyratout C.; et al. 
Electrostatic interactions of cationic dyes with negatively charged polyelectrolytes in aqueous 
solution, 51. (2014) with permission from Elsevier) 
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Concurrently, an aqueous solution of PSS has recently been modeled using molecular 

dynamic simulations, and PSS has structurally been found to consist of areas of ‘beads’ or 

aggregated portions, connected by strings of monomeric units.318 Furthermore, the sulphonate 

groups appear to be alternating on either side of the polymer chain (Figure 5.19) and therefore, 

for the 1:1 mole ratio found for TO+ and PSS, it is easy to imagine TO+ associating between the 

monomeric units of PSS in a parallel fashion as previously predicted in Figure 5.18a. 

Additionally, as the electrostatic potential is predicted for TO+ to lie primarily on the quinoline 

ring, compared to the symmetric distribution in PIC (chapter three), it is likely that the quinoline 

ring of TO+ preferentially associates with the sulphonate units.  

 

 

 
 
Figure 5.19 Snapshot of polystyrene sulphonate chains from simulations in water. The oxygen 
atoms are shown in red, hydrogen atoms are coloured cyan, carbon atoms are shown in gray, and 
sulphur atoms are shown in yellow. (Adapted with permission from Carrillo, J.-M. Y.; Dobrynin, 
A. V. The Journal of Physical Chemistry B 2010, 114, 9391.Copyright 2014 American Chemical 
Society.) 

 
 

Although the majority of the fluorescence appears to come from the H-aggregate, 

fluorescence from the monomer is also apparent (Figure 5.17) and may originate from limited 

intramolecular rotation of TO+ in the aggregate, as previously suggested for TO+ and C4AS. 

When TO+ concentration increases past a 1:1 molar ratio with PSS, it is possible that TO+ 
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monomers in solution can begin to associate themselves with the TO+ already non-covalently 

bound to the PSS chain, thus aggregating with PSS further and increasing the observed binding 

stoichiometry between the two species. 

Although the structure of the large polyelectrolytes, C4AS, C6AS, or PSS, seems to play 

a role in the orientation of the molecules within the aggregates as different absorption maxima 

for the H-aggregates are observed (Figure 5.15), it is important to recognize that in all causes, 

TO+ interacts with the sulphonate counter ion. For C4AS, C6AS, or PSS, the water matching 

affinity between TO+ and the sulphonate functional groups results in efficient ion pairing and 

charge screening between TO+ molecules leading to the formation of ordered aggregates. 

 

5.3.4 Aggregates of Thiazole Orange Formed from Calix[4]arene Sulphonate or Polystyrene 
Sulphonate with Sodium Tetraphenylborate 

Because a gently rounded curve was observed in the Job plot between TO+ and C4AS 

(Figure 5.12), the question of the strength of intermolecular association between the sulphonate 

groups on the polyelectrolytes and TO+ arises. Thus in order to investigate this aspect, 

tetraphenylborate (TPB-), an ion known to form insoluble penetrated ion pairs with cationic 

cyanine dyes, was used to probe the strength of TO+ H-aggregates.187,319 Previously, TPB- has 

shown to disrupt the ionic interactions between PIC and PSS, resulting in the destruction of the 

J-aggregates that had formed between PIC and PSS.320  

As seen in Figure 5.19a, the addition of TPB- to a solution containing TO+ and C4AS 

results in a decrease of the H-aggregate peak at 427 nm as the concentration of TPB- increases. 

Also, an increase in absorption intensity at 485 and 523 nm can be seen (Figure 5.20a), the latter 

wavelengths being red shifted compared to both the dimer and monomer absorption peaks of 
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TO+. Similarly, the addition of TPB- to a solution containing TO+ and PSS (Figure 5.20b), 

resulted in a decrease of the H-aggregate peak and an increase in absorbance of two new maxima 

at 482 and 518 nm. In both cases, the presence of the new red shifted absorption peaks is thought 

to be attributed to penetrated ion pair formation between TO+ and TPB-320.    
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!
!

!
!
Figure 5.20 a) Absorption spectrum of a 40 µM aqueous solution of TO+ (thick black trace) 
first with the addition of 20 µM C4AS (thin black trace) and then with consecutive additions of 
TPB- up to 30 µM (blue traces). b) Absorption spectrum of a 40 µM aqueous solution of TO+ 
(thick black trace) first with the addition of 50 µM PSS (thin black trace) and then with 
consecutive additions of TPB- up to 250 µM (blue traces). 

!
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 The penetrated ion pair formed between TO+ and TPB- can be observed directly when 

TPB- is added to a solution of TO+ resulting in the appearance of new peaks at 486 and 520 nm 

(Figure 5.21).  

 

!

!
!

Figure 5.21 Absorption spectra of a 20 µM solution of TO+ (dashed line) with the addition of 
50 µM TPB- (solid line). 

!
 

This particular interaction between TO+ and TPB- will be described in more detail in 

chapter six. Regarding our present cases, a simple equation can be written to express the ion 

exchange between the complexes (TO+!C4AS or TO+!PSS) and TPB-: 

 

 (TO+ )n ¥PSSn! + nTPB! ! nTO+ ¥TPB! + PSSn! . (Eq. 5.9) 
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For this type of ion exchange to occur, the interaction between TPB- and TO+ must be 

stronger than the intermolecular interactions that hold the H-aggregate together. Certainly, if 

TPB- is added to a solution of TO+!C4AS or TO+!PSS, the H-aggregate dissociates as a decrease 

in its absorption maximum is observed, and the pairing between TO+ and TPB- predominates 

giving rise to very different spectroscopic features. It can therefore be hypothesized that the H-

aggregate composed of TO+ molecules, whose primary interactions appear to be van der Waals 

and hydrophobic, is sensitive to environmental factors, such as the addition of large hydrophobic 

anions and are not as stable as the ion pair formed between TO+ and TPB-.  

 

5.4 Other Cyanine Dyes; THIA, DEQTC, PIC, and!"-CN-TO with Polyelectrolytes 

As described previously, the interaction of polyelectrolytes with TO+ produces some 

interesting spectroscopic changes to the absorption of TO+. In particular, C4AS, C6AS, and PSS, 

all induced aggregation of TO+ in aqueous solution at low polyelectrolyte concentration. The 

particular molecular arrangement within the aggregate created between TO+ and these molecules 

was an unusual H-type arrangement that resulted in a fluorescence enhancement of the sample. 

Through the use of a continuous concentration variation analysis (Job’s method), the absence of 

inclusion complex that typically form between calixarenes and small molecules63,277,281-283,285-

287,321 was confirmed. Alternatively, it has been hypothesized that the molecules orientate 

themselves into the H-aggregate formation on top of the calixarene cone.6 

Absorption spectroscopy, along with the aid of fluorescence spectroscopy and Job’s 

analysis are pivotal for observing and detecting cyanine dye aggregates in the presence of 

polyelectrolytes. As we saw in chapter three that the cyanine dye molecular can dictate aggregate 

structure, it was desired to cast light on the aggregation tendencies of different cyanine dyes such 
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as DEQTC, THIA, PIC, and "-CN-TO in the presence of polyelectrolytes. These dyes were 

studied with both the cyclic (calixarenes) and linear polyelectrolytes (polystyrene moieties). As 

done so with TO+, the cyanine dye interaction with the calixarenes will be presented first 

followed by the interaction with PSS. 

 

5.4.1 Monomeric Cyanine Dyes, PIC and ! -CN-TO with Water Soluble Calixarenes 

As shown in Chapter 3, purely monomeric cyanine dyes appear to have different 

aggregation tendency than those cyanine dyes that have a monomer-dimer equilibrium in 

aqueous solutions. In particular, PIC a purely monomeric cyanine dye, has been used numerable 

times in the literature as a tool to study supramolecular binding and has indeed shown many 

interested aggregation motifs when these types of interactions occur.31,65,80 Although aggregates 

of PIC are possible, PIC is also capable of forming inclusion complexes with variable binding 

constants.63 For instance, a larger binding constant for PIC with cucurbit[7]uril (CB7) was found 

than for cucurbit[6]uril (CB6) due to the perceived ability of PIC to intercalate further into the 

larger CB7 cavity.63 Although the interaction between PIC and cucurbit[n]urils have been 

studied in the literature, the interaction between PIC and calixarene molecules has yet to be 

investigated. 

Upon the addition of either C4AS or C6AS, a decrease in the absorption intensity of PIC 

occurred (Figure 5.22). Results of this nature have been observed in the past for other cyanine 

dyes with C6AS297 and for PIC itself with CB7 and CB6,63 and were attributed to the formation 

of inclusion complexes between the dye and the macrocycles. We therefore propose that PIC 

forms an inclusion complex with both C4AS and C6AS.  
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a)  
!!

b)  
 

Figure 5.22 a) Absorption of PIC (10 µM, thick black trace) monitored as a function of C4AS 
concentration from 0 – 40 µM. b) Absorption of PIC (20 µM, thick black trace) monitored as a 
function of C6AS concentration from 0 – 100 µM. Arrows indicate the movement of the 
absorption spectra as a function of increasing C4AS or C6AS concentration.  
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Interestingly, the decrease in PIC absorption intensity was greater for the addition of 

C6AS than C4AS at equivalent concentrations (Figure 5.22). Since similar results were obtained 

for PIC with CB6 and CB7,63 we hypothesize that this difference is due to a larger intercalation 

of the PIC molecule into the C6AS pore over C4AS. The ability of PIC to intercalate further into 

the hydrophobic core of C6AS would decrease unfavourable interactions between PIC and 

hydrating water molecules along with increasing intramolecular interactions between PIC and 

the calixarene interior.279,285,287 These factors would result in a larger thermodynamic stability of 

the inclusion complex and a great association constant.63 In order to confirm this hypothesis, a 

simple Benesi-Hildebrand analysis can be performed, by assuming a 1:1 binding ratio, to 

determine equilibrium constants of these two complexes (PIC with either C4AS or C6AS).322 

This manipulation is based on the assumption of a 1:1 binding stoichiometry between the Host 

and the Guest, and it can be described as follows. 

A simple Host-Guest equilibrium and the corresponding association equilibrium constant 

(Ka), can be written as follows: 

 

[H ] +[G]
Ka

Kd

! "!# !! [H ¥G] , (Eq. 5.10) 

Ka =
[H ¥G]
[H ][G]

 , (Eq. 5.11)  

 

As we are adding the Host to a larger concentration of Guest, the initial concentration of 

the Host is less than the initial concentration of the Guest, [H]0 << [G]0. By taking into account 

that the initial Host concentration ([H]0) is sum of the concentration of the Host unbound and 

bound to the Guest at equilibrium ([H]0 = [H] + [H!G]), then Ka can be rewritten as follows: 
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Ka =
[H ¥G]

([H ]0 ! [H ¥G])[G]
 . (Eq. 5.12) 

 

Solving for the [H!G], the equation can be simplified to: 

 

[H ¥G] =
Ka[H ]0[G]
1+ Ka[G]

. (Eq. 5.13) 

 

From our initial assumption that [H]0 << [G]0, the [G] is equal to the initial concentration of the 

Guest, [G]0 and Equation 5.13 becomes: 

 

[H ¥G] =
Ka[H ]0[G]0

1+ Ka[G]0

. (Eq. 5.14) 

 

In order to elucidate the [H!G], one can use absorption spectroscopy as the absorption of a 

solution (A), containing a Guest, a transparent Host, and a Host-Guest complex can be written as 

follows:323 

 

A = ! H¥G[H ¥G]l + ! G[G]l , (Eq. 5.15) 

 

where #H!G and #G are the molar extinction coefficients for the Host-Guest complex and the 

Guest, respectively. When no Host is present, A0, the absorption of the Guest is dependent on the 

initial Guest concentration, [G]0; 
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A0 = ! G[G]0l . (Eq. 5.16) 

 

As the Host is added the change in the absorption can be written as a function of the [H!G]; 

 

! A = A" A0 = ! #[H ¥G]l , (Eq. 5.17) 

 

where,  

 

! " = " H¥G # " G . (Eq. 5.18) 

 

Therefore, by rearrangement of Equation 5.17 and substitution for [H!G] in Equation 5.14 we 

can arrive at an equation for "A where, 

 

! A = ! " l
Ka[H ]0[G]0

1+ Ka[G]0

. (Eq. 5.19) 

 

A linear relationship can therefore be obtained by a double reciprocal plot, where 1/"A is plotted 

as a function of 1/[H]0 from the following equation: 

 

1
! A

=
1

Ka[H ]0[G]0 ! " l
+

1
! " l[H ]0

. (Eq. 5.20) 
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According to the latter equation, the change in the absorption plotted as a function of the added 

Host concentration allows the determination of Ka. In the case with PIC and C4AS or C6AS the 

change in the absorption intensity at 523 nm is plotted as a function of Host (C4AS or C6AS) 

concentration and the association constant can be extracted through the slope of the linear 

regression (Figure 5.23).  

 

 

 
 
Figure 5.23 Benesi-Hildebrand plot of PIC with C4AS (squares) and C6AS (circles). The lines 
of best fit are displayed on the graph and were determined by a linear regression of a single 
experiment. These regression were determined to be y = 3.21 x 10-6 (± 0.08 x 10-6) (x) + 5.63 (± 
0.09) for C4AS and y = 6.3 x 10-6 (± 0.2 x 10-6) (x) + 0.63 (± 0.02) for C6AS.  

 
 

The association constant, Ka, for PIC with C4AS and C6AS were found to be 5.5 x 103 

and 2.5 x 105 M-1 respectively. Equilibrium constants on the same order as for PIC and C6AS 
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were observed in the past for PIC with CB6 and CB7. The low value for PIC and C4AS maybe 

due to poor intercalation of PIC into the C4AS core.63 Although a linear Benesi-Hildebrand plot 

confirms a 1:1 complex,324 computer simulations comparing the interaction between PIC and 

C4AS or C6AS along with determination of the complex molecular weight,325 could confirm this 

assumption and could provide further support for the intercalation differences between PIC and 

C4AS or C6AS.  

Like with PIC, the addition of C4AS or C6AS to a solution of another monomeric dye, !-

CN-TO results in a decrease in the absorption intensity of the dye absorption maximum at 483 

nm. In addition to this decrease, there is a red shift in the absorption maxima from 483 nm to 489 

nm for both calixarenes (Figure 5.24). This red shift is likely due to the decreased polarity of the 

dye environment once it forms an inclusion complex with C4AS or C6AS.197,249,268  
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!

a) !
!

b) !
!

Figure 5.24 Absorption spectra of !-CN-TO (10 µM) in aqueous solution (thick black traces) 
with additions of C4AS (a) or C6AS (b) from 0 – 100 µM. Arrows indicate the movement of the 
absorption spectra as C4AS or C6AS is added.  

!
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While it is hard to distinguished in Figure 5.24, the absorption intensity of !-CN-TO is 

different after the addition of 100 µM of C4AS or C6AS (Figure 5.25), the absorption intensity 

being lower in the presence of C6AS. This is reminiscent of the results obtained for PIC with 

both calixarenes. As mentioned above, larger decreases in absorption intensity of cyanine dyes 

upon the addition of macrocycles which can form inclusion complexes is indicative of larger 

association constants (Ka) of the complex formation.63  

 

!

!
!
Figure 5.25 Normalized absorption spectra of !-CN-TO (20 µM) in aqueous solution (black 
trace) with the addition of 100 µM C4AS (grey trace) or 100 µM C6AS (dashed trace). 

!
 

In order to compare the interaction between !-CN-TO and either C4AS or C6AS a 

Benesi-Hildebrand plot was obtained as the change in absorption intensity of !-CN-TO was 
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monitored as a function of the concentration of the calixarene (Figure 5.26). The Ka for !-CN-

TO with C4AS and C6AS were found to be 7.6 x 102 M-1 and 3.5 x 103 M-1 respectively (Figure 

5.26). Although these values are substantially lower than those found for PIC with both 

calixarenes (Table 5.1), they do follow the same trend where the equilibrium constants are lower 

for C4AS than for C6AS, which is most likely due to size constraints as mentioned earlier.63  

 

 

 
 

Figure 5.26 Benesi-Hildebrand plot for the interaction between !-CN-TO and C4AS (squares) or 
C6AS (circles). The lines of best fit are displayed on the graph and were determined by a linear 
regression analysis (y = mx + b) of a single experiment. These equations were determined to be y 
= 1.29 x 10-4 (± 0.03 x 10-4) (x) + 10.2 (± 0.2) for C4AS and y = 4.3 x 10-5  (± 0.1 x 10-5) (x) + 
6.61 (± 0.08)  for C6AS. 

!
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!
Table 5.1 Experimentally determined association constants for PIC and !-CN-TO with C4AS or 

C6AS using a Benesi-Hildebrand analysis by assuming a 1:1 binding stoichiometry. 

!
 Ka  

(M-1) 
 PIC !-CN-TO 

 
C4AS 

 
5.5 x 103 

(± 0.2 x 103) 
7.6 x 102 

(± 0.3 x 102) 

C6AS 
2.5 x 105 

(± 0.1 x 105) 
3.5 x 103 

(± 0.1 x 103) 
   

 

Additionally, the reduced association constants found for !-CN-TO compared to PIC may be 

attributed in part to the molecular geometry of !-CN-TO. As the dye is more twisted than PIC, 

with dihedral angles of 50.6° for PIC31,81 and 135° for !-CN-TO80 (Figure 5.27), !-CN-TO may 

have a harder time becoming included into the calixarene core. Structurally speaking, planar 

dyes in the past have been found to possess higher equilibrium constants for Host-Guest systems 

which form inclusion complexes than their structurally non-planar counter parts, due to greater 

penetration ability into the host cavity.63 Therefore, even though PIC is structurally larger than !-

CN-TO, it is apparent that the molecular geometry, whether the dye is planar or not, dictates the 

thermodynamic stability of the inclusion complex. Furthermore, the large electrostatic potential 

located preferentially on the quinoline ring on !-CN-TO (Figure 5.27) may inhibit complete 

inclusion of !-CN-TO into the calixarene cavities due to the association of the quinoline ring to 

the upper sulphonate ring. This is in contrast to PIC, where the greatest electrostatic potential is 

located in a central position on PIC (Figure 5.27), and possibly allowing PIC to associate deeper 

into the calixarene cavity. Therefore we believe that the lower association constants observed for 
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!-CN-TO are due to the larger dihedral angle of the methine carbon in the dye backbone along 

with the electrostatic potential being primarily located on the quinoline moiety.  
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a)  
 

 

b)  
  

 

c)   
  

 

d)  
!

!
!

Figure 5.27 Molecular simulation of PIC (left column, images courtesy of Samantha Keller) and 
crystal structure of !-CN-TO80 (right column) view either top down (a) or at a left side view (b) 
showing the differences in the dihedral angle. Atoms are coloured as followed; carbon (grey), 
hydrogen (white), nitrogen (blue), and sulphur (yellow). c) Electrostatic potential maps for PIC 
and !-CN-TO with the corresponding electrostatic potential ranging from 0.600 x 10-2 to 0.160 
Hartrees, shown in terms of colour, changing from red to blue respectively. (Images courtesy of 
Samantha Keller). d) A cartoon representation of a possible interaction of the dye with C4AS. (!-
CN-TO crystal structure reprinted with permission from Shank, N. I.; et al. Journal of the 
American Chemical Society 2013, 135, 242. Copyright 2014 American Chemical Society.) 
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5.4.2 Dimeric Cyanine Dyes, DEQTC and THIA, with Water Soluble Calixarenes 

 As past work has shown that aggregates of TO+ form over the predictable inclusion 

complexes with C4AS,6 it is surprising that upon addition of C4AS to a solution of DEQTC no 

distinct H-aggregate appears (Figure 5.28a). While a decrease of both the monomer and dimer 

absorption maxima occurs, the general trend of DEQTC absorption spectrum upon addition of 

C4AS is vastly different than the one observed for TO+ (Figure 5.2). From our data, it appears 

that a single peak with a maximum at 480 nm arises from the interaction between DEQTC and 

C4AS that closely resembles the molecule dimer, which absorbs primarily at 477 nm (Section 

3.3.1). However, this peak is very broad and slight increases in the absorption spectrum both red 

and blue shifted compared to the monomer are seen, which could originate from the absorption 

of light by unstructured aggregates in solution.68 The lack of H-aggregates for DEQTC with 

C4AS is likely due to a difference in molecular structure between TO+ and DEQTC. As seen in 

Chapter 3, the presence of ethyl groups in DEQTC reduces already the ability of this dye to form 

aggregates in the presence of electrolytes. Therefore interaction between DEQTC and C4AS may 

result in a preference for the formation of an inclusion complex rather than association with the 

sulphonate groups on the upper rim of calixarene to form a H-aggregate.  

While no H-aggregate is observed from absorption spectroscopy, the interaction between 

DEQTC and C4AS still leads to the appearance of a fluorescent species with a maximum at 621 

nm. By following changes in the intensity of this fluorescent species, a Job analysis was 

performed and a 1:1 binding ratio of DEQTC to C4AS could be extracted (Figure 5.28b). This 

value is different from the one obtained between TO+ and C4AS where a 3:1 binding 

stoichiometry was found. 
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a)!  
A.1.1.  

 

b)!  
A.1.2.  

Figure 5.28 a) Normalized absorption spectra of 40 µM DEQTC in aqueous solution (thick black 
trace) with the addition of C4AS (0 – 10 µM, thin black traces). Arrows show the movement of 
the absorption spectra and the inset is the molecular structure of DEQTC. b) Job plot of DEQTC 
with C4AS (fluorescence intensity monitored at 621 nm). Arrows emphasize the regions of the 
Job plot at low and high molar ratios. 
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An excitation spectrum was performed to determine the origin of the fluorescence 

intensity and was found to match closely to that of the absorption of the dimer (Figure 5.29). As 

the Job’s plot only provides information on the molar ratio of the Guest and the Host, a 1:1 

binding stoichiometry can also be considered as a 2:2 binding. It is possible, due to the strong 

absorption of the dimer and the 1:1 binding stoichiometry that in fact two molecules of DEQTC 

complex with two molecules of C4AS (Scheme 5.1).  

 

!

!
!
Figure 5.29 Normalized fluorescence intensity (%exc = 501 nm %em = 511 – 750 nm) of DEQTC 
(40 µM) alone in solution (closed circles) and with 20 µM C4AS (open circles). Normalized 
absorption (dashed trace) and excitation spectra (thin black trace, %em = 615 nm %exc = 325 – 600 
nm) of DEQTC with 20 µM C4AS. 

!
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!

!
!

Scheme 5.1 Possible molecular orientation of DEQTC (grey shape, oval indicating the thiazole 
portion attached to the quinoline ring, parallelogram) associated with C4AS (bucket) in a 2:2 
molar ratio. The quinoline ring is likely to interact with the sulphonate groups on the calixarene 
due to the greater electrostatic potential located on this moiety (see chapter three).  

!
 

2:2 complexes have been distinguished from 1:1 inclusion complexes in the past 

primarily when the continuous variation method has been performed with absorption 

spectroscopy, particularly by observing the overall shape of the Job Plot takes on more of a 

Gaussian form.304,326 Although the presence of the slightly rounded curve in the Job plot of 

DEQTC and C4AS only occurs at high and low molecular ratios (shown by the arrows in Figure 

5.28b), this may be an indication of a 2:2 binding stoichiometry.304,326 

On the other hand, DEQTC H-aggregates appear with a maximum absorbance at 458 nm 

when the larger calixarene, C6AS is added to the solution (Figure 5.30a). When compared to the 

H-aggregate of TO+ with C6AS, the DEQTC H-aggregate peak is considerably broader and 

further red shifted (Figure 5.30b). As described in chapter three, broader aggregate peaks suggest 

an increase in the distance between molecules in an aggregate,94,241,245 and likely in this case this 

is due to the presence of the ethyl groups on the DEQTC. 
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a) ! 
A.1.3.  

b)  
A.1.4.  

Figure 5.30 a) Normalized absorption spectra of DEQTC (40 µM) in aqueous solution (thick 
black trace) with the addition of C6AS (0 – 10 µM, thin black traces). Arrows show the 
movement of the absorption spectra. b) Normalized absorption spectrum of TO (black trace) and 
DEQTC (blue trace) with C6AS. 
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Non-surprisingly, these H-aggregates were found to be fluorescent with a maximum at 

623 nm, and a Job analysis revealed a 4:1 binding stoichiometry for DEQTC:C6AS (Figure 

5.31). The Job plot between DEQTC and C6AS is particularly interesting, as it appears to have a 

lag region between DEQTC mole ratios of 0 and 0.25, where only a slight increase in 

fluorescence intensity is observed.  

 

!

!
!
Figure 5.31 Job plot of DEQTC with C6AS (fluorescence intensity monitored at 623 nm). Inset, 
molecular structure of DEQTC. 

!
 

Although this type of plot is unusual, Job plots of this shape have appeared previously in 

the literature yet only a single explanation could be found.327,328 In their paper describing the 

formation of a coloured complex between two ions, Vosburgh and Cooper suggest that the shape 
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of a Job plot can be indicative of the presence of more than one type of complex.327 The initial 

curvature observed at low DEQTC mole ratio (Figure 5.31) may suggest the formation of a 

weakly fluorescent complex. Yet at higher DEQTC mole ratios, a more strongly fluorescent 

complex can form at the expense of the first one.327 When comparing the Job analysis of DEQTC 

with C4AS and C6AS, the complex formed between DEQTC and C4As is about 10 times less 

fluorescent than the one obtained with C6AS (Figures 5.28b and 5.31). An attractive hypothesis 

could be that at low DEQTC mole ratios, a “dimer” type complex is formed with C6AS prior to 

forming the larger H-aggregate at higher mole ratio.  

However, if it is possible that multiple complexes exist in solution between DEQTC and 

C6AS, it begs us to question the validity of the use of the Job plot analysis with respect to our 

experimental conditions. Although often unmentioned, the method of continuous variation is 

built on four main principles. These principles are:302,307,309,329-331 

a) the total concentration of the Host and the Guest must remain constant (Co = 

[H]o + [G]o), 

b) pH and the ionic strength of the solution must be kept constant where dilute 

solutions must be used so that activity coefficients can be taken as unity, 

c) the reactants and products must conform to Beer’s law and lastly, 

d) only one complex can be formed.  

Unfortunately, our experiment with the DEQTC and C6AS does not conform to these 

criteria. Foremost, the Job plot itself (Figure 5.31) suggests the presence of multiple species, thus 

adherence with principle (d) is not attained. In addition, similar to the competing equilibria seen 

in chapter three, there exist two fates for a molecule of DEQTC in the presence of a Host. Either 
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it can form a Host-Guest complex (Equation 5.22) or can proceed to dimerization (Equation 

5.22). 

 

 nDEQTC +C6AS! DEQTCn ¥C6AS, (Eq. 5.21) 

 DEQTC + DEQTC ! (DEQTC)2 , (Eq. 5.22) 

 

Similarly in the case of the surfactants, the preference for one equilibrium over another is 

dictated by relative equilibrium constants at low concentrations of an added electrolyte. 

However, once increased past a certain point, Le Chatelier’s principle takes precedence to form 

the Host-Guest complex.23 Thus, principle (d) is invalid as either dimerization or Host-Guest 

formation of DEQTC can occur.  

Secondly, as we are working in dilute solutions, the ionic strength of our solution is not 

constant (principle b); therefore, at lower mole ratios of TO+, the ionic strength is greater due to 

the presence of six anionic sulphonate groups on one C6AS molecule. Although this effect is 

unfortunate in terms of the Job’s analysis, it is a requirement for the formation of the H-

aggregate between DEQTC and C6AS at increasing ionic strengths. As a result, our reaction 

conditions do not match the method of continuous variation’s principles, the Job’s analysis can 

still bring insight into complexation between a Host and Guest species, as in the 

literature.304,316,327 The Job’s analysis will still be used in further experiments, but reported 

binding stoichiometries must be taken with caution knowing the limitations of the method. 

 The interaction between these water-soluble calixarenes and THIA, another cyanine dye 

that possesses dimeric tendencies, has also been studied with absorption spectroscopy. Upon 

addition of C4AS to THIA, a decrease in both the monomer and dimer peaks occur (Figure 
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5.32a). This result is reminiscent of PIC (Figure 5.22a) and !-TO-CN (Figure 5.24a) with C4AS 

where inclusion complexes were formed. However, when a Benesi-Hildebrand manipulation is 

performed with THIA, the resulting graph is non-linear and thus negates a 1:1 binding 

stoichiometry (Figure 5.32b). Although the interaction between THIA and C4AS may not be 1:1, 

it does not preclude the possibility of an inclusion complex and other techniques will need to be 

employed to determined stoichiometry.324,325 
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a)!  
 

b)!  
 
Figure 5.32 a) Absorption spectra of THIA (20 µM) in aqueous solution (thick black line) with 
the addition of C4AS from 0 – 30 µM concentrations (thin lines). b) Benesi-Hildebrand plot for 
the interaction between THIA and C4AS. The change in absorption is reported at 421 nm and 
was obtained from a single experiment. 

 



 

224 

While the addition of C6AS also results in a decrease in absorption of the monomer and 

dimer peaks of THIA, striking differences are seen as high concentrations of C6AS give rise to a 

main absorption peak at 402 nm, which corresponds to the molecule dimer (Figure 5.33). 

Unfortunately, the interaction between THIA and either C4AS or C6AS does not result in any 

fluorescence enhancement and therefore we are unable to determine the binding stoichiometry of 

these complexes using a Job plot. However, the strong absorption of the dimer for THIA and 

C6AS is similar to the 2:2 binding as postulated with DEQTC and C4AS. We do propose that 

THIA likely forms inclusion complexes with C4AS and C6AS from the results obtained, but 

confirmation of this hypothesis requires other experimental evidence, such as the determination 

of equilibrium constants301,308 and the spectroscopic separation of complex from the monomer 

and dimer in order to perform a Job plot with absorption spectroscopy.330  
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Figure 5.33 Absorption spectra of THIA (20 µM) in aqueous solution (thick black line) with the 
addition of C6AS from 0 – 30 µM concentrations (thin lines). 

!
 

As done so with TO+, it was also of interest to study the other cyanine dyes with the 

sulphonated polymer. Particularly, as aggregates between DETQC and C6AS were the only 

aggregates observed between DEQTC, THIA, PIC or !-CN-TO and the calixarene family, we 

questioned if aggregation of these cyanine dyes could be promoted with the addition of 

polystyrene sulphonate. 

 

5.4.3 The Interaction Between PSS and Monomeric Cyanine Dyes, PIC and ! -CN-TO 

Although TO+ forms H-aggregates quite easily with PSS, the results are rather different 

for PIC where J-aggregates predominate (Figure 5.33a).320 The absorption of the J-aggregate is 

evident at 569 nm and its growth appears concurrently with the decrease of the absorption peaks 
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at 490 and 523 nm as the concentration of PSS increases. Additionally, a slight absorption 

around 460 nm is evident and may correspond to partial absorption to the higher exciton level.59 

The formation of J-aggregates over the H-type is not unusual for PIC, as these aggregates have 

been observed in the past for PIC with NaClO4, and tend to form for non-planar dyes due to 

steric packing effects.31,79,90,94  

These J-aggregates were found to be fluorescent, which is an expectation from both 

Kasha’s exciton theory and previous work done with PIC and PSS.57,59,320 Therefore, a Job plot 

analysis was performed in order to give an indication of the binding stoichiometry between PIC 

and PSS, and another interesting Job plot was observed for PIC and PSS (Figure 5.34b). 

Although a maximum fluorescence intensity is observed at a mole ratio of 2:3 for PIC:PSS, 

which matches previous studies,332 the shape of the Job plot is similar to the one obtained with 

DEQTC and C6AS (Figure 5.31). Particularly, two ‘lag regions’ at high and low mole ratios of 

PIC, indicated with the blue lines, are present (Figure 5.34b). Again, this suggests the presence 

of multiple species existing in solution,327 and this hypothesis does not go unwarranted, as mole 

ratios of 1:357 and 1:2320 for PIC:PSS have been previously suggested in the literature. Although 

other complexes may be present in solution, our results imply that a complex containing a 2:3 

ratio of PIC:PSS exhibits a maximum fluorescence intensity in solution.  
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a) ! 
 

b)  
 

Figure 5.34 a) Absorption spectrum of PIC (10 µM) in aqueous solution monitored as a function 
of PSS concentration (0 – 30 µM). Arrows indicate the movement of the absorption spectrum as 
PSS concentration increases. b) Job plot of PIC with PSS (fluorescence emission monitored at 
575 nm). Black and blue traces indicate the two regions in the Job plot. 
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As observed with PIC and TO+, the addition of a polymeric species can promote 

structured aggregates of both dyes. However, due to the less planar molecular structure of PIC 

compared to TO+ (chapter three), PIC produces J-aggregates over the H-aggregates.31,79,90,94 We 

questioned whether !-CN-TO (dihedral angle of 135°),80 an even more twisted molecule 

compared to PIC (dihedral angle of 50.6°),31,81 will also form J-aggregates with PSS. 

As seen from the absorption spectrum, neither H nor J-aggregates are observed when PSS 

is added to a solution of !-CN-TO (Figure 5.35). Although aggregates are not present, there is a 

decrease in the absorption intensity of !-CN-TO that is similar to the decrease observed upon 

addition of C4AS and C6AS (Figure 5.24). Interestingly, this interaction leads to an increase in 

the fluorescence intensity of !-CN-TO, which could not be observed in the presence of DNA due 

to a perceived inability of !-CN-TO to bind to DNA.80 
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!

!
!
Figure 5.35 Absorption (bare traces) and fluorescence intensity (traces with shapes) of !-CN-TO 
for 20 µM !-CN-TO alone in solution (thick black traces), and with 10 µM PSS (thin black 
traces). 

!
 

The decrease absorption and the increase in fluorescence suggests that !-CN-TO interacts 

with PSS, and possibly this interaction restricts mobility of !-CN-TO, thus reducing 

intramolecular rotation leading to fluorescence enhancement.80,197,249,268 From a Jobs analysis, a 

1:1 molar ratio of !-CN-TO:PSS was apparent (Figure 5.36) and is likely due to an electrostatic 

interaction between the quinoline ring of !-CN-TO and the phenylsulphonate head of PSS. 

Although !-CN-TO may be able to intercalate between PSS sulphonate monomeric units, as 

predicted with TO+, higher-ordered aggregates are not observed like seen with TO+ and PSS. We 

hypothesize that this lack of aggregation may be due to steric restraint between neighbouring !-
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CN-TO molecules associated with PSS, thus limiting further aggregation between other !-CN-

TO molecules and those associated with PSS in solution. 

 

 

a)  
 

Figure 5.36 Job Plot of !-CN-TO with PSS (fluorescence intensity monitored at 635 nm).  

!
 

Although PIC and !-CN-TO share structural components with TO+, they do not possess a 

monomer-dimer equilibrium similar to TO+. It is then pertinent to study the interaction between 

the cyanine dyes, DEQTC and THIA, that do exists as a mixture of monomer and dimer in 

aqueous solution with PSS. 
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5.4.4 The Interaction Between PSS and Cyanine Dyes, DEQTC and THIA 

As described in depth in chapter three, DEQTC contains ethyl substituents unlike TO+, 

and it has been hypothesized that these ethyl groups are responsible for reducing DEQTC 

dimerization and ability to aggregate in aqueous solution. Even though these ethyl groups are 

present, aggregates of DEQTC were observed in the presence of C6AS (Figure 5.30), yet are 

believed to have restricted formation in the presence of C4AS (Figure 5.28). Upon the addition 

of PSS to an aqueous solution of DEQTC there is a decrease in the absorption intensity of the 

monomer and dimer at 477 and 501 nm along with an increase in absorption blue shifted (~450 

nm) compared to the monomer which corresponds to the absorption of a H-aggregate (see Figure 

5.37a). 

The H-aggregate peak for DEQTC with PSS is red shifted at 463 nm from the H-

aggregate peak formed between TO+ and PSS at 449 nm (Figure 5.37b). Remembering that the 

exciton splitting energy is dependent on the angle between molecules within an aggregate,59,299 

the difference in the absorption maxima could suggest that molecules within the H-aggregate of 

DEQTC are packed differently than TO+ (Figures 5.7 and 5.8). This effect may simply be due to 

the presence of the ethyl groups on DEQTC, thus altering the packing geometry of molecules in 

the aggregate.  
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a) ! 
 

b)  
 

Figure 5.37 a) Normalized absorption spectra of DEQTC (40 µM) in aqueous solution (thick 
black trace) with the addition PSS (0 – 50 µM), thin black traces. b) Normalized absorption 
spectra of TO+ (black trace) and DEQTC (blue trace) with PSS.  
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 As with TO+ and PSS, the DEQTC H-aggregate formed in the presence of PSS is also 

fluorescent. Consequently, a Job plot was carried out and it also displays two fluorescent 

maxima, as seen for TO+ and PSS. These maxima are at mole ratios of about 0.35 and 0.55, 

which correspond to 1:2 and 1:1 stoichiometry of DEQTC:PSS, respectively (Figure 5.38a). We 

hypothesized for TO+ with PSS, that two fluorescence maxima correspond to the presence of two 

fluorescence complexes in solution (Figure 5.17).277,316 Whereby, DEQTC associates with PSS 

monomeric units at a 1:2 binding stoichiometry (Figure 5.38b) and then DEQTC molecules 

associate with those bound molecules thus forming a H-aggregate. The reduction in molecules 

per base pair, of 1:2 from 1:1 of TO+ with PSS could be due to the presence of ethyl groups, 

restricting spatially the DEQTC interaction with PSS.94,241,245 
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a)  
 

b)! ! 
 
Figure 5.38 Job plot of DEQTC with PSS (fluorescence emission monitored at 642 nm). 
Possible cartoon representation (not to scale) of a 1:2 interaction between DEQTC (blue oval and 
parallelogram) and PSS (only a portion of the molecular structure is shown, image reproduced 
from Figure 5.19). 

!
 

Like with DEQTC and TO+, H-aggregates are also formed when THIA is in the presence 

of PSS (Figure 5.39). Instead of forming an intercalated complex with PSS, like hypothesized for 

TO+, DEQTC, and !-CN-TO, we suggest that THIA forms a similar complex with PSS to the 

one previously predicted in the literature for PIC (Figure 5.18b).317 This hypothesis stems from 
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the similar electrostatic potential maps found for THIA and PIC as seen in chapter three. 

However, the fact that H-aggregates are observed for the interaction of THIA and PSS (Figure 

5.39) rather than J-aggregates is linked to the difference in dye geometry. 

From this result, one can conclude that cyanine dye aggregates are observed for all types 

of cyanine dyes, in the presence of PSS, with the one exception of !-CN-TO, which not only 

contains a substituent on the methine bridge but also has a severely twisted molecular structure.80 

The H-aggregate between THIA and PSS is fluorescent at 495 nm and through a Job analysis 

two fluorescence maxima are also apparent. As mentioned previously, the shape of this Job plot 

has been seen before in the literature,316 and suggests the presence of two fluorescent complexes 

containing a 1:2 and 2:3 mole ratio THIA:PSS. Although these mole ratios are suggested in the 

Job plot, the non-linearity in high mole ratios of THIA (Figure 5.37b) implies a reduced stability 

of the formed complexes.333 However, one has to keep in mind that the major rules imposed by 

Job’s analysis are not respected under our experimental conditions and the binding stoichiometry 

found for THIA and PSS may not be entirely accurate. 
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a)  
 

b)  
 

Figure 5.39 a) Absorption spectra of THIA (20 µM) in aqueous solution (thick black line) with 
the addition of PSS from 0 – 30 µM (thin lines). b) Job plot of THIA with PSS (fluorescence 
emission monitored at 495 nm). The non-linear region at high molar ratios of THIA is shown by 
the blue trace.  
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Although the binding stoichiometries between DEQTC, THIA, and PIC with PSS are 

inconsistent with respect to one another, the presence of cyanine dye aggregation is synonymous 

in all cases. Aggregation of these three dyes has already been observed with monovalent salts 

and experimental evidence with PSS further supports the idea that the self-assembly of cyanine 

dyes is dictated by its molecular structure and the water matching affinity of the ionic species 

present in solution. This is particularly evident for PIC, where its structural feature promotes the 

formation of J-aggregates over H-aggregates as seen for the more planar cyanine dyes, DEQTC 

and THIA. Furthermore, the absence of !-CN-TO aggregates in the presence of PSS is a direct 

reflection of the restricted self-assembly between !-CN-TO molecules.  

 

5.5 Conclusion 

 In this chapter we have presented a striking interaction between cationic cyanine dyes 

and polyelectrolytes that is not commonly observed in the literature. Primarily, the formation of 

fluorescent H-aggregates is unusual, particularly when macrocyclic molecules are present. 

Intermolecular interactions (hydrophobic and van der Waals) between neighbouring dye 

molecules, along with electrostatic interactions between sulphonate groups located of either 

calixarenes or polystyrene sulphonate seems to encourage this behaviour. However, we observed 

that this was not consistent between all cyanine dyes studied, and indeed the dye geometry also 

plays a role in aggregate formation, matching what we observed earlier in chapter four.  

The H-aggregate between TO+ and C4AS or C6AS was unusual, and was predicted to be 

favoured over an inclusion complex because of ionic interactions between sulphonate moieties 

and the cationic dye. However, it was the presence of fluorescence from these aggregates that 

was particularly interesting, as H-aggregates are normally non-fluorescent due to the 
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forbiddingness of the lower exciton, as explained by Kasha. Nevertheless, the origin of this 

fluorescence could be attributed to two phenomena; the first being a decreased intermolecular 

rotation of monomers in the aggregate and the second being increased accessibility of the lower 

exciton when molecules are in a non-parallel oblique orientation. The aggregate structure also 

accounts for the differences in the absorption maxima of the TO+!C4AS and TO+!C6AS 

complexes. Indeed, the energy difference between exciton levels is a direct reflection of the 

orientation of molecular transition dipoles within an aggregate.  Although the fluorescence from 

these aggregates allowed for the approximation of their binding stoichiometries, 3:1 and 4:1 for 

TO+!C4AS and TO+!C6AS, respectively, limitations to the method of continuous variation were 

present. For example, rounded tops of the Job plots suggest an equilibrium with a low binding 

constant, which can lead to poor approximation of binding stoichiometries.  

 A fluorescent H-aggregate was also observed between TO+ and PSS, and two fluorescent 

complexes were suspected based on the dual peaks in the Job plot of this aggregate. The 

stabilities of both the calixarenes and PSS complexes were examined by the addition of a large 

anion, TPB-. Addition of TPB- resulted in a dissociation of the H-aggregates and the formation of 

a penetrated ion pair between TO+ and TPB-. This penetrated ion pair was found to possess very 

different spectroscopic features compared to the H-aggregate or TO+ free in solution and 

suggested a weak interaction between TO+ and either the calixarenes or PSS. 

 Reduced H-aggregate formation for DEQTC and THIA in the presence of the calixarenes 

provided evidence that dye geometry directs aggregation as observed in chapter four. In addition, 

irregular Job plots observed for these molecules and the calixarenes suggested further limitations 

to extracting binding stoichiometeries using this method. Indeed, the assumptions that the ionic 
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strength is constant and that only one fluorescent complex is present in solution does not hold 

true for our experimental conditions and as a result, binding ratios must be taken with caution. 

Conversely, cyanine dyes that are monomeric in aqueous solution appear to preferentially 

form inclusion complexes with the polyelectrolyte macrocylces studied in a 1:1 fashion, which 

was supported by a linear Benesi-Hildebrand relationship. We have found that the stability of 

these inclusion complexes seems to be a function of the planarity of the molecules, where a dye 

containing a more twisted molecular structure reduces the inclusion complex thermodynamic 

stability. Specifically, association constants were found to be greater for PIC with C4AS or 

C6AS than for !-CN-TO with C4AS or C6AS. Additionally, the larger observed association 

constants for both dyes in the presence of C6AS over C4AS suggested that these complexes are 

more stable when the dye can intercalate further into the calixarene’s cavity. 

Furthermore, a dye’s molecular geometry also influences its interactions with 

polyelectrolytes that are polymeric in nature. This effect is clearly seen with PSS where the 

planarity of the dye dictates if it aggregates in a H-type or J-type formation, or in a special case 

not at all, as seen with !-CN-TO. In addition, observed binding stiochiometeries were also found 

to be dependent on dye studied, as TO+, DEQTC, and THIA all presented different binding ratios 

with PSS. 
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 Penetrated Ion Pairs: Cyanine Dyes and Tetraphenylborate and the Chapter Six:
Interesting Encounter of Redox-Active Organic Nanoparticles 

 

6.1 Background 

The formation of an ion pair between a cation and an anion results in the formation of a 

neutral species, and is said to occur when an ion pair is long-lived enough to exist as an 

individual kinetic species.334 Although this definition adequately describes an ion pair in broad 

terms, it does not take into account the different types of ion pairs accessible in aqueous solution. 

Ions in aqueous solution can exist in a number of different states (Scheme 6.1). In most situations 

they can be individual hydrated, each containing a hydration sphere of water molecules that 

interact with one another based on the Debye-Hückel theory.23 An ion can also separated from 

another ion of opposite charge by a single layer of water molecules and this type of interaction is 

known as a solvent shared ion pair.335-337 Once this water layer is removed the two ions are 

known to exist as an ion pair, or commonly recognized as a contact ion pair. In this arrangement, 

the two oppositely charged ions exist in the same hydration sphere (Scheme 6.1).335-337  

 

!

!
Hydrated Ions Solvent Shared Ion Pair Contact Ion Pair 

! ! !
Scheme 6.1 Cartoon representation of two individual ions hydrated in solution (left), a solvent 
shared ion pair (middle), and a contact ion pair (right). 

!
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Although the contact ion pair is the most commonly classified ion pair, and the one that 

has been seen almost in entirety within this thesis between the cyanine dyes and monovalent 

salts, another type of ion pair has shown precedence in the literature, and is known as the 

penetrated ion pair. The penetrated ion pair is a specific contact ion pair that is formed between 

large ions. In the penetrated ion pair, ions are able to come in very close proximity (Figure 6.1) 

and the size of the ion pair is smaller than the sum of the individual ions’ radii.335,338 This type of 

ion pair often leads to different and interesting photophysics as short-range intermolecular forces 

become increasingly involved and important when molecules come into such proximity with one 

another. Past research has already shown the formation of penetrated ion pairs between a cyanine 

dye and a large bulky borate anion (Figure 6.1).335  
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a)!  

 

b)!  
 

c)  
 
Figure 6.1 Chemical structure of a) cyanine dye Cy+ and b) the anion (TRPPh)4B-, with their 
counter ions not shown. c) Minimum-energy structure calculated for [Cy+(TRPPh)4B-]. This 
compound appears to be a penetrated ion pair; where the dark space-filling model is the 
(TRPPh)4B- and the light space-filling model is the Cy+. (Figure adapted with permission from 
Yang, X. Q.; Zaitsev, A.; Sauerwein, B.; Murphy, S.; Schuster, G. B. Journal of the American 
Chemical Society 1992, 114, 793. Copyright 2014 American Chemical Society.) 

!
 

Ion pairs between large organic cations and anions have commonly been used as ionic 

liquids but advances in characterization techniques have shown that these ion pairs can result in 

N N

B
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the formation of organic nanoparticles.58,98-102 Organic nanoparticles composed of ion pairs are 

thought to be formed due to agglomeration of ion pairs, promoting growth of the nanoparticles 

and size controlled due to the association of excess charges on the surface of the particles, which 

inhibits size develeopment.99 The development of pure organic nanoparticles has been a growing 

interest in the literature95-97 and the association of ion pairs to produce pure organic nanoparticles 

is an emerging technique as it is not only very simple but it also provides great versatility since 

small variations in the organic ions employed can lead to organic nanoparticles with distinct 

properties.98,100 Indeed, organic nanoparticles based on ion association are of the nanoscale 

dimension, yet their properties are reminiscent of bulk ionic liquids and the components 

therein.98 

Due to the maintained properties of organic molecules included in these organic 

nanoparticles, they have been commonly used to provide functionality at the nanoscale in 

aqueous solutions. As there has been an explosion of interest in the study of metallic and 

nonmetallic nanoparticles over the last decade111 using the ion association method to generate 

redox-active organic nanoparticles to reduce aqueous gold solutions to create gold nanoparticles 

could be used as an alternative synthetic method to produce gold nanoparticles.  

  In this chapter, the formation and characterization of penetrated ion pairs between 

cyanine dyes and tetraphenylborate (TPB-) will be presented. We will show that in the case of 

thiazole orange (TO+), organic nanoparticles can be produced consisting of these ion pairs. These 

organic nanoparticles are of particular interest, as they maintain the redox ability of TO+. Indeed 

as a proof-of-principle, these organic nanoparticles, composed of TO+ and TPB-, have the 

capacity to reduce gold, ultimately arriving at the formation of gold nanoparticles (AuNPs).  
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6.2 Experimental Section 

The dyes; thiazole orange, (TO+, ultrapure grade, AnaSpec Inc.), 1,3’-diethyl-4,2’-

quinolylthiacyanine iodide (DEQTC, )98%, BioChemika), 3,3’-diethylthiacyanine iodide 

(THIA, ~97%, Sigma-Aldrich), 1,1’-diethyl-2,2’-cyanine iodide (PIC, 97%, Sigma-Aldrich), and 

cyano-functionalized thiazole Orange (!-CN-TO, kindly received from Dr. B.A. Armitage) were 

used as received without further purification. Stock solutions of TO+ (20mM), DEQTC (20 mM), 

THIA (1 mM), PIC (1 mM), and !-CN-TO (24 mM) were prepared by dissolving the dyes 

initially in DMSO (Sigma), a commonly used solvent for the dissolution of cyanine dyes. The 

stock solutions were kept for a maximum of two months in dark at 4°C. The stock solutions of 

the dyes were then diluted to the desired working concentration in ultarpure water (Milli-Q 18.2 

M( cm at 25 °C). Solutions of sodium tetraphenylborate (TPB-, Sigma-Aldrich) and chloroauric 

acid (HAuCl4) were also prepared in ultrapure water.!

Absorption spectra were recorded using a Varian Cary-50 single beam spectrophotometer 

and the solutions were placed in a semi-micro disposable cuvette of 0.45 cm width 1 cm path 

length (Plastibrand). The fluorescence spectra were recorded using a Photon Technology 

International (PTI) quanta master spectrofluorimeter operated in CW mode. All samples were 

excited at 483 nm. The fluorescence spectra were not corrected for changes in the absorbance at 

the excitation wavelength. For both the absorption and fluorescence measurements, the solutions 

were placed in a quartz (Suprasil) cell of 1 cm width and 1 cm path length (International Crystal 

Laboratories). 

Transmission electron microscopy (TEM) was employed to characterize the TO+-TPB- 

organic nanoparticles as well as the gold nanoparticles. Micrographs were obtained on a Hitachi 
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H-7650 (Microscopy and Imaging Facility, University of Calgary). Samples for analysis were 

obtained by depositing small aliquots onto carbon-coated Cu TEM grids.  

The redox potential was measured using cyclic voltammetry (CV) under anaerobic 

conditions using an Autolab PG302 potentiostat and iR compensation was applied manually to 

each CV experiment. A three-electrode system was employed where Ag|AgCl|KCl3M used as the 

reference electrode, a Pt wire as the counter electrode, and a glassy carbon electrode as the 

working electrode. The cell was thermo-regulated using a circulating water bath (Lauda, Ecoline 

Refridgerating Circulators RE-200 Series) set at 25°C. The experiments were conducted in water 

with 0.1 M sodium perchlorate as the working electrolyte. A PC using FRA and GPES version 

4.9-software controlled the electrochemical system and was used for data analysis.  

The mass spectra were recorded with an Agilent 6580 Accurate-Mass Q-TOF in negative 

mode. Samples were administered directly using a flow injection analysis. The capillary voltage 

was set to 4000 V.  

 

6.3 The Interaction Between Cyanine Dyes and Tetraphenylborate 

Previously, we have shown that the size of the counter ion plays a role on the aggregation 

of TO+ and other cyanine dyes, as observed using absorption spectroscopy. Indeed, as the size of 

the counter ion increased, the extent of aggregation also increased and was described on the basis 

of water matching affinity. In terms of monovalent ions, the largest anion we studied was 

perchlorate (ClO4
-), with an ionic radius of 2.36 Å.48 However, anions can be larger, for instance, 

the ionic radius of TPB- (Figure 6.2) has been estimated at 4.2 Å using a vapour pressure 

anlyasis,339,340 which is almost twice the size of ClO4
-. Remembering that contact ion pair 

formation is based on the principle that the anion and the cation have matching water affinities, 
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we questioned if using a large anion like TPB-, would prevent ion pair formation as it may have 

higher water affinity than TO+. Therefore in order to see if ion pair formation was favourable 

between TO+ and TPB-, a spectroscopic analysis was performed for TO+ in the presence of TPB-.  

 

!!!

!
!

Figure 6.2 Chemical structure of TPB- (its sodium counter ion is not show). 

!
 

6.3.1 Thiazole Orange and Tetetraphenylborate 

As illustrated in Figure 6.3, the addition of TPB- to an aqueous solution of TO+ leads to 

important spectral modifications associated with a decrease in both the dimer and monomer 

absorption peaks of TO+ as seen previously with other salts such as BF4
- and ClO4

-.186 However 

in past chapters, the addition of large monovalent ions to a solution of TO+ resulted in the 

formation of H-aggregates, which is not observed in the case of TPB-. Indeed, the monomer peak 

decreases to a greater extent than the dimer, and the absorption intensity seems to shift to the red 

(Figure 6.3a). Additionally, it should be noted that the interaction between TO+ and TPB- is 

detectable visually as the solution color changes from orange to pink upon the addition of TPB- 

(Figure 6.3b). No further spectral changes were detected beyond a 1:3 molar ratio of TO+ to 

TPB-. 

B
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a)  
 

b)! ! !
 

Figure 6.3 a) Evolution of the absorption spectra of TO+ (20 µM) aqueous solution (thick black 
trace) upon consecutive additions of TPB- up to a final concentration of 60 µM (thin black 
traces). Arrows indicate the movement of the absorption spectra. b) Photographs of a cuvette 
containing 20 µM TO+ without (left) and with 60 µM TPB- (right).  

!
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The red shift in the absorption spectrum of TO+ is indicative of TO+ being in a slightly 

hydrophobic environment, as seen previously with its incorporation into SDS micelles (chapter 

four) and suggest a close association with the phenyl groups of TPB-, likely an ion pair32,58 In 

fact, ion pairing between TO+ and TPB- is supported in terms of matching water affinity as the 

free energy of hydration of TPB- is -168 kJ mol-1,339 a value that is lower than the reported value 

of the perchlorate anion at -205 kJ mol-1.218 Indeed, if an ion pair was not present between TO+ 

and TPB- only a change in the monomer-dimer ratio would be observed (chapter two). However 

as mentioned previously, the spectroscopic signature of TO+ with TPB- does not exhibit H-

aggregates, as seen for TO+ with counter ions of similar water matching affinity. For other 

monovalent salts, structured aggregate formation was due to both a complementary charge 

screening between the two ions and the planarity of the TO+ molecule in the ion pair, allowing 

efficient molecular packing between molecules in an aggregate. Although efficient charge 

screening likely occurs between TO+ and TPB-, the formation of this ion pair does not allow for 

molecular packing into H-aggregates, and therefore suggest a different type of ion pairing. 

Evidence in the literature suggests that a penetrated ion pair can form between a large 

anion and cation.32,335,338 In this particular type of ion pair, the two ions come into close contact, 

which has been found to result in changes in the spectroscopic properties if one of the ions is a 

light absorbing compound, as seen with TO+ and TPB-.32,335,338 To illustrate the nature of the 

penetrated ion pair between TO+ and TPB-, a cartoon representation is shown in Figure 6.4e. 

This representation was built from using previous space filling models as a guide (Figure 6.1), 

and appears as an overall spherical shape, as opposed to the planar ion pair formed between TO+ 

and ClO4
- (Figure 6.4a). The lack of planarity in the models can account for the absence of H-

aggregates, where planar dye molecules are a prerequisite as observed in chapter two.  
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a)!  b)!  

c)  d)  
  

e)!  
 
Figure 6.4 Optimized structures at the B3LYP/6-31+g(d) level for the interaction of TO+ with 
ClO4

- looking a) top down and b) from the side. Atoms are coloured as followed; carbon (grey), 
hydrogen (white), nitrogen (blue), sulphur (yellow), oxygen (red), and chlorine (green). Images 
courtesy of Samantha Keller. Cartoon representation of c) TO+ and d) TPB-, and e) the 
penetrated ion pair formed between TO+ and TPB-. Boron atom shown in pink.  

!
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The presence of the penetrated ion pair is further supported by the fact that it is only 

observable in aqueous solution. In fact, in methanol, acetonitrile, dimethylformamide, (DMF) 

and dimethyl sulfoxide (DMSO), where TO+ exists primarily in its monomeric form, TPB- does 

not induce changes in the absorbance of TO+ (Figure 6.5). Similar results have been shown 

previously in the literature for the interaction between Rhodamine 6G and TPB-, and have been 

explained due to the preference for either solvent-solute or solute-solute interactions to occur.341 

Simply, in organic solvents, solvent-solute interactions predominate over the formation of ion 

pairs compared to in aqueous solution where the solute-solute ion pairs predominate in 

solution.341 Therefore penetrated ion pairs should only exists in aqueous solution, as we have 

seen for TO+. 
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a) b)  
 

c) d)  
 
Figure 6.5 Absorption spectrum of TO+ (15 µM) without (black traces) and with TPB- (45 µM, 
blue traces) in a) methanol, b) acetonitrile, c) DMSO, and d) DMF.   

!!
!!
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Interestingly, the addition of TPB- also results in an enhancement of TO+ fluorescence 

(Figure 6.6a), which is consistent with restricted mobility of the cyanine dye resulting from ion-

pair formation, as seen previously with TO+ and polystyrene sulphonate in chapter five.58 Due to 

the fluorescence enhancement, a Job plot for the interaction of TO+ with TPB- was performed 

and a 1:1 molar ratio of TO+ to TPB- was determined  (Figure 6.6b). This result further supports 

the formation of a penetrated ion pair between one molecule of TO+ and one molecule of TPB-. 
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a)  
 

b)!  
 

Figure 6.6 a) Evolution of the fluorescence spectra (%ex = 483 nm) of an aqueous solution of 
TO+ (20 µM, thick black trace) upon consecutive additions of TPB- to a final concentration of 
60 µM (thin black traces). b) Job plot of TO+ with TPB- (fluorescence intensity monitored at 
635 nm). 

!
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6.3.2 The Interaction Between PIC, THIA, DEQTC, and ! -CN-TO and Tetraphenylborate 

If the interaction between TO+ and TPB- is in fact due to matching water affinities, our 

other cyanine dyes should also form penetrated ion pairs with TPB-. Indeed, the interaction 

between TPB- and the cyanine dye PIC has been previously investigated in the literature.320 As 

seen from Figure 6.7, the addition of TPB- to a solution of PIC results in a decrease of the 

absorption intensity of both peaks at 491 and 523 nm. However, this decrease is accompanied by 

an increase in absorption, red shifted compared to the monomer peak, of two peaks at 504 and 

550 nm (Figure 6.3). In addition, a clear isosbestic point is visible upon the addition of TPB- at 

538 nm, which is indicative of the transformation of one light absorbing species to another 

(Equation 6.1). This spectral evidence suggests the formation of PIC-TPB- penetrated ion pairs, 

as monomeric cationic molecules of PIC interaction with the negative charge density and 

hydrophobic regions associated with TPB-.320  

 

 
PIC! max=523nm +TPB" ! [PIC¥TPB" ]! max=550nm (Eq. 6.1) 
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!

!
!

Figure 6.7 Absorption spectra of 10 µM PIC (thick black line) with the addition of TPB- up to 
50 µM in aqueous solution. The arrows indicate the movement of the absorption lines when the 
concentration of TPB- is increased.  

!
 

Similarity to the result observed with TO+ and PIC, the addition of TPB- to solutions 

containing DEQTC and THIA also results in a decrease of the main peak absorption intensities, 

and a corresponding red shift of the absorption (Figure 6.8). These absorption peaks are 

considerably different than what was observed for DEQTC and THIA in the presence of small 

monovalent ions (chapter three) where H-aggregates were observed with these dyes and ClO4
-. 

As similar water matching affinities were obtained between DEQTC and THIA with ClO4
-, the 

same should be true between these dyes and TPB-. Indeed, the change in the spectroscopic 

signature along with the red shift supports the hypothesis that penetrated ion pairs form between 

both DEQTC and THIA with TPB- (Figure 6.8).320  
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!

!
!
Figure 6.8 Normalized absorption spectra of aqueous solutions contained 20 µM THIA (blue 
trace) and DEQTC (black trace) in the presence of 50 µM TPB- with THIA (dashed blue trace) 
and 60 µM TPB- with DEQTC (dashed black trace). 

!
!!

Interestingly, for the twisted cyanine dye, !-CN-TO the addition of TPB- also results in a 

decrease in the absorption intensity and a red shift in the absorption maximum of the monomer, 

from 483 to 522 nm (Figure 6.9). This spectra response is likely indicative of the formation of a 

penetrated ion pair and the isosbestic point at 501 nm (Figure 6.9) supports the theory that the 

addition of TPB- initiates the conversion of monomeric !-CN-TO to a new light absorbing 

species (Equation 6.2).  

 

 
! " CN " TO#max=483nm +TPB" ! [! " CN " TO¥TPB" ]#max=522nm  (Eq. 6.2) 
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Figure 6.9 Absorption spectra for a !-CN-TO (20 µM) solution in ultrapure water (thick black 
line) with the addition of TPB- up to 50 µM. The arrows indicate the movement of the 
absorption spectra as the concentration of TPB- is increased from 0 - 50 µM. Any further 
addition of TPB- does not result in any further change in the absorption spectra. 

!
 

In light of these results we can conclude that the ability of a cyanine dye to form a 

penetrated ion pair with TPB- is independent of the dye’s geometry, as even the most non-planar 

dye studied still results in a penetrated ion pair. Interestingly, penetrated ion pairs between 

borates and twisted cyanine dyes have induced a circular dichromism (CD) spectrum for the 

cyanine dye that is not observed for planar cyanine dyes.83,342 Additionally, the signal of the CD 

spectrum was found to be a function of the structure of the dye and therefore can be used in the 

future to determine the orientation of the cyanine dye in the penetrated ion pairs for PIC and !-

CN-TO. 83,342 
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6.4 Assessing the Formation of Organic Nanoparticles  

In all cases, the absence of H-aggregates formed between ion pairs of the five cyanine 

dyes and TPB- is supported by the fact that the interaction likely results in a ‘spherical’ like ion 

pair (see Figures 6.1 and 6.4 for models). In these penetrated ion pairs, the relative overall 

planarity of the dye molecules observed in contact ion pairs (Figure 6.4b) is lost, due to the close 

association of the ions. However as we have shown, the neutrality of contact ion pairs results in 

their aggregation and penetrated ion pairs should not be different. Therefore, in the absence of 

either H or J-aggregates, we questioned the fate of these penetrated ion pairs.   

Interestingly, several groups have reported the synthesis of purely organic nanoparticles 

based on the formation of ion pairs between large organic cations and anions.58,98-102 Different 

organic anions have been reported to yield stable organic nanoparticles and among them, TPB- is 

the most common although no reason for its selection could be found.99-102 The particular 

structure of TPB- (Figure 6.2) could certainly play a role in the formation of these mesoscopic 

aggregates. It is only recently that the mesoscopic structure (organic nanoparticles) of ion pairs 

that arose from the interactions between TPB- and pseuodcyanine dye99 was revealed in aqueous 

solutions using TEM spectroscopy.99,101,102  

The formation of organic nanoparticles, or a collection of penetrated ion pairs containing 

TO+ and TPB-, was first observed with dynamic light scattering and directly assessed by the 

occurrence of Tyndall scattering using an simple laser pointer.101 Tyndall scattering was not 

present in the individual solutions containing solely TO+ or TPB-, and the presence of organic 

nanoparticles was further confirmed by TEM (Figure 6.10). Both the TEM image and the size of 

the ionic organic nanoparticles, evaluated to be 73 ± 20 nm, are consistent with previously 

reported ion pair organic nanoparticles.99,101,102 !
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Figure 6.10 TEM (30000X magnification) imaging of organic nanoparticles (TO+, 20 µM; 
TPB-, 60 µM). The size of the ionic organic nanoparticles was evaluated to be 73 ± 20 nm. 
(Springer and The Journal of Nanoparticle Research, 14, 2012, 1099, Achieving organic 
nanoparticles with redox-active capabilities: synthesis of gold nanoparticles in water as a proof-
of-principle, S. M. Mooi, B. J. Heyne Figure S1. © Springer Science+Business Media B.V. 
2012.) 

!
 

6.5 Evidence of the Redox-Activity of Thiazole Orange 

As mentioned previously, other ionic organic nanoparticles have been shown to maintain 

the functionality of their ionic counter parts.98,100 In particular, it has been found that organic 

nanoparticles, formed based on ionic and intermolecular interactions, sustain the redox-activity 

of the ionic molecules in which they are formed.187,343  

 

6.5.1 Determination of the Reduction Potential of Thiazole Orange 

Although cationic cyanine dyes in the past have been found to posses redox potentials 

around 1 V,343,344 the potential of TO+ has yet to be assessed. Therefore, in order to determine if 

!

TO+!TPB- 
Ionic Nanoparticles 
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our organic nanoparticles possessed redox activity it was pivotal to determined if TO+ was redox 

active on its own.  

Therefore, prior to testing the ionic organic nanoparticles as organized redox particles, 

the oxidation potential of the cyanine dye (TO+ to TO2+) was studied by cyclic voltammetry 

(Figure 6.11). The oxidation potential of the cyanine dye (TO+ to TO2+) was found to be +1.3 V 

(vs SHE) and was determined to be irreversible as indicated by the lack of a return wave. Also, 

the TO2+ likely carries out a chemical reaction to yield an unknown new species as indicated by 

the reduction wave appearing at -0.2 V, which is absent if the CV is scanned between +0.8 V and 

-0.3 V as shown by the dashed line (Figure 6.11). 
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Figure 6.11 Cyclic voltammogram recorded at 100 mVs-1 of TO+ being oxidized to TO2+ at 
+1.3 V vs SHE. (Springer and The Journal of Nanoparticle Research, 14, 2012, 1099, 
Achieving organic nanoparticles with redox-active capabilities: synthesis of gold nanoparticles 
in water as a proof-of-principle, S. M. Mooi, B. J. Heyne Figure S2. © Springer 
Science+Business Media B.V. 2012.) 

!
 

6.5.2 The Reduction of Gold by Thiazole Orange 

Gold nanoparticles (AuNPs) are perhaps the most studied metallic nanoparticles, and a 

variety of methods are available to synthesize, purify, and control size and shape.111,116,138-140,345-

347 Due to the large literature precedence in the characterization of AuNPs, we chose to exploit 

the ion association method to generate redox-active organic nanoparticles to reduce aqueous gold 

solutions to create seed sites where AuNPs could grow. According to the literature,345 TO+ 

oxidation is within the ideal potential window to act as a reducing agent for gold, which should 

lead to the formation of AuNPs. AuNPs are generated in solution by reduction of HAuCl4, which 
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is initiated by the acceptance of an electron by Au3+ to form Au2+, followed by the 

disproportionation to yield Au+, and then by another reduction to form Au0 (Equations 6.3 to 

6.5).120,346 The reduction of Au3+ by TO+ should be a spontaneous process in solution, since the 

reduction potential of HAuCl4 to Au0 is +0.853 V (vs SHE) and the oxidation of Au0 to Au+ 

occurs at +1.43 V.345 

 

First Reduction: Au3+ + e! " Au2+  (Eq. 6.3) 

Disproportionation: Au2+ + Au2+ ! Au3+ + Au+  (Eq. 6.4) 

Second Reduction: Au+ + e! " Au0  (Eq. 6.5) 

 

As seen in Figure 6.12, upon addition of HAuCl4 to a solution of TO+, a peak with a 

maximum at 562 nm was readily detected and resembled the absorption of light by a J-

aggregate.59 However, as gold is also present in solution and cyclic voltammetry suggests TO+ to 

be able to reduce gold, the peak at 562 nm could be associated to a plasmon band of AuNPs 

present in solution. As fluorescence was not detected from the peak at 562 nm, absorption of 

light at this wavelength could not be attributed to the formation of J-aggregates and therefore the 

new peak was assigned to the plasmon band of AuNPs. 
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!
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Figure 6.12 Absorption spectra of TO+ (20 µM) in water in the absence (thick black line) and in 
the presence of HAuCl4 (10 µM, dashed line; and 20 µM, thin black line). (Springer and The 
Journal of Nanoparticle Research, 14, 2012, 1099, Achieving organic nanoparticles with redox-
active capabilities: synthesis of gold nanoparticles in water as a proof-of-principle, S. M. Mooi, 
B. J. Heyne Figure 2. © Springer Science+Business Media B.V. 2012.) 

!
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The newly formed AuNPs were characterized using TEM spectroscopy, which revealed 

polydisperse, polymorphorous AuNPs approximately 24 ± 7 nm in size (Figure 6.13). Location 

of the plasmon band at 562 nm appears to be fairly high for the size of AuNPs measured by TEM 

spectroscopy.348 However, due to the distance-dependent optical properties of AuNPs, the red 

shift observed in the plasmon band (Figure 6.12) can be associated to nanoparticle aggregation in 

solution as previously described in the literature.349,350 Furthermore, aggregation of AuNPs is 



 

264 

prevalent in higher ionic strength solutions as the presence of electrolytes reduces the 

electrostatic repulsion between neighbouring AuNPs.351,352 !

!

!
!
Figure 6.13 TEM imaging (30000X) of a sample of AuNPs formed by the reduction of HAuCl4 
(30 µM) by TO+ (30 µM). The size of the particles was averaged to be 24 ± 7 nm. (Springer and 
The Journal of Nanoparticle Research, 14, 2012, 1099, Achieving organic nanoparticles with 
redox-active capabilities: synthesis of gold nanoparticles in water as a proof-of-principle, S. M. 
Mooi, B. J. Heyne Figure 2. © Springer Science+Business Media B.V. 2012.) 

!
!

In the reaction of TO+ with HAuCl4, the presence of unreacted TO+ along with the p-

toluenesulfonate counter ion in solution would result in an increase in the overall ionic strength 

of the solution, compared to pure water. In addition, there is evidence in the literature that ligand 

exchange can also result in shifting plasmon bands.353 Indeed, when TO+ is added to a solution of 

AuNPs (20 nm, Sigma-Aldrich) there is an apparent red shift in the absorption spectrum of the 
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AuNP plasmon band (Figure 6.14), which is evidence of a ligand exchange occurring on the 

surface of the purchased AuNPs.353 

 

!

!
!
Figure 6.14 Normalized absorption spectrum, at 477 nm for TO+, for a 0.029 M AuNP solution 
(Sigma-Aldrich) before (solid trace) and after (dashed trace) the addition of 40 µM TO+. 

!
!

6.6 Evidence of the Redox-Activity of the Ionic Organic Nanoparticles  

In order to investigate whether TO+ retains its redox capability when combined with TPB- 

at the nanoscale, synthesis of AuNPs elicited by the ionic organic nanoparticles was investigated 

in aqueous environment. When HAuCl4 was added to a solution containing ionic organic 

nanoparticles at a ratio of 1:3:5 for TO+:TPB-:HAuCl4, the solution mixture turned purple almost 

immediately and establishment of a plasmon band (565 nm) was confirmed by absorption 
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spectroscopy (Figure 6.15). Interestingly, a complete loss of the organic nanoparticles signal at 

484 nm is observed suggesting that the aggregate structure is disrupted upon AuNP formation. 

  

 

a)  
 

b)  c)  d)  
 
Figure 6.15 a) Absorption spectra in water of 20 µM TO+ in aqueous solution (20 µM, dark 
black line); organic nanoparticles composed of TO+ (30 µM) and TPB- (90 µM, dashed line); 
and AuNPs synthesized from the ionic organic nanoparticle solution (TO+, 30 µM, TPB-, 90 
µM, HAuCl4, 120 µM, thin black line). (Springer and The Journal of Nanoparticle Research, 
14, 2012, 1099, Achieving organic nanoparticles with redox-active capabilities: synthesis of 
gold nanoparticles in water as a proof-of-principle, S. M. Mooi, B. J. Heyne Figure 3. © 
Springer Science+Business Media B.V. 2012.) Solutions containing b) TO+ alone (30 µM), c) 
TO+ (30 µM) with TPB- (90 µM), and d) TO+ (30 µM), TPB- (90 µM) and HAuCl4 (120 µM). 

!
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Evidence for the disappearance of the ionic organic nanoparticles is also present when the 

fluorescence spectrum of these particles is recorded as HAuCl4 is added to the solution. As seen 

from Figure 6.16, the addition of HAuCl4 results in a complete fluorescence quenching further 

demonstrating the dissociation of the ionic organic nanoparticle when TO+ becomes oxidized.  

!

!

!
!

Figure 6.16 Fluorescence emission evolution of a solution containing TO+ (20 µM) and TPB- 
(60 µM) (thick black trace) with the addition of HAuCl4 up to 150 µM (thin black traces). 
Arrows indicated the movement of the absorption spectra as the concentration of HAuCl4 
increases. 

!
!

In addition, the cyclic voltammetry of TO+ oxidation to TO2+ (Figure 6.11) shows 

irreversibility, suggesting that once the Au3+ oxidizes the TO+, the TO2+ decomposes and does 
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not form a tight ion pair with TPB-, required to maintain the organic nanoparticle structure. TEM 

images (Figure 6.17) confirm the loss of ionic organic nanoparticles after the AuNPs were 

synthesized. As shown in Figure 6.17, the AuNPs are polymorphous where spherical, rod, and 

triangular nanoparticles can be observed. The polymorphous AuNPs are 13 ± 3 nm in diameter 

and a halo can be seen surrounding the perimeter of the AuNPs where they have become slightly 

aggregated (Figure 6.17). 

 

!

!
!

Figure 6.17 TEM imaging of AuNPs solution synthesized from organic nanoparticles (TO+, 30 
µM, TPB-, 90 µM, HAuCl4, 120 µM). (Springer and The Journal of Nanoparticle Research, 14, 
2012, 1099, Achieving organic nanoparticles with redox-active capabilities: synthesis of gold 
nanoparticles in water as a proof-of-principle, S. M. Mooi, B. J. Heyne Figure 3. © Springer 
Science+Business Media B.V. 2012.) 

!
!
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 As discussed above, aggregation of nanoparticles and ligand exchange are most likely 

responsible for the large red shift of the plasmon band observed in Figure 6.15, compared to 

what would be expected of nanoparticles of this size.348,353 Moreover, TPB- is proposed to act as 

a stabilizer for AuNPs because the mass spectrometry of the AuNPs solution did not detect any 

TPB- (Figure 6.18b) whereas the m/z peak at 319.24 (molar mass of TPB-) was clearly detectable 

in the solution containing only ionic nanoparticles (Figure 6.18a). This mass spectrometry result 

suggests that TPB- is associated to AuNPs, which could explain the halo observed around the 

AuNPs in TEM images (Figure 6.17). Altogether, these findings indicate the dual role of the 

organic nanoparticles components, acting as both redox-active sites and as a stabilizer for 

metallic particles. 

!

!

!

!

!

!

!

!

!

!

!
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a)  

b)  
!
Figure 6.18 a) Mass spectra in negative mode of a solution of organic nanoparticles (20 µM 
TO+, 60 µM TPB-). The peak at 171.0713 m/z matches to the counter ion of TO+, namely p-
toluenesulfonate. The peak at 319.2477 corresponds to TPB-. b) Mass spectra in negative mode 
of a solution of AuNPs formed by reduction of HAuCl4 with organic nanoparticles (20 µM TO+, 
60 µM TPB-, 100 µM HAuCl4). The peak at 171.0713 m/z matches to the counter ion of TO+, 
namely p-toluenesulfonate. (Springer and The Journal of Nanoparticle Research, 14, 2012, 
1099, Achieving organic nanoparticles with redox-active capabilities: synthesis of gold 
nanoparticles in water as a proof-of-principle, S. M. Mooi, B. J. Heyne Figure S3. © Springer 
Science+Business Media B.V. 2012.) 

!
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6.7 Conclusion 

This chapter investigated the interaction between cyanine dyes and a large anion, TPB-. 

TPB- is part of a group of borate anions that have shown to form specific type of ion pairs, 

known as penetrated ion pairs. The spectroscopic signatures of penetrated ion pairs between the 

cyanine dyes studied and TPB- were considerably different than the interactions previously seen 

between the cyanine dyes and the monovalent anions in chapters one and two. In light of this 

response, we questioned the fate of the penetrated ion pairs, as H-aggregates were not observed.  

For TO+, its interaction with TPB- did not lead either to change in the monomer-dimer 

ratio or to the presence of H-aggregates, as previously seen for TO+ with monovalent salts. 

However, as this spectral response to TPB- was not observed in any solvent besides water, we 

considered ion pair formation. Additionally, the free energy of hydration of TPB- is considerably 

lower than any other monovalent ions, and in terms of water matching affinities ion pair 

formation should be favourable. Our suspicion was supported by the Job’s analysis where a 1:1 

binding stoichiometry was observed.  

Therefore, the spectroscopic signature of TO+ in the presence of TPB- suggested a 

different type of ion pair, namely the penetrated ion pair. This penetrated ion pair, supported by 

previous literature findings, forms when ions come into close contact or intercalated with one 

another as shown in our proposed model. Penetrated ion pairs between PIC, DEQTC, THIA, and 

!-CN-TO were also observed through spectroscopic evaluation. This result is particularly 

interesting, as ion pair formation had not been observed between !-CN-TO and other 

monovalent ions in chapter three. From what we found, we hypothesize that penetrated ion pair 

formation is not dependent on the cyanine dye molecular geometry. Indeed, penetrated ion pairs 

of other twisted cyanine dyes have been previously observed in the literature.  
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This type of ion pairing was different than the contact ion pair we previously observed 

between these cyanine dyes and monovalent ions. For these contact ion pair, the planarity of the 

dye along with efficient charge screening between ions within the contact ion pair resulted in the 

formation of higher-ordered, H- or J-aggregates. Surprisingly, these types of aggregates were not 

observed with cyanine dyes and TPB-, likely due to the spherical nature of the resultant ion pair. 

However, neutral ion pairs are prone to aggregate, and through experimental results these 

aggregates were found to form organic nanoparticles of about 73 nm in diameter.   

These organic nanoparticles, formed by the ion association between TO+ and TPB- were 

found to contain similar redox activity to TO+ as both were able to reduce Au3+ to produce 

AuNPs. AuNPs found using TO+ or TO+-TPB- organic nanoparticles as the reducing agent were 

24 ± 7 nm and 13 ± 3 nm in diameter, respectively. Additionally, the reduction of Au3+ resulted 

in the dissociation of the TO+-TPB- organic nanoparticles as both the absorption and 

fluorescence from this species was absent after AuNP formation. Our hypothesis that TPB- acts 

as a stabilizer for the AuNPs is supported by the halo around the AuNPs in the TEM image and 

the mass spectrometry results of these nanoparticles. 
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 General Conclusions and Future Work Chapter Seven:

 

 In order to present our conclusions in a logical matter, the effects observed with either 

millimolar or micromolar concentration of added salts will be separately discussed. From our 

results we are able to draw a number of broad conclusions based on the interaction of cyanine 

dyes in the presence of salts at the millimolar concentration range, that are summarize in Figure 

7.1. Upon the addition of an anion to an aqueous solution containing a cationic cyanine dye, the 

driving force dictating ion pair formation is the water matching affinities of the two ions. If the 

anion does not have similar water matching affinities to the dye, the aggregation state of the dye 

is dependent on the natural monomer-dimer equilibrium of the dye in aqueous solution. If the 

dye exists only in its monomeric form, no change in the absorption intensity of the dye will be 

observed. However, if a monomer-dimer equilibrium does exist, then the dimeric form will be 

favoured as a result of an increased equilibrium constant due to change in the solvent dielectric 

permittivity upon increase in ionic strength of the solution.  

On the other hand, the aggregation of a cationic cyanine dye becomes slightly more 

complicated when the added anion has similar water matching affinity to the dye. When this 

condition is met, a contact ion pair can form between the cationic cyanine dye and the anion. Ion 

pairing can be taken one step further to a penetrated ion pair, once the anion size increases above 

4 Å. Although this size has yet to be confirmed experimentally, penetrated ion pairs formed from 

the ion association method can lead to nanoparticles. Furthermore, in order to conclude that 

penetrated ion pairs of cyanine dyes lead to the formation of organic nanoparticles in all cases, 

these complexes must be studied using transmission electron microscopy and a full spectroscopic 

characterization should be performed. 
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However, if an ion’s radius is kept below the hypothetical value of 4 Å, where contact ion 

pairs prevail, high-ordered aggregates in either the H or J-type fashion can form. We found that 

when a dye’s geometry is relatively planar, the H-aggregate will form. Alternatively, when a dye 

molecule has a twist in its structure, the J-type aggregate will form preferentially. Although J-

aggregates form for those dyes that are twisted, aggregate formation can be inhibited when the 

molecular geometry of the dye restricts molecular packing. 

 

 

 
 
Scheme 7.1 Simplified flow chart describing the aggregation of cyanine dyes in the presence of 
anions at high concentrations. 

 
 

In light of these results, future experimentation should be considered. For instance, the 

Hofmeister series describes a vast amount of anions that have been rated in terms of their ability 

to stabilize or destabilize proteins and small molecules,36-39 yet through this work only six of 

these were examined for their ability to aggregate dyes. Other ions such as thiocyanate have been 
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shown to induce aggregation of malachite green to a greater extent than sodium chloride,354,355 

and with an effective radius of 2.15 – 2.20 Å356 thiocyanate should induce comparable 

aggregation patterns due to its similarity in size to iodide (2.16 Å).48 Additionally, an anion such 

a chlorate (ClO3
-), with a ionic radius of 2.00 Å,48 sits directly between bromide and iodide and 

therefore can be used to probe the boundary separating dimerization from high-order aggregate 

formation. In addition to using other counter ions to probe aggregate formation, studying the 

effect of increased ionic strength solutions of neutral cyanine dyes, such as the uncharged 

thiazole orange or thiacyanine,357 can confirm the necessity for ion pair formation to induce 

aggregation.  

Although we hypothesize that the addition of electrolytes to an aqueous solution of a 

cyanine dye also affects the kinetics of the dimerization of the dye, we were not able to confirm 

this possibility using our experimental techniques. This objective is achievable through 

collaboration with Dr. Biver at the University of Pisa (Italy) and her expertise with temperature 

jump analysis with cyanine dyes. Although the dimerization of some dyes have already been 

studied using this technique to extrapolate equilibrium constants,26,29 both the forward and 

reverse rate constants for the dimerization of cyanine dyes have yet to be examined in the 

absence and presence of monovalent salts. This kinetic aspect of the specific ion effect has not 

yet been studied even though evidence suggests a direct effect on dimerization equilibrium by 

counter ions,93,209 and probing the dimerization of a dye is important for elucidating aggregation 

processes.25 This is a task for a future graduate student that will give further insight into the 

kinetic and thermodynamic effects of the counter ion on the dimerization of cyanine dyes and 

will divulge if the counter ion affects the dissociation of a dimer to an encounter pair or the 

formation of the dimer from the encounter pair. 
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We observed that the dye geometry played a role in aggregate formation and this 

observation can be investigated further with the use of cyanine dyes that have different 

substituents, such as the replacement of an ethyl group by a propyl or methyl group. Although 

limited studies have observed the effect substitution around the aromatic rings has on dyes 

interaction with DNA90 and the inherent dimerization,358 it is hard pressed to find information 

linking the nitrogen substituent on cyanine dye aggregation patterns.359 This is another avenue 

for future work. For instance, the propyl variant of 3,3’-diethylthiacyanine (THIA), 3,3’-

dipropylthiacyanine (AdipoGen), and the methyl variant, 3,3’-dimethylthiacyanine, which can be 

synthesized according to the literature,360-362 can be studied using the same analysis where the 

anion used to increase the ionic strength of a solution is varied. The aggregation of these dyes 

upon an increase in ion strength can be observed and compared to the ethyl variety. Additionally, 

as dye geometry is also connected to the length of the polymethine bridge78,81 one could 

investigate aggregate formation consisting of dyes with different methine bridge length in high 

ionic strength solutions.  

We are unable to arrive to a broad conclusion that encompasses all cyanine dyes upon the 

addition of low concentrations, primarily due to the lack of experimental data for the cyanine 

dyes upon the addition of low concentration of monovalent ions. However, some main findings 

are critical to mention.  

For starters, it is hypothesized that in the presence of an anion at micromolar 

concentrations, TO+ forms an ion pair with its counter ion, tosylate. Spectroscopically, the 

absorption spectrum appears as containing more monomer. Interestingly, when this anion 

possesses an alkyl chain, H-aggregates of the (TO+!tosylate-)ip can form, due to favourable 

interactions between the alkyl chain and the neutral ion pair. Performing additional experiments 
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with the ethyl derivative of thiazole orange (DEQTC) with iodide as its counter ion could 

support this hypothesis. As DEQTC has been shown to form ion pairs with iodide, addition of an 

anion at micromolar concentrations could promote the formation of (DEQTC!I-)ip. Like done 

with TO+, the formation of these ion pairs upon a slight increase in ionic strength could be 

confirmed by an increase in the absorption of the monomer with respect to the dimer. 

Additionally, if our hypothesis is correct, we should observed H-aggregate formation of 

(DEQTC!I-)ip if the anion has an alkyl chain due to favourable interactions between the neutral 

ion pair and the hydrophobic alkyl chain.  

Apart from alkyl salts, TO+ was also found to aggregate in the presence of 

polyelectrolytes, at micromolar concentrations that contain phenylsulphonate substituents. 

Interestingly, in almost all cases cyanine dye aggregates were observed in the presence of 

polystyrene sulphonate. An exception to this rule occurred for the twisted cyano-functionalized 

TO+ and it is believed to be due to the inability of the dye molecule to come into close contact 

with other dye molecules associated to the polymeric chain. Past literature evidences suggest that 

temperature jump analysis can also be used to elucidate the structural effect of cyanine dyes on 

their binding dynamics with DNA.27,29 Not only does molecular geometry play a principle role in 

dye-DNA binding, but also binding occurs at a rate of diffusion control where an initial pre-

intercalated complex precedes a fully intercalated one.27 This same technique can elucidate the 

binding interaction of the cyanine dyes with polystyrene sulphonate and can be used to 

differentiate and correlate binding mechanisms to different cyanine dye structure.  

Macrocyclic species, also containing a phenylsulphonate functionalization, have the 

ability to induce aggregation of cyanine dyes that possess a monomer-dimer equilibrium, and 

fluorescent H-aggregates can be observed in these systems allowing for the determination of 
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binding stoichiometries of the complexes. The increase in the fluorescent signal when the H-

aggregate forms originates from two phenomena; first, a reduction of intramolecular rotation 

around the central methine carbon, due to the restricted motion of a molecule in an aggregate that 

allows for an increased fluorescence from the dye monomer. Second, when molecules in an 

aggregate are not directly in plane or parallel with one another the lower exciton level becomes 

accessible and fluorescence can occur from this state.  

Fluorescent H-aggregates are not always observed between calixarenes and cyanine dyes, 

and the method of continuous variation is not effective for determining binding stoichiometry in 

some cases. Molecular modeling can provide further information and confirm or deny binding 

stoichiometry along with molecule orientation within aggregates.29,63 For example, inclusion 

complexes were found to be the preferential structure over aggregate formation for those dyes 

that have a non-planar geometry. Additionally, the thermodynamic stability of these inclusion 

complexes is greater for the more planar molecules compared to the less planar molecule and this 

can be confirmed by using molecular modeling to predict the most stable interactions.63 

Through this work we were able to design and predict compatible environments for dye 

molecules in order to promote the dimerization or aggregation by the addition of electrolytes. 

Our overall work has not only led to connections between specific ion effects and the 

aggregation of small molecules, but has also provided advances to the field of nanotechnology 

with the synthesis of redox-active organic nanoparticles.  
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 Enhancement of Singlet Oxygen Production Using Silver and Gold Chapter Eight:
Nanoparticles  

 

8.1 Background 

The synthesis, characterization, and modification of gold and silver nanoparticles has been 

an on-going discovery since Michael Faraday first differentiated gold colloids from bulk gold 

solutions over 150 years ago.106,107 Although much time has gone into research for developing 

new synthetic methods, to produce stable nanoparticles with specific size, morphology, or 

surface modifications, the basic reduction methods of metallic salts seem to prevail.111-116 A 

simple reduction of gold (III) or silver (I) by sodium citrate results in nanoparticles of a certain 

size, which can be modified by simply changing the ratio of reducing agent to metallic 

salt.111,132,363  

As the synthetic processes used to reach gold and silver nanoparticles are abundant, the 

same can be said for the application to modify the surface of nanoparticles. DNA, amino acids, 

and carbohydrates are just some of the few biological markers that have been covalently linked 

to metal nanostructures.135-140 Synthetic procedures have thus been developed in order to 

functionalize gold and silver nanoparticles, which commonly involves a thiol linkage between 

the nanoparticle and the biomolecule in the case of gold nanoparticles.132-134 Among molecules 

used to functionalize metal nanostructures, dye molecules have taken a forefront in this synthetic 

work due to the interesting photochemical and photophysical changes that occur when these 

molecules are in close proximity to nanoparticles.  

For example, the investigation of the interaction between metal nanoparticles and dye 

molecules has existed over the past few decades. Through this work it has been found that metal 
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nanostructures have a unique ability to enhance vibrational and electronic transitions in 

molecules nearby via an antenna mechanism, known as the metal enhancement effect.143,148-150 

Particularly, this phenomenon has been used advantageously to improve the sensitivity of 

modern fluorescence imaging techniques, where an increase in fluorescence emission of dye 

molecules due to the presence of metal nanoparticles is referred to metal-enhanced fluorescence 

(MEF).148,152-155,159,364 Interestingly, this phenomenon is known to be dependent on the distance 

between the metallic nanoparticle and the fluorophore.152,154,155 Simply, if the dye molecules are 

too far or too close from the metal nanoparticles, no enhancement of the fluorophore’s 

fluorescence is observed.  

As mentioned in the introduction, in addition to distance, the fluorescence enhancement 

of a molecule is theorized to be a factor of not only an isolated electric field generated by 

metallic nanoparticles felt by the fluorophore, but also due to a electronic coupling between the 

fluorophore’s transition dipole with the localized metallic nanoparticle electric field, thus 

resulting in increased molecular absorption.155 In result, fluorescence enhancement is dependent 

on the spectral overlap between the dye molecules and the extinction (absorption and scattering) 

of the metal nanoparticles.155,158,160  

Interestingly, it has been shown that the metal enhancement effect is not limited to 

fluorescence, and enhancement of both 1O2 production and phosphorescence quantum yield have 

been observed.145,156,181-185 As for MEF, the distance and the spectral overlap between the 

molecule used to generate the 1O2 and the metal nanoparticles play a key role to enhance 1O2 

production via this mechanism.145,181,183,184 According to the literature, metal enhancement of 1O2 

production manifests from an increased triplet yield of the photosensitizer due to an overall net 

increase of its absorption, like what is seen with MEF.156,183  
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 To date, enhanced 1O2 formation has only been achieved through the used of silver island 

films, consisting of metal nanoparticles anchored onto a solid surface, such as glass or polymeric 

substrates.181,183,184 Although these nanostructures are perfectly suitable for some biological 

applications, they are not practical for biological experiments carried out in bulk solution where 

individual nanoparticles are preferred. We believe that in order to increase the functionality of 

the metal enhanced 1O2 production for biological systems, nanoparticles must be functionalized 

and an increased production of 1O2 must be achievable in aqueous solution. In order to solve this 

problem, we have engineered new silver nanoparticles using a multilayer core-shell approach 

that are capable of enhancing 1O2 production in aqueous solution. In addition, as a proof-of-

principle, we show that this synthetic methodology can also be applied to the creation of dye 

linked core-shell gold-silica nanoparticles, which also have the capability of producing 1O2.  

 

8.2 Experimental Section 

All of the reagents used in the experiments pertaining to this chapter were purchased 

from Sigma-Aldrich, unless otherwise stated, and were used as received. Absorption spectra 

were recorded using a Varian Cary-50 single beam spectrophotometer. Transmission electron 

microscopy (TEM) was employed to characterize the nanoparticles. Micrographs were obtained 

on a Hitachi H-7650 (Microscopy and Imaging Facility, University of Calgary). Samples for 

analysis were obtained by depositing small aliquots onto carbon-coated Cu TEM grids.  IR 

spectra were recorded on a Nexus 40 FTIR by ATR with zinc-selenide crystal at 200 scans. 
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8.2.1 Synthesis of Silver Nanoparticles 

The synthesis of silver nanoparticles (AgNPs) was adopted from the literature167 where, 

10 mL of sodium citrate tribasic dihydrate (39 mM, )99.0%) was added to a solution containing 

90.3 mg of silver nitrate ()99.0%) in 490 mL of ultrapure water (MilliQ 18.2 M( cm at 25°C). 

This mixture was first boiled with stirring for one hour and then once cool, the solution was 

centrifuged at room temperature at 500 rpm (maximum g-force of 45) for one hour. The 

supernatant containing the synthesized AgNPs was removed from larger sediments and brought 

to a final volume of 350 mL with ultrapure water. They were subsequently stored at 4°C and 

were kept for a maximum of three months. From the histogram analysis of TEM images, these 

nanoparticles were found to be 68 nm in diameter. 

 

8.2.2 Synthesis of Silica Coated Silver Nanoparticles 

As adapted from the literature,167 50 mL of AgNPs were placed into 200 mL of 100% 

ethanol (Commercial Alcohols Inc.) at 30°C. 4 mL of 30% ammonium hydroxide was added 

followed by the subsequent addition of 15 mL of tetraethyl orthosilicate (TEOS, 10 mM, 

)99.0%) in 100% ethanol was added via a controlled pressure syringe pump at a rate of 2.5 

mL/hr. The reaction was stirred for 24 hours at 30°C and then the suspension was centrifuged for 

1 hour at 4000 rpm (maximum g-force of 2900). The final solid was washed three times with 

100% ethanol and finally suspended in 45 mL of 100% ethanol. The silica shell was found to be 

22 ± 2 nm thick using TEM analysis and attempts to synthesize thinner shells resulted in 

nanoparticle agglomeration. 
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8.2.3 Synthesis of Rose Bengal Coated Silver Nanoparticles 

Rose Bengal coated silver nanoparticles (AgNP-RB) were synthesized using a method 

previously reported in the literature365 where silica coated silver nanoparticles (AgNP-Si) were 

first functionalized to an amine by the addition of 40 µL of 3-(aminopropyl) triethoxysilane 

(APS, )98%) to a 10 mL solution of AgNP-Si over 20 min followed by overnight stirring at 

room temperature. The following day the solution was refluxed at 90°C for one hour. The 

suspension was centrifuged at 4000 rpm (maximum g-force of 2900).  for one hour and the 

nanoparticles were washed three times with 100% ethanol.  

The nanoparticles were re-suspended in 6 mL of 2-(N-morpholino)ethanesulfonic acid 

(MES, 0.1M, )99.5%) buffer at pH 6. To this solution, a prepared mixture of 10 mg 1-ethyl-3-(3-

dimethylamino)propyl carbodiimide hydrochloride (EDC, GBiosciences) and 20 µL of Rose 

Bengal (RB, 1.6 mM, 93%) in 6 mL MES buffer were added. After stirring for three hours, the 

AgNP-RB were collected via centrifugation and washed three times with MES buffer to remove 

excess RB. The final AgNP-RB were suspended in 6 mL of ultrapure water. Using TEM analysis 

the final shell was found to be 25 ± 2 nm in size.  

 

8.2.4 Etching of Rose Bengal Coated Silver Nanoparticles 

 The silver core was removed by chemical etching with sodium chloride (NaCl),167 

where sodium chloride was added to a solution of AgNP-RB to reach a final concentration of 1 

mM. This solution was slowly mixed overnight at 4°C. Successful etching of the metallic core 

was assessed via absorption spectroscopy through the loss of the characteristic extinction 

spectrum of the metal nanoparticles.167 
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8.2.5 Monitoring Singlet Oxygen Production 

Singlet oxygen (1O2) production by the nanoparticles was first observed and monitored 

by a method described in the literature366 where the partial photobleaching of p-

nitrosodimethylaniline (RNO, 97%) at 440 nm in the presence of L-histidine is followed as a 

function of irradiation time. Following the literature366 final concentrations of 20 mM L-histidine 

and 100 µM RNO were used in our experiments. Samples were irradiated using a CW halogen 

lamp (300 W, 80 V) on a slide projector (Kodak) mounted with a 480 nm cut-off filter. The filter 

insures the selective irradiation of the nanoparticles during the assay. 

 

8.2.6 Evaluating Singlet Oxygen Production 

Singlet oxygen production by the nanoparticles was then evaluated by monitoring the 

partial photobleaching of a 1O2 specific probe 9,10-antracenediyl-bi(methylene)dimalonic acid 

(ABDA, 10-4 M) at 380 nm as a function of nanoparticle irradiation time as described in the 

literature.367 Samples were irradiated using a CW halogen lamp (300 W, 80 V) on a slide 

projector (Kodak) mounted with a 480 nm cut-off filter allowing the selective irradiation of the 

nanoparticles during the assay. 

 

8.2.7 Synthesis of Gold Nanoparticles 

Gold nanoparticles (AuNPs) were synthesized by a method previously reported in the 

literature,109 where gold nanoparticle seeds are used to grow larger nanoparticles. Gold 

nanoparticle seeds were first synthesized by boiling 50 mL gold(III) chloride trihydrate (HAuCl4, 

1 mM, )99.9%) with 5 mL of sodium citrate (39 mM) for 15 minutes. The resulting seed AuNPs 

were cooled and stored in the fridge at 4¡C. To produce the final AuNPs, a new 125 mL HAuCl4 
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solution (0.296 mM) was prepared in a two neck round bottom flask and was brought to 120¡C. 

1.125 mL of the seed solution was injected along with 0.56 mL of sodium citrate (39 mM). The 

solution mixture was boiled for 30 min before another 5 mL of the citrate solution was added and 

then was left to boil for 1 hour. The solution was cooled to room temperature and stored in the 

fridge at 4¡C. The AuNPs were characterized to be 41 ± 5 nm and 32 ± 5 nm for two separate 

batches. 

 

8.2.8 Synthesis of Rose Bengal Coated Gold Nanoparticles 

The subsequent silica shell coating on the AuNPs was performed by first diluting 13.41, 

20.1, or 26.82 µL of TEOS (to produce silica shell thickness’ of 24 ± 6, 32 ± 6, and 52 ± 6 nm, 

respectively) into 48 mL 100% ethanol. Following the addition of 1.5 mL 30% NH4OH, the 

AuNP solution was left to stir overnight at room temperature to produce silica coated gold 

nanoparticles (AuNP-Si). The silica shell was then functionalized to an amine by placing 15 mL 

of the AuNP-Si solution into a 50 mL round bottom flask into which 40 µL of APS was added 

over 20 minutes and let to stir overnight. The next day the sample was refluxed for 1 hour and 

washed with 100% ethanol. The solution was finally suspended in 6 mL MES buffer. Then, a 

solution containing 13 mg EDC, 9 mL MES buffer and 30 µL RB (1.6 mM) solution was added 

to the functionalized AuNPs (AuNP-NH2). The mixture was then stirred for 3 hours, washed 

with MES buffer and ultrapure water and suspended in 6 mL of water, to produce the Rose 

Bengal coated gold nanoparticles (AuNP-RB).  
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8.3 Synthesis and Characterization of Rose Bengal Coated Silver Nanoparticles 

The metal enhancement of singlet oxygen production has been previously studied using 

silver island films, consisting of metal nanoparticles deposited onto solid surfaces, such as 

glass.181,183,184 In this chapter, we present the synthesis of new silver nanoparticles that allow for 

metal enhanced 1O2 production, which could be exploited in bulk aqueous solution. Our strategy 

is based on a recent approach167 and is specifically designed to functionalize a core-shell 

nanoparticles with a photosensitizer.  

As AgNPs have already shown to be effective at enhancing fluorescence,162,165,167,168 they 

were chosen as a metallic core to be a proof of concept. Rose Bengal (RB) was selected as the 

photosensitizer to produce 1O2 due to its high solubility and large 1O2 quantum yield in aqueous 

environment.368,369 In addition, RB can be covalently conjugated to amine functional groups 

using a carboiimide linkage365,370 and the silica shell coating the AgNP core allows for a surface 

in which conjugation of RB could occur.365,370 The procedure implemented to obtain the RB 

coated silver nanoparticles (AgNP-RB) is outlined in Scheme 8.1 and at each stage of the 

synthesis, the nanoparticles were characterized both by absorption spectroscopy and TEM 

imaging. 
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!

!
!
Scheme 8.1 Steps involved in the synthesis of the core-shell AgNP-RB nanoparticles. AgNPs 
(left, dark grey circle) are first synthesized through a conventional reduction method, then they 
are coated with a silica shell (middle, light grey ring represents silica shell), and lastly RB is 
covalently tethered to the nanoparticle via a carbodiimide linkage (right, small dark circles 
represents RB). (Copyright 2014 Wiley. Used with permission from S. M. Mooi, B. Heyne, 
Achieving organic nanoparticles with redox-active capabilities: synthesis of gold nanoparticles 
in water as proof-of-principle. Photochemistry and Photobiology, 2014, 90, 85.)  

 
 

The silver core and the silica shell nanoparticles were synthesized according to the 

literature, using a simple reduction method in which silver nitrate is reduced by citrate in 

aqueous solution,167 to explicitly have a plasmon band around 445 nm (Figure 8.1a). A plasmon 

band at this wavelength not only allows for an overlap with the absorption of RB, a requirement 

for metal enhancement effect,185,371 but nanoparticles within this size range (40 – 70 nm) are also 

required for optimum enhancement efficiency as reported previously for metal enhanced 

fluorescence.159 In addition, the broad extinction spectrum present for these nanoparticles at 445 

nm (Figure 8.1a) is in agreement with theoretical and experimental data for this particle’s 

diameter size.76,371-373 These AgNPs were found to be polydisperse with the larger size 

distribution being around 68 nm in diameter, as shown on the histogram analysis of the TEM 

image (Figure 8.1b).  
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a)  
 

b)!  
 

Figure 8.1 a) Extinction spectrum of the AgNPs in water with a maximum at 445 nm. b) TEM 
image and histogram analysis for the AgNPs based on 150 nanoparticles, the larger size 
distribution being around 68 nm in diameter. (Copyright 2014 Wiley. Used with permission 
from S. M. Mooi, B. Heyne, Achieving organic nanoparticles with redox-active capabilities: 
synthesis of gold nanoparticles in water as proof-of-principle. Photochemistry and 
Photobiology, 2014, 90, 85.) 
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Once the AgNPs were synthesized, a silica shell was deposited over the AgNPs using 

TEOS as the silica source. A shell thickness of 22 ± 2 nm was obtained under our experimental 

conditions (Figure 8.2a). Functionalization of this shell to an amine using APS and immediate 

linkage of RB to the shell using a carboiimide linker afforded the AgNP-RB (Scheme 8.1). The 

final size of the silica shell for the AgNP-RB was found to be 25 ± 2 nm (Figure 8.2b).  

 

 

a)  
 

b)  
 

Figure 8.2 TEM images of a) AgNP-Si with a silica shell thickness of 22 ± 2 nm and b) AgNP-
RB with a final silica shell thickness of 25 ± 2 nm. (Copyright 2014 Wiley. Used with 
permission from S. M. Mooi, B. Heyne, Achieving organic nanoparticles with redox-active 
capabilities: synthesis of gold nanoparticles in water as proof-of-principle. Photochemistry and 
Photobiology, 2014, 90, 85.) 
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As shown in Figure 8.3 the functionalization of silica onto the AgNP resulted in minimal 

agglomeration of the nanoparticles and translated into a red shift of the extinction maxima to 459 

nm due to a change in the refractive index around the nanoparticles.125 In addition, the extinction 

spectrum of AgNP-RB is significantly broader than the silica coated silver nanoparticles (AgNP-

Si), and the bare AgNPs (Figures 8.1 and 8.4). The characteristic absorption maximum of RB is 

not clearly distinguishable but does appear as a small shoulder on the extinction spectrum of the 

nanoparticle (Figure 8.4). This broad and featureless spectrum is quite comparable to other 

spectra reported in the literature for functionalized silver nanoparticles.374 Due to its extensive 

broadening, the AgNP-RB spectrum is indicative of an increase in light scattering, which could 

be associated with the aggregation of particles. This hypothesis was confirmed via dynamic light 

scattering measurements, where significantly larger nanoparticles, around 400 nm, were found 

and in the TEM image of these nanoparticles (Figure 8.2b). In addition, the nanoparticle 

extinction maximum for the AgNP-RB is further shifted towards longer wavelengths from 459 

nm to 466 nm, suggesting coupling between the metallic cores of the nanoparticles due to 

aggregation.375 

 

 

 

 

 

 

!

!
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!
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Figure 8.3 Extinction spectra of AgNP-Si (black trace) and AgNP-RB (blue trace). Arrow 
indicates the presence of a small shoulder in the extinction spectrum of AgNP-RB. (Copyright 
2014 Wiley. Used with permission from S. M. Mooi, B. Heyne, Achieving organic 
nanoparticles with redox-active capabilities: synthesis of gold nanoparticles in water as proof-
of-principle. Photochemistry and Photobiology, 2014, 90, 85.) 

!
 

The successful covalent modification of the AgNPs by linkage of RB was assessed by 

infrared spectroscopy where the covalent addition of RB to the AgNP was confirmed via the 

formation of an amide bond characterized by a peak at 1097 cm-1 (Figure 8.4).370 The apparent 

peaks at 1073 and 953 cm-1 have been assigned to stretching vibrations of O-Si-O bonds.376,377 
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!
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Figure 8.4 IR spectra of amine functionalized AgNPs (AgNP-NH2, grey) and RB 
functionalized AgNPs (AgNP-RB, black) bound to these nanoparticles. The IR spectrum of 
AgNP-NH2 has been offset compared to AgNP-RB, with respect to the percent transmittance, in 
order to allow for easier comparison between the samples. (Copyright 2014 Wiley. Used with 
permission from S. M. Mooi, B. Heyne, Achieving organic nanoparticles with redox-active 
capabilities: synthesis of gold nanoparticles in water as proof-of-principle. Photochemistry and 
Photobiology, 2014, 90, 85.) 

!
 

In order to evaluate the total amount of RB linked to the AgNP-Si, the amide bond 

covalently linking the RB to the shell of the nanoparticles was cleaved with acid hydrolysis378-380 

by dissolving the nanoparticles in a 6M HCl solution for 15 min. The solution was then 

neutralized with 5M NaOH and centrifuged to separate the AgNPs from the solution. The 

supernatant was collected prior to analysis via absorption spectroscopy (Figure 8.5). Using the 

RB molar extinction coefficient in water of 93000 M-1cm-1 at 549 nm,381 our results indicate the 

RB concentration to be 0.5 µM (Figure 8.5).!
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Figure 8.5 UV-vis absorption spectrum of a solution of AgNP-RB before (black line) and after 
(grey line) the acid hydrolysis of RB from the silver nanoparticles. (Copyright 2014 Wiley. 
Used with permission from S. M. Mooi, B. Heyne, Achieving organic nanoparticles with redox-
active capabilities: synthesis of gold nanoparticles in water as proof-of-principle. 
Photochemistry and Photobiology, 2014, 90, 85.) 

!
 

In order to assess the surface coverage by RB of the AgNPs, the concentration of AgNPs 

in solution must first be known and can be evaluated by a method previously reported in the 

literature.126 In this method, the number of silver atoms per nanoparticle (N) is first calculated 

by: 

 

 
. (Eq. 8.1) 

 

N =
!
6

" D3

M
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where M is the atomic weight of silver (107.9 g/mol), "  is the density for face centered cubic 

(fcc) silver (10.5 g/cm3), and D is the diameter of the nanoparticles (nm). Equation 8.1 assumes 

that the spherical nanoparticles have a uniform fcc structure. Once the number of silver atoms 

per nanoparticle is known, the concentration of the nanoparticles in a solution can be calculated 

by: 

 

 
, (Eq. 8.2) 

 

where NTotal is the total number of silver atoms provided in the initial solution, V is the volume of 

the reaction solution (in liters) and NA is Avogadro’s constant. From Equations 8.1 and 8.2, the 

concentration of the initial silver nanoparticle solution was determined to be 0.16 nM and the 

final concentration of the AgNP-RB solution was determined to be 0.29 nM. By taking the ratio 

of the concentration of RB (0.5 µM) to the concentration of total AgNP-RB in solution (0.29 

nM) we reach a value indicating 1,724 molecules of RB per nanoparticle. 

However, in order to quantify the surface coverage of the AgNP-Si by RB the total 

surface area for the AgNP-Si and RB must be known. The AgNP-Si used in this study have a 

radius of 56 nm, corresponding to a core with a radius of 34 nm and a shell thickness of 22 nm. 

Thus, the total surface area for these AgNP-Si can be calculated by the following expression: 

 

 . (Eq. 8.3) 

 

C =
NTotal

NVNA

Surface Area AgNP! Si= 4" r 2 = 39,408 nm2
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Assuming a surface area for a RB molecule of 2 nm2,382 the maximum amount of RB 

molecules able to coat the nanoparticle as a single monolayer corresponds to: 

 

. (Eq. 8.4) 

 

As there are 1,724 molecules of RB per nanoparticle and since the maximum coverage 

was evaluated at 19,704 molecules, AgNP-Si surface coverage by RB can be approximated to be 

about 8.8%.  

 

8.4 Initial Detection of Singlet Oxygen Production by Rose Bengal Coated Silver 
Nanoparticles Using an Indirect Method 

 A qualitative approach to observe 1O2 production by the AgNP-RB can be accomplished 

using a method previously described in the literature with L-histidine and p-

nitrosodimethylaniline (RNO).366 In the presence of 1O2, histidine becomes oxidized into an 

intermediate trans-annular peroxide, which when in excess, readily photobleaches RNO in 

solution.366 Most importantly, RNO does not react directly with 1O2 and the photobleaching of 

RNO can be monitored spectroscopically at 440 nm. Although this method is indirect and 

involved secondary bleaching to observe the presence of 1O2, it is known to provide reliable 

results dictating the presence of 1O2.366 

 Using absorption spectroscopy, the loss of RNO absorption at 440 nm was measured as a 

function of irradiation time. Each sample was irradiated with a 480 nm cut-off filter, which 

allowed for the selective irradiation of RB thus avoiding direct photodegradation of RNO. As a 

control, irradiation of the photosensitizer RB alone in the presence of RNO and histidine was 

Maximum RB =
39,408nm2

2nm2 =19,704 molecules
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performed and resulted in the loss of RNO absorbance as observed previously in the literature 

due to the presence of 1O2 (Figure 8.6).366 

 

!

!
!

Figure 8.6 Absorption spectrum for the photobleaching of RNO (100 µM, absorbance at 440 
nm) in the presence of L-histidine (20 mM) during irradiation of RB (7.2 µM, absorbance at 
549 nm) in water at time zero (thick black trace) and over a period of two hours (thin black 
traces). A 480 nm cut-off filter was used in order to insure the selective irradiation of the 
photosensitizer. The arrow indicates the movement of the absorption spectra.  

!
!

In order to detect 1O2 production from the nanoparticles, their selective irradiation was 

performed in a variety of different conditions. As shown in Figure 8.7, selective irradiation of 

AgNP-RB in the presence of oxygen resulted in RNO photobleaching, while no loss in RNO 

absorbance could be detected under inert atmosphere. Upon deuteration of the solvent (D2O), the 

photobleaching of RNO was accelerated (Figure 8.7). D2O is known to increase 1O2 lifetime as 
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the rate for non-radiative deactivation of 1O2 by the solvent is decreased.383 In addition, when RB 

is not present on the nanoparticles surface, as in the case for the bare AgNP, no oxidative 

damage of RNO was observed (Figure 8.7). All together these results indicate the ability of RB 

bound to AgNP to produce 1O2 upon irradiation. 

 

!

!
!
Figure 8.7 Photobleaching of RNO (100 µM) in the presence of L-histidine (20 mM) monitored 
at 440 nm as a function of irradiation time of bare AgNP in aerated aqueous solution (cross), 
AgNP-RB in H2O under inert atmosphere (open square), AgNP-RB in aerated aqueous solution 
(circle) and D2O (closed square). A 480 nm cut-off filter was used in order to insure the 
selective irradiation of the photosensitizer. 

!
 

8.5 Assessment of Singlet Oxygen Production by Rose Bengal Coated Silver Nanoparticles  

 In order to quantify the metal enhancement effect occurring between the silver 

nanoparticles and the RB, the production of 1O2 by the AgNP-RB was also evaluated using the 



 

298 

1O2 specific probe 9,10-anthracenediyl-bi(methylene)dimalonic acid (ABDA).367 ABDA and its 

close relative 9,10-anthracenedipropionic acid (ADPA) have been used abundantly in the 

literature to evaluate the formation of 1O2 in solution.367,368,384,385 ABDA, a water-soluble 

anthracene derivative, acts as both a physical and a chemical quencher for 1O2.367 The oxidation 

of ABDA by 1O2 creates an endoperoxide, which results in a decline of the molecule’s 

characteristic absorption maximum in the 350 – 400 nm region367 due to loss of molecular 

conjugation (Scheme 8.2).  

 

!

!
!
Scheme 8.2 Reduction of the molecular conjugation of ABDA (left) in the presence of 1O2 
creating the ABDA-O2 endoperoxide (right). 

!
  

By consequence, the production of 1O2 by an excited photosensitizer in aqueous solution 

can easily be monitored by following the consumption of ABDA over time, which is illustrated 

by the following general mechanism.367,384 First, the production of 1O2 results from the 

interaction of an excited photosensitizer in the triplet state (3S*) with the ground state molecular 

oxygen (3O2) as shown below: 
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 . (Eq. 8.5) 

 

 1O2 can disappear via solvent deactivation (kd), physical quenching (kP) and direct 

chemical reaction (kR) with ABDA, generating in the latter case an endoperoxide denoted as 

ABDA-1O2: 

 

, (Eq. 8.6) 

, and (Eq. 8.7) 

. (Eq. 8.8) 

 

 Taking into account these different pathways for 1O2 deactivation, the rate law for the 

concentration of 1O2 in solution can be described as follows: 

 

, (Eq. 8.9) 

 

where .(1O2)S and IS
abs are the 1O2 quantum yield and intensity of light absorbed by the 

photosensitizer, respectively, that are associated to the production of singlet oxygen by the 

sensitizer, S (Equation 8.5).  

 Under continuous irradiation, the concentration of 1O2 can be assumed to be 

constant367,384 and therefore the concentration of 1O2 is given by: 

 

3O2 + 3S* ! 1O2 + S0

1O2
kd! "! 3O2

1O2 + ABDA kP! "! 3O2 + ABDA

1O2 + ABDA kR! "! ABDA# O2

d[ 1O2]
dt

= ! (1O2)SI abs
S " { kd + (kP + kR)[ABDA]}[ 1O2]
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 . (Eq. 8.10) 

 

As suggested in the literature, when in conditions where a large concentration of ADBA 

is present, the deactivation of 1O2 is primarily a result of interactions with the solvent and it can 

be assumed that (kR + kP)[ABDA] << kd.367 Therefore, Equation 8.10 can be simplified to: 

 

. (Eq. 8.11) 

 

Since only the chemical reaction between ABDA and 1O2 is responsible for the loss of 

ABDA absorbance, the rate law for the disappearance of ABDA can be written as: 

 

. (Eq. 8.12) 

 

Taking Equation 8.11 into consideration for the concentration of 1O2, the rate law for 

ABDA photobleaching can be represented by the following first order kinetics;  

 

, (Eq. 8.13) 

 

where 
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. (Eq. 8.14) 

 

 Therefore when present in excess, ABDA thus undergoes a first order reaction kinetics 

with 1O2. Using absorption spectroscopy, the loss of ABDA absorption at 380 nm can be 

monitored as a function of photosensitizer irradiation time and the constant kS, associated to the 

amount of 1O2 produced, can be measured easily.  

 As a control, irradiation of free photosensitizer RB was performed in aqueous solution 

and resulted in the loss of ABDA absorbance as previously observed in the literature (Figure 

8.8). Under our experimental conditions, each sample was irradiated with a 480 nm cutoff filter 

allowing for the selective irradiation of our photosensitizer, RB, consequently avoiding direct 

photodegradation of ABDA. 
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Figure 8.8 Absorption spectrum for the photobleaching of ABDA (100 µM) during the 
irradiation of RB (20 µM) in water at time zero (thick black trace) and over a period of 4 
minutes (thin black traces). A 480 nm cut-off filter was used to insure the selective irradiation 
of the photosensitizer. The absorbance was normalized to the RB peak at 549 nm and the arrow 
indicates the decrease in the absorption spectra at 380 for ABDA. 

!
 

As shown in Figure 8.9, selective irradiation of AgNP-RB in the presence of oxygen 

resulted in ABDA photobleaching, while no loss in ABDA absorption intensity could be detected 

under inert atmosphere. In D2O, the photobleaching of ABDA was accelerated compared to 

aerated aqueous solution (Figure 8.9). Again, D2O is known to increase 1O2 lifetime as the rate 

for non-radiative deactivation of 1O2 by the solvent is decreased.383 In the case of the AgNP-Si, 

when RB was not present on the nanoparticles surface, no oxidative damage of ABDA was 

observed (Figure 8.9). Together these results indicate the ability of RB bound to AgNP to 

produce 1O2 upon irradiation confirming the results obtained in the previous section with RNO. 
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Figure 8.9 Photobleaching of ABDA (10-4 M) monitored at 380 nm as a function of AgNP-RB 
irradiation time in aerated aqueous solution (circle), in aerated D2O (square), and under inert 
atmosphere in aqueous solution (open square). Additionally, the photobleaching of ABDA was 
monitored at 380 nm (cross) in water as a function of irradiation time of nanoparticles lacking 
the photosensitizer RB (AgNP-Si). The initial values of ABDA absorbance were normalized to 
one for each sample and a 480 nm cut-off filter was used in order to insure the selective 
irradiation of the photosensitizers. (Copyright 2014 Wiley. Used with permission from S. M. 
Mooi, B. Heyne, Achieving organic nanoparticles with redox-active capabilities: synthesis of 
gold nanoparticles in water as proof-of-principle. Photochemistry and Photobiology, 2014, 90, 
85.) 

!
 

To asses the existence of a metal-enhancement effect for the AgNP-RB, the silver core 

was removed through an etching method, consisting of solubilizing the nanoparticles in excess 

sodium chloride solution.167 Diffusion of AgCl2 thus formed can occur through the shell as the 

outer silica shells are thought to be porous, as shown for other chemical etching studies.386,387 As 

reported in the literature,165,167 this process should leave behind hollowed nanoparticles 
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comprising of the silica shell with RB attached to it. Successful etching can easily be evaluated 

by absorption spectroscopy as the characteristic extinction maximum for the AgNP disappears 

and the absorption peak of RB at 549 nm becomes clearly visible (Figure 8.10). The hollowed 

nanoparticles obtained via this process will be referred to as etched AgNP-RB hereafter. As these 

nanoparticles are derived directly from AgNP-RB, identical nanoparticle’s surface coverage by 

RB as well as consistent silica shell thickness are thus ensured.  

 

!

!
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Figure 8.10 Absorption spectrum of AgNP-RB (black trace), and hollowed nanoparticles 
referred to as etched AgNP-RB (grey trace). The latter nanoparticles were obtained by a 
chemical etching of the AgNP-RB in excess sodium chloride solution. (Copyright 2014 Wiley. 
Used with permission from S. M. Mooi, B. Heyne, Achieving organic nanoparticles with redox-
active capabilities: synthesis of gold nanoparticles in water as proof-of-principle. 
Photochemistry and Photobiology, 2014, 90, 85.) 

!
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 Selective irradiation of the etched AgNP-RB still results in photobleaching of ABDA but 

to a much lesser extent (Figure 8.11). This result suggests that the photosensitization of 1O2 by 

RB is increased when covalently linked to the AgNPs, due to the close proximity of RB to 

AgNPs. Indeed, the metal enhancement effect is lost when the metal core is removed. 

 

!

!
!
Figure 8.11 Photobleaching of ABDA (10-4 M) monitored at 380 nm in aerated H2O as a 
function of irradiation time of AgNP-RB (circle), and etched AgNP-RB (square).  The initial 
values of ABDA absorbance were normalized to one for each sample and a 480 nm cutoff filter 
was used in order to insure the selective irradiation of the photosensitizer. The slopes of ABDA 
photobleaching are shown as kS values on the graph. (Copyright 2014 Wiley. Used with 
permission from S. M. Mooi, B. Heyne, Achieving organic nanoparticles with redox-active 
capabilities: synthesis of gold nanoparticles in water as proof-of-principle. Photochemistry and 
Photobiology, 2014, 90, 85.) 

!
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 By comparing the slopes of ABDA bleaching, which are the kS values (Equation 8.14) for 

both AgNP-RB and the etched AgNP-RB, an enhancement factor of about 3.8 was obtained 

(Figure 8.11). This value is similar to the one found for RB in proximity of silver island films183 

and as shown in the literature, this enhancement in 1O2 production could be attributed to a higher 

net absorption of the RB attached to the surface of the AgNPs.156,183 It is important to note that 

increase in absorption is not a result of additional molecules of photosensitizer being bound to 

the surface of the nanoparticles, as both samples being compared contain the same RB surface 

coverage. It is rather due to the localized electric field created by the metallic nanoparticles, 

which induces a coupling amongst the photosensitizer molecular dipole and the plasmons on the 

surface of the particles.156 

   

8.6 Synthesis and Characterization of Rose Bengal Coated Gold Nanoparticles 

 In order to evaluate if our methodology for the synthesis of our AgNP-RB would work 

toward to the creation of RB coated gold nanoparticles (AuNP-RB), a preliminary study was 

performed in order to assess the stability of AuNP under our synthetic conditions. AuNPs are a 

desirable alternative to AgNPs, as silver is known to oxidize and degrade more quickly than gold 

alternatives.388 In addition, AuNPs have been labeled as being more desirable for biological 

applications as they are not as efficient antimicrobial agents as their silver counterparts.389 Using 

the same synthetic rational employed with the AgNPs, a silica layer was first deposited onto the 

gold surface followed by functionalization of RB.  

The AuNPs were synthesized using a method previously reported in the literature109 

where gold seed nanoparticles were first employed in order to synthesize large AuNPs with a 

diameter around 30 nm. AuNPs of this size were chosen in particular due to the potential large 
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absorption overlap with RB, a prerequisite for the metal enhancement effect.185,371 Absorption 

spectroscopy and TEM imaging were both used in order to characterize these AuNPs and two 

different AuNPs sizes were obtained at 32 ± 5 nm (Figure 8.12) and 41 ± 5 nm for two separate 

batches. The extinction maximum for the 32 nm AuNPs was found to be located at 533 nm, 

which from previous theory and experimental data is expected for AuNPs of this size.108,390,391  
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!

a)  
 

b) !
!

Figure 8.12 a) Extinction spectra and b) TEM image for the 32 nm AuNPs in aqueous solution. 

!
 

AuNPs have notoriously been found to have innate repulsion to silica (vitreophobic), 

because of the lack of an inherent oxide film in solution, and the presence of stabilizers, such as 

citrate ions, that prevent nanoparticle agglomeration.392 In result, uncontrolled silica deposition 
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onto AuNPs often results in nanoparticle agglomeration.393,394 In the past, the deposition of silica 

onto AuNPs was first synthetically successful by rendering the AuNP surface more vitreophilic, 

or susceptible to silica functionalization, via the introduction of silane coupling agents. However, 

this technique was found to be time consuming and involved multiple steps.392 Recent advances 

have also suggested that specific environmental conditions including AuNP concentration, 

ethanol, water and ammonia hydroxide ratios, can be exploited to achieve silica shell deposition 

(AuNP-Si) and minimal AuNP agglomeration.395,396 Using this method, the silica substrate 

(TEOS) was initially diluted in 100% ethanol and was mixed slowly with the AuNPs (see the 

experimental section). The resulting AuNP-Si were not washed nor centrifuged as this resulted in 

aggregation of the nanoparticles; instead, functionalization of the silica shell to an amine 

immediately followed the first silica shell deposition.  

 Like for the AgNPs, the surface coverage of the AuNPs could be observed 

spectroscopically with the movement of the plasmon extinction spectrum, due to a change in the 

refractive index around the AuNPs when silica is deposited.125 As seen in Figure 8.13, the 

subsequent deposition of the first silica shell on to the 32 nm AuNPs shifted the absorption 

maximum from 533 nm to 544 nm. A further red shift in the plasmon band, to 547 nm, was also 

observed after the amine functionalization. !

!

!

!

!

!

!



 

310 

!

!
!
Figure 8.13 Extinction spectra of AuNP (%max = 533 nm, black trace), AuNP-Si (%max = 544 nm, 
blue trace), AuNP-NH2 (%max = 547 nm, dashed black trace). The data has been normalized for 
each sample at their extinction maxima.  

!
  

What is most striking about the absorption spectrum of the silica coated AuNPs is the 

large increase in the extinction spectrum around 400 nm. This increase is due to the diffraction of 

light by the silica nanoparticles,393 and indeed through TEM analysis many silica nanoparticles 

were observed in these solutions (Figure 8.14). The final silica shell thickness for the AuNPs 

coated was found to be 52 ± 6 nm. Although the nanoparticles thus formed are not ideal due to 

the heterogeneity of the sample, we decided to pursue the project with these nanoparticles due to 

lack of time available to investigate alternative synthetic methods.  

!

!
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Figure 8.14 TEM image of AuNP-Si showing the presence of both silica coated AuNPs (light 
grey circles with small dark grey circle inside) along with pure silica nanoparticles (grey circles).  

!
!!

RB linkage to these nanoparticles was performed using the same method as done for the 

AgNPs, where EDC was used to activate the RB carboxylic acid in order to couple with the 

amine on functionalized silica shell. The presence of RB can be seen easily in the absorption 

spectrum of the sample after multiple washings with water, as an absorption maximum at 554 nm 

(Figure 8.15). This peak is slightly red shifted compared to the absorption maximum of RB free 

in solution at 549 nm and is consistent with the change in absorption maximum observed when 

RB was attached to AgNPs (Figure 8.5). Solid state IR spectroscopy could not be performed on 

these nanoparticles due to the inability to obtain the quantity of sample necessary to perform the 

experiment. Therefore for future experiments, we will make the assumption based on our 
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previous experience with AgNPs and the effectiveness of the method employed for RB linkage, 

that RB is covalently linked to the AuNP-Si. 

A chemical etching technique that is similar to what was done with the AgNPs produced 

etched AuNPs. In this case, potassium cyanide was directly added to a solution of AuNP-RB in 

order to remove the gold core.352,397 Successful etching of the gold core can be seen in the 

absorption spectroscopy as the main plasmon resonance extinction is no longer visible and only 

the absorption spectrum of the RB remains with a maximum intensity at 549 nm (Figure 8.15). 

Interestingly, no absorption of silica nanoparticles392 was observed in the etched AuNP-RB 

sample. 

 

!

!
!

Figure 8.15 Extinction spectra of the AuNP-RB before (black trace) and after (blue trace) 
etching with excess KCN.  

!
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The surface coverage of RB on the AuNP can also be calculated using the same 

methodology applied for AgNP. From Equations 8.1 and 8.2, by assuming a fcc density of gold 

at 19.3 g/cm,398 the concentration of the AuNP-RB solution can be determined to be 0.17 nM. By 

etching the gold core (Figure 8.15) the total concentration of RB was calculated to be 0.98 $M 

using a molar extinction of RB of 93000 M-1cm-1.381 The surface area of the 32 nm nanoparticles 

including the silica shell was calculated to be 58,964 nm2 and the maximum RB coverage was 

determined to be 29,482 molecules. By dividing the concentration of RB by the concentration of 

the AuNPs we can determine that there are around 5,764 molecules of RB per nanoparticles 

which results in a percent coverage of the AuNP by RB around 20%.  

 

8.7 Quantification of Singlet Oxygen Production using Rose Bengal Coated Gold 
Nanoparticles  

In order to monitor 1O2 production from the AuNP-RB, irradiation in the presence of 

ABDA was also performed. As seen in Figure 8.16 presented in terms of kS (Equation 8.14), the 

selective irradiation of AuNP-RB with a core size of 32 nm and a silica shell thickness of 52 nm 

resulted in the production of singlet oxygen, as a decrease in the absorption of ABDA in the 

presence of AuNP-RB was observed. However, when the gold core was etched from these 

nanoparticles (using KCN), the rate of ABDA bleaching was increased, suggesting that more 

singlet oxygen was produced by RB located on the hollow AgNP-RB, than when the gold core 

was present (Figure 8.16). Two explanations could justify this result, either the silica shell is too 

small and we are located on a quenching region of the metal enhancement effect,162,399 or we 

have a screening or filter effect provided by the AuNPs. As seen in Figure 8.15, the extinction 

spectrum of the AuNP directly overlaps with the absorption spectrum of RB and therefore, since 
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the absorption of light is a sum of species absorbing light in solution (AuNP and RB) both the 

AuNP core and RB compete for photons. Consequently, the decreased 1O2 production by the 

non-etched AuNP-RB may simply be due to the fact that less photons reach RB when AuNPs are 

present.  

 

!

!
!
Figure 8.16 Photobleaching of ABDA (10-4 M) monitored at 380 nm in aerated H2O as a 
function of irradiation time of AuNP-RB (circles), and etched AuNP-RB (squares). The initial 
values of ABDA absorbance were normalized for one for each sample. A 480 nm cut-off filter 
was used in order to insure the selective irradiation of the photosensitizer. The slopes of ABDA 
photobleaching are shown as kS values on the graph. 

!
 

Notably, the shell thickness for these nanoparticles at 52 nm is substantially larger than 

the silica shell size of 25 nm for the AgNPs where 1O2 enhancement was observed. In an effort to 

try to reduce the distance between the gold core and the RB molecules, attempts were made to 



 

315 

control the size of the silica shell. It is known, that the distance between a nanoparticle and a 

covalently linked photosensitizer can be correlated to the amount of MEF observed152,154,155 and 

the amount of silica shell deposition, or the silica shell thickness, has been shown in the past to 

be directly related to the concentration of TEOS used in the coating step.394 We found that an 

increase in TEOS concentration in the first silica layer deposition step, from 13.41 µL to 20.1 µL 

resulted in an increase in the silica shell thickness from 24 ± 6 nm to 32 ± 6 nm (Figure 8.17). In 

the following text, the new sample of AuNP-RB obtained by varying the concentration of TEOS 

in the synthetic procedure will be referred to as AuNP-RB 2 and AuNP-RB 3 for the samples 

with a shell thickness of 24 ± 6 nm and 32 ± 6 nm, respectively.  

 

 

a)  b)  
 
Figure 8.17 TEM images of AuNP-RBs containing an a) 24 ± 6 nm silica shell (AuNP-RB 2) or 
a b) 32 ± 6 nm silica shell (AuNP-RB 3). Arrow in b) indicates an AuNP that does not appear to 
be coated by silica. 
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Attention should be brought to the fact that AuNP-RB 2 and AuNP-RB 3 both contained 

AuNP with a larger core of 41 ± 5 nm diameter. AuNPs of this diameter were prepared and 

obtained using the same synthetic method as described above. Due to time constraint, we 

couldn’t perform a new synthesis to obtain smaller nanoparticles and we continued our study 

with this sample. Unfortunately, the TEM images for these coated nanoparticles (Figure 8.17) 

also shows that some of the nanoparticles in AuNP-RB 2 sample, and many of the nanoparticles 

in the AuNP-RB 3 sample, do not appear to be coated by silica. Because the AuNP-RB 2 seemed 

to have greater silica coverage of the AuNPs than in AuNP-RB 3, only these nanoparticles were 

monitored for 1O2 production. 

The 1O2 production from AuNP-RB 2 (silica shell thickness of 24 ± 6 nm) was monitored 

via photobleaching of ABDA as shown previously in this chapter. As with the first AuNP-RB 

tested (Figure 8.16), the rate of photobleaching of ABDA was compared for an etched AuNP-RB 

2 and the non-etched version (see Figure 8.18a for absorption spectra of each sample) and this 

rate was found to be greater for the etched AuNP-RB 2 that the non-etched AuNP-RB 2 (Figure 

8.18b). Although the distance between the AuNP core and the RB molecules is reduced in this 

sample compare to our original sample of AuNP-RB, enhancement of 1O2 production by RB 

could not be obtained and further attempts to decrease this shell thickness resulted in 

nanoparticle agglomeration. We believe that the best explanation for the decrease in 1O2 

production of the non-etched sample compared to the etched sample is due to a reduced 

absorption of light by RB in the presence the AuNP core (Figure 8.18a). Therefore, we consider 

being in a region where there is no coupling between RB and the metallic core.  

In addition, presence of silica nanoparticles is apparent the absorption spectrum of the 

etched AuNP-RB 2 at around 300 nm (Figure 8.18a),392 which is contrary to the other AuNP-RB 
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where no silica absorption was observed (Figure 8.15). This different makes us question whether 

RB is covalently linked to the silica shell or if it is simply adsorbed to the silica surface through 

non-covalent interactions, a phenomenon that has been previously reported in the literature.370 
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a)  
 

b)  
 
Figure 8.18 a) Extinction spectra of the AuNP-RB 2 before (black trace) and after (blue trace) 
etching with excess KCN. b) Photobleaching of ABDA (10-4 M) monitored at 380 nm in aerated 
H2O as a function of irradiation time of AuNP-RB 2 (circles), and etched AuNP-RB 2 (squares). 
The initial values of ABDA absorbance were normalized for one for each sample. A 480 nm 
cutoff filter was used in order to insure the selective irradiation of the photosensitizer. The slopes 
of ABDA photobleaching are shown as kS values on the graph. 

!
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 From our results, we can conclude that the synthesized AuNP-RB did not increase 1O2 

production by a metal enhancement effect. Moreover, deposition of silica onto gold nanoparticles 

was not successful for every samples, as the current synthetic methods employed often led to 

copious amounts of nanoparticle agglomeration. Unfortunately, due to time restraints and the 

extensive amount of work required for the synthesis, characterization, and 1O2 quantification of 

AuNPs capable of enhancing 1O2 production, this project will need to be completed by another 

graduate student. 

Minimization of AuNP agglomeration during silica functionalization is possible; for 

instance, preliminary results by Nicolas Macia, a past undergraduate student in the Heyne group, 

suggest that stable silica coated AuNPs can be obtained by using polyvinylpyrrolidone as a 

precursor to silica deposition.400 In addition, surface coverage of AuNPs has been shown in 

countless examples in the literature to be accomplished using molecules with sulphur 

moieties.134,401,402 One option for a direct coating of AuNPs with silica could be to use (3-

mercaptopropyl)trimethoxysilane (MPTMS) as the first silica layer, as this has already been 

utilized to produce oligonucleotide bound AuNPs.134,397 

 

8.8 Conclusion 

The focus of this chapter was to synthesize and monitor the 1O2 production from novel 

core-shell silver-silica nanoparticles on which RB has been covalently attached. This work was 

driven by the recent advances in the theory of metal enhancement effects and experimental 

techniques to synthesize these core-shell metal-silica nanoparticles.  

In order to achieve our goal, core-shell silver-silica nanoparticles were synthesized using 

a simple citrate reduction of silver ions to produce AgNPs that were coated via the Stöber 
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technique in which the hydroxide catalyzed hydrolysis and condensation of tetraethyl 

orthosilicate forms a silica shell. Absorption spectroscopy and TEM imaging assessed the 

successful silica coating and the red shift observed in the absorption spectrum after silica 

deposition was comparable to previously functionalized AgNPs. An initial functionalization to 

an amine on the nanoparticle surface and then the covalent linkage of RB initiated by a 

carboiimide, achieved successful functionalization of the nanoparticles. The extensive 

broadening of the plasmon band in the AgNP-RB was attributed to aggregation of the 

nanoparticles and was supported by DLS and TEM experiments. Altogether, the final AgNP-RB 

was found to have a silver core size of 68 nm in diameter with a silica shell thickness of 25 nm 

and the covalent functionalization of RB was confirmed through IR spectroscopy. Additionally, 

the surface coverage of RB on the AgNPs was evaluated to be around 8.8%, from a method 

where acid hydrolysis is used to remove the RB from the nanoparticle surface. 

Successful enhancement of 1O2 production of RB attached to the AgNPs was confirmed 

by both indirect, using RNO and histidine, and direct, with a 1O2 quencher ABDA, methods. By 

comparison of the 1O2 production of AgNP-RB in aqueous solution, to controls such as coreless 

AgNP-RB formed by chemical quenching, 1O2 was found to be amplified by the close proximity 

of RB to the metal nanoparticle a factor of 3.8. These nanoparticles are just the beginning, as one 

can imagine the opportunities for functionalization are limitless. For instance, other 

photosensitizers that have shown to be susceptible to the metal enhancement effect could be used 

over Rose Bengal183 and an optimization of the silica shell thickness to achieve maximum singlet 

oxygen enhancement has yet to be performed. 

The choice to use a AuNP over a AgNP stems from the idea to increase the biodiversity 

of these systems, as AuNPs are known to be less toxic than their silver counterparts.127,403,404 
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Although singlet oxygen production could not be confirmed from our core-shell gold-silica 

nanoparticles, this study certainly opens the door for future experiments for the synthesis, 

functionalization, and characterization of Rose Bengal coated AuNPs.  

A primary issue for the synthesis of core-shell gold-silica nanoparticles lies in the silica 

shell functionalization. Silica shell deposition using the Stöber method is extremely sensitive to 

solvent conditions.109,392,396,405 Variations in the ethanol, water, and hydroxide concentrations can 

greatly affect the formation of a stable silica shell.109,392,396,405 Accordingly, inappropriate 

synthetic conditions can lead to nanoparticle aggregation, coreless silica nanoparticles, and 

inhomogeneous surfaces.392,396,405  

Our current synthetic method necessitates future work, as it has yet to be optimized for 

efficient silica deposition and growth. Additionally, as the presence of associated citrate 

molecules is known to decrease the AuNPs affinity to silica,392 prefunctionalization of the 

AuNPs prior to silica shell growth can minimize this phenomenon. The literature suggests that 

functionalization of a metallic nanoparticle by a polymer, polyvinylpyrrolidone, can not only 

reduce aggregation between nanoparticles406 but can also facilitates silica coating.407 Indeed, 

unpublished work from the Heyne group suggests that stable core-shell gold-silica nanoparticles 

can be obtained when polyvinylpyrrolidone is used as a precursor to silica deposition with 

minimal coreless silica nanoparticles formed. Additionally, exclusion of citrate molecules from 

the AuNPs surface can also be accomplished by a direct coating with (3-

mercaptopropyl)trimethoxysilane. This type of functionalization not only takes advantage of the 

strong interaction between gold and sulphur, as seen previously in other examples with 

AuNP,134,397,401,402 but also allows for a medium for which silica shell growth is preferential. 
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APPENDIX A: DATA ANALYSIS 

 

Temperature variation data for TO+ (Figure A.1) and DEQTC (Figure A.2) was obtained 

by monitoring the absorption as a function of temperature between 5°C and 60°C. The data 

obtained was analyzed with Datan Software Version 5.0 in order to extract the equilibrium 

constant for both cyanine dyes.  

 

 

a)  

 

b)  
 

c)  
 

Figure A.1 Data obtained from Datan Software analysis for the temperature variation of TO+ (20 
µM). a) Mole ratio of TO+ monomer (blue circles) and dimer (green circles) as a function of 
temperature. b) Van’t Hoff plot of the ln(Keq) versus the inverse temperature for TO+. c) 
Deconvoluted peaks for the TO+ monomer (blue trace) and dimer (green trace). The equilibrium 
constant was found to be 2.1 x 104 M-1 at 20°C. 
!
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a)  

 

b)  
 

c)  
 

Figure A.2 Data obtained from Datan Software analysis for the temperature variation of DEQTC 
(20 µM). a) Mole ratio of DEQTC monomer (blue circles) and dimer (green circles) as a function 
of temperature. b) Van’t Hoff plot of the ln(Keq) versus the inverse temperature for DEQTC. c) 
Deconvoluted peaks for the DEQTC monomer (blue trace) and dimer (green trace). The 
equilibrium constant was found to be /01!2!/3&!4-/!56!73*80 
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changes made during peer review, copyediting, and publishing. Repositories and websites
that host the article are responsible for incorporating any publisher-supplied amendments or
retractions issued subsequently.
Wiley Open Access articles are also available without charge on Wiley's publishing
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The authors' moral rights must not be compromised. These rights include the right of
"paternity" (also known as "attribution" - the right for the author to be identiÞed as
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Where content in the article is identiÞed as belonging to a third party, it is the
obligation of the user to ensure that any reuse complies with the copyright policies of
the owner of that content.

If article content is copied, downloaded or otherwise reused for research and other
purposes as permitted, a link to the appropriate bibliographic citation (authors, journal,
article title, volume, issue, page numbers, DOI and the link to the deÞnitive published
version on Wiley Online Library) should be maintained. Copyright notices and
disclaimers must not be deleted.

Creative Commons licenses are copyright licenses and do not confer any other
rights, including but not limited to trademark or patent rights.

Any translations, for which a prior translation agreement with Wiley has not been
agreed, must prominently display the statement: "This is an unofÞcial translation of an
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For non-commercial and non-promotional purposes individual non-commercial users
may access, download, copy, display and redistribute to colleagues Wiley Open
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Use by commercial "for-proÞt" organizations
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